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Abstract: Self-association of human islet amyloid polypeptide (hIAPP) is correlated with the development
of type Il diabetes by the disruption of cellular homeostasis in islet cells through the formation of membrane-
active oligomers. The toxic species of hIAPP responsible for membrane damage has not been identified.
In this study, we show by pulsed field gradient NMR spectroscopy that the monomeric form of the toxic,
amyloidogenic human variant of IAPP (hIAPP) adopts a temperature dependent compact folded conformation
that is absent in both the nontoxic and nonamyloidogenic rat variant of IAPP and absent in hIAPP at low
temperatures, suggesting this compact form of monomeric hIAPP may be linked to its later aggregation
and cytotoxicity. In addition to the monomeric form of hIAPP, a large oligomeric species greater than 100
nm in diameter is also present but does not trigger the nucleation-dependent aggregation of IAPP at 4 °C,
indicating the large oligomeric species may be an off-pathway intermediate that has been predicted by
kinetic models of IAPP fiber formation. Furthermore, analysis of the polydispersity of the calculated diffusion
values indicates small oligomeric species of hIAPP are absent in agreement with a recent ultracentrifugation
study. The absence of small oligomeric species in solution suggests the formation of small, well-defined
ion channels by hIAPP may proceed by aggregation of monomeric IAPP on the membrane, rather than by
the insertion of preformed structured oligomers from the solution state as has been proposed for other

amyloidogenic proteins.

A common pathology shared among type II diabetic patients
is the accumulation of islet amyloid polypeptide (IAPP, also
known as amylin) in an insoluble fibrillar form in the pancreas.'
Similar accumulations of misfolded amyloid proteins have also
been found to be characteristic of other diseases that strike
primarily late in life, including Alzheimer’s, Parkinson’s, and
Huntington’s.> A number of in vivo and in vitro studies have
shown the spontaneous aggregation of IAPP has deleterious
effects on the fS-cell membrane with severe consequences for
insulin production.>> Despite the prevalence of amyloid fibers
in a growing list of human pathologies, a causative role for
amyloid fibers of IAPP in type II diabetes pathology has been
difficult to establish. Mature IAPP amyloid fibers are essentially
nontoxic to cells.® '® Amyloid fiber formation also does not
correlate perfectly with the loss of S-cells in type II diabetes;
IAPP amyloid deposits are both found in nondiabetic patients
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and are not found in all patients with type II diabetes.'''?

Furthermore, there is frequently poor correlation both temporally
and spatially between amyloid deposits of IAPP and active sites
of B-cell apoptosis.'>~!°

In addition to amyloid fibers, amyloidogenic proteins ag-
gregate to a large number of other oligomeric species, which
can be either on or off the pathway to amyloid fiber formation
and either transient or stable in nature.'® Rather than mature
amyloid fibers, the formation of smaller oligomeric species,
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Human IAPP: KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY
Rat IAPP: KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY

Figure 1. Amino acid sequences of human and rat islet amyloid
polypeptides with nonconserved residues shown in red color. Both peptides
are amidated at the C-terminus and have a disulfide bridge from C2 to C7
like the physiologically expressed peptides.

either on or off the cell membrane, has been identified as a
critical step in amyloid-induced cell death.'””2**°Although
intensively studied, little is known about the equilibrium between
intermediate states and the formation of early oligomers of IAPP.
The initial trigger for IAPP aggregation is particularly mysteri-
ous, as pathological IAPP aggregation is not associated with
any common mutations.”>?® A cross-species comparison of
IAPP sequences has been helpful in this regard, in particular
comparisons of human IAPP (hIAPP) with its nonamyloidogenic
and noncytotoxic rat variant (rIAPP); amino acid sequences of
these peptides are given in Figure 1. Significantly, while rats
do not ordinarily suffer from type II diabetes transgenic mice
expressing hIAPP develop a diabetes-like condition when fed
a high-fat diet.*’

