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Abstract

The robust, proteinaceous egg capsules of marine prosobranch gastropods (genus Busycotypus)
exhibit unique biomechanical properties such as high elastic strain recovery and elastic energy
dissipation capability. Capsule material possesses long-range extensibility that is fully recoverable
and is the result of a secondary structure phase transition from a-helix to extended p-sheet rather
than of entropic (rubber) elasticity. We report here the characterization of the precursor proteins
that make up this material. Three different proteins have been purified and analyzed, and complete
protein sequences deduced from messenger ribonucleic acid (MRNA) transcripts. Circular
dichroism (CD) and Fourier transform infrared (FTIR) spectra indicate that the proteins are
strongly a-helical in solution and primary sequence analysis suggests that these proteins have a
propensity to form coiled-coils. This is in agreement with previous wide-angle x-ray scattering
(WAXS) and solid-state Raman spectroscopic analysis of mature egg capsules.
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These authors contributed equally to this work
Accession Numbers
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SUPPORTING INFORMATION AVAILABLE:

Table S1. N-termini Edman sequencing results of Bc-CPs from individual SDS-PAGE bands of crude extract.
Figure S1. 1% agarose gel of RT-PCR with 3" RACE products.

Figure S2. Complete amino acid sequences of (a) CP-1b and (b) CP-2 as deduced from cDNA.

Figure S3. CD spectra of mixtures of CP-1 and CP-2 in various ratios.

Figure S4. ATR-FTIR spectra of CP-1 and CP-3, showing the preferential formation of 3-sheets over a-helices when the proteins are

freeze-dried from concentrated, compared to diluted, solutions.

Figure S5. (a) ATR-FTIR spectra of egg case, showing a loss of Amide Il at ~1525 em~L after hydrogen is substituted by deuterium.

(b) Curve-fitted Amide | of dehydrated egg case and (c) egg case in D20, confirming the presence of -sheets along with high a-
helical content (>50%).

Figure S6. Relative amounts of (a) hydrophobic and (b) charged amino acid residues at various heptad positions in the predicted
coiled-coil domains of Bc-CPs, and other known coil-coiled proteins in the CC+ database.

Figure S7. Transmission electron micrographs of purified Bc-CPs.
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1. Introduction

Rubbery proteins such as elastin, resilin, and abductin are well studied from a variety of
organisms in which they endow specialized tissues such as aorta, insect wings, and scallop
hinge ligaments with low modulus, high extensibility (>100%), high resilience (>90%), and
entropy-driven elastic recoveryl Accordingly, the entropy of a rubbery protein chain at
rest is much greater than of a chain pulled taut, hence its spontaneous recovery upon
unloading. Whereas these structures are mostly disordered, a-helical proteins are also found
as building blocks of a diverse variety of extra-organismal load-bearing scaffolds. The
keratins found in mammalian hair, wool, nails, horns, claws and hooves® are familiar
examples, whereas the hagfish slime® 7 is a more esoteric one. Unlike the proteinaceous egg
capsules of other oviparous species, such as dogfish and spiders which produce collagen and
silk-based capsule proteins respectively 9, the whelk egg capsule is predominantly an a-
helical biomaterial. This molecular design was also recently reported in the egg case of the
praying mantis10.

Recently, there has been growing evidence that certain proteins or protein assemblies that
feature significant long-range order as detected by x-ray scattering can undergo a phase
transition during uniaxial stretching, from one crystalline structure such as a-helix to
another such as B-sheet!?, according to a mechanism initially suggested by Flory12. This
paradigm differs significantly in that recovery from large extensions is driven mostly by
internal energy rather than entropy variations as a function of strain. Aculeate silk was the
first fiber shown by wide-angle x-ray scattering (WAXS) to undergo an a-to-f transition, but
the transformation was irreversible3. Wool keratin fiber was then later shown to also
undergo an a-to-f transition during extensions of up to 40% but its recovery was slow and
incomplete® 14-16 |n contrast, the egg capsule of the prosobranch gastropod mollusks or
whelks of the genus Busycotypus (formerly known as Busycon) exhibits a completely and
spontaneously reversible structural transition during large extensions from a-helical coiled-
coils to p-sheets’ (or extended B-strands according to recent investigations!®). Other coiled-
coil fibrous proteins that are susceptible to an a-to-§ molecular transition include myosin,
fibrin and intermediate filaments (IFs) from the cell cytoskeleton, and a comparison of their
stress-strain behaviors at various length scales has been recently reviewed!!. The ability of
coiled-coil fibers to undergo an a-to-f transition under mechanical stress is also well
supported by molecular dynamic simulations carried out on various IFs19 and fibrinogen20

The Busycotypus egg case material consists of proteins that encapsulate embryos during
their extended development period!’. Meter-long strings of hundreds of interconnected egg
capsules (colloquially known as mermaid’s necklaces, Fig. 1) are routinely deposited on the
seabed, and rely chiefly on the protein casing to protect the developing embryos from strong
hydrodynamic forces associated with wave velocities in excess of 25 m sec™1, abrasion from
sand and other particulate debris, predation, and harmful ultraviolet (UV) light?1-23, Fully
processed, or mature, whelk egg capsule is a highly extensible, self-assembled,
proteinaceous material which possesses remarkable self-healing or shape-memory
properties. The egg capsules approach the extensibility of the biological rubbers such as
elastin and resilin, but have an initial stiffness two orders of magnitude higher. Strain energy
absorption capacity of the capsule material is more than five times greater while its
resilience is two thirds that of elastin?4 (Table 1). Furthermore, even after the material is
extended beyond its yield point, upon relaxation it returns to its original size and shape, and
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within seconds recovers its high initial stiffness2® (Fig. 2). This is a rare and highly desirable
combination of properties of polymer fibers26.

