Devdopment of an artificial silk
protein on the basis of a lacewing
egg stalk protein

Dissertation

zur Erlangung des akademischen Grades

Doktor der Naturwissenschaften

An derBayreuther Graduiertenschule fir Mathematik und
Naturwissenschaften

der Universitat Bayreuth

vorgelegt von

Diplom Biologe

Felix Bauer

Bayreuth,Mai 2013



Die vorliegende Arbeit wurde in der Zeit von Juli / 2008 bis November /2013 in
Bayreuth amLehrstuhl Biomaterialien unter Betreuung von Herrn Professor Dr.
Thomas Scheibel angefertigt.

Vollstadndiger Abdruck der von der Bayreuther Graduiertenschule fir Mathematik und
Naturwissenschaften (BayNAT) der Universitat Bayreuth genemigten Dissedation
Erlangung des akademischen Grades Doktor der Naturwissenschaften (Dr.rer. nat.)

Dissertation eingereicht am: 17.05.2013
Zulassung durch das Leitungsgremium: 10.06.2013

Wissenschaftliches Kolloquium: 14.11.2013

Amtierender Direktor: Prof. Dr. FrarXaver Schmid

Prifungsausschuss:

Prof. Dr. Thomas Scheibel (Erstgutachter)
PD Dr. Stefan Geimer (Zweitgutachter)
Prof. Dr. Andreas Fery (Vorsitz)

Prof. Dr. Birgitta W6hrl



Content

CONTENT

1. SUMMARY. ...t 1
2. ZUSAMMENFASSUNG.......coiiiiiiiiiiiiiimrer e 3
3. INTRODUCTION.....ciiiiiitiiiii it 7

3.1. Silkk 7

I 700 Ot S 1 1 U o (0T ST P R TPTSPRPPP 8
00 O Y 1V 4= o o o = || 9
0 R JO ST o110 (=] = || PSP UU PR TPPPPPN 10
B.Li4. INSECE SIIK..eeeieeeeeie et e 11
3.1.4.1. (0= 1o [0 15111V T PP OUPPPR P 12
3.1.4.2. 0 Yo LY o = PSRRI 13
0 I I @Yoo o o = < PP ST 14
3.1.4.2.2. EQQ StalK SilK......ccc oo a e e e e e e e e 14
3.1.4.2.3. Production of lacewing egg Stalks...........cooouiiiiiiiiiii e 15
3.1.4.2.4. The colleterial Qland............ccooor i e e 17
3.1.4.2.5. Proteinsequences/dope COMPOSITIAN.........ouuiiieiiiiiiiee ettt e e e 18
3.1.4.2.6. Mechanics of lacewing €gg StalksS..............uuuuiuiiiiiieiiii e 18
B4 2.7. SHITUCTUIE. ...ttt e e e e e e e e e et et e et et e e bbb b a s e e s e e e e eaeaeaeaeeeeeeeeeeennnnnnes 19
3.2. Recombinant production of silk proteins 20

3.3.

3.4.

Technical processing of silk proteizis

Aims of the work 24

4. OVERVIEW OF THE TISHSCLUDING UNPUBHED DATA......cciiiiiiiiie e 25

4.1.

4.2.

4.3.

4.4.

4.5.

4.6.

Mechanical analysis of natural lacewing egg stalks and fibres of caddisflie®5
Structural analysis of lacewing egg stalk 36k

Silk gland analysis of lacewings 28

Biotechnological production of N[ASE], an artificial lacewing egg stalk prote80
Fibre/stalk formation and analysis33

Further processing of a recombinant lacewing protein37

O T N | o £ £ TPV PPTOPPPI 37
.6.2.  CAPSUIES.....eeeieeiiiiiee ettt e e e e e e e et e e e e e e e e e e nrees 39



Content

4.6.3.  Hydrogels and fOAMS. .......coiiiiii ittt e e e e e e e e 40
4.7. Cell culture on structured films 42

4.8. Individual contributions to joined publications 46

. LITERATURE ... e e a7

6. LIST OF ABBREVIATEON.....ooiiiii i 63

7. DEPENDENCE OF MECIGAN PROPERSIEF LACEWING EGALEKIS ON RELATIVE
HUMIDITY . n e e e 65

8. ARTIFICIAL EGG STAMADE OF A RECOMBNWLY PRODUCED HROTEIN... 75

9. CONTROLLABLE CELHE®ION, GROWTH ANRIENTATION ON LAYBRHLK

PROTEIN FILMS . ... et e e e 83
10. LIST OPUBLICATIONS AND BAITTS. ... oottt 91
11. ACKNOWLEDGEMENT......oiiiiiiii e 93

12. ERKLARUNG . ....cuiitiiitiitie ittt iett ettt ettt sttt et saeeste st e nae st emna e neens 95



Summary

1. Summary

Silks are widely used in textile indusagclothing and furnishingdue to their
tensile strength, smoothness, soft texture, lustre, and drdgest commonly silk of the
mulberry silkwormBombyx mor{B. mor) is ugd in such applicationfiowever, dks
evolved independery in many different arthropodfor various purpose$During
evolution the different silksvere optimisedfor their taskspecificusesover millions of
years,e.g.adoptingdifferent mechanical propertiesThemechanicapropertiesmainly
derive from the protein secondary structuead its higher order arrangemeit silk
fibres.Spider silkfor example isknown for its tensile properties surpassing nylon,
Kevla® silkworm silk, and higtensile steef> Beyondtheir mechanical properties
somesilks arealsoreported to be biocompatible andon-immunogenic® One beneficial

feature of silk proteins is the possibility to process them into various morpholédies.

Several of these sifieatures makehem interesting for material scientistintending
to producesilks with tuneable properties depending on the desired applicatianging
from technicalones such as high performance fibres to medicahes such as drug

delivery.

