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In Alzheimer's disease (AD), soluble oligomers of amyloid-B (AB) are emerging as a crucial entity in
driving disease progression as compared to insoluble amyloid deposits. The lacuna in establishing the
structure to function relationship for Ap oligomers prevents the development of an effective treatment
for AD. While the transient and heterogeneous properties of A oligomers impose many challenges for
structural investigation, an effective use of a combination of NMR techniques has successfully identified
and characterized them at atomic-resolution. Here, we review the successful utilization of solution and
solid-state NMR techniques to probe the aggregation and structures of small and large oligomers of Ap.
Biophysical studies utilizing the commonly used solution and 19F based NMR experiments to identify the
formation of small size early intermediates and to obtain their structures, and dock-lock mechanism of
fiber growth at atomic-resolution are discussed. In addition, the use of proton-detected magic angle
spinning (MAS) solid-state NMR experiments to obtain high-resolution insights into the aggregation

Received 27th February 2020, pathways and structures of large oligomers and other aggregates is also presented. We expect these
Accepted 8th April 2020 NMR based studies to be valuable for real-time monitoring of the depletion of monomers and the
DOI: 10.1039/d0cc01551b formation of toxic oligomers and high-order aggregates under a variety of conditions, and to solve the

high-resolution structures of small and large size oligomers for most amyloid proteins, and therefore to
rsc.li/chemcomm develop inhibitors and drugs.
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1. Background
1.1 Amyloid proteins and their implications in diseases

Amyloidogenic proteins are implicated in over 30 different
disease states." The self-assembly process, which produces
highly stable beta-sheet fibers, proves to be highly conserved
over many different proteins which are known to deposit as
plaques in different tissues.> Diseases such as Alzheimer’s
disease (AD), Parkinson’s, Type II Diabetes (T2D) or cataracts
are specifically implicated by the misfolding and subsequent
aggregation of a protein expressed in the diseased area.’
One specific protein which will be the focus of this review is
amyloid-B (AB), which is implicated as a causative factor in AD
by its deposit in the extracellular space of neurons.* AD is the
most common form of dementia with over 5 million Americans
affected by the disease, and this is expected to rise with the
aging population. A, cleaved form its Amyloid Precursor
Protein (APP) by B- and y-secretases abundantly exists with
either 40 or 42 residues, each isoform with unique properties.®
Familial mutations in the peptide sequence creating quicker
aggregating peptides, or mutations in the secretases to prefer
the 42-residue length, are known to increase the risk for early
onset AD.*” While much effort has been made towards the
treatment of the underlying causes of AD, unfortunately, no
treatments other than palliative have been approved by the
FDA, which is often attributed to our lack of understanding of
the structures and function of Ap.

1.2 Mechanism of amyloid formation and importance of
oligomers

Amyloid formation is generally thought to occur by a self-seeding
mechanism in a sigmoidal fashion, in which there are three
distinct steps (Fig. 1).%° During the lag-phase a hydrophobic core,
also known as the amyloidogenic core, can self-associate with
the same sequence on another monomer via hydrophobic and
aromatic -7 interactions.'” Commonly, the monomers start
with a random-coil structure before self-association to form
oligomers, but it is unknown what exact structures are formed
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Fig. 1 Detection of amyloid species by NMR. Solution NMR spectroscopy
is well suited for high-resolution structural and dynamical studies of fast
tumbling monomers and small molecular weight amyloid species like oligomers
formed in the early lag phase (blue). On the other hand, magic-angle spinning
(MAS) solid-state NMR techniques can be used to investigate the high-
resolution structures of anisotropic, larger aggregates such as large oligomers,
protofibers and fibers (purple). In addition, as discussed in the main text, semi-
solids that are not isotropic such as small to large size oligomers can also be
investigated using high-resolution magic angle spinning (HR-MAS) experiments.
Use of a combination of solution and solid-state NMR experiments and peptides
judiciously labelled with isotopes (°C, °N, 2H, *°F or a combination of them) can
provide piercing atomic-resolution insights into the self-assembly process of
amyloid aggregation, the formation of toxic oligomers, polymorphism of fibers
and the dynamic exchange among the different species.

