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Summary

Marine mussels are renowned for their ability to collagens contain additional histidine residues in their
produce an extra-organismic tendon-like structure that flanking domains. The significance of this may lie in the
can withstand the wave forces associated with the ability of M. galloprovincialisto utilize more metal chelate
intertidal habitat. Initial characterization of byssal cross-links, which have been implicated in byssal thread
properties has focused oMytilus edulis with few detailed  stability.
comparisons with other musselsM. galloprovincialis, a M. edulis threads are typically twice the length and
closely related species, provides an opportunity for a diameter of M. galloprovincialis threads and appear to
thorough comparison. Three full-length cDNA clones contain nearly 10% more collagen. These differences are
encoding the byssal collagens, precollagen D (preCol-D), maintained even when the different thread portions are
preCol-NG and preCol-P, were isolated from M. compared. Despite differences in a number of parameters,
galloprovincialis Comparisons with M. edulis preCol-D, = most notably that whole M. galloprovincialis threads are
preCol-NG and preCol-P reveal a 91.3%, 88.6% and stiffer, threads whether whole or separated into proximal
90.1 % identity with the cDNA and an 89.0%, 88.1% and and distal portions, have similar mechanical behaviors. It
89.0% identity with the deduced protein sequences, is apparent from this comparison thatM. galloprovincialis
respectively. Key elements are maintained between the and M. edulis are seemingly interchangeable models for
species: in particular, modeled bends in the collagen helix byssal research.
due to breaks in the GlyX-Y pattern and the location of
cysteine and putative 3,4-dihydroxyphenylalanine (DOPA)
residues. A potentially important difference between the Key words: byssus, byssal thread, collagen, muségijus edulis
two is that, in all cases, M. galloprovincialis byssal  Mytilus galloprovincialis cDNA.

Introduction

Mytilid species inhabit near-shore oceanic environmentplaque’s contribution to the mechanical strength of the byssus
where they are often exposed to extreme conditions includinig predominantly in its bonding ability (Waite, 1983). The
flow, dehydration and temperature. While the intertidal zonstem, at the most proximal end of the byssus, not only serves
provides an abundant source of nutrients, mastery of this niclas an attachment point for multiple byssal threads but also
requires all organisms to develop complex adaptive strategiesediates the direct connection between the non-living
and structures. One way in which mussels ensure their survivaktraorganismal byssal threads and the living tissues of the
is by tethering themselves to the surrounding substrata suchmasissel. Indeed, the acellular byssus originates from a fusion
pilings, rocks or other shelled organisms. The nature of thisf retractor muscles at the base of the féathe stem, in this
attachment contrasts sharply with the rigid resistive attachmentay providing an anchor point as well as allowing for a certain
of barnacles since the mussel tether or byssus is quite flexildegree of rotation and tension control.
and allows hydrodynamic reorientation of the shell (Denny et The thread can be further subdivided into proximal and
al., 1998). distal regions. The delineation of proximal and distal portions

The byssus is secreted by the foot and can bef the thread has historically relied strictly on morphological
morphologically separated into three distinct regions; the@bservations, with the proximal region being described as
plague, the thread and the stem (Bairati, 1991). The plaque, therrugated and the distal as smooth (Brown, 1952). However,
most distal portion of the byssus, is the direct point ofsuch descriptive partitions may not be nearly so clear-cut. The
attachment of the mussel to its surroundings. Interesting in itsansition zone between the two regions is almost certainly not
own right, because of its underwater adhesive properties, tlzeclean interface, but instead reflects a graded change in the
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morphology and mechanical behavior of the threadsuch kinks. What role these aberrations play in the
Demarcations based on the mechanical or biochemic#linctionality of the individual molecules and the byssus as a
properties of the two regions would seem to be more revealinghole remains a matter of speculation.
about the actual discrimination of proximal from distal thread. Mytilus edulishas served as the primary model organism
The mechanical properties of excised and separatddr byssus-related studies, with a paucity of comparative
proximal and distal thread portions indicate that the thread istudies in M. galloprovincialis M. trossulus and M.
a hybrid structure. The proximal portion is elastic, while thecalifornianus (Bell and Gosline, 1996). It is generally
distal portion is stiff with somewhat peculiar stress-softeningaccepted thatl. edulisis the ancestral species from which the
and self-healing properties (Vaccaro and Waite, 2001). Thes#her mytilids have evolved, witkl. galloprovincialisandM.
mechanical generalizations belie the underlying biochemistrirossulus often being included in the ‘edulis complex’
of the disparate segments of the threads. It has been shown tf@osling, 1992). Even though hybridization and introgression
the main structural components of byssal threads are a seri#® occur amongst these groups, they are nonetheless
of three collagens with block-copolymer-like domains (Coyneconsidered to be distinct species (Beynon and Skibinski,
et al, 1997; Qin et al., 1997; Qin and Waite, 1998).1996). While hybridization zones do occur, most notably, but
Furthermore, two of these collagens are distributed in aot exclusively, in Japan (Inoue et al., 1997; Matsumasa et al.,
gradient fashion along the length of the thread (Qin and Waitd,999), California (Rawson et al., 1999) and the British Isles
1995). Byssal precollagen P (preCol-P) is most abundant in ti{fRawson et al., 1996), each species tends to be geographically
proximal portion of the thread with a decreasing distallyseparated from the otheM. galloprovincialispredominantly
directed gradient. Complementary to that is an increasinmhabits the warmer waters of temperate latituéiésedulis
gradient of preCol-D in a proximal to distal direction. The thirdis found in the colder waters of temperate latitudes Mnd
collagen, byssal precollagen NG (preCol-NG), is present alongossulusis usually found in the colder waters of the northern
the entire length of the thread (Qin and Waite, 1998). Usintatitudes. Where hybridization zones do occul.
fiber X-ray diffraction, Mercer (1952) demonstrated thegalloprovincialisis frequently found in more exposed areas
existence of collagen fibers in mussel byssus. However, thhanM. edulis(Skibinski et al., 1983).
fibrillar arrangement of these molecules in the thread remains Despite genetic and physiological differences among the
unknown, leading to a number of proposed models (Qin anspbecies (Hilbish et al., 1994), it has been suggested that the
Waite, 1995, 1998; Vaccaro and Waite, 2001; Waite et alhyssal threads frorivl. galloprovincialisare morphologically
1998, 2002). In addition, it has been suggested that thend mechanically similar to those of the closely reldéed
fibrillogenesis of byssal collagens may involve an amino-acidedulis However, these studies have relied on comparisons
sequence-dependent self-assembly mechanism. between data from the literature that are often inconsistent
The initial characterization of byssal collagens fidytilus ~ (Smeathers and Vincent, 1979; Price, 1981; Bell and Gosline,
edulissuggested a structure/function-type relationship, that is1996). No thorough comparison between the byssal threads of
the organization and mechanical properties of the underlyinthese two mussel species exists. Ultimately, similarities or
structural elements should reflect the properties of the byssdifferences in the mechanical and morphometric properties of
thread as a whole. Each of these proteins has a central collaggrssal threads must be correlated with the underlying
domain, consisting of between 437 and 521 amino acidgjomolecular structural components of the system, in this case
flanked on either side by a unique set of structural motifthe three byssal collagens.
(Waite et al., 1998). The N-terminal flanking domains of
preCol-P consist of a histidine-rich region followed by an ,
elastic domain, while its C-terminal side contains an acid Materials and methods
patch, a second elastic domain and a terminal histidine-rich Animal collection and maintenance
region. In a parallel fashion, preCol-D has both of the histidine- Mytilus galloprovincialis (Lamarck) was collected from
rich domains and the acidic cluster but the elastic domains aoleta Pier immediately adjacent to the University of
replaced with silk-like regions, i.e. spider ampullate silk. FouCalifornia at Santa Barbara campusl. edulis L. was
residues of 3,4-dihydroxyphenylalanine (DOPA) have beepurchased from the Marine Biological Laboratory (Woods
detected in the N-terminal flanking domain of preCol-D.Hole, MA, USA). The species of individual mussels was
DOPA is a prime candidate for forming cross-links in thecorroborated using the polymerase chain reaction (PCR)-based
byssal threads and is abundant in a number of other byssatethod of Inoue et al. (1997). Both species were maintained
related proteins (Waite, 1999). The histidine-rich regions anth the laboratory in separate tanks with continuously circulated
the acid patch are present in preCol-NG, but the elasticatural sea water. In all cases, mussels with shell lengths
domains are replaced with plant-cell-wall-like sequencéetween 6 and 7cm were utilized. Animals involved in thread
motifs. A further peculiarity arises within the collagen domainsexperiments were initially stripped of old threads and then
of each molecule. PreCol-NG and preCol-P each exhibit singkethered onto plastic plates suspended in the seawater tanks.
sequence breaks in the triple-helical Gly¢ repeat. Models The production of new threads began within hours. Threads
indicate that these breaks cause structural bends or kinks in there easily removed from both the mussel and the plates with
collagen triple helix (Waite et al., 2002). PreCol-D has thre¢he aid of a single-edged razor blade.
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RNA extraction and cDNA library construction RT-PCR and 5SRACE

