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Abstract

Amyloidosis is a biological event in which proteins undergo structural transi-
tions from soluble monomers and oligomers to insoluble fibrillar aggre-
gates that are often toxic to cells. Exactly how amyloid proteins, such as
the pancreatic hormone amylin, aggregate and kill cells is still unclear.
Islet amyloid polypeptide, or amylin, is a recently discovered hormone
that is stored and co-released with insulin from pancreatic islet p-cells.
The pathology of type 2 diabetes mellitus (T2DM) is characterized by an
excessive extracellular and intracellular accumulation of toxic amylin spe-
cies, soluble oligomers and insoluble fibrils, in islets, eventually leading to
B-cell loss. Obesity and elevated serum cholesterol levels are additional
risk factors implicated in the development of T2DM. Because the homeo-
static balance between cholesterol synthesis and uptake is lost in diabetics,
and amylin aggregation is a hallmark of T2DM, this chapter focuses on the
biophysical and cell biology studies exploring molecular mechanisms by
which cholesterol and phospholipids modulate secondary structure, fold-
ing and aggregation of human amylin and other amyloid proteins on mem-
branes and in cells. Amylin turnover and toxicity in pancreatic cells and
the regulatory role of cholesterol in these processes are also discussed.
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Abbreviations

AFM Atomic force microscopy

BCD Methylbetacyclodextrin

CD Circular dichroism

CTX Cholera toxin

DOPC 1,2-dioleoyl-phosphatidylcholine
DOPS  1,2-dioleoylphosphatidylserine
EM Electron microscopy

HFIP  Hexafluoride isopropanol

hIAPP  Human islet amyloid peptide
Lov Lovostatin

PM Plasma membranes

T2DM  Type 2 diabetes mellitus

ThT Thioflavin-T

Trf Transferrin

4.1 Amylin Biology and Function

Amylin, also known as islet amyloid polypeptide
(IAPP), is a 37 amino acid hormone produced
and co-secreted with insulin from pancreatic
B-cells (Hoppener and Lips 2006; Clark and
Nilsson 2004). IAPP is also expressed in pancre-
atic islet d-cells in rat and mouse, in gastrointes-
tinal tract of rat, mouse, cat, and human, as well
as in sensory neurons of rat and mouse. In
chicken, IAPP is mainly expressed in the brain
and intestine and, at much lower levels, in the
pancreas (Fan et al. 1994; Miyazato et al. 1991;
Mulder et al. 1996). Amylin is expressed in both
human and rat placenta primarily during early
pregnancy (Piper et al. 2004). Placental amylin
mRNA expression is highest in the third trimester
of pregnancy in humans and 16 days of gesta-
tional age in rats, and gets lower as the gestation
progresses (Caminos et al. 2009).

Although the exact hormonal function of amy-
lin is still unclear, it has been proposed that amy-
lin controls food intake and energy homeostasis
(Lutz 2006, 2010). Amylin primarily regulates
nutrient fluxes by acting as a potent satiation sig-
nal that reduces secretion of gastric juices and the
glucagon hormone, and also reduces the rate of
gastric emptying (Young and Denaro 1998).
Peripheral amylin regulates satiation signal by
directly binding to area postrema neurons, which
are rich in amylin receptors and subsequently
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convey this signal to other brain areas (Lutz
20006). Interestingly, the central regulatory path-
way by which other gastrointestinal peptides like
cholecystokinin, glucagon-like peptide 1 and
peptide YY 3-36 suppress eating widely overlaps
with that of amylin (Lutz 2006; Riediger et al.
2004). In addition, amylin is also involved in adi-
posity signaling and, similar to leptin, in body
weight regulation all through adult life (Lutz
2010). Studies with animal and human subjects
showed that combinational application of leptin
and amylin increases leptin responsiveness in
anti-obesity treatments, which suggests the syn-
ergistic function of these hormones (Lutz 2010).
Recent studies suggest that amylin-mediated reg-
ulation of energy balance is not limited to the
control of nutrient flux but also involves the
body’s energy expenditure (Lutz 2010). However,
the exact mechanism and the physiological rele-
vance are still under scrutiny (Lutz 2010).

As the first two trimesters of pregnancy in
humans and the equivalent period in rats are con-
sidered to be highly anabolic, and placental amy-
lin expression is highest during this time, amylin
could potentially play important roles in anabolic
control of food intake in both the mother and the
fetus during pregnancy (Caminos et al. 2009).
Amylin also plays a developmental role by con-
tributing to the development of bone, kidney and
pancreas (Wookey et al. 2006). Finally, amylin
regulates the early postnatal development of
hindbrain in mouse though its positive neuro-
tropic effects (Lutz 2010). In addition to its hor-
monal role, amylin also imposes important
paracrine and autocrine effects in islets by regu-
lating glucagon and insulin release from a- and
B-cells, respectively (Trikha and Jeremic 2013;
Wagoner et al. 1993).

Amylin and insulin genes share common pro-
moter elements, and the transcription factor
PDXI1 regulates glucose-stimulated secretion of
both these genes (German et al. 1992). It has
been reported that in rodent models, glucose
stimulation of pancreatic p-cells results in paral-
lel expression patterns of insulin and IAPP,
although in experimental diabetic models of
rodents this parallel expression pattern is altered
(Mulder et al. 1996). Amylin is synthesized in
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cells as an 89-residue pre-pro-protein (Nakazato
et al. 1990; Nishi et al. 1989). The 22-residue sig-
nal peptide of immature form is cleaved off in the
endoplasmic reticulum (ER). Further processing
of pro-IAPP, along with pro-insulin, takes place
in the Golgi and the secretory vesicles in a pH-
dependent manner using two endoproteases: pro-
hormone convertase 2 (PC2) and prohormone
convertase 1/3 (PC1/3) (Westermark et al. 2011).
PC2 and PC1/3 cleave pro-IAPP after Lys10 and/
or Argl1 (Wang et al. 2001) and after Lys 50 and
Arg51, respectively (Marzban et al. 2004). After
PC1/3-mediated cleavage, the two C-terminal
amino acid residues are then removed by car-
boxypeptidase E, which results in an exposed
glycine residue at the C-terminus of pro-IAPP
(Westermark et al. 2011). This glycine is used as
a signal for C-terminal amidation; finally, a disul-
fide bridge is formed between Cys2 and Cys7.
Both C-terminal amide and this disulfide bridge
are important for full biological activity of IAPP
(Westermark et al. 2011). Fully processed IAPP
is a 37-residue polypeptide stored in secretory
granules of pancreatic islet B-cells along with
fully processed insulin. Upon physiological stim-
ulation such as glucose spike in serum, insulin
and amylin are co-secreted at a molar ratio of
20:1 (Martin 2006).

The hormone amylin, which is similar to the
neuropeptide calcitonin gene-related peptide,
should have specific receptors to mediate its
physiological function. However, efforts to iden-
tify specific amylin receptors were futile for a
long time until the identification of a family of
single- domain proteins called “receptor activity-
modifying proteins”, or RAMPs, which do not
function as receptors by themselves (McLatchie
et al. 1998). Amylin receptor utilizes a novel
principle that has so far been detected only among
the family of calcitonin receptors. RAMPs bind
to the calcitonin receptors, and hetero-
dimerization of RAMP with calcitonin receptor
yields a unique high-affinity amylin receptor
(AM-R) phenotype (Poyner et al. 2002). The
three known AM-R isoforms discovered so far
have been shown to exhibit distinct pharmaco-
logical and functional properties (Morfis et al.
2008). AM-R expression in different organs and

tissues, particularly in the brain and in the pan-
creas, suggests its regulatory role in glucose
homeostasis, hormone and neurotransmitter
release and signaling (Martinez et al. 2000;
Trikha and Jeremic 2013).

