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Human zona pellucida (ZP) is composed of four glycoproteins, namely ZP1,
ZP2, ZP3 and ZP4. ZP proteins form heterodimers, which are incorporated
into filaments through a common bipartite polymerizing component, desig-
nated as the ZP domain. The latter is composed of two individually folded
subdomains, named ZP-N and ZP-C. Here, we have synthesized six ‘aggre-
gation-prone’ peptides, corresponding to a common interface of human ZP2,
ZP3 and ZP4. Experimental results utilizing electron microscopy, X-ray
diffraction, ATR FT-IR spectroscopy and polarizing microscopy indicate that
these peptides self-assemble forming fibrils with distinct amyloid-like features.
Finally, by performing detailed modeling and docking, we attempt to shed
some light in the self-assembly mechanism of human ZP proteins.

Keywords: amyloid fibrils; electron microscopy; functional amyloid;
homology modeling; peptide-analogs; zona pellucida

Highlights

* Human ZP proteins form heterodimers that are incorporated into ZP fila-
ments.

* A common ‘aggregation-prone’ interface of human ZP proteins is pre-
dicted.

 Corresponding peptide-analogs present characteristic amyloidogenic prop-
erties.

» Computational studies suggest that ZP proteins form dimers via their ‘ag-
gregation-prone’ interfaces.

» A possible mechanism for ZP protein self-assembly is proposed.

Mammalian oocytes are primarily responsible for syn-
thesis of a protective extracellular coat that controls
polyspermy and regulates species-specific recognition
of sperm during fertilization [1,2]. In humans, this por-

Abbreviations

ous matrix is known as zona pellucida (ZP) and is
composed of four individual protein subunits, namely
ZP1, 7ZP2, 7ZP3 and a fourth protein with high
sequence and structural similarities to ZP1, called ZP4

ATR FT-IR spectroscopy, attenuated total reflectance Fourier-transform infrared spectroscopy; TEM, transmission electron microscopy; TFA,

trifluoroacetic acid; ZP, zona pellucida.
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(ZP1-like) [3,4]. ZP proteins have the ability to form
homodimers under nondenaturing conditions [5]. How-
ever, detailed evidence suggests that ZP2 and ZP1/ZP4
are incorporated into dimers along with ZP3 forming
long interconnected filaments [6-8]. ZP filaments are in
turn cross-linked through ZP1 homodimers, proposed
to be stabilized by intermolecular disulfide bonds [6,9].
Evolutionary analysis has highlighted that the overall
architecture of animal egg coats exhibits remarkable
conservation during evolution [9], with similar compo-
nents found in marine invertebrates [10] and possible
homologs located even in yeast species [11].

ZP proteins share a common structure and are
incorporated into the heterodimer building blocks of
ZP filaments, after cleavage close to their C-terminal
by a furin-like protease [12—-15]. ZP proteins share a
common polymerizing module, designated as ZP
domain. This structural unit is composed of approxi-
mately 260 residues and is characterized by a con-
served pattern of intermolecular disulfide bonds,
formed by 8 (type I ZP domain, such as in ZP3) or 10
(type II ZP domain, such as in ZP1, ZP2 and ZP4)
invariant Cys residues [16]. ZP1 and ZP4 are also dis-
tinguished by an additional feature preceding the ZP
domain, namely a single trefoil/P domain [17]. The ZP
domain is composed of two individually folded subdo-
mains, known as ZP-N and ZP-C domain, respectively
[12]. Several lines of evidence have clearly shown that
the former is responsible for polymerization of ZP
proteins [18,19]. The mechanism of ZP protein assem-
bly currently remains unknown, however, the crystal
structure of the ZP-N domain and the ZP domain as a
whole from mouse and chicken ZP3 have been deter-
mined, revealing that the ZP-N domain adopts a
unique Ig-like B-sandwich fold, which consists of two
facing antiparallel B-sheets that are composed of 8 -
strands (A to G) [19,20].

