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ABSTRACT: Islet amyloid polypeptide (IAPP) is a major
component of pancreatic amyloid deposits associated with type 2
diabetes. Polyphenols contained in plant foods have been found to
inhibit amyloid fibril formation of proteins and/or peptides. However,
the inhibition mechanism is not clear for a variety of systems. Here
the inhibition mechanism of green tea polyphenols, catechins, on
amyloid fibril formation of the IAPP fragment (IAPP22—27), which is
of sufficient length for formation of #-sheet-containing amyloid fibrils,
was investigated by means of kinetic analysis. A quartz crystal
microbalance (QCM) determined that the association constants of
gallate-type catechins [epicatechin 3-gallate (ECg) and epigalloca-
techin 3-gallate] for binding to IAPP22—27 immobilized on the gold
plate in QCM were 1 order of magnitude larger than those of the free
IAPP22—27 peptide, and also those of epicatechin and epigalloca-
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techin. Kinetic analysis using a two-step autocatalytic reaction mechanism revealed that ECg significantly reduced the rate
constants of the first nucleation step of amyloid fibril formation, while the rate of autocatalytic growth was less retarded. 'H
nuclear magnetic resonance studies clarified that a IAPP22—27/ECg complex clearly forms as viewed from the 'H chemical shift
changes and line broadening. Our study suggests that tea catechins specifically inhibit the early stages of amyloid fibril formation
to form amyloid nuclei by interacting with the unstructured peptide and that this inhibition mechanism is of great therapeutic
value because stabilization of the native state could delay the pathogenesis of amyloid diseases and also the toxicity of the small

oligomer (protofibril) is reported to be greater than that of the mature fibril.

myloid fibril formation is well-known as the common

phenomenon associated with severe diseases such as
Alzheimer’s, Parkinson’s, and Creutzfeld-Jakob diseases."?
Although the sequence of the proteins and/or peptides forming
the amyloid fibrils is different, the fibrils show common
morphology such as 80—150 nm in diameter,® specific
characteristics such as the appearance of apple green
birefringence in aggregates stained with Congo red,* and
increased intensity of fluorescence by thioflavin T.° The
assembly of amyloid fibrils is accompanied by conformational
changes in the proteins and/or peptides, and the resulting
fibrils mainly form f-sheet structures.’ Because elucidation of
the molecular mechanism of fibril formation is important for
preventing and/or delaying the outbreak of such diseases, many
studies have been conducted. Plausible forces for the assembly
of proteins and/or peptides are generally considered to be
hydrophobic and charge—charge interactions between the side
chains. Fibrillation mechanisms have been proposed, and in
most cases, the nucleus of the fibril is formed during the early
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stage. During the nucleation phase, no detectable amyloid fibrils
are formed, and therefore, a lag phase is displayed. It is followed
by more rapid growth, an elongation phase that leads to a final
state in which amyloid fibrils are in equilibrium with soluble
peptides. As a simple, relevant model, a two-step autocatalytic
reaction mechanism was proposed for the case of amyloid fibril
formation of human calcitonin (hCT), where the first step is
the nucleation process and the second step is the elongation
process.””” Once the nucleus of the fibril is formed, the
reaction is accelerated by an autocatalytic reaction. Prevention
of the association process of peptides and/or proteins at the
onset to form nuclei is one of the particular challenges to delay
the development of severe symptoms.'® A higher neurotoxicity
of small oligomers or protofibrils as compared with that of
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mature fibrils was seen for amyloid aggregates by Alzheimer’s -
amyloid (Af)."

Human islet amyloid polypeptide (IAPP, amylin) consists of
37 amino acid residues and contains the sequence KCNTAT-
CAT QRLANFLVHS SNNFGAILSS TNVGSNTY-NH, with a
disulfide bond between Cys* and Cys’. It is one of the amyloid-
forming peptides observed in extracellular pancreatic deposits
in type 2 diabetes; this aggregate is found to be strongly toxic to
pancreatic -cells.'> Pancreatic amyloid deposition is not found
in rodents, although there are only six amino acid residues by
which the rat IAPP differs from that of humans; five of the six
amino acid residues are located in the region between residues
20 and 29." In particular, substitution of the fragment of
residues 20—29 with one or two amino acid residues with Pro
or another amino acid generally weakened the ability to form
fibrils.'*'* Fragments 23—27 and 22—27 of IAPP were shown
to be of sufficient length for formation of amyloid fibril with a
p-sheet conformation."”

