Morin hydrate inhibits amyloid formation
by islet amyloid polypeptide and
disaggregates amyloid fibers
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Abstract: The polypeptide hormone Islet Amyloid Polypeptide (IAPP, amylin) is responsible for islet
amyloid formation in type-2 diabetes and in islet cell transplants, where it may contribute to graft
failure. Human IAPP is extremely amyloidogenic and fewer inhibitors of IAPP amyloid formation
have been reported than for the Alzheimer’s Ap peptide or for a-synuclein. The ability of a set of
hydroxyflavones to inhibit IAPP amyloid formation was tested. Fluorescence detected thioflavin-T-
binding assays are the most popular methods for measuring the kinetics of amyloid formation and
for screening potential inhibitors; however, we show that they can lead to false positives with
hydroxyflavones. Several of the compounds inhibit thioflavin-T fluorescence, but not amyloid
formation; a result which highlights the hazards of relying solely on thioflavin-T assays to screen
potential inhibitors. Transmission electron microscopy (TEM) and right-angle light scattering show
that Morin hydrate (2/,3,4',5,7-Pentahydroxyflavone) inhibits amyloid formation by human IAPP and
disaggregates preformed IAPP amyloid fibers. In contrast, Myricetin, Kaempferol, and Quercetin,
which differ only in hydroxyl groups on the B-ring, are not effective inhibitors. Morin hydrate
represents a new type of IAPP amyloid inhibitor and the results with the other compounds
highlight the importance of the substitution pattern on the B-ring.
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Introduction

Amyloid formation plays an important role in a
broad range of different human diseases including
Alzheimer’s disease, Parkinson’s disease, and type-2
diabetes.! The search for inhibitors of amyloid
fiber formation is an active area of research and par-
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ticular attention has been paid to flavanoids.*2’

Here, we examine the ability of a set of hydroxyfla-
vones to inhibit amyloid formation by (islet amyloid
polypeptide (IAPP, Amylin)).

IAPP is a member of the calcitonin-like family
of peptides and is found in all mammalian species
examined.2®3! The 37-residue polypeptide hormone
is packaged in the insulin secretory granule and nor-
mally acts as an endocrine partner to insulin.?%:3%33
TIAPP aggregates to form islet amyloid in type-2 dia-
betes; a process which is widely believed to contrib-
ute to P-cell death in the disease 232829:32,34-40
Recent studies also highlight a potentially important
role for JAPP amyloid formation in the failure of
islet cell grafts.*13

There is widespread interest in developing
inhibitors of amyloid formation and compounds
which can disaggregate preformed amyloid. Much of
this work has focused on the AP peptide of
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Figure 1. Structures of the compounds studied together with the primary sequence of IAPP. (A) Myricetin, (B) Kaempferol,
(C) Quercertin, (D) Morin hydrate, and (E) primary structure of human IAPP. The peptide has an amidated C-terminus and a

disulfide bond involving Cys-2 and Cys-7.

Alzheimer’s disease or on o-synuclein, the protein
which plays a central role in Parkinson’s disease,
but fewer inhibitors of IAPP amyloid formation have
been reported.*2” IAPP is extremely amyloidogenic
and is thus a challenging target for inhibition stud-
ies. Certain hydroxyflavones have been reported to
be effective inhibitors of amyloid formation by the
AP polypeptide although there are conflicting reports
about their effectiveness.***¢ Their ability to inhibit
amyloid formation by IAPP has not yet been exam-
ined. Here, we test the ability of a set of four related
hydroxyflavones, Morin hydrate (2/,3,4’,5,7-Pentahy-
droxyflavone), Myricetin (3,3'4’,5,5',7-Hexahydroxy-
flavone), Kaempferol (3,4'5,7-Tetrahydroxyflavone),
and Quercetin (3,3',4',5,6-Pentahydroxyflavone), to
inhibit amyloid formation by IAPP and to disaggre-
gate already assembled IAPP amyloid fibers. Morin
hydrate is shown to be an effective inhibitor,
whereas the other compounds are not as effective.
We also show that these compounds can compromise
standard fluorescence assays of amyloid formation
and, in some cases, can lead to false positives in in-
hibitor screens.

