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Spider Silk Protein Forms Amyloid-Like Nanofibrils through
a Non-Nucleation-Dependent Polymerization Mechanism

Xingmei Qi, Yu Wang, Hairui Yu, Ruifang Liu, Axel Leppert, Zihan Zheng, Xueying Zhong,
Zhen Jin, Han Wang, Xiaoli Li, Xiuzhe Wang, Michael Landreh, Ludmilla A.
Morozova-Roche, Jan Johansson, Sidong Xiong, Igor lashchishyn, and Gefei Chen*

Amyloid fibrils—nanoscale fibrillar aggregates with high levels of order—are
pathogenic in some today incurable human diseases; however, there are also
many physiologically functioning amyloids in nature. The process of amyloid
formation is typically nucleation-elongation-dependent, as exemplified by the
pathogenic amyloid-f peptide (Ap) that is associated with Alzheimer’s
disease. Spider silk, one of the toughest biomaterials, shares characteristics
with amyloid. In this study, it is shown that forming amyloid-like nanofibrils is
an inherent property preserved by various spider silk proteins (spidroins).
Both spidroins and A capped by spidroin N- and C-terminal domains, can
assemble into macroscopic spider silk-like fibers that consist of straight
nanofibrils parallel to the fiber axis as observed in native spider silk. While Ag
forms amyloid nanofibrils through a nucleation-dependent pathway and
exhibits strong cytotoxicity and seeding effects, spidroins spontaneously and
rapidly form amyloid-like nanofibrils via a non-nucleation-dependent
polymerization pathway that involves lateral packing of fibrils. Spidroin
nanofibrils share amyloid-like properties but lack strong cytotoxicity and the
ability to self-seed or cross-seed human amyloidogenic peptides. These
results suggest that spidroins * unique primary structures have evolved to
allow functional properties of amyloid, and at the same time direct their
fibrillization pathways to avoid formation of cytotoxic intermediates.

1. Introduction

The amyloid world hypothesis of the origin
of life posits that peptide amyloids, which
were effective against harsh conditions,
were the first molecular entities that were
able to self-replicate, transmit information,
and evolve.l!ll In recent decades, amyloid
nanofibrils have been extensively studied
and identified as highly ordered, straight,
and unbranched fibrillar polypeptide ag-
gregates with a diameter of approximately
10 nm, consisting of f-strands that are ori-
ented perpendicular to the fibril axis.[?l Al-
though amyloid is pathogenic and associ-
ated with around fifty human diseases, such
as Alzheimer’s disease (AD), Parkinson’s
disease (PD), and type 2 diabetes (T2D),[>?!
non-pathological functional amyloid(-like)
nanofibrils with well-defined physiologi-
cal roles have been widely identified in
natural species, including invertebrates
(e.g., insects,[ spiders®! and also bacte-
rial biofilms(®l) and human (e.g., p-mel and
some polypeptide hormones!”)). According
to the AmyPro database,®! characterized
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pathogenic and functional amyloids account for 36% and 43%,
respectively, of total amyloids. Amyloid formation is often con-
sidered to be a nucleation—elongation-dependent process, where
fibril growth requires the formation of an oligomeric nucleus,
and fibril formation could be facilitated by the addition of pre-
formed aggregates (seeding effects).[®) Typical examples of this
aggregation mechanism are pathogenic AD associated amyloid-
B (Ap) peptidel’® and T2D relevant islet amyloid polypeptide
(IAPP).[!1 The bacteria derived functional amyloid protein CsgA,
the major building block of curli, also follows this nucleation-
dependent aggregation pathway.'?l Amyloidogenic aggregation
from monomers has been also considered to follow the non-
nucleation dependent isodesmic (or linear) polymerization path-
way, where the association constants for monomer addition to
any protein species are identical.l’!

Insect and spider silk exhibit distinct structural features and
are fascinating subjects for biomimicry. Interestingly, certain in-
sect silk shares structural characteristics with amyloid nanofib-
ril, for example, Chrysopa flava egg-stalk silk adopts a f-sheet
rich structure in which several sheets associate to form a fiber
with f-strands running perpendicular to the fiber axis.!'*] Spider
silk, on the other hand, is one of the strongest biomaterials,!']
and its mechanical strength and extensibility are determined by
p-sheet nanocrystallites that are parallel to the fiber axis, in con-
trast to amyloid nanofibrils, as well as non-crystalline amorphous
regions.[’’] Spider silk is made of many nanofibrils secreted by
the spinneret on the posterior portion of the spider’s abdomen
consisting of millions of nanoscale tubes,[!*!7] holding amyloid-
like characteristics. For instance, nanofibrils with diameters of 5—
10 nm have been found in the spinning gland secretory vesicles
of brown recluse spiders Loxosceles laetal’® and at the end of the
silk production pathway of orb web spider Trichonephila edulis.]®]
Moreover, in natural spider silk fibers, nanofibrils with diameters
ranging from several to hundreds of nanometers have also been
reported.'®l The ribbon-shaped silk of L. laeta contains numer-
ous fine filaments that frequently assemble in pairs to generate
a nanofibril with a diameter of ~#12 nm, which are orientated al-
most parallel to the long axis of the ribbon.!*8! For cylindrical silk
fibers, a skin—core organization and functional coatings on top
of the skin layer were identified for the major ampullate silk, and
nanofibrils with diameters of ~#6-17 nm in the core and ~17-
100 nm in skin layer were described for different spider species to
be parallel to the fiber axis.['®192] A recent study has shown that
both major and minor ampullate silk fibers from the orb-web spi-
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der Nephila Madagascariensis consist of nanofibrils arranged par-
allel to the long axis of the silk. The diameters of these nanofibrils
are 145 nm + 18 nm and 116 nm + 12 nm for major and minor
ampullate silk, respectively, spanning the entire length of the silk
fiber.[?’] In addition to the ampullate silks, parallel nanofibrillar
structures are also present in the egg sac silk of T. edulis.[?®]

There is also supporting evidence indicating the presence of
nanofibrils in recombinant spider silk-like fibers.**3% And in-
terestingly, recombinant module tandems created from the low-
complexity repetitive region of spider silk proteins (spidroins),
or the terminal domains can assemble into nanofibrils in vitro
when triggered by additives such as potassium phosphate or an
acidic pH. Recombinant spidroin protein, comprising sixteen re-
peats of the module C derived from the orb web spider Araneus
diadematus eADF-4 (major ampullate spidroin 2 (MaSp2) deriva-
tive), when induced by potassium phosphate, assembled into
nanofibrils that bind amyloid-specific dyes Thioflavin T (ThT)
and Congo Red.’-3] The short dodecapeptide from the silk g-
sheet sequence of orb web spider Araneus ventricosus can self-
assemble into 20 nm wide nanofibrils after incubation for 72 h
in 5 mmol L' NaCl and 10 mmol L~! phosphate buffer so-
lution (PBS).**l The globular N- and C-terminal domains (NT
and CT) play vital roles in regulating spider silk formation,!*
in vitro experiments demonstrated that the non-repetitive CTs
of A. ventricosus minor ampullate silk protein (MiSp) and flag-
elliform spidroin (FISp) could spontaneously unfold and assem-
ble into ThT-positive nanofibrils under acidic conditions,3>3¢!
while the recombinant NT from Euprosthenops australis MaSp1l
forms nanofibril-based hydrogel.l*’”! While there are notable sim-
ilarities between amyloid fibrils and spider silk fibrils, such as
their comparable diameters, morphology, and the ability to bind
amyloid-specific dyes, it is essential to acknowledge the formal
definition of amyloid fibrils, which hinges upon an ordered cross-
p-sheet structure within the fibrillar core, leading to a fibrillar
architecture.l?l In contrast, spider silk fibers exhibit a more in-
tricate and diverse mixture of structures, encompassing both
p-sheet crystalline regions and amorphous regions within the
fibers.’8] The same problem remains also in the amyloid field,
when a-helical proteins form amyloid fibrils and there are indi-
cations that not all amino acid residue sequence form f-sheet
and some remaining a-helices or nonstructured regions form the
fibrillar interface.3**%! Considering the visual and inherent simi-
larities between the nanofibrils derived from spidroins and amy-
loid fibrils, we have chosen to use the term “amyloid-like fibrils”
in this study. This terminology acknowledges the shared charac-
teristics and appearance of the spidroin-derived nanofibrils with
amyloid fibrils, while recognizing the structural differences re-
sulting from the heterogeneous nature of spider silks. By refer-
ring to the nanofibrils derived from spidroins as amyloid-like fib-
rils, we aim to highlight the resemblances while being mindful of
the divergence from the precise definition of amyloid fibrils due
to the complex structuring exhibited by spider silks. This desig-
nation allows us to effectively describe the observed features and
properties of the nanofibrils in relation to the well-established
amyloid paradigm.

