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ABSTRACT

HIGH-THROUGHPUT SELECTION OF MINERALIZING PEPTIDES

Over 3.4 billion years of protein evolution, Mother Nature has refined molecular
pathways that regulate and control biomineral formation. The exquisite hierarchical
structures and multifunctional properties of biological hard tissues have long been
inspired material scientists and engineers. These natural composites synthesized by
proteins facilitate the nucleation and growth of inorganic solids, thereby directing mineral
formation within organisms. Although biomineralization being essential for life, its
dysregulation may lead to significant health issues. Understanding this mechanism is
therefore crucial for developing treatments for diseases associated with abnormal mineral
deposition. Inspired by biology at the nanoscale, the aim of this thesis was to identify
short catalytic peptides that can govern hydroxyapatite (HAp) mineralization similar to
natural proteins by deep directed evolution approach. Our results demonstrated the
identification of several peptides with unique sequences. Structural characterization
conducted through XRD and FTIR analyses confirmed the formation of hydroxyapatite
in the presence of these peptides. Kinetic measurements further revealed that these
peptides catalyze calcium phosphate mineralization 15 times faster under physiological
conditions. The rapid mineralization Kinetics exhibited by these peptides in an aqueous
media supplemented with calcium and phosphate suggest a strong potential for restoring
demineralized tissues and treating diseases related to pathological biomineralization.
Furthermore, these peptide sequences could serve as foundational elements in the
development of clinical products including dental gels and toothpaste formulations, as
well as in treatments for bone regeneration and other medical applications where

controlled mineralization is crucial.



OZET

MINERALLESTIRICI PEPTITLERIN YUKSEK VERIMLI SECIMI

3,4 milyar y1l1 agkin protein evrimi boyunca Doga Ana, biyomineral olusumunu
diizenleyen ve kontrol eden molekiiler yollar gelistirmistir. Biyolojik sert dokularin
miikemmel hiyerarsik yapilart ve c¢ok islevli oOzellikleri uzun siliredir malzeme
bilimcilerine ve miihendislerine ilham kaynagi olmustur. Proteinler tarafindan
sentezlenen bu dogal kompozitler, inorganik katilarin ¢ekirdeklenmesini ve biiytimesini
kolaylastirir  ve  boOylece organizmalarda mineral olusumunu yo6nlendirir.
Biyomineralizasyon yasam i¢in gerekli olmasina ragmen; diizensizligi énemli saglik
sorunlarina yol agabilir. Bu nedenle, bu mekanizmay: anlamak anormal mineral
birikimiyle iligkili hastaliklara yonelik tedavilerin gelistirilmesi agisindan ¢ok dnemlidir.
Nano 6lgekte biyolojiden ilham alan bu tezin amaci, derin yonelimli evrim yaklagimiyla
dogal proteinlere benzer sekilde hidroksiapatit (HAp) mineralizasyonunu yonetebilen
kisa katalitik peptitleri tanimlamaktir. Sonuglarimiz, benzersiz dizilere sahip peptitlerin
tanimlandigini gosterdi. XRD ve FTIR analizleri yoluyla yapilan yapisal karakterizasyon,
bu peptitlerin varliginda hidroksiapatit olusumunu dogruladi. Bununla birlikte, kinetik
ol¢timler bu peptitlerin fizyolojik kosullar altinda kalsiyum fosfat mineralizasyonunu on
bes kat daha hizli katalize ettigini ortaya ¢ikardi. Bu peptitlerin, kalsiyum ve fosfat ile
desteklenmis sulu ortamda sergiledigi hizli mineralizasyon kinetigi, demineralize olmus
dokularin onarilmas1 ve patolojik biyomineralizasyon ile iliskili hastaliklarin tedavisi igin
giiclii bir potansiyele isaret etmektedir. Ayn1 zamanda, bu peptit dizileri, dis jelleri ve dis
macunu formiilasyonlar1 dahil olmak tizere klinik iirlinlerin gelistirilmesinde, kemik
rejenerasyonu tedavilerinde ve kontrollii mineralizasyonun 6nemli oldugu diger tibbi

uygulamalarda temel unsurlar olarak hizmet edebilir.
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CHAPTER 1

INTRODUCTION

1.1. Biomineralization

Minerals are substances that are naturally formed through geological processes on
Earth and serve as the building blocks of rocks and play a crucial role in various
geological processes include crystallization, solidification or participation in chemical
reactions (Figure 1.1.) (Kanazawa and Kamitani 2006). In order to be classifed as a
mineral, a substance required to be naturally occurred, inorganic, solid at room
temperature; have an ordered internal structure and a definite chemical composition. 99%
of these minerals are composed of eight elements: oxygen, aliminium, calcium,
potassium, silicon, iron, sodum and magnesium (Read 1970; Hansch and Mendel 2009).
Mother Nature has also refined molecular pathways that regulate the formation of the
toughest materials ranging from mollusks shells to formation of eggshells in birds
(calcium carbonate); bone to the teeth (calcium phosphate) (Table 1.1). The underlining
process that results in the formation of these materials is termed as biomineralization.
Biomineralization is a natural process wherein ions accumulate in formations along with
organic protein molecules and facilitate nucleation and growth of inorganic solids,
thereby directing mineral formation within organisms (Sharma et al. 2021). This process

that enable proteins to produce minerals involves three essential steps:

Carbonate Oxide Sulfide

Sulfate Halide Phosphate Native Element
(Gold)

Figure 1.1. Minerals.



Table 1.1. Major Categories of Biominerals;

Mineral Formula Function

Calcium Carbonate CaCOs Construct Exoskeleton
(Calcite, Aragonite, Vaterite) (Mollusk, Corals and Algae)
Calcium Phosphate Cas(POa4): Endoskeleton, Teeth, Calcium
(Hydroxyapatite) and Phosphate Storage
Calcium Oxalate CaC204 Calcium Storage

Barium Sulfate (Barite) BaSO4 Gravity Device

Silicon Dioxide (Silica) SiO2 Algae Exoskeleton

Iron Oxide (Magnetite) FesO4 Magnetotaxis

Ferrihydrite SFe2039H20 Iron Storage

Nucleation is the initial phase transition where ions, atoms or molecules started to
aggreagate and form a crystal in a solution, liquid or vapour. This process is essential in
biomineralization since initiates the formation of a new thermodynamic phase in a
controlled and regulated manner within the organix matrix (Vekilov 2010). Furthermore,
controlled nucleation helps in producing uniform and well-ordered crystals, which are
essential for the mechanical properties of the mineralized tissue. There are three theories
explaining the deposition of inorganic solis (Gebauer et al. 2018; De Yoreo et al. 2015;
Dubrovskii 2014):

Classical Nucleation Theory (CNT) was proposed in the 1930s and is the most
commonly employed theory for quantitatively studying how higher-order assemblies
are formed and controlled by kinetic and thermodynamic variables (Gebauer et al. 2018;
Schmelzer 2010; Dubrovskii 2014). There are three keys aspects involved in CNT: Gibbs
Free Energy (AG), Critical Size and Nucleation Rate (J). CNT defines nucleation is a
competition between the decrease in free energy caused by the formation of a more stable
phase and the increase in free energy caused by the formation of an interface between the
newly formed phase and metastable phase. The overall free energy change demanded to
produce a nucleus is calculated by the sum of these two effects. The critical size is the
threshold where the free energy change for nucleation reaches its maximum level. When
nuclei are lower than critical size, they become unstable and disintegrate, whereas larger
nuclei can expand steadily. The nucleation rate refers to how quickly nuclei form in a

system and becomes affected by parameters involving the supersaturation level,



temperature and nucleus surface energy. Since this theory relies on the motion of critical
nuclei serving as transition states in supersaturated solutions, it requires higher energy
during the nucleation (Schmelzer 2010).

Non-Classical Nucleation Theory: Researchers discovered that the phase
transition does not directly resulted with the formation of the thermodynamically stable
phase; instead, it may pass through intermediate phases with higher free energies rather
lower nucleation barriers (Figure 1.2.)(Gebauer et al. 2018; Orava and Greer 2017,
Schmelzer 2010; Dubrovskii 2014). Even complex materials such as proteins,
minerals and polymeric solutions possess this behavior (Addadi and Weiner 2014,
Sharma et al. 2021). For example, calcium phosphate mineral undergoes various phase
transformations including hydroxyapatite (HAp), B-tricalcium phosphate (B-TCP), a-
tricalcium phosphate (a-TCP), octacalcium phosphate (OCP), monocalcium phosphate
(MCP) or amorphous calcium phosphate (ACP) depending on temperature, pH and ion
concentration variables (Dogan et al. 2018a). Therefore, the second model, non-classical
nucleation theory was developed to address limitations while CNT cannot entirely
explain (Orava and Greer 2017). Therefore, the second model, Non-Classical Nucleation
Theory noted the presence of pre-nucleation clusters during initial stage which are further
assimilated to form amorphous mineral phases. The amorphous mineral phases are then
converted into high-ordered crystal aggregates (Gebauer et al. 2018).

Crystallization by particle attachment (CPA) is a well-known phenomenon that
describes how crystals form upon interactions with ion clusters, gels or oligomers and
aggregate. Conceptually, it combines classical and non-classical theories. CPA theory has
gained traction within several fields including mineralogy, materials science and
biochemistry due to its ability to explain a wide range of natural and synthetic processes
(De Yoreo et al. 2015). Since this nucleation theory is applicable within the
biomineralization process, it will be utilized in directing the selection of mineralizing

peptides throughout this thesis.

Once nucleation has occurred, crystal growth proceeds through the addition of
more ions to the mineral structure (Figure 1.3.). The organic matrix and other regulatory
molecules can govern the rate and direction of crystal formation ensuring the mineral

forms in proper shape and size (Dubrovskii 2014; Vekilov 2010; Sharma et al. 2021).
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Figure 1.2. (a) Classical Nucleation vs (b) Non-Classical Nucleation Theory.
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Figure 1.3. Crystal Growth.

Following crystal growth, the mineral structure may undergo successive
modifications as cellular activity remodeling of the mineral phase (as in bone) or the
addition of organic/inorganic layers achieving the desired eventual characteristics
(Addadi and Weiner 2014; Dubrovskii 2014; Vekilov 2010; Sharma et al. 2021).



