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The adaptive attachment of marine mussels to a wide range of substrates in a
high-energy, saline environment has been explored for decades and is a sig-
nificant driver of bioinspired wet adhesion research. Mussel attachment
relies on a fibrous holdfast known as the byssus, which is made by a special-
ized appendage called the foot. Multiple adhesive and structural proteins
are rapidly synthesized, secreted and moulded by the foot into holdfast
threads. About 10 well-characterized proteins, namely the mussel foot pro-
teins (Mfps), the preCols and the thread matrix proteins, are reported as
representing the bulk of these structures. To explore how robust this prop-
osition is, we sequenced the transcriptome of the glandular tissues that
produce and secrete the various holdfast components using next-generation
sequencing methods. Surprisingly, we found around 15 highly expressed
genes that have not previously been characterized, but bear key similarities
to the previously defined mussel foot proteins, suggesting additional contri-
bution to byssal function. We verified the validity of these transcripts by
polymerase chain reaction, cloning and Sanger sequencing as well as con-
firming their presence as proteins in the byssus. These newly identified
proteins greatly expand the palette of mussel holdfast biochemistry and pro-
vide new targets for investigation into bioinspired wet adhesion.

1. Introduction

Along with barnacles [1], sandcastle worms [2] and sea stars [3], marine mus-
sels are among the pre-eminent model systems of bioadhesion [4-7] and
have been explored extensively to develop bioinspired water-compatible
adhesives for medical and industrial applications [5,8]. Moreover, mussel
adhesion is scrutinized for clues to undermine and prevent adhesion, given
the prohibitive economic and environmental costs associated with biofouling
[9,10]. Mussels offer distinct advantages as a model system for bioadhesion
research because (i) processing speed and extra-organismal secretion of the
adhesive allow for easy, non-invasive collection of relatively large quantities
of unadulterated sample, (ii) mussels are readily available along most temperate
coastlines and amenable to mariculture, and (iii) the protein-based nature of the
adhesive allows characterization by standard biochemical and molecular
techniques.

Mytilus californianus (Conrad, 1837) inhabits the rocky intertidal zones of the
temperate Eastern Pacific region. Intense wave action and extreme tidal
exposure make this a particularly harsh environment [11]. However, M. califor-
nianus can populate and thrive in this ecological niche owing in large part to its
holdfast byssus. The proteinaceous byssus consists of a stem rooted in the soft
tissue within the mussel. From the stem radiate numerous load-bearing collage-
nous fibres that terminate in porous spatulate adhesive plaques chemically
adhered to the rocky substrate [12]. It is the entire byssal system that ultimately
enables mussels to remain firmly anchored in place. Interfacial adhesion is

© 2017 The Author(s) Published by the Royal Society. Al rights reserved.
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an essential component [13], but the energy dissipative archi-
tecture of plaque [14] and thread [15] greatly dampen the
load seen at the actual plaque—substrate interface.

Byssal threads are made one at a time by rapid injection
moulding and protein self-assembly in the ventral pedal
groove (figure 1). The pedal groove is lined with diverse
glandular tissues that secrete the byssus-forming proteins
[16—-18]. At the tip of the foot, the cup-like distal depression
is surrounded by the phenol gland, which secretes the inter-
facial and plaque-forming proteins: Mytilus californianus foot
proteins (Mcfp) -2, -3, -4, -5, -6 [8]. Mcfp-3 and Mcfp-5 are
deposited at the interface and chemically bind to the substra-
tum [19]. Mcfp-6 is present at the interface to maintain a
reducing environment important for adhesion [20]. These
interfacial proteins interact with Mcfp-2, a major component
of the porous network within the plaque [21]. Mcfp-4 bridges
Mecfp-2 to the collagenous protein fibres that splay into the
plaque from the thread [22]. The collagen gland runs the
length of the pedal groove and secretes a unique family of
collagens called preCols (variants -D, -P, -NG). The preCols
self-assemble to form a graded fibre of preCol species to
impart varied mechanical properties along its length [23].
Thread matrix proteins (TMPs) are also integrated into the
thread to bridge collagen fibres laterally [24]. The accessory
gland, a thin gland which extends along both lips of the
pedal groove and around the distal depression, secretes a pro-
tective coating—or biological varnish—covering the entire
thread and plaque. A major coating protein, Mcfp-1, has
been shown to possess wear-resistant properties [25]. Many
amino acids in the Mfps are extensively post-translationally
modified and include hydroxyarginine, phosphoserine,
hydroxyproline and dihydroxyproline, but the amino
acid modification 34-dihydroxyphenylalanine (dopa) is the
hallmark of many of the Mfps [8]. This multi-functional
modification is important to cohesive and adhesive plaque
interactions via metal coordination, covalent cross-linking,
H-bonding and m-cation interactions, which all play integral
roles in the formation and maturation of the robust holdfast.

The maximum adhesion energy of the adhesive Mfps was
measured to be approximately 15m] m~2 [26]. However,
energy to failure for the native thread and plaque was
nearly 10000 times greater [27]. One explanation for this
functional discrepancy is that plaque architecture and ruptur-
ing reversible sacrificial bonds exposing hidden polymer
lengths are dissipating the applied force. However, it is also
plausible that the analysis of plaque components is incom-
plete and that significant additional but unknown bio-
macromolecular components exist.

Next-generation sequencing (NGS), particularly RNA
transcriptome sequencing, is effective in characterizing
swathes of novel proteins, and has been showcased in
recent characterizations of various biomaterials and bioadhe-
sives [28—-31]. The ability to sequence the full pool of mRNA
transcripts in a sample is universally advantageous for any
biomolecular investigation, but there is added value in the
case of biomaterials, in that these are often so heavily pro-
cessed and cross-linked that little of value is extractable
from mature materials. Transcriptomics offers a welcome
alternative to traditional protein characterization by partial
sequencing and degenerate cloning, and opens doors that
have long been closed.

Owing to the highly cross-linked nature of the mature
mussel plaques and depending on the unknown degree of

pre-secretory processing, it is conceivable that some Mfps
are not available/amenable to extraction and purification.
We approach the protein make-up of the byssus from a tran-
scriptomics standpoint, using NGS to survey the entire
mRNA transcript pool of each gland. As these tissues are
specialized to rapidly produce and secrete massive amounts
of byssus-forming proteins, it is reasonable to predict abun-
dant quantities of the mRNA transcripts corresponding to
the known Mfps and potentially novel Mfps as well.

2. Material and methods
2.1. Transcriptome generation

Live Muytilus californianus specimens were collected from the
Goleta, CA, pier (coordinates 34.413574, —119.828492) and kept
in an open seawater system until dissected. The feet were excised
from shucked mussels, and then sliced into successive thin trans-
verse cross-sections from the foot tip (distal end) to the base
(proximal end). Each slice was laid flat and precise gland dissec-
tion was accomplished under a dissecting microscope. The
collagen gland and accessory glands were isolated from a slice
from the centre of the foot length and carefully isolated from the
surrounding muscle, and pigmented epithelium (figure 1a,.c).
The phenol gland was similarly isolated from slices near the foot
tip, just distal to the distal depression (figure 1a,d). Single isolated
tissue samples (approx. 60 mg) from each gland region were col-
lected and flash frozen in liquid nitrogen. The RNA was purified
using a Purelink RNA isolation kit (ThermoFisher Scientific,
Waltham, MA) following the manufacturer’s protocol after hom-
ogenization with a mortar and pestle under liquid nitrogen.
RNA quality was assessed on a TapeStation 2200 (Agilent Technol-
ogies, Santa Clara, CA) and quantified by a Cubit 2.0 Fluorometer.
The mRNA was purified using Dynabeads® Oligo (dT),5 (Thermo-
Fisher Scientific) and the RNA library was prepared using the
TruSeq Stranded mRNA Library Prep Kit (Illumina, San Diego,
CA) and sequenced on a NextSeq 500 (Illumina) running at
either 100 or 150 cycles.

