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Alice laughed. 'There's no use trying,' she said. 'One can't believe impossible things.'
'| daresay you haven't had much practice,' said the Queen. 'When | was your age, | always
did it for half-an-hour a day. Why, sometimes I've believed as many as six impossible

things before breakfast.'

Lewis Carroll (1865) Alice's Adventures in Wonderland
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Abstract

11l Abstract

Plastics or synthetic organic polymers have been produced in large scale since the
1950’s. Until today, roughly 8300 million metric tons of virgin plastics have been produced
for an uncountable number of applications. Despite favorable bulk properties, the surface
characteristics of polymers are often not ideal for intended applications (e.g., wettability,
anti-static, anti-fouling, and bio-compatibility) and are mainly engineered by physical or
chemical means. UV-radiation, flame/plasma or wet-chemical treatments often generate
large volumes of toxic waste or safety hazard.

Anchor peptides enable a biological surface functionalization at very high densities
(monolayers) of peptides. By the use of anchor peptides multiple functionalities (e.g.,
NH;", COOH- or OH-groups) can be introduced simultaneously. Anchor peptides are highly
diverse in length, secondary structure, binding affinity as well as binding strength. In order
to identify suitable target binder, a general anchor peptide platform was established using
the fluorescent eGFP as reporter protein in binding studies. Identified binders need to
perform under application conditions, therefore, anchor peptides have to be adapted by
directed peptide evolution. Anchor peptides are very short in length (12-100 amino acids)
and conventional diversity generation is challenging due to a low mutational rate of
existing methods. To overcome this drawback, a Peptide-Polymer evolution protocol
(PePevo protocol) was established. The anchor peptide Tachystatin A2 was randomized
by epPCR employing a very high mutation frequency (59 mutations/kb) and was evolved
for improved polystyrene binding strength. The fusion partner eGFP was used to quantify
peptide binding in a micro-titer plate-based fluorescent assay. Therefore, the key
performance parameters protein concentration, standard deviation and selection
pressure were optimized. The anionic surfactant sodium dodecylbenzenesulfonate (LAS;
0.5 mM) was applied as selection pressure to identify improved polystyrene-binding
Tachystatin A2 variants. Finally, the PePevo protocol yielded an up to six-fold stronger
polystyrene-binder in the presence of 0.5 mM LAS in one round of directed evolution.

One bottleneck of directed evolution is the screening throughput that is needed to
analyze a meaningful amount of generated peptide diversity. An E. coli cell surface display
technology for the engineering of anchor peptides was development, that enabled

screening of large libraries (>10°). The polypropylene-binding peptide LCI was fused as a
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passenger peptide to the cell-surface presented esterase A. LCI immobilized the E. coli
cells on polypropylene beads and improved binding variants were enriched from culture
broth. In a semi-rational approach, five LCI positions were saturated simultaneously. One
round of directed evolution yielded an up to twelve-fold stronger polypropylene binder in
the presence of 0.125 mM LAS.

The usage of polymers for medical applications (e.g., stents or catheters) is often
hampered by a low bio-compatibility. Medical implants often cause severe infections in
patients and are therefore often coated with drug- or antibiotic-releasing systems. The
versatility of anchor peptides facilitates the generation of biadhesive peptides that bind
chemically and structurally different surfaces whereby the biadhesive peptide functions
as a glue. A biadhesive peptide was generated that was composed of one stainless steel
binding anchor peptide and one polycaprolactone binding anchor peptide. The generated
biadhesive peptide Dermaseptin S1-Domain Z-LCl] immobilized antibiotic-loaded
polycaprolactone micro-containers on stainless steel surfaces, enabling the construction
of drug eluting bare-metal stents. The antimicrobial activity of kanamycin-releasing
polycaprolactone coated stainless steel wires was confirmed by growth inhibition of E. coli
cells.

Microplastics lingering in the environment are of increasing concern for human health.
Enzymatic degradation of microplastic particles such as polyurethane is a promising
strategy to convert plastic waste into carbon dioxide, monomers, and valuable
compounds. A fusion protein composed of the polyester-polyurethane degrading cutinase
Tcurl278 and the anchor peptide Tachystatin A2 was generated. Tachystatin A2 directed
the enzyme (Tcurl278) to polyester-polyurethane nanoparticles. The anchor peptide
enhanced the degradation kinetics and reduced the degradation half-life of the polymer
significantly (both up to six-fold) in highly diluted suspensions at ambient temperature.
The utilization of tunable anchor peptides enables a targeted microplastic degradation

e.g., in wastewater treatment plants.

Xi






Introduction

1 Introduction
1.1 Surface engineering of polymers

Polymers are mainly selected for a given application due to their favorable bulk
properties like thermal stability, mechanical strength or solvent resistance, even though
the surface characteristics are not ideal for the intended application (Penn and Wang
1994). Therefore, polymer surfaces are often engineered. Physical, chemical or biological
treatments modify polymer surfaces (see Figure 1) by the introduction of functional
groups to prepare substrates with controllable structures adjusting surface properties
(e.g., adsorption, adhesion, wettability, anti-static, friction or interaction with biological
environment) (Chen and McCarthy 1998). Surface engineering finds numerous
applications in automotive, electronic, biomedical, power, and construction industries
(Farris, Pozzoli et al. 2010). Chemical functionalization techniques include a modification
of the chemistry of a target material (e.g., organic/ inorganic coatings, bio-
functionalization or biomimetic modification) whereby physical functionalization
techniques alter the surface properties only (Clauser, Gester et al. 2016). However, most
of the surface engineering approaches are expensive, restricted to batch processing,

safety hazards, or generating large volumes of solvent waste (Fabbri and Messori 2017).
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Figure 1: Engineering of polymer surfaces. Surfaces can be engineered by chemical, physical or biological
treatments to introduce desired functional groups.
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1.1.1 Chemical surface engineering

Functional coatings must satisfy several requirements, including a tight adhesion to the
targeted substrate as well as desired mechanical properties. Many coatings have been
designed with scratch and wear resistance, tunable hydrophobicity or lipophobicity,
antibacterial or antifouling properties, antistatic properties, and chemical resistance. In
order to produce coatings with a high suitability, the temperature range of applied coating
techniques have to match the low temperature range to which polymers can be exposed
without physical deformation or chemical degradation (Fabbri and Messori 2017).
Chemical surface treatment techniques involve a careful control of the surface chemical
environment or the addition of specific chemical species for the modification of targeted
surfaces (Wei, Xu et al. 2009).

Chemical vapor deposition (CVD) a commonly used processes to coat metallic or
ceramic compounds, but can also be applied for the functionalization of polymers. Plenty
of CVD processes exist, such as atmospheric pressure CVD, metal-organic CVD, low
pressure CVD, laser- or photo- CVD, chemical vapor infiltration or plasma-assisted CVD
(Makhlouf 2011). Monomers that are delivered to the surface through the vapor phase
undergo a simultaneous polymerization and form thin films. CVD enables a coating of
insoluble polymers like polytetrafluoroethylene (PTFE), since macromolecules do not
need to be dissolved and therefore prevents solvent damage to the substrate. In CVD, de-
wetting and surface tension effects are negligible and CVD coatings can be applied to any
geometry of target substrate. This enables the application of CVD for numerous substrates
(e.g., organic, inorganic, rigid, flexible, planar, three-dimensional, dense, or porous)
(Asatekin, Barr et al. 2010).

The sol-gel process is a wet-chemical technique to obtain inorganic and hybrid
organic-inorganic polymers (Kloskowski, Pilarczyk et al. 2010). The process is carried out
at room temperature and allows the synthesis of multifunctional coatings, such as scratch
and wear resistant coatings, antibacterial coatings, antistatic coatings, hydrophobic and
oleophobic coatings or coatings with improved adhesion and wettability (Schottner 2001).
Polymers synthesized by sol-gel processes can be physically immobilized on a carrier
(Allabashi, Arkas et al. 2007), as well as in monolithic sorbents (Yu, Geng et al. 2008).
Polymers with various shapes (e.g., porous structures, thin fibers, dense powders and thin

films) can be functionalized applying a sol-gel process. A sol-gel process is based on the
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hydrolysis of suitable precursors (e.g., tetramethoxysilane (TEOS) or metal alkoxides
M(OR)x) and a subsequent condensation reaction releasing water or an alcohol. Alkoxyl
groups are substituted by hydroxyl groups. A condensation of partially hydrolyzed
alkoxides follows the substitution reaction. A sol is constituted by an increase in polymer
chain length and a formation of nanoparticles in a liquid phase. Agglomeration of sol
particles are formed due to van der Waals forces or hydrogen bonds between the polymer
chains. A three dimensional network, the so-called gel is formed. Gel systems applied for
materials synthesis are commonly based on covalent interactions leading to an
irreversible gelation (Ruckenstein and Rao 1986, Kloskowski, Pilarczyk et al. 2010).

Hydrolysis requires an excess of water and/or the use of an acidic or alkaline hydrolysis
catalyst (acetic acid or NaOH). In an alkaline hydrolysis reaction, the polymer substrate
becomes negatively charged and the electrostatic potential increases with degree of
conversion, whereas in an acidic hydrolysis reaction, interactions between functional acid
and amide groups enable a formation of intramolecular imide groups (Moens and Smets
1957). Poly(lactic-co-glycolic acid) (PLGA) is used as a scaffold in soft tissue engineering
(e.g., breast reconstruction) and can be functionalized by acidic hydrolysis. Acidic
hydrolysis allows an introduction of carboxylic acid functional groups on the surface of
thin PLGA films with minimal erosion (Croll, O'Connor et al. 2004). Alkali hydrolysis was
applied, for instance, to modify polyesters such as polycaprolactone (PCL) (Sun and
Onneby 2006).

Aminolysis is a commonly applied method to introduce primary and secondary amine
groups to the surface of ester-containing polymers (e.g., PLGA or polymethyl
methacrylate (PMMA)) (Croll, O'Connor et al. 2004, Xu, He et al. 2006). An aminolysis
reaction is a nucleophilic substitution at the carbonyl carbon forming a tetrahedral
intermediate formation. Thereby the NH, group can be introduced by reversible
addition-fragmentation chain transfer (RAFT) polymerization (Xu, He et al. 2006).
Subsequently, functional moieties can be introduced to these active sites (“conjugated
to” or “grafted from”) (Zhu, Mao et al. 2013). Employing aminolysis of the RAFT-end
groups and simultaneous thiol-ene reactions, polymers like PMMA were bio-
functionalized with a methacrylate-modified mannose or a maleimide-modified biotin

(Boyer, Granville et al. 2009).
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Ultraviolet (UV)-curable coatings are light induced polymerizations of liquid polymers
into crosslinked solid polymer films (Sangermano, Roppolo et al. 2015). Solvent-free UV-
curing methods are eco-efficient and thus reduce significantly the usage of volatile organic
compounds in industrial plastic coating applications (Schwalm, 2007; Bhattacharya, 2006).
UV-curable monomers and oligomers are mainly acrylic, methacrylic, epoxy, and thiol-ene
based (Fabbri and Messori 2017). UV-curable coatings find numerous applications in
automotive gloss-coatings, flooring varnish, scratch resistant coatings, flexible electronics,
conductive coatings, light-emitting diodes, lasers, fluorescence sensors, display devices
and in heterogeneous photo-catalysis (Sangermano, Roppolo et al. 2015). A UV-curing
process is based on the interaction of UV light with a photo-initiator generating radical or
cationic species. This leads to a chain-growth polymerization or cationic ring opening
polymerization (Sangermano, Roppolo et al. 2015). “Bottom-up” or “top-down”
approaches are applied as UV-curing methods. In “bottom-up” approaches free surface is
available, whereas in “top-down” approaches the accessibility of free surface is

constrained (Cho, Lee et al. 2015).

1.1.2 Physical surface engineering

Inert polymers like polyethylene (PE), polypropylene (PP) and polystyrene (PS) have
quite low surface energies and need to be treated prior to processes in industry (Chan
1999). Physical forces (e.g., corona discharge, flame treatment, plasma-assisted coating,
vapor based coatings, radiation-induced surface modification, and self-assembled
monolayers) are applied to introduce oxygen-containing functional groups on to polymer
surfaces (Fabbri and Messori 2017).

Corona discharge treatment of plastic films is utilized to increase the surface adhesion
and wettability of a polymer surface by oxidation and introduction of OH and COOH
groups. In corona discharge treatments, a high voltage is applied across electrodes
ionizing the surrounding air. An atmospheric pressure plasma is formed that is called a
corona discharge (Chan 1999). The polymer particle energies are around 10 electron-volts
(eV), which is higher than the energies of typical covalent bonds (carbon-carbon bonds:
2.54 eV and carbon-hydrogen bonds: 3.79 eV). This energy allows the formation of free

radicals on the treated surface (Carley James and Kitze 1980). The set-up for corona
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discharge treatments is very simple and cost-effective, but the applications are limited for
3-D structures and fibrous materials like woven fabrics.

Corona discharge treatment and flame treatment are the most extensively used
methods for surface activation of polyolefin substrates. The flame treatment technique
can be applied for modifying film surfaces as well as tridimensional objects (Farris, Pozzoli
et al. 2010) and enhances the adhesion properties of polymers before coatings are
applied. During combustion, a fuel (e.g., hydrocarbon) and an oxidant (e.g., oxygen in the
air) produce heat and a flame. Chemical species migrate within the flame resulting in a
subsonic wave forming many active radical species (Glassman and Yetter 2008, Farris,
Pozzoli et al. 2010)

Plasma-assisted coating methods are typically performed utilizing oxygen, ammonia,
or air derived plasma to introduce carboxyl groups (C-O, C=0, and COOH) or amine groups
on the targeted polymer surface. Oxygen-plasma is used to increase the surface energy of
polymers, whereas fluorine-plasma treatment is used to decrease the surface energy
improving chemical inertness of the polymer. A cross-linking of functional groups at a
polymer surface is introduced by a treatment with an inert-gas plasma (Fabbri and
Messori 2017). The destruction of polymers during treatment is prevented by the use of
non-thermal or cold plasmas for surface modification (Desmet, Morent et al. 2009). Thin-
film coatings supplied by plasma treatments can enhance biocompatibility or controlled
drug release (Yoshida, Hagiwara et al. 2013).

Radiation-induced surface modification uses a radiation source to emit energy
travelling through media and space. The radiation is emitted from atoms (electrons
dropping to lower energy levels) and is divided into ionizing and non-ionizing radiation
(Jaganathan, Balaji et al. 2015). Several types of radiation are used to functionalize
polymer surfaces (e.g., y-Irradiation, UV-irradiation, laser-induced surface modifications,
and ion beam based processes) (Fabbri and Messori 2017). The treatment of polymers
with high-energy irradiation can lead to a recombination (cross-linking) or degradation of
the polymer (cleavage of polymer chains). Higher-energy radiation is therefore not
recommended for the modification of most biodegradable polymers (Bailey, Geurts et al.
2013).

In biological environments the material performance for a specific application is

dependent on its surface properties and on the required chemical, physical, biological,

5
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and mechanical properties (Alves, Pinto et al. 2011). Often grafting technologies are used
to introduce functional properties to a given surface (e.g., polymer brushes) (Milner
1991). A formation of polymer brushes on a surface is achieved by either “grafting to” or
“grafting from” approaches (Raynor, Capadona et al. 2009). Therefore, the surface of a
polymer has to be activated; for instance, the surface of a thermoplastic polyurethane
(TPU) can either be activated by plasma or by ultra-violet (UV) irradiation (Alves, Pinto et
al. 2011). Inert gas plasma introduces non-functional radicals that react, if subjected to
the atmosphere or to O, to peroxides and hydroperoxides (Fabbri and Messori 2017). A
limitation of “grafting to” technologies is a steric hindrance of the polymer chain. Already
attached chains might block the access for available binding sites on the surface.
Consequently, polymer chains are often forming thinly packed layers on the surface. In
“grafting from” approaches functional chain growth polymerizations are initiated from
functional groups on a surface, resulting in a higher density of polymer chains on a
substrate (Raynor, Capadona et al. 2009).

Vapor based coatings, like physical vapor deposition (PVD), involve atom-by-atom or
molecule-by-molecule transfer of material under vacuum conditions, whereby the
precursors are deposited in solid form to the vapor phase (e.g., metallization of polymer
packaging films) (Wei, Xu et al. 2009). PVDs are alternatives for wet chemical deposited
coatings (Selvakumar and Barshilia 2012) and have been used to generate solar selective
coatings (Makhlouf 2011) and for the functionalization of textiles (corrosion-resistant and
wear-resistant coatings) (Wei, Xu et al. 2009). One frequently used PVD technology in
industry is sputtering. During the sputtering process, energetic ions bomb atoms from a
solid target material. These released atoms condense on the substrate and form a thin
layer (Tanaka, Kasahara et al. 2000).

Self-assembled monolayers (SAM) are traditionally used to engineer inorganic surfaces.
SAMs are applied for bioengineering, biomaterials, and biomimetics in cases where a
deformability and a degree of mechanical flexibility of the support is needed (e.g.,
implantable biomaterials) (Chaudhury 1995, Fabbri and Messori 2017). A SAM is formed
by functional organic molecules, in solution or vapor phase, that adsorb and
spontaneously organize into a single layer on a surface support (Raynor, Capadona et al.
2009). The generation of SAMs (on a PE support) is performed in four steps (Chaudhury

1995). Polar functionalities are introduced onto the PE surface by plasma oxidation. A thin

6
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silicate layer is formed onto this oxidized surface by adsorption and hydrolysis of SiCla.
Monolayer films are formed on the silicate-coated PE surface by exposure to a vapor of
alkyltrichlorosilanes. If required, functionalities such as amine, ethylene oxide, carboxylic

acid, and sulphonate groups can be introduced in a free radical process (Chaudhury 1995).

1.1.3 Biological surface engineering

The application of polymers as biomaterials requires an improved biocompatibility and
the possibility of interactions with complex biological environments (Fabbri and Messori
2017). Therefore, many natural materials have been introduced onto polymer surfaces
(e.g., chitosan, gelatin, collagen, alginate, cell-recognizing peptides and proteins). Coating
technologies are based on adsorption, entanglements, or covalent linkages (Sun and
Onneby 2006). Biocompatible materials need either to repulse biological materials
(platelets or bacteria; applies for catheters and blood tubes) or improve adhesion and
proliferation (fibroblasts or endothelial cells; applies for wound healing and tissue
regeneration) (Balaji, Jaganathan et al. 2015). The prevention of toxic chemicals as well as
a usage of ecofriendly substances made biological methods a versatile tool for the
improvement of biocompatibility of polymers. (Fabbri and Messori 2017).

Coatings with bio-polymers such as poly- or oligosaccharides are investigated to
develop bio-based “green” environmentally friendly materials (e.g., poly-/
oligosaccharides-based block copolymers (BCP)). Poly-/oligosaccharidic blocks introduce
hydroxyl groups to the BCP and enable an interaction with further molecules (e.g., 4,4'-
bipyridine and 1-aminopyrene) that can be used for photonic and memory devices
(Noronha, Otsuka et al. 2017). Hybrid BCPs find further applications in antifouling and
antibacterial coatings, drug delivery (Lo, Chen et al. 2009) and biosensors (Ayyub,
Sekowski et al. 2011).

In marine environment, antifouling coatings are widely applied. Surface properties of
materials are modified in non-biocidal ways to minimize adsorption and adhesion. The
hydrophilic coatings are produced by the introduction of carbohydrates. Carbohydrates
are more stable to oxidation than ethylene glycols, expanding the life time of coatings.
SAMs of mono-and disaccharides formed on gold surfaces reduced fouling from protein
solutions (Ederth, Ekblad et al. 2011). Polymer and stainless steel surfaces can be

functionalized with lactose by aryldiazonium chemistry to reduced adhesion of fouling
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promoters in a marine environment. These carbohydrates coatings can be easily applied
from aqueous solutions via spray or dip coating (Myles, Haberlin et al. 2018).

Protein coatings are utilized to modulate physical and functional surface properties by
the introduction of film-forming biopolymers (proteins) that can be combined with
plasticizers or other components. Many mechanisms, such as formation of covalent bonds
(disulfide bonds or cross-linking), electrostatic, hydrophobic, or ionic interactions are
involved in film formation. These mechanisms are dependent on pH, salt addition,
heating, enzymatic action or drying effects (Chiralt, Gonzalez-Martinez et al. 2018).

Fibrous mats are highly porous polymer nanofibers that are used for biological
scaffolds. They allow a flux of waste products as well as nutrients and can provide
topological stimuli to cells (e.g., periodontal ligament stem cells) in tissue culture (Kim,
Kang et al. 2016). Therefore, releasable agents (e.g., fibroblast growth factor-Il or bovine
serum albumin (BSA)) or surface anchored moieties (peptide and protein sequences) are
introduced to direct cell phenotype, proliferation, and migration (Jordan, Viswanath et al.
2016). Micron-sized polymersomes were functionalized with antibodies binding to
vascular cell adhesion molecules for vascular targeting. The polymersomes were
functionalized with an anti-ICAM-1 antibody, using modular biotin—avidin chemistry to
bind the Intercellular Adhesion Molecule-1, which is a target for vascular delivery (Lin,
Ghoroghchian et al. 2006).

The development of biosensors and diagnostic microarrays also relies on bioactive
proteins attached to surfaces. A functional soybean peroxidase was covalently attached
to a PS surface using plasma immersion ion implantation for microarray applications
(MacDonald, Morrow et al. 2008). Biomolecules can be introduced to transducer element
for instance by biotin-derivatized poly(l-lysine)-grafted oligo-ethylene glycol (PLL-g-OEGx-
Biotin) copolymers. The synthesized copolymers are cationic at physiology pH, therefore
surface biotinylation can be achieved by electrostatic adsorption on negatively charged
sensor surfaces. Biotin-streptavidin interactions allow a subsequent attachment of
biotinylated receptors (Han, Wang et al. 2017).

Hydrophobins are a small cysteine-rich proteins with a length of around 100 amino
acids (aa) and eight conserved cysteine residues forming four disulfide bonds. They are
highly amphipathic and self-assemble to form monolayers on surfaces and can thereby

alter the wettability of a surface (Sunde, Kwan et al. 2008). Self-assembled hydrophobin
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monolayers on hydrophobic materials lower the free surface energy by increasing the
hydrophilicity facilitating the dispersion of particles in water and prevent particle
aggregation (Valo, Laaksonen et al. 2010).

Adhesive peptides found in nature (e.g., fibrin, fibronectin, and mussel foot proteins)
inspired the generation of biocompatible interfaces and functional coatings. Already in
the early 90’s, tissue adhesives like fibrin were used in surgery promoting wound closure
and healing (Atrah 1994, Coulthard, Esposito et al. 2010). The natural adhesives are
biocompatible and biodegradable and are therefore often applied in medical treatments
(e.g., for implants and construction of tissue replacement). Nano-fibrous poly(l-lactide)
membranes were modified with thin fibrin nano-coating to promote cell attachment and
proliferation (Bacakova, Musilkova et al. 2016). Many peptide coatings are designed for
re-endothelialization of bare-metal stents. The WKYMVm peptide, a selective formyl
peptide receptor agonist, and hyaluronic acid have been applied to bare-metal stents by
dip-coating in a primary layer. Sirolimus was consecutively sprayed onto the primary layer
showing anti-restenosis effects (Jang, Bae et al. 2015, Sim and Jeong 2017). Nitinol foil, a
nickel titanium alloy, was aminosilanized with N-[3-trimethoxysilyl-
propyl]ethylenediamine and coated with six-arm star-shaped polyethylene glycol (star-
PEG). Following, a dip-coating bio-functionalization with recombinant peptides P-selectin,
RGD, and LL-37 was applied. A combination of these peptides for coating increased the
adhesion of angiogenic early outgrowth cells (EOCs) accelerating re-endothelialization of
stents (Soehnlein, Wantha et al. 2011). A cell-recognizing peptide was covalently attached
to hydrolyze and carboxylated PCL surfaces through site-controlled coupling chemistry
using PDEA. The arginine-glycine-aspartic acid (RGD) peptide has been proved to be
biologically important for enhancing cell attachment onto biomaterial surfaces (Sun and

Onneby 2006).
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1.2 Material binding peptides

An adsorption-based coating of surfaces with proteins or peptides is often challenging
due to a non-oriented protein adsorption to the target surface. This might lead to non-
functional or reduced functional enzymes falsifying the sensitivity of assay applications
(Kumada, Tokunaga et al. 2006). Binding peptides or anchoring motives as fusion partners
that enable a directed enzyme immobilization are therefore of great importance for the
construction of functionally coated surfaces (Care, Bergquist et al. 2015).