RNA was extracted using the Rneasy Plant Mini Kit from RNA was purified from mussel feet as previously described
Qiagen (Valencia, CA, USA). In general, two freshlyand used to obtain’ bintranslated sequence information. The
dissected feet fronMytilus galloprovincialiswere used per GeneRacer kit (Invitrogen, Carlsbad, CA, USA) was used to
extraction, and the manufacturer’'s protocols were followeabtain sequence information from full-length transcripts only.
after initial tissue disruption under liquid nitrogen in a mortarin each case, previously synthesized gene-specific primers
and pestle. Purified RNA was ultimately reverse-transcribedgainstMytilus edulissequences were sufficient for use in 5
and packaged into a lambda ZAP Express cDNA libraryapid amplification of cDNA ends (RACE) reactions when
(Stratagene, La Jolla, CA, USA) following standardcoupled with linker-specific primers. Reaction products were
protocols. This library served as a readily available source afel-eluted, cloned and sequenced as previously described for
cDNA. standard PCR reactions.

PCR and cloning of the byssal collagens Byssal collagen sequence comparisons

A series of PCR primers was constructed for each byssal previously published Mytilus edulis byssal collagen
collagen on the basis of available gene sequencesMiyditus  sequences were obtained from the GenBank database. The
edulis the M. galloprovincialis cDNA library served as following is the list of accession numbers fdr edulispreCol
template in each reaction. A\&ctor-specific primer was used sequences; AF029249, preCol-D (Qin et al., 1997); AF043944,
to obtain the sequence of theuditranslated regions. preCol-NG (Qin and Waite, 1998): and AF015539, preCol-P

The initial set of forward primers for preCol-D was as(Coyne et al., 1997). cDNA sequences were aligned and
follows: MeDF1-ATCAACATGGTCTACAAACTC, MeDF2-  translated using Sequencher 3.0 (Gene Codes Corp., Ann

CAGGACATGCCGGTAAACACGGAAC and MeDF3-GT- Arbor, MI, USA). Comparisons between species-specific
GGTATGGGTAGACGAG. Reverse primers were designed agyssal collagens were performed using an online version of
follows:  MeDR1-GTTCCGTGTTTACCGGCATGTCCTG, Clustal W from the European Bioinfomatics Institute
MeDR2-CTCGTGGTCCTGCTGGTCCTTGT and MeDR3- (Thompson et al., 1994)_

AACACTTGCAGATTTTATTGATA.

Forward primers for preCol-NG were synthesized as: Byssus collection
MeNGF1-ATGGTCCATAATTTCCTGACT, MeNGF2-TTA- To ensure that full-length byssal threads were collected from
CCAGGTGCACCCGGA and MeNGF3-AAGGAGAAC- each species, individual mussels suspended from a Plexiglas
TTGGACCAGTCG. The reverse primers were: MeNGR1-pjate were killed by inserting a scalpel between the two halves
TCCGGGTGCACCTGGTAA, MeNGR2-CGACTGGTCC- of the shell and severing the adductor muscles. The stem was
AAGTTCTCCTT and MeNGR3-AGGAACTTGCACTTT- then removed, and single threads were isolated at their

TTAT. . attachment point to the stem. Unless indicated otherwise, all
PreCol-P  primers were as follows:  MePF1-measurements, both physical and mechanical, encompass the
ATGGTTCGGTTTTCCCTAGC, MePF2-GAGGATTCGG- entire length of the thread from the stem to the point at which

TGGACCAGGTAC and MePF3-GTGGCCCAGCAGGT- the thread joins the top of the plaque but did not include the
CCAAGA. The reverse primers were: MePR1-plaque.
TTGGTCCAATTAATCCGATGA, MePR2-GAATAACA-

CCTGGTGCTCCT and MePR3-ACGAAGACTGCAGA- Morphometric characteristics of byssal threads
TTTTAATA. Thread dimensions were measured using a stereomicroscope
PCR was performed using standard conditions; buffetM3z, Wild, Switzerland) equipped with a graticule. After
dNTPs andTag polymerase were from Qiagen. Reactiontotal thread length had been determined, each thread was
conditions consisted of a 30s denaturation step at 95 °€eparated into its proximal and distal portions as determined
followed by a 1min annealing at 50°C with a 2minby the point at which its corrugated appearance became
elongation at 72 °C. This cycle was repeated 35 times. PC&mooth. The diameter of each portion was then determined at
products were electrophoresed on 1% agarose gels aitd widest point since some degree of variability in diameter is

stained with ethidium bromide. Bands of the expected sizevident along the length of each segment.

were excised and gel-eluted using the Qiagen gel purification

kit and ligated into Promega’s (Madison, WI, USA) pGEM- Determination of collagen content and gradient in byssal

