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ABSTRACT: Intermediates along the fibrillation pathway are generally Mechanical Monomers
considered to be the toxic species responsible for the pathologies of amyloid rotation
diseases. However, structural studies of these species have been hampered by Y
heterogeneity and poor stability under standard aqueous conditions. Here, we =
report a novel methodology for producing stable, on-pathway oligomers of the ’ -  Dligomers
human type-2 diabetes-associated islet amyloid polypeptide (hIAPP or amylin) %{
using the mechanical forces associated with magic angle spinning (MAS). The g
species were a heterogeneous mixture of globular and short rod-like species with ¢ Protofibrils
significant -sheet content and the capability of seeding hIAPP fibrillation. We & oo
used MAS nuclear magnetic resonance to demonstrate that the nature of the bH =
species was sensitive to sample conditions, including peptide concentration, ionic '. . G
strength, and buffer. The methodology should be suitable for studies of other '..:' ;:i'bms
aggregating systems.
everal degenerative diseases, including Alzheimer’s disease between differently structured conformers. Additionally, a
(AD), Parkinson’s disease (PD), and type-2 diabetes combination of a dipolar recoupling experiment and
(T2D), are linked to the aggregation of proteins and peptides intermediate frequency MAS has been demonstrated to
into fibrillar structures called amyloid."~* While the relation- facilitate the separation of the oligomer signal from that of
ship between amyloid aggregation and these diseases was monomers and fibrils in a heterogeneous preparation of
established several decades ago, few successful treatments have amyloid—ﬂ.w Typically, MAS experiments require biological
been developed that target the fibril formation process.5 samples to be lyophilized, frozen, or crystallized, but
Structural biologists seeking to guide drug design struggle to comprehensive multiphase (CMP) NMR spectroscopy enablﬁ
characterize amyloid fibrils because their large size and the direct observation of mixed-phase systems with liquids.
noncrystalline nature render traditional solution nuclear The technique has been used to study microorganisms and
magnetic resonance (NMR) and crystallography unfeasible. environmental samples but also presents an approach to

characterize heterogeneous amyloid systems consisting of
soluble fast-tumbling monomers and low-order oligomeric
aggregates and insoluble slow-tumbling high-order oligomers
and fibrillar aggregates. The significant mechanical forces, such
as centrifugal pressure, involved in MAS additionally offer a
novel modulator of the amyloid formation pathway. Previous
work has demonstrated the ability of small molecules, peptides,
lipid membranes, metals, synthetic polymers, pH, and electric
fields to alter amyloid aggregation pathways and in some cases
to stabilize oligomeric intermediates for further structural
studies.”™** Pressure as a result of centrifugal forces during

Still, solid-state NMR and cryogenic electron microscopy
(cryo-EM) have proven to be capable of revealing specific,
atom-resolution cross-f-sheet structures in fibril cores.
However, recent research indicates that intermediate aggre-
gates along the amyloid formation pathway, called “oligomers”
or “protofibrils” based on size and morphology, are the toxic
species most responsible for the pathologies of AD, PD, T2D,
and other amyloidoses.””” Structural characterizations of
oligomeric amyloid aggregates would greatly benefit efforts
to develop treatments against amyloid diseases, but several
factors have made them scarce, if not non-existent. The most
significant factors are high heterogeneity among oligomeric
species and their short lifetimes under aqueous conditions. Received: July 19, 2023
Magic angle spinning (MAS) solid-state NMR spectroscopy Accepted:  August 16, 2023
is uniquely positioned to characterize heterogeneous systems Published: August 21, 2023
of intermediate molecular weight, slow-tumbling species, such
as amyloid oligomers. Its sensitivity to individual nuclei in
distinct chemical environments allows for discrimination
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Figure 1. Visualizing the peaks of the oligomeric intermediate under MAS. hIAPP monomers were detected from (a and c) solution NMR and (b
and d) MAS NMR using 'H spectra obtained at 1 and 18 h time points on a 500 MHz spectrometer at 298 K. Both samples contained 50 uM
hIAPP in 10 mM d,,-Tris and 100 mM NaCl at pH 7.4 bufer.

