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California mussels Mytilus californianus owe their tenacity to a
holdfast known as the byssus, a fibrous extracellular structure that
ends distally in flattened adhesive plaques. The “footprints” of
freshly secreted plaques deposited onto glass coverslips were shown
by matrix-assisted laser desorption ionization time of flight mass
spectrometry to consist chiefly of proteins ranging in mass from
5200 to 6700 Da. These proteins, variants of a family known as
mcfp3 (M. californianus foot protein 3), were purified from acetic
acid/urea extracts of plaques and foot tissue. Mcfp3 appears to sort
into fast and slow electrophoretic variants. Both are rich in Gly and
Asn and exhibit post-translational hydroxylation of Tyr and Arg to
Dopa and 4-hydroxyarginine, respectively, with the fast variant con-
taining more than twice as much Lys + Arg. Both the slow and fast
variants were partially sequenced from the N terminus, and the
complete sequences of 12 variants were deduced from cDNA using
degenerate oligonucleotides, PCR, and rapid amplification of cDNA
ends. Mcfp3s are highly polar molecules and contain up to 28 mol %
Dopa, which remains intact and may be crucial for adhesion to
metal and mineral surfaces.

The fabrication of strong and durable adhesive bonds between mac-
romolecules and metal or mineral surfaces in a wet environment is one
of the most persistent challenges for modern adhesive technology (1).
Ironically, this is “business as usual” for the marine mussels who inhabit
rocky wind-swept seashores. Mussels (Mytilus) thrive despite persistent
surf and tides thanks in part to a robust holdfast structure called the
byssus, which consists of a bundle of threads each of which is tipped
distally by an adhesive plaque that bonds to mineral and metal surfaces.
The adhesive strategies of mussels and other sessile marine inverte-
brates are increasingly envisioned as paradigms for designing tough
water-resistant adhesives (2, 3).

How is water a problem for adhesion? There are many complicating
factors, but one of the most fundamental involves the dielectric constant
of water. Most known cases of practical and biological adhesion are
mediated by noncovalent interactions between the adhesive and the
adherend surface. The interaction energy of a charge-charge interac-
tion, for example, is governed by Coulomb’s law as
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E= —(Q,Q)/[4mer] (Eq. 1)

where Q; and Q, are the charges on two interacting molecules, € is the
dielectric constant of the medium, and r is the interatomic distance (4).
The dielectric constant of water (€ = 80) is much higher than that of
vacuum (e = 1) or nonpolar solvents (e = 2-3), and this, consequently,
greatly diminishes the magnitude of interaction energies that are possi-
ble in water. Ligand-receptor adhesion typically gets around this limi-
tation by conformation-dependent protein-ligand interactions, in
which ligand binding usually occurs within hydrophobic protein pock-
ets having a much lower dielectric constant than the surrounding bulk
water (5). The extent to which mussels can exploit this approach in
byssal adhesion seems limited given how polar the mineral and metal
surfaces to which they stick are.

The biochemistry of mussel byssus has been investigated in primarily
two species, Mytilus edulis and Mytilus galloprovincialis, both relatively
sheltered species (6). Not surprisingly, all of the proteins characterized
so far in the two species show a very high degree of sequence homology.
The California mussel, Mytilus californianus, in contrast to its conge-
ners, dominates the most wave-swept and exposed habitats along the
Pacific coast from Baja California to Vancouver Island. Its mean dis-
lodgement tenacity was determined to be 250 N/mussel, forty times
greater than that of M. edulis (7). Despite this superiority, almost noth-
ing is known about the comparative biochemistry of adhesion in M.
californianus.

At least six different proteins have been characterized from freshly
secreted adhesive plaques of M. edulis. These are mefpl, 2, 3, 4, and 5
and various preCols (6). Extensive loss of solubility and epitopes caused
by rapid protein processing has greatly impeded the precise immuno-
chemical localization of each of these in the byssus (8).

Our hypothesis in the present study is that one of these proteins is
strategically localized near the interface for adhesion. We have interro-
gated the footprints of M. californianus byssal adhesive plaques by
direct laser desorption ionization mass spectrometry and identified sev-
eral new Dopa-rich mcfp3 proteins. The polar and highly modified
nature of these proteins suggests that adhesion may be governed by
novel interactions in addition to the usual noncovalent types.

