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Abstract 

Challenging to engineer in synthetic glues, wet adhesion is critical for many technical and 

biomedical applications. Mussels, however, have evolved underwater glues that adhere 

effectively onto slippery seashore surfaces. Past research on mussel adhesion highlights 

the importance of the post-translationally modified amino acid 3,4-

dihydroxyphenylalanine (DOPA), found in abundance in mussel glue proteins. Yet, DOPA 

alone is insufficient to match native adhesion in synthetic mimics. Here, we provide 

evidence that a previously uncharacterized histidine-rich protein (mefp-12) plays a crucial 

role in the formation, curing, and performance of mussel glue. Biochemical analysis 

localizes mefp-12 within vesicles of the mussel glue secretory glands, while AI-assisted 

modeling of its sequence predicts Zn-stabilized coiled coil conformation and several 

domains resembling zinc-finger motifs. In vitro investigation of a His-rich 𝛼-helical peptide 

from mefp-12 shows Zn- and pH-dependent liquid-liquid phase separation (LLPS), 

coalescence, and spreading over the substrate. Exposure to seawater pH induces 
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subsequent self-organization of the fluid condensates into solid nanoporous networks 

resembling the structure of the native mussel glue. Based on these findings we gain a 

deeper mechanistic understanding of mussel glue formation and function that challenges 

the dominant DOPA-centric paradigm, providing inspiration for design of bio-inspired wet 

adhesives.  

Introduction 

Nature offers inspiration for the design of sustainable, high-performance materials of the 

future1,2. Mussels are prominent archetypes for bio-inspired wet adhesion, exhibiting a 

conspicuous ability to stick to slippery seashore surfaces3. Marine mussels (Mytilus spp.) 

anchor in intertidal habitats using acellular, protein-based fibers known as byssal threads 

(Fig. 1A)2. Byssal threads possess a highly effective underwater glue with an 

interconnected (open-cell) micro- and nano-porous structure called the plaque, which 

attaches firmly to different surfaces in seawater conditions, securing mussels against 

crashing waves (Fig. 1A)3. Many decades of biochemical investigations have identified 

five plaque-specific proteins (mfp-2 to mfp-6; mfp = mussel foot protein) hypothesized to 

have specific functions and to be localized to particular regions of the plaque (Fig. 1A, 

Supplementary Table 1)3-7. In terms of nomenclature, species-specific mussel foot 

proteins are denoted according to the species they come from – e.g., mfp-3 from Mytilus 

edulis is called mefp-3 while that from Mytilus californianus is called mcfp-3.  

The versatility and prowess of mussel adhesion was previously ascribed to the presence 

of an atypical posttranslational modification of tyrosine prominent in these glue proteins 

– 3,4-dihydroxyphenylalanine (DOPA)3,8. Functional studies revealed that DOPA 

interacts directly with substrate surface chemistry through diverse non-covalent and 

covalent interactions, while in the bulk plaque, DOPA forms cohesive metal coordination 

interactions with iron and vanadium ions3,8,9. The identification of the role of DOPA in 

mussel adhesion helped establish the field of mussel-inspired materials8, which has 

grown substantially over the last two decades1,10-12. Although impressive, these synthetic 

systems still do not match the properties of the native mussel adhesive1. To advance the 

field of bio-inspired adhesion, it is essential to more precisely understand the biochemical 
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design and physicochemical control of native mussel glue formation and function, which 

requires examining the process by which the native plaque is produced. 

In a process unlike anything found in synthetic adhesives, mussels fabricate the plaque 

using a secretory organ, known as the foot, in which plaque protein precursors are mass-

produced and packaged in micron-scale secretory vesicles as fluid condensates, which 

are stockpiled with specialized secretory glands (Fig. 1B-C)9,13,14. Recent findings suggest 

that during byssus formation, plaque condensates are flowed through microfluidic-like 

channels and triggered to solidify by a pH increase going from the acidic storage phase 

(pH 3-4) to alkaline seawater (pH 8.2)15, resulting in the spontaneous formation of the 

open-cell porous structure of the native plaque9,14. Recent studies indicate that the pores 

of the native plaque (pore size ranging from 0.2 µm – 2 µm16,17) are filled with fluid 

condensate glue proteins, proposed to extend the functional lifetime of the glue (Fig. 

1)14,18. In particular, the DOPA-rich adhesive proteins (mfp-3 and mfp-5) and Cys-rich 

reducing protein (mfp-6) are thought to be localized at the plaque-surface interface and 

also within the pores where they play key roles in establishing a strong interfacial 

adhesion (Fig. 1A) 18. The solid porous scaffold, on the other hand, remains understudied, 

despite its importance in dissipating energy from crashing waves14,19. Indeed, besides the 

presence of the protein mfp-24, surprisingly little is understood about scaffold 

composition, the biochemical structure-function relationships that define its behavior, or 

the spontaneous self-assembly of its porous structure. 
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Figure 1. Self-assembly of porous mussel glue. a Mussels attach to surfaces using 

byssal threads, which terminate at the plaque – a porous underwater glue made of 

different proteins precisely localized in the plaque. The plaque comprises a solid scaffold 

and fluid condensate glue proteins trapped within the pores. b Byssal threads are 

produced by a secretory organ known as the foot. Plaque proteins are stored in vesicles 

within the foot plaque secretory gland as fluid condensate droplets, which are secreted 

into the distal depression in the foot where they begin to solidify. c When they burst, 

purified plaque vesicles undergo salt- and pH-dependent liquid-liquid phase separation 

(LLPS) and subsequent solidification, forming a porous microplaque. d Microplaque-

specific proteins are enriched in histidine, and Raman spectroscopy suggests the 

presence of histidine metal coordination cross-linking and partial alpha helical secondary 

structure in microplaques, based on peak positions denoted by dashed lines. e Schematic 

of pH-dependent histidine deprotonation and metal binding with associated characteristic 

Raman peaks noted. 

Recently, we developed a method to extract and purify intact plaque secretory vesicles 

from the mussel foot glands14, which contain all of the protein components used to make 

the plaque. This enabled direct analysis of the proteins as well as in vitro assembly studies 
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under defined physicochemical conditions. Several key observations emerged from these 

initial studies14,20: 1) Plaque vesicles from the blue mussel Mytilus edulis contain at least 

ten different proteins14,20 (contrasting the five proteins currently confirmed to be present 

in the plaque). This indicates at least five uncharacterized plaque proteins, which could 

be playing important roles in plaque formation and function. 2) Several of the 

uncharacterized proteins in the vesicles stained positively for elevated content of the 

amino acid histidine14. Notably, previous transcriptomic analysis on a related mussel 

species identified several putative byssus glue proteins enriched in histidine21, while very 

recent studies identified similar histidine-rich proteins stored within the plaque secretory 

vesicles of M. edulis20. 3) It was observed that when the plaque vesicle membrane was 

osmotically ruptured, the condensate within self-assembled into a nanoporous solid 

structure reminiscent of the native plaque. Specifically, the condensate spontaneously 

underwent pH-dependent LLPS in which certain proteins rapidly cured into a solid 

“microplaque” with native-like porous structure, while other proteins remained as fluid 

condensates in the pores that eventually washed away into the buffer (Fig. 1C)14. 

