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Abstract

The pen or gladius of the squid is an internalized shell and serves as a site of attachment for 

important muscle groups and as a protective barrier for the visceral organs. The pen’s durability 

and flexibility is derived from its unique composition of chitin and protein. We report the 

characterization of the structure, development, and composition of pens from Doryteuthis pealeii. 
The nanofibrils of the polysaccharide, β-chitin, are arranged in an aligned configuration in only 

specific regions of the pen. Chitin is secreted early in development enabling us to characterize the 

changes in pen morphology prior to hatching. The chitin and proteins are assembled in the shell 

sac surrounded by fluid which has a significantly different ionic composition than squid plasma. 

Two groups of proteins are associated with the pen, those on its surface and those embedded 

within the pen. Only twenty proteins are identified as embedded within the pen. Embedded 

proteins are classified into 6 groups including chitin associated, protease, protease inhibitors, 

intracellular, extracellular matrix and those that are unknown. The pen proteins share many 

conserved domains with proteins from other chitinous structures. We conclude that the pen is one 

of the least complex, load-bearing, chitin-rich structures currently known, and is amenable to 

further studies to elucidate natural construction mechanisms using chitin and protein.
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Introduction

The pen of the squid is considered an internalized shell, homologous with the heavily 

mineralized external shells of other molluscs (Naef, 1928;Young et al., 1998). Pens are most 

commonly transparent, tough, flexible, non-mineralized skeletal elements comprised of 

chitin and proteins. Along its dorsal surface it supports the mantle muscles, whose expansion 

and contraction produces the jet propulsion of squid locomotion (Williams, 1909;Gosline 
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and DeMont, 1985;Thompson et al., 2014), powerful enough to launch squid into flight 

(O’Dor, 2013). On its ventral surface, muscles insert that control the siphon and give 

direction to the jet, control the rotational motion of the head and its retraction into the mantle 

cavity, and support the musculature of digestive organs (Williams, 1909;Young et al., 

1998;Thompson et al., 2016). However, some squid, like the bobtail squid, that live a benthic 

existence, form no pen (Cole and Hall, 2009;Lee et al., 2009), and others, such as the bigfin 

reef squid, have a pen with some degree of mineralization (Subhapradha et al., 2013).

The pen is valuable as a source of information for the life history of the squid, as well as a 

marine resource of commerce. The pen enlarges over the life cycle of the squid, 

incorporating stable environmental isotopes, providing a record of an individual’s age and 

also its feeding and migratory behavior (Bizikov, 1995;Ruiz-Cooley et al., 2010;Lorrain et 

al., 2011;Merten et al., 2017). The pen is also a rich source of β-chitin that has many 

commercial applications (Vournakis et al., 2003;Di Martino et al., 2005;Ma et al., 

2011;Fernandez and Ingber, 2014;Das et al., 2015) and many efforts report characterization 

of the purified chitin (Chaussard and Domard, 2004;Lavall et al., 2007;Cortizo et al., 

2008;Ianiro et al., 2014;Cuong et al., 2016). However, pen construction and its protein 

composition have largely been ignored.

In other organisms where external shells are constructed with chitin-protein composites, 

shells can be heavily mineralized, as in decapods, gastropods, and bivalves (Raabe et al., 

2005;Marin et al., 2008;Fernandez and Ingber, 2013;Suzuki and Nagasawa, 2013). Recent 

studies attempt to characterize the proteins associated with chitin by using transcriptomic 

and proteomic approaches (Marin et al., 2013). Many of the recovered proteins are unknown 

and for many others it is difficult to decide whether a particular protein is involved in the 

assembly, organization and nucleation of the inorganic matrix or involved with the structure 

and biosynthesis of the chitin-protein matrix or both (Marin et al., 2008). Furthermore, many 

other chitin-protein composites are sclerotized, hardened through dehydration and covalent 

cross-linking of structural macromolecules including insect cuticles and wings, and 

cephalopod beaks (Andersen, 2010;Fernandez and Ingber, 2013;Tan et al., 2015). Extraction 

and identification of the cross-linked proteins is very challenging (Fernandez and Ingber, 

2013;Tan et al., 2015). In order to learn how chitin and proteins are assembled into 3-

dimensional structures, it would be ideal to study a chitin-protein composite without 

mineralization or sclerotization, in a model organism that can be studied at the cellular and 

molecular level from its embryonic origin to adulthood. The pen of Doryteuthis pealeii, is 

one such example.

The squid pen is constructed by, and contained within, the closed shell sac, an epithelium 

which completely surrounds the pen (Williams, 1909;Hopkins and Boletzky, 1994). In the 

squid, Loligo vulgaris, it was suggested that the ventral shell sac epithelium is primarily 

responsible for secretion of the materials that make up the pen, and that the dorsal 

epithelium plays a more significant role in anchoring the pen to the mantle musculature 

(Hopkins and Boletzky, 1994). These conclusions are based on differences in cellular 

morphology and organelle quantity between the ventral and dorsal regions of the shell sac 

rather than direct evidence of the secretion of the pen constituents (Hopkins and Boletzky, 

1994). In fact, much of the evidence regarding the secretion and organization of chitin and 
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proteins in the pen, is based on various imaging methods and analogy to known structures 

rather than on the identification of individual proteins and how they interact with other 

proteins and/or chitin (Hunt and Nixon, 1981;Hunt and El Sherief, 1990;Wu et al., 

2003;Yang et al., 2014;Cuong et al., 2016).

Pens from various species of squid contain by weight, 25-49% chitin and 43-75% protein 

with very low ash (inorganic composition) after thermo-gravimetric analysis (Hunt and 

Nixon, 1981;Wu et al., 2003;Chaussard and Domard, 2004;Lavall et al., 2007;Cortizo et al., 

2008;Cuong et al., 2016). In the small samples of the pen that were studied, chitin 

nanofibrils appear wrapped in a protein layer (Raabe et al., 2005;Yang et al., 

2014;Merzendorfer et al., 2016) and α-helical protein coils and β-chitin nanofibrils, are 

aligned parallel to the long axis of the pen (Yang et al., 2014). While a unidentified collagen 

has been inferred to surround pens of Illex argentinus (Wu et al., 2003), no other proteins 

associated with the pen have been identified. Amino acid analysis has been performed and 

indicates that pen proteins from three different species are enriched with hydrophobic amino 

acids (Hackman, 1960;Hunt and Nixon, 1981;Wu et al., 2003;Cuong et al., 2016).

