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ABSTRACT:

Egg envelopes of vertebrates are composed of a family of
proteins called zona pellucida (ZP) proteins, which are
distinguished by the presence of a common structural pol-
ymerizing motif, known as ZP domain. Teleostean fish
chorion is a fibrous structure, consisting of protein mem-
bers of the ZPB/ZP1 and the ZPC/ZP3 families, which
are incorporated as tandemly repeating heterodimers
inside chorion fibers. Computational analysis of multiple
ZPB/ZPI proteins from several teleostean species, reveals
two potential “aggregation-prone” sequence segments,
forming a specific polymerization interface (AG inter-
face). These two peptides were synthesized and results are
presented in this work from transmission electron micros-
copy, Congo red staining, X-ray fiber diffraction and ATR
FT-IR, which clearly display the ability of these peptides
to self-aggregate, forming amyloid-like fibrils. This, most
probably implies that the AG interface of ZPB/ZP1 pro-
teins plays an important role for the formation of the
repeating ZPB-ZPC heterodimers, which constitute tele-
ostean chorion fibrils. © 2014 Wiley Periodicals, Inc.
Biopolymers (Pept Sci) 102: 427-436, 2014.
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INTRODUCTION
ggs of all vertebrates are enclosed and protected by an
acellular glycoproteinecous coat that is important for
fertilization." This coat is also implicated with pre-
vention of polyspermy and protection of the
embryo.”” The nomenclature of this protective
matrix, varies between different vertebrate groups, since it is
known as chorion (or otherwise zona radiata) in teleostean
fishes, zona pellucida in mammals and vitelline envelope in
amphibians and birds.*” Mammalian zona pellucida, is com-
posed of three to four glycoproteins, early identified as ZP1/
ZP4, ZP2, and ZP3, based on their molecular weights (200,
120, 82 kD respectively), which are expressed by the ZPB, ZPA,
and ZPC gene subfamilies, respectively.”®*'* Conversely, tele-
ostean fish chorion consists of a number of proteins that vary
between species, and are expressed by the ZPB (ZP1-like) and
ZPC (ZP3-like) gene subfamilies.>'>* Besides the evident
differences between vertebrate groups in number and function
of egg envelope proteins, they all belong to a unique family of
structural proteins, designated as ZP domain proteins.*
Teleostean fish ZP proteins, similar to mammalian, are
incorporated into long interconnected filaments by forming
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heterodimer building blocks,>>1%272% after a post-translational

C-terminal cleavage, crucial for secretion and polymeriza-
tion.”>***° They possess a structural polymerizing component,
presenting high sequence homology, about 260 amino acids
long, next to their C-terminal end. This module, known as a
ZP domain, is distinguished by a conserved intramolecular
disulfide bond pattern, extremely important for its structural
integrity and function.>!
sists of two independently folded functional domains, termed

ZP-N and ZP-C. There is evidence that the ZP-N domain is
28,32,33

It is a bi-fold structure, which con-

responsible for ZP protein polymerization.

The egg envelope of Austrofundulus limnaeus, a teleostean
fish, is composed of protein fibrils with amyloid characteris-
tics.>* Amyloids are insoluble fibrous protein aggregates, asso-
ciated with pathological conditions.”>® their
impressive functional architectures have been found to occa-
sionally support important biological processes.’”** Recently,
structural evidence revealed that the formation of human ZP
protein dimers, may be mediated by a specific interface, found
between the A and G f-strands (AG interface) of the ZP-N
polymerization module of human ZP1.*> In this respect, we
sought to identify the possible amyloidogenic propensity of the
A and G f-strands of the consensus sequence, representing the
ZP-N domain of several characteristic teleostean ZPB proteins,
derived by a multiple sequence alignment. Consequently, two
corresponding peptide-analogues were sythesized, resembling
the A and G f5-strands of the consensus, based on the homol-
ogy presented, compared to their hZP1 counterparts. Addi-
tionally, we utilized our consensus aggregation propensity
prediction algorithm, “AMYLPRED?2” freely accessible for aca-
demic use at http://biophysics.biol.uoa.gr/AMYLPRED2/***°
to test the “aggregation-prone” character of these two f-
strands. Our experimental findings, demonstrate the formation
of fibrils with distinct amyloidogenic properties, by self-

However,

aggregation of both peptides, possibly implicating, therefore,
the AG interface in the ZP-N polymerization proccess of the
teleostean ZPB chorion proteins.

