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Melanin is a promising material but has significant challenges with synthesis and
processing. Here, we study the melanized jaws of Glycera dibranchiata to
understand how nature overcomes these challenges. We discover a protein with
low sequence complexity that, through a variety of functions including metal
binding and phase separation, facilitates the growth of thin melanized films.
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SUMMARY

Bloodworm jaws are composites of protein, melanin, and both
mineral and ionic copper. To date, nanomechanical tests have corre-
lated the ionic copper and melanin with hardness and wear resis-
tance, but the function of protein is uncertain. Here, we characterize
a Gly- and His-rich protein called multi-tasking protein (MTP) and,
using recombinant protein, show that it performs six distinct func-
tions critical for jaw formation and performance, namely (1) recruit-
ing 22 equiv of Cu?*, (2) mediating a liquid-liquid phase separation
of the MTP-copper complex, (3) catalyzing the oxidation of 3,4-dihy-
droxyphenylalanine (Dopa) to melanin, (4) templating the interfacial
polymerization of melanin, (5) integrating melanin and itself into
thin films and fibers, and (6) providing intermolecular cohesion
through Cu bridging. MTP achieves all these by assuming unprece-
dented roles as a building block, organizer, and fabricator—a
processing feat of considerable relevance to the autonomous pro-
duction of other polymer composites, blends, and/or networks.

INTRODUCTION

Synthetic hydrogels made from multiple polymer networks are renowned for their
strength and toughness.'? The same is true for anhydrous double polymer net-
works, although fabrication of these remains challenging.® As living organisms
make both hydrogels and less hydrated varieties of tough polymer networks, a
detailed study of formation strategies holds many potential insights. For example,
vertebrate cartilage is a high-performance load-bearing hydrogel that is formed
and maintained by isolated matrix-embedded cells known as chondrocytes that
mediate simultaneous co-deposition and turnover of multiple polymer networks."
By contrast, in cell-free invertebrate cuticles, such as squid beak, a chitinous hydro-
gel is deposited first by epidermal cells and then infiltrated with liquid-liquid phase-
separated proteins that displace water and harden following oxidation.” Here, we
elucidate a third, previously unreported strategy in bloodworm jaws in which a sus-
pension of metallo-protein droplets contributes catalytically and structurally to form
a second melanin-like network in situ.

The bloodworm Glycera dibranchiata Ehlers, 1868, is a marine polychaete (phylum
Annelida) that burrows through intertidal benthic mud to a depth of several meters.
The proboscis of each worm is equipped with four black jaws (Figures 1A and 1B) that
grasp and inject venom into other creatures during hunting and combat. The major

Progress and potential
High-performance natural
materials play a critical role in
informing modern material design
and development. Bloodworm
jaws, used for hunting and
defense, are lightweight but with
impressive impact and wear
properties. The jaw composition is
exotic at ~10% copper and a
blend of equal parts of protein
and melanin, a pigment rarely
used in load-bearing functions.
Much of jaw material production is
dependent on the properties of
the protein, which include binding
copper, phase separation,
catalyzing melanin formation, and
assembling the protein-copper-
melanin blend.

For effective technological
translation, research needs to
scrutinize the mechanisms of each
of these properties and how they
relate to one another. Copper
binding underpins the formation
of a dense protein liquid phase
and enables melanin synthesis but
later provides self-healing
cohesive bridges between the
proteins. The research has the
potential to change the way we
design, make, use, and dispose of
our materials.
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Figure 1. Structure and protein analysis of Glycera jaw
(A) Image of the everted proboscis of Glycera dibranchiata with its four jaws exposed.
(B) Scanning electron microscope image of a Glycera jaw. Scale bars, 0.5 mm.

(C) Amino acid composition of Glycera jaws (blue), theoretical amino acid composition of MTP (orange), experimental amino acid composition of

purified MTP (yellow), and amino acid composition of the interfacial film formed when MTP is allowed to react with L-Dopa (purple).

(D) Sequence of MTP with glycine residues highlighted in blue and histidine residues in red for emphasis.

structural components of Glycera jaws are protein (~50% w/w), ionic and mineralized
copper (up to 10%), and melanin (~40% w/w).%” The presence of melanin is not un-
usual, as melanin is extensively used in biology as a pigment. Jaw melanin, however,
is unique in existing as a contiguous material that is ~2 mm in length, thereby greatly
exceeding the micrometer length scale typically associated with dispersions of
melanin pigment, such as those found in Sepia ink or melanosomes.”

Melanin has many desirable properties,” but given that in vitro formation typically
leads to dispersions of small (~100 nm diameter) granules,® applications of melanin
in synthetic materials remain limited. The melanin and copper in Glycera jaws are
correlated with impressive wear resistance,'® and a deeper understanding of the
mechanisms of their formation and function could lead to expanded use of melanin
in high-performance materials. Although previous work has shown that the protein
composition of whole jaws is dominated by glycine (Gly) (~50 mol %) and histidine
(His) (~30 mol %),° the function of these Gly- and His-rich sequences is currently
unknown.

Here, we identify and characterize properties of the primary structural protein in
bloodworm jaws, hereafter named multi-tasking protein (MTP). Glycera MTP is a
multi-functional molecule with the ability to chelate copper, phase-separate, induce
the polymerization of L-3,4-dihydroxyphenylalanine (Dopa) to melanin, template the
synthesis of macroscopic 2D melanin-protein composite films, and mediate their
mechanical properties, all notwithstanding its sequence simplicity. The concerted
activities of MTP in the construction of Glycera jaw architecture present a compelling
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opportunity to rethink the design of processing technologies needed for high-per-
formance and sustainable composite and blended polymeric materials.