Inhibition of amyloid fibril formation by peptides and small
compounds has been examined in vivo and in vitro.'*"*!
Polyphenols have demonstrated an inhibitory effect on amyloid
fibril formation. This phenomenon was mostly attributed to the
antioxidative nature of these compounds, although it also has
been suggested that structural properties of polyphenol
compounds may affect their inhibitory nature.”’ Experimental
and theoretical studies suggest that aromatic interactions play
an important role in many cases of amyloid protein self-
assembly by affecting the directionality and orientation needed
for this process.g’zz_ * Tea catechins, polyphenols in green teas,
are known to have a varie? of biological activities such as
antioxidant,®> antimicrobial,?® and antitumor activities.”” In tea
leaves, the major catechins are (—)-epicatechin (EC),
(—)-epicatechin 3-gallate (ECg), (—)-epigallocatechin (EGC),
(—)-epigallocatechin 3-gallate (EGCg), (—)-gallocatechin
(GC), and (+)-catechin (C). In vitro work has shown that C
inhibits A aggregation,”® and EGCg inhibits amyloid
formation of Ap, a-synuclein, polyglutamine peptides, the
model polypeptide k-casein, hCT, and also IAPP.**73?
However, the detailed inhibition mechanism is not yet clear.

Here, we aim to investigate the effect of catechins on amyloid
fibril formation of IAPP22—27 [NFGAIL (see the the
underlined part of the hIAPP sequence)] peptide by evaluating
quantitative kinetic rate constants. This fragment was chosen
because the region was shown to play a central role in amyloid
fibril formation of IAPP."S Although the sequence is simple, it
contains aromatic and hydrophobic amino acids that could
plausibly play important roles in the molecular assembly of
amyloid fibrils. Four tea catechins (Figure 1) were applied to
the IAPP22—27 peptide as possible inhibitors. To investigate
peptide—peptide and peptide—catechin interactions, we used a
quartz crystal microbalance (QCM). In previous studies, a 27
MHz QCM was successfully employed to quantitatively analyze
interactions by tracking mass chan§es between transcription
proteins and/or peptides and DNA***> or substrate—enzyme
reactions®®?’ in aqueous solution. The interaction of bioactive
compounds and a lipid-coated QCM was also investigated.>*~*°
The association constants (K,) for peptide—peptide and
peptide—catechin interactions were calculated by experimen-
tally obtained association rate constants (k,,) and dissociation
rate constants (k,g). The kinetics of insoluble IAPP22—27 fibril
formation was studied in the absence and presence of catechins
by turbidity measurements and analyzed using the two-step
reaction mechanism. Consequently, the rate constants for
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Figure 1. Structures of tea catechins: (—)-epicatechin (EC),
(—)-epigallocatechin (EGC), (—) epicatechin 3-gallate (ECg), and
(—)-epigallocatechin 3-gallate (EGCg).

nucleation (k;) and autocatalytic elongation (k,) were
determined quantitatively. Nuclear magnetic resonance
(NMR) spectroscopy was applied to examine the peptide—
catechin interaction at the molecular level.

B EXPERIMENTAL PROCEDURES

Materials. Lyophilized IAPP22—27 peptide was obtained
from custom peptide synthesis services by Invitrogen Co.
(Tokyo, Japan) at >95% purity. Tea catechins, EC, EGC, ECg,
and EGCg, were kindly provided by Mitsui Norin Co. The
other chemicals were purchased from Sigma-Aldrich Japan and
used without further purification.

QCM Experiment. A 27 MHz QCM (Affinix Q4, Initium
Inc,, Tokyo, Japan) was used for QCM measurements. It is
characterized by four channels for simultaneous measurements
of 500 uL cells equipped with an AT-cut quartz crystal plate
and a gold electrode with an area of 4.9 X 107° m? at the
bottom of the cell, a stirring bar, and a temperature controlling
system (Initium Inc.). IAPP22—27 peptide was covalently
immobilized on the gold surface, in accordance with a
previously published method.*' Phosphate-buffered saline
{PBS [1/15M, 137 mM NaCl, and 2.7 mM KCl (pH 7.4)]}
containing 1 mM peptide was kept in the cell for 60 min and
was adopted as the binding condition. For experiments, an
IAPP22—27 peptide or catechin solution dissolved in PBS was
injected into the cells as a guest molecule. Because DMSO is
not suitable for the QCM system, the peptide was dissolved in
PBS and stocked in the freezer (—20 °C) until injection. No
fibril formation was observed in the QCM cell during
measurement because the concentration of IAPP22—27 in the
cell was kept below thermodynamic solubility (1.2 + 0.2 mg/
mL, 1.9 mM)."® All measurements were taken at 25 °C.