Results

Hydroxyflavones can interfere with standard
fluorescence assays of amyloid formation

The structures of the compounds examined in this
study are shown in Figure 1 together with the pri-
mary structure of IAPP. The compounds share the
same core structure; they are polyhydroxylated and
consist of a 12-membered heterocyclic ring linked to
the 6-membered aromatic B-ring (Fig. 1).
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Amyloid formation by IAPP displays a lag phase
during which no detectable amyloid fibrils are
formed followed by a growth phase which leads to a
steady state in which amyloid fibrils are in equilib-
rium with soluble peptide [Fig. 2(A)]l. The rate of
amyloid formation is typically measured using fluo-
rescence-detected thioflavin-T-binding assays. Thio-
flavin-T is believed to bind to the surface of amyloid
fibers in grooves formed by the alignment of side
chains in the cross B-sheet structure. Binding to an
amyloid fiber increases the fluorescence quantum
yield of the dye by restricting the rotation of the
benzaminic and benzothiozole rings and thus reduc-
ing self-quenching.*” Thioflavin-T assays are simple
and convenient, but problems may arise in the stud-
ies of inhibitors because compounds which appear to
inhibit amyloid formation could just be inhibitors of
thioflavin-T fluorescence. This may occur because
they absorb strongly which leads to inner filter
effects, or because they quench the bound thioflavin-
T fluorescence, or because they inhibit thioflavin-T
binding to amyloid.*®4°

The compounds under study here have the
potential to interfere with thioflavin-T assays. Fig-
ure 2 shows the results of a thioflavin-T-monitored
kinetic experiment in the presence of Myricetin. In
the absence of the compound, a typical IAPP kinetic
curve is observed [Fig. 2(A), solid circles]. Very dif-
ferent behavior is observed in its presence. There is
only a very small change in fluorescence over the
entire time course of the experiment [Fig. 2(A), open
square]. Taken alone, these results could imply that
Myricetin is a potent amyloid inhibitor; however,
transmission electron microscopy (TEM) images

Morin Hydrate Inhibits IAPP Amyloid Formation
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Figure 2. Hydroxyflavones interfere with thioflavin-T-based assays. (A) Thioflavin-T-monitored kinetic experiments. Black
circles, IAPP alone. Black open squares, IAPP plus an equimolar amount of Myricetin. (B) TEM image collected at the end of
the reaction for the IAPP sample. (C) TEM image collected at the end of the reaction for the 1:1 mixture of IAPP and
Myricetin. Scale bars represent 100 nm. Experiments were conducted at 25°C, pH 7.4, 20 mM Tris-HCI, 32 pM IAPP, 0.25%

DMSO (v/v).

collected from samples removed at the end of the
reaction revealed the presence of amyloid fibers in
the TAPP control sample [Fig. 2(B)] and in the 1:1
mixture of Myricetin and IAPP [Fig. 2(C)]. Thus,
Myricetin is actually not an effective IAPP amyloid
inhibitor. Similar results were obtained with Kaemp-
ferol and Quercetin (Supporting Information). We
suspect that these sorts of effects might account for
some of the discrepancy in the literature on the po-
tency of this class of compounds in inhibiting other
amyloids.***® The compounds can also interfere
with disaggregation studies. Experiments in which
Myricetin is added to a sample, which contains
TAPP amyloid fibers and thioflavin-T, show that My-
ricetin interferes with thioflavin-T-based disaggrega-
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tion assays. When the compound is added, an imme-
diate drop in fluorescence is observed, but TEM
confirms that fibers are still present (Supporting
Information).

Morin hydrate, but not Myricetin, Kaempferol,

or Quercetin is an effective inhibitor

of IAPP amyloid fiber formation

The experiments described in the previous section
clearly show that thioflavin-T-based inhibitor assays
are not reliable for these hydroxyflavones. Thus, we
tested their ability to inhibit IAPP amyloid forma-
tion using TEM. Compounds were incubated with
IAPP for 48 h and TEM images were recorded. The
incubation period is longer than that required for
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Figure 3. Morin Hydrate, but not Myricetin, Kaempferol, or Quercetin, inhibits amyloid formation by IAPP. TEM images
shown are of the samples collected at 48 h after the initiation of amyloid formation. (A) IAPP alone, (B) IAPP:Myricetin = 1:1,
(C) IAPP:Kaempferol = 1:1, (D) IAPP:Quercertin = 1:1, and (E) IAPP:Morin hydrate = 1:1. Experiments were conducted at
25°C, pH 7.4, 20 mM Tris-HCI, 32 uM IAPP, 0.25% DMSO (v/v). Inhibitors, when present, were at 32 pM. Scale bars

represent 100 nm.