Studies have previously indicated that the protective
coats enclosing silkmoth and teleostean eggs possess
distinctive features of amyloids [21-23]. Consistent evi-
dence was also derived by detailed structural studies
performed on isolated mouse ZP matrices [24]. Amy-
loids typically form under certain denaturing microen-
vironmental conditions, deviating from physiological,
in which otherwise soluble proteins are converted into
insoluble ordered fibrous aggregates, known as amy-
loid fibrils [25]. Nevertheless, organisms spanning from
bacteria to humans express proteins that natively form
filamentous arrangements, known as functional amy-
loid, sharing common features and qualities of amy-
loid, in order to support fundamental biological
processes [21,26-28]. Experimental data has high-
lighted that the overall self-aggregation tendency of a
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protein may be directed by the presence of short
sequence stretches with an inherent aggregation
propensity [29-32]. Recently, peptide segments corre-
sponding to a possible ‘aggregation-prone’ interaction
site, composed of the A and G B-strands of the puta-
tive ZP-N domain from hZP1, therein and henceforth
called the AG interface, were shown to possess charac-
teristic amyloidogenic properties [33]. Following these
results, it was also shown that the homologous region
of ZPB (ZP1-like) proteins from teleosts exhibits simi-
lar ‘aggregation-prone’ features [34]. In this work, we
investigated the amyloidogenic properties of six ‘aggre-
gation-prone’ peptides corresponding to the potent
AG interfaces of the remaining human ZP proteins.
Our experimental findings demonstrate that the pep-
tides self-assemble into filaments with apparent amy-
loidogenic  features, implying the amyloidogenic
properties of human ZP protein AG interfaces. Corre-
spondingly, through extensive computational model-
ing, we attempt to provide structural insights into the
formation of ZP filaments by ascertaining the contri-
bution of the AG interface in the formation of the
dimeric building blocks composing ZP filaments.

Materials and methods

Comparative modeling of human ZP protein ZP-N
domains

Sequences of all human ZP proteins, namely ZP1 (hZP1),
ZP2 (hZP2), ZP3 (hZP3) and ZP4 (hZP4), in addition to
mouse ZP3 (mZP3) (Uniprot ID: P60852, Q05996, P10761,
Q12836 and P10761, respectively), were extracted from
Uniprot [35]. Sequence alignment of the corresponding ZP-
N domains of all hZP proteins to mZP3 was performed
using Clustal Omega [36]. Subsequently, three-dimensional
models of the ZP-N domain of hZPl, hZP2, hZP3 and
hZP4 were derived, based on this alignment, utilizing
MODELLER 9v2 [37,38] and the crystal structure of the
mZP3 ZP-N domain as template (PDB ID: 3D4C).

Identification of potential ZP-N polymerization
interfaces

Sequences of all well-reviewed zona pellucida proteins were
extracted from Uniprot (Uniprot ID: P60852, Q62005,
054766, 16M4H4, Q05996, P20239, 054767, P48829,
QI9BHI10, P42099, P47983, P47984, P21754, P10761,
P48833, P97708, P48830, P42098, P48831, P48832, P53785,
P23491, P53786, P79762, Q12836, Q8CH34, QO00193,
QI9BHI11, P48834 and QO07287). Multiple sequence align-
ment was performed utilizing Clustal Omega [36]. The
derived alignment and the ZP-N modeled structures were
used as an input to implement WHISCY [39] and the con-
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sensus predictor meta-PPISP  [40], both algorithmic
approaches towards the identification of protein—protein

interactive surfaces for hZP1, hZP2, hZP3 and hZP4.

Peptide synthesis and sample preparation

‘Aggregation-prone’ peptides representing the A and G B-
strands of the ZP-N domain from human ZP2, ZP3 and
ZP4, namely TGELCT (HZP2_A), FRMTVKC (HZP2_G),
VLVECQ (HZP3_A), AEIPIEC (HZP3_G), VTLHCT
(HZP4_A) and FRLHVSC (HZP4_G), were synthesized
based on our detailed computational analysis and the
respective homology to their hZP1 equivalents, previously
shown to possess amyloidogenic properties [33], with a sim-
ple substitution of their cysteine (C) residues by alanine
(A), to avoid formation of undesired disulfide bonds, at
neutral pH. Peptides were synthesized by GeneCust Eur-
ope, Luxembourg (purity > 98%, free N- and C-terminals).
All synthesized peptides were dissolved in distilled water
(pH 5.75, concentration 10 mg-mL ') and were incubated
for a time period of 1-2 weeks. All peptides were found to
fold and self-assemble into amyloid-like fibrils, producing
gels. Mature amyloid-like fibrils were formed after an incu-
bation period of 1-2 weeks, at ambient temperatures.

