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ABSTRACT 

 

 

 

 

 
EFFECT OF SIGNAL SEQUENCES AND PROMOTERS IN 

RECOMBINANT EXTRACELLULAR PROTEIN PRODUCTION BY 

Pichia pastoris 

 

 

 
 

 

Massahi, Aslan 

PhD., Department of Biotechnology 

Supervisor: Prof. Dr. Pēnar ¢alēk 

Co-Supervisor: Assoc. Prof. Dr. ¢aĵdaĸ D. Son 

 

February 2017, 576 pages 

 

 

 

 

The objective of the current research was to develop a recombinant Pichia 

pastoris (r-P. pastoris) strain having high-performance extracellular 

recombinant protein production potential. In this context, human growth 

hormone (rhGH) was considered as model protein, and in the first research 

programme endogenous secretion signal peptides (SP) for the secretion of 

rhGH were examined; thereafter, strains having promoters that work under 

oxygen limitation conditions were developed. At first step, the base plasmid, 

pGAPZŬA::hGH, was developed by two parent plasmids, pGAPZŬA and 

pPICZŬA::hGH, in which the rhGH gene was fused to a fusion partner 

including 6His-tag and factor Xa protease cleavage site at N-terminus. In 

base plasmid, the expression of rhGH was driven by glyceraldehyde-3-

phosphate dehydrogenase gene promoter (PGAP) and its subsequent secretion 

http://bio.metu.edu.tr/pp?un=ugunduz
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to the extracellular medium was achieved by Saccharomyces cerevisiae Ŭ-

mating factor prepro leader sequence (Ŭ-MF). 

In the first research programme the endogenous SPs were selected in 

order to replace the original Ŭ-MF in base plasmid. For this purpose, at first 

step, in-silico analyses were conducted by recruitment of softwares 

including: SignalP, Phobius, WolfPsort, and ProP by using a secretome 

dataset of P. pastoris as inputs of the analyses in order to predict potential 

efficient SPs. The SPs with higher D-score, the score quantifying the signal 

peptide-ness of a given sequence, which is the output of the SignalP were 

selected in comparison with widely-used Ŭ-MF. Based on the obtained 

results the selected endogenous SPs were SP23 (MKILSALLLLFTLAFA), 

SP24 (MKVSTTKFLAVFLLVRLVCA ), SP26 

(MWSLFISGLLIFYPLVLG), and SP34 (MRPVLSLLLLLASSVLA); in 

addition, SP13 (MLSTILNIFILLLFIQASLQ ) was included in the candidates 

in order to compare the secretion results with previous studies.  

In the second research programme, the potentially-efficient oxygen 

limitation-induced promoters were selected by analysing a 

proteome/transcriptome dataset obtained in different oxygenation levels; 

subsequent comparison of the fold of increase in protein level in oxygen-

limitation condition with GAP enzyme lead to the selection of the three 

promoters including: pyruvate kinase gene promoter (PPYRK), pyruvate 

decarboxylase gene promoter (PPDC), and pyrimidine precursor biosynthesis 

enzyme thi3 gene promoter (PTHI3). These promoters were intended to 

replace the original PGAP in base plasmid. 

In the subsequent step replacement of the Ŭ-MF with five selected 

endogenous SPs and replacement of the PGAP with selected three oxygen 

limitation-induced promoters was conducted. The prepared eight new 

plasmids along with base plasmid were cloned in E. coli and were, 

subsequently, used for transfection of P. pastoris. The confirmed 

transfectants were passed through copy number determination experiments 
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and single-copy r-P. pastoris strains were selected using real-time 

quantitative  polymerase chain reaction (qPCR).    

Shake-bioreactor experiments were performed using five r-P. 

pastoris strains of SPs along with r-P. pastoris strain of  base plasmid to 

assess the efficiency of SPs in secretion of rhGH compared to Ŭ-MF. The 

results revealed that the highest secretion efficiency of the endogenous SPs 

belonged to SP23 (D-score=0.883) which was comparable to Ŭ-MF (D-

score=0.885). For further confirmation, laboratory-scale bioreactor 

experiments were conducted with two strains of SP23 and Ŭ-MF. The cell 

concentration reached to the maximum amount of 82 g/L and 75 g/L for Ŭ-

MF and SP23 strains, respectively, at t=15 h. In addition, the secreted rhGH 

reached to maximum concentration of 70 mg/L and 56 mg/L for Ŭ-MF and 

SP23 strains, respectively, at t=12 h. Intracellular rhGH concentration also 

approved the better secretion of rhGH under leadership of Ŭ-MF. Overall, the 

efficiency of SP23 was obtained to be about 70-80% of the Ŭ-MF. Although 

the privilege of Ŭ-MF could be ascribed partially to major physicochemical 

properties like isoelectric point (pI), hydrophobicity, and aliphatic index, no 

clear relationship between the efficiency of the endogenous SPs and their 

corresponding physicochemical properties was found. 

Second-group shake-bioreactor experiments conducted with three r-

P. pastoris strains of selected promoters along with r-P. pastoris strain of  

base plasmid revealed inability of the PTHI3 in expression of rhGH; thus, it 

was discarded. Then, laboratory-scale bioreactor experiments were 

conducted with the remaining three r-P. pastoris strains to investigate the 

efficiency of selected oxygen limitation-induced promoters in expression of 

rhGH compared to PGAP. The maximum cell concentration was obtained at 

t=15 h as 80 g/L, 82 g/L, and 90 g/L for recombinant strains related to PPYRK, 

PPDC, and PGAP, respectively. In addition, the maximum secreted rhGH was 

obtained as 101 mg/L, 122 mg/L, and 58 mg/L for PPYRK, PPDC, and PGAP, 

respectively. Metabolic flux analysis performed by using a mass-balance 

based stoichiometric model with 102 metabolites and 146 reactions. Using 
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the elaborate fermentation data the intracellular P. pastoris fluxes were 

calculated which disclosed the relationship between the oxygen limitation 

and the fluxes through the branched pathways from pyruvate node, the 

energy content of the cell in the form of ATP, together with the cell synthesis 

flux. The excreted ethanol during oxygen limitation and the excreted organic 

acids like pyruvic acid, acetic acid, and lactic acid, all confirmed the fluxes 

through the branched pathways and revealed the  shift towards the 

fermentative metabolism under oxygen limitation. Moreover, the mRNA 

level of the rhGH transcribed under three different promoters was in 

agreement with the extracellular rhGH level until t=9 h. Overall, based on 

the conducted experiments and measured final rhGH titer, PPDC was selected 

as the most efficient oxygen limitation-induced promoter regarding the 

adopted strategy and conditions.      

 

 

 

Keywords: Pichia pastoris; endogenous signal peptide; secretion; GAP 

promoter; pyruvate kinase promoter ; pyruvate decarboxylase promoter; 

recombinant human growth hormone; oxygen limitation. 
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Bu doktora tezinin amacē, h¿cre-dēĸē rekombinant protein ¿retim potansiyeli 

yüksek rekombinant Pichia pastoris (r-P. pastoris) suĸu geliĸtirmektir. Bu 

kapsamda, rekombinant insan büyüme hormonu (rhGH) model protein 

olarak se­ilmiĸtir. Birinci araĸtērma programēnda endojen sinyal peptidler 

(SP) kullanarak rhGHônin h¿cre-dēĸēna aktarēmē incelenmiĸ, ikinci araĸtērma 

programēnda oksijen-kēsētlamalē koĸullarda aktif promotorlarē i­eren suĸlar 

geliĸtirilmiĸtir. Bu ­er­evede ºnce, pGAPZŬA ve pPICZŬA::hGH  

kullanēlarak baz plazmid pGAPZŬA::hGH geliĸtirilmiĸtir. rhGHônin N-

terminal ucuna 6 histidine ve faktºr Xa proteaz tanēma bºlgesi entegre 

edilmiĸtir. P. pastoris ile gliseraldehit-3-fosfat dehidrojenaz promotoru 

(PGAP) altēnda ¿retilen rhGHônin hücre-dēĸēna aktarēmē Saccharomyces 

http://bio.metu.edu.tr/pp?un=ugunduz
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cerevisiae Ŭ-­iftleĸme faktºr¿ prepro ºnc¿ sekansē (Ŭ-MF) ile 

ger­ekleĸtirilmiĸtir. 

 Ķlk araĸtērma programēnda, endojen sinyal peptid kodonlarē baz 

plazmiddeki Ŭ-MF kodonlarē yerine klonlanmēĸtēr. Potansiyel y¿ksek 

SPôlerin belirlenmesi i­in, P. pastoris sekretom verileri ve in-silico analiz 

SignalP, Phobius, WolfPsort, ve ProP programlarē kullanēlmēĸtēr. SignalP 

sonu­larē temelinde, Ŭ-MFôden y¿ksek D-puanēna, sekansēn sinyal peptidi 

olabilme ºzelliĵini gºsteren puana sahip SPôler belirlenmiĸtir. Elde edilen 

sonu­lara gºre se­ilen endojen SPôler:  

SP23 (MKILSALLLLFTLAFA), SP24 (MKVSTTKFLAVFLLVRLVCA ), 

SP26 (MWSLFISGLLIFYPLVLG), ve SP34 (MRPVLSLLLLLASSVLA); 

ek olarak SP13 (MLSTILNIFILLLFIQASLQ) de, sonu­larē literat¿rdeki 

­alēĸmalarla kēyaslamak i­in araĸtērēlmēĸtēr. 

 Ķkinci araĸtērma programēnda, farklē oksijen aktarēm koĸullarēnda elde 

edilen proteom/transkriptom verileri incelenerek oksijen-kēsētlamalē 

koĸullarēnda ind¿klenen promotorlar se­ilmiĸtir. Se­ilen ¿­ promotor i) 

pirüvat kinaz geni promotoru (PPYRK), ii)  pirüvat dekarboksilaz geni 

promotoru (PPDC), ve iii)  primidin öncüsü biyosentez enzim thi3 geni 

promotoru (PTHI3), rhGH üretimi için baz plazmidde bulunan PGAPôin yerine 

klonlanmasē ve oksijen-kēsētlamalē koĸulda rhGH ¿retimdeki artēĸēn PGAP 

altēnda ¿retilen rhGH ile kēyaslanmasē planlanmēĸtēr. 

 Ŭ-MFô¿n yerine, bulunan beĸ adet endojen SP, PGAPôin yerine de 

seçilen üç adet oksijen-kēsētlamalē koĸulda ind¿klenen promotor ayrē-ayrē 

klonlanmēĸtēr. Hazērlanan sekiz yeni plazmid, baz plazmid pGAPZŬA::hGH 

ile birlikte E. colióye klonlanmēĸ ve sonrasēnda P. pastoris transfekte 

edilmiĸtir. Tek-kopya gen içeren r-P. pastoris suĸlarē ger­ek-zamanlē 

kantitatif polimeraz zincir reaksiyonu (qPCR) ile se­ilmiĸlerdir. ¢alkalamalē- 

biyoreaktºr deneyleri ile beĸ farklē SP i­eren r-P. pastoris suĸlarē ve baz 

plazmidi içeren r-P. pastoris suĸu ile rhGH ¿retim deneyleri yapēlmēĸtēr. 

SPôlerin etkinliĵi, hücre-dēĸē r-protein ¿retiminde yaygēn kullanēlan Ŭ-MF 

(D-puanē=0.885) ile kēyaslanmēĸ ve SP23 (D-puanē=0.883) en y¿ksek deĵere 
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sahip olduĵu i­in laboratuvar-ölçekli biyoreaktºr deneyleri SP23 ve Ŭ-MF 

suĸlarē ile ger­ekleĸtirilmiĸtir. Maksimum h¿cre deriĸimi t = 15 stôta  Ŭ-MF 

ve SP23 suĸlarē i­in, sērasēyla, 82 g/L ve 75 g/L olarak bulunmuĸtur. Ayrēca, 

en yüksek hücre-dēĸē rhGH deriĸimi Ŭ-MF ve SP23 suĸlarēyla, sērasēyla, 70 

mg/L ve 56 mg/L olarak  t = 12 stôta ulaĸēlmēĸtēr. H¿crei­i rhGH deriĸimleri 

de Ŭ-MF öncü-sekansē ile rhGHônin daha iyi salgēlandēĵēnē doĵrulamēĸtēr. 

Sonu­ta, SP23ô¿n etkinliĵinin Ŭ-MFônin %70-80ôi kadar olduĵu 

bulunmuĸtur. Her ne kadar Ŭ-MFônin ayrēcalēklē durumu izoelektrik nokta 

(pI), hidrofobiklik ve alifatik indeks gibi temel fizikokimyasal özelliklere 

kēsmen baĵlē olsa da, endojen SPôlerin etkinliĵi ve fizikokimyasal ºzellikleri 

arasēnda net bir iliĸki bulunamamēĸtēr. 

Üç promotor geni içeren r-P. pastoris suĸlarē ile birlikte baz plazmidi 

içeren r-P. pastoris suĸu ile ger­ekleĸtirilen ­alkalamalē-biyoreaktör üretim 

deneylerinde PTHI3ô¿n rhGH ekspresyonunu ger­ekleĸtiremediĵi gºr¿lm¿ĸ ve 

suĸ elenmiĸtir. Laboratuvar-ölçekli biyoreaktör deneyleri, üç oksijen-

kēsētlamalē koĸullarda ind¿klenen promotorlar ile ger­ekleĸtirilmiĸ ve  rhGH 

ekspresyon seviyeleri PGAP ile kēyaslanmaĸtēr. En y¿ksek h¿cre deriĸimi t = 

15 stôta  80 g/L, 82 g/L ve 90 g/L olarak, sērasēyla, PPYRK, PPDC, ve PGAP 

i­eren suĸlar ile elde edilmiĸtir. Bunun yanēnda, en y¿ksek h¿cre-dēĸē rhGH 

deriĸimi 101 mg/L, 122 mg/L ve 58 mg/L olarak, sērasēyla, PPYRK, PPDC, ve 

PGAP ile elde edilmiĸtir. Metabolik akē analizleri 102 metabolit ve 146 

tepkimeden oluĸan stokiyometrik k¿tle-korunum temelli P. pastoris 

matematik modeli ile yapēlmēĸtēr. Hesaplanan tepkime akēlarē, oksijen-

kēsētlamalē koĸulda ¿retilen etanol ve, pir¿vik, asetik ve laktik asit gibi, 

organik asitlerin yolizi akēlarēnē doĵrulamēĸ; prosesin oksijen-kēsētlamalē 

fermentatif metabolizmaya kaydēĵēnē gºstermiĸtir. ¦­ promotor altēnda 

mRNA d¿zeyleri, t = 9 stôta  kadar h¿cre-dēĸē rhGH ¿retimi ile paralel sonu­ 

vermiĸtir. Sonu­ olarak, deney sonu­larēna ve rhGH deriĸimleri temelinde, 

uygulanan strateji ve koĸullar altēnda PPDC oksijen-kēsētlamalē koĸullarda en 

etkili ind¿klenen promotor olarak se­ilmiĸtir. 
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CHAPTER 1 

 

 

INTRODUCTION  

 

 

 

Biotechnology as an assembly of engineering fields like reaction engineering 

and separation technology, microbiology, and enzyme technology, has 

harnessed the capabilities of living cells in order to improve and accomplish 

manufacturing novel products spanning from animal feedstock to 

pharmaceuticals (Nielsen et al., 2002).  By introduction of modern 

biotechnology after emergence of new molecular biology techniques, like 

recombinant DNA technology (rDNA), biotechnology field was 

revolutionized by feasibility of direct manipulation of the genome of the 

cells. In consequence, along with increasing the knowledge about the 

fermentation techniques and ñmicrobial metabolic systemsò rational 

modification and alteration of the available cells recruited in industrial 

processes was changed to a common method in order to conduct processes in 

an economically-efficient and environmentally-sustainable way (Nielsen et 

al., 2003; Erickson et al., 2012). 

After novelties came into existence in medical and agricultural sector, 

industrial biotechnology, known as ñwhite biotechnologyò, as the third wave of 

the new biotechnology era (Erickson et al., 2012) has introduced itself as a 

reliable alternative in implementation of chemical processes, especially by 

confronting the declining reservoirs of fossil fuels, global warming, and price of 

feedstocks. Industrial biotechnology is the recruitment of living cells or their 

corresponding enzymes in order to sustainable production of bio-based products 

from renewable sources (such as agricultural crops) by means of modern 

biotechnology (Tang and Zhao, 2009). As biotechnology is based on the living 
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systems, their ability in efficiently managing of their chemistry in order to 

produce the waste in mostly biodegradable and recyclable form can be exploited 

in enhancing energy efficiency and ñenvironmental profileò of chemical 

reactions (Erickson et al., 2012).  Therefore, industrial biotechnology mainly 

accompanies decreased amount of generated waste, evolved greenhouse gas, 

and utilized energy. In addition, the lower operating and capital cost of these 

processes make their difference from chemical counterparts very conspicuous 

(Tang and Zhao, 2009). Furthermore, higher reaction rate and increased 

efficiency are among the major performance benefits of industrial 

biotechnology-based reactions (Soetaert and Vandamme, 2004). It had been 

predicted that the share of industrial biotechnology in chemical industry will 

become 10% in 2010 (Tang and Zhao, 2009).  

Development of the technologies and processes related with 

microorganisms, enzymes, and their genetic engineering for commercialization 

has occupied the spotlight (Erickson et al., 2012).  Protein engineering, 

metabolic engineering, synthetic biology, systems biology, and downstream 

processing are among the ñbiological toolsetsò which their advances have 

profound effect on industrial biotechnology;  protein engineering has paved the 

way for obtaining tailored enzymes, metabolic engineering by interfering in 

cellular functions has provided us with methods for fine-tuning (desired) gene 

expression, synthetic biology has developed synthetic gene expression circuits 

which can be a prelude for de novo genome synthesis in synthetic 

microorganisms for intended industrial purposes, systems biology has led to 

consider the cellular network as a whole in order to  optimize or improve any 

industrial strain, and finally, recent advances in purification and separation of 

biological products has conduced to decrease in the downstream processing cost 

and more favorable industrial processes (Tang and Zhao, 2009). The outcome of 

the utilization of such life-science techniques will be finding novel enzymes or 

improving the state of the present industrial strains (Erickson et al., 2012).    

In the realm of pharmacology, "pharmaceutical drug", also called a 

medication or medicine, is any (chemical) substance intended for use in 

prevention, diagnosis, cure, treatment, or mitigation of a disease or to 
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enhance wellbeing by causing a physiological change in body (Web 1).  

Pharmaceutical products can be either produced in biological systems or 

synthesized chemically. Traditional vaccines and proteins like blood factors 

and immunoglobulins are the examples of the medical products obtained 

from biological sources before renaissance in methods of molecular biology. 

By emergence of the novel molecular biology techniques, the term 

biopharmaceutical was attributed to the biological medical products 

generated or produced via recruiting modern molecular biology techniques in 

order to distinguish them from traditional biological products. However, 

generally, biosynthesized products including traditional and molecular 

biology-derived entities, all are referred as ñbiotech productsò or 

biopharmaceuticals (Walsh, 2014). Biopharmaceuticals are inalienable part 

of the modern medicine (Vogl et al., 2013) especially by considering the 

25% share of this category in commercial pharmaceuticals (Martinez et al., 

2012). The total number of biopharmaceuticals which have been licensed in 

United States and European Union have been brought to 246; however, 

withdrawal of 34 products from the market (after approval) has decreased the 

number of the approved and marketed products to 212 (Walsh, 2014). The 

amount of manufactured biopharmaceuticals has been reported to be around 

26400 kg (of pure protein) in 2010 (Walsh, 2014). Additionally, the global 

biologics market totaled $200.6 billion in 2013 and reached to nearly $234 

billion in 2014. The total market is expected to grow to $386.7 billions by 

the end of 2019 (Web 2).  

In a narrow sense recombinant therapeutic proteins and nucleic acid-

based products fall under the category of biopharmaceuticals which can be 

extended to all engineered cells and tissue-based products (Vogl et al., 2013). 

Protein-based therapeutics are considered as the largest class of new 

chemical entities (Nel et al., 2009) and the major intend in biotechnology 

industry has been therapeutic proteins especially those engaged with human 

health (Ascacio-Martinez et all., 2004). Proteins in either form of native or 

recombinant can benefit different sectors including pharmaceutical, enzyme, 
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or agricultural industry (Demain and Vaishnav, 2009). As the basic elements 

of the life and having the most diverse and dynamic role in the body, 

proteins can play role as enzymes (biocatalysts), hormones, cell signaling 

elements, channels in cell membrane, cell cycle directors, cell adhesion 

mediators, or structural components of the living assemblies (Leader et al., 

2008). Increasing demand for therapeutic and industrial proteins (enzymes) 

as a consequence of growing human population and, thus, the related issues 

such as hygiene, health, and environment and also realizing the mechanisms 

of diseases, are driving forces for researches targeting discovery of novel, 

easily-manipulated, and economic methods to meet the global requirements 

for production of desired proteinaceous products. It should be emphasized 

that, in addition to the applications of industrial enzymes in different 

industries, many enzymes are used also as therapeutic agents in treating 

diseases such as cancer or cystic fibrosis (Demain and Vaishnav, 2009). The 

global market for industrial enzymes was worth nearly $4.5 billions in 2012 

and nearly $4.8 billions in 2013; the market is expected to reach around $7.1 

billions by 2018 (Web 2). The market of the recombinant proteins along with 

industrial enzymes was supposed to be around $169 billions in 2014 

(Martinez et al., 2012) and, furthermore, the global protein therapeutics 

market reached nearly $174.7 billion in 2015 and should reach nearly $248.7 

billion by 2020 (Web 2). On the other hand, another research estimated the 

global therapeutic proteins market to be valued at $93 billions in 2010. The 

market is forecasted $141.5 billions in 2017 (Web 3). Among the protein 

therapeutics, monoclonal antibodies (mAb) have been pioneers in market in 

2010 by sales exceeding $18 billions which was followed by hormones with 

$11 billions (Martinez et al., 2012). In the period between 2010 and 2014 

also 54 new biologics have been introduced to the market where 17 of them 

are mAbs and 9 of them are hormones (Walsh, 2014); conducted researches 

also confirms that the high demand for monoclonal antibodies will drive the 

market (Web 3). 

http://www.bccresearch.com/
http://www.bccresearch.com/
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Therapeutic proteins are more lucrative candidates compared to 

chemically-synthesized (small-molecule) drugs by taking into consideration 

that: i) they are highly specific which leads to less interference with normal 

biological functions and, thus, less adverse effects, ii) they can afford a 

variety of biological roles which can not be simply devised in a small 

chemical entity, iii) they are also a biological agent which are less prone to 

provoke immune response in the body, and iv) they can replace gene 

therapies in the cases that a deleted or mutated gene is the origin of a disease 

(Leader et al., 2008).  

Hormones, as one of the sub-groups of therapeutic proteins, have 

regulatory activities and are used in the case of endocrine disorders 

(hormone deficiencies). Therapeutic hormones are utilized as medicine in 

order to compensate deficiency or abnormality of the corresponding 

hormones (Leader et al., 2008). In order to maintain homeostasis the 

different parts of the multi-cellular organisms need to communicate with 

each other (Hiller-Sturmhöfel and Bartke, 1998). This communication is 

further required for proper responding to the environmental changes. 

Therefore, necessity of message transport within the organism has led to 

development of two systems: nervous system and endocrine system (Kleine 

and Rossmanith, 2016) (i.e., neuroendocrine). Hormones are 

peptides/proteins, lipids or amino acid derivatives that are produced by 

endocrine glands (Figure 1.1), upon sensing a change (stimuli) by sensor 

cells (releasing cells), and are released to the bloodstream (or interstitial 

fluid) and are carried by blood toward their target cells. Upon receiving to 

the target cells, the hormone interacts with its high affinity receptors either 

on the cell surface or inside the cell and this, in turn, initializes series of 

biochemical reactions inside the cell which ends with regulated function of 

the cell which is the response of the target cell to the change (stimuli) 

(Hiller-Sturmhöfel and Bartke, 1998). In brief, hormones are chemical 

messengers that carry information to the organ (Schauer, 1972). 
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Figure 1.1. Members of the human endocrine system and their respective roles; reproduced 

from (Web 4). 

 

 

In the cases that the hormone receptors reside on the cell surface 

while span the cell membrane, the hormonal signaling, as an example of 

signal transduction, is mediated by second messengers (e.g., cAMP) where 

this secondary signal can also be amplified through signaling cascades; water 

soluble peptide and amine hormones act by this mechanism. On the other 

hand, where the hormones enter the cell, hormone receptor locates at the 

nucleus or cytoplasm; in this situation the message transport (signal 

transduction) is conducted by hormone-receptor protein complex. Water-

insoluble hormones like steroid hormones because of their hydrophobic 

nature can pass through the cell membrane and reach their corresponding 

receptors within the cell (Nelson and Cox, 2005).  

Regulation of the hormones release is achieved by a complex of 

neuronal and hormonal signals where the hypothalamus locates at the center 

of the endocrine regulatory system. Upon receiving messages from the 

nervous system, hypothalamus in response to them produces releasing 

factors which are, indeed, regulatory hormones that are passed to the 

pituitary gland (Figure 1.2) through special blood vessels. Pituitary gland can 
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be regarded as the ñcommand postò for regulation of the hormones in the 

body (Schauer, 1972). Between the two functionally distinct parts of the 

pituitary gland, i.e., posterior and anterior, the anterior pituitary gland is the 

site which replies to the hypothalamic hormones carried in the blood and, 

thus, makes specific hormones to travel within circulatory system and to 

transduce the signals to the other endocrine glands. Consequently, the initial 

electrical signal to the hypothalamus is amplified for at least a million-fold 

and changes into a secreted hormone in an amount of milligram (Nelson and 

Cox, 2005).   

It is obvious that there should be a tight control over the hormonal 

release in order to prohibit any kind of disequilibrium and maintaining 

bodyôs homeostasis (Hiller-Sturmhöfel and Bartke, 1998; Schauer, 1972). 

There is always a consistent feedback to the hypothalamus and pituitary 

gland from the target gland in order to make sure that the hormone activity is 

in the appropriate limits (Hil ler-Sturmhöfel and Bartke, 1998). The 

mechanism of the control in hormone secretion is, generally, feedback 

inhibition or negative feedback. Therefore, any unnecessarily excess amount 

of a specific hormone leads to cease of its secretion by inhibition of earlier 

steps in the secretion cascade (Nelson and Cox, 2005). However, there are 

positive feedback controls over some of the hormone systems where the 

target gland hormone affects hypothalamus and pituitary glands and, thus, its 

secretion is increased (Hiller-Sturmhöfel and Bartke, 1998).  

The anterior pituitary gland secretes several hormones which not only 

can directly influence the target cell but also can stimulate the target gland to 

produce target hormone. These hormones include: adrenocorticotropic 

hormone (ACTH), gonadotropins, thyrotropin or thyroid-stimulating 

hormone (TSH), growth hormone (GH), and prolactin, amongst, GH and 

prolactin directly act on their target organ. GH is the most abundant hormone 

among pituitary-derived hormones (Hiller-Sturmhöfel and Bartke, 1998).  
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Figure 1.2. The anatomic location of the pituitary gland and its anterior and posterior parts  

(Web 5; Web 6). 

 

 

Pituitary growth hormone and prolactin (PRL), together with the 

homologous placental hormones, comprise a family of related protein 

hormones (Wallis, 1981).There is a 46.83-kb gene cluster (Baumann, 2009) 

on chromosome 17 (q22-q24) which contains five closely-related genes 

(Figure 1.3); they are in the same transcriptional orientation and the order of 

the genes from 5ǋ to 3ǋ is GH-N (growth hormone normal or pituitary growth 

hormone), PL-L (placental lactogen-like hormone), PL-A (placental lactogen 

gene A), GH-V (growth hormone variant), and PL-B (placental lactogen gene 

B). The PL genes exclusively and GH-V gene, primarily if not exclusively, 

are expressed in the placenta, and GH-N is expressed exclusively in the 

pituitary (Zhan et al., 2005; Baumann, 2009). High homology in 5ǋ flanking 

and coding sequences but divergence in 3ô flanking region has been 

confirmed for these two groups of genes (Barsh et al., 1983).   
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Figure 1.3. Gene cluster of five closely-related genes coding for human growth hormones 

and placental lactogen hormones. 

 

 

 

Placental growth hormone (PGH) is the product of the GH-V gene 

and during pregnancy GH-N expression in the mother is suppressed and GH-

V becomes the predominant GH in the mother (Handwerger and Freemark, 

2000; Baumann, 2009). It is structurally similar to GH-N gene and its 

product is single-chain and possesses two disulfide bridges; however, there is 

a 13-amino acid difference and a consensus sequence as glycosylation site 

(Baumann, 2009).  

The GH which is known as human growth hormone or normal hGH 

is the product of the GH-N gene, namely the prototype pituitary GH (Zhan et 

al., 2005; Baumann, 2009). Human growth hormone known as somatotropin 

is a 191-amino acid, anionic, non-glycosylated (Kim et al., 2013),  single-

chain polypeptide with two disulfide bonds for internal cross-linking and 

stabilization of its structure (Zhan et al., 2005; Baumann, 2009; Rezaei et al., 

2013). Approximately 50% of the hGH residues hold Ŭ-helical conformation 

(Catzel et al., 2003) in a 4-helical twisted bundle form (Figure 1.4) where the 

bundle is necessary for functional interaction with the GH receptor 

(Baumann, 2009).  hGH is regarded as one of the most vital hormones of the 
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body because of its indispensable wide-range roles in biological functions 

(Kim et al., 2013) such as development and growth promotion, metabolism 

of carbohydrates, fats, and proteins  and immunity (Hiller-Sturmhöfel and 

Bartke, 1998). As a therapeutic agent it benefits the treatment of 

hypopituitary dwarfism, growth hormone deficiency, Turnerôs syndrome, 

chronic renal failure and human immune deficiency virus (HIV) syndrome. It 

is also used in the treatment of injuries, bone fractures, bleeding ulcers, burns 

and maintaining health in the elderly (Ecamilla-Treviño et al., 2000). The 

nucleotide sequence and amino acid sequence of the hGH has been 

represented in Figure 1.5 and related data are available in Appendix A. It 

should be emphasized that, the growth promoting function of hGH is mainly 

related to its N-terminal segment and any manipulation of N-terminal would 

result in decreased function. However, the residual amino acids in C-terminal 

would not impact the bioactivity of the hGH (Xu and Kieliszewski, 2011).  

Like most of the proteins, hGH also undergoes several post 

translational modifications (PTMs) such as disulfide bond formation and 

phosphorylation; although it is not glycosylated (Table 1.1). Its 

phosphorylation seems to be very important in its signal transduction via 

phosphorylation and dephosphorylation mechanism (Zhan et al., 2005). 

However, the biological activity of hGH is supposed to be independent of its 

disulfide bonds (Kim et al., 2013).    
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Figure 1.4. 3-D structure of hGH exposing four available helices (Web 7). 

 

 

 

Figure 1.5. Nucleotide sequence and amino acid sequence (FASTA format) of the pre-

mature hGH. The ñblueò region is the secretion signal peptide and the ñredò region is the 

mature hGH (Web 8). 
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Table 1.1. Important features of hGH from UNIPROT. Attributed residue numbers are for 

pre-mature hGH. 

 

Feature Explanation 

Length of Signal sequence 26 amino acids 

Disulfide bonds 79th  Ÿ191st   and  208th Ÿ215th  

Metal-binding sites (Zinc binding) 44th   residue  and  200th residue 

Phosphorylation   77th, 132nd , 176th   serine residues 

Deamidation  163rd residue  (glutamine)  

178th  residue  (asparagine) 

 

 

It has been revealed that because of the alternative splicing, different 

PTMs and proteolytic processing, hGH (coded by GH-N in GH gene cluster) 

has extensive molecular heterogeneity (Baumann, 2009). There have been 

identified 4 isoforms for the GH-N gene product (Zhan et al., 2005) which 

can be seen in Table 1.2. All the isoforms are obtained from a 217-amino 

acid precursor by theoretical molecular weight (Mw) of 24.847 kDa and after 

cleavage of 26-amino acid secretion signal peptide (SP). The major and the 

most common one is the 22-kDa isoform which is known as normal hGH or 

22K-GH. Expression proportions of the splicing-resulted isoforms are 

87.5%, 8%, 3.3%, and 1.1% for isoforms 1 to 4, respectively (Zhan et al., 

2005). The isoform 2 is referred to as 20K-GH which has a similar structure 

to normal hGH and is obtained by alternative splicing in one of the exons 

and is expressed at a level around 5-10% of the normal hGH (Baumann, 

2009).  Although the structure of the GH-V protein is similar to GH-N, its 

inclination for alternative splicing is less than the GH-N and, therefore, 20K 

isoform of GH-V has not yet been identified (Baumann, 2009).  
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Table 1.2. Four isoforms of hGH as the products of the GH-N gene (Zhan et al., 2005). 

 

Isoform Theoretical Mw  (kDa) No. of amino acid Deleted segments 

1 22.129 191 1-26  

2 20.274 176 1-26 and 58-72 

3 17.843 152 1-26 and 111-148 

4 17.083 145 1-26 and 117-162 

 

 

Many proteins available in the human body have pharmaceutical 

importance; however, obtaining those proteins from natural sources are 

cumbersome. The solution has been found in the late 70ôs by introducing 

recombinant DNA (rDNA) technology, producing foreign proteins in new 

non-producing cells, using Escherichia coli as biological framework (Ferrer-

Miralles et al., 2009). This method of high titer production of proteins using 

engineered living entities (rDNA technology) provides an alternative to 

protein extraction from natural sources (Porro et al., 2005). All the 

therapeutic agents by rDNA technology can be produced in a large quantity 

and also more economically as this method has a relatively inexpensive 

series of procedures (Ferrer-Miralles et al, 2009) and, therefore, nowadays 

rDNA technology along with the hybridoma cell technology are the major 

methods of producing marketed protein drugs (Corchero et al., 2012). The 

pioneer products in the realm of biopharmaceuticals were recombinant 

human insulin and recombinant human growth hormone (rhGH) entered the 

market in the early 1980s which only were obtained by tissue extraction 

before (Graumann et al., 2006). Then, therapeutic agents such as hormones, 

cytokines, growth factors, antibiotics, vaccines, blood products like albumin, 

thrombolytics, fibrynolytics, clotting factors such as factor VII, factor IX, 

tissue plasminogen activator and many more have entered the market. Most 

of the protein therapeutics currently on the market are recombinant products 

and, further, hundreds of them are in the clinical trials for therapy of cancers, 

immune disorders, infections, and other diseases (Dimitrov, 2012). 
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Briefly, in rDNA technology, through genetic engineering techniques 

by recruiting suitable restriction endonuclease enzymes, the gene of interest 

which codes for our protein of interest is isolated from the source DNA (e.g., 

human DNA) and is ligated to a suitable vector, generally a plasmid, in order 

to make recombinant/chimeric DNA molecule (Figure 1.6). Afterwards, by a 

suitable method (e.g., CaCl2 or electroporation), the recombinant DNA 

molecule is introduced to a host which naturally does not possess the gene of 

interest and, then, the transformed host cells are selected properly in 

selective medium by the aid of a selectable marker (most often, an antibiotic 

gene) of the plasmid which is naturally available in the plasmid or has been 

devised in it (Figure 1.7). The selected colonies can be used as expressing 

platforms. In order to validate the recombination procedure the new plasmid 

should be isolated from the host and analyzed (Figure 1.8).  

 

 

    

Figure 1.6. Illustration of the recombinant DNA technology; reproduced from (Web 9). 
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Figure 1.7. Transformation of the host cells with recombinant DNA (plasmid) and selection 

of the right (transformed) colonies.   

 

 

 

Figure 1.8. Recombinant plasmid isolation from the cloning host; reproduced from (Web 

10). 
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On the other hand, if the primary host, generally a bacterial cell, has 

been used just for cloning purpose the new plasmid should be isolated and 

introduced to the second host, i.e., the major producing host. After 

transformation of the new host the selected (right) expressing colonies are 

used for production of desired recombinant product in defined bioprocess 

conditions. 

During rDNA procedure special attention should be paid to the 

nucleotide sequence of the newly-designed plasmid and, thus, verifying the 

sequence of the new plasmid will be one of the validation steps after plasmid 

isolation (Figure 1.8) in order to prevent any undesired frame shift or 

mutation which can change the amino acid sequence of the transcript. An 

important issue in the recombinant therapeutics expression is the 

preservation of the structure integrity in the product. Any change in amino 

acid sequence or any alteration and substitution may lead to inefficiency, 

immune responses, or adverse effects. 

The first usage of the exogenous hGH (or somatotropin), extracted 

from human pituitary glands, as therapeutic agent for growth hormone 

deficiency has been reported in 1962 (Raben, 1962) and until the mid-1980s 

extracting from human cadaver tissue was the only way of obtaining hGH 

(Staley et al., 2012). However, due to the realization of the transmission risk 

of the Creutzfeld-Jakob disease (CJD) from pituitary-derived hGH 

preparations, its supply was discontinued in 1985 (Houdebine, 2009; Cunha 

et al., 2011). In 1985, biosynthetic human growth hormone replaced 

pituitary-derived growth hormone (pit-HGH) for therapeutic use in the US 

and elsewhere. Biosynthetic human growth hormone, also referred to as 

recombinant growth hormone, is also called somatropin (British: 

somatrophin) and abbreviated as rhGH (Web 11). The first recombinant 

expression of the hGH was conducted in E. coli in 1979 (Goeddel et al., 

1979).  At present, rhGH is produced by bacterial platforms. However, the 

therapy is still very costly and annually may exceed $ 15,000-20,000 (Cunha 

et al., 2011). The main reason is the presence of over-expressed protein as 
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aggregates (or IBs) which makes the subsequent costly denaturation and 

refolding inevitable. In addition, careful control of the quality to assure 

absence of endotoxins (from E.coli) along with the required sterile 

conditions for bacterium is the other causative agents of high cost (Cunha et 

al., 2011).  

Regarding the numerous factors that take part in biological processes, 

in order to optimize any production process and make it more economical, 

parameters either in genetic level or process level can be taken into 

consideration. By recruitment of genetic engineering techniques and by 

considering systems biology approach rhGH production in the prominent 

host Pichia pastoris was followed in current research; the efficiency of the 

selected endogenous secretion signal peptides (obtained from secretome 

analysis) and oxygen limitation-induced promoters of P. pastoris (obtained 

from a transcriptome/proteome analysis) in production of rhGH was 

analysed by comparing to Saccharomyces cerevisiae Ŭ-mating factor and 

glyceraldehyde-3-phosphate dehydrogenase promoter, respectively. Finding 

novel secretion signal peptides and promoters as biological modules with 

parallel utilization of ñomicsò studies in order to enhance the 

production/secretion ability of an industrial microorganism is indeed 

important for industrial biotechnology.   
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CHAPTER 2 

 

 

 LITERATURE SURVEY  

 

 

 

This chapter entails the major elements play role in expression of a 

recombinant protein (r-protein). After a glimpse to different available host 

organisms, selecting the right expressing platform by considering its unique 

capabilities and features, surveying the parameters that affect the expression 

of the desired protein that inevitably contain operational parameters in 

bioreactor, will be comprised. In this context, secretion signal peptides and 

promoters will be discussed in more detail. Derivation of the equations 

related with the fed-batch fermentation and metabolic flux analysis along 

with previous researches done related with human growth hormone (hGH) 

will complete literature survey.   

  

2.1. Expressing hosts 

In order to design an optimized recombinant expression system, a suitable 

host selection is the first step (Macauley-Patrick et al., 2005). The selection 

of the most appropriate expression platforms for a certain protein is usually a 

complex process and takes into account factors ranging from the intended 

use of the protein to the physiological consequences of its production in the 

host (Alvaro-Benito et al., 2013). No single expression system is the 

optimum one for all proteins (Böer et al., 2007) and the most efficient host 

should be determined for each foreign gene which is going to be expressed 

by taking into consideration the genetic and fermentation parameters (Nel et 

al., 2009; Çelik and ¢alēk, 2011). The product quality, bioactivity 

(functionality), productivity, and yield are the most critical parameters that 
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should be considered in the selection of the host (Demain and Vaishnav, 

2009). In order to reach high yield and high quality in recombinant protein 

production, expressing host physiology and stress responses should be 

understood thoroughly which in turn will conduce to the biological and 

methodological obstacles posed by host (to  the production of foreign 

protein) would be easily overcome (Ferrer-Miralles et al., 2009). However, it 

would be very logical and ideal to survey different host organisms in parallel 

and then choosing the most appropriate one (Nel et al., 2009). 

The diverse population of (micro)-organisms and their different 

physiologies lead to a broad spectrum of choices for production of 

recombinant proteins (Corchero et al., 2012). Microorganisms (eukaryotic 

and prokaryotic) together with cultured cells of higher organisms 

(mammalian, insect, or plant) are mostly used as expression hosts for 

production of heterologous as well as homologous proteins (Porro et al., 

2005). The production platform also may be transgenic animals (Demain and 

Vaishnav, 2009). Recent advances in genomics, recently- emerged ñomicsò 

techniques and integrative approaches (system biology) have led to the 

development of novel microbial cell factories (Martinez et al. 2012). Figure 

2.1 represents the share of mammalian and non-mammalian hosts in 

production of approved biopharmaceuticals in selected time intervals. 

Furthermore, the individual share of the recruited host organisms in 

production of biopharmaceuticals has been depicted based on two separate 

time intervals: 2010-2014 and in total from 1982 to 2014 (Figure 2.2).  
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2.1.1. Prokaryotes 

In this part, especially bacterial cells are regarded as the major member. 

Gram- negative E.coli, Gram-positive Bacillus specific species, and other 

selected bacteria such as Ralstonia eutropha and Staphylococcus carnosus 

(Demain and Vaishnav, 2009) can be mentioned in this category.  

E. coli is the most widely used microorganism among prokaryotes 

(Demain and Vaishnav, 2009; Schmidt, 2004) and the first choice for 

primary cloning and small-scale production in research purposes (Ferrer-

Miralles et al., 2009). It is the workhorse of the biopharmaceutical industry 

by considering this point that the production of 17 out of 58 approved 

pharmaceutical products (from 2006 to June 2010) is carried out by its 

application (Corchero et al., 2012). E. coli B and K12 strains are the main 

platforms for expressing non-glycosylated peptides and proteins for 

industrial and academic aims (Graumann and Premstaller, 2006). Its genetics 

is the best understood one than any other microorganism and, thus, genetic 

manipulation can be easily conducted (Demain and Vaishnav, 2009; 

Graumann and Premstaller, 2006). Because of fast and easy growth on 

inexpensive medium (Demain and Vaishnav, 2009; Corchero et al., 2012) 

high cell densities can be achieved. Furthermore, accumulation of the 

expressed foreign proteins up to 80% of the dry weight makes them tolerant 

of a wide range of environmental conditions (Demain and Vaishnav, 2009). 

High cell density fermentations can be achieved by recruitment of strong 

inducible promoters system such as T7 promoter which are commonly used 

(Rezaei and Zarkesh-Esfahani, 2012). The level of production has been 

reported to be under 10 g/L in different cases even lower than 1 g/L and dry 

cell content can vary between 20 to 175 g/L. Although the production can be 

high but because of production of inclusion bodies (IBs) and low yields of 

renaturation, the recovery yield could be very low (Demain and Vaishnav, 

2009). Lack of the required machinery for post-translational modifications 

(PTMs) which are the prevalent feature of most eukaryotic proteins, has 

made this system the cheapest, easiest, and quickest way for expression of 
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structurally simple proteins (Corchero et al., 2012). Expressing very large 

proteins, S-S rich proteins and proteins requiring PTMs will be problematic 

in this host (Demain and Vaishnav, 2009; Daly and Hearn, 2005). It should 

be emphasized that PTMs such as S-S bond formation, phosphorylation, and 

proteolytic cleavage may be a vital step to obtain a functional protein and a 

PTM-lacking version of protein may be inactive, unstable, or insoluble 

(Ferrer-Miralles et al., 2009). Acetate formation in high cell densities and its 

toxicity, and formation of IBs are the major drawbacks of working with E. 

coli (Demain and Vaishnav, 2009; Corchero et al., 2012, Ferrer-Miralles et 

al., 2009). The main reason of formation of IBs is the limited solubility and 

shortage of suitable chaperone and foldases system in the E. coli (Graumann 

and Premstaller, 2006; Schmidt, 2004). The presence as IBs or being soluble 

in cytoplasm depends mainly on protein intrinsic characteristics of sequence, 

promoter strength, and fermentation parameters such as temperature 

(Graumann and Premstaller, 2006). Inability in efficient secretion of the 

protein as the result of lack of general secretory system is the other important 

shortcoming of E. coli (Corchero et al., 2012). Directing to the periplasmic 

or extracellular medium can fade away the N-terminal methionylation 

problem and, furthermore, secretion to the periplasmic space can give 

correctly-folded proteins which can be enhanced by co-expression of 

chaperones. However, low level of chaperones and foldases, membrane 

structure, and high periplasmic protease leads to low product yield in E. coli 

secretion system (Schmidt, 2004). Proteolytic cleavage can also be another 

problem which can be conquered by mutations for deletion of several 

proteases (Graumann and Premstaller, 2006). Finally, it is worth to mention 

that both inducible and constitutive production systems have been utilized in 

E. coli because of possible toxicity of eukaryotic proteins in bacteria. 

(Demain and Vaishnav, 2009; Graumann and Premstaller, 2006). Another 

important issue in the case of E. coli as a prokaryote host is the different 

codon usage bias from human which is related to the specific tRNA pools 

(Demain and Vaishnav, 2009).  
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Different species of Bacillus lack outer membrane which is present in 

Gram-negative bacteria and contain the lipopolysaccharides (LPS) (Demain 

and Vaishnav, 2009) and, in addition, own inherently a powerful secretion 

capacity (Schmidt, 2004). In this system, effective secretion of recombinant 

proteins to medium can be achieved without production of harmful 

endotoxins and exotoxins; so, they are very efficient and cost-friendly 

regarding the product recovery procedure. Bacillus protein yields can reach 3 

g/L but the major problem in this host is the production of many proteases 

which can cleave the protein (subtilisin and natural protease are responsible 

for 96-98% activity). However, strains of Bacillus subtilis have been 

developed which lack eight extracellular proteases (Demain and Vaishnav, 

2009). Bacillus brevis can be considered because of its lower protease 

activity and also production of proteinase inhibitor. Bacillus megaterium and 

Bacillus licheniformis are also industrially important species (Demain and 

Vaishnav, 2009) where B. megaterium lacks membrane proteases (Schmidt, 

2004).  

Streptomycetes (ex., Str. lividans and Str. tendae) are considered to 

be potentially amenable for introducing new secretion systems (Schmidt, 

2004). But, the yields should be in cost-effective ranges in order to be 

employed in industry. Lactic acid bacteria considered as GRAS (Generally 

Recognized As Safe) can also be promising cell factories (Corchero et al., 

2012). Cold-adapted (psychrophilic) bacteria (such as Pseudomonas 

haloplanktis) as a newly-emerging host (cold cell factories) should be paid 

more attention. They show improved protein folding, since the hydrophobic 

effect which underpins the IBs formation has relation with entropic driving 

forces that are reduced at low temperatures (Corchero et al., 2012).  

 

2.1.2. Eukaryotes 

Eukaryotic (micro) organisms have endomembrane structures that facilitate 

the compartmentalization of different groups of biochemical reactions and, 

thus, make pre-requisites such as PTMs feasible and, therefore, the foreign 
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product more genuine and functional. The members in this category are fungi 

(single cell and filamentous), mammalian cells, insect cells, and transgenic 

animals and plants. Because of the focus of the current research on r-protein 

production by P. pastoris as a genus of yeast group, all non-yeast eukaryote 

hosts are briefly discussed in one group and yeast group is discussed 

separately.  

 

2.1.2.1. Non-yeast expression platforms 

 

2.1.2.1.1. Mammalian cell lines  

The industrial production of proteinaceous drugs is based on animal cell 

lines because of performed PTMs and product quality (Kunert et al., 2009). 

Simultaneous with early stages of biopharmaceutical efforts, onset of 

utilization of mammalian cell lines in rDNA technology was in 1980s as a 

result of failure in production of erythropoietin and tissue plasminogen 

activator in E. coli both of which required glycosylation (Demain and 

Vaishnav, 2009). As many therapeutic proteins are glycosylated or 

structurally complex (such as erythropoietin) with diverse modifications 

which are often essential for biological activity, their production requires the 

most appropriate system which can render mammalian type PTMs and this 

need has been the driving force for using mammalian cells (Gellissen et al., 

1992; Corchero et al., 2012; Tanapongpipat et al., 2012). The consistent 

complete spectrum of modifications will lead to less structural discrepancy 

and, thus, less immunogenic properties (Schmidt, 2004) and, further, 

crossing out the necessity of renaturation because of correct folding (Demain 

and Vaishnav, 2009). Nowadays, nearly 60-70% of recombinant therapeutic 

proteins are expressed in mammalian cells (Rezaei et al., 2013). 

Chinese hamster ovary (CHO) cells are the pioneers in this category 

and can be considered as a standard in protein production due to the rapid 

growth, process versatility, feasibility of culture in suspension or attached 

mode (Schmidt, 2004; Corchero et al., 2012), high production, and high 
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stability of foreign gene expression (Rezaei et al., 2013). The other cell types 

can be mentioned are: (i) baby hamster kidney cells (BHK), mentioning that 

most of the therapeutic proteins have been expressed in transgenic hamster 

cell lines (Ferrer-Miralles et al., 2009), (ii) various mouse myelomas such as 

NSO murine myeloma cells, used in production of monoclonal antibodies 

(iii) green monkey kidney cells (iv) human cell line such as human 

embryonic kidney (HEK) cells and human-retina-derived (PERC6) cells 

(Butler, 2005; Corchero et al., 2012). This kind of hosts needs serum for 

proliferation which increases the risk of contamination. Furthermore, since 

composition of serum is variable and undefined, it results in inconsistent 

growth and productivity (Butler, 2005). Passage of probable prions in bovine 

serum albumin and human serum albumin to the host can be overcame by 

usage of  protein-free, and chemically defined media which enhances the 

biosafety of end product  (Ferrer-Miralles et al., 2009). Major disadvantage 

in these hosts is the low level, a few kilograms per year of production 

(Houdebine, 2009) which is lower than productivity of prokaryotic hosts 

(Rezaei et al., 2013) furthermore, instable productivity due to the instability 

of the selected clones. The extended cultivation, prolonged gene expression, 

is possible by integrating the gene of interest in to the host genome (stable 

cell line) (Corchero et al., 2012). The other shortcomings of these platforms 

can be summarized as being shear sensitive which necessitates design of 

impellers for reduction of shear forces (Butler, 2005) arose from agitation 

and aeration (Keane et al., 2003), unsatisfactory secretion, high cost of 

production because of expensive materials specifically used in media 

(Corchero et al., 2012; Tanapongpipat et al., 2012), and prone to viral 

contamination (Demain and Vaishnav, 2009; Tanapongpipat et al., 2012). By 

improvement in medium design, the production has increased from 50 mg/L 

(in 1986) to 4.7 g/L (in 2004). In a new system with human cell lines protein 

titer of 26 g/L for monoclonal antibody was reported (Demain and Vaishnav, 

2009).  

