Heinrich Heine
Universitat
Dusseldorf .

Characterization of Amyloidogenic Proteins using

NMR Spectroscopy

Inaugural-Dissertation

zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Heinrich-Heine-Universitat Dusseldorf

vorgelegt von

Luis Tobias Gardon
aus Munchen

Dusseldorf, November 2025



aus dem Institut fir Physikalische Biologie

der Heinrich-Heine-Universitat Dusseldorf

Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultat der
Heinrich-Heine-Universitat Dusseldorf

Berichterstatter:

1. Prof. Dr. Henrike Heise

2. Dr. Nils-Alexander Lakomek

Tag der mundlichen Prufung: 28.05.2026

II



EIDESSTATTLICHE ERKLARUNG

Ich versichere an Eides Statt, dass diese Dissertation von mir selbststandig und
ohne unzuldssige fremde Hilfe unter Beachtung der ,Grundsatze zur Sicherung
guter wissenschaftlicher Praxis an der Heinrich-Heine-Universitat Dusseldorf*
erstellt worden ist. Die Arbeit wurde bisher keiner Prifungsbehdrde vorgelegt und
auch noch nicht veroffentlicht. Ich habe bisher keinen erfolglosen

Promotionsversuch unternommen.

19.11.2025 L s Garcdon

Dusseldorf, am ...7.....0.00 0. Luis Gardon =5%4< 75~

III



vV

“Buy the ticket, take the ride.”

~ Hunter S. Thompson



Summary

Summary

This thesis focusses on the use of nuclear magnetic resonance (NMR) spectroscopy to
study amyloidogenic systems and to explore the molecular transitions from monomeric
proteins to aggregated fibrils. Amyloid formation is associated with numerous
neurodegenerative diseases, yet many mechanistic aspects, such as the influence of
aggregation conditions, remain poorly understood. NMR provides unique atomic-level
insights into both structure and dynamics, making it a powerful and versatile tool for
investigating these questions. This work highlights the broad applicability of different
NMR techniques for studying aggregation processes and structural states across

amyloidogenic systems.

To investigate how solution conditions and sequence modifications influence fibril
structure, we focused on two related systems: LS-shaped Amyloid-$ (AB) (1-42) fibrils
and pyroglutamylated (pE) AB(3-42) fibrils. In the first study, we demonstrated that
LS-shaped AP(1-42) fibrils were robust across a wide range of pH values (pH 2-7).
Solid-state NMR revealed that the B-sheet core and rigid N-terminus remain conserved,
with pH-dependent changes at the C-terminus. Specifically, we observed a rearrangement
of the K28-D1 salt bridge at low pH into K28-A42 interaction at neutral pH in line with

molecular dynamics (MD) simulations.

In a second study, we characterized fibrils formed by pEAB(3-42) carrying an N-terminal
pyroglutamate residue at position 3. These pEAB(3-42) fibrils were grown under the same
conditions as the LS-shaped AB(1-42) fibrils and showed a largely preserved overall fold,
including B-sheet regions and the central turn region around V24. However, the loss of
D1 eliminates the K28-D1 salt bridge and chemical shift data suggest a possible
rearrangement to a K28—A42 interaction. Interestingly, glycine residues G37 and G38,
which are exposed due to the truncated N-terminus, showed significant chemical shift

changes and act as reporters of this conformational adaptation.

To gain deeper insight into the mechanism of amyloid fibril formation, we investigated
the PI3K-SH3 domain, a well-established model system for folding and fibrillation, using
a combination of solution-state and solid-state NMR spectroscopy in a third study. We
followed the seeded aggregation of PI3K-SH3 by recording insensitive nuclei enhanced
by polarization transfer (INEPT)- and cross-polarization (CP)-based experiments

v
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following the conversion from monomers to fibrils. Notably, despite the differing degrees
of agitation across the techniques, the observed aggregation kinetics under seeded
conditions were consistent, pointing to fibril elongation as the primary mechanism of

growth rather than nucleation.

In a fourth study we employed dynamic nuclear polarization (DNP)-enhanced NMR
spectroscopy to probe the conformational behavior of selectively labeled isoleucine
residues in folded, unfolded and fibrillar states of various proteins. These experiments
demonstrated that isoleucine side chain residues can be reporters of conformation states
for low populated or flexible regions and highlight the potential of DNP for broader

applications to other amino acid side chains of biomolecular systems.

We further employed solvent paramagnetic relaxation enhancement (PRE) using Dotarem
to assess surface accessibility in native, fibrillar, and unfolded forms of PI3K-SH3. This
approach provided a simple yet effective way to map solvent exposure across

conformational states.

This thesis also includes the characterization of PI3K-SH3 in its native folded form at
neutral pH, an acidic low-pH condition revealing pH-dependent folding behavior, and its
fibrillar state. Using solid-state NMR and atomic force microscopy (AFM), we compared
fibrillar polymorphism and provide supporting protocols and methodological details,

including a custom pulse sequence.

Altogether, this work demonstrates how a combination of advanced NMR methods can
be employed to characterize structure, dynamics, and aggregation kinetics of
amyloidogenic proteins. The strategies employed here are applicable to a broad range of

systems and contribute to a deeper molecular understanding of amyloid formation.
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Zusammenfassung

Diese Arbeit konzentriert sich auf die Verwendung der Kernspinresonanzspektroskopie
(NMR) zur Untersuchung amyloidogener Systeme und zur Erforschung der molekularen
Ubergiinge von monomeren Proteinen zu aggregierten Fibrillen. Die Amyloidbildung
steht im Zusammenhang mit zahlreichen neurodegenerativen Erkrankungen, doch viele
mechanistische Aspekte, wie beispielsweise der Einfluss der Aggregationsbedingungen,
sind noch weitgehend unerforscht. Die NMR bietet einzigartige Einblicke auf atomarer
Ebene sowohl in die Struktur als auch in die Dynamik und ist damit ein leistungsféhiges
und vielseitiges Werkzeug zur Untersuchung dieser Fragen. Diese Arbeit unterstreicht die
breite Anwendbarkeit verschiedener NMR-Techniken zur Untersuchung von

Aggregationsprozessen und Strukturzustdnden in amyloidogenen Systemen.

Um zu untersuchen, wie Losungsbedingungen und Sequenzmodifikationen die
Fibrillenstruktur beeinflussen, haben wir uns auf zwei verwandte Systeme konzentriert:
LS-formige Amyloid-p (AB) (1-42) Fibrillen und pyroglutamylierte (pE) AP(3-42)
Fibrillen. In der ersten Studie haben wir gezeigt, dass LS-formige AP(1-42) Fibrillen iiber
einen weiten pH-Bereich (pH 2-7) robust sind. Festkdrper-NMR zeigte, dass der
B-Faltblattkern und der rigide N-Terminus konserviert bleiben, wéahrend am C-Terminus
pH-abhéngige Verdnderungen auftreten. Insbesondere beobachteten wir eine Umordnung
der K28-D1-Salzbriicke bei niedrigem pH-Wert zu einer K28-A42-Wechselwirkung bei

neutralem pH-Wert, was mit Molekulardynamik-Simulationen (MD) {ibereinstimmt.

In einer zweiten Studie haben wir Fibrillen charakterisiert, die aus pEAB(3-42) gebildet
wurden, das einen N-terminalen Pyroglutamatrest an Position 3 trégt. Diese pEAB(3-42)
Fibrillen wurden unter den gleichen Bedingungen wie die LS-férmigen AP(1-42)
Fibrillen hergestellt und zeigten, dass die Faltung weitgehend konserviert ist,
einschlieBlich der B-Faltblattbereiche und des zentralen Turn-Bereichs um V24. Das
Fehlen von D1 eliminiert jedoch die K28-DI1-Salzbriicke und die Analyse der
chemischen Verschiebungen deuten auf eine mdgliche Umordnung zu einer K28-A42-
Wechselwirkung hin. Interessanterweise zeigten die Glycinreste G37 und G38, die
aufgrund des abgeschnittenen N-Terminus exponiert sind, signifikante Anderungen der

chemischen Verschiebungen und fungieren als Reporter dieser Konformationsénderung.
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Um tiefere Einblicke in den Mechanismus der Amyloidfibrillenbildung zu gewinnen,
untersuchten wir in einer dritten Studie die PI3K-SH3-Doméne, ein etabliertes
Modellsystem fiir Faltung und Fibrillierung, unter Verwendung einer Kombination aus
Losungs- und Festkorper-NMR-Spektroskopie. Wir verfolgten die geseedete Aggregation
von PI3K-SH3, indem wir Experimente auf Basis von INEPT (Insensitive Nuclei
Enhanced by Polarization Transfer) und CP (Cross-Polarization) durchfiihrten, um die
Umwandlung von Monomeren zu Fibrillen zu verfolgen. Bemerkenswert ist, dass trotz
der unterschiedlichen Agitationsgrade der verschiedenen Techniken die beobachtete
Aggregationskinetik unter geseedeten Bedingungen konsistent war, was darauf hindeutet,
dass Fibrillen-Elongation der primére Wachstumsmechanismus ist und nicht die Bildung

von Nuclei.

In einer vierten Studie verwendeten wir dynamic nuclear polarization (DNP) verstarkte
NMR-Spektroskopie, um das Konformationsverhalten selektiv markierter Isoleucinreste
in gefalteten, entfalteten und fibrilliren Zustinden verschiedener Proteine zu
untersuchen. Diese Experimente zeigten, dass Isoleucin-Seitenkettenreste als Indikatoren
fiir Konformationszustédnde in wenig populierten oder flexiblen Bereichen dienen konnen,
und unterstreichen das Potenzial von DNP fiir breitere Anwendungen auf andere

Aminosdureseitenketten biomolekularer Systeme.

Wir verwendeten auflerdem die paramagnetische Relaxationsverstirkung (PRE) mit
Dotarem, um die Oberflichenzugénglichkeit in nativen, fibrilliren und ungefalteten
Formen von PI3K-SH3 zu untersuchen. Dieser Ansatz bot eine einfache, aber effektive
Moglichkeit, die Losungsmittelexposition iiber Konformationszustdinde hinweg

abzubilden.

Diese Arbeit umfasst auch die Charakterisierung von PI3K-SH3 in seiner nativen
gefalteten Form bei neutralem pH-Wert, einer sauren Umgebung mit niedrigem pH-Wert,
die ein pH-abhéngiges Faltungsverhalten zeigt, und seinem fibrilldren Zustand. Mithilfe
von Festkorper-NMR und Rasterkraftmikroskopie (AFM) haben wir den fibrilldren
Polymorphismus verglichen und unterstiitzende Protokolle und methodische Details

bereitgestellt, darunter eine benutzerdefinierte Pulssequenz.

Insgesamt zeigt diese Arbeit, wie eine Kombination fortschrittlicher NMR-Methoden
eingesetzt werden kann, um die Struktur, Dynamik und Aggregationskinetik von

amyloidogenen Proteinen zu charakterisieren. Die hier angewandten Strategien sind auf
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eine Vielzahl von Systemen anwendbar und tragen zu einem tieferen molekularen

Verstindnis der Amyloidbildung bei.

IX
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1.1. Neurodegenerative diseases and amyloidogenic proteins

1.1. Neurodegenerative diseases and amyloidogenic

proteins

A key motivation for this work lies in the relationship between amyloidogenic proteins
and neurodegenerative diseases. These disorders are characterized by a progressive
decline in neurological functions such as motor coordination and cognition. Age-related
neurodegenerative diseases like Alzheimer's and Parkinson affect millions of people
worldwide and effective cures remain elusive due to the complex pathogenesis and
irreversibility of the pathological outcomes'. Given the demographic changes, the social
and economic burden of such diseases will only continue to grow, thus representing one
of the major public health challenges of our time?. Neurodegenerative diseases are closely
associated with misfolding and aggregation of specific, so-called amyloidogenic proteins.
These proteins and peptides can form highly ordered fibrillar structures known as amyloid
fibrils, which play a central role in disease pathology>~. However, amyloid fibrils are not

inherently pathological; they also play roles in various functional biological processes® .

It is generally assumed that amyloid fibril formation might be an inherent property of
many polypeptides® °. Amyloid fibrils are highly ordered structures most commonly
adopting an architecture of parallel in-register B-sheets, in which the monomeric or
dimeric protein subunits stack along the fibril axis'®!'?. Stabilizing interaction in fibrils
comprise m-n stacking, electrostatic interactions and, most dominantly, hydrogen bonds
between the B-strand layers and steric zipper motifs!®. A defining structural hallmark of
amyloid fibrils is the cross- architecture, evidenced by X-ray diffraction patterns
displaying 4.8 A and ~10 A reflections. These patterns correspond to B-strands spacing
perpendicularly to the fibril axis and B-sheets running parallel or antiparallel along it,

respectively!® 15,

The formation of amyloid fibrils (Figure 1) follows complex aggregation pathways, often
involving misfolded or intrinsically disordered proteins (IDPs) like Amyloid-f (AB) and
o-synuclein related to Alzheimer’s and Parkinson’s disease, respectively'® !7. Monomers
can transiently assemble into metastable fibrillary oligomeric intermediates, which either
dissociate back into monomers or convert into nuclei (i.e. protofibrils) that initiate fibril
elongation'®. Amyloid growth typically proceeds via primary nucleation, where
monomers attach at the growing fibril ends. Such fibrils can then fragment, creating new

surfaces for monomer attachment and accelerating fibril growth!?. Additionally,
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secondary nucleation, where monomers bind to a second surface on a fibril, thus leading
to branched fibrils which dissociate to form two new fibrils, further enhance the overall

aggregation rate'’.
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Figure 1: Simplified schematic of amyloid fibril formation. Under suitable conditions monomers assemble
into oligomeric intermediates that can initiate on-pathway formation of amyloid fibrils or deviate into
off-pathway aggregation. Fibrils grow via elongation by monomer addition to one end of the fibrils or by
secondary nucleation where a new nucleus is formed at the surface of an existing fibril. Amorphous
aggregates, composed of disordered assemblies of monomers and oligomers, represent an off-pathway

route.

In many cases, amyloid fibrils consist of a rigid core surrounded by more flexible,
disordered parts often referred to as “fuzzy coat”. While the structural and dynamic
properties of these peripheral regions remain poorly understood, they are believed to
influence fibril elongation, secondary nucleation and interaction with other proteins, RNA

or membranes®’.

The aggregation kinetics follow a sigmoidal curve with an initial lag phase due to
oligomer/fibril seed formation, followed by rapid fibril growth once nuclei have formed?'.

However, off-pathway oligomers that fail to transition into fibrils may remain stable or
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metastable and influence fibril formation®> ?*. Depending on their concentration, these
oftf-pathway oligomers can slow down fibril growth rates by competing with monomers
for aggregation pathways?2. Due to their transient nature, studying on-pathway oligomers
using conventional biochemical and biophysical techniques remains challenging®* . For
disease-related amyloids, such as AP peptides in Alzheimer’s disease (AD), oligomeric
species are of particular interest, as they are believed to be the most cytotoxic species®.
Large amorphous aggregates can form through disordered, off-pathway aggregation

where monomers and oligomers associate in non-specific manner?’.

The fibril formation process and fibril polymorphism, i.e. variations in fibril structure at
the molecular level, are highly dependent on external conditions, including temperature,
pH, agitation, and solvent composition'? 2%, Moreover, just a small sequence of amino
acids within the peptide sequence can act as a “facilitator” of amyloid fibril growth®. A
given peptide or protein can form multiple, self-propagating fibril polymorphs, each with
unique stability, morphology, and/or biological impact. Polymorphism is also closely
linked to disease, as different fibril structures can correlate with distinct pathological
effects’*. Furthermore, amyloid fibrils have an inherent dynamic nature due to constant
association and dissociation of monomers (molecular recycling)®'. Small amyloid fibril
fragments (seeds) can initiate new fibril growth by recruiting monomers, preserving the
original fibril structure through templated elongation. In contrast, secondary nucleation
involves the formation of new nuclei at the fibril surface, where solution conditions often

play a more dominant role than seed structure in determining the resulting polymorph?®.

This structural variability poses challenges in drawing precise conclusions about amyloid
formation and its biological consequences. In the following sections, we will focus on

two prominent examples of amyloidogenic proteins and peptides.

1.1.1  Amyloid-p (Ap) (1-42)

One of the most extensively studied amyloidogenic peptides is AP, which plays a critical
role in AD. AP peptides are generated from the amyloid precursor protein (APP) whose
physiological role involves the maintenance of a normal neuronal activity’> 33, It is
located on chromosome 21 and more abundant in brains of people with trisomy 21 (Down
syndrome)** 3°. Through sequential cleavage by PB-secretase and y-secretase the AP

peptide is released in the extracellular matrix (Figure 2). The resulting AP peptides vary
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in length, with AB(1-40) being the most abundant, while AB(1-42) is considered more

aggregation-prone and toxic*®.

AB (1-42) Peptide
N-terminus

Amyloid Precursor Protein (APP) AE]:R . SGYE
"TRHDS®™

N-terminus

A Y

extracellular C-terminus

intracellular

C-terminus

Figure 2: APP processing pathway. APP is an integral membrane protein located in the cell membrane.

Sequential cleavage of the membrane-bound protease f-secretase and subsequent cleavage of the integral

membrane protease y-secretase releases the AP peptide into the extracellular matrix.

Despite extensive research, the precise mechanism by which AP aggregates and exerts
toxicity, and its involvement in the AD remains unclear. Proposed mechanisms of toxicity
include, amongst others, membrane disruption®’°, induction of inflammatory
responses*’, and promotion of oxidative stress*'. However, AR peptides have also been
implicated in certain physiological roles, such as a neuroprotectant or antioxidant,
suggesting a more complex function*’. As mentioned above, AP oligomers are believed

to be the most toxic species.

The AP(1-42) monomer is intrinsically disordered and lacks a well-defined structure in

aqueous solution*. Nonetheless, several studies report transient p-sheet-rich

yH 45

conformations at the C-terminus of AB(1-42 and there is evidence that the monomer

can adopt conformations that resemble the core structure of fibrillar AB(1-42)*. In

t47

contrast, in fluorinated alcohols, AP(1-42) exhibits a high a-helical content™, highlighting

the conformational plasticity of this peptide under varying environmental conditions.

F
E



1.1. Neurodegenerative diseases and amyloidogenic proteins

Although transient and structural heterogenous, AP(1-42) oligomers have been
characterized through several studies. For instance, when in complex with human prion
protein, AP oligomers exhibit a high B-sheet content as shown by solid-state nuclear
magnetic resonance (NMR) investigations?>. Certain membrane associated oligomeric
species, such as tetramers to octamers, contain both B-sheet-rich cores and regions of
o-helical propensities*®. The transition of AB(1-42) oligomers to fibrils has also been
investigated by solid-state NMR revealing a unique B-sheet arrangement of the
oligomeric assemblies that could potentially be targeted by antibodies*. Moreover, in the
presence of sodium dodecyl sulfate (SDS), oft-pathway AB(1-42) oligomers form, which
display unique structural features and a pronounced B-strand character distinct from any

other oligomer types characterized yet™.

Tycko and colleagues made significant progress in characterizing transient oligomers by
developing sophisticated freeze-trapping with a home-built device for rapid mixing and
freezing’!. Using this technique, they captured time-resolved data for AP(1-40)
assemblies identifying interresidual contacts that begin to form after 500 milliseconds?*.
In another study, Ishii and coworkers characterized spherical B-sheet-rich AB(1-40)
oligomeric intermediates that appeared after 52 hours of incubation at 4 °C32. Notably,
these latter two studies employed solid-phase synthesis for AP peptides to introduce site-
specific isotope labeling at selected residues. This allowed a detailed analysis of specific
resonances by reducing spectral overlap caused by line broadening from heterogeneous
conformations. These findings are highly dependent on the specific solution conditions

and environments in which the oligomers are formed.

Structural studies using solid-state NMR and cryo-electron microscopy (cryo-EM) have
revealed that AB(1-42) can adopt multiple fibril polymorphs. Residue specific labeling
patterns and sophisticated dipolar recoupling NMR experiments have enabled the
elucidation of structural restraints revealing an S-shaped AP polymorph (Figure 3) in in
vitro preparations>-°, These structures exhibit remarkable similarities, particularly in

side chain packing and a flexible, disordered N-terminus.

Advances associated with the cryo-EM “resolution revolution” over the past decade have
transformed structural biology, allowing high-resolution characterization of AB(1-42)
fibril polymorphs. In 2017, a combined study using solid-state NMR and cryo-EM
reported an LS-shaped fold for AP(1-42) fibrils (Figure 3) grown under low pH

conditions, in which all residues including those at the N-terminus are part of the -sheet
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fibril core®®. Tycko and coworkers demonstrated that brain-derived seeded AB(1—42)
fibrils exhibit a high degree of heterogeneity using solid-state '*C-'*C fingerprint

spectra’’.

Subsequent cryo-EM studies of brain-derived AP(1-42) fibrils confirmed structural
polymorphisms, with all forms maintaining a characteristic S-shape fold similar to those
seen in vitro, though side chain packing varies among them>®. Two major fibril types have
been identified: Type 1 filaments, primarily found in sporadic AD, and type 2 filaments,

which are more common in familial AD8.

Notably, Tycko and colleagues have reported fibril structures that deviate significantly
from the common S-shape, describing a v- and u-shape morphology”’. Additionally,
recent studies have identified triple-stranded fibrils consisting of three monomers per
cross-section, triggered by isomerization of L-aspartate to D-aspartate for AP(1-42)
fibrils®°. Variations in the sequence by mutations as in familial AD can also lead to

different polymorphs®!: 62,

A detailed list of AB(1-42) fibril structures with PDB codes is listed in Table 1. The
polymorphic complexity of AB(1-42) fibrils, where a single peptide sequence can adopt
multiple distinct, self-propagating structures, complicates efforts to define a mechanism

of amyloid formation or to identify pathological relevant fibril structures.
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S-shape Polymorph LS-shape Polymorph

PDB: 5KK3 PDB: 50QV

u/v-shape Polymorph
PDB: 8EZD

Figure 3: Common fibrillar AB(1-42) Polymorphs. Protomer interface with two monomeric subunits is
shown. The S-shaped fold was the first structural motif resolved by solid-state NMR for in vitro Ap(1-42)>*
55, An LS-shaped polymorph, in which all residues, including the rigid N-terminus, are part of the B-sheet
core, was discovered under low pH growth conditions®®. More recently, u-and v-shape polymorphs have

been identified in brain-derived AB(1-42) fibrils using cryo-EM*,
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Table 1: Overview of known AB(1-42) fibril structures with corresponding literature, year of publication,

method for structure determination, PDB codes, and topology shape.

Study Year Methods PDB Code Shape
Luhrsetal. % 2005 Solution-state NMR 2BEG (M35 u
oxidized)
Colvinetal.* 2015 Solid-state NMR 5KK3 S
Xiao et al. 53 2015 Solid-state NMR 2MXU S
Schmidt et al.** 2015 Cryo-EM 5AEF (low tilde
resolution)
Wiilti et al.>® 2016 Solid-state NMR 2NAO S
Gremer etal. 3 2017 Solid-state NMR/ Cryo-  50QV LS
EM
Yang et al. 58 2021 Cryo-EM Type 1: 7Q4B, S
Type 2: 7Q4M
Lee et al. ¥ 2023 Solid-state NMR/Cryo-  Type A: 8EZD u/v
EM Type B: 8EZE
Zielinski et al**> 2023 Cryo-EM 80L2, 80OL3, 80OL5, LS/S
80OL6, 8OL7, 8OLG,
8OLN, 80LO, 8OLQ
(Sequence mutations)
Fenandez et 2024 Cryo-EM 8SEJ S

al.%s

(Down syndrome)

Pyroglutamate A

Truncation and post-translational modifications, which comprise pyroglutamate

formation, isomerization, oxidation, nitration and glycosylation can further influence A3

aggregation properties, and toxicity®. In fact, many AP peptides found in AD patients

plaques show modifications, one of the most abundant ones being pyroglutamylation of

the N-terminus®”®° (Figure 4). It was first discovered in 1992 by Mori et al.”’ in AD

plaques, hinting at an important role in AD.

For pyroglutamylation of the AP peptide the first two or 10 amino acids are cleaved off

by proteases. These include Aminopeptidase A’!(for first amino acid D1), Neprilysin’?

(first two amino acids), meprin-p’* 7* and Dipeptidylpeptidase IV’>. The N-terminal
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glutamate is converted to a pyroglutamate residue by glutaminyl cylcases’®, which are
elevated in AD”’, and inhibitors of glutaminyl cyclases and the proteases mentioned
above offer potential targets for therapeutics for AD’®. Donanemab, an antibody that
selectively binds to pEAP(3—42) aggregates, demonstrated efficacy in clinical trials by
reducing amyloid plaque load and slowing cognitive decline’® 8. Pyroglutamate at the
N-terminus is also found in other proteins, including antibodies®!, where it is believed to
protect against exopeptidase degradation and may contribute to structural stability®.
Pyroglutamate at the N-terminus is also found in other proteins, including antibodies®!
where it is believed to protect against exopeptidase degradation and may contribute to
structural stability®?

Aminopeptidase A,
Meprin-B N-Termnal Glutamate Pyroglutamate

Glutaminylcyclase

xEFRH H l

Neprilysin, Meprin-3
dipeptidyl peptidase 4

Figure 4: Transition of N-terminal glutamate to pyroglutamate in Ap. After cleavage of B and y-secretase,
aminopeptidases, like Aminopeptidase A, Meprin-f3, Neprilysin, or dipeptidyl, peptidase 4 can remove one
or both N-terminal residues of the AP peptide. This processing leaves an exposed glutamate at the new N-
terminus. The enzyme glutaminyl cyclase (QC) then catalyzes the intramolecular cyclization of this N-

terminal glutamate residue to form pyroglutamate (pE) in a dehydration reaction.

Pyroglutamylated (pE) AP(3-42) exhibits increased aggregation propensity and toxicity
compared to full length AB(1-42)%*#., Early studies reported no difference in toxicity of
APB(1-42) and pEAB(3-42)%4, however, subsequent work, including transgenic mouse
models, demonstrated that pEAB(3-42) is more toxic®7. Due to the loss of three charges,
pEAP(3-42) is more hydrophobic and less soluble than unmodified AP(1-42)%8. Further,
it shows a higher aggregation rate and can also serve as seed for cross seeding AP
aggregation®®. Monomeric pyroglutamylated AP(3-40/42) peptides show differences in
the chemical environment at N-terminal residues due to the cyclization of the N-terminal
glutamate (Figure 4) which was observed using solution-state NMR”%2. In addition, it
was shown that pEAB(3-42) transitions into an a-helical intermediate before aggregating

into fibrils®

Fibrillar pEAB(3—40) and pEAB(11—40) solid-state NMR results obtained by Scheidt et

al. using residue selective labeling with solid-phase synthesis of the peptides revealed that

10
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their fibril structures closely resemble those of AP(1-40) fibrils produced under
comparable conditions®* **. In these fibrils grown at neutral pH values, the N-terminal
region remains dynamically disordered, with the N-terminal residues up to residue 10
being unstructured”. This suggests that the fibrillar core architecture is largely unaffected
by the N-terminal pyroglutamylation at the flexible ends. Additionally, freeze-trapped
oligomeric intermediates of pEAP(3—40) and pEAP(11-40) did not display major

structural differences from their respective fibrillar form®S.

In atomic force microscopy (AFM) and electron microscopy (EM) images, fibrils formed
by pEAB(3/11-40/42) often appear to be shorter and form in bundles when compared to
APB(1-40/42) fibrils” 8%+ 97 a finding we confirmed in our study for pEAB(3—42)%.
However, not all studies agree on these morphological differences. Scheidt et al. reported
that fibrils of pEAB(3—40) formed under neutral pH conditions can adopt morphologies
similar to those of AB(1-40) peptide®.

At a low pH value of 2 and in presence of organic solvent, AB(1-42) fibrils adopt a
structure in which the N-terminus is part of the rigid fibril core, stabilized by the salt
bridge between the side chains of D1 and K28. We were particularly interested in how
pyroglutamylation affects this structural motif, not only at the very N-terminal residues,
but also in more distant regions of the fibril. In Section 2.1.1 we report a high-resolution
solid-state NMR study of pEAB(3-42) fibrils, revealing an LS-shape fold that overall
resembles the structure of AP(1-42) fibrils>® but with notable differences at the N- and
C-terminus’®. These results suggest that although the overall fibril architecture is
preserved, pyroglutamylation introduces alterations at the fibril ends that may influence

stability or molecular interactions in close proximity to it.

1.1.2 PI3K-SH3 domain as an amyloid model system

Phosphatidylinositol 3-kinases (PI3K) are multicomponent enzyme complexes that
catalyze the phosphorylation of phosphatidylinositol, a critical step in signaling pathways
involved in cell migration, proliferation and growth®. One of its key subunits is the
SH3 domain, an 84 amino acid protein module that binds proline-rich sequences,
particularly PxxP motifs, where x can be any amino acid'”’. SH3 domains mediate
protein-protein interactions across a variety of cellular signaling pathways'®!. The native
structure of the PI3K-SH3 domain consists of five B-strands forming a -sandwich fold,

interspersed with loop regions critical for binding and specificity!?>!%. The RT loop

11
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(between the first and second B-strands) and the n-Src loop (between the second and third
B-strands) of SH3 domains contribute to the binding of a proline-rich ligand'®!. The
residues L11-D21 and D68—Y 73, which are in close spatial proximity in the 3D structure,

were identified as the binding interface for proline-rich peptide ligands'%*1%4,

Under low pH conditions, the native fold of the PI3K-SH3 domain unfolds, depending on
solution parameters such as pH and ionic strength and eventually form amyloid fibrils'®
(Figure 5). However, studies have also shown the presence of partially folded or
differently folded populations even at low pH'%!% which may influence the formation
of amyloid fibrils or promote the development of amorphous aggregates'®’. It was shown
that at pH values below 2 aggregation tends to favor rapid formation of amorphous
aggregates, while between pH 2 and 3, well-defined fibrils are more likely to form'%.

Increasing the pH after fibril growth can lead to fibril disassembly and the recovery of

monomeric protein'®,

To date, two fibril structures of PI3K-SH3 domains have been reported at near atomic
resolution'® % In a solid-state NMR study, a structural model of PI3K-SH3 fibrils
formed at room temperature and pH 2 over ~3 weeks was derived based on distance
restraints using selective '°C labeling'!’. The analysis revealed that the secondary
structure adopted in the fibrillar state is significantly different from that of the native
monomeric fold. Notably, no highly flexible regions were observed in the fibrillar state,

suggesting a rigid amyloid core.

Roder et al. reported a structure of seeded PI3K-SH3 fibrils grown at pH 2.5 in the
presence of 10 mM glycine hydrochloride (Gly-HCI) at 50 °C, solved by cryo-EM,
revealing a parallel, in-register cross-f architecture formed by homodimers with
disordered N- and C-terminal regions'?. Two distinct polymorphs were observed which
differ in fibril thickness, likely reflecting the presence of double and single filament
fibrils. While the overall fold and cross- architecture of the PI3K-SH3 fibrils are
consistent between the pH 2/ RT and the pH 2.5/50 °C structures, differences in the local
secondary structure were observed, particularly around residues 25 and 60. Notably, the
fibril diameter observed in this study was approximately half of that reported by Zurdo et
al.!'% suggesting a distinct fibril morphology. Mutation studies supported the structural
model and identified several hydrophobic residues within the fibril core as critical
determinants of fibril stability and growth. These residues appear to play a key role in

stabilizing the cross-p structure and promoting fibril growth!'%- 1,

12
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A recurring feature across both the fibrillar and solution-state monomeric structures is the
presence of a glycine-serine overhang at the N-terminus. This motif originates from the
thrombin cleavage site used during recombinant protein purification and it remains in the
final PI3K-SH3 protein sequence. Notably, the bovine and human PI3K-SH3 domain
sequences differ at a single amino acid position: lysine (K) in bovine PI3K-SH3 is

replaced by an arginine (R) in human at position 49.

Dissociation to monomers at neutral pH

Folded Unfolded Fibrils
monomer
pH7 pH2

Amorphous aggregates
and fibrils

Figure 5: Amyloidogenic character of the PI3K-SH3 domain. At neutral pH, the PI3K-SH3 domain adopts
a well-folded B-sandwich structure. Lowering the pH to values below 4 induces partial or complete
unfolding of the monomer. Incubating the protein domain at low pH promotes the formation of amyloid
fibrils. However, pH incubation below a value of 2 favors the formation of amorphous aggregates and
accelerates aggregation rates. Notably, increasing the pH after fibril formation can lead to dissociation of

the fibrils back into monomers.
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1.2. Nuclear magnetic resonance (NMR) spectroscopy

NMR spectroscopy is a powerful technique for studying the structure and dynamics of
molecules in both solution and solid states. It relies on the interaction of nuclei with non-
zero spin (e.g. 'H, 13C, '°N) with an external magnetic field. In an external magnetic field,
nuclear spins align either parallel (low energy) or antiparallel (high energy) to the field
with a slight overpopulation of parallel arrangement (approximately 1 in 10000 at room
temperature). When exposed to a radiofrequency pulse at the Larmor frequency, a value
dependent on the local magnetic environment, these spins can transition between states.
The Larmor resonance frequency is highly sensitive to the chemical environment,
particularly the electron density surrounding the nucleus, which makes NMR a highly

informative tool for structural studies.

Solution-state NMR is widely used to study proteins in their soluble, dynamic states. It
offers high spectral resolution due to rapid molecular tumbling, which averages out
anisotropic interactions. This makes it ideal for determining structures and dynamics of
small to medium-sized proteins (typically < 30 kDa). However, this limit can be pushed
towards ~100 kDa with sophisticated methodology!'!2. In contrast, solid-state NMR is
specifically suited for systems that are insoluble or lack sufficient mobility, such as
amyloid fibrils, membrane proteins, or protein aggregates. Line broadening of peaks by
anisotropic interactions like dipolar couplings and chemical shift anisotropy can be

averaged out by magic angle spinning (MAS).

NMR has broad applications ranging from analytics in organic chemistry and
metabolomics to battery research and material science. In structural biology, NMR
spectroscopy is an indispensable technique for probing atomic-level structure,
interactions, and molecular dynamics. In the following sections, we will discuss basic
experiments including solution and solid-state experiments relevant to the study of

amyloidogenic proteins.

1.2.1 Solution-state NMR spectroscopy: Heteronuclear single quantum coherence
(HSQC)

A 'H-'N HSQC experiment!!® is commonly used in solution-state NMR to observe
correlations between amide protons and nitrogen in a peptide backbone. The basic pulse

sequence is depicted in Figure 6. In simple terms, the pulse sequence starts with an INEPT
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(Insensitive Nuclei Enhanced by Polarization Transfer)!'* block transferring the
magnetization from the more sensitive 'H spins to the less sensitive '°N spins. This
magnetization evolves during indirect time dimension (t) under the influence of the °N
chemical shift, with a 180° pulse on 'H decoupling the J-coupling during ti. After ti, the
magnetization is transferred back to 'H via reverse INEPT transfer and the signal is
detected in direct dimension (t2) after a 180° refocusing pulse. The delays in the INEPT
steps are carefully matched to the scalar J-coupling ('J), which is typically around 92 Hz
for backbone amide groups, corresponding to a delay of ~2.7 ms (1/4J). These delays

ensure an optimal transfer of magnetization.

However, this type of coherence transfer is ineffective in solids, where rapid transverse
relaxation (due to strong dipolar couplings and slow molecular tumbling) causes
magnetization to decay before it can be transferred efficiently. Therefore, alternative
polarization transfer methods, such as cross-polarization (CP) or dipolar recoupling
techniques, are used in solid-state NMR to overcome these challenges and enable the

detection of similar heteronuclear correlations.

TT TC TT
21Tt12t_1ng21n1
J4JH4JI2H2I4JH4JA
1
H
. . fifpn
Tt 2t o2 1 T
4J 2 4J 4)
15N

Figure 6: Pulse sequence of an 'H-'>N HSQC spectrum. 90° pulses (n/2) are represented as filled, 180°
pulses (m) as hollow rectangles. In an INEPT transfer, after initial excitation with 90° pulse on 'H,
magnetization is being transferred from 'H to >N spin via 180° and 90° on both 'H and '>N. During t;
evolution on N, a 180° decoupling pulse is applied on 'H, followed by an 90° and 180° pulse to bring
back the magnetization to 'H and the FID is recorded.

The resulting 2D "H-'"N HSQC spectrum serves as a fingerprint of the protein’s backbone
allowing for a quick assessment of the folding of the protein. Each cross-peak typically
corresponds to one backbone amide group. Backbone amides of the N-terminal residue
and some solvent-exposed residues (e.g. lysine) may be broadened or missing due to rapid

proton exchange with water at physiological pH. Similarly, proline residues do not appear
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in 'H-'>N HSQC spectra because the nitrogen in the peptide bond lacks a directly bonded

proton. In contrast, the side chains of glutamine and asparagine often remain visible.

IDPs typically exhibit narrow dispersion in the '"H dimension of the HSQC spectrum with
most amide signals clustered between 7.5 and 8.5 ppm. This reflects their lack of stable
secondary structure, leading to a similar chemical environment for many residues. In
contrast, B-sheet structures tend to shift the resonances of amide protons downfield
(toward higher ppm), while a-helical regions often show signals slightly upfield (closer

to ~8.0 ppm), though the precise shifts depend on the local environment!!>,

1.2.2 Solid-state NMR spectroscopy: Basics and cross-polarization

As mentioned before, anisotropic interactions in solids are a major source of line
broadening in NMR spectra. In static powder samples, where molecules are randomly
oriented, these interactions lead to a distribution of resonance frequencies across the
sample, resulting in inhomogeneous line broadening (powder pattern). Although this
broadening can complicate spectral analysis, it also contains valuable information on the

anisotropy of the underlying interactions.

The most prominent sources of anisotropy are chemical shift anisotropy (CSA) and

dipolar couplings:

e (SA arises from the fact that the local electronic shielding around a nucleus is
described by a tensor. This means that the observed chemical shift depends on the
orientation of the shielding tensor (and therefore the molecule) relative to the
external magnetic field.

e Dipolar couplings occur between nuclear spin pairs and depend on both their
internuclear distance (r®) and the angle between the internuclear vector and the

magnetic field.
Both interactions scale with the factor:
3cos?6-1

Where 6 is the angle between interaction tensor (dipolar vector or CSA tensor) and the
external magnetic field. To average out these anisotropic interactions and narrow the lines,
solid-state NMR employs MAS. In MAS, the sample is packed into a rotor and spun
rapidly (typically tens of kHz) at the magic angle (54.74°) relative to the external
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magnetic field. At this angle, 3cos?d-1 becomes zero and (if the spinning is fast enough
compared to the strength of the anisotropic interaction) the orientation dependence is

averaged out over time, narrowing down the signal to an isotropic peak.

Magnetization transfer from highly polarized to low polarized spins in solid-state NMR
is commonly achieved via cross-polarization (CP)!'® "7 In this process the I-spin
(typically a proton) is initially excited and is subsequently held in a spin-lock condition
by continuous RF irradiation. At the same time, an RF pulse is applied to the S spins (e.g.
13C or °N), fulfilling the Hartmann-Hahn condition. When the Hartmann-Hahn matching
condition is fulfilled during that spin-lock, that is, the nutation frequencies of both spins
are equal in the rotating frame (m:1'=w:*), efficient polarization transfer occurs via dipolar
interaction. This spin-lock period is held for a defined contact time. The process can also
be described using the spin temperature formalism, where the system of coupled I and S
spins is treated thermodynamically: the initially highly polarized I-spin acts as a "hot
reservoir" and exchanges polarization with the "colder" S-spin until an equilibrium is

approached. A prerequisite is that dipolar coupling is not averaged out by movement.

A commonly used pulse sequence for *C—"*C correlation spectra that uses CP transfer is
Proton-Driven Spin Diffusion (PDSD)''®. The pulse sequence is depicted in Figure 7.
After CP, t1 evolution of the S-spin occurs while the I-spins (protons) are decoupled to
prevent heteronuclear dipolar interactions. A 90° pulse then stores magnetization along
the z-axis. During the following mixing time, polarization is transferred between
neighboring *C nuclei via spin diffusion, which is mediated by the strong dipolar
coupling network of protons (i.e. through flip-flop transitions). Finally, a second 90° pulse
rotates the z-magnetization of the S-spins back into the transverse plane, allowing

detection of the signal under continuous proton decoupling.
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1HH Decoupling | [ Decoupling |

Tt

2
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2
130 | CP I t1 I

Figure 7: Pulse sequence of a PDSD spectrum. After an initial 90° pulse on 'H spin, magnetization is
transferred during CP spin lock pulses on both nuclei followed by t; evolution on '3C. Magnetization is then
stored on the z axis with a 90° pulse on '*C, followed by a mixing time to enable spin diffusion. Here,
magnetization is transferred to nearby *C nuclei via dipolar coupling. It is important to note that there is
no decoupling on 'H to facilitate the transfer. Next, a second 90° pulse flips magnetization back to the xy

plane and the FID is recorded.

In solid-state NMR, '3C-!3C correlation spectra, such as PDSDs, are used as fingerprint
spectra for proteins as each rigid protein shows a unique pattern of '*C-13C cross

correlation peaks, analogous to the 'H-!>N peaks in HSQC spectra in solution-state NMR.

Typical mixing times for hydrated or gel embedded proteins in solid-state are 20 ms — 1 s.
Shorter mixing times (~20-50 ms) primarily give rise to intraresidual correlations, i.e.,
between nuclei within the same amino acid residue. In contrast, longer mixing times
(~100 ms to 1 s) enable the detection of interresidual contacts, which are important for
identifying long-range spatial restraints between different residues. At higher MAS rates,
the efficiency of proton-driven spin diffusion is reduced due to averaging of the dipolar
couplings, which are the main mechanism for polarization transfer in PDSD. To
counteract this, continuous-wave (CW) irradiation or rotor-synchronized pulses are
applied during the mixing period to recouple heteronuclear dipolar coupling and, thus,
enhance magnetization transfer through the proton network. Common spectra variants
that use such strategies include DARR (Dipolar Assisted Rotational Resonance) and

CORD (Combined Rotation and Dipolar recoupling).

However, in solid-state NMR studies of proteins, especially those with long or repetitive
sequences and different conformations, uniform '*C, >N labeling often leads to spectral
crowding which complicates spectral analysis. To address this, selective or sparse labeling

techniques are frequently employed''. These include the use of [1-'3C] or [2-13C]
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glycerol or glucose as carbon sources during protein expression or amino acid-type
selective labeling or unlabeling. Such strategies help reduce signal overlap and facilitate

more straightforward resonance assignments and structural analysis.

In BC-"2C correlation spectra, characteristic chemical shifts allow identification of
specific amino acid types, providing so-called "spin systems”. To establish a sequential
assignment of the protein backbone, heteronuclear '"N—"*C correlation experiments are
used (Figure 8). In NCACX and NCOCX experiments'?’, the magnetization is first
transferred from 'H to '*N, followed by evolution during the indirect '*N dimension (t1).
Subsequently, magnetization is transferred to the *Ca (in NCACX) of the same residue
or BCO (in NCOCX) of the preceding residue. From there, a spin diffusion step enables
further transfer to neighboring *C nuclei. These experiments can be performed in 2D or
3D formats, depending on whether the *Ca or '*CO nuclei evolved during a second

indirect dimension (t2), enabling more detailed backbone assignments.

M.Iﬁ Decoupling |Decoupling| [ Decoupling |
15 | cP | t1 CP

T
2
1 Mix
130 [ CP

Figure 8: Pulse sequence of a NCACX/NCOCX spectrum. The initial CP transfer from 'H to °N, followed

N A

by t; evolution on the N channel, which is similar to the initial steps described for the PDSD experiment
in Figure 7. Next, a second CP transfer from N to 13C is performed. In NCACX the transfer targets the
intraresidual Co, while in NCOCX it targets the carbonyl carbon (CO) of the preceding residue. A spin
diffusion step, achieved through two 90° pulses, and a defined mixing time allows magnetization transfer

to nearby '3C nuclei.
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1.2.3 Application of NMR in amyloid research

This section will focus on a summary with key findings and developments in NMR and

how they can be used on amyloidogenic proteins.

Solution-state NMR is a powerful technique for investigating monomeric IDPs and
peptides, which often evade structural characterization due to their flexibility and lack of
stable secondary or tertiary structure. However, detailed reviews comprise methods to
study them and summarize challenges and solutions for these!?!"1?*, For example, analysis
like residue specific secondary chemical shift propensities provide information on
transient secondary structure propensities'?* that can be important to draw conclusions
for protein-protein interaction and, therefore, the aggregation behavior of the respective
IDP. Binding to larger complexes or lipid membranes increases the rotational correlation
time of a protein, leading to signal attenuation or broadening in solution-state NMR. This
effect can serve as an indicator of membrane interaction, as observed for some
amyloidogenic proteins'?*. However, more sophisticated experiments such as relaxation

44126 the interaction with

dispersion can provide insights into invisible intermediate states
membranes'?’, and information of the residue specific dynamics of IDPs!?%. Additionally,
experiments based on exchange saturation transfer, where the signal of the visible state
(e.g., monomer) is influenced by selective radiofrequency saturation of an invisible state
(e.g., oligomer or protofibril), can yield valuable information on monomer to (proto)fibril

interactions and attachment!?°.

In addition, both solution and solid-state NMR based aggregation studies provide insights

105, 130 106

into fibril formation or help extract information of kinetics'°. While solution-state
methods track the decay of monomeric species, solid-state NMR detects ordered more
rigid aggregates like fibrils. In solid-state NMR, the sample is subject to constant
ultracentrifugation due to sample rotor spinning that may influence the aggregation
behavior. This was utilized for studying early formed aggregates of amyloidogenic
proteins, which tend to sediment along the rotor wall due to their increased molecular
weight. These sedimented species contain rigid components that become visible to direct
observation in solid-state CP NMR spectra'3!" 132, Berkeley et al. investigated the
aggregation process of the low-complexity domain of the RNA-binding protein fused in
sarcoma (FUS LC) using a combination of solid-state NMR techniques including 1D CP,

INEPT and direct excitation experiments over time to capture the maturation and

aggregation of FUS LC!**. Additionally, they also obtained 2D CP and INEPT based
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spectra at the end of the time course, providing insights into which regions of the
aggregates remain flexible, and which become rigid. Notably, they observed a
discrepancy between the decay of INEPT signals and the increase in CP signals during
maturation, suggesting the existence of an intermediate species with dynamics in a regime
that is invisible to both techniques'. To further investigate liquid to solid phase transition
preceding fibril formation, Emmanouilidis et al. studied the full length FUS protein using
both solution- and solid- state NMR demonstrating that the interface of FUS condensates
plays an important role in the maturation process'**.!33. Additionally, they also obtained
2D CP and INEPT based spectra at the end of the time course, providing insights into
which regions of the aggregates remain flexible, and which become rigid. Notably, they
observed a discrepancy between the decay of INEPT signals and the increase in CP
signals during maturation, suggesting the existence of an intermediate species with
dynamics in a regime that is “invisible” to both techniques'**. To further investigate liquid
to solid phase transition preceding fibril formation Emmanouilidis et al. studied the full
length FUS protein using both solution- and solid- state NMR demonstrating that the

interface of FUS condensates plays an important role in the maturation process'**.

Solid-state NMR is particularly well suited for studying large macromolecular assemblies
such as oligomers protofibrils or amyloid fibrils as discussed in recent literature'>.
Amyloid fibrils, due to their size and structural homogeneity, enable the acquisition of
high-resolution NMR spectra. Solid-state NMR has been extensively used to determine
the 3D structures of amyloid fibrils, including Ap>* 3, PI3K-SH3!'"', a-synuclein'®, and
HET-s'*’ through the use of long-range distance restraints often obtained by selective
isotope labeling strategies. Although cryo-EM has gained popularity for rapid structure
determination of fibrils, solid-state NMR remains uniquely powerful for detecting
atomic-level details, especially for systems that are less amenable to cryo-EM due to
flexibility, heterogeneity, or the lack of periodic twist or bundling for amyloid fibrils. In
such cases or when investigating more dynamic or disordered regions of fibrils, solid-
state NMR is still a valuable tool to determine structural insights, as Mammeri et al.

demonstrated for tau fibrils'3®

. Moreover, *C—"3C correlation experiments such as PDSD
(see Section 1.2.2) are well suited for distinguishing easily between different fibril
polymorphs. For example, brain-derived extracts can be used to seed fibrillar samples of
AP and both the linewidths and chemical shift positions in the resulting spectra can serve
as indicators of structural polymorphism due to different folding of the protomers>.

Because chemical shifts are highly sensitive to local molecular environments, even small
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structural variations among polymorphs can be detected'*®. “Macroscopic” differences in
fibril structures such as single vs double filament arrangement of the protomers are often
difficult to distinguish in solid-state NMR spectra alone as the local chemical
environment can remain largely unchanged. Techniques like AFM or EM are more
reliable for these morphological variations (Section 3.3). A combined approach
integrating solid-state NMR with imaging techniques is therefore recommended for these

structural investigations.