Material binding peptides are short and highly diverse peptides (Seker and Demir
2011), that have a high binding affinity to a target material (e.g., gold (Seker, Wilson et al.
2014), steel (Zuo, Ornek et al. 2005) or PS (Kumada, Kuroki et al. 2010)). Material binding
peptides were applied for instance for directed enzyme immobilization (Zernia, Ott et al.
2016), improved nanomaterial biocompatibility (Zhang, Zheng et al. 2012), vaccine
development (Ha, Shin et al. 2016), controlled growth of ZnO crystal structures (Togashi,
Yokoo et al. 2011) or the formation of hybrid biomaterials (Nguyen, Botyanszki et al.
2014).

Material binding peptides are very efficiently identified by phage display technologies
(Seker and Demir 2011, Care, Bergquist et al. 2015). The Ph.D.-12 library is a frequently
used commercial phage library presenting 12-mer peptides for binding studies. The library
has been employed for instance to identify PS binding peptides (Qiang, Sun et al. 2017),
particulate matter binding peptides (Liang Alvin, Tanaka et al. 2017), and peptides used
for bio-mining of MoS; (Cetinel, Shen et al. 2018). The peptide library variants are N-
terminally fused to the minor coat protein (plll) of an M13 phage. In a biopanning
experiment, the surface-presented peptide variants are bound to a target surface and
weakly attached peptide variants are washed off in subsequent washing steps. Bound
phages are eluted from the target surface (pH shift) and amplified in Escherichia coli

(E. coli) cells for sequence analysis (see Figure 2) (Smith and Scott 1993).

10



Introduction

Generation of phage library

g Coat protein VIl |:>

Coat protein Il|

A

Target peptide "/
Iterative rounds

Sequencingand =
identification :

Amplification in E. EQ 5‘

M13 phage

')

ing

Removal of non-bound
ey phages

1)

4 % g5
/4 T

/ '/<: 7

Target surface Elution of bound phages | Target surface

Figure 2: Scheme of a bio-panning experiment. The Ph.D.-12 Phage Display Peptide Library is a
combinatorial library of random dodecapeptides (~10° variants). The peptides are N-terminally fused to the
minor coat protein (plll) of an M13 phage. The phages are bound to a target surface and non-binding phages
are removed in a washing step. Bound phages are eluted from the target surface and amplified in E. coli.
Beneficial binding peptide sequences are identified by sequencing. A biopanning experiment can be
performed in iterative cycles to increase the binding affinity of peptides to the target surface. Scheme
according to (Noren and Noren 2001).

1.2.1 Antimicrobial peptides

Antimicrobial peptides (AMPs) are small conserved amphipathic peptides that are
produced throughout all kingdoms (Bulet, Stocklin et al. 2004). AMPs are components of
the innate immune system and initiate adaptive immune host defenses against microbial
pathogens (Oppenheim 2003). AMPs mainly act as antibiotics or fungicides but some
AMPs also show for instance activity against viruses or cancer cells (see Figure 3). AMPs
target the microbial cytoplasmic membrane and interact with the lipid membrane that is
permeabilized subsequently. Besides a permeabilization of the membrane, some AMPs
target intracellular mechanisms functioning as signaling molecules at sublethal
concentrations (e.g., mitochondria, protein synthesis or DNA/RNA synthesis) (Malanovic

and Lohner 2016, Sani and Separovic 2016).
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Figure 3: Distribution and abundance of antimicrobial peptides. AMPs are produced throughout all
kingdoms with numerous activities. Scheme according to Fan et al. (Fan, Sun et al. 2016)

Antimicrobial activity of peptides is dependent on the amino acid composition of a
peptide and on its physical-chemical properties, the so called interfacial activity that is
described as the ability of a peptide to bind to a membrane, partition into the membrane-
water interface and to alter the packing and organization of the lipids (Wimley 2010).

As of today, 3011 antimicrobial peptides are listed in the Antimicrobial Peptide
Database.! The net charge of the peptides varies from -12 (Chrombacin; AP00612) to +30
(OaBacl11; AP00684) and the size of the AMPs ranges from 2 (Gageotetrin A; AP02381) to
183 (ShLysG; AP02743) amino acids. The hydrophobic percentage, the ratio between the
sum of the hydrophobic amino acids and the total number of amino acids, ranges from
0 % (SAAP; AP00528) to 100 % (Baceridin; AP02372) (Wang, Li et al. 2016). Basic amino
acids like arginine and lysine are up to 50 % overrepresented in AMPs compared to
common genomes, whereas the acidic amino acids, glutamate and aspartate are roughly
underrepresented by 75 %. Additionally, hydrophobic amino acids are, in comparison to

polar amino acids, overrepresented in AMPs (Wimley 2010).

L http://aps.unmc.edu/AP/main.php (2018/08/23)
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AMPs can be classified into five different groups: (1) anionic peptides, (I1) linear cationic
a-helical peptides, (1) cationic peptides enriched for specific amino acids, (IV) anionic and
cationic peptides that contain cysteine and form disulfide bonds and (V) anionic and
cationic peptide fragments of larger proteins (Brogden 2005).

In order to attack microbial cells, AMPs have to be able get into close proximity of the
membrane in a first step. Cell walls of gram-positive bacteria are composed of a porous
40-80 nm thick mesh and are generally easy to pass for AMPs. The outer cell membrane
of gram-negative bacteria can be passed by cationic AMPs by a charge-exchange
mechanism in which a cationic peptide is competing with Ca?* and Mg?* bound to
lipopolysaccharides. Cationic AMPs are attracted by charged cell wall components like
teichoic acid and lipoteichoic acid. Additionally, cationic AMPs are attracted by the inside-
negative transmembrane potential of bacteria (Bechinger and Gorr 2017). AMPs may not
be generally distributed on a cell surface than rather accumulate at the points where cell
division, cell wall remodeling, or secretion take place (Choi, Rangarajan et al. 2016). AMPs
attack selectively microbial cells due to the difference in eukaryotic and prokaryotic cell
membranes. Eukaryotic membranes are, in contrast to bacterial membranes, composed
of zwitterionic (overall neutral) lipid layers (Wakabayashi, Yano et al. 2017).

The insertion of AMPs into microbial membranes in mainly grouped into three different
models (see Figure 4): the ‘barrel-stave model’, ‘carpet model’ and ‘toroidal-pore model’
(Brogden 2005). In the ‘barrel-stave model’ 3-11 parallel helical peptides form bundles in
the membrane whereby the hydrophobic part of the helices is orientated to the lipid
regions and the hydrophilic parts of the helices form a lumen in the bundle. The AMP
alamethicin is associated with the ‘barrel-stave model’ (Yang, Harroun et al. 2001). The
‘carpet model’ describes the accumulation of AMPs to the membrane bilayer in a parallel
way (Bechinger 2001). They disrupt the bilayer at higher concentration like detergents,
which might lead to a formation of micelles. Transient toroidal wholes are formed and
other peptides can access the membrane (Shai 1999). In the ‘toroidal-pore model’ helical
AMPs insert into the membrane and the lipid monolayer is bent though the toroidal pore
(Matsuzaki, Murase et al. 1996). The polar parts of the peptides associate to the head
groups of the lipids and the lipids form a continuous bend to connect both leaflets of the

membrane (Yamaguchi, Hong et al. 2002).
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In principle, all proposed modes-of-actions lead to a disruption of the membrane
integrity. The transmembrane potential and the pH gradient are destroyed as well as the
regulation of the osmotic pressure. Further mechanisms of AMPs have been
characterized, that target inner cellular processes like DNA and protein synthesis or cell
wall synthesis. Additionally, some AMPs such as magainin and indolicidin are able to use
multiple mechanisms to affect microbial cells to increase their efficiency (Peschel and Sahl
2006, Nguyen, Haney et al. 2011). Indolicidin for instance is directly binding DNA and
interferes with the formation of the catalytic integrase-DNA complex (HIV-1) (Marchand,
Krajewski et al. 2006). Indolicidin also induces an unselective permeabilization of

liposomes containing negatively charged lipids (Rokitskaya, Kolodkin et al. 2011).

Barrel-stave model Carpet model Toroidal model

Figure 4: Disruption of bacterial membranes by AMPs. A) ‘Barrel-stave model’: the hydrophilic parts of the
helices form a lumen in the bundle, B) ‘Carpet model’: AMPs disrupt the bilayer at higher concentration like
detergents, which might lead to a formation of micelles. C) ‘Toroidal-pore model’: the lipid monolayer is
bended though the toroidal pore (Brogden 2005, Sani and Separovic 2016).

1.2.2 Anchor peptides

Anchor peptides belong to the class of AMPs and in addition to their natural ability to
bind to microbial membranes, they are also able to incorporate into synthetic polymers.
The AMP Cecropin A (Steiner, Hultmark et al. 1981) was selected as a specific polymer
membrane anchor to build functional nano-compartments with potential applications in
synthetic biology, medicine (drug release) and industrial biotechnology (chiral

nanoreactors, multistep syntheses, selective product recovery) (Noor, Dworeck et al.
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2012). Therefore, Cecropin A was genetically fused to the fluorescent reporter protein
eGFP and interactions with the tri-block copolymer polyisobutylene-polyethylene glycol-
polyisobutylene (PIB-PEG-PIB) were investigated. The ability of the amphiphilic Cecropin
A to anchor water soluble proteins like eGFP to a polymersome surface at ambient
temperature, enabled the avoidance of chemical coupling steps to link polymers and
proteins (Noor, Dworeck et al. 2012). Following, Cecropin A was used to functionalize
poly(2-methyloxazoline)-poly(dimethylsiloxane)-poly(2-methyloxazoline) (PMOXA-
PDMS-PMOXA) polymersomes (Klermund, Poschenrieder et al. 2016).

Up to date, a platform containing >65 different eGFP-anchor peptide fusion constructs
as well as >20 biadhesive peptides was generated in our group (see Figure 5). The anchor
peptides were fused to eGFP for an easy fluorescence-based detection (and
guantification) on numerous surfaces. Therefore, the anchors were fused to the N- and C-
terminal end of the reporter to investigate a potential influence on binding. Both fusion
partners were functionally separated by a stiff spacer helix (17 amino acids:
AEAAAKEAAAKEAAAKA) (Arai, Ueda et al. 2001) and a TEV cleavage site (7 amino acids:
ENLYFQG) (Kapust and Waugh 2000). Binding of anchor was determined for instance for
synthetic polymers (e.g., PP, PS, PE, and PET), metal surfaces like stainless steel as well as
plant surfaces.

The polymer binding peptide LCI was able to immobilize the reporter protein eGFP in
a 4.1 nm monolayer on a PP surface (Riibsam, Stomps et al. 2017). LCI was also used for
semi-purification in a directed evolution campaign of a copper efflux oxidase (CueO
laccase) in PP microtiter plates (MTP). The background noise of the assay system was
minimized 20-fold due to the employed semi-purification process (Zou, Mate et al. 2018).
A foliar fertilizer delivery system was established employing Plantaricin A as adhesion
promoter to immobilize biohybrid microgels on plant surfaces. The pH-responsive
microgels served as micro-containers to release Fe3* ions preserving plant health and
improving food production (Meurer, Kemper et al. 2017). Promising anchor peptides have
to be further optimized by engineering tools to improve a functional and specific binding
to selected surfaces in industrial applications (e.g., temperature stability, usage in laundry

detergents, binding in presence of salts or stability in organic solvents).
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Magainin 2 Domain Z
17x Helix
LCI

Tachystatin A2

Figure 5: Schematic overview of eGFP-anchor peptide fusion constructs and biadhesive peptides. A) The
N-terminal eGFP (PDB: 2Y0G) is separated from the C-terminal anchor peptide Tachystatin A2 (PDB: 1CIX)
by a 17x Helix spacer unit with an incorporated TEV cleavage site. B) Biadhesive peptides consisted of two
different anchor peptides (e.g., Magainin 2 (PDB: 2MAG) or LCI (PDB: 2B9K)) separated by the 17xHelix or
the staphylococcal protein A domain Z (PDB: 2SPZ).

1.3 Protein engineering

In nature, evolutionary mechanisms ensure an adaptability to an ever-changing
environment. Evolution is not directed towards any particular goal and occurs
spontaneously over time due to reproduction failures (Arnold 1998). Mutational changes
might be beneficial or adverse for the survival of organisms in a certain environment
leading to a natural selection. As a result, proteins are highly optimized and specialized
for a specific biological task. In protein engineering evolutionary strategies are applied to
tailor proteins and enzymes for industrial process conditions, like an improved tolerance
towards detergent or solvent concentrations or high process temperatures (Romero and
Arnold 2009, Cheng, Zhu et al. 2015, Vojcic, Pitzler et al. 2015, Shivange, Roccatano et al.
2016, Qiang, Sun et al. 2017). Two commonly used approaches in protein engineering are
rational protein design and directed evolution.

Rational protein design aims to improve enzymes with well-known structure-function

relationships by applying computational approaches (Lutz 2010). Proteins (especially

16



Introduction

short peptides) can be designed de novo (DFTamP1; specific activity against
Staphylococcus aureus (Mishra and Wang 2012)) or engineered by a prediction of changes
in a known protein structure. Therefore, information about the protein (e.g., from
sequence molecular modeling, computational chemistry or X-ray crystallography) is
needed. Localized and addressable enzyme properties, such as activity/selectivity,
substrate profile or thermal resistance are often engineered by rational protein design
(Shivange, Marienhagen et al. 2009). However, even though the sequence of a protein is
well-known, the prediction of how changes in amino acids will affect the protein is often
very difficult (Arnold 1998, Wong, Zhurina et al. 2006, Lutz 2010).

Directed evolution (DE) is an iterative algorithm to elucidate structure function
relationships of target proteins based on random mutagenesis (Wong, Zhurina et al. 2006,
Frauenkron-Machedjou, Fulton et al. 2018). DE techniques are often applied to engineer
enzyme properties that are not fully understood, such as resistance towards organic
solvents or ionic liquids and pH stability (Shivange, Marienhagen et al. 2009). One round
of DE consists of three steps (see Figure 6): () diversity generation, (I1) screening and (lll)
isolation of the improved variants (Guven, Prodanovic et al. 2010). In the first step, the
gene of interest is mutated and introduced into a suitable host organism (e.g., E. coli,
Bacillus subtilis or Pichia pastoris) In a second step, the resulting protein libraries are
analyzed in a screening system that is reflecting the desired application conditions as close
as possible. ldentified beneficial variants are analyzed in the final step by identifying
introduced mutational changes in the target gene. Improved variants can be used as a

template for iterative rounds of directed evolution.
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Figure 6: General overview of a directed evolution campaign. A directed evolution campaign is performed
in three steps. |) gene diversity generation Il) screening for improved variants and Ill) gene isolation and
sequencing. Scheme according to Glven et al. (Guven, Prodanovic et al. 2010)

1.3.1 Diversity generation in directed evolution

A successful DE campaign is strongly dependent on the generated library size and
quality of diversity generation (Wong, Zhurina et al. 2006, Ruff, Dennig et al. 2013).
Diversity generation is referred to as the introduction of mutations into a specific DNA
sequence or gene of interest. In traditional directed enzyme evolution campaigns, a
mutational load of 1-3 mutations per 1000 base pairs (bp) is applied to be able to study
single amino acid exchanges in the generated variants (Cheng, Zhu et al. 2015). A broad

variety of diversity generation techniques exist and are listed in Table 1.
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Table 1: Selected diversity generation methods for DE and rational protein design.

Technique Principle Reference

Generation of random mutant libraries

Error-prone PCR (epPCR) Incorrect incorporation of (Cadwell and Joyce 1992)
nucleotides using Tag DNA

Sequence Saturation Mutagenesis (SeSaM)

Recombination-based library generation

DNA shuffling

Staggered Extension Process (StEP)

Phosphorothioate-based DNA Recombination

(PTRec)

Site-Directed Mutagenesis (SDM)

Site-Saturation Mutagenesis (SSM)

Iterative Saturation Mutagenesis (ISM)

OmniChange

Casting epPCR (cepPCR)

polymerase and MnCl

Randomized target sequences at
every single nucleotide position
with universal bases; without
polymerase bias

Combination and accumulation of
beneficial mutations from different
gene variants, fragmentation of
target genes with DNase |
Combination and accumulation of
beneficial mutations from different
gene variants; priming the template
sequence with very short PCR
cycles; growing fragments anneal to
different templates

Combination and accumulation of
beneficial mutations from different
gene variants; enzyme-free method
that requires a short stretch of
12 bps for recombination; shuffling
of five domains

Focused introduction of point
mutations by primer mismatches;
QuikChange

Focused saturation of codons by
randomized primers (e.g., NNK)
Iterative cycles of saturation
mutagenesis at rationally chosen
sites (up to three amino acid
positions)

Multi-site-saturation mutagenesis
enables the discovery of
cooperative effects of up to five
amino acid substitutions. PLICing
based

Fragmentation of target gene and
high-load epPCR. Mutated
fragments were amplified using
MEGAWHOP

(Wong, Tee et al. 2004)

(Stemmer 1994)

(Zhao, Giver et al. 1998)

(Marienhagen, Dennig et al.

2012)

(Kunkel 1985)
(Wang and Malcolm 1999)
(Miyazaki and Arnold 1999)

(Reetz and Carballeira 2007)

(Dennig, Shivange et al. 2011)
(Blanusa, Schenk et al. 2010)

(Yang, Ruff et al. 2017)
(Miyazaki 2011)

DE campaigns are commonly designed utilizing error-prone polymerase chain reaction

(epPCR) based protocols due to their robustness and simplicity (Rasila, Pajunen et al.

2009). epPCR protocols are based on Tag DNA polymerase (Thermus aquaticus) that lacks

a 3’-5’ proofreading exonuclease activity. A very high intrinsic error rate of Tag DNA

polymerase (8*10° mutations per bp and duplication) promotes an incorporation of non-
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matching nucleotides. However, the natural error rate (1 substitution in 125,000 bp per
PCR cycle) is insufficient for the randomization of commonly evolved genes (1,000-
5,000 bp) (Cirino, Mayer et al. 2003). In order to generate high quality mutant libraries,
the fidelity of the DNA polymerase can be adjusted by addition of MnCl;, a
supplementation of unbalanced deoxyribonucleotides (dNTP) concentrations or by
increasing the number of amplification cycles (Cadwell and Joyce 1992, Cirino, Mayer et
al. 2003). Apart from the robustness and simplicity, the major drawback of standard
epPCR protocols is a fairly low mutational load that leads to an identification of only 30 %
of beneficial positions (e.g., organic solvents or ionic liquids (Zhao, Kardashliev et al. 2014,
Yang, Ruff et al. 2017). The redundancy of the genetic code and a biased DNA polymerase
(high numbers of transitions) lead to a lack of subsequent mutations (Wong, Tee et al.
2004).

Random technologies can be combined with rational-design to overcome the
limitations of DE (Lutz 2010). In semi-rational approaches, computationally selected
protein positions are saturated by SSM. These small, functionally-rich libraries reduce the
screening effort and often result in higher enzyme improvements. The alcohol
dehydrogenase 5 (Candida parapsilosis) was mutated in a OmniChange library mutating
four positions and screening of 3500 clones yielded in an improvement of 108-fold in

initial activity towards methyl 3-hydroxyhexanoate (Ensari, Dhoke et al. 2018).

1.3.2 Screening systems

Apart from diversity generation, one bottleneck in DE is the ability to screen a sufficient
diversity of the generated sequence space in a time and cost efficient manner. A protein
of 100 amino acids can theoretically exist in 2019 (~1.27 x 10*%°) different sequences (Tee
and Schwaneberg 2007). A reliable high-throughput screening system plays a pivotal role
for successful DE campaigns and has to reflect the final application conditions (“you get
what you screen for”) (Arnold 1998, Schmidt-Dannert and Arnold 1999). Dependent on
the library size and targeted properties, a screening format with low, medium or high
throughput has to be selected in order to analyze a statistically meaningful fraction of the
generated sequence space (Wong, Zhurina et al. 2006).

Even though microtiter plate (MTP) based formats enable only a medium throughput

of 103-10° variants, they are the most common applied screening systems in DE (Tee and
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Schwaneberg 2007). In fact, screening of small random libraries (1000-2000 variants per
round) is often sufficient to identify improved variants (Zhao, Kardashliev et al. 2014).
Recently, the full natural diversity of single amino acid exchanges in Bacillus subtilis
lipase A (BSLA) was explored applying a colorimetric MTP-based screening system,
revealing that 40-60% of all BSLA positions improve organic solvent resistance
(Frauenkron-Machedjou, Fulton et al. 2018).

The screening of large libraries is carried out by ultra-high-throughput screening
systems (uHTS). uHTS is a key technology in pharmaceutical drug discovery and DE
campaigns. UHTS screening systems commonly base on fluorescent or chemoluminescent
detection methods (Winter, Ries et al. 2018). The fluorescent-activated cell sorting (FACS)
is a powerful tool to analyze mutant proteins from large libraries. In an activity-based
screening, cells, beads, or emulsion droplets can be sorted at extremely high event rates
(up to 107 events/hour) (van Bloois, Winter et al. 2011, Korfer, Pitzler et al. 2016). The
combination of FACS systems with whole cell screening approaches enables a
phenotype/genotype-linkage which is prerequisite for DE campaigns (van Bloois, Winter
etal. 2011).

Apart from classical FACS-based screening assays, strategies have been developed to
link a fluorescent screening product to the cell surface. The Fur Shell principle is based on
a phytase-catalyzed formation of a fluorescent hydrogel shell around E. coli cells. Each
E. coli cell acts as a compartment in which a phytase and a glucose oxidase form H,0; in a
coupled reaction. A fluorescent monomer (Polyfluor 570) is co-polymerized in a PEG-
acrylate-based polymerization forming a hydrogel shell around E. coli cells. The Fur-Shell
technology has been expanded to cellulases, lipases, and esterases and enables the
generation of polymer-hybrid cells for bio-based interactive materials (Pitzler, Wirtz et al.
2014, Lulsdorf, Pitzler et al. 2015).

Cells analyzed by FACS systems are in varied metabolic states and to identify best
performing variants, a subsequent screening (e.g., in MTP) is usually required (Korfer,
Pitzler et al. 2016). To overcome this drawback, the concept of in vitro
compartmentalization within (w/o) single emulsion compartments was introduced
(Tawfik and Griffiths 1998). Following, uHTS screening and in vitro enzyme library
production were coupled within water-in-oil-in-water (w/o/w) emulsion compartments

(InVitroFlow). Beneficially, in vitro compartmentalization in (w/o/w) emulsions enables
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the production of toxic and membrane bound enzymes, since it is host-cell independent.
The InVitroFlow was applied to develop an in vitro directed cellulase evolution protocol
based on fluorescein-di-B-D-cellobioside as substrate within (w/o/w) emulsion

compartments (Korfer, Pitzler et al. 2016).
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2 Directed evolution of Tachystatin A2 towards improved polystyrene
binding

2.1 Declaration

The PePevo protocol for directed evolution of anchor peptides was developed in
cooperation with Dr. Kristin Rlibsam. The work was equally distributed and accomplished
(see XIV. Author contributions). Parts of this chapter were published by the author in the

journal of Biotechnology and Bioengineering.

