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Abstract

The aggregation of amyloidogenic proteins is infamous for being highly chaotic, with small
variations in conditions sometimes leading to large changes in aggregation rates. Using the
amyloidogenic protein IAPP (Islet Amyloid Polypeptide Protein, also known as amylin) as

an example, we show that a part of this phenomenon may be related to the formation of
micelle-like oligomers at specific critical concentrations and temperatures. We show pyrene
fluorescence can sensitively detect micelle-like oligomer formation by IAPP and discriminate
between micelle-like oligomers from fibers and monomers, making pyrene one of the few
chemical probes specific for a prefibrillar oligomer. We further show oligomers of this type
reversibly form at critical concentrations in the low micromolar range and at specific critical
temperatures. Micelle-like oligomer formation has several consequences for amyloid formation
by IAPP. First, the kinetics of fiber formation increase substantially as the critical concentration
is approached but are nearly independent of concentration below it, suggesting a direct role

for the oligomers in fiber formation. Second, the critical concentration is strongly correlated

with the propensity to form amyloid: higher critical concentrations are observed for both IAPP
variants with lower amyloidogenicity and for native IAPP at acidic pH in which aggregation is
greatly slowed. Furthermore, using the DEST NMR technique, we show the pathway of amyloid
formation switches as the critical point is approached, with self-interactions primarily near the N-
terminus below the critical temperature and near the central region above the critical temperature,
reconciling two apparently conflicting views of the initiation of IAPP aggregation.
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Introduction

Inappropriate, uncontrolled protein aggregation is emerging as a common thread linking
many types of common pathologies, including some very common and currently incurable
disorders.! The most widespread type of aggregation is the irreversible conversion of
monomeric proteins into long fibers with a characteristic p-sheet structure known as
amyloids.2=3 Because of the purported involvement of amyloidogenic proteins of this type
in Alzheimer’s and other very serious neurodegenerative disorders, considerable effort has
been made to understand the process of amyloid formation with the intent of developing
approaches to stop it.4>

Unfortunately, progress in this area has been partially stymied by the seeming
irreproducibility of many results.5-8 There have been several recent high profile examples
where an apparent success has been replicated with mixed outcomes.®-14 The use of
controlled /n vitro conditions allows certain questions to be answered in a more precise
manner.8 However, even under controlled /7 vitro conditions, a consensus is lacking for
many amyloidogenic proteins on the specific mechanisms involved in amyloid formation.1>-
17 The lack of consensus on mechanism and the complex nature of the various species along
the aggregation pathway has proven frustrating for drug development, as many such drugs
seek to target specific oligomers along the aggregation pathway.> 18-19 Part of the lack

of consensus appears to stem from the sensitivity of both the kinetics and mechanism to
apparently minor changes in environmental conditions. Even minor changes, such as a buffer
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substitution,20-21 can lead to substantial changes in pathway and intermediates. However,
while early reports suggested amyloid formation may be truly random, controlled by the
stochastic generation of an extremely limited number of seeding nuclei,® later research has
shown that the apparent irreproducibility of many amyloids can be tamed by a careful
consideration of starting conditions and knowledge of the factors influencing aggregation.”:
22-25 Jsing the amyloidogenic peptide IAPP as a model system, we show that relatively
small changes in concentration and temperature can cause large but reproducible changes
in both the rate and mechanism of aggregation through the reversible formation of specific
types of oligomers.

Materials and Methods

Results

See the Supporting Information for detailed experimental procedures.

The Rate of Fiber Formation by IAPP is Nearly Independent of Concentration below a
Threshold Concentration

To gain insight into some of the factors that may cause such sensitivity to

environmental conditions, we first looked at the concentration dependence of

amyloid formation in the model amyloid protein IAPP by using the amyloid

specific dye thioflavin T (ThT). Islet amyloid polypeptide (IAPP, sequence
KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH, with an amidated C-
terminus and a disulfide bridge between residues 2-7) is a peptide hormone whose
pathological aggregation has been implicated in the development of type 11 diabetes.26
IAPP is also frequently used as a model for amyloid formation from natively unstructured
proteins, an important class of amyloidogenic proteins that also includes Ap (implicated in
Alzheimer’s disease) and a-synuclein (Parkinson’s).2”

The results of the ThT assay are shown in Fig. 1 with the time to half completion of fiber
formation (ty/2) plotted on the y-axis. The full time courses for the ThT assay can be found
as Fig. S1 in the Supporting Information. For these experiments, two different forms of
IAPP were used, the native human peptide which is amidated at the C-terminus (hIAPP) and
the free acid form of the peptide (hIAPP free acid), which is known to aggregate slower than
the native peptide.28 The reason for this difference between the free acid and amidated forms
is currently unclear, but may be related either to an increase in electrostatic repulsion in the
free acid form,29 the folding of the C-terminus against His18 in the free acid form,2%-30 or
to a difference in the rigidity of the C-terminus between the free acid and amidated forms of
hIAPP.31-32 Al three measures of fiber formation kinetics reveal an unusual feature for both
peptides: fiber formation is nearly independent of peptide concentration below a specific
concentration, which we define as a “threshold concentration” for aggregation (~1 uM for
hIAPP and 15 uM for hIAPP free acid in this experiment, dashed lines in Fig. 1).