T Easy cloning vector. JM109 cells were transformed and threads

plated, and positive clones were selected after blue/white The percentage content of collagen in the proximal and
screening. Positive clones were grown overnight in LBdistal portions of the byssal thread was estimated by
medium, and plasmids were purified using the plasmidjuantifying the amount of hydroxyproline. Individual portions
purification kit from Qiagen. PreCol inserts were sequencedf either proximal or distal thread sections were placed in an
using vector-specific primers for M13 and SP6 primer siteampule with 0.1 ml of 6 mott HCI and 0.01 ml of redistilled

at the Advanced Instrumentation center of the University ophenol. The threads were hydrolysied vacuo for 24h at
California, Santa Barbara. 110°C. Samples were then flash-evaporated at 60 °C. Amino
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acids were quantitated with a Beckman System 6300 analyztiireads was also performed as described by Vaccaro and
using the modified elution program described previously byVaite (2001). Young's modulus for whole threads and the
Waite (1995). distal region was measured as the slope of the linear portion
Percentage collagen content was determined by assumiofthe stress/strain curve at low strain (strain <10 %). For the
that all proline residues in théposition of the GlyX-Y motif ~ proximal portion of the thread, Young’'s modulus was
are converted to hydroxyproline. Qin and Waite (1995) andneasured at the steepest portion of the stress/strain curve.
Qin et al. (1997) demonstrated this tendency in both preCol-Btress and strain are defined as the load per cross-sectional
and preCol-P fromMytilus edulis From this, a sequence- area (in N m2=Pa) and the change in length per initial length,
determined percentage hydroxyproline value is calculated farespectively. No correction for the cross-sectional area was
each preCol. A mean sequence-derived hydroxyproline conteapplied. The yield point offsets were measured using the
was calculated for the proximal portion by averaging thézero-slope’ method, i.e. at the first point at which the slope
hydroxyproline content of preCol-NG and preCol-P. A similarof the stress/strain curve is asymptotic (Ferry, 1980). The
value was derived for the distal region by averaging thetrain energy was determined by integrating the area under the
hydroxyproline content of preCol-NG and preCol-D. Thecurve. Statistical significance was established by single-factor
percentage hydroxyproline content for each thread portiorgnalysis of variancenE0.05).
determined by acid hydrolysis, was then divided by the
sequence-determined mean for each thread portion. The
resulting value approximates the byssal collagen content of Results
each thread portion. This does not account for the contribution Byssal collagen sequence comparisons
of hydroxyproline from foot protein-1 (FP-1) to acid- cDNA sequence alignments between preCol-D, preCol-NG
hydrolysed samples. The FP-1 Bf. edulis contains 10% and preCol-P from the two species indicate an identity of
hydroxyproline (Taylor et al.,, 1994). Given the identical91.3%, 88.6% and 90.1 %, respectively. Similar identities are
consensus decapeptide repeats in FP-1 from both specmsserved when the deduced protein sequences for preCol-D,
(Inoue and Odo, 1994), the proportion of hydroxyproline is nopreCol-NG and preCol-P are compared: 89.0%, 88.1% and
likely to differ greatly inM. galloprovincialis 89.0 %, respectively. Figs 1-3 show the alignment of deduced
Following the procedure established by Mascolo and Waitprotein sequences translated from the cDNA sequences of
(1986) to determine whether a collagen gradient occurs alomeCol-D, preCol-NG and preCol-P fromytilus edulisand
the length of a byssal thread based upon changes M. galloprovincialis Sequence information is displayed to
hydroxyproline, proline and glycine contentMytilus  highlight the block-copolymer-like domains of each byssal
galloprovincialis threads were sequentially cut into 0.25cmcollagen. Of particular note are the histidine-rich regions found
segments starting at the stem. The final segment before threboth the N- and C-terminal flanking domains of each byssal
plague was often shorter than 0.25cm. Five threads with @ollagen.
mean length of 2.0+0.15cm (means£.m.) were analyzed. Despite the high degree of identity for preCol-D between
Each segment was acid-hydrolysed, and the amino acids weviytilus galloprovincialisandM. edulis a number of potentially
quantified as described previously. For comparisénedulis  important differences exist (Fig. 1). Of note is an additional
threads were also used, but their mean length was 3.0+0.20 dnistidine in the N-terminal flanking domain and two additional

(mean #sE.M., N=5). histidines in the C-terminal histidine-rich domain fravh
_ _ _ galloprovincialis  Furthermore, the M. galloprovincialis
Biomechanical properties of byssal threads sequence has fewer glycine clusters in the silk-like domains

Young threads, 2—-3 days post-deposition, were utilized fowith the patteriXGG (wherexX=L, A, F or V), 40versus29.
mechanical studies. Mechanical properties were measured forSeveral key differences are also found in the collagen
whole threads and for the separated distal and proximdlanking domains of preCol-NG (Fig. 2). Perhaps of greatest
portions. Newly collected threads were allowed to rest inmportance is an extra poly-A run in the N-terminal plant-cell-
filtered sterilized sea water for up to 24 h before testing. In awall-type domain oMytilus galloprovincialis It is presumed
effort to avoid grip slippage during extension, the ends of eadfat this stretch of amino acids would serve to stiffen the
thread portion were sandwiched between double-sided tapmolecule. Also, a single additional histidine is found in its C-
Dehydration during testing was prevented by enclosing onterminal histidine-rich domain. Individual preCol-D and
end and approximately three-quarters of the thread in preCol-NG chains have cysteine residues whose location is
polyethylene bag with filtered sterilized sea water. Both endsiaintained between the species. How these couple to form
were then clamped into the grips of a Bionix 200 tensile testatisulfide bonds is unknown, but such cross-links may prove
(MTS Systems, Cary, NC, USA) equipped with a 10N loactrucial in mature byssal threads.
cell. Biomechanical variables were measured using a When comparing the byssal preCol-P protein sequences
crosshead speed of 5mm mimnd an initial gauge length of (Fig. 3), differences in histidine content are evident, with an
between 5 and 10mm for distal and whole threads anddditional three residues occurring in the N-terminal flanking
between 3 and 6 mm for proximal thread portions. Threadsegions and another three in the C-terminal flanking domains
were stretched to their breaking point. Cyclical testing ofn Mytilus galloprovincialis Also evident are fewer glycine
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MeD MVYKLLTVCLVASLLEICLA

Signal
MyD MVYKLLTVCLVASLLEICLA 9

| MeD DYNGNKQYGGR'GNR'GNEGGBIGGAGAVAHAHAHAHASACANGRARAHARALAHAHAGGGAAHGHPGP | His-rich

MyD DYHGNKQYGGRGNRG--- GG GG\GAVAHAHAHAHAS AGAN GRARAHARAL AHGHAG GGAAHGHPGFP

MeD VGGEASAARAAARASAGG. GG-G-- SAAMNAAAARAGAGFGGGAGGGAGE/

Silk-fibroin
MyD | GGBASAARAAARASAGG GG GEFVSAAMNAAAANAGAGFGEFG- G FGG. GG/

MeD GFRGCPGCEFRGCEFRCEFRCEFRCEFREAPCEFRGCEFSCPGT GARGCPGCEPGCEFRGCEFRGCEFRGERSMPCEFRGEFRGEEM
MD GRGCPGCFRCAERGCEFRCERGCEFRAPGCEFRCAESCPCT GERGCPDGPCERCEFRCEFRCEFRAWPCEFRCERCE--

MeD PGGGGPGGPGGAGG Pee GMIGPAGPPGPAGPQGPECEQGPRGR PAGTPGPPGNPGEPGGGAPGAPG
MyD - GPCRPGVGGAMGAG Pee GVPGPAGP PGPAGPQGPECEQGPRGR» PAGTPGPPGNPGEPGQAGAPGAPG

MeD APGHAGKHGTAGAAGKAGRPGPRG @QGASGS SGAHGASGAPGRPGNPGSTGRPGATGDPGRPGATGT TGRP
MyD A PGHAGKHGT AGPAGKAG RPGPRG @GASGS SGQHGASGAPGRPGNPGS TGRPGATGDPGRPGATGT TGRP

MeD GPSGAPGNPGAPGALGAPGPRGSPGFVGELPGPRGEPGEPGNQBI GGPGYPGPRGPQGDGAMEPQGCED | 0| agen
MyD GPSGAPGNPGAPGALGAPGPRGAPGFVGLPGPRGSPGEPGNQBI GGPGYPGPRGPQGPDCGAMEPQGPCGD
MeD RGAPGVPGKQGPVGGQBAGPRGEPRMEGPVGPKGEPGARGADGKPGDKGPDGE TGPQGPAGPKG QVGDQG
MyD RGAPGVPGKQGPVGGQBAGPRGPRAGEPVGPKGEPGAKGADGKPGDRGPDGE TGPQGPAGPKGQVGDQG

