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1 Kurzzusammenfassung

Kollagen ist ein zentraler Bestandteil der extrazellularen Matrix und damit eines
der am haufigsten vorkommenden Proteine im Tierreich, welches somit
malfdgeblich fir die Struktur, Form und Mechanik des darauf basierenden

Gewebes verantwortlich ist.

Die biomedizinische Verwendbarkeit von Kollagen wurde bereits frih erkannt,
nachdem festgestellt wurde, dass sich gereinigte Kollagenfasern, die aus der
Submucosa des Dunndarms von Tieren gewonnen wurden, als resorbierbares
Nahtmaterial eignen, welches seither als Catgut bekannt ist. Trotz mdglicher
unerwinschter Nebenreaktionen, wie z.B. der Moglichkeit einer allergischen
Reaktion auf derartige Xenotransplantate, wird Kollagen heutzutage in vielfaltige
Morphologien prozessiert und findet besonders als Barriere- und Fillsubstanz bei

der Geweberekonstruktion Verwendung als Biomaterial.

Naturliches Kollagen ist eine hierarchisch assemblierte Struktur, die in ihrer
Proteinsequenz klar definiert ist: Da sich Kollagen aus drei a-Ketten in eine
schlanke, rechtsdrehende Tripelhelix faltet, bestehen sterische Einschrankungen,
die dazu fuhren, dass an jeder dritten Position der a-Kette nur Glycin als
Aminosaure in Frage kommt. Das fuhrt dazu, dass Kollagen-codierende Gene oft
anhand der repetitiven Konsensussequenz (Gly-X-Y), erkannt werden kénnen.

Tierische Kollagene zeichnen sich aul3erdem dadurch aus, dass die Positionen X
und Y des Konsensusmotivs oft mit Prolin bzw. Hydroxyprolin besetzt sind, da
diese  Aminoséduren  durch  die  Ausbildung von intermolekularen
Wasserstoffbriicken und die energetisch im Gegensatz zu anderen Aminosauren
gunstigere trans-Konfirmation einen stabilisierenden Effekt auf die Tripelhelix
ausuben. Die gezielte Hydroxylierung von Prolin zu 4-Hydroxyprolin und der damit
verbundene Stabilitatsgewinn fuhren im Umkehrschluss dazu, dass nicht korrekt
hydroxyliertes Kollagen oftmals eine verhéltnismafig instabile Faltung aufweist,
welche die Verwendung von solchen inkorrekt prozessierten Proteinen als

Biomaterial einschrankt.



Zusatzlich zu der enzymatisch katalysierten Prolin-Hydroxylierung finden wéahrend
der Synthese von fibrillarem Kollagen aul3erdem weitere posttranslationale
Prozessierungsschritte statt, wéahrend derer die Grundlage fir die weitere
Assemblierung der einzelnen Tropokollagenmolekile in Kollagenfibrillen bis hin zu
ganzen Kollagenfaserbiindeln geschaffen wird. Trotz der einfachen Primarstruktur
handelt es sich bei tierischem Kollagen also um eine hochkomplexe,
hierarchische Struktur, welche nicht ohne weiteres in vitro nachgebaut werden
kann. Vereinfacht ware die Struktur-Funktionsanalyse durch ausreichende
Mengen nicht prozessierten Kollagens, welches aber nur mittels rekombinanter
Techniken bereit gestellt werden kann. Bislang konnte jedoch trotz zahlreicher
Bemuhungen zur Herstellung von geeigneten Expressionssystemen auf Basis von
Bakterien und Hefen biotechnologisch Kollagen nur durch die Kultivierung von

Fibroblasten produziert werden.

Im Zuge dieser Arbeit wurde deshalb versucht, den Anspruch eines
rekombinanten Kollagens an das Expressionssystem besonders in Hinsicht auf
die Notwendigkeit von Sekundarmodifikationen zu verringern. Als ein madglicher
Kandidat in diesem Zusammenhang wurde das Muschelbyssuskollagen preColD

gewahlt und erfolgreich in P. pastoris produziert.

Bei preColD handelt es sich um einen zentrales Strukturprotein des
Muschelbyssusfadens, welches mitunter fur dessen ausgezeichnete mechanische
Eigenschaften verantwortlich ist. Zusatzlich zu einer zentralen Kollagendoméne
enthdlt preColD Alanin-reiche, flankierende Domanen, die wahrend der
Assemblierung des Proteins (-kristalline Strukturen ausbilden, sowie Histidin-
reiche Termini, die im natirlichen Faden zusétzlich DOPA enthalten, welches
Metallkomplexierung und Adhé&sion vermittelt. Obwohl das natirliche preColD
wahrend der Biosynthese sowohl in der Kollagendomane Hydroxyprolin und in
den terminalen Domé&nen DOPA als posttranslationale Modifikation enthalt, konnte
das Protein rekombinant ohne diese Sekundarmodifikationen produziert werden
und selbst aus dem vollstdndig denaturierten Zustand in Fibrillen assemblieren,
sowie seidenahnliche, [-kristalline Strukturen in entsprechenden Doménen

ausbilden.



Es konnte gezeigt werden, dass die Selbstassemblierung von preColD mdglich
ist, da flankierende Doméanen vorhanden sind, die die Entstehung von Gelatine-
artigen Netzwerken verhindern, indem sie eine Erstassemblierung ermdglichen,

die als Keim fir die Ausbildung einer korrekt gefalteten Kollagen-Tripelhelix dient.

Diese Beobachtung konnte im Zuge einer zweiten Arbeit bestatigt werden, in der
ein synthetisches (GPP)so-Polymer in E. coli rekombinant produziert wurde. Das
so genannte eCol wurde am Aminoterminus mit einem redox-schaltbaren Foldon
versehen, welches unter oxidierenden Bedingungen Cystin-Briicken ausbildet und
damit zur Oligomerisierung der gelésten Monomere fihrt.

Im Zuge von Schmelzpunktbestimmungen wurde der Einfluss der Foldon-Domane
auf das Assemblierungsverhalten der eCol-Konstrukte unterschiedlicher Lange
untersucht und dabei festgestellt, dass eine derartige Doméane ausreichend ist,
um eine Assemblierung von tripelhelikalem Kollagen unter physiologischen
Bedingungen zu ermoglichen. Weiterhin wurde beobachtet, dass das gezeigte
(GPP)q-basierte  Polymer Uberraschend stabil ist und auch ohne das
Vorhandensein von Hydroxyprolin Schmelzpunkte weit jenseits derer von

nattrlichem Kollagen aufweist.

AuBBerdem konnte gezeigt werden, dass die Cytokompatibilitit von eCol
dahingehend gewabhrleistet ist, dass es im nativen Zustand keinerlei Interaktion
mit Zelloberflachenrezeptoren wie z.B. Integrin zeigt und damit eine aus
biologischer Sicht inerte Oberflache bietet, an welche mehrere untersuchte
Zelllinien nicht adharierten. Wurde das langkettige eCol als Matrix fur kurzkettige
(GPP).-Peptide genutzt, welche zusatzlich spezifische Adhasionsmotive tragen,

fand daran die Zelladhasion statt.

Es konnte also gezeigt werden, dass es durch rationales Design mdglich ist,
rekombinant produzierbare, kollagenartige Proteine herzustellen, die die
Moglichkeit zur schaltbaren Selbstassemblierung besitzen und zusatzlich dazu
genutzt werden konnen, gewinschte Funktionalitdten gezielt in das Protein
einzubringen, wodurch rekombinante Kollagene in Zukunft gute Kandidaten fir

Anwendungen als Biomaterial sind.



2 Short summary

Collagen is an important constituent of the extracellular matrix and therefore one
of the most abundant proteins in the animal kingdom. It is largely responsible for
the shape, structure and mechanical properties of the tissues it helps to form.

The possible biomedical applications of collagen have been known since ancient
times, with the most prominent example being absorbable suture materials called
catgut, which is made from the cut and purified submucosa of sheep intestine.
Even though there is a chance for unwanted immune reactions to such
xenotransplants, such as allergic responses, collagen-based biomaterials for
medical use have since been processed into a variety of morphologies and are
currently most prominently applied as a barrier or filler material during

reconstructive surgery.

Natural collagen is a hierarchical structure with a well-defined protein consensus
sequence: Since collagen folds by assembling three a-chains into a slim, right-
handed triple-helix, some steric hindrances arise, allowing only glycine on every
third position within the a-chain. As a result, this often allows collagen-encoding

genes to be identified solely by their repetitive (Gly-X-Y), consensus sequence.

Additionally, in animal collagen, the positions X and Y of this consensus sequence
are often populated by proline and 4-hydroxyproline, respectively, because these
amino acids allow the formation of intermolecular hydrogen bonds and, due to
their statistically higher abundance of the trans-conformation, provide an energetic
benefit and hence stabilizing effect to the triple helix. Conversely, this means that
when the stabilizing properties of hyrdoxyproline are missing due to improper
hydroxylation, the resulting collagen will be more easily unfolded and degraded,

which reduces the applicability of such a biomaterial.

In addition to the enzymatically catalyzed proline hydroxylation, additional post-
translational processing steps take place during the biosynthesis of fibrillar
collagen, during which the basis for the assembly of the single tropocollagen

molecules into collagen fibrils and even fibers is established.



Consequently, even though the repetitive primary sequence might appear simple,
animal collagen is a highly complex, hierarchical structure that cannot be easily

replicated in vitro.

In order to analyze the structure-function-relationship of these proteins, sufficiently
large quantities of unprocessed collagen are required, which can only be provided
with recombinant expression systems. Even though several attempts have been
made to find such systems utilizing bacteria and yeast, the only currently viable,
biotechnological strategy for the production of collagen is the cultivation of
fibroblasts.

One of the goals of this thesis was therefore to reduce the requirements of the
recombinant collagen towards the expression host, especially with regards to the
necessity of secondary modifications. One candidate to fulfill this prerequisite was
found with the mussel byssus protein preColD, which could be successfully

produced in the yeast P. pastoris.

preColD is a major structural protein within the byssus thread and strongly
impacts the overall mechanical performance of this tough fiber. In addition to a
central collagen-like core domain, preColD contains alanin-rich flanking domains
that form silk-like B-sheet rich crystals during the fiber assembly, as well as
histidine-rich terminal domains that, in the natural byssus, also contain DOPA.
Both of these amino acids can form metal ion complexes, which mediate
intermolecular adhesion and provide a mechanism for a remarkable form of
energy dissipation and subsequent self-healing. Although the natural preCol
proteins contain secondary modifications such as hydroxyproline within the
collagen domain, as well as DOPA within the terminal domains, this protein could
be successfully produced recombinantly without these posttranslational
modifications, and still has the ability to correctly form both fibrillar and silk-like

crystalline structures from unfolded monomers.

It could be shown that the self-assembly of preColD was possible because of the
presence of flanking domains that assembled before the collagen-like domain and
thereby provided a nucleation site for the growth of single, correctly folded
collagen triple-helix instead of an unstructured gelatin-like network.



The same observation could be made when a synthetic (GPP)so-polymer was
expressed in E. coli. The amino-terminus of this so called eCol protein was fitted
with redox-switchable foldon domain that, under oxidizing conditions, would form
cystein bridges between other eCol-monomers and thereby lead to the formation

of oligomers.

The influence of this foldon domain on the folding and assembly properties was
investigated during melting-point determination experiments for eCol-constructs of
varying lengths. It was found that the domain was sufficient to promote the
formation of collagen-like secondary structures under physiological conditions.
Furthermore, it could be shown that even without hydroxylation, (GPP).-based
polymers are remarkably stable and, depending on their length, can have melting

points far beyond those of natural collagen.

Furthermore, it could be shown that eCols are cytocompatible in that they do not
show interaction with cell surface proteins such as integrins in their native state,
thereby offering an inert surface that does not show adhesion for several tested
cell types. However, when using a long-chain eCol as a matrix for short
(GPP).-peptides, specific functionalities such as adhesion motifs can be
integrated into the structure and in the case of RGD-motifs, cell adhesion could be

observed.

In conclusion, this thesis shows that with rational design, it is possible to
recombinantly produce collagen like proteins that contain features which allow a
switchable self-assembly and furthermore possess the ability to quickly integrate
specific functional groups, which should allow these recombinant collagens to be
promising candidates for future biomaterials based thereon.
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4 Einleitung

Bei Kollagen handelt es sich um eines der mengenmaflig am haufigsten
vorkommenden Proteine im Tierreich [1]. Bereits einfache mehrzellige
Organismen wie z.B. Schwadmme und Nesseltierchen nutzen Varianten von
Kollagen, um daraus ihre extrazellulare Matrix aufzubauen, deren mechanische
Eigenschaften zu pragen und eine kompatible Umgebung fir die Zellen des

jeweiligen Gewebes zu schaffen [2].

Zusatzlich zu eukaryontischem Kollagen sind auch manche Prokaryoten in der
Lage Proteine herzustellen, die eine Kollagen-typische, tripelhelikale Faltung
annehmen, welche nach der Verankerung in der Zellwand des Bakteriums dazu
dienen, es im Gewebe zu adharieren und vor der Immunantwort des Wirts zu
schitzen [3]. Bei bakteriellem Kollagen handelt es sich deshalb in erster Linie um

einen Virulenzfaktor und weniger um ein Strukturprotein [4].

Besonders in Hinblick auf biomedizinische Anwendungen sind fibrillare Formen
von Kollagen seit langem ein attraktives Material, da es durch seine klar definierte
molekulare Struktur, seine morphologische Variabilititt und sein beinahe
ubiquitares Vorkommen auch Uber Speziesgrenzen hinweg

Anwendungsmoglichkeiten bietet [5].

Die ersten resorbierbaren Nahtmaterialien wurden beispielsweise aus dem
gereinigten Dinndarm von Schafen gefertigt (,Catgut®) und sind seit jeher neben
der Seide von B. mori in diesem Zusammenhang eines der bekanntesten
proteinergen Biomaterialien, welches zur Zeit jedoch aufgrund seiner schwachen
mechanischen Festigkeit nur fur die Vereinigung von weichem Gewebe verwendet
werden kann [6], [7].

Neue Verfahren zur Prozessierung von geldstem Kollagen, darunter insbesondere
der Einsatz von Mikrofluidik-basierten Nassspinnverfahren [8], fuhrte in den
letzten Jahren zu mechanisch leistungsfahigeren Kollagenfasern, die der
Festigkeit von Sehnen gleichen und demnach fir die Herstellung und Reparatur

von Biomaterialien mit &hnlichen Charakteristika geeignet sein sollten.



Im Zuge der plastischen und rekonstruktiven Chirurgie sind seit den 80er Jahren
des letzten Jahrhunderts nicht-fibrillare, gereinigte Pr&parationen von Typ 1
Kollagen aus Rinderhaut (z.B. Zyderm® und Zyplast®) als Implantate und Fllstoffe
verfugbar, welche jedoch in bis zu 5% aller Patienten aufgrund von allergischen
Reaktionen nicht verwendet werden kdonnen und in manchen Féllen trotz nicht
bestehender Allergie nach der Implantation verzdgert Immunreaktionen und
Kreuzreaktionen zu anderen Kollagenen hervorrufen kénnen [9], [10]. Aus diesen
Grunden wurden die genannten Produkte in den letzten Jahren zunehmend von
Produkten auf Basis von anderen Polymeren, wie z.B. Hyaluronsaure, und
biotechnologisch produziertem, humanen Kollagen (z.B. Cosmoderm® und

Cosmoplast®) verdrangt [11].

Durch die Entwicklung neuer Technologien, wie der eben genannten
biotechnologischen Proteinproduktion, Gen- und Festphasenproteinsynthese
sowie biomimetischer Prozessierung steht seit einigen Jahren der Weg hin zu
neuen Kollagenen und kollagenmimetischen Produkten offen, welche in Zukunft
die Moglichkeit bieten werden, die soeben beispielhaft genannten Probleme zu
umgehen [12], [13].

Diese Arbeit setzt sich aus mehreren Teilarbeiten zusammen, welche die
momentane Rolle von Kollagen als Biomaterial diskutieren und die Moéglichkeit der
Produktion von Kollagen-adhnlichen Proteinen unterschiedlicher Herkunft

demonstrieren, die Ansatze zur Lésung der genannten Probleme bieten kénnen.

4.1 Die molekulare Struktur und Assemblierung von Kollagen

Bei fibrillarem Kollagen, welches den Hauptanteil der extrazellularen Matrix
ausmacht und besonders von den Typen |, IlI, lll, V und Xl vertreten wird [14],
handelt es sich um hierarchisch aufgebaute Strukturen, deren Primarsequenz
bereits zur korrekten ldentifikation als Kollagen dienen kann. Fibrillare Kollagene
durchlaufen im Zuge ihrer Assemblierung jedoch mehrere Schritte, um ihre
endgultige Struktur und mechanischen Eigenschaften auszubilden.



Die grundlegende Eigenschaft aller Kollagene ist die Faltung in Form in einer
rechtshandigen Tripelhelix, bestehend aus drei linkshandigen a-Proteinketten,
welche einen geringen Durchmesser von 1,6 nm aufweist und etwa alle drei
Aminosauren eine Windung vollendet (s. Abb. 1). Als Folge dieser rdumlichen
Vorgabe ist es notig, dass alle Aminoséauren, deren Seitenketten die Ausbildung
der Helix aus sterischen Grunden stéren wirden, durch Glycin ersetzt wurden,

was zu einer repetitiven Konsensussequenz mit dem Motiv (Gly-X-Y), fuhrt [15].

Die Positionen X und Y des Konsensusmotivs werden in typischem Tierkollagen
oft von Prolin (X) und 4-Hydroxyprolin (Y) besetzt, da fur diese Aminosauren die
fur die Tripelhelix nétige trans-Konformation energetisch ginstiger ist als fir
andere Aminosauren [16], [17]. AuRerdem kdnnen diese Aminosauren, besonders
Hydroxyprolin in der Y-Position, die Stabilitat und damit den Schmelzpunkt der
Tripelhelix durch die Ausbildung von intermolekularen Wasserstoffbriicken
erhdhen [18].

Da die genannte cis-trans-Isomerisierung von Prolin bei der Ausbildung der
Kollagen-Helix den zentralen ratenlimitierenden Schritt darstellt, ist es zur
korrekten Faltung von Tropokollagen aus den a-Ketten nétig, dass eine gezielte
Nukleation der zukinftigen Helix stattfindet [19], weil es ansonsten durch die
spontane Ausbildung von zufallig verteilten, tripelhelikalen Abschnitten zwischen
den einzelnen Monomeren zum Entstehen von gelatineartigen Netzwerken
kommt. Aus diesem Grund nutzen beinahe alle Kollagene spezielle
Trimerisierungsdomanen (s. Abb. 2), welche die Faltung von Prokollagen aus den
monomeren a-Ketten beglnstigen [20]. Erst nach der proteolytischen Spaltung
dieser Domanen handelt es sich um Tropokollagen, welches durch weitere
Selbstassemblierung zur Bildung von Kollagenfibrillen in der Lage ist.
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Abbildung 1: Die l6slichen a-Ketten werden im Endoplasmatischen Retikulum (ER) posttranslationalen
Modifikationen unterzogen und falten dann, induziert durch die Nukleation ausgehend von einer
Trimerisierungsdoméne, in ein tripelhelikales Prokollagen. Im Zuge weiterer Prozessierung kommt es
wihrend oder kurz nach der Sekretion zu einer proteolytischen Spaltung der terminalen Propeptide und
damit zur Bildung von Tropokollagen. Je nach Kollagentyp findet nun im Extrazelluldren Raum eine weitere
Assemblierung (hier: Fibrillisierung) statt, welche mit zunehmender Alterung des Kollagens durch die
Kniipfung von kovalenten Bindungen stabilisiert wird. Modifiziert nach [21] mit Erlaubnis des Verlags
(© The Authors Journal compilation © 2012 Biochemical Society).
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Abbildung 2: Beispielhafte Darstellung der Funktion von Trimerisierungsdoméanen wahrend der Faltung
von Kollagen: (a) Geschmolzenes Kollagen ohne Trimerisierungsdoméne bildet bei der Assembrierung aus
ungefalteten Monomeren eine quervernetzte, Gelatine-artige Struktur aus. (b) Ist eine
Trimerisierungsdoméne vorhanden, welche vor der Ausbildung der Helix assembliert, dann dient diese
Struktur als Keim fiir die Faltung von klar definiertem Prokollagen. Ubernommen aus [20] mit Erlaubnis des
Verlags (© Elsevier Ltd.).
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4.2 Fibrillare Kollagene in der extrazellularen Matrix

Die extrazellulare Matrix (ECM) flllt im Wesentlichen den extrazellularen Raum
eines Gewebes aus und ist somit mal3geblich fir dessen biochemische und
physikalische Eigenschaften verantwortlich. Die typischen Hauptkomponenten der
ECM sind Polysaccharide (Glucosaminoglycan, Hyaluronsaure), Proteine
(Kollagen, Elastin, Keratin) und Glycoproteine (Proteoglycan, Fibronectin), welche

untereinander vernetzt sind [22], [23].