2.2. Transcriptome assembly

Bioinformatic analyses were performed using a locally installed
instance of the Galaxy bioinformatics platform [32]. Low-quality
reads and adapter sequences were removed using the read
processing tool Trimmomatic [33]. The trimmed reads were
assembled into mRNA isotigs using the Trinity software package
[34]. The software RSEM [35] was used to map the trimmed
reads onto the assembled transcripts to estimate the transcription
levels of each isotig. The transcriptome assemblies were organized
based on their transcript abundance and the most abundant tran-
scripts (FPKM > 500) were analysed and annotated.

2.3. Polymerase chain reaction validation

Selected transcriptome isotig sequences were verified by tra-
ditional cloning experiments. Primer pairs were designed to
anneal 5’ of the start codon and 3’ of the stop codon for the puta-
tive transcripts of interest (electronic supplementary material,
table S1). Following polymerase chain reaction (PCR) amplifica-
tion, the products were cloned into the Escherichia coli vector
PCR4 using a TOPO-TA cloning kit (Invitrogen, Carlsbad, CA),
transformed into chemically competent E. coli (Invitrogen), and
screened by growing on Luria—Bertani agar with kanamyecin.
Plasmid DNA was isolated from positive clones and sequenced
by Sanger sequencing (Genewiz, Newbury Park, CA). These
sequences were deposited into GenBank under accessions:
KY627765-KY627780.
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Figure 1. The mussel foot fabricates the byssal threads, plaques and coating by injection moulding. (a) A diagram of a mussel with foot extended. For clarity, the
foot is drawn with the distal depression and pedal groove up, although during plaque deposition these features face the substratum. Three distinct glands inside the
foot: the accessory gland (red), collagen gland (yellow) and phenol gland (blue) secrete proteinaceous components which self-assemble in the pedal groove and
distal depression to form the byssus structures, the cuticle, collagen core and plaque, respectively. (b) A single byssus element showing the porous plaque (blue)
attached to the substrate (grey). The collagen thread (yellow) integrates into the plaque at the distal end and anchors inside the mussel at the other end. Both the
thread and plaque are protected by a hard cuticle (red). The protein components of each structure are indicated. (¢) Transverse cross-section of foot from the centre
as indicated by the artificial opening in the foot diagram. Dashed borders indicate the accessory gland (AG) and collagen gland (CG) and represent the location of
tissue sampling for RNA isolation. Muscle (M) and pigmented epithelium (E) are also indicated. The section is chemically stained for dopa (Arnow stain), a major
modification in Mfp-1, highlighting the location of the accessory gland with respect to the collagen gland. () Transverse cross-section of the foot tip as indicated by
the artificial opening in the foot diagram. This section is also stained for dopa, a prevalent modification in Mfp-3 and -5 in the phenol gland (PG). (e) Transmission
electron micrograph of a portion of an accessory gland cell showing the extensive rough endoplasmic reticulum (ER), cuticle secretion granules (S) and for reference
the nucleus (N), and mitochondria (M). Transmission electron micrographs highlight the secretory vesicles within the accessory (f), collagen (g) and phenol
(h) glands.

2.4. Matrix-assisted laser desorption ionization mass at an absorbance of 280 nm. Individual peak fractions were ana-

lysed by matrix-assisted laser desorption ionization mass

Spectrometry spectrometry (MALDI-MS) following mixing with a saturated

Live mussels were artificially induced to secrete plaque-forming solution of a-cyano-4-hydroxycinnamic acid in a 50 : 50 solution
proteins by injecting the base of the foot with 0.56 M potassium of water : acetonitrile, with 0.1% trifluoroacetic acid.

chloride to stimulate the pedal ganglion, as described previously
[36]. The resulting induced plaques were then collected from the
distal depression and placed immediately in 5% acetic acid, 6 M

guanidine hydrochloride. This crude extract was directly separ- 3. ReSU|tS

ated by reverse phase chromatography on a C18 column . . .

(Brownlee OD-300, 7 um, 250 x 4.6 mm) using a linear gradient 3.1. Transcrlptome generatlon and analySIS

from buffer A (99.9% water, 0.1% trifluoroacetic acid) to buffer The three gland tissues were carefully dissected under a
B (95% acetonitrile, 5% water, 0.1% trifluoroacetic acid) over microscope; the phenol gland (plaque formation) from the

the course of 60 min. The protein elution profile was monitored distal portion of the foot; the collagen gland (thread core
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Table 1. Transcriptome preparation and assembly of mussel foot secretory glands.
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formation) and the accessory gland (cuticle formation) from
the middle of the foot (figure 1). It is noteworthy that signi-
ficant cross-contamination between the last two glands
(collagen and accessory) was expected, as the demarcation
between these two glandular regions is fuzzy. High-quality
RNA was obtained from each tissue with RNA integrity
numbers of 9.3, 9.5 and 9.3, respectively. Each transcriptome
was assembled from the millions of reads into thousands of
transcripts (isotigs); read and assembly statistics are shown
in table 1.

Illumina reads were then mapped back to the assembled
isotigs to estimate abundance. Each dataset was sorted by
descending abundance in terms of fragments per kilobase
per million fragments mapped (FPKM). The most abundant
isotigs (FPKM > 500) represent only approximately 0.5% of
the total isotigs, but in terms of expression abundance (cumu-
lative FPKM) they constitute 89.8%, 86.3% and 76.3% of the
total transcripts in the phenol, collagen and accessory
glands, respectively. These top transcripts were manually
classified into the following groupings: byssus-associated
proteins (Mfps, preCols and TMP), ribosomal proteins,
unknown transcripts (no database hits) and other proteins
(e.g. mitochondrial-associated proteins, housekeeping pro-
teins). Cumulative FPKM percentages for each classification
show that a significant portion of the transcripts in each
gland are byssus-associated proteins (33—-40%), as well as
ribosome-associated proteins (12—-33%) (figure 2). Transcripts
classified as ‘unknown’ (NCBI BLAST E-value > 1 x 10719

are also significantly represented in the transcriptomes, par-
ticularly in the phenol gland (49.7%). The byssus proteins
were further categorized per their localization in the byssus,
showing strong representation of expected secretory products
from each gland; for example, the phenol gland secretes
mostly Mfps known to be associated with the plaque
(Mcfp-2, -3, -4, -5, -6), the collagen gland has high represen-
tation of collagen and TMP, and so on. Table 2 shows an
abbreviated summary of the most abundant transcripts
(having removed the significant amount of ribosome-
associated protein transcripts, contaminating rRNA, protein
replicates and unknown transcripts lacking a clear open
reading frame), yielding a general view of the major protein
products of the gland tissue.

