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T
he evolutionary success of squid and
cuttlefish is intimately linked to their
predatory prowess, which is greatly

enabled by the use of sucker ring teeth (SRT)
that line their arms and tentacles and per-
form essential grappling functions during
prey capture. SRT display a regular nano-
tubular architecture and exhibit an elastic
modulus of 6�8 GPa in the dry state and
2�4GPa under hydrated conditions.1 Natural
and synthetic bulk polymers are usually me-
chanically stabilized by either (i) chain entan-
glements as observed in classical amorphous
thermoplastic polymers; (ii) dense covalent
interchain cross-linkingas found in thermoset

resins, insect exoskeletons,2 and squid
beaks;3 or (iii) the addition of a much stiffer
reinforcement phase such as fine mineral
particles in bone and other biominerals4

or in engineered nanocomposites.5 A less-
common mechanism discovered in marine
worm jaws and arthropodpredatory append-
ages involves transition metal-coordination
bonding.6,7 In contrast, SRT are entirely pro-
teinaceous, contain silk-like β-sheet struc-
tures, and are devoid of minerals, metals,
and covalent cross-links. The SRT therefore
represents a distinct and intriguing model
system for the bio-inspired design of robust
structural polymers.8
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ABSTRACT The predatory efficiency of squid and cuttlefish (superorder

Decapodiformes) is enhanced by robust Sucker Ring Teeth (SRT) that perform

grappling functions during prey capture. Here, we show that SRT are

composed entirely of related structural “suckerin” proteins whose modular

designs enable the formation of nanoconfined β-sheet-reinforced polymer

networks. Thirty-seven previously undiscovered suckerins were identified

from transcriptomes assembled from three distantly related decapodiform

cephalopods. Similarity in modular sequence design and exon�intron

architecture suggests that suckerins are encoded by a multigene family.

Phylogenetic analysis supports this view, revealing that suckerin genes

originated in a common ancestor ∼350 MYa and indicating that nanocon-

fined β-sheet reinforcement is an ancient strategy to create robust bulk biomaterials. X-ray diffraction, nanomechanical, and micro-Raman spectroscopy

measurements confirm that the modular design of the suckerins facilitates the formation of β-sheets of precise nanoscale dimensions and enables their

assembly into structurally robust supramolecular networks stabilized by cooperative hydrogen bonding. The suckerin gene family has likely played a key

role in the evolutionary success of decapodiform cephalopods and provides a large molecular toolbox for biomimetic materials engineering.
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Elucidation of the molecular design of the SRT at
multiple length scales is key in order to reveal funda-
mental insights into the molecular origins of these
high-performance materials. From a biological per-
spective, obtaining the complete sequence of SRT
constitutive proteins across species that diverged hun-
dreds of millions years ago has the potential to reveal
the molecular basis for the role of SRT in the evolution
and diversification of squid and cuttlefish. From an
engineering perspective, a comparative analysis of the
range of molecular designs may reveal commonalities
and differences that impact material performance and
would therefore inform our ability to tune the proper-
ties of “suckerin”-based synthetic materials.
In this study, we generated transcriptomes from the

sucker tissue of three distantly related cephalopods
and discovered that SRT in each species are assembled
entirely from highly modular suckerin proteins con-
taining peptide building blocks that are reminiscent of
those found in silk proteins. Phylogenetic analysis
suggests that the suckerins are encoded by an ancient
gene family that arose through gene duplication
and diverged into five distinct architectures that are
conserved across the three species. Synchrotron Wide-
Angle X-ray Scattering (WAXS) showed that SRT con-
tain isotropically oriented β-sheet nanocrystals of pre-
cise dimensions that reinforce an amorphous network.
The β-sheet dimensions are shown to be directly
dictated by the suckerin primary amino acid sequence,
including the closely conserved lengths of silk-like
β-sheet forming modules and the precise location of
proline residues that constrain β-sheet size. Finally, we
conducted concomitant nanomechanical and micro-
Raman spectroscopy measurements, which provided
direct evidence that the nanoconfined β-sheets are
responsible for the SRT's impressive mechanical pro-
perties. This study thus provides a novel and compre-
hensive molecular toolbox for the design of precisely
tuned, robust, and readily processable biopolymers
that are stabilized by hydrogen bond interactions
and nanoconfined β-sheets.

