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ABSTRACT: Short peptides designed to self-associate into amyloid fibers with metal ion-binding ability have been used to catalyze
various types of chemical reactions. This manuscript demonstrates that one of these short-peptide fibers coordinated with CuII can
exhibit melanosomal functions. The coordinated CuII and the amyloid structure itself are differentially functional in accelerating
oxidative self-association of dopamine into melanin-like species and in regulating their material properties (e.g., water dispersion,
morphology, and the density of unpaired electrons). The results have implications for the role of functional amyloids in melanin
biosynthesis and for designing peptide-based supramolecular structures with various emergent functions.

■ INTRODUCTION

Self-assembly is frequently found in the natural fabrication of
materials. Complex and dynamic hierarchical structures
enabled by self-assembly often exhibit superior material
properties.1−4 In many cases, the process of self-assembly
entails the emergence of chemical functions that are absent in
the monomeric molecular units (i.e., “emergent functions”).
Generally, this is possible since supramolecular association
provides an efficient way to control periodic molecular
configuration at surface, which is often central to the catalytic
properties of various interfaces. Inspired by natural self-
assembly, numerous artificial self-assembled matters have been
developed,5−8 but those designed to have emergent functions
that appear only when assembled are still rare.
Functional amyloids are a kind of sophisticated self-

assembled supramolecular structures that are receiving an
increasing multidisciplinary interest.9,10 Although amyloid
structures have primarily been recognized as detrimental and
pathological for several decades, it is now well accepted that
they are rather a form of functional molecular scaffolds
prevalent in nature. The supramolecular structure of amyloids
ensures useful features, including superior materials properties
(e.g., physicochemical stability and high rigidity/elasticity)11

and/or chemical functions (e.g., catalytic scaffolding, gene
regulation, storing hormones, and molecular recognition).12−14

The formation of amyloid is known to have mechanistic
plasticity,15,16 which endows it with the versatility to have a
broad range of physicochemical properties depending on the
context. Attempts to design artificial amyloid fibers17−20 with

emergent chemical functions, such as capturing small
molecules,21 displaying functional epitopes,22 and enhancing
mechanical strength,23 have been made. Remarkably, when
histidine was presented externally, the assembled amyloid
fibers showed the ability to bind to metal cations with a
conserved coordination geometry, forming a group of metal−
organic complexes on their surface.24−27 These pioneering
works well demonstrate the opportunity of amyloid-based
materials as a new class of emergent functional materials and at
the same time a potential relevance of short-peptide aggregates
in prebiotic forms of enzymes and functions. However, the
number of reported emergent functions and their applications
to various purposes is limited.
An example of functional amyloids having central chemical

roles in biological contexts is the biosynthesis of melanin, a
biological pigment composed of heterogeneous oligomeric
species that stem from oxidized forms of L-dopa.28 Here, a type
of functional amyloid, the one mainly composed of a
melanosomal protein (Pmel17), is synthesized by melano-
somes. Since its discovery, an amyloid matrix of Pmel17 has
been considered to act as a physical scaffold that sequesters
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potentially harmful molecular intermediates of melanin
synthesis and also provides mechanical support.29−31 In our
recent work, however, we showed that Pmel17 fibers are
catalytically active in the formation of melanin-like species.32

They also altered the physical properties of the synthesized
pigment: the presence of amyloid fibers led to more compact
and water-dispersible melanin-like species in comparison to
those synthesized without. These results have prompted us to
design a simpler version of an amyloid-based functional
scaffold that can recapitulate melanosomal functions.

