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ABSTRACT: Barnacles are unique marine sessile crustaceans
and permanently attach to various foreign surfaces during most
of their lifespan. The protein complex secreted from their body
and used to attach their calcareous shell to almost all surfaces
in water has long fascinated us because we have limited
technology with which to attach materials in water. Unraveling
the mechanism of underwater attachment by barnacles is thus
important for interface science, for the understanding of the
biology and physiology of barnacles, and for the development
of technology to prevent fouling. Previous studies have
indicated that the intermolecular interactions optimized by
conformations of the adhesive proteins are crucial in the self-
assembly and/or curing of the adhesive. This study aimed to
identify the possible structural determinants responsible for the self-assembly. Thioflavin T binding screening of peptides
designed on the basis of the primary structure of a bulk 52 kDa cement protein indicated the presence of some amyloidogenic
motifs in the protein. The conformation of the peptide was transformed to a β-sheet by an increase in either pH or ionic strength,
resulting in its self-assembly. Thioflavin T binding was inhibited by small polyphenolic molecules, suggesting the contribution of
aromatic interactions during self-assembly. The occurrence of amyloid-like units in the protein implies that the protein
conformation is an important factor contributing to the self-assembly of the cement, the first event of the curing, as the adhesive
material is secreted into the seawater out of the animal’s body.

Barnacles are unique sessile crustacean because they fix their
calcareous base shell onto an outside surface during almost

all of their lifespan1 once they are settled there in the larval
stage.2 The attachment forms the basis of their physiology;
thus, they must securely maintain the attachment. This often
causes serious problems of fouling, making the animal a crucial
target of antifouling technology that has a long history of
research.3,4 The biological adhesion under water has also
fascinated us for a long time5 because our technology with
which to attach materials under water is limited. Secretion of
the proteinaceous underwater adhesive, cement, out of the
animal’s body and into an interspace between their own
calcareous base shell and a foreign material6 is responsible for
several functions of the underwater attachment such as secure
bonding to an unspecified surface, self-assembly and/or curing
for the internal cohesion, and balancing of the mechanical
factors to give the load-bearing properties in the joint.7,8 The
barnacle cement does not rely on the 3,4-dihydroxyphenylala-
nine (DOPA) system9,10 for adhesion; the latter is a common
and key element in the attachment of mussel byssus and
tubeworm cement in terms of its role in surface bonding to
foreign surfaces11 and the potential to form cross-linkages for
internal cohesion.12,13 This study is related to the properties of
self-assembly of the bulk protein of the barnacle adhesive for
internal cohesion.

The barnacle cement is a complex of more than five proteins,
which have no homologous proteins in the available database.14

Two proteins dominant in amount are cement protein (cp)
100k15 and cp52k,16 which are characterized by their insoluble
nature10 and thus are considered to be responsible for the self-
assembly and curing of the adhesive joint. Recently, a growing
body of evidence has indicated the contribution of both
molecular conformation and molecular interactions, which is
dominated by hydrophobic interactions among cement
proteins, to self-assembly and curing.16 The amphiphilic nature
of the primary structures in cp100k and cp52k has been
suggested to be involved in self-assembly and curing,15,10

though the detailed structural determinant is unclear. The
cement must be fluid in the course of the secretion from the
secretory gland of the animal’s soft body,17,18 before it is fated
to self-assemble and/or cure in the outside interspace to be
attached where seawater may fill up. Notably, none of the
trigger factors for self-assembly or curing is clear yet. Our trial
to prepare the recombinant forms of the bulk cement proteins
in Escherichia coli with a pET expression system (Novagen,
Madison, WI) has, however, resulted in a low level of
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production of the inclusion body; thus, investigation of the
trigger factors by direct analyses with the proteins was difficult.
Self-assemblies of peptides and/or proteins at an ultra-

structural level can be seen in nature. Prominent examples may
be found in amyloid/amyloid-like ones.19−23 The occurrence of
such self-assemblies in vivo is responsible for several neuro-
degenerative diseases and systemic amyloidoses, or protein
deposition diseases;24 thus, they have been studied in terms of
etiology and control. The finding of fibrillogenesis in vitro even
in globular proteins, which are not related with amyloidosis,25

