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Metastable intermediate during hlAPP aggregation
catalyzed by membranes as detected with 2D
IR spectroscopy

Sidney S. Dicke, (2 12 Michat Maj, (2 +1°° Caitlyn R. Fields® and Martin T. Zanni (2 *®

The aggregation of human islet amyloid polypeptide (hIAPP) into amyloid fibrils involves formation of
oligomeric intermediates that are thought to be the cytotoxic species responsible for B-cell dysfunction
in type 2 diabetes. hIAPP oligomers permeating or disrupting the cellular membrane may be one
mechanism of toxicity and so measuring the structural kinetics of aggregation in the presence of
membranes is of much interest. In this study, we use 2D IR spectroscopy and *C*®0 isotope labeling to
study the secondary structure of the oligomeric intermediates formed in solution and in the presence of
phospholipid vesicles at sites L12A13, L16V17, G24A25 and V32G33. Pairs of labels monitor the couplings
between associated polypeptides and the dihedral angles between adjacent residues. In solution, the
L12A13 residues form an oligomeric B-sheet in addition to an a-helix whereas with the phospholipid
vesicles they are a-helical throughout the aggregation process. In both solution and with DOPC vesicles,
L16V17 and V32G33 have disordered structures until fibrils are formed. Similarly, under both conditions,
G24A25 exhibits 3-state kinetics, created by an oligomeric intermediate with a well-defined B-sheet
structure. Amyloid fibril formation is often thought to involve intermediates with exceedingly low
populations that are difficult to detect experimentally. These experiments establish that amyloid fibril
formation of hIAPP when catalyzed by membranes includes a metastable intermediate and that this
intermediate has a similar structure at G24A25 in the FGAIL region as the corresponding intermediate in
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Introduction

Human islet amyloid polypeptide (hIAPP) is a hormone synthe-
sized with insulin in the B-cells of pancreatic islets that plays a
critical role in controlling glucose homeostasis and related
metabolic processes."” Despite its vital function, it is also
known to form amyloid fibril aggregates that are deposited at
high concentrations in pancreatic islets of type 2 diabetes (T2D)
patients.>” The mechanism of cytotoxicity remains largely
unknown, and several mechanisms may be at work. One of
the proposed mechanisms for cytotoxicity involves hIAPP oli-
gomers interacting with cellular membranes.®*'* Evidence has
been found that hIAPP forms discrete pores in the membrane,
similar to those formed by transmembrane ion channels.'*™"®
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solution, thought to be the toxic species.

hIAPP may also damage membranes through a detergent-like
effect or, in the process of forming fibrils, cause leakage by
ripping lipids from the bilayers.'*>"' Regardless of the mecha-
nism, time-lapse toxicity studies suggest that it is oligomeric
intermediates that are the toxic species and not the mature
fibril.>>>*

There exists little direct information about the structure of
hIAPP oligomers, and even less information about oligomer
structure in the presence of membranes. Monomeric hIAPP is
largely disordered in solution,>’ but may adopt a helix
conformation on phospholipid membranes or SDS micelles;*®
residues 5-20 have been observed to form a helix upon intro-
duction of HFIP*® via NMR and CD spectroscopy; residues 8-18
have been predicted to form a helical core upon interacting
with membranes preceding aggregation events;*® and residues
10-17 have the highest helical propensity®" in hIAPP according
to MD simulations and EPR spectroscopy. Additional work by
Miranker and co-workers suggest helices are a stable structure
for rat IAPP (rIAPP), which they concluded using small mole-
cule foldamers that stabilize helix dimers.>”> There is also
evidence of B-sheets in the oligomer, primarily observed via
2D IR spectroscopy, as discussed below. Recent work by
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Roderiguez Camargo et al. using nanodiscs to stabilize hIAPP
intermediates has found further evidence of oligomeric f-
sheets.>® In contrast to oligomer structure, the fibrillar struc-
tures are relatively well characterized with solid-state NMR and
cryoEM. In fibrillar states, residues 20-29 have been observed
as a disordered loop with flanking B-sheets.>* The structural
properties also change with pH, and recent cryo-EM and NMR
structures have identified B-sheets within the 20-29 region, at
pH 6, whereas this region is a loop at pH 7.4.>*’