TIAPP to form amyloid under these conditions [Fig.
2(A), black circles] and dense collections of amyloid
fibers are observed in a control sample of IAPP with-
out compound [Fig. 3(A)]. Some aggregated material
is observed in the 1:1 mixtures of IAPP with all four
of the compounds [Fig. 3(B-E)]. Amyloid fibers are
visible in the TEM images of Kaempferol, Quercetin,
and Myricetin [Fig. 3(B-D)]; however, the objects
detected in the presence of Morin hydrate are thin-
ner and they appeared to be less abundant [Fig.
3(E)]. These studies encouraged us to examine the
effect of different concentrations of Morin hydrate
on amyloid formation by IAPP.

The TEM micrographs shown in Figure 4 com-
pare the results of 1:1, 1:2, 1:5, and 1:10 mixtures of
IAPP and Morin hydrate. In all cases, Morin
hydrate was added at time equals zero and the sam-
ples were incubated for 48 h. Dense mats of fibers
are observed in the control sample of TAPP without
Morin hydrate [Fig. 4(A)]. Adding Morin hydrate in
a twofold excess leads to more pronounced effects
than was observed with the 1:1 mixture [compare
Fig. 4(B,C)]. The objects which are detected are even
thinner and less abundant in the twofold excess
sample relative to the 1:1 sample. Addition of a five
or tenfold excess of Morin hydrate led to even more
pronounced changes. Very short objects together

3716 PROTEINSCIENCE.ORG

with some amorphous aggregates are detected on
the grids [Fig. 4(D,E)]. We also examined the other
compounds at higher ratios, but they still failed to
inhibit amyloid formation by IAPP (Supporting
Information).

We conducted right-angle light scattering
experiments to obtain an independent test of the
ability of Morin hydrate to inhibit IJAPP amyloid for-
mation and to confirm that these compounds can
interfere with thioflavin-T assays. The curve
recorded in the absence of inhibitor shows a sigmoi-
dal transition which closely follows the time course
of the thioflavin-T studies [Fig. 5(A)]. TEM confirms
that amyloid fibers are formed [Fig. 5(B)]. Very dif-
ferent results were obtained when Morin hydrate
was present at a fivefold excess relative to IAPP. No
change in signal was observed over the course of the
experiment, and TEM confirmed the lack of amyloid
[Fig. 5(A,C)]. We also used right-angle light scatter-
ing to examine the effects of Myricetin on IAPP
amyloid formation. The light scattering curve
recorded in the presence of Myricetin resembles the
curve obtained from the sample of pure IAPP and is
very different from the data obtained in the presence
of Morin hydrate. TEM confirms that amyloid fibers
are formed [Fig. 5(D)]. These experiments further
verify that Myricetin is not an effective inhibitor of

Morin Hydrate Inhibits IAPP Amyloid Formation



Figure 4. The effects of Morin hydrate are concentration dependent. TEM images shown are of the samples collected at
48 h after the initiation of amyloid formation. (A) IAPP alone, (B) 1:1 mixture of IAPP and Morin hydrate, (C) 1:2 mixture of
IAPP and Morin hydrate, (D) 1:5 mixture of IAPP and Morin hydrate, and (E) 1:10 mixture of IAPP and Morin hydrate.
Experiments were conducted at 25°C, pH 7.4, 20 mM Tris-HClI, 32 uM IAPP, 0.25% DMSO (v/v). The concentration of Morin
hydrate, when present, ranged from 32 to 320 pM. Scale bars represent 100 nm.

TAPP amyloid formation and, even more importantly,
confirm that Morin hydrate is an inhibitor.