It is clear that knowledge of intermediates of amyloid for-
mation is critical for strategies aimed at reducing the toxicity
of amyloidogenic proteins. The targeting of compounds to the
end-stage of aggregation, the largely inert amyloid fibers, has
been shown in some cases to be ineffective at reducing the toxic
effect of amyloidogenic proteins.”?® While the targeting of
compounds specifically to toxic species may yield better results,
characterization of earlier oligomeric species has been hampered
by experimental limitations in characterizing unstable hetero-
geneous mixtures that contain a wide range of molecular sizes.
Size exclusion chromatography has been an invaluable technique
for studying the aggregation of proteins and other biopolymers.
However, the dissociation of protein complexes during elution
from the column can introduce some artifacts into the deter-
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mination of oligomer size distributions.**° Analytical ultra-
centrifugation is another technique which has also afforded
valuable insight into the amyloid aggregation process but is
hampered by long experimental times that limit the detection
of transient species.>'? Similarly, light scattering and cross-
linking experiments also suffer from experimental limitations
on the quantitation of oligomeric species.>*** To identify
possible early oligomers of IAPP aggregation and to analyze
the differences between nontoxic and nonamyloidogenic rITAPP
and the amyloidogenic and toxic hIAPP, we report the charac-
terization of the species present in solutions of hIAPP and rTAPP
by pulsed field gradient (PFG) NMR spectroscopy.

PFG NMR spectroscopy is commonly used in the determi-
nation of the translational diffusion of macromolecules, par-
ticularly proteins and peptides, in solution. The size of a water-
soluble protein is often a function of its degree of folding and
therefore the hydrodynamic radius determined by PFG can be
used to estimate the degree of protein misfolding under various
conditions.?>~** In addition to providing information on protein
folding, PFG NMR can also yield important insights into the
association of peptides in solution.** ** Therefore, PFG NMR
spectroscopy is a natural choice for the interrogation of IAPP
aggregation in solution including amyloidogenic peptides such
as A and o-synuclein.®®* ** These studies have provided
valuable insights into the size and dynamics of different
oligomers in solution. Accordingly, we utilized '"H PFG NMR
experiments to characterize the species present in solutions of
IAPP peptides.

Materials and Methods

Sample Preparation. hIAPP and rIAPP with amidated C-termini
(>95% purity) were purchased from SynBioSci and Genscript,
respectively. Preformed aggregates were broken down by initially
dissolving the peptides in a mixture of trifluoroacetic acid and
hexafluoroisopropanol (1:1 ratio by volume) at a concentration of
10 mg/mL. This solution was then subjected to three repeat cycles
of lyophilization and resolubilization in the trifluoroacetic acid/
hexafluoroisopropanol mixture. In the final cycle, the sample was
resuspended in pure hexafluorisopropanol and lyophilized under
high vacuum for 8 h. Immediately before the NMR experiments,
the peptides were first resuspended in cold (~4 °C) D,O and briefly
vortexed before adding concentrated (10x) nondeuterated buffer.
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Figure 2. 'H NMR of hIAPP (top) and rIAPP (bottom) at 4 °C. Arrows
mark the resonances for which the echo attenuation was monitored from
the PFG NMR experiments.

The final buffer used was 10 mM sodium phosphate with 100 mM
NaCl, pH 7.3, and the final peptide concentration was 1 mg/mL
(256 and 255 uM for hIAPP and rIAPP, respectively). Although
rIAPP was readily soluble at concentrations as high as 2 mg/mL
using this procedure, attempts to solubilize hIAPP at concentrations
higher than 1 mg/mL at pH 7.3 were not successful.