3.2. Novel mussel foot protein transcripts

The most abundant unknown transcripts for each gland were
further scrutinized for those possessing clear open reading
frames and predicted signal peptides [37], suggesting plaus-
ible accurate transcript assembly, accurate start codon
assignment and secretory destination (table 3). In addition to
their apparent secretory fate, many of these novel transcripts
boast adherence to pervasive Mfp themes, in particular
elevated pls of approximately 8.5-10.5 and distinct amino acid
compositional bias for glycine, tyrosine (precursor to dopa),
lysine, arginine, serine and histidine, and strikingly deficient
in hydrophobic and acidic amino acids. Here we suggest
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Figure 2. Cumulative transcript abundance by functional dlassification shows the dominance of byssal proteins in each transcriptome. Transcriptome summary
for the phenol gland (a), the collagen gland (b) and the accessory gland (). The sum of FPKM values for each transcript classification is expressed as a percentage
of the total transcripts considered. Only transcripts with FPKM > 500 are represented in the graphs; however, these transcripts represent approximately 75—90% of
the cumulative transcript abundance (table 1). Bysuss transcripts encode well-known components of the functional byssus structure (e.g. Mfps, preCols). Ribosomal
transcripts encode ribosomal-associated proteins. ‘Unknown’ transcripts are those that do not have significant blast hits in the NCBI database (E-value > 1 x
10~ ). “Other’ transcripts constitute everything else—i.e. positive blast hits for characterized proteins (e.g. miscellaneous housekeeping proteins, mitochondrial
proteins, actin, etc.). The byssus transcripts are further broken down by localization to the byssal structure and the percentages are represented in the bar to
the right of each graph. Many of the unknown transcripts in the phenol gland and accessory gland are candidate novel mussel foot proteins destined for the
plaque and cuticle, respectively, and their abundance is demarcated by the area shaded by the orange lines.

that many, if not all, of these proteins play a significant role in
the structure and function of the byssus, and, in this spirit,
putative Mytilus californianus foot proteins 7-19 (Mcfp-7p,
Mcfp-8p, etc.) are assigned names that follow the previously
well-characterized Mfps. These novel transcripts make up a
significant portion of the transcriptome for the phenol gland
(36%) and the accessory gland (10%); incorporating these tran-
scripts yields an estimated byssus-associated transcript portion
of 69% and 58%, respectively (figure 2). No novel transcripts
were observed among the top 50 in the collagen gland. All
the reported novel Mcfp-p sequences were validated using
PCR amplification, cloning and Sanger sequencing. Generally,
there was minimal disparity between the sequences obtained
by NGS and traditional sequencing, and in several cases the
two methods yielded identical data (table 3). Mcfp-10p,
however, was only 73% identical between these methods,
but this discrepancy is attributed to an assembly artefact
reporting two tandem repeat domains instead of the actual
three evidenced by traditional sequencing. Sanger-generated
sequences are presented as the actual, because assembly and
sequencing errors are a major concern in NGS, and PCR pri-
mers were designed to anneal outside the open reading

frame, giving no presupposed sequencing bias. Notably,
assembling repetitive and low complexity sequences is diffi-
cult and prone to error [38]. The full amino acid sequences of
the novel phenol gland proteins, Mcfp-7p—15p, are divided
into two groups: the small proteins, less than 15kDa
(figure 3), and the larger proteins, more than 25kDa
(figure 4). The full sequences from the accessory gland
Mcfp-16p—19p are shown in figure 5.

3.3. Protein-level evidence of novel Mcfp-p proteins

Several of the presented novel Mcfp-p proteins have been
tentatively detected by mass spectrometry. KCl-induced
plaque proteins were chromatographically separated and
the resulting fractions were analysed by MALDI-MS to
reveal several peaks that match the predicted masses of
the mature Mcfp-p proteins (figure 6), namely Mcfp-7p,
-8p, -10p, -13p and -14p. Furthermore, we isolated Mcfp-
10p and obtained partial sequence of tryptic peptides by
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) unequivocally verifying the natural production of
this protein (electronic supplementary material, figure S1).
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Mcfp-7 vl 1 MKIFGIIVLVALLMVASVTMPVAA | SHHBBCER---------- GsHsscelisGHccREACERR <HcHBc- 50

Mcfp-7 v2 1 MKLEGIVVLVALLMVASVTMPVAA | SCRERECHRCHRGRGSHs scelsscelisclcg PERG* 65

Mcfp-8 vl 1 MRLEGIIVLVALLMVASVTMPYVAR | BCEEcEE Rl Rl Rl clccliccBfccMiccicvRscire: 69

Mcfp-9 vl 1 MVTVALGIEVAVFASIEA | McABNCEEcE sHicsEcEvLts1vEcvERcvvesEEcvvecHlicLveeHEvVIGVPsvAGPSvyVERRRRCAVERGGHERG 100
Mcfp-9 v2 1 MKVTVALGIEVAVFASIEA | HcABNCEEcE sBcsEclvLTs1vlcvEEGvvG------- GHHGLVGGHEvVIGVPSviAGPsvVVEEEEEEGTVENCCHERG 93

Mcfp-9 vl 101 GHH----HERRERRERGSGSsSNEcHcHcEss 128
Mcfp-9 v2 94 GHEMENEHERRERRERCSGSSSNEcHcHcEssx 125

Mcfp-13p
1 MAQGIYVLLLVVIATVATYGYG | SHrERvrsraIERceNEcLARNEENGFRIBRS 1 rilnG 1Bl L TeNETR-ER L wesCl sEnEsEsRErBRr L RoBLr 100

101 ATERANSHE R R v R AR R -

Mcfp-14p
1 MRNVLTSFIICVVALLIIHTAEC|ONVGSPENErsBEcHEEsHccsEVErRcREREsh~1crCEN1cTHcArEL NNl PNS TFFVSEPEOTPLTEIG 100

101 scvif1rrclErcEecH-RRG

Figure 3. Small new putative mussel foot proteins, Mcfp-7, -8, -9, -13, -14, from the phenol gland. Full-length primary sequences are shown, predicted signal
peptides for each protein are underlined orange, and the cleavage site is marked with a vertical line. Key amino acids of the post-signal cleavage portions are
highlighted: arginine and lysine (dark blue), tyrosine (magenta), glycine (yellow), histidine (green), and aspartate and glutamate (red). Mcfp-7 has a central
serine and histidine-rich domain flanked by domains rich in KYG triplets (underlined in black). There are two variants of Mcfp-7, with the first being an approximate
shorter version of the latter. Mcfp-9 also has two variants, which only differ by two short insertion/deletion segments.

Mcfp-10p
1 MSRLICMLFLVVAAAA | EBEINSNSETVI

28 VEHsALcEEEcIGIPsVVSEsErsnEEEcrR sNcREsrecTABRLBCcooRrfinvsnEws tEEsEsverBR L ERos L rvBlrcen T TBBCERA VY 124
125 vENAVECHEBE:clcsAvsEUBErNErECrRT sEBrsEccRABr LBCcLoRFENvecCrs il sBs ve FBRLvonT A VERCBEE 213
214 .GAVIG-I cvesvvsHrBlicNRrECFRT sEBrsBccTaBriBEcroRFEN L weNE sEl SBRVE FBR BT QNLFVAIPGG-NIGSVTAVVINAVSNILI* 321

* * * kkk KX Kk kk ok ok kk *** *x Kk k * * ok ok ok k ok ok x * * * Kk kk ok ok ok okokk * Kk x * Kk Kk
tandem repeat domain
Mcfp-1llp

1 MSYGICVLVLMAVAAVATSG | BnTHicsHEEEAHLE L HREE v scElcHEC L iRENEc R 1 THCE - ~BRc Bl rCcR TR - BB vBsCHcREEsEcEc o9
100 FCRrERolLrAvERcHEsHGSTS cHcHcHcHcHCESHcHCEVE 1 HolcHcHcHcE sHcHsEvE 1 HolclcHcH:r sHCH 1 R A AMN - iikRmncr-Br 199
200 HHERrsHEccE2MRACHRNErEs 1w Cl THEESEsHEE rol L BRol L v sHificc ANGH 1 B ABHEGHTH 0w BREN L r L H L RvAKHHvER 1 B2 AN sEVs 299
300 ErsErsnEEvonTcHoARREY SR snEANEETNEFER VRS VEUEVEARES L s ~ vl oHERRE  REREE ovERE L s NEEE L B REEEE T SR EsHvclic 399
400 HcHGEVVsHLoEENTEECE P 1 ABERF sEACK B0 RCESERrEs 1wspEwsoliisBs 1Eron L BRolL 1 DfrcDBADEMAP TR vVETGeDF DB 497

