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1. INTRODUCTION 
 
Escherichia coli is an important microorganism for production of recombinant proteins 

applied in therapy and diagnosis. E. coli offers several advantages, including growth on 

inexpensive carbon sources, rapid biomass accumulation and simple process for scale-

up. Thus, E. coli has been usually selected to obtain enough material for biochemical 

and structural studies and for the large-scale production of valuable recombinant 

proteins. However, overexpression of recombinant proteins often leads to an incorrect 

conformation, proteolytic degradation of proteins and formation of insoluble aggregates 

of nonnative proteins or inclusion bodies (IBs) (Baneyx and Mujacic, 2005). In some 

cases, formation of IBs can be desired and simplify some steps of purification. 

However, refolding of small proteins can be efficient, but not with large proteins as 

multiple disulfide bonds normally fail to fold in their correct conformations. Moreover, 

renaturation and refolding of IBs in vitro are complicated and costly. After refolding, 

low yields of soluble proteins are obtained due to protein aggregation resulted from 

interactions among hydrophobic regions of the proteins.  

 
In order to obtain high yield of soluble heterologeous recombinant proteins from E. coli, 

other strategies have been applied, e.g. the use of different host strains, promoters, 

reduction of cultivation temperature, coexpression of chaperones, localization of the 

gene products in the periplasm and culture medium or other words: secrection of 

recombinant proteins into the periplasmic space and export of proteins to growth 

medium using different helper proteins and additives. These strategies are indicated in 

Table 1.  
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Table 1. Optimization of functional soluble protein expressed in E.coli  
 
 
Parameter 
 

Cultivation method Protein expression Reference 

Localization  
Batch, shake flask 

 
Transglutaminase 
 

 
Yokoyama et al., 1998 

 Fed-batch α-glucosidase, creatinine 
imino hydrolase 
 

Lin, 2000 
 

 Fed-batch, high cell 
density 
 

hydrolase 
 

Dresler et al., 2006 

 
Shake flask 

 
native tissue-type 
plasminogen activator 
(rPA) 
 

 
Schäffner et al., 2001 
 

Shake flask 
 

α -amylase/trypsin 
inhibitor  
 

Wunderlich and 
Glockhuber, 1993 

 Additives  
                           L-Arg , 
                           glutathione 
 
 
                           glutathione 
 
                           
                          glycine,  
                          Triton X-100              
 

Shake flask sFV/TGF- α 
 

Yang et al., 1998 

Temperature  
Shake flask 

 
human tumour necrosis 
factor-β 
 

 
Mak et al., 1993 

 
 

Shake flask β -lactamase 
 

Baneyx et al., 1992 

Coexpression  
                         DsbA or DsbC 
 
 

 
Fed-batch, high cell 
density 

 
insulin-like growth factor 
(IGF)-I 

 
Joly et al., 1998 

                         DsbC Fed-batch tissue-type plasminogen 
activator (tPA) 
 

Qiu et al., 1998 

                         DsbC, DsbD Shake flask Human nerve growth 
factor β 

Kurokawa et al., 2001 

    
                         FkpA Shake flask single chain antibody 

fragments scFv 
 

Bothmann and Plückthun, 
2000 

                         DegP Batch  recombinant penicillin 
acylase 

Lin et al., 2001; Pan et al., 
2003 
 

                        DegP+FkpA Shake flask recombinant penicillin 
acylase 
 

Wu et al., 2007 
 

                        DnaJ, Hsp25 Shake flask native tissue-type 
plasminogen activator 
(rPA) 

Schäffner et al., 2001 
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From the previous reports, although genetic optimization of production strains has been 

well investigated, few research on processes designed for secretory production was 

developed. Effects of environment conditions such as medium formulation and 

parameters of cultivation process for translocation of recombinant proteins to the 

periplasm and growth medium during fedbatch cultivations should be also taken into 

account. 

The effect of feeding strategies during fed-batch cultivation on cytoplasmic protein 

production has been well documented (Curless et al., 1989; Fu et al., 1993; Hellmuth et 

al., 1994; Kim et al., 1996; Le Thanh and Hoffmann, 2005; Lee et al., 1996; Seo and 

Bailey, 1986; Turner et al., 1994). However, few studies investigate the impact of 

growth or feeding rates specifically for periplasmic production. Changes in substrate 

and growth rate during fedbatch cultivations affect the secretion of the product to the 

periplasm (Boström et al., 2005). Growth rate influences the membrane structure of E. 

coli and leakage of periplasmic proteins to the culture medium (Shokri et al., 2002; 

Shokri et al., 2003; Dresler et al., 2006). Pre-induction growth rate results in a sharp 

maximum of secretion efficiencies (Curless et al., 1994).  

In this dissertation, the coexpression of certain helper proteins together with the target 

proteins, the optimal conditions for production of the soluble proteins in the three 

compartments (cytosol, periplasm and culture supernatant) were investigated. Also, in 

order to evaluate the expression of the protein in the cytosol of E.coli, a method 

(Dynamic Light Scattering) for quantitative measuring size particles of IBs was 

developed. 

 

1.1 State of the art for soluble protein production  from Escherichia coli 

 
1.1.1 Coexpression of molecular chaperones for prod uction of soluble protein  

 
1.1.1.1 Functions of chaperones  

 
In the cells, the chaperone systems can prevent misfolding of proteins by providing a 

proper evironment for nascent proteins to fold. Chaperones assist protein folding by 

blocking improper intermolecular interactions and hold the emerging part of the nascent 

chain until synthesis is complete (Stryer, 1996).  Many chaperones in E.coli are able to 
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bind to unfolded polypeptides and prevent aggregation of proteins (Georgiou and Valax, 

1996). The structure and function of the chaperone families are described in Table 2.  

 
Table 2. Chaperone families: Structure and function (Mogk et al., 2002) 

 

Chaperone 
family 

Structure ATP Prokyryote Eukaryote Co-
chaperone 

Function 
 

Hsp100 6-7-mer  + ClpB   Disaggregation together with Hsp70 
 

   ClpA   Proteolysis together with the ClpP 
protease 

    Hsp104  thermotolerance 
disaggregation together with Hsp70  

Hsp90 dimer + HtpG   tolerance to extreme heat shock 
 

    Hsp90 Hop, p23, 
CDC37 

stress tolerance 
control of folding and activity of 
steroid hormone receptors, protein 
kinases, etc. 
 

