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Abstract. The shelter of the tube-dwelling polychaete 
Sabellaria alveolata is composed of mineral particles as­
sembled with spots of a proteinaceous cement. The adhesive 
proteins constituting the cement were identified on the basis 
of their sequence similarity with proteins of a phylogeneti- 
cally related species, Phragmatopoma californica. Two 
positively charged proteins, Sa-1 and Sa-2, share coimnon 
features: they both have a mass of 22 kDa; are rich in 
glycine, tyrosine and basic residues; and show repeated 
peptide motifs. The consensus repeat of Sa-1 is KGAY- 
GAKGLGYGNKAGYGAYG (occurring 6 -8  tunes), while 
Sa-2 displays the consensus heptapeptide VHKAAWG (5 
tunes) and undecapeptide VHKAAGYGGYG (8 times). 
Two variants of a serine-rich protein, Sa-3A (22 kDa) and 
Sa-3B (21 kDa), were also identified. Their serine residues 
account for 75 mol% and are probably phosphorylated, 
meaning that Sa-3 is very acidic and negatively charged. 
Moreover, tyrosine residues of all adhesive proteins are 
presumably modified into DOPA. Although protein se­
quences are not well-conserved between S. alveolata and P. 
californica, their main characteristics (including amino acid 
composition, post-translational modifications, repeated pat­
terns, isoelectric point, and mass) are shared by both spe­
cies. This suggests that these features are more important for 
their function than the primary structure of the proteins. The 
mRNA abundance for each protein was esthnated by quan­
titative real-thne PCR, revealing relative expression levels
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of about 5, 11, 1.5, and 1 for Sa-1, -2, -3A, and -3B, 
respectively. These levels could be indicative of charge 
neutralization phenomena or could reflect their function 
(interface vs. bulk) in the cement.

Introduction

Sabellaria alveolata (family Sabellariidae) is a gregari­
ous tube-dwelling polychaete from Western Europe that 
builds its tube by assembling sand grains and mollusc shell 
fragments with an organic cement. Sabellariidae are com­
monly called sandcastle wonns or honeycomb wonns be­
cause tubes constructed by a huge number of individuals are 
closely hnbricated to fonn large reef-like mounds that, in S. 
alveolata, may extend over several hectares and reach 
heights of up to 1.8 m (Noemberg et al., 2010). In S. 
alveolata, the head of the wonn bears numerous thin white 
tentacles that collect the mineral particles in their surround­
ings and convey them to the building organ, a horseshoe­
shaped structure situated near the mouth (Vovelle, 1965). 
This organ is made up of two lobes that manipulate and 
select suitable particles for construction. These particles are 
then dabbed with small spots of a proteinaceous adhesive 
and placed on the outer edge of the tube. The adhesive is 
produced by cement cells located in the thoracic area and 
possessing long cell processes ending near the tip of the 
building organ lobes, where the glue is secreted (Vovelle, 
1965). Two types of cement cells are recognized on the 
basis of the morphology of their secretory granules, homo­
geneous or heterogeneous, the latter being characterized by 
conspicuous intra-granular inclusions (Vovelle, 1965; Gruet 
et a l, 1987).
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In Phragmatopoma californica, a related sabellariid spe­
cies from the Californian coast that presents a similar his­
tological organization of the cement cells (Wang et al.,
2010), several adhesive proteins have been characterized 
(Jensen and Morse, 1988; Waite et al., 1992; Zhao et al., 
2005; Endrizzi and Stewart, 2009; Wang and Stewart, 
2012). Five major proteins, named Pc-1 to -5, were identi­
fied that showed significant expression levels (Wang and 
Stewart, 2012). Pc-1 (18 kDa) is a glycine and tyrosine-rich 
protein displaying a 10 amino acid repeated motif and a 
basic isoelectric point (pi) due to the abundance of lysine 
residues. Pc-2, Pc-4, and Pc-5 (20, 27, and 15 kDa, respec­
tively) are all basic, histidine-rich proteins with repeated 
motifs. Pc-3 occurs in the form of two variants (Pc-3A and 
Pc-3B) both characterized by the over-expression of serine 
residues that account for 60-90 mol% of the protein. Most of 
these serine residues are phosphorylated, and Pc-3 is there­
fore extremely acidic with a calculated pi ranging from 0.5 
to 1.5 (Stewart et a l, 2004; Zhao et al., 2005). Notewor- 
thily, tyrosine residues of both Pc-1 and Pc-2 are post- 
translationally modified into 3,4-dihydroxyphenylalanine 
(DOPA) by the addition of a hydroxyl group (Waite et al., 
1992). In the cement, the modified amino acids present in 
the different adhesive proteins (i.e., DOPA and phosphoser- 
ine [pSer]) mediate physicochemical interactions with the 
substratum (adhesion) and are also involved in setting and 
curing reactions (cohesion) (Zhao et al., 2005; Sun et al., 
2007; Stewart et al., 2011). Curing is presumably catalyzed 
by a co-secreted tyrosinase (Wang and Stewart, 2012). 
Immunostaining and in situ hybridization experhnents dem­
onstrated that Pc-1 to -5 are produced by cement cells and 
together form the adhesive material (Wang and Stewart, 
2012). These analyses also showed that the polyanionic 
proteins (i.e., Pc-3 variants) mix poorly with the basic 
cement proteins (i.e., Pc-1, -2, -4, and -5), invalidating the 
previous hypothesis of complex coacervation (separation of 
two oppositely charged polyelectrolytes into two immisci­
ble aequous phases when the charges of the polyelectrolytes 
are balanced) as a model for the formation of the glue 
(Wang and Stewart, 2012).