 



27 

 

2.1.2.1.2. Transgenic organisms 

Due to the (potential) high production capacity in comparison with the 

mammalian cell culture-based expression platforms (Markaki et al., 2007), 

transgenic animals and plants would be regarded as suitable candidates for r-

protein production.  

 

2.1.2.1.2.1. Transgenic animals 

This expression system is based upon using live animals. Generation of 

transgenic animals is hitherto relatively laborious and costly but is no longer 

an obstacle for recombinant protein production (Houdebine, 2009). 

Transgenic animals system is based upon using live animals and is employed 

to obtain r-protein in blood, urine, milk, egg white, seminal plasma, and silk 

worm cocoons. Wide variety of proteins have been produced by transgenic 

animals including, monoclonal antibodies, blood factors, vaccines, 

hormones, growth factors, cytokines, enzymes, milk proteins, collagen, 

fibrinogen, and other products (Houdebine, 2009) and in most cases the 

protein activity is the same as the native one (Demain and Vaishnav, 2009). 

Ruminants are potentially the most appropriate system to produce high 

amounts of protein but their reproduction is slow and they do not glycosylate 

the proteins and as well as pigs are sensitive to prion diseases (rabbits are 

insensitive to prion diseases) (Houdebine, 2009). Production in milk is more 

cost effective than production in mammalian cell cultures (Demain and 

Vaishnav, 2009) and r-proteins are stable in milk (Houdebine, 2009). At this 

time, production in milk is the most mature system; a level of 1 mg/mL or 

even lower is considered acceptable economically. At higher concentrations, 

the glycosylation is not performed fully perhaps due to saturation of 

mammary cellular machinery. The transfer of glycosylation enzymes to the 

transgenic host can be a solution for this imperfection. In addition, 

preference of milk to blood can be due to this fact that active r-proteins in 

blood may harm the animal and milk avoids this problem (Houdebine, 2009). 

One of the disadvantages of this platform is the time interval required for to 
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assess production level, 3.5 months in mice, 15 months in pigs, 28 months in 

sheep, and 32 months in cows, (Markaki et al., 2007; Demain and Vaishnav, 

2009); difficult technical procedure faces another obstacle (Sanchez et al, 

2004). The other imperfection may be the separation of human proteins from 

their animal counterparts (Houdebine, 2009). By taking safety concerns into 

consideration, transmission of infectious diseases (viral and prion infections) 

or adverse allergenic effects and immunogenic responses all are of prime 

importance in these hosts (Markaki et al., 2007; Ferrer-Miralles et al., 2009; 

Houdebine, 2009). In addition, some of the heterologous proteins may be 

active and deleterious for transgenic animals (Houdebine, 2009). Until 2009, 

ATryn was the only approved biopharmaceutical expressed in transgenic 

animals (milk of transgenic goat). However, if in coming years, 

pharmacovigilance (PV, or PhV also known as drug safety) after treatment of 

the patients did not revealed any adverse effect, it is expected that we 

encounter an increase in amount of transgenic animal-produced heterologous 

proteins (Ferrer-Miralles et al., 2009). The production of drugs in transgenic 

animals, by stopping the production of a lung drug in sheep for Bayer AG, 

has been stalled by the demise of PPL therapeutics (Demain and Vaishnav, 

2009). 

 

2.1.2.1.2.2. Transgenic plants 

Plants can be considered as viable and competitive (non-microbial) 

alternatives for production of complex human r-proteins (Jez et al., 2013; Liu 

et al., 2013) as they are the least expensive biomass (Cunha et al., 2011). The 

first r-protein expressed in transgenic plants was hGH produced in transgenic 

tobacco (Ferrer-Miralles et al., 2009). Nowadays, a few enzymes used in 

researches or diagnosis are produced by transgenic plants at industrial scale 

(Houdebine, 2009). Transgenic plant cell systems can provide some 

advantages such as reduced risk of contamination by viruses, oncogens, and 

pathogens of mammalian cells or bacterial toxins, easy purification due to 

relatively simpler and cheaper downstream processing, lower cost of 
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required media for cultivation, ability to assemble multi-subunit proteins 

(such as antibodies) as efficiently as animal cells, ability to express 

functional proteins with the aid of eukaryotic PTMs, and retaining the native 

structure of the protein (Leite et al., 2000; Kim et al., 2008; Demain and 

Vaishnav, 2009; Ferrer-Miralles et al., 2009; Houdebine, 2009; Liu et al., 

2013). It is possible to store the expressed r-protein in leaves, seeds or both 

regarding the type of promoter used (Houdebine, 2009). Disadvantages of 

the plant system are i) possible contamination by pesticides, herbicides, and 

toxic metabolites of plants (Demain and Vaishnav, 2009), ii) low expression 

level with plant systems which can be regarded as an obstacle in widespread 

use (Kim et al., 2008; Cunha et al., 2011), iii) stability of the proteins inside 

the plant which may be alleviated by targeting the protein to the specific 

organelles within the plant cell (Liu et al., 2013; Cunha et al., 2011), iv) as 

the main disadvantage, plant-specific PTMs that lead to expression of 

immunogenic products and, thus, adverse immune responses (Ferrer-Miralles 

et al., 2009; Yusibov and Mamedov, 2010) which can be regarded as an 

important bottleneck in production of humanized proteins, v) Post-

transcriptional silencing of introduced transgenes (Markaki et al., 2007), vi) 

gene flow from transgenic plant to the wild type (Yusibov and Mamedov, 

2010). Commercial production of proteinaceous drugs in plants was halted 

by closing down the PPL Therapeutics and exit of Monsanto Corporation 

from this area (Demain and Vaishnav, 2009). 

 

2.1.2.1.2.3. Insect cell lines  

Because of the need to milder culture conditions than mammalian cell lines 

such as lower temperatures and no CO2 addition to the gas phase, insect cells 

have been increasingly used for the production of wide variety of proteins in 

recent years (Moraes et al., 2012). Drosophila Schneider cells along with the 

baculovirus-infected cells are the common host insect cells (Fernandez and 

Vega, 2013). The most widely used vector in this system is baculovirus 

along with the most usual host the fall armyworm (Spodoptera frugiperda, 
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Sf9), i.e., baculovirus-Sf9 insect cells, in suspension culture (Demain and 

Vaishnav, 2009; Houdebine, 2009). Trichoplusia ni (Cabbage Looper) cell 

lines also are used to produce heterologous proteins upon recombinant 

baculovirus infection (Moraes et al., 2012). Highly restricted host range of 

the baculovirus makes the baculovirus-insect cell system very safe (Yamaji 

et al., 2012). Reported amount of produced protein in this kind of host has 

increased from 600 mg/L in 1988 to 11 g/L in 2007 (Demain and Vaishnav, 

2009). The advantages of the baculovirus-assisted insect cell expression can 

be: i) proper eukaryotic PTMs which is more complicated than fungi, ii) 

proper protein folding as a result of possessing the best machinery for 

folding, iii) high expression level due to presence of strong polyhedron 

protein promoter, iv) easy scale up because insect cells growth is not 

anchorage dependent, v) vertebrates and plants cannot be attacked by 

expression vectors, vi) no limitation on protein size, vii) simultaneous 

expression of multiple genes (Demain and Vaishnav, 2009), and viii) 

provision of safety advantages for the production of biological agents 

(including vaccines) because they do not aid the proliferation of mammalian 

viruses or mycoplasmas (Yamaji et al., 2012). In contrast, as some 

disadvantages, incorrect glycosylation (Houdebine, 2009) because of very 

simple and non-syalated N-linked glycosylation (Ferrer-Miralles et al., 

2009), insufficient secretion of protein, presence of intracellular protein 

aggregates, high price of cultivation medium, low expression level because 

of slow growth (Demain and Vaishnav, 2009). In addition, since the viral 

infection is lethal for insect cells, in each batch of the cultivation fresh cells 

are required (Ferrer-Miralles et al., 2009). The baculovirus-insect cell system 

is employed for the industrial-scale production of a human papilloma virus 

vaccine, Cervarix, which has been approved for use against cervical cancer 

(Moraes et al., 2012; Yamaji et al., 2012). r-protein expression systems using 

of D. melanogaster cells are being increasingly employed lately. To date, 

about 100 cell lines derived from D. melanogaster have been obtained. 
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Amongst, 12 are easily cultivated; however, the only cell lines used for 

heterologous gene expression are Schneider's 2 and 3 (Moraes et al., 2012). 

 

2.1.2.1.3. Filamentous fungi (molds) 

As filamentous fungi are more organized than yeasts, their complex PTM 

machinery can resemble that of mammals.  This category, such as 

Aspergillus niger, are very attractive choices as they have a high secretion 

capacity and also can perform glycosylation (Demain and Vaishnav, 2009). 

A. awamori, A. oryzae, A. sydowii, Acremonium chrysogenum, Trichoderma 

species (such as T. reesei), Fusarium species, Penicillium Chrysogenum, 

Chrysosporium lucknowense are the further examples which have been used 

for production of recombinant homologous (e.g., A. niger glucoamylase in A. 

awamori) or heterologous (e.g., human lactoferrin by A. awamori) proteins. 

Homologous proteins can be produced in the range of 30-40 g/L. However, 

heterologous proteins have the highest yield of 4-5 g/L (Schmidt, 2004). As a 

disadvantage, in these hosts, low copy number transformation can be 

expected as a result of foreign DNA degradation and low transformation rate 

(Schmidt, 2004). In contrast, since this kind of host can utilize cellulose, the 

fermentation cost can be diminished strikingly. Cultivation of these 

microorganisms lead to a viscous medium and one of the attempts to 

optimize the process can be on lowering the viscosity; use of strong 

homologous promoters, using protease-deficient strains, since the proteins 

are cleaved severely by endogenous fungal proteases (Corchero et al., 2012), 

screening for best producing strains by random mutagenesis, and fusion with 

an efficiently secreting protein can be other methods to improve the 

expression.  

 

2.1.2.2. Yeast expression platforms 

Table 2.1 has summarized features of available platforms for r-protein 

production.  
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Table 2.1. A comparison of pharmaceutical expression systems. Data updated in 2005 (Web 

12).   

 

Host Advantages Disadvantages Applications 
Cost / 

gram 

Bacteria 

Established 
regulatory track; 

well-understood 

genetics; cheap and 

easy to grow 

Proteins not 
usually secreted; 

contain endotoxins; 

no posttranslational 

modifications 

Insulin (E. coli; Eli 
Lilly); growth 

hormone 

(Genentech); 

growth factor; 

interferon 

- 

Yeasts 

Recognized as 

"safe;" long history 

of use; fast; 

inexpensive; 

posttranslational 

modifications 

Overglycosylation 

can ruin 

bioactivity; safety; 

potency; clearance; 

contains 

immunogens/antige

ns 

Beer fermentation; 

recombinant 

vaccines; hepatitis 

B viral vaccine; 

human insulin 

$50-100 

Insect cells 

Posttranslational 

modifications; 

properly folded 

proteins; fairly 

high expression 

levels 

Minimal regulatory 
track; slow growth; 

expensive media; 

baculovirus 

infection (extra 

step); mammalian 

virus can infect 

cells 

Relatively new 

medium; Novavax 

produces virus-like 

particles 

- 

Mammalian 

cells 

Usually fold 

proteins properly; 

correct 

posttranslation 

modifications; 

good regulatory 
track record; only 

choice for largest 

proteins 

Expensive media; 

slow growth; may 

contain 

allergens/contamin
ants; complicated 

purification 

Tissue 

plasminogen 

activator; factor 

VIII 

(glycoprotein); 
monoclonal 

antibodies 

(Hercepin) 

$500-

5,000 

Transgenic 

animals 

Complex protein 

processing; very 

high expression 

levels; easy scale 

up; low-cost 

production 

Little regulatory 

experience; 

potential for viral 

contamination; 

long time scales; 

isolation/GMPs on 

the farm 

Lipase (sheep, 

rabbits; PPL 

Therapeutics); 

growth hormone 

(goats; Genzyme); 

factor VIII (cattle) 

$20-50 

Transgenic 

plants 

Shorter 

development 

cycles; easy seed 

storage/scaling; 

good expression 

levels; no plant 

viruses known to 
infect humans 

Potential for new 

contaminants (soil 

fungi, bacteria, 

pesticides); 

posttranslational 

modifications; 

contains possible 
allergens 

Cholera vaccine 

(tobacco; 

Chlorogen, Inc.); 
 gastric lipase 

(corn; Meristem); 

hepatitis B 

 (potatoes; Boyce 

Thompson) 

$10-20 



33 

 

The innovative findings in the field of metabolic engineering and 

amelioration of process procedures have a supreme influence on the ability 

of yeasts to express r-proteins.  

The production of foreign protein is carried out in yeast when the 

product is produced as aggregates (not soluble form) or requires a specific 

PTM that cannot be achieved artificially (Ferrer-Miralles et al., 2009). In 

general, yeasts lead to higher yields and better stability in comparison with 

mammalian cells (Corchero et al., 2012). Among the eukaryotic platforms, 

yeasts mingle the superiorities of single-cell organisms, i.e., fast growth and 

simple genetic manipulation, with protein processing capabilities of 

eukaryotic organisms, i.e., PTMs, subunit assembly, and protein folding 

(Porro et al., 2005; Çelik and ¢alēk, 2011). Furthermore, yeasts conform to 

safety aspects since they do not convey any pathogens, viral inclusions, or 

pyrogens because of absence of endotoxins and oncogenic and viral DNA 

(Porro et al., 2005; Böer et al., 2007). Absent and aberrant (N-linked) 

glycosylations, are the main problem plaguing the proper expression of 

recombinant glycolproteins in yeasts (Zhang et al., 2012); the yeast Golgi 

apparatus does not perform the trimming process of N-glycans such as 

mammalians Golgi which leads to long mannose chains referred to as 

hyperglycosylation or hypermannosylation of core oligosaccharides. 

Furthermore, through the ER and Golgi, the added glycans may be located in 

the places other than the ones in the native protein and their composition 

may be substantially different in terms of mannose residues (Graumann and 

Premstaller, 2006). High-mannose side chain leads to affect the serum half-

life and immunogenicity of end product (Ferrer-Miralles et al., 2009). Efforts 

to develop strains with humanized sugar content as what has been carried out 

for P. pastoris and H. polymorpha will pave the way for production of 

recombinant glycoproteins in yeasts. However, to date all the 

commercialized therapeutics produced in S. cerevisiae have been non-

glycosylated (Corchero et al., 2012). Another problem is the difference 

between codon usage bias of the original gene donor and the expression host 
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which has led to poor expressions. However, artificially synthesized genes 

together with available codon usage tables have provided us with custom 

designed and host codon-optimized genes (Nel et al., 2009).  

There are two general classifications of yeasts employed as 

expression hosts. In one of them yeasts are divided into: conventional and 

non-conventional; in the other one they are regarded as Crabtree positive 

(can produce ethanol under aerobic conditions) and Crabtree negative. 

S.cerevisiae is the only conventional host and together with 

Zygosaccharomyces rouxii and Zygosaccharomyces bailii are the Crabtree 

positive choices.  Based on the recent insights yeasts can be divided into two 

other categories: methylotrophic and non-methylotrophic yeasts (Table 2.2). 

Non-methylotrophic yeasts are more familiar to specialists of different 

disciplines and also broad range of carbon and energy sources can be 

consumed in industrial processes by this group. However, large-scale 

production leads to some limitations and confines the scale-up of these hosts 

processes; therefore, most of the processes for r-protein production by these 

yeasts are in their early stages (Porro et al., 2005).  

 

Table 2.2. Non-methylotrophic and methylotrophic yeast species recruited for r-protein 

production (Porro et al., 2005). 

 

Nonmethylotrophic Methylothrophic  

S. cerevisiae H. polymorpha 

K. lactis P. pastoris 

Y. lipolytica P. methanolica 

Z. rouxii C. boidinii 

Z. bailii   

S. occidentalis  

P. stipitis  
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Generally, yeasts are used by the help of E.coli since most of 

available vectors for yeast platforms have been designed as E.coli shuttle 

vectors (Graumann and Premstaller, 2006) to facilitate amplification of the 

plasmid. We proceed with introducing non-methylotrophic and 

methylotrophic yeasts separately.  

 

2.1.2.2.1. Saccharomyces cerevisiae 

S. cerevisiae has been a workhorse for both biochemists and industrial 

biotechnologists due to the broad knowledge about its physiology and 

genetic  which conduces to being the best-characterized eukaryotic system 

(Nel et al., 2009); S. cerevisiae was the first eukaryotic organism sequenced 

(Corchero et al., 2012) and the initial yeast used for r-protein production 

(Böer et al., 2007). It has been in use as an expression platform since 1981 

and is the most widely used yeast for the production of therapeutic proteins 

(Porro et al., 2005; Corchero et al., 2012). This yeast has been recognized as 

GRAS organism by FDA which has led to its popular application in food 

industry in the early 1990s (Porro et al., 2005; Böer et al., 2007). It has been 

reported recently that this yeast can be useful as a probiotic in humans for 

oral delivery of therapeutic proteins (Çelik and ¢alēk, 2011). Various 

products have been expressed in this yeast; insulin (commercially available 

since 1987), hepatitis B vaccines, anticoagulant hirudin, and Aspergillus-

derived glucose oxidase, as a technical enzyme, are a few examples (Böer et 

al., 2007).  

In addition to a promoter of a highly expressed gene of S. cerevisiae, 

for extracellular production of the r-protein (Çelik and ¢alēk, 2011), a 

secretion signal sequence (SP) should be recruited. Most widely used signal 

sequence is S. cerevisiae Ŭ-mating factor prepro sequence (Ŭ-MF) which is 

functional in all yeast platforms employed; but other choices such as pre-pro 

sequence of one derived from S. occidentalis GAM1 gene can be mentioned. 

Secretion can also be facilitated by the co-expression of a secretory pathway 

gene. 



36 

 

Reduced biomass yield as a result of aerobic alcohol fermentation 

necessitates semi-batch fermentation to reach high cell densities which, in 

turn, leads to technical fermentation requirements and sophisticated 

equipments for this yeast processes (Romanos et al., 1992; Nel et al., 2009), 

hyperglycosylation of the protein which leads to activity reduction and 

decrease of receptor binding (Böer et al., 2007; Nel et al., 2009; Demain and 

Vaishnav, 2009), termination of sugar chains with Ŭ-1,3-mannose bond 

which acts as an allergen (Böer et al., 2007), retention of the product in 

periplasmic space which leads to partial degradation of the product  (Porro et 

al., 2005), the limited capability of S. cereviciae to secrete proteins 

(Sasagawa et al., 2011), strain instabilities because of common usage of 

episomal vectors which lead to batch inconsistencies (Böer et al., 2007; Nel 

et al., 2009), and the O-linked oligosaccharides just being comprised of 

mannose whereas the higher eukaryotic proteins have sialylated O-linked 

chains (Demain and Vaishnav, 2009) are all among the reasons that why S. 

cerevisiae is not the most suitable choice for large-scale production of r-

proteins. However, by some modifications via invented strategies these 

limitations can be overcome (Nel et al., 2009). Nevertheless, the hyper-

glycosylation is still the major obstacle; the proportion of available 

therapeutic glycosylated proteins to non-glycosylated ones is 60 to 40 and, 

thus, this yeast (along with E. coli) can be used for expression of the 40% 

non-glycosylated (Nel et al., 2009).  

Based on the described drawbacks of S. cerevisiae and regarding the 

great biodiversity among yeasts that 800 different yeast species with varying 

metabolic characteristics has been identified (Graumann and Permstaller, 

2006), efforts have been focused on development of new host systems so-

called "non-conventional" yeasts (Porro et al., 2005). Other yeasts as 

substitutes for S. cerevisiae have been used as sources of biopharmaceuticals 

due to the promoter strength, secretion efficiency, and ease of growth to high 

cell densities (Romanos et al., 1992): methylotrophic yeasts especially P. 

pastoris, H. polymorpha, Schizosaccharomyces pombe, Kluyveromyces 



37 

 

lactis, Candida maltosa, two dimorphic yeasts Yarrowia lypolytica and 

Arxula adeninivorans (Gellissen et al., 1992; Porro et al., 2005; Graumann 

and Premstaller, 2006). Clearly, no single yeast cell can provide us with all 

the required qualifications for foreign protein production (Çelik and ¢alēk, 

2011). However, the main advantages of the alternative yeasts (in 

comparison to S. cerevisiae) are strong promoters, increased gene copy 

number, proper folding and secretory pathway (Corchero et al., 2012) which 

can offer a broader range of choices upon decision.  

 

2.1.2.2.2. Schizosaccharomyces pombe  

S. pombe aside from S. cerevisiae is the most thoroughly studied yeast 

species (Romanos et al., 1992). This host compared to S. cerevisiae has 

glycosylation and other PTMs more similar to mammalian cells (Graumann 

and Premstaller, 2006) and has very advanced genetics. The quality control 

system for protein folding in this yeast is closer to mammalian cells than S. 

cerevisiae (Çelik and ¢alēk, 2011); but as a result of less developed 

fermentation technology and relatively few inducible promoters (Çelik and 

¢alēk, 2011), utilization of this yeast has been confined to the isolation and 

studying homologous mammalian genes rather than expression of foreign 

proteins. Promoters from S. cerevisiae genes generally exhibit less 

functionality and lead to inefficient transcription initiation in this host. Both 

constitutive and regulated expression has been reported for this host system 

(Romanos et al., 1992). 

 

2.1.2.2.3. Zygosaccharomyces 

The knowledge about Zygosaccharomyces is very poor but its six classified 

species are evolutionary very close to S. cerevisiae and are not so far from K. 

lactis. Some of the species have exceptional resistance to several stresses that 

confers them the suitability for industrial usage; Z. rouxii is salt tolerant 

(osmophilic) and Z. bailii can bear high sugar concentrations (osmotolerant), 

acidic conditions, and relatively high growth temperatures. Ethanol 
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production in these yeasts under aerobic conditions is lower compared to S. 

cerevisiae. Finally, there is no need to intricate fermentation strategies to 

obtain high cell densities (Porro et al., 2005).  

 

2.1.2.2.4. Kluyveromyces lactis 

K. lactis has been one of the main organisms grown in industry in bioreactors 

to produce bovine chymosin, known as rennin, on a large scale since 1950s. 

Its genome has been sequenced in 2004 and also has the GRAS status (Porro 

et al., 2005). Such as methylotrophs, the ability of metabolism adaptation in 

order to efficiently utilize a special carbon source is observable in K. lactis 

(Gellisen et al., 1992). This yeast as an industrial microbe has high secretion 

ability (Romanos et al., 1992) and can use a wide range of carbon sources 

such as galactose, raffinose, and maltose (Böer et al., 2007) but important 

discriminative characteristic is its ability to grow on lactose as the only 

carbon source where during growth in the lactose-containing medium, the 

lactose utilization pathway enzymes are strongly induced (Böer et al., 2007; 

Gellisen et al., 1992). The most widely used promoters of K. lactis are the 

KlADH4 and inducible LAC4 promoters (Nel et al., 2009) where the best 

recognized one is that of the LAC4 gene (Romanos et al., 1992). It should be 

considered that several S. cerevisiae promoters are also active in K. lactis 

and have been used for production of proteins such as mouse Ŭ-amylase, D-

amino acid oxidase, etc. which promoters of PHO5, GAL1, PGK, and etc. 

can be some examples (Böer et al., 2007). Both genomic integration and 

episomal state have been reported for the related vectors. K. lactis has the 

advantage of possessing highly stable episomal vectors (Romanos et al., 

1992).  

 

2.1.2.2.5. Arxula adeninivorans 

A. adeninivorans (Blastobotrys adeninivorans), is a non-pathogenic and also 

a dimorphic yeast species (Böer et al., 2007; Nel et al., 2009). The Arxula 

genus has two species: A. terrestre and A. adeninivorans. A. terrestre in 

http://en.wikipedia.org/wiki/Chymosin
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contrast to A. adeninivorans does not have any fermentative ability (Nel et 

al., 2009). All A. adeninivorans strains share unusual biochemical activities 

being able to assimilate a range of amines, adenine and several other purine 

compounds as sole energy and carbon source (Böer et al., 2007; Nel et al., 

2009). Interesting features of this host are being osmo-tolerant and thermo-

tolerant and temperature-dependent dimorph (budding and mycelial forms). 

Osmo-tolerance has been emanated in AHSB4 gene and its promoter (Çelik 

and ¢alēk, 2011), is dependent on the presence and absence of NaCl, can be 

an attractive element for gene expression (Nel et al., 2009). Regarding he 

biotechnological importance of the morphology, O-glycosylation is 

performed in budding cells only; however, N-glycosylation occurs in both 

cell types (Nel et al., 2009). The utilized vectors in this host can be either 

episomal or integrative. The production of E. coli-derived ɓ-galactosidase, 

green fluorescent protein (GFP), human serum albumin (HAS), and invertase 

enzyme with the aid of recombinant strains of A. adeninivorans has been 

reported (Böer et al., 2007).  

 

2.1.2.2.6. Yarrowia lipolytica 

Y. lipolytica (Candida lipolytica) is dimorphic and is unicellular in minimal 

media containing glucose or n-hexadecane whereas forms mycelia in 

minimal media including olive oil or casein. A mixture of both forms is 

available in complex medium (Romanos et al., 1992). Y. lipolytica in 

contrast to A. adeninivorans, in order to shift its morphology, needs 

additional factor than temperature such as change in pH or addition of serum 

to the medium (Nel et al., 2009). This yeast metabolizes only a few sugars 

(mainly glucose but not sucrose), alcohols, acetate, fatty acids, oils and 

unusual carbon sources, such as hydrocarbons. Y. lipolytica is a strictly 

aerobic microorganism (Böer et al., 2007) and with its intense secretion 

capability, specifically secretion of high molecular weight proteins, can be 

considered as a suitable host for secretion mode in the role of an industrial 

yeast such as K. lactis (Romanos et al., 1992; Nel et al., 2009). The high-

http://en.wikipedia.org/wiki/Biochemical
http://en.wikipedia.org/wiki/Amines
http://en.wikipedia.org/wiki/Adenine
http://en.wikipedia.org/wiki/Purine
http://en.wikipedia.org/wiki/Budding
http://en.wikipedia.org/wiki/Mycelium
http://en.wikipedia.org/wiki/Hydrocarbon
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level secretion ability along with the capability to grow to high cell densities 

at industrial scale is a motivation for usage as host in heterologous protein 

production Romanos et al., 1992). Furthermore, Y. lipolytica has the 

superiority of absence of hyperglycosylation over S.cerevisiae (Gellissen et 

al., 1992). Y. lipolytica strains do not ferment sugars and are considered as 

non-pathogenic species (Nel et al., 2009). Transformation of Y. lipolytica by 

both replicative (episomal) and integrative plasmids is feasible (Nel et al., 

2009). The first tool for expression in this yeast was achieved by utilization 

of promoter of highly expressed XPR2 gene which codes for secreted 

alkaline extracellular protease (AEP). One of the modifications of the 

industrial strain was to delete the gene of AEP because of the probability of 

degradation of the secreted r-protein by this enzyme (Nel et al., 2009). 

Additionally, two strong constitutive promoters including TEF and RPS7 

along with inducible ones have been obtained from Y. lipolytica (Çelik and 

¢alēk, 2011). Promoters of isocitrate lyase (ICL1), 3-oxo-acyl-CoA thiolase 

(POT1), and acyl-CoA oxidase (POX2), POX1 and POX5 also codes for this 

enzyme, are the strongest inducible promoters of this yeast (Böer et al., 

2007). Successful usage of pICL1 and pPOX2 for r-protein production has 

been reported (Böer et al., 2007).  

    

2.1.2.2.7. Schwanniomyces occidentalis 

Sw. occidentalis can degrade starch completely by the aid of two 

extracellular enzymes: Ŭ-amylase and glucoamylase; thus, Sw. occidentalis is 

widely known for its amylolytic system (Alvaro-Benito et al., 2013). 

Therefore, one of its advantages is the ability to grow on cheap media (Nel et 

al., 2009). Furthermore, this yeast can secrete proteins greater than 140 kDa 

efficiently. Sw. occidentalis also lacks hyperglycosylation (Gellissen et al., 

1992; Nel et al., 2009) and does not secrete substantial amount of 

endogenous proteases (Nel et al., 2009).  
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2.1.2.2.8. Pichia stipitis 

P. stipitis as a Crabtree negative yeast is suitable for r-protein production 

because it can effectively convert a carbon source to biomass (Nel et al., 

2009). The complete sequencing of its genome was announced in 2007. P. 

stipitis is capable of both aerobic and oxygen-limited fermentation, and has 

the highest known natural ability of any yeast to directly ferment xylose and 

converting it to ethanol which can be considered as an economically valuable 

characteristic. Common promoters used for the expression in this system can 

be mentioned as: the promoter of native XYL1 gene which codes for xylose 

reductase, the promoter of native TKL gene that codes for transketolase, S. 

cerevisiae PDC1, the promoter of S. cerevisiae PGK1 gene which codes for 

phosphoglycerate kinase, the promoter of S. cerevisiae ADH1 gene, and the 

promoter of Schwanniomyces occidentalis GAM1 which codes for a 

glucoamylase. XYL1 promoter is inducible in the presence of xylose. It 

should be emphasized that P. stipitis has a low level of glycosylation (Nel et 

al., 2009).  

    

2.1.2.2.9. Methylotrophic yeasts  

Just a few yeast species have methanol assimilating capabilities and, 

therefore, can use methanol as the sole carbon and energy source; these 

yeasts called methylotrophs belong to the genera Candida, Torulopsis, 

Pichia, and Hansenula (Gellissen et al., 1992; Hollenberg and Gellissen, 

1997; Demain and Vaishnav, 2009). These yeasts can be good candidates for 

studying structural analysis by using 
13

C-labeled methanol as carbon source 

(Hollenberg and Gellissen, 1997). Methylotrophic yeasts are very attractive 

platforms for the industrial production of r-proteins (Demain and Vaishnav, 

2009). Within this group, P. pastoris (syn. Komagataella pastoris, 

Komagataella phaffii) and H. polymorpha (also known as Pichia angusta), 

as two ascomycetous yeasts, have been widely used as expression platform 

in production of r-proteins. They can grow to high cell densities in cheap, 

chemically-defined medium. Methanol metabolism pathway is common in 

http://en.wikipedia.org/wiki/Full_genome_sequencing
http://en.wikipedia.org/wiki/Genome
http://genome.jgi-psf.org/Picst3/Picst3.home.html
http://en.wikipedia.org/wiki/Fermentation_%28biochemistry%29
http://en.wikipedia.org/wiki/Xylose
http://en.wikipedia.org/wiki/Ethanol
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both yeasts but significant differences in their genetics are observable (de 

Bruin et al., 2005; Porro et al., 2005). In addition, P.methanolica, and C. 

boidinii have been described as expression factories (Porro et al., 2005).  

During growth in methanol-containing medium, key enzymes of the 

pathway are expressed in high amounts and peroxisomes proliferate; special 

abundance belongs to alcohol oxidase (AOX), formate dehydrogenase 

(FMD), and dihydroxyacetone synthase (DHAS) (Böer et al., 2007) but the 

most notable increase belongs to alcohol oxidase which is virtually absent in 

cells grown on glucose (Nel et al., 2009). AOX and DHAS proteins may 

constitute more than 60% of total cellular protein which shows the strength 

of related promoters (Nel et al., 2009); thus, promoter elements from the 

methanol utilization pathway can be suitable and robust candidates for 

control of heterologous gene expression. Nevertheless, other promoters can 

also be utilized for efficient expression (Böer et al., 2007). Totally, the 

attractiveness of methylotrophic yeasts in production of r-proteins 

substantially arises from their ability to reach high cell densities, as high as 

130 g/L, without sophisticated fermentation processes as well as their 

strongly and strictly regulated promoters in methanol utilization pathway 

(Porro et al., 2005; Demain and Vaishnav, 2009).   

 

2.1.2.2.9.1. Pichia methanolica 

P. methanolica as a species of Pichia possesses two AOX genes designated 

as AUG1 and AUG2, alcohol utilizing genes, induced in the presence of 

methanol (Böer et al., 2007). As yeast, it shares the advantages of molecular 

and genetic manipulations with Saccharomyces, and it has the added 

advantage of 10- to 100-fold higher r-protein expression levels.  

 

2.1.2.2.9.2. Candida boidinii 

C. boidinii possesses a single AOX gene represented as AOD1 which is 

induced in the presence of methanol (Böer et al., 2007). Peroxisomes 

massively proliferate in the methylotrophic yeast C. boidinii when cultured 
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on methanol as the only carbon and energy source. It has been reported that 

peroxisomes are also induced by oleic acid and D-alanine as carbon sources, 

and that these peroxisomes contain increased amounts of the enzymes of 

fatty acid ɓ-oxidation or D-amino acid oxidase, respectively (Kern et al., 

2007). 

 

2.1.2.2.9.3. Hansenula polymorpha 

H. polymorpha is a facultative methylotrophic and can be cultivated using 

methanol, glycerol, or glucose as carbon sources. It has similar properties to 

P. pastoris (Romanos et al., 1992). In contrast to P. pastoris, H. polymorpha 

expresses just one methanol oxidase (MOX), as alcohol oxidase (AOX) gene 

and, thus, just has two phenotypes regarding methanol utilization (Porro et 

al., 2006). Three strains which possess different features and independent 

origins have been identified: CBS4732, DL-1, and NCYC495 (Böer et al., 

2007). Products such as hirudin, hepatitis B vaccine, and interferon Ŭ-2b 

have been expressed successfully in this host and Hepatitis B vaccines, 

IFNŬ-2a, or insulin have reached the market. H. polymorpha can be recruited 

as a model organism for conducting researches on peroxisome biogenesis 

and function and nitrate assimilation, which is absent in other methylotrophs. 

Both inducible and constitutive promoters are available for this host (Çelik 

and ¢alēk, 2011). The promoter of peroxisome-located enzyme, methanol 

oxidase (MOX), is used to express foreign proteins as first generation. MOX 

gene is derepressed in absence of glucose and, therefore, makes a methanol-

free process possible (Böer et al., 2007). As a novel promoter for this 

expression system, formate dehydrogenase (FMD) promoter has been 

isolated and used (Porro et al., 2005). The MOX promoter, DHAS promoter, 

and the FMD promoter are totally repressed in the presence of excess 

glucose and are highly induced by methanol; derepression of the mentioned 

promoters is possible by applying the glucose- or glycerol-limiting 

conditions (Nel et al., 2009). Furthermore, the nitrate assimilation pathway 

genes promoters can also be used in this yeast (Böer et al., 2007; Nel et al., 
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2009). Constitutive promoters also can be mentioned such as the promoter of 

the plasma membrane H
+
-ATPase (PMA1 promoter) and GAP gene promoter 

conditions (Nel et al., 2009).  

The main difference with P. pastoris is that, the MOX gene is derepressed in 

absence of glucose (or glucose limitation) when using substrates such as 

glycerol, or sorbitol and therefore the tight regulation of promoter is lost 

during biomass increase phase (Romanos et al., 1992). However, its growth 

rate on simple media is higher in comparison with P. pastoris and C. boidinii 

(Nel et al., 2009). This yeast is more tolerant of higher temperatures (up to 

49ęC) and, therefore, the risk of contamination in large scale process may be 

decreased by elevated temperatures (Nel et al., 2009) and, further, makes it 

suitable for the expression of thermostable enzymes and proteins (Çelik and 

¢alēk, 2011). In H. polymorpha it is possible to target the heterologous 

membrane proteins to localize in peroxisomal membranes by the targeting 

signal and then use of the membrane proteins in different researches; so, H. 

polymorpha can be regarded as a suitable platform for production of 

membrane proteins (Nel et al., 2009). A peroxisomal fate can also be helpful 

in the case of expressed proteins that may be deleterious to the host cell 

(Hollenberg and Gellissen 1997).  

  

2.1.2.2.9.4. Pichia pastoris (Komagataella phaffii)   

The methylotrophic yeast P. pastoris which has been reclassified as new 

genus of Komagataella is a Crabtree-negative (Mattanovich et al., 2009) 

with four chromosomes (De Schutter et al., 2009). This yeast is homothallic 

which remains haploid unless forced to mate (Nel et al., 2009). The Pichia 

genome has been sequenced for three different strains including GS115 

which is auxotrophic for histidine, DSMZ 70382 and CBS 7435 with the 

respective genome size of 9.43 Mbp, 9.4 MbP, and 9.35 Mbp (De Schutter et 

al., 2009; Mattanovich et al., 2009; Küberl et al., 2011). All P. pastoris 

expression strains are derivatives of NRRL-Y 11430 strain (Northern 

Regional Research Laboratories, Peoria, IL) (Cereghino and Cregg, 2000) 
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which has been deposited as P. pastoris CBS 7435 (Küberl et al., 2011). 

During the 1970s, this yeast was considered as a promising source of single 

cell protein (SCP). Due to the oil crisis, such a process failed economically 

and, thus, the scenario changed and this yeast was considered as a potential 

host for r-protein production by the efforts and investigations conducted by 

Phillips Petroleum Company (Nel et al., 2009). Cell biologists initially 

became interested in P. pastoris because it provides a convenient system for 

studying peroxisome biogenesis (Sears et al., 1998). Ability to grow on a 

sole carbon source along with the presence of highly inducible methanol 

utilization pathway enzymes especially alcohol oxidase enzymes, AOX1 and 

AOX2, which are strongly induced upon growth on methanol (Potvin et al., 

2012; Staley et al., 2012), and, subsequently, their promoters makes it one of 

the preferences in rDNA technology.  

The major advantage of P. pastoris over E. coli is the ability to 

produce disulfide bonds, glycosylation which inhibits the formation of 

misfolded proteins in the form of IBs, and extracellular production of protein 

(Demain and Vaishnav, 2009).   In addition it conducts proteolytic 

processing present in other eukaryotic organisms which altogether leads to 

obtaining correctly folded and, thus, functional proteins. In comparison with 

mammalian and insect cells, this yeast needs less expensive media which 

makes the process more economical. Secretion pathway of P. pastoris 

resembles to eukaryotes more than S. cerevisiae and other non-conventional 

yeasts do (Corchero et al., 2012). Additionally, the notable difference 

between P. pastoris and S. cerevisiae is the (frequent) absence of 

hyperglycosylation in the former; N-glycan chain length in P. pastoris is 

shorter than that found in S. cerevisiae. Furthermore, P. pastoris expresses 

less antigenic proteins (Cereghino and Cregg, 2000). Moreover, P. pastoris 

secretes low levels of endogenous proteins to the extracellular medium 

which can lead to a less problematic purification procedure and therefore a 

less complex and cheaper downstream processing unit (Li et al., 2007). 

Cumulatively, three key reasons that make P. pastoris suitable for foreign 
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protein expression are (i)  being easily manipulated at the molecular genetics, 

(ii) high-level protein expression due to the feasibility of high cell density 

fermentation, (iii) performing many "higher eukaryotic" protein 

modifications (Cereghino et al., 2002). Economical and well-defined mineral 

media containing only glycerol or methanol, biotin, salts, and trace elements 

(Chauhan et al., 1999; Cereghino et al., 2002) has made large-scale 

production of r-proteins by P. pastoris more convenient. Due to the 

preference of the respiratory pathway, contrary to S. cerevisiae, higher 

biomass production in P. pastoris is readily achieved which results in higher 

amount of recombinant product (Cregg, 1999). Fermentative pathway leads 

to the production of toxic fermentative product (i.e., ethanol) that is 

deleterious to the cells. P. pastoris has GRAS status and, thus, its utilization 

in food-related applications is allowable. From 2000 to 2010, over 700 

proteins form bacteria to human have been produced in P. pastoris (Li et al., 

2010). Some of the proteins that have been expressed in P. pastoris are in 

clinical trials to be used as human therapeutics (Nel et al., 2009). In 2009, a 

synthetic peptide expressed by P. pastoris was approved by FDA for the use 

in treatment of hereditary angioedema (Corchero et al., 2012). 

The main problem in this yeast such as the other yeast platforms is 

the inability of the host to imitate the correct PTMs on the artificial product 

during passage from protein processing machinery (Nel et al., 2009). In 

addition, P. pastoris is unable to produce proteins that need chaperonins for 

correct folding. Remaining deficiencies in a glimpse can be summarized as 

high protease expression levels, high sensitivity to methanol levels, nutrient-

deficiency when grown on defined media, and health and safety concerns 

associated with methanol (Potvin et al., 2012). To perform genuine 

glycosylation, P. pastoris has been genetically modified to result in human-

type glycosylation (Demain and Vaishnav, 2009). Positive and negative 

features of P. pastoris as r-protein expression host have been summarized in 

Table 2.3.  
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Despite advances in protein expression field, to match a protein with 

a suitable expressing host and also increasing the expression yield is still a 

matter of "trial and error" and time and labour consuming approach 

(Boettner et al., 2007). In current study the selected host for r-protein 

expression is P. pastoris and, therefore, the remaining parts will be allocated 

specifically to this yeast. 

 

Table 2.3. Advantages and disadvantages of P.  pastoris expression system (Cregg, 1999). 

 

Advantages Disadvantages  

Culturing 

Rapid growth 

High-cell density 

Clean medium 
Easy scale up to large volume 

 

 

 

 

 
For high-level production of r-protein, 

bioreactor  is often required  

Molecular genetics 

       Availability of classical genetic methods 

Molecular methods similar to                 

S. cerevisiae 

Stable integrative vectors 

 

 

 

 

Limited range of vectors 

Promoters 

Strong, tightly-regulated, and  

easily-controlled PAOX1 

Strong constitutive PGAP  
 

 

Expression  

Eukaryotic environment assists  

folding of r-proteins 

High expression level 

 

 

Secretion 

Proper PTMs  

Disulfide bond formation 

Secretion SP processing 

Folding 
Glycosylation 

 

Improper PTMs 

Native signals are not always 

processed 

Protein stucking in secretory pathway 

due to the misfolding 
Lower eukaryotic-type glycosylation  

Degradation of r-protein in medium by 

proteases 

  

High level fermentation product (g/L) 

 

 

Few endogenous proteins in medium 
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2.1.2.2.9.4.1. Pichia pastoris vectors  

After choosing a host (P. pastoris in present study), a vector with suitable 

promoter (for transcription regulation) and a selectable marker should be 

selected for transformation of the host organism. A list of common vectors 

used in P. pastoris systems has been provided in Table 2.4.  

 

 

Table 2.4. Common P.pastoris expression vectors (Cregg, 1999). 

 

Name Marker  Features 

Intracellular expression 

pHIL-D2 HIS4 AOX1 gene replacement happens 

pAO815 HIS4 Able to generate multicopy vector 

pPIC3K HIS4 & 

kanr 

Presence of MCS, G418 selection for multicopy strains 

pPICZ bler Presence of MCS, Zeocin selection for multicopy strains, 

potential for fusion of foreign protein to His6 and myc epitope 

tag  

pHWO10 HIS4 GAP promoter 

pGAPZ bler GAP promoter, Presence of MCS, Zeocin selection for 

multicopy strains,  potential for fusion of foreign protein to His6 

and myc epitope tag 

Extracellular expression 

pHIL-S1 HIS4 AOX1 promoter, PHO1 secretion signal, several cleavage sites 

for insertion of foreign genes 

pPIC9K HIS4 & 

kanr 

AOX1 promoter, Ŭ-MF secretion signal, several cleavage sites 

for insertion of foreign genes, G418 selection for multicopy 

strains 

pPICZŬ bler AOX1 promoter, Ŭ-MF secretion signal, Presence of MCS, 

Zeocin selection for multicopy strains, potential for fusion of 

foreign protein to His6 and myc epitope tag 

pGAPZŬ bler GAP promoter, Ŭ-MF secretion signal, Presence of MCS, 

Zeocin selection for multicopy strains,  potential for fusion of 

foreign protein to His6 and myc epitope tag 



49 

 

The expression of any foreign gene in a host (here, P. pastoris) 

comprises (i) insertion of the gene in expression vector, (ii) transformation of 

the host cell and stable maintenance in host, (iii) selection of the desired 

gene-possessing strains and verifying their ability in production to select the 

best producing strain (Macauley-Patrick et al., 2005).  

Presence of an expression cassette is one of the major features which 

is common in all P. pastoris expression vectors; it includes a promoter 

sequence, most often the AOX1 gene promoter (PAOX1), in the case of 

extracellular production a secretion signal sequence which is fused in-frame 

with the gene of interest, a transcriptional termination (TT) sequence derived 

from AOX1 gene that directs efficient 3' processing and polyadenylation of 

the mRNAs, and a site for insertion of gene of interest called multiple 

cloning site (MCS). The MCS, containing multiple restriction sites in order 

to facilitate digestion by suitable restriction enzymes, is located between the 

promoter and terminator sequence for insertion of the desired gene. The 

commercial P. pastoris expression systems are supplied by Invitrogen 

Corporation; the vectors comprise either of inducible PAOX1, or the 

constitutive GAP promoter (PGAP) and the HIS4 gene (or the Sh ble gene) for 

selection. Sh ble (or Zeo) gene confers resistance to the drug ZeocinTM and 

substantially decreases the size of plasmids. In the case of application of 

HIS4-based vectors, the his4 auxotroph strains should be employed; 

however, when ZeocinTM -resistance-based vectors are used the prototrophic 

strain should be recruited (Cregg, 1999).  

 

2.1.2.2.9.4.2. Pichia pastoris transfection 

P. pastoris can be transfected by electroporation, or a spheroplast generation 

method, or whole cell methods such as those including lithium chloride (or 

lithium acetate) and polyethylene glycol (Nel et al., 2009). Since lithium 

acetate method does not work for Pichia transfection, lithium chloride 

method is selected as the method of choice (Invitrogen, 2010). At this time, 

the lithium chloride and electroporation methods are the common 
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transfection methods. High-frequency DNA transformation is one of the 

important features of P. pastoris (Nel et al., 2009). 

In general, both of episomal and integrative vectors are available for 

the hosts; i.e., after transformation, the newly-introduced (recombinant) 

DNA can either integrate itself into the host genome (chromosomal DNA) or 

remain separately and replicate autonomously as a circular plasmid referred 

as episomal (Nel et al., 2009). Integrative vectors could provide more 

benefits as the problem of plasmid loss will be minimized in other words, the 

genetic instability due to segregational loss will be eliminated (Wu et al., 

2003a) and, consequently, uniform expression will be achieved (Sears et al., 

1998); in order to have a robust industrial process, the strain should be 

genetically stable without any need to selective pressure (Porro et al., 2005). 

Similar to S. cerevisiae there is a tendency for homologous recombination 

between genomic and introduced DNA in P. pastoris which leads to either 

single cross over or gene replacement events. This phenomenon is stimulated 

by plasmid digestion within a sequence shared by the host genome; free 

DNA end facilitates homologous recombination (Cregg, 1999; Nel et al., 

2009). In order to have more stable transfectants, the expression is conducted 

preferentially by chromosomal integration with the help of the vectors 

designed to be integrative (Sreekrishna et al., 1997). However, utilization of 

a few episomal vectors has been reported in this host (Lee et al., 2005; Hong 

et al., 2006). All P. pastoris expression vectors have been designed as E. coli 

/ P. pastoris shuttle vectors (Cereghino and Cregg, 2000). Gene insertion and 

gene replacement events are depicted in Figure 2.3. In P. pastoris gene 

replacement happens at lower frequencies compared to S. cerevisiae (Nel et 

al., 2009).  
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Figure 2.3. Linearized vector and its integration to the P.  pastoris chromosome (Daly and 

Hearn, 2005). 



52 

 

Regarding the ability of P. pastoris growth on methanol the strain 

phenotype is different; Mut
+
 is the wild type which possesses both AOX1 and 

AOX2 genes, Mut
s
 has undergone AOX1 gene deletion, and Mut

-
 which both 

AOX genes have been removed. The last strain is unable to grow on 

methanol. It should be reminded that foreign genes under PAOX1 control are 

still induced by methanol (Cregg, 1999). In the case of intracellular 

expression, Mut
s
 cells are preferred to be employed because of increased 

specific yield of r-protein. If secretion situation is intended, either one of 

Mut
+
 or Mut

s
 strains can be used (Chiruvolu et al., 1997).  

    

2.2. Notable yield-affecting parameters 

Considering the fermentation, parameters that can have effect on r-protein 

expression yield can be considered in two different levels: genetic level (or 

cell level) and process level (or cultivation level); virtually they can be 

supposed as micro-level and macro-level parameters (Macauley-Patrick et 

al., 2005). The former is related with the gene of interest, the expression 

host, the vector and the latter takes into account all factors that can affect the 

fermentation in shake flask (or bioreactor) after transformation completed.  

  

2.2.1. Genetic parameters 

Parameters in this category are genetic-related features and elements before 

initiation of cultivation for production; factors such as strain of the host cell, 

codon usage bias of the host in comparison with the gene of interest, A+T 

and G+C content of the gene of interest, inserted gene copy number, 

promoter, secretion signal peptide, and epitope tag in the vector can be 

included in this class.  

 

2.2.1.1. Promoters 

One of the essential elements required for any expression system is a strong 

promoter (Cregg, 1999). The site on the DNA to which the RNA polymerase 

molecule binds prior to initiation of transcription is called the promoter. In 
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other words, promoter is the mediator of transcription which provides 

specific binding site for transcription machinery and transcription factors 

(Vogl and Glieder, 2013); the schematic representation is represented in 

Figure 2.4. In addition to providing a binding site for the polymerase, the 

promoter contains the information that determines which of the two DNA 

strands is transcribed and the site at which transcription begins (Karp, 2008). 

The major distinction between transcription in prokaryotes and eukaryotes is 

the requirement in eukaryotes for a large variety of accessory proteins, or 

transcription factors (TFs) (Karp, 2008); cellular RNA polymerases are not 

capable of recognizing promoters on their own but require the help of these 

additional proteins. 

Choice of the promoter for heterologous gene expression highly 

affects yield but the toxicity of the product must be considered in this 

selection (Çelik and ¢alēk, 2011). The promoter can be native to the host as 

well as from another microorganism. In the case of yeasts, generally, 

promoters of the yeast species are recruited (homologous promoters) since 

non-yeast promoters (heterologous promoters) often do not conduce to good 

efficiencies (Porro et al., 2005). 

