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SUMMARY 

Over the past decade, there is an exponential increase in the application of 

enzymes in such industries as food, pharmaceuticals, and detergents. Global market 

of industrial enzymes reached about $4.2 billion dollars in 2014 and expected to 

increase to $6.2 billion dollars during the next five years. This is a reflection of the 

exceptional properties of enzymes.  

Alcohol dehydrogenases ADHs are a group of enzymes that exist in many 

eukaryotic and prokaryotic organisms including humans, animals, yeast, and 

bacteria. ADHs catalyze the oxidation of primary and secondary alcohols to ketones 

and aldehydes, respectively with the reduction of nicotinamide adenine dinucleotide 

(NAD
+
) to NADH. ADHs have gained more interest in recent years because of their 

importance in the production of enantiometrically pure molecules such as; chiral 

alcohols, aldehydes, and ketones which are important in drug industries. Using 

enzymes in large scale production is still limited by their instability against harsh 

reaction and storage conditions. Moreover, enzymes in soluble form are not reusable 

which make it expensive for the large scale applications. On the other hand, usage of 

immobilized enzymes can overcome most of these drawbacks. 

In this thesis work, the covalent immobilization of alcohol dehydrogenase from 

Bacillus thuringiensis serovar israelensis (BtADH) on Eupergit C 250 L was 

optimized, resulting in 100% immobilization and 85.02% activity yields. The 

immobilized enzyme was used in the biotransformation of 2-propanol to acetone. An 

inactivation of the immobilized enzyme due to the multiple exposures to 2-propanol 

and acetone was determined and avoided by optimizing the substrate concentration. 

The immobilized enzyme retained 88.77% of its initial activity in 12 subsequent 

uses. The effects of pH and temperature on both of the soluble and immobilized 

enzymes were also studied. 

 

           

 

 

Keywords: Enzyme immobilization, alcohol dehydrogenase, biooxidation, 

bioreduction, Bacillus thuringiensis serovar israelensis. 
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  ÖZET 

Enzimlerin gıda, ilaç ve deterjan gibi endüstriyel alanlarda kullanımı son on 

yılda dikkate değer bir şekilde artmıştır.  Endüstriyel enzimlerin küresel Pazar payı 

2014 yılında yaklaşık 4.2 milyar dolar iken gelecek beş yıl içinde bunun 6.2 milyar 

dolara ulaşacağı tamin edilmektedir. Bu artışın sebebi enzimlerin özelliklerinden 

dolayıdır.  

Bir oksidoredüktaz grubu enzimi olan alkol dehidrogenaz  insan, hayvan maya 

ve bakteri gibi okaryot ve prokaryot organizmalarda bulunur. Bu enzim nikotin 

adenin dinükleotit kofaktörünü indirgeyerek primer ve sekonder alkollerin aldehit ve 

ketona dönüşümünü sağlar. İlaç endüstrisine için oldukça önemi olan kiral alkoller, 

aldehit ve ketonlar gibi saf enantiyomerik maddelerin üretiminde kullanılan bu 

enzimlerin önemi son yıllarda giderek artımıştır. Enzimlerin büyük ölçekli 

üretimlerde kullanımı reaksiyon ve depolama şartlarında dayanıklıklarınla sınırlıdır. 

Ayrıca, serbest halde kullanılan enzimlerin tekrar kullanımı mümkün olmadığından 

büyük ölçekli üretimlerde kullanımları pahalıya mal olur. Diğer taraftan, immobilize 

enzimlerin kullanımı bu gibi sorunları giderebilir.  

Bu tez çalışmasında, Bacillus thuringiensis serovar israelensis alkol 

dehidrogenaz’in Eupergit C 250 L üzerine kovalent immobilizasyonu optimize 

edildi. Çalışmalar sonucunda, %100 immobilizasyon ve % 85.02 aktivite verimleri 

elde edildi. İmmobilize enzim 2-propanolun asetona dönüşümünde kullanıldı. 

İmobilize enzim 2-propanol ve aseton tarfından inhibe ediliyor bulundu. Bu problemi 

gidermek için substrat optimizasyon çalışmaları gerçekleştirildi. Optimizasyon 

çalışmaları sonucunda, immobilize enzimin ard arda 12 defa kullanımı sonucunda % 

88.77 seviyesinde aktivitesinin kaldığı gözlemlendi. Bu tez çalışmasında, immobilize 

ve serbest enzim için optimum sıcaklık ve pH değerleri de belirlendi. 

 

 

 

 

 

Anahtar kelimeler: Enzim immobilizasyonu, Bacillus thuringiensis serovar 

israelensis, alkol dehidrogenazlar, biyoyükseltgenme, biyoindirgenme. 
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 INTRODUCTION 1.
 

1.1. Biocatalysis  
 

Over the past decade, there is an exponential increase in the application of 

biocatalysis to industry [1]. The conventional synthetic catalysts have been 

employed in industry for a long time but, having different disadvantages such as; 

hazard chemical conditions, complicated processes, high energy consumption, and 

generation of non-desired by-products paved the way for the employment of 

biocatalysts [2]. The replacement of synthetic catalysts with biocatalysts results in 

simple processes and cleaner products which are basic requirements for 

pharmaceutical and chemical industries. Enzymes are biocatalysts found in all 

organisms. Enzymes accelerate chemical reactions by lowering the reaction 

activation energy. Global market of industrial enzymes reached about $4.2 billion 

dollars in 2014 and expected to increase to $6.2 billion dollars during the next five 

years [3]. This is a reflection of the exceptional properties of enzymes e.g. high 

selectivity and specificity, non-toxicity, mild reaction conditions, low energy 

requirements, and less by-products [4]. Enzymes are classified into six main 

classes; oxidoreductases, transferases, lyases, isomerases, ligases, and hydrolases.  

Enzymes can be used in the large scale production of valuable, optically 

active molecules which cannot be produced using synthetic catalysts [5]. 

However, using enzymes in large scale production is limited by instability of 

enzyme against harsh reaction conditions, high susceptibility to presence of other 

chemicals such as organic solvents, difficult separation from the reaction mixture 

and lack of the long-term operational stability. Moreover, enzymes in soluble 

form are not reusable which make it expensive for the large scale applications. On 

the other hand, usage of immobilized enzymes can overcome most of these 

drawbacks. 

 

1.2. Enzyme immobilization 
 

Enzyme immobilization can be defined as confining enzymes to inert, solid, 

and insoluble supports over which a substrate is converted to product. 

Immobilization of enzymes on different supports imparts improved properties to 
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enzymes such as improved stability, ease of separation from the reaction mixture, 

protection against inactivation and denaturation, and stability against organic 

solvents [6]. Immobilized enzymes are cost effective in industrial productions 

compared to soluble ones since they can be reused in productions. There are 

several immobilization techniques including covalent, adsorption, entrapment, 

cross-linking, and encapsulation (Figure1.1). 

 

 
 

Figure ‎1.1: Schematic presentation of immobilization 

techniques.   

