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SUMMARY

SUMMARY

Stronger than steel, tougher than Kevlanative spider silk fibers exhibit outstanding
mechanical properties unmatched by most other known natural or synthetic fibrous materials.
Combined with lightweight, biocompatibility, and biodegradability, spider silk represents an
unprecedented material with potential for a multitude of applications in emerging technical and
biomedical fields.

Among all spider silk types, dragline silk, also known as major ampullate (MA) silk, is the
most extensively studied and contains at least two proteins, so-called major ampullate spidroins
(MaSps). MaSps comprise a tripartite structure of a large repetitive core domain, flanked by small
non-repetitive amino- and carboxyl-terminal domains (NTD and CTD). While the core domain
determines the mechanical properties of the final fiber, the terminal domains (TDs) play an
essential role during the spinning process. Most prominent spidroins are MaSp1l and MaSp2, which
differ mainly in their proline content (MaSp1 < 0.4%, MaSp2 > 10%). As a unique attribute of all
known orb-weaver spiders, the dragline silldodneus diadematusontains two MaSp2 variants,
namedA. diadematusibroin (ADF) 3 and 4, exhibiting significant differences regarding solubility
and self-assembly. So far, processing approaches have predominantly used one variant of
engineered ADFs, either eADF3 or eADF4.

This work aimed to further unravel the natural spinning process, providing insights into the
hierarchical self-assembly and interaction of MaSps in terms of sequence-structure-function
relations. Ultimately, the objective was to open new routes for designing biomimetic materials

with nature-like properties.

A significant part of this work deals with the study of MaSp interplay with implications for
fiber mechanics. Cloning of DNA constructs, production, and purification of different MaSp
variants with NTD and CTD was developed and optimized. Mixtures of both spidroins were
prepared either by co-production in bactema\ivo) or by refolding during dialysisi{ vitro),
yielding eADF3 and eADF4 homo- and heterodimers through the dimerization of their CTDs.
Structural characterization and self-assembly of protein mixtures and individual one-protein
variants were carried out, indicating that TDs control the alignment and molecular interplay into
higher-order structures. Aqueous spinning dopes were prepared, and a microfluidic wet-spinning

approach was developed mimicking the natural spinning process as close as possible. Fibers were
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post-stretched and further studied using tensile tests and microbtep.co-produced mixtures

of homo- and heterodimers yielded hierarchically structured nature-like performing fibers. Tensile
tests revealed a strength (834 + 34 MPa), elasticity (32 £ I<RXQJ TV P RG.XGRa)as

well as toughness (143 H\MJIm3), representing the best fiber performance from artificially spun
spider silk fibers out of all-aqueous spinning systems to date. The heterodimers substantially
contributed to the superior fiber mechanics, and their assignments were at least twofold. On the
one hand, the heterodimersextas cross-linkers to mediate between homodimers, on the other

hand, they also actively participated in fibril assembly.

The next step was to study hybrid spidroins combining biophysical and biochemical
characteristics of eADF3 and eADF4 in one protein. A novelitbwane (T1O) spidroin in the
presence of TDs was engineered, resembling amino acid motifs from both eADF variants. The
TIO spidroins were conveniently produced and purified with 25 times higher yields compared to
the heterodimers, which were isolated from a mixture of homo- and heterodimers using a two-step
chromatographic separation strategy. Detailed analyze€y fluorescence, and UV/Vis
spectroscopy revead similar structural characteristics in both hybrid varialmghosphate- and
shear-induced assembly experiments the hierarchical self-assembly isteeet-rich
superstructures was demonstrated. Fibers spun from TIO spidroins using the previously
established biomimetiwet-spinning process obtained mechanical properties at least twice as high

as fibers spun from individual spidroins or blend.

Another part of the thesis provides investigations of the structural self-assembly of MaSps
from highly concentrated aqueous spinning dofmesibers spun thereof. Spectroscopic and
microscopic analyzes of eADF3-CTD spinning dopes revealed that spidroins in biomimetic
phosphate-containing dopes transigdnfrom monomer/dimer equilibrium to micelle-like
assemblies gradually over time and ultimately achieved liquid-liquid phase separation. The
combination of solution and solid-state NMR analysi$36#*°N isotopically enriched eADF3-

CTD dopes and fibere PSOLFDWHG 7\URVLQHTV LPSRUWpmaQi¢utdry Q WKH

Tyrosine ring packing in non-sheet, disordered helical domains.

Overall, this work gives structural insights into the hierarchical self-assembly of MaSps
emphasizing the importance of protein interplay for functional complexity. These findings enabled
the production of biomimetic fibers with spider silk-like mechanical properties and paved the way

for the development of new silk alternatives, applicable in various high-tech fields.
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ZUSAMMENFASSUNG

Starker als Stahl, z&her als Kevlar - natirliche Spinnenseidenfasern verfligen tber
einzigartige mechanische Eigenschaften, welche kein anderes natirliches oder synthetisches
Fasermaterial erreicht. In Kombination mit geringem Gewicht, Biokompatibilitéat und biologischer
Abbaubarkeit ist Spinnenseide ein beispielloses Material mit grofiem Potenzial fur vielfaltige

Anwendungen in modernen technischen und biomedizinischen Bereichen.

Von allen Spinnenseidenarten ist @eagline Seide, auctMajor Ampullate(MA) Seide
genannt, am besten untersucht und setzt sich aus mindestens zwei Proteinen zusammen, den so
genannterMajor Ampullae Spidroinen (MaSps). MaSps sind strukturell dreiteilig aufgebaut,
bestehend aus einer grofRen repetitiven Kerndomane, welche von kleineren nicht repetitiven
amino- und carboxy-terminalen Domanen (NTD und CTD) flankiert wird. Wéahrend die
Kerndoméane die mechanischen Eigenschaften der Faser bestimmt, spielen terminale Domanen
(TDs) eine wesentliche Rolle im Verlauf des Spinnprozesses. Die am haufigsten vorkommenden
Spidroine MaSp1 und MaSp2, unterscheiden sich hauptsaahlieholingehalt (MaSpl < 0,4 %,
MaSp2 > 10 %). Unter allen Radnetzspinnen, beArameus diadematuas einzigartiges Attribut
zwei MaSp2-Varianten, die afs diadematus-ibroin (ADF) 3 und 4 bezeichnet werden und sich
hinsichtlich Loslichkeit sowie Selbstorganisation malRRgeblich voneinander unterscheiden. Bislang
wurden in Untersuchungen zur Verarbeitung und Anwendung keine Proteinmischungen, sondern

nur einzelne Proteinvarianten, eADF3 oder eADF4 verwendet.

Ziel dieser Arbeit war es, den natlrlichen Spinnprozess weiter zu entschlisseln und
Einblicke in die hierarchische Selbstorganisation und Interaktion von MaSps in Abhéngigkeit ihrer
Sequenz, Struktur und Funktionsbeziehung zu gewinnen. Darauf aufbauend sollten innovative

biomimetische Materialien mit naturédhnlichen Eigenschaften entwickelt werden.

Ein wesentlicher Teil dieser Arbeit befasst sich mit dem Zusammenspiel unterschiedlicher
MaSps und daraus resultierenden Einflissen auf die Fasermechanik. Der Arbeitsprozess begann
mit der Klonierung voribNA-Konstrukten kodierend fur unterschiedliche MaSp-Varianten sowie
der Entwicklung und Optimierung biotechnologischer Produktions-/Reinigungsstrategien. Im
Anschluss wurden Gemische aus eADF3- und eADF4-Varianten entweder durch die Co-
Produktion in Bakterienirf vivo) oder durch Rickfaltung in der Dialysa yitro) hergestellt. Die

Proteingemische enthielten Homo- und Heterodimere aus eADF3 und eADF4, initiiert durch

3
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dimerisierte CTDs. Des Weiteren wurden die Spidroingemische strukturell charaktaridielie
Selbstassemblierung im Vergleich zu einzelnen Proteinvarianten untersucht, wobei TDs die
Ausrichtung und das molekulare Zusammenspiel zu Strukturen héherer Ordnung mafigeblich
kontrollierten. Es wurden wassrige Spinnldsungen hergestellt und zu Fasern versponnen, woflr
ein mikrofluidisches Nassspinnverfahren etabliert wuvdglches den natirlichen Spinnprozess
nachahmt. Die nachgestreckten Fasern wurden mikroskopisch und des Weiteren in Zugversuchen
mechanisch untersucht. MaSp Mischungen wowivo produzierten Homo- und Heterodimeren
erzielten hierarchisch strukturierte Fasern, die den natirlichen Spinnenseidenfasern entsprachen.
Es wurden mechanische Eigenschaften erreicht, welche im Hinblick auf Zugfestigkeit (834 +
34 MPa), Elastizitat (32 + 1 %), Elastizitatsmodul (5 + 0,4 GPa) sowie Zahigkeit (143 + 8§ MJm

die bisher besten Werte von allen kunstlich gesponnenen Spinnenseidenfasern aus wassrigen
Spinnsystemen. Hierbei war die Rolle der Heterodimere essenziell, da sie zum einen als Vernetzer
zwischen den einzelnen Homodimeren agigrzum anderen aktiv am Fibrillen- und Faseraufbau
beteiligt waren.

Im nachsten Schritt wurden hybride Spidroinvarianten untersucht, welche die
biophysikalischen und biochemischen Eigenschaften von eADF3 und eADF4 vereinten. Es wurde
ein neues Zwein-Eins two-n-ong TIO) Spidroinmit TDs entwickelt, zusammengesetzt aus den
Aminosauremotiven beider eADF Varianten. Die Produktion und Reinigung der TIO-Spidroine
ergab eine 25-fach hohere Ausbeute im Vergleich zu Heterodimeren, welche aus einem Gemisch
von Homo- und Heterodimeren mittels eines zweistufigen chromatographischen Trennverfahrens
isoliert wurden. Eingehende Analysen mittels CD-, Fluoreszenz- und UV/Vis-Spektroskopie
ergaben ahnliche strukturelle Merkmale in beiden Hybridvarianten. In Phosphat- und
Scherinduzierten Assemblierungsexperimenten wurde die hierarchische Selbstassemblierung zu

-Faltblatt-reichen Strukturelementen nachgewiesen. Fasern, de zuvor etablierten
biomimetischen Nassspinnverfahren aus TIO-Spidroinen gesponnen wurden, wiesen im Vergleich
zu Fasern aus einzelnen Spidroinvarianten oder einer Spidroin-Mischung mindestens zweifach

héhere mechanische Eigenschaften auf.

Ein weiterer Teil der Arbeit befasst sich mit der Untersuchung der strukturellen
Selbstassemblierung von MaSps, von hochkonzentrierten wéssrigen Spinnlésungen bis hin zu
daraus gesponnenen Fasern. Spektroskopische und mikroskopische Untersuchungen von eADF3-

CTD Spinnlésungen ergaben, dass Spidroine in biomimetischen phosphathaltigen Spinnlésungen
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im Verlauf der Zeit aus einem Monomer/Dimer-Gleichgewicht heraus zu Mizellen-artigen
Assemblaten und schlie3lidh eine Flissig-Flissig-Phasentrennung Ubergingen. Kombinierte
Flussig- und Festkorper-NMR Experimente vorfC/°N isotopenmarkierten eADF3-CTD
Spinnlésungen und Fasern implizierte die besondere Rolle von Tgmosim

Assemblierungsprozess, speziell die Tyrosin-Ringpackung in ungeordneten helikalen Doméanen.

Diese Dissertation liefert Einblicke in die strukturelle und hierarchische Selbstorganisation
von MaSps und verdeutlicht die Bedeutung des Zusammenspiels von Proteinen fur die funktionelle
Komplexitat. Die Herstellung biomimetischer  Spinnlésungen und Fasern mit
spinnenseidendhnlichen und anpassungsfahigen mechanischen Eigenschaften ebnen den Weg fur
die Entwicklung von seidenbasierten Materialien, die in verschiedenen High-Tech-Bereichen

eingesetzt werden kdnnen.






INTRODUCTION

1 INTRODUCTION

1.1 NATURE AS A BLUEPRINT: MIMICKING NATURAL STRUCTURES TO
DESIGN BIOINSPIRED MATERIALS

Natural materials have been used by humans since early ages to ensure survival. As
history progressed, technological development advanced, and interest in synthetic alternatives was
awakened. Innovation cycles impacted urban demographics and trade, from the Industrial
Revolution in the 18 century until today, whereby cycle longevity shortened with each wave
(Figure 1).! In the meantime, society is transitioning between the fifth and sixth wave, and clean
technologies have come to the forefront since climate change and the limited availability of raw
materials, promoting a reorientation in materials research to develop environmentally-friendly and

sustainable polymers.
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Figure 1. Cycles of innovations and entrepreneurship across 250 years. The economist Joseph Schumpeter
developed the theory of innovations, linking technological innovations with economic growth. feodayable

energies and green technologies open new routes to meet growing human needs in harmony with nature. The

figure is inspired by Palousit al! and The Natural Edge Projéct.
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Nowadays, materials are indispensable in all technological aspects, and scientists
continue to be fascinated and inspired by the complexity of natural strut@xes. billions of
years of evolution, nature perfected a plethora of materials built up by a limited selection of
polymeric and ceramic components or building bldtkaterials often share common design
motifs (layered, columnar, or fibrous), enabling the combination of unique features such as
lightweight, exceptional mechanical properties, self-healing, and multi-functionality. One of the
essential inherent properties is the hierarchical arrangement of the components from nano- to
macroscopic length scalé#A complex hierarchy of self-organized structures achieves maximal
performance in adapting to environmental chafidégatural materials often combine remarkable
strength and toughness, exceeding their individual building bfoaksell-known example isik,
as it combines stiff and soft componentQ DP HO\ KL JK-GHheeR thyStaldMitkin a semi-
amorphous matrix, enabling extraordinary toughness unmatched by most other known natural or
man-made fibrous materidl§. Besides mechanical propertieQ DWXUHYV KLHUDUFKLF
provides a diversity of other interesting characteristics, i.e., superior wettability, structural color,
antireflective properties, reversible adhesion, or anti-fouling features. For example, the special
surface topography of lotus leaves exhibits excellent water repellency, attained by papidee tha
as rough microstructures with a superimposed dense wax layer as hydrophobic protection.
*HFNRTV IRRWSDGY DUH FRPSRVHG RI NHU DWanesRustMreK DL UV
enabling reversible adhesive forces during locomdfidhThe transparent hollow structured hairs
of polar bears offer diverse advantages such as lightweight, thermal insulating, and guidance of
light transmission to trap ultraviolet radiatibit* Also, the wings oMorphobutterflies consist of
a translucent membrane covered by a layer of periodically nano-structured scales. The multi-
colored iridescence of the wings relies on the combined effects of light interference and light
diffraction.”1°

These, as well as many other fascinating models, encourage scientists to learn from
nature. However, the design and fabrication of synthetic materials mimicking the hierarchical
architecture is not a trivial undertaking. Since applications have emerged in different fields like
medicine, electronics, optics, fabrics, buildings, transportation, etc., requirements for new high-
performance materials are diverse in terms of mechanical properties, sustainability, durability, or
biocompatibility? To accomplish this, understanding the structure-function relationship in natural
materials can be an inspiration to engineer synthetic structures and hence promote innovations and

breakthroughs for modern materi&fs:16.

8
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1.2 SILK

Silk has fascinated mankind over millenasa renewable raw material with characteristics
such as lightweight, shiny appearance, and outstanding mecHafios. simplest form of
exploiting silk is known among the Australian Aborigines, who used spider silks as fishing lines,
DQG WKH 1HZ *XLQHDQ QDWLYHVYT GHYHIVRARRQkaRY asL VKL QJ
ancient Romans and Greeks have been inspired by the biological diversity of silk to adapt spider
silk as dressings and sutures for wound treatméatslistorically, the trade along the prominent
Silk Road of silk textiles and other goods produced by cocoon silk of the domestic silk moth
Bombyx morivas an important episode in promoting culture, politics, economics, and technology

in Asian and European contineitg?

7KH WHkU B defined as a protein-based fiber produced by animals that belong to the
phylum ofArthropoda including the classes Myriapoda InsectaandArachnidaon land, water,
and air®2* Among them, spiders and silkworms are the most popular silk-secreting ones, using
the fibers for similar purposes, such as prey capture, survival, reproduction, and offspring
protection?>2%In total, there are probably more than 200 000 different silks with either major or
minor differences in the amino acid sequeficAlthough a wide diversity has evolved within
hundreds of million years, silks contain common elements from a molecular point Gf Wétin.
few exceptions, large proteins are secreted in specialized glands and stored in highly concentrated
aqueous solutions, also known as spinning dopes. Silk proteins reveal long stretches of highly
repetitive amino acid residues involving glycine, serine, and aldhfhdhe unique primary
VWUXFWXUH R1 VL O-X HKOIRAWEHe B0ty Yesulting in a composite
material of amorphous and crystalline dom&ft8 Despite the evolutionary distance, insects, and
spiders share hierarchical regularities which allow proteins to pack efficiently and form strong
networks of hydrogen bonds within or between proteins, which contributes to the mechanical
strength and stability of sif€ In addition, silk spinning among different animals involves a phase
transition upon shearing from a liquid solution to a water-insoluble solidiget’One fiber can
have diameters ranging from a few nanometers to a few microns and lengths varying from a few
millimeters to over 1000 metef€ Depending on the respective use, silks differ significantly in
terms of their mechanical propertiegable 1). Comparing the mechanics of various natural as

well as synthetic materials, spider silk belongs to one of the most impressive materials as it
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combines properties such as strength and toughness, which seem mutually ektidsive.
Although high-tech fibers comprise higher strength and stiffness, spider silk fibers demonstrate
substantially higher toughness according to their greater extensibilitycomparison to Kevlar,

the strongest synthetic polymer fiber material to date, spider silk can absorb three times more
energy before it breaksadilDQ EH GHVLJQDW H&fobnanCeDbiterX UHTYV KLJIK

Table 1 Tensile mechanical properties of (a) natural in comparison to (b) synthetic materials.

a. Natural materials

Strength  Extensibility Toughness <RXQJT

Material IMPa] [%] MImT  Modulus [GPa] —°UT®
Spider silkAraneus diadematu 1180 24 167 8 31
Silkworm silk Bombyx mori 600 18 70 7 32
Mussel silk 200 50 82 5 33

Mytilus galloprovincialis
Honey bee sill\pis mellifera 130 204 - - 34
Lacewing egg stalk silk

Chrysoperla carneé70 % RH) 155 210 87 3 35
Collagen 100 13 6 1 =
Elastin 2 150 2 0.001 32,37
Chitin 80 1 A 3 5
Bone 160 3 20 -
Bamboo 700 5 n. a. 46 39,40
Cork 1 7 n. a. 0.03 41

b. Synthetic materials

Strength  Extensibility Toughness <RXQJT

Material [MPa] [%] MImT  Modulus [GPa] ~°Uc®
Kevlar 49 2300 4 41 162 42
Carbon 4000 1 25 300 32
Enamel 60 5 4 37 43,44
Nylon 950 18 80 5 32
Steel 1500 1 6 200 32

Note: The values are based on individual publications and have been rounded to indicatr tferagnitude
rather than exact values.
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1.3 SPIDER SILK

"What's miraculous about a spider's web?" said Mrs. Arable. "l don't see why you say a web

is a miracle - it's just a web."

(YHU WU\ WR VSLQ RQH" DVNHG 'U 'RULDQ °

In 1952, the American author E. B. White captured the complexity of spider web
constructions in his novet & K D U O R W WaHdtively &I All spiders Arachnidg produce
more than one type of silk, which was the fundament far gelutionary success, reflected in
the diversity with more than 48 000 spider species as one of the largest animal groups in the
world.*
Orb-weaving spidersAraneidag can build up to seven mechanically distinct silk fibers using
separate glands, ducts, and spigots, located on the posterior end\bBtheGaHdd msts4647
The construction of a web requires the combination of these different silk types, which is the final
level of hierarchical organizatidfi.Over millions of years, orb-webs have been adapted to
withstand the kinetic impact of the spider's prey, leading to the evolution of five different silk types
to generate the web, besides one special silk for egg sac cases and one that géueesilla
(Figure 2).*° Depending on the tailored uses of each silk type, the mechanical properties differ
substantially from one another and span a wide rafigblé 2), based on differences in
biochemical compositioff475%2 Each silk type is composed of specific silk proteins (spidroins),
which are selectively produced by specialized epithelial cells in morphologically divergent silk
glands?? descended from one common origii? However, each gland-spinneret may also

synthesize small amounts of spidroins that are predominantly produced in other silkytands.

Each spider silk type ant$ underlying spidroins are named after the corresponding glands
in which they are produceéd.Major ampullate (MA) silk constitutes the frame and radii of the
orb-web and the dragline, the lifeline to escape from eneihtésinlike other spider silk types,
MA silk, is the most studied one as it reveals a remarkable combination of strength and
extensibility, which ultimately results in high toughness, and further dragline fibers are easily
accessible by silking spidet$® However, MA silks offer interesting phenomena, such as
humidity-driven supercontraction, which causes shrinking of the thread length up to half its dry
state and swelling in the diame®r.6 LONTYV PROHFXODU VWUUWRWHK& H LV
dissociation of hydrogen bonds with drastic changes in mechanical and physical préférties.

11
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The background of the supercontraction is at least twofold. On the one hand, it may prevent
sagging in of the webs at high humidity, on the other hand, it allows the spiders to adapt silk
properties for various ecological functiolisThe supercontraction effect is fully reversible and
also documented among other silk types but is most pronounced in M&%ilanother
interesting feature of MA silk represents its shape memory effect, which provides shape and
stability to the web®® Dragline silks comprise a torsional dampening behavior, helping the spider
to drag down without twisting and swingiftf® Upon external twisting of a dragline thread, it

can reversibly and totally recover its initial foPfn.

d Major Ampullate b Minor Ampullate C  Flagelliform (Flag) Silk
(MA) Silk (M) Silk

Pyriform Silk €@ Aggregate Silk f cylindriform Silk @ Aciniform Silk

Figure 2. Schematic classification of different silk types produced by female orb-weaving spidsevédaal
uses. Each specific silk type is highlighted in (@)l Major Ampullate (MA) #k: structural elements frame and
radii, dragline (b) Minor Ampullate (MI) dlk: auxiliary spiral and web reinforcemeft) Flagelliform (Flag)
silk: capture(d) Pyriform silk: attachment to substang@y Aggregate silk: aqueous sticky coating and capture

signal,(f) Cylindriform silk: egg sac casgg) Aciniform silk: prey wrapping and egg case packing.

For scaffolding and structural reinforcement of the web, minor ampullate (MI) silk is used
in auxiliary spiral® Although MA and Ml silk proteins share similarities in amino acid sequence

and secondary structure, their threads display distinctions in mechanical charact@ristics.
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Hypotheses imply differences in protein assembly during the spinning or post-stretching firocess.
MI silk mechanics particularly vary to a greater extent among species than the properties of MA
silks, allowing more diverse applications of Ml silk that would not be feasible for dragfiffes.
Further, Ml fibers comprise different physical properties regarding hydrophilicity as they show

low sensibility to water, hence, comprise no supercontraction effect whéeh wet.

Table 2 Comparison of mechanical properties of selected spider silk types from different spider. species
Indicated are relative value ranges rather than exact values to give a comprehensible order wdemagnit

Mechanical data of silks are subjected to high variability, depending among others on the experimental setup as

well as spider age and fitness.

Spider silk type Strength Extensibility <RXQJYV OFR Source
(different spider species) [MPa] [%0] [GPa]
Major Ampullate 1000 - 1600 20-35 7-14 52,1375
Minor Ampullate 400 - 1200 5-25 4-10 52,73,76
Flagelliform 500 - 1400 100 - 270 0.001 - 0.003 32.73,77
Cylindriform 400 - 2300 20 - 40 8 +12 52,78,79
Aciniform 700 - 1000 40 - 80 9-10 73.80,81

Among the silk types produced by orb-weaving spiders, flagelliform (Flag) silk is
characterized by its extreme elasticity and high hystete$i&ven at low forces, Flag silk extends
more than ten times as much as MA silk, a feature that has been preserved for over 100 million
years>*® Flag silk is the major component of the sticky capture spiral and is coated with an
aqueous glue made of aggregate &ilkggregate glands produce sticky droplets that act as glues
to detain and aid prey captui®®® The stickiness can be attributed to abundant glycoproteins with
high extensibility and elasticif§/-®® Further, a high percentage of charged amino acid residues
within the aggregate proteins contribute to water retention. The orb-web droplets are distributed
non-homogenoulg among the Flag fibers and behave as viscoelastic $8fitl, for example, a
flying insect is caught in the orb-web at high speed, the aggregate droplets are stretched quickly,
and the liquid-like behavior of the droplets is to the fore. High viscous resistance provides a large
adhesive force and detains the prey in the web. In the course of escape attempts, the solid-like

13
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behavior of the droplet is advantageous. At low extension rates, the droplets act like a rubber band,
from which the prey cannot free itself while expending its en&rgy.

In ancient spiders, the primary purpose of silk was for reproduction either by producing
egg sacs in females or constructing a silken platform to deposit sperm sr#taEoday, only
female spiders produce a unique cylindriform silk, also known as tubuliform silk, in the
reproductive season for creating egg cases and cotbafter males charge their palps with
sperm and transfer it via sperm webs into the female epigynum, they die soon after mating, whereas
females store the sperm until egg-layief It was shown that tubuliform glands are subjected to
structural and morphological changes just before egg-laying to accommodate the volume of
protein secretiof*% Tubuliform silk has a relatively high tensile strength and stiffness, which
provides the required structural stability to protect the offspring from attackers and parasites until
hatching®># Compared to other silks, tubuliform fibers appear to be more irregular with small
knobs and grooves on their surface to increase flexural stiffhiégsniform silks are used by
araneoid spiders to encase their eggs, build sperm webs for mating or build webs for prey
wrapping. This type of silk exhibits the highest toughness out of all silks due to its unique
extensibility8°

The mechanical performance combined with high biocompatibility designated spider silk
fibers, particularly MA silks, a rich source of inspiration for biomedical and technical applications.
In the last decades, research interest has grown in the hope of replicating its remarkable
characteristics in the course of modern biotechnology.

