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Mytilus edulis foot protein 1 (Mefp-1) contains the redox-functional amino acid
3,4-dihydroxyphenylalanine (DOPA), which is a typical feature of most mefp
proteins. We have previously shown, using combined optic (ellipsometry) and acous-
tic (QCM-D) measurements, that the oxidizing agent sodium periodate (NaIO4) and
the transition metal ion Cu2þ promote cross-linking of Mefp-1. However, different
chemical reaction mechanisms can not be distinguished using these methods. In
the present study, we have complemented our previous investigations using Attenu-
ated Total Internal Reflection Fourier Transform Infrared spectroscopy (ATR-
FTIR), allowing a spectroscopic analysis of NaIO4 and Cu2þ-induced cross-linking
of Mefp-1 adsorbed on a ZnSe surface. In aqueous solution, adsorbed Mefp-1 dis-
plays absorption bands at 1570, 1472, 1260, and 973 cm�1. Upon addition of NaIO4

and Cu2þ, the absorptions at 1570, 1472, and 973 cm�1 increase by approximately a
factor of two. In contrast, the band at 1260 cm�1 disappears upon cross-linking
using NaIO4, but remains unchanged upon addition of Cu2þ. This demonstrates
that the band at 1260cm�1 is attributed to the C�O stretching vibration of the side
chain hydroxyl groups in DOPA and that Cu2þ forms complexes with DOPA rather
than transform it into an o-quinone. Moreover, upon addition of NaIO4 after cross-
linking using Cu2þ, the band at 1260cm�1 disappears, indicating that the complex
formation between DOPA and Cu2þ is reversed when DOPA is transformed into the
o-quinone. These results demonstrate that NaIO4, which initiates a similar reaction
to the naturally occurring enzyme catechol oxidase, contributes to the formation of
di-DOPA cross-links. In contrast, the dominating contribution to the cross-linking
from Cu2þ, which is accumulated at high concentrations in the byssus thread of
the blue mussel, is via complex formation between the metal and DOPA residues.
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INTRODUCTION

The common blue mussel attaches itself to underwater solid surfaces
using an extracorporal organ known as the byssus. The byssus is a
protein-rich (90–95% proteins) [1] bundle of threads connected to
the solid surface by adhesive plaques and to the animal through the
ventral base of the foot [2]. A detailed understanding about the
molecular interactions within and between the involved proteins and
their interaction with various solid surfaces is necessary in order to
develop strategies that minimize marine fouling [3–10]. It has also
been proposed to utilize the adhesive and cohesive properties of the
byssal proteins to design biomimetic-inspired biocompatible glues for
various medical and dental applications [11,12] and as cell- and
tissue-attachment factors [13,14].

The adhesive plaque is composed of at least six different polyphenolic
proteins, Mytilus edulis foot proteins 1 to 6 (Mefp-1 to Mefp-6)
[15–17]. In common for all plaque proteins is that they contain post-
or co-translationally hydroxylated and phosphorylated amino acids
[16,18–20]. One of the most important hydroxylated amino acids
in the plaque proteins is the redox-functional amino acid, 3,4-
dihydroxyphenylalanine (DOPA). Apart from being important for the
adhesion [21], DOPA also takes part in the cross-linking reaction.
The cross-linking involves oxidation of DOPA to a reactive o-quinone
and, in turn, allows formation of di-DOPA cross-links [22]. The enzyme,
catechol oxidase, which has been reported to occur in high levels in
mussel byssus, catalyzes this reaction [23]. Another function attributed
to DOPA, which may also contribute to the cohesive properties of the
byssus, is the ability to form strong complexes (log stability constants
>20) with transition metal ions [24,25]. The number of DOPA (one to
three) in each complex depends on pH. Metal ions such as Fe, Cu,
and Zn are naturally accumulated in the byssal threads of mussels
[26,27]. The physiological role of metal accumulation is yet not fully
known, but a possible explanation is that the metal incorporation is a
consequence of the high level of the amino acid DOPA in the byssus
[28]. Another alternative is that the byssal threads function as a
disposal system for toxic metals [29]. Recently, it was shown that metal
incorporation increased the stiffness of the Mefp-1 protein [30].
Complex formation between metal ions and two or more DOPA may,
thus, in a way similar to the oxidative DOPA-mediated cross-linking,
contribute to increased cohesive forces in the byssus by establishing
strong protein-protein connections [31,32]. The most extensively
studied polyphenolic protein, Mefp-1, has been investigated with
respect to its molecular structure, physical properties, and adsorption
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to surfaces. Although Mefp-1 undoubtedly contributes to the durability
of byssus, it is not directly involved in adhesion. Rather, it provides a
robust coating that is four to five times stiffer and harder than the
byssal collagens that it covers [30]. Protective coatings for compliant
tissues and materials are highly appealing to technology, notwith-
standing the conventional wisdom that coating extensibility can be
increased only at the expense of hardness and stiffness. Thus, the
role of Mefp-1 in accommodating both parameters deserves further
study. Moreover, the Mefp-1 contains a substantial amount of DOPA
and is a good experimental molecule for investigation aspects of
adhesion and DOPA-chemistry. Mefp-1 has a molecular weight of
�110 kD and is composed of 75–85 repeats of decameric and hexa-
meric units. The most frequent decameric unit has the sequence
NH2-Ala-Lys-Pro-Ser-Tyr-Hyp-Hyp-Thr-DOPA-Lys-COOH [33,34].
Mefp-1 is highly basic and adopts an extended and flexible structure
in solution [35,36].

