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Abstract

Islet amyloid polypeptide (IAPP, amylin) is responsible for amyloid formation in type 2 diabetes
and in transplanted islets. The flavanol, (—)-Epigallocatechin-3-gallate [EGCG; (2R,3R)-5,7-
dihydroxy-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3-yl13,4,5-
trihydroxybenzoate] is an effective inhibitor of amyloid formation by IAPP, however, the
interactions required for the inhibition of IAPP amyloid formation and for the remodeling of
amyloid fibers are not known. A range of features have been proposed to be critical for EGCG
protein interactions, including interactions with aromatic residues, interactions with amino groups,
or sulfhydryls. Using a set of IAPP analogs we show that none of these are required. Studies in
which EGCG is added to the lag phase of amyloid formation suggest that it interacts with
intermediates as well as with monomers and amyloid. The features of EGCG required for effective
inhibition were examined. The stereoisomer of EGCG, (—)-Gallocatechin gallate (GCG), is an
effective inhibitor, although less so than EGCG. Removing the gallate ester moiety leads to EGC
which is a less effective inhibitor. Removing only the 3-hydroxyl group of the tri-hydroxyphenyl
ring leads to a compound which has more pronounced effects on the lag phase than EGC, but is
less effective at reducing the amount of amyloid. Elimination of both the 3-hydroxy group and the
gallate ester results in loss of activity. EGCG remodels IAPP amyloid fibers, but does not fully
resolubilize them to unstructured monomers and the remodeling is not the reverse of amyloid
assembly. The ability of the compounds to remodel IAPP amyloid closely follows their relative
ability to inhibit amyloid formation.
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Amyloid formation plays a critical role in a more than 25 different human diseases including
Huntington’s disease, Parkinson’s disease, Alzheimer’s disease, the transmissible
spongiform encephalopathies and type-2 diabetes (1-3). The search for inhibitors of amyloid
fiber formation is an active area of research and particular attention has been focused on
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SUPPORTING INFORMATION AVAILABLE

Figures showing that the presence of thioflavin-T does not influence the kinetics of IAPP amyloid formation at the concentration used
here and does not interfere with inhibition assays. Additional TEM images of IAPP recorded after the addition of EGCG at various
time points. A figure showing that EGCG inhibits IAPP amyloid formation for at least 140 hours. A figure showing the effects of
adding a substoichiometric amount of EGCG at different time points during amyloid formation by IAPP. Thioflavin-T kinetic curves
and TEM images demonstrating that EGCG inhibits amyloid formation by F15L, F23L-1APP and IAPPAC8-24 and remodels amyloid
fibers formed by both polypeptides. Figures comparing the effectiveness of the compounds when they are added at a five fold excess
relative to IAPP. A figure comparing the rate of remodeling of IAPP amyloid fibers after the addition of EGCG during the growth
phase and in the plateau region. A summary table of the solubility studies. A figure showing the effect of adding additional EGCG
after a remodeling reaction has apparently reached completion. This information is available free of charge via the Internet at
http://pubs.acs.org.
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flavanols (4-15). Among the most potent inhibitors found to date is the ester of
epigallocatechin and gallic acid, (—)-Epigallocatechin 3-Gallate [EGCG; (2R,3R)-5,7-
dihydroxy-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3-yl 3,4,5-
trihydroxybenzoate]. EGCG is the most abundant biologically active compound in green tea
and inhibits amyloid formation in vitro by a range of natively unfolded polypeptides
including islet amyloid polypeptide, (IAPP, also known as Amylin), AB, a-synuclein, the
AIDs enhancer factor SEVI, and the surface protein from Plasmodium falcipran merozite.
The compound has also been shown to induce conversion of the cellular form of the prion
protein into a form which differs from the pathological scrapie prion protein conformation
(16-23). EGCG is thought to bind to unaggregated polypeptides and redirect the pathway of
amyloid formation to off-pathway non-toxic oligomers (16), although this appears not to be
the case for at least one protein (24). A different polyphenol, exifone [3,4,5,2°,3’,4’-
hexahydroxybenzophenone [(2,3,4-trihydroxyphenyl)-(3,4,5-trihydroxyphenyl)
methanone]], has been shown to function by a different mechanism that involves trapping
on-pathway intermediates (25). Irrespective of the mechanistic details, EGCG inhibits a very
broad range of amyloidogenic polypeptide, and its mode of action is of considerable interest.
The ability of EGCG to remodel amyloid fibers has been examined for fewer polypeptides,
but it has been shown to remodel the fibers formed by AB, IAPP and a-synuclein into non-
fibril material (20, 22).

The details of the interactions between EGCG or other flavanols and target polypeptides are
not yet well understood, but a range of interactions have been proposed to be important;
including interactions between the compounds and aromatic residues, interactions with
amino groups, or with Cys residues (10, 12, 23, 26-28). Structure activity studies of
derivatives of EGCG are relatively few and, to the best of our knowledge, those which have
been reported have largely examined the remodeling of amyloid rather than the kinetics of
amyloid formation (22).

Here we focus on the inhibition of amyloid formation by IAPP and the remodeling of IAPP
amyloid. IAPP is the causative agent of islet amyloid in type-2 diabetes. The molecule is a
37 residue polypeptide hormone which contains a disulfide and an amidated C-terminus
(Figure-1). IAPP has been identified in all mammalian species examined and is a member of
the calcitonin-like family of peptides, which include calcitonin, adrenomedullin, and
calcitonin gene-related peptide (29-32). The hormone is secreted in response to the same
stimuli that lead to insulin secretion and normally functions as an endocrine partner to
insulin (31, 33-34), but forms islet amyloid in type-2 diabetes (29-30, 33, 35-41). The
polypeptide is one of the most amyloidogenic polypeptides known and synthetic aggregates
of human IAPP are toxic to pancreatic B-cells, arguing that the process of IAPP amyloid
fibril formation may contribute to islet cell death in type 2 diabetes (3639, 41-42). Islet
amyloid formation also plays an important role in the loss of islet cell grafts following islet
transplantation (43-45). Hence there is considerable interest in developing and
characterizing inhibitors of IAPP amyloid formation.