Recent technical advances have substantially improved the resolution of both solid- and
solution-state NMR. MAS rates over 100 kHz using 0.7 mm rotors or smaller allow for
reduced sample amounts and provide high-resolution in 'H-!>N dimensions. This enables
the acquisition of high-quality "H-'"N fingerprint spectra and facilitates, or even enables,
the resonance assignment of fibrillar samples, as demonstrated for e.g. AP(1-42) fibrils!%.
Simultaneously, the development of stronger magnetic fields significantly improves

spectral resolution in both solid- and solution-state NMR 4!,

Dynamic nuclear polarization (DNP)-enhanced solid-state NMR has emerged as a
powerful tool for studying biomolecules, as highlighted in a recent review!#> ¥, The
mechanism of DNP relies on the transfer of polarization from unpaired electron spins
(paramagnets), typically introduced via stable radicals, to nearby nuclear spins, greatly
enhancing NMR signal sensitivity. This transfer is achieved most efficiently at low
temperatures (around 100 Kelvin). By the rapid freezing of molecular conformations,
DNP provides “snapshots” of conformational states allowing the detection of transient
states or semi-rigid regions. These states are often invisible for conventional solid-state
NMR or other structural biology techniques such as cryo-EM and X-ray

crystallography !4+ 145,

Tycko and colleagues have demonstrated this approach on AP(1-40), capturing
monomeric, oligomeric, protofibrillar, and fibrillar states and detecting long-range
tertiary contacts characteristic of fibrillar forms for all stages'*®. Similarly, Bayro et al.
identified interresidual contacts for PI3K-SH3 fibrils at cryogenic temperatures using

147 Debelouchina

DNP which were not observed in spectra recorded at room temperature
et al. demonstrated that DNP-enhanced NMR can be used to obtain resonance
assignments for selectively labeled GNNQQNY fibrils employing '3C-!*C correlation
spectra and 'N-13C spectra using transferred-echo double resonance-based recoupling of

dipolar interactions'*®,
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In our own work, we demonstrated that DNP-enhanced NMR is a valuable tool for
studying side chain conformations of all states along the amyloidogenic pathway
including folded monomers, unfolded intermediates, and mature fibrils'*. Notably,
Frederick and colleagues reported in-cell DNP-enhanced solid-state NMR studies using

selectively labeled a-synuclein!>

. By probing its structural state during incorporation and
aggregation within cells, they found that the N-terminal region of fibrillar a-synuclein
tends to adopt partially a-helical conformation, as revealed by secondary chemical shift
analysis. Radicals used for DNP-enhanced NMR can be applied not only in the bulk
solvent to enhance the overall signal, but also in a targeted manner by placing labels
harboring a radical in close proximity to specific sites of interest, enabling localized signal

enhancement through site-directed DNP excitation!! 152,

Beyond DNP, paramagnetic agents and spin labels are broadly applied in NMR to study
structure, dynamics and solvent accessibility of biomolecular systems including
amyloidogenic proteins'>* 1>, Paramagnets enhance the relaxation rates of nearby nuclear
spins resulting in line broadening (paramagnetic relaxation enhancement, PRE).
Moreover, angle dependent effect of the paramagnet caused by magnetic susceptibility
anisotropy leads to residual dipolar coupling and pseudo chemical shifts that can provide
valuable information on distance or orientation of molecules. Site-directed spin labeling

5

is widely employed to obtain distance information'> and it has been used to detect

protein'*®, membrane!’ or ligand interaction!'*

enhanced NMR, TOTAPOL, has been observed to bind amyloid fibril surfaces which lead

. A commonly used biradical for DNP-

to line broadening at increased concentrations due to PRE effect!>®. In contrast, the use of
solvent PRE, where the paramagnetic agent is distributed in the solvent rather than
covalently attached, has been used to probe surface accessibility, support structure

determination'®® and investigate surfaces of intrinsically disordered proteins'®! and
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amyloid fibrils'®* using both solution- and solid-state NMR.Site-directed spin labeling is

5

widely employed to obtain distance information'>> and it has been used to detect

protein'*®, membrane!*’, or ligand interaction'>®

enhanced NMR, TOTAPOL, has been observed to bind amyloid fibril surfaces which lead

. A commonly used biradical for DNP-

to line broadening at increased concentrations due to PRE effect!>. In contrast, the use of
solvent PRE, where the paramagnetic agent is distributed in the solvent rather than
covalently attached, has been used to probe surface accessibility, support structure
determination'®® and investigate surfaces of intrinsically disordered proteins!'®® and
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amyloid fibrils'®* using both solution- and solid-state NMR.
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1.3. Scope of this work

The field of amyloid research is broad and complex. Many amyloid-forming peptides and
proteins are implicated in severe neurodegenerative diseases, highlighting the urgent need
for comprehensive understanding of their structural and dynamic properties. Various
biophysical techniques have been applied to study their structure, folding, and
aggregation. Among these, NMR spectroscopy is of particular importance due to its
ability to probe these systems at atomic resolution across different states from monomers

to aggregated fibrils.

Despite its strengths, NMR also presents challenges: In solid-state NMR, for example,
full structural characterization of amyloid fibrils often requires sophisticated labeling
strategies and the acquisition of sufficient long-range distance restraints. Spectral
complexity due to polymorphism can lead to line broadening and peak doubling, and
therefore complicate analysis. However, its relevance is described in Section 1.2.3 and

proven by continuous work being published on amyloidogenic proteins using NMR.

In this work, we contribute to the field by developing and applying a combination of

NMR-based methods tailored to amyloidogenic systems.

We investigate the stability and structural features of fibrillar AP (1-42) using solid-state
NMR under varying pH conditions, probing the robustness of the LS-shaped polymorph.
Combining experimental and computational methods allow us to test the influence of pH
on fibril integrity and the protonation of side chains, which are crucial for understanding

their behavior in binding or interaction studies.

Furthermore, we characterize the lesser studied variant of pyroglutamylated
APB (pEAP (3-42)) fibrils. While this form is increasingly recognized for its role in
disease, its structural properties have remained poorly characterized. Using advanced
NMR strategies, we want to uncover how this modification at the N-terminus influences

fibril architecture.

Using an integrative approach of solution-state NMR, MAS solid-state NMR, and high-
resolution MAS (HR-MAS) we follow the seeded aggregation pathway of PI3K-SH3

from monomeric to fibrillar form and compared the kinetics.

Side chain conformations carry crucial information about protein folding and interaction.

We investigate the conformational ensemble of different model proteins for folding with
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DNP-enhanced NMR and achieved snapshot-like spectra of their isoleucine side chains.
This approach opens the door to studying a wider variety of side chains, including
functionally relevant residues such as charged or aromatic groups, which could reveal
new insights into protein—protein interactions, binding interfaces, and the structural

determinants of misfolding.

Further, additional data presented in this work deepen our understanding of the

amyloidogenic proteins investigated and might help in future research.
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This chapter lists all my publications that were carried out during my doctoral studies
including their titles, authors, journals and dates of publication together with one
manuscript currently in preparation. A brief description of my contributions to each study

is given alongside the abstract of the respective article.
The chapter is divided into two parts:

1. Publications that are directly related to the topics of this dissertation, which
are discussed in the introduction and discussion chapters)

2. Additional scientific contributions made during my doctoral studies.

Full journal versions of the articles that are directly related to the dissertation as well as

the manuscript are included in the Appendix.

27



2.1. Publications Directly Related to This Dissertation

2.1. Publications directly related to this dissertation

2.1.1 Structural Impact of N-terminal Pyroglutamate in an Amyloid-$(3-42) Fibril
Probed by Solid-State NMR Spectroscopy

Luis Gardon, Nina Becker, Lothar Gremer, Henrike Heise
Chemistry—A European Journal, Research Article Volume30, Issuel0
https://doi.org/10.1002/chem.202303007

First published: 15 December 2023

Contribution:40%

Performed sample preparation of pyroglutamate AP according to the protocol by Gremer
et al. (2017)°%, including pyroglutamate formation and fibril formation. Additionally
prepared a pH adjusted sample of pyroglutamate AP at pH 6.5. Performed experiments,
including solid-state NMR measurements (*C—'3C and '"N-!3C correlation spectra,
rotational resonance, and water-edited spectra) as well as atomic force microscopy.
Carried out spectral analysis and resonance assignment. Contributed significantly to the

writing of the manuscript and preparation of the figures.
Reprint permission:

The authors' moral rights are not compromised. These rights include the right of
"paternity" (also known as "attribution"—the right for the author to be identified as such)
and "integrity" (the right for the author not to have the work altered in such a way that the
author's reputation or integrity may be impugned). Where content in the article is
identified as belonging to a third party, it is the obligation of the user to ensure that any
reuse complies with the copyright policies of the owner of that content. If article content
is copied, downloaded or otherwise reused for non-commercial research and education
purposes, a link to the appropriate bibliographic citation (authors, journal, article title,
volume, issue, page numbers, DOI and the link to the definitive published version on
Wiley Online Library) should be maintained. Copyright notices and disclaimers must not
be deleted. Any translations, for which a prior translation agreement with Wiley-VCH has
not been agreed, must prominently display the statement: "This is an unofficial translation
of an article that appeared in a Wiley-VCH publication. The publisher has not endorsed

this translation."

28



Publications

Abstract:

Extracellular amyloid-f (AB) plaques, primarily formed by AB(1-40) and AB(1-42) fibrils,
are a hallmark of Alzheimer's disease. The AP peptide can undergo a high variety of
different post-translational modifications including formation of a pyroglutamate (pGlu,
pE) at N-terminal Glu3 or Glull of truncated AB(3-x) or AB(11-x), respectively. Here we
studied structural similarities and differences between pEAB(3-42) and LS-shaped AB(1-
42) fibrils grown under identical conditions (pH 2) using solid-state NMR spectroscopy.
We show that the central region of pEAB(3-42) fibrils including the turn region around
V24 is almost identical to AB(1-42) showing similar B-strands also at the N-terminus. The
missing N-terminal residues D1-A2 along with pE3 formation in pEAB(3-42) preclude a
salt bridge between K28-D1' as in AB(1-42) fibrils. G37 and G38 act as highly sensitive

internal sensors for the modified N-terminus, which remains rigid over ~five pH units.

2.1.2 Amyloid fibril formation Kinetics of low-pH denatured bovine PI3K-SH3
monitored by three different NMR techniques

Luis Gardon, Nina Becker, Nick Réhse, Christoph Holbling Athina Apostolidis, Celina
M. Schulz, Kevin Bochinsky, Lothar Gremer, Henrike Heise, Nils-Alexander Lakomek

Frontiers in Molecular Biosciences, Sec. Structural Biology, Volume 10 - 2023 |
https://doi.org/10.3389/fmolb.2023.1254721

First published: 17 November 2023

Contribution: 30%

Purified and prepared samples of PI3K-SH3 domain for analysis. Performed a range of
experiments including solution-state, HR-MAS, and solid-state NMR measurements (1D
'H and 2D 'H-!>N HSQC spectra, as well as 1D '*C CP and INEPT spectra) and atomic
force microscopy. Performed data analysis, including signal integration and kinetic
fitting. Contributed significantly to the writing of the manuscript and preparation of the

figures.

Abstract:
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Misfolding and aggregation of amyloidogenic proteins are molecular hallmarks of
neurodegenerative diseases. The bovine PI3K-SH3 domain serves as a well-established
model system to investigate protein aggregation mechanisms. In this study, we applied a
combined NMR approach to monitor the fibril formation kinetics of low pH-denatured
[U 13C, °N] labeled PI3K-SH3 under seeded conditions. Using solution-state NMR, high-
resolution magic angle spinning (HR-MAS) NMR, and solid-state NMR, we tracked the
depletion of monomeric species and the growth of aggregated fibrils over time. Solution
NMR enabled residue-specific analysis of monomer decay, while solid-state NMR
captured both monomer decay and fibril formation within the same sample. HR-MAS
NMR served as a hybrid method bridging solution and solid-state NMR. Under 1%
seeding and pH 2.5, all three methods yielded comparable aggregation kinetics with
mono-exponential behavior and lifetimes between 14—38 hours. Importantly, we observed
that the disappearance of monomer correlated with the appearance of fibril mass. Atomic
force microscopy confirms that fibrils substantially grew in length during the aggregation
experiment. This argues for fibril elongation as the dominant growth mechanism in fibril
mass. Thus, an integrated approach highlights the strength of complementary NMR
techniques in resolving the kinetics of amyloid fibril formation and provides a robust

framework for future mechanistic studies of protein aggregation.

2.1.3 Atomic Resolution Insights into pH Shift Induced Deprotonation Events in
LS-Shaped AB(1-42) Amyloid Fibrils

Nina Becker, Benedikt Frieg, Lothar Gremer, Tatsiana Kupreichyk, Luis Gardon, Patrick
Freiburg, Philipp Neudecker, Dieter Willbold, Holger Gohlke, Henrike Heise

Journal of the American Chemical Society, Volume 145, Issue 4

https://doi.ore/10.1021/jacs.2c09231

First published: 18 January 2023
Contribution: 10%

Performed resonance assignment of monomeric AR at pH 7. Performed NMR
experiments for the pH sensing study, including INEPT based spectra of buffer and Ap

samples across varying pH values for the review. Designed figures for data representation,
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including the Table of Contents (TOC) figure. Contributed to manuscript writing and final
editing.

Abstract:

Alzheimer's disease is a neurodegenerative disorder associated with the deposition of
misfolded aggregates of the amyloid-f protein (AP). AP(1-42) is one of the most
aggregation-prone components in senile plaques of AD patients. We demonstrated that
relatively homogeneous AB(1-42) fibrils with one predominant fold visible in solid-state
NMR spectra can be obtained at acidic pH. The structure of these fibrils differs
remarkably from some other polymorphs obtained at neutral pH. In particular, the entire
N-terminal region is part of the rigid fibril core. Here, we investigate the effects of a pH
shift on the stability and the fold of these fibrils at higher pH values. Fibril bundling at
neutral pH wvalues renders cryo-EM studies impractical, but solid-state NMR
spectroscopy, molecular dynamics simulations, and biophysical methods provide residue-
specific structural information under these conditions. The LS-fold of the AB(1-42) fibrils
does not change over the complete pH range from pH 2 to pH 7; in particular, the
N-terminus remains part of the fibril core. We observe changes in the protonation state of
charged residues starting from pH 5 on a residue-specific level. The deprotonation of the
C-terminal carboxyl group of A42 in the intermolecular salt bridge with D1 and K28 is
slow on the NMR time scale, with a local pKa of 5.4, and local conformations of the
involved residues are affected by deprotonation of A42. Thus, we demonstrate that this

fibril form is stable at physiological pH values.

2.1.4 Isoleucine Side Chains as Reporters of Conformational Freedom in Protein
Folding Studied by DNP-Enhanced NMR

Leonardo Levorin, Nina Becker, Boran Uluca-Yazgi, Luis Gardon, Mirko Kraus, Marc
Sevenich, Athina Apostolidis, Kai Schmitz, Neomi Riiter, Irina Apanasenko, Dieter

Willbold, Wolfgang Hoyer, Philipp Neudecker, Lothar Gremer, Henrike Heise
J. Am. Chem. Soc. 2025, Volume 147, Issue 18, 15867—-15879

https://doi.ore/10.1021/jacs.5¢c04159

First published: 26 April 2025

Contribution: 10%
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Sample preparation of PI3K-SH3 in natively folded, unfolded and fibrillar form. Assisting
the recording of spectra and analysis. Writing parts of original draft and contributed to

manuscript proofreading and helped with figure design.
Abstract:

Conformations of protein side chains are closely linked to protein function. DNP-
enhanced solid-state NMR (ssNMR), which operates at cryogenic temperatures (<110 K),
can be used to freeze-trap protein conformations, including the side chains. In the present
study, we employed two-dimensional DNP-enhanced ssNMR to get detailed insights into
backbone and side chain conformations of isoleucine. We used different amino acid
selectively labeled model proteins for intrinsically disordered proteins (IDPs), denatured
and well-folded proteins, and amyloid fibrils. '*C chemical shifts are closely correlated
with secondary structure elements and y1 and y2 angles in isoleucine side chains. Thus,
line shape analysis by integration of representative peak areas in 2D spectra provides an
accurate overview of the distribution of backbone and side chain conformations. For the
well-folded proteins GABARAP and bovine PI3-kinase (PI3K) SH3 domain, most Ile
chemical shifts in frozen solution are well resolved and similar to those observed in
solution. However, line widths of individual Ile residues are directly linked to residual
mobility, and line broadening or even signal splitting appears for those Ile residues, which
are not part of well-defined secondary structure elements. For unfolded PI3K SH3 and
the IDP a-synuclein (a-syn), all Ile side chains have full conformational freedom, and as
a consequence, inhomogeneous line broadening dominates the cryogenic spectra.
Moreover, we demonstrate that conformational ensembles of proteins strongly depend on
solvent and buffer conditions. This allowed different unfolded structures for chemical and
acidic pH denaturation of the PI3K SH3 domain to be distinguished. In amyloid fibrils of
a-syn and PI3K SH3, chemical shifts typical for B-strand like secondary structure
dominate the spectra, whereas Ile residues belonging to the fuzzy coat still add the IDP-
type line shapes. Hence, DNP-enhanced ssNMR is a useful tool for investigating side

chain facilitated protein functions and interactions.

2.1.5 Surface Mapping of Bovine PI3K-SH3 Domain using Gadoteric Acid for
Solvent PRE effect

Luis Gardon, Melinda Jaspert, Nina Becker, Leonardo Levorin, Athina Apostolidis,
Philipp Neudecker, Nils-Alexander Lakomek, Lothar Gremer, Henrike Heise
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In preparation
Contribution: 40%

Purification and sample preparation of PI3K-SH3 domain in natively folded, unfolded
and fibrillar form. Recording solution- and solid-state NMR spectra and performed
atomic force microscopy measurements. Performed data analysis, including signal
integration, resonance assignment and surface plotting for native and fibrillar state of

PI3K-SH3. Writing original draft and designing figures.

Abstract:

Amyloid fibril formation is related to numerous neurodegenerative diseases. PI3K-SH3
serves as a well-established model system for investigating the mechanisms underlying
amyloid fibril formation. Here, we employ a combination of solution and solid-state NMR
spetroscopy combined with solvent Paramagnetic Relaxation Enhancement (sPRE) using
meglumin gadoteric acid (Dotarem) to map the surface of both bovine PI3K-SH3 in all
stages of fibrillation. We detect a high accessibility at low concentrations of Dotarem in
regions of the globular monomeric state at neutral pH corresponding to the binding site
of PI3K-SH3 to proline rich sequences. In PI3K-SH3 fibrils the fibril core appears
shielded from the solvent, whereas the homodimer interface remains solvent-accessible.
Notably, a few residues stay shielded at elevated Dotarem concentrations in both the
monomeric and fibrillar state. These results demonstrate that sPRE is a straightforward
and effective method for probing protein surface accessibility. Moreover, it might present
a valuable complementary approach for characterizing aggregation interfaces and

surfaces of amyloidogenic proteins in different states.
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2.2. Additional scientific contributions

2.2.1 Photocontrolled Reversible Amyloid Fibril Formation of Parathyroid

Hormone-Derived Peptides

André Paschold, Moritz Schéffler, Xincheng Miao, Luis Gardon, Stephanie Kriiger,
Henrike Heise, Merle 1. S. Rohr, Maria Ott, Birgit Strodel, Wolfgang H. Binder

Bioconjugate Chemistry, Volume 35, Issue 7

https://doi.ore/10.1021/acs.bioconjchem.4c00188

First published: 12 June 2024
Contribution: 5%

Performed solid-state NMR experiments and data interpretation demonstrating the
interresidual spatial proximity between the side chains of L28 and F34. Contributed to

manuscript writing and designed the corresponding figures.
Abstract:

Peptide fibrillization is crucial in biological processes such as amyloid-related diseases
and hormone storage, involving complex transitions between folded, unfolded, and
aggregated states. We here employ light to induce reversible transitions between
aggregated and nonaggregated states of a peptide, linked to the parathyroid hormone
(PTH). The artificial light-switch 3-{[(4-aminomethyl)phenyl]diazenyl}benzoic acid
(AMPB) is embedded into a segment of PTH, the peptide PTH25-37, to control
aggregation, revealing position-dependent effects. Through in silico design, synthesis,
and experimental validation of 11 novel PTH25-37-derived peptides, we predict and
confirm the amyloid-forming capabilities of the AMPB-containing peptides. Quantum-
chemical studies shed light on the photoswitching mechanism. Solid-state NMR studies
suggest that B-strands are aligned parallel in fibrils of PTH25-37, while in one of the
AMPB-containing peptides, -strands are antiparallel. Simulations further highlight the
significance of m-m interactions in the latter. This multifaceted approach enabled the
identification of a peptide that can undergo repeated phototriggered transitions between
fibrillated and defibrillated states, as demonstrated by different spectroscopic techniques.

With this strategy, we unlock the potential to manipulate PTH to reversibly switch
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between active and inactive aggregated states, representing the first observation of a

photostimulus-responsive hormone.

2.2.2 Disordered regions of inhibitor-bound a-synuclein suppress seed-induced
fibril nucleation in cells

Celina M. Schulz, Emil D. Agerschou, Luis Gardon, Miriam Alexander, Matthias Stoldt,
Henrike Heise, Giiltekin Tamgiiney, Wolfgang Hoyer

Cell Reports Physical Science, Volume 5, [ssue 9,

https://doi.ore/10.1016/.xcrp.2024.102180

First published: 18 September 2024
Contribution: 5%

NMR analysis of the alpha synuclein in complex with AS69 leading to the identification
of the binding region. Contributed to manuscript writing and designed the corresponding

figures.
Abstract:

Inhibitors of amyloid fibril formation can act in diverse ways and aid in elucidating the
mechanisms of protein aggregation. The engineered binding protein B-wrapin AS69 binds
monomers of Parkinson-disease-associated a-synuclein (aS), yet achieves inhibition at
substoichiometric concentration. The substoichiometric activity was not attributed to the
binding protein per se, but to its 1:1 complex with aS, in which AS69 sequesters aS
residues 3060 into a globular protein fold, whereas other aS parts remain intrinsically
disordered regions (IDRs). Here, we investigate AS69-aS fusion constructs that form the
AS69:aS complex by intramolecular folding and expose different IDRs. We find that not
only the globular part of the complex but also aS IDRs are critical for substoichiometric
inhibition, which is achieved by interference with primary and secondary fibril
nucleation. The effects in vitro are reproduced in cellular seeding assays, indicating that

secondary nucleation drives seeding in aggregate biosensing.
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Unpublished Results

This Chapter presents additional experiments performed by me that have not been
published. These experiments were designed to complement the findings of Chapter 2.
Contributions from colleagues, where applicable, are acknowledged in the individual

section.
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3.1. Assignment of native PI3K-SH3 by solution-state NMR

3.1. Assignment of native PI3K-SH3 by solution-state
NMR

In this study, a backbone resonance assignment with partial side chain assignment of the
bovine PI3K-SH3 domain in aqueous buffer at neutral pH was performed. Bovine PI3K-
SH3 is known to adopt a B-sandwich structure in its native state (see Section 1.1.2). The
NMR sample was prepared in a 25 mM sodium phosphate buffer at 20 °C and a pH value
of 6.8. Well-dispersed peaks were observed in the 'H-">’N HSQC spectrum, indicating a
globular folded protein. Resonance signals occurring >9 ppm in 'H dimension are

consistent with pB-strand content (Figure 9 A).

Sequential assignment was conducted using the HNCACB, HNCO and HNCA
experiments. An exemplary excerpt of HNCACB spectra is depicted in Figure 9 B, red
lines indicating the sequential link for Ca and blue lines for CP. In these experiments,
magnetization is transferred from 'H to >N to *Ca (positive signal) and '*CP (negative
signal) of the same residue and to the preceding residue (with lower intensity) via

J-coupling, enabling sequential assignment.

Additionally, *C-3C correlation-total correlation spectroscopy (TOCSY) spectra in
solution were recorded under the same conditions for assigning '*C chemical shifts of the
side chain atoms. Peak doubling and shoulder signals were detected for residues near the
C-terminus, most likely due to the presence of two conformations of the C-terminal
proline residue (cis and trans) which was observed in 'H-'>N HSQC as well as '3C-13C
TOCSY spectra (Figure 9 C). The assignment data is presented in Table S1 in the
appendix, and the chemical shifts are deposited in the BMRB under the accession code
53388. Chemical shift referencing was performed using DSS, setting the 'H signal of the
methyl group to 0 ppm.

Tobias Stief helped record HNCACB, HNCO and HNCA spectra and Philipp Neudecker
TOCSY spectra.
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Figure 9: Assignment of natively folded PI3K-SH3 at neutral pH. (A) 'H-"*N HSQC spectrum recorded at
20 °C with 200 uM bovine PI3K-SH3 in 25 mM sodium phosphate buffer at pH 6.8 recorded at a field
strength of 16.4 T (700 MHz 'H frequency). Assigned peaks are labeled with their respective residues, with
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3.1. Assignment of native PI3K-SH3 by solution-state NMR

peak doubling observed for residues 182 and S83. Proline residues are not visible in the HSQC spectrum.
(B) HNCACSB strips of PI3K-SH3 recorded under the same conditions as in (A). Positive (Ca) contours are
shown in green, while negative (CP) contours are displayed in purple. The sequential walk is indicated by
red (Ca) and blue (CP) lines. (C) Excerpt of a 3C-13C TOCSY correlation spectrum recorded under the
same conditions as in (A) for the Ca-Cp region of proline at a field strength of 18.8 T (800 MHz 'H

frequency).

A comparison with the resonance assignment of native bovine PI3K-SH3 by Hsu
(2013)!%* in 50 mM potassium phosphate (pH 6.0) revealed that only a few resonances
deviate by more than 1ppm in >C or "N dimensions (Figure 10 A). This close
correspondence indicates that the structure of PI3K-SH3, as represented by PDB entry
1PNJ!2, which shares the same sequence and experimental conditions as Hsu’s

assignment, remains conserved.

The secondary structure propensities of individual amino acids in the PI3K-SH3 sequence
was determined using TALOS!®, based on chemical shift data (Figure 10 B). Secondary
chemical shift analysis indicates that the secondary structure elements of bovine PI3K-
SH3 largely correspond to those observed in PDB 1PNJ!*2, Notably, the n-Src loop

exhibits helical content, consistent with the findings of Hsu and previous studies!%> '
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40



Unpublished Results

A
—~~ 5 7
c °

45 -
o) 41G N
= ¢
S 3.5 4
g 3 | 61E Ca.
2.5 1 ()
Qo 81K Cd
S 2. 26L Cy
u ° °
o 1.5 1 32LC &
§ ' ooty 62T CB
s 1 °
fg 0.5 - ® ® o ° ... 'Y
0 o m
0 100 200 300 400 500
Residue atom number
B B1 RT Loo - Distal
p B2 n-Src loop B3 loop B4 3y BS
This work

A = — —
GSMSAEGYQYRALYDYKKEREEDIDLHLGDILTVNKGSLVALGFSDGQEAKPEEIGWLNGYNETTGERGDFPGTYVEYIGRKKISP

—
)
<

o
it

Secondary structure fraction (%)

da 1

10 20 30 40 50 60 70 80
Residue number

o
|

‘ coil p-strand [l a-helix‘

Figure 10: Assignment comparison with Hsu (2013). A) Chemical shift differences between this study and
bovine PI3K-SH3 assignment by Hsu (2013). Resonances exhibiting deviations greater than 1 ppm are
highlighted. B) Secondary chemical shift analysis of bovine PI3K-SH3 using TALOS. The secondary
structure propensity for each residue is plotted as percentages, with coil (gray), B-strand (yellow), and
a-helix (red). The primary sequence and the most likely secondary structure elements are shown above,
compared to those reported by Booker et al. in the NMR structure (PDB:1PNJ)!?2, Characteristic p-sheet

and loop elements typical of the SH3 domain family are also indicated.
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3.2. Unfolding of PI3K-SH3 at low pH and high

temperature

Lowering the pH causes PI3K-SH3 to unfold and eventually form amyloid fibrils!® 197,

However, the population of the unfolded state is influenced by solution conditions, and a
folded population can persist under specific conditions!%. Earlier studies have shown that

increasing salt concentration stabilizes more compact states'%’.

To investigate this dependency, we systematically varied buffer concentration,
temperature, and pH. In 'H-'>N HSQC spectra, a well-folded protein exhibits a well-
dispersed set of peaks, whereas intrinsically disordered or unfolded proteins display a
narrower spectral width. The presence of B-sheet content is typically indicated by peaks
in the 8.5-9.5 ppm range. As shown in Figure 11, increasing the temperature from 10 °C
to 40 °C shifts the equilibrium between folded and unfolded state of PI3K-SH3 toward a
more unfolded population. Notably, this transition is reversible: lowering the temperature
restores the folded state. Similarly, increasing the concentration of Gly-HCI from 10 mM
to 50 mM significantly shifts the equilibrium toward the unfolded state. Decreasing the
pH to 1.5 results in a similar effect, increasing the unfolded population of PI3K-SH3
(Figure 12). This shift is reflected in the 'H-'>N HSQC spectra, where the protein shows
less dispersed peaks typical of unfolded states. This observation aligns with the effects of
increasing temperature and higher Gly-HCl concentrations, which also promote

unfolding.

Melinda Jaspert helped with the acquisition of the 'H-'>N HSQC spectra at different

solution conditions.
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Figure 11: Solution-dependent equilibrium between folded and unfolded populations of PI3K-SH3. 'H-'*N

HSQC spectra of 250 uM PI3K-SH3 are shown at varying temperatures and Gly-HCI concentrations.
Spectra were recorded at 10 mM Gly-HCI (top), 25 mM Gly-HCI (middle), and 50 mM Gly-HCI (bottom)
at a field strength of 16.4 T (700 MHz 'H frequency). Temperature-dependent shifts in folding are indicated
by color: blue (10 °C), green (20 °C), brown (30 °C), and red (40 °C). Increasing temperature and Gly-HCI

concentration progressively shift the population toward the unfolded state.
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Figure 12: Folded and unfolded populations of PI3K-SH3 depending on pH values. 'H-'>N HSQC spectra
of 250 uM PI3K-SH3 in 10 mM Gly-HCI at pH 2.5 (green) and pH 1.5 in aqueous HCI (red) at 20 °C,
recorded at 16.4 T (700 MHz 'H frequency). In the red spectrum, the region from 8.5 ppm to 10 ppm is

unpopulated, indicating a completely unfolded state.
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3.3. Influence of aggregation conditions on PI3K-SH3
fibril morphology

As outlined in the previous section, solution conditions significantly influence the folding
of the PI3K-SH3 domain. To assess their impact on the aggregation and fibril
morphology, we performed AFM under varying pH conditions:

e 100 uM of lyophilized monomeric PI3K-SH3 dissolved in 100 mM (pH 1),
31.6 mM (pH 1.5), 10 mM (pH 2), 3.2 mM (pH 2.5) and 1 mM (pH 3) of aqueous

HCI and incubated for 3 weeks in 1.5 ml Eppendorf tubes at 50 °C.
AFM micrographs taken after three weeks of incubation at a pH value of 1 revealed
formation of amorphous aggregates and bundled fibrils (Figure 13). At pH values of 1.5,
fibrils were more prevalent alongside aggregates. The most well-defined fibrils, without
amorphous aggregates, were observed for the incubation at pH values of 2 and 2.5, in

agreement with previous findings in the literature'®

. However, the number of fibrils was
lower compared to those incubated at a pH value of 1.5. AFM images acquired at earlier
time points (data not shown) further revealed that fibrils and aggregates begin to form
within one day at pH values of 1 and 1.5 at 50 °C. Thus, decreasing the pH to values
below 2 not only accelerates aggregation and fibrillation but also increases the formation
of amorphous species. In contrast, at a pH value of 3, only low-density, slow forming

aggregates were observed which may reflect early-stage aggregation events.
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Figure 13: AFM micrographs of PI3K-SH3 aggregates after 3 weeks of incubation at different pH levels
and 50 °C. Samples contain 100 pM PI3K-SH3 in aqueous HCI solutions of varying pH values, as
indicated. After incubation under quiescent conditions at pH 1, clumps and amorphous aggregates
dominate. At pH value of 1.5 fibrils as well as small aggregates are present. At pH 2 and pH 2.5, well-
defined fibrils are visible. At pH values of 3 small condensates could be observed. These results indicate

that lowering the pH accelerates aggregation while promoting the formation of amorphous aggregates.
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We additionally tested the following conditions:

e Fibrils pH 2/25°C: 1 mM of lyophilized monomeric PI3K-SH3 dissolved in
10 mM aqueous HCI (pH 2) and incubated for 3 weeks at 25 °C and under
quiescent conditions in 1.5 mL Eppendorf tubes according to Colvin et al.!'°.

e Unseeded Fibrils pH 2.5/50°C: 100 uM of lyophilized monomeric PI3K-SH3
dissolved in 10 mM Gly-HCI (pH 2.5) and incubated for 2 days at 50 °C without

seeds and with 600 rpm shaking in 1.5 mL Eppendorf tubes.

AFM micrographs of the fibrils grown at pH 2/25 °C under quiescent conditions
(Figure 14, left) revealed primarily amorphous aggregates with fibrillar structures
interspersed, consistent with a less homogenous fibril formation at high protein
concentrations. Unseeded fibrils grown at pH 2.5 and 50 °C in presence of 10 mM
GlyHCI and shaking (Figure 14, right) appeared to be long and homogenous with only
smaller aggregates visible. This confirms the results that at pH values between 2 and 3

more homogeneous fibrils form.

pH 2/25 °C unseeded pH 2.5/50 °C

5.0 nm 3.0 nm

e

-2.0 -2.0

Figure 14: AFM micrographs of PI3K-SH3 at different aggregation conditions. Fibrils grown at pH 2, 1 mM
PI3K-SH3 concentration and 25 °C for three weeks (left) show fibrillar structures as well as big aggregates
that seem amorphous. Unseeded fibrils growth conditions at pH 2.5 in presence of 10 mM Gly-HCl and
50 °C for 2 days (right) show homogenous fibrils with smaller aggregates being visible.
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The longest, most homogeneous fibrils were obtained via seeded fibril formation of

PI3K-SH3 as described by Roder et al. 1%

e Seeded fibrils pH 2.5/50 °C: 100 uM of lyophilized monomeric PI3K-SH3
dissolved in 10 mM Gly-HCI (pH 2.5) and incubated for 1 day at 50 °C with 5%
(mol/mol) preformed fibril seeds (mol equivalent to monomers) and under

quiescent conditions in 1.5 mL Eppendorf tubes.

1.1% resulting in

The fibril seeds were prepared by sonication, as described in Gardon et a
fragmented fibrils that can act as nucleation sites for elongation. The resulting seeded
fibrils were several microns in length and exhibited high morphological uniformity as

observed by AFM (Figure 15).

PI3K-SH3 concentrations on the mica surfaces were 0.5 uM for the fibril seeds and 2 uM

for all other samples.
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Fibril seeds

4.00 nm

1.00

4.00 nm

-1.00

Figure 15: AFM micrographs of PI3K-SH3 seeds and fibrils. Seeds were produced by sonication of fibrils
producing small fibrillar fragments. Incubation with 5% seeds (mol/mol) on 100 uM monomeric PI3K-
SH3 in 10 mM Gly-HCI (pH 2.5) resulted in the formation of long, predominantly unbranched fibrils with

high homogeneity. These fibrils exhibit a nanometer-scale width and extend to several microns in length.
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3.4. Assignment of a PI3K-SH3 fibril polymorph

As described previously, the seeded fibril formation for PI3K-SH3 at pH value of 2.5 and
50 °C revealed the most homogeneous and well-defined amyloid fibrils, which we

characterized using solid-state NMR.

For the seeded fibrils at pH 2.5/50 °C a high homogeneity is also evident from solid-state
spectra as linewidths of the resonances are relatively narrow (~ 0.6 ppm for Ala residues
(full width at half maximum at 11 kHz MAS and 800 MHz in PDSD spectra), allowing
for the assignment of ~50% of the signals (Figure 16 A). The assigned residues are plotted
on the cryo-EM structure of PI3K-SH3 fibrils'® (PDB:6R4R; Figure 16 B).

For the assignment, we employed a combination of NCACX, CaNCO, NCOCA, and
NCOCX spectra. An exemplary sequential walk is shown in Figure 17. The NCACX
spectrum serves as a starting point, linking the N chemical shift to the Ca and Cx of the
same amino acid. The CaNCO spectrum connects the Ca and N of residue i to the N of
residue i-1, while NCOCA and NCOCX spectra correlate the N chemical shift of residue
1 with the CO and Cx of residue i-1. One continuous stretch of residues (Y12 to D28)
could not be assigned and appears to be absent in the spectra. INEPT based experiments
did not show any signals excluding highly flexible regions. *C direct excitation spin
diffusion 2D spectra also did not show significant differences to CP based spectra (data
not shown). Additionally, several peaks remain visible in the spectra but could not be

assigned unambiguously.

A significant contribution to the assignment process was made by Athina Apostolidis and
Nina Becker. Nina Becker helped record NCACX, CaNCO, NCOCA, and NCOCX

spectra.
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Figure 16:Assignment of a PI3K-SH3 fibril polymorph. A) *C-13C PDSD correlation spectrum of fibrillar
PI3K-SH3 with assigned resonances. The spectrum was recorded at a field strength of 18.8 T (800 MHz 'H
frequency) with 11 kHz MAS spinning speed and 50 ms mixing time. B) Assigned residues mapped onto
the cryo-EM structure (PDB:6R4R) of PI3K-SH3 fibrils formed under identical conditions'®. The
secondary structure is shown for the protomer dimer with assigned residues highlighted in red and

unassigned residues in grey.
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Figure 17: 3D spectral assignment strategy for fibrillar PI3K-SH3. The peptide backbone is shown with
magnetization transfer pathways indicated by colored lines corresponding to different spectra: Red
(NCACX) — transfer from N to Ca and Cx of the same amino acid (i); Cyan (caNCO) — transfer from Ca
(not detected) to N of residue i and CO of residue i-1; Purple (NCOCA) — transfer from N of residue i to
CO and Ca of residue i-1; Blue (NCOCX) — transfer from N of residue i to CO and Cx of residue i-1. A
sequential walk is represented by green lines. The spectra were recorded at a field strength of 14.1 T

(600 MHz 'H frequency)
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3.5. Dependence of atomic structure on fibril growth
conditions

As AFM micrographs provide only morphological information about aggregates and
fibrils, we sought to understand how different fibrillation conditions alter the atomic
structure of PI3K-SH3 fibrils. For this, we recorded '*C-C correlation PDSD spectra
(Section 1.2.2) to obtain molecular fingerprints and compare fibrillar polymorphs present
in the samples generated under different aggregation conditions. These conditions

described in Section 3.4 included:

e Fibrils pH 2/25°C: 1 mM of lyophilized monomeric PI3K-SH3 dissolved in
10 mM aqueous HCI (pH 2) and incubated for 3 weeks at 25 °C and under
quiescent conditions in 1.5 mL Eppendorf tubes according to Colvin et al.!'°.

e Fibrils pH 1.5/50°C: 100 uM of lyophilized monomeric PI3K-SH3 dissolved in
31.6 mM aqueous HCI (pH 1.5) and incubated for 2 weeks at 50 °C and under
quiescent conditions in 1.5 mL Eppendorf tubes.

e Unseeded fibrils pH 2.5/50°C: 100 uM of lyophilized monomeric PI3K-SH3
dissolved in 10 mM Gly-HCI (pH 2.5) and incubated for 2 days at 50 °C without
seeds and with 600 rpm shaking in 1.5 mL Eppendorf tubes.

The resulting PDSD spectra (Figure 18) show clear differences in chemical shifts
compared to those from the partially assigned seeded fibril sample incubated with 10 mM
Gly-HCI and 50 °C (Section 3.4, Figure 18, red). For the fibrils grown at pH 2/25 °C
(Figure 18 A, black) fewer cross peaks were observed which could indicate either spectral
overlap or a higher degree of structural flexibility in some regions. However, INEPT
based spectra sensitive for highly flexible regions showed no signals, suggesting a lack
of significantly dynamic regions. Notably, differences in the Ca-Cp cross peak region of
serine, threonine, alanine, and other areas were observed, suggesting a different local

conformation of the fibrils.

The pH 1.5/50 °C fibrils exhibited even fewer detectable cross peaks (Figure 18 B, blue)
and the visible signals were distinct from those of seeded pH 2.5/50°C fibrils. This further
supports that different incubation conditions promote distinct fibrillar polymorphs for

PI3K-SH3.
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A

B

Figure 18: Comparison of the atomic structure of PI3K-SH3 fibrils grown at different conditions. A) PDSD
spectra of seeded fibrils grown pH 2.5/50 °C (red, Section 3.4) and fibrils grown at pH 2/25 °C (black). B)
PDSD spectra of seeded fibrils grown pH 2.5/50 °C (red, Section 3.4) and fibrils grown at pH 1.5/50 °C
(blue). The spectra were recorded at a field strength of 18.8 T (800 MHz 'H frequency) with 11 kHz MAS
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spinning and a 50 ms mixing time.
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Upon closer investigation of the fibrils grown at pH 2/25 °C we observed notable
differences in chemical shifts compared to those reported in Bayro et al.!'°, as indicated
in Figure 19 A. The crosses denote previously published chemical shifts by Bayro et al.
This suggests that a distinct polymorph has formed under these incubation conditions,
differing from those previously described. Even more unexpectedly, the spectrum of
fibrils grown unseeded under pH 2.5/50 °C shaking conditions display strikingly similar
chemical shift patterns to those of the pH 2/25 °C fibrils (Figure 19 B). This indicates that
structurally related polymorphs can arise despite considerable differences in incubation
parameters (most notably temperature and protein concentration), highlighting the

complexity of fibril formation for PI3K-SH3 fibrils.
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Figure 19: Atomic structure of PI3K-SH3 fibrils. A) PDSD spectrum of the aliphatic region of PI3K-SH3
fibrils grown at pH 2, following the protocol of Bayro et al.!!® B) PDSD spectra of the aliphatic region of
seeded fibrils grown pH 2/25 °C (black) and unseeded fibrils grown at pH 2.5/50 °C (pink). The spectra
were recorded at a field strength of 18.8 T (800 MHz 'H frequency) with 11 kHz MAS spinning and a 50 ms

mixing time.
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3.6. Rotational-echo, double-resonance (REDOR)-

spin diffusion sequence 2D detection

In the revision of the paper “Structural Impact of N-terminal Pyroglutamate in an
Amyloid-p(3-42) Fibril Probed by Solid-State NMR Spectroscopy”, an open question
remains regarding the proximity of A42-CO and K28 NC in pEAB(3-42) fibrils. Based on
the LS-shaped AB(1-42) structure (PDB:6R4R>%), the expected distance between K28 N
and A42 CO is estimated to be 5 A, corresponding to a dipolar coupling of ~25 Hz, a

challenging interaction to detect via NMR spectroscopy.

To probe this potential contact, we tested multiple approaches on both AB(1-42) and
pEAP(3-42) fibrils. First, we recorded 2D NHHC spectra. After an initial 'H to >N CP
and t; evolution on '°N, the magnetization was transferred back to 'H via CP followed by
'"H-'H mixing to enable transfer to nearby 'H nuclei. Subsequently, magnetization is
transferred to '>C via CP and detected. However, these 2D NHHC experiments did not
reveal a cross-peak between A42 CO and K28 N, in either LS-AB(1-42) or pEAP(3-42)
fibrils. Since the NHHC experiment relies on the 'H-'H mixing, it is less sensitive to
dynamic protonated COOH group of A42. Therefore, the negative result of the NHHC

experiment does not necessarily rule out a close proximity of K28 and A42.

As an alternative approach, we designed a frequency-selective REDOR experiment with
2D Co/CO detection (Figure 20). In a REDOR experiment'®’, a series of rotor-
synchronized 180° pulses is applied to recouple dipolar interactions between two
heteronuclei, causing line broadening in the spectra. Comparing this to a reference
spectrum without the REDOR element allows for distance estimation by varying the

length of the REDOR element, as dipolar interaction scales with r.

Our experiment involved an initial 'H to '*C CP step and t; evolution. The first 90° pulse
on '3C in the spin diffusion sequence element is a frequency selective sinc pulse (1 ms)
with the irradiation point set to Ca which reduces the spectral width in t; for Co.
Magnetization is transferred back to transversal by the second 90° pulse with the
irradiation point set to CO. Subsequently, the REDOR block is applied with two 180°
pulses on >N per rotor period with irradiation point set to '°N of interest. After four rotor
periods, a selective 180° refocusing pulse is applied to both >N and *C (CO) followed
by four additional rotor periods with REDOR recoupling.
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Figure 20: REDOR pulse sequence for '*N-13C contacts with 2D '*C-!3C detection. Ramped CP is followed
by ti evolution for resolution for Ca, which are flipped back to z axis by a selective 90° sinc pulse (1 ms)
for spin diffusion. REDOR element: '3C N recoupling is achieved by two 180° hard pulses on N per
rotor period, refocusing of the magnetization in the middle of the sequence is achieved by selective gaussian
shaped 180° refocusing pulses on *CO (182 us) and 'SNH3* (545 us) for REDOR-recoupling or a selective
180° pulse on *CO alone for the Sy curve'®®. Irradiation points were set to 51 ppm for Ca and 179.5 ppm
for CO of A42 and 40 ppm for NH3;" N{ of K28. 1, is the duration of one rotor cycle (90.9 us at 11 kHz).
Proton decoupling during t; evolution, the selective 90° pulse of the spin echo and the REDOR element is

achieved by SPINAL-64 decoupling.

To validate this sequence, we tested it on glutamate. Figure 21 shows the effect of the
REDOR recoupling compared to a reference spectrum. The 1D spectra are the first FID
of a 2D experiment as proof of concept. The reference spectrum was obtained by setting
the selective "N refocusing 180° pulse in the REDOR element to 0. After a REDOR
recoupling time of 11.66 ms (32 loop counters), we observed a significant REDOR effect.
The higher field signal corresponding to the CO group exhibits greater line broadening
and signal attenuation compared to the Co of glutamate (Figure 21). This is expected, as
the amide group is in closer proximity to the CO group than to the Co, leading to a stronger

dipolar interaction.
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Figure 21: Effect of the frequency selective REDOR pulse sequence on glutamate. The 2D pulse sequence
shown in Figure 20 was tested as 1D experiment with 10 ms mixing time in spin diffusion, 11 kHz MAS
frequency and 14.1 T (600 MHz 'H Larmor frequency). Selective sinc pulse on Ca is set to 56 ppm and for
1 ms. The REDOR cycle was set to 11.6 ms. In the reference spectrum (blue), recorded without a >N
refocusing 180° pulse in the REDOR element, the signals corresponding to C6 (~183 ppm) and CO
(~180 ppm) of glutamate are labeled with arrows. In the REDOR spectrum, the CO signal exhibits greater

attenuation compared to C9, reflecting its closer proximity to the NH;3 group.

For AP fibrils, however, the pulse sequence did not yield the expected results. The
selective sinc pulse carrier was set to 51 ppm (Ca of A42) and the carrier frequency was
subsequently set to 179 ppm (CO of A42). While the A42 Ca/CO cross-peak was
detectable and well-resolved for short REDOR sequences (Figure 22), the T> relaxation
of the CO signal proved too fast for a total recoupling time of 5.8 ms. Detecting a dipolar
coupling of 25 Hz would have required at least 10 ms of recoupling, which was not
possible under these conditions. The Bruker code for implementing the sequence in

TopSpin (version 4) is given in the appendix.
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3.6. Rotational-echo, double-resonance (REDOR)-spin diffusion sequence 2D
detection
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Figure 22: Frequency selective REDOR spectra of pEAB(3-42) fibrils. Left: The spectrum recorded at a
field strength of 14.1T (600 MHz 'H Larmor frequency) at a MAS of 11 kHz with 200 ms spin diffusion
mixing time with positive (blue) and negative (brown) contour lines with zero REDOR cycles (but
including the selective 180° pulse on '3CO) show that the A42-CO-Ca cross-peak is detectable (and sort of
distinguishable from other signals). Phase modulation along F1 is caused by the excitation profile of the
selective 90° sinc pulse. Right: Overlay with a standard PDSD spectrum recorded at a field strength of 18.4
T (800 MHz 'H frequency) at a spinning speed of 11 kHz with 200 ms spin diffusion mixing time confirm
the position of the A42-CO-Ca cross-peak (right). Unfortunately, after 5 ms of REDOR recoupling time,

no A42 CO-Ca cross-peak was visible (data not shown).

60



Unpublished Results

3.7. PI3K-SH3 protein purification

The following protocol for purification of PI3K-SH3 is taken from Gardon et al.!% with

small additions and detailed figures for the procedure:

The bovine PI3K-SH3 domain was expressed in Escherichia coli BL21 (DE3) as an N-
terminal glutathione S-transferase (GST)-fusion followed by a thrombin protease
cleavage site using pGEX-4T (GenScript Biotech, Netherlands) as vector plasmid. The
86 amino acid sequence of the purified bovine PI3K-SH3 domain used is GS
MSAEGYQYRA LYDYKKEREE DIDLHLGDIL TVNKGSLVAL GFSDGQEAKP
EEIGWLNGYN ETTGERGDFP GTYVEYIGRK KISP with the N-terminal Gly-Ser

residues remaining as overhang from the thrombin cleavage.