MATERIALS AND METHODS

Protein Purification from Mussels—Mussels were collected locally
from rocks and jetties around Campus Point and Goleta Pier in Santa
Barbara, CA and immediately transferred to shallow holding tanks with
circulating raw seawater at 15 °C. About 60 mussels were tethered to
each 18 X 25-cm plate made of acrylic or glass (thickness, 1 cm), from
which byssal plaques were harvested daily using a clean single-edge
razor blade, briefly rinsed with 200 volumes of MilliQ water, and stored
at —80 °C. About 1000 accumulated plaques were thawed and extracted
in a small volume (5 ml/200 plaques) of 5% acetic acid (v/v) containing
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8 M urea and 0.1 mM tri(carboxyethyl)-phosphine by homogenization
on ice using a small hand-held tissue grinder (Kontes, Vineland, NJ).
The homogenate was centrifuged for 30 min at 20,000 X gand 4 °C. The
supernatant was collected (10 ml), and half was dialyzed against 4 liters
of MilliQ water using membrane tubing with a 1,000-dalton cut-off
(Spectrum Industries). Dialysis resulted in a turbidity, which was clari-
fied by centrifugation (30 min at 20,000 X gand 4 °C), and sedimented
material was redissolved in 5% acetic acid with 8 M urea, whereas the
supernatant was freeze-dried at —80 °C.

The acetic acid/urea plaque extracts were subjected to reverse phase
HPLC? using a 260 X 7-mm RP-300 Aquapore (Applied Biosciences
Inc., Foster City, CA) column eluted with a linear gradient of aqueous
acetonitrile (9). Eluant was monitored continuously at 280 nm, and
collected 1-ml fractions were assayed by amino acid analysis and elec-
trophoresis following freeze-drying.

Electrophoresis—Routine electrophoresis was done on polyacryl-
amide gels (7% acrylamide and 0.2% N,N'-methylenebisacrylamide)
containing 5% acetic acid with 8 M urea (10). This system is ideal for
basic Dopa-containing proteins because it can be processed for protein
or Dopa staining with equal facility. The proteins were stained with
Serva Blue R (Serva Fine Chemicals, Westbury, NY), whereas Dopa was
stained with either the Arnow reagent (10) or nitro blue tetrazolium
redox cycling (11).

Amino Acid Analysis and Sequencing of Peptides—The peptides and
proteins were hydrolyzed in 6 N HCI with 5% phenol in vacuo at 110 °C
for 12— 48 h to correct for the losses of certain amino acids (12). Recov-
ery of tryptophan required hydrolysis in 4 N methanesulfonic acid (13)
or in 6 N HCl with 30% phenol in vacuo for 20 and 40 min at 165 °C (14).
Routine amino acid analysis was done by ion exchange and a ninhydrin-
based detection system (Beckman System 6300 Auto Analyzer) using a
previously described step elution program (15). Hydroxyarginine eluted
at 80 min and was quantified using the molar color yield of arginine.
Because of its coelution with ammonia, tryptophan was separately
quantitated on System 6300 using a 40-min program of NaD (5%
sodium chloride and 1.9% sodium citrate at pH 6) at a column temper-
ature of 70 °C. The amino acid sequence of protein and peptides was
derived by automated Edman degradation using a Porton Instruments
2090 Microsequencer (Beckman-Coulter, Fullerton, CA). Phenylthio-
hydantoin derivatives of amino acids were chromatographically sepa-
rated according to a gradient program specified earlier (15). The elution
time for phenylthiohydantoin-4-hydroxyarginine (8.2 min) was deter-
mined in a previous study by Papov et al. (9).

Adhesive Plaque Footprints—To obtain adhesive plaque footprints,
the mussels were tethered over glass coverslips, and when one or more
plaques had been deposited onto the substrates, the connecting threads
were severed, and the coverslips were removed. The coverslips were
thoroughly rinsed with two changes of MilliQ water. The underside of
the glass coverslip was dried so that the locations of the adhering
plaques could be marked with a black marker pen. The plaques were
then removed with a clean single-edge razor. The footprints were
imaged by stereo light and scanning electron microscopy.

MALDI-TOF Mass Spectrometry—MALDI-TOF experiments were
performed using a Voyager DE (linear delayed extraction) mass spectrom-
eter (Applied Biosystems, Foster City, CA). The MALDI matrix was pre-
pared by dissolving sinapinic acid (10 mg/ml) in 70% acetonitrile. The
Mcfp3 protein or peptides derived thereof were dissolved in this matrix
solution to give a final concentration between 1 and 10 pmol/ul. About 1 ul

2 The abbreviations used are: HPLC, high pressure liquid chromatography; MALDI-TOF,
matrix-assisted laser desorption ionization time of flight; NBT, nitro blue tetrazolium;
RACE, rapid amplification of cDNA ends; CB, Coomassie Blue.
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of this solution was applied to the target plate and allowed to evaporate. The
sample spots were irradiated using an N, laser (LSI, Inc., Cambridge, MA)
with a wavelength of 337 nm and a pulse width of 8 ns and operated at a
repetition rate of 5 Hz. MALDI ionization generates protonated singly and
doubly charged ions and dimers for the Mcfp3 protein (mostly singly
charged ions for peptides) that were accelerated using either 20- or 25-kV
accelerating voltage. The resolution was about 1:500, which was sufficient
to allow mass assignment of the major peaks caused by the different
hydroxylation states of the Mcfp3 protein.