To date, no information is available about the composi­
tion of the cement in S. alveolata, but extensive anti-pSer 
immunolabeling was observed in the parathoracic cement 
cells as well as in their processes located in the building 
organ, indicating that these cells would secrete a polyphos- 
phoprotein homologous to the protein Pc-3 (Flammang et 
al., 2009). The ahn of the present study was therefore to 
identify this polyphosphoprotein together with other puta­
tive adhesive proteins in S. alveolata. This was done by 
targeting and amplifying the corresponding cDNAs with 
prhners designed from the protein sequences Pc-1, -2, and 
-3, available for P. californica. These sequences, which 
represent the first three proteins identified in the American 
species, were chosen because they are among the most

abundantly expressed in the cement glands (Wang and 
Stewart, 2012), and because they are each representative of 
one category of adhesive proteins (i.e., respectively the 
GY-rich, the H-repeat, and the SY-rich categories; Endrizzi 
and Stewart, 2009). The expression level of each protein 
identified in S. alveolata was also esthnated by quantitative 
real-time PCR analyses.

Material and Methods

Sampling

Reef fragments of Sabellaria alveolata Einnaeus, 1767 
(Polychaeta, Sabellariidae) were collected at low tide at 
Champeaux, Mont-Saint-Michel Bay, France (N48°43'50, 
W01°33'05). They were transferred to the University of 
Mons (Belgium) and kept in a marine aquarium with closed 
circulation (14 °C, 33%o salinity).

RNA extraction and reverse transcription

For each extraction, three wonns (about 200 mg) were 
removed from their tube, quickly frozen in liquid nitrogen, 
and directly ground in 4 ml of TRIzol Reagent (Invitrogen). 
Total RNA was then extracted and purified through succes­
sive incubations in bromochloropropane, isopropanol, and 
75% ethanol before being dissolved in 70% ethanol with 80 
îmnol I-1 sodium acetate. For reverse transcription, cDNA 
was obtained with the Transcriptor First Strand cDNA Syn­
thesis kit (Roche) using 1 jug of total RNA and following 
the manufacturer's instructions.

PCR—3' and 5' RACE

For each protein, a central fragment of the corresponding 
cDNA was amplified by PCR using 1 p i of the total cDNA 
and the Ready-To-Go PCR Beads kit (GE Healthcare); 5' 
and 3' extremities were obtained with the FirstChoice 
RLM-RACE (Ambion) with subsequent PCR amplifica­
tions. PCR conditions included an initial dénaturation step 
of 5 min at 95 °C followed by 35 cycles with a 30-s 
dénaturation step at 95 °C, a 30-s annealing step at 40 °C, 
and a 90-s elongation step at 72 °C. The last step consisted 
in a final extension of 10 min at 72 °C. Table 1 lists the 
prhners used in PCR experiments. For the central fragment, 
the primers were designed according to the cDNA se­
quences coding for the adhesive proteins of P. californica 
already available in databases (Pc-1, -2, -3A, -3B; GenBank 
accession numbers AY960614 to AY960622; Waite et a l, 
1992; Zhao et al., 2005). Finally, as sequence variability 
was observed among the cDNAs from S. alveolata, a full- 
length sequence of the cDNA coding for each adhesive 
protein was amplified using prhners matching the 5' and 3' 
untranslated regions (UTR).
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Table 1

Primers used to amplify cDNAs coding fo r  the adhesive proteins (f: forward primer, r: reverse primer)

219

Protein Fragment Primers sequences

Sa-1 Central 5 '-GTTCTCGCTTTGGTCTCTGC-3 ' (f) 
5'-GGCACCATATCCATATCC-3' (r)

N-terminal end 5 '-GGCTCCTCTCCCGTTCCAA-3 '
C-terminal end 5 ' - AGCT AAAGC AGC AGG AT AT G-3 '
Full length 5 ' -GTTTAAACTCATCCGCAAA-3 ' (f) 

5 '-GCCGAAAATTGATTGTCG-3 ' (r)
Sa-2 Central +  C-terminal end 5 ' -GC AGT AC AT AAAGC ATT AGG AG-3 ' (f) 

5 '-CTTTTTCGCATCCGCTTT-3 ' (r)
N-terminal end 5 '-GCATCCTCCTTTACT ACC-3 '
Full length 5 '-ATCAAACTTGATCTATCAACC-3 ' (f) 

5 '-CTTTTTCGCATCCGCTTT-3 ' (r)
Sa-3A Central +  C-terminal end 5 ' - AGC AGT AGC AGT AGTT AC AGC-3 ' (f) 

