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Bu tezde, CsgA ve CsgB korli proteinlerinin silika, altin ve hidroksiapatit yiizeylere
yapismalarinin yiiksek hassasiyetle kontrol edilebilmesi i¢in, bu proteinlerin bahsi
gecen ylzeylere baglanma kinetikleri karakterize edilmigtir. Yiizeylerin
fizikokimyasal 6zelliklerine bagli olarak, CsgA ve CsgB proteinlerinin farkli
baglanma davranislar: sergiledikleri gosterilmistir. Ikinci olarak, glikozilasyonun
korli ipliklerinin ylzeylere baglanma egilimin artiracagi hipotezi test edilmistir. Bu
amagla, TasA proteini bir glikozilasyon noktasi i¢erecek sekilde
fonksiyonellestirilmistir ve glikozilasyonun TasA ipliklerinin altin ytzeylere olan
baglanma egilimini artirdig1 gosterilmistir. Son olarak, CsgA korli ipliklerinin canlt
hiicrelere baglanma egilimi artirmak i¢in, CsgA proteini RGD peptidi igerecek
sekilde degistirilmistir. Sonuglar, RGD peptidi eklenmesinin, korli ile kaplanmig
ylzeylere baglanan hiicre sayisini anlamli bir sekilde artirdigini gostermistir. Sonug
olarak, amiloit proteinleri istenen fonksiyonlara sahip olabilen tistin nitelikli
biyomalzemeler olarak kullanilabilir. Yuizeylerin ve proteinlerin fizikokimyasal
ozellikleri, birbirleri ile olan etkilesimleri tizerinde hayati etkilere sahip olabilir.
Sahip olduklari 6zelliklerin ¢esitlendirebilmesi i¢in, amiloit iplikler kolaylikla
modifiye edilebilirler. Cesitli peptit gruplart ile fonksiyonellestirilerek uygulama
kapasiteleri artirilan amiloitler iistiin 6zelliklere sahip biyomalzemeler olarak

kullanilma kapasitesine sahiptir.

Anahtar kelimeler: amiloit, korli proteini, biyofilm, yiizey baglanmasi, hiicre

baglanmasi
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1 CHAPTERI

INTRODUCTION

1.1 Amyloids

Amyloids are proteins that form elongated fiber with 3 sheet rich structures. Amyloid
forming proteins are generally associated with neurodegenerative diseases such as
Alzheimer’s disease and Huntington’s disease (Eisenberg & Jucker, 2012). However,
amyloids also play physiological roles, known as functional amyloids. Functional
amyloids have been identified in a variety of organisms, but they are most abundant
in microorganism. Microbial functional amyloids are well characterized for their
roles in biofilm formation and surface adhesion (Levkovich, Gazit, & Laor Bar-
Yosef, 2020). Another class of amyloids, called artificial amyloids can be described
as amyloids formed under artificial conditions using normally non-amyloidogenic
proteins (Ke et al., 2020).

Amyloids produced in bacterial biofilms are named as functional amyloids, in
contrast to pathogenic amyloids discovered in human diseases such as Alzheimer’s
or Parkinson’s disease. However, functional amyloid fibers produced by bacteria are
important determinants of pathogenesis during the infectious process (Blanco, Evans,

Smith, Badtke, & Chapman, 2012). The role of functional amyloids in attachment



and invasion of host cells, as well as the interaction of amyloids in immune systems
have been described by several reports.

Studies with E. coli curli fibers demonstrated that curli binds to extracellular matrix
proteins fibronectin and laminin to mediate attachment to host cells (Barnhart &
Chapman, 2006; Olsén, Arnqvist, Hammar, Sukupolvi, & Normark, 1993; Olsén,
Jonsson, & Normark, 1989). In addition, curli interacts with several other proteins to
facilitate host invasion, such as plasminogen and tissue type plasminogen activator
(t-PA). Curli interaction activates plasminogen, a serine protease, and it is speculated
that since fibrinogen degrades the soft tissue, it might allow bacteria to penetrate
deeper in the tissue during host invasion (Sjobring, Pohl, & Olsén, 1994). Curli is
also thought to have a role in sepsis, as CsgA is detected in the blood serum of sepsis
patients (Bian, Brauner, Li, & Normark, 2000).

Mycobacterium tuberculosis expresses M. tuberculosis pili (MTP) that produces
amyloid fibers similar to curli. Similar to E. coli curli fibers, antibodies against
MTPs are detected in the serum of patients infected with M. tuberculosis, which
implies a role of MTPs in infection and immune response. Although the exact role of
MTPs for pathogenesis remains unknown, MTP fibers are shown to bind laminin that
suggests a role in host attachment (Alteri et al., 2007). Even though several
components of immune system are depicted to have a role against M. tuberculosis
infection, the mechanism of how MTP fibers effect the immune system is still

unknown (Mortaz et al., 2015).









1.3 Functional amyloids and biofilms

In nature, functional amyloids have several functions such as mechanical resistance,
antimicrobials and cell adhesion, especially in biofilm formation. In the biofilms,
communities of cells are sticked together by an extracellular matrix composed of
several exopolysaccharides, proteins, DNA and RNA molecules, small peptides etc.
(Levkovich et al., 2020). The regulation of biofilm formation in response to
environmental cues is facilitated via different cellular machineries. The main
regulatory systems responsible for biofilm formation are quorum sensing and several
two component systems. Quorum sensing signaling has been reported to be involved
in attachment, maturation and aggregation phases of biofilm formation (Davies et al
1998).

Biofilms provide resistance to nutritional, chemical, physical and mechanical stress.
Even though numerous functional amyloids were defined in different
microorganisms, not all of them are well understood. In this thesis, I focused on
amyloid proteins of biofilms from three extensively studied bacterial species, which

were discussed in following sections.

1.3.1 Escherichia coli

Amyloid forming biofilm proteins from . coli, known as curli fibers, are studied
widely as model for functional amyloid assembly. Curli secretion system is
composed of 7 curli specific genes (csg), controlled by two operons, namely csgBCA
and c¢sgDEFG operon (Levkovich et al., 2020). Expression from ¢sgBAC operon is

regulated by CsgD protein, a transcriptional regulator.



Production of curli fimbriae starts with E. coli switching from planktonic state to
biofilm state. During the biofilm state, motility and flagellum formation are turned
off and expression of curli are turned on (Ogasawara, Yamamoto, & Ishihama,
2011). CsgD, a FixJ/LuxR family protein, is the master regulator of biofilm
formation (Hammar, Arnqvist, Bian, Olsén, & Normark, 1995). It encodes csg
operons to express and assemble curli fibers, as well as other sets of genes required
for adaptation to biofilm state. In laboratory strains, lack of CsgD expression
confines biofilm expression, however, ompR234 mutation is depicted to restore
CsgD expression in laboratory strains (Prigent-Combaret et al., 2001).

CsgA is the major protein in curli fibers. It is expressed as a soluble unstructured
peptide and secreted to extracellular space by CsgF-CsgG machinery. CsgA has an N
terminal signal sequence, represented as N22, which interacts with CsgG during
secretion. CsgE interacts both with CsgA and CsgG and provides translocation
(Balistreri, Goetzler, & Chapman, 2020). In addition, CsgC also interacts with CsgA
and prevents its fibrillization in in the periplasm before secretion (Levkovich et al .,
2020; Yan, Yin, Chen, & Li, 2020). CsgB is the minor protein in curli fibers with N
terminal 23 amino acid long secretion signal. In nucleates CsgA fibrillization and
acts as an anchor between CsgA and cell membrane (Hammer, Schmidt, &

Chapman, 2007). The machinery is depicted in Figure 3.









1.3.2 Bacillus subtilis

Bacillus subtilis is an endo-spore forming, motile, gram-positive soil bacterium
widely used in biofilm formation studies due to its ability to form highly structured,
robust biofilms (Branda, Gonzalez-Pastor, Ben-Yehuda, Losick, & Kolter, 2001).
Biofilm formation is regulated by a variety of complex regulatory networks in
response to changes in the natural environment of B. Subftilis. At the course of
biofilm formation, motile cells transform into non-motile cells sticked together by
the extracellular matrix secreted from matrix producing cells (Hall-Stoodley,

Costerton, & Stoodley, 2004).

Extracellular matrix of B. Subfilis biofilms have been extensively characterized so
far. The rigid ECM of B. Subtilis is mainly constituted from exopolysaccharides
(EPS) and proteins (Mielich-Siiss & Lopez, 2015). The production of major
exopolysaccharide component in B. Subtilis biofilms is regulated by the epsA-O
operon and the exact molecular structure of the EPS regulated by epsA-O operon can
vary depending on the available substrates in the environment (Y. Chai, Beauregard,
Vlamakis, Losick, & Kolter, 2012; Gerwig, Kiley, Gunka, Stanley-Wall, & Stiilke,

2014; Jones, Paynich, Kearns, & Knight, 2014).

Protein component of B. Subtilis biofilms is mainly composed of three proteins:
amyloid-fiber forming proteins TasA and TapA as well as BslA protein responsible
for morphology and pellicle formation (Ostrowski, Mehert, Prescott, Kiley, &
Stanley-Wall, 2011; Romero, Vlamakis, Losick, & Kolter, 2011). Amyloid fibers in
biofilms provide structural stability to biofilms and serve as a robust protein scaffold

to hold cells together. TasA is the major component of B-sheet enriched amyloid-like



fibers of B. Subtilis biofilms and TapA is the minor component of fibers required for
their assembly and anchors the fibers to the cell wall (Romero, Aguilar, Losick, &
Kolter, 2010). Expression of TasA and TapA proteins are regulated from fapA-sipW-
tasA operon. The third gene in the operon encodes for signal sequence peptidase
SipW. SipW is responsible for the secretion of TasA and TapA into the biofilm
matrix subsequent to removal of their signal sequences (Terra, Stanley-Wall, Cao, &
Lazazzera, 2012). The other protein component of B. Subtilis biofilms is BslA, a
bacterial hydrophobin required for the biofilm assembly as well as complexity and

hydrophobicity of mature biofilms (Kobayashi & Iwano, 2012).

TasA is a 31 kDa protein with a 27-amino acid N-terminal signal sequence which is
removed by SipW during translocation through the membrane. TasA is purified from
B. subtilis in oligomeric form and requires a stimulus such as a hydrophobic surface
to form amyloid fibers. Secondary structure analysis revealed that oligomeric and
fiber states of TasA aggregates differ in terms of their secondary structures. Similar
to the eukaryotic amyloid-like fibers, the oligomeric state is rich in a-helical
structures whereas during the fiber formation the conformation shifts towards a f3-
sheet rich structure (L. Chai et al., 2013). TapA is a 30 kDa protein with a 32-amino
acid N-terminal signal sequnece which is removed by SipW. TapA is required for the
amyloid fiber assembly and TasA stability (Romero, Vlamakis, Losick, & Kolter,

2014).

B. subtilis biofilm formation is coordinated by a complex regulatory network,
composed of mainly 3 master regulators. SpoOA, DegU and ComA. Activation of
SpoOA transcription factor by phosphorylation (SpoOA~P) is essential for the onset

of biofilm formation. Kinases KinA, KinB, KinC and KinD contribute to the
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phosphorylation of SpoOA, depending on the existing signals (Jiang, Shao, Perego, &
Hoch, 2000). Activity of membrane-bound sensor histidine kinases KinC and KinD
are responsible for low levels of SpoOA~P. When SpoOA~P is present in low-levels,
it triggers matrix production by activating eps and tapA-sipW-tasA operons via the
expression of Sinl protein (Y. Chai, Chu, Kolter, & Losick, 2008). SinR functions as
a repressor of eps and tapA-sipW-tasA operons. SinR anti-repressor Sinl forms a
SinR-Sinl complex and eliminates SinR repression, triggering matrix production
from eps and fapA-sipW-tasA operons (Kearns, Chu, Branda, Kolter, & Losick,

2005; Lewis, Brannigan, Smith, & Wilkinson, 1996).

1.3.3 Pseudomonas aeruginosa

Pseudomonas aeruginosa is an opportunistic pathogen associated with several
human diseases, especially with chronic infections in the lung of cystic fibrosis (CF)
patients. P. aeruginosa (PA) infections are the major cause of mortality in CF
patients, due to persistent colonization of pathogenic PA associated with antibiotic
resistant biofilms (Drenkard & Ausubel, 2002). Several environmental factors are
defined to induce biofilm formation and dispersion in P. aeruginosa via different
metabolic and signaling pathways; such as changes in the nutrient sources and
amount (Sauer et al., 2004), oxygen gradients (An, Wu, & Zhang, 2010; E -J. Kim,
Wang, Deckwer, & Zeng, 2005), nitric oxide produced by anaerobic respiration
(Barraud et al., 2006; Yoon et al., 2002) and chemicals such as chelating agents,
surfactants or amino acids (S.-K. Kim & Lee, 2016).

In the quorum sensing mechanism of P. aeruginosa, acyl-homoserine lactones

(AHL) are used as signaling molecules (Fuqua & Greenberg, 2002; Gilbert, Kim,
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Gupta, Greenberg, & Schuster, 2009; J.-H. Lee, Lequette, & Greenberg, 2006). In
addition to quorum sensing signaling, two-component systems GacS/GacA and
RetS/LadS are involved in biofilm formation and additionally, act as regulators of
quorum sensing in P. aeruginosa (Rasamiravaka, Labtani, Duez, & El Jaziri, 2015a).
Additionally, bis-(3'-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) levels
is reported to have an impact on biofilm regulation via promoting the synthesis of
exopolysaccharides Psl and Pel in elevated concentrations (V. T. Lee et al., 2007) or
promoting bacterial motility and biofilm dispersion in decreased concentations
(Merighi, Lee, Hyodo, Hayakawa, & Lory, 2007).

In biofilms of PA, cells are held together in a matrix of extracellular polymeric
substance (EPS). EPS protects the cells inside the biofilm from harsh environments
and provides tolerance to antimicrobial agents, as well as functioning as a structural
scaffold (Ma et al., 2009; Walters, Roe, Bugnicourt, Franklin, & Stewart, 2003). EPS
is composed of exopolysaccharides, extracellular DNA, proteins and other
biomolecules, constituting more than 85% of total biofilm mass (Flemming, Neu, &
Wozniak, 2007).

PA mainly produces 3 types of exopolysaccharides in the EPS matrix as
determinants of the biofilm stability: mannose rich polysaccharide Psl, glucose rich
Pel polysaccharide and acetylated polysaccharide alginate. Extracellular DNA is an
important component of PA biofilms with several functions. DNAase treatment of
young PA biofilms results in biofilm dispersal, depicting the importance of eDNA as
a connective component in PA biofilm. However, mature biofilms of PA are not
effected by DNAase treatment, possibly due to increased amounts of other EPS
components such as polysaccharides (Whitchurch, Tolker-Nielsen, Ragas, &

Mattick, 2002).
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Several extracellular proteins and proteinaceous surface appendages of PA such as
type IV pili, flagella and fimbriae are also considered as components of PA biofilm
matrix. In addition to their roles in bacterial swimming and swarming motility; type
IV pili, fimbriae and flagella have important roles as adhesins in biofilms, especially
for the irreversible attachment of the cells to surfaces. Those extracellular
appendages are also critical for microcolony formation in biofilms (Barken et al,
2008; Rasamiravaka, Labtani, Duez, & El Jaziri, 2015b). Surface adhesin CdrA is
another protein component of PA that promotes biofilm formation and auto-
aggregation (Borlee et al., 2010). Finally, as the functional amyloid protein of PA,
Fap amyloids also contribute to biofilms of PA. Detailed investigation of amyloid
fibers in PA biofilms revealed that FapC protein is the major component and FapB
protein is the minor component serving as a nucleator. The expression of functional
amyloids is controlled by the fap operon in PA (Dueholm, Sendergaard, et al., 2013).
In addition to fapB and fapC genes, the fap operon includes 4 other genes: fapA,
fapD, fapE and fapF. FapA is a chaperone that affects distribution of Fap proteins in
the amyloid fibrils. Bioinformatic analysis suggested that FapF is a f-barrel
membrane pore required for the secretion of FapB and FapC proteins into
extracellular matrix, and FapD is a protease required for the processing of Fap
proteins. Even though small amount of FapE is purified within amyloid fibers and
nominated as an extracellular chaperone, its exact function remains unknown
(Dueholm, Otzen, & Nielsen, 2013; Dueholm, Sendergaard, et al., 2013). The

secretion machinery for FapB and FapC is summarized in Figure 5.
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1.4 Amyloids for biomaterial applications

In higher organisms, cell adhesion is crucial to enable interaction between cells
which is necessary for tissue organization and function. Extracellular matrix (ECM)
is responsible for cell-to-cell interactions via several proteins such as collagen,
fibronectin etc. ECM proteins have several domains to facilitate cell adhesion, such
as RGD domain from fibronectin (Daley & Yamada, 2013; Takahashi et al., 2007).
Amyloids can interact with several macromolecules, probably due to the repetitive
arrangement of residues on amyloid surfaces (Nilsson, 2009). This capacity is
utilized by lower organisms to adhere onto host surfaces, for example curli fibers.
Those organisms produce biofilms to adhere host cells to cause disease and obtains
protection from host immune system (Das, Jacob, Patel, Singh, & Maji, 2018). The
nanofibrillar morphology of amyloids show similarity to ECM structure, therefore it
can enhance cell adhesion. Additionally, amyloid fibrils can be functionalized with
peptide groups to support cell adhesion further (Gras et al., 2008).