The Rate of Fiber Formation by IAPP Increases Sharply at a Threshold Concentration

Another look at the ThT kinetics reveals an even more striking feature. While fiber
formation is nearly independent of concentration at low concentrations, the rate of fiber
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formation sharply increases at the threshold concentration. The sharp changes apparent at
the threshold concentration are unexpected, as most (but not all)33-38 current theories of
amyloid formation predict a power law dependence of the fibrillization rate on the initial
concentration.35 In particular, the nucleation dependent polymerization theory commonly
used to model amyloid formation predicts the rate-determining step is the buildup of an
energetically unfavorable nucleus of size 7 during the lag phase.3” After this buildup,
aggregation proceeds quickly, leading to the characteristic sigmoidal shape of the kinetics
of most amyloidogenic proteins. If IAPP aggregation follows such a mechanism, the
concentration dependence of ty/, should follow the power law distribution a.cP where the
exponent B is dependent on the nucleus size.3% 38 This power law relationship should
translate to a smooth decrease of the aggregation time t;/» with increasing concentrations

of hIAPP. While this power law relationship is roughly apparent above the threshold
concentration (see Fig. S2), near the threshold concentration the kinetics sharply deviates
from the expected values. This deviation suggests some other mechanism affects aggregation
that is not accounted for in the traditional nucleation dependent polymerization model and is
explored in more detail below.

Micelle-like hIAPP Oligomers Form near a Critical Micellar Concentration that Can Be
Detected Sensitively and Specifically by Pyrene Fluorescence

Specifically, the existence of a threshold concentration is reminiscent of micelle formation.
Micelle-like oligomers have been suggested to be intermediates along the aggregation
pathway of Ap,33-34. 39 another amyloidogenic peptide that shares many properties with
hIAPP.33-34.40 For | APP specifically, a short fragment of hIAPP free acid (W APPg_sg)

has been proven to form micelles*! and micelle formation by full-length hIAPP has

been theoretically predicted based on kinetic modeling.42-43 In particular, the formation

of off-pathway micelles or other aggregates has been proposed to explain the apparent
concentration independence of hIAPP aggregation.?1: 43-44 The low concentrations involved
(most previous measurements have used in excess of 5 uM hIAPP) made directly detecting
concentration dependent self-association by dynamic light scattering difficult. Instead, we
employed pyrene fluorescence experiments to probe the formation of hydrophobic clusters
by peptide self-association at a series of concentrations. The fluorescence emission spectrum
of pyrene is environmentally sensitive with the ratio of the fluorescence intensities of the
first (1;) and third (l};;) vibronic bands decreasing as the hydrophobicity of the environment
increases (Fig. 2A).* In particular, a decrease in the first band intensity and an increase in
the third band indicate the formation of a micelle-like structure. In analogy to previous
experiments on detergent micelles, an apparent CMC where the disordered monomer
aggregates to form a micelle with a hydrophobic interior can therefore be defined by the
inflection point in a plot of this ratio as a function of protein concentration.40: 46

Both hIAPP and h1APP free acid solutions show a sharp reduction in the I}/1}), ratio as a
threshold concentration is approached. hIAPP at pH 7.4 shows this this apparent CMC is
near 2 UM (Fig 2B black circles, the full pyrene spectrum is shown in Fig. 2A), which

is close to the apparent critical micellar concentration (CMC) of the hIAPP,_og fragment
obtained by other means#! (3.5 uM) and close to theoretical predictions for the CMC of
hIAPP itself based on kinetic modeling (~1.3-1.5 pM).42-43 A similar experiment performed
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using the free acid form of hIAPP (Fig. 2C) gives a higher threshold concentration of ~ 15
UM. Notably, the pyrene emission experiment is only sensitive to the formation of micellar
oligomeric species of hIAPP. No change in the I/}, bands intensity ratio was observed

by titrating the pyrene solution with preformed fibers of hIAPP (Figure 2B red circles),
which suggests that pyrene has the rare property among chemical probes of being almost
completely selective for non-fibrillar oligomer forms over amyloid fibers.4