5 ' -GC ATTTT CTT GC AC AT GTTTT-3 ' (r)
N-terminal end 5 '-GAAACGCAAGTTCATTCCAAA-3 '
Full length 5 '-GCATCACTTGGAAATATA-3 ' (f) 

5 '-GCTTACACCTAGCTTGTT-3 ' (r)
Sa-3B Central 5'-AGCAGCAGCTCTAGCAGTTCA-3' 

5 '-AGAGCTGCTGCTGTAGCT-3 '
N-terminal end 5'-GAATTTCATGCACAAACCATACTC-3'
C-terminal end 5 '-GAGTATGGTTTGTGCATGAAATTC-3 '
Full length 5 '-GTTTCTACTTCAGTCTGG-3 ' (f)

5 '-GGTGATACTTTTACTACCAAA-3 ' (r)

Cloning and sequencing

The PCR products were purified on agarose gel with the 
Quantum Prep kit (Biorad) and cloned into TOPIO chemi­
cally competent Escherichia coli cells using the TOPO TA 
cloning kit (Invitrogen). Plasmids were then isolated with 
the GeneJET Plasmid Miniprep kit (Fennentas), and their 
insert size was checked by PCR using the universal M13F 
and M13R primers. Clones of the expected size were se­
quenced with the BigDye Tenninator ver. 3.1 Cycle Se­
quencing kit (ABI) in a 3730 DNA analyzer (ABI). The 
cycle sequencing reaction consisted in 25 cycles with a 10-s 
dénaturation step at 96 °C, a 5-s annealing step at 48 °C, and 
a 4-min elongation step at 60 °C. For each protein, a total of 
21 clones of the full-length cDNA were analyzed and trans­
lated into amino acids using the Translate tool of the Ex- 
PASy Proteomics Server. A consensus sequence, obtained 
with Clustal X (Thompson et al., 1994), was then deduced 
from the alignment of these 21 sequences. Finally, signal 
peptides were predicted with the SignalP 3.0 Server (Center 
for Biological Sequence Analysis) while pi and molecular 
weight values were calculated using Scansite 2.0 (Obenauer 
et al., 2003). The sequences obtained in this study have been 
deposited in the EMBF database under accession numbers 
HE599563 to HE599646.

Histochemical and immunohistochemical analyses

Wonns were first fixed overnight in non-acetic Bouin's 
fluid and dehydrated in a sequence of graded ethanol. They

were then embedded in paraffin wax (Paraplast, Sigma- 
Aldrich), and transverse sections (7 pm) through the head or 
the thorax were cut with a Microm HM 340E microtome. 
The presence of DOPA in the cement cells was investigated 
by using the nitro blue tétrazolium (NBT) redox cycling 
method (Paz et al., 1991) and Amow's staining (Amow, 
1937), while the cationic dye methyl green was used to stain 
polyanionic macromolecules (Gabe, 1968).

For immunohistochemistry, sections were subjected to an 
indirect immunoenzymatic staining method according to the 
following protocol. After antigen demasking by microwav­
ing sections in citrate buffer (10 mmol F 1, pH 6.0), non­
specific background staining was blocked by section pre­
incubation in phosphate-buffered saline containing 0.5% 
bovine serum albumin (Sigma, St. Fouis, MO) (PBS-BSA). 
Monoclonal anti-phosphoserine antibodies (clone PSR-45, 
mouse ascites fluid; Sigma, St. Fouis, MO, ref. P 3430), 
diluted 1:500 in PBS-BSA, were then applied for 1 h at 
room temperature. After several washes in PBS, iimnuno- 
reactivity was visualized by an immunoperoxidase tech­
nique using the ImmPRESS polymerized reporter enzyme 
staining system (Vector Faboratories, Burlingame, CA) and 
3,3'-diaminobenzidine tetrahydrochloride (Sigma, St. 
Fouis, MO) as a chromogen substrate. The sections were 
lightly counterstained with hemalum and luxol blue. Con­
trol reactions were perfonned by substituting the primary 
antibody with PBS-BSA and/or by using the primary anti­
body saturated with its specific antigen (antibodies diluted
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in PBS containing 2 jug/ml pSer-conjugated BSA [Sigma, 
St. Louis, MO, ref. P 3717]).

All sections were observed with a Zeiss Axioscope AÍ 
microscope equipped with an AxioCam ICc 3 digital cam­
era (Cari Zeiss Microimaging, Göttingen, Germany).