RESULTS

Identification and Characterization of the Suckerin Gene/
Protein Family. We previously identified and sequenced
a major constituent of the SRT, a protein named suck-
erin-39 from the Humboldt squid Dosidicus gigas (D.
gigas) that exhibits an extreme modular architecture.8

In the current study, we investigated the protein com-
position and molecular design of SRT proteins from
three distantly related decapodiform cephalopods,
namely, D. gigas (Order Oegeopsida), the bigfin reef
squid Sepioteuthis lessoniana (S. lessoniana, Order
Myopsida), and the golden cuttlefish Sepia esculenta

(S. esculenta, Order Sepiida) (Figure 1A). SDS-PAGE and
2D isoelectric-focusing show that, for all three species
examined, the SRT (Figure 1B) are assembled from a

mixture of proteins whose molecular weights range
from ∼5 to 60 kDa and whose isoelectric points (pI's)
fall in a relatively narrowwindow between pH 7 and 10
(Figure 1C and Figure S1). These data also revealed that
D. gigas SRT contain a larger repertoire of proteins than
those from S. lessoniana and S. esculenta.

RNA-seq transcripts generated from the tentacle
sucker tissue of each of the three specieswere searched
using the amino acid composition profile and primary
amino acid sequences of D. gigas suckerin-39. This
approach, combined with RACE-PCR, resulted in the
identification and complete sequencing of an addi-
tional 37 unique genes encoding highly modular pro-
teinswithmolecularweights ranging from∼5 to 57 kDa
and pI's in the 7�10 range. Some of the suckerin
transcripts were among the most highly expressed in
the sucker tissue while others were expressed at much
lower levels (Table S1). An exhaustive searchof theNCBI
and Uniprot protein databases did not yield statistically
significant hits (E-value cutoff of 10) to known proteins,
supporting the view that the suckerins represent a
unique class of structural proteins. The suckerins typi-
cally have a ∼17�23 amino acid signal peptide and
the full length proteins exhibit similarity in amino acid
composition, with a heavy bias toward Gly, Tyr, and
His, and to a lesser extent Leu, Ala, Thr, Ser, and Val
(Figure S2). Similarity at the primary amino acid se-
quence level is also evident, with ∼20�90% identity
between all 38 suckerins. The primary sequences
and modular designs of the suckerins are shown in
Figures 1D and S3�S5. Most suckerins contain sets of
commonly occurring small peptide modules, including
GGY and GGLY (Figures S6 and S7). GGY peptides
are present in other structural proteins including silk
proteins,9�11 shell matrix proteins,12,13 crocodile skin
β-keratins14 and insect cuticle proteins,15 suggesting
convergent evolutionary origins of this peptide motif.
Medium sized modules are also evident in the sucker-
ins, where we use [M1] to designate∼3�15 amino acid
long Ala-, Val-, Thr-, Ser-, and His-richmodules and [M2]
to designate the ensemble of repetitive and nonrepe-
titive Gly-rich sequences. [M1] and [M2] frequently
occur in tandem and are often flanked by Pro residues.
The combined Pro[M1]Pro[M2] unit (designated as a
large module [L]) ranges in length from ∼15 to 68
amino acids and is reiterated 3�13 times in the differ-
ent proteins. Similarities and distinctions in the large-
scale modular architectures between suckerins are also
evident (Figure 2). Strikingly, some suckerins exhibit
extreme conservation of their large-scale modular de-
sign, while others do not. It is also notable that different
suckerins exhibit length differences in the Gly-rich [M2]
regions, a feature that may have a direct impact on SRT
assembly and mechanics.