Previous studies have detailed the tensile properties?® 32 and structural conformation33: 34 of
the capsule material, as well as modeled the thermodynamics of its self-healing/shape-
memory behaviorl®, However, little is known about the protein chemistry of the egg capsule
material. It is therefore of critical importance to characterize and wherever possible,
reconcile the biochemistry with the observed tensile properties of the constituent proteins of
this material, hereafter referred to as the Busycotypus canaliculatus capsule proteins (Bc-
CPs).

Capsule proteins undergo at least two separate post-translational processing steps in the
female whelk before the mature end product is formed. Firstly, soluble precursor capsule
proteins self-assemble into a jelly-like structure which possesses no macroscopic load-
bearing capability. Then, this jelly-like structure is covalently cross-linked before the egg
capsule is released and abandoned on the ocean floor32. As a consequence of the covalent
cross-linking or sclerotization, it is extremely difficult to extract full-length, intact protein
from the mature capsule. However, the precursor proteins are readily extractable from
gravid female nidamental glands to be purified. Previous work has determined that the
precursors extracted from the gland tissue are the same as the proteins present in the
immature capsules32. Using nidamental gland-derived precursors, we determined the protein
molecular masses, amino acid compositions, primary amino acid sequences, secondary
structures in solution and self-assembly behavior. From these data, as well as data from
previous work, plausible structure-function models for these proteins are proposed.

2. Materials and Methods

2.1 Materials

All materials were purchased from Sigma-Aldrich or Fisher Scientific unless otherwise
stated.

2.2 Capsule Proteins Purification

Live whelks (Busycotypus canaliculatus) were purchased from the Marine Biological
Laboratories (Woods Hole, Massachusetts, USA). Females were euthanized by immersion in
a cold ethanol bath and were immediately dissected to remove the nidamental gland which
was then placed at —80 °C. Crude extract was prepared by treating the gland material with 6
M urea in 5% acetic acid and 50 mM tris-(2-carboxyethyl)phosphine (TCEP) to reduce
disulfide bonds. Reverse phase high pressure liquid chromatography (RP-HPLC) was
performed using a C8 column (Perkin Elmer Brownlee Aquapore Octyl C8 or Agilent
Technologies Zorbax 300SB-C8 with a Varian ProStar or Agilent Technologies 1260
Infinity HPLC system, respectively). Crude extract and purified protein fractions were
assayed via sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using
15% polyacrylamide gels.

2.3 Mass Spectrometry

The mass-to-charge ratio (m/z) was determined by matrix-assisted laser desorption/
ionization with time of flight (MALDI-ToF) mass spectrometry using a PerSeptive
Biosystems VVoyager DE mass spectrometer (AB Biosystems, Foster City, California, USA).
Measurements were also carried out on an AXIMA Performance mass spectrometer
(Shimadzu, Kyoto, Japan). In both cases, protein solutions were dried on a sample plate,
over which a saturated solution of sinapic acid in 50% acetonitrile and 0.1% trifluoroacetic
acid was subsequently added and dried.

Biomacromolecules. Author manuscript; available in PMC 2015 January 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wasko et al.

Page 4

2.4 Amino Acid Composition Analysis

Lyophilized RP-HPLC fractions were hydrolyzed in vacuo using 6 N HCI at 110 °C for 24
h. Following hydrolysis, the samples were washed with high purity water and methanol,
twice each, and dried. Amino acid compositions were determined using a Beckman Coulter
6300 amino acid analyzer (Brea, California, USA) with ninhydrin-based post column
derivatization as described elsewhere?*. Additional measurements were also acquired using
a Sykam S433 amino acid analyzer (Eresing, Germany) with identical sample preparation
procedures.

2.5 Edman Sequencing

Lyophilized RP-HPLC fractions were subjected to Edman sequencing reactions using a
Porton Instruments Pl 2020 as described elsewhere3®. For CP-2 and CP-3, N-terminal
Edman sequencing was also performed by transferring protein from SDS-PAGE gel to
Immobilon-P polyvinylidene difluoride (PVVDF) membrane (Qiagen, Valencia, California,
USA), excising bands and submitting them to the Protein Facility of lowa State University
(Ames, lowa, USA) for analysis.

2.6 Reverse Transcription Polymerase Chain Reaction (RT-PCR) with Rapid Amplification
of cDNA Ends (RACE) and Sequencing

RNA was purified from fresh (non-frozen) nidamental gland tissue immediately following
dissection with TRIzol Reagent following the manufacturer’s instructions. Total RNA was
reverse transcribed to RACE-ready complementary deoxyribonucleic acid (cDNA) using a
GeneRacer Kit (Invitrogen, Carlsbad, California, USA), primers were purchased from
Integrated DNA Technologies (Coralville, lowa, USA) and PCR reagents were purchased
from Novagen (Darmstadt, Germany). PCR was carried out using a Mastercycler Gradient
thermocycler (Eppendorf, Hauppauge, New York, USA). PCR products were purified using
1.1% agarose gels, visualized by ethidium bromide, and bands were excised and purified
with a Qiagen Gel Extraction Kit. PCR products were directly sequenced by GENEWIZ (La
Jolla, California, USA).

From the partial N-terminal sequence, degenerate primers were designed for RT-PCR.
Firstly, 5> RACE-PCR was performed to give the sequence of the 5’ untranslated region. At
the same time, 3' RACE-PCR was performed to give cDNA sequences of the signal peptide
to the start methionine and beyond for each transcript.

Degenerate primers used for the Bc-CPs:
5’ RACE
CP1l-a: 5- GAYYTNGAYTTYGAYGTNCCNAARGARGCN -3
CP1-b: 5- GCNYTNGAYTTYGAYGTNACNAARGARGCN -3'
CP2/3: 5- TTYCARGGNTTYAAYTTYGGNAARAARGAY -3'
3’ RACE
CP1-a: 3'- CTRRANCTRAARCTRCANGGNTTYCTYCGH -5'
CP1-b: 3'- CGNRANCTRAARCTRCANTGNTTYCTYCGN -5'
CP2/3: 3'- AARGTYCCNAARTTRAARCCNTTYTTYCTR -5'
whereY =C, T;R=A,G;N=AC,G, T

Biomacromolecules. Author manuscript; available in PMC 2015 January 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wasko et al. Page 5

From the results of the 5” and 3° RACE-PCR, new sets of non-degenerate primers were
designed for 3’-RACE to amplify full-length transcripts.

