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ABSTRACT: The load-bearing proteins in mussel holdfasts rely on condensed
tris-catecholato-Fe®* coordination complexes for their toughness and shock-
absorbing properties, and this feature has been successfully translated into
synthetic materials with short-term high-performance properties. However,
oxidation of catecholic DOPA (3,4-dihydroxyphenylalanine) remains a critical
impediment to achieving materials with longer-lasting performance. Here,
following the natural mussel pathway for protein processing, we explore how
DOPA oxidation impacts coacervation of mussel foot protein-1 (mfp-1) and its
capacity for phase-specific metal uptake in vitro. Without metal, DOPA oxidation
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changed the rheological properties (i.e., viscosity, loss, and storage moduli) of mfp-

1 coacervate droplets. However, oxidation-dependent changes were recovered with dithiothreitol (DTT), completely restoring the
behavior of mfp-1 coacervates prior to oxidation. With metal, mfp-1 coacervates exhibited gel-like behavior with high viscosity and
cohesive forces by forming recognizable bis- and tris-catecholato-Fe complexes, linked to increased energy dissipation and toughness
of byssus. These results indicate that Fe**-mediated conversion of liquid—liquid phase-separated polymers into metal-coordinated
networks is thorough and rapid, and DTT effectively maintains redox integrity. Our study provides much-needed improvements for
processing catechol-functionalized polymers into high-performance materials.

B INTRODUCTION

Mussels are permanently sessile and rely on a multithread
holdfast called byssus for secure attachment. Byssal threads are
natural load-bearing consumer products with a manufacturing
time of ~$ min and a useful lifetime of ~1 year." There is no
question that byssal threads and their uncanny combination of
strength, toughness, self-healing, and shock-absorbing proper-
ties are critical to mussel survival in turbulent high-energy surf
areas.”~* Much attention has been devoted to mimicking the
contributions of various byssal proteins. Even more important
is investigating how specific molecular structures and
processing strategies endow byssus with its functional
properties.

A careful dissection of individual byssal threads has revealed
distinct architectural compartments, namely, the core, cuticle,
and plaque, which work in concert but face rather different
functional challenges.” The cuticle is a 1—5 um thick abrasion-
resistant coating covering the core and plaque (Figure 1A).%’
Although the least conspicuous compartment, the cuticle has
drawn as much attention as the other two.

3,4-Dihydroxyphenyl-L-alanine (DOPA), which is modified
from tyrosine, plays an essential role in reinforcing mechanical
properties of biomaterials through H-bonding, cross-linking,
and metal coordination in living organisms (e.g., squid beak,
insect cuticle, mussel byssus, and polychaete jaws).”” " In the
mussel byssal cuticle, especially, the high contents of DOPA
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and Fe* probably account for its mechanical properties.'”'* In
Mytilus species, most of the DOPA comes from mussel foot
protein-1 (mfp-1), that is, intrinsically disordered and consists
of 60 or more tandem repeats of a decapeptide Ala-Lys-Pro-
Ser-DOPA—DHP-Hyp-Thr-DOPA-Lys (Hyp is 4-trans-hy-
droxy-L-proline and DHP is dihydroxy-L-proline) (Figure
1B).”~" Mfp-1 is localized together with Fe>* and V* in
the discontinuous granules (0.5 gm diameter) of a biphasic
cuticle structure.”® Therefore, based on resonance Raman
microscopy, DOPA and Fe®" interact as bis- and tris-
catecholato-iron complexes. Efforts to exploit this kind of
chemistry in engineered tough self-healing synthetic hydrogels
and epoxies and biomedical applications have generated much
attention,'*™' but oxidative instability of DOPA remains a
limiting impediment.

As nature’s DOPA-containing materials seem much less
susceptible to DOPA instability,”>*® insights about natural
strategies to counter and/or mitigate oxidation have a high
fundamental and practical value. Three mechanistic insights
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Figure 1. Overview of the cuticle formation of mussel byssus. (A) Illustration of the foot and byssus in cross section, and Fe-DOPA complex in the
granule of byssus. (B) Consensus sequence of mussel foot protein-1 (mfp-1). (C) Mfp-1’s pathway in cuticle formation.

have emerged from experiments on DOPA-containing
proteins: (1) in mussel adhesive proteins, interfaciall DOPA
oxidation is reduced by thiols in mfp-6;>*** (2) colocalization
of mfp-6 and mfp-3 in coacervate droplets appears to insulate
them indefinitely from oxidants;*® and (3) a similar relation-
ship between different proteins has been proposed for redox at
the interface between the cuticle and core in byssus.”” Cys-rich
proteins such as mfp-16 to mfp-18, for example, are considered
to be key reducing agents in the byssal cuticle.”**” As reducing
agents, the thiols of Cys-rich proteins are able to recover
DOPA from DOPAquinone by donating 2¢” and 2H"/quinone.
By this action, thiols are unlikely to alter the mfp-1 structure
because mfp-1 is an intrinsically disordered protein (IDP) and
lacks cysteine.