BL21 cells were grown in M9 medium uniformly '*C and °N labeling with 3.2 g U-!*C-
glucose and 2 g '""'N-ammonium chloride per I culture medium as the sole carbon and
nitrogen sources) at 37 °C for ~4.5 h until an OD600 of 0.6 was reached. Protein
expression was induced by the addition of 0.5mM isopropyl p-d-1-
thiogalactopyranoside. The cells were then grown overnight at 28 °C, harvested by
centrifugation (5.000 x g, 15 min) and resuspended in 5-8 mL per g cell mass of lysis
buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
100 mM NaCl, 0.3 mM phenylmethylsulfonyl fluoride (PMSF) pH 7.6 containing
5 mg/mL lysozyme). Successful induction of protein expression was confirmed via SDS-
PAGE, showing a prominent band at ~35 kDa corresponding to the GST-SH3 fusion
protein (Figure 23).
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Figure 23: SDS-PAGE analysis of GST- PI3K-SH3 expression. A distinguishable band at 35 kDa appears
after IPTG induction indicating successful expression of GST-PI3K-SH3 fusion protein.

After sonication with a Bandelin Sonopuls sonicator (Bandelin) using a VS 70T probe
(60% amplitude, 3 x 5 min, 3 s “on,” 5 s “off,” ice cooling) the solution was
ultracentrifuged in an Optima XPN-80 ultracentrifuge (Beckman) equipped with a 70Ti
rotor at 4 °C and 42.000 rpm for 1 h. The supernatant of the ultracentrifugation was
loaded on two serially connected 5 mL Protino GST/4B columns (Macherey-Nagel,
Diiren, Germany) equilibrated with 50 mM HEPES buffer, 100 mM NaCl, pH 7.6, and
3 mM Dithiothreitol, pH adjusted with NaOH. The protein was eluted with 20 mM
reduced glutathione in 50 mM HEPES, 100 mM NaCl, 3 mM DTT, pH adjusted to a value
of 7.6 with NaOH and detected via SDS-PAGE (Figure 24).
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Figure 24: GST affinity chromatography and SDS-PAGE analysis. A) GST-PI3K-SH3 was purified from
the lysate using GST-affinity chromatography on a GST-4B column. The fusion protein bound to the column
and was eluted using glutathione containing buffer. The collection points of different fractions for SDS-
PAGE analysis throughout the affinity chromatography are indicated. B) SDS-PAGE analysis of collected
fractions. A distinct band at ~35 kDa corresponding to GST-PI3K-SH3 is observed in the elution fractions,

while no such band is visible in the flowthrough fractions indicating successful binding to the column.
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The fractions containing the eluted GST-PI3K-SH3 fusion protein (SDS-PAGE,
Figure 24) were cleaved using 5-7.5 NIH units of thrombin (SERVA Electrophoresis
GmbH, Heidelberg, Germany) per mg protein for 2 days at 4 °C under mild shaking
conditions. The cleavage efficiency was assessed by SDS-PAGE analysis (Figure 25)
where incubation with thrombin resulted in two distinct bands corresponding to GST

(~25 kDa) and SH3 (~ 10 kDa) indicating successful cleavage of the fusion protein.

Pre
Thrombin

GST-PI3K- —
-
H335kDa W=
SH3 35 kD2 @& 25 kDa GST

% 10 kDa PI3K-SH3

Post
Thrombin

Figure 25: Thrombin cleavage of GST-PI3K-SH3. SDS-PAGE analysis revealed that the band referring to
GST-PI3K-SH3 at 35 kDa is split into two bands, 25 kDa for GST and 10 kDa for PI3K-SH3 after thrombin

incubation, indicating successful cleavage.

Then, the solution was loaded on a Superdex 75 HiLoad 16/600 size exclusion column
(GE Healthcare Europe GmbH, Freiburg, Germany), equilibrated, and run with 5 mM
ammonium acetate (pH 7.7) as a volatile buffer system, leading to the separation of the

cleaved GST from PI3K-SH3 as seen in chromatogram and SDS-PAGE (Figure 26).
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Figure 26: Size-exclusion chromatography (SEC) of cleaved GST and PI3K-SH3. A) Exemplary SEC
chromatogram. Due to its higher molecular weight, GST elutes earlier than PI3K-SH3. The collection points
of different fractions for SDS-PAGE analysis throughout the SEC chromatography are indicated. B) SDS-
PAGE analysis of the collected SEC fractions. The first elution peak corresponds to a band at ~25 kDa
(GST) while the second peak shows a band at ~10 kDa, corresponding to PI3K-SH3 domain.

65



3.8. PI3K-SH3 protein purification

To ensure complete removal of GST traces, fractions containing PI3K-SH3 were pooled
and loaded again on two serially connected 5 mL Protino GST/4B columns (Macherey-
Nagel, Diiren, Germany) equilibrated with 5 mM ammonium acetate (Figure 27). The
5 mM ammonium acetate buffer was used as a volatile buffer to facilitate lyophilization.
As PI3K-SH3 lacks the GST-tag after thrombin cleavage, PI3K-SH3 does not bind to the
columns. The flow-through fractions containing purified bovine uniformly '*C and >N
labeled PI3K-SH3 were pooled, aliquoted, and freeze-dried for further usage. Analysis by
SDS-PAGE and NMR suggest bovine PI3K-SH3 purities above 97%, as neither method

detected impurities.
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Figure 27: Second GST affinity chromatography. Residual GST protein, not fully separated by the prior
SEC, is retained on the GST-affinity column, while PI3K-SH3 flows through. Elution with glutathione

containing buffer elutes remaining GST.
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NMR has proven to be an essential tool in the study of amyloidogenic proteins, offering
atomic-level insights into their structure, dynamics, and aggregation behavior. In this
work, we applied both solid-state and solution-state NMR to explore these aspects in

detail.

We presented an in-depth structural investigation of a pyroglutamylated Ap(3—42) fibril
polymorph®® (Figure 28), grown under the same conditions as the well-characterized
LS-shaped AP(1-42) fibrils>®. While previous studies, such as those by Scheidt et al.”> %4,
reported only minor structural changes in pEA variants with a flexible N-terminus, our
chemical shift analysis revealed significant deviations at the N- and C-terminus. This
suggests a distinct conformational influence exerted by the pyroglutamate modification
despite a conserved turn region and rigid N-terminus (Figure 28). In the LS-shape
AP(1-42) fibrils, however, the N-terminus is part of the fibril core and stabilized by a salt
bridge between K28 and the side chain of D1 under acidic conditions (pH value of
2)169 19 Upon shifting the pH of LS-shape AB(1-42) fibrils, this interaction rearranges
toward a salt bridge between K28 and the deprotonated C-terminus of A42, supported by
molecular dynamics simulations. This observation highlights a unique advantage of
NMR: its ability to directly probe the protonation states and rates of specific residues

through their chemical shifts, not accessible by other structural techniques.

Clearly, the stabilizing interaction of K28 and D1 at pH 2 is not present in pEAB(3-42)
fibrils as the first two amino acids are missing. In pEAB(3-42) fibrils, the absence of the
native N-terminus leaves G37 and G38 exposed, which exhibit the most pronounced
chemical shift perturbations compared to AB(1-42) fibrils at pH 2, likely reflecting
solvent interactions or altered packing. However, the N-terminus in pEAB(3-42) fibrils is
rigid, as pE3 shows up in dipolar based CP spectra and the N-terminal residues show high
B-sheet content”®, indicating that the LS-shape is conserved. Interestingly, the C-terminal
chemical shifts of pEAB(3-42) fibrils at pH 2 share notable similarities with those of
AP(1-42) fibrils at pH 7'®, suggesting a convergence of conformational states despite
different chemical environments. This could point toward a similar backbone
conformation or, as a braver hypothesis, a shared salt-bridge rearrangement mechanism

involving the C-terminus of A42 and K28.

These findings open exciting avenues for future experiments. For instance, cross-seeding
AB(1-42) with pEAB(3—42) could reveal which structural features, particularly at the
C-terminus, are conserved or propagated by pEAP(3—42) seeds. This could be
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experimentally accessed by '*C—!C correlation experiments with solid-state NMR. Due
to their stability under variable pH conditions, these LS-shaped fibrils, whether AB(1-42)
or pEAB(3—42) fibrils, provide a robust platform for further interaction studies. They are
well suited to investigate residue-specific binding events and conformational
rearrangements upon ligand or peptide binding (e.g. D-peptides'’?), utilizing one of the

key strengths of NMR spectroscopy: the ability to directly observe molecular interactions

171,172

at atomic resolution

Figure 28: Structural findings for pEAB(3—42) fibrils in comparison with LS-shaped AB(1-42) fibrils
adapted from 8. The LS-shape with B sheet regions is conserved. The first two amino acids are absent, and
the N-terminal glutamate is converted to a pyroglutamate residue (pE3). A spatial contact between F19 and
131 was observed and the turn region V24-K28 is conserved as indicated by minor chemical shift deviations.

G37 and G38 act as sensors for the missing N-terminus.

In further studies, we examined the PI3K-SH3 domain across its amyloidogenic

conformations, including the native, folded state, intermediate states, and fibrillar states.

We performed a backbone and side chain resonance assignments for the monomeric
native state of PI3K-SH3, which are largely in agreement with the findings of Hsu et al.'®*

(Section 3.1, Figure 10). However, in contrast to their assignment, we observed evidence
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for a second conformational state at the C-terminus and nearby residues (Figure 29).
While a proline cis/trans isomerization at the C-terminus could in principle explain the
peak doubling for the C-terminal residues, such isomerization at this position has not been
reported and is unlikely as terminal prolines typically experience high conformational
freedom and lack steric constraints. Alternatively, the data may reflect conformational
heterogeneity in this region. Solvent PRE studies showed the accessibility of the solvent
with Dotarem as a paramagnetic probe on the native monomeric state. We observed a “hot
spot” of PRE effect in a certain area, that is close to the canonical binding site of
PI3K-SH3 to proline rich peptides 9% 1% potentially indicating transient interactions with
Dotarem. Alternatively, PI3K-SH3 might tend to self-assemble, protecting other regions

from the solvent.

The unfolded state of PI3K-SH3 present at low pH values also displayed intriguing
features (Figure 29). At pH 2.5, we observed a population of both folded and unfolded
species, as indicated by a double set of peaks in "H-'"’N-HSQC spectra. The equilibrium
between these two conformations appears to be sensitive to ionic strength, temperature,
and pH (Figure 11 and 12), suggesting a dynamic exchange. As demonstrated in Section
3.2, lowering the pH value below 2.5, increasing the salt concentration of glycine
hydrochloride, or raising the temperature shifted the equilibrium towards the unfolded
state. Aggregation proceeds more rapidly under conditions that favor the unfolding

suggesting that the unfolded state represents the more aggregation prone species.

A similar phenomenon was reported by Zurdo et al., who described a partially folded state

at low pH values relevant for the aggregation behavior of PI3K-SH3!%

. At pH values
below 2 they observed amorphous aggregates and a faster aggregation, which we
independently verified by AFM (Section 3.3). In addition, they observed that increasing
salt concentration at constant low pH values also accelerated aggregation of PI3K-SH3.
Interestingly, hydrodynamic radius measurements performed by Zurdo et al. revealed a

more compact structure of the unfolded, state at pH values below 2.4!%,

Further studies could explore the influence of buffer composition and, even more
promising, protein concentration on this equilibrium, as crowding effects may shift the
balance between folded and unfolded states. Higher protein concentrations change the
buffer salt-to-protein ratio, suggesting a pronounced observation of folded state at higher
PI3K-SH3 concentrations. What remains unclear is whether the folded state undergoes

conformational exchange with the unfolded state without directly contributing to
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aggregation, or whether it plays a more active and complex role in the aggregation and
fibrillation process. Clarifying the contributions of these conformational species in the

early stages of PI3K-SH3 aggregation represents an important direction for future work.

We demonstrated that a combination of solution-state and solid-state NMR techniques
can be used effectively to monitor the kinetics of protein aggregation'®® (Figure 29).
While monomeric species with rapid tumbling are accessible via INEPT-based
experiments, larger, slowly tumbling aggregates such as fibrils can be detected using
CP-based methods. For the seeded aggregation of PI3K-SH3, no invisible species could
be detected by NMR as the decay of INEPT signal closely mirrored the increase in CP
signal. This differs from observations on FUS LC, where invisible intermediates were
inferred'** (Section 1.2.3). This likely reflects the fact that elongation is the primary
mechanism in our seeded aggregation study and invisible species emerge more at early
nucleation events when no protofibrils are formed yet. To complement the NMR data, we
used atomic force microscopy (AFM) at the end of the experiments to confirm fibril
formation and to exclude the presence of large amounts of amorphous aggregates that

might influence kinetic interpretations.

Notably, both INEPT and CP based NMR approaches allow for two-dimensional spectra,
such as HSQCs for the solution-state and PDSDs for the solid-state, to monitor
aggregation progression and assess the final aggregated species'**. These 2D experiments
enable measurements of residue-specific aggregation kinetics, which may provide
insights into early nucleation sites, critical for understanding oligomer formation and for

potential therapeutic development.

Despite its advantages in monitoring aggregation, solid-state NMR typically requires
longer acquisition times for 2D experiments limiting the time resolution for tracking
aggregation in real time. Moreover, sample requirements are more demanding and require
relatively large quantities of sample material. This, in turn, can lead to increased
molecular crowding, potentially influencing aggregation behavior and complicating
direct comparison between the two experimental setups (solution-state vs solid-state

NMR).

In follow-up studies we investigated the aggregation behavior of PI3K-SH3 in more detail
(unpublished data). Unseeded aggregation at 20 °C and 250 uM in solution monitored by
'H-1>N HSQC spectra showed a sigmoidal decrease of INEPT based signals intensities
for monomeric PI3K-SH3. This pattern is indicative of the typical amyloid aggregation
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phases (Section 1.1): an initial lag phase corresponding to the formation of oligomers, an
exponential growth phase corresponding to fibril elongation through monomer addition
once protofibrils are formed (potentially also involving secondary nucleation and
fragmentation) and a stationary phase where monomer addition and dissociation to fibrils
reach equilibrium.

DNP-enhanced solid-state  NMR has proven particularly powerful for probing
conformational ensembles in disordered systems. In a previous work, Uluca et al.
demonstrated the applicability to use DNP-enhanced NMR using selectively Ca and C3
labeled valine residues, among others, for determining transient secondary structure
conformations!'”®. For a-synuclein monomers in solution, chemical shifts matched those
expected for random coil values. However, when measured under cryogenic temperatures
using DNP-enhanced NMR, chemical shifts consistent with both, a-helical and -sheet
populations, were observed for these residues in different proportions. This finding
indicates that residues appearing as random coil at room temperature are rapidly
interchanging between o-helical and B-sheet structures, and DNP-enhanced NMR at

cryogenic temperatures is capable of “trapping” and revealing their conformational states.

Building on this concept, we uniformly *C and !°N labeled isoleucine residues in
different proteins focusing on backbone and side chain conformations with all other
amino acids in natural abundance'*’. Our data show that isoleucine residues in well-
defined secondary structure elements with restricted motion exhibit narrower lines with
low chemical shift dispersion. In contrast, isoleucine residues in flexible, less ordered

systems give rise to broader signals reflecting increased conformational heterogeneity.

To understand how these conformational features manifest in an aggregation-prone
system, we investigated the conformational behavior of PI3K-SH3 at acidic pH using
DNP-enhanced NMR. Surprisingly, at pH 2.5, the protein retained a native-like
conformation as indicated by the chemical shift dispersion in DNP-enhanced NMR
spectra, suggesting incomplete/insufficient unfolding. Only at pH 1 we observed broader
line shapes and chemical shift dispersion indicative of an unstructured, denatured state,
including a-helical states associated with backbone flexibility. Chemical denaturation
with 6 M guanidine hydrochloride yielded similar broad lines but lacked the a-helical
chemical shifts and lower gauche minus content, suggesting a more extended, sterically

restricted ensemble.
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This behavior aligns with findings by Dumarieh et al., where they analyzed a-synuclein
in different conformational states using DNP for line shape analysis'’*. In their study,
a-synuclein treated with 8 M urea is pushed toward coil-like structures, yet line shapes
were narrower due to the restricted conformational freedom imposed by the denaturant.
As they pointed out: “counterintuitively, what is commonly considered the most
“disordered” state exhibits the least conformational diversity from a statistical mechanics
perspective”. Our results suggest that achieving full denaturing of PI3K-SH3 at cryogenic
temperatures requires lower pH values than at room temperature. A possible explanation
could be that freezing does not occur fast enough to trap all conformations that are present
at room temperature equally, allowing proteins time to adopt compact stable
arrangements. As shown above, in solution-state NMR (Section 3.2, Figure 11), the
equilibrium of folded and unfolded states for monomeric PI3K-SH3 at low pH is
temperature dependent, with low temperature stabilizing the folded conformation.
Additionally, the high protein concentrations typically used for DNP samples (~1.3 mM
for PI3K-SH3) might contribute to self-stabilizing eftects.

We have also extended the labeling approach to leucine residues with consistent results
(unpublished data). Alongside this, we additionally generated point mutations (Ile->Val)
for PI3K-SH3 to unambiguously identify isoleucine residues in our spectra. Given that

175.176 _especially in the context of

point mutations can dramatically impact fibril structure
electrostatic interactions, even minor changes in solution conditions can result in distinct
aggregation outcomes'’’. These mutants will serve as a basis for future studies to examine
their ability to form fibrils and may reveal novel insights into the mechanisms of fibril
assembly and structural diversity, especially in the context of electrostatic interactions,
even minor changes in solution conditions can result in distinct aggregation outcomes'””.
These mutants will serve as a basis for future studies to examine their ability to form

fibrils and may reveal novel insights into the mechanisms of fibril assembly and structural

diversity.

Finally, to complement our findings on monomeric states and the aggregation behavior,
we also characterized the fibrillar state of PI3K-SH3, produced according to the protocol
of Roder et al.'”, seeded, with incubation at a pH 2.5 and at 50 °C (Section 3.4). We
obtained well-resolved spectra with relatively high-resolution allowing assignment of
50% of the sequence with one continuous stretch covering residues Y 12 to D28 remaining
unassigned and, presumably, absent in the spectra. INEPT spectra, which can detect

highly flexible parts of fibrils!’®, showed no detectable signals excluding highly flexible
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regions. However, a region with intermediate flexibility being invisible in CP and INEPT
based spectra could explain the absence of the peaks. Spectral overlap in PI3K-SH3 fibrils
limited our assignment coverage and sparse labeling alone was insufficient to resolve all
ambiguities. From solvent PRE data on the fibrillar state of PI3K-SH3, we observed that
the core region of one subunit of the homodimer was largely shielded from solvent, while
the dimer interface remained exposed, suggesting a predominantly single filament type

for the fibrils investigated, which Rdder et al. identified as the minor species'®.

In addition, we used other protocols for fibril growth and used '*C-13C correlation spectra
to compare the atomic structure of the resulting fibrils (Section 3.5, Figure 29).
Interestingly, the observed chemical shifts deviate from those reported by Bayro et al. for
PI3K-SH3 fibrils grown under the same conditions'!'’, indicating another polymorph
(Figure 19 A). However, when we incubated the sample unseeded at a pH value of 2.5 in
presence of glycine hydrochloride and 50 °C with shaking, we surprisingly observed a
high overlap compared to the spectra of fibrils grown at pH 2 with high protein
concentration (Figure 19 B). This might represent a common structural motif within the
atomic structure that forms during aggregation, even under different conditions. However,
these chemical shifts differ from the ones we obtained in the partial assignment of the
fibril polymorph produced with seeding in presence of glycine hydrochloride at 50 °C
(Section 3.4). Ongoing work is trying to assign this polymorph structure using 2D *C-1*C
correlation spectra as well as NCACX and NCOCX spectra. At this point, it should be
noted that determining high-resolution structures of fibrils via solid-state NMR remains
challenging. The technique requires careful isotope labeling strategies and sufficient long-

range restraints for structure calculation.

Although Roder et al. claimed consistency between their cryo-EM structure and that of
Colvin et al., our results diverge. Zurdo et al. reported PI3K-SH3 fibril diameters that
differed from those reported in other studies, which were found to be pH-dependent'®.
These observations support the presence of structural polymorphism in PI3K-SH3 fibrils,

which has not been previously reported.
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Figure 29: The PI3K-SH3 domain: From monomers to fibrils. At neutral pH values, PI3K-SH3 adopts a
well-folded, B-sandwich native state with two distinct conformations observed at the C-terminus. Upon
decreasing the pH to acidic pH values the protein unfolds with a folded species still present. The equilibrium
between these states depends strongly on the solution conditions. Fibrillation can be monitored by NMR
and is highly sensitive to the aggregation conditions. At low pH values around 1, more amorphous
aggregates are formed. At pH 2/25 °C and unseeded pH 2.5 with 10 mM Gly-HCI at 50 °C fibrillar
structures were observed, showing similar chemical shifts and thus, suggesting a common underlying

atomic structure. The seeded incubation with pH 2.5 and 50 °C led to long homogeneous fibrils. Solid-state

NMR analysis further indicated the presence of a semi flexible region within the fibril structure.
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While cryo-EM has revolutionized structural biology by enabling high-resolution
structures including those of amyloid fibrils and even those derived from human brain
tissue, NMR remains an indispensable tool. Its strength lies in probing molecular
dynamics, transient states, and site-specific interactions that are often invisible to
cryo-EM. NMR can detect protonation state differences and other small variations in
structure with high accuracy and linewidths provide information about the overall
ensemble conformation that is present in the sample. Moreover, samples can be studied
under native-like conditions, albeit under centrifugal forces present in solid-state NMR
MAS rotors. MD simulations are advancing rapidly and increasingly used to complement
experimental techniques; however, they are still constrained by the accuracy of available

force fields and by the relatively short timescales that can be accessed computationally.

So far, no single method can fully capture the complexity of amyloid formation. NMR,
despite its challenges, provides essential information. For this reason, a truly integrative
approach, combining cryo-EM, NMR, computational modeling, and other biophysical
methods, offers the most complete strategy for tackling the multifaceted questions
surrounding amyloidogenic proteins. Such integrative approaches will not only advance
our fundamental understanding of amyloidogenic proteins but also inform the

development of therapeutic strategies for amyloid-related diseases.
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Chemical shift

values for monomeric PI3K-SH3 in its native state at pH 6.8 (BMRB:

53388):
Residue | Residu | C CA CB CD CD1 | CD2 | CE CG CGl | CG2 | CZ HN N
Number | e Type
3 M 176. | 55.7 | 32.8
3

4 S 174. | 584 | 64.0 8.3 117.
0 1

5 A 177. | 52.1 | 19.8 8.4 125.
1 8

6 E 175. | 562 | 31.4 36.5 8.2 119.
9 4

7 G 171. | 44.8 8.5 109.
9 4

8 Y 174. | 56.5 | 419 9.4 121.
3 8

9 Q 174. | 547 | 32.7 35.8 9.2 119.
0 7

10 Y 173. | 56.5 | 435 9.3 119.
4 7

11 R 176. | 53.1 | 345 | 434 27.1 9.2 120.
9 5

12 A 177. | 529 | 19.2 9.2 127.
8 8

13 L 174. | 55.1 | 44.0 256 | 223 26.7 9.3 125.
9 8

14 Y 173. | 541 | 425 7.1 112.
4 2

15 D 175. | 543 | 417 8.1 117.
6 5

16 Y 173. | 574 | 422 8.7 121.
8 9

17 K 174. | 535 | 32.7 | 42.1 242 7.6 129.
1 8

18 K 176. | 57.3 | 33.0 | 29.8 423 | 233 8.3 123.
4 1

19 E 176. | 56.4 | 325 36.3 9.3 123.
2 0

20 R 176. | 544 | 31.6 | 433 27.0 8.8 122.
8 1

21 E 178. | 59.6 | 29.8 36.5 8.6 120.
3 7

22 E 176. | 57.3 | 29.8 36.8 8.8 115.
8 3

23 D 175. | 53.6 | 42.8 8.1 119.
5 7

24 I 174. | 594 | 415 15.1 248 | 194 8.2 111.
0 2

il
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25 177. | 543 | 422 8.0 | 115.
7 7
26 176. | 532 | 453 24.4 91 | 116
5 1
27 173. | 527 | 29.2 81 | 121.
6 5
28 178. | 57.9 | 422 25.1 272 8.5 | 124.
0 4
29 174. | 45.1 9.0 | 115.
4 9
30 174. | 553 | 414 8.8 | 123.
5 5
31 174. | 579 | 382 10.2 266 | 17.4 80 | 120.
8 4
32 176. | 533 | 452 25.1 | 257 27.8 93 | 125.
6 7
33 175. | 62.0 | 70.6 24.0 96 | 117.
1 7
34 174. | 60.9 | 36.2 224 | 203 10.0 | 131.
9 3
35 176. | 54.0 | 39.3 95 | 126.
7 9
36 178. | 60.1 | 33.0 | 29.8 43 | 251 9.0 | 127.
2 0
37 176. | 46.8 90 | 104.
5 9
38 175. | 61.0 | 63.0 78 | 117.
8 0
39 179. | 575 | 412 257 | 234 27.3 74 | 121
5 6
40 180. | 65.9 | 32.1 22,6 | 21.0 82 | 120.
2 5
41 178. | 545 | 184 79 | 122.
9 4
42 177. | 55.0 | 42.9 256 | 224 26.8 73 | 116.
2 7
43 174. | 452 79 | 106.
5 5
44 175. | 575 | 39.6 76 | 119.
5 6
45 174. | 574 | 65.0 87 | 117
4 6
46 176. | 56.5 | 40.8 180. 86 | 122.
5 1 6
47 176. | 45.2 93 | 116.
9 0
48 176. | 58.1 | 29.2 | 180. 35.0 82 | 120.
8 1 6
49 175. | 579 | 26.1 335 9.6 | 117.
6 9

il
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50 A 176. | 51.7 | 19.1 6.6 120.
0 1
51 K 534 | 324 | 292 42.1 | 24.1 7.5 118.
6
52 P 176. | 64.8 | 30.7 | 50.9 27.8
9
53 E 177. | 585 | 275 353 10.0 | 119.
2 3
54 E 176. | 56.7 | 30.2 36.9 7.6 119.
9 6
55 I 176. | 62.8 | 38.3 13.2 27.0 | 17.0 7.3 120.
1 7
56 G 173. | 46.2 7.7 108.
8 9
57 w 174. | 57.9 | 30.6 8.1 124.
9 7
58 L 173. | 53.4 | 452 25.7 27.8 83 123.
7 7
59 N 175. | 53.0 | 42.8 178. 79 117.
3 3 3
60 G 169. | 46.6 8.9 111.
5 5
61 Y 173. | 56.0 | 42.0 8.8 120.
7 7
62 N 174. | 52.5 | 39.3 9.1 126.
1 5
63 E 178. | 57.9 | 293 | 177. 353 9.3 125.
9 3 7
64 T 176. | 66.0 | 68.9 23.0 8.2 116.
1 1
65 T 176. | 61.5 | 70.5 21.8 7.4 109.
4 2
66 G 174. | 45.6 8.7 112.
0 5
67 E 173. | 55.7 | 31.9 36.6 7.1 118.
8 6
68 R 175. | 54.1 | 341 | 434 275 159. | 8.7 120.
1 7 2
69 G 171. | 459 8.9 111.
0 7
70 D 175. | 53.6 | 42.2 179. 8.5 121.
9 0 0
71 F 54.6 | 39.1 8.9 113.
7
72 P 178. | 61.6 | 30.8 | 49.9 26.9
6
73 G 174. | 46.5 79 112.
5 2
74 T 175. | 62.7 | 69.0 22.9 7.3 104.
7 0

v
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75 Y 175. | 58.1 | 39.0 75 | 119.
0 5

76 v 173. | 586 | 365 210 | 19.1 73 | 108.
1 9

77 E 175. | 532 | 33.1 353 88 | 115
7 4

78 Y 176. | 58.6 | 39.2 95 | 125.
0 5

79 I 61.0 | 389 13.0 271 | 175 83 | 122.

0

30 G 449

81 R 176. | 550 | 32.1 | 433 24.0 83 | 117.
8 1

82 K 175. | 558 | 345 | 296 422 | 247 83 | 122.
2 7

83 K 176. | 563 | 32.9 | 29.1 419 | 248 86 | 127.
2 4

84 I 174. | 61.0 | 39.1 138 266 | 17.9 84 | 123.
9 7

85 S 558 | 646 83 | 121.

3
36 P 649 | 322 | 506 273

Chemical shift values for seeded, fibrillar PI3K-SH3 (pH 2.5):

Residu | Residu | C CA | CB | CG N CD CD |CD |CE | CEl |CE2 | CG | CG | CZ
e e Type 1 2 1 2
Numbe
r
1 G 169. | 43.
6 6
2 S 173. | 58. | 63. 121.
3 6 9 2
3 M 175. | 55. | 32. | 32.3 | 121. 18.
2 3 3 2 2
4 S 173. | 57. | 64. 119.
0 1 7 4
5 A 175. | S1. | 21. 133.
2 6 7 1
6 E 175. | 54. | 34. | 34.7 | 119. | 180.
3 2 6 4 6
7 G 171. | 44. 109.
5 8 0
8 Y 173. | 52. | 39. 129.
7 5 7 1
11 R 173. | 55. | 30. | 27.7 43.8
5 6 9
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12 A 173. | 50. | 20. 128.
2 3|7 3
13 L 174. | 55. | 46. | 282 | 124 30. | 30.
5 3 (o 6 9 9
31 I 175. | 59. | 40. 116. 14. 26. | 17.
5 9 |4 5 4 9 7
32 L 175. | 55. | 42. | 315 | 126. 27. | 24.
4 9 |5 4 4 3
33 T 173. | 61. | 9. 124. 22.
2 s |6 4 2
34 v 173. | 60. | 36. 124. 20.
9 4 |4 9 5
35 N 54. | 36. 124.
3 |6 6
36 K 174. | 55. | 35. | 259 | 120. | 295 43.
9 5 s 5 8
37 G 43, 104.
8 3
38 S 174. | 57. | 63. 116.
3 5 1 5
39 L 176. | 53. | 44. | 274 | 122. 27. | 27.
2 9 |8 4 2 2
40 v 173. | 61. | 35. 123. 21.
7 2 |2 9 1
41 A 173. | 49. | 2L 129.
3 7 |3 4
45 S 175. | 58. | 62. 115.
3 9 |6 8
48 Q 175. | 54. | 31. | 339 | 126. | 180.
7 3|5 1 1
49 E 176. | 54. | 31. | 369 | 130. | 180.
3 4 |3 1 1
50 A 176. | 49. | 2L 130.
1 5 |5 1
51 K 53. | 34. | 264 | 121. | 286 43.
6 |0 2 2
52 P 175. | 56. | 31. | 274 | 121. | 49.8
2 2 |s 4
53 E 171. | 54. | 32. | 336 | 121. | 180.
1 1 1 6 7
54 E s4. |32, | 333 | 121
0o |o 6
55 I 175. | 58. | 40. 121. 13. 27. | 17.
9 1 9 0 6 9 7
58 L 175. | 54. | 42. | 30.0 | 108. 25.
0 0 |2 7 0
59 N 54. | 40. 127.
4 |4 9
60 G 171. | 46. 109.
4 0 2

Vi
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61 Y 55. | 39. | 129. | 128. 118.
3 3 2 7 9
64 T 173. | 61. | 69. 124. 22.
7 5 9 6 1
65 T 173. | 61. | 70. 124. 22.
7 5 7 5 1
66 G 172. | 45. 118.
4 7 8
68 R 175. | 54. | 36. | 279 | 124. | 45.1 159.
5 1 3 6 1
69 G 173. | 47. 112.
7 5 9
72 P 62. | 33. | 272 50.7
6 0
73 G 174. | 45. 109.
1 4 2
74 T 174. | 62. | 71. 121. 21.
2 5 6 4 1
75 Y 171. | 54. | 44. 126. | 128. 118. 159.
3 4 9 5 1 2 1
76 \Y% 173. | 60. | 33. 128. 20.
5 7 9 5 9

Quality control 'H-NMR: solvent residuals ammonium acetate

For this work, particularly in the aggregation studies, it is crucial to use a pure and
uncontaminated sample. 1D water suppressed 'H spectra are sufficient to detect
impurities. For aggregation and unfolding studies, a Gly-HCI buffer at pH 2.5 was used.
Figure S1 shows a 1D 'H spectrum recorded at the end of a 25 °C aggregation
measurement with 200 uM PI3K-SH3, 2% seeds, and Gly-HCl at pH 2.5. The glycine
signals from the buffer are marked in the spectrum. At low pH the glycine group
exchanges sufficiently slow to be detected in the spectra. Ca bound 'H signals are visible
at around ~3.6 ppm. Furthermore, a second set of peaks is visible that is likely due to
residuals of the lyophilization of the purified SH3 domain in 5 mM ammonium acetate
with ammonium signals becoming visible at low pH. These exhibit a doublet of triplets

due to >N N coupling'”.
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Figure 30: '"H NMR spectrum of PI3K-SH3 after ~100 hours of aggregation at 25 °C. Sample conditions:
200 uM PI3K-SH3, 2% seeds, Gly-HCI buffer (pH 2.5). Distinct peaks corresponding to glycine and
residual ammonium acetate from protein lyophilization are labeled, with their respective molecular

structures shown above.

Optimal control double CP

We tested the optimal control CP method developed by Tosner et al.!®? as an alternative
to conventional ramp or tangent-shaped pulses for N-C transfer, with the shaped pulse
applied to carbon in a double CP spectrum. The contact time must be rotor-synchronized
(e.g.4615.385 us for 13 kHz MAS spinning), as deviations lead to signal loss. To validate
the method, we tested it on the tripeptide Methionine-Leucine-Phenylalanine (MLF),
following the approach in Tosner's study, and obtained similar results. Optimal control
CP provided a more efficient N-C transfer (Figure S2). However, in PI3K-SH3 fibrils, the
improvement was less pronounced but still observable. In 2D spectra with spin diffusion,

such as NCACX and NCOCX, the difference became even smaller.
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Figure 31: Optimal control cross-polarization (CP) for N-C transfer. Left: NCO spectra, right: NCA spectra
of MLF and PI3K-SH3 fibrils recorded at different MAS frequencies. Blue spectra represent double CP

experiments using optimal control CP, while red spectra correspond to ramped double CP.

Step by step protocol for filling 3.2 mm MAS rotors using
homemade rotor filling devices (for fibrillar SH3 samples)

1. Transfer fibril solution (200 nmol monomer equivalent) to two centrifuge tubes

for ultracentrifugation. Spin at 55000 rpm for 1 h using a TLA 55 rotor. After

centrifugation determine the protein concentration in the supernatant to assess the

efficiency of fibril formation, typically, 10-20% of the protein remains in the

soluble fraction.
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2. While centrifuging, prepare a homemade rotor filling tool. Take standard gel
loader pipette tip and mark the cutting point using a marked template pipette tip

to ensure it fits the rotor filling device. Seal the narrow end using a lighter.

Cut and

closed tip

3. Fill the prepared tip with 30-50 ul water and spin at 5000 rpm in a swing-out rotor
to create a visible line inside the tip. This will serve as volume reference. Invert
the tip and centrifuge again to remove the water completely.

4. After ultracentrifugation, carefully remove the supernatant and use a portion of it
(~60 pl) to resuspend the pellet (~20 pl in size). Note: This step requires patience,
as the pellet may take time to fully dissolve into the supernatant.

5. Transfer the resuspended fibril solution into the prepared closed pipette tip. Place
the pipette tip in a cut Eppendorf tube and centrifuge in a swing out rotor at

5000 rpm for 30 minutes to sediment the fibrils in the pipette tip.
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dissolved

Pellet closed

pipette tip+

cut Eppi

6. After centrifugation, a visible gradient should appear within the pipette tip: a
dense, whitish or cloudy fibril layer at the bottom and a clearer, water-like
supernatant above. Carefully remove the supernatant without touching the
sedimented fibrils in the pipette tip. Repeat this steps several times to reach the
volume mark with sedimented fibrils. With each round of centrifugation, the phase

separation becomes easier to observe.
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7. After the desired volume marked is reached, cut the pipette tip at the sealed edge
and insert it into the rotor filling device containing the rotor. Centrifuge at

5000 rpm in a swing out rotor for one minute. Carefully remove the rotor using

tweezers and place the cap onto the rotor.
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Bruker Topspin Code for REDOR-SD pulse sequence

Appendix

The following segment provides the pulse program code for the REDOR-SD 2D

experiment described in Section 3.6, implemented in TopSpin version 4.1:

;hC_fsSREDOR.cp

;version TS3.5/2017/01/10
;written for TopSolids Bio: JOS 10.1.2017, 24.10.2023 changed to our convention LG, LL, NR,
; tested on 26.10.2023, HH LG. Works as 2D and 1D

;2D frequency selective REDOR experiment for exact NC heteronuclear distance measurments

;Tested 01/10/2016 on AV III console 700SB HCN 1.3mm probe

;Avance III version

;parameters:

;dl : recycle delay

pl : C90 atpll

p2 : H 90 at pl2

;p4 : C90 selective pulse at sp4

;p9 : z-filter delay pl14 on H

;plS : HC CP at sp41 (C) and sp40 (H)

;p19 : pulse length 180 deg gausian shape N

;p20 : pulse length 180 deg gausian shape C

;pl3 : N 90 at pl21

pl2 : N 180 at pl21

;pll : C pulse power

;pl2 : H pulse power

;pl5 : C (f1) power level for CP

;pl6 : N NCO CP power

;pl12 @ H high dec power

;pl13 @ H high dec power

;pl14  : Hlow power decoupling during z filter approx 1* rotation frequency (DARR)
;pl16 N Dec. during AQ (using 'waltz16', 2 kHz)

;pI21 @ N pulse power

;sp0 : H CP power (n=1 HH condition)

;sp4 : power level selective 90 deg pulse C (gausian shape)
;p20 @ gausian shape 180 deg pulse C

;sp21 @ gausian shape 180 deg pulse N

;d0 : incremented delay (t1)

;dl : recycle delay; 1 to 5 times T1

;d8 : TEDOR total mixing time

;d30 : extra time for -DCDC2D/3D (t1)

;d31 : taur

;pepd2 @ H dec pulse cpdprg2 (~H180 + 0.3 us for switppm)
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;epdprg2: Decoupling program during REDOR element. use 'swftppm' (at pl12 or pl13) or sltppm for fast
MAS >40 kHz and low power decoupling

;epdprg3 : Decoupling program during data acquisition in t1 and t2 use 'swftppm' (at pl12 or pl13) or
sltppm for fast MAS >40 kHz and low power decoupling

;spnam4 : selective 90 deg pulse C (sinc shape)

;spnam?20 : selective 180 pulse on C Gauss or similar

;spnam21 : selective 180 pulse on N Gauss or similar

;enstl0 : Frequency reset to Carrier (ol, usually ~100 ppm)

;enst21 : Frequency offset for CO (~175 ppm)

;enst22 : Frequency offset for Ca (~55 ppm)

;enst31 @ MAS rotation rate in Hz

;in0 : increment of dephasign steps

;11 : loopcounter for REDOR mixing period

;12 : integer for C selective, rotor synchronized 180 pulse

;14 : L2<=L4 integer for N selective, rotor synchronized 180 pulse
;13 : loopcounter for REDOR mixing time increment

;ZGOPTNS : -DlargeSW for large SW (unlikely)

; -DXY 16 : for xy16 phase cycle during REDOR block - hardly required and potentially detremental for
signal

; or blank

;FnMODE : States-TPPI is recommended (for easy rotor sync.)

;but mc command allows for other FnModes as well

:ns :n*8
;mix : longest REDOR mixing time
;redmix : TEDOR block total mixing time duration determined by 0.5*td1

R R R R R R R R R R
# #

;# Frequency Selective Heteronuclear Dipolar Recoupling #

;# in Rotating Solids: Accurate 13C-15N Distance

;# Measurement in Uniformly 13C, 15N-Labeled Solids #

;# C.PJaroniec, B.A.Tounge, J.Herzfeld and R.G.Griffin #

# JACS 2001, 124, 3507 - 3519 #

# #

S R R R R R R R R R
;$COMMENT=heteronuclear correlation CN

;$CLASS=BioSolids

;$DIM=2D

;$TYPE=cross polarisation

;$SUBTYPE=REDOR

X1v



prosol relations=<biosol CHN>
#include <CHN_defs.incl>
; defines which channel corresponds to which nucleus
#include <trigg.incl>
; definition of external trigger output
#include <TauR_def.incl>
; definition of rotor period dependent delays
"p22=2%p3"
"d25=0.25s/cnst31"
"d26=0.25s/cnst31-(p22/2)" ; one-quarter rotor cycle ...
"d28=0.75s/cnst31-1u"
"d29=1.25s/cnst31-1u"
"d31=1s/cnst31"
;"p2=2*pl"
"p20=2*12*1s/cnst31"
"p19=2*14*1s/cnst31"
"d0=0.2u"
;set t1 increment for States-TPPI
"in0=inf1" ;
;"acqt0=0"
define delay REDincr
define delay mix
"mix=4*11/cnst31"
"REDincr=4*11/cnst31"
if "I11=0" {
"mix=4*11/cnst31"
"REDincr=4*11/cnst31"
H
define delay ONTIME SHEHHHHHHEHHEHERHE R
;# Power Deposition Calcs #
SHHHHHHHHHHHEHHER R
SRR R R
;SEXTERN ;# python insertion point #
SRR R R

Prepare, ze

"ONTIME=aq+mix+p15"

ONTIME
SRR
H# Protections: Pre-Check #

SR

Appendix
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#include <TauR_prot.incl>
;min. spinning 2.5 kHz
#ifndef lacq
#include <acq_prot.incl>
;Max. 50 ms acquisition time
#include <ONTIME prot.incl>
;total RF deposition restriction
#endif
#include <p15bio_prot.incl>
;pl5 max. 10 ms

#include <t1 prot.incl>

;check dO and d30
;REDincr
;mix
Start, d1 do:H
10u pl1:C ;set power level to drive HP amplifier
10u pl2:H ;set decoupler power
10u pl3:N
Im rppl7 ; reset phase list ph8 ...
Im rpp18
trigg ;additional trigger available on HP router
1u fq=0.0:H ;set 1H on resonance

S
H# Cross/Direct Polarization #
S R R R R R R R R R R R e
0.5u fg=cnst9(bf ppm):C

(p2 pl2 phl):H

(p15 pl5 ph2):C (p15:sp0 ph0):H

;t1 evolution

lupll2:H
lu cpds2:f2
do
R R R R T R R R R R R
# Spin Diffusion #
R R R R R R R R R R e
lu cpds2:H ;2
(p4:sp4 ph13):C
lu do:H 2
dil pll:C; (pl14 ph7):H

0.5u fg=cnst10(bf ppm):C ; offset to CO

xvi
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(p1 ph14):C
SRR A
# REDOR Mixing S signal #

S R R R R R R R R
TauR cpds2:H ; tppm decoupling at pl12 if synchronized with TPPM use special decoupling sequence

d25 pli:C
5 d26 ; First 1/2 REDOR period several F3 pulses ...
(p22 ph177):N ;... at intervals of ...
d26 ; ... one-half rotor cycle
d26
(p22 ph177):N ;... at intervals of ...
d26 ; F1 pulse
d26 ; several F3 pulses ...
(p22 ph177):N ;... at intervals of ...
d26 ;... at intervals of ...
d26 ; ... one-half rotor cycle
(p22 ph177):N ;... at intervals of ...
d26 ; F1 pulse
lo to 5 times 11
d28
lu do:H
(center (p19:sp21 ph4):N (p20:sp20 ph3):C (p19 pl12 ph10):f2 ) ; Hahn echo refocussing pulse on
F1
lu cpds2:f2
d29
6 d26 ; second 1/2 REDOR period several F3 pulses ...
(p22 ph18"):f3 ; ... at intervals of ...
d26 ;... at intervals of ...
d26 ; ... one-half rotor cycle
(p22 ph18™):N ; ... at intervals of ...
d26 ;
d26 ; several F3 pulses ...
(p22 ph18™):N ; ... at intervals of ...
d26 ; ... at intervals of ...
d26 ; ... one-half rotor cycle
(p22 ph18™):N ; ... at intervals of ...
d26 ; F1 pulse
lo to 6 times 11 ;
d28 ; End of REDOR period
lu fq=0:C
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go=Start ph31
30m do:f2 mc #0 to Start F1PH(ip2, id0)
HaltAcqu, Im

exit

/ %
12 d1 do:H

10u pl1:C ;set power level to drive HP amplifier

10u pl2:H ;set decoupler power

10u pl3:N

Im rppl7 ; reset phase list phS ...

Im rpp18

trigg ;additional trigger available on HP router
S
H# Cross/Direct Polarization #

SHHHHHHHH R A
(p3 pl2 phl):H
(p15:sp41 ph2):C (p15:sp40 ph0):H

SHRHH R A

# REDOR Mixing S0 signal #
S R R R R R R R R R R

d31 cpds2:H
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Structural Impact of N-terminal Pyroglutamate in an
Amyloid-f3(3-42) Fibril Probed by Solid-State NMR

Spectroscopy

Luis Gardon™,” "' Nina Becker*,™" Lothar Gremer,*!

Extracellular amyloid-p (AB) plaques, primarily formed by AB(1-
40) and AB(1-42) fibrils, are a hallmark of Alzheimer’s disease.
The AP peptide can undergo a high variety of different post-
translational modifications including formation of a pyrogluta-
mate (pGlu, pE) at N-terminal Glu3 or Glu11 of truncated AB(3-
x) or AB(11-x), respectively. Here we studied structural similar-
ities and differences between pEAB(3-42) and LS-shaped Ap(1-
42) fibrils grown under identical conditions (pH 2) using solid-

Introduction

Aggregation of amyloid-B (AB) is closely linked to Alzheimer’s
disease (AD)." The dominant components of the senile A
plaques are AB(1-40) and AB(1-42), the latter has been shown to
be more aggregation prone and more toxic.” In addition to the
full-length peptides, different N- and C-terminally truncated Af
species (e.g. 3-x, 11-x), as well as various post-translational
modifications are found in the plaques of AD patients and were
shown to have altered biological and biophysical properties.”
N-terminal Glu residues in truncated AB(3-x) or AP(11-x) are
usually converted to a cyclic pyroglutamate residue (pyroGlu,
pE) (Figure 1A) catalyzed by glutaminyl cyclases, QC,” leading
to pE-modified AP species (pEAP).

Compared to AB(1-42), pEAB(3-42) shows higher toxicity in
mouse models,” a faster aggregation rate, and it cross seeds
and accelerates the aggregation of AB(1-42).”” NMR studies on
monomeric pEAB(3-40) and pEAPB(3-42) revealed significant
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state NMR spectroscopy. We show that the central region of
pEAB(3-42) fibrils including the turn region around V24 is
almost identical to AB(1-42) showing similar B-strands also at
the N-terminus. The missing N-terminal residues D1-A2 along
with pE3 formation in pEAB(3-42) preclude a salt bridge
between K28-D1' as in AP(1-42) fibrils. G37 and G38 act as
highly sensitive internal sensors for the modified N-terminus,
which remains rigid over ~five pH units.

A glutamine glutamate B
~ =80 EAB(3-42
. 0 o_,\nf 2 PEAB( )
HsN Y £SO
HaN AB(E3Q-42)
>40
(0] o £
c20
[
o
12 13 14 15 16 17 18 19 20
H,N o) o) o Time (min)
=0h==24h
C 10.0
pH 3.5 QC onm
orQC catalyzed
catalyzed H,0
. o™
NH,4 k
. \o
NH
-5.0

pyroglutamate

Figure 1. Production and detection of pEAB(3-42) fibrils. A) Scheme of
pyroglutamylation of AB(3-42) or AB(E3Q-42) to pEAB(3-42), and B) analysis
by RP-HPLC. HPLC runs are shown after 0 h (black) and 24 h (blue)
incubation time at pH 3.5. pEAB(3-42) is already visible at time 0 h since its
formation already starts during TEV cleavage of the fusion construct. C) AFM
image of pEAB(3-42) fibrils.

chemical shift perturbations for the N-terminal residues up to
G9, while the rest of the sequence remains relatively unper-
turbed compared to AP(1-40) and AP(1-42), respectively.” In
contrast to pEAB(3-42) fibrils, pEAB(3-40) fibrils and pEAB(11-40)
fibrils have already been well characterized by solid-state NMR®
and revealed only small structural changes limited to the N-
terminus when compared to AB(1-40) fibrils. The N-terminus is,
however, flexible in the systems studied. Different to in vitro
AB(1-42) fibril structures with flexible N-termini,””’ an LS-shaped
AB(1-42) fibril morph with the entire N-terminus being part of
the rigid core can be produced at pH 2 in 30% acetonitrile, and
its atomic structure was determined in a combined cryo-EM/
solid-state NMR study."”

These fibrils retained their structure including the fixed rigid
N-terminus, apart from few salt bridge rearrangements, when

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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exposed to pH 7.1 Here, we used identical fibril preparation
conditions®"" for recombinant pEAB(3-42), report on a com-
plete NMR resonance assignment and secondary structure
analysis of pEAPB(3-42) fibrils including the influence of a
subsequent shift from pH2 to pH 6.5 and compare it to the
structure of LS-shaped AB(1-42) fibrils.