4.2 Amylin Aggregation, Islet
Amyloidosis and Type 2

Diabetes Mellitus

Islet amyloid was first reported in 1901 (Opie
1901) as thick proteinaceous deposits in the pan-
creas of diabetics, and was initially named “islet
hyalinization” because of its hyaline-like or
glassy appearance. It was later renamed “amy-
loid”, which means “starch-like”, because islet
amyloids were initially believed to be carbohy-
drates as they could take up dyes which are typi-
cally used to stain starch (Clark and Nilsson
2004). Despite numerous studies, the origin and
nature of islet amyloid remained enigmatic for a
long time (Westermark et al. 2011). Purification
and characterization of amyloid aggregates from
the amyloid-rich insulinoma cells and islets of
human and feline origin identified amylin as the
main component (Cooper et al. 1987; Westermark
et al. 1986). It is now known that amylin-derived
amyloid aggregates often associate with apolipo-
protein E (apoE) and heparan sulfate proteogly-
cans (Ancsin 2003; Clark and Nilsson 2004;
Hoppener et al. 2000).

Type 2 diabetes mellitus, one of the most com-
mon metabolic diseases in the world, is charac-
terized by “insulin resistance” in the target
organs, mainly muscle and liver, and by the
decline in the production and secretion of insulin,
loss of B-cell mass and formation of islet amyloid
(Clark and Nilsson 2004; Hoppener et al. 2000).
The role of islet amyloidosis in the pathogenesis
of T2DM is supported by several studies showing
the presence of amylin-derived amyloid plaques
in over 90 % of diabetics (Clark and Nilsson
2004; Hoppener et al. 2000). While amylin has
been detected in monkeys and cats, species
known to develop T2DM, it is absent in rodents
and mice, species which do not develop T2DM
(Clark and Nilsson 2004; Hoppener et al. 2000).
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This is strong yet indirect evidence correlating
T2DM and islet amyloidosis. Whether islet amy-
loidosis is a cause or a consequence of the dis-
ease is still unclear.

In vitro studies revealed that human but not rat
amylin undergoes rapid aggregation in physiolog-
ical buffers and that insulin, but not pro-insulin,
inhibits IAPP aggregation by forming hetero-
molecular complexes (Clark and Nilsson 2004;
Westermark et al. 1999; Kayed et al. 1999).
Therefore, faulty insulin processing in diabetics
could partially explain amylin aggregation in
T2DM. Defective processing of pro-IAPP into
IAPP is another candidate for amylin aggregation
in T2DM, as N-terminal intact pro-IAPP has been
identified in islet p-cells of diabetics (Clark and
Nilsson 2004). In fact, pro-peptides have strong
self-association properties and are capable of
forming amyloid aggregates (Krampert et al.
2000). However, compared to fully processed
IAPP, prolAPP has less amyloidogenicity and less
toxicity (Jha et al. 2009; Krampert et al. 2000)
This suggests that pro region of pro-peptide may
play a protective role in amyloidogenic and toxic
potentials of fully processed IAPP (Krampert
et al. 2000). Increased accumulation of amyloid
aggregates inside and outside the cells accounts
for downstream pathological events such as cal-
cium overload, cell membrane disruption, ER
stress, mitochondrial dysfunction, defects in
autophagy, oxidative stress and activation of JNK
and caspase-3 death signaling pathways (Abedini
and Schmidt 2013; Cao et al. 2013a; Costes et al.
2014; Huang et al. 2011; Konarkowska et al.
2006; Rivera et al. 2014; Zhang et al. 2003). Since
the ability of IAPP to penetrate through lipid
membranes depends on the lipid-to-peptide ratio,
the toxicity of IAPP is thought to be enhanced due
to an increase in its local concentration (Cao et al.
2013b; Clark and Nilsson 2004).

4.3  Amylin Misfolding,
Aggregation, and Toxicity:

A Dangerous Trio

The primary sequences of mature (fully pro-
cessed) rat (rTAPP) and human amylin (hIAPP)
are depicted in Fig. 4.1a. Although human and rat
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amylin share high sequence homology, the pres-
ence or absence of just a few key amino acids in
the amyloidogenic region of the peptide (residues
18-29, Fig. 4.1a) may drastically alter protein’s
aggregation and cytotoxic properties.
Computational and mutational studies confirmed
that 18-29 aa segment of mature hIAPP is highly
amyloidogenic (Chiu et al. 2013; Moriarty and
Raleigh 1999; Westermark et al. 1990). For
instance, the presence of His at position 18 in
human amylin is required for amylin-plasma
membrane interactions, aggregation and toxicity
(Abedini and Raleigh 2005; Brender et al. 2008a;
Tu and Raleigh 2013). The presence of three Pro
residues in positions 25, 28 and 29 renders rat
amylin soluble (non-amyloidogenic) and non-
toxic (Fig. 4.1b, c¢) (Westermark et al. 2011).
Likewise, substitutions of Asn22, Gly24, and
residues 26-28 with Pro markedly reduced aggre-
gation of 20-29 hIAPP fragment (Moriarty and
Raleigh 1999). Thus, an absence of His and the
presence of Pro in the sensitive residue segment
18-29 of rat as compared to human amylin is
believed to prevent its aggregation and toxicity in
rodents.

In addition to His and Pro, other polar amino
acids from the amyloidogenic region (Fig. 4.1a),
such as Ser20, may also play a regulatory role in
human amylin aggregation and islet amyloid for-
mation. In fact, Ser20 to Gly mutation in mature
human amylin was observed in a small subset of
Chinese and Japanese populations who are at an
increased risk of developing T2DM. Interestingly,
in vitro studies revealed that Ser20Gly substitu-
tion accelerated amylin aggregation in solution
(Cao et al. 2012), which may help explain
increased incidence of diabetes in these two eth-
nic groups. Notably, amylin has a characteristic
intramolecular disulfide bond between Cys2 and
Cys7, which does not initially contribute to the
aggregation (nucleation) process, although its
absence reduces fibril formation (Khemtemourian
et al. 2008; Koo and Miranker 2005). The rate of
amylin fibrillization parallels the onset and the
extent of membrane damage in vitro (Engel et al.
2008). These findings support the fibril hypothe-
sis of amylin’s toxicity in pancreatic islets.
However, recent studies point to an important
role of pre-fibrillar, soluble oligomeric species in
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Fig.4.1 Aggregation of human amylin and changes of its
secondary structure coincides in time. (a) Primary struc-
tures of mature human (hIAPP) and rat (rIAPP) amylin
are depicted. Species-specific amino-acids within the
amyloidoigenic region (underlined) of the polypeptide
chain are bolded for clarity. (b) Kinetics and extent of
aggregation of human and rat amylin in PBS as a function
of time. Thioflavin-T fluorescent assay reveals fibrilogen-
esis of 20 uM human amylin in solution (closed circles)

human amylin-induced membrane damage and
p-cell death (Cao et al. 2013a; Haataja et al.
2008; Janson et al. 1999; Konarkowska et al.
2006; Ritzel et al. 2007; Trikha and Jeremic
2011; Zhang et al. 2014). This process, com-
monly referred as toxic oligomer hypothesis,
together with the fibril hypothesis, will be
addressed in this chapter.

44 Conformation Changes
and Aggregation of Amylin:

A Causal Link

Because the dynamics and the extent of amylin
oligomerization and aggregation were shown to
be important parameters of amylin’s toxicity
(Cao et al. 2013a; Engel et al. 2008; Ritzel et al.
2007), implementation of biophysical methods
such as fluorescence and circular dichroism (CD)
spectroscopy and high-resolution microscopy
capable of tracking these changes in real time
have become a norm in recent years. Such bio-
physical studies are essential to understand amy-
lin aggregation at the molecular level and to

nm
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and lack of aggregation of non-amyloidogenic rat amylin
(20 uM; open circles). (¢) Far-UV CD spectra of human
amylin (solid line) and rat amylin (dashed line) taken after
20 min. in PBS solution in the presence of 2 % HFIP. Note
the absorption minimum at ~220 nm for human but not rat
amylin, typical for peptides and proteins adopting -sheet
conformation

determine how certain cellular factors such as
pH, ionic content and temperature may contrib-
ute to the formation of amyloid plaques in the
pancreas and other organs.