Hsp70 monomer + DnaK  DnaJ, GrpE de novo protein folding; prevention of 
aggregation of heat-denatured proteins; 
solubilization of protein aggregates 
together with ClpB; regulation of the 
heat shock response 
 

    Hsp70, 
Hsc70 
 

Hsp40, 
Bag1, Hip, 
Chip, Hop, 
HspBP1 
 

de novo protein folding; prevention of 
aggregation of heat-denatured proteins; 
solubilization of protein aggregates 
together with Hsp104; regulation of the 
heat shock response; regulation of the 
activity of folded regulatory proteins 
(such as transcription factors and 
kinases) 
 

Hsp60 14-mer, 
16-mer 

+ GroEL  GroES de novo protein folding; prevention of 
aggregation of heat-denatured proteins 

    CCT/TRiC prefoldin de novo folding of actin and tublin  
 

sHsps 8-24-mer  IbpA, IbpB 
 

  prevention of aggregation of heat-
denatured proteins binding to inclusion 
bodies 
 

    Hsp25 
(crystalline) 
 

 prevention of aggregation of heat-
denatured proteins component of the 
lens of the vertebrate eye  
 

trigger 
factor 

monomer  trigger 
factor 

  ribosome-associated potential function 
in de novo protein folding 
 

NAC Hetero-
dimer 

 NAC   ribosome-associated potential function 
in de novo protein folding 
 

SecB tetramer  SecB   
 

protein secretion 
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1.1.1.2 Applications of  heat shock proteins in Bio technology 

 
A number of publications demonstrated that by overproduction of molecular 

chaperones, misfolding and subsequent aggregation of heterologous proteins in E. coli 

can be reduced (de Marco and De Marco, 2004; Nishihara et al., 2000; Thomas et al., 

1997; Tomoyasu et al., 2001). Simultaneous overproduction of several molecular 

chaperones and recombinant protein in the host cell can introduce sufficient amounts of 

chaperones inside the cell to increase de novo folding of the products and the yield of 

correctly folded proteins. Hence, coexpression of chaperones plays an important role in 

enhancement of soluble protein production.  

 
In several cases, the amount of soluble protein was significantly increased upon the 

overproduction of ribosome-associated trigger factor (TF) and GroEL/GroES (Nishihara 

et al., 2000). Overproduction of the bi-chaperone system ClpB/DnaK could completely 

reverse the IB-like aggregates identified in ∆rpoH mutant cells after temperature upshift 

(Tomoyasu et al., 2001). Co-overproduction of ClpB/DnaK or IbpAB might help to 

increase the amount of native protein. The resolubilization of proteins from IBs was 

mediated by the disaggregating activity of ClpB/DnaK (Carrio and Villaverde, 2001). 

 
Overproduction of molecular chaperones inside the host cell can be obtained by 

introducing extra copies of chaperones encoding genes into the host cells together with 

the target genes (Mogk et al., 2002). Cells can be transformed with several plasmids 

which encode chaperone or the target gene under control by a promoter to ensure 

appropriate co-expression of those genes (De Marco et al., 2004) (Fig. 1). 
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Fig. 1: Biotechnological production of recombinant protein without (A) and with 
(B) optimized amounts of chaperones. A) Without sufficient amounts of chaperones 
the recombinant protein is high aggregation and forms inclusion bodies. B) The 
controlled co-overproduction of molecular chaperones together with the target protein 
leads to increased levels of the properly folded recombinant protein.   
Preg is a regulatable promoter, for example, isopropyl-D-thiogalactopyranoside (IPTG) 
controlled. (Mogk et al., 2002). 
 
 
However, the beneficial effect of chaperones may depend on the target proteins and on 

the level and mixture of chaperones provided. None of the individual chaperones could 

prevent misfolding of all proteins (Mogk et al., 2002). The success of chaperone co-

overproduction depends on the relative affinities of the chaperone system to the folding 
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intermediates and the folding and aggregation kinetics of such species (Schlieker et al., 

2002).  

 

1.1.2 Protein secretion pathways in Escherichia coli 

 
1.1.2.1  Pathways of disulfide bond formation in pe riplasm  

In the cytoplasm of E. coli, disulfide bonds are rarely found due to the reducing 

environment of this compartment. In contrast, the periplasm contains a family of 

proteins that catalyze disulfide bond formation in newly translocated proteins. These 

proteins belong to the disulfide oxidoreductase “Dsb” family (DsbA, DsbB, DsbC, 

DsbD and DsbG) (Missiakas and Raina, 1997; Bessette et al., 1999; Messens and 

Collet, 2006).  Most periplasmic Dsb proteins contain a thioredoxin fold and a catalytic 

CXXC motif. Depending on the function of the Dsb protein, the CXXC motif is kept in 

the reduced form (Dsb-(SH)2; with a dithiol) or in the oxidized form (Dsb-S2; with an 

intramolecular disulfide bond). The Dsb proteins are involved in two major pathways: 

an oxidation pathway (DsbA and DsbB) and an isomerization pathway (DsbC, DsbG, 

DsbD) (Messens and Collet, 2006). 

The oxidative protein folding pathway 

In the Dsb family, DsbA is the most important thiol oxidase in the periplasm. DsbA is a 

monomeric protein of 21.1 kDa. The dsbA gene contains a characteristic Cys30-Pro31-

His32-Cys33 catalytic motif (Bardwell et al., 1991; Martin et al., 1993). In vivo, DsbA 

functions as an oxidant (Kishigami et al., 1995), whereas in vitro the protein acts as 

both an oxidant and a sulfide bond isomerase, depending on the redox state of the two 

cysteines in the protein. Oxidized DsbA containing the Cys30-Cys33 disulfide bond 

with a redox potential of  – 120 mV is a strong thiol oxidant which promotes disulfide 

bond formation rapidly in vivo and in vitro (Zapun et al., 1993; Ǻslund et al., 1997; 

Huber-Wunderlich and Glockshuber, 1998). 

DsbA is released in the reduced form after transfer of its disulfide bond to a target 

protein. To function as a catalyst in a new oxidation cycle, DsbA needs to be 

reoxidized. This reoxidation is accomplished by the inner-membrane protein, DsbB. 

DsbB is a 20 kDa protein that is predicted to have four transmembrane helices and two 

periplasmic loops. Four conserved cysteines are arranged in the two loops: Cys41 and 
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Cys44 in the N-terminal loop and Cys104 and Cys130 in the C-terminal loop. After the 

reoxidation of DsbA, DsbB needs to pass the electrons it gained from DsbA to an 

acceptor. DsbB is a unique enzyme that has the ability to use the oxidizing power of 

membrane-bound quinones to generate disulfide bond de novo. DsbB can transfer 

electrons between quinines, and DsbA is extremely rapidly oxidized (Messens and 

Collet, 2006). 

 
The protein disulfide bond izomerization pathway 

In vivo, the disulfide bond formation catalysts regularly introduce non-native disulfides 

into proteins with more than two cysteins. In E. coli, the system rescueing misfolded 

proteins is composed of two periplasmic disulfide bond isomerases, DsbC and DsbG – a 

homolog to DsbC, and a membrane protein DsbD.  