has expanded our insights regarding protein structures and
dynamics related to the process of self-assembly.26,27 The
insights gained from these researches have been applied to the
design of artificial peptide self-assemblies in regenerative
medicines and nanotechnologies, which are simplified com-
pounds of natural sequences or motifs improved de novo,28 and
also to self-assemblies of functional proteins in vivo.29−33 Thus,
amyloid/amyloid-like self-assemblies of peptides and/or
proteins may be hitherto classified into four categories, i.e., in
vivo amyloids involved in diseases, in vitro amyloids not
associated with diseases, functional amyloids, and artificial
amyloids.
The ultrastructure of amyloid is highly ordered fibrils,34

which are typically straight and unbranched with a diameter of
∼10 nm. The soluble peptides and/or proteins, which are
either folded or intrinsically disordered or unstructured, are
transformed to the cross-β-sheet conformation under several
conditions in vitro and fibrillated simultaneously or sub-
sequently.26 As a result, they exhibit tinctorial characteristics
with amyloid selective dyes, such as thioflavin T (ThT) and
Congo Red. The in vitro fibrillogenesis process occurs typically
with a long time incubation via partial denaturation, in the case
of folded proteins, or a partially folded conformation in the case
of unstructured peptides. The systematic survey of cut-piece
peptides in the proteins indicated that a few, not many,
peptides indeed self-assembled into amyloid-like ultrastructure;
thus, the proteins have strong structural determinants relying
on part of their sequences.35−39 Processes leading to the mature
ultrastructures were also varied depending on the origin of
peptides and/or proteins,40,41 and proteins may keep the
original function even in the fiber arrangement.42 The

molecular concept identified in the class of amyloids was
linked with the studies of artificial peptides, and the
identification of natural structures with self-assembly capa-
bilities has given additional opportunities to design artificial
peptide self-assemblies.43 Biological underwater adhesives make
up a class of self-assembled proteins, and previous studies have
indeed indicated that a barnacle cement protein, cp20k, could
be a model for artificial peptide self-assembly.44,45

This study focuses on characterization of peptides designed
on the basis of the primary structure of a bulk cement protein,
cp52k, of barnacles. Some amyloidogenic motifs found in the
protein are thought to be involved in the self-assembly of the
bulk protein for the internal cohesion of the adhesive. The
trigger factor for peptide self-assembly found in this study may
be a cue of barnacle cement self-assembly after its secretion into
the seawater from their body.

■ EXPERIMENTAL PROCEDURES

Preparation of Peptides and/or Proteins and Treat-
ments for Self-Assembly. The primary structure of cp52k
from Megabalanus rosa cement consists of four repetitive
sequences, each of which has a length of 113−129 amino
acids.16 Each repetitive sequence was simply divided into five
regions; thus, a total of 20 sequences containing 13−22 amino
acid residues were derived to allow them to be synthesized
chemically (Figure 1). The peptides were synthesized (Gen-
script Co., Piscataway, NJ) using standard Fmoc chemistry.
These peptides were termed R1-1 to R4-5, wherein the number
of the repetitive unit that occurred in the sequence was
followed by the numerical order of the region within the unit,
e.g., R2-3 corresponding to the third region of the second
repetitive unit in the primary structure of cp52k. All peptides
except R3-5, in a total of 19 peptides, were obtained by
chemical synthesis. The α-amino group at the N-terminus and
the α-carboxyl group at the C-terminus of each peptide were N-
acetylated and C-amidated, respectively. Three peptides, R2-3,
R3-3, and R4-3, contain one Cys residue each. The residue was
synthesized as cystein (with the free sulfhydryl group), and the
peptides containing cystein were maintained under acidic
conditions during the purification process to prevent the