MATERIAL AND METHODS

EGCG, EGC, ECG, GCG, Catechin, and Epi-Catechin were purchased from Sigma-Aldrich.
Stock solutions of the compounds were prepared immediately before use.

Peptide Synthesis and Purification

Human IAPP, and IAPP mutants (Figure-1) were synthesized on a 0.25 mmol scale using an
Applied Biosystems 433A peptide synthesizer, by 9-fluornylmethoxycarbonyl (Fmoc)
chemistry. Pesudoprolines were incorporated to facilitate the synthesis. 5-(4’-fmoc-
aminomethyl-3’,5-dimethoxyphenol) valeric acid (PAL-PEG) resin was used to afford an
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amidated C-terminus (46). The peptide was cleaved from the resin using standard TFA
protocols. Crude peptides were oxidized by dimethyl sulfoxide (DMSO) (47). The peptides
were purified by reverse-phase HPLC using a Vydac C18 preparative column with HCI as
the counter-ion since the presence of TFA has been shown to affect amyloid formation by
some IAPP derived peptides (48). After the initial purification, the peptide was washed with
cold ether, centrifuged, dried and then redissolved in HFIP and subjected to a second round
of HPLC purification. This procedure was necessary to remove residual scavengers.
Analytical HPLC was used to check the purity of the peptide. The identity of the pure
peptides was confirmed by mass spectrometry using a Bruker MALDI-TOF MS; IAPP
observed 3904.6, expected 3904.8; 3XL-1APP, observed 3785.8, expected 3786.2; F15L,
F23L-1APP, observed 3835.8, expected 3836.2; IAPPag-37, Observed 3225.1, expected
3225.4; 1APPacg.24 Observed 1917.2, expected 1917.0.

Sample Preparation for in vitro Biophysical Assays of Amyloid Formation

Stock solutions (1.60 mM) of IAPP were prepared in 100% hexafluoroisopropy! alcohol
(HFIP) and stored at —20°C. Aliquots of IAPP peptide in HFIP were filtered through a 0.22
um filter and freeze-dried. A Tris-HCI buffered (20 mM, pH 7.4) thioflavin-T solution was
added to these samples to initiate amyloid formation.

Thioflavin-T Fluorescence Assays

Fluorescence measurements were performed using a Beckman model D880 plate reader. An
excitation wavelength of 430 nm and emission wavelength of 485 nm were used for the
thioflavin-T studies. The samples were incubated at 25°C in 96-well plates. An excitation
filter of 430 nm and an emission filter of 485 nm were used. All solutions for these studies
were prepared by adding a Tris-HCI buffered (20 mM, pH 7.4) thioflavin-T solution to IAPP
peptide (in lyophilized dry form) immediately before the measurement. The final
concentration was 16 pM or 32 uM peptide and 32 pM thioflavin-T with or without
flavanols in 20 mM Tris-HCI. For the comparative studies of EGCG, ECG, EGC, GCG,
Catehchin, and Epi-Catehchin, 0.25% DMSO was present in the solution. EGCG is very
soluble in water, (20 mg/ml), as were all of the derivatives except for ECG. Thus a
concentrated stock solution of ECG was prepared in DMSO and diluted into buffer. The
final DMSO concentration was 0.25%. Similar conditions were used for the other
derivatives, for consistency.

Transmission Electron Microscopy (TEM)

TEM was performed at the Life Science Microscopy Center at the Stony Brook University.
TEM samples were prepared from the solutions used for the fluorescence measurements. 15
pL of the peptide solution was removed at the end of the kinetic runs and blotted on a
carbon-coated Formvar 300 mesh copper grid for 1 min and then negatively stained with
saturated uranyl acetate for 1 min.

IAPP Solubility Measurements

The soluble fraction of IAPP was measured using solutions that had been centrifuged to
remove fibril material and high molecular weight aggregates. The concentration of soluble
peptide was determined using the Bradford assay. Control experiments were conducted
using BSA standards in the presence and absence of EGCG. The presence of EGCG affected
the measured absorbance by less than 3.8%. The amount of soluble protein was measured
for a freshly dissolved sample of IAPP and the amount remaining in solution after amyloid
formation was determined by centrifuging the sample at 20,000 g, 25°C for 30 min using a
Beckman Coulter bench top Microfuge 22R centrifuge. The upper 100 pl of the supernatant
was used for quantification. The Bradford assay was used to measure the amount of soluble
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peptide and was performed in 96-well plates using a Beckman model D880 plate reader. 100
pl of dye reagent was added to a 100 pl sample solution and the absorbance was measured at
595 nm after 30 seconds of linear shaking and 2 minutes incubation. Absorbance readings
were calibrated with a standard series of human IAPP peptide that was freshly dissolved in
water and was quantified by measuring the absorption at 280 nm. The molar extinction
coefficient used was 1615 M~1cm™1.

A set of experiments with and without EGCG were conducted. Experiments were conducted
with samples to which EGCG (16 uM) had been added at time=0. The amount of soluble
IAPP was measured at time=0 and time=50 hrs. Control studies were also performed with
samples of IAPP in the absence of EGCG. Solubility experiments were also conducted on
samples that had been remodeled by EGCG. 16 uM human IAPP was incubated at 25°C in
20 mM pH 7.4 Tris-HCI buffer to form amyloid fibrils. 50 hours later, EGCG was added to
the fiber solution. After incubation for another 45 hours (i.e. 95 hours after the reaction was
initiated), the amount of soluble protein was measured.

