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ABSTRACT Protein glycation, also known as nonenzymatic glycosylation, is a spontaneous post-translational modification
that would change the structure and stability of proteins or hormone peptides. Recent studies have indicated that glycation plays
a role in type 2 diabetes (T2D) and neurodegenerative diseases. Over the last two decades, many types of advanced glycation
end products (AGEs), formed through the reactions of an amino group of proteins with reducing sugars, have been identified and
detected in vivo. However, the effect of glycation on protein aggregation has not been fully investigated. In this study, we aim to
elucidate the impact of protein glycation on islet amyloid polypeptide (IAPP, also known as amylin) aggregation, which was
strongly associated with T2D. We chemically synthesized glycated IAPP (AGE-IAPP) to mimic the consequence of this hormone
peptide in a hyperglycemia (high blood sugar) environment. Our data revealed that AGE-IAPP formed amyloid faster than
normal IAPP, and higher-molecular-weight AGE-IAPP oligomers were also observed in the early stage of aggregation. Circular
dichroism spectra also indicated that AGE-IAPP exhibited faster conformational changes from random coil to its b-sheet fibrillar
states. Moreover, AGE-IAPP can induce normal IAPP to expedite its aggregation process, and its fibrils can also act as tem-
plates to promote IAPP aggregation. AGE-IAPP, like normal IAPP, is capable of interacting with synthetic membranes and
also exhibits cytotoxicity. Our studies demonstrated that glycation modification of IAPP promotes the amyloidogenic properties
of IAPP, and it may play a role in accumulating additional amyloid during T2D progression.
SIGNIFICANCE Our investigation aims to provide a general model for islet amyloid polypeptide (IAPP) amyloid formation
under hyperglycemia. In this study, we prove that protein glycation would change the amyloidogenicity of IAPP and
expedite the process of IAPP aggregation. Glycated IAPP also exhibits its cytotoxicity.
INTRODUCTION

Type 2 diabetes (T2D) is also characterized by the accumu-
lation of pathological pancreatic islet amyloid fibrils, and
islet amyloid polypeptide (IAPP) is the major component
of the amyloid deposits. More than 95% of the patients
suffering from diabetes are found to have amyloids in the
islets of Langerhans (1–4). IAPP is a 37-residue, C-terminal
amidated peptide hormone cosecreted with insulin from the
secretory granules of the islet b cells (5–8). The causal rela-
tionship between islet amyloid and T2D is not fully deter-
mined, but evidence has been found that IAPP oligomers
are toxic to b cells. We currently are unable to prevent its
aggregation and save b-cell function and mass (9–11). The
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IAPP aggregation process was generally considered as a
nucleation-dependent polymerization; as a result, fibril for-
mation kinetics are typically shown in the form of a
sigmoidal curve. Basically, there are three important stages:
IAPP monomers show a concentration-dependent lag time
during which no apparent aggregates were observed, fol-
lowed by an elongation phase when enough IAPP oligomers
were accumulated and served as seeds to induce rapid
aggregation. In the end, aggregation reached a reaction
plateau, in which the IAPP monomers are in equilibrium
with amyloid fibrils. The seeds somehow can be seen as a
template with special structural features to nucleate the for-
mation of large IAPP aggregates. Therefore, the lag time can
be significantly eliminated when a small portion of pre-
formed fibrils are present in a pool of IAPP monomers
(12). The structural characteristics of ‘‘toxic’’ IAPP oligo-
mers have not yet been primarily defined because of
their fast transformation. The amyloidogenicity of IAPP is
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believed to be determined by certain amino-acid sequences.
Residue modification or mutation on IAPP may affect its
propensity to form b-sheet conformation. For example, rat
IAPP only has six residues different from human IAPP,
whereas rat IAPP does not form amyloid (13). The trans-
genic mice that carry the human IAPP gene do lead to am-
yloid formation in vivo (14). Although the details of
interactions involved in the early stage of IAPP amyloid for-
mation are not well understood, a number of mutational
studies have shown that alterations on some of the amino-
acid side chain would significantly accelerate or decelerate
IAPP aggregation. Recently, deamidation, a kind of sponta-
neous nonenzymatic post-translational modification that
causes the change of asparagine into a mixture of aspartic
acid and isoaspartic acid, was discussed in modulating
IAPP self-assembly (15,16). One of the study results shows
that Asn 14 and Asn 21—but not Asn 22, Asn 31, and Asn
35—are key contributors to IAPP amyloid formation. Even
a small portion of deamidated IAPP (N14D) is capable of
inducing the aggregation of wild-type IAPP. A fragment
of residues 20–29 was first considered as an amyloidogenic
region because of the comparison of aggregation properties
of rat and human IAPP (17,18). However, a number of mu-
tations, including F15L and Y37L, occur outside of this re-
gion and show a different effect on the rate of IAPP
aggregation (19). These all suggest that IAPP aggregation
is very sensitive to residue change or post-translational
modifications.