Footprints of byssal plaques were screened for proteins by MALDI-
TOF mass spectrometry. The technique as currently practiced involves
the following: glass coverslips were collected shortly after plaque depo-
sition. The coverslips were cleaned of slime and debris by washing thor-
oughly with MilliQ water, after which the plaques were scraped off using
a clean single-edge razor. The glass surface with the footprint residue
was dried and mounted onto a MALDI sample plate with double-sided
tape. Two microliters of matrix mixture (30% sinapinic acid) were
applied to the footprint and air-dried before subjecting to pulsed laser
irradiation. With respect to matrix type, a-cyano-4-hydroxycinnamic
acid can be substituted for sinapinate in fp3 analysis although with a
lower signal-to-noise ratio. Singly and doubly charged peaks for bovine
insulin and thioredoxin (5734.59 and 5837.74, respectively, for average
masses) were used as internal calibrants. To compensate for possible
surface effects on MALDI by different materials such as glass and
the gold sample plate, internal standards were always recalibrated on
each test surface.

RNA Extraction, Reverse Transcription-PCR, and 5'-RACE—Total
RNA was extracted from a foot tip of M. californianus using a RNA plant
mini kit (Qiagen). Qiagen’s protocol was followed after disrupting one
freshly dissected mussel foot tip in liquid nitrogen with a mortar and
pestle.

First strand cDNA was synthesized from total RNA using superscript
IT reverse transcriptase with an Adaptor Primer (5'-GGC CAC GCG
TCG ACT AGT ACT T4-3") from Invitrogen. The product of the
reverse transcription reaction was used in subsequent PCR. The first
strand was PCR-amplified with the degenerate oligonucleotides (sense,
5'-GGN GGN AAY TAY TAY CCN AAR TAY AA-3' and 5'-GGN
TAY GAY TAY TAY AAR GGN TA-3’), which correspond to the
N-terminal sequence of two variants of Mcfp3, i.e. GGNY*Y*PKYN and
GY*DY*Y*KGY*(Y* denotes DOPA), respectively, and an abridged uni-
versal amplification primer (antisense, 5'-GGC CAC GCG TCG ACT
AGT AC-3’ from Invitrogen). The PCR was performed in 25 ul of 1X
Buffer B (Fisher) and 5 pmol of each primer, 5 umol of each dANTP, 1 ul
of first strand reaction, and 2.5 units of Tag DNA polymerase (Fisher)
for 32 cycles on a Robocycler (Stratagene). Each cycle consisted of 30 s at
94°C,30sat52 °C,and 20 s at 72 °C, with a final extension of 5 min. The
PCR products were subjected to 2% agarose gel electrophoresis, puri-
fied, cloned into a PCR TA vector (TOPO TA cloning kit; Invitrogen),
and transformed into competent Top 10 cells (Invitrogen) for amplifi-
cation, purification, and sequencing. The insert encodes the entire
sequence of mature Mcfp3 with the 3'-untranslated region.

The gene-specific primer, antisense 5'-ACT AAT AGT TAT GGA
GAT AGC TTG CTT C-3/, and 5'-GTT ATT CCA GCC TTT ATT
CCA GCC ATA-3’, which prime the C terminus of two variants of
Mcfp3, respectively, and GeneRacer 5’ primer were used to clone the 5
end of Mcfp3 by a 5'-rapid amplification of cDNA ends (5'-RACE)
protocol using a GeneRacer kit from Invitrogen. PCR conditions, clon-
ing, and sequencing were the same as described above.
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FIGURE 1. Light micrograph of a byssal adhesive plaque (A) and footprint (B) on glass following removal with a clean single-edge razor blade. Outline (dotted line) denotes
the original contact area between glass and plaque. Scale bar, 1 mm. C, MALDI-TOF mass spectrometry of the footprint proteins in three different footprints compared with proteins
extracted from plaques using 5% acetic acid and 8 m urea. The calibration standards included in footprints 1 and 3 are insulin (M+H™" = 5734.5) and thioredoxin (M+2H™" 5837.7).
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RESULTS