The current view of mfp-1’s pathway in cuticle formation is
the following (Figure 1C): first, mfp-1 condenses into
polymer-rich dense phase by the known cation—7 interaction
between positively charged lysine and DOPA called liquid—
liquid phase separation or coacervation. The mfp-1 coacervates
are stockpiled in secretory vesicles of the cuticle gland and then
are secreted into longitudinal ducts, where they undergo
coalescence. Metals such as iron and/or vanadium are
introduced by catecholic carriers and transferred to mifp-1
coacervates just before the complex fluid emerges into the
ventral groove, and, finally, the metal-containing fluid is
applied as a film over the collagen core of each nascent
thread.””*°

The aims of the present study were to determine whether
(1) the mfp-1 coacervates serve as a sink for metal ion uptake
and metal-mediated gelation; (2) damage to mfp-1 by DOPA
oxidation occurs in all phases of the protein; (3) DOPA
oxidation has an effect on the rheological properties of mfp-1
phases; (4) thiols such as dithiothreitol (DTT), a low
molecular weight mimic of Cys-rich proteins, prevent DOPA
oxidation by maintaining a reducing redox poise; and (5) at
the concentrations used, DTT interferes or not with
catecholato-iron coordination.
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B EXPERIMENTAL SECTION

Purification of Mussel Foot Protein-1 and Recombinant
Mfp-1. Purification and extraction of mfp-1 were described in the
previous studies.">*" Mussel (Mytilus edulis) feet were obtained from
NorthEast Transport (Walpole, ME). Mussel feet were harvested and
frozen at —80 °C before protein extraction. The phenol glands of
mussel feet were crushed in liquid nitrogen using a homogenizer and
ground with a tissue grinder. Crude mfp-1 was extracted using an
extraction buffer (5% (v/v) acetic acid, 0. M EDTA, 0.1 mM
leupeptin, and 0.1 mM pepstatin). The supernatant was collected after
centrifugation at 14,000 rpm at 4 °C for 30 min. Mfp-1 was further
purified by the addition of 1.4% (v/v) perchloric acid. The soluble
part containing mfp-1 was dialyzed with 5% acetic acid with a
molecular weight cutoff of 10 kDa to remove small components, while
the insoluble part was removed. The final dialyzed solution was
concentrated by freeze-drying and stored at —80 °C for further
purification. A pure mfp-1 sample was obtained after further
purification steps using a gel permeation column (Shodex KW 803)
and C8 (RP-300, PerkinElmer, Waltham, MA) reversed-phase high-
performance liquid chromatography (HPLC). The dried sample was
resuspended in 5% acetic acid and injected into a gel permeable
column (Shodex KW 803). The sample was monitored at 230/280
nm and collected with 5% acetic acid at 1 mL/min at 22 °C. Then,
the collected samples in 5% acetic acid were separated by C8-HPLC
using an acetonitrile gradient in water with 0.1% trifluoroacetic acid.
Pure mfp-1 was eluted at approximately 40% acetonitrile (Figure S1),
and the fractions were freeze-dried and stored at —80 °C. To ensure
freshness, mfp-1 was used within a week of purification. Oxidized mfp-
1 was prepared by dissolving the freeze-dried mfp-1 in the sodium
acetate buffer, pH 3.5, for 10 h.

Purification of the recombinant mfp-1 (Rmfp-1) was described in
the previous studies.*”*® Briefly, E. coli containing a plasmid to
produce Rmfp-1 (12 repetitions of the mfp-1 decapeptide) was
cultured in LB medium at 37 °C, 250 rpm, and 1 mM isopropyl-f-p-
1-thiogalactopyranoside (IPTG) was added when the optical density
at 600 nm of the culture reached 0.3. Five hours after IPTG induction,
the cells were harvested by centrifugation, and the harvested cells
were disrupted by sonication and lysozyme treatment. Inclusion
bodies (IBs) of the disrupted cells were collected, and Rmfp-1 inside
the IB was extracted 10 (v/v)% acetic acid and injected into the gel
permeable column and then C8-HPLC column as same as the
purification of mfp-1. Pure Rmfp-1 was eluted at approximately 50%
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Figure 2. Effect of thiols on coalescences of the like-charged mfp-1 coacervate droplets. (A) Observation of the like-charged mfp-1 coacervates
under a confocal microscope. Red hexagons (left): catechol moiety (DOPA). Purple hexagons (right): DOPAquinone or its tautomers after auto-
oxidation. (B) Confocal images of the oxidized mfp-1 coacervates with various DTT concentrations. (C) Serial confocal images of the merging
droplets at different DTT concentrations. (D) Aspect ratio (A) of the merging droplets at different DTT concentrations. A = (L — W)/(L + W),
where L is a long radius and W is a short radius. (E) Relaxation time (m) of the droplets depending on the radius. A = 1 + exp (—t/m), where t is

time. Scale bar = 10 ym.

acetonitrile (Figure S1). The purity of both proteins was confirmed by
SDS-PAGE gel, acid-urea gel (AU-Gel), and MALDI-TOF.

