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ABSTRACT 

 

GRANULOCYTE-COLONY STIMULATING FACTOR ANALOG 

PRODUCTION BY RECOMBINANT Escherichia coli 

 

 
Ersoy, Onur              

    M.Sc., Department of Biotechnology 
        Supersivor     
                       Co-Supervisor  : Prof Dr. Hasan Ongun Onaran 

 

September 2017, 90 pages 

 

 Granulocyte-colony stimulating factor (G-CSF) is a significant 

pharmaceutical biologic. It is predominantly produced using Escherichia coli in the 

industry. In this study, an E. coli expression strain was genetically engineered to 

heterologously express a His-tagged mutant G-CSF with one amino acid substitution 

with respect to native human protein. A fed-batch strategy for this strain was 

developed. Biomass concentration in 7.0 L bioreactor reached a density of 58 grams 

of dry cell weight per liter. Recombinant protein concentration of bioreactor culture 

reached 4.9 grams per liter. G-CSF C17A was purified from cell culture, and was 

shown to have comparable bioactivity to innovator product, in vitro. Purified G-CSF 

C17A was PEGylated to achieve a bioproduct with enhanced properties. A 37% 

conversion of G-CSF C17A to PEG-G-CSF 17A was achieved in PEGylation 

reaction. 

 

Keywords: Granulocyte colony stimulating factor; Escherichia coli; Rational protein 

stabilization; fed-batch bioreactor production; protein purification; PEGylation of 

protein; bioactivity assay. 
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ÖZ 

 

Escherichia coli -

FAKTÖR ANALOG  

 

 

Ersoy, Onur 
   Yüksek Lisans, Biyoteknoloji Bölümü 
    
   Ortak Tez Yöntecisi: Prof Dr. Hasan Ongun Onaran 

 

Eylül 2017, 90 sayfa 

 

 

-CSF) önemli bir biyolojik famasötik üründür. 

G-CSF, Escherichia coli'de rekombinant olarak 

üretilmektedir.  E. coli eks proteinine 

 olan His-etiketli mutant G-CSF'yi heterolog olarak 

ifade etmek 

58 

rekombinant protein konsantrasyo m t r. G-CSF C17A, 

hücre kültüründen ve  in vitro olarak ticari  ürünle 

 G-CSF 

-

PEGilasyon reaksiyonunda . 

 

Anahtar kelimeler: Escherichia coli; Rasyonel 

protein stabiliza -

PEGilasyonu; bioaktivite ölçümü. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

The origins of biotechnology can be traced back to the dawn of civilization. 

Fermentation of grain and fruit juices with yeast provided ancient people a way to 

conserve excess crops by turning it into beer and wine.  It was millenia later for 

scientists to figure out another reason to grow microorganisms: to fight disease. 

Within the last century, since the conceptualization of the magic bullet, science has 

been looking to discover or to invent new molecules for diseases. Some of these 

drugs are synthesized chemically while an important part is being produced by living 

microorganisms. 

Recombinant DNA technology is an essential tool for producing therapeutic proteins. 

Over the last 40 years thousands of different proteins have been successfully 

expressed in bacterial, yeast, animal, insect cell lines and in transgenic animals. One 

of these proteins is granulocyte-colony stimulating factor(G-CSF). G-CSF is a 

hematopoiteic factor responsible for the profileration and maturation of granulocytes. 

Chemotherapy induced neutropenia, congenital neutropenia and febrile neutropenia 

are the chief medical indications of G-CSF. Moreover, G-CSF is also an important 

stem-cell mobilization agent used in medicine.  

Wild type human G-CSF is 175 amino acids long with a single glycosylation site at 

the threonine residue at the 133rd position. This glycosylation is not essential for 

activity. After G-CSF's discovery and establishment of function in late 1980s, the 

original bacterial production method was patented by Amgen in 1991 under the trade  
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name Neupogen® (Souza, 1991). Since the patent's expiry, it has been produced and 

commercialized by different companies around the world. G-CSF is also an 

economically significant product in the sense that it is the first biosimilar drug 

approved by FDA under the trade name Zarzio® in 2015. G-CSF is the first domestic 

biosimilar pharmaceutical produced in Turkey, and it started being marketed under 

the trade name Fraven  by Arven Pharmaceutical Company in 2017.  

Escherichia coli is a significant bacterium for biologists and biotechnologists alike. It 

has been referred to as the work-horse of molecular biology. It has multiple strains 

that show vast genetic diversity. Genomes of some E. coli strains have been fully 

sequenced and available from online sources. G-CSF as a pharmaceutical was first 

originally expressed in E. coli. While mammalian cell line based expression for 

pharmaceutical grade G-CSF is relevant, the current industrial production is 

predominantly E. coli based.  

Native human G-CSF amino acid sequence is modified in this study. An amino acid 

native to human G-CSF is replaced with another to avoid expression difficulties. 

Furthermore six histidines were added to the N-terminal of the protein to facilitate 

metal affinity purification. 

G-CSF is a high value low volume product. While established industrial processes 

for production of G-CSF exist, there is still room for improvement for novel 

biosimilars of G-CSF.   

The aim of this study is to design and construct a lab-scale process for producing and 

purifying a His-tagged G-CSF analog in E. coli. A strain with a codon optimized 

synthetic sequence for said analog was constructed, and this strain was cultivated in a 

7.0 liter bioreactor. The produced protein was purified and tested for G-CSF activity. 

Furthermore, a downstream PEGylation experiment was performed to achieve a 

product with better characteristics. 
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CHAPTER 2 

 

 

LITERATURE SURVEY 

 

 

 

2.1 Granulocyte Colony Stimulating Factor (G-CSF) 

Mature human G-CSF is a 174 amino acid long four helix bundle cytokine that has 

two disulfide bridges and a free cysteine. (Souza et al., 1986) G-CSF stimulates bone 

marrow precursor cells  to form granulocytic colonies. (Layton et al, 1991) Native 

human G-CSF has a O-glycolysation site at Thr133. (Oheda et al., 1988) 

Glycosylation is shown to protect the protein against aggregation and subsequent loss 

of activity, yet it is not essential for activity. (Oheda et al., 1990) Human G-CSF is a 

glycoprotein 19,000 Da in size with a isoelectric point between 5.5-6.1. (Nicola, 

1987) 

 

Figure 2.1: Tertiary structure of G-CSF. PDB ID:1GNC 

(Zink et al., 1995) 
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Granulocytes are a type of white blood cells that take part in the natural defense 

system of the human body. Neutropenia, defined by abnormally low plasma 

granulocyte count, is the predominant indication of G-CSF. Another medical use for 

G-CSF is stem cell mobilization, particularly of CD34 cells. (Bensinger et al., 1995) 

Modern medicine has shifted from bone marrow transplants to leukapheresis of 

donated blood to harvest and transplant stem cells. Chief advantages are reduced risk 

to donor and improved transplantation success. (Deotare et al., 2015) 

Filgrastim is the non-proprietary name for non-glycosylated methionyl human        

G-CSF. The production method for filgrastim was patented by Amgen. (Souza, 

1991)  

 

 

Table 2.1: Factory prices for pharmaceutical G-CSF products available in Turkish 
market. (Retrieved from http://www.titck.gov.tr/ReferansBazliFiyatListesi at 
28.8.2017) 

 

 

 

 

Trademark Active 

Ingredient 

Producer Country 

of Origin 

Price per 

mg (TL) 

Neupogen filgrastim Amgen Greece 259.85 

Leucostim filgrastim Dong-A South Korea 252.51 

Leukoplus filgrastim CIM Cuba 207.53 

Tevagrastim filgrastim Teva Greece 103.48 

Granocyte lenograstim Chugai France 265.23 

Fraven filgrastim Arven Turkey 252.51 

Neulastim pegfilgrastim Amgen Greece 144.93 
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2.1.1 Cys17 As a Rational Protein Stabilization Target 

Human G-CSF contains 101 hydrophobic amino acids. This hydrophobicity leads to 

aggregation difficulties while expressing it intracellularly in bacterial cells. An 

experimental difficulty on top of this problem is the free cysteine residue at the 17th 

position of the amino acid sequence. This free cysteine is somewhat exposed on the 

N-terminal and further stabilizes the hydrophobic interaction  between G-CSF 

molecules with disulfide bridges. 

 

 

 

 

Figure 2.2: Primary structure of recombinant methionyl human G-CSF showing 
disulfide bridges and a free cysteine that are also found in the native protein.  

(Toksöz et al., 2011) 
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Raso and coworkers, (2005) constructed a mutant G-CSF C17A that was less prone 

to aggregate than native G-CSF. The same study was not able to separate native G-

CSF dimers with non-reducing agents, while monomer form of G-CSF C17A was 

attained easily. Jiang and coworkers, 2011, also constructed the mutant G-CSF C17A 

with additional residues at the N-terminal to improve solubility, and named the 

protein G-CSFa. They presented better potency per mass protein in vitro and in vivo.  

Nartograstim is a commercialized G-CSF analog produced by the company Kyowa 

Hakko Kirin. It contains N-terminal amino acid changes and a C17S mutation with 

respect to filgrastim (Gomes et al., 2012). 

 

2.2 Host Microorganism 

Since G-CSF contains a glycosylation site within its structure, mammalian 

expression systems have an advantage over yeast as host organisms due to their 

similar glycosylation mechanisms to that of humans. Bacteria grow faster  than yeast 

and other eukaryotic expression systems, however may require extra process steps in 

order to purify the bioactive form of the protein. In this study, Escherichia coli BL21 

(DE3) was chosen as host microorganism. 