Biomimetic spider silk-like fibers currently cannot compete
with natural silks in terms of mechanical performance due to
a lack of detailed understanding of the hierarchical structures
of both natural and biomimetic spider silk fibers. While the
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micelle theoryl*] and liquid crystalline theory!*?] have been
proposed to explain how spidroins rapidly form solid nanofibril-
bundle-constituted silk fibers from highly concentrated soluble
spidroins, the assembly mechanism is still to be established.
Recently, it has been demonstrated that liquid-liquid phase sepa-
ration (LLPS) occurs in response to multivalent anions mediated
by the C-terminal and repetitive domains. Under mild acidifi-
cation together with the LLPS conditions, recombinant MaSp2
variant rapidly self-assembled into dense nanofibrillar networks
oriented along the longitudinal axis.[*}] Taken together, spider
silks share common characteristics to amyloid nanofibrils that
might play important roles in macroscopic silk fiber formation
and the ultimate performance, yet the molecular mechanistic
details are still to be elucidated, including how spidroins assem-
ble into amyloid-like nanofibrils and subsequent macroscopic
fibers. Moreover, it remains unknown whether these constituent
amyloid-like nanofibrils are cytotoxic and possess cross-seeding
effects on pathogenetic human amyloidogenic peptides, which
is important when fibers are implemented for biomedical ap-
plications. Herein, we unraveled assembly mechanisms from
spidroins to nanofibrils, evaluated the cytotoxicity and self/cross-
seeding capacities, and performed comprehensive analyses on
amyloid forming properties of different spidroins. The results
provide general insights into the assembly of silk proteins and
their biocompatibility.

2. Results and Discussion

2.1. Recombinant Spidroins Rapidly and Spontaneously Form
Amyloid-Like Nanofibrils

Recombinant production of full-length spidroins dominated by
repetitive regions is generally not feasible due to their large
size. Therefore, truncated spidroins that represent characteristic
repetitive patterns are commonly used.['*l We have been focusing
on a truncated repetitive region (amino acid sequence in Table S1,
Supporting Information), Repyy;s,,, from the A. ventricosus spider
MiSp.[** This region contains the typical MiSp motif Gly-Ala, ac-
counting for 49% (Gly) and 36% (Ala), respectively (Figure 1a).
Surprisingly, the recombinant Rep,y;s, could not stay in its solu-
ble state. After one day of incubation at 4 °C in 20 mwm Tris pH 8.0,
there was a significant reduction in band intensity (Figure 1b). At
room temperature, the reduction in the band intensity was even
more noticeable and most of the Rep,;s, proteins disappeared
within one day incubation (Figure 1b). Although the reduction of
the band intensity during incubation was rapid and pronounced
at room temperature, no clear manifestations for solid precipita-
tions or degradation during the incubation were observed. This
phenomenon suggested that aggregates with ultrastructure prob-
ably formed, as it has been shown that recombinant spidroins
consisting of eADF-4 repetitive module tandems have the ability
to assemble into amyloid-like nanofibrils initiated by potassium
phosphate.l’132] As predicted by the ArchCandy program that es-
timates the likelihood of a given amino acid sequence to form
amyloid using the structural definition of amyloid,[**! notably,
Rep,ys, displayed a high propensity to form amyloid nanofibrils
(Figure 1c), supporting ultrastructure formation of recombinant

Repygisp-
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To confirm that the recombinant Rep,y;s, formed highly struc-
tured aggregates, we imaged the products incubated at room tem-
perature by transmission electron microscopy (TEM). A signifi-
cant amount of nanoscale fibrils was observed with an average
diameter of 16.6 + 4.3 nm (Figure 1d,e), which falls within the
amyloid fibril diameter range.[*’**8] Monitored by the ThT fluo-
rescence assay, the recombinant Repyyg, followed a ThT-positive
increase during the incubation time course (Figure 1f), indicat-
ing the formation of ThT-positive nanofibrils. Taken together,
these results suggest the truncated MiSp spidroin Repys, can
spontaneously assemble into amyloid-like nanofibrils in a nor-
mal physiological-like buffer at pH 8.0, most importantly, with-
out any additives and shearing force. It has been shown that, to
trigger fibril-formation, several independent physical and chem-
ical conditions, that is, shear, reduction of pH, Na*, and Cl~ con-
centrations, need to be met simultaneously, and the absence of
any of these triggers prevents premature assembly of spidroin in
the storage sack, enabling long-term storage.[*”) We also tested
the amyloid-like fibril formation of the recombinant Repyg, in
20 mwm Tris pH 8.0 in the presence of 150 mm NaCl under qui-
escent condition, and similarly, ThT-positive increase was ob-
served (Figure S1, Supporting Information), suggesting recombi-
nant MiSp spidroins can spontaneously assemble into amyloid-
like nanofibrils without a decrease in pH or NaCl concentration
and shearing force in vitro.

2.2. Forming Amyloid-Like Nanofibrils Is an Intrinsic Feature
Preserved by Different Spidroins

Spiders produce a variety of proteinaceous silk fibers, such
as MaSp, MiSp, FISp, aciniform spidroin (AcSp), tubuliform
spidroin (TuSp), and pyriform spidroin (PySp), each with
unique mechanical properties suitable for diverse biological
applications."*] The amyloidogenic nature of Rep,y;s, raised the
question of whether other spidroins also possess this property.
Different spidroins are predominantly composed of repetitive
motifs/domains flanked by relatively conserved globular NT and
CT.’ For instance, MaSp1 contains GGX, GX, and poly-A mo-
tifs, while MaSp2 consists of GPX, QQ, GGX, GSG, and poly-A
motifs.>!l The MiSp sequence is primarily comprised of Gly and
Ala residues organized into GX, GGX, GGGX, and short poly-A
repeats,*l and FISp is rich in GPGGX motifs.’>%3] Differently,
AcSp, TuSp, and PySp do not follow the same repetitive pattern
as the Gly-rich spidroins but contain non-Gly-rich repetitive do-
mains, approximately 200 amino acid residues in length.[>>°]
Based on the amino acid composition and the size of the repet-
itive regions, the spidroins were grouped into Gly-rich (MaSp,
MiSp, and FISp) and non-Gly-rich (AcSp, TuSp, and PySp) cate-
gories (Figure S2, Supporting Information).

