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Glueomics: An Expression Survey of the Adhesive
Gland of the Sandcastle Worm

Betsy J. Endrizzi and Russell J. Stewart
Department of Bioengineering, University of Utah,
Salt Lake City, Utah, USA

Random clones were sequenced from a cDNA library constructed from the
adhesive gland of Phragmatopoma californica, a marine polycheate that builds
protective shells by gluing together sand grains and biogenic mineral frag-
ments. As many as 14 new proteins and two phenoloxidase enzymes were found
that may be structural components of or involved in processing the bioadhesive.
Glue protein classification was based on the following criteria: (i) the presence
of predicted secretion signal peptides, (ii) low complexity sequences, (iii) strongly
skewed amino acid compositions enriched with G, Y, K, H, A, or S, (iv) repeat-
ing peptide motifs, and (v) homology to known glue proteins, other structural
proteins, or enzymes. The new genes provide probes for further characterization
of the adhesive gland as well as potential biotechnological resources and
insight.

Keywords: Bioadhesive; Glycine-tyrosine rich; Matrix proteins; Phragmatopoma
californica; Polycheates

1. INTRODUCTION

The polychaetes are a diverse and successful taxon within the segmen-
ted worm phylum (Annelida) numbering more than 8,000 species and
occupying nearly every niche in the oceans [1]. Some polychaetes are
fast and agile predators; others are stationary filter feeders that live
within mineralized tubular shells. This latter group can be divided
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into genera that secrete calcium carbonate with an organic matrix to
form solid shells and genera that have entirely foregone synthesis of
the mineral phase of their shell and instead live in tubular concretions
of adventitiously gathered mineral particles [2]. Phragmatopoma
californica, also called the Sandcastle worm, is a polychaete in this
latter category which lives in intertidal zones off the coast of
California. The worm deploys a crown of ciliated tentacles for capturing
and transporting food and particulates from the water column to its
mouth where the captured materials are evaluated with ciliated lips.
Food is ingested, unsuitable particles are cast away, while particles
judged to be of the right size, shape, composition, and surface chemistry
for incorporation into the tube are passed to a pair of dexterous
palps, the so-called building organ, located immediately ventral to
the mouth. Two minute spots of proteinaceous adhesive are applied
before the particles are pressed into place by the building organ onto
the end of the tube. The worm wriggles the newly placed particles until
the adhesive sets, which takes less than 30 s under cold salty water [3].

Technological interest in the P. californica adhesive stems in large
part from its ability to bond a diverse range of wet substrates in one step
with minimal surface preparation using an apparently self-contained
mechanism to trigger the underwater setting reaction [4]. The adhesive
is secreted as a colloidal suspension [3] with low initial viscosity and
interfacial tension that allows it to spread readily over the surface of
wet substrates, yet it is sufficiently cohesive that it does not disperse
into the ocean. What is more, the water-borne bioadhesive can appar-
ently displace surface bound water from hydrophilic minerals, a prere-
quisite for strong interfacial adhesion [5]. Synthetic underwater
adhesives meeting all of these specifications have yet to be invented.
The P. californica adhesive is a valuable paradigm for the design and
synthesis of new water-borne, underwater adhesives. Characterization
of the protein composition and biological processing of the natural
adhesive is a necessary step toward synthesizing effective mimics.