Sauerbrey’s equation (eq 1) was applied to calculate the mass
of the adsorbed molecules.
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where AF is the change in frequency, F, is the fundamental
frequency of QCM (27 X 10° Hz), A is the electrode area (4.9
X 107% m?), u, is the shear mode stress of the crystal (2.95 X
10 kg m™! s_%), Pq is the density of the quartz (2648 kg/m?),
and Am is the mass change (grams). As a result, a frequency
decrease of 1 Hz corresponds to 30 pg binding to the electrode.

The process of binding of free IAPP22—27 or catechins to
the immobilized IAPP22—27 on the gold plate in QCM is
assumed to be in the equilibrium given by eq 2.

kon
X+Y=2XY
Koge )

where X is the JAPP22—27 peptide immobilized on the gold
surface and Y is a guest molecule injected later. K, is obtained
from the ratio of k,, to k.g The amount of the X-Y complex
after a certain time t from the injection is given by eq 3

Am, = [XY] = [X-Ylmax[l - "P(__t)] ()

where

1

T kon[Y] + koff (4)
From the linear correlation of 1/7 and [Y], k., and k. values
could be obtained from the slope and intercept, respectively.

Kinetic Analysis of Fibrillation. EGCg is an abundant
catechin in tea extract and is known to demonstrate various
biological activities. However, it was found to be unstable
especially in a neutral pH solution because the gallyl moiety in
the B-ring of gallocatechins EGC and EGCg contributed to
H,0, formation.*>** Therefore, ECg and EC were used in this
kinetic research after their stability had been confirmed.

The kinetic fibrillation assay of IAPP22—27 was performed
using a UV—vis spectrometer (U-3300, Hitachi, Tokyo, Japan).
The peptide stock solution was prepared by dissolving the
lyophilized powder completely in DMSO at a concentration of
~120 mM by immediate mixing and sonication and used
immediately to avoid formation of preaggregated peptide
seeds.'>* The fibrillation assay was initiated by adding pH 6.8
buffer (50 mM phosphate buffer and 100 mM NaCl). The final
peptide concentration (2.3—2.5 mM) was estimated from the
added mass of peptide powder, and the final DMSO content of
the test solution was 4%. The solutions were continuously
stirred with a magnetic stirring bar (2 mm X 2 mm) in a
disposable cuvette (path length of 1 cm) at room temperature
(20-22 °C), and turbidity (absorbance at 400 nm) was
measured over several time points. An IAPP22—27 solution in
the presence of catechin was prepared by adding ECg or EC
dissolved in DMSO and diluted into the phosphate buffer to
the peptide stock solution. Fibrillation assays with or without
catechins were always performed in duplicate in the same
experimental set, and measurements were repeated in three
independent experiments. Stirring is well-known to increase the
rate of amyloid formation and generates small fibrils that would
exhibit turbidity.*® Fibrillation assays presented here were all
performed under the same stirring conditions, which yielded
good reproducibility.

A two-step reaction mechanism was adopted for the analysis
of amyloid fibril formation of hCT’~® and used for that of
IAPP22-27: the first reaction step is a homogeneous
association to form fibril nucleus, and the second step is an
autocatalytic heterogeneous fibrillation to allow the fibril to

mature. The rate constants for the first (k;) and second (k,)
steps were analyzed using the following equation.

plexp[(1 + p)kt] — 1}
1+ plexp[(1 + p)kt]} ()

where f is the fraction of fibril form in the total peptide
molecules (a dimensionless value), p = k;/k, k = ak,, and the
initial peptide concentration is represented as a.