Quantitative real-time PCR

Real-time PCR was carried out on a StepOnePlus instru­
ment (ABI) with the Power SYBR Green PCR Master Mix 
(ABI). Five RNA extractions followed by reverse transcrip­
tions were performed as described above, and cDNA sam­
ples were diluted to reach a concentration of 5 ngipi. Only 
freshly collected animals were used. For each adhesive 
protein, the number of copies of the resulting cDNA was 
evaluated in the five samples by using a standard curve. 
Primers amplifying the full-length sequence of the corre­
sponding cDNAs were used at a final concentration of 0.2 
pmol L 1. Reactions (20 pi) were run in triplicate with 2 pi 
of diluted total cDNA as template. Conditions were as 
follows: after an initial dénaturation at 95 °C for 10 min, 40 
cycles were performed with a dénaturation step at 95 °C for 
20 s, an annealing step at 47 °C for 30 s, and an elongation 
step at 72 °C for 75 s. For standard curves, the four cDNAs 
were first cloned in plasmids as described above, and a 
10-fold serial dilution series of the plasmids, ranging from 
IO2 to IO7 copies/pi, was used. Specificity of the amplifi­
cation reactions was analyzed using melt curves with a 
temperature range from 60 °C to 95 °C. The significance of 
the data was evaluated using the Wilcoxon test.

Results

Four putative adhesive proteins were identified in Sabel­
laria alveolata, namely Sa-1, Sa-2, Sa-3A, and Sa-3B. For 
each protein, 21 clones were obtained and showed a signif­
icant variability among sites when aligned. This variability 
reached 8.1% for Sa-1 (22.4% when considering the 21- 
residue-long deletion and insertion of clones 10 and 20, 
respectively), 15.2% for Sa-2, 18.8% for Sa-3A, and 18.0% 
for Sa-3B. Detailed features of these proteins are described 
hereafter, based on their consensus sequence.

Sa-1

To amplify a first fragment of the cDNA coding for the 
protein Sa-1, forward and reverse primers were designed 
according to peptide sequences from the protein Pc-1: re­
spectively its signal peptide and the GYGYGA sequence 
derived from its repeated motif {i.e., XGGYGYGAK). The 
consensus translated sequence of Sa-1 contains a 15-aa-long 
signal peptide and a 219-aa-long mature polypeptide (20.7 
kDa, Fig. 1A). The mature protein is rich in glycine 
(39.3%), alanine (17.4%), tyrosine (16%), and lysine (13.2 
%), and four cysteines are present in the N-tenninal part of

A. Sa-1
Mk v lv ll a l v sa v y sc g w n g rg a cg g g a cg k a cg a k a y g fg g k a g y g v y g  
KGAYGAKGLGYGNKAAYGGFG KGAYGAKGLGYGNKAAYGGFG
RGAYGAKG LGYGGKASYGAYG KGAYGAAKGFGYGNKAGYGAYG
KGAYGAKGLGYGNKVGYGAIG KGAYGAKGLGYGSKGGYGAYG
KGAY GAKG LGYGSKGGY GAY G KAKVGYGGYGAKAAGYGTKGGYGGAYGKGAYGKTGY

B. Sa-2
MKLLILVALAASISCALACGGAGCGGGWGAAKGGACGGRWGSKGGCG AHKAAWG 
VHKAAWG AGHGYGG VHKAAWG AGHGYGV VHKAAG FGYG AHKAAWG 
HKAAGYGAGHGGYG VHKAAÇXÇGYG VHKAAÇLÇGYG VHKAAÇXÇGYG
VHK^GLGGYG V H lÆ G Y G G Ÿ G ^ V H ft^ G ^
a g m k ÄjX gygygXhka^  .....

C. Sa-3A
MKTIVLFAFVLIALCLVHSEARAYGSSSSYSSSSSSSSSSSSSSSSSSSSSSSSSSSSS
SSSSSSSSSSSSSSSSSSSSSSSSSSSSYTSGSTSSSRSSGAGSSSSSSSGDGSSSSAS
SSSSNSSGSSNSDNSSRSSARSSGSSRRSSQSSSNFGMNLRFNMKKSSSESSRSSSSSS
SSSNDSSDSSSSSGSSSSSRSSGSSNSSSASSSRSSSSSSSSSSSSSYSSS

D. Sa-3B
MKTFAVFAFVLVALCIFHTEAKSYGKSSSSYSSSSSSSSSSSYSSSSSSSSSSSSSSSS
SSYSSSSDSSSYSKSSSSSSSSGRSSSRSSGSSESSASSTSSSQSQSSSQSKSSARSCS
KSSSEYGLCMKFNVDKSSSDSSSSSSSSSSSGRGSSSSSSSSSSSSSGKSSSYSSSYSS
STSSSYSSSSSSSSSSYSSSSSYSSSSSSSYSSSSSSHH

Figure 1. Sa-1, Sa-2, Sa-3A, and Sa-3B consensus sequences ob­
tained from the alignment of 21 clones. Signal peptides are highlighted in 
gray and internal repeats of Sa l and Sa-2 are underlined. For Sa-2, motifs 
X 1HKAAX2G (where X x is V or A, and X2 is W or absent) and 
X ! HK AAGX2GG Y G (Where X x is V or A, and X2 is Y or L) are shown 
with continuous and dotted lines, respectively. For Sa-3, the 12-aa-long 
serine-free peptides differentiating the two variants are underlined.

the sequence. The calculated pi of Sa-1 is 9.85, meaning 
that this protein is basic and positively charged in sea­
water (pH 8.2). Moreover, a 21-residue-long pattern is 
repeated 7 times and presents the following consensus 
sequence: KGAY GAKGLGY GNKAGY GaV  G. Note- 
worthily, among the 21 cDNA clones sequenced, one coded 
for a protein variant presenting an 8th repetition, whereas 
another coded for a variant displaying only 6 repetitions.