126 GHGHCEGHGHGESHGHGHY
HrEcHcECHCHCHsHCHSEY
F1HGHGHGHGHGFSHGHTE 183

kkkk kkkkk kkkk Kk

McfPlexggI LvLLIAATAASTTG | Bs s NN r KB sER~ v~ sHsER R L VRS TAHs s s s sHvsHEECHEAGEAGHRL 1 TcHABR-BveR 1 rfER-ERcvlL 99
100 1GReVEENGFESICRLEsAaTRLEcALNsCHlBNCE 1 cBCrrer 1RocL 1 cRRE tEiRSicEcreLcvTrvERG 1 VEGEs Fllr CCRE PR - 1 Bl SCENErE 199
200 HasT@vsviEEREL 1B PHsEHcEVELAcHETR-BR R 1 Bl cE-EccRER sCNERR -l sHv~ECH RS vcBE roll L BRRHE . - sElivcEs scvvliNT 299
300 HerclsncITrBEcEERsERCy T IENErsBccIclorvEcRsRErERLwelcENofivsvs sErcRBR ofi L rilRS cclBl sEvecB~BcrBlsscrrlE 399
400 SEMssHEcrRREERr sHivc 1 ABRLRC SR BBl wcoCHEREES ve T r R sHl L - Bl 1 cBEHA 1 o vEH Ul BRR  ABNEARR 1ENvARSsHvARIS 499
500 EvsNEEVENTOEoANEEY SR ANEARSEMNErEor vIBNEH R L ERE R . 5 ~ ~ 5 o FRRE L N ER o o NEEE v EE L ERREE N RREcl 2 BcHCHECE s9o0
600 cHcHGHGHGHVVsHoBN sEiEc-E BEER - sEccR B0 TCcBsRrlxEwsHcwsERlsBs vErcor BRRE L Filvl sBcHEEE -~ vBos A8~ 695

Mcfp-15p SRGNVPEFYDADKNEQ

1 MKLFYLSVVEVVVEG | éi(ISI!IT}I?I SiNiII!Ti_QIIGIS psfirHccEnsclsncennrrPEBARVNVENSGNGHS PEGGOCK F PEcRoSEFGERFGHLEC LR oo
100 CRAwBvNEwoRrENEET 1R ECHEEr LR onaclicn 1 pEHPsNVEEINGLPsEoaBRGovLEN T RERCHERR OC rARVENEL rARGE 1 MEERC sEH vEs1 199
200 TrEABEECErs1TIE0AFCRCREA S SESESCHCRN s A A NCRRmRR ¥ 1 iE 249

Figure 4. Large new putative mussel foot proteins, Mcfp-10, -11, -12 and -15, from the phenol gland. The predicted signal peptides for each protein are
underlined orange, and the cleavage site is marked with a vertical line. Key amino acids of the post-signal cleavage portions are highlighted: arginine and
lysine (dark blue), tyrosine (magenta), glycine (yellow), histidine (green), aspartate and glutamate (red), and cysteine (light blue). Mcfp-10p is arranged to
show the three tandem repeat domains of approximately 90 amino acids; identities are marked by asterisks. Mcfp-11p is a histidine-rich protein with a particular
-[GH]- repeat domain (57 amino acids long, underlined in black); this segment is further broken down as three tandem repeats below the sequence. Mcfp-12 is also
a histidine-rich protein containing a -[GH]- repeat but only 16 amino acids long (underlined in black). Mcfp-15p shows the sequence determined by Edman
degradation (underlined in black) from the closely related species Mytilus edulis (written above in blue).

With respect to Mcfp-15p, we previously isolated an obtain the full sequence via degenerate molecular sequencing
abundant 28 kDa protein from the plaques of Mytilus techniques were unproductive at the time; however, the full
galloprovincialis. The N-terminal sequence was deduced by sequence was easily identified in the transcriptome data

Edman degradation to be SRGNVPFYDADKNEQ. Efforts to from this partial sequence as Mcfp-15p (figure 4). Indeed,
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Mcfp-16p

1 MRKIAIFLIIVLVIAVVOKTEQ | OfiEsETHECHCECRrRcNEBEcCHENCEvRERCR cCBCRE ¢ s CRRRCHEC rNCRCERG o rRREH 1 BRl sBrc+ 94

Mcfp-17p

1 MLLMYQILCVLLEGVVYVTC | GSNRCLSoPllor.ocHill sBArvEBeTsoRorBorBrcRs s tBvrovL B REECER sy tRsc T~ REBBN s sHcEHroR o9

100 cRwvvrsLEBsneTsTTrRGEWVECCEErEWEBNwRE rEvRCN PR .ENG T s PNEETWEVEo Pl sEE 1B L vAC PRNGEwF L T TRBAWF PRCCGCREMS 199

200 wWQCV*

Mcfp-18p

1 MKFVIVAVLVALCLAGESAA | GEMoSHCER T svlirCABoNCENAC A BRCCHCHERRC  nVERCCE T T THER - 72

Mcfp-19p

1 MFRFTCKILFSIFLTFLVNTEVSG |SQEGWGEPTLPPNTVGPEVELEPsACEHrclirEEsNcEcEVERIGTwTCH 74

Figure 5. Mcfp-16, -17, -18 and -19 primary amino acid sequences from the accessory gland. The predicted signal peptides for each protein are underlined orange,
and the cleavage site is marked with a vertical line. Key amino acids of the post-signal cleavage portions are highlighted: arginine and lysine (dark blue), tyrosine
(magenta), glycine (yellow), histidine (green), aspartate and glutamate (red), and cysteine (light blue).

the sequence matches the predicted mature N-terminus and
has a similar molecular mass of 27 kDa (table 2). Additionally,
this transcript has a significant high FPKM value of 490 (just
below our arbitrary cut-off of 500, but still in the upper 0.5%),
which suggests a high level of actual protein production.

4. Discussion

To cope with the continually changing lift and drag forces
around them, mussels have evolved the capacity to quickly
and continuously deposit plaques and threads to maintain
the integrity of their byssus. Micrographs of the cells respon-
sible for byssus production illustrate the overwhelming
amount of rough endoplasmic reticulum and secretory gran-
ules in the gland tissue [39,40], and the transcriptomes of
these glands corroborate the dominant presence of transcripts
for byssus proteins as well as their synthesis machinery
(ribosomal proteins).

An important consideration in interpreting the collated
data is that the expression levels reported here are qualitative
and not strictly quantitative; the exact hierarchy of transcript
abundance should not be taken as absolute, but as a strong
indication of the dominant species. This assumption is corro-
borated by the agreement between the abundant transcripts
of a particular gland and previously characterized byssal
precursors. Another relevant assumption is that transcript
abundance is a good indication of protein abundance,
which is not always true, particularly in cases of translational
control [41]. However, as we are focused on the most abun-
dant transcripts of specialized secretory gland tissues, this
assumption is reasonable.

In addition to providing gland-specific information about
known byssal proteins, the transcriptomes also revealed
many putative new mussel foot proteins with no database
homologues. Detected together with known Mifps, these
putative proteins exhibit characteristics reminiscent of the
established mussel foot proteins, but also bolster and high-
light significant emerging themes in mussel adhesion.
Because transcriptomic assembly is particularly prone to
sequencing errors and cannot solely be relied upon for de
novo sequencing of novel genes, we corroborated these
novel Mcfp-p transcripts using traditional PCR and cloning,
thus confirming their existence and lending plausibility to
the sequences as translated products.

Two new variants known as Mcfp-7 and Mcfp-8 are only
35-45 amino acids long following signal peptide cleavage.