One reason that oligomers are difficult to study is because
they are transiently populated, forming intermediates in the
aggregation pathway. In classical nucleation theory, often used
to describe amyloid fibril formation, oligomers are an unstable
species that undergo a nucleation event when they are present
above some critical concentration, upon which the fibrils are
then grown. According to this model, as well as recent work on
the secondary nucleation of hIAPP,***° intermediates should
be difficult to identify because they grow into fibrils almost as
soon as they form and so exist at low concentrations.*®*!
Seemingly at odds with classical nucleation theory, we have
experimentally identified an intermediate of hIAPP that is
stable during the lag phase. It has a critical concentration of
between 150 and 250 pM** and a B-sheet-like structure between
the FGAIL residues that span 23 to 27,** and a helical structure
at residues L12A13.** The B-sheet-like region may extend as far
as residues S20 to $29.***® The intermediate is an oligomer
predicted to be formed by at least 5 associated polypeptides*
and correlates with cellular toxicity.”> The oligomers are kine-
tically stabilized because the FGAIL region must disorder to
form the structure of the fibril, causing a free energy barrier
between 3-20 kcal mol !, depending on the size of the oligo-
mer, which is the reason why this intermediate is observed
throughout the lag phase.*" If proline mutations are introduced
into the FGAIL region to disrupt the oligomer structure, fibrils
do not form, consistent with an on-pathway intermediate.*®

Here, we study hIAPP secondary structure in solution using Tris
buffer at pH 7.37 to mimic the cytosol or extracellular space with
and without the addition of phospholipid vesicles. The primary goal
of our study is to identify differences in the aggregation pathway
when aggregation is membrane catalyzed. The study is designed to
test regions of hIAPP whose secondary structure we know is well
defined in buffer. We are particularly interested in determining if
the “FGAIL intermediate” described above also forms when aggre-
gation takes place in solution with vesicles, since we think that the
structure in the FGAIL region stabilizes the oligomers and is the
cause of toxicity.

Materials and methods
2D IR spectroscopy

The 2D IR spectrometer setup used in this work consists of a
1 kHz amplifier (Solstice, Spectra-Physics) coupled to a com-
mercial optical parametric amplifier (TOPAS, Light Conversion
Ltd) that produces signal and idler beams in the near-IR. The
signal and idler beams are then focused onto a 0.5 mm thick
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AgGaS, crystal to generate mid-IR light at 6 pm through a
difference-frequency generation process. The mid-IR light is
split into pump and probe pulses with a beam-splitter and the
pump light is directed into a Ge-based acousto-optic modulator
(AOM) that enables phase stabilization, rapid data acquisition,
and phase cycling. Rapid acquisition makes it possible to
collect 2D IR spectra continuously during peptide aggregation
with high signal-to-noise ratio while phase cycling effectively
removes pump scatter.’®*" The pump beam leaving the AOM is
focused with the probe beam onto a sample at a cross geometry
and the self-heterodyned signal is measured with a LN,-cooled
MCT array detector. For a more detailed description of a pulse-
shaping assisted 2D IR spectrometer, we refer readers to pre-

vious publications.’*>¢

Peptide synthesis and purification

Isotope-labeled hIAPP samples were synthesized by Fmoc-
based chemistry using an automated microwave peptide
synthesizer (LibertyBlue, CEM) on PAL-PEG-PS resin according
to published protocols.>*” Peptides were cleaved off resin with
a microwave-assisted cleavage system (Accent, CEM) using
TFA: TIS: H,0 (18:1:1 v/v/v) solution. To form a disulfide bond
between the N-terminal cysteines, crude peptide was dissolved
in DMSO and kept at room temperature for 24 hours. Following
the oxidation, the peptide was purified with reversed-phase
HPLC using C18 preparative column (Waters XSelect) using a
two-buffer purification gradient. Buffer 1 was composed of
0.045% HCl in H,0, and buffer 2 of 80% CH,CN, 20% H,O
and 0.045% HCI (v/v). Purification was run with a gradient,
increasing the percentage of buffer 2 by 1% per minute. Purity
of the peptides were assessed by integrating the 220 nm peptide
backbone peak versus all other impurities visible on the HPLC
chromatogram; peptide identity was confirmed via MALDI. All
peptides used for experiments were >95% purity. All measure-
ments were carried out at 1 mM peptide concentration.