Results and Discussion

The primary sequence of IAPP is shown in Figure 1 together with the IAPP analogs studied
here. The 3XL-IAPP variant is a triple mutant in which each aromatic residue has been
replaced by Leu. 3XL-1APP forms amyloid fibers which are similar to those of wild type
IAPP although a bit thinner. The mutant allows us to test the role of the C-terminal tyrosine
as well as the role of the other aromatic residues (49). The F15L, F23L peptide lacks the two
Phe residues in wild type IAPP and allows us to test the importance of potential drug Phe
interactions. In order to study the potential importance of protein amino groups we prepared
two acetylated analogs of IAPP. The first includes residues 8-37 (with an acetylated N-
terminus) and is denoted 1APPacg.37. This peptide forms amyloid fibers on a time scale
similar to wild type IAPP and generates fibers with the same morphology as wild type (50).
The second is comprised of residues 8-24, again with an acetylated N-terminus, (denoted
IAPPacg.24). Both of these peptides lack free amino groups. Figure-1 also displays the
structure of EGCG and the derivatives studied here. GCG is the sterecisomer of EGCG.
ECG is similar in structure to EGCG but lacks the 5-hydroxyl group on the tri-hydroxyl
ring. EGC includes the 5-hydroxyl group, but lacks the gallate ester. Comparative analysis
of EGC and EGCG allows an assessment of role of the gallate ester. Catechin and its
stereoisomer, Epi-Catechin, lack both the gallate ester group and the 5-hydroxyl group of the
tri hydroxyl group. Historically, they were the first compounds in this class to be
characterized as potential inhibitors of B-sheet linked polymerization. Early studies using
model homo-polymers of amino acids showed that the catechins inhibit the coil to B-sheet
transition (51).

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 equilibrium with soluble peptide. The rate of amyloid formation by IAPP was
measured in the presence and in the absence of flavanols using thioflavin-T binding assays.
The dye is believed to bind to the groves formed on the surface of amyloid fibers by the in-
register alignment of side chains in the cross p-sheet structure. Binding of the dye reduces
self-quenching by restricting the rotation of the benzothiozole and benzaminic rings, and the
fluorescent quantum yield of the probe increases when it binds to amyloid fibrils (52).
Thioflavin-T is not completely amyloid specific and it is important to validate its use on the
system of interest. Previous studies, which made use of the fluorescent amino acid p-
cyanophenylalanine, have shown that thioflavin-T experiments accurately report on the
kinetics of IAPP amyloid formation and do not alter the observed rate of aggregation (53).
There can also be complications with thioflavin-T studies of amyloid inhibition; compounds
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which appear to be inhibitors in thioflavin-T assays may do so because they inhibit
thioflavin-T binding to fibrils or quench the fluorescence of bound thioflavin-T rather than
inhibit amyloid formation (15, 54). This can be problematic for some flavanols and related
compounds, although not for EGCG (55). Nonetheless, we confirmed the results of all
thioflavin-T binding assays using transmission electron microscopy (TEM).

EGCG inhibits amyloid formation by IAPP when added in the lag phase or in the growth

phase

The mechanism of amyloid formation by 1APP is not known, but a number of groups have
proposed that population of helical intermediates could be important (56-59). Structural
studies of a fusion of IAPP with Maltose binding protein support this conjecture as do NMR
and CD experiments and studies of rationally designed peptide inhibitors are consistent with
this model (58-61). Mass spectroscopy studies have revealed the rapid formation of low
order oligomers during IAPP amyloid formation (62) and a number of studies have utilized
TEM to reveal the presence of non-fibril material in the lag phase. EGCG is known to
inhibit amyloid formation by IAPP and a range of other polypeptides when it is added at the
start of an amyloid reaction and it has been shown to remodel some preformed amyloid
fibers into oligomeric species, but it is not known if it effectively interacts with species
populated during the assembly of IAPP amyloid fibers. Thus, we examined the effect of
adding EGCG at different time points after amyloid formation commenced.

We first conducted control experiments to test if the presence of thioflavin-T influences the
results of our inhibition assays. It does not. IAPP readily forms amyloid in the absence of
thioflavin-T and EGCG is still a highly effective inhibitor. Additional control experiments
reveal that the time course of IAPP amyloid formation is independent of the ratio of
thioflavin-T to IAPP over the range tested, and EGCG is a very effective inhibitor under
these conditions (Supporting Information).