1.4 HIERARCHICAL STRUCTURE OF MAJOR AMPULLATE SILK FIBERS

The unsurpassed mechanical properties of MA silk are based equally on both thelynherent
hierarchical nature and the molecular components, directly correlated in a structure-function
relationship Figure 3).8%%7%8The composition of MA silk can vary substantially between spider
species and even between fibers of one spider. Furthe, ie GHU TV QXWUIMWEcRQD O FR
fiber formation®1%! In a top-down perspective, the hierarchy includes five levels, a nanofibrillary
network, crystal networks, -crystallites, secondary structures, and amino acid seguyences
respectively:°2 The thread is made up of a core-shell structure and can be divided into five layers,
including a lipid coat, a glyco coat, a skin, an outer, and an inne?'c8#¢°“The outermost lipid
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layer protects the silk filament against external environmental influences and degradation of
microorganisms and may serve for communication via species- and sex-specific phef8mones.
The lipid coat is loosely connected to the inner layers aedmut substantially contribute to the
mechanical performance. In contrast, the glyco layer appears to be tighter attached. It functions as
the interface to its environment, regulating the water balance and thereby indirectly impacting the
supercontraction and mechanical strerfgtihe skin consists of Ml-like spidroins, impart
plasticity to the fiber, and provides mechanical support by enclosing the core material. In the case
of MA silk, the core contains at least two MA spidroins, with different biochemical and
physicochemical composition31%

elasticity strength  flexibility toughness

/I\
Strength

<< <

Extensibility

repetitive domain

non-repetitive
domains
shell fibrils crystalline structural motifs of B-sheet
domains, B-spirals, B-turns,
core amorphous helices and coils

Figure 3. Hierarchical structure of the spideG'UDJOLQH VLON DQG L WAAKreBdHdHodeled FD O S UR
as an ensemble of numerous fibrils with nanometer-sized crystallites embedded in an amorphousmngatrix al

the fiber axis. Each crystal consisgssl KLJKO\ RUGHUHG D Qleets, dedinirtd @he 8detraNi¢hic

strength of the silk. Further, the amorphous matrix comprises secohdah X F W X U-HAS IVUIXIE®S/D V

helices, and random caoils, influencing properties such as elasticity and flexibilityb@istni, arrangement, and

the relative ratio of amino acid sequence elements impart the structural motifs and hence theenreaical

properties. Reprinted with kind permission of the publisher Elsevier from Saric, M., & Scheibelgifigering

of silk proteins for materials applications. Current opinion in biotechnology, $01913-22007

15



INTRODUCTION

The hierarchical complexity of silk at a large span in length scales imposes a combination of
requirements and structural patterns. On the microscale, the core of the silk is built by a bundle of
twisted nanofibrils that assemble in parallel along the fiber axis into large struéfuiidse
geometric confinement of fibrils combined into a fiber enables a uniform flaw-tolerant state,
resulting in synergistic resilience to deformation and faitfit@he fibrils contain a nanometer-
sized crystalline network embedded in an amorphous matrix, enabling the silk's fascinating
behaviorst®?1°The disorderedd PRU S KR XV S K D V\HS L U-IEX, kehvalBivuctures,
and random coils, which together endow the fiber its flexibility and elasticity. The tensile strength
and toughness of the threszate obtained through stiff crystals, which are tightly packed in anti-

S D U D-6éhéeHsbetches with high orientation. The interplay of crystalline and amorphous phases
ensures the complementary features of strength and toudhhdsThe fiber processing
conditions (e. g., spinning speed) determine @el Q V L-Wyst&8llites and the extent of ordered

and disordered regions the proteins adopt, which is directly related to the mechanical
performancél* On a molecular level, design motifs are determined by the highly repetitive
spidroin sequence that facilitates the potentiakfbigh density of hydrogen bondsHWZHHQ
sheets and a variety of secondary structties#*Hydrogen bonds enable the ability to self-heal,

as they can be easily restored after breaking, resulting in another highly useful property, toughness,

to prevent brittle failuré®®
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1.5 NATURAL MAJOR AMPULLATE SILK PROTEINS

Despite the diversity in spider species, the major constituddadilk are structural proteins,
known as major ampullate spidroins (MaSps), exhibiting a preserved thrige-pamiposition
(Figure 4).11%117The schematic structure of soluble spidroins is composed of a large (<350 kDa)
unfolded central domain with highly repetitive modules, enclosed by small (<15 kDa) globularly
folded non-repetitive terminal domains (T35}16-11811%¢t a soluble state, the core domains lack
tertiary structures and remain intrinsically unstructured, which is an important functional feature
representing high conformational flexibility The non-repetitive amino- and carboxyl-terminal
domains (NTD, CTD) play a crucial role in the storage of soluble MaSps as well as promoting
their self-assembly into insoluble fibefd:'22 Dragline threads consist of several MaSps with
differences in terms of amino acid composition, module repetitions, sequence variation, and
molecular weight, which significantly determine the functional and mechanical propé&tiieis:24
In principle, four main amino acid motifs are identified in the core domain such as poly-alanine
(A)n repeats, glycine-alanine (GAjepeats, glycine-rich sequences wiBX)» or (GPGXX),
repeats, where X is typically leucine, tyrosine, or glutamiiigufe 4, Table 3).”%'2°Each motif
can be repeated up to 100 times and can constitute 40 to 200 amirf§#citsi®The potential
secondary structures of the individual amino acid motifs and their impact on MA silks' mechanical
features have been intensively studied within the last decades (see 1.5.1). Further, spider silk is not
only composed of MaSps but also of non-spidroin protesogalled spider silk-constituting

elements (SpiCEs), of various sizes with low molecular weight and yet unknown furtétitis.
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helical

storage prerequisites: protein assembly at high concentrations
molecular switches:  sensing changes in pH, ions, shear stress

A N

non-repetitive repetitive core domain non-repetitive
N-terminal domain C-terminal domain

" o |- -
hydrophilic yeiophottc hydrophilic
v

outstanding mechanical performance: repeats of specific amino acid motifs

il

(GA)n /(A GPGGX / GPGQQ GGX
elastic amorphous

310-helix

B-sheet
B-turn

crystaﬂme
Figure 4. Setup of spider silk proteins and common structural motifs. The highly repetitive core domain of
spidroins is intrinsically unstructured, comprising modules with a distinct subset of amino aif&dwitbt
alternating glycine-rich and polyalanine regions. The large repetitive section contributesntecthanical
properties of the final fiber. In contrast, the non-repetitive amino- and carboxyl-terdumalins show a

globular fold, acting as molecular switches upon environmental changes and control units in selfrassem

X: predominantly alanine, glycine, serine, tyrosine, glutamine, and leucine
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1.5.1 REPETITIVE CORE DOMAIN

Recently, genomic and transcriptome analysis revealed that MaSps are encoded by at least
five gene families Table 3).13° The exact MaSp composition varies between spider
specieg?101.117.13L13\1g9st prominent dragline spidroins are MaSp1 and MaSp2, which mainly
differ according to their proline content. MaSpl represents a proline-poor variant (<0.4 %),
whereas MaSpz2 is rich in proline (>10 MaSp1 and MaSp2 have been well investigated for
decades in various spiders, while other MaSp families (MaSp3, MaSp4, and MaSp5) were recently
discovered and are so far only found in a few sgithér-30:133.134

A module of MaSp1 displays conserved blocks of poly-Ala, poly-Gly-Ala, and several GGX
repeat$?125135.13pgly-Ala and poly-Gly-Ala stretches form tightly packed anti-paraksheets,
which constitute defined nanosized crystals. The poly-Ala sequences are arranged alternately on
the sides of the backbone, interlocking with an adjacent chain by hydrophobic inter&€tiéhs.
Connected -sheets blocks contribute fibers' tensile strength®3%14°7 KH KLIJKHU WKH OHY'}
sheet interactions, the higher the binding energy and strength in the final fiber. Poly-Ala-Gly
regions show less hydrophobic interactions compared to poly-alanine ones since the glycine
residues are not able to provide the same hydrophobic intercafsfittesations of GGX motifs
fold predominantly into @-helical structures providing an amorphotsD WU L[ | RBhéetW KH
nanocrystal§-11%14! |nterstrand hydrogen bonds are present igh8lices, which comprise
different geometries than that of rarely founeh@lices!##'44 Further, GGX motifs can induce
IROGL QJturn® \Whd coil structurdd?149143 The reversibility of the folded structures
contributes to extensibility and provides mobility to the crystalline nethfork>

MaSp2 comprises penta-peptide GPGXX motifs, which usually can be further subdivided into
GPGQQ and GPGGX (X typically is A, G, S, Y, Q, or L), yielding elasticity upon the formation
of -turns and spiral structuré®. The presence of prolines involves intrinsic disorder due to the
pyrrolidine ring in the chain backbone, lacking amide groups for potential hydrogentbids.
Therefore, prolineFRQWDLQLQJ PRWLIV | DtRIUWAKEKIis funddoneafdr e R |
elastomeric properties of silk fibeY®:18 Further, the degree of proline content is linked to the
fiber's supercontraction and its mechanical properties, as mentioned before)(&et1Ls

A closer examination of the MA silk &. diadematusevealed a higr proline content of
16 %, compared to other species (1 to%d)16151152 |nterestingly, the dragline silk of

A. diadematuontains two MaSp2 proteins, namélydiadematudibroin (ADF) 3 and 4, as a
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unique feature among all known orb-weaving spider spét@sth ADF proteins are secreted in

the same compartment of the spinning gland, leading to the suggestion that they could interact
shortly after translation, for example, along the secretory patPdt&°>3ADF3 encodes for
polyalanine blocks, GGX motifs as well as GPGQQ motifs, whereas ADF4 comprises polyalanine
and motifs of GPGGX%>" Both MaSp2 derivatives exhibit distinct differences in assembly and
solubility properties. While ADF3 is known to be hydrophilic and remains soluble even at high
concentrations, ADF4 is in comparison less soluble at high concentrations, resulting in self-
assembly into filamentous morphologig§!>®

In addition to MaSpl and MaSp2, a novel short form of MaSp1, so-called MaSp1ls, was
identified inCyrtophora moluccensis 2013123 MaSp1s was determined as a small protein with
a molecular weight of approximately 40 kDa. It exhibits conserved TDs and typical MaSp1 motifs
in the core domain, although it was not characterized by a repetitive structure since motifs were
irregularly distributed and significantly shorter compared to common M&3ps.

Although the specific purpose of MaSp3/4/5 in dragline silks remains unclear, it is believed
that they may contribute to silk's toughn&¥sMaSp3 families contain an XGGRGY motif, in
which X is either aspartic acid or seritté130.133.15€Compared to MaSp1 or MaSp2lofhesperus
MaSp3 has much more polar (35 % vs. 16 %) and acidic residues (6 %o0y$?*IMaSp4 of
C. darwini comprises an alternative poly-X tail, a VSVVSTTVS sequence, composed of neutral
amino acid residues other than typical polyalanine. The GPGPQ sequence is a unique attribute
only seen in MaSp4 so f& FRQWULEXWLQJ WiR daokihpL Fog@HeMWWthEAPGG
motifs seen inC. darwini, both building blocks also might enhance silk toughh&@ss?
Phylogenetic studies revealed that MaSp4 belongs to the same clade as MaSp2, hence, constituting
alineage and a new subfamily of MaSg2**In contrast, MaSp5 seems to represent a new family
of MaSp since no clustering into other clades of MaSp families is possible. Also, MaSp5 displays
no polyalanine sequence but tandemly ordered GGLGGSG or GSGGR repetitive motifs providing

elasticity to the fiber.
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Table 3. Examples of structural motifs of core domains from various major ampullate spidroins) (MaiSp

different spider species. The G represents glycine, P proline, and X varying amino acid ,rediittiesre

predominantly alanine, glycine, serine, tyrosine, glutamine, and leucine. ADF staAdslimdematugibroin.
7KH FR@HAWIDalR,0oD6S PRWLIV" FRQWDLQV PRWLIV WKDW FRXOG QRW \HYV

structures.

_ Stucture
elastic crystalline  amorphous
individual turmn
Spidroin MaSp ) -sheet 3io-helix Source
. spiral
motif
] . GGYGGL 129,134,137,
P GGYGGL
Cyrtophora short 123
moluccensis MaSpl (A cex
Trichonephila GPGGX 97,137
clavipes MaSpz GPGQQ (A
Araneus MaSp?2: 46,57
diadematus ADF3 GPGRQ (A cex
Araneus MaSp?2: 46,57
diadematus ADF4 GPGEX (A
Latrodectus MaSp3 DGGRGGY (A GGX 124,129,133
hesperus
Caero_st.rls MaSp3 SGGRGGY (A)n GGX 130
darwini
Trichonephila DGGR 129,158
clavipes MasSp3 GGYGGL (A cex
Caerostris GPGPQ 130,134,159
darwini MaSp4 GPGG VSVVSTTVS
Araneus MaSp4 GPGPQ 157
ventricosus
Caerostris GGLGGSG 130,134
darwini MaSPS  5seer
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1.5.2 NON-REPETITIVE TERMINAL DOMAINS

Storage and assembly of MaSps are predominantly controlled by their non-repetitive amino-
(NTD) and carboxyl-terminal domains (CTD). ke the repetitive central domains with varying
sequences, TDs are evolutionary highly conserved among MaSp, but also spider species and some
silk types!®9-1%2 The high conservation underlines the importance of TDs regarding spidroin
folding and functionality.7'V FRQWDLQ WR DPLQR DFLRelithAHVLGXH\
secondary structures organized in a five-helix buhdl&?16 Spidroins are stored at high
concentrations in spinning dopes and presumably form micellar-like assemblies, whereby the
hydrophilic TDs shield the hydrophobic stretches of the core domain from the s8i7&rRp6e
Both TDs act as molecular switches to guide the self-assembly of MaSps into a highly ordered
fibrillar network triggered by ion exchange, acidification, and mechanical $tr¢€%1°’Hereby,

TDs guide the transition from liquid spinning dope to solid fiber and prevent protein aggregation
in the spiders spinning glartéf16°

In NTD, conserved charged amino acid residues (Asp, Glu, Arg, Lys) are exposed on the
spidroin surface and organized in clustétg/° At neutral pH, NTDs remain monomeric in the
presence of chaotropic salts (Na&f.Upon acidification and a decreasing chaotropic salt
concentration, the monomeric five-helix bundle, undergoes structural changes into a more tightly
packed conformation. Additionally, a stable anti-parallel dimer can be formed vaitfew
milliseconds upon the protonation of the clustered acidic residt&s:1®In contrast, the
conserved charged amino acids of CTDs are stabilized by intramolecular salt bridges (Arg-Asp,
Arg-Glu) located within the domain and proven to be essential for §$@uctural integrity??
CTD are stabilized by a permanent disulfide cross-linked parallel-oriented dimer due to one
conserved cysteine residue in each mondhef:1’61 Further, the CTD dimer is locked via non-
covalent interactions between two helices of the bundle structure, which are fixed in a clamp-like
mannert?2 During spinning, hydrophobic patches on the surfaces of CTDs are exposed, serving as
anchor points for the correct spidroin alignment along with fiber assedtultivalent linking
of anti-parallel NTD dimers and parallel-oriented CTD dimers yields an apparently enuless a
highly stable fiber network®®170178.179n studies with recombinant NTD and CTD, no molecular
interactions between them were identified at solvent conditions similar to the ones during
spinning®® Folding of individual TDs was not affected by the opposing domain, while NTDs

adapt their structure depending on the ionic environment, CTDs respond to shearing stress,
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implicating a double-safety mechanism. Hereby, a stepwise response to external stimuli, separately
controlled by TDs, prevents premature aggregation and controls timing of spidroins assembly from
aVROXEOH LQWULQVLFDBsoedtyrich@QddRsOGHG VWDWH LQWR

1.6 NATURAL SILK SPINNING PROCESS

While biological materials are usually grown structures, silks are actively spun in a highly
complex process involving sequential changes of spidroin conforntatittii. The spides
spinning apparatus is locatedii;sabdomen and can be divided into four sections, as exemplarily
illustrated inFigure 5 for MA silk. In the first part, a long coiled tail, spidroins are produced and
secreted from epithelial cells into the lumen of the gk&AétHere, dimerization of CTDs oriented
in parallel takes place at neutral pH by a covalent disulfide bond and electrostatic forces, whereas
the NTDs remain monomerité? In the ampulla, which represents the second part, the spidroins
are stored at concentrations up to 50 % w/v, yielding a spinning'tfojpe. avoid unspecific
aggregation, amphiphilic spidroins are stored in the presence of sodium and chloride ions by
forming supramolecular, micelle-like assemblien a process of microphase
separatiort#1:155164.165.169.17ha hydrophilic folded TDs are located on the surface of micelles,
shielding the hydrophobic unstructured domains from the surrounding aqueous envirGafiént.

The highly concentrated spinning dope shows characteristics of a liquid crystalline phase, which
enables the MaSps to flow in a pre-aligned manner along the axis through the spinning gland,
representing part three of the spinning apparatus, an S-shaped narrowitig®dtte spinning

dope is exposed to constant elongational flow, resulting in the rearrangement of the spidroin
domainsin parallel to the long axis. Furthersheet crystalline alignments trigger the formation

of nanofiberg?®139144.183The duct is lined with a cuticle that enables rapid exchange of ions and
dehydration to aid the processing of the silk precuf®oks the spinning dope travels down the
duct, chaotropic sodium and chloride ions are replaced by kosmotropic potassium and phosphate
ions, with the CTDs acting asrigger for controlled salting-out of the MaSps1’+18Phosphate

is known to increase the surface tension of water, initiating hydrophobic interd€t&iid he

MaSps conformational reorganization is further promoted by carbonic anhydrases that lower the
pH from 7.2 to at least 55%:172187:188ypon acidification, the negatively charged carboxylate

groups of NTDs conserved acidic amino acids are neutralized, leading to changes of the tertiary
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and quaternary structure. The NTDs dimerize in an antiparallel m&3d&ri89n the last section

of the spinning apparatus, excess water is resorbed, and the spinning dope viscosity increases. The
dehydration mechanism serves as @D VW FRQWU R-Q U HDN @ OzhildiRdEDdR F N
spinning to be quasi-irreversibt® Further, shear stress increases due to the draw-down tapering

of the spinning duct and an active pulling out of the spigbt:1%t
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Figure 5. Schematic representation of the natural spinning process of spider dragline siginhireg gland is
divided into four sections in which the MaSps undergo the conversion from a solabladoluble state. Once
MaSps are secreted, the non-repetitive carboxyl-terminal region builds a permanent paatéd-alimer,
covalently linked by a disulfide bond. The MaSps are assumed to be stored in micefieditares at
concentrations up to 50 % (w/v), whereby the polyalanine blocks of the repetitive domaimyprie-aliiquid
crystalline phase. In the course of spinning, chemical and mechanical triggers, such as shear forcaspacidifi
salting out, and dehydration, induce the assembly of MaSps. Hereby, the liquid crystalline phaseifumsher al
DORQJ WKH HORQJDWLRQDO |aleét dyptals. W RweY gHHvdltel), RubipéataiReQinked
dimers are formed by the non-repetitive amino-terminal domain, building a potentially endlbgghéindgtable
network. As soon as the solid fiber emerges, the spider pulls and stretches the fitiedeads to further
alignment of the molecules. Modified with kind permission of the publisher John Wiley & SomS#ric, M.,
Eisoldt, L., Doring, V., & Scheibel, T., Advanced Materials, 2021, 33(9), 2006%99.
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During the drawing process, the dragline obtains its typical core-skin structure upon
homogenous coating of the assembled spidroin core region with glycopréf&itAll external
spinning triggers act synergistically, inducing phase separation between spidroins and aqueous
solution and, thereby, converting the liquid dope to a solid fiber within millisec8hté.1%4
Before the silk thread exits the spigot, it passes a muscle-associated valve, which on the one hand
acs as a brake and, on the other hand, assists in restarting spinning after internat¥u@tuae.
macroscopic level, the spider pulls and stretches the solid fiber from the spinneret into the air with
controlled reeling speed using its hind legs or body wef§ht® The microstructure and
mechanical properties of fibers are highly dependent on spinning conditions, in particular reeling
speed, DV WKH\ DIIHFW W K khéxtUdoyBt&)s) withirl é&Vaniiphous matfid®
Further, dragline silk properties are subjected to a variety of parameters, depending among others

on spider age, fitness, nutritional fitness, and climatic condititrs!

1.7 SEQUENCE-STRUCTURE-FUNCTION RELATIONSHIP

Considerable research has been devoted to understanding the relationship between sequence,

structure, and function of spidroins. Experimental as well as computational studies have been
FDUULHG RXW WR G HatystalliRatioh indVaknbirphbRsOrédjiodRd on the mechanical

properties of MA silk$® The predominant nano-crystalline components are built by anti-parallel
-VWUDQGY LOQWHUFRQQHFWHG E\ K\GURJHQ ERQGMh&URYLGLC

crystals exhibit sizes of approximately 2 nm x 5 nm x 7 nm, whereby the size and volume fraction

of the crystalline phase significantly affect the fiber mechaitc82-2°4in computational studies,

increasing crystal sizes obtained decreasing strength as crack-like flaws appeared by the gradual

failure of hydrogen bonds under tenstdfLarger crystals are deformed by bending, whereas

smaller crystals are deformed by higher rupture forces dominated by°%f&aDynamic

V L P X O D Wahé&exwskls witavarying number of alanines revealed an optimum of 8 alanine
UHVLGXHV IRU HDFK VWUDQG ZKLFK ILWV WKH-#®&dsb) YDWLR

typically 8-10 residue®»?%To ensure ideal packing geometry, the maximum number of alanines

is restricted to 12 residues. Among the natural amino acids, alanine has the highest helix-formation

potential, henceLl OHVV WKDQ DODQLQHMh&ets HreSdinked¥O W KDUGO\ C
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The amorphous region consistingbf P L [ W X U H-tRrhsFaRd. #@heélices also influences
spider silk mechanics. Since the amorphous chains are partially pre-stressed, the supercontraction
of fibers upon wetting is facilitated®?!? In the dry fiber core, the pre-stress induces a non-
equilibrium which is compensated by surrounding structures and hydrogen?fowisen the
fiber is subjected to lateral load, the energy is transferred through the crystals into the amorphous
spidroin chains interlinking nanocrystafé:2!*However, the mechanical performance of fibers is
not solely based on primary and secondary structures but also intra- and intermolecular interactions
of tertiary and quaternary structures during the spinning process.

The mechanical properties of spider silk fibers can be analyzed by stress-strain tests,
demonstrating the relationship between a force applied to the silk fiber and the elongational
deformation. Generally, the characteristic tensile properties of spider silk fibers exhibit a non-
linear behavior in a multi-level regime, each with its featuFéguge 6).1>213In principle, the
QDQRFRQILQ-Ertal® WayR b crucial role in the mechanical performance of fibers,
especially the control over structural arrangeniéht.

) | Yield Point
% @ Il Softening
Py Il Stiffening
o : .
= IV Stick-Slip
@

% @ @ V Rupture

] | >

Extensibility [%]
Figure 6. Characteristic tensile properties of spider silk fibers. (I) The Yield Point displagsskeé of plastic
deformation at low stresses. (lI) The softening phase indicates entropic unfolding etodirsgr of the
amorphous strands along the fiber axis. (lll) The stiffening phase is observedhaftiell textension of
amorphous chains. Hydrogen bonds break in the crystalline phase at high stresses. (IV) The stidkrsiip mot
VXJIJHVW WKH |LQdbeat dy3tal OrBlI(\Q fibeR tupture.
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In phase one, silk fibers are homogeneously stretched at low stresses, which leads to the

breaking of hydrogen bond® I W-K\MHX U-§pWVals, and @-helices in the amorphous matrix. The
initial phase culminates in a yield point, constituting the initial stiff beha¥at321>The second
phase is characterized by a softening phase that is accompanied by the unfolding of the protein
chains in the amorphous region along the load direétioFhis behavior appears to be gradual as
the secondary structures unwind reldivi® their hidden length after hydrogen bond breakihg.
At the same time, new hydrogen bonds are fornte,L O &Gha@thanocrystals in the amorphous
phaseg!® Once the amorphous regions are fully elongated and stretched, the load is transferred to
the crystalline regions in a so-called stiffening phase. At higher stressesstibet crystals have
to sustain higher straif$-'*3It was hypothesized that the deformation of crystallites causes stick-
slip motions as ruptured strands reform short-term hydrogen Bfd$1621’As hydrogen bonds
in the crystalline phase further break, and crystal sizes decrease upon pulling, the strain distribution
is more uniform, causing a significant increase in the mechanical perforfiandke last phase,

-sheets are completely unfolded, and the silk's maximum tensile strength is reached until the fiber

rupturesz'®

1.8 ENGINEERING AND ASSEMBLY OF SPIDER SILK FOR MATERIAL
APPLICATIONS

Based on the highly adaptive structure-function relations, spider silk combines superb
mechanical performance with biodegradability and biocompatibility when brought in contact with
the human body?21%22! Consequently, spider silk represents an exciting biopolymer for
engineering green, stimuli-responsive, or multifunctional (bio)materials to address biomedical and
technical challenges. For both, industry and commerce, the sustainability of materials and
production processes is becoming increasingly impottait?Since territorial, sexual, or hunger-
dependent cannibalism is well-known among spiders, industrial farming of spiders is not
feasible??>22> Moreover, spiders held in captivity generate less silk with lower quality, and thus
lower mechanical properties, as this strongly relies on climate, $pidealth, and nutritional
statust®®-2%1 Forced silking of spiders only obtains low yields per session and appears to depend
on reeling speed, besides other known param&et¥.In the last decades, biotechnological

production routes in amenable hosts have been developed to yield spidroins with consistent
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quality 227228 |n addition, recombinant production enables the functionalization by molecular

engineering to empower silk with new properti&s.

Two different approaches are pursued to produce spidroins recombinantly. One possibility is
the heterologous production of native (partial) silk gene sequences, mostly truncated cDNA, in
different prokaryotic and eukaryotic expression hosts, such as b&étéffyeastz®! plants?32233
insect cell€3*2*®*mammalian cell$3® and even transgenic anima#é24° However, this approach
showed only limited success due to high costs and low yields, which can be explained by
differences in the codon usage of spiders compared to mostHoBt® abundant amino acid
residues glycine and alanine are encoded onlyfbw codons, resulting in inefficient translation
events. Moreover, the highly repetitive nature of spider silk genes hinders their manipulation by
polymerase chain reactiéh®”11°To circumvent these difficulties, the second and more common
approach was established using synthetic genes. Therefore, relevant amino acid motifs of the
natural spidroins were identified and subsequently translated back into synthetic DNA sequences
comprising repetitive blocks, considering the codon usage of the host org&histost
commonly used for recombinant production Escherichia coli(E. coli) due to the broad
knowledge about its high-density cultivation, production scalability, short doubling times, low
costs, and simple to obtain genetic modificatitig3244Although significant progress has been
made toward spidroin yields and qualities, some challenges need to be overcome in the near future.
The production of highly repetitive proteins walmolecular weight comparable to that of natural
spidroins entails difficulties, i. e. inefficient transcription, discontinuous translation, gene
instability, or truncations due to the bacterial ribosomal machftef§’ Usually, the produced
spidroins have much lower molecular weights than those of natural ones. However, strategies have
been explored to produce native-sized recombinant spidroins, for example, by engineering the

metabolic pathways d&. coli 2*® or using split intein-mediated ligation of spidrofi.