 

1.3. Objectives of the study 
 

Enzymatic oxidation of alcohols is one of the most important 

biotechnological processes in fine chemical and pharmaceutical industries. In a 

previous study in our biochemistry lab, a novel alcohol dehydrogenase from 

Bacillus thuringiensis serovar  israelensis (BtADH)  was  cloned, overexpressed 
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in Escherichia coli, and utilized in soluble form for the biotransformation of 

various alcohols, ketones and aldehydes [7]. Considering the results obtained, the 

objective of this present work was to develop a reusable immobilized alcohol 

dehydrogenase to be more convenient for    biotransformations. The experimental 

work of the thesis was focused on; 

 

 Construction of the enzyme homology model and studying the nature of 

enzyme surface and the active site residues. 

 Optimization of the covalent immobilization of the enzyme on an epoxy 

(oxirane)-activated supports (Eupergit C 250 L).  

 Characterization of the immobilized enzyme. 

 Usage of the immobilized enzyme in the biotransformation of 2-propanol to 

acetone. 

 Optimization the reaction conditions leading to minimizing substrate-product 

inhibition effect on the immobilized enzyme activity. 
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 LITERATURE REVIEW 2.
 

2.1. Enzymes 
 

 Enzymes are proteins that catalyze the chemical reactions within the cell. 

Enzymes have always been a hot topic of research and were extensively 

investigated. Following the production of the first recombinant protein in the early 

1970s, there was a revolution in the industrial uses of enzymes. The development 

in biotechnology during the last four decades has been reflected in a significant 

increase in enzyme application to numerous such industries as food, beverage, 

textile, detergents, and pharmaceuticals [8]. Enzymes are superior to chemical 

catalysts because of high regio- and chemo- selectivity, mild reaction conditions, 

lower energy consumption, less by-products formation, and eco-friendly processes 

[9]. However, enzymes have some disadvantages including high cost, denaturation 

and inactivation, difficult separation from the reaction media, and weak 

operational/storage stabilities [10]. 

 

2.2.  Classification of enzymes 
 

Enzymes are classified into six main classes; oxidoreductases, transferases, 

lyases, isomerases, ligases, and hydrolases (Table 2.1).  

 

Table ‎2.1: Classification of enzymes. 

 
Class of enzyme Catalyzed reaction Example 

Oxidoreductases Oxidation-reduction reactions 

where electron or atom is 

transferred from substrate to 

another. 

Dehydrogenase, peroxidases, 

oxygenases 

Transferases Transfer of  specific group from 

a substrate to another 

Methyltransferase, 

transaminase, 

Lyases Nonhydrolytic bond cleavage Dehydratases, decarboxylases, 

Isomerases Isomeric reactions Racemases, mutases 

Ligases Covalent bond formation Synthetase, RNA polymerases 

Hydrolases Hydrolysis reactions Proteases, lipase, helicases 
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2.3. Oxidoreductases 
 

Oxidoreductases are cofactor dependent enzyme group that catalyze the 

transfer of electrons from one molecule to another during the oxidation-reduction 

reactions. The cofactors used in these reactions are NAD+, NADP+, and FAD. 

Most of metabolic pathways involve oxidoreductase-catalyzed reactions. 

Oxidoreductases consist of 22 different enzyme subclasses including; alcohol 

dehydrogenases, oxygenases, and peroxidases. Oxidoreductases have been utilized 

in different industrial applications such as; synthesis of chiral molecules for 

pharmaceuticals, production and functionalizing of polymers, biosensors, and 

organic pollutants degradation [11]. The commercializing of oxidoreductases is 

limited because of their expensive cofactors. Different strategies have been 

developed to overcome this problem by regeneration of cofactors. 

 

2.4. Alcohol Dehydrogenases (ADHs) 
 

Alcohol dehydrogenases (EC 1.1.1.1) are NAD+ dependent enzymes that 

catalyze the inter-conversions of ketones, alcohols, and aldehydes (Figure 2.1). 

Alcohol dehydrogenases exist in many eukaryotic and prokaryotic organisms such 

as;   humans, animals, yeast, and bacteria [12]. Alcohol dehydrogenases play a 

vital role in many important biological processes including biosynthesis of 

different metabolites in mammals and fermentation reactions in yeast and bacteria.  

 

 

 
                                     

Figure ‎2.1: Alcohol dehydrogenase catalyzed reactions.   
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The first alcohol dehydrogenase was isolated from Saccharomyces 

cerevisiae (brewer's yeast) in 1937 by Erwin Negelein and his coworkers. Many 

alcohol dehydrogenases have been isolated from different organisms. In 1948, 

Bonnichsen and Wassen isolated and crystallized the first ever horse liver alcohol 

dehydrogenase. It was found that the properties of these enzymes are different 

from the alcohol dehydrogenase isolated form yeast [13]. The yeast alcohol 

dehydrogenases have two times molecular weight and are 100 times more active 

in comparison to horse liver alcohol dehydrogenases [14].  

Alcohol dehydrogenases are classified according to their primary sequence 

length into three main dehydrogenase families; (i) short chain (SDR), (ii) medium 

chain (MDR), and long chain (LDR) dehydrogenases [15]. ADHs were among the 

first enzymes, the three-dimensional structures and amino acid sequences of 

which were determined [16]. Horse liver alcohol dehydrogenases have two 

subunits each of which contains two zinc atoms. The active site is located in the 

space between the cofactor binding and the catalytic domains. (Figure 2.3) [17].  

 

 
                                       

Figure ‎2.2: Horse liver alcohol dehydrogenase complexed with NAD+ and 

trifluoroethanol. 
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On the other hand, the fungal, bacterial, and yeast alcohol dehydrogenases 

have tetrameric structures in which, two dimers are interacted and the active sites 

are exposed in opposite directions [18]. 

 

 
 

Figure ‎2.3: Yeast alcohol dehydrogenase complexed with bound coenzyme. 

 

 ADHs have gained more interest in recent years because of their 

importance in the production of enantiometrically pure molecules such as; chiral 

alcohols, aldehydes, and ketones which are important in many industries including 

pharmaceuticals and fine chemicals. Several metal catalysts could be used in place 

of ADHs in the enantioselective synthesis of chiral compunds however, usage of 

these catalysts leads to many difficulties such as; lower optical activity, 

purification problems, hazardous byproducts, and requirements of  sophisticated 

procedures[19], [20]. On the other hand, alcohol dehydrogenases can be used in 

production of optically pure molecules through environmentally benign processes.   
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2.5. Bacillus thuringiensis serovar israelensis Alcohol 

Dehydrogenase (BtADH) 
 

 Bacillus thuringiensis serovar israelensis alcohol dehydrogenase (BtADH) 

is a novel NADH dependent zinc containing enzyme [7]. BtADH is a medium 

chain dehydrogenase consists of 345 amino acids. This enzyme has high affinity 

towards short and medium chain primary substrates. However, it has lower 

affinities towards long chain and cyclic substrates. BtADH can be utilized in large 

scale production of different alcohols, aldehydes, and ketones but, it shares the 

common disadvantages of enzymes including high cost and low operational and 

storage stabilities. Different such strategies as protein engineering and enzyme 

immobilization methods have been developed to overcome these obstacles.    

