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2.1. RECOMBINANT PROTEIN PRODUCTION 

Proteins are biological macromolecules, constructed with amino acid residues 

of one or more long chains. Proteins can perform a wide range of functions in all the 

living organisms namely, DNA replication, response mechanisms, and transportation 

of molecules from one place to another. Enzymes which catalyze biological and 

biochemical reactions are exclusively proteins. Protein production is a direct 

consequence of corresponding gene expression. It can occur in both eukaryotes 

(including multi cellular organisms) and prokaryotes (bacteria and archaeabacteria). 

Gene expression is accomplished by a series of biologically induced processes 

of transcription, pre-mRNA splicing, translation, and post-translational protein 

modifications. Protein production systems are classical in the life 

sciences, biotechnology, biochemistry and medicine. The research tools in molecular 

biology such as polymerase chain reaction (PCR) for DNA polymerase and reverse 

transcriptase (for RNA analysis) play crucial role in bioprocess. A set of restriction 

enzymes is the basic pre-requisite for any molecular cloning process. These are the 

major commercial factors for protein production.  

          Recombinant proteins have an immense significance in therapeutic and 

diagnostic applications. Almost 30 % of presently approved recombinant therapeutic 

drugs are produced from Yeast [9]. The recombinant protein production has become 

enormous in the healthcare industries with yearly demand volume surpassing $50 

billion [14].  

          The worldwide biological therapeutic market esteemed at $149 billions in 2010 

and it is estimated to reach $ 240 billions by 2017. Likewise, 75 recombinant proteins 

are utilized as pharmaceutical drugs, and more than 360 new medicines based on 

recombinant proteins are being developed (www.pharma.org).  

          The majority of proteins are produced in minuscule quantities by their 

inhabitant cells and tissues. Recombinant techniques seem to have the potential to 

produce large quantities of protein sufficient for realistic applications. Hence, the 

production of genetically engineered proteins in a well-organized heterologous 

protein expression system is primarily to produce, and purify several proteins of 

interest. 

          Molecular biology provides technologies through which proteins can be 

generated and purified more proficiently than by the conventional methods. By 

employing r-DNA technology such as gene cloning, it is feasible to produce 
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therapeutic proteins, which are new in function and structure. The major 

accomplished uses of the recombinant based proteins achieved through genetic 

engineering are in the health care and diagnostic domains (recombinant vaccines, 

recombinant monoclonal antibodies and recombinant hormones). Recombinant 

proteins also find their scope in the food industry (recombinant enzymes), fiber 

production and veterinary medicine [9 and 15]. The impact of the recombinant protein 

production is further extended to the development of bio-insecticides, diagnostic kits, 

artificially synthesized enzymes and bioremediation processes.  

.  

2.2. BIOPHARMACEUTICAL PRODCUTS  

Foremost recommended biopharmaceuticals in the 1980’s and early 1990’s 

were proteins with unaltered signal sequences or murine antibodies. In the therapeutic 

sector, the five most important markets are the therapies for diabetes, cancer, 

haemophilia, hepatitis and growth disorders. In diagnostic area, the recombinant 

proteins and antibodies are generally applied for the detection of various diseases. 

Now a days, genetically engineered biopharmaceuticals (e.g. Insulin and interferon), 

humanized antibodies or antibody fragments have established a competitive edge in 

the biopharmaceutical markets [16]. The biopharmaceutical products such as 

recombinant proteins, monoclonal antibodies, vaccines, interferons, interleukins, 

cytokines, enzymes and nucleic acid based products available in the market are 

presented (table 2.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 
 

Table 2.1 List of various biopharmaceutical products (Walsh 2006, [17]) 

 
Recombinant Proteins  

       Blood factors (e.g. Factor VIII) 

       Thrombolytic agents (e.g. Tissue plasminogen activator) 

       Hormones (e.g. insulin, growth hormones, parathyroid hormone) 

       Growth factors (e.g. erythropoietin, G-CSF) 

       Interferons (e.g. interferon-α) 

       Interleukin products (IL-2, IL-3) 

Monoclonal antibodies and antibody fragments  

      Anti inflammatory (e.g. Infliximab, Adalimumab) 

      Anti Caner (e.g. Gemtuzumab, rituximab, nimotuzumab) 

      Anti Cancer and Anti viral (e.g. Bavituximab) 

Vaccines  

      Live, attenuated virus (e.g. Measles, mumps, influenza, rotavirus, rubella) 

      Killed, Inactivated virus (e.g. Polio, hepatitis A, Rabies and Choler) 

      Toxoid (e.g. Diphtheria, tetanus) 

      Conjugate (e.g. Hepatitis B, Haemophilus influenza type b (Hib), Pertussis,           

      Pneumococcal, Meningococcal) 

Nucleic acid-based products  

       CMV retinitis (e.g. Fomivirsen) 

Therapeutic enzymes  

       Cancer (e.g. Asparaginase, Glutaminase) 

       Thrombosis (e.g. Streptokinase, Urokinase) 

       Ulcers (e.g. Collagenase) 

       Myocardial infarction (e.g. Hyaluronidase) 

 

          In 2006, nearly 162 biopharmaceuticals were approved in the USA and EU. Out 

of these, recombinant proteins enveloped 70 % of these products (Fig 2.1), 

monoclonal antibodies (mAb) and vaccines enfolded 14 and 12%, respectively (Fig 

2.1).  
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Fig 2.1 Contribution of various biopharmaceutical products in healthcare 

market 

 
2.3. RECOMBINANT PROTEIN PRODUCTION IN S. CEREVISIAE 

          The demand for recombinant proteins has increased as more and more 

applications sprouted in several fields, emerging as a commercial revolution. In the 

present era of revolutionized biological technologies, recombinant proteins are 

produced using various expression systems such as yeasts, bacteria, mammalian cell 

lines, hybridoma cells and still human cells. Nevertheless, investigation has been 

extended to the improvement of different production systems, mainly in the utilization 

of transgenic animals and plants [16-18]. The use of transgenic plants and animals as 

production channels might also play a position in applications involving extraordinary 

product volumes. However, regulatory problems are still to be addressed. 

          In the recent years, a large number of recombinant proteins have been produced 

using S. cerevisiae with high yields owing to the rapid expansion of genetic 

engineering strategies. However, the selection of expression system has progressively 

been widened; yeast cell factories are still the dominant host system, especially, S. 

cerevisiae which is useful in the production of recombinant based proteins due to the 

advantages of their being single cells, their easy genetic manipulation and eukaryotic 

features including a secretory pathway leading to correct protein processing and post-

translational modifications [19 and 20]. 

         S. cerevisiae is one of the primary preferences for the production of recombinant 

based protein larger than 50 kDa [21] in size. It is the best alternative when large 

4%

12%

14%

70%

Antibody fragments 
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monoclonal antibodies 
recombinant proteins 
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protein is required. Considerable advances have also been prepared to express 

complex proteins, hormones, interferons and interleukins [16]. The production of 

heterologous proteins using S. cerevisiae offers multiple applications in diagnostic 

and therapeutic development [22]. Therefore, yeast systems are the superlative choice 

in the selection of host for the expression and production of recombinant proteins. As 

a host system for recombinant protein expression, S. cerevisiae is predominantly 

preferred for its fast growth rate compared to other potential eukaryotic hosts like 

animal cells, and also for its capability to sustain continuous fermentation, low 

suitable media costs and high product yields [23].  

          Foreign proteins can also be produced using S. cerevisiae in enormous amounts 

(around 50 % of total protein) [23 and 24] and it can be efficiently employed to 

produce many biologically active human proteins such as Hirudin [25], interleukins 

[26], Human Transferrin [27], Human Epidermal Growth Factor [28], Glucagon [29] 

and Green Fluorescent Protein [30] etc. Significant biopharmaceutical products 

obtained through S. cerevisiae are presented in Table 2.2. 

 
Table 2.2 List of recombinant proteins fromS.cerevisiae with their production 

yield 

 
Product Production yield Reference 

Human Serum Albumin (HSA) 3 g/L Chris Finnis 2005[27] 

Human Transferrin 1.8 g/L (Chris Finnis 2005)[27] 

Human Insulin-Like Growth 

Factor (hIGF) 
55mg/L 

(Vai, Brambilla et al. 

2000)[31] 

Human Platelet Derived 

Growth Factor (PDGF) 
4 mg/L 

(Robinson, Hines et al. 

1994)[32] 

Glucagon 63.1 mg/L 
(Egel-Mitani, Andersen et 

al. 2000)[29] 

Hirudin 500 mg/L 
(Mendoza-Vega, Hebert et 

al. 1994)[25] 

Bovine Pancreatic Trypsin 

Inhibitor (BPTI) 
180 mg/L 

(Parekh and Wittrup 

1997)[33] 

Single-chain Antibody (scFv) 3.6 g/L (Chris Finnis 2005)[27] 
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Single-chain T-cell Receptor 

(scTCR) 
7.5 mg/L 

(Sagt, Kleizen et al. 

2000)[34] 

Hapatitis Suface Antigen 

(HBsAg) 
19.4 mg/L 

(Bulavaite, Sabaliauskaite 

et al. 2006)[35] 

Llama VHH 100 mg/L 
(Frenken, van der Linden 

et al. 2000)[36] 

Tetanus Toxin Fragment C 

(TTFC) 
1 g/L 

Romanos, Makoff et al. 

1991)[37] 

Parvovirus B19 VP2 400 mg/L 
(Lowin, Raab et al. 

2005)[38] 

Fab 0.2 mg/L 
(Edqvist, Kernen et al. 

1991)[39] 

Interleukin (IL) 30 mg/L 
(Guisez, Tison et al. 

1991)[26] 

Epidermal Growth Factor 

(EGF) 
5 mg/L 

(Chigira, Oka et al. 

2008)[28] 

Human Interferon (IFN) 276 mg/L 
(Chu, Zhang et al. 

2003)[40] 

Insulin Precursor (IP) 90 mg/L (Liu, Tyo et al. 2012)[24] 

Human Parathyroid Hormone 

(hPTH) 
42 mg/L 

(Kang, Kim et al. 