MeD KPGAKGETGDQGRGEAGKAGEQGGG QGPKGPVGGQBAGPAGPL GPQGPMGEERGP------------ Q
MyD K PGAKGETGDQGAREAGKAGEQGGG QGPKGPVGGQBAGPRGPRGDEGPVGPKGEPGAKGADGKPGDR

MeD GPTGSEGPVGAPGPKGSVGEDQGQ@QGAT GADGKKGEPGERGQQSAGPVGRPGPRRGAKG QGBRGR
MyD GPDGETGPQGPAGPKGOVEDQGQ@QGASGADGKKGEPRERGQQSAGPVGRPGPR@RGAKG QGBRGR

MeD PGG/GRRGNRER)GAVGPRETGPDGNQGQRERGPGVI
MyD PGG/GRRGNRERGAVGPRETGPDGNQGQRERGAPGV

MeD TLVIEDL RTAGVESPVETFDA
MyD TLVIEDL RTAGVESPVETFDA

Fig. 1. Protein sequence alignment

Acidic

between Mytilus edulis (upper)
and M. galloprovincialis (lower)

MeD GAGTGGPAPGVGAAATAGAFAGAGPGARNAGGMAAGAGP
MyD GAGTGGPAP-- GAGATAGAFAGAGPGRNAGGMAAGAGP

precollagen D. Major domain
structures are boxed and indicated
Single amino acid substitutions are
indicated by bold italic type, and

MeD G VGPGELGA.GA. GAGG.GGEGGEGA GRAGAE GGEGA G- GAGGCGEGEAGGCGBGCRCAGGNGS
MyD GG.CGAGPGA.GAG GG.GG LGGEGAGRAGAGCEGAGRAGEGCEGGEGG----- AGG---

MeD GAGRAGGNEGGSAAARAAAQAAAAAG GNGBAQAAAAAASAANSGL GAGAARAAASAARATVTGHGSG
MyD GAGG\GG AGAI AAAAAQAAAAAGAGGNGEAQAAAQAAASAANSG. GAGAARAAASAARATVAGHGSG

Silk-fibroin

dashed lines indicate sequence
deletions. Histidine residues that
may form metal chelate cross-links
are in bold type. Breaks or kinks in
the collagen repeat structure are
symbolized with a filled circle.

MeD TAAAAANAAAQAHAATRGQGEHAHAAAAAIAAA
MyD TAAAAANAAAQAHAATRGQGSEHAHAAAAAIAAA

MeD SSVIHGG------ DYHGNDAGYHKPGY
MyD SSVI HGGEIGGAG@® YHGGDAGYHKPGY

His-rich

clusters with the patterdGG (whereZ=l, F, V and A) inM. breaks in the GIy&-Y repeat sequence, suggesting that the

galloprovincialis 31 versus39 for M. edulis molecules from both species will have similar kinked
While these differences may prove to have functionabtructures and properties.

significance, e.g. the presence of more histidine residues may

give the byssal collagens froMytilus galloprovincialisa Morphometric characteristics of byssal threads

greater potential to form metal-chelating cross-links, it is the Table 1 shows a comparison of the physical dimensions of

similarities that may underscore the true benefit obyssal threads fromMytilus edulisand M. galloprovincialis

constructing a material out of these three collagen moleculeBor each species, 25 individual threads were measured. Of

For each molecule, the acid patch region remains unchangedrticular note, the overall thread length M edulis is

except for a single isoleucine/valine difference in preCol-P. Aapproximately double the length d¥l. galloprovincialis

similar absence of differences is found when comparing thtéhreads. Furthermore, the elastic proximal region makes up a

collagen domains of the molecules. PreCol-NG and preCol-Righer percentage of the thread lengtiMinedulis A similar

have only a few substitution differences, and preCol-D frontesult is seen when diameter is compared. Both the proximal

M. galloprovincialishas a 12-amino-acid insertion, althoughand distal portions oM. edulis threads are approximately

the integrity of the collagen sequence is maintaineddouble the diameter of the corresponding diameterdvifor

Furthermore, each collagen domain has exactly the sangalloprovincialis threads. Furthermore, the diameter of the
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Fig. 2. Protein sequence
alignment  between Mytilus
edulis  (upper) and M.
galloprovincialis (lower)

precollagen NG. Major domain
structures are boxed and
indicated. Single amino acid
substitutions are indicated by
bold italic type, and dashed lines
indicate  sequence deletions.
Histidine residues that may form
metal chelate cross-links are in
bold type. Breaks or kinks in the
collagen repeat structure are
symbolized with a filled circle.

MeNG MVHNFLTVR/AAIARTGLA
MeNG MVHNFLTVHLAAIARTGLA

MeNG Gl GYGKPGYGGRDFFNGIGGEGGRGGEHGGEGEAS
MeNG G5l GYCKPGYGGR®DFENGIGGEIG---  GGIGGEGGAS

MeNG AAAHAAAVANALGGBIGG--------=-=---=--- GSASAAARAAAAARAGGGGBSSAAARAAAABS
MING AAAHAAA/ANALGG GG GASAAARAAAAARAGGGGEASAAARAAAAARLGGGGASAAARAAAAS

MeNG ALGGGGGGFGGLGGGLGGEEGGLGGLGEAGGGGLGGGGGGGLGEL GG GGLLGGGGGGG
MING ALGGGGGGFGGLGGGLBEBIGAGGLGGLGEFEG- LGGGBGGGGLOEPGG LG GG GG

MeNG L GSAGAFGNGRAAGPGRAGASASVGAFATGGGGPLP
MING PGSAGAFGNGRAACPGGAGASASAGAFATGGGGIPLP

MeNG G\PGPQGPRGPAGPPGDQGHGBPGPPGH5» PQGPQGSRGAPGAPGE GGAN GSPGOPGNAGAPGOPGAPG
MyNG GAPGPQGPRGPAGPPGDQGHGBPGPPGHS* PQGPQGSRGAPGAPGE QGAN GNPGPGNAGAPGQPGAPG

MeNG QAGAPGARGP SGAAG HIGAQG G\VBQPGT AGQ (ESAGQPGAPG NPGAPGAPGPT GQAGSVGN/G G°GERGA
MyNG QAGAPGARGP SGAAG HIGAQG G\DQPGSPGQESAGQPGAPG NPGAPGAPGPTGQAGSVGN GGPGERGA

MeNG QGSAGPRG QGRPGCKG LPGPKGP DGPQGAPGK PGADGPAG VRGP GPAGGKGPT GDKGAPGDV GPEGPE
MING QGSAGPRG QGRPGCKGLPGPKRP DGPQGAPGK PGADGPAG VRGP GPAGGKGPT GPKGAPGDV GPEGPE

MeNG GPAGEGPKGPT GPQGAKGS PGEDGEPGGEGEPGAKG G LPGQAGPRG NAGPQGPEGPV D KGAPGESG
MING GPAGGPGPKCGPTGPQGAKGS PGEDGEPGAEGEPGAKG G LPGQAGPRGNAGPQGPEGPV @ KGAPGESG

