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ABSTRACT: The mussel byssus is a remarkable attachment structure that is formed by injection
molding and rapid in-situ hardening of concentrated solutions of proteins enriched in the
catecholic amino acid 3,4-dihydroxy-L-phenylalanine (DOPA). Fe**, found in high concentrations
in the byssus, has been speculated to participate in redox reactions with DOPA that lead to
protein polymerization, however direct evidence to support this hypothesis has been lacking.
Using small molecule catechols, DOPA-containing peptides, and native mussel foot proteins, we
report the first direct observation of catechol oxidation and polymerization accompanied by
reduction of Fe*" to Fe**. In the case of the small molecule catechol, we identified two dominant
dimer species and characterized their connectivities by nuclear magnetic resonance (NMR), with
the C6-C6 and C5-C6 linked species as the major and minor products, respectively. For the
DOPA-containing peptide, we studied the pH-dependence of the reaction and demonstrated that

catechol polymerization occurs readily at low pH, but is increasingly diminished in favor of metal-
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catechol coordination interactions at higher pH. Finally, we demonstrate that Fe* can induce
cross-links in native byssal mussel proteins mefp-1 and mcfp-1 at acidic pH. Based on these

findings, we discuss the potential implications to chemistry of mussel adhesion.

Introduction

Mussels attach to underwater surfaces via a cluster of threads (the mussel byssus) that adhere
strongly to solid surfaces via a terminal adhesive plaque (Figure 1a). Each thread of the mussel
byssus is individually formed with an adhesive plaque in a fascinating manner akin to injection
molding. Liquid protein secretions are extruded into the ventral groove and distal depression of
the mussel foot, whereupon they solidify in only a few minutes to yield a newly formed byssal
thread that, along with other threads, functions to tether the organism to the surface. Using this
process, mussels are able to strongly bind to organic and inorganic surfaces in aqueous
environments where many other glues fail."®

Previous studies revealed that 3,4-dihydroxy-L-phenylalanine (DOPA), an amino acid formed
by post-translational modification of tyrosine, is distributed throughout the byssus with especially
high concentrations in proteins located near the plaque-substrate interface.®® Although a
comprehensive understanding of the role of DOPA in mussel adhesion has not been reached,
existing experimental evidence points to both adhesive and cohesive functions. Strong interfacial
interactions between DOPA or oxidized DOPA residues and surfaces likely contribute to adhesion
between the mussel adhesive plaque and substrate,”™ whereas, within the bulk of the adhesive
plague, DOPA-DOPA polymerization is thought to be a source of cross-linking that ultimately
leads to solidification into a cohesive elastic solid."®"?

The concentration of Fe** in the mussel byssus has been measured at greater than 1 part per
thousand - many orders of magnitude greater than the concentration of Fe®* in seawater (typically

13-16

10 parts per billion).”*"® Through pulse **Fe experiments, **Fe has been found to be taken up by

the mussel and redistribute into byssal thread."” Fe*" has been shown to form strong coordination
13, 18-21

bonds with catechols, in which one, two, or three catecholates can bind a single ferric ion.

Such noncovalent cross-links may result in a network of coordination bonds serving a mechanical
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role within adhesive plaques and byssal threads,”” as demonstrated recently using the surface
forces apparatus and in biomimetic catechol polymer gels.* * 2>
Aside from these coordination interactions and literature reports of catechol oxidation to o-

quinone by Fe®* 2%

many aspects of catechol-Fe** interactions in the mussel byssal protein
system remain unclear. Native oxide surfaces of steel have been reported to cure DOPA-
containing polypeptides, which the authors suggest is due to the presence of soluble Fe* leading
to the oxidation of DOPA.>" We recently demonstrated that catechol-modified poly(ethylene
glycol) polymers could be covalently cross-linked at acidic pH in the presence of Fe®* 2 Others
have speculated that Fe** is involved in redox-mediated covalent curing of mussel adhesives.'> **
* Though this type of metal-mediated dimerization has been known for decades to occur with

phenols and naphthols,® *

to our knowledge, no direct evidence of similar reactions with
catechols exists to support the hypothesis that Fe** could covalently cure mussel adhesives.