2.7 Circular Dichroism (CD) Spectroscopy

Far UV (190 — 260 nm) CD measurements were carried out using an Olis RSM 1000
spectrophotometer (Olis, Bogart, Georgia, USA) with a 0.5 mm quartz cell at 1 nm
resolution. Purified protein solutions were prepared in 50 mM acetate buffer, pH 4.0. Ten
spectra were taken at room temperature and the results were averaged. Spectra are presented
in mean residue ellipticity with protein molecular weight determined by MALDI-ToF, and
protein concentration estimated by quantitative ninhydrin-based amino acid analysis (see
above) as described elsewhere38. Secondary structure analysis was performed using K2D3
software3’ - each spectrum was scaled linearly until a best fitting curve was found.

2.8 Fourier Transform Infrared (FTIR) Spectroscopy

Infrared absorption measurements were performed using a VERTEX 70 or 70v FTIR
spectrometer (Bruker, Karlsruhe, Baden-Wirttemberg, Germany), respectively equipped
with a PIKE MIRacle or Harrick Horizon attenuated total reflection (ATR) measuring unit,
each containing a ZnSe ATR crystal (angle of incidence 6 = 45°). Purified protein solutions
were prepared in 50 mM acetate buffer, pH 4.0. The sample chamber was continuously
purged with dry carbon dioxide-free air, and the total reflected IR beam intensity was
measured using a liquid nitrogen-cooled photovoltaic mercury cadmium telluride (MCT)
detector. Spectra were recorded with a spectral resolution of 4 cm™1 in double-sided
acquisition mode, and the mirror velocity was set to 80 kHz. At least 1000 scans were taken
for each spectrum, which was calculated using a 3-term Blackman-Harris apodization
function. Spectra of proteins were obtained by subtracting IR absorption due to acetate
buffer. Secondary structure analysis was performed using the OPUS 6.5 software (Bruker,
Karlsruhe, Baden-Wurttemberg, Germany).

IR absorption spectra of solid-state egg capsules were also acquired in the ATR mode under
the same conditions.

2.9 Calculation of Protein Dimensions

Based on the results of sequencing and the secondary structure analyses of the FTIR spectra,
the average number of amino acid residues per protein chain present in the capsule material
was calculated and the relative amounts of a-helices, f-sheets and random coils were
determined. Those numbers were used to compute the maximum end-to-end protein length
by summing the length of each type of secondary structure, assuming that they are linearly
arranged. The translational rise is 1.5 A per residue for a-helix, 3.5 A per residue for parallel
B-sheet, and 3.3 A per residue for antiparallel p-sheet. For the length of random coil,
statistical analysis of steric restrictions was taken into account and a characteristic ratio
C.o0f 9.0 was used as described by Creighton3®, That resulted in a calculation that was
dictated by the equation:

<r?>1?=(130n)"/?

where the root mean square <r2>~12 was taken as the end-to-end length (A).
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3.1 Capsule Proteins Purification, Mass Spectrometry and Amino Acid Composition

Analysis

Consistent with previous findings, SDS-PAGE analysis of nidamental gland crude extract
indicates a family of proteins around 50 kDa with three distinct bands. In order of increasing
molecular mass, the bands are named CP-1, CP-2 and CP-3. Using RP-HPLC, each
individual protein in this family can be purified from the crude extract (Fig. 3). In order of
increasing retention time, the proteins are CP-1, CP-3 and CP-2. MALDI-ToF mass
spectrometry indicates the molecular masses of CP-1, CP-2 and CP-3 to be 47.5, 51.6, and
52.1 kDa respectively (Fig. 4). The three proteins have amino acid compositions that are
similar to one another as determined by ninhydrin-based analysis. They are also similar to
hard a-keratins in terms of richness in Asx, Glx and Leu, but different in two key aspects.
Firstly, a-keratins have high Cys, or disulfide, content whereas Bc-CPs have almost none.
Secondly, Bc-CPs have a much higher Lys content than a-keratins3? (Table 2).

3.2 Protein and cDNA Sequencing

N-terminal amino acid sequence of the first ten residues was obtained by automated Edman
reaction involving the RP-HPLC purified fractions. CP-1 has a unique N-terminal sequence
whereas CP-2 and CP-3 share the first ten amino acids. This sequence identity for CP-2 and
CP-3 was verified by repeating the Edman reaction with SDS-PAGE membrane transfers of
crude extract (supplementary Table S1).

From the partial N-terminal sequence, degenerate primers were designed for RT-PCR. First
5’ RACE was performed to give the sequence of the 5’ untranslated region. Then, non-
degenerate primers were designed for 3° RACE to amplify full-length transcripts. 3> RACE
of the CP-1 cDNA transcript produced two PCR products, one at ~1500 bp and another at
~2400 bp, whereas that of the CP-2/CP-3 cDNA transcript produced only one PCR product
at ~2400 bp (supplementary Fig. S1). These three PCR products were gelexcised and
sequenced directly without cloning.

All three transcripts contain an open reading frame, which translates to a full length gene
with start (methionine) and termination codon. Despite the difference in the sizes of the PCR
products, both CP-1 transcripts translate to proteins of identical length comprising 446
amino acid residues and have 95% sequence identity. Hereafter these variants are referred to
as CP-1a and CP-1b. However, unless otherwise stated, when a protein is described as
“CP-17, it is a mixture of CP-1a and CP-1b.