We have previously investigated the adsorption behavior and cross-
linking of Mefp-1 a using quartz crystal microbalance with dissipation
monitoring (QCM-D), ellipsometry, and surface plasmon resonance
(SPR) [37,38]. As model surfaces, a non-polar CH3-terminated
thiolated gold surface and a negatively charged polar SiO2 surface
were used. The results showed that Mefp-1 forms a water-rich, flex-
ible, and extended layer when adsorbed on a non-polar surface,
whereas it forms a rigidly attached, compact layer on the polar SiO2

surface. In these studies, cross-linking of the adsorbed proteins was
induced by mushroom tyrosinase, sodium periodate (NaIO4), and
Cu2þ. Mushroom tyrosinase is functionally analogous to mussel cate-
chol oxidase [39] and NaIO4 initiates the same reaction as the enzyme
[40]. Cu2þ has the ability to form strong complexes with DOPA but
can, under certain conditions, also initiate the oxidation of DOPA to
the reactive o-quinone [41], i.e., the same cross-linking reaction as
induced by catechol oxidase and NaIO4. Upon addition of these
‘‘cross-linking’’ agents, the rigidity (shear viscosity and shear elastic
modulus) of the adsorbed mussel-protein films increases significantly,
accompanied by a significant contraction and release of coupled water
[38]. We also studied the formation of molecular aggregates of Mefp-1
in solution with the use of dynamic light scattering (DLS). We found
that addition of Cu2þ, but not Mn2þ, induced the formation of larger
DLS-detectable aggregates. Minor aggregate formation was found
with NaIO4 [42]. In these studies, we were, however, not able to distin-
guish between Cu2þ-induced oxidation of DOPA and complex forma-
tion between Cu2þ and DOPA. The aim of the present work was to
investigate the chemical origin of Cu2þ-mediated cross-linking via
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the chemical information contained in infrared absorption of differ-
ently treated adsorbed Mefp-1 films using Attenuated Total Reflection
Fourier Transform Infrared Spectroscopy (ATR-FTIR). The changes in
IR absorption induced by Cu2þ-mediated cross-linking of adsorbed
Mefp-1 is compared with changes induced by NaIO4, which is known
to transform DOPA into the o-quinone.

MATERIALS AND METHODS

Preparation of surfaces. The ZnSe crystal was cleaned between
each measurement in a 0.5% SDS solution for 30 min. This was
followed by careful rinsing in milli-Q water (Millipore, Molsheim,
France) and cleaning in an UV=ozone chamber for 5 min followed by
rinsing in Milli-Q water and additional cleaning in the UV=ozone
chamber for 5 min.

