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Most biocatalytic processes in eukaryotic cells are regulated by subcellular microenviron-
ments such as membrane-bound or membraneless organelles. These natural compart-
mentalization systems have inspired the design of synthetic compartments composed
of a variety of building blocks. Recently, the emerging field of liquid-liquid phase
separation has facilitated the design of biomolecular condensates composed of proteins
and nucleic acids, with controllable properties including polarity, diffusivity, surface
tension, and encapsulation efficiency. However, utilizing phase-separated condensates as
optical sensors has not yet been attempted. Here, we were inspired by the biosynthesis of
melanin pigments, a key biocatalytic process that is regulated by compartmentalization
in organelles, to design minimalistic biomolecular condensates with emergent optical
properties. Melanins are ubiquitous pigment materials with a range of functionalities
including photoprotection, coloration, and free radical scavenging activity. Their bio-
synthesis in the confined melanosomes involves oxidation-polymerization of tyrosine
(Tyr), catalyzed by the enzyme tyrosinase. We have now developed condensates that are
formed by an interaction between a Tyr-containing peptide and RNA and can serve as
both microreactors and substrates for tyrosinase. Importantly, partitioning of Tyr into
the condensates and subsequent oxidation-polymerization gives rise to unique optical
properties including far-red fluorescence. We now demonstrate that individual conden-
sates can serve as sensors to detect tyrosinase activity, with a limit of detection similar
to that of synthetic fluorescent probes. This approach opens opportunities to utilize
designer biomolecular condensates as diagnostic tools for various disorders involving
abnormal enzymatic activity.

bioinspired materials | biomolecular condensates | liquid-liquid phase separation |
peptide | melanin

Cells have evolved to provide subcellular controlled microenvironments or compartments
that accommodate and control specific biocatalytic processes. Some of these compartments
are membrane-bound and typically composed of lipid bilayers (1), whereas others are
membraneless (2) and are formed by phase separation of proteins and nucleic acids. These
natural compartments have inspired extensive efforts to design synthetic microreactors
for a variety of purposes, including the increase of local substrate concentration in order
to accelerate enzymatic reactions (3), facilitate small molecule synthesis (3), and deliver
drugs or other therapeutic biomolecules (4, 5). Yet, the construction of synthetic micro-
reactors typically requires the use of organic solvents and high-energy processes such as
sonication, heating, or multiple extrusions, which might alter enzyme structure and activ-
ity. Moreover, some of the synthetic closed-compartment microreactors are limited in
their permeability to reactants and enzymes, as well as in their capacity to release products,
which limits their potential in biotechnological applications (6). Thus, there is still an
unmet need to develop compartments with tunable properties that employ partitioning
of client molecules, including enzymes, to control and regulate reactivity.

Recent advances with the potential to replace more traditional thermodynamically
stable assemblies involve the development of compartments that mimic the properties of
membraneless organelles (7-9). These build on insights regarding membraneless organelle
formation by liquid-liquid phase separation (LLPS) of intrinsically disordered proteins
(IDPs), either alone or in complexation with nucleic acids (10). The dynamic nature of
compartments composed of IDPs or (poly)peptides with disordered domains (11-17)
means that they can be designed to respond to specific stimuli (18-20) and enable the
control of various properties, including polarity, diffusivity, surface tension, and recruit-
ment of biomolecules (21). Despite these advantages, adapting phase-separated biomo-
lecular condensates for specific applications, such as sensing, remains a challenge. Here,
we were inspired by the ability of membraneless organelles to compartmentalize biochem-
ical reactions and by the compartmentalized synthesis of melanin pigments in the
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membrane-bound melanosomes. We then utilized features from
both systems, to guide the development of minimalistic synthetic
biomolecular condensates with properties that go beyond those
of the biological counterparts.

Melanins are ubiquitous pigments (22) that have unique and
protective properties including coloration (23, 24), broad UV-vis
absorption (23, 25-27), electronic properties (28, 29), and
free-radical (30) and metal-scavenging activity (31). In animals and
humans, the brown-black eumelanin is formed during the late stages
ofthe melanosome maturation by enzymaticoxidation-polymerization
of tyrosine (Tyr), which is catalyzed by the enzyme tyrosinase (22).
Unlike the laboratory-based bulk synthesis of melanin, the com-
partmentalization in the melanosome provides a means to spatio-
temporally control Tyr oxidation-polymerization into melanin
(32-34). Notably, the oxidized Tyr is thought to be bound to
self-assembling proteins inside the melanosome, which provide a
scaffold for melanin formation (35, 36). Inspired by the compart-
mentalized oxidation-polymerization of Tyr, which yields a pigment
material with unique optical properties (37), we designed biomo-
lecular condensates that acquire emergent optical properties follow-
ing oxidation-polymerization by tyrosinase. The peptide/RNA
condensates formed by LLPS of a short Tyr-containing peptide and
RNA serve both as reactors, by encapsulating tyrosinase, and as
precursors of the oxidation-polymerization reaction. Tyrosinase
activation within the condensates confers unique optical properties
including coloration, far-red UV—-vis absorbance, and fluorescence.
Importantly, since abnormal activity of tyrosinase is linked to var-
ious dermal disorders, monitoring the enzyme activity remains a
major need. We now report that individual peptide/RNA conden-
sates can be utilized as optical sensors to detect tyrosinase activity
by a fluorescence response. Thus, this technology opens opportu-
nities for biomedical applications and specifically for sensing appli-
cations of biocompatible condensates.