Thioflavin ~ (ThT)  fluorescence  assay
(Fig. 4.1b) is a commonly used method to moni-
tor the extent and the kinetics of aggregation of
various amyloid peptides and proteins in vitro in
cell-free environment (Munishkina and Fink
2007). In the absence of amyloid, the diagnostic
dye ThT is weakly fluorescent in solution.
However, during amyloid formation, the ThT
molecules intercalate into the growing amyloid
fibers, rendering the probe more fluorescent (for
details see Gorbenko et al., Chap. 6, this volume).
Thus, increase in ThT fluorescence over time
reflects the fibrillization process that is amenable
for experimental manipulations. Lag (nucleation)
phase followed by sigmoidal (fibril growth)
phase are two common traits shared by amyloid
proteins undergoing aggregation (Fig. 4.1b). The
ThT assay was previously used by many investi-
gators to understand how changes in pH, tem-
perature or presence or absence of certain metals
affect the rate and the extent of amylin
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aggregation. For example, increasing the salt
concentrations in the incubation medium to
screen out electrostatic interactions in solution
decreased both the rate and the extent of human
amylin aggregation (Cho et al. 2008). Thus, amy-
lin aggregation inversely correlates to the solvent
ionic strength, which suggests that intra- and
inter-molecular non-covalent interactions among
certain residues play a major role in self-
association and polymerization of human amylin
in solution. Aromatic and hydrophobic interac-
tions were proposed to play a major role in amy-
lin polymerization in solution (Gazit 2002; Tu
and Raleigh 2013). These two non-covalent
interactions also play an important role in self-
assembly (oligomerization) of peptides into
channel-like structures in the membrane, the effi-
cacy of which inversely correlates to ionic
strength of the solution (Zhao et al. 2008). In this
study formation of protein pores was inhibited
when ionic strength of solution increased,
whereas both hydrophobic and aromatic interac-
tions were retarded with the increase of salt con-
centration (Zhao et al. 2008). Thus, it is highly
conceivable that amylin oligomerization, the first
step in amylin aggregation, is retarded in solution
with increased ionic strength due to the inhibi-
tory effect of salts on aromatic and hydrophobic
interactions, two major driving forces in amylin
polymerization (Gazit 2002; Tu and Raleigh
2013). This eventually would diminish aggrega-
tion of human amylin, as showed recently (Cho
et al 2008).

Together with ThT assay, the structural studies
revealed a causal link between conformational
changes in amylin and its propensity to aggregate
(Fig. 4.1¢) (Brender et al. 2008b; Cho et al. 2008,
2009; Wiltzius et al. 2008). Similar to many other
small proteins and peptides (described by
Uversky in Chap. 2 of this volume), amylin is
natively unfolded in solution. However, amylin
can polymerize in a cross-f-sheet conformation
upon aggregation in amyloid fibers. CD analysis
revealed that aggregation of human amylin is
accompanied by secondary structural changes,
from random coil in the monomeric from to the
B-sheet-enriched fibrillar form characterized by a
single minimum at ~220 nm (Fig. 4.1c). In con-

S.Singh et al.

trast, rat amylin retains its random coil conforma-
tion in solution, characterized by a minimum at
202 nm (Fig. 4.1c), which prevents its aggrega-
tion (Fig. 4.1b). The likely reason for this differ-
ence is that rat amylin contains three
structure-breaking prolines, Pro25, Pro28 and
Pro29, in the residue segment that probably initi-
ates amyloid formation of human amylin
(Fig. 4.1a); these three prolines are expected and
observed to prevent -aggregation (Fig. 4.1b, c)
(Moriarty and Raleigh 1999). Inhibition of
human amylin transition towards p-sheet confor-
mation by certain inhibitors (divalent metals,
insulin or cholesterol) also prevents its aggrega-
tion (Cho et al. 2008, 2009; Salamekh et al. 2011;
Susa et al. 2014). Collectively, these biophysical
studies reveal that aggregation of amylin, like
other amyloid proteins, is strongly conformation-
dependent and that transition to f-sheet is a
requirement for the formation of fibrils.
Although the aforementioned bulk spectros-
copy studies provided important information on
the dynamics and conformational changes asso-
ciated with protein misfolding and aggregation,
they could neither provide information on the
nature and architecture of pre-aggregated spe-
cies, nor explain how they assemble into fibrils.
Without this information, the process of amylin
aggregation and amyloid formation in tissues
cannot be fully understood. Therefore, visualiza-
tion of amylin aggregation became imperative.
Given the small size of aggregated species, and in
order to visualize peptide/protein transition from
monomers to oligomers to large aggregates, a
new real-time imaging tool capable of imaging at
nm-resolution was needed. The development of
atomic force microscope (AFM), a 3D lens imag-
ing instrument, allowed investigators to examine,
for the first time, the process of amyloid forma-
tion with unprecedented clarity and specificity.
Formation and growth (extension) of a single
fibril has been monitored using this technology
(Fig. 4.2) (Cho et al. 2008; Goldsbury et al. 1999;
Green et al. 2004). The unique capability of AFM
to directly monitor changes in the conformation
or aggregation state of macromolecules, and to
study dynamic aspects of molecular interactions
in their physiological buffer environment has
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Fig. 4.2 Dynamics of amylin aggregation on solid sur-
face. (a) Structural intermediates, oligomers and fibrils,
are resolved during amylin aggregation on mica by time-
lapse AFM (tapping mode amplitude images). Note a
time-dependent transition of human amylin from small
round oligomers (0—10 min) into fibrils during early-mid
stage of amylin aggregation (10-25 min). Late—stage of
amylin aggregation (25-35 min) is characterized by accu-
mulation of massive peptide deposits on the mica surface.
All micrographs are 5x5 um. (b) Fibril growth curves
reveal two phases of amylin aggregation, an early oligo-
meric phase (0—10 min) characterized by oligomers for-
mation, followed by oligomers incorporation into growing

allowed examination of amylin aggregates at
~5 nm lateral and <1 nm vertical resolution
(Figs. 4.2, 4.4, and 4.5) (Cho et al. 2008, 2009;
Green et al. 2004). This novel imaging technol-
ogy has provided new insights into the molecular
mechanism of amyloid assembly.

In our studies, time-lapse AFM operating
either in contact or tapping mode was used to
investigate the organization of amylin aggregates

fibrils (10-25 min, second phase or fibril maturation).
Note the significant increase in oligomer heights (inser)
and widths during the first phase of amylin aggregation,
and an abrupt increase in fibrils length following forma-
tion of full-size oligomers. Data represents mean particle
size at each time point (mean + SEM), obtained from
three independent time-lapse AFM experiments. (¢) 3-D
AFM image of a single full-grown fibril on mica showing
arrangement of several amylin oligomers and their bi-
directional extension into a fibril (depicted by arrow-
heads). Micrograph is 800 x 800 nm scale

on solid surface such as mica (Fig. 4.2) and on
planar lipid membranes (Figs. 4.4 and 4.5), two
surfaces bearing distinct physicochemical prop-
erties. With the scanner speed set at 1 Hz and
image acquisition time of ~5 min/image, and
using high-resolution scanning parameters
(512512 lines per image), the dynamics, poly-
morphism and the extent of amylin fibrillization
can be obtained (“the fibril growth” in Fig. 4.2b).
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Time-lapse amplitude AFM micrographs revealed
structural transitions of amylin on mica, from
small spherical oligomers to extended fibrils,
over a 30 min time period (Fig. 4.2a).