RESULTS

Glycera jaws, transcriptomics, and protein sequence

The everted proboscis of a G. dibranchiata worm in Figure 1A highlights its four
black jaws. The jaws are approximately 2 mm in length (Figures 1A and 1B) and
have impressive mechanical properties that do not depend on mineralization.'®
Glycera jaws are highly sclerotized, with protein, copper ions/mineral, and melanin
distributed throughout the hierarchical architecture.®’” The protein component has a
composition dominated by two amino acids: Gly (>50 mol %) and His (>30 mol %)
(Figure 1C). Undermined by the high degree of crosslinking in the jaw, protein ex-
tractions have consistently resulted in low yields, although sufficient amounts of a
30-kDa protein were obtained to prove that its amino acid composition matched
that of the jaw."" From that point on, we have relied on state-of-the-art transcrip-
tomic methods to investigate this peculiar protein.

Motivated by similar work on squid beak® and Nereis jaws,'” the transcriptome gener-
ated from the jaw pulp of G. dibranchiata (the secretory epithelial tissue in contact with
the base of the jaw and with histochemical properties similar to those of the jaw'?) pro-
vided ~24,000 transcripts, the most highly represented being cytoskeletal proteins,
such as actin and myosin. We identified assembled candidate sequences by searching
the transcriptome for transcripts rich in both glycine and histidine. The most compel-
ling candidate sequence is shown in Figure 1D and was chosen because it was a fully
assembled transcript, containing a start codon, signal peptide, and stop codon. The
predicted protein sequence composition also matched the amino acid composition
of jaws (Figure 1C) and showed a similar composition and molecular weight of
~30 kDa (as determined by SDS-PAGE) to the protein purified from G. dibranchiata
jaws in previous work."" We validated the sequence by traditional polymerase chain
reaction (PCR) methods, cloning it from fresh cDNA generated from the jaw pulp
with primers outside the coding sequence. The PCR product was sequenced by
Sanger methods and successfully cloned expressed in Escherichia coli.

Consistent with an acid hydrolyzed jaw, the MTP sequence is dominated by Gly and
His (over 80%). There are no instances of more than two Gly (G) or His (H) residuesin a
row, resulting in a sequence made up almost entirely of HGGH, GGH, or HGG
repeats, depending on the point of reference. Typical BLAST searches of
UniProtKB/Swiss-Prot databases returned no homologous sequences. Not surpris-
ingly, the prevalence of Gly/His in MP does show similarities to that of another poly-
chaete, Nereis virens jaw protein-1 (Nvjp-1),'*"'* although Glycera MTP lacks the
abundant aromatic residues of Nvjp-1. The unusually high Gly content of MTP sug-
gests flexibility and intrinsic disorder. High Gly content is found in a number of other
structural proteins, such as plant cell wall glycine-rich proteins (60%-70%),'® spider
silk fibroin (47.3%),"® collagen (~33%), and elastin (~30%)."” Moreover, MTP adds to
a growing number of Gly- and His-rich structural proteins found in invertebrates,
including polychaete (Glycera/Nereis) jaws, squid beaks, Hydra nematocyst spines,
insect mandibles, and spider fangs, and all are robust structures both with and
without added metal ions."®

MTP structure and copper binding

The influence of pH and copper on MTP structure is shown in Figures S1 and S2. The
CD spectrum at pH 5.0 exhibits an ellipticity minimum at 201 nm, and maxima at 195
and 220 nm. Upon increasing the pH to 7.4 the minimum is shifted to 195 nm, and
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Figure 2. In vitro characterization of copper binding to MTP
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(A) ITC thermogram for the titration of 3.3 mM CuSQO, into 0.03 mM MTP at pH 7.4. The top panel shows the raw trace, and the bottom panel shows the
integrated head profiles (*). The solid line is the nonlinear least squares fit to a model of multiple independent binding sites.
(B) X-band EPR spectrum of frozen 0.1 mM MTP in 100 mM Tris and 1 mM CuSQy. The inset shows the nine-line super-hyperfine splitting present in the

perpendicular region.

(C) Possible binding structures of copper to the protein either via backbone amides or through imidazole side chains.

the intensity of the maximum at 220 nm increases. The addition of copper at pH 7.4
does notresultin an appreciable change in the CD spectrum. Although the CD spec-
trum does change with increasing pH, deconvolution of the spectra with the pro-
gram BeStSel'” estimates that all conditions represent a significant amount of
random coil (>40%) and B sheet content (>40%). Hence the predicted flexibility is

confirmed by CD measurements.

Copper binding ability of the MTP was investigated because the jaw contains signif-
icant quantities of copper (up to 10% by weight) that is both ionic and mineral.
Isothermal titration calorimetry (ITC) confirmed that MTP has impressive copper
binding capacity (Figure 2A). These data were fit to an independent model
(NanoAnalyze software), which considers each binding site to be equivalent and in-
dependent and was chosen because of its simplicity and appropriateness
in situations where the exact nature of the coordination is unknown.?® We found
an apparent equilibrium constant of Kirc = 7.1 x 10° M and a binding capacity of
N = 22 equiv of copper. A white precipitate was observed to form over time upon
addition of excess copper ions.

ITC experiments thus support the notion that His contributes to copper binding. Un-
der our experimental conditions, the apparent equilibrium constant of MTP with
copper compares well with that of ceruloplasmin,?’ but is lower than that of other
copper transport proteins, such as serum albumins. The more impressive aspect,
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however, is the copper binding capacity (N = 22). When normalizing this value to
protein MW we find MTP binds 1 Cu®*/kDa, whereas ceruloplasmin binds 0.04
Cu?*/kDa (assuming N = 9 Cu?* and MW = 121 kDa) and binding stoichiometry
for BSA is 0.08 Cu®*/kDa (assuming N = 5 Cu®* and MW = 66 kDa).?*

Structure of the MTP-Cu complex

To investigate the structure of MP bound to copper, we performed low-temperature
X-band continuous wave (CW) electron paramagnetic resonance (EPR) spectroscopy
of MTP-Cu?* complex in Tris buffer at pH 7.4. The spectrum reveals three clear low-
field parallel lines with g = 2.21 and A = 520 MHz, with the fourth obscured by the
perpendicular portion (Figure 2B). Simulation of the perpendicular region indicates a
g value of 2.00. The low-field edge of the perpendicular region also shows at least
nine well-resolved super-hyperfine lines separated by 43 MHz (Figure 2B, inset).