NMR Observation. '"H NMR experiments were performed
on a Bruker Avance III spectrometer operating at the proton
resonance frequency of 500.13 MHz. IAPP22—27 was dissolved
in DMSO-dg. Then 50 mM phosphate buffer [100 mM NaCl
(pH 6.8)] was added. Samples in the presence of catechins
were prepared by dissolving catechins in DMSO-dg and mixed
with lyophilized IAPP22—27 powder, and then the pH 6.8
buffer was added to reach a 10:1 molar ratio of catechin to
peptide. The final peptide concentration was 2.9—3.4 mM, and
10% DMSO-ds was necessary to dissolve catechins completely.
The apparent pH value for the samples was 6.0. The proton
chemical shift value was referred to that of internal sodium 3-
(trimethylsilyl) propionate-2,2,3,3-d, (TSP-d,) at 0 ppm. The
residual water resonance was suppressed using a Watergate
sequence. Signal assignments of the peptide and catechins were
taken by TOCSY and NOESY measurements. NMR spectra
were recorded at 20 + 2 °C.

f=

B RESULTS AND DISCUSSION

IAPP22—27—Catechin Interaction Revealed by QCM.
The interaction between IAPP22—27 immobilized on the gold
plate in the 27 MHz QCM (IAPP-QCM) and free IAPP22—27
(IAPP-F) in solution was investigated. Figure 2A shows typical
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Figure 2. Typical time courses of changes in frequency for the
IAPP22—27 immobilized in the QCM (A, C, and E) and linear
reciprocal plots of relaxation rate (1/7) vs IAPP22—27 concentration
according to eq 3 in the text (B, D, and F), in response to the addition
of IAPP22—-27 (A, B), ECg (C, D), and IAPP22—27 after ECg was
reacted in advance (PBS, pH 7.4, 25 °C) (E, F).
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time courses of changes in frequencies. The decrease in
frequency observed corresponded to the amount of IAPP-F
that interacted with IAPP-QCM. The value of 1/7 for each
peptide concentration was determined by fitting the curves in
Figure 2A using eq 3, and k,, and k.; were obtained (Figure
2B). Table 1 summarizes the k,, and k. values together with
K

ar

Table 1. Kinetic Parameters of IAPP22—27 (IAPP-F) and
Catechins during the Interaction with JAPP22—27 on the
QCM Plate (IAPP-QCM)

kow ML) kg (X103 87 K, (X10*MTH)?

1IAPP22-27 138 + 19 6.94 + 3.34 1.98 + 1.00
EC 194 + 12.7 0.613 + 0.062 4.85 £ 0.38
EGC 16.8 + 1.7 0.829 + 0.107 2.03 + 0.33
ECg 140 £ 6 0.449 + 0.060 311 + 44
EGCg 252 +£7 1.65 + 0.09 153 £ 09
IAPP22-27 with ECg 142 £ 0.6 3.97 £ 0.1 0.359 + 0.021

“Calculated from K, = k,,/kog-

Addition of catechin solutions to the IAPP-QCM also
displayed significant changes in frequencies. Figure 2C shows
typical changes in frequencies caused by the interaction
between injected ECg and IAPP-QCM, and Figure S1 of the
Supporting Information shows those between EC, EGC, and
EGCg and IAPP-QCM. The observed frequency changes
indicate the interaction of catechins with IAPP-QCM; the
frequency decreases upon the addition of ECg and EGCg were,
however, larger than those upon the addition of EC and EGC.
Table 1 summarizes k,,, k. and K, values for the interaction
between catechins and IAPP-QCM. It was revealed that the
order of the k,, values was as follows: EGCg > ECg > EC >
EGC. The order of the kg values was as follows: EGCg > EGC
> EC > ECg. The order of the resulting K, values was as
follows: ECg > EGCg > EC > EGC. It should be mentioned
that the kg values for the four catechins against IAPP-QCM
were smaller than that for IAPP-F, and consequently, K, values
for ECg and EGCg especially were significantly larger than that
for free IAPP22—27 (Table 1). These findings demonstrate that
ECg and EGCg in particular could be strong inhibitors for the
peptide—peptide interactions compared with EC and EGC.
Namely, the galloyl group in the catechin structure plays an
important role in association with the peptide, wherebéy the
order is concomitantly consistent with hydrophobicity.** The
relatively large dissociation rate constant obtained for EGCg
might be due to its large steric hindrance upon interaction with
IAPP-QCM.

To examine whether ECg directly disturbs the peptide—
peptide interaction, ECg was reacted first with the IAPP-QCM
and then IAPP-F was injected (Figure 2E). Frequency
decreases shown in Figure 2E were significantly reduced
compared with those without ECg (Figure 2A). k., and K,
values were determined to be 1 order of magnitude smaller
than those without ECg (Table 1). We conclude that ECg
strongly prevents the interaction between the IAPP-F peptide
and the IAPP-QCM peptide.