Morin hydrate disaggregates IAPP
amyloid fibers
We next examined the ability of Morin hydrate to
disaggregate preformed IAPP fibers (Fig. 6). A sam-
ple of IAPP was incubated for 45 h and a fivefold
excess of Morin hydrate was added [Fig. 6(A), black
arrow]. The thioflavin-T curve is included simply to
illustrate that the amyloid reaction had reached the
plateau region before the compound was added. Thi-
oflavin-T fluorescence cannot be used to follow the
kinetics of disassembly because the hydroxyflavones
interfere with thioflavin-T assays. TEM images of a
sample removed just before the addition of the com-
pound revealed dense mats of amyloid fibers [Fig.
6(B)]. Additional aliquots were removed for TEM
analysis starting 1 h after addition of Morin hydrate
[Fig. 6(A), colored arrows]. No fibers were detected
in the TEM images of these samples (Fig. 6C-F).
Morin hydrate also disaggregates IAPP amyloid
fibers when it is added at a ratio of 1:1. In this case,
the dense collection of amyloid fibers is disrupted to
produce a smaller amount of thinner and shorter
fibers (Supporting Information) which bear some re-
semblance to the species observed when Morin
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hydrate is added to an IAPP solution at time equals
zero. However, disaggregation does not have to be
the reverse of amyloid fiber formation and has been
shown to be different for at least one inhibitor.'®

Discussion

The results presented here highlight the difficulty of
using thioflavin-T-based assays to test for amyloid
inhibitors and for compounds which disaggregate
amyloid fibers. They reiterate the importance of con-
ducting experiments which directly test for the pres-
ence of amyloid fibers. Here, we used TEM to test
for the presence of amyloid and light scattering to
monitor the kinetics of aggregation. The data show
that Morin hydrate inhibits amyloid formation by
IAPP and demonstrate that it can disassemble IAPP
amyloid fibers. The compound represents a new
class of TAPP amyloid inhibitors. The ability of this
class of compounds to inhibit amyloid formation by
IAPP appears to be strongly dependent on the sub-
stitution pattern in the B-ring because the other
compounds tested were much less effective.

There are compounds that inhibit amyloid for-
mation by both IAPP and AB.%318 In contrast, some
of the hydroxyflavones studies here have different
effects on the AP peptide. In particular, Myricetin
has been reported to inhibit Ap amyloid

PROTEIN SCIENCE ‘ VOL 21:373-382 317



Normalized Intensity

Time (Hours)

20 30 40

Figure 5. Right-angle light scattering confirms that Morin hydrate, but not Myricetin, inhibits IAPP amyloid formation. (A) Light
scattering: solid line (—) IAPP alone, dashed line (----) IAPP plus Morin hydrate, and dashed-dotted line (——-] ) IAPP plus
Myricetin. (B) TEM image of the sample of IAPP without compound. Sample was removed at 42 h. (C) TEM image of a
sample from the experiment conducted in the presence of Morin hydrate in fivefold excess. Sample was removed at 42 h.

(D) TEM image of a sample from the experiment conducted in the presence of Myricetin in fivefold excess. Sample was
removed at 42 h. All samples contained 32 pM IAPP, 0.25% DMSO (v/v) 20 mM Tris-HCI, pH 7.4. The signal was monitored at
500 nm. Experiments were conducted at 25°C. Scale bars in TEM images represent 100 nm. The light scattering data are the
result of three separate measurements for each sample. The error bars represent the standard deviation of each data point.

formation,**® but the data presented here show
that it is not effective against IAPP. Several hydrox-
yflavones, in addition to Myricetin, have been tested
for their ability to inhibit amyloid formation by the
AP peptide and there are differing reports of their
effectiveness.***¢ The difficulty of quantitatively
interpreting thioflavin-T fluorescence intensities in
the presence of the hydroxyflavones may contribute
to the apparent differences. These compounds inter-
fere with thioflavin-T assays of amyloid formation by
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IAPP, thus perhaps they could also interfere or par-
tially interfere with the assays of AB amyloid
formation.