DsbC is a homodimeric protein with two 23.4 kDa subunits. Each subunit contains four 

conserved cysteine residues. Only two of them (Cys98 and Cys101), arranged in a 

CXXC motif, are essential for the oxidoreductase activity of the protein. DsbC 

promotes the rearrangement of non-native disulfide bond in a number of proteins e.g. 

bovine pancreatic trypsin inhibitor, RNase, tissue type plasminogen activator (tPA) and 

urokinase  with multiple cysteine residues (Kadokura et al., 2003). Therefore, incorrect 

disulfide bonds in proteins can be successfully corrected by DsbC. Although DsbA and 

DsbC have some similarities in the redox properties and structures, the active site of 

DsbC is kept reduced in the periplasm, in contrast to DsbA (Kadokura et al., 2003; 

Messens and Collet, 2006).  

A second protein disulfide isomerase, DsbG, is present in the periplasm. DsbG is a 25.7 

kDa protein that forms a dimer and has two conserved cysteine residues, Cys109 and 

Cys112, which are present in a CXXC motif (Bessete, Cotto, Gilbert, Georgiou, 1999). 

DsbC and DsbG have a similar redox potential which is in the range between −126 mV 

and −129 mV). Like DsbC, DsbG is able to correct non-native disulfide bonds both in 

vitro and in vivo. However, the major difference between DsbG and DsbC is probably 

their specificity (Messens and Collet, 2006). 

The disulfide isomerases, DsbC and DsbG have to be reduced in the oxidizing 

environment of the periplasm. The protein that is responsible for maintaining DsbC and 
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DsbG in the reduced state is the inner-membrane protein DsbD. DsbD is a 546 amino- 

acid protein and has three different domains: N-terminal periplasmic domain (DsbDα), a 

transmembrane domain with eight transmembrane segments (DsbDβ) and a C-terminal 

domain (DsbDγ). Each domain includes a pair of cysteines that are essential for protein 

activity (Stewart et al., 1999). The function of DsbD is to give electrons to the 

periplasmic protein disulfide isomerases DsbC and DsbG. In vivo and in vitro DsbD 

itself receives electrons from cytoplasmic thioredoxin. The mechanism by which DsbD 

transfers electrons across the membrane is still unclear. Experiments in vivo and in vitro 

show that electrons are transferred via disulfide bond exchange reactions between the 

three domains (Messens and Collet, 2006). 

 

1.1.2.2  Translocation pathways for protein secreti on  

 
There are three pathways which are involved in the secretion of proteins via the 

cytoplasm of bacteria: the Sec-dependent, signal recognition particle (SRP) and Twin-

arginine translocation (TAT) pathway. 

 
Sec-dependent pathway 

 
Generally, in E. coli, most of proteins synthesized in the cytoplasm as premature 

proteins are found in the outer membrane or periplasmic space. These premature 

proteins contain a signal sequence including a short 15-30 specific amino acid sequence 

e.g. PelB, OmpA, PhoA, endoxylanase, and StII that allows the proteins to be exported 

out of the cytoplasm via the Sec pathway. During transport of proteins out of the 

cytoplasm, the signal sequence is cleaved by signal peptidase to form the mature protein 

(Choi and Lee, 2004). The process that brings these proteins to the periplasm is called 

secretion.  

 
Protein export through Sec pathway is post-translational. The SecYEG complex is 

necessary for proteins to be translocated in to the periplasmic space. Mature proteins 

must be in unfolded or partially unfolded conformation before targeting to the SecYEG 

pore (Georgiou and Segatori, 2005; Santini et al., 1998).  
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SRP pathway  

 
In contrast to Sec dependent pathway, export of protein through SRP pathway is co-

translational. Premature proteins are not exported to SRP pathway due to protein 

synthesis is arrested until the ribosome contacts with the secretion pore. In general, the 

SRP pathway was used for membrane proteins and could be useful for secretion of 

prone aggregated proteins in cytoplasm when exported via Sec pathway. This may 

avoid the accumulation of many preproteins inside the cytoplasm (Georgiou and 

Segatori, 2005).   

 
TAT pathway 

 
The TAT system is a Sec-independent pathway (Santini et al., 1998). Whereas 

preproteins that have not reached a native conformation can be secreted by the Sec 

pathway, the TAT system can directly transfer folded proteins into the periplasm by 

employing a particular signal peptide containing a twin-arginine sequence (Baneyx and 

Mujacic, 2004; Choi and Lee, 2004, de Leeuw et al., 2002, DeLisa et al., 2003; Stanley 

et al., 2000). However, TAT system has some drawbacks due to relatively slow protein 

transport as the translocation reachs maximum level after 10 minutes (Santini et al., 

1998) and the secretion is rapidly saturated (Barrett et al., 2003).  

  

1.1.3 Engineering of periplasmic protein folding pa thway 

 
The periplasm, an oxidative environment containing a disulfide bond formation 

machinary, is suitable for synthesis of proteins with multiple disulfide bonds. A number 

of studies on coproduction of Dsb proteins have been conducted to increase the yield of 

the recombinant proteins with multiple disulfide bonds. Either DsbA or DsbC can 

double the yield of periplasmic insulin-like growth factor (IGF)-I in Escherichia coli 

(Joly et al., 1998). DsbA is essential for folding of many proteins, i.e. BPTI, hirudin, α-

lactalbumin, alkaline phosphatase, bovine ribonuclease A, human proinsulin (Winter et 

al., 2000). However, overexpression of DsbA could only increase yield of native 

heterologous proteins as reduced glutathione (Wunderlich and Glockshuber, 1993) or L-

arginine (Winter et al., 2000) were added to the growth media. 
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Coexpression of DsbC is found to significantly increase the formation of active length 

tissue-type plasminogen activator (tPA) in E.coli (Qiu et al., 1998). Horseradish 

peroxidase (HRP) production was increased severalfold upon overexpression of at least 

disulfide-bonded isomerase DsbC. Maximum translocation of HRP to the periplasm 

probably require overexpression of all DsbABCD proteins, suggesting that Dsb proteins 

assist folding and translocation of HRP (Kurokawa et al., 2000). The soluble and 

functional single-chain Fv antibodies  (scFv) yields is increased from about 50% to 90% 

as the fused protein DsbG-scFv was co-expressed simultaneously with DsbC under the 

same promoter (Zhang et al., 2002).  

 
Although eukaryotic proteins are oxidized complety when secreted to the periplasmic 

space of E. coli via Sec-system, they often fail to form the proper disulfide linkages. 