The transcript for CP-2 and CP-3 translates to a single protein comprising 479 amino acid
residues (Fig. 5). The fact that this transcript is responsible for the production of two
different proteins can be explained by potential early termination in the translation process.
Since sequencing was performed directly on gel-purified PCR products without cloning,
multiple variants may be present, resulting in different nucleotide sequences at the same
position in the transcript. The primary codon at position 476 is AGA (arginine), however, in
the raw sequencing chromatogram there is a smaller, but still significant, thymine peak in
the first position. This would result in TGA, a termination codon, which reduces the length
of the protein by four amino acid residues. These 4 residues have a combined weight of
578.6 Da. This accounts for the observed molecular mass difference between CP-2 and
CP-3. The computed molecular masses (excluding signal peptides) of the cDNA-deduced
protein sequences are consistent with the actual protein molecular masses observed by
MALDI-ToF mass spectrometry (Fig. 4). Amino acid compositions of the purified proteins
also agree with the compositions predicted from cDNA-deduced protein sequences (Table
3).
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In addition, all three transcripts code for signal peptides, indicating that these proteins are
secreted via secretory vesicle pathways. Cleavages between G-21 and D-22 in CP-1a, G-21
and A-22 in CP-1b, as well as G-18 and L-19 in both CP-2 and CP-3 are predicted using
SignalP (ExXPASYy), and match the N-terminal sequences derived by Edman sequencing.
Sequence analysis was performed using BLAST (NCBI) which did not produce a match
with E-value <1072 for CP-1a and CP-1b, and E-value <107° for CP-2 and CP-3 in the
database of sequences from eukaryotic species, indicating that the Bc-CPs are not
homologous to any known eukaryotic protein.

3.3 CD and FTIR Spectroscopy

Both far-UV CD spectroscopy and mid-IR FTIR spectroscopy were used to examine the
secondary structures of Bc-CPs in solution. Lyophilized RP-HPLC purified Bc-CPs were re-
suspended in 50 mM acetate buffer, pH 4.0 (Iyophilized proteins have limited solubility at
more neutral pH), and spectra were collected at room temperature.

The CD spectra of both CP-1 and CP-2 (Fig. 6) were characteristic of single coil a-helical
structure*l, exhibiting two minima at 208 and 222 nm with a [0]2: [0]20g ratio of <1.
Secondary structure analysis by K2D3 showed that while both CP-1 and CP-2 are dominated
by a-helices (>50%), there are small amounts of B-sheets (~6%). The existence of B-sheets
is confirmed by FTIR spectroscopy, as described below.

The overall FTIR absorption spectra of CP-1 and CP-3 in the ATR mode (Fig. 7c and d)
show sharp intense bands centered at ~1650 and ~1540 cm™1, corresponding to Amide |
and Amide Il bands respectively, with a clear presence of methylene peaks between 2800-
3000 cm™L. In order to determine the various vibration modes of the peptide backbone and
obtain the relative amounts of the different types of secondary structures, the Amide | peak
was curve-fitted using the Bruker OPUS 6.5 software. A 80% Gaussian : 20% Lorentzian
function was employed to deconvolute the Amide | band into its constituent vibration
modes. The positions of the constituent bands are held fixed, while the intensities and
bandwidths were allowed to vary. From the area under the fitted curves, the relative
fractions of a-helices, B-sheets and random coils are determined. Assignment of Amide |
components to the various secondary structures is based on literature®2. All samples are
dominated by a high amount of a-helices, ranging from 70 to 75% for the pure Bc-CPs. The
[3-sheet content, although lower, remains significant at 15 to 20%, while unordered regions
account for about 10% of the secondary structure. FTIR spectroscopy was also performed on
an equimolar mixture of CP-1 and CP-3. The mixture exhibits a significant decrease in the
relative fraction of a-helices (~60%), together with an increase in both B-sheets (~23%)
and unordered regions (~15%), thus resulting in an overall lower a-helix : f-sheet ratio
compared to the individual Bc-CPs.

FTIR spectra of pure Bc-CPs that were subjected to freeze-drying from a highly
concentrated state show significant differences in the shape of the Amide | band in
comparison to Bc-CPs that were freeze-dried from diluted solutions (supplementary Fig.
S4). For both proteins, a strong decrease in a-helical content is observed (40 and 20% for
CP-1 and CP-3, respectively) and accompanied by an increase in -sheet content (up to 50%
for CP-1). In other words, in going from a state of diluted to concentrated solution, the
secondary structure of the Bc-CPs changes from an a-helix to a B-sheet dominated one. As a
result, the proteins also became less soluble.

In addition, mid-IR FTIR spectroscopy was used to examine the secondary structure of the
solid-state native egg capsule in the ATR mode. The overall spectrum (Fig. 7a) similarly
shows a clear presence of Amide I and Il bands, as well as methylene peaks. Curve-fitting
(Fig. 7b) revealed a high a-helical content, but it is significantly lower compared to the
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individual CP-1, CP-3 or the equimolar mixture of them. The a-helix: B-sheet ratio is
however similar to that of the equimolar mixture. Therefore, in going from the purified
proteins to the egg capsule, the relative amount of a-helix decreases while both B-sheet and
random coil increase. Additional measurements of the egg case were made in dehydrated
state and in D,0O to confirm the presence of B-sheets (supplementary Fig. S5).

4. Discussion

4.1 Egg capsules as a-helical load-bearing materials

Although the whelk egg capsule shares numerous similarities with other a-helical materials,
it exhibits unique mechanical and biochemical properties.

Under uniaxial tension, the egg capsule exhibits a relatively high initial Young’s modulus
(Table 1). The capsule material undergoes pseudo-yielding at 5% engineering strain, in the
form of a force plateau up to ~60% strain, beyond which it re-stiffens up to 170%

strainl” 43 Like intermediate filament (IF) based materials such as keratins and hagfish
slime, coordinated rupturing of hydrogen bonds within the a-helices, as well as hydrophobic
and ionic interactions between the helices that form the coiled-coil, allows for the elongation
of the protein fibers without fracturing the egg capsule as a whole. The a-helical coiled-coils
initially unravel into random coils as the capsule material stretches through the post-yield
region of the stress-strain curve, and once all the a-helices are sufficiently extended, they
form B-sheets or extended -strands!® with neighboring protein chains, causing re-stiffening.
This phenomenon is responsible for its high strain energy absorption® 7: 16, However, it is
its quickly and completely recoverable long-range extension that sets the egg capsule apart
from the other materials. Although not quite as extensible as the hagfish slime, the capsule
material has the ability to recover its original conformation when the load is removed,
whereas the hagfish slime is irreversibly deformed. Hydrated a-keratins recover slowly,
dissipating energy, but are not as extensible as the egg capsule. What is most remarkable is
the ability of the capsule material to rapidly and fully recover its initial stiffness despite
having gone through multiple cycles of tensile strainl’. Biochemical differences between
keratins, hagfish, and Busycotypus egg cases are likely to explain the differences in their
mechanical properties (Fig. 8).