In an attempt to elucidate more details of Fe**-catechol interactions relevant to mussel
adhesion, we studied the reaction of small molecule catechols and DOPA-containing peptides
(Figure 1b) with Fe* using spectroscopic and chromatographic methods that allow for conclusive
detection of covalent catechol cross-linking, including the pH dependence of such reactions. In
our initial studies, monofunctional catechols were selected over native mussel proteins and
multivalent catechol polymers in order to more precisely characterize the reaction products.11 The
reaction between a catechol-containing small molecule mimic of DOPA, 3-(3,4-
dihydroxyphenyl)propionic acid (DHPA, 1, Figure 1c), and Fe®* was studied as a function of time
and metal:catechol stoichiometry by high performance liquid chromatography (HPLC), mass
spectrometry (MS), and ultraviolet-visible spectroscopy (UV-Vis). At acidic pH, DHPA and Fe**
mixtures formed catechol-catechol dimers within 1 min and higher oligomers at longer reaction
times, along with the reduction of Fe®* to Fe®. The carbon-carbon connectivities of the main
dimer reaction products were determined by nuclear magnetic resonance spectroscopy (NMR).
The pH-dependence of Fe**-DOPA interactions was assessed with a DOPA-containing peptide

(Ac-Ser-DOPA-NH,, 2, Figure 1c). Covalent cross-linking was demonstrated to occur at acidic pH
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but not at alkaline marine pH in the presence of Fe*. Lastly, Fe®* mediated cross-linking of the

DOPA-rich mussel foot proteins mefp-1 and mcfp-1 was demonstrated at acidic pH.

Experimental Section

Materials. Acetonitrile, DHPA, ferric chloride hexahydrate, ferrous chloride tetrahydrate, formic
acid, 1,10-phenanthroline hydrochloride monohydrate (phenanthroline), glacial acetic acid,
sodium acetate trihydrate, bis-tris, bis-tris HCI, bicine, and ethylenediaminetetraacetic acid
(EDTA) were purchased from Sigma Aldrich (Milwaukee, WI). All solutions of FeCl, were made
fresh so that spontaneous oxidation of Fe®* to Fe* was minimized. All chemicals were used
without further purification.

Oxidation of DHPA by Fe®'. Stock solutions of DHPA (75 mM) and FeCl3 (100 mM, 200 mM,
300 mM) were prepared in Nanopure H,O. Reactions were initiated by combining 800 uL of the
DHPA stock solution and 200 uL of the appropriate FeCl; solution. Fe®*":DHPA ratios of 1:3, 2:3,
and 3:3 were accomplished by adding 200 L of 100, 200, and 300 mM FeCl;, respectively. For
reactions with Fe*":DHPA ratios of 4:3 and 6:3, 800 pL of the DHPA stock solution was mixed
with 400 pL of 200 mM FeCl; and 300 mM FeCls, respectively.

HPLC of small molecule reactions. The reaction products were separated by reversed-phase
HPLC (Waters; Milford, MA) with a diphenyl column (Grace, Vydac # 219TP54). Separations
were performed isocratically with a mobile phase of 90 % water with 0.1 % formic acid and 10 %
acetonitrile and a flow rate of 1.0 mL/min. UV detection was performed at 220 nm and 280 nm.

MS of DHPA reaction. The reaction solutions were analyzed at Northwestern University's
Integrated Molecular Structure Education and Research Center (IMSERC) on an Agilent 1100
LC/MSD high performance ion trap mass spectrometer by direct injection in negative ion mode
with water as the mobile phase.

HPLC-MS of DHPA reactions. The reaction solutions described above were diluted tenfold
and the reaction products were separated by reversed-phase HPLC at IMSERC on an Agilent
1100 LC/MSD high performance ion trap mass spectrometer in negative ion mode equipped with

a diphenyl column (Grace, Vydac # 219TP54). The isocratic solvent system used for separations
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was 90 % water with 0.1 % formic acid and 10 % acetonitrile at a flow rate of 1.0 mL/min. UV
detection was performed at 220 nm and 280 nm.

NMR characterization of dimer products. HPLC was performed as described above, except
that the solvent system was composed of 90 % water with 0.1 % trifluoroacetic acid (TFA) and 10
% acetonitrile with 0.1 % TFA. The products were collected, frozen, lyophilized, and dissolved in
D,0O. NMR spectra were acquired at IMSERC at 25 °C. 'H 1D and 2D-J-resolved spectra were
acquired on a 500 MHz Varian Inova spectrometer equipped with a 5 mm Nalorac 13C{1H} dual
broadband probe bearing z-axis pulsed field gradients. Data were acquired using VNMRJ 2.2D
software. The 2D-J experiment employed Varian's pulse sequence “hom2dj.c”. 'H, "*C, 'H-"*C
HSQC and HMBC spectra were acquired in automation on a 500 MHz Bruker Avance-lll
spectrometer equipped with a 5 mm ¥C-detect DCH cryoprobe and Z-axis pulsed field gradients.
The sample of Dimer 2 (the minor dimer product) was too dilute to obtain a "*C spectrum, but ">C
resonance assignments were made using 2D HSQC and HMBC spectra.