The sequences of four P. californica adhesive protein genes have
been reported [6]. The sequences of the first two, referred to as Pc-1
and Pc-2, were largely known from microsequencing of tryptic
peptides derived from two proteins isolated from the worm’s thorax,
which contains the adhesive glands [7]. Their genes were cloned from
adhesive gland cDNA using degenerate PCR primers corresponding to
the known amino acid sequences [7]. Pc-1 is comprised mostly of just
three residues, glycine (45mol %), lysine (14mol %), and tyrosine
(19mol %), which occur as several repeats with only conservative var-
iations of the sequence VGGYGYGGKK. Pc-2 consists of several
degenerate copies of the sequence HPAVHKALGGYG. Both proteins
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are basic (pIs> 9) and approximately two-thirds of the tyrosine
residues are modified to 3,4-dihydro-L-phenylalanine (DOPA) [7].
The sequences of Pc-1 and 2 are not highly homologous to the com-
paratively well-studied adhesive proteins of the mussel genus Mytilis,
although they do have several general features in common: signal
peptides expected for secreted proteins, highly repetitive sequences
based on multiple copies of short peptide motifs, and DOPA residues.
DOPA is thought to play multiple roles in mussel adhesion [8], which
suggests P. californica may use some similar adhesive mechanisms
despite phylum-level separation between polychaetes and mussels.
The similarities to known mussel adhesive proteins and isolation of
the proteins from the adhesive gland-containing thorax, though not
definitive, are the best evidence that Pc-1 and -2 are present in the
secreted adhesive.

The presence of a serine-rich adhesive protein or proteins was
surmised from the observation that the P. californica adhesive con-
tains nearly 30mol % serine [7,9]. Degenerate PCR primers encoding
five consecutive serines were used to clone two closely related
serine-rich proteins, Pc-3A and -3B, and several minor variants of
each from adhesive gland cDNA [6]. The Pc-3A sequence consists
almost entirely of runs of 4–13 serines punctuated with single tyrosine
residues. Pc-3B contains a similar but shorter tyrosine punctuated
polyserine segment fused to a non-repetitive C-terminal domain. Since
at least 95% of the serines in the P. californica adhesive are phos-
phorylated [4], the Pc-3 proteins are actually comprised of polypho-
sphoserine and are therefore extremely acidic. The abundant
presence of phosphorus evenly distributed throughout the secreted
adhesive is clear evidence that the Pc-3 proteins are integral compo-
nents of the set adhesive [4]. Notwithstanding the handful of scattered
phosphoserines in the interfacial mussel foot protein, Mefp5 [10], the
extensive runs of polyphosphoserine in the Pc-3s are unique amongst
known bioadhesive proteins and suggest novel bonding mechanisms at
work in the P. californica adhesive.

The P. californica adhesive when set is by nature insoluble, resis-
tant to being taken apart, and, therefore, mostly impervious to con-
ventional biochemical analysis of its components. In this report, we
describe an alternate tack—expression analysis of the P. californica
adhesive glands to provide a panoramic survey of adhesive bio-
synthesis. This approach efficiently identified structural protein can-
didates, including minor constituents, as well as enzymes potentially
responsible for critical post-translational modifications, which may
be valuable resources for producing synthetic or semi-synthetic
adhesive mimics.
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2. MATERIALS AND METHODS

2.1. Animals

Soccer ball-sized fragments of P. californica colonies were collected
off the coast of Goleta, California, and maintained in a laboratory
seawater tank.

2.2. Cryosectioning and Arnow Staining

Worms were removed from their tubes, chilled to 4�C, anesthetized
with MgSO4, then fixed in 4% paraformaldehyde in seawater (pH
7.2) at 4�C overnight. The fixed worms were cryoprotected by equili-
bration in 30% sucrose in seawater (pH 7.2) for 24h. Sections (Leica
Microsystems Cryostat, Bannockburn, IL, USA) of frozen worms were
post-fixed in 4% paraformaldehyde in seawater at room temperature
for 20min. For Arnow staining [11], the sections were rinsed
with seawater three times, transferred to 0.5N HCl for 30 s, then
Nitrite-molybdate reagent for 60 s, and 1N NaOH solution for 60 s,
where upon DOPA-containing proteins turn red.