Importantly, the critical pH for inducing solidification is close to the pKa of histidine (pH 

~6.5), suggesting a possible role of the unknown His-rich proteins in plaque self-assembly 

and curing1,3. 4) The dissolution of the solidified microplaque under acidic conditions 

revealed the enrichment of these same unidentified higher molecular weight histidine-rich 

proteins from the M. edulis plaque vesicles. In contrast, the known lower molecular weight 

DOPA-rich proteins (MW < 15 kDa), which based on previous studies remain as a fluid 

condensate phase14,22, were washed away from solid scaffold following vesicle rupture 

leaving only the scaffold histidine-rich proteins in the solid microplaque (Fig. 1D).  

Based on these clues, we hypothesize that these as of yet uncharacterized histidine-rich 

plaque proteins may play a pivotal role in the self-organization and curing during plaque 

formation by undergoing phase separation to form the solid open-cell porous network 

structure of the plaque. This porous morphology is crucial to glue performance in terms 

of both mechanics19 and redox regulation18. Here, we aim to investigate these 

uncharacterized plaque scaffold proteins, characterize their properties, and understand 

their role in formation and function of mussel glue.  
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Results 

mefp-12 is an evolutionarily conserved histidine-rich plaque protein in Mytilid mussels 

 

Figure 2. Localization and sequence elucidation of the histidine-rich adhesive 

protein mefp-12 in Mytilus edulis. a Plaque vesicles contain the histidine rich protein 

mefp-12, confirmed with Pauly staining of SDS gels (a: N = 2 gels from 2 specimens). b 

Sequence of mefp-12 (from Mytilus edulis) with signal sequence underlined in black, 

histidine residues highlighted in red, and MS/MS confirmed peptides boxed (Genbank 

Accession: PV698367). c In-situ hybridization (ISH) shows that mefp-12 is produced 

exclusively in the plaque secretory gland corresponding to the green regions of the 
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illustrated foot cross-sections (blue and red regions correspond to the core and cuticle 

glands, respectively).  

To investigate the composition of the porous plaque scaffold material, we induced the 

formation of solid microplaques by rupturing purified plaque vesicles under basic 

conditions. After washing the fluid proteins away from the pores, the solid microplaques 

were dissolved under acidic conditions, yielding solubilized scaffold proteins. SDS-PAGE 

analysis identified several prominent bands (Fig. 1D) that correspond to plaque vesicle 

proteins that stain positively for Pauly stain (histidine-specific) (Fig. 2A and 

Supplementary Fig. 1)23. Recent investigations of whole plaque vesicle extracts identified 

the presence of several previously uncharacterized histidine enriched proteins20 – 

however, the localization of these proteins in the plaque and their potential function 

remains unknown. To determine if these proteins might correspond to the proteins 

extracted from the solid microplaque, MS-MS proteomic analysis was performed on 

tryptic peptides extracted specifically from the highest molecular weight band on the SDS 

gel, which stained strongest for histidine (Fig. 2A). MS/MS analysis identified a single 

protein-coding transcript that was abundantly expressed in a Mytilus edulis plaque gland 

transcriptome24 and previously identified as a component of the plaque vesicles through 

whole vesicle proteomic analysis20.  

The corresponding full-length mRNA sequence for this transcript was obtained through a 

5’ and 3’ RACE (rapid amplification of cDNA ends) approach, which revealed sequence 

similarity to a putative plaque protein (mcfp-12) previously identified from the 

transcriptome of the California mussel (Mytilus californianus)21, but unverified to be 

present in the plaque. Consistent with this earlier nomenclature, we name the 

homologous protein discovered in Mytilus edulis mefp-12 (Fig. 2B)20. In situ hybridization 

using a specific DIG-labelled RNA probe confirmed the presence of mRNA transcripts 

coding for mefp-12 localized in plaque secretory glands of mussel foot tissue sections 

(Fig. 2C) and not the other glands (Fig. 2C and Supplementary Fig. 2). Further BLAST 

searches identified uncharacterized putative sequences homologous to mefp-12 in 

Mytilus galloprovincialis, Mytilus trossulus, and Mytilus coruscus with high confidence (e-

values between 1e-86 to 1e-66). Although separated by at least 182.8 MYA25, there are 
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clear sequence similarities across all 5 mytilid species (Fig. 3A, Supplementary Table 1) 

with especially strong conservation of the prominent histidine residues (comprising 9.1 

mol%) (Fig. 3A). Further BLAST searches against closely related non-Mytilid bivalves 

such as Dreissena polymorpha and Dreissena rostriformis were far less significant (e-

values of 1e-3 and no hit respectively) suggesting that mefp-12 is restricted to the 

Mytilidae. Together, these findings confirm that mefp-12 is an evolutionarily conserved 

histidine-rich byssus glue protein within the Mytilus genus. 

 

Figure 3. Analysis of mefp-12 sequence homology and in silico predicted structure, 

oligomerization, and metal-binding. a Comparison of mefp-12 sequences from other 

mytilid mussels with dots indicating conserved amino acids across species and dashes 

indicating gaps, highlighting the strong homology (notably in repetitive globular domains 

highlighted in green and the central helical domain highlighted in lavender). Conserved 

histidine residues within the helical domain are boxed in red. A 6th globular domain, 

contoured in red, is present exclusively in M. edulis and M. galloprovincialis. b AlphaFold3 

structural prediction of Mefp-12, with repeated globular domains highlighted. c Monomeric 
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to tetrameric conformational structures predicted for mefp-12, highlighting oligomerization 

and Zn-binding of CC domain (Zn2+ appears as orange spheres, confidence < 50%). 

 

mefp-12 is a Zn-stabilized coiled-coil protein with prominent Zn-finger-like domains 

Building off recent investigations20, we investigated the conformation of mefp-12 using AI-

guided structural prediction algorithms. Both AlphaFold3 and Chai predicted a high 

degree of regular conformation for mefp-12 (Figs. 3B-C and Supplementary Figs. 3 and 

4) with an extended central alpha helical domain (confidence >90%) consisting of 129 

amino acids of which ~18 mol% are histidine (Supplementary Fig. 5). It was further 

predicted by AlphaFold and the WaggaWagga algorithm26 that these helices will form 

stable coiled coils (CCs), likely homotrimeric, which possess histidine-Zn metal 

coordination sites within the core of the coil (Figs. 3B-C and 4A, Supplementary Figs. 6 

and 7). This is unusual as CCs are typically stabilized by hydrophobic interactions 

between apolar residues within the CC core (Supplementary Fig. 6)27. While the location 

of zinc ions is predicted with relatively low confidence in AlphaFold (confidence <50%, 

Fig. 3C), the suggested binding of metal ions within the core of the CCs was intriguing as 

a potential zinc-dependent assembly mechanism, warranting further investigation below.  