1998)[41] 

G-protein Coupled Receptor 

(GPCR) 
84.2 U/mg 

(Purvis, Chotai et al. 

1991)[42] 

A. niger Glucose Oxidase 

(GO) 
9 g/L (Park, Shin et al. 2000)[43] 

A. oryzae α-amylase 4.3 U/ml 
(Nieto, Prieto et al. 

1999)[44] 

Cutinase 1.6 g/L 
(Calado, Ferreira et al. 

2004)[45] 

Proteinase A (PrA) 82 mg/L 
(Carlsen, Jochumsen et al. 

1997)[46] 

Human Lysozyme (h-LZM) 74.5 U/ml (Choi, Paik et al. 2004)[47] 

Human Adenosine A2a 28 mg/L (Wedekind, O'Malley et al. 
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Receptor (A2aR) 2006)[48] 

A. niger β-galactosidase 5600 U/ml 
(Domingues, Lima et al. 

2005)[49] 

E. coli β-galactosidase 1.15 g/L 
(Alberghina, Porro et al. 

1991)[50] 

Granulocyte-Colony 

Stimulating Factor (GCSF) 
1.3 g/L (Lee, Lee et al. 1999)[51] 

S. pombe Acid Phosphatase 

(PHO) 
2.5 A435/A600/min 

(Robinson, Bockhaus et al. 

1996)[52] 

P. furiosus β-glucosidase 10 mg/L 
(Fabre, Nicaud et al. 

1991)[53] 

Pant Thaumatin 0.44 mg/gDCW 
(Harmsen, Bruyne et al. 

1996)[54] 

Green Fluorescent Protein 

(GFP) 
5682AU 

(Štagoj, Comino et al. 

2006[30] 

2.3.1. S. cerevisiae as a core facility protein expression host 

          S. cerevisiae (Fig 2.2) is a round-shaped (5–10 µm in diameter) eukaryote. It is 

the most thoroughly investigated eukaryotic microorganism which aids proper 

understanding of the eukaryotic cell biology and hence human biology, ultimately. 

 

 

Fig.2.2 Differential interference contrast (DIC) microscopic image of S.cerevisiae 

cells 
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          Yeasts have been utilized by humans since the Neolithic age [55]. Their various 

applications in the food industry and for single-cell protein production has taken yeast 

fermentations to the largest volumes ever performed [56] 

          Many proteins are important in human biology and were first discovered by 

studying their homologs in yeast including cell cycle proteins, signaling proteins, and 

protein-processing enzymes.  The Saccharomyces cerevisiae was also the first yeast 

species to be manipulated for recombinant protein expression [20], and many proteins 

have been produced in it. The S. cerevisiae can be grown or cultured easily and 

economically in a laboratory or an industrial setting. S.cerevisiae is the model 

organism for eukaryotes and widely studied as an important species in the fields 

of biotechnology and microbiology. The S.cerevisiae has performed as the host 

system for the majority of molecular biology works. Under favorable conditions, the 

reproduction time (doubling time) of the S.cerevisiae is only 90 minutes in complex 

and 140 minutes in synthetic media. In general, the S.cerevisiae can be grown at 30 to 

35 °C (98.6 °F).  

          Yeast is usually preferred as a host over Escherichia Coli because it is a 

eukaryote and is capable of carrying out post-translational modifications in order to 

achieve biological activity and secondary structure [11 and 12]. From a practical 

biotechnological point of view, S. cerevisiae has a long history of utilization in large-

scale conventional industrial processes, and unlike E. coli, it lacks measurable 

endotoxins. Moreover, intracellular proteins are usually properly folded. As other 

eukaryotes, S.cerevisiae is capable of performing most posttranslational processing, 

typical of mammalian cells [19].  

          Several modifications have been made to the survival of diverse strains of 

S.cerevisiae with various genotypes, which can be used as expression host systems. 

Especially, S.cerevisiae BY4741 is the most commonly used host system [57]. 

 
2.3.2. Role of S. cerevisiae in biotechnology 

          The entire genome sequence of S. cerevisiae was reported in 1996 [58]. It is 

commonly used as a model organism in biotechnological and microbiological 

investigations when compared to other eukaryotic systems. S. cerevisiae, due to its 

long history, good protein folding and availability, plays a very important role in 

current genetic engineering and industrial biotechnology.  
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          S.cerevisiae has been widely used to synthesize various recombinant proteins. 

More than 40 r-DNA based proteins have been manufactured through S. cerevisiae 

[59]. Additionally, it has also been expanded as probiotics for therapeutic based 

proteins delivery [60 and 61]. The first manipulation of S.cerevisiae has been 

introduced via recombinant DNA technology for the production of human insulin. 

The majority of the proteins have been successfully produced in S.cerevisiae. For 

example, S.cerevisiae has been used in food and alcoholic beverage production and it 

is also used in different processes within the bio pharmaceutical industry. S. 

cerevisiae is a very attractive organism because of its non-pathogenic nature, long 

history of use in the production of ethanol. On the other hand, the well-established 

fermentation process technology will make the S.cerevisiae as an attractive model 

system for large scale production of therapeutic proteins. It has also been categorized 

under those generally regarded as safe organisms (GRAS) [62]. An additional 

significant reason for the applicability of S.cerevisiae within the biotechnology field is 

its susceptibility to genetic modifications through recombinant DNA technology [9]. 

          Therefore, genetically engineered S.cerevisiae cells have been opted for various 

recombinant products such as proteins, hormones, vaccines, interferons, interleukins, 

and enzymes. Bioremediation, bio fuel production and immobilized enzyme 

production can also be assisted by them. 

 

2.3.3. Expression systems 

          The increasing demand for r-DNA based proteins identifies for strong 

production host systems, capable expression systems and proper culture conditions. 

The constraint is frequently in terms of attaining utmost quantities at satisfactorily 

minimum cost to improve marketing [63]. In the meantime, proteins quality, strength, 

yield of recovery and productivity are also significant factors to be considered. Until 

now, r-DNA based proteins are generated through a range of diverse cell factories, 

including bacterial system, yeast, insect cell, filamentous fungi, mammalian cell lines 

and also cell free system. As shown in Fig.2.3, about half of the biopharmaceutical 

proteins are developed through microbial host systems (30 % in E.coli and 20 % in S. 

cerevisiae) and remaining are generally being developed through mammalian cell 

systems [22]. Industrially, more than half of the enzymes are produced by fungi and 

30 % by bacteria [21]. Specific characteristics of each species used for r-DNA based 

proteins production are given in Table 2.3 [21 and 64]. 
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          The expression system is a combination of an expression vector (plasmid, 

cloned DNA) and the host. The host can allow the foreign gene that makes the 

function to produce proteins at a high level (over expression). There are several ways 

to introduce the foreign gene into the host cell and there are many expression systems 

that can be used for the protein production. The common expression hosts are bacteria 

(E. coli and B. subtilis), yeast (S. cerviceae and P. pastoris) and other eukaryotic cell 

lines (CHO, HEK and insect cells). 

          The foreign gene delivery sources are viruses (baculovirus, retrovirus 

and adenovirus). The yeast expression system has the main privilege of producing 

bulky amounts of proteins with good protein folding. The host systems used in the 

production of accepted therapeutic recombinant proteins are shown in Fig 2.3. The 

S.cerevisiae cells are the most used expression host systems and contribute more than 

40 recombinant proteins [59]. The major expression systems that are widely used in 

the large-scale manufacturing of proteins are: 

Escherichia coli: The protein expression in E. coli is the simplest, the fastest, and the 

most economical process. The striking reasons to select E. coli are the high yield of r-

DNA based proteins, getting equal to 50 % of total cell dry weight [65], the capability 

for high cell density culture, and getting more biomass yield per liter [66]. The gene 

sequence of the respective proteins could be cloned into an expression vector with 

high copy number, which contains the Lac promoter. The cloned construct is then 

introduced into the host cells by transformation. Lactose analogue, IPTG (Isopropyl 

β-D-1-thiogalactopyranoside) triggers the Lac promoter and results in the production 

of the protein of interest from the bacterial cell. Nevertheless, bacterial system suffers 

from plasmid instability and restricted ability for post-translational modifications [65]. 

Moreover, larger proteins (greater than 60 kDa) and also S-S rich proteins are 

normally difficult to get in soluble form through E. coli [67]. 

Yeast: Compared to bacteria, the major advantages of yeast are that it can be grown to 

very high densities resulting in high protein production, can promote post-translation 

modifications with molecular folding [64], is capable of performing strict quality 

control [59], as well as proteolytic modulation of signal peptides, disulfide bond 

formation, subunit assembly, phosphorylation and glycosylation [68]. The two most 

commonly used yeast strains are Saccharomyces cerevisiae and the methylotrophic 

yeast, Pichiapastoris. 
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          Also, yeast systems do not promote contaminations due to toxic pyrogens 

compared to Escherichia coli, and do not have bacterial contamination or viral 

inclusions that were presented in mammalian cell systems [69 and 9]. When 

compared to filamentous fungal system, yeasts produce fewer endogenous proteins, 

which reduce the off-line analyses cost and possibility of proteolytic process 

degradation [19]. Still, yeast and filamentous fungal system suffers from incapability 

to carry out proper mammalian PTM’s, particularly humanized glycosylation, except 

for a newly generated strain of Pichiapastoris [70 and 71]. Current technologies also 

create it potential to generate glycosylated proteins (human-type) by S. cerevisiae in 

the future [72, 29 and 73]. 

          Recombinant protein production in S. cerevisiae (yeast) tends to be quicker and 

inexpensive when compared to the mammalian cells. The robust cell structure of yeast 

create them willing to culture, whereas, mammalian cell systems derived from multi 

cell organisms are not adapted to live outside the body. Hence, mammalian cell 

systems are sensitive to external conditions such as shear stress and osmotic shock. 

Both bacterial and yeast systems duplicate every 20 min to 2 h, while mammalian 

systems do so every 24 h to 2 days. Mammalian cell requires complex media with 

appropriate amino acids. Bacterial cells medium consist of trouble-free carbon and 

nitrogen sources along with inorganic components. The cost for bacterial cells 

medium is 90 % lesser when compared to the mammalian cell systems. Fermentation 

experiment takes 24 to 72 h in bacterial or yeast cells whereas it takes 2 to 3 weeks in 

CHO cells. 