Interestingly, this overall stress-strain behavior has been observed or predicted at the single-
molecule level in other coiled-coil fibrous proteins. In myosin, AFM single-molecule force
spectroscopy experiments yielded similar force-extension curves, consisting of an initial
linear response, followed by a plateau region, and re-stiffening at large elongations, and the
process was reversible** More recently, the same behavior was predicted by molecular
dynamic simulations of force-induced unfolding of fibrinogen2%, where p-sheets were
formed at high extensions, thus suggesting a somehow “universal” mechanism of a-
transition in coiled-coil load-bearing proteins.

4.2 Busycotypus egg case chemistry and coiled-coil predictions

Proteins comprise over 90% of the dry weight of the whelk egg capsulel”: 25 and the Bc-CPs
characterized in this work represent the most abundant of these32. The amino acid
composition of the Bc-CPs is highly similar to the capsule material and is predominantly
made up of amino acids - such as Ala, Leu, Met, Lys and GIx (GlIn or Glu) - that have a high
propensity to form a-helix, with relatively few amino acids - such as Val, lle, Phe, Tyr, Cys
and Trp — that have the propensity to form [-sheet. This composition is also very similar to
the a-keratin filaments, but with a striking difference in the Cys and Lys contents. Cys is the
primary cross-linking residue in the keratins® and previous studies have suggested Lys as the
potential cross-linker in the egg capsule® 46. As seen from the results of sequencing (Fig. 5
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and supplementary Fig. S2), CP-2 has the same sequence as CP-3 and is only four amino
acid residues shorter at the C-terminal than CP-3. Since the sequences of CP-2 and CP-3 are
more than 99% similar, they are likely to exhibit identical structural properties and are
therefore treated as the same protein henceforth, unless otherwise stated.

Although there are striking similarities between the whelk egg capsule material and IF
materials in terms of mechanics, amino acid compositions and the ability of the precursor
proteins to self-assemble into filaments in vitro without accessory molecules, primary
sequence analyses indicate that the Bc-CPs are very different from the IF proteins. BLAST
(NCBI) analyses produced E-values of <1079 for CP-1a and CP-1b, and <10~° for CP-2 and
CP-3, indicating that they are not homologous to every known eukaryotic IF protein in the
database. Each of the Bc-CPs contains a signal peptide sequence at the N-terminus. These
short sequences, 21 residues long in CP-1a and CP-1b, and 18 residues long in CP-2 and
CP-3, indicate that the Bc-CPs are exported from the cell via a controlled vesicle based
secretory pathway. This is in direct contrast to the hard a-keratins and the hagfish slime
proteins, which remain in the intracellular space due to cornification or enter the
extracellular region by apoptosis of the specialized cells in which they are accumulated*’: 48,

As was with IF materials, x-ray scattering studies have shown that the a-helical filaments of
the whelk egg capsule are in the form of a coiled-coil structure® This well-known structure is
the result of a heptad repeat of amino acid residues a through g, in which apolar residues at
positions a and d form hydrophobic interactions that bring and hold two or more a-helices
together, while the flanking charged residues e and g provide electrostatic stabilization9-51,
Thus, we strongly expected that sequence analysis of CP-1 and CP-3 would predict for
coiled-coil structures. CP sequences were subjected to coiledcoil analysis using the
SCORER 2.0 software®® which predicts for coiled-coil propensity, while the canonical
heptad repeat abcdefg of coiled-coil domains was assigned based on the MARCOIL
software52 The results are shown in Fig. 5, where the heptad domains are highlighted in
yellow and blue. Not surprisingly, large coiled-coil domains are unambiguously predicted
for both CP-1 and CP-3. Using a 50% confidence level, both proteins are predicted to
contain ~50% coiled-coils, with domains as large as 25 heptads long. Additional
corroboration of coiled-coil predictions was also obtained via the Lupas method®3 (data not
shown). Furthermore, the SCORER algorithm predicts that coiled-coil domains are more
likely to form trimers, in contrast to the dimers found in hagfish slime and a-keratin
materials, and the same prediction was obtained using Berger’s method®*. Based on the
strong suggestion of coiled-coil trimers, the capsule proteins may be more closely related to
fibrinogen, which is a trimeric coiled-coil protein that also has load-bearing capability, than
the a-keratins or hagfish slime filament proteins, but this awaits confirmation by high-
resolution structural measurements®®. A further inspection of heptad assignment revealed
the presence of stutters and heptad discontinuities involving deletions of 2 residues. These
coiled-coil irregularities may play a critical role in the a-f transition, as discussed later
(Section 4.5).

Interestingly, while there is little difference in the hydrophobic and charged residue content
(supplementary Fig. S6) in the coiled-coil domains of the Bc-CPs compared to other known
coiled-coil proteins in the CC+ database®® there is a relatively large amount of Gly and polar
amino acid residues (Ser, Thr, Asn, GlIn). On the other hand, the Bc-CPs contain relatively
fewer aromatic residues such as Phe, Trp and Tyr (Fig. 9). These differences are notably
evident within the hydrophobic core at heptad positions aand d. Very likely, with
significantly fewer bulky aromatic groups, the coiled-coil Bc-CPs are able to undergo easy
and quick uncoiling and recoiling, during loading and unloading respectively, due to less
steric hindrance. In addition, the larger presence of polar groups across all heptad positions
in the Bc-CPs is likely to yield hydrophilic interactions with water (considering that the
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native egg case serves to function in a marine environment), thereby assisting water in its
role as a plasticizer that would enable smooth and fast structural transitions both upon
loading and unloading by increasing chain flexibility.