a * b c
10 8 0%
] & 12-0.1%
Solid-state NMR @ 0.5%
~ 07 2 1041%
1 hr @ 10 kHz MAS I S 5%
o L 0.8
£ 10 P
(i) a 1 £ 0.6
© 20 8 04~
1 ]
Solid-state NMR 304 g 0.2
18 hr @ 10 kHz MAS * R Z 00 T l T
(ii) 200 220 240 0 5 10 15
RN N S d Wavelength (nm) Time (hrs)
e 1 hr/ 18 hr
Solid-state NMR 10 kHz MAS
p Stable
Difference (i) /Oligomer\
08 04 00 1 (ppm)
Solution NMR W
> 7] S 0,00, %, 0
. i} g ~ e e %
Mo ) g 1.00 oo oo .
x 08- o
Solid-state NMR 2 6] 1o oo (m);
Difference* * ® 1
(v) % 0.4 o 0a®0000%0
s i o
5 0.2
2 1 m~30%)
B R i Miaataast st 0.0 ;

— T r
10 20 30 40
Time (hrs)

75 7 65 4 3 2 1 0
'H (ppm)

Figure 2. Heterogeneous, f-sheet structured, on-pathway hIAPP oligomers induced by MAS. (a) 1D 'H NMR spectra with spectral editing
showing the MAS-hIAPP oligomeric intermediates: (i) after 1 h, (ii) after 18 h, (iii) difference spectrum of spectra i and ii (normalized by the
number of scans), (iv) solution NMR spectrum of hIAPP, and (v) difference spectrum of spectra ii and i (normalized by the peak with an asterisk).
(b) p-Sheet structure was identified using CD spectroscopy. (c) ThT fluorescence assay of hIAPP monomers with noted concentrations of MAS-
hIAPP seeds. (d) TEM revealed heterogeneous MAS-hIAPP species; oligomers and protofibrils are labeled in images taken from one sample at
three different positions on the grid. (e) Normalized intensities from 1 to 0.5 ppm (represent monomers) and from 0.2 to —0.3 ppm (represent
oligomeric intermediates) in 1D 'H spectra show that monomers are depleted up to 30% while formed oligomeric intermediates are stable. For
MAS NMR, 80 nmol of hIAPP was hydrated to 2 mM in D,0. NMR data were collected over 48 h with 10 kHz MAS, and then the sample was
removed from the rotor for further characterization. The MAS-hIAPP was diluted to 80 #M in D,O for CD spectroscopy, 100 uM for TEM, and
noted molar ratios relative to 5 yM monomeric hIAPP in sodium phosphate buffer (10 mM NaPO,, 100 mM NaCl, and 10 mM ThT at pH 7.4)
for ThT experiments.

solution probe and a CMP probe with 10 kHz MAS (Figure
1). The sample conditions were identical except for 100% D,0
used in the MAS sample compared to 10% D,O used in the
solution NMR sample. Under the conditions of the solution
NMR experiment, the '"H NMR spectrum of hIAPP appeared
with the line shape in Figure 1a, and the signal quickly decayed
as the peptide aggregated within 7—8 h. This loss of signal is
typical of aggregating peptides, because the signal broadens
without MAS as the peptide complexes increase in size. In
contrast, the MAS sample immediately afforded a much
broader line shape with a significant peak near 0 ppm (Figure

MAS has been found to affect the structure and dynamics of
bacteriorhodopsins and apoferritin, but its effect on the species
formed during amyloid aggregation has not been fully
characterized.”>™>” Here, we provide the first report, to the
best of our knowledge, of the ability of the mechanical forces
associated with MAS to stabilize intermediate, on-pathway
aggregates of human islet amyloid polypeptide (hIAPP) in an
aqueous environment.

To compare the aggregation behavior of hIAPP with and
without MAS, we prepared two samples and collected 'H
NMR spectra over the course of 24 h using a standard static
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1b). A peak at 0 ppm has been previously reported and
characterized as arising from solvent-protected aliphatic
protons in oligomeric aggregates of amyloidogenic peptides;
therefore, we assi§ned this peak as belonging to an oligomeric
species of hIAPP."”**~*° This signal was also stable for at least
24 h (Figure 1d). To rule out D,O as the cause of the
differences between the samples, we performed a thioflavin T
(ThT) fluorescence assay with buffers of varying amounts of
D,0O and observed no change in the kinetics based on the
percentage of D,0O (Figure S1 of the Supporting Information).
Thus, our data suggest that MAS induced the formation of a
hIAPP aggregate.