Protein glycation, a very different process from glycosyl-
ation, usually occurs between a free amino group of a pro-
tein and the carbonyl group of reducing sugars, such as
fructose or glucose, and results in the permanent formation
of advanced glycation end products (AGEs). This process,
also called the Millard reaction, is a nonselective and nonen-
zymatic modification (20). In the past decades, the chemical
structures of a variety of AGEs formed during this nonenzy-
matic type of glycosylation have been intensively studied
and identified. Among these amino acids, the ε-amino group
of lysine and the guanidino group of arginine have been
identified as the main targets of protein glycation (21,22).
Among the AGEs, Nε-(carboxymethyl)-L-lysine, denoted
as CML, is the most frequent modification found in glycated
proteins (23). The formation of AGEs seems to promote the
deposition of modified proteins because of gaining of
further resistance to proteolytic degradation and removal
processes. When blood sugar is increased, the chance of
forming AGEs is greatly enhanced. Hence, these AGEs
have been initially connected with diabetes (20). Later, it
also has been proved to be involved in neurodegenerative
diseases including Alzheimer’s disease (AD) and Parkinson
disease (24). Because different amyloidogenic proteins in
amyloid deposits were found to be frequently glycated, a
strong correlation is suggested between protein glycation
and amyloidosis. However, glycation seems to cause
different effects on protein aggregation (25–28). As for
IAPP, a previous immunohistochemical study of pancreases
from individuals with T2D has strongly suggested that IAPP
is modified in amyloid deposits and AGEs colocalize with
the presence of IAPP-derived islet amyloids in pancreatic is-
lets, indicating that plasma IAPP may exist as a glycated
form (29,30). In earlier study, Bucala and his co-workers
first discussed the contribution of AGEs on islet amyloid
formation. They prepared AGE-modified IAPP in vitro by
incubating IAPP and glucose for 3 months at 37�C. The re-
sulting protein aggregates showed better seeding efficiency
than freshly dissolved IAPP and also exhibited higher cyto-
toxicity than control IAPP. These studies motivate us to
carefully deduce the role of glycation in amyloid formation
by IAPP from the view of a protein molecule.
MATERIALS AND METHODS

Peptide synthesis and purification

IAPP and AGE-IAPP were synthesized with a 0.05 mmol scale on a CEM

Liberty Lite microwave-assisted peptide synthesizer (CEM, Matthews, NC)

using Fmoc chemistry. A low loading of Rink Amide ProTide Resin

(0.18 mmol/g; CEM) was used as a solid-phase support and to generate

an amidated C-terminus after peptide cleavage. Diisopropylcarbodiimide

was used in the activation of a carboxylic group of Fmoc-protected amino

acids, and standard Fmoc reaction cycles were used. In addition, Fmoc-pro-

tected pseudoproline dipeptide derivatives were also incorporated at posi-

tions 8–9 and 27–28 to facilitate the synthesis (31). The b-branched

residues, the residues which follow after the b-branched residues, all Arg,

and all pseudoproline dipeptide derivatives were double-coupled to increase

synthesis yield. By default, His was coupled at 50�C to minimize racemi-

zation. For AGE-IAPP synthesis, the only but also the last Lys residue

was subsequently replaced by Fmoc-L-CML(OtBu) (Boc)-OH (N-a-

(9-Fluorenylmethyloxycarbonyl)-N-ε-t-butyloxycarbonyl-N-ε-(t-butoxy-

carbonylmethyl)-L-lysine; Iris Biotech, Marktredwitz Germany). Peptides

were cleaved from the resin by standard trifluoroacetic acid methods; water,

triisopropylsilane, and 3,6-dioxa-1,8-octanedithiol were used as scavengers

(trifluoroacetic acid/H2O/triisopropylsilane/3,6-dioxa-1,8-octanedithiol ¼
92.5:2.5:2.5:2.5). Crude peptides were partially treated with 20% acetic

acid (v/v) and freeze-dried by several cycles to increase peptide solubility.

Crude peptides were dissolved in oxidation solution, acetonitrile:H2O

(1:1, v/v) with CLEAR-OX resin (Peptides International, Louisville, KY)

to form the disulfide bond between Cys 2 and Cys 7. Peptides were purified

by reverse-phase high-performance liquid chromatography using a Proto

300 C18 semipreparative column (Higgins Analytical, Mountain View,

CA). A two-solution gradient was used: solution A consisted of 100%

H2O and 0.045% HCl (v/v), and solution B consisted of 80% acetonitrile,

20% H2O, and 0.045% HCl. The collected fractions were pooled and

lyophilized. The peptide molecular weight was confirmed by low-resolution

electrospray mass spectrometry (positive mode; AB SCIEX, Framing-

ham, MA). For IAPP (C165H261N51O55S2), calculated: 3903.28;

found: m/z 977.45 [M þ 4H]4þ, m/z 1302.73 [M þ 3H]3þ, and m/z

1953.66 [M þ 2H]2þ. For AGE-IAPP (C167H263N51O57S2), calculated:

3961.2; found: m/z 991.80 [M þ 4H]4þ, m/z 1321.84 [M þ 3H]3þ,
and m/z 1982.33 [M þ 2H]2þ.
Thioflavin-T assays