Der Ubergang zwischen Protein, Glycoprotein und Proteoglycan ist abhangig vom
Grad und Art der Glycosylierung flieend, sodass die Einteilung der ECM-

Komponenten in diese Klassen hauptsachlich historisch begriindet ist (s. Tab. 1).

Wahrend die ECM in erster Naherung in manchen Geweben als simple
Geruststruktur fur die Verankerung der darin enthaltenen Zellen verstanden
werden kann, sind besonders mechanisch stark belastete Gewebe wie Haut,
Sehnen und Knochen vorwiegend von den mechanischen Eigenschaften der
zugrundeliegenden Polymere gepréagt. Fibrillares Kollagen ist in diesem
Zusammenhang besonders wichtig, da es spontan zur Ausbildung von stabilen
Fibrillen aus einzelnen Tropokollagen-Tripelhelices in der Lage ist, welche
weiterhin zu mechanisch belastbaren makroskopischen Fasern assemblieren

konnen und demnach diese Rolle im Kdrper vorwiegend tbernehmen [24].

Zellen interagieren mittels verschiedener Oberflachenrezeptoren, insbesondere
Integrin, mit den unterschiedlichen Bestandteilen der ECM und kdénnen sich so
einerseits mechanisch verankern, als auch andererseits die uber diese
Membranproteine transduzierten Signale zur Regulation des eigenen
Stoffwechsels nutzen, um z.B. Differenzierung, Migration, Apoptose oder Auf- und
Abbau der ECM einzuleiten [25], [26].
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Da es sich bei der ECM also nicht um ein inertes, statisches Gebilde handelt,
welches lediglich die darin beherbergten Zellen fixiert, sondern alle Bestandteile
miteinander interagieren und einem standigen Umbau unterlegen sind, ist es unter
diesem Gesichtspunkt sinnvoll, bei der Manipulation von bestehenden Geweben
iIm Zuge von medizinischen Behandlungen die Kompatibilitdt zu der bereits
vorhandenen ECM als wichtiges Merkmal des dazu verwendeten Biomaterials in

Betracht zu ziehen.

Fibrillares Kollagen, insbesondere das beinahe ubiquitdr vorkommende Typ |
Kollagen, sind aus diesem Grund fir die meisten Anwendungen ein gut
geeignetes Biomaterial, besonders dann, wenn im Zuge von regenerativer
Medizin eine hohe Kompatibilititt zu bestehenden ECMs und deren darin

residierenden Zellen gewtnscht ist [27].
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Tabelle 1: Bestandteile der extrazellularen Matrix

Stoffklasse Familie Bemerkung

Fibrillar
Zahlreiche Varianten, je nach (Typ I, I, 11, V, XI)

Typ Homo- und Heterotrimere oril -
moglich. Hauptprotein der F_'I_ r Ie)?a;ﬁoi':\e/rt
Kollagen extrazellularen Matrix. (Typ IX, XII, XIV)

Typenspezifische Interaktion Netzbildend

Protein mit anderen Bestandteilen der (Typ IV, VI, X)

ECM und Zellrezeptoren.
Andere

Elastischer, weniger fest als Kollagen. Hauptbestandteil

Elastin von weichen Geweben, insb. Blutgefal3e, Lunge, Haut.

Als Bestandteil von Keratinozyten; Heterodimer; stark

Keratin Uber Disulfide quervernetzt.

Cystein-verknupftes Dimer. Zahlreiche Funktionen,
darunter Quervernetzung von anderen Matrix-
Bestandteilen, Interaktion mit Signalrezeptoren,

Glycoprotein Wundheilung.

Fibronectin

Heterotrimer, 15 bekannte Klassen. Hauptbestandteil
Laminin der Basallamina. Bildet zusammen mit Typ IV-Kollagen
ein Vlies aus vernetzten Fibrillen.

Strukturell verwandt mit Heparin. Langkettiges,
unverzweigtes Poly-Disaccharid, haufigste
Heparan-sulfat Untereinheiten: Glucuronsaure und N-Acetylglucosamin
bzw. deren Sulfate. Interagiert mit Integrinen, Perlecan,
Agrin, Kollagen XVIII.

Chondroitin- Unverzweigtes Poly-Disaccharid (N-Acetylgalactosamin
Proteoglycan und Glucuronséure bzw. Sulfate). Wichtiger Bestandteil

sulfat
von Knorpeln.
Dermatan- Poly-Disaccharid, Bestandteil von Haut, Blutgefal3en,
sulfat Lunge, Sehnen.
Keratan- Poly-Disaccharid. Bestandteil von Cornea, Knorpel,
sulfat Sehnen und Knochen.

Polysaccharid aus Glucuronséure und N-Acetyl-
Glucosamin. Nicht sulfatiert und nicht an Protein
Hyaluronsaure gebunden. Generelle Funktion als ,Schmierstoff”,
zusatzlich zahlreiche Aufgaben wahrend Zellmigration,
Wundheilung, Regulation von Entziindung.

Glucosamino-
glykan
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4.3 Limitationen von Kollagen als Biomaterial

Biomaterialien sind Materialien, die fir einen medizinischen Zweck mit einem
Organismus interagieren und sich dabei durch hohe Biokompatibilitét
auszeichnen. Das bedeutet, dass das Material weder toxisch noch immunogen
sein darf und sich in seinen weiteren Eigenschaften dahingehend auszeichnet,

dass es eine spezifische Aufgabe mit einer angemessenen Wirtsantwort erfillt.

Die genannte Definition von Biokompatibilitdit nach Williams [28] ist besonders
realitdtsnah, da sie die geforderte Funktionalitat des Biomaterials als Kompromiss
den mdoglicherweise unerwiinschten Reaktionen des Wirts gegeniberstellt. Somit
sind auch korperfremde Materialien wie z.B. Titan fur gewisse Aufgaben der
Definition nach biokompatibel, né&mlich dann, wenn die (mechanischen)
Anforderungen nur durch solche Stoffe erfullt werden kdnnen. Als Umkehrschluss
dessen wird aul3erdem klar, warum Kollagen-basierte Materialien trotz ihrer Rolle
als zentraler Bestandteil der ECM und der damit gegebenen Cytokompatibilitat

nicht in weitaus héherem Ausmalf zur Anwendung kommen:

Die heutzutage verwendeten, medizinischen Produkte, welche aus extrahierten
und gereinigten Kollagenen hergestellt werden, beschranken sich gréf3tenteils auf
Filme und sonstige Barrieren, Schwamme, Fillstoffe, Gele und Nanopartikel,
welche sich allesamt nicht durch hohe mechanische Festigkeit auszeichnen [29].
Trotz der nachweislich hohen mechanischen Leistungsfahigkeit von vielmals stark
belasteten, kollagenbasierten Strukturen im Koérper, wie z.B. Knochen, Haut und
Sehnen [30], ist es heutzutage nicht mdglich, diese Eigenschaften mit den derzeit
ublichen Verarbeitungsmethoden ex vivo im kommerziellen Malistab zu

reproduzieren.

Ein weiterer Nachteil von Kollagen ist die potentielle Immunogenitat, die, wie
bereits zuvor erwahnt, bei der Verwendung von xenogenen Transplantaten
auftreten kann und somit die Biokompatibilitdt von tierischem Kollagen generell in
Frage stellt. Vor der Anwendung von bovinem Kollagen ist es z.B. ublich, einen
Allergietest auf das Material durchzufuhren, der in etwa 5% aller Falle positiv
ausfallt [11].
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Da allogene Kollagenquellen nur begrenzt verfugbar sind, ist die
biotechnologische  Produktion von  humanidentischem Kollagen oder
hypoimmunogenen Mimetika deshalb ein zentraler Punkt der derzeitigen
Kollagenforschung — der momentane Stand der Technik bedient sich hier der
Kultivierung von humanen Fibroblasten, welche mit vergleichsweise hohen Kosten
verbunden ist. Auch pflanzlich produzierte, rekombinante Kollagene sind bereits
kommerziell verfugbar, jedoch ist es auch hier nicht méglich, fibrillare Formen mit

hoher mechanischer Festigkeit zu produzieren.

Zusammenfassend lasst sich deshalb sagen, dass die derzeitig verfigbaren,
Kollagen-basierten Biomaterialien teuer, nicht ausreichend biokompatibel
und/oder mechanisch schwach sind, und dass neue Wege zur Eliminierung dieser

Nachteile erstrebenswert sind.
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4.4 Muschelbyssuskollagene

Der Byssus z.B. einer Miesmuschel (Mytilus galloprovincialis) ist eine aus
zahlreichen Fasern bestehende Haltestruktur, mit der sich der Organismus am
Untergrund fixiert (s. Abb. 3). Da Miesmuscheln die Gezeitenzone besiedeln,
muss der Byssus starken Strémungen und unterschiedlichen chemischen

Bedingungen auf langere Zeit standhalten kénnen.

Am proximalen, d.h. dem muschelseitigen Ende entspring ein Byssusfaden dem
Byssusstamm, welcher wiederum Uber einen Retraktormuskel mit dem
Schalengelenk und dem Muschelful verbunden ist. Am distalen Ende des Fadens
geht dieser in einen zementartigen Plaque Uber, welcher mittels spezieller

Klebeproteine die Haftung an den jeweiligen Untergrund vermittelt [31].

Weil es sich bei dieser Haltestruktur und dem damit verbundenen Untergrund um
mechanisch und chemisch stark unterschiedliche Stoffe handelt ist es wichtig,
dass das Elastizitaitsmodul des Fadens dem des damit verbundenen Materials
entspricht, da es sonst bei der Deformation in Folge von mechanischer Belastung
zu Briichen zwischen diesen Ubergangen kommen kann [32]. Da die Muschel aus
verhaltnismaRig weichem Gewebe besteht (E = 10 — 50 MPa), sich jedoch mit
harten Untergrinden (E = 500 MPa — 50 GPa) verbinden muss, wurde das
Problem der radialen Belastung bei derartigen Ubergangen evolutionar
dahingehend gel6st, dass der Faden einen mechanischen Gradienten aufweist:
der distale Bereich des Fadens, welcher mit der harten Haftstruktur interagiert, ist
bedeutend steifer und zugfester als der proximale Teil, der hingegen elastischer
und dehnbarer ist und dem E-Modul des Molluskengewebes &hnelt (s. Abb. 3).

Auf molekularer Ebene besteht der gut untersuchte Byssus der Mytilidae aus
einer amorphen, proteinbasierten Matrix, in die kollagenartige Fibrillen eingebettet
sind, die zusatzlich zu einer zentralen Kollagendoméne auch weitere
Funktionalitaiten besitzen, welche die mechanischen Eigenschaften der Faser
ebenfalls pragen (s. Abb. 4) [33]:

Das im proximalen Byssusfaden vorrangig vorkommende preColP enthalt Elastin-
ahnliche Doménen, welche diesem Abschnitt des Fadens eine hohe Elastizitat

verleinen [34]. Im Zuge eines Proteingradienten, welcher makroskopisch als
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morphologische und mechanische Varianz im Faden beobachtet werden kann,
nimmt der Gehalt an preColP zugunsten eines héheren Anteils an preColD im

distalen Bereich der Faser ab.

preColD, welches, anstelle der elastindhnlichen Domanen von preColP, Alanin-
reiche, seidenéhnliche Doméanen besitzt, verleint dem Byssusfaden im distalen
Bereich eine bedeutend hdhere Steifigkeit und Zugfestigkeit, was es dem Faden
erlaubt, hohe Mengen an mechanischer Energie umzusetzen, bevor der Byssus

und die daran befestigte Muschel Schaden nehmen [35].

preCoING, das Strukturmotive enthélt, die denen von Pflanzenzellwandproteinen
ahneln, ist im Byssus mit beinahe konstanter Verteilung zu finden und Gbernimmt

die Rolle eines ,Mediators” zwischen den anderen Muschelbyssuskollagenen [36].

Neben den elastin- und seidendhnlichen Domanen besitzen alle preCols
aullerdem terminale Doménen, die einen hohen Anteil an Histidin, sowie durch
enzymatisch katalysierte Oxidation von Tyrosin gewonnenes DOPA (3,4-
Dihydroxyphenylalanin) aufweisen [37], [38]. Diese Aminosauren komplexieren
Metallionen und sind so in der Lage, sowohl die Ende-zu-Ende-Assemblierung der
preCol-Fibrillen, als auch die intermolekulare Interaktion mit Matrixproteinen und

die Adhéasion an verschiedene Oberflachen zu vermitteln.

Da die genannten Domanen nicht wie bei anderen Kollagenen proteolytisch vor
der Sekretion aus der produzierenden Zelle gespalten werden, ist aul3erdem
davon auszugehen, dass sie vor der Trimerisierung der Kollagen-Domane eine
Rolle als Nukleationskeim spielen und demnach an der Bildung von korrekt

gefalteten Homotrimeren beteiligt sind [39].
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Byssus-Stamm

_ Retraktormuskel

Proximaler Abschnitt
E =50 MPa
Dehnbarkeit = 200%

Distaler Abschnitt
) E = 200 MPa
4 Dehnbarkeit = 60%

Plaque

Abbildung 3: (links) Der Byssus einer mediterranen Miesmuschel (Mytilus galloprovincialis) ist nach dem
Ablosen der Muschel vom Untergrund als Biindel von ca. 50 Faden erkennbar. Durch das Schliefen der
Schale ist hauptsdchlich der mechanisch belastbarere, distale Teil des Byssusfadens exponiert. (rechts) Um
der mechanischen Belastung durch die Gezeiten zu widerstehen, muss die Muschel das weiche
Muskelgewebe mit dem harten Untergrund verbinden. Damit dies moglich ist, nimmt die Steifigkeit des
Byssus im distalen Bereich um bis zu eine GréRenordnung zu. Auf molekularer Ebene ldsst sich diese
Eigenschaft durch einen Konzentrationsgradienten von preColP hin zu preColD und eine Verringerung des
Anteils an Matrixproteinen erklaren. Modifiziert nach [40] mit Erlaubnis des Verlags (© Taylor & Francis).

Eine sowohl aus mechanischer als auch chemischer Hinsicht beachtliche
Besonderheit der His/DOPA-Doméanen und der von ihnen gebildeten
Metallkomplexe ist auf’erdem die Eigenschaft, auf molekularer Ebene als
nichtkovalente Sollbruchstellen zu fungieren, welche sich beim Uberschreiten der
entsprechenden Dehnungsgrenze reversibel 6ffnen, bevor eine Entfaltung der
anderen Domanen des preCol-Proteins stattfindet. Aus makroskopischer Sicht

aulRert sich dieser Mechanismus als eine Form der Selbstheilung [41]:

Wenn der Faden im distalen Bereich Uber seine Dehnungsgrenze hinaus
beansprucht wurde, ist innerhalb von wenigen Minuten eine Rickbildung des
urspringlichen Zug-/Dehnungsverhaltens zu beobachten, bis hin zu der
kompletten Wiederherstellung der Dampfungseigenschaft des Byssusfadens,
ohne dass dazu eine metabolisch aufwéndige Reparatur nétig ist.
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HisDOPA flankierende flankierendes

3 - His/DOPA
tﬂ} preco' a-Kette Remane Kollagendomane Deméne ™

(b) preCol Trimer

preColp e Tripelhelix

g
= [-Falthlatt

< Glycin-reiche Helix
-

]

preColD
preCoIN His/DOPA Doméne

Triplhelix-Bruch

(c) preCol Filament
(6+1-Blindel)

(d) preCol Fibrille

Fadenachse

Abbildung 4: Der hierarchische Aufbau von preCols im Byssusfaden beginnt mit der Faltung von Kollagen-
Homotrimeren und fiihrt iiber die Bildung von Filament-Biindeln im Zuge einer Ende-an-Ende-
Assemblierung zu Nanofibrillen, welche in die amorphe Matrix des Byssusfadens eingebettet sind.
Modifiziert nach [42] mit Erlaubnis des Verlags (© Elsevier Ltd.).

Aus Sicht des rationalen Proteindesigns bieten die preCol-Proteine eine
ausgezeichnete Grundlage fur die Produktion von Kollagen-Mimetika, da der
blockweise Aufbau der preCols es erlaubt, gezielt verschiedene Funktionalitaten
einzubringen und bestehende Sequenzen so zu modifizieren, dass diese die
gewlnschten Eigenschaften aufweisen bzw. unerwiinschte Charakteristika

verlieren [43].

AulBerdem besitzen die preCols im Gegensatz zu den Kollagenen der ECM die
Eigenschaft, auch nach vollstindiger Denaturierung unter geeigneten
Bedingungen alle Schritte der in Abbildung 4 gezeigten Assemblierung zu
durchlaufen und Fasern mit zum natirlichen Byssus vergleichbaren
mechanischen Eigenschaften zu bilden. Damit sind preCols und preCol-basierte
Proteine gute Kandidaten fir die Herstellung von mechanisch hoch belastbaren
und dennoch biokompatiblen Biomaterialien, die mittels einfacher Methoden

versponnen werden kénnen.
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4.5 preColD: Seide, Kollagen oder beides?

Im Zuge dieser Arbeit wurde besonders das Hauptkollagen des distalen
Muschelbyssus genauer betrachtet. Da dieses Protein etwa 90% des
Gesamtproteins im distalen Bereich des Byssusfadens ausmacht [44], muss
davon ausgegangen werden, dass die mechanischen Eigenschaften des distalen

Muschelbyssus grof3tenteils von preColD gepragt werden.

preColD besitzt, wie die anderen Muschelbyssuskollagene auch, klar voneinander
abgrenzbare Domé&nen und kann in seiner assemblierten Form (s. Abb. 4) als
Block-Copolymer verstanden werden. Die Alanin-reichen, flankierenden Doménen
wurden bereits in Abschnitt 4.4 erwéhnt, jedoch ist nicht klar, ob es sich bei
preColD um ein Kollagen mit seidendhnlichen Eigenschaften, oder um eine

seidenahnliche Struktur mit kollagenartigen Doménen handelt.

Seiden, darunter auch die mechanisch &ufRerst belastbaren Spinnenseiden,
zeichnen sich dadurch aus, dass sie kristalline Domé&nen in einer amorphen
Matrix einbetten und damit ein partikelverstarktes Kompositmaterial ausbilden. Bei
den genannten Partikeln handelt es sich um Kristalle aus Alanin-reichen [3-
Faltblattern, die wahrend des Spinnprozesses durch Scherkrafte in der
Spinndrise ausgerichtet werden und deren korrekte Orientierung einen grol3en
Einfluss auf die Mechanik des Fadens haben [45]. Unter Anbetracht des Aufbaus
von Seiden kann deshalb auch preColD als eine Seidenart verstanden werden, da
gezeigt werden konnte, dass auch hier orientierte (-Faltblatter vorhanden sind,
die bereits bei geringer Deformation des nattrlichen Byssus lasttragend sind und

somit die mechanischen Eingenschaften des Fadens pragen [35].

Der zentrale Unterschied zwischen Seidenproteinen und Byssuskollagenen ist
jedoch die Eigenschaft, dass Byssusproteine dazu in der Lage sind, ohne einen
genau kontrollierten Spinnprozess aus vollstdndig gelosten Vorlaufern fibrillare

Strukturen und sogar Fasern zu bilden [39].

Diese Charakteristik beruht auf der Eigenschaft der zentralen Kollagendomane,
bereits im frihen Stadium der Assemblierung von preCols eine axiale Orientierung
zu ermoglichen, wodurch im weiteren Verlauf eine Selbstassemblierung &ahnlich

der von fibrillarem Typ | Kollagen stattfindet.
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Da die dargestellte Selbstassemblierung eine zentrale Eigenschaft von fibrillarem
Kollagen ist, wird preColD deshalb in dieser Arbeit als Kollagen betrachtet, wobei
nicht auszuschlieen ist, dass die seidendhnliche Doméane unter bestimmten
Bedingungen einen grol3eren Einfluss auf die Gesamtfaltung des Proteins hat als

die Kollagen-artige Domane.

4.6 Biotechnologische Produktion von Kollagen und

Kollagenmimetika
Obwonhl bereits gezeigt werden konnte, dass die biotechnologische Produktion
von humanem Kollagen die zuvor genannten Probleme der Immunogenitat von
tierischen Kollagenprodukten umgehen kann, wird nach wie vor ein Grol3teil des

heutzutage verwendeten Kollagens aus tierischem Gewebe gewonnen [46].

Hierbei kommen unterschiedliche Extraktionsmethoden zum Einsatz, bei denen,
je nach Bedarf die Ausbeute, die Homogenitat und der Grad an Denaturierung des
Endmaterials gegeneinander abgewogen werden. Sofern kein l6sliches Kollagen
bendtigt wird bzw. die Struktur eines Gewebes erhalten werden soll, wie es z.B.
bei der Herstellung von scaffolds der Fall ist, wird in der Regel eine schonende
Dezellularisierung durchgefihrt, die die bestehende Kollagenstruktur und deren

Quervernetzungen weitestgehend intakt lasst [47].