Thisthesisdeals with the characterisatioand reproductionof a lessexplored silk
the lacewing egg stalk silk. Mechanical tegtrevealed astrong dependence orthe
relative humidity. Irthe dry state at 30% relative humiditthe stalks are quite rigid and
break at an elongation d@% whereas at 70%nd 100%elative humidity theyelongate
up to 434%This extension is accompanied by a secongémycture change froncross
3to parallet. The crosd? structure in unstretched stallkgrovides bending stiffnessand
rigidity to the stalk and his bending stiffness gets lost whére stalks are stretchedn
this thesisa modelis proposedwhich explains thee differences atvarious relative
humidity on the molecular levewherein tvanges in the strength of hydrogen bonds
upon exposure to watera(hydrogen bond donor/acceptoiip combination withmultiple
disulphidecrosslinks (which arenot affected by wate) act together and are responsible

for this behaviour.
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Based on consensus sequences of published sequence(diati@ed from MalXBan
egg stalk protein oMallada signata(M. signatg),” an engineeredegg stalk protein

namedN[AS}Cwas recombinantly produced

To produce an artificial stglla droplet of a solution of purified N[AS}C was
placed on a substrateand tweezers wer@ised topull out a fibre. After dryingand post
treatment, the properties of theartificial stalks were investigated comparisorto the
natural ones.Mechanical testing revealed similar behaviour at 30% relative humidity
but at 70%and 100%elative humidity theartificial stalks were not as extensible as the
natural ones. This corresponds to the fact, that no cifdssructure wasformed, and,

therefore, no rearrangement into paralldd structurewaspossible.

Subsequently N[AS}C was processed intaon-fibrous morphologies It was
possible to produce capsules, hydrogels, foams, and films. The foams show an
interesting micro and nano structure which differs frahat of recombinantspider silk.

The cavities are filledith a mesh of nano fibres building a 3D scaffold.

Films @ae a morphology with potentialfor applicationin cell culture Fbroblast
attachment on N[ASJC films is quite poorTherefoe, we tried to induce guided
fibroblast gravth on patterned protein filmsA first layer of the filmswas cast from
ntag”T16c(RGDfK) an engineered spider silk protein coupled with the gria
recognitionmotif RGDto provide a protein layer to whicffibroblast attached well The
second protein layewas produced using a PDM§$alydimethylsiloxang template and
N[AS]C. Fibroksts grown orthese films adhere onlyto the RGD modified spider silk
and notto the N[ASJC areas. A secorfdature of such films i orient the fibroblasts
on films with alternating line®f the two proteins.Such films might be ugd for tissue
engineeringo control cell adhesiorand get a structured cell pattern. This is essential for
many tissues such alBones, muscles, and epithelidsssue The low cell adhesion
properties of N[AS§Cfilms might be interesting for coating®r appliations wtere cell

adhesion isot desired such as stents oatheters.



Zusammenfassung

2. Zusammenfassung

Seide istwegen ihrer Reil3festigkeit, Glatte, weichen Texiires Glanzes und ihres
Faltenwurfsein in der Textilindustrie weit verbreitetes Materiéiir Kleidungsstticke und
Einrichtungsgegenstande.Meist wird fur solche Anwendungen dieSeide des
Maulbeerspinner88ombyx mor{B. mor) verwendet Seiden entwickelten sialmabhéangig in
vielen Arthropoden und werden zu verschiedensten Zwecken verwernigigt.diese wurden
sie seit Millionen von Jahren durch die Evolution optimi€im Beispielhaben Seiden
unterschiedliche mechanische Eigenschaftentwickelt welche hauptsachlichvon der
Sekundarstruktur der Proteinand ihrer Ubergeordneten Anordnunip den Seidenfaden
abhangen Spinnenseide ist beispielsweise bekannt fiire Zugdehnungseigenschaften,
welche die von Nylon, Kevi@r Seidenspinnerseide und hochfesteStahl tiberragei?>
Dariiber hinaugjelten vieleSeidenals biokompatibel undnicht immunogen® Eine weitere
nutzliche Eigenschaft von Seidenproteinen ist deren Verarbeitbarkeit in vielechieedene

Morphologien!®

Viele dieser Eigenschaftenachen Seideinteressant fur Materialforschemwelche Seide
mit gezielt beeinflussbarerEigenschaftenabhangig von der erwinschten Anwendung,
produzieren wollen. Denkbare Anwendungen reichen von Hochleistungsfasern fir
technische Anwendungen bis zumedizinischen Anwedungen wie gezielte

Pharmakotherapie.

Diese Dissertationbeschaftigt sich mit der Charakterisierung undr dekombinanten
Herstellungeineswenigerforschten SeideproteinsausFlorfliegen Eierstielen. Mechanische
Testsan Florfliegen Eierstielereigteneine starke Abhangigkeitder Dehnbarkeitvon der
Luftfeuchtigkeit. Im trockenerzustand bei 30% relativer Luftfeuchtigkeit sind die Stiele
biegesteif und brecherbei einer Dehnung von 2%, wohingegen sie bei 70% und 100%
relativer Luftfeuchtigkeit bis zoa. 430% dehnbar sindDiese Dehnundorreliert mit einer
Sekundarstrukturanderungon crossl3 zu parallel. Die crossl3 Struktur in ungestreckten
Stielen wird fur deren Biegesteifigkaierantwortlich gemacht. Diese Biegesteifigkeit geht
verloren, wenn die Stiele gestreckt werddn.dieserArbeit wird ein Modell vorgeschlagen
welches die Unterschiede bei verschiedener Luftfeuchtigkeit auf molekutdyeneerklart.