■ RESULTS AND DISCUSSION

We envisioned that functional amyloid rationally designed to
present densely populated CuII binding sites on its surface
would have multiple emergent properties akin to melanosomal
functions. Like Pmel17 matrix, CuII is indispensable in
melanogenesis, since its redox activity is exploited by an
enzyme (tyrosinase), which is responsible for the ortho-
hydroxylation of tyrosine (i.e., the formation of L-dopa) and its
further oxidation.33 We, thus, expected that CuII-bound
amyloid fibers would simultaneously recapitulate functional
features of Pmel17 matrix and tyrosinase, making them an
optimized scaffold for facilitating the formation of melanin-like
species.
We used a short peptide previously designed to self-assemble

into an amyloid structure with metal-coordinating ability25 and
examined the influences of CuII-coordinated amyloid fibers in
facilitating catechol oxidation and their subsequent oxidative
association (Scheme 1). Our results show that CuII is in
synergy with the amyloid structure itself for accelerating the
formation of melanin-like species. They also suggest that the
peptide fibers have emergent properties to regulate various
materials properties of melanin-like species composited with
them.

As a model peptide, we adopted a short amyloid-forming
sequence (AcNH-IHIHIYI-CONH2; IHY). This peptide (and
its derivatives) has been reported to bind to various metal
cations after or during fibrillization, which together exhibited
catalytic activities for different types of chemical reactions.24−26

IHY was synthesized through the conventional manual solid-
phase peptide synthesis (Figure S1). Aggregation of IHY into
amyloid fibers was confirmed by transmission electron
microscopy (TEM) and circular dichroism (CD) and Fourier
transform infrared (FTIR) spectroscopy. CD spectra of IHY
with or without CuII show the signature of the β-sheet
structure (i.e., negative ellipticity around 220 nm, Figure 1a),
indicating that amyloid fibers are formed instantaneously
regardless of CuII. The presence of CuII leads to an increase in
band intensity, indicating the formation of more matured cross
β-sheet structures. This implies the supportive role of CuII in
the formation of amyloid fibers. The amide I bands (around
1625 cm−1) in the IR spectra of IHY fibers also confirm the
formation of amyloid fibers through interstrand hydrogen
bonds regardless of the presence of CuII (Figure S2). Likewise,
TEM images of CuII-bound IHY fibers (CuII-IHY) show a
characteristic morphology of amyloid fibers with a width of
10−12 nm (Figure 1a, inset).
Previously, CuII-IHY was shown to catalyze the oxidation of

2,6-dimethoxyphenol and the hydrolysis of paraoxon,25,26

which motivated us to expect that CuII-IHY fibers would
also be functional for the oxidation of catechol-containing
molecules and their subsequent melanin-like association. First,
we used 3,5-di-tert-butylcatechol (3,5-DBcat) as a probe for
catechol oxidation. An oxidized form of 3,5-DBcat (3,5-di-tert-
benzoquinone) exhibits a distinctive absorbance band at the
visible range, and the oxidation is not spontaneous without a
catalyst (Figures 1b and S3). The oxidation of 3,5-DBcat is
significantly accelerated with the presence of CuII-IHY (Figure
2a). CuII and IHY fibers (Figure S3) are independently active

Scheme 1. Schematic Illustrations of (Top) In Vivo Melanogenesis in Melanosome and (Bottom) the Formation of Melanin-
Like Species with CuII-Coordinated Amyloid Fibersa

aThe amyloid fibers in both cases can work simultaneously as an oxidation catalyst and a supramolecular template for the association.
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in accelerating the reaction compared to the control reaction.
Plotting the initial rate of the reaction against the
concentration of the substrate at each condition clearly
shows such a trend (Figure 2b), which we could fit the
Michaelis−Menten model. The values of kcat, Km, and kcat/Km
derived from the plot are shown in Figure 2c. For both Vmax
and kcat/Km, the values of CuII-IHY (5.548 × 10−5 M·min−1

and 106.68 M−1 min−1, respectively) are higher than the sum
of those of CuII and IHY (2.016 × 10−5 M·min−1 and 34.52
M−1 min−1 for CuII; 4.355 × 10−7 M·min−1 and 15.25 M−1