 

2.6. Enzyme Immobilization 

  
Enzyme immobilization can be defined as confining enzymes to inert, solid, 

and insoluble supports over which substrates are converted to products. 

Immobilization of enzymes is the best and the simplest solution for most of the 

problems associated with the application of enzyme at industrial scale[21]. 

Different advantages can be achieved by immobilizing enzymes including; 

 

 Increased operational and storage stabilities 

 Pure products 

 Better control of the reactions 

 Reusability 

 Reduced inhibition and denaturation  

 

2.7. Non-covalent Immobilization Techniques 
 

Non-covalent immobilization is a simple, fast and cheap technique (Figure 

2.5). It’s based on non-covalent interactions such as; Van der Walls force and 

ionic interactions. Several non-covalent immobilization procedures have been 

developed such as; 
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 Entrapment of enzymes in polymeric materials such as; sol-gel. 

 Adsorption of enzymes to the surface of different carriers such as; organic, 

mineral, and modified resins. 

 Encapsulation of enzymes in semi-permeable capsules such as; nylon and 

nitro capsules. 

 

  This technique has been utilized in the immobilization of different 

enzymes but, despite of its simplicity and low cost it suffers from the following 

problems; 

 

 Mechanically unstable at the industrial harsh conditions 

 Enzyme leakage from the matrix 

 Pore size limitations that result in substrates/products diffusion problems 

 

 
 

Figure ‎2.4: Non-covalent immobilization techniques, (A) adsorption, (B) 

encapsulation, (C) entrapment. 

 

2.8. Covalent Immobilization 

 
   Covalent immobilization involves binding of enzymes to solid supports. It 

can be achieved by the reaction between the support functional groups and the 

reactive groups found on the enzyme surface such as; amino, carboxyl, hydroxyl, 

and sulfhydryl groups. Covalent immobilization is always the method of choice 

because of the followings;  

 

 High mechanical stability  
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 No desorption or diffusion problems 

 Availability of several supports with various functional groups 

 Large amount of enzyme loading  

 

 Covalent immobilization can be achieved by using different resins and 

reagents as shown in (Figure 2.6) and (Figure 2.7).   

 

 
 

Figure ‎2.5: Covalent immobilization using epoxy resins. 

 

 
 

Figure ‎2.6: Covalent immobilization on activated amino resins. 

 

Enzymes also could be crosslinked using multi-functional reagents leading 

to an insoluble 3 dimensional enzyme aggregate which could be used immobilized 

biocatalysts [22]. Different chemical reagents can be used in this methods such as; 

hexamethylene diisocyanate, glutaraldehyde,and bisdiazobenzidine (Figure 2.7). 

.  
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Figure ‎2.7: Crosslinking of enzyme using poly (glutaraldehyde). 

 

Different types of polymers can be used as carriers in  covalent 

immobilization depending on the nature of the enzyme [23]. These polymers can 

be classified into three main categories; 

 

 Synthetic organic polymers such as; Eupergit C, Eupergit C 250 L, and 

Immobead. 

 Inorganic polymers such as; silica and zeolite. 

 Natural polymers such as; chitosan, alginate, starch, agarose, and DEAE-

Sephadex. 

   

2.9. Eupergit C and Eupergit C 250 L 
 

Eupergit C and Eupergit C 250 L are epoxy (oxarine)-activated beads that 

are used widely in the covalent immobilization. These matrices have been 

commercially produced Rohm& Haas (Germany).  They are synthetic copolymers 

made of different monomers including; glycidylmethacrylate, N,N′-methylen-

bismethacrylamide, allyl ether, and methacrylamide [24]. Both of the two matrices 
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have a diameter between of 100-250 µm but, they differ in the pore size and the 

epoxy content. The pore sizes are  10 nm and 100 nm while the epoxy contents are 

600 µmol/g and 300 µmol/g for Eupergit C and Eupergit C 250 L, respectively 

[25]. Immobilizing enzymes using these matrices is simple, fast, and doesn’t 

involve any preactivation. Furthermore, they could be used in a wide range of pH 

from 0 to 14. Generally, the epoxy groups on the supports react with different 

nucleophilic groups on the enzyme surface such as; amino, phenolic, carboxylic 

and thiol forming multipoint covalent attachments (Figure 2.8) [26]. These kind of 

attachments impart higher conformational stability to the enzymes [27]. 

 

 
 

Figure ‎2.8: Immobilization of enzymes on Eupergit C. 

 

2.10.  Immobilization of Alcohol Dehydrogenases 
 

Several studies have been reported on the immobilization of alcohol 

dehydrogenases on various supports using different techniques including covalent 

binding, entrapment, and adsorption. 

A study was reported on the covalent immobilization of alcohol 

dehydrogenase from Thermoanaerobium brockii (TBADH) on Eupergit C and 

cyanogen bromide-activated CL-Sepharose-4 [28]. The activity yields were 15% 
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and 30% for Eupergit C and cyanogen bromide-activated CL-Sepharose-4, 

respectively. However, the usage of Eupergit C was better CL-Sepharose-4 

because of its higher mechanical stability. This immobilized enzyme was used in 

enantioselective reduction of 5-chloropentan-2-one yielding optically pure 

product.  

Another study was reported on the covalent immobilization of an alcohol 

dehydrogenase from baker’s yeast on Fe3O4 magnetic nanoparticles [29]. The 

activity yield was 62% and the immobilized enzyme exhibited improved stability 

in comparison to the free enzyme. Paradisi et al. reported the covalent 

immobilization of an alcohol dehydrogenase form halophilic archaeon Haloferax 

volcanii on a metal activated support (Ni-epoxy Sepabeads supports) [30]. The 

immobilization and activity yields were 100% and 61%, respectively. The 

immobilized enzyme exhibited higher thermal and conformational stabilities and 

organic solvents tolerance than the free enzyme. 

Boliver et al. reported the covalent immobilization a horse liver alcohol 

dehydrogenase on glyoxyl-agarose supports [31]. The immobilized enzyme 

exhibited higher stability against different organic solvents, pH, and temperature. 

This improved stability is a reflection of the multipoint covalent attachments 

between the enzyme and the support. The immobilization and activity yields were 

100% and 91%, respectively. 

Sunil et al. reported the immobilization of a yeast alcohol dehydrogenase 

(YADH) via two different techniques, entrapment in a copolymer network 

(acrylamide-co-hydroxyethyl methacrylate) and covalent binding to preactivated 

chitosan beads [32]. The activity yields were 24% and 90% for the covalent and 

entrapment immobilization methods, respectively. Both of immobilized enzymes 

exhibited improved operational and storage stabilities in comparison to the soluble 

enzyme.  
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 MATERIALS AND METHODS 3.
 

3.1. Materials  
 

3.1.1. Chemicals 
 

  2-propanol, Acetone, β-Mercaptoethanol, Coomassie brilliant blue R-250, 

PMSF (Phenylmethylsulfonyl fluoride), Sodium Dodecyl Sulphate (SDS), 

DMSO, Sodium phosphate dibasic, Sodium phosphate monobasic, Bradford 

reagent, Lysozyme, and Trizma were obtained from from Sigma-Aldrich 

(Germany). Yeast extract granulated, Peptone, Sodium Chloride, Agar, NAD
+
 

(Nicotinamide adenine dinucleotide), Ampicillin, TEMED, Acrylamide, 

Imidazole, and glucose were purchased from Merck (Germany). Albumin Fraction 

V (BSA), Lactose and Glycine were purchased from Applichem (Germany). 