Promoters can either be inducible (regulated) or constitutive based on 

the mechanism of action. The former one is dormant and the gene under 

control is not expressed until the inducer compound would be present but the 

latter is permanently on and expression continues. Most foreign proteins are 

at least somewhat deleterious to the cell when expressed at high levels, thus, 

the ability to maintain the culture in a repressed or "expression off" mode is 

preferable (Cregg, 1999). Classically used promoters (benchmark promoters) 

in P. pastoris expression system are alcohol oxidase 1 gene promoter (PAOX1) 

and glyceraldehyde-3-phosphate dehydrogenase gene promoter (PGAP) (Vogl 

and Glieder, 2013). Most of the promoters in P. pastoris expression system 

such as PAOX1, PAOX2, PFLD1, PPEX8, PYPT1, PDHAS, PICL1, PTEF and PGAP are 

controlled by the carbon sources for foreign gene expression  and some of 

them might also be regulated by nitrogen source, such as PFLD1 (Zhang et al., 
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2009). It is useful to have a selection of different promoters suitable for 

recombinant expression of heterologous or homologous genes, varying from 

strong promoter activity to weak or reduced promoter activity for host 

engineering purposes (Stadlmayr et al., 2010). The promoters have been 

hitherto used in P. pastoris have been presented in Table 2.5.  

 

 

 

 

Figure 2.4. Simple representation and explanation of the promoter region of a gene with the 

general structure of the gene under control. There are untranslated regions (UTRs) before 

and after the coding sequence (ORF) which possess special responsibilities. GTFs: general 

transcription factors and TBP: TATA-binding protein.  

 

 

2.2.1.1.1. Inducible promoters (Gene switches) 

High level expression of a foreign protein can impose a significant metabolic 

burden on the host which leads to the reduced growth rate and gene 

expression. Furthermore, the recombinant product may be toxic for the host 

cell, thus, the use of tightly regulated promoters is advantageous due to the 

having a more controllable expression as the result of separated growth and 

induction phases.  
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Table 2.5. Constitutive and inducible promoters used in P. pastoris for expression of r-

proteins. Expression level is relative to two classic PAOX1 and PGAP (¢alēk et al., 2015). 

  

Gene 

Name 
Gene Product Regulation  Expression Level 

Constitutive  

GAP Glyceraldehyde 3-

phosphate 

dehydrogenase 

Expression on 

glucose, to a lesser 

extent on glycerol 

and methanol 

Strong promoter 

ENO1 Enolase - ~ 20-70% of PGAP 

GPM1 
Phosphoglycerate 

mutase 
- ~ 15-40%  of PGAP 

HSP82 Cytoplasmic chaperone 

(Hsp 90 family) 
- ~ 10-40%  of PGAP 

KAR2 ER resident chaperone 

(also termed BiP) 
- ~ 10-70% of PGAP 

PET9 ADP/ATP carrier of the 

inner mito-chondrial 

membrane 

- ~ 10-1700% of PGAP 

PGK1 
Phosphoglycerate 

kinase 
- ~ 10% of PGAP 

SSA4 Heat shock protein - ~ 10-25% of PGAP 

TEF1 Translation elongation 

factor 1 Ŭ 

Strong growth 

association 
Strong (similar to PGAP) 

TPI1 Triosephosphate 

isomerase 
- ~ 10 -80% of PGAP 

YPT1 GTPase involved in 

secretion 
- Weak 

GCW14 Potential glycosyl 

phosphatidyl inositol 

(GPI)- anchored protein 

Expression on 

glucose, glycerol, and 

methanol 

5-10 fold higher than 

PGAP 

SDH Sorbitol dehydrogenase - ~ Similar to  PGAP 
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Table 2.5. Constitutive and inducible promoters used in P. pastoris for expression pf r-

proteins. Expression level is relative to two classic PAOX1 and PGAP (Continued). 

 

Gene 

Name 
Gene Product Regulation  Expression Level 

Inducible 

AOX1 Alcohol oxidase 1 Induction by methanol 

Strong                             

   (~30% of total 

protein) 

AOX2 Alcohol oxidase  2 Induction by methanol ~ 5-10%  of PAOX1 

AOD Alternative oxidase 

Expression on glucose 

but not on methanol or 

upon glucose depletion 

~ 40%  of pGAP 

DAS Dihydroxyacetone 

synthase 
Induction by methanol 

Strong (similar to 

PAOX1) 

 

FLD1 

Formaldehyde 

dehydrogenase 

Induction by methanol 

and methylamine 

Strong (similar to 

PAOX1) 

ICL1 Isocitrate lyase 

Repression by glucose,  

derepression by glucose 

depletion and  

induction by ethanol 

Not compared to 

classic promoters 

PEX8 
Peroxisomal matrix 

protein 

Induction by methanol 

or oleate 
Weak 

PHO89 or 

NSP 

(putative) Sodium-

coupled phosphate 

symporter 

Induction by phosphate 

limitation 

Strong (similar to 

PGAP) 

THI11 
Protein involved in 

thiamine biosynthesis 

Complete repression by 

Thiamine 

 

~ 70% of PGAP on 

medium lacking 

thiamine; 63% PGAP 

ADH1 
Alcohol 

dehydrogenase 

Repression by glucose 

and methanol, 

induction by glycerol 

and ethanol 

- 
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Table 2.5. Constitutive and inducible promoters used in P. pastoris for expression pf r-

proteins. Expression level is relative to two classic PAOX1 and PGAP (Continued).  

 

Gene 

Name 
Gene Product Regulation  Expression Level 

ADH3 

 

 

Protein involved in 

Ethanol utilization 

 

Induced by ethanol 

 

Strong (similar to 

PAOX1 and PGAP) 

(Karaoglan et al., 

2016b) 

GUT1 Glycerol Kinase 

Repression by  

methanol, induction by 

glucose, glycerol and 

ethanol 

- 

 

G1 
High-affinity glucose 

transporter 

Glycerol repression, 

induction by glucose 

limitation 

Stronger than PGAP     

      (~ 230% PGAP) 

G6 
Putative aldehyde 

dehydrogenase 

Glycerol repression, 

induction by glucose 

limitation 

Weaker than PGAP           

  (~ 40% PGAP) 

THR1 Homoserine kinase 

Repression by addition 

of L-threonine,  L-

valine, L-leucine and 

L-isoleucine 

13% PGAP                                     

    In non-repressing 

conditions 

MET3 ATP sulfurylase 
Rpression by addition 

of L-methionine 

13% PGAP                                      

    In non-repressing 

conditions 

SER1 
3-phosphoserine 

aminotransferase 

Repression by addition 

of L-serine 

1% PGAP                                                      

In non-repressing 

conditions 

PIS1 
Phosphatidylinositol 

synthase 

Repression by addition 

of zinc 

40% PGAP                                                      

In non-repressing 

conditions 
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2.2.1.1.1.1. Alcohol oxidase 1 gene promoter  

P. pastoris possesses a highly inducible methanol utilization pathway (MUT) 

which has been depicted in Figure 2.5. 

 

 

Figure 2.5. The methanol utilization pathway in P. pastoris (De Schutter et al., 2009). 

1.AOX: alcohol oxisase, 2.FLD: formaldehayde dehydrogenase, 3. FGH: S-

formylglutathione hydrolase, 4. FDH: formate dehydrogenase, 5. CAT: catalase, 6. DAS 

(~DHAS): dihydroxyacetone synthase, 7. DAK: dihydroxyacetone kinase, 8. TPI: 

triosephosphate isomerase, 9. FBA: fructose-1,6- biphosphate aldolase, 10. FBP: fructose-

1,6- biphosphatase 

 

 

The base for the heterologous protein production in P. pastoris is the 

availability of methanol metabolism enzymes when grown on methanol, i.e., 

they are induced by methanol. Most promoters used for P. pastoris up to date 

have been derived from genes that code for enzymes involved in the 

methanol metabolism (Stadlmayr et al., 2010). However, PAOX1 has been the 

most widely used because of its strength and tight regulation (Sreekrishna et 
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al., 1997; Nel et al., 2009). The highest expression level in P. pastoris have 

been reported by the use of PAOX1 which were 22 g/L and 15 g/L 

intracellularly and extracellularly respectively (Vogl and Glieder, 2013). 

Alcohol oxidase enzyme is coded by two genes AOX1 and AOX2. According 

to the MUT, cells that grow on methanol have high oxygen requirement 

which urges to add pure oxygen to the medium which increases the cost of 

the process (Bollok et al., 2009). As the affinity of AOX1 enzyme for 

oxygen is low, the P. pastoris cell by overexpression of this enzyme omits 

this shortage and, thus, the enzyme can reach 30% of total cellular protein 

when grown on methanol as the only carbon source (Daly and Hearn, 2005). 

Cells that grow on repressing carbon compounds (such as glucose, glycerol, 

and ethanol) show complete absence of AOX activity. As soon as the 

repressing carbon source in the medium is going to be depleted or becomes 

very low in the medium, the promoter reaches the derepression state (Vogl 

and Glieder, 2013). PAOX1 is induced only by methanol as the only (and 

cheaper) carbon source but supplemental carbon sources may improve the 

production of r-protein (Zhang et al., 2009). Regulation and induction of 

heterologous gene expression by methanol have been shown to be simple, 

easy to scale-up and cost-effective for large-scale fermentations (Wu et al., 

2003a). Mut
s
 phenotype has the benefit that leads to consumption of less 

amount of methanol for expression; growth can not be supported just by 

methanol and addition of an alternative carbon source, such as sorbitol, 

mannitol, alanine, and trehalose all of which have not any repressing effect 

on PAOX1 during expression phase, is inevitable (Daly and Hearn, 2005). 

Although the PAOX1 has been successfully used to recombinant protein 

production, it should be reminded that (i) high methanol concentrations will 

conduce to accumulation of formaldehyde and hydrogen peroxide inside the 

cells as toxic substances and, so, methanol addition should be finely tuned, 

(ii) methanol is a potential fire hazard and storage and delivery of large 

amounts causes safety problems, (iii) methanol is not suitable for production 

of food stuffs (iv) relatively long fermentation times required along with 
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sophisticated feeding strategies for industrial applications, (v) strong 

induction on methanol may exceed the secretory capacity of the host cells 

(Menendez et al., 2003; Ahn et al., 2007; Nel et al., 2009; Stadlmayr et al., 

2010), and (vi) in small scale productions such as shake flasks, the volatility 

of inducer methanol may cause problem also the limited oxygen supply in 

shake flasks can be another problem to provide sufficient oxygen for 

methanol metabolism (Resina et al., 2005); advantages and disadvantages of 

PAOX1 has been summarized in Table 2.6. Consequently, there is a strong 

demand for regulated promoters other than the methanol inducible, i.e. 

methanol-independent ones, where no toxic inducer would be required. It 

should be emphasized that, some inducers may be expensive or could 

interfere with the purification of the end product (Porro et al., 2005).  

    

 

Table 2.6. Advantages and disadvantages of PAOX1-based expression system (Macauley-

Patrick et al., 2005). 

 

Advantages Disadvantages 

Tight regulation of r-protein expression by 

repression/derepression mechanism 

 

Difficulties in methanol monitoring during 

process 

Expression of high levels of r-protein even if 

they are cytotoxic  

 

As a fire hazard, storing large amounts of 

methanol is undesirable 

Transcription repression by the initial carbon 

source leads to acceptable cell growth before 

overexpression of r-protein 

  

Due to the mainly petrochemical origin of 

the methanol, its utilization in food products 

and additives is not suitable 

Easy induction of transcription by methanol 
addition  

Requirement for two carbon sources 

 

 

2.2.1.1.1.2. Alcohol oxidase 2 gene promoter 

The alcohol oxidase 2 gene promoter (PAOX2) can be considered as another 

inducible promoter option.  AOX2 gene also produces alcohol oxidase but 

with a 10-20 times less AOX activity than AOX1 gene (Macauley-Patrick et 

al., 2005); as the result of transcriptional regulation AOX1 is much more 
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strongly transcribed than AOX2 (Vogl and Glieder, 2013) therefore, the 

methanol induction system is usually adopted for AOX1 promoter. Two 

genes (AOX1 and AOX2) are 97% identical in amino acid sequences but no 

clear similarity in promoter part is observed (Vogl and Glieder, 2013). The 

pattern of action in PAOX2 is similar to PAOX1 where it also requires absence of 

repressing carbon source and presence of inducer. If the limiting step in the 

way to reach an active protein is its folding or processing in secretory 

machinery, then it will be wise to use a weak promoter which causes weaker 

expression (Vogl and Glieder, 2013). Because of lower expression level of 

AOX2, the strains with this phenotype (MutS) grow slowly on methanol. In 

some deletion and insertion studies carried out for revealing the pattern of 

regulation in AOX promoters, in addition to finding positive and negative 

regulatory sequences, it was understood that deletion of AOX1 gene 

profoundly decreased the growth rate on methanol; however, the deletion of 

AOX2 led to a wild type-like growth (Vogl and Glieder, 2013). 

Physicochemical environment has effect on this promoter and as reported, 

addition of oleic acid to medium in production of human serum albumin has 

increased the protein expression by improving transcriptional regulation 

(Macauley-Patrick et al., 2005). 

 

2.2.1.1.1.3. Dehydroxyacetone synthase gene promoter 

In addition to the PAOX1, other methanol-induced dehydroxyacetone synthase 

promoter (PDHAS) has also been studied to express r-proteins. The DHAS 

protein solely can constitute up to 20% of the total cell protein when grown 

on methanol (Daly and Hearn, 2005). After sequencing of the whole genome 

of P. pastoris, it was comprehended that there are two very similar DHAS 

genes (91% similar) but the used one in researches has been DHAS2 gene. It 

has been noticed that both DHAS1 and DHAS2 are induced to same extent by 

methanol (Vogl and Glieder, 2013). In contrast to PAOX1 which is induced by 

glucose starvation, such a pattern was not observed for PDHAS; the PDHAS is 

not activated by carbon source starvation. In the production of ɓ-
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galactosidase when the transformants were grown on methanol, PAOX1 

expressed five-time greater product in comparison to PDHAS (Daly and Hearn, 

2005). 

   

2.2.1.1.1.4. Formaldehyde dehydrogenase gene promoter 

Some of the yeasts such as P. pastoris are able to use methylated amines as 

sole nitrogen source. FLD1 (glutathione-dependent formaldehyde 

dehydrogenase) gene is inducible by both methanol and methylamine 

(Macauley-Patrick et al., 2005) and, thus, allows the investigator to choose 

carbon or nitrogen source regulation with the same expressing strain. 

Formaldehyde has role in both methanol and methylamine pathways. 

Together with methanol metabolism, Formaldehyde dehydrogenase (FLD) 

enzyme plays role in assimilation of some C1-amines such as methylamine as 

nitrogen source (Resina et al., 2005; Cos et al., 2006) which has been simply 

represented in Figure 2.6. The FLD enzyme can form up to 20% of the total 

cell protein (Daly and Hearn, 2005) and it clearly shows the strength of its 

promoter. Therefore, PFLD1 offers the flexibility of inducing high levels of 

protein expression with methylamine, as an inexpensive nitrogen source (Li 

et al., 2007). PFLD1 can be an attractive alternative for methanol-independent 

expression of r-protein (Macauley-Patrick et al., 2005; Vogl and Glieder, 

2013). It should be reminded that yeasts are not able to use methylamine as 

the sole carbon and nitrogen source and a carbon source should accompany it 

(Cos et al., 2006).  

Recently a PFLD1-based vector has been designed (Figure 2.7) by Life 

Technologies Corporation (Vogl and Glieder, 2013). As a typical research 

regarding PFLD1, the production of Rhizopus oryzae lipase in P. pastoris has 

been conducted in some recent researches in different conditions (Resina et 

al., 2005; Resina et al., 2009). Specific growth rate has proved to be a key 

parameter for the productivity of secreted proteins in P. pastoris and, in 

particular, of PFLD1-based systems (Resina et al., 2009).  
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Figure 2.6. The role of intermediate formaldehyde (Macauley-Patrick et al., 2005). By the 

oxidation of methylamine in peroxisomes using methylamine oxidase (AmOX) 

formaldehyde is produced which either can be oxidized to CO2 or changed to biomass (Cos 

et al., 2006). 

 

 

 

 

 

Figure 2.7. Map of the pFLD (Web 13). 
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2.2.1.1.1.5. Isocitrate lyase gene promoter 

Isocitrate lyase is an enzyme in the glyoxylate cycle that catalyzes the 

cleavage of isocitrate to succinate and glyoxylate. Together with malate 

synthase, it bypasses the two decarboxylation steps of the tricarboxylic acid 

cycle (TCA cycle) and is used by bacteria, fungi, and plants. isocitrate lyase 

gene (ICL1) promoter (PICL1) is induced by ethanol (Stadlmayr et al., 2010), 

repressed by glucose, and is derepressed by glucose absence (Menendez et 

al., 2003). It can be regarded as a potential alternative for commonly used 

PAOX1 and PGAP which needs more investigation. However, there are no 

comprehensive results about the direct comparison of PAOX1 and PICL1 

strengths and, therefore, in each case of production a preliminary screening 

may be troubleshooting. Although it is most probable that PAOX1 leads to 

better results but if avoiding methanol is inevitable, by the changing the gene 

copy number (gene dosage) the lower strength of other choices may be 

compensated. The ICL1 gene from P. pastoris has been cloned and 

characterized and its promoter was used for the expression of dextranase 

from Penicillium minioluteum (Menendez et al., 2003). 

 

2.2.1.1.1.6. CUP1 gene promoter 

In some cases it is not so desirable to alter the nitrogen or glucose source to 

regulate the expression of a protein and the use of another inducer is more 

pertinent (Koller et al., 2000). The benefit of copper-inducible system is that 

it does not interfere with the normal physiology of the affected organism. 

The copper-inducible CUP1 promoter (PCUP1) from S. cerevisiae has also 

been used in P. pastoris system that can act as an alternative and it was 

showed that the amount of expression depends on amount of copper in the 

medium (Koller et al., 2000). It is based on control elements that regulate the 

expression of copper detoxification genes in S. cerevisiae in response to 

elevated copper concentrations (Gatz and Lenk, 1998). Since, the addition of 

copper, as inducer, to the medium may cause health problems, thus, this 

promoter can be considered as the least important and compatible choice. 

http://en.wikipedia.org/wiki/Enzyme
http://en.wikipedia.org/wiki/Glyoxylate_cycle
http://en.wikipedia.org/wiki/Catalysis
http://en.wikipedia.org/wiki/Isocitrate
http://en.wikipedia.org/wiki/Succinate
http://en.wikipedia.org/wiki/Glyoxylate
http://en.wikipedia.org/wiki/Malate_synthase
http://en.wikipedia.org/wiki/Malate_synthase
http://en.wikipedia.org/wiki/Tricarboxylic_acid_cycle
http://en.wikipedia.org/wiki/Tricarboxylic_acid_cycle
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2.2.1.1.1.7. PHO89 gene promoter  

PHO89 gene codes for a putative sodium-coupled phosphate symporter. 

Phosphate-responsive promoters have been previously analyzed in E. coli 

and S. cerevisiae. The promoter of this gene is strongly dependent on 

phosphate and is regulated by phosphate available in growth medium 

(binding sites on promoter are available for transcription factor Pho4p). 

Using lipase as reporter it was revealed that at high phosphate concentrations 

no lipase activity was observed, but in reduced phosphate concentrations 

lipase activity similar to PTEF1- and PGAP - based systems was achieved. This 

expression system could be promising candidate for methanol-free systems 

but different reporter enzymes should be assessed to analyze the extent of 

expression (Vogl and Glieder, 2013). 

 

2.2.1.1.1.8. alcohol dehydrogenase gene promoter  

Two alcohol dehydrogenase (ADH) genes have been annotated from the 

genome of P. pastoris, ADH and ADH3, according to the available sequence 

homology to the S. cerevisiae ADH genes. ADH3 gene is solely responsible 

for ethanol utilization in P. pastoris and ADH gene does not have any role in 

ethanol metabolism (Karaoglan et al., 2016a). ADH3 gene promoter (PADH3) 

strength has been compared with PAOX1 and PGAP in production of A. niger 

xylanase. The results revealed that PADH3 can be a promising alternative for 

generally used PAOX1 and PGAP (Karaoglan et al., 2016b).    

 

2.2.1.1.1.9. Alternative oxidase gene promoter 

Alternative oxidases (AODs) are present in the mitochondria of plants, fungi 

and many types of yeast. These enzymes transfer electrons from the 

ubiquinol pool directly to oxygen without contributing to the proton transfer 

across the mitochondrial membrane and, thus, act such as alternative shortcut 

to the standard respiratory pathway. This allows respiration even in the 

presence of complex III and IV inhibitors like antimycin A or cyanide (Kern 

et al., 2007). The findings suggest a major contribution of the AOD to P. 
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pastoris cell viability. By glucose depletion, the expression from PAOD stops 

(Vogl and Glieder, 2013) and by considering that PAOD is not induced by 

methanol, it is inferred the regulation is dependent upon carbon source. So, 

by the current knowledge it is postulated that PAOD is a strong promoter that 

on glucose can be compared to PGAP and encounters a repression or missing 

induction when glucose is exhausted or methanol is available (Vogl and 

Glieder, 2013). 

 

2.2.1.1.2. Constitutive promoters 

The type of the promoter is highly dependent on the nature of the product 

and, thus, its subsequent effect on the regular metabolic activity and 

proliferation of the host organism. In the case of expression of a host-

friendly compound by the cell, the constitutive mode can be chosen where 

the production and biomass accumulation (cell growth) are synchronized. 

 

2.2.1.1.2.1. Glyceraldehyde-3-phosphate dehydrogenase gene promoter 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH or GAP) is a key 

enzyme in the glycolytic and gluconeogenesis pathways (Figure 2.8). It is 

major protein in the organisms such as brown algae and cyanobacteria; in 

addition, presence in the amount of 2-5% of the poly(A) RNA in yeasts 

suggesting that the PGAP is very strong and active (Jia et al., 2012). The 

nucleotide sequence of the GAPDH gene of the P. pastoris has been obtained 

with the aid of probing the genomic DNA with the GAPDH gene available 

from S. cerevisiae (Waterham et al., 1997); it has been indicated that P. 

pastoris genome contains only one GAP gene. The gene product has a 

molecular weight of 35.4 kDa (including 333 amino acids) and the PGAP is an 

approximately 500-bp fragment (Waterham et al., 1997).  
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Figure 2.8. Central carbon metabolism of P. pastoris (¢alēk et al., 2015).   
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PGAP is one of the strongest constitutive promoters in yeasts and, 

consequently, GAP promoter-based system was developed as an alternative 

to AOX1 promoter-based system (Wu et al., 2003a; Ahn et al., 2007; Khasa 

et al., 2007). PGAP is not a suitable choice in the case of proteins that have 

toxic effects on the cell (cytotoxic effects) and is a convenient alternative in 

the case of non-toxic products (Wu et al., 2003a; Li et al., 2007; Driss et al., 

2012). PGAP-based production can cross out the imperfections related with 

inducible expression and, thus, can confer greater variability to the P. 

pastoris-based expression systems. Conflicting results have been reported by 

different authors in comparing efficiency of classic promoters, PAOX1 and 

PGAP; some data approve PAOX1 as better and some PGAP (Zhang et al., 2009).   

Synchronization of product formation and biomass accumulation will never 

guarantee the uniformity of product yield (YP/X) in different r-proteins where 

some proteins may be "difficult to be expressed" (Pal et al., 2006). This 

system can be easily adapted for continuous production (Wu et al., 2003a). 

The PGAP -containing vectors allow for continuous and large-scale production 

of the recombinant product avoiding the fed-batch fermentation by methanol 

inducible system which is complex and needs technically sophisticated 

carbon source shifts (Kottmeier et al., 2012). Thus, the microorganism 

growth and r-protein production become straightforward and the hazards and 

costs arose with the storage and delivery of large volumes of methanol are 

eliminated (Cos et al., 2006). In the case of production of recombinant 

human chitinase, the amount of intact protein increased perhaps because of 

continuous separation from the culture as a result of continuous operation 

mode (Goodrich et al., 2001). However, in some instances the negative effect 

of PGAP on the specific growth rate of the microorganism showed the 

inefficiency of this promoter (Cos et al., 2006). 

PGAP-driven systems can be a solution for accumulation of 

formaldehyde and hydrogen peroxide in the host organism due to the 

methanol metabolism (Zhao et al., 2008) which in turn results in the less 

contaminating proteins as the direct consequence of the cell lysis in 
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comparison to PAOX1-driven systems where methanol metabolism and high 

cell density cultures lead to lower cell viability (Wang et al., 2012). 

Because of elimination of the induction phase, cultivation under 

controlled conditions is not so vital in the case of PGAP and control 

requirements are minimized (Potvin et al., 2012). Furthermore, this system 

needs no washing to put aside non-methanolic carbon sources as in methanol 

induction phase (Cos et al., 2006).  

GAP is actually a constitutively expressed enzyme, but, it has been 

shown that carbon source has effect on the strength of the expression 

(Waterham et al., 1997). Glucose, methanol, glycerol, and oleic acid have 

been reported as the sole carbon sources for systems use PGAP (Zhang et al., 

2009); where glucose resulted in the highest expression levels and glycerol 

and methanol as the subsequent substitutes for obtaining high expression 

levels (Potvin et al., 2012); generally, the used substrates are glucose or 

glycerol (Cos et al., 2006).  

As described, usage of PGAP instead of PAOX1 leads to replacing 

methanol with sources such as glucose. By using methanol, oxygen 

limitation could lead to decreased growth, as the growth on methanol is 

aerobic, regardless of methanol provided. However, when glucose is used as 

carbon source oxygen limitation leads to facultative anaerobic behavior, 

namely production of ethanol as by-product, by shifting to a different 

pathway; PGAP gives the opportunity to examine the hypoxic conditions 

better (Baumann et al., 2008). The increased flux of glycolytic pathway in 

low oxygen availability conditions can be representative of increased 

expression of genes such as GAP gene (and hence, its promoter identity); 

thus PGAP has the possible potential to be utilized in production of proteins in 

hypoxic conditions. The major advantage of this approach will be lower 

aeration rate (Baumann et al., 2008) and, thus, paving the way to a more 

economic process.  

According to the homology present between yeast species, PGAP of 

the P. pastoris has been recruited successfully in S. cerevisiae expression 
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system in order to intracellular expression of hepatitis B surface antigen 

(Vellanki et al., 2007). In addition, efficient gene expression by PGAP from P. 

pastoris in a strain of P. thermomethanolica, has been reported recently 

(Tanapongpipat et al., 2012). As a different expression strategy, PAOX1 and 

PGAP were utilized in combination in order to increase the expression level of 

PGAP system; the purpose was to induce PAOX1 with methanol after exhaustion 

of glucose. As an example, the production of human granulocyte-

macrophage colony-stimulating factor (hGM-CSF) increased when 

expressed under the combined PAOX1 and PGAP (Wu et al., 2003a).  In the case 

of presence of combined promoters, final cell concentration reached to lower 

amount than the condition of sole PGAP but the secreted r-protein was higher 

in the former which suggests that instead of being used for growth, part of 

resources were diverted to express the r-protein  when methanol was added 

to turn on PAOX1 (Wu et al., 2003a). A sequential expression strategy can also 

be developed to separately produce and recover two desired r-proteins (Wu 

et al., 2003b). A comprehensive and thorough review on PGAP-based 

expression systems in P. pastoris from utilization of carbon source to 

different process conditions and bioreactor feeding strategies adopted 

hitherto is also available  which can be used (¢alēk et al., 2015). 

 

2.2.1.1.2.2. YPT1 gene promoter 

YPT1 gene encodes a small GTPase involved in secretion (Sears et al., 

1998); its promoter provides constitutive but low level (moderate 

constitutive) expression (Zhang et al., 2009). As an outcome of the 

probability of high-level expression resulting from PAOX1 (or PGAP, PFLD1) 

overwhelming the post-translational machinery of the host cell causing a 

high proportion of misfolded foreign protein, moderately expressing 

promoters (such as PYPT1 and PPEX8) are considered as the best choices 

(Cereghino and Cregg, 2000). Maybe as a result of low expression levels 

PYPT1 and PPEX8 have not been widely used (Macauley-Patrick et al., 2005). 

Expression levels obtained from PYPT1 was reported to be lower than PGAP 
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(Sears et al., 1998) which can be observed in Table 2.7. So, it can be a 

promising substitute for expressing genes that would be toxic when 

overexpressed; host cell tolerates the toxic effects of foreign gene expression 

in moderately-expressing promoters (Sung-Jae et al., 2007). 

 

Table 2.7. Activities of the various promoters in P. pastoris cells grown on different carbon 

sources based on (intracellular) GUS (ɓ-glucuronidase) activity (Sears et al., 1998). 

 

Integrated plasmid Carbon source GUS activity 

pIB2-GUS (PGAP) Glucose 

Glycerol 

Methanol 

Mannitol 

70.4 

48.8 

11.3 

18.8 

pIB3-GUS (PYPT1) Glucose 

Glycerol 

Methanol 

Mannitol 

0.63 

0.84 

0.45 

1.67 

pIB4-GUS (PAOX1) Glucose 

Glycerol 

Methanol 

Mannitol 

0.05 

0.34 

587.6 

20.3 

 

 

2.2.1.1.2.3. Translation elongation factor1-Ŭ gene promoter 

Translation elongation factor1-Ŭ (TEF1) is one of the crucial components of 

the translation machinery of eukaryotes where it is responsible for the 

efficient transport of amino acyl transfer RNA complexes to ribosome to 

continue the elongation of the polypeptide chain (Vogl and Glieder, 2013). 

As one of the most abundant soluble proteins in eukaryotic cells, TEF1-Ŭ 

genes coding this protein were shown to have strong promoters (Ahn et al., 

2007). Regarding its function, it has a growth-related expression behavior 

and level of the related mRNA is decreased in stationary phase (Stadlmayr et 

al., 2010; Vogl and Glieder, 2013).  
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A comparison was made between the strength of PTEF1 and PGAP (by 

single-copy transformants) by expression of lipase in P. pastoris (Ahn et al., 

2007). The results (Table 2.8) indicated that PTEF1 has the more constitutive 

characteristics when compared to PGAP. Strength of PTEF1 in the carbon-

limited semi-batch environment is higher than that of PGAP and strong 

promoter activity produces r-proteins at levels similar to PGAP. However, 

depending on the reporter protein, and cultivation time, the expression would 

be different and might be similar or lower than PGAP (Vogl and Glieder, 

2013). 

 

 

Table 2.8. Comparison of the strength of PTEF1 and PGAP in carbon-limited fed-batch culture 

(Ahn et al., 2007). 

 

Construct Carbon source Cell density (A600) Secreted lipase activity 

(U/mL) 

PGAP-CLLip Glucose 

Glycerol 

393 

376 

100 

201 

PTEF1-CLLip Glucose  

Glycerol 

397 

348 

226 

410 

 

 

2.2.1.1.2.4. 3-phosphoglycerate kinase gene promoter 

3-phosphoglycerate kinase (PGK1) gene, as a housekeeping gene, encodes 

PGK enzyme form glycolytic pathway; genes from glycolytic pathway are 

known to be highly expressed. PGK1 gene falls under this category and 

therefore its promoter can be used in the construction of expression vectors 

(de Almeida et al., 2005; Stadlmayr et al., 2010) and according to its strength 

it represents a potential alternative to constitutive heterologous expression in 

P. pastoris. However, it is regarded as a rather weak promoter (Vogl and 

Glieder, 2013). It was shown that promoter is regulated moderately by the 

carbon source, since the mRNA levels were higher on glucose compared to 
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glycerol (Vogl and Glieder, 2013). The PGK1 gene is represented by a single 

copy in P.pastoris genome (de Almeida et al., 2005). 

In a conducted study, Ŭ-amylase production has been used as a probe 

to compare PPGK1 with PAOX1. Figure 2.9 can be illustrative of the PPGK1 

strength (de Almeida et al., 2005). A new expression vector (based on PPGK1) 

has been developed for controlled constitutive expression in P. pastoris 

(Sung-Jae et al., 2007). PPGK1 (and also PTEF1) in some cases can result in 

productions in the same order of PGAP ; however the gene copy number 

should be included and also should be analyzed in each product case, since 

different authors have reported different results. 

 

 

 

 

 

 

Figure 2.9. PPGK1 and PAOX1 activities in directing the expression of the B. subtilis Ŭ-

amylase. The ability to produce starch hydrolysis halos by iodine vapor staining of starch-

containing plates (de Almeida et al., 2005). 

 

 

2.2.1.1.3. Novel promoters 

In order to find novel promoters for r-protein expression in P. pastoris a 

research was performed and several promoters were selected based on both 
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microarray analysis and literature survey and were compared with reference 

promoters, i.e., PAOX1 and PGAP, by production of reporter proteins 

(Stadlmayr et al, 2010). The thiamine responsive promoter (PTHI11) was 

shown to be a promising new alternative. The derepressible promoter can be 

used for the expression of target gene by the addition or absence of thiamine 

from the cultivation medium, independently from carbon and nitrogen 

sources, thereby enabling a very easy induction strategy. In addition, two 

types of novel inducible promoters have been introduced for r-protein 

production in P. pastoris which does not rely on the physical compounds 

added to the medium; oxygen-regulated promoters and heat-inducible 

promoters.  

Promoters whom their activity can be controlled by oxygen 

availability appear to be interesting alternatives for heterologous protein 

production. Improving the production of heterologous protein by 

implementation of hypoxia can be so captivating from an applicative point of 

view, because of being cheap and easily-obtainable which leads to a straight-

forward induction (Camattari et al., 2007). Ethanol fermentation is 

illustrative of oxygen limitation in shake flask fermentations but hypoxia can 

be achieved by nitrogen sparging in bioreactors. In this category (alcohol 

dehydrogenase (ADH2) gene promoter (PADH2) of P. stipitis (Passoth and 

Hahn-hagerdal, 2000; Chien and Lee, 2005) and KlPDC1 promoter (PKlPDC1) 

of K. lactis (Camattari et al., 2007) both can be mentioned; the former has 

been checked in P. pastoris (Figure 2.10) and (Figure 2.11) but the latter has 

not been specifically used in P. pastoris. KlPDC1 gene, another choice for 

oxygen limitation-induced expression, is the unique gene coding for pyruvate 

decarboxylase (PDC) in K. lactis. It can be induced by glucose and repressed 

by ethanol and autoregulation; i.e., the presence of KlPdc1p (KlPDC1 gene 

product) is necessary for oxygen limitation-induced feature of PKlPDC. 

Different reporter proteins were expressed by the aid of PKlPDC1 in K. lactis, 

Zygosaccharomyces bailii, and S. cerevisiae. The results showed the 

feasibility of usage of PKlPDC1 in other yeast species (Camattari et al., 2007).  
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The important point is that, the host must be proliferative in oxygen 

presence and then cease to growth in its absence and, thus, by oxygen 

limitation the gene starts to be expressed and the growth and production 

phases can be separated. This kind of induction is very easy and is just by 

interruption of oxygen flow to the system. Important consideration is 

keeping on aeration with low flow rate of oxygen (after sparging with 

nitrogen) in order to guarantee hypoxic conditions without any reduction in 

cell growth; strict anaerobic condition is not so favorable.   

 

 

 

 

 

Figure 2.10. Induction of the endo-1,4- ɓ-xylanase expression in P. pastoris host under the 

control of PADH2 of  P. stipitis  (Passoth and Hahn-hagerdal, 2000). Enzyme activity is the 

base of judgment. 
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Figure 2.11. Expression of the bacterial hemoglobin (VHb) in P. pastoris under the control 

of PADH2 of P. stipitis. Growth curve in microaerobic conditions for transformed and wild 

type strains. As VHb lets to survive and grow in O2-poor environment, thus, the amount of 

VHb-harboring cells increase in the microaerobic condition by the help of newly-introduced 

foreign gene (Chien and Lee, 2005). 

 

 

 

The heat shock proteins (HSPs) are families of proteins that have role 

in protein folding and unfolding and their expression is elevated in increased 

temperatures or other stresses. They are also present in non-stressful 

conditions and just monitor the proteins of the cell and for example help old 

proteins to go to proteasomes which represents their housekeeping 

responsibilities as a part of cell stress response or "the heat-shock response". 

Heat-inducible promoters are the other new candidates, where the promoters 

of heat shock proteins are recruited. These promoters are induced just by 

shift in temperature. The heat shock promoters have proven to be among the 

strongest promoters ever tested, and temperature is the only requirement for 

their induced expression. Recently, a heat-inducible promoter drived the 

gene expression in Tetrahymena thermophila as expression host (Yu et al., 
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2012). Usage of heat-inducible promoters introduces some difficulties such 

as the method of temperature shift and its duration. Furthermore, the heat 

may be benign to the foreign product; thus, again the nature of the product 

will be conductive. An interesting point is the PPGK1 which possesses a heat 

shock element that may lead to its usage as a component of this division.      

In recent years, six novel regulated promoters have been 

characterized from P. pastoris cultures for glucose-based protein expression 

in order to provide methanol-free expression (Prielhofer et al., 2013). The 

strongest inducible promoter was found to be for the gene of high-affinity 

glucose transporter named GTH1 gene. This promoter toolbox allows 

avoiding usage of inducer which in some cases can exert additional costs to 

the process. 

Briefly, after selection of the product it will be easier to decide on the 

promoter. Product determines the type of the promoter as being inducible or 

constitutive; the product price in the market and its usage area defines the 

used materials in the medium for induction or regulation of the promoter. 

The product determines whether the combined use of promoters is beneficial 

or not. Selecting the best choice in each category needs screening of different 

promoters available since the contrary results have been reported in different 

cases about the strength of the promoters and, thus, the selection is case-

dependent.  

In addition to the available set of promoters for each r-protein 

expression system, artificially-designed promoters can be very beneficial. 

Promoter engineering can provide us with the opportunity of fine-tuning of 

the expression of heterologous genes in hosts and, thus, obtaining higher 

titers of desired r-protein (Vogl et al., 2014). Random mutagenesis as the 

common approach for manipulation of the selected yeast core promoter 

region, alteration of the upstream regulatory sequences, and combination of 

the cis-acting elements of a promoter with another natural promoters have 

been the prevalent methods in order to obtain engineered promoters in lower 

eukaryotes such as yeast (Qin t al., 2011a; Qin t al., 2011b; Vogl et al., 
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2014). Afterwards, analyses of the function/sequence relationships can reveal 

the strength of each synthetic promoter. Recently, a synthetic core promoter 

has been designed for P. pastoris by aligning four core promoters and 

refining the sequence with insertion of common transcription factors binding 

sites (TFBS); this fully artificial sequence was used, subsequently, for 

engineering of PAOX1 in order to obtain a promoter library with different 

characteristics (Vogl et al., 2014).   

 

2.2.1.2. Secretion signal peptides 

As the second genetic factor, secretion signal peptides which guide the 

expressed proteins into the secretory pathway and facilitate their secretion to 

the extracellular medium are considered. 

 

2.2.1.2.1. Importance of secretion  

Any heterologous protein production places a substantial "metabolic burden" 

on the host organism influencing metabolism which ends with halted growth 

rate and, thus, affected gene expression. The effect can also be in the form of 

direct toxicity, hampering cell's normal working plan, in the case of 

intracellular expression (Boettner et al., 2002); contamination of target 

protein with endogenous compounds could also be another probable 

outcome. Intracellular location of the expressed protein also makes the cell 

lysis and cell debris removal steps of downstream purification inevitable 

which increases the capital investment of the whole process. Furthermore, 

entering the secretory pathway makes the final r-product further similar to its 

original eukaryote counterpart. Finally, the desired host, P. pastoris, secretes 

low levels of endogenous proteins and leads to an easily-handled separation 

(Cereghino and Cregg, 2000). As a consequence, researches aim finding the 

improved methods of directing the foreign protein to the outside of the P. 

pastoris cell, have occupied the spotlight recently.  

The crucial requirement for extracellular expression of the r-protein 

is an efficient signal peptide, i.e. secretion signal peptide, which is 
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improvised in the plasmid structure in the in-frame fusion form by the N-

terminus of the desired gene. This expressed protein will be allowed to enter 

the endoplasmic reticulum (ER) to travel within until final destination. It 

worth mentioning that the choice of the secretory mode of expression is 

efficient and rational for proteins that are secreted in their native hosts, as the 

passage through the ER and Golgi can highly alter the structure and, 

consequently, the function of the proteins that are not secreted normally 

(Cereghino and Cregg, 2000). However, it has been reported that proteins 

which are not secreted naturally, have been secreted successfully; it can be 

problematic if there are possible glycosylation sites (Romanos et al., 1992). 

Additionally, the choice of an efficient SP for a product is rather arbitrary 

and a matter of trial and error which depends on the protein itself and the 

host (Sreekrishna et al., 1997; Damasceno et al., 2012); therefore, access to a 

repertoire of SPs will provide a better opportunity to try many choices and 

choosing the best option based on the secretion efficiency and protein 

authenticity.  

 

2.2.1.2.2. Signal peptides 

Generally it is possible to specify the localization of the expressed proteins 

by interpreting their amino acid sequences (Nakai 2000). Signal peptides are 

specific amino acid sequences that determine whether a protein will pass 

through a membrane into a particular organelle, become a transmembrane 

protein (TM), or be secreted to the extracellular medium (Chou, 2002). 

Although signal peptides usually locate in the N-terminal of the proteins for 

most secreted proteins and transmembrane (TM) proteins, they can also be 

detected within or at the C-terminal of the protein (Chou, 2002), such as 

nuclear localization signal peptides and peroxisomal targeting signals which 

can be found in both N-terminal and C-terminal (Nakai, 2000). N-terminal 

signal peptides lead to the entrance of virtually all secretory proteins to the 

secretory pathway (Chou, 2002). In a few exceptions there are proteins 

transported by other means than conventional ER-Golgi assembly so a signal 
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peptide can not be identified (Huang et al., 2011). In eukaryotes, the climax 

of the protein expression procedure is the entrance of the translated (or being 

translated) protein into the secretory pathway (starting from ER) in order to 

being further processed and folded to the final biologically active 

conformation and, then, being secreted. The ER is the hub of the protein 

secretion and posttranslational processing system which also entails the 

collaboration of Golgi apparatus. Entering to ER means residing in ER or 

being dispatched by vesicular transport system to: (i) different organelles, (ii) 

cell membrane, or (iii) extracellular medium; proteins that are transported to 

the nucleus or remain in cytosol are produced by free ribosomes and do not 

enter ER (Karp, 2008).  

Briefly, N-terminal signal peptides are 20- to 30-amino acid 

sequences which are responsible for directing the secretory protein toward 

ER and mediating its passage through ER membrane. These signal peptides 

are referred to as secretion signal peptides (SPs) throughout current 

manuscript. SPs are of two types: ñpreò type and ñpre-proò type; in contrast 

to the ñpreò sequence cleaved while passing through the ER membrane, 

ñproò sequence is proteolytically cleaved from the intermediate (pro-protein) 

in the membrane of the trans Golgi or in the secretory vesicles (Chauduri et 

al. 1992). It has been found that in some cases ñproò sequence in SP can act 

as a molecular chaperone which aids protein folding (Chaudhuri et al., 1992; 

Ide et al., 2007). Also it is known to take part in the transportation of 

immature protein (Ide et al., 2007). As ñproò sequence remains after 

cleavage of ñpreò sequence, it may undergo PTMs such as glycosylation as 

the case in Ŭ-MF, and quality control which both can affect protein secretion 

efficiency (Oka et al., 1999). The SPs should not be regarded as removable 

elements that their function terminates after cleavage, but instead some roles 

have been discovered for them after cleavage (Hegde and Bernstein, 2006). 
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2.2.1.2.3. Features of the secretion signal peptides  

Although there is a common basic structure of SPs between bacteria and 

eukaryotes, there has been discovered no concrete consensus sequence 

among the pre-sequence of SPs, whether pre-type or prepro-type. However, a 

three-domain structure can be recognized: N-region, H-region, and C-region 

(Martoglio and Dobberstein, 1998; Nakai, 2000) where each can be assigned 

a specific feature (Figure 2.12). These three regions are conserved among the 

SPs derived from wide variety of organisms (Nagarajan, 1993). The N-

region locates at the N-terminal of the SP and is a basic segment often with 

positively-charged polar residues. The H-region, hydrophobic domain, 

generally has a length of 7-15 amino acids. It has not been interrupted by 

charged residues with distinguished preference for leucines or alanines 

(Stroud and Walter, 1999; Hegde and Bernstein, 2006). This domain is the 

most essential region required for targeting and insertion into the ER 

membrane (Martoglio and Dobberstein, 1998). H-region spans the ER 

membrane and facilitates the translocation (Nagarajan, 1993). Providing that 

the hydrophobic core region retained, any change in amino acid sequence of 

SP can be tolerated (Stroud and Walter, 1999). The end of the H-region can 

be predicted by the presence of residues that favor the ɓ-turn. The C-region 

in the C-terminal of the SP (binds to the N-terminal of the mature protein) is 

neutral but slightly polar and serves as a recognition site for cleavage of SP 

(Stroud and Walter 1999; Kjarulff and Jensen, 2005). The SP directs the 

molecule to the ER and then is cleaved meanwhile the protein molecule is 

translocated into the ER or shortly after completion of the translocation 

(Kjarulff and Jensen, 2005); there can be detected a "weak consensus 

pattern" to determine this cleavage site (Nakai, 2000). Potential SPs and their 

corresponding cleavage sites can be predicted by in-silico analyses with 

programs such as: SignalP, Phobius, and WolfPsort. Consequently, 

prediction of the SPs and their corresponding cleavage sites is considered as 

one of the crucial steps in directing r-proteins toward extracellular medium. 

Novel SPs are extracted from different secretome results by the help of in-
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silico analyses and, subsequently, can be recruited in combination with 

different r-proteins in experiments in order to elucidate their applicability 

and efficiency to give credit to predictor softwares. 

 

2.2.1.2.4. Mechanisms of secretion in eukaryotes 

Upon emergence of the SP from the ribosome in cytoplasm during 

translation, the process of the targeting of the secretory protein is initiated. 

The basic mechanism for secretion of proteins across cell membrane appears 

to be universal containing many similar features between bacteria and 

eukaryotes (Nagarajan, 1993). Two common pathways are available for 

targeting in eukaryotes (Zimmermann et al., 2011): co-translational signal 

recognition particle (SRP)-dependent and post-translational SRP-

independent. In the former, the SP is recognized by a signal recognition 

particle (SRP) while protein is being translated on the ribosome. In the latter, 

the SP is recognized by a protein complex on the ER membrane. However, 

since these two parallel pathways entail collaboration of Sec protein (as 

translocon) by converging at Sec61p translocon both of them are considered 

Sec-dependent. It should be reminded that some proteins require both routes 

(Figure 2.13).  

In co-translational translocation, ribosome recognizes N-terminal 

amino acid of nascent polypeptide and recruits the SRP. SRP is a RNA-

multiprotein complex (Buske et al., 2009) thought to prevent folding of 

newly (being) translated polypeptide since the folding of emerging 

polypeptide chain can pose an obstacle for translocation through ER 

membrane (Hegde and Bernstein, 2006). Upon binding SRP to SP, ribosome 

slows down the translation (Stroud and Walter, 1999; Buske et al., 2009). By 

interaction with SRP-receptor on ER membrane, docking protein (DP), the 

complex of ribosome, nascent polypeptide, and SRP is brought toward ER 

and specifically to the translocon complex, Sec61p, which provides a pore 

through the ER membrane; this happens via interaction between "M-site" on 

ribosome and Sec61p translocon complex (Stroud and Walter, 1999). Then, 
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SRP dissociates and DP slides away on the membrane. As the nascent 

polypeptide places at the entrance of the pore, translation elongation causes 

the protein to enter the ER.  

In contrast, in post-translational translocation, the Sec62p-Sec63p 

complex in ER membrane performs the recognition of the SP. Since folding 

correctly or misfolding will prevent the recognition of SP, prevention of 

protein folding in the cytosol by the aid of cytosolic chaperones will be of 

supreme importance in this pathway (Martoglio and Dobberstein, 1998; 

Damasceno et al., 2012). Furthermore, it appears that pro-sequence could 

conduce to delay in folding and aid translocation. There is evidence that 

some assistant proteins in yeast play role in translocation probably by 

relaxation of any form of tertiary structure (Chaudhuri et al. 1992).  

 

 

 

 

 
Figure 2.12. Tripartite structure of a secretion SP. Central hydrophobic H-region (yellow) 

and hydrophilic N- (red) and C-terminal (blue) flanking regions. SPs can be either ñpreò or 

ñpre-proò type. óSPaseô is the signal peptidase type I resides in ER membrane eukaryotes 

(Massahi and ¢alēk, 2015). 
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Figure 2.13. Two proposed mechanisms for protein secretion in eukaryotes (Massahi and 

¢alēk, 2015). 
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The selection between abovementioned two translocation pathways is 

dictated by the features of the SP (Hegde and Bernstein, 2006) and mainly 

depends on the hydrophobicity of the hydrophobic core, H-region, of the SP 

(Ng et al., 1996); this factor plays more important role than the length of the 

H-region in recognition of the SP by SRP (Hatsuzawa et al., 1997). SP 

discrimination by SRP is available in microorganisms such as yeasts and 

bacteria and SRP binds to the SP primarily by its flexible hydrophobic region 

(locates in SRP 54 kDa subunit) which has the ability to interact with a wide 

range of hydrophobic SPs. Yeast (and bacterial) SRPs bind preferentially to 

highly hydrophobic SPs (Hegde and Bernstein, 2006).  It seems that this is 

the H-region of SPs which discriminates between SRP-dependent and SRP-

independent pathways; SPs with highly hydrophobic H-region direct proteins 

toward the SRP-dependent pathway (Martoglio and Dobberstein 1998). 

Altering the hydrophobicity of H-region can change the pathway of the 

translocation (Hegde and Bernstein, 2006). However, hydrophobicity is not 

the only requirement for SRP-dependent pathway (Stroud and Walter, 1999). 

Furthermore, improvement of the secretion efficiency by increasing the 

hydrophobicity of SP has been reported (Xue et al., 1997). Nevertheless, it 

has been mentioned that N-terminus or main body of the protein can also be 

important (Nagarajan, 1993, Andrews et al., 1988; Ng et al., 1996; Matoba 

and Ogrydziak, 1998) especially presence of proline residues in positions 

near to the cleavage site may be decisive since they affect the positioning of 

the SP in the space and, in turn, influence the interaction with ER 

translocation machinery, specifically SRP. It is plausible that the net charge 

of the N-region can also play role in selection of the pathway, as it affects 

translocation efficiency while passing the ER membrane (Nakai, 2000). The 

efficiency of SP cleavage may be influenced by the N-terminal amino acids 

of the mature protein; substitution of especial residues that favor ɓ-turn can 

affect the processing of SP (Nagarajan, 1993).  

