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Abstract

Amyloid cross-seeding and amyloid inhibition are two different research sub-

jects being studied separately for different pathological purposes, in which

amyloid cross-seeding targets to study the co-aggregation of different amyloid

proteins and potential molecular links between different neurodegenerative

diseases, while amyloid inhibition aims to design different molecules for

preventing amyloid aggregation. While both amyloid cross-seeding and amy-

loid inhibition are critical for better understanding the pathological causes of

different neurodegenerative diseases including Parkinson disease (PD) and

Type 2 diabetes (T2D), less efforts have been made to reconcile the two phe-

nomena. Herein, we proposed a new preventive strategy to demonstrate (a) the

cross-seeding of octapeptide TKEQVTNV from α-synuclein (associated with

PD) with hIAPP (associated with T2D) and (b) the cross-seeding-promoted

hIAPP fibrillization and cross-seeding-reduced hIAPP toxicity. Collective

results confirmed that TKEQVTNV can indeed cross-seed with hIAPP mono-

mers and oligomers, not protofibrils, to form β-structure-rich fibrils and to

accelerate hIAPP fibrillization. Moreover, such cross-seeding-induced promo-

tion effect by TKEQVTNV also rescued the pancreatic cells from hIAPP-

induced cytotoxicity by increasing cell viability and reducing cell apoptosis

simultaneously. This work provides a new angle to discover amyloid fragments

and use them as amyloid modulators (inhibitors or promotors) to interfere with

amyloid aggregation of other amyloid proteins, as well as sequence/structure

basis to explore the amyloid cross-seeding between different amyloid proteins
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that may help explain a potential molecular talk between different neurode-

generative diseases.
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1 | INTRODUCTION

Pathological accumulation of misfolded and aggregated
proteins is associated with many neurodegenerative dis-
eases, for example, the aggregation of amyloid-β (Aβ),
α-synuclein (α-syn), and human islet amyloid polypeptide
(hIAPP) is associated with Alzheimer disease (AD),
Parkinson disease (PD), and Type 2 diabetes (T2D),
respectively.1–4 Among these neurodegenerative diseases,
T2D has shown to have the highest incidence rate world-
wide (1 out of 3 adults), resulting in ~1.5 million deaths
anuually.5,6 While the exact pathophysiological causes of
T2D still remain unclear, significant efforts and pro-
gresses have been made to develop different preventive
strategies and components for targeting the production,
aggregation, and clearance of hIAPP, which is considered
to play an vital role in β-cell dysfunction and death.7,8

Particularly, numerous research works have developed
different types of amyloid inhibitors against hIAPP aggre-
gation, including small molecules,9–13 polymers,14,15

nanoparticles,16,17 and peptides.18,19 These amyloid
hIAPP inhibitors achieve their inhibition functions via
different ways8,20 by (a) delaying or preventing the mis-
folding of hIAPP into β-strand structures, (b) remodeling
hIAPP aggregation pathways away from key neurotoxic
species, (c) forming less toxic or nontoxic hIAPP-
inhibitor complexes, (d) disintegrating toxic species, and
(e) attenuating the hIAPP-induced cell toxicity. Almost
all of these inhibitors are effective to inhibit hIAPP aggre-
gation, but none of them have achieved to clinical suc-
cess for T2D treatment.

Alternatively, it is more fundamental and mechanistic
importance for exploring new strategies for modulating
hIAPP fibrillization and toxicity. First, given a well-
known fact that prefibrillar soluble oligomers of hIAPP
and other amyloid proteins are the key neurotoxic spe-
cies, another strategy is to design or discover compounds
to promote hIAPP aggregation by quickly bypassing toxic
hIAPP oligomers formed at an intermediate stage, instead
of inhibiting hIAPP aggregation. Second, in comparison
with widely used organic compounds as hIAPP
inhibitors,21 peptide-based inhibitors of hIAPP are less
explored, but provide a promising alternative because of
their high biocompatibility and biodegradability, less

cytotoxicity, weak immunogenicity, high binding affinity
and specificity to targets, and ease of synthesis and modi-
fication.22 In the past decade, peptide-based amyloid
inhibitors (not only limited to hIAPP) were mostly
derived from the amyloidogenic fragments of their parent
amyloid proteins with or without slight sequence modifi-
cations.23 As specific to peptide inhibitors of hIAPP, a
number of short peptides of SNNFGA (hIAPP20–25),
GAILSS (hIAPP24–29), NYGAILSS (modified hIAPP22–29),
NFGAILPP (modified hIAPP22-29), and FLPNF (modified
hIAPP11–15) have been reported to inhibit hIAPP aggrega-
tion in vitro.24–26 Similarly, KLVFFA (Aβ16-21),
GGVVIA(Aβ37-42) selected from Aβ showed highly
sequence-specific inhibitory activity against Aβ1–42 aggre-
gation and cytotoxicity.27 Central NAC (nonamyloid
component) region (α-syn61–95)28 and AVVT (α-syn69–
72)

29 from α-synuclein and peptide E59–71 from β2-micro-
globulin30 were also demonstrated their strong influence
with the self-assembly of their parent amyloid proteins.
Hypothetically, since these amyloid fragments are
selected from their parent sequences, it is not surprising
that they exhibit high tendency to interact with their par-
ent proteins so as to impose their inhibition effects on
amyloid aggregations.