min−1 for IHY, respectively). The fitted data overall suggest
that CuII alone is catalytically active in the oxidation of 3,5-
DBcat, and the catalytic efficiency is synergistically improved
when it is coordinated with IHY fibers. We note, however, that
the kinetic parameters of CuII-IHY are still largely lower than
those of moderate natural enzymes, as frequently seen in
artificially designed enzymes.
Encouraged by the 3,5-DBcat oxidation results, we next

asked if CuII-IHY could facilitate the oxidative association of
catechol derivatives, reminiscent of the role of Pmel17 in
melanogenesis. Dopamine, which self-associates into melanin-
like species under aerobic conditions, was chosen as the
simplest catecholamine. In basic, amine-based buffer solutions,
dopamine spontaneously forms a thin organic film (called
polydopamine) at liquid−solid interfaces, which is being
explosively applied to a broad range of material fields. While
adjusting to neutral pH for minimizing the spontaneous
association, we added CuII, IHY fibers, and CuII-IHY to
solutions of dopamine. The formation of melanin-like species
(i.e., the oxidative association of dopamine) is readily
recognizable by the eyes as it absorbs light broadly in the

ultraviolet (UV) and visible ranges. Regardless of the presence
of CuII, melanin-like species formed with IHY fibers and CuII-
IHY disperse more easily than those without IHY fibers
(Figure 3a). To quantitatively analyze the formation of
melanin-like species, we plotted time-dependent change of
absorbance at 450 nm (A450) for each condition (Figures 3b
and S4). The value of A450 has frequently been used as a
quantitative measure for melanin-like species, as they exhibit
characteristic monotonic and featureless light absorption in a
broad range. Similar to the 3,5-DBcat oxidation results, the
plot clearly shows that all of the conditions of CuII, IHY fibers,
and CuII-IHY accelerate the reaction to different extents.
Remarkably, the IHY fiber itself also exhibits catalytic activity.
This is in line with our previous result, where amyloid fibers
made of various proteins (but not their monomeric forms)
exhibited catalytic properties for the association of dopamine.32

The result with IHY fibers thus suggests that the supra-
molecular structure of amyloid is, at least partially, responsible
for its catalytic property. As in the case of 3,5-DBcat oxidation,
CuII-IHY is the best in accelerating the formation of melanin-
like species, indicating that CuII and IHY fibers, when
combined, are in synergy for doing so. CuII alone is almost

Figure 1. (a) CD spectra of CuII-IHY and IHY. (inset) TEM image of
CuII-IHY aggregated into amyloid fibers. The data indicate the
formation of amyloid fibers regardless of the presence of CuII. (b)
Gradual increase in absorbance at 405 nm of 3,5-DBcat (400 μM) in
the presence of 20 μM CuII-IHY. The spectra have been collected
every 10 min. The inset shows the oxidation of 3,5-DBcat.

Figure 2. (a) Time-dependent change of absorbance at 405 nm of
samples containing various concentrations of 3,5-DBcat with a fixed
concentration of CuII-IHY (20 μM). (b) Changes in the initial rate of
catalytic oxidation upon varying the substrate. The spectra were fitted
to the Michaelis−Menten equation. (c) Measured kinetic parameters
of 3,5-DBcat oxidation. The data show the synergistic relationship
between catalytic activities of CuII and IHY.
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as effective as CuII-IHY in promoting the kinetic parameters,
indicating that the initial oxidation of dopamine presumably
plays the most determining role in its self-association. We tried
to fit temporal changes of A450 values at each condition to a
logistic function (see the Experimental Section), according to

our previous work.32 To compare the kinetic features of the
process of the oxidative association at each condition, we
extracted the values of V0, Amax from fitted kinetic profiles,
defined as an initial increasing rate of A450, and the maximum
value of A450, respectively. V0 and Amax reflect the efficiency of

Figure 3. (a) Photograph of melanin-like species synthesized from dopamine (300 μM, pH 7.4) with no catalyst (control), IHY (300 μM), CuII

(300 μM), and CuII-IHY (300 μM) (from the left). The photographs were taken before (top) and after (bottom) shaking. (b) Time-dependent
changes of A450 values at each condition. (c,d) Values of V0 and Amax measured at each condition. The data collectively show that CuII-IHY
facilitates the formation of melanin-like species most effectively.