Ribsam K*, Weber L*, Jakob F, and Schwaneberg U (2018). "Directed evolution of
polypropylene and polystyrene binding peptides." Biotechnol Bioeng 115(2): 321-330.

*shared first co-authorship

2.2 Objective and main results

Material binding peptides enable surface functionalization of biological inert polymers
(e.g., PS) with an efficient immobilization of enzymes, bioactive peptides or antigens (at
ambient temperature in water). A tailoring of polymer binding anchor peptides (PBPs) for
efficient binding under application conditions requires DE. A robust and generally
applicable DE protocol was established by adapting common procedures to very short
peptides like Tachystatin A2 (TA2, 44 aa). In order to sufficiently diversify TA2, an epPCR
protocol with a very high mutation frequency (59 mutations/kb) was established. The
reporter protein eGFP was used as a fusion partner of TA2 to directly quantify peptide
binding on the PS-MTP surface by fluorescence analysis. The developed Peptide-Polymer
evolution protocol (PePevo protocol) was validated in a directed evolution campaign of
TA2 towards improved PS binding. In this campaign, improved PS-binding TA2 variants
were identified by the application of the anionic surfactant LAS (0.5 mM) as selection
pressure. Applying the PePevo protocol in one round of DE, up to six fold stronger PS-

binders (in the presence of 0.5 mM LAS) were identified (see Figure 7).
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Figure 7: Peptide-Polymer evolution protocol. The PePevo protocol for polymer binding anchor peptides
enables the engineering of binding peptides for application conditions. Tachystatin A2 was fused to eGFP
and randomized in a high-mutation frequency epPCR. After immobilization on a PS-MTP-surface, non-
specific proteins were removed in two washing steps whereas strong binding Tachystatin A2 variants were
selected with the anionic surfactant LAS. The fluorescent fusion partner eGFP was used to quantify
improved PS-binding Tachystatin A2 variants. Scheme according to (Rubsam, Weber et al. 2018).

2.3 State of the art

Material binding peptides are short selective adhesives, that are utilized to efficiently
immobilize fusion partners (e.g., enzymes, bioactive peptides or antigens) on target
supports (Care, Bergquist et al. 2015, Zernia, Ott et al. 2016). The high binding affinity of
material binding peptides leads to an oriented immobilization in a monolayer on a surface
and ensures an oriented and functional attachment of enzymes or reporter proteins
(Kumada, Kuroki et al. 2010, Riibsam, Stomps et al. 2017). Since binding is performed from
aqueous solutions, a change of bulk material properties and non-selective coupling
reactions are prevented (Sanghvi, Miller et al. 2005, Liu, Ma et al. 2016). The broad

applicability of material binding peptides for surface functionalization is a valuable tool
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for applications in plastic industries including packaging, textiles or automotive industry
as well as in biomedical applications like diagnostics and disposable laboratory ware
(Yaman, Ozdogan et al. 2009, Moritomi, Watanabe et al. 2010, McKeen 2014).

The demand for functionalized plastics is ever increasing. Due to its good mechanical
properties, the synthetic aromatic polymer PS ((C8H8).,) belongs to the most widespread
commodity polymers. PS is widely used for food containers, packaging foams, and plates
(Kwon, Saido et al. 2014, Ho, Roberts et al. 2018). The hydrophobic PS is a durable
thermoplastic that is resistant to hydrolysis and regarded as non-biodegradable (Ho,
Roberts et al. 2018). Surface properties of PS are often adjusted to application demands
by physical surface treatments (e.g., plasma or flame treatments) (Chan, Ko et al. 1996)
or chemical modifications (e.g., wet chemical oxidations with e.g. nitric acid) (Penn and
Wang 1994). Especially in biological applications, PS devices are functionalized to increase
the bio-compatibility. Plasma treatment is used in tissue culture to activate the surface by
increasing the amount of oxygen-containing moieties on the surface. Activated PS plates
promote the adhesion and proliferation of cells in tissue culture. PS surfaces were treated
with Nz-plasma to amino-functionalize and subsequently immobilize bovine serum
albumin and trypsin for biological applications (Boulares-Pender, Prager-Duschke et al.
2009). However, proteins usually contain amino groups in their functional groups and
therefore multiple anchoring points lead to non-productive orientations that can reduce
flexibility and specific enzyme activity (Jonkheijm, Weinrich et al. 2008, Hernandez and
Fernandez-Lafuente 2011).

The usage of polymer binding peptides promotes a directed immobilization of enzymes
on solid supports (Riilbsam, Stomps et al. 2017, Zou, Mate et al. 2018) and plenty of
polymer binding peptides have been identified within the past years (e.g., for poly(methyl
methacrylate) (PMMA) (Serizawa, Sawada et al. 2007), chlorine-doped polypyrrole (PPyCl)
(Sanghvi, Miller et al. 2005), poly(L-lactide) (PLLA) (Matsuno, Sekine et al. 2008) and
polystyrene (PS) (Serizawa, Techawanitchai et al. 2007)). PS-binding peptides are often
identified in phage display based biopanning experiments (see Introduction 1.2; (Kumada,
Tokunaga et al. 2006, Imanaka, Yamadzumi et al. 2016, Qiang, Sun et al. 2017). The PS-
binding peptides PS19-1 and PS19-6, for instance, bind to hydrophilic PS surfaces with a
maximum adsorption of 81 mg/m? and 86 mg/m? respectively. The binding peptides were

applied for a functional immobilization of the enzyme glutathione S-transferase on a PS
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support (Kumada, Kuroki et al. 2010). PS is composed of hydrophobic ethylene backbone,
aromatic phenyl groups, and terminal sulfate groups and proteins adsorb to PS by
electrostatic, hydrophobic, and aromatic stacking interactions (Shikiya, Tomita et al. 2013,
Qiang, Sun et al. 2017).

Promising alternatives to short synthetic peptide libraries are naturally occurring
adhesive peptides. The anchor peptides Cecropin A (37 aa) (Steiner, Andreu et al. 1988)
and LCI (47 aa) (Gong, Wang et al. 2011) showed great potential for the functionalization
of polymers (see Introduction 1.2.2). Synthetic polymers like PS are produced since the
early 1950°s and in this evolutionary short period of time, a very limited evolutionary
pressure existed for organisms to evolve efficient enzymes and peptides to target polymer
degradation (Mor and Sivan 2008). However, the likelihood of identifying significantly
improved PS-binders is very high due to the enormous variety and sequence space of
peptides (e.g., TA2 with 44 aa can theoretically yield in 442° variants) (Tee and
Schwaneberg 2007). DE is a common strategy to adapt enzymes to industrial processes
(see chapter 1.3.1). In classical epPCR-based DE campaigns, a mutational frequency of
1-3 mutations/kb is employed (Cheng, Zhu et al. 2015). Depending on average gene sizes
(~1-5 kb), muteins contain 1-3 amino acid exchanges. In contrast, genes of anchor
peptides range on average from 36 to 300 bp (12-100 aa) and are considerably shorter
than enzyme genes. Consequently, a much higher mutational load (at least
20 mutations/kb) is needed to ensure a high gene diversity in a generated anchor peptide-
mutant library. Applying directed evolution to tailor anchor peptides enables an
adjustment of binding strength to application conditions which is pre-requisite for

efficient bio-functionalization of polymers.

2.4 Methods

Chemicals used in this chapter were obtained from Sigma-Aldrich Corp. (St. Louis, USA),
AppliChem GmbH (Darmstadt, Germany) or Carl Roth GmbH (Karlsruhe, Germany) in
analytical-reagent grade or higher purity. Synthetic genes were ordered at GeneArt AG
(Regensburg, Germany) and oligonucleotides were ordered from Eurofins Scientific SE
(Ebersberg, Germany) in salt-free form. The enzymes used in this study were obtained
from New England Biolabs GmbH (Frankfurt am Main, Germany). The PCR purification and

plasmid extraction kits were obtained from Qiagen GmbH (Hilden, Germany) and
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Macherey-Nagel GmbH & Co. KG (Diiren, Germany). In this study, the plasmid pET28a(+)
(Novagen, Darmstadt, Germany) was used as expression vector. The expression strain
E. coli BL21-Gold (DE3) was ordered from Agilent Technologies (Santa Clara, USA). Black
PS 96-well microtiter plates for binding studies were purchased from Greiner Bio-One

GmbH (Frickenhausen, Germany).

2.4.1 Generation of eGFP-anchor peptide fusion constructs

The eGFP-TA2 fusion construct and the reference PS-binding peptide PS19
(RAFIASRRIKRP (Kumada, Tokunaga et al. 2006)) were generated as described in the
Appendix chapter IV. eGFP-TA2 was generated by ‘Phosphorothioate-based ligase-
independent gene cloning’ (PLICing) (Blanusa, Schenk et al. 2010) whereas the reference
PS-binding peptide PS19 was generated in a two-step PCR (see Table 2) with overlapping
primers (20 uM each; see Table 3).

Table 2: Two-step PCR conditions for generation of PS-binding peptide PS19.

Step Temperature [°C] Time [s] Cycles [n]
Two step PCR —Step 1

Initial denaturation 98 30 1
Denaturation 98 15 5
Annealing 60 30 5
Elongation 72 210 5
Halt 8 oo

Two step PCR =Step 2

Initial denaturation 98 30 1
Denaturation 98 15 20
Annealing 62 30 20
Elongation 72 210 20
Final elongation 72 300 1
Storage 8 oo

2.4.2 Random mutagenesis of TA2

TA2 was mutated by random mutagenesis in an error prone polymerase chain reaction
(epPCR) (Cadwell and Joyce 1992). The gene ta2 (30ng template
pET28a(+)::eGFP_17xHelix_TEV-TA2) was amplified with Tag DNA polymerase (2.5 U),
substituted with dNTPs (10 mM), Mn?* (0.7 mM) and the primer pair FW-epTA2 and
Rev-epTA2 (20 uM each; see Table 3).
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Table 3: Primers used for epPCR and generation of reference peptide eGFP-PS19.

Primer name Sequence 5’ -3’

FW-PS19 CAA GCCGTC GTA TTA AAC GTC CGT AAT AAC ACT GAG ATC CGG
CTG CTA ACA AAG CCCGAA AG

Rev-PS19 GAC GGCTTG CAATAA ATG CAC GAC CCT GAA AAT ACAGATTTT
CTG CTTTCG CTG C

FW-epTA2 GCG GAG AAC CTG TACTTT CAG GGC

Rev-epTA2 CGG GCT TTG TTA GCA GCC GGA TCT CAG TGT TAT CA

The epPCR conditions are listed in Table 4. Parental DNA was digested (20 U Dpnl, 16 h,
37°C) and subsequently purified (PCR clean-up gel extraction kit, Macherey-Nagel, Diiren,
Germany). The vector backbone pET28a(+)::eGFP_17xHelix_TEV_TA2 was amplified by
‘megaprimer PCR of whole plasmid” (MEGAWHOP) (Miyazaki 2011). The previously
generated epPCR product (500 ng) was applied as megaprimer in the PCR reaction for the
amplification of pET28a(+)::eGFP_17xHeli_TEV_TA2 template (60 ng) with PfuS DNA
polymerase (2.5 U) and dNTPs (300 uM). The MEGAWHOP conditions are listed in Table
4. The parental DNA was digested (20 U Dpnl, 16 h, 37°C), purified (PCR clean-up gel
extraction kit, Macherey-Nagel, Diiren, Germany), and subsequently transformed into

E. coli BL21-Gold (DE3).

Table 4: PCR conditions for TA2 epPCR library generation.

Step Temperature [°C] Time [s] Cycles [n]
epPCR TA2

Initial denaturation 94 120 1
Denaturation 94 30 25
Annealing 60 30 25
Elongation 68 120 25
Final elongation 68 600 1
Storage 8 oo

MEGAWHOP

Elongation 72 300 1
Initial denaturation 98 90 1
Denaturation 98 45 25
Annealing 55 45 25
Elongation 72 240 25
Final elongation 72 600 1
Storage 8 oo
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2.4.3 Cultivation of eGFP-TA2 epPCR library in 96-well microtiter plates

The cultivation of the eGFP-TA2 epPCR library in 96-well microtiter plates was
performed according to (Riilbsam, Stomps et al. 2017). Colonies were transferred into 96-
well microtiter plates (MTP; PS, flat bottom) containing LB medium (150 pL/well; 10 g/L
tryptone, 10 g/L NaCl, 5 g/L yeast extract) supplemented with kanamycin (50 pug/mL) and
cultivated overnight (37°C, 900 rpm, 70 % humidity; Multitron Pro, Infors AG). After
cultivation, glycerol (80 uL/well, 50 % (v/v)) was added and the master plates were stored
at -80°C. Pre-cultures (150 pL/well LB medium + 1 % Glc; 50 pug/mL kanamycin) were
inoculated from master plates using a replicator and cultivated for 24 h (37°C, 900 rpm,
70 % humidity; Multitron Pro, Infors AG). Main-cultures (115 pL/well TB medium (12 g/L
tryptone, 24 g/L yeast extract, 5g/L glycerol, 17 mM KH,POs and 72 mM K;HPO.),
supplemented with kanamycin (50 pg/mL)) were inoculated with 20 pL of pre-culture,
cultivated for 2 h (37°C, 900 rpm, 70 % humidity; Multitron Pro, Infors AG) and induced at
an ODe0o=0.6-0.8 with IPTG (15 pL/well; 0.1 mM). The eGFP-TA2 epPCR library was
cultivated for 48 h (20°C, 900 rpm, 70 % humidity; Multitron Pro, Infors AG). Reference
eGFP-TA2 WT, as well as the eGFP control were transferred in three replicates per plate

each.

2.3.4 Determination of critical micelle concentration

The critical micelle concentration (CMC) of the anionic detergent LAS was determined
using a bubble pressure tensiometer (Bubble Pressure Tensiometer-BP100, KRUSS GmbH,
Hamburg, Germany). LAS (M (LAS): 326.49 g/mol, g (LAS): 922 kg/m3, CAS Number 27176-
87-0, Sigma Aldrich, Darmstadt, Germany) was diluted in Tris/HCI buffer (50 mM, pH 8.0)
in serial dilutions from 0-5 mM and incubated at room temperature overnight. The
settings of the device were: 25°C, diameter of capillary 0.346 mm, velocity of surface
detection 20 mm/min, dipping depth of capillary 10 mm, and rinsing of capillary 30 s. The

surface age of bubbles was measured over a time of 50,000 ms.

2.4.5 Screening of eGFP-TA2 epPCR library for improved binding to PS in presence of LAS
The binding strength of TA2 and the generated eGFP-TA2 epPCR library towards PS in
presence of the surfactant LAS was analyzed using the Assay for Better polymer Binding

Anchor peptides (ABBA). In the immobilization step, eGFP-TA2 variants were bound to the
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wells of black PS MTPs (flat bottom). Therefore, cell free extracts (CFE) (10 uL/well) was
supplemented to 90 pL/well Tris/HCI buffer (50 mM, pH 8.0) and incubated for binding
(10 min, room temperature, 600 rpm; MTP shaker, TiMix5, Edmund Bihler GmbH,
Hechingen, Germany). Subsequently, the MTP wells were washed with Tris/HCI buffer
(100 pL/well; 50 mM, pH 8.0, 5 min, room temperature, 600 rpm) in two washing steps to
remove unspecific CFE proteins. In a final selection step, the anionic surfactant LAS
(100 pL/well, 0.5 mM) was supplemented and incubated with the bound peptide variants
(5 min, room temperature, 600 rpm). After removal of all liquids and desorbed peptides,
the fluorescence of the bound eGFP-TA2 variants was measured directly on the PS surface
with the 96-well MTP reader FLUOstar Omega (BMG LABTECH GmbH, Ortenberg,

Germany; excitation (Ex) 485 nm, emission (Em) 520 nm, gain 1000, 35 reads/well).

2.5 Results

The results section was divided into four parts. In the first part an epPCR library of the
anchor peptide TA2 (132 bp) was generated. The development of a high-throughput
screening system for short anchor peptides was described in the second part by
determining key performance parameters. Therefore, the applied CFE volume, influence
of the applied surfactant concentration for selection, and standard deviation of the
screening system in 96-well MTP format were established. The PePevo protocol was
validated in the third part by one round of DE to improve the binding of TA2 to PS in
presence of the anionic surfactant LAS. The binding strength of identified eGFP-TA2
variants was characterized in the fourth part with respect to the eGFP-TA2 WT and binding

was compared to reported PS-binding peptide PS19.

2.5.1 Generation of the TA2 epPCR library

In DE campaigns, usually 10° clones are screened with a mutational frequency of
approximately 1-3 mutations/kb leading to one to three aa substitutions per enzyme
(Cheng, Zhu et al. 2015). Thereby, a fraction of 40-60 % of active variants is targeted to
ensure an identification of beneficial variants in small libraries (Tee and Schwaneberg
2007, Zhao, Kardashliev et al. 2014). In order to sufficiently mutate short genes of anchor

peptides (ta2:132 bp), a mutation frequency of ~20 mutations/kb is required. The
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mutation frequency has to be adjusted by varying, for instance, the applied MnCl;
concentration (here 0.5-1.5 mM) in the epPCR.

The generation of ta2 epPCR library was carried out with 0.7 mM MnCl,. The library
contained 418 (46.4 %) inactive variants (fluorescence signal of <0.8-fold or less relative
to the eGFP-TA2 WT). Sequencing of 50 clones revealed a mutation frequency of
59.4 mutations/kb in the ta2 gene with a ratio (Ts/Tv) of 57.3/38.8 %. Consecutive
mutations (2 variants had two times consecutive mutations) were detected in 25 % of all
sequenced variants. This mutation frequency resulted in an average number of 4.4 amino

acid substitutions per TA2 variant (see Figure 8).

tattcgcgetgtcaactgocagggetttaactgegtagtccggtcttacggettaccgaccattccgtgttgecgtggtctgacatgtcgecagetactttcccggtagtacctacggtcgttgeccagegttactgat

Figure 8: Mutation frequency of ta2 variants. The ta2 gene was mutated by epPCR. Mutations were
analyzed by sequencing and mutations of 10 clones are highlighted in orange.

2.5.2 Performance criteria of the ABBA screening system

The developed ABBA screening system is based on the detection of the immobilized
fluorescent fusion partner eGFP on the surface of 96-well MTP plates (see Figure 9). eGFP-
TA2 variants are immobilized from CFE by incubation in black PS-MTPs (Greiner Bio-One,
96-well, F-Bottom, fluorotrac). During the two successive washing steps, background
proteins with weak hydrophobic interactions to PS-MTPs are removed. Only target
peptides with a high PS-binding affinity remain immobilized on the PS-surface. The
surfactant LAS (0.5 mM) is used as selection pressure and is supplemented in a
competition buffer. Weak binding eGFP-TA2 variants are detached from the PS-surface
and strong binding eGFP-TA2 variants remain attached. The binding of each eGFP-TA2
variants is quantified by the detection of eGFP fluorescence employing a FLUOstar Omega

MTP reader (Ex: 485 nm, Em: 520 nm, gain 1000, 35 reads per well).
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Figure 9: Selection of strong-binding TA2 variants with ABBA. eGFP-TA2 WT and eGFP-TA2 epPCR library
variants are transferred into black 96-well PS-MTPs. The peptides are immobilized on the PS-surface. Non-
specific CFE proteins are removed in two washing steps. For selection, the anionic surfactant LAS is applied
to the PS-surface and weak binding peptides are removed. Strong binding target peptides are directly
guantified on the PS-surface by detecting the fluorescent fusion partner eGFP. Scheme according to
(Rubsam, Weber et al. 2018).

The reliability of a MTP-based screening system is pre-requisite for a successful DE
campaign. The standard deviation of an assay is the key performance parameter for a
reliable screening system. Screening systems that have a standard deviation below 18 %
are regarded as reliable and are employed in DE campaigns (Tee and Schwaneberg 2007).
The ABBA screening system was optimized in 96-well MTPs by adapting peptide
expression conditions. The applied eGFP-TA2 concentration was optimized to reach a
complete surface coverage in 96-well PS plates for a robust and reliable ABBA screening
system. Therefore, the CFE volume was varied. An effective selection pressure was
established by a variation of surfactant concentrations (0.001-5 mM LAS) in the selection

step, as well as the determination of the CMC of LAS.
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2.5.3 Determination of applied CFE volume for an optimized standard deviation in ABBA

In the immobilization step, the surface of the PS plates is covered with eGFP-TA2. A full
coverage of the surface area was targeted to exclude false negative results by poor
expression variants. Therefore, the CFE volumes (0.5-50 plL) were varied in the coating
step. The assay volume of 100 pL/well was kept constant by the addition of Tris/HCI buffer
(50 mM, pH 8.0). An efficient coating of the MTP surface with eGFP-TA2 was ensured by
applying a minimum of 10 uL CFE/well. After a selection with 0.5 mM LAS a remaining
fluorescence of 99.3 + 8.8 RFU was detected on the PS surface (see Figure 10). The MTP
surface was saturated with CFE volumes of 10-50 uL and led to an elimination of good
expression variants. When lower CFE concentrations (< 10 uL) of eGFP-TA2 were used in
the immobilization step, a dependency between applied concentration and detected RFU
on the surface were observed. The eGFP control was used as negative control. eGFP could
be removed completely from the PS-MTP surface after a selection with 0.5 mM LAS at any

tested concentration.
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Figure 10: Surface saturation of PS-MTPs with eGFP-TA2. PS-MTP surface was saturated with eGFP (black
diamonds) and eGFP-TA2 (grey triangle) CFEs. The CFE amount in immobilization step was varied between
0.5-50 pL in 100 pL working volume and remaining fluorescence was detected after selection with 0.5 mM
LAS. Scheme according to (Rubsam, Weber et al. 2018).
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Additionally, a calibration curve of eGFP-TA2 fluorescence was determined to detect
the linearity of the ABBA screening system. Therefore, eGFP-TA2 was purified by metal
affinity chromatography. eGFP-TA2 was coated on the PS surface in serial dilutions (0.1-
7 uM) (see Figure 11). After two successive washing steps with Tris/HCl buffer (50 mM,
pH 8.0), the remaining fluorescence was measured on the PS surface. A linear range of
eGFP-TA2 fluorescence was determined from 0.1-7 uM of applied protein concentration

that corresponded to 70.8-105839 RFU.

120000

100000 -

80000 -

y = 15255x - 421.67

60000 R?=0.9994

Fluorescence [RFU]

40000

20000

0 1 2 3 4 5 6 7 8
Concentration of eGFP-TA2 [uM]

Figure 11: Linearity of ABBA screening system. The linearity of detected eGFP-TA2 was determined by serial
dilutions of purified protein. After two successive washing steps with Tris/HCI buffer (50 mM, pH 8.0), the
remaining fluorescence was measured on the PS surface. Scheme according to (Rubsam, Weber et al. 2018).

In summary, the performance of the ABBA screening using 10 uL CFE/well ensures an
efficient PS-surface coverage eliminating expression muteins. Therefore, 10 uL CFE/well

were selected for the screening of the eGFP-TA2 epPCR library.

2.5.4 Adjustment of the selection pressure in ABBA
The screening of eGFP-TA2 epPCR library was performed in black PS MTP plates that

enabled a fluorescence detection. These plates are composed of hydrophobic surfaces.
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Many E. coli proteins have hydrophobic patches on their surface and adsorb to PS plates
(Rosano and Ceccarelli 2014). In order to remove unspecifically attached E. coli protein
background from the PS surface and to remove weak-binding eGFP-TA2 variants, the
anionic surfactant LAS was applied as selection pressure in the ABBA screening. Anionic
detergents promote protein unfolding by electrostatic or hydrophobic interactions with
surface-attached proteins (Otzen 2011).