Preparation of Mfp-1 Coacervates. Mfp-1 concentration was
calculated by Bradford assay; coacervation (1 mg/mL) was induced in
0.7 M NaCl and 0.1 M sodium acetate buffer (pH 5.5 or pH 7). To
determine the reducing effect of DTT, mfp-1 containing oxidized
DOPA tautomers such as dehydro-DOPA and quinone was phase-
separated in 0.7 M NaCl with varying DTT concentrations. To
explore metal incorporation into the mfp-1 coacervate, mfp-1-Fe**
complex coacervates were formed by adding a small volume (below
0.01 volume) of FeCl, solution to the mfp-1 coacervate solution. The
final FeCl; concentration was 400 yM.

Reducing Effect of DTT. Reduction of oxidized mfp-1
coacervates in the presence of DTT was observed by UV—vis
spectroscopy and MALDI-TOF mass spectrometry. Absorbance
changes in fresh and oxidized mfp-1 coacervates following 100 mM
DTT addition were measured by UV-—vis spectroscopy (Nano-
drop2000, Thermo Scientific, Waltham, MA). Absorbances at 320—
350 nm and 400 nm indicate dehydroDOPA and DOPAquinone,
respectively, according to previous studies.**** In addition, recovery
of DOPAquinone to DOPA in the mfp-1 coacervates was detected by
mass changes in mfp-1 using MALDI-TOF (Bruker, Billerica, MA).
The oxidized mfp-1 coacervates formed at 0.7 M NaCl were reduced
with 100 mM DTT at pH 5.5. The coacervate solution was desalted
using Zip-tip (ZTC18S, Sigma, Saint Louis, MO), mixed with
sinapinic acid (SA) solubilized in 0.1% TFA and 50% ACN, and
spotted onto a steel MALDI plate.

Passive Microrheology. Red fluorescent beads (L3280, Sigma,
Saint Louis, MO) with a diameter of 0.5 #m were prepared by coating
with covalently bound poly(ethylene glycol) (PEG) to minimize the
interaction between the beads and the protein. Mfp-1 was prepared by
tagging fluorescein isothiocyanate (FITC) with green fluorescence. A
small fraction (0.01 volume) of the beads was added to the coacervate
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solution and gently mixed by pipetting. Then, the solution flowed into
a custom-made chamber with a 100 ym spacer sandwiched between a
glass and a coverslip. The mobility of the embedded beads (n > 10)
into the coacervates was observed under a confocal microscope
(FV3000, Olympus, Tokyo, Japan) equipped with a 60X objective.
Serial images were acquired at constant intervals (0.5 or 1 s) for S min
at 20 °C. We calculated the mean squared displacement (MSD) of the
embedded beads using MATLAB software (Mathworks, MA). To
estimate the diffusion constant, D, we fit the form to MSD ~ 4Dz%
where a is the diffusive exponent. The viscosity, 7, of the coacervates
was calculated when a = 1 using the Stokes—Einstein equation, D =
kgT/6mna, where kg is the Boltzmann constant, T = 295 K is the
temperature, and a = 250 nm is the bead radius. Dynamic shear
moduli were obtained from the Laplace domain, G'(s) = kT/7as,
where s is the Laplace frequency, which is calculated from the
unilateral Laplace transform of (Ar* (t)) using the generalized
Stokes—Einstein equation.***’

Coalescence Experiments of Coacervates. The FITC tagged
mfp-1 coacervate solution under different reducing conditions was
prepared and added into a fluid chamber with a flat oil/water interface
to minimize the friction between the coverslip surface and the
coacervates during coalescence events. The surface of the bottom
coverslip was coated using Sigmacote (SL2, Sigma, Saint Louis, MO),
and the interface was stabilized with a PFPE-PEG-PFPE triblock
copolymer surfactant (E2K0660, RAN Biotechnologies, Inc., Beverly,
MA). Images of the coalescing coacervates were obtained using a
confocal microscope with 60X objectives at 0.1 s intervals. The aspect
ratio, A, was determined by calculating A = (L — W)/(L + W), where
L is a longer radius. And normalized aspect ratio (1 + A/A,, where 4,
is the initial aspect ratio) was plotted with time (¢). This aspect ratio
was fitted to a function of the form A = 1 + exp(—t/m), where t is
time and m is the relaxation time. We used a formula for the relaxation
kinetics of a relaxed liquid droplet to estimate the interfacial tension™®
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" (1)
which shows the relaxation time, m, as a function of interfacial tension
(0), and the droplet radius (), and viscosity (77) from eq 1.