Negative staining and transmission electron
microspopy (TEM)

Fibril suspensions from all peptide solutions were applied
to glow-discharged 400-mesh carbon and plastic-coated
copper grids for 60 s. The grids were stained with a drop
of 2% (w/v) aqueous uranyl acetate for 60 s. Removal of
excess stain was performed in air, by blotting with a filter
paper. The grids were air dried and examined with a Mor-
gagni™ 268 transmission electron microscope, operated at
80 kV. Digital acquisitions were performed with an 11
megapixel side-mounted Morada CCD camera (Soft Imag-
ing System, Muenster, Germany).

X-ray fiber diffraction

Suspensions (10 pL) of each peptide solution were placed
between siliconized rods, spaced 2 mm apart. The droplets
were air dried slowly at ambient conditions to form ori-
ented fibers suitable for X-ray diffraction. X-ray diffraction
patterns for HZP2_A HZP4_A and HZP4_G peptides were
collected, using a SuperNova-Agilent Technologies X-ray
generator equipped with a 135-mm ATLAS CCD detector
and a 4-circle kappa goniometer, at the Institute of Biol-
ogy, Medicinal Chemistry and Biotechnology, National
Hellenic Research Foundation (CukK, high intensity X-ray
microfocus source, A = 1.5418 A), operated at 50 kV,
0.8 mA. The specimen-to-film distance was set at 52 mm.
The exposure time was set to 300 s. The X-ray diffraction
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patterns were initially viewed using the program CRYSAL-
1sPrO [41] and subsequently displayed and measured with
the aid of the program mMosrLM [42]. X-ray diffraction pat-
terns for HZP2_G, HZP3_A and HZP3_G were collected
at the P14 beamline, at a wavelength of 1.23953 A (Petra
III, EMBL-Hamburg, Germany) using a PILATUS 6 m
detector. The detector distance was set to 225.11 mm and
exposure times were set to 1 s. X-ray diffraction patterns
were displayed and measured using IMOSFLM.

Attenuated total reflectance Fourier-transform
infrared spectroscopy and post-run spectra
computations

Droplets of all peptide fibril solutions were cast on flat
stainless-steel plates coated with an ultrathin hydrophobic
layer (SpectRIM, Tienta Sciences, Inc. Indianapolis, USA).
The drops were allowed to air dry at ambient conditions to
form hydrated thin films. IR spectra were obtained at a res-
olution of 4 cm™", utilizing an IR microscope (IRScope 1I,
BrukerOPTICS, Bruker Optik GmbH, Ettlingen, Ger-
many), equipped with a Ge ATR objective lens (20x) and
attached to a FT-IR spectrometer (Equinox 55, BrukerOP-
TICS). Ten 32-scan spectra were collected from each sam-
ple and averaged to improve the signal to noise ratio. All
spectra are shown in the absorption mode after correction
for the wavelength-dependence of the penetration depth (d,
analogous ).

Congo red staining and polarized light
stereomicroscopy

Fibril suspensions of each peptide-analog solution were
applied to glass slides and air dried at ambient conditions.
The films produced, containing amyloid-like fibrils, were
stained with a 1% Congo red solution in distilled water
(pH 5.75) for 20 min [43]. Excess stain was removed
through tap water washes [43]. The samples were observed
under bright field illumination and between crossed polars,
using a Leica MZ75 polarizing stereomicroscope equipped
with a JVC GC-X3E camera.

Docking procedures

The derived ZP-N domain models of human ZP proteins
were utilized in driven docking experiments with HADDOCK
version 2.2 [44]. CNSI1.2 was utilized for structure calcula-
tions [45]. Nonbonded interactions were calculated with the
OPLS force field [46] using a cutoff of 8.5 A. The solvated
docking protocol [47] explicitly accounting for solvent dur-
ing the docking procedure was preferred to unsolvated
docking since it may yield higher quality docking predic-
tions [48]. Interaction restraints to drive the docking were
set unambiguously and were not subjected to random
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removal. Residues corresponding to the A and G B-strands
of the ZP-N domains were defined as active residues. The
electrostatic potential (E.e.) was calculated using a shift
function, while a switching function (between 6.5 and
8.5 A) was used to define the van der Waals potential
(Evaw)- HADDOCK score, being the weighted sum of inter-
molecular electrostatic (Egje.), van der Waals (E,qw), desol-
vation (AGs,,) and ambiguous interaction restraint (AIR)
energies with default weight factors of 0.2, 1.0, 1.0 and 0.1,
respectively, was used to rank the generated poses.