More importantly, recent studies have reported the
co-existence and co-interactions of some different amy-
loid proteins in blood and tissues including α-syn and
hIAPP,31 Aβ and hIAPP,32 Aβ and α-syn,33 Aβ and tau,34

Aβ and transthyretin,35 hIAPP, and insulin.36 Such the
cross-sequence interactions between different amyloid
proteins are known as amyloid cross-seeding
(“proteinopathies”), which may be correlated with the
co-occurrence of different neurodegenerative diseases in
the same patients.37 Amyloid cross-seeding not only indi-
cates the presence of one type of amyloid proteins will
trigger the pathological event of another protein mis-
folding disease (PMD)-associated amyloid proteins, but
also provides a potential new design strategy of amyloid
modulators, that is, amyloid fragments from one amyloid
protein could cross-interact with another full-length amy-
loid protein to interfere with its aggregation via cross-
seeding interactions.

Our previous works have demonstrated (a) the exis-
tence of cross-seeding between different full-length
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amyloid proteins and between different full-length amy-
loid proteins and protein fragments (e.g., Aβ and
hIAPP,32 Aβ and GNNQQNY, hIAPP and GNNQQNY,38

hIAPP and rIAPP,39) and (b) the use of short protein frag-
ments to modulate the aggregation and toxicity of their
parent amyloid proteins.24–30 Inspired by these works,
here we are the first to (a) explore and identify the exis-
tence of the cross-seeding between an octapeptide
TKEQVTNV derived from the NAC region of α-synuclein
(associated with PD) and full-length hIAPP (associated
with T2D) (Figure 1) and (b) discover TKEQVTNV as
amyloid promotor to interact with hIAPP monomers and
oligomers, not protofibrils, to accelerate hIAPP
fibrillization and thus to reduce hIAPP-induced cell toxic-
ity. Selection of TKEQVTNV from α-synuclein40,41 and
hIAPP as our study system is attributed to a close clinical
correlation between T2D and PD. Accumulating clinical
data have shown that T2D, PD, and AD are known to
promote each other's incidence in the same patients.42

Evidently, T2D patients have ~28%–85% higher risk for
developing PD in different studied regions.43–46 From a
pathological viewpoint, T2D and PD also share common
symptoms of insulin resistance,47 excess oxidative
stress,48 and chronic inflammation,49 thus providing
additional evidence for a close relationship between T2D
and PD. While the mechanistic link between T2D and
PD is still unclear, it is intuitive to hypothesize that
molecular cross-talk between T2D and PD is likely attrib-
uted to direct interactions between hIAPP and α-syn-
uclein.50,51 For instance, several studies have shown that
hIAPP promoted α-synuclein fibrillization,31 and vice
versa,52 further implying that both hIAPP and
α-synuclein can be templates for facilitating fibril growth
via cross-seeding between hIAPP and α-synuclein. Given
the cross-seeding between hIAPP and α-synuclein and its
potential implication for a pathological link between T2D
and PD, here through the step-by-step tests using a com-
bination of biophysical, imaging, cellular techniques, we
demonstrated the cross-seeding between TKEQVTNV
and hIAPP, which not only accelerated hIAPP
fibrillization in a dose dependent manner, but also
protected cells from hIAPP-induced toxicity. This work

provides not only a new strategy for discovering heteroge-
neous amyloid proteins or fragments as modulators of
another amyloid proteins, but also the better fundamen-
tal understanding of amyloid cross-seeding (Figure 1).

2 | METHODS AND MATERIALS

2.1 | Materials

Human amylin (hIAPP1–37, ≥ 95%) was purchased from
CPC Scientific (Sunnyvale, CA). Synthetic TKEQVTNV was
obtained from Genscript (Piscataway, NJ). 1,1,1,3,
3,3-hexafluoro-2-propanol (HFIP, ≥99.9%), dimethyl sulfox-
ide (DMSO, ≥99.9%), and thioflavin T (ThT, 98%) were
purchased from Sigma Aldrich (St. Louis, MO). All other
chemicals were of the highest grade available.

2.2 | Peptide purification and
preparation

Both hIAPP and TKEQVTNV were obtained in a lyophi-
lized form and stored at �20�C once they arrived. To
obtain homogenous monomeric peptide, both peptide
powder was reconstituted in HFIP at 1 mg/ml concentra-
tion and incubated at the ambient temperature for 2 hr,
then sonicated in ice bath for 30 min before centrifuged
at 14,000 rpm and 4�C for 30 min. Finally, supernatant
was aliquoted according to experimental setting and
stored at �80�C. Before each experiment, the sub-
packaged peptides were lyophilized using freeze dryer for
more than 30 min, then predissolved in 10 mM NaOH,
sonicated for 10 s and further diluted in different buffer
to a final concentration of 25 μM.