After acquiring micrographs, the size of indi-
vidual fibrils and oligomers (i.e. radius, length
and height) that were deposited on mica
(Fig. 4.2b) or on planar membranes (Fig. 4.4)
could be determined using a section analysis tool
(Veeco, Santa Barbara, CA). Cross-sectional
analysis revealed that amylin fibrils varied by
length and consistently measured 90-110 nm in
width and 5-6 nm in height (Fig. 4.2a, b) (Cho
etal. 2008). In addition to amplitude AFM images
(Fig. 4.2a), the height-AFM micrographs
revealed changes in fibril height during amylin
aggregation (Figs. 4.2c and 4.4). Changes in par-
ticle height are more visible in the height imaging
mode as compared to amplitude images, which
are better suited for imaging the fine morphologi-
cal details of amylin aggregates. Some fibrils
were relatively short (less than 200 nm), whereas
others extended over 500 nm in length
(Fig. 4.2a, c). To construct fibril growth curves,
the average size of oligomers and fibrils was
determined and plotted for each time point
(Figs. 4.2b and 4.4c). In the presence of 1-2 %
hexafluoride isopropanol, which accelerates
amylin aggregation, massive amyloid-like amy-
lin deposits generally developed after 30 min of
incubation (Fig. 4.2a, 30-35 min), thus preclud-
ing the monitoring of fibril growth for an extended
period of time. However, AFM resolved amylin
structural intermediates prior to amyloid accu-
mulation. Formation of fibrils occurred in two
distinct phases. The initial phase involved depo-
sition of small spherical oligomers with diameter
(width) of 47+7 nm and height of 3.4+0.3 nm
(Fig. 4.2a, b, 0-5 min). During the next 5 min,
oligomers almost doubled in size (diameter
89+ 13 nm, height 5.5+0.4 nm; Fig. 4.2a, b), fol-
lowed by the oligomer’s bi-directional extension
into a fibril (Fig. 4.2c) at an average fibrillization
rate of 21 nm/min (Fig. 4.2a, b, 10-25 min).
Growth curves revealed two distinct phases in
amylin aggregation: the first phase, or oligomer
growth, was characterized by the large change in
the oligomer’s height and width within the first
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10 min of aggregation, reaching ~90 % of their
maximal value (Fig. 4.2b, inset) but accounting
for only ~20 % of maximum fibril length during
that period; and second phase or fibril growth,
when fibrils rapidly elongated by doubling their
extension rate from 9 nm/min (0—10 min interval,
Fig. 4.2b) to 21 nm/min (10-25 min interval,
Fig. 4.2b). Taken together, these results suggest
that fibrils are formed on mica by longitudinal
extension of full-grown oligomers. Hence, amy-
lin fibrillization depends on formation of “build-
ing block” oligomers, or nuclei, measuring
approximately ~6 nm in height and ~90 nm in
diameter. Once formed, these nuclei align and
elongate into a fibril (Fig. 4.2a—), a scenario
originally proposed by Aebi and co-workers
(Green et al. 2004).

4.5 Amylin Folding

and Aggregation in Solution
Are Strongly Modulated

by Anionic Lipids

and Cholesterol

The above-mentioned spectroscopy and micros-
copy studies revealed species and molecular
mechanism of amylin aggregation in solution and
on solid surface. However, amylin aggregates
were also found in close proximity to islet B-cells,
with some fibrils integrated into the p-cell plasma
membranes (PM) (MacArthur et al. 1999). This
finding suggests that amylin-membrane interac-
tions may be important for both amylin aggrega-
tion on the cell surface and for the integrity and
function of the p-cell PM. The regulatory role and
involvement of the membrane’s main constitu-
ents, phospholipids and cholesterol, in amylin
aggregation were explored during the last decade,
prompted by findings that amylin toxicity stems,
at least in part, from its ability to disrupt fluidity
and organization of cellular membranes (Brender
et al. 2008a, b; Khemtemourian et al. 2008). Thus,
understanding the process of amylin aggregation
on membranes has a direct implication for the
etiology of islet amyloidosis and T2DM.

Given that human amylin is a positively
charged (cationic) peptide, one can expect that
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lipids bearing strong negative charge, such as
phosphatidylserine (PS) and other anionic lipids,
interact with human amylin to modulate its
aggregation in solution and/or on membranes.
This idea, first tested by Miranker and colleagues
(Knight and Miranker 2004), was later verified
by several independent biochemical studies
showing accelerated amylin aggregation and
conformational changes in solution following
addition of anionic lipids such as PS (Cho et al.
2008, 2009; Jayasinghe and Langen 2005, 2007;
Knight et al. 2006). Supporting this notion, the
presence of negatively charged liposomes com-
posed of phosphatidylcholine (PC) and PS
(PC:PS, 2.8:1.2 mol:mol) in the incubation solu-
tion potentiated amylin aggregation by increas-
ing both the extent (Fig. 4.3a) and the rate of
amylin aggregation (Cho et al. 2008). Not only
do the PS-enriched liposomes increase the rate of
amylin aggregation, but they also shorten the lag
phase, suggesting that electrostatic interactions
between the peptide and the lipid accelerate
nucleation, which is a rate-limiting step in aggre-
gation (Fig. 4.3a).

In contrast to anionic liposomes, zwitterionic
(neutral) PC liposomes did not significantly
affect the rate or the extent of amylin aggrega-
tion in solution, further implicating electrostatic
interactions as a culprit in amylin aggregation
(Cho et al. 2008). Interestingly, inclusion of
cholesterol, another essential component of
cellular membranes, into anionic liposomes
(PC:PS:Chol, 2.3:1:0.8 mol:mol:mol) attenu-
ated the stimulatory effect of PS on amylin
aggregation in solution by ~30 % (PC:PS versus
PC:PS:Chol, Fig. 4.3a), a decrease comparable
to the inhibitory effect of cholesterol on amylin
deposition across planar membranes (PC:PS
versus PC:PS:Chol, Fig. 4.4a). By applying the
calculated rate constants to the Arrhenius equa-
tion it was inferred that the presence of nega-
tively charged PC:PS vesicles decreases the
activation energy (E,) of aggregation by
AE,=-3.7 kJ/mol as compared to amylin alone,
which in turn increases the rate of amylin aggre-
gation by more than four times (Cho et al. 2008).
In contrast, inclusion of cholesterol in PC:PS
vesicles reversed their stimulatory effect on
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Fig.4.3 Membrane cholesterol and anionic phospholipids
oppositely regulate amylin aggregation and misfolding
in solution. (a) Thioflavin-T fluorescent assay reveals
slow aggregation of 10 uM human amylin in solution
(circles). Presence of 100 uM anionic liposomes (PC:PS,
2.8:1.2 mol:mol, squares) in incubating solution (PBS,
1 % HFIP) accelerates amylin aggregation, the effect of
which was reversed by inclusion of cholesterol in the lipid
vesicles (PC:PS:Chol, 2.3:1:0.8 mol:mol:mol, triangles).
(b) Dynamics of amylin secondary structural transitions
in solution are regulated by membranes. CD spectras of
human amylin (10 pM) incubated with 100 uM PC:PS
liposomes (2.8:1.2 mol:mol, black trace) or PC:PS:Chol
liposomes (2.3:1:0.8 mol:mol:mol, gray trace) were con-
tinuously acquired at 220 nm to monitor appearance of
B-sheet conformation. Note that the onset of amylin
aggregation and the transition from random coil to f-sheet
coincide (hA+PC:PS, Fig. 4.3a, b). Inclusion of choles-
terol prolonged amylin’s transition to f-sheets evoked by
anionic liposomes (Fig. 4.3b), ultimately reducing kinet-
ics and the extent of amylin aggregation (Fig. 4.3a)

amylin aggregation by increasing the activation
energy by AE,=845 J/mol. The AE, values were
calculated for amylin aggregation at room tem-
perature (25 °C) at which the experiment was
performed (Cho et al. 2008). Remarkably,
despite marked difference in their aggregation
rates, all three reactions exhibited first-order
kinetics (Cho et al. 2008), indicating that anionic
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lipids and cholesterol do not change the mecha-
nism of amylin aggregation but act as catalyst
and inhibitor, respectively. This finding also
suggests that phospholipids and cholesterol in
membranes oppositely modulate amylin aggre-
gation by changing the activation energy of the
amylin transition from random coil to p-sheets.
In support of this conclusion, inclusion of cho-
lesterol reduced the stimulatory effect of
PS-containing liposomes on the conformational
transition of amylin from random coil to
B-sheets (Fig. 4.3b) (Cho et al. 2008).