2.3. Construction of Adhesive Gland cDNA Library

The adhesive gland was identified in the thorax using Arnow’s
reagents which react with DOPA-containing proteins. The red reac-
tion product appeared in the extensive white glandular tissue asso-
ciated with the outside wall of the coelom in the three parathoracic
segments (Fig. 1). The red staining extended up through the building
organ palps. The parathoracic region was dissected from approxi-
mately 15 worms and ground in liquid N2 in a cold mortar and pestle.
The frozen powder was homogenized in TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA) and total RNA was isolated according to the man-
ufacturer’s instructions. mRNA was isolated and converted into cDNA
using the Cloneminer cDNA library construction kit (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instructions.

2.4. Sequencing

Plasmids were purified from 280 random E. coli colonies with a plas-
mid mini-prep kit (Qiagen, Valencia, CA, USA). DNA sequencing
was performed with Applied Biosystems BigDye v.3.1 (Foster City,
CA, USA) terminator chemistry and capillary electrophoresis using
standard methods and conditions at the University of Utah DNA
Sequencing and Genomics core facility.
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2.5. Sequence Analysis

Open reading frames were identified using the ORF finder tool and the
protein sequences were compared with the non-redundant protein
sequence database for homologies using pBLAST at the National
Center for Biotechnology Information (NCBI, Bethesda, MD) [12].
Protein sequences were further analyzed using the proteomics and
sequence analysis tools at ExPasy proteomics server (Lausanne,
Switzerland): signal peptide prediction with SignalP 3.0 [13], sub-
cellular location with PSORTII [14], and amino acid composition,
MW, and pI with ProtParam [15].

2.6. Database Deposition of Sequences

The sequences were submitted to dbEST at the NCBI and assigned the
following accession numbers: Pc-4 (GH160602), Pc-5 (GH160603), Pc-6
(GH160604), Pc-7 (GH160605), Pc-8 (GH160606), Pc-9 (GH160607),
Pc-10 (GH160608), Pc-11 (GH160609), Pc-12 (GH160610), Pc-13
(GH160611), Pc-14 (GH160612), Pc-15 (GH160613), Pc-16 (GH160614),
Pc-17 (GH160615), Pc-18 (GH160616), tyrosinase (GH160617), and
laccase 2 (GH160619).

3. RESULTS AND DISCUSSION

3.1. Expression Survey

Sequences were sorted into broad categories to provide an overview of
adhesive gland expression (Fig. 2A). Approximately 50% of the genes

FIGURE 1 (A) P. californica out of its tube. The parathoracic segments
indicated by the white bracket form a white band below the cephalic tentacles.
(B) Coronal cryosection through thoracic region. (C) Coronal cryosection
stained with Arnow’s reagents. The arrow indicates the dark red-stained
portion of the adhesive gland, which appears black in the figure.
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had well-known homologs involved in cellular housekeeping. The
largest of this category (16%) were genes involved in storage, retrieval,
and translation of genetic information. Another large category (25%)
was hypothetical genes containing apparent open reading frames
but which had no recognizable homologs in the genetic databases
and, therefore, inscrutable functions. All four previously published
genes, Pc1-3AB, were found in the first 20 randomly selected adhesive
gland cDNAs, which demonstrated the efficiency of the approach for
identifying and cloning potential glue protein genes.

In total, about 25% of the randomly selected genes were classified as
encoding known or potentially new glue proteins. Classification was
based on the following criteria: (i) the presence of a predicted secretion
signal peptide since glue proteins are obviously secreted, (ii) low
complexity sequences, (iii) strongly skewed amino acid compositions
especially enriched with G, Y, K, H, A, or S, (iv) repeating peptide
motifs, and (v) homology to known glue proteins or other structural
proteins. The putative glue proteins thus identified were further
sub-categorized into four groups: (i) GY-rich, with Pc-1 as the proto-
typical member; (ii) H-repeat, as exemplified by Pc-2; (iii) SY-rich
variants of Pc-3A and -3B; and (iv) an eclectic miscellaneous category
of previously unidentified proteins meeting the criteria but which did
not fall into the first three categories (Fig. 2B).