To investigate the amyloid-forming properties of various types
of spidroins, the full-length amino acid sequences were sub-
jected to amyloidogenicity prediction individually using Arch-
Candy (Figures S3-S6, Supporting Information). Surprisingly,
the repetitive regions of the non-Gly-rich group, that is, AcSp,
TuSp, and PySp, all displayed high amyloidogenic propensi-
ties with large f-arcade-forming patches (Figure 2a; Figures S5,
S6, Supporting Information), which supports the presence of
nanofibrils in native spider egg sac silki?!] and apparently at
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Figure 1. Amyloid-like nanofibril formation of recombinant spidroins Repy;s, derived from A. ventricosus MiSp repetitive region. a) Amino acid com-
position (%) of Repyis,. The amino acids are shown in single letter format along the X-axis, while the Y-axis is the corresponding frequency (%). b)
Stability analysis of recombinant Repy;s, by SDS-PAGE. The numeral numbers on top of the gels indicate the incubation time (day) at 4 °C and room
temperature (RT), respectively. ) Repy;s, amyloidogenic region prediction by ArchCandy.[5] The scoring threshold 0.575 is indicated by the dash line.

d) TEM image of Repyis

after two days incubation at room temperature and e) diameter measurements of the subsequent amyloid-like nanofibrils were

performed with Fiji.[4¢] F) Fibril formation trace of 4.5 um Repyy;s, in 20 mm Tris pH 8.0 at 25 °C monitored by ThT assay under quiescent conditions.

The shadow in gray along the trace represents standard deviations.

the ending point of recombinant spider silk-like fibers of AcSp
repeats.’’] In the Gly-rich group, MaSp1 and Flag repetitive re-
gions did not display obvious regions for f-arcade formation
(Figures S3b, S4b, Supporting Information), whereas the MiSp
repetitive region exhibited many large areas capable of form-
ing fibrillar f-arcades (Figure 2a; Figure S3a, Supporting Infor-
mation). Despite being rich in prolines, small amyloidogenic
regions were predicted to form fibrillar amyloid structures in
the repetitive region of MaSp2 (Figure 2a; Figure S4a, Sup-
porting Information), consistent with a previous study report-
ing that recombinant MaSp2 derivative eADF4 module repeats
(n > 2) form amyloid-like nanofibrils in the presence of potas-
sium phosphate.l*}] Notably and interestingly, ArchCandy predic-
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tions indicated that most of the NTs and all of the CTs exhibited
high amyloid-forming propensities, with significant g-arcade-
forming regions (Figure 2b,c; Figures S3-S6, Supporting Infor-
mation). The biological functions of amyloid fibril formation in
the terminal domains remain unclear, but it has been experi-
mentally confirmed in vitro that the recombinant CTs of MiSp
and Flag form in a pH-sensitive manner amyloid-like nanofib-
rils that are thought to trigger the repetitive regions to rapidly
form fibers, but seeding effects from these CT nanofibrils have
not been reported.!3>3]

Given the limitations of the ArchCandy prediction, such as
its inability to predict stacking of anti-parallel g-arches or g-
solenoidal structure,”] we used the AMYLPRED2 consensus

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Amyloid formation analysis of different spidroins. a—c) Amyloid forming predictions of the full-length MiSp, MaSp1/2, Flag, AcSp, TuSp,
PySp by ArchCandy and AMYLPRED2. The predictions for a) the repetitive regions, b) the NTs, and c) CTs are shown separately. The corresponding
full predictions and relevant scores are shown in Figures S3-S9, Supporting Information. d) Amyloidogenic prediction of an AcSp repeat—Reppcs, by
ArchCandy. The scoring threshold 0.575 is shown by the dash line. e) TEM image of Repj.s, after incubation at room temperature, and f) diameter
measurements of the subsequent amyloid-like nanofibrils were performed with Fiji. g) Fibril formation traces of Reppcs), at two different concentrations
(0.80 and 0.25 mg mL~") in 20 mm Tris pH 8.0 at 25 °C monitored by ThT assay under quiescent conditions. The inset shows the normalized traces.

method to predict amyloidogenic regions in spidroins that did
not exhibit f-arcade patches in ArchCandy prediction, namely
the repetitive regions of Flag and MaSp1 and the NTs of MiSp
and PySp. Upon AMYLPRED2 prediction, the repetitive re-
gion of MaSpl displayed amyloid-forming regions mainly lo-
cated within the poly-A motifs (Figure 2a; Figure S7, Support-
ing Information), supporting the notion that the poly-A motifs
are responsible for forming the f-sheet nanocrystallites present
in spider major ampullate silk fibers.[®! The short spacer mo-
tifs in spider species that spin Flag fibers containing f-sheets
have a higher f-sheet propensity, but the long distance between
the spacer motifs might not be compatible with the predic-
tion of ArchCandy.”] According to the AMYLPRED2 consen-
sus method, the short spacers of A. ventricosus Flag are the pri-
mary sites responsible for forming f-strands and further amy-
loid structures (Figure 2a; Figure S8, Supporting Information).
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Similarly, the NTs from MiSp and PySp were also found to have
many amyloid-forming patches (Figure 2b; Figure S9a,b, Sup-
porting Information). These computational predictions suggest
a potential common property of spidroins, including both the
repetitive regions and the terminal domains, in their propensity
for forming amyloid-like structures despite having strikingly dif-
ferent amino acid sequences. This finding is consistent with the
presence of nanofibrils in natural spider silk fibers, which have
been observed so far only in major ampullate silk, minor ampul-
late silk, and egg sac silk.['®] However, these microscopic fibrillar
structures are likely to differ, resulting in diverse structures and
performance in the solid macroscopic silk fibers.

As the Repy, from the Gly-rich group showed strong
amyloid-like fibril propensity, the prediction results led us to
experimentally confirm the amyloid-forming propensities of
spidroins from the non-Gly-rich group—the repeat Rep,,
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(amino acid sequence in Table S1, Supporting Information) de-
rived from A. ventricosus AcSp. This truncated AcSp repetitive
region has previously been shown to assemble into spider silk-
like fibers by hand-pulling in 20 mm Tris pH 8.0 in the pres-
ence of terminal domains.5*®°! ArchCandy prediction revealed
that Rep,, contains large amyloidogenic patches (Figure 2d).
We produced recombinant Rep, s, proteins from E. coli, and un-
der TEM Rep,, nanofibrils with diameter of 22.6 + 3.2 nm
were observed after incubation (Figure 2e,f). Interestingly, these
nanofibrils apparently assembled and packed together, further
generating relatively thicker nanofibrils, from 60.3 + 3.1 nm to
116 + 4.2 nm (Figure 2e,f). Additionally, the recombinant Rep,,
showed a ThT-positive increase in 20 mwm Tris pH 8.0 (Figure 2g),
indicating the formation of ThT positive amyloid-like nanofib-
rils. Further, the recombinant Rep,, also exhibited a similar
aggregation pattern as Repys,, without lag phase and plateau
(Figure 2g), and the traces at relatively low and high concentra-
tions overlapped after normalization (Figure 2g inset), which sug-
gested that Rep, s, assembles into nanofibrils following a mech-
anism comparable to Repys,-