Beyond the CC domain, AlphaFold3 predicted with high confidence the presence of six 

domains in the terminal regions of mefp-12 possessing a common tertiary structure 

enriched in beta sheets and alpha helices, with conformational homology to Zn-finger 

motifs (Fig. 3B and Supplementary Fig. 8). There is a particularly strong conservation of 

histidine and cysteine residues, which are important in expected canonical Zn2+ binding 

sites (Supplementary Fig. 8)28. Both putative zinc-binding motifs are noteworthy in the 

context of thread assembly as zinc is known to play a crucial pH-dependent role in the 

assembly of its collagenous core through His-Zn binding29,30. While its role within the 

thread core is well established, zinc has also been identified within the plaque at levels 

more than twice as high as that of the threads31. Yet, its function within the glue has yet 

to be elucidated. 
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If these computational predictions are correct, we expect to observe a dominant alpha 

helical structure in the plaque scaffold, as well as evidence of His-Zn metal coordination. 

Confocal Raman spectroscopy can assess both hypotheses. Along these lines, there are 

clear differences in the Raman spectra of intact plaque vesicles, which contain all plaque 

proteins and the microplaques (formed from ruptured vesicles at pH >6), which contain 

only the proteins in the solid plaque scaffold. In particular, we observe a shift of the amide 

I peak intensity of the microplaques to lower values (1657 cm-1) and a shift in the relative 

intensity of the peaks within the amide III band with a maximum at 1328 cm-1. Both of 

these changes are consistent with a shift toward more alpha helical secondary structure 

based on previous investigations32. However, the proteins in the microplaques are clearly 

not fully alpha helical when compared to standards such as keratin, which possesses 

dominant alpha helical coiled coil structure (Supplementary Fig. 9). Additionally, in 

microplaque spectra we observe a shoulder at ~1590 cm-1 which could correspond to 

C4=C5 stretching of the imidazole ring bound to a metal ion (Figs. 1D-E)33, consistent with 

previous findings14. These differences in the spectra between plaque vesicles and 

microplaques make sense considering plaque vesicles contain many unstructured plaque 

proteins while microplaques are enriched in mefp-12 (Fig. 1D). Although unrecognized at 

the time, published Raman spectra from induced plaque proteins in the secretory ducts 

of mussel foot also suggest the presence of 𝛼-helical character based on similar spectral 

features9.  
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Figure 4. LLPS and solidification of mefp-12 𝛼-FP12 peptide. a A histidine-rich peptide 

(𝛼-FP12) was designed based on sequence from the predicted CC region of mefp-12. 

Red arrows show positions of histidine on the AlphaFold3 structural model. b Phase 

diagram showing phase separation (blue), aggregation (red), and solution (white) as a 

function of pH and peptide concentration at 1M NaCl and a 3:1 His:Zn2+ ratio. c Light 

microscopy images showing pH-dependent coacervation and aggregation of 𝛼-FP12. d 

Comparison showing similarity of 𝛼-FP12 coacervation and solidification with microplaque 

formation from extracted plaque vesicles (c, d: N = 3 from 3 different samples). 

𝛼-helical mefp-12 peptides exhibit native-like Zn- and pH-dependent self-assembly via 

LLPS 

To further investigate the predicted conformation, metal binding, and potential function of 

the predicted central helical domain of mefp-12, we synthesized a 30 amino acid peptide 

(𝛼-FP12) with a sequence pulled from the putative histidine-rich alpha helical region (Fig. 

4A). Given that plaque vesicle proteins are stored as fluid condensates, we explored the 

LLPS behavior of 𝛼-FP12 under a range of relevant conditions – including peptide 

concentration, pH, salt concentration, and histidine-binding transition metal ions (Zn, Cu, 
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and Ni). As shown in the phase diagram and optical microscopy images in Figs. 4B and 

4C, under pH conditions at and slightly below the pKa of histidine (~6.5) and above 

concentrations of ~3 mg/ml, 𝛼-FP12 underwent LLPS, forming small fluid droplets that 

coalesced and spread over the glass surface (Supplementary Fig. 10 and Supplementary 

Movie 1). Importantly, LLPS required at least 500 mM NaCl and was entirely zinc-

dependent, only occurring in the presence of Zn2+ molar ratios of at least 1 Zn2+:3 His and 

not with Cu2+ or Ni2+ ions. Notably, raising the pH above the pKa of histidine following 

coacervation resulted in the solidification of the 𝛼-FP12 condensate droplets, which 

spontaneously formed porous solids that strongly resemble the microplaques formed 

during rupture of native plaque vesicles (Fig. 4D). This is remarkable considering that 

native vesicles contain all ten plaque proteins found in the secretory vesicles, while the 

peptide is only a 30 amino acid segment selected from just one of the ten proteins. At 

higher concentrations, the 𝛼-FP12 peptide forms large condensates of hundreds of 

microns that spread over the glass surface and can also be induced to form large open 

cell porous solids resembling native mussel glue by increasing pH above 8 (Figs. 5A-B 

and Supplementary Movie 2).  
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Figure 5. Structural and conformational transitions during mefp-12 𝛼-FP12 peptide 

condensate solidification. a Light microscopy image of large 𝛼-FP12 condensates 

undergoing pH-triggered solidification into a porous solid that resembles native plaque 

structure. b Zoomed image of inset from panel A, comparing the synthetic solid to an SEM 

section of the native byssus plaque showing similar microporous structure (a, b: N = 3 

from 3 different samples). c Raman spectra between 1100-1800 cm-1 (i) acquired from 𝛼-

FP12 peptide solution (black), condensate droplet (purple), and solid (blue) compared to 

a microplaque formed from a plaque secretory vesicle (red). Panel (ii) shows the amide I 

region from (i) between 1500-1750 cm-1 , highlighting secondary structure and histidine-

metal coordination peaks. 

 

To examine the role of conformation and metal binding in phase separation behavior, 

confocal Raman spectra were acquired from 𝛼-FP12 condensates (pH 6.5), which may 

indicate partial alpha helical structure, but mostly random coil, with the amide I band 
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shifting to lower wavenumbers (~1660 cm-1) compared to the pure peptide amide peak at 

1667 cm-1 (Figs. 1E and 5C) The peak for non-coordinated histidine at 1568 cm-1 

observed in the pure peptide solution, shifts to ~1600 cm-1 with ZnCl2 at pH 6.5, indicating 

His-Zn coordination, although this peak is overlapping slightly with the ring vibration of 

tyrosine at ~1615 cm-1 (Figs. 1E and 5C). To verify this assignment, measurements of 

condensates formed in D2O were performed, showing expected peak shits for a His-Zn 

vibrational mode at pD 6 (Supplementary Fig. 11)33. Thus, we conclude that Zn- and pH-

induced coacervation of 𝛼-FP12 is associated with formation of partial 𝛼-helical structure 

and His-Zn metal coordination interactions. 

