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Melanin pigments are found in most life forms, where they are
responsible for coloration and ultraviolet (UV) light protection.
Natural melanin is a poorly soluble and complex biosynthesis
product produced through confined and templated enzymatic
oxidation of tyrosine. It has been challenging to create water-
soluble synthetic mimics. This study demonstrates the enzymatic
synthesis of oxidized phenols confined inside liquid droplets. We
use an amphiphilic, bifunctional peptide, DYFR,, that combines a
tyrosine tripeptide previously shown to undergo enzymatic
oxidation to form peptide pigments with broad absorbance, and
polyarginine to facilitate complex coacervation in presence of ATP.
When ATP, DYFRy are mixed and exposed to tyrosinase, pigmented
liquid droplets result, while no appreciable oxidation is observed in
the bulk.

Melanin is a natural biopolymer with remarkable properties
including UV-protection, coloration, and antioxidant activity.!
Natural melanin synthesis is a complex multi-step process involving
catalyic oxidation, templating, and oxidation under confinement.24
While they are promising for technical applications, the usefulness of
this class of materials is constrained by their makeup of
heterogeneous products, which are typically insoluble polymers with
ill-defined chemical and structural compositions.5 These obstacles
have motivated efforts to create synthetic materials that mimic and
resemble the UV-aborptive properties of melanin.267 The majority of
these mimetic compounds are based on polydopamine derivatives
that are produced via oxidative polymerization of phenols, such as
dopamine or tyrosine.811 The resulting brown-bleck materials
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display are chemically heterogenous and remain poorly soluble. The
use of tyrosine-containing short peptides as precursor templates for
enzymatic oxidation, and formation of polymeric pigments has been
explored and begins with the enzymatic oxidation of L-tyrosine to
3,4-dihydroxyphenylalanine (L-DOPA).6.7:1213 Se|f-assembly of short
peptides containing one or more aromatic residues (frequently
including tyrosine) has been studied extensively.1 By editing the
sequence of self-assembling tyrosine containing tripeptides followed
by enzymatic oxidation, unique architectures not known in nature
become accessible, such as 2D sheets,® and 1D nanofibrous!?
polymeric peptide pigments with remarkable optical” and
conductive!? properties. These studies demonstrate the potential of
peptide self-assembly and enzymatic oxidation to direct formation of
laboratory-based synthetic melanin analogs.®

Biomolecular condensates formed through liquid-liquid phase
separation (LLPS) have emerged as a thriving area of research due to
their recognized importance in life sciences,® including marine
biology,17 and cellular biochemistry.18 Relevant to the current study,
liquid condensates have been implicated in formation of adhesives
and DOPA materials from mussel foot proteins.’® Furthermore,
condensates have shown to play a crucial role in regulating cellular
processes and signaling pathways, including through serving as
biomolecular scaffolds for enzymatic reactions.20

Following this surge of interest in fundamental understanding
and materials applications of biological LLPS as a space/time
regulatory mechanism in biological systems, the use of LLPS has been
used to spatiallly control enzymatic oxidation reactions. Lampel’s
group demonstrated the use of polyethylene glycol/dextran
aqueous two-phase system with a photocleavable protected
tyrosine, which gave rise to oxidized tyrosine induced in a LLPS
system.2! In this system, the condensates served as a reaction vessel
in which tyrosine can be oxidized.?! Using short peptiddes have also
been recognized to forrm short peptides.22
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Here, it was our objective to control the generation of melanin
mimics in a LLPS system where the tyrosine residues are themselves
a structural part of the condensates. The foundation of our design is
an amphiphilic peptide, Ac-DYFRs, that is composed of a tripeptide
known to form polymeric pigments with broad UV absorbance upon
enzymatic oxidation, DYF,® and a polyarginine component that was
designed to facilitate complex coacervation with ATP {Figure 1A).23
The design builds on recently demonstrated amphiphilic peptides
that combine the features of fibrous self-assembly and complex
coacervation by creating fused peptides that combine a beta-sheet
forming domain {LVFFA) with a coacervation motif {(oligoarginine and
ATP) have been explored to create supramolecular fibers exclusively
inside defined compartments (LVFFARo/ATP).24 Qur intention was to
exploit the assembly of DYF, and complex coacervation of Ry/ATP, in
order to obtain templated self-assembly inside condensates, and
furthermore to form particles or droplets that remain dispersed
upon enzymatic oxidation in aqueous buffer.®