2.3. Spidroins Assemble into Amyloid-Like Nanofibrils via a
Non-Nucleation-Dependent Polymerization Pathway

Amyloid fibril formation is often a nucleation—elongation-
dependent process; however, amyloidogenic aggregation also
follows the non-nucleation dependent isodesmic (or linear)
pathway.®) To gain further mechanistic characterizations of
spidroin nanofibril formation, we focused on the Rep,s, that
spontaneously forms ThT positive amyloid-like nanofibrils in
a normal physiological-like buffer under quiescent condition.
To synchronize the reaction, the recombinant spidroin Repyys,
was further refined by size exclusion chromatography (SEC)
for monomer isolation, where a well separated monomer peak
was eluted (Figure 3a). Circular dichroism (CD) measurements
showed Repy;s, has a random coil conformation (Figure 3b),
which transformed to f-sheet and f-turn along nanofibril forma-
tion, demonstrated by Fourier-transform infrared spectroscopy
(FTIR) spectrum with shifted Amide I bands toward 1624 cm™
and 1679 cm™! (Figure 3b inset), similar to the fibrils formed
by recombinant spidroin repeats of the eADF-4 (MaSp2 deriva-
tive) module C.323] The structure of spider silk crystalline ar-
eas has been proposed to be composed of g-sheets, with poly-
Ala (for MaSp) or poly-Gly-Ala (for MiSp) forming the struc-
ture with successive alanine/glycine residues placed on alternate
sides of a backbone. Interlocking of adjacent chains is achieved
via hydrophobic interactions, with poly-Ala providing higher hy-
drophobicity than poly-Gly-Ala, thus reflecting the lower ten-
sile strength of minor ampullate silk compared to major ampul-
late silk.°®] The program—BetaSerpentine—predicts possible f-
serpentine arrangements of adjacent g-arches that could be esti-
mated by the ArchCandy program,[**! and has been used to accu-
rately predict the amyloid structure arrangement of, for example,
Ap42 and a-synuclein with a good agreement to the correspond-
ing Nuclear magnetic resonance (NMR) data.l®!l Within Repy;s),
from pos. G109 to G234 (Figure 1c; Table S1, Supporting Infor-
mation), BetaSerpentine was able to establish a consensus ar-
rangement of ten significant f-strands (Figure S10a, Supporting
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Information). The representative f-serpentine showed that the
poly-A motif, forming f-sheet crystalline areas in MaSp respon-
sible for spider major ampullate silk tensile strength,l!] as well
as Gly/Ala motif in Repy;g, formed f-strands, and the Ala/Ala
or Gly/Ala packing plays important roles on the f-serpentine ar-
rangements (Figure S10b, Supporting Information), supporting
the proposed structure of poly-Ala or poly-Gly-Ala in crystalline
areas of spider silk. In L. laeta ribbon silk nanofibrils, g-sheets
are the dominating secondary structure attributed to Gly and
Ala, but helical structures including 3;-helices and a-helices also
play significant roles.[®?] Beside the core amyloidogenic region of
Rep,y;s,,, there are regions rich in Gly and Ala that do not form
p-arches (Figure 1c; Table S1, Supporting Information), suggest-
ing they might be involved in the formation of other secondary
structures.

To elucidate the underlying amyloid-like fibril forming mech-
anism, we conducted a series of ThT measurements on recombi-
nant Rep,y;s, at varying initial monomer concentrations in 20 mm
Tris pH 8.0 at 25 °C under quiescent conditions (Figure 3c). The
final fluorescence intensity showed a linear relationship with the
initial monomer concentration (Figure 3d), indicating that ThT
accurately reports on the reaction progress within the given con-
centration range of the Rep,;5, monomer, as previously reported
for other amyloidogenic peptides.!'%%] Notably, we observed nei-
ther stable plateau for any Rep,y;s, concentration within the test-
ing time range nor typical lag phase, which suggested a non-
nucleation-dependent polymerization mechanism.®! Upon data
normalization, the aggregation traces of different Repys, con-
centrations overlap (Figure 3c inset), indicating the aggrega-
tion constants are not concentration dependent. Further, kinetic
traces of Repy;s, have no inflection point (Figure 3c), indicating
a polymerization reaction.

The distribution of filament masses showed a Poisson’s shape
(Figure 3e), which is indicative of chain polymerization.[®¥ If
monomer fraction serves as initiator, first exponential decay can
be ascribed to polymerization. Using living polymerization for-
malism initiator concentration can be calculated from the distri-
bution via:

Lav =1- MO/IO (1)

where L —average filament length, M,—starting monomer
concentration, and I,—initiator concentration. For linear poly-
mers the distribution of masses is the same as the distribution
of lengths. Average filament length according to mass photom-
etry is ten monomers (Figure 3e), which gives the initiator con-
centration of 0.51 um. It is an upper estimate, since fraction of
monomers that serve as initiator decreases number of monomers
(C,) available for polymerization, that is, M, = Cy+I,.

The second exponential decay can be attributed to conforma-
tional change of the growing filaments. Spectroscopic analysis
suggests that silk protein unfolds in multiple steps.[%] Since the
number of initiator monomers represent the number of fila-
ments, then the conformation term is also proportional to I,.
Therefore, the fitting model can be written as a sum of two
terms—polymerization and conformational change:

F/F, = Cye il 4 (1= Cpy) ehel! ()
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Figure 3. Mechanism investigation of Repy;s, nanofibril formation. a) Repys, monomers isolation by a superdex75 column connected to an akta
system. The green shadow is for the fraction collected, and the purity assessment by SDS-PAGE is as inset. Lane L is for protein ladder. b) Secondary
structure measurements of soluble Repys, monomers and the nanofibrils by CD (three scans) at 25 °C and FTIR, respectively. Secondary structure
evaluation of Repy;s, nanofibrils was measured by FTIR (inset). f-sheet and f-turn are arrow-labelled. c) Aggregation kinetics of Repys,, at 1.5, 2.0,
2.5, 3.0, 3.5, 4.0, and 4.8 um in 20 mm Tris pH 8.0 at 25 °C under quiescent conditions. The normalized traces are shown as inset. The traces were
globally fitted with a two phase exponential equation. d) Plot of the final intensities against concentrations of Repy;s, aggregation kinetics from (c), and
alinear fitting was applied. e) Distribution of average molecular weights overnight incubated Repyy;s, measured by mass photometry. MO is a molecular
weight of the monomer (20 kDa). PDF in Y-axis is for probability density function. f) Normalized ThT fluorescence for 4.6 um (starting concentration)
of Repyisp (grey points) at 25 °C under quiescent condition. Polymerization term is shown by dash line (light blue), conformation term by dotted line
(green), solid line (red) represents their sum. g) TEM microimages of overnight incubated Repy;s,. The scale bar is 200 nm. h) Logarithmic plot (log-
log) of the reaction 7,,, values extracted by sigmoidal fitting from (c) versus the initial monomer concentration of the recombinant Repys,,- 7 is for the
slope. i) Fibril formation of 4.0 um Repyys;, in the presence of different concentrations of preformed Repyy;s, nanofibrils in 20 mm Tris pH 8.0 at 25 °C
under quiescent conditions.

where F and F_, are fluorescence intensity and fluorescence in-  timate of initiator concentration from the distribution. In other

tensity at 200 h extrapolated from the double exponential de-
cay fitting, C)—monomer concentration available for polymer-
ization, Iy—monomer concentration serving as initiator, k,—
polymerization rate, and k.—conformational change rate. Before
fitting data was normalized to F_.. Despite the good fitting of the
kinetic trace (Figure 3f), the value of C, is less than the upper es-
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words, there is a mismatch between the concentration of ini-
tiator determined from distribution (x12% of M) and kinetic
traces (x30% of M,). Such difference is most likely related to
assumptions of the complicated conformational changes due to
polymerization.[®) Upon polymerization of proteins the rate lim-
iting step is conformational change, which requires additional
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treatment. Furthermore, as indicated by TEM microscopic im-
ages, Repy;s, was able to form single short amyloid-like fib-
rils, which then packed together side-wise (Figure 3g). This phe-
nomenon provided a mechanistic explanation for how relatively
thicker nanofibrils with a diameter from few to hundred nanome-
ters form in mature fibers.