Plaque Footprint Proteins—MALDI-TOF mass spectrometry was
used to interrogate plaque footprints after plaque removal from glass
coverslips so that little to no residue could be observed by light micros-
copy or scanning electron microscopy (Fig. 1, A and B). MALDI mass
spectroscopy reproducibly detected small proteins ranging from 5 to 7

kDa in the footprints (Fig. 1C), which are 1-2 orders of magnitude more
abundant than any other detectable proteins in the range of 1,000—
50,000 Da (supplemental material). All of the footprint proteins exhibit
laddering. For example, the peptide centered at 5.3 kDa is a cluster of
8-9 peaks separated from one another by 16-Da steps (Fig. 1C). Two
other less prominent families were clustered at 5.5 and 6.4 kDa with
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FIGURE 3. Mcfp3s isolated from mussel feet. A, acid-urea extracted proteins separated by C8 HPLC. A, inset, selected fractions subjected to acid-urea PAGE. B, selected fractions
subjected to MALDI-TOF mass spectrometry. Edman-based N-terminal sequences for each fraction are as indicated. Y* denotes more Dopa detected than tyrosine, whereas Y denotes

the converse. R denotes more arginine than hydroxyarginine.

TABLE 1
Amino acid composition of whole plaque, foot extract, fast and slow variant plaque extracts, and cDNA-deduced variants in residues/100
residues
Pl Foot HPLC fast HPLC slow cDNA variants
aque
d 16 20 30 34 47 49 51 53 3-1 3-2 3-3 3-5 3-7
Asn 10 11 12 10 10 18 18 17 18 11 11 20 21 15
Thr 3 0 0 1 1 1 1 1 1 0 0 0 1 0
Ser 7 0 0 2 1 3 2 3 3 0 0 4 0 0
Glx 4 0 0 2 1 1 1 3 3 0 0 0 0 0
Pro 8 7 4 8 6 7 8 8 8 7 7 6 7 7
Gly 17 24 24 24 25 29 29 28 29 25 25 26 30 27
Ala 1 0 4 2 2 1 1 2 2 0 2 0 0 0
Cys 0 0 1 0 0 0 0 0 0 0 0 0 0 0
Val 4 0 0 1 1 0 0 0 0 0 0 0 0 0
Met 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ile 2 0 0 1 0 0 1 0 0 0 0 0 0 0
Leu 5 0 0 1 0 2 2 3 3 0 0 2 2 2
Dopa 4 17 20 19 19 13 8 14 8 0 0 0 0 0
Tyr 12 6 4 2 1 16 19 12 16 23 23 28 24 24
Phe 4 0 0 1 1 0 0 0 0 0 0 0 0 0
His 4 0 0 1 1 3 3 2 3 0 0 2 2 0
Lys 7 15 14 15 15 4 4 5 4 16 12 4 2 13
Trp 8 8 4 6 7 9 7 9 9
HArg” 1 2 2 1 0 0 0 0 0 0 0 0 0
Arg 7 9 7 8 9 2 2 2 2 11 9 2 2 3
Total 100 99 100 100 100 100 29 100 100 100 98 100 29 99

“ HArg, hydroxyarginine.

similar 16 Da laddering, although more superimposition and overlap is
evident at the higher masses (Fig. 1C).

Collected plaques were extracted with acetic acid plus 8 M urea, and
the soluble portion was subjected to MALDI mass spectroscopy and
acid-urea PAGE (note that SDS-PAGE was avoided because many
plaque proteins formed insoluble complexes with SDS). The soluble
proteins exhibited m1/z values in the range of 5-7 kDa that were essen-
tially identical with those of the footprints (Fig. 1C). Acid-urea PAGE
revealed many additional proteins, which when stained in parallel for
protein (CB) and Dopa (NBT) showed strong differential staining (Fig.
2, first plaque panel). In the lane stained for protein (Plaque CB), the
most prominent bands appeared in the upper half of the gel, whereas in
the lane stained for Dopa (NBT), there are very strong bands in the lower
half as well. In general, the more mobile proteins were poorly fixed by
CB regardless of how they were isolated.

The harvest of soluble proteins from plaque extracts was meager at
best. From about 0.5 g (dry weight) of collected plaques, only 4 mg of
soluble protein was obtained, indicating that less than 0.1% (g/g of dry
weight) of the plaques was solubilized.