3.2. SY-Rich Category

The SY-rich was by far the most abundantly expressed category. Pc-3A
and -3B were expressed in equal quantities and accounted for 50%

FIGURE 2 Gene frequencies. (A) Functional categorization of total genes.
(B) Sub-categorization of glue genes.
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of the total glue gene expression. The high level of expression of the
Pc-3s suggested polyphosphoserine may be the most abundant compo-
nent in the glue. However, expression levels may have limited utility
as a predictor of glue composition. Multiplying the amino acid compo-
sition of the putative glue proteins by their relative expression levels,
then summing to predict mol % of each amino acid in the secreted
glue resulted in over-estimation of S by nearly two-fold and under-
estimation of G by half compared with the empirically determined
amino acid composition (Table 1). Most other amino acids were
under-estimated. The amino acid ratios have stayed fairly constant
as the database has grown so it seems unlikely G is underestimated
because the database is statistically skewed by too few cDNAs. It is
more likely that S is overestimated because it was not accessible to
amino acid analysis in the insoluble and crosslinked glue. Indeed, it
has not been possible to biochemically isolate the Pc-3 proteins from
either the cement gland or the glue [6,7].

3.3. GY-Rich Category

The GY-rich category is characterized by the presence of repeats of the
sequences GYGY, GYGGY, or GYGGGY (Fig. 3). BLAST searches of
sequence databases with the GY-rich proteins turned up similarities
to a broad array of low-complexity, glycine-rich structural proteins.

TABLE 1 Amino Acid Composition

Predicted Measured

Ala (A) 4.7 9.8
Arg (R) 2.9 2.9
Asx (D=N) 1.9 2.8
Cys (C) 1.7 0.4
Glx (E=Q) 0.5 1.4
Gly (G) 13.5 26.2
His (H) 2.4 3.5
Ile (I) 0.9 0.6
Leu (L) 2.6 3.4
Lys (K) 4.3 4.4
Met (M) 0.3 –
Phe (F) 0.9 1.1
Pro (P) 1.4 2.7
Ser (S) 48.7 28.5
Thr (T) 1.6 2.2
Trp (W) 0.6 –
Tyr (Y) 11.3 6.1
Val (V) 3.2 3.4
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The GYG motif is the defining feature of several large families
of so-called glycine-tyrosine-rich keratin-associated proteins (KAPs)
found in mammalian hair, horns, and nails [16–18]. The GY-rich
KAPs, along with high-sulfur KAPs, form an amorphous matrix
around keratin intermediate filaments in the hair cortex that provides
rigidity and toughness to the hair shaft. The GYG motif is also present
in several proteins of the pearl oyster shell matrix: prismalin-14,
which contains a central GY-rich domain that separates two aspar-
tate-rich calcium-binding terminal domains [19]; a set of lysine-rich
matrix proteins (KRMPs) that have a basic N-terminus coupled with
a GY-rich C-terminus [20]; and several members of the shematrin
family of hydrophobic matrix proteins [21]. Other materials that con-
tain GY-rich proteins include plant cell walls [22], insect cuticle
[23,24], eggshell cases [25], tick cement [26], and the pressurized cap-
sules of hydra nematocysts [27]. In common, this diverse range of
GY-rich natural materials occur in tough and insoluble extra-cellular
structures. In most cases, they seem to form crosslinked, re-enforcing
matrices that may provide energy absorbing elasticity to the material.
The GY-rich proteins of P. californica may have a similar general
function.