To find out the aggregation constant rates, the aggregation
traces of different concentrations of Repy;s, were fitted glob-
ally, and they were described well with the two-term exponen-
tial model (Equation (2)) (Figure 3c,f), while k, is 5.0 x 10710 m~!
s~ and k_ is 0.88 x 1071° m~! s7!. The dependence of reaction
halftime (z,,) values on the concentration of spidroin Repys,
gave straight flat lines for both the polymerization and confor-
mation change halftimes, indicating the aggregation halftimes
were not Rep,;s, monomer concentration dependent (Figure 3h).
For the nucleation-polymerization model the slope of a log-log
plot of the reaction 7, , values versus the initial monomer con-
centration equals half of the critical nucleus size (n)—n/2.1%!
In case of the fibrillization of the recombinant Repyys,, kinet-
ics of fibrillization did not show a high-order dependence on
the spidroin monomer concentration, indicating no oligomeric
nucleus forms. This mechanism was further confirmed by the
seeding experiments, which showed that no self-seeding capac-
ity is present for Repy;, fibrils, indicated by the overlapped
aggregation kinetics with and without different concentrations
of preformed Rep,y;s, nanofibrils (Figure 3i). This specific non-
nucleation dependent fibril polymerization mechanism is differ-
ent from the previously reported fibrillization mechanism. Fur-
ther, to find out whether this polymerization mechanism ap-
plies to the amyloid-forming spidroin terminal domains, we per-
formed a series of ThT measurements on recombinant MiSp C-
terminal domain that has shown the ability to form amyloid-like
fibrils under acidic conditions.!*>%”] Interestingly, the aggregation
pattern of MiSp CT was similar to that of the Rep,,. The over-
lapping normalized traces indicated the aggregation constants
are not concentration independent, and the aggregation traces
of different concentrations of MiSp CT were fitted well globally
with the two-phase exponential model (Figure S11, Supporting
Information), suggesting the above non-nucleation polymeriza-
tion mechanism also applies to the MiSp CT fibril formation. So
far, the only reported recombinant spidroin containing sixteen
repeats of the module C of A. diadematus eADF-4 (MaSp2 deriva-
tive), triggered by potassium phosphate, followed the nucleation
and elongation pathway to assemble into amyloid-like nanofibrils
with seeding effects.?*%] This discrepancy could be due to differ-
ent spidroin types (i.e., amino acid compositions) or the different
fibril preparation conditions as the nanofibrils of recombinant
eADF-4 tandem were triggered by potassium phosphate.[8]

2.4. Cross-Seeding Effects and Cytotoxicity of Repy;s, Nanofibrils

Amyloid fibrils have been discovered to be cross-seeding
active,l®! a biological event where one type of protein’s amy-
loid structure (homologous amyloids) can act as a seed and fa-
cilitate the aggregation of another amyloid protein, leading to
the formation of heterologous amyloids. However, not all amy-
loid proteins can cross-seed each other, implying the existence
of a cross-seeding barrier. Silk fibrils from the cocoon of Bom-
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byx mori, Sup35 fibril from Saccharomyces cerevisiae, and curli
fibril from E. coli exert amyloid-accelerating properties in the
murine experimental AA amyloidosis, suggesting that such fac-
tors may be important risk factors in amyloidogenesis.”"! To in-
vestigate whether the Repy;s, amyloid-like nanofibrils can cross-
seed pathogenic peptide although it did not show self-seeding
effects, we recombinantly prepared the AD associated Ap42 (42
amino acid residues), the most aggregation prone and toxic vari-
ant of Ap, and monitored the amyloid fibril formation with and
without different concentrations of preformed Rep,y;s, nanofib-
rils. It is worth mentioning that the Ap42 peptide is extremely
active, and can be self-seeded (also see below) and cross-seeded
by different preformed fibrils,[®] including cattle meat (human
consumable) extracted AA fibrils.”!] Interestingly, the fibrilliza-
tion traces of Ap42 with and without preformed Rep;s, amyloid-
like fibril seeds were able to be superimposed, and the aggre-
gation half time 7, and maximum aggregation rate r,,,, both
showed approximately flat lines, even with up to 40% (of the
Ap42 monomer molar concentration) of seeds (Figure 4a,b), in-
dicating no cross-seeding effects, which is different form the
above mentioned fibrillar materials as well as the eADF-4 (MaSp2
derivative) fibrils.?38] The aggregation in cross-seeding results
from intermolecular interaction between different proteins, es-
pecially oppositely charged proteins. The heterologous amyloids
provide an electrostatically favorable environment and exposition
of partially hydrophobic surfaces. These hydrophobic surfaces
further trigger the nucleation and growth of aggregates.[®! The
charged amino acid content in Repyy;, is low (Figure 1a), which
may explain why cross-seeding effects are undetectable. These re-
sults suggest the spidroin Repys, can form amyloid-like fibrils
through a non-nucleation-dependent aggregation pathway, and
the lack of self-seeding and cross-seeding capacity might suggest
the intrinsic structure of spider silk is biocompatible for various
biomedical applications.

Many amyloids are pathogenic and associated with different
severe diseases, e.g., the neurodegenerative disease.[>3] Silk
nanofibrils and nanofilaments, which are composed of g-sheets,
have been recently reported to be not significant cytotoxic to in
vitro neuronal cells.”?] Nanofibrils of the short dodecapeptide
from A. ventricosus spider silk f-sheet sequence did not present
significant cytotoxicity to rat pheochromocytoma (PC12) cells,
suggesting peptides composed of Gly and Ala do not express sig-
nificant cytotoxicity likely because of the lack of surface charges
on the peptide assemblies.?* To investigate the pathogenic
properties of the Repyg,-based materials, we assessed the
abilities to generate toxic responses to different cell lines. Both
soluble Rep,;;s, and the nanofibrils at concentrations of 50, 100,
and 250 pg mL~! were evaluated for cytotoxicity against different
cancer cell lines, that is, HeLa and HT29 via the CCK-8 Cell
Proliferation Assay Kit, respectively (Figure 4c,d). The soluble
Repyy;s, and the nanofibrils at lower concentrations, that is, 50
and 100 ug mL™", did not show significant cytotoxicity to either
cell line, whereas at concentration of 250 ug mL™!, weak cytotox-
icity was detected (Figure 4c,d), in line with observations for the
amyloid-like nanofibrils from the dodecapeptide.?*l These re-
sults suggested that Repys, fibrils are not significantly cytotoxic
to human cancer cell lines. To find out whether the cytotoxicity of
Repyys, is dependent on its assembly states, triggered by potas-
sium phosphate, the recombinant Rep,ys, self-assembled into
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Figure 4. Cross-seeding and cytotoxicity evaluation of Repy;s, proteins and nanofibrils. a) ThT assay of fibrillization of 2.0 umol L~" Af42 monomers
in the presence of different concentrations, that is, 0%, 10%, 20%, 30%, 40% (of 2.0 umol L~! Ap42) of preformed Repyis, nanofibrils. b) The half time
(71/2) and maximum aggregation rate (r,,,) were extracted by sigmoidal fitting. Both soluble Repy;s, and Repy;s nanof?brils at concentrations of 50,
100, and 250 ug mL~" were evaluated for cytotoxicity against different cancer cell lines, that is, c) Hela, and d) HT29, via the CCK-8 assay, respectively.

ns, no significance. Data are presented as mean + SD.

nanoparticles in the presence of 2 mol L™! potassium phosphate
(Figure S12a,b, Supporting Information) followed by cytotoxicity
evaluation. Under scanning electron microscope (SEM), these
nanoparticles were apparently spheric and homogeneous, and
presented smooth surface, with diameter mainly from 350-
600 nm (Figure S12c, Supporting Information), which is com-
parable to that of the nanoparticles formed by other customized
spidroins.[®*73] The Repy;s, nanoparticles were evaluated for
cytotoxicity against HeLa cell lines and did not present obvious cy-
totoxicity evaluated by CCK-8 assay at the testing concentrations
from at 50-250 pg mL~! (Figure S12d, Supporting Information),
indicating the nano assemblies of recombinant Rep,ys, are not
obviously cytotoxic, probably due to its amino acid composition.