1.2. Importance of Biomineralization in Health and Effect on Well Being

Biomineralization serves an essential role in health and well-being by regulating
the formation of minerals in biological hard tissues (Dorozhkin and Epple 2002).
Regulating calcium/phosphate mineral in bone and teeth is vital for maintaning mineral
production, structure, strength, integrity and mobility (Dorozhkin and Epple 2002; Cai
and Tang 2008; Dorozhkin 2011). Beyond bones and teeth, it additionally serves to
strengthen tendons and accumulate minerals for certain types of cartilage. Although it is
a major biological process necessary to sustain life, dysregulation may lead to
significant health issues (Sozen, Ozisik, and Calik Basaran 2017; Goldbourt and Neufeld
1986). Abnormal mineral deposition (calcium and pyrophosphate) can cause disorders
like arthritis, in which crystals accumulate in the joints causing pain and inflammation.
In vascular diseases, calcium deposits in the walls of arteries may stiffen blood
vessels resulting in arteriosclerosis and decreased blood flow, developing the risk of high
blood pressure, heart attack, and stroke (Goldbourt and Neufeld 1986). Kidney stones are
another kind of pathological biomineralization; when minerals crystallize and form stones
within the kidneys or urinary tract, causing considerable discomfort and obstruction.
Furthermore, areduction in bone mineral density increases the risk of fracture and causes
osteoporosis (Sozen, Ozisik, and Calik Basaran 2017). Last but not least, inappropriate
biomineralization may result in a number of dental illnesses including dental caries,
dental fluorosis, tooth erosion and periodontitis (Petersen et al. 2005a). With regard to
these consequences, understanding the mechanisms of biomineralization become crucial

for developing treatments associated with abnormal mineral deposition diseases.

1.3. Dental Diseases Associated with Mineralization (Demineralization)

Oral and dental health is essential regarding our overall health and well-being and
its deterioration has a detrimental impact on human health and quality of life (Sheiham
2005). As an instance, oral and dental-related problems have been attributed to an
increased risk of cardiovascular illness, chronic lung disease, stomach and intestinal
disease, high blood pressure, osteoporosis, diabetes and premature birth (Haque, Sartelli,
and Haque 2019; Petersen et al. 2005a). According to the World Health Organization,
tooth decay and gingivitis are among the most frequent disorders (Haque, Sartelli, and
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Haque 2019; Petersen et al. 2005; Baelum et al. 2007). In the 19" and 20" centuries, it
was classified as a worldwide epidemic and still it’s the most prevalent secondary health
problem in the world. 60-90% of today's school-age children and almost 100% of adults
have at least one tooth decay (Haque, Sartelli, and Haque 2019; Carvalho and Schiffner
2019). Although high-income countries have reduced the incidence of dental decay in the
last 30 years, it remains the most frequent disease in middle- and low-income countries,
negatively affecting public health (Haque, Sartelli, and Haque 2019; Petersen et al.
2005b; Pitts et al. 2017). Though high-income countries had a 53% prevalence of treated
tooth caries in children aged 11-14, low-income countries have a rate of around 2% (Listl
et al. 2015). As an outcome, tooth decay is not only a malnutrition-related disease,
nevertheless also a social deprivation-related disease.

Oral and dental diseases have been classified as white spot lesions, dentin
hypersensitivity, dental cavities, root decay, gingivitis, periodontitis etc. (Figure 1.4.)
(Cheng et al. 2009; Moynihan and Petersen 2004; Baelum et al. 2007). White spot lesions
are opacities that occurred by demineralization of enamel under the surface (Bishara and
Ostby 2008). Dentin hypersensitivity occurs when dentin tubules become exposed due to
loss of protective enamel and cementum tissues (Varoni et al. 2017; Yang et al.
2016)(Varoni et al. 2017; Yang et al. 2016). Dental caries is a chronic diseases caused by
bacterial biofilm on a tooth surface that has been exposed to fermentable carbohydrate
substrates over time, resulting in demineralization and eventually cavitation (Jensen
1999; Touger-Decker and van Loveren 2003). Gingitivis is gum that commonly occurs
whener plaque or bacteria accumulates on the teeth; if untreated, it can develop into
periodontitis. In this case, inflammation spreads from the gums (gingiva) to the ligaments
and bone which hold up the teeth. This is more serious and may result in tooth loss (Lang,
Schitzle, and Loe 2009).
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Figure 1.4. Common Dental Diseases.

There are many factors that contribute to oral health degradation. These causes
include inadequate dental brushing habits, the consumption of sugary food and drinks,
the use of medications that inhibit saliva secretion in the mouth (Moynihan and Petersen
2004; Pitts et al. 2017). Nonetheless, the primary contributing factor for the development
of oral and dental degradation is the erosion of the minerals that comprise dental tissue in

response to acidic attack and mechanical wear (Buzalaf, Hannas, and Kato 2012).

1.3.1. Dental Tissues and Mechanism of Demineralization

Teeth are composed of four dental tissues (Tjdderhane et al., n.d.; Beniash et al.
2019) . Three of these are hard tissues: enamel, dentin, and cementum; the fourth is the
pulp, which is located in the core of the tooth and contains nerves, blood vessels and
connective tissue; it is a soft, non-calcified tissue. It is apparent that hard tissues of the
teeth are highly made of hydroxyapatite (HAp) minerals (Table 1.2.) (Gil-Bona and
Bidlack 2020; Lyngstadaas et al., n.d.; Beniash et al. 2019).



Table 1.2. Dental Hard Tissues Composition;

Enamel ~ 95-98% HAp, 3% organic matter and water
Dentin ~70% HAp, 30% organic matter, collagen and water
Cementum  ~ 45% HAp, 55% organic matter, collagen and water

Deminerelization is the loss of minerals from tooth hard tissues triggered by
bacterial acid attack and mechanical wear (Neel et al. 2016). It is generally caused by the
interaction of bacteria in the mouth which breaks down carbohydrates (e.g., glucose,
sucrose, or fructose) and creates an acidic environment (Figure 1.5.) (Dodds, Hsieh, and
Johnson 1991; Kleinberg and Jenkins, n.d.). This environment results in mineral loss from
the dental tissues (Neel et al. 2016). Although saliva secreted in a healthy mouth can
reverse daily mineral loss, erosion caused by carbohydrate-containing foods and drinks
inhibits the minerals (calcium, phosphate) brought back by saliva (Jensen 1999; Buzalaf,
Hannas, and Kato 2012; Abelson and Mandel 1981). Furthermore, poor dental hygiene
and a diet in sugary foods and beverages promote the growth of acid-producing bacteria
(Streptococcus mutans and Streptococcus sorbrinus) (Touger-Decker and van Loveren
2003; Jensen 1999). These bacteria reduce the pH of the oral flora making the salivary
environment more acidic (Dodds, Hsieh, and Johnson 1991; Marshall et al. 1997a). Once
these bacteria reach the surface enamel, the acids they released dissolve the
hydroxyapatite mineral in the tooth enamel resulting in the demineralization of the enamel
layer (Neel et al. 2016). Due to the non-regenerative nature of the enamel layer, it cannot
renew and repair itself after demineralization, causing tooth decay (Neel et al. 2016; Gil-
Bona and Bidlack 2020). If tooth decay is not treated for a long time, the decay can reach
to the nerves and infect the tooth, causing an abscess that can cause severe pain, facial
swelling and fever (Buzalaf, Hannas, and Kato 2012; Cheng et al. 2009). If there is no
intervention in the later stages, the resulting situation necessitates root canal therapy or
tooth extraction. Dental diseases due to demineralization can be classified as dental caries,
white spot lesions, dentin hypersensitivity and gingivitis (Neel et al. 2016; Marshall et al.
1997b). Globally, dental diseases resulting from demineralization impose a huge financial

burden on patients, amounting to approximately $300 billion annually (Listl et al. 2015).
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Figure 1.5. Mechanism of Demineralization in Response to Sugar Uptake.

1.3.2. Current Treatments and Issues

There are current treatments commonly used in dental clinics including fluoride
treatment, dental fillings and dental implants. Despite the fact that these standard clinical
approaches have been utilized for over sixty years; they have some substantial limitations.

Fluoride therapy is used to assist eliminating tooth decay by strengthening tooth
enamel while making it more resistant to bacterial acid attack (Gao et al. 2016; Beltran-
Aguilar, Goldstein, and Lockwood 2000). While fluoride is delivered to the tooth surface
through a carrier substance such as toothpaste or gel, fluoride ions interact with saliva and
available calcium ions on the tooth surface and generate calcium fluoride which
accumulates on the surface nonspecifically (Dogan et al. 2018b). Due to the
incompatibility between the dental tissue mineral (HAp) and generated calcium fluoride
particles, this created barrier against demineralization is temporary (Dogan et al. 2018b).
Fluoride, on the other hand, is a neurotoxin that can be dangerous while taking in high
doses and excessive usage can damage the bones and the joints, leading to dental or
skeletal fluorosis (Kashyap, Sankannavar, and Madhu 2021).



Once amalgam or composite based fillers are applied to a cavitated surface, they
creat a gap at the tissue-restrotative material interface, which provides a protected
environment for bacteria to penetrate and continiue to grow (Peutzfeldt et al. 2018;
Bernardo et al. 2007). These serve as secondary cavitation surfaces and cavitation
becomes even more serious. Nevertheless, due to physical (crystallography, morphology)
and chemical differences (elemental compositions and phases) from the native teeth
structure, the dental materials utilized are incompatible with biological tissues at the
lesion-restorative material interaction (Dogan et al. 2018b).

In the case of dental implants, although titanium has very superior characteristic
material proporties such as osteointegration, success rate of dental implants are still low

and often failed due to the implant infections (Pye et al. 2009).

1.3.3. Current Approaches and Limitations

Due to the concerns with current treatment methods, there are several approaches
have been conducted on mimicking biological processes of oral environment to avoid or
reconstruct mineral loss from dental hard tissues, enamel, dentin and cementum, which
could further lead to demineralization-related diseases as white spot lesions, cavities,
hypersensitivity and deep-root cavities (Niu et al. 2014; Kwak et al. 2017; Chien et al.
2017; Kimetal., n.d.). These researches encompass whole proteins and protein fragments
(Amelogenin), Bioactive Glass (Novamin), CPP-ACP (MI Paste) and Polymers (Fan,
Sun, and Moradian-Oldak 2009a; VVollenweider et al. 2007; D. Wu et al. 2013; Figueiredo
Macedo de Lima et al. 2020; Chien et al. 2017).