Figure 1. Four repetitive units in 52 kDa cement protein and peptides derived from the primary structure. Four repetitive sequences in 52 kDa
cement protein, repeat-1 to repeat-4, were aligned. Five regions, region-1 to region-5, were defined in the alignment. Twenty underlined peptides
were derived from the regions and designated as the repetitive number in the protein followed by the number of the region. Amino acid residues
conserved in all repeats are denoted with asterisks, and similar ones are denoted with periods.
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formation of random disulfide bonds. The peptides were
purified by reverse phase high-performance liquid chromatog-
raphy and lyophilized for storage at −20 °C. Molecular masses
of the peptides were confirmed by electrospray ionization mass
spectrometry (HP1100 series LC/MSD, Agilent Technology).
Amyloid β (A-β 1−42) was commercially obtained (Ana Spec,
San Jose, CA).
cp52k was purified from barnacle cement under denaturing

conditions (Figure S1 of the Supporting Information). Briefly,
the soluble fraction of the cement in a guanidine hydrochloride
solution with reducing and heating treatment, designated as
guanidine hydrochloride soluble fraction (GSF)-2, was
prepared from the secondary cement of M. rosa as described
previously.16 GSF-2 was dialyzed against 1 M urea and 1%
acetate at 4 °C and purified by gel filtration column
chromatography (Superdex 75, GE Healthcare UK Ltd.) with
1 M urea and 1% acetate as the mobile phase. The fraction
containing cp52k was dialyzed against a 20 mM sodium
phosphate buffer (pH 2.5) at 4 °C. Purification by using ion
exchange column chromatography with 1 M urea and 1%
acetate as mobile phase gave very poor recovery of the protein.
The protein concentration was determined using a 2-D Quant
Kit (GE Healthcare UK Ltd.).
The lyophilized peptides were reconstituted in ultrapure

water (Milli-Q system, Millipore, Bedford, MA) or according to
a method used in A-β peptides.46,47 In brief, the lyophilized
peptides were daily dissolved in pure water by being treated in a
sonication bath for 10 min followed by a 30 min incubation at
ambient temperature. No precipitates were observed in the
reconstituted samples except R4-4 and R4-5. The 17 peptides
reconstituted in water (excluding R4-4 and R4-5) were diluted
with several solutions for the subsequent utilization in
characterization. Alternatively, the lyophilized peptides were
once dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) in a
sonication bath for 10 min and subsequently incubated for 1 h
at ambient temperature. The solvents were evaporated under a
nitrogen stream, and the resulting samples were stored at −20
°C until they were used. Immediately before being used, the
peptides were dissolved in dimethyl sulfoxide (DMSO) in a
sonication bath for 10 min and then diluted with several
aqueous solutions used for the characterization.
Self-assembly of the peptides was examined under different

pH and ionic strength conditions. The concentrated peptide
solutions prepared as described above were diluted with several
solutions to change the pH or ionic strength, followed by
incubation at ambient temperature. The pH of the peptide
solutions was changed by dilution with the following buffers: 10
mM sodium phosphate (pH 2, 3, 6, 7, or 8), 10 mM sodium
acetate (pH 4 or 5), and 10 mM sodium borate (pH 9 or 10).
The ionic strength was changed by dilution with a 0.2−1 M
NaCl solution containing 10 mM sodium phosphate (pH 2 or
8). All solutions were prepared using ultrapure water and
filtered through a 0.22 μm filter before use.
Thioflavin T Binding. Amyloid-like self-assembly was

evaluated by a sedimentation assay48 using a fluorescent dye,
ThT.49 The method allows the measurement at lower pH and/
or higher salt concentrations during ThT binding, though it is
unable to detect any self-assembly that does not sediment
under the conditions used. A 20 mM ThT aqueous concentrate
was diluted 1000-fold with 50 mM potassium phosphate buffer
(pH 6.0) immediately before being used. One portion of the
peptide concentrate (1 mg/mL) was mixed with 9 portions of
any buffer solution examined, and the mixture was incubated