Results and Discussion

Inspired by melanin biosynthesis in cellular organelles, we sought
to develop a multicomponent minimalistic compartmentalization
system based on LLPS of a short Tyr-containing peptide and RNA
(Fig. 14). The resulting biomolecular condensate functions both
as reaction centers, encapsulating tyrosinase, and as precursors of
Tyr oxidation-polymerization. We hypothesized that oxidation—
polymerization of the condensates should yield emergent optical
properties in a confined peptide/RNA microenvironment (Fig. 1B).

We recently developed a library of minimalistic LLPS-promoting
peptides that assemble into biomolecular condensates (38). We then
focused on a minimalistic 9-mer sequence variant WGRGRGRWY
(WGR). The peptide contains three glycine-arginine (Gly-Arg) dyad
repeats that promote LLPS, two tryptophans, which promote n—n
interactions, and a Tyr, which serves as the precursor for tyrosinase-
catalyzed oxidation (Fig. 14). We hypothesized that the Gly of the
Gly-Arg dyads should promote flexibility, while the Arg promotes
electrostatic interactions with RNA, as well as cation— or n— inter-
actions (39) with the nucleobases or with the aromatic side chains
of the peptide. As a model for RNA, we used polyuridylic acid
polymer (poly-U), which is not prone to form a secondary structure
and thus is accessible to interact electrostatically with the peptide
(Fig. 1 A and B) (18, 39).

As the first step, we analyzed the LLPS propensity and formation
of biomolecular condensates by complexation of the peptide and
poly-U. For this purpose, we generated a phase diagram heat map
by monitoring the turbidity of the sample in Tris-HCI buffer at
pH 7.5, at 25 °C as a factor of peptide and poly-U concentration
(Fig. 24). Condensate formation was confirmed by optical and
confocal microscopy (SI Appendix, Fig.S1 and Fig. 2B). We
hypothesized that the main driving force of condensate formation
is provided by electrostatic interactions between the positively
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Fig. 1. Melanin-inspired peptide/RNA biomolecular condensates. Top: Left to Right: chemical structures of biomolecular condensate building blocks: poly-U (Left)
and Tyr-containing peptide (WGRGRGRWY; WGR). Black dashed box: chemical structures of the side chain species (red) formed following tyrosinase (blue)-catalyzed
oxidation-polymerization of the phenol side chain (yellow) within the condensates. Bottom: A schematic illustration of the system: biomolecular condensates
formed by LLPS of the WGR peptide and RNA. Encapsulation of tyrosinase and subsequent oxidation-polymerization of the condensates results in an emerging
far-red fluorescence, which is directly dependent on tyrosinase concentration and thus can serve as a reporting system for the detection of tyrosinase activity.
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charged peptide and the negatively charged phosphate groups of
poly-U. However, the phase diagram reveals a clear trend of con-
densate formation at a 2:1 ratio of basic:acidic groups, as calculated
from the charge state of the peptide and poly-U (see Materials and
Methods section). The average diameter of condensates formed
by 2 mM peptide and 1 mg mL™" poly-U is 5.04 + 1.64 um
(SI Appendix, Fig. S1), as analyzed using optical microscopy (see
Experimental section). Notably, confocal microscopy (Fig. 2B) and
dynamic light scattering (DLS) estimation of the size distribution
of condensates at the nanometer-low microscale (S Appendix,
Fig. S2) demonstrates that the diameter of the peptide/poly-U
condensates can be regulated by changing the concentration of
poly-U. Thus, the DLS analysis indicates that increasinlg the con-
centration of poly-U from 0.25 mg mL™' to 1 mg mL™" results in
a shift in the average diameter of the condensates from 380 nm to
900 nm, respectively (SI Appendix, Fig. S2A).

The complexation of peptide and RNA and the organization
of the resulting condensates were investigated by extensive con-
focal and electron microscopy analysis. For the confocal micros-
copy analysis, we hybridized FITC-labeled peptide (50 pM) and
Cy3-oligoadenylate (Cy3-oligoA) with poly-U (18). The results
revealed the formation of a core—shell architecture, with the pep-
tide predominantly localized in the shell of the condensates, while
the poly-U is uniformly distributed throughout (Fig. 2C and
SI Appendix, Fig. S3). Varying the preparation method by i) mix-
ing RNA stock solution in peptide stock solution or ii) dissolving
peptide and RNA freeze-dried powders did not affect the core—
shell architecture of the resultant condensates (SI Appendix,
Fig. S4). The organization was further confirmed by transmission
electron microscopy (TEM) analysis, which reveals a difference
in the uranyl acetate electron absorption in the core and shell of
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the condensates. The darker signal in the core is probably the result
of stronger staining of the RNA by uranyl acetate (Fig. 2D).
Interestingly, the TEM analysis also indicates adherence and par-
tial fusion between condensates. Examining the fluorescence signal
of the FITC-labeled peptide before and immediately after pho-
tobleaching, detected no fluorescence recovery after photobleach-
ing (FRAP) over time (87 Appendix, Fig. S3 A and B). Given that
the condensates are organized in a core—shell structure and that
the peptide is mainly concentrated in the outer shell, we suspect
that FRAP analysis of a labeled peptide might not reflect the dif-
fusivity and dynamics of the condensate core. However, similar
results from a second FRAP analysis using Cy3-oligoA (Fig. 2EF
and SI Appendix, Fig. S5C), as well as the findings from the TEM
and confocal microscopy imaging, suggest that there is no diffu-
sivity of peptide or RNA molecules in the condensates. Moreover,
treating the condensates with 0.5 M NaCl does not alter the tur-
bidity of the condensates (S Appendix, Fig. S6). Thus, we can
conclude that the peptide/RNA condensates are not liquid assem-
blies and are not formed by a typical LLPS process like membrane-
less organelles, nor by classical complex coacervation, driven by
electrostatic interactions between anionic and cationic building
blocks. Instead, the findings suggest that, in addition to electro-
static interactions between the cationic peptide and the poly-U,
the dense shell of the condensates is formed by peptide—peptide
interactions. The intermolecular contacts between the peptide
building blocks may be mediated by m—x interactions between Arg
and the aromatic side chains and by m—x stacking between the
aromatic side chains. These interactions can also explain the trend
seen in the phase diagram, where condensates are formed ata 2:1,
rather than a 1:1 ratio of basic:acidic groups. Notably, these pep-
tide—peptide interactions do not result in formation of a specific
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LLPS propensity and organization of peptide/RNA biomolecular condensates. (A) Phase diagram heat map of peptide/RNA LLPS as a function of peptide

