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Abstract Individual blue mussels, Mytilus edulis L., can
express at least 20 variants of a small protein known as
M. edulis foot protein 3 or Mefp3. Mefp3 has been
shown to be a component of the adhesive plaque of the
byssus, the structure securing mussels to solid substrata.
The cDNAs and deduced fp3 protein sequences display
more variation at the carboxy-terminus than at the N-
terminus, although there is some variation present
throughout the protein. This indicates that there most
likely are multiple copies of the gene encoding this
protein. Each protein sequence contains a signal peptide,
24 to 25 residues in length, and a mature protein
sequence of 44 to 54 residues. Gly is the most common
amino acid in the mature protein at 20 to 25 mol%.
Tyr and Arg follow closely at 20 to 23 and 16 to 21
mol%, respectively. Both of these amino acids were
previously shown to be post-translationally modi®ed to
3,4-dihydroxyphenylalanine (Dopa) and 4-hydroxyargi-
nine, respectively, in this protein. MALDI-TOF (matrix-
assisted laser desorption ionization with time-of-¯ight)
mass spectrometric analysis of the underside of adhesive
plaques reveals the presence of Mefp3-like proteins.
Curiously, only four or ®ve out of 20 possible fp3
variants are detectable in plaques deposited on glass or
plastic. This would suggest that selection of protein
variants for deposition onto surfaces is determined at the
level of translation.

Introduction

Like other sessile organisms in the intertidal zone, ma-
rine mussels rely on the durability and strength of their
holdfasts for secure attachment. The mussel holdfast or
byssus is a peculiar extracorporeal bundle of collagenous
threads (Waite et al. 1998). Byssal thread attachment to
a hard substratum is mediated distally by ¯attened ad-
hesive plaques. Each new thread and plaque is made in
the ventral groove of the mussel's foot after it has ex-
plored available surfaces using a sensory patch near the
tip (MaheÂ o 1970). Due to factors such as water turbu-
lence, emersion, intraspeci®c competition for space and
predators, mussels must be expeditiously opportunistic
in bonding to hard surfaces. The plaque±substratum
interface is consequently the most unpredictable and,
perhaps, vulnerable link in the chain of molecules that
comprises the holdfast. Fueled by antifouling and
biomimetic research, there has been a growing interest in
the molecular adaptations that facilitate opportunistic
adhesive bonding in marine organisms.

Recent biochemical analyses of adhesive plaques in-
dicate that these are composed of at least four promi-
nent protein families abbreviated ``fps'' (i.e. foot
proteins): fp1, fp2, fp3, and fp4, all of which contain the
post-translationally modi®ed amino acid 3,4-dihy-
droxyphenylalanine (Dopa) (Diamond 1993; Papov
et al. 1995). Mefp1 is a large protein, �110 kDa, with
more than 75 tandem repeats of a decapeptide that
contains trans-4-hydroxyproline and trans-2,3-cis-3,4-
dihydroxyproline as well as Dopa (Waite 1983; Taylor
et al. 1994). Mefp2 also has a repetitive primary struc-
ture: 11 tandem repeats of an epidermal growth factor
motif (Inoue et al. 1996) with Dopa con®ned to the N-
and C-termini (Rzepecki et al. 1992). Mefp3 comprises a
family of small, nonrepetitive proteins ranging from 5 to
7 kDa in mass and with 4-hydroxyarginine as well as
Dopa (Papov et al. 1995; Inoue et al. 1996). A fourth
protein, Mefp4, has a mass of 80 kDa and may consist
of tyrosine-rich octapeptide repeats (Weaver 1998). The
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catalog of byssal plaque proteins is still incomplete, and
little to nothing is known about the function and loca-
tion of each plaque protein. There is some evidence that
Mefp1 is not limited to the plaques, but forms a pro-
tective sealant around all exposed portions of the byssus
(Rzepecki et al. 1992). Mefp2, 3, and 4 are speci®c to the
plaques where fp2 is the most abundant protein, but
distribution patterns within the plaque are not known.