during these oligomer interactions."'™® Once enough of these

monomers and oligomers come together, protofibrils are formed,
in which the final highly ordered beta-sheet structure is obtained
and then very quickly full fiber elongation takes place which is
known as the nucleation phase.' Lastly the plateau phase in
which all of the monomers are depleted in solution to be fully
incorporated in mature fibers. Amyloids can create fibers which
can be up to microns in length, composed of many monomers
aligned with a highly repetitive orientation."® Previously formed
fibers can act as seeds or a catalyst for the polymerization of fiber
formation.'® Once amyloid fibers are formed, they are very stable
and are highly resistant to denaturants of many types including
heat, sonication, pH and some organic solvents.""”

Studies have shown that both the beginning (rich in monomers)
and the end (rich in mature fibers) of this self-assembly process of
amyloid aggregation can be characterized at high-resolution.'®
However, the intermediate stages of aggregation in which oligomers
are transiently forming and dynamically interchanging, is believed
to be where the toxic species are generated in most amyloid related
diseases, which elude characterization due to heterogeneity and
short-lived lifetime of conformation states."'® AB peptide has also
shown to form hetero-oligomers by interacting with its isoforms or
other proteins.”®>* For AB, oligomers have been shown to be toxic
in a variety of ways including membrane disruption, binding and
inactivating cell surface receptors, and interactions with intracellular
machinery.”>” While specific oligomer preparation and isolation
have been demonstrated, many of these preparations contain
non-native mutations or crosslinking are off-pathway, do not
form fibers, and are not lived sufficiently long enough for high-
resolution structural characterization.''*?%28732

1.3 Experimentally following amyloid aggregation

Many biophysical techniques are commonly employed to monitor
the aggregation of an amyloid peptide under various conditions.**?*
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The commonly used thioflavin T (ThT) based fluorescent assays to
monitor the kinetics of aggregation are solely based on fiber
content. Circular Dichroism (CD) can monitor protein folding but
the heterogeneity of oligomers can be lost and small differences
can go undetected. Mass spectrometry has been instrumental in
providing oligomer sizes as well as ligand binding interactions.*”
Atomic Force Microscopy (AFM) can provide a macroscopic view
of aggregation over a range of sizes including large oligomers up
to fibers in real time. While these biophysical experiments are
used to obtain high-throughput information on the kinetics of
aggregation and to better understand the experimental/sample
conditions for further studies, obtaining atomic-resolution
structural or mechanistic information of amyloid aggregation
are extremely difficult using these techniques. On the other
hand, transmission electron microscopy (TEM) and cryo-EM are
useful in observing different fibers and their morphologies.
X-ray crystallography has also been useful in the amyloid field
for solving fiber and fragment fiber structures.

Nuclear magnetic resonance (NMR) is a very powerful tool for
studying many facets of amyloid aggregation in both solution and
solid states.**™ Solution NMR is typically used for characterizing
the beginning stages of amyloid formation while solid-state NMR
is well suited for characterizing intermediates and the end stages
of amyloid fiber formation (Fig. 1).***' Solution based experiments
can be used for looking at monomers and low order oligomers.
Monomer-monomer as well as monomer ligand interactions are
commonly studied using simple two-dimensional experiments
such as HSQC or HMQC in which chemical shift perturbation
or line broadening observations can reveal specific individual
residues’ chemical environments.”> NOE based 2D and 3D
experiments can be used to produce three-dimensional structures
of aggregates and monomers in the early stages of aggregation.**
While solution NMR techniques are quite valuable, the large size
aggregates (such as large oligomers, protofibers and fibers) cannot
be observed due to their slow tumbling rates that result in severe
line-broadening and extremely low signal-to-noise ratio.*” On the
other hand, solid-state NMR techniques have been widely used in
studying high-resolution structures of fully mature amyloid fibers
as well as very large oligomers/protofibers that are either quite
stable or stabilized by freezing.*>*® However, detection and high-
resolution probing of the formation of early oligomer inter-
mediates and dispersion of oligomers in solution by NMR have
been a challenge. This review highlights some of the recent studies
to probe early events on AP aggregation using a combination of
solution and solid-state NMR techniques.