MeNG GPGAPGPHGPQGPAGE QCDLGEVGPAGEAGAAGWGAKG QGPEGEL GPVKEGPSGEAGPKGRLGOKGP
MING GPGAPGPHGPQGPAGE QCDLGEVGPAGEAGAAGWGPKG QGPEGEL GPVKEGPAGEAGPKGRLGOKGP

MeNG AGEPGQPGEEGKQGDLGAPGNRGAT GV G GKGPT GFRGNRGKPGNAGRPGRPGRNGPRGPSGPQGLRGND
MING AGEPGQPGEEGKQGDLGAPGNRGATGVGGKGPTGRRGNRGKPGNAGRPGRPGRNGPRGPTGPQGLRGND

MeNG GPDGEQGGEGWEE GGT
MING GPDCEQGGGWGVGGT

MeNGHII VDINGARFGDFADI TGPNSNEVNMLVREFI GDLDTFLSLNGPGGPAGV
MING Hil VDDNGARFGDFADI TGPNSNEVNMLVREFI GDLDTFLSLNGPGGPAGV

MeNG GAGECCAGRGGBGANGGNGGE ANGANGGAGRAGCANGGBGCRAGAGGBGRAGAE GGGFGGLGG
MING GAGEAGTGRAGGBGEGG--- LGEPRAGG GCGGGAGGBGA GG GGCGBGAGAE/GG--- LGGG

MeNG LGGLGGBGGLGGLAGSGLGFGABGASAGAGANAGAGAGGBASA
GLGGEGGLGFGSGASAGAGANAGAGGAGGSASA

o

MeNG HAHAHAHAS SAG GL GGEAHSHAVAHAHSVSHAG GBHAHAAAAA----------- HAH-----  AVSHGAS
MyNG HAHAHAHAS SAGGLGGSAHAHAAAHAHSYSHAG GBGHAHAATASTRTFSKS. PEDHTHTQL PQAHAHAAS

MeNG LGGNGGHSL HYNDPFYGKKQKADY
MING LGGSTGGHSLHYNDPFYCK-- KADY

proximal portion is 36 % and 20 % larger than that of the distal

portion inM. galloprovincialisandM. edulis respectively.

Determination of collagen content and gradient in byssal
threads

Signal

His-rich

G Plant cell wall

Cadlagen

Acidic

Plant cell wall

His-rich

Table 1.Morphometric and calculated biochemical

characteristics of byssal threads fraviytilus edulisand

M. galloprovincialis

M.

The byssal collagen content of the respective proximal an M. edulis galloprovincialis
distal portio_ns of threads was calculated on the basis_ of ”Mean thread length (mm) 2744.0 13+1.0
hydroxyproline content of acid-hydrolysed threads withoulp,yima| portion length (%) 34.59+4.67 21.2242.99
correction for the hydroxyproline content of FP-1.yean proximal diameter (mm) 0.16+0.02 0.08+0.009
Representative amino acid compositional analyses are showwean distal diameter (mm) 0.13+0.02 0.06+0.007
in Table 2. The calculated values for byssal collagen conteiPreCols in proximal thread (%) 72.0+1.3 66.9+1.9
of the distal and proximal portions for both species are showPreCols in distal thread (%) 92.5+2.1 86.9+2.4

in Table 1. Mytilus edulis appears to have a
concentration of byssal collagens in both its proximal ant _ _
distal byssal thread portions compared with the same threPrecollagen (PreCol) content was calculated as described in
portions fromM. galloprovincialis In both cases, the distal

larger

Length and diameter measurements are meanss.i. {N=25).

Materials and methods; values are meas®+H{N=10).
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MeP WRFSLASVLLLAVTSTAFA Signal
MgP MWRFSLASVLLLAVTSTAFA 9
MeP GPVSDYGGGK VVPYHGGGGGGGGGGG-- HGGBFRNGR- HGG GG GGG SHAHAHSSASAIVHHE
MgP GTI SDYGGGIK VVWPYYGGGGGGGGGEEWHHEGEPYHGHGHGG GG GGG-- AHAHSSASAIAHHE
MeP  GPGGBSHASAGSSSHASASHNGLGGGAHAHSSSSAAHS His-rich
MgP GPGGBSHASAGSSSHASASHNGL GGGAHAHSSSSAIAHS
MeP GG-GGGG GG GG GPGEVGGEGPGEVGGEGG GG GGGAPGAGE GFGPGFGGEGPGSSATS
MgP GGG G GG GPGEVGGEG G- | GGEGA/GA GG/GARGANGGE G GPGFGGEGPGSSATS
MeP  SGSGSAFGGPGGSASAAAARAANGGGE Elastic
MgP FGSGSAFGPGGSASAAAARAANGGGE
MeP G@GTPANSGPPGQPG_PGAPGQPGRPGST+ PPGRL GNPGP PGQPGNPGRPGSSGRPG G5GQPG PGRPGT
MgP GGGTPGNAGP PGQPGL PGAPGAPGRPGNT* PPGRPGNPGP PGQPGNPGRPGSAGRPG GBBGQPG BPGRPG
MeP FEKPGNRGQPGQPG B> GQPGHPGAG GPGRNGNPGNPGKPGT PGHPGTAGSRAVPGT PGTPGQPG PGTVG
MgP PGKPGNRGQPGQPG G>GQPGHPGAG GPGRNGNPGNPGKPGT PGHPGTVGSRGSPGTPGTPGQPG PGTTG
MeP GRGPRGPAGI  GLI GPKGNPGEPGNPGAPG G GS TGPQGPQGPAG BPGASG BPGDKGAPGTPGE GPRGPI
MgP GRGPRGPAGI GLI GPKGNPGEPGNPGAPG B°GS TGPQGPQGPAG B°GASG G GDKGAPGTPGE GPRGP
MeP GPSGPSGAPGDQGPQG GRGTPGL AGKPGPKGL QGSNGEVGPQGPSGPAGPQGPQGKNGVKGAAGDQGARGP Collagen
MgP GPSGPSGEPGDQEPQGGRGL PG PGKPGPKGL QGSNGEVGPQGPSGPAGPQGPQGKNGVKGPAGDQGARGP
MeP EGKAGPAGPQGET GPKGPT GAQGPAGPAGP SGEQGPG GERGGQGPQGAEGPSGPAGPRGPAGSQGPSCGERG
MgP EGKAGPGGPQEEQGPKGPT GAQGPAGPAGPSGEQGPG GERGAQGPQGAEGPSGPAGPRGPAGHQGPSGERG
MeP EPGAPGKKGPNGDRGNQGSPGAPGKNGARGNRGS RGSNGSPGR SGSPGSRGKPGPQGPHGPRGL RGSPGRK
MgP APGSPGKKGPNGDRGNQGSPGAPGKNGARGDRGS RGSNGSPGR SESPGS RGKPGPQGPHGPRGARGSPGRK
MeP GPRGDQGAPGVI
MgP GPRGDQGAPGVI
Fig. 3. Protein sequence
allgqment between Mytilus MeP Rl VI DDORTGPEVAE Acidic
edulis  (upper) and M. MyP Rl WDDQRTGPEVAE
galloprovincialis (lower)
precollagen P. Major domain
structures are boxed and| MeP FPGFGGG-- GASANAASSANAFAGPGGBAGAGSSSANANAGG-PFGRAGGPPGAAG PG ARG GGG/
indicated. Single amino acid | MP FPGFGGGG-GRASANAGS SANANAG PG GBAGAGS SSCANANAGG-PFGPFGG/G- GARGRAGEGG/
substitutions are indicated by| Mer  GGEGGEGA/GGHGGEGEH/GGECAGGCRGEFPCRAGHFGEFGGGSAASSTSASANGEFG Elastic
bold italic type, and dashed lines| MiP G- G@GG/GCHGGCEGE/GCCECRG - A.GGEFGGFGGCGSAASSBASASGARFG
indicate  sequence deletions| .o | \GPGER GGEASASAASRA
Histidine residues that may form| myP VLNVGPGGE GGGASASAASRA
metal chelate cross-links are in
bold type. Breaks or kinks in the
collagen repeat structure are MeP HAHAFGG GGGASAGSHSSSSSHSFGGH VFHSVTHHGGPSHVS----------- SGGHGAGGEBYKPGY | i ich
symbolized with a filled circle. MgP HAHAFGG. GGGASAGGHS SSAHSFGGHNVFHSV HHG GPSHASAHAS AHAHAS SSGGHG GG GBYKPGY