Results and Discussion

For recombinant production of uniformly [U-"*C,"°N]-labeled
pPEAB(3-42) we used an AB(E3Q-42) construct because an N-
terminal GIn, in contrast to Glu, is able to convert chemically at
acidic pH (3.5) into pE (Figure 1A) without the need of a QC
catalyst.”? pEAP(3-42) formation was monitored by RP-HPLC
(Figure 1B). pEAPB(3-42) has a longer retention time than
AB(EQ3-42) due to the lack of the hydrophilic amino group at
the N-terminus (Figure 1A). Fibril growth of purified pEAB(3-42)
was completed after several weeks under quiescent conditions
at room temperature. Mostly nonbranched fibrils without any
amorphous aggregates were obtained, as obvious from atomic
force microscopy (AFM) (Figure 1C). Far-UV CD spectra of both

b
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pEAB(3-42) fibrils and LS-shaped AP(1-42) fibrils show same
characteristics for f-sheet dominated structures (Figure S1).

We compared 2D Proton Driven Spin Diffusion (PDSD)
BC-3C fingerprint spectra of AP(1-42) and pEAB(3-42) fibrils
(Figure 2A, Table S1). Both spectra show clear similarities,
particularly for the range Y10 to 132. Of note, chemical shifts of
V24 located in the turn region of AB(1-42) fibrils are highly
similar for pEAP(3-42) fibrils (Figure 2A, C). These shifts are
characteristic as they show a relatively low Ca chemical shift
and two distinct Cy resonances typical for steric restriction,
which were not observed in the spectra of other AB(1-42) fibril
polymorphs with flexible N-termini.”’ Furthermore, both fibrils
show identical resonances for S26 and K28 in the PDSD spectra
(Figure 2A).

As the two spectra show distinct differences for several
amino acids located in other regions (e.g. the N-terminus, G37
and G38, detailed below), we performed a de novo resonance
assignment for pEAB(3-42) fibrils. Using a combination of
different 2D and 3D "C-"C and NCACX/NCOCX spectra, we
assigned all residues unambiguously, except H14, which was
not visible (Figure 2E, S2-54, Table S2). As for LS-shaped Ap(1-
42) fibrils,"®"" no protein signals are observed in Insensitive
Nuclei Enhancement by Polarization Transfer (INEPT) spectra of
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Figure 2. Comparison of pEAB(3-42) and AB(1-42) fibrils produced under identical conditions. A) Overlay of 2D "*C-"*C PDSD spectra with 20 ms mixing time at
11 kHz Magic Angle Spinning (MAS) frequency: pEAB(3-42) fibrils (red) and LS-shaped AB(1-42) fibrils (black)."*"" The complete assignment of pEAB(3-42)
fibrils is shown in Figures S2-S4. B, C) Zoomed regions from A: CB and Cy/C8 cross peaks for lle residues (B) and Ca and Cy cross peaks for Val (in particular
identical V24) and lle residues (C). D) CO-region of 2D "*C-"*C PDSD spectra with 200 ms mixing time and 12.5 kHz MAS frequency of AB(1-42) fibrils (black)
and 2D *C-"*C DARR with 100 ms mixing time and 20 kHz MAS frequency of pEAB(3-42) fibrils (bright red). pE3 resonances are clearly visible for the pEAB(3-
42) fibrils, whereas resonances for D1-A2 are missing. E) Chemical shift difference of N, Ca. and CB chemical shifts for pEAB(3-42) and AB(1-42) fibrils. F)
Secondary chemical shifts (SCS) and TALOS-N analysis. A B-strand in SCS is defined when three consecutive residues exhibit (Co-Carc)-(CB-Cprc) <-1.4."? The

asterisk marks missing resonances for H14.

Chem. Eur. J. 2024, 30, €202303007 (2 of 6)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

ASUROIT SUOWIWOY) dANEAIY) d[qedt[dde dy) £q PauIoAOS 18 SI[OIE V() SN JO SI[NI 10} ATRIqIT SUIUQ) AJ[IAL UO (SUONIPUOD-PUB-SULIS) /WO’ KA[IM"ATeIqIaur[uo//:sd)y) suonipuoy) pue sus [, Ay 39S *[$70z/01/2¢] uo Areiqry aurjuQ A[IA ‘L00S0EZ0T WYI/Z00 T 0 1/10p/wod Kaim' Areqrourjuo-odoina-Ansiwoyd,/:sdyy woiy papeojumod ‘01 ‘vl ‘S9LE1TST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202303007

pPEAB(3-42) fibrils, excluding any highly mobile and flexible parts
(Figure S8)." The carbonyl region of the "C-">C correlation
spectra (PDSD/ Dipolar Assisted Rotational Resonance (DARR))
exhibits resonances for pE3 (Figure 2D) with chemical shifts
typical for N-terminal pE[* indicating a rigid N-terminus in
pEAB(3-42) fibrils. Some residues, e.g. S26 (as already reported
for AB(1-42) fibrils"?), as well as some Ala and lle residues
(Figure 2B) show peak doubling, the latter due to conforma-
tional sidechain disorder."™ Peak doubling for G37 and G38 in
NCOCX spectra indicates local structural variations for both
residues (Figure S3). By comparing the chemical shifts of
pPEAB(3-42) fibrils with those of AB(1-42) fibrils produced under
same conditions,"” a conserved region (from V24 to K28) can
be observed (Figure 2E). The missing D1-A2 residues and pE3
formation in pEAB(3-42) fibrils led to changes in chemical shifts
at the N-terminus up to G9, but also at the C-terminus starting
from position G33 with largest changes for C chemical shifts
of G33, G37 and G38 (Figure 2E). Typically, Gly residues allow
more flexibility for the peptide backbone and thus are expected
to be more sensitive to structural changes induced by the
adjacent modified N-terminus. Indeed, G37 and G38 are most
affected by the D1-A2 truncation and pE3 modification. Like-
wise, the N chemical shift of G38 changed by more than
10 ppm to a low value of 103 ppm (Table S2). In LS-shaped
AB(1-42) fibrils G37 and G38 are in close contact with A2 and
part of the hydrophobic cluster composed of A2, V36, F4, L34,
G37 and G38.'

Information about torsion angles (Figure S5), secondary
structure and position of the B-strands in pEAB(3-42) fibrils is
obtained from secondary chemical shifts"? and TALOS-N."' A
comparison with results obtained for LS-shaped ApB(1-42)
fibrils"” shows similar positions of p-strands (Figure 2F).
Correlation plots which relate residue-specific secondary chem-
ical shifts reported in vitro structures®'® with those obtained in
this work report larger differences relative to S-shaped fibril
structures™ than for LS-shaped fibrils"® (Figure S6).

In LS-shaped AB(1-42) fibrils, F19 and 131 are in close spatial
proximity (Figure 3A), which can be probed by ™C-"*C spin
diffusion at rotational resonance.'”’ Cross correlation peaks
indicating a contact between 131 C§ and the aromatic F19
residue were observed in PDSD spectra, where the spinning
speed of 17.2 kHz was matching the chemical shift difference
between aromatic Phe and lle C§ signals (at 600 MHz 'H
frequency) in both, pEAB(3-42) and A(1-42) fibrils (Figure 3B,
Figure S7). This supports the conservation of the turn region
comprising residues F19 to I31. Interestingly, chemical shifts of
C-terminal residues in LS-shaped AP(1-42) fibrils (at pH 2)
changed upon a pH shift to pH 7" towards those observed in
pEAB(3-42) fibrils (at pH 2) (Figure 4 A, B). Especially for °N and
BCa of G38 chemical shift differences reduce from 13.0 and
4.8 ppm to 1.7 and 0.4 ppm, respectively.

For LS—ApB(1-42) fibrils shifted to pH 7, the changes at the C-
terminus are explained by a rearrangement of the salt bridge
from K28-D1' at pH2 to K28-A42 at pH7.'m A salt bridge
between K28 and a D1’ residue is obviously absent in pEAB(3-
42) fibrils. We also studied possible alterations of the pEAB(3-42)
fibril structure after pH adjustment to pH 6.5 as performed as

Chem. Eur. J. 2024, 30, €202303007 (3 of 6)
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Figure 3. Rotational resonance dipolar recoupling of F19 and 131 sidechains.
A) L17 to 132 region of LS-shaped AB(1-42) fibrils (PDB:50QV)."” The turn
region includes a close contact between F19 and 131 sidechains. B) PDSD
spectra at 17.2 kHz MAS of pEAB(3-42) fibrils show a cross peak indicating
dipolar interaction of an aromatic F19 carbon and 131 C8. Cross correlation
peaks for V-H/F/Y contacts could not be assigned unambiguously (e.g. V18-
F19 or V12-H13).
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Figure 4. Comparison of pEAB(3-42) at pH 2 and pH shifted AB(1-42) fibrils at
pH 7 by addition of citrate-phosphate buffer. A) NCACX spectra at 11 kHz
MAS frequency of pEAB(3-42) at pH 2 and pH shifted AB(1-42) fibrils at

pH 7. Resonances for 526 remain unchanged in '*C and "N dimension, for
G38 and V24 almost unchanged in 'C, but shifted in N dimension, for A42
shifted in both dimensions (due to change of its protonation state). Shifts of
these resonances are indicated by arrows. B) Chemical shift difference of N,
Ca and CB chemical shifts for pEAB(3-42) at pH 2 and pH-shifted AB(1-42)
fibrils at pH 7. The asterisk marks missing E22/D23 resonance assignments
for AB(1-42) fibrils at pH 7.
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recently described for AB(1-42)."" The added citrate/phosphate
buffer was used as internal pH sensor (Figure S8).

Figure 5A shows the overlay of the 2D *C-">C PDSD spectra
of pEAB(3-42) fibrils at pH2 and pH6.5. As most of the
resonances overlap, we can conclude that the global fold of the
pPEAB(3-42) fibrils remains unchanged from pH 2 to pH 6.5. The
C-terminal A42 of pEAB(3-42) fibrils changed from a protonated
(at pH2) to a deprotonated (at pH 6.5) state (Figure 5B), as
already observed for LS-shaped Af(1-42) fibrils upon a pH
shift"™ with slow proton exchange on the NMR time scale. The
fact that A42 is protonated excludes a salt bridge between K28
and A42 at low pH. Strong correlation signals typical for Ca-Cé
in deprotonated Glu, likely E22, appear at pH 6.5 (Figure 5B)
which is presumably also seen as a shift in the CB-Cy region of
E22 (Figure 5D). Likewise, the D7 CB resonances shifted by
~2 ppm to higher ppm values (from 41.5 ppm to 43.6 ppm)
upon the pH-shift, typical for deprotonation (Figure 5C). For D7
of AP(1-42) fibrils a fast proton exchange between the
protonated and deprotonated state was observed"” which we
also assume for pEAB(3-42) fibrils. No changes are detected for
K28, in contrast to pH 7 shifted AB(1-42). Compared to our
previous work we do not observe any significant intensity losses
for pEAB(3-42) fibrils at pH 6.5 as seen for AB(1-42) fibrils at
pH 7‘[11]

At pH 6.5 the 1D Direct Excitation (DE) compared to the
Cross Polarization (CP) spectra (Figure S8C—D) do not show
significant differences, and no INEPT signals were observed.
This confirms the absence of any highly mobile parts and
further supports a rigid N-terminus also at pH 6.5.
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Figure 5. pEAB(3-42) fibrils at pH 2 and adjusted to pH 6.5. A) Overlay of 2D
3C-"3C PDSD spectra with 20 ms mixing time of pEAB(3-42) fibrils at pH 2
(red) and pH 6.5 (navy). B—-D) Zoomed regions from A: carbonyl region of
A42 for longer mixing time (200 ms) (B) and the shift of the C-terminal A42
indicate a transition from a protonated to a deprotonated state. Ca-Cf3
region of D7 (C). CB-Cy region of Glu residues (D).
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Figure 6. Characteristics of pEAB(3-42) fibrils. The missing N-terminal
residues D1-A2 along with pE3 formation in pEAB(3-42) preclude the
formation of a salt bridge between K28-D1'as in AB(1-42) fibrils. Residues
G37 and G38 sense N-terminal modifications present in pEAB(3-42) fibrils
compared to AB(1-42) fibrils. The F19-131 contact is preserved in both
structures.

Water-edited experiments (Figure S9) which probe the
global water accessibility also revealed that the overall structure
is retained over ~five pH units, as the build-up is only slightly
enhanced for pH 6.5 compared to pH 2 due to faster chemical
exchange.'"™®

Conclusions

To conclude, in this study we report an in-depth NMR character-
ization of a pEAP(3-42) fibril morph at pH2 and pH6.5.
Comparison with AB(1-42) fibrils prepared under identical
conditions reveals remarkable structural similarities and indi-
cates a conserved central region spanning residues L17 to 132,
around the turn at V24 in both fibrils (Figure 6). The missing N-
terminal residues D1-A2 along with pE3 formation in pEAB(3-
42) preclude the formation of a salt bridge between K28-D1'
present in AB(1-42) fibrils. Obviously, this salt bridge is not
needed for a rigid N-terminus in this fibril morph. G37 and G38
act as highly sensitive sensors for the modified N-terminus as
seen by their shift perturbations. Notably, pEAB(3-42) fibrils
harbor B-strand positions highly similar to those in LS-shaped
AB(1-42) fibrils including the rigid N-terminal region.

Experimental Section

Sample preparation

Expression of the His-tagged AB(E3Q-42) fusion construct was
essentially performed as described” in 2.5 | cultures of [U-"*C,"*N]-
labeled M9 minimal medium with [U-"*C]-glucose and ["*N]-NH,CI
as sole carbon and nitrogen sources. The medium was inoculated
with starter cultures (1:100) and incubated at 37°C and 120 rpm
until an ODg,, of 0.3 was reached. Protein expression was induced
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by adding 0.2 mM isopropyl B-D-1-thiogalactopyranoside (IPTG).
The culture was then incubated at 25 °C at 120 rpm overnight. Cells
were harvested by centrifugation (5.000 xg, 15 min) and cell pellets
were resuspended with ~5 to 8 ml per g cell mass of lysis buffer
(50 MM Na phosphate buffer, pH 7.4, 200 MM NaCl, 0.4 mM
phenylmethylsulfonyl fluoride (PMSF), 5 mg/ml lysozyme). Cell
disrupture was done by sonification under ice cooling (15x10 s on,
60 s off, at 80% amplitude, Bandelin Sonopuls, VS70T sonotrode),
and subsequent ultracentrifugation (55.000 xg, 1 h) was used to
separate the soluble fraction containing the [U-"*C,°N]-AB(E3Q-42)
fusion construct from cell debris. Further purification was done by
immobilized metal ion affinity chromatography (IMAC). For that the
supernatant was loaded on Ni*"-NTA material (two in series
connected 5 ml Ni-NTA Protino columns, Macherey-Nagel, Diren,
Germany), equilibrated with 50 mM Na phosphate buffer, pH 7.4,
200 mM NaCl, 20 mM imidazole, pH 7.4, and connected to an Akta
prime plus system (Cytiva, Germany). Elution of the fusion construct
was achieved by using an imidazole gradient of 20 to 500 mM
imidazole in 50 mM Na phosphate buffer, pH 7.4, 200 mM Nadl,
using a gradient volume of 87.5ml at a flow rate of 2.5 ml/min.
Subsequently, tobacco etch virus (TEV) protease digestion was
performed using 1 mg TEV per 8.5 mg AB(E3Q-42) fusion construct
in 50 mM Na phosphate buffer, pH 7.4, 200 mM NaCl for 7 days at
4°C. After 3 days incubation 15 mM Tris(2-carboxyethyl)phosphin
(TCEP) was added as reducing agent. [U-"*C,"’N]-AB(E3Q-42) was
then further purified by semipreparative RP-HPLC on Zorbax SB-
300 C8 (9.4 mm x 250 mm column, Agilent, Boblingen, Germany)
connected to an Agilent 1260 Infinity system with UV detection at
214 nm and a column temperature of 80 °C. The mobile phase used
was isocratic aqueous 30% (v/v) acetonitrile (ACN), 0.1% (v/v)
trifluoroacetic acid (TFA). Purified [U-"C,">N]-AB(E3Q-42) was freeze
dried, and pyroGlu formation of the N-terminal was performed as
described” by dissolving lyophilized [U-"C,°NJ-AB(E3Q-42) in
30 mM sodium acetate, pH 3.5 (pH adjusted with acetic acid) at a
concentration of 0.25 mg/ml and incubation at 4°C for 3 days. A
further semipreparative HPLC purification step under the same
isocratic conditions (aqueous 30% (v/v) ACN, 0.1% (v/v) TFA, pH 2)
as described above yields pure [U-"*C,°N]-pEAB(3-42) with typical
purities of above 97 %. Fibril growth of pEAB(3-42) was achieved by
quiescent incubation of ~6 uM pEAB(3-42) directly in the mobile
HPLC phase (aqueous 30% (v/v) ACN, 0.1 % (v/v) TFA, pH 2) for one
month at RT as already described for Ap(1-42).""

Atomic force microscopy (AFM) and far-UV circular dichroism
(CD) spectroscopy

For AFM, typically 4 ul samples of pEAB(3-42) fibrils in aqueous 30%
(v/v) ACN, 0.1% (v/v) TFA, pH 2 at concentrations of 10 to 50 uM
(monomer equivalents) were pipetted on a freshly cleaved mica
support and incubated for 10 min. Then the mica was dried with a
gas stream of nitrogen. AFM micrographs were recorded in peak-
force tapping mode on a Bruker Multimode 8 (Billerica, Massachu-
setts, USA) using OMCL-AC160TS cantilevers (Shinjuku, Tokyo,
Japan) using ScanAsyst software at 1024x1024 pixel resolution. The
images were processed with Gwyddion 2.61."

For far-UV CD spectroscopy, samples of pEAB(3-42) fibrils or AB(1-
42) fibrils in aqueous 30% (v/v) ACN, 0.1% (v/v) TFA, pH 2 at typical
concentrations in the range of 12 to 32 uM (monomer equivalents)
were placed into 1 mm quartz cuvettes (Helma, Germany) and
measured with following instrument settings on a Jasco J-1100 CD
spectropolarimeter: 0.1 nm step size, 50 nm/min scan speed, 1 nm
bandwidth, 10 accumulations, 20°C.
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Rotor filling and pH shift

[U-"*C,">N]-pEAB(3-42) fibrils in aqueous 30% (v/v) ACN, 0.1% (v/v)
TFA, pH 2 were harvested by centrifugation (15.000 xg, 60 min) and
applied by centrifugation (500 xg, 60 sec), into a 3.2 mm thick wall
rotor (Bruker, Germany) by homemade rotor filling tools. For the
pH 6.5 shifted fibril sample harvested [U-">C,"*N]-pEAB(3-42) fibrils
(grown at pH 2 in 30% (v/v) ACN, 0.1% (v/v) TFA) were adjusted to
pH 6.5 by addition and mixing of 10 ul citrate-phosphate buffer
stock, pH7.0% to 40l harvested fibril pellet as described
previously."" The citrate-phosphate buffer stock was obtained by
mixing aqueous solutions of 17.65 vol% of 0.25 M citric acid and
82.35vol% of 0.5M Na,HPO, The pH6.5 adjusted [U-">C,'°N]-
pPEAB(3-42) fibril sample thus contained aqueous 24% (v/v) ACN,
0.08% (v/v) TFA, 8235 mM Na,HPO,, 8.825mM citric acid, and
placed in a 3.2 mm thin wall rotor (Bruker, Germany) as described
above. As previously described for [U-">C,"*N]-AB(1-42) fibrils"" each
50 ul rotor sample contains ~1.7 to 2.1 mg [U-"°C,"°N]-pEAB(3-42)
fibrils, equivalent to 380 to 460 nmol monomer equivalents of
[U-"*C,"*N]-pEAB(3-42), which corresponds to final [U-">C,"°N]-
pEAB(3-42) concentrations of 7.5 to 9.3 mM. Thus, the fibril
preparations contain ~96 % solvent and are highly hydrated. In our
previous study on pH 2 to pH 7 adjusted AB(1-42) fibrils, we could
exclude an effect of the citrate-phosphate buffer on the Ap(1-42)
fibril structure."

Solid-state NMR experiments

Solid-state  NMR experiments were conducted on an 188 T
(800 MHz 'H frequency) Avance Il and 14.1 T (600 MHz 'H
frequency) Bruker AVANCE NEO spectrometer equipped with triple
resonance HCN 3.2 mm MAS Efree probes. Typical radiofrequency
field strengths were 91-100 kHz for 'H, 55.6 kHz for "C and
455kHz for N. The VT gas temperature was set to 263K
(thermocouple reported temperature); the sample temperature was
estimated to be around 5-10 K higher due to frictional heating
under MAS. Spinal64®” 'H decoupling (rf field of 85kHz) was
applied during "C acquisition. The MAS frequency was set to
11 kHz for most of the Proton Driven Spin Diffusion (PDSD) and
NCACX/NCOCX experiments, 12.5 kHz for other PDSD, 17.2 kHz for
Rotational Resonance experiments and 20 kHz for Dipolar Assisted
Rotational Resonance (DARR). Detailed experimental parameters
can be found in Table S1. C chemical shifts were externally
referenced using adamantane by setting its CH signal to 31.4 ppm
(corresponding to the DSS reference scale). The °N chemical shifts
were indirectly referenced to liquid NH;. All spectra were processed
using TopSpin 3.5 and 4.0.9 (Bruker). The analysis was performed
using CcpNMR Analysis 2.4.22

Water-edited experiments: To probe water-accessibility of the fibrils,
we performed water-edited 1D experiments, where 'H polarization
of the protein is destroyed using a spin-echo T,filter with a t of
2.5 ms duration, followed by a transfer of 'H polarization from
water back onto the protein by longitudinal 'H-'H mixing™”
(Figure S8A). Chemical exchange of protons as well as spin diffusion
at the water-protein interface lead to higher intensities for water-
exposed residues compared to residues in the dry interior of the
protein.”” For the global water accessibility, we integrated the
aliphatic regions of the water-edited 1D *C CP spectra for the
pPEAB(3-42) and AB(1-42) fibrils at pH 2 and pH 6.5 (Figure S8B, C).
Comparing water build-up times, we observe a slower build-up for
pEAB(3-42) than for AB(1-42) fibrils at both pH values of pH 2 and
pH 6.5 (Figure S8D), which might be caused by the higher hydro-
phobicity, as three charges are missing for the shorter peptide.
Additionally, the build-up is only slightly enhanced for pH 6.5
compared to pH2 due to faster chemical exchange® also
indicating that the global structure is retained over ~five pH units.
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Far-UV CD spectra of LS-shaped AB(1-42) fibrils and pEAB(3-42) fibrils
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Figure S1. Far-UV CD spectra of AP(1-42) fibrils (left) and pEAB(3—42) (right) exhibit minima at 218
nm and x-axis intercepts at 207 nm (pH 2.0) characteristic for f-sheet dominated structures. As pEAB(3—
42) fibrils tend to fibril bundling a reduced mean residue ellipticity (MRE) and an increased S/N ratio
compared to AB(1-42) fibrils is observed.
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PDSD spectrum and assignment graph of pEAB(3-42) fibrils
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Figure S2. A) 2D *C-"*C PDSD spectrum with 20 ms mixing time at 11 kHz MAS frequency with

assigned residues. The shifts can be found in Table S2. B) Assignment graph exported from CcpNMR
Analysis 2.4.
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2D NCOCX and 2D NCACX spectra of pEAB(3-42) fibrils
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Figure S3. Assignment of pEAB(3-42) fibrils. A) 2D N-13C NCOCX spectrum and B) 2D N-3C
NCACX spectrum. Green circles indicate doubling of resonances in the NCOCX spectrum (A) and Lys
Ce-N( sidechain resonance at about 34 ppm are aliased to 134 ppm in the NCACX spectrum (B).
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Sequential walk of pEAB(3-42) fibrils using 3D NCACX and 3D NCOCX
spectra
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Figure S4. Extract from the sequential walk of amino acid residues V24 to N27 with 3D-NCACX (red)
and 3D-NCOCX (blue) spectra of pEAP(3-42) represented by horizontal strips.
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Predicted torsion angles
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Figure S5. Torsion angles predicted by TALOS-N!!! for pEAB(3-42) fibrils.
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Correlation plots
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Figure S6. Correlation plots of pEAB(3-42) fibrils compared to different AB(1-42) fibril polymorphs.
Comparison is represented by the difference of the secondary chemical shifts for pEAB(3-42) fibril
obtained in this work and the shifts reported by Colvin et al.”,BMRB: 30121 (A), Xiao et al.”’), BMRB:
25429 (B), Wiilti et al.l¥, BMRB: 26692, (C), Wickramasinghe et al.’), BMRB: 26307, (D), and Gremer
et al.l®” BMRB: 27212 (E). Each residue is compared by plotting the secondary chemical shift value of
this study on the x-axis and the secondary chemical shift value of the respective work on the y-axis.
Selected residues from different regions of the peptide are labeled. The comparison pE3/E3 was not
included in the calculation of the R? values.
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Contact between F19 and 131 sidechains in LS-shaped AB(1-42) fibrils and
pEAPB(3-42) fibrils

F20 S
. l-..’o 0’
o"'-..‘o :
P :
L]
"
.
“
L
D23 o, K
. *
.' ll.
. .
b [ L
~ L]
132 N 5
7. .0.
0' .0
% B
L -
L] -
- -
L] -
O’h 0..
o ..n....'.---..O :“
e, e, st .
& -
K28 H
L5
. F19-131
B Ap(1-42) fibrils ' o
. i D : L
k] - ! . ATl | L} 15
3 - p )._ I Py
S AT 20
i - __50 a9
c : . F25
o
e
= et
K8 1100 140 135 130 125 120
]
o1 125
[ 150 . F130
. A L % [
. e * 135
—— A — '
150 100 50 : F19-131 140
5(13C)ppm
30 25 20 15 10
T -5
F19-131
C PpEAR(3-42) fibril # 10
; ; T - F15
3 i : "1:"' < 8 '
. .t o o
b Ae o £ 20
& ta g .‘k.‘.-‘.' [ so o
$ oy [ F25
E . L]
& T T T T T
= L 140 135 130 125 120
(&) 100
) I
K F125
" ' 8
150 ) F130
. [ 0 oo
! T NP AN *
: F135
T T T . ' F19-131
150 100 50
5(13c)ppm " F140
T T T T
30 25 20 15 10

Figure S7. Rotational resonance dipolar recoupling of F19 and 131 sidechains. A) L17 to 132 region of
LS-shaped AB(1-42) fibrils (PDB:50QV)!®.. The turn region includes a close contact between F19 and
131 sidechains. B, C) PDSD spectra at 17.2 kHz MAS frequency and 200 ms mixing time of AB(1-42)
fibrils (B) and pEAB(3-42) fibrils (C) show a cross peak indicating dipolar interaction of an aromatic
F19 carbon and 131 Cd and, therefore, identify a close contact between both residues.
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No highly mobile protein signals and internal pH sensor
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Figure S8. No highly mobile protein signals are observed examplified for pH 6.5 shifted pEAB(3-42)
fibrils and pH determination by NMR in the rotor-filled fibril sample. A) The *C detected refocused
INEPT spectrum of pEAP(3-42) fibrils at pH 6.5 is devoid of protein signals, only solvent and buffer
signals are visible. B) The chemical shift of the signal of the CH, groups of citrate is pH sensitive and
can be used as an internal pH sensor for the pH in the fibril samples. Chemical shift differences between
the pH shifted fibril sample (continous line) and the buffer solutions (24% (v/v) ACN, 0.08% (v/v) TFA,
dashed lines) at given pH values is around 27 Hz to pH 7 and 30 Hz to pH 6 indicating a pH of ~6.5 for
the pH shifted pEAB(3-42) fibril sample. C, D) Comparison of the 1D '3C cross-polarization (CP) and
the direct excitation (DE) spectra at pH 2 (C) and pH 6.5 (D). The acetonitrile peaks were cut off. No
additional protein signals were detected for direct excitation compared to the CP spectrum and exclude
any highly mobile or flexible parts in pEAPB(3-42) fibrils at pH 2 and 6.5.
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Water build up curves
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Figure S9. Water-edited experiments of pEAB(3-42) and AB(1-42) fibrils at pH 2 or adjusted to pH 6.5
and pH 7, respectively. A) Pulse sequence of 1D water-edited CP spectra. B, C) 1D water-edited CP
spectra of pEAB(3-42) at different 'H-"H mixing times (3 ms, 2-fold magnified, and 100 ms) at pH 2
(B) and pH 6.5 (C). D) Water-build up curves of pEAB(3-42) and AB(1-42) fibrils at different pH values.
A faster buildup with neutral pH values compared to pH 2 can be observed due to faster chemical
exchange at increased pH values.
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Experimental parameters for NMR

Table S1. Detailed experimental parameters for solid-state NMR measurements.

PDSD/DARR NCACX NCOCX
2D 2D&3D 2D&3D
'H frequency (MHz) 800 600 600
MAS frequency (kHz) 1)&2) 11 11 11
3) 12.54&5)17.2
6) 20
Mixing time (ms) 1) 20 2D+3D: 50 2D+3D: 40
2) 200
3) 20
4&5) 200
6) 100
Transfer 1 HC CP HN CP HN CP
Carrier (ppm) 100 122 122
Duration of 1% transfer (ps) 1100 1000 1000
Transfer 2 N-Ca CP N-CO CP
Carrier (ppm) 55 173
Duration of 2" transfer (us) 3200 2600
BC rf field (kHz) 26 26
5N 1f field (kHz) 15 15
tl increments 480 2D: 32 2D: 32
3D: 24 3D: 24
t1 spectral width (ppm) 200 2D: 50 2D: 50
3D: 40 3D: 40
t1 acquisition time (ms) 6 2D:5.3 2D:5.3
3D: 4.9 3D: 4.9
t2 increments 32 20
t2 spectral width (ppm) 30 20
t2 acquisition time (ms) 3.5 33
Number of scans 1)&3) 160 2D: 2048 2D: 2048
2) 120 3D: 7 3D: 8
4&5) 192
6) 224
Decoupling power during acquisition 85 85 85
(kHz)
Decoupling power during spin diffusion 6) 19
(kHz)
Duration (h) 1)43.5h 2D:38h 2D:38h
2)35.5h 3D:311h 3D:213 h
3)54h
4&5)46 h
6)45h
Window function for processing 1,2,3&6) 2D: gsin(4,4) 2D: gsin(4,4)
gsin(2,4) 3D: 3D:
4&5) qsin(4,4) gsin(3.5,3.5,3.5) gsin(3.5,3.5,3.5)
Contour level spacing 1.2 2D: 1.2 2D: 1.2
3D: 1.5 3D: 1.5
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Chemical shift table for pEAP(3-42) fibrils

Table S2. Obtained chemical shifts of the pEAB(3-42) fibril polymorph at pH 2 (in ppm).

Residue AS N C CA CB CG CD CE (074 NZ
3 pE 126.52 - 58.86 28.16 31.92 184.14
4 F 129.83 - 56.15 44.45
5 R 12645 - 5422 34.64 27.38 43.79 159.48
6 H 12931 - 50.78 31.34
7 D 12725 17481 5239 4152 177.75
8 S 11882 17271 5533 65.78
9 G 11094 171.72 4433 -

10 Y 12419 17391 5723 41.47
11 E 12531 174.07 54.69 32.00 34.80 -
12 V12584 17422 6048 34.65 20.67
13 H 12230 - 51.02 32.84
14 H - - - -

15 Q 127.68 17258 54.02 31.77 33.88 -
16 K 12820 173.60 5451 36.67 2538 30.02
17 L 128.35 17529 5558 4387 3047 28.83

25.88

18 V12132 172.65 6035 3586 20.96

22.18

19 F 129.82 173.10 55.96 44.70
20 F 130.73 - 56.39 42.81
21 A 12090 17446 5092 21.44
22 E 122.09 17331 54.07 3223 37.83
23 D 121.32 17630 53.26 35.89
24 V11994 175.81 58.07 36.52 21.14

23.07

25 G 11743 17482 4894 -

26 S 113.10 172.64 56.65 65.83
27 N 119.79 17491 52.54 4148
28 K 127.74 173.72 54.67 36.78 25.87 30.14 42.18 34.09
29 G 110.84 17048 4536 -

30 A 121.82 177.15 49.55 22.29
30' A'  128.13 17440 4885 22.72
31 I 12379 17498 60.08 40.34 27.30 14.79

17.76
32 I 125.18 17634 57.77 4333 2693 15.65
17.99

33 G 11574 17294 49.14 -

34 L 12421 173.53 5457 4540 28.75 23.81
35 M 12845 173.54 54.12 3492 3141 - -
36 V12623 174.64 60.52 3471 20.68

21.82
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Amyloid fibril formation kinetics of
low-pH denatured bovine
PI3K-SH3 monitored by three
different NMR techniques
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Athina Apostolidis?, Celina M. Schulz?, Kevin Bochinsky?,

Lothar Gremer*?*, Henrike Heise?* and

Nils-Alexander Lakomek®#*

!Institute of Biological Information Processing (IBI-7: Structural Biochemistry), JuStruct: Julich Center for
Structural Biology, Forschungszentrum Julich, Julich, Germany, 2Institut flr Physikalische Biologie,
Heinrich-Heine-Universitat Dusseldorf, Dusseldorf, Germany

Introduction: Misfolding of amyloidogenic proteins is a molecular hallmark of
neurodegenerative diseases in humans. A detailed understanding of the
underlying molecular mechanisms is mandatory for developing innovative
therapeutic approaches. The bovine PI3K-SH3 domain has been a model
system for aggregation and fibril formation.

Methods: We monitored the fibril formation kinetics of low pH-denatured
recombinantly expressed [U-C, *°N] labeled bovine PI3K-SH3 by a
combination of solution NMR, high-resolution magic angle spinning (HR-
MAS) NMR and solid-state NMR spectra. Solution NMR offers the highest
sensitivity and, therefore, allows for the recording of two-dimensional NMR
spectra with residue-specific resolution for individual time points of the time
series. However, it can only follow the decay of the aggregating monomeric
species. In solution NMR, aggregation occurs under quiescent experimental
conditions. Solid-state NMR has lower sensitivity and allows only for the
recording of one-dimensional spectra during the time series. Conversely,
solid-state NMR is the only technique to detect disappearing monomers and
aggregated species in the same sample by alternatingly recoding scalar
coupling and dipolar coupling (CP)-based spectra. HR-MAS NMR is used
here as a hybrid method bridging solution and solid-state NMR. In solid-
state NMR and HR-MAS NMR the sample is agitated due to magic angle
spinning.

Results: Good agreement of the decay rate constants of monomeric SH3,
measured by the three different NMR methods, is observed. Moderate MAS up
to 8 kHz seems to influence the aggregation kinetics of seeded fibril formation
only slightly. Therefore, under sufficient seeding (1% seeds used here), quiescent
conditions (solution NMR), and agitated conditions deliver similar results, arguing
against primary nucleation induced by MAS as a major contributor. Using solid-
state NMR, we find that the amount of disappeared monomer corresponds
approximately to the amount of aggregated species under the applied
experimental conditions (250 uM PI3K-SH3, pH 2.5, 298K, 1% seeds) and
within the experimental error range. Data can be fitted by simple mono-
exponential conversion kinetics, with lifetimes 1 in the 14-38 h range. Atomic
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force microscopy confirms that fibrils substantially grew in length during the
aggregation experiment. This argues for fibril elongation as the dominant
growth mechanism in fibril mass (followed by the CP-based solid-state NMR
signal).

Conclusion: We suggest a combined approach employing both solution NMR and
solid-state NMR, back-to-back, on two aliquots of the same sample under seeding
conditions as an additional approach to follow monomer depletion and growth of
fibril mass simultaneously. Atomic force microscopy images confirm fibril

elongation as a major contributor to the increase in fibril mass.

KEYWORDS

amyloid fibrils, fibrillation, aggregation kinetics, NMR spectroscopy, PI3K-SH3,
neurodegeneration, atomic force microscopy

Introduction

Protein misfolding, aggregation, and formation of amyloid
fibrils are a hallmark of neurodegenerative diseases (Bucciantini
etal., 2002; Dobson, 2003; Polverino de Laureto et al., 2003; Ross and
Poirier, 2004; Chiti and Dobson, 2006; Chiti and Dobson, 2017;
Tadanza et al,, 2018; Willbold et al., 2021). A detailed understanding
of the aggregation mechanism is mandatory to counteract the
progression of neurodegenerative diseases and to develop
appropriate medication. The Src-homology 3 domain from the
p85a subunit of phosphatidyl-inositol-3-kinase (PI3K-SH3) is
one of the best-investigated systems in terms of protein folding,
aggregation, and fibrillation (Guijarro et al., 1998; Zurdo et al., 2001;
Polverino de Laureto et al., 2003; Bader et al., 2006; Vettore and
Buell, 2019). SH3 domains play a role in multiple signaling pathways
by recognizing proline-rich PxxP motifs and mediating protein-
protein interactions (Feng et al., 1994; Musacchio et al., 1994; Batra-
Safferling et al.,, 2010; Saksela and Permi, 2012; Kurochkina and
Guha, 2013; Dionne et al., 2022). Below pH 4, the PI3K-SH3 domain
denatures, however, and forms fibrils (Guijarro et al., 1998; Zurdo
et al,, 2001). Solid-state NMR and cryo-electron microscopy have
obtained detailed, high-resolution 3D-structural insights into bovine
PI3K-SH3 fibrils (Bayro et al., 2010; Roder et al.,, 2019).

Several methods exist to measure the aggregation kinetics of
amyloid formation. Amyloid dyes like Thioflavin T (ThT) or Congo
red are frequently used as extrinsic probes to study the formation or
presence of fibrils (Levine, 1993; Chiti et al., 1999; Biancalana and
Koide, 2010; Schutz et al., 2011; Frieg et al., 2020). Also, methods
employing intrinsic probes, such as tryptophan fluorescence or
dynamic light scattering, can be used to follow the kinetics of
amyloid formation or amyloid decomposition (Roder et al., 2019;
Vettore and Buell, 2019; Housmans et al., 2021). NMR spectroscopy
has been very powerful in elucidating the structures of amyloid
fibrils (Balbach et al., 2000; Petkova et al., 2002; Jaroniec et al., 2004;
Heise et al., 2005; Luhrs et al., 2005; Paravastu et al., 2008; Wasmer
et al., 2008; Bayro et al., 2010; Schutz et al., 2011; Colvin et al., 2016;
Tuttle et al., 2016; Wilti et al., 2016; Weirich et al., 2016; Gremer
et al., 2017; Iadanza et al., 2018; Becker et al., 2023). But NMR can
also follow protein fibrillation and aggregation kinetics using nuclear
spins as an intrinsic probe. For example, Zurdo et al. studied the
aggregation behavior of denatured PI3K-SH3 by employing one-
dimensional solution NMR (Zurdo et al., 2001), combined with far-
UV circular dichroism (CD) spectroscopy, Fourier-transform
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infrared (FTIR) spectroscopy and electron microscopy (EM).
More recently, several studies investigated the fibril formation
kinetics of Amyloid-B AP(1-40) and AB(1-42) and a-synuclein.
Roche et al. and Bellomo et al. followed the fibril formation kinetics
of AP(1-40) and AP(1-42) by a combination of solution NMR
spectroscopy and ThT fluorescence (Roche et al., 2016; Bellomo
et al, 2018), and Horvath et al. fibril elongation of a-synuclein
(Horvath et al., 2023). In these studies, the disappearance of the
monomer signal in solution was monitored. Fibrils or larger
aggregates are difficult to detect by solution NMR due to the
overall tumbling limitation, restricting the maximum weight of
the molecular complex that is still visible to solution NMR. ThT
fluorescence was chosen as a complementary method to detect
the fibrils or oligomers originating from the aggregation
process.

In contrast to solution NMR, solid-state NMR does not face any
overall tumbling limitation, and high molecular weight systems can
be studied. Fibrils or large aggregates become accessible via dipolar
CP (cross-polarization) transfer. Also, mobile/flexible monomers
can be detected via scalar-based transfers, such as, e.g., INEPT
(Insensitive Nuclei Enhanced by Polarization Transfer). However,
the absence of weight limitation in solid-state NMR comes at the
cost of line broadening due to anisotropic interactions. To reduce
the line broadening, magic angle spinning (MAS) is applied in solid-
state. NMR, which, to first order, averages the anisotropic
interactions (anisotropic chemical shift and dipolar couplings).
Ravera and coworkers investigated the fibril formation kinetics of
APB(1-40) and AP(1-42) by solid-state NMR under MAS conditions
(in situ SedNMR) (Bertini et al., 2013). The disappearance of the
monomeric signal was monitored by one-dimensional 'H-">C
INEPT spectra and the appearance of the aggregated species by
one-dimensional "H-"C CP spectra. Debelouchina and coworkers
observed the maturation of liquid droplets of a low-complexity
domain of FUS by MAS NMR-spectroscopy (Berkeley et al., 2021).
One concern with studying fibril formation and aggregation kinetics
by solid-state NMR spectroscopy has been magic angle spinning.
MAS with frequencies of several kHz leads to centrifugal forces
inside the rotor comparable to those experienced in an
ultracentrifuge (Ravera, 2014; Wang et al,, 2018). The aggregated
protein in the sample is compacted at the rotor walls during
spinning. The influence of agitated conditions induced by magic
angle spinning on fibril formation and aggregation kinetics has not
been thoroughly investigated.
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High-resolution magic angle spinning (HR-MAS) solid-state
NMR is a hybrid between solution NMR and solid-state NMR.
In a simplified view, it can be considered as applying mainly solution
NMR spectroscopy under slow magic angle spinning conditions to
average sample inhomogeneities. HR-MAS has been used in the
context of metabolomics or pharmaceutical research when the
investigated samples are too dense or inhomogeneous to be
studied by standard solution NMR (Lindon et al, 2009; Sitter
et al,, 2009; Holzgrabe, 2010). Only a few studies have applied
HR-MAS in the context of aggregation processes (Warrass et al.,
2000; Wang et al., 2018; Sahoo et al., 2020).

In the current study, we report the seeded fibril formation
kinetics for the bovine PI3K-SH3 domain as an amyloid model
protein using three different NMR methods: solution NMR, solid-
state MAS NMR, and HR-MAS NMR spectroscopy. We used
buffer
temperature for the aggregation measurements to allow maximal

identical ~protein  concentration, conditions, and
comparability between the different methods. We find that under
the chosen conditions, notably including fibril seeds as nucleation
points, magic angle spinning has only a weak influence on the
aggregation kinetics, and we observe similar aggregation kinetics for
solution NMR under quiescent conditions and HR-MAS and solid-
state MAS experiments representing agitated conditions. Hence,
solid-state MAS NMR seems suitable for following amyloid fibril
formation and aggregation kinetics of proteins in general. In
combination with solution NMR, residue-specific resolution of
the decaying monomeric species can be obtained in a time series

of two-dimensional solution NMR spectra.

Materials and methods

Protein expression and purification of
bovine [U-C, >N] PI3K-SH3

Bovine PI3K-SH3 domain was expressed in Escherichia coli
BL21 (DE3) as an N-terminal glutathione S-transferase (GST)-
fusion followed by a thrombin protease cleavage site using
pGEX-4T (GenScript Biotech, Netherlands) as vector plasmid.
The 86 amino acid sequence of the purified bovine PI3K-SH3
domain used in this study is GS MSAEGYQYRA LYDYKKEREE
DIDLHLGDIL TVNKGSLVAL GFSDGQEAKP EEIGWLNGYN
ETTGERGDFP GTYVEYIGRK KISP with the N-terminal Gly-
Ser residues remaining as overhang from the thrombin cleavage.

BL21 cells were grown in M9 medium (for [U-"°C, '°N] labeling
with 3.2 g U-"C-glucose and 2 g ""N-ammonium chloride per 1
culture medium as the sole carbon and nitrogen sources) at 37°C for
~4.5h until an ODgg, of 0.6 was reached. Protein expression was
induced by the addition of 0.5mM B-d-1-
thiogalactopyranoside (IPTG). The cells were then grown
overnight at 28°C, harvested by centrifugation (5.000xg, 15 min)

Isopropyl

and resuspended in 5-8 mL per g cell mass of lysis buffer (50 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
100mM NaCl, 0.3 mM phenylmethylsulfonyl fluoride (PMSF)
pH 7.6 containing 5 mg/mL lysozyme). After sonication with a
Bandelin Sonopuls sonicator (Bandelin) using a VS 70T probe
(60% amplitude, 3 x 5min, 3s “on,” 5s “off,” ice cooling) and

ultracentrifugation in an Optima XPN-80 ultracentrifuge

Frontiers in Molecular Biosciences

10.3389/fmolb.2023.1254721

(Beckman) equipped with a 70Ti rotor at 4°C and 42.000 rpm for
1 h, the supernatant was loaded on two serially connected 5 mL
Protino GST/4B columns (Macherey-Nagel, Diiren, Germany)
equilibrated with 50 mM HEPES-NaOH buffer, 100 mM NaCl,
pH 7.6, and 3 mM Dithiothreitol (DTT). The protein was eluted
with 20 mM reduced glutathione in 50 mM HEPES, 100 mM
NaCl, 3mM DTT, and pH 7.6. The fractions containing the
eluted GST-PI3K-SH3 fusion protein were cleaved using
5-7.5 NIH units of thrombin (SERVA Electrophoresis GmbH,
Heidelberg, Germany) per mg protein for 2 days at 4°C under
mild shaking conditions. Then, the solution was loaded on a
Superdex 75 HiLoad 16/600 size exclusion column (GE
Healthcare Europe GmbH, Freiburg, Germany), equilibrated,
and run with 5 mM ammonium acetate (pH 7.7) as a volatile
buffer system, leading to the separation of the cleaved GST from
PI3K-SH3. To ensure complete removal of GST traces, fractions
containing PI3K-SH3 were pooled and loaded again on two
serially connected 5 mL Protino GST/4B columns (Macherey-
Nagel, Diiren, Germany) equilibrated with 5mM ammonium
acetate. The flow-through fractions containing purified bovine
[U-C, *N] PI3K-SH3 were pooled, aliquoted, and freeze-dried
for further usage. Analysis by SDS-PAGE and NMR suggest
bovine PI3K-SH3 purities above 97%, as neither method
detected impurities.

Production of unlabeled PI3K-SH3 fibrils
seeds

The production of bovine PI3K-SH3 fibril seeds was essentially
carried out according to Roder et al. (2019). In brief, 100 nmol
lyophilized non-isotopically labeled PI3K-SH3 was resuspended in
500 uL 10 mM glycine-hydrochloride pH 2.5 buffer, leading to a
final of 200uM PI3K-SH3. The
hydrochloride buffer comprised 10 mM glycine and 5.66 mM

concentration glycine-
hydrochloric acid, resulting in a final pH 2.5. The solution was
shaken in an Eppendorf tube at 1400 rpm at 42°C for 24 h. A ~5pL
sample was withdrawn for Atomic Force Microscopy (AFM)
below). The
transferred into a 15mL Falcon tube and then diluted to

measurements  (see remaining 495ulL  were
approximately 100 uM with another 500 uL 10 mM glycine-
hydrochloride pH 2.5 buffer. The solution was then sonicated
under ice-cooling for 15s (I's “on,” 2s “off,” 10% amplitude)
with a Bandelin Sonopuls sonifier using an M72 probe to disrupt
the fibrils into smaller species called seeds.

NMR sample preparation

100 nmol lyophilized bovine PI3K-SH3 was resuspended in
390 uL 10 mM glycine-hydrochloride buffer (pH 2.5, 8% D,0).
The sample was divided into three parts (one for solution NMR,
one for HR-MAS, and one for MAS solid-state NMR experiments).
A total volume of 10 pL unlabeled PI3K-SH3 fibril seeds (100 uM
stock) was added proportionally to each PI3K-SH3 sample,
corresponding to a 1% (mol/mol monomer equivalents) seed
mass. The final PI3K-SH3 protein concentration was 250 pM.
The “dead time” (the time between the addition of seeds but
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before NMR spectra were recorded) was measured after adding the
PI3K-SH3 fibril seeds.

NMR spectroscopy

All NMR experiments described in the following were conducted at
298 K (25°C). The temperature at every spectrometer was calibrated
using either Methanol (solution NMR probes, HR-MAS probe) or DSS
(solid-state NMR probe). Details on all NMR experiments are listed in
Supplementary Tables S1, S2.

Solution NMR measurements

A series of two-dimensional solution NMR 'H-'"N HSQC
spectra was recorded, with approximately 1h duration each, to
follow the disappearance of the monomeric species. Solution NMR
measurements were conducted on a Bruker 900 MHz Avance Neo
spectrometer equipped with a triple resonance 'H, "*C, "N TCI
cryoprobe, and for a second series of NMR experiments using a
Bruker 600 MHz Avance III HD spectrometer equipped with a 'H,
"C, "N triple resonance TCI cryoprobe.