Biomaterials require different properties for different applications. Generally, tissue
engineering scaffolds are designed as biomaterials that can mimic natural
extracellular matrix to induce cell adhesion and proliferation (Figure 6). Amyloids
provide a suitable matrix for cell adhesion; however, amyloids can show toxicity to
cells, too. Therefore, characterization of amyloids in terms of biocompatibility is

crucial for their utilization as biomaterials (Das et al., 2018).
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Glycosylation can be classified into two groups as N-linked glycosylation and O-
linked glycosylation. In N-linked glycosylation, glycan groups are attached to amide
nitrogen of Asn in the side chain, in Asn-X-Ser/Thr motif (X is any amino acid
except proline). In O-linked glycosylation, glycan groups are attached to the
hydroxyl group of Ser or Thr (Nothaft & Szymanski, 2010).

Campylobacter jejuni, a pathogen that causes bacterial gastroenteritis, is the first
prokaryotic species that is discovered to possess N-linked glycosylation (Szymanski,
Yao, Ewing, Trust, & Guerry, 1999). Protein glycosylation machinery is expressed
by a pgl gene cluster in C. jejuni. Sugar biosynthesis enzymes expressed by pg/
operon produces a hepta-saccharide precursor that is transferred to target Asn in the
periplasm by PgIB. PglB protein acts as an oligosaccharyltransferase that transfers
the oligosaccharides to Asn residues of nascent polypeptide chains (Lu et al., 2015).
The hepta-saccharide is converted to undecaprenyl-diphosphate (Und-P-P) by the
membrane proteins PglC, PglA, Pgll, PglH, and Pgll. Following, PglK, a flippase,
translocates Und-P-P to periplasmic space for the action of PgIB (Hartley,
Schneggenburger, & Imperiali, 2013). The mechanism of C. jejuni pgl glycosylation
pathway is depicted in Figure 7.

The pgl glycosylation pathway is transferred to £. coli and successful protein
glycosylation was achieved upon transfer of pg/ cassette, enabling engineering of
recombinant glycan structures for research purposes, as well as industrial

applications (Wacker et al., 2002).
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2.1 Introduction

Utilization of self-assembly abilities of protein subunits offers the fabrication of
biomolecule-based new generation materials with improved functions. Collagen,
actin, knot proteins, protein catenanes (Pieters, van Eldijk, Nolte, & Mecinovi¢,
2016), viral capsid proteins (Jolley, Klem, Harrington, Parise, & Douglas, 2011),
scaffold proteins, bacterial flagella, bacterial pili , and amyloids are the examples of
protein nanostructures that can self-assemble into an ordered supramolecular
structure (Kumar et al., 2014; Yuca et al., 2020).

Amyloid proteins that are resistant to hard physical and chemical conditions can be
classified as functional, pathological and artificial amyloids (Pham, Kwan, & Sunde,
2014). Pathologic amyloids are produced as a result of protein aggregation observed
in neurodegenerative disease conditions while functional amyloids are produced to
form biofilms by following a different developmental process than pathological
amyloids. Artificial amyloids are produced from non-toxic proteins under artificial
conditions and utilized as functional biomaterials (Cherny et al., 2005). Functional
amyloids go beyond the misfolding and aggregation properties of pathologic
amyloids and bring the useful properties of amyloids to the forefront in nature
(Kalyoncu, Ahan, Ozcelik, & Seker, 2019; Van Gerven, Klein, Hultgren, & Remaut,
2015)

Biofilms are complex microorganism populations embedded in the extracellular
matrix (ECM) that protect bacteria from adverse environmental conditions and
formed by bacteria attaching to the surface. Resistance to external physical and

chemical stresses increases in biofilms compared to planktonic life. Although the
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exact content of the biofilm matrix that encapsulates the bacteria varies depending on
bacterial strains and environmental conditions, it is generally composed of proteins,
nucleic acids, and polysaccharides (Seker, Chen, Citorik, & Lu, 2017). Bacterial
biofilms, which are highly regulated, complex and dynamic systems, resistant to
harsh environmental conditions with their ECM, have a great potential for the
production and development of new generation materials (Knowles & Buehler, 2011,
D. Lietal, 2014).

In recent years there is an increasing trend towards the use of amyloids and amyloid-
like fibrils as building blocks and as functional biomaterial systems (Xinyu Wang,
Li, & Zhong, 2015). Functional amyloid curli fiber, which constitutes an important
protein component of the extracellular biofilm matrix, is the most common bacterial
amyloid protein genetically manipulated (Botyanszki, Tay, Nguyen, Nussbaumer, &
Joshi, 2015, Taglialegna, Lasa, & Valle, 2016). Transcription of bacterial curli
amyloid nanofiber subunits is are regulated by csgBAC and csgDEFG operons.
Bacterial curli amyloid nanofibers consist of major CsgA and minor CsgB amyloid
subunit proteins with N-terminal signal sequences. Use of CsgA and CsgB amyloid
subunits for bioinspired materials production and bioinspired processes or device
development have been investigated. In our previous study, we optimized the
recombinant production and biochemical properties of CsgA and CsgB curli protein
mutants (Donlan, 2002). Controlling the production and secretion of CsgA and CsgB
amyloid proteins is critical in terms of final mechanical characteristics of the biofilm-
based material assembly. From this motivation, morphological and mechanical
properties of CsgA and CsgB biofilm proteins have been investigated to provide
stiffer or softer amyloid nanofiber assemblies (Balistreri, Kahana, Janakiraman, &

Chapman, 2020). Bacterial biofilms were also used to form conductive protein
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nanofibers, integrating conductive peptide motifs for biofilm assembly in the
previous work (Onur, Yuca, Olmez, & Seker, 2018). In another study, a series of
genetic circuits were designed to control the secretion of CsgA-material binding
peptide fusions upon extracellular signal processing of the available metallic
nanoparticle precursors (Abdelwahab, Kalyoncu, Onur, Baykara, & Seker, 2017). In
addition to control the assembly of biofilm amyloids, patterning of them can also be
controlled using genetic logic gates to build up organized living material system
upon inducing the coexpression of different CsgA fibers. Zhang et al. has have
developed a coarse-grained curli fiber model to provide insight into adhesion
mechanisms of curli subunit (Zhang, Wang, DeBenedictis, & Keten, 2017). Keten
group has examined CsgA adsorption onto graphene and silica surfaces through
atomistic simulation (DeBenedictis, Liu, & Keten, 2016). Although there are is an
increasing number of efforts to use biofilm proteins as intelligent materials (Nguyen,
Botyanszki, Tay, & Joshi, 2014), advanced characterization studies for biological
nanofibers protein subunits of biofilm structures will increase their applications to

the higher level in terms of producing by design.

2.2 Objective

In this part of the thesis project, binding kinetics of curli functional amyloids to solid
materials such as gold, hydroxyapatite, and silica, which are used commonly used in
biomedical applications (Cobley, Chen, Cho, Wang, & Xia, 2011, Vivero-Escoto,
Huxford-Phillips, & Lin, 2012) are investigated to produce well-defined, controllable

and tunable next- generation biomaterials.
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Curli, the adhesive protein that provides attaching to surfaces during biofilm
formation, is an essential precursor for development of innovative materials with its
adherent feature. The development of functional materials based on the adhesion of
the fibrils to the desired surfaces by using amyloid fibrils obtained as a result of
processing globular proteins has been reported in other studies. For example, layered
hybrid nanocomposites were developed as a result of combining these amyloid fibrils
with hydroxyapatite (Dong, Zhou, Wu, & Wang, 2008). In addition, hybrid
nanocomposites produced by combining gold nanoparticles and single-crystal
platelets with amyloid fibrils and their superior utilization potential have been
reported (Hoefling, Tori, Corni, & Gottschalk, 2010; Ozboyaci, Kokh, & Wade,
2016). On the other hand, in our approach the development of functional structures
by purifying directly from the living host of well-characterized fibrils, which are
improved by genetic engineering and fine-tuned in order to be controlled, directed
and fine-tuned, and even the direct use potential of microorganisms that produce
these fibrils are followed. For this purpose, we monitored the binding affinity of the
fiber samples for biomedically relevant surfaces namely gold, silica and

hydroxyapatite.

2.3 Materials and Methods

2.3.1 Cell strains and cell maintenance

In this study, £. coli DHS5a strain (NEB) was utilized for cloning. £. coli DHSa strain

contains mutations in recAl and endA1 genes which increase transformation
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efficiency via reduced plasmid recombination and increased plasmid stability by
recAl, as well as increased plasmid yield by endA1 (Borja et al., 2012; Singer,
Eiteman, & Altman, 2009). Cells were grown overnight in Lysogeny Both (LB)
medium (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) with proper
antibiotics in Erlenmeyer flasks at 37 °C, 200 rpm. Cell stocks were prepared in
freezing medium containing 25% glycerol in LB medium for long term storage at -80
°C.

E. coli BL21 DE3 strain (NEB) which encodes T7 polymerase under the control of
Lac promoter and is deficient of proteases (Jeong et al., 2009, p. 606) was used for
protein expression. This strain was maintained at the same conditions as for £. coli

DH5aq, as described above.

2.3.2 Construction of plasmids and transformation

CsgA and CsgB are biofilm proteins of . coli. Therefore, csgA and csgB genes
without signal sequences and C terminal flexible GS linker (GGSG) were amplified
from FE. coli K12 MG1655 genomic DNA using the primers listed in Table B.1. Q5
High-Fidelity DNA Polymerase (NEB) was used for all PCR reactions (Reaction

conditions were described in APPENDIX F).

pET22b(+) vector with removed pelB periplasmic space localization signal peptide

was used for cloning. Plasmid maps were shown in Figure C.1 and Figure C.2.

Kpnl-HF (NEB.) and Xhol (NEB) was used to digest the plasmid. (Reaction
conditions were described in APPENDIX F). Same restriction enzymes were used to

digest PCR amplified csgA and csgB genes. All PCR products and digested plasmids
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were verified on 1 % agarose gel stained with SYBR Safe DNA Gel Stain (Thermo
Fisher Scientific). NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) was
used according to the manufacturer’s instructors to isolate DNA from agarose gels.
Digested plasmid (vector) and PCR products (insert) were assembled into a plasmid
using T4 ligase (NEB) at 1:3 insert to vector molar ratio (Reaction conditions were
described in APPENDIX F). The ligation mix was transformed into chemically
competent F. coli DHS5a bacteria. After overnight incubation, single colonies were
selected and positive clones containing c¢sg4 and csgB genes were verified by Sanger
sequencing. (Figure D.1, Figure D.2).

For chemical transformation, competent cells were prepared. Bacterial cells grown
overnight were diluted in LB to 1:100 ratio. The cells were incubated at 37°C and
180 rpm shake in Erlenmeyer flasks till ODsoo reaches 0.2-0.5. Here, the cells were
incubated on ice for 10 min and collected by centrifugation at 1000 xg, +4 °C for 10
minutes. Following, the pellet was resuspended in 1:10 volume of TSS
(Transformation and Storage Solution) buffer (PEG 8000 20% (w/v), DMSO 10%
(w/v), MgClz 100 mM, pH 6.5 in LB) and aliquoted. Ligation reaction was mixed
with competent cells and incubated on ice for 20-30 minutes. The mixture were
incubated at 42°C for 45 seconds for heat-shock and cooled down on ice for 2
minutes. LB medium was added on the cooled cells and the cells were incubated at
37 °C 200 rpm for 30-60 minutes without any antibiotics. After the incubation, cells
were spread onto antibiotic containing LB-agar plate and incubated at 37 °C,
overnight.

All genetic part sequences used this chapter was introduced in Table A.1 and the

amino acid sequences of each design were listed in Table E. 1.
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2.3.3 Sequence alignments

All plasmid maps were designed by Benchling online tool. After cloning, selected
colonies were verified by Sanger sequencing (GENEWIZ). The sequencing results
were analyzed by Geneious R9.0.5 software by pairwise alignment. Plasmid maps
were exported as .gb files and imported in Geneious software together with the

sequencing results (abi files).

2.3.4 Expression of recombinant proteins in E. coli

E. coli BL21 DES3 strain was used to express CsgA and CsgB proteins. The plasmids
containing these genes were transformed into £. coli BL21 DE3 strain via chemical
transformation. T7 promoter controlling the expression of CsgA and CsgB was
switched on in the presence of a commonly used inducer, Isopropyl B-D-1-
thiogalactopyranoside (IPTG). Bacteria harboring CsgA and CsgB expressing
plasmid constructs were grown in LB medium supplemented with antibiotics at 37
°C. After overnight incubation, cell culture was diluted to 1:50 in fresh LB medium.
At ODeoo ~0.9, CsgA and CsgB expressions were induced with IPTG (Amresco
0487) addition to a final concentration of 0.5 mM. Following two hours incubation
at 37 °C 200 rpm, bacterial culture was centrifuged at 8000 RCF and the pellets were

kept at -80 °C until purification.
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2.3.5 Purification of recombinant proteins

For cell lysis, pellets were thawed and resuspended in phosphate buffer saline (PBS,
2.7 mM KCl, 137 mM NaCl, 2 mM KH2PO4, 10 mM Na2HPO4) at pH 7.0 that
contained 6 M GdnHCI, 10 mM imidazole. After 1 hour incubation at +4 °C, lysed
cells were centrifuged at 10000 g for 20 min at 4 °C to separate intact components
from soluble proteins, and the remaining cellular debris was removed. A cobalt resin-

based affinity method was applied for the purification of the proteins.

During affinity chromatography, his-tagged proteins were isolated from the rest of
proteins in cell debris. 6 x His tag of the recombinant proteins interacts with cobalt
ions specifically. Before loading to cobalt resin, the supernatant was filtered with
0.45 um syringe and the resin was equilibrated in lysis buffer (PBS, 2.7 mM KCl,
137 mM NaCl, 2 mM KH2PO4, 10 mM Na2HPO4 at pH 7.0 that contained 6 M
GdnHCI, 10 mM imidazole). Soluble cellular fraction was mixed with cobalt resin
and incubated at 4 °C in an end-over-end rotator for 1 h. The resin was centrifuged at
700 RCF for 2 minutes and sample solution was removed. Resin was washed with 2
bed volumes (BV) of lysis buffer 2-3 times to remove all non-specific proteins. CsgA
and CsgB proteins were eluted from the resin with elution buffer (PBS at pH 7.0, 6
M GdnHCI, 150mM imidazole) since high imidazole concentration in elution buffer
replaces His-tagged proteins from resin. CsgA and CsgB proteins were transferred to
PBS pH 7.0 using centrifugal filter units (Thermo Scientific™ Pierce) with a
molecular weight cutoff of 3 kDa. Purified protein oligomers were separated from
monomers using 30 kDa centrifugal filter units (Thermo Scientific™ Pierce) for the

following kinetic analyzes.
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2.3.6 SDS-PAGE and Western Blot

Since CsgA and CsgB are amyloid forming proteins, they tend to form amyloid
fibers. GdnHCI provides the strong denaturing conditions required for their
monomerization during purification, however, upon the removal of GdnHCI CsgA
and CsgB starts to form fibers. Since those fibers cannot be monomerized in SDS-
PAGE sample buffer even in the presence of denaturants such as dithiothreitol
(DTT), purified CsgA and CsgB protein samples were treated with 100 % formic
acid at room temperature for 10 minutes, to break down protein oligomers and were
freeze- dried to remove formic acid.