Proteins have a crucial role in constructing and coordinating solid components in
biological hard tissues resulting in complex and functional structures (Oren et al. 2007).
Dental tissue spesific proteins have been identified over the last quarter century and the
fundamental functions of these proteins in forming minerals have been revealed.
Amelogenin is a low molecular weight protein that is involved in the formation of enamel
and tends to build the hardest and most mineralized tissue in the human body through
controlling the dimension and directionality of HAp crystals, Caio(PO4)s(OH),
within the assembled protein matrix (Paine et al. 2001; Gungormus et al. 2012a; Dogan
et al. 2018b). Therefore, Amelogenin and other extracellular matrix proteins e.g.

enamelin, tuftelin, dentin sialoprotein, cementum attachment protein stand out as
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effective agents for treating demineralization related issues (ElI Gezawi et al. 2019; Niu
etal. 2014; Ruan et al. 2013; Jeremias et al. 2013; Fan, Sun, and Moradian-Oldak 2009b).
Considering recent protein and protein fragments based approaches, the usage of these
proteins was avoided due to their limited intra-oral stability and detection and
deactivation by available proteases in saliva (Gungormus et al. 2012a; Dogan et al.
2018b). Furthermore, extracellular matrix proteins have a number of biochemical
functions and each function are carried out by extremely small functional domains (active
domains) within the proteins which are insufficient to regulate mineral synthesis (Oren et
al. 2007; D. T. Yucesoy et al. 2018).

In principle, Bioactive Glass (Novamin) and MI Paste mimics the action of the
saliva by utilizing the calcium and phosphate ions into the environment; nevertheless,
these procedures rely on increasing the apitaxial mineralization on the surface of the tooth
with no control on catalytic rate, morphology and composition (Vollenweider et al. 2007;
D. Wu et al. 2013; Figueiredo Macedo de Lima et al. 2020). Furthermore, although these
materials are utilized in dental care due to their ability to promote remineralization, the
process of ion release and subsequent remineralization is extremely slow (Ca*?
consumption rate of Bioglass: 0.03 ng/min; Ca*? consumption rate of Novamin: 0.02
ng/min) and requires prolonged exposure to provide substantial results(Arshad, Zaidi, and
Farooqui 2021; Reddy et al. 2019; Peitl, Dutra Zanotto, and Hench, n.d.) . Meanwhile,
the pH of the oral environment, e.g. acidic conditions in dental caries, influence their
efficicacy on ion release and bioactivity proporties (\Vollenweider et al. 2007).

Recently, polymers e.g., casein phosphopeptides, polymer induced-liquid
precursors (PILP), amphiphilic peptoids and peptide like polymers consisting N-
substituted glycines, are of especially interest for researchers focusing to improve the
natural repairing processes of the teeth (Burwell et al. 2012; Chien et al. 2017; Kirkham
etal., n.d.). Although polymers provide unique techniques for remineralization, they have
severe limitations as biocompatibility difficulties, limited longevity, insufficient
remineralization depth and controlling releasing rates (Chien et al. 2017). It may degrade
over time in the oral environment due to mechanical forces with the presence of saliva,
enzymes and bacterial activity and this limits the duration of its effectiveness while
promoting remineralization (Chien et al. 2017). Although it can aid in forming mineral,
the extent, organization and interaction of the HAp crystals is inadequate for complete

recovery of structure and function (Burwell et al. 2012; Chien et al. 2017).

11



1.4. Synthetic Synthesis Methods of Ca/P Mineral

Hydroxyapatite (HAp), Caio(PO4)s(OH)2, is a naturally occurring mineral form of
calcium apatite with the hydroxide ion occupying the phosphate group (Read 1970;
Addadi and Weiner 2014). Since it is the primary component of teeth and bone mineral,
as well as an essential material in many biological and synthetic applications due to its
high biocompatibility and bioactivity, the synthesis of Hap have long been inspired by
material scientists and engineers (Szczes$, Holysz, and Chibowski 2017). It can be
synthetically synthesized utilizing a variety of processes including dry methods, wet
methods and high-temperature methods (Figure 1.6.) (Shojai et al. 2013; Mohd Pu’ad et
al. 2019). These synthesis methods attempt to produce HAp particles with controlled size,
purity and crystallinity which are crucial for its applications e.g., in drug delivery, hard

tissue engineering and implant coatings, etc (Sadat-Shojai et al. 2013).
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Figure 1.6. Synthetic Synthesis Methods of HAp.

12



1.4.1. Dry Synthesis Methods

Dry synthesis methods for HAp use methodologies that do not require a liquid
media or substantial drying or calcination stages to remove water and are categorized into
two types: solid-state and mechanochemical methods (Fahami, Ebrahimi-Kahrizsangi,
and Nasiri-Tabrizi 2011; Pramanik et al. 2007).

Solid-State Method: This process involves the direct reaction of solid precursors,
generally calcium phosphate, calcium carbonate or calcium oxide at high temperatures.
Basically, the mixture is heated in furnace upon high temperatures (often above
1000°C) to facilitate the reaction for leading hydroxyapatite formation (Teshima et al.
2009; Tas 2001; Pramanik et al. 2007).

Mechanochemical Method: This method employs mechanical energy to stimulate
chemical reactions between the precursors. It entails grinding/milling solid reactants
(calcium phosphate or calcium hydroxide) under dry conditions and mechanical force
induces the reaction to generate HAp at room temperature (25-27°C) (Silva et al. 2007,
Nasiri-Tabrizi et al. 2009; Mochales et al. 2011; Fahami, Ebrahimi-Kahrizsangi, and
Nasiri-Tabrizi 2011).

Calcination at a relatively high temperatures or high rotating speeds not only leads
to phase transformations and the loss of hydroxide groups affecting the purity of HAp but
also offers less control over the particle shape and surface morphology. Therefore, HAp
particles synthesized via dry methods are irregular in shape, have low phase purity and
non-stoichiometric (Table 1.3.) (Silva et al. 2007; Nasiri-Tabrizi et al. 2009; Mochales et
al. 2011; Fahami, Ebrahimi-Kahrizsangi, and Nasiri-Tabrizi 2011; Teshima et al. 2009;
Tas 2001; Pramanik et al. 2007).
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Table 1.3. Characteristics of HAp synthesized via Dry Methods;

Characteristics of Powder

Morphology Crystallinity Phase Ca/P Ratio Size
Dry Methods Purity
Solid-State Method Diverse High Low Variable Micron
Mechanochemical Diverse High Low Non- Nano
Method stoichiometric

1.4.2 Wet Synthesis Methods

Wet synthesis methods utilize chemical reactions in a liquid media under
relatively mild conditions. The most prevalent wet synthesis procedures are chemical
precipitation and the sol-gel methods (Ramanan and Venkatesh 2004; Ikoma et al. 1999).

Precipitation Method: This is one of the simplest and extensively used procedure
for synthesizing hydroxyapatite. It entails combining aqueous calcium and phosphate
solutions over specific pH and temperature. Basically, the HAp precipitates out of the
solution and is filtered, rinsed and dried (Ikoma et al. 1999; Zhan et al. 2005; Silva et al.
2007).

Sol-Gel Method: This process involves the transition of a system from a liquid
"sol" (a colloidal suspension of particles) to a solid "gel™" phase. Precursors, alkoxides or
metal salts, undergo hydrolysis and polycondensation resulting in a gel-like network with
liquid and solid components. After drying and calcination, the gel is transformed into
HAp (Ramanan and Venkatesh 2004; D. W. Kim et al. 2010).

Although these methods enables the production of HAp with high purity and
uniform particle size, the resulting synthesized particles are often amorphous and require
further heat treatment in order to achieve the desired crystallinity (Ramanan and
Venkatesh 2004; D. W. Kim et al. 2010; Ikoma et al. 1999; Zhan et al. 2005; Silva et al.
2007).
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1.4.3 High-Temperature Synthetis Methods

High-temperature synthesis methods (e.g., combustion, pyrolysis) for
hydroxyapatite involve chemical reactions that usually takes place at temperatures above
800°C (An et al. 2007; Cho and Kang 2008). At these temperatures, there is a potential
of creating HAp with lower phase purities (e.g., octacalcium phosphate (OCP),
monocalcium phosphate (MCP), dicalcium phosphate (DCP), B-tricalcium phosphate (p3-
TCP) or tricalcium phosphate (TCP)) and it may provide less control over the
microstructure of HAp than lower-temperature methods (Dogan et al. 2018b; D. T.
Yucesoy et al. 2018). These limitations may have an adverse impact on the material's
performance in specific applications notably those requiring surface area properties or
pore sizes (Scalera et al. 2013). Furthermore, high-temperature processes require
significant energy input, making them less energy-efficient and potentially more
expensive than low-temperature synthesis techniques (Sadat-Shojai et al. 2013; Mohd
Pu’ad et al. 2019).

In brief, although each synthesis method has its advantages and chosen based on
the specific requirements of the application, the limitations (morphology, particle size,
phase purity, crystallinity) mentioned above need to be addressed. Last but not least, since
saliva in the mouth has an average pH at 6.7 and oral temperature is roughlty at 37°C,
these three methods of HAp synthesis are inappropriate for biological conditions (Leong
Lim, Byrne, and Lee 2008; Sadat-Shojai et al. 2013).

1.5. Biomimetic Synthesis Methods of Ca/P Mineral

The utility of combinatorially selected peptides through viral- or bacterial-
displayed peptide libraries have been proven to be a promising approach for identifying
peptide sequences that have specific affinities to a variety of inorganic surfaces (Deniz
Tanil Yucesoy et al. 2015; Deniz T. Yucesoy et al. 2015, 2020; Tamerler and Sarikaya
2007; Zin et al. 2005; Rath et al., n.d.; D. M. Fowler and Fields 2014). In this approach,
researchers used combinatorial expression technique to identify hydroxyapatite binding
peptides (HABPS) resulting in a set of sequences that could offer controlling calcium
phosphate-based biomineral formation (Gungormus et al. 2008). This study focused on

screening of a cysteine-constrained M13 bacteriophage heptapeptide library against
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hydroxyapatite powder. They've selected more than 50 sequences to demonstrate their
binding affinities and structural properties on calcium phosphate (Ca/P) mineralization.
Two sequences were identified, one that exhibited the highest binding affinity (HABP1)
and the other, a much lower binding affinity (HABP2) to HAp. The identified peptides
have been proven to alter mineralization activity and form significantly larger crystals in
the presence of HABP1 and HABP2 than the negative control.

In another study, researchers aimed to describe a novel protocol for identifying
peptide sequences from native proteins that have potential to repair damaged dental
tissues by regulating hydroxyapatite biomineralization (Gungormus et al. 2012a). The
advantage of identifying peptides was that they can escape from oral proteases as well as
other immune system components, and they are easy to control and produce. For this
purpose, amelogenin (involved in the formation of enamel) was utilized as a case study
and a bioinformatics scoring matrix, and researchers have identified regions within
amelogenin that are shared with a set of hydroxyapatite-binding peptides (HABPS)
previously selected by phage display. Using the bioinformatics matrix, distinct peptide
domains within the 180 amino acid amelogenin protein (rM180) were previously
discovered as being comparable to a set of 155 HAp-binding peptide (HABP) sequences
determined using 7-AA and 12-AA phage display libraries. In the same study,
Amelogenin-Derived Peptide 5 (ADP5), a 22 amino acid long peptide sequence,
stimulates the cell-free formation of a cementum-like hydroxyapatite mineral layer on
human root dentin, thereby enhancing periodontal ligament cell attachment.