Oxidation

(3 " o M

Tyrosinase

Figure 1 - Design of peptide pigment synthesis in liquid droplets. (A) Molecular
structures of the polymeric peptide sequence that is used for the formation of
coacervates with ATP. (B) Optical microscope images of the oxidative polymerization-
induced pigment synthesis in liquid droplets after the conjugation of the tyrosine
containing peptide DYFRy with ATP. Scale bar = 20 um.

Upon mixing 1mM Ac-DYFRy and 25 mM ATP solutions, liquid-
liquid phase seperation occurred and colorless coacervates were
observed under optical microscopy (Figure 1A). The pH of the
mixtures was maintained at 7.0 buffered by 10 mM Tris HCI
containing 15 mM KCI, 0.5 mM MgCly, and 0.2% {w/v) NaNs. The
samples were imaged through sandwiched 1 mm spaced, surface-
functionalized {with N-{triethoxysilylpropyl)-O-poly{ethylene oxide))
glass slides to reduce coalescence of droplets on glass surface.25:26
Following this coacervation, we then added 5 mg/mL mushroom
tyrosinase to the coacervate mixture to induce a tyrosine oxidation.
After one hour at 20°C — 30°C, this gave rise to brown colored
compartmentalization of melanin
formation in the droplets (Figure 1B).

coacervates indicative of

In order to confirm the liquid-like properties of these structures,
we further characterized droplets with flourescence recovery after
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photobleaching (FRAP) (Dye: 0.5% f-ATP, Figure 2C). There was no
difference in flourescent recovery after one hour of incubation
(Figure 2C). This behavior is consistent with the liquid-like dynamics
inside the droplets even after one hour of oxidation. In addition, we
captured snapshots and videos of the FRAP process on coacervates
to illustrate the fluorescent recovery at the t = 1h time point (Figure
2A, Movie S1). Furthermore, our investigations reveal that these
tyrosine-induced droplets have the tendency to coalesce, resulting in
the formation of larger droplets over time (Figure 2B). This
observation further supports the liquid-like nature of these
coacervates post oxidation. Beyond t = 1h the droplets then begin to
settle. The use of cryo-transmission electron microscopy (Cryo-TEM)
has allowed us to confirm minimal morphological changes of the
coacervates containing oxidized peptide. We note that there was no
evidence of fibrous peptide self-assembly as previously observed for
the LVFFA system, 24 presumably due to the reduced 1D self-assembly
propensity of the DYF peptide, and the disrupting nature of the Rq
appendages. Additional images were provided (Figure 2D, Figure S1).
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Figure 2 - Fluorescence recovery after photobleaching of oxidized droplets. A} Confocal

images corresponding to FRAP in coacervates at t = 1h after oxidation. Scale bar =5 um.

(B) Confocal images showing droplet merge over the course of 20s. Scale bar =5 um. (C)

FRAP traces of oxidized DYFRs droplets using 0.5% f-ATP dye. (D) Cryo-TEM image of

DYFRg .« cOacervates. Scale bar =2 um

To monitor chemical oxidation inside coacervates using
UV/Visible and mass spectroscopy, we centrifuged the coacervates
mixture to separate the condensate phase from the buffer solution.
Separating the two phases post-oxidation gave rise to poorly
reproducible results because the centrifugation process itself gave
rise to crossover of the enzymes between the two phases, resulting
in additional oxidation. So instead, we separated the mixtures prior
to oxidation using centrifugation, and the enzyme was then added to
both phases at the identical final concentration {Figure 3A) and the
oxidation was followed by UV-vis spectroscopy. We observed
increases in broad absorbance as evidence of oxidation
predominantly inside the DYFR, droplets. A separate {(disconnected)