Formic acid treated and lyophilized CsgA and CsgB proteins were dissolved in 2x
Laemmli sample buffer (6X Laemmli sample buffer contains 1.2 g SDS (sodium
dodecyl sulfate), 6 mg bromophenol blue, 4.7 ml glycerol, 1.2 ml Tris (0.5M, pH
6.8), 2.1 ml ddH20). 15% SDS gel was used to separate CsgA and CsgB since their
molecular weights were as low as 13-15 kDa. 1xSDS Running Buffer (25 mM Tris-
HCI, 200 mM Glycine, 0.1% (w/v) SDS) was used during the run.

15 % SDS resolving gel was prepared with BioRad SDS Gel casting system using
the following recipe: 2.2 ml ddH20, 2.6 ml 1.5 M Tris-HCI (Sigma) (pH 8.8), 100 pl
10% (w/v) SDS, 5 ml Acrylamide/ Bisacrylamide (VWR) (30%/0.8% w/v), 100 ul
10% (w/v) APS (Biorad Ammonium persulfate), 10 pl tetramethylethylenediamine
(TEMED) (Biorad). Stacking gel was prepared using the following recipe: 2.975 ml
ddH,0, 1.25 ml 0.5 M Tris-HCI (pH 6.8), 50 ul 10% (w/v) SDS, 0.67 ml

Acrylamide/Bisacrylamide (30%/0.8% w/v), 50 ul 10% (w/v) APS, 5 ul TEMED.
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For SDS-PAGE, the gels were stained staining in Coomassie brilliant blue R-250 to
detect the protein bands (45 MetOH%, 10% glacial acetic acid, 3 g/. CBB R250),

and destained in destaining buffer (10% acetic acid, 30% methanol).

For detecting his-tagged proteins immunoblot analysis, the proteins on gel were
transferred to a PVDF (Thermo Scientific 88520) membrane using Transblot Turbo
Transfer System (Biorad) at following transfer conditions: 25 kV, 1.3 A for 7 min.
The membrane was blocked in 5% milk powder in 0.1 % TBS-T for 2 hours on a
rotator at room temperature. After blocking, the membrane was incubated in primary
antibody solution (1: 5000 dilution of mouse anti-6X-His Tag mAb (Proteintech
Europe) in 5% milk powder in 0.1 % TBS-T), for 1 h at room temperature or for
overnight at +4 °C on a rotator. The membrane was washed 3 times in 0.1 % TBS-T
for 5, 15, 5 min on a rotator at room temperature. Then, membrane was incubated in
secondary antibody solution (1: 5000 dilution of Goat anti-mouse IgG H&L (HRP)
(Abcam ab6789) in 5% milk powder in 0.1 % TBS-T) at room temperature for 1 h on
a rotator. The membrane was washed in 0.1 % TBS-T as described previously. ECL
Substrate (Biorad 170-5060) was used for visualization according to manufacturer’s
instructions and the membrane was imaged immediately in ChemiDoc MP Imaging

System (Biorad) with Image Lab Software.

2.3.7 Fiber formation and transmission electron microscopy (TEM)

Protein concentrations were determined using BCA Assay (Thermo Fisher Scientific)
according to manufacturer’s instructions and absorbance values were recorded in

SpectraMax M5 spectrophotometer (Molecular Devices).
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Concentrations of freshly purified CsgA and CsgB monomers were diluted to 4 uM,
immediately after buffer exchange of proteins into PBS, pH 7.4. Prepared CsgA,
CsgB, and equimolar mix of both proteins (4 uM each) were incubated at room
temperature for two days to induce fiber formation. Biofilm protein fibers with
histidine tags were labeled with nickel nitrilotriacetic acid- conjugated gold
nanoparticles (5 nm, Nanoprobes). Briefly, the biofilm fibers were formed from
freshly purified biofilm proteins in PBS (phosphate buffer saline) solution at room
temperature. The droplets containing biofilm fibers were placed on a piece of
parafilm, and TEM grids (formvar carbon-coated 200 mesh nickel grids (Electron
Microscopy Sciences) were placed on droplets and incubated for five minutes. Then,
TEM grids were washed with ddH,0O twice and selective binding buffer twice (1x
PBS, 300 mM NacCl, 80 mM imidazole, 0.2% (v/v) tween-20). Following, TEM grids
were placed on 90 pL of 10 nM of 5 nm Ni-NTA Au-NP dissolved in selective
binding buffer for 90 min, at room temperature at dark. Then, TEM grids were
washed with selective binding buffer (I1x PBS, 300 mM NaCl, 80 mM imidazole,
0.2% (v/v) tween-20) S times, with PBS twice and with ddH20 twice. Lastly, grids
were put on a droplet of 2 % uranyl acetate (UA) for 25 seconds and air dried at
room temperature. The samples were visualized using TEM (FEI Tecnai) at 200kV

power setting.

2.3.8 Dynamic Light Scattering

Concentrations of freshly purified CsgA and CsgB monomers were diluted to 400

nM, 40 nM and 4 nM immediately after buffer exchange of proteins into PBS, pH
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7.4. Dynamic light scattering (DLS) was performed (Nano-ZS Zetasizer Dynamic
Light Scattering, Malvern Instruments) to determine Z-average size of the formed
fibers immediately after buffer exchange to PBS (Day 0) and after 24 hours
incubation for fibrillization (Day1). Each measurement was carried out in duplicate

at 25 °C.

2.3.9 Circular dichroism (CD)

CD Spectra Measurement Device (Jasco J-815) was used to analyze the secondary
structures of CsgA and CsgB. Proteins prepared in PBS were diluted to 1 uM in
ddH»O, right after buffer exchange and after 48 hours following buffer exchange.
Measurements were taken using the following parameters: 25 °C, 300 sec delay time,

1 mm band width. Secondary structure percentage were calculated using BestSel

online tool.

2.3.10Quartz Crystal Microbalance with Dissipation (QCM-D)

To induce fiber formation, CsgA, CsgB and equimolar concentration mix of both
proteins were prepared in PBS buffer at concentrations of 1 pM, 2 uM, 2.5 uM, 3
uM, and 4 uM. Before each measurement, QCM-D sensor surfaces (Biolin
Scientific) were treated with Piranha solution (1:3 Hydrogen peroxide: Ammonia) at
70°C for 30 minutes. Then, sensor surfaces were washed with ddH20 and dried with
nitrogen stream. After baseline equilibration using PBS buffer, CsgA, CsgB, and

equimolar mix protein samples were introduced to QCM-D (QCM Q-Sense E1)
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chamber in a sequential order of increasing concentration (1 uM, 2 uM, 2.5 uM, 3
uM, and 4 uM), with washing steps between administration of each concentration.
The absorption and material interaction behavior of the protein samples were
evaluated on hydroxyapatite, silica, and gold sensor surfaces in three experimental
sets using a QCM-D system. After the delivery of each protein concentration to the
system and the washing step, frequency and dissipation changes were recorded at all
harmonics (F1, F3, F5, F7, F9, F11 and F13).

To characterize the adsorption of protein samples onto different sensor surfaces, data
from three different overtone orders were analyzed using the Langmuir equilibrium
model, as reported in the literature previously (Tolga T. Olmez et al., 2018; Onur et
al., 2018; Seker et al., 2017). This model relates the frequency change to the
desorption strength by the following equation.

Eq. (1)  A4f= (fuaxx C)/(ka + C)

C is the protein concentration, fuax value was estimated by the Langmuir isotherm,
and k4 value was determined by least-squares fitting.

Gibbs free energy is calculated using the following formula.

Eq. (2) AG°= -RT In(keq)

R is the gas equilibrium constant (1.987 kcal K ! mol 1), T is the reaction
temperature in K (298 K) and keq is 1/kq.

Significance is determined by Student’s t-test. p <0.5 is depicted as™®, p <0.01 as **,

p <0.001 as *** and p <0.0001 as ****
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G.1 and Table G.2. The intensity distribution of those samples was also depicted in
Figure G.1 and Figure G.2.

For CsgA at 400 nM, DLS analysis revealed a polydispersity index (PdI) of 0.366
(x0.007) and a Z-Average size of 262 (£7.0) nm right after dialysis (Day0) and a PdI
of 0.421 (+0.05) and a Z-Average size of 485 (+18.8) nm after 1 day incubation
(Day1). The increase in Z-average values indicated an increase in size, due to
polymerization of CsgA during incubation. Additionally, PdI values suggested a
polydispersed state for both days and indicated an increase in polydispersity upon
incubation.

For CsgB samples at 400 nM, DLS analysis revealed a polydispersity index (PdI) of
0.339 (£0.02) and a Z-Average size of 263 (+8.8) nm at Day0 and a Pdl of 0.415
(£0.001) and a Z-Average size of 2166 (£55) at Day1. Similar to CsgA, the increase
in Z-average values indicated an increase in size, due to polymerization of CsgB. PdI
values suggested a polydispersed state for both days and indicated an increase in
polydispersity upon incubation.

In addition, assemblies of the CsgA and CsgB fibers were visualized by TEM
analyses. 6X His tags of CsgA and CsgB fibers were labeled with Ni-NTA
conjugated gold nanoparticles and nanofiber structures formed by CsgA and CsgB
was shown by gold nanoparticle labelling (Figure 12). Assemblies of the
nanoparticles on the nanofibers displaying His-tags were visualized by TEM. The
TEM images validated that CsgA and CsgB proteins in PBS form fiber structures in

the course of 2 days incubation at room temperature.
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relating the frequency change to desorption strength. In this equation, 4fis the
frequency change recorded by QCM D at each step following protein administration
with increased concentrations. C corresponds to protein concentration at the step
where Af was recorded. fnax value is the maximum theoretical frequency change and
it was estimated by the Langmuir isotherm, using recorded frequency changes upon
differing protein concentrations.

Upon addition of increasing concentrations of polymerized CsgA through the QCM-
D system a drop in frequency for all three surfaces (Figure 14) was recorded. Except
for CsgA, other incubated protein samples have highest binding affinity to
hydroxyapatite (HA) surface compared to gold and silica. CsgB and CsgA-CsgB
equimolar mixture polymers have higher binding affinity to gold than silica (Figure
15, Figure 16), while CsgA polymer exhibits approximately similar affinity for the

two surfaces (Figure 14).
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In assessing surface binding characteristics, it should be noted that proteins and
peptides vary in length, amino acid contents, as well as their charge (neutral or
positive) and polarity or hydrophobicity. Based on diversity of peptides and proteins,
it has been possible to identify common adsorption motifs on specific surfaces (John
et al., 2019). Another contributing factor in binding of a given protein is the
properties of targeted surfaces. In a previous study, which examined the adsorption
of CsgA subunit to graphene and silica surfaces by atomic simulation, it was reported
that structural and sequence characteristics of CsgA affect the adhesive strength and
consequently provide strong adhesion to both polar and non-polar surfaces
(DeBenedictis et al., 2016).

Silica surface is composed of silanol groups (Si-OH) and siloxane bridges (Si-O-Si),
and at pH values higher than 3 silanol groups tend to be deprotonated (Mathé et al.,
2013). Therefore, in our experimental setup, silica chips have a negative surface
charge at pH 7. Surface charge is an essential parameter in terms of protein
adsorption onto surfaces. The consensual view suggests that the reversible first step
of protein adhesion onto silica results from the electrostatic properties of proteins
(Fenoglio, Fubini, Ghibaudi, & Turci, 2011). Therefore, at neutral pH, positively
charged amino acids Arg, Lys, and His are considered essential for the electrostatic
interactions with the negatively charged silica surface.

Interestingly, instead of the net charge of the protein, the total number of negatively
and positively charged amino acids affect the binding affinity of proteins onto silica,
probably due to increased polarity and hydrophilicity (Mathé et al., 2013).
Comparing our constructs in this study, CsgB contains more charged residues than
CsgA. Even though we expect CsgB to have a higher affinity than CsgA, calculated

binding free energies of CsgA, CsgB, and CsgA-CsgB mix on gold, silica, and HA
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surfaces suggests the opposite (Figure 17). Here, considering the second step of
protein adhesion can provide more detailed insight for those observations.

The second step, generally considered irreversible, depends on the ability of proteins
to form structural changes on the surface. Tightly structured (or rigid) proteins do not
induce conformational changes on the surface, so they are not very prone to
adsorption. Proteins with weak internal interactions (or soft proteins), on the other
hand, can structurally rearrange themselves on the surface more easily and
efficiently, and maximize the number of protein-surface interactions (Ikeda &
Kuroda, 2011). In addition to the aforementioned electrostatic interactions,
hydrophobic residues exposed to protein surface during the conformational changes
may interact with the hydrophobic siloxane bridges on the silica surface. Therefore,
in addition to the interaction with the charged residues, rigidity/softness of the
protein structure is crucial for adhesion onto the silica surface. It has been
demonstrated that curli fibers composed of only CsgB proteins exhibit more stiffness
than curli fibers composed of only CsgA protein (Abdelwahab et al., 2017). Besides,
combined secretion of CsgA and CsgB proteins in biofilms can produce
mechanically stiffer nanofibers. Therefore, the stiffer nature of CsgAB fibers is in
correlation with the behavior of mixture protein on the silica surface, which exhibits
the highest Gibbs free energy, and therefore lowest silica affinity (Figure 17).
Similarly, CsgA possessing the highest affinity to silica surface is in correlation with
its lower stiffness compared to CsgB and mixture fibers. Therefore, the rigidity of the
fibers appears to be a crucial parameter for adhesion onto the silica surface.
Hydroxyapatite (HA) is a naturally occurring mineral with the chemical formula
Ca5(PO4)3(OH)]. HA has a high affinity for proteins and other biomolecules (Zhou,

Wu, Dong, Wang, & Shen, 2007). Studies suggest that the pH and mechanical
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properties of proteins, as well as the surface topology of HA, can affect the protein-
HA interactions (Q. Wang et al., 2017). Computational studies suggested that —
COO- and -NH2 are the main interactions sites with HA and play crucial roles in the
protein adsorption onto the HA surfaces by forming O-Ca-O connections and
hydrogen bonds (H-bonds). Adsorption of proteins onto the Ca-rich HA surface can
be mainly regulated by strong electrostatic interactions involving Ca atoms of HA
and O atoms of carboxyl groups (Azzopardi et al., 2010). Those strong electrostatic
interactions also occur between PO4-3 anions in HA structure and the -NH+ and -
C(NH )+ groups in the protein structure (Dong et al., 2008). Therefore, acidic amino
acid residues Asp and Glu can serve as primary interaction sites with Ca, whereas
basic amino acid residues Arg, Lys, and His can serve as interaction sites with PO4-3
anions. Overall, CsgA 1s more acidic (pl value 5.20) than CsgB (pl value 6.57), and
CsgA has more acidic residues than CsgB. In contrast, CsgB has more basic amino
acids than CsgA. AG calculations suggest that the interaction of CsgB with the HA
surface is significantly higher than of CsgA (Figure 17). The strength of those
interactions is ruled by interaction distances, as well as the number of interaction
sites (Azzopardi et al., 2010; Q. Wang et al., 2017). The higher affinity of CsgB can
be due to the stronger interactions of basic amino acids with HA surface, rather than
the number of interacting residues. The binding affinity of CsgB and CsgAB is not
significantly different, indicating the forces that dominate CsgB interaction with HA
is also governing CsgAB interaction with the surface.

Cysteines in proteins can interact with gold surfaces via irreversible chemisorption,
however molecular dynamic simulations suggest that initial steps of recognition are
due to electrostatic interactions. Computational studies suggested that histidine (His)

and methionine (Met) residues have high gold binding propensity and can facilitate
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the initial adsorption of proteins onto gold surfaces, creating interactions approaching
covalent bonds (Ozboyaci et al., 2016). Other molecular dynamics simulation studies
proposed that aromatic residues form strong interactions with gold, possibly due to =
electron mediated effects. Besides, positively charged amino acids also have strong
binding affinities, whereas apolar aliphatic amino acids and negatively charged
amino acids have weak interactions with the gold surface (Hoefling et al., 2010, p.
111). Experimental studies showed that arginine (Arg), tryptophan (Trp), tyrosine
(Tyr), and cysteine (Cys) amino acids are overrepresented in peptide groups with
strong gold binding affinities (Hnilova et al., 2008).