 

2.2.1 Escherichia coli 

Escherichia coli shows a vast diversity among its strains. Within the scope of 

recombinant protein production, some E.coli strains are better cloning hosts, while 

others are better expression hosts. 

2.2.1.1 Escherichia coli DH5  

This strain is a commonly used cloning host. It shows a superior transformation 

efficiency when compared to some other cloning strains. (Taylor et al.,1993) This 

strain also does not express the genes endA and recA, which express endonuclease 
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and recombinase. As a result, the genetic construct to be cloned is kept readily stable 

in its host. 

 

2.2.1.2 Escherichia coli BL21 (DE3) 

This strain is first developed and described by Studier and Moffat (1985).  

Genotype of  E. coli BL21 (DE3) is as follows: 

E. coli str. B F  ompT gal dcm lon hsdSB(rB mB [lacI lacUV5-T7p07  
ind1 sam7 nin5]) [malB+]K-12

S)* 

 

E. coli BL21 (DE3) naturally lacks proteases OmpT and lon, and thus protein 

degradation during expression is minimalized. This strain also has the T7 RNA 

polymerase controlled under lacUV5 promoter, therefore is inducible by lactose or 

IPTG, an analog of allolactose. By controlling target protein expression under an 

inducible promoter, normally toxic gene products can be expressed in E. coli BL21 

(DE3). 

 

2.3 Choice of Expression Plasmid 

2.3.1 The Lac Operon 

Lactose utilization is under biochemical regulation in E. coli and other bacterial cells. 

Depending on the availabilities of glucose and lactose, the cells control and regulate 

gene expression to utilize lactose with genes for -galactosidase (lacZ), permease 

(lacY) and transacetylase (lacA) enzymes as shown in figure 2.3.  

 

 

 

*Retrieved from http://www.openwetware.org/wiki/E._coli_genotypes#BL21.28DE3.29 
on 25.5.2017. 



8 
 

 

Figure 2.3: Lac operon scheme.* 

 

 

2.3.2 PRSET A Vector 

PRSET A is a pUC-derived, high copy vector for expression of proteins under T7 

promoter. According to its manufacturer (Thermofisher, USA), the powerful T7 

promoter almost always carry with itself some level of basal expression. However, if 

the expressed protein is non-toxic to E. coli, e.g. G-CSF, some basal expression can 

be tolerated. 

 

Figure 2.4: Vector map of 2897 bp long pRSET A. 

 

 

*Retrieved from https://ocw.mit.edu/courses/ biology/7-03 -genetics - fall-
2004/lecture-  notes/lecture16.pdf 
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2.4 Inclusion body formation 

Microbial intracellular production of proteins with high hydrophobic amino acid 

content may cause the formation of inclusion bodies. Inclusion bodies (IBs) are 

formations of protein aggregates within the host microorganism. The size and 

biochemical nature of IBs are dependant on many factors (recombinant protein, host 

microorganism, fermentation and purification conditions), and are difficult to predict 

in silica prior to experimentation. (Jonasson, 2002) 

 

 

Figure 2.5: Formation of leptin IBs in E. coli (Jeong and Lee, 1999) Bars represent 
100 nm. 

 

2.5 Genetic Engineering Methods 

2.5.1 Codon Optimization 

Genetic code, the function that relates triplets of codons to amino acids, is 

degenerate. 61 codons code for 20 amino acids that make up most of the proteins. 

Although genetic code is almost universal across species (Crick, 1968), the codon 

frequency varies greatly. Therefore during heterologous protein expression in E. coli, 

codons commonly found in human gene sequences may create bottlenecks for 

efficient protein expression. 
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Figure 2.6: Codon bias for E. coli B strain.* (Codon) (Amino Acid) (Fraction) 
(Codon Frequency per Thousand)  * 

 

Codon optimization is a strategy of switching low or sub-optimal frequency codons 

of native gene to the host organism's codon usage. This does not alter the amino acid 

sequence of the protein product, but it can greatly enhance its expression. For G-CSF 

expression in E. coli, codon optimized strains and human codon sequence strains 

produced less than 1% and up to 55% G-CSF to total protein, respectively. (Karimi 

et al., 2015) 

Codon adaptation index (CAI) is a common measure of how well a gene sequence is 

optimized for heterologous production. However the algorithm for CAI calculation 

does not value the usage of different codons over using only the most frequent codon 

for a given amino acid. Therefore, various results may stem from different codon 

optimization strategies. (Menzella, 2011) 

 

 

 

*Retrieved from http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi 
?species=413997, last accessed at 14.8.2017 
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2.5.2 Recombinant DNA Technology 

For the purpose of heterologous protein production, recombinant DNA methods are 

employed for strain development. A suitable host microorganism is transformed to 

overexpress a gene of interest. The following steps are commonly employed for this 

purpose: 

 cDNA for gene of interest is either amplified with PCR from tissue samples, 

or produced synthetically. 

 DNA for gene and vector are digested with endonucleases to obtain sticky 

ends on DNA fragments. 

 DNA and vector are joined in a ligation reaction. 

 A suitable host strain is transformed with the ligation mixture. 

 

Selection of true transformants after transformation is usually employed with an 

antibiotic resistance gene present in vector sequence. 

2.6 Bioreactor  Operation Conditions 

 

2.6.1 Carbon Source for Fermentation 

Fermentation of E. coli on glucose may commonly lead to acetate formation. This 

by-product may hinder growth and affect protein production undesirably during 

recombinant protein production processes. While other solutions to this problem 

exist such as process and/or genetic modifications, one of the most convenient 

solution is switching the substrate to glycerol. (Eiteman and Altman, 2006) 

Glycerol is a by-product of biodiesel and saponification industries. The prices of 

glycerol has dramatically decreased during the expansion of the biodiesel production. 

In the U.S., the price for crude glycerol was 4 to 11 cents per kilogram in 2011 

(Quiespe et al., 2011).  
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Semi-refined glycerol was selected as the carbon source for E. coli growth in 

bioreactor experiments in this study for its industrial relevance and relatively 

straightforward cell cultivation properties.  

 

2.6.2 Temperature, pH and Dissolved Oxygen 

Previously investigated optimum conditions were attempted to be chosen for this 

study. Although some researchers have found it plausible to explore different 

temperatures for fed-batch bioreactors of G-CSF production with E. coli (Jevsevar et 

al., 2005), the optimum temperature for E. coli growth is 37°C. This temperature 

may be too high for retaining the activity of some proteins. However, decreasing this 

et al. reported the optimum 

growth pH for E. coli growth as 7.2  (2006). Dissolved oxygen is another important 

parameter for higher density E. coli cultivations. While E. coli is a facultative 

anaerobe, its optimum growth is achieved under dissolved oxygen concentrations of 

40% that of equilbirium concentration of oxygen between an aqueous solution and 

atmospheric air. 

2.6.3 Bioprocess Kinetics in Fed-Batch Bioreactor 

2.6.3.1 Mass balance for biomass 

Rate of biomass formation can be expressed in terms of specific growth rate and total 

biomass: 

                          (2.1) 

 

 

Neglecting cell loss during sampling and assuming no input or output streams, 

biomass formation is equal to the change in total biomass: 
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                          (2.2) 

 

 

 

Combining equations 2.1 and 2.2 yields: 

 

                          (2.3) 

 

Right hand side of equation  2.3 can  be differentiated. Rewriting equation 2.3, 

 

                        (2.4) 

 

 

In fed-batch operation, there is no outflow of volume. This follows from the 

assumption of neglected sampling. Volumetric flow rate into the system can be 

defined as: 

 

                          (2.5) 

 

 

Inserting equation 2.5 into equation 2.4, 

 

                        (2.6) 
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Further simplifying equation 2.6: 

 

                         (2.7) 

 

 

 

2.6.3.2 Mass balance for substrate 

For fed-batch bioreactor operation, where there is no outflowing stream and only 

volumetric input is feeding solution of Qs at a constant concentration of  Cs,0 and rate 

of substrate utilization rs, mass balance for substrate is constructed as: 

 

                   (2.8) 

 

 

Rate of substrate utilization can be related to rate of biomass formation by 

introducing constants for biomass yield on substrate and maintenance coefficient. 

 

                      (2.9) 

To relate cell and substrate concentrations, equation 2.8 is rewritten with inserting 

equation 2.9 into it, and differentiating right hand side: 

 

               (2.10) 
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In quasi-steady state approximation of fed-batch bioreactor operation, no 

accumulation of substrate is assumed (dCs/dt =0). With the additional assumption of 

substrate depletion at the start of feeding (Cs=0 at t=0), equation 2.10 is simplified 

as: 

 

                          (2.11) 

 

Inserting equation 2.1 into 2.11: 

 

                             (2.12) 

 

 

Differential equation 2.3 can be integrated for t=0, Cx = Cx,0, V = V0 and inserted 
into equation 2.12: 

 

              (2.13) 

Equation 2.13 provides a profile of volumetric feeding rate for the substrate as a 

function of time. 