HR-MAS experiments

A series of two-dimensional HR-MAS 'H-""N HSQC (‘H
detection) and one-dimensional 'H-"*C INEPT (**C detection)
spectra were recorded alternatingly; each experiment had a
duration of approximately 1 h. HR-MAS NMR experiments were
conducted on a Bruker Avance III HD 800 MHz spectrometer
equipped with a 4 mm triple resonance 'H, ’C, "N HR-MAS
probe. The MAS frequency was set to 6 kHz.

Solid-state MAS experiments

A series of one-dimensional *C-detected solid-state NMR '"H-">C
CP experiments (duration: 1h) and 'H-"C INEPT experiments
(duration 1h) were recorded alternatingly. The solid-state MAS
experiments were conducted on a Bruker 600 MHz Avance NMR
spectrometer equipped with a double resonance 'H, *C 3.2 mm probe;
the MAS frequency was set to 8 kHz. Field strengths for hard 90° pulses
were 83 kHz for "H and 45 kHz for *C. For CP transfer, a field strength
of 37 kHz for 'H and 45 kHz for "*C were used (Hartmann-Hahn zero
quantum condition: wi3c — w1 = wpas). The field strength for proton
decoupling during acquisition was 82 kHz. The "*C-detected spectra
were referenced indirectly using adamantane by setting its CH peak to
31.4 ppm (corresponding to the DSS reference scale).

Spectra analysis

All spectra were processed and integrated using the Bruker
Topspin 4 software (Bruker, Billerica, MA, United States). Two-
dimensional spectra were plotted using the CCPN Analysis
2.3 software (Vranken et al., 2005).

The first increment/FID for two-dimensional spectra was
one-dimensional

Fourier-transformed and integrated as a

spectrum. The integration regions were 6.4-10.2ppm for
"H-detected spectra and 5-75 ppm for the C-detected spectra.
Error estimates were obtained by integrating a noise region in
the 1D spectra. For CP spectra: 225 to 200 ppm (**C), for
HSQC-based: 1.8 to =2 ppm ('H), for INEPT HR-MAS and solid

state: =5 to —45 ppm (*C). For solid-state NMR spectra with '>C
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detection, the chemical shift dispersion is larger than for protons,
limiting the (signal-free) noise regions. Therefore, for the
PC-detected CP and INEPT based spectra the integrated noise
region differed, but was scaled to be proportional to the
integrated signal region by multiplying it with the square root of
the ratio (signal region width/noise region width).

The integrated intensities were fitted using the following
equation:

1(t) = I « e + const (mono — exponential fit) (1)

For the INEPT experiments, I(t) corresponds to the monomer
concentration in the solution. Besides the half-life time, 7, the initial
signal intensity, I, is a fitting parameter. Further, we have introduced a
constant, const, considering that the monomer signal does not fully
decay to zero (within the measurement time). This suggests a
monomer/fibril equilibrium is reached, with a residual amount of
monomer in the solution. For the CP-based experiments, I(t)
corresponds to the monomer concentration that has become part of
the fibril. The software Origin 19 (OriginLab Corporation,
Northampton, MA, United States) was used for fitting the data.

Integration of the peaks in two-dimensional solution NMR
spectra (Supplementary Figure S3) was performed using Topspin
4, integrating over a square of 0.1 ppm lateral length in the 'H and
1 ppm in the "N dimension. The noise was integrated over a square
of the same dimensions in an empty spectrum region.

Atomic force microscopy (AFM)

After the NMR experimental series, all PI3K-SH3 samples were
investigated using Atomic Force Microscopy (AFM). The
aggregated solutions of HR-MAS and solid-state NMR rotors and
the NMR tube were transferred to 2 mL Eppendorf tubes. For AFM
samples of the fibril seeds, the solution was diluted in 10 mM
glycine-hydrochloride, pH 2.5 buffer to a protein concentration
of 0.5 um; for HR-MAS and solid-state NMR AFM samples to 50 p,
and the liquid NMR sample to 5pum. A 5-10 pL volume of the
solutions was pipetted on a mica surface. After 10 min of incubation,
the mica was washed extensively with Milli-Q water and dried under
a nitrogen gas flush. The AFM micrographs were recorded in
ScanAsyst mode using the peak-force tapping mechanism on a
Bruker Multimode 8 (Billerica, Massachusetts, United States)
using OMCL-ACI160TS cantilevers (Shinjuku, Tokyo, Japan) at
1024 x 1024 pixel resolution. The images were processed with
Gwyddion 2.61 (Necas and Klapetek, 2012).

Circular dichroism (CD) spectrometry

Far-UV-CD spectroscopy of bovine PI3K-SH3 samples was
performed on a JASCO J-1500 CD spectropolarimeter (Jasco, Gross-
Umstadt, Germany) using 1 mm path length quartz cuvettes (Hellma,
Miillheim, Germany). Spectra were recorded at 20°C after dissolving
lyophilized PI3K-SH3 to a protein concentration of 20 uM in 10 mM
glycine-hydrochloride buffer, pH 2.5, or in 20 mM Na phosphate buffer,
pH 6.8, with instrument settings as follows: step size 1 nm, scan speed
100 nm min~', bandwidth 2 nm, DIT 4. Far-UV-CD spectroscopy data
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of bovine PI3K-SH3 fibrils were recorded at a protein concentration of
20 uM (monomer equivalents) in 10 mM glycine-hydrochloride buffer,
pH 2.5, as described above. The signal-to-noise ratio was improved by
accumulation of 6 scans per sample. The mean residue ellipticity, MRE
or [0],,, in degcm®dmol' was calculated from the equation
[0l mrw = (Bobs X MRW)/ (¢ x dx 10), with Oqps, observed ellipticity
(in millidegrees); ¢, concentration (in g/1); d, cell path length (in cm);
MRW (mean residue weight), molecular weight divided by number of
peptide bonds.

Thioflavin T (ThT) assay

For the fibril elongation assay, which was monitored through the
amyloid-specific dye Thioflavin-T (ThT), fibril growth experiments
were conducted in triplicates (using three separate batches). Each
batch/sample contained 250 uM PI3K-SH3, 0.04% NaNj3, and 1%
seed material in 10 mM glycine-hydrochloride buffer, pH 2.5, using
the same experimental conditions as the NMR measurements. The
sample was incubated under quiescent conditions at 25°C for 80 h.
Due to the limitations of ThT fluorescence measurements at low
pH (Becker et al., 2023), every 8 h a 10 pL aliquot of the reaction
mixture was withdrawn and diluted 1:10 in 20 mM sodium acetate
buffer (pH 5.0), 50 mM NaCl, containing 20 uM ThT. Subsequently,
the diluted samples were transferred to a 96-well half-area, non-
binding surface, polystyrene plate (Corning, No. 3881, black with
clear bottom), and the plate was sealed with clear sealing tape
(232701, Thermo Scientific). The plate was then loaded into a
FLUOstar Omega plate reader (BMG Labtech, Ortenberg,
Germany). Fluorescence measurements were performed with an
excitation wavelength of 448 nm and emission measurements at
482 nm at 25°C. Measurements were repeated every 20 s in cycles
1 to 500 to measure the sample for a total of 2.7 h for each data point
of the original aggregation assay. For analysis, the plateau values of
the ThT fluorescence curve between 2.2 and 2.7 h were averaged and
plotted against the time.

Results and discussion

Solution NMR detects the decay of the
monomeric species

Bovine PI3K-SH3 loses its stable globular fold below pH 4 and
aggregates into fibrils, as found previously by Dobson and coworkers
(Zurdo et al.,, 2001). Here, we studied the PI3K-SH3 aggregation at
low pH and under seeding conditions using three different NMR
techniques (solution, HR-MAS, solid-state) and, for comparison,
using a Thioflavin T assay. As a starting point, we dissolved
lyophilized bovine PI3K-SH3 at pH 2.5 in 10mM glycine-
hydrochloride pH 2.5 buffer. We divided the sample into three
aliquots of 250 uM final concentration (PI3K-SH3 monomer) for
the three NMR experiments (solution, HR-MAS, solid-state) at a
sample temperature of 25°C. To initiate immediate fibrillation, fibril
seeds were added to each sample at a concentration of 1% molarity
relative to the PI3K-SH3 monomer concentration in the solution.
Initially, before fibrillation started, all PI3K-SH3 monomers were in
solution and fully visible in the solution-state NMR spectra. To
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monitor the presence of the monomeric PI3K-SH3 species, we
recorded a time series of consecutive two-dimensional (2D)
solution NMR '"H-""N HSQC spectra of approximately one-hour
duration each. Figure 1A shows 2D solution NMR 'H-"*N HSQC
spectra of unfolded monomeric bovine PI3K-SH3 at three
exemplary time points after adding fibril seeds (1h, 51h, and
101 h). The narrow dispersion in the 'H dimension of the most
intense peaks indicates that the major population of monomeric
PI3K-SH3 is disordered under these conditions. However, a minor
population of PI3K-SH3 with -sheet conformation, similar to the
globular conformation, is still present, visible as the less intense
peaks with 'H chemical shifts ranging between 6 and 10 ppm. A
direct comparison of 'H-’N HSQC spectra of PI3K-SH3 at
pH 2.5 and PI3K-SH3 at pH 6.8 (globular conformation), see
Supplementary Figure SI, underlines the presence of a minor
folded species, similar to the globular protein at pH 6.8 and a
major unfolded population. From the first increment of the solution
NMR 2D spectra, shown in Figure 1C, we estimated the population
of the minor folded species to approx. 15%-20%, based on
intensities associated with the folded P-sheet region (9-10 ppm)
compared to the central region between 7.5 and 8.5 ppm, which is
of the
Supplementary Figure S1 shows a direct comparison (overlay) of
the 2D solution NMR spectra of SH3 at low and neutral pH.
Supplementary Figure S2 shows the circular dichroism (CD)
spectrum of PIK3-SH3 at pH 2.5, underlining that at pH 2.5 and
25°C, SH3 is mainly disordered. A CD spectrum of SH3 fibrils at the
same pH of globular folded SH3 at neutral pH is compared. CD

dominated by intensities disordered conformation.

spectra agree with data shown in (Zurdo et al., 2001).

During the time course of aggregation, a series of solution NMR
"H-""N HSQC spectra were recorded. Spectra recorded at later time
points show lower signal intensities of monomeric PI3K-SH3.
Spectral intensities declined exponentially. The decay rate for the
disordered and the minor folded conformation appears similar, as
the inspection and comparison of the one-dimensional (1D) spectra
of the first increments of the HSQC spectra indicates, see Figure 1C.
Also, the intensities of representative peaks in the 2D solution NMR
spectra decay with similar rate constants (Supplementary Figure S3).
This suggests a dynamic equilibrium between the major unfolded
population and the minor folded population, which must be slow on
the NMR timescale (slower than about 10 ms, as two separate
conformations are visible) but fast on the aggregation time scale
(as all resonances decay with similar rate constants, in the order of
hours by inspection of spectral intensities, see Figure 1 and
Supplementary Figure S3). Intensities are decreasing because of
increasing monomer aggregates during the experiment. The
aggregated PI3K-SH3 species is not visible to solution NMR
because of the high molecular weight of the aggregated species
and the associated slow overall tumbling correlation time.

Solid-state NMR detects the emerging
aggregated species by CP-based methods
and the decay of monomeric species by
INEPT-based methods

The emergence of the aggregated species can be followed by
solid-state NMR, which does not face any overall weight limitation,
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FIGURE 1

Solution NMR and HR-MAS NMR time series following the aggregation of the PI3K-SH3 monomers. Representative spectra recorded during the time
series are shown: (A) Solution NMR *H-'*N HSQC spectra recorded under quiescent conditions. (B) HR-MAS *H-*N NMR HSQC spectra were recorded at
a MAS frequency of 6 kHz. In both *H-*"N spectra, the *H resonance is correlated to the **N resonance of the same amide group. Thus, one peak
corresponds typically to one amino acid residue. (C) The first 1D increment of the 2D spectra is shown in (A) and (B). All spectra were recorded

at 25°C.

as overall tumbling is absent in the solid state. Therefore, in parallel
to the solution NMR time series, we recorded one-dimensional
*C-detected solid-state NMR spectra on the second aliquot of the
P13K-SH3 sample (250 uM with 1% seeds added). Two types of
magnetization transfer were used for the solid-state NMR spectra: In
the first spectrum, a dipolar cross-polarization (CP) based transfer
was employed, which is sensitive to the more rigid part of the
sample, namely the aggregated species. Second, a scalar coupling-
based INEPT (insensitive nuclei enhanced polarization transfer) was
used, which is sensitive to the more flexible species, which is the
unbound monomer in solution. Therefore, the INEPT-based 1D
spectra connect to the solution-state NMR spectra on the
monomeric species. Figures 2A, B show representative spectra of
both time series, which were recorded inter-leaved. The CP-spectra
(Figure 2B) show increasing intensities indicating the emergence of
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the aggregated species. This corresponds to a decay of the
monomeric species, as visible in the INEPT-based spectra
(Figure 2A).

To connect the observations by solution-state NMR and solid-
state NMR, we also recorded a time series of interleaved 'H-'°N
HSQC spectra and "*C-detected INEPT spectra on the third aliquot
of the sample, using an HR-MAS probe. This probe can record
solution NMR-like spectra using proton-detection under MAS
conditions, as in solid-state NMR. The influence of the magic
angle spinning on the aggregation kinetics and the resulting
product has not been investigated in detail yet. Figure 1B shows
the time series of 'H-">N HSQC spectra recorded on bovine PI3K-
SH3 under MAS conditions, with MAS frequencies of 6 kHz,
recorded using an HR-MAS probe. Comparison of Figures 1A, B
reveals that the initial PI3K-SH3 monomer spectra appear similar
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FIGURE 2

Solid-state NMR time series following the aggregation of the PI3K-SH3 monomers via the aliphatic (15-70 ppm) and aromatic carbon resonances
(110-140 ppm). (A) *C-detected *H-*C INEPT solid-state spectra recorded at a MAS frequency of 8 kHz show the disappearance of the monomer. (B)
One-dimensional **C-detected *H-*C cross-polarization (CP) MAS solid-state spectra recorded at a MAS frequency of 8 kHz detect the emergence of
the aggregated species. (C) *C-detected *H-*C INEPT HR-MAS spectra were recorded at a MAS frequency of 6 kHz (without decoupling).

under both conditions, the quiescent condition during solution
NMR experiments and under agitated conditions, namely
centrifugal forces experienced during MAS conditions. However,
the intensity decay rate appears slightly faster for the HR-MAS
experiments than for the solution NMR experiments under
quiescent conditions. This is also visible in the 1D spectra
corresponding to the first increments of the respective HSQC
spectra (Figure 1C) and will be discussed later. 'H-""’N HSQC
spectra, or their first increments, respectively, report on the
protein backbone. A similar trend is observed for the HR-MAS
PC-detected INEPT spectra (Figure 2C), which are sensitive to
protein sidechains. Consistent with the solid-state NMR spectra
(Figure 2A), we observe that the concentration of the monomeric
species decreases exponentially (see below) with time (Figure 2C).

To analyze the aggregation kinetics extracted from the various
NMR spectra more quantitatively, we integrated and normalized
spectral intensities of the 1D spectra (or first increments of the 2D
spectra), as described in the Materials and Methods section. The
normalized integrated intensities as a function of time (after the start
of the aggregation experiment) are shown in Figure 3A.
Interestingly, in the case of the solid-state NMR CP- vs. INEPT-
based 1D spectra, the sum of the two integrated intensities gives an
almost constant value (Figure 3B). (We interpret the observed slight
decrease of the sum of integrated intensities over several days as a
slight detuning of the probe over time.) Thus, the aggregation
appears as a two-state process, with a relatively direct transition
from the monomeric to the fibrillar state, without a high population
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of an invisible oligomeric on-pathway intermediate. (Loss to an
invisible off-pathway (“dead end”) oligomeric species that does not
give rise to any CP-detected solid-state NMR signal, however,
cannot entirely be excluded.) Mono-exponential decay curves (or
the asymptotic growth curves, respectively) were fitted to the
integrated intensities using Eq. 1 in the Materials and Methods
section. The obtained half-life times, 7, are shown in Table 1.
Supplementary Figure S4 gives details on the fits. Overall, the
lifetimes measured using the different NMR techniques (solution-
state, HR-MAS, solid-state) show good qualitative agreement.
Under quiescent solution NMR conditions, the monomeric
species seems to have a slightly longer lifetime than under MAS
solid-state NMR conditions (374 = 0.6h vs. 30.2 + 1.1h),
representing agitated conditions.

For comparison, a ThT assay was recorded (Figure 3C),
monitoring the increase of the fibrillar state. The observed
increase in fibrillar structure is overall in good qualitative
agreement with the solid-state NMR CP-based experiment,
sensitive to the emergence of aggregated species (squared brown
data points shown in Figure 3A). A comparison of the timeline of the
CP-based solid-state NMR experiment and the ThT assay suggests
that most CP signals originate from fibrillar SH3.

Integrated intensities of the first increment HR-MAS 'H-""N
HSQC spectra, sensitive to the amide proton backbone signals of the
monomer, decrease simultaneously to 'H-"C INEPT spectra,
sensitive to the side chain signals, with almost identical lifetimes
(25.0 £ 1.2 h vs. 24.0 £+ 0.6 h). This suggests that both backbone or
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FIGURE 3

Normalized integrated intensities of NMR time series. (A)
Normalized intensities of the spectra recorded at different time points
during the time series, as shown in Figure 1 and Figure 2; CP-based 1D
spectra (brown), first increments of solution NMR HSQC spectra
(blue) or HR-MAS HSQC spectra (light green), 1D HR-MAS INEPT
spectra (dark green) and INEPT solid-state NMR spectra (orange). (For
the scalar coupling-based INEPT and HSQC experiments, sensitive to
the monomeric species, intensities were normalized relative to the
integrated intensity of the first 1D INEPT spectrum or first increment of
the HSQC spectrum, respectively. For the CP-based 1D spectra,
sensitive to the aggregated species, intensities were normalized relative
to the last CP spectrum when spectral intensities have reached
asymptotic behavior and do not grow any further. (B) Sum of normalized
integrated intensities of the solid-state CP-based spectra, sensitive to the
aggregated species, and the solid-state INEPT-based spectra, monitoring
the decay of the monomeric species. (C) Increase of ThT fluorescence
intensity due to binding to SH3 fibrils, monitored over time.
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TABLE 1 Lifetime, 7, of the monomeric species (INEPT and HSQC) and build-up
time, T, of aggregated species (CP), as extracted from a mono-exponential fit of
the normalized integrated intensities reported in Figure 3, see Supplementary
Figure S4 for details on the fits.

Spectrum 1/h +At/h
CP solid-state 26.3 1.2
INEPT solid-state 30.2 1.1
INEPT HR-MAS (“*C) 24.0 0.6
HSQC HR-MAS (*H) 25.0 1.2
HSQC solution NMR 374 0.6

side-chain signals report unanimously on the decrease of the
monomeric species. Under HR-MAS conditions, the decay of
the monomeric species appeared slightly faster than under solid-
state NMR conditions (7 = 24.0 = 0.6 h vs. 30.2 + 1.1 h). Thus,
under both MAS conditions, the lifetime of the monomeric
species appears slightly shorter than under quiescent solution
NMR conditions (37.4 + 0.6 h). We rationalize the slightly faster
decrease of the monomeric species and, consequently, somewhat
more rapid aggregation kinetics observed under agitated
conditions in the MAS rotor by the influence of centrifugal
forces on the aggregation process. Centrifugal forces will
increase the local mass density close to the rotor wall. They
may, therefore, slightly increase the likelihood of primary
nucleation events, thus slightly speeding up the aggregation
process.

To assess the reproducibility of the experimental setup, we
repeated  all  experiments under identical  conditions
(Supplementary Figures S5, S6). While the results are in
qualitative agreement, we observe differences when fitting the
lifetimes of the monomeric species (from the INEPT spectra)
and, in particular, for the build-up time of aggregated species
(from the CP-based spectra), as described in Supplementary
Table S3. Here, the observed differences in the lifetime of the
monomeric species appear larger than the variation between the
different NMR techniques (solution, solid-state, HR-MAS). Notably,
in the second set of experiments, build-up times of aggregation as
well as lifetimes of monomers in all experiments appear to be
shortened to 50%-60% of the values in the original experiment,
suggesting that this deviation is caused by an (unintended) variation
of the starting conditions (e.g., slightly local differences in seed
concentrations within the rotor or the NMR tube, respectively). This
variation seems to have a larger influence than the NMR technique,
making it difficult to judge or rationalize differences between the
different NMR techniques fully. The way of seeding, or the seed
itself, seems to have a major influence on the obtained aggregation
kinetics. Also, we observe differences in the “appearance” time of the
aggregated species extracted from the CP-based spectra. There will
be a size distribution of aggregates during the aggregation process
(see below). More stable and rigid aggregates like fibrils will
contribute more strongly to the CP signal than smaller, more
flexible species. Therefore, a slight variation of kinetics in the
emergence of fibrils of different sizes will impact the growth of
the CP signal over time.
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FIGURE 4

Atomic force microscopy images of PI3K-SH3 fibril seeds and the
content of the NMR sample containers at the end of the fibrillation
study were monitored by the three different NMR techniques
(solution, HR-MAS, solid-state NMR). (A) AFM image of fibril

seeds of bovine PI3K-SH3 used in this study. Fibril seeds produced by
ultrasonication of PI3K-SH3 fibrils appear as short fibril fragments with
approximate main lengths of ~ 0.3-0.7 pm. Seeds were added at 1%
molar monomer equivalent concentration to monomeric PI3K-SH3
for all aggregation experiments. (B—D) AFM micrographs of the PI3K-
SH3 fibrils obtained at the end of the solution NMR (B), HR-MAS (C),
and solid-state NMR (D) measurements. For AFM measurements,
samples were diluted 1:50 for the solution NMR sample and 1:5 for the
solid-state NMR and HR-MAS samples performed under MAS
conditions. As visible from the AFM images, PIZK-SH3 fibril seeds
substantially elongated to fibrils with several pm in length.

Atomic force microscopy images confirm
fibril growths

To check the morphology of the bovine PI3K-SH3 fibril seeds
before and after the NMR time series, we recorded atomic force
microscopy (AFM) images: First of the fibril seeds (Figure 4A) and
second of all NMR samples, once the recording of the fibrillation
time series was finished. Samples were taken from all sample
containers of the three different NMR methods employed:
solution NMR (Figure 4B), HR-MAS (Figure 4C), and solid-state
NMR (Figure 4D). The consistency of all samples was solution-like
and not gel-like. The AFM images show that elongated amyloid
fibrils with several pm length were formed during all measurements,
substantially longer than the sub-um short fibrils used for seeding
(Figure 4A). For the sample obtained from the quiescent solution
NMR conditions (Figure 4B), a wealth of fibrils is visible in the AFM
images. The observed fibril density is less for the HR-MAS
(Figure 4C) and the solid-state NMR sample (Figure 4D), both
recorded under MAS conditions. At the same time, the fibrils in the
solution NMR sample show a homogenous distribution; fibrils in the
samples obtained after the MAS experiments are distributed more
inhomogeneous. However, the sample was obtained from the center
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of the rotor. At the same time, the highest local density of fibrils will
be found close to the rotor wall due to the centrifugal forces
present during the MAS sample rotation. In addition to separated
PI3K-SH3 fibrils, a few large aggregates with unresolvable
structures can be observed in the AFM images of the
experiments involving a MAS rotor and sample rotation
(solid-state  NMR and HR-MAS). The faster aggregation
kinetics observed in the second NMR time series results in
shorter but also more fibrils (Supplementary Figure S7).

The observance of substantially elongated fibrils suggests that
fibril elongation is the dominant mechanism for fibril formation.
This is also in line with the observed exponential decay of the
monomer concentration, considering that the monomer
concentration decreases upon fibril formation and the monomer
supply is not unlimited. Following Occam’s razor, we fitted the
observed decay on the monomer concentration using a mono-
exponential decay function (Supplementary Figure S4). If the
decay rate of the monomer concentration, %c(monomer), solely
depends on the available monomer concentration (and the decay
rate constant a), a simple differential equation can describe this
%c(monomer)z —a ¢ (monomer). The solution of that differential
equation is a  mono-exponential  decay  function
c(monomer) = c(0) » exp (-« » t), with the initial monomer
concentration ¢(0) and the decay constant o =1 where T is the
fitted half-life time. This is consistent with the fits described in
Supplementary Figure 54, where the fitted intensity corresponds to

the monomer concentration (see also Materials and Methods).

Conclusion

We have followed the seeded aggregation kinetics of denatured
bovine PI3K-SH3, a model system for studying aggregation and
amyloid fibril formation (Guijarro et al., 1998; Zurdo et al., 2001;
Polverino de Laureto et al., 2003; Chiti and Dobson, 2006; Bayro
et al, 2010; Chiti and Dobson, 2017; Roder et al, 2019), by a
combination of three different NMR techniques: solution NMR,
solid-state NMR, and HR-MAS NMR, providing the link between
solution NMR and solid-state NMR. Scalar coupling-based
INEPT experiments, which have been applied in all three
NMR techniques, are sensitive to the disappearance of the
monomeric species. In contrast, cross-polarization (CP) based
solid-state NMR experiments detect the emergence of the
aggregated species. Overall, we find good agreement between
all three NMR techniques. The solid-state NMR experiments
have the advantage of monitoring monomeric species’
disappearance and aggregated species’ emergence on the same
sample (inside the solid-state NMR rotor). Here, the MAS
spinning (representing agitated conditions) seems to accelerate
the fibril formation kinetics only slightly compared to the
quiescent solution NMR conditions. However, AFM data from
the reaction under quiescent solution NMR conditions show the
most homogenous fibril distribution. By solid-state NMR, under
the investigated conditions, we find that the amount of
disappeared monomer (visible by INEPT) corresponds to the
increasing amount of the aggregated species (visible by CP),
suggesting a two-state model for PI3K-SH3 aggregation and
the absence of an oligomeric on-pathway intermediate, under
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the used conditions. Following Occam’s razor, the observed
monomer-to-fibril kinetics, under seeding conditions, can be
fitted using simple mono-exponential functions, both for the
decay of PI3K-SH3 monomers as well as for the PI3K-SH3 fibrils’
build-up. AFM images, taken before and after the measurements,
show that the initial fibril seeds substantially elongated during
the NMR time series, suggesting fibril elongation as the dominant
fibril growth mechanism.

For a-synuclein at neutral pH, fibril elongation has also been
shown to be the dominant fibrillation mechanism (Buell et al.,
2014b). However, below pH 6, secondary nucleation becomes the
dominant mechanism for fibril generation. Here, one must
distinguish between fibril growth and nucleation (Michaels
et al, 2018). Fibril elongation is frequently the primary
mechanism of growth in fibril mass (Meisl et al., 2017), while
primary and secondary nucleation lead to the emergence of new
fibrils (Meisl et al., 2017; Michaels et al., 2018). In the absence of
seeds, primary nucleation is the only option for nucleation,
with
nucleation will become more important, as in the case of AP

whereas increasing seed concentration secondary
(Meisl et al., 2014). Indeed, a comprehensive set of parameters
(monomer concentration, seed concentration, pH, temperature,
quiescent vs agitated, etc.) will determine the balance between

different fibrillation mechanisms (Buell et al., 2014a; Buell et al.,

2014b; Michaels et al., 2018). Knowles and co-workers
have derived a sophisticated Master equation approach to
delineate the contribution of the various mechanisms

(Knowles et al., 2009; Cohen et al., 2011b; Cohen et al.,
2011c). Application of this approach requires a large set of
experimental data, including
concentration and seed concentration (Buell et al., 2014b;

variations in monomer
Meisl et al., 2017). The contributions of different nucleation
and elongation mechanisms to the total fibrillation process
can be analyzed by measuring the reaction half-time as a
function of monomer concentration (Meisl et al, 2017).
Nevertheless, fibril elongation is frequently the primary
process of generating new fibril mass (Meisl et al., 2017).

As the intensity of the CP-based solid-state NMR spectra is
proportional to the amount of fibril mass, and AFM data support
the fibril growth by fibril elongation in the case of PI3K-SH3
(Figure 4), we argue for fibril elongation as the dominant
mechanism of the observed increase of the CP-based solid-
state NMR signal (Figure 3A). Indeed, in the presence of a
large number of seeds and when fibril elongation is the
dominant growth mechanism for generating new fibril mass,
the aggregation profile is expected to be a single exponential
function (Cohen et al., 2011a; Buell et al., 2014b). Secondary
nucleation as an alternative mechanism, however, cannot be
excluded. It may have occurred as a secondary mechanism
responsible for the faster aggregation kinetics observed in the
“reproduced” experiment (see above), where shorter and more
fibrils were observed after fibrillation. However, faster monomer
decay rates at higher temperatures (data not shown) argue
against secondary nucleation as the dominant fibrillation
mechanism, see, e.g. (Tornquist et al., 2018).

Our data support that solid-state NMR, in combination with
AFM, presents a valuable addition to measure the kinetics of fibril
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mass increase. By comparing scalar coupling-based and CP-based
solid-state NMR intensities (agitated conditions, by MAS
rotation) with quiescent condition (solution NMR), we find
that under sufficiently high seed concentrations (1% seeds in
our case), primary nucleation events induced by MAS rotation,
have only a small influence. By comparing solution NMR
measurements, sensitive to the depletion of monomer, and
solid-state NMR sensitive to fibril mass increase by CP-based
measurements (but also to monomer depletion by conducting
scalar coupling-based experiments as an internal reference), we
followed fibril
simultaneously.

mass increase and monomer depletion
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1. Supplementary Materials and Methods

Supplementary Table S1: Experimental parameters of 2D 'H-'’N HSQC experiments (solution NMR

and HR-MAS).
HSQC HSQC HSQC
(solution NMR) (solution NMR) (HR-MAS)
Field (T) 21.15 14.1 18.8
'H Larmor frequency 900 MHz 600 MHz 800 MHz

Sample volume

200 pl (3 mm tube)

200 pl (3 mm tube)

~110 pl (4 mm rotor)

MAS frequency (kHz) - - 6

Bruker pulse program hsqcfpf3gpphwg thsqcf3gphh hsqcfpf3ggphwg
Interscan recovery delay (s) 1.3 1.2 1

Number of scans 8 8 16

Dummy scans 4 16 4

Total experimental time

56 min 36 sec

56 min 39 sec

59 min 42 sec

Direct dimension ('H)

'H carrier (ppm) 4.7 4.698 4.699
Spectral width (ppm) 16.3427 16.0205 16.0294
Data points 2048 1024 2048
Acquisition time (ms) 69.6 53.2 79.9
Indirect dimension (*N)

SN carrier (ppm) 117 99.877 117
Spectral width (ppm) 32 79.9 35

Data points 300 328 200
Acquisition time (ms) 514 33.7 35.2




Supplementary Table S2: Experimental parameters of 1D *C-detected experiments.

INEPT (HR-MAS) INEPT (solid-state) CP (solid-state)
Field (T) 18.8 14.1 14.1
'H Larmor frequency | 800 600 600

Sample volume

~110 pl (4 mm rotor)

~32 ul (3.2 mm rotor)

~32 ul (3.2 mm rotor)

MAS frequency (kHz)

6

8

8

Interscan recovery 1.5 2 2

delay (s)

Number of scans 2368 1780 1780
Dummy scans 0 2 2

Total experimental 1h 0 min 34 sec 1h 0 min 5sec 1h O min 1 sec
time

Transfer 'H-*C INEPT 'H-1*C INEPT 'H-13C CP
13C Carrier (ppm) 56 70 100
Duration of transfer 34 34 0.7

(ms)

Spectral width (ppm) 202.7 251 251

Data points 2048 1024 1024
Acquisition time (ms) | 25.1 13.5 13.5
Decoupling power no decoupling 82 82

during acquisition
(kHz)




2. Supplementary Results
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Supplementary Figure S1: Comparison of solution NMR "H-'"N HSQC spectra of bovine PI3K-SH3
at neutral (A, blue) and acidic (B, red) pH conditions. A) The blue spectrum was recorded on 250 uM
ISN3C PI3K-SH3 sample dissolved in 25 mM sodium phosphate buffer at pH 6.8 and 900 MHz and
25 °C. It shows a wide signal dispersion expected for a B-strand-native structure of the PI3K-SH3
domain. B) The red spectrum was recorded on 250 uM “N'3C PI3K-SH3 sample dissolved in 10 mM
glycine-HCI buffer at pH 2.5 and 900 MHz and 25 °C. A collapse of peaks into the region of 7.5 and
8.5 ppm, indicating disordered conformation, is observed in the red spectrum. However, peaks still
appear in the region above 8.5 ppm, indicating B-strand content. C) Overlay of the solution NMR 'H-
>N HSQC spectra of PI3K-SH3 at acidic (red) and neutral (blue) pH conditions shown in panels A and

B).
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Supplementary Figure S2. Far-UV-CD spectra of bovine PI3K-SH3 in its monomeric state at pH 6.8
(red) or 2.5 (black) or in its fibrillar state at pH 2.5 (green), respectively. Far-UV-CD spectra were
recorded at 20 uM protein concentration after dissolving lyophilized bovine PI3K-SH3 in 10 mM
glycine-hydrochloride buffer, pH 2.5, or in 20 mM Na phosphate buffer, pH 6.8, respectively. Fibrils of
bovine PI3K-SH3 were grown at 200 pM protein concentration overnight at 42°C in 10 mM glycine-
hydrochloride buffer, pH 2.5, and diluted to 20 uM concentration (monomer equivalents) for CD
measurements. MRE, mean residue ellipticity.



.7 — 110
[ ]
. 'r.' -.:T B
£ S - i
g g
z 1 2 z4 I
= as ., 37Ey - 120
. -
LI TR
HE »
o »
B —130
T T 1 T T 1 T T 1 1
I I | |
10 9 8 7
B("H)/ppm
B -
1.04 o
_ | T = Resonance 1 (folded)
© 0.8 | * Resonance 2 (folded)
8..;‘ ) I Resonance 3 (unfolded)
= 2 a Resonance 4 (unfolded)
= S 0.6 x
'o -
g :
®© i -
g-g.; 0.4 i C s
(=] 1 = I =
Z 021 Sl T B
] l z 2 = i
0.0

Supplementary Figure S3. Decay of representative intensities in two-dimensional solution NMR
spectra. (A) Four representative peaks (NMR resonances) were selected from the two-dimensional
solution NMR spectrum of SH3 at pH 2.5 and 25°C. Peaks (1) and (2) show 'H chemical shifts that are
characteristic of folded secondary structure elements, most likely B-sheet conformation. Peaks belonging
to the unfolded region have a 'H chemical shift range between 7.5 and 8.5 ppm. Most resonances in this
region belong to the unfolded SH3 population. However, the resonances of the folded SH3 (minor)
population overlap with this region. Peaks (3) and (4) presumably belong to the (minor) folded
population. (B) Normalized intensity decay of the representative peaks (1-4) shown in (A).
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Supplementary Figure S4: Fit of integrated intensities shown in Figure 3 and Figure S6. Integrated
t
intensities were fitted using the mono-exponential equation I (t) = I * e_(?) + ¢, with fitted parameters

7 and c¢. A) CP-based solid-state NMR spectrum, B) INEPT-based solid-NMR spectrum, C) INEPT-
based HR-MAS NMR spectrum, D) HSQC-based HR-MAS spectrum, E) HSQC-based solution NMR
spectrum, F) CP-based solid-state NMR spectrum (reproduced), G) INEPT-based solid-NMR spectrum
(reproduced), H) HSQC-based solution spectrum (reproduced).
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Supplementary Figure S5: NMR spectra of the second (repeated) experiment. The NMR experiments
were repeated a second time under identical conditions to assess the reproducibility of the data. NMR
spectra and integrated intensities of the repeated (reproduced) aggregation experiments of bovine PI3K-
SH3 at 25°C indicated duration after the start of the experiment. A) Representative solution NMR 2D
HSQC spectra of the NMR time series, recorded at a magnetic field strength of 14.1 T (600 MHz 'H
Larmor frequency) and 25°C. B and C) Representative spectra of *C-detected 1D solid-state NMR



measurements: CP spectra (B) and INEPT spectra (C). D) Integrated CP, INEPT, and HSQC spectra

intensities during the NMR time series.
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Supplementary Figure S6: Comparison of the integrated intensities of our first NMR measurements
and our repeated (reproduced) NMR measurements. A) *C-detected 1D solid-state NMR experiments,
B) First increment of 2D solution NMR "H-'"N HSQC experiments.



Supplementary Table S3: Fitting parameters of decay and build-up curves (mono-exponential fit).

Spectrum T AT
CP solid-state 26.3 1.2
INEPT solid-state 30.2 1.1
INEPT HR-MAS 24.0 0.6
HSQC HR-MAS 25.0 1.2
HSQC solution NMR 37.4 0.6
CP solid-state (reproduced) 14.5 0.7
INEPT solid-state (reproduced) 17.4 0.8
HSQC solution NMR (reproduced) 21.8 0.5

Solution NMR
7.5 uM PI3K-SH3
(reproduced)

5.0 nm

Solid-state NMR
75 uM PI3K-SH3
(reproduced)

5.0 nm

Supplementary Figure S7: AFM images of the repeated (reproduced) measurement. The PI3K-SH3
fibril morphology is highly similar and reproducible to what has been observed before. In the sample

obtained after solid-state NMR, in addition to several um long fibrils, shorter fibrils, likely due to

fragmentation or secondary nucleation as an alternative mechanism, are also visible (see Figure 4 for

comparison).
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ABSTRACT: Alzheimer’s disease is a neurodegenerative disorder Qe et
associajlted with' the deposition of. misfolded aggregates of 'the § MAS iy e % g
amyloid-f§ protein (Af). AB(1—42) is one of the most aggregation- 2 b SATE
prone components in senile plaques of AD patients. We v < NMR e <
demonstrated that relatively homogeneous Af(1—42) fibrils with - -
one predominant fold visible in solid-state NMR spectra can be —_— e = = = = 8(*C)/ppm
obtained at acidic pH. The structure of these fibrils differs g v @ ‘@ @ W ' M
remarkably from some other polymorphs obtained at neutral pH. K28 f V V V V ¥ @ o
In particular, the entire N-terminal region is part of the rigid fibril DR 2 . 7 ) — &)

core. Here, we investigate the effects of a pH shift on the stability & @ aa2 gl D1

and the fold of these fibrils at higher pH values. Fibril bundling at 2 pH Shlft
neutral pH values renders cryo-EM studies impractical, but solid- @

state. NMR spectroscopy, molecular dynamics simulations, and

biophysical methods provide residue-specific structural information

under these conditions. The LS-fold of the Af(1—42) fibrils does not change over the complete pH range from pH 2 to pH 7; in
particular, the N-terminus remains part of the fibril core. We observe changes in the protonation state of charged residues starting
from pH S on a residue-specific level. The deprotonation of the C-terminal carboxyl group of A42 in the intermolecular salt bridge
with D1 and K28 is slow on the NMR time scale, with a local pK, of 5.4, and local conformations of the involved residues are
affected by deprotonation of A42. Thus, we demonstrate that this fibril form is stable at physiological pH values.

K28

H INTRODUCTION for brain-seeded Af(1—42) fibrils was also observed by Ishii
and co-workers by "H detected solid-state NMR spectroscopy,
together with a novel fibril type for recombinantly expressed in
vitro AB(1-42)."* Although the 3D fibril structures” ™ could
show that the fibrils consist of two intertwined protofilaments
with the C-terminus describing an S-shaped conformation,
substantial structural differences exist. Some structural differ-
ences may result from the preparation conditions, differing
especially in pH values. For most Af fibrils grown at neutral
pH values (pH 7.4—8), the N-terminus is disordered and not
part of the fibril core, an exception being fibrils of the
AB(1—40) peptide with the Osaka mutation (E22A)."° In
most cases, for the generation of homogeneous AS(1—42)
fibril preparations repeated seeding was necessary.”” In vitro
fibrillization of A(1—42) at an acidic pH value of 2 and in the
presence of 30% acetonitrile, however, resulted in extremely

The deposition of amyloid plaques consisting of amyloid
peptide (Af) is one of the pathological hallmarks of
Alzheimer’s disease (AD).' The predominant species of Af
in the brain are peptides containing 39 to 43 amino acid
residues generated from the cleavage of amyloid precursor
protein (APP) by f- and y-secretases.” The two prevalent
forms are A(1—40) and AB(1—42). The latter is more toxic
and shows a higher aggregation propensity.”*

In recent years, several 3D structures of AB(1—42) fibrils
were solved using solid-state nuclear magnetic resonance
(NMR) spectroscopy and cryogenic electron microscopy
(cryo-EM).>"® In a recent study on brain-derived AfS(1—42)
fibrils from brains of 10 individuals with different Ap-
associated neurodegenerative diseases (among them sporadic
and familial Alzheimer’s disease), two different structures were
solved using cryo-EM. Interestingly, both fibril types seem to
coexist in most AD-related brain tissues, although with Received:  August 30, 2022 =LACS
different propensities.” Likewise, recent solid-state NMR Published: January 18, 2023 . 88
investigations of Af(1—42) fibrils showed that AB(1—42)
fibrils seeded from brain material were polymorphic'® with
distributions of polymorphs differing between nondemented
older people and Alzheimer’s disease patients.'' Polymorphism

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacs.2c09231
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slow fibril growth over several weeks. In the resulting fibril
preparations, fibrils are well separated from each other, as the
acetonitrile prevents formation of large fibril bundles, perfect
for characterization by cryo-EM. Solid-state NMR spectra
showed only one set of resonances above the noise level at a
signal-to-noise ratio of 10, thus suggesting that at least 90% of
the A monomers in the fibrils have the same fold*'* without
the need for further seeding. This suggests that the resulting
fibril fold is the thermodynamically most stable structure at this
pH value.® In these “low-pH fibrils”, the full N-terminus is part
of the p-sheet core, and the fibrils’ structure has been
determined to high resolution by cryo-EM and solid-state
NMR spectroscopy and has been described as an “LS-shape”.®

The effect of a pH shift on amyloid fibrils was studied
previously by Shammas and co-workers.'> For insulin fibrils
prepared at pH 2 and suspended in buffers with different pH
values, they could show that the fibrils are highly stable at low
pH values (pH 2.0—4.0). For pH values from 4.0 to 8.0, the
disruption of specific electrostatic interactions leads to
structural reorganization and a reduced f-strand network."
For the model system f3,-micoglobulin (,m), Tipping and co-
workers reported that the stability of amyloid fibrils is highly
pH-dependent and that even mild acidification enhances the
formation of toxic fibril-derived oligomeric species.'® The
observation that amyloid fibrils, once formed, are not stable at
every pH value could be shown in several other studies:
amyloid fibrils formed by hormones are able to release
monomers at pH 6 and pH 7.4." Additionally, the pH-
dependence of fibril disassembly of f-endorphin fibrils was
investigated at pH 5.5 and pH 7.4 and found to be significantly
faster at pH 5.5 compared to pH 7.4."* For PI3K-SH3 fibrils, it
was observed that a pH change from 2 to 7.4 leads to almost
complete decomposition of the fibrils after 1 h."”

For biophysical investigations such as interaction studies
with physiological and diagnostic binding partners, reliable and
reproducible (see Figure S1) in vitro generation of AB(1—42)
fibrils with a high degree of homogeneity and known structure
is desirable. However, such studies should be conducted under
physiological conditions, i.e., at pH values above 4. Thus,
knowledge about the stability and structure of this fibril type at
high pH values is essential for exploiting the high homogeneity
of these well-characterized monomorphic LS fibrils, which are
not obtained by fibrillization at higher pH values.

Here, we probe the stability and morphology of those low-
pH Ap(1—42) fibrils over the investigated pH range from 2 to
7. A change to higher pH values results in lateral association
and bundling of amyloid filaments (vide infra, Figure 1A), thus
preventing high-resolution structural analysis by cryo-EM.
Solid-state NMR spectroscopy, on the other hand, probes the
local environment of the nuclei and is, therefore, not affected
by macroscopic rearrangements of filaments. Since solid-state
NMR spectroscopy generally offers site-specific resolution, it
can be used to probe the fibril structure as well as the
protonation state of individual titratable groups. Further details
were obtained from molecular dynamics (MD) simulations
and complementary biophysical techniques, including AFM
and CD spectroscopy and solution NMR spectroscopy.

B RESULTS AND DISCUSSION

LS-Shaped Ap(1—42) Fibrils Are Stable over the pH
Range 2 to 7. Ap(1—42) fibrils grown at acidic pH were
adjusted to pH values ranging from 2.6 to 7.0 by adding a
citrate-phosphate buffer to the fibril preparation. To test
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Figure 1. AFM images and CD spectra of AB(1—42) fibrils at
different pH values. (A) AFM images of AB(1—42) fibrils under
various pH conditions. Height profiles of the fibrils at original pH 2.0
and of fibrils shifted to pH 5.0 and 7.0 are shown: 1 ym X 2 um
overview images (left column) and 100 nm X 250 nm single fibril cut-
outs (right column). The color scale from dark brown to white
represents heights from 0 to 10 nm, or to 30 nm (highlighted in teal).
Upon changing the pH from acidic toward neutral, the fibrils tend to
form clusters instead of being present individually. Nevertheless,
single fibrils are detectable also at neutral pH, exhibiting the
characteristic periodicity. Its interval is in accordance with the 1160
+ 199 A helical pitch of AB(1—42) fibrils grown under equivalent
acidic conditions.” (B) CD (mean residue ellipticity (MRE)) spectra
of Af(1—42) fibrils exhibit minima at 218 nm (pH 2.0) or 218—222
nm (pH 7.0) and x-axis intercepts at 207 nm (pH 2.0) or 208 nm
(pH 7.0), characteristic for f-sheet dominated structures. At pH 7.0
extended fibril bundling and precipitation leads to a reduced S/N
ratio, and below wavelengths of 200 nm (gray box) the number of
photons reaching the detector is insufficient for reliable quantification.
Likewise, the exact position of the minimum in the pH 7.0 spectrum
may be affected by the rather high noise level.

whether the fibrils are preserved up to pH 7.0, we recorded
AFM images of the samples at all pH values. The AFM images
of these pH-shifted fibrils are shown in Figure 1A and Figure
S2A. The addition of citrate-phosphate buffer resulted in
increased clustering of the fibrils, in particular at pH 5.0, which
is close to the isoelectric point of the peptide (5.3). This
clustering also leads to signal reduction in the CD spectra (due
to absorption flattening”®~>*), which otherwise are highly
similar and typical for a f-sheet-dominated structure (Figure
1B). However, the overall appearance, diameter, and
periodicity of the fibrils, which are the signatures of a fibril
polymorph, did not change, showing that the fibrils did not
dissolve upon pH shift and that their morphology was
generally preserved (Figure S2). A commonly used probe to
detect amyloid fibril formation in vitro is the fluorescent dye
thioflavin T (ThT). However, the ThT absorption and
fluorescence emission intensity is highly pH-dependent,”
and there are reports of a decrease in ThT fluorescence
intensity at low pH values.”*”* Indeed, Af fibrils grown in 30%
acetonitrile (ACN), 0.1% TFA at pH 2.0 show no detectable
ThT fluorescence increase (Figure S2B), but they are readily
observable by AFM (Figure S2A). A pH variation between

https://doi.org/10.1021/jacs.2c09231
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pH 2.0 and 7.5 (at a constant ACN concentration of 24%)
shows a strong pH dependence of ThT fluorescence intensity
in the presence of Af fibrils with almost no fluorescence below
pH 2.6 but increasing fluorescence with increasing pH (Figure
S2B). Variation of the organic solvent content (between 1.5%
and 24% ACN) at constant pH 2.0 or pH 7.0 in the presence
of fibrils indicates that the ThT fluorescence is also highly
ACN concentration-dependent (Figure S3B), with decreasing
fluorescence at increasing ACN concentrations. Thus, our data
indicate that ThT fluorescence alone is not suitable for
detecting Af fibrils under the growth conditions applied (30%
ACN, 0.1% TFA, pH 2).

Free ThT has been reported to undergo protonation of the
dimethylamino group at low pH with a concomitant decrease
in fluorescence intensity.”> A pH titration of free ThT in
citrate-phosphate buffer with 24% ACN monitored by NMR
spectroscopy reveals that protonation is only detectable below
pH 3.5 and remains negligibly small at pH 3.0 and pH 2.6
(Figure S4). Accordingly, the fluorescence intensity of ThT
alone does not show any significant variation between pH 2.0
and 7.5 if the experimental uncertainties are taken into account
(Figure S2B). We conclude that the lower sensitivity of the
ThT assay at acidic pH cannot be explained by the properties
of ThT alone without taking into account the interaction
between ThT and Ap fibrils. Consistent with the general
notion that ThT primarily binds to grooves oriented parallel to
the fibril axis,”® MD simulations of ThT binding to LS-shaped
Ap fibrils at pH 2.0 revealed that protonated ThT binds along
the fibril axis at a surface-exposed groove formed by the side
chains of V18, F20, and E22 on either protofilament with
calculated affinities in the low micromolar range.”” It is
conceivable that the pH-induced electrostatic changes of the
Ap fibrils, such as those described below, modulate ThT
binding modes, affinities, and fluorescence properties in the
bound state and that high ACN concentrations compete with
ThT binding at this hydrophobic groove.