and poly-U concentration, measured by turbidity assay. (B) Confocal microscopy transmitted light images of condensates formed by LLPS of WGR (2 mM) with
increasing concentrations of poly-U in 10 mM Tris-HCl buffer pH 7.5 at 25 °C. (C) Confocal microscopy images of condensates formed by peptide/RNA (2 mM/1
mg mL™") with FITC-labeled peptide (50 pM, A, = 488 nm) and Cy3-oligoA (0.012 pM, A, = 562 nm) showing core-shell organization. Images show the z-stacking
middle section. (D) TEM images of the peptide/RNA condensates showing a condensed shell. [Scale bars, 100 nm (Left image), 1 pm (Right image).] (E) Confocal
microscopy FRAP analysis images of peptide/RNA condensates (1 mM/0.5 mg mL™") before and after photobleaching of Cy3-oligoA (0.012 uM) showing no
recovery of fluorescent signal. (F) Confocal microscopy images of Atto633-tyrosinase (0.06 mg mL™"; &,, = 640 nm) encapsulation in peptide/RNA (2 mM/1 mgmL™")
condensates. (G) Atto633-tyrosinase fluorescence in condensates compared to the dilute phase measured by confocal microscopy analysis. Values represent
an average of 8 droplets, SEs are indicated. Confocal microscopy scale bars, 5 pm (panel C, E); 20 pm (panel B and F, Bottom image).
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secondary structure, since circular dichroism (CD) analysis, reveals
that the peptide remains in a random coil conformation under
LLPS conditions (SI Appendix, Fig. S7).

As the next step, we studied the partitioning of tyrosinase in
the peptide/RNA condensates by labeling the enzyme with
Att0633 and using laser scanninlg confocal microscopy to compare
the partitioning (0.3 mg mL™) in the condensates and in the
surrounding phase. As shown in Fig. 2 Fand G, tyrosinase parti-
tions preferentially into the peptide/RNA condensates, with the
Atto633-tyrosinase fluorescence intensity 7.8-fold higher in the
condensates than the surrounding phase, and predominantly local-
ized to the condensed shell with slow mobility (23.6% recovery
of FRAD, 81 Appendix, Fig. S8). Interestingly, the localization and
distribution of enzyme in peptide/RNA condensates are affected
by the order of reactant addition and mixing the enzyme with the
RNA solution before initiation of condensate formation results
in a mostly homogenous distribution of the enzyme in the con-
densates (S Appendix, Fig. S9). To study the effect of the labeling
dye, we compared the localization of enzyme labeled with Atto633
or Atto550, which have LogP values of 1.41 vs. 3.73, respectively.
The results indicate that Atto550-labeled tyrosinase is distributed
in heterogeneous clumps in the peptide/RNA condensates and
not only in the condensate shell (87 Appendix, Fig. S10). These
clumps might be the result of interactions between the hydropho-
bic dye and the peptide, or due to aggregation of the dye in the
condensed phase.

The encapsulation efliciency (EE%) of the enzyme is 92.06 =
0.01%, as calculated by measuring the enzyme concentration in
the dilute phase (supernatant) by absorbance spectroscopy follow-
ing centrifugation of enzyme-loaded condensates (see Experimental
section).

