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ABSTRACT 
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ARCTIC PSEUDOMONAS PUTIDA ORIGIN (AFPA) ANTIFREEZE PROTEIN 
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Thesis Supervisor: Prof. Dr. Ali Koşar 

 

Keywords: Antifreeze Proteins, Ice Binding Proteins, Antifreeze activity, Antifreeze 

coating, Metallic surfaces, Aluminium surfaces, Industrial applications. 

 

 

 

Ice formation on a solid surface is a major challenge in industrial applications, it causes 

higher energy consumption and performance deterioration, and might lead to catastrophic 

results. The preparation of anti-icing surfaces to prohibit ice accumulation on a surface is 

crucial to reduce operational costs and extend the surface's lifetime. The utilization of 

cryoprotectants to obtain anti-icing surfaces is an effective method and is applicable in 

multiple fields. Antifreeze proteins (AFPs) are natural cryoprotectants to obtain anti-icing 

surfaces having the ability to decrease the freezing point and prevent ice-crystal growth 

via thermal hysteresis (TH) and Ice Recrystallization Inhibition (IRI). This thesis reports 

the molecular cloning, expression, and production of AFP from E. coli via recombinant 

protein technology.  Subsequently, produced recombinant AFPs were immobilized on 

aluminum surfaces by oxygen plasma to activate surface functional groups on aluminum.  

The anti-icing activity of the developed recombinant AFP-immobilized aluminum 

surfaces was evaluated. As a result, the novel coated AFP exhibited promising antifreeze 

activity with a high degree of anti-icing ability on aluminum surfaces. The outcome of 

this study provides new insight into the biotechnological application of antifreeze proteins 

for various industrial applications for energy-saving and higher performance. 
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ÖZET 
 

 

PSEUDOMONAS PUTIDA KÖKENLİ (AFPA) ANTİFRİZ PROTEİNİN 

KLONLANMASI, EKPRESYONU, KARAKTERİZASYONU VE 

UYGULAMALARI 

 

 

ZÜLAL MUGANLI 

 

Moleküler Biyoloji, Genetik ve Biyomühendislik, Yüksek Lisans Tezi, Aralık 2022 

 

Tez Danışmanı: Prof. Dr. Ali Koşar 

 

Anahtar Kelimeler: Antifriz Protein, Antifriz etkinlik, Antifriz kaplama, metal yüzeyler, 

alüminyum yüzeyler, endüstriyel uygulamalar. 

 

 

 

Endüstriyel uygulamalarda karşılaşılan, katı yüzeylerdeki buz oluşumu yüksek enerji 

tüketimine, cihazlarda performans düşüşüne ve felaketlere yol açabilen büyük bir 

sorundur. Antifriz yüzeylerin hazırlanması, yüzeylerde meydana gelen buz birikimini 

engelleyerek işletim maaliyetlerini azaltmada ve yüzeylerin ömrünü uzatmada kritik bir 

öneme sahiptir. Antifriz yüzeylerin elde edilmesi için kryoprotektan maddelerin 

kullanımı pek çok farklı alanda görülen etkili bir yöntemdir. Antifriz proteinler (AFP) 

donma noktasını düşürebilen ve buz kristalinin büyümesini termal histerezis ve 

rekristalizasyon inhibisyonu ile engelleyebilen doğal bir kryoprotektanlardır. Bu 

çalışmada, rekombinant protein teknolojisi ile AFP E.coli bakterisinde klonlanıp, 

eksprese edilmiştir. Sonrasında, üretilmiş olan AFPler, oxygen plazma ile aktifleştirilmiş 

olan alüminyum yüzeylere modifiye edilip ve AFP immobilize edilmiş yüzeylerin antifriz 

etkinliği gözlemlenmiştir. Geliştirilmiş olan AFP kaplı alüminyum yüzeyler yüksek 

derecede antifriz etkinliğini alüminyum yüzeylere kazandırmıştır. Bu tezin, enerji 

tasarrufu ve yüksek performans elde edilmesi amacıyla, AFP’lerin endüstriyel tabanlı 

biyoteknolojik uygulamaları için yeni bir bakış açısı kazandıracağı düşünülmektedir. 
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1. INTRODUCTION 

 

 

 

Antifreeze proteins (AFPs) function as natural cryoprotectants and first discovered in 

Antarctic marine fishes in 1969 (DeVries & Wohlschlag, 1969). AFPs can be derived 

from several cold adaptive organisms such as, plants, bacteria, insects, algae, fungi and 

fishes to keep them alive under sub-zero conditions (Sutariya & Sunkesula, 2021).  AFPs 

contains specific types of proteins, peptides and glycopeptides that have ability to bind 

ice while inhibiting its growth. (Baskaran et al., 2021).  AFPs have six categories as, AFPs 

I, AFPs Ⅱ, AFPs Ⅲ, AFPs Ⅳ, hyperactive AFPs and anti-freezing glycoprotein AFPs 

according to their structural difference (John G. Duman, 2015). AFPs have ability to 

realize the formation of embryonic ice crystals with attaching to particular crystal planes, 

hence, inhibit ice growth (Olijve et al., 2016a).The action mechanism of AFPs while 

interacting with ice is based on depressing the water’s freezing point with prevention of 

ice crystals’ growth (Davies & Sykes, 1997; Eskandari, Leow, Rahman, & Oslan, 2020). 

There are plenty of antifreeze glycoproteins to inhibit ice growth, recrystallization, and 

nucleation. Therefore, several attempts have been done to employ AFPs as cryoprotective 

agents (Gharib, Saeidiharzand, Sadaghiani, & Koşar, 2022). Since, ice crystals growth is 

challenging for multiple fields, AFPs have been utilized in various areas such as, 

agriculture, anti-icing material, food industry  and cryomedicine (Xiang, Yang, Ke, & 

Hu, 2020). However, the proteins can be easily denatured due to high temperatures, 

therefore it is crucial to prevent thermal denaturation to utilize them for industrial 

applications (Gharib et al., 2022).   

 



2 
 

1.1.Origins and Species of Antifreeze Proteins 

 

AFPs are originated from several species such as, bacteria, fungi, plant, insects, and fishes 

which affects the expression and ice binding formation (IBF) of AFPs. Moraxella sp. of 

Antarctic origin was the first bacteria derived to express 52 kDa AFP which forms 

hexagonal ice crystals (YAMASHITA et al., 2002). Pseudomonas fluorescens was the 

first reported bacterial strain which has both antifreeze protein and ice nucleating protein 

activities with 80 kDa size (Kawahara et al., 2004). Arctic Plant Growth-Promoting 

Rhizobacterium originated Pseudomonas putida is another bacterial strain presenting 

antifreeze protein and ice nucleating protein activities with a yield of 164 kDa AFP 

(Naomi Muryoi et al., 2004; X. Sun, Griffith, Pasternak, & Glick, 1995b; Xu, Griffith, 

Patten, & Glick, 1998).  

Among ciliates, Euplotes focardii demonstrated high ice-recrystallization inhibition (IRI) 

activity with efficient concentrations at nanomolar range (Mangiagalli et al., 2017).  On 

the other hand, polar diatoms are the other species that can survive under extreme 

conditions, where the temperatures between -1.8 °C and -20 °C (Bayer-Giraldi, Uhlig, 

John, Mock, & Valentin, 2010).  Gwak et al. indicated that the AFP (Cn-AFP) of 

Chaetoceros neogracile, Antarctic marine diatom, has crucial role in the low temperature 

adaptation and displaying antifreeze activity (I. G. Gwak, sic Jung, Kim, Kang, & Jin, 

2010). 

Leucosporidium sp. which is a psychrophilic yeast isolated from an Arctic pond in 

Norway, indicated ice-binding and IRI activities with a yield of 26 kDa (J. K. Lee et al., 

2010). Glaciozyma antarctica PI12 is another psychrophilic yeast showed high antifreeze 

activity and IRI activity with having 44% α-helical secondary structure (Hashim et al., 

2013).  Typhula ishikariensis is a snow mold fungus expresses seven AFP isoforms 

constituting TisAFPs (Hak Jun Kim et al., 2017). Among the isoforms, the antifreeze 

mechanism of TisAFP6 and TisAFP8 were identified and TisAFP8 might have more 

effective IBF due to having higher hydrophobic structure according to TisAFP6. 

Several terrestrial arthropods such as, insects, spiders, centipedes, mites express AFPs (J. 

G. Duman, Bennett, Sformo, Hochstrasser, & Barnes, 2004). Insect originated AFPs are 

represented as hyperactive AFPs since exhibiting over of 5° of Thermal hysteresis (TH) 

whereas polar fish are termed as moderately active due to having maximum 2° of TH 

activity (Meister et al., 2013a). The first identified hyperactive AFP, TmAFP, was 
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isolated from haemolymph of the beetle Tenebrio molitor, a yellow mealworm, with 

promising TH activity as 5°(Arai et al., 2021). Choristoneura fumiferana, spruce 

budworm, is another species that express 9kDa AFP containing β-helical structure with 

T-X-T motifs (Graether et al., 2000).  The pale beauty moth, larvae of Campaea perlata 

expressed a hyperactive AFP since its consisting two isoforms in molecular mass of 8.3 

kDa and 3.5 kDa (Lin, Davies, & Graham, 2011).  

Overwintering plants express AFPs to survive in freezing conditions, besides more than 

60 plants indicated antifreeze activity and 15 of them have been purified (R. Gupta & R. 

Deswal, 2014). A vegetable carrot, Daucus carota, secretes AFP consisting leucine-rich 

repeating units and presented IRI activity (D.-Q. Zhang, Liu, Feng, He, & Wang, 2004).  

From the leaf of Secale cereale six AFPs with different molecular masses were derived 

and were in homology with pathogen-related proteins (Hon, Griffith, Mlynarz, Kwok, & 

Yang, 1995). Hippophae rhamnoides (Gupta & Deswal, 2012) express AFGPs which 

provide the antifreeze activity in plants where their sugar group ensure IBF (Ravi Gupta 

& Renu Deswal, 2014). 