2.3 | ThT fluorescence assay

Two millimolar ThT stock solution was obtained by dis-
solving ThT powder into Milli-Q water and stored in dark
place at room temperature. Samples were prepared on ice

FIGURE 1 (a) A full-length hIAPP1–37 and (b) fragmented peptide 59TKEQVTNV66 from α-synuclein59–66. Color ID: N-Terminal

residues (orange circles), C-Terminal residues (green circles), hydrophobic core (blue circles), positively charged residues (black letters), and

negatively charged residues (red letters)
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by mixing hIAPP-10 mM Tris buffer with TKEQVTNV in
different molar ratios (1:0–1:4) to achieve a final test volume
of 200 μl. After transferring the samples to 96-well plate in
the plate reader, 1 μl 2 mM ThT was quickly added to each
well before the aggregation was initiated at 37�C, then fluo-
rescence intensity data were recorded consistently at 30 min
intervals for 24 hr. The kinetic top-read mode of a
SpectraMax M3 microplate reader (Molecular Devices, CA)
with excitation at 450 nm and emission at the range of
470 to 500 nm was used to monitor the ThT fluorescence.

2.4 | Circular dichroism spectroscopy

The secondary structures of peptides were examined by far-
UV circular dichroism (CD) spectroscopy with a J-1500
spectropolarimeter (Jasco Inc., Japan) using a continuous
scanning mode at room temperature. hIAPP-10 mM PBS
buffer with and without TKEQVTNV incubated at 37�C for
0, 4, 8, 12, and 24 hr. At each time point, 150 μl sample
solution was placed into a 1 mm optical path length CD
cuvette and scanned between 190 and 250 nm with a step
size of 0.5 nm and 50 nm/min scan rate. All received spec-
tra were analyzed by subtracting PBS buffer baseline to
remove background influence. The secondary structural
contents were determined by using the Beta Structure Selec-
tion (BeStSel) algorithm53 (http://bestsel.elte.hu/).

2.5 | Atomic force microscopy

The morphology changes of hIAPP mediated by
TKEQVTNV was observed by using Nanoscope III
multimode atomic force microscopy (AFM) with an
Extender eletroncis module (Veeco Corp, Santa Barbara,
CA) in a ScanAsyst Mode. A 20 μl sample used in CD
experiment was taken for AFM measurement at different
time points in order to correlate morphological changes
with their conformational change.

Twenty microliter samples at 6, 12, and 24 hr were
dropped on a piece of cleaved mica for 5 min, rinsed
three times with Mill-Q water to totally remove addi-
tional salt and dried with an air stream before stored in a
sealed container. All images were recorded at the
512 � 512 pixel resolution at a typical scan rate of 1.0 Hz
and with the vertical tip oscillation frequency of 45–
95 kHz. Representative AFM images were obtained by
scanning six different locations on the mica surface.

2.6 | Cell culture

Rat insulinoma cells RIN-m5F (ATCC® CRL-11605TM,
Manassas, VA) were chosen as model pancreatic β-cells

to evaluate hIAPP-mediated cytotoxicity, and cultured in
sterile-filtered RPMI-1640 medium (Sigma Aldrich,
St. Louis, MO) mixed with 10% (v/v) FBS (VWR, Radnor,
PA) and 1% (v/v) penicillin/streptomycin (Sigma Aldrich)
in a T75 flask at 37�C and 5% CO2 in a humidified incu-
bator. After the cells attached 80% surface area, they were
then harvested by using 0.25 mg/ml Trypsin/EDTA solu-
tion (Sigma Aldrich) and seeded in 96-well plate (2 � 104

per well).

2.7 | MTT reduction assay

Cellular metabolic activity as an indicator of cell viabil-
ity was measured by MTT reduction assay. Oxidoreduc-
tase enzymes released from mitochondrion reduced the
MTT to formazan and therefore exhibited colored solu-
tion to quantify the cell viability.54 96-well plate with
cells were incubated for 24 hr to allow them attached.
Then replace with fresh cell culture medium with
hIAPP/TKEQVTNV/hIAPP-TKEQVTNV solutions and
cultured for another 24 hr at 37�C and 5% CO2 in a
humidified incubator. For seeding cell assay, during the
same 24 hr incubation, TKEQVTNV was added into
cell-hIAPP solution at 1, 5, and 11 hr. In MTT experi-
ment, cell culture was replaced with 0.5 mg/ml MTT
fresh media followed by incubated for 4 hr. Then the
culture medium was discarded and replaced by 150 μl
DMSO per well to dissolve the formazan crystals.
Finally, absorbance was recorded at 540 nm using
SpectraMax M3 microplate reader. Each sample
repeated three times and cell viability were calculated in
comparison with untreated cells. Each sample was
counted in triplicate and reported as mean ± SD.