Preparation of solutions. The mussel adhesive protein Mefp-1
was purchased from Biopolymer Products AB, (Allingsås, Sweden).
The purity of the protein was assessed by gel electrophoresis on poly-
acrylamide gels (5% acrylamide 0.1% N,N0-methylenebisacrylamide)
containing 5% acetic acid and 8 M urea. Positive identification of
Mefp-1 was achieved using both Coomassie blue and 4-nitro blue tetra-
zolium chloride (NBT) stains (for identification of DOPA-containing
proteins). No impurities from other proteins were detected using this
method.

Prior to measurement, Mefp-1 was prepared in 0.1 M acetate buffer
(0.075 M NaCl, pH 5.5), at a concentration of 25 mg=mL. The pH of this
buffer is below the upper limit at which Mefp-1 undergoes sponta-
neous oxidation and subsequent cross-linking in solution. Sodium
periodate, NaIO4, and Cu2þ were prepared in stock solutions at a
concentration of 10 mM in the same buffer used for Mefp-1. Prior to
measurements, NaIO4 and Cu2þ was diluted to 1 mM. In all measure-
ments, Mefp-1 was adsorbed for 60 min followed by rinsing and subse-
quent cross-linking using NaIO4 or Cu2þ for 40 min. During the first
20 min of adsorption, spectra were acquired every 5 min and after that
every 20 min. Changes during cross-linking were detected by subtract-
ing the Mefp-1 spectrum from the cross-linked Mefp-1 spectrum. Cu2þ-
induced cross-linking was followed by rinsing and addition of NaIO4.

ATR-FTIR measurements. A Bio-Rad FTS3000MX Fourier trans-
form infrared spectrometer equipped with a liquid nitrogen-cooled lin-
earized MCT detector was used to collect the FTIR spectra (Bio-Rad,
Veenendaal, Netherlands). The measurements were done in ATR
mode using a Pike HATR accessory. The internal reflection element
was a 45� ZnSe crystal allowing five reflections at the interface with
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the sample; 25 interferograms were averaged per spectrum, except for
baseline subtraction where 100 interferograms were averaged with a
resolution of 1 cm�1. The useful spectral range was between 4000
and 500 cm�1. Fluctuations in the intensity of the strong water band
at 1640 cm�1 resulted in appearance of this band in some of the differ-
ence spectra.

RESULTS AND DISCUSSION

Adsorption of Mefp-1 and assignment of absorption bands.
Figure 1 shows the IR spectra in the wavenumber range between
900 and 1600 cm�1 for Mefp-1 after saturated adsorption (�60 minutes
exposure) on a ZnSe surface�. Rinsing did not change the FTIR-
spectrum, demonstrating that Mefp-1 is irreversibly adsorbed to the
ZnSe surface. The amide II band (arrow a, labeled Amide II in
Fig. 1), associated with the C�N stretching and the N�H bending
vibrations of the peptide groups, is centered at 1570 cm�1 (between
1600 and 1490 cm�1). In previous IR-investigations, performed on
Germanium or hexadecanethiolated gold at neutral or basic pH, the
amide II band of Mefp-1 has been reported to vary between 1530
and 1550 cm�1 [43–45]. In this investigation, Mefp-1 was adsorbed
on a ZnSe surface at pH 5.5. Mefp-1 is a lysine-rich, positively charged
protein with an extended and flexible structure in solution [35,36]. A
change in pH from neutral to 5.5 will increase the positive charge of
Mefp-1, which has a basic PI. This change probably results in confor-
mational changes of Mefp-1.

The difference in position of the amide II band, therefore, most likely
results from differences in experimental conditions. This interpreta-
tion is further supported by the results of Baty et al., who investigated
the adsorption of mussel adhesive protein (MAP) on two chemically
different polymer surfaces using ATR-FTIR. The absorption pattern
of MAP differed significantly on polystyrene compared with poly
(octadecyl methacrylate) which was interpreted to result from different
protein-surface interactions [46]. Changing the surface from
germanium or hexadecanethiolated gold to ZnSe will probably contri-
bute to the differences in spectral shape.