for 5 min. The supernatant was carefully removed after
centrifugation at 21600g for 15 min. The ThT solution was
added to the sediment and mixed immediately, and its
fluorescence was measured with a FP-750 spectrofluorometer
(Jasco, Tokyo, Japan) at 25 °C with an excitation wavelength of
450 nm and an emission wavelength of 482 nm. The
fluorescence intensity of the blank solution without peptide
was subtracted from the fluorescence intensity of the samples.
Data points are mean values of three independent experiments.
Peptides with fluorescence intensities of >0.5 were defined as
“ThT binding” in this study. Similar experiments were also
conducted under reducing conditions in the presence of 1 mM
dithiothreitol (DTT) in the case of the peptides containing a
Cys residue, i.e., R2-3, R3-3, and R4-3. The assay for cp52k was
conducted with a pretreatment of 1 μM protein in a 50 mM
sodium phosphate buffer solution (pH 7.2). In the inhibitory
assay, the peptide solution (1 mg/mL) was mixed with the
same volume of aqueous compounds, tannic acid or phenol
red,50 prior to the treatment for self-assembly. The mixture was
combined with 9 volumes of a sodium phosphate buffer
solution (pH 7.2), incubated for 5 min, and then mixed with
the same volume of a 40 μM ThT solution in 50 mM sodium
phosphate (pH 7.2) immediately before the measurement. No
centrifugation was conducted in either assay for cp52k or the
inhibitory assay.

Circular Dichroism Spectroscopy. The initial solution of
R1-3 reconstituted in ultrapure water was subjected to
treatments for the self-assembly with a dilution factor of 50;
thus, the final peptide concentration was 20 μM. The CD
spectra of the suspensions without centrifugation were recorded
with a J725 spectropolarimeter (Jasco). All measurements were
performed at ambient temperature, and the spectra were
recorded over a range of 190−250 nm, at 1 nm intervals with a
scan speed of 500 nm/min. The CD spectra were corrected by
converting them to the mean residual ellipticity.

Atomic Force Microscopy. The initial solution of R1-3
was subjected to treatments for the self-assembly with a dilution
factor of 10, resulting in a final peptide concentration of 0.1
mM. After the incubation, the solution was diluted with the
same buffer solution (0.5 mM) used for the self-assembly and
then centrifuged at 21600g for 15 min. The sediment was
further washed twice with a 0.5 mM buffer solution, and an
aliquot of the suspension obtained was put onto freshly cleaved
mica. The sample was allowed to adsorb onto the mica, rinsed
briefly with pure water, and then dried at ambient temperature
for a few minutes before being used for imaging via atomic
force microscopy (AFM). Under a typical condition for in vitro
amyloidgenesis,47 the initial solution of R1-3 was diluted with
10 mM HCl and incubated at 4 °C for 2 additional weeks. AFM
images were captured with the tapping mode in air by a
multimode AFM instrument (Olympus Corp., Tokyo, Japan)
based on Nanowizard II (JPK Instruments, Berlin, Germany)
or a Nanoscope IIIa controller (Digital Instruments, Santa
Barbara, CA). Images were flattened using the JPK data
processing software version spm-4.0.31, and no further image
processing was conducted.

■ RESULTS
Screening of Amyloid-like Self-Assemblies. Seventeen

peptides reconstituted in water (water reconstitution) were
subjected to treatments at pH 2, at pH 8, or in 1 M NaCl
solutions and then examined by the ThT sedimentation assay
(Figure 2a and table in the Supporting Information). Among
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them, seven peptides showed an increase in fluorescence,
suggesting the formation of amyloid-like self-assemblies.
Among these peptides, R1-5 showed the highest fluorescence
intensities under all three conditions, whereas R2-4 and R3-3
gave much lower intensities under all conditions. R1-3, R4-1,
and R4-3 showed clear pH dependence in ThT binding, i.e.,
lack of or lower fluorescence intensities at pH 2 but higher
intensities at pH 8. The peptides were alternatively
reconstituted with a combination of HFIP and DMSO
(HFIP/DMSO reconstitution) to assist the formation of a
helical secondary structure. None of the 19 peptides
reconstituted in this way gave visible precipitates. Five peptides
gave rise to fluorescence via the ThT sedimentation assay,
whose fluorescence intensities were lower than those of the
water-reconstituted peptides (Figure 2b). A few peptides
subjected to HFIP/DMSO reconstitution showed character-
istics different from those of the water-reconstituted ones. R4-4
showed ThT binding characteristics, and the pH dependencies
of R2-3 and R3-3 became evident. On the other hand, R1-5,
R2-4, and R4-1 exhibited no ThT binding via HFIP/DMSO

reconstitution. The screening with the two different methods of
reconstitution finally identified eight peptides forming amyloid-
like self-assemblies out of the 19 peptides. All four peptides
designed from the third region of the four repetitive units in
cp52k, namely, R1-3, R2-3, R3-3, and R4-3, exhibited ThT
binding. Because the peptides in the third region, except R1-3,
harbored one Cys residue each (Figure S2 of the Supporting
Information), one may assume that intermolecular disulfide
bonding is involved in self-assembly. However, the absence of
effects on ThT binding in the presence of the reducing agent
DTT indicated that formation of disulfide bonds is not
responsible for the self-assemblies (table in the Supporting
Information).