 

 

Fig.2.3 Various expression systems used in the production of approved 

therapeutic recombinant proteins [22] 

Baculovirus-infected insect cells: Insect cells are higher eukaryotic systems than 

yeast and are able to carry out more complex post-translational modifications and 
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folding mechanism that give a soluble protein in active form. The main drawbacks of 

insect cells are the higher costs and the longer period for protein production (normally 

2-3 weeks). 

Mammalian cells: The most common mammalian expression systems are HEK 

(Human Embryonic Kidney) and CHO (Chinese Hamster Ovary) cell lines. HEK and 

CHO cell lines are applied for the production of about 50 % of therapeutic based 

proteins in the market because of its high match to human cells. The absolute 

necessity for glycosylation to be of human-type is the key reason for the wide use of 

mammalian systems in the production of biopharmaceutical proteins [74]. r-DNA 

based proteins production in mammalian cell systems are correctly folded and 

glycosylated [22] with almost the same pharmaceutical properties to human proteins 

[75].  

          Mammalian cells are highly advantageous over the insect cells in terms of post-

translational modification and folding mechanism. Nevertheless, the process is 

extremely cost because of their stringent culture requirements and especially restricted 

production capacities [21]. Other   disadvantages of mammalian cells are lower 

growth rates, frequent contamination and high production cost.  

          Each expression system has different advantages and disadvantages. While 

aiming at industrial production, one has to consider a large number of factors such as 

host system, vector, raw material cost, contaminants, harmful bi-products, 

reproducibility and up-scalability. Cha et al., have given the properties of various 

recombinant expression systems (E. coli, yeast, insect and mammalian cells) [76].  

          Usually, getting high titers or else productivities is a rule of thumb for any 

industrial enzyme production, while high excellence is essential for 

biopharmaceuticals production [65]. Bacterial host systems are generally applicable 

for the production of non-glycosylated recombinant based proteins with fewer 

disulfide bonds and low MW of protein [21]. If proteins are fail to be expressed 

correctly by both microbial host systems and other higher eukaryotic host systems 

(mammalian cells and insect cells), then cell-free systems will be taken into 

consideration [68]. 
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Table 2.3 Comparison of different expression hosts in terms of their properties 

 

 

         It can be summarized that the production media costs of S. cerevisiae culture are 

very low and mammalian cell culture are very high. The productivity and secretion is 

appreciably good in S. cerevisiae when compared to the other eukaryotic expression 

systems. Protein folding is also good in S. cerevisiae when compared to E-coli. All 

these characteristics allow S. cerevisiae to be one of the most spirited hosts for quick 

and inexpensive production of recombinant based proteins. 

 

2.3.4. Expression systems for S. cerevisiae 

          S. cerevisiae is one of the most commonly used expression host system, and c-

DNA is usually introduced in an expression plasmid [77]. The strategies for over 

expression of proteins in S. cerevisiae are well developed and studied by raising the 

copy number of the gene or enhancing the binding strength of the promoter region. 

Characteristic 

feature 
E. coli Yeast Insect Mammalian 

Growth rate  Very fast Fast Slow Very slow 

Yield  High High Very high Very low 

Productivity Very high Very High High Low 

Media cost  Very low Very Low High Very high 

Culture techniques  Easy Easy Difficult Very difficult 

Production cost  Low Low High Very high 

Protein folding  Fair Good Very good Very good 

Availability of 

genetic systems  
        Good Good Fair Fair 

Glycosylation  No Yes Yes Yes 

Secretion  Poor Very good Good Good 

Larger molecular 

weight products 

production in soluble 

form 

Difficult Easy Easy Easy 
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For example, a gene for a protein of interest could be cloned or sub-cloned into a high 

copy-number vector carrying the GAL promoter, which is then transformed into the S. 

cerevisiae host system. Addition of galactose to the transformed cells activates the 

GAL promoter and stimulates the cell to express the protein of interest.  

          The PYES2/CT expression system, based on the gal promoter, is the most 

popular commercial expression system. The various expression systems (pYES2/CT, 

pYES3/CT and pYC2/CT) are designed for inducible expression of r-DNA based 

proteins in S. cerevisiae. Features of the vectors allow purification and detection of 

expressed proteins. The vectors contain elements like yeast GAL1 promoter for high 

level inducible protein expression and repression by glucose, multiple cloning site 

(MCS) with 8 or 9 unique sites (plus two BstX I sites) to facilitate in-frame cloning 

with the C-terminal peptide, C-terminal peptide encoding the V5 epitope and a 

polyhistidine (6xHis) tag for detection and purification of recombinant fusion protein 

[78 and 79].  

          The selection and design of the expression vectors will affect the protein 

synthesis rate, copy number of plasmid, the segregational plasmid stability, regulatory 

issues and consequently the product yields. For biopharmaceutical industrial 

applications, the selection and maintenance of antibiotics in pre-cultures or main 

cultures are major factors that influence the productivity and specific yield. An 

idealistic expression vector integrates medium to high copy number with tighter 

requirement of gene expression accomplishing fast cell growth to maximum densities 

during pre-induction period. 

 

2.4. CELL GROWTH AND FERMENTATION CONDITIONS  

2.4.1. Batch fermentation 

          Batch fermentation refers to the culturing of microbial cells in a partially closed 

system for achieving high cell density in a short period of time. In a batch process, all 

components except oxygen, pH controlling substances (acid and base) and anti-

foaming agents are placed in the reactor at the commencement of the fermentation. 

During the fermentation process, there is no flow, i.e., neither input is given nor the 

output is collected. Batch fermentation is one of the simplest methods to produce cell 

biomass in a very short time [80]. Nevertheless, owing to its low biomass productivity 

in comparison to the fed-batch fermentation, batch fermentation is used to produce the 

biomolecules for the purpose of characterization studies. If a biomolecule is to be 
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used in a low dose, batch fermentation is a good choice to acquire competent and 

consistent. The microbial growth phases (Fig. 2.4) associated with batch fermentation 

are lag phase, exponential phase, stationary phase and decline phase. 

 

 

Fig.2.4 The microbial growth curve with various growth phases (Courtesy: 

www.generalmicroscience.com) 

 
2.4.2. Fed batch fermentation 

          Fed batch fermentation is a type of production method integrating batch and 

continuous fermentation concepts (Fig.2.5). In other words, it can also be understood 

as an intermediate stage between them. Fed-batch fermentations are widely used for 

industrial applications to produce various kinds of biomolecules. Initially, 

fermentation is started as a batch process followed by a supply of substrate feed at a 

steady state. Fed-batch fermentation is different from the batch fermentation process 

due to the addition of fresh nutrient substrate to the fermentation broth as it is 

exploited by the microbial system. The fed-batch process increases the productivity 

and decreases the product manufacturing cost compared to those of the batch and 

continuous fermentations while the use of continuous fermentation enhances the 

contagion and mutation of the microbial strain. 
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Fig.2.5 Fed-batch fermentation profile with growth curve 

          Fed-batch system does not demand any auxiliary instrument set up over the 

batch fermentation process. It is designated by a little longer exponential time that 

definitely enhances the cell growth followed by productivity. However, fed-batch 

fermentation systems also have several disadvantages which include limited dissolved 

oxygen availability, carbon dioxide concentrations that reduce the cell growth rate, 

enhanced acetic acid formation and heat generation [18 and 81]. The acetic acid 

reduction is a major criterion that can cause a significant improvement in recombinant 

protein production. Acetate concentrations, plasmid instability, low specific growth 

rate to maintain a high rate of protein synthesis affect the specific productivity of 

recombinant protein at high cell density [82-84]. Fed-batch fermentation maximizes 

cell density that aids in enhancing the volumetric recombinant protein productivity 

[50]. 

 

2.4.3. Induction strategy  

          In distinctive S. cerevisiae laboratory strains, transcription from the GAL1 

promoter is repressed in the occurrence of glucose [79]. Transcription may be induced 

by eliminating glucose and adding galactose as a carbon source [78]. Maintaining 

cells in glucose provides the most complete repression and the lowest basal 

µ
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transcription of the GAL1 promoter. Transferring cells from glucose to a medium 

containing galactose causes the GAL1 promoter to become de-repressed and allows 

transcription to be induced. On the other hand, cells may be maintained in medium 

containing raffinose as a carbon source. The presence of raffinose does not repress or 

induce transcription from the GAL1 promoter. Adding of galactose to the medium 

stimulates transcription from the GAL1 promoter even in the occurrence of raffinose. 

Induction of the GAL1 promoter through galactose is more rapid when compared to 

glucose. One may select to culure cells containing pYES2/CT, pYES3/CT, 

orpYC2/CT construct in glucose or raffinose depending on how quickly one wants to 

gain the expressed protein after induction through galactose.  

          Expression vectors (plasmids) are often encoded for genes that are beneficial 

but not necessary to the host cell, and can be simply acquired, lost or moved with 

cells. These characteristics create them fundamental tools in recombinant DNA 

technology which is used to increase particular genes or to formulate huge amounts of 

proteins. In the final case, bacteria including a plasmid accommodating the gene of 

interest are developed. Then, transcription of the inserted gene can be stimulated to 

produce the end protein. In order to manage recombinant based protein expression in 

S. cerevisiae, a number of inducible promoters have been extended. The promoters 

control the initiation of the target gene transcription through a signal which will 

depend on the kind of promoter. Truthfully, the promoter should not permit the 

expression prior to induction, and should permit flexible induction of protein 

expression. The most normally used inducer for GAL1 promoter systems is galactose 

and raffinose (Fig.2.6). This inducer is cost-effective and may interfere with cell 

growth at high concentration. The low cost of galactose and raffinose facilitates their 

use for induction and is advantageous to induce the protein in yeast. 
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Fig.2.6 Galactose molecule 

 

          Expression systems used in present research work contain a vector with GAL1 

promoter. Therefore, galactose was used as an inducer. The timing of the induction 

for new recombinant proteins needs to be established for each protein. The 

concentrations of galactose and raffinose required for the maximum production of 

proteins vary with different clones expressing various proteins. The induction strategy 

requires to be optimized to sustain specific protein productivity during high cell 

density fermentations. Keeping these aspects in view, it is necessary to adopt a 

suitable induction time, thus both cell growth and recombinant protein yields can be 

magnified. 