 

2.6.3.3 Mass balance for product 

Fed-batch production of recombinant protein can be represented relating formation 

and accumulation terms. 
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              (2.14) 

 

Relating rate of product formation to cell concentration with a first order kinetic 

equation: 

 

              (2.15) 

 

Combining equations 2.14 and 2.15, equation for specific product formation rate is 

attained: 

 

             (2.16) 

2.6.3.4 Yield Coefficients 

Yield coefficients that relate the rate of formation of biomass, rate of formation of 

product and rate of substrate utilization to each other are given as instantenous yields 

below: 

 

                                                                                  (2.17) 

 

                                                                                  (2.18) 

 

                                                                                      (2.19) 
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When yields are to be calculated within a finite time interval, approximations are 

done in following manner: 

                                                                                  (2.20) 

 

                                                                                  (2.21) 

 

                                                                                      (2.22) 

 

2.7 Separation 

Inclusion bodies, large protein aggregates with high heterologous protein content, are 

typically solubilized in a mixture of chaotropes (e.g. urea, guanidium chloride) 

and/or detergents (e.g. sarkosyl, Triton). (Bowden, 1991) If chaotropes are used 

during solubilization, refolding steps are necessary to achieve active form of the 

protein. (Singh, 2015) 

Immobilized metal affinity chromatography (IMAC) is the use of fixed transition 

metal ions to selectively purify proteins. (Porath et al., 1975) While histidine and 

cysteine have an affinity toward ions of copper, zinc, nickel and cobalt ions, 

selectivity and yield among these ions vary. Histidine tags are sequences of histidine 

repeats, incorporated usually to either termina of a protein to facilitate IMAC 

purification. Such tags are commonly employed to purify therapeutic proteins in 

laboratory settings. However concerns regarding effects on immunogenicity, 

biological activity and stability prevent His-tagged therapeutic proteins to be used in 

humans. (Gaberc-Porekar and Menart, 2001) 

Jevsevar et al., 2005 report 2-3 fold bioreactor yields of native G-CSF compared to 

His-tagged version of the protein. This may be due to partial solubilization of the G-

CSF molecule by putting charged residues i.e. histidines at the N-terminal. The 

resulting more soluble structure may have weakened the otherwise highly 
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hydrophobic interaction of G-CSF molecules that plays a role in formation of IBs, 

causing lower yield.  

 

2.8 In vitro bioactivity  

Mouse cell line NFS-60 cells require a growth factor such as interleukin-3, G-CSF, 

GM-CSF or M-CSF for growth or  maintaining life (Weinstein et al., 1986). M-NFS-

60 cells are a subline derived from NFS-60 that is adapted to grow in macrophage-

colony stimulating factor, but they still respond to G-CSF as well. M-NFS-60 cells 

were used by some laboratories that contributed to first and second international 

standardization collaboration studies of G-CSF (Mire-Sluis et al., 1994) (Wadhwa et 

al., 2010). The profileration method for G-CSF activity was initially described by 

Shirafuji and coworkers (1988).  

MTT is a tetrazolium salt that goes through a color change only in cells with active 

mitochondria, therefore measure only living cells. (Mosmann, 1983) For a 

profileration assay, cells are grown in complete medium, washed, concentrated and 

inoculated into dilutions of samples to be assayed for G-CSF activity. After the assay 

duration, MTT is added to samples to measure viable cells.. Cells are then lysed, and 

absorbance is measured. 

 

Figure 2.6: 96-well plate containing samples from M-NFS-60 cells grown in various 

G-CSF concentrations 
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2.9 PEGylation 

In vivo half-life of native G-CSF is 3.5 to 3.8 hours (Molineux, 1999). There are two 

main pathways G-CSF  is thought to be eliminated from circulatory system that does 

not result in therapeutic effect: renal clearance and proteolytic degradation. Protein 

PEGylation is covalent conjugation of a polyethylene glycol moiety with a side chain 

or termina of a protein (Figure 2.7). In the case of G-CSF, Amgen has marketed G-

CSF conjugated with a 20 kDa PEG over the last 20 years under the tradename 

Neulasta® (Kinstler et al., 1998). 

 

 

Figure 2.7: Space filling model of PEG-G-CSF. (Molineux, 2004)  

 

 

 

Although the molecular weight of PEG is similar to that of G-CSF, it occupies a 

much larger hydrodynamic volume. Thus depending on the size of PEG molecule, 

the conjugated PEG-G-CSF displays longer in vivo half-lifes. Median half life for 

20kDaPEG-G-CSF is 42 hours. A significant practical advantage of PEGylated G-

CSF over G-CSF is reducing the need for repeated doses to the patient from 5 

injections a week to a single injection for one week. (Molineux, 2004) 



20 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 
 

CHAPTER 3 

 

 

MATERIALS AND METHODS 

 

 

 

3.1 Chemicals 

Chemicals used in this study were purchased from Sigma Aldrich, Merck and  Fluka. 

Reagents were of analytical grade unless specified otherwise.  

 

3.2 Buffers and Stock Solutions 

Buffers and stock solutions in this study are listed in Appendix A. They were 

prepared with ultra pure water unless otherwise stated. Sterility was achieved by 

autoclaving solutions at 121°C for 20 minutes. Solutions with heat sensitive chemical 

content was sterilized by filtering through sterile, 0.20 m cellulose acetate filters 

(Sartorius, Germany). 

 

3.3 Strains and Plasmids 

The vector construct was used to first transform E. coli DH5  in order to multiply 

the plasmid. Isolated plasmids from this strain was used to transform the final 

production microorganism E. coli BL21 (DE3). 
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Table 3.1: Strains and Plasmids Used in This Study 

Microorganism Strain Genotype/Plasmid Source 

Escherichia coli DH5  wild type Angardi, 2011 

Escherichia coli DH5  pRSET A::gcsf  
c17a 

This Study 

Escherichia coli BL21(DE3) wild type Angardi, 2011 

Escherichia coli BL21(DE3) pRSET A::gcsf  
c17a 

This Study 

Escherichia coli BL21(DE3) pRSET A This Study 

 

M-NFS-60 (ATCC® CRL-1838 ) was purchased from ATCC for in vitro 

bioactivity assays.  

 

3.4 Genetic Engineering Methods 

3.4.1 Restriction endonuclease digestion 

Enzymes NdeI and EcoRI (New England Biolabs, UK ) were used for digestion of 

the insert and vector plasmid. 10X O buffer (ThermoFisher, USA) was compatible to 

both enzymes. Digestion reactions are summarized in tables 3.2 and 3.3. 

 

Table 3.2: Double digestion reaction  of gene fragment. 

Component Amount 

Nuclease free water  

10X O buffer  

DNA  
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Table 3.2 (continued) 

EcoRI  

NdeI  

Total volume  

 

 

Table 3.3: Double digestion reaction of pRSET A. 

Component Amount 

Nuclease free water 36  

10X O buffer 10  

DNA 52   

EcoRI  

NdeI  

Total volume 100  

 

The digestion reactions were carried out at 37°C for 3 hours with slight agitation in a 

water bath. Inactivation of enzymes were performed at 65°C for 20 minutes. 

 

3.4.2 Agarose Gel Electrophoresis 

Gels of various agarose concentrations (0.8-1.5 %) were used in this study depending 

on the theoretical length of the DNA molecules that are intended to be separated 

and/or imaged. Agarose was weighed and dissolved in TAE buffer in an Erlenmeyer 

flask, heated until boiling. The solution was left to cool for the addition of 1.75 uL of 

ethidium bromide. The mixture was poured into a gel tray with a suitable comb. 

After the gel solidifies, the samples and marker was loaded onto gel. The gel was run 
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at 90V for 30 to 120 minutes depending on the properties of the loaded samples and 

agarose content of gel. The gel was later photographed and discarded. 

 

3.4.3 DNA Extraction From Agarose Gel 

After agarose gel was run with DNA sample, the band of interest was excised with a 

razor blade. The sample was solubilized using GeneJET Gel Extraction Kit (Thermo 

Fisher, USA). 

3.4.4 DNA Purification 

DNA purification was done with GeneJET PCR Purification Kit (Thermo Fisher, 

USA). Elutions were done with ultrapure water. 

3.4.5 Ligation Reaction 

Molar ratio of gene to plasmid was taken as 5:1 in  the ligation reaction.  Ligation 

reactions were carried out at 25°C for 30 minutes. Deactivation was at 65°C for 10 

minutes. The composition of ligation reaction is provided in table 3.4. 

 

Table 3.4: Ligation mixture. 

Component Amount 

Nuclease free water  

10X ligation buffer  

Plasmid DNA 50 ng 

Gene fragment 42 ng 

T4 DNA ligase  

Total volume 30  
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3.4.6  Plasmid Isolation 

Plasmid isolation was performed with GeneJET Plasmid Miniprep Kit (Thermo 

Fisher, USA). Elutions were done with ultrapure water. 

 

3.4.7 Transformation 

Transformations were performed by CaCl2 method. (Sambrook and Russell, 2001) 

Briefly, chemically competent cells were prepared by growing cells in LSLB 

medium until early-log phase (OD600= 0.35-0.50), Cells were centrifuged and 

resuspended in calcium chloride solution. DMSO was added to the solution, the 

competent cells were aliquoted and frozen in liquid nitrogen. 

The cells were transformed by adding ligation mixture or isolated plasmids to 

chemically competent cells and incubating cells at 42°C for 90 seconds. After 

recovery of transformed cells in LSLB, the true transformants were selected on 

LSLB agar plates supplemented with ampicillin. 