The behavior of surfactants is strongly dependent on the critical micelle concentration
(CMC). The CMC of a surfactant is the value at which surface active ions or molecules in
solution associate into micelles. Each surfactant has a characteristic CMC value at a given
temperature and electrolyte concentration. Above the CMC, monomers and micelles exist
in dynamic equilibrium (Tadros 2013). In dilutions below the CMC, the surface tension is
proportionally dependent on the logarithmic concentration of detergent. Higher
concentrations above the CMC do not influence the surface tension, a plateau is reached.
At the point of CMC, the surfactant exhibits a sharp concentration dependent

discontinuity (Chakraborty, Chakraborty et al. 2011).
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Figure 12: Surface tension of LAS in dependence of surface age. The surface tension (mN/m) of LAS was
analyzed in serial dilutions (0.0025-5 mM in 50 mM Tris/HCl pH 8.0) over a time of 50,000 ms (log10 (surface
age[ms])). Surface tension is decreasing with increasing LAS concentration.
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Serial dilutions of LAS in Tris/HCl buffer (50 mM, pH 8.0) were analyzed at a surface age
of 50,000 ms to determine the CMC of LAS under assay conditions (see Figure 12). The
surface tension (mN/m) of LAS was plotted over the logarithmic (log10) concentration of
LAS [mM]. The logarithmic concentration was in a linear range between 0.0075 and 0.1
mM LAS. Increasing LAS concentrations (0.2-1 mM) did not result in a significant change
of surface tension and were used to determine the plateau. The CMC of LAS war

calculated to 0.105 mM LAS (see Figure 13).
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Figure 13: Critical micelle concentration of LAS. Surface tension (mN/m) was plotted against logarithmic
concentration of LAS [mM] at a surface age of 50,000 ms. The calculated lines of linear decrease in surface
tension (grey squares) and plateau (grey triangles) were extrapolated to the point of intersection.

A concentration-dependent release of eGFP and eGFP-TA2 from the PS-MTP surface
was investigated in presence of increasing LAS concentrations (see Figure 14). Lower LAS
concentrations (0-0.1 mM) below the CMC of LAS (0.105 mM) did not strongly effect the
binding of eGFP-TA2 to the PS surface. LAS concentrations above the CMC (from 0.1-
5 mM) had a strong desorptive effect on eGFP-TA2, whereby an increase from 0.5-5 did
not lead to a proportional detachment of eGFP-TA2 from the surface. Finally, a LAS

concentration of 0.5 mM was applied as selection pressure for the screening of the epTA2
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library and an average fluorescence value of 99.3 + 4.2 RFU was detected. LAS desorbed
53 % of initially immobilized eGFP-TA2 from the surface (0 mM LAS, 208.2 + 16.6 RFU).
Improved PS-binding eGFP TA2 variants could be identified within the linear range of the
developed ABBA screening (lower detection limit 70 RFU). No significant difference in
fluorescence was detected when the PS wells were incubated with either the negative

control eGFP or selection buffer (0.5 mM LAS in 50 mM Tris/HCI, pH 8.0; 48-66 RFU; Figure

14).
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Figure 14: Concentration adjustment of the selection pressure LAS. Immobilized eGFP-TA2 was washed
with Tris/HCI buffer (50 mM, pH 8.0) containing different LAS concentrations (0.001-5 mM). Fluorescence
signal of remaining eGFP was detected for buffer-treated PS-wells (white), PS-wells incubated with eGFP
(light grey), and PS-wells incubated with eGFP-TA2 (black). Scheme according to (Rubsam, Weber et al.
2018).

2.5.5 Standard deviation of eGFP-TA2 in ABBA

A final standard deviation of 10.6 % was obtained with optimized parameters in the
ABBA screening system (see Figure 15; lysis (1 mg/mL lysozyme, 150 pL/well), 10 uL/well
eGFP-TA2 CFE, two subsequent washing steps (Tris/HCI (50 mM, pH 8.0, 100 pL/well)),
and selection with LAS (0.5 mM, 100 uL/well). The standard deviation was determined by

performing the ABBA screening with eGFP-TA2 in a complete 96-well MTP.
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Figure 15: Standard deviation of eGFP-TA2 in ABBA. eGFP-TA2 was incubated in 96 replicates on a PS-MTP
and eluted with LAS (0.5 mM). Detected fluorescence in the PS-MTP wells was plotted in descending order.
All RFU values were used to determine the standard deviation of the ABBA screening (10.6 %). The
population mean (107 RFU) is indicated by a dashed line. Scheme according to (Rubsam, Weber et al. 2018).

2.5.6 Validation of the directed PePevo protocol for polymer binding anchor peptides
The anchor peptide TA2 was evolved for stronger PS-binding in presence of the anionic
surfactant LAS (0.5 mM) to validate the applicability of the PePevo protocol. The ABBA
screening system was applied to analyze 1000 variants from the generated eGFP-TA2
epPCR library. The detected relative fluorescence units [RFU] represented a direct
guantification of the amount of immobilized eGFP-TA2. The background fluorescence of
the negative control eGFP was subtracted from each fluorescence value of eGFP-TA2
variants and eGFP-TA2 wild type. A relative improvement of eGFP-TA2 variants was
determined by dividing the fluorescence values of eGFP-TA2 variants by fluorescence

values of the eGFP-TA2 wild type (see Equation 1).

RFU (eGFP—-TA2 variant)
RFU (eGFP—TA2 WT)

Equation 1: Relative improvement =
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eGFP-TA2 variants were defined as improved PS-binders if the ratio was >1.5. Screening
of the eGFP-TA2 library towards improved PS-binding in presence of 0.5 mM LAS
identified variant TA2-M1-PS with a 6.3 fold higher fluorescence signal in comparison to
the eGFP-TA2 WT. The mutations, fluorescence values, and relative improvements of the

best two variants are listed in Table 5.

Table 5: eGFP-TA2 variants identified by DE with improved PS-binding in presence of 0.5 mM LAS.

Variants Amino acid substitutions Fluorescence Fold of
[RFU] improvement
eGFP - 50.8+7.8
eGFP-TA2 WT - 82.0+8.2 1.0
TA2-M1-PS R3S, L6P, V12K, S15P, C29R, R30L, F33S, 250.8 +13.9 6.3
Y44H
TA2-M2-PS FI9C, C24S, G26D, S31G, C41S, Y44Q 241.8 +40.8 6.0

2.5.7 Characterization of identified eGFP-TA2 variants TA2-M1-PS and TA2-M2-PS

Both identified improved variants were characterized with regards to their binding
strength and specificity by an analysis of binding to PS as well as PP in presence of the
anionic surfactant LAS (0.5 mM) and the non-ionic surfactant Triton X-100 (1 mM). Binding
of eGFP-TA2 was compared to the binding of the reported PS-binding peptide PS19
(Kumada, Tokunaga et al. 2006). Therefore, TA2-M1-PS, TA2-M2-PS, eGFP-TA2 WT, the
eGFP control, and the reference peptide eGFP-PS19 were produced in a MTP plate with
6 replicates each.

The binding strength of eGFP-TA2 WT to PS and PP in presence of LAS and Triton X-100
was comparable to the reference peptide eGFP-PS19. The analysis of PP- and PS-binding
in presence of Triton X-100 (1 mM) showed, that both, the eGFP-TA2 WT as well as eGFP-
PS19 bound stronger to PP than PS. The generated variant TA2-M2-PS showed an up to
3.4-fold improved PP-binding in presence of Triton X-100 and an up to 2.3-fold improved
PS-binding in presence of Triton X-100 (1 mM). The detected binding of both variants TA2-
M1-PS and TA2-M2-PS to PS in presence of Triton X-100 was surprisingly significantly
lower than the comparable binding to PP. The analysis of PP- and PS-binding in presence

of LAS showed, that both variants TA2-M1-PS and TA2-M2-PS and showed an up to 6.5-
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fold improved binding to PS and also an up to 9.9-fold improved binding to PP in presence

of 0.5 mM LAS (see Figure 16).
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Figure 16: Characterization of identified improved eGFP-TA2-PS variants. PP-and PS MTP plates were
incubated with buffer, eGFP control, eGFP-PS19, eGFP-TA2 WT, TA2-M1-PS, and TA2-M2-PS. Remaining
fluorescence was detected after elution with 1 mM Triton X-100 and 0.5 mM LAS. Scheme according to
(Rubsam, Weber et al. 2018).

2.6 Discussion

Bio-functionalization of polymers is often necessary for bio-sensor/chip technologies
or for the production of medical devices. DE offers novel and exciting opportunities to
tailor short peptides for a targeted surface binding. Anchor peptides have a great
potential to become commonly applied for surface functionalization and offer unique
advantages as they enable an immobilization of proteins on a given surface in monolayers.
The coating can be performed in aqueous solution at ambient temperature (Ribsam,
Stomps et al. 2017). Additionally, several chemical functionalities (e.g., carboxyl, hydroxyl,
thiol or amines) can be introduced onto surfaces, which expands conventionally used
chemical and physical surface modification techniques. Surface binding peptides were
identified with binding affinities for numerous materials (e.g., (noble-) metals, silicon
nitride, and polymers) as reviewed comprehensively by Care et al. and Seker et al. (Seker

and Demir 2011, Care, Bergquist et al. 2015). Advantageously, simple and industrially used
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techniques (e.g., dip coating, spraying or foulard processing) can be used to immobilize
proteins for surface functionalization including sophisticated 3D structures (e.g., medical
devices).

Industrial application of enzymes often include a high performance under non-natural
conditions (e.g., the presence of surfactants). Therefore, enzymes for laundry, bakery, or
production of chemicals have been reengineered extensively (Korfer, Pitzler et al. 2016,
Molina-Espeja, Vina-Gonzalez et al. 2016, Sheldon and Pereira 2017). Since 2010, more
than 500 successful DE campaigns have been reported yearly, that enabled an adaptation
of target enzymes application conditions (Cheng, Zhu et al. 2015). The evolution of anchor
peptides required a protocol that enabled the introduction of sufficient diversity in anchor
peptide mutant libraries. The PePevo protocol represented a first DE protocol capable of
generating a high diversity in very short anchor peptide genes. PePevo was validated by
DE of TA2 towards an improved binding strength to PS in presence of the anionic
surfactants LAS. A very high mutational frequency was used to diversify the ta2 gene. A
frequency of 59 mutations/kb was determined that led to an average of 4.4 aa
substitutions per generated TA2 variant. Previously performed DE campaigns reported
mutagenesis frequencies with a mutational load of 33 mutations/kb (casting epPCR)
(Yang, Ruff et al. 2017) and 11.7 mutations/kb (epPCR-high) (Zhao, Kardashliev et al.
2014), respectively. The obtained mutational frequency obtained by the developed
PePevo protocol was almost twice as high.

The developed ABBA screening system was optimized to a standard deviation of 10.6 %
and proved to be a robust and reliable tool for the analysis of the eGFP-TA2 epPCR library.
In classical DE campaigns, screening systems with a standard deviation of up to 18 % are
routinely employed (Tee and Schwaneberg 2007). The ABBA screening system was
employed to identify PS-binding eGFP-TA2 variants that showed improved binding in
presence of the applied anionic surfactant LAS (0.5 mM LAS). The fluorescent fusion
partner eGFP was used as a reporter protein. eGFP was immobilized by the TA2 variants
on the PS MTP surface and quantification of fluorescence was proportional to the anchor
peptide binding. The developed ABBA screening system had to exclude expression
variants reliably (Jakob, Lehmann et al. 2013). Therefore the applied concentration of

eGFP-TA2 in the immobilization step proved to be crucial to obtain surface saturation in
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the PS-MTP plates. Finally, a CFE volume of 10 uL/well which corresponded to an eGFP-
TA2 concentration of 5.9 + 0.6 UM was required for surface saturation.

In the performed PePevo campaign, eGFP-TA2 variants were identified that bound 6.5-
fold (TA2-M1-PS) stronger to PS in presence of the anionic surfactant LAS compared to
the eGFP-TA2 WT. Both variants, TA2-M1-PS and TA2-M2-PS, which were evolved for
improved PS-binding (in presence of LAS) revealed additionally a stronger binding to PP.
An improved binding to PP was observed in presence of Triton X-100 (up to 4.4 fold) as
well as LAS (up to 9.9 fold). Surprisingly, neither TA2-M1-PS nor TA2-M2-PS showed
improved binding to PS in presence of Triton X-100. These binding studies reveal that the
selectivity of an evolved peptide variant significantly depends on the selected polymer as
well as selection pressure. It demonstrated as well, that anchor peptides can be evolved
towards a high binding specificity when DE is performed in iterative rounds.

The reported PS-binding peptide eGFP-PS19 (Kumada, Tokunaga et al. 2006) showed a
comparable binding strength to PS as well as to PP to eGFP-TA2 in presence of Triton X-
100 (1 mM) and LAS (0.5 mM) (see Figure 15). The evolved eGFP-TA2 variants showed, in
comparison to eGFP-PS19, a considerably increased binding to the investigated
hydrophobic PS (TA2-M1-PS (14.9-fold) and TA2-M2-PS (13.0-fold) in presence of LAS.
These results confirmed that DE is a powerful algorithm to engineer anchor peptides for

application conditions.
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3 Ultra-high-throughput screening system for directed polymer binding
peptide evolution

3.1 Declaration

Parts of this chapter were submitted by the author to the journal Biotechnology and

Bioengineering.

Apitius L, Riibsam K, Jakesch C, Jakob F, Schwaneberg U (2019). Ultra-high-throughput

screening system for directed polymer binding peptide evolution.

3.2 Objective and main results

A great challenge of the Anthropocene era will be the reduction and prevention of
accumulated plastics in the environment. One possibility to reduce plastic waste in the
environment is an enzymatic degradation. In order to bring microorganisms that release
polymer-degrading enzymes into close distance to the polymer particles, an adhesion
promoter is needed. Anchor peptides fulfill these requirements and enable a targeted
immobilization of whole cells on polymer surfaces. An esterase A-based E. coli cell surface
display (CSD) screening system was developed, that enabled DE of anchor peptides for
improved binding strength to polymers. The ultra-high-throughput screening system
allowed an enrichment of improved binding LCl variants from a culture broth by an
immobilization of whole cells on PP-beads. The PP-binding peptide LCI was diversified by
a simultaneous saturation of five positions (Y29, D31, G35, E42, and D45) whereby
theoretically 3.2 million variants could be generated. Applying the CSD system, the
generated LCI diversity was analyzed by screening in total 10 million clones. LClI was
screened for an improved binding to PP beads in presence the surfactant LAS (0.25 mM).
Identified LCI variants revealed an up to 12-fold improved PP-binding strength in presence
of LAS (0.125 mM). The CSD system is a first whole-cell ultra-high-throughput screening

system to improve anchor peptides (see Figure 17).
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Figure 17: Schematic overview of the ultra-high-throughput CSD screening system. The anchor peptide LCI
was saturated at five positions. An esterase A-based display system was used to present mutated LCI
variants on the surface of E. coli cells. Whole cells were immobilized on PP-beads and improved binding
variants were identified after cell recovery.

3.3 State of the art

In 2017, the global production of plastics was estimated to be 8,300 million metric tons
(Mt). Plastic waste is accumulating in the environment and a drastic increase of plastic
waste in landfills is predicted in 2050 (12,000 Mt) (Geyer, Jambeck et al. 2017). Main
causes for a global environmental pollution are inadequate handlings of waste
management, disposal and recycling of plastics (Geyer, Jambeck et al. 2017). In nature,
plastics degrade slowly and degradation can take several hundreds of years (Barnes,
Galgani et al. 2009). Therefore, it is of uttermost importance to develop degradation
strategies for plastics, including an enhanced bio-degradation. The production of plastics
started in the 1950°s which is, from an evolutionary point of view, a relatively short time
span. Consequently, the evolutionary pressure for organisms to evolve enzymes for
efficient plastic degradation was rather low (Hopewell, Dvorak et al. 2009, Tokiwa, Calabia
et al. 2009). However, some plastic degrading organisms exist, that are able to degrade
polymers like PET, PP, and PS (Cacciari, Quatrini et al. 1993, Shah, Hasan et al. 2008, Auta,

Emenike et al. 2017, Pathak and Navneet 2017). A first step, to ensure an efficient
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degradation of plastics is to bring organisms into close proximity or to attach organisms
to the targeted polymer surfaces.

Material binding peptides can be employed as adhesion promoters to immobilize
bacteria on plastics surfaces. Material binding peptides offer versatile advantages for a
directed enzyme immobilization (Qiang, Sun et al. 2017, Zernia, Frank et al. 2018), a
formation of hybrid biomaterials (Nguyen, Botyanszki et al. 2014) or improved
nanomaterial biocompatibility (Zhang, Zheng et al. 2012). Particulate matter binding
peptides that bind components like Cu and Zn were employed as probes for the detection
of air pollution (Liang Alvin, Tanaka et al. 2017). In biomining, a molybdenite (MoS)
binding peptide was coated on magnetic nanoparticles to harvest the trace element as a
by-product in copper and tungsten mines (Cetinel, Shen et al. 2018).

Target-specific binding peptides are often identified by phage, mRNA or cell surface
display technologies (Smith 1985, Mattheakis, Bhatt et al. 1994, Boder and Wittrup 1997).
The use of display systems allows the generation and screening of large libraries in an
ultra-high throughput (uHTS) set-up. Randomized peptide libraries in phage displays
commonly consist of short peptides with a length of 6 to 43 amino acids. These libraries
can contain up to 10*2 phage particles (Galan, Comor et al. 2016). Synthetic phage peptide
libraries are commonly generated for medical applications, such as binding studies of
bioactive peptides, epitope mapping (B-cells and T-cells) or the development of peptide-
mediated drug delivery systems (Wu, Liu et al. 2016). mRNA display systems are in vitro-
based technologies that contain up to 10 peptide sequences and offer the highest
screening throughput (Cotten, Zou et al. 2012). mRNA display systems were for instance
employed for DE campaigns of scaffold proteins like the DNA binding domain of the
retinoid-X-receptor, which was engineered towards functional ATP recognition (Cho and
Szostak 2006).

Microbial cell surface displays are possible systems often used in DE campaigns to
display binding peptides (van Bloois, Winter et al. 2011) due to a general applicability and
simplicity in handling. Especially antibodies and scaffold proteins were engineered
applying yeast display technologies as reviewed comprehensively by Boder et al. and
Kénning et al. (Boder, Raeeszadeh-Sarmazdeh et al. 2012, Konning and Kolmar 2018). In
yeast display technologies, library sizes of up to 10° mutants are generated. However,

yeast display systems are, in comparison to bacterial display systems, comparably time-
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consuming due to a slower growth rate of yeast cells (Benatuil, Perez et al. 2010, Salema
and Fernandez 2017). Enzymes, antibodies, nanobodies, and peptides have been
improved by the application of bacterial display systems (Jose, Betscheider et al. 2005,
Bidlingmaier, Su et al. 2015, Salema and Fernandez 2017). A commonly applied bacterial
cell surface systems is based on an esterase (EstA) of Pseudomonas aeruginosa. EstA has
been applied for a functional surface presentation of enzymes (e.g., LipA (B. subtilis) or
cutinase (F. solani pisi)) (Becker, Theile et al. 2005) or hybrid catalysts (Grimm, Sauer et
al. 2018) on the E. coli cell surface. The autotransporter EstA belongs to the GDSL-family
of lipolytic enzymes and is part of the type V, secretion pathway (Upton and Buckley 1995,
Wilhelm, Tommassen et al. 1999, Henderson, Navarro-Garcia et al. 2004). An N-terminal
passenger domain is fused to the C-terminal anchor domain of EstA. The autotransporter
is secreted into the periplasm whereby the C-terminal anchor domain forms a [-barrel
structure that inserts into the outer cell membrane. The extracellular domain (catalytically
inactivated) and the passenger domain are finally translocated to the cell surface (Becker,
Theile et al. 2005, Wilhelm, Rosenau et al. 2011). A surface presentation of approximately
36,000 EstA copies has been reported for E. coli cells (Becker, Michalczyk et al. 2007).
The natural occurring material binding anchor peptide LCI (Gong, Wang et al. 2011)
binds to PP by forming a dense monolayer of 4.1 nm on the surface (Riibsam, Stomps et
al. 2017). The usage of LCl as fusion partner of a CueO laccase enabled semi-purification
of the enzyme in 96-well microtiter plates in a DE campaign (Zou, Mate et al. 2018). The
binding of LCI was additionally optimized in a peptide evolution campaign (PePevo, epPCR
based) (Rubsam, Weber et al. 2018) and in a knowledge gaining directed evolution
(KnowVolution) campaign for improved PP-binding strength in presence of Triton X-100.
KnowVolution of LCI yielded a 5.4 fold improved PP-binder (Y29R, G35R) in presence of
Triton X-100 (Rlbsam, Davari et al. 2018). Both engineering strategies based on screening
of around 1000 clones in MTP format requiring lysis of E. coli cells to determine improved

binding strength.
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3.4 Material & Methods

Chemicals used in this chapter were obtained from Sigma-Aldrich Corp. (St. Louis, USA),
AppliChem GmbH (Darmstadt, Germany) or Carl Roth GmbH (Karlsruhe, Germany) in
analytical-reagent grade or higher purity. Synthetic genes were ordered at GeneArt AG
(Regensburg, Germany) and oligonucleotides were ordered from Eurofins Scientific SE
(Ebersberg, Germany) in salt-free form. The enzymes used in this study were obtained
from New England Biolabs GmbH (Frankfurt am Main, Germany). The PCR purification and
plasmid extraction kits were obtained from Qiagen GmbH (Hilden, Germany) and
Macherey-Nagel GmbH & Co. KG (Diren, Germany). The plasmids pET22b(+) and
pET28a(+) (Novagen, Darmstadt, Germany) were utilized as expression vectors. The
expression strain E. coli BL21-Gold (DE3) was ordered from Agilent Technologies (Santa
Clara, USA). PP-beads (Moplen HF501N) were purchased from LyondellBasell Industries
(Cologne, Germany). Black PP 96-well microtiter plates were obtained from Greiner Bio-
One GmbH (Frickenhausen, Germany). The FITC-tagged anti-E-epitope antibody (NB600-

525) was obtained from Novus Biologicals, (Littleton, USA).
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Figure 18: Surface-displayed LClI immobilizes whole cells on PP beads. A) The PP-binding peptide LCI
(PDB: 2B9K) is translocated as a passenger of the EstA autotransporter (PDB: 3KVN) to the cell surface of
E. coli. B) LCI immobilizes E. coli cells on PP-beads.
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3.4.1 Generation of LCI-CSD construct, CSD control and LCI-CSD-SSM library

LCI-CSD (see Figure 18) and CSD control were cloned by PLICing (Blanusa, Schenk et al.
2010) in a pET22b(+) backbone according to the protocols described in the Appendix
chapter IV. The autotransporter EstA was catalytically inactivated by an introduction of
the mutation S38A (indicated by *) (Becker, Theile et al. 2005). The target sequence
ompA-ici-17xhelix-e-eptitope-estA* was amplified using the primers pair FW CSD-LCI and
REV-CSD-LCI. The vector backbone was amplified using the primers pair FW-CSD-pET22b
and REV-CSD-pET22b. All primers carried complementary phosphorothioated nucleotides
(PTOs) at the 5’-end (see Table 6). The CSD-control was cloned as a negative control by
deleting Ici from the pET22b::LCI-17xHelix-CSD backbone in a two-step-PCR with the

overlapping primer pair FW-CSD-control and Rev-CSD-control (see Table 6).

Table 6: Primers used for the generation of CSD constructs.