AFPs from distinctive fish species such as teleost fish, sculpins, and winter flounder share 

similar structures. They generally derived from blood plasma or serum and have small 

molecular mass of 3-26 kDa (Tahergorabi, Hosseini, & Jaczynski, 2011).  Type-I AFPs, 

nonglycosylated AFPs, were first discovered in Pseudopleuronectes americanus, winter 

flounder. After the discovery of several AFPs in fish, they were classified as types I, II, 

III, and IV. Although, the 3D structures and primary sequences are different in terms of 

AFP types, their ice binding activity to ice crystals are similar (H. J. Kim et al., 2017). 
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Figure 1. 1 The known biological mechanisms of AFPs from different origins. (a)  Freeze avoidance, the freezing point 

of bodily fluids is lowered by AFPs to inhibit ice-growth, and the insects and fishes are the representative organisms. 

(b) In freeze tolerance, recrystallization of small ice-crystals to larger ones are inhibited by binding of AFPs to the ice 

crystal surfaces, like in plants, and nematode. (c) In ice adhesion,  the AFPs secreted from microorganisms, work for 

adhesion of bacteria to ice surfaces (Xiang et al., 2020). 

 

1.2.Classification, Structure, and Ice Plane Affinity of Antifreeze Proteins 

 

AFPs are classified into five main classes as, AFGPs and type I, II, III, and IV according 

to their sources and structural differences (Eskandari et al., 2020).  AFGPs are mostly 

expressed from some Antarctic northern cords and notothenioids and connected to the 

disaccharide β-d-galactosyl (1 → 3)-α-N-acetyl-d-galactosamine in the repetitive 

sequence of Ala-Ala-Thr/Arg (Mazorra-Manzano, Ramírez-Suárez, Moreno-Hernández, 

& Pacheco-Aguilar, 2018). Besides, AFGP isolated from some fish can have tripeptide 

repeats consisting proline residues (pro-thr-ala) (John G. Duman & Newton, 2020). 

AFGPs are classified into 8 main classes increasing size from AFGP8 (2.6 kDa) to 

AFGP1 (33.7 kDa).  The AFGPs (1-5,7 and 8) indicated primary prisms plane binding on 

ice-crystals (Xiang et al., 2020). Fish AFPs are categorized into four main sections 

regarding to their sequences. Type I AFPs, can be expressed by plenty of fish species and 

contains alanine rich residues with amphipathic α-helix structure and molecular masses 

between 3.3 kDa and 4.5 kDa (Tejo, Asmawi, & Rahman, 2020). The type I AFPs 

expressed by winter flounder showed pyramidal plane binding on ice-crystals whereas 
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shorthorn origin Type I AFPs indicated secondary prism plane binding  (Knight, Cheng, 

& DeVries, 1991; Wen & Laursen, 1992). Type II AFPs are cysteine-rich  globular 

proteins having molecular masses between 11 kDa and 22 kDa and expressed by rainbow 

smelt, sea raven and Atlantic herring (Mazorra-Manzano et al., 2018). Modeling studies 

indicated that, Type II AFPs from sea ravens bind to hexagonal pyramidal plane of ice-

crystals whereas type II AFPs expressed by the longsnout poacher is linked to secondary 

prism plane (Nishimiya et al., 2008; Wierzbicki, Madura, Salmon, & Sönnichsen, 1997).  

Type III AFPs are rich in β-sheet structure with 6.5 kDa size and expressed by ocean pout 

and wolffish. Type III AFPs have ability to dock both on the pyramidal plane and primary 

plane of  ice-crystals (Garnham et al., 2010). Type IV AFPs are expressed by longhorn 

sculpin and have glutamine/glutamate rich or alanine rich residues with molecular masses 

of 12 kDa and 6.5 kDa, respectively. There is no data regarding to the binding of type IV 

AFPs to ice-crystals while having some speculations related with its essential 

functionality which is antifreeze activity (J. K. Lee & Kim, 2016). 

 

 

 

 

 

 

 

 

 

 

Figure 1. 2 The figure summarizes classification, structure and ice plane affinity of AFPs  (Naing & Kim, 2019). 

 

 

 

 



6 
 

1.3. Properties and Effects of Antifreeze Proteins 

 

Thermal Hysteresis (TH) and Ice Recrystallization Inhibition (IRI) are the two key factors 

that identifies the activity of AFPs (Gharib et al., 2022). Adsorption of AFPs on to the 

surface of the embryonic ice crystals obstructs the enlargement of the ice crystals via 

decreasing the freezing point of the solution (Lopez Ortiz, Quiroga, Narambuena, 

Riccardo, & Ramirez-Pastor, 2021). TH can be described as the temperature gap between 

the melting and freezing points which indicates the activity of AFPs. TH activity has a 

crucial role in freeze avoidance mechanism which is vital for organisms such as plants, 

microalgae, bacteria and insects, to inhibit freezing of the body fluids at below 0 °C 

(Xiang et al., 2020). Previous studies indicated that, AFPs from insects had the highest 

TH values of 3-6 °C while Fish AFPs had TH values of 0.7-1.5 °C, plants and other 

microorganisms had TH values of 0.2-0.5 °C whereas bacteria AFPs had the lowest TH 

value of 0.1 °C (Baskaran et al., 2021). The TH activity of AFPs is differentiated in two 

classes as, hyperactive, and moderately active, and the concentration of AFP has 

significant impact on both TH activities. Moderately active AFPs are mostly derived from 

blood of polar fish with presenting maximum 2° of TH activity while hyperactive AFPs 

are commonly isolated from insects with presenting over 5° of TH (Meister et al., 2013b). 

Ice binding of hyperactive AFPs can be conducted by hydrogen binding of the hydroxyl 

groups of T residues. All the AFPs have comparatively hydrophobic residues in IBSs with 

consisting T- rich repetitive motifs while enhancing ice binding of AFPs to ice crystals 

consequently preventing ice growth (Vance, Bayer-Giraldi, Davies, & Mangiagalli, 

2019). Hyperactive AFPs bind to prism, pyramidal and basal planes of the ice crystal and 

forms circular disk-like ice morphology whereas moderately active AFPs linked to prism 

and pyramidal planes and creates hexagonal bipyramidal ice crystal (Naing & Kim, 

2019). The greater ice growth inhibition can be obtained by hyperactive AFPs since they 

bind to basal plane of ice and have higher TH activity according to moderately active 

AFPs. 
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Figure 1. 3 Illustration describes the TH phenomenon of AFPs where the freezing point of water is lowered and further 

growth of ice crystals are inhibited until nonequilibrium freezing point (H. J. Kim et al., 2017). 

 

Enlargement of ice crystals from the presence of the smaller ones defined as Ice 

Recrystallization (IR) phenomenon with Kelvin Effect (Rahman et al., 2019). IR consists 

of ice grain boundary migration which indicates that small ice crystals vanish whereas 

large ones increase in size since large ice crystals have lower free energy and 

thermodynamically more stable (Olijve et al., 2016b; Xiang et al., 2020). AFPs have IR 

inhibition (IRI) activity that prevents grain boundary migration with ceasing the growth 

of ice and melting it at the boundaries. AFPs can present IRI activity even at 

submicromolar concentrations while TH activity requires milli molar concentrations 

(Olijve et al., 2016b; Yu et al., 2010). Therefore, it is assumed that IRI is the primary 

function of AFPs secreting from the several cold-adapted organisms (Collins & Margesin, 

2019).  Although, both TH and IRI activity alters ice adsorption of AFPs there is no 

definite correlation between IRI and TH (Xiang et al., 2020).  A comparative study 

indicated that, TH activity was not related to the activity of IRI of AFPs (Baskaran et al., 

2021). 
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Figure 1. 4 Ice Recrystallization Inhibition effect of AFPs to the ice nucleus to prohibit ice-crystal growth(Naing & 

Kim, 2019). 

 

1.4.Mechanism of Action of Antifreeze Proteins 

 

A particular region, IBS, for protein-ice interaction is required  to observe TH and IRI 

activities (Białkowska, Majewska, Olczak, & Twarda-Clapa, 2020). The IBSs are mostly 

having a flat and hydrophobic structure which is an indicator of AFPs.  Although AFP 

might have different structures, they present common mechanism of action (Baskaran et 

al., 2021). Identification of ice between IBS and ice interface is vital before binding and 

distinguished by retarded diffusion of AFPs which is altered by their orientations specific 

to the surface of ice.  Rigid structure of the most AFPs can be obtained by an external α-

helix, internal asparagine ladders, or wide network of hydrogen bonds in the protein core 

(Białkowska et al., 2020). The presence of structurally similar repeating motifs in AFPs 

procure to form ice-binding surface with alignment of ice binding residues on one side of 

ice. However, to obtain adsorption between AFP and ice surface, atomic distribution of 

water molecules on ice crystal surface must be fulfilled by distribution of polar and apolar 

groups on the IBS (Smolin & Daggett, 2008). Non-binding regions of AFPs can be 

positioned outside and might interact with water to inhibit absorption of water by growing 

ice crystals.  The growth rate of the ice crystal must be lower than the adsorption ratio of 

AFP on surface of ice to prevent enlargement of ice (Baskaran et al., 2021). Moreover, 

adsorption of AFP on a large area of the surface of ice crystals increases the efficiency of 

IRI. The affinity of AFPs to particular planes of ice crystal is related with the origin of 

AFPs (Białkowska et al., 2020). It is known that ice crystal growth is slower in c-axis 

(basal planes) than a-axis (primary prismatic plane) and AFPs with higher TH activity 



9 
 

bind to primary prismatic planes. This also describes the reason for growth of ice crystals 

in insects on the a-axis, in fish along the c-axis and in plants along the a-axis and c-axis. 

1.5.Applications of Antifreeze Proteins 

 

The advancements regarding to identification and characterization of the AFPs possessed 

the applications of AFPs in several fields where the growth of ice crystals induce 

significant challenges (Eskandari et al., 2020). The IRI and ability to decrease the freezing 

point of a solution makes AFPs are eligible for distinctive areas such as, cryopreservation, 

food industry, agriculture, and anti-icing coatings.  

1.5.1. Cryopreservation 

 

Cryopreservation is a method that ensures the storage of biologics at or below −80°C for 

prolonged period by use of cryo-protective agents (CPA) (Baust, Corwin, & Baust, 2011).  