The identity of the pen proteins and the mechanisms by which they assemble with the chitin 

nanofibrils to construct and repair this complex 3-D structure remain unknown. Here, we use 

microscopy to describe the chitin-protein organization in whole adult pens and the 

developmental morphology of embryonic pens. We determine the inorganic composition of 

the extracellular fluid surrounding the pen to begin to understand how the pen remains 

without mineralization. We also report and discuss the proteins that are associated with adult 

pens and compare them to the proteins associated with other chitinous structures.

Materials and Methods

Collection and preparation of biological materials

Pens were removed from the shell sacs of freshly sacrificed adult squid (Doryteuthis 
pealeii). An incision in the mantle was made along the midline and the pen was removed by 

peeling back the mantle and gently pulling on the pen. Two methods were used for removing 

adhering tissue. Method 1 (M1) involved removing all visible soft tissue by rubbing pens 

with gloved hands under deionized (DI) water. Method 2 (M2) involved rinsing pens with 

isotonic saline while scrubbing the pen surface with a small, plastic bristled brush. 

Dehydration of whole pens was performed in a short period of time using a vacuum 

evaporator. Pulverized pens were chopped into a fine powder with a blade grinder (Capresso, 

Closter, N.J.).

Embryonic squid and hatchlings were collected from squid egg capsules that were deposited 

in the squid holding tanks of the Marine Resource Center (MBL, Woods Hole, MA) between 

June and September, and held at ambient temperature. Embryos were staged according to 

Arnold (1965).

Shrimp shells appear similar to squid pen with regard to low covalent cross-linking and low 

mineralization. Therefore, they were used to compare protein extraction and general 

composition with the squid pen despite the fact that shrimp shells contain α-chitin rather 
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than β-chitin in the squid pen. The shells were obtained from chilled white shrimp 

(Litopenaeus setiferus). We used M2 to remove cellular material from the shrimp shells after 

the shells were peeled away from the body. Shells were dried and pulverized as described 

above.

Microscopy

We examined pen construction using polarized light, fluorescence, and electron microscopy. 

Images of dried pens (M1) were obtained with transmitted light that was unpolarized or 

polarized to aid in identification of chitin-protein alignment in whole pens. Four individual 

images were assembled to make each composite image. The squid pen was placed between 

crossed polarizer and analyzer filters during illumination with polarized light. Filters were 

mounted on a Zeiss Discovery microscope equipped with a color digital camera. Polarizers 

were rotated to achieve the maximum extinction (dark in the absence of anisotropic 

material). Isotropic materials remain dark when rotated between polarizers. Anisotropic 

materials become brighter at set intervals when rotated between polarizers. In order to obtain 

the maximal (brightest) birefringence signal, the long axis of the pen is oriented at 45° to the 

transmission axis of the polarizer. The anisotropic structures in the pen produce Newton 

interference colors. The hue corresponds to the magnitude of birefringence retardation and 

can be estimated by the Michel Levy Color Chart (Oldenbourg and Shribak, 2010).

Fluorescence microscopy of pen development was performed by staining pen chitin with 

Calcofluor white (Sigma Aldrich, St. Louis, M.O.) at a final concentration of 0.01%. 

Specimens were fixed in phosphate buffered saline (PBS) with 2% paraformaldehyde and 

rinsed with 0.1% Triton X-100 in PBS to remove membranes. Samples were rinsed in PBS 

before staining with Calcofluor white for 1 hour and destained for 1 hour with multiple 

exchanges of PBS. Images were collected using a Zeiss two-photon LSM platform 

configured on an inverted Observer Z1 microscope. Embryos and hatchlings were positioned 

dorsal side down in PBS and z-stacks of images were collected of the curved pen. Calcofluor 

was excited with a Coherent Chameleon II laser at 705 nm and the emitted light was 

collected with an internal detector, 420-492 nm. Rhodamine phalloidin (ThermoFisher, 

Waltham, MA) was used to stain mantle actin using 540 nm/565 nm, excitation/emission in 

order to determine the association between the pen and the mantle. Stacks of images were 

projected onto a single plane using the Z-projection function in ImageJ software (Rasband, 

1997-2018).

To identify finer detail on the surface of dehydrated pens we used scanning electron 

microscopy (S.E.M.) with a Zeiss SUPRA 40vp Gemini Scanning Electron Microscope. 

Pens were attached to aluminum specimen mount (Ted Pella Inc. cat.# 16111-9, Redding, 

CA) using double sticky carbon tabs (Ted Pella, Inc. cat.# 16084-20, Redding, CA) and 

sputter coated with a 6 nm layer of platinum using a Leica EM MED020 high vacuum 

coating system. Images were captured with the Zeiss SMARTSEM software. Dorsal and 

ventral surfaces of the squid pens were investigated.
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Shell sac ion composition

The ionic composition of the extracellular fluid surrounding the pen was determined to 

understand the chemical environment in which the pen is constructed. Extracellular fluid 

was diluted 100 fold and the free ionic concentration was determined, taking into account 

the dilution. Water content from freshly isolated pens was determined by weighing the 

hydrated pens in 15mL conical tubes before and after vacuum evaporation of the water in 

each pen. Deionized water (DI), equal to 100 times the original water content was added 

back to each tube to rehydrate each pen and dilute the ionic composition before analyzing 

the solute levels. Ion chromatography and colorimetric assays were performed at the Water 

Resources Research Center at the University of New Hampshire (Durham, NH). We report 

the mean ± the standard deviation of the free ion concentration for 5 whole pens.

Shell sac transcriptome

A shell sac transcriptome of Doryteuthis pealeii was prepared by excising both medial and 

lateral sections (25 mm2) of the ventral shell sac from freshly isolated and dissected adult 

squid. Total RNA was extracted from the tissue using the RNAqueous kit (Thermofisher 

Scientific) and converted into libraries using polyA selection with the Illumina TruSeq 

Stranded mRNA Library preparation Kit LT. Libraries were pooled prior to sequencing. 

Samples were sequenced using an Illumina HiSeq 2000 flow cell using TrueSeq SBS 

Version 3 reagents. Illumina sequencing was perfomed using 2 x 150 bp paired-end 

sequencing cycles. Base calling was done by Illumina Real Time Analysis (RTA) v1.17.21.3 

and output of RTA was demultiplexed and converted to FastQ with Illumina Bcl2fastq 

v1.8.4. Sequencing data from all samples were pooled for assembly. Data went through two 

stages of read trimming: quality based trimming using Trimmomatic v0.33 followed by K-

mer spectral analysis to remove low abundance k-mers using the Khmer 2.0 package. 