Similarity in amino acid composition, primary se-
quence, and modular design suggests that the suck-
erins are encoded by members of a multigene family.
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To determine their evolutionary relationships, we
generated phylogenetic trees16 of all suckerins using
Maximum Parsimony (MP), Maximum Likelihood (ML),
and Neighbor Joining (NJ) methods. On the basis of
bootstrap support values and congruence between
the three phylogenetic methods, we were able to
classify the genes into at least six distinct phylogenetic
clades (Figures 3 and S8). All six clades are supported
by the three (NJ, ML, and MP) phylogenetic methods.
This implies that the present day suckerin genes arose
from at least six ancestral suckerin genes through gene
duplication. Five of the six clades contain proteins from
all three species studied. Because these species shared
a common ancestor∼354MYa,17 our analysis suggests

that the suckerin gene family arose during or before
the Devonian period.

Across the 38 suckerin proteins, variations in size
and the presence or absence of small and large
modules indicate that genetic divergence has involved
both gene duplication and segmental expansion/
deletion. This ismost evident inD. gigas, which exhibits
an approximately 3-fold expansion in its suckerin
repertoire and a concomitant increase in modularity
and the number of tandem repeats within individual
genes and proteins. To clarify the relationship between
the suckerin genes, we used genomic DNA analysis to
determined the exon�intron structure of three repre-
sentative D. gigas suckerin genes predicted to belong

Figure 1. Morphology and composition of SRT from three distantly related cephalopods. (A) Scalar relationships of D. gigas
(top), S. lessoniana (middle), and S. esculenta (bottom) and their respective SRT (B). (C) SDS-PAGE of SRT proteins fromD. gigas
(lane 3), S. lessoniana (lane 4), and S. esculenta (lane 5). (D) Primary amino acid sequence andmodular sequence alignments for
representative suckerin proteins from all three species. [M1] are highlighted in red and common tri- and tetra-peptide
modules in [M2] are highlighted in yellow and blue, respectively. Nonrepetitive Gly-rich sequences in [M2] are shown in gray.
Note the regular placement of proline residues (green).
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to different clades (Figures 2D and S9). Despite mark-
edly different modular architectures, all three genes
had a strikingly similar exon�intron organization with
all introns present in phase 1 suggesting they were all
derived from a common ancestral gene (Figure 2D).
The coding sequences of all three genes are divided
among three exons and separated by relatively short
introns. While the signal peptide is split between the
first two exons, the bulk of the coding sequence is
located in the third exon where molecular divergence
has primarily occurred after gene duplication. Mechan-
isms by which this organization arises may include
slippage of DNA polymerase, nonreciprocal homo-
logous crossing-over and/or gene conversion, as is
observed in genes encoding other highly modular
proteins.18,19 Like spider silk proteins, suckerins are
encoded by GC-rich sequences that are known recom-
bination hot-spots.18,20,21 The occurrence of these
regions, combined with a high degree of sequential
homologous modular sequences that can facilitate
unequal crossing over, may have influenced the mod-
ular design and divergence of the suckerin gene family.

Understanding the molecular mechanisms that under-
lie the evolution of modular proteins remains a major
challenge.19 Elucidation of these mechanisms in the
suckerin gene family should provide unique insights
into the biomechanical and adaptive roles of the
suckerin proteins.

Identification and Characterization of Nanoconfined β-Sheets
in the SRT. The structure of native SRT was then inves-
tigated with the goal of linking the primary amino acid
sequence designs of the suckerins with SRT structure,
hierarchical design, and mechanical function. Previous
polarized micro-Raman spectroscopy studies on the
D. gigas SRT revealed randomly oriented β-sheets
that stabilize a silk-like protein polymer network.8 We
characterized the nanoscale organization of the SRT in
greater detail by conducting high-energy Wide Angle
X-ray Scattering (WAXS), which revealed a circular
scattering pattern with equal intensity at all azimuths,
denoting a random orientation of crystalline domains
(Figure 4A). Integrating across all azimuthal angles
(Figure 4B) revealed reflection positions consistent
with silkworm22 and spider silks,23 including the most