Multiple CPAs such as, glycerol, dimethyl sulfoxide (DMSO), formamide and methanol 

are extensively used (Best, 2015). Since the freezing and thawing cycles are strong factors 

affecting the cell and organ membranes, use of high concentration of CPAs are required 

to minimize the intracellular ice crystal formation (Naing & Kim, 2019). However, high 

concentrations of CPAs might cause cellular toxicity by affecting the epigenetic 

regulation of cells. Therefore, alternative less or non-toxic CPAs are required to procure 

cryopreservation. AFPs are potential CPAs that have been demonstrated to increase 

cryopreservation efficacy and post thaw viability in multiple biologics (Baskaran et al., 

2021). They are natural CPAs that are employed in various cryopreservation medium of 

oocytes (H. H. Lee et al., 2015), sperm (Beirão et al., 2012), and embryos (K. Nishijima 

et al., 2014). In animal models, AFPs and AFGPs prevents the cold-induced injury on cell 

membranes which consequently advances in vitro embryo development and survivability 

by altered vitrification process (Arcarons et al., 2019). Type III AFPs are extensively used 

AFPs for cryopreservation since its production by recombinant technology is simple (Hak 

Jun Kim et al., 2017). For instance, type III recombinant fish AFPs were successfully 

applied to enhance cryopreservation of human hepatoma cells (Hirano et al., 2008).  In 

another study, Liang et al. (Liang et al., 2016), reported that AFGP8 had positive effects 

against chilling injury of bovine oocytes during vitrification procedure. Furthermore, 

plenty of successful applications of AFPs as CPAs were reported, AFP I and III zebrafish 

embryo (Martínez-Páramo, Barbosa, Pérez-Cerezales, Robles, & Herráez, 2009; 
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Martínez-Páramo, Pérez-Cerezales, Robles, Anel, & Herráez, 2008), AFP I in sheep 

embryos (Baguisi, Arav, Crosby, Roche, & Boland, 1997), LEIBP in bovine embryos 

(W.-S. Sun et al., 2020) and AFP III in rabbit embryos (Ekpo et al., 2022; Kazutoshi 

Nishijima et al., 2014).  

1.5.2. Food Industry 

 

AFPs assist in frozen food preservation by the TH and IRI activities with conserving taste 

and freshness of the food to prolong product shelf life (Baskaran et al., 2021). IRI activity 

supplies to decrease the protein oxidation, water loss and cell membrane injury whereas 

TH activity lowers the freezing point which obstructs denaturation of proteins. Type I 

AFP treatment on frozen meat procured reduction in protein loss and enhanced juiciness 

(Yeh, Kao, & Peng, 2009). Type III AFP treatment on actomyosin ensured protection 

against the freezing of gel forming functioning of muscle proteins (Boonsupthip & Lee, 

2003). Besides, AFPs can be also utilized for food processing. In a comparative study, 

recombinant AFPs demonstrated cryoprotective activities on hydrated gluten proteins 

during freezing and supplied theoretical basis for dough cryopreservation (M. Liu et al., 

2018). In another study, type I AFP treated frozen dough presented favourable 

fermentation capacity according to untreated frozen dough (Yeh et al., 2009). Kalede et 

al. reported that, type III AFP added ice-cream showed smoother ice cream structure and 

longer consumption time according to AFP concentration (Kaleda, Tsanev, Klesment, 

Vilu, & Laos, 2018). 

1.5.3. Agriculture 

Temperature is a vital factor which affects the plant growth and sub-zero temperatures 

induce ice-crystal formation in the apoplasts (Bredow & Walker, 2017). TH property of 

AFPs inhibits frost damage in the frost sensitive crops (Eskandari et al., 2020). Hence, 

highly active AFP expression enables to freeze at lower temperatures, nearly at 5 °C. 

Chilling injury in cold sensitive foods results in yield reduction and economical loss 

(Tian, Zhu, & Sun, 2020). To overcome with the frost damage, genetic engineering is 

utilized to transfer AFPs in plants. In a current study, an AFP gene from Lolium perenne 

was transferred to tomato lines (Balamurugan et al., 2018). The transformation provided, 

decrease in the electrolyte leakage about 2.6 times and increase in water content for 3 

times. Besides, in a chilling-tolerance assay no phenotypic variation in transgenic tomato 

lines was observed whereas wild type lines became flattened. Moreover, AFP 
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transformed potato and spring wheat indicated enhanced freeze resistance with reduction 

of electrolyte leakage at sub-zero temperatures (Khanna & Daggard, 2006; Wallis, Wang, 

& Guerra*, 1997).  AFPs can be employed as biofertilizer in agriculture applications. In 

a study, it was indicated that rhizobacterium P. Putida GR12-2 which has ability to 

express AFP, triggered the root growth at 5 °C (X. Sun, Griffith, Pasternak, & Glick, 

1995a). 

1.5.4. Industrial Applications 

 

Formation of ice on surfaces might result in fatal accidents and serious economic loss 

(Baskaran et al., 2021). In this case, AFPs are favourable biomaterials to have anti- icing 

surfaces since they are environmentally friendly. Several coating methods such as, dip 

coating, spray coating, and electrodeposition can be utilized to coat AFPs on particular 

surfaces (Gharib et al., 2022). For instance, polymer-linked conjugation of AFPs on glass 

surface was employed  to achieve anti-icing surface and the developed polymer coating 

enhanced the stability of AFPs on the glass surface (Esser-Kahn, Trang, & Francis, 2010). 

Gwak et al. reported that AFP coated aluminium surfaces indicated low supercooling 

points and addition of trehalose delayed the denaturation of AFP by formation of 

hydrogen bonds between hydroxyl groups of trehalose and polar residues in proteins  (Y. 

Gwak et al., 2015; Kaushik & Bhat, 2003).  In another study, an antifreeze coating was 

developed on glass surface by mixing antifreeze polypeptides and silane coupling agents 

for vehicle windshields (Koshio, Arai, Waku, Wilson, & Hagiwara, 2018).  In a study 

conducted by Liu et al. anti-icing coating on silicon surface was developed by use of 

hyperactive AFP into polydopamine (PDA) and (3-glycidoxypropyl) 

methyldimethoxysilane (GOPTS) to understand mechanism of AFPs (K. Liu et al., 2016). 

Moreover, Jeonn et al. employed AFPs to create an anti-icing surfaces on PDA treated 

aluminum by use of Tannic acid (TA) coating (Jeong, Jeong, Nam, & Kang, 2018). 

Further studies are required to utilize AFPs as antifreeze coating since they can be 

denatured easily and lose their stability.  
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Research Objectives and Purpose 

      

 

Ice adhesion on industrial surfaces is a major challenge that leads higher energy 

consumption, performance degradation and fatal incidents. Developing substrates having 

anti-icing properties prevent ice accumulation on a surface while extending the surface’s 

lifetime by reducing operational costs. Cryoprotectant modified surfaces exhibits a 

favourable anti-icing efficiency in several fields. Among current cryoprotectants AFPs 

have gained a reputation due to their safety profile and innate ice-binding properties by 

their specific TH and IRI activities. Therefore, it is aimed to develop antifreeze metallic 

surfaces by use of an AFP to prohibit the ice accumulation on industrial surfaces. For this 

purpose, the molecular cloning, expression, and production of recombinant AFP was 

conducted. Subsequently, structural analysis regarding to thermal stability of the 

recombinant AFP and the anti-icing activity of the recombinant AFP immobilized 

aluminum surfaces was evaluated in this thesis.  The following research plans to realize 

the research objectives of the design, expression, optimization and characterization of the 

recombinant AFP protein, immobilization of the expressed recombinant protein on 

aluminium surfaces and the effect of recombinant AFP immobilized aluminium surfaces 

on ice formation. 
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2. MATERIALS AND METHODS 

 

 

 

2.1.Reagents and chemicals  

 

Chemicals and enzymes used in this study were purchased from Sigma (USA), Merck 

(Germany), and Fisher Scientific (Leicestershire, UK). Restriction enzymes, DNA 

markers, T4 DNA ligase, DNA isolation kit and DNA extraction kits were purchased 

from Thermo Fisher Scientific (Massachusetts, United States), Taq DNA polymerase 

from Oligonucleotide primers were synthesized by Oligomer Company (Ankara, Turkey) 

and pUC-AFP gene was synthesized by Integrated DNA Technologies (Iowa, USA). 

Lurian Broth Medium, Isopropyl β- d-1-thiogalactopyranoside (IPTG), Trizma Base, 

Bromophenol Blue, Coomasie Blue Reagent, Sodium dodecyl sulphate, Ammonium 

persulfate, 30% polyacrylamide were purchased from Sigma (USA). 

Tetramethylethylenediamine (TEMED) was purchased from Neofroxx (Germany).  

2.2.Methods 

 

2.2.1. Cloning of the Synthetic AFP gene 

 

2.2.1.1.Design of the synthetic AFP gene 

 

To produce AFP, a recombinant AFP gene (1.5 kbp)  was designed which has different 

gene sequence however encodes same amino acid sequences as original afpA, the map 

and open reading frame of synthetic AFP gene is shown in Fig 2.1 and Fig 2.2 (N. Muryoi 

et al., 2004). Therefore, it was aimed to produce large quantity of the synthesized AFP 

plasmid transformed in E. coli using recombinant technology. For this purpose, the 
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synthesized pUC-AFP plasmid was resuspended as it is mentioned in section 2.2.2 then 

transformed with E. coli DH5α cells as it is explained in section 2.2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Open Reading Frame of the recombinant AFP. 

Figure 2. 1 pUC-AFP map synthesized by Integrated DNA Technology Inc. 
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2.2.1.2. pUC-AFP Resuspension 

 

The pUC-AFP sample preparation was performed according to the given instruction by 

IDT company. Therefore, first the tube containing pUC-AFP was centrifuged to ensure 

the plasmid is at the bottom of the tube.  The plasmid was resuspended in 25 µl TE (10mM 

Tris, 0.1 mM EDTA) buffer (pH 8) and vortexed for 20 seconds. The suspended mixture 

was incubated at room temperature for 30 minutes, then centrifuged for 1 minute and 

stored at -20 °C for further use. 