APRIL 21, 2006 +VOLUME 281-NUMBER 16

Protein Extraction and Purification—To better characterize the 5-7-
kDa footprint proteins, purifications from both foot tissue and plaques
as starting materials were attempted using methodology previously
developed for mefp3 (9). In extractions of M. californianus feet two or
three fast proteins could be detected by acid-urea PAGE and a redox
cycling assay (Fig. 2, foot, NBT); the latter assay was crucial for detection
because of poor fixation by CB. Two of these were purified by C8 HPLC,
partially sequenced, and analyzed by MALDI-TOF (Fig. 3). The most
abundant of these, 1B (Fig. 3B, #18), has an m/z centered at 5368; 1a had
the same N-terminal sequence to R12 but was scarcer, with 7/z at 5286.
Protein 2 had a unique N terminus (Fig. 3B) and was centered at m/z
5545. Dopa approached 20 mol % in the composition of these proteins
(Table 1). Proteins with masses greater than 5.5 kDa could not be
detected in the foot extractions.

Plaque-extracted proteins run on reversed phase HPLC (Fig. 4A)
resulted in elution of sharp clustered peaks followed by a broad peak
with shoulders. Peak constituent fractions were subjected to acid-urea
PAGE (Fig. 44, inset) and analysis for amino acid composition and
sequence. In general, the fast and slow eluting proteins on HPLC corre-

JOURNAL OF BIOLOGICAL CHEMISTRY 11093



Mussel Adhesive Footprint Proteins

A

L L |||I s
g I'\| |||
=] ||
ﬁ H I|I| | II —{50 %
[ oy
8 E | e =
5 slow- ||| \ =
2 : i | | —2s &
< P |f| Ill [ 5
e - | 2
L |II|"'I.”| | llNI | &
. A g | pm
' T Y \/\}L\_.,.Y. ¥ Ho
—_fL_J H 4 \ A
| |
o 20 40 a0 100

Volume eluted, mL

counts

B LT GGNY'Y'PKY'PRGYK... #30
ity FSIGE #312
200000
54038, ,-5510.2 #34
v_j‘fi\\% GAY'KGPNY'NY'PWR...
B351.. BIET 8 #A6
150000 GYGYDLGYNAPWPYN... o788

63513

53531 63353 #45

5315,

um_ GYGYDLGYNAPWPYN...
S o e i

100000

5549.2

000 ,hfm i GYDYYKGYN/SNPWP... su3e3, #54
0 : K] . . . i : 6321.
5200 5400 5600 5800 6000 6200 6400 6600

Mass (m/v)

FIGURE 4. Mcfp3s isolated from byssal plaques. A, extracted proteins separated by C8 HPLC. The inset shows mobility on acid-urea PAGE. B, selected fractions subjected to
MALDI-TOF mass spectrometry. Edman-based N-terminal sequences for each fraction are as indicated.

FAST Signal MK/RSLSTVVE VAL VL TGSFAVQSDA

3-la GGNYYPKYKY PRGYKGGYNG YPRGNYGWNK GWKKGRWGRK YY

3-1p GGNYYPKYNY PRRYKGGYNG YPRGNYGWNK GWKKGRWGRK YY

3-2 GAYKGPNYNY PWRYGGKYNG YKGYPRGYGW NKGWNKGRWG RKYY

SLOW Signal MNKFSVTVLLALVLIGF/L FAVQSDA

3-3a GYDYYKGYNS PWPYNNGYYG YNGYNGYHGR YGWNKGWNNG PWGGSYYGNK GYLY
3-3p GYDYYKGYNN PWPYNNGYYG YNGYNGYHGR YGWNKGWNNG PWGGSYYGNK GYLY
3-4 GYDYYKGYNN PWPYNNGYYG YNGYNGYHGR YGWNKGWNNG PWGGY

3-5a GYGYDLGYNN PWPYNNGYYG YNGYNGYHGR YGWNKGWNNG PWGGY

3-5p GYGYDLGYNT PWPYNNGYYG YNGYNGYHGR YGWNKGWNNG PWGGY

3-5y GYGYDLGYNA PWPYNNGYYG YNGYNGYHGR YGWNKGWNNG PWGGY

3-6 GYGYDLGYNA PWPYNNGYYG YNGYNGYHGR YGWNKGWNNG PWGGSYYGNK GYLY
3-7 GYGYDLGYDY YKGYNNPWPY GGKYNGYKGY PRGYGWNKGW NKGWNKGRWG RKYY
3-8 GYGYDLGYDY YKGYNNPWPY NNGYYGYNGY NGYHGRYGWN KGWNNGPWGG Y