Preparation of phospholipid vesicles

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) was pur-
chased from Avanti Polar Lipids and stored at —20 °C until
use. Cholesterol was acquired from Sigma-Aldrich and used
without further purifications. Liposome samples were prepared
through the standard thin-film rehydration procedure. Initially,
a mixture of DOPC and cholesterol was prepared in the ratio
75:25, dissolved in chloroform, and evaporated over a stream
of nitrogen. Dry film was then placed under vacuum to remove
any residual solvent. The film was rehydrated with a Tris buffer
solution at pH 7.37 and vortexed at room temperature for
2 hours. The solution then underwent several freeze-thaw cycles
and extruded 12 times through a 200 nm membrane. Dynamic light
scattering measurements post-extrusion confirmed the average size
of the vesicles to be between 140 and 160 nm. The final concen-
tration of the liposomes was set to 75 mM.

Non-negative matrix factorization

2D IR spectra in this work were analyzed using a non-negative
matrix factorization algorithm®® as previously applied by Maj

© 2022 The Author(s). Published by the Royal Society of Chemistry
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et al.*® Briefly, a non-negative input matrix I consisting of time-
resolved diagonal traces extracted from the 2D spectra is fit to a
set of non-negative W and H matrices, containing vibrational
eigenspectral and time-dependent intensity changes, respec-
tively. Matrix multiplication of W by H yields a matrix similar to
I, differing by a residual matrix U, giving the quality of the fit

(eqn (1))
I=WH + U. 1)

The quality of approximation is determined by the multiplica-
tive update algorithm. 16 replicates of factorization were
obtained per data set.

Results

Amyloid aggregation is a difficult problem to study with stan-
dard structural biology techniques because it involves kinetics,
large assemblies, and (in this case) DOPC vesicles. With two-
dimensional infrared (2D IR) spectroscopy it is possible to
monitor kinetically evolving structures via on-the-fly acquisi-
tion of 2D IR spectra.>>**%%® The information on the peptide
structure is extracted from time-resolved vibrational spectra
measured in the amide I band region (~1610-1710 cm™ ") and
the *C'®0 isotope-labeled region (~1570-1610 cm™ ‘). The
amide I band arises primarily due to carbonyl stretching
vibration of the peptide backbone, making it a sensitive probe
of secondary structure, while introduction of *C*®0O isotope
labels is an efficient way of extracting structural information at
a specific site in the peptide sequence.’>*"** We utilize an
isotope labeling method, called “dihedral indexing,”*® that
increases the sensitivity to secondary structure by taking advan-
tage of the vibrational coupling between adjacent amino acids,
which was how we detected a-helices in the monomeric state of
hIAPP at physiological pH.**

In what follows, we apply 2D IR spectroscopy and the
dihedral indexing approach to investigate the structure and
kinetics of transient intermediates formed during the aggrega-
tion of hIAPP in neat Tris buffer and in the presence of
phospholipid vesicles. We choose DOPC/cholesterol mixtures
as our model membranes as mimics of the f-cell plasma
environment although physiological plasma membranes are
much more varied in composition and contain negatively-
charged headgroups such as phosphoserine.®>> We introduce
isotope labels into four distinct sites of the hIAPP sequence,
including the most amyloidogenic FGAIL region. As we show
below, we resolve vibrational spectra of each species formed on
the aggregation pathway, including a-helical vesicle-associated
species, oligomers, and fully-formed fibrils. The data shows
that the FGAIL intermediate formed with the presence of
vesicles has the same secondary structure in the FGAIL region
as to the one that forms in solution without vesicles at these
locations. The results strengthen the hypothesis of the FGAIL
being the most critical region for the amyloidogenic properties
and toxicity of hIAPP.*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hIAPP in buffer: two- and three-state kinetics at different
locations

Shown in Fig. 1 are the results of 2D IR kinetics experiments of
hIAPP labeled at L12A13, L16V17, G24A25, and V32G33, at a
concentration of 1 mM in Tris buffer at pH 7.37, with no
vesicles present. Data in Fig. 1A-L were previously published;*?
we include them here for ease of reference. Representative 2D
IR spectra are shown at the beginning of aggregation
(5 minutes after initiating aggregation), at the end of aggrega-
tion whereafter no discernable changes to the spectra occurred,
and at a mid-point between the two. A typical 2D IR spectrum
consists of a diagonal signal arising due to transitions between
the ground state and the first vibrationally excited states, and a
negative excited state absorption signal that is shifted from the
diagonal line due to anharmonicity.>*>*