UV-vis spectroscopy was used to analyze the optical properties
of the peptide/RNA condensates following oxidation by encapsu-
lated tyrosinase. To exclude the contribution of scattering
following oxidation, we subtracted the spectra of unoxidized con-
densates from those of oxidized material (S/ Appendix, Fig. S11),
which yielded spectra similar to those acquired using an integrating
sphere (81 Appendix, Fig. $12). In addition, we monitored the
absorbance of peptide/RNA (2 mM/1 mg mL™") condensates over
time during oxidation. Reactions were performed in 10 mM
Tris-HCI buffer at pH 7.5, and 25 °C. The intensity of a broad
absorbance with A, = ~500 nm, observed immediately upon the
addition of tyrosinase (ts ;,), increases after 1 h of oxidation (ty},),
and a second maximum at A = 400 nm emerges at t,,. This peak
continued to increase and was joined at ty;, by a far-red absorbance
at A, = 632 nm, which increases in intensity at ts;_g,. After 24 h
(tyqp)> the A, = 400 nm absorbance blue-shifts to A, = 362 nm
and the intensity of the A, = 632 nm peak increases further
(Fig. 3A). Raising the reaction temperature from 25 °C to a phys-
iological temperature (37 °C) increases the far-red absorbance,
which is observed in the condensate after 1 h of oxidation and
reaches a high intensity (OD = >0.5) after 3 h (Fig. 3C). We com-
pared the UV—vis absorbance of the oxidized condensates to that
of oxidized peptide in the absence of RNA, which does not form
condensates (Fig. 3B). There was no A, = 632 nm absorbance
when the peptide was oxidized at 25 °C (Fig. 3B) or 37 °C
(81 Appendix, Figs. S13 and S14). Instead, there is a broad absorp-
tion with a maximum at around 500 nm. Over oxidation time,
the intensity of the A, = 500 nm maximum decreases and the
absorption becomes broader (Fig. 3B and S/ Appendix, Fig. S13)
and resembles that of natural melanin (S7 Appendix, Fig. S15).
Similarly, the UV-Vis absorption of peptide that was preoxidized
for 1 h or 24 h at 25 °C and subsequently mixed with poly-U does
not exhibit the A, = 632 nm absorbance but rathera A, = 500
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nm maximum at a short oxidation time and a broadband absorp-
tion after 24 h of oxidation (87 Appendix, Fig. S16). To investigate
whether the A, = 632 nm absorption is mediated by noncovalent
interactions or by newly formed polymers, we analyzed the UV-Vis
absorbance of oxidized condensates following the addition of 1.8
M urea, which is expected to promote dissociation of H-bonding
interactions. As observed in ST Appendix, Fig. S16, the addition of
urea does notsignificantly affect the far-red absorption (S Appendix,
Fig. S17). In addition, we analyzed the optical properties of oxi-
dized condensates following heating at 70 °C (for 1 h). The heating
results in the production of a sediment that contains condensates
alongside spherical aggregates, which broadly absorb at A = 640
nm and fluoresce upon excitation at A = 632 nm (87 Appendix,
Fig. S18). These results imply that the far-red absorbance of the
oxidized condensates can be attributed to a conjugated system that
is formed exclusively in the condensate microenvironment, rather
than to oxidation of soluble peptide. Notably, oxidation of short
self-assembling peptides was previously reported to result in pep-
tide polymerization, presumably through conjugation of the ter-
minal amine group with the oxidized Tyr (27, 40). To study the
role of the RNA in the system, we analyzed the optical properties
of homotypic condensates formed by simple coacervation of the
WGR peptide, in the absence of RNA. The results indicate that
like the heterotypic peptide/RNA condensates, homotypic con-
densates exhibit the A, = 632 nm absorbance maximum after 3
h of oxidation by tyrosinase at 37 °C (S Appendix, Fig. S19). This
suggests that the condensation of the peptide into peptide/RNA
condensates is a prerequisite for the emergent optical properties,
and that the peptide, rather than the RNA, undergoes
oxidation—polymerization.

To confirm that the WGR peptide is indeed oxidized by tyrosi-
nase and to gain insights into the oxidation—polymerization
mechanism,weperformedakineticsLC-MS (Liquidchromatography-
mass spectrometry)/MS analysis. For this purpose, we oxidized
WGR peptide at a final concentration of 2 mM in Tris-HCl buffer
at pH 7.5 using tyrosinase (0.2 mg mL™") at 25 °C. The charac-
teristic peptide signals [597.3070 (z = 2) -> 507.2603] were
assessed at initiation of oxidation 0 h, and at 4 h, and 24 h (Fig. 3D
and ST Appendix, Fig. S20). At t,, a major signal of the peptide
is observed (1.1 min) along with a new species with a mass of
1204.5636 (1.75 min). Accurate mass high-resolution analysis
detects a mass change of 11.9627 Da in the latter, which can be
attributed to the addition of one oxygen and a reduction of 4
hydrogens. This finding is consistent with the recently reported
polymerization and condensation mechanism of Tyr by tyrosinase
(25) and corresponds to the Raper—Mason pathway (25). The
observed product indicates that the three-step oxidation sequence
(WGR+O-2H-2H) is extremely fast and occurs immediately upon
tyrosinase addition. At ty,, two more species appear: WGR with
the addition of oxygen (WGR+O) and addition of oxygen along
with reduction of two hydrogens (WGR+O-2H). After 4 h of
oxidation, a variety of new species with higher mass properties
appear on the chromatogram, while the starting material is still
present but at a lower concentration (Fig. 3D). Finally, after 24 h
of oxidation, the WGR peptide signal disappears and is replaced
by new peaks that might represent the polymerized peptide
(81 Appendix, Fig. S$20). SDS PAGE analysis detects a new band
with a higher mass than that of unoxidized condensates following
oxidation of peptide/RNA condensates, which probably represents
a polymeric species (S7 Appendix, Fig. S21).

These changes are reflected in the appearance of the reaction
before and after addition of tyrosinase and over oxidation time,
where the initially translucent peptide solution becomes opaque
following addition of RNA and formation of condensates. Five
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minutes after tyrosinase addition, the reaction becomes pink and
then changes to orange after 6 h of oxidation due to increased
oxidation and polymerization, and then, a green color appears
after 24 h (Fig. 3 E, Top). In contrast, the color of an oxidized
peptide solution that does not form condensates shifts from strong
red to orange and eventually to yellow (S Appendix, Fig. S14).