2. Studying AP intermediates by solid
state NMR

2.1 Effect of MAS on amyloid aggregation

One limitation in monitoring the aggregation of the selected
amyloidogenic proteins using NMR, including A, is the relatively
slow aggregation kinetics under static conditions at low micro-
molar concentrations. This difficulty is typically overcome for
other biophysical characterization techniques by using shaking
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and stirring beads.*>> However, these agitation methods are not
possible in normal solution NMR conditions. Recent NMR studies
that successfully demonstrated the feasibility of using pressure as a
variable to monitor protein folding and aggregation are not covered
in this review article.”’ > A recent study has shown a method in
which A aggregation can be accelerated and monitored in real-time
using NMR spectroscopy by utilizing Magic Angle Sample (MAS)
spinning.”" In this technique, the sample is loaded into a small
rotor and spun at the magic angle (54.74° relative to the magnetic
field axis). MAS is commonly used to obtain “solution-like” high-
resolution isotropic NMR spectra of solids.

Wang et al>’ demonstrated the feasibility of using MAS
experiments to induce amyloid aggregation. This mechanical
rotation of the sample increases the aggregation rate so that it
is more appropriate for investigation at the residue specific
level by high-resolution solid-state NMR techniques (Fig. 2A), as
well as to help to replicate conditions used in other biophysical
assays to study amyloid proteins. Typically, under quiescent
conditions a sample of AB does not show any changes in the
observed proton NMR spectra over the course of 24 hours.
However, spinning under 5 kHz MAS at 298 K inside the NMR
probe causes the NMR peaks to decay by ~20% after 24 hours
and ~50% after 72 hours. 5 kHz MAS induced substantial
decay in NMR signal intensities both in aliphatic and aromatic
protons highlighting mechanical rotation accelerate AR aggre-
gation (Fig. 2A). What is so powerful about this technique is
that residue specific information can be obtained as function of
amyloid aggregation. Specifically, the regions in which the
aromatic vs. aliphatic resonances can be detected and have
been shown to decay at different rates. An interesting observation
is the effect of MAS on AP aggregation is concentration dependent,
but contradicts the conventional observation i.e. concentration oc
aggregation. As shown in Fig. 2B, AR under MAS aggregates faster
at low concentration (15 pM) as compared to that observed at a
higher concentration (150 pM). This study further demonstrated
the feasibility of measuring the effect of amyloid inhibitors like
EGCG, a polyphenolic compound found in green tea extract, which
is known to generate large off-pathway oligomers of AR under MAS
conditions. In this example, the decrease of aliphatic and aromatic
peak intensity, and the increase of oligomer peak intensity
(denoted as O1 and O2) were shown to happen very quickly
(Fig. 2C and F); whereas under quiescent conditions in the
presence of EGCG, no change was detected even after almost
3 days. This successful demonstration opens avenues for NMR
monitoring of the residue specific aggregation information for
amyloid proteins with a variety of ligands including lipids, small
molecules, proteins, or other chemical tools. EGCG binding
promoted the decay of Ap’s aromatic proton signals under MAS
that reveals the site-specific interaction that is difficult to
resolve using conventional solution NMR (Fig. 2D and E). By
obtaining residue specific information, mechanistic insights on
early interactions of aggregation can be obtained for a better
understanding on the formation of the most toxic oligomer
intermediates of amyloid proteins. In addition, the experimen-
tally measured structural constraints and molecular dynamics
simulations can be used to determine high-resolution structures
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Fig. 2 Effect of MAS on the aggregation kinetics of AB;_40. (A) Depletion in AB1_40 monomer population under MAS (5 kHz MAS at 298 K) as indicated by the decay
of IH NMR signal intensity for selected aliphatic and aromatic resonances of freshly prepared 50 uM AB;_40 as a function of time (time = O refers the data acquired in
<10 minutes from the sample preparation). (B) Relative *H NMR signal intensity decay of methyl resonance (0.78 ppm) under 5 kHz MAS as a function of AB;_40
monomer concentration in the absence or presence of EGCG. The curves were fitted using the equation y = (1 — A) x exp(—b x x) + A, where A is the proportion
that remains as monomer after saturation and b is the rate of decay or aggregation. (C) The polyphenolic EGCG compound promotes AB;_40 aggregation (50 uM)
under MAS (under 5 kHz MAS and 298 K) as observed from the decay of *H NMR signal as a function of time. (D—F) The aromatic *H signals decay faster as
compared to aliphatic protons in AB;_40 (50 pM) in the presence of EGCG indicating the role of predominant n—m interactions. The aromatic proton signals of EGCG
also show a rapid depletion in intensity (D) indicating a strong interaction with AB;_40. The appearance of new peaks O1 and O2 indicates the formation of new
oligomer species (F). An increase in the oligomer populations over time is revealed by an increasing *H signal intensities O1 and O2 species. This figure is reproduced
with permission from the Royal Society of Chemistry (DOI: 10.1039/C8CC00167G). Further details can be found in the referenced work >