Researchers demonstrated further studies utilizing biomimetic restoration of
artificially demineralized human enamel and dentin through peptide-guided
remineralization approach. As an outcome, ADP5 resulted in the formation of a very
thick, densely mineralized layer on demineralized enamel that resembles the structure of
healthy enamel and contains HAp mineral (Dogan et al. 2018b). Furthermore, employing
the mineralization directing peptide, ADP5, the occlusion was accomplished layer by
layer through peptide-guided remineralization process intruding mineral layer on exposed
dentin tubules (Deniz T. Yucesoy et al. 2023).

These conducted studies have been employed traditional directed evolution
method and bioinformatic methodology primarily focusing on achieving the
remineralization of enamel drawing inspiration from the amelogenin protein; however, if
dental anatomy was examined, it exposes different various hard and soft tissues within
the tooth structure including dentin, cementum and pulp. On the other hand, the selection
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of identified peptides was primarily focused binding affinities to HAp mineral followed
by an assessment of their mineralization abilities. When calculated the reactions kinetics
of these identified peptides within this approach by their Ca+2 consumption rates were
quantified as 0.0005 ng/min, 0.0015 ng/min and 0.0033 ng/min for HABP1, HABP2 and
ADP5, respectively. Although these peptides were utilized in remineralization
methodologies due to their ability to promote HAp mineralization, the process of ion
release and subsequent remineralization was slow. Moreover, this approach was time-
consuming and costly. Therefore, it arises a need for more targeted and expeditious

methodology to address these challenges.

1.6. Goal of the Thesis

The intended objective of this thesis was to identify novel short mineralization
catalyzing peptides that can govern hydroxyapatite mineralization and exhibit fast
mineral formation rate in an aqueous media similar to natural proteins with directed
evolution. The primary reason lay in identification of short peptide sequences was their
potential to escape from immune cells and protease enzymes within the oral environment;
at the same time, these short sequences facilitate ease of control and production rendering
them advantageous for therapeutic applications. The criterion success of identifying
peptides with inherent catalytic capabilities that directly induce mineralization was
facilitating mineral formation rate faster than the state of art. Owing to the obtained
success criteria, it was envisaged that these peptide sequences could serve as foundational
elements in the development of clinical products as dental gels and toothpaste
formulations in order to restore the remineralization abilities of dental tissues that have
been subjected to acidic and mechanical erosion attack. These products which will
prevent mineral loss in tissues could enable sustainable tissue regeneration and reduce the
consumption of synthetic material-based restorative treatments. Moreover, the identified
peptide sequences could extend in potential to restore demineralized tissues and treating
diseases related to pathological mineralization.
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CHAPTER 2

MATERIALS & METHOD

The intended objective of this thesis was to identify novel short mineralization
catalyzing peptides that can guide HAp mineralization similar to natural proteins by
directed evolution. Initially, the effect ion concentration on Ca/P Mineralization was
optimized for identifying mineralizing peptides. After that, mineralization catalyzing
peptides were chosen utilizing a directed evolution through M13 Phage Display Library
(Ph.D. Phage Display Library, New England BioLabs Inc., USA). Once the mineralizing
peptides were selected, their DNAs were extracted using QlAprep Spin M13 Kit
(QIAGEN, Germany) and sequenced utilizing sanger-sequencing approach with an
Applied Biosystems Genetic Analyzer (HITACHI, Germany). Subsequent mineral
formation rates of the peptides were monitored by continious measuring of absorbance at
820 nm wavelength using a UV-Spectrophotometer (Thermo Fisher Scientific, USA).
Simultaneously, the kinetic rate ability of the peptides was calculated by quantifying
calcium concentration with Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). The structural analysis of the peptides with the highest mineral formation rate
were observed by high-throughput characterization methods as Fourier Transform
Infrared Spectroscopy (FTIR) and X-ray Diffraction (XRD).

2.1. Effect of lon Concentration on Homogenous Ca/P Mineralization

19.2 mM CaCl2.2H,0O (AFG BioScience, USA) (pH:7.0 25°C), 11.52 mM
KH2PO4 (Sigma Aldrich,USA) (pH: 7.0 25°C) and 50 mM HEPES (Sigma Aldrich, USA)
(pH: 7.0 25°C) solutions were prepared. 50 mM Hepes Buffer was prepared in an ultra-
pure water; 19.2 mM CaCl,.2H,0 and 11.52 mM KH2PQO4 were prepared in 50 mM Hepes
Buffer. The pH values of solutions were adjusted by Orion Star A211 pH Meter in
accordance with 25°C. The reactions were carried out in seven setups: (i) 100 pL Ca*?,
100 pL POs-® (Ca/P: 9.6/5.76 mM); (ii) 75 puL Ca*s 75 uL PO4-3, 50 pL Hepes
(Ca/P:7.2/4.32 mM); (iii) 66 L Ca*?, 66 uL POs-3, 66 uL Hepes (Ca/P: 6.38/3.83 mM);
(iv) 50 pL Ca*?, 50 pL PO4-, 100 pL Hepes (Ca/P: 4.8/2.88 mM); (v) 37,5 uL Ca*?, 37,5
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uL POs-3, 125 pL Hepes (Ca/P: 3.6/2.16 mM), (vi) 33 uL Ca*?, 33 uL POs-3, 132 pL
Hepes (Ca/P: 3.16/1.9 mM) and (vii) 25 pL Ca*?, 25 uL PO4-3, 150 pL Hepes (Ca/P:
2.4/1.44 mM). The mineralization kinetics was measured at 820 nm during 10 seconds
per 2 hours with low-continious shaking by UV-Vis Spectrophotometer (ThermoFisher
Scientific, USA.

2.2. Selection of Mineralizing Peptides via Directed Evolution

Mineralization catalyzing peptides were chosen utilizing a directed evolution
method through M13 Phage Display Library (Ph.D. Phage Display Library, New England
BioLabs Inc., USA). Phage display is a technique for selecting peptide or protein
variations wherein a library of peptide or protein variants exists on the outside of a phage
virion while the genetic material encoding each variant is expressed on the inside (Smith
and Petrenko 1997; Pande, Szewczyk, and Grover 2010; C. H. Wu et al. 2016). It forms
a physical link between each variant protein sequence and the DNA that encodes it;
allowing for quick partitioning based on binding affinity to a certain target molecule via
an in-vitro selection process known as Biopanning. In this study, biopanning was
performed by incubating a library of phage-displayed peptides in a Ca/P/Hepes solution,
washing away the non-functional phages and eluting the particularly mineralization
catalyzing phages. The phage that has been eluted is subsequently amplified and
subjected to additional amplification cycles in order to enrich the pool in favor of
mineralizing sequences. This elution protocol was performed over four Biopanning

Rounds.

2.2.1. Biopanning Round I

125 ul CaCl2.2H20 (19.2 mM, pH: 7.0 at 25°C), 125 ul KH2PO4 (11.52 mM, pH:
7.0 at 25°C), 240 pl Hepes (50 mM, pH: 7.0 at 25°C) and 10 pl M13-Bacteriophage
(Ph.D. Phage Display Library, New England BioLabs Inc., USA) were added in a 2 ml
sterile microcentrifuge tube (Final Volume: 500 pl; Ca/P: 4.88/2.88 mM; 2x10%! pfu/ml)
(Figure 2.1.). The solution was allowed to react in a shaking incubator for 17 hours at a
speed of 150 rpm at 25°C. After 17 hours, the tube was centrifuged at 14K rpm for 10
minutes and supernatant, BP1-S1 (Biopanning Round I- Supernatant 1), was transferred
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into a new 1.5 ml sterile centrifuge tube. A pellet of mineral and phage was dissolved in
1000 pl Glycine Buffer (0.2 M, pH: 2.17) and neutralized with 160 pl Trizma Base (0.91
M, pH: 9.13). 800 ul of dissolved and neutralized phage was incubated with 1:200
inoculation from O/N, yield early log-phase (ODsoo: 0.01-0.05) for 4 hours shaking at 250
rpm at 37°C; remained 360 ul phage was labelled as BP1-M1 (Biopanning Round |
Mineralizing Peptide). The amplified phage was isolated (purified) by polyethylene
glycol (PEG) (%20; w/v PEG-800, 2.49 M NaCl) and tris-buffered saline (TBS) (50 mM
Tris-HCI, 150 mM NaCl; pH: 7.2) precipitation and was labelled as BP1-M2 (Biopanning
Round | Amplified & Purified Mineralizing Peptide). Subsequently, serial dilutions of
BP1-S1 (to examine the concentration of the phages remained in the supernatant), BP1-
M1 (to examine the concentration of phages after mineralization) and BP1-M2 (to
examine the concentration of phages remained after amplification and purification) were
carried out . 20 pl of each dilutions (10°-107 for BP1-S1 and BP1-M1; 10'°-10'2 for BP1-
M?2) were transferred into a 15 ml falcon tube containing 3 ml of top agar + 180 ul of a
mid-log (ODsoo: ~0.34) culture of ER2738; were plated on LB-Agar containing 5-bromo-
4-chloro-3-indolyl-B-D-galactopyranoside (Xgal) & isopropyl-p-D-thiogalactopyranosid
(IPTG) plates (LB Agar-IPTG-Xgal plates) and incubated O/N at 37°C (Figure 2.2.). 17
hours later, blue phage plaques were counted and phage concentrations were calculated
in accordance with the equation given in Equation 2.1 (Eq. 2.1.). The concentration of
BP1-M2 was also measured by Nanodrop 8000 (ThermoScientific, USA) using its Uv-
Vis program having a range of 269-320 nm and calculated in accordance with the

equation given in Equation 2.2 (Eq. 2.2.).
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2.2.2. Biopanning Round 11