4.3 Egg case protein secondary structure by CD and FTIR spectroscopy

In agreement with the helix-favoring amino acid composition and coiled-coil predictions,
both CD and FTIR data indicate that the Bc-CPs are strongly a-helical in solution. In order
to obtain some insights about post-translational self-assembly and processing, it is
instructive to compare the relative secondary structure content obtained by FTIR in the
precursor proteins in solution and in the fully processed, mature capsule in a hydrated state.
In the solid-state capsule material, the a-helical content is less pronounced, and
concomitantly there are relatively more -sheets and random coils. In situ tensile
experiments using WAXS!7 and Raman spectroscopy® have confirmed the dominance of
a-helices in the unstrained capsule material, but -sheets, on the other hand, were not
detected. While Raman and FTIR spectroscopy are complementary techniques, FTIR has a
higher sensitivity than Raman, and is more suitable for semi-quantitative analysis®’ In
Raman spectroscopy, the signal intensity of a specific band does not vary linearly with the
relative abundance of the secondary structure. It is thus very likely that a structure present in
significant amount can be buried in the background, especially when its vibration mode has
a weak polarizability. Such a signal would show up only when the structure becomes
dominant in the sample. In the previous measurements, the extended p-structure (which is
also clearly detected by X-ray) was detected at high strain but its intensity was low in
comparison to other Raman bands. Hence, it is likely that in these previous investigations,
the initial p-sheet content was too low to be detected. On the other hand, the current data
obtained by ATR-FTIR spectroscopy indicates a significant presence of -sheets in the
native material.

In the capsule material, the a-helix : B-sheet ratio is lower than the individual CP-1 or CP-3
but is similar to the equimolar mixture of them. In addition, the a-helix : random coil and -
sheet : random coil ratios are lower than the individual CP-1 or CP-3 but are similar to the
equimolar mixture of them. These ratios suggest that assembly and cross-linking of the
precursor proteins into the mature egg capsule is associated with -sheets and random coils
formation at the expense of a-helices. Since the relative content of a-helices and B-sheets in
the equimolar mixture of CP-1 and CP-3 is also significantly closer to the capsule material
than the individual CP-1 or CP-3 is, these data suggest that during capsule processing, CP-1
and CP-3 associate to form localized regions of inter-chain p-sheets. However, it is unknown
if they would associate and form dimeric or trimeric coiled-coils. Furthermore, it is also
unknown if the coiled-coils of the egg capsule are homomeric or heteromeric. The
propensity of the Bc-CPs for B-sheet formation is supported by FTIR measurements of
individual CP-1 and CP-3, which were freeze-dried from concentrated solutions in 5% acetic
acid (supplementary Fig. S4). A clear increase in B-sheet content was noticed with higher
concentrations, and was accompanied with a lower protein solubility. However, the Bc-CPs
very likely misfolded into non-native amyloid-like structures, as is commonly seen with
many other proteins at high concentrations °8

The SDS-PAGE of immature capsules and crude nidamental gland extract indicated a trace
presence of proteins other than the Bc-CPs. Therefore, although TEM showed that the
purified Bc-CPs are capable of self-assembling into fibers (supplementary Fig. S7), an
equally plausible scenario that could contribute to the increase in the p-sheets and random
coils content during the natural assembly process is an incorporation of additional proteins
which may serve to bundle the coiled-coil filaments into bigger fibers that make up the
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mature egg capsule. The presence of such proteins in the mature capsule is further suggested
by a significantly high Gly content which cannot be solely attributed to the Bc-CPs.

CD experiments were carried out at pH 4 in order to keep CP-1 and CP-2 in solution. At this
low pH, CD spectra of individual Bc-CPs suggest that they preferentially adopt single-coil
rather than coiled-coil conformations, as seen from the [0],27 : [0]20g ratios which are

<159 60 (Fig. 6). Given that both CP sequences unambiguously predict for coiled-coil
structures and the clear coiled-coil signature of mature capsules by WAXS, it is reasonable
to assume that single-coil helices assemble into coiled-coils upon secretion into the higher
pH extracellular environment (sea water, pH ~8). CD spectra at seawater pH or even neutral
pH could not be obtained since both proteins would not solubilize.

A critical question we sought to answer involves understanding the molecular mechanisms
by which the a-helix to B-sheet transition (and its associated unique mechanical properties)
is initiated in the mature capsule. We propose two possible mechanisms by which the phase
transition can be initiated by means of nucleation, namely (i) by elongation of pre-existing
f3-sheets and (ii) by local unwinding of the coiled-coil at regions of instabilities due to
stutters or where the heptad is incomplete (Fig. 10). In the first case, while the 3-sheet
content does not vary significantly between the solution states and the solid egg capsule, its
presence in the unstrained capsule material is unlikely to be fortuitous, and may have a
significant role in the strain-induced a-helix to B-sheet phase transition.
Thermodynamically, small domains of B-sheets can serve as nucleation sites for the strain-
induced a-helical coiled-coil to B-sheet transformation detected by WAXS. B-sheets are
extended crystalline structures and are inherently stiffer than other secondary structures, as
is well-established in silks81 and other IFs that undergo a-helix to p-sheet transition®2,
Hence, when a series of stiff f-sheets and compliant coiled-coils, is pulled axially, a stress
concentration occurs at the coiled-coil/p-sheet interface. This creates an ideal driving force
for the coiled-coils or random coils at the interfaces to transform into new [-sheets that add
to the amount of pre-existing p-sheets. The presence of pre-existing interchain p-sheets in a
coiled-coil of CP-1 and CP-2 would then mean that the new [-sheets are formed between the
chains of CP-1 and CP-2 as the coiled-coil extends and unfolds. In other words, much like
impurities are well-known to help initiate liquid-to-solid phase transitions by lowering the
activation energy barrier, initial f-sheets crystals would be able to locally initiate the large-
scale strain-induced phase transition by lowering the energy barrier for the transition. The
second mechanism postulates that the transition starts occurring at coiled-coil instabilities.
Stutters are found in all the egg case proteins and were also identified in the capsular
proteins of a related species, Pugilina cochilidum®3. Critically, stutters have been found by
comprehensive molecular dynamic simulations to be the preferred site for the initiation of
the a-B transition in the IF protein vimentin4 65 and their presence is thus viewed as a
necessary condition to induce the transition. Both mechanisms could possibly be
concurrently active, but further experimental work is necessary before more definitive
conclusions can be drawn.