Sa-2

While performing 3'RACE experiments to obtain the 
sequence of the cDNA coding for Sa-1, it appeared that 
some clones were not related to the C-tenninal end of Sa-1 
but to the extremity of a histidine-rich protein, similar to the 
protein Pc-2 of Phragmatopoma californica, which was 
named Sa-2. A primer matching the 3' UTR of the cDNA 
coding for Sa-2 was then designed and used in combination 
with a primer based on a repeated pattem of Pc-2 {i.e., 
AVHKALGG). This allowed the retrieval of most of the 
cDNA sequence of Sa-2, and this sequence was completed 
by 5' RACE. The translated sequence of Sa-2 comprises an 
18-residue-long signal peptide and a 219-aa-long mature 
polypeptide that, besides histidine (9.1%), also contains 
numerous glycine (35.6%), alanine (23%), tyrosine (11%), 
and lysine (8.7%) residues (20.5 kDa, Fig. IB). The mature 
protein has a basic pi of 9.76 and presents four cysteines at 
its N-tenninus. Two repeated motifs are detected in Sa-2: 
(1) V*HKAAW*G (in which V* and W* can also be A and 
absent, respectively), present 5 tunes at the N-tenninus of
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the protein, and (2) V*HKAAGY*GGYG (in which V* and 
Y* can also be A and L, respectively), found 8 times in the 
middle and C-tenninal parts of the sequence (Fig. 1).

Sa-3

Two variants of Sa-3 were identified and named Sa-3A 
(19.4 kDa, Fig. 1C) and Sa-3B (18.9 kDa, Fig. ID). The 
cDNA coding for the central and C-tenninal parts of Sa-3A 
was amplified using a forward prhner coding for a peptide 
containing 6 serines and one tyrosine (SSSSSSY) and a 
reverse primer designed from the C-tenninal end of Pc-3A 
(Table 1). For Sa-3B, both prhners recognized a 6-serine 
cluster, plus another serine for the forward and one tyrosine 
for the reverse. Sa-3 A and Sa-3B both possess a 21-aa-long 
signal peptide, and their mature sequences (207 and 195 aa, 
respectively) are characterized by the abundance of serine 
residues that account for the great majority of the amino 
acids (74.4% and 73.3%, respectively). Sa-3A mainly dif­
fers from Sa-3B by the sequence of a 12-aa-long, serine-free 
peptide present in the middle of the protein. Another dif­
ference is the number of tyrosine residues: 12 for Sa-3B but 
only 4 for Sa-3A. Calculated pi ranges from 9.46 (Sa-3B) to 
10.88 (Sa-3A). However, considering a 95% phosphoryla­
tion rate, as in P. californica (Stewart et al., 2004), the pi 
would drop down to extremely acidic values of 1.11 (Sa- 
3A) and 1.21 (Sa-3B).

Post-translational modifications

On transverse sections of the worm thorax, the adhesive 
glands were clearly stained with both the NBT and the 
Amow methods (Fig. 2A-C). The NBT reaction indicates 
the presence of redox active compounds while the Amow 
staining specifically labels catechols, including DOPA. 
With both methods, no distinction could be made between 
the cement cells containing homogeneous granules and 
those containing heterogeneous granules (Fig. 2B).

Methyl green, a dye that stains phosphorylated polysac­
charides in onuphid polychaetes (Winsnes, 1985), labeled 
cement cells (Fig. 2D). In this case, however, staining 
intensity was much more important in cement cells contain­
ing heterogeneous granules than in those containing homo­
geneous granules (Fig. 2D). In the former, the most strongly 
labeled structures are the intra-granular inclusions (Fig. 2E). 
Immunohistochemical analyses using anti-pSer antibodies 
were then performed to confirm that the methyl green stain­
ing was due to the presence of a polyphosphoprotein (see 
also Flammang et al., 2009). An intense labeling was ob­
served at the level of the cement cells (Fig. 2F, G). As in the 
methyl green staining pattem, immunoreactivity was much 
more important in cells containing heterogeneous granules 
than in cells containing homogeneous granules (Fig. 2G); 
and again, the most strongly labeled structures were the 
intra-granular inclusions (Fig. 2H). This labeling was com­

pletely abolished in control reactions without primary anti­
bodies or with antibodies saturated with pSer-conjugated 
BSA (Fig 21).

Quantitative real-time PCR analyses

In the five samples, the expression levels of the four 
adhesive proteins displayed the same pattem: Sa-2 was the 
most abundantly expressed protein, followed in decreasing 
order by Sa-1, Sa-3A, and Sa-3B (Fig. 3). Considering an 
mRNA level of 1 for Sa-3B, the expression levels of Sa-3A, 
Sa-1, and Sa-2 are respectively 1.6 ± 0.4, 4.9 ± 1.5 and 
11.3 ± 3.7 (mean ± standard deviation).