Zur Gewinnung von loslichem Kollagen werden hingegen zum einen verdinnte
organische Sauren eingesetzt, welche sehr geringe Ausbeuten liefern, oder zum
anderen mittels Pepsin oder weiteren Proteasen der Abbau von nicht-
tripelhelikalen, quervernetzten Domé&nen induziert, was zwar die Ausbeute erhoht,

aber gleichzeitig die Funktionalitat dieser Bereiche zerstort [48].

Der Grund fir den Mangel an Alternativen war fir lange Zeit der mit
entsprechenden hohen Kosten verbundene Aufwand der Kultivierung von
humanen Fibroblasten, was wiederum nétig ist, da einfacher zu handhabende
Expressionssysteme typischerweise nicht das notwendige enzymatische
Repertoire zur korrekten Prozessierung von Kollagen wahrend der Biosynthese

besitzen.
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Auch in letzter Zeit etablierte und bereits kommerziell verfigbare,
pflanzenbasierte Expressionssysteme fiir humanidentisches Kollagen leiden unter
der schweren Handhabbarkeit von Tropokollagen im Downstream-Prozess, was

die Reinigung des Proteins erschwert (s. Tab. 2).

Neben der bereits in Abbildung 1 skizzierten Faltung, Sekretion und Proteolyse
unter Zuhilfenahme von spezifischen Chaperonen und Proteasen ist vor allem die
korrekte Hydroxylierung von Prolin durch die Prolyl-4-Hydroxylase (P4H) ein
zentraler Schritt der Kollagensynthese, da ein zu geringer Anteil an
4-Hydroxyprolin die Stabilitat der Kollagen-Tripelhelix bis hin zum kompletten

Verlust der Faltung unter physiologischen Bedingungen verringert [49].

Da es sich bei der P4H um einen ER-standigen und vergleichsweise grof3en a,[3,-
Komplex handelt, ist die Koexpression in geeigneten Expressionswirten wie P.
pastoris [50], [51] oder E. coli-Stammen mit oxidierendem Cytosol (z.B. Origami)
zwar moglich, fuhrt jedoch aufgrund der geringen Loéslichkeit des Tetramers
letztendlich oftmals nicht zu dem gewlnschten Grad an Hydroxylierung und damit

geringen Ausbeuten und inhomogenem Produkt [52].

Als weitere Hindernisse bei der rekombinanten Produktion von Kollagen seien
aulRerdem die hohen Molekulargewichte der monomeren a-Ketten von 100-200
kDa zu nennen, sowie die oftmals vorhandene Notwendigkeit der Ausbildung von
Heterotrimeren, die Limitationen beim downstream-processing hinsichtlich der
Verwendbarkeit von Denaturierungsmitteln (die Tripelhelix darf nicht zerstort
werden) und die Notwendigkeit von weiteren Sekundarmodifikationen, wie z.B.

Lysin-Oxidation und Glycosylierung.

Obwohl es mehreren Gruppen bereits gelungen ist, ein oder mehrere der
genannten Hindernisse zu Uberwinden, ist bislang keine Methode bekannt, mit der
humanidentisches Kollagen mittels rekombinanter Proteinsynthese in Bakterien-
oder Hefesystemen im Fermentermal3stab hergestellt werden kann.
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Tabelle 2: Beispiele fiir biotechnologisch produzierte Kollagene

Epressionssystem

Besonderheit Nachteile

Fibroblasten-
Zellkultur

Humanes
Typ | Kollagen [11]

Bendtigt stetige Quelle
junger, humaner Fibro-
blasten flr jede neue
Charge; teuer;

Nur Typ | Kollagen

Humanidentisch

Saugetierzellen
(kommerzieller
Anbieter) [53]

Rekombinante Volllangen-
a-Ketten der Gene
COL1A1, COL2A1,

COL3A1

Teures Expressionssystem;
Inhomogenes Endprodukt
(Telopeptide teilw. gespalten)

Rekombinantes Pichia Pastoris [54]

humanes Kollagen

bzw. Prokollagen S. cerevisiae [55]

Pflanzen
(Tabak, Mais,
Gerste) [56]

Niedrige Ausbeuten;
keine vollstandige

Koexpression von Hydroxylierung

P4H ermdoglicht
Hydroxylierung

Etablierung des
Expressionssystems
langwierig;
Aufwandige Reinigung

Kurzkettige Human-
basierte ,collagen-
like” Sequenzen
(hydroxyliert) [52]

GroRenlimitierung des
Expressionssystems

Koexpression von P4H;
fibrillar, hydroxyliert

) E. coli
Kurzkettige Human-
basierte Sequenzen Hohe Ausbeuten, Instabil, nicht als Biomaterial
(keine posttr. homogenes Endprodukt geeignet
Modifikation) [57]
Kurzkettige
Fragmente Zahlreiche Ansatze
Peptidsynthese Vollstandige Flexibilitat Stark groRenlimitiert
voll- bzw. [12], [58]-[60] bez. Sequenz und nicht- (30-50 Aminosauren)
teilsynthetische kanonischer Aminosauren
Sequenzen
nicht-humane Sequenz,
E. coli . . . Biokompatibilitat nicht
(Pflanzenwespen- Nativ kein Hydroxyprolin etabliert
: Hohe Ausbeuten . . .
o seide) [61] in vitro Assemblierung nicht
Tierische etabliert
Kollagene : —
P. pastoris Hydroxyll_erung mqgllch nicht-humane Sequenz,
(noch nicht etabliert) . L
(Muschelbyssus- h L hoh Biokompatibilitat nicht
kollagen) [62] Nac Optlmlerugg_ onhe etabliert
Ausbeuten moglich
. Von S. pyogenes abgeleitet
BKzlﬁgerfr:Iee E. coli Hohe Ausbeuten Nicht fibrillar
9 ’ Keine Sekundéar- Moglicherweise immunogen
[63] e g
modifikation nétig
Synthetische Sequenz
Synthetische E. coli Biokompatibel L N .
Kollagene (Engineered Hohe Ausbeuten Tr'mgiﬁf;m;?ggjsndowoire far
[64] Collagen) Keine Sekundéar- 9 9

modifikation nétig
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4.7 Zielsetzung der Arbeit

Kollagenahnliche Biomaterialen der Zukunft sollen mechanisch eine Festigkeit
vergleichbar mit der von Sehnen aufweisen und damit den moglichen
Einsatzbereich von Kollagen als Biomaterial vergrof3ern, dabei Kkeine
Immunogenitdt besitzen und mit hoher Ausbeute in skalierbaren

Fermentationsprozessen kostengunstig produzierbar sein.

Aufgrund der einzigartigen Eigenschaften von Muschelbyssuskollagen, in vitro
aus vollstandig entfalteten preCols tripelhelikale, fibrillare Strukturen auszubilden,
ohne dabei gelatinose Netzwerke zu formen, wurde im Zuge dieser Arbeit
versucht, das Byssuskollagen preColD rekombinant herzustellen und daraus

biokompatible Materialen zu gewinnen.

Zusatzlich zu der eben genannten Herangehensweise wurden aul3erdem
Bemuihungen unternommen, synthetische Kollagenmimetika, sogenannte eCols,
zu designen und rekombinant zu produzieren. Hierbei wurde davon ausgegangen,
dass die Fahigkeit von gelésten a-Kollagenen, im Zuge der Synthese von
fibrillarem Kollagen Tropokollagen zu bilden und dabei gleichzeitig eine ungezielte
Quervernetzung zu vermeiden, gro3tenteils davon abhangig zu sein scheint, dass
eine gezielte Nukleation durch eine Trimerisierungsdomane eingeleitet wird,
welche die Bildung von einzelnen Kollagen-Trimeren kinetisch beglnstigt, nicht
jedoch die Entstehung von quervernetzten Gelatine-&hnlichen Strukturen.

AulRerdem wurde, basierend auf Beobachtungen anderer Gruppen, die mit
synthetischen (GPP),-Peptiden gemacht wurden, angenommen, dass die
Schmelztemperatur von Kollagenmimetika mit groRem Prolin-Anteil auch ohne
das Vorhandensein von nicht-kanonischen Aminoséauren, wie z.B. Hydroxyprolin,
hoch genug sein kann, um unter physiologischen Bedingungen stabil gefaltet zu
bleiben. Diese Hypothese schien naheliegend, da diese Eigenschaft auch bei
bakteriellen Kollagenen beobachtet werden kann, welche ebenfalls kein

Hydroxyprolin besitzen.
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5 Synopsis

Bei den hier prasentierten Teilarbeiten handelt es sich um Publikationen, in
welchen die Moglichkeit der rekombinante Produktion von verschiedenen
kollagenartigen Proteinen demonstriert wird.

Die zugrundeliegende Problematik der Gewinnung von mechanisch
leistungsfahigen und dennoch biokompatiblen Materialien auf Kollagenbasis
wurde bereits in der Einleitung behandelt und wird im Zuge einer Ubersichtsarbeit
(Teilarbeit Kapitel 11) vertieft behandelt, welche auRerdem die zuvor publizierte

Primarliteratur sowie den momentanen Stand der Forschung in Kontext setzt.

5.1 Biotechnologische Produktion des Muschelbyssuskollagens

preColD
Teilarbeit 1: s. Kapitel 9 und Ref. [62]

preColD ist ein homotrimeres, kollagenbasiertes Strukturprotein, das im
mechanisch stark beanspruchten distalen Teil des Muschelbyssus bis zu 90% des
Gewichtsanteils des Fadens ausmacht. Es ist somit naheliegend, dass preColD
malf3geblich fir die hohe Festigkeit des Byssus verantwortlich ist.

Durch den blockweisen Aufbau von preColD kénnen verschiedene Attribute des
Proteins den einzelnen Domanen zugeschrieben werden: Die zentrale
Kollagendoméne sorgt daflr, dass das Protein Fibrillen bilden kann, welche sich
im Byssusfaden axial in Zugrichtung anordnen (s. Abb. 4). Die terminalen, His-
DOPA-reichen Domanen sorgen uber die darin gebildeten Metallkomplexe fur die
intermolekulare Verkniipfung der einzelnen Fibrillen und dienen bei Uberschreiten
der elastischen  Zugphase des Byssusfadens als selbsheilende,

energieabsorbierende mechanische Dampfer.
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Die Alanin-reichen flanks ahneln in ihrer Primarstruktur der von Seidenprotein und
bilden im Zuge der Faltung des Proteins B-kristalline Strukturen aus, die dazu
fuhren, dass der preColD-reiche Abschnitt des Byssusfadens sich wie ein

partikelverstarktes, fibrillares Kompositmaterial verhalt.

A
His/DOPA Glycin-Deletionen His/DOPA
Flankierende Kollagen-Domane
Domane Domane
= ]
@ Alpha-Sekretionsfaktor B Kollagen-Domane cMyc-Epitop
@ Protease-Schnittstelle I Flankierende Domane @ Histidin-Tag

Il His/DOPA Terminus

Abbildung 5: (A) Schematischer Aufbau eines trimeren preColD und das Blockdiagramm (B) des
rekombinanten Proteins, wie es in P. pastoris hergestellt wurde. Der o-Sekretionsfaktor wird nach der
Translokation in das ER proteolytisch abgespalten. Modifiziert aus [62] mit Erlaubnis des Verlags (© The
Royal Chemical Society of Chemistry).

Im Zuge der Teilarbeit wurde preColD in der Hefe Pichia pastoris hergestellt. Auf
die Koexpression von P4H wund Tyrosinase wurde verzichtet, da in
entsprechenden Vorversuchen nur unbefriedigende Resultate erzielt werden
konnten, sodass das rekombinante Protein keine Sekundarmodifikationen
aufweist. Trotz des Vorhandenseins eines a-Sekretionsfaktors wurde bei der
Fermentation keine erfolgreiche Sekretion beobachtet, sodass davon
ausgegangen werden muss, dass das Protein im ER aggregiert oder durch
andere Mechanismen von dem Weitertransport in den sekretorischen Golgi-
Apparat der Hefezelle abgehalten wird. Die Reinigung des Proteins erfolgte
deshalb aus dem Zellpellet mittels Nickel-Affinitditschromatographie unter

denaturierenden Bedingungen.
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Das so gewonnene Protein wurde unter verschiedenen Bedingungen zur
Aufklarung der Sekundarstruktur sowohl mittels Zirkulardichroismus- (CD) als
auch Fouriertransformierter Infrarotspektroskopie (FTIR) untersucht. Dabei konnte
festgestellt werden, dass die Alanin-reichen flanks besonders in Losung einen
groBen Einfluss auf die mittels CD messbare Sekundarstruktur des Proteins
haben und &ullerst stabil gefaltet zu sein scheinen, da selbst unter
denaturierenden Bedingungen in 4 M Harnstoff noch starke (-Faltblatt-Anteile in
den jeweiligen Spektren zu beobachten sind (s. Fig. 2, Teilarbeit 1). Wird das
Denaturierungsmittel in Loésung entfernt, scheint sich das CD-Spektrum zuséatzlich
mit dem Signal einer Kollagen-Tripelhelix zu Uberlagern.

Wird das Protein in Ameisensaure geldést und aus dieser Losung durch
Abdampfen des Lésungsmittels ein Film hergestellt, bilden sich unmittelbar nach
der Trocknung [-kristalline Strukturen, die zusammen mit unstrukturierten
Bereichen des Proteins ein Mischsignal in der Amid-1-Bande des FTIR-Spektrums
erkennen lassen. Das CD-Spektrum des so hergestellten Films ist vergleichbar
mit dem von preColD in 4 M Harnstoff, was nahelegt, dass sich die kristallinen
Strukturen innerhalb von kurzer Zeit wahrend der Trocknung aus Ameisenséaure
formen, wahrend hingegen die Ausbildung der Kollagenhelix zu langsam verlauft,

als dass sie in diesem kurzen Zeitraum stattfinden kann.

Wird eine  niedrig  konzentrierte  Lésung von  preColD  mittels
Gelfiltrationschromatographie in einen nicht-denaturierenden Acetatpuffer (pH 5,5)
transferiert, bilden sich nach Erhéhung des pH-Werts in dieser Losung Fibrillen,
welche in gewissem Ausmal3 an den Termini interagieren und zusatzlich nicht-
fibrillare Strukturen zeigen (s. Abb. 6 bzw. Fig. 3, Teilarbeit 1). Dies legt nahe,
dass in den His-DOPA-reichen Termini die Deprotonierung von Histidin als pH-
abhangiger Schalter wirken kann, welche daraufhin zu einer intermolekularen

Assemblierung fihrt und die Faltung der Kollagendoméane nukleiert.
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Abbildung 6: Transmissionselektronenmikroskopische (TEM) Aufnahme von rekombinanten preColD-
Fibrillen, welche sich nach pH-Erh6hung in Lésung bilden. Die einzelnen Fibrillen bilden Biindel aus, die an
den Termini zu interagieren scheinen. Diese Interaktion wird vermutlich durch die terminalen Doménen
(His-DOPA) vermittelt. Ubernommen aus [62] mit Erlaubnis des Verlags (© The Royal Chemical Society of
Chemistry).
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5.2 Engineered Collagen - Ein Redox-schaltbares Grundgeriist
zur steuerbaren Assemblierung und Produktion von

biokompatiblen Oberflachen
Teilarbeit 2: s. Kapitel 10 und Ref. [64]

Tierisches Typ 1 Kollagen besitzt eine stark prozessierte und hierarchisch
assemblierte Struktur, die jedoch letztendlich auf einfachen, repetitiven
Sequenzen beruht. Da bereits mit der rekombinanten Produktion von preColD in
P. pastoris (s. Kapitel 5.1) gezeigt werden konnte, dass selbst ohne die Prolin-
Hydroxylierung in manchen Fallen ein Grof3teil der Funktionalitat von
Kollagensequenzen erhalten bleibt, wurde in dieser Arbeit untersucht, ob ein
einfaches (GPP)s,-Biopolymer dazu in der Lage ist, korrekt gefaltete Tripelhelices
auszubilden, welche im Zuge weiterer Entwicklung in Zukunft als Biomaterial

nutzbar sind.

Da bekannt ist, dass langkettige, vollstandig denaturierte Kollagene in
Abwesenheit von gezielter Nukleation gelatineartige Netzwerke ausbilden, aber
im Gegensatz dazu selbst verhaltnismafig instabile Kollagene, wie z.B. die zuvor
erwahnten  bakteriellen Kollagene, nach Nukleation durch spezielle
Trimerisierungsdomaéanen stabile, 16sliche Tripelhelices formen kdnnen, wurden die
hier verwendeten Konstrukte mit einer redox-schaltbaren Nukleationsdoméne

versehen.

Bei dem WC,-genannten Foldon handelt es sich um eine kurze Sequenz, welche
mittels zweier Cysteine die oxidationsabhangige Verknipfung am Aminoterminus
des Polymers erlaubt. Es wurden mehrere Konstrukte unterschiedlicher Lange
hergestellt, um den Einfluss des genannten Foldons auf Konstrukte

unterschiedlicher Stabilitat einschatzen zu kénnen.
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Zwei kurze Peptide, eCol-WC,-(GPP); und eCol-WC,-(GPP); wurden mittels
Festphasensynthese am Laboratory for Organic Synthesis of Functional Systems,
Department of Chemistry, Humboldt-Universitat zu Berlin gewonnen, wéahrend
eCol-WC2-(GPP)s, erfolgreich in E. coli produziert und mittels einer modifizierten

Nickel-Affinitats Reinigungsstrategie aufgearbeitet werden konnte.

Hierbei wurde beobachtet, dass das genannte Konstrukt nur unter
denaturierenden Bedingungen l6slich ist, weshalb viele der folgenden Messungen
in Gegenwart von 4 M Guanidinhydrochlorid (GdmCI) durchgefiihrt werden

mussten.

Zur Untersuchung der Faltung wurden temperaturabhangige CD-Messungen
durchgefuhrt (s. Abb. 7 bzw. Fig. 3, Teilarbeit 2), bei denen festgestellt wurde,
dass alle Konstrukte in der Lage sind, tripelhelikale Sekundarstrukturen
auszubilden. Das kirzeste Peptid eCol-WC,-(GPP); formte nur unter oxidierenden
Bedingungen und Inkubation bei unter 10 °C Tripelhelices, konnte diese aber
auch nach Hitzedenaturierung so schnell wieder ausbilden, dass keine Hysterese
zwischen Heizen und Kihlen zu erkennen war. Wurde das zuvor unter
oxidierenden Bedingungen trimerisierte eCol-WC,-(GPP); reduziert, behielt das
Konstrukt die tripelhelikale Faltung vorerst, entfaltete aber nach Uberschreiten des
Schmelzpunktes und konnte danach trotz erneutem Abkuhlen keine Helix mehr
ausbilden (s. Abb. 7A bzw. Fig. 3A, Teilarbeit 2).

Das Peptid eCol-WC,-(GPP); konnte sowohl unter oxidierenden als auch unter
reduzierenden Bedingungen l6sliche Kollagenhelices formen, bendtigte in der
reduzierten Form hierzu aber eine mehrstindige Inkubation bei 2 °C. Dieses
Verhalten wurde auch im zyklischen Schmelzexperiment beobachtet; im oxidierten
Zustand konnte sich die Tripelhelix bereits wahrend der Abkihlphase mit geringer
Hysterese wieder falten, wahrend das reduzierte Protein nach Uberschreiten des
Schmelzpunktes bis zum Abschluss des Experiments kein kollagentypisches
Signal mehr zeigte (s. Abb. 7B bzw. Fig. 3B, Teilarbeit 2).

Das lange eCol-WC,-(GPP)s,-Konstrukt war nur in Gegenwart von 4 M GdmClI
I6slich und aggregierte auch hier langsam unter reduzierenden Bedingungen.
Unter oxidierenden Bedingungen konnte ein &hnliches Verhalten zu den kurzen

Peptiden beobachtet werden, néamlich dass sich die thermisch denaturierte
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Kollagenfaltung bei Vorhandensein von Cysteinverknipfungen im WC,-Foldon
noch wahrend der Abkihlphase wieder ausbildet, wahrend dieselbe Probe nach

Reduktion unter denselben Bedingungen erst die Faltung verliert und danach
wéahrend der Abkuhlphase unspezifisch aggregiert (s. Abb. 7C bzw. Fig. 3C,
Teilarbeit 2).
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Abbildung 7: Schmelzkurven der drei untersuchten Konstrukte eCol-WC-(GPP)s750 unter reduzierenden
und oxidierenden Bedingungen. In allen Féllen wird deutlich, dass die korrekt gefalteten Konstrukte unter
oxidierenden Bedingungen ihre tripelhelikale Faltung nach dem Schmelzen wieder einnehmen, wéhrend die
thermische Denaturierung unter reduzierenden Bedingungen irreversibel ist. Ubernommen aus [64] mit

Erlaubnis des Verlags (© American Chemical Society).
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Die gezeigten Experimente verdeutlichen, dass die Nukleation der Tripelhelix
einen groRen Einfluss auf die korrekte Faltung von den hier gezeigten
Kollagenmimetika hat. Es wird vermutet, dass besonders bei langeren
Konstrukten die Erstnukleation ein entropisch ungtnstiger Schritt ist, der aufgrund
seiner Seltenheit die Ausbildung von unspezifischen Aggregaten und
gelatinedhnlichen Netzwerken beguinstigt, sofern diese Charakteristik nicht durch

spezifische Funktionalitaten im Protein bereits gegeben ist.