Raman measurements were then performed on 𝛼-FP12 condensates that were solidified 

under seawater pH forming porous structures. Spectra from the porous solids showed 

clear enhancement of 𝛼-helical amide I and III signatures32, but also indicated an 

unexpected change of the metal coordination mode to a doubly deprotonated histidine 

imidazolate side chain that bridges two Zn ions, based on characteristic peaks at 1290 

and 1555 cm-1 (Figs. 1E and 5C)33. The presence of the Raman signature for the metal-

bridging imidazolate ring of histidine is quite unusual to observe at pH 8 given the 

extremely high pKa of the second His proton (pKa ~11-14)34. However, this binding mode 

has been reported previously at physiological pH in the active site metal center of the 

redox enzyme superoxide dismutase, which possesses a doubly deprotonated histidine 

residue bridging Cu and Zn ions35,36. Additionally, similar Raman peaks for metal bridging 

histidine imidazolates have been reported in amyloid-𝛽 fibrils associated with Alzheimer’s 

disease37 and in mussel-inspired materials produced from histidine-enriched peptides38-

40. Thus, the internal environment within certain protein folds may favor imidazolate metal 

bridging, even though this is unlikely to occur in solution phase below pH 11 with pure 

histidine34. While the solidified 𝛼-FP12 remained stable on the surface indefinitely and 

persisted upon resubmerging it in solutions above pH 6 (Supplementary Movie 3), it was 

easily dissolved either by lowering the pH below 6 or by adding EDTA to the solution (Fig. 

4D and Supplementary Movies 4 and 5). These observations highlight the key role of 

histidine-Zn metal coordination interactions in providing stability to the material.  

Investigation of structural and phase separation behavior by NMR spectroscopy 
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In addition to Raman spectroscopy, the physical and biochemical driving forces of 𝛼-FP12 

self-assembly was subjected to additional scrutiny by combining both solution and solid-

state nuclear magnetic resonance (NMR) spectroscopies (Supplementary Table 2). First, 

solution NMR, combining both high field magnet (800 MHz) and cryoprobe, enabled the 

detection and complete 1H/13C assignment (Supplementary Fig. 12, Supplementary Table 

3) of the peptide conformation in solution within the range of concentration relevant for 

this study (i.e. from 1mg/mL (265 μM) to 10 mg/mL (2.7 mM)) (Supplementary Fig. 13). 

Using CSI 3.041 and TALOS-N42,43 NMR secondary structure prediction tools, the peptide 

in water under acidic conditions (pH 4.3) is consistent with a random coil conformation 

within this range of concentration, which fits Raman spectroscopic measurements. 

Exploring pH as a key parameter, the peptide does not show conformational changes in 

the range from pH 3.0-12.6 in the absence of zinc. However, we detected the changing 

protonation state of specific amino acids (Supplementary Fig. 14), allowing us to confirm 

that the His residues in the peptide have an average pKa of 6.2 (Supplementary Fig. 15, 

Supplementary Table 4), matching literature values44,45 and notably, the pH at which 

coacervation occurs. The narrow distribution of His pKa further indicates that, without zinc 

ions, the peptides are likely disordered as a secondary structure would affect local His 

protonation since they are homogeneously distributed along the peptide sequence.  
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Figure 6. Characterization of peptide coacervates and solids by NMR. a 1H-13C 

HSQC solution NMR of 𝛼-FP12 peptide Hα-Cα backbone (left) and aromatic sidechains 

(right) in water (black spectra), 1M NaCl before (green spectra) and after (purple spectra) 

addition of Zn2+ ions at pH 6.5. b Peak integration of 1H-13C HSQC spectra in 1M NaCl 

before (green) and after (purple) addition of ZnCl2. Tyr and His sidechain resonance shifts 

and signal loss suggest that aromatic residues play a key role in coacervate formation or 

stabilization. c Solid-state NMR showing transition of 𝛼-FP12 peptide solution under 

acidic conditions (red), to coacervates at pH 6.3 (purple), and toward alpha-helical 

structure in the solid phase with clear downfield shift of the Cα in basic conditions (blue). 

Low signal coming from the coacervate indicates intermediate molecular dynamics, 

making it hard to detect by both solution and solid-state NMR.  

With this baseline analysis in hand, we next investigated the effect of salt and ions at 

different pH using solution NMR. High salt concentrations (0.5 - 1 M NaCl) showed only 

limited effect on the peptide conformation (a few peaks shifted downfield due to overall 

difference in solvation or H-bonding46 (Supplementary Fig. 16)). Consistent with Raman 

analysis, solution NMR analysis showed only weak secondary structure in the solution 

and condensate phases (Fig. 6A and Supplementary Figs. 17A-B). Unsurprisingly, 

condensate formation decreased overall spectra intensity – however, precise 

quantification showed that specific amino acids are more affected by the coacervate 

formation than others. Indeed, specific signals corresponding to histidine and tyrosine 

side chains decreased significantly more in condensates vis-à-vis solutions compared 

with any other amino acids (Fig. 6B, Supplementary Figs. 17C-D and 18). This indicates 

that the relaxation rates of histidine and tyrosine, in particular, have been affected, likely 

suggesting direct involvement in driving coacervate stabilization through transient 

interactions, as previously identified in histidine-rich squid beak proteins47,48. 

Solid-state NMR, while displaying a lower resolution, allows us to detect more rigid 

molecules and therefore is a powerful method to investigate the 𝛼-FP12 solids formed 

under basic pH conditions. Using high resolution spectra from solution NMR 

measurements for reference, we partially assigned resonances from the ssNMR spectra, 

showing a good agreement between peptide in solution and 30% w/w hydrated peptide 
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in ssNMR rotor (Supplementary Fig. 19). Comparing 𝛼-FP12 in solution at pH 4.3 and in 

the fluid condensate phase at pH 6.5, only few resonance shifts are detected. It is worth 

mentioning that the intermediate dynamics of fluid condensates make it hard to detect by 

both solution and solid-state NMR (Supplementary Fig. 20 A-D). Interestingly, when 

condensates self-organize into porous solids at pH 8.0, the ssNMR signal is significantly 

improved, even showing clear Cα resonances shift indicative of increased 𝛼-helical 

structure, together with His and Tyr side-chains resonance shifts, further confirming that 

these amino acids have tightly interacting side chains in the solid phase (Fig. 6C and 

Supplementary Figs. 20E-F). Notably, the overall poor signal-to-noise ratio of the ssNMR 

spectra indicates the intermediate molecular motion at play in the coacervate and 

subsequent solid.  

Overall, our Raman and NMR spectroscopic investigation provides strong evidence that 

𝛼-FP12 undergoes zinc-dependent LLPS that involves both histidine and tyrosine 

residues. Moreover, solidification occurs above the pKa of histidine through formation of 

Zn-stabilized 𝛼-helical CCs that spontaneously self-assemble into a porous network at 

basic pH.  