Transition of the Secondary Structure of the R1-3
Peptide. The R1-3 peptide was chosen for a detailed
characterization. The CD spectra showed that this peptide
had no obvious secondary structure in its water-reconstituted
form (Figure 3a). The CD spectrum at pH <5 was similar to
that of the initially reconstituted one, whereas the spectra
measured at pH 6−8 and 10 showed features typical of β-sheet

Figure 2. Thioflavin T (ThT) binding of peptides designed on the basis of the 52 kDa cement protein by the initial reconstitution with (a) water or
(b) 1,1,1,3,3,3-hexafluoro-2-propanol and DMSO. The peptide reconstituted at 0.1 mg/mL was incubated at pH 2, at pH 8, or in 1 M NaCl for 5
min at ambient temperature and centrifuged to obtain the sediment. The sediments were treated with a ThT solution, and the fluorescence
intensities were measured. Data were mean values of three independent experiments. Given fluorescent intensities of >0.5 (···) are defined as “ThT
binding” in this study. The location of each peptide in the 52 kDa cement protein is schematically illustrated below the charts. Aβ, amyloid-β (1−42)
used for the reference. ND, not determined.
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structures. The spectrum at pH 9 was almost the same as those
obtained at pH 6−8 and 10 with a very slight difference in that
the spectrum at pH 9 had a broader negative band between 207
and 217 nm, which was slightly blue-shifted in the spectra
measured at pH 6−8 and 10. The slightly reduced relative
intensity below 217 nm in the spectrum is likely due to the
increased content of the random coil structure. Increases in salt
concentrations at pH 2 also indicated the transition of the
secondary structure to β-sheet structures from the CD spectra
(Figure 3b). The transition was initiated at a NaCl
concentration as low as 0.2 M, and the spectra above 0.6 M
NaCl were dominated by the β-sheet structure. No further
effect on the CD spectra was observed via the increase in salt
concentrations at pH 8 (Figure 3c).
ThT Assay of the R1-3 Peptide and cp52k. Self-

assembly of the R1-3 peptide was further examined by the ThT

sedimentation assay with the water-reconstituted form. The
fluorescence intensities were dramatically increased upon
incubation at pH 6−8 and 10 (Figure 4a), whereas almost no
increase in intensity was observed below pH 5. The intensity
was also increased at pH 9, though the extent was lower than
those at pH 6−8 and 10. An increase in the fluorescence

Figure 3. Circular dichroism spectroscopy of R1-3 peptide. CD
spectra of the peptide at various (a) pH values, (b) NaCl
concentrations at pH 2, and (c) NaCl concentrations at pH 8 are
shown. The 20 μM peptide solutions were incubated for 5 min at
ambient temperature and subjected to CD spectroscopy.

Figure 4. Thioflavin T (ThT) binding characteristic of the R1-3
peptide. (a) pH dependence of self-assembly. The peptide was
incubated at various pH values for 5 min at ambient temperature, and
the solutions were applied to the ThT sedimentation assay. The
fluorescence of the peptide incubated in pure water is denoted “H2O”
on the horizontal axis. (b) Dependence on salt concentration. The
peptide was incubated at various NaCl concentrations at pH 2 (white
bars) or pH 8 (black bars). (c) Dependence on peptide concentration.
Various concentrations of the peptide solutions were incubated with
10 mM sodium phosphate at pH 8 for 5 min. (d) The inhibitory assay
was conducted via the addition of tannic acid (TA) or phenol red
(PR) to the peptide solution at pH 7.2. The peptide concentration in
the assay was 20 μM. The full-scale range on the y-axis was the ThT
fluorescence intensity without an additive.
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intensity at NaCl concentrations of >0.2 M was observed at pH
2, which was saturated at 0.6 M NaCl (Figure 4b). No further
change in the fluorescence intensity was observed by the
increase in the ionic strength at pH 8 (Figure 4b). As expected,
the intensity at pH 8 was dependent on the peptide
concentrations examined (Figure 4c). ThT binding was
inhibited by the addition of polyphenolic, tannic acid and
phenol red (Figure 4d). The cp52k incubated at pH 7.2 for 5
min also showed the characteristics of ThT binding (Figure S3
of the Supporting Information).
Imaging of the Self-Assembly of the R1-3 Peptide.