CsgA and CsgB do not have any Cys in their structure; therefore, chemisorption of
fibers onto gold surfaces is not affecting the binding affinity. Additionally, the
number of aromatic groups in both CsgA and CsgB is the same; hence the aromatic
group-Au surface interactions are not expected to contribute significantly to the
difference in their surface binding affinity. To determine the charge of the proteins at
pH 7.0, isoelectronic points were calculated using ExPASy. CsgA has a theoretical pl
value of 5.20, and CsgB has a theoretical pl value of 6.57 that indicates both proteins
are negatively charged at pH 7.0. CsgB has more positively charged amino acid
residues than CsgA. Correspondingly, CsgB is expected to have a higher Au binding
affinity than CsgA, because of the strong binding affinity of positively charged
amino acids to Au. Besides, as the Met is reported to have a high gold binding
propensity, five Met groups in CsgB can contribute to the Au binding affinity more
than in CsgA, which has only two met groups in its structure. Histidine groups can
also contribute to gold binding affinity, however both CsgA and CsgB have the same
number of His groups. Therefore, His groups are not expected to have a role in the

difference of gold binding affinity for CsgA and CsgB. As anticipated, calculated AG
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necessary to examine and characterize systems, including proteins and target
surfaces.

Here we reported that CsgA, CsgB and their mixture behave differently in terms of
binding and interaction with gold, silica and HA surfaces. According to our
observation CsgB protein is the key protein that dictates the final adhesiveness of the
final CsgAB protein mixture on HA and silica surfaces. In contrast to this
observation, CsgA is the key component in controlling the behavior of CsgAB
mixture on gold surface. Our findings provide an understanding of binding behavior
of CsgA, CsgB and their mixture to gain a better control on their adhesion on a

targeted surface.
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3 CHAPTER III

GLYCOSYLATED BIOFILM PROTEINS FOR FUNCTIONAL

BIOMATERIALS

3.1 Introduction

Protein glycosylation is a common form of post-translational modification in all
domains of life. Glycosylation is crucial for adhesiveness of proteins, and many
adhesive proteins such as spider silk are heavily glycosylated (Hennebert,
Maldonado, Ladurner, Flammang, & Santos, 2015). Glycosylation in prokaryotes is
generally associated with but not restricted to pathogenicity, due to increased
adhesiveness to host cells (Schmidt, Riley, & Benz, 2003; Tan, Tang, & Exley,
2015). Glycans can be covalently attached to the amide nitrogen of Asn (N-linked
glycosylation) or hydroxyl oxygen of Ser and Thr (O-linked glycosylation) (Nothaft
& Szymanski, 2010). Campylobacter jejuni is the first bacteria discovered with N-
linked glycosylation. C. jejuni glycosylation pathway became the most extensively
studied bacterial glycosylation mechanism due to the transfer of protein
glycosylation (pgl/) operon into Escherichia coli (Szymanski et al., 1999; Wacker et
al., 2002). pglis a 17 kb long operon with 12 genes. Glycan molecules are
synthesized in the cytoplasm,flipped to the periplasm by PglK and transferred to the

nitrogen of Asn in D/E-X1-N-X2-S/T motif (X1 and X2 can be any amino acid
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except proline) in the periplasm to complete glycosylation process (H. Li et al., 2017,
Linton et al., 2005).

Biofilms are multicellular assemblies formed by many bacterial species in nature to
help them tolerate harsh environmental conditions and mediate substrate adhesion.
Bacteria in biofilms secrete a cohesive and protective extracellular matrix composed
of nucleic acids, polysaccharides, other biomolecules, and protein fibers as scaffolds
(Flemming & Wingender, 2010). Amyloid and amyloid-like fibrils serve several
functions in biofilms, especially during adhesion onto different surfaces and host
cells (DeBenedictis et al., 2016).

Amyloid biofilms are emerging functional biomaterials with broad applications.
Recent efforts exploited the functionalization of amyloid fibrils for applications such
as waste-water treatment (Bolisetty & Mezzenga, 2016), material synthesis
(Kalyoncu et al., 2019; Nguyen et al., 2014; Tolga Tarkan Olmez, Sahin Kehribar,
Isilak, Lu, & Seker, 2019), enzyme immobilization (Ahan, Saltepe, Apaydin, &
Seker, 2019), and biomineralization (C. Li et al., 2014; Yang et al., 2018) due to their
exquisite mechanical properties and ease of manipulation via genetic engineering. As
an example, curli fibrils fused with mussel foot proteins (Mfps) are reported as
strong underwater adhesives (Zhong et al., 2014). Since Bacillus subtilis is generally
regarded as safe (GRAS), its amyloid-like protein TasA is also used to create living

materials with desired functionalities (J. Huang et al., 2019).

3.2 Objective

Up to date, several functional groups are attached to proteins to incorporate desired

modifications and functions (Ahan et al., 2019; Bolisetty & Mezzenga, 2016; J.
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Huang et al., 2019; Yang et al., 2018). Most adhesive proteins being heavily
glycosylated can imply many opportunities for glycosylation in protein-based
biomaterial applications. de novo glycosylation may increase the adhesiveness of
biofilm fibers, since the biofilm proteins already formed rigid, robust and adhesive
fibrillar structures (Axpe et al., 2018). Given the fact that amyloid-like TasA fibrils
are utilized in biomaterial research, glycosylation appears to be a practical tool to
alter adhesive properties. Consequently, the feasibility of TasA protein fibrils as
adhesive materials may be utilized in several areas.

In this part of this thesis, I introduced and characterized glycosylation on TasA fibrils
in terms of fibril structure, binding kinetics and adhesive properties. TasA protein
was engineered to include the D/E-X1-N-X2-S/T (DQNAT) glycosylation motif at
the C terminal and expressed it in £. coli containing pg/ circuit. Subsequently, the
effect of N-linked glycosylation on fibril formation and viscoelastic properties of
fibrils were examined, as well as the time-dependent binding kinetics of matured
TasA fibrils on solid surfaces. It was demonstrated that glycosylation can enhance
adhesive properties of amyloid-like fibrils without disrupting fibrillization to produce

biomaterials with superior adhesive performance.

3.3 Materials and Methods

3.3.1 Bacterial strains and cell maintenance

In this study, F. coli DHS5a strain (NEB) was utilized for cloning. Cells were

maintained at the same conditions as the studies in Chapter 2. £. coli BL21 DE3
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strain (NEB) was used for protein expression. This strain was maintained at the same

conditions as for F. coli DH5a.

3.3.2 Mammalian Cell Lines

HeL A S3 cells (ATCC) were cultivated in DMEM (Lonza) containing 2 mM L-
glutamine, 1 g/L glucose, 10% FBS (Gibco, South America origin), penicillin (5000
U/mL) and streptomycin (100 mg/mL) (Gibco) in 5% CO; humidified incubator at

37°C (Binder).

3.3.3 Plasmid construction

The tasA gene without signal sequence and with C terminal flexible GS linker
(GGSG) was retrieved from the genome of wild-type B. subtilis 168 strain. Cells
were grown overnight, and genomic DNA was isolated according to the
manufacturer’s guidelines (QIAamp genomic DNA kit). Genomic DNA was
amplified using Q5 DNA polymerase (NEB) with primers targeting the fas4 open
reading frame, which were listed in Table B.2 (Reaction conditions were described in
APPENDIX F). To create a pET-22b (+) plasmid with pg/ glycosylation recognition
site after polyhistidine tag, DQNAT motif was added to pET-22b (+) plasmid via
PCR using forward primers with DQNAT motif at the overhang region. Primer
sequences used for PCR reactions were listed in Table B.2. For TasA cloning,
resulting DNA fragments and the pET-22b (+) plasmid were restriction digested by

high fidelity Kpnl (NEB) and Xhol (NEB) enzymes (Reaction conditions were
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described in APPENDIX F). For TasA-DQNAT cloning, tasA PCR fragments with
suitable restriction sites and pet22b (+) PCR fragments with DQNAT were
restriction digested by HF Sacl (NEB) and Avrll (NEB).

All PCR products and digested plasmids were verified and isolated as explained in
Section 2.3.2. Digested DNA fragments were ligated by T4 DNA ligase (NEB)
(Reaction conditions were described in APPENDIX F) and transformed into DHSa.
chemically competent cells, as described in 2.3.2. Plasmid maps were shown in
Figure C.3 and Figure C.4. After overnight incubation, single colonies were selected
and positive clones containing fas4 and tasA-DQONAT genes were verified by Sanger
sequencing (Genewiz, USA) (Figure D .3, Figure D.4). All genetic part sequences
used this chapter was introduced in Table A.2 and the amino acid sequences of each
design were listed in Table E.2.

All plasmid maps were designed by Benchling online tool. After cloning, selected
colonies were verified by Sanger sequencing (GENEWIZ). The sequencing results

were analyzed by Geneious R9.0.5 software.

3.3.4 Expression and purification of non-glycosylated and

glycosylated recombinant proteins in E. coli

E. coli BL21 DES3 strain was used to express non-glycosylated TasA (TasA WT) and
TasA-DQNAT (TasA D) proteins. pEt22b (+) TasA and pEt22b (+) TasA-DQNAT
plasmids were transformed into F. coli BL21 DE3 strain via chemical
transformation. To obtain TasA proteins with glycosylation (TasA DP), TasA-

DQNAT construct was transformed to F. coli BL21 DE3 strain containing pg/
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pathway from C. jejuni, a kind gift from Markus Aebi (Wacker et al., 2002).
Expression of TasA and TasA-DQNAT were controlled by T7 promoter and
switched on in the presence of IPTG. Bacteria harboring TasA and TasA-DQNAT
expressing plasmids were grown in the auto-induction medium (Fox & Blommel,
2009) for 24 hours at 37 °C, 200 rpm. Following incubation, bacterial culture was

centrifuged at 8000 RCF and the pellets were kept at -80 °C until purification.

For purification, cell pellets were resuspended in lysis buffer (1X PBS pH 7.4
containing 6M guanidine hydrochloride and 20mM imidazole and 0.2% Tween-20).
The suspensions were incubated at +4 °C for 1 hour, on an end-to-end rotator, then
sonicated at 30% power for 5 minutes with 10 s on/20 s off cycles. Sonicated
suspensions were centrifuged at 21.500g for 1 hour and supernatant was filtered with
0.45um filter. Filtered lysate was loaded on HisTrap nickel column (GE life sciences
17524701) that was pre-equilibrated with wash bufter (1X PBS pH 7.4 containing
6M guanidine hydrochloride and 20mM imidazole and 0.2% Tween-20). The column
was washed with 10 column bed volumes of wash buffer. Finally, proteins were
eluted with 5 column bed volumes of elution buffer (1X PBS pH 7.4 containing 6M
guanidine hydrochloride and S00mM imidazole). To remove Gdn HCI and induce
fibrillization of proteins, samples were dialyzed against ddH2O for 2 hours at room

temperature and then for O/N at +4 °C in fresh ddH>O, with gentle stirring.

3.3.5 SDS-PAGE and Western Blot

Since TasA is an amyloid-like protein, it tends to form amyloid-like fibers. GdnHCI

provides the strong denaturing conditions required for purification and upon the
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removal of GdnHCI, TasA starts to form oligomers/fibers. However, TasA fibers are
not as strong as CsgA or CsgB fibers, therefore incubating TasA fibers at 95 °C in
SDS-PAGE sample buffer for 1 hour is sufficient to break down protein oligomers
for SDS-PAGE analysis (L. Chai et al., 2013). TasA and TasA-DQNAT proteins
were dissolved in 2x Laemmli sample buffer and incubated at 95 °C for 1 hour. 12%
SDS gel was used to separate ~ 35 kDa TasA proteins. 12 % SDS-PAGE was casted

as described in 2.3.6. 1xSDS Running Buffer was used during the run.

For SDS-PAGE, the gels were stained staining in Coomassie brilliant blue R-250 and
for destaining the gel was incubated in destaining solution until the bands were
clearly visible. For detecting his-tagged proteins by Western blot was conducted as

explained in Section 2.3.6.

3.3.6 Detection of glycosylation by soybean agglutinin (SBA) blot

For SBA blot, TasA proteins were electrophoresed on 12 % SDS-PAGE and proteins
were transferred to PVDF membrane using Trans Blot Turbo (Biorad). Following,
the membrane was blocked with 5% bovine serum albumin (BSA) (Sigma) in TBS-T
(0.1 % Tween 20) for 2 hours with rocking at room temperature. After blocking, the
membrane was transferred into 5% BSA in TBS-T containing 1:2500 HRP
conjugated SBA (Sigma Aldrich, L.1395) and incubated for 1 hour at room
temperature with rocking. The membrane was washed with TBS-T for 5 minutes, a
total of 5 times with shaking. ECL Substrate (Biorad 170-5060) was used for
visualization according to manufacturer’s instructions and the membrane was imaged

immediately in ChemiDoc MP Imaging System (Biorad) with Image Lab Software.
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3.3.7 Fiber formation and scanning transmission electron microscopy

(STEM)

Protein concentrations were determined using BCA Assay as explained in previous
chapter. Concentrations of freshly purified TasA WT, TasA D and TasA DP
monomers were diluted to 10 uM, immediately after dialysis of proteins into ddH>O.
Prepared TasA WT, TasA D and TasA DP proteins were incubated at room
temperature for 28 days to induce fiber formation.

Fiber formation characteristics and fiber morphologies of TasA WT, TasA D and
TasA DP samples were analyzed by scanning electron microscopy (STEM) at Day,
Day7, Day14 and Day 28 of fibrillization. For STEM analysis, biofilm protein fibers
with histidine tags were labeled with nickel nitrilotriacetic acid- conjugated gold
nanoparticles (5 nm, Nanoprobes) on TEM grids (formvar carbon-coated 200 mesh
nickel grids (Electron Microscopy Sciences), as described previously in 2.3.7. The
samples were visualized using STEM module of environmental scanning electron

microscope (SEM) (FEI Quanta 200 FEG) with varying voltages.

3.3.8 Fiber characterization by atomic force microscopy (AFM)

For atomic force microscopy (AFM) analysis of fiber morphology and fiber kinetics,
following affinity chromatography, size exclusion chromatography was performed
using HiPrep 16/60 Sephacryl S-200 HR SEC column (GE lifesciences) according to
the manufecterer’s protocol. 1X PBS pH 7.4 containing 6M guanidine hydrochloride
was used as mobile phase. Then, proteins were desalted into 25 mM NaCl using

HiTrap desalting column (GE lifesciences), according to manufacturer’s instructions.
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Desalted proteins were incubated at room temperature over the period of 28 days. At
day 21 and 28, samples were prepared for imaging. 100 ul protein sample was
incubated for 3 minutes on freshly cleaved mica surface. Treated mica was rinsed
with ddH;O, then dried with nitrogen stream. The AFM was operated at tapping
mode using silica cantilevers. The acquired images are used for height and length
analysis of fibrils with the open-source software FiberApp (Usov & Mezzenga,
2015). The fibril height and length distributions of TasA, TasA D and TasA DP were
compared with each other using the Kolmogorov—Smirnov statistic test. p values
were calculated, and distributions were accepted as the same if p value is greater than

0.05.

3.3.9 Secondary Structure Analysis by Circular Dichroism (CD)

For CD analysis, 1 uM of each protein was prepared at Day1, Day7, Day 14 and Day
28 of incubation. The CD spectra of samples was measured from 300nm to 190nm
with 5 repeats (Jasco J-815) at room temperature with 300 sec delay time, 1 mm
band width. Data was analyzed using the Bestsel online tool for secondary structure

analysis (Micsonai et al., 2018, 2015).

3.3.10 Quartz Crystal Microbalance (QCM)

The gold QCM sensors were cleaned with basic piranha solution (1:3 Hydrogen
peroxide: Ammonia) at 70°C for 30 minutes, washed in ddH20 and dried with N2

stream before each measurements. QCM sensor was equilibrated with the ddH-O.
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Proteins were diluted to 1uM, 2uM, SuM and 10uM samples and sonicated at sonic
baths just before use. Samples with increasing concentrations were applied with 30
ul/minute flow rate for 3 minutes at 25°C. Between each concentration, QCM
sensor was equilibrated with the ddH>O for 10 minutes. F1, F3, F5, F7, F9, F11 and
F13 harmonics were collected during the experiments on QSense explorer QCM
device with gold coated sensor (Biolin Scientific). QCM data were collected for all
TasA, TasA D and TasA DP samples at Day7, Day 14 and Day28.