2.5. Both Spidroin and Pathogenic Amyloid Peptide Can Form
Silk-Like Fibers

Inspired by the intrinsic amyloid-like nanofibril forming propen-
sity of spidroins, we focused on the Rep;, to investigate
whether it possesses general spider silk-formation propensity as
the full-length silk protein and to see whether the nanofibril-like
microstructure could be present in macroscopic fibers. As such,
the spidroin Repy;s, was expressed with its native N-terminal
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domain (NTys,, referred to as N) and the C-terminal domain
from flagelliform silk protein (CTy;,, referred to as C), gener-
ating a chimera protein N-Rep,s,-C. Interestingly, the recombi-
nant chimera protein N-Repy;s,-C produced from E. coli was able
to assembly into silk-like fibers in 10 mwm Tris pH 8.0 via manually
hand-pulling (Figure 5a). Moreover, the resulting N-RepMiSp-C
silk-like fibers exhibited sufficient autofluorescence at 405 nm ex-
citation under conventional confocal microscopy, allowing visu-
alization of a microfibrillar texture. Notably, the macroscopic silk-
like fibers present bundle-like assembly, that is, the fibers consist
of many thin fibrils bundled together (Figure 5b—d). The fibrillar
arrangement of the silk was clearly visible, with nanofibrils ac-
curately oriented along the axis of the fiber, and many nanofib-
rils clearly following the entire length of the fiber (Figure 5b—d),
similar to the native MiSp ampullate silk that contains nanofib-
rils parallel to the long axis of the silk.””] Nonfluorescent ar-
eas were also observed, as previously described in other native
silks.[?8] Previous research has shown that the recombinant AcSp
repeat from A. trifasciata can form silk-like fibers, with the tail
end of the fiber showing numerous smaller fibrils, suggesting
that the nanofibrils may amalgamate together to form spider silk
fibers.>”] Recently, natural major ampullate silk fibers from the
golden silk orb-weaver Trichonephila clavipes were decomposed
into ~10 nm-diameter nanofibrils with identical morphologies,
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Figure 5. Spider silk-like fiber formation by NT-Repyy;s,-CT. a) Schematic illustration of silk-like fiber generation by hand-pulling. A drop of protein
solution in 10 mm Tris pH 8.0 was placed on a glass slice and the fiber was pulled out with a tip at a constant rate roughly. The purity of NT-Repy;s,-CT
was assessed by SDS-PAGE. M is for protein marker. b—d) Imaging of NT-Repy;s,-CT silk-like fibers by confocal microscopy at different magnifications.
The silk-like fiber was pulled from bottom to top direction. The scales bars are 100 um, 50 um, and 25 um, respectively, from left to right.

and nanofibrils were also synthesized with almost identical mor-
phology through self-assembly from native silk dope. Even at
neutral pH in PBS, the dope formed clusters of short protein fib-
ril segments with diameters of ~10 nm.[*] Our results suggest
that the amyloidogenic spidroin Repys, retains the capability to
assemble into solid spider silk-like fibers, which are made up by
nanofibrils amalgamated together along the silk-like fiber axis,
and this architecture probably represents the microscopic con-
stituents of native spider silk.

Although a growing body of evidence suggests that amy-
loid structure is widespread in nature for beneficial purposes,
termed functional amyloids, there are quite many protein mis-
folding phenomenon that leads to amyloid deposition primar-
ily associated with neurodegenerative diseases.*’] The typical
example is the Ap peptide, which forms amyloid fibrils and
initiates AD developments.’* The kinetics of Ap42 aggrega-
tion is typically described by a nucleation-dependent polymer-
ization model that is different from the linear polymerization
(Figure 6a):*”] monomers associate and form a nucleus (primary
nucleation), from which a fibril can start to elongate (elonga-
tion); monomers attach to the surface of a fibril that catalyzes
the formation of a new nucleus and leads to exponential fib-
ril growth. This secondary nucleation autocatalytic pathway is
the predominant source of toxic A42 oligomers.[') Different
from Rep,y;g, fibril formation, Af42 fibrillization showed a strong
concentration dependent pattern monitored by the ThT fluores-
cence assay (Figure 6b); however, similar to the amyloid-like fib-
ril forming Rep,y;s,, Af42 formed nanofibrils with a diameter
of #15 nm (Figure 6c¢ inset). Af42 fibrils possessed very strong
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self-seeding effects, with only 6 nmol L™! preformed Ap42 fib-
rils as seeds, monomeric AB42 fibril forming kinetics were ac-
celerated (Figure 6¢). And the preformed Ap42 fibrils showed
obvious cross-seeding effects and promoted the fibril forma-
tion of recombinant tau proteins linked to AD (Figure 6d), and
other human proteins/peptides, including T2D associated IAPP,
PD relevant a-synuclein.®”! To investigate whether the patho-
genetic amyloid peptide, following the nucleation-dependent fib-
ril formation pathway, can assemble into silk-like fibers simi-
lar to spidroins that aggerate into amyloid-like nanofibrils via a
non-nucleation dependent pathway, the Af42 was fused with the
NTys, and CTyg,, generating a chimera protein N-Ag42-C. The
chimera protein was expressed in E. coli with good yield and pu-
rified by immobilized metal affinity chromatography to high pu-
rity (Figure 6e). Interestingly, like the recombinant N-Repyy;s,-C
proteins, the recombinant chimera protein N-Af42-C was also
able to assemble into protein fibers in 10 mm Tris pH 8.0 via
manually hand-pulling (Figure 6f), and no macroscopic fibers
were observed in the absence of the terminal domains. Similar
to the N-Repy;s,-C spider silk-like fibers, nanofibrillar texture of
these fibers also present bundle-like compositions with oriented
along the axis (Figure 6f). The intrinsic fluorescence for N-Ap42-
C fibers was much weaker than that of the N-Rep,y;s,-C, which is
attributed to the difference in primary structures between Af42
and Repyys, (Table S2, Supporting Information). These results
suggest that human pathogenic amyloid peptide can be incorpo-
rated into solid protein fibers consisting of parallel nanofibrils,
when capped with the spidroin N- and C-terminal domains that
are important for the regulation of spider silk formation.[1*7%]
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Figure 6. Silk-like like fiber formation by NT-AB42-CT. a) Schematic illustration of the aggregation mechanism of AD relevant AB42 peptide. Monomers
associate and form a nucleus (primary nucleation), from which a fibril can start to elongate (elongation); monomers attach to the surface of a fibril that
catalyzes the formation of a new nucleus and leads to exponential fibril growth. b) Normalized aggregation kinetics of AB42 monomers at 1.0, 1.5, 2.5,
and 9.0 um at 37 °C under quiescent conditions. c) Self-seeding of A42 fibrils. 3 um Ap42 monomer was incubated at 37 °C with and without 6 nm
preformed Ap42 fibrils. The inset shows the representative Af42 fibrils under TEM. d) Cross-seeding of Af42 fibrils. 3 um Tau was incubated at 37 °C
with and without 40% (of Tau concentration) preformed Af42 fibrils under quiescent conditions. €) The purity evaluation of NT-A$42-CT was assessed
by SDS-PAGE. f) Images of silk-like fiber generated from NT-Af42-CT taken by confocal microscopy. The amplified areas are indicated by the dash boxes.
The silk-like fiber was pulled from top to bottom direction. The scales bars are 50 um, 20 um, and 10 um, respectively, from left to right.