Discussion 

Revisiting and revising the DOPA-centric archetype of mussel adhesion 

The findings of this study challenge the long-held DOPA-centric paradigm of mussel 

adhesion demonstrating convincingly that His-rich mefp-12 is an important and 

evolutionarily conserved glue component that plays a key role in the pH-responsive 

formation of the micro- and nanoporous network and that provides structural integrity to 

the plaque adhesive under mechanical loading. Indeed, our peptide studies suggest that 

the mefp-12 CC domain drives pH-triggered and zinc-dependent phase separation, as 

well as subsequent solidification of the plaque – in line with the proposed pH-dependent 

assembly of the native plaque. While future studies focusing on the native protein in its 

entirety (e.g., via recombinant expression or purification) will be important to further 

confirm its role within the plaque, the current findings indicate a chemically regulated 

capacity for self-assembly and solidification that is programmed into the primary 
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sequence of the His-rich CC domain. In this modified model of mussel glue fabrication 

(Fig. 7), we posit that pH-triggered Zn2+ binding by mefp-12 initiates the conformational 

transition to 𝛼-helical structure and association of these proteins into a porous network, 

excluding certain DOPA-rich adhesive plaque proteins in the vesicles, which remain as 

fluid condensates within the pores of the cured scaffold (Fig. 7)14. As previously proposed, 

the connectivity of the open-cell porous network of the plaque likely provides a means of 

transporting the fluid adhesive protein to the surface to replenish damaged adhesive 

contacts and allow long lasting substrate adhesion18.  

Solidification of protein LLPS droplets is typically associated with formation of beta 

crystalline amyloid conformation, which exists as an energy minimum in the protein 

folding landscape49,50. Thus, the observation that the 𝛼-FP12 peptide fluid condensates, 

and presumably mefp-12, reach an energy minimum in the arrested state consisting of 

metal stabilized 𝛼-helical coiled coils is noteworthy and perhaps functionally relevant. CCs 

are found in numerous biological materials, often in the form of intermediate filaments like 

keratin, vimentin, and lamin51, providing the propensity for increasing material toughness 

and damping in cyclic loading, due to rupture of sacrificial hydrogen bonds along the helix 

and unfolding of the protein chain reaching strains up to 150%52. Importantly, in most CC-

based materials this unfolding is completely reversible – when the force is removed, the 

CC refolds, providing elastomeric mechanics and high mechanical hysteresis32,53. 

Furthermore, His-metal cross-linking can provide additional mechanical enhancement of 

folded protein domains, as reported for other byssus proteins29,54, globular domains55, 

and bioengineered CCs40,56. This is relevant in the context of the crashing waves that 

batter mussels, for which mechanical hysteresis and toughness are crucial parameters 

for survival57. Notably, the fibrous core of the thread is also well-known to use His-Zn 

coordination as an assembly trigger and as a sacrificial cross-link for providing thread 

toughness and self-healing capacity2,29,30. It is tempting to further speculate that the 

predicted Zn-finger-like domains of mefp-12 may provide additional toughening capacity. 

Indeed, there are numerous examples in nature of tandemly repeated globular domains 

that function in such a capacity –notably, the Ig domains of the massive muscle protein 

titin58. However, verifying this hypothesis requires further study. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

Figure 7. Illustrative model of proposed mechanism of liquid-to-solid phase 

transition during porous plaque scaffold formation. Schematic showing the proposed 

pH- and metal-dependent structure and metal coordination changes occurring during 

plaque formation, resulting in the final open-cell network assembly. Proteins destined to 

form the solid plaque scaffold appear blue, while adhesive proteins appear red. a Mefp-

12 within intact vesicles are stored at acidic pH and are fully protonated, unable to bind 

metal ions. b Upon secretion and gradual increase in pH, vesicle contents coalesce and 

are held together by His-zn metal coordination, but mefp-12 remains mostly unstructured. 

c Under basic conditions nearing the pH of seawater, spontaneous phase separation and 

solidification of the plaque is driven by CC formation of mefp-12 stabilized by histidine 
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imidazolate coordination bridging two Zn ions. During this process, the proteins 

comprising the solid porous scaffold (blue) – notably, mefp-12 – are segregated from the 

adhesive proteins (; e.g., mefp-3, mefp-5, and mepf-6), which remain as condensates in 

the pores (red) d Vanadium ions are secreted and coordinate with DOPA-containing 

proteins adding a second, stronger metal-coordination network, further toughening the 

plaque scaffold. 

 

While DOPA-metal coordination with plaque proteins has also been proposed as a metal-

based cross-linking strategy in plaque formation4,9, these are not mutually exclusive glue 

curing mechanisms. We posit that histidine-Zn cross-linking offers several additional 

benefits for glue fabrication and function. Indeed, it seems plausible that the use of both 

His-Zn and DOPA-V/Fe cross-linked networks together may further enhance plaque 

toughness (Fig. 7). For example, double network hydrogels consist of two interpenetrating 

polymer networks, which are stabilized by orthogonal cross-linking chemistries with 

differing strengths 59,60. The weaker sacrificial network ruptures prior to the stronger 

network, dissipating significant mechanical work, substantially enhancing material 

toughness. Histidine-metal bonds possess a single molecule breaking force that is 

approximately one-third of DOPA-metal bonds55,61, which means they might act in a 

sacrificial manner within the proposed double network of the plaque, just as they act as 

sacrificial bonds with the collagenous core of byssal threads to enhance toughness and 

provide self-healing capacity29. Moreover, histidine does not suffer from the well-known 

tendency of DOPA to oxidize, which can induce formation of non-reversible covalent 

cross-links over time15,62. While these speculations remain to be validated experimentally, 

the insights extracted in this study provide a much deeper understanding of the 

mechanism underlying the formation and function of this biological glue, which in turn 

imparts further inspiration for next generation bio-inspired adhesives, coatings, and 

hydrogels with potential for biomedical and technical applications. 

Methods 

Ethical statement 
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This research complies with all relevant ethical regulations for testing and research 

of Mytilus edulis in Canada. 

Mariculture & Plaque Vesicle Isolation 

Mussels (Mytilus edulis) farmed on the Atlantic coast of Canada (Prince Edward Aqua 

Farms, PEI, Canada) were maintained in an aquarium at 12-15 °C in artificial seawater 

(Fluval Sea, USA; containing Ca, K, Mg and Sr) adjusted to 3%. Only adult specimens 

were used; sex was not determined, as it was not relevant to the study. Extracellular 

plaque vesicles were extracted and isolated from mussel foot tissue following a previously 

published protocol17. To summarize, 0.5 g of gland tissue was dissected from mussel feet 

and homogenized in a chilled glass homogenizer (Wheaton) in 5 mL of a 150 mM citrate-

phosphate buffer solution (pH 5.5) containing 500 mM sucrose, 150 mM EDTA and 5 mM 

ascorbic acid. The resulting crude homogenate was combined 1:1 with a 30% OptiPrep 

solution (Sigma), filtered through a 40 μm nylon cell strainer and layered onto a 

30/27.5/25/22.5/20/17.5% discontinuous OptiPrep gradient. After centrifugation for 200 

minutes at 4000g, 4 °C, the 27.5/25% interface (containing plaque vesicles) was 

collected. To remove excess OptiPrep prior to downstream experiments, the vesicle 

solution was combined 1:1 with homogenization buffer, centrifuged at 500g for 1 hour to 

pellet vesicles, followed by resuspension in 100-200 μL of fresh homogenization buffer. 