To characterize the effect of glycosylation on the adsorption of each TasA samples
onto gold sensor surfaces, data from five different overtone orders were analyzed
using the Simple adsorption model:

A= (fnax X C)(ka + C)

where C was the protein concentration, f.: value was estimated by the adsorption
isotherm, and 44 value was determined by least-squares fitting.

AG°values were calculated according to the formula:

AG*=-RTIn(keq)

where R was ideal gas constant (1.987 kcal/ K. Mol), T was temperature at Kelvin
scale, and k., was 1/k,. Statistical significance between experimental sets were

calculated using student t-test.

3.3.11Cell adhesion

Non-treated 96 well plates were coated with 10 uM of matured TasA, TasA D and
TasA DP samples at Day7, Day14 and Day28 of maturation. 50 ul of samples were
dried on the wells, as triplicates. The wells were blocked by 0.1 % BSA in low

glucose DMEM, overnight at +4 °C. Next day, 5 X 10*HeLa S3 cells were added to
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each well in FBS free low glucose DMEM with 0.1% BSA and allowed to adhere
onto coated surfaces for 90 minutes in 37 °C, 5% COz incubator. Following, non-
adherent cells were washed with 1 X PBS three times and for recovery, adhered cells
were incubated in 10 % FBS low glucose DMEM for 4 hours in 37 °C, 5% CO
incubator. Wells were washed with 1 X PBS 3 times, and alive cells adhered onto
coated surfaces were dyed with 1 uM Calcein AM for 30 minutes. The adhered cells
were visualized with an inverted fluorescent microscope and cells were counted from
3 different points for each well. Experiments were conducted in triplicates. Statistical

significance between experimental sets were calculated using student t-test.

3.4 RESULTS AND DISCUSSION

3.4.1 Cloning, expression and purification

In this study, we focused on TasA amyloid-like protein due to its functionalization
capacity with peptide/protein inserts without losing its self-assembling properties,
therefore allowing production of nanofibrils with additional desired functions (J.
Huang et al., 2019). Even though amyloid and amyloid-like proteins of biofilms were
functionalized with several peptide/protein groups previously, their recombinant
glycosylation has not been reported before. We examined the effect of glycosylation
on adhesive and viscoelastic properties of purified TasA fibrils, as depicted in Figure

18.
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prefer glucose initially and following depletion of glucose, cells are forced to
consume lactose, which drives expression from T7 promoter (Studier, 2014).
Following cell lysis under denaturing conditions (with 6M guanidine HCI), TasA
WT, TasA D and TasA DP proteins were purified with immobilized metal affinity
chromatography (IMAC) under denaturing conditions. Purified proteins were
dialyzed against ddH,O and verified using SDS-PAGE and Western blotting using
antibodies against polyhistidine tag (Figure 23.A). Theoretical molecular weights of
the recombinant TasA WT and TasA D/TasA DP proteins were calculated as 27.2
kDa and 28.4 kDa, respectively, using the Swissprot Expasy tool. In Western Blot
and SDS PAGE, TasA bands appeared at ~35 kDa. There are additional bands at
lower molecular weights which are thought to correspond to translations from in-
frame AUG codons in fasA gene or degradation products.

For analysis of fibrillization kinetics and fibril characteristics in AFM, highly pure
protein samples are needed. For this purpose, TasA proteins were further purified
with size exclusion chromatography (SEC) and displayed single bands at ~35 kDa

for SDS-PAGE (Figure 23 B).
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CD spectrum and Bestsel secondary structure calculations of 1 day old, 7 days old
and 28 days old TasA fibrils depicted similar structural behavior in response to
DQNAT motif and glycan addition, indicating that maturation duration has no effect

on the structural behavior of TasA, TasA D and TasA DP samples (Figure 26).

3.4.4 Analysis of fibrillization and fibril morphology by STEM and

AFM

Despite the fact that CD analysis indicated no significant effect of glycosylation on
secondary structure, fibril formation or morphology could still be disrupted by
DQNAT motif or glycan groups. Matured samples were examined with scanning
transmission electron microscopy (STEM) (Figure 27). STEM images of 14 days old
samples revealed the surfaces are coated with wide film-like agglomerations and
smaller aggregates and upon DQNAT motif or glycan addition, however film-like
coatings are not disrupted. STEM images of 1 day, 7 days and 28 days old samples

revealed similar structures (Figure 28).
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For analysis with better resolution, we characterized the 21 and 28 days old fibrils by
atomic force microscopy (AFM). 3D AFM images of 28 days old TasA, TasA D and
TasA DP samples exhibited small fibrillary structures (Figure 29.a). The height and
length distribution of those fibril-like structures are analyzed with open source
software FiberApp (Usov & Mezzenga, 2015) (Figure 29.b), and the similarity of
distributions are tested using Kolmogorov—Smirnov statistic. p values are greater
than 0.05, therefore the distributions did not change significantly upon glycosylation.
The average height is around 3 nm for all types of fibrils. The average length of
formed fibrils where TasA fibrils are shortest while TasA DP fibrils are longest,
however the difference was not significant. Similarly, for 21 days old sample, the
same pattern in fibril height and contour length is observed (Figure 30). The analysis
depicted that DQNAT motif or glycans did not significantly affect structures of small

fibrils.
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3.4.5 Analysis of adsorption kinetic and viscoelastic properties with

QCM-D

Proteins, in general, tend to adhere more effectively on hydrophobic surfaces
(Anand, Sharma, Dutta, Kumar, & Belfort, 2010). Glycoproteins, on the other hand,
extensively adsorb on hydrophilic surfaces since the hydrophobic domains are
masked by hydrophilic glycan groups (Rabe, Verdes, & Seeger, 2011). Therefore,
glycosylation of TasA could enhance its adsorption on hydrophilic surfaces. Since
gold surfaces are used for several biomedical applications due to their
biocompatibility and ease of functionalization (Elahi, Kamali, & Baghersad, 2018),
we analyzed the adsorption kinetics of matured TasA fibrils on gold surfaces with
Quartz Crystal Microbalance with Dissipation (QCM-D) to assess the applicability of
TasA protein as surface coating material. QCM-D records the frequency and
dissipation change of a quartz crystal as a function of mass deposited on the surface
at all the harmonics (n=1,3,5,...,13), and provides real-time quantitative monitoring
of surface-protein interactions as well as the viscoelastic properties of the deposited

film (S. Huang et al., 2017).

Figure 31.a shows frequency shifts upon adsorption of 14 days old TasA, TasA D
and TasA DP samples on gold QCM-D chips. Interaction of 1 uM samples resulted
in a rapid initial decrease in the frequency, indicating the deposition of proteins on
the sensor surface. Sequential administration of samples with increased
concentrations (2 uM, 5 uM and 10 uM) caused further but slower drops in the
frequency, as the surface coverage approaches saturation. Small changes in

frequency were recorded upon rinsing, indicating that some of the adsorption was
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reversible in the studied time-scale. Applied protein concentration to the sensor
surface correlates with resonance frequency shifts (Figure 31.b). This correlation
indicates the strength of binding. Frequency shifts upon adsorption and their
correlation with protein concentration for 1 day, 7 days and 28 days old samples are
depicted in Figure 32.

Data collected from QCM-D experiments is used to calculate desorption constant (k)
of matured TasA, TasA D and TasA DP samples (Table G.3), as reported in the
literature before (Tolga T. Olmez et al., 2018; Onur et al., 2018; Seker et al., 2017).
The least squares curve fitting was used to fit the simple adsorption model to
experimental data in Figure 31.b to calculate fn.x and k4. Calculated desorption
constants of 14 days old samples are demonstrated in Figure 31.c. DQNAT motif
addition (TasA D) readily caused a significant (p<0.01) decrease in k; values
compared to TasA samples. Furthermore, glycosylation (TasA DP) resulted in a
more significant (p<0.0001) decrease in k4 values, compared to TasA D samples. ks
calculations of 1 day, 7 days and 28 days old samples also displayed the same
behavioral pattern (Figure 33) indicating that maturation durations did not alter the

effect of glycosylation on adsorption kinetics.
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QCM-D measures the mass of both protein and coupled water. Mass of the trapped,
intra-layer or hydrodynamically coupled water also affects the viscoelastic response
of the adsorbed layer (Vogler, 2012). Increase in dissipation corresponds to enhanced
viscous behavior and conversely, decrease in dissipation corresponds to enhanced
elasticity (Clegg, Ludolph, & Peppas, 2020). Therefore, 4D/Af ratio can be used to
determine flexibility of the deposited film, where larger 4D/Af ratio is indicative of
more viscous and flexible films (Aung, Ho, & Su, 2008). Glycan groups are reported
to structure water molecules in their vicinity and even in longer ranges (Espinosa-
Marzal et al., 2013), therefore glycosylated TasA samples are expected to represent a
more viscous behavior. Viscosity can enhance cell adhesion on surfaces (Valentin et
al., 2019) and the viscoelastic properties of coating materials influence cellular
behavior (Charrier, Pogoda, Wells, & Janmey, 2018). Therefore, characterization of
viscoelastic properties can hold important clues in terms of designing functional
surfaces. In order to understand the differences between viscoelastic properties of
deposited films, we assessed 4D/Af ratios of TasA, TasA D and TasA DP samples
with different maturation times (Figure 34.b). 4D/Af ratios are calculated from the
end point of 4D and Af values after protein addition at different concentrations.
Addition of the DQNAT motif significantly affects 4D/Af ratio for 1 day old and 7
days old samples. At day 1, TasA has the higher ratio and at day 7, TasA D has a
significantly higher ratio than TasA. However for day 14 and 28, no significant

difference is observed between A4D/Af ratios of TasA and TasA D samples.
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AD/Af ratio does not only vary between samples, but also varies with maturation time
(Figure 34.b). The viscoelastic behavior of different samples over the time show
some discrepancies. For TasA, AD/Afratio does not change significantly in day 7,
increases significantly (p<0.01) at day 14 and then does not display any further
significant change. Overall, the 4D/Af ratio of TasA fibrils is not affected by
maturation from day 1 to day 28. For TasA D, 4D/Af ratio increases significantly in
day 7 (p<0.0001) unlike TasA, but shows a sharp decrease at day 14 (p<0.001) and
then does not display any further significant change. However, between day 1 and
day 28, the AD/Af ratio of TasA D fibrils increased significantly (p<0.001). TasA
DP, on the other hand, shows an increase in 4D/Af ratio at day 7 with respect to day
1 (p<0.05), then does not display any further significant change in day 14 and day
28. Overall, there is no significant change in 1 day old and 28 days old TasA DP
fibrils in terms of 4D/Af ratio. Even though only TasA D samples demonstrated a
significant change in viscoelastic properties between day 1 and day 28 samples, all
samples displayed alterations at different time points during the maturation process.
Overall, viscoelastic properties of TasA and TasA DP fibril did not change
significantly, whereas TasA D fibrils showed increased viscosity and flexibility over
the course of time.

In order to understand the viscoelastic properties of deposited films over time with
increasing concentration, we plotted 4D vs Af graphs of TasA, TasA D and TasA DP
samples with different maturation times. The plots for 14 days old samples are
depicted in Figure 34.c. 4D vs Af plots can reveal differences between adsorption
behavior of proteins, not directly observed from time dependent 4D or Af plots. For
all proteins, 4D vs Af graphs display two different phases with different slopes along

the adsorption process, indicated with black arrows. Those difterent slopes depicted
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as ki and ko, indicate at least two different kinetic processes (Valentin et al., 2019).
For TasA, the initial slope is much higher and the slope after the break point is lower
than other proteins (k; =0.93 and k> =0.41). This data depicts that a flexible layer is
formed initially and the flexibility of the layer is decreased with increasing protein
concentration. For TasA D and TasA DP samples, the initial slope k; and the slope
after the break point k is very similar (k; TasA D=0.25 and k; TasA DP=0.27, k>
TasA D=0.92 and k> TasA DP=1) indicating a similar adsorption kinetics for
glycosylated and non-glycosylated samples. In contrast to TasA, larger k> values
indicate a rigid initial layer and increased flexibility with increasing protein
concentration. The biphasic adsorption kinetics indicates an initial adsorption onto
surfaces, followed by the rearrangements/conformational changes within the
adsorbed layer (Ho0k, Rodahl, Kasemo, & Brzezinski, 1998). As explained
previously, proteins separated on the surface results in higher dissipation at low
surface coverages. The higher k7 value of TasA can arise from lower surface
coverage at low protein concentrations, in correlation with its higher £, value. As the
surface coverage increases with high protein concentrations, close packing results in

more rigid films and less dissipation.

3.4.6 Effect of glycosylation on cell adhesion

Understanding cell adhesion behavior on a surface is of crucial importance for
biomaterial studies, as desired cell adhesion properties may be different for each
application. For example, biomaterials that interact with blood such as artificial
vessels are required to be non-adherent to cells, whereas scaffolds for tissue

generation studies need to promote cell adhesion to the material (W. Huang, Anvari,
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Torres, LeBaron, & Athanasiou, 2003; Khalili & Ahmad, 2015). Thus, we
determined the cell adhesion capacity for matured TasA, TasA D and TasA DP
fibrils using HeLLa S3 cells to analyze the effect of maturation and glycosylation on
cell adhesive properties. Representative fluorescent microscopy images of Calcein
AM labeled adhered cells are depicted in Figure 36.a and the total number of adhered
cells are summarized in Figure 36.b.

Even though the number of adhered cells appears to decrease by DQNAT motif
addition and increase by glycan addition, the high variation between each
experimental set leads to an insignificant change in cell adhesion capacity of
glycosylated samples. However, glycosylated or non-glycosylated, all samples have
cell adhesion capacity in the range of positive control. This data suggests that
glycosylated TasA fibrils possess improved affinity to gold surfaces and can be

utilized in applications that require cellular adhesion.
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3.5 Conclusion

Biofilms are widely utilized adhesive materials composed of both living and
nonliving components. In nature, these self-assembling multilayer structures protect
bacteria from challenging environments and are often linked to pathogenicity due to
enhanced adhesiveness to host cells. Its adhesiveness, along with many other
properties, has been utilized in many applications. When other adhesive proteins in
nature are envisioned, such as silk and mussel foot proteins (Mfps), they are found
highly glycosylated. Here, we combined two pro-adhesiveness components, B.
subtilis biofilm protein TasA and C. jejuni glycosylation pathway and successfully
produced recombinant glycosylated TasA proteins as a novel method to enhance
adhesive properties. We calculated desorption constant (ks) and Gibbs free energy
(4G°) of adsorption and found that TasA DP has lower ksand 4G, suggesting that
glycosylation significantly improved adsorption characteristics of TasA to gold
surface. This enhancement in the surface adsorption can be due to the interaction of
hydrophilic glycan groups on the surface of the proteins with oxidized gold surface .
This can also explain the enhanced adsorption upon addition of hydrophilic DQNAT
motif. CD, STEM and AFM data suggested that glycosylation of biofilm proteins did
not affect the secondary structure. Even though the contour length of the fibrils has
changed upon DQNAT motif or glycan addition, height of the fibrils remain
unchanged and film-like coatings are not disrupted.

We also investigated viscoelastic properties of TasA, TasA D and TasA DP by
analyzing 4D/Af plots and observed that glycosylated TasA forms a more compact
and rigid layer, compared to TasA and TasA D. Normally, glycan groups are known

to interact with water molecules, therefore, expected to increase hydration and
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viscosity. However, the amount of coupled water is also related with how protein
packs within the interface (Vogler, 2012). If the interaction of the protein with the
surface is stronger than the interaction within the protein, proteins can form a closely
packed, rigid thin layer on the surface resulting in higher surface coverage, therefore,
entrapping less water within the film. In addition, this could result in reduced film
flexibility due to electrostatic repulsion between the densely packed groups®’. Noting
that glycosylated samples result in high affinity to gold surface, lower dissipation
values of glycosylated samples suggest the formation of a denser thin layer and
higher surface coverage due to increased surface affinity, which results in less water
entrapment and reduced flexibility. In addition, charge of glycans may also
contribute to the reduced flexibility of densely packed films, due to electrostatic
repulsion.