thread has approximately 20% more collagen than tha length scale of a few millimeters, whereas the gradual

proximal region. gradient inM. edulismay extend over several centimeters.
The manner in which this apparent difference in the . _ _
proportion of collagen varies along the length of a thread was Biomechanical properties of byssal threads

investigated by plotting the percentage composition of glycine, By testing whole threads as well as their corresponding
proline and hydroxyproline relative to location in the threadportions under tension, several mechanical properties were
from the proximal to the distal end. Fig. 4 shows a comparisomeasured. Representative stress/strain curves are shown in Fig.
of the gradients foMytilus edulisand M. galloprovincialis 5. Table 3 shows Young’s modulus, the strain at breaking, the
threads. As demonstrated by these plots, the collagen contestitength at breaking and the strain energy for proximal and
of M. edulisthreads appears to increase in a gradual fashiouljstal portions fromMytilus edulisand M. galloprovincialis
whereas the gradient is much more abrupt Nh For the distal region, the yield strength and strain at yield were
galloprovincialis  The inflection point in the M. also determined. Many of the biomechanical properties do not
galloprovincialis gradient suggests that the transition zoneddiffer statistically between the species, as determined by
between the proximal and distal regions occurs abruptly ovesingle-factor analysis of variance. However, Young’'s modulus
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Table 2.Representative amino acid composition from Table 3.Comparison of biomechanical properties of byssal
hydrolysed thread portions froMytilus edulis(Me) and threads and thread portions froktytilus edulisand
M. galloprovincialis(Mg) M. galloprovincialis
Proximal thread Distal thread M.
Amino acid Me Mg Me Mg M. edulis  galloprovincialis
Hyp 3.43 364 5.80 4.03 Proximal Ej (MPa) 77.5+£11.6 50.5+3.8
&b (%) 79.042.2 108.8+3.9
Asx 6.10 6.45 5.17 4.67
ob (MPa) 46.3+11.2 35.6%£1.8
Thr 3.94 3.98 3.09 2.57 Strai Jof)  18.045.0 20.441.9
Ser 6.44  7.44 4.75 4.50 rain energy (J¢ U A
Glx 5.86 6.37 521 5.16 Distal Ei (MPa) 532439 565+55
Pro 9.84 9.87 7.74 6.80 b (%) 81.4+5.5 68.1+5.5
Gly 28.55 25.73 34.17 34.04 ob (MPa) 143.1+12 138.5+16
Ala 9.95 9.51 16.21 19.58 oy (MPa) 50.2+4.5 47.5£3.0
Cys/2 0.58 0.52 0.13 0.09 gy (%) 20.4+£1.6 13.4+1.1
Val 3.42 3.81 2.44 2.58 Strain energy (Jcrd)  61.8+6.4 46.3+6.6
Met 094 077 0es 036 Whole  Ei (MPa) 328.3:27  417.8+56
lle 2.23 2.33 1.01 1.06
£ (%) 90.5+7.0 74.5+8.0
Leu 3.80 3.62 291 2.39
DOPA 0.00 0.00 018 0.30 ob (MPa) 142.8+11 123.4+14
Tyr 169 185 150 137 Strain energy (Jcmd)  70.0%7.5 50.4+9.7
Phe 1.97 L.75 1.09 1.09 Numbers in bold type indicate values that are significantly
His 3.17 3.11 2.19 2.64 .
Hi 014 0.00 001 0.00 different from each otheP&0.05).
Lyis 4I06 4'45 3.76 3'19 Ei, Young's modulus;ep, strain at breakingion, strength &
Arg 390 478 200 339 breaking;oy, yield strengthgy, strain at yield.

Values are meanssn. (N=10).

Composition is given as a percentage and is the mean of five ru

with a variance of less than 10 %. N ) )
Asx is Asp and/or Asn; Gl is Glu and/or GIn. Hlys is stability of the thread is unknown. The main structural