However, as a result of the smaller volume of the MAS rotor,
significantly less material was present in the MAS experiment
than in the solution experiment, causing a noisier signal. There
was also notable baseline rolling in the MAS spectrum, which
we hypothesized arose from conductivity through the coil as a
result of salt in the buffer. To address these issues, we
performed the MAS experiment again using a sample with a
higher concentration of hIAPP in pure D,O (Figure 2a).
Interestingly, the aggregation behavior of this sample, as
assessed by a series of '"H NMR spectra collected under 10
kHz MAS, differed greatly from that of the previous sample. In
this case, the "H NMR line shape was initially much sharper
and decayed over time to a broader, less intense line shape,
which was stable after 18 h. Subtracting the spectrum at 18 h
from the initial spectrum revealed a line shape that was
remarkably similar to that of the solution spectrum, suggesting
that the spectral changes over time resulting from the depletion
of hIAPP monomers as they associated into larger species.
Additionally, we subtracted the solution spectrum from the
long-time MAS spectrum, normalized to the intensity of the
peak at 0.95 ppm, to obtain the line shape of the hIAPP
aggregates. The presence of a peak near 0 ppm, which did not
vary with time, suggested that these species (denoted as MAS-
hIAPP) were formed immediately under MAS and were stable
for at least 24 h.

We then characterized the MAS-hIAPP by a combination of
fluorescence, circular dichroism (CD) spectroscopy, and
transmission electron microscopy (TEM). CD exhibited a
strong negative peak at 218 nm, indicative of a significant f-
sheet content (Figure 2b). The ThT fluorescence assay
showed sigmoidal aggregation kinetics for hIAPP monomers
in the presence of seeds taken from the MAS sample. In
contrast, the fluorescence intensity of ThT in the presence of
the MAS aggregate alone was constant over time and
noticeably less than that of the monomers that formed fibrils
(Figure S2 of the Supporting Information). Lag times of
monomer aggregation decreased with increasing concentra-
tions of MAS-hIAPP seeds, demonstrating that MAS-hIAPP
seeded aggregation of hIJAPP monomers. Taken together, these
results indicate that MAS induced the formation of on-pathway
hIAPP oligomers with significant B-sheet content. However,
TEM revealed a mixture of morphologies, including
amorphous globular aggregates and rod-like protofibrillar
species, which were much shorter than the fibers formed by
hIAPP under static conditions (Figure 2d and Figure S3 of the
Supporting Information). On the basis of the data presented
here, we cannot determine whether one or both observed
species are on-pathway. However, it seems most likely that the
smaller globular aggregates were the dominant contributors to
the NMR and CD spectra, assuming their faster tumbling and
greater aqueous solubility. Regardless, the data confirm that
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MAS induced the formation of non-fibrillar oligomeric
intermediates of hIAPP.

There were issues reproducing the MAS-hIAPP formation in
D,O (Figure S4 of the Supporting Information), perhaps as a
result of the use of an unbuffered solvent. Solution pH has
been extensively reported to affect the kinetics of hIAPP
aggregation and the end species formed, and solution
conditions have been generally found to influence amyloid
polymorphism; therefore, it is favorable to control these
conditions regardless of any issues with reproducibility.”’ ~*°
To this end, we prepared hIAPP samples in several buffer
conditions and collected 'H MAS spectra as before. The
observed 'H lineshapes for each sample condition were
compiled in Figure 3. In all cases, there was a peak near 0

d
100% D,O 10 mM d,-Tris
100 mM NaCl
100% D,0
) e )
10 mM d-Tris 10 mM d,-Tris
NO NaCl 100 mM NaCl
100% D,0 50% D,0
f .
10 mM NaP 30 mM d,-acetic acid
100 mM NaCl 100% D,O
100% D,0
I T | I T I I T T I
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'H (ppm) 'H (ppm)

Figure 3. MAS-induced aggregation pathway altered by buffer.
Solution conditions modified hIAPP aggregation under 10 kHz MAS.
hIAPP concentrations are (a) 2 mM, (b) 2 mM (pH 7.4), (c) 2 mM
(pH 7.4), (d) 2 mM (pH 7.4), (e) S0 uM (pH 7.4), and (f) SO uM
(pH S5.5). A 0 ppm peak indicated the presence of oligomeric
intermediates.