Conformational rearrangements during the maturation process can alter secondary
structures. When AD/Af plots and secondary structure predictions are co-analyzed, a
significant increase in 4D/Af ratio of TasA is observed (Figure 34.b) between day 7
and day 14, which is in correlation with a significant increase in anti-parallel beta
sheets and a significant decrease in alpha helical structures. On day 28, the
percentage of anti-parallel beta sheets decreases significantly and displays no
significant difference between day 1 and day 28. TasA D has an increased 4D/Af
ratio between day 1 and day 7 and a significant increase in anti-parallel beta sheets,
similar to TasA. A decreased AD/Af ratio is accompanied with a decrease in alpha
helical structure between day 7 and day 14, while the anti-parallel beta sheet content
remains the same. Between day 1 and day 28, no significant change is observed in
the percentage of secondary structures, however the 4D/Af ratio is significantly

increased. For TasA DP, alpha helix and beta sheet content of the sample is altered
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significantly between day 14 and day 28, however those changes are not detected as
a change in 4D/Af ratio. Similarly, the small increase in 4D/Af ratio between day 1
and day 7 is not detected as a significant change in secondary structures. This data
suggests that the differences in viscoelastic properties are not solely due to structural
rearrangements but also differences in hydration capacity contributions to viscous
and elastic properties of the samples. Taken together, the fluctuation in percentages
of secondary structure elements along with the associated water molecules can alter
AD/Af ratios.

Biocompatibility of a surface is generally related with cell adhesion onto the surface
(Lord et al., 2006). Glycosylated TasA fibrils with different maturation times are
reported to support cell adhesion. In conclusion, glycosylated TasA fibrils hold a
potential as biocompatible coating or scaffold materials for applications that require
enhanced cell adhesion such as tissue engineering, wound sealants and medical
devices. Due to their higher adsorption affinity and higher surface coverage,

glycosylated TasA fibrils may be utilized as superior coating materials.
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4 CHAPTERIV

RGD FUNCTIONALIZED AMYLOIDS AS BIOMATERIALS

WITH ENHANCED CELL ADHESION CAPACITY

4.1 Introduction

For tissue development and maintenance, cell adhesion is a fundamental process with
great importance. Therefore, it 1s critical to consider cell adhesion properties of
different materials during biomaterial design and development, as specific
applications can require various cell and tissue adhesion characteristics. For instance,
during the design of as artificial valves or vessels, the utilized biomaterials are
required not to adhere to blood cells or plasma proteins to avoid esuchmbolism or
similar disorders. However, production and design of other biomaterials can require
enhanced adherence to cells for cell proliferation on contact surfaces, such as tissue
scaffolds, implantable sensors or artificial bones(Khalili & Ahmad, 2015).

Amyloids are protein aggregates that self assemble into highly ordered fibrillar
structures. Amyloids are generally associated with toxicity in neurological disorders
such as Huntington’s and Alzheimer’s disease. However, numerous functional

amyloid structures are found in nature with defined functions in organisms. For
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example, curli proteins of biofilms from several microorganisms such as £. coli, B.
subtilis, P. aeruginosa are examples of functional amyloids, that provide resistance
to harsh environmental conditions (Fowler, Koulov, Balch, & Kelly, 2007). Their
high mechanical strength, stiftness, stability and ease of functionalization via
alteration of amino acid sequences make amyloid fibrils suitable candidates as
nanostructured biomaterials for various applications (Jacob et al., 2015; Mankar,

Anoop, Sen, & Maji, 2011)

4.2 Objective

In this section, I proposed that curli proteins CsgA and CsgB from . coli, TasA and
TapA from B. subtilis as well as FapC and FapB from P. aeruginosa can be utilized
to develop tissue scaffolds to support cell adhesion and they can be modified via
addition of functional motifs for specific applications, to enhance their adhesive
capacity. For this purpose, I characterized their recombinant production and secretion
capacity in F. coli, using its native biofilm secretion pathway. Here, I aim to
characterize the cell adhesion capacity of £. coli curli proteins with and without
addition of RGD functional peptide motif and analyze the differences in cell

adhesion capacity following fusion of functional peptide groups with curli proteins.
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4.3 Materials and Methods

4.3.1 Bacterial strains and cell maintenance

In this study, £. coli DH5q. strain (NEB) was utilized for cloning and E. coli BL21
DES3 strain (NEB) was used for protein expression, as explained in more detail in
Chapter 2. For biofilm secretion, F. coli K12 strains devoid of csg4 gene (AcsgA
strain) and £. coli K12 strains devoid of csg4 and csgB genes (AcsgAB strain). This

strain was maintained at the same conditions as for /. coli DH5q.

4.3.2 Mammalian cell lines

HEK293 cells (ATCC) were maintained using the same conditions as HeLa S3 cells
as explained in Section 3.2.2. Briefly, the cells were cultivated in DMEM with 2 mM
L-glutamine, 1 g/L glucose, 10% FBS, penicillin and streptomycin in 5% CO-

humidified incubator at 37°C.

4.3.3 Plasmid construction

Firstly, pET22b csga-RGD and peET22b csgB-RGD plasmids were constructed for
inducible expression of genes of interest. The c¢sgA and csgB genes without signal
sequences were amplified from F£. coli K12 MG 1655 genomic DNA using the
primers listed in Table B.3. pET22b (+) plasmid without pelb leader sequence and

with C terminal 6 X His-tag, flexible GS linker (GGSG) and RGD peptide were
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amplified from previously constructed (in Chapter 3) pET22b (+) plasmid without
pelb leader sequence using the primers RGD F (66) and RGD R (68), listed in Table
B.3. DNA was amplified using Q5 DNA polymerase (NEB) (Reaction conditions
were described in APPENDIX F). PCR products of inserts and vector were verified
on 1% agarose gel. NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) was
used according to the manufacturer’s instructors to isolate DNA from agarose gels.
PCR fragments were digested using HF Kpnl (NEB) and Xhol (NEB) restriction
enzymes. NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) was used to
isolate digested DNA from reaction mix. Digested DNA fragments were ligated by
T4 DNA ligase (NEB) (Reaction conditions were described in APPENDIX F). The
ligation product was transformed into DH5a chemically competent cells, as
described in 2.3.2. Plasmid maps were shown in Figure C.5 and Figure C.6. After
overnight incubation, single colonies were selected and positive clones containing
csgA-RGD and ¢sgB-RGD genes were verified by Sanger sequencing (Genewiz,
USA). The sequencing results were analyzed by Geneious R9.0.5 software by
alignment (Figure D.5, Figure D.6). All genetic part sequences used this chapter was
introduced in Table A.3 and the amino acid sequences of each design were listed in
Table E.3. All plasmid maps were designed by Benchling online tool.

Secondly, pZa pBAD csgA, pZa pBAD csgB, pZa pBAD tasA and pZa pBAD tapA
plasmids were constructed for secretion of biofilm proteins. The csg4 and csgB
genes with signal sequences were amplified from £. coli Nissle genomic DNA using
the primers listed in Table B.4. The fasA and tapA genes without native signal
sequence were retrieved from the genome of wild-type B. subtilis 168 strain using
the primers listed in Table B.4. After first amplification with those primers, N42

signal sequence was added to both fas4 and fapA gene by sequential PCR reactions
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using P2 FWD, P3 FWD and P4 FWD primers, listed in Table B.4. Genomic DNA
was amplified using Q5 DNA polymerase. PCR products of inserts and pZa pBAD
vector digested by HF Kpnl (NEB) and Xhol (NEB) enzymes were verified on 1%
agarose gel. NucleoSpin Gel and PCR Clean-up kit was used to isolate DNA from
agarose gels. PCR fragments were digested using the same restriction enzymes and
digested inserts were isolated by NucleoSpin Gel and PCR Clean-up kit. Digested
DNA fragments were ligated by T4 DNA ligase. The ligation product was
transformed into DHSa chemically competent cells. Plasmid maps were shown in
Figure C.7, Figure C.8, Figure C.9 and Figure C.10. After overnight incubation,
single colonies were selected and positive clones were verified by Sanger sequencing
(Genewiz, USA). The sequencing results were analyzed by Geneious R9.0.5
software by alignment (Figure D.7, Figure D.8, Figure D.9 and Figure D.10). All
genetic part sequences used this chapter was introduced in Table A.4 and the amino
acid sequences of each design were listed in Table E.3. All plasmid maps were
designed by Benchling online tool.

Following, pZa pBAD csgA His, pZa pBAD csgB His, pZa pBAD tasA His, pZa
pBAD tapA His, pZa pBAD fapC His and pZa pBAD fapB His plasmids were
constructed for easier verification of biofilm protein secretion. The csg4 and csgB
genes with native signal sequences as well as fas4 and tapA genes with N42 signal
sequences were amplified from previously constructed plasmids using the primers
listed in Table B.5. The fapC and fapB genes of P. aeruginosa without signal
sequences were codon optimized for . coli expression and synthesized from
GenScript Inc. (USA). N42 signal sequence was added to both fapC and fapB genes
by sequential PCR reactions using primers listed in Table B.5, using Q5 DNA

polymerase. PCR products of inserts and pZa pBAD vector digested by HF Kpnl
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(NEB) and Xhol (NEB) enzymes were verified on 1% agarose gel. NucleoSpin Gel
and PCR Clean-up kit was used to isolate DNA from agarose gels. PCR fragments
were digested using the same restriction enzymes and digested inserts were isolated
by NucleoSpin Gel and PCR Clean-up kit. Digested DNA fragments were ligated by
T4 DNA ligase. The ligation product was transformed into DHS5a, chemically
competent cells. Plasmid maps were shown in Figure C11, Figure C.12, Figure C.13,
Figure C.14, Figure C.15 and Figure C.16. After overnight incubation, single
colonies were selected and positive clones were verified by Sanger sequencing
(Genewiz, USA). The sequencing results were analyzed by Geneious R9.0.5
software by alignment (Figure D11, Figure D.12, Figure D.13, Figure D.14, Figure
D.15 and Figure D.16.). All genetic part sequences used this chapter was introduced
in Table A.5 and the amino acid sequences of each design were listed in Table E.3.
All plasmid maps were designed by Benchling online tool.

Lastly, in order to increase biofilm secretion yield under an anhydrotetracycline
(aTc) inducible promoter, pZa tetO csgA His and pZa tetO csgA RGD plasmids were
constructed. The csgd His and csgd RGD genes with native csgA signal sequence
were amplified from previously constructed plasmids with sequential PCR reactions
using the primers listed in Table B.6 using Q5 DNA polymerase. PCR products of
inserts and pZa tetO vector digested by HF Kpnl (NEB) and HF Mlul (NEB)
enzymes were verified on 1% agarose gel. NucleoSpin Gel and PCR Clean-up kit
was used to isolate DNA from agarose gels. PCR fragments were digested using the
same restriction enzymes and digested inserts were isolated by NucleoSpin Gel and
PCR Clean-up kit. Digested DNA fragments were ligated by T4 DNA ligase. The
ligation product was transformed into DHSa chemically competent cells. Plasmid

maps were shown in Figure C.17 and Figure C.18. After overnight incubation, single
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colonies were selected and positive clones were verified by Sanger sequencing
(Genewiz, USA). The sequencing results were analyzed by Geneious R9.0.5
software by alignment (Figure D.17 and Figure D.18). All genetic part sequences
used this chapter was introduced in Table A.6 and the amino acid sequences of each
design were listed in Table E.3. All plasmid maps were designed by Benchling

online tool.

4.3.4 Expression and purification of non-functionalized and

Junctionalized biofilm proteins

E. coli BL21 DES3 strain was used to express CsgA His, CsgA RGD, CsgB His and
CsgB RGD proteins from pET22b (+) plasmid. T7 promoter was induced by IPTG.
Bacteria harboring plasmid constructs were grown in LB medium supplemented with
antibiotics at 37 °C. After overnight incubation, cell culture was diluted to 1:50 in
fresh LB medium. At ODgoo ~0.6, expressions were induced with IPTG addition to a
final concentration of 1 mM. Following two hours incubation at 37 °C 200 rpm,
bacterial culture was centrifuged at 8000 RCF. For purification, HisTrap nickel
column was used as described in Section 3.3.4. To remove guanidine hydrochloride
and induce fibrillization of proteins, samples were dialyzed against ddH2O for 2
hours at room temperature and then for O/N at +4 °C in fresh ddH>O, with gentle

stirring. Purified proteins were incubated at room temperature for aging.
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4.3.5 Extracellular expression of biofilm proteins

In order to induce biofilm formation from pZa pBAD csgA, pZa pBAD csgB, pZa
pBAD tasA, pZa pBAD tapA, pZa pBAD csgA His, pZa pBAD csgB His, pZa
pBAD tasA His, pZa pBAD tapA His, pZa pBAD fapC His and pZa pBAD fapB His
constructs, plasmids were transformed into AcsgAd and AcsgAB competent cells by
chemical transformation. Bacteria harboring plasmid constructs were grown in LB
medium supplemented with antibiotics at 37 °C. After overnight incubation, cell
culture was diluted to 1:25 in fresh LB medium and grown till ODgoo ~0.6. The cells
were centrifuged, and pellet was resuspended in equal volume of M63 medium
(Amresco) supplemented with MgSO4 (Sigma) (1 mM), glycerol (Sigma) (0.02 %)
and casein hydrolaysate (Sigma) (0.02%). Following, cells were induced with L (+)
arabinose (Sigma) to a final concentration of 0.2 %. CsgA His and CsgA RGD
expressions were induced with IPTG addition to a final concentration of 1 mM. Cells
were induced at 30 °C for 4 days. Cells were centrifuged at 8000 RCF, pellet was
kept at -20 °C and supernatant was kept at +4 °C for further analysis. For biofilm
formation on solid media, YESCA agar (1 g/L yeast extract, 10 g/L. casein
hydrolayse, 20 g/l agar) plates including 0.2 % L (+) arabinose were prepared as
minimal medium instead of M63. 10 ul of overnight culture was inoculated onto
YESCA agar plate and incubated at 30 °C for 4 days. Cells were scraped from plate

and resuspended in 1X PBS for analysis.

In order to induce biofilm formation from pZa tetO csgA His and pZa tetO csgA
RGD constructs, plasmids were transformed into Acsg4 competent cells. Overnight

cultures of cells were diluted to 1:100 in M63 medium supplemented with MgSQO4
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(1mM), glycerol (0.02 %) and casein hydrolaysate (0.02%), then induced with
anhydrotetracycline (aTc) to a final concentration of 214 nM. Cells were incubated at

30 °C for 4 days.

Produced biofilm fibers were purified as reported previously (Dorval Courchesne,
Duraj-Thatte, Tay, Nguyen, & Joshi, 2017). In summary, Gdn-HCI was added to the
cultures to a final concentration of 0. 8 M and incubated at +4°C for 2 hours prior to
filtration. Samples were vacuum filtered onto 47 mm polycarbonate filter membranes
with 10 um pores (EMD Millipore). The mass on the filter was incubated with 5 ml
8M Gdn-HCI for 5 minutes and then vacuum filtered. The filter was rinsed with 5 ml
ddH>O 3 times with vacuum filtration. Finally, the filter was incubated with 5 %
(m/v) SDS in water for 5 minutes and rinsed with 5 ml ddH>O 5 times with vacuum
filtration. Purified fibers were scraped from the filter by a spatula. Their wet weight
was measured on a microbalance and 1.5 mg/ml solutions were prepared in ddH20

for further analysis.

4.3.6 SDS PAGE and Western Blot

Since CsgA, CsgB, FapC and FapB are amyloid forming proteins, they tend to form
amyloid fibers. Therefore, purified protein samples were prepared as explained in
Section 2.3.6. Briefly, samples were treated with 100 % formic acid at room
temperature for 10 minutes, to break down protein oligomers and were freeze- dried
to remove formic acid. Formic acid treated and lyophilized proteins were dissolved
in 2x Laemmli sample buffer. Incubating TasA and TapA fibers at 95 °C in SDS-

PAGE sample buffer for 1 hour is sufficient to break down protein oligomers for
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SDS-PAGE analysis. TasA and TapA proteins were dissolved in 2x Laemmli sample
buffer and incubated at 95 °C for 1 hour. 15% SDS gel was used to separate proteins.
15 % SDS-PAGE was casted as described in 2.3.6. 1xSDS Running Buffer was used
for the run. SDS-PAGE and Western Blot analysis were carried out as described
previously.