FIGURE 3 GY-rich gene category. The frequency of expression of each gene
is represented as a percentage of the total number of genes categorized as
potential glue proteins.
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Pc-1 is the most abundantly expressed of the GY-rich group. Amino
acid analysis of Pc-1 precursor protein isolated from cement glands
revealed at least two thirds of its tyrosines were post-translationally
hydroxylated into DOPA [7]. In the byssal plaque of mussels, DOPA
is thought to play two key roles in bonding. First, the unoxidized cate-
chol form has been demonstrated to adhere strongly through chelate
bonds to metal oxide surfaces [28]. Second, at the pH of seawater
the catechol form can be oxidized by O2 to form an electrophilic qui-
none, which can covalently couple with amine and cysteine containing
sidechains. The quinone-mediated crosslinking leads to hardening of
the adhesive. The reddish-brown color that develops over several
hours after secretion and the presence of 5-S-cysteinyl-DOPA residues
in the crosslinked glue [6] suggest that similar mechanisms operate
in the P. californica adhesive.

There are at least two caveats associated with extrapolating the
function of the new GY-rich proteins from the function of other
DOPA-containing adhesive proteins. First, the set glue contains
4.0mol % tyrosine and 2.1mol % DOPA [7]. This ratio is skewed by
underestimation of DOPA because DOPA crosslinked with nucleophi-
lic residues are lost to amino acid analysis. Nevertheless, the signifi-
cant amount of unmodified tyrosine in the secreted glue suggests
the tyrosines of some or all of the new GY-rich group members may
not be hydroxylated into DOPA as extensively as Pc-1. Second, the
new proteins may not be in the adhesive mortar between sand grains.
The worm also secretes a reddish-brown organic sheath that lines the
inside of its mineral tube. Little is known about the composition, gen-
esis, or area of the worm from which the tube liner is secreted. Some of
the new GY-rich proteins may be associated with this tube liner.

3.4. H-Repeat Category

This category is characterized by the presence of repeating peptides
containing one or more H residues, though the categorization is
blurred by the presence of the GY motif in some members of the
H-repeat group (Fig. 4). BLAST database searches provided little addi-
tional insight into potential functions. The proteins have only short
regions of homology to other glycine-rich low complexity proteins.
Pc-2, the most abundantly expressed of the group, has 7 out of 10 of
its tyrosines modified to DOPA. As in the case of the Pc-1-like proteins,
the extent of hydroxylation of the Pc-2-like proteins is unknown.

Based on the well-known propensity of H-containing peptides
to bind metal ions, the H-repeats may function as metal binding
domains. Numerous H-containing sequences have demonstrated
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affinity for metal ions. An obvious example is the H6-peptide tag
widely used for immobilized metal affinity chromatography with a
variety of complexed transition metal ions [29]. In a similar vein,
peptides selected for transition metal affinity from random peptide
libraries invariably contained at least one and usually several H resi-
dues [30,31]. As another example, Ni2þ and Cu2þ are transported in
blood as complexes with the DAH tripeptide at the N-terminus of
human serum albumin [32]. And the peptide sequence XXH forms
redox active complexes with Ni2þ capable of catalyzing protein
crosslinking through tyrosine residues [33–35]. Experiments are in
progress to quantify the Ni, Cu, and other transition metal concentra-
tions in the secreted adhesive. The presence of stoichiometric transi-
tion metal concentrations would suggest several potential functions
of the repeating H-peptides. They may form redox active complexes
that catalyze oxidative crosslinking through DOPA residues. Or,
they may form structural domains organized around a complexed
metal ion analogous to the H-containing zinc finger domain [36] and
numerous other metal-organized domains [37]. Or, they could form

FIGURE 4 H-repeat gene category. The frequency of expression of each gene
is represented as a percentage of the total number of genes categorized as
potential glue proteins. The Pc18 cDNA was incomplete at the 50 end.
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an intermolecular bridging complex between proteins that contributes
to cohesion similar to the mechanisms proposed for H-rich mussel
byssal plaque proteins [38].