Results

Synthesized peptides corresponding to the homologous
A and G B-strands (AG interface) of ZP2 (HZP2_A

200inm

—-— - /
24010 ()
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and HZP2_G), ZP3 (HZP3_A and HZP3_G) and ZP4
(HZP4_A and HZP4_G) were examined thoroughly
and they were found to self-assemble forming fibril-
containing gels, after an incubation period of
1-2 weeks. Negative staining indicated that all pep-
tides self-assemble forming fibrous arrangements with
the basic characteristics of amyloid fibrils, since they
appear straight, long and unbranched with a tendency
to coalesce laterally (Fig. 1). More specifically, the
‘aggregation-prone’ peptides HZP2_A and HZP3_G
self-assemble into amyloid-like fibrils with a diameter
of 30-50 A that coalesce laterally forming striated
ribbons of wvarious thickness (Fig. 1A,D). The
HZP2_G peptide forms amyloid-like fibrils with a
diameter of 70-100 A (Fig. 1B), whereas the HZP3_A,

Fig. 1. Electron micrographs of amyloid-
like fibrils formed by the (A) HZP2_A, (B)
HZP2_G, (C) HZP3_A, (D) HZP3_G, (E)
HZP4_A and (F) HZP4_G 'aggregation-
prone’ peptides. In all cases, the peptides
self-assemble forming straight and
unconnected amyloid-like fibrils. The fibrils
exhibit evident polymorphism, since the
HZP2_A and HZP3_G fibrils form striated
ribbons of variable thickness (shown in
yellow arrows), whereas the HZP3_A,
HZP4_A and HZP4_G fibrils coalesce
laterally forming superhelical arrangements
composed of two (shown in blue arrows)
to several individual fibrils (shown in red
arrows).
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HZP4_A and HZP4 G peptides form superhelical
arrangements composed of two to several individual
fibrils that wound around each other, with diameters
that vary between 70 and 120 A, respectively (Fig. 1C,
E,F). Such an apparent morphological polymorphism
of amyloid fibrils has been exhibited by many different
amyloid-forming proteins or peptides [31,34,49,50].
X-ray diffraction experiments were performed on
fibers containing amyloid-like fibrils, derived by self-
assembly of each ‘aggregation-prone’ peptide. The
X-ray diffraction patterns indicate that amyloid fibrils
formed in every case possess the typical ‘cross-f’-like

Amyloidogenic ‘AG interface’ of human ZP proteins

architecture of amyloid fibrils (Fig. 2). Specifically, a
strong meridional reflection corresponding to a struc-
tural repeat of 4.6-4.7 A is clearly evident along the
axis of the fiber, resembling the distance between suc-
cessively hydrogen bonded B-strands which are aligned
in a perpendicular fashion to the fibril main axis.
Moreover, all patterns exhibit a second strong reflec-
tion along the equator, corresponding to a d-spacing
of 7.7-11.9 A. This structural repeat most probably
corresponds to the packing distance between [B-sheets
that are aligned parallel to the fibril axis. The differ-
ences observed in the equatorial reflections indicate

A E 46 A B |e 46A
£ B,
c 47A

Fig. 2. X-ray diffraction patterns produced
by oriented fibers containing (A) HZP2_A,
(B) HZP2_G, (C) HZP3_A, (D) HZP3_G, (E)
HZP4_A and (F) HZP4_G derived amyloid
fibrils. The patterns are indicative of a
‘cross-B’ structure displaying both a
meridional (M) 4.6-4.7 A and an equatorial
(E) 7.7-11.9 A reflection, corresponding to
the distance between consecutive B-
strands and B-sheets that are aligned
perpendicularly or along the fiber (F) axis,
respectively.
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dissimilarities in the packing distance of each peptide
and arise from the variable sizes of the side chains that
are interlocked in the steric-zippers formed between
the B-sheets in each case. Model hexapeptides corre-
sponding to the ‘aggregation-prone’ peptides were
obtained by scanning ZipperDB [51]. The coordinates
are derived after threading and energetic evaluation
utilizing Rosetta-Design [52]. A detailed analysis of the
derived models indicated that the accommodation of
the side chains in a quarter-staggered fashion is steri-
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cally possible, in similar packing distances as the d-
spacings observed. Peptide-analogs composed of resi-
dues with shorter side chains, such as HZP2_A or
HZP4_A, have closer packing arrangements, in com-
parison to peptides with larger side chains, such as
HZP2_G or HZP4 G. At certain cases, reflections
may appear as rings due to poor alignment of the ori-
ented fiber constituent fibrils.