Driven by ingenuity and the need for innovation, spider silk engineering at the molecular level
(Figure 7) enables the design of customized functional materials with novel functions for defined
applicationst?”250.25 Eyen minor manipulations of the sequence by replacing one single amino
acid residue Kigure 7 @ impact the hydrophobicity of the spidroins and the materials made
thereof, suitable. g. for tissue engineering®2°2-2>4Functional peptides can be either fused to the
proteins' termini or incorporated within the amino acid sequdfigerre 7 b). The integration of
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functional peptides can implemeatleavable sequence as well as binding motifs or domains,
valuable for tissue engineerift},such as nerve and bone regenerai®®,’ implant coating?®

or cancer targetirf§® among other applications. Further, fusions of spidroins with functional
molecules Figure 7c), i.e. DNAZ9261 glycopolymers®? or organic ligand$®® impart
controllable superstructures or empower spidroins with novel functions. Inspired by the silk
architecture, amphiphilic block co-polymers open new routes to design smart matefals.
Functionalization of silk materials can also be achieved by blending or doping silk solutions with
functional additives. Multilevel modifications require knowledge about the hierarchical set-up of
silk to exploitits physical propertie$:1?°® Computational investigations can contribute to the

design, prediction, and understanding of silk proteins and mat&rtajgs’.268

a | Single amino acid substitutions Legend
b | Functional peptides aa residues of any other protein - I3 -
Fusion
AIODIEIEIEIIIED || e DO
Incorporation protein tag (T
O OO D v
aa residue o
C | Silk chimera

Silk and protein polymers

CETEaIo

Block co-polymers (e.g. AB,/BA,)

Silk and dissimilar polymers (e.g. DNA)

auD, ) )(OG \@uD

Figure 7. Selected approaches of molecular engineering to combine functional motifs into recombinant silk

proteins.(a) single amino acid (aa) substitutiors) fusion or modification with functional peptidgg) silk
chimeras comprising multiple components of proteins or dissimilar polymers. The spheres repiiesetidm
residues, and colorations highlight the engineered area in the respective silk constructs. Modifiedidfom Sar
M., & Scheibel, T., Engineering of silk proteins for materials applications. Current opinion échriotogy
2019,60, 213-220, with kind permission of the publisher Elsetfér.
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1.8.1 RECOMBINANT SPIDER SILK PROTEINS

The recombinant engineered spidroins used in this work are based on the two MaSp2-variants
ADF3 (NCBI GenBank code: AAC47010) and ADF4 (NCBI GenBank code: AAC47011) of the
European garden spidéy. diadematus called eADF3 and eADF4, respectively. A schematic
illustration of the biotechnological process flow is showRigure 8. After DNA extraction from
the spider's MA silk gland, genetic information was decoded in ADF3 and ADF4, and highly
repetitive conserved amino acid blocks could be identifiédu¢e 8 @. Next, corresponding
consensus motifs were engineered, which can be combined modularly using a custom-designed
cloning system for seamless multimerizatiGiig(ire 8 b).1>?42 The synthetic gene sequences
were adapted regarding size and bacterial codon usage. Generally, the repetitive core domain of
eADF4 is composed of a consensus module termed C (carboxyl-group of glutamic acid), whereas
eADF3 is built up of alternating consensus modules A (alanine-(A)-rich) and Q (glutamine-(Q)-
rich).242 The exact amino acid composition of a single module is given in Figure 8 b. While the C
module of eADF4 contains GPGGX or polyalaninen(Ajotifs, modules A and Q of eADF3
comprise polyalanine (A)as well as GGX repeats, and GPGQQ motifs, respectivelylédade
3).°’ In addition, non-repetitive TDs from the native genes can optionally be liokied synthetic
genes Figure 8 ¢. Up to now, several variants have been designed with varying compositions
anda number of core domains in the presence and absence of TDs. In this study, the CTDs of
A. diadematugNR3 of ADF3, NR4 of ADF4) ant. hesperugNRC1 of MaSp1l) were used. Since
the NTDs ofA. diadematuare unresolved, but NTDs are highly conserved throughout MaSps and
spider specie¥>'%the established NTD (NRN1 of MaSp1)lafhesperusvas included. In the
natural NTD, a linker region of one subunit was detected in a crevice and assumed to connect the
NTD to the repetitive core domain to further lock the chain alignitéfiherefore, a native linker
region was fused to the NTD (NRN1L) to mimic the natural model. Usually, the spidroins are
modified with tags, either to increase production and purification efficiency or for detection using
Western blot analysis. The engineered synthetic gene sequences are cloned into expression vectors
which are transformed int6. coli and expressedrigure 8 d). The recombinant spidroin variants
can be purified after bacterial lysis, using either a column-based or column-free féihoel.

purified spidroins can be freeze-dried for long-term storage and resolubilized if required.
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Figure 8. Schematic illustration of the biotechnological production and processingafibinant spider silk(a)
After DNA extraction from spiderfMA silk glands genetic information was decoded, and amino acid motifs could
be identified. The amino acid sequences were back-translated into DNA sequensiglerang efficient bacterial
codon usagdgb) Sequence motifs of modules A, Q, and C are derived from the two MaSpgsaA&l63 and ADF4
from Araneus diadematu#\s published befor&* modules could be multimerized in an arbitrary seamless manner.
Contrary to the repetitive core domains, which display diverse sequences, tbEM&Bps are evolutionarily highly
conserved. Since no NTDs of ADF3 or ADF4 are identified so far, the well-studiBddf L. hesperusvas used
instead. In addition, CTDs from both spider species could be (g3&theme of engineered spidroin variants eADF3
and eADF4(d) For biotechnological production Bscherichia coli gene sequences encoding for spidroins can be
cloned into expression vectors. Spidroins can be purified in column as walhalumn approaches and freeze-
dried for long-term storagee) Processing into different hierarchically structured morphologies for various

applications
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1.8.2 SELF-ASSEMBLY PROPERTIES OF ENGINEERED ADF3 AND ADF4

Recombinant spidroins can self-assemble and be processed into a myriad of hierarchically
structured morphologiesamely particles, nano- and microfibers, hydrogels, nonwoven meshes
and films, among others, tailored for different applicatidfigyre 8 €. In the following, these
morphologies are presented below in more detailAfaliadematudvlaSp2 derivatives eADF3
and eADF4.

For recombinant eADF4, it was demonstrated that at least two C-modules are required for
self-assembly. With increasing C-module numbers, the assembly kinetics were accelerated,
however, the assembled structures appeared visually the same in the findf%&satmajority
of studies utilize an eADF4 variant with 16 consecutive C modules (eAREN(Eomprisinga
molecular mass of 50 kDa. So far, a variant with a CTD (eADf#R4)) has been cloned and
investigated in very few studié€"?’%2"lput no derivate with a NTD has been developed yet. For
recombinant eADF3, predominantly variants of either 12 or 24 consecutive (AQ) modules
(eADF3((AQ)2/ eADF3((AQ)4) were consolidated over time, comprising molecular weights of
48 kDa or 95 kDa, respectively In the past, eADF3 variants equipped with CTD as well as NTD
were studied122:154167.179.272The  golubility of eADF3 and eADF4 core domains differs
considerably, which was investigated in experimental and computational ahty&ik.has been
shown that the solubility of eADF3 is about four times higher than eADF4, as the interaction with
the surrounding aqueous solutions is preferred over the interaction with hydrophobic polypeptide
chains'®*2% These differences in the solubility behavior play a decisive role in the stimuli-

responsive assembly performance, valuable for materials with wide applications.

Previous studies investigated the impact of conditions involved in the mediation of native
fibers regarding biochemical properties, self-assembly, and aggregation. The physico-chemical
parameters as they occur in the spinning process of spiders can initiate self-assembly of
recombinant spidroins. One possibility is the ionic stimulation upon the addition of phosphate ions.
Since phosphate increases the surface tension of water, hydrophobic interactions between
polyalanine motifs cause the assembly of spidroins. At phosphate concentrations below 300 mM,
eADF4 self-assembled into-sheet rich nanofibrils approximately 2-10 nm in diaméftet’®
similar to those fibrils detected in the natural counterfd&Ror the nanofibril assembly of eADF4,

a two-phase model was suggest®dThe first part involves a nucleation phase, in which
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intrinsically unstructured silk monomers transiently fold into &> U D-€h€elts @ia interlinked
poly-alanine stretches in adjacent C-modules. In the second part, the elongation phase, another
soluble monomer docks to the exposed fibril end, inducing a structural change in the monomer
and facilitating a new nucleation docking site. Based on the nanofibrillization behavior, eADF4
variants facilitate the fabrication of physically cross-linked hydrogels at concentrations &bove 2

w/v and aqueous conditioRS. Hydrogels made of recombinant silk proteins, for example, can be
used in biomedical applications for biofabrication and 3D printing of cell-loaded biGidKsor

the administration of water-soluble and water-insoluble drug défdRecently, nanohydrogels

were utilized for bioselective binding of proteins in an immobilized s&up.

For eADF3,t was demonstrated that the addition of phosphate at low concentrations induced
the aggregation into higher supramolecular structures without nanofibrillar characteristics due to
its solubility described abov®! At high phosphate concentrations (> 400 mM), eADF4 and
eADF3 formed spherical particles based on a liquid-liquid phase separation involving a protein-
rich and a solvent-rich phad#:282 Sphere sizes depegdion the protein concentration, mixing
conditions, and final salting-out concentration, yielding particles with diameters in the range of
approximately 250 nm to 3m.282-284 Microspheres made of recombinant spidroins constitute a
class of biomimetic materials that can be obtained in a simple all-agueous process and facilitate
delivery of sensitive drugs or geri@$28428 Several eADF4 variants were identified to be
promising candidates for either targeted drug delivery with controllable drug release upon changes
in the pH or redox stat@®28” or drug-releasing composite materials with long-lasting anti-

microbial featuregg®

During the passage along the spinning duct, MaSps are exposed to mechanical shear forces,
which can also be mimicked vitro. Investigations of eADF3 under shear stress revealed strong
assembly behavior, enhanced in the present®sfindependent of salt concentratiéhl6’.179.282
whereas eADF4 did not assemble in response to elongatiof®l@aDF3 without TD yielded
ill- G HIL QdH&et-rich aggregates upon shearing. At the same TiDeomprising eADF3
formed aligned fibrillary aggregates, similar to fiber-bundles, with dimensions of microns to
millimeters after shearing for several hours. While eADF3 variants are ideally suitable for
producing single fibers by wet-spinning from aqueous dope systefii®ADF4 fibers from
organic dopes have been wet-spapplicable for regenerative medicifitor commercial uses,

e.g., cosmetics and textile fabrication (BIOSTEEL® by company ANIEiIK®! In a proof of
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concept study by Rammenseteal ,?8? the assembly of an eADF3/eADF4 mixture (without TDs)
was tested regarding fiber-forming parameters in a microfluidic approach. Although the
introduction of shearing, salting out, and pH changes led to the formation of a few microfibers,
these could not be extracted and investigated using tensile tests. The next chapter seé 1.8.3
discuss the broad topic of wet-spinning and microfluidics of recombinant spidroins in more detail.
In addition, sub-micrometer and nanometer fibers of eADF4 were obtained by electrospinning
using organi¢®2%22%or aqueous solvent’ yielding nonwoven fiber mats, which were either

utilized as cell culture substrat&s? or filtration applicationg®32%°

Water-insoluble films represent a further versatile morphology, made of eADF4 variants
comprising thicknesses from nano- to micrometer range depending on conditions such as solvent,
post-treatment, or substrate surface on which the films self-assgiS-E Films were utilized
as suitable substrate or scaffold for coating impl&it¥! as well as catheteéf$ to minimize
thrombotic fouling or negative side effects of the foreign body reaction, enhance cell activities
(adhesion, migration, differentiation, and proliferatiéif)?23033%4 provide a new energy
technology for light-induced hydrogen productiSh.or prevent anti-microbial infestation on

biomedical or technical materia®308

1.8.3 ARTIFICIAL SPIDER SILK FIBER SPINNING

Over the last few years, the demand for fiber-based materials has increased, as they offer a
wide range of applications, both in commercial and research areas. Great efforts have been made
to obtain high quality and quantity of fiberk principle, modern artificial fiber spinning
technologies are based either on polymer melts or polymer solutions which can be utilized in
different processes like melt spinning, dry-spinning, electrospinning, or wet-spfidtig°in
the most basic setup of melt spinning, highly viscous melts are usually produced by heating
thermoplastic polymers, which are subsequently spun into fibers by extrusion and rapid
cooling3t13120n the contrary, in solution spinning approaches, polymers are dissolved in organic
or inorganic solvents, and fibers are spun either by polymer precipitation in coagulation baths (wet
spinning) or removing the solvent by evaporation (dry and electrospinifrigjDepending on
the employed spinning method, fibers vary in their parameterssurface morphology, diameter,

appearance, and mechanical properties. In this section, the focus lies on the wet-spinning and
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microfluidic spinning of recombinant spidroins as they mimic the native spider silk spinning
system best.

In wet-spinning process a highly concentrated dope is extruded through a nozzle or
spinneret into a coagulation bath, filled with a liquid in which the spidroins precipitate, and a fiber
only a few microns in diameter is solidified. In spider silk, spidroins constitute the structural
components of the spinning dope, and water is the solvent. In artificial approaches, highly
concentrated spinning dopes (10-50 % wi/v) usually are produced by dissolving recombinant
spidroins using strong denatur&fi$s4316 (e. g. HFIP, formic acid, LiBr) or aqueous
buffer31:236:317-320t5 yield the concentrations of natural spinning dopes (50 % Y/Vnother
approach to producing spinning dopes involves regenerated/reconstituted native spider silk fibers
dissolved in organic solvent$:®2* Since access to natural spider silk is limited, and fibers spun
from reconstituted dopes did not yield the desired mechanical properties, the focus of current silk
fiber research is on utilizing recombinant spidroins. Organic solvents, in particular thadf
opportunity to dissolve spidroins even with high molecular weights quickly at high
concentration$® However, there are significant disadvantages in using organic solvents,
especially for industry, namely high costs, challenging disposal regulations, and difficulties in the
removal of the solvent from the fiber, which is indispensable for biomedical applic¥fdns.
addition, the strong interactions between protein and solvent, on the one hand, enable high
spidroins solubility, but on the other hand, may hinder the subsequent assembly during the
spinning process. For this reason, the production of spinning dope solutions in an aqueous system
seems favorable, achieving concentrations of up to 50 % wi/v in thé*pH8t2>326Aqueous
spinning dopes can be obtained either by concentrating low-concentrated sSh#i®is;326
dissolving directly at high concentratid®;>?’ or by utilizing the self-assembly behavior of
spidroins3115%16°The preparation of highly concentrated spinning dopes may become difficult as
spidroins tend to aggregate, which is why the biophysical properties of the individual recombinant
spidroins are essential to consider.

Heidebrechet al®! established two routes for the preparation of aqueous spinning dopes
(Figure 9) from recombinant eADF3 spidroins of different sizes and in the presence of TDs. First,
a start solution was prepared by dissolving the proteins in guanidinium thiocyanate, which was
subsequently removed stepwise by dialysis against a stabilizing saline Tris-buffer, y&lding
concentration of 2-3 % w/v. Subsequently, one possibility was to dialyze the solution against
polyethylene glycol (PEG) to remove water and obtain a highly concentrated dope (10-17 % wi/v),

35



INTRODUCTION

which was called classical spinning dope (CSD). Alternatively, spidroins comprising CTDs were
dialyzed against a phosphate-containing buffer, initiating a phase separation into a low
concentrated phase (not suitable for spinning) and a highly concentrated phase (9-15 % w/v), the
latter was named biomimetic spinning dope (BSDJ° It is assumed that the presence of
phosphate ions initiates the formation of micellar-like assemblies, as supposed in former
studiest®+167.189Fipers spun from BSD showed superior mechanical properties compared to those

IURP &6' ZKLFK ZDV DWWULEXWH G-shié& ndhBdd/stdls IhKtkeUBSDO LJ Q P
fibers?28?

dialysis against

no phase separation Tris-buffer phase separation

classical < biomimetic
highly concentrated ~ SPiNNing dope _ spinning dope oW c;;t;zr;trated
solution CcSD .—[ .‘} ~ BSD
J) c’ l
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dialysis against highly concentrated
dialysis against phosphate buffer phase
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Figure 9. Production strategy of aqueous spinning dopes made of recombinant spidroins comprising terminal
domains. Classical spinning dopes (CSD) were obtained by dialyzing a spidroin solution against polyethylene
glycol (PEG) to remove water, obtaining a highly concentrated solution. Biomimetic spinnindBispgsvere

prepared using dialysis against a phosphate-containing buffer, and a phase-separated solution was obtained.
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Table 4. Comparison of the characteristics of man-made fibers from variwles spk proteins (with or without TDs) spun by wet-spinning (W) arofluidics (M).

. ) ) Molecular Solvent/ o Fiber o <RXQJ
Origin spider / Recombinant ) Spinning Strength Extensibility = Toughness
. . TDs mass coagulation diameter Modulus Source
spidroin spidroin method [MIm -9
[kDa] bath [um] [GPa]
L. mactand HFIP / 315
eTuSpl 9 16 M 45 78+ 4 171 11+0.8 2+04
TuSpl IPA + MeOH
A. aurantia/ HFIP / 314
2Ex12 8 71 w 74 + 33 49+ 7 3+2 n.a. 0.04 £ 0.03
MaSp2 IPA
N. clavipes HFIP / 248
96-mer 8 284 w 25 508 + 108 15+5 n.a. 21+4
MaSp1l MeOH
N. claviped/ Water / 317
WS-PSD-3x 8 47 M 18 286+ 137 18+12 37+28 8+4
MaSpl EtOH
N. antipodiana/ HFIP / 316
] 11RPC 9 378 w 14 308+ 57 10 n.a. 9+3
TuSp1, MiSpl Water
A. diadematus Water / 31
eADF3 9 152 w 27+10 37059 110+ 25 189 + 33 4+1
MaSp2 (ADF3) IPA
A. diadematusg Water / 236
ADF3 9 120 w 20 219 59 103 4.9
MaSp2 (ADF3) MeOH + Water
T. claviped Water / 320
N16C 9 144 M 34+0.7 288%20 47+ 3 100+ 13 3+0.7
MaSp1l Water
E. australis/
MaSp1, Water / 318
NT2RepCT 9 100 w 12+2 162+ 8 375 45+ 7 6+0.8
A. ventricosus Water
MiSp
A. diadematus 31
- 9 - - - 4+04 1183 +334 24+ 8 167+ 65 8+2

forcibly silked

A. diadematus 192
- 9 - - - 5+0.1 795+ 42 39+1 129+ 6 4+0.2
supercontracted

EtOH: Ethanol, IPA: Isopropyl alcohol, HFIP: 1,1,1,3,3,3-Hexafluoroprdpah-MaSp: Major Ampullate Spidroin, MeOH: Methanal, a.: not available,
TDs: terminal domains
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The continuous extrusion of spinning dopes usually is carried tutdaagulation baths
containing monohydric alcohols or mixtures of alcohol and water, resulting in the dehydration of
the fibers®?® Generally speaking, wet-spinning is a rather slow method compared to other spinning
techniques, resulting in a higher degree of spidroin alignment and improved mechanical
performancé?® A washing step follows to remove the residues of the coagulation bath and the
spinning dope solverit® Afterwards, the fibers are post-stretched, as it is also done by spiders, in
RUGHU WR -dhéet a@taly Klehg the fiber axi$33! Here, the composition of the post-
stretching bath has a substantial influence on the fiber. While primary alcohols (methanol, ethanol,
etc.) impart higher stiffness and strength to the fibers, secondary alcohols (e. g., isaipobyy)
increase extensibility=°

Microfluidic wet-spinning is a modern technique that deals with processing small volumes
of fluids, usually in a mild environment, within miniaturized channels of engineered
configurations’%335 Due to its capacity to mimic aspects of the native spider silk spinning system
through precise and systematic control over individual fluids, microfluidics has emerged as a
remarkable approach for the production of microfidétghe spinning dope and a sheath fluid
flow through channels into a microfluidic device and merge at a junctior3 &degure 13). On
the microscale, these flows are laminar, and solidification of the fluids occurs by slow diffusion at
the interface. The spinning dope is hydrodynamically focused by the sheath fluid, inducing
spidroin assembly and solidification into fibers extruded through an 8iftleb. date, few studies
have been conducted in which recombinant spidroins have been investigated concerning their self-

assembly behavior utilizing microfluidi@g315317.320.337

Due to numerous parameters, fiber spinning appears to be highly complex, hence, the ideal
combination of spinning dope, coagulation, and post-stretching bath have to be established and
optimized for each spidroin individually. Fibers spun artificially display far different mechanical
properties compared to natural ongalfle 4). In general, the mechanical performance of the fibers
improves withalow diameter and higher molecular weight of the recombinant spidroins. Native-
VLIHG VSLGURLQV \LHOGHG ILEHUV VSXQ IURP RE®&RBEDEDHLF GRS
least twice that of natural dragline silk, and respectable strength of 508#Fe best fiber
mechanics to date spun from an aqueous system were achieved with biomimetic dopes containing

recombinant spidroins with TDs, displaying nature-like toughness of 189 *Milim to the
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significantly higher elasticity of 110 % despite lower strength of 370 MPa in comparison to the
natural dragline silk!

Artificially spun fibers are commonly compared to native fibers. Since the mechanical
properties of collected natural dragline silks are subjected to very high variability (sé& 1.6),
controlled supercontraction of forcibly silked fibers is nhowadays a widely used method to yield

consistent data with representative real tensile properties of naturally spunTidales4).338340
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AIM OF THE WORK

2 AIM OF THE WORK

Natural spider silk fibers exhibit mechanical and biological properties unmatched by most
other known natural or man-made fibrous materials, designating spider silk as a rich source of
inspiration for a plethora of applications in technical and biomedical fields. Even though spider
silks have been in the focus of scientific research for decades, it was yet not possibleate fabric
synthetic fibers mimicking the outstanding properties of their native counterparts due to their
complex hierarchical architectures framolecular to the macroscopic level.

The aim of this work was to examine individual intrinsic and extrinsic aspects of the natural
spider silk spinning process in more detail and further unravel the hierarchical self-assembly of
MaSps regarding structure-function relations to create biomimetic materials. Therefore, various
recombinant MaSps based on the ones found in the MA silk of the European garden spider
A. diadematusnamely ADF3 and ADF4, were used, and the following research objectives for the

thesis were defined:

Objective (1)is to study the so far unknown interplay of MaSps with implications for self-
assembly and fiber mechanics. Although almost all natural MA silk fibers are built from at least
two or more spidroins, yet artificial approaches have predominantly used only one class of
recombinant spidroins. In this work, it was sought to produce MaSp mixtures of eADF3 and
eADF4 variants and investigate intermolecular interactions regarding solubility and self-assembly
into higher-order structures. Although the tripartite structure of MaSps is well-known, including
highly repetitive core and non-repetitive domains, the function of the terminal domains as
molecular features was barely investigated in full-length spidroins. Therefore, recombinant
variants in the presence and absence of terminal domains were used to study their impact on the
self-assembly process upon external stimuli. Ultimately, it was aimed to develop a fully aqueous
biomimetic spinning process to yield artificial high-performance fibers that imitate the mechanical

properties of native spider silk fibers as closely as possible.

Objective (2) is to engineer bioinspired hybrid spidroin with multifunctional properties.
Instead of using MaSp mixtures, a simplified timesne (TIO) approach should be developed to
exploit the potential of combining individual characteristics of eADF3 and eADF4. The hybrid
variant should be obtained either by a covalent bond (TIO spidroin) or solely by dimerization of
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the carboxyl-terminal domain (heterodimer). Further, the spidroins were to be investigated in

structural and functional aspects and processed into fibers.

Objective (3) is to develop a molecular understanding of MaSps pre-assembly in spinning
dopes and their structural state in fibers spun thereof. The natural spinning process is highly
controlled and involves sequential conformational changes of the MaSps. Still, the current gap in
knowledge revolves around the importance of the constitution of spinning dopes as pre-requisites
for fibers with outstanding mechanical properties. Here, it was aimed to provide a detailed and
holistic view regarding the hierarchical assembly process across length scales from soluble
spidroins in spinning dopes through the spun fiber state. Therefore, eADF3-CTD was utilized as a
simplified representative spidroin model, unlabeled as weft@$°N labeled. The combination
of biophysical methods allowed to track the spidroin assembly and structural characteristics.
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3 SYNOPSIS

In the course of this dissertation, it was aimed to understand and mimic the natural spinning
process in all important respects. Structural insights into the self-assembly of spidroins helped
to unravel how nature-like performing fibers are created and how synthetic silk alternatives can
be designed for versatile applications in high-tech fields. A schematic overview of the thesis

projects is shown ifrigure 10.

NATURE

publication | engineering

SPINNING DOPE SELF-ASSEMBLY FIBER
4

publication Il

BIOMIMETIC
APPROACH

Strength

Extensibility \__
publication Il " N

SIMPLIFIED
APPROACH

publication IV @ analyzes

Figure 10. Overview of the thesis topics unraveling the native spider silk spinningssraseng different
recombinant silk protein variantéa) lllustration of a natural spinning process is divided into four sections:
spidroin production, storage in highly concentrated spinning dopessselinbly, and fiber formatiotb) A part

of the work provides an overview of how silk proteins can be engineeree mbllecular level, enabling tailored
functionalization for manifold technical and medical applicatiq¢olFor the first time, recombinant spidroins
comprising terminal domains were co-produced, yielding a mixture of hambheterodimers, which could be
spun in nature-like performing fibers upon biomimetic spinning. Particutayheterodimers played an essential
role in mediating self-assembly within the mixtuid In a simplified approach, twim-one spidroins were studied
in structural and functional aspects, showing multifunctional characteristics ofifaehlying eADF variants as
well as excellent processability into green high-performance fif@r#\ combination of biophysical methods

allowed to track the assembly from the formation of the dope to the firaffigeu.
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Initially, an overview of recent advances in the functionalization of silk proteins on a
molecular level is providegb(iblication 1). With this, genetic engineering approaches enabling
tailored modifications towards optimized or novel functions in silk materials were reviewed,
considering current challenges in the biotechnological production of functionalized silk
proteins. Insights into the fabrication of engineered silk proteins are shown and how self-

assembly into higher-order structures is utilized for technical and medical materials.