The unlabeled residues will have absorptions between 1610
and 1710 cm ™', whereas the isotope labeled residues will fall
between 1565 and 1605 cm ™ '.*>*>>" To help interpret the data,
the unlabeled portion of the spectra in Fig. 1A-C are labeled
“RC” for ‘random coil’ and “A-f sheet” for ‘amyloid B-sheet’,
while the isotope labeled portion is labeled “'*C'®0”. The
unlabeled residues are useful for monitoring the transition
from monomer to fibrils. At 5 minutes, the spectrum in Fig. 1A
is dominated by a broad peak at 1650 cm ™", indicating that
hIAPP is largely random coil, as would be expected at the
beginning of the lag phase.**®® By 150 minutes, the amyloid
B-sheet peak is the largest feature and continues to grow
throughout the experiment (Fig. 1C). All of the samples mea-
sured, regardless of where hIAPP is isotope labeled, have
similar unlabeled features because there are 35 unlabeled
residues and only 2 labeled residues.

The more insightful portion of the spectrum is the *C"*0
region encompassed by the black box in Fig. 1C for which there
are clear differences between labeled amino acids. In Fig. 1D, a
diagonal trace through the isotope labeled spectral region of
the combination band is tracked over the course of the
experiment.*>®* Diagonal slicing can be interpreted similarly
to FTIR spectra, although 2D IR spectra are more sensitive to
secondary structures.’”®*~°® When a secondary structure forms,
like an a-helix or a B-sheet, the backbone carbonyl (amide I)
vibrations from multiple amino acids couple to one another,
creating delocalized vibrational modes.***° That delocalization
also increases the transition dipole strength, u, of the deloca-
lized mode. Higher sensitivity arises because 2D IR spectra
scale as u*, whereas FTIR scale as p*.>”%»® Thus, unlike an
FTIR spectrum, one does not expect the integrated area of a 2D
IR spectrum to remain constant.®®®” After 5 minutes (red trace),
a peak is visible in the labeled region above 1600 cm
indicative of a-helical secondary structure. After 100-300 min-
utes (purple trace, blue trace, and grey trace), multiple features
appear in the isotope region, with the lower-frequency peak
increasing in intensity over time, consistent with a transition
from o-helix to B-sheet structure. This data, determining that
27-38% of residues L12A13 form a helical structure during the
lag phase of aggregation, prior to forming oligomeric -sheets,
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Fig. 1 2D-IR spectra and kinetics of labeled hIAPP in Tris buffer. 2D IR snapshots of L12A13-labeled hIAPP aggregation at 5 minutes (A), 150 minutes (B),
and 500 minutes (C). (D) The diagonal of 2D IR spectra in the isotope labeled region of L12A13-labeled hIAPP at 5 time points during aggregation. Matrix
decomposition of the time-dependent diagonal trace reveals 3 state, shown in red, green, and blue in (E). (F) Displays kinetics plots of the intensities of the
matrix-decomposition traces shown in (E). 2D IR snapshots of L16V17-labeled hIAPP aggregation at 5 minutes (G), 250 minutes (H), and 500 minutes (I).
(J) The diagonal of 2D IR spectra in the isotope labeled region of L16V17-labeled hIAPP at 5 time points during aggregation. Matrix decomposition of the
time-dependent diagonal trace reveals 2 states, shown as a red and blue trace in (K). (L) Displays kinetics plots of the intensities of the matrix-
decomposition traces shown in (K). 2D IR snapshots of G24A25-labeled hIAPP aggregation at 5 minutes (M), 125 minutes (N), and 350 minutes (O). (P) The
diagonal of 2D IR spectra in the isotope labeled region of G24A25-labeled hIAPP at 5 time points during aggregation. Matrix decomposition of the time-
dependent diagonal trace reveals 3 states, shown in red, green, and blue in (Q). (R) displays kinetics plots of the intensities of the matrix-decomposition
traces shown in (Q). 2D IR snapshots of V32G33-labeled hIAPP aggregation at 5 minutes (S), 100 minutes (T), and 500 minutes (U). (V) The diagonal of 2D
IR spectra in the isotope labeled region of V32G33-labeled hIAPP at 5 time points during aggregation. Matrix decomposition of the time dependent

diagonal trace reveals 2 states, shown as red and blue traces in (W
n (W). Data presented in A-L was previously published by Maj et al.**

was previously published.*® After 500 minutes (black trace), an
isotope-labeled feature has grown in at 1570 cm ™", indicative of
ordered B-sheet structure. Thus, L12A13 exhibits 3-states.