 

2.5. SIGNIFICANT PARAMETERS AFFECTING FERMENTATION 

PROCESS 

2.5.1. Physical parameters affecting fermentation process 

          There are many factors that can influence the fermentation process associated 

with the micro-organisms such as the intrinsic and extrinsic factors. The intrinsic 

factors are the water content, pH, acidity, nutrient availability, redox potential and cell 

growth. The extrinsic factors are the temperature and oxygen availability. No yeast 

can grow without water and hence water availability is a major concern for their 

growth and sufficient nutrient utilization. The growth medium is made up of water. 

High salt water will reduce cell growth. Normally, yeast can be grown at 30 to 37 oC. 

However, at the optimum temperature, the growth could be higher.  

          The nutrient source and its availability are the major factors that influence the 

cell growth and product formation. Sufficient nutrients always favor the cell growth 
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and its replication. The carbon and nitrogen sources are the common nutrients in any 

microbial fermentation process. pH is another major factor that controls the cell 

metabolic activities which influence the cell growth promotion and inhibition. The pH 

value is expressed as an acidity of the nutrient substrate. Most of the yeast prefers a 

growth environment with a pH of 6.0-7.1. Cell productivity can be influenced by the 

oxygen availability that regulates the production of acids and metabolites during the 

growth.  

 
2.5.2. Optimization and development of production media 

          S. cerevisiae is the potential host system for the production of recombinant 

based proteins. Because of this aspect, many different host-vector systems are readily 

available. Due to the simple culture conditions and good protein folding, recovery of 

the recombinant protein is relatively straightforward. Commercially, S. cerevisiae has 

been widely accepted and considered safe and has also been proven to be 

economically viable for producing recombinant proteins. However, the expression 

level of recombinant proteins depends on the production media, which typically 

require optimization. The aim of the optimization is to produce maximal levels of 

recombinant protein per unit volume and time. The level of the intracellular gathering 

of the recombinant based protein depends on the mass of the cells and specific activity 

of the protein. 

          Commercially, recombinant protein production in S. cerevisiae has gained the 

attention of the biopharmaceutical market since it is a prerequisite for limited 

amenities and time. Though inexpensive, large-scale production of recombinant 

proteins in S.cerevisiae still remains a demanding task regarding upstream 

(fermentation) and downstream (purification) processing stages. Fermentation is a 

very complex process, developed to organize the growth and specific productivity of 

microorganisms [85]. Fermentation media composition affects the production of 

recombinant protein, giving superior growth rates and inferior plasmid content in 

complex medium [86]. The specific yield and productivity of the fermentation process 

can be directly influenced by media composition such as carbon, nitrogen, trace 

elements and other nutritional factors. Therefore, the nutrient substrate composition of 

fermentation medium attains enormous significance as it acknowledges the 

physiology of the microorganism in the fermentation process.  
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        Alteration and reconstitution in media formulation are needed to generate high 

levels of biomass yield and target protein. Conventionally, sources of carbon and 

nitrogen have been used to optimize the production media and the other nutritional 

variables also play an essential role in medium formulation. Adding of novel 

ingredients (supplements) to the production media is another approach to amplify 

specific productivity and yield of recombinant proteins which are of most important 

influx of research interest in current years [87].  

          Predictable carbon, nitrogen and other nutritional ingredients are shown to be 

significant for cell growth and productivity [88 and 89]. Nevertheless, the influence is 

restricted bythe highest theoretical yield. The media ingredients could be significant 

in stimulating the highest specific product yield, thereby developing the volumetric 

productivity of the targeted product. Therefore, exploring the effect of novel media 

ingredients and their interactions could be interesting in understating their role in 

increasing the specific yield and overall productivity of the targeted protein. The 

media ingredients such as carbon source, nitrogen source and vitamin mix are hardly 

studied in media optimization.  

          The media optimization is of primary importance in the development of a 

fermentation process for the production of various targeted products. The application 

of statistical experimental design in the optimization of media is well established by 

several researchers [90-93]. One-factor-at-a-time (OFAT) method involving the 

studying of factors or variables one at a time while keeping others fixed. OFAT can 

be more effective than fractional factorials under certain conditions (limited runs and 

experimental error is not large). However, some factors favoring the use of factorial 

designs over OFAT are:  

· OFAT requires a number of runs,  

· OFAT cannot estimate interactions between the variables and  

· OFAT can fail in optimal settings.  

          Plackett-Burman (PB) design is an efficient screening method used to find out 

the effective independent variables in the experimental phase. The most important 

characteristic feature of the PB design is that it consists of 4n experiments, where n = 

1, 2, 3, 4 etc. In every case, the maximal number of factors that can be considered is 

n-1, so a 12-experimental design will involve up to 11 variables.  
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          The response surface methodology (RSM) is widely used for estimating second 

order surface responses. The main goal of the RSM is to use a set of advanced design 

of experiments (DOE) to achieve an optimal response. The response can be illustrated 

in the three dimensional surface plots (3D) or two dimensional contour plots (2D) that 

help to visualize the shape of the response surface. RSM is often used to study the 

interactions between the variables and refine the curved quadratic surface models 

after the determination of important factors using factorial experimental designs. The 

main variants of response surface designs are central composite design (CCD) and 

Box-Behnken design (BBD).  . 

          Central composite design can fit a full second order-quadratic model. It is a 

combination of a two-level fractional factorial, center points (all the variable values 

are at the zero value) and axial points (all but one variable is at zero and that one 

factor is set at axial values). The BBD is a substitute to the CCD. Fig 2.7 shows the 

illustration of CCD and BBD. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7 Illustrations of central composite and Box-Behnken design with variables 

(Courtesy: jmp statistical Discovery/ Response surface designs) 

 

2.6. DOWNSTREAM PROCESSING STRATEGIES FOR RECOMBINANT 

THERAPEUTIC PROTEINS  

          Purification of recombinant proteins is the most important bio-processing factor 

for the systematic production of diagnostic or therapeutic proteins from S.cerevisiae.  
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2.6.1. Filtration systems and operations  

          The application of membranes in recombinant protein purification and 

separation becomes important in industrial process engineering because membranes 

play a critical role in the various downstream processing stages, including biomass 

isolation from the fermented broth up to the final polishing of the desired product. 

The separation is mainly based on the molecular weight and sometimes shape and 

charge. The membranes allow filtration processing of proteins at a suitable 

temperature and pressure conditions without exposing the proteins to thermal stress 

and chemical environment. The filtration through membranes can easily be scaled up 

as it decreases the corroboration effort. However, the filtration process is limited 

because the fractionation of proteins must be accomplished at huge dissimilarities in 

molecular size of the proteins.  

          The function of membranes has now been improved with more than its role as a 

particular hindrance for filtration of molecules. Specific adsorption of molecules to 

the membranes for their partition in view of distinctive chemical performance is being 

progressively applied more as an integrated downstream processing operation. The 

filtration techniques are of four major types: reverse osmosis (RO) or hyperfiltration 

(HF), nanofiltartion (NF), ultrafiltration (UF) and microfiltration (MF). Various types 

of filtration methods and their dimensions are represented in Fig.2.8 [63, 22].  



 

Fig.2.8 Pressure driven membrane processes and their separation characteristics

 
          Cross flow filtration is applied for RO, UF and MF with high solid content. It is 

a membrane filtration operation in which the feed stream is directed parallel to the 

membrane surface. The tangential stream of solution eliminates retained molecul

from the membrane surface.
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2.6.2. Fast protein liquid chromatography (FPLC) 

Fast protein liquid chromatography (FPLC) is a form of high-pressure liquid 

chromatography (HPLC) that is often used to purify the biomolecules. FPLC provides 

chromatography modes such as anion exchange, cation exch

exclusion, affinity, hydrophobic interaction, immobilized-metal affinity 
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mechanization including auto samplers, isocratic and gradient program control, and 
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fraction collection. In addition to proteins, the method is applicable to other kinds of 

biological samples including oligonucleotides and plasmids. This technique is used to 

purify the majority of the biomolecules including enzymes, recombinant proteins, 

hormones, serum proteins, nuclear proteins and amino acids [97-100]. 

 

2.7. CHROMATOGRAPHIC PURIFICATION STRATEGIES FOR 

RECOMBINANT THERAPEUTIC PROTEINS 

          After production of a recombinant protein from the cells, downstream process is 

essential for obtaining relatively pure protein and this can be completed by the 

chromatographic purification. Protein purification process is not the same for all kinds 

of proteins. It deviates based on the nature of the protein and production strategy. 

Normally, recombinant protein purification can be done after the classical purification 

method. Chromatographic purification may depend on the physical and chemical 

parameters such as pH, temperature, pressure, sample volume, sample concentration, 

type of resin, type of mobile phase and flow rate.  

 

2.7.1. Classical purification methods  

          In classical purification, ammonium sulfate precipitation is one of the most 

commonly used fractionation process. It is based on the varying solubility of proteins 

in aqueous ammonium sulfate solutions. The concentration of ammonium sulfate 

needed for precipitation differs from protein to protein and it ought to be resolved 

observationally. Ammonium sulfate fractionation provides a rapid and inexpensive 

method for concentrating a large quantity of protein solution. However, this strategy 

has various disadvantages. 

          For example, delayed stirring, needed to solubilize the salt, can prompt the 

denaturation of the protein by oxidation. Likewise, isoelectric precipitation is similar 

to the ammonium sulfate precipitation. This strategy is taking into account the net 

charge on the molecule at this isoelectric pH. The charge repulsions have a tendency to 

keep proteins in solution since proteins have individual isoelectric points. Solvent 

precipitation is also one type of precipitation technique and can be used in two 

different ways, using ethanol or other organic solvents. In this technique, protein 

precipitation can be affected by altering the dielectric constant of the solvent. 