Figure 4. (a) FTIR spectra of melanin-like species synthesized from dopamine (300 μM, pH 7.4) with no catalyst (control), IHY (300 μM), CuII

(300 μM), and CuII-IHY (300 μM). (b) TEM images of melanin-like species formed at each condition. The inset shows the TEM image of CuII-
IHY fibers. The images suggest that IHY fibers regulate the morphology of melanin-like species.
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the catalyst for the initial oxidation of dopamine and its
capability as a functional scaffold that can accommodate and
regulate structures of melanin-like species, respectively. The
values of V0 and Amax increase in all of the cases with IHY
fibers, CuII, or CuII-IHY, with CuII-IHY exhibiting the highest
improvement (Figure 3c,d). Such trends stay unaltered when
decreasing the concentrations of each catalyst (Figure S5).
In melanogenesis, the amyloid matrix in melanosomes is

thought to regulate the material properties of final melanin
products. We asked if the CuII-IHY complex had other
functions than simply accelerating the reaction. First, we
conducted FTIR spectroscopy for characterizing melanin-like
species synthesized in the presence of CuII, IHY, and CuII-IHY.
FTIR spectra collected from melanin-like species itself and
those with CuII are primarily similar (Figure 4a), displaying
bands around 1540 and 1630 cm−1, consistent with previous
reports.34−36 In contrast, those collected with IHY and CuII-
IHY differ critically from the others, as they contain the
distinctive band of the β-sheet structure at 1625 cm−1. This
suggests that amyloid fibers remain structurally intact during
the formation of melanin-like species. The intactness of
amyloid structures is further confirmed by TEM analysis.
Melanin-like species without IHY fibers show amorphous and
spherical structures regardless of the presence of CuII,
consistent with other polydopamine-related studies. On the
other hand, the addition of IHY or CuII-IHY results in the
formation of thick fibrillar structures encapsulated by dark
melanin-like species (Figure 4b). Such fibrillar composites are
much thicker (100−200 nm) than the original IHY fibers,
proving that multiple fibers are bundled together. The presence
of IHY fibers thus likely results in the formation of molecularly
more compact and rigid structures taking advantage of the
superior mechanical properties of amyloid fibers. It is also
relevant to the result that IHY-containing melanin-like species
are better dispersible in aqueous solutions, while the absence of
fibers results in those strongly adhered to external liquid−solid
interfaces.
To examine unpaired electrons and the coordination

environment of CuII and CuII-IHY in melanin-like species,
we conducted electron paramagnetic resonance (EPR) spec-
troscopy. In general, the EPR measurements were employed to
determine the nature, spin-state, oxidation state, and structure
(geometry) of paramagnetic species including radical species.
The EPR signals of paramagnetic species appear with a certain
g factor, which could be coupled with a nuclear spin of
paramagnetic species resulting in the splitting of each EPR
signal into multiple signals in isotropic electron Zeeman and
spin-nuclear interaction (e.g., hyperfine coupling interaction).
A careful evaluation of the resulting g values and hyperfine
coupling constants (A) is required to determine the electronic
and structural nature of paramagnetic species.
The EPR spectra of melanin-like species synthesized both

with CuII and CuII-IHY exhibit axial signals with g// (e.g.,
∼2.30 for CuII and 2.22 for CuII-IHY) > g⊥ (e.g., ∼2.09 for
CuII and 2.07 for CuII-IHY) > 2.00, indicating that the half-
occupied ground-state orbital is 3dx2−y2 (Figure 5). The same
ground state is found in the tetrahedrally elongated CuII

complexes.37−40 Basically, resolving a four-line parallel hyper-
fine structure, which is assignable to the coupling of the
electron spin with the copper nuclear spin (I = 3/2), can
provide information on the coordination environment of
polydopamine with CuII or CuII-IHY, respectively. Previously,
the EPR spectra of the copper complexes in a distorted

tetrahedral geometry revealed small parallel hyperfine coupling
constants (A//; e.g., ∼60 G), while copper complexes in a
square planar geometry displayed larger A// (e.g., >170 G) due
to the mixing of 4pz into 3dx2−y2 ground-state wave function or
the high degree of covalency of the copper−ligand bond.38