of the oligomers, a much-needed strategy for the development
of amyloid inhibitors or chemical tools.

2.2 Transient AP oligomers are disordered like monomers

Structural polymorphism has remained as a significant feature in
the amyloid cascade hypothesis and has been recently explored

4630 | Chem. Commun., 2020, 56, 4627-4639

for mature fibers as well.”>>> On the other hand, for the amyloid
intermediates that are characterized by toxic phenotypes, transient
structural morphology and heterogeneity have led to their limited
understanding.’>**™° To this extent, the many classical high-
resolution structure determination techniques fall short due to
the inherent heterogeneous nature of AB oligomers and their
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growing size during aggregation. Nevertheless, several methods
such as chemical crosslinking, metal binding, small-molecule
binding, and protein engineering or variation in the solvent
environmental condition to stabilize AP oligomers have been
used.’>®® Even from these experiments, there exist few structural
models that are proposed to be an intermediate structure of A
isolated from on-pathway aggregation.’>**®*%*~"> The formation
of oligomers starting from monomers has also been reported
using computational molecular dynamics simulations.”*””” But,
the lack of a high-resolution structural model for Af oligomers
isolated directly from an AD brain’® limits the long-standing
aim to correlate the existing amyloid cascade hypothesis for a
successful therapeutic development against these cytotoxins.
Considering the mounting evidence showing the toxic nature of
amyloid intermediates, there is a need for methodological
developments that are able to dig into the atomistic details of
the intermediates.

Recent solid-state NMR studies have reported high-resolution
structural models for amyloid-fibrils including AB fibers.**7°%
As a result, several polymorphic atomic-resolution structures of
AR fibers and very large oligomers/protofibers are now available
in the Biological Magnetic Resonance Bank (BMRB) and Protein
Data Bank (PDB).”® Other techniques such as X-ray diffractions,
small angle X-ray scattering (SAXS) and cryo-EM have also
successfully delivered atomic-resolution structural information
for AP fibrils and oligomers.®***%*% However, the advances in
solid-state NMR spectroscopy in studying biological solids in a
heterogeneous sample environment attract further attention as a
mean to look into amyloid oligomers at real-time during their
on-pathway amyloid aggregation. The isolation of transient
oligomers is hindered by sample preparation and purification
techniques that subject the oligomers to pass via harsh conditions
which could affect the morphology and are beyond the experi-
mental control.***° For example, a 56 kDa soluble AB oligomer
species has been isolated from an AD mouse brain and purified
using immunoaffinity chromatography and size-exclusion chro-
matography (SEC).”* Similarly, small size AP oligomers (such as
dimers and trimers) have been isolated directly from AD brains or
naturally secreted by cultured cells have been purified using
electrophoresis and chromatography methods, and have also been
shown to be toxic.”>** Remarkably, a study by Yang et al.”® showed
the size dependent toxic characteristics of soluble AB oligomers.
This study isolated high-molecular weight A oligomers using non-
denaturing SEC that have been found to be non-toxic or slightly
toxic. Interestingly, alkaline medium treatment of these AP oligo-
mers led the dissociation and formation of low-molecular weight
oligomers that were found to be cytotoxic.”®