Micelle-Like Oligomer Formation is Reversible with Changes in Concentration and
Temperature

Micelles formed from detergents and other amphiphilic compounds are usually dynamic
structures with rapid exchange occurring between the micelle and monomer subunits in
solution. Because of this rapid exchange between the monomer and micelle, dilution
beyond the CMC usually results in the immediate dissociation of the micelle. For some
micelles, critical solution temperatures also exist which control the formation of the
micelle; micelles do not form above the upper critical solution temperature or below the
lower critical solution temperature.#8 The dynamic nature of micelles contrasts markedly
from the high kinetic stability of amyloid fibers and many types of oligomeric proteins.
For example, stable populations of certain types of oligomers can be isolated by size
exclusion chromatography,4? a feat that would be difficult®%-51 if equilibrium was rapidly
re-established as it is for micellar-type aggregates.

We first tested the reversibility of the formation of hIAPP micellar oligomers by diluting

a sample of hlAPP above the threshold concentration and comparing the pyrene 1)/l

ratio with that obtained by titrating in hIAPP. If the oligomer can rapidly dissociate like

a micelle, the dilution and titration curves should be identical. On the other hand, if the
oligomers are kinetically stable like amyloid protofibers, the I}/, ratio will not decrease as
the sample is diluted. When a 4 uM sample of hIAPP is progressively diluted the pyrene
I}/1))) ratios obtained by titration and dilution closely match (Fig. 3), indicating the formation
of micelle-like oligomers hIAPP is a reversible process.

We next sought to see if a critical temperature for micelle-like oligomer formation exists
by fixing the concentration of hIAPP above the threshold concentration at 4 uM and
measuring the pyrene I, / 1)), ratio as a function of temperature (Fig. 4) at pH 7.3.

The plot clearly indicates that the formation of micelle-like oligomers does not occur at
temperature below 10 °C, indicating sample concentration by itself is not sufficient to induce
oligomer formation. The 1)/l ratio of pyrene in the absence of hlAPP did not change with
temperature, confirming the fluorescence change is the result of oligomer formation and
not temperature-dependent changes in fluorescence. For further confirmation, we checked
the temperature dependence of the peak intensity in the 15N-SOFAST HMQC spectra of
hIAPP free acid (Fig. 5), as it is expected that oligomer formation will lead to a decrease
in intensity either due to creation of NMR invisible oligomers at the expense of NMR
visible monomers or due to line broadening from conformational exchange. At pH 5,
where no oligomers where detected by pyrene, intensity increases with temperature in the
15N-SOFAST HMQC spectra, as is typically observed with many disordered peptides and
proteins.52 By contrast, at pH 7.3 the intensity drops abruptly at 10 °C, identical to the
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pyrene results. Decreasing the temperature from 30 to 4 °C almost entirely reverses the
intensity changes (Fig. S3), strongly indicating that oligomer formation is reversible with
temperature as well as concentration.

The Apparent CMC for Oligomer Formation Correlates with Amyloidogenic Propensity

When the results of the ThT aggregation assay (Figs. 1) are compared to the pyrene
fluorescence results, it can be seen that ty/, clearly clusters into two regimes with the
dividing line near the CMC as determined by the pyrene fluorescence assay. Below the
CMC, ty,7 is nearly independent of concentration. At the CMC, t1» declines sharply as the
concentration is increased. This particular type of concentration dependence suggests two
separate mechanisms of aggregation are operational above and below the apparent CMC
value.

A comparison of Figures 1 and 2 also reveals a possible relationship between the threshold
concentration and the amyloidogenic propensity. The free acid form of hIAPP has a higher
CMC than hlAPP (~15 pM vs. ~1.5 uM). Interestingly, the ThT experiments also show
aggregation of the free acid form of hIAPP is significantly slower below the CMC than
hIAPP, but similar the rates of both peptides are similar above the CMC.

We further explored this correlation between the aggregation rate and threshold
concentration for oligomer formation by using variants of IAPP with significantly slower
aggregation rates and pH ranges in which aggregation is significantly slowed. The rat variant
of IAPP (rlAPP, sequence KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY-
NH2; residues different than hlAPP are in bold) is normally non-amyloidogenic and non-
toxic to cells.>3-54 As expected, rIAPP did not form oligomers over the concentration range
tested (Fig. 6 green circles). Similarly, the N-terminal 1-19 fragment of hIAPP (hIAPP{_
19) is significantly less amyloidogenic than the full-length peptide. While the 1-19 region
of hIAPP is believed to be involved in peptide self-association, hlAPP_;g itself forms
amyloid slowly and only at high (mM) concentrations.® Like rlAPP, hIAPP;_;q did not
form oligomers over the concentration range tested (Fig. 6). Finally, we tested for possible
oligomer formation of hIAPP at pH 5. At this pH, His18 is protonated and it has been
observed by multiple groups that fiber formation is significantly slower at pH 5 than at

pH 7.3. Like the less amyloidogenic hIAPP1_19 and rIAPP variants at pH 7.3, micelle-like
oligomers of hIAPP did not form at pH 5 over the concentration range tested (Fig. 6 green
circles)