UV-Vis characterization of Fe** reduction. Spectra of the following solutions were acquired
on an Agilent HP8452 spectrometer at Northwestern University’s Keck Biophysics Facility:
phenanthroline (20 pM); DHPA (30 pM) + phenanthroline (20 pM); FeCl; (20 yM) +
phenanthroline (20 uM); FeCl, (20 uM) + phenanthroline (20 uM); DHPA (30 uM) + FeCl; (20 M)
+ phenanthroline (20 uM); DHPA (30 uM) + NalO4 (15 uyM) + phenanthroline (20 uM).

Synthesis of DOPA-containing dipeptide. Ac-Ser-DOPA-NH, was prepared by standard
Fmoc solid phase peptide synthesis methods (Supplementary Methods).37

pH-dependent oxidation of DOPA-containing dipeptide by Fe®*. Ac-Ser-DOPA-NH, was
dissolved in water or buffer. For 1x FeCl; samples, 1x FeCl; was added to the sample from a 100
mM FeCl; stock within 1 min of dissolving the dipeptide in buffer. The final dipeptide
concentration was 50 mM, and the final buffer concentration was 250 mM for all reactions.
Reactions were studied at pH 5, 7, and 9, using acetate, bis-tris, and bicine buffers for each pH,
respectively. After 1 h, 10x EDTA was added from a 0.100 M EDTA stock and the final peptide

concentration was diluted to 1 mg/mL with water.
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HPLC-MS of dipeptide reactions. The reaction solution from dipeptide reactions (10 yL) were
injected onto an Agilent 6210 LC-TOF operated in negative ion mode and equipped with a Waters
dC18 Atlantis column (#186001346) at a flow rate of 1.0 mL/min and column temperature of 45
°C at IMSERC. Mobile phases used were A, water with 0.1% formic acid, and B, acetonitrile with
0.1 % formic acid. A linear gradient method was employed: 0-5 min, 3 % B isocratic; 5-20 min, 3-
50 % B; 20-25 min, 50-90 % B; 25-30 min, 90 % B. UV absorbance was collected at 280 and 220
nm. Approximately 50 % of the eluent was diverted after the column and UV detector, before
reaching the MS. Extracted ion chromatograms were used to identify corresponding HPLC peaks.

Purification of mfp-1. Mfp-1 from Mytilus californianus (mcfp-1) was purified from mussels
harvested off Goleta Pier, (Santa Barbara, CA), and held in circulation tanks before shucking the
mussels and extracting the foot. Mfp-1 from Mytilus edulis (mefp-1) was purified from mussels
feet supplied by Northeast Transport (Waldoboro, ME). Both proteins were purified as described
previously,38 with some modifications. Briefly, the feet were frozen to -70 °C before flaying away
the pigmented epithelium. Approximately 50 prepared feet were homogenized in four equivalents
(w/v) of 5% acetic acid (v/v) with 10 yM leupeptin, 10 uM pepstatin, and 1 mM EDTA in a glass
Kontes tissue grinder (Vineland, NJ) on ice and centrifuged at 20,000 X g, 4 °C for 40 min. The
supernatant was acidified with 70 % perchloric acid to a final concentration of 1.5 % (v/v). After
centrifugation at 20,000 X g, 4 °C for 40 min, the supernatant was dialyzed 4 X 4 L of 5 % acetic
acid (v/v) for 4 h in 1,000 kDa molecular weight cutoff dialysis tubing (Spectrum Industries, Los
Angeles, CA) before freeze drying. The lyophilized protein was resuspended in 200 yL of 5 %
acetic acid (v/v) and 50 pL aliquots were run over a size exclusion column (Shodex KW-803 5
pm, 8 x 300 mm, New York, NY). The eluent was monitored at 280 nm and those fractions
positive for protein were subjected to acid-urea polyacrylamide gel electrophoresis (7.5%
acrylamide and 0.2% N,N-methylenebisacrylamide) containing 5% acetic acid and 8 M urea.*®
After electrophoresis, gels were stained with Sigma-Aldrich Coomassie Blue R-250 (Brooklyn,
NY). Pure mfp-1 fractions were pooled and aliquoted before freeze-drying and stored at -70 °C

for future use.
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Fe’*-mediated protein cross-linking. Protein (mefp-1 or mcfp-1) was resuspended to 50 yM
in 0.1 M formic acid buffer (pH 3.0) (Fisher), mixed with ferric chloride adjusted to three different
concentrations (0, 0.005, 0.05, 0.5 yM), and incubated for 5 min at room temperature. Solutions
were diluted (1/5) with 0.1 M formic acid pH 3.0 with a small amount of tracking dye (0.3 uM
methyl green, 5% acetic acid, 8M urea) and loaded onto an acid-urea polyacrylamide gel and ran

for 1-2 h at 110 V and stained with Coomassie blue.