Verantwortlich fur déses Verhalten sind ndlerungen in der Bindungsenergie von
3



Zusammenfassung

Wasserstoffbriickenbindungen durch die Anweseibhvon Wasser (Wasserstoffbrierk
Donor/Akzeptor)im Zusammenspiel mit Disulfidbindungen, die nicht durch das Wasser

beeinflusst werden

Basierend auKonsensussquenzendesveroffentlichtenEierstielProteinsMalXB2wurde
das Protein N[AZCT, eine kinstlich konstruierteVariante des Proteins biotechnologisch

hergestellt®

Um einen kinstlichen Stiel zu produzieren wurdaé Tropfen einer Losungvon
gereinigtemN[AS}C auf einen Untergrund aufgebraclhind anschlieRed aus dem Tropfen
mithilfe einer Pinzette Faden gezogen. Nach dem TrockmehNachbehandeln der Faden
wurden die Eigenschaften der kunstlichesowie der naturlichen Stiele untersucht.
Mechanische Analysen zeigten &hnliche Eigenschaften natirlichen und kinstlichen
Eierstielebei 30% relativer Luftfeuchtigkedvohingegen die kinstlichen Stiele bei 70% und
100% weniger dehnbar wareals die naturlichen. Dies stimmt mit deFatsacheliberein,
dassin den kinstlichen Stielekeine crossf3 Struktur gebildet wurdeund somit keine

Umformung vorcrossl3 zu pardlel-3 stattfinden konnte.

In einem weiteren Schritt wurd®[AS§C in weitere Morphologien verarbeitet. Es war
moglich Kapseln, Hydrogele, Schdume und Filme herzustellen. Die Schager aee
interessante Mikro- und Nano-Strukturieung, die sich von Spinnenseid&chaumen
unterscheidet. DiePorensind vonNano-Faserndurchzogen die ein 3D Netzwerk bilde
Diese Schaume konnten fur weitere Untersuchungen und Anwenduatg-iltermaterial

oder Zellkiltur-Geristinteressantsein.

Eine Morphologie mit Potential zur Anwendung in der Zellkultur sind FilDee.
Fibroblasten schlecht auf Filmen aus Np&Sdhéarieren wurde versucht, Fibroblasten
gezielt auf einem gemusterten Filmashsen zu lasserDie Grundschicht wurde aus
ntag”T16¢c(RGDfK)einer technisch erzeugten Variante eines Spinnenseit#gins, an
welches die IntegrikErkennungssequenz RGD gekoppelt ist, gegosaafgrund dieser
Erkennungssequeradhérieren Fibroblasten gut auf diesen Filmen. Eineitea&chichtaus
N[AS$C wurde mithilfe einerPDMS (PolydimethylsiloxaNMaske aufgebracht. Fibroblasten
adhérieren auf solchegemustertenFilmen nur auf demtag”C16c(RGDfKyind nicht auf

den mit N[AS}C bedecktenBereichen Eine weitere Besonderheit dieser Filme ist die

4



Zusammenfassung

Moglichkeit, durch Applikation des zweitéilms in Streifenform, Fibroblasten ausgerichtet
wachsen zu lasserSolche Filme konntefir of A & & dzS S ygenkityt Sv&rdéeh, yirE &
Zeladhasion zu kontrollieren und enstrukturierte Zellausrichtung zu erhaltemies ist
essentiell fur vielenatirliche Gewebe wie Knochen, Muskeln, und EpithelgbeieDes
Weiteren konnten @& schwachen Zelladhasio&gyenschaften von N[A&} Filmen flr
Beschichtungen, bei denen Zelladhasion nicht erwinschivist beispielsweise Stents oder

Kathetern interessant sein






Introduction

3. Introduction

3.1. Jdlk

Silks arestructural proteirs that are producel by arthropods:® ** Theyhave been
used by humans for a long time because of their good mechanical properties and
biocompatibility**** Fishermen inPolynesia used netsomposedof spidersilk spun in

bamhoo frames for fishingandsilkhas also beensed asvound dressing ™

The term silk was dafed by Craigt { Af {a I NB TFAONRdzaz LINRGS
repetitive sequences of amino acids and are stored in the animal as a liquid and configure
into fibres g KSy &KSINBR 2N daldzyé¢ G aASONBGA2YO®
collagens™®

Tablel: Natural slks are used for a variety of functions.

Function of silk Examples of species References
Draglinelifeline Caddisflylarvae and spiders 1617
Cocoonprotective Weevils, kpidoptera, lacewings, anthddisflylarvae 1&2117
shelter

Structural support Lacewing egg stalks 18
Dispersal Newly hatched spiderlings 22

Foraging Spides, caddisfly larvagand glowworm larvae threis 61820
Reproduction Thysanoptera and Wtiapoda 1618

Slks comprise a high percentage tdfe amino acidgylycine, serine, and alanine
which areall small non-essentialamino acidsand havean intermediate hydrophobicity.
1% Even though silks have many different funas (ifelines, protective shelters, structural
supports, reproduction, foraging, and disperyal & & 22 (Table ) they are all
characterigd by adistinct crystdlinity which confers the intriguing mechanical properties
of silkfibres?®?® The cystallinity is achieved bthe tight packingof secondary structures
of proteinsuchash -helices orf3-strandsinto largerassembliesuchascoiled coik, pardlel-

R structuresor crossR structures (Figurel) 2
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3.1.1. Structure