Name Sequence 5' > 3'

FW-CSD-pET22b* gca gaa gca gca GCA AAAGAAG

REV-CSD-pET22b* atg tat atc tcC TTC TTA AAG TTA AAC

FW-CSD-LCI* gag ata tac atA TGA AAA AAA CCG CGA TTG

REV-CSD-LCI* tgc tgc ttc tge TTT GCG ATC

FW-CSD-control GCA GAA GCA GCA GCA AAAGAAGCCGCTG

REV-CSD-control CTGCTGCTT CTG CCG CGTTCG CCACGG TC
FW-LCI-CSD-55SMs** TAT TGG GTG GGT ATT TAT NNK GTG TGG NNK CGC AAA G
REV-LCI-CSD-55SMs** CAC CCAATA MNN TTT GCT GCT MNN ATAMNN TTT GCTTIT G
FW-LCI-CSD-LW1 TAT TGG GTG GGT ATT TAT CAG GTG TGG TCT CGC AAATAATAA CACTG
REV-LCI-CSD-LW1 CAC CCAATAATCTTT GCT GCT AGT ATAACATITGCTTITG
FW-LCI-CSD-LW2 GGT TAT TGG GTG GGT ATT TAT GGG GTG TGG GGG CGCA
REV-LCI-CSD-LW2 CAC CCAATAACCTTT GCT GCT CGCATAAACTITGCTTITG
FW-LCI-CSD-LW3 GGT TAT TGG GTG GGT ATT TAT GTG GTG TGG CAT CGCA
REV-LCI-CSD-LW3 CAC CCAATAACCTTT GCT GCTGTCATAGTATITGCTTITG

* Lower case letters indicate phosphorothioated nucleotides (PTOs)
** NNK and MNN indicate positions for site saturation mutagenesis

The LCI positions Y29, D31, G35, E42, and D45 (see Figure 19) were simultaneously
diversified by site-saturation mutagenesis (SSM) to generate the LCI-CSD library. The
template pET22b::LCI-17xHelix-CSD was amplified (see Table 7) using the degenerated
NNK primers FW-LCI-CSD-55SMs and REV-LCI-CSD-55SMs (see Table 6).
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Table 7: PCR conditions for LCI-CSD library generation (SSM).

Step Temperature [°C] Time [s] Cycles [n]
Initial denaturation 98 120 1
Denaturation 98 30 25
Annealing 60 45 25
Elongation 72 600 25
Final elongation 72 600 1
Storage 8 ©o

NNK primers enable the introduction of 32 codons, whereby N codes for A, C,Gor T
and K codes G and T. One stop codon and all 20 proteinogenic amino acids can be
introduced at each SSM position (Reetz and Carballeira 2007). The amplified plasmid DNA
(7589 bps) was purified by gel extraction (NucleoSpin® Gel and PCR Clean-up Macherey-
Nagel GmbH & Co. KG (Diiren, Germany)) and subsequently transformed into electro-

competent E. coli BL21-Gold (DE3).
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Figure 19: Schematic overview of generated CSD-constructs. CSD-constructs were cloned into a pET22b
backbone. A) The LCI-CSD construct consisted of (5°-3") ompA signal sequence, Ici, 17x spacer helix, e-
epitope, and estA* B) The CSD control construct consisted of (5'-3") ompA signal sequence, 17x spacer helix,
e-epitope, and estA* C) Characterization of improved variants was performed using the eGFP reporter
protein. Therefore beneficial mutations were transferred into the pET28a::eGFP-17xHelix-TEV-LCI
construct. D) Amino acid sequence of LCl indicating the five targeted positions for simultaneous saturation
(Y29, D31, G35, E42, and D45).

Beneficial mutations were transferred into the eGFP-LCI system according to the
protocols described in the Appendix chapter IV using the pET28a::eGFP-17xHelix-TEV-LCI
template and the primer pairs FW-LCI-CSD-1/REV-LCI-CSD-1, FW-LCI-CSD-2/REV-LCI-CSD-
2 or FW-LCI-CSD-3/REV-LCI-CSD-3 (see Table 6) and the PCR program shown in Table 7. All
generated constructs (see Figure 19) were transformed into electro-competent E. coli
BL21-Gold (DE3) cells and successful cloning was confirmed by sequencing (Eurofins

Genomics GmbH, Ebersberg, Germany).
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3.4.2 Production of LCI-CSD library

The production of CSD-control, LCI-CSD-WT and LCI-CSD library was performed in 1 L
shaking flasks. Previously, electro-competent E. coli BL21-Gold (DE3) cells (3x 50 plL
competent cells) were transformed with plasmids (57 ng each) of CSD-control, LCI-CSD-
WT and LCI-CSD library by electroporation (1700 V, Eporator®, Eppendorf, Hamburg,
Germany). After transformation, SOC media (45 min, 500 pL; 20 g/L tryptone, 2 g/L NaCl,
5 g/L yeast extract, 2.5 g/L KCI, 10 mM MgCl;, 10 mM MgSQa, and 20 mM glucose) was
used for cell recovery. The recovered cells were transferred into 200 mL LB media (10 g/L
tryptone, 10 g/L NaCl, and 5 g/L yeast extract) supplemented with ampicillin (100 pg/mL).
The cells were grown to an ODggo of 0.8 (20 h, 30°C, 200 rpm, 70 % humidity; Multitron
Pro, Infors AG). The cells were cultivated for 2 h (37°C, 200 rpm, 70 % humidity; Multitron
Pro, Infors AG) after induction with ITPG (0.1 mM).

3.4.3 Production of eGFP-LCI and eGFP-LCl variants
eGFP, eGFP-LCI WT and eGFP-LCl variants were produced in 96-well MTP plates

according to the protocol described in chapter 2.4.3 (twelve replicates each).

3.4.4 E-epitope staining

The autotransporter EstA is translocated through the outer membrane of E. coli cells.
The translocation of EstA and the passenger peptide LCl was visualized by staining the
surface presented E-epitope with a FITC-tagged anti-E-epitope antibody (NB600-525,
Novus Biologicals, Littleton, USA). Therefore, the ODsgo of pET22b-EV, CSD-control, and
LCI-CSD-WT producing E. coli cells was normalized to 0.5. PBS buffer (500 uL; pH 7.4;
140 mM NacCl, 10 mM KCI, 6.4 mM Na;HPOs, 2 mM KH,PO.) supplemented with 0.2 %
(w/v) BSA) was used to wash 300 L of cells. The anti-E-epitope antibody (10 uL; 1 % (v/v)
in PBS buffer pH 7.4) was supplemented to the cell pellet and incubated on ice protected
from light (10 min). Superfluous antibody was removed by washing of cells with PBS buffer
pH 7.4 (500 uL). The labeled cells were resuspended in PBS buffer pH 7.4 (20 uL) for
fluorescence microscopy (Leica TCS SP8 microscope, Ex: 485 nm, Em: 520 nm, argon laser

1 % intensity, gain 1000, Leica Microsystems GmbH (Wetzlar, Germany).
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3.4.5 Immobilizing of whole cells on PP beads

Surface-presented LCI variants enabled an enrichment of whole cells on PP beads
(Moplen HF501N, LyondellBasell Industries (Cologne, Germany)) from a culture broth.
Therefore, CSD-control, CSD-LCI and LCI-CSD library (50 mL each) were produced as
described in Chapter 3.4.2 and the cells were incubated subsequently with PP beads
(2.5 g, 10 min, and room temperature). Beads and attached cells were transferred to PP
disposable columns (Pierce™ Disposable Columns, 10 mL, Cat No: 29924, Thermo Fisher
Scientific (Darmstadt, Germany)). In ten subsequent washing steps (10x 5 mL PBS buffer
pH 7.4) weakly attached cells were washed out. In three selection steps (2x 5 mL LAS
(0.05 mM in PBS buffer pH 7.4) and 1x 5 mL LAS (0.25 mM in PBS buffer pH 7.4) weakly
immobilized cells were detached from the PP beads. In each selection step, the cells were
incubated with the surfactant for 5 min. Following, LAS and detached cells were washed
out by five washing steps (5x 5 mL PBS buffer pH 7.4). Immobilized cells on PP beads were
transferred to LB agar plates for cell recovery overnight (37°C, 70 % humidity; Multitron
Pro, Infors AG). Three single colonies were transferred into 5 mL LB media (supplemented
with ampicillin (100 pg/mL)). After cultivation overnight (37°C, 200 rpm, 70 % humidity;
Multitron Pro, Infors AG) the plasmids were isolated (NucleoSpin® Plasmid, Macherey-
Nagel GmbH & Co. KG (Diren, Germany)) for sequencing analysis (Eurofins Genomics

GmbH, Ebersberg, Germany).

3.4.6 Characterization of improved LCI-CSD variants

Quantification of binding towards PP in presence of the anionic surfactant LAS was
performed by a detection of the reporter protein eGFP. Therefore, mutations of identified
improved PP-binding LCI variants were transferred to the pET28::eGFP-LCI system (see
chapter 3.4.1). For quantification of binding the ABBA screening system was used and
performed according to chapter 2.4.5. The fluorescence of the immobilized eGFP-LCI
variants was measured directly on the PP surface with the 96-well MTP reader FLUOstar
Omega (BMG LABTECH GmbH, Ortenberg, Germany; Ex: 485 nm, Em: 520 nm, gain 1000,
35 reads/well).
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3.4.7 Immobilization of LCI-CSD-3 on a PP film

The LCl-mediated binding of whole cells to a PP surface was visualized by
Environmental Scanning Electron Microscopy (ESEM). For analysis, the PP foil was cut into
pieces (1 cm?) and cleaned by sonication in NaOH (0.5 M, 10 mL, 30 min, Bandelin Sonorex
Digitec (Berlin, Germany)) followed by sonication in ddH,0 (100 mL, 30 min, Bandelin
Sonorex Digitec (Berlin, Germany)). After the cleaning process, the PP foil was sterilized
by incubation in absolute EtOH (70 %, 50 mL, 30 min). The sterilized PP-foil was air-dried
subsequently.

LCI-CSD WT, LCI-CSD-3, and the negative control pET22-EV were produced in E. coli
BL21-Gold (DE3) cells in 100 mL shaking flasks. Pre-cultures (10 mL LB media
supplemented with ampicillin (100 pg/mL)) were inoculated from glycerol stocks and
grown overnight (37°C, 200 rpm, 70 % humidity; Multitron Pro, Infors AG). A final ODeoo
of 0.025 from each pre-culture was used to inoculate the main-cultures. The main-
cultures were grown (37°C, 200 rpm, 70 % humidity; Multitron Pro, Infors AG) to an ODeoo
of 0.8 and were induced with ITPG (0.1 mM). The cells were cultivated for 4 h (37°C,
200 rpm, 70 % humidity; Multitron Pro, Infors AG).

The cell density of LCI-CSD, LCI-CSD-3, and pET22-EV was normalized to an ODggo of 0.5.
Normalized cells were incubated on the PP foil (100 pL, 10 min). Superfluous and weakly
attached cells were washed off with PBS buffer pH 7.4. Immobilized cells were fixed with
glutaraldehyde (3 % in PBS buffer pH 7.4, 16 h, 4°C; Agar scientific (Wetzlar, Germany)) on
the PP-film for ESEM analysis. The fixing solution was removed with Soerensen’s
phosphate buffer (0.1 M, 15 min; Merck KGaA (Darmstadt, Germany)) followed by

dehydrating steps in ascending alcohol series (see Table 8).

Table 8: Ascending alcohol series for dehydration of E. coli CSD cells.
EtOH [%] Time [min]

30 10
50 10
70 10
90 10
100 10
100 10
100 10
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Following, the cells were dried by critical point drying in liquid CO, (E3100 Critical Point
Dryer, Quorum Technologies (Lewes, Great Britain)) and the samples were sputtered with
a 10 nm layer of Au-Pd (Bal-tec™ (Pfaffikon, Switzerland)) to avoid charging effects of the
PP foil (Sputter Coater EM SCD500, Leica (Wetzlar, Germany)). Microscopy was performed
in a high vacuum environment by ESEM (ESEM XL30 FEG, FEI, Philips (Eindhoven,
Netherlands). Settings of the instrument were: accelerating voltage: 10 kV, working

distance: 10.1 mm, magnification: 1000/5000x.

3.5 Results

The results were divided into three sections. The generation and production of the LCI-
CSD library was described in the first section. The second section focused on the
establishment of screening conditions, in which the selection pressure and washing
procedure were optimized. Identified improved PP-binding LClI variants were
characterized by the ABBA screening system in the third section. In this section, the

immobilization of cells on a PP-foil was additionally visualized by ESEM.

3.5.1 Generation and production of LCI-CSD library

Five LCI positions (Y29, D31, G35, E42, and D45) were saturated simultaneously to
generate the LCI-CSD library. All five positions were identified to be key contact positions
for PP-binding in presence of the non-ionic surfactant Triton X-100 (Riilbsam, Davari et al.
2018). The usage of degenerative primers with five NNK positions theoretically led to the
generation of 3.2 million LCl variants in the LCI-CSD library. Ten randomly selected clones
were analyzed by sequencing to evaluate the quality of the library. The sequence analysis
showed that all five positions were targeted in the diversification and that in each of the
clones at least two codons were mutated. On average, 5.5 nucleotides were exchanged
per Ici gene (see Table 9).

The introduction of a stop codon at any of the five SSM positions resulted in truncated
LCl variants. Beneficially, these variants were excluded in the developed screening system

since a functional autotransporter was not produced.
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Table 9: Sequence analysis of mutated LCI SSM positions.

Position 29 31 35 42 45
AA LCIWT Y D G E D

Codon LCI WT tac gac ggt gaa gat
#1 atc ggc gag

#2 ggg ctt
#3 tag gcg gcg ggt gtt
#4 gst 888
#5 gcg tgt
#6 tgg ttt
#7 ttg gtg
#8 tgt act gat cag tct
#9 gtt gcg 888 888
#10 gtg cat

The LCI-CSD library was produced in E. coli cells. In order to analyze the generated
diversity of LCI variants, the complete transformation mixture (amount of DNA: 0.17 ug)
was used for cell cultivation. The number of analyzed clones was estimated by calculating
the transformation efficiency. The transformation efficiency of 2.1*10’ CFU/ug DNA
(6.3*107 CFU/ug DNA for used three aliquots) accounted for ~10.7 million LCI-CSD
variants.

The growth of the LCI-CSD library was optimized to 30°C and 20 h, followed by 2 h
cultivation after induction with 0.1 mM ITPG at an ODego of 0.8. For the establishment of
the ultra-high-throughput screening system, the negative control pET22-EV (empty
vector, represents E. coli protein background), CSD-control (72.3 kDa), LCI-CSD WT
(77.8 kDa), and LCI-CSD library (77.8 kDa) were produced. A successful production was
confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
using a 5 % stacking gel and a 12 % separating gel (Figure 20 A) (Laemmli 1970).

The translocation of the complete CSD-complex to the cell surface is of great
importance for an efficient immobilization of the E. coli cells by the anchor peptide LCI
(and its variants). Therefore, the translocation of CSD-control and LCI-CSD WT was proven
by E-epitope staining using a fluorescent FITC-labeled anti E-epitope antibody. For both,
CSD-control and LCI-CSD WT, a homogeneous green fluorescence was detected on the E.
coli cell surface (Figure 20 C and D), whereas for the negative control pET22b-EV no

fluorescence was detectable (Figure 20 B).
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A) B)

0 pm 10

Figure 20: Surface-presented CSD-constructs were detected with an anti-E-epitope antibody. A)
Production of CSD constructs. 1: pET22-EV, 2: CSD control (72.3 kDa), 3: LCI-CSD WT (77.8 kDa), 4: LCI-CSD
library (77.8 kDa). M: PageRuler™ Prestained Protein Ladder, 10 to 180 kDa. Translocated CSD-constructs
were visualized on the E. coli surface by a FITC-labeled anti-E-epitope antibody. B) negative control pET22b-
EV C) CSD-control, and D) LCI-CSD-WT (Leica TCS SP8 microscope, Ex: 485 nm, Em: 520 nm, argon laser 1 %
intensity, gain 1000, Leica Microsystems GmbH (Wetzlar, Germany).

3.5.2 Establishment of the ultra-high-throughput screening system (uHTS)

The ultra-high-throughput screening system was established using E. coli BL21-Gold
(DE3) cells presenting the LCI-CSD library, the reference LCI-CSD WT or the CSD-control on
the cell-surface. The cells were incubated with PP beads for immobilization. PP beads and
attached E. coli cells were transferred into disposable columns. Superfluous and weakly
attached cells were washed out with PBS buffer. E. coli cells presenting weak-binding LCI
variants were eluted with 0.25 mM LAS in a selection step. LAS was removed to avoid
further toxicity to E. coli cells by a subsequent washing step with PBS buffer. PP-beads
with immobilized E. coli cells were transferred onto agar plates for cell recovery.

Recovered E. coli cells with strong binding LCI variants were sequenced (see Figure 21).
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Figure 21: Schematic overview of CSD-based screening system for anchor peptides. PP-beads were
incubated with the culture broth of the LCI-CSD library (10 min). After transfer into disposable PP-columns
attached cells were washed out (10x 5 mL PBS buffer pH 7.4). Weakly immobilized cells were removed in
the selection step (2x 5 mL LAS (0.05 mM in PBS buffer pH 7.4), 1x 5 mL LAS (0.25 mM in PBS buffer pH 7.4)).
Detached cells and remaining LAS were removed with PBS (5x 5 mL PBS buffer pH 7.4). Immobilized cells
were recovered from PP beads on LB agar plates overnight (37°C, 70 % humidity; Multitron Pro, Infors AG).

3.5.2.1 Viability of E. coli cells during screening

The viability of LCI-CSD WT presenting E. coli cells during screening was monitored by
incubation with LAS (0.25-0.5 mM). The cells were normalized to an ODggo of 0.1 and
incubated for 10 min in PBS buffer (see Figure 22A), 0.25 (22B) and 0.5 mM LAS (in PBS
buffer, pH 7.4) (22C). After incubation, the cells (50 pL) were plated on LB agar plates
(supplemented with ampicillin (100 pg/mL) and incubated overnight (37°C, 200 rpm, 70 %
humidity; Multitron Pro, Infors AG). A comparable cell growth on all plates confirmed, that

LAS was not toxic to the E. coli cells under investigated conditions.

Figure 22: Viability of E. coli cells in different LAS concentrations. LCI-CSD WT presenting E. coli cells
incubated for 10 min in A) 0, B) 0.25 and C) 0.5 mM LAS (in PBS buffer, pH 7.4).
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3.5.2.2 Optimization of screening parameters

The screening parameters of the ultra-high-throughput screening system were
optimized by a variation of the washing steps. Sufficient washing enabled a discrimination
between improved LCI-CSD variants and both reference constructs (CSD-LCI WT and CSD-
control). For a final screening, the following conditions were used: 10x 5 mL PBS, 2x 5 mL
LAS (0.05 mM), 1x 5 mL LAS (0.25 mM), 5x 5 mL PBS. A significant difference in numbers
of attached cells to PP beads were obtained. CSD-control (see Figure 23A): 50 colonies,
LCI-CSD WT (see Figure 23B): 64 colonies and LCI-CSD library (see Figure 23C):
~1300 colonies. Three variants were selected for a validation of the screening system.
Therefore, the variants were sequenced and obtained mutations were introduced into the
eGFP-LCl fusion construct for quantification of binding strength using the ABBA screening

system.

E. coli colony PP particle

E. coli colony PP particle E. coli colony PP particle

Figure 23: Selection of improved binding variants with 0.25 mM LAS. E. coli cells immobilized on PP were
transferred to LB agar plates for cell recovery. A) CSD control, B) LCI-CSD-WT and C) LCI-CSD-library.
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3.5.3 Characterization of identified LCI-CSD variants

Three different LCI-CSD variants were identified by sequencing, LCI-CSD-1
(Y29C/D31T/G35D/E42Q/D45S), LCI-CSD-2 (Y29V/D31A/E42G/D45G), and LCI-CSD-3
(E42V/D45H). The mutations were transferred to egfp-Ici by site-directed mutagenesis
(see chapter 3.4.1) for the quantification of PP-binding strength. The obtained variants
were named eGFP-LCI-CSD-1, eGFP-LCI-CSD-2, and eGFP-LCI-CSD-3. PP-binding strength
of all three variants was quantified using the ABBA screening system in 12 replicates each
(see chapter 2.5.2). Improvement of eGFP-LCI variants was calculated relative to eGFP-LCI
WT after subtraction of eGFP background fluorescence (see Table 10). Variant LCI-CSD-1

was not expressible as eGFP-fusion construct and binding was not determined.

Table 10: Relative improvement of LCI-CSD variants towards PP-binding in presence of LAS.

Name Mutations RFU RFU RFU RFU

0.05 mM LAS 0.125mMLAS  0.25mMLAS 1 mM Triton X-100
eGFP-LCI WT - 159.5+32.9 14.316.6 14.0+8.3 94.0+8.1
eGFP-LCI-CSD-2 Y29V/D31A/E42G/D45G 257.0£35.1 62.9+£10.0 13.843.2 112.4+18.4
eGFP-LCI-CSD-3 E42V/D45H 669.7+106.6 173.6129.1 36.917.5 238.0+46.7

As selection pressure, the anionic surfactant LAS and the non-ionic surfactant Triton X-
100 (Riibsam, Davari et al. 2018) were chosen. Each surfactant has a characteristic CMC,
the value at which surface-active ions associate in solution and form micelles. Above this
value, monomers and micelles exist in dynamic equilibrium (Tadros 2013). The CMC of
LAS at room temperature in Tris/HCl buffer (50 mM, pH 8.0) was determined to be
0.105 mM (see Figure 13), whereas the CMC of Triton X-100 was reported to be 0.27 mM
at the same conditions (Ribsam, Davari et al. 2018). Three different LAS concentrations
(0.05, 0.125 and 0.25 mM LAS) and one Triton X-100 concentration (1 mM) were selected
for an efficient screening of the generated LCI-CSD variants. The variant eGFP-LCI-CSD-3
showed the highest improvement compared to the eGFP-LCI WT (0.05 mM LAS: 4.2+0.6-
fold; 0.125 mM LAS: 12.1+1.5-fold; 0.25 mM LAS: 2.6+0.2-fold; and Triton X-100: 2.5+0.4-
fold) (see Figure 24).
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Figure 24: Binding of LCI-CSD variants in presence of varied LAS (0.05, 0.125, and 0.25 mM) and Triton X-
100 (1 mm) concentrations. Binding of eGFP, eGFP-LCI WT, eGFP-LCI-CSD-2, and eGFP-LCI-CSD-3 was
qguantified by measuring the fluorescence of eGFP on the PP-surface in 96-well-MTPs. The relative
improvement of eGFP-LCI-CSD variants was calculated with respect to eGFP-LCI WT.

3.5.4 Visualization of immobilized E. coli cells on a PP foil

Anchor peptides can act as adhesion promoter for enzymes and reporter proteins. The
ability of surface-presented LCI (variants) to function as adhesion promoting peptides for
E. coli cells was analyzed by ESEM measurements. ESEM analysis showed, that E. coli cells
presenting LCI-CSD and LCI-CSD-3 were immobilized on a PP film, whereas E. coli cells
without LCI bound very poorly (negative control pET22-EV). LCI-CSD immobilized many
cells on the PP-foil (clusters of cells and single cells) in comparison to the variant LCI-CSD-
3 that immobilized less cells on the surface and no formation of clusters was observed

(see Figure 25).
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pPET22-EV LCI-CSD-3

Figure 25: ESEM analysis of immobilized E. coli cells on a PP foil. LCI-CSD and LCI-CSD-3 were presented on
the surface of E. coli. The cells were immobilized on a PP foil. pET22-EV was used as negative control.
Settings of the instrument were: accelerating voltage: 10 kV, working distance: 10.1 mm, magnification:
1000/5000x (ESEM XL30 FEG, FEl, Philips (Eindhoven, Netherlands)).