It is clear from the raw data that 3 states are present at L12A13,
but their spectra are overlapping. To determine the spectra for each
of the 3-states and better resolve their kinetics, we apply a non-
negative matrix factorization (referred to as “matrix factorization” in
the text) method previously applied by Maj et al.*® (See Methods).
Matrix factorization uses the thousands of spectra measured during
the kinetics to find either 2 or 3 eigenvectors corresponding to
distinct spectra and their respective populations as a function of
time. The raw experimental data are reproduced by carrying out
matrix multiplication of the resulting vectors. Fig. 1E displays three
state decomposition of the diagonal slices of L12A13 yielding the
vibrational eigenspectra of monomers (red), intermediates (green),
and fibrils (blue). Plotting the intensities of the eigenspectra over

934 | RSC Chem. Biol., 2022, 3, 931-940

). (X) Displays kinetics plots of the intensities of the matrix-decomposition traces shown
and is reproduced here for ease of comparison.

time yields the kinetics traces shown in Fig. 1F. The monomer trace
(red) starts high during the lag phase, and decays throughout the
experiment as amyloid fibrils form (blue). The monomer eigenspec-
trum corresponding to the monomer trace displays an isotope-
region frequency above 1600 cm™* (Fig. 1E, zoom, red), consistent
with a population of monomeric hIAPP polypeptides with helices in
this region. The oligomer trace (green) displays a lower frequency in
the isotope region consistent with small B-sheets (Fig. 1E, zoom,
green). The fibril formation eigenspectrum (Fig. 1E, blue) follows
sigmoidal kinetics (Fig. 1F), as is typical for amyloid fibril formation.
The intermediate state (green) rises as the monomers decay and
falls as fibrils form, consistent with a transiently populated structure
during the lag phase.

Fig. 1G-I present analogous spectra for isotope labeling at
L16V17. For L16V17, only monomers or fibrils are observed;
thus, as the fibrils form, the monomer decreases and the fibril

© 2022 The Author(s). Published by the Royal Society of Chemistry
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signal increases, indicative of two-state kinetics. The matrix
factorization identifies 2 states, consistent with the visual
inspection of Fig. 1]. The intensities of the peaks corresponding
to each state are plotted in Fig. 2L, showing the inverse
correlation in intensities between monomers (red trace) and
fibrils (blue trace) over time. In contrast to Fig. 1E, the mono-
meric trace does not display a prominent isotope-labeled peak
indicating that unaggregated hIAPP is largely disordered in
solution.

The next set of labels, G24A25, is within the so-called
“FGAIL” region of hIAPP. The FGAIL region spans residues
23 to 27 and has been a matter of extensive research because
sequence comparisons between hIAPP variants distinguish it as
the primary reason for the amyloidogenic properties of the

View Article Online
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using 2D IR spectroscopy,*"**>*%”> but this is the first time that
we use double isotope labels. The spectra of G24A25 peptide are
presented in Fig. 1IM-O. At 5 minutes, a small isotope signal is
visible at ~1580 cm ™. By 175 minutes, the 1580 cm ™' peak has
become very intense. By the end of aggregation, the 1580 cm ™"
isotope-labeled peak has lessened in intensity and a new
intense spectral feature is seen at 1568 cm™'. Thus, G24A25
exhibits 3-state kinetics, which is confirmed by matrix decom-
position in Fig. 1Q and R. In Fig. 1R, the intensity of the 3 states
is plotted over time, showing the rise and fall of an intermedi-
ate, which is present during the lag time. The intensity of the
intermediate peak indicates that it is caused by coupling
between multiple polypeptides, consistent with an oligomer
adopting a regular secondary structure. The oligomeric and