Briefly, our experimental data clearly indicate that the AG
interface of ZPB proteins is a highly self-“aggregation-prone”
region. The aggregating potential of this specific segment might
thus be the driving force behind the formation of the hetero-
dimer building blocks composing teleostean ZP filaments and,
therefore, may significantly contibute, similarly to human, to
the formation of the ZP matrix of teleostean oocytes.

METHODS

Sequence Alignment
Amino acid sequences of ZPB (ZP1-like) proteins of several teleostean
fish species were extracted from UniProt,*® with the following acces-

sion numbers : P79817 (Japanese medaka); Q9W646 (Japanese med-
aka); Q91236 (Winter flounder); Q9I9MS8 (Rainbow trout); Q9I9M7
(Rainbow trout); Q90356 (Common carp); Q90311 (Goldfish);
QIPWCS8 (Zebrafish). A multiple sequence alignment was performed
using ClustalW,*” and a consensus sequence for the ZP-N domain of tel-
eostean fish ZPB proteins was derived from this alignment (Figure 1a).

Homology Modeling

A three dimensional model depicting the ZP-N domain of the consen-
sus teleostean ZPB sequence was built, using as template the available
crystal structure of mouse ZP3 ZP-N domain (PDB ID: 3D4C),*
applying comparative modelling techniques performed by MODEL-
LER 9v2 (Figure 2).50-2

Prediction of Potential “Aggregation-prone”

Segments and Peptide Synthesis

Two potential “aggregation-prone” peptides representing the A and G
p-strands of the teleostean ZP-N domain consensus, VIVQCT and
FELLFQC, were synthesized based on the homology to their hZP1
equivalents, with a simple substitution of the Cysteine (C) residue by
Alanine (A), to avoid formation of undesired disulfide bonds, at neutral
pH (peptides 1-6 and 95-101 of consensus, as seen in Figures 1b and
2b). Our AMYLPRED? algorithm,* a consensus “aggregation-prone”
protein segment predictor, was also utilized, to test the putative
“aggregation-prone” character of these two peptides. The resulting pep-
tides were designated as ZPF_A (VIVQAT) and ZPF_G (FELLFQA)
respectively. Synthesis of the former was conducted by GeneCust
Europe, Luxembourg (purity >98%, free N- and C-terminals), whereas
for ZPF_G it was performed at the Laboratory of Pharmacognosy &
Chemistry of Natural Products, Department of Pharmacy, University of
Patras, Greece, utilizing similar methods to those reported previously.”

Formation of Amyloid-like Fibrils

Peptide solutions, in distilled water (pH 5.5), were prepared at two
concentrations (5 and 15 mg ml™') for both peptides ZPF_A
(VIVQAT) and ZPF_G (FELLFQA), and were found to spontane-
ously produce fibril-containing gels after 1- to 2-weeks incubation.
The fibrils were judged to be mature, observing preparations both for
shorter and longer periods than 1-2 weeks.

Transmission Electron Microscopy (Negative
Staining)

For negative staining, fibril suspensions derived from the peptide solu-
tions (at concentrations of 5 and 15 mg ml 1), after incubation for 1—
2 weeks, were applied to glow-discharged 400-mesh carbon-coated
copper grids for 60 s. The grids were stained with a drop of 1% (w/v)
aqueous uranyl acetate for 45 s. Excess stain was removed by blotting
with a filter paper and the grids were air-dried. The grids were exam-
ined in a Philips CM10 electron microscope operated at 100 kV. Pho-
tographs were obtained by a retractable slow scan CCD camera
(Gatan) utilizing the Digital Micrograph Software package (Gatan).

X-ray Diffraction
A droplet (10 ul) of fibril suspensions from the peptide solutions
(15mg ml ") from both peptides, after 1- to 2-weeks incubation, was
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(a) Multiple sequence alignment of the teleostean ZPB ZP-N domain and generation

ZPF G

of the derived consensus sequence. Sequences were aligned with ClustalW*” and shading was per-
fomed by GeneDock.*® (b) Sequence alignment of the teleostean ZPB ZP-N consensus to the
human ZP1 ZP-N domain. Both synthesized peptide analogues ZPF_A and ZPF_G (corresponding
to positions 1-6 and 95-101 of the consensus sequence, respectively) are enclosed in boxes and
labelled. Black-boxed residues are identical, whereas grey-shaded residues represent 60 and 80%

homology, respectively, from lighter to darker.