This is a major problem in the commercial expression of therapeutic active eukaryotic 

proteins. Many heterologous proteins containing multiple disulfide bonds synthesized in 

the E. coli periplasm often lead to protein aggregation as the incorrect thiol groups 

become linked even in the presence of the strong thiol oxidase DsbA and disulfide 

isomerase DsbC. Therefore, another strategy has been approached to optimize folding in 

the periplasm using folding catalysts and chaperones. Coproduction of the cell envelope 

chaperone - periplasmic peptidylprolyl cis,trans-isomerase (PPIase) FkpA improved the 

yield of a wide range of functional single chain antibody fragments scFv in the 

periplasm of E. coli, in some cases, 10-fold (Bothmann and Plückthun, 2000). The 

production of recombinant penicillin acylase (PAC) in the periplasm is significantly 

increased by the presence of the periplasmic heat-shock protein DegP (Lin et al., 2001; 

Pan et al., 2003) and by DegP and FkpA (Wu et al., 2006). Another cell envelope 

chaperone Skp enhances periplasmic scFv fragments (Bothmann and Plückthun, 1998; 

Hayhurst and Harris, 1999). Cosecretion of DnaJ and heat shock protein Hsp25 

increased the yield of native tissue-type plasminogen activator (rPA) up to 170 and 120-

fold, respectively (Schäffner et al., 2001). In the new report, yields of a functional anti-

domoic acid single-chain fragment variable (scFv) antibody fragment from the 

Escherichia coli periplasm were increased by up to 100-fold upon co-production of E. 

coli DnaKJE molecular chaperones (Hu et al., 2006). Recently, by concomitant 

overexpression of DsbA, DsbC and the periplasmic peptidylprolyl cis,trans-isomerases 

with chaperone activity, FkpA and SurA improves the folding of recombinant proteins, 
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human plasma retinol- binding protein (RBP) and human dendritic cell membrane 

receptor DC-SIGN, in the periplasm of E.coli (Schlapschy et al., 2006). In recent report, 

native tPA and truncated tPA (vtPA) produced in fed-batch fermentation was enhanced 

by using the Twin-Arginine Translocation (TAT) system. By fusion of the Tat-

dependent TorA signal peptides (ssTorA) with tPA or vtPA, both ssTorA-vtPA and 

ssTorA-tPA were secreted in the periplasm in active form at high levels without the 

assistance of DsbC (Kim et al., 2005).  

 
Secretion of proteins into the E. coli provides several advantages over cytoplasmic 

production. First, the N-terminal amino acid sequence without the Met extention of the 

secreted product can be obtained after cleavage of the signal sequence by a specific 

signal protease. In addition, there are fewer proteases in periplasm than in cytoplasm 

and many of them have specific substrates. Also, most of secreted proteins contain 

essential disulfide bonds that are required for correct structure formation in the 

extracellular oxidizing environment (Pavlou and Reichert, 2004). In principle, in small 

scale, production of periplasmic proteins can also ease the purification due to fewer 

contaminating proteins in the periplasm. However, there also are some problems 

including: incomplete signal sequences, low or undetectable amounts of recombinant 

protein secretion despite correct signal sequences, inefficient export of protein due to its 

highly hydrophobic membrane, incorrect disulfide bond despite presence of Dsb 

enzyme resulting in formation of aggregate and IBs. Nevertheless, the problems can be 

solved using different promoters, signal sequences, and host strains under various 

culture conditions e.g. low temperature or manipulating periplasmic chaperones (Choi 

and Lee, 2004).  

 
Production of periplasmic proteins with high yields obtained by high cell density 

fermentation using suitable expression systems has been well reported in the literature 

(Chen et al., 2004; Choi et al., 2000; Joly et al., 1998). By choice of suitable strain, 

growth conditions and fermentation parameters, it is reasonable to expect yields in the 

gram-per-litre range for a number of heterologous proteins, provided that these proteins 

are compatible with E. coli expression and folding machineries (Georgiou and Segatori, 

2005). Although E. coli is well to grow high cell densitites, the limiting substrate supply 

during the fed-batch phase of high cell density cultivations and crowding can be a 

challenge to the vitality of the bacterial cell. A number of problems could be raised 



Introduction 
     

 

13 

 

during high cell density cultivation, for instance: decreased substrate uptake abilities, 

cell lysis, metabolic burden to the host cell resulting stress responses, leakage of 

recombinant proteins into environment (Rinas and Hoffmann, 2004).  

 
1.1.4 Strategies for releasing recombinant proteins  to the culture medium  

 
Sometimes, periplasmic proteins (especially small proteins) can be released into the 

culture medium due to an increased permeability of outer membrane during long 

incubations. The “leakage” of the proteins from the periplasm to the culture medium is 

the result of compromsing integrity of the outer membrane. However, the precise 

mechanism responsible for the translocation of proteins over the outer membrane is not 

well understood and probably relates to the nature of proteins (Shokri et al., 2003). The 

leakage of periplasmic proteins to the culture medium should be distinguished from 

total cell lysis which must generally be avoided due to the release of intracellular 

proteins. Nevertheless, leakage of overproduced secreted proteins into the culture 

medium is sometimes associated with the loss of colony-forming ability or even 

followed by whole-cell lysis. These problems can be prevented by using weaker 

promoters, mutagenesis in the primary sequence of the overproduced protein targeted to 

the periplasm, or specific feeding protocols (Rinas and Hoffmann, 2004).  

 
The major advantages of recombinant protein production in the culture medium 

compared to secretion into the periplasm include a simplification of downstream 

processing as outer-membrane disruption of E.coli cells is not required, less intensive 

proteolysis by periplasmic proteases (Choi and Lee, 2004). However, extracellular 

production also has some drawbacks due to release of unintended proteases and protein 

dilution. In terms of product recovery, no specific strategy was used to recover the 

protein from culture medium (Shokri et al., 2003). Therefore, this may be obstacles for 

high scale production of proteins. 
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Strategies for secretory production of recombinant proteins by E.coli are shown in Fig. 

2.  

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 2: Strategies for the extracellular production of recombinant proteins by E. 
coli. A Recombinant proteins can be excreted into the culture medium by treating cells 
with various agents or by using L-form cells. B Recombinant protein fused to outer-
membrane protein F (OmpF) of E. coli can be excreted into the culture medium. C 
Proteins secreted into the E. coli periplasm can also be released into the culture medium 
by co-expression of kil, out genes, the gene encoding the third topological domain of the 
transmembrane protein TolA (TolAIII), or the bacteriocin-release protein gene. D The 
target protein fused to the C-terminal hemolysin secretion signal can be directly 
excreted into the culture medium through the hemolysin transport system (Choi and 
Lee, 2004)  

 

There are a number of methods which have been used to enhance the export of 

recombinant proteins in culture supernatant.  

For the first method, the mechanical, chemical and enzymatic treatments using 

ultrasonography, guanidine, Triton X-100, polyethylene glycol, lysozyme may break the 

outer membrane and cell wall of E.coli, therefore, affect the leakage of proteins into the 
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environment. However, this method is not applicable for production in large scale 

(Shokri et al., 2003).  

Besides that, another method is to fuse the target protein to a carrier protein (hemolysin) 

which is normally secreted into the medium or to a protein (OmpF) expressed on the 

outer membrane (Fernandez et al., 2000; Jeong and Lee, 2002; Li et al., 2002; Nagahari 

et al., 1985).  

Also, periplasmic proteins can be released into the culture medium by co-expression of 

the kil gene (Kleist et al., 2003; Miksch et al., 1997; 2002), or the gene coding for the 

third topological domain of the transmembrane protein TolAIII. Overexpression of 

TolAIII and a modified form of ß-lactamase with the OmpA signal sequence led to the 

release of most periplasmic proteins and 90% of the active enzyme into the culture 

medium (Wan and Baneyx, 1998). 