ppm at the initial time point which did not significantly change
for at least 18 h, consistent with the immediate formation of a
stable oligomer regardless of buffer. The 0 ppm peak was
weakest for the low hIAPP concentration, acetate buffer
condition, which is unsurprising given that both a low peptide
concentration and low pH are known to reduce hIAPP
aggregation (Figure 3f).>”*” Remarkably, although there was
significant spectral variation across the samples, the lineshapes
reported for the oligomers formed in 2 mM hIAPP in pure
D,0, Tris buffer (no salt), and sodium phosphate buffer (with
salt) were very similar (panels a—c of Figure 3). This suggests
that a similar species or range of species formed under these
sample conditions. On the basis of the differences between the
spectral patterns of panels d and e of Figure 3 and between
panels a, b, and d of Figure 3, the peptide concentration and
buffer ionic strength seemed to be the most significant factors
that influenced the nature of the oligomers formed. Tris also
appeared to interact with hIAPP and bias the aggregation
pathway but only in the presence of salt.

The amount of structural information that we could obtain
from one-dimensional (1D) 'H NMR lineshapes was limited;
therefore, we collected two-dimensional (2D) 'H—'H radio-
frequency-driven recoupling (RFDR) MAS spectra of a MAS-
hIAPP sample in pure D,O (Figure 4).’® These REDR spectra
(Figure 4a) exhibited several well-resolved cross-peaks mostly
saturated with 25 ms mixing (Figure 4c and Figure S5 of the
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Figure 4. Dipolar recoupling from MAS-hIAPP. 2D 'H—'H RFDR spectra of 2 mM hIAPP in 100% D,O were obtained with an 800 MHz NMR
spectrometer under 15 kHz MAS at 298 K. (a) Obtained at three mixing times. (b) 1D slices and (c) buildup curves are plotted for the cross-peaks

at the noted chemical shifts.

Supporting Information). A comparable spectrum of MAS-
hIAPP in buffer (Figure S6 of the Supporting Information)
displayed significantly fewer (but still well-resolved) cross-
peaks. Considering that the primary difference between these
two samples was a significant monomer population present in
pure D,O and not in buffer, the extra cross-peaks in the
spectrum of the D,O sample likely arose from this population.
It seems unlikely that dipolar recoupling would occur so
efficiently in small, fast-tumbling monomers; therefore, it is
also possible that the observed cross-peaks represented low-
order oligomers or monomers that were motionally restricted
by transient interactions with larger, invisible oligomers.
Regardless, the RFDR spectra demonstrated that MAS-
hIAPP samples should be amenable to structural studies.
Challenges related to peak assignments could be overcome in
the future with three-dimensional (3D) heteronuclear experi-
ments on "C-labeled peptides, and higher MAS frequency
could allow for full observation of the larger oligomers.

Drug design efforts against amyloid diseases would greatly
benefit from the structural studies of intermediate amyloid
aggregates. Here, we presented a novel method to stabilize
nonfibrillar species of hIAPP using the mechanical forces
associated with MAS. On the basis of our data, we cannot
definitively determine a mechanism for the stabilization of an
aggregation intermediate, but it is likely that the centrifugal
pressure associated with MAS altered the folding energy phase
diagram. Pressure has long been known to influence protein
structures, usually by causing full or partial denaturation, and
has been used to study the folding process.’ It is possible that
the pressure experienced by hIAPP partially inhibited the
folding associated with its aggregation such that it could not
progress past a partially folded intermediate. A pressure-
stabilized folding intermediate of ubiquitin was described
previously and mi%ht provide a useful analogy to the situation
observed here.”” In any case, we showed that the
heterogeneous mixture of species included rod-like protofibrils
and globular aggregates and on-pathway, j-sheet-rich species
that formed within several hours in pure D,O or immediately
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in common buffer conditions. The sample conditions, namely,
the peptide concentration and choice of buffer, were also found
to affect the oligomers formed. 2D RFDR experiments showed
that the MAS-hIAPP was amenable to further structural
characterization. Such studies would deepen our understanding
of the molecular basis of T2D. However, their feasibility in our
hands was limited by the availability of the isotope-labeled
peptide and MAS limits on liquid samples. Significantly, the
methodology reported here should be broadly applicable to
studying aggregates of other amyloidogenic peptides and
intrinsically disordered proteins/peptides (IDPs) and is more
tunable than chemical chaperones of oligomeric aggregates.