4.6 Cholesterol Regulates
Amylin Aggregation

on Planar Lipid Membranes

We used AFM to investigate the supramolecular
organization and dynamics of amylin aggregates
on model membranes (Cho et al. 2009) that
resemble the cell PM in composition and fluidity.
Amylin aggregation on neutral and negatively-
charged planar membranes that contained or
lacked cholesterol was investigated by time-lapse
AFM followed by single-particle analysis as
described above. AFM revealed transition of
small 25-35 nm diameter spherical oligomers
(formed during the first 5 min) into larger
90-130 nm supramolecular complexes on anionic
PC:PS (2.8:1.2 mol:mol) membranes (Fig. 4.4a,
10 min, arrowheads). Amylin oligomers formed
during the first 5 min (Fig. 4.4a, left panel) and
were morphologically similar to the oligomers
initially assembled on mica (Fig. 4.2a). In marked
contrast to amylin fibrillization on mica, amylin
oligomers did not align and elongate into fibrils
on anionic membranes but rather assembled
into channel- or pore-like structures (Fig. 4.4a,
10 min, arrowheads). Interestingly, AFM revealed
that amylin oligomers preferentially deposited on
planar PC:PS membranes (Fig. 4.4a, 5 min) and
much less frequently (<3 % of all particles) on
mica surfaces (Fig. 4.2a, 5 min). This result dem-
onstrates that amylin interacts with anionic mem-
branes earlier during the oligomeric stage of
aggregation, which most likely serve as a catalyst
for amylin oligomerization. 3D image analysis
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revealed a characteristic fourfold rotational
symmetry of self-assembled supramolecular
complexes of amylin featuring a central pore
(Fig. 4.4b, PC:PS, 10 min; inset). The majority of
self-assembled amylin complexes on planar
PC:PS membranes exhibited tetrameric and,
at times, pentameric globular organization
(Fig. 4.4b, right panels). Tetrameric amylin com-
plexes accounted for ~95 % of all supramolecular
amylin structures assembled on the membranes.
Less than 5 % of amylin complexes were pen-
tamers (7 out of 163 particles examined, n=3).
A twofold symmetrical organization of amylin
and other amyloid proteins, incorporated first
into liposomes and subsequently into planar
membranes, has been previously demonstrated
(Quist et al. 2005). In our study, which replicates
amylin interactions with the pancreatic p-cells,
we showed that amylin oligomers in solution can
also directly assemble into symmetrical channel-
like structures on pre-formed planar membranes.
This may be relevant for the pathology of diabe-
tes, as amylin and other amyloid proteins interact
with cellular membranes and are cytotoxic when
assembled into oligomers (Haataja et al. 2008;
Ritzel et al. 2007; Trikha and Jeremic 2011).
Interestingly, the sizes of amylin globular parti-
cles assembled on planar membranes (Fig. 4.4b)
were in the same range (20—40 nm) as the soluble
intermediate-sized cytotoxic amylin particles
reported earlier (Janson et al. 1999). As expected
from the peptide’s amphiphilic nature, cytotoxic
amylin oligomers readily form ion-permeable
channels in bilayers and in cell membranes
(Mirzabekov et al. 1996; Quist et al. 2005; Trikha
and Jeremic 2011; Zhao et al. 2014). Besides
forming channel-like structures, amylin also
accumulates on membranes as unstructured
amorphous aggregates (Fig. 4.4a, left panel;
arrows), resembling in size (300-500 nm) and
morphology the amyloid deposits often associ-
ated with T2DM (Jaikaran and Clark 2001).
Incorporation of cholesterol into anionic mem-
branes (PC:PS:Chol, 2.3:1:0.8 mol:mol:mol) re-
directed the surface distribution of amylin
aggregates (Fig. 4.4a, right panel). While oligo-
mers were observed again during the first 5 min
of aggregation on cholesterol-containing mem-
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Fig. 4.4 Dynamics and organization of amylin aggre-
gates on planar membranes. (a) Amylin (20 uM) at time
zero was injected into the imaging chamber and the pep-
tide membrane assembly was monitored in real time by
time-lapse AFM. All micrographs are 5x5 pm, and are
taken at the same time intervals of 5 min. (b) Section anal-
ysis of amylin aggregates on anionic membranes.
Channel-like topology of two amylin supramolecular
complexes featuring a central pore is shown (b, PC:PS,
2.8:1.2 mol:mol, 10 min, inset). High-resolution 2D AFM
micrographs of several amylin supramolecular complexes
on PC:PS membranes are shown. Tetrameric and pentam-
eric subunits are outlined (b, right panel). Bar is 50 nm.
(¢) Quantitative analysis of cholesterol-regulated amylin

branes, amylin further aggregated and concen-
trated in discrete areas measuring 300-500 nm in
diameter (Fig. 4.4a, 10-20 min; PC:PS:Chol).
Presence or absence of channel-like structures on
these membranes could not be verified due to a
strong clustering effect of cholesterol from the
very early stages of amylin aggregation.

To further understand how phospholipids and
cholesterol modulate amylin surface deposition
and to learn more about the regulatory mecha-
nisms driving aggregation, we measured amylin

(=]

Time (min)

assembly on anionic membranes. Presence of cholesterol
in planar membranes (PC:PS:Chol,2.3:1:0.8 mol:mol:mo
1, circles) stimulates a significant increase in the size
(height) of amylin aggregates over time when compared
with  cholesterol-depleted =~ membranes (PC:PS,
2.8:1.2 mol:mol, filed squares, ¢, height plot). Cholesterol
abrogates amylin deposition and overall membrane sur-
face coverage with amylin (c, surface plot). Cholesterol
also inhibits seeding of amylin aggregates on PC:PS
membranes (¢, particle plot). The mean (V,,) and the total
particle volume (V) of amylin aggregates on PC:PS mem-
branes are significantly different in the presence of cho-
lesterol after 20 min (*p<0.05 and **p<0.01, n=3
Student’s #-test) (¢, volume plot)

accumulation on planar membranes using single-
particle analysis as explained above (see
Fig. 4.2b). The regulatory effect of cholesterol
was quite obvious from the early stages of amylin
aggregation (10 min and thereafter; Fig. 4.4a—c).
Over time there was a significant increase in the
height of amylin aggregates due to the large clus-
tering effect of cholesterol (Fig. 4.4c, height
analysis). This was accompanied by an overall
decrease in amylin deposition across the planar
membranes (Fig. 4.4c, surface analysis). As amy-
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lin aggregated and accumulated in some mem-
brane areas, other regions of the membrane were
virtually devoid of the protein aggregates
(Fig. 4.4a, right panel). Consequently, amylin’s
capacity to form an extensive network of amyloid
aggregates on the membrane was diminished in
membranes that contained cholesterol (Fig. 4.4a, c,
surface analysis).

Similar to most amyloid proteins, amylin
aggregation is nucleation-dependent (Khem-
temourian et al. 2008; Padrick and Miranker
2002). Consistent with the “nucleation” hypoth-
esis, amylin seeding was diminished in the pres-
ence of cholesterol: a sevenfold decrease in the
number of amylin particles was observed on pla-
nar anionic membranes that contained choles-
terol as compared to those that lacked cholesterol
(Fig. 4.4c, particle analysis). This phenomenon
may also account for the observed inhibitory
effect of membrane cholesterol on initial (nucle-
ation) phase of amylin polymerization in solution
evoked by anionic liposomes (Fig. 4.3a). As the
number of amylin particles diminished in the
presence of cholesterol (Fig. 4.4a), their size and
average volume increased over time (Fig. 4.4a, c,
volume analysis). The mean volume V,, of amy-
lin particles was larger on lipid membranes than
on mica. A further, much larger increase in par-
ticle size was detected on membranes containing
cholesterol (PC:PS:Chol. Fig. 4.4c, volume anal-
ysis). However, the total volume V, of amylin
aggregates on the cholesterol-containing mem-
branes significantly decreased when compared to
the cholesterol-free membranes (Fig. 4.4c vol-
ume analysis, inset) due to a large decrease in the
amylin seeding capacity (Fig. 4.4c, particle anal-
ysis). Thus, in the presence of cholesterol, amylin
aggregated and accumulated on planar mem-
branes as submicron-sized protein clusters, which
served as templates for the ongoing amylin bind-
ing and aggregation.