Results

Fe**-induced cross-linking of a DOPA mimic. DHPA (Figure 1c, 1) was chosen as the
catechol-containing small molecule because the presence of the carboxylic acid allowed the
products to remain soluble throughout the reaction (other catechols studied formed precipitates).
Initial reactions were carried out in unbuffered water, which was acidic (pH ~2) due to the
presence of FeCls;. Upon mixing Fe®* (orange) and DHPA (pale yellow) solutions, the mixture
immediately turned deep green (Figure S1), a color associated previously with a noncovalent

coordination interaction between one Fe®" ion and one catechol.”® %

As time progressed, the
solution transitioned to yellow (~1 h) and brown (~2 d), reminiscent of catechol-quinone tanning.40
lon trap mass spectrometric analysis of the reactant solutions revealed a mixture of unreacted
DHPA, dimers and higher oligomers (Figure 2 and Figure S2). Several Fe®*:DHPA ratios ranging
from iron-rich to iron-deficient were examined (Table 1) in order to determine the dependence of
the reaction on reactant stoichiometry. At excess DHPA (Reaction 1, Fe**:DHPA of 1:3), a large
portion of DHPA remained, with limited dimer evident in the mass spectrum (Figure S2). With
increasing Fe®*, the amount of unreacted DHPA decreased and the amount of higher mass
products increased. At excess Fe®* (Reaction 5, Fe®*:DHPA of 6:3), only a small portion of DHPA
remained (Figure 2), in favor of dimers and trace quantities of trimers and tetramers. Similar
results were obtained when the reaction was performed with 4-methylcatechol (4MC)

(Supplementary Methods and Figure S3), indicating that the carboxylic acid of DHPA did not

significantly influence the reaction.
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In order to gain a more complete understanding of the reaction between Fe®* and DHPA, HPLC
was used to separate the products in the reaction mixture. Due to the aromatic character of
DHPA and its dimers, a diphenyl column provided maximal separation of the reaction
components. Initially, HPLC-MS was performed in order to identify the molecule associated with
each HPLC peak (Figure S4). Two aspects of the HPLC-MS data were extremely interesting: the
o-quinone form of DHPA (m/z = 179) could be specifically identified, and two different peaks
associated with the dimer (m/z = 361) were detected, each separated by 3.5 min.

Using the assignments from HPLC-MS, the effect of Fe®*:DHPA on the reaction products was
further studied (Figure 3a). By determining the area under the DHPA peak relative to the total
area under the peaks of DHPA and dimers, the amount of DHPA consumed in the reaction could
be estimated (Table 1). At low Fe®":DHPA (1:3), over 77 % of the DHPA remained unreacted.
However, the amount of unreacted DHPA decreased to 57 %, 43 %, 29 %, and 12 % at
Fe®":DHPA of 2:3, 3:3, 4:3, and 6:3, respectively. An interesting trend was noted in the relative
abundance of the two dimer peaks appearing at 7.5 and 10.5 min (Table S1). The ratio of the
peak areas of major (7.5 min; Dimer 1) to minor (10.5 min; Dimer 2) dimer products increased
from 2.5 at Fe*":DHPA of 1:3 to 5.8 at Fe**:DHPA of 6:3. Thus, increasing the amount of Fe®*
relative to DHPA favors production of Dimer 1.

The time dependence of the reaction between Fe®* and DHPA was also studied (Figure 3b).
Using Fe**:DHPA equal to 3:3 as a representative reaction condition, the reaction mixture was
analyzed by HPLC after 1 min, 37 min, 189 min, 618 min, and 24 h. A general observation about
this chemical transformation is that a significant amount of DHPA is consumed within the first
minute, yielding dimer products (Figure 3b and Table S1). Between the two forms of dimers,
Dimer 1 was the dominant species at all time points and was roughly 3.2-3.6 times more
abundant than Dimer 2. An interesting feature of the time-dependent HPLC is the transient
presence of the o-quinone form of DHPA. This species was observed after 1 min of reaction time,
peaked at 37 min, decreased significantly thereafter, and was not observed at 7 days.