Recent use of MALDI-TOF mass spectrometry has
indicated for the ®rst time that proteins the size of
Mefp3 are present on the surface of the adhesive side of
the plaque (Ross et al. 1995). Given that previous
studies have shown that the ultraviolet lasers used in
MALDI-TOF penetrate no deeper than 300 nm into a
variety of porous membranes (Strupat et al. 1994), this
is a revealing result. Byssal plaques are highly porous
materials (Tamarin et al. 1976), and detection of Mefp3s
within 300 nm of the interface has important implica-
tions for adhesion. Consistent with its localization in the
plaque portion of the byssus, fp3 was shown to be
transcribed in the phenol gland at the tip of the foot by
in situ hybridization in a closely related species, Mytilus
galloprovincialis (Inoue et al. 1996). Previous studies of
fp3 in both M. edulis and M. galloprovincialis have
pooled samples of feet from multiple mussels, and it has
therefore been unclear whether detection of multiple
forms re¯ects allelic variation (with two variants per
individual mussel) or is due to the simultaneous pro-
duction of nonallelic fp3 variants by individual mussels.

The present study probed fp3 distribution at the
plaque interface using a laser desorption method, and
determined the extent of fp3 polymorphism in individual
Mytilus edulis.

Materials and methods

Mussels

Mytilus edulis L. used in these experiments were collected from
submerged pilings at the mouth of the Broadkill River and from the
®shing pier at Cape Henlopen State Park in Delaware, USA.
Mussels (2 to 4 cm) were transferred to aquaria containing sta-
tionary or running sea water (30&) at 8 to 15 °C. Those used for
laser desorption experiments were fed weekly with Isochrysis
galbana cultures.

Plaque collection

Gettingmussels to deposit adhesive plaques exclusively onto glass or
acrylic plates (Plexiglas) was con®gured using specially cut plates
(10 ´ 10 ´ 0.3 cm) which were tightly wrapped by two to three turns
of nylon ®shing line (diameter 1 mm). Mussels were tethered to
these wrappings using 6 cm long rubber bands that were loop-tied at
a distance two-thirds from one end. The larger loop was slip-knotted
through the ®shing line, while the smaller loop was dorsoventrally
wrapped around the mussel. The mussel/plate combinations were
then draped from a clothes line suspended across the top of the
aquarium using small noncorroding spring clips. Mussels began
exploring the plate surface within 1 h of immersion, and plaque
deposition commenced shortly afterwards. To avoid extensive
protein cross-linking in the byssal plaques the following conditions

were required: low sea water temperatures (8 °C), minimal water
agitation, and plaque harvest within 24 h of deposition. Plaques
were harvested under the stereomicroscope by cutting the byssal
threads a few millimeters above the plaque and, then, by shearing
the plaques from the plate surface with a new, single-edge razor
blade. Each collected plaque was washed with two changes of 10 ml
Q-water.

Laser desorption mass spectrometry

Mass spectrometric analysis was done by matrix-assisted laser de-
sorption ionization with time-of-¯ight (MALDI-TOF) using a
PerSeptive Voyager instrument with delayed extraction (Perkin-
Elmer, Framingham, Massachusetts). Byssal adhesive plaques with
``top'' or ``bottom'' sides facing up were mounted onto a gold
specimen plate using double-sided tape (3 M), coated with matrix
(1 ll ´ 2) and air-dried. Matrix was sinapinic acid (Sigma; 10 mg
ml)1) dissolved in 0.1% (v/v) tri¯uoroacetic acid in a 50:50 mixture
of Q-water and HPLC-grade acetonitrile. The samples were evac-
uated to at least 5 ´ 10)7 mmHg in the vacuum chamber of the
spectrometer and irradiated at 337 nm with a nitrogen laser at a
power setting of 2100 to 2300. Counts of molecules desorbed,
ionized, and detected in the positive ion mode were averaged over
255 accumulated scans. Other conditions included an accelerating
voltage of 20 kV, grid voltage at 94%, a guide wire voltage of
0.02% and low mass gate of 800. Although MALDI-TOF has a
mass accuracy that is generally better than 0.01%, some runs in-
cluded a monoisotopic standard (r-hirudin, 6964.5 [M+H]+) for
internal calibration.