NMR Spectroscopy. 'H NMR diffusion measurements were
carried out at 499.78 MHz using the stimulated echo (STE)
pulsed field gradient (PFG) pulse sequence with squared gradient
pulses of constant duration (5 ms) and variable gradient
amplitude along the longitudinal axis.** Typical acquisition
parameters used in NMR experiments were as follows. A 90°
pulse width of 15 us, a spin echo delay of 10 ms, a stimulated
echo delay of 350 ms, a recycle delay of 5 s, a spectral width of
10 kHz, and 4048 data points. Radio frequency pulses were phase
cycled to remove unwanted echoes. All spectra were processed
with an exponential multiplication equivalent to a 5 Hz line
broadening prior to Fourier transformation and were referenced
relative to tetramethylsilane (TMS). The gradient strength was
calibrated (G = 3.28 T m™!) from the known diffusion coefficient
of HDO in D,0 at 25 °C (Dy = 1.9 x 107 m? s~ 1).**

Circular Dichroism Spectroscopy. The change in secondary
structure with temperature was measured for rIAPP and hIAPP
using a Jasco J-715 CD spectrometer with a Peltier temperature-
controlled cell holder. Samples were prepared identically to that
of the samples used in NMR experiments except the concentration
of the peptide was 25 uM and NaF was used instead of NaCl.
Following a preincubation period of 10 min at 4 °C, Aé&ys was
measured as a function of temperature using a heating rate of 1 °C
min~!. Data were acquired every 1 °C for rIAPP and every 0.2 °C
for hIAPP, which displayed a higher dependence of the secondary
structure on temperature. The reversibility of the hIAPP transition
was checked by cooling the same sample from 50 °C after a 10
min incubation.

Results

Figure 2 shows a comparison of 1D proton chemical shift
spectra of solutions of hIAPP and rIAPP in the absence of a
magnetic field gradient at 4 °C. The 'H chemical shift spectra
of both peptide solutions are similar, as can be expected due
to the high degree of sequence homology between hIAPP
and rIAPP, but are not identical (Figure 1). Notably, the
signal intensity of hIAPP is significantly reduced as compared
to that of the nonamyloidogenic rIAPP peptide. The decrease
in signal intensity for the aggregating hIAPP sample relative
to the nonaggregating rIAPP sample indicates that a signifi-
cant population of hIAPP initially exists as oligomers similar
to what has been observed for the AS;_4 peptide.*' NMR
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Figure 3. (A) Normalized stimulated echo intensity decays from STE
(stimulated echo) PFG 'H NMR spectra of hIAPP at 4 (blue circles) and
37 °C (red triangles) and rIAPP at 4 (magenta circles) and 37 °C (green
triangles) The decay of the broad resonance at ~0 ppm (from Figure 1,
top) is marked by blue rectangles. (B) Stimulated echo decays of hIAPP at
37 °C and the broad resonance at ~0 ppm, along with simulated curves
illustrating the expected echoes from particles of 5, 10, 50, and 100 nm
hydrodynamic radii.

Table 1. Hydrodynamic Parameters of hIAPP and rlAPP
Measured from 'H PFG NMR Experiments

hIAPP 1APP
T (°C) D (m?s) R (A) G D (m?s) Ry (A) G
4 7.03 x 107" 153 0.673 4.80 x 107" 224  0.265

37 3.60 x 10710 8.1 1.080 1.89 x 107! 14.1  0.745

signals from a large oligomeric hIAPP species, which tumbles
slowly on the NMR time-scale and could behave like a solid,
are very broad and therefore is insensitive to detection by
solution NMR experiments. As discussed below, there is a
broad peak near O ppm in Figure 2, which is present in the
hIAPP sample but not observed in the rIAPP sample and
can be assigned to large oligomeric species of hIAPP present
in the initial spectrum completed within 2 h.