Polyethylene glycol (PEG) is a common method for the precipitation of the proteins. 
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PEG separates the proteins according to their molecular weight as the larger 

molecules precipitate at lower PEG concentrations.  

 
2.7.2. Ion exchange chromatography 

          Ion exchange chromatography is the most popular and frequently used 

technique for the purification of proteins, polypeptides, nucleic acids and other 

charged molecules [101]. Purification in ion exchange chromatography relies on the 

reversible adsorption of the charged molecules to immobilized ion exchange groups 

of inverse charge. In cation exchange chromatography, positively charged molecules 

are united to a negatively charged matrix. Similarly, in anion exchange 

chromatography, negatively charged molecules are united with the positively charged 

matrix.  

          The adsorption of the biomolecules to the stationary phase is determined by the 

charged molecules in the sample and in the functional active group of the matrix. The 

separation of proteins depends upon the net charge and it varies according to the 

surrounding pH. Typically, when the protein pH is above the isoelectric point (pI), the 

protein will be separated with positively charged anion exchange resin. Conversely, 

when the protein pH is below the pI, the protein will be separated with the negatively 

charged cation exchange resin. Elution with enhancing salt concentration or else 

increasing/reducing the pH of buffer is most frequently used in the IEC [102]. Anion 

and cation exchange resins are classified as strong or weak, depending on the pH, 

which varies with the ionization state of the functional groups of matrix. A strong ion 

exchange resin has the identical charge density on its surface over a wide pH range 

while a weak ion exchange resin, the charge density varies with pH.  

 
2.7.3. Gel filtration or Size exclusion chromatography  

          Size exclusion (SE) is a chromatography method that separates the molecules 

based on their size and molecular weight (MW) [103]. Size exclusion chromatography 

(SEC) is widely applied to the fractionation of huge molecules such as enzymes, 

proteins, polysaccharides and nucleic acids. The main advantage of this method is the 

tremendous separation of proteins which gives a minimal volume of eluate [104] with 

less sample loss. SEC is suitable for the molecules that are sensitive to the 

environmental conditions such as temperature and pH. SEC can also be directly 
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applied after ion exchange chromatography (IEC), hydrophobic interaction 

chromatography (HIC) and affinity chromatography (AF)   

 
2.7.4. Effect of physicochemical parameters on protein purification  

          Optimization should evaluate a number of physicochemical parameters 

including stationary and mobile phase for effective protein purification. Hence, it is 

required to study the effect of various physicochemical parameters such as 

stationaryphase, mobile phase, mobile phase pH, sample flow rate, injection volume 

and mass load in order to maximize the recovery yield and purity of recombinant 

proteins. 

          The choice of mobile phase plays a critical role in the purification of proteins 

because they ought to be adapted to the buffer atmosphere during the elution .Various 

proteins have different structures and physiognomies that require multiple resins for 

their purification, and hence an appropriate stationary phase must be nominated from 

different stationary phases. Stationary phase shows substantial impact on the 

recombinant protein purification through SEC [105].  

          Purification of proteins is pH dependent and so it can definitely affect the 

recovery yield and purity [106]. The flow rate should also be considered as one of the 

most significant parameters during protein purification because in size based 

separations, it may influence the protein structure, biological activity and recovery 

yield. Sample injection volume can also influence the protein purification and affect 

mostly on recovery yields. Sample concentration may also influence the 

chromatographic resolution and sensitivity [107]. 

 
2.8. CHRECTERIZATION STRATEGIES OF   RECOMBINANT PROTEINS 

          The production, purification and characterization of r-DNA based therapeutic 

proteins are being focused in different stages of development. Cost-efficient scale-up 

of fermentation process along with the purification of the biological system is needed. 

In recombinant based protein production, the ultimate structure of the product is very 

reliant on post-translational modifications that can happen during fermentation 

process as well as additional modifications caused by the production process which 

are to be characterized and organized. Impurities may be pyrogenic or they may 

induce an immunologic reaction in the final product. Hence, impurities must be 

recognized, characterized and reduced from the purified product. Precise and 
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reproducible characterization methods are important in developing the various value 

added therapeutic proteins. 

 
2.8.1. Reverse Phase High Performance Liquid Chromatography (RP-HPLC) 

analysis 

          RP-HPLC is one of the essential bio analytical techniques in the separation and 

analysis of different recombinant proteins and peptides. RP-HPLC is also extensively 

used in the field of bioprocess engineering to describe therapeutic recombinant 

proteins and to evaluate these for product uniqueness and purity. RP-HPLC plays a 

crucial role in the separation of peptides from digested proteomes before protein 

recognition through mass spectrometry (MS). RP-HPLC is commonly used because 

of its ability to separate proteins of almost indistinguishable structure and due to its 

high resolution facility [108]. 

 
2.8.2. SDS-PAGE and Two dimensional (2D) electrophoresis 

          Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is 

also a potential bioanlytical technique to give precise protein molecular weights and 

purity. The separation of proteins by SDS-PAGE is based on their electrophoretic 

mobility (a function of the polypeptide chain length and its charge) while in the 

denatured (unfolded) state. Sodium dodecyl sulfate (SDS) is generally used to 

denature native proteins into individual polypeptides. The ionic detergent wraps 

around the polypeptide backbone when a protein mixture is heated to 100 °C in the 

presence of SDS. In this protein separation process, the intrinsic charges of 

polypeptides   become insignificant when compared to the negative charges supplied 

through SDS. Thus polypeptides after treatment become rod-like compositions having 

a consistent charge density. The SDS binds to the polypeptide chain of most proteins 

and imparts constant supply of charge per unit mass, resulting in a fractionation 

through approximate size during electrophoresis [109]. Therefore, the protein 

electrophoretic mobility will be a linear function of the logarithms of their molecular 

weights [110]. 

          2D electrophoresis is the combination of isoelectric focusing and SDS-PAGE. 

In the first step, isoelectric focusing will be performed to detach the proteins based on 

their pI values. In the second step, traditional SDS-PAGE will be performed to 

separate the protein based on their molecular mass. Therefore, the mixture of these 
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two separation techniques provides much superior resolution than either of the two 

methods alone because of their self-governing properties. 

 

2.8.3. Western blotting 

          Western blot is also a commonly used bio-analytical technique for the 

recognition of exact proteins . Western blot employs gel electrophoresis to separate 

either native proteins through 3D structure or denatured proteins by the length of the 

polypeptide. Western blot includes the gel electrophoresis step to resolve the issue of 

the cross-reactivity of antibodies. On the other hand, the separated protein bands are 

then moved to a membrane (nitrocellulose or PVDF) where they are stained 

with exact antibodies [111]. Many search engines (CiteAb, Antibodypedia, and 

SeekProducts) and reagent companies are accessible to get appropriate antibodies 

against tens of thousands of diverse proteins [112]. 

 

2.8.4. Secondary structure analysis of recombinant proteins 

         Characterization of proteins is of enormous significance in the field of 

bioprocess engineering. Circular Dichroism (CD) Spectroscopy is a potential tool for 

quickly assessing the secondary structure, folding, binding properties of proteins and 

to study protein interactions [113] after production and purification of recombinent 

proteins. CD spectroscopy determines variations in the absorption of left-handed 

polarized light versus right-handed polarized light which occur due to structural 

asymmetry.CD Spectroscopy determines the proteins secondary structure in the "far-

UV" spectral region of 190-250 nm. The chromophore is the peptide bond at this 

wave length and the signal arises when it is located in a normal, folded environment. 

Characteristic shape and magnitude of CD spectrum can be assessed through alpha-

helix, beta-sheet, and random coil structures. The rough fraction of each protein’s 

secondary structure type can be estimated by analyzing its far-UV CD spectrum as a 

summation of fractional multiples of such reference spectra for every structural type. 

The CD signal also reflects an average of the whole molecular population like all 

spectroscopic methods [113].  

          Fourier Transform Infrared (FT-IR) spectroscopy is also another potential 

system for structural characterization of proteins and polypeptides. The infrared (IR) 

spectral data of polymers are generally interpreted in terms of the vibrations of a 



36 
 

structural repeat. The replicate units in proteins provide nine characteristic IR 

absorption bands (amides A, B and I–VII).  

          Amide I bands (1,700–1,600 cm−1) are the most important and responsive 

vibrational bands of the protein backboneand they share with the protein’s secondary 

structural components in the 1700 –1600 cm−1 region [114-118]. This band begins 

from the C=O stretching vibration of the peptide group whose occurrence depends on 

the hydrogen-bonding and coupling along the protein chain and is therefore sensitive 

to the protein conformation. Protein secondary structure prediction can be attained 

through the amide I band decomposition into its components with curve fitting 

methods [116, 119, 120 and 121]. 

 

2.8.5. Liquid chromatography Mass spectrometry (LC-MS) analysis of 

recombinant proteins 

          Liquid Chromatography Mass Spectrometry (LCMS) is fast becoming the 

preferred tool of liquid chromatographers. LCMS is a potent bio analytical system 

that joins the resolving power of liquid chromatography (LC) with the detection 

specificity of mass spectrometry (MS). LC separates the components and then 

introduces them to the MS. The MS makes and detects charged ions. The LCMS data 

provides information about the molecular weight (MW), identity, structure and 

quantity of specific sample components. 

          The utilization of LCMS techniques for protein examination is well 

documented and has a considerable impact on understanding the complexities of 

biological systems. LCMS is one of the most efficient technologies for protein 

recognition in both simple and complex biological samples. LCMS is a potential tool 

in determining the mass of the components and gives essential information about the 

achievement of protein expression via recombinant DNA technology [108]. 

 

2.9. HEMOSTASIS AND REGULATION OF BLOOD COAGULATION  

2.9.1. Hemostasis 

          Hemostasis refers to a collection of physiological processes that prevent 

bleeding without loss of rheological properties. The wounded venous or arterial blood 

vessel can thus be quickly closed without interrupting flow of blood. The entire 

method provides the organism as a protection against larger blood loss.  
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          Blood clotting is accomplished with the interaction of vascular, cellular and 

plasmatic reactions effect [122]. After hemostasis, fibrinolysis follows. In this stage, 

the formed clot is gradually dissolved. Both of the above processes are in a dynamic 

balance, which guarantees a controlled coagulation process. If equilibrium is placed 

more on the fibrinolysis side, it can direct to bleeding, whereas there is high risk of 

thrombosis when blood clotting dominates. As a consequence of injury, there is a 

stimulation of smooth muscle cells. This directs to a reflector contraction of the blood 

vessels through the sympathetic nervous system. This reflex contraction occurs 

because of the discharge of serotonin and catecholamines. Additionally, thromboxane 

A2 is released through thrombocytes. Due to the contraction of vessels, the blood 

flow slows down, and hence marks an essential feature of blood clotting.  

