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Supramolecular Regulation of Polydopamine Formation by
Amyloid Fibers
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Abstract: Polydopamine (PD) and melanin species are chem-
ically complex systems, the formation and properties of
which are incompletely understood. Inspired by the role of
functional amyloids in melanin biosynthesis, this paper ex-
amines the influences of the supramolecular structure of

amyloids on oxidative polymerization of dopamine. Kinetic
analyses on the formation of PD species in the presence of

hen egg white lysozyme (HEWL) fibers or soluble HEWL re-

vealed that both forms gave rise to the total quantity of PD

species, but the rate of their formation could be accelerated

only by the amyloid form. PD species formed with HEWL
fibers showed a morphology of bundled fibers, whereas

those with soluble HEWL had a mesh-like structure. Amyloid
fibers of recombinant Pmel17 had properties similar to those

of HEWL fibers in modulating PD formation. The results pre-
sented here suggest how nature designs functionality with

an amyloid structure and can help understand and engineer
chemistries of other functional amyloids.

Introduction

Despite its short history, the development of polydopamine
(PD)-based surface chemistry has impacted a vast range of ma-

terials fields such as biomedical, energy, optical materials, and
others.[1] The formation of PD films is a material-independent,

simple, and inexpensive method for chemical surface modifica-

tion, with susceptibility to further functionalization with amine-
or thiol-containing molecules. PD is formed by oxidative poly-

merization of dopamine under alkaline conditions, which is
often initiated by simple dip-coating of samples. Although it is

operationally simple, the exact molecular identities and chemi-
cal processes involved in the formation of PD remain poorly

defined. It is now generally accepted that PD is noncovalent

heterogeneous complex of oligomeric species derived from ox-
idation of dopamine, as strikingly similar to eumelanin in or-

ganisms.[2] In the case of eumelanin, l-dopa, instead of dopa-
mine, is used as a major precursor and its oxidation is regulat-

ed tightly by enzymes. Studying eumelanin and other types of
melanin (e.g. , pheomelanin and neuromelanin) is a much older

topic than PD, relatively oriented toward elucidating the origin

of its various properties (e.g. , broad light absorption, thermal
relaxation, radical properties, and anti-oxidant properties). Pub-

lications on PD were more centered on its potential to be in-
terfaced with various applied fields. However, comprehensive

approaches that combine knowledge and tools from the two
fields are still rare except a few initiating efforts.[3] Melanin and

PD are very similar in that they are complex systems originat-

ing from oxidation of catechols, but recent evidence suggests
that apparent differences also exist, including detailed chemi-

cal composition, surface-coating properties, radical properties,
and so on.

One interesting aspect (and a remarkable difference from PD
formation) of melanin biosynthesis is the central role of func-

tional amyloids, which are nontoxic but rather beneficial amy-

loid structures intentionally designed by organisms.[4] Pmel17,
a type I transmembrane glycoprotein expressed in melano-
somes of melanocytes and retinal pigment epithelium, is
cleaved interluminally and forms amyloid fibers capable of

templating and catalyzing the formation of melanin pigments
inside melanosomes. The intraluminal region of Pmel17 is com-

posed of multiple subdomains, such as N-terminal domain

(NTD), polycystic kidney disease domain (PKD), and repeat
domain (RPT), each of which exhibits amyloidogenic properties

with different propensities when expressed in vitro.[5] During
the maturation of a melanosome, Pmel17 undergoes multiple

processes of cleavage and glycosylation, before forming amy-
loid fibers. The exact role of Pmel17 fiber is still unclear, except

that it is indispensable in melanogenesis ; one currently accept-

ed hypothesis is that it sequesters potentially toxic intermedi-
ates generated during melanin synthesis by confining them

within itself. However, the chemical origin of such amyloid-
based regulation of melanin biosynthesis remains unad-

dressed.
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Independent of the context of melanin biosynthesis, cate-
chol derivatives (e.g. , dopamine, epinephrine, epigallocatechin-

3-gallate (EGCG), and flavonoids) have been frequently illumi-
nated in studies dealing with pathological amyloids,[6] since

they were shown to perturb the formation of amyloids and
even, in some cases, disassemble preformed ones. For exam-

ple, dopamine and l-dopa have been suggested to disassem-
ble fibers of amyloid-b (Ab) or other proteins.[7] EGCG, a major
component of green tea extract[8] and flavonoids,[9] was repeat-

edly shown to remodel amyloid aggregation of Ab proteins
toward less toxic species. In case of Parkinson’s disease, in
which pathological amyloids appear primarily in dopaminergic
neurons, dopamine could modulate the conformation and tox-
icity of amyloids made of a-synuclein.[10] Although not proved
unambiguously, evidence suggests that the oxidative polymeri-

zation of catechol-bearing molecules, or intermediates formed

therein, is responsible for their observed influence on the amy-
loid structures.