3.5. Miscellany

The third glue protein category is an intriguing potpourri of previously
unknown proteins with only limited and scattered homologies with
known proteins (Fig. 5). For example, the repeating positively charged
RGGR motif of Pc-8 occurs in RNA-binding proteins where it could be
expected to associate electrostatically with the phosphodiester back-
bone of nucleic acids. Pc-8 is not likely to be a nucleic acid binding pro-
tein because it has a secretion signal peptide. The C residues flanking
the RGGR motif as well as the GY-rich blocks at the N- and C-termini
are unique to Pc-8. At greater than 13mol % it has the highest C con-
tent of the potential P. californica adhesive proteins. Its C residues
may participate in cysteinyl-DOPA covalent crosslinking [6]. In vitro,
efficient covalent crosslinking between dopaquinone and nucleophilic
sidechains including cysteine required the reactants to be in close
proximity as part of a complex [39]. In a similar manner, the function
of the positively charged CRGGRC motif may be to juxtaposition the
cysteine residues of Pc-8 with DOPA residues in negatively charged
Pc-3 for optimal intermolecular crosslinking. Considering that
most of the non-Pc-3 proteins are positively charged, electrostatic

FIGURE 5 Miscellaneous gene category. The frequency of expression of each
gene is represented as a percentage of the total number of genes categorized as
potential glue proteins. The Pc12 cDNA was incomplete at the 50 end.
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association between basic and acidic proteins may be the fundamental
organizing principle of the P. californica adhesive [4], positioning
redox active DOPA residues near nucleophilic sidechains to maximize
intermolecular crosslinking and bond strength.

In addition to potential structural adhesive proteins, the adhesive
gland expression survey should turn up genes for enzymes involved
in adhesive processing. Vovelle reported phenoloxidase activity in
the parathoracic region of another tube building polychaete, Sabel-
laria alveolata [40]. Two candidates for this category are a tyrosinase
(accession #GH160617) and a laccase (accession #GH160619), both of
which are copper oxidase enzymes that operate on phenolic substrates.
Tyrosinases, widespread in plants and animals, catalyze the hydroxy-
lation of tyrosine to DOPA (EC 1.14.18.1) and the further oxidation of
DOPA to dopaquinone (EC 1.10.3.1) to initiate the pathway leading to
melanin pigments [41]. The P. californica tyrosinase, which lacks a
leader sequence and is predicted by PSORTII [14] to be cytoplasmic
rather than secreted, may generate the DOPA that seems critical to
the bonding and curing mechanisms of its bioadhesive. Laccases are
found in plants, fungi, insects, and microorganisms. The P. californica
laccase was somewhat more homologous to insect laccases involved in
cuticle schlerotization and pigmentation [42]. Laccases (EC 1.10.3.2),
possessing a broader substrate specificity than tyrosinases, oxidize
N-acyl-catecholamines to form reactive quinones and quinone
methides that crosslink nucleophilic sidechains between adjacent cuti-
cle proteins and chitin microfibrils [43]. The P. californica laccase had
a leader sequence and was predicted to be secreted [14]. It may be
involved in schlerotization and=or pigmentation rather than harden-
ing of the sandcastle glue. An enzyme category conspicuously absent
was kinases, which could be reasonably expected based on the abun-
dant expression and dense phosphorylation of the Pc-3 proteins.

4. CONCLUDING REMARKS

The preliminary expression survey has produced a library of genetic
probes for looking more deeply into the inner workings of the
P. californica adhesive gland. Experiments are underway to localize
expression of the new genes by in situ hybridization. Confirmation
of expression in the adhesive gland will provide additional evidence
the proteins may be in the secreted adhesive, but may also reveal com-
partmentalized expression and evidence of sequential assembly and
processing of the secreted adhesive. Ongoing expansion of the survey
will provide a still broader vista of the adhesive gland and may provide
valuable biotechnological resources. Improved understanding of the
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natural adhesive will guide efforts to develop synthetic mimetics [44].
Adhesives comprised of colloidal prepolymers carried in water with
potentially benign setting reactions modeled after the Sandcastle
adhesive could have profitable applications in medicine.
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