Eupergit C250 L was provided by Degussa (Germany). All other biochemical 

reagents were obtained from various sources at the highest purity.  

 

3.1.2. Kits 
 

 Plasmid isolation kit (QIAprep® Spin Miniprep Kit) was purchased from     

Qiagen, (Germany).     

 

3.1.3. Bacterial strains 
 

E.coli Top 10 and BL21 (DE3) were obtained from Invitrogen, (USA). 

 

3.1.4. Data bases and software 
 

National Center for Biotechnology Information (NCBI), Universal Protein 

Resource (UNIPROT), I-TASSER server, SDSC Biology Workbench, and 

Rosetta Commons protein data base were used for the protein sequence 

alignments. Swiss-Model, Geneious, and Chimera were used for the construction 

of the protein homology model and for studying the structural features of the 

enzyme. 
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3.1.5. Instruments 
 

-80
o
C deep freezer (Forma - 86 ºC ULT Freezer, Table top centrifuge 

(Beckman Allegra X-15R), Ultracentrifuge (Beckman Coulter
TM

 Avanti
TM

 J-30I 

Centrifuge), Table top centrifuge (Eppendorf Centrifuge 5810 R), Uv-vis 

Spectrophometre (ShimadzU UV 3600), Mini-PROTEAN® 2-D electrophoresis 

system (Bio-RAD), Autoclave (HIRAYAMA, HICLA HVE-50), pH Meter 

(Inolab), +4
o
C and -20

o
C fridge (Arçelik),  Water Bath (TECHNE, TE-10A 

Tempette), Ice flakes machine (Izmak), Microplate reader (SpectraMax Plus 384, 

Molecular Devices),Microwave oven (Binder), Magnetic stirrer (Heidolph), 

Incubator shaker (Excella E-25), Soniprep 150 sonicator (Sanyo, Tokyo, Japan), 

HiTrap™ column (Amersham Biosciences, UK), PD-10 desalting column 

(Amersham Biosciences, UK). 

 

3.2. Methods 
 

3.2.1. Investigating the Structural features of BtADH 
 

In order to investigate the structural features of the enzyme, a homology 

model of the enzyme was constructed. Simply, sequence alignments were carried 

out using different protein data bases including; National Center for 

Biotechnology Information (NCBI), Universal Protein Resource (UNIPROT), I-

TASSER, SDSC Biology Workbench, and Rosetta Commons. After that, the best 

template was used in the construction of the homology model by using Swiss-

Model server. Then, the protein 3-D structure was studied and visualized by using 

Chimera software. The active site of the enzyme was studied using Geneious 

software. 

 

3.2.2. Preparation of Competent Cells  
 

Competent E. coli Top10 and BL21 cells were prepared using a standard 

protocol [33]. Briefly, a single E. coli colony from the stock culture was 

inoculated overnight in 3 ml LB medium at 30°C with continuous shaking at 170 

rpm. After the overnight growth, 1 ml of the cell cultures was transferred to 100 
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ml fresh LB media. Cell cultures were grown to an optical density up to 0.3 at 600 

nm. Cells were then collected by centrifugation for 10 min at 10000 rpm, +4°C. 

After discarding the supernatant, 1/10 TSS solution was used to re-suspended 

pellets on ice. For long-term storage, prepared competent cells were frozen and 

stored at - 80°C until future use. 

 

3.2.3. Isolation and Transformation of Plasmid DNA 
 

Plasmid DNA (pET14b-BtADH) was isolated from competent E.coli Top10 

stock using Plasmid DNA purification kit (QIAprep® Spin Miniprep Kit). The 

transformation of the isolated plasmid into E. coli BL21 competent cells was 

carried out by mixing  3 µL of the previously isolated BtADH plasmid with 50 µL 

of competent cells. The mixture was incubated on ice for 30 minutes then; cells 

were transformed by heat shock at 42°C for 50 seconds in a water bath. Cells were 

cooled immediately on ice for 60 seconds and then added to 250 µL of S.O.C 

medium. Cells were grown in shaking incubator at 37°C (220 rpm) for 60 min. 

The cells were then plated on LB agar plates containing 100µg/ml ampicillin and 

incubated overnight at 37°C. 

 

3.2.4. Overexpression of Recombinant BtADH 
 

For BtADH expression, a modified auto induction procedure was used  [34] . 

Briefly, the previously transformed cell was grown overnight on LB Agar plates 

containing 100 µg/ml ampicillin at 37 °C.  A single colony from LB-Agar was 

used to inoculate a 5 ml of LB starter culture containing 100µg/ml ampicillin.  

This culture was then utilized in the induction of 500 ml Studier media 

supplemented with 100 µg/ml ampicillin in a 2 L baffled flask. The pH of the 

medium was adjusted to 7.00 and it was autoclaved. The growth medium was 

incubated at 30 °C with vigorous shaking (165 rpm) for 18 hours. Bacterial cells 

were then harvested by centrifugation at 5800 rpm and +4°C for 20 min. Pellets 

were stored at -20°C until later use. 

 

3.2.5. Purification of BtADH 
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Four grams from stored cell pellets were retrieved and suspended in 16 ml 

20 mM Tris-Cl buffer pH 7.8 containing 5 mM imidazole and 0.5 M NaCl. This 

was followed by addition of 40 µL freshly prepared 100 µg/ml lysozyme and 400 

µL of 0.1 mM (Phenylmethylsulfonyl fluoride) PMSF. Then, the mixture was 

incubated in ice bath for 45 min with gentle shaking. The cells were disrupted 

further mechanically by sonication on ice for 6 min with the pulse being on for 15 

secs and off for 45 sec. In order to remove the cell derbies, the crude cell free 

extract was centerifugated at 10000 × g for 45 min. at +4°C. The clarified extract 

was loaded onto a 2-ml Nickel column HiTrap™ column (Amersham 

Biosciences, UK). A buffer containing 100-400 mM imidazole was used for 

elution of His-tagged BtADH. Elutes were reduced to 2.5 ml using a spin 

concentrator. Then, elutes were loaded on to a PD-10 desalting column 

(Amersham Biosciences, UK) for imidazole removal and it was collected by 

sodium phosphate buffer (50 mM, pH 7.5). Concentrated purified enzyme was 

stored in 50% (v/v) glycerol at -20°C until use. 

 

3.2.6. Protein Analysis  
 

10% SDS-PAGE analysis was performed on Mini-PROTEAN® 2-D 

electrophoresis system (Bio-RAD) in order to evaluate the purity of the produced 

enzyme. After the electrophoresis, proteins in the gel were visualized by 

Coomassie Brillant Blue R250 staining. The concentration of purified  was 

determined using Bradford Assay [35].  