Confocal and optical microscopy imaging of condensate abun-
dance over time revealed that the oxidized condensates remain stable
after 24 h (Fig. 3 E, Bottom and SI Appendix, Fig. S22, Top) while
unoxidized condensates are not observed after 1 h (SI Appendix,
Fig. §22, Bottom). Recent reports that H-bonding interactions of
dopa-mediated LLPS suggest that the stability of oxidized conden-
sates might be mediated by H-bonding interactions of oxidized
phenols (41, 42).

The emergent optical properties of individual condensates follow-
ing oxidation were investigated by using real-time confocal micros-
copy at A, = 405 nm and A = 640 nm to monitor the intrinsic
fluorescence of peptide/RNA condensates over 72 h of oxidation at
25 °C by. As shown in Fig. 4 A-C, the fluorescence intensity of the
condensates increases over oxidation time and reaches a plateau after
24 h. These findings, together with the LC-MS/MS analysis, suggest
that the emergent fluorescence is due to the formation of a polym-
erized peptide network in the condensates. A similar emission with
Aex = 396 nm and 628 nm is observed by fluorescence spectroscopy
of oxidized condensates in bulk (S7 Appendix, Fig. S23). This is in

accordance with the far-red emission previously reported for
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Fig. 3. Melanin-inspired biomolecular conde-
nsates have unique far-red absorbance following
oxidation. (A and B) UV-vis absorbance spectra of
(A) peptide/RNA condensates (2 mM/1 mg mL™")
or (B) peptide in the absence of RNA (2 mM, no
condensates) over increasing oxidation time at 25 °C.
(C) UV-vis absorbance spectra of peptide/RNA
condensates performed at 37 °C. (D) Extracted ion
chromatography (EIC) of peptide (2 mM) oxidation
over time (0 min, 4 h, and 24 h of oxidation)
showing the disappearance of the peptide peak
with oxidation. (£) Macroscopic (Top) and confocal
microscopy transmitted light images (Bottom) of
(from Left to Right): peptide alone (clear solution),
peptide/RNA condensates before (Left) and after
(Right) oxidation. (Scale bars, 20 pm.)

24h

polymeric peptide particles that are formed by oxidation of a
Tyr-containing short peptide, following addition and reactive incor-
poration of Phe to the oxidized Tyr side chain (27). In addition, a
recent paper described phase-separated condensates that are formed
by a Tyr-peptide conjugated to a polymeric linker and subsequently
reorganize into a semipermeable core—shell architecture upon oxi-
dation of Tyr to di-Tyr by HRP at the interface of the condensate
and the dilute phase (43). In contrast, the two oxidation steps cata-
lyzed by tyrosinase mean that the emergent emissions of the peptide/
RNA condensates are a result of a highly efficient partitioning of
tyrosinase, oxidation, and subsequent polymerization of the Tyr side
chain within the peptide building block.

Based on these results, we sought to utilize the emergent fluores-
cence of the condensates as a reporting system for the detection of
tyrosinase activity. Treating the peptide/RNA condensates with var-
ying concentrations of tyrosinase between 0.005 and 0.5 mg mL™
at 37 °C for 3 h revealed a positive relationship between the absorb-
ance of the condensate samples and increasing tyrosinase concentra-
tions (8] Appendix, Fig. S24). We then monitored the ﬂuorescence
response of peptide/RNA condensates (2 mM/1 mg mL™") to differ-
ent concentrations of tyrosinase at a physiological temperature
(37 °C). Fluorescence at both A, = 405 nm and at A, = 640 nm was
measured 10 min after enzyme addition using confocal microscopy.
As shown in Fig. 4D and S/ Appendix, Fig. S25, the fluorescence
intensity of condensates increases with increasing tyrosinase concen-
tration in a dose-dependent manner, with a linear detection region
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Fig. 4. Emergent fluorescence of individual biomolecular condensates can be utilized for tyrosinase detection. (A-C) Fluorescence intensity (A) and images
(B and () of peptide/poly-U condensates (2 mM/1 mg mL™") following oxidation (0.2 mg mL™" tyrosinase) over time (1 h to 72 h) at 25 °C measured by confocal
microscopy. Images were acquired at A., = 405 nm (B) or A, = 640 nm (C). (D and E) Fluorescence intensity (D) and confocal microscopy images (E) of peptide/
poly-U condensates (2 mM/1 mg mL™") treated with varying concentrations of tyrosinase (0.005, 0.01, 0.025, 0.05, 0.075, 0.1, 0.15, 0.2, and 0.5 mg mL™") acquired
at A, = 640. For (A) and (D): values represent an average of 8 condensates (A) or 10 condensates (D), SEs represent SD of 3 independent measurements. Signal

of the dilute phase was subtracted. (Scale bars for B, C, £, 20 pm.)

between tyrosinase concentration of 0.025 to 0.1 mg mL™". The limit
of detection (LOD) of the condensate reporting system was calcu-
lated by fitting a four-parameter logistic regression with a zero base-
line. This provided a four-parameters fit:

y=A2+ LAZZ,, where Al and A2 are the initial and
(1+(57))
final values of fluorescence intensity, respectively, x is the tyrosinase
concentration, X, is the tyrosinase concentration which results
in 50% fluorescence response, and p is the power (the fit param-
eters are summarized in the Experimental section). The results
yield an LOD 0f 0.011 mg mL™" using A, = 405 nm, and 0.0058
mg mL™" using A, = 640 nm. These LOD values are similar to
the reported ones of phenolic small-molecule substrates used as
fluorescence probes for tyrosinase activity detection (44).