 

2.2.1.3. Preparation of E. coli competent cells and transformation 

Transformation of the host plasmids (pET21-MDH without tag, pET21-AST without tag, 

pET28-1699 (reference recombinant) with tag, pUC-AFP were initiated by preparing 

chemically competent DH5α E. coli strains under aseptic conditions. For this purpose, E. 

coli cells were thawed from -80 °C frozen stocks and transferred to sterile 5 ml LB 

medium containing tryptone, yeast extract and NaCl for overnight at 37 °C, 200 rpm then 

1% of the growth was transferred to 50 ml LB medium and incubated at shaker incubator 

until the O.D. (600nm) reaches to 0.4 abs. The cells were harvested in a cold sterile falcon 

tube at 8000 rpm for 10 min at 4 °C. After centrifugation the supernatant was removed, 

and the cell pellet chemically induced by 50 mM cold sterile Calcium Chloride (CaCl2) 

for 40 min on ice. The chemically induced cells were centrifuged at 8000 rpm for 10 min 

at 4 °C and the remaining pellet was dissolved in 50 mM ice-cold CaCl2 and stored at 4 

°C for transformation (Sambrook, Fritsch, & Maniatis, 1989).  

 

An aliquot of 200 µl of DH5α competent cells were taken, and gently mixed with 5 µl of 

plasmids as pET21-MDH, pET21-AST pET28-1699 and pUC-AFP and the mixture was 

incubated for 40 min on ice. Heat shock was applied by heat block at 42 °C for 2 min 

after the cells were incubated on ice for 5 min. 800 µl of LB medium was added on each 

plasmid group and incubated for 1 hour at 37 °C and 200 rpm. After 1 hour incubation, 

the 800 µl of LB medium was removed and the remaining cell suspension was mixed 

gently and seeded thorough LB agar plates which has proper antibiotics as, 

 

• pET21-MDH: Ampicillin (concentration:100mg/ml) 

• pET21-AST: Ampicillin 
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• pET28-1699: Kanamycin (concentration: 60 mg/ml) 

• pUC AFP: Kanamycin 

The plates were incubated overnight at 37 °C. 

 

2.2.1.4. Plasmid DNA isolation 

 

The transformed plasmids were obtained by DNA isolation method and the procedure 

was performed with GeneJet Plasmid Miniprep kit. For this aim, one of the colonies from 

the transformed cell plates were selected and inoculated in LB medium with 

corresponding antibiotic for each group and incubated overnight at 37 °C. The prepared 

inoculums were harvested by centrifugation at 8000 rpm for 2 minutes. After, the 

supernatant was removed and 250 µl of resuspension solution was added on the cells and 

vortexed. Then 250 µl of lysis solution was added and the tube was inverted 4-6 times. 

After, 350 µl of neutralization solution was added and the tube was inverted 4-6 times. 

The prepared mixture was centrifugated for 5 min at 12.000 rpm at room temperature. 

The supernatant was transferred through flow through column and centrifugated for 1 

min. The supernatant was removed and 500 µl washing solution was added and 

centrifugated for 1 min and repeated once more. After that empty column was centrifuged 

and 50 µl of elution buffer was added to columns and incubated for 4 minutes. The column 

was centrifugated and supernatant is collected, and concentration of collected DNA 

samples was measured by Nanodrop (Sambrook et al., 1989). 

 

2.2.1.5. Quantification of DNA 

 

Concentration of DNA constructs (pET21-AFP, pET28-AFP, pET28-1699, pET21-AST, 

pET21-MDH, pUC-AFP) was measured spectrometrically as well as by agarose gel 

electrophoresis. 

Spectrophotometric estimation of DNA constructs was also conducted taking the 

absorbance of the DNA sample at 260 nm using elution buffer as blank. Thermo Scientific 

NANODROP 2000c was used as spectrophotometer device to measure concentration of 

DNA samples. Agarose gel electrophoresis is a technique enhances to separate DNA 

fragments to differentiate their sizes between 100 bp to 25 kb (P. Y. Lee, Costumbrado, 

Hsu, & Kim, 2012). For this purpose, DNA sample was run on agarose gel along with 
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known amount of standard DNA of similar size. Quantification was done by comparing 

the intensity of DNA bands with those of standards. To prepare 0.8% agarose gel, 0.8 g 

of agarose was dissolved in 100 ml of 1 X TAE buffer (25 mM Tris, 5 mM sodium acetate 

and 1 mM EDTA pH.8) and heated in microwave until the agarose completely dissolved. 

After cooling to 50 ˚C of agarose solution, 2 µl GelRed nucleic acid gel stain (Biotium) 

was added on the dissolved agarose solution then the solution was poured into gel tray 

and the comb was placed to create the wells to load DNA samples. After complete 

solidification the gel was placed in electrophoresis tank containing 1X TAE at room 

temperature. 6 X DNA loading dye (Themo Scientific, #R0611) was used to mix up to 

1X final concentration with DNA samples. DNA ladder, (Thermo Scientific SM1333) 

was used to know the size of the DNA sample. Gel electrophoresis was performed at 100 

V until DNA loading dye reached one third of total gel size. BIORAD Gel Doc EZ Imager 

system and VILBER LOURMAT transilluminator were used to visualize and record 

agarose gel images.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 1. Steps of Agarose Gel Electrophores.is to estimate size of DNA/RNA ("How to Perform DNA 

Electrophoresis in Agarose Gel？," 2022). 
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2.2.1.6. Polymerase chain reaction (PCR) for cloning of synthetic AFP gene 

 

Polymerase Chain Reaction (PCR)  is a method enhance to amplify specific part of the 

DNA template by utilizing heating and cooling cycles in presence of primers, free 

nucleotides, DNA template and DNA polymerase (Ghannam & Varacallo, 2018). For this 

purpose, PCR was performed to amplify antifreezing protein (AFP) gene by designing 

special RNA primers which creates Nde I (5'-CATATG-3') and Xho I (5'-CTCGAG-3’) 

restriction sites. Herein, forward, and reverse primers (AFP-F and AFP-R) were designed 

according to AFP gene which is proper to create Xho I and Nde I restriction sites. The 

designed primers were synthesized by Oligomer Company (Ankara, Turkey). Therefore, 

to conduct PCR amplification, 25 µl PCR mixture was prepared which includes, 12.5 µl 

Taq master mixture, 1 µl forward primer (5'-

ataCATATGCAGTACGATTCGCCAATTA-3'), 1 µl reverse primer (5'-

ataCTCGAGTCATACCGCGCCGTGA-3'), 1.5 µl DNA template (pUC-AFP) and 9 µl 

nuclease free water (NF). The PCR conditions was set as in Fig 2.4. 

 

Table 1.Designed forward primer and reverse primer of AFP. The melting Temperatures (Tm) and the Guanine-

Cytosine (GC) content also is given for each primer. 

Primer Sequence (5’ to 3’) Tm GC Content 

AFP-F ataCATATGCAGTACGATTCGCCAATTA 56 36% 

AFP-R ataCTCGAGTCATACCGCGCCGTGA 61 56% 

 

 

Figure 2. 2 PCR Conditions for pUC-AFP amplification. 
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2.2.1.7. Purification of amplified products 

 

Amplified products were analysed by agarose gel electrophoresis and fragments of 

interest were excised and transferred to separate eppendorf tubes. DNA was eluted from 

the gel by using DNA extraction kit (Thermo Fisher Scientific). The gel slice was 

weighed, and one volume binding solution was added to the tube containing the gel slice. 

Incubation was performed at 55˚C for 10 min in a heat block device (Eppendorf, Thermo 

Stat plus). When the excised gel was dissolved completely, 800 µl gel solution was 

transferred to column and centrifuged for 1 min at room temperature. The flow though 

was discarded and again 100 µl of binding solution was added on the column and 

centrifuged. Then 700 µl of wash buffer was put on the column and centrifuged for 1 min, 

the flow though was discarded, and the empty column centrifuged 1 min more to remove 

any remaining residues. After 50 µl of elution buffer was added on the column after 5 

min incubation, the column was centrifuged, the flow though was collected, and the 

concentrations of purified plasmids was measured by Nanodrop. Eluted DNA was then 

concentrated on Eppendorf concentrator 5301.DNA was quantified by taking absorbance 

at 260 nm using Thermo Scientific NANODROP 2000c. 

 

2.2.1.8. Restriction analysis of recombinant plasmids 

 

Double Digestion of pET21-MDH, pET28-1699 and pUC-AFP was performed by Nde I 

(5'-CATATG-3') and Xho I (5'-CTCGAG-3’) restriction enzymes by using Red Buffer 

which is the ideal buffer in case double digestion with Nde I and Xho I. For this purpose, 

50 µl double digestion mixture was prepared which includes 500 ng intended plasmid, 5 

µl 10x Red Buffer, 1 µl Nde I and Xho I and NF. The procedure was held in 37 °C for 1 

hour. 

 

2.2.1.9. Ligation of PCR amplified DNA in DH5α E. coli Cells 

To create recombinant DNA plasmids (pET21-AFP and pET28-AFP), ligation process 

must be performed as two DNA fragments joins via ligase enzyme. Thus, ligation 

procedure was performed by using Thermo Fisher T4 ligation kit. For this purpose, 25 µl 

ligation mixture which consists, vector, insert, ligase, ligation buffer and NF was 
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prepared. The amount of vector (pET21 and pET28) and insert (AFP gene) was evaluated 

according to the formula with 3:1 ratio. 

 

[𝑖𝑛𝑠𝑒𝑟𝑡 𝑠𝑖𝑧𝑒(𝑘𝑏)]

[𝑣𝑒𝑐𝑡𝑜 𝑠𝑖𝑧𝑒 (𝑘𝑏)]
 𝑥

𝑖𝑛𝑠𝑒𝑟𝑡

𝑣𝑒𝑐𝑡𝑜𝑟
=

𝑛𝑔 𝑖𝑛𝑠𝑒𝑟𝑡

𝑛𝑔 𝑣𝑒𝑐𝑡𝑜𝑟
   (1) 

 

Table 2.Ligation reaction mixture  

  

  

Ligation Mixture Total (25 µl) 

pET
21

-AFP pET
28

-AFP 

Vector pET
21

 (1ng/µl) pET
28

 (1.5 ng/µl) 

Insert AFP (4.5 ng/µl) AFP (4.5 ng/µl) 

Ligase 1 µl 1 µl 

10x Ligation Buffer 2.5 µl 2.5 µl 

Nuclease Free Water 3.93 µl 4 µl 

 

The prepared ligation mixtures were incubated at 16 °C for overnight. 