The strong band centered at 1472 cm�1 (arrow b, labeled Ring band,
DOPA in Fig. 1) is an unusual spectral feature for adsorbed proteins. A
band at 1492 cm�1 has previously been identified for Mefp-1 adsorbed

�Fluctuations in the intensity of the strong water band at 1640 cm�1 resulted in
disappearance of the amide I band in the spectrum of adsorbed Mefp-1. That part of
the spectrum is therefore excluded.
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on a germanium surface at pH 7.2 [5,43]. Absorption in this range is
expected for vibrational modes associated with substituted aromatics,
of which Mefp-1 has an unusually high content (�20%). In Mefp-1,
approximately �75% of the substituted aromatics are DOPA residues,
which, thus, dominate the contribution to this band. The band at
1260 cm�1 (arrow c, labeled C�O stretch, DOPA in Fig. 1) has pre-
viously been associated with C�O stretching vibrations of the side
chain hydroxyl groups in DOPA, catechol, and tyrosine [44,47,48].
The unusually large width of this band is due to the sensitivity of this
vibration to hydrogen bonding between the side chain hydroxyl group
and water [49]. Spectral features in the range 1300–1200 cm�1 have
also been attributed to amide III vibrations which are sensitive to
protein secondary structure [50]. However, our results, (see further
below) in combination with the fact that Mefp-1 essentially lacks
secondary structure, strongly suggest that the band at 1260 cm�1 is
due to C�O stretching vibrations in DOPA. The band centered at
973 cm�1 (arrow d in Fig. 1) is unusual for adsorbed proteins. Absorp-
tion in this region is expected for molecules including substituted
phenolics and carboxylic acids. Mefp-1 contains essentially no acidic
amino acids (Glu or Asp) [51], which means that the absorption band
most probably originates from the DOPA residue. However, the

FIGURE 1 ATR-FTIR spectrum of Mefp-1 adsorbed on the ZnSe surface.
Arrows a–d indicate spectral features discussed in the text.
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absorption could originate from negatively charged acetate ions which
are co-adsorbed with the positively charged Mefp-1.

Cross-linking of adsorbed Mefp-1. The adsorption of Mefp-1 was
followed by cross-linking using Cu2þ and NaIO4. Changes to the IR
spectrum of adsorbed Mefp-1 10, 20, and 40 minutes after addition
of NaIO4 and Cu2þ are shown in Figs. 2 and 3, respectively. In addi-
tion, the difference spectra acquired before the addition of reagent
(NaIO4 or Cu2þ) are shown in Figs. 2 and 3.

Concentrating initially on NaIO4-mediated cross-linking (Fig. 2), an
interesting spectral feature is that the bands at 1570 (arrow a), 1478
(arrow b), and 980 cm�1 (arrow d), increase by a factor of almost
two during the cross-linking reaction. One explanation that is in
qualitative agreement with this observation is that the increase in
overall absorption originates from the increase in refractive index that
occurs when the protein becomes more rigid and densely packed as
well as the decrease in effective thickness, which was previously
observed using ellipsometry [38]. It should be pointed out, though,
that the increase in refractive index from 1.35 to 1.4 and decrease in
thickness from �20 to �5 nm observed using ellipsometry, are not

FIGURE 2 ATR-FTIR spectrum of changes in the Mefp-1 layer induced by
NaIO4. Shown in the figure is the baseline (solid line), spectra taken after
10 minutes (open diamonds), 20 minutes (open triangles), and 40 minutes
(open circles) of cross-linking. Arrows a–d indicate spectral changes discussed
in the text.
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sufficient to explain the two-fold increase in absorbance observed
using ATR-FTIR. However, a strong wavelength dependence (the
ellipsometry data were recorded using visible light) of the refractive
index for the cross-linked film may contribute to a larger increase in
absorbance upon dehydration and contraction of the protein film. At
present, the available data are not sufficient to elucidate fully whether
this interpretation is accurate. Since the focus of this work is entirely
on the influence from cross-linking using NaIO4 and Cu2þ, i.e., on the
band (1260 cm�1) attributed to the C�O stretching vibration of the
side chain hydroxyl groups in DOPA, it was beyond the scope of this
work to fully solve this somewhat peculiar observation—beyond stat-
ing that it is in qualitative agreement with previous observations.