Although the copper binding properties are entirely predictable from the high his-
tidine content, the coordination mode is not. The “GGH" motifs that make up the
vast majority of the protein sequence are reminiscent of Gly/His model peptides
that have been studied to mimic the amino terminal copper and nickel motif* as
well as those synthesized to mimic the active site of Cu,Zn superoxide dismut-
ase.”*?° These peptides generally form square-planar complexes involving one or
more Cu(ll)-amide bonds. The nine-line super-hyperfine EPR splitting pattern and
our EPR parameters of g; = 2.21 and A; = 520 MHz are consistent with coupling
to four equatorial nitrogens.”’*® However, it is unclear how many of these nitrogens
are from the backbone or side-chain imidazole groups. Figure 2C posits copper
complex geometries most consistent with these data.

Atomic force microscopy-assisted force spectroscopy

To provide more insight into the molecular phenomena underlying the metal-ligand
interactions and high copper binding capacity of MTP, and to examine a potential
mechanical role for these interactions, we performed single-molecule force spec-
troscopy (SMFS) experiments on MTP-Cu?* films. SMFS is a powerful approach for
investigating the molecular mechanics of macromolecules.’”** Here, we used
SMFS to study the force-induced rupture of the inter- and intra-molecular His-
Cu?" interactions present in MTP-Cu?* thin films. Figure 3A shows a schematic
illustration of the simplest case of the SMFS experiments, in which atomic force mi-
croscopy (AFM) cantilevers were approached onto MTP-Cu?* films deposited on
TiO; substrates leading to nonspecific adsorption of a single, isolated protein to
the cantilever, and then retracted while measuring the deflection of the cantilever.
A characteristic feature of the retraction force-extension curves was the presence
of multiple sequential dissociation events as indicated by a “sawtooth” pattern (Fig-
ure 3B) reminiscent of that observed upon unfolding of globular proteins under
stretch.? 7738 The sawtooth features were not observed in control experiments per-
formed on Cu?*-free MTP films, leading us to conclude that each subpeak in the
sawtooth pattern was the result of force-induced protein chain extension culmi-
nating in His-Cu?* bond rupture, which in turn revealed previously unloaded chain
segments (the so-called hidden length).>*=*® Although not reflected in Figure 3A,
we note that the His-Cu®* bonds may be either inter- or intra-molecular.

A worm-like chain (WLC) model was used to fit the rupture events to extract rupture
force, contour length (L) values, and confirm single-molecule behavior. Figure 3C
shows a histogram of rupture force distribution for His-Cu®* interactions with an
average of 268 + 67 pN, stronger than typical hydrogen bonding (~100 pN) but
weaker than covalent bonds (1-3 nN), in agreement with previous reports on the
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Figure 3. SMFS measurements on MTP-Cu®* interactions
(A) Schematic illustration of the SMFS experiments assuming the simplest scenario in which a single chain is pulled in the absence of intermolecular
complexes. Histidine side chains and copper ions are shown in black and red, respectively. Retraction of the cantilever results in sequential rupture of

protein—Cu2+ interactions.
(B) A representative force-extension (F-X) curve is shown with approach and retraction traces in gray and red, respectively. The black lines correspond to

the worm-like chain (WLC) fitting of the rupture events.

(C) Histogram of the rupture force distribution for MTP-Cu?* interactions showing an average for 268 + 67 pN.

(D) Histogram of incremental contour length increase distribution (AL.) measured in SMFS experiments.

(E) Histogram of theoretical His-rich copper binding amino acid segment length based on the protein sequence considering formation of metal-ligand
complexes involving three or four histidine side chains. Estimated contour length of the segments is calculated using a theoretical value of 0.38 nm for
individual amino acid contour length.

(F) Force-induced MTP chain extension, leading to rupture of individual metal-ligand interactions, which in turn reveals the previously unloaded chain
segments or the so-called hidden length (e.g., B turns in flexible MTP chains).

(G) Presence of His-rich motifs and example calculation of the theoretical amino acid segment length is shown for a selected region of MTP.

strength of metal-ligand and other non-covalent bonds.*****?=*1 |t should be noted
that a broad distribution of rupture forces is not unusual in SMFS due to the statistical
nature of individual bond rupture; in this case, the broad distribution may partially
reflect different pulling angles, heterogeneity in the attachment to the AFM probe,
or multiple possible complexation environments in the MTP-Cu?* complex, as a
Cu?" ion can be complexed by inter- or intra-molecular modes, or with one to four
His and/or Gly residues.®® Nonetheless, our SMFS results indicate the presence of
relatively strong non-covalent interactions between Cu?* and MTP, which would ul-
timately lend mechanical stability at the macroscopic level.?*#>*

Further analysis of the sawtooth pattern in force-extension curves revealed clear ev-
idence for rupture events spaced at an average of 3.4 nm (Figure 3D). We defined
the length increment between subsequent rupture events as AL, corresponding
to the additional contour length released following sequential rupture events.
Similar features have been previously reported for unfolding of repeat units in
modular proteins or peeling of B strands from B sheets.””*%?%4? |n the case of
Cu?* interacting with MTP, AL, can be attributed to the release of previously
unloaded P turns. Considering a theoretical length of 0.38 nm per amino

6 Matter 5, 1-19, June 1, 2022
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Figure 4. Copper-induced phase transition

(A) Cryo-TEM image of phase-separated droplets (red arrows) that form when 50 uM CuSOy is
added to 5 uM MTP in 50 mM Tris buffer (pH 7.4) supported on a lacy carbon film (the contiguous
phase indicated by yellow arrows).