If EGCG were only able to bind to initially populated species, we would expect to see less
effect when the compound is added in the middle or at the end of the lag phase relative to
what is observed when it is added at time=0. EGCG is still effective if is added in the lag
phase or at the end of the lag phase. Thioflavin-T monitored kinetic progress curves for
IAPP in the presence and absence of EGCG are displayed in Figure-2. The curve measured
in the absence of EGCG is typical of that observed for IAPP in vitro. The TEM image of the
sample without inhibitor revealed extensive amyloid deposits. If EGCG is added at time=0,
no change in thioflavin-T fluorescence is observed over the course of the reaction and no
fibers are observed by TEM, in agreement with previous studies (Figure-2, Supporting
Information) (20). TEM analysis of a sample removed in the middle of the lag phase, before
the addition of EGCG shows some small spherical objects and very short fiber-like material
(Figure-2B). We added EGCG at this point and, waited another 43 hours, (50 hours total
after initiation of amyloid formation), and then recorded a TEM image. Small amounts of
thin material were observed, but no amyloid was detected and no enhancement in thioflavin-
T fluorescence was observed (Figure-2C). Thus EGCG is still a very effective inhibitor if
added at the midpoint of the lag phase. We next examined a sample 17 hours after initiation
of amyloid formation, but prior to addition of EGCG. This is near the end of the lag phase.
Thin species are present (Figure-2D). EGCG was added and an aliquot was removed 33
hours later (50 hours total after amyloid formation was initiated). Thin material was
observed, together with some short thicker structures and some amorphous material
(Figure-2E, Supporting Information). No amyloid was observed by TEM and no
enhancement in thioflavin-T fluorescence was detected, showing that EGCG is still acting as
an inhibitor. Finally, we examined the consequences of adding the compound in the middle
of the growth phase (blue curve in Figure-2). A decay of the thioflavin-T fluorescence is
observed over the course of several hours followed by a slower decay to a final low level
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plateau value. The final value is higher than the initial value measured before the start of
amyloid formation. This suggests that EGCG induced remodeling is not the reverse of
amyloid formation. The TEM image recorded before EGCG was added reveals arrays of
amyloid fibers (Figure-2F). Another TEM was recorded 27 hours after the addition of
EGCG, (50 hours total after amyloid formation was initiated), and shows that EGCG has
remodeled the fibers, leading to amorphous material and some small spherical species
(Figure-2G). Similar observations have been reported when EGCG is added after amyloid
formation is complete (20). Remodeling of fully formed amyloid fibers follows a time
course similar to what we observed here; namely an initial decay on the order of a few hours
followed by a slow decay. The simplest explanation for the kinetic curve and the TEM
images observed after EGCG is added in the middle of the growth phase is that the
compound remodels the amyloid fibers which have formed at this stage and prevents any
pre-fibril intermediates from forming fibers. The remodeling process is considered in more
detail in the next subsection.

EGCG is a very potent inhibitor of amyloid formation; hence we examined the effects of
adding a substoichiometric amount at different time points. We reasoned that any
differences would be easier to detect under these conditions. EGCG is still an effective
inhibitor when added at a ratio of EGCG to IAPP of 1 to 2 and is also effective if added after
the initiation of amyloid formation, although some differential effects are observed
depending upon when it is added (Supporting Information). These experiments show that
EGCG is an effective inhibitor of IAPP amyloid formation no matter when it is added and
implies that it interacts with a range of species populated during the lag phase.

of IAPP amyloid by EGCG is not the reverse of amyloid formation

The data displayed in Figure-2 promoted us to examine the remodeling process in more
detail. EGCG has been shown to remodel amyloid fibers formed by a range of polypeptides
including IAPP (20-22). The observation that the final thioflavin-T intensity after the
addition of EGCG does not reduce to the zero intensity baseline argues that EGCG induced
remodeling is not the reverse of amyloid formation since monomeric IAPP does not induce
thioflavin-T fluorescence. The experiments reported in Figure-2 and our earlier work were
conducted using a 1:1 ratio of EGCG to IAPP (20). We examined the consequences of
altering the ratio of EGCG to IAPP in order to test if the failure of the thioflavin-T
fluorescence to completely decay was due to insufficient amounts of EGCG. This does not
appear to be the case since the final thioflavin-T fluorescence reaches a limiting, non-zero
value when excess EGCG is added. Figure-3 displays thioflavin-T remodeling curves for
EGCG:IAPP ratios ranging from 0.5:1 to 5:1. The final thioflavin-T fluorescence intensity
converges to the same value and does not return to the time=0 baseline (Figure-3B). Similar
results are obtained if a 1:1 ratio of EGCG to IAPP is used to initiate the remodeling and
more EGCG is then added when the reaction has reached a steady state (Supporting
Information). TEM shows that the products of the remodeling reaction are not amyloid
fibers and also differ from TEM images recorded of freshly dissolved IAPP. The thioflavin-
T and TEM data argues against a remodeling mechanism in which IAPP fibers are in
equilibrium with monomers and EGCG binds only to monomers and maintains them in a
soluble form thereby shifting the equilibrium to the soluble state. In this scenario, the
inhibitor would ultimately lead to complete lose of thioflavin-T signal and to TEM images
which resemble those collected at time=0. Direct evidence against this mode of action is
provided by studies which monitor the amount of soluble peptide present after EGCG is
added to IAPP amyloid fibers. EGCG was added to IAPP amyloid fibers and the amount of
soluble peptide was measured by centrifuging the resulting material at 20,000 g for 30
minutes and using Bradford assays to monitor the amount of peptide in the supernatant.
These conditions were chosen because they pellet IAPP amyloid fibers. Control experiments
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show that less than 8% of the peptide remains in the soluble fraction after centrifugation of a
sample of IAPP amyloid in the absence of EGCG (Supporting Information). A second
control experiment shows that addition of EGCG to freshly dissolved soluble IAPP at the
start of an amyloid formation reaction maintains the peptide in solution. For this control
experiment, EGCG was added to a sample of freshly dissolved IAPP and the solution was
incubated for 50 hours. This time was chosen because it is much longer than the time
required to form amyloid. After the centrifugation, more than 90% of the peptide was in the
soluble fraction. Very different results are obtained if EGCG is added to preformed fibers.
Close to 95% of the IAPP remained in the insoluble fraction after EGCG induced
remodeling. For this experiment, a 16 uM sample of IAPP was incubated for 50 hours, a
time for which fiber formation is complete, and EGCG was then added. The solution was
incubated for another 45 hours and the amount of soluble protein was measured. The
solubility measurements, TEM and thioflavin-T experiments show that EGCG induced
remodeling of IAPP amyloid fibers leads to insoluble non-fibrillar material which retains a
modest ability to bind thioflavin-T.