 

3.2.7. Activity Assay of Soluble and Immobilized BtADH 
 

The activity of BtADH was measured spectrophotometrically using 2-

propanol as the substrate. The standard reaction mixture in a total volume of 10 ml 

contained  (1mg) soluble or (100mg) immobilized enzyme, 0.5 mM  NAD
+
, and 

0.5 M 2-propanol in  Tris-Cl buffer solution (50 mM , pH 8.5) in case of soluble 

enzyme and in sodium phosphate buffer solution  (50 mM , pH 8.0) in case of 

immobilized enzyme . The reaction was initiated by addition of NAD
+
, followed 

by incubation for 25 min with gentle shaking at 35°C and 30°C for soluble and 

immobilized enzyme, respectively. Aliquots (1.5 ml) from the reaction mixture 
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were centrifuged at 13000 rpm for 40 seconds. The absorbance of 800 µL from 

the supernatant was measured at 340 nm. Unit activity of enzyme (IU) is defined 

by the amount of enzyme required for the conversion of 1µmol NAD
+
 to NADH 

per minute. The amount of NAD
+
 was calculated using Beer’s law : A = ε L C 

where A = absorbance , L= Path length (1 cm)  , and ε is the molar absorption  

coefficient of NAD
+
  at  340 nm =  6.22  mM

−1
 cm

−1
 (using a quartz cuvette ). 

Control reaction blanks were used in calculations for soluble and 

immobilized enzyme, In case of soluble enzyme, all the components of the 

reaction mixture were present except the enzyme and for the immobilized enzyme, 

all the components of the reaction mixture including Eupergit C 250 L were 

present except the enzyme. 

 

3.2.8. Immobilization BtADH on Eupergit C 250 L  
 

Immobilization was carried out by reacting 100 mg  Eupergit C 250 L with      

1 mg freshly prepared BtADH in 10 ml sodium phosphate buffer solutions (50 

mM,  pH  6.5) at  +4°C with gentle shaking (150 rpm) for 3 hours. Then, the 

reaction mixture was washed with NaCl (10 ml, 1 M), sodium phosphate buffer 

solution (10 ml, 50 mM , pH 7.5), and 10 ml distilled water,  respectively on a 

sintered glass filter by suction under vacuum. Immobilized enzyme was stored in 

sodium phosphate buffer (10 ml, 50 mM, pH 8) at +4°C until later use. 

 

3.2.9. Optimization of BtADH Immobilization  
 

Immobilization of enzymes on of Eupergit C 250 L is affected by different 

parameters such as amount of matrix, buffer concentration, pH, and duration of 

immobilization [25]. Thus, optimization of these different parameters was carried 

out by keeping all the immobilization parameters fixed except for one parameter 

as following:  

 

 Effect of matrix amount  

The effects of the amount of Eupergit C 250 L on both immobilization and 

activity yields were tested by reacting 1 mg soluble BtADH with different 

amounts of the matrix (50-1000 mg). 
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 Effect of pH 

The effects of pH on both immobilization and activity yields were tested by 

carrying out the immobilization sodium phosphate buffer at different pH (6.0-8.0). 

 

 Effect of buffer concentration 

The effects of buffer concentration on both immobilization and activity 

yields were tested by carrying out the immobilization process in different 

concentrations of sodium phosphate buffer (25-800 mM). 

 

 Effect of immobilization duration 

The effects of immobilization duration on both immobilization and activity 

yields were tested by carrying out the immobilization for various amounts of time    

(1-12h). 

 

3.2.10. Determination of the Substrate-Product Inhibition 
 

In order to determine the extent of the substrate-product inhibition, the 

immobilized enzyme was incubated in 2-propanol (0.5 M) and acetone (0.34 mM) 

for different periods of time (25-200 minutes) simulating 6 batch reactions. The 

effect of incubation on the activity was determined.  

 

3.2.11. Optimization of the Substrate Concentration 
 

A study was carried out to determine the optimum substrate concentration 

that would achieve the highest activity yield and the minimum activity loss due to 

product inhibition. Simply, the reaction was carried out using different substrate 

concentrations (0.1, 0.4, 0.6, 0.8, 10, and 500 mM) and the immobilized enzyme 

was further used in 6 consecutive batch reactions. After every single reaction 

immobilized enzyme was washed with sodium phosphate buffer solution (10 ml, 

50 mM , pH 7.5) on a sintered glass filter by suction under vacuum and collected 

carefully in order to avoid any loss in the immobilized enzyme amount. 
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3.2.12. Determination of Optimal pH and Temperature 

 
 Optimum pH 

To study the effect of pH on the activity of BtADH, the activity of both 

soluble and immobilized BtADH was determined by the standard assay conditions 

described above using 50 mM buffer of different pH values. The used buffers 

were sodium phosphate pH (6.0-7.5), Tris-Cl pH (8.0-9.0), glycine-sodium 

hydroxide pH (10.00), and potassium chloride-Sodium hydroxide pH (12.00). The 

pH at which enzyme showed the highest activity was taken as the control (100%) 

activity for the calculation of the remaining percent activity for both the soluble 

and immobilized BtADH. 

 Optimum Temperature  

To study the effect of temperature on the activity of BtADH, The activity 

assay was performed at different temperatures (15-50°C). The temperature at 

which enzyme exhibited highest activity was taken as the control (100%) activity 

for the calculation of the remaining percent activity for both the soluble and 

immobilized BtADH. 

 

3.2.13. Reusability of the Immobilized Enzyme  

 
The reusability of the immobilized BtADH was tested by carrying out 12 

batch experiments in triplicate. After each assay reaction immobilized enzyme 

was washed with sodium phosphate buffer solution (10 ml, 50 mM , pH 7.5) on a 

sintered glass filter by suction under vacuum and collected very carefully in order 

to avoid any loss in the immobilized enzyme amount. The activity determined in 

the first assay was considered as control (100%) for the calculation of remaining 

activity. 
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 RESULTS AND DISCUSSION  4.
 

4.1. Investigating the Structural Features of BtADH 
 

Generally, covalent immobilization is based on reactions between the matrix 

functional groups and the reactive residues abundant on the enzyme surface such 

as; lysine, glutamic acid, and histidine. In order to determine the possibility of 

immobilizing BtADH, a study was carried out to investigate the structural features 

of the enzyme. Different sequence alignments were performed and resulted in, a 

total of 4982 templates that match the BtADH sequence. A homo dimer alcohol 

dehydrogenase (PDB ID: 4eex) showed the highest sequence similarity (64.60%) 

with BtADH (Figure 4.1). This enzyme was used later as a template for the 

construction of BtADH homology model.   

 

 
  

Figure ‎4.1: Sequence alignment of BtADH and 4eex. 
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After Visualizing the enzyme 3-D structure, it seems to be a homodimer that 

consists of two interacted dimers. Each one of them contains two zinc atoms, one 

catalytic and the other one is structural and shows its active site in opposite 

direction (Figure 4.2).  

 

 
 

Figure ‎4.2: BtADH homology model. 