To test the effect of a pH shift on the fibril structure at the
atomic level, we recorded *C/*C and *N/“C correlation
solid-state NMR spectra on fibrils at different pH values. *C
chemical shifts of backbone and uncharged side chain atoms
are mainly influenced by backbone and side chain torsion
*%=1 whereas shifts of carboxyl groups are sensitive
reporters on the protonation state. In fact, NMR spectroscopy
is the only method that can determine protonation on a
residue-specific level.””> The addition of citrate-phosphate
bufter, which was used for adjusting the pH value, does not
affect the overall AB(1—42) fibril structure, as evident from the
comparison of 2D PDSD (proton-driven spin diffusion)
B3C/BC correlation spectra of fibrils near pH 2 in the presence
and absence of buffer (Figure SS).

The effect of a pH shift from 2 to 7 on the fibril structure
can be estimated from an overlay of two PDSD spectra of
fibrils at pH 2 (red) and pH 7 (blue) (Figure 2A, more details
can be found in Figure S6). Most of the resonances observed at
pH 2 and pH 7 coincide, indicating that most of the fold of the
fibrils does not change when the pH is changed. Decreased
intensities were observed for the N-terminus (residues D1 to
G9), the His residues (H6, H13, H14), and K16. Figure 2D
gives an estimate of relative intensities between selected cross
peaks in two pairs of PDSD spectra (with short and long initial
CP contact times of 100 and 1000 ys) recorded on samples at
pH 2 and pH 7, where the bulk Ca/Cp cross peak of the
overlapping resonances of five Val residues was used for
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Figure 2. pH-induced local changes of Af(1—42) fibrils as seen by
solid-state NMR spectroscopy. (A) Overlay of 2D *C—"C PDSD
spectra of Af(1—42) fibrils at pH 2 (red) and pH 7 (navy). For a
more detailed view, see Figure SS. The chemical shift assignment for
pH 2 was published in ref 8. As most of the signals are superimposing,
the fold of the A(1—42) fibrils remains unchanged. (B, C) Zoomed-
in region from the overlay of the carboxyl (B) and the aliphatic (C)
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Figure 2. continued

regions of the PDSD spectra at pH 2 (red), pH 4 (orange), pH S
(green), pH 6 (blue), and pH 7 (navy). The pH shift influences
especially the residues in the salt bridges (D1-K28 and adjacent A42,
RS-D7). (D) Relative cross peak intensities of selected N- and C-
terminal amino acid residues in PDSD spectra of the pH 7 fibril
sample, normalized to the respective cross peaks in PDSD spectra
recorded under identical conditions at pH 2. For each sample, two
sets of PDSD spectra were recorded with initial "H—"3C contact times
of 100 s (red) and 1000 ps (gray), respectively, and a mixing time of
20 ms. Spectra of the two samples were referenced to the bulk Ca/Cp
cross peak of five Val residues (without V24), and the relative peak
intensities for cross peak (i), I, were calculated as follows: I, =
1(pH7)D-1(pH2) Ve 2/ 1(pH2) D.1(pH7) V¥ 2X), (E) Chemical
shift perturbation plot for pH 2 vs pH 7. (F) Normalized intensities
for the A42 CO-Ca correlation signals (in the protonated and
deprotonated state) from the 2D CC are plotted against the pH value.
The intensities were normalized using the following equations:
I om(prot) = (I(prot)/(I(prot) + I(deprot)) and I,.,(deprot) = 1 —
Iom(prot). The C-terminal A42 carboxyl group is completely
protonated up to pH 4. For pH S and 6, both states can be observed,
while the carboxyl group is to a high degree deprotonated at pH 7.
Further details with chemical shifts from acidic amino acids and A42
can be found in Table S1. (G) The atomic model of the AS(1—42)
fibril (PDB: 50QV Gremer et al, 2017°) shown as a stick model.
Amino acids assumed essential for stabilizing the protofilament are
colored in green. The structure with all labels is also shown in Figure
S8). Spacing of contour levels in 2D spectra is 1.4 for (A) and 1.2 for
(B) and (C).

normalization. Ca/Cf cross peak intensities of the well-
resolved N-terminal residues A2 and S8 were reduced to ~50%
of the intensity of corresponding cross peaks in spectra of pH 2
samples; Ca/Cp cross peaks of His residues, which may be
affected by changes in side chain protonation, and side chain
cross peaks of RS and K16 are reduced to below 10% of the
intensities of respective signals at pH 2. Car/Cp correlations as
well as side chain cross peaks of C-terminal residues are not
reduced after the pH change. These findings are indicative of
slightly increased dynamics for the backbone of the N-terminus
and strongly enhanced mobility for the side chains of N-
terminal residues at pH 7.

Despite intensity losses, the correlation signals of all N-
terminal residues remain visible in the cross-polarization (CP)-
based *C-spectra (Figure 2A, Figure S6), in contrast to AB(1—
42) fibril structures having a flexible N-terminus.”~ Intensity
losses in CP spectra are an indication of enhanced mobility in
the ps—ms regime. No protein resonance signals have been
detected in Insensitive Nuclei Enhanced by Polarization
Transfer (INEPT)? spectra at all pH values (Figure S7A,B),
excluding isotropic motions in the sub-ys regime, which would
be indicative of highly dynamic or flexible parts or the presence
of monomers in the sample. We also could not observe any
additional protein signal in the direct excitation (DE) spectra
compared to the CP spectra (Figure S7C). These findings
suggest that the full A(1—42) peptide stays within the cross-}
core of the fibril even at neutral pH. The L-shape of the N-
terminal residues is destabilized with increased dynamics at
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Figure 3. Water accessibility of A#(1—42) fibrils at different pH conditions. (A) Aliphatic region of water-edited 1D '*C CP spectra at pH 2.6 and
pH 7, measured with "H—"H mixing times of 3 and 100 ms. Spectra recorded with short (3 ms) mixing time were recorded with twice the number
of scans as those with long mixing time (100 ms). (B) pH-dependent water buildup curves for different pH values. A faster buildup with increasing
pH values can be observed due to faster chemical exchange at increased pH values. (C) Water-edited 2D *C—"3C PDSD spectra of A(1—42)
fibrils at pH 2.6 and pH 7 with a '"H—"H mixing time of 3 and 100 ms. In spectra recorded with a 3 ms mixing time, the number of scans was three
times higher than for those recorded with long mixing time (100 ms). (D) 1D '*C cross sections taken from the A42 Ca chemical shifts at 49.3
ppm (pH 2.6) and 53.6 ppm (pH 7). A42 CO signals show low relative water-transferred intensities of less than 0.05. For the complete cross
section of A42 and the cross section of the hydrophobic Ile side chains, see Figure S12. Spacing of contour levels in 2D spectra is 1.2.
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pH 7, but some residual structure is retained, as indicated by
weaker but unshifted CP signals.

For a more detailed insight, we also recorded 2D BN-13C
(NCaCX and NCOCX, Figure S8) spectra for pH 2 and pH 7.
As the Af(1—42) fibril preparation is reproducible, most
resonances are the same for the pH 2 sample compared to
previously published results.” Most backbone residues could be
de novo sequentially assigned for pH 7 starting from F19
(chemical shifts are deposited in the BMRB under the
accession code S$1584). As the NC transfer is a stronger
mobility filter than a *C/"3C spin diffusion transfer, only the
most rigid parts of the fibrils contribute to the “N/*C
correlation spectra. Thus, N-terminal residues up to V18 and
the side chains of some residues are not visible in the NC
spectra at pH 7 (Figure S8), whereas most signals can still be
found in the PDSD spectrum.

In Figure 2E a chemical shift perturbation plot displaying
chemical shift differences for Ca, Cf, and N between pH 2 and
pH 7 is shown. While chemical shifts for most '*C atoms N-
terminal of residue V36 do not change substantially (ie., not
more than 1.5 ppm for *C and 2.5 ppm for '*N) with the pH
value, we observe relatively large differences for the very C-
terminal residues starting from G37 and especially for the two
Gly residues G37 and G38. Furthermore, the "°N shift of A21
is strongly affected by the pH shift, an effect that may be due to
electrostatic interaction with the side chain of E22 that is
deprotonated at pH 7. These changes are most likely caused by
small conformational alterations in the C-terminus due to an
alternative salt bridge formation (see next paragraph).

Deprotonation of Acidic Side Chains and Its Impact
on the D1-K28 Salt Bridge. As expected from their pK,
values (intrinsic pK, values for Asp, Glu, and His as
determined in blocked tri- or pentapeptides acetyl-Gly-X-
Gly-amide or Ala-Ala-X-Ala-Ala are 3.9, 4.3, and 6.5,
respectively’’*), the protonation state of acidic amino acid
residues is affected by a pH shift. This affects the stability of
interresidual salt bridges, such as in the triad D1-K28-A42.
Indeed, we observed shifts of several resonances for the
carboxyl groups of D1, A42, D7, and the side chain resonances
of K28 (Figure 2A and Figure S6). To observe at which pH
value the changes start to occur, we performed a pH titration.
In Figure 2B and Figure 2C, overlays of five spectra for fibrils
between pH 2 and 7 are shown for two characteristic regions of
the full spectrum. Up to pH 4, no changes were observed.
Thus, we conclude that the overall protonation state of
residues does not change up to this pH value. The effect of
proton exchange at carboxyl and amino groups on the related
NMR signals depends on the proton exchange rate relative to
the frequency difference between the NMR resonances for the
respective functional group in the protonated and the
deprotonated state.”>*® For fast proton exchange, we observe
a progressive change in chemical shift, which reflects the
population-weighted average between the protonated and
deprotonated state (as observed for deprotonation of D7
(Figure 2B), a water-exposed residue at the fibril surface). For
slow exchange by contrast, two resonances with population-
dependent intensities are observed for the protonated as well
as the deprotonated state (as seen for the C-terminal carboxyl
group of A42 and for the side chain resonances of K28 (Figure
2B,C)).”’

In the AB(1—42) fibril structure (Figure 2G, Figure S9), the
interaction between protofilaments is stabilized by intermo-
lecular salt bridges between D1 and K28 (Figure 4B).
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Figure 4. continued

crucial for the stability of the N-terminal region depicted as spheres.
(E) Average occurrence frequency of hydrogen bond interactions
(n = 20) between residues shown in (D). The lower panel shows a
schematic of the interactions, with black lines depicting the strength
of interactions (scaled according to average occurrence). In (A), (C),
and (E), the error bars denote the standard error of the mean (SEM)
(*p < 0.0S; **p < 0.01; n.s. not significantly different).

Furthermore, the N-terminus is close to the C-terminal A42 of
another AB(1—42) monomer in the adjacent protofilament,’
which appears to be largely protonated at pH 2. A change to
higher pH values has the following effects on the three residues
involved in this triad interaction:

e The protonation/deprotonation of the terminal carboxyl
group of A42 exhibits a slow exchange between two
states (Figure 2B): The carboxyl group of A42 (intrinsic
pK, value for C-terminal Ala in a tripeptide: 3.557%),
protonated and f-strand-like at pH 2 and pH 4, adopts a
deprotonated random coil-like conformation (with a CO
shift of 182 ppm, in agreement with Wailti and
Coworkers”) at pH 6 and pH 7 (Table S1). Both states
can be observed at pH S (with a splitting for the
deprotonated random coil-like resonances, Figure 2B).
These findings can also be observed for NCa spectra
(Figure S10A). Fitting the peak intensities of NCa and
PDSD peaks to the Henderson—Hasselbalch equation
(Figure 2F and Figure S10B,C) leads to a pK, value of
5.4 for C-terminal A42. The random-coil-like chemical
shifts of deprotonated A42 are very similar to those
obtained from solution NMR at pH 7 (Figure S11).
Likewise, for K28 the pH shift to pH 7 induces a
splitting of the K28 Cf resonance typical for slow
exchange (Figure 2C, Figure S61). One resonance signal
has the chemical shift of 35.6 ppm, as already observed
at lower pH values, while a second signal is detected at a
lower chemical shift of 35.3 ppm. Additional minor shifts
occurred for K28 Ce resonances at pH 7. The signal
splitting points toward the existence of a second
alternative conformation of the K28 side chain. The
relatively high Cy chemical shift of the amino acid
residue D1 is indicative of a predominantly deproto-
nated state (~90—95% deprotonation) already at pH 2.
Comparing the D1 and D7 side chains at pH 2.0 and the
slightly enhanced pH 2.6, we can already observe the
following tendencies: D7 shows an increased degree of
deprotonation with increasing pH values, whereas for
D1, the degree of deprotonation seems to even slightly
decrease with increasing pH values (Figure SSB). The
detailed degree of deprotonation of all residues at pH 2
and pH 7 is shown in Table S1.

These observations can be explained as follows: At acidic pH
values, the intermolecular salt bridge between the (almost)
fully deprotonated D1 and the positively charged K28
stabilizes the fibril structure, whereas for the C-terminal
carboxyl group the protonated state seems to be favored up to
its pK, of 5.4. In fact, a shift of the pK, value by +1.9 pH units
with respect to the intrinsic pK, of 3.55 can easily be explained
by the high density of negative charges®® present in an amyloid
fibril, and similar effects have already been described for
fibrillary self-assembly of FMoc-diphenylalanine® and fibril
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formation of a-synuclein.”” With increasing pH, the pro-
gressive deprotonation of A42 favors an additional interaction
between the negatively charged C-terminal carboxyl group
with K28, weakening the salt bridge between D1 and K28. This
could explain the slightly enhanced protonation of D1 at pH 7
and the intensity losses for residues in the N-terminus at higher
pH values, which are indicative of higher mobility. Matching
our observations, MD simulations by Yin and co-workers®
indicated that the salt bridge between K28 and A42 leads to
enhanced stability of the C-terminal deprotonated Af(1—42)
protofilaments compared to the protonated counterpart. The
rearrangement of salt bridges in the triad between D1, K28,
and A42 also influences the adjacent residues S26 (Figure
S6D) and may also be responsible for conformational changes
around the G37/G38 glycine pair (Figure 2E).

These findings are also supported by water-edited NMR
spectroscopy,”~** where 'H polarization transfer from water
onto the protein is used to probe the water accessibility of
amino acid residues on a residue-specific level (Figure 3, Figure
S12): With an initial 'H spin echo (duration 2.5 ms),
transverse magnetization on the solid protein but not the
mobile water molecules is dephased irreversibly by strong
dipolar couplings. In a subsequent longitudinal mixing step (1
to 100 ms), 'H polarization is transferred back to the protein
and can then be detected in standard 1D or 2D solid-state
NMR experiments (Figure S12A). As seen in Figure 3A and
3B, the overall magnetization transfer dynamics from water to
the fibril is only slightly enhanced for pH 7 compared to pH 2.
The small magnitude of this enhancement can be accounted
for by faster chemical exchange at neutral pH,**® while the
relative fibril—water interface remains the same (as seen for the
Ile residues, Figure S12B,C). For one Asp residue (D1, Figure
S12D), however, the exchange with water is strongly
accelerated at pH 7, indicating that the carboxyl group is
more water-exposed, a finding that supports a weakened salt
bridge. In contrast, A42 is still highly water protected at pH 7,
as expected for the deprotonated carboxyl group of A42
forming a salt bridge to K28 (Figure 3D).

Monomers in Solution. Acetonitrile is not a routinely
used cosolvent in protein NMR spectroscopy. To obtain a
reliable reference for the solvent and pH effects on random coil
chemical shifts and the conformational ensemble of mono-
meric AB(1—42), we also investigated [U—"C,""N] AB(1—42)
monomers in 28% acetonitrile at pH 2.0 (similar to the
conditions used for fibril preparation), without acetonitrile at
pH 2.0, and in citrate/phosphate buffer at pH 7.0 using
solution NMR spectroscopy. Sequence-specific assignment of
the 'H, BC, and N backbone resonances of these three
samples (BMRB access codes 51321, 51323, and S$1322,
respectively) reveals that Af(1—42) monomers are highly
disordered, with chemical shifts close to random coil values
(Figure S11A) and low propensities for regular secondary
structure elements under all these conditions. Accordingly, 2D
BC-1C total correlation (TOCSY) spectra of AB(1—42)
monomers in 28% acetonitrile at pH 2.0 are very similar to
those in Tris/HCl buffer at pH 7.2 (Figure S11B), except for
the chemical shift changes expected due to different side chain
protonation for Asp, Glu, and His residues. Thus, the influence
of the pH on the fibril structure seems to be caused by the
stabilization of the end product rather than any significant
differences in monomer conformation.

MD Simulations for Af(1—42) Fibrils with Different
Protonation Degrees. We next performed MD simulations
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of 1 us length of the A(1—42) fibril with protonation states
according to pH 2 and 7, with 10 replicas for each system
(Figure S13) to provide a structural explanation at atomic
resolution. The simulations revealed a shift in inter- and
intramolecular polar interactions when going from pH 2 to
pH 7, which preserves the structure and stability of the AS(1—
42) fibril.

Mean backbone root-mean-square differences
(RMSD) < 4 A indicate only minor structural changes
among the differently protonated states, which are not
significant (Figure 4A). Without the terminal Af peptides,
the mean RMSD decreases by ~1 A (Figure 4A), indicating
higher mobility of the terminal Af peptides, as corroborated by
a peptide-wise RMSD analysis (Figure S14). Hence, the fibril
core remains structurally stable at acidic and neutral pH,
agreeing with our NMR experiments. However, as the fibril in
our simulations is much smaller than in NMR experiments, our
simulations likely overestimate the structural changes between
fibrils of different protonation states.””

Next, we investigated the changes in the fibril’s interaction
network between pH 2 and pH 7. The interactions among D1,
K28, and the carboxyl group of A42 connect three Af peptides
in the two protofilaments (Figure 4B). In line with our
previous findings,® changes in the protonation state of the C-
terminus of A42 (Figure 4B) do not lead to a collapse of the
fibril. Our MD simulations suggest that the interactions
between D1, K28, and A42 are significantly different at pH 2
and pH 7 (Figure 4C). In particular, hydrogen bond
C-
terminus of A42 are significantly more frequent at pH 7
(Figure 4C). This can be explained by attractive forces
between the oppositely charged N- and C-termini at pH 7. At
pH 2, on the other hand, the A42 C-terminus is neutral after
protonation, which reduces the likelihood for interactions with
the still positively charged D1 N-terminus. On the other hand,
the interaction between the side chain of D1 and K28 is
reduced substantially at pH 7, but this loss is compensated by a
strong interaction between A42 and K28 (Figure 4C). Overall,
our MD simulations suggest that interactions involving DI,
K28, and A42 occur in the fibril at pH 7. At pH 2, however,
when the C-terminus of A42 is protonated, D1 and K28 likely
form salt bridges between the protofilaments, which agrees
with the results obtained by cryo-EM.® That way, interactions
between protofilaments are formed in an A42-independent
manner.

At pH 2, the L-shaped N-terminus is stabilized by salt
bridges between the positively charged H6 and H13 and the
negatively charged E11° (Figure 4D). These interactions are
present at pH 2 and 7 but with a different frequency of
occurrence. At pH 2, E11 preferentially interacts with H6
(Figure 4E). As H6 is harbored on the small leg of the L-
shaped N-terminus (Figure 4D), this interaction is likely
essential for stabilizing the whole N-terminal region. At pH 7,
Ell preferentially interacts with H13 on the large f-strand,
which may weakly destabilize the N-terminus (Figure 4E).

To conclude, our simulations revealed a rebalancing of intra-
subunit (H6/E11/H13) and inter-subunit (D1/K28/A42)
interactions between fibrils with protonation states at pH 2 and
pH 7, providing a plausible explanation of why most of the
structure of the LS-shaped fibril grown at pH 2 remains
unchanged between the two pH conditions.

interactions between the N-terminus of D1 and the
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B CONCLUSION

In summary, we showed that the structure of the AS(1—42)
fibril remains unchanged when grown at acidic pH and
adjusted to neutral pH values afterward. However, upon pH
adjustment, changes in the amino acid protonation states are
observed for the residues A42, D1, and K28 as well as for E11
and H6/HI13, as summarized in Figure 5. Although intra-

Figure S. Model of interactions essential for fibril stability at acidic
and neutral pH. Schematic of the A(1—42) fibril investigated in the
present study (pH conditions shown above). Amino acids identified
to be essential for structural stability are depicted by circles and one-
letter amino acid codes. Interactions between amino acids are shown
as black bars. The Af(1—42) backbone is traced by a line.

subunit and inter-subunit salt bridges are rearranged as a
consequence of deprotonation, fibrils remained stable up to
pH 7. Performing a pH titration, we excluded any changes until
pH 4 but observed a few specific changes in protonation at
pH 6 and more pronounced at pH 7, with protonation states
being populated at pH 2 at the respective sites. Our study
strongly suggests that the A3(1—42) fibril grown at acidic pH"
conserves its structure and remains stable at physiological pH
conditions. Thus, Af(1—42) fibrils grown at pH 2 can be used
over the full pH range from pH 2 to pH 7 for binding and
interaction studies.
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Experimental Methods
AP(1-42) sample and fibril preparation

Recombinantly produced [U-'*C,>N]-AB(1-42) (95 % purity) was purchased from Isoloid GmbH
(Diisseldorf, Germany). The fibrils were prepared as described previously.! Briefly, fibrils were grown
after a final reverse-phase high-performance liquid chromatography (RP-HPLC) purification step
leading to 98.5 % purity from the eluted monomeric [U-"3C,'>N]-AB(1-42) over weeks under quiescent
incubation at room temperature directly in the RP-HPLC mobile phase at pH 2 (30 % v/v acetonitrile
(ACN), 0.1 % (v/v) trifluoroacetic acid (TFA) in water).

pH adjustment of [U-3C,SN]-AB(1-42) fibrils

[U-13C,'5N]-AB(1-42) fibrils grown at pH 2 in 30 % (v/v) ACN, 0.1 % (v/v) TFA were adjusted to
different pH values in the range from 2.6 to 7.5 by addition of 20 vol % citrate-phosphate buffer? stocks,
for each pH value independently. Buffer stocks were prepared by mixing aqueous solutions of 0.25 M
citric acid and 0.5 M Na,HPO4 as follows: pH 2.6 (89.10/10.90), pH 3.0 (79.45/20.55), pH 4.0
(61.45/38.55), pH 5.0 (48.50/51.50), pH 6.0 (36.85/63.15), pH 6.5 (29.00/71.00), pH 7.0 (17.65/82.35),
pH 7.5 (7.75/92.25); values are vol % of 0.25 M citric acid and 0.5 M Na;HPOj solutions in the buffer
stocks, respectively. pH adjusted [U-">C,"’N]-AB(1-42) fibril samples contained 24 % (v/v) ACN,
0.08 % (v/v) TFA. To verify that the pH values in the pH-adjusted fibril samples do not deviate from
the pH values of the added citrate-phosphate buffer, we recorded *C-detected MAS INEPT spectra of
all citrate-phosphate buffer solutions (24 % ACN, 0.08 % TFA) without protein as well as for the pH
shifted AP fibril samples (Figure S7A and B). '*C chemical shifts of the CH, groups of citrate are pH-
sensitive with higher deprotonation degrees of citrate resulting in a shift to higher frequencies. Chemical
shift changes for the CH, groups range between 0.25 ppm (40 Hz at 600 MHz) in the pH interval from
pH 2.6 to pH 4.0, and 0.7 ppm (110 Hz at 600 MHz) in the pH interval from pH 5 to pH 6. Chemical
shift differences between the citrate CH, peaks of the protein-free buffer solutions and the fibril samples
were between 0.03 ppm (5.0 Hz at 600 MHz) for the pH 5 samples and 0.06 ppm (9 Hz at 600 MHz)
for the pH 2.6 samples, which is more than one order of magnitude smaller than the chemical shift
change observed for a pH change of one unit. Therefore, the deviation of the pH value in the fibril
samples from the buffer pH value is less than 0.1 in all samples.

Atomic force microscopy (AFM)

For morphological investigations of [U-*C,'’N]-AB(1-42) fibrils by AFM, fibril samples at the original
pH 2.0 and after pH adjustment to pH 2.6, 3.0, 4.0, 5.0, 6.0, 6.5, 7.0, and 7.5, each at a concentration of
80.4 uM (monomer equivalents) were used. 2 pl of each fibril solution were applied onto freshly cleaved
muscovite mica and left to dry at room temperature. Then samples were washed three times with 100 pl
24 % (v/v) ACN, followed by drying with a stream of N, gas.

To examine the effect of different ACN concentrations, [U-C,'SN]-AB(1-42) fibrils grown in 30 %
(v/v) ACN, 0.1 % (v/v) TFA were diluted to 3 % (v/v) or 24 % (v/v) ACN % (v/v), 0.0125 % (v/v) TFA
and a fibril concentration of 10 uM (monomer equivalents). Then, 2 ul of each sample were placed on
freshly cleaved muscovite mica surface, left to dry, and additionally dried with the steam of N> gas, with
no washing steps.

AFM imaging was performed in intermittent contact mode (AC mode) in a NanoWizard 3 atomic force
microscope (JPK, Berlin) using a silicon cantilever with a silicon tip (OMCL-AC160TS-R3, Olympus)
with a typical tip radius of 9+2 nm, a force constant of 26 Nm'' and a resonance frequency of
approximately 300 kHz. The images were processed using JPK data processing software (version spm-
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5.0.84). For background flattening, a polynomial fit was subtracted from each scan line, first
independently and then using a limited data range, for all height images presented.

Thioflavin T (ThT) fluorescence intensity measurements

ThT fluoresce intensity values were measured in sealed 96-well half-area polystyrene microplates (non-
binding surface, black, flat transparent bottom, type 3881, Corning) in a microplate reader (FLUOstar
Omega and CLARIOstar, BMG LABTECH, Ortenberg) as endpoint measurements with orbital
averaging over 3 mm with 20 flashes per well. Experiments were conducted as independent triplicates.

pH variations: ThT fluorescence of pH-adjusted [U-*C,'>N]-AB(1-42) fibrils at pH 2.6, 3.0, 4.0, 5.0,
6.0, 6.5, 7.0, and 7.5 was measured at 4 pM concentration (monomer equivalents) in citrate-phosphate
buffered solutions containing 10 uM ThT, 24 % (v/v) ACN, 0.08 % (v/v) TFA, and 20 (v/v) % citrate-
phosphate buffer stocks (see above); the original pH 2.0 sample contained no buffer. For comparison,
ThT fluorescence was also measured in the same solutions without fibrils.

ACN concentration variations: Samples of [U-3C,'>N]-AB(1-42) fibrils were diluted to various final
ACN concentrations (1.5 %, 3 %, 6 %, 12 %, 18 %, or 24 % (v/v)), 0.08 % (v/v) TFA, without (pH 2.0)
or buffered with citrate-phosphate to pH 7.0 and measured at 4 uM concentration (monomer equivalents)
containing 10 pM ThT. For comparison ThT fluorescence was also measured in the same solutions
without fibrils.

Circular dichroism (CD) spectroscopy

Far-UV circular dichroism (CD) spectra of [U-1*C,'*N]-AB(1-42) fibrils in 30 % (v/v) ACN, 0.1 % (v/v)
TFA pH 2 (40 uM monomer equivalents) or buffered by addition of 20 % (v/v) citrate-phosphate buffer
to pH 7 (see above) (32 uM monomer equivalents) were recorded on a Jasco J-1100 spectropolarimeter
from 320 to 188 nm with 0.1 nm step size, 50 nm/min scan speed, and 1 nm bandwidth in 1 mm path-
length cuvettes at 20°C. 10 scans were accumulated per sample. Background correction was done by
subtraction of corresponding buffer spectra.

Solution NMR spectroscopy

[U-13C,'5N] AB(1-42) fibrils were disassembled into monomers by HPLC, aliquoted, frozen in liquid N
and lyophilized. Three samples were prepared for solution NMR spectroscopy: 91 uM [U-"C,"N]
APB(1-42) in 28 % (v/v) acetonitrile, 0.1 % (v/v) TFA, 8 % (v/v) DO at pH 2.0, 74 uM [U-1*C,*N]
APB(1-42) without acetonitrile in 0.1 % (v/v) TFA, 8 % (v/v) D20 at pH 2.0, and 73 uM [U-"*C,*N]
APB(1-42) with 8.8 mM citrate/82.4 mM Na,HPO, in 0.1 % (v/v) TFA, 8 % (v/v) D,O at pH 7.0. For
sequence-specific backbone resonance assignments, the following experiments were recorded on all
three samples at 5.0 °C on a Bruker AVANCE III HD 600 MHz NMR spectrometer equipped with a
cryogenically cooled inverse triple resonance probe with z-axis pulsed-field gradient capabilities: 2D
'H-"N HSQC,’ 3D HNCO* or BEST-TROSY-HNCO,’ and 3D HNCACB?® or BEST-TROSY-HNCO.’
In the case of the sample without acetonitrile at pH 2.0, we also recorded a 3D 'H-'"N TOCSY-HSQC?
with a 78 ms 10.0 kHz DIPSI-2rc isotropic mixing scheme,” and a 3D 'H-">"N NOESY-HSQC? with a
mixing time of 150 ms for assignment of side-chain 'H resonances. Aliphatic side-chain '*C resonances
in 28 % acetonitrile at pH 2.0 were obtained from a 2D '3C-3C TOCSY spectrum with a 15.1 ms
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15.6 kHz FLOPSY-16 isotropic mixing scheme® recorded at 5.0°C on a Bruker AVANCE III HD 800
MHz NMR spectrometer equipped with a cryogenically cooled '*C/!*N observe triple resonance probe;
a corresponding 2D *C-3C TOCSY spectrum of [U-*C,">N] AB(1-42) at pH 7.2 has been reported
previously.” The sample temperature was calibrated using methanol-ds.!® The 'H,O resonance was
suppressed by gradient coherence selection with water flip-back,!! with quadrature detection in the
indirect dimensions achieved by States-TPPI'? and the echo-antiecho method.'*1*

All solution NMR spectra were processed with NMRPipe'> software and analyzed with NMRViewJ'¢
and CCPN.!7 'H chemical shifts were referenced with respect to external DSS in the same buffer, *C
and N chemical shifts were referenced indirectly.'® For the sake of consistency, we followed the same
DSS-based chemical shift referencing protocol for samples containing acetonitrile; alternatively, the 'H
resonance of acetonitrile itself has also been proposed as a suitable reference standard for
acetonitrile/water mixtures.!” Random Coil Index (RCI)* backbone order parameters, Srci’, were
calculated from the backbone chemical shifts using TALOS-N?! with the default parameters. The
presence of 28 % (v/v) acetonitrile in one of the samples causes a non-uniform solvent effect with
average deviations from random coil chemical shifts*? of —0.333 ppm for '"HN, —1.156 ppm for N, and
—0.616 ppm for *CO (where the negative sign indicates chemical shift values that are lower in 28 %
(v/v) acetonitrile); these average deviations were corrected for in the input for TALOS-N. By contrast,
the solvent effect on *Ca and *Cp, with average deviations from random coil values of —0.142 ppm
and +0.033 ppm, respectively, is very small, as reported in the literature.”

To investigate the pH dependence of 500 uM ThT in citrate/phosphate buffer’* with 24 % (v/v)
acetonitrile, 0.08 % (v/v) TFA and 7.5 % (v/v) D0, a series of 1D 'H and 2D 'H-'*C HSQC? spectra
was recorded at 20.0 °C on a Bruker AVANCE III 750 MHz NMR spectrometer equipped with a
cryogenically cooled inverse triple resonance probe with z-axis pulsed-field gradient capabilities. The
"H,0 resonance in the 1D 'H spectra was suppressed by excitation sculpting®® with water flip-back,!
the acetonitrile '"H resonance by 1.5s off-resonance presaturation; residual baseline effects were
removed using a median baseline correction algorithm?’ during processing. The 'H,O resonance in the
2D 'H-*C HSQC spectra was suppressed by gradient coherence selection, with quadrature detection in
the indirect dimension achieved by the echo-antiecho method."*'* "H chemical shifts were referenced
with respect to 5 mM internal DSS, *C chemical shifts were referenced indirectly.'®

pH shift and filling the MAS rotor

All solid-state NMR experiments were performed from a single batch of [U-*C, N]-AB(1-42) fibrils
grown in 30 % (v/v) ACN, 0.1 % (v/v) TFA, pH 2 (see above). Fibrils were harvested from the growth
solution by a 16.000 xg centrifugation step for ~1 h, and the remaining supernatant was discarded from
settled fibrils.

For the pH 2.0 sample, a ~50 pl fibril sample was loaded into a 3.2 mm Bruker zirconium oxide rotor
by centrifugation for 1 min at 4000 xg. Solid-state NMR samples of fibrils adjusted to pH values of 2.6,
4.0, 5.0, 6.0, and 7.0 were prepared by addition of 10 ul respective citrate-phosphate buffer stocks (see
above) to 40 ul pelleted fibrils grown at pH 2 and thorough mixing. Afterwards, the fibril slurries were
placed into 3.2 mm Bruker rotors by centrifugation. Each 50 pl rotor sample contains ~1.7 to 2.1 mg
APB(1-42) fibrils, equivalent to 380 to 460 nmol monomer equivalents of AB(1-42), which corresponds
to final AB(1-42) concentrations of 7.5 to 9.3 mM. Thus, the fibril preparations contain ~96 % solvent
and are highly hydrated.
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Solid-state NMR measurements

Solid-state *C-*C and *C-'N magic-angle spinning (MAS) NMR spectra were acquired on a 18.8 T
Bruker Avance III spectrometer (800 MHz 'H resonance frequency) and on a 14.1 T Bruker Avance
NEO spectrometer (600 MHz 'H resonance frequency), both equipped with a 3.2 mm triple channel
HCN Bruker probe. All experiments were conducted at a thermocouple-reported temperature of 263 K.
The sample temperature was estimated to be around 10 K higher due to heating because of the magic
angle spinning. It was tested that the water in the sample was not frozen. The MAS frequency was set
to 11 kHz and 12.5 kHz for the proton driven spin diffusion (PDSD) experiments and at 12.5 kHz for
NCa experiments at 800 MHz and to 11 kHz for the NCaCX and NCOCX experiments at 600 MHz.
Typical radiofrequency field strengths were 83 to100 kHz for 'H, 55 to 61 kHz for *C, and 45 to 50 kHz
for '°N. During all acquisition and evolution times, high-power broadband proton decoupling with a
SPINAL phase modulation (rf intensity 83 to 93 kHz) was used.?®

For 2D BC-13C correlation experiments PDSD spectra with 20 ms mixing time were recorded. To gain
additional information about >N chemical shifts, ’'N-!*C correlation experiments were performed by
using frequency selective polarization transfer from amide "N to '*C CA by SPECIFIC CP.* The error
bars for the A42 intensities were estimated from the signal-to-noise ratio of the NCa spectra. The mixing
time for the assignment experiments was 40 ms (NCaCX) and 50 ms (NCOCX).

All 3C chemical shifts were externally referenced using adamantane by setting its CH signal to 31.4 ppm
(corresponding to the DSS reference scale). The "N chemical shifts were indirectly referenced to liquid
NH; based on the *C chemical shifts. All spectra were processed using TopSpin 3.5 and 4.0.9 (Bruker).
The analysis was performed using CcpNMR Analysis 2.4!7 based on the assignment of the AB(1-42)
fibril structure published by Gremer and al.!

For both water-edited 1D *C and 2D *C-13C, a 'H T, filter of 2.5 ms was applied to suppress the
magnetization of the protein. The 'H-'H mixing time for the water-edited 1D "*C experiments was set
t0 0.5,1,2,3,4,5,7.5, 10, 20, 30, 50, and 100 ms and to 3 ms and 100 ms for 2D *C-13C experiments
before 'H-"*C transfer. The thermocouple-reported temperature was adjusted to 270 K, and the spinning
frequency was 11 kHz.

The relative spacing between subsequent contour levels in plots of 2D spectra is 1.2, except for Figure
2A, where it is 1.4. The lowest contour level was set slightly above the noise level.
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Computational Methods
System preparation, simulation protocol, and analysis procedure

To investigate the conformational dynamics of the AP(1-42) fibril at different pH conditions, we
performed unbiased molecular dynamics (MD) simulations of the AB(1-42) fibril with amino acid
protonation states mimicking either pH 2 or pH 7. Therefore, we prepared two distinct fibril protonation
states; one with protonation states according to pH 7 and one for pH 2 (Figure S8). Note that we adapted
the protonation states of all titratable residues of the fibril at pH 2 as resolved previously by NMR
spectroscopy.' A detailed preparation protocol can be found in ref.*’; this protocol was also used to
prepare the other systems. In short, the initial coordinates for the AP(1-42) fibril were taken from the
cryo-EM structure (PDB ID 50QV"). We prepared an AB(1-42) fibril composed of 20 single AB(1-42)
peptides, which are organized into two non-covalently attached protofilaments. The protonation states
of all titratable residues of the fibril were resolved by NMR spectroscopy (see above) and incorporated
into our setup. That way, the protonation states in the simulations match with in vitro experiments,
allowing for direct comparison between computational and experimental results. The systems were
neutralized and solvated with TIP3P*! water, using chloride (for pH 2) or sodium (for pH 7) counterions,
respectively, applying LEaP* of Amber16.3> We used the Amber ff14SB force field** to describe the
AP(1-42) fibril. For the A42-H residue, atomic partial charges were derived according to the RESP
procedure. 333

The exact minimization, thermalization, and equilibration protocol is reported in ref.*’, which was
already applied previously.***#3 In short, all systems were initially subjected to three rounds of energy
minimization to resolve bad contacts. Subsequently, systems were heated to 300 K, and the pressure
was adapted such that a density of 1 g/cm® was obtained. During thermalization and density adaptation,
we kept the solute fixed by positional restraints of 1 kcal mol' A2, which were gradually removed. For
all systems, we performed ten replicas of MD simulations of 1 ps length each of the AB(1-42) fibrils.
The replica simulations were prepared following the protocol in ref.?’.

To evaluate the structural integrity of the fibril, we calculated the backbone root mean square deviation
(RMSD) relative to the cryo-EM structure! that served as the starting structure. The results are expressed
as average RMSD + SEM (standard error of the mean). The hydrogen bond interactions were determined
using a distance of 3.5 A between the two donor and acceptor atoms and an angle (donor atom, H,
acceptor atom) of 120° as cutoff criteria.*® The results are expressed as average hydrogen bond
occurrence + SEM. As the SEM are almost equal in all cases, also the variances can be considered equal,
such that a 7-test was performed on two groups, and p-values < 0.05 were considered significant.
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Figure S1: Reproducibility of the AB(1-42) fibrils.

A) 2D C-13C MAS Proton-Driven Spin Diffusion (PDSD) spectra of AB(1-42) fibrils grown at acidic
pH published by Gremer et al.! (black) and reproduced under identical conditions and used for this study
(red). The K16 side chain and H6 Ca-Cp correlation signals appear weaker in the spectrum of the
reproduced sample. The lower D7 and D23 Cy chemical shift of the reproduced sample shows a slightly

higher degree of protonation. A fifth Ala Ca-Cp correlation signal appeared for the reproduced sample.

Additionally, the peak doubling of F20 and A21 was not observed in the second sample.

B) Chemical shift perturbation plot for AB(1

-42) fibrils grown at acidic pH published by Gremer et al.!

and reproduced under identical conditions and used for this study.
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Figure S2: AB(1-42) fibrils morphology and their detectability by ThT in dependence on pH.

A) AFM images of AP(1-42) fibrils under various pH conditions. Height profiles of the fibrils at original
pH 2.0 and shifted to pH 2.6, 3.0, 4.0, 5.0, 6.0, 6.5, 7.0, and 7.5 are shown: 2 um x 2 um close-ups (top
rows) and 5 um x 5 um overview images (bottom rows). The color scale represents the heights from
0 nm (dark brown) to 20 nm (white). While clearly visible single fibrils are present at pH 2.0, increasing
the pH results in network formation and even gathering the fibrils into bigger clusters at neutral pH.
However, individual fibrils featuring the characteristic pitch are distinguishable in the broad pH range.
B) pH-dependence of ThT fluorescence intensity in the absence (yellow circles) and presence of AB(1-
42) fibrils (green diamonds) at a concentration of 4 uM (monomer equivalents).
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Figure S3: AB(1-42) fibrils morphology and their detectability by ThT in presence of various ACN

concentrations.

A) AB(1-42) fibrils in the presence of 3 % and 24 % ACN. AFM height images show the fibrils at pH
2.0 in the presence of 3 % (top row) and 24 % (bottom row) ACN. Left: 5 um x5 um overview images,
middle: 2 pm x2 pm close-ups, and right: 100 nm x500 nm single fibril cut-outs. The colors correspond
to the heights from 0 nm (dark brown) to 10 nm (white). It is noticeable that also at comparably low
ACN concentration, the original morphology of the fibrils is preserved. B) ThT fluorescence intensity
highly depends on ACN concentration. In the graph, the data collected from samples containing AB(1-
42) fibrils are plotted as circles, and those with no protein as thin lines, barely visible due to their close
proximity to zero. Measurements at pH 2.0 and pH 7.0 are shown in red and blue accordingly.
s10



115 —
, &
120 —
125 —
é i)
& 7 EpH26
=3 1 HpH3.0
BpH 3.5
] s
130 -{ _PM<.
'pH 5.0 — T ' 1 T T ‘' T " T ‘' T T T T T ' T 7T
. pH 5.5 7.08 7.06 704 7.02 700 698 696 6.94 6.92
pH 6.0
7 MpH6.5
4 WpH7.0
135 — s - &
T T T ] T \ T 1 T 1 I T T T ] \
8.0 7.8 7.6 7.4 7.2 7.0

5("H)/ppm

Figure S4: pH titration of ThT monitored by NMR spectroscopy.

From pH 7.5 to pH 3.5, the benzene ring resonances of ThT in the 2D 'H-"*C HSQC spectra superimpose
within experimental error. At pH 3.0 (blue) and pH 2.6 (black), the benzene ring resonance adjacent to
the dimethylamino group at 6.98 ppm ('H) / 114.83 ppm ('3C) (designated B4 in ref.*!") exhibits small
but significant chemical shift changes of +4 ppb/+37 ppb and +8 ppb/+75 ppb, respectively. This change
is also observed in the 1D 'H spectra, where this resonance gives rise to a doublet (inset). Relative to
the 'H chemical shift change of +1.03 ppm reported in the literature,*' this change would correspond to
a minute degree of protonation of the dimethylamino group of 0.4 % of the ThT molecules at pH 3.0
and 0.8 % of the ThT molecules at pH 2.6.
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Figure S5: Testing the influence of the citrate-phosphate buffer on the AB(1-42) fibril structure.

A) 2D BC-3C MAS Proton-Driven Spin Diffusion (PDSD) spectra at pH 2 and at pH 2.6 with added
citrate-phosphate buffer to adjust the pH value after fibril growth. B) Zoomed region of the carboxyl
region from A: The protonation states of the D1 and D7 side chains show increased deprotonation for
D7 and slightly decreased protonation for D1 with slightly increased pH values. C) The 2D '"N-*C NCa

spectra for both conditions do not show any significant changes.
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Figure S6: Comparing the '*C-"*C spectra of AB(1-42) fibrils at pH 2 and pH 7 showing that the global
fibril structure remains unchanged upon pH shift.

A) 2D 3C-13C MAS Proton-Driven Spin Diffusion (PDSD) spectra of AB(1-42) fibrils at pH 2 (red) and
pH 7 (navy). B) Zoom of (A). No significant changes occur for, e.g., Val and Ile side-chain resonances.
C) 1D cross-section of (A). The intensity of the R5 CB-Cy correlation is reduced; no significant intensity
changes occur for all Val resonances. D) Zoom of the overlay of the aliphatic regions of the 2D *C-*C
MAS Proton-Driven Spin Diffusion (PDSD) spectra of AB(1-42) fibrils at pH 2 (red), pH 4 (orange),
pH 5 (green), pH 6 (blue) and pH 7 (navy). The S26 Ca-Cp correlation shows two signals, and the
intensity of the signal at 56.1 and 65.4 ppm decreased with increasing pH value. The S8 Ca-Cp
correlation shows reduced intensities for increasing pH values. E-H) Representative 1D slices from
spectrum A). I) Representative 1D slices from Figure 2C.
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Figure S7: The AB(1-42) fibril structure does not show any highly mobile parts at both extreme pH
values, and the pH values of the fibril samples do not deviate from the pH values of the citrate-phosphate
buffer solutions.

A) 13C detected refocused INEPT spectra of AB(1-42) fibrils at pH 2.6 (black) and pH 7 (blue) are devoid
of protein signals, only solvent and buffer signals are visible. B) The chemical shift of the signal of the
CH, groups of citrate is pH sensitive and can be used as an internal pH sensor of the fibril samples.
Chemical shift differences between the fibril sample (full line) and the buffer solution (24 % ACN,
0.08 % TFA, dashed line) for a given pH value are one order of magnitude smaller than the shift
differences observed between different pH steps, thus, the deviation of the pH value from that of the
buffer is less than 0.1. C) Comparison of the 1D *C cross-polarization (CP) and the direct excitation
(DE) spectra at pH 2 and pH 7. The acetonitrile peaks were cut off. No additional protein signals were
detected for direct excitation compared to the CP spectrum, so any highly mobile or flexible parts can
be excluded.
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Figure S8: 2D NCOCX spectra at different pH values. The changes for the C-terminal Gly residues
(G37 and G38) are highlighted using boxes. For all pH values the strong V12-H13 correlation is visible
(highlighted using boxes), which was also already present, but which has not been described in detail

before.!

S16



H14 2. Y10
E2 F2 . ! i, V N
l'[‘ p Vi 1 L 1t z
D23 s : @ | ‘ %G9
y U N27 1313 L34 \
G25Gn . 3 i e PN \D7
oy  G29 ’ g © -
Q N ¥ ( 132 o \
S26 A30 10 i1 3\
y, Vdle W35 TV 0N ;
K2ogPA42 ¢ G35 5 RS
\_ Y Vi E3
' e
141" VJ9 § q
QW 2> W & Ag2 D1

- - \ -~ '-. 3 z
(} /v § _’\' , N
;‘ ’ O «P\ \!-.‘..
E W ji
= ; s Y A ¢ zr ..: i
D . q
‘@‘\ " 4 1; =

Figure S9: Atomic model of the AB(1-42) fibrils.
The atomic model of the AB(1-42) (PDB: 50QV Gremer et al., 2017") is shown as a stick model. Amino

acids essential for stabilizing the protofilament are colored green. The residues of the triad D1-K28-A42,
important for the stabilization of the fibril structure, on the other protofilament are labeled in red.
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Figure S10: Influence of the pH shift on AB(1-42) in the NCa spectrum.

A) Overlay of 2D N-3C MAS NCa spectra of AP (1-42) fibrils at different pH conditions (pH 2.0
(red), pH 4.0 (orange), pH 5.9 (green), pH 6.0 (blue) and pH 7.0 (navy)). The chemical shift change
(slow exchange) of the A42 Ca-N resonance signal is shown with a black arrow. The normalized
intensities for each pH value are shown in Figure 2F. B) Normalized intensities for the Ca-N (Figure
2F) correlation signals (in the protonated and deprotonated state) from the 2D and NCa experiments are
plotted against the pH value. The intensities were normalized using the following equations:
Liorm(prot) = I(prot)/(I(prot) + I(deprot)) and I,y (deprot) = 1 —IL,rm(prot). The C-
terminal A42 carboxyl group is completely protonated until pH 4. For pH 5 and 6, both states can be
observed, while the carboxyl group is to a high degree deprotonated at pH 7. Further details with all
A42 chemical shifts can be found in Table S1. C) Plot of the Henderson-Hasselbalch equation: data
derived from the NCa spectra (circles Figure S9B) and from the PDSD spectra (squares, Figure 2F) were
fit together using non-linear regression as implemented in Matlab R2015b based on the following
equation: I, o, (prot) = exp(—In(10) pH) / [exp(—In(10) pH) + exp(—In(10) pK,)] resulting in
apK,of 5.37+0.13.
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Figure S11: Solution NMR spectra of AB(1-42) monomers at different pH and solvent conditions.

A) Backbone order parameters predicted from the Random Coil Index (RCI), Sgcr’, for AB(1-42)
monomers in 28 % (v/v) acetonitrile at pH 2.0 (red), without acetonitrile at pH 2.0 (black), and in
citrate/phosphate buffer at pH 7.0 (navy blue), as calculated by TALOS-N  with the default parameters.
AP(1-42) monomers are highly disordered at all these conditions, with chemical shifts close to random
coil values (Figure S10B) and concomitantly low Srci> values below about 0.6 for all residues. B)
Comparison of the 2D C-*C TOCSY spectrum of AB(1-42) monomers at pH 2.0 in 28 % (v/v)
acetonitrile (red) with the 2D 3C-3C TOCSY at pH 7.2 in 30 mM Tris-HCl buffer reported previously’
(navy blue). Changes between pH 2 and pH 7 are observed primarily for the titratable residues (Asp,
Glu and His residues) and for A42 (change from a protonated to a deprotonated C-terminal carboxyl
group).
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Figure S12: Water-accessibility of AB(1-42) fibrils at different pH conditions.