3.6 Discussion

The widespread commodity polymer PP is extensively used as packaging material or in
the automotive industry and is the second most produced non-fiber plastic (21 %) after
PE (36 %) (Geyer, Jambeck et al. 2017). Huge amounts of PP waste are generated that
accumulate in the environment. Accumulated plastics in the environment are slowly
degraded by e.g. photo-, bio-, thermooxidative degradation, and/or friction (Barnes,
Galgani et al. 2009, Browne, Crump et al. 2011). As a promising strategy to convert plastic
waste into carbon dioxide, water, and new biomass, microbial degradation of plastic
particles is investigated (Grima, Bellon-Maurel et al. 2000).

However, most polymer particles cannot diffuse through cellular membranes of
microbial cells. Fungi overcome this problem by secreting enzyme cocktails for an efficient
biomass degradation (Makeld, Donofrio et al. 2014). An effective depolymerization of
polymers requires a close proximity of microorganisms to polymers and a release of
polymer-degrading enzymes (e.g., esterases or cutinases). In the best case, the polymer is
broken down and the monomers are mineralized thereafter or used as carbon/nitrogen
source for microorganisms (Shah, Hasan et al. 2008). The empowerment of
microorganisms to attach to polymer surfaces is pre-requisite to ensure efficient

degradation. Therefore, adhesion-promoting peptides can be displayed on an organism’s
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surfaces. Binding peptides, like anchor peptides, can be improved in binding strength and
specificity to enable rapid degradation and metabolization of target polymers. In the last
two decades, DE emerged as standard algorithm to tune enzymes/peptides to application
demands (Rubsam, Weber et al. 2018). Screening throughput and selected engineering
strategy are key factors for a successful DE campaign since even short peptides such as
LCI can theoretically yield in 20%” variants (Tee and Schwaneberg 2007). SSMs of target
peptides allow a focused library generation and a discovery of cooperative effects of
amino acid substitutions (Reetz, Carballeira et al. 2006, Dennig, Shivange et al. 2011,
Ensari, Dhoke et al. 2018). Five previously reported LCl positions were selected for
simultaneous site saturation mutagenesis (Riibsam, Davari et al. 2018). A saturation of
these five selected positions Y29, D31, G35, E42, and D45 can theoretically yield in
3.2*10%variants (Reetz, Carballeira et al. 2006). Taken into consideration the
transformation efficiency of the used E. coli BL21-Gold (DE3) cells, 10.7 million generated
LCl variants were analyzed in the developed CSD screening system. This number of clones
accounts for a three times coverage of the theoretically generated diversity of LCI. The
identified variant eGFP-LCI-CSD-3 (E42V/D45H) showed a 12.1-fold improved binding
strength to PP in presence of the anionic surfactant LAS (0.125 mM, see Figure 24). This
increase in binding strength in one round of DE is remarkable since usually improvement
factors of around two are reported for a single round of evolution (Tee and Schwaneberg
2007, Pitzler, Wirtz et al. 2014). In the previously reported MTP-based PePevo (Rubsam,
Weber et al. 2018) and KnowVolution campaigns (Rilbsam, Davari et al. 2018) 1000 clones
were screened, yielding in an 6.3 fold improved PS-binder (Tachystatin A2) and a 5.4 fold
improved PP-binder (LCI) in presence of surfactants (0.5 mM LAS and 1 mM Triton X-100,
respectively).

DE of anchor peptides requires screening systems that facilitate a high throughput to
cover a meaningful amount of generated diversity. Phage display systems, yeast display
systems or bacterial display systems offer appropriate set-ups. Phage display libraries
contain up to 10*? phage particles and offer the highest screening throughput. However,
phage display libraries are limited in the size of displayed peptides (Lee, Choi et al. 2003)
and the transduction efficiency of E. coli cells (Galan, Comor et al. 2016). Yeast display
libraries contain up to 107-10° displayed peptide variants (Benatuil, Perez et al. 2010) and

enable post-translational modifications (Bowley, Labrijn et al. 2007). Post-translational
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modifications of peptides, like extensive glycosylation might interfere with the binding
performance of target peptides. Additionally, the growth rate of yeast display systems is
slower in comparison to bacterial display systems. In DE campaigns, E. coli is the most
commonly used host. E. coli was selected for DE of anchor peptides due to its robustness
and easy handling, for instance high transformation efficiency (10°), stable heterologous
protein expression and fast cultivation. Beneficially, a high copy number of target peptides
is displayed on the cell surface of E. coli (>10* peptides per cell) (Becker, Michalczyk et al.
2007) ensuring a strong adhesion to the target materials. The developed E. coli display
screening system is therefore an efficient ultra-high throughput screening system suitable
for the display of adhesive anchor peptides. It offers a simple handling and selection of
improved peptide binders employing only polymer beads, disposable columns and agar

plates.
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4 Biadhesive peptides for assembling of bare-metal implants and
compound loaded micro-containers

4.1 Declaration

Parts of this chapter were submitted by the author to the journal of Macromolecular

Bioscience

Apitius L, Buschmann S, Schénauer D, Bergs C, Jakob F, Pich A, and Schwaneberg U
(2019). Biadhesive peptides for assembling of bare-metal implants and compound loaded

micro-containers.

Parts of this chapter were filed for patent application:

Schwaneberg U, Sozer S, Mertens M, Davari MD, Jakob F, Islam S, Weber L. 2018.
Fusion Peptides or Proteins, their Use, and Systems and Kits based thereupon, for the

Separation and/or Detection of Plastics, particularly of Microplastics. EP18178726.8.

4.2 Objective and main results

In medical applications, devices such as implants are bio-functionalized to increase
biocompatibility. In this chapter, the design and application of biocompatible biadhesive
peptides (peptesives) is described. Peptesives are composed of two anchor peptide
domains with different material-binding properties. The anchor peptides were used as
adhesion promoters as they are to bind to chemically different materials. Stainless steel
is commonly used as backbone for medical stents and the biodegradable polymer PCL is
applied for the fabrication of tissue growth scaffolds and drug delivering micro-containers.
For the construction of peptesives, five potential anchor peptides were fused to the
fluorescent reporter protein eGFP and the binding to stainless steel and PCL was
investigated by confocal microscopy. A selective stainless steel binding peptide
(Dermaseptin S1) and PCL-binding peptides (LCI, TA2 and Thanatin) were genetically fused

as peptesives using the separator Domain Z for functional separation. The
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Dermaseptin S1-DZ-LCI-mediated assembly of kanamycin-loaded PCL micro-containers on
stainless steel was visualized by FE-SEM analysis and fluorescent microscopy. The
antimicrobial effect of kanamycin-loaded micro-containers was shown by growth

inhibition of E. coli DSM 498 cells (see Figure 26).

{ Biadhesive peptide \* Antibiotic release

Figure 26: Biadhesive peptides assemble bare-metal implants and kanamycin-loaded PCL micro-
containers.

4.3 State of the art

For 2017, the global market of biomaterials was estimated to 88.4 billion USS with a
compound annual growth rate of 15 % (Jaganathan, Balaji et al. 2015). Biomaterials find
numerous applications in medical devices such as drug delivery systems, hybrid organs,
synthetic blood vessels or bone treatments. Biomaterials are of high medical interest due
to their biocompatibility and biodegradability. Thereby, the construction of many
biomaterials is inspired by nature. Especially, natural occurring adhesive peptides such as
fibrin, fibronectin or mussel foot proteins led to the development of advanced bio-
interfaces and functional coatings. Already in the 1990’s, fibrin was used as sealant in
tissue adhesives and surgery promoting wound closure and healing (Atrah 1994,

Coulthard, Esposito et al. 2010).
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Many functional coatings are peptide based. Implants were coated with peptides to
stimulate re-endothelialization, to minimize implant-associated bacterial infections or to
reduce biofilm formation (Yang, Whiteside et al. 2015). A peptide used for the coating of
bare-metal stents is the WKYMVm peptide. WKYMVm functions as a selective formyl
peptide receptor agonist. The peptide was used in combination with hyaluronic acid to
form a primary layer on bare-metal stents by dip-coating. Following, the
immunosuppressive and antiproliferative sirolimus was applied in a secondary layer by
spraying. The bifunctional bare-metal stent coating improved the adherence of
endothelial cells (WKYMVm) and inhibited restenosis (sirolimus) (Jang, Bae et al. 2015,
Sim and Jeong 2017). For the development of a pro-healing stent, re-endothelialization of
polystyrene has been investigated. A bifunctional peptide has been applied that consisted
of a PS-binding motif as well as a binding motif for human endothelial cells. The cell-
binding motif was able to specifically bind to endothelial cells and directed them to the PS
surface thereby reducing inflammatory responses (Meyers, Kenan et al. 2011).

The generation of bio-adhesive materials was often inspired by the strong adhesion of
mussel foot proteins to surfaces. Especially, the catecholic amino acid
3,4-dihydroxyphenylalanine (Dopa) was used to anchor conjugated hydrophilic PEG chains
onto carrier materials (Ko, Cadieux et al. 2008). Many antifouling and antimicrobial
coatings are based on PEG, since the hydrophilic PEG has a repelling effect on hydrophobic
bacteria (Morra 2000, John, Rajpurkar et al. 2007, Minardi, Ghiselli et al. 2007). Dopa
forms reversible non-covalent or irreversible covalent interactions and is therefore
capable to bind to both organic and inorganic surfaces. Dopa has frequently been used in
adhesive hydrogels, nano- and micro-composites, and self-healing hydrogels as reviewed
comprehensively by Forooshani and Lee (Kord Forooshani and Lee 2017).

Bare-metal stents commonly consist of stainless steel (316L), cobalt-chromium or
nickel-titanium alloys. Functionalization of bare-metal stents has been performed by
coating of porous drug eluting layers and magnetic silicon or carbon nanoparticles. They
were also coated with SAMs (Chen, Habraken et al. 2015). SAMs are composed of head
groups (hydrocarbon chains with alkylthiols, alkylamines, or alkanoic acids) that can
adhere to metal surfaces (Ruan, Bayer et al. 2002). The assembling of SAMs is performed
in two steps, a solution immersion and dip-evaporation cycle. Thereby,

dodecylphosphonic acid or phosphoundecanoic acid (in dry THF) are used to immerse the
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stent followed by a heating step (120°C for 18 h) to evaporate the solvent (Ruan, Bayer et
al. 2002).

This chapter focused on the design and application of biocompatible biadhesive
peptides that immobilize compound-loaded PCL micro-containers on a stainless steel

surface (see Figure 27).
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Figure 27: Schematic immobilization of kanamycin-loaded PCL particles on stainless steel. A stainless
steel-binding anchor peptide (Dermaseptin S1) and a PCL-binding anchor peptide (LCI) were fused to form
a biadhesive peptide. As a functional separator Domain Z was used. DS1-DZ-LCl assembled PCL micro-
container and stainless steel. The release of kanamycin from the PCL micro-containers was confirmed by
bacterial growth inhibition (E. coli DSM 498).

4.4 Methods

Chemicals used in this chapter were obtained from Sigma-Aldrich Corp. (St. Louis, USA),
AppliChem GmbH (Darmstadt, Germany) or Carl Roth GmbH (Karlsruhe, Germany) in
analytical-reagent grade or higher purity. Synthetic genes were ordered at GeneArt AG
(Regensburg, Germany) and oligonucleotides were ordered from Eurofins Scientific SE
(Ebersberg, Germany) in salt-free form. The enzymes used in this study were obtained
from New England Biolabs GmbH (Frankfurt am Main, Germany). The PCR purification and
plasmid extraction kits were obtained from Qiagen GmbH (Hilden, Germany) and
Macherey-Nagel GmbH & Co. KG (Diren, Germany). The plasmid pET28a(+) (Novagen,
Darmstadt, Germany) was used as expression vector and the used expression strain E. coli
BL21-Gold (DE3) was ordered from Agilent Technologies (Santa Clara, USA). The micro-

containers were synthesized from polycaprolactone (PCL) flakes (Mn: 10,000 g/mol)
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(Sigma-Aldrich Corp., St. Louis, USA)) and as stainless steel surface, Implantat-Spezialstahl

was used (Ergste 1.4441 LA Cat no. 5500238) (Zapp AG, Ratingen, Germany).

4.4.1 Generation of eGFP-anchor peptides for binding analysis

The cloning of anchor peptides (eGFP-LCI, eGFP-TA2, eGFP-DS1, eGFP-THA, and DS1-
eGFP) was performed by PLICing (Blanusa, Schenk et al. 2010) as described in the appendix
chapter IV.

4.4.2 Generation of biadhesive peptides
The synthetic genes of biadhesive peptides ds1-dz-Ici, dsi-dz-ta2, and dsi-dz-tha were
codon-optimized for E. coli (see Figure 35B) and cloned as described in the appendix

chapter IV.

4.4.3 Production of anchor peptides

The eGFP-anchor peptide fusion proteins eGFP-DS1, eGFP-LCl, eGFP-TA2, eGFP-THA,
and DS1-eGFP were produced as described in the appendix chapter IV.I.II according to
Riibsam et al. (Rilbsam, Stomps et al. 2017). For binding analysis to stainless steel and PCL,
purified anchor peptides were used. Purification was performed by affinity
chromatography using a Hisg tag (50 mM Tris/HCI buffer pH 8.0; column: 5 mL HiTrap™
HP; AKTAprime plus, GE-Healthcare, Buckinghamshire, UK). The peptides were eluted
from the HiTrap™ HP column using a gradual elution with imidazole (0-0.5 M in 50 mM
Tris/HCI buffer pH 8.0). The purity of anchor peptides was confirmed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a 5 % stacking gel and a 12 %
separating gel (Laemmli 1970).

4.4.4 Production of peptesives

Single colonies of DS1-DZ-LCl, DS1-DZ-TA2, and DS1-DZ-THA were transferred into
LB medium supplemented with kanamycin (50 pug/mL) for an overnight cultivation (37°C,
200 rpm, 70 % humidity; Multitron Pro, Infors AG). Glycerol (0.5 mL, 50 % (v/v)) was added
to 1 mL of each culture for storage at -80°C. The three peptesives as well as the negative
control pET28-EV were produced in 250 mL shaking flasks. Therefore, pre-cultures were

inoculated from glycerol stocks and cultivated in 5 mL LB medium (supplemented with
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kanamycin (50 pg/m)) overnight (37°C, 200 rpm, 70 % humidity; Multitron Pro, Infors AG).
Main cultures were cultivated in 50 mL LB medium (supplemented with kanamycin
(50 pg/mL)) and inoculated from the pre-culture to a final ODgoo of 0.025. Peptesive
production was induced with ITPG (0.1 mM) at an ODeooof 1. For an optimization of culture
conditions, different temperatures (20°C/30°C/37°C) were selected and cultivation was
performed for 16 h (200 rpm, 70 % humidity; Multitron Pro, Infors AG). After cultivation,
the cells were harvested (15,000 rpm, Sorvall RC 6+, Thermo Fisher Scientific (Darmstadt,
Germany)) and subsequently discarded. The cultivation supernatant was stored at 4°C and
concentrated 3-fold to a final volume of 1 mL (EMD Millipore Amicon™ Ultra-0.5
Centrifugal Filter Units, MWCO 10 kDa, Thermo Fisher Scientific (Darmstadt, Germany)).

The expression of peptesives was analyzed by tricine SDS-PAGE (16 %) (Schagger 2006).

4.4.5 Synthesis of kanamycin-loaded PCL micro-containers

For the synthesis of kanamycin-loaded PCL micro-containers, kanamycin sulfate
(20 % (w/w); AppliChem GmbH (Darmstadt, Germany)) and polycaprolactone (PCL) flakes
(Mn: 10,000 g/mol, transition temperature Tg: 60°C, density: 1.146 g/mL at 25°C; Sigma-
Aldrich Corp. (St. Louis, USA)) were heated up to 60°C in a water bath (WNE 10 Memmert
GmbH+Co. KG (Schwabach, Germany)). Both components were pre-homogenized via
continuous stirring and cooled to room temperature. The polymer batch was grinded
manually and transferred into a twin screw extruder (59°C, 60 rpm, retention time 2 min,
Micro 15cc Twin Screw Compounder, Xplore Instruments BV, Netherlands). Following, the
extruded and homogenized kanamycin-loaded PCL micro-containers were milled under
intensive stirring in absolute EtOH (800 rpm, 3 days, 20°C, c = 0.21 g/mL) and finally stored
at 4°C until further usage. Morphology and size distribution of kanamycin-loaded PCL
micro-containers were analyzed by dynamic light scattering (DLS) (triplicates, Mastersizer
2000, Malvern Panalytical GmbH, Kassel, Germany) as well as by confocal microscopy
(transmission and Ex: 335 nm, Em: 454 nm, 405 nm diode laser, Leica Microsystems GmbH

(Wetzlar, Germany)).
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4.4.6 Binding analysis of anchor peptides to stainless steel and PCL

A stainless steel plate (Implantat-Spezialstahl, Ergste 1.4441 LA Cat no. 5500238, Zapp
AG (Ratingen, Germany)) was cut into pieces of 1 cm? size and cleaned by sonication in
NaOH (1 M, 50 mL, 30 min, Bandelin Sonorex Digitec (Berlin, Germany)) followed by
sonication in ddH;0 (500 mL, 30 min, Bandelin Sonorex Digitec (Berlin, Germany)). Finally,
the stainless steel was incubated in absolute EtOH (50 mL) for sterilization.

The binding of eGFP-DS1, eGFP-LCl, eGFP-TA2, eGFP-THA, and DS1-eGFP to stainless
steel and PCL particles was investigated by confocal microscopy. Therefore, purified
anchors were used (see 4.4.3). For coating of stainless steel and PCL, eGFP-anchor
peptides (5 uM in 50 mM Tris/HCI buffer pH 8.0, 10 min) were incubated for 10 min at
room temperature. Subsequently, non-bound peptides were removed in three
subsequent washing steps (1 mL 50 mM Tris/HCI| buffer pH 8.0 each). An unspecific
binding of eGFP was prevented by a washing step with LAS (100 pL, 0.5 mM in 50 mM
Tris/HCI buffer pH 8.0) followed by one washing step with Tris/HCl buffer (1 mL 50 mM
pH 8.0) (Rubsam, Weber et al. 2018). A binding of anchor peptides to stainless steel and
PCL was confirmed by a detection of eGFP fluorescence on the respective surface (Leica

TCS SP8 microscope, Ex: 485 nm, Em: 520 nm, gain 1000).

4.4.7 Visualization of immobilized PCL micro-containers on stainless steel

DS1-DZ-LCI and the negative control pET28-EV (100 pL, 3x concentrated supernatant)
were incubated with PCL micro-containers (50 pL) and stainless steel slides. After
incubation (10 min), non-bound peptides and PCL micro-containers were washed off with
absolute EtOH (3x1 mL) and ddH,O (3x1 mL). To increase the surface coverage, the
immobilization procedure was repeated once. Following, the coated samples were air-
dried. Immobilized PCL micro-containers on the stainless steel surface were detected by
confocal microscopy (Ex: 485 nm, Em: 520 nm, 405 nm diode laser, Leica Microsystems
GmbH (Wetzlar, Germany) and FE-SEM. As a pre-requisite for FE-SEM analysis, the coated
samples were sputtered with a 4 nm layer of Au-Pd to avoid charging effects of PCL. The
following settings were used for FE-SEM measurements: accelerating voltage: 3 kV,
working distance: 8.0/8.4 mm, magnification: 700x (S-4800 FE-SEM (Hitachi,
(Schaumburg, USA)).
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4.4.8 Antimicrobial assay of kanamycin-loaded PCL micro-containers immobilized on
stainless steel

Cultivation supernatants of DS1-DZ-LCI and pET28-EV (1 mL, 5x concentrated) were
incubated with sterilized stainless steel wires (10 min). After incubation, kanamycin-
loaded PCL micro-containers were added (0.5 mL, 10 min). All samples and control
experiments were performed as described in Table 11. Coated stainless steel wires were
washed with absolute EtOH (2x 5 mL) to remove non-bound peptides and PCL micro-
containers. In a control experiment, kanamycin (12.5 pg per agar plate) was added to a
DS1-DZ-LCI coated sample after washing. All air-dried coated stainless steel wires were

transferred in empty petri-dishes.

Table 11: Antimicrobial effect of immobilized kanamycin-loaded PCL micro-containers on stainless steel
— sample preparation.

Sample peptesive peptesive pET28-EV peptesive PCL kanamycin
control control control control

DS1-DZ-LCI (1 mL) + + - + - +

pET28-EV (1 mL) - - + - - -

kanamycin-loaded + + + - + +

PCL (0.5 mL)

ddH,0 (0.5/1 mL) - - - +(0.5mL) +(1mlL) -

kanamycin (12.5 pg) - - - - - +

E. coli DSM 498 (cfu) 200,000 20,000 200,000 200,000 200,000 200,000

E. coli DSM 498 cells were incubated in LB-medium (5 mL) and grown overnight (37°C,
200 rpm, 70 % humidity; Multitron Pro, Infors AG). Main cultures (10 mL LB medium) were
inoculated with pre-culture to a final ODeoo of 0.025. Cells were cultivated until mid-
logarithmic phase (37°C, 200 rpm, 70 % humidity; Multitron Pro, Infors AG). The cell
density of E. coli DSM 498 was normalized to an ODgoo=1*10"/"® accounting for 200,000
or 20,000 cfu, respectively. The cells were transferred into tempered LB-agar (0.8 %,
25 mL, 37°C). Subsequently, the liquid agar containing the cells was poured onto the
previously prepared stainless steel wires. The cells were cultivated in the agar overnight
(37°C, 70 % humidity; Multitron Pro, Infors AG). A formation of halos around the stainless
steel wires indicated a growth inhibition of E. coli DSM 498 cells by the released kanamycin

from coated stainless steel wires.
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4.5 Results and discussion

The ability of biadhesive peptides to specifically bind two different materials enables
an application as assembling promoter. In this study, stainless steel and PCL were selected
as target materials due to their medical application in stent technology. Especially stent
implants in the urinary tract often cause biofilm formation and encrustation (Keane,
Bonner et al. 1994). In order to use biocompatible peptides as adhesion promotors for the
immobilization of drug releasing polymers on stainless steel, a platform of peptesive

peptides has been established.

4.5.1 Identification and selection of anchor peptides for the generation of peptesives

Material binding peptides offer efficient and easy-handling possibilities for surface
functionalization (Seker and Demir 2011, Care, Bergquist et al. 2015). Naturally occurring
anchor peptides such as TA2 (Osaki, Omotezako et al. 1999) and LCI (Gong, Wang et al.
2011) are reported to have strong binding affinities to biologically inert polymers (e.g., PS
and PP). The anchor peptide LCI forms a dense monolayer of 4.1 nm PP surface when
coated from aqueous solutions at ambient temperature (Rilbsam, Stomps et al. 2017).
The PePevo protocol was developed to tune binding strength and specificity of anchor
peptides application conditions (Rubsam, Weber et al. 2018).

The fluorescent reporter protein eGFP was utilized to quantify immobilized anchor
peptides on stainless steel or PCL surfaces. For a functional separation of eGFP and the
selected anchor peptides, a stiff spacer helix (17 amino acids: AEAAAKEAAAKEAAAKA)
(Arai, Ueda et al. 2001) with an incorporated TEV cleavage site (7 amino acids: ENLYFQG)
(Kapust and Waugh 2000) was introduced. The anchor peptides LCI (47 aa), TA2 (44 aa),
and THA (Thanatin, 21 aa) (Fehlbaum, Bulet et al. 1996) already proved to have high
binding strength as polymer- (PS and PP) and plant leaf surface-binders (Meurer, Kemper
et al. 2017, Ribsam, Stomps et al. 2017, Rubsam, Weber et al. 2018). In all reported
binding studies, these anchors were fused C-terminally to eGFP (referred to as C-anchors).
The surface binding properties of DS1 (Dermaseptin S1, 29 aa) (Brand, Leite et al. 2002)
have not been investigated yet. Hence, binding of N-terminal anchor (DS1-eGFP) as well
as a C-terminal anchor (eGFP-DS1) fusion peptides were investigated.