As shown above, many scattered clues found from studies
of Pmel17 in melanin biosynthesis to those of pathological

amyloids, suggest the existence of multifaceted interactions
between catechol groups and amyloidogenic proteins, with

their molecular-level details mostly veiled. This is primarily be-

cause of the complex nature of the chemistries related to the
both species (catechols and amyloids) and the lack of analyti-

cal tools for precisely identifying multiple intermediate species
formed by their interactions. So far, experimental conclusions

that are agreed widely are as follows: (i) the influences are
mutual. Catechols influence the formation of amyloids, and

amyloid fibers influence the process of oxidative polymeri-

zation of catechols.[11] (ii) Catechols tend to bind (covalently or
noncovalently) to amyloids.[12] (iii) Interacting with catechols

makes amyloids invisible to amyloid-specific dyes (Thioflavin T
(ThT) and Congo Red) and the resultant molecular complexes

(if any) generally loses cytotoxicity.[13] (iv) The above character-
istics are observed consistently for amyloids made of different
proteins interacting with catechols, implying that it may be

the supramolecular structure (or morphology) rather than a
particular functional group or a sequence that interacts with
catechols.

To date, chemical approaches have been primarily pursued

to seek catechols that can suppress pathological amyloids; few
studies have focused on the oxidative polymerization of cate-

chols being regulated by amyloid supramolecular structures.

This work specifically aims to examine influences of amyloid
fibers on the process of PD formation and its final properties.

We started with the following questions: (i) How do general
amyloid fibers influence the kinetics and efficiency of PD for-

mation? (ii) Would amyloid fibers formed from biologically irrel-
evant proteins affect PD formation similar to how Pmel17 af-

fects melanin biosynthesis? (iii) How do the PD-amyloid com-

posites differ from those formed spontaneously without
fibers?

Results and Discussion

Experimental design

Theoretically, amyloids can be generated from any kind of
folded proteins upon a proper denaturing treatment unique

for each protein.[14] Hen egg white lysozyme (HEWL) has been
extensively used to generate amyloid fibers with multiple de-
veloped experimental protocols,[15] since HEWL is easily avail-

able, but still shows high sequence homology with human ly-
sozyme, which is pathologically responsible for hereditary sys-
tematic amyloidosis. We chose HEWL based on the assumption
that it is the supramolecular structure of amyloids, rather than
their specific sequence, that is capable of interacting with cate-
chols. A previous work showed that amyloid fibers made of

other pathological proteins irrelevant to melanin biosynthesis

(Ab and a-synuclein) could also facilitate the formation of mel-
anin-like species.[4] We generated amyloid fibers of HEWL by

denaturing HEWL with a high concentration of guanidine hy-
drochloride (GdnHCl),[16] and used them to template/accelerate

the spontaneous oxidative polymerization of dopamine. We
used dopamine, instead of more biologically relevant l-dopa,

because their oxidative polymerizations are chemically similar,

and previous studies focused more on PD formation. The pH
of the reaction mixture was set to 7.4 without other oxidants,

in which the spontaneous formation of PD occurs much slowly,
enabling more detailed investigation on the kinetics of PD for-

mation, and on the initial structures formed at the surface of
the fibers (Scheme 1).

HEWL fibers help PD species disperse well in an aqueous
solution

We generated HEWL fibers by treating HEWL with a high con-
centration of a strong denaturant (2 m of GdnHCl), which en-
sured rapid and reliable formation of amyloid fibers. The amy-

loid fibers that we synthesized had a morphology typically
found in other amyloids (Figure 1 A; ca. 8–13 nm thick and ca.
100–150 nm long),[17] forming an opaque and viscous solution

that showed a peak of characteristic beta-sheet in a circular di-
chroism analysis (Figure S1).[18] The fibers were carefully quanti-

fied (described in the experimental section) and redispersed in
a reaction mixture (pH 7.4, phosphate-buffered saline (PBS)) at