placed between two siliconized glass rods, spaced approximately
2 mm apart and mounted horizontally on a glass substrate. The drop-
let was allowed to dry slowly at ambient temperature and humidity
for 30 min to form an oriented fiber, suitable for X-ray diffraction. X-
ray fiber diffraction patterns were recorded on a Mar Research
345 mm image plate, utilizing Cu Ko radiation (1= 1.5418 A),
obtained from a rotating anode generator (Rigaku MicroMax-007
HF—Osmic Rigaku VariMax™ HF optics), operated at 40 kV, 20
mA. The specimen-to-film distance was set at 150 mm and the expo-
sure time was 30 min. No additional low angle reflections were
observed at longer specimen-to-film distances. The X-ray patterns,
initially viewed using the program MarView (MAR Research, Ham-
burg, Germany), were displayed and measured with the aid of the
program IPDISP of the CCP4 package.”

Congo Red Staining and Polarized Light Microscopy

A droplet of fibril suspensions derived from solutions of both peptides
at a concentration of 5 mg ml ™", was applied to glass slides and left to

Biopolymers (Peptide Science)

air-dry to form a thin film. Next, the film was stained with a 1%
Congo red solution in distilled water (pH 5.75), at room temperature
for approximately 20 minutes, according to the standard Romadnyi
protocol.”® Finally, the samples were observed under bright field illu-
mination and between crossed polars, using a Leica MZ75 polarizing
stereomicroscope equipped with a JVC GC-X3E camera.

Attenuated Total Reflectance Fourier-transform
Infrared (ATR FT-IR) Spectroscopy and Post-run

Spectra Computations

Drops (5 ul) of the fibril suspensions, derived from the peptide solu-
tions at 5 mg ml ™", were cast on flat stainless-steel plates, coated with
an ultrathin hydrophobic layer (SpectRIM, Tienta Sciences, IN) and
were left to air-dry slowly at ambient conditions, to form thin
hydrated films. IR spectra were obtained at a resolution of 4 cm™’,
utilizing an IR microscope (IRScope II, BrukerOPTICS, Bruker Optik
GmbH, Ettlingen, Germany), equipped with a Ge ATR objective lens
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FIGURE 2 A structural model of the teleostean ZPB ZP-N consensus sequence, derived by
homology modeling (see Methods). (a) Cartoon representation of the derived model, where f-
strands are colored grey, o-helices yellow and loops red. The location of the ZPF_A peptide (A f-
strand) is marked with blue, whereas the ZPF_G peptide (G f-strand) is shown in green. (b)
Sequence alignment of the derived consensus to the sequence of the crystallographically determined
ZP-N domain of mouse ZP3 (PDB ID: 3D4C). Blue-boxed residues are identical, whereas red-
boxed represent at least 60% homology, respectively. A representation of the secondary structural
elements is also shown (arrows represent f3-strands, coils represent o-helices), in addition to the

conserved disulfide bond pattern formed (dotted lines).

(20X) and attached to a FT spectrometer (Equinox 55, BrukerOP-
TICS). Ten 32-scan spectra were collected from each sample and aver-
aged to improve the Sound/Noise (S/N) ratio. All spectra are shown
in the absorption mode after correction for the wavelength-
dependence of the penetration depth (d,, analogous to ). Absorption
band maxima were determined from the minima in the second deriv-
ative of the corresponding spectra. Derivatives were computed analyti-
cally using routines of the OPUS/OS2 software after a 13 point
smoothing around each data point, by the Savitsky—Golay algo-
rithm.”® Smoothing over narrower ranges resulted in deterioration of
the S/N ratio and did not increase the number of minima that could
be determined with confidence.

Docking Experiments

The modeled structure of the consensus ZPB ZP-N domain was used
to perform docking experiments, in order to confirm the role of the
AG interface, formed by the ZPF_A and ZPF_G “aggregation-prone”
peptides, as a potential interface for ZP-N dimer formation. To obtain
a structural model of a ZPB ZP-N homodimer, the HADDOCK

version 2.1 was used.”’ Interaction restraints to drive the docking
were defined unambiguously (are not subjected to random removal).
Pairs of C, interatomic distances of 5+ 1 A were set concerning resi-
dues 1-6 and 95-101 of the modeled structure (concering the ZPF_A
and ZPF_G peptide locations, respectively) in order to investigate the
possibility of a ZPB ZP-N homodimer with self-interacting A and G
f-strands in an antiparallel fashion (a parallel spatial arrangement is
not possible). Structure calculations were performed by CNS1.2,
whereas non-bonded interactions were calculated with the OPLS force
field® using an 8.5 A cutoff. The solvated docking protocol® was pre-
ferred, since in comparison to unsolvated docking it may yield higher
quality docking predictions.®*