 

3.5 Growth Media 

3.5.1 Solid Medium 

LSLB Agar is dissolved in ultrapure water in a ratio of 3.5:100(w/v). The solution is 

autoclaved and upon cooling to ~50°C, poured into petridishes with or without 

ampicillin (100 g/mL). After gelation, the petridishes are used immediately, or 

stored at 4°C for later use up to two weeks. 

 

3.5.2 Liquid Media 

Low Salt Lysogeny Broth (LSLB) 

LSLB is dissolved in ultrapure water at a ratio of 1:50(w/v). The solution is 

autoclaved and used upon cooling with or without ampicillin addition (100 g/mL). 
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Korz's medium 

Shake-flask experiments and bioreactor runs were conducted with a chemically 

defined medium used in literature (Korz et al., 1995). This medium was named as 

Korz's medium for reference. In preparation of this medium, glycerol, monobasic 

potassium phosphate, dibasic potassium phosphate and magnesium sulfate were 

sterilized by autoclaving. Citric acid was sterilized by filtration and used freshly. 

Two trace mineral stock solutions were prepared by filtering corresponding to 250X 

versions of final concentrations of feeding and batch solutions. The trace mineral 

solutions were kept at 4°C until use. Thiamine solution was sterilized by filtering, 

and used freshly. 

 

 

Table 3.5:  Chemically defined batch and feeding media for bioreactor experiments. 

Component Batch 
(g/L) 

Feeding 
(g/L) 

Glycerol 30.0 750. 

KH2PO4 13.3  

(NH4)2HPO4 4.00  

MgSO4.7H2O 1.20 14.7 

Citric acid.H2O 1.86  

Trace mineral Batch 
(mg/L) 

Feeding 
(mg/L) 

EDTA 14.1 9.56 

CoCl2.6H2O 2.50 2.94 

MnCl2.4H2O 15.0 17.3 

CuSO4.5H2O 2.78 1.70 

H3BO3 3.00 3.45 
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Table 3.5 (continued) 

Trace mineral Batch 
(mg/L) 

Feeding 
(mg/L) 

Na2MoO4.2H2O 2.10 2.94 

ZnCl2 21.0 7.30 

FeCl3.6H2O 111 32.4 

Thiamine.HCl 4.50 3.3 

Antifoam Y-30 500  

Ampicillin 50.0 50.0 

 

 

 

For shake-flask experiments, a phosphate buffer was adopted to keep pH from 

getting too acidic for E. coli growth i.e. (pH < 5). In bioreactor experiments, pH was 

controlled by 25% NH3 addition, which also served as a nitrogen source. 

 

 

3.6 Cell Cultivation and Recombinant Protein Production 

Fed-batch fermentations coded BR-1 and BR-2 were carried out in a 7.0 L bioreactor 

with 5.0 L maximum working volume. Starting volumes were 1.8 L with both 

experiments. An illustration of the bioreactor system is given in Figure 3.1. Batch, 

feeding and antifoam solutions were sterilized by autoclaving. Trace mineral stock 

solutions were sterilized by filtering and added to batch and feeding solutions. 25 % 

ammonia was not sterilized. 
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Figure 3.1: Illustration of employed 5.0-L bioreactor system: (1) Fermentor, Biostat 
Cplus 5L (2) Cooler (3) Steam generator (4) balances (5) substrate, antifoam and 
base reseviors (6) Exhaust cooler (7) Air filters (8) Regulator (9) Biostat Software 
(10) Air compressor (11) Pure O2 tank (12) Digital mass flow meters (13) Sampling 
valve (Çelik, 2008). 
 
 
 
3.7 Protein Purification  

3.7.1 Cell Lysis 

Bioreactor samples were lysed by homogenization, and shake-flask samples were 

lysed by lysozyme incubation. 

 

Homogenization 

Homogenization was performed through purchase of service from METU Central  
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Laboratory.  Bioreactor samples were centrifuged at 4°C and washed with 0.5% 

NaCl solution twice. Then the washed pellet was resuspended in 0.5% NaCl to make 

up for 60% of original volume. Washed, resuspended cell culture was passed through 

the homogenizer three times at a maximum pressure of 2.54 MPa. The resulting cell 

paste was stored at 4°C until downstream purification. 

 

Lysozyme incubation 

Washed, resuspended cell culture was recentrifuged and constituted in 350 uL STET 

buffer per 1 mL of original culture.  25 uL lysozyme solution was added per 1 mL 

original culture. The mixture was vortexed briefly and incubated at 37°C for 30 

minutes.  

 

3.7.2 Inclusion Body Solubilization 

Inclusion bodies were first washed 2.5M urea solution for 15 minutes and 

centrifuged at maximum speed for 30 minutes. This process was repeated twice. 

Then a 6 hour incubation in 7.5M urea solution was performed. Cells were 

centrifuged again at maximum speed for 30 minutes to pellet any undisturbed 

inclusion bodies and insoluble cell debris. The supernatant is removed and used for 

further purification. 

 

3.7.3 Cobalt Affinity Chromatography 

Solubilized inclusion bodies were purified with BD TALON  Metal Affinity Resin 

under denaturing conditions (7.5M urea). Detailed protocol according to 

manufacturer's instructions is given at Appendix B. 
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3.7.4 Dialysis 

Two-step dialysis was performed for correct renaturation of 6xHis-G-CSF C17A 

using 12000 MWCO (Sigma-Aldrich, Germany)  Dialysis tubing was prepared 

according to detalied protocol given at Appendix C.  

After preparation, sample was inserted into tubing and dialyzed against 4M urea 

solution for 20-28 hours at 4°C in a 50:1 volume ratio. Then the solution is dialyzed 

against, 10 mM sodium acetate at pH=5.0 for 20-28 hours. 

 

3.7.5 Concentration 

Vivaspin® 15R, 10,000 Da spin columns (Sartorius, Germany) are used to 

concentrate sample before Factor Xa digestion. After sample application into column 

reservoir, the tube was centrifuged at 6000 g at 4°C until desired approximate 

concentration volume is achieved. 

 

3.7.6 Factor Xa Digestion 

Factor Xa (Qiagen, PRC) and Xa removal resin (Qiagen, PRC) was used according 

to manufacturer's instructions. Detailed protocols from manufacturer is provided in 

Factor Xa digestion was carried out at 20-25°C for 1.5 hours in a water bath with 

slight agitation.  Detailed protocol is provided in Appendix D. 

 

3.8 In vitro Bioactivity Assay 

M-NFS-60 cells were grown in RPMI-1640 medium supplemented with 10% FBS, 

63 ng/ml human  M-CSF (Peprotech, UK) and 0.05 mM 2-mercaptoethanol. 

Fourfold dilutions of G-CSF C17A and Neupogen in medium without M-CSF were 

prepared in 10 mL volumes in 6-well plates. Washed, centrifuged and concentrated 

cells were inoculated into dilutions of preparations at a final concentration of 50,000 
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cells/mL. The cells were incubated at 37°C, in a 5% CO2 incubator. Triplicates of 

100 L samples from each dilution were transferred to 96-well plates at intervals up 

to 96 hours. 10 L of MTT solution were added to the samples. The samples were 

incubated for a further 2 hours. The samples were titurated with 100 L of 80% 

isopropanol, 10% Triton X-100 and 10% 1M HCl to disrupt cells. Absorbance of the 

samples were measured at 595 nm. 

 

3.9 PEGylation 

PEGylation experiment was performed with a 50 L reaction volume in a 0.2mL 

tube. Sodium cyanoborohydride and PEG solutions were prepared freshly. 

Concentrations of reactants and catalysts are provided in Table 3.4. Factor Xa 

cleaved G-CSF C17A solution was reconcentrated further, and its buffer was 

exchanged to 10 mM sodium acetate, pH=5.0. Methoxy aldehyde PEG with 

molecular weight of 20,000 Da was purchased from Jenkem, China. 

 

Table 3.6 Reaction mixture for PEGylation of GCSF C17A. 

Chemical Concentration 

G-CSF C17A 130 ng/ L 

PEG 940 g/ L 

NaCNBH3 20mM 

NaCH3COO 10 mM 

 

The reaction mixture was incubated at room temperature and at 250 rpm for  24h on 

a orbital shaker. 
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3.10 Analysis 

 

3.10.1 Cell concentration 

Cell concentration calibration curve was performed by washing pelleted cell 

solutions of known volume and absorbance in pre-weighed microfuge tubes with 

0.5% NaCl. Then the cells were pelleted again and left to dry at 65°C until constant 

weight. The microfuge tubes were then put in a dessicator to reach ambient 

temperature, and weighed. 

A dilution factor (DF) was adopted so that the read-out from the spectrophotometer 

corresponds to a value between 0.1-0.9 to ensure sensitivity of the read-out. 

 

 

 

 

Calibration curves for wavelengths of 550 nm and 600 nm are given in Appendix E. 

 

3.10.2 SDS Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

 

SDS-PAGE was performed as described by Laemmli, 1970. Reduced samples were 

prepared by 100 mM final DTT concentration in 1X Laemmli buffer. Gels with 1.0 

mm thickness were loaded with samples with either whole cells or purified protein 

solutions. 
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Staining 

Coomassie blue staining was performed by the protocol provided by Turku Centre 

for Biotechnology.* 

Imaging 

Imaging of stained gels was performed in a UVP imaging cabinet equipped with a 

Hamamatsu camera, model C8484-51-03G. 

Concentration Determination 

Concentration was determined by a 2-3 point calibration curve using diluted 

Neupogen® standard samples on gel. The band intensities of unknown samples were 

then compared to that of calibration curves. Whole cell samples were prepared as 

described by (Sambrook and Russell, 2001). 