FastQC v0.11.3 was used to check data quality before and after trimming. After filtering, 

high-quality fragments were used for de novo transcriptome assembly using Trinity v6.0.2. 

SeqClean was used to trim polyA tails and remove low complexity sequences. For functional 

annotation, assembled transcripts were blasted against the SWISS-PROT database and best 

hits with p-values less than 10−3 were selected. All sequencing reads have been deposited 

into the NCBI small reads archive under the following accession numbers: SRX817965 for 

the marginal (lateral) epithelial layer and SRX817964 for the ventral (medial) epithelial 

layer.

RACE

In order to obtain more complete sequence information for the protein with greatest relative 

abundance we used rapid amplification of cDNA ends (RACE). Total RNA was extracted 

from the tissue of the lateral, ventral shell sac using RNeasy (Qiagen). cDNA with 5’ and 3’ 

adapter regions was made using the FirstChoice RLM-RACE kit (Thermofisher Scientific). 

RACE was achieved using 3’ and 5’ RACE primers provided with the kit and internal 

primers for the sequence listed below.
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Forward Reverse

GTGCCCCTGGTACTCTCTATT ATGTGGGCAACAACAGGTTTAT

CCTGAAGAACCCGCCAAAT CGGCTGATACACAAACCTTTT

GCCCCAGGAACCGCTTATT

PCR was performed with LongAmp Taq 2X Master Mix (NEB, Ipswich, MA). Nested 

priming was performed to reduce nonspecific amplification prior to sequencing. Gel 

extraction and DNA purification with Monarch DNA gel extraction (NEB) and Monarch 

PCR and DNA cleanup (NEB) was used, when necessary, to clean up PCR products prior to 

sequencing by GenScript.

Pen protein extraction and identification

We determined the relative protein content of the pens by comparing the dry weight of 

whole and pulverized pens before and after treatment with 1 N NaOH to hydrolyze the 

proteins and minimize deacetylation of chitin (Chaussard and Domard, 2004;Ianiro et al., 

2014). Pulverized pens (0.25 g) were dissolved in 40 mL of 1N NaOH and incubated 

overnight at either room temperature or 95° C. The next day the material was rinsed with 

NaOH to remove the amino acids before rinsing with DI H2O to remove the NaOH. The wet 

material was vacuum dried and reweighed. We report the mean percent weight ± the 

standard deviation.

Whole proteins were removed from pulverized pens with treatments of either 8 M guanidine 

HCl, or 8 M urea with 5% acetic acid. Pulverized pens (0.25 -0.5g) were incubated in 2 

exchanges of 10 mL of extraction buffer for 30 minutes each with gentle agitation. We 

pelleted the chitin with centrifugation and precipitated proteins from the supernatant using 

90% ethanol (guanidine) or 80% acetone (urea). Proteins were resuspended in loading buffer 

for separation using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS 

PAGE). The lane was cut into fragments to contain all proteins and prepared for shipment 

according to the instructions provided by the Mass Spectrometry and Proteomics Resource 

Laboratory (MSPRL) (Harvard University, Cambridge MA). Protein fragments, were made 

using in-gel digestion with trypsin, separated using HPLC, and identified with the help of 

MS/MS. The spectral data of the peptides was correlated with sequences from the squid 

transcriptome to identify pen transcripts using the Proteome Discoverer search engine. All 

data were filtered to 1% FDR. BLAST was used in Uniprot and NCBI to identify 

homologous proteins and identify gene ontology (GO) terms, conserved domains and 

protein similarity. The procedure above would not extract proteins that are covalently bound 

to chitin and present in other chitinous structures (Andersen, 2010;Tan et al., 2015).

We attempted to remove covalently bound pen proteins using chitin oxidation (Vold and 

Christensen, 2005) and also selective protein hydrolysis (Tan et al., 2015). Prior to extraction 

of covalently bound proteins, noncovalently bound proteins were removed by rinsing eight 

times with 8 M guanidine followed by eight rinses with acetate buffer. This method removed 

noncovalently bound proteins as assessed by the loss of a protein pellet after the 
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precipitation step. We attempted to remove covalent proteins from chitin using chitin 

oxidation with 10 mM periodate (Sigma-Aldrich, St. Louis, MO) in 100 mM acetate buffer 

(pH 4.5) for 30 min at room temperature with gentle agitation. A fraction of the pen chitin is 

deacetylated and periodate exposure hydrolyzes the deacetylated chitin (Vold and 

Christensen, 2005). This periodate treatment is gentle on proteins (Woodward et al., 1985). 

Periodate liberated proteins were precipitated in acetone, separated with SDS PAGE, excised 

and identified. We also attempted to remove covalently bound proteins using hydroxylamine 

treatment as it was previously successful in releasing some proteins from the squid beak 

(Tan et al., 2015). Noncovalently bound proteins were removed from pulverized pen as 

described above and remaining material was treated with hydroxylamine using the procedure 

described by Tan et al., (2015). Proteins were precipitated and identified.

Results

Pen structure and development

A whole pen from an adult D. pealeii is illuminated with transmitted unpolarized light (Fig. 

1A) and transmitted polarized light (Fig. 1B). The illustration of the adult squid in Fig. 1 

shows the location and orientation of the pen (black). The pen is bilaterally symmetric with a 

thicker, narrow anterior and a broad thinner posterior region known as the vane. The rachis 

or spine, runs the length of the pen but is thicker toward the anterior. Illumination with 

polarized light results in bright colors (Fig. 1B). This indicates that the microstructure of the 

pen is highly birefringent, having two refractive indices, depending on the orientation of the 

polarization plane. When the polarizer and analyzer are removed, the pen is transparent (Fig. 

1A), indicating that there is no pigmentation, no restriction of light by minerals, and the 

color is created by birefringence only. The greatest birefringence appears in the rachis, 

anterior region of the pen and lateral edges of the vane. The lack of color in the body of the 

vane indicates that there is much less birefringence. The rachis and narrow anterior region of 

the pen have the greatest alignment of macromolecules, however, the body of the vane is less 

uniform in chitin-protein alignment.