hydroxylysine and Hyp is hydroxyproline. determinants of the byssus are the collagen-like molecules
DOPA, 3,4-hydroxyphenylalanine. known as preCol-D, preCol-NG and preCol-P. These
molecules have graded distributions along the length of the
thread, with preCol-P predominating in the proximal portion
is higher for the proximal portion &fl. eduliscompared with and preCol-D predominating in the distal portion. Furthermore,
M. galloprovincialis while the strain at breaking is lowdhis  gradients of individual preCol variants may also exist within
is indicative of a stronger, stiffer proximal regiorNinedulis  the thread, as has been shown for preCol-P by Coyne and
For the distal region, only the vyield strain is statisticallyWaite (2000). It is presumably the nature of this gradient and
different, withM. edulishaving a higher strain, which is also the interactions these molecules have with one another, with
indicative of its increased toughness. Cyclic testing of threathe non-gradient collagen preCol-NG and with other matrix
portions was performed as in Vaccaro and Waite (2001) witproteins such as PTMP1 (C. Sun, J. M. Lucas and J. H. Waite,
threads repeatedly loaded to 50% of their initial length tan preparation) that account for the characteristic mechanical
determine whether there was a difference in the hysteresis properties of the whole threads and of the individual thread
recovery of initial modulus in threads from the two species. N@ortions.
significant differences were observed (data not shown). The It has been proposed that metal ions, possibBt,Zaw*
mechanical properties of whole byssal threads from eachnd F&*, play a significant role in the structural integrity of
species are very similar, witM. galloprovincialis having the thread. An exact comparison between the metal
slightly, but significantly, lower strain energy. composition of byssal threads fromvl. edulis and M
galloprovincialis has not been made. However, Vaccaro and
Waite (2001) demonstrated using metal chelators, such as
Discussion EDTA, that such ions are essential for the normal recovery of
The importance of a well-designed byssus is paramount threads under cyclic tension. No cross-links have been isolated
the survival of mytilids in the high-energy intertidal zone.from byssal threads; however, McDowell et al. (1999) have
Structural fidelity has been achieved in mytilids bydetected 5/5di-DOPA in the byssal plaques bfytilus edulis
constructing a thread with a collagenous core and a protectivsing rotational echo double-resonance nuclear magnetic
cuticle. The protective coating, the DOPA-rich protein FP-1resonance. Waite (1990) has suggested that similar di-DOPA-
together with the adhesive plaque proteins are interesting or other quinone-based cross-links might also be present in
their own right, but their contribution to the mechanicalbyssal threads. Such cross-links may exist between byssal
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Fig. 4. Distribution of the amino acids glycine, hydroxyproline andﬂankmg_ domains O_f all its preCols. Compa_nsons of the
proline in hydrolysed byssal threads frémytilus edulis(C]) andM. mecham(?al _pl_’opertlt_as of threads frolm. edulls_ and M.
galloprovincialis (W). Each point represents the mean of five 9alloprovincialis partially support this conclusion. When
hydrolysed samples taken at regular distances from the thread8€ performance of intact threads is consideréd,
attachment point to the stem. Values are mearsotTThe 2cm and — galloprovincialisthreads have a higher Young’s modulus that
3cm points represent the plaques frivmgalloprovincialisand M. is indicative of a more cross-linked or crystalline structure.
edulis respectively. This value is somewhat offset by the higher strain energy of
M. edulisthreads; however, because of variance in the values,
collagen molecules because DOPA has been detected time difference in strain energy is not as significant. Overall,
preCol-D and is possibly a component of the other preCahechanically, the threads appear to be fairly similar with only
variants. It has been surmised that, at least in the case gight differences between the two species. Something more
the byssal collagens, metal chelate complexes representmaist be going on.
significant cross-linking alternative. Such complexes involving Mytilus galloprovincialisthreads are shorter and slimmer
histidine, DOPA or even cysteine residues would differ fronthan those oM. eduliswhich, in conjunction with having a
di-DOPA in their reversible, sacrificial breakage under tensiotower concentration of collagen, may mitigate any increased
(Thompson et al., 2002). cross-linking advantage. Perhaps what is achieved in both
The sequence of the preCols makes them strong prospectses is a set of mechanical properties influenced by
for polyvalent metal interactions given the histidine-richevolutionary pressures whereldly galloprovincialishas found
regions found in both the N and C termini of all three preColsthe need to construct a thread with a lower potential for
the DOPA residues in preCol-D and the cysteine residues extension. Recent mathematical modeling of marine organisms
preCol-D and preCol-NG. If the sheer number of histidinegsuch as mussels) with flexible attachments suggests that
is any indication of cross-linking potential, theévlytilus  ‘going with the flow’ does not necessarily reduce dislodgment
galloprovincialis would be expected to produce stronger,forces under all conditions (Denny et al., 1998). In particular,
stiffer threads by virtue of having more histidines in thethe strategy of making extensible byssal threads under high-
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flow regimes to reduce forces due to drag and lift could, imnteractions mediate stresses along the thread and allow for
some instances, increase inertial forces on the mussel becagssene degree of reorganization or ‘self-healing’. Finally, at the
of momentum. As the degree of byssal extension will have molecular level, individual preCol molecules of at least three
direct bearing on the consequent momentum and inerti#&ypes, each with possible multiple variants, are carefully
energy of the systems, thread length represents perhaps theted along the length of the thread to achieve the desired
simplest way for species to adapt their holdfast to flow. degree of inter- and intramolecular cross-linking. A
Although sequence comparisons tend myopically to focusomprehensive understanding of the structure may prove to be
on differences, it may be the similarities in this case that provan ideal model for the synthesis of materials with similar ‘self-
to be most significant. The flaws in the collagen triple helix ar@ealing’ properties.
maintained between the species. Modeling of the collagen Mytilus edulisand M. galloprovincialisrepresent only two
domains has revealed that these flaws correspond to kinksahthe many mytilid species. It is clear from this comparison
the collagen structure, thus requiring precise lateral packing fahat the species are largely interchangeable as a model for
fibers to form or allowing space for requisite matrix proteindyssal studies, especially with regard to conventional
(Waite et al., 2002). Imperfections in invertebrate collagens afgiomechanical variables. Comparison of these mechanical
not uncommon. Flaws in the triple helix of collagens have beeproperties with those of the byssus of other muytilids is
found in the tubewornRiftia pachyptila(Mann et al., 1992), intriguing but must be undertaken with some caution. Values
the cnidarianHydra vulgaris (Fowler et al., 2000) and the in the literature foiM. californianus M. trossulus M. edulis
marine wormArenicola marina(Sicot et al., 1997). In each and M. galloprovincialis are often inconsistent (Bell and
case, the imperfections have been either modeled or cleaiGosline, 1996; Price, 1981; Smeathers and Vincent, 1975).
demonstrated by rotary shadowing electron microscopy &Similarly, comparisons with the values reported here do not
kinks or bends in the triple helix. The function of such bendsorrespond precisely with those reported in the literature.
remains unknown, but clearly they are well-tolerated andVhile the basis for these inconsistencies is speculative, sample
presumably designed to achieve some sort of structuraize, mussel health, reproductive stage, thread age, equipment
integrity. The exact nature of the structural packing of byssdimitations and the precise separation of threads into distal and
collagens remains elusive, but it is almost certainly key t@roximal portions are all possible factors contributing to
understanding the mechanical properties displayed by byssdisparities. Even with that cavea]. californianusthreads
threads. (Young’s modulus 868+181.2 MPa) are 2-3 times stiffer than
In all three sets of byssal collagens, the acidic domainthose of\M. edulisandM. galloprovincialisirrespective of the
remain virtually unchanged between species, except for alues with which they are compared (Bell and Gosline, 1996).
single isoleucine/valine difference in preCol-P. This lack ofFurthermore, mechanical values for mussels in the ‘edulis
variability indicates a high degree of evolutionary pressure tcomplex’ are much more similar to each other than they are to
maintain this sequence among species. It has been suggestaate distantly related mytilids.
that the acid patch in spider silks may coordinate the self- With these mechanical considerations, it would be both
assembly of these fibers (Hayashi et al., 1999; Xu and Lewitglling and interesting to know how the byssal collagens of
1990). While only conjecture, a similar role is conceivable irother mytilids compare with those of these two spebgslus
mussel byssus. Furthermore, @G (whereX=L, A, F or V)  californianus in particular, is notorious for producing very
repeat pattern found in the silk-fibroin domains of preCol-Diong, thick, tough threads (Bell and Gosline, 1996).
has been implicated in forming the extended flexible secondaityformation about whether such remarkable threads are built
structure of flagelliform silks and may provide both silk andupon similar underlying structural components with similar
byssus with their abilities to stretch and recoil (Hayashi andistributions and assemblages would undoubtedly lead to
Lewis, 2001). further refinements to the functional and structural models of
Suresh (2001) reviews the benefits of constructing gradetiese unique extraorganismic fibers.
materials and discusses how many biomaterials may be capablelThe sequence data reported here have been submitted to
of serving as models for the construction of synthetic material&SenBank under accession numbers AF448526 (MgpreCol-D),
Byssal threads clearly fall into the category of gradedAF448524 (MgpreCol-NG) and AF448525 (MgpreCol-P).
materials. Through the manipulation of gradients at the macro,
micro and molecular levels, mytilids have constructed a The authors thank the Biomaterials Program at NICFDR
material, the byssus, that adheres under water, can resist financial support (DE 10042).
periodic exposure to the sun and air, yet is able to maintain its
ability to stretch and ‘self-heal’ in the face of repeated
deformation by waves (Waite et al., 2002). At the macroscopic References
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that are carefully transitioned to produce a functional thread. ggfq‘g“i 7':7‘1”’323’;;2_2'\23'0‘2%@"- G. Lanzavecchia and R. Valvassori),
At the microscopic level, CO”agen fibers are a“gned an(ééell, E. C. and Gosline, J. M(1996). Mechanical design of mussel byssus:

interspersed with matrix proteins in such a way that their material yield enhances attachment strengtiExp. Biol.199, 1005-1017.