They have an extremely biased composition, being rich in
glycine, lysine and tyrosine (dopa), which are frequently
grouped as KYG triplets. Mcfp-7 variants 1 and 2 and
Mcfp-8 have 4, 6 and 10 KYG triplets, respectively. Indeed,
two-thirds of the Mcfp-8 sequence consists of KYG repeats.
Mcfp-7 has KYG triplets at both the N- and C-termini that
separate a central histidine—serine—glycine domain. Lysine
and dopa are critical residues for the interfacial adhesion of
Mcfp-3 and 5 and, in fact, the C-terminal portion of Mcfp-5
is almost exclusively composed of these three residues and
shows the highest adhesion compared with other domains
in Mcfp-5 [42]. As was shown with synthetic siderophores
modelled after the abundant YK sequences in Mfp-5, pri-
mary amines in the YK pairs synergistically displace
hydrated cations from aluminosilicate rock surfaces, thereby
triggering catechol-surface interactions with underlying
metal oxides [43]. Fortuitously, just as the key role of
lysine-dopa synergy in adhesion became apparent, we
found Mcfp-8, which consists almost exclusively of these
two residues with the addition of flexible glycine. The
MALDI-MS peak at 3925 Da (figure 6a) potentially rep-
resents Mcfp-7p variant 2, with the addition of four
hydroxyl groups, plausibly tyrosine to dopa modifications.
Similarly, the peak at 5004 Da could reasonably represent
Mcfp-8 with 12 hydroxylations (figure 6b), as it turns out
12 is the exact number of available sites (11 Tyr, 1 Arg) if
we consider the same degree of modification as Mcfp-5.

with  Mcfp-5-based peptide
sequences also showed that chain length was important in
enabling peptides to bridge between two surfaces [42]. Full-
length Mfp-5 was excellent at providing bridging adhesion,

Adhesion experiments

but shorter homologues were not. At approximately half
the length of Mcfp-3 and -5, Mcfp-7p and -8p may be adapted
as non-bridging surface primers with which other larger
bridging Mcfps interact.

Mcfp-9p has two variants, both approximately 100 resi-
dues in length and 23-25 mol% histidine—the highest of all
the Mfps. Along with the other small Mfps these histidine-
rich proteins may play an adhesive role at the substrate
interface, diversifying functional groups and potentially coor-
dinating surface-bound transition metals, such as Ni, Co, Cu
and Zn [44]. Mcfp-9p histidine—metal ion coordination could
also function as sacrificial bonds for self-healing and energy
dissipation as shown in the mussel thread preCOLs [15,45],
and/or in cohesion between the thread and the plaque
mediated by Mcfp-4 [46]. One conspicuous feature of
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Figure 6. MALDI-MS of induced M. californianus plaques indicate the presence
of Mcfp-p proteins. (a) HPLC chromatogram of the fractionation of acetic acid —
guanidine-solubilized byssus proteins. Protein elution was monitored at an
absorbance of 280 nm (solid line); the elution gradient is also shown
(dashed line). HPLC yielded various peaks consistent with predicted masses
of the novel Mcfp-p sequences as shown by MALDI-MS, specifically Mcfp-7
(b), Mcfp-8p (c), Mcfp-10p (d), Mcfp-13p (d) and Mcfp-14p (e).

Mcfp-9p is the grouping of histidines into blocks, in one case
six consecutive histidine residues, immediately reminiscent of
the classic protein purification tag [44], but there are a few
cases of natural polyhistidine in proteins of various functions
including metal ion transporters, bacterial chaperonins and
antimicrobial peptides [47].

Mcfp-10p is 303 residues in length and contains three
tandem repeat domains of approximately 90 amino acids each.
The function of these domains is unclear and there is no equiv-
alent homologue in the database. The C-terminal portion of the
YGH-rich protein 3 (accession no. ALA16022), identified in the
Mytilus coruscus transcriptome, is 84% identical to one of the
Mcfp-10 repeats, but that constitutes only a small portion of
that large 500 residue protein, which as its name suggests is
rich in tyrosine, glycine and histidine. Mcfp-10, however, is
only 2 mol% histidine compared with 10% in the YGH-rich
protein. Furthermore, the M. coruscus YGH-rich protein was
only identified in a transcriptomic assembly and has not been
vetted by cloning. It is, nonetheless, relevant that the Mcfp-10
repeat domain has been observed in other mussel byssus precur-
sors. Mcfp-10p was eluted from a C18 high-performance liquid
chromatography (HPLC) column and easily ionized by MALDI-
MS, ms yielding a clean spectrum with clear representation of
the multiply charged ions (M + 1H through M + 5H; figure 6c).

Mecfp-11p and Mcfp-12p are the two largest novel proteins
reported here at 55 kDa and 80 kDa, respectively. The high
mol% of histidine (17 and 11%) is notable and makes them
most similar to the N-terminus of Mcfp-4 that is proposed to
interact with the terminal ends of the collagen fibres through
metal-mediated cross-links. These two proteins along with
Mcfp-9 showcase histidine to be much more prevalent in the
plaque than previously thought. While histidine could be play-
ing a similar role to N-terminal Mcfp-4 in metal-mediated
cohesive cross-linking [22], its physiologically relevant pK,
also makes it a prime candidate as a coacervation intermediate
in the fluid to solid transition apparent in plaque processing [48].

Mcfp-13p has a largely non-repetitive sequence rich in tyro-
sine, arginine and lysine, and various hydrophilic residues,
and is poor in hydrophobic residues; this is reminiscent of
Mcfp-3 and Mcfp-5. The distinguishable difference is the
molecular weight of the three proteins (5, 8 and 13 kDa for
Mcfp-3, -5 and -13p, respectively), again highlighting an
apparent tendency to vary chain lengths. It is not unreasonable
to propose an interfacial adhesive role for the protein.

Mcfp-14p is 10 mol% Cys and approximately 10.6 kDa,
and could play a role in redox poise similar to the cysteine-
rich Mcfp-6 [49]. Maintenance of a reducing environment
safeguards against premature oxidation of dopa to the qui-
none, and thereby preserves dopa-mediated interactions for
adhesion and metal coordination.

Mfp-15p has been confirmed as an extractable protein in
byssal plaques (M. edulis) and exhibits nitrotetrazolium blue
(NBT)-positive staining (assay for dopa), a mass of approxi-
mately 29 kDa, and an N-terminal amino acid sequence by
Edman degradation. We found the corresponding homol-
ogue in our database, the N-terminal peptide sequence was
not perfectly conserved but the protein mass is within 10%
and the N-terminus has high homology, and the Tyr content
is high (available for dopa conversion). Like many of the
other sequences presented, its function is not readily appar-
ent, but we do know that it is present as an extractable
protein in the plaque.

Only a couple of novel genes including Mcfp-16-19p were
identified from the accessory gland: all are relatively small
proteins, 5-20 kDa, and fairly rich in cysteine, 7-20%. To
date, Mcfp-1 is the only known protein in the thread cuticle,
although cytochemical analyses suggest the presence of
others; for example, the matrix and the embedded granules
of byssal cuticle are differentially susceptible to enzymatic
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Mcfp-16p, 17p,
18p, 19p

Mcfp-11p, 12p
Mcfp-10p, 15p

Mcfp-7p, 8p, 9p, 13p, 14p

Mcfp-3. 5,6

Figure 7. Putative locations of the new mussel foot proteins in the plaque (red). Mcfp-7, -8, -9, -13, -14 at the substrate interface. Mcfp-10, -15 in the bulk of the
plaque. Mcfp-11, -12 at the collagen interface. Finally, Mcfp-16, -17, -18, -19 in the cuticle coating.

degradation [40]. Mcfp-1’s high dopa content, affinity for Fe
and localization of Fe—dopa coordination complexes in the
granules leave little doubt that Mcfp-1 is a prominent granu-
lar component. This leaves the possibility that Mcfp-16-19p
could be a matrix component. Cysteinyl-dopa cross-links
are a known cohesive component of the mussel plaque and
are associated with the cysteine-rich Mcfp-6 [46], and Mcfp-
16-19p could be performing a similar role in forming a
robust cuticle matrix. The redox potential of cysteine also
allows it to maintain the reducing environment at the
plaque-substrate interface essential for the function/
maintenance of dopa [20]. Dopa is not, however, exclusive
to the plaque but a key feature throughout the byssus and
a functionality present in almost all the Mfps. As such
Mcfp-6 might have a more universal role throughout the
byssus in regulating the oxidation of dopa to dopaquinone,
as such we observed that Mcfp-6 transcripts are more ubiqui-
tous in the byssus than previously thought. An emerging
interpretation is that redox regulation is complex within the
byssus and probably plays a dynamic role in helping regulate
the development and maturation of the byssus.