During the passage of polypeptide through ER membrane in both 

pathways, according to the composition of the hydrophobic H-region and 
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availability of a cleavage motif in the SP, the SP becomes a signal anchor in 

the case of TMs or is cleaved by the action of a signal peptidase enzyme 

(SPase). SPase is an integral membrane enzyme associates with the 

translocon (Stroud and Walter, 1999; Buske et al., 2009). SPases are of two 

types: class I and class II. SPases I that include ER-membrane SPase, cleave 

the usual SPs and SPases II cleave the SPs belong to lipoproteins (Nakai 

2000). It worth mentioning that cleavage of SP is not an imperative pre-

requisite for protein secretion (Monod et al., 1989). By assuming cleavage 

between -1/+1 amino acid residues (Figure 2.11a), (-1) rule of cleavage can 

be inferred from the statistical analysis; the detachment of SP depends 

mainly on the amino acids at (-3) and (-1) positions. Presence of a short-side 

chain amino acid at (-1) position, presence of small or hydrophobic amino 

acid at (-3) position, and absence of a charged or aromatic amino acid at (-3) 

position will make the cleavage possible. In addition, the cleavage site 

should be in a 4- to 10- amino acid distance from the end of H-region. 

Generally Ala-X-Ala sequence can be recognized before cleavage point 

(Monod et al., 1989). However, it is difficult to forecast a cleavage event just 

by presence of e simple (-3, -1) pattern and it is not sufficient solely (Monod 

et al., 1989; Nakai, 2000). Correct processing of the SP is of great 

importance in protein activity (Kato et al., 2001) and can be tested by 

verifying the authenticity of the N-terminal of the protein expressed. 

It should be considered that it is the structure of SPase that leads to 

the specificity for (-3) and (-1) residues (Stroud and Walter, 1999). The 

cleavage site must be sterically accessible for SPase (Monod et al., 1989) and 

any change in SP sequence which brings about steric hindrance would impair 

cleavage. Reaching cleavage site and recognizing it by SPase is dependent 

on the length of the SP and specifically H-region (Monod et al., 1989). 

Increase in H-region length can decrease the probability of cleavage 

(Martoglio and Dobberstein, 1998).  

Due to the presence of a number of stages in the secretion procedure, 

in each step a problem can be faced. The yeast proteins which play role in 
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folding and disulphide bond formation differ from their counterparts in 

higher eukaryotes and this may affect folding of foreign proteins. There are 

also reports of proteins being retained in the Golgi, again possibly due to 

improper folding. Retention in the cell wall has also been a problem, 

especially with larger proteins, although factors other than molecular mass 

are known to be important (Romanos et al., 1992). 

As the efficiently targeted, translocated, or cleaved SPs can conduce 

to higher amounts of the secreted proteins, by engineering the SPs it will be 

possible to control the amount of the secreted r-protein. In addition, SPs can 

be tailored based on specific requirements in the production of desired 

substrate attached with in terms of timing of cleavage, time span of 

association with the translocon which in turn leads to folding in a specific 

manner or specific modification required (Hegde and Bernstein, 2006). The 

effect of point mutations in last amino acid residue on the processing and 

secretion of yeast PHO5 gene protein has been shown (Monod et al., 1989); 

deletion of a 4-amino acid region (-7 to - 4 relative to the cleavage site) at the 

end of the SP also led to intracellular accumulation of the protein. SP 

optimization can be another option to enhance the yield of the r-protein 

production as was applied in E. coli (Klatt and Konthur, 2012). 

 

 2.2.1.2.5. Secretion signal peptides in Pichia-based systems  

In secretory expression by S. cerevisiae, two approaches have been 

used: utilizing endogenous SPs and utilizing exogenous, non-

Saccharomyces-specific SPs. It seems that homologous (with yeast origin) 

SPs obtained from naturally secreted proteins will produce better outcome 

than heterologous (with non-yeast origin) SPs (Chung et al., 1996; Zuyong et 

al., 2012) by regarding the specific features of the secretion pathway in each 

organism. However, by considering that S. cerevisiae has a low specificity 

requirement in secretory pathway and, thus, flexibly recognizes unspecific 

SPs (similarly may P. pastoris), many proteins have been expressed 
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successfully in P. pastoris by their native SPs (Daly and Hearn, 2005; 

Korona et al., 2006).  

Overally, in Pichia-based systems, various SPs have been recruited 

until now, and they can be classified into two groups: exogenous SPs, 

endogenous SPs. Exogenous group comprises products own SPs and SPs 

from other yeast species, fungi, higher eukaryotes while endogenous SPs 

belong to the P. pastoris own secretome proteins. Products own SPs are 

case-dependent and can be exemplified by: Bacillus licheniformis Ŭ-amylase  

(Paifer et al., 1994), Phaseolus vulgaris agglutinin E-form (Raemaekers et 

al., 1999), Bacillus Stearothermophilus D-alanine carboxypeptidase, 

Aspergillus awamori glucoamylase, S. cerevisiae invertase, barley Ŭ-

amylase, honey bee odorant-binding protein (ASP2), mouse major urinary 

protein complex (MUP), bile salt-stimulated lipase, gastric cathepsin E, 

human serum albumin (Cereghino and Cregg 2000), human midkine 

(Murasugi et al., 2001), Aspergillus niger exoinulinase (Moriyama et al., 

2003), A. niger xylanase (Korona et al. 2006), thaumatin (Ide et al., 2007), 

interferon-Ŭ 2b (Ghosalkar et al., 2008), and Rhizopus oryzae Ŭ-amylase (Li 

et al., 2011). 

S. cerevisiae Ŭ-MF has been the most widely used exogenous SP in 

P. pastoris and in some cases even has led to better secretion than proteinôs 

own SP (Macauley-Patrick et al., 2005; Ide et al., 2007). Mutated Ŭ-MF 

lacking Glu-Ala repeats, with only Kex2 cleavage site, enhanced the 

secretion level with valid N-terminus. The Glu-Ala repeats help to improve 

the protein processing by facilitating Kex2 cleavage. It has been shown that 

mutations in Ŭ-MF can alter the efficiency of the secretion where the deletion 

of amino acids 57-70 led to increase of protein secretion (Lin-Cereghino et 

al., 2013). The surrounding amino acids in Ŭ-MF can influence the cleavage 

of the ñproò sequence by Kex2 and Ste13 enzymes which cleave ñproò 

sequence and Glu-Ala residues, respectively. Furthermore, the tertiary 

structure of the protein can make the cleavage site inaccessible for respective 

protease enzymes (Cereghino and Cregg, 2000). The effectiveness of the Ŭ-
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MF cleavage is reported to be very case-dependent and inefficient protein 

processing has been reported in both Saccharomyces and Pichia 

(Raemaekers et al., 1999). Therefore, Ŭ-MF may not be suitable for all 

proteins and if the authenticity of N-terminus of the protein is inevitable, 

other SP choices should be tested empirically.  

The other common SPs are P. pastoris acid phosphatase (PHO1) SP 

and S. cerevisiae invertase (SUC2) SP. The available commercial vectors for 

expression in P. pastoris possess Ŭ-MF and PHO1 secretion signal peptides 

(Damasceno et al., 2012).  

Even though available set of SPs for Pichia platform have conducted 

successful secretion of the heterologous proteins, searching for more 

efficient and more host-compatible SPs can lead to more efficient r-protein 

secretion. The endogenous SPs of the host microorganism, obtained from 

discovery of its secretome, are regarded as the first-line candidates 

recognized by the secretion machinery of the corresponding host (Mori et al., 

2015). In consequence, recruitment of the endogenous SPs of P. pastoris for 

r-protein production seems to be a promising alternative for classic and 

previously utilized SPs. This necessitates having a secretome data for P. 

pastoris; secretome of the P. pastoris DSMZ 70382 strain has been predicted 

and validated using the microorganism grown in glucose-based medium 

(Mattanovich et al., 2009). Also a detailed profile of the host-secreted 

proteins has been provided for methanol-induced P. pastoris X-33 strain 

(Huang et al., 2011). By utilization of available secretome data and in-silico 

analyses for prediction of SPs in order to find their amino acid sequence, 

novel SPs can be found and recruited for r-protein production in Pichia-

based systems. Until now, five endogenous SPs of P. pastoris have been 

utilized successfully in Pichia system for r-protein production and can be 

regarded as positive control in related in-silico analyses (Murasugi and 

Tohma-Aiba, 2001; Yoshimasu et al., 2002; Khasa et al., 2011; Liang et al., 

2013). 
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2.2.1.3. Codon optimization 

In heterologous protein expression, along with genetic factors such as signal 

peptide, promoter strength, AT-rich regions, and GC content, codon 

optimization has been considered as one of the useful strategies for 

efficiency improvement.  

A raised problem in r-protein expression is the biased usage of 

codons, or biased codon usage (Lee et al., 2010); this synonymous codon 

usage bias can be a translational barrier which can decrease expression, 

although, high mRNA levels has been detected (Sinclair and Choy, 2002). 

Whole living systems have been dissected hitherto possess a general non-

random preference toward a group of the 61 available sense codons, i.e., 

non-random usage of alternative synonymous codons, throughout a specific 

genome and this tendency is in correlation with the tRNA pool present in the 

cell. Based on a proposed model, so-called ñmajor codon preferenceò, the 

major deciding factor for imposing such kind of preference is translational 

efficiency (Sinclair and Choy, 2002).  During translation elongation, the 

aminoacyl-tRNA complex is brought to the ribosome based on the 

corresponding codon on mRNA; the limiting parameter for translation 

proceeding is the rate at which the aminoacyl-tRNA is made available on 

ribosome, so, the waiting time is proportional to the available aminoacyl-

tRNA in the cell. Consequently, the protein translation rate can be increased 

by using the codons that match most common tRNAs in the host. Thus, the 

difference between the codon usage in host and gene of interest can greatly 

influence the expression level (Jia et al., 2012) and optimization of the 

codons of the gene of interest according to the codon bias of the host can 

greatly enhance expression efficiency. The full optimization of coding 

regions of gene of interest toward the bias of the host organism has lead to an 

increase about 10- to 50-fold for foreign protein production in several 

different host cells for different proteins (Sinclair and Choy, 2002).  

The codon usage bias of P. pastoris from Kazusa database is 

represented in Table 2.9. The natural tendency of P. pastoris is toward the 
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A/T-ended codons instead of G/C-ended codons in mammalian genes (Hu et 

al., 2006), so removing rare codons in desired genes and replacing by 

frequently occurring ones (Outchkourov et al., 2002) will lead to lower GC 

content and, thus, higher AT content which renders the secondary structure 

of mRNA less stable; subsequently affects the initiation of translation (Hu et 

al., 2006); the alteration of the GC content can be considered as a by-product 

of the changing of the codons (Sinclair and Choy, 2002). In contrast, it 

should be reminded that high content of A+T leads to premature 

transcription termination; so, in order to overcome this problem, the redesign 

strategy would be to limit the A+T content in a specific range. To date, 

numerous efforts have been made in order to improve expression of r-

proteins in P. pastoris with codon optimization which some examples can be 

mentioned: Chondrus crispus hexose oxidase (Wolff et al., 2001), hyper-

thermostable Thermotoga maritima xylanase (Jia et al., 2012), barley ɓ-D-

glucan exohydrolase HvExoI (Luang et al., 2010), human Zbtb7A (Wang et 

al., 2008), Penicillium notatum glucose oxidase (Gao et al., 2012).  

In order to quantify the degree of bias in codon usage in each gene, 

many efforts have been made and different approaches and measures have 

been proposed. Codon adaptation index (CAI) is a simple and effective 

measure of synonymous codon usage bias. The index uses a reference set of 

highly expressed genes from a species to assess the relative merits of each 

codon, and, then, a score is calculated for a gene from the frequency of use 

of all codons in that gene (Sharp and Li, 1987). Constructing ñrelative 

synonymous codon usageò (RSCU) table from a set of highly expressed 

genes of the host organism as a reference table will be the first step to 

determine CAI; RSCU is calculated for each codon regarding specific amino 

acid. CAI for a gene is calculated as the geometric mean of RSCU values 

(from constructed reference table) corresponding to each of the codons used 

in the gene of interest divided by the maximum possible CAI for a gene of 

the same amino acid composition (Sharp and Li, 1987). This index will be 

useful in prediction of the probable success of expression of a foreign gene 
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in a host. Highly adapted genes with codon choice identical those preferred 

by the organism in question will yield CAI value of 1. While genes with 

lower overall magnitudes of bias, or bias towards a different set of preferred 

codons will yield values approaching zero. Therefore, in r-protein expression 

it will be beneficial to make CAI close to unity such as expression of 

Thermus thermophilus glucose isomerase (Ata et al., 2014). 

 

2.2.1.4. Gene copy number (Gene dosage) 

In order to improve r-protein expression, standard steps are codon 

optimization and increasing gene copy number (Inan et al., 2006).  The 

heterologous protein yield is directly proportional to mRNA transcript which 

is further dependent on the inserted gene copy number on the vector plasmid. 

Multicopy integrants have the potential to express substantially higher 

foreign protein (Athmaram et al., 2012). Furthermore, in the case of probable 

mutation of one gene, its undesired product proportion in total protein fades 

by contribution of genuine genes action (Daly and Hearn, 2005). It should be 

emphasized that multicopy strains of host can exist naturally at a level of a 

few percent (1-10%) among transformants with single-copy-number vector 

(Cregg, 1999; Daly and Hearn, 2005).  

Higher copy number will lead to overexpression of the protein which 

will not only exert more metabolic burden on the host but also result in 

problems such as saturation of secretory pathway that can lead to misfolded 

proteins. Therefore, there will be an optimum instead maximum point for 

gene dosage which is product- and expression construct-dependent 

(Hohenblum et al., 2004) where the increase in copy number will not further 

increase yield as a result of firstly, overwhelming the host secretory 

machinery capacity to process and fold the protein in authentic format and 

secondly, lack of required precursors and also energy (Macauley-Patrick et 

al., 2005); it is less probable to be because of the latter, as the expression 

level is low to medium in yeast expression system (Zhu et al., 2011). 
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As increased gene dosage leads to increased flux of foreign protein to 

ER, chaperones such as PDI, BiP within the ER are depleted which , 

subsequently, leads to accumulation of improperly folded peptide in ER 

referred as protein folding stress or conformational stress (Zhu et al., 2011).   

Totally, by high-copy transformations physiological effects are 

brought about. Although, generally the increase of gene copy number has led 

to increase in protein expression (Cos et al., 2005); but, there has also been 

conflicting results in assaying the effect of increasing copy number on yield 

and, thus, the result would remain unpredictable (Sreekrishna et al., 1997). It 

worth mentioning that gene copy number as an optimization strategy should 

be chosen by considering the identity (the strength) of the promoter 

(Macauley-Patrick et al., 2005); imperfection of weak and moderate 

promoters can be compensated by increasing the gene copy number.    

 

2.2.2. Process parameters  

All microorganisms have a set of biochemical reactions (anabolic and 

catabolic) which obey the general rules of reactions thermodynamics and, 

based on the chemical kinetic rules, have dependency on temperature, pH, 

and substrate concentration originating from the effect of temperature and 

pH on the activity of the corresponding enzymes. Unicellular organisms 

require specific internal conditions for optimal growth and function; however 

abrupt variations in the interacting environment can perturb the internal 

milieu, disrupting normal processes (Gasch, 2003). Cell, itself, controls all 

intracellular reaction network and reacts to the environmental changes via its 

signal transduction pathway and, therefore, adopts a suitable new internal 

state. In consequence, controlling the critical external parameters which 

influence cells biochemical reaction network is so crucial and determination 

of optimum condition or strategy developed for each factor increases the 

stability of the production. Thus, production of r-protein in controlled 

environment of a bioreactor compared to shake bioreactor brings higher 

yields. However, high-yield expression of heterologous protein is usually a 
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matter of "trial and error" (Boettner et al., 2007). As the normal functions of 

a cell directs the production of metabolites in required levels for cell, in order 

to reach economically acceptable levels of a product it may be necessary to 

increase the desired product production by a metabolic stress aiming abuse 

the cellular system. 

One mechanism which is common in responding to the 

environmental perturbations is to initiate a common gene expression 

program that generally protects the cell during stressful times and conduces 

to the protection of internal system from fluctuations exerted by 

environment. This program is referred to as the environmental stress 

response (ESR) (Gasch, 2003) which has been observed as a genome-wide 

transcriptional change in S. cereviciae (Mattanovich et al., 2004). It is of 

supreme importance to analyze the effects brought about by process 

variables (Mattanovich et al., 2004), ex., pH, temperature, osmolarity, and 

oxygenation on the physiology of the recombinant host by the combined 

study of the proteome, transcriptome and metabolome (Dragosits et al., 

2009).  

 

2.2.2.1. Medium composition (Nutrient consideration) 

P. pastoris, like other yeasts, requires sources of carbon and nitrogen for its 

growth. Uptake of the suitable carbon and nitrogen source in order to 

continue the routine biological processes is a vital part of the organisms 

living program. The most prevalent carbon sources are glucose and glycerol 

and nitrogen sources are peptone, yeast extract, and yeast nitrogen base (Li et 

al., 2007). Glycerol is the preferred substrate for the P. pastoris cultivation 

(Ghosalkar et al., 2008). By affecting cell growth and viability, medium 

composition influences r-protein expression (Li et al., 2007) and, therefore, 

providing the correct chemical environment should be taken into account in 

designing a medium. Furthermore, specific needs or features of a process or 

some beneficial characteristics of ingredients may impose utilization of 

specific compounds. Based on the promoter type the composition of the 
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medium is variable; in the case of PAOX1, a three-stage semi-batch strategy is 

very common (Inan and Meagher, 2001a, 2001b; Ghosalkar et al., 2008); 

usage of a repressing and non-fermentable carbon source (generally glycerol) 

in a defined medium in growth phase (glycerol batch), utilization of glycerol 

in transition phase (glycerol semi-batch) for further increase of the biomass 

and to prepare (derepress) the cells for induction (Cereghino et al., 2002), 

and addition of methanol in methanol semi-batch which acclimates the cells 

to methanol and starts expression (Cregg, 1999). In the case of r-protein 

production under PGAP control the biomass production is carried out with 

glycerol as carbon source in batch phase and glucose is added in the fed-

batch phase in order to produce r-protein. Although, there is also production 

in batch phase in presence of glycerol. 

The most widely used medium for high cell density cultivation of P. 

pastoris is the BSM (basal salt medium) proposed by Invitrogen 

Corporation; the standard but not the optimum one for production of every 

protein (Ghosalkar et al., 2008). This medium is used in batch phase of 

Pichia-based systems for increase of biomass. BMGY (buffered minimal 

glycerol complex medium) is used generally for extracellular expression 

which simplifies pH control, decrease protease activity, and increase biomass 

amount. One of the imperfections of BSM media is the usage of ammonia as 

both pH controller and nitrogen source which may lead to starvation 

(Macauley-Patrick et al., 2005); thus, an optimized (chemically-defined) 

medium was provided (for maximum biomass production) with ammonium 

sulfate as nitrogen source in order to conquer nitrogen starvation (Ghosalkar 

et al., 2008). The constituents of above mentioned media used in P. pastoris 

expression systems (glycerol, methanol, biotin, salts, and trace elements) all 

are economical and well-defined and ideal for large-scale production. 

As mainly complex medium is used for growth and induction 

(utilization of yeast extracts and peptones), batch-to-batch variations would 

be expected and, thus, elimination of any complex component will be 

desirable in order to standardize the production process (Macauley-Patrick et 
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al., 2005). In contrast, usage of defined media will increase the possibility of 

nutrient starvation which would result in "autophagic cell degradation" and 

lysis which will lead to release of vacuolar proteases (Potvin et al., 2012); 

furthermore, complex or (amino acid-) enriched media may provide 

competing substrates for proteases and, thus, inhibit proteases (Potvin et al., 

2012).  

Carbon sources such as glucose (as fermentative one) should be 

avoided in favour of non-fermentative ones (such as glycerol) to prohibit 

ethanol production which can repress the PAOX1 (even at levels around 10-50 

mg/L) (Macauley-Patrick et al., 2005), and may harm the cells.  

During methanol metabolism reactive oxygen species (ROS) are 

produced which can harm the cells (reduce viability) and increase the release 

of proteases; adding ascorbic acid to culture  (in induction phase) as an 

antioxidant can substantially decrease proteolytic degradation (Potvin et al., 

2012). In the case of utilization of alcohol oxidase defective strain (Mut
-
), the 

cells can not grow on methanol as the sole carbon source and, thus, require 

an auxiliary carbon source for concomitant growth and expression (in 

expression phase); it is evident that the carbon source should not repress the 

promoter of expression. Glycerol which has widespread use as carbon source 

and added together with methanol during the expression may cause 

repression of PAOX1. Mixed-carbon source feeding strategies are employed to 

improve the growth of the Mut
s
 strains (Xie et al., 2005). The candidates 

could be alanine, sorbitol, mannitol, trehalose (Inan and Meagher, 2001a), 

and lactic acid (Xie et al., 2005). Mixed-feed semi-batch may result in higher 

overall productivities but the maximum amount of protein can not be reached 

if a repressing substrate would be employed (Inan and Meagher, 2001b).  

It has been observed that presence of yeast extract, casamino acids, 

and EDTA would enhance the protein accumulation by P. pastoris (Li et al., 

2007). 

In the cases which are intended to reduce the extent of glycosylation 

of an expressed protein, the host cells are cultured in the presence of 
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tunicamycin, sugar analogue, which is a competitive inhibitor of UDP-

GlcNAc dolichol P-GlcNAc transferase (Daly and Hearn, 2005).  

From the viewpoint of a biotechnological process which aims high 

cell and product yield, there is a strict need for high concentrations of 

nutrients, i.e., salts and carbon sources which result in high osmolarity. The 

influence of osmolarity on the physiology of P. pastoris was analyzed in 

non-expressing, wild type, and an expressing strain (Dragosits et al., 2010). 

The results stated that the response is different to S. cerevisiae and an 

unfolded protein response (UPR)-like response was observed; there is a 

strong similarity between the mechanism of ESR and r-protein related stress 

(Dragosits et al., 2010).  

 

2.2.2.2. pH 

pH influences the activity of the enzymes in biochemical reactions and, thus, 

cell growth, protein formation, and protein stability (Li et al., 2007). P. 

pastoris is able to proliferate in a relatively broad range of pH (3.0-7.0) 

(Macauley-Patrick et al., 2005); this broadness makes it possible to conduct 

the fermentation in a pH which is not suitable for problem proteases 

(Macauley-Patrick et al., 2005) as the pH can affect protease activity in 

addition of stability of the expressed proteins (Potvin et al., 2012).  P. 

pastoris serine and aspartic proteases are activated in low pH values which 

are an explanation for pH-dependency of proteolytic degradation (Potvin et 

al., 2012). Protein stability usually is increased by glycosylation and 

disulfide bond formation and, thus, affects the pH-mediated destabilization 

(Potvin et al., 2012). In the case of different heterologous proteins, different 

pH values have been reported to be optimum (Macauley-Patrick et al., 2005). 

The optimum pH specially depends on the stability of the protein expressed 

and is determined by performing a series of fermentations at different pH 

values (Li et al., 2007). Based on the performed studies, the optimum pH 

level for most of the foreign proteins ranges from 5.5 to 8 in order to 

decrease protease activity while preserving the protein stability (Potvin et al., 



99 

 

2012). pH value of 5 was shown to be the optimum for recombinant hGH 

(rhGH) production   (¢alēk et al., 2010). According to what has been 

reported about products such as insulin-like growth factor (IGF-1), human 

midkine, growth-blocking peptide (GBP) from the armyworm Pseudaletia 

separate larvae, etc., it appears that during P. pastoris fermentation pH 

should be kept lower such as 3.0 in order not to harm the r-protein expressed 

(Li et al., 2007).  

 

2.2.2.3. Temperature 

Generally, P. pastoris fermentations are carried out in 30ęC. Incubation 

temperatures of 30, 27, 25, and 23ęC have also been reported in P. pastoris 

to decrease the proteolysis (Li et al., 2007); it can be propagated at 

temperatures as low as 15ęC. Lower temperature leads to lower proteolytic 

degradation. In higher temperatures the intramolecular disulfide bonds are 

more prone to be formed which may result in protein aggregation, as well as 

the hydrophobic buried surfaces may be exposed and, thus, stimulate 

hydrophobic interactions which can be a prelude of protein aggregation; the 

aggregated and misfolded proteins are more susceptible to be degraded (Li et 

al., 2007). Lower fermentation temperatures can affect yield of the r-protein 

production (Macauley-Patrick et al., 2005). In lower temperature, the rate of 

protein expression is low and there is plenty of time for r-protein to be folded 

properly (Li et al., 2007). In lower temperatures cells are more viable and, 

therefore, the lysis-associated protease release is reduced (Potvin et al., 

2012). Increase of the yield in production of herring antifreeze proteins by 

reducing the temperature from 30ęC to 23ęC and also increased activity of 

laccase by reducing the temperature from 30ęC to 20ęC can be illustrative 

examples (Macauley-Patrick et al., 2005). Low-temperature cultivation is 

beneficial in the case of foreign proteins that are aggregation prone and/or 

unstable, but the fermentation time would be increased compared to 30ęC (Li 

et al., 2007).  
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Overall, cultivation temperature influences the stability and 

functionality of r-protein (Potvin et al., 2012); in other words, it seems that 

higher cell viability and lower proteolytic activity are the main reasons of 

increased productivity in lower temperatures (Dragosits et al., 2009). 

However, when the effect of temperature perturbation (20ęC, 25ęC, 30ęC) on 

the proteome of an expressing and a non-expressing (as a control) P. pastoris 

strain was scrutinized led to this finding that there are other physiological 

parameters affect the productivity (Dragosits et al., 2009). Growth in 

lowered temperature may lead to higher stability of the proteins and, thus, 

the need for refolding and degradation machinery is decreased which as a 

positive side effect leads to higher secretion capacity. As a metabolic burden 

on host cell, r-protein production leads to higher need for NADH and ATP 

because of influence on folding and secretion system, in reduced temperature 

the stress which is exerted due to protein degradation is decreased and lower 

energy is wasted in this way and more energy is utilized for biomass 

production (Dragosits et al., 2009).  

 

2.2.2.4. Dissolved oxygen  

 

2.2.2.4.1. Importance of oxygen provision 

Since, the design of a bioprocess has to meet both economic and technical 

requirements (Baumann et al., 2008), it is important to survey the effect of 

the key environmental factors on the physiology of the host cell while 

expressing r-protein (Baumann et al., 2010) which, in turn, can provide us 

with the opportunity of process optimization regarding product titer and 

bioactivity. Oxygen, as one of the factors in the center of attention, is an 

indispensable parameter especially in high cell density aerobic fermentations 

and the process performance can be influenced by its scarcity (Garcia-Ochoa 

and Gomez, 2009).  As the simultaneous presence of the reactants in the 

reaction site is known the basic requirement of any (bio) chemical reaction 

(Nielsen et al., 2003), oxygen should also reach the desired location at 
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desired amount in order not to limit the reaction. In the bioreactors, often 

oxygen provision and transfer are the main limiting factors (Liang and Yuan, 

2007) and, thus, continuous oxygen supply should be provided regarding to 

the low solubility of the oxygen in aqueous solutions (Table 2.10) (Nielsen et 

al., 2003). In addition, aeration aids either in system agitation or sweeping 

away the undesired volatile by-products along with carbon dioxide (Garcia-

Ochoa et al., 2010). 

 

 

Table 2.10. Oxygen solubility in the pure water at an oxygen pressure of 1 atm (Nielsen et 

al., 2003). 

Temperature (ęC) Solubility of O2 (mmoles/L) 

0 2.18 

10 1.70 

15 1.54 

20 1.38 

25 1.26 

30 1.16 

40 1.09 

 

 

By considering the simplest equation for growth, Monod equation, 

and oxygen as the single limiting substrate we can describe the growth by 

following equation: 

 

‘=
‘άὥὼ .  ὅὕ2

ὑὕ2+  ὅὕ2

                                                                                     (2.1) 

 

where, ‘ is the specific growth rate and ὑὕ2
 is a concentration of oxygen 

where the specific growth rate becomes half of the maximum specific growth 

rate. The concentration of the oxygen below which the growth is dependent 

on oxygen is referred as ñcritical oxygen concentrationò (ὅὅὶ.ὕ2
) and, thus, if 
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ὅὕ2
< ὅὅὶ.ὕ2

 oxygen will be limiting, gene expression is negatively affected 

by oxygen limitation (Cereghino and Cregg, 2000) and cell metabolism will 

not function at its fastest rate (Doran, 1995). However, in the situations 

that ὅὕ2
> ὅὅὶ.ὕ2

 , the growth will be independent of oxygen concentration 

and oxygen will no longer be limiting.  

In addition to affecting both of cell growth (biomass production) and 

protein expression and/or secretion, oxygen can influence the redox reactions 

within the cell which contribute to the protein folding and its presence can be 

of prime importance in order to have a biologically functional final product 

(Baumann et al., 2010).  

    

2.2.2.4.2. Mathematical modeling of oxygen transfer 

a. Diffusion in a stagnant layer  

Because of insufficient mixing or in other words ñmalfunctioning 

hydrodynamicsò of an air-liquid-intracellular/catalytic system, if there is a 

stagnant layer in the bioreactor, based on the Fickôs first law of diffusion, the 

flux of component A in a binary solution of A and B in one direction 

whenever the molecular diffusion is the only mechanism governs the mass 

transfer can be expressed as: 

 

ὐὃ= Ὀὃὄ 
Ὠὅὃ

Ὠώ
                                                                   (2.2) 

 

The rate of transfer of component A will, therefore, be: 

 

ὔὃ= ὐὃ× ὥ                                                                                                (2.3) 

 

Where, ñaò is the mass transfer area perpendicular to the mass transfer 

direction. If the equation (2.2) became rearranged: 

 

ὐὃ.Ὠώ=  Ὀὃὄ.Ὠὅὃ                                                                                   (2.4) 
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If we integrate the differential form of the equation (2.4): 

 

᷿ὐὃ.Ὠώ
ὒ

0
=  ᷿ Ὀὃὄ.Ὠὅὃ

ὅὃὒ
ὅὃ0

                                                      (2.5) 

 

Where, L is the thickness of the stagnant fluid film. By assuming steady state 

conditions and also constant diffusivity coefficient (which is temperature- 

and pressure-dependent), the equation can be written as: 

 

ὐὃ᷿Ὠώ
ὒ

0
=  Ὀὃὄ᷿ Ὠὅὃ

ὅὃὒ
ὅὃ0

                                                        (2.6) 

 

By integrating:  

      

ὐὃ.ὒ=  Ὀὃὄ. (ὅὃὒ ὅὃ0)    ;   ὅὃ0 >  ὅὃὒ                                            (2.7) 

 

Finally: 

 

ὐὃ.ὒ=  Ὀὃὄ.Ўὅὃ                                                                                      (2.8) 

 

And consequently: 

 

ὐὃ=  
Ὀὃὄ

ὒ
 Ўὅὃ                                                                                         (2.9) 

 

On the other hand, for mass transfer across a stagnant layer of a fluid the 

following correlation can be written:  

 

ñTransfer rate    θ    (Transfer area) ×  (Driving force)ò 
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Which the correlation can be changed into an equality using a coefficient 

called ñmass-transfer coefficientò. Therefore: 

ὔὃ= ὯὥЎὅὃ                                                                                             (2.10) 

 

And the corresponding flux will be:  

 

ὐὃ= ὯЎὅὃ                                                                                                 (2.11) 

 

By comparison of the equation (2.9) and (2.11) it can be realized that: 

 

Ὧ=  
Ὀὃὄ

ὒ
                                                                                                  (2.12) 

 

Equation (2.12) is the simplest correlation between mass-transfer coefficient 

and the physical properties of the mass transfer system. If the presence of a 

resistance in front of the mass transfer is supposed, equation (2.11) can be 

written as:  

 

ὐὃ=   
Ўὅὃ

Ὑά
                                                                                                 (2.13) 

 

Where, Rm represents the mass-transfer resistance which concentration 

difference (Ўὅὃ) acts to overcome it. Thus: 

 

Ὑά =  
1

Ὧ
=  

ὒ

Ὀὃὄ
                                                                                    (2.14) 

 

b. Oxygen transfer in air-liquid -intracellular/catalytic bioreactor  

As a special kind of mass transfer phenomenon, oxygen transfer from 

dispersed bubbles in fermentation medium into the suspended cells 

encompasses several steps each of them exerts a separate resistance to the 
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mass transfer and, thus, the mass transfer driving force should act to 

overcome these resistances: 

  

ὕὝὙ=
ὈὶὭὺὭὲὫ ὪέὶὧὩ

ὕὺὩὶὥὰὰ άὥίί ὸὶὥὲίὪὩὶ ὶὩίὭίὸὥὲὧὩ
 

 

The available steps of the oxygen transfer phenomenon in a 

bioreactor can be mentioned as: 1) diffusion of oxygen molecules inside the 

bubble to the stagnant gas film inside bubble, 2) diffusion through the 

relatively stationary gas film inside bubble until gas-liquid  interface, 3) 

traversing the gas-liquid interface, 4) diffusion through the relatively 

stationary liquid layer around the gas bubble, 5)   transfer in the bulk well-

mixed liquid toward the cells, 6) diffusion through the relatively immobile 

liquid layer around the cell, 7) moving along the liquid-cell interface in order 

to enter the cell interior (for individually-suspended cells), 8) transport inside 

the cell until the reaction location (Figure 2.14). If there were any cell 

aggregates, after reaching to the cell aggregates, the oxygen molecule should 

diffuse through the cells to reach the stagnant layer around the each cell 

(Garcia-Ochoa et al., 2010). Because of the low solubility of the oxygen in 

aqueous solutions, the resistance of the stagnant liquid layer surrounding the 

bubble is assumed to be the governing term of the overall mass transfer and 

this part changes to the rate-limiting step of the overall mass transfer process 

(Doran, 1995; Garcia-Ochoa and Gomez, 2009); therefore: 

    

ὕὝὙḙ
ὈὶὭὺὭὲὫ ὪέὶὧὩ

ὙὩίὭίὸὥὲὧὩ έὪ ὸὬὩ ὰὭήόὭὨ ὪὭὰά ὥὶέόὲὨ ὸὬὩ ὦόὦὦὰὩ
 

 

 

Regarding the equation (2.14), decreasing the thickness of the fluid film 

and/or increasing the diffusivity in this layer will decrease the resistance and, 

in turn, will increase mass transfer coefficient. 
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Figure 2.14. Available steps in oxygen transfer from a gas bubble to a single cell. 

 

 

The mass transfer coefficient can be predicted by equations either 

empirical or theoretical. The empirical models generally are described in 

dimensionless style; the mass transfer coefficient, Ὧὰ, can be expressed in 

terms of dimensionless Sherwood number (ὛὬ=
Ὧὰὒ

Ὀὕ2

) which is a function of 

Schmidt number (Ὓὧ=
‘

Ὀὕ2
”ὰ

 ) and Reynolds number (ὙὩ=  
”ὰόὨ

‘
): 

 

ὛὬ= Ὢ Ὓὧ,ὙὩ                                                                                       (2.15) 

 

Where, " ‘ " is the viscosity of the fermentation broth and represents the 

rheology of the fermentation medium.  
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On the other hand, the renowned theoretical models can be 

mentioned as: Whitmanôs two-film theory, Higbieôs penetration theory, 

Danckwertsô surface renewal theory, and boundary-layer theory (Nielsen et 

al., 2003; Garcia-Ochoa and Gomez, 2009) where the generally admitted 

theory for gas-liquid transfer is Higbieôs penetration theory (Garcia-Ochoa 

and Gomez, 2009).  However, gas-liquid mass transfer is normally described 

by two-film theory (Nielsen et al., 2003). According to the two-film theory 

whenever two fluid phases come into contact boundary layers generated in 

both sides of the interface (phases boundary) in its close proximity which the 

turbulence of two phases ceases and a very thin film of relatively stationary 

fluid free of any kind of convective mass transfer is developed. The mass 

transfer through these stagnant layers is just governed by molecular diffusion 

(Doran, 1995). By applying two-film model (Figure 2.15) in oxygen transfer 

in bioreactors, we can write the oxygen mass transfer in both sides of the 

phase boundary.  

 

 

 

Figure 2.15. Two-film theory as the simplest model for explanation of the mass transfer 

from gas phase to liquid phase. 
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Based on the two-film theory, the mass flux of component A through the 

stagnant gas film can be written as: 

 

ὐὃ,Ὣ=  ὯὫ(ὖὃ ὖὃὭ)                                                                                  (2.16) 

 

In addition, the mass flux of component A through the stationary liquid layer 

can be represented as follows: 

 

ὐὃ,ὰ=  Ὧὰ(ὅὃὭ ὅὃ)                                                                                   (2.17) 

 

However, since the measurement of the interfacial concentrations, ὖὃὭ and 

ὅὃὭ, is not easily achievable, it is necessary to eliminate them in the obtained 

equations. Therefore, a correlation should be found between two interfacial 

amounts. For the components that are scarcely soluble in aqueous solutions, 

i.e. dilute solutions, Henryôs law is applicable: 

 

ὖὃὭ=  Ὄὃ.ὅὃὭ                                                                                            (2.18) 

 

Where, Ὄὃ is the Henryôs constant for component A. In steady state 

conditions we can write  ὐὃ,ὰ= ὐὃ,Ὣ= ὐὃ , that ὐὃ is the overall flux from gas 

phase to the liquid phase regarding component A. Starting from equation 

(2.17): 

 

ὐὃ,ὰ=  ὐὃ=  ὯὰὅὃὭ  Ὧὰὅὃ                                                                        (2.19) 

 

ὅὃὭ=  
ὐὃ+  Ὧὰὅὃ

Ὧὰ
                                                                                        (2.20) 

 

Insertion of the equation (2.20) in equation (2.18) gives:  
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ὖὃὭ=  Ὄὃ 
ὐὃ+  Ὧὰὅὃ

Ὧὰ
                                                                                  (2.21) 

 

By introducing ὅὃ
ᶻ as the saturation concentration (maximum solubility) of 

the component A in the aqueous solution in bulk gas pressure of ὖὃ , it can be 

written that: 

 

ὖὃ=  ὅὃ
ᶻ Ὄὃ                                                                                              (2.22) 

 

On the other hand, 

 

ὐὃ,Ὣ=  ὐὃ=  ὯὫὖ ὖὃὭ                                                                         (2.23) 

 

By replacing ὖ  and ὖὃὭ with corresponding liquid concentrations: 

 

ὐὃ=  ὯὫ ὅὃ
ᶻ Ὄὃ  Ὄὃ 

ὐὃ+  Ὧὰὅὃ

Ὧὰ
                                                              (2.24) 

 

By rearrangement of the equation (2.24), following equation is obtained: 

  

ὐὃ 1 +
ὯὫὌὃ

Ὧὰ
=  ὯὫὌὃ(ὅὃ

ᶻ ὅὃ)                                                            (2.25) 

 

Dividing both sides to ὯὫὌὃ leads to: 

 

ὐὃ  
1

ὯὫὌὃ
+

1

Ὧὰ
=  (ὅὃ

ᶻ ὅὃ)                                                                     (2.26) 

 

If we specify the overall flux from gas phase to liquid phase as a 

multiplication of driving force in liquid phase and liquid-side overall mass 

transfer coefficient it would be written as: 
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ὐὃ= ὑὰ (ὅὃ
ᶻ ὅὃ)                                                                                     (2.27) 

 

Where, ὑὰ  is the liquid-side overall mass transfer coefficient and (ὅὃ
ᶻ ὅὃ) 

is the driving force for mass transfer. Therefore, by comparing equation 

(2.26) and (2.27) it can be deduced that: 

 

1

ὑὰ
=  

1

ὯὫὌὃ
+

1

Ὧὰ
                                                             (2.28) 

 

In the case of gases that are scarcely soluble in the aqueous medium which 

coincides with high values of corresponding Ὄὃ, ex., oxygen and carbon 

dioxide, the liquid side resistance overcomes the gas-side resistance, namely, 

ὯὫ is much larger than Ὧὰ  and, therefore, equation (2.28) can be simplified 

into: 

 

1

ὑὰ
ḙ

1

Ὧὰ
                                                                                                   (2.29) 

 

In other words, in the case of low-solubility gases such as oxygen the overall 

liquid-side mass transfer coefficient, ὑὰ, is approximated with mass transfer 

coefficient in liquid film, Ὧὰ . It is the parameterὑὰ, measured in reality but Ὧὰ 

is used in quantification of the mass transfer (Nielsen et al., 2003). 

 

ὐὃ= ὑὰ (ὅὃ
ᶻ ὅὃ)                                                                                     (2.30) 

 

By defining ñaò as the gas-liquid interfacial area per unit liquid volume of 

the bioreactor, the mass transfer rate of the component A per unit liquid 

volume of the bioreactor will be calculated with following equation: 

 

ὔὃ= ὑὰὥ (ὅὃ
ᶻ ὅὃ)                                                                                  (2.31)  
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Rewriting the formula for oxygen: 

 

ὕὝὙ= ὔὃ= ὑὰὥ (ὅὕ2

ᶻ ὅὕ2
)                                                                 (2.32) 

 

Since individual measurement of the ὑὰ and a is difficult, their product, 

òὑὰὥò,  which is called  volumetric mass transfer coefficient is generally 

used to determine the volumetric mass transfer rate. Volumetric mass 

transfer coefficient can be determined by experimental methods or 

alternatively by empirical correlations which can be divided into two sets 

regarding the type of utilized bioreactor, i.e., stirred tank or pneumatically-

agitated. In stirred tank bioreactors: 

 

ὑὰὥ= Ὢ (ίὸὭὶὶὩὶ ὸώὴὩ,ίώίὸὩά ὫέάὩὸὶώ,ὠί,
ὖ

ὠ
,‘ὥ)                         (2.33) 

 

Where, ὠί is the superficial gas velocity, (P/V) is the power input per volume 

of the fermentation broth, and ‘ὥ  is the apparent viscosity of the broth.   

In bubble column and airlift bioreactors the correlation will be as: 

 

ὑὰὥ= Ὢ ( ὠί,‘ὥ)                                                                                       (2.34) 

 

Expressing the obtained equations in the form of dimensionless numbers is 

also prevalent.  

 

2.2.2.4.3. Oxygen uptake rate and relation with OTR 

The concentration of the oxygen in the fermentation medium (ὅὕ2
) 

containing suspending respiring cells is dependent on its transfer from gas to 

liquid, OTR, and its consumption by the available microorganisms, oxygen 

uptake rate (OUR). By a constructing mass balance equation for oxygen the 

following equation is obtained (Bandyopadhyay and Humprey, 1967): 
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Ὠὅὕ2

Ὠὸ
= ὑὰὥ ὅὕ2

ᶻ ὅ ὕ2
ή
ὕ2

.ὅὼ= ὕὝὙ ὕὟὙ                       (2.35) 

 

OUR (representing oxygen demand of the microorganism) is 

regarded as one of the physiological characteristics of the culture growth and 

virtually reflects the viability of the fermenting cells (Garcia-Ochoa et al., 

2010). By considering specific oxygen uptake rate (ήὕ2
) which specifies the 

rate of oxygen consumption per cell (Doran, 1995), OUR is expressed as the 

following product: 

 

ὕὟὙ=  ήὕ2
.ὅὼ                                                                                        (2.36) 

  

Where, ὅὼ is the cell concentration in the fermentation broth. Therefore, ήὕ2
 

is calculated from experimentally-determined OUR. The uptaken oxygen is 

utilized for oxidation of the substrate and generation of ATP which is, 

subsequently, utilized for production, biomass synthesis and cell 

maintenance (Garcia-Ochoa et al., 2010). As it is obvious, OUR will be 

dependent upon the cell amount and the specific oxygen uptake rate. It 

experiences an increase during exponential growth due to the high rate of 

substrate utilization (Garcia-Ochoa et al., 2010). Variation in ὅὼ will lead to 

change in OUR. Typically, in batch fermentation, there is a maximum for 

ήὕ2
 at the start of the logarithmic growth phase (Doran, 1995). However, ήὕ2

 

is supposed to be constant during growth (Garcia-Ochoa et al., 2010).    ήὕ2
 

is the intrinsic need of a microorganism for oxygen and , in consequence, 

will be related to cell species (Doran, 1995; Garcia-Ochoa et al., 2010). In 

addition, the available nutrients as carbon source will also affect it. 

Dissolved oxygen concentration will also influence the ήὕ2
 in the cases that 

ὅὕ2
< ὅὅὶ.ὕ2

 and, consequently, the ήὕ2
will be zero order with respect to the 

dissolved oxygen concentration at ὅὕ2
> ὅὅὶ.ὕ2

 (Doran, 1995).   
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OUR (and also OTR) can be determined via experimental techniques 

where the dynamic method seems to be the most practical technique because 

if its simplicity and the ability to be reproduced (Garcia-Ochoa et al., 2010). 

In this method, the inlet air is interrupted for a while (OTR = 0) and the 

change in dissolved oxygen concentration is recorded by the oxygen probe 

(Figure 2.16). OUR is obtained by the decrease in dissolved oxygen 

concentration as the slope of the dissolved oxygen versus time plot according 

to the equation (2.37) (Garcia-Ochoa et al., 2010):   

 

 
Ὠὅὕ2

Ὠὸ ὕὝὙ= 0
 = ὕὟὙὨ                                                                      (2.37) 

 

ὕὟὙὨ, is the measured OUR during dynamic method: 

 

ὕὟὙὨ=  ήὕ2
.ὅὼ                                                                                    (2.38) 

 

 

 

 

Figure 2.16. The schematization of dynamic method for determination of OUR and OTR in 

presence of microorganisms. 
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Then, the culture is re-oxygenated by constant flow of air/oxygen; the 

change in the oxygen concentration will again be the result of compromise 

between the OTR and OUR, by recording response of the system to the 

stimuli and obtaining the slope of the curve at a certain point (ὅὕ2
) the 

amount of (Ὠὅὕ2
/ Ὠὸ)   would be determined which knowing OUR (from air 

interruption part) and ὅὕ2

ᶻ will lead to calculation of ὑὰὥ from equation 

(2.35).  

In the other approach in this method for calculation of ὑὰὥ, by 

considering the final steady state concentration of dissolved oxygen (ὅὕ2
) as 

a result of balance between OTR and OUR: 

 

Ὠὅὕ2

Ὠὸ
= 0 = ὑὰὥ (ὅὕ2

ᶻ ὅ ὕ2
) ή

ὕ2
.ὅὼ                                              (2.39) 

 

Therefore, 

 

ήὕ2
.ὅὼ= ὑὰὥ (ὅὕ2

ᶻ ὅӶ ὕ2
)                                                                       (2.40) 

 

By replacing in the equation (2.35) and rearranging: 

 

 
Ὠὅὕ2

Ὠὸ
= ὑὰὥ (ὅ ὕ2

ὅὕ2
)                                                                       (2.41) 

 

Which can be solved by two available boundary conditions (Figure 2.16): 

 

ὅὕ2
= ὅὕ2 1     @ ὸ= ὸ1                                                                            

ὅὕ2
= ὅὕ2 2     @ ὸ= ὸ2                                                                            

 

The final result will be: 
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ὑὰὥ=  

ln
ὅ ὕ2

ὅὕ2 1     

ὅ ὕ2
 ὅὕ2 2     

ὸ2 ὸ1
                                                                           (2.42) 

 

In both cases it is vital to maintain ὅὕ2
> ὅὅὶ.ὕ2

  in order to have a constant 

ήὕ2
 independent of dissolved oxygen concentration (Doran, 1995) since, the 

amount of ήὕ2
 increases with increase of dissolved oxygen concentration up 

to ὅὅὶ.ὕ2
 . 

By knowing the OUR and OTR, the maximum cell concentration that 

can survive in the bioreactor can be determined by reminding that ὑὰὥ  

represents the oxygen transfer capacity of the bioreactor (Doran, 1995) and 

its precise measurement is of paramount importance in design and operation 

of bioreactors (Garcia-Ochoa and Gomez, 2009) . According to the equation 

(2.32), maximum oxygen transfer rate will be when the driving force 

ὅὕ2

ᶻ ὅὕ2
 has its maximum, namely ὅὕ2

= 0; therefore, the maximum cell 

concentration that can be handled by the bioreactor system in defined 

process conditions will be: 

 

ὅὼ,άὥὼ=     
ὑὰὥ.ὅὕ2

ᶻ

ήὕ2

                                                                               (2.43) 

 

If this maximum cell concentration would not be able to fulfill the process 

requirements, the ὑὰὥ should be improved.  

Another important parameter that should be taken into consideration is the 

lowest ὑὰὥ amount in order to have ὅὕ2
> ὅὅὶ.ὕ2

 , i.e., (ὑὰὥ)ὅὶ.: 

 

(ὑὰὥ)ὅὶ. =
ήὕ2 .ὅὼ

ὅὕ2
ᶻ ὅὅὶ.ὕ2

 
                                                                      (2.44) 
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2.2.2.4.4. Factors affecting oxygen transfer rate  

The range of the parameters that influence the OTR is wide and encompasses 

the process operation conditions, bioreactor geometry, physicochemical 

properties of the gas phase and liquid phase, and presence of microorganisms 

(reflected in OUR) (Garcia-Ochoa and Gomez, 2009). Each of the three 

components of the OTR, namely ὑὰ, a, and (ὅὕ2

ᶻ ὅὕ2
) , can be the target for 

changing the oxygen transfer rate. However, increase of the interfacial area 

will have a more pronounced effect in OTR improvement (Doran, 1995). ñaò 

is the interfacial area available for mass transfer which is in fact the area of 

the available bubbles dispersed in the fermentation broth. Thus, any action 

that affects the bubble sizes will conduce to change in interfacial area. Small 

bubbles have a lower rise velocity and, therefore, more time to transfer 

oxygen to the liquid phase (Doran, 1995).  Furthermore, bubble size has also 

relation with ñὑὰò; a rigid immobile surface will be the result of the bubble 

diameters lower than 2-3 mm which decreases the ὑὰ (Doran, 1995).  

    

2.2.2.4.4.1. Operational conditions 

In stirred tank bioreactors, stirrer speed, type and number of the stirrers, and 

gas flow rate are the major elements that play role in oxygen transfer rate 

adjustment (Garcia-Ochoa and Gomez, 2009). Increasing the stirrer speed 

leads to more energy dissipation into the liquid medium and exertion of 

higher shear force on the bubbles and, thus, smaller bubbles with higher ñaò. 