We, thus, turn from here to the variation of the band at 1260 cm�1

(arrow c) which, instead of increasing, fully disappears during the first
10 min of the cross-linking reaction, as evident from a negative peak in
Fig. 2 with approximately the same magnitude and width as the cor-
responding positive peak in Fig. 1. We previously attributed this band
to C�O stretching vibrations of the side chain hydroxyl groups in
DOPA (see above). Since NaIO4 is known to transform DOPA into
the o-quinone, i.e., transforming the hydroxyl groups in DOPA into
carbonyl groups, it is not surprising that the band at 1260 cm�1 disap-
pears during the cross-linking. The disappearance of the band at

FIGURE 3 ATR-FTIR spectrum of changes in theMefp-1 layer induced by Cu2þ.
Shown in the figure is the baseline (solid line), spectra taken after 10 minutes
(open diamonds), 20 minutes (open triangles), and 40 minutes (open circles) of
cross-linking. Arrows a–d indicate spectral changes discussed in the text.
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1260 cm�1 is a significantly more rapid process than the increase in
absorption of the other bands which is attributed to the decrease in
thickness and the increase in refractive index as the cross-linking
reaction reaches completion. The decrease in thickness and the
increase in refractive index is, thus, most likely a second step of the
cross-linking reaction during which di-DOPA cross-links are formed.
These results, therefore, suggest that while complete oxidation of
DOPA into o-quinone is a rapid process, the subsequent cross-linking
is a much slower process. It was not possible in previous investiga-
tions, using ellipsometry or SPR combined with the QCM-D technique,
to distinguish between these two processes [38].

Turning from here to the results obtained upon Cu2þ-mediated
cross-linking (Fig. 3) it is clear that, similar to NaIO4-mediated cross-
linking, the bands at 1570 (arrow a), 1478 (arrow b), and 980 cm�1

(arrow d) increase while there is no detectable change in the DOPA
band at 1260 cm�1. The overall signature for cross-linking, interpreted
as a decrease in film thickness and increase in refractive index, is
clearly the same for both Cu2þ and NaIO4-induced cross-linking,
except that the magnitude of the overall absorbance increase is
slightly lower for Cu2þ. The latter observation is supported by pre-
vious QCM-D data, which demonstrated that Cu2þ has a slightly less
pronounced effect on the contraction of adsorbed Mefp-1 films com-
pared with NaIO4 [42]. More interesting is, however, the complete
absence of changes in the absorption band at 1260 cm�1. Cu2þ has
two possible mechanisms for the cross-linking. One is to initiate the
same reaction as NaIO4 or the byssal enzyme catechol oxidase, i.e.,
transformation of the catechol functionality of DOPA into a o-quinone
[41]. This would change the C�O bonds of the side chain hydroxyl
groups into C=O bonds and the band at 1260 cm�1 should disappear
in accordance with NaIO4-induced cross-linking. The other possible
mechanism for Cu2þ-induced cross-linking is complex formation
between Cu2þ and DOPA. In this case, the C�O bonds of the side
chain hydroxyl groups in DOPA should be unaffected, and the band
at 1260 cm�1 would, thus, remain unchanged. This has previously
been shown for complex formation between catechol and Al3þ, by
McBride and Wesselink, who demonstrated that both free catechol
and catechol complexed with Al3þ absorbs at 1260 cm�1 [48]. Thus,
our results suggest that the dominating mechanism of Cu2þ is complex
formation with DOPA, rather than transformation of DOPA into the
o-quinone. However, the overall increase in absorption observed for
all other bands should have a similar influence on the magnitude of
the absorption band at 1260 cm�1. Therefore, if the C�O stretch of
DOPA is completely unaffected, an increase in absorption would be
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expected. Since this is not observed, it cannot be excluded that a
fraction of the DOPA residues have been transformed into o-quinones
by Cu2þ. Under all circumstances, a significant part of the contraction
of the protein film, here observed as an increase in the overall
absorption and in previous studies as a decrease in effective thickness
and an increase in refractive index and shear viscosity, must be
mediated by complex formation between Cu2þ and DOPA. The
increase in density during the cross-linking demonstrates that Cu2þ

forms complexes with two or more DOPA. Cu2þ is, therefore, very
likely to form cross-links within and between the proteins similar to
di-DOPA cross-links and, thus, contribute to the cohesive properties
of the byssus.