(B) Cryo-TEM image showing the fusion of two droplets (red arrows) indicating their fluid behavior
supported by lacy carbon (yellow arrows).

acid,??3%4243 the AL obtained in our experiments corresponds to an average of ~9

amino acid (aa) residues in the MTP sequence.

To better understand the possible underlying reasons for the measured AL, distribu-
tion, we analyzed the MTP sequence to determine the length of possible His-rich
Cu?* binding motifs. Owing to the favorability of His-Cu®* chelation thermody-
namics and the high relative ratio of His to Cu®* in our experiments (10 to 1), for
our analysis we considered a segment of MTP containing three or four His residues
as being capable of Cu?" binding and calculated the lengths of all the possible seg-
ments that satisfy this condition (Figures 3E-3G). The theoretical distribution of
lengths between binding sites is centered around ~9 aa, consistent with the
measured AL. from SMFS experiments (Figures 3D and 3E). Interestingly, the
average length of the Cu-binding sequence for MTP (~9 aa) is close to the length
of His-containing octarepeat domains (8 aa) in prion protein (PrP), a membrane-
bound glycoprotein found in the nervous systems of different species.**~*° PrP is
comprised of an unstructured and flexible N-terminal region that contains funda-
mental eight-residue repeats essential for copper binding and neuroprotective

self-regulation.**4*

Cu?*-induced MTP liquid-liquid phase separation

The Cu®*-dependent self-assembly of MTP was demonstrated by cryogenic trans-
mission electron microscopy (cryo-TEM). In the presence of Cu?* ions, MTP readily
formed spherical droplets (Figures 4A and 4B, red arrows). These condensate drop-
lets appeared to have no internal structure and were polydisperse, with diameters
ranging from 50 nm to greater than 400 nm. The phase-separated material readily
adsorbed to the lacy carbon support of the grids. Figure 4B shows two droplets
fusing, indicating the fluid-like behavior of the condensed phase. Additional images
of the phase-separated MTP are shown in Figure S3. We found no evidence of phase
separation in the absence of copper (Figure S4).

MTP-Cu-assisted Dopa oxidation

The presence of melanin and copper in Glycera jaws, coupled with the high His con-
tent of MTP, prompted investigation of catechol oxidase (CO)-like activity because
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Figure 5. Interfacial activity of MTP

(A) Interfacial rheometry: The loss modulus (G", open symbols) and storage modulus (G’, filled symbols) as a function of time for 5 uM MTP solutions
containing: no copper or dopa (black), 50 uM CuSOy (yellow), and 50 pM CuSO,4 and 500 uM L-Dopa (teal).

(B) AFM height trace of MTP catalyzed melanin film.

(C) The height profile of the red line in (B) shows that the sheets are 35-40 nm thick.

(D) A schematic model depicting the process causing the interfacial responses in (A). Copper binding induces proteins to surface assemble (red arrows),
as well as coacervate and coalescence (green arrows). When present, Dopa molecules partition into the surface layer (grey arrows), where they undergo
catalyzed oxidation, cross-linking, and melanization. Droplets have not coalesced significantly in the surface layer. The colored boxes around the
cartoons are color-coordinated with the curves in (A).

the active CO site is characterized by a dinuclear copper center with each copper co-
ordinated by three His residues.”” An MBTH-coupled assay was used to determine
the kinetic parameters of MTP engaging in catechol oxidation. When bound to
10 equiv of copper ions, and assuming that each bound copper is an independent
active site, MTP was found to have a V., = 0.9 + 0.02 pM/min, K., = 410 +
8 uM (Figure S5), and keay = 0.18 + 0.002 min~". Without copper present there
was no detectable activity, suggesting that copper is necessary for the oxidizing ca-
pacity of MTP.

Despite our assuming ~10 active sites, MTP displays a low reaction rate and an
intermediate ability to bind L-Dopa.

Interfacial assembly and viscoelasticity

Interfacial shear rheometry was used to probe the assembly of MTP and the visco-
elasticity of resulting films at an air-solution interface (Figure 5A). Buffered solutions
containing 5 uM MTP were liquids (G” > G') with very low elastic (G’) and viscous
(G”) moduli. With the addition of 50 puM CuSOy4 (10 equiv), however, an interfacial
film formed in ~1 h. This film likewise showed liquid-like behavior throughout its
maturation, but the values of G’ and G” increased steadily, indicating significant
thickening of the interfacial film. When 0.5 mM L-Dopa was added to a solution
mixture of 5 uM MTP and 50 pM CuSOy, the interfacial film persisted; however, it
showed signs of structural arrest (within 20 min) with a corresponding transition
from a liquid to a viscoelastic film with G’ = G’

8 Matter 5, 1-19, June 1, 2022
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Material

Young's .
Modulus (GPa)  (MPa) Extension (%) (M]/m?)

Ultimate Stress Toughness

Melanin Fiber  1.7+0.6 688 2535 12.7+3.4 J
T“}f:::glg 0.87£0.18 73.345.7 10916 45
Dragline Silk®! 10 1100 30 160
Nylon®! 5 950 18 80 1
‘ ‘ X :
0.05 0.1 0.15 0.2 0.25
Strain, ¢, [mm/mm]

Figure 6. Interfacial film formation enables fiber drawing

A) Image of the fiber-drawing process. A thick meniscus (red arrow) forms where the film begins to detach from the solution and collapse into a fiber

(
(blue arrow) after being disturbed by a 1-mm diameter mechanical probe (yellow arrow).