The pen is secreted in layers which is visualized with S.E.M. Removal of a small superficial 

layer of the pen exposes multiple layers beneath, and in close proximity, that are identified 

by white arrows (Fig. 2A). The shell sac epithelium, indicated by the white triangles, 

adheres tightly to the dorsal surface of the pen even after attempts to remove it from the pen 

with M2 (Fig. 2B).

The birefringence of the adult pen encouraged us to follow development of the embryonic 

pen in vivo with polarized light. However, the birefringence of the overlaying mantle 

skeletal muscle overwhelmed the birefringence of the chitin and protein in the pen (not 

shown). Instead, we characterized pen development using the fluorescent chitin stain, 

Calcofluor white. Calcofluor selectively stains squid pen with weak staining of surrounding 

tissues (Fig. 3A–E). While emybronic development of the mantle begins at stage 19 (Arnold, 

1965, 1990), we observed the first sign of chitin secretion beneath the mantle at stage 23 

(Fig. 3A). Development of the narrow, anterior pen appears first (Fig. 3A). However, further 

elongation occurs simultaneously with elaboration of the lateral edges of the vane, forming 

first an inverted ‘V’ at stage 25-26 (Fig. 3B) along the anterior-posterior axis and later an 
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inverted ‘Y’ at stage 27 (Fig. 3C) as the anterior region elongates more rapidly than the 

posterior. Continued elaboration at stage 28 (Fig. 3D) is associated with elongation of both 

the narrow, anterior pen and the lateral edges of the wider, posterior vane. The central, most 

posterior segment of the vane invaginates (Fig. 3D, red arrow). A small, superficial cluster of 

cells just posterior to this invagination (gray arrow), in a position where the Hoyle organ has 

been identified (Arnold, 1990;Cyran et al., 2018), stains more brightly with the Calcofluor 

dye (Fig. 3D) than other surrounding cells. The posterior invagination is no longer present 

prior to hatching (Fig. 3E). The thinner layers of chitin in the lateral vane stain more faintly 

than the thicker, central rachis. At hatching, the entire pen structure appears to be a 

miniature form of the pen in the adult shown above (Fig. 1A). In the hatchling pen, the 

skeletal muscle of the mantle (red, inset to Fig. 3F) attaches along the lateral edges of the 

pen (green, inset to Fig. 3F). The pen expands laterally, beneath the edges of the skeletal 

muscle of the mantle. In embryos as in adults (Ruiz-Cooley et al., 2010;Lorrain et al., 2011) 

the anterior region of the pen elongates more rapidly than the vane.

Shell sac ion composition

The images presented above show that pens from D. pealeii lack significant mineralization. 

Does the shell sac insulate the pen from mineralization, or do the pen macromolecules 

prevent mineralization? To begin to address this question we determined the inorganic 

composition of the extracellular fluid surrounding the pen. We find that nearly half the 

weight of freshly extracted pens is water, 48.5 ± 2.6% (n=10 whole pens). The shell sac 

enclosed fluid contains twice the concentration of free Ca2+, the same concentration of K+ 

and a little more than half as much Na+, Mg2+, and Cl- compared to squid plasma that is 

similar to seawater (Table 1). Based on the concentration of these inorganic ions, the shell 

sac fluid is close to 60% of the osmolality of the squid plasma. The shell sac maintains an 

ionic environment that is chemically distinct from the plasma and extracellular fluid in the 

squid. Despite the lack of mineralization, Ca2+ is enriched in the shell sac, leading us to 

hypothesize that protein modifications help to prevent mineralization of the pen.

Pen protein extraction and characterization

As the β-chitin of the pen has emerged as a renewable commercial resource, its associated 

proteins are stripped away to enable applications for raw chitin (Ianiro et al., 2014;Cuong et 

al., 2016). The proteins have largely been ignored. In order to measure the total contribution 

of protein to the pen, alkaline hydrolysis of pulverized pens (M1 and M2) was used to 

remove proteins. When the treatment was performed at room temperature we found that D. 
pealeii pens are composed of 33.9 ± 0.01% chitin and 66.1 ± 0.01% nonchitinous material 

(n=6). The nonchitinous material is dominated by proteins (Hunt and Nixon, 1981). We also 

performed alkaline hydrolysis at 95°C yielding a slightly elevated estimate of nonchitinous 

material 71.2 ± 0.5% (n=4), which may reflect either a greater hydrolysis of proteins than 

performed at room temperature or may reflect deacetylation of chitin into chitosan.

In order to identify microscopic differences between whole pens with and without proteins 

(extracted using guanidine) we imaged the lateral edges of the vane of treated pens with with 

S.E.M. The fiber alignment running top to bottom (Fig. 4) is parallel to the anterior-posterior 

axis. Under lower magnification (200x) the pen surface with proteins (Fig. 4A) is difficult to 
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discriminate from the pen surface without proteins (Fig. 4B). However, under higher 

magnification (1500x), the pen surface with proteins (Fig. 4C) is roughened compared to the 

smooth, glassy appearance of the surface of the pen obtained in the absence of proteins (Fig. 

4D).

We further characterized the organic composition of pens by extracting proteins for 

identification. Protein extraction with either guanidine or acidic urea led to similar banding 

patterns when compared with SDS-PAGE, however, guanidine treatment showed greater 

quantities of extracted protein. Therefore, guanidine treatment was used for further 

extractions.

Using the partial sequences from the shell sac transcriptome and multiple iterations of 

protein extraction methods we explored the identity of pen proteins using MS/MS of 

proteins excised from the polyacrylamide gels. Removal of proteins from pens (M1) led to 

identification of 309 shell sac sequences from the protein fragments. We also observe that 

guanidine extraction removes only 36.3 ± 0.02% (n =3), of the mass of the nonchitinous 

material compared to alkaline hydrolysis, leading us to hypothesize that a majority of the 

pen proteins are either covalently cross-linked to the chitin fibers or immobilized within the 

chitin nanofibril meshwork. Some of the most abundant proteins of this extraction include 

actin, myosin and tropomyosin, along with a long list of other intracellular proteins 

indicating substantial cellular material from tissues outside of the pen including the mantle 

muscle.

In order to reduce proteins from tissues outside of the pen we took a more rigorous approach 

to removing them by scrubbing pens with a plastic bristled brush (M2). After this treatment, 

the number of intracellular proteins was significantly reduced and is shown in Fig. 5. The 

identified pen proteins are listed in Table S1, available online, according to the area of the 

protein fragments in the ion chromatograms. Of the 144 unique transcripts identified by 

protein fragments, over 60% are intracellular proteins, leading us to conclude that the 

brushed pens still contained a substantial amount of attached cellular material. This 

statement is supported by S.E.M. in Fig. 2B.