In an effort to supplement our X-ray diffraction
data, concomitant evidence was derived with the use
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Fig. 3. ATR FT-IR spectra produced from thin hydrated films containing amyloid fibrils derived by the self-polymerizing (A) HZP2_A, (B)
HzP2_G, (C) HZP3_A, (D) HZP3_G, (E) HZP4_A and (F) HZP4_G peptides. Fibrils derived by each amyloidogenic peptide possess an
antiparallel B-sheet secondary structure, as it is clearly evident by the presence of strong amide | and Il bands, in addition to a characteristic

amide | shoulder within the range of 1690-1697 cm ™"

, respectively (Table 1).
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of ATR FT-IR spectral acquisitions. ATR FT-IR
spectra obtained from thin hydrated films containing
amyloid-like fibrils from the solution samples of the
‘aggregation-prone’ peptides indicate that they adopt
an antiparallel B-sheet conformation, supporting our
X-ray diffraction results (Fig. 3). More specifically, a
preponderant amide I B-sheet band is viewed for the
HZP2_A, HZP2_G, HZP3_A, HZP3_G, HZP4_A and
HZP4_G peptides (Table 1), whereas similar assign-
ments arise based on the presence of an amide II peak,
viewed for spectra derived from all peptides, respec-
tively. Finally, an additional shoulder determined by
the second derivative spectra (Fig. S3), located in the
1690-1697 cm ™' region in all cases, suggests that the
peptides form antiparallel B-sheets (Table 1).

Deposits containing amyloid-like fibrils derived from
the self-polymerizing HZP2_A, HZP2 G, HZP3_A,
HZP3_G, HZP4_A and HZP4_G peptides were stained
with the amyloid-specific Congo red dye, in order to val-
idate the amyloidogenic properties of the peptides.
Congo red has been shown to selectively bind on amy-
loid fibrils and produces a characteristic yellow/green
birefringence, when viewed under crossed polars of a
polarizing microscope [53,54]. As clearly seen under
bright field illumination, fibril-containing gels of all the
peptides selectively bind to the Congo red dye (Fig. 4).
Additionally, the characteristic apple/green birefrin-
gence of amyloid deposits is clearly seen under crossed
polars of a polarizing microscope (Fig. 4).

Three-dimensional models of the ZP-N domain for
all ZP proteins were derived, namely hZP1, hZP2,
hZP3 and hZP4, by performing homology modeling
(Fig. S1). Structural analysis of the derived models elu-
cidated apparent structural similarities for the ZP-N
domain of all ZP proteins, since in all cases it adopts
an Ig-like antiparallel B-sandwich fold, composed of
two facing P-sheets, held together by two conserved
intramolecular disulfide bonds, formed by four invari-
ant Cys residues. The derived models were utilized as

Amyloidogenic ‘AG interface’ of human ZP proteins

input for the prediction of possible protein—protein
interaction sites, combined with conservation informa-
tion derived by a multiple sequence alignment of ZP
protein sequences (Fig. S2). Two distinct algorithms
were used, namely the WHISCY web server [39], in
addition to a metapredictor, meta-PPISP [40], which
utilizes a linear regression method, built on three indi-
vidual web servers, namely cons-PPISP [55], Promate
[56], and PINUP [57]. Impressively, both algorithms
support our experimental evidence, indicating that for
all human ZP proteins, the majority of possible pro-
tein—protein interaction site hot-spots more or less
coincide with the exposed AG interface surface
(Fig. 5). Moreover, although other segments were also
sparsely predicted for different ZP proteins, the only
surface-exposed segment that is commonly predicted
simultaneously by both algorithms for all ZP proteins
as a possible interaction site is the AG interface, thus
further supporting our experimental results. In this
aspect, rounds of driven docking experiments were
held. Particularly, following recent evidence, suggesting
that ZP3-ZP2 and ZP3-ZP1/ZP4 dimers form the
main axis of mammalian ZP filaments [8,58], we inves-
tigated whether these building blocks could be formed
based on the aggregation propensity of the AG inter-
face of ZP proteins. The docking results, introducing
reasonably favorable energies with no violation
restraints, yet weaker desolvation energies that do not
contribute significantly to the favorable interaction
(Table 2), suggest that protein—protein interactions
taking place between the AG interfaces of ZP proteins
could possibly promote the formation of dimers
(Fig. 6). The docking computations are suggestive but
not conclusive; therefore future experiments are essen-
tial, such as series of point mutations or FRET analy-
sis of human full length ZP proteins, in order to
experimentally verify their assembly mechanism and
the implication of the identified ‘aggregation-prone’
segments in this process.