A) Pulse sequences for water-edited 1D CP and 2D PDSD spectra. B) Water-edited PDSD spectra of
APB(1-42) fibrils at pH 2.6 and pH 7 with 'H-"H mixing times of 3 ms and 100 ms. C) 1D "*C cross-
sections taken from the Ile Cyl chemical shift at 27.0 ppm. The Ile Cyl resonances show low water-
transferred intensities of less than 0.1. D) Complete 1D *C cross-sections taken from the A42 Ca shifts.
Spectra with a short mixing time (3 ms) were recorded with a three times higher number of scans than

the spectra with a mixing time of 100 ms.
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D23-H o),

Figure S13: Assigned protonation states considered for molecular dynamics simulations.

Top view of the AB(1-42) structural models as used for multi-microsecond length molecular dynamics
(MD) simulations. All systems were prepared on the basis of the APB(1-42) structure resolved by cryo-
EM at pH 2 (PDB ID 50QV"). Residues with changing protonation states, according to our NMR
experiments, are shown as a sphere model and labeled explicitly. Residues with a constant protonation
state are shown as a stick model. Amino acid names with “-H” extension denote protonated amino acids
at pH 2 conditions.
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Figure S14: Subunit-wise conformational analyses of AB(1-42) fibril.

The mean backbone root mean-square deviation (RMSD, n = 10) was calculated for each AP(1-42)
peptide individually. The molecular dynamics simulations were performed on an AP(1-42) fibril
composed of 20 single AB(1-42) peptides (labeled A-T, see inset for details), which are organized into
two non-covalently attached protofilaments (blue and orange domains in the inset). The error bars denote
the standard error of the mean (SEM) (* p <0.05; ** p <0.01).
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Table S1: Chemical shift changes and calculated protonation states (%) based on '*C chemical shifts
(see Keim et al.*? and Platzer et al.**) of different amino acid residues of pH-shifted AB(1-42) fibrils.

Assignment based on the similarity in the CC correlation spectra between different pH values

N CO Ca Cp Cy Cy2 Co Ce Prot
%
pH2 1722 543 420 180 5
DL H7 1719 544 413 1788 40
180.0 5
A 03 01 07 12
pH2 1728 515 410 1785 45
D7 oH7 1719 526 422 180.1 10
A 0.9 G112 16
pH2 1734 544 331 381 182.5 33
E22 H7 1732 546 334 368 182.6 23
403 183.1
A 02 02 03 13 0.1
pH2 537 350 1766 85
D23 347 1779
pH 7 533 345 1771 75
351 1780
A 04 05 05
pH 2 128.7 546 364 258 30 421
K28 H7 128.1 546 366 26 303 424
128.1 549 353 255 30 427
A 0.6 0 02 02 03 03
A 0.6 03 11 03 0 06
pH2 1269 1792 492 215 100
A2 g 1340 1821 535 197 0
A 71 29 43 18
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ABSTRACT: Conformations of protein side chains are closely
linked to protein function. DNP-enhanced solid-state NMR
(ssNMR), which operates at cryogenic temperatures (<110 K),
can be used to freeze-trap protein conformations, including the
side chains. In the present study, we employed two-dimensional
DNP-enhanced ssNMR to get detailed insights into backbone and
side chain conformations of isoleucine. We used different amino
acid selectively labeled model proteins for intrinsically disordered
proteins (IDPs), denatured and well-folded proteins, and amyloid
fibrils. "3C chemical shifts are closely correlated with secondary
structure elements and y, and y, angles in isoleucine side chains. oW ol -0l M oW ol ol o N ool ot d
Thus, line shape analysis by integration of representative peak 813C (ppm) 813C (ppm) 813C (ppm)

areas in 2D spectra provides an accurate overview of the

distribution of backbone and side chain conformations. For the well-folded proteins GABARAP and bovine PI3-kinase (PI3K)
SH3 domain, most Ile chemical shifts in frozen solution are well resolved and similar to those observed in solution. However, line
widths of individual Ile residues are directly linked to residual mobility, and line broadening or even signal splitting appears for those
Ile residues, which are not part of well-defined secondary structure elements. For unfolded PI3K SH3 and the IDP a-synuclein (a-
syn), all Ile side chains have full conformational freedom, and as a consequence, inhomogeneous line broadening dominates the
cryogenic spectra. Moreover, we demonstrate that conformational ensembles of proteins strongly depend on solvent and buffer
conditions. This allowed different unfolded structures for chemical and acidic pH denaturation of the PI3K SH3 domain to be
distinguished. In amyloid fibrils of @-syn and PI3K SH3, chemical shifts typical for f-strand like secondary structure dominate the
spectra, whereas Ile residues belonging to the fuzzy coat still add the IDP-type line shapes. Hence, DNP-enhanced ssNMR is a useful
tool for investigating side chain facilitated protein functions and interactions.

90

100

& 13C (ppm)

o

B INTRODUCTION and combined with MD simulations to obtain conformational
ensembles at ambient temperatures.’ ® Recently, several
approaches have been developed to experimentally determine
conformational ensembles directly in fully or partly disordered
proteins in frozen solution’~"” or in lyophilized form'® by
solid-state NMR-spectroscopy, using conformation-dependent
chemical shifts'®"> as reporters for secondary structure. Upon
freezing in a cryoprotectant medium, the exchange between
different conformations is halted, and all conformations
sampled by each nucleus are present with their respective
probability.”*'°~"" Furthermore, the combination of frozen

Protein side chain conformations are closely related to protein
function since they play a key role in enzyme active site
chemistry and interaction with small molecules or other
ligands."” At physiological temperature in solution, side chains
of amino acid residues in certain regions of a protein may still
exhibit substantial conformational freedom, which results in
rapid averaging of an extensive conformational ensemble in
many spectroscopic experiments. In crystal structures, on the
other hand, most side chains are confined to one energetic
minimum, which does not necessarily represent the full
conformational space sampled by a residue. Likewise, NMR
structures of proteins in solution are often based on averaged J-
couplings, which reflect average values of torsional angles
instead of the actual rotamer distribution, which may also
distort the representation of side chains in solution NMR
structures. Dynamics and flexibility of protein domains can be
mapped by residual dipolar couplings and NMR relaxation,
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Figure 1. (A) Newman projections of the y; and y, dihedral angles for isoleucine. Correlation between y; and y, dihedral angles. (B) The most
populated three rotameric states (g,,t), (gmgm), and (gp,t) are highlighted with a red, green, and blue circle, respectively (right). (C) Structure of
the random coil mimic peptides AIN and GIG. (D) Ile side chain structure (left; heavy atoms only) and typical chemical shift regions for each Ile

side chain *C (right).

solution NMR with dynamic nuclear polarization (DNP)
makes it possible to study distributions of conformations in
large proteins with high sensitivity.”'>*>*" After focusing on
the backbone conformations in a previous study,” we started to
investigate the conformational space sampled by isoleucine
side chains. The chemical shifts of isoleucine (Ile) side chain
carbons strongly reflect the side chain torsion angles y; and y,,
which each have three energetic minima at ~60°, ~180°, and
~300°, referred to as gauche+ (gp), trans (t), and gauche-
(g,), respectively.

Density functional theory (DFT) calculations of rotameric
states from ">C chemical shifts as well as from scalar couplings
have shown that three of the nine possible rotameric states. y,
and y, angles in the combinations (g,,t), (gp,t), and (g.,gm),
represent over 95% of all rotameric states sampled by the side
chains in solution at ambient temperature (Figure 1A,B).*

In our previous work, the rotamer distributions of isoleucine
in two random coil peptide mimetics, Ace-Ile-NMe (AIN) and
Gly-lle-Gly (GIG) (Figure 1C), were calculated from the
experimental chemical shifts and scalar couplings for two
peptides. *C chemical shift distributions obtained from DNP-
enhanced solid-state NMR spectra of these peptides in frozen
solution supported the finding that the random coil sampling
of AIN and GIG is significantly different from that obtained
from the average of all isoleucine side chains in a large set of
high-resolution crystal structures.”’ In particular, the C&1
chemical shift is highly sensitive to the y2 torsion angle; in the
g, conformation the C61 methyl group has two y-gauche
substituents (Figure 1A), which reduces the chemical shift by
~5.5 ppm.”> Typical NMR chemical shift values for Ile *C are
shown in Figure 1D.

15868

In this contribution, we adopt the approach to exploit
isoleucine residues as structural reporters for backbone and
side chain conformational freedom in proteins recombinantly
expressed with uniform "3C,"*N isotope labeling exclusively for
isoleucine residues.”> We studied three different proteins
representing well-folded, intrinsically disordered, misfolded
and fibrillar states by DNP-enhanced solid-state NMR-
spectroscopy in frozen solution, under different conditions.

As an example of a stable, well-folded protein with a defined
secondary and tertiary structure, we studied the y-aminobutyric
acid type A receptor-associated protein (GABARAP), a 117
amino acid residue protein playing an important role in
autophagy.”**®

In contrast, intrinsically disordered proteins (IDPs) can
readily adopt different secondary structures under different
conditions.” >’ One member of the group of IDPs is the so-
called ‘protein-chameleon’ a-synuclein (a-syn),”® and its
aggregation is associated with various synucleinopathies
including Parkinson’s Disease, dementia with Lewy bodies
and multiple system atrophy.’' In its monomeric form a-syn is
fully disordered, upon fibrillation the extreme N- and C-
termini stay disordered while the middle region adopts a cross
P structure forming the fibril core.”” Therefore, Ile-labeled a-
syn was chosen as a model protein to study a natively unfolded
monomeric as well as a fibrillar state.

The bovine PI3-kinase (PI3K) SH3 domain is a well-studied
model protein for the investigation of protein folding,
unfolding and aggregation.”® The structure of natively folded
PI3K SH3, a globular domain consisting of 86 amino acids,
from bovine PI3K’* and its human homologue® ™" has been
well-characterized by X-ray crystallography and NMR spec-
troscopy. At low pH, the protein unfolds and forms amyloid

https://doi.org/10.1021/jacs.5c04159
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Figure 2. (A) Primary sequence of GABARAP with the positions of isoleucine residues highlighted in red. The secondary structure elements a-
helix and f-strand are depicted in rectangles and arrows, respectively. (B) 3D structure of GABARAP with Ile residues labeled and marked in red
(1KOT).* (C) 2D C—-"3C correlation DQ/SQ spectrum of GABARAP recorded at cryogenic temperatures in frozen solution. Green and purple
circles show typical regions for f-strand and a-helical (g,,g.,) states, respectively; green (132), purple (164), orange (121), and red (all other Ile
residues) crosses mark the experimental chemical shifts from solution NMR.** The splitting of the 121 Ca—Cf correlation in frozen solution is
highlighted using orange circles. Ala cross peaks are marked with asterisks. The spectrum was Fourier transformed without apodization of the FIDs
in both dimensions. (D, E) Significant 1D projections extracted from the marked areas of the original 2D data set shaded in gray in panel (B).

fibrils,>**** whose structure was characterized by solid-state
NMR spectroscopy”’ and more recently in high resolution by
cryoEM.*' Here, by using Ile residues as structural reporters,
we investigate the different globular, unfolded and fibrillar
conformations of PI3K SH3 as a third model system.

B RESULTS

Rotational Freedom in a Folded Protein: GABARAP.
The globular protein GABARAP was selected as a candidate
for studying residual dynamics in a well-folded protein by
comparing solution NMR data measured at room temperature
to DNP-enhanced data recorded in frozen solution at 100 K.
As the seven isoleucine residues are distributed all over the
sequence, they represent all parts of the protein (Figure 24,B).
Three isoleucine residues are located in a-helices (121, 164,
and 168), two in f-strands (I32 and I107), and two in loop
regions (141 and 184) of the protein.

We recorded a 2D double quantum/single quantum (DQ/
SQ) spectrum for selectively Ala- and Ile-labeled GABARAP in
frozen solution (Figure 2C). DQ/SQ experiments were
preferred over standard proton driven spin diffusion spectra
(PDSD, Figure S1B), since they show only one bond
correlations and, therefore, allow a full discrimination between
Cy2 and C61 resonances, which partially overlap in PDSD
spectra due to their similar shift range. In this folded protein,
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the *C resonances are well-dispersed at ambient and cryogenic
temperatures, and a good resolution with *C line widths
below 1.5 ppm for most resonances was obtained even at 100
K. Ala cross peaks, which are outside of the relevant spectral
area for Ile cross peaks, are relatively weak, possibly due to
isotopic scrambling, and are not further evaluated in this study.
As shown in Figure 2C, most of the well-separated DNP-
NMR peaks in frozen solution match the solution NMR
chemical shift values, allowing the identification of the spin
systems for all seven isoleucine residues (Figure S1).* As B3C
line widths in frozen solution reflect the degree of residual
conformational disorder of the side chains, the rather high
overall resolution in this spectrum is explained by the well-
defined rotamers for most Ile residues of GABARAP,* which is
typical for a globular protein, in contrast to an IDP.
However, the line widths for different Ile residues in
GABARAP in frozen solution vary significantly (Table S1).
Residues 132 and 164 exhibit extremely narrow lines (full width
at half-maximum (fwhm) of 1.3 + 0.1 and 1.4 + 0.1 ppm,
respectively) for all five side chain "*C atoms, which indicate
particularly high conformational restriction for both residues.
These two residues also exhibit low Cd1 chemical shifts <10
ppm, which are typical for (g,,,g) rotameric conformations for
both dihedral angles y1 and y2. Indeed, these conformations
are also confirmed in the PDB structure 1KOT** (Table 1).

https://doi.org/10.1021/jacs.5c04159
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Table 1. Torsion Angles of the Isoleucine Side Chains in
GABARAP, Measured in PyMOL Using the PDB File
1KOT*

Ile X1 angle (°) state x> angle (°) state
21 =722 Em 151.7 trans
32 —44.4 Zm —53.4 Zm

41 35.9 - 177.1 trans
64 —64.6 Em —55.3 m

68 17.1 [ 162.9 trans
84 —56.6 m —152.9 trans
107 —=59.1 m —160.6 trans

Both residues are located in well-defined regions of the
protein: 132 in a f-sheet and 164 in an oa-helix. Such a
conformational restriction of the backbone in a defined
secondary structure element may be a necessary but not
sufficient prerequisite for the confinement of the side chain to
the (g,,g,) rotamer. In contrast, for 121, located in an a-helix
lining one of the two hydrophobic binding pockets, the single
Ca—Cp correlation visible at room temperature (Figure S1A)
is split into two distinct Ca—Cp cross-peaks at cryogenic
temperatures (Figure 2C). One of these two signals has

random-coil like’*Ca shifts (63 ppm), while the other is shifted
strongly toward a-helical chemical shifts (67 ppm). By
integrating over the areas of 132, 164 and the split 121 peaks
and relating them to the full signal volume (see Methods), we
measured a fraction of the total signal volume of around 15%
for each of them (Table S2). This result is in agreement with
seven Ile residues (1/7 = 0.14) contributing to the total
integral. The 121 signal is split into two peaks, with an integral
of about 7% each. This suggests that the'*Ca chemical shift
observed in solution at room temperature (64.9 ppm)
represents an average between two rapidly exchanging states
with roughly equal populations.

Isoleucine in an Intrinsically Disordered Protein: a-
Syn. To study the distribution of Ile side chain *C chemical
shifts in an IDP we selected a-syn. The primary sequence of a-
syn has two Ile residues; one in the central amyloidogenic
(formerly known as NAC) region (aa 61—95) at position 88,
the other in the highly negatively charged C-terminus at
position 112 (Figure 3A).

The DQ/SQ spectrum of monomeric a-syn shows relatively
broad peaks (average fwhm of 3.6 ppm), indicating a very high
degree of conformational freedom for the two Ile residues 188
and I112. The overlay of a DQ/SQ_spectra of a-syn with that

A a-syn
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Figure 3. (A) Primary sequence of a-syn with both isoleucine I88 and 1112 residues highlighted in red. (B) 3D structure of a-syn fibrils (PDB
2NOA) with the positions of 188 (cross-f3 core region) marked in red and 1112 (flexible and therefore not confined region) in yellow.* (C) 2D
BC—-13C correlation DQ/SQ spectra of AIN (gray) and isoleucine-labeled monomeric a-syn (navy) recorded at cryogenic temperatures in frozen
solution. (D) Isoleucine-labeled a-syn fibrils (blue) and the lowest contour level of @-syn monomers shown in (C) for comparison. Spinning
sidebands of glycerol are marked with asterisks. 1D projections of the full spectra are shown on top of the spectra in (C) and (D).
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of the random coil mimetic AIN” (Figure 3C) shows that the
chemical shift range for Ile residues in @-syn roughly covers the
full rotameric ensemble of an unfolded peptide mimetic. While
chemical shift distributions for side chain carbon atoms agree
well in both molecules, Ca chemical shifts of a-syn exhibit a
larger dispersion than in AIN, with two distinct maxima
around 66 and 62 ppm instead of one very broad maximum at
64 ppm, as observed for AIN. This finding reflects differences
in the energy landscape for backbone conformations between a
small peptide mimetic and a full protein. To quantify the
amount of (g,,g,) conformation in Ile side chains and to
obtain an estimate of the relative amount of a-helix like
backbone conformations, respective peak areas were integrated
and related to the full signal volume (see Methods). These
integrated peak volumes from the a-syn DQ/SQ spectrum are
in agreement with the peak volumes measured for AIN (Table
2 and Table S3) for (g,gm) conformations, while the
preference for a-helical conformations is slightly higher in
monomeric a-syn.

Table 2. Populations of Different Conformations and
Average Line Widths of Signals in Spectra of @-Syn and the
Random Coil Peptide Mimetic AIN

gmwgmpopulation estimate of a-helical range of fwhm
(%) population(%) (ppm)
AIN 14 +£1 1S+1 22-32
a-syn 15+2 18 +£2 2.7-4.9
(native)
a-syn 17+ 6 9+6 1.6-3.5
(fibrils)

We thus could show that the side chains of both Ile residues
in a-syn cover a broad conformational space, which is close to
the conformational space in the random coil Ile mimetic AIN,
while the backbone conformational space showed more
pronounced conformational preferences toward either a-
helical or extended conformations in a@-syn. Overall, these
results confirm the IDP character of a-syn.

For comparison, we recorded a DQ/SQ_spectrum of Ile-
labeled a-syn fibrils (Figure 3B) in frozen suspension (Figure
3D). The resonance pattern of the two Ile residues in the
fibrillar form is dominated by peaks that are significantly
narrower (see Table S4) than those of the monomeric IDP
state and have chemical shifts typical for f-sheet secondary
structure (Figure 3D). However, in addition, weak and broad
signals covering a significant part of the typical random coil
line shape pattern can also be observed. Even without knowing
the exact fibril structure, we expect high f-sheet content for
188, as it is part of the fibril core in most fibril structures known
so far.**** 1112 on the other hand is expected to be disordered,
as it is not inside the fibril core (Figure 3B) and thus gives rise
to strongly inhomogeneously broadened signals. Although
precise quantification of the signal patterns is challenging, the
overall pattern is in line with a superposition of a well-defined
I88 spin system with f-sheet secondary structure and a spin
system from a disordered 1112 residue.

Different Stages in Protein Folding: PI3K SH3—
Folded, Unfolded, and Fibrillar State. To investigate
different stages of protein folding, unfolding and misfolding, we
chose the bovine PI3K SH3 domain (Figure 4A), which differs
from its human homologue p85a PI3K SH3 by only one
residue in position 49. This SH3 domain is a promising model
system, as it can adopt many different (meta)stable states

depending on pH, buffer conditions and temperature. At
neutral pH, the protein adopts the stable five-stranded
antiparallel S-sandwich fold typical of SH3 domains™* ™’
(Figure 4B).

Compared to most SH3 domains from the src tyrosine
kinase family, however, the n-src loop connecting strands 2
and f3 is approximately 15 residues longer in the PI3K SH3
and somewhat mobile, as reflected in reduced*® SN NOE
values.”* At acidic pH the PI3K SH3 domain (partially)
unfolds, and in this unfolded state, it is also prone to fibril
formation.”” The structure of the amyloid fibrils formed at pH
2.5 has recently been determined by cryoEM."" In this fibril
type, almost the entire protein is part of the well-defined
parallel in-register ff-sheet core (Figure SA). We used the five
isoleucine residues in the PI3K SH3 domain (Figure 4A) as
reporters for backbone and side chain flexibility in the native,
unfolded and fibrillar state in frozen solution.

Native State and Unfolded States. The PI3K SH3
domain is well-ordered at neutral pH. In the native form, two
isoleucines are located in fS-strands 2 (129) and S5 (177)
(Figure 4A). 122 is located in the relatively rigid hairpin-like
RT-src loop connecting strands 1 and 2 (Figure 4B). 153 is
located in a helical loop at the end of the somewhat mobile n-
src loop, while 182 is part of the C-terminal tail, which is
disordered.”* The DNP spectrum recorded in frozen buffer
solution containing 60% glycerol is shown in Figure 4C and
agrees well with the chemical shifts obtained by solution NMR
spectroscopy (Figure S2), which in turn are similar to the
chemical shifts published previously for bovine PI3K SH3."
However, in frozen solution, the chemical shift dispersion of
the five PI3K SH3 isoleucine residues is insufficient to resolve
individual resonances due to inhomogeneous line broadening
which is larger than the shift dispersion for most of the
residues. Consequently, most signals overlap in the DNP
spectrum, forming a composite set of cross-peaks. This
observation aligns with the domain’s structure, as PI3K SH3
contains isoleucine residues (e.g, I83) within less ordered
regions. Notably, 129, located within a f-sheet (strand f52),
exhibits a characteristic low C6 chemical shift and distinctive
Ca and Cp shifts in solution NMR, indicative of the (g,,g.)
side chain conformation, consistent with that observed in most
PI3K SH3 PDB structures (Table 3). These shifts are clearly
visible in both solution (Figure S2) and frozen solution spectra
(Figure 4C). To confirm this assignment, we expressed a PI3K
SH3 sequence variant where 129 is replaced by the also f-
branched amino acid valine (Figure S3A), a point mutation,
which does not perturb the protein structure, as confirmed by
solution NMR (Figure S3C). The absence of the well-resolved
(gmwgm) signals in the corresponding spectrum in frozen
solution of this variant unambiguously identifies these signals
as originating from 129 (Figure S4A).

To unambiguously identify the signals of I53, which is
located in a helical turn in the mobile n-src loop (Figure 4B),
we expressed a second sequence variant, where 122, 177 and
182 were replaced with valine (Figure S3B). Also in this
variant, the overall structure of the PI3K SH3 domain was
conserved (Figure S3D). The DNP spectrum of this mutant
displays two distinct Ca/Cf cross peak signals for 1S3, in
addition to the (g,,g.) peak of 129 (Figure 4C and Figure
SSA). Thus, 153, like 121 in GABARAP, exhibits a doubling of
the Ca resonance. This observation is consistent with 153’s
location within a helical turn in the mobile n-src loop (Figure
4B).
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Figure 4. (A) Primary sequence of PI3K SH3 with the positions of isoleucine residues highlighted in red. The secondary structure elements a-helix
and f-strand in the native structure are depicted as rectangles and arrows, respectively. (B) 3D structure of PI3K SH3 in its native form (1PNJ).**
The five Ile residues are labeled in red. (C) 2D *C—"3C correlation DQ/SQ spectra of isoleucine-labeled PI3K SH3 WT (green) and its 22V/
177V/182V variant (black) in its native form recorded at cryogenic temperatures in frozen solution with 60% glycerol. The NMR chemical shifts of
the natively folded protein in solution (Figure S2) are indicated by crosses. The peak doubling experienced by 153 is highlighted with orange
circles. (D) Comparison between 2D *C—"3C correlation DQ/SQ spectra of isoleucine-labeled PI3K SH3 in its native form recorded at cryogenic
temperatures in frozen solution with 60% glycerol (green) and 10% glycerol (navy blue). (E) Comparison of isoleucine-labeled PI3K SH3 in its
native form in 10% glycerol (navy blue) with its unfolded state at pH 1.0 (red). (F) Comparison between DQ/SQ spectra of Ile-labeled PI3K SH3
at pH 1.0 (red) and at pH 2.5 in the presence of 6 M GdmClI (light blue). 1D projections of the 2D spectra are shown on top.
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Figure 5. (A) 3D structure of PI3K SH3 fibrils (6R4R)*! spanning
the sequence region from MI1 to 177, with the isoleucine residues
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disordered C-terminus including I82 is not part of the structural
model deposited with the PDB. (B) 2D"*C—"*C DQ/SQ spectrum of
isoleucine-labeled PI3K SH3 in its fibrillar form in frozen solution
(green) overlaid with that of fibrillar PI3K SH3 recorded at ambient
temperature (brown).

Since some of the five Ile residues are located in regions with
enhanced flexibility, the range of backbone as well as of side
chain conformations are expected to be sensitive reporters on
the effect of changes in solution conditions.

To study the effect of pH and solvent conditions on the
conformational ensemble adopted by PI3K SH3 in more detail,
we also performed a series of DNP experiments in different
buffers containing only 10% glycerol as a cryoprotectant.

Decreasing the glycerol concentration in the solvent from 60%
to 10% significantly narrows the chemical shift range of
inhomogeneously broadened signals in phosphate buffer at pH
6.8 (Figure 4D). Notably, the minor peak characteristic of a-
helical propensity, previously observed for the Ca/CaCf
cross-peak (64—66 ppm of SQ and 100—110 ppm DQ) at 60%
glycerol, is greatly diminished at 10% glycerol. This reduction
in a-helical signal is also evident in the 122V/I77V/I82V
variant for IleS3 (Figure SSA), for which the estimate of a-
helical propensity is reduced (Table SS).

Moreover, in the spectra of the WT-PI3K SH3 domain, the
range of Cf and Cyl shifts is reduced at 10% glycerol
concentration. In particular, the Cf and Cy1 chemical shifts of
122 in native solution (indicated as crosses in Figure 4D) are
no longer covered by the inhomogeneous peak shapes at 10%
glycerol, indicating that an amount of 60% glycerol indeed
helps to stabilize native conformations in proteins at cryogenic
temperature. Therefore, 10% glycerol were used to study
unfolded states of PI3K SH3.

In frozen solution in a pH 2.5 buffer with 10% glycerol, the
overall appearance of the spectrum does not differ substantially
from that obtained at pH 6.8 (Figure S6), suggesting that the
native fold is not affected by this pH value at temperatures
close to the freezing point. By contrast, in liquid solution at pH
2.5 the PI3K SH3 domain is in a temperature-dependent
equilibrium between the native state and a denatured state, the
latter becoming the dominant form at temperatures above 40
°C (99% denatured form).> Lowering the pH further to a
value of 1.0 leads to a substantial broadening of all lines in the
low-temperature spectrum (Figure 4E; average fwhm of 4.09
ppm), suggesting that the backbone conformational space is
enhanced due to the lack of secondary structure restraints. At
pH 1.0, the Ca/Cp cross peak covers the typical chemical shift
range of IDPs (see Figure 3C), including even a-helical
chemical shifts. Furthermore, the reduced intensity of peaks
characteristic of the (g,,g,) conformation, compared to folded
PI3K SH3, indicates a loss of structural constraint for 129. This
suggests that, at this pH, single conformation restrictions are
abolished, allowing each residue to explore its entire
conformational landscape. This conclusion is supported by
analyses of the 129V (Figure S4B) and 122V/I77V/182V
(Figure SSB) variants (Table SS).

The PI3K SH3 can alternatively be unfolded by addition of
6 M guanidine hydrochloride (GdmCl) at pH 2.5 (Figure 4F).
While the overall line-width for most resonances is as broad as
for unfolded PI3K SH3 at pH 1.0, some significant differences
are observed: (i) The Ca/Cp cross peaks are devoid of any a-
helical population, and (ii) the (g,g.) population is lower
than for PI3K SH3 at pH 1.0. This finding indicates that

Table 3. Rotameric States of the Isoleucine Side Chains in the Human PI3K SH3 Determined in PyMOL Using the PDB Files

2PNIL>* 315S,%” 1PKT,*® 1PHT,*° and 6R4R*'“

2PNI (NMR, 26 models) 3ISS (X-ray, 4 subunits)

1PKT (NMR, 30 models)

1PHT (X-ray) 6R4R (fibril, CryoEM)

residue x1 x2 x1 2
22 % t 8 t
129 Zm n.d. Em Em
153 8m 8m t
177 8 -5

182 n.d. n.d. n.d. n.d.

X1

&
&m
&m

n.d.
n.d.

X2 x1 x x1 2
n.d. 2 t Zm t
n.d. Em Zm m t

t m t [ t
n.d. 2 t Em t
n.d. [ [ n.d. n.d.

“Dihedral angles whose circular variance over the ensemble of models/subunits exceeds 0.1 were considered ill-defined (n.d.). 182 is not included
in models 3I5S, 1PKT, and 6R4R; in the model 1PHT, it is constrained by an artificial crystal contact (indicated by *).
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GdmCl shifts the equilibrium of backbone conformations
toward extended conformations.

We quantified the relative amounts of Ile in (g,g.)
conformation and an estimate the population with a-helical
backbone conformation by integrating the indicative peak areas
(Figure S7 and Tables S3 and S6) for PI3K SH3 in all states.
Once again, we employed the random coil mimic AIN for
comparison. In AIN, the (g,,g.) population as determined
from the Ca/Cpf and Cyl/Céd1 cross peaks is between 15%
and 11%, respectively, the estimate of a-helical population
determined from the Car/Cf cross peak is roughly 15% (Table
2). Interestingly, the populations of the (g,,g.,) state as well as
the a-helix population of the combined signals of all five Ile
residues in unfolded PI3K SH3 at pH 1.0 are very similar to
those of AIN, suggesting that backbone torsion angles as well
as side chain rotamers of all five Ile residues of denatured PI3K
SH3 at pH 1.0 cover the same conformational space as in the
random coil peptide mimic AIN.

For natively folded PI3K SH3 at pH 6.8, the a-helical
population is close to 0%, reflecting the fact that no Ile residue
is located in an a-helix. The population of the (g.,g.)
conformation is between 23% and 25% and thus higher than in
random coil (~15%). 129 adopts the (g,,g,) conformation in
solution (see above) and is therefore expected to adopt the
(gmwgm) conformation with a population close to 100% in
frozen solution as well. The contribution of 129 to the (g,,g.)
area of the combined signal of all five Ile residues is therefore
estimated to be 20%. The observation that the (g,,g,) signal
contribution is higher than 20% is thus an indication that other
Ile residues may as well in part adopt the (g.,g.)
conformation. In particular, I82 in the disordered C-terminus
should have sufficient conformational freedom to populate the
(gm,gm) rotamer to some degree.

Upon lowering the pH to 2.5, the (g,gn.) population
decreases to ~20%. Since restriction of 182 and 122 to (gp,t) or
(t,t) rotamers is implausible, the lower overall population of
(gmgm) likely reflects more extensive conformational freedom
of the side chain of 129 to also populate other rotamers at pH
2.5 as the native hydrophobic core packing is destabilized. This
is also supported by the rise of the a-helical population to 7%
(Table 4), suggesting increased flexibility of the protein at pH
2.5. This trend continues and culminates in full conformational
flexibility in the denatured protein at pH 1.0, where a-helical as

Table 4. Populations of Different Conformations and
Average Line Widths of Signals in Spectra of Bovine PI3K
SH3 in Different Solvents

range of
gmgmpopulation  index of a-helical fwhm

PI3K SH3 (%) population (%) (ppm)
native, 60% glycerol 25 +1 4+1 2.0-3.6
(pH 6.8)
native, 10% glycerol 23 +1 1+1 2.0-4.6
(pH 6.8)
fibrils, 60% glycerol 11+ 4 6+4 1.6-3.5
(pH 2.5)
intermediate, 10% 20 + 2 7+2 3.3-5.8
glycerol (pH 2.5)
unfolded, 10%glycerol 16 + 2 16 + 2 2.8—6.2
(pH 1.0)
unfolded, GAmCI, 10% 8+1 0+1 29-52

glycerol (pH 2.5)

well as (g,,g) populations resemble those in an IDP (Tables
2 and 4).

For comparison, we also recorded and analyzed PDSD
spectra of PI3K SH3 at different conditions (see Figure S8 and
Table S7). Evaluation of respective Ca/Cf cross peaks gave
similar results within error margins (Cy1/C61 cross peaks
could not be evaluated as they overlap with Cyl/Cy2 relay
cross peaks). For the estimate of a-helical populations, a
similar trend is observed.

PI3K SH3 Fibrils. Ile-labeled PI3K SH3 amyloid fibrils
formed at pH 2.5 (Figure SA) were studied both at room
temperature and in frozen suspension. The comparison
between DQ/SQ_spectra of Ile-labeled PI3K SH3 fibrils
recorded in the different conditions is shown in Figure SB. At
room temperature, only 129 and I53 give rise to cross peaks,
while 177 and I82 at the disordered C-terminus of the protein
and 122 in a stretch with enhanced mobility (unpublished
results) are apparently undetectable. Secondary chemical shifts
of 129 and I53 in PI3K SH3 fibrils are typical for S-sheet
backbone conformation and their C61 shifts are typical for a y2
angle in trans orientation (Figure SB).

At cryogenic temperatures, the mobility of these three
residues is frozen out, and the five Ile residues give rise to
overlapping heterogeneously broadened signals (Figure SB).
The intensities of the Cyl/Cd1 cross peaks typical for the
(gmgm) rotamer are clearly visible, with intensities of ~11% of
the total signal, indicating that the (g,,g.) state is still
accessible for at least some of the Ile residues in the fibrils (in
particular 177 and 182 and possibly also 122), but the
percentage is significantly reduced compared to natively folded
and unfolded monomeric PI3K SH3 states. Moreover, the a-
helical conformation represents about 6% of the population.
With an a-helical propensity of 15% for an Ile residue in an
IDP (Table 2), this result is in agreement with two out of five
Ie residues (I77 and 182) being completely disordered.

B CONCLUSIONS

In this study, we introduce a novel NMR-based approach to
assess the conformational dynamics of proteins by analyzing
backbone conformational and rotameric ensembles of
isoleucine side chains. To this end, we selected several
proteins that cover a variety of different stages in protein
folding, from disordered and denatured states to well-folded
native states and to misfolded amyloid fibrillar states.

In well-folded proteins, rigid structural constraints limit
backbone and side chain motion, resulting in well-resolved
NMR signals for individual isoleucine residues at cryogenic
temperatures.48

For the protein GABARAP in frozen solution, we could
discriminate individual signals for most of the seven Ile
residues, whereas for well-folded bovine PI3K SH3 the signal
overlap in frozen solution was larger, as three out of five Ile
residues in this domain are located at the flexible C-terminus
or in coil regions lacking well-defined secondary structure.
However, with the help of two variants with one and three Ile
to Val point mutations, we could identify individual signals also
in this protein. In both proteins, individual line shapes of
different Ile residues differ strongly between the residues, and
the narrowest lines could be observed for those residues, which
are confined in (g,,g.) conformation, i.e. 132 and 164 in
GABARAP and 129 in PI3K SH3. In both proteins, these
residues are located in well-defined secondary structure
elements, which is linked to steric confinement of the side
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chains. In both proteins, for one Ile residue each located in an
a-helix a signal doubling for Ca was observed (I21 in
GABARAP, 153 in PI3K SH3) at low temperature. This
indicates that the chemical shifts observed for these positions
at room temperature are the result of residual conformational
averaging, which takes place even in well-defined globular
proteins.

In unfolded and intrinsically disordered proteins backbone
and side chain conformations can rapidly interchange at
ambient temperature, thus leading to an averaging of
secondary chemical shifts or the characteristic low-frequency
shift of C81 of Ile in the (g,,g,) conformation. Therefore, the
chemical shift dispersion between different Ile residues in
unfolded proteins is usually low. In frozen solution, the large
distribution of chemical shifts leads to substantial inhomoge-
neous line broadening which dominates the line shape. We
could demonstrate for the monomeric IDP state of a-syn that
the two Ile residues 188 and I112 in the unfolded monomer
adopt the same conformational space as in random coil peptide
mimetics. The typical IDP-like spectrum is obtained for PI3K
SH3 at pH 1.0, when the protein is completely unfolded.
Under these acidic conditions, the conformational freedom for
Ile side chains is similar to that in an IDP and in the random
coil peptide mimetics. A different unfolded state of PI3K SH3
is obtained when the protein is denatured by a strong
unfolding agent such as GdmCl in high concentration. This
denaturant appears to stabilize the backbone in an extended
conformation where, despite of the protein’s high backbone
flexibility, helical conformations are prevented.

In the fibrillar state, in @-syn as well as in PI3K SH3 most Ile
residues are conformationally restricted as part of the f-sheet
fibril core, which is reflected by chemical shifts typical for f-
sheet secondary structure dominating the resonance pattern in
the spectra, as well as a reduced population of the (g.,g.)
conformation. However, in both fibril types, not all Ile residues
are part of the f-sheet core. In a-syn the C-terminal 1112
residue, and in PI3K SH3 fibrils I77 and I82 remain disordered
as part of the fuzzy coat outside the fibril core, and give rise to
inhomogeneously broadened signals covering the typical
random coil line shape.

For each protein, by integrating the peaks’ volumes, we were
able to quantify the prevalence of selected conformations. This
approach matched with the respective PDB files and provided
further information. In particular by successfully elucidating
different unfolded states of PI3K SH3, we demonstrated that
unfolded proteins can cover different conformational spaces in
different solvents.

Future outlooks of this study include the extension of the
investigation to amino acids other than isoleucine. Moreover,
the presumed impact of glycerol on the conformation of the
protein as well as the possible structural reorganization during
the sample freezing process should be further inspected.

In conclusion, our study highlights the strength of NMR in
tackling one of the major challenges in the structural
investigation of (partially) disordered biomolecules. By cooling
the sample to cryogenic temperatures, we stop the physio-
logical conformational exchange and take a snapshot of the
investigated molecules. Thus, all conformations sampled by
each nucleus are preserved in line with their respective
probability rather than average values.

B MATERIAL AND METHODS

Expression and Purification of Ala and lle-Labeled
GABARAP. Expression and purification of GABARAP protein were
carried out essentially as described.” However, in case of selectively
Ile-labeled protein, the expression protocol had minor changes.
GABARAP protein was expressed recombinantly in E. coli BL21-
(DE3)-TIR in 1 L M9 minimal medium. The medium contained
[3C,*N]-lle and ["*C,"SN]-Ala as the only labeled amino acids
(Cortecnet) at a concentration of 150 mg/L. The other 18
proteinogenic amino acids (Sigma-Aldrich) were added in natural
isotope abundance at concentrations of 150 mg/L. The cultures were
induced with 1 mM Isopropyl f-D-1-thiogalactopyranoside (IPTG)
after reaching an ODg, of 0.8 and grown for further 15 h at 20 °C
before harvesting.

Expression and Purification of lle-Labeled a-Syn. Selectively
isoleucine-labeled N-terminal acetylated a-syn,_,,, was expressed in
Escherichia coli BL21(DE3) carrying codon-optimized a-syn in pT7
vector and the pNatB vector with the N-terminal acetylation enzyme
from Schizosaccharomyces pombe.*”*° M9 medium was supplemented
with all 19 proteinogenic nonlabeled amino acids and 150 mg/L [**C,
15N ]-labeled isoleucine, similar to a protocol described previously.*'
Protein purification was performed as described previously.”” The
culture was grown at 37 °C with 120 rpm shaking, at ODg of 1.2 a-
syn expression was induced with 1 mM IPTG, and cells were
harvested after 6 h at 37 °C. Cell pellets were resuspended in 25 mL
20 mM Tris pH 8.0 and boiled at 95—100 °C for 2 X 15 min. After
centrifugation at 20.000g for 30 min at 4 °C recombinant a-syn was
precipitated from the supernatant using a final concentration of 0.45
g/mL ammonium sulfate and centrifuged at 20.000g for 30 min. The
pellet was dissolved in 50 mL 20 mM Tris-HCI pH 8.0 and loaded on
a HiPrep Q Fast flow 16/10 anion exchange column 16/10 (Cytiva,
CV = 20 mL). Elution was performed by applying a linear NaCl
gradient of 20-fold CV from 0 mM to 800 mM NaCl in 20 mM Tris-
HCI pH 8.0. a-syn was eluted at a conductivity of 28—32 mS/cm and
fractions containing a-syn were pooled and precipitated using
ammonium sulfate, as described previously. The protein pellet was
resuspended in S mL 50 mM Tris-HCl pH 7.4 and loaded on a
HiLoad Superdex 60/75 pg SEC column (Cytiva, CV = ~120 mL). a-
syn eluted at ~60 mL with a final yield of ~8 mg/L culture and >97%
purity.

Expression and Purification of lle-Labeled PI3K SH3. The Ile-
labeled WT-PI3K SH3 domain from Bos taurus was expressed in E.
coli BL21 (DE3) ROSETTA with an additional Hiss-tag for
purification followed by a thrombin protease cleavage site.”' Cells
were grown in M9 medium supplemented with all 19 proteinogenic
nonlabeled amino acids and 150 mg/L [**C, *N]-labeled isoleucine
for 24 h. Gene expression was induced by 1 mM IPTG at an ODyqy, of
0.6. Cells were harvested by centrifugation and resuspended in 50
mM HEPES/NaOH buffer, pH 7.6, containing 100 mM NaCl, 0.3
mM phenylmethylsulfonyl fluoride (PMSF), 20 mg/L DNase I and
70 mg/L lysozyme. After sonication on a Bandelin sonopuls sonicator
using a VS 70T sonotrode (60% amplitude, 3X S min, 3 s ‘on’, S s
‘off) on ice and ultracentrifugation in a Beckman Optima XPN-80
ultracentrifuge equipped with a 70Ti rotor at 4 °C and 42.000 rpm for
1 h. The supernatant was loaded on 5 mL Protino Ni-NTA column
(Macherey-Nagel, Diiren, Germany) equilibrated with SO mM
HEPES/NaOH, 100 mM NaCl and 20 mM imidazole, pH 7.6. The
protein was eluted in a linear imidazol gradient (from 20 mM to 500
mM imidazole in S0 mM HEPES/NaOH, 100 mM NaCl, pH 7.6
within 20 CV). The fractions containing the eluted protein were
pooled, concentrated and the His¢-tag was cleaved off with thrombin
using S U thrombin (SERVA Electrophoresis GmbH, Heidelberg,
Germany) per mg protein for 2 days at 4 °C under mild shaking
conditions. The protein solution was loaded on a SEC HiLoad 16/60
Superdex 75 column (GE Healthcare Europe GmbH, Freiburg,
Germany) equilibrated with S mM ammonium acetate, pH 7.7.
Fractions containing PI3K SH3 were pooled and lyophilized before
further usage. As described previously [29], the sequence of the
bovine PI3K SH3 construct contains a glycine-serine overhang at the
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N-terminus from the thrombin cleavage site and has the amino-acid
sequence GS MSAEGYQYRA LYDYKKEREE DIDLHLGDIL
TVNKGSLVAL GFSDGQEAKP EEIGWLNGYN ETTGERGDFP
GTYVEYIGRK KISP.

The bovine PI3K SH3 variants were expressed and purified
essentially as described in ref 39. Briefly, bovine PI3K SH3 domain
was expressed in E. coli BL21 (DE3) as a GST-fusion protein using
the pGEX-4T vector. Cells were grown in isotope-labeled M9
medium containing all 19 proteinogenic nonlabeled amino acids and
150 mg/L ["*C,'*N]-labeled isoleucine, lysed, and the fusion protein
was purified using GST-affinity chromatography. The GST tag was
cleaved with thrombin and the cleaved PI3K SH3 domain was further
purified via an additional GST-affinity step to remove residual GST
and size exclusion chromatography. The final [U—"3C,"*N]-labeled
protein was lyophilized before further usage.

The amino acid sequence of the I29V variant is GS
MSAEGYQYRA LYDYKKEREE DIDLHLGDVL TVNKGSLVAL
GFSDGQEAKP EEIGWLNGYN ETTGERGDFP GTYVEYIGRK
KISP, and the amino acid sequence of the 122V/177V/I82V variant
GS MSAEGYQYRA LYDYKKEREE DVDLHLGDIL
TVNKGSLVAL GFSDGQEAKP EEIGWLNGYN ETTGERGDFP
GTYVEYVGRK KVSP.

Fibril Formation of lle-Labeled a-Syn. a-Syn fibril formation
was performed by incubating 100 #M purified monomeric a-syn in
PBS (137 mM NaCl, 27 mM KCl, 10 mM Na,HPO, 1.8 mM
NaH,PO,), 0.05% (w/v) NaN; pH 7.4 at 37 °C and 900 rpm
continuous shaking in a sealed 2 mL low-bind surface reaction tube
(Eppendorf, GE). For induction of aggregation one borosilicate bead
was added (d = 3 mm, Hilgenberg, GE). Mature a-syn fibrils were
harvested after five days incubation at 100.000 X g for 30 min at 4 °C
and the total a-syn fibril mass was determined by subtracting the
concentration of the soluble protein fraction found in the supernatant.
The a-syn fibril pellet was washed several times with a stock solution
of H,0/D,0 buffer mixture in a 1:3 ratio after ultracentrifugation
using a TLA-SS Fixed-Angle Rotor (100.000g).

Fibril Formation of lle-Labeled PI3K SH3. 100 nmol
lyophilized Ile-labeled PI3K SH3 were dissolved in 1 mL of 10 mM
glycine/HCI buffer (pH 2.5) prepared from 20 uL 500 mM glycine/
HCI buffer (pH 2.5) and 980 L D,O. Unlabeled fibril seeds were
added to a final concentration of S uM (monomer concentration and
the solution was incubated at 50 °C overnight under quiescent
conditions in an Eppendorf tube, as described before.*'

DNP Sample Preparation. AIN, GIG, Ala-Ile-labeled GABARAP
and Ile-labeled a-syn samples for DNP-enhanced NMR prepared in
d8-glycerol/D,0/H,0 solutions (60:30:10 volume ratio) with 2.5
mM AMUPol or 5 mM M-TinyPol. As a first step, a buffer containing
150 mM NaCl, 100 mM NaPij, and 30 mM NaN, in a H,0/D,0
mixture at a ratio of 1:3 ratio was prepared, and each protein sample
was buffer-exchanged to this buffer using Amicon centrifugal filter
devices with a 3 kDa cutoff. The sample was then concentrated to
10—12 uL. d8-glycerol was added to a final concentration of 60% (v/
v). Finally, 2.5 mM AMUPol or S mM M-TinyPol was added from a
100 mM stock solution.

For the DNP sample preparation of @-syn fibrils, after the buffer
exchange and concentration of the sample via ultracentrifugation, d8-
glycerol was added to a final concentration of 60% (v/v). Finally, 2.5
mM AMUPol or S mM M-TinyPol was added from a 100 mM stock
solution.

For Ile-labeled PI3K SH3 in its native state, lyophilized protein
(100 nmol) was dissolved in either (i) 75 uL 60:30:10, d8-glycerol/
D,0/H,0 v/v/v, containing 25 mM NaPi, pH 6.8, or (ii) 67 uL
10:80:10, d8-glycerol/D,0/H,0 containing 25 mM NaPi, pH 6.8.
For unfolded conditions, the protein was dissolved in (iii) 10:80:10,
d8-glycerol/D,0/H,0 v/v/v, containing 50 mM glycine/HCl, pH
2.5 or 1.0, or (iv) 10:80:10, d8-glycerol/D,0/H,0 v/v/v containing
6 M GdmCl, pH 2.5. M-TinyPol was added to a final concentration of
S mM, yielding to a final protein concentration of ~1.4 mM.

For the fibrillar sample of PI3K SH3 the fibril solution was
centrifuged at 186.000 X g in an OptimaTM MAX-XP ultracentrifuge
equipped with a TLA-SS rotor for 1 h at RT. The supernatant was

removed and the fibril pellet (~15—20 uL for 100 nmol monomer
equivalent) was resuspended 60:30:10, d8-glycerol/D,0/H,0O v/v/v,
containing 10 mM glycine/HCI and S mM M-TinyPol.

All samples were filled into 3.2 mm sapphire rotors, and
measurements were performed at 100 K.