Taken together, both spidroin and pathogenic amyloidogenic
peptide, capped with spidroin N- and C-terminal domains, can
form macroscopic spider silk-like fibers, both of which consist
of straight nanofibrils parallel to the fiber axis that is similar
to native spider silk. It is not clear whether the amyloid-like
nanofibrils are structurally identical to the nanofibrils consti-
tuting the silk-fibrils; however, the corresponding amyloid-like
structures/properties of the amyloidogenic proteins/peptides
might be preserved in the macroscopic fibers that could be a con-
cern if these fibers are used in vivo. It has been shown that in
transgenic mice, intravenous injection with preformed Ap fib-
rils triggered IAPP amyloid formation in the pancreas of the
mice, suggesting that Af could enhance IAPP amyloid forma-
tion through cross-seeding.l”®! Thus, silk-like fibers derived from
pathogenic amyloid peptides (provided these peptides can form
fibers) might preserve the cross-seeding capacity when imple-
mented in vivo. The hybrid polypeptides with alternating amy-
loid and spider silk glycine-rich segments from T. clavipes MaSp1
assembled into f-sheet nanofibrils in buffer containing potas-
sium phosphate with constant agitation.l”’] Intriguingly, these
hybrid polymeric amyloid proteins were wet-spun into macro-
scopic fibers with excellent tensile strength.l”®] Modifying the
amino acid sequences to increase the amyloidogenic propensity
can improve the final mechanical properties of biomimetic spi-
der silk fibers.[”°! However, modifications on original spidroin se-
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quences might lead to different microscopic assembles, and as it
has been shown that silk nanofibrils from the cocoon of B. mori
exert amyloid-accelerating properties in vivo,’%! it might be im-
portant to consider the cross-seeding effects.

3. Conclusion

Spiders can produce various silk fibers with different func-
tions, all of which are made from spidroins, and have strong
amyloid-forming propensities. Interestingly, amyloid-like fib-
rils produced from spidroins are not significantly toxic when
compared to amyloid fibrils derived from human pathogenic
amyloidogenic peptides. The fundamental differences between
the two types of nanofibrils are their primary structures and the
mechanisms underlying their fibril formation. Spidroins use
a non-nucleation-dependent isodesmic aggregation pathway,
whereas pathogenic amyloidogenic peptides use a nucleation-
dependent amyloid forming pathway. It is interesting that
both types of proteins/peptides can assemble into solid macro-
scopic silk-like fibers consisting of nanofibrils; however, these
two types of fibers might give different in vivo responses
(cross-seeding effects). Future investigations of the inner
structure of the nanofibrils in silk-like fibers and the in vivo
toxic effects should be performed prior to implementation
in vivo.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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4. Experimental Section

Full-Length Spidroin Amyloid Prediction and Analysis:  Amyloid nanofib-
rils exhibited a stacking columnal structure of g-strand-loop-g-strand mo-
tifs (also known as g-arch) with two f-strands interacting through their
side chains rather than the backbone’s hydrogen bonds as in conven-
tional f-hairpins.[8%] When the f-arch was stacked into fibrillar structure
p-arcade, its two strands were integrated into two different f-sheets.[6]
Using the structural insight of amyloid nanofibrils, the program Arch-
Candy was designed to estimate the probability of a given amino acid
sequence to form f-arcade and predict the amyloidogenicity.[**] The in-
dividual amyloidogenicity of the full-length MaSp1 and 2 (GeneBank ac-
cession number ABR68856 and ABR68855), MiSp (GeneBank accession
number AFV31615), Flag (GeneBank accession number GIY90805), AcSp
(GeneBank accession number AUH99620), TuSp (GeneBank accession
number ASO67373), and PySp (GeneBank accession number GBN88500)
was predicted by ArchCandy, where the scoring threshold was set to 0.575
as default. The structural arrangements of the spidroin amyloidogenic re-
gions predicted by ArchCandy were further predicted by BetaSerpentine—
predicts possible f-serpentine arrangements of adjacent f-arches.[%1] De-
fault values were set for individual f-arches and f-serpentines thresh-
olds (0.0 and 0.2, respectively). Amyloidogenic regions of the spidroins
were also predicted by a consensus method AMYLPRED2 that employs
a consensus of different methods specifically developed to predict fea-
tures related to the formation of amyloid fibrils (http://thalis.biol.uoa.
gr/AMYLPRED2/).I8"] The amino acid compositions of the full length
spidroin amino acid sequences were analyzed by Geneious Prime.

Plasmid Construction and Recombinant Protein Preparation: A gene
fragment encoding the 161-aa NTy;s, followed by 261-aa repetitive se-
quence (referred to as NT-Repys,) of A. ventricosus MiSp was synthe-
sized and inserted into pET-32a plasmid within Ndel and Xhol restric-
tion sites. An enterokinase cleavage site (DDDDK) was introduced be-
tween the NTy;s, and the repetitive sequence (Repyysp)- For plasmid pET-
32a-NTyisp,-Repyis,-CTrisp construction, the C-terminal gene sequence of
A. ventricosus FISp (CTgg,) was synthesized and fused to the C-terminal
of NT-Repyyis,, through Xhol restriction sites using the Seamless cloning
strategy. Regarding the chimera protein NTis,-Af4,-CTggp,, a fusion gene
sequence including NTy;s, 42-aahuman Ap,, and CTs, was synthesized
and inserted into pET-32a within Ndel and Xhol restriction sites to con-
struct plasmid pET-32a-NTyisp-AB4,-CTrisp. All the constructs were con-
firmed by DNA sequencing, and the amino acids sequences were compiled
in Table S2, Supporting Information.

The constructs were transformed into E. coli BL21 (DE3) competent
cells individually. The cells were incubated at 37 °Cin LB medium overnight
and transferred into fresh LB medium with 100 ug mL~" ampicillin. Pro-
tein expression was induced with 1 mm (final concentration) Isopropyl
p-p-1-thiogalactopyranoside (IPTG) when OD600 was 0.8-1.0 for 12 h at
25 °C. The cells were collected by centrifuge (5000 rpm, 20 min) and resus-
pended in 20 mm Tris pH 8.0. For protein purification, the cells were lysed
by using High Pressure Homogenizer (PhD Technology LLC, USA) and
centrifuged to obtain the inclusion bodies. Then the inclusion bodies were
extensively washed and solubilized by a freeze-thawing strategy as previ-
ously described.!32] The solubilized proteins were dialyzed in 10 mm Tris
pH 8.0 to remove urea and the purity was assessed by SDS-PAGE. In order
to generate protein Repyisp, the NTyy;s,-Repyis,, proteins were cleaved by
enterkinase and passed through Ni-NTA beads to remove the NTy;s,. The
fraction containing Repy;s, was further refined by a Superdex 75 26/600
column (cytiva) via an Akta system to collect monomeric Repyy;s,, in 20 mm
Tris pH 8.0. The recombinant Af42 peptide and tau protein were expressed
and purified with using the NT* solubility tag as previously described,[3]
and the final monomeric species were refined by a Superdex 30 column
and Superdex 200 column (cytiva) via an Akta system, respectively.