Figure 2. Large-scale modular architecture of suckerin proteins. (A) D. gigas, (suckerins for which genomic organization was
determined are highlighted in green), (B) S. lessoniana, and (C) S. esculenta. (D) Exon�intron structure of representative
D. gigas suckerin genes. Exon lengths are indicatedunder thegreen exonboxes. Intron lengths are indicated above and intron
phases in parentheses.
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intense peaks attributed to the combination of [120]
and [200] reflections, the [002] reflection (along the chain
direction), and the [100] reflection at lower Q-values.
Notably, the overall 2D pattern is highly reminiscent of
microfibers assembled from a fibroin solution,24 which
also exhibit a powder-type diffraction pattern. Using
peak broadening analysis with the classic Scherrer
equation on the deconvoluted pattern, we estimated
β-sheet dimensions of 2.4�2.6 nm in the H-bond
direction and 3�3.5 nm along the peptide backbone
direction (Figure 4B, inset), corresponding to 5 strands
in width and ∼8�10 amino acids in length, respec-
tively. Underlying the crystalline reflections, an amor-
phous halo was also detected, suggesting an overall
semicrystalline structure made of amorphous domains
strengthened by randomly oriented nanoconfined
β-sheets (Figure 4C).β-sheets of strikingly similar dimen-
sions have previously been shown by computational
methods to confer enhanced strength and toughness
via the cooperative involvement of hydrogen bonds.25

We next sought to determine how the primary
suckerin aminoacid sequenceenablesβ-sheet formation

while simultaneously placing limits on their overall
dimensions. Sequences in [M1] bear similarity to
β-sheet forming poly-Ala sequences of spider dragline
silks and the Val-Thr motifs that form β-sheets in spider
viscid silk.26 However, the [M1]motifs are less repetitive
than spidroin or silkworm fibroin sequences, suggest-
ing that irregularity in side chain chemistry may limit
intersheet crystal packing. The suckerin proteins exhibit
rigorous positional conservation of Pro (Figures 4D and
S3�S5), a known β-sheet disruptor,27,28 that likely limits
β-sheet size and could thus influence the SRT'smechan-
ical properties. We determined the mean [M1] inter-
Pro distances in the suckerins for each species to be
∼12�13 residues (Figures 4F and S10). Considering
that residues directly adjacent to Pro are likely involved
in disordered structure or β-turns, it is reasonable to
assume that ∼10�11 residues within [M1] can form
β-strands ∼3.1�3.5 nm in length. This is in very good
agreement with the 3�3.5 nm long β-strands calcu-
lated fromWAXS data and suggests that local stretches
of ∼10�11 amino acids within [M1] adopt β-sheet
conformations where Pro constrains the dimensions

Figure 3. Phylogenetic relationships of all known suckerin proteins. (Left) Neighbor Joining tree of all known suckerin
proteins from D. gigas (red), S. lessoniana (green), and S. esculenta (blue). Values at nodes denote bootstrap percentages.
(Right) Large-scalemodular architecture of suckerin proteins from Figure 2. Black circles denote clades that are supported by
all three phylogenetic methods (NJ, MP and ML, see Materials and Methods and Figure S8).
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of the β-sheets. While Gly residues maintain conforma-
tional flexibility and often reduce the propensity for
β-sheet formation,27,28 it cannot be fully ruled out that
the Gly-rich suckerin domains may also participate in
β-sheet formation.