2.8 | Lactate dehydrogenase cytotoxicity
assay

The amyloid-induced cytotoxicity was measured by lac-
tate dehydrogenase (LDH) assay. Soluble enzyme LDH
found in cytoplasm would release into cell medium and
therefore act as an indicator of irreversible cell death due
to cell membrane damage.55 LDH assay was performed
using CytoSelect™ LDH Cytotoxicity Assay Kit (Cell Bio-
labs, San Diego, USA). In short, after 24 hr cell-drug
incubation, 10 μl sterile water or Triton X-100 solution
was added to each well as positive and negative control,
respectively. After 10 min incubation at room tempera-
ture, 90 μl cell medium of each well was transferred to a
clean 96-well plate before adding 10 μl LDH cytotoxicity
assay reagent per well. Last, plate was incubated for
another 30 min and read OD using 450 nm. Relative
cytotoxicity percentage were proportional normalized by
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the difference of positive and negative control. Each sam-
ple was counted in triplicate and reported as mean ± SD.

2.9 | LIVE/DEAD viability/cytotoxicity
assay

LIVE/DEAD cell assay was further used to visualize the
amyloid-mediated cell viability and cytotoxicity. hIAPP
incubated with and without TKEQVTNV for 24 hr was
stained using a LIVE/DEAD® Viability/Cytotoxicity Kit
(L3224, Invitrogen) and imaged by fluorescence micro-
scope (Olympus IX81) to visualize the live and dead
insulinoma cells. The representative images of the live
and dead cells were chosen from three different
locations.

3 | RESULTS AND DISCUSSION

3.1 | TKEQVTNV cross-seeds with
hIAPP1–37 to promote amyloid aggregation

To probe the cross-seeding behavior between
TKEQVTNV and hIAPP, we first performed the self- and
hetero-aggregation process of TKEQVTNV and hIAPP
using thioflavin T (ThT) assay. Figure 2a shows amyloid
fibril formation at different molar ratios of hIAPP:
TKEQVTNV from 1:1 to 1:4. As a control, the self-
aggregation of 25 μM hIAPP showed a typical nucleation-
polymerization kinetics of amyloid fibrillation, including
a 0.5 hr lag phase (nuclei formation), 0.5–11 hr exponen-
tial growth phase (protofibril formation), and 11–24 hr
saturation phase (mature fibril formation), thus reaching

a final ThT plateau of ~340 a.u. Differently, pure
TKEQVTNV did not produce any ThT signal at a high
concentration of 100 μM, thus ruling out the possibility
of TKEQVTNV self-aggregation for influencing the cross-
seeding results between TKEQVTNV and hIAPP.

For comparison, when incubating hIAPP (25 μM)
with equimolar nonamylogenic TKEQVTNV (25 μM) at
the same incubation conditions, TKEQVTNV clearly pro-
moted hIAPP aggregation as evidenced by (a) the higher
maximal ThT intensity (Imax) in the final equilibrium
phase, (b) the steeper slope in the growth phase, and
(c) the less time to reach half of Imax. Consistently, the
presence of the other two hIAPP:TKEQVTNV ratios of
1:2 and 1:4 also led to similar increase of ThT signals in
both growth and equilibrium phases, confirming that
TKEQVTNV can indeed cross-seed with hIAPP to pro-
mote hIAPP aggregation in a dose-dependent manner.
Specifically, as hIAPP/TKEQVTNV molar ratio increased
from 1:1 to 1:4, Imax was increased by 30.9% at 1:1, 56.2%
at 1:2, and 72.6% at 1:4, respectively. Additionally, the
fibrillization half-life (t1/2) was reduced from 5.5 to 4.4 hr
(Figure 2b) and the corresponding rate constant (k) of
hIAPP fibrillization was dramatically increased by
80.8%–180.1% (Figure 2c). It is interesting to note that for
all cross-seeding cases, they had similar ThT curves at
the first 2 hr, implying the common cross-seeding path-
way between hIAPP and TKEQVTNV. In other words, at
the beginning of cross-seeding hIAPP nucleus are likely
formed, then hIAPP seeds could serve as templates to
recruit TKEQVTNV monomers to form heterologous
aggregates, therefore producing the higher ThT signals in
the final equilibrium stage. Additionally, increase of
TKEQVTNV concentration from 50 to 100 μM did not
produce the higher ThT aggregation curve, indicating

FIGURE 2 Aggregation

kinetics of amyloid cross-

seeding between TKEQVTNV

and hIAPP using ThT assay.

(a) Cross-seeding aggregation

kinetics of hIAPP (25 μM) and

TKEQVTNV at different molar

ratios of hIAPP/TKEQVTNV

(1:1, 1:2, and 1:4). Error bars

represent the standard deviation

of three replicate experiments.

ThT kinetic parameters of

(b) fibrillization half-life t1/2 and

(c) fibrillization rate constant

k at t1/2

TANG ET AL. 489



that TKEQVTNV has reached the saturated concentra-
tion to cross-seed with hIAPP to promote hIAPP
fibrillization.