Conclusions

Abnormal activity of tyrosinase is related, either directly or indi-
rectly, to a range of pathologies: inactive enzyme leads to albinism,
while higher-than normal activity results in hyperpigmentation (45)
and can also lead to malignant melanoma (46). Thus, developing
biocompatible systems for the detection of tyrosinase activity in situ
under physiological conditions is crucial for the diagnosis of dermal
disorders. Inspired by the compartmentalization of melanin syn-
thesis, we developed peptide/RNA biomolecular condensates that
act as compartments for tyrosinase encapsulation and precursors
for tyrosinase oxidation. These condensates remain stable and intact
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following peptide oxidation—polymerization and acquire optical
properties including green coloration, far-red absorbance, and flu-
orescence that exceed those of natural melanin. Moreover, we show
that individual condensates can be used as robust long-term (days)
sensors for detection of tyrosinase activity at physiological temper-
atures. Thus, the designed biomolecular condensate platform opens
opportunities for applications as a diagnostic tool of dermal disor-
ders. In a broader sense, the presented approach could be used for
a wide variety of sensing applications by designing biomolecular
condensates that serve as microreactor/precursors of specific enzymes
of interest.

Materials and Methods

Materials. Peptides were custom synthesized and purified (95% purity) by
Genscript, Hong Kong. Unless otherwise specified, all reagents were of the high-
est available purity. Polyuridylic acid (poly-U), tyrosinase from mushroom, Atto
633 and Atto 550 protein labeling kits, Trizma base, Tricine, and sodium dodecyl
sulfate (SDS) were purchased from Sigma. Fifteen bases Cy3-oligoA was pur-
chased from IDT. NaOH and HCl were purchased from BioLab. In addition, 16.5%
Mini-PROTEAN Tris-Tricine Gel, Precision Plus Protein Dual Xtra Prestained Protein
Standards and Tricine Sample Buffer for Protein Gels, were purchased from BIO-
RAD. Bovine Serum Albumin (BSA) Fraction V was purchased from MP Biomedical.

Phase Diagram and Turbidity Measurements. Condensates were prepared
by mixing a stock solution of peptide (10 mM) dissolved in 10 mM Tris-HCl buffer
pH 7.5 (solution A) with a stock solution of 19.85 mg mL™" poly-U dissolved in
ultrapure water (solution B). Condensates were formed immediately upon adding
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solution B to solution A. The peptide and poly-U stock solutions were prepared
at final concentrations of 0.2, 0.3, 0.5, 1, 2, and 5 mM (peptide) and 0.025,
0.05,0.1,0.15,0.25,0.5,and 1 mg mL™" (poly-U), in a total volume of 150 pL.
Turbidity was immediately visible upon addition of poly-U, which initiates phase
separation. UV-vis absorbance spectra were measured in a 384-well plate by a
Synergy H1 microplate reader, under 30 s shaking before each measurement. A
phase diagram heat map was based on turbidity measured at A = 600 nm. All
experiments were performed in triplicates.

The positive:negative charge ratio of peptide:poly-U was calculated as the WGR
peptide charge state is +3.The charge of the poly-U was calculated as 306.2 g
mol ™" based on the MW of the monomeric unit of the polymer (MW of UMP
subtracted by the MW of the leaving water molecule during the polymerization
process).

Optical Microscopy. Samples of peptide and poly-U at varying concentrations
were prepared as indicated for each optical microscopy analysis. For analyzing
condensate diameter, samples were prepared at a final peptide concentration
of 2mM and 1 mg mL™" of poly-U. The average diameter of the condensates
was calculated from measurements of 23 condensates, and the SD is presented.
Samples were analyzed by visualization in a clear glass bottom 384-well plate by
an inverted optical microscope (OPTIKA Microscopes ltaly) equipped with X-LED
8 W lamp and 60 objective.

DLS Analysis. Peptide/RNA condensates were prepared with either 2 mM peptide
and varying poly-U concentrations (0.25, 0.5, and 1 mg mL™") or with 0.5 mg
mL™" poly-U and varying peptide concentrations (1,2, and 5 mM)in 10 mM of
Tris-HCl bufferat pH 7.5 at 25 °C. Each sample (75 L) was placed in a disposable
plastic microcuvette (purchased from Golik). The diameter of the condensates was
calculated as the average of 14 repeats.

CD Analysis. WGR peptide and poly-U were analyzed at final concentrations of
1mMand 0.5 mg mL™", respectively, in 10 mM of Tris-HCl buffer at pH 7.5 and
samples were placed ina 0.1 mm path length quartz cuvette (purchased from ISI)
at25°C. Spectra were acquired over a range of 190 to 260 nm using a Chirascan
spectrometer (Applied Photophysics). Background (buffer) values were subtracted
from all CD spectra. All measurements were performed in triplicate.

Confocal Microscopy Imaging. Condensates were imaged using a laser scan-
ning confocal microscope (Zeiss LSM 900 inverted microscope), x20/0.8 NA Plan-
Apochromat objective. Images were collected and processed using Zen software
(Zeiss). Bright-field images were obtained by a PMT channel using a 405-nm
laser. Fluorescence images were recorded using 488,561, and 640-nm lasers for
FITC, Cy-3, and Atto 633, respectively. Fluorescence intensity in the condensates
was analyzed using Zen software (Zeiss).