Coikd caoil sills are composed of proteiawith anh -helical(Figure 1 A¥tructure.
Up to fiveh-helices are wound around each othachievinga more stable packing. The
h-helices arecomposed ofa seven amino acid repeat with hydrophobic amino acids at
position one and fouand havea low glycine content The Felical structure is stabilized
by hydrogen bonds between thergtein backbone The hydrophobic side chainare
exposedon one side of the helirmakingit amphipathic. To form a coiled coil structure
the hydrophobic patches of two helices lay together to shield itterface from the
surrounding water® * Silks withh -helical structurs have a low tensile strength but a
high elasticity. They arproduced bysomeinsecs (honey bees, ants, wasps, fleasd

lacewings (cocoon) andspiders for certairtypes ofsilks, > 2% 3%

Silks withf3-sheetstructures can fornparallet3 and cros$ structures differing
in their backbone orientation corresponding tothe fibre axis.3-sheets comprise [3-
strands vith every second amino acfdcingthe oppositeside of the frand. The amino
acids on each side have simitgracing and hydrophobicity enable a dense packing of
3-strands. A hydrogenbond network perpendicular to the side chain packimexists
between the NH groups of the backbone of one strand and the C=0 graiman
adjacentstrand®@ backbone. This results in one hydrogen bond per anaicid on each
side.TheR3-strandsin paralle}3 structuresmay be arranged in a paralleinti-parallel or
even in a mixednannerto each otheras described for tussock moth sikhere the
protein backbones lie parallel to the sfibre axis(Figure 1 Band G.1° 2 3" Warwicker
classified all parallet3 structure silks into five groups depending on their packing

distance.®

Thesesilkswith sheets rallelto the fibre axisare the most common andell-
studied and areproduced by spiders anthsects Theyinclude the major ampullate,
minor ampullate, aciniform, and tubulliform silkfrom spiders and silks from insects
such ascaddidly-, butterfly-, moth- (such as B. mori, which produces the silkised
commonly for textiles),” **** Kahaono Matana Evans, *> *® and sawfy silk® %, In
nature theyare used for a vaety of purposesfor exampleasa draglinelifeline, capture

spiral, eggcase cocoon, nefand br case building.
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Slk with sheets perpendicular to the fibre axase comparatively raran nature
They arerelated to parallel structure silk, but the backbones of thdd-strands are
arranged perpendicular to thébre axis(Figure 1D).*’ The strands of all known cro8s
silks are arranged in an antiparallel manndpon stretching the structure transforms to
a parallelR structure?® Such conversion iue to the fact that the protein chaiformsa
hairpin structure. Due to steric reasoftsere is a glycine in each turnCrossR silks are
produced bywater beetles(Hydrophilidae)plant eating beetlesHyperg, lacewings (in

four of six reuropteran families), andlow wormlarvae Arachnocampaduminosg.”?+2"

28,48, 49

A B C D

Figurel: Schematic picture of different common protein secondary structures present in si#k$:-helix;
B: parallet structure with 3-strands antiparallelto each other;C: paralleH3 structure with 3-strands
parallel to each otheyD: crossf3 structure blackarrows indicate the fibre axis

3.1.2. Myriapodasilk

Myriapodaare an exampl®ef silk producing arthropodsut little is known about
their silk.Male centipedes produce a small silken web to deposit a sperm package from
whereit is picked up byhe females.*® *° Ther silk proteinsare produced in the accessory

gland.
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3.1.3. Spidersilk

Spiders can producep to severdifferent silk types for different purposes.They
are all secreted by different glandspm wheretheir names derivefrom (aciniform silk,
cylindriform/tubuliform silk, aggregate silk, pyriform silk, flagelliform silk, minor
ampullate silkand major ampullate sijic™>?

Major ampullate silk is the most studiespider silkbecause of its high tensile
strength and extensiblity, yielding a high toughnesgAraneus diademats (A.
diadematus for example 160 MJ/m?) depending on the speci€s It is used ashe main
support andasradii of an orb web. Treesilk fibres have diametersanging froml umto
20 pm (depending on the specieahd have a comshell structure.” In case ofmajor
ampullate silk he corecomprises two protein classésajor ampullate spidroin 1 and 2)
significantly difering in their prolie content This core structureis coated with
glycoproteins and lipis™">*

The central domainof the proteinsare block copolymerlike sequences with
polyalanine blocks foring stacked3-sheetsthat are responsible for the high tensile
strength of the fibres> Other blocks show GGX reps#ébrming 3-helices or a GPGXX
motif forming R-turn spirals, both leading to elasticity of the fibréhese blocks are
repeated multiple timeswithin each core domainThe carboxy and amineterminal

regions ae highly conserve@nd nonrepetitive. These regionsare 5-helix bundlesand

are critically involved in initting fibre assembly®>®

One disadvantage of spider silk in comparisonBomori silk is its lownatural
availability due tothe cannibalistidehaviour of spiders® makingit impossible to farm
them on alargescale It is relatively straightforward to obtaiamounts that are sufficient
for scientific purposes but not for industrial applications. The design of artificial proteins
based on spider silknotifs, full length proteins and their recombinant productias

necessaryor both basic analysof singlemotifsas well as putative apigations.
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3.1.4. Insect silk

Sutherland andco-workers grouped insect silkinto 23 types according to silk
gland type, silk protein molecular structure, and phylogenetic relationship of silk
producing specie$This shows the wide variation and multipdeolution eventsduring
silk development The silks are producedrom different gland typessuch aslabial,

malpighian or dermal gland?s.

The most studied silk producing animal is the mulberry silk w@&mori). Its silk
has beenusedfor thousands of years for textilegor commercial silk productionhé
silkworm larvae are fed with fresh mulberry leaves until pupation which takes pltee
approximately one monthAfter completion,the cocoors are harvestedand the larvae
are killed with hot water®®* The silkfibres have to be degummedo remove the glue
like sericinfibre coatingbefore it can be used aa textile.®>®® B. mori silk fibres are
composed of three proteinsHeavy chain fibroin (ca. 350 kDa) is linkeda light chain
fibroin by adisulphidebond. Six of taseheavy chaidight chain complexemteract with
P25, the thirdprotein present, by hydrophobic interactiod$.”® "* All three proteins are
secreted in the salivary glands of the larvae. Due to the fact that there are two salivary
glands joining each ber directly before the spinneretwo so called bringdorm adouble
filament. Thedouble filamert is finally coated by sericimgluelike serinerich proteins
which hold the filaments togethefThe resulting coated double filament is called b&Ve.