In this round, BP1-M2 (1x10*® pfu/ml) was used. 125 pl CaCl2.2H,0 (19.2 mM,
pH: 7.0 at 25°C), 125 ul KH2POg4 (11.52 mM, pH: 7.0 at 25°C), 240 ul Hepes (50 mM,
pH: 7.0 at 25°C) and 10 pl Phage were added in a 2 ml sterile microcentrifuge tube (Final
Volume: 500 pl; Ca/P: 4.88/2.88 mM; 2x10* pfu/ml) (Figure 2.3.). The solution was
allowed to react in a shaking incubator for 17 hours at a speed of 150 rpm at 25°C. After
17 hours, the tube was centrifuged at 14K rpm for 10 minutes and supernatant, BP2-S1
(Biopanning Round I1- Supernatant 1), was transferred into a new 1.5 ml sterile centrifuge
tube. A pellet of mineral and phage was washed with 500 ul %0.01 detergent and
dissolved for 5 minutes at a speed of 100 rpm at 25°C in an orbital shaker. The tube was
spin down 14.000 rpm for 10 minutes and the supernatant was transferred into a new
centrifuge tube and labelled as BP2-S2 (Biopanning Round 1I- Supernatant 2). Phage
pellet was washed again with 500 ul %0.01 detergent and dissolved for 5 minutes at a
speed of 100 rpm at 25°C in an orbital shaker and the supernatant was transferred into a
new centrifuge tube and labelled as BP2-S3 (Biopanning Round II- Supernatant 3).
Remaning pellet was dissolved in 1000 pl Glycine Buffer (0.2 M, pH: 2.17) and
neutralized with 160 pl Trizma Base (0.91 M, pH: 9.13). 800 ul of dissolved and
neutralized phage was incubated with 1:200 inoculation from O/N, yield early log-phase
(ODeoo: 0.01-0.05) for 4 hours shaking at 250 rpm at 37°C; remained 360 ul phage was
labelled as BP2-M1 (Biopanning Round Il Mineralizing Peptide). The amplified phage
was purified by PEG (%20; w/v PEG-800, 2.49 M NaCl) and TBS (50 mM Tris-HCI, 150
mM NaCl; pH: 7.2) precipitation and was labelled as BP2-M2 (Biopanning Round 11
Amplified & Purified Mineralizing Peptide). Subsequently, serial dilutions of BP2-S1
(to examine the concentration of the phages remained in the supernatant), BP2-S2 (to
examine the concentration of the phages after washed with %0.01 detergent), BP2-S3 (to
examine the concentration of the phages after 2" washed with %0.01 detergent), BP2-
M1 (to examine the concentration of phages after mineralization) and BP2-M2 (to
examine the concentration of phages remained after amplification and purification) were
carried out . 20 pl of each dilutions (10°-10" for BP2-S1, BP2-S2, BP2-S3 and BP2-M1;
10%0-10% for BP2-M2) were transferred into a 15 ml falcon tube containing 3 ml of top
agar + 180 ul of a mid-log (ODeoo: ~0.34) culture of ER2738; were plated on LB Agar-
IPTG-Xgal plates and incubated O/N at 37°C. 17 hours later, blue phage plaques were
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counted and phage concentrations were calculated in accordance with the Eqg. 2.1. The
concentration of BP2-M2 was measured by Nanodrop 8000 using its Uv-Vis program
having a range of 269-320 nm and calculated in accordance with the equation given in
Eq. 2.2.
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Figure 2.3. Biopanning Round 1.

2.2.3. Biopanning Round 111

In Biopanning Round III, BP2-M2 (3,4x10" pfu/ml) was used. 125 pl
CaCl2.2H20 (19.2 mM, pH: 7.0 at 25°C), 125 pl KH2PO4 (11.52 mM, pH: 7.0 at 25°C),
247 ul Hepes (50 mM, pH: 7.0 at 25°C) and 3 pl Phage were added in a 2 ml sterile
microcentrifuge tube (Final Volume: 500 ul; Ca/P: 4.88/2.88 mM; 2x10%! pfu/ml). The
solution was allowed to react in a shaking incubator for 17 hours at a speed of 150 rpm
at 25°C. After 17 hours, the tube was centrifuged at 14K rpm for 10 minutes and
supernatant, BP3-S1 (Biopanning Round I11- Supernatant 1), was transferred into a new
1.5 ml sterile centrifuge tube. A pellet of mineral and phage was washed with 500 ul
%0.01 detergent and dissolved for 5 minutes at a speed of 100 rpm at 25°C in an orbital
shaker. The tube was spin down 14.000 rpm for 10 minutes and the supernatant was
transferred into a new centrifuge tube and labelled as BP3-S2 (Biopanning Round Il1-
Supernatant 2). Phage pellet was washed again with 500 ul %0.02 detergent and dissolved
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for 5 minutes at a speed of 100 rpm at 25°C in an orbital shaker and the supernatant was
transferred into a new centrifuge tube and labelled as BP3-S3 (Biopanning Round Il1-
Supernatant 3). Remaning pellet was dissolved in 1000 ul Glycine Buffer (0.2 M, pH:
2.17) and neutralized with 160 pl Trizma Base (0.91 M, pH: 9.13). 800 pl of dissolved
and neutralized phage was incubated with 1:200 inoculation from O/N, yield early log-
phase (ODeoo: 0.01-0.05) for 4 hours shaking at 250 rpm at 37°C; remained 360 pl phage
was labelled as BP3-M1 (Biopanning Round Il Mineralizing Peptide). The amplified
phage was purified by PEG (%20; w/v PEG-800, 2.49 M NaCl) and TBS (50 mM Tris-
HCI, 150 mM NaCl; pH: 7.2) precipitation and was labelled as BP3-M2 (Biopanning
Round 111 Amplified & Purified Mineralizing Peptide). Subsequently, serial dilutions of
BP3-S1 (to examine the concentration of the phages remained in the supernatant), BP3-
S2 (to examine the concentration of the phages after washed with %0.01 detergent), BP3-
S3 (to examine the concentration of the phages after 2" washed with %0.02 detergent),
BP3-M1 (to examine the concentration of phages after mineralization) and BP3-M2 (to
examine the concentration of phages remained after amplification and purification) were
carried out . 20 pl of each dilutions (10°-10" for BP3-S1, BP3-S2, BP3-S3 and BP3-M1;
10%0-10'2 for BP3-M2) were transferred into a 15 ml falcon tube containing 3 ml of top
agar + 180 ul of a mid-log (ODeoo: ~0.34) culture of ER2738; were plated on LB Agar-
IPTG-Xgal plates and incubated O/N at 37°C. 17 hours later, blue phage plaques were
counted and phage concentrations were calculated in accordance with the Eq. 2.1. The
concentration of BP3-M2 was measured by Nanodrop 8000 using its Uv-Vis program
having a range of 269-320 nm and calculated in accordance with the equation given in
Eq. 2.2.

2.2.4. Biopanning Round IV

In Biopanning Round 1V, BP3-M2 (1x10® pfu/ml) was used. 125 ul CaCl2.2H20
(19.2 mM, pH: 7.0 at 25°C), 125 ul KH2POg4 (11.52 mM, pH: 7.0 at 25°C), 240 ul Hepes
(50 mM, pH: 7.0 at 25°C) and 10 pl Phage were added in a 2 ml sterile microcentrifuge
tube (Final Volume: 500 pl; Ca/P: 4.88/2.88 mM; 2x10*! pfu/ml). The solution was
allowed to react in a shaking incubator for 17 hours at a speed of 150 rpm at 25°C. After
17 hours, the tube was centrifuged at 14K rpm for 10 minutes and supernatant, BP4-S1
(Biopanning Round IV- Supernatant 1), was transferred into a new 1.5 ml sterile
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centrifuge tube. A pellet of mineral and phage was washed with 500 ul %0.01 detergent
and dissolved for 5 minutes at a speed of 100 rpm at 25°C in an orbital shaker. The tube
was spin down 14.000 rpm for 10 minutes and the supernatant was transferred into a new
centrifuge tube and labelled as BP4-S2 (Biopanning Round IV- Supernatant 2). Phage
pellet was washed again with 500 pul %0.05 detergent and dissolved for 5 minutes at a
speed of 100 rpm at 25°C in an orbital shaker and the supernatant was transferred into a
new centrifuge tube and labelled as BP4-S3 (Biopanning Round IV- Supernatant 3).
Remaning pellet was dissolved in 1000 pl Glycine Buffer (0.2 M, pH: 2.17) and
neutralized with 160 pl Trizma Base (0.91 M, pH: 9.13). 800 pl of dissolved and
neutralized phage was incubated with 1:200 inoculation from O/N, yield early log-phase
(ODeoo: 0.01-0.05) for 4 hours shaking at 250 rpm at 37°C; remained 360 ul phage was
labelled as BP4-M1 (Biopanning Round IV Mineralizing Peptide). The amplified phage
was isolated was purified by PEG (%20; w/v PEG-800, 2.49 M NaCl) and TBS (50 mM
Tris-HCI, 150 mM NaCl; pH: 7.2) precipitation and was labelled as BP4-M2 (Biopanning
Round 1V Amplified & Purified Mineralizing Peptide). Subsequently, serial dilutions of
BP4-S1 (to examine the concentration of the phages remained in the supernatant), BP4-
S2 (to examine the concentration of the phages after washed with %0.01 detergent), BP4-
S3 (to examine the concentration of the phages after 2"@ washed with %0.05 detergent),
BP3-M1 (to examine the concentration of phages after mineralization) and BP4-M2 (to
examine the concentration of phages remained after amplification and purification) were
carried out . 20 pl of each dilutions (10°-10" for BP4-S1, BP4-S2, BP4-S3 and BP4-M1;
10%0-10'2 for BP4-M2) were transferred into a 15 ml falcon tube containing 3 ml of top
agar + 180 pl of a mid-log (ODgoo: ~0.34) culture of ER2738; were plated on LB Agar-
IPTG-Xgal plates and incubated O/N at 37°C. 17 hours later, blue phage plaques were
counted and phage concentrations were calculated in accordance with the Eq. 2.1. The
concentration of BP4-M2 was measured by Nanodrop 8000 using its Uv-Vis program
having a range of 269-320 nm and calculated in accordance with the equation given in
Eq. 2.2.
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2.2.5. Mineralization Analysis with Enrichment Libraries

19.2 mM CaCl2.2H20 (pH: 7.0 25°C), 11.52 mM KH2PO4 (pH: 7.0 25°C) and 50
mM HEPES (pH: 7.0 25°C) solutions were used as mineralization reactants.
Mineralization reactions for BP1-BP2-BP3-BP4-M2 were initiated with 10! pfu in 200
ul (Final Concentration: 2x10* pfu/ml; Ca/P: 4.8/2.88 mM) in a 96-well plate (Table
2.1). Mineral formation capability of identified libraries were monitored using a UV

Spectrophotometer by continuous measuring of absorbance at 820 nm during 24 hours.