Interestingly, the A// value of melanin-like species synthesized
in the presence of CuII is determined to be 120 G, whereas that
with CuII-IHY is found to be 180 G (Figure 5a,b). The larger
A// value (180 G) of polydopamine with CuII-IHY compared
to that of polydopamine with the CuII ion (120 G) can be
attributed to the different coordination environments around
copper, making the contribution of the 3dx2−y2 ground state
larger in the presence of IHY fibers. Therefore, melanin-like
species with CuII-IHY are consistent with either a 3N1O or
2N2O coordination environment in a typical square planar
geometry, while that with CuII could be in a fairly distorted
square planar geometry.
Regardless of CuII, melanin-like species contain permanent

radical components owing to their molecular constituents
containing semiquinone moieties (Scheme 1). These compo-
nents empower melanin to exhibit superior antioxidant and

Figure 5. EPR spectra of solid melanin-like species with (a) CuII and
(b) CuII-IHY. (c) Overlaid EPR spectra of melanin-like species made
without any catalyst (red line) and with IHY (black line). Both
spectra were collected from the same mass of each sample.
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radical-scavenging activities. As expected, melanin-like species
made without CuII (e.g., authentic melanin-like species and
that with IHY) also contain unpaired electrons with the g value
of 2.0051 ± 0.00005, consistent with the previous results on
natural melanin derivatives.41,42 Surprisingly, the number of
stable unpaired electrons is greatly enhanced in the presence of
IHY fibers. The relative spin quantification of these signals by
integrating them allows us to estimate that the spin density for
melanin-like species with IHY fibers is over 10-fold greater
than that without IHY fibers (Figure 5c). The difference
between actual spin contents in both samples would be larger,
since the presence of IHY fibers decreases the relative content
of melanin-like species in the same mass. In the case of IHY-
CuII, signals of unpaired electrons in melanin-like species are
barely analyzable because of the interference of large CuII

signals. This result suggests that IHY fibers not only accelerate
the formation of melanin-like species but also remarkably
increase the contents of unpaired electrons therein. Previous
studies on natural melanin derivatives have suggested that the
spin content and properties of melanin derivatives are highly
affected by the way their oligomeric components are aligned
before their association.43 Parallelly aligned β-sheet structures
in amyloid fibers provide hydrophobic planar spaces that are
prone to accommodate and align nonplanar aromatic organic
molecules, such as dihydroxyindole (DHI) and its derivatives,
in turn regulating their supramolecular orientation during the
process of melanogenesis. Given that the spin density is
directly related to the radical-scavenging and antioxidant ability
of melanin derivatives, it is reasonable to assume that the
amyloid structure of Pmel17 is evolved to have a role in
controlling the content of unpaired electrons in the biosyn-
thesis of melanin derivatives.

■ CONCLUSIONS

In summary, we show that a short peptide designed to form
amyloid fibers with a CuII-coordinating capability has multi-
faceted melanosomal functions in an emergent fashion. In a
coordinated form, IHY fibers and CuII exhibit different
functions: (i) IHY fibers have a mild catalytic property for
the formation of melanin-like species but largely regulate the
morphology and water dispersibility of its final form; (ii) CuII

specifically accelerates the association, likely by catalyzing the
initial oxidation of dopamine; (iii) remarkably, melanin-like
species synthesized in the presence of IHY fibers contain a
significantly higher quantity of unpaired electrons than those
without. The detailed relationship between the structure of
amyloid fibers and their regulation of spin density in melanin-
like species merits further investigation. This work well
demonstrates that multifaceted emergent functions can be
manifested via the assembly of a supramolecular structure.
Artificially designed functions taking advantage of supra-
molecular structures still fall behind their biological counter-
parts, and thus more efforts to elucidate naturally occurring
emergent functions are necessary.