Comparisons of AFM micrographs and amy-
lin growth curves on surfaces bearing different
physicochemical properties (Fig. 4.5, upper
panel) revealed that amylin monomers polymer-
ize via two distinct mechanisms: on stiff and
polar mica, amylin formed fibrils by longitudinal
bi-directional extension of full-grown spherical
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oligomers, or nuclei, measuring ~6 nm in height
and ~90 nm in diameter (Fig. 4.2), and on soft
negatively-charged PC:PS planar membranes
amylin formed pore-like supramolecular struc-
tures that self-assembled from ~25 to 35 nm
diameter globular subunits or oligomers (Figs. 4.4
and 4.5, lower panel). AFM revealed another
important feature of amylin aggregates on planar
membranes. Amorphous deposits and channel-
like structures that were formed during the early
(5-10 min) stages of amylin aggregation did not
transition into new structures, although the total
amount and size of amorphous aggregates
increased over time (Figs. 4.4 and 4.5). These
findings signify the important contribution and
long-lasting effect of lipids and cholesterol in the
regulation of amylin aggregation, summarized in
Fig. 4.5 (lower panel).

To test if the regulatory effect of cholesterol is
charge-specific, amylin aggregation was also
studied on neutral PC membranes that lack or
include cholesterol (Fig. 4.5, upper panel). As in
anionic PC:PS-membranes (Figs. 4.4c and 4.5),
the presence of cholesterol in neutral PC mem-
branes (PC:Chol, 3.2:0.8 mol:mol) stimulated an
increase in the height of amylin aggregates by
almost twofold, from 6.2+0.9 to 11.9+1.7 nm
(mean + SEM). Similar to anionic membranes
(Fig. 4.4, PC:PS:Chol), the presence of choles-
terol in neutral membranes resulted in heteroge-
neous amylin distribution and clustering over the
membrane surface with a mean particle (cluster)
radius of 196+19 nm based on section analysis
reported previously (Fig. 4.5, PC:Chol upper
panel) (Cho et al. 2009). Thus, the amylin clusters
on neutral membranes (PC:Chol) were 20-30 %
smaller compared to those formed on cholesterol-
containing anionic (PC:PS:Chol) membranes
(Fig. 4.5, upper panel). Collectively, our results
demonstrate the intrinsic ability of cholesterol to
regulate amylin aggregation and deposition on
membranes, irrespective of the chemical compo-
sition or charge of the membrane (Cho et al.
2009).

Amylin’s self-assembly into non-fibrillogenic,
channel-like structures on neutral and anionic
membranes (Figs. 4.4 and 4.5) suggests that
physical properties, rather than specific chemical
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Fig. 4.5 AFM analysis of membrane-directed amylin
self-assembly. High-resolution 2D AFM micrographs
(top panel) reveal distinct patterns of amylin aggregation
and deposition on different surfaces. Note the clustering
of amylin aggregates on cholesterol-containing mem-
branes, PC:Chol (3.2:0.8 mol:mol) and PC:PS:Chol
(2.3:1:0.8 mol:mol:mol) and their homogenous distribu-
tion/aggregation on cholesterol-free membranes, PC and
PC:PS (2.8:1.2 mol:mol). In contrast to mica, no fibrils
were detected on either membranes. Micrographs are
2x2 um. Bottom panel: Proposed pathway of amylin
polymerization and accumulation on different surfaces.
The form and amount of amylin deposits correlate with
the physicochemical properties of the supporting surface.
On stiff polar mica surface, amylin monomers (/eft) asso-

properties of the membrane, determine its
susceptibility to distinct amyloid forms. For
example, B-amyloid oligomers, but not fibrils,
were found to be enriched in neuronal membrane
lipid rafts (Schneider et al. 2006), which are dis-
crete membrane segments with phospholipids in
a liquid-ordered phase. Cholesterol is a known
regulator of membrane fluidity. It is found in
lipid rafts and many endomembranes, where it
establishes a sorting platform for a scaffold of
various protein-lipid complexes important for
cell signaling, endocytosis and other essential
physiological processes (Simons and Toomre 2000).

ciate into spherical oligomers that align and elongate
overtime to produce mature fibrils that randomly distrib-
ute across the surface (mica). On soft planar membranes,
amylin self-assembles into globular highly symmetrical
supramolecular structures featuring a central pore.
Unstructured amorphous amylin aggregates are also
formed on this surface (membrane). Incorporation of cho-
lesterol into planar membranes redirects amylin surface
deposition by stimulating formation of larger, but fewer
amylin clusters (memb+chol). Consequently, the mem-
brane surface area free of amylin deposits increases sig-
nificantly, which diminishes amylin accumulation. Three
major polymorphic forms, a fibril, a pore and a single
cluster formed during amylin polymerization on different
surfaces, are presented top to bottom (bottom panel)

It is therefore quite possible that, by modulating
membrane fluidity and/or membrane curvature
(Chen and Rand 1997; Smith et al. 2009), cho-
lesterol also regulates amylin-lipid interactions
and amylin aggregation observed in our studies
(Cho et al. 2008, 2009; Trikha and Jeremic 2011).

Another possibility is that amylin directly
interacts with cholesterol in the membrane.
Amylin, as a monomer, has a strong tendency to
insert into phospholipid monolayers (Engel et al.
2006). This event may set a stage for direct
peptide-cholesterol interactions in the membrane
core. To test if cholesterol can directly interact
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with amylin, we evaluated their interaction by
ThT aggregation assay and CD spectroscopy
(Cho et al. 2008, 2009). The presence of soluble
cholesterol (1:1 and 1:2 mol/mol peptide/sterol
ratios) impeded amylin aggregation in solution in
two major ways: it prolonged the lag (nucleation)
phase and it decreased the fibrillization rate by
16-fold, from k=8.32x102 s7' (amylin) to
k=5.2%x10"* s7! (amylin plus cholesterol) (Cho
et al. 2008, 2009). These results are consistent
with inhibition of both fibril nucleation and elon-
gation. These reconstituted studies have demon-
strated that cholesterol may directly affect amylin
conformational changes in solution and possibly
in the membranes. However, whether human
amylin directly interacts with cholesterol in
plasma and/or endomembranes still remains to be
confirmed.

Plasma Membrane
Cholesterol Restricts
Aggregation of Human
Amylin on Cellular
Membranes and Amylin’s
Toxicity

4.7

Experiments performed with synthetic liposomes
and planar membranes provided important
although indirect evidence for the role of mem-
branes in aggregation of amylin and other amy-
loid proteins. To confirm that native membranes
modulate amylin’s turnover and toxicity in situ,
we resorted to cellular studies (Trikha and
Jeremic 2011, 2013). In our experimental setup,
monomeric human amylin was added to pancre-
atic rat and human islet cells in which we system-
atically varied plasma membrane cholesterol
levels using cholesterol biosynthesis inhibitor
lovastatin (Lov) and/or cholesterol-depleting
agent, beta-cyclodextrin (BCD). The extent of
human amylin aggregation (Fig. 4.6) and toxicity
(Fig. 4.7) in cholesterol-containing and
cholesterol-depleted cells was assessed over 24 h
by confocal microscopy (Trikha and Jeremic
2011). Oligomers were detected with the
oligomer-specific A;; antibody (Fig. 4.6a) that
does not react with either monomers or fibrils
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(Kayed et al. 2003). To detect human amylin
monomer distribution on the PM and inside the
cells (Fig. 4.6b), we used a human-specific amy-
lin antibody that does not cross-react with the rat
isoform or large oligomers/aggregates (Trikha
and Jeremic 2011). In addition to human amylin,
we used the lipid raft marker, cholera toxin
(CTX), and the clathrin endocytotic marker,
transferrin  (not shown), to determine the
specificity of amylin monomer and oligomer
binding to the cell PM (Fig. 4.6).

Amylin and CTX were sequentially (Fig. 4.6)
or concurrently (Trikha and Jeremic 2011) incu-
bated with cultured pancreatic insulinoma RIN-
m5SF cells for the indicated periods of time, fixed
and processed for immunochemical analysis. In
experiments in which amylin and CTX were con-
currently incubated with cells, immuno-confocal
microscopy revealed a punctuated staining pat-
tern of CTX and amylin oligomers on the cell
PM, exhibiting high spectral overlap (yellow)
and a high co-localization coefficient
(R=0.74£0.09) in discrete membrane regions
(Trikha and Jeremic 2011). Changes in the cell
morphology characterized by the appearances of
elongated protrusions were frequently observed
in cultures treated with human amylin (Trikha
and Jeremic 2011). Amylin oligomer binding
and uptake were particularly noticeable in protru-
sions. However, amylin oligomers also co-
patched with the lipid raft marker CTX in other
PM regions (Trikha and Jeremic 2011, 2013).
This suggests that amylin oligomers accumulate
at specific microdomains, possibly lipid rafts, on
the cell PM prior to their uptake.