cDNA

Total RNA was isolated from the foot of individual mussels by the
modi®ed method of Chomczynski and Sacchi (1987) (Eddington
1996). Initially, thermal rapid ampli®cation of cDNA ends (RACE)
in the 3¢ and 5¢ directions was performed according to the method of
Frohman (1993) with total RNA as the template. Nested primers
were not used due to the variable nature of the protein and the small
size of the gene. A poly-T primer comprised of 5¢-GGGGGGGT17-
3¢ was used for both the reverse transcription of the 3¢ RACE and
the subsequent PCR. Gene-speci®c primers, Mefp3-1 and Mefp3-
1as (Table 1), were initially designed from a conserved portion of
Mytilus galloprovincialis fp3 sequence (Inoue et al. 1996) that was
known to code for the same amino acids in the M. edulis version of
fp3 (Papov et al. 1995) (Fig. 1). An additional primer (Mefp3-9)
that would enable the complete coding sequence to be obtained with
3¢ RACE was designed from the preliminary 5¢ end partial cDNA
sequences obtained. All primers were obtained from Operon
Technologies (Alameda, California). Control reactions with all
components except the reverse transcriptase were done to determine
if the subsequent PCR products were due to genomic contamination
of the RNA preparations. The PCR products were then cloned into
the plasmid pBluescript (Stratagene, La Jolla, California) which was
cut with EcoRV, and a T-overhang was added by incubation with
Taq polymerase in the presence of 2 mM dTTP (Hadjeb and
Berkowitz 1996). Plasmids were transformed into competent
Escherichia coli strain XL1-Blue-MRF' (Stratagene). Transform-
ants were plated on LB plates with 100 lg ml)1 carbenicillin (Sigma
Chemical Co., St. Louis, Missouri). Colonies were initially screened
for inserts in the presence of isopropyl-thiogalactopyranoside

Table 1 Gene-speci®c primers used in this study

Name Sequence

Mefp3-1 5¢-GGYCCTCCAAGRCGYTAC
Mefp3-1as 5¢-GTARCGYCTTGGAGGRCC
Mefp3-9 5¢-AACAATGAATAATWYCAGTGTCTCAGTG
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(IPTG) and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
(X-gal). Plasmids were grown up in Terri®c Broth with 50 lg ml)1

ampicillin, and the DNA isolated using an alkaline lysis miniprep
procedure. Inserts were sequenced using the FS dye-terminator se-
quencing kit (Applied Biosystems, Inc., Foster City, California) and
universal primers (KS and SK) for the vector and sequences run on
an ABI Model 373 sequencer. Analysis of the resulting traces was
done with Sequencher (Gene Codes Corp., Ann Arbor, Michigan).

Results

Laser desorption is a sensitive tool for the analysis of
biomolecular materials such as byssal attachment pla-
ques. Proteins were de®nitely desorbed from the ``bot-
tom'' or adhesive side of attachment plaques by laser
irradiation. Using three di�erent matrices, we were un-
able to detect anything above 20 kDa in the overall
range of 1 to 100 kDa. The most abundant desorbed
proteins had monoprotonated masses of 5 to 7 kDa and
exhibited the same pattern of clustered peaks separated
by 16 Da which was evident in Mefp3 variants isolated
from the foot (Papov et al. 1995).

At least four variants were desorbed from plaques
deposited on glass and plexiglass, all of these showed
incremental clustering Dm = 16 Da, e.g. note especially
peaks clustered at [M+H]+ 5757.85 (Fig. 2A) and
5764.74 (Fig. 2B). The two surfaces had three proteins in
common: (1) 5304.8 (glass) and 5312.5 (plexiglass), (2)
5470.12 (glass) and 5440.95 (plexiglass), and (3) the
clusters between about 5750 and 5860 on both surfaces.
Although these [M+H]+ values were not identical, they
corresponded to the similar variants modi®ed to di�er-
ent degrees by addition of oxygen (16 Da) and dehy-
drogenation ()2 Da probably per Dopa residue oxidized
to Dopaquinone). Unique fp3s appear to be [M+H]+

5629.7 (glass) and 4996.36 and 5506.2 (both on plexi-

glass). If the unique peak clusters, in fact, represent
di�erent variants of Mefp3, then multiple variants ob-
served earlier in preparations from pooled mussels
(Papov et al. 1995) could not have arisen through mul-
tiple alleles alone. Instead, each individual mussel foot
may express many di�erent Mefp3 variants. To test this
hypothesis, we turned to RT-PCR of cDNA from a
single mussel using gene-speci®c primers.