          If a blood vessel gets damaged, subendothelial collagen fibers are exposed to 

which thrombocytes can adhere (adhesion). The adhesion abides by the von-

Willebrand factor (VWF), which represents the link between the collagen fiber and 

the glycoprotein Ib-receptor located on the surface of the platelets. This contact with 

the extracellular matrix activates the thrombocytes [123]. Thus, on one hand, there is 

a change of shape and aggregation of platelets while on the other, the secretion of 

substances essential for coagulation.  

          ADP, thromboxane A2, PAF (platelet activated factor), serotonin and 

thrombospondin are amongst the key substances responsible to accomplish 

hemostasis. Serotonin and thromboxane A2 illustrate vasoconstrictive functions. PAF 

ADP, thrombospondin and thromboxane A2 support aggregation. Thrombospondin 

directs to irreversible aggregation since this glycoprotein stabilizes the fibrinogen 

bridges. In addition to these, negatively charged phospholipids, platelet factors (PF) 3 

and 4, are presented on the platelets surface. These attach plasmatic coagulation 

factors (secondary hemostasis). On the other hand, PF3 (a coagulation-active 

phospholipid) is needed as a complexing agent in the plasmatic coagulation 

(activation of factor X and prothrombin). Finally, PF4 combines heparin and 

neutralizes its effect.  

          Due to the thrombocytes activation, the glycoprotein IIb/IIIa–receptor is 

exposed on their surface. This receptor also supports the aggregate formation with 

VWF. At the same time thrombocytes undergo shape change, obtain spherical and 

develop pseudopods, whereby aggregation can happen. The glycoprotein IIb/IIIa – 
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receptor shows high affinity to fibrinogen, fibronectin and calcium [123]. Therefore, 

binding of these substances results in strengthening of the clot. 

          The notable objective of the secondary hemostasis is to address the instability 

and make it mechanically stable until the final repair by scarring is done. In addition 

to the platelets, various plasmatic and tissue factors are also involved. They are 

together referred to as blood clotting factors [124]. Traditionally, blood coagulation 

has been distinguished into two pathways such as intrinsic and extrinsic pathways. 

However, the separation of coagulation process into two branches shows to be 

somewhat artificial because a number of components of the two options appear to 

interact with one another. 

          Fibrinogen is the vital protein substrate of the coagulation cascade and forms 

the most important structure-protein of the fibrin clot. Thrombin cleaves small 

peptides to form a fibrin monomer. However, monomers accumulate into protofibrils 

in a half-staggered, side-to-side manner that is stabilized via noncovalent relations 

between fibrin molecules. The protofibrils creatively connect to thicker fibrin fibers 

and then form the fibrin clot. Nevertheless, this fibrin clot is not constant and will 

eventually come apart if not covalently cross-linked.  

          Thrombin stimulates factor XIII into the trans glutaminase enzyme factor XIIIa. 

Factor XIIIa, acting upon the glutamic acid and lysine side chains in the fibrin amino 

acid sequence forms covalent bonds between fibrin monomer chains and creating a 

stable clot [125]. Because of the influence of thrombin with the participation of 

fibronectin, fibrin binds on the glycoprotein IIb/IIIa-receptor of the platelets in the 

retraction phase [123]. Furthermore the actin-myosin skeleton contracts the platelets. 

This results in a contraction of the wound edges. Therefore, the thrombus is 

additionally hardened, which in turn entails a mechanical closure of the wound. 

 

2.9.1.1. Coagulation Factors 

          All glycoproteins are the coagulation factors of the blood plasma, with the 

exemption of calcium ions. Several of these glycoproteins are generated in the liver. 

The von-Willebrand factor (VWF) instead is not only produced in the endothelium of 

the vessels and but also in megakaryocytes. Vitamin K is important for the synthesis 

of factor II, VII, IX and X as well as for the production of inhibitor protein C and its 

co-factor protein S. In the production of these factors vitamin K functions as a co-

enzyme, particularly in the γ-carboxylation of glutamic acid – having side chains of 
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the factors. Therfore, the resulting carboxylglutamyl-compounds are now capable to 

form calcium-complexes with phospholipids [126].  

         Blood coagulation factors either function as enzymes (mostly serine proteases) 

or as co-factors. They are presented in the plasma in their inactive form (zymogen). 

This is the method that they can be regulated not to trigger uncontrolled processes.On 

the other hand, a second protection is the half-life of the factors. Still if there is only a 

simple, small wound, thrombin, for example, would be capable to coagulate the blood 

of the entire body if it had a greater half-life. The creation of serine proteases 

respectively happens through the previously activated factor of the coagulation 

cascade. The inactive factor is proteolytically cleaved in order to expose the active 

center of the enzyme. Therfore, this activated site is accountable for the catalytic 

activity.  

          The main active pro-enzymes of serine proteases are factors II, IX, X, XI, and 

XII.On the other hand, factor V and VIII do not contain any enzymatic activity. They, 

collectively with fibrinogen, work as co-factors. Because of thrombin, a peptide 

cleavage happens in FV and FVIII, which leads to the conformational chang. Simply 

then they can proceed as co-factors.  

          Traditionally, blood coagulation has been distinguished into two pathways: 

intrinsic and extrinsic pathways to form fibrin clot (Fig. 2.9). However, the division of 

coagulation process into two branches proves to be somewhat artificial, since several 

components of the two options appear to interact with one another.  The model of a 

cascade is a very simplified one as proteins from both pathways can influence one 

another.   

          Recombinant factor VIIa (rFVIIa) is derived from baby hamster kidney cells. It 

is also used for the treatment of hemophilia with inhibitor formation. Recombinant 

FVIIa is used as a single agent and exerts its pharmacological action only at a supra 

physiological plasma level. Therefore, the usual pharmacological doses make up 10-

50 nmol/L, while the physiological concentrations of FVIIa are 0.075 nmol/L. The 

effect of FVIIa greatly depends on tissue factor at physiological concentrations [127]. 

FVIIa activates factor X only after a complex formation with tissue factor. This 

represents the initial stage of the blood coagulation. Due to the increasing 

concentration of FVIIa to a multiple of its physiological concentration, a TF-

independent pathway is triggered [128]. Recombinant FVIIa can directly bind to the 

phospholipid structure of activated platelets instead of the tenase complex, factor X 
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[129 and 130]. Activated FX itself activates, in complex with factor Va, prothrombin 

to thrombin. Thus, an activation pathway, independent of the activity of factors VIII 

and IX, is created. Because of the high level of FVIIa, a complex formation with TF is 

being enhanced thus triggering blood coagulation. 

          The procoagulant zymogens and enzymes of the prothrombin complex indicate 

the activation of coagulation cascade. A number of proteins and coagulation factors 

inhibit the prohemostatic process by interfering at many stages with the reactions. The 

coagulation system works through a group of soluble factors which are synthesized in 

the liver. They circulate in the plasma in an inactive form (zymogen) and become 

active after proteolytic cleavage. In the case of wounds, platelets adhere and 

aggregate. Shear forces assume that the GPIb- IX-V complex aheres transient to von 

Willebrand factor (vWF) in exposed subendothelium. This attachment is stabilized by 

the involvement of integrin α2β1 and GPVI (collagen receptors) and integrin αIIbβ3 

(Fg, Fn, laminin, vitronectin, TSP, vWF). Calcium ions are important as they act as a 

buffer between the negatively charged areas of activated platelets. The surfaces of 

these platelets are procoagulant and catalytic, there by accelerating thrombin 

generation and further fibrin formation. In the fibrin network which surrounds the 

platelet plug, leukocytes and red cells become trapped. This conglomerate of cells 

expresses and releases substances that promote tissue repair and influences processes 

such as angiogenesis, inflammation and the immune response.  
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Fig.2.9 Blood coagulation system (adapted from Sabir et. al. [126]) 

          Coagulation is an active process and the understanding of the blood coagulation 

system has progressed over the current years in anaesthetic practice. Regular 

coagulation pathway signifies equilibrium between the pro-coagulant pathway that is 

accountable for clot development and the mechanisms that slow down the same 

beyond the injury site. Imbalance of the coagulation system may happen through 

serious illness, which may be secondary to many factors leading to a tendency of 

either thrombosis or bleeding [131]. Since all clotting factors are synthesized in liver, 

both pro-thrombin and its time are elevated in severe liver disorders like cirrhosis, 

acute fatty liver of pregnancy, fulminant hepatitis etc. which can also disturb 

hemostasis by impairing coagulation factor synthesis. Coagulation disorders are 

similar to bleeding disorders and are characterized by increased or abnormal bleeding 
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resulting from defects in one or more components regulating hemostasis. They can 

originate from a defect in the hemostatic processes at the vascular, platelet, or clotting 

factor level.  

Table 2.4 Coagulation system disorders (adapted from Duncan and Prasse; [131]) 

 
Platelet 
Count 

BMBTa APTTb PTc TTd FDPe 

Disseminated 
Intravascular 
Coagulation 

(DIC; acute 
uncompensated) 

Decr Incr Incr Incr Incr Incr 

Thrombocytopenia Decr Incr Normal Normal Normal Normal 

Von Willebrand's Normal Incr Normal Normal Normal Normal 

Anticagulant rodenticide 

(vK def.) 