Inhibitory Effects of Catechins on IAPP22-27
Revealed by Fibrillation Kinetics. To evaluate the inhibitory
effect of ECg on IAPP22—27 fibril formation, the fibrillation of
IAPP22—27 was compared with that in the presence of EC or
ECg. To verify the specificity of ECg toward IAPP22—27, EC,
in which the galloyl group is lacking, was used as a control. The

fibrillation assays were performed at pH 6.8 to avoid the base-
catalyzed degradation of EC and ECg (see Figure S2 of the
Supporting Information).

The IAPP22—27 peptide in aqueous solution [2.35 + 0.04
mM in 5 mM phosphate buffer, 0.1 M NaCl, and 4% DMSO
(pH 6.8)] started forming white fluffy lumps after a 20—30 min
lag time from dissociation under stirring, which was observed
by turbidity at 400 nm (Figure 3A,B). Turbidity increased
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Figure 3. (A) Typical time courses of turbidity changes (400 nm)
accompanied by IAPP22—27 amyloid fibril formation in the absence
and presence of EC and ECg: (@) IAPP22—27 alone, (OJ) a 1:1 molar
ratio mixture of IAPP22—27 and EC, and (O) a 1:1 molar ratio
mixture of IAPP22—27 and ECg. An expansion of panel A is shown in
panel B. The peptide concentration was 2.40—2.43 mM in 50 mM
phosphate buffer, 100 mM NaCl, and 4% DMSO (pH 6.8), and the
measurements were taken at 20—22 °C. (C and D) The absorbance
was normalized by setting the maximal absorbance to 1 to demonstrate
the fraction of fibril in the system. The turbidities 320 min [IAPP22—
27 alone (@, C)], 375 min [a 1:1 molar ratio mixture of IAPP22—27
and EC (O, C)], and 1535 min [a 1:1 molar ratio mixture of IAPP22—
27 and ECg (O, D)] after dissolution were used for the maximal
absorbance. Solid lines are calculated using eq S to show the best fits
to the experimentally obtained values.

gradually and reached a plateau after ~200 min. It was
fractionalized by setting the maximal value to 1 to fit with the
autocatalytic reaction mechanism (eq S) to obtain the reaction
rate constants k; and k, (Figure 3C). Table 2 summarizes the
rate constants.

In the presence of catechins (EC and ECg), fibrillation of the
IAPP22—27 peptide in the solution was observed. However, at
a 1:1 molar ratio of IAPP22—27 to ECg, the lag time for
peptide fibrillation was remarkably lengthened, and increases in
turbidity began after ~200 min from dissociation (Figure
3A,B). Turbidity increased slowly and reached equilibrium after
1 day. The reaction rate constants, k; and k,, of IAPP22—27
fibrillation in the presence of ECg were obtained (Figure 3D
and Table 2). It was clearly shown that the addition of ECg
reduced the k; of IAPP22—27 fibril formation by approximately
300-fold, and k, was also ~3 times slower than that without
ECg (Table 2).

Addition of EC at a 1:1 molar ratio with IAPP22—27 delayed
the lag time of IAPP22—27 fibril formation slightly (~40 min)

dx.doi.org/10.1021/bi3012274 | Biochemistry 2012, 51, 10167—10174
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Table 2. Kinetic Parameters of IAPP22—27 Fibril Formation

a (x107 M) k; (x107° s71) k, (x107' st M7h) ak, (x107*s7)
IAPP22-27 2.35 £ 0.02 9.24 + 6.27 3.39 + 1.04 8.02 + 2.50
IAPP22—27 with EC® 2.40 £ 0.03 2.20 £+ 0.02 3.26 + 1.09 7.80 + 2.51
IAPP22—27 with ECgb 2.46 + 0.03 0.028 + 0.013 1.07 + 0.05 2.62 + 0.11
“Initial peptide concentration. ®The concentrations of EC and ECg were 2.41 + 0.04 and 2.46 + 0.03 mM, respectively.
(Figure 3B). The resultant k; of IAPP22—27 fibrillation was ~4 Gly24 626 Leu2? Ala2s Ala2s 1626 Asn22G|y24

times lower than that in the absence of EC, and k, was not
modified (Table 2). It clearly demonstrated that ECg and EC
inhibit IAPP22—27 fibrillation on the first nucleation step;
furthermore, ECg more effectively inhibits fibrillation than EC
does.