IAPP Forms Distinctly Different Oligomers Above and Below the Critical Temperature and
Concentration

The existence of separate fast and slow regimes suggests aggregation may proceed by a
different mechanism above and below the critical concentration and temperature. To gain
atomic level insight into the process of oligomer formation, we first acquired 1H NMR
spectra of the free acid form of hIAPP above (40 uM) and below (10 pM) the apparent CMC
from the pyrene experiments at 37 °C and pH 7.3 (Fig. 7). Differences in the normalized
spectra are immediately apparent. First, the average intensity is higher at 10 uM than 40 uM
once both spectra are normalized for concentration (Fig. 7B). Since the signal from slowly
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tumbling large oligomers would be broadened beyond detection, the increase in intensity
upon dilution is consistent with the formation of large oligomers that are immediately
dissociate upon dilution, consistent with the pyrene fluorescence results. Furthermore, the
increase in intensity upon dilution is not uniform. Instead, the largest overall changes are
in the aliphatic region of the spectrum, consistent with the involvement of the side-chains
of hydrophobic residues in micelle-like oligomer formation. In particular, several peaks

in this region are noticeably narrower, more intense, or shifted in frequency in the low
concentration spectra. This finding is consistent with a micelle-like oligomer formation, as
hydrophobic side-chains facing the interior of the micelle are expected to be more strongly
perturbed than the hydrophilic side-chains facing the outside. It is important to note that all
NMR experiments were performed in Shigemi tubes which lack a bulk air-water interface,
indicating a bulk-air water interface is apparently not essential for either concentration or
temperature dependent oligomer formation.

It has been shown previously for a variety of amyloidogenic proteins®-59 including
hIAPPS0 that strongly shielded, broad peaks in the region 0.2 to —1 ppm correspond to

the mobile side-chains in an oligomeric complex (Fig. 7 inset). Interestingly, at pH 7.3, but
below the CMC, an additional peak can be seen in this region at 0.16 ppm that disappears

as the concentration is increased. This finding suggests that another type of oligomer may be
present at pH 7.3 at low concentration that is unobservable as the concentration is raised.

While the NMR results suggest an additional oligomer not detected by pyrene may form

at low concentrations of IAPP at pH 7.3 but not pH 5, the results are not conclusive as

this peak may only reflect collapsed states of the IAPP monomer,50 differences in hydrogen
exchange rates, and other factors. To more directly probe the existence of other types of
oligomers, we directly visualized the aggregates formed during incubation above (25 °C)
and below (4 °C) the critical temperature using AFM (Fig. 8). In this experiment, IAPP

is first dissolved at pH 5 at either 25 °C or below 4 °C before the pH is quickly adjusted

to pH 7.3 and the sample immediately deposited on mica. At 25 °C, a large population
approximately spherical oligomers of approximately 12-15 nm radius along with another
population of elongated oligomers are apparent immediately after incubation (see Fig. 8B
and D). Oligomers of this type were not present when the sample was incubated at 4 °C.
Instead, a close inspection of the high resolution AFM images of hlAPP incubated at 4 °C
show a smaller population of a different type of oligomer, disc-like in shape with a height
of approximately 1 nm but with a similar diameter as the 25 °C oligomers (Fig. 8A and C).
We therefore conclude at least two distinct populations of oligomers likely exist above the
critical temperature and threshold concentration, one of which is not detectable below either
limit.

IAPP Self-Association is Primarily at the N-Terminus Below the Critical Temperature and in
the Central Amyloidogenic Region Above the Critical Temperature