The microscopic structures of the self-assemblies obtained with
a 5 min incubation of the initial water-reconstituted R1-3
peptide at several pHs were imaged by AFM. The treatments at
pH 6, 7, and 8 gave entangled fibrils; the majority had lengths
of approximately 500 nm and widths of around 20 nm (Figure

5b). The treatment at pH 9 yielded similar fibrillar
entanglements, although the occurrence of the entanglements
was limited and they were smaller than those obtained at pH
6−8 (Figure 5c). On the other hand, almost no obvious self-
assemblies were observed below pH 5 (Figure 5a). The initial
water-reconstituted peptide gave rise to no self-assemblies as
determined by AFM within 1 day. Limited extension of the
fibril length occurred with longer incubation at pH 7 (Figure
5e), while the incubation at pH 9 gave long amyloid-like fibrils
(Figure 5f). Amyloid-like long fibrils also occurred upon
incubation in the 10 mM HCl solution at 4 °C for a few weeks
(Figure 5g), which is a typical condition for amyloidogenesis in
vitro.47

The reconstitution of R1-3 with HFIP and DMSO yielded
results partly different from those of the water-reconstituted
sample; i.e., no apparent microstructure was observed by AFM

Figure 5. Self-assemblies of the R1-3 peptide as seen in atomic force microscopy height images. The peptide reconstituted with water was incubated
with several solutions (a, d, and h) at pH 4, (b and e) at pH 7, (c and f) at pH 9, and (g) in 10 mM HCl. (a−c) Incubation for 5 min and (d−h)
incubation for more than 2 weeks. The full-scale ranges on the x and y axes of the images were 1.5 μm each in panels a and b, 2 μm each in panels c−
f, 4 μm each in panel g, and 600 nm each in panel h. The full-scale ranges on the z axis were 5 nm in panels a, c, d, and h, 10 nm in panels b, f, and g,
and 20 nm in panel e. (i) The 52 kDa protein of M. rosa cement was incubated in a 100 mM sodium phosphate solution at pH 7.9 for 5 min. The
full-scale ranges on the x and y axes and on the z axis of the image were 2 μm each and 5 nm, respectively.
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after incubation for 5 min at pH 4, 7, and 9 (Figure S4d of the
Supporting Information). Extended incubation at pH 7 for a
few weeks at 4 °C yielded images rather similar to those
observed upon treatment of the initial water-reconstituted
peptide as described above (Figure S4b of the Supporting
Information). The peptide treated at pH 4 and 9 for a few
weeks at 4 °C gave rise to longer amyloid-like fibrils (Figure
S4a,c of the Supporting Information), though the occurrence of
the amyloid-like fibrils at pH 4 was much more limited than
that at pH 9. The lack of microstructures after the shorter 5 min
incubation of the HFIP- and DMSO-reconstituted peptide
might be related to the enforced helical conformation51 of the
peptide in the initial phase.
cp52k of the M. rosa cement gave neither fibrillar

microscopic structure nor defined structure under the
conditions examined in this study (Figure 5i). Rough
adsorption layers were observed upon incubation at pH 7.9
for 5 min. The images were equivalent to that of cp52k in 20
mM sodium phosphate (pH 2.5) directly adsorbed on mica.