® The silks of Trichoptera are listed in the same grbup.

Many silk producing species d@und in the order of Hymenopteraroducingsix
of the 23 silk typeslassified by Sutherlanet al.' One type of silk is produced by bees,
ants, and waspsTheirsilkis produced in the labial gland of larvae atwimprises four
proteins (3050 kDaWwhichadopt anh-helical structure and form a tetrameric coiled coil
structure® ** The production of spinning dopom recombinant proteinsbased on
these natural proteins showed the importance ohavingall four proteinsto achiee a

stable higly concentrated silk solutiof’

Another orderof silk produing insectsis the Neuroptera One of the twosilk

types in this orderis produced by the larvae of lacewings and antlions hadan h-

11
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helicalstructure, and hesesilks are used for building cocoaf™ ?® *° The second typés

a crossl3 silk, whichisusedin egg stalks ands secreted by thecolleterial gland.

3.1.4.1. Caddisflysilk

Caddisflylarvae are commonly used by ecologists to investigate the water
quality of rivers and lakesThey are listed in the insect order Trichoptemad are
Holometabola,which means they undergo metamorphosis with larvae and adults
showing a totally different habitusThe adult flies attach their eggs under water or
close above the water surfacd@he larvae depend on water as habitatvhere they
undergo five to severarval stages.The larvae feed on algae, leafs, and smalter
insects,depending on their specieand are divided into two groups the eruciform
(casemaking) and the campodeiform (frieldng and net spinning)larvae (see
Figure2).”® The erudiform larvae build round cases by gluing together various materials
such as stones, sand, or small organic material by the use of a silken threadetThe
spinningcampodeiformlarvae use silk to build small nets to catch small water insects
and build a silken retreat to hide from predatqseeFigure?).”® Larvaeof both groups
use silk to pupate in a cocodiCaddisflysilk is producedn the labial gland which are
homologue to thelabial glandsof butterflies and therefore the silk morphology and
composition is comparable to lepidopteran silkwo flattened ribbon like fibres are
glued together bysericinlike glue® The silk is composed of homologueshefivy chain
and light chainfibroins but noP25wasdetected so far?® # The caddisflyheavy chain
fibroin has some differences to dlse of Lepidoptera showinga high content of bulky
and basic amino acid residues, a low alanine content, and a repaabiifcontaining
phosphoryated serines which could provide crosslinking by*@ms2* An additional
protein, Nf-1, with a high content of gsteire is thought tocrosslink the proteins by

disulphide bondsproviding water insolubility to the fibre%:®*
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Figure2: A and B:Caddisflycasesbuilt from little stones; C and DCaddisflynets spun in an artificial
surrounding.Scalebars:0.7 cm.

3.1.4.2. Lacewing silk

Green lacewing larvae are known for eating aphidsch they are bred for
commercially Lacewings such as Chrysopa carnea(C.carneg (Neuroptera:
Chrysopidae) arélolometabola Normally insects are known to produce only ositk
type, but lacewings produce twd.The hrvae (Figure 3 Cproduce a cocoon before
metamorphosig(Figure 3 D)while adult females(Figure 3 Ause asecond type for a

silken stalk to potect their eggs fronpredators(Figure 3 Bf*®’

13



Introduction

14

Figure 3: Lifecycle of lacewingsomprisingan adult lacewing(A), eggs on stalkgB), larva (C) and
pupated larva(D).

3.1.4.2.1. Cocoon silk

The cocoon of lacewing laae comprisestwo layers®: 2% 88 First the larva
secrees a silken thread from the malphigian tubules and deposits a lgogelen
cocoon. Later the larvdeposit an inner layer of lipids to protedtself from water
loss during metamorpbsis. The silken threads haaeameters of about 2 pm, are
composed of one proteiwhich is49 kDa in sizeandarerich in alaniné* The protein
adopts an-helical structure but surprisingly it does not assemble into coiled asils

other h -helicalsilksdo.?*

3.1.4.2.2. Egg stalk silk

Female lacewings attach their eggssilken stalkdo protect the eggsfrom
predators such as ants or their own larvaé’ The stalk isdrawn from a secregd
protein droplet produced irthe colleterial glandAn amino acidcomposition analysis

revealed high levels of serine (41%), glycine (24%) and alanine ¥20%@stigations
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of a cDNA libray of the lacewing(Mallada signata(M. signatg) colleterial gland
yielded clones encoding two proteindVlalXB1(86 k) and MalXB255 k&), both
containing a highly repetitive central structure (over 70%) which has a 16 amino acid
periodicity? It was proposed thatight amino acidong R-strands fold into aegular
antiparallelcross(3 structure which is stackedh fibre- and side chaidirection. This

structureconverts into a paralle® structure upon stretching” %

Futher the stalks of some lacewing species suclCasaeochrysa smitlare
reported to be coated by droplets containing fatty acids, an ester, and various
straightchain aldehydes. This fluid was shownpimtect the eggs from predators

such as ant&®

3.1.4.2.3. Produwtion of lacewing egg stalks

The production of egg stalks seems to be quite simple comparethdo
complex spinning mecha&ams of spidersvhere shear forces, pH changand ion
exchange playimportant roles.>* 1% The female lacewinéjrst taps her abdomen a
few times on the surface~{gure4 A-C),deposits a droplet of spinning solutidrom
the colleterial glandon a surfacgFigure4 D), dips the end of an egg into the solution
andraisesits abdomen to draw a fibre between the droplet and tegg(Figure4 E
G)®° The fly staysn this positionfor 10 (~10% RH) to 38econds(~70% RH) to let the

stalk dryand finallyleaves'®*
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Figure4: Lacewing producing an egg stalk:@ The lacewingaps its abdomen several times on the
substrate; D: A droplet of dope is deposited on the surface and the egg is pressed into the droplet; E
G: The abdomen is pulledwayfrom the substrate and a stalk is drawn. G: The fly holds its abdomen
up until the stalk 8 hardened (approximately 135 seconds depending on the relative humidity); H:
The stalkis finished.
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3.1.4.2.4. The colleterial gland

The origin othe lacewing egg stalk proteins is the colleterial gland of female

lacewingswhichis locatedin the dorsal region of the sixth to eightbody segment

and has a salike shape. The exit of the gland jairthe fallopian tubdFigures).:%?