2.3. Selection of Peptides from Biopanning Round 1V

BP4-M2 (amplified, purified) was serial diluted into 10° pfu that resulted ~80-
100 peptides on LB Agar-IPTG-Xgal plate and mixed with 180 ul E.Coli culture (1:200
Inoculation from O/N yield mid log-phase, ODgoo: ~0.34 in 4 hours). This mixture was
transferred in 3 ml melt Top Agar and poured onto LB Agar/X-gal/IPTG-tetracycline
plates. Agar plates was incubated at 37°C O/N. 17 hours later, 80 peptides were picked
up by pipettor tip and put seperately into 150 pl of PC Buffer (0.02% detergent, pH: 7.2)
in pre-sterilized 1.5 ml DNAse free centrifuge tubes. These tubes were shaken for 15
min at 150 rpm and incubated within Medisson Ultrasonic Bath at 60°C for 45 minutes
and kept at 4°C for O/N. Next day, 150 ul of peptide solution, stored at 4°C, was
transferred into 150 ul glycerol stocks (%50 glycerol) and was stored at -20°C.

2.4. ssDNA Isolation & Sequencing

Single-stranded (sSDNA) DNA was isolated using QIAprep Spin M13 Kit
(QIAGEN, Germany). 10 pl of phage frozen glycerol stock (Biopanning Round IV-
Selected Peptides) was added into 3 ml of E.coli culture (ODearly-midiog:~0.34) and
incubated for 4 hours at 37 °C. Bacterial culture was spin down at 5000 rpm for 15 min
at room temperature. Supernatant containing M13 bacteriophage was precipitated by
incubating with 1/100 volume Buffer MP (M13 Precipitation Buffer; 2.86 M citric acid)
for 2 minutes. After that, the samples were applied to the QlAprep spin columns and
phage particles were retained specifically on the adapted silica membrane. Upon addition
of Buffer PB (M13 lysis and binding buffer; 5 M Gu-HCI; %30 isopropanol), the phage
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particles were lysed and single-stranded DNA was adsorbed to the membrane in the
presence of high salt. In this way, contaminants such as phage proteins pass through and
were eliminated. After a brief wash step with Buffer PE (10 mM Tris-HCI pH: 7.5; %80
ethanol), pure single-stranded DNA was eluted in 50 ul of Buffer EB (Elution Buffer; 10
mM Tris-HCI pH: 8.5) The concentration of the eluted DNAs was measured by Nanodrop
8000 (ThermoScientific, USA) using its nucleic acid program at 600 nm. The DNA
sequencing of the peptides from BP4-M2 were sequenced with Sanger Sequencing
method and had a two-stage process: spin colon preparation and cleaning, followed by

cycle sequencing reactions.

2.4.1. Spin Colon Preparation and Cleaning

Sephadex colon was prepared in a falcon tube by mixing 1 g Sephadex G50
(Sigma Aldrich, USA) with 15 ml autoclaved ultra-pure water. After that, 650 ul of
sephadex mixture was added to spin colons and waited for 10-30 minutes until seeing the
phase separation in the tubes. Then tubes were centrifuged at 5400 rpm for 2 minutes.
Top part was replaced into a new eppendorf tube as a clean elution tube without disturbing
sephadex colon in it. PCR products (at least 10 ul) was pipetted on top of sephadex colon
and were centrifuged at 5400 rpm for 2 minutes in order to collect clean PCR products.

2.4.2. Cycle Sequencing Reaction

The sequencing library is prepared by amplifying the 36 bp peptide-coding
variable region. For sequencing, -96 glll sequencing primer (Ph.D. Phage Display
Libraries, New England BioLabs Inc., USA) was used. Cycle Sequencing Reaction was
set as listed in Table 2.1.

-96 glll sequencing primer: 5- HOCCC TCA TAG TTA GCG TAA CG -3, 1 pmol/ul
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Table 2.1. Cycle Sequencing Reaction Setup;

Reagent Volume (pul) Concentration
Big Dye 3.1 RRM 1 1 pmol/ul stock
5x Buffer 1.5
(20 ng final)
Primer (-96 glll) 1.6
Template/water 5.9
Total 10

Thermal cycler program for Big Dye 3.1 cycle sequencing reactions was set up as follows:

Rapid thermal ramp to 96°C, hold for 1 minute
Rapid thermal ramp to 96°C, hold for 10 seconds
Rapid thermal ramp to 50°C, hold for 5 seconds
Rapid thermal ramp to 60°C, hold for 4 minutes
Back to step 2; 24 times (total of 25 cycles)

© o k~ w e

Rapid thermal ramp to 4°C, hold for 5 minutes

2.5. Peptide Amplification & Purification & Quantification

5 ul of frozen peptide/glycerol stocks (selected in Section 2.4.) from BP4-M2
were incubated with 1:200 inoculation from O/N yield early log-phase (ODeoo: 0.01-0.05)
for 4 hours shaking at 250 rpm at 37°C. The amplified peptides were isolated PEG and
TBS buffer precipitation. Amplified & Purified peptide concentration was measured by
Nanodrop 8000 (ThermoScientific, USA) using its Uv-Vis program having a range of
269-320 nm.

2.6. Mineralization Kinetic Analysis With Peptides

19.2 mM CaCl,.2H20 (pH: 7.0 25°C), 11.52 mM KH2PO4 (pH: 7.0 25°C) and 50
mM HEPES (pH: 7.0 25°C) solutions were used as a mineralization reactants.

Mineralization reactions for each peptide were initiated with 10 pfu in 200 pl (Final
28



Concentration: 1x10!* pfu/ml; Ca/P: 5.28/3.16 mM) in a 96-well plate. After that, 96-well
plate was shaken at 150 rpm for 8 hours at 25°C. Mineral formation kinetics of each
peptides were monitored once an hour using a UV Spectrophotometer by continuous

measuring of absorbance at 820 nm for 10 seconds per minute (7 readings in total).

2.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

For FT-IR analysis, mineralization reactions were set up for peptides initiated with
10 pfu in 500 pl (Final Concentration: 1x10'! pfu/ml; Ca/P: 5.28/3.16 mM) in pre-
sterilized 2 ml centrifuge tubes. In order to generate adequate mineral for the analysis,
each reaction was performed four times with a total reaction volume of 2 mL. Following
the reaction, samples were collected by centrifugation at 14K for 10 minutes and allowed
to freeze-dry using Labconco Freezone 18 L Console for 24 hours. FT-IR analysis was
performed using a PerkinElmer UATR Two-FT-IR Spectrometer. The frequency range
was computed between 4000-400 cm™ and spectra were collected at 1 cm™ resolution

over 20 scans.

2.8. X-Ray Diffraction (XRD) Characterization

Mineralization reactions for XRD characterization were performed precisely the
same as for FTIR analysis having a total reaction volume of 3.5 mL to create sufficient
mineral for the analysis. Following the reaction, samples were centrifuged at 14K for 10
minutes before being freeze-dried for 24 hours using the Labconco Freezone 18 L
Console. The X-ray diffraction (XRD; Philips X'Pert Pro) examination provided detailed
information about the material's crystallographic structure, chemical composition and
physical properties. XRD patterns were obtained at 25°C in the range of 10 to 80° 20
with a resolution of 0.1; the resulting patterns were compared to International Centre for
Diffraction Data (ICDD, formerly JCPDS) data.
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CHAPTER 3

RESULTS & DISCUSSION

3.1. Effect of lon Concentration on Homogenous Ca/P Mineralization

The objective in optimizing the effect of ion concentration was to achieve
mineralization via peptides, while no mineralization occurred under predetermined pH,
temperature and ion concentration conditions (Deniz T. Yucesoy et al. 2020, 2022, 2023).
Hepes buffer was identified as the optimal buffering agent for the selective pressure
optimization due its minor change in pKa with temperature proporties, temperature was
set to 25°C and the reactants' pH were adjusted to 7.0 at 25°C. Therefore, the effect of
ion concentration on Ca/P mineralization was utilized using 19.2 mM CaCl.2H20 (pH:
7.0 25°C), 11.52 mM KH2PO4 (pH: 7.0 25°C) and 50 mM HEPES (pH: 7.0 25°C). The
reactions were carried out in seven setups: (i)100 uL Ca*2, 100 pL PO4-3 (Ca/P: 9.6/5.76
mM; 2x); (ii) 75 uL Ca*?, 75 uL POs-3, 50 pL Hepes (Ca/P:7.2/4.32 mM; 1.5x); (iii) 66
uL Ca*™? 66 pL POs-3, 66 uL Hepes (Ca/P: 6.38/3.83 mM; 1.33x); (iv) 50 uL Ca*?, 50
uL PO4-3, 100 pL Hepes (Ca/P: 4.8/2.88 Mm; 1x); (v) 37,5 uL Ca*2, 37,5 uL PO4-3, 125
uL Hepes (Ca/P: 3.6/2.16 mM), (vi) 33 uL Ca*?, 33 uL PO4-, 132 uL Hepes (Ca/P:
3.16/1.9 mM) and (vii) 25 pL Ca*™, 25 uL PO4-3, 150 uL Hepes (Ca/P: 2.4/1.44 mM).
The mineralization kinetics was measured at 820 nm during 10 seconds per 2 hours with
low-continious shaking by UV-Vis Spectrophotometer. After 2 hours, absorbance
increased from O to 0.05 for 1.33x, 0 to 0.08 for 1.5x and 0 to 0.1 for 2x; whereas an
increase was absent at 1x, 0.75x, 0.66x and 0.5x (the Ca/P ratio of 4.8/2.88 mM was
mentioned as 1x; 1.33x referred to the multiplied of Ca/P: 4.8/2.88 mM with 1.33, e.g.,
Ca/P: 6.38/3.83 mM; 0.75x referred to the multiplied of Ca/P: 4.8/2.88 mM with 0.75,
e.g., Ca/P: 3.6/2.16 mM) (Figure 3.1.). This proved that, there was no mineralization
while Ca/P < 4.8/2.88 mM. Following a comprehensive evaluation, Hepes buffer was
identified as the optimal buffering agent with a reaction temperature at 25°C, Ca/P

concentration of 4.8/2.88 mM and a pH 7.0.
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Figure 3.1. Effect of lon Concentration on Ca/P Mineralization.