Contribution of Hydrogen Bonds and Nanoconfined β-Sheets
to SRT Mechanics. To further dissect the relationship
between suckerin structure and SRT mechanics, we
conducted complementary nanoindentation and
micro-Raman spectroscopy measurements, using con-
ditions designed to target and disrupt hydrophobic
interactions and hydrogen bonds. In the dry, hydrated,
and ethanol treated samples, the elastic modulus (E)
did not vary significantly over time (Figure 5A). While
hydrophobic residues are present in [M1] and [M2],
ethanol treated samples exhibited similar properties to
dry SRT samples suggesting only nominal contributions
of hydrophobic interactions. On the other hand, urea
treatments, which disrupt hydrogen bonds, resulted in
cleardecreases in E, withdecayplateaus correlatingwith
urea concentration. At the highest concentration of
urea, the final modulus was ∼20 MPa, which is drama-
tically lower than values obtained under both dry and
hydrated conditions. These data provide the first direct
evidence of the key contribution of H-bonding to SRT
mechanics and function. In addition, Raman spectro-
scopy measurements were conducted in parallel to
evaluate changes in secondary structure with urea
treatment (Figure 5B). Incubation of SRT in 0.2 M urea
lead to a distinct intensity decrease of the specific amide
III Raman shifts 1236 and 1339 cm�1, which indicates a
loss ofβ-sheet structure.29We thus infer that there exists
a direct correlation between decrease in modulus and

the disruption of β-sheets as illustrated in Figure 5C.
Taken together, these data indicate that hydrogen
bonds localized to nanoconfined β-sheets play a key
role in stabilizing and strengthening SRT.

CONCLUSIONS

The SRT system reveals unique insights relevant to
both materials engineering and the biology of cepha-
lopods. From a materials science perspective, SRT
represent a new class of intriguing load-bearing biolo-
gical polymers with a distinctive structural reinforce-
ment strategy. They are composed solely of proteins
and do not contain secondary, mechanically distinct
phases such as minerals or polysaccharides. Interchain
covalent cross-links are also absent, and as a result SRT
can be thermally processed like classical thermoplastic
polymers in a fully reversible fashion,8 while exhibiting
bulk structural properties that rival those of strong
engineering thermoset polymers. The present study
elucidates in greater detail the key molecular mechan-
isms that contribute to this intriguing combination of
physicochemical characteristics. Our results demon-
strate that SRT are assembled from a family of highly
modular suckerin proteins. These natural block copoly-
mers are arranged into large supramolecular networks
consisting of an amorphous structure stabilized by
nanoconfined and randomly oriented β-sheets, result-
ing in the impressive functional mechanics of the SRT.
The dimensions of the nanoscale β-sheets were found
to be precisely governed by the regular placement of
Pro residues flanking Ala-, Val-, Thr-, Ser-, and His-rich
[M1] domains that are reminiscent of β-sheet forming
sequences in silks. The primary amino acid sequences of

Figure 4. Synchrotron X-ray diffraction of SRT. (A)WAXSpattern of SRT (tip region) and (B) integrated spectrum (all azimuthal
angles), indicating reflection positions consistent with β-sheets (inset: estimation of β-sheet size using the Scherrer analysis).
Deconvolution indicates a broad amorphous halo. (C) Semicrystalline structure of SRT, consisting of randomly oriented
β-sheets within an amorphous matrix. (D) Modular architecture of representative suckerin showing the regular placement
of Pro flanking the [M1] modules. (E) Representative inter-proline spacing of [M1], [M2], and [M1�M2] sequences.
(F) Distribution of the number of residues between consecutive Pro for all D. gigas suckerins.
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the suckerins bear distinct similarities with silk proteins,
which have gained significant attention in recent years
in fields ranging from tissue engineering and drug
delivery to photonics.30 Favorable properties of the
suckerins include ease of recombinant protein produc-
tion, robust mechanical properties, mechanical tunabil-
ity, biocompatibility, and environmentally friendly pro-
cessability, thus demonstrating that suckerins have the
potential to rival the properties of their silk-based
counterparts.8 The identification of the suckerin gene
and protein family now greatly expands this molecular
toolbox. For example, the mechanical properties of
polymers are strongly influenced by molecular weight,
cross-link density, and intervening amorphous chain
length.31 The diversity of sequences across all three
cephalopod species suggests an additional key facet
of these unique protein polymers. Specifically, the suck-
erin proteins exhibit variability both in the relative
proportion and spacing of β-sheet nanocrystal forming
domains (Figure 2) and their expression levels (Table S1).
These differences thus offer the potential to create
polymer networks that are reinforced with distinct
volume fractions of nanoconfined β-sheets. These