 
Moreover, the extracellular production of recombinant proteins (Fu et al., 2003; Lin et 

al., 2001b; van der Wal et al., 1995) from E.coli can also be promoted by bacteriocin 

release protein (BRP) which is a small lipoprotein containing 28 amino acid residues. 

So far, the exact mechanism of BRP is not known. It may function as a precursor with a 

signal peptide and is secreted across the inner membrane and then is transported into the 

outer membrane. There, BRP activates the outer membrane phospholipase A leading to 

the formation of permeable zones in the cell envelope that proteins can go through and 

be exported into the medium (Luirink et al., 1986). By modification of the BRP protein, 

the growth inhibition, cell lysis or contaminating proteins which are accompanied with 

the wild type BRP can be avoided (van der Wal et al., 1998).  

 
Another method is to use wall less cells or L-form cells for the extracellular production 

of recombinant proteins (Kujau et al., 1998; Rippmann et al., 1998). These L-forms are 

spherical cells derived by mutation and have been used to produce antibody fragments 

in a complex medium. However, this system is not suitable for industrial high cell 

density production without additional developments on stability and medium 

optimization (Shorki et al., 2003) due to the limited mechanical stability of the L-form 

cells.  
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1.1.5 Effects of cultivation conditions on the tran slocation of recombinant 

proteins to the culture medium  

Although genetic optimization of production strains has been well investigated, few 

research on processes designed for secretory production was developed. There is some 

research investigating effects of environment conditions such as medium formulation 

and cultivation process parameters for export of recombinant proteins to the growth 

medium. 

The compositions of the growth medium have a large impact on the function of the cell 

membrane. The presence of sodium chloride affects the outer membrane structure in the 

stationary phase of the cultivation. The divalent cations such as Mg2+ and Ca2+ are 

important for transport of compounds through the membrane. They can block the pores 

of the outer membrane leading a reduction of the transport of lysozyme and other 

molecules over the membrane (Shokri et al., 2003). Amino acids supplemented to the 

medium have an influence on the membrane structure. The leakage of human growth 

hormone is higher in a medium supplemented with casamino acids than in a minimal 

medium (Hsiung et al., 1989). The secretion of periplasmic protein cytochrome b5 and 

its discharge into the medium are stimulated by addition of glycine to the growth 

medium (Kaderbhai et al., 1997).  Furthermore, an addition of 2% glycine or 1% Triton 

X-100 to the medium delayed formation of inclusion bodies in the periplasm and 

obviously promoted the production of extracellular FV fragment tumor necrosis factor 

alpha fusion protein (SFV/TNF-
α
) to 170 fold (Yang et al., 1998). It is believed that 

glycine can enlarge spheroidal morphology in E. coli and may break peptidoglycan 

cross-linkages and cell membrane integrity.  

Changes of physical parameters e.g. temperature, pH, aeration and medium composition 

influence composition of the fatty acids in the cells of E.coli (Knivett and Cullen, 1965). 

Since these fatty acids play an important role in the function of the inner and outer cell 

membranes, these changes affect the translocation of proteins over the membrane 

(Arneborg et al., 1993). Temperature has a major effect especially on protein 

translocation. A reduction of temperature reduces the transport of proteins resulting in 

difficulty of leakage improvement due to the membrane changes from a liquid-

crystalline bilayer to a more-ordered gel phase. Acidic or alkaline media increase or 
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decrease the amount of cyclopropane acids in the cells of  E.coli, respectively. This 

probably influences growth rate during acetic acid formation. Partial pressure of carbon 

dioxide affecting membrane fluidity is also an important factor. High aeration 

conditions reduce the amount of carbon dioxide in the medium leading to structural 

changes of the membrane. This increases the amount of cyclic fatty acids and improves 

the rigidity of the membrane (Shokri et al., 2003). 

Growth rate is also an important parameter in the cultivation process. The cell 

membrane becomes more rigid as the cultivation reached the stationary phase and the 

growth rate declined.  Only at relatively low growth rates, a reduction in 

phosphatidylethanolamine is accompanied by an increase in phosphatidylserine.  

There is a strong coupling between protein translocation and the amounts of lipid acids 

in the both membranes. The coupling is especially related to the amounts of acidic 

phospholipids and unsaturated fatty acids of the inner membrane. Increased amounts of 

phosphatidylglycerol enhance protein translocation.  Therefore, cultivations under 

changing glucose limiting conditions can alter the structure of the both membranes 

causing protein leakage of periplasmic proteins to the culture medium (Shokri et al., 

2002; Shokri et al., 2003; Dresler et al., 2006).  

 
 
1.2   State of the art on the quantitative determin ation of IBs and other  

biological particles  

 
1.2.1 Methods for detection of biological particle size 

 
Production of soluble recombinant proteins from E.coli often faces up with formation of 

insoluble protein aggregates or IBs. For biological analysis, to obtain a quantitative 

evaluation of the formation level, particle size of IBs needs to be determined since the 

measurement of their solubility is inapplicable. The following techniques have been 

used so far for the charaterization of IBs including electron microscopy, centrifugal disc 

photosedimentation (CDS).  

 
Electron microscopy has been used to measure IBs of E.coli (Bailey et al., 1995; Moriya 

et al., 1991). From the obtained micrographs, isolated IBs of Tumor Necrosis Factor-α 

from the cells were found to be relatively spherical which have an estimated size about 
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0.5 µm (Moriya et al., 1991). However, this method has some limitations due to a 

difficult estimation of size distributions from their micrographs and the unclear effect of 

the preparative procedure on the biological samples.  

 
CDS has been used to determine the size distribution of IBs (Middelberg et al., 1990; 

Taylor et al., 1986; Thomas et al., 1991). However, this method is sentitive to particle 

extinction and baseline. Therefore, it is suitable for size of particles bigger than 0.4 µm 

(Middelberg et al., 1990). Moreover, due to unknown optical extinction coefficient of 

the IBs, this parameter was referred from the coefficients of polystyrene latex spheres 

since the extinction coefficient of the cell debris and IBs is proposed to be similar to 

that for polystyrene latex particles in water (Taylor et al., 1986; Thomas et al., 1991).  

 
Size of IBs has been typically measured by electron microscopy and CDS indicated in 

Table 3. 

 
Table 3. Methods for detemination of IB size 

 

Method IB protein Estimated IB size 
(µm) 

Reference 

 
Electron 
microscopy 

 
Human growth 
hormone 
 

 
0.17 
 

 
Bailey et al., 1995 

 Tumor Necrosis 
Factor-α 

0.5 Moriya et al., 1991 

 
CDS 

 
pGH 
 

 
0.15-0.45 

 
Middelberg et al., 1990 

 γ-interferon 
prochymosin 
 

0.81 
0.17  

Taylor et al., 1986 

 Porcine somatotropin 
 

0.4-0.5 Thomas et al., 1991 

 
 
For measuring other biological particles e.g. cell debris electron microscopy (Bailey et 

al., 1995), CDS, photon correlation spectroscopy (PCS) or Dynamic Light Scattering 

(DLS) (Agerkvist and Enfors, 1990) and electrical sensing zone (ESZ) (Wong et al., 

1997b) techniques have been applied. However, ESZ method employed to measure size 
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distribution of yeast and Bacillus cereus is inappropriate for measuring cell debris from 

E.coli which has sizes below 0.5 µm.  