100 mg IAPP and AGE-IAPP protein powder were first treated with 100 mL

hexafluoro-2-propanol for 5–6 h at room temperature and lyophilized. The

resulting peptide powder was dissolved in 100 mL, 10 mM Tris buffer at pH

7.4 and centrifuged at 15,000 rpm for 10 min to remove preformed
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aggregates. The solution supernatant was transferred into another micro-

tube, and 10 mL of that was used to determine peptide concentration via

BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA). The pep-

tide solution was prepared at a concentration of 32 mMwith 32 mM thiofla-

vin-T (ThT). ThT assays were performed at 25�C in a sealed 384-well

nonbinding surface microplate (Corning, Corning, NY) without further

agitation. Measurements were made using a SpectraMax M2 multimode

microplate reader (Molecular Devices, San Jose, CA) with excitation at

430 nm and emission at 485 nm. The data were collected one time per

hour, averaged from triplicate wells, and plotted as fluorescence versus

time. For seeding experiments, the seeds were prepared by incubating

32 mM IAPP or AGE-IAPP in microtubes in a ThermoMixer (Eppendorf,

Hamburg, Germany) with continuous shaking at 500 rpm for 4 days to

form mature fibrils, and 10% of seeds (in monomeric unit) were added at

the beginning of the reaction.
Circular dichroism

Circular dichroism (CD) experiments were performed using a JASCO J-715

circular dichroism spectrometer (JASCO, Tokyo, Japan). The protein solu-

tions prepared for CD experiments were similar to the samples for ThT as-

says, but peptides were incubated in microtubes in a ThermoMixer

(Eppendorf), which shook at 500 rpm for 60 s/h. At desired time points,

samples were transferred into a 1 mm pathlength quartz cell. Spectra

were recorded from 198 to 260 at 1 nm intervals at 25�C. The data were

averaged from 10 scans and corrected with background spectrum.
Transmission electron microscopy

Transmission electron microscopy (TEM) was performed in the instrumen-

tation center at National Taiwan University using a Hitachi H-7100 trans-

mission electron microscope (Hitachi, Tokyo, Japan) with an accelerating

voltage of 120 kV. 5 mL of peptide solution from the end of ThT assays

was placed on a carbon-coated Formvar 300 mesh copper grid for 1 min

and then negatively stained by incubation with 2% sodium phosphotung-

state for another 1 min.
Photoinduced cross-linking of unmodified
protein

IAPP and AGE were prepared at 32 mM in 10 mM Tris buffer (pH 7.4) at

25�C. At the desired time, samples were cross-linked by adding 1 mM

Ru(bpy)3
2þ and 20 mM ammonium persulfate (APS) in 10 mM sodium

phosphate (peptide/Ru(bpy)3
2þ/APS ¼ 1:2:5) and illuminated with a

150 W incandescent light bulb for 5 s. The reaction was quenched by the

addition of 4� sodium dodecyl sulfate (SDS) sample dye, and samples

were separated by electrophoresis through a 13.5% Tris-tricine SDS poly-

acrylamide gel (SDS-PAGE). The gel was visualized by Western blot anal-

ysis with an antiamylin antibody (R10/99; Bio-Rad, Hercules, CA).
Dye leakage assays

Lipids—1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-di-

myristoyl-sn-glycero-3-phosphorylglycerol sodium salt (DMPG)—and

cholesterol (3:1:1) were first dissolved in 100% chloroform in a 50-mL

round-bottomed flask, and chloroform was evaporated with a stream of ni-

trogen gas to form lipid films. It was dried under a vacuum for 2–3 h to

completely remove the residual organic solvent. The lipid film was rehy-

drated by adding 50 mM carboxyfluorescein in 20 mM Tris buffer with

100 mMNaCl (buffered to pH 7.4 by adding NaOH). The solution was vor-

texed several times until the lipids were fully dispersed. The multilamellar

vesicles were then subjected to 10 freeze-thaw cycles and extruded 15 times

through 2-stacked 100-nm pore size filters with an Avanti Mini-Extruder
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(Avanti Polar Lipids, Alabaster, AL). Nonencapsulated carboxyfluorescein