The existence of distinct types of oligomers above and below the critical concentration
and temperature suggests different interactions and possibly different mechanisms maybe
involved in fiber formation. We tested this possibility by probing the interactions of

the monomer with the oligomer by Dark Exchange Saturation Transfer (DEST) NMR
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experiments.1-63 In the DEST experiment (and related off-resonance®* and saturation
transfer experiments®5-69), the line broadening in the monomer spectrum caused by the
association of the monomer with the oligomer is used as a probe to detect self-association
sites within the hIAPP peptide. A weak RF field is applied far off-resonance to saturate

the underlying but invisible oligomer states. The bound monomer has a significantly higher
transverse relaxation rate (R) than the free monomer because of the longer rotational
correlation time among other factors, which is reflected in a broader linewidth and decrease
in intensity when it dissociates from the oligomer. This increase in R; is residue specific,
residues which are not in contact with the oligomer and do not have their motion restricted
by binding have smaller changes in R,. Considering that a large number of possible bound
conformations exist, the magnitude of the changes in R, therefore report on the fraction

of conformations in which that residue is bound.52 As a consequence, larger decreases in
intensity upon saturation in the DEST experiment reflect regions of the hlAPP monomer
having stronger contacts with the hIAPP oligomer.

In the original DEST experiment performed on a Ap monomer protofibril system, the

RF offset was varied to solve the full McConnell relaxation equations to get not only
changes in R, but also the kinetic constants relating the equilibria.52 Unfortunately, hIAPP is
considerably less stable then Ap and it was impossible to collect enough points to solve the
McConnell relaxation equations before the effects of aggregation became apparent. Instead,
the data was interpreted semi-quantitatively using the decrease in intensity at given offsets
due to saturation of the underlying invisible oligomer state.

Notwithstanding, clear trends emerged with the DEST-like experiment as a function of
temperature and pH. At pH 5 and 4° C where aggregation is slowest and both the pyrene
(Fig. 6) and NMR experiments (Fig.5 B and C) fail to detect oligomers, no decrease in
intensity was detected for any residue in the DEST profile (Fig. 9A left and 9B top). The
DEST experiment at low pH below the critical temperature therefore serves as a negative
control to confirm intensity changes upon saturation are not present in the absence of
oligomers in the DEST experiment.

The DEST profile changes when the experiment is performed at pH 7.3 but below the
critical temperature (4°). Under this condition, micelle-like oligomers were not detected
by the pyrene (Fig.4) or the NMR experiments (Fig. 5). However, the AFM experiments
suggest a separate type of oligomer, substantially smaller than the micelle-like oligomer,
may exist (Fig. 8A). The intensities of resonances corresponding to residues at the N-
terminal region of the peptide (residues 9-15) decrease moderately upon off resonance
saturation, while the C-terminus and middle regions of the peptide (residues 16-37) show
almost no change (Fig. 9A middle and 9B middle). Overall, the data support primarily
N-terminal association at low temperatures with minimal involvement of the C-terminus.

A substantially different pattern was obtained near the critical temperature (10 °C). First,
the overall intensity of all resonances is greatly reduced upon off-resonance excitation with
effects seen further off-resonance than at 4 °C. The decrease in overall intensity indicates
stronger self-association occurs at 10 °C then at 4 °C, in agreement with the pyrene,

NMR, and AFM experiments. Unfortunately, the decrease in intensity with the increase in
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temperature makes certain resonances undetectable and complications begin to arise from
aggregation during the experiment. Nevertheless, although the pattern is not as clear as it is
at 4 °C, the self-association appears to be centered at a different set of residues at 10 °C than
4 °C with residues 12-21 decreasing more than other residues after off-resonance saturation
(Fig. 9B bottom). In the C-terminus, most of the residues are only moderately affected, with
the notable exceptions of N31 and A25-L27, which is a region known to be important for
fibrillogenesis’? and is involved in the early formation of transient B-sheet oligomers.”? This
pattern suggests a shift from the N-terminal contacts observed at 4 °C (primarily residues
9-15) towards interactions closer to the center of the peptide (primarily residues 12-21)

as the sample is heated to near the critical temperature needed for micelle-like oligomer
formation.

Discussion

We have shown here that the hIAPP amyloid protein, a model for other unstructured amyloid
proteins in many (but not all) respects: 1) reversibly forms micelle like aggregates in a
manner sharply dependent on hIAPP concentration and temperature 2) rapidly forms fibers
above the concentration needed for the formation of micelle-like oligomers and more slowly
below it 3) shows a different self-association pattern at the atomic level in the early stages of
aggregation when micelle-like oligomers are present. Micelle formation has previously been
proposed as an off-pathway intermediate for hlAPP based on the apparent concentration
independence of aggregation.#1: 43-44 While a detailed quantitative understanding still awaits
further experimental verification in light of the many kinetic variables involved, our results
suggest a more complicated picture with at least two separate mechanisms for nucleation:

a less efficient process occurring within small oligomers dominated by N-terminal self-
association and a more efficient process initiated within micelle-like oligomers involving
more extensive contacts throughout the peptide.