To exclude a possible modulatory effect of
CTX on amylin binding, sequential incubations of
rat insulinoma cells with amylin and CTX were
performed. Following the incubation with amylin,
cells were further incubated with CTX for 30 min
at 4 ° C. Amylin oligomers and CTX once more
co-localized on the cell PM (Fig. 4.6a, 30 min).
Prolonging the incubation period from 30 min to
24 h allowed amylin oligomers in the microdo-
mains to internalize, as demonstrated by a ~50 %
drop in amylin oligomer/CTX colocalization
values (Fig. 4.6a) (Trikha and Jeremic 2011).
Upon depletion of PM cholesterol with BCD/Lov,
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Fig.4.6 Binding and clustering of amylin oligomers into
microdomains on the cell PM requires cholesterol. (a)
Confocal microscopy analysis of amylin oligomer and
cholera toxin (CTX) distribution on the cell
PM. Characteristic binding profiles of amylin oligomers
on the cell PM for each treatment (within boxes, right
panel) are rendered in gray tones for easier particle com-
parisons, which are presented side by side with the origi-
nal fluorescence images (left panels). Note the
time-dependent increase in the number of internalized
amylin oligomers (control, 30 min vs. 24 h, left panel),
which prevents accumulation of amylin oligomers on the
cell PM (control, 30 min vs. 24 h, right box). Single par-
ticle analysis demonstrates a threefold increase in the
number of amylin oligomer clusters, or puncta, on the PM

a significant decrease in colocalization of amylin
oligomers with cholera toxin on the cell PM was
observed indicating amylin/CTX particle de-clus-
tering and their dispersions across the cell surface
(Fig. 4.6a). In line with this finding, image and
single-particle analysis revealed that the mean
particle area of PM-bound amylin oligomers
(Fig. 4.6a, right boxed panel) in cholesterol-
depleted cells (BCD/Lov) decreased significantly
as compared to control cells (Fig. 4.6a, particle
analysis). Conversely, the number of amylin
oligomer clusters, or puncta, on the PM of choles-
terol-depleted cells increased by threefold relative

(particle no.), and their dispersion across the PM in
cholesterol-depleted cells (mean particle area).
Significance established at *p<0.05, **P<0.01 control
vs. BCD/Lov, and #p<0.05, ##p<0.01 BCD/Lov vs.
BCD/Lov/Chol. (b) Amylin monomer internalization is
not blocked by cholesterol depletion. Confocal micros-
copy demonstrates internalization of amylin monomers
both in controls (hA) and cholesterol-depleted cells (hA +
BCD/Lov). No significant (NS) change in PM-binding
pattern of amylin monomers (right boxes) was noticed
upon cholesterol depletion. PM cholesterol does not mod-
ulate amylin deposition on the PM. The number of amylin
puncta on PM (particle no.) and their area (mean particle
area) did not change significantly upon depletion of PM
cholesterol by BCD/Lov. Bars are 5 um

to control cells (Fig. 4.6a, particle analysis).
Consequently, cell surface coverage by amylin
oligomers increased by ~twofold in cells with
reduced PM cholesterol content as compared to
control cells (Fig. 4.6a, right boxed panel). This
inhibitory effect of BCD/Lov on clustering of
amylin oligomers on the PM was also observed at
earlier time points, 30 min and 3 h (data not
shown). These results demonstrate that the seed-
ing (nucleation) capacity of amylin oligomers and
their ability to form a dense network of amyloid
aggregates on the PM were augmented in cells
with impaired cholesterol homeostasis.
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Clustering of amylin oligomers on the PM
was fully restored following replenishment of
PM cholesterol (Fig. 4.6a), indicating that amylin
oligomer deposition on the PM is modulated by
cholesterol and is reversible. These findings are
in full compliance with the inhibitory and clus-
tering effect of cholesterol on amylin aggregation
on synthetic membranes (Figs. 4.4 and 4.5) (Cho
et al. 2008, 2009).

In contrast to oligomers (Fig. 4.6a), fewer
amylin monomers co-localized with the lipid raft
marker CTX on the PM during the first 30 min of
incubation with cells (Fig. 4.6b). However, anal-
ogous to the binding of oligomers (control
30 min, Fig. 4.6a right boxed panel), amylin
monomers exhibited a discrete, punctuated stain-
ing pattern on the cell PM during that period
(control 30 min, Fig. 4.6b right boxed panel).
Interestingly, the degree of colocalization
between amylin monomers and CTX also
decreased significantly upon cholesterol deple-
tion with BCD/Lov (Fig. 4.6b), albeit to much
lesser extent than for amylin oligomers
(Fig. 4.6a). In contrast to oligomers, the number
and the mean particle area of amylin monomer
puncta at the cell PM remained almost the same
in control and BCD/Lov-treated cells (Fig. 4.6b
image and graphs) (Trikha and Jeremic 2011),
indicating that clustering of amylin monomers
into microdomains on the cell PM is not affected
by PM cholesterol. Specificity of amylin and
CTX binding is further demonstrated in experi-
ments in which transferrin, a marker of clathrin-
dependent endocytosis, was used (Trikha and
Jeremic 2011, 2013). Colocalization analysis
revealed that neither amylin monomers nor oligo-
mers colocalize with transferrin on the cell PM
(Trikha and Jeremic 2011). Similarly, CTX and
Trf were found to bind to distinct regions on the
cell PM. Collectively, our studies depicted in
Fig. 4.6 (Trikha and Jeremic 2011) imply that
PM cholesterol reversibly and specifically deter-
mines binding and distribution of amylin oligo-
mers, but not monomers, on the cell PM.

We also investigated whether, and to what
extent, variations in PM cholesterol levels affect
amylin toxicity in rat and human pancreatic islet
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cells. Cells were treated or not with BCD and/or
Lov and then exposed to human amylin. Following
24 h incubation, cells were analyzed by confocal
microscopy for the presence or absence of apop-
totic markers, cleaved caspase-3 and PS external-
ization (Fig. 4.7). Amylin was toxic to cultured
human islet cells, albeit with notably higher
potency (LDsy=2.5 uM) as compared to its toxic
effect in rat insulinoma cells (LDsy=15 pM).
Human amylin (hA, 2 uM) evoked apoptosis in
43+5 % of cultured human islet cells. The combi-
nation of BCD (5 mM, 10 min) and lovostatin
(0.5 uM, 24 h), reduces PM cholesterol to 67 +4 %
relative to controls (Trikha and Jeremic 2011),
which in turn increases amylin toxicity by a
34+5 % as compared to cells with normal mem-
brane cholesterol content (Fig. 4.7, image and his-
togram). Addition of soluble cholesterol together
with BCD/Lov replenishes cholesterol levels
(94+5 % in BCD/Lov/Chol relative to controls),
which reverses the stimulatory effect of BCD/Lov
on amylin toxicity. As demonstrated in rat insuli-
noma cells (Trikha and Jeremic 2011), Lov alone
had a small insignificant stimulatory effect on
amylin toxicity in human islet cells (<10 %, data
not shown). Finally, incubation of human islet
cells with soluble cholesterol (50 pg/ml) increases
PM cholesterol levels by 14+6 % relative to con-
trol cells (Trikha and Jeremic 2011) and further
attenuates amylin toxicity (Fig. 4.7). A strong
inverse relationship between PM cholesterol lev-
els and amylin toxicity in human islets is obtained
(Fig. 4.7, graph). The inhibitory effect of PM cho-
lesterol on amylin toxicity in human islets was
confirmed with the LDH-release assay (Trikha
and Jeremic 2011). Similarly, Western blot analy-
sis demonstrates extracellular accumulation of
low-molecular-weight amylin monomers and
dimers and intermediate-sized oligomers upon
PM-cholesterol depletion with BCD/Lov, and
their efficient clearance by islet cells upon PM
cholesterol reloading with soluble cholesterol
(BCD/Lov/Chol). In line with these findings, con-
focal microscopy shows that cholesterol supple-
mentation stimulates, while PM cholesterol
depletion decreases amylin oligomer internaliza-
tion in human islet cells (Trikha and Jeremic 2011).
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Fig.4.7 PM cholesterol prevents toxicity of soluble amy-
lin oligomers in cultured human islet cells. Confocal
microscopy analysis of phosphatidylserine (PS) external-
ization and caspase-3 proteolytic activation by amylin in
cells with normal, depleted and enriched cholesterol lev-
els (micrographs, left panel). Arrows depict non-apoptotic
nuclei (blue) in viable cells, whereas arrowheads depict
fluorogenic caspase-3 substrate found in the nuclei of
apoptotic cells, giving these nuclei a green/blue appear-
ance. The majority of PS-positive cells (red) show shrink-
age and nuclear condensation (arrowheads) indicative of
apoptosis (hA and hA+BCD/Lov). Bar is 10 um. Linear
regression analysis shows an inverse relationship between

These results demonstrate a major role of PM
cholesterol in amylin turnover and toxicity in
human islets.