distinctions in modular architectures between sucker-
ins therefore provide design lessons for producing
tailored polymer networks with precisely tuned bulk
mechanical properties or the creation of mechanically
graded biopolymers. Furthermore, the suckerins offer
unique peptide designs that may be used in applica-
tions involving peptide self-assembly, biosensing, and
molecular switching.
From a biological perspective, our comparative

analysis across multiple species shows that suckerins
are encoded by an ancient gene family that dates back
to the Devonian period. Variation in suckerin modular-
ity may have provided squid and cuttlefish a degree of
flexibility and adaptability in the network designs and
functional mechanics of their SRT. We suggest that the
suckerins represent important evolutionary markers
that will likely provide key information regarding
the evolutionary history of SRT and cephalopods in
a manner similar to how our view of spider evolution
has been shaped by in-depth studies ofmodular spider
silk proteins.10,32�34 Of particular interest will be to
elucidate the basis for the expansion of the suckerin
gene family in the mesopelagic D. gigas compared

Figure 5. Mechanical properties and secondary structure of D. gigas SRT tip. (A) Elastic modulus versus time measured by
nanoindentation in air, water, 100% ethanol, and various concentrations of urea. (B) Micro-Raman spectroscopy of D.gigas
SRT incubated in 0.2 M urea. Dotted lines correspond to β-sheet structure and its disruption with exposure to urea (Note the
recovery of β-sheet structure upon removal of urea and drying). (C) Schematic of hydrogen bond disruption accompanied by
β-sheet dissolution upon contact of SRT surface with urea.
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to epipelagic S. lessoniana and S. esculenta, which may
relate SRT mechanics with prey type and predatory
behavior. The fossil record, molecular systematics,
and comparative embryological studies continue to
reveal a rich and intriguing evolutionary history of

the cephalopods35 and our results now indicate that
suckerin-based nanoconfined β-sheets have likely
played a key role in the foraging success, evolution,
and diversification of squid and cuttlefish over the past
350 million years.

MATERIALS AND METHODS
Research Specimens and Tissue Samples. Humboldt squid (D.

gigas) were caught off the east coast of the Baja Peninsula La
Paz, Mexico, and S. lessoniana and S. esculenta were acquired live
from commercial sources in Singapore. In each case, the animals
were euthanized, and materials and tissues were harvested
immediately. Tissues were stored in RNA-later (Qiagen).

2D Isoelectric Focusing. SRT from the tentacles of D. gigas, S.
lessoniana, and S. esculentawere pulverized separately in liquid
nitrogen and resuspended in rehydration buffer with the
appropriate ampholytes (BioRad) at 2 mg/mL concentration.
A total of 125 μL of each sample was incubated overnight with
pH 7�10 BioRad ReadyStrips in preparation for isoelectric
focusing. Samples were focused with a 0�4000 V ramp using
the Protean IEF cell (BioRad). The strips were then subjected to
reduction and alkylation steps according to manufacturers'
instructions. The second dimension gels (BioRadMini-PROTEAN
TGX) were run with a low initial voltage of 10 V for 20 min
followed by 200 V for 30min. Gels were stainedwith Sypro Ruby
stain according to manufacturers' instructions.

RNA-seq Transcriptome Library Preparation. Total RNA was ex-
tracted with a Qiagen RNeasy mini kit. An amount of 2�10 μg
total RNA per tissue was used in the construction of each
RNA-seq library. Poly-A mRNA was enriched with oligo dT
beads (Invitrogen) and used for constructing strand-specific
paired-end libraries according to manufacturers' instructions
(ScriptSeq mRNA-seq library kit v1, Epicenter, Illumina). Phusion
PCR polymerase (Thermo Scientific) was used for the final library
amplification (12 cycles). PCR cleanup was performed with
the MinElute PCR purification kit (Qiagen). Library quantifica-
tion and quality assessment was performed on an Agilent 2100
Bioanalyzer.