We next examined the ability of the material produced by the EGCG induced remodeling to
seed amyloid formation by initially monomeric IAPP. Seeding experiments involve the
addition of aggregated material to a solution of monomers. Seeds derived from amyloid
fibers promote rapid amyloid formation by their own monomers and lead to a bypass of the
lag phase. Seeding studies provide a convenient, albeit indirect, probe of structure since
seeding typically exhibits a high degree of structural specificity (63). The material generated
by the EGCG induced remodeling demonstrates no capacity to seed amyloid formation by
IAPP, arguing that the final product is not simply small fragments of amyloid fibers with
exposed ends (Figure-4).

Interactions with aromatic residues are not required for the inhibition of IAPP amyloid, or
for the remodeling of IAPP amyloid by EGCG

n-stacking of aromatic residues has been proposed to contribute to amyloid formation,
although aromatic aromatic interactions are not required for amyloid formation by 1APP or
AP (49, 64-67). Interactions between the aromatic side chains of Phe, Tyr or Trp and
aromatic rings of amyloid inhibitors have also been proposed to play an important role in
drug polypeptide interactions (10, 12). Wild type IAPP contains 3 aromatic residues; F15,
F23 and the C-terminal amidated Tyrosine. Phe-15 and Tyr-37 are rigorously conserved in
all known IAPP sequences while Phe-23 is strongly conserved. In order to test the potential
role of aromatic interactions in the inhibition of IAPP amyloid formation by EGCG we
examined the ability of the compound to inhibit amyloid formation by two variants of |APP.
We have previously shown that a triple mutant of IAPP, denoted 3XL-1APP in which the
three aromatic residues are replaced by Leucines forms amyloid, albeit at a reduced rate
(49). We also examined a second variant, denoted F15L, F23L-1APP, in which F15 and F23
were mutated to Leu but Y37 was not.

Thioflavin-T kinetic curves of 3XL-1APP recorded in the presence and absence of EGCG
are displayed in Figure-5. Also included in the figure are TEM images collected at the end
of the experiments. The data clearly demonstrates that EGCG is an effective inhibitor of
amyloid formation by 3XL-1APP and thus shows that interactions with aromatic residues are
not required. The ability of EGCG to remodel preformed 3XL-1APP amyloid fibers was also
tested by adding EGCG after formation of amyloid fibers (Figure-6). The presence of
amyloid was confirmed by removing an aliquot of the reaction mixture prior to the addition
of EGCG. The thioflavin-T fluorescence intensity exhibited a multiphase decay after
addition of EGCG which is very similar to that reported for wild type IAPP (20). TEM
images recorded at the end of the time course confirmed that EGCG efficiently remodeled
3XL-IAPP amyloid fibers.
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We examined the behavior of the second aromatic mutant in which F15 and F23 were
replaced by Leucine, F15L, F23L-IAPP (Supporting Information). This polypeptide forms
amyloid more rapidly than the 3XL mutant. EGCG also inhibited amyloid formation by this
polypeptide and remodeled pre-formed F15L, F23L-1APP amyloid fibers.

Interactions with Cys-2, Cys-7 or with free amino groups are not required for the inhibition
of IAPP amyloid formation by EGCG or for the remodeling of IAAP amyloid by EGCG

We next examined the role of protein amino groups and the C2 C7 disulfide in IAPP EGCG
interactions. Reaction with free thiols of reduced Cys residues and Schiff-base formation
with the N-terminal amino group or with the g-amino group of lysine side chains have been
proposed to play a role in the action of EGCG (26). We used a truncated acetylated variant
of IAPP, IAPPacs.37 (Figure-1), which comprises residues 8 to 37 of human IAPP. This
peptide lacks the disulfide and is devoid of amino groups. IAPPacg.37 forms amyloid on the
same time scale as full length IAPP and the morphology of the amyloid deposits are the
same as judged by TEM (50). Figure 7 displays thioflavin-T curves for IAPPacg.37 in the
presence and absence of EGCG. No change in thioflavin-T fluorescence is observed over the
entire time course when EGCG is present. In contrast, a typical amyloid kinetic progress
curve is observed in its absence. TEM images collected 30 hours after the initiation of
amyloid formation reveal a dense mat of fibers in the absence of EGCG, but none in its
presence (Figure-7). We studied the ability of EGCG to remodel amyloid fibers formed by
IAPPacg.37 (Figure-8). A sample of the polypeptide was incubated for 30 hours and EGCG
was added. TEM images of a sample removed just before the addition of EGCG showed
typical amyloid fibers. An initial decay of thioflavin-T fluorescence was observed over
several hours after addition of EGCG, followed by a slower decay. The curve is very similar
to that observed for the remodeling of wild type IAPP amyloid fibers. No fibers were
detected in the TEM image collected at the end of the time course. This set of experiments
demonstrates that neither free amino groups nor the disulfide are required for EGCG’s
inhibition of amyloid formation by IAPP or for its ability to remodel pre-formed IAPP
amyloid fibers.

In order to confirm these results, we examined a second peptide fragment derived from full
length IAPP. The acetylated 8-24 fragment, IAPPacg.24, lacks free amino groups. Note that
it also lacks the C-terminal tyrosine and thus provides a second independent test of the
potential role of EGCG tyrosine interactions. The fragment forms amyloid on a similar time
scale as the other peptides (Supporting Information). Thioflavin-T assays and TEM analysis
reveal that EGCG efficiently inhibits amyloid formation by this peptide and remodels pre-
formed amyloid fibers (Supporting Information). Our analysis of IAPPacg.24 confirms that
interactions with free amino groups, or the disulfide, or the tyrosine side chain are not
required for the action of EGCG.