Beynon, C. M. and Skibinski, D. O. F(1996). The evolutionary relationship
between three species of mussklyfilus) based on anonymous DNA
polymorphismsJ. Exp. Mar. Biol. Ecol203 1-10.

Brown, C. H. (1952). Some structural proteins Mytilus edulis Q. J.
Microsc. Sci92, 487-502.

Coyne, K. J., Qin, X. and Waite, J. H(1997). Extensible collagen in mussel
byssus: a natural block copolym&cience277, 1830-1832.

Coyne, K. J. and Waite, J. H.(2000). In search of molecular dovetails in
mussel byssus: from the threads to the sterixp. Biol.203 1425-1431.
Denny, M., Gaylord, B., Helmuth, B. and Daniel, T.(1998). The menace
of momentum: Dynamic forces of flexible organisrhsnnol. Oceanogr.

43, 955-968.

Ferry, J. D. (1980).Viscoelastic Properties of Polymefdew York: Wiley.
Fowler, S. J., Jose, S., Zhang, X., Deutzmann, R., Sarras, M. P. and Boot-
Handford, R. P.(2000). Characterization of hydra type IV collag&rBiol.

Chem.275, 39589-39599.

Gosling, E. M. (1992). Systematics and geographical distributioMyfilus.

In The MusseMytilus: Ecology, Physiology, Genetics and Culteel. E.
M. Gosling), pp. 1-20. Amsterdam: Elsevier.

Hayashi, C. Y. and Lewis, R. V(2001). Spider flagelliform silk: lessons in
protein design, gene structure and molecular evolutBioEssays23,
750-756.

Hayashi, C. Y., Shipley, N. H. and Lewis, R. V(1999). Hypotheses that

Structural elements of mussel byssi&l 7

Qin, X. and Waite, J. H.(1995). Exotic collagen gradients in the byssus of
the musseMytilus edulis J. Exp. Biol.198 633-644.

Qin, X. and Waite, J. H.(1998). A potential mediator of collagenous block
copolymer gradients in mussel byssal thredec. Natl. Acad. Sci. USA
95, 10517-10522.

Rawson, P. D., Agrawal, V. and Hilbish, T. J(1999). Hybridization between
the blue musseldytilus galloprovincialisandM. trossulusalong the Pacific
coast of North America; evidence for limited introgressidar. Biol. 134,
201-211.

Rawson, P. D., Joyner, K. L., Meetze, K. and Hilbish, T. J(1996).
Evidence for intragenic recombination within a novel genetic marker that
distinguishes mussels in tiMytilus edulisspecies complex-eredity 77,
599-607.

Sicot, F. X., Exposito, J. Y., Masselot, M., Garrone, R., Deutsch, J. and
Gaill, F. (1997). Cloning of an annelid fibrillar-collagen gene and
phylogenetic analysis of vertebrate and invertebrate collagems. J.
Biochem 246, 50-58.

Skibinski, D. O. F., Beardmore, J. A. and Cross, T. F1983). Aspects of
the population genetics Mytilus (Mytilidae; Mollusca) in the British Isles.
Biol. J. Linn. Soc19, 137-183.

Smeathers, J. E. and Vincent, J. F. V(1979). Mechanical properties of
mussel byssus threads.Mollusc. Stud45, 219-230.

Suresh, S(2001). Graded materials for resistance to contact deformation and

correlate the sequence, structure and mechanical properties of spider silkdamageScience292, 2447-2451.

proteins.Int. J. Biol. Macromol24, 271-275.

Hilbish, T. J., Bayne, B. L. and Day, A,(1994). Genetics of physiological
differentiation within the marine mussel genlytilus. Evolution 48,
267-286.

Inoue, K., and Odo, S.(1994). The adhesive protein cDNA Mytilus

Taylor, S. W., Waite, J. H., Ross, M. M., Shabanowitz, J. and Hunt, D. F.
(1994). Trans-2,3-cis-3,4-dihydroxyproline, a new naturally occurring
amino acid, is the sixth residue in the tandemly repeated consensus
decapeptides of an adhesive protein fidygtilus edulis J. Am. Chem. Soc.

116, 10803-10804.

galloprovincialis encodes decapeptide repeats but no hexapeptide motiThompson, J. B., Kindt, J. H., Drake, B., Hansma, H. G., Morse, D. E.

Biol. bull. 186, 349-355.
Inoue, K., Odo, S., Noda, T., Nakao, S., Takeyama, S., Yamaha, E.,

and Hansma, P. K.(2002). Bone indentation recovery time correlates with
bond reforming timeNature414, 773-776.

Yamazaki, F. and Harayama, S.(1997). A possible hybrid zone in the Thompson, J. D., Higgins, D. G. and Gibson, T. J1994). CLUSTAL W:

Mytilus eduliscomplex in Japan revealed by PCR markistar. Biol. 128
91-95.

Mann, K., Gaill, F. and Timpl, F. (1992). Amino-acid sequence and cell-
adhesion activity of a fibril-forming collagen from the tube wdriftia
pachyptilaliving at deep sea hydrothermal veniur. J. Biochem210,
839-847.

improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties and weight
matrix choiceNucleic Acids Re2, 4673—-4680.

Vaccaro, E. and Waite, J. H(2001). Yield and post-yield behavior of mussel

byssal thread: A self-healing biomolecular materiaglomacromol. 2,
906-911.

Mascolo, J. M. and Waite, J. H.(1986). Protein gradients in byssal threads Waite, J. H. (1983). Adhesion in byssally attached bivalvB®l. Rev.58,

of some marine bivalve molluscs. Exp. Zool240, 1-7.
Matsumasa, M., Hamaguchi, M. and Nishihira, M.(1999). Morphometric

209-231.

Waite, J. H. (1990). The phylogeny and chemical diversity of quinone tanned

characteristics and length of the ‘variable region’ in the nonrepetitive glues and varnishe€omp. Biochem. Physid®7B, 19-29.
domain of the adhesive protein bfytilus species in the Asamushi area, Waite, J. H.(1995). Precursors of quinone tanning: Dopa-containing proteins.

northern JaparZool. Sci.16, 985-991.
McDowell, L. M., Burzio, L. A., Waite, J. H. and Schaefer, J.(1999).

Meth. Enzymol258, 1-20.

Waite, H. (1999). Reverse engineering of bioadhesion in marine muésels.

Rotational echo double resonance detection of cross-links formed in musselN.Y. Acad. Sc875 301-309.

byssus under high-flow stresk.Biol. Chem274, 20293-20295.

Waite, J. H., Qin, X. and Coyne, K. J.(1998). The peculiar collagens of

Mercer, E. H. (1952). Observations on the molecular structure of byssus mussel byssudMatrix Biol. 17, 93-106.

fibres.Aust. J. Mar. Freshwater Rek3, 199-204.
Price, H. A. (1981). Byssus thread strength in the muddgtjlus edulis J.
Zool. Soc., Londl94, 245-255.

Waite, J. H., Vaccaro, E., Sun, C. and Lucas, J. M2002). Elastomeric

gradients: A hedge against stress concentration in marine holdRists?
Trans. R. Soc. Lon®57, 143-153.

Qin, X., Coyne, K. J. and Waite, J. H(1997). Tough tendons: mussel byssus Xu, M. and Lewis, R. V. (1990). Structure of a protein superfiber: Spider

has collagen with silk-like domaind. Biol. Chem272, 32623-32627.

dragline silk.Proc. Natl. Acad. Sci. US87, 7120-7124.