A further attempt to remove intracellular proteins was made by removing the superficial 

proteins with repeated rinses of guanidine followed by rinses with acetate buffer (pH 4.5). 

The remaining material was submerged in 10 mM periodate in acetate buffer, which oxidizes 

carbon-carbon bonds of the chitin glucose backbone (Vold and Christensen, 2005) and 

should release proteins trapped between the chitin nanofibrils. With these combined 

treatments, only twenty proteins were extracted from the interior of the pulverized pen 

fragments. All of these proteins were identified in the two earlier protein extractions, and are 

in relatively high abundance in the whole pen protein extraction listed in Table S1, available 

online. Table S2, available online, contains the protein fragments used in combination with 

the transcriptome to identify the proteins.

In order to further explore the possibility that other pen proteins may be covalently linked to 

the chitin nanofibrils we used hydroxylamine, a treatment which cleaves peptide bonds 

between asparagine and glycine. This method was successful in identifying proteins 
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covalently cross-linked in the beak of the Humboldt squid (Tan et al., 2015). After removing 

noncovalently bound proteins with guanidine, pulverized pens (M2) were exposed to 

hydroxylamine and the protein fragments were isolated and identified. Covalently bound 

proteins that were not liberated by the guanidine treatments alone but released due to 

hydroxylamine treatment, would yield unique proteins. However, no unique proteins were 

identified in this manner. The results of the periodate and hydroxylamine-based protein 

extractions, lead us to conclude that pen proteins are not covalently bound to the chitin but 

rather remain trapped within the tight fibrous mesh of the chitin nanofibrils and are not fully 

released by guanidine treatments.

We classified the twenty predicted proteins (PPs) embedded within the pen into 6 different 

groups; chitin associated, unknown, protease inhibitor, intracellular, protease, and 

extracellular matrix. We designate the proteins as PPs due to the fact that the transcriptome 

nucleotide sequences used to identify them are incomplete. In Table 2, PPs are listed first by 

group and then by relative abundance within that group according to the mass spectrometry 

results. Except for PP 1 and the unknown PPs 9-13, the e-scores for amino acid alignment 

were less than 10−10 when compared with sequences on Uniprot.

The largest group of PPs, 1-8, is associated with chitin binding or chitin modification 

including chitin cross-linking proteins, a chitinase and a chitin deacetylase. PPs 1 and 4-8 

are homologous to proteins with multiple chitin binding domains (CBDs) but have weaker 

homology to chitinases or chitin deacetylases that may identify them as chitin cross-linking 

proteins. PPs 1, 4 and 7 are homologous to proteins with 10 - 25 CBDs. The number of 

CBDs contained within each of the partial transcripts, is listed in parentheses under the 

Conserved Domains column, for the chitin binding proteins in Table 2.

The translated ORF for PP 1 contains four chitin binding domains (CBDs) and has highest 

homology with chitin binding proteins from the sea squirt, Ciona. Regions of PP 1 do not 

show sufficient homology with the conserved CBD2 domain to be flagged during a 

conserved domain search. In part, this may be due to the fact that the CBDs of PP 1 contain 

4 cysteines rather than 6. The cysteines form disulfide bridges that are reported to promote 

binding to the chitin (Shen and Jacobs-Lorena, 1998;Tjoelker et al., 2000). The amino acid 

alignment shows a repeating, conserved M*CAPG region just before the 4th cysteine of the 

Ciona sequences. (* represents amino acids with aromatic side groups)

PP 5 and 8 are chitin binding proteins with sequence homology to proteins involved with 

nacre formation and nucleating the inorganic component of mollusc shells (Blank et al., 

2003) and a chitin binding protein found in the sclerotized beak of the giant squid (Tan et al., 

2015), respectively. While PP 6 has greatest homology with proteins containing domains 

with hydrolase activity and activity for hydrolyzing O-glycosyl compounds, common to the 

chitin modifying proteins, the partial sequence of the transcript contains only a CBD2 so we 

list it conservatively, as a chitin binding protein.

Two other chitin associated proteins, have homology with enzymes leading to chitin 

hydrolysis or deacetylation. PP 2, the protein with the 5th greatest relative abundance, is 

homologous to a deacetylase. Chitin deacetylases remove the 2 carbon, acetyl group and 
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expose an amine which is positively charged at neutral pH. This may help prevent 

mineralization of the pen by repelling Ca2+ but also might promote ionic interactions with 

surrounding negatively charged proteins. In the absence of a deacetylase, insect cuticle is 

less compact and animals die at molting (Yu et al., 2016). PP 3, has a conserved glycoside 

hydrolase domain (GH18) common to chitinases, and also a chitin binding domain. While 

this protein has homology with chitotriosidase, a chitinase involved with the innate immune 

system in vertebrates, we think that its relative abundance and location within the pen 

indicates that it may be playing a role in remodeling of the pen chitin. Whether it still acts as 

a chitinase deep within the pen or has some important secondary structural role, remains 

unanswered.

The second largest group contains five PPs, 9-13, and is composed of proteins with low 

homology to any known proteins based on low e-scores or are homologous to other 

uncharacterized proteins with no conserved domains. Large numbers of shell proteins 

remain unknown for similar reasons (Mann and Jackson, 2014;Jackson et al., 2015). Proteins 

with the second and third greatest relative abundance belong to this category.

Three proteins, PP 14-16, have homology with protease inhibitors. PPs 14 and 16 contain 

multiple, bovine pancreatic trypsin inhibitor (BPTI)/Kunitz domains. These domains are 

involved with inhibition of serine proteases, act as anti-coagulant factors, and are involved in 

defense against microbial pathogens (Ranasinghe and McManus, 2013). A protein with 

similar domains is required for collagen biosynthesis in the chitinous cuticle of C. elegans 
(Stepek et al., 2010). PP 15, however, has homology to testican-3, a secreted proteoglycan 

which is involved in regulation of extracellular protease cascades (Nakada et al., 2001).

Two intracellular proteins, 17 and 18, were found in relatively low abundance after the 

periodate treatment. PP 17, a FACT complex, is a nuclear histone chaperone involved with 

replication, transcription and DNA repair (Winkler and Luger, 2011). In the pen, the FACT 

complex may be a result of remaining shell sac epithelium. PP 18, an intermediate filament 

protein, has homology to omega crystallin, a protein found in the lens and cornea of the eye 

(Vasiliou et al., 2013).