Gel Electrophoresis & Western Blots 

Plaque vesicles were centrifuged at 15,000g for 15 minutes and resolubilized in 30 μL of 

0.1% HCl, causing them to rupture, forming a solution of plaque proteins. This solution 

was then combined with 10 μL of 4x Laemmli sample buffer, heated at 90 °C for 5 minutes, 

and run on a discontinuous 15% SDS gel (Laemmli Tris-glycinate electrode buffer 

protocol). Coomassie Brilliant Blue (Bio-Rad) was used to stain and visualize bands. For 

Pauly staining, bands were blotted onto nitrocellulose membranes. Pauly staining was 

carried out as described previously23, by incubating a blotted nitrocellulose membrane in 

a 20 mL solution of equal parts 1) 5% w/v sodium nitrite, prechilled, and 2) 0.9 g of 

sulfanilic acid dissolved in 100 mL of 1M HCl for 5 minutes under gentle shaking. 20mL 

of 10% w/v sodium carbonate is then added until orange coloration of bands is achieved. 
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For microplaque compositional investigation, microplaques were formed by combining 

isolated plaque vesicles with Milli-Q water at a ratio of 1:10 on a glass slide and left to 

rest for 20 minutes. The solution was removed, leaving behind microplaques adhered to 

the glass surface, which were subsequently resolubilized by incubation in 0.1% HCl. The 

resulting solution was run on a 15 % gel as described above and visualized by use of the 

Silver Stain Plus kit (Bio-Rad) due to the very low concentration of proteins. 

Rapid Amplification of cDNA Ends (RACE) 

Gene-specific primers (Supplementary Table 5) were used to amplify overlapping 5′ and 

3′ fragments from RACE libraries prepared from M. edulis foot tissue. RACE PCR 

amplicons were subsequently cloned into pGEM-T (Promega) using standard TA-cloning 

methods, and cloned fragments were sequenced by standard Sanger chemistry. 

Genbank Accession: PV698367. 

In situ hybridization 

In situ hybridization (ISH) was carried out as described previously63,64. In brief, three 

mussel feet were dissected from live mussels, with their RNA extracted using a TRIzol 

Reagent kit (Thermofisher). Synthesis of cDNA by reverse transcription of the extracted 

RNA was carried out with a Reverse Transcription kit (Roche), with double stranded DNA 

templates amplified by PCR using the Q5 High-Fidelity DNA Polymerase kit method. 

Primers were designed with Open Primer 3 (https://bioinfo.ut.ee/primer3/, optimal probe 

length 700-900 bp). Purification of the resulting PCR products for probe synthesis was 

done with Wizard SV Gel and PCR clean-up system kit (Promega). A DIG RNA Labelling 

kit (Roche) with T7 RNA Polymerase and DIG-dUTP was then used for Digoxigenin (DIG)-

labelled RNA probe synthesis, which were used on transverse sections of a mussel foot 

at a concentration of 0.2 ng/μL. Detection was performed by using antidigoxigenin-AP 

Fab fragments (Roche) at a 1:2000 dilution, coupled with the NBT/BCIP system (Roche) 

at a 1:50 dilution at 37 °C for signal development until satisfactory tissue coloration was 

achieved form the resulting precipitate. Controls without probes and without antibodies 

were also performed on the tissue sections. Imaging was done on an upright 
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Axioscope.A1 polarized light microscope (Zeiss) with a 5× objective (Zeiss) coupled with 

a 6-megapixel Axiocam 506 color camera (Zeiss). 

Secondary Structure, Multimerization and Metal Binding Predictions 

AlphaFold365 and Chai66 were used for monomer, multimer, and metal binding secondary 

structure predictions. The WaggaWagga algorithm26 was used to further confirm coiled 

coil formation. All predictions were performed on their respective freely available web 

servers (https://alphafoldserver.com/; https://lab.chaidiscovery.com/dashboard; 

https://waggawagga.motorprotein.de/). Monomer and dimer structures were predicted on 

both AlphaFold3 and Chai, while trimers and tetramers were solely predicted on 

AlphaFold3 due to length restrictions on the Chai platform. For image generation & 

visualization, CIF files for the predicted structures were uploaded to the online version of 

Mol* (https://molstar.org/viewer/).  

Cross-Species Sequence Analysis 

All sequences from the other mytilid species compared to mefp-12 were found on the 

NCBI Protein Databank, with accession numbers available in Supplementary Fig. 1. 

Sequence alignment and highlighting was performed in the BioEdit67,68 sequence 

alignment editor software using the ClustalW Multiple Alignment accessory application 

available within the BioEdit software to align all available Mfp-12 sequences.  

Peptide Coacervate Formation & Solidification 

The 30 amino acid 𝛼-FP12 peptide (VDYHKRLHKHTKYHLAAAEHQHKKHLNER) used 

in this study was synthesized by Biomatik Corporation with an acetylated N-terminus. For 

coacervation studies, the peptide was dissolved in a solution of 25 mM MES buffer 

(Sigma), with pH adjusted with concentrated HCl or NaOH, and ionic strength adjusted to 

0.5 M or 1 M with NaCl. Coacervation was induced by mixing this peptide solution with 

stock solutions of zinc chloride (Sigma) at a 9:1 ratio to give a final solution with a ratio of 

3 histidine residues to 1 zinc ion. For pH-dependent phase separation and solidification 

experiments, a 1 μL aliquot of coacervate droplets was allowed to settle onto the surface 

of a glass slide. A 20 μL volume of 25mM PIPPS buffer (Sigma) at pH 8 and 0.5 M ionic 
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strength was pipetted over the 1 μL droplet triggering pore formation and solidification. 

The solution was subsequently washed two additional times with 20 uL aliquots of the 

PIPPS solution to ensure pH homogeneity. For further dissolution experiments, solidified 

peptides were then air dried prior to being resubmerged in 20 μL of PIPPS solution (pH 

8, Supplementary Movie 3) or 0.1% HCl in Milli Q water (pH 2.05, Supplementary Movie 

4). Images and videos of droplet settling and solidification were taken on an Axio Observer 

inverted microscope (Zeiss) equipped with a 40x air objective (Zeiss) an Axiocam 705 

mono camera (Zeiss). 