Coupled with NMR, atomistic simulations also have been
a useful technique in revealing the structural and dynamical
information of AP intermediates at atomic-resolution. It is
difficult to obtain a high-resolution 3D structure of AP inter-
mediates using a single technique like NMR. This is mainly due
to the limitations in obtaining a sufficient number of distance
constraints to obtain a 3D structure. For example, a recent study
succeeded in providing a unique B-strand structure for hIAPP
(human islet amyloid polypeptide) trapped by lipid-membrane

This journal is © The Royal Society of Chemistry 2020

View Article Online

Feature Article

nanodiscs.** Such structural characterization required integration
of NMR distance constraints, ab initio modelling and molecular
dynamics (MD) simulations to generate a 3D structure. In absence
of NMR derived distance constraints, MD simulations have been
proven to be useful in retrieving intermediate structural and
dynamical information and the fiber elongation for several
amyloidogenic proteins at atomic-resolution.”**® Such structural
and dynamic information have been reported for AP species
such as monomer, dimer, trimer, tetramer, pentamer, and
hexamer.73,95,977102

Here, we review the high-resolution structural details of AB
oligomers that coexist with fibers, or filtered without rigorous
purification techniques (no additives), using MAS solid-state
NMR techniques.'® Previously, solid-state NMR methods
demonstrated the use of MAS-induced sedimentation that act as
an ultracentrifuge to separate AR monomers from oligomers.'®*
The aggregation of Af has been known to form a polymorphic and
a heterogeneous sample mixture that includes reversible and
irreversible formation of oligomeric and fibrillary aggregates;
aggregate from monomers depending on the solvent, pH,
temperature and concentration.'®> When incubating monomers
over several days with or without shaking, Af typically forms
heterogeneous fibrils along with globular oligomers.*>*'% As
reported, the AP oligomers coexist with fibers (Fig. 3) when
incubated at low® or high concentration'® (2 x 107> mg mL "
or 1 mg mL ™). The oligomers can be separated from monomers
and show a spherical morphology (Fig. 3A). Further, the stability
of these oligomers provides a conceivable platform for the
application of NMR experiments to retrieve high-resolution
structural insights (Fig. 3C-E). However, the abundance of these
oligomers is too small (~7-10%) for detection and increasing the
sample concentration for NMR studies is quite challenging.'®
Another limitation for structural characterization of these low
populated oligomers is the use of NMR sensitive isotope labelling
(**N/**C/*F). In this context, proton-detected NMR measurements
highlighting the high-resolution structural details are remarkably
important. Application of such cost-effective methods with dipolar
recoupling MAS experiments, such as the radio frequency driven
dipolar recoupling (RFDR), enabled the acquisition of 2D homo-
nuclear "H/'H correlation spectra (Fig. 3 and 4)."°® As demon-
strated, these experiments do not detect signals from amyloid
fibers as the sample spinning speed is not very fast enough to
suppress the very large "H-"H dipolar couplings present in fibers.
On the other hand, since the dipolar couplings among protons in
monomers are averaged out by their fast tumbling, their signals
are suppressed by the dipolar recoupling. Thus, the RFDR based
2D NMR experiments successfully distinguished the low abundant
oligomers from monomers and fibers that are otherwise not
amenable for solution or other solid-state NMR characterization
(Fig. 3 and 4). The detection of these oligomers is limited
by conventional heteronuclear NMR techniques. For example, as
shown in Fig. 4D, 2D "H/"°N HSQC presents a well dispersed NMR
spectrum for AB monomers, but fails to provide substantial
detectable residue information to probe the oligomers. In addition,
although homonuclear (*H/*H) solution NMR experiments such as
TOCSY and NOESY can provide atomic correlation, these atomistic
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Fig. 3 Solid state NMR allows characterization of growing low abundance AB;_40 oligomers. (A) AFM image showing the presence of AB;_40 oligomers
after separation from fibers after 4 days (scale bar is 100 nm). (B) CD spectra show that the filtered AB;_40 oligomers (blue) are disordered, similar to the
freshly dissolved monomers (red), and differ from the B-sheet rich fibers (black). (C—E) 2D H/*H NMR spectra obtained via RFDR recoupling of *H-1H
dipolar couplings show high-resolution cross-peaks for oligomers (blue) and freshly dissolved AB;-40 monomers (red); spectra recorded at 25 °C under
2.7kHz MAS on a 600 MHz solid-state NMR spectrometer. The spectrum highlights the observation of cross-peaks due to the recoupled *H-'H dipolar
couplings for (C) side-chain to Ha, (D) side-chain, and (E) HB—Ha and Ha—Ha regions. The acquisition time was 4 days. The 2.7 kHz MAS and RFDR mixing
enabled the suppression of signals from monomers and fibers and selective observation of low molecular weight oligomers in a non-perturbative
manner. The NMR samples were prepared in 10 mM phosphate buffer, pH 7.4, and 10% D,O. Copyright © 2015, Springer Nature. This figure is
reproduced from Scientific Reports: DOI: 10.1038/srep11811. Further details can be found in the referenced work.2%3