 

2.2.1.10.  Transformation of the ligated constructs to DH5α cells 

 

DH5α competent cell preparation and the transformation of the ligated constructs 

conducted as it was mentioned in section 2.2.1.3. In this experiment, there were 4 

recombinant plasmid group as pET21-AFP and pET28-AFP which are ligated products and 

pET21-MDH and pET28-1699 as positive control groups. Each plasmid group were 

incubated with competent cells as it was indicated in method 2.2.1.3.  After, they were 

spread on the agar plates which have related antibiotics, ampicillin for pET21-AFP, pET21-

MDH and kanamycin for pET28-AFP and pET28-1699. Then the plates were incubated at 

37 °C for overnight. 

2.2.1.11.  Plasmid Isolation and Confirmation by Agarose Gel Electrophoresis 

 

To confirm the successful transformation of AFP fragment gene, the recombinant plasmid 

was isolated by using GeneJet plasmid isolation kit, as it was explained in section 2.2.1.4. 

Subsequently the resulted sample was analysed on agarose gel electrophoresis according 
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to 2.2.1.5. Furthermore, concentrations of isolated constructs were estimated by 

Nanodrop spectrophotometer. 

 

Table 3. Concentrations of ligated recombinant products 

 

 

 

 

 

2.2.1.12. Restriction Digestion of Ligated Products 

 

The ligation results of pET21-AFP and pET28-AFP were tested by double restriction 

digestion by using Xho I and Nde I restriction enzymes as it was described in section 

2.2.1.8. After agarose gel electrophoresis was performed to check the presence of AFP in 

the ligated constructs. 

 

2.2.1.13.  Sequencing Analysis of the Cloned Genes 

 

Sequencing analysis of recombinant DNA products were conducted by BM Labosis 

company.  For this purpose, bidirectional sanger sequencing was utilized by using 

Universal T7 primers. Herein, bidirectional sequencing refers to sequencing of an initial 

fragment of DNA from its top and bottom strands where the top and bottom sequence 

reads can be matched with each other and compared (Osborne, 2015). 

2.2.2. Expression of Recombinant Antifreeze Protein  

 

2.2.2.1. Transformation of Expression Vectors to BL21 and Rosetta Cells 

 

AFP expression was performed by transformation of pET21-AFP and pET28-AFP 

recombinant DNA constructs to E. coli BL21 (DE3) and E. coli Rosetta cells. Herein, 

both BL21 and Rosetta derived from E. coli, however due to their genetic difference 

Ligated Product Concentration (ng/µl) 

pET
21

-AFP 138.8 

pET
28

-AFP 126.6 
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Rosetta cells have chloramphenicol resistance ability BL21 cells don’t. After 

transformation, the formed colonies on the plates were inoculated in LB medium for 

overnight at 37 °C. After, the recombinant DNA constructs were isolated from the 

inoculation. The presence of AFP gene in recombinant constructs were indicated by 

double restriction digestion/ PCR amplification as described in methods 2.2.1.8. and 

2.2.1.6. respectively. 

 

2.2.2.2. Protein Production Optimization and IPTG Induction 

 

Protein production was performed after transformation of expression vectors. For protein 

production, colonies were inoculated from the BL21-pET21-AFP, BL21-pET28-AFP and 

rosetta-pET21-AFP, rosetta-pET28-AFP containing agar plates and incubated overnight at 

°C, 200 rpm then 1% of the growth was transferred to 5 ml LB medium and incubated at 

shaker incubator until the O.D. (600nm) reaches to 0.4 abs. When O.D. was reached to 

0.4, 0.5 mM IPTG induction was done on ice and the induced cell suspension was 

incubated at 30 C for 4 hours. At the end of the 4 hours, the cell suspension was transferred 

to cold falcon tubes and centrifugated at 8000 rpm, 4 °C for 10 min. The supernatant was 

removed, and the pellet was dissolved in Tris-Cl buffer (pH 8) to stabilize the protein 

content. However, to obtain a soluble protein production, the induction time by IPTG, 

IPTG concentration, induction temperature and the volume of the culture was optimized. 

IPTG induction time influences the amount of recombinant protein expression, therefore, 

different induction times as, 4 hours and 24 hours was applied (Hu et al., 2013). The level 

of the recombinant protein expression is highly affected by the IPTG concentration, 

different concentrations as 0.5mM, 0.8 mM and 1 mM were applied (Donovan, Robinson, 

& Glick, 1996). The other factor affects the protein expression, induction temperature 

therefore different temperatures as15 °C, 23 °C, 30 °C, 37 °C were applied on E. coli 

cells. In case of the volume optimization, AFP protein expression was first conducted 

from 5 ml small scale E. coli culture, then the volume of the culture was increased as 5 

ml, 200 ml and 400 ml to increase the total protein content. The results were tested by 

SDS-PAGE. 
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2.2.2.3. Cell Lysis 

 

Cell lysis is a method enhances to disrupt cell membrane while receiving the intercellular 

materials such as, protein, DNA, RNA from a cell (Shehadul Islam, Aryasomayajula, & 

Selvaganapathy). To reach AFP from E. coli cells, a probe sonicator which disrupts the 

cell membrane while applying ultrasonic pulses was used. For this purpose, the cell pellet 

which was dissolved in Tris-Cl buffer was placed in a beaker and ultrasonic pulses were 

applied while beaker on the ice which prevents denaturation of protein due to high 

temperatures. After, sonication the suspension was centrifuged the supernatant was kept 

in a separate falcon tube while pellet dissolved with Tris-Cl buffer in another falcon tube. 

After the obtained protein samples were run on SDS-PAGE to visualize the size and 

expression of the protein. 

 

2.2.2.4. Analysis of AFP expression by Sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) 

 

SDS-PAGE is a method procure to estimate size of proteins while denaturation of protein 

samples by anionic detergent sodium dodecyl sulphate (SDS) and applying electric 

potential to move them among polyacrylamide gel (Al-Tubuly, 2000). In this section, 

SDS-PAGE (12%) was prepared to analyse the size of the produced recombinant proteins 

produced in E. coli. Samples containing 1X SDS-PAGE gel loading buffer (63 mM Tris-

HCl, 10% Glycerol, 2% SDS, 0.0025% Bromophenol blue, pH 6.8) were heated in boiling 

water for 5 min and then analysed on SDS-PAGE. Wide-mini Sub Gel GT system from 

BIO-RAD was used to perform sodium dodecyl sulphate polyacrylamide gel 

electrophoresis as described by (Laemmli, 1970). Acrylamide concentration for resolving 

gel was 12% and for stacking gel it was 5%. Gel was polymerized between two plates 

having a spacer of 1 mm. Reagents for SDS-PAGE includes: 

Tris-glycine buffer (pH 8.3): Tris 3 g, glycine 18.7 g. Sodium dodecyl sulphate (SDS) 

1 g, distilled water up to 1L.  

Acrylamide solution (30%): Acrylamide 29 g, bis-acrylamide 1 g, distilled water up to 

100 ml. 
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Resolving gel (12%): 2 mL of 30% acrylamide-bisacrylamide solution, 1.25 ml of 1.5 M 

Tris-Cl pH 8.8, distilled water 1.5 ml, 10% SDS 0.1 ml, 10% ammonium per sulphate 0.1 

ml, TEMED 0.005 ml. 

Stacking gel (5%): 0.5 mL of acrylamide-bisacrylamide solution, 0.38 mL of 1.5 M Tris-

Cl pH 6.8, distilled water 2.1 ml, 0.03 ml of 10% SDS, 0.03 ml of 10% ammonium per 

sulphate and 0.003 ml of TEMED. 

5X Gel loading buffer: 600ul of 1 M Tris- HCl pH 6.8, 5mL of 50% glycerol, 2ml of 

10%SDS,2 mercaptoethanol 500ul,1ml of 1% Bromophenol blue distilled water up to 10 

ml.  

Staining solution: Coomassie brilliant blue (CBB) G250 1.25 g, glacial acetic acid 50 

mL, methanol 225 ml and distilled water up to 500 ml. 

Destaining solution: Glacial acetic acid 50 mL, methanol 150 mL and distilled water up 

to 500 ml. A comb was inserted into the stacking gel to form wells for sample loading. 

Electrophoresis was performed at 2 mA/cm2 for 70-80 min until bromophenol blue dye 

front reached the bottom of the gel. On completion, the gel was stained with staining 

solution for 30 min. The gel was then destained with destaining solution to increase the 

visibility of protein bands. 

 

 

 

 

 

 

 

 

 

Figure 2. 3 SDS PAGE Electrophoresis Steps (Macek et al., 2019) 
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2.2.2.5.Estimation of protein concentration  

 

Protein concentration of produced AFPs was estimated by using Nanodrop Bradford 

Assay. For this purpose, first a standard curve of the BSA was evaluated at 595 nm. 

Subsequently, the recombinant AFP concentration was evaluated according to the 

calculated equation of the standard curve. 

 

2.2.3.  Purification and Characterization 

  

2.2.3.1. Dialysis    

 

Dialysis is a method that works based on the diffusion of different concentrated selected 

solutions via non-porous membrane (E. K. Lee & Koros, 2003). Herein, dialysis was used 

to purify AFP while removing the salts from protein. Therefore, produced AFP samples 

were dialyzed against 0.5 M NaCl and 5 mM imidazole made in 20 mM Tris-HCl pH 8 

buffer for overnight by using 13 kDa dialysis tubing. The process was performed at 4 C 

to prevent protein denaturation.  

 

2.2.3.2.Nickel affinity chromatography only for tagged AFP 

 

The supernatant after heat treatment containing recombinant pET28-AFP was dialyzed 

against 0.5 M NaCl and 5 mM imidazole made in 20 mM Tris-HCl pH 8 buffer for 

overnight and then applied to high-capacity nickel chelate affinity matrix Ni-CAM HC 

Resin (Sigma) column which was equilibrated with the same buffer. The bound proteins 

were gradually eluted with 5 mM, 10 mM, 50 mM, 100 mM, 150 mM, 200 mM, 250 mM, 

and 300 mM imidazole. The eluted protein samples were analysed by SDS-PAGE as 

described above in section 2.2.  

 

2.2.3.3.Gel filtration chromatography  

 

Gel filtration chromatography also known as size exclusion chromatography enhance to 

separate molecules in  a sample according to their molecular size with the help of the 

pores of the gel filtration medium (Prapulla & Karanth, 2014). Gel filtration 
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chromatography was utilized to purify AFP according to the size of the molecules. For 

this purpose, size exclusion chromatography columns which include gel filtration 

medium was used. The column first washed by Tris-Cl buffer. After the protein sample 

was loaded on the column and the drop were collected and analysed by SDS-PAGE. 