Structural determination of DHPA dimers by NMR. Evidence from HPLC-MS pointing to the

presence of two distinct dimer reaction products prompted us to undertake structural analysis.
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HPLC fractions containing Dimer 1 and Dimer 2 were collected, frozen, lyophilized, and
characterized by NMR with D,O as the solvent (Figs. S5 — S16). Assuming C-C bond formation,
DHPA dimers potentially contain an element of symmetry that would make the four 'H atoms on
the two aromatic rings appear at two frequencies instead of four. The relative position (ortho,
meta, or para) of the two 'H’s on each ring can therefore be determined by the 'H-'H scalar
coupling constant.*’

Dimer 1, the compound isolated from the major dimer peak at ~7.5 min, presented two
resonances in the aromatic portion of the H spectrum (Figure 4a), indicating both rings had the
same substitution pattern. The 'H-"H scalar coupling constant between these nuclei was
determined to be 0.3 Hz by analysis of the 2D-J-resolved NMR spectrum (Figure S11), indicating
that the 'H atoms have a para relationship to one another.* Thus, Dimer 1 was concluded to
contain a C6-C6 linkage between the aromatic rings (Figure 4b and Figure S5).

In contrast, Dimer 2, the compound isolated from the minor dimer peak at ~10.5 min, presented
four resonances in the aromatic portion of the 'H spectrum (Figure 4a), indicating that the two
rings had different substitution patterns. Analysis of the 2D-J-resolved NMR spectrum (Figure
S16) revealed that one pair of resonances possessed a similar coupling constant to that of Dimer
1 (0.3 Hz), indicating that one ring has two hydrogens para to one another. The other pair of
resonances exhibited a scalar coupling constant of 2.1 Hz, indicating a meta relationship between
them. Thus, Dimer 2, was assigned a C5-C6 bond between the aromatic rings (Figure 4b and
Figure S5).

Reduction of Fe** to Fe?*. A UV-Vis assay based on phenanthroline®® was employed in order
to demonstrate that oxidation of the catechol to the o-quinone was accompanied by reduction of
Fe®* to Fe®". In this simple colorimetric assay, addition of phenanthroline to a Fe®* solution
produces a deep red color, whereas addition of phenanthroline to a Fe®* solution (orange)
produces no visible color change.28 Therefore, the UV-Vis spectra of dilute solutions containing
phenanthroline combined with DHPA, Fe**, Fe**, Fe**+DHPA, and 10, +DHPA were recorded
(Figure S17). Notably, the reaction mixture of DHPA and Fe* yielded a strong absorbance

between ~350 nm and ~550 nm in the presence of phenanthroline, identical to the spectrum
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obtained from a control mixture of phenanthroline and Fe?* but different from that arising from the
reaction of DHPA with NalO,. These data show that Fe* is reduced to Fe* during the
dimerization of DHPA, likely through a quinone-mediated process.

Fe**-induced cross-linking of a DOPA-containing peptide. The reactions between DHPA
and Fe* described above were performed under unbuffered acidic conditions (pH ~2) as a
consequence of the acidity of FeCl;. Recognizing that mussel byssus formation occurs at higher
pH, we investigated the effect of pH on the oxidation and cross-linking of catechols by Fe®.
Analysis of DHPA was complicated by the formation of insoluble precipitates at pH >4,
presumably due to metal carboxylate salt formation. Instead, pH-dependent reactions were
investigated using the DOPA-containing dipeptide Ac-Ser-DOPA-NH, (2, Figure 1c), in
unbuffered water (pH ~2 due to FeCl; acidity) and at pH 5, 7, and 9 buffered with acetate, bis-tris,
and bicine, respectively. Ac-Ser-DOPA-NH, is based on the repeating decapeptide motif of the
mussel adhesive protein mfp-1.7 The buffers for these experiments were carefully chosen in order
to eliminate unwanted side reactions, precipitation, and chelation of Fe*. Figure 5 shows HPLC-
MS chromatograms of the reactions between Ac-Ser-DOPA-NH, and Fe®*. Extracted ion
chromatograms (EIC) were used to identify peaks (Supplemental Figure S18). In the presence of
Fe?’*, the dimer of the dipeptide is seen to form at pH <5, but significantly less so at higher pHs.
Four dimers of the dipeptide peaks were identified (+), three of which appear to be present in
significant quantities at pH 5 with 1x Fe®*. The dimer peak seen at ~6 min in the EIC (Figure S18)
at pH 5 with 1x Fe*, only appears to be significant in acidic unbuffered water with 1x Fe**, along
with many small unidentified peaks (seen in the chromatogram baseline). It appears that
reactions of DOPA with 1x Fe*" in unbuffered water are more promiscuous than in the buffered
systems. At pH 9 in the absence of Fe*, a peak at ~9 min was seen, however it could not be
identified by HPLC-MS. It is likely attributable to an autoxidation product, as the solution was
noted to develop a light pink color at this basic pH that remained even after acidification with
EDTA. In the presence of Fe** at pH 9, this peak is not seen, supporting the idea that

coordination of Fe* protects DOPA from autoxidation at high pH. The color of the reaction

10
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solutions in the pH 5-9 range was consistent with the formation of Fe-catechol coordination
interactions.' '® %