(B) Optical microscope image of MTP-catalyzed fiber illustrating the length they can be pulled to.
(C) SEM image of a pulled fiber. Wrinkles are formed that align with the long axis of the fiber in the
(D) Typical stress-strain curve of MTP-melanin fibers. Inset: table comparing the mechanical properti
as well as nylon.

MTP rapidly formed interfacial films when in the presence of both 10 equiv Cu (ll) and
0.5 mM L-Dopa at pH 7.4. We monitored solution equilibrium by SDS-PAGE, which
showed that the fluid was nearly MTP depleted within 1 h of Cu and Dopa addition
(Figure Sé). After ~30 min of reaction under these conditions, a transparent film
formed at the air-water interface that, upon mechanical disruption, folded upon
itself to form an insoluble black material. Alkaline peroxide (see supplemental infor-
mation: materials and methods) was used to determine that sheets were 10%
melanin by dry weight (Figure S7). Microscopic inspection of the precipitate (Fig-
ure S8) confirmed that the folded/bundled films appeared black and that individual
films were transparent (Figure S8, red arrows). Analysis of films by scanning electron
microscopy (SEM) detected large uniform sheets that, due to difficulty in sample
manipulation, collapsed into pleated stacks (Figure S9). Films several square centi-
meters in area were readily made by spreading the reaction mixture out on glass
Petri dishes. Further investigation by AFM showed that these sheets were 37 +
2 nm thick (Figure 5C).

Fiber drawing and mechanics

Because films were confined to the air-water interface, we attempted to draw fibers
from the MTP-melanin film in a manner not unlike the drawing of nylon from interfa-
cial polymerizations.*® A large meniscus formed upon contact with a metal probe
and persisted during probe withdrawal from the surface of a freshly formed film

Scale bar, 1 mm.
direction which they were pulled. Scale bar, 20 pm.
es of MTP-melanin fibers and other biological fibers
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(Figure 6A). The interfacial film folded and compacted as it separated from the bulk
and dried in air. Fibers several centimeters in length were readily drawn under these
conditions. Typical fiber diameters were 7-11 pm as shown by SEM and light micro-
scopy (Figures 6B and 6C). The SEM image shows fibers with wrinkles that align with
the fiber long axis. Amino acid composition remained unchanged during film and fi-
ber formation (Figure 1C, purple bars).

Fibers drawn from melanin-copper-protein films were pulled to failure as shown in
Figure 6D. The fibers displayed an initial modulus of 1.7 £ 0.5 GPa, a yield strain
of 6% + 2%, and a maximum extensibility of 25% + 5% strain before failing. The
average toughness of the fibers was 12.7 + 3.4 MJ/m>. The properties are summa-
rized and compared with other biological and synthetic fibers (Figure 6D, inset

table).*?>°

DISCUSSION

Metal binding proteins are prominent adaptations, particularly in natural load-
bearing systems,'® and are becoming increasingly amenable to bio-inspired transla-
tion.”* Using recombinant Glycera MTP, we have uncovered important principles of
protein-mediated melanin synthesis in vitro that may inform our understanding of
the jaw-building process. A key player in this process, MTP is remarkable for its
simple sequence and multi-functionality.

The ~40 mol % His content of MTP enables a dramatic pH-triggered shift in the
total protein charge, ranging from ~90% charged at one pH unit below the pK,
of His (~6.5) and 90% uncharged at one pH unit above the pK,. Given that
proteins are stored at pH 5-6 before secretion, and that seawater pH is 8.2, the
His-dependent pH trigger is a potent one.”’ This may also be related to
the phase separation observed, which we hypothesize is due to coacervation.
The copper-induced phase separation was somewhat unexpected as reversible
metal-coordination-induced coacervation is a known phenomenon but somewhat
rare.”> >’ We note, however, that intrinsically disordered®® and low-complexity®?
proteins are often correlated with phase separation. That MTP-Cu apparently
forms a condensed liquid phase is indicated by droplet coalescence (Figure 4B)
and probably driven by a mechanism that depends on Cu-binding-dependent
charging: the theoretic isoelectric point of MTP is ~7.4, and thus is neutral at
the reaction pH. However, after binding to Cu®* it will either gain a net positive
charge if complexation is solely through imidazole groups, maintain neutrality if
two amide nitrogen form coordinate bonds, or become net negatively charged
if three amide nitrogen are recruited for the complexation (Figure 2C). Thus, the
protein will have a combination of both uncharged and charged regions capable
of facilitating separation of a dense protein-rich liquid phase. Based on the poten-
tial interfacial activity of the copper-bound protein, hydrophobic interactions
exposed by His complexation with copper may contribute an additional driving
force for phase separation. The droplet affinity for the lacy carbon support
(Figures 4A and 4B) is consistent with the low interfacial tension of coacervate
phase.®®

The slow rate of catechol oxidation may be adaptive in the jaw system for
kinetically controlled growth, as is often necessary for templating complex archi-
tectures.®’ Interfacial rheometry experiments were crucial for tracking reactivity
and critical phase transitions in the maturation of MTP-derived films (Figure 5D).
With no copper present, interfacial rheometry revealed a stable liquid behavior
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in MTP. Upon addition of copper ions, the interfacial viscoelasticity increased
steadily while maintaining liquid-like behavior (G">G’). We propose that this is
due to a combination of either charge-neutral coacervate droplets migrating to
the hydrophobic air-water interface or the molecular adsorption of copper-bound
protein complexes. The increased stiffness of films in the presence of Dopa
provides further evidence of copper-bound MTP’s ability to oxidize and react
with Dopa.