Protein Stability Test, CD Measurement, and FTIR Analysis:  Freshly pre-
pared proteins Repys, in 10 mm Tris pH 8.0 with a final concentration
of 250 ug mL~" were incubated at 4 °C and room temperature, respec-
tively. To test the protein stability 10 uL protein samples from each group
were collected at different incubation time intervals (until 7 days) for SDS-
PAGE analysis. Regarding secondary structure evaluation, the recombi-
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nant Repy;sp, in 20 mm NaPi pH 8.0 was subjected to CD measurements.
CD spectra were recorded in 1 mm path length quartz cuvettes at 25 °C
from 260 to 185 nm using J-815 CD Spectrometer (JASCO, Japan), and
the main parameters were as follows: wavelength step 0.5 nm, response
time 1s, and bandwidth 1 nm. The spectrum shown was the average from
three continuous scans with background subtracted. For secondary struc-
ture evaluation analysis of the nanofibrils, the nanofibrils were placed onto
a triple reflection horizontal ATR attachment. Absorption spectra were ob-
tained by FTIR spectroscope (Bruker, Germany) with resolution of 2 cm™!
within a wavenumber range of 400-4000 cm™~" at room temperature. The
second derivative was obtained from the amide | spectra region (range
from 1595 to 1705 cm™) by using a third degree polynomial function. The
background spectrum of a blank was subtracted. The nanofibrils was ana-
lyzed three times. The transmittance (T) was transformed into absorbance
(A) according to the function A = 2—log(% T).I*°]

Thioflavin T Assay: ~ For monitoring amyloid fibril formation and the ki-
netics, 20 pL solution (20 mm Tris pH 8.0) containing monomeric Reppisp
at different concentrations (1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 4.8 umol L")
in the presence of 10 umol L™ ThT were added to each well of half-area
384-well black polystyrene microplates with clear bottom and nonbinding
surface (Corning Glass 3766, USA), and incubated at 25 °C under quies-
cent conditions. The ThT fluorescence was continuously recorded using
a 440 nm excitation filter and a 480 nm emission filter (FLUOStar Galaxy
from BMG Labtech, Germany). For analysis of Repy;g,, fibril formation ki-
netics in the presence of seeds, 20 uL solution containing 4.8 pmol L™!
RepMiSp monomer, 10 umol L= ThT, different concentrations (10%, 30%,
and 50% of fresh Repy;s, molar concentration) of seeds (preformed
Repyisp fibrils, concentration was calculated from the original Repy;s,
monomer concentration) were added at 4 °C to each well of half-area 96-
well plates and incubated under quiescent conditions at 25 °C. The fluo-
rescence was recorded as described above. Aggregation traces were nor-
malized and averaged using four replicates for all the experiments. The
fibrillar aggregation traces of Repacg,, (0.80 mg mL~" and 0.25 mg mL™")
were monitored with similar settings as above but with shaking. For moni-
toring amyloid fibril formation of Ag42, 20 L solution (20 mm NaPi pH 8.0
with 0.2 mmol L= EDTA) containing monomeric Ap42 at different concen-
trations (1.0, 1.5, 2.9, and 9 umol L= in the presence of 10 umol L~' ThT
were added to each well of half-area 384-well black polystyrene microplates
with clear bottom and nonbinding surface (Corning Glass 3766, USA), and
incubated at 37 °C under quiescent conditions. For the seeding experi-
ment, 20 pL solution containing 3 umol L~ A#42 monomer, 10 umol L™
ThT, and 0.6 nmol L™" preformed Ap42 fibrils (seeds) were added at 4 °C to
each well of half-area 96-well plates and incubated under quiescent condi-
tions at 37 °C. For cross-seeding tau proteins, 20 uL solution (20 mmol L™!
NaPi pH 7.2 with 0.2 mmol L=! EDTA and 10 mmol L=! DTT) containing
3 umol L™ tau monomer, 10 umol L~" ThT, and 40% preformed Af42
fibrils (of fresh tau molar concentration) were added at 4 °C to each well
of half-area 384-well plates and incubated under quiescent conditions at
37°C.

Mass Photometry: Mass distribution of the filaments was measured
using Refeyn 1 mass photometer. Filaments, formed at 4.6 umol L™ start-
ing concentration at 37 °C for 65 h were used to measure the mass dis-
tribution. Tris buffer (9 uL, 20 mmol L' pH 8.0) was put on a glass for
adjusting the focus of the instrument, then 9 uL of filaments were added
and 60 movie was recorded. The acquisition size was set to medium. Anal-
ysis of the movie was performed by built in software. The sample size was
4042 particles.

Kinetics Analysis: ~ For the kinetic analysis BMG Fluorostra Omega plate
reader was used. The filters were 450 nm for excitation and 480 nm for
emission. Corning 384 black flat bottom plate was used, 50 L per well, 8
replicates. All starting solutions were kept on ice and 10 uL of Thioflavin
T was added to the protein aliquot. 20 mmol L~" Tris buffer pH 8 was
used for aggregation. Filament molecular weight distribution (mass pho-
tometry) had a Poisson’s shape, kinetic traces had no concentration de-
pendence, and TEM images showed linear polymers. These observations
strongly suggested chain polymerization mechanism, therefore modified
version of the living polymerization model was used to fit the kinetic data
as described in Equations (1) and (2).

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Spider Silk-Like Fiber Generation and Observation by Confocal Microscopy:
Spider silk-like fibers were manually drawn by hand from recombinant spi-
der silk protein solution with a tip at room temperature. Briefly, 100 uL of
recombinant protein (5 mg mL~') in 10 mmol L' Tris pH 8.0 was dropped
onto a glass slide, and spider silk-like fibers were pulled from the solution
with a continuous speed roughly. The hand-pulling silk-like fibers on the
glass slide were observed with a Nikon A1 (Japan) confocal fluorescence
microscope using their autofluorescence at 405 nm.

Transmission Electron Microscope:  The morphology of the Repyy;s,, pro-
teins at different time points were observed by transmission electron mi-
croscope (TEM). The Repyis, samples after two days incubation were ap-
plied to carbon-coated copper grids (400 mesh, Analytical Standards) and
incubated for 2 min. Excess solution was removed by blotting with filter
paper (Whatman, grade 1) and the grids were washed with two drops of
Milli-Q water. For staining, 7 uL of 2% uranyl acetate was added to each
grid for 45 s before final blotting and air-drying. The grids were analyzed
by transmission electron microscopy (TEM, Jeol JEM2100F at 200 kV). The
diameter of the nanofibrils were analyzed by Fiji.[6]

Preparation of Repys, Nanoparticles and Scanning Electron Microscopy:
Repyisp nanoparticles were prepared using a phase separation procedure
as described previously.”3! Briefly,100 uL of Repyisp (2.5 mg mL™") in
10 mmol L~" Tris pH 8.0 were mixed with 1 mL 2 mol L™' potassium
phosphate at pH of 8.0 and incubated at room temperature for 2 h. The
resulting particles were centrifuged for 20 min at 10 000 x g at 4 °C
and washed 3 times with MilliQ water. For scanning electron microscopy
(SEM), the nanoparticles were air-dried on a silicon slice and sputtered
with gold/palladium. Then nanoparticles were analyzed under a Hitachi
S-4700 field emission scanning electron microscope (Hitachi, Japan) with
15 kV of accelerating voltage.

Cell Viability Test:  The cytotoxicity test was performed on different cell
lines, that is, HT29 and Hela via CCK-8 Cell Proliferation Assay Kit (NCM
biotech, China). Cells were plated in the 96-wells plates at a density of
30 000 cells per well and cultured in a humidified atmosphere containing
5% CO, at 37 °C for 24 h. maintained in the media. Then, the soluble
Repyjisp, Repyisp, nanofibrils or the Repy;s, nanoparticles were added to
the 96-wells plates, respectively, to yield final concentrations of 50 100, and
250 ug mL~1. After 24 h of incubation, the CCK8 assay was performed.
Briefly, 10 uL CCK-8 solution was added to each well and incubated for
4 h at room temperature. The viability of cells was measured by detecting
absorbance at 450 nm using a microplate reader (Thermo Scientific, USA).
The experiments were repeated three times.

Statistical Analysis:  Statistically analyses were performed in Prism 9.
The multiple groups were statistically compared with the ordinary one-
way analysis of variance (ANOVA) following by multiple comparisons with
Tukey correction. Significance levels are *p < 0.05; **p < 0.01; ***p <
0.001; *#*#**p < 0.0001. ns, no significant difference. Data are presented as
mean + SD.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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