Um das Oligomerisierungsverhalten des WC,-Foldons zu untersuchen, wurden
das reduzierte und das oxidierte eCol-WC,-(GPP)s-Peptid per SEC/MALS (size
exclusion chromatography / multi-angle light scattering) untersucht (s. Fig. 4,
Teilarbeit 2). Da die Messung bei Raumtemperatur und damit oberhalb des
Schmelzpunktes der Kollagendoméne durchgefihrt wurde, sind samtliche

Oligomerisierungen auf die Auswirkung des Foldons zurtickzufiihren.

Es wurde festgestellt, dass das Peptid in reduzierter Form wie erwartet monomer
ist. AulBerdem wurde beobachtet, dass das Peptid in fur in dieser Arbeit relevanten
Konzentrationen nach der Oxidation tats&chlich grof3tenteils Monomere, Dimere
und Trimere ausbildet. Damit ist sicher gestellt, dass das Foldon nicht alleine fur
die Ausbildung von hochmolekularen Netzwerken verantwortlich ist, sondern
lediglich einen ratenlimitierenden Schritt bei der Faltung von Kollagen-Trimeren

beschleunigt.
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Abbildung 8: AFM-Aufnahmen von (A) eCol-WC,-(GPP)s5, unter oxidierenden Bedingungen, préapariert aus
4 M GdmCIl. Es sind ldngliche, offene Strukturen erkennbar, die das Vorhandensein von fibrillaren Anteilen
erkennen lassen. (B) eCol-WC,-(GPP); bildet unter reduzierenden Bedingungen Fibrillen, die durch eine
Uberlappung der Monomere in Léngsrichtung die Gesamtlinge der einzelnen Peptide um mehrere
GroRenordnungen tiberschreitet. Es ist keine Interaktion der Fibrillen untereinander zu beobachten. Die
WC,-Doméne scheint die Faltung nicht zu stéren. Ubernommen aus [64] mit Erlaubnis des Verlags
(© American Chemical Society).
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Zur morphologischen Untersuchung von eCol-WC,-(GPP); und eCol-WC,-(GPP)so
wurde Rasterkraftmikroskopie (AFM) eingesetzt (s. Abb. 8 bzw. Fig. 5, Teilarbeit
2). Das (GPP)so-Konstrukt bildete unter oxidierenden Bedingungen in 4 M GdmCl
langliche, schwammartige Strukturen, welche jedoch eine fibrillare Grundstruktur
erahnen lassen. Das (GPP),-Peptid formte unter oxidierenden Bedingungen eine
raue Oberflache aus, was vermuten lasst, dass in Lésung eine ungeordnete
Ansammlung von Fibrillen vorliegt, welche unspezifisch mit der
Glimmeroberflache interagieren. Im reduzierten Zustand bildete (GPP); dagegen
einzeln unterscheidbare Fibrillen aus, deren Durchmesser als der einer einzelnen
Kollagen-Tripelhelix gemessen werden konnte. Wahrend eCol-WC,-(GPP); somit
zwar in der Lage ist, eine axiale Uberlappung der Monomere im reduzierten
Zustand zu erlauben, ist eine gerichtete Assemblierung nach Oxidation fiir eCol-
WC,-(GPP); nicht zu beobachten. eCol-WC,-(GPP)s, hingegen lasst zumindest
ansatzweise vermuten, dass eine Interaktion der einzelnen Fibrillen untereinander
stattfinden kann, was nahelegen wirde, dass das Protein zur Ausbildung von

groRReren, fibrillaren Strukturen in der Lage ist.

Um das Potential als Biomaterial zu testen, wurde eCol-WC,-(GPP)s, in
Ameisensaure geldst und zu Filmen gegossen, welche als Substratum fiir BALB-
3T3-Fibroblasten und die neuronalen Zelllinien B50 und RN22 eingesetzt wurden.
Da eCol keinerlei Strukturmotive fir Integrin-basierte Adhasion aufweist, ist es
nicht verwunderlich, dass fur keine der getesteten Zelllinien eine Adhasion

beobachtet werden konnte.

Wird jedoch ein Film aus einer Mischung aus eCol-WC,-(GPP)s, und 10% (w/w)
des mit einem carboxyteminalen RGD-Motiv versehenen eCol-WC,-(GPP),-RGD
eingesetzt, findet eine signifikante Adh&asion von Fibroblasten und die damit
verbundene morphologische Veranderung (Spreiten) statt. Somit konnte gezeigt
werden, dass eCol-basierte Materialien Zellen gegenuber inert sind, sofern sie
nicht gezielt mit den gewtnschten Funktionalitaten ausgestattet werden (s. Fig. 6,
Teilarbeit 2).
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Die Vermischung mit kurzkettigen Peptiden erlaubt in diesem Zusammenhang
somit eine elegante Moglichkeit, eine Vielzahl von Peptiden unter diesem Aspekt
auf unkompliziertem Weg zu untersuchen, jedoch liegt eine weitere Starke des
Systems in der Moglichkeit, die gewinschte Funktionalitat direkt durch
gentechnische Methoden in das rekombinant produzierte eCol-Protein einbringen

zu kénnen.

Es konnte mit den durchgefiuihrten Experimenten gezeigt werden, dass eCol zur
Ausbildung von kollagenartigen Strukturen in der Lage ist und gezielt durch die
redox-schaltbare WC,-Doméne in seiner Assemblierung gesteuert werden kann.
Da die Interaktion mit Zellen nur gegeben ist, wenn dazu eine spezifische Integrin-
bindende Domane eingebracht wird, dient das Konstrukt aufl3erdem als
Grundgerist fur weiteres rationales Design, um Stoffe mit malRgeschneiderten

Funktionalitaten auf unkomplizierte Art und Weise herstellen zu kénnen.

37



5.3 Wege hin zu neuen kollagenbasierten Materialien
Teilarbeit 3: s. Kapitel 11 und Ref. [65]

Kollagen ist als Hauptbestandteil der ECM ein wichtiges Strukturprotein, welches
seit langerem Anwendung als Biomaterial findet. Die molekulare Struktur von
Tropokollagen ist in seiner tripelhelikalen Faltung gut definiert und fuhrt dazu,
dass die Kollagen-Tripelhelix unabhangig von der Primérsequenz in der Regel

nicht vom Immunsystem erkannt wird [66].

Dieser Umstand wird von einigen Bakterienspezies, darunter insbesondere
Streptococcus pyogenes ausgenutzt, indem es Kollagen-ahnliche Proteine auf
seiner Oberflache prasentiert, welche als Virulenzfaktor zur Ausbildung von
Biofilmen, zur Adhasion an Wirtszellen und der eben genannten Maskierung vor
Immunrezeptoren beitragen [3]. Eine Besonderheit der bakteriellen Kollagene ist
die Eigenschaft, keine Sekundarmodifikationen wie z.B. das in der Einleitung
behandelte 4-Hydroxyprolin zu besitzen, sondern die Tripelhelix stattdessen durch

die Ausbildung von intermolekularen Salzbriicken zu stabilisieren [63].

Ein weiteres, kurzlich entdecktes Kollagen wird von Pflanzenwespen als
Kokonseide versponnen und benutzt ebenfalls die genannte Form der
Ladungsstabilisierung [61]. Sowohl bakterielle als auch Seidenkollagene sind
aufgrund ihrer vergleichsweise geringen Gréf3e und den einfachen Ansprichen an
das Expressionssystem gute Beispiele fur kollagenartige Proteine, welche kaum
sekundare Proteinmodifikationen aufweisen [67].

Die beiden genannten Beispiele sollen zeigen, dass eine Vereinfachung der
Struktur von Kollagenen und kollagenartigen Proteinen prinzipiell moglich ist, und
dass die genannten Vorbilder eine Herangehensweise zur Gewinnung von neuen
Materialien liefern, welche mdglicherweise in Zukunft als Biomaterialien genutzt

werden konnen.
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Weitere Ansatze zur Produktion von kollagenbasierten Materialien werden derzeit
von verschiedenen Arbeitsgruppen mit unterschiedlichen Herangehensweisen
verfolgt. Obwohl in letzter Zeit die meisten Neuerungen auf diesem Gebiet durch
biotechnologische Methoden und Peptidsynthese zustande kommen (s. Tab. 2),
werden die meisten kommerziell genutzten Kollagene derzeit nach wie vor durch

Extraktion aus tierischem Gewebe gewonnen.

Soll die Grundstruktur des Gewebes erhalten bleiben, z.B. bei der Herstellung von
Catgut oder Dbiologischen Herzklappen- oder Sehnenersatzen, werden
Losungsmittel und proteolytische Enzyme benutzt, die die nicht-kollagenen
Bestandteile des Gewebes und Zellen entfernen, um die Exposition von
immunogenen Strukturen zu minimieren und damit die Absto3ung durch den Wirt

zu vermeiden [68].

Bei der Extraktion von loslichem Kollagen erhalt man Tropokollagen, welches zu
mehreren Morphologien prozessiert werden kann, aber héaufig die mechanische
Festigkeit des Ausgangsgewebes verliert. Besonders in der Prozessierung von
l6slichem Typ | Kollagen wurden in den letzten Jahren jedoch erhebliche
Fortschritte erzielt, so ist es z.B. seit kurzem mdglich, mittels mikrofluidischer
Spinntechniken Fasern herzustellen, die mechanische Eigenschaften &hnlich

denen von Sehnen besitzen [8].

Synthetische,  kollagenmimetische  Peptide, welche  urspringlich  zur
Strukturaufklarung  und  zur  Bestimmung der  Schmelzpunkte  und
Faltungskinetiken von Kollagen eingesetzt wurden [19], [60], [69], sind nach wie
vor durch die maximale GroRe von mittels Festphasenpeptidsynthese
herstellbaren Molekilen limitiert. Dennoch zeichnet sich diese Methode durch
eine hohe chemische Flexibilitat hinsichtlich der verwendeten Aminosauren aus
und wird deshalb unter anderem zur Herstellung von diagnostischen Sonden und
Markern auf Kollagenbasis angewendet. Die biotechnologische Produktion von
nattrlichem, humanidentischem Kollagen ist derzeit nur unter Verwendung von
komplexen und damit teuren Systemen auf Basis von Fibroblasten-Zellkultur
mdoglich. Da sich die Produktion von weniger komplexen kollagenbasierten
Proteinen jedoch als zielfihrend herausgestellt hat, ist die rekombinante
Proteinproduktion fur diese Konstrukte die Methode der Wahl [70].
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Sowohl bakterielles als auch Seidenkollagen kdnnen ohne grof3e Modifikationen
mit grof3en Ausbeuten in E. coli hergestellt werden und werden derzeit auf ihre
Eignung als Biomaterial untersucht. Engineered Collagen (eCol), ein (GPP)so-
Polymer, lasst sich ebenfalls in E. coli produzieren und wird als Teil dieser Arbeit

genauer in Kapitel 11 beschrieben.

Kollagenbasierte Block-Copolymere und darauf basierende Hybride, welche z.B.
in P. pastoris erfolgreich exprimiert wurden, formen Hydrogele, Mizellen und
Fibrillen und sind als Beispiele fiur die Verwerdbarkeit von kollagenartigen
Sequenzen im Zuge des rationalen Proteindesigns zu nennen. preColD, bei dem
es sich ebenfalls um ein Block-Copolymer handelt, konnte genauso in P. pastoris

hergestellt werden und wird in Abschnitt 10 genauer behandelt.
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tripelhelikales Prokollagen. Im Zuge weiterer Prozessierung kommt es wéhrend
oder kurz nach der Sekretion zu einer proteolytischen Spaltung der terminalen
Propeptide und damit zur Bildung von Tropokollagen. Je nach Kollagentyp findet
nun im Extrazellularen Raum eine weitere Assemblierung (hier: Fibrillisierung)
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kovalenten Bindungen stabilisiert wird. Modifiziert nach [21] mit Erlaubnis des
Verlags (© The Authors Journal compilation © 2012 Biochemical Society).......... 11
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definiertem Prokollagen. Ubernommen aus [20] mit Erlaubnis des Verlags (©
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Um der mechanischen Belastung durch die Gezeiten zu widerstehen, muss die
Muschel das weiche Muskelgewebe mit dem harten Untergrund verbinden. Damit
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Erlaubnis des Verlags (© Taylor & FrancCiS)............uuuuuuuueruerurrirerrieesnensnnnnnrsssnnennnn. 20

Abbildung 4: Der hierarchische Aufbau von preCols im Byssusfaden beginnt mit
der Faltung von Kollagen-Homotrimeren und fuhrt Gber die Bildung von Filament-
BlUndeln im Zuge einer Ende-an-Ende-Assemblierung zu Nanofibrillen, welche in
die amorphe Matrix des Byssusfadens eingebettet sind. Modifiziert nach [42] mit
Erlaubnis des Verlags (© EIsevier Ltd.)............uuuuiiiiiiiiiiiiiiiiiiiiiirieeseeesieeneresnnnnnnnn. 21

Abbildung 5: (A) Schematischer Aufbau eines trimeren preColD und das
Blockdiagramm (B) des rekombinanten Proteins, wie es in P. pastoris hergestellt
wurde. Der a-Sekretionsfaktor wird nach der Translokation in das ER proteolytisch
abgespalten. Modifiziert aus [62] mit Erlaubnis des Verlags (© The Royal
Chemical Society of Chemistry)........ccooooiiiiii e, 28
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Abbildung 6: Transmissionselektronenmikroskopische (TEM) Aufnahme von
rekombinanten preColD-Fibrillen, welche sich nach pH-Erhéhung in Losung
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Domanen (His-DOPA) vermittelt. Ubernommen aus [62] mit Erlaubnis des Verlags
(© The Royal Chemical Society of Chemistry)........ccccccevviiiiiiiiieeee 30
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irreversibel ist. Ubernommen aus [64] mit Erlaubnis des Verlags (© American
ChemiCal SOCIELY). ... 33

Abbildung 8: AFM-Aufnahmen von (A) eCol-WC2-(GPP)50 unter oxidierenden
Bedingungen, prapariert aus 4 M GdmCI. Es sind langliche, offene Strukturen
erkennbar, die das Vorhandensein von fibrillaren Anteilen erkennen lassen. (B)
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Marine mussels adhere to substrates within the intertidal zone by means of a bundle of threads called the
mussel byssus which contains several collagen-like proteins responsible for the mechanical properties of
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the fibers. Here, we demonstrate the biotechnological production of one of three identified byssus

collagens, preColD, from Mytilus galloprovincialis using Pichia pastoris as the expression host. Previously
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Introduction

Several marine species produce a variety of distinct materials
for underwater attachment with mechanical properties ranging
from those of cement' to silk* to softer and more elastic mate-
rials.* These holdfasts have the ability to dissipate mechanical
stress without losing their structural integrity. One of these
remarkable devices is the byssus of Mytilidae," e.g. Mytilus gal-
loprovincialis, which consists of several distinct threads each
comprising a mechanical gradient along the fiber axis.® This
gradient of the material’s Young's modulus allows the soft
muscle (the mussel foot) to seamlessly connect to hard
substrates without causing radial stress within the material.®
The byssus contains a variety of different proteins, including
collagen-like preCols,” which assemble into fibrils being the
byssus' main load-bearing structure located in the fiber core.®
preCols (Fig. 1), are a class of structural proteins comprising
a collagen core domain flanked by specific domains which
strongly contribute to the overall mechanical properties of the
byssus threads:® the elastic, proximal portion of a thread is rich in
preColP'" comprising elastin-like flanking domains, whilst the
tougher, more rigid portion of the thread consists mostly of pre-
ColD" which incorporates erystalline silk-like flanking domains.
The influence of the preCol-composition on the thread's
mechanics is significant: even though the preCols are
embedded in a complex array of matrix proteins,"*** the
mechanical properties of the byssus thread have been largely
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detected structural features of natural preColD, such as collagen triple helix formation, could also be
detected in the recombinant preColD, even in the absence of hydroxylation of proline or tyrosine residues.

reproduced by spinning a fiber from matrix-free preCols
extracted from the mussel foot.***®

In addition to mechanical stability, all known preCols mediate
various intermolecular interactions with other preCols, matrix
proteins and substrates. The amino- and carboxyterminal
domains of the natural preCols contain DOPA moieties for
adhesion, metal binding and crosslinking, as well as histidine-
based metal chelate complexes, which are likely responsible for
previously detected self-healing properties of byssus threads,">"”
since the latter are fully reversible. Like other collagens, proline
residues within the natural preCols are often hydroxylated at the
Y-position in the collagen triplet (GXY) by a mussel specific
hydroxylase; it is known, however, that most types of collagen will
readily form triple-helices even when the content of hydroxypro-
line is low, albeit at lower melting points.

In this context, the lack of DOPA-residues will also reduce the
crosslinking, but it is not expected to influence the protein's
folding. Therefore, recombinant production of preColD was
chosen as one possible strategy to investigate individual mussel
byssus collagens and their properties in greater detail.

Experimental section
Molecular cloning and microbiology

The general methodology for the handling of P. pastoris, as well
as the molecular biology methods utilized for obtaining the
preColD expression plasmid are described in the pPICZ user
manual*® and other relevant literature.”

M. galloprovincialis preColD. The gene encoding preColD
was amplified from a mussel foot cDNA-Library by PCR.* It was
subsequently cloned (GenBank JQ837491) into the vector pPICZo.
(Invitrogen, Carlsbad USA), utilizing the plasmid-intrinsic o-
secretion factor and the carboxyterminal cMyc- and His6-tags.
The amplified PCR fragment was digested with Xhol and Xbal
restriction enzymes (the cleavage sites were artificially inserted
into the PCR primer), creating a fragment which allowed

RSC Adv., 2017, 7, 38273-38278 | 38273
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Fig. 1 (A) Schematic representation of a preColD triple helix. The central collagen sequence is based on the collagen-typical (GXY),-repeat
which is interrupted by glycine deletions. The flanking regions of preColD contain poly-alanine stretches similar to those of silks and putatively
form nanocrystalline beta sheets upon higher order assembly of the thread. The chelating termini of preCols contain both histidine and DOPA
residues and thereby can promote a reversible, metal dependent end-to-end arrangement between fibrils that become increasingly chemically
crosslinked during the maturation of the thread.® (B) Block schematic of the domain structure of monomeric, recombinant preColD (domain size

drawn to scale).

seamless in-frame ligation into a Xhol/Xbal-digested pPICZa
vector using T4 ligase. The ligated DNA was transformed into E.
coli which were plated onto LB-agar containing Zeocin (50 pg
mL ') and grown overnight. Resulting colonies were grown in a 4
mL liquid culture, plasmids were isolated using a Wizard (TM)
SV Miniprep kit (Promega; Madison WI, USA) and the correct
gene insertion confirmed using gene sequencing.

Transformation of P. pastoris. P. pastoris strain X33 (Invi-
trogen, Carlsbad USA) was transformed with 10 pg of linearized
pPICZz-preColD plasmid via electroporation.”*** The trans-
formants were selected for Zeocin-resistance (100 pg mL™") on
YPD-plates and screened (8 colonies) for maximal anti-cMye-
antibody binding by western blotting. The transformant
showing the strongest signal in both secreted as well as intra-
cellular recombinant protein was chosen as production strain
(see ESI Fig. S17).

Fermentation of Pichia pastoris

Fermentation was carried out in a Minifors fermenter (Infors,
Basel Switzerland) according to established protocols®*** with
slight modifications. Cells were grown at 30 °C in BMGY
medium (13.4 g L ' YNB, 1% (v/v) glycerol, 1% (w/v) yeast
extract, 2% (w/v) peptone, 100 mM potassium phosphate, pH
6.0) until the initial carbon sources were depleted and subse-
quently fed with 86% glycerol, 1.2% PTM1 trace salts® at
10 mL h™! L™! starting volume until the wet cell mass reached
200 g L. Production of recombinant protein was induced with
methanol (final concentration of 0.5% (v/v)). The concentration
was kept stable with an automated feeding procedure
controlled by a methanol sensor. The pH was held constant at
6.0, and pO, was kept at 40%.