Sa-2 is 2.3-fold more expressed than Sa-1, although this 
difference is not statistically significant (P >  0.05) because 
of the large standard deviation. The mRNA levels of Sa-3A 
and Sa-3B are also similar (P <  0.05), the expression of 
Sa-3 A being only 1.6-fold more hnportant than that of 
Sa-3B. Sa-1 is 3.1-fold more expressed than Sa-3A, but this 
difference results in a borderline significance (P = 0.056). 
On the other hand, its expression is 4.9-fold higher than that 
of Sa-3B, this difference being statistically well supported 
(P <  0.05). Finally, the mRNA level of Sa-2 is significantly 
different from those of Sa-3A (P <  0.05) and Sa-3B (P < 
0.01), with a respective 7.2 and 11.3-fold more important 
expression. Basic proteins (Sa-1 and Sa-2) are thus signif­
icantly more expressed (about 6.2-fold more, P <  0.01) than 
acidic proteins (Sa-3A and Sa-3B).

Discussion

The stonemason abilities of sabellariids have been known 
for centuries (Réaumur, 1711), but it is only recently that 
some of the secrets of their cement have been unravelled, 
due to its potential to inspire the development of novel 
biomimetic underwater adhesives (see, e.g., Stewart et al.,
2011). Two species have attracted most of the attention in 
terms of tube building: Sabellaria alveolata and Phrag­
matopoma californica. The former was investigated mainly 
in terms of tube structure, building organ morphology, and 
cement elemental analysis (Vovelle, 1965; Gruet et al., 
1987; Fournier et al., 2010); the latter was described in 
terms of building organ morphology and micro- and nano­
structure as well as composition of the cement (Stewart et 
al., 2004; Zhao et al., 2005; Stevens et al., 2007; Wang et 
al., 2010; Wang and Stewart, 2012). Among sabellariids, P. 
californica is the only species in which cement proteins 
have been characterized. The biochemical study of the ad­
hesive in this species was initiated through extraction of a 
DOPA-rich fraction from the thorax of the wonns. Subse­
quent analyses of the DOPA-containing peptides allowed 
the identification of Pc-1 and Pc-2, two putative cement 
proteins (Jensen and Morse, 1988; Waite et al., 1992). 
However, these two proteins were poor in serine residues 
even though the amino acid composition of the cement



222 P. T. BECKER ET AL.

Figure 2. Histochemistry and immunohistochemistry of cement cells in Sabellaria alveolata. (A, B) NBT 
staining of a transverse section through a worm head (A) with detail of a group of cement cells (B). Redox active 
compounds appear in dark blue. (C) Arnow staining of a transverse section through a worm thoracic region. 
Reactive structures are labelled red. (D, E) Cement cells stained with methyl green. Staining is mostly restricted 
to the intra-granular inclusions of cells containing heterogeneous granules (E). (F-I) Immunolabelling (in brown) 
using anti-pSer antibodies. General view of a transverse section through a worm thorax (F), cement cells bodies 
(G), and detail of the heterogeneous granules (H). The labeling of cement cells disappears in the control reaction 
when antibodies are saturated with pSer-conjugated BSA (I). BO, building organ; CC, cement cell; DT, digestive 
tube; HeG, heterogeneous granules; HoG, homogeneous granules; In, inclusions.

revealed a high content of this amino acid (Jensen and 
Morse, 1988). The presence of a serine-rich protein was 
therefore suspected, and the cDNA sequences of two vari­
ants of Pc-3 were retrieved from PCR experhnents with 
prhners matching serine repeats (Zhao et al., 2005). More 
recently, the transcriptome of the adhesive gland of P. 
californica was analyzed through the construction and se­
quencing of a cDNA library (Endrizzi and Stewart, 2009; 
Wang and Stewart, 2012). It appeared that Pc-1, Pc-2, and

Pc-3 were actually representatives of three protein families, 
respectively the GY-rich, the H-repeat, and the SY-rich 
protein families, each containing several different members.

The methodology used to identify the adhesive proteins 
of S. alveolata was based on the phylogenetic relationship 
and morphological similarity of this species with the Amer­
ican species, P. californica (Dales, 1952; Rouse and Pleijel, 
2001). The primary sequences of the proteins Sa-1, -2, and 
-3 were obtained directly from cDNAs amplified using
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Figure 3. Absolute quantification of the expression levels for the four 
adhesive proteins. Data expressed as the mean copy number (n =  5) 
contained in 10 ng of cDNA. The absolute quantification is based on 
standard curves with R2 values of 0.984, 0.986, 0.994, and 0.990 for Sa-1, 
Sa-2, Sa-3 A, and Sa-3R, respectively. Significant differences between the 
means are indicated by letters; means sharing at least one letter are not 
significantly different (P >  0.05).