Differences between IAPP micelles and detergent-like micelles

Although the “micelle-like” hIAPP oligomers described above share many properties in
common with traditional micelles, it is important to recognize several differences between
them and simple spherical micelles such as those formed by detergents. For example, in a
detergent micelle system the concentration of monomers above the CMC is typically close
to the CMC value.*8 Theoretically, this relationship arises from the strong cooperativity
assembly of detergent micelles and the packing restrictions present within the micelle,
which limits the micelle size to specific limits (<~100 molecules).#8 Although the actual
concentration of hIAPP monomers is difficult to obtain, a quick comparison of the 1H NMR
spectra above and below the critical concentration (Fig. 7A) suggests there is substantially
more monomer (or other low molecular weight species that can be detected by NMR) than
would be expected to exist in a simple micelle model. Instead, the hIAPP oligomers appear
to share many properties with mesoscopic clusters, which are large (>50 nm), dynamic,

and metastable aggregates formed by the partial phase separation of long-lived smaller
complexes from protein monomers in solution.” Unlike detergent-like micelles, mesoscopic
clusters typically contain only a small fraction of the available protein in solution.”? It

is interesting to note that mesoscopic clusters also show Ostwald ripening,’® a process
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in which larger clusters grow at the expense of smaller ones as time progresses by a
desorption-condensation process.’ Since the stability of amyloid fibers is strongly length
dependent,’® it is possible that such Ostwald ripening can play a role in the initiation

of amyloid assembly if larger clusters favor the creation of longer and therefore more
stable nuclei. The disappearance of the smaller oligomers upon the creation of the larger
micelle-like oligomers (Figs. 7 and 8) is suggestive, but by no means conclusive, of such a
mechanism.

Micelle-like oligomer formation may be a general phenomenon for natively unstructured
amyloidogenic proteins

Although all experiments on this study were performed on IAPP, it is likely that other
amyloidogenic proteins, particularly those which are natively unfolded in the monomeric
state,2” also form protein micelles under specific conditions. Amyloid-beta (AB) is
probably the most intensively studied amyloidogenic protein because of its potential

link to Alzheimer’s disease. A variety of techniques have shown Ap1_49 has a similar
monomer/micelle transition as IAPP. Pyrene and surface tension studies revealed micelle-
like oligomers form AP1_4q at a critical concentration of 17 uM which, if formed, cause

a sharp increase in the rate of aggregation.#? Similar studies performed under different
conditions have shown variable values for the critical concentration of AB1_40 of 25 uM (0.1
M Tris, pH 7.4 20 °C)’6 and 8 uM (10 mM phosphate buffer, pH is 7.3, 8 uM),”7 illustrating
the role environmental factors may play. Notably the correlation between amyloidogenicity
and critical concentration seems to hold even for the dissimilar Ap and hIAPP sequences;
AP has a higher critical concentration and greatly slowed aggregation compared to hlAPP
under the same conditions.”879 Micelles of AB1_s0 have also been directly detected by
small angle neutron scattering.3° The SANS experiment show spherocylindrical structures
with a radius of 2.4 nm and a length of 11 nm 4 °C and 100 mM DCI (pH 1).3° To the

best of our knowledge, a critical temperature has not been detected for AB1_40,%9 although
the sensitivity of aggregation to environmental conditions does not mean such a critical
temperature does not exist, at least under some conditions.

Although the evidence is most clear for Ap and IAPP, some indirect evidence also exists
for micelle formation for other natively unfolded amyloidogenic proteins. Calcitonin, for
example, shows the characteristic oligomer peak in its NMR spectra at 2000 uM but not
400 uM at pH 2, indicating a possible micelle-like transition in this range.>’ Transferred
NOEs from the oligomer to monomer allowed a partial reconstruction of the oligomeric
structure, which has a turn structure not present in the monomer.> Interestingly, EGCG
was shown to completely abolish formation of the calcitonin oligomer.>” This observation
suggests micelle like oligomers may be targeted by aggregation inhibitors to either shift the
critical concentration for oligomer formation or abolish it completely.