The first nucleation step is considered to be the peptide—
peptide association to lead to conformational changes to f-
sheet structures as nuclei of the amyloid fibrils.” It was in good
agreement with the QCM analysis that EC and ECg exhibit
larger association constants for the IAPP22—27 peptide than
the peptide—peptide interaction itself. Accordingly, the
catechin—peptide interaction would disturb the association of
peptides to form fibril nuclei. Generally, amyloid fibril
formation is efficiently accelerated by seeding its preaggregated
species. However, recent studies demonstrated that as seeds,
EGCg-associated Ap, a-synuclein, and full length IAPP
oligomers did not catalyze amyloid fibril formation by the
parent peptide or protein.”**> The authors of those studies
suggested that EGCg may have trapped the respective
polypeptides in an early intermediate state that had not yet
reached the state where it is capable of promoting growth of
cross-f-structure. The results obtained here are in good
agreement with their findings.

The second step in the autocatalytic reaction mechanism is
the elongation process of amyloid fibrils by the association of
soluble peptides with the nuclei and/or protofibrils formed in
the first step. It is suggested that ECg or EC preferably interacts
with soluble, unstructured IAPP22—27 peptides rather than the
peptides in f-sheet form. Generally, formation of an ordered
nucleus is the rate-determining step of fibril formation, while
that of elongation of the amyloid fibril on the nucleus is the
rapid assembly of the peptides. In the presence of ECg, the
interaction between ECg and soluble IAPP22—27 peptides
might have delayed the rapid elongation process as well. In fact,
preliminary transmission electron microscope observations
showed that the length of mature JAPP22—27 amyloid fibrils
in the presence of ECg was shorter than when ECg was absent
(Figure S3 of the Supporting Information). It is therefore
concluded that the reaction rate of the second growth step was
not much influenced by the catechins, but ECg might also act
to disturb the elongation of the IAPP22—27 amyloid fibrils by
interacting with soluble IAPP22—27 peptides.

Sites of Interaction of Catechin with IAPP22-27
Revealed by NMR Measurements. 'H NMR spectra of
IAPP22—27 alone or with a 1:10 molar ratio with EC or ECg
was measured. Amide and sometimes a-proton signals of Phe
in the IAPP22—27 peptide were not observed. This may be due
to suppression of the signal of the a-proton of Phe because it is
close to that of water.

All the a-protons and amide protons of IAPP22—27 shifted
downfield in the presence of a 10-fold excess of ECg, whereas
they merely shifted when a 10-fold excess of EC was added to
the peptide solution (Figures 4 and SA). Upon interaction with
ECg, the 'H resonances of the peptide side chains also shifted
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Figure 4. '"H NMR spectra of IAPP22—27 (A), a 1:10 molar ratio
mixture of [APP22—27 and EC (B), and a 1:10 molar ratio mixture of
IAPP22-27 and ECg (C) [SO mM phosphate buffer, 100 mM NaCl,
and 10% DMSO (pH 6.8)]. Resonances of the amide (left column)
and a-proton (right column) region are shown. One asterisk and two
asterisks show a small amount of impurity and a signal of EC (3-H),
respectively.

84 82

downfield, while only those of Phe shifted upfield slightly
(Figure SB). Addition of a 10-fold excess of EC to the peptide
did not change the proton resonances of the peptide side chains
significantly (Figure SB).

Figure 6 shows 'H NMR signals of B-rings (see Figure 1)
and galloyl rings of catechins in the absence and presence of the
IAPP22—27 peptide. For EC, resonances when bound with the
peptide did not shift significantly, but the extent of signal
splitting by the interaction obviously increased (Figure 6A,B).
In contrast, 'H chemical shifts of ECg resonances changed
upon reaction: only 6’-H signals of ECg shifted upfield, whereas
2'-, §'-, and 2”,6”-H signals shifted downfield (Figures SC and
6C,D). The signals of ECg in the presence of IAPP22—27 were
broadened compared with those of free ECg (Figure 6C,D).
Accompanied by the signal changes, 2-H signals of EC and ECg
shifted extensively in the presence of the peptide (Figure SC).
In the case of ECg, 6-H/8-H signals also shifted downfield
upon interaction with IAPP22-27.