Confocal microscopy was used to analyze the binding strength of DS1-eGFP, eGFP-DS1,
eGFP-LCl, eGFP-TA2, and eGFP-THA to stainless steel as well as PCL (see Figure 28).
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Interestingly, the strongest binding to stainless steel was detected for DS1-eGFP whereas
the eGFP-DS1 was removed almost completely from the stainless steel surface after
washing with LAS (0.5 mM in 50 mM Tris/HCI pH 8.0). LAS reduces unspecific binding of
eGFP and was used in the washing process to minimize background fluorescence
(Rubsam, Weber et al. 2018). The fluorescence of eGFP-LCl was significantly decreased in
comparison to DS1-eGFP. eGFP-TA2 and eGFP-THA did not show any strong binding to the
stainless steel surface. As PCL-binders, eGFP-LCl and eGFP-TA2 showed strongest binding
after washing. In contrast, binding of DS1-eGFP and eGFP-DS1 was not detectable on the
PCL surface after washing. Dependent on the binding analysis, the N-anchor DS1 was
selected as a stainless steel binding peptides and LCI, TA2, and THA were selected as

suitable C-terminal PCL binders for the generation of peptesives.

eGFP DS1-eGFP eGFP-DS1 eGFP-LCI eGFP-TA2 eGFP-THA
g BT o A S .

Stainless steel

Polycaprolactone

Figure 28: Analysis of eGFP-anchor peptide binding to stainless steel and PCL. Binding of eGFP-anchor
peptides (DS1, LClI, TA2, and THA) as well as the negative control eGFP was investigated. Anchor peptides
were incubated (10 min, ambient temperature) on stainless steel or PCL particles. In three successive
washing steps (3x 1 mL ddH,0) and one washing step with LAS (0.5 mM, 0.5 mL) superfluous peptides were
removed. Binding strength of eGFP-anchor peptides was analyzed by confocal microscopy (Leica TCS SP8
microscope, Ex: 485 nm, Em: 520 nm, argon laser 1 % intensity, gain 1000, Leica Microsystems GmbH
(Wetzlar, Germany).
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4.5.2 Production of peptesives in E. coli BL21

The generated peptesives were composed of two anchor peptides that were separated
by the spacer staphylococcal protein A Domain Z (DZ, 58 aa, see Figure 5). DZ forms three
antiparallel a-helices so that the N- and C-terminus of the protein are located on opposite
sides (Tashiro, Tejero et al. 1997). For the generation of peptesives, the N-terminal anchor
peptide DS1 and a C-terminal anchor peptide (LCI, TA2, or THA) were used.

Anchor peptides belong to the class of antimicrobial peptides and possess a potential
toxicity to their production host (Chen, Liet al. 2017, Khosa, Scholz et al. 2018). Therefore,
the production of the selected peptesives (<15 kDa) can be challenging. Additionally,
AMPs tend to attach to bacterial membranes (Brogden 2005) and are often associated to
the crude extracts after cell lysis. The spacer protein DZ is reported to increase peptide
solubility and was selected as separator of both anchor peptides (Samuelsson, Moks et al.
1994). Accordingly, the expression of DS1-DZ-LCl, DS1-DZ-TA2, and DS1-DZ-THA in E. coli
BL21-Gold (DE3) was optimized. The finally used expression conditions (30°C, 16 h,
200 rpm, 70 % humidity, 50 mL LB medium) were selected as suitable balance between
soluble peptesive expression and cell viability. A production of the peptesive DS1-DZ-TA2
was not detectable at any temperature (see Figure 29). As a negative control pET28-EV
was selected which represents the natural protein background of E. coli cells. Due to their
toxicity to the host organisms, the peptesives DS1-DZ-LCl and DS1-DZ-THA caused cell lysis
and were enriched from culture broth. After dialysis against water they were applied
without further purification steps in binding studies (EMD Millipore Amicon™ Ultra-0.5
Centrifugal Filter Units, MWCO 10 kDa, Thermo Fisher Scientific (Darmstadt, Germany)).
Protein production and concentration was visualized by a separation in Tricine-SDS gels

(see Figure 29).
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Figure 29: Expression analysis of peptesives. The peptesives DS1-DZ-LCI, DS1-DZ-TA2, and DS1-DZ-THA
were produced at 30°C for 16 h. The peptides were enriched from the culture media (M) and were
concentrated three fold (cM). As negative control pET28-EV was used. Expected sizes: DS1-DZ-LCI (14.9 kDa),
DS1-DZ-TA2 (14.6 kDa), and DS1-DZ-THA (11.9 kDa) (Tricine-SDS, 16 %).

4.5.3 Synthesis of cl-PCL particles

A reduction of bacterial infections after surgery is often facilitated by the application
of antibiotic-eluting stents. As a model antibiotic kanamycin sulfate was selected for the
loading of PCL micro-containers. Kanamycin sulfate is active against gram positive and
negative cocci and bacteria (Database).

The inexpensive, biodegradable, and biocompatible polymer PCL (Labet and
Thielemans 2009) is approved by the FDA and is therefore often used for implants or
stents. PCL is especially suited for long term drug delivery in cancer therapies (Zhang, Liu
et al. 2015). Kanamycin-loaded PCL micro-containers (20 % (w/w) kanamycin sulfate)
were synthesized via extrusion. Subsequently, the micro-containers were dispersed in
absolute EtOH. A leaching of kanamycin from PCL loaded micro-containers is prevented
since it is not soluble in absolute EtOH (Database). The low melting temperature of PCL at
60°C (Ulery, Nair et al. 2011) enables an extrusion process and is beneficially not limited
by the thermal resistance of kanamycin (decomposition temperature >250°C).

The size distribution and morphology of PCL micro-containers was determined DLS

analysis and confocal microscopy (see Figure 30). In confocal analysis, a size distribution
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of <5-25 um was determined (63-fold magnification). The analysis of PCL micro-containers
with DLS measurements showed an average particle size of 39.9448.7 um. The size
distribution indicated a highly polydisperse product (Mastersizer 2000, Malvern
Panalytical GmbH, Kassel, Germany). A further purification by size exclusion was

relinquished since the development of platform for bifunctional adhesion promoters was

aimed.
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Figure 30: Morphology and size distribution of cl-PCL particles in EtOH. Morphology and size distribution
of PCL micro-containers in EtOH was determined by A) DLS analysis (Mastersizer 2000; Size range 0.020-
2000 um, Malvern Panalytical GmbH (Kassel, Germany)) and B) confocal analysis (Leica TCS SP8 microscope;
63-fold magnification, zoom 2, PMT Trans detector, gain 300, Leica Microsystems GmbH (Wetzlar,
Germany)).

4.5.4 Peptesive mediated immobilization of PCL micro-containers on stainless steel

The ability of peptesives (DS1-DZ-LCI and DS1-DZ-THA) to function as assembling
promoter was investigated by confocal microscopy (see Figure 31) and confirmed by
FE-SEM analysis (see Figure 32). In both experiments, pET28-EV was used as negative
control. The use of DS1-DZ-LCI as adhesion promoter resulted in the highest amount of
immobilized PCL micro-containers on stainless steel (see Figure 31B). DS1-DZ-THA (see
Figure 31C) immobilized less PCL micro-containers on the stainless steel surface in
comparison to DS1-DZ-LCI. As expected, the negative control (see Figure 31A) did not
function as adhesion promoter for the immobilization of PCL micro-container on the

stainless steel surface.
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Figure 31: Confocal study of peptesive mediated immobilization of PCL micro-container on stainless steel.
A) Negative control (kanamycin-loaded PCL micro-container immobilized on stainless steel with pET28-EV
supernatant) B) kanamycin-loaded PCL micro-container immobilized on stainless steel with DS1-DZ-LCI.
C) kanamycin-loaded PCL micro-container immobilized on stainless steel with DS1-DZ-THA.

In a detailed FE-SEM analysis the assembly PCL micro-containers and stainless steel
was investigated applying the negative control pET28-EV (see Figure 32A) and DS1-DZ-LCI
(see Figure 32B) as adhesion promoter. The FE-SEM analysis confirmed the results of
confocal microscopy and verified, that only by the application of the adhesion promoter
DS1-DZ-LCI PCL micro-containers were immobilize efficiently on stainless steel. The
detected micro-containers ranged in size from <5-15 um on the stainless steel surface.
Larger particles were removed during the washing process. When the negative control
PET28-EV was used for immobilization, only few PCL micro-containers (<10 um) were

detected on the stainless steel surface.

DWI 3.0kV 8.4mm x698 SE(U) - 50.0um

Figure 32: FE-SEM analysis of peptesive mediated immobilization of PCL micro-containers on stainless
steel. A) PCL micro-containers immobilized on stainless steel with negative control pET28-EV. B) PCL micro-
containers immobilized on stainless steel with DS1-DZ-LCI. FE-SEM settings: S-4800 FE-SEM, accelerating
voltage: 3 kV, working distance: 8.0/8.4 mm, magnification: 700x (Hitachi, (Schaumburg, USA)).

76



Biadhesive peptides for assembling of bare-metal implants and compound loaded micro-containers

4.5.5 Antimicrobial effect stainless steel coated with PCL micro-containers

PCL micro-containers were immobilized on stainless steel wires and the antimicrobial
properties were investigated by a growth inhibition assay of E. coli DSM 498 cells (see
Figure 33). The peptesive DS1-DZ-LCI (5x concentrated supernatant) was used as adhesion
promoter to immobilize kanamycin-loaded PCL micro-containers on stainless steel wires.
Following controls were used: stainless steel wires incubated with pET28-EV
(5x concentrated peptesive free supernatant), the peptesive DS1-DZ-LCI only (potential
antimicrobial effect of the applied peptesive), kanamycin-loaded PCL micro-containers
(PCL control; potential adherent effect of kanamycin to stainless steel), and kanamycin
positive control (additionally added kanamycin after washing). A tempered liquid agar
(37°C) that contained a cell density of 200,000 or 20,000 colony forming units (cfu) was
poured onto the coated stainless steel wires. The cells were cultivated in the agar

overnight (37°C, 200 rpm, 70 % humidity; Multitron Pro, Infors AG).

Figure 33: Antibiotic effect of PCL-coated stainless steel on E. coli DSM 498. Kanamycin-loaded PCL micro-
containers were immobilized on stainless steel wires with A) peptesive (DS1-DZ-LCI; 200,000 cfu),
B) peptesive (DS1-DZ-LCl; 20,000 cfu), C) pET28-EV control, D) PCL control, E) peptesive control, and
F) kanamycin positive control. A halo formation indicated growth inhibition of incubated E. coli DSM 498
cells by the released kanamycin.
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An inhibited growth of E. coli DSM 498 cells (200,000 cfu) was observed by a clear halo
formation around the coated wires when PCL micro-containers were immobilized by DS1-
DZ-LCI on stainless steel wires (see Figure 33A). The growth of E. coli DSM 498 cells was
inhibited almost completely at an incubated cell number of 20,000 cfu (see Figure 33B).
In all performed control experiments (see Figure 33C-E) no antimicrobial effect on E. coli
DSM 498 cells was detected. As expected, the growth of E. coli DSM 498 cells was inhibited

by the kanamycin positive control (see Figure 33F).

78



Targeting microplastics in the void of diluted suspensions

5 Targeting microplastics in the void of diluted suspensions

5.1 Declaration

The technology of enzymes (cutinases) fused to anchor peptides for enhanced
microplastic degradation was developed in cooperation with Shohana Islam (see XIV.
Author contributions). Parts this chapter were published by the author in Environment

International:

Islam S & Apitius L, Jakob F and Schwaneberg U (2019). "Targeting microplastic particles
in the void of diluted suspensions." Environment International 123: 428-435.

*shared first co-authorship

Parts of this chapter were filed for patent application:

Mussmann N, Wieland S, Degering C, Zimmermann W, Wei R, Jakob F, Islam §,
Schwaneberg U, Weber L, Riibsam K, Eidener J, Haarmann T, Lorenz P, Schwerdtfeger R.

2018. Mittel erhaltend Polyesterasel. DE 2018P35186

5.2 Summary and main results

The worldwide production of plastics and hence the production of plastic waste
(8,300 million metric tons (Mt) in 2017) is of severe global concern for the environment
and human health. An accumulation of plastic waste in landfills and in the natural
environment predicted to be 12,000 Mt by 2050. Plastic waste management has to be
improved, since only 9 % of all plastics have been recycled in 2015 (Geyer, Jambeck et al.
2017). The ubiquitous accumulation of plastic waste in the environment will make it a
geological indicator of the Anthropocene era (Zalasiewicz, Waters et al. 2016). Plastics like
PE, polyvinyl chloride (PVC), PP, PS, PET, or polyurethane (PUR) are building blocks for
numerous applications (e.g., packaging, automotive industry, health sector, textiles or
pipes) (Shah, Hasan et al. 2008). In the environment plastic waste is broken down by e.g.
photo-, bio-, thermo-oxidative degradation, and friction (Barnes, Galgani et al. 2009,

Browne, Crump et al. 2011). During degradation of plastic, microplastic particles are
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formed (<5 mm) (Zheng, Yanful et al. 2005, Ivar do Sul and Costa 2014). Microplastics
attract and store toxic compounds such as polychlorinated biphenyls (PCBs),
polybrominated diphenyl ethers (PBDs), and bisphenols (Bouwmeester, Hollman et al.
2015). Microplastics accumulate in the food chain (in small fishes and larger mammals)
(Boerger, Lattin et al. 2010, de Stephanis, Gimenez et al. 2013) and belong to the most
serious pollutants worldwide. Strategies are needed to minimize existing environmental
pollution for nearshore and riverine plastic collection (Sherman and van Sebille 2016). The
implementation of zero waste strategies and waste management are needed to prevent
an excessive generation of new microplastics (Eriksen, Lebreton et al. 2014). An improved
waste recovery is crucial for a successful waste management. A microbial degradation of
microplastic is possible by the secretion of specific polymer-degrading enzymatic and
represents a promising strategy to convert plastic waste into biomass (Grima, Bellon-
Maurel et al. 2000).

However, plastics are produced since the 1950°s (Geyer, Jambeck et al. 2017) and this
very short time resulted in a limited evolutionary pressure for organisms to evolve
sufficient enzymes for plastic degradation (Hopewell, Dvorak et al. 2009, Tokiwa, Calabia
et al. 2009, Wei and Zimmermann 2017). Only a few plastics (e.g., PET and PUR) can
undergo enzymatic degradation by fungi and bacteria (Howard 2002). PUR for instance is
degraded by a hydrolytic cleavage of urethane bonds (Nakajima-Kambe, Shigeno-Akutsu
et al. 1999). Enzymes like esterases and cutinases are reported to be capable of a
hydrolytic cleavage of urethane bonds (Rowe and Howard 2002, Schmidt, Wei et al. 2017).
However, the enzymatic degradation of polymers is slow and high local enzymes
concentrations are needed on the polymer surface.

Naturally occurring polymers such as cellulose are degraded by specialized enzymes
(e.g., cellulases) that bind via an adhesion promotor, the cellulose-binding domain (CBD).
The CBD keeps the hydrolytic domain on the cellulose surface leading to an enhanced
hydrolysis (Linder and Teeri 1997, Bolam, Ciruela et al. 1998). Comparable domains
enhance enzymatically depolymerizing of chitin (Beintema 1994) and
polyhydroxyalkanoate (Kasuya, Ohura et al. 1999).

Anchor peptides are natural occurring adhesive peptides, which efficiently bind to
synthetic polymer surfaces (PP, PET, and PUR) at ambient temperature by forming a

monolayer (Riibsam, Stomps et al. 2017, Rubsam, Weber et al. 2018). The anchor peptide
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TA2 was fused to a bacterial cutinase (Tcur1278 from Thermomonospora curvata) capable
of degrading polyester-polyurethane co-polymers (Impranil® DLN-SD, Covestro AG

(Leverkusen, Germany)).
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Figure 34: Polyester-polyurethane degradation by Tcur1278-TA2. A) Fusion of TA2 to the C-terminal end
of the cutinase Tcur1278. B) TA2 enhances the binding of Tcurl1278 to polyester-PUR. C) Confocal analysis
of anchor peptide binding (TA2) to Impranil® DLN-SD. D) Degradation kinetics of Tcur1278 WT (green) and
Tcur1278-TA2 (red). E) FE-SEM analysis of polyester-PUR film degradation by Tcur1278-TA2.

Figure 34 summarized the concept and the results of the anchor peptide promoted
polyester-polyurethane degradation. The N-terminal Tcur1278 (Wei, Oeser et al. 2014)
and the C-terminal anchor peptide TA2 (Osaki, Omotezako et al. 1999) were functionally
separated by a 17x spacer helix (Arai, Ueda et al. 2001) (see Figure 34A). The binding of
TA2 to polyester-polyurethane nanoparticles enables an enhanced polymer degradation
by Tcurl278 (see Figure 34B). Anchor peptide binding (TA2 and LCI) to polyester-
polyurethane films was monitored by confocal analysis (see Figure 34C). The polyester-
polyurethane degradation performance by Tcur1278-TA2 was compared to Tcur1278-WT

in a MTP-based assay and changes in particle size was determined by DLS (see Figure 34D).
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A degradation of polyester-polyurethane films on a stainless steel support was visualize
by FE-SEM analysis (see Figure 34E).

The degradation of polyester-polyurethane nanoparticles by Tcurl278-TA2 was
accelerated the by a factor of 6.6 in comparison to Tcur1278-WT and the half-life of
nanoparticles was reduced from 41.8h to 6.2h (6.7-fold) in a diluted polyester-
polyurethane suspension (0.04 % w/v). FE-SEM analysis showed that Tcur1278-TA2 was
able to degrade the polyester-polyurethane film within 40 h whereas a degradation by
the Tcur1278-WT was not detectable. Degradation by Tcur1278-TA2 was achieved with a
very low enzyme concentration (down to 0.6 nM) in the MTP-based assay as well as the
degradation of polymer film. Key parameters for the establishment of sustainable
microplastic degradation processes are low enzyme concentrations and applications at

ambient temperature (e.g., in wastewater plants).
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6 General discussion

Our daily life is accompanied by polymers and plastics. Polymers are produced and
modified for uncountable applications in automotive industry, packaging, technical
devices or medical applications. A broad applicability of polymers in medical science
requires a high biocompatibility. The biocompatibility of a device is related to polymer
surfaces since it is the point of interaction with the biological environment (Fabbri and
Messori 2017). Polymer bulk properties were traditionally engineered to application
conditions by chemical or physical surface functionalization (Penn and Wang 1994).

Surface functionalization with peptides offers a lot of attractive possibilities, such as a
very coating high density or a coating of monolayers on target surfaces (Riibsam, Stomps
et al. 2017). In comparison, chemical and physical coating technologies such as grafting
are limited by a steric hindrance of attached polymer chains that are blocking available
binding sites on the polymer surface (Raynor, Capadona et al. 2009). Peptides applied to
a surface are monodispersed and can introduce multiple functionalities simultaneously
(e.g., NH2, COOH and OH). Coatings with peptides can be performed by industrially applied
technologies such as dip coating and are suitable for the functionalization of sophisticated
3D structures (Jang, Bae et al. 2015, Rilbsam, Stomps et al. 2017, Rubsam, Weber et al.
2018). Peptides are coated at ambient temperature and under solvent-free conditions,
whereas chemical and physical technologies are often restrained by safety hazards or the
generation of large volumes of solvent waste (Fabbri and Messori 2017).

The interest in peptides for therapeutic demands and for the generation of
biocompatible material increased steadily during the last years due to their high activity
per unit mass, great chemical and biological diversity, and low toxicity (Zhao, Xu et al.
2016). The global market for biomaterials was estimated to 88.4 billion USS with a
compound annual growth rate of 15 % in 2017 (Jaganathan, Balaji et al. 2015). An
application of peptides for therapeutic purposes demands a reproducible production in
high yields and at low costs. Peptides are either produced by chemical synthesis or
recombinant production by transgenic organisms (Kyle, James et al. 2012).

The recombinant production of peptides enables to work with non-hazardous

compounds and environmentally friendly raw materials. Especially long peptides (>35 aa)
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(Kyle, James et al. 2012) and complex peptides with repetitive sequences can be produced
in high monodispersity and in scalable amounts. Productions of 1 g peptide per 400 g raw
material are reported (<120 USS), whereas in chemical synthesis, 10 kg raw material for
1 g of peptide are estimated (800-2000 USS) (Reddy 2017). In chemical synthesis, solid
phase peptide synthesis (SPPS) is commonly applied. SPPS is based on the attachment of
the C-terminal amino acid to a resin (e.g., 1-2 % divinylbenzene cross-linked polystyrene).
The target peptide chain is elongated to the N-terminus (Jaradat 2018). During synthesis,
the a-amino group and side chain have to be protected by an acid-sensitive tert-
butoxycarbonyl (tBoc) group or a base-sensitive 9-fluorenylmethyloxycarbonyl (Fmoc)
group (Nilsson, Soellner et al. 2005). The addition of every amino acid requires a
protection, elongation and purification cycle. Consequently, the yield of produced
peptides is decreasing with an increase in synthesized peptide length. Chemical peptide
synthesis is ideal for a peptide length of 15 amino acids (Reddy 2017) and the introduction
of non-natural amino acids (e.g., D-amino acids) or glycosylations. Longer peptide are
often synthesized by convergent technologies (Seenaiah, Jbara et al. 2015). The
production of suitable amounts of anchor peptides and especially biadhesive peptides
(e.g., DS1-DZ-LCI: 134 aa) by chemical synthesis would be rather challenging and time
consuming in comparison to a recombinant production. The expression host for the
production of anchor peptides could be optimized. Even though a production of peptides
shorter than 100 aa in E. coli is challenging it is the most commonly used production host
in industry. The susceptibility of short peptides to degradation can be overcome by the
introduction of a cleavable self-aggregating tag so that the peptides form active inclusion
bodies (Zhao, Xu et al. 2016). Alternatively, Corynebacterium glutamicum is a useful host
for the industrial production of heterologous proteins. It is commonly used for the
production of amino acids due to an absence of many endogenous proteins and secreted
proteases (Yim, Choi et al. 2016). The secretion pathway of C. glutamicum enables a

simple purification of anchor peptides from the culture media.
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7 Summary and conclusion

Biological surface functionalization of polymers is of growing importance for the
generation of biocompatible devices. In an environmentally friendly and cost efficient
way, multiple functionalities (e.g., NH2-, COOH- or OH-groups) can be introduced onto a
target surface. Adhesion promoters such as anchor peptides enable the generation of
durable coatings for biologically inert polymers (e.g., PS, PP, and PCL) and metals (e.g.,
stainless steel) at very high densities. Industrial and medical applications require a reliable
and stable anchor peptide binding under process conditions. A platform of anchor
peptides and biadhesive peptides has been established that allowed an easy identification
of target binders. ldentified binders had to be optimized by directed evolution to
application conditions. Therefore, a directed evolution protocol for short peptides
(<100 aa) was developed to overcome shortcomings of conventional methods that
normally are applied for the evolution of enzymes (~1000 aa).

A robust and generally applicable Peptide-Polymer evolution protocol (PePevo
protocol) was established that enabled for the first time a randomization of short peptide
genes (ta2: 132 bp) with a very high mutation frequency. The high mutational load
(59 mutations/kb) ensured a sufficient diversification of the target gene. Improved
binding peptide variants were identified reliably applying the eGFP-based Assay for Better
polymer Binding Anchor peptides (ABBA) (standard deviation of 10.6 %). The PePevo
protocol was validated in one round of directed evolution of Tachystatin A2 (44 amino
acids) towards improved PS-binding in presence of the anionic surfactant LAS. Finally,
PePevo identified stronger PS-binders with an up to six-fold improved binding in the
presence of 0.5 mM LAS.