3.2 | TKEQVTNV modifies the
morphologies and secondary structures of
hIAPP1–37

To better understand the cross-seeding results from ThT
curves, AFM, and CD were used to characterize the mor-
phological and conformational changes of hIAPP and
TKEQVTNV. Figure 3 shows a series of topographical
AFM images of hIAPP (25 μM) in the absence and pres-
ence of TKEQVTNV (25–100 μM) as a function of incuba-
tion time at 37�C. At a first glance, both homo- and
cross-seeding aggregation can form amyloid fibrils during
24 hr, but they exhibited different fibril formation kinet-
ics. As a control, pure hIAPP (25 μM) produced a few
protofibrils of different lengths of 300–1,500 nm at 6 hr
that were sparsely distributed in the scanning area. After
12 hr, longer and thicker mature fibrils with average
heights of 14–15 nm were observed and continued to
grow into denser fibrils with average heights of 17–
18 nm. As compared to pure hIAPP, cross-seeding sam-
ples of hIAPP-TKEQVTNV had much faster aggregation
kinetics as evidenced by more and denser fibrils formed
at every time point of 6, 12, and 24 hr. To be detailed, at
6 hr, co-incubation of hIAPP and TKEQVTNV signifi-
cantly accelerated the aggregation process by forming

more protofibrils that were strongly aggregated and
entangled with each other. Such cross-seeding-induced
promotion effect became more pronounced at the longer
incubation time. Moreover, for all cross-seeding samples
at three different molar ratios, fibrils formed at 24 hr
enabled to nearly cover the whole scanning area with
average heights of 20–35 nm, in sharp contrast to the
scattered thin hIAPP fibrils alone. Additionally, hIAPP-
TKEQVTNV samples (hairy, short fibrils) displayed dif-
ferent morphologies from pure hIAPP samples (thin, long
fibrils), such morphological differences between homo-
and cross-seeding samples become more obvious at the
low concentration of TKEQVTNV (25–50 μM). AFM
results were generally in line with ThT results to support
that TKEQVTNV cross-seeds with hIAPP to promote
hIAPP fibrillization in a concentration-dependent
manner.

To gain further insights into cross-seeding between
hIAPP and TKEQVTNV, we monitored the secondary
structural changes of cross-seeding samples using CD. Use
of 24 hr timeline allowed to cover all of aggregation states
from monomeric to mature fibrillar hIAPP. First, as shown
in Figure 4a, freshly prepared hIAPP (25 μM) exhibited
the structural transition from random coil
(a representative negative peak at ~198 nm) at 0 hr, to
α-helix conformation (negative peak at ~208 and
~222 nm) at 8 hr, finally to characteristic cross β-sheet
structure (a negative peak at ~215 nm at the expense of
disappearance of ~198 nm peak) at 24 hr. For comparison,
pure TKEQVTNV always maintained its random coil

FIGURE 3 AFM images for

pure hIAPP peptides (25 μM) in

the absence (first column) and

presence (second to fourth

column with T8) of TKEQVTNV

at different molar ratios of

hIAPP/TKEQVTNV (1:1, 1:2,

and 1:4) at 6, 12, and 24 hr.

Scale bars are 1 μm

490 TANG ET AL.



structure during 24 hr incubation (Figure S1a). Second,
co-incubation of hIAPP with different ratios of
TKEQVTNV (1:1–1:4) exhibited similar conformational
transition from random coils to β-rich structures
(Figure S1b), as evidenced by the co-occurrence of the
peak decrease at ~198 nm and the peak increase at
~215 nm. Third, to better qualify the extent of structural
transition of hIAPP as induced by TKEQVTNV, we ana-
lyzed the original CD spectra by subtracting pure
TKEQVTNV signals from cross-seeding signals. CD spec-
tra in Figure 4b showed that cross-seeding of TKEQVTNV
with hIAPP at 1:4 ratio exhibited the faster conformational
transition than pure hIAPP in three aspects: (a) in the
early aggregation stage of 0–4 hr, hIAPP-TKEQVTNV
sample showed an obvious decline in peak 198 nm, while
hIAPP remained almost unchanged for this peak; (b) in
the growth stage of 8–12 hr, cross-seeding samples showed
nearly all the β-sheet structure with a tiny peak at 198 nm.
However, at the same time point, pure hIAPP showed a
smaller β-sheet peak and an obvious random coil peak;
(c) in the final equilibrium stage of 24 hr, cross-seeding
samples indeed promoted the β-sheet formation by 7.6% at
the expense of random coil and α-helix.

3.3 | TKEQVTNV cross-seeds with
different hIAPP1–37 seeds to modulate the
cross-seeding pathways

Upon demonstrating (a) the cross-seeding TKEQVTNV
with freshly prepared hIAPP monomers and (b) the