Implications of critical concentrations in experimental design

The CMC both hIAPP and AB lies in the low micromolar range where many biochemical
experiments are performed, which may lead to apparently conflicting interpretations
depending on the concentration used. For example, an increase in concentration from 15
to 20 uM leads to a 33% reduction in ty,. By contrast, a much larger increase from 2
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to 10 uM results in an essentially negligible change. Because the critical concentration

may be influenced by environmental factors, as seen here by changes in pH, changes in
environmental conditions may lead to large changes in rate if the critical concentration is
crossed. For example, IAPP8L and other natively unfolded amyloidogenic proteins20-2% 56,
82 frequently have a surprisingly large sensitivity to changes in buffer with the rate usually
scaling with activity of ions within the Hofmeister series. Buffer sensitivity makes sense in
light of the role interfacial tension has in determining the stability of a micelle-like oligomer.
Notably, Hofmeister water structure making/breaking effects appear to play a smaller role in
IAPP at pH 5.5 where micelle-like oligomers could not be detected in our experiments.81

Some of the reported variability in the aggregation of these proteins may actually be a

result of a switching of the mechanism as a result of crossing the critical points involved

in concentration. The mechanism of hIAPP aggregation specifically has been a source of
controversy. Real time NMR experiments of hIAPP at pH 6 and 4 °C by Mishra et al

have shown the peaks for individual residues do not disappear uniformly as aggregation
progresses.83 Instead, the N-terminal cross-peaks disappear before the C-terminal cross-
peaks, implying that the formation of large aggregates that are invisible to NMR begins with
the formation of N-terminal contacts®3, matching well with several other studies showing
hIAPP self-association within the N-terminal region.8

On the other hand, a parallel 2D-FTIR study at higher temperature and neutral pH suggests
that B-sheet formation under these conditions begins in the central region of the peptide,
rather than the N-terminus, implying amyloid assembly by IAPP under these conditions

is distinctly different than amyloid assembly at low pH and lower temperatures.85 The
DEST experiment shows these apparent discrepancies may reflect the existence of different
oligomers above and below the critical temperature. Below the critical temperature, we see
limited association entirely within the N-terminal region, as was observed in Mishra’s et al’s
NMR experiments.83 Above the critical temperature, the DEST interaction profile indicates
a much more prominent role for self-association in the central region, in agreement with the
2D-FTIR study. A third mechanism involving initial oligomer formation by the interaction
of H18 with the C-terminus has been reported at pH 6 and 25 °C,30 indicating there may

be regions in the phase diagram of hIAPP that remain to be explored. Although pyrene
fluorescence has potential for screening purposes, there is significant room for improvement
in the design of chemical probe for micelle-like and other types of oligomers. In particular,
pyrene has very low solubility, which limits many types of binding studies, and the UV
detected fluorescence is not easy to adapt to a microplate format. The development of a
more soluble fluorophore with excitation in the visible range would allow high throughput
screening to map more completely the phase diagram of hIAPP aggregation.

A similar switch in mechanism with concentration has also been observed with AB1_4o.

In a narrow concentration range (20-25 uM) globular AB1_42 oligomers formed after that
were positive for the oligomer specific A1l antibody and showed a high capacity to disrupt
lipid bilayers.88 By contrast, at higher concentrations a different type of oligomer was
formed that did not react with the A1l antibody that did not disrupt lipid bilayers, despite
having a similar size and secondary structure at low concentrations (<20 uM).88 Studies
such as these show the importance of recognizing the influence of concentration dependent
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mechanistic changes and the need for accurate concentration measurements before the start
of experiments to minimize batch-to-batch variation and apparent irreproducibility. In this
context, it is important to note that some commercial preparations of amyloidogenic peptides
made by chemical synthesis contain high levels of salt (in some cases in excess of 50% wt)
that can vary substantially from lot to lot.

Although many biochemical experiments are performed in the micromolar range, the
physiological concentration of most amyloidogenic proteins is much lower, usually in the
pico- to nanomolar range.87-88 This concentration range that has been largely unexplored,
with the exception of several single-molecule studies89-92 and a few other types of studies.2>
However, while the circulating concentrations of amyloid peptides is frequently very low,
transient concentrations can be quite high in some situations. For example, extracellular

AP may be internalized by endocytosis or phagocytosis and trafficked to multivesicular
bodies. Within these bodies, AB can reach a concentration two orders of magnitude higher
than the circulating concentration.8”

There are several reasons to believe the critical concentration phenomenon may be relevant
aggregation for IAPP under physiological conditions. First, the critical concentration for
hIAPP (the naturally occurring form) is very low (~2 pM for the naturally occurring
amidated form, Fig. 1). Second, hlIAPP is initially stored at millimolar local concentrations
in a stable form at low pH94 before being diluted to picomolar levels in the blood stream.9°
This is far in excess of the critical concentration for oligomer formation reported here,

and suggests IAPP undergoes at least one passage through the critical concentration before
dilution in the bloodstream. Critical concentration phenomenoma may also be important /n
vivo for other amyloidogenic proteins that occur at high concentrations such as SEV1.%6
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Figure 1. The rate of amyloid formation of hIAPP increases sharply near a threshold
concentration.