Library Sequencing. Each library was diluted to 8 pM, and
clusters were generated on paired-end-read flow cells on an
Illumina cBot. For each library, 2� 76 bp paired-end-reads were
collected on a Illumina GA IIx. The D. gigas transcriptome was
collected from one lane, while the S. lessoniana and S. esculenta
transcriptomes were collected from 2 lanes.

Transcriptome Assembly. Raw reads were converted to fastq
format using the Illumina's Offline Base Caller (v1.6). De novo
transcript assembly was performed with the Trinity software
suite36 using standard parameters on a computational cluster.
The final Butterfly output predicted transcript files were used for
subsequent analysis.

Protein Annotation. Open reading frames were predicted
using custom Perl scripts and the Transdecoder utility provided
in the Trinity software suite. Predicted transcripts were quanti-
fied by RSEM software.37 Predicted protein sequences were
searched using USEARCH38 against NR (GenBank) and Pfam
protein databases to identify homologous sequences. Signal
peptide predictions were obtained with SignalP 4.0.39

Protein Module Alignments. The most prominent modular re-
peats were initially detected visually and by using the MEME
SUITE.40 ClustalW41 combined with manual sequence align-
ment was subsequently used to generate large and small scale
alignments.

Sequence Completion and Verification. RACE-PCR was used to
determine the full length coding sequence of target transcripts
and to verify the RNA-seq sequences. Five micrograms of total
RNA was subjected to RACE-PCR using Invitrogen's Generacer
Kit. PCR primers were designed based on Trinity assembled
transcripts, and KOD extreme Taq-polymerase (Merck Milipore)
was used for amplification. Products were subcloned into
pCR2.1 by Topo TA cloning (Invitrogen) and subjected to

Sanger sequencing. Sequence alignments were performedwith
ClustalW. All sequences have been deposited in NCBI.

Genomic Locus Amplification. D. gigas beak buccal mass tissue
was stored in 70% ethanol at�80 �C. The tissue was pulverized
in liquid nitrogen and quickly incubated in 500 μL of CTAB
extraction buffer (3% cetyltrimethylammonium bromide, 1.4 M
NaCl, 100 mM Tris (pH 8.0), 3% polyvinylpyrrolidone, 0.2%
β-mercaptoethanol) at 65 �C for 1 h. An equal volume of
phenol/chloroform/isoamyl alcohol (25:24:1) was added, and
the sample was mixed by vortexing and centrifuged for 10 min
at 16 000 rpm. The aqueous phase was extracted, and another
round of phenol�chloroform extraction was performed. Geno-
mic DNA was then precipitated by adding 3 vol of 95% ethanol
and 1/10 vol of 3M sodium acetate and chilled at�20 �C for 1 h.
The precipitated DNA was pelleted at 16 000 rpm for 20 min
and then washed once with 70% ethanol. The air-dried DNA
pellet was resuspended in TE buffer and stored at �20 �C until
further use.

Primers were designed based on the full-length transcript
sequence to amplify the genomic locus of D. gigas-19 (D. gigas-
19-Fwd, TGAAGGAGTAGAAAGTAGTCTCCA; D. gigas-19-Rev,
TCTTTGTTCACTGGGATGTTCG); D. gigas-2 (D. gigas-2- Fwd,
CGTTTCCTGATCAGTAAAGATGGC; D. gigas-2-Rev, TATCCAAG-
ATAACCACCATATCCTCCA); and D. gigas-4 (D. gigas-4-Fwd,
ATGGCATCTACCAAATTGATTTTTGTTGTTTTAC; D. gigas-4-Rev,
TTAATGCAGTCCGAGATATCCTCCATAAA). PCR was performed
with KOD Xtreme Hot Start DNA Polymerase (Merck) using the
following conditions: 94 �C 3 min; 35 cycles of 98 �C 10 s, 55 �C
30 s, 68 �C 4�8 min. Final extension of 68 �C for 10 min.