 
Besides that, many reports applying DLS for measuring size of other biorelated particles 

such as lipoprotein (O'Neal et al., 1998; Chou et al., 2004), amyloid fibrils (Gorman et 

al., 2003; Kim et al., 2004; Nichols et al., 2005; Shen et al., 1993), and soluble oligomer 

of β-amyloid (Meyer et al., 2004), small aggregates of malate dehydrogenase (Schlieker 

et al., 2004) have been published.  

 
However, DLS is suitable for measuring spherical, monomodal particles (only one peak 

in size distribution of displayed graph) and reasonably narrow sample widths (typical 

polydispersities less than around 0.25). The technique has also some limitations if 

sample is non-spherical, has a board size distribution and requires a multimodal 

distribution analysis (Rawle, 1995). As abovementioned, IBs of isolated E.coli from the 

cells are relatively spherical, thus, DLS is applicable to measure size distributions of 

IBs. Since DLS is a rapid method, able to measure materials without damaging or 

altering them and requires a little sample preparation (Rawle, 1995), in this thesis, this 

technique was employed for measuring the size distributions of IBs.  

 

1.2.2 Measurement of particle size distribution by Dynamic Light Scattering  

 
The DLS technique relies on the random movement of particles due to collosion with 

the solvent molecules of the suspending medium (Brownian motion). The particle size 

is calculated from the translational diffusion coefficient by using the Stokes-Einstein 

equation (Eq. 1) (Rawle, 1995). 

Where: 

 
d (H) : hydrodynamic diameter 

D : translational diffusion coefficient 

k : Boltzmann´s constant 

T : absolute temperature 

η : viscosity 

(1)                                                                                                     
3

k

ηD

T
d(H)

π
=
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Thus, the method is unsuitable for measuring small particles in a gas or if the motion of 

the particles is not random. Also, if the particles are too large and are sedimenting, then 

the technique is not applicable. If samples consist of particles which have different 

sizes, the scattered light from big particles will swamp the scattered light from the 

smaller ones (Rawle, 1995). This may lead to wrong results for the smaller particles to 

be obtained. Therefore, the necessary of preparative methods must take into account to 

get the meaningful data from DLS. In case particle sedimentation is occurring during 

measurement, a proper dispersion needs to be applied.  

 
Another important factor should be carefully considered is sample concentration. At 

higher concentrations, size of the particles may depend on the sample concentration 

leading to two negative effects: multiple scattering and particle-particle interactions. 

Multiple scattering reduces the actual particle size due to the light is scattered by one 

particle and then this one is scattered by another particle before reaching the detector. 

Particle-particle interactions affect diffusion speed and thus the apparent particle size. 

To avoid these effects, samples must be routinely hightly diluted and measured by a 

conventional 90° detection angle DLS equipment. In this case, viscosity values of the 

diluted samples need to be correctly estimated. However, for many materials, such high 

dilution may change the particle size characteristics that lead obtained results not to be 

meaningful. To overcome this limitation, non-invasive back scatter (NIBS) technology 

has been applied in DLS to increase the concentration limits and sensitivity of the 

technique (Kaszuba et al., 2004). 

 
To get realiable results from DLS measurement, the following factors must be 

accomplished: dust on the glassware must be removed, solvent must be clean and 

filtered, convection currents must be controlled since they will interfere with the 

Brownian motion, sedimentation of the particles needs to be prevented by proper 

stabilized dispersion, correct parameters of sample, e.g. refractive index, temperature 

and viscosity must be entered (Rawle, 1995). 
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1.3 Objectives 

 
The aims of the present work were: first, to develop the optimal conditions for the 

production of soluble heterologous proteins from E.coli in different compartments: 

periplasm, culture supernatant and cytosol, and second, to apply a new method (DLS) 

for quantitative measuring size particles of IBs in order to evaluate the expression of the 

protein in the cytosol of E.coli. In this study, the two model proteins: tissue-type 

plasminogen activator variant (rPA) and α-glucosidase were used for investigation.  

 
1. The influences of coexpression of the periplasmic chaperone protein and 

fermentation conditions on the localization of the target protein (rPA) in periplasm and 

culture supernatant were investigated.  

 
Recombinant tissue-type plasminogen activator (tPA) with 17 disulfide bonds consisting 

of 5 domains: finger, 2 kringles, epidermal growth factor-like and protease from E.coli 

was produced in shake flask and bioreactor scale (Qiu et al., 1998). The production of 

the short form of tPA known as tissue-type plasminogen activator variant (rPA) 

consisting of Kringle-2 and protease domain (Kohnert et al., 1992) and containing 9 

disulfide bonds was enhanced in the presence of low molecular additives including L-

arginine, glutathione in LB medium in shake flask  (Schäffner et al., 2001). Formation 

or re-arrangement of tPA is enhanced by coproduction of the two periplasmic 

chaperones: thiol-oxidase DsbA and the disulfide isomerase DsbC. Yield of the active 

tPA was significantly increased by coexpression of DsbC both in shake flask and in fed-

batch cultivation. However, high level coexpression of DsbC was found to be very toxic 

as growth of the culture decreased dramatically within 3 to 4 h after induction (Qiu et 

al., 1998). Therefore, effects of co-production of DsbA, cultivation conditions (e.g. 

temperature, pH medium, culture media) and a presence of additives (L-arginine, redox 

shuffling systems) on production of rPA in the periplasm of recombinant E. coli and in 

the culture medium were investigated. Besides that, the influence of glycine and Triton 

X-100 which are added to the medium to enhance of native rPA was also studied. 

 
Although production of native rPA is enhanced by addition of low molecular additives 

including L-arginine and glutathion, presence of arginine impairs E. coli growth in the 

media (Diez-Gonzalez and Karaibrahimoglu, 2004). Therefore, this could be a 
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challenge during fermentation using fed-batch strategies. The scale up of rPA 

production in fed-batch cultivation on defined medium was examined with respect to 

the adequate cultivation strategy in the presence of different additives to get high yield 

of native rPA in the periplasm and culture supernatant. 

 
2. As α-glucosidase was expressed in the cytosol, a new technique (DLS) using the 

Zetasizer 3000 (Malvern, UK) was applied to determine the impact of production 

conditions on the size of IBs of α-glucosidase in cytolasm of E.coli and on the protein 

solubility.  

 
Size distributions of IBs of α-glucosidase under various cultivation conditions such as: 

different media, temperature, batch and fed-batch cultivation at different temperature 

were analysed by DLS. 