Figure5: Schematic organisation of the female lacewings genitals.Colleterial gland; B: Fallopian
tube; C:Receptaculum seminj®: Paired ovary; E: Ovarioles; F: Egg.

Lucas andRudall showedy transmission electron microscoplyat secretion
of the colleterial gland oChrysopa flavawhich wasdiluted with water, comprised
fibrillar structures These structureslid not solubilise during dilutioff The fibrils are
an assembly of aroun@0-30 molecules inside chain direction (about 1r3n) and
have a thikness of approximately 2im which is the thickness of the fold efght
amino acids proposed by Geddes al. and lengths of abou670nm.?® *’ This
preassembly in the spinning dopmas been discussed tee a key requirementor a

crossR structurein the stalk?®
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3.1.4.2.5. Proteinsequenes/dopecomposition

Egg stalkof M. signataare composed of at least two proteinBhe underlying
c-DNAwas extracted froma ¢DNA libraryof colleterial glanccells® The twogenes
encoding theproteins (MalXB1 and MalXB2) damind to be expressed in a ratio of
7:12 Both proteins consist ofa highly repetitive coredomain with a repeat of 16
amino acidsflanked by norrepetitive terminal domais. MalXB1 additionally has a
non-repetitive central domainMalXB1 is negatively charged wiflY acidicand 9
basic amino acid residugwhereas MalXB& positively charged with 11 acidic and 31

basic amino acids.

An interesting factis the presence okeven (MalXB1) andfive (MalXB2)

cysteineresidueswhich are mostly situated in the nenrepetitive terminaldomains

3.1.4.2.6. Mechancs of lacewing egg stalks

Mechanical tests oregg stalks were undertaken by Hepbwhal. (C carneg
and Weismanret al. (M. signatd.” 1° Stress strain measurements at 65% relative

humidity revealedextersibilities of ~249% and 381% andtansile strength of-375

MPa and 310 MPa. Measurements under watelhowed higher extensibility

(502%/,560%) while strengthwas reduced(186MPa/~250MPa). Weismanet al.

measured the lateral stiffness of egg statiysscanning probe microscopRue to the
lack of some physical constants of the system the modulus is reparteglation to
B. morisilk The measurements revealed 70% higmeodulus values for the egg
stalks For the calculation of the bending stiffnesdiave the shape of a cross section
is taken into accounthe egg stalks havihree times highervalues(round shape of
the stalksin comparison to the trilobal shape & morisilk)? The high extensibility
and high lateral stiffnessmight be related to the crosB structure anddisulphide

cross linking.
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3.1.4.2.7. Structure

Thesecondarystructure of egg stalk proteing/asinvestigated by Parker and
Rudall® X-ray diffraction patterns showedtrossf structure with B-strands running
perpendicular to the fibre axisnd were excitinglyhe first detectednatural protein
with this structure **° 1968Geddeset al. proposed a structural model to explain the
X-ray diffraction pattern?’ The stalk is built up by 2& thidk micelles being separated
by variable sized inter micellpacing of 15 + 4 fkigure6). The longest dimension of
the micelle is oriented parallel tihe fibre axis Thel3-strands are predicted to have a
length of eight amino acids whereof the fitsto and last twoamino aciddorm a3
turn. In each turn one of the two central amino acids has to be a glyéifais
prediction was confirmed byVeismanet al. for MalXB1 and MalXB&here one
glycine residue is found per turn in the repetitive domaimey further found that
charged(Lysine) and bigger 124 g/mol) amino acids are situated ime central turn
regiors.” In MalXB2two of the four central positions of th&-strands are alanine

residues
a
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3.2. Recombimant production of silk proteins

In contrastto spiders it is possible to farm lacewingdich are utilised on a
commercial scalasa biological pest controt’® To obtain lacewing silk eitheities have to
be killed,the silk glanddissectedand the proteinextracted, or single egg stalkgave to be
harvested the eggs removegthe stalks solubilised, followed by extraction of the proteins
Both are time consuming and do not leadlémge quantitiesof protein. Furthemore, both
methods yield an undefined mixture of the proteinsand other moleculessuch asthe
relatively low molecular weightgg deénce molecules mentioned before, which are

present in the stalk

Recombinant productionof lacewing silkproteins in host organism such as
bacteria oryeastsis a possibilityto obtain reasonable quantities gsure proteins with
consstent quality, which is an essential requirement for the use of the proteins in
industrial applications. Aradvantage is that single domains of the proteins can be
produced and their contribution to the assembly of the protein can be analygethther
advantageof recombinan silk productionis the possibilityto alter the properties otthe
proteins For examplethe substitution of poly-alanine rich modulg(crystalline leadingo
stiffness and strength) focoiled coil forming moduke(more extensibleynight leadto a
more elastic fibreafter spinningof the protein. Addition of signal peptidesuch as the
integrin recognition motive RGD oell penetrating peptideso silk proteins leads to new

functions of the proteins such as improved cell adhesfgh”’

Commonly reported pblems occurringluring therecombinant production of silk
proteins are low yields andruncated versions of the proteinsThe reasongherefor are
the size of silk proteinspfotein yield decreases at protein sizedbove 10kDa in
Escherichiacoli (E.coli)),'®® and their highly repetitive character(leads to undesirable

recombination).