RESULTS

Both “aggregation-prone” ZPF_A and ZPF_G peptides self-
assemble into fibrils, after solution in distilled water (at varying
concentrations) and incubation for 1-2 weeks. Negative stain-
ing reveals that ZPF_A fibrils have the structural characteristics

Biopolymers (Peptide Science)



FIGURE 3 Electron micrographs of fibrils derived by self-
assembly of the “aggregation-prone” peptides. (a) Fibrils formed by
the ZPF_A peptide appear as long, straight and unbranched fila-
ments. Additionally, they tend to interact laterally forming local
aggregates (marked with double arrows) and occasionally ribbons.
Bar 500 nm. (b) Filaments formed by the ZPF_G peptide are also
viewed as straight and unconnected filaments of various lengths.
Moreover, they occasionally tend to coalesce forming double helical
structures of 100-120 A in width (single arrows). Bar: 100 nm.

of amyloid-like fibrils. Specifically, they appear as long fibrils of
indeterminate length, with a width of ~100-120 A, which
interact in a lateral fashion (Figure 3a). Equivalently, fibrils
formed by the ZPF_G peptide resemble amyloid-like fibrils,
since they are straight and unbranched double helices of inde-
terminate length, with a diameter of ~100-120 A. Each
double-helical filament consists of two protofilaments, with a
uniform diameter of ~50-70 A, which wound around each
other (Figure 3b).

Amyloids have been found to specifically bind the Congo
red dye.>®> Hence, gels of fibrils derived by the ZPF_A and
ZPF_G peptides were stained with Congo red and examined
under a polarizing microscope. It is clear, in both cases, that
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amyloid deposits formed by these two peptides, bind Congo
red (bright field illumination) and furthermore, exhibit a char-
acteristic for amyloid fibrils apple/green birefringence, when
viewed under crossed polars (Figure 4).

The X-ray diffraction pattern, produced by an oriented fiber
containing ZPF_A amyloid-like fibrils is a typical “cross-f”
diffraction pattern observed for several amyloid-like fibrils, >
in which the f-strands are perpendicular to the fiber axis and
the f-sheets are packed parallel to the fiber axis (Figure 5a).
The intense meridional reflection at 4.7 A is due to the distance
between hydrogen-bonded f-strands, aligned perpendicular to
the main fiber axis, whereas the 9.1 A reflection arises from the
spacing between packed [f-sheets that are oriented in a parallel
fashion to the fibrillar axis (Table I). The additional 21.4 A
equatorial reflection observed, could be assigned to tandem
repeats of the length of the ZPF_A hexapeptide (6 residues X
3.5-3.6 A per residue ~21.4 A), arising from the interaction of
adjacent molecules. Similarly, a characteristic “cross-f” X-ray
diffraction pattern is produced by a ZPF_G peptide oriented
fiber (Figure 5b). The strong reflections corresponding to
periodicities of 4.7 and 10.4 A are attributed to the inter-strand
and inter-sheet distances of f-sheet arrangements, respectively.
The observed difference between equatorial reflections of the
ZPF_A and ZPF_G peptides most likely indicates a difference
in packing distance of the packed f-sheets. The ZPF_A hexa-
peptide is composed mostly of residues with short side chains
whereas the ZPF_G peptide is composed of bulky residues.
Moreover, a detailed search of ZipperDB,” revealed a struc-
tural crystallographic model for the ZPF_A peptide
(VTVQAT), whereas a crystallographically determined model
of a similar peptide (LELLFQ) to ZPF_G (FELLFQA) was also
found. Detailed analysis of both structures, revealed that the
packing distances between the f-sheets formed by adjacent
peptides have an average distance of 9.1 and 10.7 A, respec-
tively in each model, in close agreement to what was observed
in our X-ray data (9.1 and 10.4 A, respectively). Reflections
appear as rings due to the poor alignment of the oriented fiber
constituent fibrils (Table I).