FIGURE 5. cDNA-deduced sequences of seven mcfp3 variants. Mcfp3-13 and 1« differ
by a single residue at position 13 (Arg and Gly). The apparent heterogeneity in the signal
sequence is due to the presence of Arg in mcfp3-1 and Lys and mcfp3-2. The GenBank™
accession numbers are: AY960607 (fp3-18), AY960608 (fp3-2), AY960609 (fp3-3a),
AY960610 (fp3-3B), AY960611 (fp3-6), AY960612 (fp3-7), and AY960613 (fp3-8),
DQ165553 (fp3-4), DQ165554 (fp3-5a), DQ165555 (fp3-58), and DQ165556 (fp3-57).

sponded to the fast and slow electrophoretic fp3 variants, respectively
(Figs. 2A and 4A). The proteins in the sharp initial peaks resembled the
fast and foot-extracted proteins in both mass and N-terminal sequence
(Fig. 4B) and contained significantly more Dopa than fractions under
the broad peak eluting after 45 min. Amino acid analysis of fast fractions
30 and 34 indicated proteins especially rich in Gly (24 mol %), Lys (17
mol %), Arg + hydroxyarginine (12 mol %), Asp/Asn (10 mol %),
Dopa + Tyr (=24 mol %), and Pro and Trp (each 7 mol %) (Table 1).
Fractions (fractions 46 —56) under the broad, shouldered peak begin-
ning at 50 mlin the gradient elution from the reversed phase HPLC (Fig.
4A) resembled the foot-derived and fast plaque fractions in having com-
positions dominated by Gly and Asn (Table 1). A distinguishing prop-
erty of these fractions, however, is that they are precipitated en masse
from the rest by dialysis against MilliQ water (“Materials and Methods”;
results not shown). Other biochemical distinctions include 75% less Lys
and Arg and a lower average conversion of Tyr to Dopa. N-terminal
sequencing of slow fractions proved to be distinct from the fast ones as
well (Fig. 4B). MALDI mass spectra exhibit both similar and different
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TABLE 2

Summary of the calculated masses for each variant based on the
cDNA-deduced sequence without signal peptide (M,,,;,,) as well as the
fully hydroxylated version with regard to hydroxyarginine and Dopa,
respectively (M, ,,)

The pl values are estimated by Expasy.

. No. of
Variant amino acids pl M, M, . Tyr + Arg
Mcfp3-la 42 10.15  5105.7  5329.7 10 + 4
Mcfp3-18 42 10.21  5190.8  5446.8 10+ 5
Mcfp3-2 44 10.10 53489 55729 10 + 4
Mcfp3-3a 54 9.10 6407.7  6663.7 15+1
Mcfp3-38 54 9.1 6434.7  6690.7 15+1
Mcfp3-4 45 8.9 5388.6  5560.6 12+1
Mcfp3-5a 45 8.2 5267.5  5459.5 11+1
Mcfp3-53 45 8.2 5254.5  5446.5 11+1
Mcfp3-5y 45 8.2 5224.5  5416.5 11+1
Mcfp3-6 54 8.84 62706  6510.6 14 +1
Mcfp3-7 54 9.73 65541  6794.1 13+ 3
Mcfp3-8 51 8.11 60573  6281.3 14 +1

mass ranges (Fig. 4B). Fraction 52, for example, contained protein lad-
ders similar to the 5.3- and 5.5-kDa masses of the 183 and 2 proteins in
the fast fractions. Closer scrutiny, however, reveals a peak offset of about
1 Da in the first cluster (note 5352 in fraction 30 and 5353 in fraction 48)
and 7 Da in the second (note 5510 in fraction 34 and 5517 in fraction 54).

At m/z > 6000, the slow fractions contained additional protein lad-
ders that were unique and present in the footprints. The most abundant
were centered from m1/z 6350, 6500, and 6600 (Fig. 4B, scans 46 —56). As
in other hydroxylated proteins, the variants with higher Dopa content
eluted before those with lower Dopa content. Thus, when inspecting
consecutive fractions, the downward shift in the apparent centroid
reflects lower Dopa content.

Cloning and Sequencing of Mcfp3—Degenerate primers based on the
four unique detected N termini were used to amplify a set of partial
c¢DNAs by reverse transcription-PCR. Complete sequences were
obtained using nondegenerate sequences from the partial cDNAs cou-
pled with 3’,5'-RACE. Twelve complete sequences have been deter-
mined and are listed in Fig. 5. It is interesting to compare the calculated
masses of these variants with the MALDI spectra of the footprints and
purified proteins. Consistent with the variability in hydroxylation of Arg
and Tyr in the fp-3s in M. edulis and M. galloprovincialis (9, 16, 17), the
masses for each mcfp3 variant are predicted to range from no hydroxy-
lation to 100% hydroxylation of the target residues (Table 2).