 
By overproduction of several molecular chaperones e.g. DnaK and ClpB in E. coli, 

effects of those chaperones on aggregated protein formation, resolubilization of α-

glucosidase IBs and the relation of α-glucosidase activity to the size of the IBs were 

also studied.   
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2. MATERIAL AND METHODS 

 
2.1 Strains and plasmids 
 
The strains and plasmids used in these parts are described in the Table 4 below.  

Table 4. List of the strains used in this work 

 

Strains            Characteristics                Source or reference 

 

BL21(DE3)         Invitrogen 

MC4100           araD139 ∆(argF-lac)U169 rpsL150 relA1      Laboratory stock 

          flbB5301deoC1 ptsF25 rbsR   

MC4100 ∆ibpAB               F. Banyeux 

BB1553  MC4100 dnaK:: cm     B. Bukau 

 

 

Table 5. List of the plasmids used in this work 

 

Plasmids   Description            Source or reference 

 

pET20b_rPA   pelB signal sequence           Schäffner et al., 2001 

pUBS520_DsbA               J. Winter 

pKK177GlucP1   pBR322 derivative encoding the     Kopetzki et.al., 1989 

    α-glucosidase gene 

pUBS520   pACYC177 derivative encoding     Brinkmann et al., 1989 

    the dnaY gene and lacI repressor  

    gene 

pBB535   p15A ori, spectinomycin            B. Bukau  

resistance, encoding dnaJ, dnaK 

pBB540   pSC101 ori, chloramphenicol         B. Bukau 

resistance, encoding clpB, grpE 
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The strain BL21(DE3) transformed with pET20b_rPA encoding a recombinant 

plasminogen activator and pUBS520_DsbA was used for the experiments for rPA 

production.  

 
For inverstigation of impact of chaperones on the sizes of inclusion bodies of α-

glucosidase from Escherichia coli, different strains were obtained after transformation 

of the host strains with the plasmids (Table 6).  

 

Table 6. List of the strains after transformation 

 

Host strain  plasmids         Strain after transformation 

   

MC4100  pKK177_GlucP1    control  

MC4100 pKK177_GlucP1; pUBS520    wild type 

BB1553 pKK177_GlucP1; pUBS520       dnaK mutant  

MC4100 pKK177GlucP1; pBB535; pBB540;    Hsps co-expression 

pUBS520  

  

 

2.2. Molecular biological methods 

 

2.2.1 Plasmid isolation 

 

Plasmids were isolated from E.coli cells grown in 10 mL of LB medium overnight using 

the QIAprep Spin Miniprep kit (Quiagen, Hilden) following the protocol of the 

manufacturer. 

 

2.2.2 Transformation of E.coli cells 

 

2.2.2.1 Preparation of electrocompetent cells 

 
LB medium were inoculated with 1 % of the overnight preculture and the culture was 

incubated at 37°C on the rotary shaker at 140 rpm. At an OD600 of 0.5- 0.6, the culture 
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was chilled on ice for 30min, centrifuged at 4000 X g and 4°C for 10 min. After 

removing supernatant, cell pellets were washed with decreasing volumes of ice cold 

10% (v/v) glycerol for 3 times. The volume of glycerol of 3 time washing was 100%, 

50% and 10% of the culture volume. Aferwards, the washed cells were resuspended in 

1mL of 10% (v/v) glycerol. Aliquots of 40 µL were distributed into sterilized Eppendorf 

tubes, frozen in liquid nitrogen and stored at –80°C. 

 

2.2.2.2 Transformation via electroporation 

 
The electrophration process was conducted by Gen Pulser II (Bio-Rad, München). 

About 1-10 ng of plamid was mixed with a 40µL aliquot of the electrocompetent cells 

and transferred into a ready cold cuvette (0.2 cm gap). The electroporator was set at 25 

µF, 200 Ω and a voltage of 2.5 kV. Immediately following pulsing, 1 mL of LB medium 

was added to the mixture to promote growth of viable cells. The solution was incubated 

at 37°C with moderate shaking at 650 rpm on an Eppendorf thermomixer for one hour. 

Afterwards, 100 µL of the cell solution was directly plated on LB agar plate 

supplemented with appropriate antibiotics. The rest of cell suspension was spun at 5000 

rpm for 1 min, 750 µL of supernatant was discarded. The cell pellets were resuspended 

and plated on LB agar plates with the same antibiotics. The plates were incubated 

overnight at 37°C.  

 

2.3. Cultivation media and conditions 

 
2.3.1 Cultivation media 

 
2.3.1.1 Complex medium 

 
The Luria-Bertani (LB) medium consists of the following components in distilled water: 

• Pepton from casein   10.0 g/L 

• Yeast extract     5.0 g/L 

• NaCl     5.0 g/L 
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2.3.1.2  Defined medium  

 
The composition of the defined medium (Korz et al., 1995) is given below: 

 

• Glucose    10 g/L 

• MgSO4    1.2 g/L 

• KH2PO4    13.3 g/L    

• (NH4)2HPO4    4   g/L    

• Citric acid    1.7 g/L 

• Ferric (III) citrate   100.8 mg/L         

• CoCl2*6 H2O    2.5 mg/L  

• MnCl2* 4 H2O   15 mg/L       

• CuCl2* 2 H2O    1.5 mg/L  

• H3BO3     3 mg/L 

• Na2MoO4*2 H2O   2.1 mg/L  

• Zn(CH3COO)2*2 H2O   33.8 mg/L  

• EDTA     14.1 mg/L 

 

Stock solutions of appropriate antibiotics were sterilized by filtration and aseptically 

supplemented to LB agar, LB broth and defined medium after sterilization. Final 

concentrations of the antibiotics in the medium were: 100 µg/mL  ampicilline, 35 µg/mL 

kanamycine, 50 µg/mL chloramphenicol and 50 µg/mL spectomycin.  

 

2.3.2  Cultivation conditions 

 

2.3.2.1  Shake flask experiments 

Shake flask experiments were conducted with some different procedures: 

 
For periplasmic and extracellular production, 10 mL LB medium or defined medium 

with the appropriate antibiotics were inoculated with 1% over night preculture and 

incubated at 30°C for 6 h to reach an OD600 of 0.6. After induction, temperature was 

reduced to 24°C. 10 mL of 2 times concentrated LB or HDF medium were added to 10 
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mL of culture. At the same time, 10 mL additive stock solution (consitsting L- arginine, 

reduced and oxidized glutathione) was also added to reach final concentrations of 0.4M 

L- arginine. Glutathione was calculated to get final concentrations of reduced and 

oxidized glutathione at 0, 2.5 and 5 mM. Induction of rPA was obtained by addition of 

0.4 mM of isopropyl- β-D-thiogalactopyranoside (IPTG). Specific and volumetric rPA 

activites were analyzed after 22 h of induction.  