Phylogenetic Analysis. Full-length suckerin protein sequences
were aligned using ClustalW as implemented in the BioEdit
sequence alignment editor.42 Manual inspection of the align-
ments were performed and adjusted accordingly. We used
three different methods of phylogenetic estimation: Neighbor
Joining (NJ), Maximum Parsimony (MP), and Maximum Like-
lihood (ML). Since homology searches against the NCBI non-
redundant database did not pick up any sequences related to
suckerins, we generated trees without specifying an out-group
sequence. The NJ tree was generated using MEGA643 using the
p-distance method, pairwise-deletion of gaps and 1000 boot-
strap replicates for node support. The MP tree was also gener-
ated using MEGA6 with 1000 bootstrap replicates for node
support. The ML tree was generated using PhyML-3.144 with
the WAG þ I þ G substitution model as deduced by
ModelGenerator45 and 100 bootstrap replicates for node sup-
port. On the basis of the bootstrap support values and con-
gruence between the three phylogenetic methods, the 38
suckerin sequences could be assigned to at least six distinct
phylogenetic clades. All six clades are reproduced by the three
phylogenetic methods (NJ, MP, ML). This suggests that the
common ancestor of D. gigas, S. lessoniana and S. esculenta
possessed at least six suckerin genes which subsequently
expanded through gene duplications in the three lineages with
a greater expansion in the Humboldt squid lineage. The protein
modular architectures of the suckerin sequences are shown
juxtaposed with the NJ tree (Figure 3) to clarify the evolutionary
history of this protein family.

X-ray Diffraction. WAXS measurements applying synchrotron
radiation were performed at the μspot beamline, BESSY II, at the
Helmholtz Zentrum Berlin (Berlin, Germany). X-ray patterns
were recorded with a 2D CCD detector (MarMosaic 225, Rayonix
Inc., Evanston, IL) with a pixel size of 73 μm and an array of
3072 � 3072 pixels. For the acquisition of the 2D pattern, the
energy of the X-ray beam (100 μm in diameter) of 17 keV and a
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sample-to-detector distance of 200 mmwere calibrated using a
quartz standard. Patterns were corrected for empty beam
background and variations in incident beam intensity using
the Fit2D software,46 and the integrated 1D intensity profiles
were fitted using OPUS software to estimate the peak positions
and fwhm.

Calculation of Inter-Proline Distances. The number of residues
between each pair of consecutive proline residues was calcu-
lated and then classified according to whether the residues
overlapped with [M1], [M2], or both [M1�M2] modules.

Nanoindentation. D. gigas SRT were embedded in glass iono-
mer cement (Riva Luting, SDI) and flat tip cross sections were
obtained by polishing with diamond paste down to a particle
size of 0.25 μm. The embedded cross-sectioned samples were
then secured to the base of a custom-built fluid cell machined
from a plastic Petri dish, which was designed to enable the
simultaneous immersion of the sample surface and probing
in the longitudinal direction by Nanoindentation using a
TriboScan 950 (Hysitron, MN). An elongated cube-corner tip
was employed for all measurements. Lines of 20 indents were
performed in the core region of the SRT cross-section where the
mechanical properties were previously shown to exhibit very
little variability (namely the indentation grid was set so as
to prevent probing the higher modulus exterior region of the
SRT which contained a lower fraction of nanotubules), with an
indent spacing of 15 μm. The loading cycle conditions were the
following: peak loads were 200 μN (urea immersed samples)
and 1000 μN (all other treatments); loading/unloading rates
were 50 μN/s; the time at peak load was 2 s. To maintain the
sample under immersed conditions, the fluid cell was carefully
refilled at regular intervals with the solutions.

Raman Spectroscopy. Polished SRT cross-sections were probed
with a confocal Raman microscope (LabRAM HR800, Horiba
Jobin Yvon) equipped with a diode-pumped 785 nm near-
infrared laser (PilotPC 500, Sacher Lasertechnik) and a 50� long
working distance objective (Olympus, numerical aperture of
0.5). Labspec 5 (Horiba Jobin Yvon) software was used for
measurement. Protein Amide I spectra (with 60 s integration
time) were obtained at different time intervals from 0 to
90 min after immersing the sample in 0.2 M urea and the
1190�1350 cm�1 spectral range was integrated.
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