3.2. Selection of Mineralizing Peptides via Directed Evolution

Catalytic peptides with mineral formation fucntion were selected utilizing a
directed evolution method through M13 Phage Display Library under predetermined
selective pressure conditions (Zin et al. 2005; Smith and Petrenko 1997; Rath et al., n.d.;
Whaley et al. 2000). In order to enrich the pool in favor of mineralizing peptide
sequences, protocol was executed over four successive rounds of Biopanning (Figure
3.2.). The library cloning vector, M13KE stands out from the wild-type filamentous phage
vector where the lacZa-peptide cloning sequence (assists in blue/white screening) has
been inserted in the region of the (+) strand origin of replication, leading to a longer
replication cycle (Noren and Noren 2000). Furthermore, displaying foreign peptides as
N-terminal fusions to plll (mediates infectivity by binding to the recipient bacterium's F-
pilus) may reduce the phage's infectivity as contrasted with wild-type M13. These bring
the possibility of any contaminating wild-type phage during the amplification steps
between rounds of panning; even small levels of contamination can result in a majority
of the phage pool being wild-type phage. In order to proceed in a controlled manner with
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the selection process, the identified libraries, e.g., BP1-S1, BP1-M1, and BP1-M2, were
plated on LB Agar-IPTG-Xgal plates before beginning the following biopanning round.
Since the library cloning vector, M13KE, is derived from the cloning vector of M13mp19
which carries the lacZo gene whereas ER2738 lacks the lacZa gene; only the cells
infected by M13mp19 bacteriophage can hydrolyze X-Gal and form blue phage plaques
(Ullmann A, Jacob F, and Monod J 1967; Van Wezenbeek PM, Hulsebos TJ, and
Schoenmakers JG 1980). Blue-White Colony screening also enabled us to determine the
concentration of the phages, which was computed using Eq. 2.1. Figure 3.3. presents the
depiction of the methodology for determining the concentration of BP1-M2 through blue-
white colony screening. As deliniated in Eq. 2.1., the calculation of the phage titer
expressed in plaque forming units (pfu) per 1000 pl (ml); necessitates the multiplication
of the number of blue plaques by the dilution factor, volume and pul conversion (Baer and
Kehn-Hall 2014). The quantification process at a dilution level of 10710 revealed that the
quantity of blue plagues exceeded the capacity for accurate enumeration. Hence, the
quantification was undertaken at 10711, and eight blue colonies were counted. The
number of counts was then multiplied by the dilution factor, 10°11. Given that a sample
volume of 20 microliters was used for LB Agar plating, we multiplied by 20.
Additionally, because the initial stock volume of BP1-M2 was 200 microliters, a
conversion factor of 5 was used to standardize the volume to 1000 microliter. Table 3.1.
indicated the phage concentrations quantified by Blue-White Colony Screening.

The concentration of purified phages from each biopanning round was also
measured by Nanodrop 8000 with a wavelenght range of 269-320 nm and calculated
through the equation given in Eq. 2.2. The UV absorption spectrum of phage purified by
PEG-precipitation and dissolved in TBS exhibited a shallow maximum around 269 nm.
M13KE has 7200 base-pairs, hence the concentration (pfu/ml) was calculated by
multiplying the difference in absorbance at 269 and 320 nm by 6x10”6 and dividing by
7200 (Noren and Noren 2000). Since plating and nanodrop measurements were

consistent, each biopanning round were started based on plating concentrations.
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Figure 3.2. Selection of Mineralizing Peptides via Directed Evolution.
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Figure 3.3. Depiction of the Methodology for Determining the Concentration of BP1-
M2.

Table 3.1. Quantification of Phages via Blue-White Colony Screening;

Biopanning Rounds Concentration (pfu/ml)
BP1-S1 (no detergent) <1x10’
BP1-M1 1,01x10°
BP1-M2 1x10%
BP2-S1 (no detergent) <1x10’

BP2-S2 (%0.01 detergent) <1x10’
BP2-S3 (%0.01 detergent) <1x10’

(Cont. on next page)
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Table 3.1. (Cont.)

BP2-M1

BP2-M2

BP3-S1 (no detergent)
BP3-S2 (%0.01 detergent)
BP3-S3 (%0.02 detergent)
BP3-M1

BP3-M2

BP4-S1 (no detergent)
BP4-S2 (%0.01 detergent)
BP4-S3 (%0.05 detergent)
BP4-M1

BP4-M2

1,21x10%
3,40x10*3
1.7x108
1x10°
1x10°
2,12x10%°
1x10%3
1x10°
1x10°
1x10°
2,39x10%°
5x10%°

Mineral formation capability of the enrichment peptide library from each

biopanning round were monitored using a UV Spectrophotometer by continuous

measuring of absorbance at 820 nm during 24 hours. As seen in Figure 3.4., Ca/P

mineralization was observed through presence of enrichment peptide libraries, whereas

no mineralization was observed in the absence of the peptide. These results proved the

success of the enrichment.
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Figure 3.4. Ca/P Mineralization Analysis via Peptide Library.

3.3. Selection of Peptides from Biopanning Round 1V

BP4-M2 enrichment library was serial diluted into 10° pfu that resulted ~80-100
peptides on LB Agar-IPTG-Xgal plate. 80 peptides were picked up by pipettor tip; put
seperately into 150 ul of PC Buffer in pre-sterilized 1.5 ml DNAse free centrifuge tubes
(Figure 3.5.). These tubes were shaken for 15 min at 150 rpm and incubated 60°C for 45
minutes and kept at 4°C for O/N. Next day, 150 ul of phage solution was transferred into
150 ul glycerol stocks (%50 glycerol) and was stored at -20°C.
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Figure 3.5. Selection of Peptides from BP4-M2; 80 colonies were selected.

3.4. ssDNA Isolation & Sequencing

16 ssDNAs from Biopanning Round IV-Selected Peptides were isolated using the
QIAprep Spin M13 Kit. The isolated DNAs were quantified via Nanodrop 8000 at 600
nm. The absorbance ratio of 260/280 nm was used to evaluate DNA purity; a ratio of ~1.8
was considered as “pure” for DNA. A ratio of < 1.6 indicated the presence of proteins,
phenol or other contaminants that absorb at 280 nm; whereas if the ratio > 1.8, indicated
the presence of RNA contamination (Lucena-Aguilar et al. 2016). Meanwhile, the
260/230 ratio was utilized to indicate the presence of undesirable chemical compounds
including Trizol, phenol or Guanidine HCI. The expected range for 260/230 values were
in 2.0-2.2; a ratio below than expected, indicated the presence of Ethanol or EDTA
contaminant which absorb at 230 nm (Usman et al. 2014; HASSAN MMed et al. 2015).
As illustrated in Table 3.2., the isolated DNAS purities and concentrations (should > 20

ng/ul) of the peptides were appropriate for the sequencing. Sanger sequencing was
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performed on 16 peptides. For sequence analysis tool, "Just Bio™ was utilized to obtain

complementary of the DNA sequence and to translate DNA sequences from 1 to 6 phases

yielding formated outputs. Furthermore, protparam tool was used for computing physical

(molecular weight, charge) and chemical parameters (theoretical pl, average of

hydropathicity, GRAVY) for a given aminoacid sequence (Table 3.3.).

Peptide ID
MP22
MP23
MP24
MP25
MP26
MP27
MP28
MP29
MP30
MP31
MP32
MP33
MP34
MP35
MP36
MP37

Table 3.2. DNA Concentration and Purity;

260/280
2,14
1,84
1,95
1,96
1,91
1,43
1,86
1,96
2,05
1,85
2,11
1,92
2,04
1,79
1,85
191

260/230

3,77
1,39
1,87
1,59
2,02
0,15
1,93
1,29
2,04
2,27
1,83
1,98
2,98
2,47
2,83
2,59

Concentration (ng/pl)

20,9
36,72
38,22

33,1
37,05
24,28

38
57,88
84,08
52,81
41,67
34,12
27,93
33,29
36,29

38,8

Table 3.3. Physical and Chemical Parameters of Peptides;

Peptide ID
MP22
MP23
MP24
MP26

MW
1129.30
1223.25
1221.38
1368.57

pl
6.74
8.46
8.31
8.50

G.RAV.Y.
0.767
0.308
-0.736
-1.042

Charge

0
+1
+1
+1

(Cont. on next page)
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Table 3.3. Cont.

MP27
MP28
MP30
MP31
MP32
MP34
MP35
MP36
MP37

1227.33
1315.45
1220.35
1334.77
1432.67
1292.46
1380.53
1224.11
1298.49

3.80
8.33
8.76
10.00
5.08
9.76
5.52
8.99
3.56

0.692
-1.033
-0.808
-2.067
-0.217
-0.173
-0.225
0.027
0.692

3.5. Peptide Amplification & Purification & Quantification

Upon Sanger Sequencing examination, nine out of the 16 peptides were observed

to be devoid of aminoacid sequences. Each of the peptides selected in Section 3.4. with

known sequences has been amplified and purified (7 in total), in order to increase the

number of copies for their kinetic and structural investigations. The concentration of

amplified & purified peptides was quantified by Nanodrop 8000 with a wavelenght range

of 269-320 nm and calculated through the equation given in Eq. 2.2. The UV absorption

spectrum of the peptide purified by PEG-precipitation and dissolved in TBS exhibited a

shallow maximum around 269 nm. M13KE has 7200 base-pairs, hence the concentration

(pfu/ml) was calculated by multiplying the difference in absorbance at 269 and 320 nm
by 6x108 and dividing by 7200 (Noren and Noren 2000). Table 3.4. indicated the purified

peptide concentrations quantified by Nanodrop.

Table 3.4. Quantification of the Peptides;

Peptide ID
MP22
MP23
MP24

Concentration (pfu/ml)

2,83x10%2

6,69x10'2

3,72x10%?

(Cont. on next page)
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Table 3.4. Cont.

MP26 8,79x10%2
MP27 6,75x10"
MP28 2,74x10%
MP30 2,50x10"

3.6. Mineralization Kinetic Analysis with Peptides

Mineralization reactions for each peptide were commenced with 10! pfu in 200
ul (Final Concentration: 1x10'! pfu/ml; Ca/P: 5.28/3.16 mM). The mineral formation
Kinetics of each peptide were monitored once an hour for 7 hours by continuously
measuring absorbance at 820 nm. As shown in Figure 3.6., Mineralizing Peptide 23
(MP23) and Mineralizing Peptide 22 (MP22) exhibited the fastest mineral formation rates
reaching 0.08 at the fourth hour; whereas the absorbance of the negative control reached
to 0.02 and remained constant in subsequent hours. This observation proved that the
peptides not only facilitated rapid minerals but also exceeded the mineral production of
the negative control. Conversely, MP30 exhibited slower mineralization Kkinetics,
achieving an absorbance of 0.01 after 6 hours. The reaction kinetics was further quantified
by monitoring the rate of Ca?* consumption at different time points by ICP-OES. The
results of the kinetic measurements revealed that the Ca®* consumption rate of peptides
over 4 hours were 0.125 ng/min, 0.06 ng/min and 0.018 for MP23, MP22 and MP30
respectively (Figure 3.7.).

39



Absorbance (au)

0,14

0,12

0,1

0,08

0,06

0,04

0,02

0,12

0,1

0,08

0,06

0,04

0,02

Ca/P Mineral Formation Rate of Peptides

Time (h)

Figure 3.6. Mineral Formation Rate of Peptides.