Surface Force Apparatus (SFA) Experiments. The piezo-
electric three-dimensional (3D) sensor/1D actuator attachment in
SFA (Surforce LLC, Santa Barbara, CA) was used to measure the
cohesive forces of mfp-1 coacervates. To prepare the coacervate
cohesion substrate, freshly cleaved muscovite mica sheets (Grade #1,
S&]J Trading, Floral Park, NY) were glued onto two cylindrical disks
using a UV glue (NOA81, Norland Products, Cranbury, NJ). Each
disk was mounted on the upper 3D sensor/1D actuator, which is
connected to strain gauges for converting vertical motion, and the
lower main stage of the SFA chamber connected to a differential
micrometer in a cylindrical cross geometry, respectively. Subse-
quently, 20 uL of the coacervate solution was injected between the
two mica surfaces. The displacement between two surfaces was
controlled by the differential micrometer using a coarse micrometer
with a constant speed (~2.2 mm/min) during loading and unloading.
Figure 4a depicts a schematic of the SFA experimental setup and
representative cohesive force profile. Briefly, two opposing surfaces
were brought into contact (loading) to a targeted load (~300 mN)
and followed by separation (unloading). The Fe-DOPA complexation
in presence of DTT was also investigated by adding a small portion
(0.2 pL) of FeCl; solution in the coacervate. The final FeCl,
concentration was 400 uM.

The cohesive forces were translated from the measured voltage
signals from the strain gauge, which is connected to a signal
conditioning amplifier (2310B, Vishay, Malvern). Then, the acquired
signals were recorded as loading/unloading profiles by a data
acquisition system (Omniace RA2300, A&D, Tokyo, Japan). The
strain gauge in the 3D sensor/1D actuator was calibrated by
converting the corresponding load to voltage at the beginning of
the experiment. All cohesive force measurements were conducted at
16 °C (below upper critical solution temperature, UCST) more than
five times to confirm the reproducibility of measurements.

Observation of Temperature-Dependent Phase Behavior.
The mfp-1 coacervate solution was freshly prepared in 0.7 M NaCl,
100 mM DTT, and 0.1 M sodium acetate buffer (pH 5.5) and added
to a Hellma aluminum spacer (2801240, Sigma, Saint Louis, MO)
Then, 400 uM FeCly was added to form the mfp-1-Fe** complex
coacervation. The turbidity of the coacervate solution was observed
by heating and cooling ranging from 10 to 30 °C at a rate of 3 °C/min
using a cyclic dichroism instrument (Jasco J-815, Jasco, MD).

Spectroscopic Analyses for Fe-DOPA Complexation. Raman
spectra were acquired from mfp-1 coacervates, induced in a reducing
high salt solution (0.7 M NaCl, 100 mM DTT in 0.1 M sodium
acetate buffer (pH S.5)), followed by the treatment with 400 M
FeCl; or without FeCl;, using a confocal Raman microscope
(LabRam Aramis, Horiba, Kyoto, Japan). A S0X objective and 514
nm laser (<1 mW power) were used. The acquisition time was <120
s. UV—vis absorbance of the mfp-1-Fe** coordination was observed at
500 nm for 3 h at 10 s intervals using UV—vis spectroscopy. Mfp-1
coacervates (1 mg/mL) in 0.1 M sodium acetate buffer (pH 5.5 or pH
7) were prepared, and DTT (0 or 100 mM) was added, followed by
the treatment with 400 yM FeCl;. The coacervate solution was
treated with 1.2 mM NalO, to induce DOPA oxidization (and
subsequent quinone tautomerization).

B RESULTS AND DISCUSSION

Coalescence Recovery of Mfp-1 Coacervate Droplets
with Oxidized DOPA by Thiols. To prepare mfp-1
coacervate droplets for metal uptake, mfp-1 coacervation was
induced by adding purified mfp-1 (1 mg/mL) to 0.7 M NaCl
in acetate buffer (pH S.5) whereupon it self-coacervates
(Figures 2A and S2). Cation—z and #—7x interactions
presumably initiate the self-coacervation.” Although mfp-1
molecules typically repel one another given the high density of
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positive charges, repulsion is suppressed by charge screening at
0.7 M salt. This phase separation of the positively charged
droplets is referred to as a “like-charged mfp-1 coacervate”.