The 12 sequences are classified into eight subgroups within mcfp3.
Mcfp3-1 (« and B) and Mcfp3-2 correspond to the major components of
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TABLE 3
Comparison of fp3s in three species of Mytilus

Sequence 1, from Papov et al. (9); sequence 2 from Warner and Waite (17); sequence
3 from Inoue et al. (22); sequences 4 and 5 from the present study.

Mytilus edulis
1---ADYYGPNYGPPRRYGGGNYNRYNRYGRR~~--YGGYKGWNNGWNRG---RRGKYW-
2---3DYYGPNYGPSRRYRGGNYNRYNRYGGGKGGYGGYKGWNNGWRRGSWGRR-KYNY

Mytilus galloprovincialis
3---ADYYGPNYGPPRRYGGGNYGR—RYG=m === YYGCCYKCWNNCWERGRWGP--KYY

Mytilus californianus
4--GGENYIY-PEYKYPRGYKGG-YNGYPR-———————— GNY-GWNEGWEFGRWGR--EYY
5GYGYDLGYNAPWPYNNGYYG-YNGYNGYH-—-——~ GRY-GWNEGWNNGPWG—GSYYGNEGYLY

foot-extracted and fast HPLC fractions and to the masses in Figs. 3 and 4
when hydroxylation efficiency is high. The m/z 5368 corresponds to
mcfp3-1p replete with 11 of 15 possible hydroxylations. Similarly, 71/z 5526
denotes mcfp3-2 with 8 of 14 Tyr and/or Arg positions hydroxylated.

Mcfp3-1a and 1B differ only by a Gly to Arg substitution at position
13. Likewise mcfp3-3a and mcfp3-38 differ only in an Ser to Asn sub-
stitution at position 10. Mcfp3-5 has three polymorphs based on sub-
stitutions at position 10: « has Asn, B has Thr, and vy has Ala. Mcfp3-1
and Mcfp3-2 have 4 or 5 Argand 10 Tyr each, whereas mcfp-3 to mcfp-6
have a single Arg and 14—15 Tyr each. This is expected to increase the
mass in steps of 16 Da to a maximum of at least 224 Da for 14 hydroxy-
lation sites. In actuality, completely unhydroxylated and hydroxylated
forms were rare. For the two most abundant fp3 variants in footprints,
for example, a mass range of 5190.8 to 5446.8 and 6270.6 to 6510.6 is
expected for mcfp3-1B and mcfp3-5y, respectively. These masses are
fairly consistent with m1/z values of fp-3s detected in footprints and of
the plaque-extracted and purified proteins.

Dopa in free or peptide-bound form is very prone to oxidation in
seawater. Given this, we speculated that Dopa detected in footprint fp3s
might remain intact for one of two reasons: 1) it is stabilized by the
interface or 2) it is stabilized by factors present in the plaque itself. To
test the first hypothesis, we extracted 20 plaques with acid-urea. Ten of
these were carefully scraped from the glass slips and incubated in sea-
water for 24 h before extraction; the other ten were extracted immedi-
ately after scraping (Fig. 2). Exposing the interface to seawater prior to
extraction does not decrease the abundance of the fast or slow fp3s. One
protein (marked with an asterisk), however, is noticeably diminished by
exposure (Fig. 2, plg), whereas another slower band is enhanced. Inter-
rogation of control and exposed plaque footprints by MALDI-TOF
revealed a similar trend: mcfp3s are not detectably changed by a 24-h
exposure of footprints (Fig. 2B).

DISCUSSION

Our results suggest that the California mussel exploits two electro-
phoretically distinct Dopa-rich variants called mcfp3s for securing adhe-
sion of the byssal plaques to hard substrata. These are the fast and slow
variants. A previous study using M. galloprovincialis established in princi-
ple that MALDI-TOF mass spectrometry could be used to interrogate the
protein composition on the underside of adhesive plaques (16); however,
two technical difficulties limited interpretation of these results. First, the
UV laser is known to penetrate up to 1 wm into porous organic membranes
(18), of which the plaque is certainly one, and second, matrix imbibed by the
plaque might cause percolation of selected proteins to the surface.” It was
thus not unequivocally possible to say whether the detected proteins were
from the interface or from micrometers deeper within the plaque interior.
Present MALDI-TOF analyses of M. californianus plaque footprints on

3 F. Hillenkamp, personal communication.
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FIGURE 6. Surface-coordinated Dopa on metals and minerals. On the right is the
chelate proposed by Dalsin et al. (25). For the highest affinity between surfaces and
peptidyl Dopa, M in the oxide would likely be Si, Fe(lll), Ti (IV), or Al (Il), all with predicted
log stabilities of >35. On the left is the H-bond proposed by Chirdon et al. (26).

glass show that a variety of fp3s is present on the substratum and that they
are not rendered insoluble by cross-linking.