The second part of the thesis constitutes the thematic focus, dealing with the development
of an aqueous fiber production approach mimicking the natural spinning process as close as
possible publication II'). Mixtures comprising eADF3 and eADF4 variants were prepared
either by co-production in bacterian (vivo) or by refolding i vitro). Cloning of DNA,
production, and purification of different MaSp variantasandeveloped and optimized.
Structural characterization and self-assembly of protein mixtures and individual one-protein
variants were carried out to investigate the impact of MaSp interplay and the influence of
terminal domains. Aqueous spinning dopes were prepared, and a microfluidic wet-spinning
approach was developed and optimized. Fibers were post-stretched and further studied using

tensile tests and microscopy.

The third part of the thesis provides investigations of hybrid spidroin variants combining
characteristics of eADF3 and eADFduplication 11l ). The heterodimer was isolated from a
mixture of homo- and heterodimers using a two-step column purification strategy.aNext,
convenient approach was established by combining mechanical and chemical characteristics of
eADF3 and eADF4. A twan-one spidroin in the presence of TDaseloned, produced, and
purified. Both hybrid variants were structurally characterized and self-assembled upon shearing
or the addition of phosphate ions to test the potential for fiber assembly. Highly concentrated
agueous spinning dopes could be prepared from the TIO spidroin and fibers were spun in a
biomimetic, agueous wet-spinning process, post-stretched, and analyzed using tensile tests and

microscopy.

In the fourth part of the thesis, new findings of MaSps structural self-assembly were gained
from studies of highly concentrated aqueous spinning dopes and fibers spun thereof
(publication 1V). The recombinant spidroin eADF3-CTD was produced both unlabeled and

isotope t3C, *°N) labeled. The production route of isotopically enriched spidroins was newly
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developed in this work. Highly concentrated, aqueous spinning dopes were prepared and
analyzed by combining biophysical techniques to track the spidroin assembly and understand
atomic level structural states at different buffer conditions. Several solid-state NMR

experiments were performed to investigate secondary structures in fibers spun from different

spinning dopes.

3.1 PRODUCTION OF NATURE-LIKE RECOMBINANT SPIDER SILK PROTEINS

The focus of this work was primarily on terminal domains-comprising recombinant spider
silk proteins derived from the two MaSp2 proteins ADF3 and ADF4 of the European garden
spiderAraneus diadematusorresponding consensus modules termed C (carboxyl-group of
glutamic acid), A (alanine-rich), and Q (glutamine-rich) were multimerized to obtain the
repetitive proteins, details on the individual engineered eADF variants are given in 1.8.1 and
1.8.2. In contrast to the repetitive core domains with varying sequences, the TDs of MaSps are
evolutionary highly conserved between different species (publication I, Figur&°S$%),
which is why TDs ofA. diadematusndL. hesperusvere used in this study. For the expression
of synthetic spider silk genes, the host organisnsoli was used, as it is a convenient and
widely utilized systent!®243 Since the production of recombinant MaSps with molecular
weights comparable to that of native-sized spidroins (200-330-K3&)entails difficulties
such as low yields, variants with lower molecular weights (46-150 kDa) were dedtigee (

11). Spidroins with CTDs formed parallel-oriented dimers covalently bonded by an
intermolecular disulfide bridg€&1®1"’Since the standard redox potential of the CTDs is lower

(-300 to -320 mVA*2 compared to the redox potential within the cytosoEo€oli (-260 to

-280 mV)3433% WKH R[LGDWLRQ RI WKH F\WVWHLQHYV WKLRO JUR
bacterial cytosol.

The engineered MaSps NTD-eADF4-CTD, as well as all hybrid eADF constructs such as
the heterodimer, and twia-one (T10) spidroin, were newly designed in the course of this.work
In contrast, other employed reference spidroins such as eADF3, eADF3-CTD, NTD-eADF3-
CTD, eADF4, and eADF4-CTD were already studied previotisiy’2’%or the sake of clarity,
only the trivial names of the individual spidroin variants are used in the text, but the systematic
description can be taken froRigure 11, a more detailed overview is given in publication II
(FigureS2). Cloning, production, and purification for new spidroin variants were developed
and optimized.
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Spidroins were examined individually amdmixtures to study the impact and interplay of
eADF3 and eADF4 on hierarchical self-assembly (publicatio®31Bince native ADF3 and
ADF4 are secreted in the same compartment of the spinningglandwco-production route
for the recombinant variants was established in publication Il. Herefore, genes encoding NTD-
eADF3-CTD and NTD-eADF4-CTD were cloned into an expression vector (pRSFDuet-1)
bearing two multiple cloning sites under the control of two separate T7-promoters.

The co-productionin vivo in E. coli yielded a mixture comprising homodimers and
heterodimers in a stoichiometric ratio, further purification and processing of the mixture were
also established in this work. The spidroin mixture comprised a molecular content of 450 kDa,
which is significany higher compared to recombinant spidroins from other studies (284%Da
or 378 kD&%9), representing the largest ones published so far. Since it is impossible to produce
heterodimers individually based on the dimerization of the CTDs of monomers, they were
isolated from the dimeric mixture in a developed on-column strategy in publication Ill, utilizing
immobilized metal ion chromatography (IMAC) and ion-exchange chromatography (IEC).

For the covalent TIO spidroin, the core domain was engineered modularly using 6
eADF3(AQ) modules and 8 eADF4(C) modules, as well as TDs, were added to the core domain
(publication 111). The yielded molecular weight was comparable to the individual reference
spidroins NTD-eADF3-CTD and NTD-eADF4-CTD, described above in 1.8.2. Gene
expression and protein purification of TIO were carried out in a column-free approach similar
to the previously published stratetyy.

For solution and solid NMR experiments (publication 1V), isotopicafi@/£°N) enriched
eADF3-CTD spidroins were needed to optimize NMR assignment and structure
determinatior?*>34¢To obtain high amounts of isotope labeled spidroins for spinning dope and
fiber processing, a production route was developed in whicboli first grow in complex
medium until high density was reached and then resuspended in minimal medium supplemented

with 13C-glucose and®N ammonia sulfate to produce eADF3-CTD.
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Protein Monomer Dimer
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Figure 11. Overview of the recombinant spidroins derived from the MaSp2 analb§3 (NCBI GenBank code:
AAC47010) and ADF4 (NCBI GenBank code: AAC47011), terminal domains originftmd either

A. diadematu®rL. hesperudf the spidroins comprise CTDs, dimers are obtaifiée trivial names (bold), which

are further used in the text for simplicity and the systematic names, areTnectineoretical molecular weight of

the monomeric or dimeric variants was determined using the online tool ProtParam
(https://web.expasy.org/protpargmiNew variants that have been designed within the thesis are highlighted with

an asterisk.
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3.2 STRUCTURAL AND FUNCTIONAL CHARACTERIZATION OF SPIDROIN
INTERPLAY AND ASSEMBLY IN A MULTI-COMPONENT APPROACH

Natural MA silk fibers are composed of several Ma8g$® and the MA silk of
A. diadematugontains two MaSp2 proteins (ADF3 and ADF4), which is known to be a unique
attribute among all so far known orb-weaver spid&&ince both ADF spidroins are secreted
in the same compartment of the spinning gl&Aghublication Il examined the interaction of
engineered spidroins and unraveled how this interplay contributes interdepetalassembly
and fiber mechanics. Therefore, eADF variants comprising all domains (NTD-eADF3-CTD,
NTD-eADF4-CTD) were co-produced iB. coli (in vivo approach). After purification, the
purity for all spidroins was determined by UV/Vis, fluorescence spectroscopy, and SDS-PAGE
(publication 1l Figure S3$4, and Table S1). Mixtures comprising three dimeric species were
identified in SDS-PAGE representing homo- and heterodimers, which provided evidence of the
interaction between different MaSps alreadyaaholecular level Eigure 12). In addition,
heterodimerization was also obtainedvitro by refolding during dialysis. Western blot
analyses revealed that the heterodimers occurred in a nearly stoichiometric distribution of 1:1:1
compared to each homodimer. In collaboration with Dr. Lukas Eisoldt and Volker Déring
(Chair of Biomaterials, University of Bayreuth), similar observations were made with eADFs
only comprising CTDs (publication Il Figure 1). Regarding secondary structure content and
thermal unfoldingfar-UV CD revealed in the isolated heterodimers hybrid characteristics of

both individual eADF3 and eADF4 homodimer variants (publication II, Figure 2).

The hierarchical self-assembly of recombinant MaSps was investigated, using a matrix of
eADF variants in the presence and absence of TDs. Spidroin samples were dialyzed against
Tris-buffer at concentrations of 20 uM, and assembly was triggered upon adding potassium
phosphate (50-150 mM) under naturally occurring conditions. Using microscopic (AFM, TEM)
and spectroscopic (UV/vis, fluorescence) methods, it was shown that eADF3 assembled
substantially differety compared to eADF4 according to their physicochemical
characteristic$* (Figure 12 publication Il Figure 2 and Figure S5).
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Figure 12. Production and self-assembly of recombinant full-length silk protgipklustration of the vector

used for co-expression of engineered gedd3F3andeADF4 (b) Analyzes of dimer formation of different

ADF variants producedh vitro andin vivo using silver-stained SDS-PAGHKc) Self-assembly of all-
domains-containing recombinant MaSp2 variants in the presence of kosmotropic phosphate ions was
analyzed using TEM. Spidroin variants were analyzed in the presence of both amino- and carboxyl-terminal
domains(l) NTD-eADF3-CTD,(Il) NTD-eADF4-CTD, arrows highlight fibrillar structure@| I) purified
heterodimers (without homodimers preseftt)) in vivomixtures of NTD-eADF3-CTD/NTD-eADF4-CTD

homo- and heterodimers. All protein samples were assembled &t 2010 mM Tris-buffer, pH 8, and 50

+150 mM phosphate buffer. The assays were performed for 1 day at room temperature. Modified from
publication Il with kind permission of the publisher John Wiley & Sons from Saric,EMqldt, L.,

Doring, V., & Scheibel, T., Advanced Materials, 202%(9), 20064992

While in the case of eADF3, only amorphous aggregates were displayed, whether TDs
were available or not, eADF4 showed different fibrillary morphologies depending on the
presence of TDs. Particularly, it could be demonstrated that the fibril formation of eADF4 is
highly affected by TDs as they increase solubffity?> and control assembly to prevent
premature aggregation. Interestingly, Thioflavin T (crostieet sensitive dye) assays
demonstrated that the heterodimers self-assembled into a network of branchedstresis-
rich nanofibrils, which were strongly interconnected and distinctive in form and shape
compared to that assembled by the one-protein variants. However, mixtures with all dimer

speciesif vivo andin vitro) showed large assemblies.
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An all-aqueous biomimetic setup was establistegufe 13) to investigate the influence
of heterodimerization and spidroins interplay on fiber assembly as well as fiber mechanics,
recapitulating all key factors of the spider's natural spinning process. Aqueous, highly
concentrated (10-13% wi/v) spinning solutions of BSD or CSD were produced (see Figure 9)
using MaSps comprising NTDs and CTDs. The spidroins were exposed to shear forces on their
way from the syringe to the microfluidic chip and further pre-assembled upon the addition of
phosphate & low concentration of 30 mM and aneutral environment of pH 8. As soon as
the spidroin solution was extruded into the coagulation bath, contamiposphate
concentration of 0.5-1.0 M at pH 6, microfibers were formed, which were manually post-
stretched to maximum and post-treated. The mimicry of the natural system in terms of full-
length spidroins exposed to ionic and mechanical stimuli in a complete aqueous spinning setup
was specifically designed in this work, which has to my knowledge not been done in any other

study so far.

Tensile tests of post-stretched fibers spun from BSD displayed substantially improved
mechanical properties compared to CSD oRa&gufe 14, publication Il Table 1), confirmed in
previous studies analyzing fibers spun from eADF3 vari#nEsnploying X-ray scattering,

BSD fibers made of NTD-eADF3-CTD exhibited a higher molecular order due to the increased
alignment of nanocrystals and amorphous structiif@&@iomimetic fibers spun from thia vivo

mixture of homo- and heterodimers yielded nature-like performing fibers concerning all
mechanical properties such as tensile strength (834 + 34 MPa), elasticity (32 =<<IRX QJ TV
modulus (5 + 0.4 GPa) as well as toughness (14813r6°). Especially the strength values of
thein vivo BSD fibers are the highest ever reported for an aqueous spinning setlipl{lee

4). Stress-strain curves displayed tmativo fibers combine features of individual components
with NTD-eADF3-CTD contributing to extensibility, while NTD-eADF4-CTD impart high
strength. The heterodimeric variant's importance became particularly clear compared to fibers
spun from homodimer blends lacking the heterodimer, showing significantly lower mechanical

properties [Figure 14, publication Il Table 1
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Figure 13. Bioinspired fiber production strategy using a microfluidic setup to mimic the key factors of

VSLGHUVYT QDWXUDO VSLQQLQJ SURFHVV $ PLFURIOXLGLF FKLS LV F

containing the spidroin dope and the phosphate buffer solutf@hgin aqueous, hidi concentrated
spinning dope made of recombinant spidroins with terminal domains is exposed to shear forceayn its w
from the syringe to the microfluidic chip and further pre-assemble upon the addition of phospleate buff
low concentration. A fiber is formed as soon as the dope solution is extruded into the coabalition

containing high phosphate concentration at low (#Hl.Zoom-in of the microchip inlet showing a flow-

focusing channel for spidroin assembly. Reprinted and adapted from publication Il with p@rrrissi

Saric, M. & Scheibel, T. Twtr-One Spider Silk Protein with Combined Mechanical Features in All-
Aqueous Spun Fibers. Biomacromolecules, 24(4), 1744-1750. Copyright 2023, American Chemical Society.

Consequently, the heterodimers acted not only as cross-linkers, mediating different
responses to phosphate between each homodimer, but also actively participated in fibril
assembly (publication Il Figure S5). The mechanical propertigswitro fibers outperformed

those of one-protein fibers. Still, they were lower compareth tovo ones, which were

assigned to different concepts of spidroin folding. Durmgivo co-production inE. coli, the

FHOOXODU FKDSHURQ PDFKL QHWNpidpoinXahkbivhatibhsL FLthieQ W
course of producingn vitro mixtures, refolding and dimerization took place in step-wise
dialysis, whereby some proteins may partially fold into intermediate Sfatéibers spun from

in vitro mixtures were less stretchable (350 %) tlarvivo ones (400 %) since spidroin
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assembly might be impeded by premature misfolded proteinsimiteo dopes, causing more

molecule entanglements within the fibers which further leads to lower mechanics.
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Figure 14. Real stress-strain curves of artificial and natural spider silk fibers. Tensileftestst-stretched

fibers of recombinant full-length eADF3 and eADF4 spun from classical (CSD, colored tinsbgds well

as biomimetic (BSD, colored solid lines) spinning dopes were made in comparison to those of
supercontracted (sc) natufaldiadematudiaSp fibers (black). Mechanical properties of fibers are displayed
spun of eADF3/eADF4 homo- and heterodimers mixtures fromivo production inE. coli (pink) andin

vitro production (orange), blend only containing eADF3 or eADF4 homodimers (blue), as well as one-protein
fibers composed of NTD-eADF4-CTD (cyan) or NTD-eADF3-CTD (purple). Modifieth publication Il

with kind permission of the publisher John Wiley & Sons from Saric, M., Eisoldt, L., D&ing
Scheibel, T., Advanced Materials, 2021, 33(9), 2006499.

Overall, to fully replicate the mechanical properties of natural silk, it is essential to mimic
the natural spinning process as close as possible. It is known that the MaSps size strongly
correlates with tensile strength due to an increased density of interchain inter#étiths.
Spidroin mixtures used in this study contained mainly dimeric spidroins, contributing to a high
molecular weight content (450 kDa). In addition, our findings emphasize the importance of
VSLGURLQVY LOQOWHUPROHFXODU LQWHUDFWLRQV WR EH HVV
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supramolecular level. Each spidroin serves a specific purpose, is indispensable in the spinning
process, and contributes to functional complexity. In former studies, missing TDs led to inferior
mechanical performance compared to spidroins comprising NTD and*CIflthis work,

further evidence was provided that TDs acted as essential molecular switches by sensing
changes in pH, ions, and shearing forces during spinning to support the transition from liquid
dopes to solid fibers. The last important step in the process involved the post-stretching of fibers
in achieving the alignment of molecules inside the fiber, which was also mimicked from the

native system.

3.3 TWO-IN-ONE SPIDER SILK WITH MULTIFUNCTIONAL PROPERTIES

Based on the previous findings emphasizing the importance of the heterodimer in a multi-
component approach (publication 1¥,a simplified concept was developed in publication IlI
by engineering a novel twio-one (TIO) spidroin. By combining the individual physico-
chemical features of eADF3 and eADF4, a multifunctional spidroin was designed. The presence
of functional TDs enabled handling and application in agueous systems similar to the
heterodimer.

The heterodimer was isolated fromiarnvivo mixture of homo- and heterodimers using a
two-step purification strategy, including IMAC and IEC. The TIO spidroas pwurified ina
column-free approach, similar to previously reported protdébigielding 25 times higher
protein amounts compared to the heterodimer.

Both heterodimer and TIO were structurally characterized by far-UV CD spectroscopy
revealinga similar secondary structure content. The random coil spectrum originated from the
unfolded repetitive core domaltff! Z KH U H D Vhel¢& lBignalsarose from the TDs
comprising five helix bundle¥?%3Concerning the structural analysis of both TD-containing
spidroins, far-UV CD indicated acidification-induced conformational changes in the NTD due
to L Wivh@rization, as observed previousty!’®17>Studies of thermal and chemical stability
demonstrated significantly higher stabilities at pH 6 compared to pH 8 for both dimeric hybrid
proteins. A comparison of the heterodimers and TIO spidroins theoretical biochemical
properties, such as molecular weight, pl, number of charged amino acid residues, and mean

hydropathicity, display high similarities, which is reflected in the analog structural integrity
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Overall, the TIO variant represented a simplified substitute for the heterodimer to enable the
production of synthetic morphologies that require high spidroin amounts.

In the natural system, spidroins are stored in the presence of sodium chloride ions, which
are exchanged for potassium phosphate ions, and spidroins are subjected to shear forces along
the spinning duct. Phosphate-induced self-assembly analyses of heterodimer and TIO displayed
similar kinetics in time-dependent turbidity assaygj(re 15 g. Nanofibrillization behavior
upon the addition of phosphate was facilitated by the eADF4-cofitert:2’"TEM images of
the assembled structures showed branched nanofibrils comprising a high content of cross-
sheets, detectable by ThT staining and subsequent fluorescence spectrometry. The ability of
TIO to form nanofibrils opens the possibility for self-assembly into hierarchically structured
morphologies. When mechanical stimuli were applied, both hybrid variants formed fiber-
bundles, which were several millimeters in length, craeskeet-rich, and highly ordered
(Figure 15 b). The impact of eADF3 contributed to a strong assembly behavior upon
shearing:?2167.179.28 similar assembly behavior of the heterodimer and the Td€agsumed
based on the structural and functional characterization.

a

hetero

; 0.8=wh= eADF4
mpm hetero

0.6
0.4+

0.2

+ phosphate
assembled protein fraction [a.u.]

0.0

+ shear stress

time [h]

Figure 15. Self-assembly of different spidroin varianta) Phosphate-induced fibril assembly kinetics by
measuring turbidity at 340 nnb)(Microscopy images (I-1V) of macroscopic fibers formed by rotation. Scale
bars represent 275 um. Reprinted and adapted from publication 1l with permissiorS&men M. &
Scheibel, T. Twdn-One Spider Silk Protein with Combined Mechanical Features in All-Aqueous Spun
Fibers. Biomacromolecules, 24(4), 1744-1750. Copyright 2023, American Chemical Society.
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Subsequently, the self-assembly of TIO into fibers was investigated. Fibers were spun
from all-aqueous spinning dopes using the bioinspired microfluidic spinning syStgune(
13) as previously established in publicationi. Tensile tests of post-stretched biomimetic
fibers spun from TIOH[KLELWHG VWUHQJWK H[WHQVLELOLW\ WRXJ
419 MPa, 24 %, 61 MJ¥) 4 GPa, respectively, twice that of eADF3/eADF4 blends or
individual spidroins®? The biophysical and biochemical properties of the two underlying
spidroins, eADF3 and eADF4, were combined in the TIO variant, which had an impact on the
processed fibers. While eADF4 contributed to fiber strength, toughness, and extensibility were
provided by eADF3.

3.4 STRUCTURAL CHARACTERIZATION OF HIGHLY-CONCENTRATED
AQUEOQOUS SPINNING DOPES AND FIBERS

Spider silk fibers self-assemble rapidly from soluble spidroins stored in highly concentrated
spinning dopes, which are exposed to sequential conformational changes upon chemical and
physical stimuli. Both, publications Il and Ill, and previous wdrkave demonstrated that
fibers spun from biomimetic phosphate-containing spinning dopes (BSD) had substantially
superior mechanical properties compared to those spun from spinning dopes lacking the
kosmotropic impact of phosphate (CSD). Previously, vibrational spectroscopy and wide and
small X-ray scattering (WAXS and SAXS) revealed a higher molecular order in biomimetic
fibers made from eADF3-CTE?® which is presumably dictated by the spinning dope. A
considerable number of questions remain unsolved regarding the structural arrangement of
MaSps since, with few exceptiot$;*?° studies of highly concentrated biomimetic spinning

dopes are rare.

Publication IV lays the foundation to study atomic and mesoscale interactions in
recombinant spinning dopes and fibers spun thereof. Highly concentrated aqueous spinning
dopes were prepared from eADF3-CTD according to the protocol illustratgdure 9. For
time-dependent analyses, BSD and CSD samples were taken after 0, 2, 4, and 6 h during dope
preparation. Size and population distributions of eADF3-CTD were monitored by dynamic light
scattering (DLS)Kigure 16). In both, CSD and BSD, monomeric and dimeric spidroins, as
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well as larger hierarchical assemblies were present, but different assembly processes were
observed driven by the buffer conditions.

] 5
—CSDOh
.l 2l —CSD2h
= —CSD4h
Rl 3 CSD6h
= Z
z z
S 24 o 2
h= £
14 14 /
0 4 Tl T 0 A v ey S ¢
1 10 100 1000 10000 1 10 100 1000 10000

particle diameter [nm] particle diameter [nm]

Figure 16. DLS of BSD &) and CSD§). Samples were taken after 0, 2, 4, and 6 h to follow the assembly
process of the spinning solutions. After this, no further changes were observed, and the doperpveakicti
completed. During the assembly, the concentrations gradually increased. For the BSD, concent@ations at

2,4, and 6 h were 27, 63, 96, and 177 mg/mL, respectively. For the CSD, concentrations at 0, 2, 4, and 6 h
were 25, 41, 106, and 197 mg/mL, respectively. Details on spidroin diameters are given in publication IV,
Supporting Information Table S1. Reprinted from publication IV with permission from StengSaii.,

M., Johnson, H. R., Schiller, T., Diehl, J., Chalek, K., Onofrei, D., Scheibel, T. & Holland, G. P. (2023).
7\URVLQHYTV 8QLTXH 5ROH LQ WKH +LHUDUFKLFDO $VVHPEO\ RI 5HFF
Dope to Fibers. Biomacromolecules, 24(3), 1463-1474. Copyright 2023, American Chemical Society.

Only in BSD, the spidroins gradually evolved from monomers/dimers to pre-assemblies,
probably micelles, and ultimately micron scale assemblies (~3000 nm) due to the presence of
phosphate. Micellar-like structures were already assumed in previous studies of eADF3-CTD
(publication 1l Figure p1°°164.168.193 jght microscopy images of final BSD displayed protein
droplets arose from liquid-liquid phase separatkigyre 17, I-1ll). Previous studies of native
and recombinant MaSp2 systems have demonstrated similar phase separation with
phosphaté® In BSD, kosmotropic phosphate ions increased the surface tension df¥wéter
and promoted hydrophobic interactions between poly(Ala) motifs of spidroins, forming large
hierarchical assemblies. In contrast, CSD seems to be composed of a single coherent phase
(Figure 17, IV-VI) since the presence of chaotropic ions promoted high interactions between
protein and solvent. The foundation for a high molecular structural order is already set in the
dope preparatioras kosmotropic phosphate ions pre-order recombinant spidroins in BSD

leading to liquid-liquid phase separation and representing an important prerequisite prior to
spinning.
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of 100 mg/mL. Regions from (lllI, V, VI) are enlarged to see the differences between the systems, where

the BSD contains large droplets indicative of liquid-liquid phase separation. Reprintegutoboation 1V

with permission from Stengel, D., Saric, M., Johnson, H. R., Schiller, T., Diehl, J., Chalek, K., Onofrei, D.,
6FKHLEHO 7 +ROODQG * 3 7T\URVLQHTYV 8QLTXH 5ROH LQ WHK
Spider Silk Proteins: From Spinning Dope to Fibers. Biomacromole@4€3), 1463-1474Copyright 2023,

American Chemical Society.