Scheme 1. a) Schematic of melanin synthesis in a melanosome (in vivo).
b) Schematic of amyloid-templated PD formation. To observe the polymeri-
zation process in more detail, experimental conditions were set to neutral
pH with constant physical agitation.
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the desired concentrations before incubating with various con-

centrations of dopamine under vigorous shaking (200 rpm).
Compared to those without fibers, solutions of amyloid-dopa-

mine mixtures turned dark faster, reflecting the accelerated for-

mation of PD species. Figure 1 B shows PD species formed
under various conditions, which depicts another remarkable

difference that amyloid fibers have caused; with fibers, large
precipitates appeared within 12 h, and the precipitates were

easily redispersed in the solution by a brief vortexing with the
resulting suspension state remaining stable (i.e. , not deposited

on the bottom of the cuvette) for more than 30 min. Without

fibers, on the other hand, such large floppy precipitates did
not form until the late stage of the reaction, but once formed,

they were very adhesive to the cuvette surface, making them
hard to disperse in solution. Such differences indicate that PD
species with HEWL fibers are preferentially adhesive to the
fibers, whereas those without fibers assemble slowly into
larger precipitates that tend to adhere to external surfaces,

akin to what happens in PD coating.
To quantitatively examine the reaction progress, we mea-

sured the absorption spectra of the reaction mixture at differ-
ent times. Figure 1 C shows the formation of PD species in the
solution, as evidenced by the gradual increase of the broad ab-
sorption in the UV/Vis region. We used optical density at the

wavelength of 350 nm (A350) as a measure for the formation of

PD species. The corresponding consumption of dopamine
monomer, measured at 280 nm, was also observed over time

(Figure 1 D).

HEWL fibers accelerate the formation of PD species

We next set out to ask whether HEWL fibers have an ability to
accelerate the formation of PD species, by using four different
concentrations of HEWL fibers (2.5, 5, 10, and 20 mm), while
fixing the concentration of dopamine to 250 mm. We assumed

that a single molecule of HEWL would provide roughly 10–15
interacting sites for catechol, considering the numbers of side

chains (e.g. , 18 for cationic and 10 for aromatic, while assum-
ing roughly half of them are sufficiently exposed) that possibly
interact with catechols, and thus the selected sets of concen-
trations were intended to make the concentrations of the in-
teracting pair comparable. Increasing the quantity of fibers did

not alter the visual appearance of PD-fiber complexes or their
susceptibility to vortexing; all the samples contained dark pre-

cipitates that could be dispersed by a brief vortexing. Higher

concentration of fiber, however, led to the formation of darker
solution, and higher light absorption across a broad range of

wavelength (Figure S2 and Figure S3). Monitoring the value of
A350 for each sample showed such a trend more clearly (Fig-

ure 2 A), indicating that the fibers accelerated the formation of

PD species in a quantitative manner. We could fit the time-de-
pendent change of A350 values with different concentrations of

fibers to a logistic time evolution function [Eq. (1)]:

A350 tð Þ ¼ A0 1@ 1

1þ t
t0

 !
ð1Þ

in which A0 is the maximum absorption value, and t0 is the

constant that determines how fast the reaction reaches a pla-
teau (Figure 3 A). Notably, this function is mathematically simi-

Figure 1. Influence of HEWL amyloid fibers on the formation of PD species.
a) TEM image of HEWL amyloid fibers. b) Photos of solutions containing
dopamine and HEWL fibers (left) and only dopamine (right) from 6 h to
48 h. Before measuring an absorption spectrum, each sample was redis-
persed by brief vortexing (top), in which the dispersion property was mark-
edly altered by the presence of fibers. c) The absorbance spectrum of a reac-
tion mixture (5 mm of HEWL fibers and 250 mm of dopamine) at different
times. d) Changes in absorbance at specific wavelengths (280 nm for dopa-
mine and 350 nm for PD species) over time.

Figure 2. Kinetic analyses. a) Time-dependent changes of A350 values at four
fiber concentrations (fixed dopamine concentration of 250 mm). b) Plot of
the initial velocities of the formation of PD species (measured by using A350

values between 0 h and 12 h) versus the concentration of HEWL fibers. Plots
of c) T80 % and d) A0 values at each condition.
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lar to the kinetic profile of product formation by a second-

order homogeneous association, or heterogeneous one when

the concentrations of the two reactants are similar. In each
sample, the initial velocity of the reaction (measured between

0–12 h) was linearly proportional to the quantity of HEWL
fibers provided, implying that the reaction determining step of

the formation of PD-amyloid complex is approximately first-
order to the fiber (Figure 2 B). The time to reach a plateau (t80 ;

which we parameterized as the time to reach an 80 % value of

A0), and A0 were also proportional to the quantity of fibers (Fig-
ure 2 C and D). The results suggest, albeit indirectly, that the

“reactive sites” at the surface of the fibers (or within them) are
gradually blocked as the reaction progresses, making its rate

progressively slower.