 

3.10.3 Western Blotting 

 

Transfer to methanol activated PVDF membrane was done at 50V for 3 hours. 

Western Blotting was performed by blocking in 5% milk in TBST buffer, followed 

by incubation with primary and secondary antibody in TBST-milk solutions at room 

temperature for 1-2 hours. The experiments were based on Biorad's protocol.** 

 

 

 

*https://www.btk.fi/wp-content/uploads/sites/3/2017/06/ Coomassie_Blue_staining_ 
version_W.01.pdf, last accessed on 25.8.2017 

** http://www.bio-rad.com/webroot/web/pdf/lsr/literature /Bulletin_6376.pdf, last 
accessed on 25.7.2017 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSION 

 

 

 

4.1 Strain Development 

A protein containing human G-CSF C17A amino acid sequence, Factor Xa site and 

6xHistag was designed. A synthetic gene corresponding to this protein was created 

by optimization of its codons for E. coli B cells. 

The expression vector was prepared by double digestion  and ligation of vector and 

6xHisTag-GCSF C17A gene. The vector was amplified by transforming E. coli 

DH5  cells with the ligation mixture. The isolated plasmid was used to transform E. 

coli BL21 (DE3) cells for the construction of the expression strain. 

Verification steps comprised of PCR, restriction digestion and nucloetide sequencing 

between transformations. Microbank stocks of new strains were generated and stored 

at -80  

Steps for strain developments are shown as a flowchart in Figure 4.1. 
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Figure 4.1: Flowchart for strain development. 
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4.1.1 Synthetic Gene Construct 

Amino acid sequence for methionyl 6xHistagged human G-CSF C17A including a 

Factor Xa cleavage site after Histidine tag is as follows: 

MHHHHHHIEGRTPLGPASSLPQSFLLKALEQVRKIQGDGAALQEKLVSECAT

YKLCHPEELVLLGHSLGIPWAPLSSCPSQALQLAGCLSQLHSGLFLYQGLLQ

ALEGISPELGPTLDTLQLDVADFATTIWQQMEELGMAPALQPTQGAMPAFAS

AFQRRAGGVLVASHLQSFLEVSYRVLRHLAQP 

M  : Methionine required for bacterial expression. 

HHHHHH : 6x Histidine tag required for IMAC. 

IEGR  : Recognition sequence for removal of 6xHistidine tag with Factor Xa. 

A  :Alanine residue to be remained in mature peptide, replacing cysteine. 

 

Factor Xa is a specific protease that cleaves right after C-terminus of the recognition 

sequence. The 6xHistag was placed at the N-terminus to avoid any remaining amino 

acids such as methionine and Factor Xa recognition site in the cleaved protein. 

Synthetic gene sequence design was performed manually. Theoretical factors such as 

the ramp hypothesis, efficient folding during translation and GC content ratio of 

expressed fusion gene to host cell genome were considered. Codon bias of E. coli B 

strain was taken into acount while constructing one corresponding gene sequence out 

of 9.97 x 10100 possible nucleotide sequences for the desired amino acid sequence.  

 

The synthetic G-CSF C17A  gene was purchased from IDT, Belgium in the form of 

gblock® i.e. linear, double stranded DNA. The gene sequence is provided in 

Appendix F. 
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Primer Design 

Primers were designed to amplify gene of interest that is cloned into pRSET A 

vector. Primers consisted of short regions from vector sequence designed to amplify 

any inserted sequence. Picking close melting points and avoiding any stable 

secondary structure within and between primers were considered while designing the 

primer set. Primers were purchased from IDT, Belgium. 

Forward     5' - TAGGGAGACCACAACGGTTTCC - 3' 

Reverse    5' -  GCTTTGTTAGCAGCCGGATCAA - 3' 

 

4.1.2 Expression vector construction 

PRSET A plasmid was double digested with NdeI and EcoRI restriction 

endonucleases and was run on  an agarose gel. The double digested vector was 

extracted from gel. (Figure 4.2) 

 

 

Figure 4.2: Double digested pRSET A plasmid against Lambda DNA/HindIII 
Marker on 1.5% agarose gel.   
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G-CSF C17A gene was also double digested with NdeI and EcoRI enzymes. The 

sample was purified with PCR Purification Kit. After that, a ligation mixture was 

prepared and used for transformation of cloning strain. 

 

4.1.3 Transformation of cloning strain 

The gene and pRSET A were double digested separately, and mixed into ligation 

mixture. The mixture was used to transform E. coli DH5  cells. The isolated 

plasmids from transformants were run on agarose gel for checking whether they give 

correct size. (Figures 4.3 and 4.4) 

         

Figure 4.3: A) Undigested plasmid isolations from transformants of E. coli DH5  
PRSETA::gcsf c17a. M: Lambda DNA/HindIII marker, Lane 1: colony 5, Lane 2: 
colony 7, Lane 3: colony 13, Lane 4: colony 14, Lane 5: colony 16, Lane 6: pRSET 
A plasmid as control. B) Double digestions of plasmids from selected samples. M: 
Lambda DNA/HindIII marker, Lane 1: colony 13, Lane 2: colony 14, Lane 3: colony 
16.  
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Figure 4.4: Amplified PCR products of selected colonies. M: Lambda DNA/HindIII 
marker, Lane 1: colony 13, Lane 2: colony 14, Lane 3: colony 16. 

 

4.1.4 Transformation of expression strain 

After the vector is readily available as plasmids in E. coli DH5  cells, the isolated 

pRSET A::gcsf c17a plasmid from colony 13 was used to transform E. coli BL21 

(DE3) cells. Another  transformation with wt pRSET A was also performed for use 

of negative control in future experiments. 

As evident in Figure 4.5 A, circular plasmid isolates from colonies of E. coli 

BL21(DE3) pRSET A:: gcsf c17a show variance in apparent size. (2000-9000 bp) 

This may be explained by the fact that BL21(DE3) is not a cloning strain, and readily 

expresses endonucleases and recA. Thus the larger plasmids are thought to be 

concatomers of the intended plasmid with apparent size of 2000 bp. The double 

digestion of these samples confirm this hypothesis by showing the two correct 

theoretical linear DNA fragments of 564 bp and 2758 bp (Lanes 5-8). 
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Figure 4.5: A) Undigested and digested plasmid isolations from transformants of E. 
coli BL21 (DE3)  pRSETA::gcsf c17a. M: Lambda DNA/HindIII marker, Lane 1: 
colony 9, Lane 2: colony 10, Lane 3: colony 11, Lane 4: colony 12, Lane 5: colony 
10, Lane 6: colony 11, Lane 7: colony 12, Lane 8: colony 9. Lanes 1-4 are 
undigested circular plasmids and Lanes 5-8 are their double digested plasmids. B) 
PCR product of  gene amplicate from colony 9. M: Lambda DNA/HindIII marker, 
Lane 1: colony 9 amplicate, Lane 2: colony 9 amplicate at lower concentration. 

 

 

Although there appears to be some nonspecificity, since the PCR product size is 

consistent with theoretical value  ( 659 bp) on figure 4.4 B, the PCR product was sent 

to nucleotide sequencing. 

 

4.1.5 Verification Steps 

Nucleotide Sequencing 

The cloned gene was verified by nucleotide sequencing. Alignment of this data with 

designed sequence gave 100% identity, indicating not mutations and base shifts. 

Sequencing data and BLASTn alignment is available in Appendix F. 
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Western Blot 

A Western blot with polyclonal Anti-GCSF antibody was performed. G-CSF specific 

detection was observed with expression strain relative to the negative control strain. 

An image of the blot is shown in Figure 4.6. 

 

 

 

Figure 4.6: Western Blot image using Anti-G-CSF antibody.  M: PageRuler  Prest. 

Prot. Lane 1: purified histagged G-CSF C17A, Lane 2: Whole cell E. coli pRSET 

A::6xHis-G-CSF C17A, Lane 3: Whole cell E. coli pRSET A as negative control, 

Lane 4: G-CSF standard as positive control, M: Prot. Prest. Marker. 
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4.2 Recombinant Protein Production 

4.2.1 Shake-flask Experiments 

After developing the expression strain and confirming G-CSF C17A production with 

Western Blot, a shake flask experiment was conducted  to test the defined medium. 

Precultivation was done in LSLB, and inoculation ratio to defined medium was 

1:100. Firstly, glucose as a carbon source is tested as a duplicate shake-flask 

experiment. (Figure 4.7) 

 

 

 

 

Figure 4.7: Growth curve for glucose shaker experiment. N=250 rpm, V= 50 mL, 
T= 37°C. Error bars represent standard deviation between duplicates. 
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Figure 4.8: Growth curves for glucose vs glycerol shake-flask experiment.    
).N=250 rpm, V= 50 mL, T= 37°C. 

 

 

 

During E. coli growth on glucose, acetic acid is formed as a by product. Therefore, 

less growth in glucose as opposed to in  glycerol in Figure 4.8 may be explained by 

acetic acid formation in medium.  While it is stated in the literature that growth on 

glucose is fastest, E. coli is a facultative anaerobic bacterium. It follows that in any 

case growth would be limited in shake flask experiments by oxygen transfer through 

shaking. A maximum cell concentration of 2.8 g/L was attained  in the shake flask 

experiments. (Figure 4.7) 

 

4.2.2 Bioreactor Experiments 

Two bioreactor experiments were conducted and coded BR-1 and BR-2.  The culture 

grown in first experiment (BR-1) was uninduced to explore whether the cell 
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second bioreactor experiment (BR-2), the culture was induced with 2mM IPTG. 