■ DISCUSSION
The ThT binding screening assay, which is a probe for
investigating amyloid/amyloid-like structures, with peptides
designed from cp52k showed the presence of amyloid-like
structural units in the bulk cement protein of barnacles. Further
characterization of one of the peptides, R1-3, showed the
transition of the peptide conformation from a structureless one
to a β-sheet one, as well as the occurrence of self-assembly. The
conformation of the peptide judged from its CD spectra
depended on the pH of the solution and was dominated by a β-
sheet structure at pH >6, whereas its conformation at acidic pH
has fewer secondary structure features. An increase in ionic
strength also induced the β-sheet structure. The ThT binding
characteristics appeared under conditions approximately
parallel to those for the formation of the β-sheet structure
judged from the CD spectra. AFM imaging showed fibrillar
microstructures under both conditions for the formation of self-
assembly probed via the ThT binding and of the β-sheet
structure detected by CD spectra. These characteristics
resemble those of classical amyloidogenic peptides;27 thus,
the R1-3 peptide can be considered to be an amyloid-like
peptide.
In the core of typical amyloid ultrastructures,40 β-strands are

known to self-assemble intermolecularly into β-sheets with a
cross-β architecture, where the β-strands are aligned
perpendicular to the fiber axis. In general, hydrogen bonds
between the main chains of the strands are involved in sheet
formation, while hydrophobic, aromatic, and Coulombic
interactions of the side chains and geometrical packing are
involved in lamination of the sheets into the fiber, although the
geometrical arrangements for the lamination of the sheets into
the mature fibers are diversified. While a few structural
determinants have been noticed, the amyloid/amyloid-like
peptides/proteins are, in general, difficult to categorize on the
basis of their lengths and primary structures. In this study, we
showed that all four peptides from the third region of cp52k
had ThT binding capability. The primary structures in the third
regions, including R1-3, are composed of a central hydrophobic
stretch flanked by short clusters of charged amino acids and
aromatic ones in both terminal regions (Figure S2 of the
Supporting Information). A characteristic common to the four
peptide sequences is the abundance of Tyr residues. Aromatic
interactions such as π-stacking and T-shape interactions of the

π-electron system have been known to be involved in the
kinetics of fibrillogenesis in several amyloidogenic peptides52

and have been suggested to provide an energetic contribution,
as well as order and directionality, to self-assembly. For
instance, a structural determinant in the amyloidogenicity of
β2-microglobulin is its abundance in aromatic residues.53

Fibrillogenesis of a determinant peptide from β2-microglobulin
occurred rapidly within a few minutes to form short fibrils
(∼200 nm), although formation of the full-length fibrils took
longer, i.e., several days. The incorporation of excess Tyr
residues in amyloid-β (18−42) also resulted in faster
aggregation kinetics in the initial phase giving rise to short
fibril structures.54 The content of aromatic residues in the R1-3
peptide is even higher than that of the amyloid-β (18−42)
peptide, which has two Phe residues of a total of 25 amino
acids. Taken together with the inhibitory effect of the small
polyphenolic molecules in peptide self-assembly, the aromatic
residues in R1-3 are thought to be involved in self-assembly and
to contribute to both the rapid process and the shorter length
of the fibril in the shorter process. The occurrence of the
hydrophobic stretch in R1-3 could also be related to self-
assembly. This has been noticed in amyloid-β (1−42), whose
primary structure has a central and a C-terminal hydrophobic
stretch.54,55