When the quantity of fibers was fixed to 5 mm and the con-
centration of dopamine was greatly increased (from 25 mm to
2500 mm, which is in a dopamine-excess region), the kinetic

profile of A350 values fit to the logistic function in a different
fashion (Figure 3 A and Figure S4). The initial velocity of the re-

action in this case was again linearly proportional to the con-

centration of dopamine at the lower concentration region, but
it deviated from the trend line at the excess condition (Fig-

ure 3 B), indicating that the excess amount of dopamine brings
about the onset of another pathway of forming PD species,

which only relies on O2-driven oxidation of dopamine, but is ir-
respective of HEWL fibers. In line with this, increasing the con-

centration of dopamine gave rise to the value of A0, but led to

an inconsistent trend in the value of t80 (Figure 3 C). Based on
these results, we could speculate that the presence of HEWL

fibers leads to an accelerated pathway for the formation of PD
species, in which the second-order heterogeneous association
of a molecule of dopamine with a reactive site (or a functional

group) of fibers play a primary role.
We note that 1) because of the insolubility and extreme mo-

lecular heterogeneity of PD species, we had to use an indirect
way (light absorption) to quantify the total amount of product

mixtures, and thus the obtained kinetic parameters gave col-
lective, semi-quantitative information. 2) The lack of molecular-

scale understanding of catechol-amyloid interactions meant

that we assumed the effective concentration of reactive sites
on the fibers was simply proportional to that of HEWL mole-

cules. 3) Although we tried to optimize reaction conditions,
there was always at least one side reaction: O2-dependent

auto-oxidation of dopamine, which would also cause weak,
but dose-dependent gradual changes in A350 value (as shown

by the results of dopamine-excess or dopamine-only reactions

(Figure S5 and S6)). Nonetheless, the kinetic analyses presented
above provided simplified but intuitive implications on how

PD species are formed, especially at the surface of amyloid
fibers.

Figure 3. Kinetic analyses under dopamine-excess and monomer conditions. a) Time-dependent changes of A350 values at different dopamine concentrations
(fixed HEWL fiber concentration of 5 mm). b) Plot of the initial velocities of the formation of PD species (measured by using A350 values between 0 h and 12 h)
versus the concentration of dopamine. The graph can be roughly divided into two parts, each representing a distinct reaction process. c) A plot of A0 and
T80 % values for each condition. d) Time-dependent changes of A350 values at different concentrations of HEWL monomers (fixed dopamine concentration of
250 mm).
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HEWL monomers do not influence the kinetics of PD species
formation

To ask if the observed accelerative effect was the property of

HEWL in general, we conducted the same reaction in the pres-
ence of a non-aggregated (i.e. , soluble) form of HEWL. Fig-

ure 3 D shows time-dependent changes of A350 value in the
presence of different concentrations of HEWL. To our surprise,
soluble HEWL did have favorable influences on the formation

of PD species, but the kinetic profiles of their formation dif-
fered greatly from those obtained with HEWL fibers. In our
conditions (5–30 mm of HEWL, measured until 72 h), soluble
HEWL exhibited a marginal influence on the initial velocity of
the formation of PD species, which remained constant (ca.
0.008 h@1; a similar rate to that of the only-dopamine condi-

tions), but kept the reaction from reaching a plateau until 72 h

except for 2.5 mm of HEWL. Polydopamine species formed with
HEWL monomers were more adhesive to surface of the cuvette

and hard to disperse in solution, exhibiting similar materials
properties to those formed only with dopamine (Figure S7).

The observed kinetic profiles and materials properties suggest
that HEWL monomers have limited participation in the reaction

determining step for the polydopamine formation, but rather

provide more reaction sites distributed throughout the entire
solution, as opposed to those confined on fiber surfaces, ulti-

mately increasing the quantity of PD species finally formed.