Fig. 1 Mytilus edulis. Preliminary 5¢ end sequences from one mussel
obtained by 5¢ RACE using an antisense primer (Mefp3-1as) designed
from the conserved region of previously published sequences of
M. galloprovincialis (Inoue et al. 1996) which also codes for the same
sequence of amino acids in M. edulis (Papov et al. 1995). Primer
locations (for the antisense primer to obtain these sequences) and the
subsequent 3¢ RACE primer (Mefp3-9) (for obtaining the complete
coding region) are as indicated above the sequences. The primer
Mefp3-1 was in the same location as Mefp3-1as, but in the opposite
direction. The start codon (ATG) is in bold
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Fig. 2 Mytilus edulis. MALDI-TOF mass spectrometric analyses of
plaques that were deposited by mussels on glass or plexiglass. A
Proteins desorbed from the underside, i.e. adhesive side, of a plaque
deposited on glass. m/z clusters at: 5304.79 + 5320.51;
5470.12 + 5486.02; 5629.74 + 5612.41; 5757.85 + 5774.11 +
5790.23 + 5806.31 + 5824.04 + 5839.5 + 5855.07. B Proteins
desorbed from the underside of a plaque deposited on plexiglass.
m/z: 5295.36 + 5312.48 + 5327.5; 5424.27 + 5440.95; 5490.42 +
5506.22 + 5522; 5732.64 + 5749.16 + 5764.7 + 5779.89 + 5796
+5812 + 5828 + 5844; 5862.53. Bold m/z values denote peaks
identi®ed in Fig. 2A and B. Related members vary by Dm » 16 Da
increments
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Initially the 3¢ and 5¢ RACE of one mussel yielded six
3¢ products (not shown) and four 5¢ products (Fig. 1)
from a central sequence (5¢-GGYCCTCCAAGRCGY-
TAC-3¢) used as a primer in both the sense and antisense
directions. The 5¢ RACE sequence information was used
to synthesize another primer to encompass the whole
coding region with 3¢ RACE. Twenty-two di�erent
cDNA sequences of the complete coding region were
obtained from another individual mussel with 3¢ RACE.
No PCR products were seen in the control reactions in
which there was no reverse transcriptase added to the
®rst strand reaction, indicating that the PCR products
were not the result of genomic DNA contamination in
the RNA preparation. Three of these cDNA transcripts
coded for the same amino acid sequence (i.e. mutations
were silent), thereby reducing the variants to 20 protein
sequences (Fig. 3). Although there was variation
throughout the protein, the 5¢ end appeared to be more
conserved than the 3¢ end.

Each transcript contained a signal peptide sequence
based on the description of von Heijne (1985) and
Nielson et al. (1997) and predicted with the ``SignalP''
program based on Nielson et al. (1997). The signal
peptide comprised the ®rst 24 amino acids in 19 cases
and the ®rst 25 in the remaining protein sequence
(No. 16) (Fig. 3). Although basic residues were absent
from the N-termini, a hydrophobic core made up of Val,
Leu, Ala, Ile, Gly, Ser, and Phe was evident. This hy-
drophobic core (beginning with Val-8) was 13 amino
acids in length in 19 cases and 14 amino acids long in the