For secreted samples trichloroacetic acid (TCA) precipitation prior to Western blot
was applied. 1 volume of TCA was added onto 4 volume of sample and incubated at
room temperature for 10 minutes, centrifuged at 14.000 rpm for 5 minutes and the
supernatant was removed. The protein pellet was washed twice by cold acetone the
dried at 95 °C for 10 minutes, mixed by SDS sample buffer and boiled for 5 minutes
before SDS PAGE run.

For monomerization of biofilm proteins, the precipitated protein/cell pellet was
resuspended in 100% hexafluoroisopropanol (HFIP), incubated for 10 minutes and
dried under a nitrogen stream. The HFIP treated pellets were mixed by SDS sample

buffer and boiled for 5 minutes prior to run.

4.3.7 Crystal violet (CV) and congo red (CR) staining

First, the biofilm formation in M63 medium on the surface of 24-well plates were
quantified by crystal violet (CV) staining. Media was removed from the plates and
the plates were washed in ddH20 twice, to remove unbound cells from the surface.
Afterwards, the wells were covered with 0.5% crystal violet in 25 % methanol, and
incubated at room temperature, on shaker for 10 minutes. After crystal violet was
removed, wells were again washed with ddH,O twice, to remove excess crystal

violet. In order to have quantitative results, the stained cells in the wells were treated
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with 30% acetic acid at room temperature for 30 min, with shaking. Then, the acetic
acid was collected and absorbance values at 600nm are measured in Microplate
Reader.

Crystal violet staining is an indirect method of biofilm measurement, as it binds to
cells attached to the surface. Congo red is a more amyloid specific dye that binds to
B-sheet rich regions in amyloids (Reichhardt et al., 2015). Therefore, I conducted a
congo red (CR) assay. The cells were resuspended in ice-cold PBS and incubated
with 1 mg/ml CR at room temperature for 30 minutes. ODeoo values were measured
and then the cells were centrifuged down at 10.000g for 5 minutes. The ODusgo values
of the supernatant were measured. Blanks were taken and OD4g0o/ODsoo graph was

drawn.

4.3.8 Immunocytochemistry (ICC)

In order to observe proteins on the cell surface, I performed immunocytochemistry
(ICC) experiments. Cells were collected and washed once with PBS. For fixation,
cells were incubated in 4 % formaldehyde in PBS for 10 minutes on rotator at room
temperature. Formaldehyde was removed and cells were washed in PBS, twice.
Following, cells were resuspended in 1 % BSA in PBS for blocking for 2 hours at
room temperature. Cells were centrifuged to remove BSA and incubated in 1:250
primary mouse anti-his 6X antibody in 1 % BSA at +4 °C for overnight. Cells were
washed 3 times with PBS, then incubated in 1:500 anti-mouse secondary antibody
DyLight 550 in 1 % BSA for 90 minutes at room temperature. After washing 5 times
with PBS, the cells were seeded on microscope glass coverslips and with an upright

fluorescent microscope.
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4.3.9 Biofilm Formation verification by SEM and TEM

For SEM sample preparation, the cells were washed with 1X PBS twice, then the
cells were collected into 2.5 % glutaraldehyde for fixation, placed onto cleaned Si-
wafers for 30 minutes at room temperature for attachment. Then, cells were removed
and the Si-wafers with attached cells were fixated with increasing concentrations of
ethanol (30%, 50%, 80% and then 100% ethanol), 15 minutes at each concentration.
At the end, the wafers were dried using critical point drying (CPD). The wafers were
then coated with 5 nm Au/Pd and imaged using SEM. FEI Quanta 200 FEG scanning
electron microscopy was used for imaging.

TEM samples of biofilm produced F. coli cells were also prepared. Cells
resuspended and washed twice in PBS were placed on TEM grids for 5 minutes,
washed for 5 minutes with ddH>O and selective binding buffer once, then incubated
in 10 nM 5 nm Ni-NTA-Nanogold for 90 minutes at dark. Then the grid was washed
for 5 minutes with selective binding buffer 5 times, with PBS twice and with ddH,O
twice. Then, the grid was incubated in 2 % uranyl acetate (UA) for 25 seconds and
air dried at room temperature. The samples were visualized using TEM (FEI Tecnai)

at 200kV power setting.

4.3.10 Surface coating verification by SEM and TEM

Concentrations of freshly purified CsgA His and CsgA RGD proteins were
determined using BCA Assay (Thermo Fisher). Freshly purified monomers were
diluted to 20 uM, immediately after dialysis of proteins to PBS pH 7.4. Prepared

proteins were incubated at room temperature for 48 hours to induce fiber formation.
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For scanning electron microscopy (SEM) imaging of purified fibers, silica surfaces
were cleaned firstly in acetone for 15 minutes on a shaker, and then in isopropanol
for 15 minutes. Surfaces were then washed in ddH20O and left to dry. Then 20 pl
protein sample was dropped onto the cleaned surface and left to dry. Coated surfaces
were placed on SEM stubs and coated with 5 nm gold/palladium prior to SEM
imaging. FEI Quanta 200 FEG scanning electron microscopy was used for imaging.
For transmission electron microscopy (TEM) imaging of purified fibers, 20 pM of
biofilm protein fibers with histidine tags were labeled with nickel nitrilotriacetic
acid- conjugated gold nanoparticles (5 nm, Nanoprobes) on TEM grids (formvar
carbon-coated 200 mesh nickel grids (Electron Microscopy Sciences), as described
previously in 2.3.7. The samples were visualized using TEM (FEI Tecnai) at 200kV
power setting. For all analysis, equimolar mix of CsgA and CsgB constructs were

also prepared.

4.3.11 Cell adhesion

Non-treated 96 well plates were coated with 20 uM of CsgA His, CsgA RGD, CsgB
His and CsgB RGD samples as well as their equimolar mixture. 50 ul of samples
were dried on the wells, as triplicates. For purified fibers, non-treated 24 well plates
were coated with 100 uM of CsgA His and CsgA RGD. 300 ul of samples were
dried on the wells, as triplicates. Cell adhesion assay was conducted as explained in
Section 3.3.11. Briefly, 5 X 10*HEK293 cells in FBS free media were added to each
well to adhere onto coated surfaces for 90 minutes in 37 °C, 5% CO; incubator. Non-
adherent cells were washed with 1 X PBS three times and for recovery, adhered cells

were incubated in media with 10 % FBS for 4 hours in 37 °C, 5% CO; incubator.
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sometimes troublesome to remove impurities. Besides, purification of biofilm
proteins with IMAC columns are problematic, causing clogging of columns. In order
to obtain higher yields and to ease purification, I decided to secrete biofilm proteins
and purify those secreted biofilm proteins as fibers from extracellular space.

In this section, I constructed plasmids that secrete CsgA and CsgB fibers from £.
coli, as they are the native biofilm proteins or £. coli. However, secretion of other
biofilm proteins from £. coli using its native biofilm pathway has not been reported
before. If other biofilm proteins can also be secreted using the same pathway, their
high yield recombinant expression and easy purification from £. coli can also be
useful. Therefore, I also constructed plasmids that express biofilm proteins TasA and
TapA from B. subtilis.

Firstly, CsgA, CsgB, TasA and TapA genes were cloned into pZa pBAD vector
without His-tag and with N terminal CsgA N42 signal sequence. Schematic diagrams

of the construct designs were depicted in Figure 44.
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Clonings were verified by Sanger sequencing. Sequencing result was aligned with
corresponding gene sequences at Geneious software. (Figure D.7, Figure D 8, Figure
D.9, Figure D.10) and the match was 100 %.

Following the verification of constructs, next step was to observe if curli subunits
were secreted and formed biofilms. To investigate this, I transformed TasA, TapA,
csgA and csgB pZa pBAD plasmids into AcsgAB E. coli strain. Biofilm formation
was induced in M63 minimal media (with 0.2% glycerol, 1 mM MgSO4 and 0.1%
casaminoacids) with L-arabinose to a final concentration of 0.2%. 1:1 v:v mixtures
of TasA:TapA and CsgA:CsgB were also prepared. The plates were incubated at 30
°C for 2 days, without shaking to induce biofilm formation and adhered cells were
dyed with crystal violet (CV). 24-well plate wells after crystal violet staining were
shown in Figure 46.A. Cells attached to surface were observable in violet color in
induced samples, compared to uninduced samples. Quantified CV absorbance values
were depicted in Figure 46 B. Those results indicated a significant increase in
number of surface adhered cells, suggesting that all CsgA, CsgB, TasA and TapA
proteins were successfully secreted and formed biofilms. There was no significant
difference between the CV absorbance values of induced and uninduced AcsgAB
cells without any plasmids, verifying that the difference in cells harboring the
plasmids was due to protein expression. Mixture samples did not cause a noteworthy

change in the CV absorbance signals.
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In its finest, I expected to see biofilm fibers that were extended from cell surfaces.
The figures depicted sticky structures for CsgA:CsgB mix, TasA and TasA:TapA
mix constructs, whereas AcsgAB, CsgA, CsgB and TapA samples revealed none of
those structures. These results were in contradiction with CV results, in which
induction caused a significant increase in CV signal in all constructs. Additionally,
those sticky structure were also observed in uninduced samples. Leaky expression
may cause those structures; however, they may also be cytoplasmic content of lysed
cells.

Since CV and SEM results were not in correlation and biofilms were not observed
clearly, I decided to induce biofilm formation on YESCA plates in case M63
induction was problematic. Cells on YESCA agar plates with L-arabinose for
induction were incubated at 30 °C for 4, 6, and 9 days long. Then, SEM samples
were prepared as described previously and imaged. SEM images from YESCA plates

were depicted in Figure 48.
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4.4.6 Verification of biofilm formation by TEM and ICC

In order to observe if proteins were present on the cell surface, I performed
immunocytochemistry (ICC) experiments using DyLight 550 antibody for labeling of
cell surface and imaged the cells using fluorescence microscope. The ICC results

were depicted in Figure 52.

Even though red signals and cells co-localized, the fluorescent signal was not very
strong. To observe amyloid fibers located on cells with better resolution and to
obtain a labeling with higher magnification, Au-labeled TEM samples from 4 days
old biofilm samples were prepared as explained previously. TEM images were taken
to observe biofilm fibers around bacterial cells and Au nanoparticles localized on

those fibers. Results were demonstrated in Figure 53.
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order to avoid leakage of cytoplasmic content due to cell death during sample
preparation, fixation prior to sample preparation was applied. ICC was formed as
described above. Results were depicted in Figure 54.

In this experimental set, samples other than CsgB gave no signal, verifying our last
assumption that the signal was coming from the cytoplasm of dead cells. Therefore,
those proteins were either not secreted or not interacting with the cell surface.
Especially csgA was quite interesting as it is the native biofilm protein of £. coli. In
nature, £. coli CsgB localizes onto cell surface and CsgA interacts with CsgB to
anchor itself to the membrane. I hypothesized that since c¢sgB gene was knocked out
in the cells, CsgA can only interact with the surface very weakly due to non-covalent
weak interactions. It can also be the case for other proteins since their cell anchoring

machinery was not available in £. coli.
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scaffolds and artificial valves. In addition, ease of modification via addition of
functional peptide groups with genetic engineering approaches enables
functionalization of curli fibers for specialized purposes.

It is of integral importance to characterize cell adhesion and proliferation features of
curli fibers prior to their utilization as functional biomaterials. In this study, I
characterized cell adhesion properties of surfaces coated with wild type and RGD
functionalized CsgA & CsgB fibers. I demonstrated that surfaces coated with RGD
functionalized curli fibers can have the potential to serve as a scaffold for HEK293
cells to adhere onto surfaces. However, further characterization was required as the
fiber formation was in the form of aggregation.

As a further step, to increase protein purification yields and obtain proteins in fiber
form, secretion of biofilm proteins were optimized. B. subfilis biofilm proteins were
also secreted with L. coli biofilm secretion pathway however they did not form
amyloid fibers around the cells. P. aeruginosa biofilm proteins were not even
secreted. Therefore, I only functionalized £. coli CsgA protein for analysis. Wild
type and RGD functionalized curli proteins were secreted as fibers and collected in
high yields using filtration methods. Even though RGD peptide increased the
number of adhered HEK293 cells on surfaces, variation between each experiment
was high. Therefore, further optimization of coating and adherence processes are

required.
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S CHAPTERYV

CONCLUSION AND FUTURE PERSPECTIVES

Amyloids are highly ordered protein aggregates that self-assemble into fibrillar
structures. Amyloids are found in both disease-associated and functional structures.
Biofilm proteins are great examples of functional amyloids. Utilization of amyloid
fibers holds great potentials as biomaterials due to their mechanical rigidity and
strength. Additionally, modification of physicochemical properties via alteration of
amino acid sequences is straightforward therefore, it enables their utilization as
functional biomaterials with desired functionalities.

In the first chapter of the study, we analyzed the binding affinity of CsgA and CsgB
proteins and their equimolar mixture to surfaces used in biomedical applications. We
aimed to get a better understanding of the forces that drives the protein-surface
interaction, so we can coat the surfaces in a more controllable manner for designed
functions. Silica and gold are used as prosthetics in several areas of the body, such as
ear, teeth, knees or bones. Hydroxyapatite based materials are also widely used as
implants for teeth and bone, especially for applications that require bone formation
and healing. The surface properties of those materials need specialized properties
depending on the interacting tissue or cell type. For this reason, biomaterials made of
gold, silica or hydroxyapatite are treated with several chemical processes or with
different polymer types during production, to control surface properties. In this

thesis, we showed that those surfaces can easily be coated with biofilm proteins and
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by controlling the concentration and ingredients of protein mixtures, surface
coverage can be controlled. However, there are still several questions that needs to be
answered before utilization of those proteins as coating on biomaterials.

Utilization of those materials as biomaterial coatings require biocompatibility.
Therefore, cell adhesive properties of those amyloid fibers are yet to be determined.
The question that whether the surface coatings support cell adhesion, cell growth and
cell migration remain yet to be answered. Further studies are required to characterize
these properties for different cell types.

One of the advantages using curli proteins is that they can be functionalized with
peptide/protein motifs without disrupting the amyloid structure. Therefore,
functionalization with different peptide motifs specific for cell or tissue types can
further enhance the biocompatibility of the surfaces. For example, bone
morphogenetic protein-2 (BMP2) peptide is widely used in bone regeneration and
repair applications. Functionalization of curli fibers with BMP-2 peptide could
enhance its applicability as implant coatings for bone repair studies. The examples of
functional peptide motifs could be broaden depending on the application and tissue
type. Optimization of optimal surface coating coverage for tissue interaction with
optimal protein components upon peptide group addition would be required for
biomaterial applications.

Mechanical and viscoelastic properties of the surfaces are crucial parameters for cell
or tissue interaction of surfaces. In a further study, characterization of mechanical
and viscoelastic properties of the surfaces coated with curli fibers can hold crucial
clues for the optimal surface/cell interactions. Precise control of those properties
could also be possible by tuning the proportion of CsgA and CsgB proteins in the

protein mixture. Also, using the aforementioned strategy about the genetic fusion of
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functional peptide groups, those properties could be optimized for desired
interactions.

In the second chapter of the thesis, we worked on effect of glycosylation on the
adhesive and viscoelastic properties of biofilm proteins. We showed that
glycosylation enhanced binding aftinity of TasA fibers to gold surfaces and altered
the viscoelastic properties of the films on the surfaces. However, there are still
several questions that need to be addressed for a deeper understanding of
glycosylation effects on biofilm proteins.

Firstly, a more detailed understanding of the molecular mechanism behind the
enhanced gold binding affinity, theoretically and practically, could provide important
clues for designing new protein-based biomaterials with higher surface binding
affinity. The exploration of adsorption behavior requires determination of differences
in structural conformations of protein adsorbed layers. Also, characterization of
surfaces in terms of bonding, wettability, roughness and thickness with methods such
as XPS, contact angle measurement and ellipsometry can hold crucial information
for adsorption mechanism. In addition, all these experimental approaches have
several limitations, so understanding of protein adsorption on solid surfaces is
relatively limited especially on molecular level. At this point, molecular dynamic
simulations can provide the missing understanding for protein-solid surface
interactions at molecular level. In brief, exploration of protein adsorption mechanism
on solid surfaces is a highly complex problem for future studies.