To testhow different preparation protocols affect the condensate architecture, the
peptide was dissolved in bufferand the pH was adjusted to 7.5.The dissolved peptide
was freeze-dried, and the dissolved poly-U was also freeze-dried. The freeze-dried
peptide and poly-U powders were mixed and then redissolved in water.

FRAP. FRAP experiments were performed using a Zeiss LSM 900 inverted micro-
scope as described above. Peptide/RNA condensates were prepared at a final
concentration of 2 mM/1 mg mL™" with FITC-labeled peptide (50 pM, A,, =
488 nm) or Cy3-oligoA at final concentration of 0.012 pM. All solutions were
prepared in 10 mM Tris-HCl buffer pH 7.5 at 25 °C. A circular area with radius of
1 pum was bleached using 10 iterations with 488/561/640 nm lasers for FITC/Cy3/
Atto-633, respectively, at 100% intensity; subsequent recovery of the bleached
area was recorded by either a 488 nm or 561 nm laser. Photobleaching correc-
tion and recovery time were calculated using OriginLab. The final FRAP recovery
curve represents an average of the results with five individual condensates. For
photobleaching correction, the emission intensity at the region of interest before
photobleaching was set as the maximum (100% recovery) and the intensity imme-
diately after photobleaching as the minimum (0% recovery).

TEM. Peptide/RNA condensates were prepared at a final concentration of 2 mM
and 1 mg mL™" for the peptide and poly-U, respectively, in 10 mM Tris-HCl buffer
pH 7.5 at 25 °C. An aliquot of 10 pL of the sample solution was applied to a
carbon-coated grid and incubated for 2 min. Excess solution was removed by
blotting the grid with a piece of filter paper, followed by staining with 10 L of
2% (w/v) uranyl acetate solution for 2 min. After blotting excess stain solution,
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the grid was left to air-dry. The negatively stained sample was imaged by a JEM-
1400Plus TEM operating at 80 kV. Images were recorded using a SIS Megaview
Il camera, iTEM imaging platform (Olympus).

Tyrosinase Labelling. Tyrosinase from mushrooms (Sigma-Aldrich) was labe-
led on the amines, using a succinimidyl ester functionalized Atto633 or Atto550
protein labeling kit (Sigma-Aldrich). The labeled enzyme was purified using a gel
filtration column that was received with the kit. The labeled-tyrosinase solution
concentration was determined spectroscopically. The LogP values of Atto633 and
Atto550 were calculated using Molinspiration software.

Encapsulation Efficiency of Atto 633-Labeled Tyrosinase. Stock solutions
(0.6 mg mL™") of tyrosinase labeled with Atto 633 were prepared as described
above. Condensate solutions with final concentrations of 2 mM peptide and 1 mg
mL™" poly-U of were prepared in 10 mM Tris-HCl pH 7.5 at 25 °C. Tyrosinase (final
concentration of 0.3 mg mL™") was added to the peptide/RNA condensates. After
10 min incubation, samples were centrifuged at 15,000 rcf for 10 min. Avolume
of 120 pLsuperatant was collected and vortexed. Absorbance was measured in
a 384-well black plate by a Biotek H1 synergy plate reader. All experiments were
performed in triplicate. The concentration in the supernatant was determined
from calibration curves of Atto633-tyrosinase. The encapsulation efficiency was
calculated according to Eq. 1:

%EE:(C’ Cs”")*wo. [1]
G
UV-Vis Spectroscopy. Peptide/RNA condensates were prepared using 2 mM pep-
tideand 1 mg mL™" poly-Uin 10 mM Tris-HCl at pH 7.5. Tyrosinase was added to the
condensates to give a final concentration of 0.2 mg mL™" for 25 °C incubation and
0.005,0.01,0.025,0.05,0.075,0.1,0.15,0.2,and 0.5 mg mL ™" for 37 °Cincubation.
Simple coacervation samples of WGR peptide were prepared using 20 mM peptide in
10 mMTris-HCl, 0.2 M NaCl at pH 8.Tyrosinase was added to samples of condensates
to give a final concentration of 0.2 mg mL™" and incubated at 37 °Cfor 3 h. The satu-
rated dissolved oxygen contentis 8.24 mg L™ and 6.71 mg L ™" at 25 °Cand 37 °C,
respectively. Sepia melanin solution was prepared by dissolving 1.2 mg mL" of Sepia
officinalis melanin (Sigma) in 1 M NaOH. After overnight sonication, the solution
was diluted by 50% v/vin 20 mM Tris buffer. The pH was adjusted to a value of 7.5
by adding 1 M HCl solution and then 20 mM Tris buffer was added to obtain a final
Sepia melanin concentration of 0.36 mg mL™" (equivalent to the concentration of Tyr
in the oxidation experiments). UV-vis spectra of the samples between 280 nm and
800 nm were obtained at the indicated oxidation times by using a Biotek H1 synergy
plate reader. The spectra presented in SI Appendix, Fig. 511 were acquired using a UV
2600 Shimadzu UV-VIS recording spectrophotometer equipped with an ISR-2600
PLUS integrating sphere. A blank spectrum of Tris-HCl buffer pH 7.5 was subtracted
from all spectra. All spectra represent the average of triplicates. Data from the 37 °C
incubations were fitted to a three-parameter exponential-asymptotic equation (Eq.
2) where ais the asymptote, b is the response range, and c is the rate (Table 1).

y=a—bxc". [2]

Fluorescence Spectroscopy. Emission spectra of 45 pL of oxidized peptide/poly-U
condensate samples (2 mM/1 mg mL™") were obtained with a Horiba Jobin Yvon
FL3-11 spectrofluorometer, using a quartz cuvette with path length of 3 mm. Data
were analyzed using OriginLab. Measurements were performed in triplicate.