Liver dz or bile 
insufficiency 

Normal Normal Incr Incr Normal Normal 

a Buccal mucosal bleeding time (BMBT);  

b Activated partial thromboplastin time (APTT), or useless sensitive activated clotting 
time (ACT) test 

c Prothrombin time (PT) 

d Thrombin time (TT); e Fibrin(ogen) degradation products (FDPs) 

          Summary of the most studied coagulation factors along with their original 

names, molecular weight characteristics and plasma concentration are shown in table 

2.5. Coagulation factors are usually inactive in blood but once there is tissue injury to 

the wall of the blood vessel, the first factor is activated. Good evidence suggests the 

role of antithrombin in vascular reactions, immunity, inflammation and development, 

but a unifying picture of their biological function is lacking. Instead, antithrombin 

appears to have a particularly diverse and bewildering, yet intriguing array of 

activities both inside and outside cells. Hence, one is tempted to say that “clear truths 

and mysteries are inextricably twined” [131]. 
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Table 2.5 Summary of coagulation factors (adapted from Walker, CPR et. al., 

[132]) 

Standard 
Nomenclature 

Traditional 
Name 

Molecular 
weight (Da) 

Plasma 
Concentration(µg/

mL) 

Half life 
(h) 

Factor 1 Fibrinogen 340000 2000-4000 90 

Factor II Prothrombin 72000 120 65 

Factor III Tissue factor 45000 0 - 

Factor IV Calcium 40 100 - 

Factor V Proaccelerin 330 000 10 15 

Factor VII Proconvertin 48000 1 5 

Factor VIII 
Antihaemophil

ic factor 
360 000 0.05 10 

Factor IX 
Christmas 

factor 
57 500 4 25 

Factor X 
Stuart Prower 

factor 
55 000 12 40 

Factor XI 

Plasma 

thromboplastin 

antecedent 

160 000 6 45 

Factor XII 
Hageman 

factor 
85 000 40 50 

Factor XIII 

Fibrin 

stabilizing 

factor 

320 000 20 200 

 
2.9.2. Regulation of Hemostasis 

          In an instance where there is clot formation, there would be some mechanism to 

restrain the clot to the site of injury and further remove it after the injury is healed 

[125]. In greater detail, this implicates two considerations. First, hemostasis must be 

restricted to the local site of vascular injury. That is, activation of platelets and 

coagulation factors in the plasma should occur only at the site of endothelial damage, 

tissue factor expression and procoagulant phospholipid exposure. Secondly, the size 

of the primary and secondary hemostatic plugs must be restricted so that the vascular 

lumen remains obvious. 
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2.9.2.1. Coagulation Inhibitors  

          Protein C plays crucial role in controlling anticoagulation  and is a vitamin K-

dependent serine protease (zymogen). Protein S (a vitamin K- dependent 

glycoprotein) acts as a cofactor for APC (activated protein C) [133]. Protein C and S 

slow the coagulation cascade with inactivating coagulation factors such as factor Va 

and VIIIa. Protein C and protein S are division of a feedback control mechanism, in 

which excess thrombin production causes protein C activation, which in turn assists to 

stop the enlarging fibrin clot from occluding the vascular lumen.  

          Particularly, thrombomodulin (the endothelial cell-surface protein)is a receptor 

for thrombin and protein C in the blood [134]. Thrombin loses its substrate specificity 

when thrombin binds to thrombomodulin and is no longer able to activate fibrinogen, 

FV, FVIII, FXI and the platelets. Thrombomodulin-bound thrombin cleaves protein C 

to APC. In a reaction that requires the cofactor protein S, APC then inhibits clotting in 

cleaving (and thereby inactivating) factors Va and VIIIa [134]. 

          Antithrombin III (AT III) is a plasma proteinase inhibitor, a serpine (serine 

Protease Inhibitor) which inactivates thrombin and the enzymes responsible for the 

generation of thrombin. This combination of properties makes AT III a very powerful 

and important endogenous anticoagulant molecule [133]. AT III inactivates thrombin 

and other coagulation factors such as IXa, Xa, XIa, and XIIa (where “a” denotes an 

“activated” factor) by forming a stoichiometric complex with the coagulation factor 

[134]. The catalytic-site serine of thrombin reacts with an arginine in the active center 

of AT III to form a covalent inactive complex [133]. These interactions are enhanced 

by a heparin-like molecule that is expressed at the surface of intact endothelial cells, 

ensuring that this mechanism is operative at all locations in the vascular tree except 

where endothelium is denuded at the site of vascular injury. These endothelial cell 

surface proteoglycans are referred to as “heparin-like” because they are the 

physiologic equivalent of the pharmacologic agent heparin. Heparin-like molecules on 

the endothelial cells bind to and activate AT III, which is thus primed to form a 

complex with the activated coagulation factors thereby making them inactive [134]. 

Once thrombin is bound to fibrin, it is resistant to AT III and even more so to AT III-

heparin complex [133].  
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2.9.3. New concept of coagulation 

          Modern concepts of blood coagulation assume that tissue injury causes a 

release of tissue factor. Tissue factor (TF), together with platelets, is supposed to be 

responsible for the localization of coagulation and its control [135]. After the 

successful release of TF from TF-bearing cells (monocytes, fibroblasts, endothelial 

cells or smooth muscle cells), TF forms, together with FVIIa, a complex which results 

in the activation of factor X and IX. On the surface of TF-bearing cells, FXa, in 

complex with FVa, activates small amounts of prothrombin to thrombin [136]. This 

small amount of thrombin is not sufficient to form a first clot yet, but is able to 

activate the platelets and factor V, VIII and XI. This part of coagulation is called the 

initial phase (thrombin generation). Activated co-factors (FV and FVIII) in complex 

with previously activated factors (factor IX and X) lead to a greater activation of 

prothrombin on the surface of activated platelets. Additionally, FXIa boosts the 

generation of thrombin because of the activation of FIX. Due to this enhancement, 

there is an explosive increase of thrombin generation. This is the second phase of 

thrombin generation.  

          Thrombin is sufficiently present to form a clot and to activate TAFI. TAFI 

protects the clot from early proteolysis by plasmin, because the fibrinolytic system is 

activated simultaneously with the tissue injury. FXIIIa (also activated by platelets) 

and the retraction of platelets lead to a stabilization of the clot. After the maximum of 

thrombin generation has been achieved, the thrombin concentration is gradually 

decreased by various thrombin-degradation mechanisms.  

 

2.9.4. Fibrinolysis 

          Fibrinolysis is the crucial and last mechanism for limiting clot formation. It also 

constitutes a repair mechanism along with endothelial cell regrowth and vessel 

recanalization. The dissolution or solubilization of fibrin clot at the correct time is 

crucial for the orderly process of wound healing [133]. Fibrinolysis starts at the same 

moment as the activation of coagulation. This is due to the fact that there is no 

excessive increase of the clot. A serine protease, Plasmin is the key enzyme of 

fibrinolysis which proteolytically cleaves fibrin into fibrinogen. In addition to the 

physiological activator of the urokinase type, or the activators tissue-type (tissue 

plasminogen activator), streptokinase, the non-physiological activator is also 
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significant. Recombinant t-PA is used to treat myocardial infarction, stroke and some 

cases of acute thrombosis.  

          Degradation products inhibit the proteolytic activity of thrombin and also 

prevent the polymerization of the fibrin monomers. Fibrinolysis itself is regulated or 

inhibited by α2-antiplasmin, α2-macorglobulin and plasminogen activator inhibitor 

(PAI). The fibrinolytic system is regulated by the thrombin-activated fibrinolytic 

inhibitor (TAFI). This ensures that the clot is not dissolved too early. TAFI is a 

zymogen (procarboxypeptidase) and it is activated by thrombin in the presence of 

thrombomodulin. TAFIa reduces the binding sites of t-PA, plasminogen and plasmin 

on the fibrin surface. Thus the resistance of the clot against proteolytic cleavage by 

plasmin is enhanced [137].   

2.9.5. Thrombin 

          Platelet activation results in a transport of anionic phosphatidylserine to the 

outer surface of the platelet plasma membrane and in a release of microvesicles. 

These processes lead to a production of procoagulant surfaces. Furthermore, binding 

of coagulation factors results in a rapid formation of an activated factor Xa/Va 

complex that transforms prothrombin into thrombin (Fig.2.10) in the presence of 

calcium ions. Thrombin production requirement is high at the site of the injury to hold 

it from getting washed which should only occur wherever required and directed. It is 

noteworthy, that the coagulant potential of fibrin-bound thrombin is retained and 

cannot be made inactive by heparin-antithrombin III complexes. 
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Fig.2.10 Effects of thrombin in simplified mode (adapted from Harenberg; [137]) 

 
           

          Thrombin is a trypsin-like serine protease and it interacts with fibrinogen and 

fibrin through two major types of binding sites:  

 

a) The fibrinogen substrate site cleaves fibrinogen by the removal of fibrinopeptides 

A and B (FpA and FpB) and therefore triggers fibrin polymerization. 

 

b) The thrombin exosite binds at a non-substrate site in fibrin or fibrinogen that is 

located in the central molecular domain (β-chain). Statistically, there are fewer than 

one such thrombin binding sites per fibrin molecule suggesting that more than one 

fibrin molecule is required for this kind of binding. May be this binding site becomes 

expressed only after fibrinogen has been converted to fibrin.  
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2.9.5.1. Thrombin Inhibition 

          Thrombin inhibition functions by various anticoagulants like heparin, PPACK, 

protein C, DTI, hirudin and Antithrombin III. Heparinincreases the affinity of 

antithrombin to free, unbound thrombin. But when heparin binds to exosite 2 of 

already fibrin-bound thrombin, binding of antithrombin to heparin is impossible. This 

explains why fibrin-bound thrombin is protected from inhibition by heparin.   

          PPACK (D-phenylalanyl-L-propyl-L-arginine) is a selective thrombin inhibitor. 

It inhibits thrombin activity but does not alter its exosite fibrinogen- or fibrin-binding 

potential. The protein C pathway serves as a natural regulation mechanism against 

thrombosis. A co-factor or receptor named thrombomodulin holds thrombin on the 

endothelial surface. Thrombomodulin forms a 1:1 stoichiometric complex with 

thrombin and so promotes protein C activation. The speed of protein C activation is 

raised thousand fold through this TT-complex building. Thus, activated protein C 

(APC) generation is roughly proportional to thrombin concentration. As a 

consequence, thrombin is converted from a pro-coagulant to an anti-coagulant protein 

as thrombomodulin-bound thrombin has no pro-coagulant effect.  