The gallate ester and the integrity of the tri-hydroxyl phenyl ring are important for the
effectiveness of EGCG

We analyzed several EGCG derivates in order to help define the features of the compound
which are critical for its anti-IAPP amyloid activity. EGCG has been shown to inhibit a
range of amyloid forming polypeptides, but little is known about the relative importance of
the different groups in the molecule. Our goal is not to conduct a detailed structure function
relationship study, but to probe several key features.

EGCG can epimerize to (—)-Gallocatechin gallate (GCG, Figure-1), when subjected to
prolonged heating (68). Thus we examined the ability of GCG to inhibit IAPP amyloid
formation. The compound is very effective, although slightly less so than EGCG. Ata 1:1
ratio, GCG lengthens the lag time a factor of 4 and reduces the final thioflavin-T
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fluorescence by 85% (Figure-9). TEM images of a sample removed at the end of the kinetic
experiments show that there are much shorter and less dense mats of fibers formed than are
found with wild type IAPP alone.

We then examined the effect of removing the gallate ester. Removal of the gallate group to
produce EGC leads to a compound which is still an inhibitor of IAPP amyloid formation,
although it is noticeably less effective (Figure-9). Retention of the gallate ester, but removal
of one of the tri-hydroxyl groups leads to ECG (Figure-1). This simple modification has a
significant effect upon the ability to inhibit IAPP amyloid formation. ECG is still an
inhibitor, lengthening the lag phase by a factor of 2, and reducing the final thioflavin-T
fluorescence by 63%, but is much less effective than EGCG. The observation of significant
effects upon removal of either the hydroxyl or the gallate group naturally leads to the
question of the effect of removing both. This modification leads to Epi-Catechin. This
compound is of historical interest, as is its isomer catechin, because they were apparently the
first polyphenols shown to inhibit formation of B-sheet structure (51), although their effects
on amyloid were not tested in the early studies. Epi-catechin is not a good inhibitor of IAPP
amyloid formation (Figure-9) nor is its isomer Catechin (Supporting Information). This
analysis highlights the importance of both the gallate ester and the tri-hydroxyl phenyl
structure. Additional experiments were conducted in the presence of a five-fold excess of the
inhibitors. Under these conditions, ECG abolishes amyloid formation by IAPP, while EGC
still does not, but it is more effective at this concentration (Supporting Information).

We then test the ability of these compounds to remodel pre-formed IAPP amyloid. Their
relative performance, as judged by the final thioflavin-T fluorescence, closely tracked their
relative effect on de novo amyloid formation. TEM studies confirm that GCG, ECG and
EGC all remodel amyloid fibers. Interestingly, the TEM images of samples remodeled by
different inhibitors appear very similar although there are differences in the relative ability
to bind thioflavin-T. The relative order of the compounds to remodel 1APP fibers is similar
to their reported ability to remodel a-synuclein amyloid fibers, suggesting there could be a
common mode of action (22).

It is interesting to compare the apparent rate of remodeling induced by EGCG when it is
added in the middle of the growth phase (Figure-2) to that observed when it is added in the
plateau region (Figure-4). The time required to reach the final thioflavin-T value after the
addition of EGCG is shorter when the compound is added in the middle of the growth phase
(Supporting Information). The difference might reflect differences in fiber structure at the
two time points, although our methods have insufficient resolution to detect any. The
different effects may also be due to the simple fact that fewer fibers are present at the
midpoint of the growth phase and the ratio of EGCG to fiber materials is thus higher at this
point.

CONCLUSIONS

The data reported here clearly demonstrates that EGCG inhibits amyloid formation by IAPP
when added to the lag phase and this suggests that it is able to bind to intermediates as well
as to monomers and mature fibers. Interactions with aromatic residues, or the disulfide, or
protein amino groups, or the tyrosine sidechain are not required for effective inhibition by
EGCG. By process of elimination, it appears that EGCG interacts with IAPP by hydrogen
bonding to the peptide backbone and by relatively non-specific, presumably hydrophobic
interactions with sidechains. These observations are consistent with previous proposals that
EGCG interacts, at least in part, with a range of sidechains (16, 24, 69). This mode of
binding is fairly non-specific, which may help to explain why EGCG is so effective at
inhibiting a wide range of natively unfolded polypeptides (16-23).
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Our analysis of the EGCG derivatives shows that the isomer GCG is an effective inhibitor.
Removal of the gallate ester has major effects, but the resulting compound still has some
ability to inhibit amyloid. The removal of one of the hydroxyls from the tri-hydroxy! phenol
ring also has a large effect. Removal of both the gallate ester and the hydroxyl abolishes the
ability to inhibit IAPP amyloid formation under our conditions. Thus the most effective
inhibitors among the compounds studied here contain two tri-hydroxyl phenyl rings. The
presence of tri-hydroxyl substitutions has also been reported to be important for the ability
of polyphenolic compounds to disaggregate a-synuclein oligomers (70).