primers designed from their homologs Pc-1, -2, and -3, 
therefore allowing the extraction, purification, and charac­
terization of the proteins to be bypassed. Proteins from the 
two sabellariid species share common features. Like Pc-1, 
Sa-1 is a small, basic protein rich in glycine, lysine, ty­
rosine, and alanine residues, and it presents a repeated 
amino acid pattern. But this repeated motif, consisting of 21 
amino acids, is different from the one occurring in P. 
californica, which is only 10 residues long. Another simi­
larity between Sa-1 and Pc-1 is the presence of 4 cysteine 
residues at the N-tenninus. These residues could be in­
volved in cement curing through the fonnation of cysteinyl- 
DOPA cross-links (Zhao el al., 2005). Alternatively, they 
could also hnprove adhesion by participating in a thiol- 
mediated redox modulation mechanism similar to that de­
scribed recently in the mussel adhesive (Yu et al., 2011). In 
this mechanism, cysteine residues prevent the oxidation of 
DOPA, a catecholic amino acid capable of fonning strong 
interactions with a variety of surfaces, into DOPA-quinone, 
its oxidized fonn that shows dhninished adhesion (Lee et 
al., 2006; Anderson et al., 2010; Yu et al., 2011). Sa-2 and 
Pc-2, both small and basic proteins, display numerous his- 
tine, lysine, glycine, alanine, and tyrosine residues. Both 
proteins contain repeated motifs, and the consensus undeca- 
peptide repeat of Sa-2 ( VHKAAGYGGYG) is interestingly 
reminiscent of the dodecapeptide repeat of Pc-2 (HPAVH- 
KALGGYG). Like Sa-1, Sa-2 possesses 4 cysteine residues 
at its N-tenninus, whereas Pc-2 has only 2 (Zhao et al., 
2005). Both Sa-3 and Pc-3 variants contain clusters of serine 
residues of similar size. The presence of a serine-free do­
decapeptide in the middle of the sequence is, however, 
specific to Sa-3 and absent from Pc-3. Moreover, Sa-3A 
lacks the basic C-tenninus displayed by Pc-3A and is there­
fore not polyampholitic.

Although the American and European species share re­
lated adhesive proteins with similar characteristics, align­

ment of the amino acid sequences of the proteins from both 
species resulted in limited percentages of identity. Indeed, a 
similarity of 61% was calculated between Sa-1 and Pc-1, 
while values of 41% were obtained for Sa-2/Pc-2, 51% for 
Sa-3A/Pc-3A, and 75% for Sa-3B/Pc-3B (to avoid bias due 
to the length of the proteins, the number of identical amino 
acids in the alignments was divided by the number of 
residues of the smaller sequence). Comparison of Sa-1 and 
-2 with other members of GY-rich and H-repeat protein 
families of P. californica did not result in higher percent­
ages of identity. Therefore, although alignment with possi­
bly yet unidentified adhesive proteins of S. alveolata could 
give higher scores, our results suggest that Sa-1, -2, and -3 
are homologous to Pc-1, -2, and -3, respectively. However, 
low similarities indicate that natural selection has allowed 
significant sequence divergence without the loss of adhesive 
efficiency. This was also observed in other marine organ­
isms in which the overall sequences similarity between 
homologous adhesive proteins, especially those involved in 
surface interactions (e.g., proteins fp-3 from mussels and 
cp-19k from barnacles), is not high (Zhao et al., 2006; 
Kamino, 2008). For some marine adhesive proteins, there­
fore, including those of sabellariids, shared features such as 
amino acid composition, post-translational modifications, 
presence of repeated patterns, pi, and mass appear to be 
more important than the primary structure. Divergent evo­
lution of the amino acid sequences of both species, and 
especially their repeated motifs, could be explained by 
differences in the materials used to build the tube (calcare­
ous shells vi. siliceous sand grains). It is indeed interesting 
to note that, although both types of materials are used by the 
American and the European species, tubes of S. alveolata 
are predominantly made up of shell fragments while those 
of P. californica are rather constituted of sand grains (Hart­
man, 1944; Vovelle, 1965; Siimnons et al., 2005).

In P. californica, analysis of the amino acid composition 
of the cement revealed that adhesive proteins are subjected 
to post-translational modifications, including hydroxylation 
of tyrosine residues into DOPA and phosphorylation of the 
serine residues (Waite et al., 1992; Stewart et al., 2004). 
The presence of DOPA has been confirmed in Pc-1 and 
Pc-2 (Waite et al., 1992) and suggested in Pc-3 variants 
on the basis of their relatively abundant tyrosine residues 
(Zhao et al., 2005; Stewart et al. 2011), whereas pSer 
residues would be restricted to Pc-3 (Zhao et al., 2005). 
In S. alveolata, these two modified amino acids were high­
lighted through histochemical and immunohistochemical 
detection (Vovelle, 1965; Flammang et al., 2009; present 
study). By homology, it is likely that DOPA residues would 
occur in all three putative adhesive proteins of S. alveolata, 
whereas pSer residues would be present only in Sa-3. These 
modified amino acids are of great hnportance for the cohe­
sive and adhesive strength of the cement. DOPA groups 
take part in surface coupling either through hydrogen bonds
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or by forming complexes with metal ions and metal oxides 
present in mineral surfaces (Zhao et al., 2006; Zeng et al., 
2010; Lee et al., 2011). Following oxidation, DOPA groups 
also contribute to cement curing by fonning intennolecular 
cross-links {e.g., cysteinyl-DOPA cross-links; Zhao et al., 
2005). Phosphoserines, on the other hand, are thought to 
interact with calcareous substrates such as the mollusc shell 
fragments constituting the tubes, and to be involved in 
noncovalent cohesive interactions, possibly through Ca+ + 
or Mg + + bridging (Waite and Qin, 2001; Sun et a l, 2007; 
Flammang et a l, 2009; Stewart et a l, 2011).