Raman Spectroscopy 

Raman spectra of samples were collected on an Alpha300R confocal Raman microscope 

(Oxford Instruments) coupled with a green laser (532 nm) and either a 50x air (Zeiss, 

numerical aperture = 0.8) or 100x oil-immersion (Zeiss, numerical aperture = 1.25) 

objective. Spectra were taken at a laser power of 12 mW and an integration time of 3 s 

per point. Scattered light was collected with a thermoelectrically cooled CCD detector 

(Andor). WITec’s ControlFIVE and ProjectFIVE software were used for spectrum 

collection and processing, respectively. Spectral processing consisted of background 

subtraction, cosmic ray removal and smoothing. Spectra were then plotted using 

OriginPro software. 

Chemical Fixation and Embedding 

Fixation of native plaques (N = 2) was carried out for 1 h at 4 °C in 2.5% glutaraldehyde 

and 1.5% paraformaldehyde in 0.1 M cacodylate buffer pH 7.4. Samples were rinsed 3× 

10 min in 0.1 M cacodylate buffer at 4 °C before post fixation with 1% OsO4 for 1 h. A 

second rinsing step in distilled H2O (3 × 5 min at 4 °C) was followed by dehydration in 

acetone (50, 70, 90%, 3× 100%) for 10 min each step at room temperature. Plaques were 

embedded in epoxy (Epon 812 substitute, Sigma-Aldrich, # 45359) at 65 °C over 2 days.  

FIB-SEM of Native Byssus Plaque 

A resin block containing byssus plaque samples was polished to expose the plaque at 

the block surface and sputter-coated with three carbon layers of ~5 nm each and one 
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platinum layer of ~5-10 nm. The sample was then transferred to the Zeiss Crossbeam 

540 (Zeiss, Germany) and a trench was milled into the sample surface for SEM imaging 

using an acceleration voltage of 30 kV and a FIB current of 65 nA. The cross section was 

then finely polished with a 7 nA FIB probe at 30 kV. Thin serial slices were removed by 

FIB milling (700 pA, 30 kV, 40 nm thickness). The sample was imaged after each milling 

step by SEM using a backscattered electron detector at an acceleration voltage of 2 kV. 

Resulting image resolution was 1024 x 768 pixels with a lateral pixel size of ~20 nm. 

Image recording was done using line averaging (N = 22) and a dwell time of 200 ns. 

Backscattered (BSE) electron images of plaque samples were processed in Dragonfly 

2024.1, with images registered by using the Sum of Square Differences (SDD) method 

with a medium translation and subsequently cropped. Denoising was achieved by using 

the convolution filter (3D, level 7, circle). The plaque micro- and nanopores were 

segmented with the Dragonfly 2024.1 Segmentation Wizard and exported to a normal 

mesh (sampled 4 x 4 x 4). 

NMR Spectroscopy 

For solution NMR analysis, lyophilized α-FP12 peptides were dissolved at 0.5/1 %w/v 

(1.3/2.6 mM) in 1M NaCl water (containing 10 % deuterated water) solution and then pH 

was adjusted using NaOH and HCl. Overall, salt significantly decreases signal-to-noise 

of cryoprobe-collected data (by increasing sample conductivity and affecting 90° 

pulses69), but using 3 mm NMR tubes instead of 5 mm significantly decrease this artifact. 

When adding ions, for instance to form coacervates, pH was adjusted before adding ion 

solutions. To reach a final 3:1 His:Zn2+ stoichiometry, 1 volume of a 10× concentrated ion 

solution was added to 9 volumes of peptide solution. Doing so, the effect of ion stock on 

the final pH solution was limited considering that ZnCl2 is not soluble at high pH. 

All solution NMR samples were performed at least twice acquired at 25°C on an 800 MHz 

NMR Avance III HD Bruker NMR spectrometer equipped with a TXI triple resonance 

cryoprobe. Samples were referenced to Sodium trimethylsilylpropanesulfonate (DSS) at 

0 ppm (for both 13C and 1H referencing)70. 15N referencing was performed indirectly simply 

using 15N gyromagnetic ratio and 1H chemical shift correction (Topspin SR 
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parameter)70,71. Temperature was calibrated to 25 °C (with margin of error of 0.1 °C) via 

a methanol thermometer72. TopSpin 4.4.0 and MestReNova 15.0.1 software were used 

to plot, process, analyze and assign spectra. Spectra were automatically phased baseline 

corrected using Topspin software. For consistent peak integration and quantification, 

receiver gain was kept constant for all NMR acquisitions.  

Peptide complete 1H/13C/15N is summarized on Supplementary Table 3. This assignment 

was performed using 1H-1H COSY/TOCSY/NOESY, 1H-13C HSQC and 1H-15N HSQC 

experiments included in the Topspin software package. Typical acquisition parameters 

are summarized in Supplementary Table 4. Due to low abundance and sensitivity of 15N 

nuclei, 1H-15N HSQC with 25% non-uniform sampling (NUS) was used to obtain an 8-

hour experiment. The same experiments were used to determine specific amino acids 

involved in transient binding toward coacervate formation. By integrating the different 

peaks, we quantified the residues tightly bound in coacervates as the residues with the 

most intensity decrease. 

Once fully assigned, NMR chemical shift changes were monitored as function of pH and 

fitted to determine pKa using OriginPro 2023 software with the formula below as 

previously reported73,74: 

(1) 𝛿𝑜𝑏𝑠𝑣(𝑝𝐻) =
 𝛿𝐻10(𝑝𝐾𝑎−𝑝𝐻)+𝛿𝐿

 1+10(𝑝𝐾𝑎−𝑝𝐻)  

With 𝛿𝑜𝑏𝑠𝑣 the observed chemical shift, pKa the calculated acid dissociation constant 

(pKa), 𝛿𝐻, 𝛿𝐿the limiting chemical shifts of the totally protonated and deprotonated 

analyte, respectively. 

For samples analyzed by solid-state NMR acquired at 25°C and 15 kHz MAS on a 600 

MHz Advance III HD Bruker NMR spectrometer equipped with a Phoenix NMR HXY triple 

resonance probe at 15, a large amount of coacervates and solid were prepared (30 mg 

of peptide forming coacervates in 6 mL). Once formed, coacervates slowly accumulate 

on the glass side of the tube and are carefully scraped down to form a pellet that is 

subsequently transferred in a 3.2 mm NMR rotor. Due to peptide quantities needed for 

these experiments, all samples were prepared one time. 
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Data Availability 