If the calibrated MALDI spectra of footprints are representative ones
(Fig. 1C), some fp3s are more abundant than others. The most abundant
would appear to be variant fp3-5y, whose calculated mass range of
5224.5-5416.5 (Table 2) is nearly fully realized in footprints as well as in
extracted purified protein (Fig. 4B, fractions 48 —56). The highest peaks
in the cluster (m1/z 5305 and 5321) correspond to the seventh and eighth
hydroxylations. Another potential contributor to the cluster at 5305 is
mcfp3-1B with a hydroxylation-dependent mass range of 5191-5431
and an m/z of 5304 for the seventh hydroxylation. The finding that
purified fp3-1p rarely contains forms with less than 10 hydroxylations
(Figs. 3B and 4B) argues against its abundance.

The smaller cluster at m/z 5500 is likely to contain two variants,
mcfp3-2 and mcfp3-4 with ranges of 53485557 and 5388 -5564,
respectively (Table 2). At m/z > 6000, there is extensive variant overlap,
but all belong to the electrophoretically slow group. MALDI-TOF anal-
ysis of HPLC fractions in Fig. 4B suggests the presence of mcfp3-6 in
fractions 4650, and m/z 6351 corresponds to five hydroxylations.
Mcfp3-3a is also prominent in fractions 50 -56, and peak 6499 repre-
sents four hydroxylations.

Mcfp3s resemble fp3s from other mytilid mussels in their small size
and in having compositions dominated by Gly, Asn, and Dopa/Tyr, but
specific sequence identities were spotty at best (Table 3). The only obvi-
ously persistent theme in the sequences involves GWNXGW X near the
C terminus. Curiously, this corresponds to a prominent motif in a ret-
roviral envelope glycoprotein (19). Arg and its hydroxylated derivative
(4-hydroxyarginine) in mcfp3s are at less than half the levels of those
detected in the fp3s from M. edulis (9), which suggests that 4-hydrox-
yarginine may not have a bearing on tenacity per se.

Perhaps the most distinguishing feature of mcfp3s is the high level of
Dopa, which could approach 28 mol % in some variants e.g mcfp3-3a/f.
This level is exceeded in only one other plaque protein, mefp5 (20) whose
role in adhesion is not yet clear because of its erratic desorption/ionization
behavior in MALDI. The presence of dopa in plaque mcfp3s is particularly
intriguing for two reasons: dopa formation from Tyr, particularly in the
slow variants, is adjustable and wide ranging, and dopa persists in fp3s from

JOURNAL OF BIOLOGICAL CHEMISTRY 11095



Mussel Adhesive Footprint Proteins

plaques despite the latter having been in seawater for several days. The
unoxidized condition of Dopa is astonishing, given the susceptibility of the
Dopa/O, redox couple to oxidation (E] = +0.60, pH 7) (21) and the high
pH and redox potential of seawater (www.gso.uri.edu/~dkester/eh/
ehphl.htm). Because it is shielded from oxidation even in footprints follow-
ing removal of the plaques, the protection of dopa would seem to come
from factors built into the plaque. There are several possible protective
factors: first, that the sequence around Dopa may effectively lower the E;
second, that a reductant may be present in the plaque mixture; or third, that
Dopa groups may be protected by weak chelation of a group such as borate,
for example. At this time, all seem to be possible candidates.

Why concentrate Dopa residues at the interface and shield them from
oxidation? Given the bidentate structure of the catechol moiety of
Dopa, one plausible reason is that it is needed for surface coordination
(23, 24) (Fig. 6). In a thorough analysis of pegylated Dopa on titanium
oxide, Dalsin et al. (25) have shown beyond reasonable doubt that Dopa
is engaged by forming a coordination chelate of surface metal oxides.
Alternatively, on hydroxyapatite, catechols are thought to be bound by
hyperstable H-bonding (26). If these interactions also pertain to byssal
adhesion in mussels, then it is of fundamental importance for under-
standing and engineering water-resistant adhesive bonds. Chelate
bonds such as those between Dopa and TiO, differ from noncovalent
charge-charge and van der Waals’ interactions in that they are not
dependent on the dielectric constant of the medium (27). On the other
hand, unlike covalent bonds, chelates can reform reversibly once broken
(22). If mimickable, these two features, indifference to water and revers-
ibility, augur a new generation of bio-inspired adhesives that should be
both stronger and tougher than what is presently available.
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