Naturally, the discovery of so many novel Mfps provokes
curiosity about why they escaped previous isolation and
characterization efforts. There are several plausible expla-
nations: first, the tanned leathery mature form of byssus
makes for poor protein extractability; add to this that protein
extractability from even the induced plaque exudates is less
than approximately 50%. Second, some of the new and
traditional Mfps share similar molecular weights, making a
mixture of the two appear as a cluster of protein variants in
gel electrophoresis and mass spectrometry; for example,
Mcfp-9p (11.5kDa) and Mcfp-6 (11.6 kDa), and Mcfp-12p
(80 kDa) and Mcfp-4 (90 kDa). Small proteins like Mcfp-7p
and -8p could have easily been overlooked (below the detec-
tion range) or attributed to degradation products. Mass
spectrometry has the caveat of being empirically biased
towards ‘fly-able” ions and can hardly be relied on for a full
representation of protein species in a sample. Likewise, par-
tial peptide fragment sequencing can also be extremely
biased based on protease susceptibility as well as fly-ability.
For these and other reasons, it is not unfathomable these
and other mussel foot proteins have been overlooked.

Several recent studies also used transcriptomics and mass
spectrometry to investigate novel mussel byssus proteins in
the mussels Dreissena polymopha [50], Mytilus coruscus [51]

and Perna viridis [28]. With the exception of Mcfp-10p (dis-
cussed above), we did not find significant sequence
homology between the novel byssus sequences reported for
these other species and the abundant transcripts from Mytilus
californianus foot glands, although some sequences from these
various studies seem to follow the general theme of glycine-
rich basic proteins with particular bias towards characteristic
amino acids (tyrosine, cysteine, lysine, arginine and/or
serine). The high glycine content coupled with the obser-
vation that many of the Mfps are intrinsically disordered
[17] could suggest that the amino acid composition is the
key unifying element between some of these various novel
Mfps. The lack of primary sequence homology does not
necessarily negate the possibility of similar functional roles.

Significantly, we did not find any transcripts for highly
acidic proteins. Coacervates offer an advantageous avenue
for byssus processing and delivery, but, by definition,
complex coacervates are electrostatically stabilized liquid—
liquid phase separations usually involving a polycation
and a polyanion [52]. Many of the Mfps are potential poly-
cation candidates in such systems but the polyanion
protein counterparts have not materialized even in these
transcriptomic searches, leaving us to speculate on alternative
polyanion possibilities, such as polysaccharides [25], or
heavily phosphorylated proteins, as in the Phragmatopoma
coacervate system [53].

5. Conclusion

Our NGS data illustrate how transcriptomic analysis can offer
significant insights into the composition of protein-based bio-
materials, and are particularly advantageous in heavily cross-
linked materials. Here, we have nearly doubled the suite of
mussel foot proteins thought to play functional roles in the
mussel byssus, and speculate on their potential localization
(figure 7). It is, however, unclear whether the entire array
of Mfps is required for proper plaque function or a subset
of the Mfp suite is used to match specific environmental
conditions. The knowledge of these new Mifps sets the
groundwork for future biochemical investigations to build a
more complete model of byssus structure and function in
this premier system of bioadhesion.
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under DDBJ/EMBL/GenBank accessions: GFII00000000 (phenol

LSL02107 L ey 205y 7 bioBusiqndeposielorys [



gland), GFIH00000000 (collagen gland) and GFIB00000000 (accessory
gland). The raw sequencing reads are available from the NCBI
Sequence Read Archive (SRA) under accessions: SRR5275489,
SRR5275488 and SRR5275487, respectively. Novel mussel foot
protein sequences are available under GenBank accessions:
KY627765-KY627779. Additional data supporting this article have
been uploaded as part of the electronic supplementary material.
Authors” contributions. D.G.D. and J.H.W. conceived the research, ana-
lysed the data and wrote the manuscript. D.G.D., A.F,, SS. and
J.MLE. planned and executed the experiments, and processed the
data. All authors edited and revised the manuscript.

Competing interests. We declare no competing interests.

Funding. This research was supported by the Materials Research
Science and Engineering Centers Program of the National Science
Foundation under award DMR 1121053 and the National Institutes
of Health under grant no. R01-DE018468. We acknowledge support
from the Center for Scientific Computing from the CNSI, MRL: an
NSF MRSEC DMR-1121053 and NSF CNS-0960316.

Acknowledgements. We thank Sabrina Pankey for help with transcrip-
tomic sample preparation and Todd Oakley for generous use of his
bioinformatic server.