■ EXPERIMENTAL SECTION
Materials. The IHY peptide (AcNH-IHIHIYI-CONH2) was

synthesized manually through the solid-phase peptide synthesis. The
Rink Amide MBHA resin HL was purchased from Novabiochem.
Piperidine (99%), 0.5 M hydroxyethyl piperazine ethane sulfonic acid
(HEPES), pH 8 solution, and 3,5-di-tert-butylcatechol (99%) were
purchased from Alfa Aesar. Fmoc-protected amino acids and N,N-
diisopropylethylamine (DIPEA, 99%) were purchased from TCI

(Japan). Acetic anhydride (99.5%), copper(II) sulfate (CuSO4, 99%),
and phosphotungstic acid hydrate (H3[P(W3O10)4]·H2O) were
purchased from Sigma-Aldrich. N,N-Dimethylformamide (DMF,
99.0%) for peptide synthesis (99.8%) was purchased from Acros
Organics. Trifluoroacetic acid (99.0%), methyl alcohol (HPLC
grade), acetonitrile (HPLC grade), water (HPLC grade), dichloro-
methane (99.5%), and ethyl ether (99.5%) were purchased from
Samchun (South Korea).

Peptide Synthesis and Purification. Manual Fmoc solid-phase
peptide synthesis was used to synthesize peptides. We used the Rink
Amide MBHA resin and the reaction proceeded at room temperature.
Fmoc-deprotection was done using a DMF solution of piperidine
(20%). The coupling reagent was prepared by mixing Fmoc-protected
amino acid, HBTU, and DIPEA in DMF. The coupling reaction took
2 h at room temperature. The Fmoc-deprotection and coupling
reactions were repeated for the desired times. N-Terminal was
acetylated with acetic anhydride and pyridine in DMF. Cleavage and
side-chain deprotection were accomplished by treating the cleavage
cocktail, which contains trifluoroacetic acid, triisopropylsilane, and
DCM (95:2.5:2.5, v/v), for 2 h at room temperature. The resulting
solution was filtered, dried under reduced pressure, and precipitated
in diethyl ether. Filtration of the precipitate afforded the crude
product, which was then purified using reverse-phase high-perform-
ance liquid chromatography with a C18 column (Thermoscientific,
250 × 4.6 mm, 5 μm). The mobile phase was composed of DI water
(0.1% of trifluoroacetic acid, v/v; solution A) and CH3CN (0.1% of
trifluoroacetic acid, v/v; solution B). The crude residue was purified
with a gradient from 30 to 34% of solution B over 11 min. The
lyophilization of the collected fraction afforded the desired product as
a white solid (185 mg, 50%). High-resolution mass spectrometry:
calculated m/z (ESI+) for C47H73N12O9 [M + H]+ = 949.5618, found:
949.5603.

Preparation of Amyloid Fiber. The stock solution was prepared
by dissolving purified peptide in a 10 mM HCl solution. The stock
solution has no precipitate and thioflavin T signal, indicating that it is
in the monomeric state (Figure S6). Concentration was calculated by
measuring the absorbance at 280 nm. CuII-IHY was formed by mixing
CuSO4 in water (50 mM), peptide stock solution, and 25 mM HEPES
buffer (pH 8.2). The final concentration of peptide in the working
solution was 500 μM. To make sure amyloid fiber was formed, the
working solution was incubated at 37 °C, 200 rpm. For preparing
IHY, CuSO4 was not added to the solution. After 1 h of incubation,
the solution was centrifuged (15 000 rpm (20 400 g), 15 min) and the
supernatant was replaced by distilled water.