peptide.*>®*7* We have studied the FGAIL region previously fibril traces exhibit isotope peaks in the 1570-1590 cm '
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Fig. 2 2D-IR spectra and kinetics of each labeled peptide in the presence of DOPC vesicles prepared with cholesterol. 2D IR snapshots of L12A13-
labeled hIAPP aggregation at 5 minutes (A), 150 minutes (B), and 350 minutes (C). (D) The diagonal of 2D IR spectra in the isotope labeled region of
L12A13-labeled hIAPP at 5 time points during aggregation. Matrix decomposition of the time-dependent diagonal trace reveals 2 states, shown in red and
blue in (E). (F) Displays kinetics plots of the intensities of the matrix-decomposition traces shown in (E). 2D IR snapshots of L16V17-labeled hIAPP
aggregation at 5 minutes (G), 150 minutes (H), and 350 minutes (I). (J) The diagonal of 2D IR spectra in the isotope labeled region of L16V17-labeled hIAPP
at 5 time points during aggregation. Matrix decomposition of the time-dependent diagonal trace reveals 2 states, shown as a red and blue trace in (K). (L)
Displays kinetics plots of the intensities of the matrix-decomposition traces shown in (K). 2D IR snapshots of G24A25-labeled hIAPP aggregation at
5 minutes (M), 150 minutes (N), and 350 minutes (O). (P) The diagonal of 2D IR spectra in the isotope labeled region of G24A25-labeled hIAPP at 5 time
points during aggregation. Matrix decomposition of the time-dependent diagonal trace reveals 3 states, shown in red, green, and blue in (Q). (R) Displays
kinetics plots of the intensities of the matrix-decomposition traces shown in (Q). 2D IR snapshots of V32G33-labeled hIAPP aggregation at 5 minutes (S),
125 minutes (T), and 350 minutes (U). (V) The diagonal of 2D IR spectra in the isotope labeled region of V32G33-labeled hIAPP at 5 time points during
aggregation. Matrix decomposition of the time dependent diagonal trace reveals 2 states, shown as red and blue traces in (W). (X) Displays kinetics plots of
the intensities of the matrix-decomposition traces shown in (W).
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region, consistent with oligomeric polymorphs”® or separate -
sheet populations.*?

The last set of double labels are V32G33, whose spectra are
shown in Fig. 1S-X. 2-State kinetics are observed in solution,
indicating a transition from monomer to fibril with little to no
regular secondary structure present during the lag phase when
oligomers are present.

Data in Fig. 2A-X is analogous to that presented in Fig. 1A-X
except experiments in Fig. 2 were performed in the presence of
DOPC vesicles (see Methods).

Fig. 2A-F display results for L12A13-labeled hIAPP. The
diagonal slices and matrix decomposition analysis in Fig. 2D
and E, respectively, reveals 2-state behavior. Interestingly, this
is not the behavior without vesicles, for which 3-state kinetics
were observed (Fig. 1D and E). Based on the frequencies these
states appear at, the data presented here suggests that while
aggregating in the presence of vesicles, L12A13 sample either o-
helix or fibrillar states, but we see no evidence of the short -
sheets that were observed in solution.

Fig. 2G-L display results for L16V17 labeled hIAPP in the
presence of vesicles. For this set of labels, 2-state kinetics are
observed, as was observed in buffer. Thus, the vesicles do not
induce a structural change in the L16V17 region of the
oligomer.

Fig. 2M-R display results for isotope-labeled hIAPP at
G24A25, residing in the FGAIL region that forms a parallel -
sheet in oligomers in buffer. These results show that G24A25
proceeds in a 3-state kinetic model with 2D IR spectra that
exhibit a clearly resolved isotope labeled peak at 1580 cm™*; the
spectra and kinetics of G24A25 with vesicles is very similar to
what was seen in buffer. Therefore, the FGAIL oligomer, as
monitoring by G24A25, is still an intermediate in the aggrega-
tion pathway of hIAPP whether or not amyloid formation occurs
in the presence of DOPC vesicles.

Data for the final hIAPP label, V32G33, is shown in Fig. 25—
X. It undergoes 2-state kinetics, similar to the data taken
without vesicles, although some subtle differences exist in the
spectra (such as the intensity of the random coil peak).

We also note that aggregation in the presence of DOPC
vesicles is more rapid. The lag time, as measured by the half-
rise time of the sigmoidal kinetics in Fig. 1D and 2D, is about
twice as short in the presence of vesicles than without, taking
about 200 minutes without vesicles and 100 minutes with
vesicles. Because aggregation is faster, data was only collected
for 300 minutes in Fig. 2 instead of 500 minutes, as in Fig. 1.
The kinetics in Fig. 1 and 2 are plotted on the same x-axis to
illustrate the increase in aggregation rate. Reproducibility of
kinetics is difficult in amyloid aggregation experiments, but the
trend holds for all data collected at each set of sites, and is
consistent with membrane enhanced aggregation kinetics
reported previously.”*”> Due to convection currents when
hIAPP is mixed with the vesicle solution, all hIAPP will come
into contact with a vesicle during the time that it takes to place
the sample in the spectrometer. Thus, even the earliest mea-
sured 2D IR spectra will already be impacted by interactions
with vesicles.”® That being said, we cannot determine if hIAPP
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remains bound to the membranes during the course of the
experiment, but the change in structure at L16V17 and the
increase in aggregation rate (decreased lag time) proves that
the membranes does alter the hIAPP structure and the kinetics.