was separated via size-exclusion chromatography using a PD-10 column

(GE Healthcare, Chicago, IL) and eluted with 20 mM Tris buffer with

100 mM NaCl at pH 7.4. The phospholipid concentration was determined

by phospholipid assay kit (colorimetric method; BioVision, Milpitas,

CA). Another membrane vesicle containing 49 mol% 1-palmitoyl-2-

oleoyl-glycero-3-phosphocholine (POPC), 21 mol% 1-palmitoyl-2-oleoyl-

sn-glycero-3-phospho-L-serine (POPS), and 30 mol% cholesterol was

also prepared in this study. Aliquots of IAPP or AGE-IAPP stock solutions

were added into carboxyfluorescein-filled vesicles to reach the desired pep-

tide/vesicle ratio (1:100). The final concentration of peptide for dye leakage

experiments is 12 mM. The released dye fluorescence assay was monitored

using an excitation wavelength of 492 nm and an emission wavelength of

517 nm after 8 h incubation at 25�C. The percent leakage of the dye is

calculated as 100 � (Ft � Fb)/(Fmax � Fb), where Fb represents the fluores-

cence intensity measured for vesicles with buffer and Fmax represents

maximal fluorescence signal obtained after addition of 1% of Triton

X-100 to induce complete dye leakage.
Cell culture

Murine insulin-secreting MIN6 cells, passage 20–30, were maintained in

Dulbecco’s Modified Eagle’s Medium (Gibco, Gaithersburg, MD) contain-

ing 25 mM glucose, 10% heat-inactivated fetal bovine serum (Gibco),

100 U/mL penicillin, 100 mg/mL streptomycin (Gibco), 10 mM HEPES

(Gibco), 1 mM sodium pyruvate (Gibco), and 2 mM GlutaMax (Gibco)

in a humidified atmosphere containing 95% air and 5% CO2 at 37
�C. Sub-

culture and maintenance were performed as previously described (32).

Cultured cells were passaged every 3–4 days.
Cell viability assay

MIN6 cells were seeded in a 96-well plate (8� 104 cells/well) and cultured

for 3 days before exposure to various concentrations of IAPP, AGE-IAPP,

IAPP/AGE-IAPP ¼ 1:1 for 4 and 24 h. After the indicated time, the media

were removed and then added to 100 mL growth medium containing 10 mL

Alamar Blue. After incubating for 4 h, the cell viability was quantified by

measuring the absorbance of the solution at 570 and 600 nm wavelength.
RESULTS AND DISCUSSION

Protein glycation enhances the amyloidogenicity
of IAPP

The primary sequences of IAPP and AGE-IAPP are both
shown in Fig. 1. To access the impact of protein glycation
on IAPP aggregation, we chemically synthesized AGE-
IAPP by replacement of Lys1, the only Lys residue, with
CML to mimic the consequence of protein glycation reac-
tion. Protein glycation is a complex process and involves
the formation of highly active dicarbonyl compounds, e.g.,
glyoxal, methylglyoxal, and 3-deoxyglucosone produced
from the early stage of the Millard reaction (33). These
active molecules would further react with an amino group
of protein side chains to generate AGEs (34). In particular,
CML is one of the well-characterized glyoxal-derived AGEs
and the major product formed from the reaction of Lys with
reducing sugars under physiological conditions (23). In the
past, a number of studies were also conducted to explore
the effect of protein glycation on protein aggregation. For



FIGURE 1 The primary sequence of IAPP and AGE-IAPP. The first

amino acid of AGE-IAPP was mutated by CML and AGE-IAPP was

used to study the effect of protein glycation on IAPP aggregation. Two

peptides were chemically synthesized with amidated C-terminus and

contain a disulfide bond between Cys2 and Cys7. To see this figure in color,

go online.

FIGURE 2 Glycation accelerates amyloid formation by IAPP. (a)

ThT-assay-monitored kinetic experiments for 32 mM IAPP (square) and

AGE-IAPP (dots) in 10 mM Tris buffer at pH 7.4 are shown. (b) ThT-assay-

monitored kinetic experiments for 32 mM IAPP (square) and AGE-IAPP

(dots) in 10 mM Tris buffer at pH 4.0 are shown. The kinetic experiments

were done in triplicate. (c) TEM image of amyloid fibrils formed by IAPP is

shown. (d) TEM image of amyloid fibrils formed by AGE-IAPP is shown.

The scale bar represents 200 nm.

Glycation Induces Amylin Aggregation
examples, modification of AD-related amyloidogenic pep-
tide (Ab) by AGEs has been shown to enhance peptide ag-
gregation in vitro (35–37). D-ribose glycation of insulin
prevents amyloid aggregation but produces cytotoxic spe-
cies (38). AGE-modified IAPP aggregates can nucleate
IAPP aggregation (29). In these studies, the glycated protein
preparation was usually achieved through incubation of a
high concentration of sugar with protein at 37�C in sterile
conditions for weeks and even for months. IAPP aggrega-
tion is a spontaneous process in aqueous solution, and no ex-
tra agitation was needed to initiate the reaction. We are
perhaps not able to prepare AGE-IAPP in nonaggregated
form by similar approaches. Therefore, we chose to chemi-
cally synthesize glycated IAPP and study how this modifica-
tion affects protein aggregation.