Purification of recombinant preColD

Cells were harvested by centrifugation (6000 xG) and washed
once with phosphate buffered saline (PBS; 137 mM NacCl,
2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4). The
pellet was resuspended in an equal volume of buffer A (4 M
guanidinium hydrochloride in PBS) and disrupted by 5 passes

38274 | RSC Adv., 2017, 7. 38273-38278

through a Microfluidics M-110S homogenizer at 80 psi inlet
pressure. After centrifugation (40 000 xG), the supernatant of
the extract was loaded onto a high-performance Ni-NTA IMAC
column (approx. 200 mL bed volume), washed extensively with
8 M urea in PBS and eluted with 200 mL buffer A + 500 mM
imidazole. The eluate was dialyzed against 10 mM ammonium
bicarbonate and subsequently dried via lyophilization (see ESI
Fig. 521 for SDS-PAGE).

Transmission electron microscopy

200 pL of preColD were desalted using a 5 mL HiTrap desalting
column equilibrated with 50 mM sodium acetate, pH 5.5 and
concentrated to approx. 25 mg mL ' using a centricon centri-
fugation tube with a MW cutoff of 30 kDa.

5 uL of 50 mM TRIS/HCI pH 8.0 were applied to TEM-grids,
then adding 5, 1 or 0.1 puL of preColD solution, respectively.
After incubating for 1 min, the grids were washed twice with
10 pL TRIS-buffer and negatively stained with uranyl acetate.
The samples were visualized using a Zeiss CEM 902 microscope
at 80 kv.

CD and FTIR spectroscopy

CD spectra were recorded with a Jasco J-815 spectrometer at
20 °C (scanning speed: 50 nm min '; band width: 1.7 nm;
D.LT.: 2 s; accumulations: 5). Films were poured onto glass
slides from a 5 mg mL™" solution in formic acid and measured
directly after the evaporation of the solvent. preColD in solution
was measured in a 1 mm quartz cuvette after dialyzing the same
solution against PBS and PBS containing 4 M urea at 4 °C. FTIR
spectra were recorded with a Bruker Tensor 27 spectrometer,
using a PIKE Miracle Ga-ATR crystal. The films were prepared
directly on the freshly cleaned crystal by allowing the solvent to
evaporate from 10 mg mL™"' solutions of protein (preColD,
gelatin, spider silk protein eADF4(C16)) in formic acid. The
spider silk protein, after measuring the freshly prepared film,
was additionally treated with methanol to induce beta-sheet
formation. The obtained spectra were smoothed, baseline-
adjusted and corrected for atmospheric moisture.

ourrial is ©® The Roval Society of Chemistry 2017
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Fig.2 (A) CD spectra of preColD film (black) and solutions {5 mg mL™") in PBS containing no urea (light gray) and 4 M urea (dark gray). The film
sample shows a 2 nm redshift possibly due to the lack of solvent. All samples show minima/shoulders at 218-220 nm which correspond to
B-sheets most likely forming within the silk-like flanking domains of preColD. The spectrum of the non-denatured sample seems to consist of an
overlay of the aforementioned B-sheets and triplehelical collagen which typically shows a small positive peak at 220-225 nm and a larger
negative peak at 200 nm, (B) FTIR-spectra of protein films. Gelatin (orange), random coil spider silk protein (red), preColD (dark blue), B-sheet-
rich spider silk protein (cyan). Unstructured or helical proteins have an amide | peak at around 1650 cm™, as seen for gelatin and unstructured
spider silk protein, while B-sheets have a peak at around 1635 cm ! (crystalline spider silk protein). preColD shows two peaks in the amide |
region, of which one corresponds to B-sheets and the other one corresponds to unstructured elements.

Results and discussion recombinant protein production. Therefore, preColD was
cloned with an a-secretion factor inducing translocation into

the endoplasmic reticulum (ER) and subsequent secretion via
P. pastoris can be a suitable host for the production of secreted the Golgi apparatus. Accordingly, the selection for the highest
proteins, which simplifies downstream processing steps during producing P. pastoris expression strain was performed by

Production and purification of preColD

f Chemistry. 2017 RSC Adv., 2017, 7, 38273-38278 | 38275
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Fig.3 TEM analysis of recombinant preColD shows fibrils with lengths
of 180 nm and assemblies thereof. The single fibrils interact at the
termini, sometimes forming globular aggregates and dense fibril
bundles.

screening for both intracellular as well as secreted transgenic
cMyc-Antigen that is present at the carboxyterminus of
recombinant preColD (Fig. 1B). The screening was performed in
shake flask culture, and secreted protein levels corresponded
well with intracellular retention (see ESI Fig. S17).

Nevertheless, apparently no secretion past the yeast cell wall
took place during fermentation, since no recombinant protein
could be detected in the medium. Therefore, the recombinant
protein was purified from the cell pellet. A single band at the
expected molecular weight could be detected by SDS-PAGE (ESI
Fig. S2f), suggesting that the recombinant preColD was
successfully translocated into the endoplasmic reticulum (ER),
had its secretion factor cleaved as expected, but could not be
secreted due to unknown reasons. The most likely explanation
therefore is a difference in relative expression levels due to the
scale-up, since the induction level is dependent on the meth-
anol concentration, which is kept constant during fermentation
but isn't monitored in shake flasks.

The yield of pure recombinant preColD from a 1 L fermen-
tation up to 350 g L~ " wet cell mass was 252 mg when purified
according to the protocol in the experimental section. While
this is low compared to industrial processes employing P. pas-
toris,* this number is adequate for lab scale production using
a non-optimized system.

Determination of secondary structures

The B-sheet signal observed in the CD spectra (Fig. 2A) suggest
a strong influence of the sillk-like flanking domains on the
overall structure of preColD, as they are present even under
denaturing conditions (4 M urea) and when dried from formic
acid, conditions that would usually favor random coil
structures.

Under physiological conditions, the signal intensity was
reduced, suggesting that the negative f-sheet-peak (218 nm) is
partially canceled out by the positive peak from triple-helical
collagen (220 nm). The emergence of a negative peak around
200 nm, which is also expected for folded collagen, supports
this hypothesis. It is known that denatured collagen mostly

38276 | RSC Adv, 2017, 7. 38273-38278
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loses its CD-active properties (loss of positive peak at 220 nm,
reduction of mean residual ellipticity at 200 nm from —30 to
—5 % 10° deg em® dmol '), while non-collagenous proteins
would instead show a random-coil structure, which would
interfere with the B-sheet-signal also under denaturing condi-
tions.?”** The spectra of preColD in solution at 4 M and 0 M urea
have been compared to reference spectra using the web-based
tool K2D3,” showing no similarity to standard proteins
present in the database, which supports the hypothesis of
having mixed signals (ESI Fig. $37).

Additional experiments suggesting the presence of fB-sheets
as well as unstructured collagen have been obtained for films of
preColD via FTIR (Fig. 2B). The recombinant spider silk protein
eADF4(C16) was used as a control to visualize the peak shift
towards lower wavenumbers that occurs when beta sheet
formation is induced in the previously unstructured film*"*
which, in this measurement, manifests itself as a shift of the
amide I peak from 1645 cm ™' to 1630 cm ™. Commercial gelatin
was used as a control to determine the signal obtained by an
unstructured collagen-like protein, and corresponds to that of
a random coil protein at 1645 em™ . preColD has two peaks
within the amide I band, one suggesting the presence of beta-
sheets (1645 c¢cm '), the other suggesting the presence of
random coil structures or helices (1660 cm ™).

While no Fourier self deconvolution was performed, it is
evident that a part of preColD contains structural features that
can be compared to those of silk proteins under the given
conditions, while another portion of the protein seems to
contain structures that correspond to unstructured or alpha-
helical proteins, similar to those obtained by unstructured
gelatin.

We hypothesize that the silk-like flanking domains of pre-
ColD form a stable, B-sheet-rich structure under virtually all
conditions, being largely responsible for the stiffness of the
distal portion of the natural mussel byssus. The collagen core
appears to be stable at room temperature even when not
hydroxylated, but loses its folding under denaturing conditions.
Additionally, the formation of the collagen triple-helix seems to
be kinetically hindered,” since it does not appear when the
denaturing solvent is removed quickly, such as during the
preparation of films.

Fibrillization of preColD

Natural preCols extracted from the foot of M. edulis undergo
fibrillization when the pH is increased above the pK, of histi-
dine, as this enables the chelation of metal ions by the HIS/
DOPA-rich termini of the proteins which thereby promote
intermolecular interactions.'”* Here, we analyzed the assembly
of recombinant preColD under similar conditions. Preliminary
experiments haven shown that the dilution of a highly
concentrated solution of preColD in formic acid rapidly results
in unspecific aggregation (ESI Fig. 841), while dilute solutions of
preColD undergo fibrillization within the same timescale after
shifting the pH from 5.5 to 8.0 (Fig. 3). This has also been
described for the natural extract of mixed preCols in ref. 33. Our
recombinant fibrils also show similar properties as the natural

[his journa
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extract in regard to size and intermolecular arrangement and, as
expected, lack any amyloid-like features such as Thioflavin T
binding. The presence of globular structures, as seen here, has
not been described for the natural extract and seems to be
depending on the preparation of the samples. However, since
these structures are only observable in the vicinity of high
densities of fibrils, they likely result from higher order assembly
and/or aggregation of preColD trimers, which might likely be
the result of artifacts due to the sample preparation.

Conclusions

The mussel byssus collagen preColD of M. galloprovincialis
could be recombinantly produced in P. pastoris and successfully
purified under denaturing conditions using IMAC. It was shown
that, even when no posttranslational modifications are present,
preColD still has the ability to form nanofibrils under native
conditions, which appeared to be similar to those obtained
when subjecing natural preCols extracted from mussel feet to
the same conditions.*

The secondary structure of soluble preColD and films made
thereof showed B-sheet structures even under mild denaturing
conditions, which suggests that the silk-like flanking domains
are involved in early-on structure formation of preColD.
Further, they might play a central role in providing physical
stability and chemical resilience in the natural byssus thread,
since they have been shown in silk to withstand even stronger
denaturing conditions.**¢ Furthermore, the data obtained by
CD and FTIR spectroscopy suggest the presence of correctly
folded collagen triplehelices. Since the formation of collagen
triplehelices is kinetically hindered due to the very slow proline
cis/trans isomerization, it is believed that the unique structure
of the flanking regions'**"** is involved in premature assembly
similar to the function of pro-domains in vertebrate collagens®
and certain foldons in bacterial collagens."* This stabilizing
effect seems to be sufficient to compensate for the decrease in
stability due to the absence of hydroxyprolines.

Conclusively, the deeper understanding of byssus collagens
can serve as an inspiration for the development of bio-
technologically produced, protein-based, highly resilient
biopolymers with adjustable functions.
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Pellet

Medium

Supplementary Figure S1: Dot-Blot screening for a high preColD-expressing X33 strain.
Selection was performed using a cMyc antibody. The selected strain used in this publication

was #7. Samples were taken before induction (BI) and after 24 and 48 hours of induction.
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Supplementary Figure S2: Silver stained SDS-PAGE gel from the purification of preColD.
M: PrecisionPlus(TM) prestained marker (BioRad, Hercules, CA USA). X: Extract before
loading onto column. L: Flowthrough after column loading. W: Column wash. E1/E2 Eluted
protein fractions. All samples were precipitated from the 4M Guanidinium HCI buffer with a
10x Volume of cold ethanol and resuspended in 2x Laemmli-buffer. The target protein can be
seen eluting between the 75 and 100 kDa marker band (marked by arrow). A contaminating
band, most likely a fragment upon unspecific proteolysis, can be seen eluting at < 25 kDa.

When dialyzing the protein with a 30 kDa cutoff membrane, this contaminant was removed.



Supplementary Figure S3. Fit of the CD spectra of preColD in 4M urea buffer (left) and OM
urea buffer (right) to reference spectra using the K2D3 database (29). Input in red, prediction
in green. The structure prediction determines a secondary structure content of 63.89% alpha
helix / 12.28% beta sheet for the protein in 4M urea and 62.92% alpha-helix / 11.67% beta
sheet for OM urea. Both fits show a significant distance to the closest spectrum in the

database, suggesting that the error of the structure prediction is large.
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Supplementary Figure S4. Thioflavin T fluorescence (black; excitation: 450 nm, emission:
482 nm) and 90° light scattering (red; excitation: 350 nm, emission: 350 nm) of a preColD-
solution diluted to a final concentration of 0.1 mg/ml from formic acid into PBS containing 50
1M Thioflavin T. While the increase of scattered light (red curve) suggests a 1% order
formation of aggregates within 100 seconds of dilution, no increase in Thioflavin T
fluorescence (black curve) can be seen. This indicates that the aggregates show no amyloid-

like structure.
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ABSTRACT: Collagen, processed into several morphologies and originat-
ing from various sources, has long since been used as a biocompatible mate-
rial that can assist wound healing and tissue regeneration. With the advent of
biotechnology and solid-phase peptide synthesis, new possibilities arise to
create rationally designed biomaterials based on collagen sequences incorpor-
ating new functionalities while maintaining the beneficial properties of natural
collagen. In this study a new class of synthetic collagen materials is presented,
defined by its simplistic core structure and its therefore predictable behavior.
These so-called eCols (engineered collagens) consist of a varying number
of Gly-Pro-Pro repeats, a redox-switchable aminoterminal nucleation site
and an optional carboxyterminal cell adhesion motif. We show which of
these proteins are able to self-assemble into triple helices and cross-linked
gelatinous networks and provide insights into their cytocompatibility

4 Oxidation & Nucleation

A Triple Helix Formation

Collagen Film

+ Specific Functionalization

in vitro.

KEYWORDS: collagen folding, synthetic peptides, cell adhesion, biopolymer self-assembly

1. INTRODUCTION

Collagens are the most abundant class of proteins in the animal
kingdom' ™ and serve a major role in providing structural stabil-
ity within the extracellular matrix (ECM), connective tissue and
other supporting structures. By incorporating different functional
domains, the several subclasses of collagen become fine-tuned to
serve different Jurposes such as being mineralized (cartilage,
tendon, bone),’ ~¢ providing specific mechanical properties for
various tissues,” ~ and interacting d.ifferentl?/ with specific other
components of the ECM and cell types.'”"'

Collagen is primarily defined by a triple-helical tertiary struc-
ture,"”"” which has been shown to be masked from detection by
the immune system regardless of the primary amino acid sequence
or originating species. Therefore, collagen and collagen-derived
substances have been used in medicine for centuries as biocom-
patible, nonimmunogenic grafts, scaffolds, dressings, etc."?

However, recent discoveries, such as the possible transfer of
prion diseases by utilizing collagen from potentially infected
sources,' > have increased the demand of substituting animal
products with synthetically or recombinantly produced alter-
natives. However, because of the extensive post-translational
modification of collagen during and after biosynthesis, which
involves the cleavage of pro-domains, the formation of hetero-
trimers, and the hydroxylation of proline to 4-hydroxyproline,
the biotechnological production of collagen mimicking the nat-
ural counterparts have been shown to be challenging, and some
attempts remain inefficient. Pee1d

< ACS Publications 2017 American Chemical Society
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The aim of this work was to establish a method for the produc-
tion of engineered collagen-like peptides/proteins that can be
easily produced in E. coli, to show comparable properties to
naturally occurring collagen in terms of biocompatibility, with
the additional feature to be biotechnologically or chemically
modifiable or provide additional, specific functionalities, such as
the incorporation of cell-adhesion motifs to be used in bio-
medical applications.

2. MATERIALS AND METHODS

2.1. Molecular Cloning and Biotechnological Protein
Production. The (GPP);, encoding core sequence, including cloning
sites at the 5’ and 3’ ends, was ordered from GeneArt {Thermo Fisher)
and transferred into a pET28a vector already containing a gene encoding
a SUMO tagln using standard molecular biology methods such as
restriction enzyme digestion and PCR. The WC,-sequence was later
added using either long overhanging PCR-primers or by ligating short
double stranded oligonucleotides complementing the overhangs left by
restriction enzyme cleavage.

Protein production was first tested using the host strain BL21(DE3)
in small volume shaker flasks and then scaled up to 5 L fermenters
(Labfors $; Infors HT Bottmingen, Switzerland) using complex medi-
um. Expression was induced overnight with 0.1 mM IPTG (isopropyl
f-n-1-thiogalactopyranoside) at 30 °C. After harvest and washing with
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PBS (phosphate buffered saline), the cells were resuspended in PBS +
4 M guanidinium hydrochloride, lysed using ultrasonication or a high
pressure homogenizer, and loaded either onto a 200 mL Nickel-NTA
column or free IMAC resin in suspension. After elution with imidazole,
the soluble protein was dialyzed against buffer (PBS) in the presence of
Ulp-protease. The eCol protein, which precipitates under nondenaturing
conditions, could be centrifuged and redissolved in 6 M guanidinium
thiocyanate (adjusted to pH 7 + - 0.5) and subsequently passed over a
20 mL Nickel-NTA column. The column flow through of this step
contained the successfully cleaved eCol, because free SUMO tag, Ulp
protease, and SUMO-eCol retained on the IMAC resin. The purified
protein was dialyzed against 10 mM ammonium carbonate for subse-
quent lyophilization and storage.

2.2. Peptide Synthesis. Peptides were obtained by automated
solid-phase peptide synthesis on an ABI 433a peptide synthesizer (Applied
Biosystems, Darmstadt, Germany) following the standard ABI-Fastmoc
protocol (single coupling until amino acid 15 followed by double couple,
capping after all coupling steps) with N-Methyl-2-pyrrolidone (NMP)
as solvent. 41 mL reaction vessels were used for a 0.25 mmol scale.
Fmoc deprotection steps were monitored with an UV—vis detector
(PerkinElmer LAS GmbH, Rodgau, Germany) at 301 nm. Tenfagel-
SRAM resin (Rapp Polymere, Tiibingen, Germany) was used as solid
support. After final Fmoc removal the resin was transferred to a 20 mL
syringe reactor and subsequently washed with dichloromethane. Pep-
tides were cleaved from the solid support by treatment with a mixture
of 94% trifluoroacetic acid (TFA), 1% triethylsilane (TES), 2.5%
1,2-ethanedithiol (EDT) and 2.5% water at room temperature for 3 h
resulting in fully deprotected peptides. The resin was filtered, washed
with TFA and the collected supernatants were concentrated in vacuo.
Afterward, peptides were precipitated in cold diethyl ether, centrifuged
(20 min, 9000 rpm), and the supernatants were removed by decantation.
The peptides were dissolved in TFA and precipitated again. Precipitates
were dried in vacuo and dissolved in Milli-Q water/MeCN (2:1 v/v),
followed by lyophilization.

Peptide purification was performed on a semipreparative high
performance liquid chromatography (HPLC) System from Shimadzu
(Shimadzu Deutschland GmbH, Duisburg, Germany) using a CBM-
20A system controller, a DGU-14A online degasser, a LC-20AP liquid
chromatograph pump unit, a SIL-20AHT autosampler, a FCV-200AL
low-pressure gradient unit and a dual wavelength SPD-10Avp UV—vis
detector with a preparative flow cell. Chromatographic separation
was performed on a SynergiTM Fusion-RP column (80 A, 4 gm, 250 x
21.20 mm ID, Phenomenex, Aschaffenburg, Germany) with a Secu-
rityGuardTM PREP Cartridge (Fusion-RP 15 % 21.20 mm ID,
Phenomenex) at a flow rate of 22.0 mL mL™" at room temperature and
monitored at 210 nm. As mobile phase a binary mixture of solvent
A (Milli-Q water (MQH,O) with 0.1% HCOOH) and B (MeCN with
0.1% HCOOH) and a linear gradient (from 10-30%, 15—30% or
10—50%) in 30 min was used. Separated fractions were collected with a
Shimadzu FRC-10A fraction collector, followed by lyophilization.

Peptide Characterization. Peptides were characterized by MALDI-
MS measured with a 5800 MALDI TOF/TOF system (AB SIEX,
Framingham, MA, USA) or an Autoflex IIl Smartbeam (Bruker Inc.,
Billerica, MA, USA) with matrix-assisted laser desorption/ionization
and time-of-flight detector. One and a half milliliters of peptide solution
was spotted on the MALDI plate together with 1.5 uL alpha-cyano-4-
hydroxycinnamic acid (7 mg/mL) matrix in acetonitrile/Milli-Q water
(1:1,v/v) + 0.1% TFA and dried by exposure to air. Measurements were
performed in reflection positive mode or linear positive mode.