Our histochemical and immunohistochemical methods 
have also showed that, unlike DOPA residues, which are 
unifonnly distributed in the secretory granules of both types 
of cement cells, pSer residues appear to be present mostly in 
the inclusions of the heterogeneous granules. This corrob­
orates energy dispersive x-ray spectroscopic (EDS) analyses 
in which phosphorus was co-localized with calcium and 
magnesium in these inclusions in both S. alveolata (Gruet et 
a l, 1987) and P. californica (Stewart et a l, 2011). How- 
ever, the weak anti-pSer immunoreactivity in homogeneous 
granules suggests a more complex distribution in S. alveo­
lata. A possibility is that the two Sa-3 variants would each 
be specific for one type of cement cell, or that another yet 
unidentified polyphosphoprotein would be present in the 
homogeneous granules. For Sa-1 and Sa-2, as they both 
presumably comprise DOPA residues and as both types of 
secretory granules stain for DOPA, it is not possible to 
ascribe them to a specific type of cement cells. In the 
American species, it was demonstrated by immunohisto- 
chemistry and in situ hybridization that Pc-1, -3, and -4 are 
located exclusively in the heterogeneous granules, while 
Pc-2 and -5 are present only in the homogeneous granules 
(Wang and Stewart, 2012). Similar experiments should be 
conducted in S. alveolata to detennine whether the distri­
bution of Sa-1, -2, and -3 in the two types of cement glands 
matches that of their homologs in P. californica. This would 
also demonstrate unambiguously that Sa-1, -2, and -3 are 
actually cement proteins.

In P. californica, the co-occurrence of the positively 
charged and the negatively charged proteins in the cement 
led to the hypothesis that a phenomenon called complex 
coacervation could play a role in the condensation of the 
adhesive in the fonn of a dense water-immiscible fluid 
(Stewart et a l, 2004, Zhao et a l, 2005). Coacervation 
occurs when the charges of the polyelectrolytes are bal­
anced, which seems to be the case in the cement of S. 
alveolata. Indeed, quantitative real-time PCR analyses re­
vealed a mean expression level of positively charged pro­
teins (Sa-1 and -2) 6.2 tunes greater than the one of their 
negatively charged counterparts (Sa-3A and -3B). Consid­
ering a phosphorylation rate of the serine residues of about 
95% as in P. californica (Stewart et a l, 2004) and knowing 
that each phosphate group bears two negative charges at the

pFl of the seawater, mature Sa-3A and -3B would respec­
tively display 292 and 272 negative charges. On the other 
hand, positive charges in mature Sa-1 and -2 derive from 
lysine, arginine, and histidine residues and their total num­
bers amount to only 31 and 40, respectively. Flowever, 
multiplying these values by 6.2 gives 192 and 248 positive 
charges, thus approaching the range of Sa-3 variants. Diva­
lent cations (mainly Ca2+ and Mg2+, Gruet et a l  1987) 
would then balance the remaining negative charges. Re­
cently, however, Stewart et a l  (2011) and Wang and Stew­
art (2012) pointed out that the rapidity of cement setting 
after release {i.e., about 30 s; Stevens et a l  2007) and the 
poor mixing of the oppositely charged proteins within the 
cement are not consistent with the process of complex 
coacervation at the whole cement level. Nevertheless, at the 
granule level, electrostatic charge neutralization between 
oppositely charged polyions could drive the condensation of 
adhesive proteins (Wang and Stewart, 2012). Indeed, in P. 
californica, the negative charges of the polyanionic Pc-3 
variants could be neutralized by the polybasic Pc-1 and 
Pc-4, by the divalent Mg2+, by the basic C-tenninus of 
Pc-3A, or by a combination of these mechanisms. In S. 
alveolata, although the fine localization of the adhesive 
proteins is unknown, it is reasonable to hypothesize that the 
relative over-expression of basic proteins would participate 
in the charge balance of the polyelectrolytes. Interestingly, 
the expression pattern of the different adhesive proteins is 
different in the two species. In P. californica, Pc-1 displays 
the highest level of expression (more than three tunes that of 
the other proteins; Wang and Stewart, 2012), whereas in S. 
alveolata, Sa-2 is the most expressed protein. If electrostatic 
interactions are at play, these different expression patterns 
could indicate different distributions of the proteins between 
the two types of cement cells. Alternatively, the relative 
expression levels of the adhesive proteins in S. alveolata 
could also reflect other characteristics, such as their respec­
tive function in the cement (interface vs. bulk).
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