 

By investigating the enzyme structure, it was found that the enzyme active 

site consists of four critical sites as following; 

 

 Structure Zinc binding site ( Cys91, Cys94, Cys97, Cys105) 

 Catalytic zinc binding site ( Cys39, His60, Cys147) 

 Substrate binding site (Cys39, Thr41, Phe50, His60, Trp86, Cys147, 

Pro264, Gly288)  

 NAD
+
 binding site (Cys39, His40, Tyr41, Cys147, Tyr151, 

Leu175,Gly174, Gly173,Gly171,Asp195, Val194, Lys200, Ala245,Pro264) 

 

BtADH was found rich of both lysine and glutamic acid residues at its 

surface which make it profoundly suitable for the covalent immobilization. 

BtADH dimeric structure contains 48 lysine residues; 46 of them are on the 
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surface and only two exists at the active site. In addition, it also contains 44 

glutamic residues; all of them exist at the surface of the enzyme (Figure 4.3). 

 
 

Figure ‎4.3: BtADH surface lysine and glutamic acid residues. 

 

In order to show all the positive, negative, and neutral residues at the surface 

of the enzyme, the surface potentials were calculated and visualized (Figure 4.4). 

 

 
 

Figure ‎4.4: Electrostatic potential surfaces of BtADH. 
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4.2. Overexpression and Purification of BtADH  
 

The pET14b-BtADH plasmid was isolated from the E. coli Top10 stock and 

transformed to E. coli BL21 (DE3) host cells. The recombinant BtADH was 

expressed in auto induction media. The enzyme was purified using Nickel column 

affinity chromatography and PD-10 desalting columns, resulting in 60 mg pure 

enzyme. The expression and purification of BtADH were confirmed by 10 % 

SDS-Page analysis (Figure 4.1). 

 

 
 

Figure ‎4.5: SDS-Page analysis of BtADH purification: (A) molecular mass 

standards; (B) insoluble fraction of E. coli BL21 (DE3), (C) cell free 

extract; (D) fraction eluted with 20 mM imidazole; lane (E) and (F) 

purified his-tagged BtADH eluted with 100 and 400 mM imidazole, 

respectively. 

 

4.3. Immobilization of BtADH on Eupergit C 250 L 
 

BtADH immobilization on Eupergit C 250 L was optimized, resulting in 

100% immobilization and 85% activity yields. Immobilization yield is defined as 

the ratio of the amount of soluble enzyme immobilized to the amount of free 

enzyme used in immobilization process. Activity yield is defined as the ratio of 

the activity of immobilized enzyme to the activity of soluble enzyme immobilized. 
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4.4. Optimization of BtADH Immobilization on Eupergit 

C 250 L  
 

Immobilization of enzymes on of Eupergit C 250 L is affected by various 

such parameters as amount of matrix, buffer concentration, pH, and duration of 

immobilization. Thus, we carried out a study for the optimization of the 

immobilization process. Eupergit C 250 L contains epoxy functional groups that 

react with different protein groups (amino, thiol and phenolic) that are abundant 

on the enzyme surface forming covalent multipoint attachment under mild 

experimental conditions [23]. First, the optimal amount of Eupergit C 250 L was 

determined for 1 mg of soluble enzyme.  As can be seen in  (Table 4.1), the 

highest activity yield (85.02%) was obtained for 100 mg Eupergit C 250 L. Lower 

activity yields were obtained using higher matrix amounts this could be due to 

multiple attachments and crosslinking reactions with groups (amino, thiol and 

phenolic)  associated with enzyme active site residues.   

 

Table 4.1: Effect of matrix amount on BtADH immobilization. 

 

Matrix 

amount (mg) 

Immobilizatio

n yield
a
 (%) 

Activity 

yield
b
 (%) 

Immobilized 

enzyme activity 

(IU) 

Amount of 

protein in 

filtrate (mg) 

50.00 89.17 27.5 2.66 0.11 

100.00 100.00 85.02 8.81 0.00 

200.00 100.00 64.00 6.18 0.00 

300.00 100.00 53.72 5.10 0.00 

500.00 100.00 42.10 4.10 0.00 

800.00 100.00 32.82 3.20 0.00 

1000.0

0 

100.00 18.97 1.83 0.00 

 

The tendency of enzyme residues to react with the matrix epoxy groups 

depends mainly on the pH of the immobilization medium. For example, sulfhydryl 

and carboxylic groups react with epoxy groups in acidic pH; however, lysine react 

with epoxy groups at neutral and alkaline conditions [36] . As shown in (Table 

4.3) the highest activity yield was obtained at pH 6.5. 
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Table 4.2: Effect of pH on BtADH immobilization. 

 
pH Immobilizatio

n yield (%) 

Activity yield 

(%) 

Immobilized 

enzyme activity 

(IU) 

Amount of protein 

in filtrate (mg) 

6.00 100.00 55.84 5.39 0.00 

6.50 100.00 85.02 8.81 0.00 

7.00 100.00 29.34 2.83 0.00 

7.50 100.00 25.39 2.45 0.00 

8.00 100.00 20.55 1.98 0.00 

 

 

The ionic strength of buffer solutions has a strong influence on 

immobilization of enzymes on hydrophobic materials [25]. Generally high buffer 

concentrations have been used in immobilization in order to decrease the 

solubility of enzymes. Decreasing the solubility of enzymes results in better 

precipitation on the matrix surface leading to higher activity yields. However, in 

our case the activity yield fell dramatically at high buffer concentration as shown 

in (Table 4.2). This is could be due to the interference of phosphate ions with the 

divalent catalytic metal ion (Zn+2), reducing the activity of the enzyme. In 

addition, the high buffer concentrations may also complex with the substrate 

decreasing its recognition by the enzyme.   

 

Table 4.3: Effect of buffer concentration on BtADH immobilization. 

 
Buffer 

Concentration 

(mM) 

Immobilizatio

n yield (%) 

Activity yield 

(%) 

Immobilized 

enzyme activity 

(IU) 

Amount of protein 

in filtrate (mg) 

25 94.17 70.24 6.78 0.0583 

50 100 85.02 8.81 0.00 

100 100 28.36 2.74 0.00 

200 100 25.61 2.47 0.00 

300 100 25.03 2.42 0.00 

500 100 24.61 2.38 0.00 

800 100 23.00 2.22 0.00 

 

 

The duration of the immobilization has an important effect on both activity 

and immobilization yields. A short immobilization period may be not enough for 

binding all of enzyme to matrix. On the other hand, long immobilization period 
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could result in multiple crosslinking leading to lower activity yields. Thus, the 

immobilization period was optimized. Usually immobilization of enzymes onto 

Eupergit C 250 L takes long time that may last for days [24]. However in our case 

the highest activity yield (85.02%) was obtained in only three hours (Table 4.4). 

This is mainly due to the presence of large number of both lysine and glutamic 

acid residues (46 Lys and 44 Glu) that play vital role during the immobilization 

process. The activity yeild started to drop sharply as the immobilization duaration 

increased. This can be explained by the multiple crosslinking between the enzyme 

and the matrix. 

 

Table 4.4: Effect of coupling time on BtADH immobilization. 