In solution nuclear magnetic resonance (NMR) experiments isotopi&a°N) enriched
eADF3-CTD dopes were studied to understand the atomic-level interactions. The primary
amino acid sequence of eADF3-CTD was used as guidance (publication IV Figur&). In
HNCACB and CBCAONH experiments, several di-and some tri-peptide motifs were assigned
in the ! + N heteronuclear single quantum correlation (HSQC) spectrum of BSD, showing
similarity to natural MA silk dopes as investigated previod€*°Comparing' + >N HSQC
spectra of BSD and CSD, the overall structural state of recombinant eADF3-CTD was random
coil in both cases, but assignneim 13C direct detect spectra on 3D and i**C HSQC NMR
experiments provided valuable differences between the two dopes. BSD displayed sharper
resonance lines when compared to CSD for several environments, indecpteigrdering of
spidroins in the BSD. Also, small chemical shift perturbations in the Tyr aromatic ring
environment were seen as it was significantly more ordered for BSD likely due to hydrogen-
bonding differences resulting in varying Tyr ring packing. Studies of other protein systems that
undergo liquid-liquid phase separation have previously implicated Tyr ring and hydrogen-
bonding interaction as driving forde?3>3
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Next, eADF3-CTD fibers were spun from CSD and BSD in an all-agueous biomimetic
spinning system established befofig(re 13).1%? Solid-state NMR (SSNMR) helped to
explore the significantly improved mechanical properties of BSD fibers compared to CSD ones.
Using'3C SSNMR, the secondary structural state of eADF3-CTD in CSD and BSD fiaers w
investigated. For example, in 2E¥& 3C dipolar assisted rotational resonance (DARR)
experiments, CSD and BSD fibers were compared to natural dragline silks, demonstrating high
structural similarities based on nearly identié@l chemical shifts. Comparing+ i*3C cross-
polarization magic-angle-spinning (CP-MAS) SSNMR spectra of CSD and BSD fibers, no
structural differences for the poly(Ala) stretches were seen. Most if not all the Ala present in
the repetitive core domain converted from random coil (before fiber spinnviggsheet
structure (77%) (spun fibers). But, significant differences in the Tyr aromatic ring environment
in the non--sheet, disordered helical domain were observed int 2°C (heteronuclear
correlation) HETCOR SSNMR spectra of BSD. The large downfield chemicalfshifhe
aromatictH resonances in BSD fibers suggested that the Tyr rings are located in a more polar
environment. A recurring result since differences in Tyr packing could be traced from
biomimetic dope to final spun BSD fibers, highlighting the importance of Tyr in spider silk
assembly.
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Silk combines biological properties, such as non-toxicity and
biodegradability, with physico-chemical ones, for example,
mechanical strength. Base on molecular engineering,
nowadays also new non-silk functions can be implemented in
silk materials. Driven by rational design and ingenuity,
innovative recombinant silk proteins can be designed with a
plethora of functions to address biomedical and technological
challenges. Herein, we review advances in engineering silk
proteins for tailored functions at the molecular level. Insights
are provided in genetically engineered silk fusions with
functional or other structural proteins and in hybrids with DNA.
In such novel materials, self-assembly features of silk are
combined and utilized with expedient properties of the
additional components. The availability of functionalized silk
materials is opening routes toward a whole set of novel
applications not achievable with natural silk or other polymers.
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Introduction

Silk is de ned asa classof brous proteins, which is
extracorporally applied by animals of the phylum of
arthropods,including the classesof Insecta, Arachnida,
and Myriapoda [1,2]. Among them, silkworms and
spiders are the most prominent silk producers. Since
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millions of years,silk bers have evolved diversely to

be used as protective shelter, dispersal, prey capture,
cocoonsand for reproduction [1]. Also, humans have
utilized silk since thousandsof yearsfor severalapplica-
tions highlighting its importancein culture, economy,and
science[3]. The cocoonsilk of the domesticatedsilk moth

Bombyxmori (mulberry silk) is most commonly used for

textile applications [2,3], while silks from spiders have
been often applied for medical purposessuch aswound

dressingsand sutures[4]. These examplesalreadyshowa
broad usability for many applications, since silks often

reveal excellent mechanical properties such as high

strength and extensibility resulting in a greattoughness
(Figure 1) in combination with good biocompatibility,

biodegradability, non-toxicity, and low immunogenicity

when brought in contactwith the human body [5-7. So
far, no other natural or synthetic brous material can
accomplishthese remarkable mechanicalcharacteristics,
which arebasedon the hierarchicalsetup of silk proteins
and the strict control of structural arrangementsduring

ber assembly[8]. Despite the diversity of silks and their

sequencesfrom different organisms,common structural
patterns can be seen. Generally, the proteinaceoussilk

coreis composedof brils, which are oriented alongthe

ber axis and contain nanometer-sized crystallites
embedded in an amorphousmatrix [3]. These crystals
comprise tightly stacked anti-parallel b-sheet stretches,
which contribute to the silk’s tensile strength and high

toughness[8]. Additionally, b-spirals, b-turns, random
coils, and helices form an amorphousregion and provide
exibility and elasticity to the ber [1,8]. Besidesthe

relative ratio and distribution of crystalline and amor-
phousparts,the nanocon nement of b-sheetcrystalsis a
key factorin obtaining goodmechanicalproperties[9]. It

wasdetected that nanometer-sizedcrystalsreveal higher
toughnessthan larger b-sheet crystals[9]. At molecular
level, structural motifs are given by the protein’s
sequence, showing a highly repetitive core domain
anked by highly conserved non-repetitive terminal

domains. The core domain contains alternating crystal-
line domainsand amorphousregions and is responsible
for the mechanicalpropertiesof the nal ber [10], while

the non-repetitive termini are essentialfor storageof silk

proteins at high concentrationsand are playing animpor-

tant role for ber assembly by acting as molecular
switches sensing pH-changes, mechano-changes,and
changesin ionic strength and composition [11].

Utilization of natural animal-basedmaterialssuchassilk
in applicationsoften entails severaldrawbacks for exam-
ple, impurities, batch-to-batch uctuations in quality and
quantity, or dif culties in domesticatingthe animals(e.g.
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Figure 1
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lllustration of the hierarchical spider silk structure and its mechanical properties yielding an outstanding toughness. One spider silk thread is
composed of numerous fibrils containing nanometer-sized crystallites embedded in an amorphous matrix. These nanocrystals comprise highly
ordered and tightly packed b-sheets, whereas the amorphous matrix exhibits secondary structures such as b-spirals, b-turns, random coils, and
helices. The structural motifs are defined by the silk sequences. Distribution, order and relative ratio of amino acid sequence elements significantly
influence the mechanical properties, such as elasticity and flexibility (amorphous matrix) or strength (crystallites). Stress strain analysis provides
information about the toughness, which is seen by the area underneath a stress-strain curve.

in caseof spiders)[8,12 ]. In recent years,severalbio-
technological production routes have been developedto
establish an alternative source of silk on an industrial
scale, ensuring constant quality and biological safety
[8,12 ]. Genetic engineering of silk proteins allows to
designamultitude of future-oriented ecologicalmaterials
with tunable featuresfor de ned applications and best
possibleperformance[13—-15. Knowledge concerningthe
sequence-structure-functionrelationship of the proteins
is essentialfor the engineeringprocessn orderto avoida
negativeimpact on the physicalproperties[14,16 ]. Great
progresshas been made concerningthe modi cation of
proteins by changing the amino acid composition or
utilizing the ability to generate fusion constructs with
other materials (mainly peptides and proteins) with syn-
ergistic properties [14]. Such functionalization of the
underlying silk proteins enables the development of
customized functional materials.

Living in anincreasinglyresource-constrainedavorld, the
development of bio-based materials with low environ-
mental footprint is indispensable.Bioinspired silk mate-
rials canreplacetraditional synthetic polymers,especially
whenthey arefunctionalized for explicit applications,and

consequently contribute to green fabrication and to cir-
culareconomyin terms of sustainability and performance
[17]. Innovative solutionshave been developedby inter-
disciplinary researchteams to recombinantly produce
functionalized silk proteins at large scale and in high
quality. Thereby, severalcommercial applications have
emergedover time in severalmarket segments,such as
cosmetics, regenerative medicine, or textile fabrication
(Table 1).

Here, we review recent advancesin engineering of
recombinant silk proteins at the molecular level to
achieve novel functions. Accordingly, we pay special
attention to genetic modi cations to establishnew char-
acteristics of the silk proteins. Moreover, we highlight
current limitations and present approachesto overcome
some of these challengesin the near future.

Functionalization of silk proteins using
molecular engineering

Functionalized recombinant silk proteins are currently
investigated concerning their application as green bio-
polymers by researcherswithin different disciplines.
Molecular engineeringtechniquesare applied to design

Current Opinion in Biotechnology 2019, 60:213-220
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Selection of industrially applied spider silk constructs

Company/country Origin Proteins® Expression Product/brand Application
host
AMSilk/Germany Spider ADF-3, ADF-4 E. coli BIOSTEEL! Running shoes, airplane wings,
Araneus diadematus watchbands
Silkgel, silkbeads Cosmetics
BioShield-S1 Medical implants
Bolt Threads/USA  Spider MaSp2 Yeast Microsilk ™ Ties, caps, knifes
Argiope bruennichi
Kraig Biocraft Silkworm MaSp, MiSp, Flag, fhc  Silkworm Dragon Silk™ Potential body armor
Laboratories/lUSA Bombyx mori; Monster Silk*
Spiders

Nephila clavipes,
Lactrodectus geometricus,
Argiope trifasciata
Different spider species
(company’s secret)

Spiber/Japan MaSp, Flag

Microorganisms QMONOS™ Outdoor jacket

2 No details on recombinant proteins and their individual modi cations available.

bio-basedsilk proteins with tunable features(Table 2).
While the presentreview coversmolecular engineering
of recombinant silk proteins, silk materials also can be
functionalized at the macroscopiclevel resulting in
composite materials. Brie y, this can be accomplished
by mixing the silk solution with other biopolymers
(gelatin, collagenetc.) to impart adjustable mechanical
features or by doping with functional components for
example, magnetic nanopatrticles.Recentinnovationsin
these multilevel modi cations are reviewed in detail
elsewhere[18].

Silk proteinscanbemodi ed viamanipulationofthe amino
acid sequenceby adding functional sequencetagsor even
entire proteins[14]. Figure 2 outlines somefunctionaliza-
tion strategiesReplacingindividual aminoacidswithin the
core sequenceof a silk protein (Figure 2a) using site-
directed mutagenesis[19] has already been shown to
in uence the properties of materials made thereof. For
example,asidefrom changesn hydrophobicity [20], struc-
tural changescanbe induced [21].

Modi cation with functional peptides in selected loca-
tions at the silk sequencefurther empower new protein
properties.The peptide sequencesanbe either fused by
molecular means at the silk’s termini or incorporated
within its core sequence (Figure 2b) [16]. First-men-
tioned approachis the most commonone, sinceit is less
affecting the generalprotein propertiesthat is, the phys-
icochemical ones, and it is easier to implement. At
molecular level, vectors comprising the silk gene can
be modied with gene cassettesencoding functional
motifs by consecutivedigestionandligations steps.Mod-
i cations with functional peptides can be further tuned
by integrating a cleavablepeptide linker sequence offer-
ing many advantagess,for example, releasingthe func-
tional domainsin vivo [22].

Silk proteins can also be hybridized with other (bio)
polymers to provide new properties and new functional

complexity. Numerous silk-basedchimeric proteins have
been analyzedto involve one or more additional func-
tional components together with silk, whereby other
proteins or even dissimilar polymers can be fused to
the silk motifs. Severalknown strategiesfor the rational
design of silk-basedhybrid materialshave evolved using
recombinantDNA technology,suchasconcatemerization
and recursive ligation providing the production of a
variety of geneswith different sizes[23 ,24]. Combinato-
rial approachesusing PCR or RCA-basedampli cation

strategiessuchasOEPCR (Overlap Extension Polymer-
ase Chain Reaction) or OERCA (Overlap Extension
Rolling Circle Ampli cation) are less time-consuming
strategies focusingon designing DNA-libraries with var-
ious features[24].

Fusion of functional molecules with recombinant silk
proteins can also be achieved by chemical conjugation
utilizing highly efcient site-specic click chemistry
[25,2€]. In versatile approaches,chemical agents react
with accessibleamine or thiol reactive groups of amino
acid residuessuch aslysine or cysteine. Such modi ca-
tions of silk proteins enablefor example,the linkage with
DNA via azidegroups(Figure 2c) to achievecontrollable
microarchitectures[27], functionalization with glycopo-
lymers[28], or conjugationwith different organicligands
conferring either antibiotic or uorescent propertieswith
silk [29]. Chimeric silk proteinscanalsobe producedwith
intein transsplicing allowing directional ligation of the
repetitive silk modules[30].

One possibility for creating arti cial proteins mimicking
the propertiesof natural silk onesis the designof protein-
based amphiphilic block co-polymers(ABCs), basedon
hydrophobicsequencedorming b-sheetcrystallineregions

www.sciencedirect.com
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Table 2

Functionalization of silk proteins by molecular engineering

Origin/recombinant silk protein ~ Functionalization Gained function/proposed application Reference
E. australissMaSpl 4RepCT RGD motifs Cell adhesion/tissue engineering [21]
1: CTGRGDSPAC
2. STGRGDSPAS
Antimicrobial motif Antimicrobial activity/implant coating [51]
GIGKFLHSAGKFGKAFVGEIMKS
Xylanase (XynA)enzyme from B. subtilis Polysaccharide degradation/diagnostics, [56]
biosensor
Mucin binding domains 1: Nonspeci ¢ mucin adhesion [50]
1: Six lysine residues 2: Speci ¢ mucin binding/mucosal wound
2: Human galectin-3 carbohydrate dressing
N. clavipes/MaSp1/MaSp2 i.e. R5 domain (SSKKSGSYSGSKGSKRRIL) Silica binding/bone regeneration, [35,36,55]
osteogenesis
Hydroxyapatite binding domain (VTKHLNQISQSY) Biomineralization/bone regeneration [47]
Block co-polymers: HBAg, HBA3, HBA,, HBA, Amphiphilic block co polymers/design of [31]
HAB,, and HAB3;; smart materials, drug delivery
A-block: hydrophobic poly-alanine rich
B-block: hydrophilic glycine rich
H: histidine-tag
NCAM binding domain Cell adhesion/nerve regeneration [46]
(GRGGLAAAGRGGLAAAGRGGLGY)
Poly-lysine domain Therapeutic nucleic acid carrier/cancer [52]
treatment
Her2 binding peptides Drug delivery/cancer targeting [53]
1: MYWGDSHWLQYWY
2: LTVSPWY
A. diadematus/MaSp2 Single aa substitution (Glu to Lys) Cell adhesion/enhanced cellular uptake/ [20,43,48]

ADF4
5' — 5’ DNA (antiparallel)
5 — 3 DNA (parallel)
TWJ (three-way junction)
Antigenic peptide from ovalbumin

CPP motifs

RsG (RRRRRRRRG)

Tat (RKKRRQRRR)

RGD (GGSGGRGDSPG)

1: 4 silk units, 7 elastin units
2: 4 silk units, 15 elastin units

B. mori silk broin
and mammalian

elastin/

1: SELP-47K

2: SELP-815K

B. mori/(L)-chain or

(H)-chain of silk broin Fibronectin: (TGRGDSPAS)

Laminin B1 chain: TS(CDPGYIGSRAS)

cardiac tissue engineering
Controlled formation of superstructures/ [27]
technological applications

Cytotoxic T-cell priming/delivery of protein-  [22 ]
based vaccination

Cell adhesion/enhanced cellular uptake [43,44]
Simulate hepatic vascular system/cancer- [34]
therapeutic treatment

Cell adhesion/vascularization, vascular [45]

grafts

ADF, Araneus diadematus Fibroin; CPP, Cell Penetrating Peptide; MaSp, Major Ampullate Spidroin; NCAM, neural cell adhesion molecule; SELP,
silk-elastin-like polymer with silk-like units (GAGAGS), and elastin-like units (GVGVP); R5 domain derived from a silaf n protein; Tat protein: trans-

activator of transcription protein.

and hydrophilic sequences forming disordered non-
crystalline regions [31]. By changing the hydrophobic/
hydrophilic ratio of different silk-like block co-polymers,
thermo-physicalpropertiesof the polymerscanbe altered
[31]. Inspired by the silk architecture, protein-based or
protein-like amphiphilic block co-polymersopen up myr-
iads of possibilities of applications originating from the
naturalmechanismof silk self-assemblyandcrystallization
to gain silk-basedproperties[31,32].

Silk-elastin-like polymers(SELPs), for example,arecom-
posed of tandemly repeated crystalline silk blocks and

elastomericelastindomains[33 ]. By strategicplacement
of chargedamino acidsor variation of silk and elastin-like
blocks in each repeated unit, their properties can be
precisely controlled in genetically engineered SELP co-
polymers[34]. In oneexampleof organic-inorganichybrid
materials,silk-silica binding peptide chimerasbiologically
mediate mineralization by sequencecontrol [35,36]. For
instance,silica-promoting peptide domainsderived from
silaf n can be genetically fused with the silk protein
sequence, and the biosilici cation processis induced
and regulated by addition of silica precursorswhich lead
to silica deposition [37].
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Figure 2
Molecular engineering of silk proteins Reference
(@) | Single amino acid substitutions
oo (o
(b) | Functional peptides
Fusion
e e
Incorporation
IO o | -
(¢) | Silk chimera
Silk and protein polymers
e e
Block co-polymers (e.g. asb, / byas)
. | [31]
Silk and dissimilar polymers (e.g. DNA)
Legend
aa residues of basic silk protein - @II33I - protein tag ao
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aa residues of any other protein - (333D - aa residue (%)
nucleic acids m
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Molecular engineering of recombinant silk proteins.

Selected strategies display (a) single amino acid (aa) substitutions, (b) fusion or modification with functional peptides, (c) silk chimeras comprising
multiple components of proteins or dissimilar polymers. Spheres illustrate amino acid residues, and coloration highlights the engineered area in the

respective silk constructs.

Current limitations in recombinant production
of engineered silk proteins

Sofar, greatprogresshasbeen madein the development
of engineering approachesfor silk proteins, but several
limitations still exist concerning their production. The
extent of modi cations suchasthe incorporationof func-
tional tagsin a silk protein domain is limited. Structural
properties of silk regarding self-assemblyinto higher
ordered structures need to be maintained to guarantee
the functional properties within the nal material [16].

Computational simulationswould provide knowledge on

the correlationbetweenstructure andfunction and would

allow to optimize new potentials of materials basedon

recombinantsilk proteins[38,39 ]. However, thesetools

arestill at their infancy, and further researchis necessary
in order to expandthe impact of computational tools on

silk material development.

Many challengesin engineeredsilk production arelinked
to the expressionhosts. Escherichigoliis the most often
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usedhostorganismdue to the possibility of simple genetic
modi cation, shortdoubling times, andfastadjustmentsif
necessary8]. Although progressowarddecentyields and
qualities during recombinantprotein production hasbeen
made,severalstepsof biotechnologicalproduction require
improvement.Inthe upstream process, slight modi cations
canstrongly in uence the highly complex molecular silk
interactions[38]. Moreover,expressiorof highly repetitive
genesand production of proteinswith a molecularweight
comparableto that of naturalsilk proteinsentail additional
dif culties in E. coli Gene instability, truncations, inef -
cient transcription, discontinuous translation, and low
expressionlevels are substantial restrictions caused by
the bacterial ribosomalmachinery and must be overcome
[33 ]. Engineering the metabolic pathwaysof the expres-
sion host providesan opportunity to produce native-sized
silk proteins[40] andfurther increasegproteinyieldsaswell
as quality [33 ]. Recently, high molecular weight silk
proteins were achievedby split intein-mediated ligation,
which canbe obtained using hostslike E. coli[3041 ] or
plants[42].

Applications of functionalized recombinant

silk proteins

Functionalization of silk proteins enablesthe develop-
ment of a multitude of materials with unprecedented
versatilities for example for medical applicationsinclud-
ing diagnostics,biosensoring,or regenerationof soft and
hard tissues (Table 2). New functionalized materials
combining physicalsilk propertiesand biologically active
peptides comprising for example, speci ¢ cell binding
motifs achievedproper cell attachmentand proliferation
suitable for tissue engineering[12 ]. Incorporation of a
cell binding motif, for example, the tri-peptide RGD
(Arg-Gly-Asp), into silk demonstrated increased cell
attachment,cellular uptake, spreading stress ber forma-
tion andfocaladhesion[21,43,44]. Sincethe outer surface
of most mammalian cells is negatively charged, polyca-
tionic materials surfacesare preferred [43]. In case of
recombinant spider silk proteins based on the MaSp2
derivative ADF4 of the Europeangardencrossspiderthe
substitution of all glutamic acid residueswith lysine ones
in the silk sequencechangedthe polyanionic character
into a polycationic one, which signi cantly increasedcell
attachment[20,44], but alsothe implementation of pep-
tide tagsshowedthis improvement (Table 2) [43,44].

Further approachesvererealizedregardingvascularization
anddevelopmentof vasculalgraft materialsusing bronec-
tin-based or laminin-based peptide sequences[45], and
neuraltissueengineeringtowardnerveregenerationutiliz-
ing a NCAM (neural cell adhesion molecule) binding
domain [46] (Table 2). Steady advanceshave also been
madein bone regenerationusing hydroxyapatite binding
domainscoupledto silk to induce biomineralizationandto
control osteogenesis[47]. Among the development of
putative cardiovascularepair materials,cell adhesivesilk

materialssupportproliferation of cardiomyocytesandtheir
proper cell-to-cell interactions[48].

The morphological diversity of silk provides a powerful
tool to meetthe requirementsof variousapplications[49].
The useof silk coatingshasbeen reported to be suitable
for mucosal wound dressings utilizing mucin binding
domains for speci ¢ and non-speci ¢ interactions [50].
Asidefrom the promotion of cell adhesion,sequencexan
be fused to silk proteins introducing antimicrobial prop-
erties to suppresshacterialgrowth on silk-coated medical
implants [51]. Suchfunctionalization reduceslocal infec-
tions after implantation.

In adifferent type of application, the increasingdemand
for drug delivery systemsis pushing the development of
innovative silk particles or spheres,acting asfunctional-
ized drug carriers (Table 2). The cellular uptake ef -

ciency of such carrierscan be signi cantly enhancedas
well asthe speci city of therapeuticsfor a target tissue,
when speci ¢ targeting tags are implemented [12 ]. In

general, drugs are encapsulatedin carriersin order to
protect the therapeutic from degradation,to prevent the
organism from undesirable interactions and to reduce
toxicity. For instance, fusion of silk proteins with a
nucleic acid binding domain triggers the encapsulation
of RNA-based therapeutics and leads to immune cell
internalization [52]. Silk particles made of a spider silk
protein fusion with an antigenic peptide from ovalbumin
successfullyactivated cytotoxic T-cells and initiated an
immune responsedemonstratingthe potential of a new
protein-basedvaccination strategy[22 ]. In this context,
signi cant efforts have been made not only in protein-
based vaccination [22], but also in highly promising
cancer treatments by improving immunotherapeutic
effects in vivo [52,53]. In the course of potential che-
moembolizationagents,SELP (silk-elastin-like polymer)
constructs with varying lengths of silk-like units
(GAGAGS), and elastin-like blocks (GVGVP),, were
analyzed in vitro in micro uidic channelsto simulate
the hepatic vascularsystem([34]. Afterwards,in vivo tests
were performed, where the SELPs gelled at the site of
interest, resulting in signi cant tumor shrinkage [34].
This approachhastaken advantageof SELPs to be part
of stimulus or multi-stimuli  responsive systems,which
can be controlled by a broad variety of environmental
triggersincluding temperature,pH, ionic strength, enzy-
matic stimuli, and electric elds [54].

Silk-based biomaterials for bone-repair use silk-silica
chimeras to biologically mediate mineralization [35].
Silica-binding peptides (SiBPs), such asthe R5 domain
asasilicapromotingsilaf n protein component(Table 2),
canplay animportant role in bone-regenerationapplica-
tions, and it wasshown that they enable the deposition
of biosilica on silk hybrids [55]. A further promising
application is in the eld of disease diagnostics and

Current Opinion in Biotechnology 2019, 60:213-220
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biosensoring Herein, silk canbe usedfor immobilization
of enzymes on solid supports [56] or for site-speci c
capture of target molecules such as antibodies in func-
tional coatings[57].

Outlook

Great progresshas been made in the development of
engineered silk materials for a variety of applications.
Understanding structure-function relations of silk pro-
teins using computational simulations will very likely
guide engineeringof arti cial silk in the future. Utilizing
technologiessuchasintein splicing canovercomeprotein
size limitations within biotechnological production, and
further enable the fabrication of new recombinant silk
proteins with additional properties, even in combination
with non-silk polymers.Especially combined approaches
regarding functionalization at the molecular level, but
also modi cation of silk materials at the macroscopic
level open up new routes toward the ecological green
fabrication of high-performancepolymersfor a myriad of
technical and medical applications.
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Supporting Information
Interplay of different major ampullate spidroins during assembly and implications br
fiber mechanics

Merisa Saric, Lukas Eisoldt, Volker Déring, Thong&heibel*

Extended experimental section

Protein production:

eADF3CTD ((AQ)12NR3), NTDeADF3CTD (NRN1L(AQ):NR3) and eADF4CTD
(C16NR4) bearing Neerminal T7tags were produced and purified as described previéfisly.
4 The gene for NTBeADF4CTD (NRN1LGeNR4) was inserted into a pET29 vector
(Novagen, Merck) encoding antdrminal T#tag and expressed i coliBL21-Gold (DE3)
(Agilent Technologies) upon induction with 1 mM IPTG (at &df 30) for 2.5 h at 25C.

For co-expression, genes encoding NEBDF3 CTD (T7-Tag) and NTDeADF4CTD (His-
Tag) were cloned into a pPRSFDuUkexpression vector (Novagen, Merck) bearing two multiple
cloning sites. Gene expression was induce#.iroli strain BL2XGold (DE3) using 1 mM
IPTG (at ORoo of 30) for 3h at 25 °C. Protein purification was carried out similarly to the
previously published procedul& Briefly, E. coli cells were mechanically cracked using a
high-pressure homogenizer, cell remnants were removed using ceatiofugand the
supernatant was heated fori®fh to 65°C and again centrifuged. Next, 4600 mM ammonia
sulfate was added to the supernatant and incubated over nigi.af\#ter centrifugation, the
protein pellet was solved & M guanidinium thiocyaate and dialyzed three times againt 5
of 10 mM ammonia bicarbonate at room temperature (RT) using dialgsidranes with a
molecular weight cutR 11 R I i N'D 6HUY Digmhéterodibhél ¥ADF3/eADF4

CTD was purified using a two-step column edure, and as a first step immobilized metal ion
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affinity chromatography (HisTrap HP, GE Healthcare) was used to isoddd&4 proteins
comprising a histidine tag. In the second step, an anion exchange coli8epli@ose FF, GE
Healthcare) was used twmlate eADF3/eADFACTD heterodimers with a linear gradient from
0-500 mM sodium chloride over 20 column volumes. For lterga storagethe proteins were
freezedried at -20°C. Nucleic acids contaminants were determined using UV/Vis
spectroscopy, and comnations withE. coli proteins using fluorescence spectroscopy as
described previousl§® UV/Vis absorbance was measured using a UV/Vis spectrophotometer
(NanoDrop ND4000), fluorescence spectra were recorded using cuvettes evitlpath length
and a fluorescence spectrometer (Jasco FP6500) at protein concentraidmsng/mL in

10 mM Tris/HCI (pH8) at room temperature. Excitation wavelengths were selected an278
(tyrosine) and 29Bm (tryptophane) and emission wavelengths in a range of3300m.