remaining sequence (Variant 16). The C-termini of the
signal peptides contained typical polar residues. When
the signal peptides are removed, the resulting ``mature''
proteins varied in length between 44 and 54 amino acids.
Molecular masses of the mature proteins range from
5303 to 6387 Da. Calculated isoelectric points are be-
tween 10.1 and 10.9. Gly is the most common amino
acid, followed closely by Tyr and Arg. These latter two
amino acids were shown to be modi®ed co- or post-
translationally to Dopa and 4-hydroxyarginine,
respectively, in the variant fp3F, and the same trend was
apparent in the compositions of the other variants
(Papov et al. 1995). Papov et al. (1995) also demon-
strated that the modi®cation of fp3 variants isolated
from Mytilus edulis was incomplete, and more so in the
case of Arg than Tyr. If hydroxylation of Tyr and Arg
were complete, then the molecular mass range of the
variants would be shifted up from a low of 5607 (e.g.
Variant 7) to a high of 6707 Da (Variant 2) (Fig. 3). Asn
is also common in fp3 (between 5 and 7 residues vari-
ant)1). The remaining amino acids consist of varying but
small amounts of Ala, Pro, Ser, Trp, Thr, Asp, Lys, and
Ile. His (Variant 10) and Glu (No. 19) occurred but once
in the sequences of the mature variants. The C-terminal
and, often, the penultimate residues were aromatic
amino acids.

Discussion

The MALDI-TOF analysis of the adhesive plaque sur-
faces suggests (1) that Mefp3s are the only consistently
desorbed proteins; (2) that each mussel plaque contains
more than one variant of Mefp3 with multiple hydrox-
ylation states (Dm=16 Da); and (3) perhaps, that the
variants selected for deposition are determined by the
surface being adhered to. The ®rst conclusion is well-
supported given the accuracy of MALDI-TOF and the

Fig. 3 Mytilus edulis.Amino acid sequences of the 20 protein variants
obtained in this study from one individual mussel. The proposed
signal peptide and mature protein regions are indicated. Amino acids
that are the same as in Variant 1 are indicated by ``.''. Alignment gaps
are indicated by ``±''. Mature protein masses represent the calculated
masses of the mature protein without any hydroxylation (minimum)
and fully hydroxylated (maximum)
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masses and hydroxylation patterns detected. Similar
results have been obtained with Mefp3s isolated from
mussel foot tissue (Papov et al. 1995). Additional con-
®rmation will require a detailed structural characteriza-
tion. This conclusion does not exclude the presence of
other proteins that may not have been ionized or de-
sorbed under the conditions used. However, since
Mefp1, 2, and 4 yield readily to MALDI-TOF analysis
in puri®ed or combined form (Waite unpublished re-
sults), their presence at the interface (unless cross-linked)
does not seem likely. The second conclusion is
strengthened by the molecular evidence for fp3 variant
expression in individual mussels. The existence of mul-
tiple fp3 variants was evident from earlier studies (Papov
et al. 1995; Inoue et al. 1996), but the extent of indi-
vidual variation was unclear since protein and mRNA
were both extracted from pooled mussel feet. The third
observation is the most exciting in that it suggests that
mussels may tailor their adhesion to the properties of a
detected surface. It remains speculative until large
numbers of plaques on di�erent surfaces can be exam-
ined by MALDI-TOF. The present data, however, pre-
dict at least three types of chemical adaptation to
surfaces by mussels: (1) di�erent fp3 variants for dif-
ferent surfaces, (2) di�erent proportions of a limited set
of fp3 variants on di�erent surfaces, and (3) di�erent
hydroxylation patterns in fp3s.

The present results indicate extensive polymorphism
of Mefp3 mRNA in an individual mussel. Whether all
varieties of this mRNA are equally and simultaneously
translated into protein remains to be shown. The un-
characteristically short poly-A tail of mRNA of Mefp3
(K. Inoue personal communication) combined with the
large number of mRNA variants (present study) and the
handful of fp3 protein variants detected on the adhesive
plaques suggests that the selection of secreted protein
variants may be controlled at a translational level. This
would result in faster production of appropriate variants
by circumventing transcription and the processing of the
mRNA. The extent of the polymorphism cannot be due
to allelic variation alone. Additional variation could be
due to alternative splicing and RNA editing (Benne
1993; Patton et al. 1997). This may include alternative
splicing of both the 5¢ and 3¢ ends. Protein polymor-
phism based on multiple gene copies and alternative
splicing is well documented in other systems, the adap-
tive function being increased output or functional
modulation, respectively. Ocean pout use multiple gene
copies to increase the output of antifreeze proteins (Hew
et al. 1988), while multiple gene copies are also used by
parasites to provide variation in the egg capsule proteins
(Rice-Ficht et al. 1992; Waite and Rice-Ficht 1992)
and in prokaryotes to provide antigenic variation
(Palmer et al. 1994; Alleman et al. 1997). Squid use
RNA editing to create di�erent forms of a protein
involved in potassium channels (Patton et al. 1997), and
eight di�erent isoantigens of BGP, a cellular adhesive
molecule, derived by di�erential alternative splicing of a
single transcriptional unit, provide functional diversity