Chemical shift changes and line widths of the NMR signals
clearly demonstrate the formation of a peptide/catechin
complex in the case of ECg, and ECg is a more effective
inhibitor of formation of fibrils by the IAPP22—27 peptide than
EC. As was shown by the QCM and fibrillation kinetic results
described above, it was revealed that the galloyl moiety plays an
important role in the interaction with the IAPP22—27 peptide.
Indeed, the 2”,6”-H signal of ECg shifted during the interaction
(Figures SC and 6D). The IAPP22—27 peptide contains
hydrophobic side chains at the C-terminal side. Upon binding
with ECg, the galloyl moiety of ECg might be close to the
hydrophobic rich area of the peptide. It is of interest to notice
that during the interaction with EC or ECg, the resonances of
the Phe ring in the peptide shifted upfield slightly while the
other signals shifted downfield (Figure SB). The possible 7—x
interaction, if any, between the Phe ring and phenol rings in the

dx.doi.org/10.1021/bi3012274 | Biochemistry 2012, 51, 10167—10174
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Figure 5. 'H chemical shift deviation of peptide backbone (A) and
side chain (B) signals of IAPP22—27 and catechin signals (C) upon
interaction with a 10-fold molar excess of EC (white bars) and ECg
(black bars) with IAPP22—27.

catechins could cause the ring current effect that may alter the
chemical shift direction. The B-ring of EC and ECg may also be
important for the association with the IAPP22—27 peptide,
because the 2-H signal of EC and ECg shifted most significantly
(Figure SC). Hydrogen bonding to the peptide via phenolic
hydroxyl groups of catechins may also contribute to
stabilization of the peptide/catechin complex. It should also
be mentioned that the ECg solution in the presence of the
IAPP22—27 peptide did not change color, nor were additional
NMR signals found even after 2 weeks (data not shown). By
the formation of the peptide/ECg complex, the structure of
ECg may be protected from degradation.

B CONCLUSIONS

Kinetic rate constants obtained by QCM measurements
clarified that tea catechins, especially ECg and EGCg, have
the ability to inhibit the formation of amyloid fibrils by
IAPP22—27 by disturbing the peptide—peptide association.

5,6H
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Figure 6. '"H NMR spectra of EC alone (A), a 1:10 molar ratio
mixture of IAPP22—27 and EC (B), ECg alone (C), and a 1:10 molar
ratio mixture of IAPP22—27 and ECg (D). The proton signals of C-
rings and galloyl rings of catechins are shown.

The formation of insoluble fibrils by IAPP22—27 was evaluated
by turbidity measurements, and increases in turbidity showed
that fibril formation follows a two-step autocatalytic reaction
mechanism. In the presence of ECg, the rate of the first
nucleation step of formation of fibrils by IAPP22—27 was
significantly decreased, while the second growth step was
retarded slightly. EC delayed the nucleation step; however, the
effect was much smaller than that of ECg. Association between
IAPP22—27 and ECg was demonstrated by '"H NMR chemical
shift changes and increased line widths. This study demon-
strated that the hydrophobic galloyl moiety in the structure of
catechins plays an important role in the interaction with the
IAPP22—27 amyloid-forming peptide. It is believed that
inhibition of the early stages of amyloid fibril formation is of
great therapeutic value,'° specifically before the nucleus of the
amyloid fibril is formed. This study showed that food
component catechins could be desirable inhibitors for
preventing the risks of disease.

B ASSOCIATED CONTENT

© Supporting Information

Frequency changes of the IAPP22—27-immobilized QCM in
response to the addition of EC, EGC, and EGCg (Figure S1),
typical time course of absorbance changes at 400 nm for
catechin solutions (EC and ECg) (Figure S2), and TEM
images of IAPP22—27 fibrils with and without EC and ECg
(Figure S3). This material is available free of charge via the
Internet at http://pubs.acs.org.
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B ABBREVIATIONS

IAPP, islet amyloid polypeptide; QCM, quartz crystal micro-
balance; EC, (—)-epicatechin; ECg, (—)-epicatechin 3-gallate;
EGC, (—)-epigallocatechin; EGCg, (—)-epigallocatechin 3-
gallate; GC, (—)-gallocatechin; C, (+)-catechin; Ap, Alz-
heimer’s f-amyloid; hCT, human calcitonin; DMSO, dimethyl
sulfoxide; PBS, phosphate-buffered saline; TSP, sodium 3-
(trimethylsilyl)propionate-2,2,3,3; IAPP-QCM, IAPP22-27
immobilized on the gold plate in the 27 MHz QCM; IAPP-
F, free IAPP22-27.
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