On the other hand, increasing the stirrer speed decreases the thickness of the 

stagnant liquid film around the gas bubbles (Doran, 1995) and, therefore, 

decreases the liquid film resistance for mass transfer, i.e., increase of the 

ñὑὰò. However, it should be emphasized that bubbles smaller than 1mm 

should be avoided in processes since they reach to a immediate equilibrium 

with the liquid phase and their more stay in the liquid becomes futile (Doran, 

1995). Gas flow have a direct impact on the surface area and its increase 

leads to higher gas holdup in bioreactor and, consequently, higher mass 

transfer area.  
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Temperature of the fermentation directly affects the saturation 

concentration where solubility decreases in fermentation medium by increase 

of the temperature (Nielsen et al., 2003) and, in consequence, the driving 

force for mass transfer is decreased. On the other hand, the temperature 

affects the diffusivity of the oxygen through aqueous medium; upon increase 

in temperature the diffusivity is increased and, thus, an increase in ὑὰ is 

observed. However, the net effect of temperature on OTR depends on the 

range of the temperature of interest; above 40°C the net effect of temperature 

increase will be decrease of the oxygen transfer rate (Doran, 1995).  

Total pressure of the inlet air or, in other word, the partial pressure of 

the oxygen in inlet air is also important by considering their effect on 

saturation concentration (ὅὕ2

ᶻ). Any increase in total pressure or oxygen 

partial pressure will lead to increase of solubility and, therefore, increase of 

driving force for mass transfer (Doran, 1995).       

 

2.2.2.4.4.2. Presence of the cells and solutes in the medium  

Any solutes available in the fermentation medium can alter oxygen solubility 

(ὅὕ2

ᶻ) and, therefore, its transfer rate from gas to liquid (Nielsen et al., 2003; 

Liang and Yuan, 2007). On the other hand, bubble coalescence, which is not 

desirable due to increase of bubble diameter, is suppressed by availability of 

the salts in the liquid phase which will be in favour of oxygen transfer rate; 

ñὑὰὥò is increased substantially by increasing ionic strength of the broth  

(Doran, 1995; Garcia-Ochoa and Gomez, 2009). Furthermore, concentration 

of the solutes (by causing viscosity variation in liquid phase) and ionic 

strength will influence the diffusivity (Bailey and Ollis, 1986). Increased 

liquid viscosity leads to decreased ñὑὰὥò (Garcia-Ochoa and Gomez, 2009) 

partially due to the increase of the stagnant liquid film thickness around the 

bubbles. 

Ideal Newtonian rheological behavior can be deviated as the result of 

the presence of microorganisms in the broth. Although microorganisms are 

mostly small (1-20 ɛm) but their accumulation in large amounts in broth 
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leads to aberrations from ideal situation. Furthermore, excretion of polymeric 

compound also changes the medium rheological characteristics. 

Approximately-spherical cells in low concentrations lead to Newtonian 

rheology where the viscosity changes with cell concentration. Yeast and 

bacterial cultures exhibit this behavior (Blanch and Clark, 1997). Any 

probable increase in medium viscosity leads to higher thickness of the 

stationary layer around the air bubbles (lower ὑὰ) bubble coalescence 

decreases and interfacial area ñaò increases; overall, ὑὰa decreases and OTR 

drops. In the absence of significant changes in rheological properties of the 

broth, the changes in "ὑὰ" can be attributed to other factors. Presence of the 

cells in the medium not only affects the physical properties of the medium 

but also the cells along with their proteins and other (macro) molecules are 

gathered in the surface of the bubbles and interfere with related phenomena 

to bubbles like break-up and coalescence. Their presence in the interfacial 

area decreases the available area for mass transfer (Doran, 1995). In addition, 

microbial aggregates lead to decrease in diffusivity compared to pure water 

(Bailey and Ollis, 1986).  

  

2.2.2.4.4.3. Surfactants 

During the various phases of the fermentation, secretion of the numerous 

proteins, polysaccharides, and fatty acids into the medium which bind 

spontaneously to the mass transfer interface area leads to the decrease in the 

surface tension. Consequently, the average bubble diameter in the bioreactor 

decreases and the interfacial area ñaò increases (Bailey and Ollis, 1986). 

Contrary to the area, the amount of the ñὑὰò is decreased as the direct 

consequence of the adsorption of the biomolecules to the surface. This 

biomolecular film leads to increase of the mass transfer resistance either by 

creation of an immobile surface or by introducing a new resistance by acting 

like a membrane. All-embracing, the product ñὑὰὥò increases by addition of 

surfactants (Bailey and Ollis, 1986).   
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2.2.2.4.4.4. Antifoaming substances 

Accumulation of the cell-specific substances exported to the extracellular 

medium increase the foaming tendency of the fermentation media (Bailey 

and Ollis, 1986). By gradual increase of these compounds the non-coalescing 

character of the medium cannot be further preserved and bubbles tend to 

merge and become larger which is not favorable from mass transfer point of 

view. Antifoaming substances as the compounds that lower the surface 

tension, provide the fermentation system with lower bubble size (like 

surfactants) and, thus, higher interfacial area ñaò for mass transfer. In 

contrast, their presence as a macromolecular film in the transfer area results 

in rigid interface and decreased liquid movement near interface and, 

therefore, decreased ñὑὰò where this decrease generally, conquers to the 

increase brought about by ñaò and, in total, ñὑὰὥò is decreased dramatically 

(Doran, 1995; Garcia-Ochoa and Gomez, 2009). 

 

2.2.2.4.4.5. Oxygen uptake rate 

Oxygen uptake rate during the process can influence the mass transfer 

coefficient (¢alēk et al., 1998). Enhancement of the OTR as the result of the 

consumption of the oxygen by the cells has been reported (Garcia-Ochoa and 

Gomez, 2009). As being proposed and confirmed by a mathematical model, 

the cells are being collected in the gas-liquid interface and enhance the 

oxygen transfer rate. In order to consider the improvement caused in OTR by 

presence of the cells in a system, biological enhancement factor (E) is 

defined (¢alēk et al., 1998): 

 

Ὁ=
ὕὼώὫὩὲ ὸὶὥὲίὪὩὶ Ὢὰόὼ  Ὥὲ ὴὶὩίὩὲὧὩ έὪ ὧέὲίόάὭὲὫ ὧὩὰὰί

ὕὼώὫὩὲ ὸὶὥὲίὪὩὶ Ὢὰόὼ Ὥὲ ὥὦίὩὲὧὩ έὪ ὧέὲίόάὭὲὫ ὧὩὰὰί
 

 

The hydrodynamic conditions and driving force for mass transfer should be 

similar in both conditions.  
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2.2.2.4.5. Oxygen-limited situations in bioprocesses 

Severe oxygen limitation is one of the environmental stress factors so, 

dissolved oxygen level should be strictly controlled which is feasible only in 

controlled environment of a bioreactor (Cereghino and Cregg, 2000). Since 

oxygen in the role of the final electron acceptor in the TCA cycle plays a 

vital role in provision of ATP as the energy currency of the cell, shifting 

from complete aerobic conditions which leads to fully aerobic metabolism of 

glucose (via TCA cycle), toward oxygen-limited and low-oxygen availability 

conditions affects the core metabolism leading to ethanol production which, 

in turn, faces the cell with energy deprivation and makes it to adopt 

physiological mechanisms to compensate energy shortage (Baumann et al., 

2010). As r-protein production (expression and secretion) is a multi-step 

cellular function which needs energy in the form of ATP, any perturbation in 

ATP/energy level because of change in oxygen provision can greatly 

influence the expression and/or secretion processes (Baumann et al.,  2008; 

Baumann et al., 2010). As the dissolved oxygen level decreases during 

industrial fermentation, various efforts are carried out to maintain it at high 

levels (Camattari et al., 2007). Although air supplementation with pure 

oxygen is not so challenging in small scales but can be cost-prohibitive at 

large scale productions (Ferreira et al., 2012); the need for pure oxygen leads 

to higher costs and may conduce to problems in scale up where heat 

exchange and oxygen transfer capacities are limited. Therefore, 

implementation of a system with lower oxygen demand will be easier 

(Camattari et al., 2007). In consequence, low-oxygen availability conditions 

have been adapted for such reasons. Reaching such conditions does not 

require elaborate induction procedure and is just by closing the inlet air valve 

(Camattari et al., 2007). A two-stage mechanism (small amount of air inlet 

after oxygen starvation) for induction of low-oxygen availability can help 

cells to refresh (Camattari et al., 2007). 

Reduced oxygen supply will lead to adaptation of a respiro-

fermentative metabolism rather respiratory (Baumann et al., 2010). As an 
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advantage, partially fermentative pathway leads to lower biomass yield and, 

thus, less biomass is accumulated during process and consequently the cell 

removal is facilitated (Baumann et al., 2008). There will be cellular 

adaptations to low oxygen availability; cells have to shift growth to biomass 

reorganization in order to cope with the strongly reduced availability of ATP, 

and readjust their metabolic fluxes from cellular respiration to fermentation. 

The extent of such adaptation is important in the case of facultative anaerobe 

yeasts with different capacities in glucose fermentation (Crabtree effect) 

(Baumann et al., 2010). As previously mentioned, P. pastoris prefers a 

respiratory pathway rather than fermentative, thus, the oxygen demand is 

high during high cell density cultivation. Since P. pastoris is 'Crabtree-

negative' (fermentation will only be induced when oxygen is severely limited 

(Baumann et al., 2008)) shows more sensitivity to the oxygen concentration 

in medium than 'Crabtree-positive' S. cerevisiae.  

Sterols play role in the membrane fluidity and as molecular oxygen is 

required in the pathway of sterol synthesis (biosynthesis route), thus, oxygen 

scarcity will perturbate the sterol production and membrane characteristics. 

Both ergosterol pathway enzymes and sphingolipids synthesis genes 

transcription are affected by oxygen limitation. Any change in normal 

composition of the membrane sterol-sphingolipid will cause not only defects 

in membrane physical properties but also profound changes in related events 

such as cell signaling or secretion of proteins to the cell outside (Baumann et 

al., 2010).  

 

2.3. Further considerations 

Some important issues were not included among the major parameters 

considered hitherto, but, should be explained as they are inalienable parts of 

the r-protein production in any eukaryotic host including P. pastoris. 

Glycosylation of the protein (related with protein biological activity), ER 

stress (related with unfolded proteins in ER), and proteolysis (related with 

product stability) are the subjects which will be explained. 
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2.3.1. Glycosylation 

Glycosylation is regarded as the most common and most intricate PTM 

which is in association with 40% of the approved pharmaceutical products 

(Macauley-Patrick et al., 2005; Corchero et al., 2012). Approximately 0.5-

1% of the expressed proteins in eukaryotes are glycoproteins (Daly and 

Hearn, 2005) however, almost all of the secreted eukaryotic polypeptides are 

glycosylated (Demain and Vaishnav, 2009). Since most of the 

pharmaceuticals, over 70% of therapeutic proteins whether in clinical or 

preclinical stage (Chung et al., 2010), are classified as glycoproteins, and 

also the profound effect that the location and extent of the chains may have 

on the action of the protein, the recombinant host should possess a proper 

glycosylation pattern to obtain a biologically active product (Macauley-

Patrick et al., 2005) and, thus, their production in mammalian cells will not 

be so surprising (Papini et al., 2010). A dissimilar pattern of glycosylation 

among the (micro) organisms is somewhat clear and glycosylation is species-

, tissue-, and cell-type- specific (Demain and Vaishnav, 2009). It is worthy to 

put forward that there are some cases that carbohydrate moiety has no role in 

biological activity of the protein and, thus, glycosylation is not of prime 

importance (Demain and Vaishnav, 2009). 

The parameters that glycosylation can alter and/or affect can be: 

serum half-life (stability), solubility, immunogenicity, (bio) activity, thermal 

stability, and receptor binding (Demain and Vaishnav, 2009). It has been 

suggested that protein glycosylation in general facilitates its secretion (Eylar, 

1966). On the other hand, there are parameters which can influence 

glycosylation. Any delay in protein delivery from ER can bring about 

extended glycosylation, since the glycosylation is the inalienable part of the 

secretion pathway (Daly and Hearn, 2005). Composition of the medium that 

cells were grown can govern the pattern of the glycosylation of a protein 

(Demain and Vaishnav, 2009); it has been reported that O2-limitation affects 

the N-glycan composition (Corchero et al., 2010). Furthermore, as there is a 

competition between glycosylation and folding in ER, the spatial 
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arrangement of the sequence (in 3D structure) is important (Daly and Hearn, 

2005). 

Adding specific sugar moieties to the protein, known as 

glycosylation, is a vital PTM carried out in ñOñ and ñNñ forms . In O-

glycosylation, the residue is added to the hydroxyl group of serine or 

threonine and in N-glycosylation, the sugar is added in the specific 

recognition sequence (Asn-X-Ser/Thr) to (R-group of) asparagines (Asn) 

residue (Cregg 1996; Cereghino and Cregg, 2000; Demain and Vaishnav, 

2009); regarding to the decreased Km of glycosyltransferase enzyme  in 

reaction with ñAsn-X-Serò the glycosylation is more readily achieved if the 

sequence would be ñAsn-X-Thrò (Daly and Hearn, 2005). O-glycosylation 

takes place mainly in Golgi apparatus (Daly and Hearn, 2005). In higher 

eukaryotes, O-glycosylation encompasses addition of variety of sugars such 

as N-acetylgalactosamine, galactose, and sialic acid, in contrast, yeast O-

glycosylation (Figure 2.17) is carried out by addition of one to five mannose 

oligosaccharides linked by Ŭ-1,2 linkage (Cregg 1996; Cereghino and Cregg, 

2000; Macauley-Patrick et al., 2005; Daly and Hearn, 2005). It seems that 

there is no consensus primary amino acid sequence in order to forecast O-

glycosylation residue (Cereghino and Cregg, 2000; Daly and Hearn, 2005); 

however, in the case of occurrence of unusual number of serine/threonine, 

presence of proline residues in proximity of serine/threonine, or occurrence 

of positively/negatively charged amino acids in the vicinity of 

serine/threonine the likelihood of O-glycosylation increases or it is promoted 

(Daly and Hearn, 2005). It is also probable that the O-glycosylation happens 

in a place other than native location, or a protein without any O-

glycosylation would be glycosylated (Cregg, 1999). 
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Figure 2.17. Common pattern of O-glycosylation in yeasts. 

 

 

 

The main difference is the pattern of N-glycosylation in yeasts (and 

P. pastoris) compared to higher eukaryotic cells. The Golgi apparatus of 

yeasts does not carry out the trimming procedure of N-glycans like the 

mammalian Golgi and thus long mannose chains are added to the core glycan 

(oligosaccharide) (Corchero et al., 2010). N-glycosylation starts from ER and 

continues to the Golgi apparatus afterwards. First modification step is very 

similar and highly conserved in eukaryotes; after addition of similar 

oligosaccharide core unit (Glc3Man9GlcNAc2 (Cregg, 1999)) in both lower 

and higher eukaryotes it is trimmed to Man8GlcNAc2 (Figure 2.18) by 

removal of the three glucose residues with the aid of glucosidase II and I and 

removal of Ŭ-1, 2-linked mannose residue by the action of Ŭ-1, 2-

mannosidase (Daly and Hearn, 2005). Further processing is performed in 

Golgi apparatus and the N-glycosylation pattern, N-glycan processing, 

diverges markedly from now on. In yeast and other fungi, high-mannose type 

chains are formed by the action of mannosyl-transferases and 

mannosylphosphate transferases, however, in mammalian cells, removing 

mannose residues from the glycans by Ŭ-1, 2-mannosidase located in Golgi 
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is the initial step which continues by addition of galactose, fucose, N-

acetylglucosamine, and sialic acid to the N-glycan. Sialylation is the final 

step in human glycosylation (Bollok et al., 2009). In S. cerevisiae Golgi 

apparatus, contrary to mammalian Golgi, the addition of mannose outer 

chains continues without trimming reactions (Cregg 1996; Cereghino and 

Cregg, 2000; Daly and Hearn, 2005) which leads to obtaining long mannose 

outer chains with a broad range of size between 50-150 mannose residues 

(hyperglycosylation) (Cereghino and Cregg, 2000). The most notable 

difference between P. pastoris and S. cerevisiae is the (frequent) absence of 

hyperglycosylation in P. pastoris (Cereghino and Cregg, 2000; Boettner et 

al., 2002) and glycoproteins expressed in P. pastoris have an average 

mannose chain of 8-14 (Li et al., 2007). High-mannose N-linked chains 

(high-mannose type glycosylation) added during passage through yeast 

secretory pathway are drawbacks in production of pharmaceutical proteins in 

yeast (Cereghino and Cregg, 2000).  

Additionally, presence of Ŭ-1, 3-linked mannosyl terminal linkages in 

S. cerevisiae leads to immunogenic reactions in patients. However, due to the 

lack of the Ŭ1, 3-linked mannosyl transferase (Demain and Vaishnav, 2009), 

P. pastoris can not add terminal Ŭ-1, 3 mannose (potent antigen) to the 

oligosaccharide chain and, in consequence, these linkages are absent in P. 

pastoris (Cregg 1996; Cereghino and Cregg, 2000). Therefore, P. pastoris 

contains a non-allergenic Ŭ-1, 2 linkage (Böer et al., 2007). It should be 

noted that glycosylation is not a strict prerequisite for functionality of a 

protein but the issue of immunogenicity should be regarded (Banga et al., 

2006). In addition to being immunogenic, therapeutic glycoprotein with 

different glycosylation pattern may experience complicated downstream 

purification or rapid clearance from body (Laukens et al., 2015).    

Cumulatively, because of low shear resistance and low productivity 

of mammalian cells, yeast, especially P. pastoris, could be used as a 

promising alternative, by two strategies (Cereghino et al., 2002): removing 

the glycosylation sites of protein by altering its primary amino acid sequence 
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without interfering bioactivity or humanizing the glycosylation pattern 

through reengineering the pathway (Macauley-Patrick et al., 2005) to 

produce homogeneous and human-like glycans. Engineering of the 

glycosylation pathway in P. pastoris has been reported previously 

(Bobrowicz et al., 2004). Generally, the first target of engineering is 

devastating the hypermannosylation steps (De Pourcq et al., 2010) and the 

general strategy includes deletion of an endogenous glycosyltransferase gene 

and step-by-step introduction of heterologous glycosylation enzymes in order 

to confer glycosidase or glycosyltransferase activity into ER or Golgi (Jacobs 

et al., 2009).  Engineering of the O-glycosylation pathway is not as advanced 

as N-glycosylation modification (Corchero et al., 2012). 

 

 

 

Figure 2.18. Structure of the core Asn-linked oligosaccharide (Daly and Hearn, 2005). The 

"star" shows the place where further oligosaccharides are added.  

 

 

2.3.2. Endoplasmic reticulum under stress 

Not all proteins fold simultaneously as they are synthesized in the cytosol 

and there should be an additional assistance for their proper folding. In 

eukaryotes, most secreted proteins and transmembrane proteins are directed 

toward ER. In addition, depending on the cell responsibilities there may be a 

huge amount of specific secreted protein molecules dispatched toward ER. 
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Furthermore, in the r-protein production processes the client protein is also 

expected in ER. Therefore, the flux through the ER may become formidable 

and eukaryotes ER should be equipped with special features to overcome the 

heavy load of the entering nascent polypeptides. ER possesses a complicate 

surveillance system, ER quality control (ERQC), whose proper functioning 

will guarantee folding and modification of secretory and membrane proteins 

and, further, elimination of finally-misfolded proteins (Araki and Nagata, 

2011).  

In yeasts the folding-assistant proteins (chaperones) reside in ER 

(Bollok et al., 2009) and the protein folding program proceeds in this 

compartment along with some PTMs such as N-glycosylation and disulfide 

bond formation. Protein folding is conducted via action of a group of 

chaperones and modifying enzymes (Ruggiano et al., 2014) as a network 

(Brodsky and Skach, 2011); these molecular chaperones either facilitate 

correct folding or provide a suitable microenvironment where folding can 

occur which results in minimized aggregation, facilitated native structure 

formation, and oligometric assembly (Brodsky and Skach, 2011) . ER-

resident chaperones system includes i) protein disulfide isomerases (PDIs); 

ii) Hsp40 (J-proteins), Hsp70 (BiP/Grp78/Kar2), and Hsp90 chaperones, and 

iii) lectin-based chaperones such as calnexin (CNX) and calreticulin (CRT) 

(Gasser et al., 2008; Brodsky and Skach, 2011; Shen et al., 2012).  

Upon entering ER, translocation, both endogenous and r-proteins, 

undergo specific pathway to be folded and modified correctly. However, an 

essential prerequisite for folding of a newly-synthesized protein is being 

soluble (Ruggiano et al., 2014). Kar2 in yeasts (BiP in mammals), aids the 

translocation of polypeptide chain into ER (Gasser et al., 2008), plays role in 

stabilization of immature protein (misfolded or newly-synthesized) through 

preferential binding to hydrophobic amino acid patches and preventing mis-

folding until ending the process of folding (Bollok et al., 2009; Idiris et al., 

2010; Shen et al., 2012; Ruggiano et al., 2014). This enzyme mediates (in a 

cyclic process) the formation of disulfide bonds by a cycle of PDI and Ero 
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action which may cause formation of reactive oxygen species; Ero provides 

oxidizing equivalents for PDI (Brodsky and Skach, 2011). PDI is a multi-

function oxidoreductase protein (yeast contains 5 PDIs) that takes part in 

disulfide bond formation, isomerization of primarily formed non-native 

disulfide bonds (Brodsky and Skach, 2011), and proper protein folding in 

oxidative environment of the ER. It also reduces disulfide bonds in 

misfolded proteins (Ruggiano et al., 2014). One of the crucial and 

preliminary modifications performed on nascent polypeptide is addition of a 

core oligosaccharide unit (mentioned in N-glycosylation) which facilitates 

interaction with PDI and provides a binding site for CNX and CRT (Brodsky 

and Skach, 2011). Glycan chain attachment is followed by successive 

cleavage of two glucose molecules from the core unit which renders the 

protein molecule a high-affinity substrate for CNX and CRT (Brodsky and 

Skach, 2011). CNX and CRT share a high structural homology although, 

CNX is a membrane protein and CRT is a soluble protein (Brodsky and 

Skach, 2011). Nascent glycoproteins bound by CNX are retained in the ER 

and are mediated for correct folding and processing of the N-glycans (Gasser 

et al., 2008; Brodsky and Skach, 2011). Removal of the final glucose residue 

generates a fragment that does not bind CNX/CRT. Folded substrates leave 

the ER but incompletely- or mis-folded N-glycosylated polypeptide 

substrates are sent back to be complexed with BiP (Kar2) chaperone or enter 

a second cycle of CNX/CRT, after reglucosylation by UGT (UDP-Glc 

glycoprotein glycosyltransferase) (Gasser et al., 2008; Brodsky and Skach, 

2011). Enzymes responsible for reglucosylation and deglucosylation 

compete with mannosidases which catalyze the reaction slowly and reside in 

ER/Golgi; since mannose diminishes the reglucosylation by UGT, thus, a 

substrate can be generated for different set of lectin-like chaperones, EDEM 

and Yos9 for yeasts, in order to pass a second level of ERQC (Gasser et al., 

2008; Brodsky and Skach, 2011). Providing that the conformation of the 

protein is certified by ERQC system resembling a molecular clock, a 

glucose-dependent surveillance mechanism which acts by trimming and 
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reattachment of glucose and confers the protein a limited time and multiple 

opportunities of refolding, only correctly folded, modified and assembled 

proteins are allowed to travel further along the secretory pathway (Gasser et 

al., 2008). Then, the protein would be transported to Golgi for further 

modification via vesicular transport (Gasser et al., 2008; Bollok et al., 2009) 

else, it will be get stuck in the ER. Prolonged BiP binding (and also CNX 

binding (Gasser et al., 2008)) is an indicator of mis-folding. The unusually 

high and non-physiological rates of r-protein production and the occurrence 

of significant amounts of mis-folded protein species, still an unsolved 

problem (Damasceno et al., 2012), drive the cells to a global conformational 

stress condition (Gasser et al., 2008). Providing that the accumulation of the 

misfolded proteins is not permanent or stress is brief, misfolded proteins will 

be handled with unfolded protein response (UPR) or will be destroyed by 

endoplasmic reticulum-aided degradation (ERAD) (Brodsky and Skach, 

2011). The entrance of pre-mature proteins to ER, their quality control and 

subsequent degradation or secretion has been schematized in Figure 2.19. 

 

 

 

Figure 2.19. Representation of the protein folding, quality control, degradation, and 

secretion in yeasts (Gasser et al., 2008).  
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Disturbance of folding occurred by any reason, such as non-physiological 

expression rates of r-protein, (Gasser et al., 2008) inside ER, mutations, sub-

stoichiometric amounts of binding partner or stoichiometric errors (Ruggiano 

et al., 2014; Brodsky and Skach, 2011), or shortage of a chaperone 

(Ruggiano et al., 2014) compelling the cells to commence UPR and also 

ERAD. Misfolded proteins are potentially harmful species and need to be 

removed.  

UPR is a ñcytoprotectiveò signal transduction cascade (Kimata et al., 

2006) which entails series of responses for preserving homeostasis and cell 

survival (Mori, 2009) through alleviation of ER stress and restoring its 

function of protein folding (Hetz, 2012). Briefly, ER stressful condition, 

accumulation of unfolded/misfolded proteins, is sensed by UPR sensor (s). 

The received/sensed signal is transmitted to the nucleus (via cytosol) in order 

to adjust target genes expression in nucleus and, in consequence, provoking 

some compensating reactions finalized with buffering of ER stress (Figure 

2.20) (Gasser et al., 2008; Damasceno et al., 2012; Hetz, 2012). All the target 

genes possess a segment called UPR element which signal transduction 

targets it in order to up-regulate intended genes transcription.  Induced genes 

which exceed 300 genes comprise groups related to protein folding, ER-

resident chaperone, vesicular transport, lipid biosynthesis, and degradation 

(ERAD) in order to prevent probable detrimental effects of mis-folded 

proteins and, subsequently, to recover the "cellular folding homeostasis" 

(Kimata et al., 2006; Gasser et al., 2008). The presence of Ire1 (inositol-

requiring protein 1Ŭ) as yeasts UPR sensor was proved for the first time in S. 

cerevisiae after initial characterization of ER stress in this budding yeast 

(Hetz, 2012); Ire1 is a single-pass transmembrane protein resides in ER 

membrane (Brodsky and Skach, 2011). Afterwards, a functional transcription 

factor, Hac1, is translated by the activity of Ire1 (Kimata et al., 2006; Hetz et 

al., 2012) which binds to the UPR elements of targeted genes in the nucleus 

(Kimata et al., 2006).   
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In sustained ER stress and, thus, extended UPR, accumulation of 

misfolded proteins especially those with disulfide bonds leads to increase of 

intracellular ROS as a consequence of repetitive oxidative folding attempts 

by foldases such as PDI; consequently, oxidative stress is brought about 

which obligates cellular protection. Therefore, the enzymes that relieve 

oxidative stress are also among the transcriptional targets of yeast Ire1-Hac1 

pathway (Kimata et al., 2006; Gasser et al., 2008; Zhu et al., 2011; Brodsky 

and Skach, 2011).  

 

 

 

Figure 2.20. UPR as an intracellular signaling pathway from ER to nucleus. Ire1 is the 

unique UPR sensor found in yeasts. Mammalians possess three UPR sensors as a result of 

evolution and, thus, we expect more elaborate adaptive responses facing ER stress (Mori et 

al., 2009). 
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If the increased handling capacity of the ER cannot afford the 

unfolded/misfolded proteins, they are gradually subjected to ERAD in order 

to get rid of their detrimental effects to the cell normal functioning 

(Ruggiano et al., 2014).  ERAD is reverse translocation of mis-folded protein 

(could not pass ERQC (Brodsky and Skach, 2011)) through a ñprotein 

conducting channelò (Ruggiano et al., 2014) to the cytosol and tagging it by 

ubiquitin in order to proteasomal degradation by 26S proteasome in the 

cytosol (Gasser et al., 2008). So, ERAD encompasses four steps (Figure 

2.21): i) recognition of substrate; ii) retranslocation to the cytosol; iii) 

ubiquitination in cytosolic side of ER, and iv) degradation by proteasome in 

cytosol (Brodsky and Skach, 2011). It should be emphasized that ERAD has 

different categories each specific for a different type of misfolded proteins. 

However, the principal and the sequence of events which lead to protein 

clearance are similar (Ruggiano et al., 2014). The whole steps are 

accomplished by orchestration with an ER membrane-embedded protein 

complex, E3 ligase complex (Ruggiano et al., 2014).    

 

 

 

Figure 2.21. Simple representation of ERAD including its four well-defined steps. 

Reproduced from (Ruggiano et al., 2014)  
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The ER-associated responses have been reported to be activated 

while over-expression of r-proteins. These stress reactions thus prevent 

improvement of r-protein production via increasing gene dosage and prohibit 

the optimization by introducing a major bottleneck. It seems acceptable that 

co-expression of different chaperones as folding helpers with the target gene 

have a substantial effect on yield. However, it has been realized that 

influence of co-expressed BiP is protein or host specific. Regarding PDI, its 

sole over-expression has improved the secretion of some but not all proteins 

(Idiris et al., 2010; Huo et al., 2007). 

 

2.3.3. Proteolysis (Product stability)  

The vacuole of the yeast has been recognized as one of the ñdegradative 

organellesò dissected hitherto. Along with numerous physiological 

responsibilities, proteolysis, although in a nonspecific and uncontrolled 

manner, has been proved to be one of the functions of the vacuole and the 

level of various proteases reside in the vacuole, and thus proteolysis, changes 

with nutritional conditions of the yeast. Proteolytic degradation has been 

considered as an ever-present problem when yeasts are utilized as expression 

platforms for r-protein production (Van Den Hazel et al., 1996). Three main 

groups of the proteases have been identified in P. pastoris: i) cytosolic 

proteases or proteasomes; ii) secretory pathway proteases, and iii) vacuolar 

proteases. Excluding proteasomes, the other two groups have been 

summarized in Table 2.11 (Zhang et al., 2007).  

Despite reaching high cell densities in bioreactor cultures of P. 

pastoris, proteolytic degradation of the heterologous protein would be a 

probable outcome of lyzed cells and, thus, releasing their vacuolar proteases 

(excess production of the vacuolar proteases can lead to their secretion to 

cytosol and subsequently the extracellular medium (Sinha et al., 2005)). 

Furthermore, proteolytic degradation can be caused by extracellular or cell-

bound proteases. Proteolysis will conduce either to truncated protein and, 

thus, decreased yield or problems in downstream processing because of the 
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release of intracellular constituents or intermediates of the protein 

degradation (Zhang et al., 2007). Lyzed cells may be the inevitable 

consequence of methanol (a toxic material to cells) as a common inducer and 

carbon source in Pichia-based expression systems utilizing PAOX-driven gene 

transcription; methanol and/or its subsequent metabolites such as 

formaldehyde, and hydrogen peroxide resulting from its catabolism in 

peroxisome are menace to available cells and are the major reasons of cell 

lysis (Mattanovich et al., 2009). Obviously, to overcome the proteolysis, 

especially in this case, using strategy other than methanol induction is the 

right choice (e.g., using glucose grown cells and PGAP) for dampening the 

oxidative stress. In order to ameliorate the process by decreasing proteolysis, 

different strategies can be put forward; they can be classified into cell-level, 

cultivation-level (Macauley-Patrick et al., 2005) and, protein-level (Zhang et 

al., 2007). The cell-level strategies comprise recruitment of protease-

deficient strains of P. pastoris in which genes of vacuolar protease have been 

knocked out which can lead to lower proteolysis up to a point (Macauley-

Patrick et al., 2005; Potvin et al., 2012); vacuolar proteases seem to be the 

major cause of protein degradation (Li et al., 2007). Protease-deficient 

mutants have a disruption in the proteinase A gene (PEP4) and/or proteinase 

B gene (PRB1). SMD1163, SMD1165, and SMD1168 are the developed 

mutant strains which possess lower growth rate and viability. SMD1163 is a 

double-mutant which lacks both PrA and PrB proteases (Zhang et al., 2007). 

Using these mutant strains may put the production at stake where the 

protease itself is necessary for proper processing of the protein (Potvin et al., 

2012). Therefore, these strains should be used only when other strategies 

failed to respond (Macauley-Patrick et al., 2005) 

The cultivation-level strategies are related with medium composition, 

pH, temperature, and protease inhibitors (Macauley-Patrick et al., 2005; 

Potvin et al., 2012). Nutrient starvation should strictly be avoided during 

cultivation, as it brings about cell lysis. It has been unraveled that starvation, 

change of carbon sources, temperature and pH changes, or toxic chemicals 
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can impose stress on yeast cells (Sinha et al., 2005). r-protein expression is 

affected by medium composition (Zhang et al., 2007). Complex or enriched 

media, contrary to defined media, have the capacity of preventing nutrient 

limitation along with protease activity (Potvin et al., 2012). By adding amino 

acid-rich substances such as peptone or casamino acids to the medium they 

act as competing or excess substrate for proteases. Addition of skimmed milk 

to the induction medium has been reported to increase the yield of human 

bile salt stimulated lipase (Cereghino et al., 2002; Macauley-Patrick et al., 

2005). Keeping the conductivity of the medium at a low constant level by 

salt feeding has also been reported to be a useful method in decreasing cell 

death and, therefore, protease concentration. However, salt can inversely 

influence protein titer (Zhang et al., 2007). Utilization of a carbon source 

with a less harmful nature and by-products can be another point to be 

considered. Since the growth of P. pastoris is not influenced remarkably by 

pH range (3.0-7.0), changing medium pH to a level (other than optimal for 

protease) in order to diminish protease activity could be an effective solution 

providing that the stability of the expressed protein would not be affected. 

Lower medium pH will result in lower protease activity (Zhang et al., 2007). 

Lowering the temperature can also increase the yield (Macauley-Patrick et 

al., 2005; Potvin et al., 2012) by decreasing protease activity. The 

improvement can also be ascribed to the poor stability of recombinant 

protein at higher temperatures, more release of protease, or folding problems 

at higher temperatures (Macauley-Patrick et al., 2005)  because of 

hydrophobic interactions and consequent aggregation (Li et al., 2007). As a 

method to minimize proteolysis, expressions at temperatures of 27ęC, 25ęC, 

and 23ęC have been carried out but with prolonged period of fermentation 

(Li et al., 2007). Addition of protease inhibitors to the medium can also be a 

solution for attenuating proteolysis. However, in an industrial scale, cost of 

utilization of such additives can be prohibitive (Zhang et al., 2007). Some 

protease inhibitors can be mentioned such as phenyl methyl sulfonyl fluoride 

(PMSF) as serine proteases inhibitor, EDTA, pepstatin (as aspartic proteases 
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inhibitor) (Sinha et al., 2005). Finally, providing that not competing for cell 

resource reservoirs, the co-expression of protease inhibitors in tandem with 

the desired gene can have a profound effect on the proteolytic activity and, 

therefore, increasing the yield.  

Proteolysis is protein-dependent since the cleavage site (specific 

amino acid sequence) maybe absent in some products or it has been 

concealed because of unique three-dimensional structure of the protein 

product. Considering this fact, one method for alleviating the proteolytic 

degradation can be, as a protein-level strategy (Zhang et al., 2007), 

modifying the amino acid sequence of the expressed protein, without 

changing its bioactivity, to change the pattern recognized by the relevant 

protease(s) (Potvin et al., 2012).  

 

Table 2.11. Non-cytosolic proteases of yeasts (extracted from (Zhang et al., 2007)). 

 

Protease (abbreviation) Gene  Protease features 

Vacuolar 

E
n
d
o

p
ro

te
in

a
s
e 

Proteinase A (PrA) PEP4 

¶ Aspartyl proteinase 

¶ 405-aa precursor 

¶ 42-kDa glycoprotein 

¶ Possessing ñpre-proò SP  

¶ Three PTMs upon entering ER 

¶ 2 N-linked glycosylation 

¶ Necessary for activation of 

vacuolar proteases such as PrB 

and CpY 

Proteinase B (PrB) PRB1 

¶ Subtilisin family of serine 

protease 

¶ 69-kDa precursor 

¶ 31-33 kDa mature enzyme 

¶ Possessing ñpre-proò SP  

¶ Autocatalytic cleavage of ñproò 
sequence 

¶ Final cleavage takes place in 

vacuole to give mature PrB 

¶ One N-linked and one O-linked 

glycosylation 
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Table 2.11. Non-cytosolic proteases of yeasts (Continued). 

 
 

Protease (abbreviation) Gene  Protease features 
C

a
rb

o
x
y
p
e

p
ti
d
a

s
e 

Carboxypeptidase Y (CpY) PRC1 

¶ Serine protease 

¶ 61-kDa glycoprotein 

¶ Possessing ñpre-proò SP  

¶ Four N-linked glycosylation 

¶ ñproò sequence and 

Carbohydrate side chains are 

required for proper folding 

¶ Final cleavage takes place in 

vacuole to give mature CpY 

Carboxypeptidase S (CpS) CPS1 

¶ Metal ion-dependent 
carboxypeptidase 

¶ 576-aa membrane-associated 

precursor 

¶ 73- or 77-kDa mature enzyme 

depending on glycosylation 

degree 

¶ Proteolytic cleavage in vacuole 

to release soluble mature 

enzyme 

¶ N-linked glycosylation happens 

A
m

in
o

p
e

p
ti
d
a

s
e 

Aminopeptidase I (ApI) LAP4 

¶ Metalloexopeptidase 

¶ 640-kDa glycoprotein with 12 

subunits 

¶ Without a normal SP to be 

translocated into ER  

Aminopeptidase Co (ApCo) - 
¶ 100-kDa metalloexopeptidase 

¶ Needs Co2+ for proper function 

Aminopeptidase Y (ApY) - 

¶ 537-aa precursor 

¶ 70-kDa glycoprotein 

¶ Possessing ñpre-proò SP  

¶ Several N-linked glycosylation 

¶ ñProò sequence has an 

inhibitory effect on enzyme 

function 

¶ Maybe identical to ApCo 
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Table 2.11. Non-cytosolic proteases of yeasts (Continued). 

 

 

Protease (abbreviation) Gene  Protease features 

Depepdyl aminopeptidase B (DPAP-B) DAP2 

¶ Membrane-bound vacuolar 

protease 

¶ Luminal catalytic domain 

¶ Without proteolytic processing 

until the vacuole 

¶ Mostly six or seven N-linked 
glycosylation occurs, rarely 

five or eight  

Secretory pathway 

Signal peptidase  SEC11 

¶ Integral membrane protein 

¶ At least four subunits 

¶ Catalytic subunit is 18 kDa 

¶ Glycosylation of one subunit 

¶ SEC11 gene codes for catalytic 

subunit 

Kex2 endoprotease  KEX2 

¶ Subtilisin family of serine 

protease 

¶ Integral membrane protein 

¶ Requires Ca2+ for activity 

¶ Glycoprotein with both N-
linked and O-liked 

glycosylation 

¶ Thought to be at late Golgi 

Kex1 carboxypeptidase   KEX1 

¶ Integral membrane protein 

¶ Glycoprotein with just N-linked 
glycosylation 

¶ Locates at late Golgi 

¶ Specific for basic residues 

Depepdyl aminopeptidase A (DPAP-A) STE13 

¶ Integral membrane protein 

¶ Glycoprotein anchored in the 
Golgi 

¶ Marked similarity to DPAP-B 

Yeast aspartyl protease III (Yap3) YAP3 

¶ Upon overproduction and 

absence of Kex2 shows activity 

of cleavage 

¶ Topologically  similar to Kex2 

¶ Has a transmembrane anchor 

¶ An extra 45 amino acid 

segment compared to other 

aspartyl proteases 
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2.4. Bioprocess kinetics in fed-batch operation 

In order to have a deeper insight to any kind of bioprocess, the major basic 

parameters such as biomass generation rate, specific growth rate, substrate 

consumption rate, and production rate, should all be clearly defined to 

develop a simple mathematical representation of the system behavior (¢alēk 

et al., 2016; Öztürk et al., 2016). By applying mass balance for the bioreactor 

system according to the equation (2.45), equations describing the major 

parameters can be obtained.  

 

Ὅὲὴόὸ ὕόὸὴόὸ ὅέὲίόάὴὸὭέὲ έὶ ὋὩὲὩὶὥὸὭέὲ= ὃὧὧόάόὰὥὸὭέὲ           (2.45) 

 

In any biological process conducted inside a bioreactor the volume change in 

the bioreactor can be depicted as (Yamané and Shimizu, 1984): 

 

Ὠὠ

Ὠὸ
=  ὗὸ+  ὪὃὧὭὨ+ ὪὄὥίὩ+  ὪὃὲὸὭὪέὥά  Ὢὠὥὴ.  Ὂέόὸ                     (2.46) 

 

Where, ὗὸ is the volumetric flowrate of the inlet stream to the bioreactor. 

In the fed-batch operations,   Ὂέόὸ= 0 as the output stream is not present and 

also for the volume change caused by addition of acid, base, and antifoam 

and loss because of vaporization we can assume: 

 

ὪὃὧὭὨ+ ὪὄὥίὩ+  ὪὃὲὸὭὪέὥά  Ὢὠὥὴ.    Ḻ ὗὸ                                          (2.47) 

 

Therefore: 

 

Ὠὠ

Ὠὸ
 ὗὸ                                                                                               (2.48) 
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Equation (2.48) attributes the bioreactor volume change in fed-batch 

operation just to inlet stream flowrate. Since the input and output stream is 

not available in batch mode, in batch operation: 

 

Ὠὠ

Ὠὸ
=  0                                                                                                    (2.49) 

 

2.4.1. Cell growth correlations 

In batch-wise cultivation, after inoculation of the defined amount of the cell 

into the fermentation medium, the number of the cells increases by 

utilization of the provided substrate (mainly carbon source and nitrogen 

source). Since in the batch operation the input and output streams are both 

absent, by assuming that there is neither leakage from the system nor 

consumption of the cells, the mass balance related with the cell around the 

bioreactor system (by neglecting any kind of cell death and loss) can be 

written as follows: 

 

ὶὼὠ=
Ὠ (ὅὼὠ)

Ὠὸ
                                                                                        (2.50) 

 

In which, ὶὼ is the volumetric rate of the biomass (cell) generation, V is the 

volume of the fermentation broth, ὅὼ is the viable cell concentration inside 

the well-mixed bioreactor, and t is the fermentation time. Considering the 

definition of the volumetric reaction rate we can deduce the following 

equation:   

 

ὶὼ=
1

ὠ
 
Ὠ(ὅὼὠ)

Ὠὸ
                                                                         (2.51) 
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Where, the ñὅὼὠò is the cell mass in the reaction volume in bioreactor. The 

reaction volume (V) can be either constant or variable. In addition, based on 

the definition of specific growth rate, ɛ: 

 

‘=
1

(ὅὼὠ)
 .
Ὠ(ὅὼὠ)

Ὠὸ
                                                          (2.52) 

 

And therefore: 

 

Ὠ(ὅὼὠ)

Ὠὸ
=  ‘(ὅὼὠ)                                                           (2.53) 

 

By combining equation (2.51) and (2.53) it can be written that in the 

exponential growth phase: 

 

ὶὼ=  ɛὅὼ                                                                                                 (2.54) 

 

Where, the first order kinetic constant is the specific growth rate of the cell, 

ɛ. By insertion of the equation (2.54) in equation (2.50) the result will be: 

 

‘ὅὼ ὠ=
Ὠ (ὅὼὠ)
Ὠὸ

                                                                          (2.55) 

 

By applying the derivation into the term inside the brackets in right-hand 

side: 

 

‘ὅὼὠ=  ὅὼ
Ὠὠ

Ὠὸ
+  ὠ

Ὠὅὼ

Ὠὸ
                                                (2.56) 

 

In the case of batch operation, based on the equation (2.49): 

 



142 

 

‘ὅὼὠ= ὠ
Ὠὅὼ
Ὠὸ

                                                                  (2.57) 

 

By dividing both sides to V and rearranging: 

 

‘Ὠὸ=  
Ὠὅὼ
ὅὼ

                                                                     (2.58) 

 

Thereafter, by integration between time interval t=0 until t=t : 

 

᷿‘Ὠὸ
ὸ

0
=  ᷿

Ὠὧὼ

ὅὼ

ὅὼ
ὅὼ0

                                                                     (2.59) 

 

During logarithmic growth, the specific growth rate is approximately 

constant (and maximum), thus: 

 

‘ὸ=  ὰὲὅὼ ὰὲὅὼ0       έὶ        ὰὲὅὼ= ὰὲὅὼ0 +  ‘ὸ                       (2.60) 

 

This equation can be rewritten in exponential form: 

 

ὅὼ=  ὅὼ0 Ὡ‘ὸ                                                                           (2.61) 

 

On the other hand, in fed-batch mode of the fermentation, although there is 

no output stream from the system, there is input to the bioreactor (contains 

sterile substrate) which is the reason of the change in the bioreactor volume, 

namely: 

 

ὗ(ὸ) =  
Ὠὠ
Ὠὸ

                                                                          (2.62) 

 

By insertion of equation (2.62) into the equation (2.56), the result will be as 

follows: 
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‘ὅὼὠ=  ὅὼὗ(ὸ) +  ὠ
Ὠὅὼ
Ὠὸ

                                                (2.63) 

 

Rearranging the equation (2.63) will lead to the following equation: 

 

Ὠὅὼ

Ὠὸ
=
ὅὼ

ὠ
  ‘ὠ ὗ(ὸ)                                                                      (2.64) 

Multiplication of the term (
ὅὼ

ὠ
) by the terms inside the brackets: 

 

Ὠὅὼ

Ὠὸ
=  ὅὼ ‘

ὗ(ὸ)

ὠ
                                                        (2.65) 

 

By solving equation (2.65) for ‘ , the specific growth rate of the cell in fed-

batch fermentation can be represented in the following form: 

 

‘=  
1

ὅὼ

Ὠὅὼ

Ὠὸ
+  

ὗ(ὸ)

ὠ
                                                                            (2.66) 

 

By assuming ὗ(ὸ)=0, the batch mode of fermentation, the equation will be 

converted into: 

 

‘=  
1

ὅὼ

Ὠὅὼ

Ὠὸ
                                                                        (2.67) 

 

2.4.2. Correlations for substrate utilization  

The desired substrate is utilized by the available microorganisms in the 

bioreactor in order to generate energy for cell. Produced energy is devoted to 

growth, product formation, and maintenance purposes. Substrate 

consumption rate can be expressed by the following equation: 
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 ( ὶί) =  ήί ὅὼ                                                                                       (2.68) 

 

The minus sign is just for manifestation of the decreasing nature of the rate. 

The term ήί in this equation represents the specific substrate utilization rate 

by the cells. Writing mass balance for the substrate in the bioreactor gives 

the following equation: 

 

ὗὸὅὛ0  ὶίὠ άὠὅὼ=    
Ὠ(ὅίὠ)

Ὠὸ
                                     (2.69) 

 

Where, ὗ(ὸ)  is the volumetric flowrate of the input stream to the bioreactor, 

άὠὅὼ is the term related to the cell maintenance (m is known as the 

maintenance coefficient), ὅὛ0  concentration of the substrate in the inlet feed 

stream, ὅί is the instantaneous concentration of the substrate in the 

bioreactor, and V is the working volume of the bioreactor. On the other hand: 

 

Ὠ(ὅίὠ)

Ὠὸ
= ὅί

Ὠὠ

Ὠὸ
+  ὠ 

Ὠὅί

Ὠὸ
                                                                  (2.70) 

 

By ignoring the term peculiar to the maintenance, replacing ὶί  according to 

the equation (2.68) and insertion of the equation (2.70) into equation (2.69) 

the following equation is obtained: 

 

 ὗὸὅὛ0 ήί ὅὼὠ=  ὅί
Ὠὠ

Ὠὸ
+  ὠ 

Ὠὅί

Ὠὸ
                                            (2.71) 

 

By replacing 
Ὠὠ

Ὠὸ
   from equation (2.62) and rearranging the equation in order 

to obtain ήί : 

 

ήί=  
1

ὅὼ
 
ὗ(ὸ)

ὠ
 ὅί0 ὅί

Ὠὅί

Ὠὸ
                                              (2.72) 
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If the flowrate of the (growth-limiting) substrate is increased proportional to 

the exponential growth rate, it will be possible to maintain a high rate of 

specific growth rate for a longer period of time (Yamané and Shimizu, 

1984).  Obtaining a correlation for such a flowrate as a function of time will 

be the next step. 

By introducing a new parameter, ὣὼ
ίϳ
, as the yield coefficient of the cell on 

the substrate we can relate the cell generation rate and substrate consumption 

rate according to the following equation: 

 

ὣὼ
ίϳ

=   

Ὠ(ὅὼὠ)
Ὠὸ

Ὠ(ὅίὠ)
Ὠὸ

=  ὶὼὠ
( ὶί)ὠ

=  ὶὼ
( ὶί)

                                 (2.73) 

 

In consequence it can be inferred that: 

 

ὶί =   
ὶὼ

ὣὼ
ίϳ
                                                                             (2.74) 

 

By neglecting maintenance and replacing ( ὶί) from equation (2.74) in 

equation (2.69), the obtained equation will be as: 

 

ὗὸὅὛ0
ὶὼ

ὣὼ
ίϳ
 ὠ=   

Ὠ(ὅίὠ)

Ὠὸ
                                               (2.75)  

                    

By using equation (2.54) and equation (2.70) we get to the following 

equation: 

 

ὗὸὅὛ0
‘ὅὼ

ὣὼ
ίϳ
 ὠ=  ὅί

Ὠὠ

Ὠὸ
+  ὠ 

Ὠὅί

Ὠὸ
                                                (2.76) 
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Based on the equation (2.59) and solving the equation for  
Ὠὅί

Ὠὸ
 : 

 

Ὠὅί

Ὠὸ
=  
ὗὸ

ὠ
ὅί0  ὅί

‘ὅὼ

ὣὼ
ίϳ
                                                    (2.77) 

 

In order to have a constant specific growth rate, the concentration of the 

substrate inside the bioreactor should be constant, i.e., 
Ὠὅί

Ὠὸ
 = 0; therefore, 

equation (2.77) will be changed into the following equation:  

 

ὗὸ

ὠ
ὅί0  ὅί =

‘ὅὼ

ὣὼ
ίϳ
                                                              (2.78) 

 

In addition, immediate utilization of the entered substrate can lead to the 

assumption of ὅί0 ḻ ὅί  i.e., a very concentrated substrate inlet stream, the 

equation will be as follows: 

 

 
ὗὸ

ὠ
 ὅί0 =  

‘ὅὼ

ὣὼ
ίϳ
                                                                        (2.79) 

 

Solving the equation for ὗὸ will lead to: 

 

ὗὸ=   
‘ὠὅὼ

ὅί0 ὣὼίϳ
                                                                                      (2.80) 

 

In addition based on the definition of the specific growth rate we can write: 

 

‘(ὅὼ ὠ)ὸ=
Ὠ (ὅὼὠ)

Ὠὸ
                                                                   (2.81)  
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(ὅὼ ὠ)ὸ  is the representative of the mass of the cell present in the bioreactor 

in specific time of ñtò designated by ñὢὸò. Solving the equation forò Xò and 

representing the initial cell amount in bioreactor as ὢ0 will give the 

following equation: 

 

ὢὸ= ὢ0Ὡ
‘ὸ                                                                               (2.82)      

 

In other words the necessary and sufficient conditions for exponential growth 

in fed-batch mode (where volume change exists) will be as:  

 

(ὅὼὠ)ὸ= (ὅὼὠ)ὸ= 0 .Ὡ‘ὸ                                                                       (2.83) 

 

So, by regarding the initial (t=0) volume of the bioreactor when semi-batch 

operation begins (ὠ0) and the initial concentration of the cells in the 

bioreactor (ὢ0) upon fed-batch start, the equation can be written as follows: 

 

(ὅὼὠ)ὸ= ὅὼ0 
.ὠ0 .Ὡ‘ὸ                                                                        (2.84) 

 

By insertion of equation (2.84) into equation (2.80): 

 

ὗὸ=   
‘  ὅὼ0 .ὠ0 .Ὡ‘ὸ

ὅί0 ὣὼίϳ
                                                                            (2.85)                                     

 

The calculated flowrate for inlet stream including substrate can be utilized in 

order to keep an exponential growth with a pre-defined specific growth rate 

regarding known amounts of all the parameters in the equation (2.85). 