Various attemp$ have been made to overcome Hgeproblems for example
optimisation of the gene sequence (less repetitgenesdue to codon variation/adaption
of the codon usage of the host organism), host engineering (changes in the metabolism of
the host organism), and a modular approach leading to shortened versions of the

proteins 108115
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Many companies such a®MSlk GmbH (Germany), BASF AG (Germany),
Commonwealth Scientific and Industrial Research Organization (AusteasdthSpiberAB
(Sweden) are interested in recombinant production of silk proteins for industrial

applications

3.3. Technical ppcessing of silk protem

One particularly attractivefeature of silk proteirs is the possibility to produce
different morphologiesin addition to fibres. For other silk proteins the production of
fibres, particles, capsules, hydrogdisams,films, and coating$ias been reported, with
possible applicationsanging from drug delivery to high tech textiledllergan Inc. (USA),
AMSlk GmbH (Germany), Commonwealth Scientific and Industrial Research Organization
(Australia) EkteinoLaboratories Incq(USA)Neurotex Ltd. (Erdgnd), Orthox Ltd(England),
Oxford Biomaterials Ltd. (Englandypiber AB (Sweden)pintec Engineering GmbH
(Germany) Suturox Ltd. (Englanddnd Vaxess Technologiésc. (USAwork on processing
silk proteins intanarketableproductssuch asonduits fornerveregeneration coatings or
breast implants, suturesmeniscal cartilage bone, joint repair, and thermo stable
vaccinesin this thesis ame of thementioned morphologies havéeen producedout of

recombinant lacewing silk, andetherefore introduced briefly.

Fibres

For the processing of silk proteift®combinant as well as regenerated natural silk)
into fibres there are a few techniquesuch as hand drawing, wet spinnifd®*®

92, 126

microfluidic spinning or electro spinning?”*® In this thesisthe fibres were hand

drawn.

Hand drawindibres requires ahighly concentrated protein solution which can be
either aqueous or nomqueous Kexafluoroisopropanol HFIB or Hexafluoroacetone
trinydrate (HFA have been usedTo produce dibre, a droplet of silk solutioms deposited

on a surfaceand a fibre is pulled out of the droplet bysingtweezers and sibsequently
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the fibre is allowed to dry. This technique was used to produce fibres of silk from

B.mori,**? Nephila clavipe$**and engineered spider sifk.***

The produced fibreganbe post treated to increase the proteindheet content
which rendersthe fibres water insolubleThis can be achieved by the use of cosmotropic
salt solutions, ethanol, methanol, isopropaniogat, water vapourpr high pressureThel3-
sheet crystalsn the fibres can be aligned by post stretching of the produced fibres. This

improves thar mechanical propertie$3® %

Capsules

Capsules are thimembranes envelopingn aqueouscompartment which might
includeorgans bacteria, dyesgchemicalsenzymesand drugsTechnicallycapsulesan be
generated byonce or multiple timesoating a solid core, which is subsequently solubilised
and washed oft>” By depwition of multiple silk layers thenolecular weightut-off of such
capsules might be tunel¥’ A technique which was used in this thesis based orthe
amphiphilic character of silk proteine induce seHassembly at thenterface between an
aqueous and an organic phase in an emul$i8n:*® Capsules can be usets delivery
platforms for cells, enzymesanoparticles, genesnd drugs due to thir ability to reduce

the diffusion of drugsprotect enzymes from proteaseand stabilize proteing!® 4

Hydrogels

Hydrogels consist of a polymer network trettsorbs significant amounts of water
but does not dissolve therein A hydrogel can begenerated by physical or chemical
connectivity such as crosslinking of the polymer chains.-&8sémbling systemsor
examplesilks can form hydrogels due to fibril foation. This has been showrorf slk

proteins suchasB. morifibroins:®® 142152

and spider sillproteinsfor instancenatural and
engineeredA. diadematussilk proteins®® 9% 1>+ 152 4y drogels have a porous structure and
elastic properties comparable to human tisspesich makes them suitablas scaffold for

tissue engineering.
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Foams

Foams areporous three dimensional structusewith solid walls surrounding air
filled cavities Theycan be produced by different techniquesich asgas foaming salt
leachingand freeze drying>*'®?Foams can be used as scaffolds for tissue enginearidg

as filter material

Here the foams were generated by freeze drying of hydroJéis technique uses
the ability of silk proteins to form hydrogel&fter spontaneou®r alcohol inducedyelation
the hydrogels are frozeMhefreezing temperature, protein concentratioand (if applied
the alcohol concentration have an influence on the secondary structure of the protein, the
shape of the sponge, the pore size, and the mechanical propef@esdirectional ice

freezing, laminasilk scaffolds could be producét.

Films

Onemethod to produce films and coatingsit of silk proteings casting of a protein
solution on a substratéllowed bysolvent evaporabn. Cther techniquesto deposit asilk
protein layerare dip coating, where the substrate is dipped irg@rotein solution which is
allowed to dry afterifting the substrateout of the solutionand spray coatind® **° Silk
films are usedn biomedical applications such as biocompatible carrier for drug delivery or
wound dressings.Many investigationsconcentrate on tissue engineering of bone,

cartilage, as well as corné&*"*

In this thesis films were generated by castiigpe flm thickness is depending on
the concentrationandthe volume of theprotein solution. The secondary structure of such

films is dependent on the protein, the solvent, and the substthty arecaston.*’*"®

Such filmsnay, depending on the protein solvemgquire post treatment torender
them insolublein water. Thishappensdue to secondary structure changef the proteins
from anh-helical to a Fsheet rich structureThere are various possibilities to change the
secondary structure of thsilk proteins infilms such asreatment with methanol,ethanol,
isopropanol, water vapoutemperature annealingstretching,storage/agingcosmotropic

salt solutionsand UV treatment/2174 177178
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For theuseof silk filmsas material for optics, electronics, and atied cell culture
applicatiors, it is necessary to generate a structured instead of smooth surfealericating
patternedfilmsis possible byarious techniques such as soft lithographgnamprinting,
inkjet printing,and contact printing *"#*#2 Often a template out oPDMSwhich is produed
by casting on dithographicallyfabricated silicon patterms usedto cast a film thereon, or
lithographically produced templates are imprinted into a smooth film. Inkjet printing as
well as contact printing uses another principle, where silk proteiprinted or stamped on

defined areas of a surface.