Oxidation to quinones at the protein-rich interface (Figure 5D) created conditions
ripe for melanin formation and/or reaction with the lysine or histidine residues of
MTP, but further characterization would be required to confirm this.®** The change
in Dopa-dependent interfacial rheometry, the black color of the bundled sheets (Fig-
ure S8), and the alkaline peroxidation assay (Figure S7), confirm melanization of the
films.

We have previously noted the unique choice of copper in the Glycera jaw system.
What effect this choice has, especially when compared with other systems reinforced
with metal ions, such as Nereis jaws or spider fangs, is complicated by the presence
of both mineralized and ionic copper. A critical question at this time is to what extent
the phase separation, oxidative capability, or metal binding capacity is unique to
copper, or if other metal ions would yield similar results. A recent study showed
that tau protein undergoes liquid-liquid phase separation triggered specifically by
Zn?*, which the authors attributed to low-affinity binding sites.”® One possible
mechanism that they suggest is that the coacervation of tau could be driven by tran-
sient intermolecular crosslinks formed with Zn?* ions. A similar principle may be at
play with MTP. Copper might form complexes with MTP that are sufficiently strong
to promote association, but transient enough to lead to a coacervate rather than a
solid precipitate. The use of a different metal ion would likely affect the oxidative
behavior but would also strongly depend on the coordination chemistry, as is the
case with copper.®* Previous work showing the oxidative behavior of nickel bound
to a Gly-Gly-His peptide suggests that this behavior may be retained.®” If the oxida-
tive behavior is unique to copper and if this capacity is maintained, it would lend
some support to our previous hypothesis that, during injection, the venom un-
dergoes catalytic conversion by the jaw surface.®

Depending on how Dopa partitions with regard to the droplets (Figures 7A and 7B),
this either constrains the catalyzed oxidation of Dopa to dopaquinone at the
droplet/aqueous phase interface, or within the droplets. Dopaquinone accumula-
tion initiates formation of a second polymer (melanin). The coacervation and melanin
partitioning displaces water, yielding an increasingly solid material and enabling
tensile fibers to be drawn. The relatively high stiffness is likely due to the covalent
and metal coordinate crosslinking of protein fibers by melanin. While melanin con-
tent of fibers (~10%) is lower than the roughly 40% melanin levels in native Glycera
jaws, future work may find ways to increase film melanin content. Although the large
extensibility is inconsistent with a covalently crosslinked system it is likely provided
by the rupture of metal coordinate crosslinks, which both dissipates energy and re-
veals the hidden length of the protein components identified by our SMFS studies.
The extension may also be provided by the gradual unwinding or tearing of bundled
sheets. Satisfactory explanation of such properties awaits a better characterization of
the relationship between MTP, melanin, and copper in the fibers.

These data may be suggestive of the early stages of jaw formation. We believe that it is
unlikely that Glycera utilizes MTP exclusively to synthesize melanin de novo from
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Figure 7. Two modes of MTP melanization depending on Dopa partitioning
(A) Dopa does not partition into droplets but is interfacially oxidized to melanin creating a coat.
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(B) Dopa partitions into droplets where it gets oxidized and accumulates as melanin. Cu could contribute to crosslinking between melanin and MTP.

Dopa. More plausibly, MTP acts to oxidize the Dopa residues at the growing edge of
the jaw thereby enabling crosslink formation between the protein and discrete melanin
particles secreted by melanosomes during the formation of a contiguous scaffold. The
protein’s high degree of flexibility and multiple active sites helps facilitate this. We pro-
pose that the melanin eventually displaces water from the initial hydrogel and in the
jaw. The combination of chemical simplicity and functional versatility in MTP holds
tremendous potential for bio-inspired and natural materials processing.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Herbert Waite (hwaite@ucsb.edu).

Materials availability
Protocols are provided for the synthesis and processing of the materials in this manu-
script, and these materials are available upon reasonable request.

Data and code availability
Data used to support the conclusions in the paper are available from the corre-
sponding author upon reasonable request.

Amino acid analysis

Samples for amino acid analysis were hydrolyzed with 6 M HCI, 1% phenol, in vacuo
at 110°C overnight. HCl and phenol were removed under vacuum with a Savant
SpeedVac SC110. After washing the residues with water and methanol, the samples
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were reconstituted in 0.2 N HCl. Amino acid compositions were determined on a
Hitachi L8900 amino acid analyzer system.

Transcriptome generation and assembly

Live G. dibranchiata specimens were purchased from the Bloodworm Depot
(Whitefield, ME) and the jaws were dissected immediately. The connective tissue
and musculature on the outside of the jaw was carefully removed under a dissect-
ing microscope. Tissue inside the base of the jaw, however, was undisturbed. Sam-
ples were stored in RNAlater (Invitrogen, Carlsbad, CA) and flash frozen in liquid
nitrogen. Homogenization of the samples was performed under liquid nitrogen
with a mortar and pestle, after which RNA was purified using a PureLink RNA Isola-
tion Kit (Thermo Fisher Scientific, Waltham, MA) following the manufacturer’s in-
structions. Four jaws from the same worm were used for RNA isolation. Total
RNA samples were sent to myGenomics (Atlanta, GA) and paired-end sequenced
(2 x 150 bp) on an Illumina HiSeq 2500 platform (lllumina, San Diego, CA). The raw
sequencing data were analyzed using the Galaxy bioinformatics program.®® We
used the read processing tool Trimmomatic to remove adapter sequences and
low-quality reads. The trimmed reads were then assembled into mRNA isotigs
using the Trinity software package.®’ To estimate the transcription level of each
isotig we used the software RSEM®® to correlate trimmed reads with assembled
transcripts. To identify candidates for the jaw proteins of Glycera we searched
for sequences based on three criteria: (1) the presence of a signal peptide, (2)
the presence of a stop codon, and (3) glycine and histidine contents of greater
than 30% and 20%, respectively.