PP 19 appears to be a lone protease embedded in the pen from the ADAMTS family (a 

disintegrin and metalloproteinase with thrombospondin motif) and is present in 4th greatest 

relative abundance. These proteases are secreted proteins known for modulating extracellular 

proteins including processing of procollagen to collagen, and cleavage of extracellular 

proteoglycans and von Willebrand factor (Porter et al., 2005). PP 19 has highest homology 

with ADAMTS8 which has been shown to cleave extracellular proteoglycans and possess 

anti-angiogenic properties (Vazquez et al., 1999;Collins-Racie et al., 2004). ADAMTS 

proteins are involved with ecdysis, shedding of the outer cuticle, and metamorphosis in the 

silkworm (Ote et al., 2005;Kawasaki et al., 2018). Remodeling of the squid pen may be 

similar to remodeling of the insect cuticle.

PP 20 is homologous to collagen, an extracellular matrix protein found in load-bearing 

structures such as tendons or ligaments. While collagen was inferred as a surface protein on 

the pen of I. argentinus (Wu et al., 2003) our results indicate that collagen is also embedded 
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within the pen. Its relative abundance increased significantly between total pen protein, 

Table S1, available online, and proteins extracted after periodate treatment, Table 2. This 

indicates that collagen is found in relatively higher abundance within the pen than on the 

surface of the pen. PP 20 may interact with PP 5, which has both chitin and collagen binding 

domains, to crosslink chitin and collagen within the pen.

A number of other interesting proteins surrounding the pen were identified prior to the 

periodate extraction of proteins. These proteins are listed in Table 3, including 7 more chitin 

associated proteins, 2 more proteins with BPTI/Kunitz domains, many forms of collagen, 

and proteins with homology to shell matrix proteins including galaxin and nidogen.

Discussion

Microscopic examination of adult and embryonic pens of D. pealeii supports the absence of 

sclerotization or mineralization as found in pens from other species of squid (Subhapradha et 

al., 2013). The birefringence of the D. pealeii pen (Fig. 1B) and the scanning electron 

micrographs (Figs. 2 and 4) support an anterior-posterior alignment of the chitin-protein 

composite along the rachis, the narrow anterior portion of the pen, and edges of the vane 

similar to the alignment in other species (Yang et al., 2014). The pen does not show the 

‘twisted plywood’ arrangement of crustacean exoskeletons (Raabe et al., 2005) and is not 

porous or pitted as found in insects (Schroder-Turk et al., 2011;Kaya and Baran, 2015). In a 

single layer, the chitin nanofibrils appear in close juxtaposition even after removal of surface 

proteins (Fig. 4D).

The lamellar structure of the pen (Fig. 2A) is very similar to that found in the near-tip region 

of the squid beak (Miserez et al., 2007) and the shells of the sea snail (Bezares et al., 2012), 

with very little space between layers. The tight arrangement of nanofibrils in a single layer, 

remains even after alkaline hydrolysis of proteins, however the layers of chitin now appear 

disconnected (Wu et al., 2003;Ianiro et al., 2014). Based on these observations we 

hypothesize that chitin nanofibril interactions between layers have greater dependence on 

proteins than nanofibril interactions within a layer.

We have shown that the embryonic shell sac, mantle and pen are very thin, enabling 3D 

imaging of pen morphology using Calcofluor white (Fig. 3) in combination with multi-

photon microscopy. In vivo gene knockdown and Calcofluor imaging will provide insight 

into the function of some of the proteins involved with pen construction. Moreover, 

transgene expression of fluorescently-tagged proteins should enable stage-dependent 

localization of important proteins.

The ionic environment in which chitin nanofibrils and proteins assemble is distinct from 

squid plasma and extracellular fluid (Table 1). The inorganic solutes in the plasma with the 

greatest osmotic activity, Na+ and Cl−, are reduced in the pen. While this may indicate that 

the shell sac fluid is hypotonic to plasma, it may also indicate that these inorganic solutes 

have been replaced with small organic solutes (Wright, 1995). Further analysis could 

confirm this hypothesis.
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An unexpected finding is that the Ca2+ concentration surrounding the non-mineralized pen is 

twice as great as the Ca2+ concentration in the extrapallial fluid between the shell and the 

mantle epithelium of three marine bivalve molluscs that produce mineralized shells, Table 1 

(Crenshaw, 1972). Even with the higher surrounding Ca2+ concentration, the pen remains 

uncalcified. This may be due to the relatively larger fraction of hydrophobic amino acids and 

reduction of the acidic amino acids as reported in pens from other species (Hackman, 

1960;Hunt and Nixon, 1981;Wu et al., 2003;Cuong et al., 2016). For comparison, 

mineralized mollusc shells and bone contain proteins enriched with acidic amino acids, and 

amino acids containing negatively charged sulfates and phosphates which are used to 

concentrate Ca2+ and are necessary for nucleation on the structured carboxylate domains 

(Weiner and Hood, 1975;Addadi et al., 1987;George and Veis, 2008). Consistent with this 

hypothesis is that the free sulfate concentration in the pen is 10 fold lower than the average 

concentration in the extrapallial fluid of the bivalve molluscs listed in Table 1 (Crenshaw, 

1972). Further experiments to obtain full length pen proteins for D. pealeii will be necessary 

to confirm this hypothesis.

Chitin nanofibrils of pens have been characterized as being surrounded by proteins with 

helical and coiled-coil structures (Yang et al., 2014). We identified seven proteins embedded 

in the pen with these properties including collagen, which is a supercoiled, triple helix (Beck 

and Brodsky, 1998). We also found other proteins which have α-helical secondary structures 

including ADAMTS (Gerhardt et al., 2007), chitinase (Hahn et al., 2000), chitin deacetylase 

(Liu et al., 2017), proteins with Kunitz domains (Dai et al., 2012) and omega crystallin 

(Vasiliou et al., 2013). Additional helical or coiled secondary structures may be found in the 

five proteins that have not been identified.

The largest groups of proteins associated with the pen are the chitin associated proteins. 