The time dependent thioflavin-T studies, solubility experiments and TEM images
conclusively show that EGCG induced remodeling is not the reverse of amyloid formation.
The solubility studies and thioflavin-T data argue against a mechanism by which EGCG
binds to soluble small oligomers and monomers and induces remodeling by shifting the
equilibrium to a pool of EGCG stabilized soluble peptide. However, the data can not
eliminate the possibility that EGCG remodels IAPP amyloid fibers by binding to soluble
IAPP and then sequestering it in non-amyloid aggregates. Thus the exact mechanism of the
EGCG induced remolding of IAPP amyloid is an open question and will be the subject of
further studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CD Circular Dichroism
ECG (—)-Epicatechin gallate (—)-cis-2-(3,4-Dihydroxyphenyl)-3,4-

dihydro-1(2H)-benzopyran-3,5,7-triol 3-gallate

EGC (—)-Epigallocatechin, (-)-cis-2-(3,4,5-Trihydroxyphenyl)-3,4-

dihydro-1(2H)-benzopyran-3,5,7-triol

EGCG (—)-Epigallocatechin 3-gallate, (2R,3R)-5,7-dihydroxy-2-(3,4,5-

trihydroxyphenyl)-3,4-dihydro-2H-1-benzopyran-3-yl 3,4,5-
trihydroxybenzoate

Fmoc 9-fluorenylmethoxycarbony!l

GCG (—)-Gallocatechin gallate, (2S,3R)-2-(3,4,5- Trihydroxyphenyl)-3,4-
dihydro-1(2H)-benzopyran- 3,5,7- triol 3-(3,4,5-trihydroxybenzoate)

IAPP human islet amyloid polypeptide

3XL-1APP the F15L/F23L/Y37L triple mutant of human IAPP

F15L F23L-1APP, the F15L/F23L double mutant of human IAPP

IAPPAcg.37 residues 8-37 of human IAPP with an amidated C terminus and an

acetylated N terminus
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IAPPAcg.24 residues 8-24 of human IAPP with an amidated C terminus and an

acetylated N terminus

MALDI-TOF matrix assisted laser desorption ionization-time of flight mass

MS

spectrometry

PAL-PEG 5-(4’-Fmoc-aminomethyl-3’,5-dimethoxyphenyl) valeric acid

ts50

the time required to achieve 50% of the final thioflavin-T intensity in
a kinetic experiment

TEM transmission electron microscopy

TFA
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(A) The primary sequence of human IAPP and the variants studied here. The wild type
peptide contains a disulfide bridge between Cys-2 and Cys-7 and has an amidated C-
terminus. (B) The structure of EGCG. (C) The structure of GCG. (D) The structure of EGC.
(E) The structure of ECG. (F) The structure of Catechin. (G) The structure of Epi-Catechin.
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Figure 2.

The effect of adding an equal amount of EGCG at various time points during amyloid
formation by IAPP. (A) Thioflavin-T monitored kinetic experiments are shown: Black,
IAPP alone, no EGCG; Green, EGCG was added at time=0, time point indicated by green
arrow; Yellow, EGCG was added in the lag phase, at the point indicted by the yellow arrow;
Red, EGCG was added at the end of the lag phase, at the time point indicated by red arrow;
Blue, EGCG was added midway through the growth phase, at the blue arrow. TEM images
of samples recorded before and after the addition of EGCG. Samples were removed
immediately before EGCG was added and analyzed by TEM. The solution was then allowed
to sit for an addition time and aliquots were removed after a total incubation time of 50
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hours, measured from the initiation of amyloid formation. (B) Wild type IAPP in the middle
of the lag phase before the addition of EGCG (yellow arrow). (C) Wild type IAPP an
additional 43 hours after adding EGCG. (D) Wild type IAPP at the end of the lag phase
before the addition of EGCG (red arrow). (E) Wild type IAPP an additional 33 hours after
adding EGCG. (F) Wild type IAPP in the growth phase before the addition of EGCG (blue
arrow). (G) Wild type IAPP an additional 27 hours after adding EGCG. Scale bars are 100
nm. Experiments were conducted at 25°C, pH 7.4, 20 mM Tris-HCI, 32 micromolar
thioflavin-T, 16 micromolar IAPP, EGCG when present was at 16 micromolar.
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Figure 3.

Remodeling of IAPP amyloid fibers using different ratios of EGCG to IAPP. (A)
Thioflavin-T kinetic curves. A 16 micromolar sample of human IAPP was allowed to form
amyloid (black curve) and the presence of amyloid fibers was confirmed by TEM (insert).
Various amounts of EGCG were added at the time point indicated by the black star ().
Yellow, 16 pM 1APP, 8 uM EGCG; Red, 16 pM IAPP, 16 uM EGCG; Green, 16 uM IAPP,
32 uM EGCG; Blug, 16 pM IAPP, 80 uM EGCG. (B) A bar graph of the final relative
fluorescence intensity at the point indicated by the colored stars in panel-A. The same color
coding is used. (C) TEM images of samples collected at the time points corresponding to
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colored stars in panel-A. TEM images are labeled and color coded. Scale bars are 100 nm.
Experiments were conducted at 25°C, pH 7.4, 20 mM Tris-HCI.

Biochemistry. Author manuscript; available in PMC 2013 April 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cao and Raleigh

Normalized Fluorescence Intensity

Page 22

[N
o
|

.......ooooooooo
°
o’ Pd
o °
Y
°
.6 ) .0.
(] ....
° ° .'
®
4 .. .. Y
o S o
° )
*’ f o
2 N .. .. ..
o
0.0 1
| | |} |
0 10 20 30 40

Time (Hours)

Figure 4.

The species which results from the remodeling of IAPP amyloid by EGCG does not seed
amyloid formation by wild type IAPP. Thioflavin-T kinetic curves are shown. Black curve:
unseeded human IAPP. Red curve: control experiment, IAPP seeded by IAPP amyloid
fibers. Blue curve: IAPP seeded by EGCG induced remodeling material. Experiments were
conducted at 25°C, pH 7.4, 20 mM Tris-HCI, 16 micromolar IAPP. Seeds, when present,
were at 10% concentration in monomer units. The seeds for the remodeling material were
obtained by adding 16 uM EGCG to 16 uM IAPP amyloid fibers and waiting for 45 hours.
The initial intensity in the control experiment (seeding of IAPP by IAPP amyloid fibers) is
not zero because the seed bind thioflavin-T.
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Figure 5.