All relevant data generated or analyzed during this study are included in this published 

article, supplementary information files, and source data files. The mass spectrometry 

proteomics data have been deposited to the ProteomeXchange Consortium via the 

PRIDE partner repository with the dataset identifier PXD067305 

[https://www.ebi.ac.uk/pride/archive/projects/PXD067305]. Transcriptomic data are 

available on the NIH BioSample Database (https://www.ncbi.nlm.nih.gov/biosample) with 

project number PRJNA1225934 

[https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1225934]. Protein sequence data is 

available on the Genbank Protein database with accession number PV698367 

[https://www.ncbi.nlm.nih.gov/nuccore/PV698367]. All the NMR data generated in this 

study have been deposited in the Zenodo database under the DOI 

10.5281/zenodo.18271247. NMR resonance assignment available in supplementary 

tables have been uploaded to the BMRB database with Accession Number 53425 

[https://bmrb.io/data_library/summary/?bmrbId=53425]. Source data are provided with 

this paper. 
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Figure Legends 

Figure 1. Self-assembly of porous mussel glue. a Mussels attach to surfaces using 

byssal threads, which terminate at the plaque – a porous underwater glue made of 

different proteins precisely localized in the plaque. The plaque comprises a solid scaffold 

and fluid condensate glue proteins trapped within the pores. b Byssal threads are 

produced by a secretory organ known as the foot. Plaque proteins are stored in vesicles 

within the foot plaque secretory gland as fluid condensate droplets, which are secreted 

into the distal depression in the foot where they begin to solidify. c When they burst, 

purified plaque vesicles undergo salt- and pH-dependent liquid-liquid phase separation 

(LLPS) and subsequent solidification, forming a porous microplaque. d Microplaque-

specific proteins are enriched in histidine, and Raman spectroscopy suggests the 

presence of histidine metal coordination cross-linking and partial alpha helical secondary 

structure in microplaques, based on peak positions denoted by dashed lines. e Schematic 

of pH-dependent histidine deprotonation and metal binding with associated characteristic 

Raman peaks noted. 

Figure 2. Localization and sequence elucidation of the histidine-rich adhesive 

protein mefp-12 in Mytilus edulis. a Plaque vesicles contain the histidine rich protein 

mefp-12, confirmed with Pauly staining of SDS gels (a: N = 2 gels from 2 specimens). b 

Sequence of mefp-12 (from Mytilus edulis) with signal sequence underlined in black, 

histidine residues highlighted in red, and MS/MS confirmed peptides boxed (Genbank 

Accession: PV698367). c In-situ hybridization (ISH) shows that mefp-12 is produced 

exclusively in the plaque secretory gland corresponding to the green regions of the 
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illustrated foot cross-sections (blue and red regions correspond to the core and cuticle 

glands, respectively).  

Figure 3. Analysis of mefp-12 sequence homology and in silico predicted structure, 

oligomerization, and metal-binding. a Comparison of mefp-12 sequences from other 

mytilid mussels with dots indicating conserved amino acids across species and dashes 

indicating gaps, highlighting the strong homology (notably in repetitive globular domains 

highlighted in green and the central helical domain highlighted in lavender). Conserved 

histidine residues within the helical domain are boxed in red. A 6th globular domain, 

contoured in red, is present exclusively in M. edulis and M. galloprovincialis. b AlphaFold3 

structural prediction of Mefp-12, with repeated globular domains highlighted. c Monomeric 

to tetrameric conformational structures predicted for mefp-12, highlighting oligomerization 

and Zn-binding of CC domain (Zn2+ appears as orange spheres, confidence < 50%). 

Figure 4. LLPS and solidification of mefp-12 𝛼-FP12 peptide. a A histidine-rich peptide 

(𝛼-FP12) was designed based on sequence from the predicted CC region of mefp-12. 

Red arrows show positions of histidine on the AlphaFold3 structural model. b Phase 

diagram showing phase separation (blue), aggregation (red), and solution (white) as a 

function of pH and peptide concentration at 1M NaCl and a 3:1 His:Zn2+ ratio. c Light 

microscopy images showing pH-dependent coacervation and aggregation of 𝛼-FP12. d 

Comparison showing similarity of 𝛼-FP12 coacervation and solidification with microplaque 

formation from extracted plaque vesicles (c, d: N = 3 from 3 different samples). 

Figure 5. Structural and conformational transitions during mefp-12 𝛼-FP12 peptide 

condensate solidification. a Light microscopy image of large 𝛼-FP12 condensates 

undergoing pH-triggered solidification into a porous solid that resembles native plaque 

structure. b Zoomed image of inset from panel A, comparing the synthetic solid to an SEM 

section of the native byssus plaque showing similar microporous structure (a, b: N = 3 

from 3 different samples). c Raman spectra between 1100-1800 cm-1 (i) acquired from 𝛼-

FP12 peptide solution (black), condensate droplet (purple), and solid (blue) compared to 

a microplaque formed from a plaque secretory vesicle (red). Panel (ii) shows the amide I 

region from (i) between 1500-1750 cm-1 , highlighting secondary structure and histidine-

metal coordination peaks. 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

Figure 6. Characterization of peptide coacervates and solids by NMR. a 1H-13C 

HSQC solution NMR of 𝛼-FP12 peptide Hα-Cα backbone (left) and aromatic sidechains 

(right) in water (black spectra), 1M NaCl before (green spectra) and after (purple spectra) 

addition of Zn2+ ions at pH 6.5. b Peak integration of 1H-13C HSQC spectra in 1M NaCl 

before (green) and after (purple) addition of ZnCl2. Tyr and His sidechain resonance shifts 

and signal loss suggest that aromatic residues play a key role in coacervate formation or 

stabilization. c Solid-state NMR showing transition of 𝛼-FP12 peptide solution under 

acidic conditions (red), to coacervates at pH 6.3 (purple), and toward alpha-helical 

structure in the solid phase with clear downfield shift of the Cα in basic conditions (blue). 

Low signal coming from the coacervate indicates intermediate molecular dynamics, 

making it hard to detect by both solution and solid-state NMR.  

Figure 7. Illustrative model of proposed mechanism of liquid-to-solid phase 

transition during porous plaque scaffold formation. Schematic showing the proposed 

pH- and metal-dependent structure and metal coordination changes occurring during 

plaque formation, resulting in the final open-cell network assembly. Proteins destined to 

form the solid plaque scaffold appear blue, while adhesive proteins appear red. a Mefp-

12 within intact vesicles are stored at acidic pH and are fully protonated, unable to bind 

metal ions. b Upon secretion and gradual increase in pH, vesicle contents coalesce and 

are held together by His-zn metal coordination, but mefp-12 remains mostly unstructured. 

c Under basic conditions nearing the pH of seawater, spontaneous phase separation and 

solidification of the plaque is driven by CC formation of mefp-12 stabilized by histidine 

imidazolate coordination bridging two Zn ions. During this process, the proteins 

comprising the solid porous scaffold (blue) – notably, mefp-12 – are segregated from the 

adhesive proteins (; e.g., mefp-3, mefp-5, and mepf-6), which remain as condensates in 

the pores (red) d Vanadium ions are secreted and coordinate with DOPA-containing 

proteins adding a second, stronger metal-coordination network, further toughening the 

plaque scaffold. 
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 Editor’s Summary 
Mussels are masters of sticking on wet surfaces. Here, authors discover a histidine-rich coiled 
coil protein in mussel glue that challenges the prevailing understanding of how mussel stick 
tight, with the findings relevant to the design of improved glues. 
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