First of all, amyloid formation of both peptides was moni-
tored by the conventionally used fluorescent dye ThT. ThT
is a small molecule with benzothiazole structure, and the in-
crease of fluorescence of ThT upon binding to aggregates
makes it able to diagnose amyloid structure (39). Although
ThT is not perfectly specific for amyloid, previous studies
have successfully shown that it can be used to study IAPP
aggregation, and the concentration used here does not alter
the kinetics of IAPP. The data collected for IAPP show a
typical three stages as previously described. Under the con-
ditions used in this study, IAPP at 32 mM exhibited a lag
time of 30 h, whereas the ThT fluorescence intensity of
AGE-IAPP started to increase after 10 h incubation, sug-
gesting glycation modulated IAPP amyloid formation
(Fig. 2 a). Modification of Lys with CML accelerated amy-
loid formation, and the final ThT intensity of both peptides
after 80 h incubation was relatively similar. IAPP is one of
the naturally occurring amyloidogenic polypeptides; be-
sides residue changes, the rate of its aggregation is also sen-
sitive to some small changes such as solution condition,
including ion composition, ionic strength, and pH. For
example, studies have shown that increase of salt concentra-
tion leads to a significant reduction of the lag time. Anion,
but not cation, identity influences the rate of IAPP amyloid
formation to different extents even in the same ionic
strength (40). In addition, IAPP aggregation apparently
showed a pH-dependent manner, and the protonation states
of His 18 and the N-terminus were considered to be respon-
sible for the effects (41). To validate our observation of ac-
celeration effect caused by glycation, we also compared
IAPP and AGE-IAPP aggregation at low pH (Fig. 2 b). As
expected, we found that the low pH (pH 4.0) environment
significantly suppressed the aggregation of IAPP, which
agrees with previous results. Although AGE-IAPP also
showed retarded kinetics at pH 4.0, a clear 50 h lag time
can be recognized from a sigmoidal curve of AGE-IAPP
amyloid formation, indicating that the modification by
Biophysical Journal 116, 2304–2313, June 18, 2019 2307
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glycation does enhance the amyloidogenicity of IAPP. To
confirm the formation of amyloid fibrils by both peptides,
the ThT end products incubated in 10 mM Tris (pH 7.4)
were collected and subjected to TEM. Under the resolution
provided by TEM, both peptides were found to form typical
long and unbranched fibrils, and the fibril morphologies of
AGE-IAPP were very similar to IAPP, suggesting that gly-
cation on the first residue did not significantly change the
fibril structure. Although the fibril structure of IAPP has
not been totally decrypted, with the assistance of solid-state
NMR and other structure studies, IAPP fibrils are shown to
be composed of two columns of IAPP monomers that adopt
a U-shaped structure and contain two b-stands (42,43).
However, the first seven amino acids were not in the region
of the ordered b-sheet structure, it is understandable that
the fibril structure of AGE-IAPP could remain the same
as IAPP.
FIGURE 3 Effect of glycation on conformational change of IAPP. Time-

course CD spectra of IAPP (a) and AGE-IAPP (b) are shown. Peptides were

incubated in 10 mM Tris buffer (pH 7.4) with mild agitation (shaken 60 s

per hour at 500 rpm). The spectra were collected from 200 to 260 nm

after incubation for 0, 8, 12, 24, 36, and 48 h. To see this figure in color,

go online.
Glycation promotes the conformational change of
IAPP from random coil to b-sheet structure

IAPP is an intrinsically disordered protein. In general,
freshly prepared IAPP in aqueous solution exhibits primar-
ily random coil structure with transient helical conformation
(44). The conformation of IAPP would gradually convert to
b-sheets along with protein aggregation. Therefore, we
applied CD to record the secondary structure changes of
both IAPP and AGE-IAPP peptides. As shown in Fig. 3 a,
freshly dissolved IAPP first displayed a random coil struc-
ture and formed typical b-sheet conformation after 24 h of
incubation at pH 7.4. However, the CD spectra of AGE-
IAPP showed different signal profiles compared to IAPP.
After 12 h incubation, AGE-IAPP already exhibited a com-
bination of 50% random coil and 46% b-sheet structures,
which was estimated by BeStSel (45) (Fig. 3 b). After
that, the CD signals gradually disappeared. We speculated
that the loss of CD signals may be due to the formation of
insoluble fibrillar aggregates. TEM images for IAPP and
AGE-IAPP at 24, 36, and 48 h were taken to validate this
phenomenon (Fig. S1). Indeed, at 24 h, AGE-IAPP has
been found to form mature fibrils. In comparison with
IAPP, AGE-IAPP takes much less time to form b-sheet
structures, indicating that glycation induces conformation
changes of IAPP.
Glycation induces the formation of high-
molecular-weight IAPP oligomers

Most histological studies have shown that deposits of islet
amyloid are extracellular, but the initial occurrence site of
islet amyloid formation is not known. However, both intra-
cellular and extracellular IAPP oligomers were shown to
cause the death of pancreatic b cells (11,46). Understanding
the properties of toxic IAPP oligomers is therefore impor-
tant. Most observations were in agreement with the concept
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that IAPP oligomers are preamyloid lag-phase intermediates
and ThT signal negative. More recently, IAPP oligomers,
but not IAPP fibrils, are suggested to mediate b-cell toxicity
through the binding of the receptor for advanced glycation
end products (RAGE) to activate the proinflammatory
gene (47). RAGE can bind AGEs, including glycoprotein
modified through the Millard reaction. Generally, in dia-
betes and other chronic diseases, the level of RAGE is usu-
ally found to be elevated (21). Although it is not known
whether RAGE shows a preference for glycated IAPP olig-
omers, here, we first characterized the oligomer species
formed by IAPP and AGE-IAPP in the early stage of aggre-
gation. The relative abundance of monomeric or oligomeric
species of cross-linked IAPP was revealed by SDS-PAGE
with Western blotting. Samples were separated using a
13.5% Tris-Tricine gel, which can provide better identifica-
tion for protein size under 100 kDa. Fig. 4 showed that
freshly prepared IAPP and AGE-IAPP samples already ex-
hibited different protein molecular weight distribution.
The dominant species of IAPP were monomers, with
some oligomers between 15 and 25 kDa, whereas the mono-
meric AGE-IAPP was not observed. Faint dimer and trimer



FIGURE 4 Glycation promotes the formation of oligomer species.