4.4 Proposed micro-mechanical model of a- transition

Based on an equimolar amount of CP-1 and CP-3, the maximum end-to-end distance of the
average capsule protein in the solid-state unstrained egg capsule is 93.3 or 91.0 nm,
depending on whether the pre-existing 3-sheets are parallel or antiparallel respectively.
When the capsule material is stretched, a-helices unravel and form p-sheets. If these newly
formed B-sheets are parallel, the end-to-end lengths increase to 153.4 and 151.1 nm,
corresponding to an increase of 64.4 and 66.0% respectively. If the new p-sheets are
antiparallel, the lengths would increase to 147.3 and 145.0 nm, which correspond to
increments of 57.9 and 59.3% respectively. All these values are close to the 60% post-yield
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engineering strain that was observed with the bulk egg capsule material. From the amino
acid composition analyses, the average Lys content of CP-1 and CP-3 is ~3% higher than
the bulk material. This difference has been thought to be due the formation of Lys-Lys
cross-links when the immature egg capsule is processed under the ventral pedal gland (VPG)
of the snail. Lys-Lys cross-links are resistant to acid hydrolysis, and so would account for
the lower Lys content in the mature capsule as measured by amino acid analysis. As the
distribution of Lys is fairly constant throughout both the primary sequences of CP-1 and
CP-3 (Fig. 11), the a-helices, p-sheets and random coils in the mature egg capsule are
respectively 1.5, 0.6 and 0.9% cross-linked on average. It has been hypothesized that
disulfide linkages prevent unraveling of the 1B and 2B helical domains® in the hard a-
keratin materials, but compared to the high cross-link density of up to 15% in the hard a-
keratins, the low cross-link density in the a-helical domains of the egg capsule is unlikely to
have a huge effect on the unraveling and hence extensibility of the helices. Indeed, the
extensibilities of the a-keratin materials and the egg capsule material are vastly different in
terms of the rate and extent of recovery, which could very well be due to the stark
differences in the nature and densities of the cross-links.

4.5 Egg case cross-linking and open questions

During the egg laying process, Bc-CPs first assemble into filaments in the immature egg
capsule before they are cross-linked under the VPG32, Similar to purified IF proteins in
solution, the egg capsule filament assembly can occur in vitro without the aid of additional
accessory proteins or molecules. Based on the similar dimensions of the fibers that are
created in vitro, observed here by TEM, and those that occur naturally in the egg capsule,
observed previously by SEMY7, the purified Bc-CPs form the filaments that the mature egg
capsule material is composed of. While the secondary structure analyses by FTIR suggest
that the egg capsule filament is composed of a self-assembling mixture of CP-1 and CP-2,
separate solutions of CP-1 and CP-2 are equally capable of forming filaments. Further
studies are thus required to determine if filaments of CP-1 or CP-2 are present in the mature
egg capsule. On the other hand, IF proteins such as a-keratins are known to form
heterodimeric coiled-coils in vivo but not in vitro unless both proteins are present in the
solution®® Therefore, further studies are also required to confirm the presence of filaments
containing both CP-1 and CP-2 in the egg capsule. Furthermore, as IF proteins are known to
form coiled-coil tetramers, and sometimes octamers, in solution before assembling into
filaments®6. 7, a more thorough investigation into the self-assembly of the Bc-CPs will be
necessary to ascertain whether they form coiled-coil multimers in solution prior to filament
assembly.

After assembly, cross-linking occurs as the final processing step before the egg capsules
mature and are deposited on the ocean floor. It is only after cross-linking that the egg
capsules exhibit unique and robust mechanical properties. Previous work on both the egg
capsule material*® and the VPG where this final processing step occurs*6 suggested that the
cross-links are Lys-derived. As seen in the amino acid composition analyses, all the Bc-CPs
have high quantities of Lys which are quite fairly distributed throughout the length of the
primary sequences. Based on the heptad repeat assignment by SCORER, Lys residues can
be found in positions both within and outside the core of the coiled-coil. This translates to a
possibility for inter-chain cross-links to form both between and within coiled-coils. In CP-2
and 3 specifically, there is a high proportion of Lys residues in the C-terminal regions. CP-2
and CP-3 have 53 and 54 Lys residues out of a total of 475 and 479 amino acid residues
respectively, but 20 and 21 of those Lys residues are located between position 413 and the
C-terminus (Fig. 11). These regions of the primary sequences seem to be responsible for
end-to-end cross-linking of the Bc-CPs, but until a chemical structure of the cross-link is
determined, nothing definitive can be said about Lys-based cross-links.
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There is a variety of unanswered questions regarding the whelk egg capsule post-translation
assembly and processing. The mature capsule material is over 90% protein by dry weight,
but the composition of the remaining mass is unknown. Furthermore, SDS-PAGE of the
immature capsules and crude nidamental gland extract indicate that traces of additional
proteins, other than the Bc-CPs, are present in this material. They are in far lower quantities,
but their structure and function are yet to be investigated. They are potentially matrix
proteins that bundles the egg capsule filament proteins into higher hierarchical fibrous
structures. a-keratin materials have globular, high-sulfur content matrix proteins which
contribute significantly to the mechanical properties® 16 whereas hagfish slime does not?8

At the moment, precise molecular-scale knowledge of the steps leading to the extended f3-
sheet conformation and their time-dependent mechanisms remain unknown. Elucidation of
the crystal structures of the Bc-CPs would provide key information to further understand the
solid-state phase transformation.