The self-assembly/curing of cp52k is crucial in the internal
cohesion of the cement.10 The process of dissolving the protein
from the natural insoluble cement16 indicated that the
conformation of the molecule and molecular interactions
such as hydrophobic interactions and hydrogen bonding are
essential in self-assembly/curing. The finding of amyloid-like
sequences in the protein suggests that the protein−protein
interactions in the cohesion are optimized via the conformation
of the protein. The concept is consistent with a dominance of
β-sheet conformations in the whole cement complex attached
to a Ge wafer monitored by in situ ATR-IR analysis.56 The pH
dependency of the conformation and the self-assembly
properties of R1-3 could be some of the trigger factors of the
self-assembly of the cement protein. A similar pH dependency
has been found in a functional amyloidogenic melanocyte
protein, Pmel 17.57 The entire protein of Pmel 17 was self-
assembled in vivo, which served as structural scaffolds required
for melanin deposition in human skin and eyes. A region of the
protein, e.g., the repeat (RPT) domain, was found to be
responsible for self-assembly,58 and the RPT peptide changed
its conformation from unstructured, soluble monomers to
aggregated, β-sheet-rich fibrils with a change in solution pH.
The pH-dependent transition of the conformation and the
resultant self-assembly behavior are consistent with the function
of the entire protein under physiological conditions in the
organelles, melanosomes, that are acidic compartments and
undergo a change in pH during maturation. The pH of
seawater is ∼7.9, where the cement proteins secreted from the
barnacle are self-assembled/cured and therefore lose their
fluidity. The features of the pH-dependent transition of the
conformation and self-assembly of R1-3 are thus consistent
with the involvement of cp52k in the self-assembly/curing
process of the cement under physiological conditions. The pH
range under which both conformational changes and self-
assembly occur for R1-3 was neutral to basic, rather than acidic
as observed in the RPT peptide. The different responses of R1-
3 and the RPT peptide to pH may be attributed to the fact that
almost all charged residues are basic in R1-3, whereas all
charged residues are acidic in the RPT peptide. The
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characteristics of R1-3 and the relevant peptides suggested that
Tyr residues are essential in self-assembly. Although not
noticed previously, the fact that Tyr residues are the second
most abundant amino acids in cp52k may imply that the
interactions among aromatic residues play an essential role in
self-assembly. Self-assemblies of functional proteins such as FG-
rich repeats in nuclear pore protein,59 collagen,60 and
silicatein61 have been attributed to intermolecular aromatic
interactions. Barnacles may have utilized the Tyr residues in the
adhesive protein in a manner different from that of the Tyr
residues utilized by the other underwater adhesion system, the
DOPA system.
A longer incubation of R1-3 yielded AFM images different

from those observed upon a shorter incubation. The longer
incubation gave rise to amyloid-like longer fibrillar micro-
structures at acidic pH as well as pH 9 under which rather less
or no self-assembly occurred upon incubation for 5 min. The
substantial extension of the fibril length may have resulted in
the repression of the self-assembly process in the early phase of
the treatment. The degree of aggregation of the fibrils may be
related to additional factors such as the surface charge of the
fibrous structures under the solution pH examined.
Self-assembly of functional amyloids must meet the specific

functional requirement of the natural protein. On the other
hand, fibrillogenesis in vitro is related to partial or complete
unfolding of the protein under specific conditions, including
acidic pH,62−66 where a longer incubation is needed. The R1-3
peptide produced long fibrillar ultrastructures analogous to
typical amyloids under some conditions with a longer
incubation, i.e., several days. However, the process of barnacle
underwater attachment, which is an extra-body event, should
occur rapidly with defined trigger factors. Our AFM images,
therefore, might be intermixed by two phenomena, i.e.,
functional amyloidgenesis with shorter incubations and in
vitro amyloidogenesis with longer incubations. This may be
supported by the fact that no fibrous ultrastructure was
observed in cp52k with the treatments examined in this study.
The microscopic structure of the barnacle cement is still under
debate.4 A previous study has suggested the amyloid-like
fibrous nature of the cement on a silicone foul-release coating,67

whereas other studies have suggested a conglomerate of
globular structures on aluminum foil and poly(methyl
methacrylate).68,69 The most recent observation in Lepas
anatifera also indicated the absence of an amyloid-like fibrous
nature in the cement.18 Although this study identified the
amyloid-like regions in one of the cement proteins, the
morphologies of partial peptide self-assemblies do not
necessarily correspond to those of the natural, entire proteins.
Taken together with the fact that the barnacle cement is a
complex of different proteins, including another bulk cement
protein, cp100k, it may be hasty to conclude, from this study,
whether the native microstructure in the cement is fibrous, and
the identification of the ultrastructure of the protein complex
needs to await further study.4

Peptide self-assemblies are a novel class of materials. The
demonstration that synthetic amyloid-inspired materials are not
inherently cytotoxic has supported the potential of the materials
in applications ranging from drug delivery vehicles to
regenerative medicine70 in addition to nanoscale technology.
The natural amyloidogenic structures found in this study would
also give additional opportunity to the design of artificial
systems for self-assembly.
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