information are greatly sacrificed due to line-broadening (Fig. 4)."*

The NMR spectrum of isolated oligomers differs substantially
from that of monomers, but interestingly share a disordered
conformation as revealed by CD spectroscopy (Fig. 3B).

2.3 Why do we care about on-pathway AP oligomers?

While experimental characterization of transient oligomeric
structures of AP at atomic-resolution is tedious, their globular
morphology can be easily distinguished from protofibrils or
matured fibers. A study using SAXS showed the formation of
cylindrical or ellipsoidal shaped AP protofibers or oligomers
induced by copper ions.®® Similarly, Rezaei-Ghaleh et al.'"’
proposed that zinc binding to N-terminus of AP induces
off-pathway amorphous like aggregates using NMR. Unlike
off-pathway oligomers, on-pathway oligomers have been shown
to share a disordered conformation that resembles monomers
and can grow in size over time (Fig. 4A-C). While off-pathway
oligomers can be highly stable and vary in structural heterogeneity,

4632 | Chem. Commun., 2020, 56, 4627-4639

pathological phenotype and size, on-pathway oligomers grow in
size and can serve as seeds to nucleate the self-assembling seeding
reaction. Thus, therapeutic development has often concentrated
on restricting this aggregation pathway of A to generate non-toxic
species.'®® The design of therapeutics is highly dependent on
the chemical properties of the Af surface that are significantly
different for disordered monomers and oligomers. As an example,
solid-state NMR studies have identified inter-residue contacts
between aliphatic and alpha protons of K28-G29, S26-N27, H13—
G38, and S8-E11 in on-pathway oligomers that are absent in AB
monomers (Fig. 3C-E). Such inter-residue interactions restrict the
degrees of freedom of side-chains in oligomers, and therefore
could hinder the potential binding of designed inhibitors screened
using AP monomers. In this context, an argument can be made for
looking into the role of a potent AB inhibitor, EGCG that signifi-
cantly reduces Af’s neurotoxicity when treated with monomers. In
contrary, metal-bound AP species (oligomers) treated with EGCG
exhibited a relatively low rescuing of neurotoxicity indicating

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Monitoring time-lapse growth of AB;_40 oligomers by NMR. (A) Dynamic light scattering reveals the growth of AB;_40 oligomers from 8.6 nm and
65.3 nm over the course of 19 days. 2D TOCSY (B) and 2D NOESY (C) spectra of the disordered AB;_40 oligomers recorded at 4 days (blue) and 19 days
(red). Both TOCSY and NOESY spectra show line-broadening on day-19 indicating the growth of oligomer size that are beyond the detection limit of
solution NMR. (D) 2D *H/*®*N HSQC spectra of the freshly dissolved (red) AB;_4q recorded on a 900 MHz NMR spectrometer show well resolved NMR
peaks. In contrast, *H/**N HSQC spectra of the filtered disordered oligomers (blue) obtained after 4 days show substantial line broadening. The NMR
samples were prepared in 10 mM phosphate buffer, pH 7.4, and 10% D,O and NMR spectra were recorded at 25 °C. Copyright © 2015, Springer Nature.

This figure is reproduced from Scientific Reports: DOI: 10.1038/srep11811. Further details can be found in the referenced study.
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