DYF-NH, {1 mM) and Re {1 mM) mixture was used as a control

This journal is © The Royal Society of Chemistry 20xx
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experiment. In this case, we see low levels of oxidation of DYF + Ry in
droplets (Figure 3B, ii2). At 3 hours, the intensity difference has
increased by more than 3.5 times in the supernatant {Figure 3B, iil1)
demonstrating that the tripeptide was most abundant outside of the
condensate phase. After 3 hours of oxidation, images of the reaction
tubes were taken to illustrate the development of brown color in the
supernatant, and no coloration was observed visuallyin the
condensate phase. In contrast, higher absorbance intensity was
observed for tyrosine oxidation in the DYFRs droplets. In this case,
oxidation of DYFRy in the condensate phase showed an absorbance
intensity increase that was 5 times enhanced (Figure 3B, i2)
compared to the supernatant (Figure 3B, i1). Images of the reaction
tubes were taken after 3 hours of oxidation to show the development
of brown color in the droplet phase, but no brown color was visible
in the supernatant phase. In addition, droplets containing oxidized
tyrosine showed intrinsic fluorescent emission upon excitation at A=
405 nm.21 As expected, fluorescence intensity of oxidized DYFRy was
significantly higher compared to its surroundings (Figure S2). We can
conclude that production of oxidized peptide pigments within
coacervates is conceivable using an amphiphilic peptide that
contains both a tyrosine-containing motif and a complex coacervate
system. Our findings align with previously established literature that
has measured tyrosine oxidation products using UV-vis,67.27,28 and
tyrosine oxidation within coacervates.2!
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Figure 3 - Tyrosine oxidation within coacervates. (A) Schematic showing the separation
process of the biphasic mixture of DYFRg (i) and DYF + Rg (ii) to which UV-Vis spectra
was collected. Reaction tube images of the corresponding reaction after t = 3h. (B) UV-
Vis absorption spectra in the broad absorption range (300-800nm). Oxidation of the
experimental, DYFRg in the supernatant (i1) and in the condensate phase (i2). Oxidation
of the control DYF + Ry in the supernatant (ii1) and in the condensate phase (ii2). BE =
Before Enzyme addition, t = Oh (within one minute of adding enzyme}), t = 1h, and t = 3h
(one and three hours after enzyme was added).

Matrix Assisted Laser Desorption/lonization (MALDI) was used to
analyze and confirm tyrosine oxidation. Tyrosine-containing peptides
undergo polymerization in which change in molecular weight is
observed after oxidation, which can be visualized through MALDI.6:22
The most prominant peak observed from MALDI is the DOPA form of
the peptide, which is a crucial intermediate in the melanin synthesis

This journal is © The Royal Society of Chemistry 20xx

pathway resulting from the oxidation of tyrosine (Figure S3). A low
degree of cross-linking was observed in the mass spectra of the
oxidized peptide by the presence of oxidized dimers (Figure S3),
which is likely responsible for the brown color observed. MALDI was
also analyzed for the various disconnected DYF+Rs sequences
including their interaction with ATP to assure DOPA and polymer
formation from the DYF domain {Figure S4). Liquid Chromotagraphy-
Spectrometry (LCMS) utilized for further
characterization of the oxidized products. We performed a
chymotrypsin hydrolysis3%31in order to remove Ro from the Ac-DYFRy

Mass was also

peptide which allowed the retention of the tripeptide and its
oxidized products on the column {Figure S5-58). While we are unable
to fully characterize this mixture, the results confirm that the
tripeptide DOPA catechol and quinone are formed, and we propose
that the repulsion of Ry tails and the liquid nature of the materials
prevents oligomerization that was observed in free peptide systems
reported previously.®

Our study has demonstrated the feasibility of using a
multicomponent peptide sequence that utilizes designed
constituents to promote the formation of melanin mimetic
compounds within coacervates. One of the main challenges in
formation of melanin-mimetics has been to confine the reaction
product in the condensed phase, which our design effectively
addresses. Furthermore, our findings shed light on potential
strategies for controlling the unregulated synthesis of insoluble
biopolymers. Mimicking melanin with synthetic materials can benefit
individuals with melanin deficiency. The implications of this research
extend beyond the laboratory, as it has the potential to lead to sun
protection applications relevant to cosmetics.
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