References
1. Kamino K. 2013 Mini-review: barnacle adhesives 2015 The microscopic network structure of mussel ~ 26. Danner EW, Kan Y, Hammer MU, Israelachvili JN,
and adhesion. Biofouling 29, 735—749. (doi:10. (Mytilus) adhesive plaques. J. R. Soc. Interface 12, Waite JH. 2012 Adhesion of mussel foot protein
1080/08927014.2013.800863) 20150827. (doi:10.1098/rsif.2015.0827) Mefp-5 to mica: an underwater superglue.
2. Stewart R). 2004 The tube cement of 15. Waite JH, Qin XX, Coyne KJ. 1998 The peculiar Biochemistry 51, 6511—6518. (d0i:10.1021/
Phragmatopoma californica: a solid foam. J. Exp. collagens of mussel byssus. Matrix. Biol. 17, bi3002538)
Biol. 207, 4727—-4734. (doi:10.1242/jeb.01330) 93-106. (doi:10.1016/50945-053X(98)90023-3) 27. Desmond KW, Zacchia NA, Waite JH, Valentine MT.
3. Hennebert E, Wattiez R, Demeuldre M, Ladurner P, 16. Tamarin A, Keller PJ. 1972 An ultrastructural study 2015 Dynamics of mussel plaque detachment. Soft
Hwang DS, Waite JH, Flammang P. 2014 Sea of the byssal thread forming system in Mytilus. Matter. 11, 6832—6839. (doi:10.1039/c5sm01072a)
star tenacity mediated by a protein that fragments, J. Ultra. Res. 40, 401-416. (doi:10.1016/50022- 28. Guerette PA et al. 2013 Accelerating the design of
then aggregates. Proc. Nat/ Acad. Sci. USA 111, 5320(72)90110-4) biomimetic materials by integrating RNA-seq with
6317—-6322. (doi:10.1073/pnas.1400089111) 17. Waite JH. 2017 Mussel adhesion-essential footwork. proteomics and materials science. Nat. Biotechnol.
4. Waite JH. 1987 Nature’s underwater adhesive J. Exp. Biol. 220, 517—-530. (doi:10.1242/jeb. 31, 908-915. (doi:10.1038/nbt.2671)
specialist. Int. J. Adhes. Adhes. 7, 9—14. (doi:10. 134056) 29. Guerette PA, Hoon S, Ding D, Amini S, Masic A,
1016/0143-7496(87)90048-0) 18. Priemel T, Degtyar E, Dean MN, Harrington MJ. Ravi V, Venkatesh B, Weaver JC, Miserez A. 2014
5. LiL, Zeng H. 2016 Marine mussel adhesion and bio- 2017 Rapid self-assembly of complex biomolecular Nanoconfined (3-sheets mechanically reinforce the
inspired wet adhesives. Biotribology 5, 44— 51. architectures during mussel byssus hiofabrication. supra-hiomolecular network of robust squid sucker
(doi:10.1016/j.hiotri.2015.09.004) Nat. Commun. 8, 1-12. (doi:10.1038/ ring teeth. ACS Nano. 8, 7170—7179. (doi:10.1021/
6. Brubaker CE, Messersmith PB. 2012 The present and ncomms14539) nn502149u)
future of biologically inspired adhesive interfaces 19. Lu Q, Danner E, Waite JH, Israelachvili JN, Zeng H, ~ 30. So CR et al. 2016 Sequence basis of barnacle
and materials. Langmuir 28, 2200—2205. (doi:10. Hwang DS. 2013 Adhesion of mussel foot proteins cement nanostructure is defined by proteins with
1021/1a300044v) to different substrate surfaces. J. R. Soc. Interface silk homology. Sci. Rep. 6, 36219. (doi:10.1038/
7. Stewart RJ, Ransom TC, Hlady V. 2011 Natural 10, 20120759. (doi:10.1098/rsif.2012.0759) srep36219)
underwater adhesives. J. Polym. Sci. B Polym. Phys.  20. Nicklisch SC, Das TS, Martinez Rodriguez NR, Waite ~ 31. Rodrigues M, Ostermann T, Kremeser L, Lindner H,
49, 757-771. (doi:10.1002/polb.22256) JH, Israelachvili JN. 2013 Antioxidant efficacy and Beisel C, Berezikov E, Hobmayer B, Ladurner P. 2016
8. Lee BP, Messersmith PB, Israelachvili JN, Waite JH. adhesion rescue by a recombinant mussel foot Profiling of adhesive-related genes in the freshwater
2011 Mussel-inspired adhesives and coatings. Annu. protein-6. Biotechnol. Prog. 29, 1587 —1593. cnidarian Hydra magnipapillata by transcriptomics
Rev. Mater. Res. 41, 99—132. (doi:10.1146/annurev- (doi:10.1002/btpr.1810) and proteomics. Biofouling. 32, 1115-1129.
matsci-062910-100429) 21. Rzepecki LM, Hansen KM, Waite JH. 1992 (doi:10.1080/08927014.2016.1233325)
9. Callow ME, Callow JA 2002 Marine biofouling: a Characterization of a cystine-rich polyphenolic 32. Afgan E et al. 2016 The Galaxy platform for
sticky problem. Biologist 49, 1-5. protein family from the blue mussel Mytilus edulis. accessible, reproducible and collaborative hiomedical
10. Fitridge |, Dempster T, Guenther J, de Nys R. 2012 Biol. Bull. 183, 123—137. (d0i:10.2307/1542413) analyses: 2016 update. Nucleic Acids Res. 44,
The impact and control of biofouling in marine 22. Zhao H, Waite JH. 2006 Proteins in load-bearing W3—-W10. (doi:10.1093/nar/gkw343)
aquaculture: a review. Biofouling 28, 649—669. junctions: the histidine-rich metal-binding protein 33. Bolger AM, Lohse M, Usadel B. 2014 Trimmomatic:
(doi:10.1080/08927014.2012.700478) of mussel byssus. Biochemistry 45, 14223—14231. a flexible trimmer for lllumina sequence data.
11. Denny M. 1995 Predicting physical disturbance: (doiz10.1021/bi061677n) Bioinformatics 30, 2114—2120. (doi:10.1093/
mechanistic approaches to the study of survivorship ~ 23. Sun C, Waite JH. 2005 Mapping chemical gradients bioinformatics/btu170)
on wave-swept shores. £col. Monogr. 65, 371—418. within and along a fibrous structural tissue, mussel ~ 34. Haas BJ et al. 2013 De novo transcript sequence
(doi:10.2307/2963496) byssal threads. J. Biol. Chem. 280, 39332—-39336. reconstruction from RNA-seq using the Trinity
12. Tamarin A, Lewis P, Askey J. 1976 The structure and (doi:10.1074/jbc.M508674200) platform for reference generation and analysis. Nat.
formation of the byssus attachment plaque in 24, Sagert J, Waite JH. 2009 Hyperunstable matrix Protoc. 8, 1494—1512. (doi:10.1038/nprot.2013.084)
Mytilus. J. Morphol. 149, 199—-221. (doi:10.1002/ proteins in the byssus of Mytilus galloprovincialis. 35. Li B, Dewey CN. 2011 RSEM: accurate transcript
jmor.1051490205) J. Exp. Biol. 212, 2224—2236. (d0i:10.1242/jeb. quantification from RNA-Seq data with or without
13. Sone ED. 2016 Interfacial phenomena in marine and 029686) a reference genome. BMC Bioinformatics 12, 323.
freshwater mussel adhesion. In Biological adhesives ~ 25. Miller DR, Das S, Huang K-Y, Han S, Israelachvili JN, (doi:10.1186/1471-2105-12-323)
(ed. AM Smith), pp. 129—151. Cham, Switzerland: Waite JH. 2015 Mussel coating protein-derived 36. Yu J, Wei W, Danner E, Ashley RK, Israelachvili JN,
Springer International Publishing. complex coacervates mitigate frictional surface Waite JH. 2011 Mussel protein adhesion depends on
14.  Filippidi E, DeMartini DG, Malo de Molina P, Danner damage. ACS Biomater. Sci. Eng. 1, 1121-1128. interprotein thiol-mediated redox modulation. Nat.

EW, Kim J, Helgeson ME, Waite JH. Valentine MT.

(doi:10.1021/acshiomaterials.5b00252)

Chem. Biol. 7, 588 —590. (doi:10.1038/nchembio.630)

Lgujuoz ‘:ﬂ aJ‘anam/“")dg.'y"/ ‘516'ﬁu!qs!|qnd‘/(19pos‘|é/(or;jsj E


http://dx.doi.org/10.1080/08927014.2013.800863
http://dx.doi.org/10.1080/08927014.2013.800863
http://dx.doi.org/10.1242/jeb.01330
http://dx.doi.org/10.1073/pnas.1400089111
http://dx.doi.org/10.1016/0143-7496(87)90048-0
http://dx.doi.org/10.1016/0143-7496(87)90048-0
http://dx.doi.org/10.1016/j.biotri.2015.09.004
http://dx.doi.org/10.1021/la300044v
http://dx.doi.org/10.1021/la300044v
http://dx.doi.org/10.1002/polb.22256
http://dx.doi.org/10.1146/annurev-matsci-062910-100429
http://dx.doi.org/10.1146/annurev-matsci-062910-100429
http://dx.doi.org/10.1080/08927014.2012.700478
http://dx.doi.org/10.2307/2963496
http://dx.doi.org/10.1002/jmor.1051490205
http://dx.doi.org/10.1002/jmor.1051490205
http://dx.doi.org/10.1098/rsif.2015.0827
http://dx.doi.org/10.1016/S0945-053X(98)90023-3
http://dx.doi.org/10.1016/S0022-5320(72)90110-4
http://dx.doi.org/10.1016/S0022-5320(72)90110-4
http://dx.doi.org/10.1242/jeb.134056
http://dx.doi.org/10.1242/jeb.134056
http://dx.doi.org/10.1038/ncomms14539
http://dx.doi.org/10.1038/ncomms14539
http://dx.doi.org/10.1098/rsif.2012.0759
http://dx.doi.org/10.1002/btpr.1810
http://dx.doi.org/10.2307/1542413
http://dx.doi.org/10.1021/bi061677n
http://dx.doi.org/10.1074/jbc.M508674200
http://dx.doi.org/10.1242/jeb.029686
http://dx.doi.org/10.1242/jeb.029686
http://dx.doi.org/10.1021/acsbiomaterials.5b00252
http://dx.doi.org/10.1021/bi3002538
http://dx.doi.org/10.1021/bi3002538
http://dx.doi.org/10.1039/c5sm01072a
http://dx.doi.org/10.1038/nbt.2671
http://dx.doi.org/10.1021/nn502149u
http://dx.doi.org/10.1021/nn502149u
http://dx.doi.org/10.1038/srep36219
http://dx.doi.org/10.1038/srep36219
http://dx.doi.org/10.1080/08927014.2016.1233325
http://dx.doi.org/10.1093/nar/gkw343
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1038/nprot.2013.084
http://dx.doi.org/10.1186/1471-2105-12-323
http://dx.doi.org/10.1038/nchembio.630

37.