Materials and Methods

Peptide synthesis

IAPP was synthesized using a CEM Liberty Auto-
matic Microwave Peptide Synthesizer and 9-fluore-
nylmethoxycarbonyl (Fmoc) solid-phase peptide

Morin Hydrate Inhibits IAPP Amyloid Formation
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Figure 6. Morin hydrate disaggregates human IAPP amyloid fibers. (A) A thioflavin-T-monitored kinetic experiment in the
absence of Morin hydrate. Morin hydrate was added in fivefold excess at the time point indicated by the black arrow. (B)
TEM image of a sample removed just prior to the addition of Morin hydrate (black arrow). (C) TEM image 1 h after addition of
Morin hydrate (red arrow). (D) TEM image 2 h after addition of Morin hydrate (green arrow). (E) TEM image 4 h after addition
of Morin hydrate (dark blue arrow). (F) TEM image 6 h after addition of Morin hydrate (light blue arrow). Experiments were
conducted at 25°C, pH 7.4, 20 mM Tris-HCI, 32 uM IAPP, 0.5% DMSO (v/v). The concentration of Morin hydrate was 160

uM. Scale bars represent 100 nm.

chemistry. FMOC-PAL-Polyethylene-Glycol-Polysty-
rene (FMOC-PAL-PEG-PS) resin was used and
standard Fmoc reaction cycles were employed. Pseu-
doprolines were used to assist the synthesis as
described previously.?® The peptide was cleaved from
the resin using standard trifluoroacetic acid (TFA)
methods and was then lyophilized for 24-48 h. To

Noor et al.

increase the solubility of the peptides for later stages of
purification, the crude material was dissolved in 20%
acetic acid for 2-3 h and lyophilized. The crude peptide
was oxidized in dimethyl sulfoxide (DMSO0).?! Peptides
were purified using reversed-phase high-performance
liquid chromatography (HPLC) using a Vydac C18
preparative column with a 2-buffer system. Buffer A
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contained 0.045% HCI in distilled and deionized
(DDI) water and buffer B contained 0.045% HCI in
80% acetonitrile (ACN) and 20% DDI water. The
identity of the pure peptide was confirmed using ma-
trix-assisted laser desorption/ionization time-of-flight

mass spectrometry (MALDI-TOF MS). IAPP
expected, 3903.3 Da; observed, 3903.9 Da.
Myricetin, Quercetin, Morin hydrate, and

Kaempferol were obtained from Sigma-Aldrich and
dissolved in DMSO at a concentration of 15.8 mM
for the experiments in which the compound was
added at a ratio of 1:1 and 130 mM for experiments
in which it was added at a higher ratio. The small
molecules were dissolved in DMSO on the day of the
experiment.

Thioflavin-T fluorescence assays

Fluorescence experiments were performed using a
Beckman model D880 plate reader. The thioflavin-T
studies used excitation and emission filters of 430
and 485 nm, respectively. The experiments were per-
formed in 96-well plates at 25°C.

IAPP was dissolved in hexafluoroisopropanol
(HFIP) at a final concentration of 1.58 mM. The
stock solution of IAPP in HFIP was filtered using a
0.45-um syringe filter. Aliquots of filtered stock solu-
tion were pipetted into Eppendorf tubes and lyophi-
lized. All of the thioflavin-T assays were prepared by
dissolving the dried samples of IAPP in Tris-HCI
buffer (20 mM, pH = 7.4) immediately before meas-
urements. The final peptide concentration was 32
uM in 0.25% DMSO, 20 mM Tris-HCl buffer at pH
7.4, and 32 pM thioflavin-T with or without inhibi-
tors. For experiments with the inhibitor, concen-
trated stock solutions of compounds in DMSO were
diluted into the thioflavin-T IAPP solution. The data
were analyzed using Sigma-Plot v11.

Right-angle light scattering

Experiments were conducted using an Applied Pho-
totechnology Fluorescence Spectrophotometer at 500
nm. This wavelength was chosen because none of
the compounds has any absorbance in this region.
Experiments were conducted at 25°C, pH 7.4, 20
mM Tris-HCl, 32 uM IAPP, 0.25% DMSO (v/v).

TEM

Aliquots were removed from the fluorescence assays
and were analyzed by TEM. Samples were prepared
by pipetting 15 uL of the solution onto carbon-coated
Formvar 300 mesh copper grids. The grids were
stained using saturated uranyl acetate for 1 min. An
FEI Technail2 BioTwinG? Transmission Electron
Microscope was used and the grids were viewed at a
magnification of 98,000x (high voltage, 80 kV).

380  PROTEINSCIENCE.ORG

Amyloid disaggregation experiments

Normal procedures for forming fibers were per-
formed as described above. Morin hydrate was added
at approximately 45 h after the initiation of fiber
formation. Aliquots of the assay were periodically
removed from the solution for TEM analysis.
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