A comparison between bioreactor medium compositions between this study and 

ble 4.1. The 

concentration departures mainly arose because of the use of different anion or cation 

salts of the same trace mineral. Furthermore, the concentrations of salts in feeding 

solution was normalized to the lower concentration of glycerol set at this study. 

 

Table 4.1: Media modifications done while adapting Korz's medium to this study.  

Korz's Medium Batch 
(g/L) 

Feeding     
(g/L) 

This study Batch 
(g/L) 

Feeding 
(g/L) 

Glycerol 30.0 1021.0 Glycerol 30.0 750. 

KH2PO4 13.3  KH2PO4 13.3  
(NH4)2HPO4 4.0  (NH4)2HPO4 4.00  
MgSO4.7H2O 1.2 20.0 MgSO4.7H2O 1.20 14.7 

Citric acid 1.7  Citric acid.H2O 1.86  

Korz's Medium Batch 
(mg/L) 

Feeding   
(mg/L) 

This study Batch 
(mg/L) 

Feeding 
(mg/L) 

EDTA 14.1 13.0 EDTA 14.1 9.56 

CoCl2.6H2O 2.5 4.0 CoCl2.6H2O 2.50 2.94 

MnCl2.4H2O 15.0 23.5 MnCl2.4H2O 15.0 17.3 

CuCl2.2H2O 1.5 2.5 CuSO4.5H2O 2.78 1.70 

H3BO3 3.0 5.0 H3BO3 3.00 3.45 

Na2MoO4.2H2O 2.5 4.0 Na2MoO4.2H2O 2.10 2.94 

Zn(CH3COO)2.2H2O 13.0 16.0 ZnCl2 21.0 7.30 

Fe(III)citrate 100.0 40.0 FeCl3.6H2O 111 32.4 

Thiamine.HCl 4.5  Thiamine.HCl 4.50 3.3 

Antifoam SP1 100  Antifoam Y-30 500  

Ampicillin 50 44.07 Ampicillin 50.0 50.0 
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It can be inferred from equation 2.13 that the higher substrate concentration of 

feeding solution is, the less volumetric flow of substrate is needed. Limiting 

volumetric flow rate is important for keeping an acceptable working volume within 

the bioreactor. 84-88%(w/w) glycerol (Sigma, USA) was used in this study. Due to 

separately sterilized magnesium sulfate solution and trace element solution addition, 

glycerol concentration in feeding solution was set at 750 g/L.  

 

 

 

Figure 4.9: Process flowchart for BR-2. BR-1 has the same process except for IPTG 
induction step. 
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For this study, a medium cell density in bioreactor culture was targeted. The set 

values adopted from E. coli fed-batch bioreactor research articles (Riesenberg et al., 

1991; Korz et al., 1995; Seeger et al., 1995) are given in Table 4.2. 

 

Table 4.2: Adopted constant values for exponential fed-batch bioreactor 

experiments. 

Symbol Explanation Value 

 Maintenance coefficient 0.025 (g g-1) 

 Yield coefficient of 
biomass/glycerol 

0.45 (g g-1) 

 Specific growth rate 0.12 h-1 

 

 

 

 

Figure 4.10: Feeding flow rate for bioreactor experiments; BR- -2( ). 
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As evident in figure 4.10, the equations for mass flow rate of substrate are different 

from each other. These equations are dependent on initial cell concentration 

(equation 2.13), and experimental Cx,0 of BR-1 was 20% lower than that of BR-2. 

Also feeding equation does not take account of additional volumetric perturbations of 

base, antifoam and sampling. Feeding profile for BR-2 was corrected for these 

perturbations by correcting volume values in equation 2.13 with experimental data 

every 6 hours.  

Figure 4.11 shows the cell density concentration in the two bioreactor experiments. 

Experimental difficulties led to a shift in cell growth profile in BR-1 around t=12h. 

This shift results in an awkward conclusion of induced culture growth being faster 

than that of uninduced culture. However a careful cross examination of timewise 

specific growth rate data given in Table 4.3 and Table 4.4, gives insight on how the 

growth experimentally slowed down during induction with respect to uninduced cell  

culture. 

 

Figure 4.11: Cell concentration   profiles in bioreactor experiments.  

BR-  BR-2( ). t = 0 signifies the start of fed-batch. 
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Product concentration was determined with  SDS-PAGE, by comparing intensities of 
standard and sample bands.  Gel images for samples taken from bioreactor 
experiments are provided in Appendix G. 

Product concentration data of BR-1 and BR-2 during different time points is 

summarized  in figure 4.12. Significant product formation during BR-1 was 

observed. There is no IPTG induction in BR-1, or lactose content in adopted defined 

medium. However, T7 is a very strong promoter, and that in the case of BR-1, caused 

leaky expression. 

 

 

Figure 4.12: Variaton of 6xHistag-G-CSF C17A concentration with fed-batch 
cultivation time; BR- -2( ). 

 

Biomass and product formation rates throughout the bioreactor experiments are 

shown in figures 4.13 and 4.14, respectively. While biomass formation data is hard to 
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Figure 4.13: Variation of biomass formation rates in bioreactor experiments. 

BR- -2( ). 

 

 

 

Figure 4.14: Variation of product formation rates in bioreactor experiments; 

BR- -2( ). 
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Tables 4.3 and 4.4 show calculated experimental Best product yield per biomass per 

time values were obtained during the induction phase (15.5h-19.5h) of BR-2. 

Negative values of yields are due to process difficulties related to insufficient oxygen 

and partially due to semi-quantitative limitation of SDS-PAGE as a concentration 

measurement assay. 

Experimental specific growth rate during fed-batch operation was 88% and 93% of 

set value of 0.12 h-1 during BR-1 and BR-2, respectively. Similarly the biomass yield 

on substrate was taken as 0.45 g g-1 for the bioreactor experiments. Fed-batch 

experimental yields are calculated as 0.34 g g-1 and 0.42 g g-1 for BR-1 and BR-2, 

respectively. Source of error for these values may be a result of error from total 

volume calculations.  

 

 

 

Table 4.3: Experimental specific growth rate, specific biomass formation rate, 
specific product formation rate and yield values for BR-1. 

time  
interval 

exp 

(h-1) 
qx 

(g g-1h-1) 
qp 

(g g-1h-1) 
YX/S 

(g g-1) 
YP/S 

(g g-1) 
YP/X 

(g g-1) 
Batch 0.240 0.023 0.001 0.352 0.006 0.018 

0-2 0.200 0.452 0.030 0.903 0.055 0.061 
2-4 0.060 0.143 -0.038 0.285 -0.022 -0.076 
4-6 0.036 0.076 0.035 0.151 0.010 0.069 
6-8 0.132 0.255 0.005 0.510 0.006 0.011 
8-10 0.085 0.160 0.013 0.320 0.008 0.027 

10-12 0.107 0.188 0.007 0.376 0.005 0.015 
12-14 -0.017 -0.015 -0.150 -0.031 0.009 -0.300 
14-16 0.132 0.187 0.044 0.374 0.033 0.088 
16-18 0.122 0.182 0.038 0.364 0.028 0.076 
18-20 0.117 0.184 -0.005 0.367 -0.004 -0.010 
20-22 0.085 0.139 0.024 0.278 0.013 0.048 
22-24 0.130 0.209 0.033 0.417 0.027 0.065 

Fed-batch 0.106 0.014 0.002 0.340 0.016 0.047 
Overall 0.158 0.009 0.001 0.341 0.015 0.045 
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Table 4.4: Experimental specific growth rate, specific biomass formation rate, 
specific product formation rate and yield values for BR-2. 

time interval exp 

(h-1) 
qx 

(g g-1h-1) 
qp 

(g g-1h-1) 
YX/S 

(g g-1) 
YP/S 

(g g-1) 
YP/X 

(g g-1) 
Batch 0.240 0.025 0.003 0.454 0.021 0.045 

0-3 0.121 0.155 0.005 0.465 0.007 0.014 
3-6 0.085 0.100 0.021 0.299 0.019 0.064 
6-9 0.133 0.170 0.029 0.510 0.044 0.086 

9-12 0.114 0.155 0.025 0.464 0.034 0.074 
12-15 0.155 0.192 0.020 0.577 0.034 0.060 

15-15.5 0.204 1.582 -0.123 0.791 -0.049 -0.061 
15.5-16.5 -0.066 -0.252 0.099 -0.252 -0.025 0.099 
16.5-17.5 0.194 0.743 0.169 0.743 0.125 0.169 
17.5-18.5 0.088 0.364 0.212 0.364 0.077 0.212 
18.5-19.5 0.033 0.139 0.466 0.139 0.065 0.466 
Fed-batch 0.112 0.021 0.005 0.410 0.040 0.098 

Overall 0.173 0.011 0.002 0.415 0.038 0.092 
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4.3 Separation of G-CSF C17A 

After harvesting biomass at the end of bioreactor experiments, a separation scheme is 
applied to the samples to isolate purified and bioactive G-CSF C17A. The steps for 
this scheme is summarized in figure 4.15. 