38.

39.

40.

41.

42.

Petersen TN, Brunak S, Heijne von G, Nielsen H.
2011 SignalP 4.0: discriminating signal peptides
from transmembrane regions. Nat. Methods 8,
785-786. (doi:10.1038/nmeth.1701)

Li B, Ruotti V, Stewart RM, Thomson JA, Dewey CN.
2010 RNA-Seq gene expression estimation with read
mapping uncertainty. Bioinformatics 26, 493 —500.
(doi:10.1093/bicinformatics/btp692)

Zuccarello LV. 1980 The collagen gland of

Mytilus galloprovincialis: an ultrastructural and
cytochemical study on secretory granules. J. Ultra.
Res. 73, 135—147. (doi:10.1016/50022-5320(80)
90119-7)

Zuccarello LV. 1981 Ultrastructural and cytochemical
study on the enzyme gland of the foot of a mollusc.
Tissue Cell 13, 701—713. (doi:10.1016/50040-
8166(81)80007-9)

Vogel C, Marcotte EM. 2012 Insights into the
regulation of protein abundance from proteomic
and transcriptomic analyses. Nat. Rev. Genet. 13,
227-1232. (doi:10.1038/nrg3185)

Wei W, Yu J, Gebbie MA, Tan Y, Martinez Rodriguez
NR, Israelachvili JN, Waite JH. 2015 Bridging
adhesion of mussel-inspired peptides: role of
charge, chain length, and surface type. Langmuir
31, 1105-1112. (doi:10.1021/1a504316q)

43.

45.

46.

47.

48.

Maier GP, Rapp MV, Waite JH, Israelachvili JN, Butler
A. 2015 Adaptive synergy between catechol and
lysine promotes wet adhesion by surface salt
displacement. Science 349, 628—632. (doi:10.1126/
science.aab0556)

Schmidt S, Reinecke A, Wojcik F, Pussak D,
Hartmann L, Harrington MJ. 2014 Metal-mediated
molecular self-healing in histidine-rich mussel
peptides. Biomacromolecules 15, 1644—1652.
(doi:10.1021/bm500017u)

Harrington MJ, Gupta HS, Fratzl P, Waite JH. 2009
Collagen insulated from tensile damage by domains
that unfold reversibly: in situ X-ray investigation of
mechanical yield and damage repair in the mussel
byssus. J. Struct. Biol. 167, 47—54. (doi:10.1016/j.
jsb.2009.03.001)

Zhao H, Waite JH. 2006 Linking adhesive and
structural proteins in the attachment plaque of
Mytilus californianus. J. Biol. Chem. 281, 26 150—
26 158. (doi:10.1074/jbc.M604357200)
Rowinska-Zyrek M, Witkowska D, Potocki S, Remelli
M, Kozlowski H. 2013 His-rich sequences—is
plagiarism from nature a good idea? New J. Chem.
37, 58-70. (doi:10.1039/C2NJ40558))

Tan Y, Hoon S, Guerette PA, Wei W, Ghadban A, Hao
(, Miserez A, Waite JH. 2015 Infiltration of chitin by

49.

50.

51.

52.

53.

protein coacervates defines the squid beak
mechanical gradient. Nat. Chem. Biol. 11, 488 —495.
(doi:10.1038/nchembio.1833)

Nicklisch SCT, Spahn JE, Zhou H, Gruian (M, Waite
JH. 2016 Redox capacity of an extracellular matrix
protein associated with adhesion in Mytilus
californianus. Biochemistry 55, 2022 —2030. (doi:10.
1021/acs.biochem.6h00044)

Gantayet A, Rees DJ, Sone ED. 2014 Novel proteins
identified in the insoluble byssal matrix of the
freshwater zebra mussel. Mar. Biotechnol. 16,
144-155. (doi:10.1007/510126-013-9537-9)

Qin C-L, Pan Q-D, Qi Q, Fan M-H, Sun J-J, Li N-N,
Liao Z. 2016 In-depth proteomic analysis of the
byssus from marine mussel Mytilus coruscus.

J. Proteom. 144, 87-98. (doi:10.1016/j.jprot.2016.
06.014)

Hwang DS, Zeng H, Srivastava A, Krogstad DV, Tirrell
M, Israelachvili JN, Waite JH. 2010 Viscosity and
interfacial properties in a mussel-inspired adhesive
coacervate. Soft Matter. 6, 3232—3236. (doi:10.
1039/C002632H)

Zhao H, Sun C, Stewart RJ, Waite JH. 2005 Cement
proteins of the tube-building polychaete
Phragmatopoma californica. J. Biol. Chem. 280,
4293842944, (doi:10.1074/jbc.M508457200)

Lgujuoz ‘:ﬂ a)npalu/ )og 'y"/ ‘510'ﬁu!qs!|qnd‘/(19!305|é/(01';1sj


http://dx.doi.org/10.1038/nmeth.1701
http://dx.doi.org/10.1093/bioinformatics/btp692
http://dx.doi.org/10.1016/S0022-5320(80)90119-7
http://dx.doi.org/10.1016/S0022-5320(80)90119-7
http://dx.doi.org/10.1016/S0040-8166(81)80007-9
http://dx.doi.org/10.1016/S0040-8166(81)80007-9
http://dx.doi.org/10.1038/nrg3185
http://dx.doi.org/10.1021/la504316q
http://dx.doi.org/10.1126/science.aab0556
http://dx.doi.org/10.1126/science.aab0556
http://dx.doi.org/10.1021/bm500017u
http://dx.doi.org/10.1016/j.jsb.2009.03.001
http://dx.doi.org/10.1016/j.jsb.2009.03.001
http://dx.doi.org/10.1074/jbc.M604357200
http://dx.doi.org/10.1039/C2NJ40558J
http://dx.doi.org/10.1038/nchembio.1833
http://dx.doi.org/10.1021/acs.biochem.6b00044
http://dx.doi.org/10.1021/acs.biochem.6b00044
http://dx.doi.org/10.1007/s10126-013-9537-9
http://dx.doi.org/10.1016/j.jprot.2016.06.014
http://dx.doi.org/10.1016/j.jprot.2016.06.014
http://dx.doi.org/10.1039/C002632H
http://dx.doi.org/10.1039/C002632H
http://dx.doi.org/10.1074/jbc.M508457200

	A cohort of new adhesive proteins identified from transcriptomic analysis of mussel foot glands
	Introduction
	Material and methods
	Transcriptome generation
	Transcriptome assembly
	Polymerase chain reaction validation
	Matrix-assisted laser desorption ionization mass spectrometry

	Results
	Transcriptome generation and analysis
	Novel mussel foot protein transcripts
	Protein-level evidence of novel Mcfp-p proteins

	Discussion
	Conclusion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	Acknowledgements
	References