Experimental Methods. Materials. Synthetic, amidated
human IAPP was purchased from Anaspec, treated with
hexafluoroisopropanol (HFIP) for 1 h at room temperature,
lyophilized, and stored at —20 °C prior to use. All other
chemicals were obtained from Sigma-Aldrich.

MAS NMR. For MAS NMR at 500 MHz, 80 nmol of human
islet amyloid polypeptide (hIAPP) was dissolved in HFIP and
lyophilized directly into a 4 mm (outer diameter) KF MAS
rotor insert. The peptide was hydrated in 40 uL of solvent; the
rotor insert was inserted in a 4 mm rotor, of which both display
no signal in '"H NMR; and experiments were performed on a
Bruker 500 MHz (11.7 T) spectrometer using a 4 mm
comprehensive multiphase (CMP), triple-resonance HCN
probe under 10 kHz MAS at 298 K. The radio-frequency
field strengths were $5.5 kHz for 'H hard pulse used for
excitation. Sample conditions are specified in each figure
caption.

The '"H—"H RFDR spectra were recorded on a midbore 800
MHz (18.8 T) NMR spectrometer equipped with a Bruker
NEO console using a 3.2 mm homemade triple-resonance
HXY MAS probe. Samples were prepared as above, and 20 uL
was transferred into a 3.2 mm rotor. The sample spinning rate
was controlled by a Bruker pneumatic MASIII unit at 15 kHz
+ 5 Hz, and the sample temperature was set to 298 K. The 'H
90° pulse length used in the experiments was 4.0 ys. States—
time proportional phase incrementation (TPPI) was used for

https://doi.org/10.1021/acs.jpclett.3c02009
J. Phys. Chem. Lett. 2023, 14, 7644—7649


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c02009/suppl_file/jz3c02009_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02009?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02009?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02009?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02009?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c02009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

quadrature detection in the t; dimension, and a '"H 180° pulse
was applied in the middle of each rotor period during the
RFDR mixing time. The number of the rotor periods was
adjusted to achieve various RFDR mixing times. The
acquisition times for ¢, and t, dimensions were 25.6 and
61.44 ms, respectively. The data were zero-filled to a 4096 X
2048 matrix before Fourier transform and were processed with
a Gaussian window function (LB = —20 Hz and GB = 0.1) in
both dimensions.

Solution NMR. "H NMR spectra of hIAPP (50 uM in 10
mM d,;-Tris, 100 mM NaCl, and 10% D,O for locking at pH
7.4 buffer) were collected on a 500 MHz Bruker NMR
spectrometer using a triple-resonance TX1 probe. Spectra are
presented as an average of 1024 scans collected with a 13 us
90° pulse and a 3 s recycle delay.

TEM. After 48 h of spinning at 10 kHz, hIAPP (2 mM,
100% D,0) was removed from the NMR rotor and diluted to
a final concentration of 100 M in D,0. For TEM, S uL of the
hIAPP sample was blotted on a carbon holey-mesh grid, and
the grid was stained with 10 uL of 2% uranyl acetate. Images
were collected on JEOL TEM.

CD Experiments. The MAS NMR hIAPP sample in 100%
D,0 was diluted to 80 uM in D,O, and its CD spectrum was
measured in a JASCO CD spectropolarimeter using an average
of 10 accumulations with 1 nm bandwidth, 0.5 nm data pitch,
100 nm/min scanning speed, 1 s data integration time, and 200
mdeg CD scale.

Seeding Experiments. The hIAPP in 100% D,0O sample was
collected after solid-state NMR experiments (48 h of 10 kHz
MAS) and diluted in D,0. These MAS hIAPP species were
mixed in several molar ratios with freshly prepared monomeric
hIAPP (S uM) and ThT (10 uM) in sodium phosphate buffer
(10 mM NaPO, and 100 mM NaCl at pH 7.4). Samples (50
uL) were plated in quadruplicate in a black-walled, flat-
bottomed 384-well microplate (Gruyner), and fluorescence
emission at 480 nm was after excitation at 454 nm. The ThT
fluorescence experiments were performed at 25 °C with
measurements collected every 8 min.
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