in adhesion (Barnett et al. 1993). Multiple copies of an
Mefp3 gene may be necessary to express su�cient
amounts of this protein for repeated thread formation ±
particularly during periods of high water ¯ow. A mussel
can produce a new byssal thread in 5 min or less using
proteins stockpiled in the holocrine glands of the foot
(Waite 1992). A sustained demand, however, would re-
quire high output gene expression. This would pertain to
all byssal proteins, not just Mefp3.

The preliminary analyses of adhesive plaques on glass
and plastic by MALDI-TOF mass spectrometry point to
a possible functional adaptation or tailoring of protein
to surface. The Mefp3-like variants desorbed from the
plaques bonded to the two surfaces were not identical.
There are two obvious but di�erent pathways to form a
range of fp3 variants (Fig. 2): (1) variants with di�erent
primary amino acid sequences can be synthesized by the
mussel from the di�erent gene copies, alternative splic-
ing, or RNA editing; and (2) di�erential hydroxylation
can occur as shown in Fig. 2. If both strategies worked
concurrently then an enormous array of functionally
di�erent molecules would result. Both pathways may be
responsive to cues from the surface being bonded.

As mature proteins, Variants 1, 11, and 13 (Fig. 3) are
essentially identical and correspond to Variant F, a
protein whose sequence was directly determined in an
earlier study (Papov et al. 1995). These three variants
di�er only in the signal peptide portion of the protein. The
calculated isoelectric point for the mature protein is 10.4.
If all of the Tyr and half (®ve of nine residues) of the Arg
residues are modi®ed to Dopa and 4-hydroxyarginine,
respectively, as indicated from the studies of the protein
(Papov et al. 1995), then themolecularmass of themature
proteinwould be 6071 kDa. If all Tyr andArg residues are
hydroxylated, then the calculated molecular mass is
6135.3 Da, which is in agreement with the largest mass
(i.e. fully hydroxylated) obtained from the MALDI-TOF
mass spectra of Variant F (Papov et al. 1995).

The modi®ed amino acid, L-Dopa, is believed to be
involved in cross-linking (Waite 1985; Burzio 1996) and
surface bonding (Waite et al. 1992). Many, but not all,
of the Tyr residues (to be converted to Dopa) appear to
be conserved in the sequences. This may re¯ect their
importance to the adhesive function of this protein. The
Arg residues are not as conserved as Tyr, and it is un-
known if those that are conserved are more likely to be
post-translationally hydroxylated or involved in the
cross-linking.

The frequency of amino acid substitutions in the
N- and C-terminal halves of fp3 (Fig. 3) is noticeably
asymmetric. Compared with Sequence 1, which corre-
sponds to Mefp3F of Papov et al. (1995), the N-terminal
half of the mature sequence (A-1 to Y-25) contains an
average of about two substitutions per 25 residues in
other variants; the C-terminal half, in contrast, has more
than eight. This apparent asymmetry is intriguing and
worthy of modest speculation. If fp3 variants collectively
serve as something akin to an ``adhesive primer'' at the
plaque±substratum interface, then molecular asymmetry
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in fp3s may serve to couple the structurally dissimilar
adherends. One adherend, the plaque, presumably has a
biochemistry that is both familiar to the mussel and
independent of the other adherend, i.e. the substratum.
Thus, the more conserved N-terminal half may be an-
chored in the plaque matrix, whereas the more variable
C-terminal half might be associated with the substratum.
Future work should explore this possibility.
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