 

 

Figure 4.15: Flowchart for Separation of G-CSF C17A. 
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Figure 4.16: SDS-PAGE for separation. M: PageRuler  Prest. Prot. Ladder Lane 1: 
Neupogen standard, Lane 2: Homogenized BR-2 sample, Lane 3: 2.5M urea wash 1, 

Lane 4: 2.5M urea wash 2, Lane 5: 7.5M urea extraction, Lane 6: Purified   
6xHistag-GCSF C17A, Lane 7: Factor Xa reaction, Lane 8: Factor Xa removal. 

 

 

Figure 4.16 visualizes the protein samples through some of the steps involved in 

separation. While inclusion body solubilization resulted in a experimental yield of 

1.0%, experimental column purification yield was 8.2%. While low yields are not 

uncommon during purification of intracellularly produced proteins, experimental 

yields were particularly low. Separation parameters such as temperature, pH and salt 

concentration could be optimized for better yield. In any case GCSF C17A with a 

protein purity of 81% was purified for further application within this study. 
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After purification of G-CSF C17A, correct formation of disulfide bridges were 

checked by SDS-PAGE. Non-reduced samples were expected to display a smaller 

apparent size on the gel due to retaining intramolecular bonds. Reduced and non-

reduced samples of Neupogen and purified G-CSF C17A were run on gel to compare 

difference in apparent size (Figure 4.17). The difference between reduced and non-

reduced samples of G-CSF C17A and Neupogen were similar. While this is not an 

exhaustive analysis of correct structure of purified G-CSF C17A, there is evidence 

that disulfide bonds were correctly formed in purified product. 

 

 

 

 

 

Figure 4.17: 15% SDS-PAGE gel for checking disulfide bridges. M: PageRuler  
Prest. Prot. Ladder Lanes 1-2: GCSF standard. Lanes 3-4: Purified G-CSF C17A. 

Odd lane samples were non-reduced while even lane samples were reduced with 100 
mM DTT.  
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4.4 In vitro bioactivity assay of G-CSF C17A 

A concentration and time dependent assay was designed and conducted. Six 4-fold 

dilutions of 500 pM G-CSF C17A and Neupogen were assayed triplicately in a time 

range of 96 hours. 

 

 

Figure 4.18: Activity data at the end of the assay (t=96h). Error bars represent 
sample standard deviation between triplicates. 

 

Figure 4.18 shows the response vs concentration data points at the end of the 

experiment. Time course data for the activity assay is presented in Appendix H. 

Activity of G-CSF C17A samples were higher than that of Neupogen for the 2 

highest concentrations tested. However, the remaining lower dosages yielded in 

poorer profileration with G-CSF C17A. EC50 values for G-CSF C17A and Neupogen 

were calculated to be 7.7 pM and 1.7 pM, respectively. By definition of  EC50, these 

concentration values are half the concentrations to give out the maximum response of 

their respective proteins. The Neupogen concentration needed to match the response 

of EC50 of G-CSF C17A was found to be 4.9 pM. 
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4.5 PEGylation of G-CSF C17A 

 

 
 

Figure 4.19: PEGylation reaction mixture on SDS-PAGE gel. M:Pageruler  Prest. 

Prot. Ladder, Lane 1: G-CSF standard, Lane 2: Non-PEGylated protein as negative 

control, Lane 3: PEGylation reaction mixture. 

 

Comparing band intensities between PEGylated and non-PEGylated samples show a 

37% conversion ratio of G-CSF C17A to PEG20kDa-G-CSF C17A (Figure 4.19). 

Molecular size of PEGylated G-CSF C17A is between 55kDa and 70 kDa. This is 

consistent with Zhai et al., 2009's result, where monoPEGylated G-CSF shows an 

apparent molecular weight between 43.0 and 66.2 kDa. The higher apparent 

molecular weight as opposed to theoretical (38.6 kDa) may be explained by 

molecular interactions between SDS and PEG moieties. The variance in molecular 

weight observed by the diffuse appearance of PEG-protein band in Lane 4 of figure 
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4.19 may also be related to this phenomenon. Furthermore, the variance of size of 

purchased PEG may also have contributed to this issue. 
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CHAPTER 5 

 

 

CONCLUSION 

 

 

 

An E. coli strain for the intracellular production of a G-CSF analog was developed. 

The correctness of expression was tested with genetic expression methods and 

Western Blot with G-CSF antibodies. 

A chemically defined medium was selected from literature and replicated with minor 

differences in laboratory. A shaker experiment was conducted with this medium, 

which resulted in 2.8 g/L cell concentration. Glycerol was compared to glucose in a 

shake flask experiment, and was found to be yielding in similar cell growth 

properties. To avoid acetic acid formation associated with E. coli growth on glucose 

and due to inexpensiveness of glycerol on industrial scale, glycerol was chosen as 

carbon source. 

Two bioreactor experiments were conducted without and with IPTG induction. 

Maximum cell concentration at the end of bioreactor trials reached 58 g/L and 53 g/L 

in these experiments, respectively. Final His-tagged G-CSF C17A concentrations in 

bioreactor experiments were 2.6 g/L in uninduced bioreactor culture and 4.9 g/L in 

IPTG induced bioreactor culture. 

Produced Histag G-CSF C17A inclusion bodies were solubilized in high urea, 

purified with Co affinity chromatography and renatured in a two-step dialysis 

scheme. Renatured proteins were treated with Factor Xa for the removal of Histag. 

GCSF C17A with 81% protein purity was attained and tested for correct disulfide 

bridge formation. 
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Purified proteins were tested for bioactivity in vitro on M-NFS-60 cells. While EC50 

of the G-CSF C17A was found to be 2-3 times that of originator product, the 

maximum activity of GCSF C17A at saturated concentrations was slightly  higher.  

G-CSF C17A was PEGylated in a 50 L reaction mixture to establish proof of 

concept. A 37% reaction conversion of GCSF C17A to PEG20kDa-GCSF C17A is 

achieved in PEGylation reaction. 

 

RECOMMENDATIONS 

PEGylated G-CSF C17A was not tested for bioactivity within the body of this work. 

The purpose for PEGylation is to increase in vivo half-life. A suitable mouse model 

of neutropenia can be used to test in vivo bioactivity. 

IMAC separation is very useful in the sense that it provides a single step separation 

process. However the inclusion of histidine tag is a burden on cell metabolism. A 

combination of ion-exchange, size exclusion and/or hydrophobic interaction 

chromatography can be adopted to explore more industrially viable G-CSF 

separation processes. 
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APPENDICES 

 

 

APPENDIX A 

 

 

BUFFERS AND STOCK SOLUTIONS 

 

 

 

All buffers were prepared with UltraPure water. 

 

 

10X Factor Xa Buffer 

 

200 mM Tris-HCl, 100 mM NaCl, 2 mM 

CaCl2, pH=8.0. Solution was divided 

into aliquots and stored at -20°C. 

 

 

 

 

100X Batch Trace Minerals Solution 

 

70.5 mg of EDTA, 12.5 mg of 

CoCl2.6H2O, 75 mg of MnCl2.4H2O, 

13.9 mg of CuSO4.5H2O, 15 mg of 

H3BO3, 10.5 mg of Na2MoO4.2H2O, 

105 mg of ZnCl2 and 556 mg of 

FeCl3.6H2O were solubilized in 50 mL 

water. Solution was filter-sterilized and 

stored at 4°C. 
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100X Feeding Trace Minerals Solution 

 

47.8 mg of EDTA, 14.7 mg of 

CoCl2.6H2O, 86 mg of MnCl2.4H2O, 

8.5 mg of CuSO4.5H2O, 17.2 mg of 

H3BO3, 14.7  mg of Na2MoO4.2H2O, 

36.5 mg of ZnCl2 and 162 mg of 

FeCl3.6H2O were solubilized in 50 mL 

water. Solution was filter-sterilized and 

stored at 4°C. 

Denaturing Equilibrium/Wash Buffer 50 mM Na3PO4, 300 mM NaCl, 7.5M 

urea, pH = 7.4, prepared freshly 

 

Denaturing Elution Buffer 

50 mM Na3PO4, 300 mM NaCl, 7.5M 

urea, 150 mM imidazole, pH = 7.4, 

prepared freshly 

Inclusion Body Wash Buffer 2.5M Urea, prepared freshly 

Inclusion Body Solubilization Buffer 7.5M Urea, prepared freshly 

 

STET Buffer 

100 mM NaCl , 10 mM Tris-HCl, 1 mM 

EDTA, 5% (w/v) Triton X-100, pH=8.0 

 

50X TAE Buffer 

Dissolve 242 g of Tris base in 850 mL 

water. Add 57.1 mL of glacial acetic 

acid and add 14.6 g of EDTA. pH=8.3 
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APPENDIX B 

 

 

COLUMN PURIFICATION PROTOCOL 

 

 

 

1. Resin was thoroughly resuspended and transeferred to a centrifuge of at least 10 

times larger volume of the resin. 

2. Resin was pelleted at 700xg at 4°C for 2 minutes. Supernatant was discarded. 

3. 10 bed volumes of denaturing equilibration/wash buffer was added to the pellet, 

and the solution was mixed until suspension. 

4. The mixture was centrifuged at 700xg at 4°C for 2 minutes. Supernatant was 

discarded. 

5. Steps 3 and 4 was repeated. 

6. The solubilized sample was added to the resin, paying attention to not exceeding 

resin capacity. Resulting mixture was incubated on an end-to-end platform at 2-8°C 

for 1 hour. 

7. The resin (and bound proteins) were pelleted by centrifuging at 700 x g at 4°C for 

5 minutes. 