  

2.4.3. Correlations for product formation 

Regarding to the product, the balance equation just includes the 

accumulation and product formation rate as follows: 
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ὶὴὠ=   
Ὠ (ὅὴὠ)

Ὠὸ
                                                                               (2.86) 

 
Where, ὅὴ is the product concentration in well-mixed bioreactor in specific 

time and ὶὴ is the rate of the product formation which can be expressed in 

the form of a first-order kinetic by introduction of specific product formation 

rate (ήὴ):  

 

ὶὴ=  ήὴὅὼ                                                                                (2.87) 

 
By insertion of the equation (2.87) in equation (2.86) and taking derivatives: 

 

 

ήὴὅὼὠ= ὅὴ
Ὠὠ

Ὠὸ
+  ὠ 

Ὠὅὴ

Ὠὸ
                                                          (2.88) 

 

 

Replacing the term ( 
Ὠὠ

Ὠὸ
 ) from equation (2.62) and solving for ήὴ: 

 

ήὴ=  
1

ὅὼ

ὅὴ

ὠ
 ὗὸ+  

Ὠὅὴ

Ὠὸ
                                                         (2.89) 

 

 
2.4.4. Yield coefficients 

 

In order to make the bioprocess easy to understand some parameters are 

defined which yield coefficients are among them. Yield coefficients clarify 

the nutritional requirements and organism-specific production characteristics 

(Doran, 1995) which are typical for each cell-substrate-product system. They 

can be calculated either as instantaneous parameters (which can vary during 

cultivation) or as overall parameters. Upon reporting the yields related with a 

bioprocess, the time or the time interval which the yields belong to should be 

specified (Doran, 1995).  
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 ὣὼ
ίϳ
 , as cell yield on substrate in equation (2.73), is described as the mass 

of the cell generated per mass of the substrate utilized. ὣὖ
ί
 is defined as the 

mass of the produced product per mass of the substrate consumed for its 

production. ὣὖ
ὼ
 is defined as the mass of the product formed per mass of the 

cell generated at the same time interval. The instantaneous parameters can be 

expressed as follows in the infinitesimal time interval ñdtò:  

 

ὣὴ
ί

=
Ὠὖ

ὨὛ
=  

Ὠ(ὅὴὠ)
Ὠὸ

Ὠ(ὅίὠ)
Ὠὸ

=  
ὶὴὠ

( ὶί)ὠ
=  

ὶὴ

( ὶί)
                        (2.90) 

 

ὣὴ
ὼ

=
Ὠὖ

Ὠὢ
=

Ὠ(ὅὴὠ)
Ὠὸ

Ὠ(ὅὼὠ)
Ὠὸ

=  
ὶὴὠ

ὶὼὠ
=  
ὶὴ

ὶὼ
                                   (2.91) 

 

Where, X, S, and P refer to the mass of the cell, mass of the substrate, and 

mass of the product, respectively. However, in addition to the instantaneous 

amounts, we can define overall yield coefficients corresponding to each of 

the abovementioned yield coefficients between defined time intervals (for 

example for whole process time, Ўὸ) as  constant average amounts: 

 

 ὣ ὼ
ίϳ

=  
Ўὢ

ЎὛ
                                                                                          (2.92) 

 

 ὣ ὖ
ί

=  
Ўὖ

ЎὛ
                                                                             (2.93) 

 

ὣ ὖ
ὼ

=  
Ўὖ

Ўὢ
                                                                               (2.94) 
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These amounts can be replaced by concentration of each parameter in the 

bioreactor if the constant volume assumption persists. 

 

2.5. Mathematical modelling of the metabolic network 

Cellular metabolism is regarded as the whole network of coupled (bio) 

chemical conversions (reactions) inside the cell which the taken up materials 

and energy from the environment undergo (Steuer and Junker, 2009; 

Maarleveld et al., 2013) with the ultimate aim of maintaining life (Baart and 

Martens, 2011).  

Mathematical models enable interpretation and prediction of any 

natural phenomenon and experimental result. They are based on a set of 

relationships between parameters of the system under investigation. 

Mathematical modeling is a kind of simplification. According to the aim of 

the study and presence of measurements, different models can be developed 

for the same phenomenon (Gombert and Nielsen, 2000). The role of the 

various components of a given system can be unraveled by usage of 

mathematical modeling. By recruitment of these models, the available 

interactions between different components of a system can be analyzed 

quantitatively (Nielsen and Olsson, 2002). 

Mathematical modeling of a biological system as a mathematical 

representation of its behaviour is considered a promising tool in order to gain 

an in-depth insight related with cellular metabolism and deciphering its 

interaction with the environmental and process conditions. However, it is 

actually neither possible nor rational to expect that a single model could 

describe a complex network of the metabolic reactions (Steuer and Junker, 

2009).  

To optimize r-protein production, further insights into the cellular 

metabolism during heterologous gene expression are required; especially the 

effect of bioprocess parameters such as temperature, oxygen transfer, 

substrate choice, growth rate, and (foreign) gene expression on metabolism 

and its interplay with protein synthesis is of interest (Heyland et al., 2010). 
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By mathematical modelling of an expression system the pivotal cellular 

events that confine production and secretion and are, therefore, attractive 

targets for strain engineering in order to reach a host with enhanced desirable 

traits, can be pinpointed (Love et al., 2012). In consequence, striking 

enhancements can be achieved in the systems productivity by developing 

mathematical models by which the behavior of the system is accurately 

described (Çelik et al., 2009). Modelling will lead to prediction of the cell 

behaviour under different environmental and/or genetic conditions. In 

addition, by mathematical description of the fermentation processes 

(virtually cellular metabolism) and its subsequent comparison with 

experimentally-obtained data the performance of the model can be evaluated 

by assessing the consistency of the experimental data (Stephanopoulos et al., 

1998; Nielsen and Olsson, 2002); the accuracy of the predictions will be 

greatly dependent on the underlying assumptions (hypotheses) for the 

developed model (Maarleveld et al., 2013).   

In the field of cellular metabolism, mathematical models can be 

divided into stoichiometric and kinetic models. The former is based on the 

steady state (time invariant) properties of the metabolic networks, and the 

latter, in contrast to the former, deals with combined known stoichiometry 

and kinetics of the metabolic pathways and describes dynamic features of the 

network. Both stoichiometric and kinetic models have been used to 

investigate the cell metabolism (Gombert and Nielsen, 2000).  

 

2.5.1. Kinetic (dynamic) modelling  

A mathematical model for reaction rate, the kinetic expressions, relates the 

reaction rates with the variable parameters of the system. The model which is 

obtained by combining stoichiometric equations and kinetic expressions is 

called a kinetic model (Stephanopoulos et al., 1998).  Kinetic models in the 

area of metabolic modeling can be classified as (simple) unstructured models 

and (advanced) structured models. In unstructured models the cell is 

regarded as an entity (black box) which exchanges material with the 
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extracellular environment; what happens inside is not considered and all the 

cellular metabolic reactions have been lumped into one that is the overall 

biomass growth (Stephanopoulos et al., 1998; Gombert and Nielsen, 2000). 

It is obvious that the ability of the method is limited in prediction of the cell 

responses in different cultivation conditions as the intracellular metabolism 

is neglected. The structured models approach incorporates more details of 

the intracellular metabolism of the cell and gradual inclusion of more 

structures can lead to even non-linear models (Gombert and Nielsen, 2000). 

These models are more realistic and mathematically more evolved 

(Stephanopoulos et al., 1998).  

For growth of the recombinant P. pastoris on methanol an 

unstructured model, has been developed; the model describes the relationship 

between specific growth rate and methanol concentration and also 

relationships between specific methanol and ammonium consumption rates 

with specific growth rate   (Zhang et al., 2000). A kinetic model in order to 

explain the effects of limiting factors on cell density in fed-batch cultures of 

P. pastoris has also been proposed (Jahic et al., 2002); the model developed 

could predict cell growth and oxygen consumption in processes with and 

without oxygen-enriched air. An unstructured model based on mass balance 

in fed-batch cultures of recombinant P. pastoris which relates total cell and 

induction time in both batch and fed-batch phases has also been introduced 

(Pais et al., 2003). The relationship between the specific growth rate and r-

protein production in chemostat cultures of P. pastoris has also been 

investigated in single carbon source cultures (glycerol or methanol) which 

has led to development of another unstructured model (Jungo et al., 2006). 

The first structured kinetic model for growth of P. pastoris and recombinant 

human erythropoietin production in fed-batch fermentation has been 

proposed by (Çelik et al., 2009). It was shown that the key bottleneck in r-

protein secretion is the capacity of the secretory machinery to transport 

folded protein out of the ER. Subsequently, a simple mechanistic model 
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describing the flux of folded protein through the ER in order to further 

supporting the experimental observations was proposed (Love et al., 2012). 

 

2.5.2. Stoichiometric modelling and metabolic flux analysis 

By considering the microorganism as the microbioreactor in the fermentation 

system, the state of the fermentation process depends specifically on the state 

of the cell (¢alēk and ¥zdamar, 2002). The cells and organisms exist in a 

dynamic steady state but not at equilibrium with their surroundings (Nelson 

and Cox, 2005). Upon introduction of external stimuli and perturbations to a 

living system, the persisting steady state is disturbed and intracellular fluxes 

in metabolic pathways are transiently changed. Afterwards, the regulatory 

mechanisms, peculiar to each pathway, are triggered and, consequently, the 

system is brought to a new steady state to retrieve homeostasis 

(Stephanopoulos et al., 1998; Nelson and Cox, 2005). Metabolic fluxes are 

one of the major parameters by which the degree of engagement of each of 

the intracellular pathways in the whole cell function can be understood and, 

thus, the cellular physiology can be determined (Stephanopoulos et al., 

1998); therefore, bioreaction network analysis, or shortly metabolic flux 

analysis (MFA) is required for the quantitative analysis of the cell 

metabolism which is controlled by the cell physiology (¢alēk and ¥zdamar, 

2002).    

On the other hand, in order to reach a thorough understanding of a 

cell physiological behaviour and production capability via mathematical 

modelling, the expected pre-requisite is the availability of metabolic network 

which represents its cellular metabolism and the comprehensive interaction 

between the various pathways inside the cell (Förster et al., 2003); MFA is 

helpful to analyse the metabolic characteristics of the annotated genomes in 

order to analyse, interpret, and predict the relationship between the genotype 

and phenotype (¢alēk and ¥zdamar, 2002). Thanks to the innovations in the 

genome sequencing techniques, the release of sequenced genomes have been 

accelerated and, in consequence, the available knowledge in gene-level and 
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protein-level have obtained the potential of being consolidated. As a 

consequence, genome-scale metabolic models/reconstructions which can 

describe the cell overall function as a cumulative result of the interaction of 

its individual components and, thus, present a holistic approach towards 

cellular metabolism of the organism has been developed (Förster et al., 2003; 

Balagurunathan et al., 2012). The output of such reconstruction procedure 

will be a set of biochemical reactions which can be incorporated into the 

construction of a stoichiometric model of cellular metabolism recruiting 

metabolite balance (Förster et al., 2003). Simply, the genome scale models 

(GSMs) play the role of a bridge connecting genotype and phenotype of an 

organism (Balagurunathan et al., 2012). In contrast to a group of enzymes or 

isolated pathways which are not capable of efficiently representing and 

describing the whole system because of the limited range of action and 

coverage,   the ñgenome-wide scaleò of the GSMs has enabled them to assess 

the whole response and behaviour of the cell confronting any kind of 

perturbation (Balagurunathan et al., 2012). The first GSM reconstructed 

belongs to Gram negative bacterium Haemophilus Influenza (Edward and 

Palsson, 1999). Regarding the whole-cell network covered by GSMs, 

metabolic engineering can be guided with them for adopting optimal 

strategies in order to reach desirable properties in the selected organism; the 

potential targets for deliberate manipulation of the genome (metabolic 

engineering) which lead to strain improvement can be rationally identified 

with the aid of characterization of cellular metabolism as the outcome of the 

GSMs (Oberhardt et al., 2009; Sohn et al., 2010; Chung et al., 2010). The 

optimization of the predictive capabilities of the GSMs which is reflected in 

their close reproduction of experimental data can be achieved by 

augmentation of available data about the organism (Caspeta et al., 2012) and, 

thus, casting light on the dark parts of the cellular metabolism.         

In the case of P. pastoris three GSMs have been reconstructed after 

its genome became sequenced (Sohn et al., 2010; Chung et al., 2010; Caspeta 
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et al., 2012) and by their subsequent utilization the in-depth analysis of the 

Pichia-based systems has been more feasible.    

Stoichiometric models of the cellular metabolism are derivatives of 

the reconstructed metabolic network of the organism and the stoichiometries 

of the reactions are the base for model development. Furthermore, in these 

models the ñinternal dynamic behaviourò of the cell is overlooked (Llaneras 

and Pic , 2008). By assuming a metabolic network consisting of ñmò 

metabolites and ñnò reactions, a stoichiometric matrix can be generated 

which its rows are the metabolites and its columns are the corresponding 

stoichiometric coefficients of each metabolite in each metabolic reaction and 

depends on the biochemistry of the microorganism:  

 

 ═= ȣ ά×ὲ                                                                                          (2.95) 

   

This matrix interprets the available biological knowledge about the cellular 

metabolism into a mathematical term. Afterwards, a mass balance for 

intracellular metabolites can be written as follows (¢alēk et al., 1999; ¢alēk and 

Özdamar, 2002): 

 

═× ►ὸ= ╒(ὸ)                                                                                       (2.96) 

 

In which, ñ►(ὸ)ò is the vector composed of the fluxes of the intended ñnò 

metabolic reactions with ñnò rows and ñ1ò column and ñC(t)ò is the 

metabolites accumulation vector possessing ñmò rowsò and 1 column. The 

elements of C(t) are divided into two sub-vectors: 

 

╒ὸ= ╒ ὸ+  ╒ ὸ                                                                             (2.97) 

 

Where, ╒ ὸ and ╒ ὸ correspond to the extracellular and 

intracellular metabolite accumulation vectors, respectively. Equation (2.96) 

represents dynamic mass balance and is an indicator of the time-course 
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evolution of the metabolites and refers to the role of the cellular metabolism 

stoichiometry (A) and the fluxes of the metabolic reactions for determination 

of the concentration profiles of the metabolites. The very fast dynamics of 

the intracellular reactions makes the transient state of the cell too short to be 

sensed; therefore, the pseudo steady state assumption comes into play, i.e., 

╒ ὸ= 0 in equation (2.97) and, thus:  

 

═× ►ὸ= ╒ ὸ                                                                                     (2.98) 

 

A vectorial equation including ñnò unknown (fluxes) and ñmò equations 

where most often n >  m; thus, there are ñn-mò degrees of freedom for 

equation and in this state system is underdetermined. Infinite set of answers 

can be found to fit in the equation (2.98).  

By imposing some constraints on the system, the system can possess 

unique and particular results (fluxes); these results can be either related to the 

current situation of the system (phenotype determination) or be a prediction 

of the system behaviour as a predictive model.  

If m > n, the solution of the model gives the exact solution. The solution of 

equation (2.98) can be determined by a constrained least-squares approach 

with the objective of minimizing the sum of squares of residuals from the 

stoichiometric mass balance. On the other hand, if m < n, metabolic flux 

distributions can be obtained by minimizing or maximizing the objective 

function, whereupon the best metabolic pathway utilization that would fulfill 

the stated objective is obtained. In this case, the mathematical formulation 

for the objective function Z is: 

Z = ɆŬiri                                                                                                    (2.99) 

Where Z is a linear combination of the fluxes ri, and Ŭi is the coefficient of 

the component-i in the stoichiometric equation of the corresponding reaction; 

the metabolic flux distributions are obtained either by minimizing or 
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maximizing the Z in the model. In least-squares method, the matrix is solved 

and a unique solution is obtained (¢alēk and ¥zdamar, 2002). 

As an important tool of the biochemical reaction engineering (¢alēk 

and Özdamar, 2002) for the application of MFA, after selection of ñmajor 

intracellular reactionsò, one can construct mass balance equations for every 

intracellular metabolite, and obtain the general equation in the form of Eq- 

2.96, where a set of measured (known) extracellular fluxes are, then, used as 

inputs in Eq. 2.97 whereupon in the model in the form of Eq. 2.98 

(constraints). The compounds represented by the column vector ╒ ὸ are 

the exchanged compounds between the cell and its environment such as 

substrate uptake rate and metabolites, e.g., amino acids and organic acids 

excretion and extracellular proteins secretion rates. The outcome will be an 

estimation of the reaction rates (fluxes) of the biochemical reactions in the 

reaction network (Stephanopoulos et al., 1998; ¢alēk and ¥zdamar, 2002) 

through the different branches of the pathways, namely metabolic flux map 

(Gombert and Nielsen, 2000). Metabolic flux map obtained can be a 

comprehensive representative of ñcontribution of various pathwaysò in the 

overall processes comprised in substrate utilization toward product 

formation. However, such metabolic flux maps are of utmost importance in 

the case of flux differences obtained under different environmental or genetic 

conditions leading to full assessment of the impact of genetic and 

environmental perturbations. The important pathways and reactions will be 

determined by the aid of such comparisons (Stephanopoulos et al., 1998).  

Metabolic engineering basically aims to drive the process in a path 

which conduces to as much useful product as possible from the substrate by 

redirecting the fluxes towards the desired end-product.  

Regarding the MFA approach in P. pastoris, various researches have 

been carried out by concerning different objectives. A stoichiometric model 

for a recombinant P. pastoris by describing balances of some key 

metabolites, ATP, and NADH during glycerol and methanol metabolism 

pathways have been described; model could predict the cell growth and the 
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protein production with acceptable accuracy (Ren et al., 2003). Using MFA 

the central carbon metabolism and amino acid biosynthesis of P. pastoris 

were analyzed by considering only glycerol as substrate; it was reported that, 

amino acids synthesis and regulation of central carbon metabolism in P. 

pastoris are similar with those in S. cerevisiae (Sola et al., 2004). In another 

study using chemostat cultures and inclusion of methanol utilization pathway 

the MFA calculations were performed in recombinant P. pastoris expressing 

Rhizopus oryzae lipase (Sola et al., 2007). By MFA, the physiological 

adaptation of the wild type and recombinant P. pastoris X-33 expressing an 

antibody fragment to oxygen limitation conditions (including central carbon 

metabolism pathway) in glucose-limited chemostat culture was investigated 

(Baumann et al., 2010). Furthermore, the impact of the foreign gene 

expression on the metabolism of recombinant P. pastoris in batch and fed-

batch cultures utilizing glucose as sole carbon and energy source was 

inspected by analyzing intracellular flux distribution quantified by MFA 

(Heyland et al., 2010). Besides, MFA has been used to investigate the effects 

of the different feeding rates and dual carbon sources on the intracellular 

reaction rate (flux) distribution in the synthesis of recombinant human 

erythropoietin by P. pastoris in fed-batch cultivation (Çelik et al., 2010). A 

constraint-based MFA using a developed GSM for wild type P. pastoris X-

33 has been carried out and validated by two chemostat cultures with glucose 

minimal medium and mixed glycerol/methanol medium. The model was 

used in silico to predict the best candidate as carbon source for r-protein 

production in P. pastoris (Chung et al., 2010). Based on the knowledge that 

heterologous protein expression causes metabolic burden on the host 

organism, the effect of different levels of protein production on P. pastoris 

metabolism in batch cultures was compared; P. pastoris compensates for the 

additional resources required for r-protein production by reducing by-product 

formation and increasing energy generation via the TCA cycle (Heyland et 

al., 2011). The effect of methanol feeding rate on the bioreaction network of 

the host P. pastoris has been the parameter analyzed by the aid of MFA to 
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improve rhGH production (¢alēk et al., 2011). MFA approach was also used 

to obtain metabolic flux distribution in central carbon metabolism of 

recombinant P. pastoris X-33 growing on mixed feed of glucose and 

methanol. The MFA revealed redistribution of carbon fluxes in the central 

carbon metabolism as a result of protein production and metabolic burden 

(Jorda et al., 2012). The r-protein production by P. pastoris was estimated 

using a constraint-based model by inclusion of metabolic network reactions 

stoichiometric description as well as additional restrictions such as reaction 

irreversibilities, thermodynamics and regulations (Tortajada et al., 2012); 

These types of models do not assume pseudo-steady state and describe 

accumulation of important metabolites and, furthermore, are not purely 

stoichiometric approach such as traditional MFA. In this study, protein 

production was related to the cell growth and ATP production rate obtained 

from MFA using main biochemical pathways of P. pastoris. In another 

research, by instationary 
13

C-labeled MFA approach which is different from 

NMR-derived stationary state labeling,  the metabolic fluxes through the 

major pathways under mixed feed (co-assimilation) of glucose and methanol 

in chemostat cultures of P. pastoris X-33 harboring a mock plasmid were 

accurately investigated (Jorda et al., 2013). The intracellular flux distribution 

during continuous cultures of recombinant P. pastoris in mixed feeding 

medium of methanol/sorbitol (co-feeding process) with linear change of 

methanol was quantified by MFA recruiting a simplified metabolic network. 

The study demonstrated an optimum mixture for reducing specific oxygen 

uptake in one hand and increasing induction on the other hand (Niu et al., 

2013). Very recently, the metabolic flux analysis was utilized in order to 

verify the predicted fluxes by in-silico model after incorporation of the r-

protein formation reaction to one of the available GSMs (Sohn et al., 2010) 

for P. pastoris (Nocon et al., 2014).  
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2.6. Recombinant hGH production 

Since hGH is a non-glycosylated protein, a prokaryotic platform is the first 

preference (Mukhija et al., 1995). The annual production of this hormone by 

conventional bacterial culture has been reported to be 4.4 kg (Salamone et 

al., 2006). Regarding to the utilized host system, the production in 

extracellular medium, as IBs (insoluble protein aggregates), and in 

periplasmic space (using a SP) would be possible. Although, being as IBs 

lead to straight-forward isolation and also protection from proteolytic attack 

(Kim et al., 2013), the IBs need to be solubilizaed and renatured before 

purified from the endogenous proteins of host (Mukhija et al., 1995); the 

overall yield of bioactive expressed protein after solubilization and refolding 

of IBs is generally low and also the aforementioned procedures are very 

expensive and time-consuming and need to be optimized to increase the 

overall yield (recovery) (Kim et al., 2013). However, in bacteria the 

synthesis of protein is initialized by formylmethionine which in many cases 

is not processed efficiently and, thus, in the case of usage for treatment can 

lead to antibody formation in patient (Shin et al., 1998). Among the bacterial 

hosts, the use of E. coli as a platform for expression of rhGH has been 

documented with higher triumph rates (Soorapaneni et al., 2010). In 1984, a 

conducted research was reported to express rhGH in Pseudomonas 

aeruginosa and secrete to the periplasm with an authentic N-terminus (Gray 

et al, 1984). In general, researches which have utilized E. coli as host 

organism hitherto have focused on wide range of parameters in order to 

enhance expression levels and analyze the effect of different parameters on 

rhGH production; most important selected parameters scrutinized in some 

selected researches can be mentioned as: different types of bioreactors either 

shake bioreactors or pilot-scale bioreactors, different fermentation modes, 

different fermentation parameters like culture medium, dissolved oxygen 

concentration,  different promoters for driving expression, different leader 

sequences for facilitating secretion of rhGH to the extracellular medium, 

utilization of the fusion partners especially for aiding purification, 
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improvement of the soloubilization of IBs and protein recovery, investigating 

purification steps by special emphasize on chromatographic methods 

(Mukhija et al., 1995;  Uchida et al., 1997; Shin et al., 1998 ; Zhang et al., 

1998; Patra et al., 2000; Ribela et al., 2000; Castan et al.,  2002; Tabande et 

al., 2004; Young and Park, 2007; Shang et al., 2009; Soorapaneni et al., 

2010; Rezaei and Zarkesh-Esfahani, 2012; Kim et al., 2013). Bacillus 

subtilis, as another eukaryote organism, has also been paid attention in order 

to express rhGH although not as much as E. coli (Honjo et al., 1986; 

Nakayama et al., 1988; Özdamar et al., 2009). 

Although, the most reports on heterologous production of hGH are 

related with E. coli as host, but, the presence of formylmethionine in the N-

terminus and its poor removal in many cases (Kadono-Okuda et al., 1995) 

could be a good motivation to express the hormone in another host 

(specifically eukaryotic) to overcome this obstacle. Higher organisms based 

on their developed and more advanced machinery for PTMs may be regarded 

as suitable candidates for production of complex proteins and, thus, have 

provided us with an efficient and economic method in order to produce 

biopharmaceuticals (Dyck et al., 1999). Transgenes including animal, plant, 

or insect along with non-transgenic animals each have been utilized as an 

expression host in rhGH production. Transgenic animals can led to large-

quantity and high-quality end-products especially in secreted form in their 

body fluids (Zhu et al., 2003); secretion in urine, seminal fluid, blood, and 

milk has been reported widely (Kerr et al., 1998; Dyck et al., 1999; Zhu et 

al., 2003; Lipinski et al., 2003; Salamone et al., 2006; Lipinski et al., 2012). 

However, by taking into consideration the cumbersome procedure of 

production in milk and long time to express and also health risk (Hen et al., 

2009; Sanchez et al., 2004), transient transfection of mammary epithelial 

cells, and developing non-transgenic expression host (Hens et al., 2000; 

Sanchez et al., 2004; Han et al., 2009), has been adopted as an alternative 

method. Plants, as the least expensive biomass (Cunha et al., 2011), have 

also been used as bioreactors for production of rhGH (Leite et al., 2000; 
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Russell et al, 2005; Kim et al., 2008; Cunha et al., 2011; Xu and 

Kieliszewski, 2011) because of providing a native structure for foreign 

protein. The observed level of production in plant systems has been lower 

than microbial systems such as E. coli and P. pastoris (Russell et al., 2005) 

and this low productivity as a result of truncated proteins accumulated has 

been the main drawback of these systems (Kim et al., 2008). Restriction of 

the production to a specific organ can be one of the most appropriate 

strategies in order to conquer protein degradation and maximizing protein 

accumulation (Cunha et al., 2011). Likewise, insect cells have been recruited 

in rhGH production mainly by considering their high-level PTMs and fast 

growth (Kadono-Okuda, 1995; Markaki et al., 2007). 

About 60-70% of all recombinant pharmaceutical proteins are 

produced in mammalian cells (Rezaei et al., 2013). Rendering the protein 

more similar to native equivalent by PTMs and having a final product with 

high quality are the major factors play role in selection of animal cells as 

host organisms (Kunert et al., 2009).  In comparison with prokaryotic cells 

the productivity of mammalian cells is low and there should be strategies to 

optimize these systems as much as possible by manipulating parameters such 

culture medium composition, cultivation temperature, engineering of 

bioreactor (Rezaei et al., 2013). The most widely used mammalian cell line, 

CHO cell line, has also been recruited for expression of rhGH in selected 

researches (Keane et al,, 2002; Catzel et al., 2003; Kunert et al., 2009; 

Rezaei et al., 2013). 

Yeasts, as dual-character microorganisms, have the ability of 

bacterial fast growth and higher-eukaryote-like PTMs. There have been 

reports related with production of rhGH mainly in yeast S. cerevisiae 

(Hiramatsu et al., 1990; Hahm and Chung, 2001) and P. pastoris. The 

selected researches related with rhGH production by P. pastoris along with 

their important features and outcomes have been summarized in Table 2.12.  
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Notes:  

 

Abbreviations related with Figure 2.8 

 

GLC: Glucose, G6P: Glucose-6-phosphate, F6P: Fructose-6-phosphate, F16P: Fructose-1,6-

biphosphate, GAP: Glyceraldehyde-3-phosphate, DHAP: Dihydroxyacetone phosphate, 

G3P: Glycerol-3-phosphate, GLYC: Glycerol, 13PG: 1,3-bisphosphoglycerate, 3PG: 3-

phosphoglycerate, 2PG: 2-phosphoglycerate, PEP: Phosphoenolpyruvate, PYR: Pyruvate, 

G15L: Glucono-1,5-lactone-6-phosphate, P6G: 6-phosphogluconate, RU5P: Ribulose-5-

phosphate, R5P: Ribose-5-phosphate, X5P: Xylulose-5-phpsphate, S7P: Sedoheptulose-7-

phosphate, E4P: Erythrose-4-phosphate, ACA: Acetaldehyde, ACE: Acetate, EtOH: 

Ethanol, ACCOA: Acetyl-CoA, MeOH: Methanol, FormAl: Formaldehyde, Form: Formate, 

CIT: Citrate, ICI: Isocitrate, AKG: Ketoglutarate, SUCC: Succinyl-CoA, SUC: Succinate, 

FUM: Fumarate, MAL: Malate, OAA: Oxaloacetate, MannP: Mannitol Phosphate, SorbP: 

Sorbitol Phosphate, GLYOX: Glyoxylate, cyt: Cytoplasmic, OAAt: Oxaloacetate 

transporter. 
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CHAPTER 3 

 

 

MATERIALS AND METHODS  

 

 

 

3.1. Substances and Stuffs  

 

3.1.1. Enzymes, kits, and markers 

All the restriction endonuclease enzymes, DNA ladders, and kits utilized in 

plasmid isolation, gel extraction, and PCR purification were procured from 

Thermoscientific. The total RNA isolation kit, cDNA synthesis kit, and 

SYBR Green were purchased from Roche Diagnostics. The pre-stained 

protein ladder used in SDS-PAGE analyses was also from Thermoscientific. 

 

3.1.2. Chemicals  

As the major constituents of the growth media, dextrose from DIFCA; 

BactoÊagar and BactoÊpeptone; yeast extract, LB, and LB agar from 

Sigma; glycerol from Sigma-Aldrich were utilized.  

Among the other compounds, sodium chloride and EDTA was from 

Riedel-de Haʸn. Sodium thiosulfate pentahydrate was from Fluka. All the 

remaining chemicals were purchased from Sigma and Merck. Bradford 

reagent utilized in total protein assays was also a product of Sigma.  

 

3.1.3. Antibiotics 

ZeocinÊ was from InvivoGen and was stored at -20°C. Ampicillin (as 

sodium salt powder) was obtained from Sigma-Aldrich and was kept in 

+4°C. Chloramphenicol (as powder) was product of Sigma and was placed at 

room temperature.  
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3.1.4. Immunoassay compounds 

Anti- growth hormone (GH-1) antibody (ab9821) as primary antibody in 

Western blot and dot-blot analyses, goat polyclonal secondary antibody to 

mouse IgG with HRP (ab6789) as secondary antibody antibody in Western 

blot and dot-blot analyses, and 3, 3'-Diaminobenzidine (DAB) all were 

purchased from abcam. Antibodies were stored at -20°C and DAB was kept 

at +4°C. 

 

3.1.5. Buffers and stock solutions  

All the required buffers and stock solutions were prepared with ultra-pure 

distilled water (dH2O) with electrical resistivity of 18.3 Mɋ.cm. They were 

autoclaved at 121°C for 20 minutes or alternatively, whenever needed, were 

filter-sterilized with 0.2 ɛm filter (Minisart, Sartorius stedim biotech, 

Goettingen, Germany). They were stored at room temperature, +4°C, or -

20°C based on the instructions available in Appendix B. Phosphate buffered 

saline (PBS) 10X (pH ~7.4) was purchased as ready solution from Sigma 

and was stored at room temperature.  

 

3.2. Strains and plasmids  

Escherichia coli DH5Ŭ strain was utilized for cloning and amplification of 

the constructed plasmids. As expressing strain Pichia pastoris X-33 

(Invitrogen, Carlsbad, Ca, USA) was recruited. pGAPZŬA (Invitrogen) and 

pPICZŬA::hGH (Çalēk et al., 2008) plasmids were used as parent plasmids 

for development of the desired plasmid constructs which can be observed in 

Figure 3.1 and Figure 3.2, respectively.  
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Figure 3.1. Schematic representation of pGAPZŬA. 

 

 

 

Figure 3.2. Schematic representation of pPICZŬA::hGH. 



174 

 

All the microbial strains were stored as long-lasting stocks in -80°C 

with MicrobankÊ which includes treated beads and a specific cryo-

preservative solution (Web 14); however, corresponding temporary cultures 

were prepared directly from stocks in agar plates and were stored at +4°C for 

15-30 days depending on the presence or absence of antibiotic in agar plate. 

The successive sub-culturing from plate to plate increases the risk of 

contamination and loss of rDNA. All the plasmids were stored at -20°C.   

 

3.3. Media 

The utilized media can be divided into two categories: media used for growth 

of the cells and media used in shake flask and laboratory-scale bioreactor 

experiments for rhGH production. 

 

3.3.1. Growth media 

E. coli strains were grown in low salt Luria broth (LSLB) whether in liquid 

or solid form (Table 3.1); ZeocinÊ (25 ɛg/mL) and ampicillin (100 ɛg/mL) 

were added to this medium in order to grow true transformants whenever 

needed.  P. pastoris strains growth was conducted in yeast extract peptone 

dextrose (YPD) medium (Table 3.2) which can be in either liquid or solid 

form; in order to make a selective medium, ZeocinÊ was used in 

concentration of 100 (ɛg/mL).  

 

3.3.2. rhGH production media 

rhGH production experiments were conducted in both shake flask air-filtered 

bioreactor and laboratory-scale bioreactor. Each of them requires specific 

medium for production. However, they both share a pre-production step with 

so-called pre-cultivation medium which mainly increases the cell amount.    
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Table 3.1. LSLB agar medium composition for E. coli growth. 

 

Compound Concentration (g/L)  

Tryptone 10 

 

Yeast extract 5 

 

NaCl 5 

 

Agar 

 

15 

 

 

 

 
Table 3.2. YPD agar medium composition for P. pastoris growth. 

 

 

Component Concentration (g/L) 

Yeast extract 

 

10 

Peptone 

 

20 

D-glucose (dextrose) 

 

20 

Agar 

 

20 

 

 

 

3.3.2.1. Pre-culti vation medium 

In both shake flask and laboratory-scale bioreactor experiments the pre-

cultivation medium for recombinant P. pastoris (r-P. pastoris) strains was 

buffered minimal glycerol-complex medium (BMGY) which was utilized 

prior to production (Table 3.3).  

 

3.3.2.2. Production medium 

After primary cell generation, the mediums in shake flask and laboratory-

scale bioreactors were different.   
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Table 3.3. BMGY medium for pre-cultivation in shake flask and laboratory-scale bioreactor 

experiments. 

 

Component Amount ( per 1 L) 

Yeast extract 10 g 

 
Peptone 

 

20 g 

Glycerol 10 mL 

 

YNB (w/o amino acids) 3.4 

 

Ammonium sulfate 

 

10g 

Biotin  0.0004 g 

 

1M Potassium phosphate buffer,  pH=6.0 100 mL 
 

 
 

 

 

3.3.2.2.1. Shake flask air-filtered bioreactor 

Defined medium for production in shake flask bioreactor experiments was 

taken from (Jungo et al., 2006) just with replacing (NH4)2SO4 for NH4Cl. 

Ammonium sulfate amount was calculated according to the glucose amount 

and regarding C/N= 4.57 (Jungo et al., 2006). The composition of the 

production medium for shake flask bioreactor experiments can be found in 

Table 3.4.  

However, in production phase, addition of trace salts to the medium 

in order to fulfil the trivial needs of the microorganism is inevitable and, 

therefore, Pichia trace minerals (PTM1) solution (Table 3.5) was added to 

the production medium.        
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Table 3.4. Production medium for shake flask bioreactor experiments; the amount of 

ammonium sulfate was calculated based on pre-defined (C/N=4.57) ratio. 

 

Component Amount (per 1 L) 

Glucose, C6H12O6 

 
20 g 

Calcium sulfate dihydrate 

 
1.17 g 

Magnesium sulfate heptahydrate 

 
14.9 g 

Ammonium sulfate, (NH4)2 SO4 

 
9.63 g 

1M Potassium phosphate buffer,  pH=6.0 

 
100 mL 

PTM1 

 
4.35 mL 

Chloramphenicol (from 34 mg/mL stock) 

 
1 mL 

 

 

 

Table 3.5. PTM1 solution including trace salts for P.pastoris cultivation. (Pichia 

fermentation process guidelines, Invitrogen). 

 

Component Representation Amount ( per 1 L) 

Cupric sulfate pentahydrate 

 

CuSO4.5H2O 

 

6 g 

 

Sodium iodide 

 

NaI 

 

0.08 g 

 

Manganese sulfate monohydrate 
 

MnSO4.H2O 
 

3 g 
 

Sodium molybdate dihydrate 

 

Na2MoO4.2H2O 

 

0.2 g 

 

Boric acid 

 

H3BO3 

 

0.02 g 

 

Cobalt chloride  

                                     

CoCl2 

 

0.5 g 

 

Zinc  chloride 

 

ZnCl2 

 

20 g 

 

Ferrous sulfate hepahydrate 

 

FeSO4.7H2O 

 

65 g 

 
Biotin 

 

- 

 

0.2 g 

 

Sulfuric acid 

 

H2SO4 

 

5 mL 
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3.3.2.2.2. Laboratory-scale bioreactor 

In laboratory-scale bioreactor experiments, after pre-cultivation using 

BMGY in shake flasks, for further increase of the cell amount, the batch 

phase of the process in bioreactor was accomplished by growth of the cells in 

basal salt medium (BSM) which again includes glycerol as carbon source 

(Table 3.6). However, the concentration of the glycerol in two sets of 

bioreactor runs was different; it was 40 g/L and 25 g/L for bioreactor 

experiments of SPsô strains (1
st
 set) and promotersô strains (2

nd
 set), 

respectively.  After glycerol batch phase, glucose fed-batch phase of the 

production was started by exponential feeding of the glucose solution (Table 

3.7).   

 

 

 

Table 3.6. BSM for laboratory-scale bioreactor experiments; glycerol concentration for 

bioreactors related with SPs and promoters was decided to be 40 g/L and 25 g/L, 

respectively.  

 

Component Amount (per 1L) 

Phosphoric acid 85% 
 

26.7 mL 

Calcium sulfate dehydrate 

                                             

1.17 g 

 

Potassium sulfate 

 

18.2 gr 

Magnesium sulfate heptahydrate 

 

14.9 gr 

Potassium hydroxide 

 

4.13 gr 

Glycerol 

 

Variable 

PTM1 
 

4.35 mL 

Antifoam 10% 

 

1 mL 

Chloramphenicol (from 34 mg/mL stock) 

 

1 mL 
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Table 3.7. Ingredients of the glucose solution in fed-batch phase of the laboratory-scale 

bioreactor experiments. 

 

Component Amount (per 1 L) 

Glucose 

 

500g 

PTM1 

 

12 mL 

Chloramphenicol  

 

1 mL 

 

 

 

3.4. Finding the nucleotide sequences of the desired biological elements 

Major focus of the current research was on the SPs and promoters as two 

fundamental biological elements of the r-protein expression and, therefore, 

obtaining their corresponding nucleotide sequences was imperative in order 

to include them in structure of the new plasmid constructs. 

 

3.4.1. Secretion signal peptides  

The amino acid sequences of the endogenous proteins found in extracellular 

medium of the P. pastoris (Huang et al., 2011) along with their 

corresponding nucleotide sequences were down-loaded from NCBI 

(http://www.ncbi.nlm.nih.gov) and, then, were analyzed for determination of 

their secretion SPs. In addition to these proteins, the amino acid sequences of 

the exogenous proteins that their SPs were used for r-protein expression in P. 

pastoris and their related nucleotide sequences were obtained from 

UNIPROT (http://www.uniprot.org), were also analyzed. The summary of 

the procedure can be found in Figure 3.3.  

 

 

http://www.ncbi.nlm.nih.gov/
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Figure 3.3. The sequence of events which were followed in order to obtain the nucleotide 

sequence of the endogenous and exogenous secretion SPs.    

 

 

3.4.2. Promoters 

According to the available data related with the effect of the different levels 

of oxygen provision on gene expression in r-P. pastoris (Baumann et al., 

2010), the genes that had been upregulated more (in comparison to GAP 

gene) in lower oxygen availability were identified. The accession numbers of 

the selected genes and their corresponding proteins (enzymes) were 

identified. After finding the corresponding genes in P. pastoris GS115 

(virtually X-33) by NCBI BLAST tool, the related promoters were 

determined and their nucleotide sequences were extracted.   General 

procedure for identifying promoter regions has been summarized in Figure 

3.4: 
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Figure 3.4. The sequence of events which were followed in order to obtain the nucleotide 

sequence of the desired promoters.    

 

 

As a starting point, it was supposed that the sequence between the 

selected gene and its preceding gene is a rough approximation of the 

promoter region. However, it is obvious that this roughly found regions may 

contain nucleotides that codes for 5ô and 3ô un-translated regions (UTR) in 

mRNA. Furthermore, transcription activation factors, enhancers and 

inhibitors may reside in upstream or downstream of the gene which enters 

the other gene. The selected fragment between the genes is roughly referred 

to as promoter region and the promoter activity is attributed to this óputative 

promoterô region.  
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3.5. In-silico analyses  

The SPs were determined by SignalP software v.4.1 available at 

(http://www.cbs.dtu.dk), WolfPsort (http://wolfpsort.org/), and Phobius 

(http://phobius.binf.ku.dk/) programs. Furthermore, the D-scores of the SPs 

were determined by SignalP and the H-regions of the SPs were determined 

by Phobius program. ProP1.0 (http://www.cbs.dtu.dk/services/ProP/) was 

used in order to determine the probable ñproò sequence of the SPs.  

In analyzing the results of the SPs experiments, GRand Average of 

hydropathY (GRAVY) and aliphatic index were computed using ExPASY 

ProtParam (http://web.expasy.org/protparam/). Isoelectric point (pI) and net 

charge were calculated by iep program (http://www.bioinformatics.nl/cgi-

bin/emboss/iep) as a part of the EMBOSS bioinformatics package (Choo and 

Ranganathan, 2008). Mean charge was obtained by dividing the net charge 

by the polypeptide length.  

Evaluation of the nucleotide sequences as óputative promoterô regions 

were conducted by the software available at (www.fruitfly.org) as a part of 

Berkeley Drosophila genome project.  

 

3.6. Genetic engineering techniques  

The final product of these steps was transfected P. pastoris harboring newly-

developed plasmid constructs.  

 

3.6.1. Synthesizing of the determined nucleotide sequences 

After provision of the required restriction sites in the nucleotide sequences of 

the selected endogenous secretion SPs and promoters of P. pastoris, they 

were ordered. The complete sequence was synthesized by GenScript inside 

unique plasmid, pUC57 (Appendix C). The synthesized plasmid was 

received in lyophilized form. In order to clone the synthesized plasmid, it 

was transformed into the E. coli DH5Ŭ cell. 

 

 

http://www.cbs.dtu.dk/
http://wolfpsort.org/
http://phobius.binf.ku.dk/
http://www.cbs.dtu.dk/services/ProP/
http://web.expasy.org/protparam/
http://www.fruitfly.org/
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3.6.2. E. coli transformation  

Newly developed plasmids were used in order to transform E. coli DH5Ŭ 

cells and, thus, they could be amplified. The transformation procedure based 

on CaCl2 method (Sambrook and Russell, 2001) with minor modification in 

recovery step is as follows:  

1. Inoculation of the E. coli DH5Ŭ strain from available glycerol stock 

at -80°C into LSLB agar medium 

2. Overnight (16-20 hours) incubation at 37°C  

3. Picking a single colony (2-3 mm in diameter) from the plate  

4. Transferring the picked colony to 50 mL LB broth in 250 mL 

Erlenmeyer flasks 

5. Incubation at 37°C with vigorous agitation at 175-200 rpm and 

monitoring the growth of the culture (measuring the OD600 of the 

culture every 15-20 minutes) 

6. Harvesting the culture when the OD600 reaches 0.35-0.40 

7. Transferring the cells to sterile, ice-cold 50-mL polypropylene tube 

8. Cooling the culture to 0°C by keeping the tube on ice for 10 minutes 

9. Recovering the cells by centrifugation at 3000g for 10 minutes at 4°C  

10. Discarding the supernatant putting the tube in an inverted position on 

a paper towel for 1 minute to let the remained medium to be drained 

away 

11.  Re-suspending the cell pellets in 30 mL of ice-cold filter-sterilized 

(0.2 ɛm) MgCl2-CaCl2 solution (80mM MgCl2, 20mM CaCl2) by 

gentle vortexing or swirling 

12.  Recovering the cells by centrifugation at 3000g for 10 minutes at 

+4°C.  

13.  Discarding the supernatant and putting the tube in an inverted 

position on a paper towel for 1 minutes to let the last traces of the 

media to be removed  
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14. Re-suspending the cell pellets in 2 mL of ice-cold filter sterilized (0.2 

ɛm) 0.1 M CaCl2 for each 50 mL of original culture (with gentle 

mixing or swirling)  

At this point, the cells are chemically-competent and can be used directly or 

stored in aliquots with 12% glycerol at -80°C when liquid nitrogen is 

available. 

      15. Transferring 200 ɛL of the competent cells into a sterile, ice-chilled 

polypropylene tube by the aid of ice-chilled micropipette tips  

16. Adding desired plasmid / ligation mixture (the DNA) by taking into 

consideration that the volume of the ligation reaction mixture should 

not exceed 10% of the competent cells volume  

17. Mixing gently and storing on ice for 30 minutes  

18. Transferring the tube to a rack placed in a 42°C pre-heated water bath 

and keeping the tube in the water bath for exactly 90 seconds without 

shaking. This heat shock step is very crucial; it is very important to 

raise the temperature to the exactly right point and at the correct rate  

19. Rapid transferring of the tube to an ice bath and allowing the cells to 

be chilled for 1-2 minutes 

20. Adding 800 ɛL LB medium to the tube and incubation for 60-80 

minutes at 37°C in shaker incubator with agitation of 150 rpm (with 

loosely-capped tubes) to allow recovery of the cells and expressing 

the antibiotic resistance marker encoded by the foreign plasmid 

21. Transferring appropriate volume, 100, 150 and 200 ɛL (up to 200 ɛL 

per plate) of the treated cells onto LSLB agar medium containing 

desired antibiotic at desired concentration 

22. Gentle spreading the cells over the surface of the agar plate by a 

sterilized loop or bent glass rod and waiting until absorption of all the 

liquid 

23. Incubation of the plates at 37°C; colonies will appear in 16-24 hours  

After appearing the colonies, single-colony cultures of the selected colonies 

were prepared in LSLB agar plates under selective pressure of the suitable 
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antibiotic; after overnight incubation at 37°C, false positive colonies were 

removed by failing to grow and, thus, true transformants were discriminated.  

 

3.6.3. Plasmid DNA isolation from transformed E. coli cells  

After transformation, a few (true) transformed colonies should be selected 

and the plasmid isolation should be performed using each of them to verify 

their precise transformation. In order to obtain high amounts of the desired 

plasmids, the transformed E. coli cells should be cultivated, harvested, and 

then disrupted. Plasmid isolation was conducted by two methods in current 

research; alkaline lysis and using plasmid isolation kits. Plasmid isolation by 

kit was conducted based on manufacturerôs instruction. Alkaline lysis 

method was accomplished as follows:  

Preparation of the cells: 

1. Inoculation of 10 mL of the LB broth medium (in 50-mL sterile 

falcon) containing appropriate antibiotic (here, ampicillin or 

ZeocinÊ) with a single colony of the transformed E. coli cells  

2. Overnight (~16 hours) incubation at 37°C with vigorous shaking at 

200-225 rpm with loosely-capped tube(s) to ensure desirable 

aeration. 

3. Centrifugation at 3000g for 10 minutes at +4°C. 

4. Removing the supernatant by gentle aspiration and positioning the 

tube(s) in a manner that the remaining medium drains on a clean 

towel paper in order to leave the cells as dry as possible (cell wall 

components in the medium prevent the action of many of restriction 

endonuclease enzymes and, thus, the plasmid DNA will be resistant 

to cleavage). 

Cell lysis: 

5. Re-suspension of the pellet in 200 ɛL ice-cold alkaline lysis I solution 

(Appendix B) by vigorous mixing until making sure that the cells 

would be completely dispersed  
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6. Addition of 400 ɛL alkaline lysis II solution (Appendix B) which has 

been freshly- prepared to the bacterial solution and gentle mixing 

with rapid inversion for five times and storing the tube(s) on ice. Do 

not vortex in this step 

7. Addition of 300 ɛL ice-cold alkaline lysis III solution (Appendix B) 

and gentle mixing by inversion of the tube(s) for several times and 

storing the tube(s) on ice for 3-5 minutes 

8. Centrifugation of tube(s) at 14000g for 5 minutes at +4°C and careful 

transferring of 600 ɛL of the supernatant to a fresh (microfuge) tube 

in order not to disturb the cell debris during transfer  

9. Adding equal volume of phenol/chloroform (at +4°C) and mixing two 

phases by vortexing and, then, centrifugation of the emulsion at 

14000g for a 2-minute period at +4°C and transferring the 

supernatant to a fresh tube 

Recovery of the plasmid DNA: 

10. Addition of 600 ɛL iso-propanol at room temperature (RT) and 

mixing the solution by vortexing and keeping the tube standed for 2 

minutes at room temperature in order to precipitate nucleic acids 

from the supernatant 

11. Collecting the precipitated nucleic acids by centrifugation at 14000g 

for 5 minutes at room temperature  

12. Removal of the supernatant by gentle aspiration and positioning the 

tube in a manner that the remaining medium drains on a clean towel 

paper and, furthermore, removing of any fluid droplet present in the 

wall of the tube 

13. Addition of 1 mL ethanol 70% (to wash the pellet) and recovering the 

DNA by centrifugation for 2 minutes at 14000g and at RT 

14. Pouring off the supernatant by gentle aspiration (take care in this part, 

since the precipitate sometimes does not adhere to the tube wall 

tightly) 
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15. Removing remaining ethanol droplets from the sides of the tube and 

keeping the tube at room temperature for 10-15 minutes to let the 

ethanol be evaporated without DNA becoming dehydrated 

16. Dissolving the final pellet (nucleic acids) in 30-100 ɛL TE buffer 

(pH=8.0) (Appendix B) containing (DNase-free) RNase at the final 

concentration of 20 ɛg/mL and mixing by pipetting of the solution 

for a few seconds and storing the isolated plasmids at -20°C. 