32 mM IAPP and AGE-IAPP were incubated for 0 and 2 h, fixed by photo-

induced cross-linking of unmodified protein, and revealed by Western

blot to analyze oligomer distribution. I represents IAPP, and A represents

AGE-IAPP.
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bands were revealed, and tetramers, pentamers, and hexam-
ers are the most populated species of AGE-IAPP. After 2 h
incubation, IAPP also formed small oligomers in the
15–50 kDa range. However, the signal of protein bands
for AGE-IAPP was reduced. We conjectured that it may
form larger aggregates that are not soluble in solution for
gel separation. Later, we applied the similar approach using
a 4–20% gradient Tris-glycine gel to reveal the protein size
of AGE-IAPP. A smeared band range from 75 to 250 kDa
was shown, suggesting that glycation promotes the forma-
tion of high-molecular-weight oligomer species (Fig. S1).
The cause of formation of higher-molecular-weight species
by AGE-IAPP was not clear. However, it may help explain
the acceleration effect observed for AGE-IAPP aggregation.
IAPP is a positively charged polypeptide in pH 7.4. The gly-
cation modification would change the charge of the amino-
acid side chain at position 1 from positive to negative and
decrease the net charge of IAPP. Previous studies have
showed the decrease of net charge of IAPP does not always
promote amyloid formation (48). Therefore, a likely
explanation is that a new possible favorable electrostatic
interaction may be formed during AGE-IAPP aggregation
to overcome unfavorable electrostatic repulsion between
cationic peptides in the early stage oligomerization (40).
FIGURE 5 Glycation reduces lag time of IAPP aggregation. ThT fluores-

cence kinetics are shown for AGE-IAPP (solid circle); IAPP and AGE-

IAPP in a ratio of 1:3 (open circle), 1:1 (triangle), or 3:1 (diamond); and

IAPP (square). The total peptide concentration was fixed at 32 mM for

each condition. The kinetic experiments were performed in duplicate.
AGE-IAPP triggers amyloid formation by IAPP

As mentioned previously, AGE-IAPP formed amyloid fi-
brils faster than unmodified IAPP and proceeded with faster
conformational change from random coil to b-sheets. Thus,
we performed a coassembly experiment to confirm whether
the presence of AGE-IAPP can manipulate overall protein
aggregation. IAPP was incubated with AGE-IAPP at
different ratios from 3:1 to 1:3 (IAPP/AGE-IAPP), and total
protein concentration was fixed at 32 mM. Again, the amy-
loid formation by peptide mixture was monitored by ThT
fluorescence assay. Interestingly, no matter what percentage
of AGE-IAPP in the mixture, the kinetic profiles of amyloid
formation for conditions containing AGE-IAPP are almost
identical to the one of AGE-IAPP alone (Fig. 5). The lag
times of protein mixture are similar to the lag time of
AGE-IAPP but significantly shorter than IAPP alone. The
final ThT intensities of all conditions measured during reac-
tion plateau are statistically similar. We also performed the
experiment with a very low molar ratio of AGE-IAPP. Only
10% of AGE-IAPP is needed in mixture to see the acceler-
ation effect (Fig. S3). These data suggested that AGE-IAPP
can interact with IAPP and boost the aggregation of IAPP.
Even though the details of the conformations of IAPP during
this conversion are poorly understood, several models have
been proposed for the early stage of nucleation. For
example, IAPP was found to form a helix structure between
residue 5 and 20 in aqueous buffer and associate with other
helical peptide chains in a manner like the formation of
coiled-coil motif (44,49,50). On the other hand, data derived
from ion-mobility spectrometry-mass spectrometry assisted
with molecular dynamic modeling suggested that IAPP di-
mers were formed by two side-by-side IAPP monomers,
which may adopt the b-hairpin structure (51). More
recently, a 2D-IR study reported that IAPP would first
convert to ordered b-sheet oligomers, including FGAIL res-
idues before amyloid growth (52). Surprisingly, none of
them have been discussing the role of residues within the
N-terminal regions. However, a mutational study done by
Bitan’s group clearly showed that K1 would contribute
to IAPP self-assembly: an N-terminally truncated IAPP
analog, IAPP2–37, exhibited a much slower nucleation rate
and much weaker ThT final intensity compared to wild-
type IAPP (53). When IAPP is glycated by glyoxal on
Lys the electronic property of this residue would completely
change from positive charge to negative charge in
Biophysical Journal 116, 2304–2313, June 18, 2019 2309
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physiological pH environment and also alter the pI value of
IAPP. After modification, the pI value of AGE-IAPP
is �6.8, which is close to the pH of the working buffer.
The hydrophobic effect would become a more significant
attractive force among them. However, IAPP has not been
shown that the rate of aggregation does not correlate on
the net change of the peptide (48). Though we do not
know yet how the aggregation was prompted by introducing
of negative charge in the first residue, we speculated that the
negatively charged side chain of AGE-IAPP would interact
with unmodified IAPP through electrostatic interaction and
process a faster aggregation pathway.
AGE-IAPP fibrils can cross-seed amyloid
formation by IAPP