Discussion

In the Results above, we presented data from 4 sites of hIAPP
over the course of aggregation both in the absence- and
presence-of vesicles. The primary question that we are trying
to address is whether the FGAIL oligomer that we have exten-
sively studied and modeled in buffer is also involved in hIAPP
aggregation in the presence of vesicles. In buffer, the proteins
evolve from monomers to oligomers and then to amyloid
fibrils.>*** The ability to spectroscopically resolve each of the
3 states depends on the couplings between the isotope labeled
residues.”> We have previously established that all residues
studied here have sizeable inter-molecular couplings once the
fibrils have formed because of the close proximity between (-
strands.*>**® Even residues G24A25 that are at the edge of a
disordered loop still couple to the adjacent hIAPP polypeptides
above and below it in the fibril.>*** Thus, the spectra for all 4
sets of amino acids here are expected to exhibit a distinct
spectrum when fibrils are formed. That being said, not all
amino acids will necessarily report on the formation of the
oligomers. If a residue has a disordered structure in both the
monomer and the oligomer, then its spectrum will be
unchanged during the lag phase and new spectral features will
not be observed until fibrils are formed. We expected G24A25 to
exhibit a distinct oligomer spectrum when aggregation pro-
ceeded in buffer, because we knew from our extensive prior
work that the FGAIL region adopts a parallel f-sheet in the lag
phase prior to fibrils formation.** Indeed, G24A25 in buffer did
indeed exhibit 3-state kinetics. Thus, some residues will exhibit
2-state kinetics and others 3-state kinetics, depending on
whether those particular residues have a unique secondary/
quaternary structure in the oligomer.

Shown in Fig. 3 is a graphical summary of the structural
conclusions drawn from the 2D IR spectra and kinetics pre-
sented above. We break the aggregation kinetics into mono-
mer, oligomer and fibril, reflecting their respective timepoints
during the kinetic traces. The amino acids measured in this
study are labeled by the secondary structure drawn from the
interpretation of the 2D IR spectra. Secondary structure assign-
ments are also given to other residues as measured in prior
studies. Shown in Fig. 4 is a graphical cartoon of the 3-state
aggregation pathway, highlighting the similarities and differ-
ences in the aggregation mechanism in buffer and in the
presence of DOPC vesicles.

The most important result of this study is that, when hIAPP
aggregates in solution with DOPC vesicles, oligomers with a
parallel B-sheet at G24A25 are observed like they are in buffer.
As indicated in Fig. 3, in buffer the parallel B-sheet in the
oligomer extends from at least F23 to L27, spanning the FGAIL
sequence.”” Therefore, at least a portion of the oligomeric

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Double — label structural information for hIAPP monomers, oligomers, and fibrils. The hIAPP primary sequence (top) displays the sites of each
double-label, colored cyan. *, +, and A denote structural assignments given in ref. 43, 42, and 34, respectively.
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Fig. 4 Proposed mechanism of assembly of amyloid fibrils in solution and in solution with vesicles consistent with the results of the double labels used in

this study and previous work 344243

B-sheet is present when aggregation is impacted by DOPC
vesicles.

This finding is of interest because, it is thought, that the
FGAIL fB-sheet is the reason that the oligomers have a large and
stable population during the lag phase. Amyloid aggregation is
typically thought to be a nucleation event with the formation of
the oligomers acting as the rate limiting step. That traditional
nucleation model is at odds with the observations here and our
previous work in buffer,*! because if the oligomers are the rate
limiting step to fibril formation, then their population should
be very low since they are unlikely to form and once they do
form, they nucleate fibrillization. But, instead, oligomers are
readily observed during the lag phase. In buffer, we have
concluded that the rate limiting step in the free energy land-
scape of aggregation is the unstructuring of the FGAIL B-sheet
in the oligomer in order to adopt the fold of the fibril.*" The
need to unstructure the FGAIL [-sheet creates a barrier that
kinetically traps the oligomers, which accounts for why they can
be easily observed experimentally. The results presented in this
article indicate that the FGAIL B-sheet of the oligomers still
forms even when aggregation occurs with DOPC vesicles. Thus,
the oligomers are a meta-stable species regardless of whether
they form in buffer or in the presence of DOPC vesicles. Fig. 4
provides a cartoon rendition of aggregation in buffer (top
panel) and in buffer with DOPC vesicles present (bottom panel)