Analytical Ultra Performance Liquid Chromatography Mass
Spectrometry (UPLC-MS). Analytical UPLC-MS was performed by
using an Acquity-UPLC from Waters GmbH (Eschborn, Germany)
with Waters Alliance systems consisting of: Waters Separations Module
2695, a Waters Diode Array detector 996, a LCT Premier XE mass
spectrometer and a Waters Mass Detector ZQ 2000. The product purity
was analyzed with a ACQUITY-UPLC BEH C18 column (110 A,
1.7 um, 50 X 2.1 mm ID Waters) and ACQUITY-UPLC BEH CI8
VanGuardTM precolumns, (110 A, 1.7 pm, 5 X 2.1 mm ID, Waters)
using linear gradients in 4 min and a flow rate of 0.5 mL mL™" at 40 °C
and monitored at 210 nm.
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2.3, Spectroscopy and Sample Preparation. Unless otherwise
stated, measurements were performed in PBS at 20 °C. CD measure-
ments were performed at a concentration of 0.1 mg/mL using a temper-
ature controlled Jasco J-815 Spectrometer and 1 mm quartz cuvettes.
FTIR was measured on a Bruker Tensor 27 using a contact mode gal-
lium ATR crystal for films and an AquaSpec liquid cell for selutions of
the water-soluble eCol-WC2-(GPP),; peptides.

SEC/MALS was performed using an Agilent 1100 series HPLC
system, a Superdex 75 10/300 column followed by a Wyatt Technology
DAWN EOS MALS detector. Peptide/protein concentration was deter-
mined by UV absorption at 280 nm using the calculated absorption
coefficient.

Although it was noted that freshly prepared and/or dialyzed samples
were typically fully oxidized, all samples were treated with 0.1% (v/v)
H,0, to guarantee full cystein linking before measuring “oxidized” samples.
For reducing samples, a 1 M solution of TCEP (tris(2-carboxyethyl)-
phosphine) in PBS was added to a final concentration of 10 mM before
the measurement.

Solutions of eCol-WC,-(GPP) s, which was insoluble under all tested
nondenaturing conditions, had to be prepared by either using the eluent
directly after IMAC purification or by first dissolving the dried protein in
formic acid or 6 M guanidinium thiocyanate. When used for solution-
based measurements, the protein would typically be dialyzed against
PBS containing 4 M guanidinium hydrochloride. AFM samples were
prepared from these solutions by allowing the samples to adhere on mica
for § min and then extensively washing with Milli-Q water.

2.4, Cell Culture. Cell culture experiments were performed
according to previously described methods.”' All films were based on
eCol-WC,-(GPP), which was dissolved in formic acid at 1 mg/mL and
cast into cell culture wells at a final concentration of 0.5 mg/mL.
To introduce specific functionality, we introduced the short eCol-WC,-
(GPP), peptides with various carboxyterminal tags (no tag, RDG
negative control, RGD cell adhesion motif) at 10% (w/w) without
additional treatment. After the films were fully dried, the plates were
sterilized via UV treatment and seeded with the respective cell types
(BALB Fibroblasts, RN22 and BS0 Neuronal- and Schwann-Cells).
These cell types were chosen to test for compatibility with cells that are
known te be very responsive to the structure and composition of the
ECM (Neuronal/Schwann-cells) and show the potential to remodel
collagen-based substratum (Fibroblasts).

Live cell numbers were determined using CellTiter-Blue reagent
(Promega, Madison, USA) according to the manufacturer’s protocol.

3. RESULTS

3.1. Recombinant Protein Production and Peptide
Synthesis. The eCol protein shown in Figure 1 (A) was obtained

A: SWCGTTPGSWCGT-[GPP],
B: SWCGTTPGSWCGT-[GPP],,
C: SWCGTTPGSWCGT-[GPP],-GRDGSPG

SWCGTTPGSWCGT-[GPP],-GRGDSPG

Figure 1. Constructs used in this work. (A) eCol-WC,-(GPP);, was
produced biotechnologically and purified after cleaving of a SUMO tag
used for identification and early on purification steps. (B) Peptides eCol-
WC,-(GPP); and eCol-WC,-(GPP);, as well as (C) the peptides con-
taining the motifs RGD and RDG (serving as a negative control), have
been produced via solid phase peptide synthesis.

by producing a SUMO-coupled construct in E. coli. The eCol
gene expression did not interfere with cell viability when growing
under carbon-source-limiting conditions in a benchtop fermenter,
which allowed overnight induction to yield maximum cell mass.

Cell lysis and all further purification steps were carried out
under denaturing conditions, since the target protein was

DO 10.1021/acsbiomaterials 7000583
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Figure 2. (A—C) Circular dichroism and (D)FTIR solution spectra of unstructured and assembled collagen proteins and peptides as indicated (FTIR:
monomer = eCol-WC,-(GPP)j, trimer = eCol-WC,-(GPP),; both samples were incubated under oxidizing conditions at 4 °C overnight). Although sim-
ilar to random coil structures, the characteristic collagen triple helix can be identified by a positive peak around 227 nm in CD spectra and an additional peak
in FTIR spectra at 1630 cm ™. Ox.: cysteine residues are in an oxidized state; red.: cysteine residues have been reduced using TCEP (10 mM).

insoluble. Standard immobilized metal affinity chromatography collagen is unstructured, the positive peak will disappear, whereas
(IMAC) could be performed only for very small sample volumes, the negative peak will remain mostly unchanged. Both of these
as the local increase of SUMO-eCol on the chromatography col- values are highly dependent on external conditions, such as buffer
umn caused the protein to gel, thereby clogging the column and components, concentrations and temperature, as well as the
strongly increasing the back-pressure of the system. For prepar- presence of folded domains within the protein, yielding over-
ative amounts of protein, a batch-purification with an IMAC- laying signals corresponding to the typical canonical a-helical,
resin slurry in beaker flasks was performed, with several washing beta-sheet and random coil secondary structures.

steps utilizing fritted glass Buechner funnels. Figure 2 shows the spectra obtained for the constructs that

Cleavage of the SUMO-tag was carried out by adding Ulp- were used in this study. As summarized in Figure 1, all proteins
protease to the eluate and slowly removing the denaturant via dial- consist of an N-terminal 13 amino acid foldon (“WC,”) contain-
ysis. During this process, the free eCol precipitated and could be ing two cysteine residues, two tryptophan residues to facilitate
recovered via centrifugation. After redissolving the pellet in 4 M spectroscopy and several hydrophilic amino acids as spacers,
guanidinium hydrochloride, a final column-based IMAC-step followed by a collagen-like sequence consisting of a variable num-
was used to remove any residual SUMO-tag and Ulp-protease. ber of GPP-repeats. When oxidized, the cysteines form inter-

The typical yield using this method was in the range of 300— molecular disulfide bridges which greatly facilitate the formation
500 mg of free eCol per liter of fermentation medium. of triple helices. Under oxidizing conditions and after overnight

The shorter constructs (WC,-(GPP), with n = 3, 7) were pro- incubation, all three constructs (WC,-(GPP),, with n = 3, 7, 50)
duced using solid phase protein synthesis (see Materials & show highly similar CD spectra corresponding to that of triple
Methods). helical collagens.

3.2. Folding Studies. Far—UV circular dichroism (CD) Note that the construct with the highest molecular weight
spectroscopy is a well-established method for determining the (WC,-(GPP)s,) would only dissolve in buffers containing guani-
secondary structure of collagen and soluble proteins in general. dinium hydrochloride (GdmCI) at concentrations exceeding
A distinct difference between triple helical and unstructured 4 mol L™". Lowering the concentration of denaturant after disso-
collagen has been shown previously for (GPP), constructs™*? lution induced aggregation and/or gelation of the protein, show-
with the number of GPP-repeats ranging from n = 3 to n = 10. ing properties related to natural collagen. While it is assumed
In general, a triplehelical collagen CD spectrum will have a that solvents exist which allow the formation of soluble WC,-
positive Cotton effect at 220—230 nm with an [©] g of around (GPP),, trimers, such conditions were not found so far within
5% 10* (deg cm® dmol™") and a negative Cotton effect between the concentration range required for the measurements used

190—210 nm of =5 to —20 X 10° (deg cm® dmol™"). When the herein.

2108 DOI: 10.1021/acshiomaterials. 7600583
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Figure 3. Thermal melting behavior of eCol-constructs under oxidizing and reducing conditions. The peptides (A, B) (GPP),, were tested under native
conditions in PBS, whereas (C) the high MW (GPP), construct was analyzed in the presence of 4 M guanidinium hydrochloride. Spontaneous
trimerization at reducing conditions could be observed for all samples except eCol-WC,-(GPP), (B) when incubated for several hours at 4 °C. However,
refolding of the triple helix was only observed after melting when the sample was oxidized before starting the heating. eCol-WC,-(GPP), only
successfully trimerized when oxidatively linked via the WC,-foldon (B, ox). Furthermore, it melted at temperatures above 40 °C in a noncooperative
fashion even when oxidized.

Under reducing conditions, only the two larger constructs (n = 50) had a zero transition point of 47 °C and showed a coop-
(WC,-(GPP), with n = 7, 50) slowly formed triple helices when erative unfolding with a melting point of 54.5 °C as determined
incubated at 4 °C, whereas the short construct (WC,-(GPP)5) using a Boltzmann fit. This suggests remarkable thermal stability
remained monomeric (see Figure 2D). However, all constructs comparable to that of natural collagens, considering that the
remained triple helical at temperatures <4 °C after being oxidized construct is affected by the denaturing effect of 4 M GdmCI* in
and fully trimerized, even when treated with a 10-fold molar this experiment. This is especially surprising considering the absence
excess of TCEP or other reducing agents. Subsequent heat treat- of hydroxyproline, which is known to have a highly stabilizing
ment, however, fully unfolded all samples when reduced, and the effect on natural collagens and short collagen-like peptides.”®
triple helical signal was not recovered during a fast (1 °C s™") 3.3. Oligomeric States Triggered by the WC, Folding.
cooling step. The influence of the WC, cystein foldon domain on the stability

Figure 3 shows the temperature dependent unfolding behavior of the (GPP),-domains could be shown by investigating the
of all three constructs. When unfolding is induced by heating, the proteins under both oxidizing and reducing conditions. Further,
cross-linked samples gradually lost the positive peak at 227 nm it was determined whether the foldon-induced triple helical struc-
while transitioning toward the unstructured state. Subsequent tures were single soluble trimers, higher order networks, fibrils or
cooling immediately restored the signal of the oxidized samples, intermediate structures.
suggesting that, while the triple helix was unfolded, the under- In order to investigate the direct influence of the WC, domain
lying network of cross-linked cystines remained intact through- on the overall molecular structure of eCol-based polymers, SEC/
out the experiment. For oxidized WC,-(GPP),, a cooperative MALS experiments were performed with WC,-(GPP); as shown
unfolding was observed, with a melting point of 37.3 °C as deter- in Figure 4. The short construct was chosen because the exper-
mined using a Boltzmann fit. The other peptide as well as the iments shown in Figure 3 suggested that assembly at room tem-
protein did not show this behavior, suggesting that the under- perature is manly driven by the WC, domain with no pro-
lying quaternary structural features are different. nounced effect of the collagen domain.

When the constructs were reduced, the initial positive signal at Under reducing conditions, a single peak eluting at minute 28
227 nm was weakened but still present. Both of the peptide con- could be observed showing a strong absorbance at 280 nm, which
structs ((WC,-(GPP), with n = 3, 7) unfolded early at 8 °C (n=3) can be attributed to the two Tryptophan residues. Using MALS,
and 14 °C (n = 7), respectively, as determined by the zero tran- a R corresponding to a molecular weight of approximately
sitioning point for the ellipticity at 227 nm. The protein construct 2.5 kDa was observed, which corresponds well with the

2109 DOI: 10.1021/acshiomaterials, 7000583
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Figure 4. SEC-MALS-measurements of eCol-WC,-(GPP); under (A) reducing and (B) oxidizing conditions. Red line: UV-absorbance at 280 nm. Black
dots: My as determined by MALS. The WC,-motif has a strong influence on the ability of the peptide to form triple helices. While the reduced peptide is
mainly monomeric, the oxidized form has several additional elution peaks showing calculated masses corresponding to dimers, trimers, and higher
molecular weight oligomers.

calculated My, of 2096 Da of the monomer. Additionally, a small albeit here these structures could be obtained without the use of
peak with no clear MALS signal eluted around minute 23.5. The active functional domains or heteromorphic fragments. Because
nature of this signal is unknown. no cross-linking is present, the structures are not interconnected

Under oxidizing conditions, the same peak could be observed beyond the triple-helix. It is important te note that the
with the corresponding My, however, additional earlier eluting nonactivated WC,-foldon did not sterically hinder the
peaks appeared with higher molecular weights. When averaging spontaneous formation of triple helices.
the MALS data of the shoulder eluting between minute 25.6 and Oxidized WC,-(GPP) showed no distinctive fibrils in AFM
26.6, a mean My, of 6.4 kDa was calculated. Considering the (Figure 5C), but instead formed a granular surface coating with a
strong fluctuation of the signal in this range of the spectrum, it surface roughness R, of 0.143 nm, suggesting that covalently
can be assumed that this is a mixed elution of both dimers and linked WC,-foldons significantly influenced the assembly
trimers. Additionally, a very broad peak eluted around minute 21, behavior of the peptide.
which showed an increase in molecular weight at earlier elution 3.4. Cell Culture Experiments. Cell culture experiments
times, ranging from 8.2 up to 13.6 kDa. It can be assumed that were performed in order to determine the biocompatibility of
this peak originates from oligomeric structures, ranging from eCol-based materials with various cell types. The adhesion of the
trimers to higher-order oligomers. cell lines BALB 3T3 (fibroblasts), BSO (neuronal cells) and

This finding suggests that the WC2 domain, while forming RIN22 (Schwann cells) to oxidized eCol films (WC,-(GPP),,)
predominantly dimers, also can induce the formation of oligo- was assessed over 7 days as seen in Figure 6. As major cellular
mers rather than pure trimers in the longer constructs ((GPP), component of the extracellular matrix, fibroblasts are expected to
and (GPP)). Given the strongly stabilizing effect of the oxi- show the strongest interaction with collagen and possibly partially
dized foldon, the presence of “interwoven” structures with a high digest and rearrange the collagen matrix after several days of incu-
content of triple helices is reasonable. bation; however, this behavior could not be observed.

This assumption could be verified using atomic force micros- B50 and RN22-cells were tested for their compatibility with
copy (AFM) (Figure 5A). Oxidized WC,-(GPP);, led to sponge- the novel material to assess the possible future apglicabi]ity asa
like structures with sizes of several gm. It is assumed that, under component within artificial nerve guide conduits. :
oxidizing conditions, multiple cystein bridges form yielding Protein films were prepared out of formic acid and washed
dimers, trimers and oligomers. These knots bring unstructured extensively with PBS before being used for cell culture analysis.
GPP-repeats in spatial vicinity and function as nuclei for the eCol showed no characteristic secondary structures after this proce-
formation of triple helices that further stabilize the network. For dure, as determined by FTIR (see Figure 2D and data not shown).
reduced GPPyy, instead of the observed spongy structures, we After 7 days of incubation, the integrity of the film was tested
only found a clear mica surface. This suggests that, instead of by scratching with a pipetting tip and was found to be intact for all
small networked structures, big, highly dense aggregates had samples. It is evident that all cell lines showed no adhesion to the
formed and were washed off due to limited interaction with the unstructured collagen films. Microscopic studies showed that
mica surface compared to the oxidized sample. most cells had been washed off during cell medium exchange, and

This observation was in contrast to the fibrillar structures seen that any residual cells showed no strong interaction (i.e., spread-
for WC,-(GPP), when allowed to slowly assemble under reduc- ing) with the protein film.
ing conditions, revealing single fibrils with lengths in the range of In contrast to the protein construct WC,-(GPP)s, the short
25-30 nm up to 500 nm (Figure 5B). These fibrils show a peptides (WC,-(GPP); and WC,-(GPP),) could be prepared in
diameter of about 2 nm in the AFM height profile (Figure 5D), both oxidized and reduced states from aqueous solvents. When
which is similar to the dimension of a single tropocollagen helix allowed to trimerize in solution, films cast from these solutions
(1.5 nm),*" suggesting that the observed structures are indeed showed a triple helical signal using FTIR. The films prepared
triplehelical collagen-like fibrils. from triple-helical short peptides were stable in PBS for several

It is assumed that the supermolecular structure is similar to days, but they could no longer be detected after completion of

that described for functionalized collagen-like peptides,y_““ the cell culture experiment. Films of WC,-(GPP).-RGD behaved

2110 DOI: 10.1021/acshiomaterials. 7600583
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Figure 5. AFM images of (A) eCol-WC,-(GPP);, and (B, C) eCol-WC,-(GPP)-. (A) was prepared in the presence of 4 M guanidinium hydrochloride
under oxidizing conditions, following extensive washing to remove residual salt. No deposition could be observed under reducing conditions (not
shown). (B) was prepared from a native solution of eCol-WC,-(GPP), under reducing conditions. Although the high-molecular-weight protein shows
strongly interconnected long structures, the low MW peptide assembles into short fibrils showing rodlike morphologies (scale bars represent 500 nm).
(C) was prepared like (B), but from oxidized peptide, showing a uniform granular surface coating. The observed granules have an average height of
0.841 nm, a maximum height of 1.779 nm, and a surface roughness Ra of 0.143 nm. (D) Height profile of a cross-ection of three of the fibrils in (B),
demonstrating a height of around 2 nm, which is comparable to that of a natural tropocollagen triple helix.

similarly even upon cross-linking of the peptide using glutar-
aldehyde (Figure S1). It is unclear whether the peptides were
redissolved or enzymatically digested. The cells showed weak
adhesion and proliferation indistinguishable to that on non-
treated tissue culture plates used as control.

On the basis of these results, WC,-(GPP);, was blended with
WC,-(GPP),-RGD (9:1 w/w) and tested for adhesion with
BALB Fibroblasts (Figure 6D).

As a control, WC,-(GPP),, films blended 10% with WC,-
(GPP); performed indistinguishably to nonblended WC,-(GPP)g,
films. In contrast, a clear difference was seen upon blending WC,-
(GPP)y, with WC,-(GPP),-RGD, showing that the integrin
binding motif RGD is readily presented on the surface of the film
and serves to promote adhesion of fibroblasts. The RDG-motif,
which consists of the same amino acids with a scrambled sequence
and served as a negative control did not show this effect, which
allowed the conclusion that the binding is specific and not a result
of charge—charge interactions or changes in surface morphology.
The cell morphology seen in Figure 6E is in agreement with these
findings, because it is evident that the cells have multiple
adhesion points yielding the typical spreading.

Because it is known that the surface density of RGD groups has
ahigh influence on the ligand specificity of adhering cells,” it can

21

be assumed that the selective blending of the WC,-(GPP)s,
matrix with the RGD-carrying peptide offers a more suitable
surface spacing to the fibroblasts than pure eCol-WC,-(GPP),.

B DISCUSSION

In this study, the biotechnological production of a highly
repetitive GPP-multimer was demonstrated, and the effect of a
simple aminoterminal, redox-responsive foldon on the ability of
said multimer to adapt collagen-like properties, such as the
formation of triple-helices in solution, was shown. Furthermore,
it could be demonstrated that the material can be processed into
films and modified to incorporate specific RGD-based integrin
binding functionalities by incorporating short, synthetic
peptides, which improved cell attachment in situ.

Several attempts have been previously made to biotechnolog-
ically produced collagen in a fashion which is feasible for poten-
tial biomedical applications.lg“‘*‘_m Various challenges need to
be overcome when attempting to produce animal-based collagen
in hosts such as bacteria or yeast, the major ones being the
hydroxylation of proline residues and the cleavage of pro-domains.
Although some hosts such as Pichia pastoris have been success-
fully adapted to include the enzymatic activity necessary for some
of these posttranslational modifications,”” ™' the yield of

DO 10.1021/acsbiomaterials. 7b00583
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Figure 6. (A—C) Proliferation test of different cell lines (BALB Fibroblasts, RN22 and B50 Neuronal and Schwann cells) on oxidized eCol-WC,-
(GPP)y. (TCP = treated culture plate; NTCP = nontreated culture plate). It is evident that none of the cell types showed adhesion to the eCol-based
surface. (D) Cellular proliferation test showing the influence of introduced specific functionality by blending the eCol-solution with short eCol-peptides
containing the RGD motif. When unmodified, eCol and eCol-based peptide films showed apparently no adhesion on day 4, whereas the incorporation of
an RGD motif mediated attachment followed by proliferation. This effect is evident when comparing the morphology of cells grown on (E) eCol-WC,-
(GPP);, and (F) eCol-WC,-(GPP)y, blended with eCol(GPP)--RGD on day 3 (scale bars represent 200 yim).

correctly folded recombinant collagen is low in comparison to
that of classically extracted collagen from animal tissue.

When secondary modification of the target protein is omitted,
a wider variety of protein production systems can be used; 1541
however, most of the resulting recombinant proteins do not
show the desired properties: Nonhydroxylated animal collagen
will only form trimers with very low melting points;'>"* non-
hydroxylated bacterial collagens require specific trimerization
domains to induce correct folding 4% and several synthetic
variants do not show the required stability for tissue engineering
and other biomedical applications.