 
Time(h) Immobilizatio

n yield (%) 

Activity yield 

(%) 

Immobilized 

enzyme activity 

(IU) 

Amount of protein 

in filtrate (mg) 

1 87.36 47.67 4.60 0.13 

2 95.46 57.90 5.59 0.05 

3 100.00 85.02 8.81 0.00 

4 100.00 55.22 4.58 0.00 

9 100.00 34.22 3.30 0.00 

12 100.00 18.60 1.80 0.00 

 

 

4.5. Optimization of the Substrate Concentration 
 

The most important parameter to evaluate the efficiency of immobilized 

enzymes is their reusability in multiple batch reactions with minimum activity 

loss. In the activity assay 500mM 2-propanol was used. The activity of 

immobilized BtADH fell sharply starting from the second batch reaction. 

Immobilized enzyme lost about 60% of its initial activity in 2 batch reactions. 

This activity loss increased to 80% of the initial activity in 6 batch reactions as 

shown in (Figure 4.2). This sharp loss in activity makes the whole process 

inefficient.   
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 Figure ‎4.6: Effect of reusability on Immobilized 

BtADH activity using 500 mM 2-propanol. 

 

Organic solvents in most cases have a negative effect on the activity of 

different enzymes [37],[38],[39]. For example, multiple exposures of alcohol 

dehydrogenases to acetone decrease their activities strongly [40]. This inactivation 

happens due to the binding of solvent to enzyme hydrophobic regions disturbing 

the enzyme 3-D structure [41]. Since substrates and products are organic solvents, 

we observed a sharp inactivation of the enzyme. Thus, a study was carried out to 

determine the extent of this inhibition by incubating the immobilized enzyme in 2-

propanol and acetone for different periods of time. As shown in Figure 4.3, the 

product, acetone, (0.34 mM) has a fatal effect on the enzyme activity; 

immobilized enzyme lost 70% and 94% of its initial activity after the first and the 

fifth batch reactions, respectively. On the other hand, the substrate, 2-propanol 

(0.5 M) had less inhibition effect on the enzyme, resulting in 33% activity loss 

after 8 batch reactions.   
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Figure ‎4.7: Effects of acetone and 2-porpanol on the 

activity of immobilized BtADH. 

                                                                                                             

    The inactivation of enzyme occurs in a dose-dependent manner 

[inactivation].Thus; a study was carried out a study to determine the substrate 

concentration that would achieve the highest activity yield and the minimum 

activity loss due to detrimental organic solvent effect. 6 consecutive reactions 

were carried out using different substrate concentrations (0.1, 0.4, 0.6, 0.8, 10, and 

500 mM). Using 1 mM 2-propanol was not enough to avoid the inhibition effect. 

As shown in Figure 4.4, the immobilized enzyme retained 82.34% and 69.78% of 

its initial activity after first and sixth batch reactions, respectively. The 

immobilized enzyme retained 85.68% and 73.18% of its initial activity after first 

and sixth batch reactions, respectively in 0.8 mM 2-propanol (Figure 4.5). 
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Figure ‎4.8: Effect of the reusability on Immobilized 

BtADH activity using 2-propanol (1mM). 

 

 
                           

Figure ‎4.9: Effect of the reusability on Immobilized 

BtADH activity using 2-propanol (0.8mM). 
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As seen in (Figure 4.7), decreasing the substrate concentration to 0.6 mM 

improved the reusability of the immobilized BtADH. Thus, enzyme retained 

89.56% and 83.73% after one and six batch reaction, respectively. 

 

 
 

Figure ‎4.10: Effect of the reusability on Immobilized 

BtADH activity using 2-propanol (0.6mM). 
                     

As seen in Figure 4.8, 0.4 mM 2-propanol is the optimum concentration that 

has lower dterimental effect on the reusability and the highest activity yield.                                                                                                                                                                                                                                                                                                                                                           

Immobilized BtADH retained 89.20% of its initial activity after six batch 

reactions. Aiming to reach 100% retained activity; we used 0.1 mM 2-propanol 

(Figure 4.9). It was found that low concentration, 0.1 mM 2-propanol had positive 

effect on the immobilized enzyme in consecutive batch reactions; however, it 

resulted in, lower activity yield. 

 

 

 

 

1 2 3 4 5 6

0

20

40

60

80

100
R

e
ta

in
e

d
 a

c
ti
v
it
y
 (

%
)

Batch number



 
34 

 

 
 

Figure ‎4.11: Effect of the reusability on Immobilized 

BtADH activity using 2-propanol (0.4mM). 

 

 
 

Figure ‎4.12: Effect of the reusability on Immobilized 

BtADH activity using 2-propanol (0.1mM). 
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4.6. Determination of the optimal pH and temperature  
 

The optimal pH and temperature of both soluble and immobilized enzyme 

were determined by changing the activity assay conditions individually (pH from 

6.00 to 12.00; temperature from 15 to 50 °C). As seen in figure 4.10, the optimal 

pHs were 8.00 and 8.50 for immobilized and soluble enzymes, respectively.  

 

 
 

Figure ‎4.13: Effect of pH on the activities of soluble 

and immobilized enzymes. 

 

The optimal temperatures were 35°C and 30°C for soluble and immobilized 

enzymes, respectively (Figure 4.11). Both soluble and immobilized enzyme 

showed the same activity-temperature behavior; increased temperature resulted in 

increase of the activity up to the optimum temperature. At higher temperatures, 

the denaturation of enzyme started resulting in a sharp decrease in activity.    
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Figure ‎4.14: Effect of temperature on the activity of 

soluble and immobilized enzyme.  

 

4.7. Reusability of the Immobilized Enzyme  
 

Reusability is crucial for the economical usage of immobilized enzymes. 

Immobilized BtADH reusability was determined by carrying out 12 consecutive 

batch reactions using the standard activity assay. As shown in figure 4.11, the 

immobilized enzmye retained 88.77% of its initial activity in 12 subsequent uses. 

Some of this activity loss could be due to losing some of the immobilized enzyme 

during the filtration and washing processes. 
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Figure ‎4.15: Effect of the reusability on the immobilized enzyme activity. 

 

 Future Work  5.
 

The stability against different organic solvents is one of the desired 

properties of enzymes. During this thesis work, it was found that the immobilized 

enzyme is unstable against organic solvents such as; acetone and 2-propanol. To 

solve this problem, the following methods can be carried out in a future work 

 

 Multipoint covalent attachments immobilization: Mateo et al.  reported that 

favoring additional multipoint covalent attachments imparts higher 

conformational stability to the enzymes immobilized on epoxy activated 

supports [27]. This protocol is based on increasing the reactivity of the surface 

lysine residues through a three steps immobilization in which the enzyme is 

initially immobilized at mild conditions (pH 7.00) followed by incubation of 

the immobilized enzyme for long periods under more drastic conditions (pH 

10.00) and blocking the extra epoxy groups to prevent any further interactions 
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which could lead to inactivation. This protocol could be applied to the enzyme 

used in this thesis work since it is rich in lysine residues on its surface. 