PCR validation and molecular cloning

We verified the presence of the Glycera jaw protein using PCR (GenBank:
ON226769). A cDNA library was prepared with a SuperScript Ill RT-PCT (Invitrogen)
kit following the manufacturer’s instructions. The primers used were: (5') CAT ATG
GTG CAA GTA AGA AGT GGC and (3') AAG CTT GTG TCT TCG GTG TAG GTG
ACATCC (note: Hindlll and Ndel restriction sites were added for further subcloning).
The PCR products were cloned into pCR4 vectors using a TOPO-TA Cloning Kit (In-
vitrogen), transformed into chemically competent TOP10 E. coli (Invitrogen), and
grown on Luria-Bertani (LB) agar plates with kanamycin. Positive clones were grown
over nightin LB medium and the plasmid DNA was purified using a GeneJET Plasmid
Miniprep Kit (Thermo Fisher) following the manufacturer’s instructions. The plasmids
were sequenced by Sanger sequencing (Genewiz, Newbury Park, CA). The con-
structs were subcloned into the pET-26b(+) vector (Novagen) and transformed
into TOP10 cells for maintenance.

Recombinant expression and purification

We expressed the protein by freshly transforming the pET-26b(+) construct in BL21-
(DE3)pLysS (Promega, Madison, WI) cells according to the manufacturer’s instructions.
Cells were screened by growth on LB agar with kanamycin and chloramphenicol, and
colonies were maintained at 4°C. Selected colonies were grown overnight in 10 mL of
LB medium augmented with 0.1% glucose (to further reduce basal expression), kana-
mycin, and chloramphenicol at 37°C. Saturated cultures were transferred into 1 L of
Terrific Broth supplemented with 0.1% glucose, and grown at 30°C to an optical den-
sity of ~0.6 at 600 nm. Expression was induced by the addition of isopropyl 1-thio-B-D-
galactopyranoside to a final concentration of 1 mM. Cells were expressed for ~12 h,
after which they were pelleted by centrifugation (10 min, 5,000 X g), washed with
buffer (20 mM Tris, 100 mM NaCl, 0.1 mM EDTA [pH 7.4]) and pelleted by centrifuga-
tion (10 min, 5,000 X g). Cell pellets were stored at —80°C until use.
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Bacteria were resuspended in lysis buffer (20 mM Tris, 100 mM NaCl, 7 M urea [pH 7.4])
with 100 mM imidazole, and lysed via sonication onice (5 X 30's, 7 mW). The cell lysate
was centrifuged at 10,000 X g. The supernatant was applied to a HisTrap FF immobi-
lized metal affinity column charged with Ni(SO,4) and equilibrated with lysis buffer. Un-
bound protein was removed by successive washes of lysis buffer with 100 and 300 mM
imidazole. Bound protein was eluted by washing with 500 mM imidazole in lysis buffer.
Fractions with pure protein were identified by SDS-PAGE, acidified by the addition of
0.1% trifluoroacetic acid, and desalted using reversed-phase C8 HPLC. Protein was
concentrated with lyophilization, after which it was reconstituted in Milli-Q water
and kept at —80°C. We performed quantitative amino acid analysis to confirm the pro-
tein identity as well as estimate protein concentration.

ITC

A Nano ITC (TA Instruments, New Castle, DE) was used to measure the thermody-
namics of copper binding to the Glycera jaw protein. In general, the sample cell was
filled with in 950 pL of 10 pM Glycera jaw protein freshly dissolved in of sample buffer
(10 mM Tris [pH 7.4]) at a final concentration of 10 pM. A solution of 3 mM CuSQOy, in
10 mM Tris (pH 7.4) was loaded into the syringe. Titrations were carried out as a
sequence of 40 injections of 4.86 pL, with the stirring speed set at 250 rpm and the
temperature set to 20°C. Control titrations were carried out to account for buffer
mismatch (titrating copper solution into buffer only) and heat of dilution (titrating
buffer into the protein solution). The final data were fit using the independent model
provided in the NanoAnalyze software (version 3.3) and an independent model.

CW EPR

EPR was performed on a freshly prepared samples of 5 uM MTP and 50 pM CuSOy in
50 mM Tris buffer (pH 7.4). A volume of 0.5 mL was added to a 4-mm inner diameter
quartz EPR tube (Wilmad). A Bruker EMXplus EPR spectrometer operating at 9.6 GHz
and equipped with a Bruker ER 4119HS-LC High Sensitivity Probehead was used to
collect the X-band EPR spectrum. Spectra were acquired at 140 K using 2.0 mW
microwave power, 6.0 G modulation amplitude, 3,000 G sweep width, and
averaging 32 scans.

Cryo-TEM

Samples of 5 uM MTP with and without 50 pM CuSO,4 were prepared in 100 mM Tris
buffer (pH 7.4). Typically, a 2-uL of sample was pipetted onto a copper grid coated
with lacey carbon, blotted with filter paper (Vitrobot Mark IV, FEI), and then quickly
submerged in liquid ethane. Samples were loaded with a Gatan Cryo Transfer
Holder maintained at —180°C. Imaging was performed with an FEI Tecnai G2
20 microscope operated at 200 kV.