Addition of NaIO4 after Cu2þ-induced cross-linking. In order
to investigate the stability of the Cu2þ-DOPA complexes towards
oxidation, NaIO4 was added after saturated reaction between Mefp-1
and Cu2þ. Figure 4 shows the FTIR spectrum taken 30 minutes after
addition of NaIO4 to adsorbed Mefp-1 pre-incubated in Cu2þ (cf. Fig. 2).
The band attributed to the C�O stretching vibration in DOPA at
1260 cm�1 (arrow c) decreases upon addition of NaIO4 to the Cu2þ cross-
linked Mefp-1 layer, while the other bands increase slightly. The latter

FIGURE 4 ATR-FTIR spectrum of changes in the Cu2þ cross-linked Mefp-1
layer induced by NaIO4. Shown in the figure is the baseline (solid line) and
the spectrum taken after 30 minutes (open circles). Arrows a–d indicate
spectral changes discussed in the text.
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signals additional contraction and increase in optical density upon
addition of NaIO4, while there are two likely explanations for the
former phenomenon. Firstly, formation of complexes between DOPA
and Cu2þ may be reversible, allowing NaIO4 to replace Cu2þ during
the oxidation process. Alternatively, oxidation of DOPA is possible for
the DOPA complex bound with Cu2þ. It is difficult from the present
data to rule out one of the two possible mechanisms, but it is evident
that a significant fraction of DOPA residues undergo oxidation even
in the presence of Cu2þ, as shown in Fig. 5. The role of metal accumula-
tion in the mussel byssus is debatable. The accumulation of metals
results from active secretion during the formation of the byssal threads
and not by passive absorption of metal ions from sea water [52]. It has,
therefore, been suggested that accumulation of metal ions works as a
detoxification process in the animal. However, the picture of the in-vivo
adhesive formation and corresponding cross-linking is not as easy to
determine if it is via metal complexation or oxidative di-DOPA
formation. Recently Lauren and Wilker demonstrated synergistic
effects between metals and NaIO4 [53]. Thus, a mixture of pathway A
and B as shown in Fig. 5 might result in the best adhesive and cohesive
properties of the byssus. Another result demonstrating the complexity
of the process was published by Lin and coworkers [54]. The adhesive
properties of Mytilus edulis foot proteins Mefp-1 and Mefp-3 (denoted
mfp-1 and mfp-3 in their study) were directly measured at the
nano-scale by using a surface forces apparatus (SFA). While consider-
able adhesion was measured with mfp-3 no adhesion was measured

FIGURE 5 Possible reaction pathways for cross-linking of DOPA. (A) complex
formation between transition metal ions and DOPA. (B) Formation of di-DOPA
cross-links. DOPA is oxidized into the reactive o-quionone. In nature, the
reaction is catalyzed by catechol oxidase, but it can also be induced by
mushroom tyorsinase or sodium periodate (NaIO4). (C) Oxidation after
complex formation.
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using mfp-1, although the two proteins contain equal amounts of
DOPA. The results in their study demonstrate the importance of not
only understanding the cross-linking chemistry but also understanding
the cross-linking ‘‘conformation’’ of the protein.

It should be stressed that the pH of sea water is around 8, whereas
the experiments in this investigation were made at pH 5.5. The Mefp-1
preparation, isolated from the foot, rapidly becomes spontaneously
oxidized and unstable at pH over 7 [54]. On the other hand, the pH
in the Mefp1-producing foot glands is low, possibly to ensure absence
of auto-oxidation of Mefp 1 [54]. Thus, the higher ‘‘marine’’ pH is not
reached until the byssus thread is completely assembled and released
from the foot. Thus, the conclusion made from this in-vitro investiga-
tion is not affected by performing the experiments at pH 5.5, rather
than at the ‘‘marine’’ pH.

CONCLUSIONS

In conclusion, it is judged from the present results that oxidation of
DOPA into o-quinones is a rapid process, preceding the formation of
di-DOPA cross-links and the associated protein film contraction.
Similarly, complex formation between DOPA and Cu2þ also forms
cross-links and contracts the protein film, but slightly less efficiently.
Our results show that oxidation of DOPA is still possible after the
formation of complexes between DOPA and Cu2þ. This suggests that
the enzymatic oxidation of DOPA followed by formation of di-DOPA
cross-links, which in nature is accomplished by the enzyme catechol
oxidase, is the most important process in order to achieve good
cohesive properties in the byssus.
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