DOPA undergoes auto-oxidation to DOPAquinone or
tautomers. Depending on pH and local chemistry, quinone
formation can have two consequences that are not mutually
exclusive: it can form covalent adducts via nucleophilic
Michael additions with neighboring amino acids or it can
lead to conformational changes, whereas quinone tautomers
such as dehydro-DOPA and dehydro-DOPA-quinone trans-
form the disordered chain into a more rigid (possibly less
soluble) secondary structure, as previously reported.””***’
However, cuticle formation based on mfp-1 coacervation
assumes that DOPA does not undergo oxidation within the
like-charged mfp-1 coacervates.””*' We observed the coac-
ervate morphology to determine whether DOPA oxidation
affects the formation of like-charged mfp-1 coacervates under a
confocal microscope (Figure 2A). DOPA residues in mfp-1
were auto-oxidized by incubating in pH $.5 buffer at 20 °C;
then, the high salt coacervation of mfp-1 was induced, and the
droplet morphology was observed. Accordingly, fresh mfp-1
coacervate droplets were spherical, whereas coacervates from
oxidized mfp-1 formed small irregular shapes. This morpho-
logical difference suggested that auto-oxidation of DOPA has
rheological consequences for the coacervate.*”

Using mfp-1 with oxidized DOPA residues, we screened for
DTT ability to reduce the oxidized DOPAquinone to DOPA
by analyzing UV—vis spectroscopy and mass shifts using
matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) (Figure S3). The auto-oxidation of DOPA
can be readily followed by UV—vis absorbance because
absorbance at 280 nm is shifted to 320 nm and 400 nm,
respectively, for dehydro-DOPA and DOPA-quinone.’*?
Before the addition of DTT, DOPA oxidation in mfp-1 was
detectable in the UV—vis spectra (Figure S3A). Absorbance
above 320 nm increased with the oxidation. The addition of
100 mM DTT to mfp-1 decreased absorbance above 350 nm.
However, the absorbance at 320 nm was not decreased
because oxidized DTT, which forms a disulfide-bonded six-
membered ring, absorbs at 300 nm. Results suggest that DTT
can be sacrificially oxidized with the reduction of the oxidized
DOPA to DOPA. In addition, every DOPAquinone reduction
to DOPA increases protein mass by +2 Da. For example, the
mass of mfp-1 with the quinone was shifted by +180 Da
following treatment with 100 mM DTT.

This shift was consistent with the reductive conversion of 90
quinones to DOPA residues (Figure S3B). These analyses
confirmed that the redox activities of DTT and DOPA are
coupled. Reduction with DTT would also prevent the
occurrence of DOPA-quinone-mediated cross-linking for
coalescence and metal uptake.

Following this, we observed the coalescences of the like-
charged mfp-1 coacervate droplets in various DTT concen-
trations using confocal microscopy. The oxidized mfp-1
coacervate droplets, which were unable to coalesce without
DTT, showed improved coalescence with increasing DTT
concentration. In particular, the coacervate droplets became
perfectly spherical above 100 mM DTT (Figure 2B).
Normalized aspect ratios (A/A, + 1, where A, is the initial
aspect ratio) at 100 mM DTT converged more rapidly to ~ 1
than those at 75 mM DTT, but with DTT omission, ratios
remained at ~2 (Figure 2C, D). After coalescence, the
relaxation time (m) with varying droplet radii (r) was
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Figure 3. Thiol effects on rheological properties of the like-charged mfp-1 coacervates. (A) Illustration of particle microrheology and particle
trajectories in fresh, DOPA-oxidized, and DOPA-reduced coacervate droplets. (B) Mean squared displacement (MSD) of the embedded particles
(n > 10) as a function of lag time (tau, 7) is shown for different DOPA oxidation times. Inset: MSD-tau plots of the oxidized and reduced mfp-1
coacervates by DTT. (C) Viscosity changes of the coacervates depending on DOPA oxidation time. Dashed lines indicate a linear plot. Inset:
Viscosity of the oxidized and reduced coacervates. (D) Storage (G’) and loss (G”) moduli of the mfp-1 coacervates. (E) Cole—Cole plot. All

experiments were carried out at 20 °C.

calculated at 7S mM and 100 mM. Notably, the slope(m/r)
from eq 1 was lower at 100 mM than that at 75 mM DTT
(Figure 2E), indicating that at 100 mM DTT, the droplets
coalesced faster than that at 75 mM because 100 mM DTT
restores more DOPA from oxidation products. In the previous
studies,”**> DOPA oxidation to quinone and tautomers
enhanced adhesion and rigidified the protein backbone.
Perhaps, dehydroDOPA and backbone stiffening contribute
to the formation of gel-like droplets from mfp-1 coacervates.
Figure 2 shows that DTT restores DOPA as well as droplet
fluidity, thereby suggesting that thiols are key to maintaining
liquidity of mfp-1 coacervates for droplet coalescence.