HEWL fibers and monomers lead to PD species with distinct
physicochemical properties

To compare the PD species formed in the presence of HEWL
monomers and fibers, we conducted infrared (IR) spectroscopy

and transmission electron microscopy (TEM) studies. We first
obtained IR spectra of HEWL monomers and HEWL assembled

as amyloid fibers. As previously reported,[19] the HEWL samples
showed different shapes in their amide I peaks (Figure 4 A),

and the deconvolution analysis indicated that HEWL fibers con-

tained more beta-sheet component (1630 cm@1, 1678 cm@1),
whereas soluble HEWL contained more alpha-helix and

random coil component (1661 cm@1, 1645 cm@1; Table S1). In

the same region, PD (i.e. , those formed without HEWL) showed
a monotonic decrease in peak intensity (Figure 4 A), consistent

with previous results.[20] Interestingly, IR spectra for PD species
in the presence of soluble HEWL and HEWL fibers were similar

to the summation of the peaks of PD and the corresponding
original HEWL species, respectively (Figure 4 A), indicating that

the chemical structures of amides were unchanged after the
formation of PD-HEWL composites. This means that the cate-

chol-amyloid interaction and the subsequent formation of PD

species did not remodel or disassemble amyloid fibers, but
simply made them invisible to ThT analysis by physically en-

capsulating them. TEM analyses further supported the conclu-
sion. Figure 4 B shows TEM images of PD species formed with

HEWL fibers. Notably, we could clearly observe the formation
of bundled superhelical fibers coated with melanin species.
The HEWL amyloid fibers had thickness of 15 nm, but after PD

formation, the thickness of bundled fibers were 100–200 nm
with helical morphology. Such bundled fibers were not observ-
able in the only-dopamine species or those formed with solu-
ble HEWL, which both showed mesh-like structures (Fig-

ure 4 C). This result suggests that the PD species played roles
in bundling the preformed amyloid fibers and forming com-

pact composite materials, rather than disassembling or remod-

eling them. It is possible that PD species have interfered with
optical analyses conducted in previous works, and thus made

amyloid fibers seem disassembled.

Pmel17 fibers are functionally similar to HEWL fibers

Finally, we set out to compare the capability of amyloid fibers

of recombinant Pmel17 and its subdomains in facilitating the
formation of PD species to that of HEWL fibers. We chose NTD,

PKD, and the full domain of Pmel17, according to the previous
report, which compared the fibril-forming properties of each

subdomain (Figure 5 A).[5a] As previously reported, all domains
of Pmel17 instantaneously formed fibers when they were dilut-

ed from a high concentration of a denaturant (six-fold dilution

of an 8 m urea-containing solution to that without). White pre-
cipitates appeared immediately upon dilution, and each

sample exhibited high ThT fluorescence intensity (Figure S9).

Figure 4. Characterization of PD species. a) FTIR spectra of HEWL monomer and fiber, PD species, and PD species synthesized in the presence of HEWL mono-
mer and fiber. TEM images of melanin-like species containing b) HEWL fibers and c) HEWL monomers. High-resolution (upper) and low-resolution (lower)
images.
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The materials properties of each fiber (e.g. , dispersion in solu-

tion, elasticity, and turbidity) were, however, very different
from the others. The fibers were quantified (10 mm) in the

same way with HEWL, and incubated with dopamine (250 mm).
The kinetic profiles in the presence of each fiber also fit to the

same logistic function (Figure 5 B). Compared to the same

mass equivalent of HEWL fibers, the amyloid fibers of the full
domain Pmel17 showed higher t80 and A0 values, indicating

that they provide more sites reactive for synthesizing PD spe-
cies, but the actual rate of the reaction was comparable (mea-

sured to be 0.0124 h@1). Its subdomains, on the other hand,
were observed to be less efficient both in accelerating the re-
action and providing more reactive sites (Figure 5 C and D).

The differences between full-domain Pmel17 and its subdo-
mains likely stem from their different aggregating tendencies;
ThT fluorescence intensity gives information on the presence
of cross-b-sheet components, and is often inadequate as a

metric for evaluating the maturation of the amyloid structure.
Questions regarding which sub-domain plays a role as a core-

component of Pmel17 and what is the exact role of each sub-

domain, merit further examinations, but it is likely that the full
domain is required to assemble matured amyloid fibers (there

are many possible structures insoluble and active for ThT fluo-
rescence, but of a low content of matured amyloids).