Fe**-induced cross-linking of mefp-3 and mcfp-3. Purified DOPA-rich mefp-1 and mcfp-1,
MW ~110 kDa '*** and ~92 kDa,*® respectively, were studied to determine whether Fe** could
induce covalent cross-links in native proteins. Mefp-1 has a DOPA content of approximately 11 %
(~62 DOPA residues/protein),7' 3 while mcfp-1 has an approximate DOPA content of 13 % (~95
DOPA residues/protein).43 Ina 0.1 M formic acid buffer solution (pH 3), 50 uM mefp-1 or mcfp-1
was incubated with increasing concentrations of Fe**, up to 0.5 uM. As shown in Figure 6, the
mefp-1 and mcfp-1 monomer bands are seen to decrease, while a new, higher MW band is seen
to appear with increasing concentrations of Fe®*. The higher MW band is absent from the Fe*
free experiment, indicating that Fe* is able to cross-link mefp-1 and mcfp-1, likely through

DOPA-DOPA covalent cross-links. Given the acidity of the solution, Fe**-DOPA coordination

cross-links would not be expected to occur.™®

Discussion

Using catechol-containing small molecules and peptides, our results provide the first direct
characterization of the covalent cross-linking of catechols induced by redox coupling with Fe*.
For the reaction between Fe** and DHPA under acidic conditions, analysis of the reaction
solutions revealed that formation of the o-quinone form of DHPA was accompanied by the
reduction of Fe** to Fe** and the formation of dimers, trimers, and tetramers. One- and two-
dimensional NMR analyses of HPLC fractions containing DHPA dimers unequivocally identified
the major reaction product formed under these conditions to be coupled via a C6-C6 linkage
between aromatic rings, with the remainder coupled via a C5-C6 linkage. Covalent multimer
formation was also observed for reactions between Fe** and a DOPA-containing peptide at low
pH (pH 2-3). However, the formation of covalent multimers in the presence of Fe® decreased as
the pH was increased, and became nearly undetectable at pH 9.

These findings show a clear pH-dependence of the interactions between Fe** and catechols,

suggesting a refinement of existing views regarding the role of Fe®* in mussel adhesion. To place
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our results into context, it is useful to consider the mechanism and conditions under which mussel
byssal proteins are secreted.* Byssal threads and adhesive plaques are formed by injection
molding of liquid precursors within the distal depression and ventral groove of the mussel foot,
followed by release of the newly formed thread and adhesive plaque after several minutes of
‘curing’. Recent unpublished work has determined that the initial pH of secreted byssal proteins is
~4,*° while published work from the same group had earlier indicated an initial pH of ~5.8 + 0.3.%
After release of the newly formed thread, rapid neutralization to marine pH (8-8.5) presumably
occurs upon exposure to seawater. Therefore, the interactions between Fe®* and catechols that
are most relevant to mussel adhesion are likely to occur in the mildly acidic to mildly alkaline pH
range (pH 4-8.5).

The formation of coordination complexes between Fe® and catechols within this pH range is
well documented in the literature. "®2' At catechol:Fe®" ratios greater than 3, the bis Fe(DOPA),
complex is favored in the moderately acidic and neutral pH range, whereas tris coordination is
favored at alkaline pH.20 Tris Fe3+(DOPA)3 coordination interactions may be responsible for the
unique physical properties of the byssal thread cuticle,® *® which is rich in Fe** and the DOPA-
containing protein mfp-1. The mechanical behavior of biomimetic polymer hydrogels formed
through tris Fe**-catechol coordination interactions leaves little doubt that such interactions are
mechanically active and can contribute to solidification of the mussel byssus.***° Although
covalent DOPA-DOPA cross-links have been detected in the mussel byssus,12 the reaction
pathway has not been well characterized. Given our results, one would expect that either Fe®* is
stored separately from the DOPA-containing mfps or an additional factor inhibits the oxidation of
DOPA by Fe®* observed in our studies. If Fe*" was stored together with mfps premature cross-
linking in byssal secretions would likely result, leading to a more viscous liquid or even a solid-like
gel, making byssal formation difficult or even intractable.

A primary role for covalent cross-linking of mussel adhesive proteins by Fe®* has been

15,32

suggested, however, the subtleties of byssal precursor storage and processing by the mussel

are not well understood. The polyphenolic gland has been identified and demonstrated to contain

47,48

o-diphenols. If dilute FeCl; is incubated with the foot, this structure turns grey-green in color,

12
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and if Na,COj; is subsequently added, the structure turns red.*’ This, together with research
suggesting iron is secreted from the foot into the thread,"” provides limited support for the idea
that Fe** and the DOPA-rich mfps are stored separately in the glandular mussel foot. If this case
were true, our results suggest that the mussel may use Fe®* as an oxidant for DOPA during the
initial (acidic) stages of byssal secretion to induce covalent DOPA-DOPA crosslinks. DOPA may
then coordinate Fe** after the byssus is released into the basic marine environment to enhance
the thread’s mechanical properties (Figure 1b).