Rate of Ca*2Consumption in the Presence of Peptides

""
MP22 _4--"~
A"
s
mp23 =
e L
-]
! ’
/ ’
’ s
’ ’
’ 7/ ]
/ ’ ’
/ ’ ,
] s ’
1' ," Negative Control /
’1 ,' _____ m----" I—:’--——I
A ,
o, /
/s s
p mp3o _--"
,’/ P
T FEEEE LELLL] Gt ------ "
1 2 3 4 5 6 7
Time (h)

60

50

40

30

20

10

Figure 3.7. Rate of ca”’ Consumption in the Presence of Peptides.

(Bu) [z.eo]

40



3.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The structural analysis and quantification of the crystallinity indexes of the
minerals produced in the presence of the mineralization catalyzing peptides was observed
by FTIR Spectrophotometry and the frequency range was computed in 4000-400 cm™
(Appendix B). Structural analysis of the minerals were compared against the infrared
spectra of the merck hydroxyapatite (HAp) powder. Hydroxyapatite mineral consists of
phosphate, carbonate and hydroxyl groups which make it active in the vibrational range
of the infrared spectrum. For example, the peaks recognized at 1086 and 1025 cm™
indicated the asymmetric stretching vibration (v3) of the phosphate group and the peak at
962 cm™t corresponds to the symmetric stretching vibration (v1). Furthermore, it has
bending vibrations on the v4 state between 567-601 cm™ and v2 bending vibration at 962
cmL. Last but not least, the presence of hydroxyl groups are observed at 630 and 3550
cmL; likewise, the carbonate group's asymmetric stretching vibration (v3) is observed at
1456-1417 cm™. FTIR spectra of characterized HAp have been found to correlate with
the literature (Rehm and Bonfield 1997; Sahadat Hossain and Ahmed 2023; Nguyen et
al. 2013; Suffo-Pino et al. 2023). As illustrated in Figure 3.8, compared to negative
controls, the minerals catalyzed by the peptides exhibited comparable peaks within the
HAp, thereby confirmed the formation of hydroxyapatite in the presence of the peptides.
While there was an absence of peaks in the negative control in the 1456-1417 cm-1 range,
these peaks appared in the presence of the peptides, which may indicate their involvement
in carbonylation. Moreover, MP23 exhibited citrate addition at 2980 cm™ while no peak
exhibited with MP22 and MP30. This could imply inter-peptide differences. 2980 cm*
may be related to the -CH2 band of OCP-Citrate, which is in the octacalcium phosphate
(OCP) dicarboxylate group. Octacalcium phosphate carboxylates has structural
similarities within the parent compound OCP and the general formula of OCP-Citrate is
Cag(HPO4)1.60(Cit)0.40(PO4)47.8H20 (Markovic and Brownla 1993; B. 0 Fowler, Moreno,
and Brown 1966). Mineral crystallinity was also evaluated with the data obtained from
FTIR. Crystallinity index was calculated from FTIR peaks by dividing the sum of the
peaks representing O—P—O bending of phosphate in HAp (between 567 cm1 and 601 cm-
1) by the height of the valleys between them (Figure 3.9.) (Weiner’ and Bar-Yosefa 1990;
Choi et al. 2015). Figure 3.10 illustrated the crystallinity index values of the peptides

ranging between 2.40-2.60 compared with the standard HAp whose crystallanity index
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value is 5 (Shlaferman et al. 2019; Baillargeon et al. 2017). As a conclusion, structural
analysis and quantification of the crystallinity indexes revealed that the peptides have an
ability to generate hydroxyapatite with a sufficient crystal index. In accordance of these
results, a novel investigation was emerged to investigate the ability of these peptides to
induce HAp formation apart from HAp stoichiometry. MP23, chosen for this
investigation due to its fast mineral formation ability, was characterized under tricalcium-
phosphate (TCP) stoichiometric conditions with a Ca/P ratio of 1.5. (Gungormus et al.
2012a). Within the experimental framework, the calcium ratios were held constant and
the amount of phosphate changed for the attainment of the desired ratio. Mineralization
reactions were initiated with 10 pfu in 500 ul (Final Concentration: 1x10! pfu/ml; HAp
- Ca/P: 5.28/3.16 mM; TCP —> Ca/P: 5.28/3.51 mM) in pre-sterilized 2 ml centrifuge
tubes and the frequency range was computed between 4000-400 cm™. The FTIR spectrum
of merck TCP have revealed similar characteristic peaks to those of HAp; nevertheless,
within the spectrum range of 1400-1460 cm-1, distinctive bands unique only to HAp,
were discerned which was related with the asymmetric stretching vibration of its
carbonate group; while this peak was observed in HAp at 1456 and 1417 cm-1, but not in
TCP (Figure 3.11.). Therefore, the primary question was whether the peak at 1456 and
1417 cm-1 would be observed under MP23 in TCP stoichiometric conditions. As
illustrated in Figure 3.12, while no detectable peak was observed in 1456-1417 cm™ both
positive and negative controls within the HAp stoichiometry; MP23 exhibited a
conspicuous peak within the intended 1456-1417 cm™ range. Furthermore, while the
absence of the peak was observed attributed to the -CH2 band at negative control, it was
observed in the presence of the peptide. These observations suggested the potential of
MP23 in the formation of carbonate and citrate adduction in HAp stoichiometry.
Furthermore, in Figure 3.13, an absence of peaks within the 1456-1417 cm-1 range was
evident in both positive and negative controls under TCP stoichiometric conditions;
conversely MP23 exhibited a prominent peak within this specified range. Additionally,
while the presence of the peak was observed attributed to the citrate addition at negative
control was not observed in the presence of the peptide. These observations indicate the
potential of MP23 have a role only in carbonate formation under TCP stoichiometry, in
contrast to its behavior in HAp stoichiometry. As a result, MP23 had proved to govern

HAp mineralization apart from the HAp stoichiometry.
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Structural Analysis of Mineralizing Peptides
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HAp: Cas(PO,)s(OH); Ca/P: 1.66
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3.8. X-Ray Diffraction (XRD) Analysis Characterization

The crystallographic analysis via XRD confirmed that, the mineral formed by
MP23 displayed the numerous sharp peaks indicative of characteristic peaks belonging
to the crystalline HAp while the mineral formed by negative conrol displayed weaker
diffraction peaks (Figure 3.14.) (Phatai et al. 2018). This result indicated that the
hydroxyapatite mineral formed by MP23 exhibited significantly higher crystallinity

compared to the mineral formed in the negative control.
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CHAPTER 4

CONCLUSION

Inspired by biology at the nanoscale, the aim of this thesis was to identify novel
methodology to identify short catalytic peptides that can govern hydroxyapatite (HAp)
mineralization and exhibit fast mineral formation rate in an aqueous media similar to
natural proteins with directed evolution approach. The criterion success of identifying
peptides with inherent catalytic capabilities that directly induce mineralization was
facilitating mineral formation rate faster than the state of art. For that purpose, first of all,
selective pressure parameters (reactants' pH, reaction temperature, buffer type and ion
concentrations) were optimized for identifying mineralizing peptides. Following a
comprehensive evaluation, Hepes buffer was identified as the optimal buffering agent
with a reaction temperature at 25°C, Ca/P concentration of 4.8/2.88 mM and the pH of
7.0. Subsequently, mineralization catalyzing peptides were selected throughout four
biopanning rounds to enrich the pool in favor of mineralizing catalytic sequences utilizing
a directed evolution method through M13 Phage Display Library. The selection proved
the success of the enriched peptide libraries promoting Ca/P mineralization, whereas no
mineralization was observed in the absence of the peptide. Following within the obtained
success criterion, 80 peptides were selected from Biopanning Round IV, with 37 of these
peptides exhibited different sequences. 31 of these peptides exhibiting different
sequences were amplified & purified and subjected to further analyses through Kinetic
measurements and structural characterizations. Although enrichment peptide libraries
carry out mineralization at a Ca/P: 4.8/2.88 ratio; mineralization was observed at the end
of the 24th hour, indicating the limited effectiveness of peptides under biological
conditions. Consequently, the ion concentration was increased slightly over the critical
level and the kinetic rates of the peptides selected from Biopanning Round IV were
investigated at a Ca/P ratio of 5.28/3.16 mM. Mineral formation rates of the peptides
were monitored by continious measuring of absorbance at 820 nm wavelenght using a
UV-Spectrophotometer. MP23 exhibited the fastest mineral formation rates reaching 0.08
at the fourth hour; whereas the absorbance of the negative control reached to 0.02 and
remained constant in subsequent hours. This observation proved that the peptides not only
facilitated rapid minerals but also exceeded the mineral production of the negative
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control. Conversely, MP30 exhibited slower mineralization kinetics, achieving an
absorbance of 0.01 after 6 hours. The reaction kinetics was further quantified by
monitoring the rate of Ca?* consumption by ICP-OES. Ca?* consumption rate of peptides
over 4 hours obeyed their absorbance reaction kinetics with constans of 0.125 ng/min,
0.06 ng/min and 0.018 ng/min for MP23, MP22 and MP30 respectively. Kinetic
measurements revealed that MP23 catalyze Ca/P mineralization four times faster than
Bioglass & Novamin, 16 times faster than HABPL, 5 times faster than HABP2 and 5
times faster than ADP5 (Figure 3.15.). Structural analysis by FTIR and quantification of
the crystallinity indexes revealed that the peptides have an ability to generate
hydroxyapatite mineral with a sufficient crystal index (2.40-2.60). MP23 exhibited citrate
addition at 2980 cm™, whereas MP22 and MP30 did not demonstrate this characteristic
peak; which could imply inter-peptide differences. Furthermore, MP23 proved to govern
HAp mineralization apart from the HAp stoichiometry. Last but not least, XRD analysis
confirmed the formation of hydroxyapatite mineral in the presence of MP23 exhibited
high-crystallinity; whereas the negative control displayed poor crystallinity. As a brief, it
was developed a novel methodology to identify peptides with mineralization functions,
surpassing traditional approaches based on binding activity or protein domains/fragments
(Fan, Sun, and Moradian-Oldak 2009a; Gungormus et al. 2008). Within this
methodology, it was identified a set of peptides notably one that accelerates the kinetics
of calcium/phosphate reaction ~15 times faster than existent state-of-the-art peptides
(Gungormus et al. 2008, 2012b; Dogan et al. 2018a). The structural and morphological
analyses was further highlighted these peptides’ potential in biomineralization. These
identified peptide sequences could serve as foundational elements in the development of
clinical products as dental gels and toothpaste formulations. Furthermore, these findings
would be a strong potential for restoring demineralized tissues and treating diseases

related to pathological biomineralization.
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