Spectra analysis was done using SpectraManager 1.08.02 (Jasco).

Microscopic analyzes of sedssembled morphologies:

For transmission electron microscopy (TEM), 10of the preassembled protein suspension
was spotted on supports (Piolofol:®0 mesh copper grids (Plano GmbH)), washed withL10

of ddHO (Millipore) and negatively stained upon incubation withl50f 2% wi/v uranyl
acetate solution for hin. A transmission electron microscope (JEOL JEMO) was used at
80kV, and images were taken using a 4000 x 4000 chargpled device camera (UltraScan
4000, Gatan Inc.) with Gatan Digital Micrograph software. Atomicefaricroscopy (AFM)
samples were prepared by pipetting 10of selfassembled protein samples onto mica plates
(L 10 mm, V1 grade, Plano GmbH). After incubation for 10 min, the sam@eswashed four
times with 20 L of ddH.O (Millipore) and dried before imaging for at least 24 h at room
temperature. AFM scanning (Dimensi#nICON, NanoScope V controller, Bruker) was
pefformed in TappingMod@' using Si cantilevers (OTESPR3, 300 kHz, k: 26 N/m,

Bruker). Data processing was done using NanoScope Analysis software 1.5)Bruker

2
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R T—
Ad_MaSp2 ADF3 YGPQSSSVPVASAVASRLSSPAASSRVSSAVSSLVSSGPTKHAALSNTISSVVSQVSASN
Ad_MaSp2 ADF4 YGPSPSAS - - ASVAASVYLRLQPRLEVSSAVSSLVSSGPTNGAAVSGALNSLVSQISASN

LI —
Ad_MaSp2 ADF3 PGLSGCDVLVQALLEVVSALVSILGSSSIGQINYGASAQYTQMVGQSVAQALA
Ad_MaSp2 ADF4 PGLSGCDALVQALLELVSALVAILSSASIGQVNVSSVSQSTQMIS - - - - QALSG

C

Ea_MaSp1 SHTTPWTNPGLAENFMNSFMQGLSSMPGFTASQLDBMSTIAQSMVQSIQSLAAQGRTSPNKLQAL
Lh_MaSp1 QANTPWSSKANADAF INSFISAASNTGSFS QDQMEDMSLIGNTLMAAMBNMG - - GRITPSKLQAL

Lh_MaSp2 QANTPWSSKENADAFIGAFMNAASQSGAFSSDQIDDMSVISNTLMAAMBNMG - - GRITQSKLQAL
Nc_MaSp2 QARSPWSDTATADAFIQNFLAAVSGSGAFTSDQLDBMSTIGDTIMSAMBKMARSNKSSQHKLQAL

— L I R
Ea_MaSp1 NMAFASSMAEIAASEEGGGSLSTKTSSIASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGMNDV
Lh_MaSp1 DMAFASSVAEIAASE - - GGDLGVTTNAIADALTSAFYQTTGVVNSRFISE | RSLIGMFAQASA NBV

Lh_MaSp2 DMAFASSVAEIAVAD - - GANVGAATNAISDALRSAFYQTTGVVNNQFITGISSLIGMFAQVSGNEV
Nc_MaSp2 NMAFASSMAEIAAVEQGGMSMAVKTNAIVDGLNSAFYMTTGAANPQFVNEMRSLISMISAASANEV

Figure S1.Comparison of sequence homologies from-ngpetitive terminal domainga)
Structure of the parallel dimer of the noepetitive CTD (PDB: 2KHM) fromA. diadematus
(Ad_MaSp2). Each monomer, depicted in blue and cyan, comprises laefixebundle with
one conserved cysteine in helix 4 forming a disulfide bond cowaléinking the two
monomers$?”! (b) Alignment of the CTDs from ADF3 (Uniprot: Q16987) and ADF4 (Uniprot:
Q16988), named NR3 and NR4 (sequence identity2b&equence similarity: 7). (c)
Structure of a monomeric narpetitive amineterminal domain froneuprosthenops australis
(PDB: 3LR2), illustrating a characteristic fiveelix bundlel®® (d) The alignment of different
NTDs from well known spider speciels. australis (Ea_MaSpl),Latrodectus hesperus
(Lh_MaSp1, Lh_MaSp2) andephila clavipegNc_MaSp2) is shownxemplarily (sequence
identity: 50%, sequence similarity: @). In this study, the NTD from. hesperudaSpl was
used since the sequences of NTDs fldndiadematusre not known so far. H1H5 indicate
the positions of the five helices of the differ@rds. The aminegerminal groups (NEf) are

highlighted, at which the TD is connected to the repetitive domain. gtdyhtonserved

3
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charged residues (acidic: red, basic: blue), as well as cysteine regidess) @re highlighted.

Alignments were created using the software ClustalOmega.

. Theoretical » Theoretical
Protein Monomer MW (Monomen) Dimer MW (Dimen)
eADF4 = 47 kDa —_— —
Cie . 416
eADF4-CTD .' 58 kDa e Z 116 kDa
CreNR4 1 0e
16
NTD-eADF4-CTD ' C=e-
CEe 74 kDa 5 ] 148 kDa
NRN1LC1NR4 . 46 O
16
eADF3 -] 48 kDa — —
(AQ)12 | o
eADF3-CTD [ -].\
60 kDa 12 z 120 kDa
(AQ)+=NR3 . 12 -}./
12
NTD-eADF3-CTD -].\
SADES-C o._]. 76 kDa 2 ] 152kDa
NRN1L(AQ):zNR3 12 “/
12
heterodimer [
with CTDs only — — e z 118 kDa
C1sNR4/(AQ)12NR3 2
heterodimer g{.].\
with NTDs and CTDs _ . © 1 150 «kDa
NRN1LC1NR4/NRN1L(AQ):=NR3 c [-L.
Legend Recombinant core domains of
Terminal domains A. diadematus
— ) NRNA1L . s . NR3 NR4 module C  module A module Q
mino-terminus arboxyl-termini
of L. hesperus O of A. diadematus . . . . .

Figure S2.Scheme of recombinant variants derived from ADF3 and ADF4 usedsigttidy,
representing the two known MaSp2 componenté& . adiadematusdragline silk. Gterminal
domains are derived from either ADF3 or ADF4. Since ntetdiinal sequences of ADF3 or
ADF4 are identified so far, the highly homologous and well chaiaeteN+terminus of

L. hesperusMaSp1l was used instead.
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Figure S3.Analyzes of protein purity of different spidroin variag eADF3,(b) eADF4,(c)
eADF3-CTD, (d) eADF4CTD, (€)NTD-eADF3-CTD, (f) NTD-eADF4CTD, (g) heterodimer
ADF3/4 with NTD and CTD(h) heterodimer with ADF3/4 CTLj) in vivomixture comprising
homo and heterodimers with NTD and CTD containing proteins, @ndn vivo mixture
comprising homeand heterodimers with CTD containing proteins. The images show UV/Vis
absorbancél) and fluorescence measuremefhts, whereby fluoescence emission spectra of
tyrosine (black) and tryptophane (grey) are presented. While tyrosidees occur abundantly
in spidroins, no tryptophanes ones are present. Tryptophanest@mce emission is an
evidence for contamination witiE. coli proteins, which on average contain %b
tryptophand®®! Fluorescence measurements show spectra similar to tyrosine spetctrae bu
absence of tryptophane emission indicated a high purity of all proféiespurity ofin vitro

mixtures is not explicitly shon as it is based on the individual homodimeric species.

Q
L &
O Q2
&‘\ Q> 9 Iy
o & Q
N K
QL O
N
L A O & &
N \
£ vo S & e
INA & L & ¢ ¢ & &
RS 0L & & & &
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&0 QQ) <& Q«V Q’Q) Q,}o q}o ) \40 O
RS Q L & @ § 3§
FFST FIF L & & ¢
— 100 kDa
- MM - .
- — 50 kDa

Figure S4. Analyzes of purified recombinant spider silk variants using silver stained SDS
PAGE under reducing conditions. For ADF3/4-CTDs, reducing the disuifidige yielded
monomers. Heterodiens andin vivo mixtures contained both eADF3 and eADF4 variants,

which is represented by the presence of two distinct bands.
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Table S1.UV/Vis absorbance of spidroin variants. 260 nm refers to nucleidcadosorbance,
absorbance at 280 nm is proportional to protein concentration. ViAahded g0 between 0.5

and 0.6 indicate high sample purity with no nucleic acid contamination

Protein A260/A 250
eADF3 0.50
eADF3-CTD 0.49
NTD-eADF3-CTD 0.42
eADF4 0.51
eADF4CTD 0.47
NTD-eADF4CTD 0.46
CTD heterodimer 0.45
NTD/CTD heterodimer 0.46
CTD in vivomixture 0.49
NTD/CTD in vivo mixture 0.48

7
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w/o TD

|_heterodimer | eADF4 |  eADF3 |
% X % o A DL 5 ) $ 7 3

in vivo mixture

in vitro mixture

Figure S5. Selfassembly of recombinant MaSp2 variants in the presence ofl50 mM
phosphate ions analyzed using TEM. Spidroin variants were analyzed wétrounz! domains
(w/o TD), with a carboxyterminal domain (w/ CTD) and with both aminand carboxyl-
terminal domains (w/ NTD and CTDJ)a-c), eADF3,(d-f) eADF4, arrows highlight fibrillar
structures(g,h) purified heterodimers (without homodimers preseif), in vivo mixtures of
eADF3/eADF4 homeand heterodimers ari,l) in vitro mixtures of eADF3/eABP4 homo

8
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ard heterodimersAll protein samples were assembled at 20 uM in 10 mM Buier, pH 8,

and50 - 150 mM phosphate buffelhe assays were performed for 1 day at room temperature.

a syringe plimp setup

— PDMS chip

< fiber

-

t
coagulation bath

Figure S6.Microfiber production using microfluidicga) Microfluidics setup using a PDMS
chip, which is connected to three syringe pumps. Simultaneous pumgirspiohing dope and
two phosphate buffer solutions (30 mM, pH 8) resulted in microféadrusion into a
coagulation bath (0.51M potassium phospla, pH 6).(b), Zoomin of the microchip inlet

exhibiting fiber formation within the channel.
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a NTD-eADF4-CTD b in vivo mixture w/ NTD and CTD

c in vitro mixture w/ NTD and CTD

e ez

20 ym

Figure S7.SEM images of CSD and BSD fibers according to Table 1 of the vaf(@mg D-
eADF4CTD (b) in vivo and(c) in vitro mixture of NTDeADF3-CTD/ NTD-eADF4CTD

homo and heterodimers. The images show fstisttched fibers (1) and cresections thereof

(1. Note that the real crossectional area has been used to calculate engineered stress and

strain.
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a NTD-eADF4-CTD b in vivo mixture w/ NTD and CTD

CSD

Figure S8.Light microscopy images of CSD and BSD fibers to investigate thgeneity of
the fiber diameters of the spidroin variana) NTD-eADF4CTD, the NTDeADF3-CTD/
NTD-eADF4CTD home and heterodimers @b) in vivo mixture and(c) in vitro mixture ae

shown.
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Figure S9.Real stresstrain curve of fibers spun from a CSD homodimer mixture compgrisi
NTD-eADF3-CTD and NTDeADF4CTD in a 1:1 ratio(a) Tensile test of posstretched and

posttreated fibers(b) light microscopy image of such fibers.
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ABSTRACT: Major ampullate (MA) spider silk reveals outstanding mechanical
properties in terms of a uniqgue combination of high tensile strength and extensibility,
unmatched by most other known native or synthetic ber materials. MA silk contains at
least two spider silk proteins (spidroins), and here, a novel two-in-one (TIO) spidroin was
engineered, resembling amino acid sequences of such two of the European garden spider.
The combination of mechanical and chemical features of both underlying proteins
facilitated the hierarchical self-assembly istwet-rich superstructures. Due to the
presence of native terminal dimerization domains, highly concentrated aqueous spinning
dopes could be prepared from recombinant TIO spidroins. Subsequently, bers were spun
in a biomimetic, aqueous wet-spinning process, yielding mechanical properties at least
twice as high as bers spun from individual spidroins or blends. The presented processing
route holds great potential for future applications using ecological green high-performance
bers.

INTRODUCTION namelyA. diadematusroin (ADF) 3 and 4-° These proteins

Spider silks are protein-based bers attracting the interest 8¥hibit di erences in hydropathicity, with the hydrophilic
scientistsfor several applications, i.e., in biomedicineADF3 achlle‘}/mg high solubility, whereas ADF4 is more
electronics, and optics. One of the most signi cant ydrophoblé. AII natural splde.r silk proteins share a S|m|I§1r
challenges in ber material research is mimicking th&ipartite architecture of a highly repetitive core domain,
hierarchical self-assembly of silk proteins into bers wittRnked by non-repetitive amino-terminal (NTD) and
multiple functionalities as found in nature. Mechanical spidéarboxyl-terminal (CTD) domaitisGenerally, the terminal

silk bers combine good tensile properties with high strainglomains (TDs) are highly conserved between dierent silk
reaching toughness values unmatched by most other bifpes and spiders, essential for storing spidroins at high
materials. Even though spider silks have been the focuscohcentrations and spidroin assembly upon external triggers
scienti ¢ research for decades, it is not yet possible to fabricatech as shear stress, acidi cation, and ion exthahge.
synthetic bers nally mimicking the outstanding properties ofJnder non-reducing conditions, a disul de-linked parallel
their native counterparts due to their complex hierarchicakiented dimer is formed due to one conserved cysteine
architectures from the molecular to macroscopic level. A widesidue in the CTEY 22 NTDs remain monomeric at neutral
range of arti cial spider silks exists; among them are protefiH but dimerize in an anti-parallel fashion within milliseconds
bers;’ non-protein ber§, hydrogéinanogel bers, or  upon acidi catio® 2° The properties of the natural proteins
carbon nanotube compo%ilbers. To imitate the character- could be mimicked by engineered recombinant protein
istics of the natural blueprint, one approach is to stay as clog&iants eADF3 and eADFRecently, we have shown that

to the natural process as possible, i.e., being biomimetic in@MDs triggers heterodimerization of engineered €ADFs.
all-aqueous system, from spidroin to ber. Spider majojiixtures containing homo- and heterodimeric spidroins
ampullate (MA) silk, also known as dragline silk, is the begfe|ded high-performance bers equaling that of natural spider
investigated among spider Silkd. so far analyzed MA silk  gj concerning all important mechanical features such as

threads are composed of at least two (often more) di erenfngjle strength, elasticity, and tougRhéssontrast, blends
proteins, classied as major ampullate spidroins (MaSps),

varying in molecular weight, amino acid composition, ariu— .
distribution within a ber, suggesting a slightly di erentReceived: December 19, 2022
(mechanical) functid. 2 The best-characterized MaSps areRevised: February 5, 2023
MaSp1 and MaSp2 from di erent species, which mainly di efUPlished: March 13, 2023

in their proline content, being low in MaSp1l (<1%) and high

in MaSp2 (>10%)’ Interestingly, the MA silk of the garden

spider Araneus diadematogntains two MaSp2 proteins,

© 2023 The Authors. Published b
American Chemical Society https://doi.org/10.1021/acs.biomac.2c01500
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Figure 1.Design of a two-in-one (TIO) recombinant spider silk variant. (A) Sketch of ADF3 (consensus sequence module AQ) and ADF4
(consensus sequence module C), representing two di erent MaSp2 préteitiadgmatudA silk. Terminal domains (TDs) are highly
conservelf °Here, the C-terminal domains (CTDs) of either ADF3 (NR3), ADF4 (NR4), or MalSgifibofectus hespéNRC1) have been

used. Since no N-terminal domains (NTDAofliadematusave been identi ed so far, the well-investigated NTD of MaSphesperus

(NRN1L) was used in all cases. The respective amino acid sequences afeggireiThe theoretical molecular weight of the respective
proteins is shown, and further details on physicochemical properties are displagedliRurther, the molecular weights of monomers (M)

and disul de-linked dimers (D) are given. The heterodimer (hetero) was obtained upon co-productitirsing an expression vector with

two multiple cloning sites. The heterodimer was isolated on-cBlgome GRand used as a control. (B) Analysis of puri ed spidroins using
silver-staine8DS-PAGE under non-reducing conditions.

containing individual eADF3 and eADF4 homodimers yieldeth0 M spidroin samples were rotated in 75 mM potassium
bers with signi cantly lower mechanical properties, highphosphate for 1.5 days at 25 rpm. Far-UV circular dichroism (CD)
lighting that a combination of spidroin sequences in one setdpectra were recorded in triplicate using cuvettes with 0.1 cm path

has an unexpected impact on the properties of the gain gths (Jasco J-715, Jasco, Germany) and subsequently smoothed by

27 : : - applying a Savitzk@olay Iter. Thermal transitions were measured
bers?’ Here, it was aimed to exploit the features of both £15 M and recorded at 222 nm with a heating rat€@frin L

eADF3 and eADF4 in a single engineered spidroin to simpliff,cmical stability was analyzed at M with increasing

ber production. concentrations of urea. Samples were incubated for 3 h and analyzed
at 222 nm. For secondary structure analysis, Fourier transform
MATERIALS AND METHODS infrared (FTIR) spectra were measured using attenuated total
Cloning, Protein Production, and Purication. The engi- re ection (ATR) on a IFS 66s spectrometer (Bruker, USA) and

neered two-in-one (TIO) variant eADF(NRN1L(AQNRC1), the scanned from 900 to 4000 émwith 60 accumulations averaged for
reference spidroins eADF3(NRN1L(AMNR3), and eADF4-  each spectrum. For quantitative analysis, Fourier self-deconvolution
(NRN1LC,{NR4), each containing a T7-tag, as well as the dua(FSD) was employed, focusing on the peaks of the amide I band
construct eADF(NRN1L(AQNR3/NRN1LCNR4) comprising (1590 and 1705 crfj, and a baseline as well as air correction was
both a T7- and His-Tag, were cloned using the pCS-system Rerformed. Calculations were performed using OPUS software
previously reportéd®” Amino acid sequences are givéfignre S1 (version 6.5, Bruker) according to a previous Etdyorescence

Gene expression and protein puri cation of eADF(NRN1L-spectra were monitored with a uorescence spectrometer (Jasco
(AQ)¢CgNRC1), eADF3(NRN1L(AQ)NR3), and eADF4-  FP6500, Jasco, Japan) using quartz cuvettes with 1 cm path length.
(NRN1LC,{NR4) were carried out in a column-free approach similafFor assembly kinetics, 18 thio avine T (ThT) was added, and

to the previously published stratégywhereas the heterodimeric spectra were recorded in a range between 450 and 550 nm after

protein was puried using an immobilized metal aamty excitation at 440 nm. For turbidity assays, spectra were recorded at
chromatography (HisTrap HP, Sigma, USA) and an ion-exchan@40 nm in triplicate using UV/Vis spectrometry (Varian Cary 50,
column (Q Sepharose FF, Sigma, USA), as depiétegia S2 Agilent Technologies, USA). Transmission electron microscope

Protein Preparation. Freeze-dried proteins were dissolved in 6 M (JEOL JEM-2100, Germany) images were taken using a device
guanidinium thiocyanate (Carl Roth, Germany) and dialyzed agairstmera (UltraScan 4000, Gatan Inc., USA) with Gatan Digital
10 mM Tris-buer pH 6 or 8 (Carl Roth, Germany) at room Micrograph software. Fluorescence, brighteld, and polarized
temperature (RT) using dialysis tubings with a molecular weighticroscopy studies were carried out uairgfereomicroscope
cuto of 6 8 kDa (Serva, Germany). Protein aggregates weréDMI3000B, Leica, Germany) and, 20, or 40< object lenses.
separated upon centrifugation at 139,@@@0 min at RT. Protein  Birefringence was detected using a rst polarizing lens’, at 90

samples were investigated usind26% SDS-PAGE (§ protein) subsequently passing a second analyzer lter.
followed by silver-staining. Production and Analysis of Fibers. Aqueous spinning dopes
Analysis of Processed Spidroin Morphologies. Fibrils of and ber spinning were conducted as previously repttide v,

dierent protein variants were prepared at conditions reportegbroteinsin 50 mM Tris-bu er (pH 8) and 150 mM NaCl were either
previously®?° Brie y, proteins assembled at 30 M and 20°C dialyzed against a 25% PEG (40 kDa) solution to obtain CSD or 25
upon the addition of potassium phosphate (pH 8) at a nalmM phosphate buer (pH 8) for BSD preparation. Further, bers
concentration of 75 mM. For shear-induced self-assembly assayere spun in a micro uidic chip upon extrusion of spinning dopes at

1745 https://doi.org/10.1021/acs.biomac.2c01500
Biomacromoleculeg023, 24, 17441750
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ow rates of 150300 L/h into a coagulation bath lled with 1 M reversible upon cooling. The temperature-induced unfolding of
potassium phosphate buer (pH 6). As sheath owed, potassiurthe hybrid spidroins revealed melting temperattigsa
phosphate bu er (pH 8) was used at ow rates of 10800 L/h. 54.5°C for the TIO variant and 5%°€ for the hetero variant

All bers were post-stretched to maximum, post-treated in 80(zFigure Z). In urea-induced unfolding experiments, the

isopropyl alcohol, and analyzed by optical microscopy. Seve SO .
representative images were investigated from each ber at diere tero spidroin showed higher structural stabilities (4.6 M)

sites @ 10) to measure the quadratic mean of the ber diametelcOmpared to the TIO one (3.7 Mfigure D). o
and its standard deviation. Further, ber sections7) were xed Shear stress and kosmotropic salts are essential stimuli in

on plastic sample holders with a 2 mm gap using superglue (UHoAtUral spider silk ber assembly, accompanied by an increase
GmbH Co. KG, Germany). Tensile testing (BOSE Electroforce 3220  -sheet structures of the spidrdind! In a rotation-
USA) was conducted using a 0.49 N load cell at a pulling rate of 0.0pfluced experimental setup, the TIO and the hetero spidroin
mm/s at 30% relative humidity. Mechanical properties Werz;elded thick insoluble brillary bundles in the micrometer
quantltatl_vely evaluated using Mlcrqs_oft Excel 2016 (Microso nge, comparable to the eADF3 conffajufe A I, IV,
Corporation, USA) or Origin 9.4 (OriginLab Corporation, USA) VIl). As reported previously, eADF3 revealestrong
from real stress and real strain data. . - .
assembly behavior upon shearing, enhanced in the presence
of TDs?** 37 polarized light microscopy displayed assem-
RESULT&ND DISCUSSION blies made from eADF3-containing spidroins as birefringent,
Based on the natural sequences of ADF3 and ADK4 of indicating a high-sheet content and highly ordered crystalline
diadematya two-in-one (TIO) spidroin was engineered in thestructuresKigure & 11, V, VIlI). In contrast, eADF4 has been
presence of TDS-{gure A, Figure S)L For comparison, the found to poorly assemble in response to elongatiof ow,

hetero variant was isolated frormanva(Escherichia gao- ~ Which could be supported by our ndingsy(re & X, XI).
produced mixture of homo- and heterodimeric spidroins usinghe amyloid-specic dye Thioavin T (ThT) was used to
a two-step chromatographic puri cation stratégyie SR analyze the potential amyloidogenic characteristics of spidroin

The TIO spidroin could be produced using a fast andssemblies as ThT binds to creskeet structuré:® Here,
inexpensive large-scale production strategy, resulting in a I8 uorescence clearly indicated the presence of eross-
times higher batch yield than that of the hetero one. BotBheet structuresFigure A I, VI, IX, XlI). Next, self-
puried hybrid variants were analyzed using non-reducir?:semb'y was analyzed upon the addition of phosphate ions in
SDS-PAGE and compared to reference one-protein variaflte¢ absence of mechanical shearing since kosmotropic ions
(Figure 1B). Theoretical biochemical properties, such agnhance the intermolecular interaction between the hydro-
molecular weight, pl, number of charged amino acid residu@gobic polyalanine stretches and induce saltin**out.
and mean hydropathicity, display high similarities between tRéevious studies have shown di erences in hydropathicity of
hybrid spidroins and reference spidrdinsie S). Next, the ~ ©ADF3 and eADF4, playing a decisive role in the assembly
secondary structure of each hybrid spidroin in solution (befofeerformancé***° eADF3 is known to be more hydrophilic,
ber spinning) was investigated using far-ultraviolet circula¥hereas eADF4 appears to be more hydrophobic. Therefore,
dichroism (far UV-CD) spectroscopy, displaying no signi carlRADF3 showsa lower assembly behavior in agueous
di erences Figure A,B). The spectra exhibited random coil €nvironments and hence less ThT-specic uorescence
structures derived from the core domain asitklical compared to eADF4 and TIO with eADF4 content. Here, all
structures from the folded termini, resembling ve-helix@ADF4-comprising variants self-assembled in brillary struc-
bundle$®? After unfolding at 90C, folding was fully tures as demonstrated by transmission electron microscopy
(TEM) (Figure 3XIIl, X1V, XVI), showing similar assembly
kineticFigure B). While eADF4 homodimers formed short
nano bril fragmentsa highly interconnected network of
branched nano brils was observed for the TIO and the hetero
variant Figure 3XIII, X1V, XVI). In contrast, eADF3 showed
the slowest kinetics and self-assembled yielding disordered
aggregatesFigure 3XV). In the presence of thesheet
sensitive dye ThT, eADF4 and both hybrid variants displayed a
much higher uorescence than eADFyre &). The
secondary structures of phosphate-induced assemblies were
analyzed using Fourier transform infrared (FTIR) spectrosco-
py and Fourier self-deconvolution (FSD) of the amide | band
between 1700 and 1600 érfFigure S3, Table 5The data
indicated a high content ofsheets and, among all spidroin
variants, the highest values being found in eADF4 variants.
Next, bers were produced to investigate assembly and
mechanics using biomimetic multichannel micro uidic
Figure 2.Struct_ura| characteri;atiqn_qf heter_o an_d TI_O spidroins withjevice and phosphate-containing coagulation Faghse(
terminal domains at pH 6, which initiated dimerization of the NTD54A)' as described previou“éﬁlBrie y, important key factors
(A, B) Far-UV spectra upon thermal degradation. The molaps oniqers natural spinning process were incorporated in ber

\?Jle'fé'clfgavtv:ds Lrgnggé d(gt;rr]gggii)agﬁ(r;ztgﬁ).c'cl)'gga fg %es assembly. The spidroins have been exposed to shear forces on

(refolded). (C) Thermal stability and (D) chemical stability using cDtheir way from the syringe to the micro uidic chip and further

ellipticity at 222 nm. The melting temperafjzeand given urea  Pre-assembled upon addition of phosphate at low concen-
concentration refer to the condition at which half of the proteins artfations. As soon as the spidroin solution is extruded into the
denatured. coagulation bath, containing high phosphate concentrations at

1746 https://doi.org/10.1021/acs.biomac.2c01500
Biomacromolecule2023, 24, 17441750
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Figure 3.Self-assembly of di erent spidroin variants. (A) Microscopy images of macroscopic bers formed by rotation. Samples were analyzed
using bright eld (I, 1V, VII, X) and polarized light (ll, V, VIII, XI), highlighting locations of maximum birefringence, and further stained with
Thio avin T (ThT) (Ill, VI, I1X, XII) to identify cross-sheet formation. For polarized light microscopy, the light was primarily polafized at 90

using a rst polarizing lens and then passed through a second Iter (analyzer). Scale bars repredeimbstittate-induced bril assembly

kinetics by measuring (B) turbidity at 340 nm and (C) thio avin T staining of nano brils indicatinghestgich structures. Self-assembly of

the spidroin variants was investigated using TEM (XIII-XVI). Scale bars represent 200 nm.

low pH, aber is formed. The bers were post-stretched to act as molecular switches by sensing changes in pH, ions, and
maximum and post-treated @ mixture of water and shearing forces during spinfitfd>® In the highly con-
isopropanol. While isopropyl alcohol adds to the extensibiligentrated dope, spidroins form micelle-like structures as
of the ber, allowing the proteins to align along the bet‘axis, hydrophilic TDs form an interface to protect the more
water works as a plasticizer, rendering bers less*brittlehydrophobic repetitive core domain from the aqueous
Highly concentrated aqueous spinning dopesl 520 w/v) environmerit>**®> Lowering the pH has contrary structural
could be produced exclusively with variants comprising T@sects on the TDs. While amino-terminal domains (NTDs)
since they considerably increase solubility and control phdsem stable antiparallel dimers, carboxy-terminal domains
transition from an aqueous spidroin dope solution to a watef€TDs) induce a slight change in conforma&fiét**
insoluble solid ber upon chemical and physical triggers. TDdpon the addition of kosmotropic potassium and phosphate

1747 https://doi.org/10.1021/acs.biomac.2c01500
Biomacromolecule2023, 24, 17441750
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spidroin mixture were obtained. Notably, compared to bers
spun using fully aqueous spinning setups in other studies, the
strength of our BSD bers spun from the TIO spidroin was
consistently twice as hf§fi’ The mechanical performance of
bers improves witha higher molecular weight of the
recombinant spidroifi§. Further, the dope preparation
method has a decisive inuence on the pre-assembly and
ber performance. The concentration of a protein solution by
removing water leads to a di erent self-assembly than using a
biomimetic approach with phosphate {dfie coagulation

bath combined important key factors of the natural spidroin
assembly process such as kosmotropic ions and low pH, and
obtained bers were post-stretched as well as post-treated
adding to the bers extensibility and allowing the proteins to
align along the ber axis.