A bottleneck in directed evolution is the screening throughput, which is normally
magnitudes lower in comparison to the generated library diversity. Therefore, a whole-
cell esterase A-based E. coli cell surface display technology was established. The
presentation of improved polymer-binding anchor peptide variants on the cell surface of
E. coli enabled an ultra-high-throughput screening (up to 10’ variants) by a simple
incubation of target materials with the culture broth. The PP-binding anchor peptide LCI

was simultaneously saturated at five positions (Y29, D31, G35, E42, and D45) whereby
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3.2 million peptide variants were generated. The E. coli cell surface display allowed an
efficient analysis of the generated LCl diversity by screening in total approximately
10 million clones. A characterization of identified LCI variants revealed an up to 12-fold
improvement in PP-binding strength in presence of 0.125 mM LAS. A peptide-mediated
immobilization of whole-cells on a PP-film was visualized by ESEM analysis. The cell
surface display technology represented a first ultra-high-throughput screening system to
improve adhesion peptides.

The application of peptides to generate biocompatible materials is steadily increasing
during the last years. Especially, in tissue culture, they are commonly utilized. However,
most approaches rely on chemical conjugations of active peptides to a medical device.
The high binding affinity of anchor peptides inspired the generation of fusion peptides
that facilitated a simultaneous binding of two chemically different materials. Stainless
steel (medical stents) and PCL (drug delivering micro-containers) were selected as target
materials. Binding of anchor peptides to both components was analyzed using eGFP as
reporter protein. Accordingly, biadhesive peptides were composed of one stainless steel
binder and one PCL binder, functionally separated by a peptide-spacer. The biadhesive
peptide Dermaseptin S1-Domain Z-LCl was able to immobilize kanamycin-loaded PCL
micro-containers on stainless steel surfaces. Immobilization was visualized by confocal
microscopy and FE-SEM analysis. The released kanamycin inhibited cell growth up to a cell
density of 10° cfu/mL in a growth inhibitory halo-formation assay. The application of
biadhesive peptides as adhesion promoters of stainless steel and PCL was the first proof-
of-principle for the assembly of two chemically components at ambient conditions.

In addition to medical applications, anchor peptides are a versatile tool for
environmental applications. The accumulation of microplastics in the environment is of
severe global concerns. Therefore, efficient plastic degradation strategies have to be
developed. Anchor peptides were used as adhesion promoters to enhance enzymatic
degradation of polyester-polyurethane nanoparticles in highly diluted suspensions. The
nanoparticles were depolymerized by the enzyme Tcurl278 (cutinase) in a MTP-based
turbidity assay. The strong binding affinity of the anchor peptide Tachystatin A2 to
polyester-polyurethane led to a fusion of the anchor peptide to Tcur1278 for an enhanced
nanoparticle degradation. The enzymatic degradation kinetics of Tcurl278-TA2 in

comparison to the Tcurl278-WT was monitored and the respective particle half-life was
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determined. It could be shown, that the fusion of the adhesion promoter Tachystatin A2
improved both parameters up to six-fold. The effect of the anchor became more
prominent with an increase of nanoparticle dilutions (until a dilution of 1:700). Degraded
particles were analyzed by DLS measurements and it could be shown, that the anchor
enabled a degradation of smaller particles (down to 0.8 nm). A FE-SEM analysis of a
polyester-polyurethane film confirmed an enhanced degradation by the fusion enzyme
Tcurl278-TA2.

In conclusion, anchor peptides have proven their high potential for a tailor-made
functionalization of polymer and metal surfaces. The vast natural diversity of anchor
peptides and the ability to adapt them to application conditions by the developed PePevo
protocol makes them a versatile tool for the generation of biohybrid materials. In
combination with a two-step selection procedure it is likely that the developed anchor
peptide engineering can be used to evolve selective adhesion promoters (e.g., binding on
PP and not PS). Anchor peptide coatings can be applied as antimicrobial coatings for
biomaterials, in plant health, or in nanomaterials. The platform of biadhesive peptides
opens up a broad range of polymer and metal surfaces (e.g., platinum, gold, and
zinc/titanium oxide) that can be functionalized. The immobilization technology can be
extended to other medical materials like stents, implants or catheters.

The presentation of engineered adhesion promoters on a cell surface can be used to
direct and immobilize polymer degrading organisms specifically to plastic particles. The
usage of anchor peptides as fusion tags enables an enhanced immobilization of polymer-
degrading enzymes on plastics to achieve an effective and controlled degradation. Both
technologies might find applications in wastewater treatment technologies and in the
development of sustainable biotechnological processes for conversion of plastics into

valuable compounds.
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IV Development of an anchor peptide platform

A general cloning platform was established to enable the cloning of eGFP-anchor
peptide fusion constructs or biadhesive peptides using universal primers. Using this
platform, a collection of > 60 eGFP-anchor peptides and >20 biadhesive peptides was
generated within the Schwanebrg group. eGFP- anchor peptides and respective controls
could be produced reproducibly according to validated protocols and their binding to
selected surfaces (e.g., polymers, metal, textiles) can easlily be investigated. The reporter
protein eGFP was used to detect and quantify anchor peptides on target surfaces. The
fusion proteins consisted of an N-or C-terminal eGFP which was functionally separated by
a stiff spacer helix (17 amino acids: AEAAAKEAAAKEAAAKA) (Arai, Ueda et al. 2001) and a
TEV cleavage site (7 amino acids: ENLYFQG) (Kapust and Waugh 2000) from the C-terminal
anchor peptide (see Figure 35). Anchor peptides and biadhesive peptides were purchased
as synthetic genes (life Technologies/MWG, see Figure 35A-C) and were cloned into a
pPET28(+) backbone. Combination of general N- and C-anchor primers (see VIII. List of
primers) allowed the construction of biadhesive peptides without the reporter eGFP (see

Figure 35B):

APW_ T, <~ 4REY. 2EW. 2 BRRY

A) 17cHeli | sGEp* | eGEP | 17cHelix | TEV
[N} Ny [N) i< Ic) (] (<}

AFW_ T, L2 ZREY

C) GATCGAGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGT
TTAACTTTAAGAAGGAGATATACCATGPBP-SEQUENCEGCAGAAGCAGCAGCAAAAGAAGCCGCTGCCARAGAAGCGGLAGLG

AAAGCAATGGTGAGCAAGGCTGTACAAGGCAGAAGCAGCAGCAAAAGAAGCCOGCTGCCAAAGAAGCGGCAGCGAAAGCAGA
ARATCTGTATTTTCAGGGPBP-SEQUENCETAATAACACTGAGATCOGGCTGCTAAC

Figure 35: Design of synthetic anchor peptides genes. A) Synthetic genes were designed in a way that,
dependent on the primer pair used, N-anchor peptides (4FW+4ERV) or C-anchor peptides (2FW+2REV) can
be amplified (see VIII. List of primers). B) Biadhesive peptides were cloned using the primer 4FW and 2REV.
C) DNA sequence of synthetic genes. The gene is composed the N-anchor sequence (5’) and the C-anchor
sequence (3’). The N-anchor sequence starts with a 5’ pET28(+) vector sequence (highlighted in purple) with
a universal primer binding site (highlighted in purple, italic, bold), a start codon (ATG, highlighted in black)
for transcription of N-anchor peptides followed by the codon optimized sequence of the respective anchor
peptide (highlighted in blue, underlined), the sequence of the 17x Helix (highlighted in grey; primer binding
site: italic, bold) and a 3’ pET28(+) vector sequence (highlighted in purple, italic, bold). The C-anchor
sequence starts with a 5’ pET28(+) vector universal primer binding site sequence (highlighted in turquoise,
italic, bold), the sequence of the 17x Helix (highlighted in grey; primer binding site: italic, bold), followed by
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a TEV cleavage site (highlighted in orange) and the codon optimized sequence of the respective anchor
peptide (X), two stop codons (TAATAA, highlighted in black) for termination of transcription and a 3’
pET28(+) vector sequence (highlighted in turquoise) with a universal primer binding site (highlighted in
turquoise, italic, bold).

2EW 1y, 1FwW
1REV < 2REV
) [ oo |
AR s, SFW
~ 3REV <~ 4REV.
B) 5/ pET28a 17x Helix 3' pET28a
~ REV_TAA
FW_TAA_C»,
A [ |
REV Fw
Aanchor peptide Aanchor peptide
S . N
D) 5 pET28a 17% Helix 3’ pET28a
AFW_ Dy, IFW N
~ 3REV. < 2REV.
E) | 5'pET28a | anchor peptide 1 Domain Z 3' pET28a

Figure 36: General cloning platform for anchor peptides. Anchor peptide fusion constructs were cloned in
the pET28 a(+) backbone. They were fused to the 5’(N-anchor peptide) or the 3’end (C- anchor peptide) of
the reporter gene eGFP. Functional separation was enabled by the stiff spacer helix 17x Helix. C-anchors
were cloned with TEV cleavage site to cleave off anchor peptides from the reported eGFP. A) Generation of
C-anchors: The backbone was amplified using 1FW and 1REV primers. Synthetic genes (17xHelix_TEV_
anchor peptide) were amplified using 2FW and 2REV primers. B) Generation of N-anchors: The backbone
was amplified using 3FW and 3REV primers. Synthetic genes (anchor peptide_17xHelix) were amplified
using 4FW and 4REV primers. C) Generation of C-anchor control: A C-anchor template was amplified with
FW_TAA and REV_TAA primers to introduce a stop codon 3’ of the TEV cleavage site. The anchor peptide
will not be amplified. D) Generation of N-anchor control: The N-terminal anchor peptide was deleted by
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amplifying an N-anchor construct with FWAPBP and REV APBP primers. E) Generation of biadhesive
peptides: The backbone was amplified using 1FW and 3REV primers. Synthetic genes (anchor
peptidel_Domain Z_ anchor peptide2) were amplified using 4FW and 2REV primers F-J) Translated fusion
peptides: C-anchor peptide (F), N-anchor peptide (G), C-anchor control (H), N-anchor control (I), and
biadhesive peptide (J).

IV.l Methods

All used chemicals were purchased from Sigma-Aldrich Corp. (St. Louis, USA),
AppliChem GmbH (Darmstadt, Germany), as well as Carl Roth GmbH (Karlsruhe, Germany)
and had analytical-reagent grade or higher purity. Synthetic genes were obtained from
GeneArt AG (Regensburg, Germany) or Eurofins Scientific SE (Ebersberg, Germany) and
oligonucleotides were as well acquired from Eurofins Scientific SE (Ebersberg, Germany)
in salt-free form. Enzymes were obtained from New England Biolabs GmbH (Frankfurt am
Main, Germany). Plasmid extraction and PCR purification kits were purchased from
Macherey-Nagel GmbH & Co. KG (Diiren, Germany) and Qiagen GmbH (Hilden, Germany).
The plasmid pET28a(+) (Novagen, Darmstadt, Germany) was used as expression vector.
The E. coli strains DH5a (cloning host) and BL21-Gold (DE3) (host for protein expression)

were purchased from Agilent Technologies (Santa Clara, USA).

IV.L.1 Cloning of eGFP-anchor peptide fusion constructs

The synthetic gene anchor peptide (Eurofins MWG, Operon (Ebersberg, Germany)) was
cloned in the pET28a(+)::eGFP backbone applying ‘sequence independent
phosphorothioate-based ligase-independent gene cloning’ (PLICing) (Blanusa, Schenk et
al. 2010).

Generation of C-anchor peptides: Target sequence (17xHelix-TEV-anchor peptide) and
vector backbone (pET28a(+)::His_eGFP) were amplified in a PCR (Mastercycler’ pro,
Eppendorf, Germany) using the primer pairs 1FW+1REV and 2FW+2REV with
complementary phosphorothioated nucleotides (PTOs) at the 5’-end (see Figure 36A) and
Table 13).

Generation of N-anchor peptides: Target sequence (anchor peptide-17xHelix) and
vector backbone (pET28a(+)::eGFP_His) were amplified using the primer pairs 3FW+3REV
and 4FW+4REV with complementary phosphorothioated nucleotides (PTOs) at the 5’-end
(see Figure 36B) and Table 13).
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Generation of biadhesive peptides: Target sequence (anchor peptidel-DZ-anchor
peptide2) and vector backbone (pET28a(+)) were amplified using the primer pairs
4FW+2REV and 1FW+3REV with complementary phosphorothioated nucleotides (PTOs)
at the 5’-end (see Figure 36E and Table 13).

The PCR conditions for PLICed constructs are listed in Table 13 and primers are listed
in VIII. List of primers. PCRs were performed using PfuS DNA polymerase (2.5 U) and
deoxyribonucleotide triphosphates (dNTPs; 10 uM). The parental DNA was digested (20 U
Dpnl, 16 h, 37°C) and purified (QlAquick PCR Purification Kit, QIAGEN, Hilden, Germany).
Both PCR products were cleaved at the phosphorothioated nucleotides in an alkaline
iodine solution (iodine (30 mM) in Tris/HCI buffer (50 mM, pH 9.0)) producing single-
stranded overhangs (PCR cycler; 70°C, 10 min). The backbone mix and target sequence
mix were united and hybridized (PCR cycler; 20°C, 5 min). After hybridization, the plasmid
was transformed in chemically competent E. coli DH5o or BL21-Gold (DE3) cells.

Generation of controls: The C-anchor control was generated by introducing a stop
codon (TAA) 3’ of the TEV cleavage site using complementary primers FW_TAA and
REV_TAA (20 uM each; see Figure 36C and Table 13) using pET28a(+)::eGFP-17xHelix-TEV-
anchor peptide (25 ng) as a template. The N-anchor control was generated by deleting
the N-terminal anchor peptide with overlapping primers FW-Aanchor peptide and REV-
Aanchor peptide (20 uM each; see Figure 36D and Table 13) using pET28a(+)::anchor
peptide -17xHelix-eGFP (25 ng) as a template. Both controls were amplified in a two-step-
PCR. The PCR conditions for a two-step PCR are listed in Table 13. PCRs were performed
using PfuS DNA polymerase (2.5 U) and dNTPs (10 uM). The parental DNA was digested
(20 U Dpnl, 16 h, 37°C), purified (PCR clean-up gel extraction kit, Macherey-Nagel, Diiren,
Germany), and subsequently transformed into E. coli BL21-Gold (DE3). Successful cloning
of all generated constructs was confirmed by sequencing (Eurofins Genomics GmbH,

Ebersberg, Germany).

Table 12: PCR conditions to generate anchor peptides, biadhesive peptides, and respective controls.
Step Temperature [°C] Time [s] Cycles [n]

Insert PCR - PLICing

Initial denaturation 98 30 1
Denaturation 98 15 25
Annealing 55 30 25
Elongation 72 30 25
Final elongation 72 180 1
Storage 8 oo
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Backbone PCR - PLICing

Initial denaturation 98 30 1
Denaturation 98 15 25
Annealing 55 30 25
Elongation 72 210 25
Final elongation 72 300 1
Storage 8 oo

Step Temperature [°C] Time [s] Cycles [n]
Two step PCR —Step 1

Initial denaturation 98 30 1
Denaturation 98 15 5
Annealing 60 30 5
Elongation 72 210 5
Halt 8 oo

Two step PCR —Step 2

Initial denaturation 98 30 1
Denaturation 98 15 20
Annealing 62 30 20
Elongation 72 210 20
Final elongation 72 300 1
Storage 8 oo

IV.LII Cultivation of eGFP-anchor peptide constructs

Single colonies were transferred into cultivation tubes containing LB medium (5 mL;
10 g/L tryptone, 10g/L NaCl, 5g/L yeast extract) supplemented with kanamycin
(50 pg/mL) and cultivated overnight (37°C, 200 rpm, 70 % humidity; Multitron Pro, Infors
AG). After cultivation, glycerol (500 uL/1000 pL culture; 50 % (v/v)) was added and the
glycerol stocks were stored at -80°C. Pre-cultures were inoculated from glycerol stocks
with a sterile pipette tip into cultivation tubes containing LB medium +1 % Glc (5 mL;
10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract + 1 % glucose (w/v)) supplemented with
kanamycin (50 pg/mL) and cultivated overnight (37°C, 200 rpm, 70 % humidity; Multitron
Pro, Infors AG). Main-cultures were inoculated in 100 mL or 1 L shaking flasks containing
TB medium (10 mL or 250 mL; 12 g/L tryptone, 24 g/L yeast extract, 5 g/L glycerol, 17 mM
KH2PO4 and 72 mM KyHPOa, supplemented with kanamycin (50 pg/mL)) with an ODggo of
0.025 and cultivated for 48 h (20°C, 200 rpm, 70 % humidity; Multitron Pro, Infors AG)

according to (Ribsam, Stomps et al. 2017)
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CSD

Da

DE

DNA
dNTPs
DS1

Dz

E. coli
eGFP

Em
epPCR
ESEM
EtOH

eV

Exc

FACS
FE-SEM
Glc

kan

LAS

LB media
LCl
MEGAWHOP
MTP

oD

P. pastoris
PBP

PCL

PCR

Pd

PEG
PePevo
peptesive
pET22-EV
pET28-EV
PIB

PLGA
PLICing
PLLA
PMMA
PP

PPyCl

PS

PTFE
PTOs
PVD

RFU

rpm

Cell surface display

Dalton

directed evolution
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deoxyribonucleotides

Dermaseptin S1

staphylococcal protein A domain Z
Escherichia coli

enhanced green fluorescent protein

emission

error prone polymerase chain reaction
Environmental Scanning Electron Microscope

EtOH
electron-volts
excitation
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Field Emission Scanning Electron Microscopy
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Luria-Bertani media
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megaprimer PCR of whole plasmid
microtiter plate
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Pichia pastoris

polymer binding anchor peptides
polycaprolactone

polymerase chain reaction
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Peptide-Polymer evolution
biadhesive peptide

pET22 empty vector
pET28 empty vector
polyisobutylene
poly(lactic-co-glycolic acid)

sequence independent phosphorothioate-based ligase-independent gene cloning

poly(L-lactide)

poly(methyl methacrylate)

polypropylene
chlorine-doped polypyrrole

polystyrene

polytetrafluoroethylene
phosphorothioated nucleotides
physical vapor deposition
relative flurescence units
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SAM self-assembled monolayer

SDM site-directed mutagenesis
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
SSM site-saturation mutagenesis
TA2 Tachystatin A2

TB media Terrific broth media

TEOS tetramethoxysilane

TEV Tobacco etch virus

THA Thanatin

TPU thermoplastic polyurethane
Triton X-100 octyl phenol ethoxylate

uHTS ultra-high-throughput screening
WT wild type

VIII. List of primers

Name Sequence 5' > 3'

1FW* ccg get get aac AAA GCC CGA AAG

1REV* ctt gta cag cTC GTC CAT GCC G

2FW* gct gta caa gGC AGA AGC AGC AG

2REV* gtt agc agc cgg ATC TCA GTG

3FW* ccg gect get aac AAA GCC CGA AAG

3REV* gag atc tcg atc CTCTACGCCGGAC

4FW* gat cga gat ctc GAT CCC GCG A

4REV* gtt agc agc cgg ATC TCA GTG

FW-TAA CTG TAT TTT CAG GGT TAA TGA GCA GGT TGC
REV-TAA GCA ACCTGCTCA TTA ACC CTG AAA ATA CAG

FW-Aanchor peptide
REV-Aanchor peptide
FW_epPCR_Tachystatin A2
Rev_epPCR_Tachystatin A2
FW-CSD-pET22b*
REV-CSD-pET22b*
FW-CSD-LCI*
REV-CSD-LCI*
FW-CSD-control
REV-CSD-control
FW-LCI-CSD-55SMs**
REV-LCI-CSD-55SMs**
FW-LCI-CSD-LW1
REV-LCI-CSD-LW1
FW-LCI-CSD-LW?2
REV-LCI-CSD-LW?2
FW-LCI-CSD-LW3
REV-LCI-CSD-LW3

CAT CAT CAT GGC AGA AGCAGCAGC AAA AG

GCT GCT TCT GCC ATG ATG ATG ATG GCT GCT GC
GCG GAG AAC CTG TAC TTT CAG GGC

CGG GCT TTG TTA GCA GCC GGATCT CAG TGT TAT CA
gca gaa gca gca GCA AAAGAAG

atg tat atc tcCTTC TTA AAG TTA AAC

gag ata tac atA TGA AAA AAA CCG CGATTG

tgc tgc ttc tge TTT GCG ATC
GCA GAA GCA GCA GCA AAAGAAGCCGCTG

CTG CTG CTT CTG CCG CGT TCG CCA CGG TC

TAT TGG GTG GGT ATT TAT NNK GTG TGG NNK CGC AAA G

CAC CCAATAMNN TTT GCT GCT MNN ATAMNN TTTGCTTTT G

TAT TGG GTG GGT ATT TAT CAG GTG TGG TCT CGC AAATAATAA CACTG
CACCCAATAATCTTT GCT GCT AGT ATAACATITGCTTIT G

GGT TAT TGG GTG GGT ATT TAT GGG GTG TGG GGG CGC A

CAC CCAATAACCTTT GCT GCT CGCATAAACTITGCTTTITG

GGT TAT TGG GTG GGT ATT TAT GTG GTG TGG CAT CGC A
CACCCAATAACCTTT GCT GCT GTCATAGTATITGCTTITG

* Lower case letters indicate phosphorothioated nucleotides (PTOs)

** NNK and MNN indicate positions for site saturation mutagenesis
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IX. Amino acids

Name One-letter code Name One-letter code
alanine A leucine L
arginine R lysine K
asparagine N methionine M
aspartic acid D phenylalanine F
cysteine C proline P
glutamine Q serine S
glutamic acid E threonine T
glycine G tryptophan w
histidine H tyrosine Y
isoleucine I valine Vv
X. List of proteins, peptides and spacers
Name Sequence Reference
eGFP VSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTT ~ (Cormack, Valdivia et al. 1996)

Dermaseptin S1
LCI

Tachystatin A2
Thanatin

17x Helix

TEV cleavage site

Domain Z

PS19

Tcurl278

GKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTI
FFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSH
NVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLP
DNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK
GLWSTIKQKGKEAAIAAAKAAGQAALGAL
AIKLVQSPNGNFAASFVLDGTKWIFKSKYYDSSKGYWVGIYEVWDRK
YSRCQLQGFNCVVRSYGLPTIPCCRGLTCRSYFPGSTYGRCQRY
GSKKPVPIIYCNRRTGKCQRM

AEAAAKEAAAKEAAAKA

ENLYFQG
VDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAK
KLNDAQAPK

RAFIASRRIKRP
SLRKSFGLLSATAALVAGLVAAPPAQAAANPYQRGPDPTESLLRAARGP
FAVSEQSVSRLSVSGFGGGRIYYPTTTSQGTFGAIAISPGFTASWSSLAW
LGPRLASHGFVVIGIETNTRLDQPDSRGRQLLAALDYLTQRSSVRNRVD
ASRLAVAGHSMGGGGTLEAAKSRTSLKAAIPIAPWNLDKTWPEVRTPT
LIIGGELDSIAPVATHSIPFYNSLTNAREKAYLELNNASHFFPQFSNDTMA
KFMISWMKRFIDDDTRYDQFLCPPPRAIGDISDYRDTCPHT

(Brand, Leite et al. 2002)
(Gong, Wang et al. 2011)
(Osaki, Omotezako et al. 1999)
(Fehlbaum, Bulet et al. 1996)
(Arai, Ueda et al. 2001)
(Kapust and Waugh 2000)
(Tashiro, Tejero et al. 1997)

(Kumada, Tokunaga et al. 2006)

(Wei, Oeser et al. 2014)
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