CO activity assay

A 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH)-based assay was
used to measure CO activity.®” The buffer for the reaction contained 100 mM Tris,
4% DMF (v/v), and 6 mM MBTH. MTP was used at a final concentration of 5 pM
and, when indicated, CuSO,4 was added to a final concentration of 50 pL. L-Dopa
was the substrate and added at concentrations of 0.01, 0.1, 0.2, 0.5, 1, and 2 mM.
The final reaction volume was 250 pL. Reactions were carried out at room tempera-
ture using a 96-well plate (Greiner) and each done in triplicate. The reaction was
monitored at 505 nm every minute with a SpectraMax microplate reader (Molecular
Devices). We used the molar extinction coefficient of the Dopachrome-MBTH
adduct (28,900 M~" em~"° to report reaction rates as change in concentration
with time. The data were fit to the Michaelis-Menten model.
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Film growth and fiber drawing

Films were grown by preparing a 1-mL solution with 4.5 uM protein (0.1 mg/mL),
45 uM CuSQy, and 500 pM L-Dopa in 100 mM Tris buffer (pH 7.4). Sheet formation
was not observed at pH 6 or below. We spread the solution on a clean microscope
slide and, generally after ~30 min, the film had formed, identified under a dissecting
microscope after agitation of the surface with a clean syringe needle. Samples for
SEM and AFM were prepared by dipping a clean silicon coupon on the top of a so-
lution with a freshly prepared film after 30 min of reaction. These samples were al-
lowed to dry, washed extensively with water, and dried again under vacuum.

Fibers were prepared from freshly prepared films as described for sheet preparation.
After 30 min of formation, fibers were drawn by touching a clean metal dissecting
probe into the freshly formed film and pulling the probe slowly away from the solu-
tion. A slow rate is necessary to maintain fiber integrity. Fibers were stored in a desic-
cating chamber until tensile testing. Fibers kept in a humidity chamber would
partially splay out and regain some sheet character.

Alkaline peroxide degradation to quantify melanin

A spectrophotometric assay of the solubilization of melanin by an alkaline peroxide
solution was used to quantify the melanin content of the interfacial product. In the
presence of H,O; at alkaline pH and at high temperature, melanin will degrade
into pyrrole-based chromophores.”’”® The absorption of these products at
560 nm has a linear relation to the amount of melanin degraded.” Aqueous suspen-
sions of synthetic melanin at concentrations of 0.1, 0.25, 0.5, 0.75, and 1 mg/mL
were used to generate a standard curve. Melanin was dissolved by the addition of
one part 10 N NaOH and two parts 30% H,0, to 37 parts sample suspended in water
followed by incubation at 70°C for 30 min. The interfacial films were dissolved in an
identical manner to afford a solution at a concentration of 4 mg/mL. The absorbance
of each sample at 560 nm was then measured. The best fit line for the melanin stan-
dard was forced through zero and gave an R? = 0.9983.

SEM

Interfacial sheets were polymerized as described above. The interfacial sheet was
transferred to a small silicon coupon by bringing the coupon in contact with the sur-
face of the reaction for 10 s. After drying under vacuum, the sample was gently
washed three times with 1 mL of Milli-Q water. After attachment to an imaging
stub, the sample was sputter-coated with a thin layer of gold for 100 s using an Ana-
tech USA Hummer 6.2 coater. A FEI Nano Nova 640 FEG SEM was used to observe
the samples.

Interfacial rheometry

Interfacial rheology was measured using a double-walled ring metal geometry
attached to a stress-controlled rheometer (AR-G2, TA Instruments). Samples were
loaded into a stepped annular trough made from Delrin, with radii as specified pre-
viously’* and a trough depth of 2 mm. To probe the evolution of interfacial viscoelas-
ticity, storage (G’) and loss (G”) moduli were recorded in response to an inputted
small amplitude oscillatory strain with amplitude of 1% and a frequency of 2 Hz.
Based on geometric and material parameters, the Boussinesq number was at least
O(10%), which indicates that measurements were appropriately probing interface-
dominated behavior.

To minimize time between loading the sample and starting the measurement, the
location of the liquid-air interface was first determined for a trough filled with water
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by carefully adjusting the geometry height until full capillary contact was observed.
For samples loaded afterward, the geometry was immediately moved to the known
position of the interface.

AFM imaging

Samples of interfacial films were allowed to form on glass microscope slides for
30 min. The films were transferred by contacting a mica sheet with the surface for
several seconds to allow the films to adsorb. The films were then allowed to dry
and washed with Milli-Q water. These samples were then imaged using an MFP-
3D Bio AFM (Asylum Research, Goleta, CA).

AFM-assisted force spectroscopy

SMFS experiments were performed using a JPK ForceRobot 300 AFM (JPK Instru-
ments, Berlin, Germany). Soft silicon nitride cantilevers (MLCT from Bruker Nano,
USA) with a typical spring constant of 50-60 pN/nm were used. SMFS samples
were prepared by drop casting an aqueous mixture solution of MTP and Cu®* (as
CuSQy) at final concentrations of 4.5 and 36 pM, respectively, in 100 mM MOPS
buffer (pH 7.4) on TiO, substrates. The MTP-Cu?* film casted TiO, substrates
were briefly rinsed with 1 mL buffer and placed in an AFM sample holder, which
was later filled with 100 mM MOPS buffer (pH 7.4). Data obtained in the SMFS exper-
iments were analyzed using the JPK data processing software and a home-written
procedure in IgorPro (Wavemetrics) for fitting the stretching events in the F-X curves
with the WLC model to measure the corresponding rupture force and contour
length. Histograms of the rupture forces and contour lengths were plotted using
the OriginPro software. More detailed information is provided in the supplemental
information.

Tensile testing

The ends of dry fibers were clamped with stainless steel grips. We estimated cross-
sectional area by analyzing diameters of microscope images of each fiber and
assuming a cylindrical geometry. The samples were loaded securely between grips
and tested using a Nanobionix tensile tester (MTS). The samples were tested at
ambient humidity and temperature. Stress-strain curves were taken at a strain rate
of 0.1 min~" and each sample was loaded to failure.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2022.04.001.
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