Important information, referring to the secondary structure
of peptides forming amyloid fibrils was also obtained through
ATR FT-IR spectral acquisitions. In both cases, the ATR FT-IR
spectra derived from thin hydrated films from amyloid fibrils
from both peptides, clearly indicate the preponderance of an

antiparallel f-sheet secondary structure for the peptides form-
ing the amyloid-like fibrils. In particular, the ATR FT-IR spec-
trum of the ZPF_A peptide fibrils (Figure 6a) contains a
dominant 1630 ¢cm™' Amide I band, supported by the
1531 cm ' Amide II and 1231 cm™ ! Amide III bands, all
indicative of a f-sheet secondary structure.”*”° Similarly, the
ZPE_G spectrum (Figure 6b) shows one prominent band at
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FIGURE 4 Photomicrographs of amyloid fibril-containing gels stained with Congo red (see
Materials and Methods). Fibrils derived from ZPF_A (a, b) and ZPF_G (¢, d) peptide analogue
fibrils bind the Congo red dye, as seen under bright field illumination (a, ¢). The typical for amy-
loid fibrils apple-green birefringence is clearly seen, under crossed polars (b, d). Bar 300 um.

1632 cm™ ' in the Amide I region, indicative of f-sheet. Addi-
tionally, the amide III band at 1234 cm™ ' supports our
assumptions based on the amide I band. Finally, an additional
component located at 1692 and 1691 cm” !, in the ZPF_A and
ZPF_G spectra respectively, is a strong indication that the f-
sheets are ordered in an antiparallel fashion, since proteins
containing antiparallel f-sheets frequently present a f-sheet
component arising from transition dipole coupling usually 50—
70 cm” ! higher than the prominent -sheet band.®® Thus, all
ATR FT-IR evidence supports the presence of uniform antipar-
allel ff-sheets as the dominant secondary structure for both
peptides (Table II), in agreement with the evidence obtained
by the characteristic X-ray “cross-f” patterns.

DISCUSSION
Clearly, our experimental results indicate that both ZPF_A and
ZPE_G peptides “self-aggregate,” forming fibrils, which exhibit

all the basic characteristics of amyloid fibrils, as mentioned
above.

Detailed studies have previously highlighted the ZP-N
domain as responsible for ZP protein polymerization.***>*>”!
In particular, recent evidence, suggests that ZP3-ZP2 and ZP3-
ZP1 heterodimers composing mammalian ZP filaments, may
be formed by the aggregation propensity of a specific surface
region of their ZP-N domains, called AG interface, shaped by
the, adjacent in space, A and G f-strands.*’ For this purpose, a
model of the ZP-N domain structure of the teleostean consen-
sus sequence was created, based on its high homology to the
sequence of the crystallographically solved structure of the ZP-
N domain of mouse ZP3 protein.*’ As seen by the derived
model, ZP-N domains of ZPB proteins of teleostean fish, most
probably, adopt an Ig-like antiparallel f-sandwich fold, stabi-
lized by the presence of two disulfide bonds formed between
their invariant Cys residues, with two antiparallel [-sheets,
each composed of four f-strands (A to G), similar to the

Biopolymers (Peptide Science)
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FIGURE 5 X-ray diffraction patterns produced from oriented fibers
of mature fibril suspensions produced by the ZPF_A and ZPF_G pep-
tides. The meridian, M (direction parallel to the fiber axis, F) is verti-
cal and the equator, E, is horizontal in this display. (a) The X-ray
diffraction pattern produced by the ZPF_A peptide clearly resembles
a “cross-f” pa’[tern,s‘F66 with an intense meridional 4.7 A reflection,
corresponding to the spacing of successive hydrogen bonded f-
strands aligned perpendicular to the fiber axis and a 9.1 A reflection,
on the equator, attributed to the packing distance of f-sheets (Table
I). (b) Similarly, a “cross-f” diffraction pattern is produced by the
ZPF_G peptide, since the 4.7 and 10.4 A reflections are indicative of
the inter-strand and inter-sheet distances, respectively (Table I).
Because of poor alignment of fibrils reflections appear as rings.

mammalian ZP protein ZP-N domains (Figure 2). 334971

Accordingly, the “aggregation-prone” ZPF_A and ZPF_G pep-
tide regions were located within the AG interface of the mod-
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Table I Spacings of the Reflections Observed in the X-ray Dif-
fraction Patterns Obtained from Oriented Fibers, Containing
Amyloid Fibrils, Derived by ZPF_A and ZPF_G Self-assembly

dobs (A)
h k ) ZPF_A ZPF_G
1 0 0 4.7 4.7
0 1 0 9.1 10.4
0 0 1 21.4

elled structure, as expected. Subsequently, docking experiments
(see Materials and Methods), clearly demonstrate that ZPB
ZP-N dimers of the modeled structure can be formed through
interacting AG interfaces (Figure 7). The optimal solution had
a HADDOCK score of —60.4 (Van der Waals energy of —32.3,
electrostatic energy of —202.8, desolvation energy of +12.5
kcal mol™ ' and no restraints violation energy, respectively)
with a total buried surface area of 1463.1 A2,