Table 1. Bands observed in the ATR FT-IR spectra produced from hydrated films of the ‘aggregation-prone’ peptides. As it is clearly evident
by their tentative assignments, fibrils formed after self-assembly of the ‘aggregation-prone’ peptides adopt an antiparallel B-sheet secondary

structure (Fig. 3).

Bands (cm™")

HZP2_A HZP2_G HZP3_A HZP3_G HZP4_A HZP4_G Assignment

1137 1134 1138 1139 1136 1134 TFA

1184 1184 1184 1184 1186 1184 TFA

1201 1200 1201 1201 1200 1201 TFA

1535 1531 1535 1537 1533 1534 B-sheet (Amide 1)
1639 1625 1627 1620 1630 1626 B-sheet (Amide 1)
1668 1666 1666 1664 1668 1666 TFA

1693 1695 1693 1690 1693 1693 Antiparallel B-sheet
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Bright Field Crossed-Polars

Bright Field

Discussion

Our experimental results show that the peptide-analogs
of the A and G B-strands of the ZP-N domain from
hZP2, hZP3 and hZP4 proteins, in a similar manner
to hZP1, clearly possess distinct amyloidogenic proper-
ties exhibiting the typical structural and tinctorial
characteristics of amyloids [59,60].
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Crossed-Polars

Fig. 4. Congo red staining of (A, B)
HZP2_A, (C, D) HZP2_G, (E, F) HZP3_A,
(G, H) HZP3_G, (I, J) HZP4_A and (K, L)
HZP4_G deposits. (A, C, E, G, I, K) All
peptide gels selectively bind the Congo
red dye, as seen under bright field
illumination. (B, D, F, H, J, L) Furthermore,
all peptide gels exhibit the amyloid-specific
apple/green birefringence under crossed
polars of a polarizing microscope.

Fig. 5. Protein—protein interface prediction
by WHISCY [39] and metaPPISP [40] for
the ZP-N domain of (A) hZP1, (B) hZP2, (C)
hZP3 and (D) hZP4. Surface representation
of the ZP-N domains of hZP1, hZP2, hZP3
and hZP4 are shown in gray, with the
corresponding AG interfaces highlighted in
green. The corresponding WHISCY
predictions are also shown in surface
representations on the left side, whereas
the meta-PPISP results are shown on the
right. At both cases, scoring is highlighted
with a blue to red gradient, from lower to
higher score (scale bars below indicate
minimum/maximum score for WHISCY
and meta-PPISP, respectively). The
majority of interface hot-spots (red-colored
surfaces) predicted both by WHISCY and
meta-PPISP more or less overlap to the
corresponding AG interface surfaces of
the ZP-N domains, with the single
exception of the meta-PPISP results for
the hZP2 ZP-N domain.

Previous extensive studies have been focused on the
ZP-N domain, which is considered responsible for ZP
protein polymerization [18,19]. Detailed analysis of the
solved crystal structure of the ZP-N domain and the
complete ZP domain of mouse and chicken ZP3 protein,
respectively, revealed that the AG interface may be a
prominent ‘aggregation-prone’ interface for ZP proteins
[19,20,58]. Similar evidence was also derived in the case
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Table 2. Results of driven docking experiments. Energies of the most reliable results for all ZP dimers according to HADDOCK are shown

(Fig. 5).