The engineered collagens presented in this publication over-
come some of these obstacles. It could be shown that multimers
of the (GPP)-motif are thermodynamically stable at body temper-
ature, and that a simple aminoterminal redox-sensitive folding
domain is sufficient to induce nucleation in a fashion that has
since been shown to work only by incorporating noncanonical
functional groups.*

So far, it is not clear how the supermolecular structure is affected
by the WC,-foldon. However, the propagation of the triple helix

2112

has previously been shown by other authors™*" to be purely

entropically driven, and it can be approximated by a first-order
kinetic once nucleation has succeeded, rather than a third-order
kinetic without nucleation. It is therefore likely that the WC,-
foldon has no dramatic influence on the collagen structure other
than providing a nucleation site that lowers the kinetic barrier of
monomeric subunits “finding” each other at low concentrations.

This assumption has been confirmed for the shortest WC,-
(GPP), construct using SEC/MALS. Without the oxidative cross-
linking, only monomers can be detected at room temperature.
When oxidized, dimers, trimers and higher order oligomers can
be detected in a distribution that implies random cross-linking,
suggesting that there is no driving force that specifically induces
the formation of trimers above the melting point of the construct.

For WC,-(GPP),, once the triple helical confirmation has
been obtained for the oxidized sample, thermal unfolding of the
cross-linked sample appears to be noncooperative with a nearly
linear loss of signal at 227 nm, compared to the clear melting
point being seen for the reduced samples (Figure 3). This
suggests that for peptides, it is more likely for three monomers to

DO 10.1021/acsbiomaterials. 7b00583
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adapt into a distinct triple-helical trimer, rather than multiple
monomers forming gelatin-like networks by spontaneous
nucleation within the (GPP),-domain.

This hypothesis is supported by AFM images of reduced WC,-
(GPP), (Figure 5B). The assumed length of a single GPP-repeat
within a triple helix is around 8.6 A, s0 the observed fibrils with
lengths of up to 500 nm cannot be obtained by a single WC,-
(GPP), triplet and most likely are triple-helices consisting of
overlapping (GPP),-monomers, with a thickness of around 2 nm
(Figure 5D), which is s]ig{htly higher than the average thickness
of a tropocollagen helix.™

This suggests that the WC2-domain does not sterically hinder
the formation and growth of the collagen helix. Rather, it can be
assumed that, once initiated via the oxidated WC,-terminus, the
growth of the observed WC,-(GPP)y, structures (AFM-data,
Figure 5), as well as the soluble, triple helical fibrils of all the
proteins/peptides observed in CD (Figure 2) is the result of suc-
cessful nucleation and elongation of existing triple helices, and
that the dimers and trimers observed in in SEC-MALS (Figure 4),
have the ability to recruit monomers and other dimers, thereby
promoting the growth of the fibril along an existing axis.

The protein construct WC,-(GPP)s, seems to be intercon-
nected in a similar fashion, but suffers from the comparably long
length of the collagen-like domain allowing branched propagation
of the triple-helix nucleus across multiple (GPP)sq-chains. This
interconnection occurs independently of the foldon-induced
nucleation, given the tendency of the protein to assemble into hydro-
gels and denser aggregates under nondenaturing and even under
reducing conditions.

Once the collagen has been assembled under partially dena-
turing conditions, applying aqueous buffers/media does not
dissolve the films within 7 days, as shown in the cell culture exper-
iments. Assuming the intended use of the biotechnologically
produced engineered collagen as a novel biomaterial, a low solu-
bility even under reducing conditions is highly desirable.

Because the most common collagen binding integrins, mainly
alfl, a2f1, @101, and @1141," all seem to bind specific adhe-
sion motifs rather than general triple helical folds, it is not
surprising that fibroblasts did not sufficiently adhere to the
nonfunctionalized engineered collagen. However, it is also worth
mentioning that the films did not show a clear triple helical struc-
ture directly after casting, but rather unfolded collagen, which
might further contribute to the very weak cell adhesion at the
early stages of the experiment.

Importantly, eCol itself is not cytotoxic, as shown upon
incorporating the integrin specific RGD cell adhesion motif,
since in these experiments, fibroblasts adhered and spread well
on films made thereof. In contrast, films made solely of eCol-
WC,-(GPP)--RGD were unstable for the duration of the exper-
iment, even when cross-linked with glutaraldehyde, and showed
no better adhesion than the untreated tissue culture plate,
highlighting the role of eCol-WC,-(GPP);, as a biocompatible
surface coating with variable functionalization.

Cells on the blended films showed good vitality and prolif-
eration for the duration of the cell culture experiment, suggesting
that engineered collagens are a viable framework for the devel-
opment of designed biotechnologically produced biomaterials
with controllable features.
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Engineered collagen - a redox switchable framework for tunable assembly and fabrication of
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Supporting Figure S1: Films of eCol-WC:(GPP);-RGD (left) and eCol-WC.-(GPP);-RGD
crosslinked with glutaraldehyde (right) after 1 day of cell culture. The film had partially dissolved from
the surface and formed long, unstable fibrillar structures, which were lost during the following culture

medium exchange. The round morphology of the fibroblasts suggests poor adhesion.
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Abstract: Collagen plays a major role in providing mechanical support within the extracellular
matrix and thus has long been used for various biomedical purposes. Exemplary, it is able to replace
damaged tissues without causing adverse reactions in the receiving patient. Today’s collagen grafts
mostly are made of decellularized and otherwise processed animal tissue and therefore carry the risk
of unwanted side effects and limited mechanical strength, which makes them unsuitable for some
applications e.g., within tissue engineering. In order to improve collagen-based biomaterials, recent
advances have been made to process soluble collagen through nature-inspired silk-like spinning
processes and to overcome the difficulties in providing adequate amounts of source material by
manufacturing collagen-like proteins through biotechnological methods and peptide synthesis.
Since these methods also open up possibilities to incorporate additional functional domains into
the collagen, we discuss one of the best-performing collagen-like type of proteins, which already
have additional functional domains in the natural blueprint, the marine mussel byssus collagens,
providing inspiration for novel biomaterials based on collagen-silk hybrid proteins.

Keywords: collagen; silk; byssus; tissue replacement; biomaterials; preCol

1. Introduction

Collagens are extracellular, fibrous structural proteins fulfilling a variety of functions related to
providing mechanical support. Collagen is historically defined to be a component of the extracellular
matrix (ECM) and further characterized by its primary and secondary structure, as well as the potential
for hierarchical self-arrangement that can lead to large, complex assemblies. However, several collagens
have been described that do not constitute a component of an ECM; for this review, as a simplification,
all proteins that contain collagen-like structural elements will be regarded as collagens.

As often in biology, most definitions tend to become blurred around the edges: Since a highly
diverse class of collagens is used by mollusks as major load-bearing structures within threads
(i.e., mussel byssus [1]), and even another class of natural protein fibers, namely silk, sometimes contain
collagen-like motifs [2], it can, depending on the context, be worthwhile to look at collagen as a “sibling”
of silk. Both collagen and silk have long been used as suture materials, confirming their suitability
for biomedical applications, and have since been developed into a vast variety of biomaterials with
remarkable properties. In this review, we try to give an insight into the current approaches of collagen
research for use in medicine and try to show recent advances utilizing knowledge gained from the
examination of different silk-like structures to yield novel collagen-based materials.

Fibers 2018, 6, 21; doi:10.3390/ fib6020021 www.mdpi.com/journal/fibers
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1.1. Molecular Structure of Collagen

Collagen is typically found in all animals, occurring early in evolution in several simple
multicellular organisms such as sponges (Poriferae) [3] and Cnidariae [4]; however it is not present in
plants and fungi, where its role has been taken over by polysaccharides such as cellulose and chitin.
While it has been shown that collagen plays a crucial role in the formation of the animal extracellular
matrix [5], collagen-like proteins have also been identified in several bacteria [6], where they mask the
bacterial cell from animals’ immune receptors and facilitate the formation of biofilms as well as the
adhesion to host tissue.

Not taking into account several exceptions from the rule, such as collagen-based insect silks
which are spun from specialized glands [2], collagens in higher eukaryotes are generally not secreted
outside the respective tissue and contribute to and often largely define its mechanical and biochemical
characteristics. While several classes of collagens are fibrous, especially those abundantly found
in bone, skin, tendon, cartilage and connective tissues (types I, II, III, V, XI, XXIV and XXVII) [7],
most people associate collagen with gelatin (made from type I collagen).

While the extraction of gelatin from collagen-rich tissues involves partial hydrolysis of the protein,
as well as the partial or complete unfolding of the triple helix due to thermal denaturation, some mild
extraction methods for triple helical collagen exist (see below) [8,9].

Although based on the same polypeptide, gelatin and collagen have vastly different properties,
which largely stem from the fact that mature collagen has lost its ability to self-assemble into discrete
fibrils, and therefore, once the triple helix has been denatured, restructures into an amorphous
gelatin network.

Recent advances in both the recombinant production of synthetic collagen-like proteins and new,
mild extraction and purification techniques out of natural sources, as well as the advanced processing
of these extracts have opened a range of possibilities allowing the production of collagen-based
materials with remarkable mechanical and biological properties. Many new methods to process
collagen are biomimetic and some are inspired by the natural fiber spinning process of silk-producing
animals [10-12].

Collagen fibers are hierarchically assembled structures that can be readily identified by their
amino acid sequence [13]. A specific consensus sequence has been identified for collagen which follows
the pattern (GXY),, with the X-position often being proline residues and the Y-position often being
4-hydroxyproline residues. On a genetic level the high glycine and proline content of collagen-encoding
genes creates GC-rich patches, which makes the identification of such genes from genomic sequences
difficult, so that most known collagen sequences were obtained by cross-referencing cDNA-libraries
with Edman-based peptide sequencing [14,15].

The (GXY); consensus sequence can be explained by the spatial requirements for the formation of
the triplehelical collagen tropomolecule [16]: Being a right-handed triple-helix with one turn every
three amino acids and a very narrow diameter of 1.6 nm, in order for the molecule to fold, steric
hindrances due to bulky amino acid side chains must be omitted on every position pointing said
residue inwards, explaining the occurrence of glycine as every third residue. This glycine is essential,
and mutations or deletions of the consensus motif have been shown to have a strong destabilizing
effect on the collagen molecule, often described as “nicks” due to the localized breaking of the rigid
helix and the resulting angular flexibility [17,18].

The amino acid distribution of the X- and Y-position is less stringent but, for most animal
collagen, contain a comparably high amount of proline and 3- or 4-hydroxyproline, since these residues
are slightly more stable than other amino acids in their cis-configuration, which is closer to the
ideally required angle within the helix and thereby increases the thermodynamic stability of the
fibril. The hydroxyl group of hydroxyproline, which is added post-translationally by specific enzymes
(e.g., proline-4-hydroxylase, P4H), further increases the helical stability by allowing the formation
of intermolecular hydrogen bonds between the x-chains involved in helix formation. Insufficiently
hydroxylated collagen helices tend to partially unfold, thereby destabilizing the collagen fibrils and
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tissues based thereon, resulting in the pathological condition known as scurvy [19]. Some collagen-like
proteins, such as streptococcal bacterial collagens [6,20-23] and sawfly cocoon silk [2], do not contain
hydroxyproline and instead stabilize the triple helix via the formation of intermolecular salt-bridges
between charged amino acids.

Since collagen is a highly abundant class of proteins that fulfills a variety of roles, it also contains a
highly diverse group of subclasses. The main variances between collagen subtypes are not necessarily
large differences in the collagen helix, but the presence of non-collagenous functional domains flanking
the collagen core domain, which provide additional functionalities and physicochemical properties to
the molecule.

The mollusk byssus threads, produced by the mussels Pinnidae, Mytilidae and the Dreissenidae,
serve as a holdfast structure and have extraordinary mechanical and chemical properties being able
to resist the harsh environment of the intertidal zone in which these species reside, and combine
features of structured, collagen-based block copolymers, as well as the concept of crystalline silk-like
domains within an amorphous matrix. The byssus thread is produced in a specific secretory organ, the
so-called mussel foot, which, in addition to its main anchoring function, serves as the main sensory
and locomotive organ in the young mussel. The soluble byssus precursor proteins are excreted into a
groove within this gland, where they are believed to be mixed and molded into the required shape by
the flexible mussel foot and, after successful attachment via the formation of an adhesive plaque to a
suitable surface has been achieved, quickly form an insoluble fiber upon opening of the groove as they
come in contact with the seawater [24].

The “sibling” material silk typically comprises distinct, specialized proteins (fibroins) [25], and
they strongly differ from fibers within the ECM in that they have usually been spun by the animal,
i.e., processed from a highly-concentrated precursor solution within dedicated glands that can very
tightly control the necessary parameters influencing fiber formation, such as drawing speed, pH and
the concentration of salts and metal ions [26].

1.2. Motivation

The aim of this review is to give an insight into the current state of natural and synthetic
fibrous collagens regarding their use as surgical sutures in wound repair and tissue engineering,.
Applying an understanding of the established processing of silk towards processing of collagen
and collagen-like materials might be a way to overcome the shortcomings of current manufacturing
collagen-based biomaterials.

2. Collagen as a Biomaterial

Due to the similarity of the collagen sequence and content within the extracellular matrix
of different vertebrate species, animal-derived collagen is an attractive material for biomedical
applications, because it is often compatible with the existing extracellular matrix of a receiving patient
regardless of source or processing. Since the triple-helical fold typically does not induce an immune
response, collagen is non-antigenic, as well as non-toxic, biodegradable (the rate of degradation is
controllable via chemical crosslinking), can be formulated in a variety of shapes and forms, and is
chemically modifiable to fulfill many specific purposes [27].

Collagen-based biomaterials are used as bacteriostatic shields and barriers, as sponges and
pellets for tissue regeneration and accelerated blood coagulation, as gels for sustained drug delivery,
as absorbable surgical sutures (catgut), as well as grafts for tissue engineering and replacement of
tendons, bones, blood vessels and skin [28].

Most of the collagen used for these purposes has been extracted from animal sources and consists
largely of the most abundant type I collagen. During the natural aging of collagen, intermolecular
crosslinks with other molecules inside the ECM are formed, which makes the extraction of high-purity
single molecule fibrils difficult especially from adult animals, and increases the cost of products
that require pure, soluble tropocollagen in its non-hydrolyzed triple helical form. Therefore, many
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formulations allow for a variable degree of crosslinking or hydrolysis and proteolytic degradation,
although both of these processes increase the complexity and variability of the handling and processing
of extracted collagen between batches.

Having access to a source of collagen-like materials allowing the same kind of biocompatibility
but show no batch-to-batch variability in their biophysical and chemical properties would immensely
support the establishment of collagen-based products.

2.1. Towards Spun Collagen Fibers

Surgical sutures, historically known as catgut [29], have been a major utilization for collagen
fibers in biomedical applications, since they get readily resorbed into the surrounding tissue over
time and thereby promote wound healing and tissue regeneration. While catgut collagen is prepared
from the decellularized small intestine of sheep and is therefore a fully matured and cross-linked
collagen network that has been reshaped into fibers by cutting and stripping, its mechanical properties,
although poor compared to that of silks and synthetic polymers in terms of toughness and ultimate
stress, are still well suited for its purpose: Given that the catgut suture closely resembles the original
structure of the intestinal endothelium, the elastic modulus is very similar to that of most internal
soft-tissue ECMs and therefore will show comparable deformation when stressed, which in turn
reduces the strain on the suture itself.

Nevertheless, the biomechanical properties of living tissue in the human body span several orders
of magnitude both in elasticity and toughness [30], with, for instance, an aorta valve having a low
ultimate stress of 0.3-0.8 MPa, compared to that of skin (1-20 MPa) or tendon (50-100 MPa). Ruptured
cartilage, tendon and bone, even though they mostly consist of type I collagen, cannot typically be
sutured with catgut, since the material does not have the required tensile strength and toughness, and

instead require the use of synthetic materials with lower biocompatibility and no biodegradability [31].

Researchers have therefore begun to investigate processing methods in order to improve the
mechanical properties of collagen-based fibers and thereby tailor the material to the requirements of
the tissue it is intended to be used in. One major improvement was the wet-spinning of extracted or
recombinantly produced, soluble collagen [10,12,32], which demonstrated the possibility of producing
fibers from this source material outside of a biclogical system. Since the mechanical properties were still

poor, these materials were mostly used to demonstrate their applicability for in vitro tissue engineering.

However, due to the high cost of soluble full-length collagen, no commercial products have been made
available so far.

Another recent approach [11] used a microfluidic system to produce mechanically highly stable
fibers from acid-soluble type 1 collagen (Figure 1). The authors suggest that the small diameter and the
directional laminar shear forces in the spinning channel help in axially aligning the collagen fibrils in a
fashion comparable to the fibril formation from tropocollagen during biosynthesis, thereby yielding a
product with similar mechanical characteristics as tendon.

All of these approaches use the intrinsic property of collagen triple helices to be soluble but still
folded in dilute acetic acid and therefore require an independent first step inducing the folding of
the collagen triplehelix from the x-chain precursors. As a result of this limitation, no conditions such
as high temperature or denaturing solvents, which would melt the triple helix, can be used during
production, processing and sterilization. It is, therefore, highly desirable to find collagen-like proteins
that intrinsically possess the ability to form soluble triple helices without requiring complex biological
systems and mild conditions for their manufacture.

75



76

Fibers 2018, 6, 21 50f17

(a) rotating (b) \\

spool ﬂ

3.693 ym

3.693 pm

buffer solution pH 8

[ ‘

--IIIIIII"IIII'II- 3.693 ym

water bath

doi Spm

Figure 1. (a) Collagen microfibers are produced within a PDMS microfluidic chip from a soluble
precursor solution (pH 3 in dilute acetic acid). Thread formation takes place at the junction that brings
the spinning solution in contact with the pH 8 buffer solution. The flowrate of each solution is tightly
controlled by independent syringe pumps; (b) the resulting collagen fiber is highly homogeneous and
has remarkable mechanical properties comparable to that of tendon, while still being flexible enough
for downstream processing. Modified with permission from [11] (ACS, 2016).

2.2. Collagen-Analogues as Basis for Future Biomaterials

As mentioned above, biomaterials based on natural collagens today are still mostly decellularized
animal tissues that have been mechanically or chemically processed into the desired morphologies.
This approach carries the intrinsic risk of adverse immunological reactions in the receiving patient due
to allergies towards the graft [33], as well as the spreading of viral or prion-based contaminants [34].

The currently used methods for the extraction of soluble collagen from tissue include the use of
mild solvents (phosphate buffered salt solution; dilute acetic acid) [9], which yield full length triple
helices that still contain the terminal telopeptides. The best yields are gained when collagen is extracted
from young tissues, such as calf skin and rat tail. Another option employs proteases such as pepsin,
which utilizes the enzyme’s unspecific activity to digest all non-collagen-like domains and therefore
removes telopeptides, which results in higher vields even from more strongly cross-linked tissues [35].

Recently, collagen-based scaffolds for tissue engineering have been produced from solubilized
and purified collagen that often has been blended with other polymers due to the limited availability
of the soluble collagen source material [36,37].

When purified collagen is required for the production of mechanically stable biomaterials such
as grafts for tendon replacement, the trade-off between batch-to-batch homogeneity and yield will
always be a restricting factor. While large amounts of animal tissue are available for the extraction of
collagen not intended for clinical use, the current sources of human collagen are limited to scarcely
available extractable tissues (such as dermis) [8] and biotechnologically produced collagen made from
human fibroblast cell culture (e.g., CosmoDerm) [35].

To overcome these limitations, different approaches have been made to find substitutes for natural
vertebrate collagen which have adequate properties for tissue engineering, regenerative medicine and
other biomedical applications.

Collagen mimetic peptides were originally used in determining the structure, stability and folding
kinetics of collagen and collagen-like sequences [39-41], which provided remarkable insight into the
role of each amino acid within the (GXY),-repetitive sequence and led to attempts at stabilizing short
triplehelical peptides by incorporating non-canonical amino acids, such as 4-fluoroproline [42] or
N-isobutylglycine [43]. Furthermore, these experiments identified the reason for the comparably slow
folding of nucleated triplehelices to be based upon the slow cis/trans-isomerization rates of residues
in the X- and Y-positions [44—46].

Using these peptides, researchers also noted that the formation of gelatin-like networks
could be largely avoided by incorporating amino- or carboxyterminal nucleation sites that would
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promote helix formation within the cross-linked trimer at a much higher rate than between
non-nucleated single-chain constructs [44,46]. Possible nucleation sites can be TRIS-scaffolds [47,48],
1,2,3-propan-tricarboxylic-acid scaffolds [49], collagen IIT derived cystine knots [50] and bacterial or
bacteriophage-derived protein domains [20,51].