CONCLUSIONS

In summary, we utilized the characteristics and functions of
both eADF3 and eADF4 to engineer a new spider silk variant

Figure 4. Bioinspired all-aqueous micro ber production. (A) with multifunctional propertiegrigure 5). Here, our

Micro uidics setup using a chip connected to a syringe pump. Fibers
were spun upon the extrusion of aqueous spinning dopes into a
coagulation bath lled with potassium phosphate buer. (B) True
stressstrain curves of post-stretched wet-spun bers from classical
(CSD) or biomimetic (BSD) spinning dopes are shown. Light
microscopic images of BSD (I) and CSD (ll) bers are displayed.
Scale bars represent 120. Details on mechanical properties are
given inTable S3

ions, CTDs partially refold and subsequently expose hydro-

phobic areas, allowing spidroins to salt-out. In combination

with shearing, core domains align, and the assembly from

soluble, intrinsically unfolded spidroins into sedideet-rich

bers is promoted. Due to the signi cantly higher spidroinFigure 5. lllustration of the impact of individual TIO spidroin
yields, only bers from the TIO variant were processed but ngtomains on self-assembly. TDs play a crucial role as solubility
from heterodimers. Classical spinning dopes (CSD) wef€requisites, enalglmg spinning dope assembly up to_high
prepared upon dialysis against polyethylene glycol (PEG) ¢gneentrations (1@5% w/v). The core domain of the TIO spidroin

¢ hich vields high tei trati combines the biophysical and biochemical characteristics of both
remove water, which yields high protein concentra Ionﬁ'r‘lderlying eADF3 and eADF4 spidroins. In solution, eADF3

Biomimetic spinning dopes (BSD) could be obtained bY.,nyipytes to a strong assembly behavior upon shearing, and
dialysis against a phosphateer, inducing self-assembly of eADF4 facilitates nano brillization upon the addition of phosphate
spidroins into a phase-separated viscous dope. Mechanijgas. Fibers spun from TIO comprise toughness and extensibility,
properties of BSD bers spun from TIO spidroins exhibited avhich are provided by eADF3, as well as strength, which is provided
tensile strength of 4¥9173 MPa, toughness of 625 MJ by eADF4.

m 3, and Young's modulus of42 GPa Figure B, Table
S3. The BSD bers could be post-stretched up to 400% and

yieldedsigni cantly higher mechanical properties than CSD

bers (post-stretched up to 350%). They exhibit a higheengineered two-in-one (TIO) spidroin follows the sequence-
molecular order due to the increased alignment of nanocrystalgucture-function design principles of the natural blueprint
and amorphous structures as analyzed previousIX in the caseegfirding the self-assembly intsheet-rich hierarchical
similar spidroins using SAXS and FTIR measuréméhes.  superstructures, which blends or one-protein variants could
foundation for a high molecular structural order in thenot achievé’ %*® °* TIO showed assembly behaviors of
characteristic secondary structure elements is set in the ddjsh underlying eADF3 and eADF4 sequences and revealed
preparation since phosphate bu er in the biomimetic dopsimilar responses to environmental changes compared to the
initiates self-assembly and pre-structuring of the spidroins. Thetero variant. The combination of chemical and mechanical
overall mechanical properties of BSD bers were at least twitegger features, such as shearing and salting out, is an
as good compared to blends from individual full-length eADABportant prerequisite for ber formation. Further, function-

or eADF4 Table SpB as they exhibit low processability alization with TDs precisely controls highly concentrated
features due to the di erent assembly mecharistagever, solutions’ performance, yielding spinning dopes that are well
our previous study obtained native-like performing bers (83duited for ber spinning in all-aqueous approaches. We
* 34 MPa, 1432 6 MJ m?3, 5+ 0.2 GPa) spun from @mvivo presented a strategy to conveniently produce TIO spidroins
co-produced spidroin mixture of three dimeric spidroirat a large scale, in decent yields, and of high quality, paving the
variants. In the TIO spidroin BSD bers, similar Young'svay for green high-performance bers made in an all-aqueous
modulus properties and half the strength compared to thepinning process.

1748 https://doi.org/10.1021/acs.biomac.2c01500
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Additional Figures

Figure S1.Amino acid sequences of the used modules/domains. The sequence motifs of the
highly repetitive core domains are derived from the MaSp2 analogs ADF3 and ADF4 from
A. diadematusWhile modules A and Q represent the consensus sequence of the core domain
of ADF3, module C represents the consensus sequence of the core domain of ADF4. The
modules were multimerized in an arbitrary seamless manner, as previously répinted.
highly conserved non-repetitive terminal domains derived from eAhdradematugNR3

from ADF3, NR4 from ADF4) ot. hesperugNRN1L and NRC1). So far, no amino-terminal

domains fromA. diadematudave been identified.
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Figure S2.Schematic orcolumn isolation strategy of heterodimers out of a spidroin mixture
(A) The spidroin mixture containing homand heterodimers was obtained upofpoaduction

in E. coli (invivo) as depicted in Figurga. To distinguish between the spidroins, eADF4
comprised a hexahistidine (Hjgag (B) In an immobilized metal affinity alomatography
(IMAC) using a NiNTA column, nontagged eADF3 homodimers elute, while ¢tiagged
eADF4 variants bind, yielding a remaining mixture of eADF4 homodimers and heterodimers.
(C) Next, using an ion-exchange chromatography (IEC), heterodimer®allitg than eADF4
homodimers since fewer negative charges result in weaker interactiorSilv@j)stained
SDSPAGE analyzing the purification efficiency of the heterodimer isolation from a mixture

containing all three dimeric eADF variants.
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Table S1.Physicoehemical properties of the spidroin variants twasne (TIO), heterodimer

(hetero), and the respective go®tein controls in the presence of TDs, the given data refers

to dimeric constructs.

Physico-chemical properties
Protein Molecular Theoretical pl Number of Mean
weight [kDa] charged amino  hydropathicity
acid residues
(negative /
positive)

TIO 154 4.0 46/ 14 -0.40
hetero 153 4.3 44718 -0.39
eADF3 152 4.4 28/18 -0.54
eADF4 152 4.3 60/18 -0.24

Figure S3.FTIR spectroscopyamidel region 1595-1705 cr) analysis of phosphaiaduced

assemblies dfwo-in-one (TIO), heterodimer (hetero), and the respectivepooiein variants

in the presence of TDs.
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Table S2.Secondary structures of spidroins assembled in phosphate buffer. FowiercasifolutionFSD)of the anide | region was

used to assign particular structural elemeafthe proteins. Structural contents were calculated using FSD of the respectied amid

bands (Figure S3). Peaks assignments were taken from literature.

Secondary structure TIO hetero eADF4 eADF3
side chain 7+1 7+2 7+1 6+1
t-sheet 39+3 42 +3 38+3 33+2
random coils 23+2 25+2 27+ 2 29+2
=@StZc.. .t 8+1 8+2 8+1 8+1
turns 23+2 18+ 2 20+ 2 24+ 2

Table S3.Comparison of mechanical properties of artificially spun fibers made of TIO spidroins comprising TDs. Fibers were spun in
an allaqueous biomimetic setup from classical spinning dopes (CSD3 ¥Ow/v and biomimetic (BSD) 156 w/v spinning dopes,
poststretched and post-treated. Tensile testing was performed at room temperature and 30 % RH. Details on individual contribution of
eADF3 and eADF4 in TIO are illustrated in Figure 3 b.

. Blend of .
Protein eADF33 eADF43 6ADE3 and eADF4 & Two-in-one
Dope CSD BSD CSD BSD CSD BSD n. al CSD BSD
Stretching [%] 600 600 300 300 300 - 350 400
Diameter [um] 31+05 23%1 29+0.2 3303 32+3 - 21+3 18+ 4
Extensibility [%0] 50+1 80+1 8+0.2 10+ 0.2 17+5 - 28+5 24+ 2
Strength [MPa] 239+ 12 329+11| 417+15 60226, 103z%21 - 253+ 78 419+ 173
Toughness [MJr 71+3 137+ 6 17+1 32+2 11+ 4 - 40 + 13 61+ 25
Young's Modulus [GPa] 1+0.1 3+0.3 4+04 6+£0.5 1+0.6 - 2+1 4+2
Number of samples 6 7 7 7 9 - 8 8

[@ Fibers produced in a coagulation bath comprising 80% isopropyl al&hoh.: not available
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ABSTRACT: Producing recombinant spider silk bers that exhibit mechanical

properties approaching native spider silk is highly dependent on the constitution of

the spinning dope. Previously published work has shown that recombinant spider

silk bers spun from dopes with phosphate-induced pre-assembly (biomimetic

dopes) display a toughness approaching native spider silks far exceeding the

mechanical properties of bers spun from dopes without pre-assembly (classical

dopes). Dynamic light scattering experiments comparing the two dopes reveal that

biomimetic dope displays a systematic increase in assembly size over time, while

light microscopy indicates liquiiduid-phase separation (LLPS) as evidenced by

the formation of micron-scale liquid droplets. Solution nuclear magnetic resonance (NMR) shows that the structural state in classical
and biomimetic dopes displays a general random coil conformation in both cases; however, some subtle but distinct di erences are
observed, including a more ordered state for the biomimetic dope and small chemical shift perturbations indicating di erences in
hydrogen bonding of the protein in the dierent dopes with notable changes occurring for Tyr residues. Solid-state NMR
demonstrates that the nal wet-spun bers from the two dopes display no structural di erences of the poly(Ala) stretches, but
biomimetic bers display a signi cant di erence in Tyr ring packing in-sioeet, disordered helical domains that can be traced

back to di erences in dope preparations. It is concluded that phosphate pre-orders the recombinant silk protein in biomimetic dopes
resulting in LLPS and bers that exhibit vastly improved toughness that could be due to aromatic ring packing di erences in non-
sheet domains that contain Tyr.

INTRODUCTION Producing recombinant spider silk bers that exhibit
Q?gchanical properties approaching that of the natural ones

ties combining high strength and moderate extensibility that" ersdfrorT; se(;/_eral tkhey kntowl_edge glaps.lThese gaps malnlyl lie
result in ber toughness that exceeds most natural arl understanding the atomic, molecular, and mesoscale

synthetic bers. ® The proteins that comprise dragline silk arefS rlf[ctural regt|rr]ne Ofl sp?r?r S'HI( protein Iatssemtl?]Iy and hovvl
large (250500 kDa), highly repetitive structural proteins caides on these lengih scales correlate with macroscaie
coined spidroins. The earliest and best-known examples 'B?te”al properties. On thesg length scales, the in uence of salt
these spidroins are major ampullate spidroin 1 and 2 (MaS 9nten|t, pH,dartld cqn_centtrhatlon cl)n :he tSOIUbee prote%glays a
and 2) that encompass the majority of spider dragline or majfy o'¢ In determining the nai structuré of spun Lers.
ampullate (MA) silk.® Although signi cant progress has been etermlngd e orts to understand this process.ljave yetto yleld.
made in the production of recombinant spider silk protein€ Processing scheme to achieve Iarge quantities of tunable silk
the mechanical properties of reconstituted man-made bel}gers that rival their native counterpaitshe propensity to

based on recombinant systems have never reached thos@ggregate, high sequence re.petitiveness., an.d comp!exity qf the
native dragline spider silks:* This is due to a number of native spinning system requires a combination of biophysical

. . . : : techniques to properly interrogate.
factors including challenges in producing recombinant prOteﬁﬁPreviously, recombinant spider silk bers have been

with high molecular weidhtthe lack of understanding all o o
details of silk protein assembly within the MA gland and thBroduced under agueous native-like conditions of reasonably

highly controlled subsequent ber spinning process that occuxs

within the duct. The spider silk proteins experience a multitudgeceived: December 10, 2022
of processing conditions in the spinning duct that include iori2evised: February 2, 2023
exchange processesn acidic pH gradient responsible for Published: February 15, 2023
pH-triggered assembiy? dehydrationt? and shear o#??*

all of which contribute to the silk assembly process and

subsequent mechanical properties of the bers.

Spider dragline silk exhibits extraordinary mechanical prop

© 2023 American Chemical Society https://doi.org/10.1021/acs.biomac.2c01467

v ACS PUbl ications 1463 Biomacromolecule2023,24, 1463 1474



PUBLICATIONS

Biomacromolecules pubs.acs.org/Biomac

high strength and extensibility, resultinga itbughness ODgpo Oof 30 was reached. Cells were harvested under sterile
approaching that of native spider®$fikThis recombinant ~ conditions by centrifugation at 5000 rpm for 20 min at room
protein has been studied in a variety of iterations since it cignperature. Next, tie colpellet was thoroughly washed twice and
be readily modi ed to include or exclude either termini andnen resuspended L '\1"5'?] medium supplemented with 20 L
contains an adjustable number of (AQ) repéat¥he glucose and 1.5 g L("™NH,),SQ, After induction with 0.1 mM

. I . . IPTG, isotopically enriched proteins were produced@tf@2b 14
engineered spidroin variant (AMIR3 is composed of 44 16 " protein puri cation was carried out as reported prediously.

residue blocks repeated 12 times, followed by a non-repetitidgo types of labeled proteins were used throughout the NMR
C-terminal helical domain bringing the molecular weight texperiments; proteins sparingly labeled witfC Iglucose/

59 kDa Figure )L.?* It has been previously shown that the (1°NH,),SO, and those fully labeled witFC glucose/
(**NH,),SQ, The C enrichment varied in the sparingly labeled
material, reaching a maximum of approximately 30% for speci c sites
as anticipated. Fully labeled materials wel-enriched to
approximately 85% for several amino acids including Gly, Ala, and
Gln.

Spinning Dope Preparation. The BSD and CSD were created as
reported previouslyBrie y, the protein was rst dissolved in 6 M
GdmSCN for several hours at a concentration between 10 and 25
mg/mL, then loaded into a dialysis bag, and dialyzed three times
against a 50 mM Tris/HCI and 100 mM NaCl pH 8.0 buer.
Afterward, the CSD was prepared by dialysis against 20% w/v PEG
(35 kDa) solution, while the BSD was obtained by dialysis against
30 50 mM sodium phosphate bu er pH 7.2 overnight. The nal
solution was then centrifuged at low speed to pellet the dope, and the
top phase (supernatant) was immediately separated from the BSD.

Fiber Production. Fibers spun from (AQNR3 were produced
as described previouéyBrie y, spinning dopes were extruded at
Figure 1.Full primary amino acid sequence for the (ANR3 ow rates of 50150 L h *through a syringe into a micro uidic chip
recombinant spider silk protein. The last two lines correspond to th¥ed in a coagulation bath lled with 80% isopropyl alcohol. Fibers
helical C-terminal domain . The A and Q units as well as the Tywere manually post-stretched to maximum and post-treated in 70%

residues are highlighted. ethanol. _ _
DLS and Microscopy of Dopes.For time-dependent analyses,

CSD samples were taken after 0, 2, 4, and 6 h during PEG dialysis. To
C-terminal domain facilitates the formation of a parallekreate a BSD, a protein solution was dialyzed against phosphate bu er
oriented dimer which is further stabilized by one conservedr approximately 3 h, facilitating the phosphate ions to enter the
disul de bridge, creating a protein with a molecular weight afialysis bag. This represented the protein start solution (0 h); after
approximately 120 kB&The underlying sequence is inspired additional 2 h of further dialysis, phase separation occurred, and
by MaSp2 ofiraneus diadematbaving shorter poly(Ala) samples were taken after 2, 4 and 6 h from the B_SD as well as _the
runs compared to MaSp1, juxtaposed by@indipeptide supernatant. Dope concentrations were determined in triplicates using

. anophotometer (Implen P330). Samples above a concentration of
repeats, and a number of Pro residues, the hallmark of Ma mg/mL were diluted in the respective bu er system to achieve

derlvatlve%‘.1 Lyophilized (AQ)NR3 protein can be recon- pjgh transmittance and reliable polydispersity index (PDI) values.
stituted into eithera biomimetic spinning dope (BSD) DLS was done using an Anton Paar LitesizerTM 500 device and a
containing phosphate or classical spinning dope (CSD) ionivette low-volume cuvette. All measurements were conducted at 20
Tris bu er following previously published protatols. °C and 1 min equilibration time. For each sample, 60 runs (each 10 s)

Currently, there are several groups trying to understand thheve been performed. The manufacturer's suggested refractive index
aqueous spinning process from soluble proteins to bers usifgProtein, 1.4500, was used. The data were tted using the protein
recombinant proteins. However, none have provided a detaif@eplysis model for data processing. All dopes were analyzed using a
and holistic view regarding the hierarchical assembly procé%%reom'cr?scoé’e. ('F]e'cda DMI:’;OQOOB' software Led'ca. r\]/‘;'g’)'
across length scales from soluble proteins in di erent do fuctures found in the dope solutions were monitored wit

; . d 4& object lenses and images were taken thereof.

preparations through the spun ber state. Here, we utilize a gq|tion NMR of Dopes. Solution NMR including 1D proton
combination of solution and solid-state nuclear magnetiggic direct detect, 28H °C and*H N HSQC were collected
resonance (NMR), dynamic light scattering (DLS), and lightvith a 600 MHz Bruker AVANCE Il spectrometer equipped with a 5
microscopy to study the di erences in (pRIR3 spider silk  mm TXI HCN solution probe. The temperature wa€2&nd pH 7
dope reconstituted under both biomimetic (preassembled) arior all NMR experiments. High-resolution 2D and 3D solution NMR
classical conditions as well as the subsequent bers produggeriments were also conducted using a Bruker AVANCE IlI 850
fteraueous wekspning fom both dopes Our goal s 1 Pectometr s ooenc e pobe o8 550 sl ¢
provide a full picture, from starting protein dope to the nalTypical experimental parameters included 16 scans with 384 points

ber, of how the di erences in silk spinning dope preparatlori'ln the indirect dimension collected with 16 dummy scans and a

dictate the downstream recombinant spider silk structure arr]é‘lcyde delay of 1.3 s for HSQC experimentsHTARd N sweep

mechanical properties. widths were 10 and 22 ppm, respectively. For 3D HNCAGS
CBCACoNH®?° experiments, 64 scans were collected with 64 points
METHODS in the 13C dimension and 112 points in #%d dimension with 32
Protein Production, Isotope Labeling, and Puri cation. The dummy scans and a recycle delay of 1 s. The sweep width$ffor the

engineeredprotein (AQ).NR3 bearinga N-terminal T7-tag  *¥C, and'™N dimensions were 10, 22, and 74 ppm, respectively.
(ASMTGGQQMGRGSM) was produced in fed-batch fermentatiorExperiments used 50% non-uniform sampling (NUS). The CSD and
in Escherichia cBli21Gold (DE3) using a pET29 vector. Initillly,  BSD were only used for a maximum of 4 days as judted'By

coliwere grown in a complex medium at3¥5°C for 12 14 h until HSQC, which yielded consistent spectra up to that time. Chemical
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Figure 2.Light microscopy images of BSD (togd]l) and CSD (bottom, IV VI), both at a concentration of 100 mg/mL. Regions from
(I, v, V1) are enlarged to see the di erences between the systems, where the BSD contains large droplets indicative of LLPS.

Figure 3.DLS of BSD (A) and CSD (B). Samples were taken after 0, 2, 4, and 6 h to follow the assembly process of the spinning solutions. After
this, no further changes were observed, and the dope production was completed. During the assembly, the concentrations gradually increased. F
the BSD, concentrations at 0, 2, 4, and 6 h were 27, 63, 96, and 177 mg/mL, respectively. For the CSD, concentrations at 0, 2, 4, and 6 h were 25
41, 106, and 197 mg/mL, respectively. Details on spidroin diameters arel ghlenSih

shifts were referenced to sodium trimethylsilylpropanesulfonate RESULT®AND DISCUSSION
(DSS) for*H and *3C and externally referenced to formamide for
I5N. Secondary structure assignments were based on work fr
Jardetzky? Approximately 300L of dope was used for all - .
experiments, and the CSD and BSD concentrations we@Yd 2 clearly detectablt_a liquid droplets be_tween 5 anh 2&hich
WiV protein. are fully absent in the CSD samplgre 2. In the _CSD
Solid-State NMR of Fibers.*H 13C cross-polarization magic- samplethe droplets appear to bleed together creating a more
angle-spinning (CP-MAS) solid-state NMR (SSNMR) experiment ontinuous single phase. T_he key di erence is the choice of
were performed at 30 kHz MAS with 16,384 scans and a recycle defsy/€". where the BSD contains phosphate bu er and the CSD
of 3 5. Dipolar assisted rotational resonance (DARR) expéfinents contains Tris/HCI bu er (pH 8). In the CSD, the presence of
were conducted at 14 kHz MAS with 256 scans, 256 points in tHeh@otropic ions promoted high interactions between the
indirect dimension, and a recycle delay of 2.5 s with continuous waRkPt€in and the solvent. Kosmotropic phosphate ions in the
decoupling under a rotary resonange=( ) of 14 kHz with a BSD lead to protein assembhe_s and mlcron-scalg liquid
variable mixing time. Data was collected with mixing time of 50 ar#foplets by promoting proteiprotein rather than protein
500 ms to observe short- and long-range correlations, respectivé@lvent interactions. Protein droplets arising from liquid
DARRdi erence experimerifswere collected at 80 kHz MAS  liquid phase separation (LLPS) may help to keep the proteins
with either 4096 or 8192 scans using a recycle delay*df 4%. soluble until ready to be spun and could play a critical role in
HETCOR-FSLG experimefitsere conducted at 30 kHz MAS with the pre-organization of silk proteins for the spinning process
256 scans and 256 points in the t1 dimension with a recycle delaytbfit occurs in the duct. This type of phase separation with
2.5 s. The CP contact time for all experiments lwass. phosphate has been recently seen in native and recombinant
Approximately 688 mg of sparingly°C/**N-labeled (AQ)NR3 MaSp2 systems where the addition of phosphate produced a
biomimetic and classical bers were loaded separately into 1.9 nphase separation and subsequent brillization when the pH
rotors. was dropped to acidic conditidns.

jght microscopy reveals signi cant morphological di erences
etween the CSD and BSD. For the BSD sample, there are

1465 https://doi.org/10.1021/acs.biomac.2c01467
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Figure 4.H N HSQC NMR spectrum of the fully labeldy N-(AQ),;NR3 BSD collected at 850 MHz. Bolded amino acid indicates the
resonance identity with di- and tri-peptide repeats based on 3D experimentSiiseetitey Informatipn

Although we see evidence of pre-assembly droplets wihidroins presumably assemble over time in transient micelles
light microscopy, we know from previous work that thi§ 200 nm) which dissolve again.
behavior also occurs at the mesoscale (100’s of nm) for nativén the nal BSD Figure 3), there are three predominant
systems where hierarchical silk protein micelle-like supé&izespresent. The peaks at 20 and 200 nm appear consistent,
structures have been observeddbysion NMR and suggesting that when the dope is formed, the proteins interact
cryoENﬁﬁ We therefore explored the size and population':\nd form a consistent size, driven by the conditions of the
distributions of these proteins in solution at this length scalBY er. Since phosphate increases the surface tension of water,
Using DLS Figure 3and Table S), we monitored particle hydrophobic interactions between poly(Ala) motifs cause the
size over time and found that the size and populatioRSS€mbly of spidroins to larger structures, probably micelles
distribution of these pre-assemblies changed depending 00 nm), and continue to evolve micron-scale droplets
buer type. Typically, there were two major polo“'ationé 3000 n_m) over time. Thes_e results_ are in line with what we
reported with DLS in the early dope formation proEess ¢ saw prewo_usly with light microscopiggre 2 that dopes_ .
3A,B). For a monomeric (653 amino acidd) kDa) and preparedising a phosphate bu er create droplets larger in size

dimeric (1306 amino acids] 20 kDa) protein of this size, the than those.createoll in the CSD. To undgrstand the role of
predicted diameter based on the empirical relationshi hosphate in creating t_hese pFe'assemb"e.% we u_sed NMR to
robe the atomic-level interactions that facilitate this behavior.