 Site-directed mutagenesis: a study was carried out by Martinez et al. indicated 

that the substitution of charged residues on the enzyme surface provides 

stabilization of enzymes against organic solvents [42]. Briefly, a subtilisin E 

stability against polar organic solvent (dimethylformamide) was improved 

through substituting a charged amino acid residue, Asp 248, with three neutral 

amino acids (Asn, Ala, and Leu). The mutant was found three times more 

stable against high concentration of organic solvent (80% DMF) in comparison 

to the wild type. This kind of mutation can be applied to the enzyme used in 

this thesis work in order to improve its stability against different polar organic 

solvents including acetone and 2-propanol. 

 Production using immobilized enzyme in a column reactor: in this protocol, the 

production is carried out in a column reactor containing the immobilized 

enzyme. This method can be a good solution of the substrate-product inhibition 

problems since it will minimize the exposure of the enzyme to both the 

substrate and the product.  
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APPENDICES 

APPENDIX A: Protein Expression Media 
 

LB (Luria-Bertani): peptone (10g), yeast extract (5g), and NaCl (5g) were 

dissolved in 950 ml H2O and the pH was adjusted to 7.00 with NaOH. The 

medium volume was then adjusted to one litre and was autoclaved at 121°C for 15 

minutes. 

 

 LB Broth with agar: peptone (10g), yeast extract (5g), and NaCl (5g) were 

dissolved in 900 ml H2O and the pH was adjusted to 7.00 with NaOH. 15 g 

agar was added and the final volume adjusted to one litre and was 

autoclaved at 121°C for 15 minutes. 

 SOC medium: 20g peptone, 5g yeast extract, 2.5ml of 1M KCl, 2ml of 5M 

NaCl, and 10ml of 1M MgSO4 were dissolved in water and autoclaved at 

121°C for 15 minutes. Then, 10ml of 1M MgCl2, and 20ml of 1M glucose 

were added and the final volume was adjusted to one litre. Stocks were 

stored at -20°C until later use. 

 Studier medium: peptone (20g), yeast extract (5g), glucose (0.5g), glycerol 

(6g) and NaCl (5g), and  lactose (2g) were dissolved in 950 H2O and the pH 

of the medium was adjusted to 7.0 using NaOH. The final volume adjusted 

to one litre and was autoclaved at 121°C for 15 minutes. 
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APPENDIX C: Buffers and solutions 

 

 TSS buffer for competent cell preparation 

− 10% poly ethylene glycol 

− 5% Dimethyl Sulfoxide 

− 20 mM MgCl2 

− Solution was autoclaved at 121°C for 15 minutes. 

 100 mM PMSF (Phenylmethylsulfonyl fluoride) 

− 17.4 mg PMSF 

− 10ml isopropanol 

− Solution was stored at -20 °C 

 10% APS  

− 1 g ammonium persulfate 

− 10 ml H2O 

− Solution was stored at 4°C 

 SDS-PAGE stacking gel (5 ml) 

− H2O (2.975 ml) 

− 0.5 M Tris-HCl, pH 6.8 (1,25 ml) 

− 10% (w/v) SDS (0.05 ml) 

− (30%/0.8% w/v) Acrylamide/Bis-acrylamide (0.67 ml) 

− 10% (w/v) ammonium persulfate (0.05 ml) 

− TEMED (0.005 ml) 

 SDS-PAGE 10 % separating gel (10ml) 

− H2O (3.8 ml) 

− 1.5 M Tris-HCl, pH 8.8 (2.6 ml) 

− 10% (w/v) SDS (0.1 ml) 

− (30%/0.8% w/v) Acrylamide/Bis-acrylamide (3.4 ml) 

− 10% (w/v) ammonium persulfate (100μl) 

− TEMED (10μl) 

 Coomassie Blue staining solution (1 L) 

− 1 g Coomassie Blue R-250 

− 450 ml Methanol  

− 100 ml Glacial acetic acid  
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− 450 ml dH2O 
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APPENDIX C: Bacillus thuringiensis serovar israelensis Alcohol 

dehydrogenase (BtADH) sequence  

 Fasta format 

MKAVVVNKNSKANIEVVEKELRPLRSGEALVDVEYCGVCHTDLHVANH

DFGNTDGRILGHEGVGIVTKIADDVNSLKIGDRVSIAWMFQSCGRCEYCV

TGRETFCREVKNAGYSVDGGMAEQCIVTADYAVKVPEGLDPAQASSITC

AGVTTYKAIKVSDIKPGQPIVIYGCGGLGNLAIQYAKNVFGAKVIAVDIND

DKLALAKEVGADMTINPISQGPADKIVQEELGGAYAAVVTAVSKVAFNS

AVDAVRACGKVVAVGLPVETMDLNIPRLVLDGIEVVGSLVGTRKDLEEA

FMFGAEGKVVPVVQTCSLDKVQNVFEEMEQGRIQGRMVIDFKKHNCDC

K 

 BtADH gene sequence  

 

ATGAAAGCAGTAGTGGTTAATAAAAACAGCAAAGCAAACATC

GAAGTGGTTGAAAAAGAATTACGTCCGTTACGCTCAGGTGAA

GCGTTAGTAGATGTAGAGTATTGTGGAGTTTGCCACACTGATT

TACACGTTGCGAATCATGATTTTGGTAACACTGATGGCCGTAT

TCTTGGTCATGAGGGTGTAGGTATTGTTACGAAAATAGCTGAT

GATGTTAATTCGCTAAAGATAGGTGACCGTGTAAGTATTGCAT

GGATGTTCCAATCTTGTGGACGTTGTGAATATTGCGTAACTGG

TAGAGAAACATTTTGCCGTGAAGTTAAAAACGCAGGTTATTCA

GTAGATGGTGGTATGGCTGAACAATGTATCGTTACAGCTGATT

ATGCGGTAAAAGTACCAGAAGGATTAGATCCTGCTCAAGCAT

CATCAATTACATGTGCTGGTGTAACTACATATAAAGCTATTAA

AGTATCAGATATTAAACCTGGTCAACCTATTGTAATCTATGGC

TGCGGTGGATTAGGTAACTTAGCTATCCAATATGCTAAAAATG

TATTTGGTGCAAAGGTAATCGCAGTAGACATTAATGACGACA

AATTAGCCTTAGCGAAAGAAGTTGGTGCTGATATGACTATCAA

TCCAATTTCTCAAGGTCCTGCTGATAAAATTGTTCAAGAGGAG

CTTGGTGGCGCTTATGCTGCGGTAGTAACAGCAGTCTCTAAAG

TAGCCTTTAACTCAGCAGTTGATGCAGTACGTGCTTGCGGTAA

AGTAGTTGCAGTAGGGCTACCAGTAGAAACAATGGACTTAAA

CATCCCGCGACTTGTACTGGATGGAATTGAAGTAGTTGGTTCT

CTAGTTGGTACTCGTAAAGATTTGGAAGAGGCGTTTATGTTTG

GGGCAGAAGGAAAAGTAGTGCCGGTTGTTCAAACTTGTTCGC

TAGATAAAGTACAAAATGTATTCGAAGAAATGGAACAAGGTA

GAATTCAAGGGCGTATGGTAATTGATTTTAAAAAACATAATTG

TGATTGCAAATAA 
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