Seven of the twenty embedded proteins (Table 2) and an additional four proteins associated 

with the surface of the pen (Table 3) have chitin binding domains. PP 1, the protein 

embedded in the pen with the greatest relative abundance, appears to possess multiple chitin 

binding domains but does not appear to have catalytic domains for remodeling the secreted 

chitin, similar to five other proteins embedded in the pen. Additionally, no unique proteins 

were extracted from the pulverized pen during periodate or hydroxylamine treatment, 

leading us to conclude that proteins in the pen are not covalently crosslinked to chitin. 

Considering that the strength of the pen is derived from its careful construction of chitin and 

protein in the absence of sclerotization, a number of different chitin binding proteins might 

have different uses. For example, shorter chitin binding proteins with few chitin binding 

domains might crosslink individual chitin nanofibrils, while longer proteins with many more 

chitin binding domains might bundle multiple chitin nanofibrils as postulated for the 

chitinous peritrophic matrix of the invertebrate intestinal lining (Merzendorfer et al., 2016).

We hypothesize that a significant amount of chitin and protein modification is occurring 

after the macromolecules are released from the ventral shell sac. This is based on the chitin 

modifying proteins that were present embedded in the pen and on the surface of the pen and 

also, the presence of a protease, known for modulating extracellular matrix proteins, and 

protease inhibitors. Understanding these mechanisms will help to clarify the complex 
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biomolecular self-assembly used to construct such a highly polarized structure by so many 

different cells in the epithelium.

In the pens of L. vulgaris, proline was reported to be in its hydrophobic form and was not 

hydroxylated (Hackman, 1960;Hunt and Nixon, 1981) as commonly found in collagen. This 

may be due to the fact that proline is enriched in the more abundant proteins in the pen and 

overwhelms the hydroxyproline from the collagen which appears at relatively lower levels in 

the pen, Table 2. Alternatively, the proline on the collagen may not be hydroxylated. 

Microbial collagen and recombinant collagen still form triple helices in the absence of 

hydroxylated proline (Perret et al., 2001;Mohs et al., 2007). The increased hydrophobicity of 

the collagen in this state, may increase interactions with the hydrophobic acetyl groups of 

chitin and also reduce hydration of collagen although it does not prevent folding. Like 

proline, glycine is also enriched (Hackman, 1960;Hunt and Nixon, 1981;Wu et al., 

2003;Cuong et al., 2016). Proline and glycine are often found at turns or in protein loop 

structures consistent with the observation that pen proteins surrounding the chitin have 

helical and coiled-coil structures (Yang et al., 2014).

When compared to other chitinous structures, the pen appears to be one of the simplest 

arrangements of chitin and protein which is flexible and still maintains its strength. The 

protein composition of the squid pen shares a great deal of similarity with proteins from 

other chitinous structures. However, in the absence of sclerotization and mineralization, the 

proteins are easier to collect, identify and study. Further studies will help elucidate the 

complex mechanisms of chitin-protein structure and function, and the self-assembly that 

occurs to make the highly organized pen. Comparison of uncalcified squid pens with 

calcified squid pens (Subhapradha et al., 2013) or cuttlefish bone (Le Pabic et al., 2017) 

would also be useful in understanding protein modifications used to promote 

biomineralization. A completed D. pealeii genome will be most beneficial in helping to 

characterize and identify the unknown proteins described above.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Transmitted light images of an adult pen. (A) Unpolarized, transmitted light illumination of 

a dried pen reveals a transparent combination of chitin and protein. (B) Polarized light 

illumination of the pen reveals a great degree of birefringence (colored regions) along the 

long axis of the pen. The inset shows an illustration of an adult D. pealeii from the dorsal 

view with the same orientation and with its pen colored black.
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Figure 2. 
S.E.M of pen surface. (A) The pen is composed of multiple layers identified by white 

arrows. (B) A region of the shell sac epithelium remains attached to the pen. White triangles 

identify the left perimeter. The illustrations within the images show the pen orientation 

(black) and region (white) used to collect the micrographs in A and B.
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Figure 3. 
Elongation of the developing pen. Fluorescence imaging of Calcofluor white reveals pen 

development in fixed embryos. (A-C) Early stages show elaboration of chitin toward the 

anterior and the posterior vane. (D-E) In later stages, the anterior extends significantly 

longer while the vane expands and rounds off along the posterior edge. (F) In the hatchling, 

the actin filaments of the mantle (red) attach to the edges of the rachis and expanded vane of 

the pen (green) and do not completely encircle the pen.
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Figure 4. 
Surface structure of the lateral pen in the presence and absence of proteins. (A,B) Low 

magnification S.E.M shows little difference in surface structure between an untreated (A) 

and a protein-extracted pen (B). The inset in A shows an illustration of the pen (white) with 

similar orientation and the region of the pen (black) used to collect the micrographs. (C,D) 

Higher magnification shows a change from a roughened, fibrous coating in the untreated pen 

(C) to a smooth, glassy appearance in the protein-extracted pen (D).
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Figure 5. 
SDS PAGE of guanidine extracted proteins from squid pens and shrimp shells. The extracted 

proteins from the pens are shown for comparison against extracted proteins from white 

shrimp shell, a mineralized chitinous structure.
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Figure 6. 
Sequence alignment between the protein with greatest relative abundance in the D. pealeii 
pen (PP 1) and homologous C. intestinalis sequences (F6QEV8 length 570, A0A1W2W1F0, 

length 1105). Numbers at the end of each line indicate the amino acid position in the 

sequence. Dark shading represents conserved residues while lighter shading represents 

conservation between groups with strongly similar properties. The underlined regions are 

repeating, CBD2 domains. Numbers above the D. pealeii sequence mark the 4 conserved 

cysteine residues while the numbers below the C. intestinalis sequences mark the 6 

conserved cysteine residues in the CBD2 domains.
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Table 1

Ionic composition of select fluids.

Solute Seawater
a

Squid Plasma
a Shell Sac Extrapallial

b
 Fluid

Na+ 460 440 235.6 ± 21.7 442.3 ± 16.2

K+ 10 20 21.1 ± 3.2 9.5 ± 1.1

Ca2+ 10 10 19.5 ± 1.0 11.1 ± 1.4

Mg2+ 53 54 36.4 ± 3.2 58.3 ± 6.6

Cl− 540 560 311.5 ± 27.3 476.3 ± 14.4

SO4
2− --- --- 2.5 ± 0.6 23.6 ± 3.0

PO4
− --- --- 4.3 ± 1.4 ---

a
(Hodgkin, 1958)

b
(Crenshaw, 1972)
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Table 2

Proteins embedded in the pen.