Catechol Oxidation Kinetic Assay. An increase in absorbance,
due to the oxidation of substrate 3,5-DBcat, was monitored by a plate
reader at 37 °C. The absorbance of five different concentrations of the
substrate (0.2, 0.4, 0.8, 1, and 2 mM) at 405 nm was monitored. The
3,5-DBcat stock solution (4 mM) in methanol was prepared freshly
before the experiment. The CuII-IHY solution (500 μM, 7.2 μL) and
various volumes of the 3,5-DBcat solution were mixed and finally
methanol was added to reach a final volume of 180 μL. The initial rate
of the reaction was calculated using the extinction coefficient of 3,5-
di-tert-benzoquinone (1900 M−1 cm−1).44 The Michaelis−Menten
analyses were done by fitting the data to the following equations. We
note that the total concentration of the enzyme ([Et]) was set to be
same as that of IHY monomer, which would not exquisitely reflect the
exact concentration of the actual active sites.

V
V S
K S

E k S
K S

max

m

t cat

m
=

× [ ]
+ [ ]

=
[ ] × × [ ]

+ [ ]

Synthesis of Melanin-Like Species and a Kinetic Assay of
the Reaction. The copper solution was prepared by diluting the
CuSO4 stock solution (10 mM) with distilled water until it reached
the desired concentrations. The aqueous solutions of CuII-IHY, CuII,
and IHY were mixed with dopamine solution in a cuvette at various
molar ratios. Cuvettes were placed in an orbital shaker (250 rpm) at
room temperature. Before measuring the absorbance, cuvettes were
carefully agitated for the dispersion of the formed melanin-like
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species. The kinetic analysis was done by fitting the data to a logistic
function
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where Amax is a maximum absorption value and t0 is the point where
the sign of curvature is reversed. The initial velocity of the reaction
was obtained by measuring the slope of each spectrum between 0 and
1 h.
Circular Dichroism Spectroscopy. A Jasco J-715 CD

spectrometer was used to collect the CD spectra. The sample
concentration was 0.4 mg mL−1 in 5 mM HEPES (pH 7.8). The
measurements were done at room temperature using the continuous
scan mode (100 nm/min).
FTIR Spectroscopy. Fibers from CuII-IHY and IHY were

centrifuged (15 000 rpm, 15 min) and the supernatant was discarded.
After washing with 25 mM HEPES buffer solution (pH 8.2), the
sample was lyophilized. Melanin-like species synthesized with various
catalysts were also lyophilized after the supernatant was removed by
centrifugation (15 000 rpm, 15 min). All samples were made into a
pallet with KBr. The FTIR spectra were collected by Spectrum One
System (Perkin-Elmer).
TEM Microscopy. For transmission electron microscopy (TEM)

analysis, the salts present in the solution were removed. The sample
containing the fibril were be diluted with distilled water. Each sample
was placed on a Formvar/carbon 200-coated copper grid. The
samples were adsorbed onto the grid for 3 min, washed several times
with distilled water, and dried. The grids were stained with 1%
phosphotungstic acid hydrate for 5 min, removed from the dye and
dried in air. The samples were analyzed using JEM-2100F.
EPR Spectroscopy. EPR spectra were recorded at 80 K using a

JEOL X-band spectrometer (JES-FA100) equipped with a cryostat.
Four solid samples of melanin-like species formed without a catalyst,
with IHY or CuII or CuII-IHY, were directly transferred into an EPR
tube and flash-frozen in liquid nitrogen. The g value was calibrated
using the Mn2+ marker, and experimental error in the EPR parameters
(g values) was ±0.001. The experimental parameters for EPR
measurements were as follows: microwave frequency = 9.025 GHz,
microwave power = 0.998 mW, modulation amplitude = 10 G, gain =
1 × 104, modulation frequency = 100 kHz, time constant = 30.96 ms,
and conversion time = 85.00 ms.
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