2.2.3.4.Circular Dichroism (CD) Spectroscopy and Thermal Stability Analysis 

Secondary structure analysis of AFP was evaluated by CD spectroscopy measurements 

by Jasco J-810 CD Spectrophotometer. The process was conducted according to Marshall 

et al. (Marshall, Chakrabartty, & Davies, 2005). Briefly, the AFP sample was dialyzed 

against 10 mM Tris-chloride buffer (pH 8.0) at 4 °C. The dialysis buffer was scanned to 

establish the baseline CD. Wave scans were obtained between 180 nm and 260 nm by 

sampling the data at 1.0-nm and 50nm/min scanning rate. The results were defined as 

mean residue molar ellipticity (deg·cm2/dmol). The thermal stability analysis was carried 

out by CD spectroscopy to determine the effect of temperature fluctuations on secondary 

structure of AFP. For this aim, several scans were obtained at multiple temperatures (-8, 

-4,0,4,8, 10, 20, ,30, ,40, 50, and 60).   

2.2.3.5. Structure Prediction and Homology Modeling 

The amino acid sequence of Pseudomonas putida afpA gene for antifreeze protein was 

retrieved from the website of the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/) https://www.ncbi.nlm.nih.gov/nuccore/AJ784158 and 

was used as a query sequence for the structure prediction and homology modeling. The 

sequence was submitted to NCBI Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to get the 

most similar protein whose structure had been determined. Among the proteins whose 

structure has been determined AFP from cyanobacterial phycobilisome from Anabaena 

sp. PCC 7120 was found most similar with a homology of 20 percent therefore it was 

used as a template for structure prediction and homology modeling studies. 

2.2.4.  The Recombinant AFP immobilization on Aluminium Surfaces 

The expressed AFP was coated on metallic surfaces by oxygen plasma. For this aim, the 

metallic surfaces treated by oxygen plasma for 1 min to activate functional groups on the 

surfaces and enhance cross-linking, as shown in Fig 1 (De Geyter & Morent, 2014). After 

AFP containing tris-chloride solution was coated on the treated metallic surfaces and all the 

procedure while coating was conducted on ice.  

http://www.ncbi.nlm.nih.gov/).%20Accession
https://www.ncbi.nlm.nih.gov/nuccore/AJ784158
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Figure 2. 4. Recombinant AFP coating on metallic surfaces enhanced by oxygen plasma. 

 

2.2.5. Antifreeze Activity Tests of AFP coated Aluminium Surfaces 

The activity of produced recombinant AFP and the anti-icing activity of the immobilized 

recombinant AFP were characterized using a lab-made test section. The setup composed 

of a closed chamber with relative humidity and temperature regulator, a power supply to 

regulate the temperature (supercooling temperature) of the tested specimen, temperature 

and humidity sensors, a data acquisition system (DAQ), a light source, a high-speed, a 

DSLR, and an IR thermal camera. The schematic of the experimental setup is given in 

the appendix 5. 
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3. RESULTS 

 

 

 

 

3.1.Transformation of recombinant plasmid pUC-AFP with Escherichia coli (E. 

coli) DH5α Cells 

 

 

Competent cell preparation and transformation was conducted as it mentioned in method 

2.2.1.3. Therefore, first DH5α cells were inoculated from -80 °C frozen stocks to sterile 

5 ml LB medium for overnight then 1% of the growth was transferred to 50 ml LB 

medium and incubated at shaker incubator until the O.D. (600nm) reaches to 0.4 abs. The 

cells were chemically induced by CaCl2 and 200 µl of competent cells were transferred 

to eppendorf tubes for each plasmid group as; pET21-MDH, pET21-AST pET28-1699 and 

pUC-AFP. Based on our results, the pET21-MDH and pET21-AST colonies indicating host 

ampicillin resistance were observed on plates indicating the expression of cloning vector 

relevant proteins which are shown in Fig 4 and Fig 5, respectively. Furthermore, pET28-

1699 and pUC-AFP colonies which demonstrates kanamycin resistance were observed 

on plates and can be seen in Fig and Fig respectively. The difference of number of 

colonies between the groups are due to the concentration difference of the plasmids, since 

high concentration of plasmid forms higher number of colonies. However, the results 

were indicated that the transformation of plasmids pET21-MDH, pET21-AST pET28-1699 

and pUC-AFP to DH5α cells was successful since each plasmid group grow on related 

antibiotic plates as positive control groups whereas bare competent cells did not grow on 

antibiotic plates as negative control groups.  
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Figure 3. 1. Transformation results of recombinant plasmid pUC-AFP with E. coli DH5α Cells a) DH5α competent 

cells on Kanamycin Plate (Negative Control). b) DH5α competent cells transformed withpET28-1699 on Kanamycin 

Plate (Positive Control). c) DH5α competent cells on Ampicillin Plate (Negative Control). d) DH5α competent cells 

transformed with pET21-AST on Ampicillin Plate (Positive Control). e)  DH5α competent cells transformed with pET21-

MDH on Ampicillin Plate (Positive Control). f) DH5α competent cells transformed with pUC-AFP on Kanamycin Plate 

(Positive Control). 

 

3.1.1.  Plasmid DNA Isolation  

 

The plasmid isolation was performed according to the section 2.2.1.4. The size of isolated 

plasmids was evaluated by agarose gel electrophoresis and Nanodrop device as it was 

mentioned in 2.2.1.5. The results were indicated that the isolated plasmids were in 

expected size as, pET21-MDH was in 5.4 kb, pET21-AST in 5.443 kb, pET28-1699 in 5.369 

kb and pUC-AFP is around 4.1 kb. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. 2 Gel red stained 0.8% agarose gel showing plasmid DNA isolated from four different colonies. Lane 1, 

molecular marker (SM01333); lane 2, pET21-AST; lane 3, pET21-MDH; lane 4, pET28-1699 and lane 5, pUC-AFP. 

a) b) c) 

d) e) f) 
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3.1.2. Polymerase Chain Reaction (PCR) Amplification of pUC-AFP 

 

PCR amplification of pUC-AFP was performed as mentioned in method 2.2.1.6. The PCR 

amplification was confirmed by agarose gel electrophoresis. The results were 

demonstrated that, AFP gene was successfully amplified by PCR amplification which can 

be shown in Fig 3.3 since the size of AFP is 1.5 kb. 

3.1.3.  Restriction analysis of recombinant plasmids 

 

Double restriction digestion of pET21-MDH, pET28-1699 and pUC-AFP was performed 

as it described in section 2.2.1.8. The restriction digestion was analysed by agarose gel 

electrophoresis and the results were confirmed that double restriction of pET21-MDH, 

pET28-1699 and pUC-AFP was successful since, pET21 in 5.4 kb, pET28 in 5.4 kb and  

AFP in 1.5 kb. 

 

Figure 3. 3. Gel red stained 0.8% agarose gel showing, a) Lane 1, molecular marker (SM1333 Lane 2, PCR Product 

of pUC-AFP (1.5 kbp) b) Lane 1, molecular marker (SM1333) Lane 2, PCR Product of pUC-AFP (1.5 kbp) 

Figure 3. 4 a) Gel red stained 0.8% agarose gel showing: Lane 1, molecular marker (SM1333), Lane 2, pET 28-1699 

Double Restricteed, Lane 3, pUC-AFP Double Restricted. b) Gel red stained 0.8% agarose gel: Lane 1, molecular 

marker (SM1333), Lane 2, pET21-MDH Double Restricted. 

 

 

a) b) 

a) b) 
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3.1.4.  Ligation of PCR amplified AFP to DH5α Cells 

 

Ligation procedure of pET21-AFP and pET28-AFP was conducted as it was explained in 

part 2.2.1.9. Based on our results, the pET21-AFP and pET21-MDH colonies indicating 

host ampicillin resistance were observed on plates indicating the expression of cloning 

vector relevant proteins which are shown in Fig 17 and Fig 18, respectively. Furthermore, 

pET28-AFP and pET28-1699 colonies which demonstrates kanamycin resistance were 

observed on plates and can be seen in Fig 16 and Fig 19 respectively.  As a result, 

transformation of pET21-AFP and pET28-AFP was successful since colonies were 

observed on plates while there was no colony in negative controls which includes only 

competent cell on ampicillin plate as it is shown in Fig 3.5. 

 

Figure 3. 5 a) DH5α-pet21-afp on ampicillin plate b) DH5α-pet28-1699 on kanamycin plate c) DH5α competent cells 

on ampicillin plate. d) DH5α-pet28-afp on kanamycin plate e) DH5α-pet21-mdh on ampicillin plate. 

 

3.1.5. Plasmid Isolation of Ligated AFP products  

 

The agarose gel results were indicated that both ligated plasmids, pET21-AFP and pET28-

AFP were in expected size which is around 7 kb as it is demonstrated in Fig 3.6. This 

result indicated the presence of AFP in both constructs since AFP in 1.5 kb size, pET21 

and pET28 are around 5.4 kb size. 

a) b) c) 

d) e) 
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Figure 3. 6 a) Gel red stained 0.8% agarose gel showing; Lane 1, molecular marker (SM1333); Lane 2, pET28-AFP b) 

Gel red stained 0.8% agarose gel showing; Lane 1, molecular marker (SM1333); Lane 2, pET21-AFP. 

 

3.1.6. Restriction Digestion of Ligated Products 

 

The agarose gel results were confirmed that the ligation of pET21-AFP and pET28-AFP 

was successful since AFP gene can be barely seen in the 1.5 kb band for both constructs. 

Besides, the vectors pET21 and pET28 were in the expected size which is around 5.4 kb as 

it is shown in Fig 3.7. 

 

 

 

 

 

 

 

 

 

3.1.7.  Sequencing Analysis of the Cloned Genes 

Sequencing analysis was performed as it was mentioned in method of 2.2.1.1.3. The 

analysis results were demonstrated that, for both plasmid constructs the ligated parts as 

pET21 and AFP, and pET28 and AFP were in correct order. The data is shown for pET28-

Figure 3. 7 Gel red stained 0.8% agarose gel showing; Lane 1, molecular marker (SM1333); Lane 2, pET 28-AFP Double 

Restricte, Lane 3, pET21-AFP Double Restricted. 

a) b) 
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AFP and pET21- AFP in Fig 3.8. and Fig 3.9. respectively. The sequencing analysis results 

were given in the appendix 1,2,3,4.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

3.1.8.  Transformation of pET21-AFP and pET28-AFP Products with BL21 E. 

coli Cells for Protein Expression 

The isolated recombinant pET21-AFP and pET28-AFP were transformed to BL21 cells to 

express AFP. The results were indicated that transformation to BL21 cells was successful. 