3.4. Aims of the work

Silks are envisioned as a raw material for a broad range of applications stieh as
use as biomateria) wound dressing drug delivery vehicke or high performance fibre%
180 183185 Eor the developmentof a nove silk material with defined properties, the
connection between structure and functiaf naturalsilk proteinshas to be understood in

detail.

The aim of this work was to design and produce a silk protein, which can be

processed into various morphologiés be used for different applicationd.o find a silk

with interesting properties,silks deriving from different animalsvere mechanically
analysed.Secondary structure analysiad sequence data of the underlying protewfshe
silkwas intendedo understandstructureemechanical propertieselationshipof the silks A
synthetic gene could be designed comprising the important sequences. Afisrsstonof

this genein E. coli a purification strategy for the@esulting protein was developed.The
processability of the proteinnto various morphologies such as fibres, films, capsules,
hydrogels, and foamwassubsequentlynvestigated and compareid the natural material

in the case of fibres
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4. Overviewof the thesisincluding

unpublished data

This dissertation contains three publications (chaptsix to eight) gpanning the
analysisof silk materias, through recombinant production of a designidtewing egg stalk

protein, to processing of the artificial protein into materials

4.1. Mechanical aalysis of natural lacewinggg

stalks and fibres of caddies

Hbres spun under water bgaddisflylarvae and egg stalks produced by lacsysi

were mechanically analysed.

Final instar larvae oflydropsychesp. were bred in avented beaker overnight at
4°C The next daysingle fibres were removed carefully from the water. Afterwards the
fibreswere glued on plasticframeswith a gauge length of &hm, and the diameter of the
fibores was measuredising a light microscopeMechanical testing was conducted at
different relative humidity(30% 70% and 100%the laterfor lacewing C. carenaegg

stalksonly), to analyse thenfluenceof humidityon themechanical properties of siff€°

The caddisfly silk was more extensible at 30% relative humidigth 70%
extensibility compared to @ for the lacewing egg stalk¥alde 2). In contrast at 70%
relative humidity the egg stalks ee@d the extensibility otadlisfly silk with 210%The
caddisfly silkk has a higher tensile strength yielding 462 MPa (30% relative humidity)
respectively 510 MP#&70% relatie humidity) compared to the eggtalks with 68 MPa
(30% relative humidity) to 232 MPa (70% relative humidityle egg stalks are stiffénan
the caddisflysilk by a factor of 1.57 (30% relative humidity) respectively 1.25 at 70%
relative humidity, A Y RA OF G SR o6& | KATAKtBuyines2 (dagrgyQuichY 2 R dzt

could be absorbed before breakage) which reflects a combination of extensibility and
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strength is much higher for the caddisfly silk at 30% relative humidity whereas at 70%

relative humidity the difference is less pronounced.

TaHde 2: Mechanical analyses afaddisflysilk and lacewing egg stallet different relative humidity (RH)

RH Real stress Extensibility , 2 dzyy 3 Qa Toughness

[%0] [MPa] [%0] [MPa] [MJIm3]
Hydropsyche Sp. 30 462 + 193 70 3,683 £1,163 120+ 71
70 510 + 205 114 2,532 + 1357 146 + 67
Chrysopa carnea 30 68 £ 19 21 5777 £ 1257 1+1
70 155 £ 75 210 £ 100 3,175 + 1015 87 £ 49
100 232 +104 433 £ 127 1,285 + 481 110 £ 43

Even thoughcaddisflysilk has a higher strength and toughness than lacewiyg
stalk silk, we decided to concentrate on the lacewing egg stalk silk because of the
interesting secondary structure of the proteiimsvolvedand the bending stiffnessf the

stalks(Figurel3 B).

4.2.  Structural analysis of lacewing egg stalk silk

The secondary structureof lacewing egg stalksvas anajsed by Raman
spectroscopy. TherossR structure present in unstretched egg statkansforms into a
parallet3 structure after stretching up to 500% at 70% and 108iive humidity(Figure
7 A), but not at 30%relative humidity

At the lowerrelative humiditythe stalk ruptures at 2% strain and no structural
changes could be observed. Scanning electron microsq&iiM) images of partially
stretched egg stalks show a sequential thinning and no homogeneous thinning over the
entire length (Figure B). Raman measurements at thinned parts (100% stretched stalks)
revealed a partial rearrangement of thesands to parallel 3 sheets (Figuré&).

We developed a model explaining the differences between 30% and fi€@%ve
humidity when hydrogen bonds between the-dirands rupture and the strands rearrange

parallel to thefibre axis Figureg).
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Figure7: A: Orientation parameters and most probable distribution functions for amide | bands. The 0° of
the polar plot coincides with the fibre directionB: Scanning electron micrograph of a partially stretched
lacewing egg stalkAdapted with permission fromBiomacromoleculeg2012, 13, 373&). Copyright 2012
American Chemical Society.

Figure8: Schematic picture of stalk rupture at low and high relative humidigH) (Black stars: Hydrogen
bonds break; red stars: disulphide bondseak; black protein backbone: involved in rearrangement; green
protein backbone: unaffected)Reprinted with permission fromBiomacromoleculeq2012, 13, 37305).
Copyright 2012 American Chemical Sxig.
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