In a synthetic catechol-modified poly(ethylene glycol) system, we recently demonstrated that
the mechanical properties of hydrogels could be dramatically enhanced by applying a similar pH

switch in the presence of Fe***

In that system, Fe** was first used to covalently cross-link the
hydrogel at acidic pH and then the pH was adjusted to a basic pH to allow for Fe®*-catechol
coordination bonds to form. At higher pH, gels had an increased modulus and an improved
energy dissipating capacity, mechanical features that are important for the byssal thread.
Similarly, a recent DOPA-modified peptide amphiphile network demonstrated increased modulus
and self-healing properties in the presence of Fe*" at basic pH.?’

While further work is needed to definitively elucidate the interactions between Fe** and the
various mfps before, during, and after byssus formation, we hypothesize that a complex role for
Fe* may exist — one that includes both covalent and coordination interactions that are strongly
modulated by pH. The mechanical implications of covalent versus coordination cross-links for the
performance of the mussel byssus cannot be ignored. Evidence at the single molecule® and

macroscopic gel*>?°

levels indicate that fundamentally different mechanical behavior emerges
when catechol polymers are cross-linked via coordination and covalent interactions. It may be
that mussels achieve the optimal balance between these two types of cross-links through
modulation of pH during byssus formation. While an oxidative role for Fe®" in the mussel adhesive
remains hypothetical at this point, these results are highly relevant to the many bioinspired

systems where catechols and iron are present.* > 2*%

Conclusions
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Herein, we have characterized the products of Fe**-induced oxidation of the catechol DHPA.
Through HPLC-MS and NMR, we have shown that the dominant products are the C6-C6 and C5-
C6 connected dimers. HPLC-MS experiments involving a DOPA-containing peptide showed that
at acidic pH Fe* induces covalent bond formation, whereas at basic pH, DOPA is protected
through coordination bond formation and covalent bonds are not formed. Using the DOPA-rich
mussel foot proteins, mefp-1 and mcfp-1, we have shown that Fe* can induce covalent bond
formation between the proteins at acidic pH. We have discussed the implications of this chemistry
to byssal thread and mussel adhesive formation, hypothesizing that Fe** may play both an
oxidant role to induce covalent DOPA-DOPA bond formation and act as a coordination center for
DOPA, and that these roles may be switched with the temporal acidic to basic pH change that
occurs during byssal secretion and release. We further discuss the mechanical implications of

such chemistry and the possible advantages.

Supporting Information. Supplementary methods for the oxidation of 4MC and characterization
of products by MS and synthesis of Ac-Ser-DOPA-NH, are available. Figure S1, DHPA oxidation
of by Fe* digital images; Figure S2, MS DHPA oxidation; Figure S3, MS 4MC oxidation; Figure
S4, HPLC-MS with EICs of DHPA oxidation; Figure S5, labeled DHPA dimer structures; Figure
S6, Dimer 1 '"H NMR; Figure S7, Dimer 1 "°C NMR; Figure S8, Dimer 1 'H-"H COSY: Figure S9,
Dimer 1 'H-">C HSQC; Figure S$10, Dimer 1 'H-"*C HMBC; Figure S11, Dimer 1 2D-J NMR;
Figure S12, Dimer 2 'H NMR; Figure S13, Dimer 2 '"H-'H COSY:; Figure S14, Dimer 2 'H-"°C
HSQC; Figure S15, Dimer 2 'H-"°C HMBC; Figure S16, Dimer 2 2D-J NMR; Figure S$17, UV-Vis
demonstrating Fe®* reduction to Fe** with phenanthroline; Figure S18, HPLC-MS with EICs of
dipeptide oxidation. Table S1, Relative abundance of DHPA, o-quinone, and dimers under

different reaction conditions.
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Figure 1. Mussel byssus, model for pH-dependent Fe®**-catechol chemistry, and molecules
studied. (a) Picture of mussel with labeled byssal structures. (b) Model for pH-dependent
interactions between Fe®* and catechol. At acidic pH, catechols and Fe®* react to produce o-
quinones, leading to catechol-catechol oligomerization. At basic pH, catechols form coordination
bonds with Fe** that prevent oxidation of the catechol. In the context of the mussel byssus, Fe**
could hypothetically induce covalent cross-linking during acidic processing of byssal protein
secretions and enhance the mechanical properties of the byssal thread and adhesive by
formation of mechanically active Fe**-catechol coordination interactions upon equilibration to