cross-seeding-induced acceleration of hIAPP fibrilization,
it is more interesting and important to examine whether
TKEQVTNV could still cross-seed with the larger sizes of
hIAPP seeds, if so, whether the cross-seeding could also
promote hIAPP fibrillation. To test this goal, we designed
different cross-seeding tests by adding nonamyloidogenic
TKEQVTNV (100 μM) to hIAPP (25 μM) seeds, which
were preformed at 1, 5, and 11 hr encompassing the lag,
growth, and early equilibrium phases. As shown in
Figure 5a, when TKEQVTNV was added to a preformed
hIAPP seed solution obtained at 1 hr, ThT signal (red
curve) experienced an instantaneous and significant
increase as compared to that of pure hIAPP. This growth
process lasted for almost ~10 hr and finally reached to a
stable plateau of ~1,094, which was ~45% higher than
that of pure hIAPP aggregation (black curve). In the sec-
ond case of cross-seeding TKEQVTNV with 5 hr-seeded
hIAPP, similar increase of ThT signals was also observed
(blue curve), that is, upon adding TKEQVTNV to 5 hr-
seeded hIAPP solution, ThT aggregation curve suddenly
increased immediately, followed by a quick approach to a
stable plateau of ~890 after 2 hr growth time, showing
~18% increase of final fibrils. The first two cases confirm
that (a) TKEQVTNV can cross-seed with smaller hIAPP
seeds formed at the early lag and growth phases, (b) such
cross-seeding also promoted hIAPP fibrillization, and
(c) cross-seeding-induced promote effect became less effi-
cient when TKEQVTNV tended to cross-seed with the
larger hIAPP seeds. In the third cross-seeding case, when
adding TKEQVTNV to preformed hIAPP fibrils from
11 hr incubation, cross-seeding nearly disappeared as
indicated by no any ThT signal increase, instead the two
overlapped ThT curves between mixed TKEQVTNV-
hIAPP (green curve) and pure hIAPP (black curve).

In parallel, we also performed CD to quantify the sec-
ondary structure changes for three cross-seeding cases by
adding TKEQVTNV (100 μM) to 25 μM hIAPP seeds pref-
ormed at different time points. β-sheet contents in
Figure 5b, as calculated from original CD curves in
Figure S2, confirmed the different cross-seeding effi-
ciency between TKEQVTNV and hIAPP species. Specifi-
cally, after adding TKEQVTNV to 1 hr hIAPP seeds,
β-sheet content immediately increased to 42% at 4 hr and
continuously increased to 52% at 24 hr. Similarly, the
cross-seeding of TKEQVTNV with 5 hr hIAPP seeds also
led to a continuous increase of β-sheet content to 50%
finally. For comparison, the overall β-sheet content of the
three systems was in a decrease order of TKEQVTNV-
1 hr hIAPP seeds > TKEQVTNV-5 hr hIAPP seeds >
pure hIAPP. Collectively, TKEQVTNV cross-seeds with
different hIAPP seeds exhibited different cross-seeding
efficiency, suggesting the existence of cross-seeding bar-
riers that could be attributed to several factors.
TKEQVTNV has a high tendency to interact with hIAPP

FIGURE 4 Time-dependent circular dichroism (CD) spectra to

monitor the secondary structure change of (a) pure hIAPP (25 μM)

and (b) cross-seeding samples of hIAPP-TKEQVTNV

(25 μM:100 μM) during 24 hr aggregation
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monomers, probably because they have similar random
coils for easily entangling with each other. Once hIAPP
seeds are formed, they will recruit TKEQVTNV to adopt
similar β-structure to form hybrid hIAPP-TKEQVTNV
aggregates. The nonamyloidogenic nature of TKEQVTNV
makes this cross-seeding process more energetically
expensive to overcome the higher cross-seeding barriers
for achieving structural transition and aggregation. When
hIAPP protofibrils are formed, additional energy barriers
arise from incompatible hydrophobicity and lack of
reacting sites between hydrophobic hIAPP fibrils and
hydrophilic TKEQVTNV.

3.4 | Cross-seeding of TKEQVTNV with
hIAPP1–37 alleviates amyloid-mediated
cytotoxicity

Different from amyloid inhibitors that have been well
studied to prevent amyloid aggregation and amyloid-
induced cytotoxicity, amyloid promoters have recently
been found to show protection capacity against amyloid
cytotoxicity by quickly bypassing toxic oligomeric aggre-
gates.13 As described above, since TKEQVTNV signifi-
cantly accelerated hIAPP fibrillization, it is possible for
TKEQVTNV-induced cross-seeding to alleviate hIAPP-
associated cytotoxicity. To test this hypothesis, we applied
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay for cell viability and lactate dehy-
drogenase (LDH) assay for cell apoptosis to examine the
potential protection role of TKEQVTNV in pancreatic
cells using the RIN-m5F cell line incubated for 24 hr. As
a control, we first set untreated RIN-m5F cells as a base-
line by assigning the results to 100% cell viability and 0%
cytotoxicity. Pure TKEQVTNV presented nearly no cyto-
toxicity to cells as indicated by 105%–113% cell viability
(Figure 6a) and 0.27%–0.71% cytotoxicity (Figure 6b) dur-
ing 24 hr cell culture, indicating that TKEQVTNV at any

concentration between 25 and 125 μM has no toxicity to
cells and does not affect the normal growth of cells. In
sharp contrast, pure hIAPP (25 μM) was significantly
toxic to pancreatic cells, as evidenced by 47% of cell via-
bility and 49% of cell apoptosis. In parallel, when intro-
ducing TKEQVTNV into hIAPP-cultured cell solutions at
a 1:1–1:4 ratio for 24 hr, cell viability/cell apoptosis was
49.9%/46.9%, 51.9%/44.6%, and 51.4%/42.6%, showing a
concentration-dependent protection effect on hIAPP-
induced cytotoxicity. Seeing is believing, to more intui-
tively understand the influence of cross-seeding between
TKEQVTNV and hIAPP on pancreatic cells, we further
conducted live/dead cell assay to directly visualize cell
viability. Figure 6c consistently showed that
(a) TKEQVTNV alone exhibited no toxicity to cells, as
observed by the large proportion of live cells (green
stains) as compared to dead ones (red stains); (b) co-
incubation of TKEQVTNV with hIAPP led to much less
dead cells as compared with pure hIAPP system, again
confirming the protection ability of TKEQVTNV from
hIAPP-induced cell toxicity.