To estimate the relative size and degree of folding of hIAPP
and rIAPP, we determined the diffusion coefficients of both
peptides at 4 and at 37 °C using PFG NMR (Figure 3). The
diffusion coefficient is inversely related to the hydrodynamic
radius of the particle, which in turn is determined by the
compactness of the monomeric state and also the degree of self-
association. A single form of rIAPP and two distinct species of
hIAPP were detected using the diffusion coefficients of the
narrow peak at ~0.5 ppm that is present in both peptide samples
and the broad resonance at ~0 ppm found only in the
amyloidogenic hIAPP peptide (Figure 3).

J. AM. CHEM. SOC. = VOL. 131, NO. 20, 2009 7081
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The narrow peak at ~0.5 ppm for both peptides corresponds
to a single, small, and rapidly diffusing species. Human IAPP
is significantly more compact than rIAPP, suggesting a higher
degree of folding as discussed below. The degree of compact-
ness was quantified and compared to known values for natively
folded and unfolded proteins by a compaction factor (C;) (see
Table 1) defined in the equation below.?’

C, = Ry” — RDIRy" — Ry (1)

where Ry (17.3 A) is the expected hydrodynamic radius of a
completely denatured protein of IAPP’s molecular weight, Ry
is the measured hydrodynamic radius, and Ry is the expected
hydrodynamic radius of a folded protein (13.5 A).¥

A C, value of I corresponds to a protein with a similar
amount of structure as a native protein, while a C, value of
0 indicates a random coil conformation lacking both second-
ary structure and other intramolecular contacts. Although both
hIAPP and rIAPP are commonly viewed as unstructured by
spectroscopic techniques that are sensitive to secondary
structure, the C, values indicate a significant amount of
intermolecular contacts in hIAPP but not in rIAPP. At 4 °C,
the C, values of hIAPP and rIAPP are 0.67 and 0.28,
respectively, indicating a partially collapsed structure for
hIAPP but an almost totally extended structure for rIAPP,
in agreement with FRET data from rIAPP and hIAPP.*> At
37 °C, the C, of hIAPP increases to a value of 1, indicating
the existence of a highly compact species with the same
degree of folding as a natively folded protein. The compact
factor of rIAPP at 37 °C is 0.75, indicating a partially
collapsed structure with a similar degree of compaction as
hIAPP at 4 °C. This result is in agreement with solution NMR
studies that have shown that the monomeric forms of hJAPP
and rIAPP are predominantly unstructured but transiently
sample helical states.*®*’ While helical propensities were
detected for both peptides at 5 °C, the C-terminus of hIAPP
is more structured than that of rIAPP.***’ Our results suggest
this difference between hIAPP and rIAPP is even more
apparent at physiological temperatures.

hIAPP has been shown to have a sharp transition to a more
helical intermediate at ~45 °C.*® However, these studies were
performed with 1% HFIP as a cosolvent, which has strong
effects on IAPP aggregation and amyloid formation.**>°
Furthermore, the conformational change with temperature was
not completely reversible under these conditions. Therefore, we
measured the CD signal as a function of temperature under
conditions similar to the PFG experiments, albeit with a lower
concentration of IAPP (25 uM) (Figure 4). hIAPP was found
to undergo a reversible increase in secondary structure content
as the temperature was raised from 4 to 50 °C. In contrast to
the previous experiments performed with 1% HFIP, the change
in secondary structure content is nearly linear with the temper-
ature increase and lacks the sharp transition near 45 °C found
in the HFIP containing solutions. This conformational transition
is absent in rIAPP (see Figure 4). In summary, monomeric
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Figure 4. Plot of the CD signal at 218 nm as a function of temperature.
Samples of 25 uM rIAPP (blue) and hIAPP (red) at pH 7.3 in 10 mM
sodium phosphate with 100 mM NaF were heated from 4 to 50 °C at a rate
of 1 °C min~'. After 10 min at 50 °C the hIAPP sample was cooled from
50 to 4 °C and the reverse transition was followed (green).
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Figure 5. Time dependence of the 'H chemical shift spectrum of hIAPP
at 4 °C. The '"H NMR spectra are invariant over time, indicating the
aggregation process is very slow and the majority of the peptide is arrested
in the monomeric state.

hIAPP is subject to a thermally induced change in both
secondary structure and compaction, while rIAPP is only subject
to a change in compaction such as the formation of hydrophobic
clusters.