Previous studies have indicated that the edge f-strands of
proteins possessing an Ig-like fold, play a vital role in the for-
mation of dimers and higher order homopolymers.”* Strategi-
cally placed f-bulges, charged or proline residues and covering
secondary structure elements protect soluble monomers from
polymerizing, via edged aggregation-prone f-strands.”” In
contrast, proteins that natively form hydrogen bonded homo-
dimers, such as tranthyretin’> or human ZP proteins* usually
possess edged f-strands with long regular stretches that present
none of the aforementioned protective features, similarly to
the ZPE_A and ZPF_G peptides. Furthermore, recent impres-
sive experiments indicate that isolated interface stretches of
homopolymer-forming proteins, possess a self-assembly pro-
pensity preserving in that manner properties of their parental
interfaces.”* Equivalently, both ZPF_A and ZPF_G isolated

Table II Bands Observed in the ATR FT-IR Spectrum of a
Hydrated Film Produced from a Suspension of Fibrils, Produced
by the ZPF_A Peptide and ZPF_G Peptide, Respectively, and their
Tentative Assignments

Bands (cm™ ')

ZPF_A ZPF_G Assignments
1137 1140 TEFA
1182 1184 TEA
1202 1200 TFA
1231 1234 p-sheet (Amide III)
1515 Phe
1531 1550 f-sheet (Amide II)
1630 1632 p-sheet (Amide I)
1666 1668 TFA
1692 1691 Antiparallel -sheet (Amide I)
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FIGURE 6 ATR FT-IR (1100-1800 cm™') spectra obtained from thin hydrated-films containing
mature amyloid-like fibrils from the (a) ZPF_A and (b) ZPF_G peptides. Second derivative spectra
are also included and were used for the exact identification of the band maxima and their tentative
assignments. The resulting spectra, in both cases, clearly indicate an antiparallel f-sheet conforma-
tion as the dominant secondary structure of fibrils formed by each aggregation-prone peptide
(Table II).

AG Interface

FIGURE 7 The formation of ZPB ZP-N dimers, through their interacting AG interfaces (formed
by the ZPF_A and ZPF_G aggregation-prone peptides). Docking procedures, performed by the
HADDOCK algorithm, provided this structural model (see Materials and Methods). In the cartoon
representation, f-sheets are colored grey, helices are yellow and loops with red. The location of
both ZPF_A and ZPF_G aggregation-prone peptides is shown in the structure, since the former is
shown in blue and the latter with green.
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peptides exhibit “aggregation-prone” properties, possibly
retaining the self-aggregation potential of the parental proper-
ties of the AG interface of ZPB teleostean proteins.

Namely, our experimental data, which clearly show that
both ZPF_A and ZPF_G peptide segments are “self-
aggregating” peptides, together with the docking attempts,
indicate that the AG interface of the ZP-N domain is most
probably responsible for the polymerization of the teleostean
fish ZP proteins (Figure 7), in a way similar to the human ZP-
N domains.*

CONCLUSIONS

Our experimental observations indicate that this moderately
conserved “aggregation-prone” surface segment of the ZP-N
domain of ZPB proteins retains the self-aggregating potential
to drive ZPB proteins into dimers and therefore, subsequently,
to allow them to polymerize forming filaments.

Aside from previous experimental data, exposing the ability
of chorion proteins of the Austrofundulus limnaeus teleostean
fish, to form amyloid-like fibrils that bind the characteristic
Congo red dye,* it is our belief that the data presented here
suggest that teleostean fish chorion is an important functional
amyloid, protecting fish oocytes, similarly to silkmoth chorion
and human zona pellucida.*"*>”>’® We consider future studies
to be crucial, in order to further validate our results, by identi-
fying similar “aggregation-prone” surfaces of ZPC proteins,
also found present in teleostean chorion, as well as the possible
contribution of the ZP-C domain in teleostean fish chorion
protein polymerization. The aftereffects of identifying novel
natural amyloids might have a significant impact in biomateri-
als development, by exploiting the impressive mechanical and
structural properties that these structures possess.”” !
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