Instead of treating cells with the freshly prepared
TKEQVTNV and hIAPP in cell medium, we also
designed a new set of seeding experiments to examine
whether TKEQVTNV (100 μM) could also protect cells
from the preformed hIAPP seeds (25 μM) at 1, 5, and
11 hr. As shown in Figure 7, at the first glance, whenever
TKEQVTNV was added into the hIAPP-seeded cell
mediums, it can protect cells from toxic hIAPP seeds.
Specifically, when incubating TKEQVTNV with 1, 5, and
11 hr hIAPP seeds, the resultant cell viability/cytotoxicity
was 51.2%/35.0%, 50.6%/36.2%, and 48.7%/37.7%, respec-
tively, showing a similar cell protection effect. Of note, it
appears that TKEQVTNV is more effective to protect cells
from hIAPP-seeds-induced cell toxicity than from hIAPP
monomer-induced cell toxicity.

While some drugs have been approved to alleviate
T2D symptoms (i.e., blood sugar level), there is still no

FIGURE 5 Cross-seeding of

TKEQVTNV with different sizes

of hIAPP seeds. (a) Time-

dependent ThT fluorescence

curves and (b) β-structure
contents upon adding

TKEQVTNV (100 μM) to hIAPP

(25 μM) seeds preformed at the

lag (1 hr), growth (5 hr), or

equilibrium (11 hr) phases
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cure for T2D due to the complex T2D pathologies and
unclear T2D mechanisms. Current prevailing “amyloid
cascade hypothesis” postulates that the misfolding and
aggregation of intrinsically disordered hIAPP into highly
ordered, β-structure-rich species (namely amyloids) is con-
sidered as a central pathogenic cause of T2D. The hIAPP-
mediated toxicity mechanisms involve different pathways
to induce β-cell death, including the formation of excessive

reactive oxygen species, the increase of end axoplasmic
reticulum stress, the initiation of inflammatory response,
and membrane disruption. To this end, different types of
modulators (including inhibitors and promotors) were
developed to regulate the production, aggregation, and
clearance of hIAPP and ameliorate hIAPP-induced islet-β
cell dysfunction, cell membrane disruption, and glucose
intolerance.13,21,56 However, most of them fail the large-

FIGURE 6 Protection role of cross-seeding of TKEQVTNV with freshly prepared hIAPP1–37 monomers in amyloid-mediated cytotoxicity

by (a) MTT assay for cell viability and (b) LDH assay for cell cytotoxicity when the incubation of hIAPP (25 μM) with and without

TKEQVTNV at molar ratios of 1:1, 1:2, and 1:4 for 24 hr. Data were normalized by the pure cell group. The t-test was used for data analysis

(n = 3) for cells treated with TKEQVTNV or hIAPP alone relative to control. (���p <.005, ����p <.001), as well as cells treated with mixed

TKEQVTNV-hIAPP relative to cells treated with hIAPP alone (*p <.05; **p <.01). (c) Representative fluorescence microscopy images of cells

treated with 25 μM hIAPP in the absence or presence of 100 μM TKEQVTNV for 24 hr. Untreated cells were set as control for comparison.

Red and green fluorescence represent the dead and live cells, respectively. Scale bars are 100 μm

FIGURE 7 Protection role of cross-seeding of TKEQVTNV with different hIAPP1–37 seeds in amyloid-mediated cytotoxicity by (a) MTT

assay for cell viability and (b) LDH assay for cell cytotoxicity when adding TKEQVTNV (100 μM) to 1, 5, and 11 hr-seeded hIAPP (25 μM)

solution for 24 hr. Data were normalized by the pure cell group. The t-test was used for data analysis (n = 3) for cells treated with

TKEQVTNV or hIAPP alone relative to control. (���p <.005, ����p <.001), as well as cells treated with mixed TKEQVTNV-hIAPP relative to

cells treated with hIAPP alone (*p <.05; **p <.01, ***p <.005, ****p <.001)
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scale clinic trials37 due to their (a) poor solubility to be dis-
solved in human body fluids (blood and spinal fluid) for
drug transport; (b) poor blood–brain barrier (BBB) perme-
ability to deliver drugs to target cells/organs; (c) low bind-
ing affinity and selectivity to capture hIAPP efficiently and
accurately; and (d) inability to address multiple pathogenic
pathways involving other PMDs. Recently, “amyloid cross-
seeding hypothesis” have also observed (a) the co-
occurrence of different PMDs in the same individuals and
(b) the increased risk for developing different PMDs if a
PMD is presented. This implies the existence of certain
pathological links, despite still unknown, between differ-
ent PMDs. It is intuitive to hypothesize that molecular
cross-talk between different PMDs is likely attributed to
direct interactions between their corresponding disease-
causative proteins, leading to the co-aggregation of differ-
ent amyloid proteins.37