Interactions with aromatic residues are not required for the inhibition of amyloid formation.
(A) Control experiments with wild type IAPP. Thioflavin-T monitored kinetic experiments
are shown in the presence (red) and absence of (black) EGCG. TEM images recorded of
samples removed after 50 hours are displayed. (B) Wild type IAPP without EGCG. (C) Wild
type IAPP with EGCG. (D) Inhibition of amyloid formation by the 3XL mutant of IAPP.
Thioflavin-T monitored kinetic experiments are shown in the presence (red) and in the
absence (black) of EGCG. TEM images recorded of samples removed after 200 hours are
displayed. (E) 3XL-1APP without EGCG. (F) 3XL-1APP with EGCG. Scale bars are 100
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nm. Experiments were conducted at 25°C, pH 7.4, 20 mM Tris-HCI, 32 micromolar
thioflavin-T, 16 micromolar IAPP, EGCG when present was at 16 micromolar.
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Figure 6.
Interactions with aromatic residues are not required for the effective remodeling of pre-

formed IAPP amyloid fibers. Remodeling of wild type IAPP amyloid fibers by EGCG: (A)
Thioflavin-T-monitored kinetic experiments: black, |APP alone; red, EGCG added at the

point indicated by the arrow. (B) TEM image of IAPP before the addition of EGCG,

0 20 40 60 80 100 120 140 160 180 200 220
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collected from a sample removed at the time point indicated by the black star. (C) TEM
image collected after the addition of EGCG from a sample removed at the time point
corresponding to the red star. Remodeling of 3XL-IAPP amyloid fibers by EGCG: (D)
Thioflavin-T-monitored kinetic experiments: black, 3XL-1APP alone; blue, EGCG added at
the point indicated by the blue arrow. (E) TEM image of IAPP before the addition of EGCG,
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collected from a sample removed at the time point indicated by the black star. (F) TEM
image collected after the addition of EGCG from a sample removed at the time point
corresponding to the blue star. Scale bars are 100 nm. Experiments were conducted at 25°C,
pH 7.4, 20 mM Tris-HCI, 32 micromolar thioflavin-T, 16 micromolar IAPP, EGCG when
present was at 16 micromolar. Note the different scale used for the X-axis in Panel-A and
Panel-D.
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Figure 7.

Interactions with protein amino groups or Cys-2 and Cys-7 are not required for the
inhibition of amyloid formation. (A) Inhibition of amyloid formation by the acetylated 8-37
variant of IAPP, |APPacg_37. Thioflavin-T monitored Kinetic experiments are shown in the
presence (red) and absence of (black) EGCG. TEM images recorded of samples removed
after 50 hours are displayed. (B) IAPPacg-37 without EGCG. (C) IAPPag.37 with EGCG.
Scale bars represent 100 nm. Experiments were conducted at 25°C, pH 7.4, 20 mM Tris-
HCI, 32 micromolar thioflavin-T, 16 micromolar IAPP, EGCG when present was at 16
micromolar.
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Figure 8.

Interactions with protein amino groups or the disulfide are not required for the effective
remodeling of pre-formed IAPP amyloid fibers. Remodleling of IAPPacg.37 amyloid fibers
by EGCG: (A) Thioflavin-T-monitored experiments: black, |APPa¢g.37 alone; red, EGCG
added at the point indicated by the arrow. (B) TEM image of IAPP before the addition of
EGCG, collected from a sample removed at the time point indicated by the black star. (C)
TEM image collected after the addition of EGCG. The sample was removed at the time
point corresponding to the red star. Scale bars are 100 nm. Experiments were conducted at
25°C, pH 7.4, 20 mM Tris-HCI, 32 micromolar thioflavin-T, 16 micromolar IAPP, EGCG
when present was at 16 micromolar.
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Figure 9.

The gallate ester and the integrity of the tri-hydroxyl phenyl ring are important for the
effectiveness of EGCG. (A) Thioflavin-T-monitored kinetic experiments of amyloid
formation by wild type IAPP in the presence of various inhibitors. IAPP alone (black); IAPP
plus EGCG (red); IAPP plus GCG (green); IAPP plus EGC (blue); IAPP plus ECG (cyan)
IAPP plus Epi-Catechin (white). TEM images of IAPP plus flavanols are also shown. The
samples were removed at the time point corresponding to the stars. (B) IAPP alone. (C)
IAPP plus EGCG. (D) IAPP plus GCG. (E) IAPP plus EGC. (F) IAPP plus ECG. (G) IAPP
plus Epi-Catechin. Scale bars are 100 nm. All experiments were conducted at 25°C, pH 7.4,
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20 mM Tris-HCI, 32 micromolar thioflavin-T, 0.25% DMSO, 32 micromolar IAPP, EGCG
or its derivatives when present was at 32 micromolar.
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Figure 10.

Remodeling of IAPP amyloid fibers by amyloid inhibitors. (A) Thioflavin-T-monitored
experiments are shown. Inhibitors were added at the time point indicated by the arrow.
Black, IAPP alone; Red, EGCG; Green, GCG; Blue EGC; Cyan ECG. TEM images
collected after addition of flavanols are also shown. The samples were removed at the time
point corresponding to the stars. (B) IAPP plus EGCG. (C) IAPP plus GCG. (D) IAPP plus
EGC. (E) IAPP plus ECG. Scale bars are 100 nm. Experiments were conducted at 25°C, pH
7.4, 20 mM Tris-HCI, 32 micromolar thioflavin-T, 0.25% DMSQO, 32 micromolar IAPP,
EGCG or its derivatives when present was at 32 micromolar.
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