© 2022 The Author(s). Published by the Royal Society of Chemistry

consistent with our results presented here and those presented
in previous work.>**>*3

We cannot determine from these experiments whether the
oligomer assembles on the vesicles and remains bound or
whether the vesicles serve to nucleate the oligomer with sub-
sequent aggregation occurring in solution. hIAPP is positively
charged and binds strongly to negative vesicles, including
DOPC.*'®”” The N-terminus of hIAPP is amphipathic and
forms o-helices on anionic lipids as established by CD
spectroscopy’® and site-specific EPR labeling.*’ Interactions
between hIAPP and zwitterionic vesicles like DOPC have pre-
viously been observed although there is limited high resolution
structural data available.’" One postulate is that the N-terminal
helices coalesce into helical bundles on the membranes,
enabling the B-sheets of the amyloid fibrils.*>*"7*7%7° Helical
bundles may serve as Ca®>" ion channels that initiate an
apoptotic cascade.'®”*”%78 The atomic structure is only known
in SDS micelles by NMR?*® and on POPS vesicles by EPR*" as
mentioned above. An additional structure solved by Rama-
moorthy and co-workers found residues A5-V17 and S20-L23
of rat IAPP in helical conformations on DPC micelles.®" Thus,
the helical structure that we observe in the oligomer might be
caused by hIAPP binding to the vesicles, albeit creating a
shorter helix than seen previously by NMR or EPR (because
we observe helicity at L12A13 but not L16V17).*%%!

RSC Chem. Biol., 2022, 3, 931-940 | 937
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Alternatively, rather than the polypeptides binding to the
membrane and then organizing into oligomers, the membrane
might instead be nucleating oligomer formation similar to the
way that many small molecules alter amyloid aggregation.*>8283
It is well-known that helical inducing agents catalyze hIAPP
aggregation.®>®” For example, a few percent of hexafluoroisopropa-
nol or trifluoroethanol added to buffer causes faster amyloid
aggregation.”>® Helical polypeptides added to hIAPP also induce
amyloid fiber formation.*” Thus, the vesicles might increase the
proportion of alpha-helices, which then serve to nucleate oligomers.
Indeed, we have previously pointed out the similarity of leucine rich
repeat proteins to the known secondary structure of hIAPP, and
hypothesized that the tertiary structure of hIAPP has a similar fold.”*
Leucine rich repeat proteins have helices that stabilize short, 3-4
residue B-sheets.**® If the oligomers have a structure similar to the
Leucine rich repeat proteins, then inducing helicity might stabilize
the FGAIL B-sheet, whether or not the oligomer remains bound to
the vesicles.

Conclusions

In this manuscript we reported the structure throughout aggre-
gation of hIAPP at four regions. Two sets of labels were placed
near the N-terminus, one set of labels was placed in the FGAIL
region, and one set of labels was placed in the C-terminus.
Experiments were performed in vitro, either in buffer or when
mixed with vesicles made of DOPC, which is a zwitterionic
lipid. In buffer, residues L12A13 and G24A25 exhibited 3-state
kinetics, reflecting an o-helix to short B-sheet to fibrillar B-sheet
for L12A13 and reflecting a random coil to short B-sheet to
fibrillar B-sheet for G24A25. In buffer with DOPC vesicles, the
parallel FGAIL oligomer sheet is still observed, but the L12A13
B-sheet is not. Our experiments cannot determine if the oligo-
mers are bound to the vesicles or if the vesicles are nucleating/
stabilizing oligomer formation by inducing helices, for exam-
ple, but either way, they are impacting the kinetics, the struc-
ture at L12A13, and retaining the G24A25 B-sheet. Since this
oligomer has a well-defined parallel B-sheet, it is hopeful that it
might be targeted by compounds that recognize its structure.
Indeed, in buffer, artificial macrocycles pre-programmed with
the FGAIL sequence altered the aggregation kinetics by stabiliz-
ing the oligomer’s B-sheet.*” In the future, lipids of more
complex structural composition including negatively-charged
lipids,®*~°? could be studied using 2D IR spectroscopy to further
examine the effects of sterics and electrostatics on hIAPP
aggregation kinetics.
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