Effects of Thiols on the Rheological Properties of the
Like-Charged Mfp-1 Coacervates. How rheological proper-
ties of the like-charged mfp-1 coacervate depend on the
DOPAquinone accumulation were investigated by particle
microrheology. A small volume of microparticles (500 nm
diameter) was mixed with three types of the like-charged mfp-1
coacervate solutions (fresh, oxidized, and reduced), and the
mixed volume was conducted into a channel. The micro-
particles embedded in the immobile droplets were tracked
under a confocal microscope to determine their viscosity and
loss/storage moduli (G’ and G”) (Figure 3A). The changes in
the viscosity of the like-charged mfp-1 coacervates correlated
well with the time-dependent DOPA oxidation (Figure 3B,C).
As a result, the viscosity increased with incubation time in a
roughly linear fashion. The viscosity of the freshly prepared
mfp-1 coacervates was 6—12 Pa-s, which significantly increased
to a value of 280 Pa-s after 24 h of incubation. Subsequently,
the viscosity of the oxidized coacervate droplets was measured
both with and without DTT. Surprisingly, the viscosity of the
oxidized mfp-1 coacervates decreased from 150 to 10 Pa-s after
DTT treatment, which was similar to that of the freshly
prepared like-charged mfp-1 coacervates (6—12 Pa-s) (Figure
3B,C).

The loss (G”) and storage moduli (G’) versus frequency
were also measured to evaluate the viscoelastic behavior of the
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coacervates.”® The frequency at which G’ and G” crossover is
defined as the beginning of the rubbery plateau region. Fresh
like-charged mfp-1 coacervates exhibited a higher crossover
frequency (0.42 s™') than those of oxidized coacervates (0.059
s7!). The crossover frequency was further increased (1.77 s™*)
at 100 mM DTT (Figure 3D). In addition, the heterogeneity
of DOPA oxidation states in the coacervate droplets was also
evaluated by a logarithmic plot of G' versus G”, namely, a
Cole—Cole plot. A linear slope of 2 on the logarithmic plot is
empirically associated with shear-thinning behavior in
homogeneous polymer solutions.””** The plot indicates that
the fresh like-charged mfp-1 coacervates were homogeneous
solutions before DOPA oxidation but became heterogeneous
with respect to DOPA oxidation and/or oxidation-dependent
conformational changes in mfp-1 (Figure 3E). The homoge-
neity of coacervates was restored at 100 mM DTT. These
striking results support the earlier inference that DOPA
residues inside the condensed droplets undergo oxidation to
tautomers and quinones and that the gellike droplets
containing the quinone and its tautomers were restored to
the liquid-like coacervates by redox exchange with DTT. In
addition to viscosity at 100 mM DTT, we estimated interfacial
tension of the like-charged mfp-1 coacervate at ~17 yN/m
from viscosity and eq 1 (Table S1). The low viscosity, low
interfacial tension, and low homogeneity represent optimized
physical properties for the coalescence-competent like-charged
mfp-1 coacervate droplets before metal uptake.

In contrast, DTT had little effect on the rheological
properties of recombinant mussel foot protein (Rmfp-1, MW
~ 14 kDa) coacervates, which do not contain any DOPA. The
viscosity and interfacial tension of the Rmfp-1 coacervates
unchanged with the addition of 100 mM DTT (Figure S4 and
Table S1). This result indicates that the addition of DTT is
only effective in the oxidized DOPA-containing coacervates.

In natural cuticle fabrication, mfp-1 coacervate droplets
coalesce via their liquid-like behavior prior to metal uptake, as
shown by previous studies.”””° However, DOPA oxidation
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dramatically changes rheological properties and hinders the
coalescence of mfp-1 droplets. In our study, DTT effectively
recovered DOPA from accumulated tautomers and quinones
in mfp-1 coacervates as well as inhibiting any further oxidation
of DOPA. By these actions, DTT prevented droplet gelation
and maintained the liquid-like behavior of the mfp-1
coacervates enabling them to coalesce. We deduce from this
that DOPA redox and coacervate fluidity are closely coupled
and underline the significance of maintaining a reducing
environment during processing.