Docked HADDOCK Van der Waals Electrostatic Energy Desolvation Energy Restraints Violation Total Buried
Dimers score Energy (Kcal-mol™")  (Kcal-mol™") (Kcal-mol™") Energy (Kcal-mol™')  Surface Area (A?)
ZP1-ZP3 -123.9 —64.7 —352.6 1.4 0.0 1768.5

7P2-7P3 —65.5 —45.8 -213.0 22.9 0.0 1554.1

ZP4-7P3 -126.0 —67.6 —442.2 26.0 0.0 1975.3

ZP Fllaments

i

it

B zr1 [ zr2 B zr3

W zra

[
°

Fig. 6. Human ZP protein ZP-N domain dimers derived from driven docking, performed by HADDOCK. (A) ZP1-ZP3, (B) ZP2-ZP3 and (C)
ZP4-7ZP3 dimers are formed with similar interactions formulated between their corresponding AG interfaces (Table 2). (D) The dimers
formed based on the aggregation properties of the AG interfaces, could possibly represent the successive building blocks brought together
by head-to-tail interactions. Taking into account other predicted amyloidogenic segments [24], or segments that have been reported to take
part in protein-protein interactions of ZP proteins [12,19,20], it is possible that the aggregation-propensity of the AG interface along with the
above forces lead towards the formation of a perpetual B-helical structure along the axis of the ZP filaments. ZP filament interconnection
may occur based on interactions between the N-terminal extensions or the trefoil domain of ZP1/ZP4 (shown in red pentagons), as recent

studies have previously suggested [9,65]. ZP-N domain monomers from ZP1, ZP2, ZP3 and ZP4 are shown in green, yellow, blue and

magenta, respectively.

of the ZP-N domain of hZP1 [33]. Our results corrobo-
rate this notion, by elucidating the amyloidogenic prop-
erties of peptide-analogs corresponding to the AG
interfaces of all human ZP proteins. Based on this
assumption, we sought to investigate whether this poly-
merization interface could contribute in the self-assem-
bly mechanism of ZP proteins. Sequence conservation
analysis revealed that the AG interface is a prominent
interaction site for all human ZP proteins (Fig. 5).
These results are strengthened by previous elaborate
studies suggesting that amyloidogenic proteins with an
Ig-like fold have a tendency to polymerize via their
edged B-strands, forming dimers or higher order poly-

mers [61]. This analysis elucidated that strategically
placed bulky moieties, such as B-bulges, protect soluble
monomers from polymerizing via complementary H-
bonds between edged B-strands. Similar head-to-tail
polymerization mechanisms have been suggested for
other amyloid-forming proteins with an Ig-like fold,
such as transthyretin or superoxide dismutase [62,63].
Detailed studies have shown that motifs composed
of 6-8 residues, derived from B-continuous interfaces
of oligomeric proteins have an intrinsic self-aggrega-
tion propensity by retaining the polymerizing proper-
ties of their parental protein interfaces [64]. In close
analogy, since all the peptides of our study clearly
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have the ability to self-aggregate forming amyloid-like
fibrous structures, it is possible that their parental AG
interfaces are capable of driving ZP proteins towards
the formation of dimers. This notion is supported by
rounds of driven docking experiments suggesting that
human ZP proteins could be able to form dimers by
interacting via their AG interfaces.

Other amyloidogenic sites have been previously pre-
dicted in ZP proteins across species, utilizing evolu-
tionary conservation analysis [24]. Possible interaction
sites include, among others, the E'-F-G extension
(composed of the E/, F and G B-strands of the ZP-N
domain), which has been previously suggested to be
involved in protein—protein interactions [20], or a con-
served hydrophobic stretch, known as the internal
hydrophobic patch (IHF) [12], a segment that is essen-
tial for the regulation of mouse ZP protein assembly
[12,19]. In this line, the E' B-strand of the ZP-N
domain of mouse ZP3 was also found to serve as a
crystal contact leading to the formation dimers [20].
Furthermore, ZP filament interconnection has been
suggested to occur via the presence of the trefoil
domains that diversify ZP1/ZP4 from the other ZP
proteins, as it has been previously proposed [9,65]. As
a result, it appears that the intrinsic aggregation
propensity of the AG interface might contribute as a
possible driving force for the formation of the funda-
mental dimeric building blocks composing ZP fila-
ments, although interactions between sites other than
the AG interface are most certainly essential for the
overall ZP amyloid fibril formation. Identifying the
self-assembly process of a functional amyloid, such as
human zona pellucida, may have significant pharmaco-
logical applications by providing invaluable informa-
tion towards the design of effective contraceptive
drugs, by targeting regions important for the assembly
or overall structure of mature ZP, thus constituting
the oocyte infertile, or the production of potent bio-
materials, by taking advantage of the impressive
physicochemical properties of such structures.
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