Lcms/Ms. LC-MS of Tyr oxidation was obtained with a 6545 QTOF mass spec-
trometer, which was equipped with an electrospray ionization interface coupled
to a 1260 UHPLC, a G4204A quaternary pump, G4226A ALS auto-sampler, and

Table 1. Exponential fitting, asymptotic

a 0.734 £ 0.076

b 0.757 £ 0.070

C 0.00016 + 0.00035
R-square (COD) 0.987

Adj. R-square 0.983
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G1316C thermostatted column compartment (purchased from Agilent technol-
ogies). UHPLC was carried out on an Aeris TM widepore XB-C18, 1004, 100 x
2.1 mm, 3.6 um column (purchased from Agilent technologies), with a water
(1% formic acid)-acetonitrile gradient elution, from 5 to 80% acetonitrile for 12
min at a flow rate of 1.5 mL/min. Duplicate 5 pL samples were injected into the
LC-MS/MS instrument, and an average peak area of three analyses was calculated.
Detection of WGR was monitored by the ion transitions 597.307 m/z[M + 2H,
Z=2]2+ —507.2603[M + 2H,Z = 2] 2+ m/z collision energy for product ion
mode (MS/MS) 37 V. The source temperature was set to 300 °C, Fragmentor 250
V, drying gas 8 L/min, nebulizer 40 psi, sheath gas temperature 400 °C, sheath
gas flow 12 L/min, ion spray voltage was 4.5 kV, and nozzle voltage 1,500 V.

SDS PAGE Analysis. Peptide solution was prepared at a final concentration of 2 mM,
Peptide/RNA condensates were prepared ata final concentration of 2 mMand 1 mg
mL" for the peptide and poly-U, respectively. Oxidized peptide/RNA condensates
were prepared ata final concentration of 2 mM, TmgmL™",and 0.2 mg mL™" of the
peptide, poly-U, and tyrosinase, respectively. Treated oxidized peptide/RNA conden-
sates were sonicated at 70 °Cfor 1 h.The samples were prepared in 10 mM of Tris-HCl
buffer pH 7.5 and were incubated at 37 °C for 3 h, before being diluted threefold
and loaded to the Tris Tricine SDS gel (16.5%). Control protein BSA was prepared
to a final concentration of 1 mg mL™". All samples were loaded after mixing 16 ul
of the samples with 4 pL of Tris-Tricine sample buffer. Running voltage was 140 V.

Confocal Microscopy Analysis of Condensates Fluorescence Following
Oxidation. Peptide/poly-U condensates (2 mM/1 mg mL™") were oxidized at 25 °C
atpH7.5by0.2mgmL™" of tyrosinase. The fluorescence intensity inside condensates
and inthe dilute phase was measured over 72 h ateither A, = 405 nmor A, = 640
nm.The background given by the dilute phase was subtracted from the condensate
absorbance. Each data point represents an average of 8 condensates. Data were fitted
to a three-parameter exponential-asymptotic equation (Eq. 2) (Table 2).

Confocal Microscopy Analysis of Condensate Fluorescence at Varying
Tyrosinase Concentrations. Varying concentrations of tyrosinase (0.005,
0.01, 0.025, 0.05, 0.075, 0.1, 0.15, 0.2, and 0.5 mg mL™") were added to

Table 2. Exponential fitting, asymptotic
Aoy =405 nm Aoy =640 nm
a 65,518.487 =903.948  20,127.142 = 165.824
b 79,853.044 + 1,838.605 26,314.524 + 320.202
c 0.795 £ 0.019 0.700 £ 0.009
0.99931 0.99975

Adj. R-square
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Table 3. Sigmoidal fitting, linear regression

hex = 405 Nm hex = 640 NM
A1l 369.021 +161.374 205.313 £ 93.237
A2 6,995.859 £ 50.348 1,007.105 + 86.371
X1 0.042 £ 0.025 0.028 £ 0.001
p 3.275+1.857 1.942 + 0.878
R-Square (COD) 0.99998 0.99717
Adj. R-Square 0.99998 0.99548

peptide/RNA condensates (2 mM/1 mg mL™")at pH 7.5 and 37 °C. Each sample
was imaged using a laser scanning confocal microscope (as described above)
ateither A, = 405 nm or A,, = 640 nm following 10 min incubation with the
enzyme. Each data point represents the average of 10 condensates, and SDs
are presented. The data were fitted to a four-parameter logistic regression
with iteration algorithm of Orthogonal Distance Regression and Levenberg
Marquardt for A,, = 405 nm and A, = 640 nm, respectively (Eq. 3). A1 and A2
are the initial and final fluorescence intensity, respectively, x is the tyrosinase
concentration, x,, is the x value that results in a 50% fluorescence intensity
response, and p is the power. The LOD was calculated as the initial value (A1)
plus three times the SD (Table 3).

m-m_ 3
(1+(2))

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.

y=A2+
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