17. Determining the concentration of the isolated plasmid; it should be 

emphasized that OD260=1 using a cuvette with light path of 10 mm 

refers to a DNA concentration of approximately 50 ng/ ɛL. 

  

3.6.4. Confirmation of the DNA fragments by agarose gel electrophoresis 

The control of the isolated plasmids, isolated genomic DNA, and digested 

DNA fragments, regarding their length, was accomplished with agarose gel 

electrophoresis (AGE). AGE was conducted with Mini-sub
®
 Cell GT Cell 

system (Bio-Rad, CA, USA). The general procedure of the AGE can be 

described as follows: 

1. Cleaning the required apparatus and equipments and rinsing with 

reverse osmosis (RO) or ultrapure (UP) water 

2. Assembling the gel casting tray and checking its horizontality  

3. Preparation of 5X TBE (or TAE) (Appendix B) buffer and diluting to 

1X buffer just before usage 

4. Dissolving required amount (appropriate for separation of desired 

fragments) of agarose in 1X buffer to reach the desired resolution 

5. Heating the mixture and boiling for a short while until being clear. 

Check that the volume of the solution has not been decreased by 

evaporation during boiling; replenish with dH2O if necessary. 

6. Addition of EtBr after cooling of the gel in order to have a final 

concentration of ca.0.4 ɛg/mL 

7. Casting the gel in the plastic trays after reaching the molten gel < 60°C 

8. Putting the combs into the molten gel in order to form the wells  
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9. Allowing the gel to set completely for 30-45 minutes and then 

removing the comb carefully by pouring small amount of buffer on 

the gel; gelling temperature is 35-42°C 

10. Mixing the DNA samples (5-10 ɛL) with 0.2 volume of the DNA gel 

loading dye 6X (Thermoscientific). DNA samples can be diluted if 

necessary. A typical sample well can hold about 40 ɛL sample 

11. Loading the mixtures to the submerged gel in buffer  

12. Loading DNA ladder (Thermoscientific) as a length standard (3-5 

ɛL); using two different DNA markers will be beneficial 

13. Closing the lid of the gel tank and attaching the electrical leads.  

14. Performing electrophoresis at 90V for 40-100 minutes depending on 

the gel concentration and desired DNA length 

15. Running the gel until the band of interest has migrated 40% - 60% 

down the length of the gel. Band broadening resulted from dispersion 

and diffusion results in a decrease in resolution in the lower third of 

the gel.   

16. Visualizing the gel by UV light 

 

3.6.5. Amplification of the target DNA  

The amplification of the desired DNA segments was conducted with 

polymerase chain reaction (PCR). In order to amplify desired DNA 

fragments specific primers were designed. For this purpose, 

OligoAnalyzer3.1 (http://eu.idtdna.com/calc/analyzer) and NCBI primer 

design tool (www.ncbi.nlm.nih.gov) were utilized. In primer design, Tm 

values, æG values, GC contents, and possibility of self dimer and hetero 

dimer were also considered. The primers were synthesized by Sentegen 

(Ankara, Turkey) and Sentromer (Istanbul, Turkey) and were received in 

lyophilized form. They were prepared as 100 ɛM stocks with autoclaved 

filter-sterilized dH2O according to the manufacturerôs instruction; they were 

diluted to desired concentrations whenever needed. The complete list of the 

primers is available in Appendix D.   
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PCR buffers used in this research were without Mg
2+

, and MgSO4 

was added separately in order to optimize Mg
2+

 ion concentration for 

improving efficiency. Utilized primers in PCRs of current study were 5 ɛM 

concentration else mentioned. dNTPs were with concentration of 2 mM 

(Table 3.8). dH2O utilized throughout the genetic analyses was autoclaved 

and filter-sterilized (0.2 ɛm). 

 

 

Table 3.8. Typical amounts of PCR constituents. 

 

Component Amount  

10X amplification buffer with KCl  5 ɛL 

2 mM solution of dNTPs 5 ɛL 

5 ɛM forward primer Typically 2 ɛL (can change) 

5 ɛM reverse primer Typically 2 ɛL (can change) 

25 mM MgCl2 / MgSO4 2-4 ɛL (can be optimized) 

Taq / pfu DNA polymerase 1-2 U 

dH2O Variable 

Template DNA (Genomic DNA or plasmid DNA) Variable  

Total volume 50 ɛL 

 

 

 

The PCR experiments were conducted in thermal block cycler 

(Techne
®
, Flexigene and TC-3000X). The programs were changed according 

to the specific requirements of the reactions and the annealing temperatures 

and elongation times were situation-dependent. However, the general 

program can be seen in Table 3.9. 
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Table 3.9. Typical thermal profile for PCR. Variable amounts are decided based on the 

melting temperature of the designed primers, length of the fragment to be amplified, and 

type of the utilized DNA polymerase. 

 

Number of Cycles Temperature Time 

1 Cycle,  Primary denaturation 94°C 3 min. 

1 cycle 

94°C 1 min. 

variable 1 min. 

72°C variable 

 

29 cycles 

 

94°C 1 min. 

variable 1 min. 

72°C variable 

1 Cycle, Final extension 72°C 10 min. 

  

 

 

3.6.6. Purification of the PCR products 

The DNA fragments amplified via PCR were purified using PCR purification 

kit (Thermoscientific) in order to get rid of interfering agents which can halt 

subsequent experiments. Briefly: 

1. Addition of 1:1 volume of the binding buffer to the final PCR 

product in PCR tube or a clean eppendorf tube and mixing the 

content thoroughly 

2. Transferring (up to 800 ɛL) the yellowish solution to the available 

column supplied in kit.  

3. Centrifugation for 1 minute at 14000g at RT and discarding the flow-

through 

4. Addition of 700 ɛL wash buffer to the column 

5. Centrifugation for 1 minute at 14000g at RT and removing the flow-

through  

6. Additional centrifugation for 3 minutes to remove the residual 

ethanol 
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7. Addition of 20-50 ɛL elution buffer to the column  

8. Centrifuged for 1 minute at 14000g at RT to elute the amplified 

DNA fragment. The eluted DNA was stored at -20°C. 

  

3.6.7. Digestion of the plasmid DNA 

In order to construct desired plasmids, first it is needed that some available 

plasmids be digested by restriction endonuclease enzymes. In addition to 

single-digestion performed for control purposes, cutting out a DNA fragment 

from an available plasmid was conducted by double-digestion with two 

suitable restriction enzymes. Each restriction digestion requires restriction 

enzyme, suitable buffer for optimum enzyme activity, sample DNA, and 

dH2O to complete the reaction volume (Table 3.10).  In double-digestion, the 

buffer should be suitable for both enzymes activity which can be accessed 

from the Thermoscientific website. Each restriction enzyme identifies a 

specific nucleotide sequence and cleaves the phosphodiester bond in that 

location in phosphate backbone. The free ends of the cleaved DNA strands 

may either be sticky or blunt where the sticky ends are preferred. Afterwards, 

these free (sticky) ends are used to insert the cut fragment within a new DNA 

backbone. The conditions for single- and double-digestions have been 

represented in Appendix E. 

 

 

Table 3.10. Typical reaction mixture for single-digestion with EcoRI restriction enzyme. 

 

Component Amount 

Nuclease-free water Variable 

EcoRI unique Buffer 10X 2 ɛL                                  

DNA Variable  

EcoRI 0.5 - 2 ɛL 

Total volume 20ɛL 

 



192 

 

EcoRI and XbaI restriction enzymes pair, was used for double-

digestion of the parent plasmids at first step. After complete mixing of the 

restriction digestion reaction components in an eppendorf tube (Table 3.11), 

a brief span was conducted to collect the tube content in the bottom of the 

tube and, then, the mixture was incubated at 37°C in water bath for a suitable 

time period according to the amount of the plasmid DNA and restriction 

enzyme. The time should be enough to digest the whole DNA sample 

without any overdigestion. Inactivation of the enzymes was conducted by 

heating at 65°C for 20 minutes. .  

 

 

Table 3.11. Typical reaction mixture for double-digestion with EcoRI and XbaI restriction 

enzymes. 

 

Component Amount 

Autoclaved and filter-sterilized dH2O Variable 

10X Tango buffer  4 ɛL                                  

DNA (parent plasmids) Variable (up to 1 ɛg) 

EcoRI 1 ɛL 

XbaI 2 ɛL 

Total volume 20ɛL 

  

  

 

Bsp119I and EcoRI restriction enzymes pair was utilized to facilitate 

insertion of the selected endogenous signal peptides in the place of Ŭ-MF in 

order to develop a new set of plasmid constructs (Table 3.12). By ending the 

incubation time, inactivation of the enzymes in this case was conducted by 

heating at 80°C for 20 minutes.  
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Table 3.12. Typical reaction mixture for double-digestion with EcoRI and Bsp119I 

restriction enzymes. 

 

Component Amount 

Autoclaved and filter-sterilized dH2O Variable 

10X Tango buffer  4 ɛL                                  

DNA Variable (up to 1 ɛg) 

EcoRI 1 ɛL 

Bsp119I 1 ɛL 

Total volume 20ɛL 

 

 

 

EcoRI and NsiI restriction enzymes pair was recruited to replace PGAP 

by endogenous promoters to establish a distinctive set of novel plasmid 

constructs (Table 3.13).   Upon completion of the incubation, inactivation of 

the enzymes was conducted by heating at 65°C for 20 minutes.  

 

Table 3.13. Typical reaction mixture for double-digestion with EcoRI and NsiI restriction 

enzymes. 

 

Component Amount 

Autoclaved and filter-sterilized dH2O Variable 

10X Tango buffer  4 ɛL                                  

DNA Variable (up to 1 ɛg) 

EcoRI 1 ɛL 

NsiI 2 ɛL 

Total volume 20ɛL 

 

 

The restriction digestion results, in all cases, were subjected to AGE 

in order to be verified. After verification, if the separated fragments were 

intended to be used in the next round of experiments, i.e., ligation, they were 
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cut from the gel and were subjected to the purification by gel extraction kit 

(Thermoscientific). Then, the double-digestion results were ready for ligation 

reaction.   

 

3.6.8. Extraction of the DNA fragments from the agarose gel 

After running the DNA samples on agarose gel and separation of the desired 

DNA fragments, the intended segments could be extracted from the gel, 

whenever needed, by recruiting gel extraction kit (Thermoscientific) 

according to the supplier instructions; in brief, the procedure can be 

summarized as following steps: 

1. Cutting out DNA fragment from the gel in slice less than 400mg  

2. Putting the slice in a clean pre-weighed 2-mL eppendorf tube 

3. Addition of same volume of the binding buffer to the tube  

4. Incubating the tube at 60°C for a 10-minute period by mixing with 

inversion a few times until complete dissolution of the gel 

5. Transferring the clear yellowish solution into the supplied column 

6. Centrifugation for 1 minute at 14000g at RT 

7. Discarding the filtrate  

8. Addition of 700 ɛL wash buffer to the column  

9. Centrifugation for 1 minute at 14000g at RT  

10. Centrifugation of the empty column for 1-3 minute(s) at 14000g at 

RT in order to remove the remained wash buffer 

11. Transferring the column into a new clean 1.5-mL eppendorf tube  

12. Addition of 20-50 ɛL elution buffer to the column 

13. Centrifugation for 1 minute at 14000g at RT 

14. Storage of the DNA fragment in the eluted liquid at -20°C in order to 

be used for subsequent ligation reactions.   

       

3.6.9. Ligation of the DNA fragments 

DNA fragments with sticky ends developed by single- or double-digestion 

can be joined together by the action of the T4 DNA ligase enzyme and, thus, 
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new DNA molecules are formed. Ligation of the desired DNA fragments in 

total volume of 20 ɛL was achieved by overnight incubation (~ 14 hours) of 

the mixture at 16°C and, then, inactivation by heating at 70°C for 10 

minutes. The ligation results were directly used to transform E. coli cells. 

The constituents of a typical ligation reaction can be observed in Table 3.14.  

 

 

Table 3.14. Typical ligation reaction mixture; both insert and backbone should be double-

digested with similar restriction enzymes.  

 

Component Amount 

10X ligation buffer 2 ɛL 

Gene of interest (Insert) Variable (regarding molar ratio) 

Plasmid DNA (Backbone) Up to 100 ng 

T4 DNA ligase 1 ɛL 

Autoclaved and filter-sterilized dH2O Variable 

Total volume 20 ɛL 

 

 

 

The molar ratio between the ñinsertò and ñbackboneò, represented by 

equation (3.1), is the most critical parameter in the ligation reaction and can 

be changed in order to reach successful ligation results. It is usually decided 

to be between 1 and 6.  The amount of the gene of interest in Table 3.14 can 

vary to give different molar ratios:  

 

Molar ratio =  
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3.6.10. Sequencing of the isolated plasmids from E. coli cells 

After transformation of the E. coli cells with developed plasmid constructs 

and subsequent plasmid isolation, verification of the identity of the plasmids 
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was achieved via AGE, restriction digestion, and PCR. Afterwards, the 

isolated plasmids were subjected to DNA sequence analysis in automatic 

DNA sequencer ABI Prism
®
 310 Genetic Analyzer (Applied Biosystems, 

California, USA) in METU central laboratory using the primers can be found 

in Table 3.15. The sequence authenticity was checked thoroughly with NCBI 

nucleotide BLAST tool (www.ncbi.nlm.nih.gov). Authentic plasmids were 

recruited in transfection of Pichia pastoris cells.  

 

 

 

Table 3.15. The recruited primers for sequencing of the isolated plasmids from E. coli cells 

for their verification prior to Pichia transfection. 

 

Primer Name Primer Nucleotide Sequence 

GAP forward  5ô- GTCCCTATTTCAATCAATTGAA-3ô 

 

AOX reverse  5ô- GCAAATGGCATTCTGACATCC-3ô 

 

PDC-F 5ôéTCTATGCATGAGATCGGGACAAGCAé3ô         

 

PDC-R 5ôéTGCGAATTCAGCTTCAGCCTCTCTTTé3ô          

 

PYRK-F 5ôéTAAATGCATGAGATCTTCAGTGTGCGGé3ô          

         

PYRK-R 5ôéTGAGAATTCAGCTTCAGCCTCTCTTTTCTé3ô               
 

THI3 -F 5ôéGAGATGCATGAGATCGTCTTTGTAAATAGTé3ô       

 

THI3 -R 5ôé TGAGAATTCAGCTTCAGCCTCTCTTTTCé3ô 

 

New GAP fwd 5ôé GACGCATGTCATGAGATTATTGG é3ô  

 

PYRK End-fwd 5ôéGACCGTTCATGTACAGTAAATTGé3ô 

 

PDC End-fwd 5ôéACCTCAAATATCTAGCAACATCTTé3ô 

 

THI3  End-fwd  5ô...GGAATGTTGGTAGCAATTGGTATé3ô 
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3.6.11. Transfection of the Pichia pastoris X-33 cells   

After developing new plasmids by genetic engineering techniques, 

subsequent cloning in E. coli cells, plasmid isolation, and sequencing, the 

plasmids were used to transfect P. pastoris X-33 cells. Enough plasmid DNA 

should be generated before transfection; 5-10 ɛg of each plasmid per each 

transfection is required. Furthermore, transfection with lithium acetate does 

not work with P. pastoris and the lithium chloride (LiCl) method is used 

(EasySelect
TM

 Pichia Expression Kit). The general procedure of transfection 

includes plasmid preparation, cell preparation, and directing the plasmid into 

the cell. The procedure can be described as follows:   

1. Restriction digestion of the desired plasmid with NsiI restriction 

endonuclease enzyme by incubation at 37°C for 5 hours and, then, 

inactivation at 65°C for 20 minutes in order to linearize the plasmid 

(Table 3.16).  

     It has been mentioned that homologous recombination can also occur 

with non-linearized plasmid, although, at a lower frequency. The 

linearized plasmid was purified with PCR purification kit 

(Thermoscientific) where at the elution step autoclaved and filter-

sterilized dH2O was utilized to elute the plasmid DNA. The 

linearization and purification was performed just one day before 

transfection. 

 

 

Table 3.16. Typical reaction mixture for single-digestion with NsiI restriction enzyme. 

 

Component Amount 

Autoclaved and filter-sterilized dH2O Variable (complete to 20 ɛL) 

R buffer  10X 2 ɛL                                  

Circular plasmid DNA  Variable (up to 1 ɛg) 

NsiI 0.5 - 2 ɛL 

Total volume 20 ɛL 
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  2. Inoculation of P.pastoris X-33 strain from -80°C glycerol stock into 

YPD agar plate and incubation for approximately 60 hours at 30°C 

  3. Picking up a single colony from the plate and growing the culture in a 

250-mL baffled Erlenmeyer flask containing 50 mL YPD medium at 

30°C and 200-225 rpm until reaching OD600 of 0.8 -1.0 (~ 10
8
 cells / 

mL).  

      4. Harvesting the cells by centrifugation at 4000g for 5 minutes at +4°C  

       5. Washing the pellet with 25 mL sterile dH2O and, then, centrifugation 

at 1500g for 10 minutes at RT  

       6. Pouring off the water (supernatant) and re-suspending the cells in 1 

mL of 100 mM LiCl solution 

 7. Transferring the cell suspension to a 1.5-mL sterile eppendorf tube   

 8. Peletting the suspended cells by centrifugation at 16000g for a 15-

second period and removing LiCl with a pipette 

 9. Re-suspending the cells in 400 ɛL of 100 mM LiCl 

10. Transferring 50 ɛL of the cell suspension into a sterile 1.5-mL 

eppendorf tube (for each transformation) and immediate utilization 

without storing on ice or freezing at -20°C 

11. Boiling 25 ɛL sample of single-stranded DNA (salmon sperm DNA) 

for 5 minutes, quick chilling on ice and keeping on the ice until use  

12. Centrifugation of the cell-LiCl suspension (from part 10) at 16000g 

speed for 15 seconds and removing the LiCl with a pipette 

13. Adding the following reagents in exactly represented order to the 

pelleted cells in eppendorf tube: 

¶ 240 ɛL  50% (w/v) PEG     

¶ 36 ɛL 1M LiCl  

¶ 25 ɛL Salmon sperm 2 mg/mL 

¶ Linearized plasmid DNA (5-10 ɛg) in  50 ɛL sterile water 

14. Vortexing tube(s) until thorough mixing of the cell pellets (~ 1 

minute) 

15. Incubation of the tube(s) at 30°C for 30 minutes without shaking 



199 

 

16. Exerting heat shock on the cells by incubation at 42°C in water bath 

for a period of 30-40 minutes 

17. Centrifugation of the tube(s) at 4000g for 15 seconds and removal of 

the transfection solution with a pipette 

18. Re-suspending the collected cells in 1 mL of the YPD medium (free 

of antibiotic) and incubation at 30°C and 150 rpm for 4 hours 

19. Transferring 50-200 ɛL of the cell suspension onto the YPD agar 

plate(s) with ZeocinTM concentration of 100 ɛg/mL 

20.  Incubation of the plates for 2-3 days at 30°C 

The putative transfectants were chosen and analyzed further in order to 

identify the real transfectants for subsequent shake flask and bioreactor 

experiments. 

 

3.6.12. Genomic DNA isolation from Pichia pastoris cells 

After transfection and selection of the putative transfectants, in order to 

verify the genomic integration of the desired plasmid constructs, the genomic 

DNA of the putative transfectants should be isolated. For this purpose, 

single-colony cultures of the selected putative transfectants were prepared by 

inoculation of the appeared colonies into the new YPD agar plates under 

ZeocinTM pressure (100 ɛg/mL). The plates were incubated for 20-24 hours at 

30°C.  Then:   

1. Inoculation from single-colony cultures into 10 mL YPD medium in a 

50-mL sterile falcon and cultivation at 30°C and 200 rpm until 

reaching 6 < OD600 < 10 

2.  Harvesting the cells by centrifugation at 4000g for 10 minutes at RT 

3. Removing the supernatant and re-suspending the cells in 0.5 mL 

distilled water and transferring to a 1.5-mL sterile eppendorf tube. 

4. Centrifugation at 16000g for 2 minutes in order to collect the cells  

5. Removing the supernatant and vortexing the cells in remaining 

supernatant 
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6. Addition of 200 ɛL yeast lysis solution (Appendix B) to the tube(s) 

and mixing the tube(s) by inversion  

7. Addition of 200 ɛL phenol/chloroform/isoamyl alcohol (25:24:1) and 

0.3 g acid-washed glass beads  

8. Wrapping the tube(s) with parafilm and vortexing vigorously for about 

4 minutes  

9. Addition of 200 ɛL TE buffer (pH=8.0) and centrifugation of tube(s) 

at 4000g for 2 minutes at RT 

10. Transferring the upper aqueous layer to a new 2-mL eppendorf tube 

11. Adding 1mL of 100% Ethanol (EtOH) and mixing by inversion 

12. Centrifugation at 16000g for 2 minutes and pouring away the   

supernatant  

13. Re-suspending the pellets in 400 ɛL TE buffer with 5 ɛL of 10 

mg/mL solution of RNase A (a pancreatic ribonuclease cleaves 

single-stranded RNA)  

14. Incubation of the solution at 37°C for 10 minutes 

15. Addition of 14 ɛL ammonium acetate (or sodium acetate) 3M and 1 

mL of 100% EtOH and mixing the contents by inversion 

16. Precipitation of the DNA by centrifugation at 16000g for a 2-minute 

period at RT and discarding the supernatant 

17. Drying the DNA pellet in air and re-suspending in 50 ɛL sterile 

distilled water (or TE buffer) 

The isolated genomes were stored at -20°C.  

   

3.6.13. Verification of the genomic integration in isolated genomes 

Isolated genomes of the putative transfectants were subjected to PCR in 

order to verify insertion of the desired construct in the genome. In the case of 

plasmids harboring selected endogenous SPs, verification PCR was 

conducted by GAP forward and AOX reverse primers (Table 3.17). However, 

in the case of plasmids harboring selected promoters, verification PCR was 

accomplished by promoter-specific forward primers (Table 3.17) and AOX 
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reverse primer. After confirmation of the genomic integration, genomes 

concentration (A260) and quality (A260/280) were checked with NanoDrop
®
 

2000 (Thermoscientific). 

 

 

Table 3.17. The primers used in PCR for verification of the genomic integration. 

 

Primer Name Primer Nucleotide Sequence 

AOX reverse 5ô- GCAAATGGCATTCTGACATCC-3ô 

  

Promoter-specific forward primers 

GAP forward  5ô- GTCCCTATTTCAATCAATTGAA-3ô 

 

PDC-F 5ôéTCTATGCATGAGATCGGGACAAGCAé3ô         
 

PYRK-F 5ôéTAAATGCATGAGATCTTCAGTGTGCGGé3ô          

         

THI3 -F 5ôéGAGATGCATGAGATCGTCTTTGTAAATAGTé3ô       

 

 

 

3.6.14. Determination of the hGH copy number in Pichia transfectants  

In order to have a reliable comparison among different developed r-

P.pastoris strains, based on the expressed rhGH, the copy number of the 

hGH gene in Pichia genome in all recombinant strains should be same and 

preferentially one. The copy number determination was achieved using real-

time quantitative polymerase chain reaction (qPCR). However, regarding to 

the multiplicity of the selected Pichia transfectants, a pre-screening step was 

implemented prior to qPCR to get rid of probable multi-copy strains  

 

3.6.14.1. Pre-screening of the Pichia transfectants 

Pre-screening of the selected P. pastoris transfectants was conducted 

according to (Abad et al., 2010).  The typical structure of single-digested 

desired plasmid and the resultant single or double insertions (as 
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representative of multiple insertions) in Pichia genome has been depicted in 

Figure 3.5. For pre-screening, PCR experiments was conducted by the 

isolated genomic DNAs of the selected transfectants as template along with 

two designed primers, i.e., hGH-R and pUC ori-F (Table 3.18). The location 

of the hGH-R and pUC ori-F primers can be observed in Appendix F. 

 

 

 

Table 3.18. Utilized forward and reverse primers in pre-screening PCR. 

 

 

Primer Name Length (bp) Nucleotide Sequence (5ôŸ3ô) 

pUC ori ïF 35 GGATCTCAAGAAGATCCTTTGATCTTTTCTACG

GG 

hGH -R 32 AATGTCTCGACCTTGTCCATGTCCTTCCTGAA 

 

 

 

Based on the Figure 3.5, while having multi-copy insertion in 

genome, does not matter in one side or both sides of the desired locus, there 

will be a band in pre-screening PCR results of the isolated genomes. 

However, if there is no band we can not strictly say something about single-

insertion, since sometimes insertion happens in place other than expected 

locus. Therefore, the result of this pre-screening was just elimination of some 

of the multi-copy strains. 

  

3.6.14.2. qPCR with genomes of the pre-screened Pichia transfectants  

qPCR, specially absolute quantification, was the method of choice in current 

study for copy number determination. Furthermore, a reference gene was 

recruited and was measured parallel with target gene, i.e., hGH gene. ARG4 

gene (argininosuccinate lyase or argininosuccinase) was used as reference 

gene (Abad et al., 2010; Hartner et al., 2008) and was quantified parallel 

with the unknown hGH gene in genomic DNA samples. This gene acted as 

an endogenous control (housekeeping gene) because it is a single-copy gene 
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in P. pastoris. Using reference gene has the advantage of omitting the need 

for exact quantification and loading of the starting template. Consequently, 

the quantification was regardless to initial DNA amount. This compensates 

for any difference in the amount of the initial samples. Actually, ARG4 

represents the copies of the genome available in the sample and the hGH 

assayed copy is normalized by dividing, virtually, over the genome number. 

By inclusion of this gene in qPCR assays, the normalized hGH copy number 

can be calculated as follows: 

 

4ARG

hGH

hGH
quantitycopyAssayed

quantitycopyAssayed
numberCopy =                                       (3.2) 

 

 

 
  
  

Figure 3.5. Schematic representation of the typical single- or double-copy insertion in 

Pichia genome and location of the hGH reverse (red arrow) and pUC ori forward (blue) 

primers. All constructs linear form is available in Appendix G. 
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3.6.14.2.1. Provision of the standard curve   

Genomic DNAs of the selected transformants were the unknown samples in 

current research. Absolute quantification makes it necessary to have a 

standard curve (using a standard DNA solution) for copy number 

measurement in genomic DNA samples. However, since there are two genes 

that should be measured, hGH and ARG4, two standard curves should be 

prepared by two standard samples. The utilized primers are the same in both 

unknown samples (genomic DNA) and standard samples, thus, for making 

the conditions in standard samples closer to the conditions in genomic DNA 

samples in both cases, namely hGH and ARG4, standard DNA samples were 

prepared for both genes with the outer primer set by regarding the concept of 

the nested PCR (Wilhelm et al., 2003). In nested PCR two sets of primers 

called outer and inner primers are used; the outer primers prepare a template 

(standard DNA) that inner primers can amplify a part of it during qPCR 

experiment.   

 

3.6.14.2.1.1. Preparation of the standard DNA sample for ARG4 gene 

There is just one copy of ARG4 gene in P. pastoris genome; its nucleotide 

sequence can be found in Appendix H. ARG4 gene chromosomal location is 

PAS_chr1-1_0389. For ARG4 standard DNA preparation, a 330-bp fragment 

from this gene was selected. The outer primers for preparation of standard 

DNA for ARG4 genes can be found in Table 3.19. ARG4 outer primers 

location has been presented in Appendix H. 

For preparation of the standard DNA, genomic DNA of P. pastoris 

was used as template. First a preliminary PCR with different combinations of 

primers, MgCl2, template was performed in order to achieve the optimum 

conditions with absence of non-specific fragments in prepared ARG4 

standard. The PCR results, then, were purified using PCR purification kit and 

the concentration of the sample was measured using NanoDrop
® 

2000 

(Thermoscientific). 
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Table 3.19. Outer primers for preparation of the standard DNA for ARG4 gene. 

 

Primer Name Length (bp) Nucleotide Sequence (5ôŸ3ô) 

ARG4-Std-F 22 CTTGAACATTGATGCCGAACGA 

ARG4-Std-R 23 GACTCTAGCTTTTCATTCAGTGC 

 

 

 

3.6.14.2.1.2. Preparation of the standard DNA sample for hGH gene 

pGAPZŬA::hGH as base plasmid (developed in current research) was used 

as template for preparation of the standard sample for hGH gene. GAP 

forward and AOX reverse primers (Invitrogen) were used as outer primer pair 

(Table 3.20) which resulted in a 1090-bp segment (Appendix I).  

 

 

Table 3.20. Outer primers for preparation of the standard DNA for hGH gene. 

 

Primer Name Length (bp) Nucleotide Sequence (5ôŸ3ô) 

GAP forward 22 GTCCCTATTTCAATCAATTGAA 

AOX reverse 21 GCAAATGGCATTCTGACATCC 

 

 

 

First a preliminary PCR was conducted with different combinations 

of primer, MgCl2, and template amount in order to obtain the optimum 

conditions to eliminate non-specific fragments in desired standard. The PCR 

results, then, were purified using PCR purification kit and the concentration 

of the samples was measured using NanoDrop
® 

2000 (Thermoscientific). 

 

3.6.14.2.2. Inner primers for qPCR 

In order to render the qPCR experiments there should be a primer pair for 

amplifying a suitable selected amplicon. These primers are able to bind to a 
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segment inside the prepared standard DNA (with outer primers) and amplify 

it. The used inner primers in current research can be observed in Table 3.21. 

The inner primer pair for ARG4 was the ones used in Abad et al., study 

(2010) which leads to a 84-bp fragment. Regarding hGH gene, based on 

previous research (Bayraktar, 2009), there was an available pair for qPCR 

analysis which results in a 238-bp fragment. Therefore, this pair was also 

ordered and used which can be seen in Appendix H. 

 

 

 
Table 3.21. Inner primers for conducting qPCR experiments. 

 

Primer Name Length (bp) Nucleotide Sequence (5ôŸ3ô) 

For hGH standard   

Eda-qPCR-F 20 GCCTTTGACACCTACCAGGA 

Eda-qPCR-R 20 ACACCAGGCTGTTGGCGAAG 

For ARG4 standard   

ARG-F 21 TCCATTGACTCCCGTTTTGAG 

ARG-R 19 TCCTCCGGTGGCAGTTCTT 

 

 

 

 

 

3.6.14.2.2.1. Preliminary PCR with inner primers designed for hGH  

The inner primer pair along with prepared hGH standard solution were used 

in qPCR experiments. However, prior to experiments, again a preliminary 

PCR was conducted with hGH standard and P. pastoris genomic DNA as 

template and inner primers in determined qPCR conditions in order to find 

out the optimum primer concentrations for qPCR. Based on the results, 

primer concentration of 200 nM was used in qPCR experiments. 

 

3.6.14.2.2.2. Preliminary PCR with inner primers designed for ARG4  

The same concept as hGH gene holds true for ARG4 gene and, therefore, a 

preliminary PCR was conducted with ARG4 standard and P. pastoris 
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genomic DNA in order to verify the optimum primer concentrations which 

can be used in related qPCR experiments. The PCR conditions were similar 

to the conditions used in the case of hGH gene. Primer concentration of 200 

nM was again used in qPCR experiments as the optimum amount. 

 

3.6.14.2.3. Rendering qPCR experiments 

After finding the optimum concentration for inner primers, the qPCR 

mixture should be prepared. The fluorescent dye mixture (Faststart Universal 

SYBR Green Master) contains the optimum amount of buffer, MgCl2 and 

dNTPs and just dH2O, primers, and template should be added separately. 

Based on the aim of the measurements there should be six sets of tubes: 

¶ Tubes with genomic DNA and Eda-qPCR-F and Eda-qPCR-R inner 

primers  

¶ Tubes with genomic DNA and ARG4-F and ARG4-R inner primers 

¶ Tubes with serial dilutions of the hGH standard sample and Eda-

qPCR-F and Eda-qPCR-R inner primers  

¶ Tubes with serial dilutions of the  ARG4 standard sample and ARG4-

F and ARG4-R inner primers  

¶ No-template tubes for control of any contamination, using dH2O 

instead template, and Eda-qPCR-F and Eda-qPCR-R inner primers  

¶ No-template tubes for control of any contamination, using dH2O 

instead template, and ARG4-F and ARG4-R inner primers  

According to the Table 3.22, a master mix was prepared by the components 

except template regarding the amount of the tubes needed in experiment; 

after mixing by pipetting, and a brief spin, 18 ɛL of the master mix was 

transferred into each qPCR tube and, afterwards, 2 ɛL template (standard 

DNA or genomic DNA) was added separately to the tubes. For non-template 

tubes, dH2O was added. Genomic DNAs were used in dilutions between 

1/200 and 1/300 to have the amount of 2 ng to 8 ng in the final mixture. In 

the case of the standard DNA samples, 1/100 dilutions of both standard 

samples were prepared and stored at -20°C. Subsequently, daily dilutions of 



208 

 

these stocks were prepared 1/10
3
 Ÿ 1/10

7 
in each qPCR experiment. qPCR 

experiments were conducted with QIAGEN Corbett Rotor-Gene 6000 series 

with 36 wells with the thermal profile available in Table 3.23.   

 

 

Table 3.22. qPCR mixture  used in copy number determination experiments. The amounts 

are for one tube and for master mix preparation they should be multiplied by (No. tubes + 1). 

2 ɛL of genomic DNA or standard DNA is added to the 18 ɛL of the prepared mix. 

 

Component Amount (ɛL) 

dH2O 6.4 

Faststart Universal SYBR Green Master  2X (ROX) 10 

Forward primer (5ɛM ) 0.8 

Reverse  primer (5ɛM) 0.8 

 

 

 

 

 

The copy number of the prepared standard samples and their corresponding 

dilutions were calculated with the following equation (Lee et al., 2006): 

 

)//(660)(

)()/(1002.6
)(

23

bpmolgbplengthDNA

gamountDNAmolcopy
copyDNA

³

³³
=                      (3.3) 

 

 

Where, 660 g/mol is the mean molar mass of a base pair (Wilhelm et al., 

2003) and 6.022 × 10
23

 is the Avogadroôs number. Therefore, by knowing 

the copy number of the standards, the assayed copy number of the hGH gene 

and ARG4 gene was measured. 
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Table 3.23. qPCR experiments thermal profile. After reaching to fluorescent level 100% 

before 45 cycles, the remaining steps could be skipped. 

  

Denaturation Amplification  Melting  Cooling 

1 Cycle 45 Cycles 1 Cycle 1 Cycle 

Hold:  

     95°C for 10 min 

 

Denaturation:  

                 95°C for 10 sec. 

Melting:  

   50 °C  to 99°C  

 

continuous with slope 

of 1°C/s.  

Keeping:    

 

40°C for 30 

sec. 
Annealing: 

                   55°C for 5 sec. 

Elongation:  

                 72°C for 10 sec. 

 

 

 

3.7. rhGH production with selected r-P.pastoris strains 

After selection of the P. pastoris strains with similar (single) copy numbers, 

rhGH production was started. Production was conducted in both shake flask 

air-filtered bioreactor and laboratory-scale bioreactor.  

 

3.7.1. Shake flask air-filtered bioreactor experiments 

In the case of secretion SPs, the selected single-copy strains of r-P.pastoris 

were inoculated from glycerol stocks into YPD agar plates with ZeocinTM 

concentration of 100 ɛg/mL and after ca. 50 hours incubation at 30°C, 

inoculation was made into 25 mL BMGY medium with chloramphenicol and 

PTM1 in 150-mL glass flasks. Cultivation started at 30°C and 200 rpm. 

When the cells reached to OD600 ~ 18 they were harvested at 2000g for 10 

minutes at room temperature (RT) and, subsequently, were transferred into 

50 mL production medium in 250-mL baffled Erlenmeyer flasks in a manner 

to have OD600 of ~2. Production was conducted at 30°C and 200 rpm and 

lasted for 40-48 hours. Samples which were taken at t=24 h were used in dot-

blot and SDS-PAGE analyses. Shake flask air-filtered bioreactor 

experiments were conducted in triplicate. The schematic of the procedure 

can be found in Figure 3.6.A. 
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Figure 3.6. Schematic representation of the steps in shake flask bioreactor experiments. A: 

experiments related with SPs. B: preliminary experiment related with selected promoters. 

 

 

A 

B 
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On the other hand, as preliminary experiment related with promoter 

constructs prior to the bioreactor experiments, the selected single-copy 

strains of r- P. pastoris were inoculated from glycerol stocks into YPD agar 

plates containing ZeocinÊ with concentration of 100 Õg/mL; after 

incubation at 30°C for approximately 50 hours, inoculation was made into 

50-mL sterile falcons containing 12.5 mL YPD broth with chloramphenicol 

and incubation was conducted at 30°C and 200 rpm as pre-cultivation step. 

After 16 hours the cells were harvested at 2000g for 10 minutes at RT. 

Harvested cells were transferred into 250-mL Erlenmeyer flasks with 35 mL 

YPD in a manner to have OD600 of approximately 2 (Figure 3.6.B). 

Cultivation was conducted for 24 hours at 30°C and 200 rpm; samples were 

taken at t=24 h in order to be subjected to SDS-PAGE analysis. 

 

3.7.2. Laboratory-scale bioreactor experiments   

During conducted research, two sets of bioreactor experiments were carried 

out; one for confirmation of the shake flask experiments related with SPs and 

the other related with promoter constructs in order to choose the best oxygen 

limitation-induced promoter. Bioreactor experiments were conducted in a 3 

L laboratory-scale bioreactor (Braun CT2-2) with working volume of 0.8 ï 

2.2 L. Bioreactor specifications are available in Table 3.24. 

 

Table 3.24. Specifications of the laboratory-scale bioreactor used in current research. 

 

Feature  

Tank diameter T=12 cm 

Impeller diameter D=T/2.4 

Impeller length H=T/12 

Off-bottom clearance C=T/6 

Average height of working volume H=0.667T 
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3.7.2.1. Bioreactor experiments with r-P. pastoris strains of SPs 

Desired r-P. pastoris strain was inoculated from glycerol stock into YPD 

agar plate with Zeocin
TM

 concentration of 100ɛg/mL and was incubated for 

48-60 hours at 30°C. Afterwards, inoculation was made from the plate into 

the BMGY medium for pre-cultivation. Reaching OD600 to the range of 6-8 

the cells were harvested by centrifugation at 2000g for 10 minutes at RT. 

The harvested cells were transferred with sterile ultra-pure water into the 

bioreactor containing BSM medium with pH of 5, adjusted with ammonium 

hydroxide 26%, to have initial OD600 of ~2. The batch phase of the 

fermentation was started at 900 rpm and 30°C and pH 5. Dissolved oxygen 

was measured on-line with VisiFermÊ DO 120 optical sensor 

(HAMILTON
®

, Allston, MA, USA) and its content was kept constant at 20% 

air saturation. After reaching to 90 < OD600 < 100, the fed-batch phase was 

started. The fed-batch phase of the fermentation was accomplished by 

exponential feeding of 500 g/L glucose solution containing chloramphenicol 

and PTM1 with a peristaltic pump controlled by a bioreactor system, to 

maintain the specific growth rate as 0.07 h
-1
. At three-hour time intervals 

samples were taken from the bioreactor and were analyzed. Throughout the 

experiments temperature was controlled at 30.0 ± 0.1 °C with PI controller 

of the bioreactor, pH was controlled at 5.0 ± 0.1 by 26% NH4OH and 

dissolved oxygen concentration was controlled by air supply. 10% antifoam 

was added manually whenever needed in order to prevent foaming. The 

schematic illustration of the experiment has been presented in Figure 3.7.     
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Figure 3.7. Schematic representation of the steps in bioreactor experiments related with SPs. 

 

 

 

3.7.2.2. Bioreactor experiments with r-P. pastoris strains of promoters 

Desired r-P.pastoris strain was inoculated from glycerol stock into YPD agar 

plate with Zeocin
TM

 concentration of 100ɛg/mL and was incubated for 48-60 

hours at 30°C. Afterwards, inoculation was made from the plate into 50 mL 

BMGY medium in 250-mL Erlenmeyer flask at 30°C and 200rpm for pre-

cultivation. Reaching OD600 to the range of 16-20 (~ 18) cell cycle 

synchronization (explained in section 3.7.2.2.1) was started by harvesting the 

cells and transferring to 50 mL YEP medium in 250-mL Erlenmeyer flasks 

and incubation at 30°C and 200rpm. After completion of the synchronization 

procedure, the harvested cells were transferred with sterile ultra-pure water 

into the bioreactor containing BSM medium with pH of 5, adjusted with 

ammonium hydroxide 26%, to have initial OD600 of ~2. The batch phase of 

the fermentation was started at 900 rpm and 30°C and pH 5. Dissolved 
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oxygen content was kept constant at 20% air saturation. After reaching to 45 

< OD600 < 50, the fed-batch phase was started and DO set point was 

decreased to 4% in order to exert oxygen-limitation conditions. The fed-

batch phase of the fermentation was accomplished by exponential feeding of 

500 g/L glucose solution containing chloramphenicol and PTM1 with a 

peristaltic pump controlled by a bioreactor system, to maintain the specific 

growth rate as 0.15 h
-1
. At three-hour time intervals samples were taken from 

the bioreactor and were analyzed. Throughout the experiments temperature 

was controlled at 30.0 ± 0.1 °C with PI controller of the bioreactor, pH was 

controlled at 5.0 ± 0.1 by 26% NH4OH and dissolved oxygen concentration 

was controlled by air. 10% antifoam was added manually whenever needed 

in order to prevent foaming. The summarized procedure can be seen in 

Figure 3.8.    

 

3.7.2.2.1. Cell cycle synchronization 

Briefly, the cells were grown to a specific density and, then, were subjected 

to starvation for a defined period. Afterwards, the cells were transferred to a 

fresh nutrient medium. Consequently, cells were supposed to be arrested in 

G1 phase (Banflavi, 2011). The protocol is as follows: 

1. Growing P. pastoris cells in BMGY (pre-cultivation) medium until 

saturation (exhaustion of nutrients), approximately an OD600 of 16-20 

(OD600~18). Liquid log phase cultures are typically used for most of 

synchronization protocols (Banflavi, 2011). Note that doubling time 

for wild-type P. pastoris is in the range of 2-3 hours. 

2. Centrifugation at 1800-2000g for 1-2 minutes 

3. Discarding the supernatant and repeating step 2 

4. Re-suspending of the pellets in sterile YEP medium and incubation at 

30°C for 6 hours 

5. Centrifugation at 1800-2000g for 1-2 minutes 

6. Discarding the supernatant and repeating step 5 
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Figure 3.8. Schematic representation of the steps in bioreactor experiments related with 

promoters. 

 

 

 

3.7.2.2.2. Total RNA isolation 

Since the strength of the promoter is closely related with the mRNA level, in 

addition to the extracellular rhGH, the amount of mRNA was also measured 

to judge between selected promoters. mRNA should be extracted as quickly 

as possible after obtaining samples. For better results, either fresh samples or 

samples that have been quickly frozen in liquid nitrogen and stored at -70°C 

should be utilized. 

High pure RNA isolation kit for small-scale (mini) preparations of 

RNA (Roche Diagnostics) was utilized. Isolation of total RNA from yeast 

has been suited for 1×10
8
 cells. At the start point, use a dilution of cells 

which gives OD600 of 0.1 -0.15/mL (absorbance of 0.1 corresponds to 
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approximately 2×10
6
 cells). It is better to harvest the yeast cells during mid- 

or late-log phase (OD600 < 2.0). After preparation of the working solutions 

based on manufacturerôs instructions, the protocol can be followed: 

1. Collecting the cells by centrifugation at 2000g for 5 minutes and 

removing the supernatant 

2. Re-suspending the cells in 200 ɛL PBS 

3. Transferring the suspension to a sterile 1.5-mL eppendorf tube  

4. Addition of 10 ɛL Lyticase (Sigma #L4025) (1 mg/mL) 

5. Incubation for 15 minutes at 30°C 

6. Addition of 400 ɛL Lysis/-Binding buffer (green cap)  

7. Vortexing for 15 seconds 

8. Inserting one filter tube in one collection tube and subsequent 

transferring of whole sample into the upper reservoir of the filter tube 

(max. 700 ɛL)  

9.  Centrifugation of the tube assembly at 8000g for 15 seconds 

10.  Discarding the flow through liquid and re-assembling the filter tube 

and collection tube 

11.  Mixing 90 ɛL DNase incubation buffer (white cap) with 10 ɛL 

DNase I in a sterile reaction tube 

12. Pipeting the solution on the glass filter fleece in the filter tube 

13. Incubation at 15°C to 25°C for 15 minutes 

14. Addition of  500 ɛL wash buffer I (black cap) to the upper reservoir 

of the filter tube assembly 

15. Centrifugation at 8000g for 15 seconds 

16. Discarding flow through 

17. Addition of  500 ɛL wash buffer II (blue cap) to the upper reservoir 

of the filter tube assembly 

18. Centrifugation at 8000g for 15 seconds 

19. Discarding flow through 

20. Addition of  200 ɛL wash buffer II (blue cap) to the upper reservoir 

of the filter tube assembly 
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21. Centrifugation at 14000g for 2 minutes in order to remove residual 

wash buffer. Extra centrifugation time can be applied 

22. Discarding collection tube and inserting the filter tube into a clean 

sterile 1.5-mL eppendorf tube 

23. Addition of 50-100 ɛL elution buffer to the upper reservoir of the 

filter tube 

24. Centrifugation at 8000g for 1 minute 

25. The eppendorf tube now contains the eluted RNA which can be 

directly utilized in subsequent experiments or can be stored at -80°C 

for later analyses. 

Isolated total RNA can be used directly in first-strand cDNA synthesis. It is 

recommended to use 1-10 ɛL of isolate in RT reaction. Performing an RT-

minus control (without addition of reverse transcriptase to the cDNA 

synthesis reaction) shows the presence of residual genomic DNA.  

 

3.7.2.2.3. Complementary DNA synthesis 

The isolated RNA should be reverse transcribed to complementary DNA 

(cDNA) in order to be recruited in qPCR experiments. The isolated total 

RNA was used to prepare cDNA by utilizing Transcriptor First Strand cDNA 

Synthesis kit (Roche Diagnostics). Briefly, the procedure can be summarized 

as follows: 

1. Thawing all the frozen reagents and brief centrifugation and keeping 

on ice during reaction set up 

2. Preparing a sterile thin-walled PCR tube 

3. Addition of components in the following order (Table 3.25) in order 

to prepare template-primer mixture (for one reaction): 

 

 

 

 



218 

 

Table 3.25. Order and amount of the components to prepare template-primer mixture. 

Suitable template concentration may range from 10 ng to 5 µg total RNA and from 1 to 

100 ng mRNA. 

 

Component Volume Final Concentration 

Total RNA or poly[A]+ mRNA  1 µg total RNA or 10 ng poly[A+] RNA 

Primer oligo(dT)18  50 µM   1 µL 2.5 µM 

PCR grade water  Variable To make total volume 13 µL 

Total volume 13 µL 

 

 

4. Denaturation of template-primer mixture by heating the tube for 10 

minutes at 65°C and immediate cooling on ice for ensuring 

denaturation of RNA secondary structure (optional).  

5. Addition of the components of the RT mix to the tube in the 

following order (Table 3.26): 

 

Table 3.26. Order and amounts of RT mix component. 

 

Component Volume Final Concentration 

Transcriptor Reverse Transcriptase Reaction 

Buffer, 5X  

4 µL 1X (8 mM MgCl2) 

Protector RNase Inhibitor 40 U/µL    0.5 µL 20 U 

dNTP mix 10 mM each  2 µL 1 mM each 

Transcriptor Reverse Transcriptase 20 U/µL    0.5 µL 10 U 

                       Total volume  20 µL     

 

 

 

6. Mixing the tube content without vortexing 

7. Brief spinning 

8. Putting the tube in a thermal block cycler with a heated lid (to 

minimize evaporation) 

9. Incubating the RT reaction at 55°C for 30 minutes 
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10. Inactivating the Transcriptor reverse transcriptase by heating at 85°C 

for 5 minutes 

11. Stopping the reaction by placing the tube on ice 

12.  Storing the tube at -15 to -25°C for long periods 

The resultant cDNA can be used 1-5 µL as template in PCR without any 

purification. 

 

3.8. Analysis  

After production of rhGH, samples of the shake flask and bioreactor 

experiments were subjected to various analyses.   

 

3.8.1. Measurement of the cell concentration 

Dry cell concentration (g/L) was calculated by measuring OD600 of the 

samples with Spectroquant
®
 Pharo 300 UV-Vis spectrophotometer (Merck 

KGaA, Darmstadt, Germany) by applying the following equation:  

 

factorDilutionODCX ³³= 60024.0                                                         (3.4) 

 

3.8.2. SDS-PAGE  

The samples taken from the fermentation broth were centrifuged at 2000g for 

10 minutes at +4°C. Then, the supernatant was separated and filtered with 

0.2 ɛm filter (Minisart, Sartorius stedim biotech, Goettingen, Germany) into 

a new sterile tube. The filtrate was used in SDS-PAGE analysis. 

The primary used 3X SDS loading buffer was without reducing 

agent; 20 ɛL of the filtrate was mixed with 10 ɛL of 3X SDS loading buffer 

and 15 ɛL  of the mixture was loaded into the prepared SDS-PAGE gel after 

thorough mixing.   

In order to improve the results, 4X loading buffer was utilized 

(Appendix B); 13 ɛL of the filtrate was mixed with 5 ɛL of 4X SDS loading 

buffer and, then, 2 ɛL Dithiothreitol (DTT)  1M was added. Afterwrads, the 

contents were mixed by pipetting and were put in water bath with 
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temperature of 95°C. Then, 15 ɛL of the mixture was loaded into the 

prepared SDS-PAGE gel. In parallel, hGH standard prepared like samples 

with concentration of 50 mg/L or 2.5 mg/L and was loaded for verification 

and quantification of rhGH. A protein marker (Thermoscientific) was also 

utilized to track the progression of the SDS-PAGE. Polyacrylamide gels 

were prepared by Bio-Radôs TGXTM and TGX stain-freeTM FastCastTM 

acrylamide kits. Electrophoresis was conducted at 40 mA for approximately 

45 minutes. The gels were silver-stained with the available protocol (Table 

3.27). The taken images of the gels were visualized by imaging system 

(UVP, Upland, Canada) and the amount of the secreted rhGH was quantified. 