5. Conclusions

In this study, the precursors of the primary structural proteins of the whelk egg capsules
were purified and characterized. Their amino acid compositions are very similar to IF
proteins with the exception of Lys and Cys, which are significantly higher in the egg capsule
and the IFs, respectively. CD and FTIR data indicate that, much like the IF proteins, the Bc-
CPs are strongly a-helical in solution and are capable of self-assembling into filaments
without the assistance of accessory molecules.

Using reverse transcription techniques, the primary amino acid sequences of 4 Bc-CPs were
deduced from their cDNA. The primary sequences are unique as BLAST did not produce
any significant match to known proteins. Analyses of these sequences indicated that the
proteins are likely to form coiled-coils, which is consistent with previous x-ray scattering
studies. In comparison to coiled-coil proteins from an established database, Bc-CPs appear
to have a higher amount of Gly and smaller amounts of aromatic residues in their
hydrophobic cores. Furthermore, the terminal regions of the sequences are densely
populated by Lys and Arg, both of which are suspected to play a role in the covalent cross-
linking of the egg capsule fibers.

This work opens further interesting questions, especially regarding self-assembly and the
molecular mechanisms of the a-f transition, which is an emerging theme for a variety of
bioelastomeric materials® Firstly, the prediction of a trimeric coiled-coil in the egg case
capsule that is reminiscent of fibrin needs to be tested further. Secondly, there are
uncertainties whether the coiled-coils are homo-oligomeric or hetero-oligomeric. Finally, the
exact nature of the initiation of a-p transition, which is critical in driving the reversible
transformation, remains as an intriguing question. ATR-FTIR data indicates a small, yet
significant $-sheet content in both the purified proteins and in the mature capsule. These B-
sheets “nuclei” could act as local sites where new B-sheet formation is initiated.
Alternatively, the transition could be initiated at coiled-coil instabilities such stutters.

Elucidation of these mechanisms is currently underway in our laboratory using recombinant
and site-directed mutagenesis of the precursor proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Photographs of (a)Busycotypus canalicul atus with its string of egg capsules and (b) capsules
at higher magnification.
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Figure 2.

Typical engineering stress-strain curve of whelk egg capsule material under uniaxial tension.
Sample was cyclically strained multiple times at a rate of 5 mm/min with no rest between
cycles. Recovery of initial stiffness was complete and rapid.
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Figure 3.
SDS-PAGE of Bc-CPs purified from nidamental gland crude extract.
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MALDI-ToF mass spectra of (a) nidamental gland crude extract, (b) CP-1, (c) CP-3 and (d)
a mixture of CP-1 and CP-3. Observed molecular masses of CP-1, CP-2 and CP-3 are 47.5,

51.6 and 52.1 kDa respectively.
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Figure 5.

Complete amino acid sequences of (a) CP-1a and (b) CP-3 as deduced from cDNA.
Highlighted in green are signal peptide sequences, while yellow and blue are predicted
coiled-coil heptad repeats (“abcdefg”) as assigned by the SCORER 2.0 algorithm#© at 50%
confidence level. The heptad repeats account for 57.2 and 47.5% of the CP-1a and CP-3
sequences respectively. Incomplete heptad repeats which are regions of coiled-coil
irregularity are underlined (assignment of heptads with greater confidence would require
further structural investigations). Complete amino acid sequences of CP-1b and CP-2 are
given in supplementary Fig. S2.
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Figure 6.

CD spectra of purified (a) CP-1 and (b) CP-2 in acetate buffer, pH 4.0. Minima at 208 and
222 nm and a [0]22 : [0]20g ratio of <1 are representative of single coil a-helix.
Concentrations of CP-1 and CP-2 were ~0.8 and ~1.2 mg/mL respectively. K2D3 curve-
fitting3’ for both CP-1 and CP-2 revealed secondary structure compositions that are
dominated by a-helices (>50%), with small amounts of $-sheets (~7%). CD spectroscopy
was also performed on mixtures of CP-1 and CP-2 in different molar ratios at pH 4.0. This
also produced similar a-helical spectra with a [0]22 : [0]20g ratio of <1 which indicates
single coil a-helix conformation (supplementary Fig. S3).
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Figure 7.

ATR-FTIR spectra of native (hydrated) egg case and purified egg case proteins. (a) Native
egg capsule and (b) curve-fitted Amide I spectra of the egg case. (c) Purified Bc-CPs and (d)
curve-fitted Amide | of purified Bc-CPs showing secondary structure compositions that are
dominated by a-helices (>50%). The a-helix : p-sheet ratio is ~2.5 in the egg capsule and in
the mixture of CP-1 and CP-3, and is significantly lower than that in CP-1 or CP-3
individually.
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Figure 8.
Engineering stress-strain curves of the whelk egg capsule material, hagfish slime, and
merino wool keratin28
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Figure 9.

Relative amounts of (a) glycine, (b) aromatic and (c) polar amino acid residues at various
heptad positions in the predicted coiled-coil domains of Bc-CPs, and other known coil-
coiled proteins in the CC+ database®®. In the Bc-CPs, the glycine and polar residue content
is notably higher, whereas the aromatic residue content is significantly lower.
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Figure 10.

Proposed model of a-f transition, revised after Ref. [9]. Regions of coiled-coil irregularity,
such as stutter or stammer, and the ends of pre-existing intra-chain B-sheets can both serve
as stress concentration points where extension and unraveling of coiled-coils occur to form
new f-sheets during uniaxial tension. (Coiled-coils are assumed to be dimeric for the
purpose of this illustration.)
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Figure 11.

Distribution of Lys and Arg residues in the primary sequences of the Bc-CPs. There are
distinct clusters of not only Lys but also Arg, which preliminary data suggests may
contribute to cross-linking.
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