basic marine pH. Note that Fe*'-catechol coordination bonds would be expected to be
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mechanically reversible, whereas covalent catechol-catechol bonds would not.? (c) Catechol-

containing molecules studied: (1) DHPA and (2) Ac-Ser-DOPA-NH, (dipeptide).
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Figure 2. Fe®* induces DHPA multimer formation. Representative negative ion MS spectrum of
direct injection of reaction mixture (Reaction 5, Fe*":DHPA of 6:3) after 7 d. The solution
contained iron species (peaks a and c at m/z of 161 and 198, respectively), DHPA (peak b at m/z
of 181), dimers (peak d at m/z of 361), trimers (peak f at m/z of 541), and tetramers (peak g at

m/z of 721). Peak e represents dimers associating with a chloride ion (m/z of 397).
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Figure 3. Two DHPA-dimer species are produced after Fe3+-coupled oxidation. HPLC
chromatograms (280 nm) of reactions between DHPA and Fe". (a) Effect of stoichiometry on the
reaction between DHPA and Fe®* after 7 d. The peaks at ~3.5 min (+), ~5.5 min (m), ~7.5 min
(d1), and ~10.5 min (d2) correspond to soluble Fe®* and CI" ions, DHPA, Dimer 1, and Dimer 2;
these results were determined by HPLC-MS (Figure S4). (b) Time dependence of the reaction
between DHPA and Fe®* (1:1 molar equiv.). The peaks are identified as in (a), with the addition of

a small peak at ~7 min (q) that corresponds to the o-quinone form of DHPA.
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Figure 4. Connectivity of DHPA dimers determined by NMR. Structural analysis of dimers formed
by reaction of DHPA and Fe®. (a) Aromatic regions of the 500 MHz 'H 1D NMR spectra of dimers
eluting at ~7.5 min (Dimer 1) and ~10.5 min (Dimer 2) from Figure 3. Dimer 1 exhibits two signals,
indicating a symmetric species; the 'H-"H scalar coupling is smaller than the signals’ linewidth
(~1.0 Hz), indicating the hydrogens are para to one another. Dimer 2 exhibits four signals,
indicating an asymmetric species; the two scalar couplings are <1.0 Hz and 2.2 Hz, indicating
para and meta 'H-"H relationships, respectively. (b) Dimer 1 is connected in a C6-C6 fashion,
resulting in a symmetric molecule with hydrogens that are para to one another. Dimer 2 has a C5-
C6 linkage, producing an asymmetric molecule with two hydrogens para to one another and two

hydrogens meta to one another.
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Figure 5. DOPA-containing dipeptide forms dimers at acidic pH in the presence of Fe®*. DOPA-
containing dipeptide (Ac-Ser-DOPA-NH,) reaction with and without Fe®* as studied by HPLC-MS
(280 nm shown) at different reaction pHs. Peaks were identified as: ~7 min, dipeptide (*); dimers
of dipeptide (+) were detected at ~6, ~10, ~11, and ~12 min (seen prominently in pH 5 and water
1x Fe*' samples); peak in pH 9 sample at ~9 min, unidentified. In unbuffered water (pH ~2) many
unidentified products are produced, while at pH 5 three dimers are the dominant species formed
after the reactions with Fe*". Dimer at ~6 min is seen prominently only in water 1x Fe®* sample. At
higher pH in the presence of Fe**, the dipeptide appears to be protected from oxidation by the

presence of Fe*".
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Figure 6. Effect of Fe®* on protein crosslinking. Purified protein (mefo-1 and mcfp-1) in 0.1 M
formic acid pH 3.0 was incubated at room temperature with varying iron concentrations (0-0.5
uM) and run on an acid-urea polyacrylamide gel. Higher molecular weight bands represent dimer

or higher oligomer formation. Note that the mefp-1 gel was run for 2 h while the mcfp-1 gel was

run for 1 h.
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Table 1. Fe**-DHPA reactions and residual DHPA after 7 d
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Reaction | [Fe’'] (mM) | [DHPA] (mM) | [Fe*]:[DHPA] | % DHPA unreacted®
1 20 60 1:3 77
2 40 60 2:3 57
3 60 60 3:3 43
4 67 50 4:3 29
5 100 50 6:3 12

? As determined by HPLC (Figure 3a)

26

Page 26 of 27



Page 27 of 27 RSC Advances

TOC Entry

One sentence, of maximum 20 words, highlighting the novelty of the work:
The covalent cross-links induced by Fe3+-mediated oxidation of catechols were
studied and their potential relevance to mussel adhesion was discussed.

acidic

secret|on EP/ (0]
2 Fe3+ 2 Fe2+
2 H*

(marlne

T

=y
:%