Here, we proposed a strategy to reconcile amyloid
cross-seeding and amyloid prevention in a binary system
of α-synuclein fragmental peptide (TKEQVTNV) and
hIAPP. Specifically, TKEQVTNV can indeed cross-seed
with hIAPP aggregates of different sizes to promote hIAPP
fibrillization, regulate structural conversion toward β-sheet
structures, and rescue hIAPP-mediated cell death. How-
ever, cross-seeding efficiency of TKEQVTNV-hIAPP
depends on hIAPP concentrations and its aggregation
states, indicating the existence of cross-species barriers
along the folding pathways of different amyloid proteins.
As a result, the difference in cell protection effects could
be attributed to different cross-seeding efficiencies between
TKEQVTNV and different hIAPP seeds. It is generally
accepted that during the hIAPP fibrillization process,

oligomeric hIAPP aggregates induce their toxicity mainly
through (a) calcium dyshomeostasis and (b) membrane
leakage.57 As shown in Figure 8a, hIAPP oligomers have
the ability to interact with cell membranes to form cal-
cium permeable transition pores in the mitochondria and
to disrupt cell membranes, both resulting in calcium
hemostasis responsible for cell death. When TKEQVTNV
was added to monomeric hIAPP solution, TKEQVTNV
acted as amyloid promoter to accelerate hIAPP
fibrillization by quickly bypassing the most toxic oligomer-
rich stage, which in turn reduced cell toxicity to some
extents (Figure 8b). Such TKEQVTNV-induced hIAPP
fibrillization was also confirmed by ThT (Figure 2) and
CD (Figure 4) results as discussed above. To better under-
stand a more complete picture of cross-seeding scenario
between TKEQVTNV and hIAPP, the seeding experiments
have shown that TKEQVTNV had the lower cross-seeding
efficiency to facilitate hIAPP fibrillation via hIAPP seeds
than via hIAPP monomers (Figure 8c). As a result, while
less hIAPP seeds or oligomers are converted into hIAPP
fibrils by TKEQVTNV, TKEQVTNV-hIAPP seed com-
plexes are less toxic than hIAPP seeds with relatively inert
ability to interact with cell membrane, thus still resulting
in the comparable, but different, cell protection effect to
the TKEQVTNV-hIAPP monomer cases.

4 | CONCLUSIONS

Given a clinical and pathological correlation between
T2D and PD, collective aggregation data from ThT assays,
CD spectra, and AFM images confirmed that

FIGURE 8 Hypothetical

cross-seeding-induced cell

toxicity/protection models for

(a) pure hIAPP system,

(b) TKEQVTNV-hIAPP

monomers system, and

(c) TKEQVTNV-hIAPP seeds

system
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TKEQVTNV can interact with hIAPP monomers at dif-
ferent molar ratios and hIAPP oligomers at the lag and
early growth phases to promote β-structure formation by
8% and hIAPP fibrillization by up to 73%. But,
TKEQVTNV was unable to accelerate fibrillar hIAPP
aggregation. Fundamentally, different cross-seeding effi-
ciencies between TKEQVTNV and different hIAPP aggre-
gates also indicate the existence of co-aggregation
barriers along the folding and aggregation pathways. Fur-
ther in vitro MTT and LDH assays showed that the non-
amyloidogenic TKEQVTNV also protected pancreatic
cells from both hIAPP monomer- and hIAPP oligomer-
induced toxicity by increasing cell viability from 47% to
52% and decreasing cell apoptosis from 49% to 38%.
Reduction of hIAPP cytotoxicity by TKEQVTNV is likely
attributed to different detoxification pathways by quickly
bypassing oligomer-forming stage and forming less toxic
and inert hIAPP-TKEQVTNV complexes. Based on our
“like-interacts-like” hypothesis that the cross-seeding
between any two amyloid proteins/fragments are likely
driven by their common β-structures and the subsequent
β-structure-to-β-structure interactions, some NAC frag-
ments of α-synuclein including E61�V66, A69�Q79, and
I88�V95 possess similar self-assembly ability to form
β-structures,40 thus they are expected to strongly interact
with hIAPP aggregates via (a) conformationally similar
β-structure interactions; (b) opposite charged residues
(E, K, R) through electrostatic attraction; and
(c) hydrophilic residues of N, T, Q, S to form hydrogen
bonding networks. Further cross-seeding studies of these
α-synuclein fragments with hIAPP are required to exam-
ine our speculation. More importantly, different from
well-studied amyloid inhibition, cross-seeding-induced
amyloid promotion provides a different angle to develop
the peptide-based prevention strategies/molecules and to
further reveal the fundamentals of amyloidosis.
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