Bgivwvizg TSe gﬁanbgé ch]fmrej(ledl;sdiﬁndOglatragtedrewrgléldof ©In order to understand atomic-level structural di erences
denaturati d /d'p 9 1afnE bgth between dope preparat_ions, we utilized 3D HNCACB and
enaturation and _monomer/dimer population: oth CBCAcoNH NMR experimentSigure S)ito assign peaks in
dopes, CSD and BSD, monomeric and dimeric proteins aff, 11 15y HSQC spectrum of the isotopically enriched BSD
present, aee ected by the small size populatiofigre 3 _(Figure ¥ In the HNCACB experiment, we found tfe
andTable S). The larger peak between 100 and 1000 nm ighemical shift of the “i” amino acid and correlated that to the
due to the formation of large, hierarchical assemblies and vages 5nd C  resonances of the same amino acid. This
with sample and time. Since there are only two peaks in te&periment also had the benet of revealing the preceding
CSD throughout the time courseégure B); this suggests 1 residue, which helped to further assign longer sequences
that during the concentration step of creating the dope, théf the protein together with the CBCAcoNH that provided
monomer/dimer equilibrium coalesces to form pre-assemblig§signment of the i + 1 residue. Ugiegprimary amino acid
in one step, whereas in the BSD, this occurs gradually owgiquence for (AQNR3 as guidanc€igure ), we were able
time. The foundation for a high molecular structural order ig assign several di- and some tri-peptide motifs't tha
set in the dope preparation. CSD samples were created HBQC (Figure ¥ The bold letter indicates the “i” amino acid,
removing excess water from the protein solution, representiwhich is assigned without ambiguity with corresponding C
a forced assembly procedure. With decreasing water contemigd C shifts when applicable. Overall, this spectrum was
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Table 1. Tabulated Solution NMR Chemical Shifts from HNCACB Strip Plots for BSD with Known Secondary Structure Assfghments

GGY

AG
GG
YG
QGP
QGP
ASA
GG
GQ
GQ
PYG
PYG

GY
AA
AA
GA

ASA
AVS

Chemical shifts referenced to DSS.

15y 130 15 H (amide)

protein -helix RC -sheet protein -helix -sheet protein -helix -sheet protein -helix RC -sheet
108.088 107.34 109.94 110.19 45.01 47.02 45.34 45.08 8.089 8.23 8.34 8.27
109.204 45.184 8.524

107.329 45.211 8.194

110.605 45.378 8.513

109.877 44.584 8.023

110.14 44.497 8.301

109.874 43.485 8.128

114.748 114.78 115.94 117.44 58.713 60.86 58.35 57.14 63.465 63.88 65.39 8.277 8.11 8.26
115.467 58.69 63.94 8.192

121.156 118.59 119.73 123.14 55.67 58.61 55.94 54.33 28.67 31.92 8.45 8.11 8.25
119.572 55.73 29.281 8.168

119.019 119.67 120.05 122.55 57.318 61.07 57.72 56.56 38.609 38.71 40.79 8.154 8.10 7.90
120.27 57.98 39.68 8.59

119.264 57.578 38.88 8.066

122.29 121.65 123.52 125.57 52.69 54.86 52.67 50.86 18.74 19.03 21.72 8.05 7.99 8.11
122.29 52.92 18.71 8.11

123.68 52.71 19.13 8.08

125.825 53.17 18.684 8.276

118.495 119.53 119.66 123.27 61.943 65.96 61.8 60.72 32.772 32.68 33.81 7.983 7.99 7.88
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similar to othetH N HSQCs we have collected previously
on native MA silk dopes, where there are generally four regions
residing neaf™ = 110, 115, 120, and 123 pphr
corresponding to regions where the “i” amino acid is Gly,
Ser, X (X = GIn, Tyr, and Val), and Ala, respectively.

BSD chemical shifts are shownahle lalong with known
secondary structure chemical shift perturbations. Most residues
are readily assigned to random coil (RC) secondary structure,
with a few exceptions where potenttalices (&, A\, and
GY) and -sheets (GS and A®) are indicated from™N
chemicashifts. However, when focus is placed can@ C
chemical shifts, all residues appear to be RC. TéiedCC
chemical shifts are the most reliable for secondary structure
analysis because these sites cannot participate in hydrogen-
bonding. Thus, it was interpreted thatdirerences observed
in N chemical shifts are likely an indication of hydrogen-
bonding di erences between the sites and are not necessarily
an indicator of traditional secondary structure perturbations.
Some of thé®™N chemical shift perturbations could be due to
loop or -turn structures due to the abundance of Pro in the
sequence as can be seen with polyproline helical environ-
menté® and will be further expounded upon in a future
publication.

Interestingly, we observed two distin¢G Fsites even
though there is only one PYG environment in the sequence
(Figure 1). The population of the two sites has been
determinedKigure Spwhere the one &N 120.3 ppm has
a population of 11.4%. This is attributed to the presence of
bothcisandtransPro where the Tyr followingigor transPro
is ascribed t8°N 120.3 and 119.0 ppm, respectively. This
interpretation is further supported by 1@ direct detect
solution NMR data discussed below. There are also unusually
low Gly C shifts observed forGP that can be attributed to
the following Pro in the sequence and not due to secondary
structure e ects:

In order to compare the structure of the protein in the two
dierent dopes!H ™ HSQC spectra were collected for
CSD and BSD and comparé&th(re $. The spectra are very
similar exhibiting RC chemical shifts andHbehemical shift
dispersion (<0.5 ppm), which is the hallmark of intrinsically
disordered proteins (IDPS).The Gly region (<110 ppm,

N) of the HSQC was nearly superimposable, showing no

changes betwee_n the two dope_zs. However, sm_all di erenGgS e 5. 1H 1N HSQC NMR spectrum of th&N-labeled

were observed in the Tyr (region 1), GIn (region 2), Alaiag),,NR3 CSD (red) and BSD (black) collected at 600 MHz.

(region 3), and Ser (region 4) environments. In the TyrThe assignment is based on the 3D experimental reports in the

region, there was a small shift in'thelimension to lower  Supporting InformatiorThe full HSQC is shown at the top with

ppm for FYG units, indicating minor structural perturbationsblowupsof regions 1, 2, 3, and 4 shown below. New resonances

in these domains. There were also small shifts ¥ tegidn observed in the BSD are marked with an asteriakd are due to

and appearance of two new Ala environments and one new 8krand Ser environments.

environment (indicated with &nin the BSD when compared

to the CSD. The results indicated some subtle structural

di erences between the two dopes. However, the overall state 3D (Figure Sjland 'H *%C HSQC Figure SBNMR

of the protein is bede ned as RC with the emergence of new experiments. A number of subtle but interesting di erences

Ala and Ser environments for the BSD, indicating changesviere observed between the two dopes ift3heolution

the more hydrophobic domains of the A-ufigure )L NMR spectra. The rst obvious di erence was resonance line
In order to examine more closely the structural di erences aharpening observed for the BSD when compared to the CSD.

the protein in the two dopdsC direct detect spectra were Line sharpening was most notable for thél& resonances

collected and compared for CSD and BSD, and these resu®8, SA, and A; Pro C resonances RY and ®G; and

are presented iRigure 61°C direct detection experiments carbonyl resonances. IDPs like spider silk proteins display

have been shown to provide valuable structural informatiatructural heterogeneity due to an ensemble of conformational

with improved resolution for IDPs, as'fifedimension has a  environments. The observed line sharpening indicated that

considerably larger chemical shift range compared td-ither addition of phosphate in the BSD induced a degree of

or 15N.%? “® Assignment in th€C NMR spectrum was based structural ordering. This pre-ordering of the silk protein prior

1468 https://doi.org/10.1021/acs.biomac.2c01467
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The last thing to note from th& solution NMR data was
the observation of Pro in cis/trans environments that were well
resolved in the Pro @egion Figure SR Integration of these
two resonances allowed an estimation of cis/trans fraction that
was 12.3% (CSD) and 17.5% (BSD) in rough agreement
with the 11.4% determined from the two diereNGP
environments that were attributed to Pro conformational
di erences (discussed above). However, fractions of cis/trans
were similar in the two dopes with the only di erence being a
slight chemical shift to higher ppm observed in the BSD dope.
CigtransPro has been implicated in a number of protein
folding problems, and the population of cis/trans here was
quite high compared to other protein systetns in line
with Pro-containing peptidéswhich far exceeded those
observed in other IDP-containing Pro, where the population is
typically only a few %.

Using™*C SSNMR, we investigated the secondary structural
di erences between lyophilized proteins before ber spinning
and bers spun from CSD and BSD dopesTh€P-MAS
SSNMR spectra of the three samples are shdviguime 7

Figure 6.'%C solution NMR spectrum of the (AQYR3 CSD
(bottom) and BSD (top) collected at 600 MHz. The carbonyl (A),
aromatic (B), backbone (C), and aliphatic (D) regions of the
spectrum are displayed. Resonances that exhibit notable line
sharpening are indicated with arrows. Tris bu er signal is assigned
an asterisk*{.

to ber spinning in BSD suggests an important step that could
lead to spun bers with improved mechanical properties.
Other notable perturbations observed in ‘fe direct

solution NMR spectrum of the two dopes included Sligh‘:igure 7.1H 3C CP-MAS SSNMR spectrum of sparsely labeled
chemical shifts to higher ppm for the PraégSonances, the 130/ 15N-(AQ) . NR3-lyophilized protein (black) and bers spun from

Tyr aromatic ring environment, and the TyiOE moiety the BSD (blue) and CSD (red). Full spectrum (top) and blowup of
with a pronounced shift for the Ala carbonyl resonance. Thige low ppm region (bottom) are shown.

indicated that these environments are the most impacted by

the BSD environment. One thing that stood out was the

change observed for the Tyr aromati©B (C ), which also  Several chemical shift di erences were readily observed when
exhibited a line width that i2x sharper in the BSD. The comparing the lyophilized proteins and two ber types. Most
importance of the Tyr environment in the nal spun bersnotably, both spun ber samples displayed anCAla
(discussed below) and dierences observed in Tyr ringesonance positioned at 23.3 pprecting a considerably
interactions could be traced back to some unique di erencésgher amount of -sheet structure for both spun bers

in the two dopes where the Tyr environment was signi cantlgompared to the lyophilized powder that is dominated by RC
more ordered for the BSD likely due to hydrogen-bondingonformation based on the Ala &sonance positioned at

di erences between the two dopes resulting in varying Tyr rint8.3/18.4 ppm. In order to determine the content of Ala in the
packing. The Tyr ring and hydrogen-bonding interactions havesheet structure, thi€ CP-MAS SSNMR spectra were t to
previously been implicated as a driving force in a number détermine that the Ala-sheet conversion during ber
protein systems that undergo LLPS including RNA-bindingpinning which is identical for both the CSD and BSD bers,
protein”*® and His- and Tyr-rich squid beak-derived exhibitinga 77% -sheet conten{Figure S} When
peptide$?°° The pronounced shift for Ala carbonyl resonanceonsideringthe primary amino acid sequenéégre J,

also indicated an increased ordering e ect for this enviror’9% of Ala were present in the repetitive region as pgly(Ala)
ment, showing that there is a notable e ect on poly(Ala) in theepeats and one Ala present in the ankingA3dy Ser unit

BSD. with the remaining Ala present in the C-terminus. This result

1469 https://doi.org/10.1021/acs.biomac.2c01467
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indicated that most if not all the Ala present in the repetitivallowed for accurate assignment of intramolecular chemical
region were converted to theheet structure when spun into shifts, whereas long mixing times (500 ms) allowed for
bers with the C-terminal Ala remaining RC. intermolecular contacts between amino acids that are close in
2D ®C *C correlation spectra at both short (50 ms) andspacé’ In order to conrm 2D DARR assignments, we
long (500 ms) mixing times were collected to extrdéCall deployed a method developed by our lab called 1D DARR
chemical shifts for the abundant amino acids (Gly, Ala, Gldj erence with Gaussian pulse selecfitmthis experiment,
Pro, and Tyr) of spun bers, and comparisons were made @*3C resonance of interest is selected with a Gaussian shaped
native dragline silk bers and known secondary structurgmilse, followed by a DARR mixing to allow magnetization
(Figure 8and Table 2.° 7 In the 2D C %C DARR  exchange to occur between nearby nuclei. The result is a 1D
spectrum where each signal corresponds to only nuclei close in
space, allowing for selection of just a single amino acid site in a
typically crowded spectrum if one of the amino acid site is
resolvable. This experiment was used to conrm 2D DARR
assignments and make salimault assignments such as the
individual CO for each amino acid skgy(re Sp
Whencomparing th&C chemical shifts for the spun bers
to native dragline silks, near-identical chemical shifts were
observedTable ), re ecting the structural similarity between
the recombinant bers and native spider silks with the CSD
and BSD bers displaying nearly identical chemical shifts. Ala
is dominated by a-sheet secondary structure with Tyr and
GIn residing in disordered helical domains as indicated by the
observed®C chemical shifts in the RC region. Gly, similar to
spider dragline silk, displayed structural heterogeneity for the
CO resonance and was present-gheet and disordered
structures. This indicated that Gly is located in regions that
ank (Gly Ala Ser) the -sheet forming poly(Ala) domains

Figure 8.2D %C 13C DARR SSNMR correlation spectra collected V&€ likely -sheet in the bers with the remaining Gly in Pro-

with 50 ms (top) and 500 ms (bottom) mixing times for CSD (red) fich regions and the terminal region residingum and RC,
and BSD (black) bers. helical structures, respectively. One notable di erence is the

lack of heterogeneity in the Afa resonance in the
recombinant bers. In dragline spider silk, there were three
SSNMR experiment, magnetization exchange occurs betweg@iinct environments observed, while in the spun recombinant
13C nuclei that are near in space (<5 A) via dipolar bers, only two( -sheet and RC) environments were
interactions*>°" Speci cally, short mixing times (50 ms) observed. In native dragline spider silk, there were- two

Table 2.3C Chemical Shifts (ppm) from SSNMR of BSD and CSD Fibers, Native Dragline Spider>sif€,and Known
Secondary Structure Assignmerits.

residue BSD CSD native dragline -helix RC -sheet
Ala C 51.6 51.6 51.0/51.2/52.0 54.7 52.5 50.9
Ala C 18.3/23.3 18.4/23.3 19.4/22.9/25.3 18.4 19.3 21.7
Ala CO 174.6 174.6 174.5/174.6/176.1 179.0 177.0 175.7
Pro C 63.3 63.3 62.7 65.3 63.1 62.7
Pro C 32.2 32.2 325 31.5 32.0 32.2
Pro C 275 27.5 27.4 27.7 27.2 27.3
Pro C 49.3 49.6 49.5 50.2 50.3 50.5
Pro CO 176.3 176.3 176.8 177.5 176.2 176.0
GInC 54.9 54.9 54.9 58.3 55.7 54.5
GInC 30.1 30.1 34.0 28.6 29.5 315
GInC 33.8 33.8 35.2 33.8 33.7 33.8
GIln CO 175.1 175.1 174.1 177.3 175.5 178
Gly C 44.8 44.8 45.3 46.7 45.2 45.2
Gly CO 171.5/173.4 172.0/174.2 173.0 175.3 173.8 172.1
Tyr C 57.0 60.6 57.6 56.6
Tyr C 40.3 40.5 40.3 38.1 39.0 41.1
Tyr C 133.1 133.3 129.0 130.1 127.7 129.5
Tyr C 133.1 133.2 132.0 132.0 132.6 132.7
Tyr C 118.2 118.0 115.7 117.8 117.9 117.8
Tyr C 158.7 158.5 157.2 157.8 158.1 155.9
Tyr CO 173.0 173.0 174.2 177.0 175.1 174.3

8Chemical shifts referenced to DSS.
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Figure 9.2D *H *3C HETCOR SSNMR spectrum collected with FSLG homonuclear proton decoupling for CSD (blue) and BSD (red) bers.
Slices were extracted at the Tyr side-chain resonance (right) to illustrate the di erences Bethekeemited shift of the Tyr aromatic ring for

the two bers. This down eld (high pprit) chemical shift in the BSD bers is also observed in treg®n but not in the aliphatic region. The

DC o set glitch due to FSLG homonuclear decoupling is indicated with an &3terisk (

sheet environments that are ascribed to poly(Ala) and AKC *C DARR Eigure 8 500 ms). TyrPro inter-residue
present in GlyAla regionsanking the poly(Ala) runs that build-up occurs between the Tyr ring and the Pr&G and
form -sheets. Since the repetitive region of the recombinat resonances. This provided evidence for Tyr arofatic
protein is dominated by poly(Ala) (>80%) with the otherring interactions which are well-known in proteins and
potential Ala site residing in GMa Ser units anking typically result from interactions between tammatic face
poly(Ala), this result indicated that this Ala exhibits a similar of Tyr and polarizable & bond-denoted CH/ inter-
sheet structure to poly(Ala). Another possibility is that it is to@ction$° This result was not too surprising when considering
low in abundance to observe, which is additionally complicattfiat Pro Tyr is a common repeating unit in the sequence
by the fact that this site 25.3 ppm) would overlap the Pro (Figure ). However, the possibility of long-range, inter-strand
C resonance 27.5 ppm. Pro Tyr interactions should not be discounted and have been
At longer mixing times (500 ms) in the D 3C DARR,  shown to be present in a number of systéms.
inter-residue correlations between several residues approX3SNMR 2D heteronuclear correlation experintentsiC
imately 0.30.5 nm away are observed. This allowed for ~HETCOR) were implemented to correféddeand**C nuclei
the determination of several key amino acids and theflose in space. Because of the sttainglipole-coupling
correlations such as GIn/Gly C , Pro C/Gly C , Pro network in proteins, high MAS speeds were required to
C/GInC ,and TyrC+ /ProC + (Figure 8500 ms). average out these e ects in combination with HG
Unfortunatelyjt was dicult to determine if inter-residue homonuclear decoupling. From the 2D HETCOR spectrum,
interactions (Tyr/Pro and Pro/GIn) were occurring betweenWe saw two major di erences between the BSD and CSD bers
strands or within the same strand because these residues(&fgure 9. First, the region between approximately650
neighbors in the primary sequerfdgi(re ). With improved ~ PPmcorresponding to the Gackbone of the protein appears
resolutiorfrom the 2D DARR, we were able to extract sliceshifted down eld (to high ppm) in tttel dimension for BSD
correlating the Pro € / sites and determined its secondary (red) compared to CSD bers (blue). The same was true for
structure Figure Sp By calculating the di erence in chemical the Tyr ring region at 131 ppriiC. In fact, the shifts
shiftbetween the Pro Cand C resonances, we were able to down eld for the protons on the Tyr ring were more dramatic

show that Pro in both CSD and BSD bers adopted an elastifan those seen in the ®ackbone region. This suggested
like -turn structuré® This is similar to previous reports that the Tyrring and the Ggroups in BSD are located in a

reqarding a Pro secondary structuré.iraurantiasoider more polar environment, shifting tHeirresonances down-
drgglinegsilﬁ‘.‘ y P eld. The Tyr ring is shifted nearly 1 ppm higher in the BSD

A correlation was also observed between the Tyr ring aff@mPared to CSD bers suggesting di erences in Tyr ring
Pro C in the ber samples; however, this peak was on th@acking between the two bers. One possibility is that there

threshold of noise in the 2D spectrum. In order to furthe'® diérences in Tyr  stacking or other Tyr-related
probe this interaction, the 1D DARR di erence experimentme.r"’lct.Ions (excludmg' the Priyr interactions which are
was usedHigure SF°° In this experiment, tH&C resonance Similar in .both.system.égure Sy'between the two bers as

of interest (Tyr aromatic ring) was selected with a Gaussiafiiomaticring interactions are known to greatly perturb
shaped pulse, followed by a DARR mixing period to a”OaromaUc H chemical shifts, resulting in aromatic chemical

magnetization exchange to occur between nearby nuclei it shieldinbg € ects for systems exhibiting straiacking
gnet. . ge t - aroy 1 ! ikteraction&™®2 This Tyr packing di erence could be traced
conducting experiments with variable DARR mixing time, it

possible to spatially probe distances from the site of interest ack to the dope starting material where di erences in the Tyr

this case, the Tyr aromatic ring). This experiment was simiIE\[rEVironmem were observédg(ire § that might help drive
in principle to a 2D DARR, with added selectivity for PS, resulting in Tyr structural perturbations observed in the

: i . . ; nal spun bers when comparing CSD and BSD systems.
resonances of interest in a one-dimensional fashion ancfl P P 9 y

bene ts from improved S/N compared to 2D experiments.
By targeting the Tyr aromatic ring that was fully resolved in the CONCLUSIONS

1D spectrumstrong contacts were observed to the other TyThrough a combination of biophysical methods, recombinant
sites as expected and Pro sites as indicated from the 2pider silk protein assembly was tracked from the assembly of
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the dope to the nal spun ber for biomimetic and classically Merisa Saric Lehrstuhl Biomaterialien, Fakiuit

prepared dopes. Light microscopy and DLS revealed that these Ingenieurwissenschaften, Udi\Raigiteuth, Bayreuth
recombinant silk protein transition from a low- to high-density 95447, Germany

phase through two dierent processes depended on buer Hannah R. Johnson Department of Chemistry and
conditions. Protein dopes containing phosphate bu er (BSD) Biochemistry, San Diego State University, San Diego,
transitioned from monomer/dimers to pre-assemblies gradu- California 92182-1030, United States

ally over time and ultimately achieved LLPS in the nal highly Tim Schiller Lehrstuhl Biomaterialien, Fakiult
concentrated dope. Dopes that did not contain phosphate Ingenieurwissenschaften, Uéi\Bagiteuth, Bayreuth
transitioned from monomers/dimers to pre-assemblies but 95447, Germany

stopped short of forming large liquiguid droplets on the Johannes Diehl Lehrstuhl Biomaterialien, Fatkiult
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Tab S1: Overview of dynamic light scattering (DLS) results for particle size analysis of different (AQNR3
spinning dopes.Spidroin concentration, the average particle sizes (Peak 1 to 3) and their respective standard
deviations (SD 1 to 3), as well as polydispersity index (PDI) are given.

Sample Name  Concentration Peakl SD1 Peak2 SD2 Peak3 SD3 PDI

[mg/ml] [nm] [hm]  [nm]  [nm]  [nm]  [nm] [%]
BSDOh 27 26 8 163 83 - - 29
BSD 2 h 63 18 5 148 56 1608 1121 28
BSD 4 h 96 23 8 214 118 2430 653 22
BSD 6 h 177 17 6 203 124 5032 1553 25
CSDOh 25 7 2 172 169 - - 27
CSD 2h 41 17 6 191 141 - - 29
CSD 4h 106 18 6 176 122 - - 28
CSD 6 h 197 25 11 244 118 - - 24
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Fig. S1 Strip plots showing a representative strategy used to assign di- and tri-peptide sequences
recombinant spider silk protein, (AQYNR3. Paired CBCAcoNH (left) and HNCACB (right) are shown for the
assignment of Gly-Ser-Gly (A) and Ala-Ser-Ala (B).
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(A)

(B) ©

Fig. S2 H-15N HSQC solution NMR spectrum BSD showing two PYG sites, the low population site is 1
and attributed to Tyr followingis Pro (top). Thé3C solution NMR spectrum of (B) BSD and (C) CSD. The Pro
C resonance was used to quantify thgtrans ratio for Pro that is 12.3% and 17.5% for CSD and BSD,

respectively.
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Fig. S3 H-13C HSQC solution NMR spectrum CSD (red) and BSD (blue). T
spectrum was used to confirm some assignments 6#GhMR spectrum presented
in the main text. The protein here was sparingly labeled*\atlglucose.
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Fig. S4. Spectral fitting of BSD (top) and CSI

(bottom)13C CP-MAS SSNMR spectra of spun fibers.

The fraction of poly(Ala) in -sheet conformation was
determined from the Ala Cresonance (15-25 ppm) to
be 77% for both fiber types.
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Fig. S5.Through-spacé3C 1D DARR difference SSNMR experiment with gaussian selection pulse appli¢

well resolved site for each amino acid. The selected site is the strongest signal in each the spectrunG(fPro C

C , Tyrring, GIn C and Ala C). Spectra were collected at 10 kHz MAS (8 kHz for Tyr) with a DARR mixing

time of 500 ms to probe long range contacts. This enables the detection of all sites within in a given amino acid
and long-range inter-residue contacts. BSD and CSD fibers are displayed to the left and right, respectively.
Spinning sidebands (SSBs) are assigned an asterisk (*). Strong inter-residue dipolar contacts are observed between
a number of sites as discussed in the main text. The full stal¥@a@P-MAS spectrum is shown at the top for
comparison purposes.
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Fig. S6.Slice extracted from DARR spectra at Proi@sonance (~63 ppm) for both CSD (blue) and BSD
(red) fibers. By taking the difference in chemical shift between the Pem@ C resonances, it is possible
to determine the secondary structure of Pro. The results indicate that Pro in both CSD and BSD fibers

have a elastin-like type Il-turn secondary structure.
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Fig. S7.Through-spacé&3C 1D DARR difference SSNMR experiment with gaussian selection pulse appli¢

the Tyr ring resonance. Spectra were collected at 8 kHz MAS as a function of DARR mixing time as indicated in
the figure. BSD and CSD fibers are displayed to the left and right, respectively. Spinning sidebands (SSBs) are
assigned an asterisk (*). Strong inter-residue dipolar contacts are observed between the Tyr ring and Pro sites.
Buildups are nearly indistinguishable between the two fibers.
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