PP Transcript ID Category GO Terms Conserved 
Domains

Protein 
Similarity

Relative 
Abundance Area

1 52508.tr74186 chitin 
associated

chitin binding, chitin 
metabolic process CBD2 (4) unknown 1 2.4*109

2 38507.tr70062 chitin 
associated

hydrolase activity (acting 
on carbon-nitrogen but not 

peptides)
NodB homology chitin deacetylase 5 1.0*107

3 49689.tr48900 chitin 
associated

chitin binding, chitin 
metabolic process,

CBD2 (1),
Glyco-18 chitinase 6 9.2*106

4 54994.tr85459 chitin 
associated

chitin binding, chitin 
metabolic process CBD2 (6) chondroitin 

proteoglycan 2 7 9.0*106

5 59952.tr135549 chitin 
associated

chitin binding, chitin 
metabolic process

CBD2 (2), 
vWFA, C-type 

lectin

perlucin, protein 
PIF 9 3.3*106

6 54996.tr85459 chitin 
associated chitin binding CBD2 (1) chitin binding 10 3.2*106

7 54997.tr85459 chitin 
associated

chitin binding, chitin 
metabolic process, CBD2 (5) uncharacterized 13 1.8*106

8 94003.tr63364 chitin 
associated

chitin binding, chitin 
metabolic process CBD2 (1) CBP-1 gene 20 5.3*105

9 31568.tr142139 unknown none none none 2 7.1*108

10 27116.tr45562 unknown none none none 3 2.9*108

11 55008.tr156806 unknown none none none 8 6.1*106

12 66474.tr139103 unknown none none none 15 1.1*106

13 32788.tr132141 unknown none none none 19 6.2*105

14 29086.tr108669 protease 
inhibitor

serine-type endopeptidase 
inhibitor activity, negative 

regulation of 
endopeptidase activity

BPTI/Kunitz 
inhibitor (2) uncharacterized 11 3.0*106

15 32979.tr123994 protease 
inhibitor none Thyroglobulin 

type I (1) testican-3 14 1.4*106

16 26810.tr140091 protease 
inhibitor

serine-type endopeptidase 
inhibitor activity, negative 

regulation of 
endopeptidase activity

BPTI/Kunitz 
inhibitor (2) uncharacterized 17 8.8*105

17 65783.tr161718 intracellular none Fact-Spt16_Nlob, 
SPT16, Rtt106, FACT complex 16 1.0*106

18 47072.tr157054 intracellular
structural molecule 

activity, intermediate 
filament

none omega-crystallin 18 6.4*105

19 47505.tr84302 protease
metalloendopeptidase 

activity, metallopeptidase 
activity, proteolysis

peptidase M12B ADAMTS 4 3.7*107

20 59603.tr98346 extracellular 
matrix

extracellular matrix 
structural constituent, 

collagen trimer

fibrillar collagen 
NC1, vWFC collagen 12 2.3*106
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CBD2 - chitin binding type 2 domain, vWF(A,C) - von Willebrand factor domain, BPTI - bovine pancreatic trypsin inhibitor, Glyco-18 - Glycoside 
hydrolase family 18,
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Table 3.

Superficial pen proteins.

Transcript ID Category GO Terms Conserved Domains Protein 
Similarity

*Relative 
Abundance

Area

45265.tr155449 chitin 
associated

hydrolase activity (acting 
on carbon-nitrogen but not 

peptide bonds)
NodB homology chitin deacetylase 18 5.2*108

65756.tr73867 chitin 
associated

chitin binding, chitin 
metabolic process, 

extracellular region, 
integral membrane 

component

SEA, CBD2 32 5.0*107

39347.tr275096 chitin 
associated

catalytic activity, 
hydrolase activity (acting 

on carbon-nitrogen but not 
peptides)

NodB homology 
chitinase, chitin 
binding, chitin 

catabolic process, 
extracellular region

chitin deacetylase 37 4.2*107

55680.tr97066 chitin 
associated

integral part of membrane, 
chitin binding, chitin 
metabolic process, 

extracellular region,

CBD2 62 1.3*107

43085.tr17217 chitin 
associated

hydrolase activity, chitin 
binding Glyco_18 acetylchitobiase 124 n.a.

9423.tr17450 chitin 
associated

chitin binding, chitin 
metabolic process, 

extracellular region, 
integral membrane 

component, calcium ion 
binding

CBD2, SEA, EGF-
like 138 n.a.

51377.tr107208 chitin 
associated

serine-type endopeptidase 
inhibitor activity, chitin 

binding, peptidase activity, 
peptidase inhibitor 

activity,

WAP, BPTI/Kunitz 
inhibitor, Ig-like, 
PLAC, CBD2, 

Fibronectin type-III,

papilin 143 n.a.

56294.tr390985 protease 
inhibitor

serine-type endopeptidase 
inhibitor activity, negative 

regulation of 
endopeptidase activity

BPTI/Kunitz inhibitor uncharacterized 29 6.2*107

58162.tr107664 plasma 
membrane

membrane, integral 
component of membrane EGF-like nidogen 69 1.1*107

61874.tr9545 plasma 
membrane

calcium ion binding, cell-
matrix adhesion, 

membrane

NIDO,Nidogen G2 
Beta-barrel, EGF-like, 
LDL-receptor class B

nidogen 121 5.6*105

63972.tr52534 extracellular none none galaxin 33 4.9*107

41827.tr29969 extracellular none none galaxin 35 4.6*107

29662.tr119876 extracellular 
matrix calcium ion binding vWFA, EGF-like collagen 79 8.0*106

62922.tr246504 extracellular 
matrix none Lam G Domain collagen α1 80 7.6*106

59233.tr145596 extracellular 
matrix

extracellular matrix 
constituent, collagen 

trimer,

Collagen IV NC1, 4 
disulfide bonds collagen 90 5.2*106
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Transcript ID Category GO Terms Conserved Domains Protein 
Similarity

*Relative 
Abundance

Area

43429.tr227065 extracellular 
matrix

extracellular matrix 
structurual constituent, 

collagen trimer
Collagen IV NC1 collagen α2 (IV) 99 4.0*106

3733.tr66993 extracellular 
matrix none vWFA collagen 127 n.a.

*
Relative abundance with relation to all proteins extracted with guanidine after M2.

SEA, Sea urchin sperm protein, Enterokinase, Agrin

vWF(A) von Willebrand Factor A,

WAP-type ‘four-disulfide core’ domain
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