All of these approaches use peptide synthesis, which is typically limited to a maximal peptide
length of 30-50 amino acids. Since most collagen sequences are strictly water soluble but tend to
form gels at higher molecular weights, peptide synthesis suffers from problems with limited solubility
and aggregation as the molecular weight (MW) increases. Native chemical ligation has been used to
increase the chain length after synthesis [52], which increased the thermal stability of the product but
reduced the MW homogeneity of the resulting proteins.

Biotechnological collagen production is non-trivial and suffers from the complex requirements of
collagen synthesis (Figure 2a). In vivo, human type I collagen is assembled within fibroblasts from
two pro-a1(I) and one pro-a2(I) protocollagen chains, both around 1400 amino acids long, to form a
procollagen triplehelix. Both the a-collagens as well as the procollagen get enzymatically modified by
prolyl-3-, prolyl-4- and lysyl-oxidase, after which the N- and C-terminal telopeptides are cleaved by
specific proteases to yield the 300 nm long tropocollagen triplehelix. These tropocollagen trimers can
then assemble into collagen fibrils during secretion and further form macroscopic collagen fibers with
varying degrees of chemical crosslinking [53,54].
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z = %ﬁ"‘}y“- So——
S = ‘.-:? .
lTrr'pJe hetix formation o %"_ '."? X
RO
W e ‘
Procollagen molecul /
Cell membrane
N-propep Collagen ! [
\J \j g ;
=10 !
Self-assembly & Collagen fibril ALK
covalent cross-linking ““‘l o .. R
Smesess. A b4
e vk - e — s e
soRasa — — Qi -%aa
i —
D.pertod (-67nm)

Figure 2. (a) Biosynthesis of fibrillar collagens within the ECM. After translation, the nascent «-chains
assemble into procollagen within the endoplasmic reticulum. During and after secretion, the
propeptides are cleaved by specific enzymes, yielding the soluble tropocollagen molecule, which
quickly self-assembles into collagen fibrils. These fibrils can then form collagen fibers; (b) transmission
electron micrograph of recombinantly produced bacterial Scll collagen, showing the globular terminal
V-domain and the rod-like collagen helix. Bacterial collagen does not assemble into fibrils. Modified
with permission from [53] (a) (Portland Press 2012) and [21] (b) (American Society for Biochemistry
and Molecular Biology, 2002).

The most common bacterial production host, E. coli, is unable to produce full-length collagens due
to size constraints, but has successfully been utilized in the production of “collagen-like proteins” [55],
which are truncated proteins derived from human collagen. Nevertheless, E. coli has no intrinsic
apparatus to catalyze the aforementioned secondary modifications, which therefore result in unstable
products, mostly due to the lack of 4&-hydroxyproline. A newly discovered bacterial P4H found in
Bacillus anthracis [56,57], might be able to overcome this limitation in future experiments. In addition,
recent advances have been made in coexpressing eukaryotic proline-4-hydroxylase in origami-type
E. coli [58], which provides conditions similar to that of the endoplasmic reticulum (ER) within
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its cytosol and therefore allow the activity of the transgenic P4H-complex, as well as the yeast
P. pastoris [59,60] which, being an eukaryote, has the necessary organelles for early-stage collagen
assembly and the ability to produce high MW proteins, although only with poor yields and varying
degrees of hydroxylation [61,62].

Interestingly, bacterial collagen-like proteins have been identified [21], which function as a
virulence factor in Streptococcus pyogenes: The Scll and Scl2 proteins are secreted and carboxyterminally
anchored within the cell wall of the bacterium, where a terminal domain induces trimerization
and, thereby, nucleation resulting in the formation of stable triple helical collagen rods (Figure 2b).
The proteins then attach to collagen-binding proteins in the extracellular matrix and shield the
bacterium from the immune system of e.g. vertebrates. On a structural basis, these proteins
are remarkable, because they contain no non-canonical amino acids, and instead of utilizing
hydroxyproline, stabilize the collagen helix by forming salt bridges via charged amino acids between
the x-chains [22]. In addition, the trimerizing V-domain has been shown to be an effective collagen
nucleation inducer, even for non-streptococcal collagens and collagen-mimetic peptides [20].

These bacterial collagen-like proteins can be recombinantly produced in high yields in common
bacteria such as E. coli. When the immunogenic V-domain is proteolytically cleaved and the remaining
collagen cross-linked to increase the thermal stability, they have been shown to be non-immunogenic
when implanted into mice for up to 6 weeks [63].

However, it is unclear whether long-term presence and degradation of bacterial collagen-like
proteins exposes the host to short, immunogenic peptides, since several examples are known that show
different immunogenity between triplehelical and denatured collagen [64-67].

Nevertheless, since these proteins circumvent all the problems associated with the production of
eukaryotic collagens in bacterial hosts mentioned earlier, they are strong candidates for future materials
based thereon; however, their low melting point of 36-38 °C requires the presence of a non-collagenous
folding domain which has been shown to be strongly immunogenic [63] and necessitates other means
of stabilization, such as glutaraldehyde crosslinking, once this domain has been removed. Increasing
the stability of the Scl2 protein by multimerization does not significantly increase its melting point [68].
Therefore, while the low temperature stability of the Scl proteins is of no consequence for the production
of three-dimensional scaffolds [69-71], it hinders the spinning of stable collagen fibers.

The three collagen-like proteins found in sawfly silk (SfC A-C) [2] have been recombinantly
produced in a similarly successful fashion, but so far they have not been investigated as potential
future biomaterials.

Engineered collagens (eCols) are closely related to collagen mimetic peptides but are produced
biotechnologically in E. coli. A model collagen consisting of (GPP)sp produced at high vields, was found
to be sufficiently stable to be used in common applications even without containing hydroxyproline,
and, when an aminoterminal nucleation site was introduced, demonstrated the ability to form collagen
triple helices rather than gelatin networks [72]. The mentioned eCol has been successfully used as a
matrix for the fixation of collagen-mimetic peptides without the use of crosslinking agents, and could
be used as a substratum in cell culture, showing its applicability for tissue engineering.

In addition, fully synthetic genes also allow the direct incorporation of integrin-specific cell
adhesion sites, such as the RGD motif and more collagen-typical adhesion sites such as GFOGER-like
sequences [73]. When processed into more tightly packed structures such as fibrils and fibers, direct
integrin mediated cell adhesion has been shown to be impaired [74], and thus will possibly require
more complex solutions to mediate the adhesion between eCol-fibrils and the cells within the ECM.
One recently described group of proteins, the so-called COLIBRIs (COLIlagen INtegrin BRIdging
proteins) [75,76], which form a bridge between natural fibrillar collagen and integrin including the
well-known proteins fibronectin and von Willebrand factor, might be able to fulfill this role. Thus,
despite the promising results, the development of eCols is still in its early stages.

Synthetic collagen-based block copolymers are artificially designed constructs and combine some
of the approaches mentioned so far. When short collagen-like (GPP);-peptides are positioned around
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a hydrophilic unstructured core domain and expressed in P. pastoris, a stable gelatin-like hydrogel can
be produced with high yields [77,78]. Since these structures, like engineered collagens, are based on
synthetic genes, the addition of short peptide sequences such as cell adhesion motifs or calcification
sites is trivial. When the same authors replaced the randomized central sequence with a B. mori-inspired
silk sequence and the (GPP),-motif with a hydrophilic (GXY),-polymer containing a large amount of
charged amino acids in the X and Y position, they obtained a hybrid material that formed micelles and
fibrils depending on pH, thereby confirming that rational design on the basis of silk and collagen is
possible [79].

However, the most successful example for a collagen-based block copolymer is provided by
nature: The class of collagens, so-called preCols, found in the byssus produced by marine mussels as a
hold-fast structure.

3. Mussel Byssus-Silk, Collagen or Both?

Among the byssus-producing mussels, the blue mussel, Myfilus edulis and the closely related
mediterranean mussel Mytilus galloprovincialis are the best characterized. These species produce a
bundle of threads which connects the soft mussel to the substrate, and the threads show a mechanical
gradient with increasing stiffness from the proximal to the distal portion of the fiber. This allows the
byssus to dissipate high amounts of mechanical energy without causing radial stress between the parts
with highly different elastic moduli, thereby withstanding the mechanical challenges caused by the
tidal currents without damaging the soft mollusk’s organs and tissues.

The byssus thread itself is rather complex and contains a large set of matrix proteins, called mussel
foot proteins (mfp’s), which, in addition to contributing to the chemical and physical properties of
the fibrous portion of the thread, form an adhesive plaque that is just as remarkable as the rest of
the byssus, since it provides strong and durable underwater adhesion to a variety of substrates with
different chemical compositions. These somewhat amorphous matrix proteins interact with the main

load bearing structure of the byssus, which are called preCols because of their collagen-like structure.

The three known preCols of M. edulis are block-copolymers which consist of a central collagen-like
core domain that is surrounded by flanking domains [80].

Even though the preCols differ strongly from vertebrate collagens in that they are homotrimers
and do not undergo the same kind of propeptide processing, their central collagen-like core domain
has been described to be most closely related to that of fibrillar collagens (type I-1II) [81]. It has to be
noted, however, that most of the mechanical properties of the preCols are attributed to the flanking
domains, which make up a significant portion of every preCol [14,81,82].

Depending on the type of preCol, these flanking domains contain motifs that are similar to other
structural proteins: preColD contains silk-fibroin-like flanks, the flanks of preColP shows similarity to
elastin and preColNG contains plant cell wall-like sequences, which include features of alanine-rich
[3-sheets as well as glycine-rich helices (Figure 3a,b). While the macroscopic byssus threads of M. edulis
and M. galloprovincialis differ slightly in size and in their mechanical properties, the preCols are closely
related on a molecular level and only differ in short inserts/deletions and point mutations [83].

In addition to the flanking domains, the preCols all contain terminal domains which are rich in
histidine and 3,4-dihydroxyphenylalanine (DOPA, post-translationally oxidized tyrosine) which form
sacrificial metal ion mediated complexes that can absorb mechanical stress and reassemble over time
without taking damage [84]. In addition, they undergo a slow quinone-based tanning, thereby forming
irreversible crosslinks with other proteins in the byssus and providing a redox-dependent mechanism
further stabilizing the byssus [85,86].

One remarkable observation is the fact that the previously mentioned mechanical gradient
corresponds to the abundance of preColP and preColD within the respective section of the byssus
thread. The proximal section of the byssus, which connects to the stem within the mussel and has a
Young’s modulus of around 50-80 MPa, is rich in preColP; while the distal portion with a stiffness of
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E; = 500-600 MPa contains high amounts of preColD [83]. The third mussel byssus collagen, preColNG,
has a constant concentration throughout the thread (Figure 4).

With the preCols making up between 70% and 90% of the protein fraction of the byssus thread,
it stands to reason that these flanking domains have a high influence on the mechanical properties of
the fiber, and for biotechnologically produced preColD it could be shown that (3-sheet crystals could
be induced within the protein by ethanol treatment in a similar fashion as with materials made of silk
fibroin or biotechnologically produced spider silk proteins [87].

Investigation of the biotechnologically produced cwCT-domain derived from the carboxyterminal
flank of preColNG showed that this protein undergoes reversible structural transitions between
random-coil and B-hairpin structures when in contact with lipid vesicles, suggesting that the flanking
domains of this preCol can be triggered by external stimuli during byssus formation and thereby
greatly influence the overall properties of the thread in a switchable fashion [88].

flanking flanking
(3) preCoI a-chaln His/DOPA  domain collagen core domain domain His/DOPA
(b) preCol trimers ;
preCol P S —marwihn == g triplo helix
. alanine-rich f-sheels
preCol NG Fe. - — & dglycine-rich helices
preCol D f" D HsDOPA domain
—N § potential molecular bend
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O
‘ (]
i 200 nm -7 nm-
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byssal thread axis

Figure 3. Model of the molecular structure of preColD, P and NG trimers and preCol arrangement.
(a) preCol x-chains comprise a collagen core domain, flanking domains and terminal His/DOPA-
enriched regions; (b) Proposed structure of the preCol homotrimers folding into a rod-like triple helical
central domain. Perturbations of the regular collagen motif (GXY); result in either an unwinding
of the triple helix, increasing the molecular flexibility (glycine deletions), or in putative molecular
bends (glycine substitutions in preColD); (¢) The preCol filaments consist of 7 preCol trimers forming a
6 + 1-bundle; (d) Linear arrangement of the preCol filaments in head-to-head and tail-to-tail orientation
parallel to the thread axis. Figure and caption used with permission from [89] (Elsevier, 2014).

As other authors have noted [89], this suggests that the distal portion of the mussel byssus is
likely a B-sheet crystalline particle reinforced polymer matrix, providing a nearly 10-fold increase in
stiffness and a threefold increase in breaking stress and toughness compared to that of the proximal
portion of the fiber, which can be viewed as a fiber reinforced polymer with dedicated elastic domains.
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Figure 4. The proximal part of the mussel byssus is elastic and contains fibrils of preColP embedded in
a matrix of PTMP1 (proximal thread matrix protein 1). This matrix protein allows the fibrils to slide
freely and act as within a fiber-reinforced composite material. The distal portion of the mussel byssus
has a much higher stiffness, in addition to the ability to dissipate large amounts of mechanical energy
without taking irreversible damage. The content of matrix protein in the distal thread is much lower
and the collagen domains, instead of reinforcing an amorphous matrix, are tightly packed around
silk-like crystalline -sheets. Modified with permission from [89] (Elsevier 2014).

3.1. Hierarchical Assembly and Structure of preCols in the Byssus

During biosynthesis, the preCol monomers form homotrimers of their unfolded o«-chains before
being transported into storage vesicles. During this stage, the rod-like trimers further assemble into
hexagonal higher-order 7 + 1 structures, in which they are stored until the byssus neogenesis triggers
secretion (Figure 3) [90,91]. The morphology of these pre-secreted structures suggest that the collagen
domain has a large influence on the early stages of assembly, whereas the other functional groups,
such as the flanking domains and the His/DOPA-rich termini are kept inactive until they get molded
into the final byssus thread within the mussel foot groove. This activation is most likely a result of the
preCols coming into contact with a different chemical environment (oxidizing, high pH), the sudden
presence of matrix proteins which have been shown to interact with preCols [92], and the influence of
mechanical stimuli introduced by contractions within the mussel foot.

As mentioned above, the proximal section of the mussel byssus differs from classical silk in that it
comprises a dedicated mix of matrix proteins which embed the load-bearing, fibrous preCols. In this
portion of the byssus, matrix proteins, in particular the proximal thread matrix protein (PTMP)1 with
two von Willebrand factor-like domains (which makes up about 30% of the proximal byssus), strongly
interact with the preCol-assemblates and is thought to have a great influence on the higher order
assembly of preColP and NG [93]. The current understanding is that PTMP1 builds a soft matrix with
the ability to bind and lubricate the rod-like preCol during deformation, thereby forming a classical
fiber-reinforced polymer with the ability to mitigate shear-induced damage to the comparably stiff
collagen fibrils, while still allowing enough movement for the flanking domains to exercise their elastic
behavior (Figure 4).

Given that the distal portion of the fiber contains more than 90% (w/w) preCols, however, many of
the physical attributes of the distal byssus must stem from the intrinsic ability of preColD to form stable
assemblies without requiring the interaction with other mussel foot proteins. Most of its properties can
therefore be explained by the hierarchical arrangement of preCols, which is a result of the block-like
character of the protein. Instead of being a fiber reinforced matrix, the distal byssus thread is more
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like a particle reinforced block-copolymer, with the B-sheet crystals formed by the preColD-flanks
embedded in a densely packed collagen matrix (Figure 3).

This would explain the threefold higher prevalence of defects in the collagen sequence (“nicks”)
of preColD compared to preColP: Instead of being the ultimate load-bearing structure within a soft
matrix (proximal byssus thread), the distal collagen domain of preColD is the flexible component
in a particle reinforced system during low-stress situations and therefore absorbs small amounts of
force before stronger mechanical loads result in the gradual unfolding of sacrificial bonds within the
His/DOPA-termini and, subsequently, the 3-crystalline flanks [94].

3.2. Chemical Modifications of Byssus Proteins

The mussel byssus collagens are based on the canonical amino acids but, after being secreted into
the ER, undergo two kinds of chemical modification that have a strong influence on the stability of the
resulting material.

Like most kinds of collagen, the repetitive sequence (GXY) often contains 4-hydroxyproline at
the Y position because of the stabilizing effect of the resulting hydrogen bond with adjacent collagen
chains. The chemical reaction is catalyzed within the ER by a mussel prolyl-4-hydroxylase (P4H) [95],
which, due to the low solubility of the o-subunit, has not been well characterized [96]. Like in other
collagens, the absence of hydroxyproline manifests itself in a lower stability of the collagen helix and
thereby a lower melting point, a less compact collagen assembly and a higher tendency to unfold
under destabilizing conditions.

The second preCol-modification is the oxidation of tyrosine by a tyrosinase, an ER-resident oxidase
that produces DOPA from tyrosine within the His/DOPA-rich termini of the protein. When oxidized,
these residues, in addition to the metal-chelation and tanning mentioned earlier, are also responsible
for many of the covalent connections to other mussel foot proteins via crosslinks based on lysine,
cysteine and histidine residues [80]. Although not yet observed for the preCols, many of the adhesive
properties of the adhesive plaque can be attributed to the presence of DOPA within mfp-3 [97], which
gets modified by the same enzyme.

These secondary protein modifications make it hard to investigate byssus proteins, mostly because
of the inability to extract these highly cross-linked proteins from the thread and the difficulty to
biotechnologically produce preCols and preCol-analoga with high levels of proline hydroxylation.

3.3. preCol-Based Biomaterials

Extraction of preCols without partial hydrolysis is not possible from the byssus because of the
high degree of crosslinking, while the extraction of soluble proteins from the mussel foot is not feasible
due to low yields [24]. While efforts have been made to use reconstituted mussel byssus as functional
biocompatible matrices that retain some of the properties of the natural threads, mainly the ability to
modify their mechanical behavior upon metal-ion binding, the overall mechanical performance is not
comparable to that of pristine byssus threads [98].

The length of >1000 amino acids as well as the collagen-typical posttranslational processing
challenges the biotechnological production in the same fashion that other full-length collagens
do. Furthermore, it was shown that the expression of the isolated flanking domains [88] of most
preCols is only possible in E. coli when they are combined with stabilizing tags, such as SUMO
(small ubiquitin-like modifier) [99].

Despite these challenges, it was recently possible to express and purify non-hydroxylated preColD
in the yeast P. pastoris, which showed the ability to form fibrils and which could be post-treated to
selectively convert the unstructured flanking domains into B-sheets [87]. While it is unlikely that
biotechnologically produced, full-length mussel byssus collagens will directly be used as biomaterials
for tissue engineering due to concerns regarding possible immunogenic properties, their block-like
assembly could add a variety of functional domains to the toolkit of synthetic biology towards the
design of tailored collagen-like materials for biomedical applications. Furthermore, it might be possible
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to rationally design block-copolymers which resemble the overall structure of preColD, but consist of
domains that have independently been shown to be fully biocompatible.

4. Conclusions

The major drawback in creating collagen-based fibers from soluble precursors is the limited
availability of extractable source material: While an abundance of cheap, collagen-rich animal tissues
is available that can readily dismiss the low yields of some methods such as acetic acid extraction,
the scarcity of human tissue for collagen production often justifies the use of pepsinization to improve
extraction yield but simultaneously reduce product homogeneity. Even though several biomaterials
can be manufactured from partially degraded tropocollagen or even gelatin-like polypeptides,
the production of high-performance materials, such as fibers spun using a microfluidic technology
showing tendon-like mechanical properties, has only been possible with highly homogeneous, soluble
collagen containing intact, non-cross-linked telopeptides.

The biotechnological production of natural collagens is currently limited by the large size of the
proteins and the high level of posttranslational modification (e.g., cleavage of prepeptides, proline
and lysine hydroxylation, prearrangement into nanofibrils) that often cannot be emulated by most
production hosts, while collagen-mimetic peptides produced by solid phase synthesis are even more
constrained regarding the size of the resulting product.

Future collagen-like proteins used in biomedical applications will most likely overcome these
problems by incorporating a variety of strategies to simplify the requirement of post-translational
modification, or omit them completely, such as nature does in bacterial and insect silk collagen. Other
possible strategies might be to modify the collagen protein sequence to not require non-canonical
amino acids and still be structurally stable, as well as utilizing stabilizing domains inspired by a
variety of hosts, such as flanking domains derived from the mussel byssus preCols, which will likely
be incorporated in a block-copolymer-like fashion and provide specifically engineered functionalities.

In conclusion, examples are presented for the successful use of synthetic biology and ab initio
design, combined with biotechnological protein production, as well as the applicability of processing
methods inspired by the processing of natural and artificial silks, to create novel types of high-performance,
biocompatible, collagen-based materials.
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