Solution NMR Spectroscopy. A sample of 0.50 mM [3C,'SN]-
Ala/Ile H. sapiens GABARAP with 100 mM NaCl, 100 mM KCl, 0.1
mM EDTA, 25 mM sodium phosphate buffer in 10% (v/v) D,0 (pH
6.9) was used for solution NMR spectroscopy. Solution NMR
measurements of the B. taurus PI3K SH3 at neutral pH were
performed on samples containing 0.25 mM [U—-"C,"*N] PI3K SH3
wt, 0.25 mM [B3C,N]-Ile PI3K SH3 wt, or 0.25 mM [**C,'*N]-Ile
PI3K SH3 129V with 25 mM sodium phosphate buffer in 8% (v/v)
D,0 (pH 6.8) at a temperature of 25.0 °C. Acidic samples contained
0.28 mM [U-"C,"*N] or 0.40 mM ["3C,'*N]-Ile B. taurus PI3K SH3
wt with 10 mM glyine/HCI buffer in 8% (v/v) D,O (pH 2.5). 2D
"H—'SN HSQC spectra® were recorded to verify the integrity of the
samples after lyophilization and dissolution in the respective buffer.
Two 2D C—"C TOCSY spectra covering either the aliphatic
(bandwidth 70 ppm) or full (bandwidth 180 ppm) spectral region
with a 13.6 ms (aliphatic) or 20.4 ms (full bandwidth) 13.9 kHz
FLOPSY-16 isotropic mixing scheme®® were recorded on the
[13C,'*N]-Ala/Ile GABARAP sample on a Bruker AVANCE III HD
600 MHz NMR spectrometer equipped with a cryogenically cooled
inverse quadruple resonance probe. For each PI3K SH3 sample,
aliphatic and full bandwidth (not recorded on [**C,"*N]-Ile PI3K SH3
at pH 2.5) 2D *C—"C TOCSY spectra with a 15.1 ms (aliphatic) or
21.1 ms (full bandwidth) 15.6 kHz FLOPSY-16 isotropic mixing
scheme®* were recorded on a Bruker AVANCE III HD 800 MHz
NMR spectrometer equipped with a cryogenically cooled C/"N
observe triple resonance probe. All probes had z axis pulsed field
gradient capabilities. The sample temperature was calibrated using
methanol-d, ** Quadrature detection in the indirect 13C dimension
was achieved by States-TPPL>® All solution NMR spectra were
processed with NMRPipe*® software and analyzed with NMRView]®”
and CCPN.***? H chemical shifts were referenced with respect to
external DSS in D,0, *C and "N chemical shifts were referenced
indirectly.*

DNP Experiments. All experiments were conducted on an 18.8 T
(800 MHz 'H Larmor frequency) spectrometer (Bruker Avance)
connected to a 525 GHz gyrotron as a source of continuous
microwaves for cross-effect DNP hyperpolarization. Enhancement
factors obtained were between 19 and 64 (see Figure S3 and Tables
S8 and S9). All samples were filled into 3.2 mm sapphire rotors. All
experiments were performed at a temperature of 100 K. Spectra were
recorded using a recycle delay of 5 s. The 2D *C—"C double
quantum/single quantum (DQ/SQ) SPCS spectra were recorded
using a magic angle spinning frequency of 8.2 kHz and SPCS
recoupling.®" SPC 5 recoupling time and reconversion times were set
to 488 us in all experiments, corresponding to four rotor periods.
Proton Driven Spin Diffusion (PDSD) spectra were recorded at MAS
frequencies of 11 kHz (GABARAP) or 12 kHz (PI3K SH3) with
mixing times between 10 and 50 ms. Contact times for cross-
polarization were between 100 and 900 us. High power proton
decoupling with an rf power of ~83 kHz was applied during evolution
and detection as well as DQ_excitation and recoupling. During SPCS
recoupling, CW proton decoupling was employed, during evolution
and detection SPINAL-64 decoupling.®”

Experimental parameters for all samples, including number of
scans, t; increments, maximum evolution time and total experimental
time are provided in Tables S8 and S9. Spectra were referenced
externally using adamantane by calibrating its CH peak to 31.4 ppm,
corresponding to the DSS reference scale. All NMR spectra were
processed in TopSpin 3.6-4.3 and analyzed using CCPN. Relevant
processing parameters of the spectra are listed in Table S10. DQSQ
spectra were plotted with contour lines at 1.31 incremental spacing,
PSDS spectra with an increment of 1.4.

Solid-State MAS NMR Spectroscopy at Ambient Temper-
ature. The DQSQ_spectrum of Ile-labeled PI3K SH3 fibrils was
recorded on a Bruker 600 MHz spectrometer equipped with an
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AVANCE NEO console and a 3.2 mm triple resonance probe head.
VT gas was adjusted to —10 °C, resulting in an effective sample
temperature of ~0 °C.

The 2D "*C—"C double quantum/single quantum (DQ/SQ)
SPCS spectrum was recorded using a magic angle spinning frequency
of 8.0 kHz and SPCS recoupling.

High power proton decoupling with an rf power of ~83 kHz was
applied during evolution and detection as well as DQ_excitation and
recoupling was applied. During SPCS5 recoupling, CW proton
decoupling was employed, during evolution and detection SPINAL-
64 decoupling.”

Conformational Quantification. The peaks in the proteins’
DQ/SQ spectra, recorded at 800 MHz spectrometer, were assigned to
each conformation according to their respective chemical shift. Each
peak was volume integrated using a rectangular box integration
(Topspin 4.0.9). Rotamer distributions in percentages (given in
Tables 2 and 4 and Tables S3 and S7) were determined as follows.

For the g.,g,, conformation, the volume of the rectangular boxes
around respective Ca/Cf and Cyl/CS81 cross peaks (marked in
yellow in Figure S7), was integrated and then divided by the full peak
volume for the same side chain carbon (marked in blue in Figure S7)
in order to get the population percentages (%). From the different
2.w8m Population percentages determined for each side chain carbon
peak an average value was calculated.

For an estimate of the helical population (also called index) we
have integrated a rectangular box around the typical helical tail visible
on the Ca/Cf cross peak in the range 63—69 ppm (marked in black
in Figure S7). The integrated volume was then compared to the full
Ca peak integral in order to gain a measure for the relative population
% shown in the tables. The detailed integrated areas used for each
protein system are provided in Table S6.

Ca/Cp and Cyl/Cé1 cross peaks for g.,g. conformations are
clearly separated from the other cross peaks also in unfolded proteins
and thus can easily be quantified. In contrast, the selection of the a-
helical part of a heterogeneously broadened continuum of overlapping
chemical shifts can only give an estimate for a general trend, but
should not be regarded as a quantification of the backbone
conformational ensemble.

The fwhm was also measured for every peak visible in the DQ/SQ
spectrum, and in Table S4 all the values are shown. Those values were
then averaged to the fwhm average value, which was used for the
discussion.
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Figure S1: Aliphatic 2D C->C-TOCSY spectrum of [°C,"°NJ-Ala/lle labeled GABARAP in solution at 25.0°C
recorded with 13.6 ms FLOPSY-16 mixing at 600 MHz. Selected TOCSY cross peaks for Ile (black) and Ala (blue) are
labeled according to their residue number. B) 2D PDSD of [*C,"°N]-Ala/lle labeled GABARAP in firozen solution (see
Table 89) at a temperature of 100 K recorded at 800 MHz with a spinning speed of 11 kHz. The spectrum was processed
with an unshifted squared cosine function. Positive contour lines are displayed in purple, negative in green. Simulated
one-bond and two-bond cross peaks from solution NMR chemical shifts are indicated as red and blue crosses,

respectively (Cao/Cp cross peaks are affected by baseline perturbations from the strong glycerol diagonal signal).
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Figure S3: 129V (4) and 122V/I77V/I82V (B) mutants with the respective substitution marked in blue in the
3D structure of PI3K SH3 in its native form (IPNJ). (C-D) Comparison of their respective HSQC spectra

with the one recorded for the wildtype protein in the native form.
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Figure S4: 2D 3C-13C correlation DQ/SQ spectra of Ile-labeled PI3K SH3 129V variant in its native form
recorded at cryogenic temperatures in frozen solution with 10% glycerol (blue), overlaid with the wildtype
lle-labelled PI3K SH3 spectra recorded in the same condition (pink) (A) and with the unfolded 129V variant
spectra recorded at pH 1.0, 10% glycerol (cyan) (B). Spectra were processed with squared cosine functions
in both dimensions using effective maximum acquisition times of 5.6 ms in the direct dimension and 2.9 ms

(both spectra overlaid in A) or 1.4 ms (both spectra overlaid in B), respectively, in the indirect dimensions.



A B
=} 3
© ©
2 2
2 £
& @
= €
T L] Ll L T T Ll - T T T T T T L)
) ) [ [)
native, 10% glycerol [ native, 10% glycerol
native, 60% glycerol [ pH 1.0, 10% glycerol
- 40
Cy1/Célle i
0
0
- 50
: e - -
L 60 & 2
CB/Cy1,2lle 2 g
a =}
. - 70 O e}
0 (a]
[ 50 § L 80 §
2 e
O (@]
[ = ]
. - 90 o » - 90 o
. : © 0
Q Ca/CBlle  F 100 Ca/CBlle | 100
0 [
110 - 110
L) T T Ll = T L) L) L] L L] Ll L] )
70 60 50 40 30 20 10 70 60 50 30 20 10
5 13C (ppm) / SQ Dimension 5 13C (ppm) / SQ Dimension

Figure S5: 2D 3C-13C correlation DQ/SQ spectra of Ile-labeled PI3K SH3 I22V/I77V/I82V variant in its
native form recorded at cryogenic temperatures in frozen solution with 60% (black) and 10% glycerol (cyan)
(A). Comparison of the same isoleucine-labeled PI3K SH3 variant in its native form in 10% glycerol (blue)
with its unfolded state at pH 1.0 (red) (B).
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Figure S6: 2D 3C-13C correlation DQ/SQ spectra of isoleucine-labeled PI3K SH3 in its native form
recorded at cryogenic temperatures in frozen solution with 10% glycerol (green) and in Gly HCI, pH 2.5
with 10% glycerol (orange).
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Figure S7: 2D 3C-13C correlation DQ/SQ spectra of isoleucine labeled PI3K SH3 in its unfolded state in
25mM glycine HCI, pH 1.0. The areas for the volume integration are highlighted in yellow (gm,gm state),
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Figure S8: PDSD spectra of PI3K-SH3 in its native form at pH 6.8 with 10% glycerol (4), in 25 mM Gly
HCI, pH 1.0 with 10% glycerol (B) and in GdmCI, pH 2.5 with 10% glycerol (C). The areas of the gm,gm and
a-helical signals for the Co/Cp crosspeak are marked with circles. PDSD mixing times were 20 ms (4) or
50 ms (B and C). Spectra were processed with squared sine bell functions with sine bell shifts of 3 in each
dimension. (Contour levels are displayed at positive multipliers of 1.41).
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Figure S9: 3C ssNMR spectra of all the samples recorded with and without microwave irradiation, with the

respective DNP enhancement (¢) indicated.
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Table S1: line widths of signals in the spc5 spectrum of GABARAP in ppm.

Ca/CB | Ca/CB | Ca/CB | CP/Ca | CB/Ca | CB/Ca | Cy/CS | C8/Cy | C6/Cy | CG(gm,gm)
(132 (164 (132 (164 (8m,Em)
gm,gm) | gm,gm) gm,gm) | gm,gm)

2.8 1.3 1.4 3.6 1.4 1.6 2.3 1.7 1.7 2.0

Table S2: Populations of different conformations measured in GABARAP spc5 spectrum.

132 (gm,g™)

164 (gm,gm)

121 total

121 (helical)

121 (coil)

16£2%

16+2%

15+2%

8+2%

7+2%
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Table S3: Populations of different conformations measured in AIN, a-syn and PI3K SH3 spc5 spectra.

Ca/CB |CB/Ca Cy/Cd Co/Cy Average value |Index for Co/CP
Sample (8m,gm) | (8m,gm) | (8m,gm) | (8m,gm) | (8m,gm) (%) a-helical population (%)
AIN 15£1 | 14+1 14+1 11+1 14+1 15+1
o-syn monomers | 14+£2 | 1742 14+2 1542 1542 18+2
a-syn fibrils 24+6 | 11£6 17+6 14+6 17+6 9+6
PI3K SH3 native,
pH 6.8, 60%
glycerol 261 |23+1 261 26+1 25+1 4+1
PI3K SH3 native,
pH 6.8, 10%
glycerol 23+1  |22+1 23+1 23+1 23+1 1+1
PI3K SH3, pH 2.5,
10% glycerol 20+1 | 21+1 20+1 19+1 20+1 7+1
PI3K SH3, 6M
GdmCl, pH 2.5,
10% glycerol 8+1 71 9+1 9+1 8+1 0+1
PI3K SH3, pH 1.0,
10% glycerol 161 | 16%1 14+£1 19+1 16=+1 16+1
PI3K SH3 fibrils | 1143 [ 11+£3 9+3 1143 11+3 6+3
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Table S4: line widths of signals in spc5 spectra of AIN, a-syn and PI3K SH3 in ppm.

Sample Co/CB | Co/CB | CB/Ca | CP/Ca | Cy/Cd | Cy/Cd | Co/Cy | Co/Cy
(gm,gm) (gm,gm) (gm,gm) (gm,gm)

AIN 2.7 2.9 2.6 23 3.2 2.2 2.2 2.6

o-syn fibrils 2.0 3.5 2.6 1.7 1.7 1.6 2.1 1.8

a-syn monomers | 4.9 33 4.9 4.1 2.7 2.7 3.6 3.1

PI3K SH3 native, | 2.8 3.6 3.2 3.1 2.5 24 22 2.0

pH 6.8, 60%

glycerol

PI3K SH3 native, | 4.6 1.7 4.4 2.0 4.0 4.0 2.8 23

pH 6.8, 10%

glycerol

PI3K SH3, pH 4.0 55 5.8 4.0 3.9 4.2 33 3.4
2.5, 10% glycerol

PI3K SH3, 6 M 4.0 4.4 5.2 5.2 3.9 3.1 4.0 3.0
GdmCl pH 2.5,
10% glycerol

PI3K SH3, pH 6.0 5.4 4.2 4.7 3.5 3.2 3.0 2.8
1.0, 10% glycerol

PI3K SH3 fibrils, | 4.2 43 |25 |21 33 |25 21 |25
pH 2.5, 60 %

glycerol
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Table SS: Population values for each conformation detected for 129 and 153 in the isoleucine-labeled PI3K
SH3 122V/I77V/I82V variant, from the spectrum shown in Fig. S6

60% glycerol gm,Zm (%) Helical (%) Coil (%)
Ca/CP 53+1 19+1 28+1
Cp/Ca 50=+1 2241 28+1
Cy/Cd 54+1 46+1
C8/Cy 501 50+1
10% glycerol gm,Zm (%) Helical (%) Coil (%)
Ca/CP 48+1 14+1 38+1
Cp/Ca 46+1 161 38+1
Cy/Cd 46+1 54+1
C8/Cy 46+1 54+1

pH 1.0 Em,gm (%) Helical (%) Coil (%)
Ca/CB 29+2 2312 48+2
CB/Ca 2612 2412 50+2
Cy/Cé 3442 6612
Cé/Cy 33+2 6712
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Table S6: Detailed integrated areas of each peak for a-syn, AIN and PI3K SH3.

Co/CP CB/Ca Cy/Cs C3/Cy
gm,Egm helical
total | gm,gm total | gm,gm total | gm,gm total
a-syn F2: 60.0- | F2: 69.2- | F2: F2: 384- | F2: F2: 29.7- | F2: F2: 11.8- | F2:
55.0 ppm | 64.9 ppm 69.2- | 33.1ppm | 46.1- | 252 ppm | 33.7- 6.17 ppm | 20.0-
55.0 33.1 232 6.17
Fl: 88.0- | F1: 103.1- ppm Fl: 89.1- ppm Fl: 33.5- ppm Fl: 30.5- ppm
97.5 ppm 108.9 ppm 97.3 ppm 39.6 ppm 40.0 ppm
Fl1: Fl1: F1: Fl1:
88.0- 89.1- 33.5- 30.5-
108.9 111.2 50.2 50.3
ppm ppm ppm ppm
AIN F2: 60.7- | F2: 68.0- | F2: F2: 39.8- | F2: F2: 29.5- | F2: F2: 11.5- | F2:
553 ppm | 64.2 ppm 68.0- | 33.3ppm | 46.2- | 244 ppm | 33.6- 6.5 ppm 19.5-6.5
553 333 21.5 ppm
Fl: 88.0- | F1: 98.5- ppm Fl: 87.8- ppm Fl: 30.5- ppm Fl: 30.0-
97.5 ppm 109.6 ppm 96.8 ppm 36.8 ppm 41.5 ppm F1:
Fl1: Fl1: Fl1: 30.0-
88.0- 87.8- 30.5- 49.1
109.6 114.1 51.1 ppm
ppm ppm ppm
PI3K F2: 59.0- | F2: 69.0- | F2: F2: 40.0- | F2: F2: 29.5- | F2: F2: 11.8- | F2:
53.5 ppm 64.3 ppm 69.0- | 34.0 ppm 45.5- | 23.5 ppm 33.5- 6.0 ppm 18.8-6.0
SH3 53.5 34.0 23.5 ppm
Fl: 88.0- | F1: 97.5- ppm Fl: 87.5- ppm F1: 30.3- ppm F1: 28.0-
97.5 ppm 108.5 ppm 96.8 ppm 37.5 ppm 40.0 ppm | Fl1:
F1: F1: F1: 28.0-
88.0- 87.5- 30.3- 49.0
108.5 111.1 48.3 ppm
ppm ppm ppm
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Table S7: Populations of different conformations measured in PI3K SH3 PDSD spectrum.

Ca/CP Cp/Ca Average value |Index for Co/Cp
Sample (gm,gm) (%) | (gm,gm) (%) |(gm,gm) (%) a-helical population (%)
PI3K SH3 native,
pH 6.8, 60%
glycerol 2742 2842 28+2 8+2
PI3K SH3, 6M
GdmCl pH 2.5, 10%
glycerol 9+1 7+1 8+1 4+1
PI3K SH3, pH 1.0,
10% glycerol 15+2 13£2 14+£2 18£2
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Table S8: Experimental details for spcS spectra. SPC5 double quantum excitation and reconversion times

were 488 us. Full data available here: https://bmrbig.org/released/bmrbigl 14

# sample Buffer Polarizing | #t1 | t; max number of | total exp. | Enhancement
agent incr. | (ms) scans per time (h) factor ¢
increment
1 GABARAP | 60/30/10 dg 2.5 mM 394 |6 48 36.93 27
glycerol/D,O/H,O Amupol
2 AIN 60/30/10 ds 2.5 mM 316 |6 32 19.75 64
glycerol/D,0O/H,O Amupol
3 a-syn 60/30/10 ds 2.5mM 100 | 1.5 240 46.85 19
monomers | glycerol/D,O/H,O Amupol
4 a-syn 60/30/10 ds 2.5mM 200 |3 112 43.73 23
fibrils glycerol/D20O/H20 Amupol
5 60/30/10 ds, glycerol/ | SmM M- | 200 |3 112 43,73 64
D,0/25 mM Tinypol
Na,HPO4/NaH>PO4,
pH 6.8,
6 10/80/10 ds, glycerol/ | 5SmM M- | 200 | 3 112 43.73 54
D,0/25 mM Tinypol
Na,HPO4/NaH,PO4,
pH 6.8,
PI3K SH3
7 50 mM glycine/HCl, | SmM M- | 190 |29 112 41.55 54
pH 2.5, 10% ds, '*C5 | Tinypol
glycerol
8 6M GdmCL pH2.5, |SmMM- | 190 |29 112 41.55 44
10% ds, '*Cs glycerol | Tinypol
9 50 mM glycine/HCl, | SmM M- | 200 |3 112 43.73 54
pH 1.0, 10% ds, *C; | Tinypol
glycerol
10 | PIBK SH3 | 60/30/10 ds SmMM- | 302 |4.6 32 18.88 38
fibrils glycerol/D,O/H,O Tinypol
11 10/80/10 ds, glycerol/ | 5 mM M- | 200 | 3 112 43.73 64
D,0/25 mM Tinypol
10V PI3K Na;HPO4/NaH:POs,
SHA pH 6.8,
12 50 mM glycine/HCl, | SmM M- | 93 1.4 112 20.3 44
pH 1.0, 10% ds, '*C3 | Tinypol

glycerol
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13

14

15

122V177V
182V
PI3K SH3

60/30/10 ds, glycerol/ | 5 mM M- | 200 112 43.73 64
D,0/25 mM Tinypol

Na>HPO4/NaH,PO4,

pH 6.8,

10/80/10 ds, glycerol/ | 5 mM M- | 200 112 43.73 64
D,0/25 mM Tinypol

Na,HPO4/NaH>PO4,

pH 6.8,

50 mM glycine/HCIL, | 5 mM M- | 200 112 43.73 54
pH 1.0, 10% ds, '*C5 | Tinypol

glycerol
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Table S9:  Experimental  details  for  pdsd  spectra.  Full data  available  here:
https://bmrbig.org/released/bmrbigl14
# sample Buffer Polarizing | #t1 | t; max | mixing | number | total Enhancement
agent incr. | (ms) time of scans | exp. factor €
(ms) time (h)

100 60/30/10 ds 2.5 mM 576 | 6.5 10 64 51 27

glycerol/D,O/H,O | Amupol
GABARAP

101 60/30/10 ds, S5mMM- | 220 |5 20 16 4.92 64
glycerol/ D,O/25 Tinypol
mM
NazHP O4/N aH2P04
,pH 6.8

102 50 mM 5mM M- | 480 | 6.7 50 64 43.22 54

PI3K SH3 . )

glycine/HCI, pH Tinypol
1.0, 10% ds, *C;
glycerol

103 6M GdmCl, pH 2.5, | 5mM M- | 480 | 6.7 50 64 43.22 44
10% ds, °Cs Tinypol
glycerol
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Table S10: Detailed processing parameters for spc5 spectra.

# | sample Window | Sine bell AQeff Tdesr Coutour
function | shift SSB SQ/DQ level
(msec)
1 | GABARAP |- - 4.5/2.1 400/140 | 1.31
2 | AIN QSINE 2/2 5.6/1.5 500/100 | 1.31
3 | a-synuclein | QSINE 2/2 5.6/1.5 500/100 | 1.31
(monomeric)
4 | a-synuclein | QSINE 2/2 4.5/1.5 500/100 | 1.31
(fibrils)
5 QSINE 2/2 5.6/2.9 | 500/190 1.31
6 QSINE 2/2 5.6/2.9 | 500/190 1.31
7 PI3K SH3 | QSINE 2/2 5.6/2.9 | 500/190 1.31
8 QSINE 2/2 5.6/2.9 | 500/190 1.31
9 QSINE 2/2 5.6/2.9 | 500/190 1.31
10 | PI3K SH3 QSINE 2/2 5.6/2.4 500/160 | 1.31
fibrils
11 QSINE 2/2 5.6/2.9 | 500/190 1.31
129V PI3K
SHa 5.6/1.4 | 500/93
12 QSINE 2/2 5.6/1.4 | 500/93 1.31
13| 122V, 177V, | QSINE 2/2 5.6/2.9 | 500/190 1.31
14 | 182V PI3K QSINE 2/2 5.6/2.9 | 500/190 1.31
15 | SH3 QSINE 2/2 5.6/2.9 | 500/190 1.31
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Surface Mapping of Bovine PI3BK-SH3 Domain using
Gadoteric Acid for Solvent PRE effect

Luis Gardon, Nina Becker, Melinda Jaspert, Leonardo Levorin, Athina Apostilidis, Philipp

Neudecker, Nils-Alexander Lakomek, Lothar Gremer, Henrike Heise

Abstract

Amyloid fibril formation is related to numerous neurodegenerative diseases. PI3K-SH3 serves
as a well-established model system for investigating the mechanisms underlying amyloid fibril
formation. Here, we employ a combination of solution and solid-state NMR spectroscopy
combined with solvent Paramagnetic Relaxation Enhancement (sPRE) using meglumine
gadoteric acid (Dotarem) to map the surface of both bovine PI3K-SH3 in all stages of
fibrillation. We detect a high accessibility at low concentrations of Dotarem in regions of the
globular monomeric state at neutral pH corresponding to the binding site of PI3K-SH3 to proline
rich sequences. In PI3K-SH3 fibrils the fibril core appears shielded from the solvent, whereas
the homodimer interface remains solvent-accessible. Notably, a few residues stay shielded at
elevated Dotarem concentrations in both the monomeric and fibrillar state. These results
demonstrate that sPRE is a straightforward and effective method for probing protein surface
accessibility. Moreover, it might present a valuable complementary approach for characterizing

aggregation interfaces and surfaces of amyloidogenic proteins in different states.



Introduction

Paramagnetic relaxation enhancement (PRE) in NMR spectroscopy leads to accelerated

. Spectral

nuclear spin relaxation rates for nuclei in proximity to a paramagnetic center
resonances in NMR spectra are, therefore, broadened or suppressed in the spatial presence
of paramagnetic agents. Through site-directed mutagenesis, paramagnetic probes can be
introduced at defined solvent-exposed residues, where they are covalently attached via spin
labeling. This can be used as a tool to assist structure elucidation and measure distances in
proteins in EPR and NMR 2 3. However, the paramagnetic agent can also be added to the
solvent to cause a solvent PRE effect to probe the solvent accessible surface of proteins “.
Solvent PRE was used on folded proteins supporting structure determination °, intrinsically
disordered proteins ¢ 7, large biomolecular complexes & ° and fibrils '° using liquid-or solid-state

NMR experiments ''. For structural studies, a solvent PRE agent must be inert and soluble.

In this study we probe the surface of monomeric, globular and fibrillar PI3K-SH3 domain, a
model system for amyloid fibril formation for years '2. Under neutral pH conditions SH3
domains adopt a well-folded beta-sandwich shape '* 4. At acidic pH, however, the protein
unfolds and forms fibrils' '°, High-resolution structures at the atomic level have been obtained
6,17 To elucidate the structural characteristics of SH3 in both its native and fibrillar forms, we
utilize Dotarem to induce solvent paramagnetic relaxation enhancement (PRE) effects, as
shown in Figure 1. Although it was shown for other Gd containing agents to interact with
carboxylic groups of proteins '® '°, gadoteric acid of Dotarem is an inert substance used for
MRI with a high stability and no cross effects® 2'. We record 'H-"°N HSQC spectra for the
monomer and *C-"3C correlation spectra for fibrils at different DOTAREM concentrations and

compare our results to known structures of both.



Solvent PRE
SH3 Monomer SH3 Fibrils

Figure 1: Solvent PRE effect. Inert gadoteric acid in the solvent distributes homogenously
around the protein (PDB for SH3 monomer: 1PNJ, for SH3 fibrils: 6R4R). Gd** in the center of
Gadoteric acid is paramagnetic and leads to faster spin relaxation and therefore line

broadening of nearby nuclei resonances in NMR spectra.

Results

sPRE effect on the native state of PI3K-SH3 at neutral pH reveals a hot spot of solvent
accessibility at low Dotarem concentrations. To study the PI3K-SH3 monomer in its
globular fold "H-">"N HSQC spectra at different Dotarem concentrations were recorded. Due to
the folded nature of the PI3K-SH3 monomer the peaks in the 'H-">N HSQC spectrum are well
separated. Peak intensities were integrated for the different Dotarem concentrations and
divided by the integral in the reference spectrum in absence of Dotarem (Figure 2, top) and
plotted on the surface representation of the native fold of PI3K-SH3 (PDB:1PNJ'*) (Figure 2,
bottom). No peak shifting is observed excluding structural changes of PI3K-SH3 in presence
of Dotarem in the solvens (Figure S1). An assignment of the globular folded monomer at
neutral pH was carried out (Fig. S2) and is in good agreement with Hsu et al > (BMRB
accession number 19110). Proline residues and L58 are not assigned in 'H-"°N HSQC spectra
and residues G69/80G and 81R/4S are overlapping, respectively, and couldn’t be
distinguished perfectly. At 2 mM Dotarem concentration, line broadening become visible and
reduce several spectral intensities including most significantly the regions 11L-15K and 72T-
74V which are far apart in sequence but close in space (highlighted in Figure 2). These
residues were also found to be near the binding pocket found for a 12-residue proline-rich

peptide PD1R ™. This was observed independently by Booker et al. with the binding of a
3



synthetic peptide (dynamin) at this site'™. At increasing Dotarem concentrations, the line
broadening/reduced integral of all resonances eventually increases (Figure S2-S8) with a
dominance in the described region, whereas the other part of the protein surface is not as
affected. Interestingly, highly charged regions with a high abundance of charged amino acid
residues of the protein (e.g., residues 19-25 or 48-54) are not as affected. Negatively charges
could also be shielded by the positively charged counterion meglumine and don’t allow the

Gadoteric acid to come close.
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Figure 2: Solvent PRE effect on native SH3 at 2 mM Dotarem concentration. Top: Primary
sequence and secondary structure elements of PISK-SH3 derived from TALOSN. Bar plot
showing the integral of the respective residue resonance divided by the integral of the same
residue in the reference spectrum in the absence of Dotarem. Bottom: The most effected
residues are located at one epitope when plotted on the structure (1PNJ). Color code: Red:
high exposure (1/10<=0.1), Orange: medium exposure (0.1<1/10<=0.25), Yellow: low exposure

(0.25<1/10<=0.5), Blue: minimal exposure (1/10>0.5), Grey not assigned.

(We can choose the thresholds).



Residues in the fibril core are shielded from the solvent. We use seeded fibril formation at
pH 2.5 with glycine HCI buffer'®. Dotarem was added to the solvent after fibril growth, followed
by incubation for few hours. To prevent dissolving the fibrils ', the Dotarem solution was pH

adjusted. For every Dotarem concentration a new fibril solution was placed in a rotor.

A resonance assignment of PI3K-SH3 fibrils allowed 43 of the 86 residues to be assigned
Figure 3). Residues Y12 to D28 appear to be absent in the spectra which might be due to
flexibility of this region. Our obtained shifts differ from those reported by Bayro et al."’, likely
due to variations in fibril growth conditions and therefore different fibril polymorphs. Due to
limitations in the handling of fibrillar samples we simplified the spectral analysis to visible, i.e.

solvent shielded, and not visible, i.e. solvent accessible residues.

In the presence of 2 mM Dotarem many resonances in the *C-'3C PDSD correlation spectrum
vanish (Figure 3, bottom marked in red). Nevertheless, certain resonances remain visible in
the spectra (Figure 3 Top). When mapped onto the surface representation of the fibril structure
(6R4R) solved by cryo-EM, these signals predominantly correspond to residues of the fibril
core (indicated in blue). This includes the side chains for several aliphatic amino acids since
they are also detected and observed in the PDSD spectrum at 50 ms mix (e.g. A48, E49, |53,
T62, T63).

Interestingly, the fibril protomer interface seems solvent accessible suggesting that a fibril type
is present which is not a homodimer (also seen in Réder but not predominant (in AFM)). AFM
micrographs show a different fibril polymorph present in the spectra with 10 mM Dotarem
approximately half thickness of the one present without Dotarem (Figure S10, indicated with
red arrows). Moreover, minor chemical shift perturbations are observed for a few resonances
at 1 mM and 2 mM Dotarem concentrations (Figure 3 and Figure S11, marked with red
squares). These shifts differ between the two concentrations, potentially indicating the
presence of different predominant polymorphs. Despite the high concentration, residues
comprising the fibril core remain detectable even at 10 mM Dotarem (Figure S13). However,
some resonances visible in the 10 mM Dotarem spectra remain unassigned, limiting a

complete assessment of solvent exposure.
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Figure 3: Solvent PRE effect on PI3K-SH3 fibrils at 2 mM Dotarem concentration. A) Overlay
of 3C-"3C proton driven spin diffusion (PDSD) spectra at 11 kHz and 50 ms mixing time of SH3
fibrils without (red) and 2 mM Dotarem (blue) concentration. B) Surface representation of SH3
fibrils (PDB:6R4R); Resonances for residues that are present in the 2 mM Dotarem spectrum
are marked in blue. Resonances that vanish are marked in red and unassigned residues are

marked in grey.



Conclusion

Solvent PRE was used to map the surface of PISK-SH3 in both its native and fibrillar state. In
the native state a “hot spot” at low Dotarem was observed at a region known to bind peptides'
4 (Figure 4, top) which corresponds to the region of protein-protein interaction in the SH3
superfamily domain®. This observation might be caused by a transient interaction with
Dotarem in the binding site of SH3 or self-association of SH3 proteins with a surface exposition
in this region at the protein concentration used (250 pM). A comparison with a hydrophobicity
plot shows that the region 11L-15K, which is close to the most solvent-exposed part of the
protein, does not align perfectly with the plot (Figure S13). Another solvent-exposed region,

72T-74V, is not predicted to be solvent-exposed in the plot.

For fibrillar SH3 the core region of a subunit of the homodimer is shielded from the solvent (i.e.
visible in the spectra) at the Dotarem concentrations used (Figure 3, bottom). Interestingly, the
interface of the homodimer is not shielded, which could be explained by a monomeric nature
of one fibril morph. Some peaks remain visible but could not be assigned. The most solvent
exposed residues at low Dotarem concentration for the globular fold are close in space
(Figure 1). These Residues near to N- and C-terminus are also close in space in the fibrils.
Additionally, residues 71-74 are exposed to Dotarem at 1 mM in the monomer and the fibrils

(the other solvent exposed region in the monomer is not assigned in the fibril).

Comparison solvent accessibility between native and fibrillar state shows that residues E47 to
K49 stay shielded in the globular monomer and in fibrils at 10 mM Dotarem. Interestingly, at
25 mM Dotarem Residues 37-49 are still over 10 % of the integral of the reference spectrum
in the monomeric state. These residues resemble some of those comprising the fibril core
(S43-F69) and may remain spatially close upon unfolding and forming amyloid fibrils at low
pH. PIBK-SH3 undergoes a transition from a folded to an unfolded structure at low pH?* 2° with
both a folded and unfolded state being present at room temperatures (and 10 mM glycine HCI
concentration). Experiments with varying Dotarem concentrations on the low pH state of PI3K-
SH3 show a linear decrease in signal intensities with higher solvent PRE effect at lower
Dotarem concentrations compared to the neutral pH state (Figure S9). However, an
assignment is missing for this state. This study demonstrates how solvent PRE data can be
effectively used to analyze the surface properties of proteins, even in different conformational

states of an amyloidogenic protein.



A 1 mM Dotarem B 2 mM Dotarem C 10 mM Dotarem

Figure 4: Surface representation of the solvent PRE effect on the structure of the monomer
(1PNJ, top) and fibrils (6R4R, bottom) of PI3K-SH3. Plotted is the effect of different Dotarem
concentrations on the protein with A) 1 mM, B) 2 mM and C) 10 mM Dotarem. Color code top:
Red: highly exposed (I/I0<=0.1), Orange: medium exposed (0.1<I/10<=0.25), Yellow: low
exposed (0.25<1/10<=0.5), Blue: less low exposed (1/10>0.5), Grey not assigned. Color code

bottom: visible in spectra containing Dotarem are marked in blue, vanished resonances in red

and unassigned residues in grey.



Methods

Purification and sample preparation

PI3K-SH3 was expressed in E.coli and purified as described previously?® using a GST-tag. In
short, M9 Medium containing 3.2 g "3C glucose and 2 g >N ammonium chloride was inoculated
by BL21 (DE3) pre culture. Plasmid gene expression was induced using 1 mM IPTG at a cell
density of 0.6 OD600. After incubation overnight at 25 °C cells were harvested, and the pellets
were lysated and sonicated. GST-affinity, thrombin cleavage and size exclusion
chromatography were used to isolate the SH3 domain from the mixture. SH3 was aliquoted
and lyophilized for further usage. A glycine-serine overhang at the N-terminus is present due

to the thrombin cleavage. Sequence:

Solution-state NMR sample preparation:

For solvent PRE on the native state 50 nmol of lyophilized SH3 were dissolved in 200 pl buffer
containing 25 mM sodium phosphate, pH 6.8 and the desired Dotarem concentration. A
Dotarem stock of 0.5 M and 0.05 M were used to adjust the Dotarem concentration to 1,2,5,10
and 25 mM final.

For solvent PRE on the low pH state 50 nmol of lyophilized SH3 were dissolved in 200 ul buffer
containing 10 mM glycine hydrochloride, pH 2.5, and the desired Dotarem concentration. A
Dotarem stock of 100 mM, adjusted with HCI to pH 2.5 (6 mM) was used to concentrations of

a final Dotarem concentration of 0.5, 1, 2 and 5 mM Dotarem in the sample.

Solid-state NMR sample preparation:

Fibrillar samples were prepared by dissolving lyophilized PI3K-SH3 in 10 mM glycine HCI, pH
2.5 and 5 % equivalent monomer mass of seeds?® and incubating the solution for 1 day at 50
°C to form amyloid fibrils (confirmed by AFM). After fibril growth Dotarem from a 100 mM stock,
that was adjusted to pH 2.5 with HCI, was added to the fibril solution and incubated for at least
1 h. Afterwards, a 3.2 mM rotor was filled with approx. 2 mg of fibrillar PI3K-SH3 with

homemade rotor filling devices.

NMR Spectroscopy

Solution NMR measurements were conducted on a Bruker 600 MHz Avance Il HD
spectrometer equipped with a 'H, 3C, N triple resonance TCI cryoprobe for the native state
of PI3K-SH3. For the low pH state NMR measurements were conducted on a Bruker 800 MHz
Avance Il HD spectrometer equipped with 'H, *C, "N triple resonance TXO probe. For
analysis two-dimensional solution state NMR 'H-"SN HSQC spectra were recorded. Detailed
parameters are listed in table S1 below. The temperature was set to 20 °C (no calibration with
methanol?).
10



Table S1: Experimental parameters of 2D 'H-">N HSQC experiments:

Native state

Low pH state

Field (T)

141

18.8

'H Larmor frequency

600 MHz

800 MHz

Sample volume

200 pl (3 mm tube)

200 pl (3 mm tube)

Interscan recovery

1

1.2

delay (s)

Number of scans 16 8
Dummy scans 2 8

Total experimental 56 min 36 sec 56 min 39 sec
time

Direct dimension

("H)

"H carrier (ppm) 4.7 4.698
Spectral width (ppm) 16.0293 16.0293
Data points 2048 2048
Acquisition time (ms) 106.5 79.9
Indirect dimension

(15N)

>N carrier (ppm) 117 117
Spectral width (ppm) 35 35

Data points 256 256
Acquisition time (ms) 60.2 44.8




Solid-state NMR experiments were conducted on an 18.8 T (800 MHz 'H frequency) Avance
Il spectrometer equipped with triple resonance HCN 3.2 mm MAS Efree probe. Typical
radiofrequency field strengths were ~90 kHz for 'H and 55 kHz for '3C. The VT gas temperature
was set to 263 K (thermocouple reported temperature); the sample temperature was estimated
to be around 5-10 K higher due to frictional heating under MAS. Spinal64 '"H decoupling (rf
field of 83-85 kHz) was applied during "*C acquisition. The MAS frequency was set to 11 kHz
for the Proton Driven Spin Diffusion (PDSD) and the mixing time for short mainly intraresidual
transfer was set to 50 ms. Detailed experimental parameters can be found in Table S2 for every
Dotarem concentration. *C chemical shifts were externally referenced using adamantane by
setting its CH signal to 31.4 ppm (corresponding to the DSS reference scale). The "*N chemical

shifts were indirectly referenced to liquid NHs.
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Table S2: Experimental parameters of 2D '*C-'3C PDSD experiments:

spacing

Referenz 1mM 2mM 5 mM 10 mM
Dotarem Dotarem Dotarem Dotarem

Field (T) 18.8 18.8 18.8 18.8 18.8

'H Larmor 800 MHz 800 MHz 800 MHz 800 MHz 800 MHz

frequency

Rotor size 3.2mm 3.2mm 3.2 mm 3.2 mm 3.2 mm
(Thin wall, (Thick wall, | (Thick wall, | (Thick wall, | (Thin wall,
46.7 pl) 32.1 ul) 32.1 ) 32.1 ) 46.7 pl)

Interscan 2 2 2 2 2

recovery delay

(s)

'"H-BCc cP ZQ (2n wret) | ZQ (TN wret) | ZQ (Bn wrot) | ZQ (1N Wrot) | ZQ (2N Wrot)

Contact time 800 250 300 200 700

H field (kHz) 73 61 83 61 73

13C field (kHz) 51 50 50 50 51

'H carrier (ppm) | 6.2 6.2 6.2 6.2 6.2

13C carrier 100 100 100 100 100

(ppm)

t1 increments 480 500 440 450 480

t1 spectral width | 200 218 218 218 200

t1 acquisition 6 6 5 5 6

time (ms)

T2 acquisition 10 9 9 9 10

time (ms)

Number of 160 216 232 280 160

scans

"H Decoupling 85 83 83 83 85

power (kHz)

during

acquisition

Window function | Qsine (4,4) | Qsine (4,4) | Qsine (4,4) | Qsine (4,4) | Qsine (4,4)

FID

Contour level 1.2 1.2 1.2 1.2 1.2
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Spectra analysis
All spectra were processed using the Bruker Topspin 4 software (Bruker, Billerica, MA, United
States). Two-dimensional spectra were plotted using the CCPN Analysis 2.4 software?.

Surface and Cartoon 3 D representation were presented using PyMOL(TM) 3.1.3%".

Integration of the peaks in two-dimensional solution NMR spectra for analysis of the Dotarem
effect on the native state of PISK-SH3 was performed using Topspin 4. Peak areas were
quantified by integrating over a square of 0.2 ppm in the 'H and 1 ppm in the "N dimension.
Noise levels were estimated by integrating a square region of the identical dimensions in an
empty region of each spectrum recorded at a given Dotarem concentration. These values were
then referenced to the corresponding peak in the reference spectrum to obtain residue-specific

error bars across Dotarem concentrations.

Atomic force microscopy (AFM)

For AFM measurements, 100 uM fibril solution of PI3K-SH3 was diluted in 10 mM glycine-
hydrochloride buffer, pH 2.5, to a final protein concentration of 2 uM (equivalent to monomer
concentration). A volume of 10 L of the solution was pipetted on freshly cleaved mica surface
and incubated for 15 minutes. The mica surface was then washed four times with 100 pL Milli-
Q water and dried under a gentle nitrogen gas flush. AFM micrographs were acquired in
ScanAsyst mode using the peak-force tapping mechanism on a Bruker Multimode 8 (Billerica,
Massachusetts, United States) using OMCL-AC160TS cantilevers (Shinjuku, Tokyo, Japan) at

1024 x 1024 pixel resolution. The images were processed with Gwyddion 2.61%.
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Figure S1: 'H-"®N HSQC spectra of PI3K-SH3 (250 uM) in 25 mM NaPi, pH 6.8, at 25 °C and

varying (0, 1, 2, 5, 10 and 25 mM) Dotarem concentration in the solvens. Line broadening and

peak suppression is increased with increasing Dotarem concentrations.
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Figure S2: Assignment and solvent PRE effect in 'H-"°"N HSQC spectra of PI3K-SH3 (250 uM)
in 25 mM NaPi, pH 6.8, at 25 °C. A) 1H 15 N HSQC spectra for SH3 monomer at the absence

of Dotarem (reference, red) and 10 mM Dotarem concentration. Line broadening is shown for

V34 as an example.
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Figure S3: Top: Bar plot of integral changes of residue resonances in 'H-"SN HSQC spectrum
for 1 mM Dotarem compared to 0 mM Dotarem as 1/10. Error bars were estimated integrating
the noise region for each Dotarem concentration dependent spectra and normalizing it to the
reference spectrum. Bottom: Surface representation of SH3 Monomer (PDB:1PNJ) with
Integrals of (top). Color code: Red: highly exposed (I/10<=0.1), Orange: medium exposed
(0.1<1/10<=0.25), Yellow: low exposed (0.25<I/10<=0.5), Blue: less low exposed (I/10>0.5),
Grey: not assigned.
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Figure S4: Top: Barplot of integral changes of residue resonances in "H-""N HSQC spectrum
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for 2 mM Dotarem compared to 0 mM Dotarem as 1I/10. Error bars were estimated integrating
the noise region for each Dotarem concentration dependent spectra and normalizing it to the
reference spectrum. Bottom: Surface representation of SH3 Monomer (PDB:1PNJ) with
Integrals of (top). Color code: Red: highly exposed (1/10<=0.1), Orange: medium exposed
(0.1<1/10<=0.25), Yellow: low exposed (0.25<1/10<=0.5), Blue: less low exposed (1/10>0.5),
Grey: not assigned.
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Figure S5: Top: Barplot of integral changes of residue resonances in "H-">’N HSQC spectrum
for 5 mM Dotarem compared to 0 mM Dotarem as 1/10. Error bars were estimated integrating
the noise region for each Dotarem concentration dependent spectra and normalizing it to the
reference spectrum. Bottom: Surface representation of SH3 Monomer (PDB:1PNJ) with
Integrals of (top). Color code: Red: highly exposed (1/10<=0.1), Orange: medium exposed
(0.1<1/10<=0.25), Yellow: low exposed (0.25<I/10<=0.5), Blue: less low exposed (1/10>0.5),
Grey: not assigned.

19



Signal integaral S/S0

Figure S6: Top: Bar plot of integral changes of residue resonances in 'H-"SN HSQC spectrum
for 10 mM Dotarem compared to 0 mM Dotarem as 1/10. Error bars were estimated integrating
the noise region for each Dotarem concentration dependent spectra and normalizing it to the
reference spectrum. Bottom: Surface representation of SH3 Monomer (PDB:1PNJ) with
Integrals of (top). Color code: Red: highly exposed (1/10<=0.1), Orange: medium exposed

(0.1<1/10<=0.25), Yellow: low exposed (0.25<1/10<=0.5), Blue: less low exposed (1/10>0.5),
Grey: not assigned.
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Figure S7: Top: Bar plot of integral changes of residue resonances in 'H-"SN HSQC spectrum
for 25 mM Dotarem compared to 0 mM Dotarem as 1/10. Error bars were estimated integrating
the noise region for each Dotarem concentration dependent spectra and normalizing it to the
reference spectrum. Bottom: Surface representation of SH3 Monomer (PDB:1PNJ) with
Integrals of (top). Color code: Red: highly exposed (1/10<=0.1), Orange: medium exposed
(0.1<1/10<=0.25), Yellow: low exposed (0.25<1/10<=0.5), Blue: less low exposed (1/10>0.5),
Grey: not assigned.
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SH3 solvent Dotarem effect plotted on structure (1PNJ) (surface representation)
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Figure S8: Surface representations of Figure S3-S7 of SH3 Monomer (PDB:1PNJ) with varying
Dotarem concentrations. Color code: Red: highly exposed (I/10<=0.1), Orange: medium
exposed (0.1<1/10<=0.25), Yellow: low exposed (0.25<l/10<=0.5), Blue: less low exposed
(1/10>0.5), Grey: not assigned.
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Solvent PRE on low pH SH3 state 20 °C:
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Figure S9: "H-"SN HSQC spectra of PI3K-SH3 (250 uM) in 10 mM Gly HCI, pH 2.5, at 20 °C
and varying (0, 1, 2) Dotarem concentration in the solvens. Line broadening and peak
suppression is increased with increasing Dotarem concentrations. Bottom: 1 D slices of the
first FID of "H-">N HSQC spectra of PI3K-SH3 (250 uM) in 10 mM NaPi, pH 2.5, at 20 °C and

varying (0, 0.5, 1, 2, 5 mM) Dotarem concentration in the solvens.
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No Dotarem 10 mM Dotarem

4.00 nm
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Figure S10: Atomic force microscopy micrographs of PI3K-SH3 fibrils grown in 10 mM Gly HCI,
pH 2.5, at 50 °C, 5 % Seeds for one day. Left: Fibrils without addition of Dotarem after firbil
growth. Right: Fibrils with addition to a final concentration of 10 mM Dotarem after firbil growth.
In presence of Dotarem a second Polymorph is observed (marked by red arrows) ?
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Figure S11: Solvent PRE effect on PI3K-SH3 fibrils at 1 mM Dotarem concentration. A) Overlay
of 13C-'3C proton driven spin diffusion (PDSD) spectra at 11 kHz and 50 ms mixing time of SH3
fibrils without (red) and 1 mM Dotarem (blue) concentration. B) Surface representation of SH3
fibrils (PDB:6R4R); Resonances for residues that are present in the 1 mM Dotarem spectrum

are marked in blue. Resonances that vanish are marked in red and unassigned residues are

marked in grey.
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Figure S12: Solvent PRE effect on PI3K-SH3 fibrils at 5 mM Dotarem concentration. A) Overlay
of 13C-13C proton driven spin diffusion (PDSD) spectra at 11 kHz and 50 ms mixing time of SH3
fibrils without (red) and 5 mM Dotarem (blue) concentration. B) Surface representation of SH3
fibrils (PDB:6R4R); Resonances for residues that are present in the 5 mM Dotarem spectrum

are marked in blue. Resonances that vanish are marked in red and unassigned residues are
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Figure S13: Solvent PRE effect on PI3K-SH3 fibrils at 10 mM Dotarem concentration. A)
Overlay of *C-'3C proton driven spin diffusion (PDSD) spectra at 11 kHz and 50 ms mixing
time of SH3 fibrils without (red) and 10 mM Dotarem (blue) concentration. B) Surface
representation of SH3 fibrils (PDB:6R4R); Resonances for residues that are present in the

10 mM Dotarem spectrum are marked in blue. Resonances that vanish are marked in red and

53C/ppm

unassigned residues are marked in grey.
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1PN G5 MSAEGYQYRA LYDYKKEREE DIDLHLGDIL TVNKGEINEE GFSDGQEAKP

6R4R
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Figure S14: Comparison of secondary structure of both PDB structures used (1PNJ, 6R4R)

(yellow: beta sheet, red: alpha helix). Top: Primary sequence. Bottom: Cartoon

representation.
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Hydrophobicity comparison in Pymol: Skript 2°

“RB highlighting visualizes hydrophobicity by highlighting all carbon atoms that are not bound
to nitrogen and oxygen atoms. The charged oxygens of glutamate and aspartate are

highlighted red and the charged nitrogens of arginine and lysine are highlighted blue.”
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Figure S14: Top: Eisenberg Hydrophobicity plot*® (expasy) of sequence of PI3K-SH3 (with
GS overhang). Bottom: Overlay of Eisenberg Hydrophobicity plot and integrals of 1 mM

Dotarem.
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