Conversion of the Mfp-1 Coacervate into Mfp-1-Fe3*
Complex Coacervates. Recalling that a critical step of cuticle
processing entails recruiting Fe** into mfp-1 droplets,}0 we
added 400 uM FeCl; to the like-charged mfp-1 coacervates
under thiol-rich reducing conditions (Figure 4A). At 400 M
FeCl, the molar DOPA to Fe*" ratio was 3:1 in the complex
coacervate. By contrast, the treatment of a dissolved mfp-1
solution (low salt) with FeCl; formed mfp-1-Fe** complexes
but no microdroplets. According to a previous study,'” metal-
catechol complexation is strongly pH-dependent. Thus, the
rheological properties of the mfp-1-Fe** complex coacervates
were evaluated by microrheology at pH 5.5 and 7, where bis-
and tris- catecholato-Fe** complexes, respectively, predom-
inate. The viscosity at pH 7 (308 Pa-s) was 2-fold higher than
that at pH 5.5 (155 Pa-s) and 30-fold higher than those of the
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iron-free like-charged mfp-1 coacervates under thiol-rich
conditions (Figures 3C, 4B). The crossover frequency at pH
7 was slightly lower than those at pH 5.5 and ~16-fold lower
than those of the iron-free like-charged mfp-1 coacervates,
indicating that the mfp-1-Fe** complex coacervates at pH 7
were more elastic (i.e., solid) than either those at pH 5.5 or the
iron-free like-charged mfp-1 coacervates (Figure S6).

Earlier, we showed that DOPA in like-charged mfp-1
coacervates was prone to oxidation and that DTT could
recover the damage. Thiol and DOPA, however, both bind
iron, so knowing whether DTT destabilizes catecholato-iron
complexes is critical. Our rheological data showed that the
viscoelasticity and coalescence properties altered by the
oxidation of DOPA can be restored to that of the fresh mfp-
1 coacervates at 100 mM DTT concentration (Figures 2 and
3). Because it was well known that the tris-catecholato-iron
complex has a maximum absorbance at 500 nm,*” it was shown
that Fe-DOPA coordination was stable in the presence of DTT
over the course of our experiments (Figure 4C). However, the
treatment of NalO,, which stoichiometrically converts DOPA
to DOPAquinone/tautomers, showed no absorbance at 500
nm, indicating that oxidation abolished coordination with Fe®*
(Figure SS) In addition, we demonstrated using Raman
spectroscopy that the redox activities of DOPA and DTT are
coupled in the mfp-1-Fe>* complex coacervates. Freshly
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prepared mfp-1-Fe** complex coacervates showed intense Finally, we explored the influence of temperature on mfp-1-

Raman peaks at 542, 590, and 639 cm™' (Fe-DOPA
interaction) and 1271, 1325, and 1488 cm™' (DOPA ring)
(Figure 4D). A thiol peak for DTT also appeared at 2564
cm™'. In addition, a new peak at 512 cm™’, corresponding to
the disulfide bond of DTT,* appeared in the complex
coacervates after 2 h. The Raman peaks associated with Fe-
DOPA complexes remained intense after DTT treatment.
Therefore, combining the Raman and UV—vis spectroscopic
data, we can infer that the Fe-DOPA complex is maintained by
redox exchange with DTT. Although Fe** and DOPAquinone
are both favorable electron acceptors for DTT, apparently only
the quinone is reduced.
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Fe*" complex coacervates compared with the like-charged mfp-
1 coacervates by measuring the turbidity at 400 nm in the
range of 10—30 °C (Figure 4E). Accordingly, mfp-1-Fe’"
complex coacervates did not dissociate in the temperature
range. Strong interactions such as metal coordination and
electrostatic interaction in the complex coacervates would be
expected to endow thermal stability. On the other hand, the
like-charged mfp-1 coacervates appeared reversible below 20
°C (T.), which is the upper critical solution temperature
(UCST). Other mfps also exhibit the enthalpy-driven UCST
behavior.*”** Current thinking is that the UCST behavior
originates from the increase of solvent entropy (water) by
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strong polymer—polymer interaction.”” In the like-charged
mfp-1 coacervation, noncovalent interactions such as cation—7x
interaction (DOPA-Lys) and 7—7 stacking and hydrogen bond
(DOPA-DOPA) are likely to release hydration water
molecules from the protein chain, thereby increasing water
entropy. In contrast, we found that the recombinant mfp-1
(Rmfp-1) without DOPA has a low critical solution temper-
ature (LCST) behavior (Figure S7). This opposite behavior
may arise because, without DOPA, little to no Fe complexation
between mfp-1 chains occurs. Therefore, Fe** incorporation
into the like-charged mfp-1 coacervate can provide not only
physical changes but also thermal stability.

There is no dispute that metal coordination in the granules
of the byssal cuticle achieves viscoelasticity and self-healing
behavior in cyclic tension. As a parallel result, the addition of
metal to mfp-1 coacervates drastically increases viscoelasticity.
However, DOPA instability in vitro remains problematic
because DOPA seems to be stable in the natural cuticle.
Also, the polyphenol network stably coordinates with a specific
metal for a long time."” These results demonstrate that DTT
can provide stability to both DOPA and DOPA-Fe
coordination in a mfp-1 condensed phase. This could be
chemical evidence of how mussels design their byssus to
circumvent DOPA instability.