Role of Cholesterol

and Phospholipids

in Aggregation and Toxicity
of Other Amyloid Proteins

4.8

Amyloid formation, or amyloidogenesis, an
intrinsic property of all polypeptides (Chiti and
Dobson 2006) is a process by which soluble pro-
teins aggregate into insoluble, structurally con-
served unbranched fibers that are characterized
by resistance to proteinase K digestion, dye bind-
ing specificity, and ordered p-sheet-rich structure
(Sipe et al. 2010). Amyloids can be broadly
categorized into detrimental and functional.
Detrimental amyloids, which cause protein
misfolding in amyloid diseases, include huntingtin
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amylin-induced cell death and PM cholesterol levels. The
extent of cell death evoked by amylin was plotted as a
function of variable PM cholesterol levels in controls and
treatments (apoptosis vs. cholesterol, graph). Quantitative
analysis of amylin-induced apoptosis in human islets (cas-
pase-3/annexin, graph) reveals a significant increase in
amylin toxicity in cholesterol-depleted cells as compared
to controls (@ @p<0.01 hA vs. control, **p<0.01 hA vs.
treatments, right panel). Replenishment of PM choles-
terol levels significantly decreased amylin toxicity
(##p<0.01 hA+BCD/lov vs. hA+BCD/Lov/Chol)

implicated in Huntington’s disease, a-synuclein
implicated in Parkinson’s disease, prion protein
implicated in Creutzfield-Jacob’s disease, super-
oxide dismutase implicated in amyotrophic
lateral sclerosis, and amyloid-p (AP) peptide
implicated in Alzheimer’s disease, transthyretin
implicated in transthyretin familial amyloidosis,
Tau implicated in frontotemporal lobar degenera-
tion etc. Some of these proteins, including Af,
a-synuclein, serum amyloid A (implicated in
inflammation-linked amyloidosis) and other apo-
lipoproteins (implicated in systemic amyloidosis
and atherosclerosis) are described in other chap-
ters in this volume. Functional amyloids are an
integral part of the normal physiology of the cell
and include curli, chaplin, URE2p and PmeL17.
Curli found in E. coli plays a role in biofilm for-
mation and mediates infection. Chaplin found in
Streptomyces plays a role in protection against
water surface tension. URE2p found in
S. Cerevisiae plays a role in nitrogen catabolism,
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and Pmel17 found in humans play a role in melanin
synthesis (Granzotto et al. 2011; Lau et al. 2007;
Rymer and Good 2000).

High local concentrations of proteins accumu-
lating on biological surfaces, such as the plasma
or organelle membranes, and the physicochemi-
cal properties of membrane lipids that interact
with these proteins may accelerate aggregation
and fibril formation (Burke et al. 2013).
Interestingly, while there have been reports of
cholesterol and phospholipids stimulating amy-
loid aggregation and enhancing amyloid-
mediated toxicity, there have also been contrasting
reports describing that cholesterol and phospho-
lipids reduce aggregation and toxicity of a variety
of amyloid proteins. Moreover, distinct mecha-
nisms are reported for the effects of cholesterol
and phospholipids on amyloid protein aggrega-
tion and toxicity. It is widely reported that high
levels of cholesterol aggravate Alzheimer’s dis-
ease (Cossec et al. 2010) by promoting the gen-
eration of AP peptide (Barrett et al. 2012) and
stimulating its aggregation. Barrett et al. have
shown that the carboxyl terminal transmembrane
domain of amyloid precursor protein binds cho-
lesterol and is cleaved by y-secretase to generate
AP peptides. This promotes the possible use of
cholesterol lowering drugs, like statins, in the
control of Alzheimer’s pathology (McGuinness
and Passmore 2010). Another elegant study that
supports the enhancing role of cholesterol in the
aggregation of amyloid precursor proteins (APP)
(Hayashi et al. 2000) provides evidence that APP
is not present in caveolae or caveoli-like domains
of the cell membrane but in cholesterol rich
microdomains which may be linked to the matu-
ration of APP in a cell type specific manner.
Exogenously applied amyloid beta peptides and
tau protein have also been reported to accumulate
in lipid rafts, in turn affecting their mobility
(Williamson et al. 2008).

There are multiple reports that anionic
phospholipids like phosphatidylserine provide
‘docking sites’ where amyloid aggregates can be
nucleated, resulting in toxicity through disruption
of the membrane (Zhao et al. 2004, 2005; Lee
et al. 2002). For example, native-like aggregates
of the toxic prion protein Ure2p dock preferentially
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on PS, speeding up aggregation and dampening
toxicity (Pieri et al. 2009). The conversion of
another normal cellular predominantly o-helical
prion protein isoform, PRPC, to the protease-
resistant, p-sheet-rich PRPSC isoform is enhanced
by the presence of cholesterol-rich phospholipid
membranes at ambient conditions (Rymer and
Good 2000). In addition to cholesterol and phos-
pholipids, fatty acids are abundantly found in
membranes. For example, docosahexaenoic acid
(DHA) is abundant in the vicinity of a-synuclein
in neuronal membranes of patients with
Parkinson’s disease, and has been reported to
enhance a-synuclein aggregation (De Franceschi
etal. 2011).

At the physiological concentration (5 pM) at
which cholesterol is found in the cerebrospinal
fluid, it is reported to slow down, but not block,
aggregation of B-amyloid complexes, in the pres-
ence or absence of metal ions. On the other hand,
cholesterol compensates for membrane damage
induced by AP peptides, preventing their toxic
effects (Granzotto et al. 2011). Lipid rafts formed
by cholesterol-rich microdomains in membranes
are an attachment target for A peptides.
Antagonists of platelet-derived growth factor and
inhibitors of phospholipase A2 inhibit the release
of cholesterol from cholesterol esters, thereby
reducing lipid rafts that traffic Ap peptides, which
in turn lead to the increase of cytosolic degrada-
tion of A (Simmons et al. 2014). The apoptotic
accumulation and redistribution of AP peptides
on the neuronal cell membrane and in lipid rafts
is reported to depend on a non-receptor tyrosine
kinase that increases phosphorylation of mem-
brane associated proteins (Williamson et al.
2008). Apolipoprotein E4, an established risk
factor for Alzheimer’s disease and cerebral amy-
loid angiopathy, affects clearance of Af peptides.
ApoE4 preferentially forms plaques in the cere-
bral vessels rather than cerebral parenchyma by
altering the ratio of AP(1-40) and Ap (1-42)
(Fryer et al. 2005).

In summary, during the last three decades
investigators working in the amyloid field have
made major progress by illuminating important
regulatory mechanisms and cellular factors impli-
cated in turnover and function of amyloid proteins
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such as human amylin. Studies reveal exactly how
membrane-associated lipids and cholesterol mod-
ulate aggregation of human amylin and other
amyloid proteins and how islet amyloid is formed
and processed in cells, interacts with membranes
and affects cellular functions. The knowledge
gained in these studies offers exciting opportunity
for development of novel approaches and drugs
that may eradicate or slow down progression of
amyloid-associated diseases.
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