Time to one half completion of amyloid formation as a function of hlAPP concentration

for the native amidated hIAPP sequence (left) and the free acid version (right) as measured
by the amyloid specific dye ThT at 25°C with orbital shaking (pH 7.3 10 mM sodium
phosphate buffer, 100 mM NaCl). The dashed lines indicate the approximate threshold
concentrations from the aggregation experiment. Error bars represent S.E.M. for six (hIAPP)
or three (h1APP free acid) experiments.
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Figure 2. Pyrene specifically detects concentration dependent oligomer formation over amyloid
fibers.

(A) Fluorescence emission spectra of 1 uM pyrene with the indicated concentrations of
hIAPP upon excitation at 334 nm. (B) Plots of the pyrene 1/l ratio measured during

a titration with freshly dissolved hIAPP at pH 7.3 (black circles) or preformed fibers

of hIAPP (allowed to aggregate beforehand for 24 hours at 37 °C with shaking, red
circles). (C) Corresponding plots of the pyrene 1)/l ratio measured with hIAPP free acid.
Note the difference in the x-axis scale from (B). All measurements were performed in
phosphate buffer 20 mM, 50 mM NacCl, 1 uM pyrene at 25 °C. Errors bars indicate S.E.M.
(measurement preformed in triplicate).
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Figure 3. Concentration dependent oligomer formation of hlAPP is reversible.
Plots of the pyrene 1/l ratio measured either by titration with freshly dissolved hIAPP at

pH 7.3 (black circles) or by dilution from 4 uM h1APP (red circles). All measures were
performed in 20 mM phosphate buffer, 50 mM NaCl, 25 °C. The pyrene concentration is

kept constant at 1 uM for all experiments.
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Figure 4. Oligomer formation of hIAPP only occurs above an apparent critical solution
temperature.

Plot of the pyrene I}/1}), ratio in the presence of 4 uM hIAPP at pH 7.3 at increasing
temperature values (black circles). As control the pyrene I)/1}) ratio in absence of hlAPP
was collected (red circles). All measures were performed at pH 7.3 in 20 mM phosphate
buffer, 50 mM NaCl, 1 uM pyrene.
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Figure 5. Peak intensity in the NMR spectra of hIAPP free acid sharply decreases at a critical

temperature at pH 7.3 but not pH 5.

Temperature dependence of the 1°N HSQC spectra of 78 uM hIAPP free acid in 20 mM
sodium phosphate buffer, 50 mM NaCl at pH 5 (A) and pH7.3 (B). (C) Average of the peak
intensity relative to the value at 4°C as a function of temperature. Error bars represent the

S.E.M. considering N to be the number of residues.
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Figure 6. Non- or weakly amyloidogenic IAPP variants do not form pyrene detectable oligomers.
Plots of the pyrene 1I/1111 ratio measured during a titration with freshly dissolved hlIAPP

at pH 5 (cyan circles), non-amyloidogenic amidated rat IAPP (maroon circles), or weakly

amyloidogenic hlAPP1_19 (grey circles). All measures were performed in 20 mM phosphate
buffer, 50 mM NaCl, 1 uM pyrene at 25 °C.
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Figure 7. Dilution changes the 1H NMR spectra of h1APP free acid.
1H NMR spectra of 10 and 40 uM hIAPP free acid at 37 °C in 20 mM sodium phosphate

buffer, 50 mM NaCl at pH 7.3 normalized to the number of scans only (A) and normalized
to both the concentration and number of scans (B). Inset Strongly shielded peaks previously
correlated with oligomer formation.
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Figure 8. hIAPP forms a different type of oligomer following brief incubation at 4°C or 25°C.
Top Different aliquots of the same solution of 10 uM hIAPP (initially at 4°C, 10 mM

phosphate buffer, 100 mM NaCl, pH 7.4) were either left at 4°C (A) or heated to 25°C

(B) and then quickly deposited on SiO,, frozen with liquid N5, and then lyophilized to
preserve the morphology of the original aggregates and the by tapping mode AFM in air
(40% humidity). Bottom: Section analysis of samples initially prepared at 4°C (C) and 25°C
(D) showing the height distribution along the green line in (A) and (B).
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Figure 9. Changes in self-interaction profile with pH and temperature through DEST NMR

experiments.

(A) DEST NMR spectra of 78 uM hIAPP free acid at pH 5 and 4°C, pH 7.3 and 4°C
(C) pH 7.3 and 10°C in 20 mM phosphate buffer, 50 mM NaCl. Pink contours represent
saturation at 30 kHz off-resonance, blue contours from 5 kHz off-resonance saturation.
Right: Changes in relative intensity upon saturation expressed as the ratio between the
intensity at 5 kHz and 30 kHz off-resonance saturation.
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