8. Supernatant was removed. Resin was resuspended in 10 bed volumes of 

denaturing equilibrium/wash buffer.  

9.  Resulting mixture was incubated on an end-to-end platform at 4°C for 10 minutes. 

The resin is pelleted at 700 x g for 5 minutes at 4°C. 
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10. Steps 8,9 were repeated. 

11. Supernatant was removed. One bed volume of denaturing equilibrium/wash 

buffer was added to the pellet. 

12.  The resin suspension was transeffered to a column and was allowed to settle out 

of suspension. End cap of column was removed and excess buffer was allowed to 

drain. 

13.  Column was washed with 5 bed volumes of denaturing equilibrium/wash buffer.  

14. His-tagged G-CSF C17A was eluted by adding 5 bed volumes of denaturing 

elution buffer. Eluates were collected in 0.5 bed volume microfuge tubes. 

15. Eluates were stored at 4°C until confirmation of purity and concentration with 

SDS-PAGE. 
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APPENDIX C 

 

 

DIALYSIS TUBING PREPARATION PROTOCOL 

 

 

 

1. Required amount of tubing was cut and clamped on both ends. 

2. Glycerol was removed from tubing by washing under tap water for 3-4 hours. 

Tubing was declamped. 

3. The tubing was treated in a 0.3%(w/v) sodium sulfide solution at 80°C for 1 

minute. 

4. Tubing was washed with hot water at 60°C for 2 minutes.  

5. Tubing was treated wih 0.2%(v/v) sulfuric acid in water.  

6. Tubing was rinsed with hot water to remove any acid. 

7. Tubing was clamped, used for dialysis, and discarded. 
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APPENDIX D 

 

 

PROTOCOLS FOR FACTOR XA DIGESTION AND FACTOR XA 
REMOVAL 

 

 

 

Factor Xa Digestion 

1. 10X Factor Xa buffer and  protein sample is mixed in a 100 to 400 L reaction 

mixture in a 1:9 volumetric ratio.  

2. Factor Xa (2U/ L)  is added in a concentration of 25 L/mL. 

3. Reaction mixture is incubated at 15-25°C in a water bath   

 

Factor Xa Removal 

1. Resin is resuspended by inversion. 50 L bed volume (100 L slurry) per 4 Units 

of Factor Xa is transferred to a centrifuge tube. 

2. The resin is centrifuged at 1000 x g for 5 minutes. Supernatant is discarded. 

3. Resin is resuspended in 10 bed volumes 1X Factor Xa buffer, recentrifuged at 

1000 x g for 5 minutes, and its supernatant is discarded. 

4. Factor Xa reaction mixture is applied to the resin. Mixture is incubated  for 10-15 

minutes on an end-to-end incubator. 
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5. The reaction is centrifuged at 1000 x g for 4 minutes. The supernatant is removed 

with a 1 mL syringe. 
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APPENDIX E 

 

 

OPTICAL DENSITY CALIBRATION CURVES 

 

 

 

 

Figure E.1: Calibration curve for dry cell weight E. coli BL21 (DE3) pRSET A:: 

GCSF C17A cells at 550 nm. 
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Figure E.2: Calibration curve for dry cell weight E. coli BL21 (DE3) pRSET A:: 

GCSF C17A cells at 600 nm. 
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APPENDIX F 

 

 

NUCLEOTIDE SEQUENCES 

 

 

 

Nucleotide sequence for pRSET A vector, 2897 base pairs: 

GATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCC
TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCGGGGTTCTCAT
CATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGAT
CTGTACGACGATGACGATAAGGATCGATGGGGATCCGAGCTCGAGATCTGCAGCTGG
TACCATGGAATTCGAAGCTTGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGT
TGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGG
TCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGATCTGGCGTAATAGCGA
AGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGA
CGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGAC
CGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCT
CGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTT
CCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTC
ACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCAC
GTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGT
CTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGA
GCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATTTA
GGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATA
CATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATAT
TGAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTT
GCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGAT
GCTGAAGATCAGTTGGGTGCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGT
AAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAA
GTTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGT
CGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAG
CATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGT
GATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACC
GCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAG
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CTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGGCA
ACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAA
TTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTT
CCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGT
ATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACG
ACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCC
TCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATT
GATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAAT
CTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTA
GAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTG
CAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCA
ACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTT
CTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATAC
CTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTT
ACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACG
GGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATAC
CTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGG
TATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGA
AACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGA
TTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCC
TTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTA
TCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGC
CGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCA
ATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAG 

 

 

 

Nucleotide sequence for pRSET A:: 6xHistag-GCSF C17A, 3322 base pairs: 

GATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGAGACCACAACGGTTTCCC
TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGCATCACCATCAC
CATCACATTGAAGGCCGTACTCCTCTGGGTCCAGCTTCCTCTCTTCCGCAGTCGTTC
CTGTTGAAAGCTCTTGAGCAGGTTCGCAAAATCCAAGGTGACGGCGCTGCACTGCAA
GAAAAACTGTGTGCGACCTATAAACTGTGCCATCCGGAAGAACTGGTGTTACTCGGT
CACAGTCTGGGTATCCCGTGGGCTCCGCTGAGCAGTTGCCCGTCCCAAGCTCTTCAG
CTGGCTGGTTGCTTATCGCAACTCCATTCAGGTTTGTTTTTATATCAGGGTTTACTG
CAAGCACTGGAAGGCATCAGCCCGGAACTGGGTCCTACCTTGGACACGCTCCAGCTG
GACGTTGCTGACTTCGCCACGACCATCTGGCAGCAAATGGAGGAATTAGGCATGGCT
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CCGGCGCTGCAACCGACCCAGGGCGCCATGCCAGCATTTGCGAGCGCTTTTCAACGC
CGTGCGGGTGGCGTTTTAGTCGCGAGCCACTTACAATCGTTCCTGGAAGTGTCTTAT
CGCGTCCTTCGCCATCTTGCACAGCCGTAATAAGAATTCGAAGCTTGATCCGGCTGC
TAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGC
ATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAAC
TATATCCGGATCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAG
TTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCG
GGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCT
CCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCT
CTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCC
AAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTT
TTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACT
GGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCG
ATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTT
AACAAAATATTAACGCTTACAATTTAGGTGGCACTTTTCGGGGAAATGTGCGCGGAA
CCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAAT
AACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATT
TCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACC
CAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGGGTT
ACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAAC
GTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTA
TTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGG
TTGAGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAAT
TATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAA
CGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAA
CTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTG
ACACCACGATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAAC
TACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTG
CAGGACCACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTG
GAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGC
CCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAA
ATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACC
AAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGA
TCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTT
CGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTT
TTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGG
TTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCA
GAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCA
AGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTG
CTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGG
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ATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGC
GAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGC
TTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAG
AGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGT
TTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCC
TATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTT
TTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCG
CCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAG
TGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGC
CGATTCATTAATGCAG 

 

 

His tag 

 

Factor Xa Processed Protein 

 

Factor Xa Site 

 

NdeI site 

 

pRSET A EcoRI site 

 
 

Figure F.1: Legend for nucleotide sequence. 

 

Sequencing data visualized in Chromas: 
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Figure F.2: Sequencing Data for G-CSF C17A gene cloned into pRSET A vector. 

 

 

 

 

Figure F.3: BLASTn result, aligning nucleotide sequencing data to intended 
sequence. 
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APPENDIX G 

 

 

SDS-PAGE GELS 

 

 

 

 

 

 
 

Figure G.1: SDS-PAGE gel for BR-1. M: PageRuler  Prest. Prot. Ladder, Lane 1: 
0h, Lane 2h, Lane 3: 4h, Lane 4: 6h, Lane 5: 10h, Lane 6: 8h, Lane 7: 12h, Lane 8: 

Neupogen 25 mg/L, Lane 9: Neupogen 150 mg/L. 
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Figure G.2: SDS-PAGE gel for BR-1. M: PageRuler  Prest. Prot. Ladder, Lane 1: 
Neupogen 25 mg/L,  Lane 2: Neupogen 150 mg/L, Lane 3: 14h, Lane 4: 16h, Lane 5: 

18h, Lane 6: 20h, Lane 7: 22h, Lane 8: 24h, Lane 9: Negative control. 

 

 

 

 
 

Figure G.3: SDS-PAGE gel for BR-2. M: PageRuler  Prest. Prot. Ladder, Lane 1: 
0h, Lane 2: 3h, Lane 3: 6h, Lane 4: 9h, Lane 5: 12h, Lane 6: Neupogen 25 mg/L, 

Lane 7: Neupogen 150 mg/L., Lane 8: Neupogen 600 mg/L. 
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Figure G.4: SDS-PAGE gel for BR-2. M: PageRuler  Prest. Prot. Ladder, Lane 1: 
15h, Lane 2: 15.5h, Lane 3: 16.5h, Lane 4: 17.5h, Lane 5: 18.5h, Lane 6: 19.5h, Lane 
6: Neupogen 25 mg/L, Lane 79: Neupogen 150 mg/L., Lane 8: Neupogen 600 mg/L. 
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APPENDIX H 

 

 

BIOACTIVITY DATA 

 

 

 

 

Figure H.1: Dose and time response of Neupogen®. Data points signify average of 
triplicates. 
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Figure H.2: Dose and time response of G-CSF C17A. Data points signify average of 
triplicates. 
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