Cohesive Forces of mfp-1-Fe3* Complex Coacervates.
The cohesive forces of like-charged mfp-1 and mfp-1-Fe®*
complex coacervates were evaluated analysis in a surface force
apparatus (SFA) (Figure SA). The measured cohesive forces of
the fresh like-charged mfp-1 coacervates were 61.82 + 17.17.
The oxidation increased the forces to 103.3 + 7.4 mN (Figure
SB) perhaps because tautomer-dependent chain rigidity of
mfp-1 increased. Indeed, the oxidized coacervates in the
presence of DTT exhibited low cohesion of 9.7 + 1.4 mN at
pH 5.5 and 55.29 + 16.02 at pH 7; probably, by reducing the
quinone and its tautomers to DOPA, the thiol restored
backbone flexibility and fluidity. The dependence of these
changes on the accumulation of oxidized DOPA is consistent
with the rheological results. Not surprisingly, the addition of
Fe’* to the like-charged mfp-1 coacervates with DTT
significantly elevated cohesion (199.4 + 12.1 mN at pH 5.5
and 289.42 + 58.62 at pH 7), given the formation of Fe-DOPA
complexes and enhanced electrostatic adhesion between
positively charged lysine and negatively charged Fe-DOPA
complex. Diluted mfp-1 (no coacervate) exhibited high
cohesive forces with metals but without thiols in previous
SFA experiments.'®*° This SFA result demonstrates that the
mfp-1 coacervates exhibit their highest cohesive forces with
FeCl; under DT T-reducing conditions. In addition, it suggests
that the rheology of mfp-1 coacervates can be toggled up or
down depending on the oxidation and metal coordination state
of DOPA.

Role of Thiols in Fabrication of Byssal Cuticle. Mfp-1
coacervate droplets are first detected in the phenol gland of
foot and, following secretion, undergo coalescence and
structural arrest by metal coordination to form the byssal
cuticle. Thiol redox has been proposed to explain why DOPA
in stable Fe-DOPA complexes is not oxidized in mussels.””**
However, how coupled DOPA-thiol redox impacts the physical
properties of the coacervates has not been investigated. Based
on our results, we propose two ways by which thiols influence
the physical properties of mfp-1 coacervates (Figure 6). Before
metal uptake, thiols assure that mfp-1 coacervate droplets
maintain their fluidity by inhibiting DOPA oxidation. Such

fluidity enhances the coalescence of coacervate droplets so that
the proper dimensions (500 nm diameter) can be achieved in
the cuticle. Fluidity also facilitates metal diffusion into the
droplets. After metal coordination by DOPA, thiols help
maintain stable Fe-DOPA complexation in the mfp-1
coacervate droplets by continuously reducing oxidized DOPA.

B CONCLUSIONS

The dense Fe**-DOPA coordination complexes of byssus
(particularly in the coating) are critical to its stiffness and good
shock-absorbing properties. Although DOPA is easily oxidized
in seawater as a free amino acid, mussel-inspired natural
strategies for inhibiting DOPA oxidation in byssal proteins
have been suspected for some time. In the plaque, for example,
DOPA-rich mfp-3 and mfp-5 are coacervated with cysteine-
rich mfp-6;>**’ likewise, in the cuticle, thiols of mfp-16 to mfp-
18 mingle with DOPA-rich mfp-1.”" In both, thiols maintain a
reducing poise to prevent DOPA oxidation. Given the
pervasive presence of oxygen, however, eventual DOPA
oxidation is inevitable. The effect of thiols on the
physicochemical properties of mfp-1 following DOPA
oxidation has not been previously explored. Our results
indicate that thiols restore DOPA from DOPAquinones in
the like-charged mfp-1 coacervates resulting in simultaneous
restoration of the liquid-like rheological properties that existed
prior to oxidation. Iron addition also impacts mfp-1 rheology:
Fe** is rapidly incorporated into the like-charged mfp-1
coacervates resulting in their conversion into hydrogels with
drastically increased viscosity and cohesive forces that can be
maintained indefinitely in the presence of DTT. Our results
suggest that in the byssal cuticle, spherical granules containing
dense and reversible catecholato-iron complexes exhibit a
durable high energy dissipation under thiol-rich reducing
conditions that is lost under oxidizing conditions. In other
words, maintaining the reducing redox poise is the price for
maintaining a self-repairing and tough byssus in the intertidal
region. In addition, thiols, and DTT, more specifically, enable
facile processing of Fe’*-mediated conversion of liquid-like
droplets into hydrogels with improved performance lifetimes
based on stable Fe-DOPA complexes. These insights offer
much-needed improvements for processing catechol-function-
alized polymers in other materials.
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