 

 

Table 3.27. Sequential procedure of the silver nitrate staining. Composition of the solutions 

are available in Appendix B. 

 

Name of the step Used solution Time 

Fixing Fixer solution > 1 hour 

Washing 50% EtOH 3×20 min. 

Rinsing dH2O 2×20 sec. 

Pretreatment Pretreatment solution 1 min 

Rinsing dH2O 3×20 sec (exactly) 

Impregnation Silver nitrate solution 20 min 

Rinsing dH2O 2×20 sec (exactly) 

Developing Developing solution ~ 5 min 

Washing dH2O Addition to the developing solution to 

slow down the reaction 

Stop Stop solution > 10 min 

 

 

3.8.3. Dot-blot 

The detailed procedure of the dot-blot is as follows: 

1. Membrane preparation; cutting the membrane and marking one 

corner for easy locating of samples 
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2. Pre-wetting the membrane with methanol for 15 seconds 

3. Immersing in dH2O for 2 minutes and placing on a smooth clean 

surface 

4. Dropping 5-10 µL of the sample and repeating it for 3 rounds total 

amount of 15-30 µL; letting the sample to be air-dried 

5.  Washing the membrane 2-3 times with TBS-T (Appendix B); Tween 

improves hybridization  

6. Immersing the membrane in TBS-T milk (Appendix B) solution for 1 

hour at RT with shaking in order to block unbound surface of the 

membrane  

7. Washing the membrane with TBS-T three times with shaking at RT 

(15 minutes, 5 minutes, 5 minutes) with fresh changes of large 

volumes of TBS-T. Unspecific binding of antibodies is prevented 

using Tween in TBS-T 

8. Dilution of the primary antibody (1:5000 or 1:10000) to the 

concentration of 1 µg/mL in TBS-T  

9. Transferring the membrane into a low volume container and 

incubation in the diluted primary antibody for 1 hour with shaking  

10. Taking the membrane to another box and washing as step 7 

11. Diluting the secondary antibody to 1:5000 (1:10,000) in TBS-T  

(Dilution factor should be determined empirically for each Antibody 

as 1:1000 ï 1:10000; more dilution will increase the linearity and 

sensitivity) 

12.  Transferring the membrane to the small container and incubation in 

the diluted secondary antibody for 1 hour at RT with shaking 

13. Transferring the membrane to a container and washing three times 

with fresh changes of large volumes of TBS-T buffer each for 10 

minutes by shaking at RT 

14. Visualizing the dots by using DAB substrate 
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After completion of the procedure, the photo of the membrane was taken and 

was visualized by imaging system to measure the rhGH concentration (UVP, 

Upland, Canada). 

 

3.8.4. Total protein measurement  

In order to measure total protein, Bradford assay was conducted. This 

procedure is based on the formation of a complex which is made by the dye 

(Brilliant Blue G) and protein in solution. There will be a shift in the 

maximum absorption of dye from 465 nm to 595 nm as the effect of the 

protein-dye complex. The protein amount is proportional to the absorption. 

The linear concentration range is 0.1-1.4 mg/mL of protein (Bovine serum 

albumin (BSA) as standard). The sample during the assay can be blank, 

standard, or unknown sample. The blank will be buffer without protein. 

Color development begins immediately after addition of the Bradford 

reagent (Sigma) to the protein sample. The procedure was as follows: 

1. Gentle mixing of the Bradford reagent and bringing it to room 

temperature   

2. Preparation of the standard samples by Bovine serum albumin as 

standard protein. For this purpose, 2 mg/mL BSA solution was 

prepared in the same buffer of the unknown samples and 

subsequently diluted (with buffer), afterwards.  

3. Addition of 3 mL Bradford reagent to 100 ɛL of each protein sample 

(standard, unknown, blank) in glass test tubes 

4. Gentle Vortexing of the tubes for complete mixing (total volume of 

3.1 mL) 

5. Incubation at room temperature for 5-45 minutes; the protein-dye 

complex will be stable for 60 minutes  

6. Transferring the test tube contents to cuvettes 

7.  Reading the absorbance of samples at 595 nm and plotting standard 

curve using standard samplesô absorbance 
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8. Determination of the protein concentration of the unknown samples 

by comparison with standard curve. 

 

3.8.5. Measurement of the rhGH concentration 

Although, rhGH production was decided to be extracellular in present 

research, in order to check the efficiency of SPs, in bioreactor experiments 

related with SPs strains, intracellular rhGH was also measured. 

 

3.8.5.1. Measurement of the intracellular rhGH 

Intracellular rhGH measurement was conducted just for bioreactor samples 

related with r-P.pastoris strains of the endogenous SPs. The recruited 

procedure is as explained: 

1. pelleting the 3-hour samples of bioreactor at 2000g and 4°C for 10 

minutes  

2. Washing the pelleted cells twice with 50 mM Tris-Cl buffer (pH 7.5) 

3. Performing centrifugation at 2000g and RT for 10 minutes after each 

run of washing 

4.  Suspending the cells in 1 mL of the lysis buffer (Karaoglan et al. 

2014) with minor pH modification : 20 mM HEPES pH 7.5 , 0.2 mM 

EDTA, 0.5 mM DTT (Dithiothreitol), 0.5 mM PMSF 

(Phenylmethanesulfonyl fluoride, as protease inhibitor), 0.42 M 

NaCl, 1.5 mM MgCl2 , 10% glycerol  

5. Disrupting the cells with 0.5 mm glass beads in MM200 mixer mill 

(Retsch
®
, Haan, Germany) in 3 cycles including 2 minutes disruption 

and 3 minutes cooling in ice with oscillation frequency of 30s
-1
 

6. Centrifugation at 16100g and +4°C for 15 minutes  

7. Dilution of the supernatant samples to 1 µg/µL of total protein with 

lysis buffer 

8. Conducting dot-blot analysis to determine the intracellular rhGH 

concentration. 
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3.8.5.2. Measurement of the extracellular rhGH  

To determine the concentration of the extracellular rhGH, combination of 

SDS-PAGE, silver nitrate staining and image visualization was used. SDS-

PAGE was performed according to (Laemmli, 1970) with some 

modifications such as use of ready solutions for gel preparation (explained in 

section 3.8.2). Silver nitrate staining (Blum et al., 1987) was performed for 

protein bands detection. The gels images were used to quantify rhGH by 

densitometric method. 

 

3.8.6. Western blotting 

In this analytical method the proteins which were separated by SDS-PAGE 

are transferred from gel into the membrane (nitrocellulose or PVDF) and, 

then, are stained with immunostaining with specific primary antibody of 

desired protein (here, hGH). Detailed protocol can be explained as follows: 

1. Preparation of the protein sample whether from cell lysate or 

supernatant of fermentation medium (after pelleting the cells) 

2. Running SDS-PAGE 

3. Transferring gel, while still attached to the glass plates, into the 

transfer buffer/blotting buffer (Appendix B) in a tray and keeping for 

15-20 minutes at room temperature in order to remove salts and SDS 

4. Detaching the gel from the glasses 

5. Cutting off the stacking gel and nick one corner of the resolving gel 

for orientation 

6. Cutting the (PVDF) membrane and two blotting papers in suitable 

size and cutting one corner of the membrane 

7. Pre-wetting the membrane in 100% methanol for a few seconds (5-15 

seconds) and, then, incubation in ultra-pure water for 2 minutes 

8. Putting the membrane in transfer buffer (in tray) for at least 10 

minutes in order to replace water and equilibration  

9. Putting two blotting paper and two sponges in tray containing transfer 

buffer in order to be wetted. 
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10. Opening the cassette and placing the opened cassette in tray filled 

with transfer buffer in a manner that the black plate of cassette sinks 

in buffer 

 

 

Figure 3.9. Order of the components of the transfer stack in Western blot analysis.  

 

 

11. Assembling the transfer stack according to the Figure 3.9 in order to 

let the proteins to migrate from gel toward the membrane upon 

exerting an electric potential between cathode (-) and anode (+). Note 

that air bubbles should be removed from between gel and membrane 

by careful rolling of a glass pipette or glass test tube on each layer in 

stack  

12. Closing the cassette and pressing lightly in order to be locked by its 

tabs 

13. Putting the cassette in the transfer module in a manner that the hinges 

face up so that the black side of cassette faces the black cathode panel 
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14. Throwing a magnetic stirrer in transfer tank 

15. Pouring buffer in transfer tank. It should be between min-max lines  

16. Closing the lid of the transfer tank and turning on the stirrer and 

turning on the power supply and starting the blotting at cold room, at 

50 V for 3 hours regardless of the number of the gels 

17.  Before starting immunostaining, let the blot air-dry to improve the 

protein binding. 

After blotting the procedure will be like dot blot explained in section 3.8.3.   

 

3.8.7. Measurement of the residual glucose  

The glucose concentration in bioreactor samples was measured by Biyozim 

kits (Biasis, Turkey) based on the manufacturerôs instructions. The analysis 

is based upon the following two reactions: 

 

 

 

The red-color iminoquinone with maximum absorbance at 505 nm is the 

base of measurement. It should be emphasized that the samples should be 

homogenous, clear and colorless. Furthermore, the tubes, analysis 

solutions and dH2O all should be in reaction temperature. The 

constituents and their amounts are available in Table 3.28. 

Briefly, the procedure can be summarized as follows: 

1. Preparation of the solutions based on manufacturerôs instructions 

2. Numbering the test tubes 

3. Keeping tubes and solutions in reaction temperature 

4. Addition of dH2O to the tubes in order to have final volume of 2.5 

mL 
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5. Addition of 400 ɛL buffer solution (containing KH2PO4 and phenol) 

to the tubes 

6. Addition of 50 ɛL reactive solution (containing glucose oxidase, 

peroxidase and 4-aminoantipirin) to the tubes 

7. Addition of 50 ɛL fermentation sample or standard to the 

corresponding tube 

8. Vortexing gently for a few seconds 

9. Incubation at 25°C for 40 minutes or at 37°C for 20 minutes (50 rpm) 

10. Blanking spectrophotometer with blank sample 

11. Reading absorbance of fermentation samples (and standards) at 505 

nm 

 

Table 3.28. The amount of the ingredients in glucose concentration measurement. 

 

Ingredient Blank tube Sample tube 

dH2O 2.05 mL 2.00 mL 

Analysis buffer 400 ɛL 400 ɛL 

Analysis reactive solution 50 ɛL 50 ɛL 

Fermentation sample - 50 ɛL 

 

         

 

3.8.8. Measurement of the produced ethanol  

The ethanol concentration was measured by specific kits (Megazyme, 

Ireland) based on manufacturerôs instructions. The analysis is based upon the 

following two reactions: 
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It is NADH which is measured at 340 nm absorbance and, thus, is related 

to ethanol with stoichiometric relation namely, 2 moles of NADH is 

produced for each mole of ethanol. It should be mentioned that this assay 

is linear over the range of 0.25 ɛg to 12 ɛg of ethanol in each assay. 

Cover the cuvettes during assay. The constituents and their amounts have 

been presented in Table 3.29. The measurement procedure can be 

described as follows: 

1. Preparation of the solutions based on the instructions 

2. Numbering the tubes specific for blank and fermentation samples 

3. Addition of  (defined amount) dH2O (~25°C) to both blank and 

fermentation sample tubes 

4. Addition of 100 ɛL fermentation sample to the corresponding tube 

5. Addition of 200 ɛL solution 1 (buffer) to the tubes 

6. Addition of 200 ɛL solution 2 (containing NAD+
) to the tubes 

7. Addition (after swirling) of 50 ɛL solution 3 (containing Al-DH) to 

the tubes  

8. Mixing (by gentle inversion) and reading the absorbance (A1) after 

approximately 2 minutes 

9. Addition (after swirling) of  20 ɛL suspension 4 to the tubes 

10. Mixing (by gentle inversion) and reading the absorbance (A2) after 

approximately 5 minutes 

11. It should be emphasized that reading can be against air (without a 

cuvette in light path) or against water. Note that with this amounts the 

sample volume will be 2.57 mL. 

Ethanol concentration can be measured by the following equations: 

12 AAA -=D                                                                                               (3.5) 

BlankSampleEthanol AAA D-D=D                                                                       (3.6) 

EthanolAC D³= 9397.0                                                                                  (3.7) 
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where, ñCò is the ethanol concentration (g/L). The amount of ethanol in 100 

ɛL of fermentation sample should be between 0.25 ɛg to 12 ɛg so the 

samples should be diluted sufficiently. The amount of sample can be 

increased up to 2.00 mL by making sure that the sum of the sample and 

dH2O volume is still 2.10 mL. Furthermore, in the calculation of ethanol 

concentration the new sample volume should be included. 

 

 

Table 3.29.  The amount of the ingredients in ethanol concentration measurement. 

 

 Ingredient Blank tube Sample tube 

dH2O 2.10 mL 2.00 mL 

Fermentation sample - 100 ɛL 

Buffer solution  200 ɛL 200 ɛL 

Solution 2 (NAD+) 200 ɛL 200 ɛL 

Solution 3 (Al-DH) 50 ɛL  50 ɛL 

Mixing and reading the absorbance at 340 nm  (A1) 

Suspension 4 (ADH) 20 ɛL 20 ɛL 

Mixing and reading the absorbance at 340 nm (A2) 

 

 

 

3.8.9. Measurement of the organic acids concentrations 

Concentrations of the organic acids were measured using reversed-phase 

high performance liquid chromatography utilizing Waters HPLC (Alliance
®
 

2695, Milford, MA). This technique in combination with UV-Vis detection 

is a popular technique for organic acid analysis because it is easy to use and 

because organic acids are low in molecular weight, and have polar 

functionalities (Web 15). 

The mechanism is based upon passage of the solution through a 

column filled with oktadecyl carbon chain-bonded silica (ODC) which has a 

hydrophobic nature. The more hydrophobic the solute the higher will be its 

interaction with the stationary phase and, in consequence, the higher will be 
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its retention time. The less hydrophobic solutes will appear earlier in the 

column exit. In order to elute more hydrophobic solutes from column, a non-

polar organic solvent (acetonitrile) is fed to the column in order to perform 

gradient elution; in this case the eluting strength is varied gradually and, 

thus, it affects the interactions between solutes and stationary phase. 

In current research, dH2O 100% was used as needle wash, acetonitrile 

20% was used as seal wash, acetonitrile 100% was used for column washing 

as organic solvent, and  mobile phase was selected regarding (Ķleri and Çalēk, 

2006). The procedure briefly can be explained as follows:  

1. Washing the sample vials of HPLC and rinsing with dH2O 

2. Preparation of the mobile phase, organic solvent, needle wash, and 

seal wash solutions  

3. Filtration of the all prepared solutions, except acetonitrile 100%, with 

0.45 ɛm filter 

4. Degassing all the prepared solutions in ultrasonic cleaning bath 

(BRANSON
® 

2510E-MTH, Danbury, CA, USA) for 15-20 minutes  

5. Pelleting 3-hour samples of bioreactor at 2000g and +4°C for 10 

minutes 

6. Filtration of the samples by 0.2 ɛm filter  

7. Diluting the samples with mobile phase in order to obtain the results 

in acceptable ranges determined by the standard curves of each 

organic acid 

8. Loading  200 ɛl of each sample into the HPLC vials 

9. Running HPLC (Table 3.30). 

In the case of each intended organic acid, the standard solution was prepared 

and loaded to the column in different dilutions in order to obtain calibration 

curve based on the areas of the peaks displayed by the system (Appendix J). 

Calibration curves relate the area of the peaks to the concentration of the 

organic acids. Afterwards, the peak areas obtained for the filtrate samples of 

the bioreactors are compared with standard curves in order to determine the 

concentration of the desired organic acid in unknown sample.  
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 Table 3.30. Specifications and conditions of the HPLC analysis. 

 

Column Type Capital Optimal® ODS 

Column dimension 4.6mm × 250mm  

System Reversed-phase Chromatography 

Mobile phase 0.312% (w/v) NaH2PO4 ; 0.062% (v/v) H3PO4 85% 

Flow rate of mobile phase 0.8 mL min-1 

Column temperature 30°C 

Detector type  Waters 2487 Dual ɚ Absorbance Detector (UV/Vis) 

Detector wavelength 210 nm 

Detector temperature 30°C 

Injection volume 5 ɛL 

Analysis period 15 min 

Delay time 5 min 

 

 

 

 

3.8.10. Measurement of the protease activity 

The proteolytic activity of the acidic proteases in the fermentation broth was 

measured by hydrolysis of casein. The procedure is as follows: 

1. Preparation of 0.05 M sodium acetate buffer (Appendix B) 

2. Taking required amount of the 0.05 M sodium acetate buffer in sterile 

cabin for samples dilutions and preparation of casein solution 

3. Preparation of 0.5% (w/v) of casein solution in sodium acetate buffer, 

and 10% (w/v) trichloroacetic acid (TCA) solution in dH2O 

4. Centrifugation of the taken sample from bioreactor at13500g for 10 

min. in order to harvest the culture broth  

5. Diluting the samples by mixing 300 µL sample with 700 µL buffer 

6. Mixing 2 mL 0.5% (w/v) casein solution and 1 mL diluted sample. 

Blank sample includes only 1 mL buffer 
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7. Incubation of the samples at 200 rpm at 30 ºC for 20 min. 

8. Putting samples on ice 

9. Addition of 2 mL of 10% (w/v) TCA solution in order to terminate 

the reaction  

10. Keeping on ice for 20 min. 

11. Centrifugation at 10500 rpm for 10 min. at +4 ºC  

12. Keeping at RT for 5 min. 

13. Reading the absorbance (of the supernatant) at 275 nm with quartz 

cuvettes. 

One unit protease activity is defined as the activity that liberates 4 nmol of 

tyrosine per minute. The utilized equation in order to convert absorbance to 

protease activity (U/mL) is as follows (¢alēk, 1998):  

 

ὃὴὶέὸὩὥίὩ = ὃὦίέὶὦὥὲὧὩ× 15.625 × ὈὭὰόὸὭέὲ Ὢὥὧὸέὶ                         (3.8) 

 

3.8.11. Metabolic flux analysis  

In order to determine the fluxes of the intracellular reactions, metabolic flux 

analysis was conducted. The central metabolic reaction network of P. 

pastoris utilized previously (¢alēk et al., 2011) was recruited with minor 

modifications; the reactions (Appendix U) totally comprise 102 metabolites 

and 146 reactions. GAMS 2.25 (General Algebraic Modeling System, 

GAMS Development Corp., Washington DC) was the optimization program 

used for solving the mass-flux balance equation (2.98). By minimizing the 

objective function (Z), optimum distributions of the fluxes were determined. 

The variables of the model were the fluxes of the metabolic reactions 

expressed in (mmol/gDCW.h). Furthermore, the flux towards biomass was 

represented with specific growth rate (µ).   
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CHAPTER 4 

 

 

RESULTS AND DISCUSSIONS 

 

 

 

4.1. Development of the base plasmid 

 

In order to obtain the primary plasmid construct that desired modifications 

can be performed on it, pGAPZŬA and pPICZŬA::hGH were used as two 

parent plasmids. hGH gene in pPICZŬA::hGH  plasmid is the mature hGH 

gene, 573 nucleotides, with appendices in both ends in order to make the 

insertion of the gene into the desired plasmid feasible, facilitate the 

purification of the expressed protein, and, furthermore, provide an authentic 

N-terminus. The complete nucleotide sequence of the 618-bp hGH gene has 

been represented in Figure 4.1. 

 

 

Figure 4.1. Nucleotide sequence of the hGH gene utilized in current research.  Small 

letters are mature hGH sequence. Black italic letters are restriction sites corresponding 

to EcoRI (at 5ô end) and XbaI (at 3ô end). Blue letters belong to 6-His tag. Red letters 

represent the factor Xa protease recognition sequence. Green letters are stop codon 

improvised at the end of the hGH gene. 
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EcoRI and XbaI restriction sites in 5ô and 3ô ends, respectively, 

provide suitable restriction digestion sites for subsequent steps. 6-His tag 

makes the final affinity purification possible and factor Xa protease 

recognition sequence leads to the cleavage of the N-terminus motif and an 

authentic N-terminus for expressed rhGH.   

 

4.1.1. Isolation and validation of the parent plasmids 

After inoculation of the recombinant E. coli (r-E. coli) stocks of the two 

parent plasmids from -80°C to suitable selective LSLB (with Zeocin) agar 

plates and subsequent inoculation of the selected colonies to selective LB 

broth, plasmid isolation (pGAPZŬA and pPICZŬA::hGH) was performed by 

alkaline lysis method. The isolated plasmids are observed in Figure 4.2. The 

location of two circular plasmids were checked and confirmed.  

 

                                           M      1        2      3      4      5     6      M    

 

 

Figure 4.2. Agarose gel electrophoresis result of the isolated plasmids of two different 

colonies of pGAPZŬA and four different colonies of pPICZŬA::hGH . M: DNA marker 

ɚDNA/HindIII, 1: pGAPZŬA colony 1, 2: pGAPZŬA colony 2, 3: pPICZŬA::hGH  colony 

1, 4: pPICZŬA::hGH  colony 2, 5: pPICZŬA::hGH  colony 3, 6: pPICZŬA::hGH  colony 4.  

pGAPZŬA 

pPICZŬA::hGH 

4361 bp 

2027 bp 

2322 bp 
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In order to further confirm the obtained plasmids, a single digestion with 

EcoRI enzyme was performed according to Table 3.10. The results can be 

clearly seen in the Figure 4.3. By combining the results shown in Figure 4.2 

and Figure 4.3 the presence of the desired parent plasmids in isolated 

colonies were confirmed. 

 

 

 

                                 1     2      3    4    5     M    7    8     9    10    11 

    

 

Figure 4.3. Further verification of pGAPZŬA and pPICZŬA::hGH plasmids after single 

digestion of putative corresponding isolated plasmids with EcoRI restriction enzyme. M: 

DNA marker ɚDNA/HindIII, 1, 2: single-digested putative pGAPZŬA plasmids, 3, 4, 5: 

single-digested putative pPICZŬA::hGH, 7, 8: circular pGAPZŬA plasmids, 9, 10, 11: 

circular pPICZŬA::hGH. 

 

 

 

 

 

 

 

4361 bp 

2322 bp 

2027 bp 

pPICZŬA::hGH  

pGAPZŬA 



236 

 

4.1.2. Double-digestion of the parent plasmids with EcoRI and XbaI 

The next step was the double-digestion of the confirmed isolated plasmids of 

pGAPZŬA and pPICZŬA::hGH, parent plasmids, with EcoRI and XbaI 

restriction enzymes in order to release hGH gene from pPICZŬA::hGH and 

its subsequent insertion in to the pGAPZŬA.  Double-digestion of the parent 

plasmids was performed by EcoRI and XbaI restriction enzymes as described 

in section 3.6.7 in Table 3.11. The result of the double-digestion can be 

found in Figure 4.4. The specified segments were cut and subjected to the gel 

extraction by gel extraction kit as described before. After gel elution, the 

confirmation of the purified segments was conducted by the aid of gel 

electrophoresis which can be seen in Figure 4.5. 

 

 

 

                                       M1     1      2     M2     3       4       5  

 

 

Figure 4.4. Double-digested (with EcoRI and XbaI) pGAPZŬA and pPICZŬA::hGH 

plasmids. M1: DNA marker ɚDNA/HindIII, 1, 2: pGAPZŬA plasmid subjected to double-

digestion, M2: GeneRulerÊ 50bp DNA ladder, 3, 4, 5: pPICZŬA::hGH plasmid subjected 

to double-digestion. 

 

600 bp 

700 bp 

2322 bp 

4361 bp 

hGH gene 
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                                                        M1     1     M2     2      3             

 

 

Figure 4.5. Control of the purified double-digested pGAPZŬA and pPICZŬA::hGH. M1: 

DNA marker ɚDNA/HindIII, 1: purified double-digested pGAPZŬA, M2: GeneRulerÊ 

50bp DNA ladder, 2, 3: purified hGH gene as the result of the double-digested 

pPICZŬA::hGH. 

 

 

4.1.3. Ligation of the double-digested fragments 

After obtaining the desired double-digested segments with compatible ends, 

i.e., corresponding digested ends with same restriction enzymes, EcoRI and 

XbaI, the ligation of these segments was performed by T4 DNA ligase 

enzyme as described before in section 3.6.9 and Table 3.14. The molar ratio 

of the two isolated segments (equation 3.1), hGH gene as insert and double-

digested pGAPZŬA as backbone, was set to be between 3:1 to 5:1. The 

ligation between two purified DNA fragments resulted in the base plasmid 

(BP) in current study (Figure 4.6). BP possesses 3696 nucleotides and, 

therefore, it should be located between pPICZŬA::hGH (4142 bp) and 

pGAPZŬA (3147 bp) in gel electrophoresis in circular form.  

 

700 bp 

4361 bp 

2322 bp 

600 bp 
hGH gene 

Double-digested  

pGAPZŬA 



238 

 

 

 
Figure 4.6. Schematic representation of the base plasmid (BP). 

 

 

 

 
 

 

 

 

 

4.1.4. Transformation of the E. coli DH5Ŭ cells with base plasmid 

The ligation reaction result was used in order to transform E.coli DH5Ŭ cells 

by CaCl2 method as explained before (section 3.6.2). Appeared colonies after 

transformation, should be checked in order to get rid of false positive 

colonies. A few colonies were selected, among thousands, as putative 

transformants of BP and were sub-cultured in selective LSLB plates with 

ZeocinÊ for further confirmation and analyses. Plasmid isolation (section 

3.6.3) from the selected colonies, 6 colonies at first attempt, was performed 

and by agarose gel electrophoresis their length was verified (Figure 4.7). 
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                                       M1   1     2     3     4    5    6    7     8   M2 

 

 

Figure 4.7. Isolated plasmids from 6 colonies related with putative transformants of BP. 

M1: DNA marker ɚDNA/HindIII, 1: circular pPICZŬA::hGH plasmid, 2-7: 6 selected 

colonies 1, 2, 3, 4, 5, 6 respectively, 8: circular pGAPZŬA plasmid, M2: GeneRulerÊ 

100bp plus DNA ladder. 

  

 

 

Five out of six selected colonies (except colony 2 as false positive 

result) would seem to be possible transformants. For further confirmation of 

precise ligation and transformation, these five putative transformant colonies 

(1, 3, 4, 5, 6) were double-digested with EcoRI and XbaI enzymes and then, 

the digestion result was run on the gel (Figure 4.8). Along with the selected 

colonies, double digested pPICZŬA::hGH was also used as an indicator of 

the release of hGH gene from the selected putative transformants. According 

to the gel electrophoresis result, all of the five colonies could be the desired 

transformant.  

 

 

2000 bp 

3000 bp 2322 bp 

2027 bp 

Approved circular location 
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                                          M1    1    2    3    4    5    6    M2 

 
 
Figure 4.8. Double-digestion of five putative transformantsô isolated plasmids by EcoRI and 

XbaI. M1: DNA marker ɚDNA/HindIII, 1: double digested pPICZŬA::hGH with EcoRI and 

XbaI, 2-6: five putative transformants , M2: GeneRulerÊ 100bp plus DNA ladder.  

 

 

As final level of the confirmation, for two of the five approved 

colonies a PCR was conducted using GAP forward and AOX reverse primers 

(Appendix D). The PCR reaction mixture and PCR thermal profile can be 

found in Table 4.1 and Table 4.2, respectively. Based on the location of two 

primers which can be found in Appendix I, the region resides between two 

primers in original parent plasmid (pGAPZŬA) is approximately 540 bp. By 

insertion of the hGH gene and excluding the region between EcoRI and XbaI 

cleavage sites, the PCR result of the selected putative transformants (colony 

3 and 6) should be approximately 1080 bp. Furthermore, this PCR can reveal 

the optimum conditions for sequencing the plasmids. The PCR results can be 

observed in Figure 3.9 which confirmed proper ligation and transformation. 

On the other hand, the gel result implies to the suitable conditions which can 

be used for sequencing. The isolated plasmids were sent to Middle East 

Technical University central laboratory for sequence analyses; the results can 

1000 bp 

3000 bp 

500 bp 

4361 bp 

2027 bp 

hGH gene 
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be found in Appendix K. Both colonies were confirmed based on the 

obtained sequences and one of them was used for subsequent Pichia 

transfection. 

 

Table 4.1. PCR mixture for verification of BP with GAP forward and AOX reverse primers. 

 

Component Amount  

10X amplification buffer with KCl  5 ɛL 

2 mM solution of dNTPs 5 ɛL 

5 ɛM GAP forward primer 2 ɛL  

5 ɛM AOX reverse primer 2 ɛL  

25 mM MgCl2 / MgSO4 3 ɛL / 4 ɛL  

Taq DNA polymerase 0.3 ɛL 

dH2O Complete to 50 ɛL 

Template DNA (Genomic DNA or plasmid DNA) 2 ɛL 

Total volume 50 ɛL 

 

 

 

Table 4.2. PCR thermal profile for verification of the BP with GAP forward and AOX 

reverse primers. 

 

Number of cycles Temperature Time 

1 cycle 94 °C 3 min. 

1 cycle 

94 °C 1 min. 

50 °C 1 min. 

72 °C 1 min. 

29 cycles 

94 °C 1 min. 

55 °C 1 min. 

72 °C 1 min. 

Final extension 72 °C 10 min. 
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                                        M1   1     2      3     4   M2    5    6 

 
 

 
Figure 4.9. PCR results with isolated plasmids related with two putative transformant 

colonies of BP. M1: GeneRulerÊ 100bp plus DNA ladder, 1-4: two different PCR results of 

two selected putative transformant colonies (1.5mM and 2 mM MgCl2 concentration for 

each colony), M2: GeneRulerÊ 50bp DNA ladder, 5,6:  pGAPZŬA plasmid as positive 

control (1.5mM and 2 mM MgCl2 concentration were tested).  

 

 

4.2. In-silico determination of promising endogenous SPs of P. pastoris 

Using available secretome data from previously conducted research (Huang 

et al., 2011), proteins found in extracellular medium of a P. pastoris culture, 

after finding their corresponding amino acid sequences, were analyzed by 

four computer programs including: SignalP4.1, WolfPsort, Phobius, and 

ProP1.0 to predict the SPs (both ñpreò and ñproò sequence) along with the H-

region of the SPs. SignalP program attributes a D-score to each SP which 

reflects its signal peptide-ness and Phobius specifies H-region of the SP. The 

determined endogenous SPs can be found in Table 4.3 as SP1-SP41. 

Furthermore, exogenous SPs utilized or have the potential to be used in 

Pichia system were also analyzed which have been represented as SP42-

SP56 in Table 4.3. Deciding on the selected SPs was, primarily, 

1000 bp 

3000 bp 

500 bp 500 bp 
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accomplished based on D-score reported by SignalP program. Then, SPs 

were regarded as potential candidates where all the predictions by programs 

led to a similar SP length in order to be confident about the cleavage point of 

the SP.  Since S. cerevisiae Ŭ-MF is the widely used secretion SP in P. 

pastoris expression system, it was regarded as a scale for selection of the 

promising endogenous SPs of P. pastoris. It is of supreme importance to 

mention that as the SP locates in the N-terminus of the desired protein in 

expression cassette, its D-score should be reconsidered in combination with 

the intended protein.   

As primary choices, 10 endogenous SPs were selected regarding their 

D-score, in their original protein, obtained higher than Ŭ-MF D-score and 

also consistency of the programs predictions (Table 4.4). However, the SPs 

were intended to be used in combination with the available hGH gene with 

its specific 12-amino acid N-terminus motif. Therefore, the D-scores were 

recalculated for combination of the selected SPs and the desired hGH gene. 

In addition D-scores for combination of SPs and mature hGH and hGH with 

two extra amino acids resulted from EcoRI restriction site were also 

recalculated in order to show the effect of N-terminus residues in D-score 

and SP cleavage point. As it is obvious, addition of 12 amino acids to the N-

terminus had a profound effect on D-score. Regarding the calculated D-

scores, SP23, SP24, SP26, SP34 were selected as the promising endogenous 

SPs. In addition, SP13, which was utilized successfully in P. pastoris (Liang 

et al., 2013), was also selected in order to check its capability in secretion of 

another protein, although its D-score is lower than Ŭ-MF. In total, five 

endogenous SPs were selected whom their secretion efficiency will be 

compared with Ŭ-MF. After selection of the endogenous secretion SPs, their 

nucleotide sequences should be determined. The amino acid sequences of the 

corresponding proteins and, subsequently, their related nucleotide sequences 

were obtained from NCBI (Appendix L). Consequently, the nucleotide 

sequences of the selected endogenous SPs as promising candidates were 

determined (Table 4.5).  
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Table 4.5. Amino acid sequence and nucleotide sequence of the selected endogenous SPs 

along with the chromosomal location of their corresponding gene. 

 

 

SP 
Chromosomal 

Location 

Nucleotide 

Sequence 

Amino acid Sequence 

(Length) 

 

SP13 

P
A

S
_

c
h
r2

-1
_

0
0

5
2 

ATGCTATCAACTA

TCTTAAATATCTT
TATCCTGTTGCTC

TTCATACAGGCAT

CCCTACAG 

 

MLSTILNIFILLLFIQASLQ                 

(20) 

SP23 

P
A

S
_

c
h
r1

-1
_

0
1

6
0 

ATGAAAATATTA

AGTGCATTGCTTC

TTCTTTTTACGTT

GGCCTTTGCT 

MKILSALLLLFTLAFA                         

(16) 

SP24 

 

P
A

S
_

c
1

3
1
_

0
0

0
1 

ATGAAAGTTTCTA

CGACCAAATTTCT

GGCTGTGTTCTTA

TTAGTTAGACTCG

TTTGCGCT 

 

MKVSTTKFLAVFLLVRLVCA          

(20) 

SP26 

 

P
A

S
_

c
h
r4

_
0

0
4

0 

ATGTGGTCGCTGT

TCATATCTGGACT

ATTAATCTTCTAT

CCTTTGGTCCTTG

GA 

 

MWSLFISGLLIFYPLVLG                   

(18) 

SP34 

 

P
A

S
_

c
h
r1

-1
_

0
2

9
3 

ATGAGACCAGTG

CTTTCGTTATTAC

TCTTGCTGGCTTC

TTCGGTACTCGCT 

 

MRPVLSLLLLLASSVLA                      

(17)        
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4.3. Candidate promoters 

Probable promoters that can be helpful in oxygen limitation conditions were 

selected and, then, their corresponding nucleotide sequences were 

determined. 

 

4.3.1. Deciding on the promising oxygen limitation-induced promoters 

Regarding problems arose in utilization of the methanol as inducer in AOX1-

based Pichia expression systems, the methanol-free systems are preferred in 

recent years where PGAP is considered as the pioneer in this area. 

Furthermore, increase of the transcription level of glycolytic genes, including 

GAP, under oxygen limitation conditions has been reported (Baumann et al., 

2010) which casts light on the fact that PGAP can be regarded as a promising 

choice for r-protein expression under oxygen limitation conditions. 

Considering the upregulation of GAP gene in oxygen limitation situations, in 

current research selection of the new promoters more active in oxygen 

limitation conditions were based on comparison to PGAP. These promoters 

were utilized in subsequent r-protein production in oxygen limitation 

conditions.  

Based on the realized positive correlation between transcription and 

expression level in core metabolic pathway genes of P. pastoris upon 

conforming to oxygen limitation conditions, by finding the proteins whom 

their expression level are increased in oxygen limitation conditions more 

than GAP protein, candidate promoters were determined. The list of the 

proteins with increased expression in oxygen limitation conditions has been 

represented in Table 4.6 where the third and fifth columns are representatives 

of relative increase of the proteins expression to GAP protein based on the 

conducted study (Baumann et al., 2010).  
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Table 4.6. List of the proteins with increased expression in shift from normal to oxygen 

limitation conditions in both wild type and recombinant P. pastoris X-33 strain. Two 

average ratio columns refer to the (Amount in oxygen limitation condition / Amount in 

normal oxygenation condition). ñAv. ratioò refers to average ratio. 

 

Protein 
Recombinant Strain  Control Strain  

Av. ratio 
Av. ratio/ Av. 

ratio GAP  
Av. ratio 

Av. ratio/ Av. 

ratio GAP  

Pyruvate decarboxylase 

2.16 1.43 - - 

1.99 1.32 1.25 0.61 
3.07 2.03 6.31 3.06 

Pyrimidine precursor 

biosynthesis enzyme thi3 
3.04 2.01 3.11 1.51 

S-adenosylmethionine 

synthetase 
1.2 0.79 2.88 1.4 

Elongation factor 2 1.28 0.85 2.11 1.02 

Myo-inositol-1-

phosphate synthase 

1.39 0.92 1.79 0.87 

2.07 1.37 2.27 1.10 

Zinc binding 

oxidoreductase 
1.87 1.24 2.47 1.2 

Pyridoxine 

(pyridoxamine) 

phosphate oxidase 

2.01 1.33 1.32 0.64 

NADPH-dependent 

alpha-keto amide 

reductase 

1.63 1.08 2.28 1.11 

Pyruvate kinase 
1.91 1.26 3.14 1.52 

2.19 1.45 2.98 1.45 

Phosphoglucose 
isomerase 

1.88 1.24 2.34 1.13 

Enolase 

1.69 1.12 2.86 1.39 

2.45 1.62 1.57 0.76 

2.4 1.59 2.09 1.01 

 GAP 1.51 1.0 2.06 1.0 

Fructose-1,6-biphosphate 

aldolase 

 

1.72 1.14 3.72 1.80 

Phophoglycerate mutase 

 

1.96 1.3 2.12 1.03 

3.38 2.24 1.98 0.96 

Heat shock protein SSA4 

 
1.36 0.9 3.06 1.48 

Thioredoxin peroxidase 
 

1.84 1.22 1.73 0.84 

Hypothetical protein 

 
1.35 0.9 2.2 1.07 
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At first round of the screening, the proteins that their relative average 

ratio to GAP in recombinant strain was smaller than unity were removed. 

Then, among the remaining candidates, myo-inositol-1-phosphate synthase 

was removed since the two isoforms of the protein showed non-uniform 

behavior (0.92 ᾽ 1 but 1.37 ι 1). Afterwards, the proteins that had lower 

average ratio over GAP protein in expressing strain were omitted except 

those that have isoforms, namely all of the isoforms were considered as a 

group as they are under the control of a single promoter. The remaining 

candidates have been presented in Table 4.7. 

 

Table 4.7. List of the remained proteins with increased expression in shift from normal to 

oxygen limitation conditions in both wild type and recombinant P. pastoris X-33 strain after 

first round of the screening. 

 

Protein 
Recombinant Strain  Control Strain  

Av. ratio 
Av. ratio/ Av. 

ratio GAP 
Av. ratio 

Av. ratio/ Av. 

ratio GAP 

Pyruvate decarboxylase 

2.16 1.43 - - 

1.99 1.32 1.25 0.61 

3.07 2.03 6.31 3.06 

Pyrimidine precursor 

biosynthesis enzyme 

thi3 

3.04 2.01 3.11 1.51 

Pyridoxine 

(pyridoxamine) 

phosphate oxidase 

2.01 1.33 1.32 0.64 

Pyruvate kinase 
1.91 1.26 3.14 1.52 

2.19 1.45 2.98 1.45 

Enolase 

1.69 1.12 2.86 1.39 

2.45 1.62 1.57 0.76 

2.4 1.59 2.09 1.01 

Phophoglycerate 

mutase 

1.96 1.3 2.12 1.03 

3.38 2.24 1.98 0.96 

 

 

Since a similar physiologic behaviour is expected in both wild type 

and recombinant strains in order to be able to attribute the changes in gene 

expression just to oxygen level oscillations, the control strain is also 

considered (actually it can be considred from start of the screening). At the 

second round of the screening, pyridoxine (pyridoxamine) phosphate oxidase 
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showed different trends in recombinant strain (expressing) and wild type 

and, thus, it was omitted. It can not be inferred whether the expression level 

change was due to an experimental error or just as the result of the expressed 

foreign protein. Counteracting effects may have masked the effect of the 

oxygen. Such inconsistencies between two strains, expressing and control, 

were also found regarding available isoforms of the pyruvate decarboxylase, 

enolase, and phosphoglycerate mutase. Therefore, they were removed and 

two promising candidates, i.e., pyrimidine precursor biosynthesis enzyme 

thi3 and pyruvate kinase remained. Since pyruvate is an important branch 

point of the respiratory and fermentative pathways (Figure 4.10) and it may 

be fruitful to analyze the behavior of the promoters related with this critical 

conjunction, it was decided to include pyruvate decarboxylase as third 

promising candidate. The three selected proteins have been presented in 

Table 4.8.  

 

 

Figure 4.10. simple representation of the pyruvate node in yeasts. 

 

 

 

However, there will be uncertainties about the strength of the 

pyruvate decarboxylase promoter by considering that P. pastoris pyruvate 

decarboxylase is less efficient at decarboxylation in comparison to all 

isozymes of S. cerevisiae (Agarwal et al., 2013).  
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Table 4.8. Final selected proteins which their corresponding promoters were regarded as the 

promising oxygen limitation-induced promoters can be utilized in Pichia-based expressions. 

  

Protein name Short Name Protein  ID 

Pyruvate kinase PYRK PIPA00751 

Pyruvate decarboxylase PDC PIPA01726 

Pyrimidine precursor biosynthesis enzyme thi3 THI3 PIPA00420 

 

 

 

 

4.3.2. Finding the nucleotide sequence of the selected promoters 

The presented protein IDs in Table 4.8 belong to the P. pastoris DSMZ 

strain. However, the recruited strain in Baumann et al. study (2010) was P. 

pastoris X-33 strain. Therefore, determination of the selected promoters 

nucleotide sequence was based on the P. pastoris GS115 strain which is 

isogenic to P. pastoris X-33 strain with just one deleted gene. Genome 

sequence of the P. pastoris GS115 strain is publicly available at 

(www.ncbi.nlm.nih.gov).    

 

 

4.3.2.1. Pyruvate kinase promoter (PPYRK)  

PYRK enzyme catalyzes the final step in glycolysis. This process requires 

K
+ 
and Mg

2+
 or (Mn

2+
):  

 
PEP and F-1,6-biphosphate enhances enzyme activity allosterically. High 

concentrations of ATP, acetyl-CoA, and long-chain fatty acids (signs of the 

abundant energy supply) allosterically inhibit all isozymes of pyruvate 

kinase. Accumulation of the alanine which can be synthesized from pyruvate 
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in one step also, allosterically, inhibits pyruvate kinase, slowing the 

production of the pyruvate by glycolysis. 

A BLAST analysis was performed between PIPA00751 (pyruvate 

kinase in DSMZ strain) and entire genome of the GS115 strain and 95% 

identical sequence was obtained between PIPA00751 and PAS_chr2-1_0769, 

which has been annotated as pyruvate kinase in GS115 strain. The location 

and direction of PAS_chr2-1_0769 in GS115 strain along with its preceding 

gene, i.e. PAS_chr2-1_0770, has been elucidated in Figure 4.11.  

 

 

 

 
 
Figure 4.11. The chromosomal location of the pyruvate kinase gene and its neighboring 

genes. Red arrow shows the pyruvate kinase gene. 

 

 

The preceding gene of PIPA00751 is PIPA00749 which is 92% 

similar to PAS_chr2-1_0770 based on the BLAST analysis in NCBI. Since 

the gene before PAS_chr2-1_0769 is PAS_chr2-1_0770, the óputative 

promoter regionô was supposed to be the segment between these two genes, 

the end of the PAS_chr2-1_0770 and the beginning of the PAS_chr2-

1_0769. By utilization of the nucleotide sequences of these two genes the 

region between them was obtained in sequenced strand of chromosome 2; 

then, the complementary sequence was inferred and rearranged in 5ô to 3ô 

direction to obtain the following sequence as the promoter region of pyruvate 

kinase gene which precedes the ñATGò codon of the pyruvate kinase gene 

and has 345 bp length (Figure 4.12). The details of the sequences can be 

found in Appendix M. 
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Figure 4.12.  Nucleotide sequence of the putative promoter region peculiar to pyruvate 

kinase gene with 345 bp length in P. pastoris GS115 strain.  

 

 

It should be expressed that the promoter region which was obtained 

from DSMZ strain as the sequence between PIPA00751 and PIPA00749 was 

88% identical to the determined promoter region in GS115 strain. 

 

4.3.2.2. Pyruvate decarboxylase promoter (PPDC) 

PDC enzyme catalyzes the following reaction: 

 

 
This enzyme activity depends on the cofactors thiamine pyrophosphate 

(TPP) and Mg
2+

. The enzyme locates in the ethanol production pathway; in 

anaerobic conditions, it is part of the fermentation process that occurs in 

yeasts to produce ethanol by fermentation. The PDC activity in P.pastoris is 

induced by the presence of glycolytic substrates (ex., glycerol and glucose) 

and it has relatively higher activity on glucose (Agarwal et al., 2013). 

A BLAST analysis was also performed between PIPA01726 

(pyruvate decarboxylase in DSMZ strain) and entire genome of the GS115 

strain and 95% identical sequence was obtained between PIPA01726 and 

PAS_chr3_0188, which has been annotated as pyruvate decarboxylase in 
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GS115 strain. The location and direction of PAS_chr3_0188 in GS115 strain 

along with its preceding gene, i.e. PAS_chr3_0189, has been represented in 

Figure 4.13. However, PIPA01726 has 813 nt. and PAS_chr3_0188 

possesses 1683 nt.; therefore, a BLAST analysis was performed between 

PAS_chr3_0188 and the whole genome sequence of the DSMZ strain. Two 

separate segments each with high resemblance to half of the PAS_chr3_0188 

were obtained; PIPA03164 and PIPA01726 where both of them reside at the 

end of the corresponding contigs, 00224 and 00063, respectively. The gene 

before PIPA03164 is PIPA09857 and the gene before PIPA01726 is 

PIPA01725 in DSMZ strain. There was no similarity between PIPA01725 

and PAS_chr3_0189; in contrast, 93% identical sequence was obtained 

between PIPA09857 and PAS_chr3_0189.  

  

  

 

 
 

Figure 4.13. The chromosomal  location of  the  pyruvate decarboxylase gene and its 

neighboring genes. Red arrow shows the pyruvate decarboxylase gene. 

 

 

 

Since the gene before PAS_chr3_0188 is PAS_chr3_0189, the 

óputative promoter regionô was supposed to be the segment between these 

two genes, the end of the PAS_chr3_0189 and the beginning of the 

PAS_chr3_0188. By utilization of the nucleotide sequences of these two 

genes the region between them was obtained in sequenced strand of 

chromosome 3; then, the complementary sequence was inferred and 

rearranged in 5ô to 3ô direction to obtain the following sequence as promoter 

region of pyruvate decarboxylase gene which precedes the ñATGò codon of 
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the pyruvate decarboxylase gene (Figure 4.14) and has a length of 546 bp. 

The details of the sequences can be found in Appendix M. 

 

 

 
 

Figure 4.14. Nucleotide sequence of the putative promoter region peculiar to pyruvate 

decarboxylase gene with 546 bp length in P. pastoris GS115 strain. 

 

 

 

It should be emphasized that the nucleotide region between 

PIPA01726 and PIPA01725 which was obtained from DSMZ strain had no 

similarity to the putative promoter region represented in Figure 4.14. In 

contrast, the nucleotide region between PIPA03164 and PIPA09857 in 

DSMZ strain with 546 bp resulted in 92% similarity with the determined 

putative promoter region in GS115 strain.  

 

4.3.2.3. Pyrimidine precursor biosynthesis enzyme thi3 promoter (PTHI3) 

Pyrimidine precursor biosynthesis enzyme thi3 (THI3~KID1) is probably 

involved in the biosynthesis of the pyrimidine moiety of the thiamin 

molecule (Figure 4.15). In thiamine, the thiazole and pyrimidine moieties are 

biosynthesized separately and then combined to form thiamine phosphate 

(ThMP) by the action of thiamine phosphate synthase. In most bacteria and 

in eukaryotes, ThMP is hydrolyzed to thiamine which then may be 

pyrophosphorylated to ThDP (TPP) by thiamine diphosphatase. 
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Recommended name for this enzyme in (www.uniprot.org) is thiamine 

metabolism regulatory protein THI3 (EC4.1.1.-).  

 

 
Figure 4.15. Schematic structure of the thiamine molecule. 

  

 

 

In S. cerevisiae three positive regulators have been identified for 

thiamine biosynthesis pathway, THI2, THI3, and PDC2. Thi3p is a 

regulatory protein (in S. cerevisiae) that binds Pdc2p and Thi2p transcription 

factors and activates these thiamine biosynthesis transcription factors but 

release and deactivates them upon binding to TPP, the end-product of the 

biosynthesis (Web 16). 

By finding the nucleotide sequence of the PIPA00420 and BLAST 

of the whole chromosome sequences of GS115 in NCBI with this sequence it 

was found that there is a significant alignment, 94% identical, in 

chromosome 4 between PAS_chr4_0065 sequence and PIPA00420. The 

attributed function for PAS_chr4_0065 was ñprotein involved in synthesis of 

the thiamine precursor hydroxymethylpyrimidine (HMP)ò which its 

nucleotide sequence can be found in Appendix M. According to the Figure 

4.16 the genes that the promoter region should be searched between them 

were supposed to be PAS_chr4_0065 and PAS-chr4_0064 which were 

transcribed in opposite directions.  

By utilization of the nucleotide sequences of these two genes 

(Appendix M) the region between them was obtained in sequenced strand of 

chromosome 4 and was presented as putative promoter region (Figure 4.17) 

http://www.uniprot.org/
http://enzyme.expasy.org/EC/4.1.1.-
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which precedes the ñATGò codon of the protein involved in synthesis of the 

thiamine precursor hydroxymethylpyrimidine (HMP) gene and have length 

of 458 bp. 

 

 

 

 
Figure 4.16. The chromosomal location of the THI3 enzyme gene and its neighboring 

genes. Red arrow shows the gene of protein involved in synthesis of the thiamine precursor 

hydroxymethylpyrimidine (HMP).  

 

 

 
 

Figure 4.17. Nucleotide sequence of the putative promoter region peculiar to pyrimidine 

precursor biosynthesis enzyme gene with 458 bp length in P. pastoris GS115 strain. 

 

 

Using BLAST in (www.pichiagenome.org) between the obtained 

promoter region from GS115 and whole genome sequence of DSMZ strain 

led to the sequence with 87% identical nucleotide sequence to the desired 

region. The result has been represented in the Figure 4.18. It is clear that the 

similar region locates between PIPA10077 and PIPA00420. BALST analysis 

between PIPA10077 and whole genome of the GS115 strain revealed 88% 

similarity with PAS_chr4_0064. 
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