Since there was colony formation in ampicillin plates and kanamycin plates while pET21-

Figure 3. 8 Sequencing analysis results of pET28-AFP construct. 

Figure 3. 9 Sequencing analysis results of pET21-AFP construct. 
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AFP is having ampicillin resistance and pET28-AFP is having kanamycin resistance, 

respectively. 

 

 

 

Figure 3. 10 a) BL21-pET28-AFP competent cells on Kanamycin Plate (Positive Control), b) BL21-pET21-AFP 

competent cells on Ampicillin Plate (Positive Control) c) BL21 competent cells on Kanamycin Plate (Negative Control) 

d) BL21 competent cells on Ampicillin Plate (Negative Control) e) BL21-pET21-AST competent cells on Ampicillin 

Plate (Positive Control) f) BL21-pET28-1699 competent cells on Kanamycin Plate (Positive Control) 

 

3.1.9. Plasmid isolation of transformed Constructs  

Agarose gel electrophoresis was performed to evaluate size of isolated pET21-AFP and 

pET28-AFP constructs. The results were demonstrated that, the size of isolated 

recombinant plasmids was in correct size since pET21-AFP and pET28-AFP in around 7kb 

size as it was shown in fig 3.11. 

 

 

 

 

 

 

Figure 3. 11  Gel red stained 0.8% agarose gel showing; Lane 1, molecular marker (SM1333), Lane 2, pET21-AFP; 

Lane 3, pET28-AFP. 

 

a) b) c) 

d) e) f) 
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3.1.10.  Rosetta Transformation Results of Ligated pET21-AFP and pET28-AFP 

Products for Protein Expression 

The isolated recombinant pET21-AFP and pET28-AFP were cloned to E. coli Rosetta cells 

to express AFP. The results were indicated that transformation to Rosetta cells was 

successful. Since there was colony formation in ampicillin plates and kanamycin plates 

while pET21-AFP is having ampicillin resistance and pET28-AFP is having kanamycin 

resistance, respectively. 

 

Figure 3. 12 a) Rosetta-pET28-AFP competent cells on Kanamycin/chloramphenicol Plate (Positive Control) b) 

Rosetta competent cells on ampicillin/chloramphenicol Plate (Negative Control) c) Rosetta-pET21-AFP competent 

cells on Chloramphenicol/Ampicillin Plate (Positive Control) d) Rosetta competent cells on 

kanamycin/chloramphenicol Plate (Negative Control). 

 

3.1.11.  Plasmid Isolation of Transformed Constructs  

PCR amplification was performed to check the presence of AFP gene in pET21-AFP and 

pET28-AFP constructs. After, agarose gel electrophoresis was performed to evaluate size 

of amplified AFP in pET21-AFP and pET28-AFP constructs. The agarose gel 

electrophoresis results were confirmed that AFP gene is present in pET21-AFP and pET28-

AFP constructs which are shown in   5th and 7th lanes in corresponding size of 1.5kbp in 

the fig 3.13. 

a) b) 

c) d) 
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3.2. Analysis of AFP expression by Sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) 

 

3.2.1. Induction Time 

  

Two different induction time as 4 hours and 24 hours was applied for induction of AFP 

protein. The SDS PAGE results were indicated that 4 hours induction time is favourable 

to express AFP since 24 hours induction time caused degradation of AFP protein. 

 

 
 

Figure 3. 13 Gel red stained 0.8% agarose gel showing; Lane 1, molecular marker (SM1333), Lane 2, pUC-AFP; 

Lane 3, pUC-AFP PCR, Lane 4, pET21-AFP, Lane 5, pET21-AFP PCR, Lane 6, pET28-AFP, Lane 7, pET28-AFP 

PCR. 

Figure 3. 14 SDS PAGE (12%), stained with Coomassie blue, SDS gel shows AFP expression of pET21-AFP and pET28-AFP 

by inducing them at 37 °C and 30 °C for 4 hours and overnight. The size of the AFP protein is between 55-70kDa 
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3.2.2.  Temperature 

 

Different induction temperatures as, 15 °C, 23 °C, 30 °C, 37 °C   were applied on E. coli 

cells. The SDS PAGE results were indicated that 30 °C IPTG induction temperature is 

ideal to express AFP from pET21-AFP and pET28-AFP since the protein expression can 

be seen clearly in 30 °C samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 15 SDS PAGE (12%), stained with Coomassie blue, all the samples were induced by 0.5mM IPTG. SDS 

gel shows AFP expression of pET21-AFP and pET28-AFP with induction at 30 °C and 15 °C. The size of the AFP 

protein is between 55-70kDa. 

 

Figure 3. 16  SDS PAGE (12%), stained with Coomassie blue, all the samples were induced by 0.5mM IPTG. 

SDS gel shows AFP expression of pET21-AFP and pET28-AFP by inducing them at 23 °C and 30 °C. The size of 

the AFP protein is between 55-70kDa 

 

Figure 3. 17 SDS PAGE (12%), stained with Coomassie blue, all the samples were induced by 0.5mM IPTG. SDS gel 

shows AFP expression of pET21-AFP and pET28-AFP with induction at 37 °C and 30 °C. The size of the AFP protein 

is between 55-70kDa. 
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3.2.3. IPTG Concentration 

 

Different IPTG concentrations as 0.5 mM, 0.8 mM and 1mM were applied for induction 

of AFP protein. The results were demonstrated the 0.5 mM IPTG induction is ideal to 

initiate induction of pET21-AFP and pET28-AFP according to SDS PAGE results. 

 

 

3.2.4. Volume of culture 

Different culture volumes as   5ml, 200 ml and 400 ml was used to express AFP. The 

SDS PAGE results were demonstrated the there was a small amount of AFP production 

in 5ml culture, while large cultures as 200 ml and 400 ml had large amount of AFP 

expression. 

 

 

 

 

 

 

 

 

Figure 3. 18 SDS PAGE (12%), stained with Coomassie blue, SDS gel shows AFP expression of pET21-AFP and 

pET28-AFP by inducing them at 37 °C and 18 °C by inducing them 0.5mM, 0.8 mM and 1mM IPTG. The size of the 

AFP protein is between 55-70kDa. 

Figure 3. 19 SDS PAGE (12%), stained with Coomassie blue, SDS gel shows AFP expression of pET28-AFP from 

5ml culture. 
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3.3. Results of Purification and Characterization 

 
3.3.1. Dialysis 

 

Dialysis applied to remove excessive amount of salt from the AFP construct. Figure 3.22 

shows the dialyzed sample of pET28-AFP with expected lower concentration according 

to the total protein content. 

 
 
 
 
 
 
 
 
 

Figure 3. 22 SDS PAGE (12%), stained with Coomassie blue, SDS gel shows AFP expression of pET21-AFP from 

400ml culture which was induced by 0.5 mM IPTG at 30 °C for 4 hours. The size of the AFP protein is between 55-

70kDa. The Lane 6 indicates dialyzed sample. 

 

Figure 3. 20 SDS PAGE (12%), stained with Coomassie blue, SDS gel shows AFP expression of pET28-AFP from 200ml 

culture. The size of the AFP protein is between 55-70kDa 

Figure 3. 21 SDS PAGE (12%), stained with Coomassie blue, SDS gel shows AFP expression of pET21-AFP from 400ml 

culture which was induced by 0.5 mM IPTG at 30 °C for 4 hours. The size of the AFP protein is between 55-70kDa 
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3.3.2. Nickel Affinity Chromatography  

 
 

Nickel affinity chromatography was applied for tagged AFP expression which is pET28-

AFP. According to results of SDS PAGE, partially purified pET28-AFP was obtained after 

50mM imidazole treatment. 

 

 

 
 
 

 
 
 
 
 

Figure 3. 23   SDS PAGE (12%), stained with Coomassie blue, SDS gel shows AFP expression of partially purified 

pET28-AFP from 200ml culture which was induced by 0.5 mM IPTG at 30 °C for 4 hours.  The size of the AFP protein 

is between 55-70kDa 

Figure 3. 24 SDS PAGE (12%), stained with Coomassie blue, SDS gel shows AFP expression of partially purified 

pET28-AFP from 200ml culture which was induced by 0.8 mM IPTG at 30 °C for 4 hours.  The size of the AFP protein 

is between 55-70kDa 
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3.3.3. Gel Filtration Chromatography 

 

Gel filtration chromatography results indicated that the recombinant AFP is purified 

however the concentration of the size excluded recombinant AFP is quite low (Fig 3.26). 

 

 
 
 
 
 
 
 
 
 
 
 

 
3.3.4. Protein Concentration Results 

 

Protein concentrations was evaluated by Bradford standard curve as it shown in Figure 

3.27. According to the equation given as “y= 0,0017x + 0,0886” the partially purified 

Figure 3. 26 SDS PAGE (12%), stained with Coomassie blue, SDS gel shows AFP expression of purified pET28-AFP 

from 200ml culture which was induced by 0.5 mM IPTG at 30 °C for 4 hours. The size of the AFP protein is between 

55-70kDa. Purified pET28-AFP protein was shown in lane 4.  

Figure 3. 25 SDS PAGE (12%), stained with Coomassie blue, SDS gel shows AFP expression of partially purified 

pET28-AFP from 400ml culture which was induced by 0.8 mM IPTG at 30 °C for 4 hours.  The size of the AFP 

protein 63 kDa. 
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recombinant protein concentration was calculated as 8 µg/ml with 0.10 absorbance value 

at 595 nm. 

Figure 3. 27 Shows the BSA standard curve obtained by Bradford assay. 