Importantly, hIAPP is much less prone to aggregation at 4
°C than at 37 °C.>* PFG experiments for hIAPP were repeated
over a period of 10 h without changes in the spectra (or
calculated diffusion constant) that would be reflective of
aggregation (Figure 5). In contrast, after the initial PFG
experiment at 37 °C the signal for hIAPP disappeared and the
sample had visibly aggregated. Similar results have been
observed in a recent ultracentrifugation study of hIAPP where
only monomers could be detected at 4 °C over the duration of
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the experiment (96 h), but aggregation was immediately apparent
at higher temperatures (=20 °C).*?

In contrast to the rapidly diffusing resonance at ~0.5 ppm,
the broad resonance near O ppm is nearly stationary with an
estimated diffusion constant of 2.12 x 1072 m? s7!,
corresponding to a particle with a hydrodynamic radius of
~100 nm or 1 million monomers (Figure 3b). A similar peak
was detected previously for the Af;_4 peptide and was
assigned to large, slowly tumbling oligomeric species.*’
Similarly, a combined ultracentrifugation and electron mi-
croscopy study has shown the presence of a small percentage
of spherical oligomers in coexistence with hIAPP mono-
mers.*?

Analysis of the linearity of the stimulated echo plot can reveal
if the two species exchange on the millisecond time scale, as
well as the polydispersity associated with each diffusing peak.
The very high degree of linearity of the plot of the attenuation
of the signal versus the gradient strength indicates the rapidly
diffusing resonance at 0.5 ppm corresponds to a single species,
most likely a monomer.> On the other hand, a polydisperse
sample would give rise to a nonlinear relationship if the
exchange process is slow on the time-scale of the diffusion of
the peptide, as has been seen for the Af3;,_,5 peptide.** While
a linear relationship between the gradient strength and signal
attenuation is possible if the system is under fast exchange, the
calculated hydrodynamic radius for this resonance of hIAPP is
considerably smaller than the corresponding rTAPP sample.
Since rIAPP does not self-associate in solution, it is very likely
that the rapidly diffusing resonance is associated only with the
monomeric form of hIAPP and not oligomeric forms of
hIAPP.*

Discussion

Our results show that a large, slow diffusing species of hIAPP
can coexist in solution with the monomeric peptide (at 4 °C),
without triggering aggregation. The existence of this off-pathway
intermediate is in agreement with kinetic models of IAPP which
evoke a reservoir population of IAPP that does not participate
in the aggregation reaction to explain the independence of the
aggregation kinetics of IAPP and IAPP fragments on IAPP
concentration.’*>" The morphology of the slowly diffusing
aggregates cannot be determined from the experiments described
here, although apparently nonfibrillar structures have been
observed in coexistence with IAPP amyloid fibers both in
vitro®*3%°3 and in situ.”>*

The increase in the rate of aggregation as the temperature is
raised from 4 to 37 °C is in agreement with a previous study
on the temperature dependence of the aggregation kinetics of
hIAPP,*® and corresponds to an increase in both secondary
structure and compaction of the peptide. It has been noted that
many amyloid proteins are neither completely unfolded nor
structured like globular proteins but rather share many charac-
teristics of premolten globule proteins.’ Proteins in the pre-
molten globule state possess an intermediate amount of sec-
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ondary structure, are more compact than random coil proteins,
and possess some hydrophobic clusters as revealed by ANS
binding. **>> These structural features are characteristic of
hIAPP at 37 °C but not at 4 °C. However, no such features
were observed for rIAPP at any of the temperatures studied,
indicating a partially folded conformation may be critical for
aggregation for human TAPP.®