From TEM images, we found that the morphologies of fi-
brils formed by IAPP and AGE fibrils are quite similar under
an optimal resolution of the microscope. Therefore, we at-
tempted to explore more details about the structural similar-
ity between IAPP fibrils and AGE-IAPP fibrils by seeding
experiments and tested the potential of AGE-IAPP fibrils
in cross-seeding IAPP monomers. In general, preformed
amyloid fibrils can act as seeds to induce quick growth of
mature fibrils from protein monomers (29,54). Effective
seeding usually can be observed from a bypass of lag time
during aggregation, when fibrils serve as an appropriate
template for their own monomers. A difference in the struc-
ture of fibrils would normally affect seeding efficiency (55).
Here, the ThTassays were also applied in the seeding exper-
iment to monitor the process of aggregation. First of all, we
prepared IAPP fibrils to seed IAPP and AGE-IAPP mono-
mers (Fig. 6 a). Consistent with previous studies, 10%
IAPP fibrils (in its monomeric unit) can successfully seed
amyloid formation by IAPP monomers, resulting in a quick
increase of ThT intensity without an obvious lag time.
Similar phenomena were also observed when IAPP fibrils
were present at the beginning of AGE-IAPP aggregation.
Afterward, we used AGE-IAPP fibrils as seeds in seeding
FIGURE 6 Preformed AGE-IAPP fibrils can seed amyloid formation by IAPP

presence of 10% IAPP seeds (in monomeric unit) were monitored by ThTassays.

IAPP (open square) and AGE-IAPP (solid square) in the presence of 10% AGE

depicted with black dots represents unseeded AGE-IAPP. The final intensity w

32 mM peptide in 10 mM Tris buffer (pH 7.4) at 25�C without further agitation
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both peptides (Fig. 6 b). Compared with unseeded reactions,
IAPP and AGE-IAPP both formed amyloid fibrils much
faster in the presence of AGE-IAPP fibrils, suggesting that
both peptides can be seeded by AGE-IAPP fibrils. Our re-
sults clearly show that the fibril structure of AGE-IAPP is
very similar to that of IAPP. The glycation did not largely
change the IAPP fibril morphologies. Additionally, it is
worth noting that AGE-IAPP exhibited a faster elongation
rate than IAPP in both conditions. We demonstrated here
that glycation not only shortened the time of IAPP to form
active nucleus but also increased the rate of fibril growth.
AGE-IAPP maintains the ability to interact with
model lipid vesicles and exhibits cytotoxicity to
MIN6 cells

IAPP is a hormone produced from b-cells in the islets of
Langerhans and formation of islet amyloid has been shown
to induce apoptosis in the cell culture (5). Several mecha-
nisms have been proposed to describe how this small pep-
tide contributes to cell toxicity; however, so far, it has no
clear conclusion yet. In some in vitro studies, IAPP was
shown to be capable of damaging the cell membrane, and
the toxic properties of IAPP may be due to its interaction
with the membrane surface (9,10,56). Electrostatic interac-
tions were first considered to play a role in directing posi-
tive-charged IAPP to make contact with the negative
membrane surface (57,58). Indeed, IAPP was shown to be
more effective in inducing leakage of membrane containing
a high percentage of anionic lipids. In our study, glycation
apparently changes the electronic properties of the N-termi-
nus of IAPP. Therefore, we next examined the level of IAPP
or AGE-IAPP induced membrane leakages because
membrane and IAPP interactions have been proposed to
contribute to IAPP toxicity. We characterized the perme-
ability of the membrane vesicles (composed of 60 mol%
DMPC, 20 mol% DMPG, and 20 mol% cholesterol;
Fig. 7 a) by detecting the fluorescence of carboxyfluores-
cein, whose fluorescence is self-quenched when it was
. (a) Aggregation of IAPP (open circle) and AGE-IAPP (solid circle) in the

The curvewith square symbol represents unseeded IAPP (b) Aggregation of

-IAPP seeds (in monomeric unit) was monitored by ThT assays. The curve

as normalized at the spectral maxima. Experiments were conducted with

.



FIGURE 7 The level of membrane leakage induced by IAPP, AGE-IAPP,

and protein mixtures including IAPP and AGE-IAPP at a 1:1 ratio. Exper-

iments done in duplicate were performed in 20 mM Tris buffer with

100 mM NaCl at 25�C. Peptide (12 mM)/lipid ratio was fixed at 1:100.

(a) The membrane composition is 60 mol% DMPC, 20 mol% DMPG,

and 20 mol% cholesterol. (b) The membrane composition is 49 mol%

POPC, 21 mol% POPS, and 30 mol% cholesterol.