 

 
3.3.5. Circular Dichroism (CD) Spectroscopy and Thermal Stability Analysis 

CD spectroscopy analysis was conducted to analyse the recombinant secondary structure 

and thermal stability of the recombinant AFP. CD spectrums were collected between -8 

°C and 60 °C to determine the effect of temperature change on the recombinant AFP.  The 

CD spectra of the recombinant AFP sample at between 190nm-260 nm indicated the α-

helical spectrum with negative bands at 208 nm and 222nm and a positive band at 193 

nm (Greenfield, 2006).. The results were indicated that there is no significant structural 

change up to 40 °C (Fig 4a). Besides, the recombinant AFP showed structural stability 

even below zero degrees since it demonstrated α-helical spectrum (Fig 4b). Besides, the 

recombinant AFP showed structural stability even below zero degrees since it 

demonstrated the α-helical spectrum until -4 °C where the structural distortions were 

observed.  
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Figure 3. 28. CD spectra of the recombinant AFP, between 190 nm- 260nm a) representation of CD spectrum above 

0°C. 0 °C (red), 4 °C (blue), 10 °C (orange), 20 °C (green), 30 °C (black), and 40 °C (navy blue)( b) representation of 

CD spectrum below 0 °C. 0°C (red), -4 °C (blue), -8 °C (green).  

3.3.6. Structure Prediction and homology Modeling 

Among the proteins whose structure has been determined AFP from cyanobacterial 

phycobilisome from Anabaena sp. PCC 7120. was found most similar with a homology 

of 22.7 percent therefore it was used as a template for structure prediction and homology 

modeling studies, as it was shown in Figure 3.29. Besides, amino acid sequence, general 

properties and amino acid composition of AFP were presented in table 4 and table 5, 

respectively. 

 

 

 

 

 

 

 

 

Figure 3. 29. Predicted structure of AFP with %22.7 similarities of Phycobiliprotein ApcE Cryo-EM structure of 

cyanobacterial phycobilisome from Anabaena sp. PCC 7120. 
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Table 4.General Properties of AFP 

 

 

Table 5. Amino acid composition of Recombinant AFP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.7. Anti-icing Activity of the Recombinant AFP coated Aluminium Surfaces 

The anti-icing performance of the recombinant AFP coated aluminium surfaces was 

evaluated by temperature-controlled section of the experimental setup. The tests were 

conducted while comparing the recombinant AFP coated aluminium surfaces with 

uncoated aluminium surfaces below zero degrees. The figure 3.30 shows the anti-icing 

activity of the recombinant AFP immobilized aluminium surfaces and icing formation on 

AFP 

Number of amino acids 473 

Molecular weight 47316.12 Da 

Theoretical pI 3.67 

Total number of negatively charged residues 

(Asp + Glu) 
61 

Total number of positively charged residues 

(Arg + Lys) 
10 

Charge Negative 

Ala (A)  82 17.3% Lys (K) 3 0.6 % 

Arg (R) 7 1.5% Met(M) 1 0.2% 

Asn(N) 34 7.2% Phe (F) 14 3.0% 

Asp (D) 38 8.0% Pro (P) 8 1.7% 

Cys (C) 0 0.0% Ser (S) 39 8.2% 

Gln (Q) 16 3.4% Thr (T) 42 8.9% 

Glu (E) 23 4.9% Trp (W) 4 0.8% 

Gly (G) 53 11.2% Tyr (Y) 8 1.7% 

His (H) 4 0.8% Val (V) 35 7.4% 

Ile (I) 30 6.3 % Pyl (O) 0 0.0% 

Leu (L) 32 6.8% Sec (U) 0  0.0% 
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uncoated aluminium surfaces at the surface temperature of -4°C. The results were 

indicated that, ice crystal growth on the recombinant AFP coated aluminium surfaces is 

hindered by the recombinant AFP due to the binding of the AFPs to particular interfaces 

on ice crystals.  

 

 

Figure 3. 30 Icing behaviour on the recombinant AFP coated and non-coated aluminium surfaces. 
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4. DISCUSSION 

 

 

 

 

The present study proposes a synthetic AFP which is utilized for the development of anti-

icing surfaces. Ice formation and accumulation on a solid surface can raise severe 

problems for the heat pumps, solar panels, aircraft, power lines and induces mechanical 

or electrical malfunctions, increase in energy consumption and safety hazards (Volpe, 

Gaudiuso, & Ancona, 2020). Several coating agents were employed such as, nano silica 

(L.-B. Zhang et al., 2023), polysiloxane-modified carbon nanotubes and fluorine-silicone 

resin(Y. Liu, Shao, Wang, & Wang, 2022), and fluorosilane modified epoxy (Zeng et al., 

2021)  to obtain anti-icing surfaces. Among them AFPs are favourable due to their safe 

profile and variety of the IBS according to their structural folding and sequences. 

In the current study, the synthetic AFP gene (pUC-AFP) having a same amino acid 

sequence as original afpA in Mryoi et al. (N. Muryoi et al., 2004) was established by 

recombinant cloning technology. The original microorganism is the plant growth-

promoting rhizobacterium P. Putida GR12-2 which is isolated from a soil sample from 

the Canadian High Arctic. The afpA is expressed by P. putida GR12-2 inside a growth 

medium only under cold temperatures. In the present study, the synthetic AFP was 

expressed by Rosetta E. coli (DE3) cells by the IPTG induction. The SDS PAGE results 

were indicated that produced AFP has molecular mass of 60 kDa whereas original afpA 

had 72 kDa size which was even higher from the predicted size, 47.3 kDa. This mass 

difference could be attributed to the posttranslational modifications (PTMs). PTMs are 

chemical modifications affecting the protein stability, net charge, binding properties, 

conformation, and localization (Hashiguchi & Komatsu, 2017; Macek et al., 2019). 

Several modifications such as, proteolytic cleavage, phosphorylation, glycosylation, 

methylation, acetylation, lipidation raise PTMs in proteins and alters protein 
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characteristics such as molecular weight (Larsen, Trelle, Thingholm, & Jensen, 2006; 

Ramazi & Zahiri, 2021).  

The functionality of AFPs is diversified by their ice-binding site (IBS) with the 

attachments through ice crystal planes. The diversity in amino acid sequence and structure 

folding of AFPs affects the ice-binding affinity (Khan, Arai, Tsuda, & Kondo, 2021). 

However, residual variations in the AFPs might have direct relation with  antifreeze 

activity of the AFPs (Wang, Pakhomova, Newcomer, Christner, & Luo, 2017). In the 

present study, the most repeated residues in the amino acid sequence are Ala (17.3%), 

Gly (11.2 %), Thr (8.9%), Ser (8.2%), Asp (8%), and Asn (7.2%). The Alanine (Ala) and 

Threonine  (Thr) residues are essential residues in IBS of the AFPs and positioned on the 

hydrophobic region of the a-helix (Gharib et al., 2022).  In a current study,  Delesky et al. 

indicated that Thr polypeptides presented best ice recrystallization inhibition (IRI) 

activity results among arginine polypeptide and glutamic acid polypeptide (Delesky et 

al., 2021). Besides, Glycine (Gly) amino acids might have an essential role in the 

formation of IBS due to having conformationally flexible structure (S. Sun, Ding, Wang, 

& Han, 2020). An AFP prediction tool, CryoProtect, was developed by Pratiwi et al. 

(Pratiwi et al., 2017) and indicated that Cysteine (Cys), Serine (Ser), Tryptophan (Trp), 

Gly, Asparagine (Asn),  and Thr were the particular residues of AFPs whereas Leucine 

(Leu), Valine (Val) , Glutamic Acid (Glu), Isoleucine (Ile) and Methionine (Met)  were 

specific amino acids of non-AFPs (Miyata, Moriwaki, Terada, & Shimizu, 2021). In a 

recent study, Hudait et al. indicated repeating TxT sequences, where T is Threonine and 

x is non-conserved amino acid, have strong binding efficiency to ice by anchored clathrate 

(AC) motifs (Hudait, Qiu, Odendahl, & Molinero, 2019). The clathrate-like waters are 

formed around the methyl groups of the Thr residues by water molecules in the AC motifs 

and bound hydroxyl group of the proteins. Hydrophobicity of the AFPs is another 

essential factor that influences ordering of water molecules while ice formation since 

IBSs of the AFPs are relatively hydrophobic  (Davies, 2014; Hanada, Nishimiya, Miura, 

Tsuda, & Kondo, 2014). In the present study, the synthetic AFP could be indicated as an 

effective AFP due to the abundance of Ala, Gly, and Thr residues, having 4 TxT repeated 

sequences (Fig 3.32) and hydrophobic characteristics in the whole sequence which 

demonstrates the functional IBS of the AFP (Fig 3.31).  
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Figure 4. 1 Schematic represents for ice binding of threonine (orange), glycine (green), alanine (blue) residues to the 

ice crystals by hydrogen bonding. 

 

 

        Figure 4. 2 The predicted 3D structure of the recombinant AFP showing TxT repeating units. 
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5. CONCLUSION 

 

 

 

 

This thesis study presents the production of AFP using the recombinant technology, 

following by its novel immobilization on metallic surfaces and further demonstration of 

anti-icing activity. The major aim is to propose an environmentally friendly coating and 

to show its applicability to relevant industries such as refrigeration systems. The 

recombinant technology enables the large-scale protein production of the AFP for 

industrial applications via surface immobilization methods. The application of oxygen 

plasma allows activation of surface functional groups on surfaces and suitable for 

different shapes and geometries while increasing coating stability. In the current study, 

produced recombinant AFP was coated on aluminium surfaces with oxygen plasma pre-

treatment and the activity of AFP-immobilized surfaces were tested at different 

conditions. It is demonstrated that the developed AFP-coated surfaces delay the ice 

formation and can prevent ice nucleation and growth. Consequently, this study offers a 

new perspective for biotechnological applications of antifreeze proteins to ensure energy-

saving purposes with an environmentally friendly aspect. For further studies, the effect 

of different coating substrates on the anti-icing activity of the recombinant AFP and 

different coating methods to increase the stability of the recombinant protein on surfaces 

can be investigated. 
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APPENDIX 1- Sequence Analysis Results for pET28-AFP (Promoter) 
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APPENDIX 2- Sequence Analysis Results for pET28-AFP (Terminator) 
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APPENDIX 3- Sequence Analysis Results for pET21-AFP (Promoter) 
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APPENDIX 4- Sequence Analysis Results for pET21-AFP (Terminator) 
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APPENDIX 5- Schematic of Experimental Setup of the Anti-icing Activity Tests 
 

 

 

 

 

 

 

 

 

 