Conclusion

The results presented above provide the following implications
on the roles of amyloid fibers in the process of PD formation

(Figure 6): 1) a biologically irrelevant protein, to a different
extent for different proteins, can actively participate in the for-

mation of PD species. Addition of molecules of a protein re-
sults in more PD species under the same reaction condition

(e.g. , pH, temperature, and dopamine quantity). This can be

connected to a recent result of Lee et al. , who showed that
the formation of dopamine-melanin pigment is mainly driven

by cation-p progressive assembly, in which cationic molecules
play central roles.[21] Proteins have cationic side chains, such as

amine and arginine, which can act as “active sites” for inducing

the formation of PD species, yet they can also be covalently
crosslinked with quinone groups, leaving multiple interacting

pathways feasible.[9c] 2) Matured amyloid fibers can not only
provide reactive sites but can also accelerate the formation of

PD species. Here, the reactive sites are confined to the surface
of the fibers and are gradually covered by PD species during
the reaction, while, thanks to their adhesive character, bun-

dling the fibers into ticker helical structures. The association of
dopamine or one of its oxidized forms with an active site on
the fibers is likely the rate-determining step in the accelerated
pathway of melanogenesis. 3) Bundling of fibers has two major

ramifications. Bundling, which becomes more notably as the
reaction progresses, would increase the local concentration of

relevant reactants, possibly further accelerating the reaction,

although it is not diffusion-limited. This, in turn, adds an auto-
catalytic character to the reaction kinetics, as we experimental-

ly showed in the logistic formation profile. In addition, bundled
form of PD-fiber composites have greatly different materials

properties from those formed without fibers. Those with fibers
are better dispersed in aqueous environments than those with-

out, preventing themselves from sticking to external surfaces.

4) It is uncertain whether the chemical driving forces responsi-
ble for attractive amyloid fiber-dopamine interactions are gen-

eral for all pairs of proteins and catechols, or each case has a
distinct chemistry. For example, Kelly et al. suggested hydro-

phobic association between an aromatic system of dopamine
and a cross-b-sheet structure in amyloids is a major driving

Figure 5. PD species formed in the presence of Pmel17 proteins. a) Gene maps of Pmel17 and its subdomains and the whole-cell gel images of NTD, PKD,
and Ma full domain. b) Time-dependent changes of A350 values in samples containing fibers made of each protein at 10 mm (fixed dopamine concentration of
250 mm). Plots of c) T80 % and d) A0 values under each set of conditions.
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force for remodeling amyloid fibers by EGCG.[22] Although com-
plete disassembly or drastic remodeling of fibrillar structures

were absent in the current work, such hydrophobic interaction
cannot be ruled out when describing the attractive relation-

ship of amyloid and dopamine.

Melanin is chemically heterogeneous and relatively poorly
defined, yet recent reports are starting to reveal that proper-

ties and functions of various melanins (e.g. , solubility, radical
properties, light absorption, and film-forming properties) can

be dramatically altered depending on polymerization condi-
tions or chemical components.[23] In one example, Ulijn et al.
showed that properties of melanin-like pigments can be tuned

by controlling supramolecular order of catechols (by means of
peptide aggregation) before their oxidation.[24] The results of

this work imply that Pmel17 fibers may be a sophisticated
scaffold, rather than a simple physical matrix material. We

showed that a protein that is irrelevant to melanogenesis can
regulate oxidative polymerization of dopamine in a similar

manner to melanin biosynthesis. Remarkably, it fulfills such
regulatory roles only when aggregated into amyloid fibers,
likely relying on a combination of multiple noncovalent (or co-

valent but reversible) interactions. The current work thus im-
plies that the amyloid quaternary structures per se may facili-

tate the formation of melanin (both in quantity and rate), se-
quester toxic intermediates, and tune the material properties

of the final form. We have used HEWL, which is very different

from Pmel17 in many aspects (including isoelectric point, size,
and polarity), and they thus have different aggregation path-

ways. When they form matured amyloid fibers, however, both
of them, and fibers of other proteins as well, periodically pres-

ent a set of side chains at their surfaces by means of b-sheet
assembly, which makes the results obtained with HEWL fibers

valid for studying the role of Peml17 fibers, or functional amy-
loids in general. Collectively, we suggest that amyloid aggrega-

tion is one of nature’s ways to control molecular order/concen-
tration at a large surface. Such a method of designing chemical

functionality relies on transient, nonspecific, and weak multiva-

lent interactions, which are frequently utilized in nature (as
shown in recent studies of membrane-less organelles), but less

so in artificial systems.
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