Glycation Induces Amylin Aggregation
encapsulated within vesicles at higher concentration. Pep-
tide-induced leakage allows the dye to restore its fluores-
cence when it spread out from vesicles. After 8 h
incubation, enough time to reach a signal plateau, we found
that IAPP led to a 17% change in fluorescence, which is
normalized to an intensity change in the presence of 1%
Triton X-100. Both AGE-IAPP and peptide mixtures con-
taining IAPP and AGE-IAPP at a 1:1 ratio showed a 21%
fluorescence change. On the other hand, because it is known
that lipid composition also may affect IAPP-membrane in-
teractions (58), we prepared another membrane vesicle con-
taining 49 mol% POPC, 21 mol% POPS, and 30 mol%
cholesterol. The results in Fig. 7 b showed that the leakage
level reached 60% for IAPP, AGE-IAPP, and peptide mix-
tures, and that is very different from the level observed in
previous condition. However, there is no significant differ-
ence between IAPP and AGE-IAPP in interacting synthetic
membranes. Overall, the data suggest that AGE-IAPP main-
tains the ability to disrupt the integrity of the membrane. In
addition, we examined the biological impacts of AGE-IAPP
and protein mixture. The cytotoxicity of IAPP, AGE-IAPP,
and peptide mixture with a share ratio of 1:1 was evaluated
using pancreatic b-cell lines MIN6 (Fig. 8). We tested the
effects of 1, 8, 16, 32, and 64 mM peptides on cell viability
after 4 and 24 h of incubation of the peptides with the cells.
At 4 h, there was no acute toxicity observed. A further
decrease in toxicity was found for peptides with higher con-
centrations after 24 h incubation.
CONCLUSIONS

Formation of islet amyloid is highly associated with the
development of T2D and has also been proposed to cause
b-cell dysfunction and death. IAPP is a major component
of islet amyloid deposits. Use of an anti-AGE antibody first
identified that AGEs colocalize with regions that are immu-
noreactive to IAPP in the human islet. Later, further immu-
nologic evidence indicated that IAPP was modified in
amyloidogenesis, and nonenzymatic glycation modification
was postulated to alter antibody reorganization. Protein gly-
cation leads to the addition of sugar residues to amino
groups of proteins and forms AGEs. Several previous re-
ports showed that AGEs are present not only in brain tissue
of patients with AD but also in amyloid deposits formed by
tau protein, b2-microglobulin, prions, transthyretin, etc.
However, the effect of glycation on these proteins does
not seem to be identical. The molecular basis of this modu-
lation is still poorly understood. In this study, we describe
how protein glycation affects the properties of IAPP in
terms of the aggregation process, fibril morphology, the
rate of fibril elongation, interaction with lipid vesicles,
and cytotoxicity. We find that glycation by glyoxal signifi-
cantly promotes IAPP to form high-molecular-weight spe-
cies and its structural conversion from random coil to
b-sheets. From seeding experiments, AGE-IAPP also was
found to exhibit faster elongation rate. We believed that
this is why AGE-IAPP was observed to aggregate much
faster than normal IAPP. Glycation may not greatly change
the fibril structure of IAPP because IAPP can be seeded by a
FIGURE 8 Cell viability of MIN6 cells

following incubation with various concentration

of IAPP, AGE-IAPP, and protein mixtures

including IAPP and AGE-IAPP at a 1:1 ratio.

MIN6 pancreatic b cells were treated with

various concentrations of IAPP, AGE-IAPP, and

IAPP:AGE-IAPP ¼ 1:1 for 4 or 24 h before cell

viability was measured. Cell viability was

determined by Alamar Blue assay and compared

to that of cells treated with vehicle (100% cell

viability). The statistical significance between

IAPP and AGE-IAPP was indicated by one-

way ANOVA (****p < 0.0001; ***p < 0.001;

**p < 0.005).
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relatively small amount of preformed AGE-IAPP fibrils and
quickly formed amyloid fibrils without apparent delay.
Our investigation shown here aimed to provide a general
model for amyloid formation under hyperglycemia.
Although it is not known whether this type of modification
occurs before protein aggregation or after fibril formation
in vivo, our work shown here and previous work done
by Bucala et al. can represent two different situations of pro-
tein glycation. Protein glycation is a complicated process,
and it is not possible to simply deduce its effect by our
methods or methods in other studies. However, we hope to
provide a possible link among hyperglycemia, diabetes,
and IAPP. That would help us in understanding of amyloid-
osis. We propose that glycation would enhance the produc-
tion of IAPP oligomers, which are generally considered
toxic species, and our data also confirmed that AGE-IAPP
is cytotoxic. The presence of glycated IAPP could induce
normal IAPP to proceed aggregation pathway. It would
be very important to develop new methods in preventing
glycation or consider glycated IAPP, but not native
IAPP, as a target protein for inhibitor design if this hypoth-
esis is true. On the other hand, it will be very interesting
to deduce the role of Lys in IAPP amyloid formation;
hence, further studies are being conducted in the lab to
contribute our understanding of the mechanism of fibril
formation.
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