Secondly, in this thesis we provided a proof-of-concept study that depicted the
usability of glycosylation as a tool to alter adhesive and viscoelastic properties of the
biofilm proteins. We characterized our system at room temperature on gold surfaces

or HEK293 cells. But in a future study, a wider characterization of the system such
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as physiological temperature, on different surfaces with solutions of varying pH or
salt concentrations could provide a better understanding in terms of biomaterial
applications. Thermodynamic characteristics of the proteins may change upon
exposure to the different temperatures. Therefore, adhesion kinetics and viscosity at
other temperatures such as 37°C could behave differently than room temperature. In
addition, even though gold is used as a model surface in this chapter, characterization
of the glycosylation effect on other biomedically relevant surfaces such as silica and
hydroxyapatite as in the first chapter are equally important.

In the last chapter of the thesis, we tried to enhance cell adhesion capacity of curli
fibers by fusion of RGD peptide motif, using different purification methods to
enhance yield, purity and convenience of protein purification. In this chapter, we
showed that RGD peptide addition enhanced cell adhesive properties of curli fibers,
however the variance in the system was very high. Therefore, further characterization
of surface coating in terms of the protein concentration and obtained surface
coverage is required to obtain optimal coating conditions for scaffold surfaces. In
addition, functionalization of curli CsgA and CsgB fibers with other peptide groups
for desired applications could provide practical surfaces with varying properties.

In all chapters in this thesis, optimization of biomaterials was conducted for
mechanical, viscoelastic and adhesive properties in vifro. However, utilization of
biomaterials as implants or prosthetics in human body requires other complex in vivo
characterizations in terms of biocompatibility. Firstly, since the proteins are of
bacterial source, their utilization in the human body can induce immune response that
can lead to rejection of material or other complications. Therefore, immune reactivity
of the materials utilized in this thesis should be defined in future studies, for

determination of their biocompatibility in vivo. Following, cell adhesive capacities of
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the surfaces, functionalized or not, should be determined in vivo. In our in vitro
experimental sets, the microenvironment for cells is under defined conditions,
however in the body the microenvironment is much more complex. In addition, in
the human body there are several cell types interacting with the biomaterials which
can alter the behavior of cell adhesive properties for the designed surfaces.
Therefore, in vivo characterization of the designed surfaces in the future works is
very critical for optimal functionality of biomaterials in the body.

To conclude, in this thesis we characterized and optimized production, secretion, in
vitro amyloid formation and surface interaction properties of several biofilm
proteins. We showed that CsgA and CsgB fibers interact differently with surfaces of
different chemical properties. In addition, we functionalized several amyloid forming
biofilm proteins with different functional groups for specific applications. We added
DQNAT glycosylation tag to TasA protein and depicted that glycosylation increased
adhesive capacity of TasA fibers. Finally, we demonstrated that functionalization of
CsgA and CsgB proteins with RGD peptide group enhanced their cell adhesion
capacity. Our findings hold crucial clues for future design of amyloid based
biomaterials with more complex functional requirements in terms of adhesion onto

medically relevant surfaces and mammalian cells.
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Table A.4. Nucleotide sequences of tasA, tapA, csgA and csgB genes with N42 signal

sequence.

E. coli EcN csgA gene
nucleotide sequence with

native N42 signal sequence

ATGAAACTTTTAAAAGTAGCAGCAATTGCAG

CAATCGTATTCTCCGGTAGCGCTCTGGCAGG

TGTTGTTCCTCAGTACGGCGGCGGCGGTGGC

AACCACGGTGGTGGCGGTAATAACAGCGGT

CCGAATTCAGAGCTGAATATTTACCAGTACG

GTGGCGGTAACTCTGCTCTTGCTCTGCAAGC

TGACGCCCGTAACTCTGATCTGACCATTACC

CAGCACGGCGGCGGTAATGGCGCAGATGTG

GGCCAAGGTTCTGATGACAGCTCAATCGATC

TGACTCAGCGTGGTTTCGGCAACAGCGCTAC

TCTTGATCAGTGGAATGGTAAAGATTCTACT

ATGACTGTTAAACAGTTCGGTGGCGGTAACG

GTGCTGCTGTTGACCAGACTGCATCTAACTC

CAGCGTTAACGTCACTCAGGTTGGCTTTGGT

AACAACGCGACCGCTCATCAGTACTAA

156



Table A.4 (cont’d)

L. coli EcN csgB gene
nucleotide sequence with

native signal sequence

ATGAAAAACAAATTGTTATTTATGATGTTAA
CAATACTGGGTGCGCCTGGGATTGCAGCCGC
AGCAGGTTATGATTTAGCTAATTCAGAATAT
AACTTTGCGGTAAATGAATTGAGTAAGTCTT
CATTTAATCAGGCAGCCATAATTGGTCAAGC
TGGGACTAATAATAGTGCTCAGTTACGGCAG
GGAGGCTCAAAACTTTTGACGGTTGTTGCGC
AAGAAGGTAGTAGCAACTGGGCAAAGATTG
ATCAGACAGGAGATTATAACCTTGCATATAT
TGATCAGGCGGGCAGTGCCAACGATGCCAGT
ATTTCGCAAGGTGCTTATGGTAATACTGCGA
TGATTATCCAGAAAGGTTCTGGTAATAAAGC
AAATATTACACAGTATGGTACTCAAAAAACG
GCAATTGTAGTGCAGAGACAGTCGCAAATG

GCTATTCGCGTGACACAACGT

157

































8 APPENDIX B

LIST OF PRIMERS

Table B.1. Nucleotide sequences of primers used in cloning of csg4 and cgsB genes into pEt22b.

Primer Name Primer Sequence

csgA _F (66) Forward Primer  5' AAAAAAGGTACCATGTCTGAGCTGAACATTTACCAGT 3'

pZacsgA cmr alTc REV ~ Reverse Primer 5" ATTAAGGTAACTAAAAAACTCCTTTTTAGTACTGATGAGCGGTCGCGTTG 3

csgB F (63) Forward Primer  5' AAAAAAGGTACCATGCAGGCAGCCATAATTG 3'

csgB R (61) Reverse Primer 5' AAAAAACTCGAGACCGCTACCGCCTTGAGTACCATACTGTGT 3

168



Table B.2. Nucleotide sequences of primers used in fas4 and tasA DONAT genes into pEt22b (+).

Primer Name Primer Sequence
TasAO1 FWD 5" ATATATGGTACCATGGCATTTAACGACATTAAATCAAAG 3!
TasAO1 REV 5" ATATATCTCGAGACCGCTACCGCCATTTTTATCCTCGCTATGCG 3'

5'AAAAAACCTAGGGGCGGTAGCGGTGATCAGAACGCGACCACTAGTTGAGATCCGGCTGCT
DQNAT pet22b F (66)
AACAA 3'

RGD pet22b R (69) 5' AAAAAACCTAGGGTGGTGGTGGTGGTGGTG 3'

169



Table B.3. Nucleotide sequences of primers used in cloning of csg4A-RGD and ¢sgB-RGD genes into pET22b (+) vector.

Primer Name Primer Sequence

csgA _F (66) 5' AAAAAAGGTACCATGTCTGAGCTGAACATTTACCAGT 3!

csgA R (68) 5" AAAAAACTCGAGACCGCTACCGCCGTACTGATGAGCGGT 3

csgB F (63) 5' AAAAAAGGTACCATGCAGGCAGCCATAATTG 3'

csgB R (61) 5' AAAAAACTCGAGACCGCTACCGCCTTGAGTACCATACTGTGT 3'

RGD _F (66) 5" AAAAAACCTAGGGGCGGTAGCGGTGGGCGCGGTGACAGCCCCTGAGATCCGGCTGCTAACA 3

RGD R (68) 5" AAAAAACCTAGGGTGGTGGTGGTG 3!

170



Table B.4. Nucleotide sequences of primers used in cloning of ¢sgA, cgsB, tasA and fapA genes with N42 signal sequence into pZa

pBAD vector.

Primer Name Primer Sequence

cgA pBD FWD 5' GAGCACGGGTACCATGAAACTTTTAAAAGTAGCA 3'

cgA pBD REV 5" ATTCATCTCGAGTTAGTACTGATGAGCGGT 3!

cgB pBD FWD 5" CCGGCAGGTACCATGAAAAACAAATTGTTATTTATGATGTTAAC 3’
cgB pBD REV 5 TTCGAACTCGAGTTAACGTTGTGTCACGCG 3’

P1 FWD (for tasA) 5' GGTGGCGGTAATAATAGCGGCCCAAATGCATTTAACGACATTAAATCAAAGGATGC 3

R1 REV (for tasA) 5' GCGCGCATGCTCCCGGGCCCCTCGAGTTATTATTAATTTTTATCCTCGCTATGCGCTTTTTCA 3!

171



Table B.4 (cont’d)

5" GGTGGCGGTAATAATAGCGGCCCAAATATATGCTTACAATTTTCCGATGATACAAG
P1 FWD2 (for tapA)

CcGC3
R2 REV (for tapA) 5" CTCGAGTTATTATTACTGATCAGCTTCATTGCTTTTTTCATCC 3°
P2 FWD (for N42) 5> TGTTCCTCAGTACGGCGGCGGCGGTAACCACGGTGGTGGCGGTAATAATAGCGG 3’
P3 FWD (for N42) 5> CAGCAATCGTATTCTCCGGTAGCGCTCTGGCAGGTGTTGTTCCTCAGTACGGCGG 3’

5" GCGCGGCACCGGTACCATGAAACTTTTAAAAGTAGCAGCAATTGCAGCAATCGTA
P4 FWD (for N42)
TTCTCCGGT 3°

172



Table B.5. Nucleotide sequences of primers used in cloning of ¢sgA4, cgsB, tasA, tapA, fapC and fapB genes with N42 signal sequence
and with C terminal 6X His tag into pZa pBAD vector.

Primer Name Primer Sequence

cgA pBD FWD 5' GAGCACGGGTACCATGAAACTTTTAAAAGTAGCA 3

cgA pBD His REV 5" ATATATCTCGAGTCAGTGGTGGTGGTGGTGGTGACCGCTACCGCCGTACTGATGAGCGGTCGC 3'

cgB pBD FWD 5" CCGGCAGGTACCATGAAAAACAAATTGTTATTTATGATGTTAAC 3’

cgB pBD His REV 5" ATATATCTCGAGTCAGTGGTGGTGGTGGTGGTGACCGCTACCGCCACGTTGTGTCACGCGAATAG 3’

pBD Tas His REV 5 GGTGGCGGTAATAATAGCGGCCCAAATGCATTTAACGACATTAAATCAAAGGATGC 3'

pBD Tap His REV 5 GCGCGCATGCTCCCGGGCCCCTCGAGTTATTATTAATTTTTATCCTCGCTATGCGCTTTTTCA 3'

pBD fpC His REV 5 GGTGGCGGTAATAATAGCGGCCCAAATATATGCTTACAATTTTCCGATGATACAAGCGC 3’

pBD fpB His REV 5 CTCGAGTTATTATTACTGATCAGCTTCATTGCTTTTTTCATCC 3’

173



Table B.6. Nucleotide sequences of primers used in cloning of c¢sg4 and cgsA RGD genes with N42 signal sequence and with C terminal

6X His tag into pZa atc vector.

Primer Name  Primer Sequence

P4 FWD 5" GCGCGGCACCGGTACCATGAAACTTTTAAAAGTAGCAGCAATTGCAGCAATCGTATTCTCCGGT 3°

5'CTGATCACCGCTACCGCCCCTAGGGTGGTGGTGGTGGTGGTGGGATCCGTACTGATGAGCGGTCG
ESK 008 REV1
C3'

ESKOIOREV2 5" GATGCCACGCGTTCAGGGGCTGTCACCGCGCCCACCGCTACCGCCCCTAGGGTG 3’

ESKO11 REV2 5" TCGATGCCACGCGTTCATCAACCGCTACCGCCCCTAGGGT 3°

174




















































































12 APPENDIX F

REACTION CONDITIONS

Table F.1. PCR reaction setup of Q5 DNA Polymerase

Component

Final Concentration

5 X Q5 Reaction Buffer
10 mM dNTPs

10 uM Forward Primer
10 uM Reverse Primer

Template DNA

Q5 DNA Polymerase

5 X Q5 GC Enhancer (Optional)

Nuclease free water

1X
200 pM
0.5 uM
0.5 uM
<Ipg
0.02 U/ ul
1X

To reaction volume

Table F.2. PCR conditions of Q5 DNA Polymerase

Step Temperature Time
Initial Denaturation 98 °C

Denaturation 98 °C 5-10s
Annealing 50-72°C 10-30s
Extension (25-35 cycles) 72°C 20-30 s/kb
Final Extension 72°C 5 min
Hold +4°C
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Table F.3. Restriction digestion reaction setup with NEB restriction enzymes

Component Volume (20 ul Reaction)
10 X Buffer 2 ul

DNA 1ug

Restriction Enzyme 1 0.4 pl

Restriction Enzyme 2 0.4 pl

Nuclease free water to 20 pl

Table F.4. T4 (NEB) ligation reaction setup

Component Volume (20 ul Reaction)
10 X T4 DNA Ligase Buffer 2 ul

DNA (Total of insert and vector) 100 ng

T4 DNA Ligase 1l

Nuclease free water to 20 pl
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13 APPENDIX G

ADDITIONAL RESULTS

Table G.1. Dynamic light scattering analysis of CsgA protein at different

concentrations and at different maturation times.

Day0 Dayl
CsgA Measl Intensity Meas2 Intensity Measl Intensity Meas2 Intensity
) ) ) )
Peak1 2349 897 3402 792 391.3 100 3914 100
Peak?2 3.1 57 2553 133 0 0 0 0
4
nM  Peak3 2780 4.6 1.6 58 0 0 0 0
Z-average  360.5 390.6 739.3 713.5
(d.nm)
PdI 0.609 0.509 0.465 0.531
Peak1 2164  96.8 2285 972 307.1 964 323.8 942
Peak?2 2701 32 2686 2.8 0.7 54 0.5 58
40
nM  Peak3 0 0 0 0 0 0 0 0
Z-average 197.9 194.5 392.9 499.2
(d.nm)
Pdl 0.479 0.456 0.536 0.578
Peak1 2925 882 303.9 878 2955 100 3189 100
Peak?2 56.6 73 67.9 88 0 0 0 0
400  Peak3 2623 4.5 2632 34 0 0 0 0
nM
Z-average  266.8 256.9 498.1 471.5
(d.nm)
Pdl 0.371 0.361 0.456 0.385
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Table G.2. Dynamic light scattering analysis of CsgB protein at different

concentrations and at different maturation times.

Day0 Dayl
CsgB Measl Intensity Meas2 Intensity Measl Intensity Meas2 Intensity
) ) ) )
Peak1 537.8 100 430.7 100 5264  36.8 0.9 437
Peak?2 0 0 0 0 0.7 26.3 5295 30.6
4
nM  Peak3 0 0 0 0 161.6 225 1522 17
Z-average 803 891.3 1152 1169
(d.nm)
Pdl 0.534 0.708 1 1
Peak1 5533 852 549 89.2 310.8 100 320.3 100
Peak?2 4697 14.8 4909 10.8 0 0 0 0
40
nM  Peak3 0 0 0 0 0 0 0 0
Z-average  540.1 564.1 473.5 485.3
(d.nm)
Pdl 0.470 0.403 0417 0.411
Peak1 2773 763 351 957 1308 100 1277 100
Peak?2 1519 237 4460 43 0 0 0 0
400
nM  Peak3 0 0 0 0 0 0 0 0
Z-average  268.9 256.5 2127 2205
(d.nm)
PdI 0.353 0.324 0416 0414
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Table G.3. Desorption constant (ks) of matured TasA, TasA D and TasA DP samples.

Significance values are calculated by t-test, n=3.

TasA

TasA D

TasA DP

ks (uM), mean + SD

Day 1 Day 7 Day 14 Day 28

294 +0.19 522+0.07 512+ 0.54 3.39+0.09
3.83+0.06 424+0.13 410+0.15 3.03+0.14
1.48 +£0.07 1.62+0.07 1.70 £0.18 1.32+0.06

Table G.4. Gibbs free energy (4G°) calculations of matured TasA, TasA D and TasA

DP samples. Significance values are calculated by t-test, n=3.

AG° (kcal/mol), mean + SD

Day 1 Day 7 Day 15 Day 28
TasA -3.28+0.02 -3.13+0.01 -3.13+0.03 -3.24+0.01
TasAD -3.21£0.01 -3.18+0.01 -3.19+0.01 -3.27+0.01
TasADP -3.45+0.01 -3.43+0.01 -3.42+0.03 -3.48+0.01
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