The absence of small oligomers of hIAPP in solution is
highly significant for the cytotoxic mechanism of hIAPP. A
current hypothesis holds that the most toxic species of
amyloid proteins are small to intermediate size (~5—20 nm
in diameter) oligomers.>>’ However, the mechanism by which
these oligomers assemble is not well understood.’® An
important and still controversial question in this area is
whether the membrane-active oligomeric species are preas-
sembled in solution before attaching to the cell membrane
or are assembled on the membrane from IAPP monomers.>?%°
In contrast to other amyloidogenic peptides where preincu-
bation of the peptide in solution is necessary for a toxic effect
against membranes, membrane permeabilization by IAPP can
be detected immediately after the addition of the peptide to
membranes.>*®" The relative insensitivity of IAPP toxicity
and membrane binding to preaggregation is in marked
contrast to other amyloid peptides. Oligomers of the AS—_49
and Apf,_4 peptides implicated in Alzheimer’s disease are
among the best studied examples.’” Lambert et al. have shown
that small spherical Af_4, oligomers of ~5—6 nm in size
composed of ~4—10 monomer units (ADDLs, amyloid
derived diffusible ligands) are toxic to mice at nanomolar
doses.'” Later research has implicated the formation of
dimers, trimers, and other small oligomers as factors
contributing to the toxicity of AfBi_s4 and AB;_y.'8 262
Many other amyloids show similar increases in membrane
disruption and cytotoxicity with preaggregation of the peptide
in solution.®*** Membrane binding of o-synuclein, for
example, increases ~100 fold after 24 h of preaggregation
in solution before addition of the peptide to the membrane.®*
Significantly, a-synuclein is not strictly monomeric in
solution but includes dimers, trimers, tetramers, and pen-
tamers as major species.®> The immediate increase in
membrane permeabilization after the addition of IAPP for
some sample conditions suggests the formation of these
soluble oligomers may not be as critical for IAPP as with
other amyloidogenic peptides and other factors, largely
unknown at present, control the relative toxicity of the
peptide.

The mechanism by which hIAPP oligomers assemble is
not well understood. Ultracentrifugation experiments have
established that monomers are the dominant species present
before fiber formation; however, the time-resolution of these
experiments is limited (96 h until completion) and therefore
the experiments could only be carried out at either low
temperatures or at a low pH where hIAPP displays a greatly
reduced rate of aggregation.*> However, the ultracentrifuga-
tion experiments have a lower detection limit than NMR and
are complementary to our studies. Combined results from
both studies indicate that IAPP does not form stable low-
molecular-weight oligomers in solution under aggregating
conditions in vitro. Interestingly, while low-molecular-weight
oligomers are not found in vitro, they have been isolated
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Figure 6. Hypothetical mechanism for membrane disruption by IAPP based on the PFG experiments reported here and other previous studies. Explanations
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from the pancreases of diabetic patients, suggesting an
additional unknown factor present in vivo may catalyze or
stabilize the formation of these intermediates.” However, it
is worth noting that a conformation-specific antibody that
recognizes ADDLs of many amyloidogenic proteins did not
protect mice against hIAPP induced p-cell apoptosis, in
contrast to the success with other amyloidogenic proteins.®®¢’

A possible mechanism for membrane disruption by hIAPP
constructed on the basis of our results in combination with
ultracentrifugation,® atomic force microscopy,®®®® and lipid
monolayer and spectroscopy studies, is presented in Figure
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(Figure 6a and b). The larger oligomers appear to be off-pathway
intermediates, based on the apparent stability of the sample at
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of preformed pores have not been detected in this study or in
ultracentrifugation studies (Figure 6e).*> However, the possibility
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natively, hIAPP forms amyloid fibers in solution after the
formation of transient nuclei (Figure 6g and h).** The mecha-
nism of IAPP-induced membrane disruption is complex and
awaits further elucidation, particularly in the cellular environment.
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