          The direct thrombin inhibitors (DTI) inhibit thrombin by binding to its active 

site and blocking the interaction with its many varied substrates. In contrast to 

heparin, DTI block both free and fibrin-bound thrombin as well. Bivalent DTI (e.g. 

lepirudin and bivalirudin) inhibit the active, catalytic center as well as exosite 1 

whereas univalent DTI (e.g. argatroban and dabigatran) inhibits only the catalytic 

center.   

          Another bivalent direct thrombin inhibitor is hirudin, a natural inhibitor of 

thrombin that inhibits catalytic activity and prevents further thrombin binding to 

fibrin. Moreover, it inhibits the mitogenic effect of thrombin on fibroblasts and the 

thrombin activation of platelets. Clinically, there is no proven adverse effect for 

hirudin and it has been established as an inhibitor of free and fibrin bound thrombin.  

          AT III is the significant inhibitor of thrombin, factor IXa, and factor Xa in 

plasma. However, it also deactivates the other serine proteases of the 

intrinsic coagulation pathway, elements XIa and XIIa, and in addition some 

noncoagulation serine proteases, for example, plasmin, kallikrein and the supplement 

catalyst C1. Most proteases are inactivated a great deal more gradually than 

thrombin. Inhibition by AT III involves the formation of a stable 1:1 complex 

between the dynamic space of the serine protease and the responsive site of AT 
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III, which proteases at first perceive as a substrate. During the cleavage of the reactive 

site bond in AT III (situated at Arg393-Ser394), a conformational change happens in 

the inhibitor that traps the protease. 

          AT III has a history of more than 30 years of successful use in controlling 

bleeding in hemophilic patients who have developed inhibitory antibodies against 

factor VIII or FIX [138]. AT III is a natural anticoagulant that plays a crucial role in 

the regulation of blood coagulation through the inhibition of various coagulation 

factors such as thrombin (IIa), factor Xa (FXa) and to a lesser extent factor XIa 

(FXIa), and factor IXa (FIXa) (Fig.2.11).  

 

 

 

Fig.2.11 Mechanism of the action of Antithrombin against thrombin complex 

(adapted from Turecek, P L et. al. [139 and 140]) 
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2.10. ANTITHROMBIN III 

          Antithrombin III (AT III) is a glycoprotein and member of serpin super family. 

AT III inactivates more than a few enzymes of the blood coagulation system in Homo 

sapiens. The AT III gene on chromosome 1 encodes a glycoprotein of approximately 

58 KDa MW. AT III has 432 amino acids with a single chain glycoprotein and 3 

disulfide bridges and 4 carbohydrate side chains that report for 15 % of the total mass. 

AT III also acts as a mediator of heparin's anticoagulant activity, with two to three 

days of biological half life [141]. Alfa AT III is also the most important form of AT 

III, originated in blood plasma and has oligosaccharide occupying each of its four 

glycosylation sites. A single glycosylation site remains always unoccupied in the 

slight form of AT III (β-AT III) [142]. AT III is synthesized in the liver and the 

regular AT III concentration in human blood plasma is about 0.12 mg/mL with a half 

life of three days [143 and 144]. AT III is being separated from the plasma of a large 

number of species in addition to humans [145]. 

 

Fig.2.10 Antithrombin location (Source: Homo sapiens Annotation Release 107, 

GRCh38.p2) 

          SERPINC1 gene is placed on the q arm of chromosome 1 at position 25.1. To 

be precise, SERPINC1 gene is located from base pair 173,903,800 to base pair 

173,917,378 on chromosome 1. AT-III gene has seven exons and six introns. AT III 

gene also contains nine complete and one partial repetitive ALU sequence elements 

which happen in the introns of the gene at a superior frequency (about 22 % of the 

intron sequence) than in the genome as a whole [146]. 

          A general DNA polymorphism was originated in the gene at codons 304 and 

305, which are codes for leucine and glutamine, respectively, and are either 

CTCGCAA or CTGCAG. 
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          AT III starts in its native state and has a superior free energy compared to the 

latent state. The latent state has the similar form as the activated state when it is 

inhibiting thrombin. As such, it is a common example of the utility of kinetic vs 

thermodynamic control of protein folding. Native AT III can be exchanged to latent 

AT III (L-AT III) through heating alone or heating in the existence of citrate [147 and 

148]. Nevertheless, 10 % of all AT III circulating in the blood is converted to the L-

AT III over a 24 hour period at 37 0C [149 and 150]. 

          AT III has also been used as a therapeutic protein that can be purified from 

human plasma. Recombinant based antithrombin with properties analogous to those 

of common human AT III has been generated through various microbial systems such 

as yeast, baculovirus-infected insect cells and mammalian cell lines [151-154]. rhAT 

III (Atryn®) was first documented and purified in 2006 through goats and was 

approved for clinical use in the European market [155], and in 2009 in the U.S. [156]. 

There are three different types of recombinant AT III synthesized through Yeast, 

E.coli and Chinese hamster ovary (CHO) cells but yeast derived recombinant ATIII 

(rATIII) has been reported only by Broker et al. [157]. 

          In addition, AT III can also have an impact on short-term thromboprophylaxis 

in high-risk clinical settings including surgery, trauma and management of pregnancy, 

labour, and delivery. Hence, rhAT III is the best treatment option for individuals with 

hereditary AT III deficiency [1]. In case of booster doses of clot-busting drugs, 

immune responses are predictable, which lead to anaphylaxis and reduced efficacy for 

clot lysis which made researchers look for other alternatives.   

 

2.10. 1.Therapeutic significance of rhAT III 

          Clinically, recombinant human antithrombin III (rhAT III) has been used in 

patientswith nephrotic syndrome which demonstrates a high risk of 

thromboembolism. The loss of renal AT III is significant pathogenetic factor in these 

events and patients with serum albumin less than 2.0 g/dL are generally endangered. 

AT III has also been used in the treatment of acute oligoanuric renal failure due to low 

AT III levels and dialysis-dependent renal failure. Additionally, AT III is also useful 

during renal transplantation and organ rejection [141].  

          rhAT III also inhibits the most of the proteinases in blood coagulation system 

such as activated factor X, thrombin and the other activated coagulation factors  (IXa, 
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XIa, XIIa, urokinase, trypsin, plasmin and calikrein) [158]. AT III inhibitory activity 

with thrombin is speeded up 1000 times in the presence of anticoagulant drug 

(heparin). AT III also plays an essential role in the regulation of blood coagulation 

and in individuals with AT III deficiency [158]. 

          AT III is also used in the treatment of deficiency of AT III connected with 

recurrent thrombophlebitis, acute aortic thrombosis and thromboembolism. rhAT III 

has been recognized by the food and drug administration (FDA) as an anticoagulant 

which dissolves blood clots prior to, during, or after surgery or birthing in patients 

with hereditary AT III deficiency. AT III also has anti-inflammatory properties and 

most of them are mediated through its actions as an anticoagulant [2]. 

          AT III is also used in the treatment of   acute thrombotic episodes and AT III 

deficiency through the intravenous route. Mainly, AT III deficiency is connected with 

three to seven fold higher risk of venous thromboembolism (VTE) compared with 

other thrombophilias. Maintaining adequate AT III levels is the main treatment target 

during high-risk periods [2].  

          The involvement of hereditary AT III deficiency with an increased risk of VTE, 

demonstrates the key physiological role of AT III, commonly beginning in 

adolescence and frequently accompanied by pulmonary emboli. Acquired deficiencies 

of AT III are even more often encountered, because of any drug treatment (L-

asparaginase treatment, heparin treatment, estrogen use), decreased production (liver 

diseases, prematurity), increased consumption (disseminated intravascular coagulation 

[DIC], sepsis, surgery, extensive thrombosis) or increased loss of protein (nephrotic 

syndrome, burns, trauma) [159]. The decrease of AT III levels is connected through a 

worsening outcome in many of the acquired conditions, particularly for septic 

patients. Both inherited and acquired deficient patients have been treated through 

human plasma–originated AT III [159]. The higher levels of risk for 

thromboembolism in AT III-deficient patients are dealt with AT III concentrate 

supplementation. For example, patients with hereditarily deficiency have been treated 

with rhAT III concentrates for prophylaxis of thrombosis postoperatively or at the 

time of pregnancy and after delivery. The purpose of AT III therapy would then be to 

beat heparin resistance that is presumed to exist in patients having low levels of AT 

III [159].  

         AT III supplementation can improve DIC and treatment with supraphysiological 

doses of AT III may be beneficial for patients with severe sepsis [159]. In the 
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perspective of bone marrow transplantation, the treatment of preeclampsia and 

multiple organ dysfunction caused with high-dose chemotherapy, using AT III 

concentrates have shown encouraging trends [159]. The advent of a recombinant form 

of AT III will provide a stable supply and reduce the perceived viral risks associated 

with the current plasma-derived products, especially for obstetric and perinatal 

applications. 

 
2.10.2. Role of AT III in cardiovascular disease 

          Williams et al led a randomized clinical trial to figure out whether treatment 

with AT III concentrate is powerful for heparin resistance in heart surgical patients 

[159]. AT III concentrate is more successful and quicker to obtain satisfactory 

anticoagulation than utilizing extra heparin. AT III can standardize AT III levels in 

patients accepting heparin by reestablishing heparin affectability, and expanding 

ACTs. Diminished AT III levels have been accounted for in CPB and in patients who 

have gotten preoperative heparin treatment. Clinical trials have demonstrated that 

rhAT III expands ACTs and is a successful treatment for heparin resistance in heart 

surgery. AT III supplementation may likewise prompt better thrombin restraint in 

both cardiovascular surgical patients and patients with ischemic coronary illness 

[160]. It has shown potential helpful impacts in an assortment of other clinical states. 

          Hence, rhAT III may have a role in areas where AT III administration has 

appreciable benefit, especially in the therapy of heparin resistance during cardiac 

surgery. Furthermore, the potential of having an unlimited supply of this key protein 

involved in anticoagulation provides a novel therapeutic option. 

 

 

 

 

 

 

 

 

 

 

 