 
For cytoplasmic production of inclusion bodies, 10 mL of LB medium 

supplemented with appropriate antibiotics was inoculated with a single colony. The 

culture was incubated overnight on a rotary shaker at 30°C, 140 rpm. For the main 

culture, LB or HDF medium with the same antibiotics was inoculated with 1% (v/v) of 

inoculum of the overnight preculture. The main culture was incubated at 37°C, 160 rpm 

to an OD600 of 0.5-0.6. Synthesis of α-glucosidase was induced by addition of 1mM 

IPTG. Temperature was shifted to the temperatures indicated in the result section. 

 

2.3.2.2  Fed-batch cultivation 

 
The first preculture on 10 mL LB medium supplemented with the appropriate 

antibiotics in a 100 mL shake flask was inoculated with a single colony from LB agar 

plate and incubated on a rotary shaker at 30°C, 140 rpm for 10 h. The second preculture 

in the defined medium was inoculated with 1% (v/v) of the first preculture and 

incubated for 14 h at 30°C, 140 rpm. 

 
Initial concentrations of glucose used for batch phase were 5 or 30 g/L. The glucose and 

MgSO4 solution are separately sterilized at 121°C for 30 minutes and aseptically added 

into the bioreactor after the other ingredients were sterilized inside the bioreactor. pH 

value of the medium (without glucose and MgSO4) was adjusted to 6.3 with 5N NaOH  

before adding glucose and MgSO4 into the bioreactor. After sterilization, pH of the 

whole medium was controlled by 25% (w/v) NH4OH.  

 
The feeding solution consists of 875 g/L glucose, 20 g/L MgSO4 and trace element 

solution which were autoclaved and mixed together.   
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Trace element solution consists of:  

 
• Feric(III)citrate              40    mg/L  

• CoCl2*6 H2O    4      mg/L   

• MnCl2* 4 H2O    23.5 mg/L        

• CuCl2* 2 H2O    2.3   mg/L   

• H3BO3     4.7   mg/L  

• Na2MoO4 *2 H2O    4      mg/L 

• Zn(CH3COO)2 *2 H2O    16    mg/L  

• EDTA     13    mg/L 

 

Cultivations starting at 6 L defined medium were carried out in a Biostat C 10 (BBI B. 

Braun Biotech International, Melsungen, Germany) with 5% of inoculum. The pH was 

constantly controlled at pH 6.8 by addition of aqueous ammonia and the dissolved 

oxygen concentration (DO) was maintained at 40% of air saturation. The cultivation 

strategy is described in the scheme (Fig.3). The cultivation temperature was kept at       

T growth after inoculation and was reduced to Tprod at the time of induction (t ind) and 

remained constantly before harvesting culture medium (tend). In case of rPA production, 

1.5 L of a stock solution of additives consisting L-arginine, reduced and oxidized 

glutathion was added immediately before induction. Induction of the recombinant 

protein was conducted by addition of IPTG. 

 
In the fed-batch cultivation, feeding was started after glucose (S0) was depleted as 

indicated by a sharp increase of DO and decrease of stirrer speed. The feeding solution 

was added into the bioreactor by a peristaltic pump (type 101 U/R, Watson Marlow Ltd, 

Rommerskirchen). Exponential feed profiles controlled by the DCU were used to keep 

constant specific growth rates (µset) as given in the result chapter. 
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Fig. 3: Scheme for fed-batch cultivation. S0: initial concentration of substrate. µset: 
specific growth rate. Tgrowth : cultivation temperature before induction. tind: time of 
induction. Tprod : temperature after induction. tend : time at the end of the cultivation.  
The volumetric feed rate was calculated from the Eq.2: 

 

Where 

F: feeding rate, (g h-1) 

S0 : substrate concentration in the feeding solution, (g g-1) 

qS : specific substrate consumption rate, (g g-1 h-1) 

X: cell density, g L-1 

V: volume, L 

µset : set point of the specific growth rate, h-1 

YX/S : biomass yield coeffcient , (g g-1) 

mE  : maintenance coefficient, (g g-1 h-1) 

Xf  : dry cell weight at the time of feeding start , (g L-1) 

Vf : volume at feeding start, L 

t : cultivation time, h 

tf : time of feeding start, h 

 

The outlet oxygen and carbon dioxide concentrations, out2OC  and out2COC , were 

continuously measured by Uras14 and Magnos16 appliances (BBI, Melsungen). The 
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volumetric carbon dioxide evolution rate (CER) and the specific carbon dioxide 

evolution rate (qCO2) were calculated according to Eq. 3 and Eq. 4.  
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Where: 

 
CER:  volumetric carbon dioxide evolution rate, (mmol L-1 h-1)  

Q:  outlet gas flow rate, (L h-1) 

V:  volume at feeding start, L 

out2OC :  outlet oxygen concentation, (%)
 

out2COC : outlet carbon dioxide concentation, (%)   

in2OC :  inlet oxygen concentation, (%) 

in2COC :  inlet carbon dioxide concentation, (%)
 

2COq :   specific carbon dioxide evolution rate, (mmol L-1 OD-1 h-1) 

600OD : optical density at the wavelength of 600 nm 

 

2.4. Cell disruption methods 

 
2.4.1 Ultrasonication 

 
Cell pellets corresponding to the sample volume of Vsample= 3/OD600 mL were 

resuspended in 580 µL of 10 mM potassium phosphate buffer pH 7 with 1mM EDTA. 

20 µL of lysozyme (concentration of 1 g/L) was added and the cell suspension was 

incubated for 30 minutes at 4°C before sonication with the sonicator (UP 200S 

Ultraschallprozessor, Dr.Hielscher GmbH, Teltow) for 20 seconds at 4°C, amplitude 

50%, and cycle 0.5 s-1. By centrifugation at 13000 rpm for 20 min at 4°C, insoluble and 

soluble fractions were separated. 
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2.4.2 High pressure homogenization 

 
For the experiments which needed large amount of inclusion bodies (IBs), cells were 

disrupted by a high pressure homogenizer. 2 g of wet cell biomass was resuspended in 

40 mL of Tris-HCl pH 7, 1 mM EDTA using the homogenizer Ultraturrax T25 (IKA- 

Labortechnik, Staufen). After adding 3 mg of lysozyme, the cell suspension was 

incubated on ice for 30 min. Then the cells were disrupted by high pressure 

homogenization in the homogenizer Gaulin Micron Lab 40 (APV Homogenizer GmbH, 

Lübeck) for 3 to 5 passages. For digesting DNA, the cell lysate was incubated  at room 

temperature for 30 min after  adding 100 µg of DNAse  and 0.1 mM of MgCl2. 20 mL 

of 60 mM EDTA, 6% Triton X-100 and 1.5 M NaCl pH 7 was added to the cell lysate 

and the cell suspension was further incubated for 30 min. The pellet was obtained after 

spinning the suspension at 31000 X g at 4°C for 10 min. Afterwards, the pellet was 

resuspended in 16 mL of 0.1 M Tris-HCl pH 7, 20 mM EDTA by the Ultraturrax 

followed by centrifugation. After repeating this step for at least 2 times, the IB pellet 

was immediately used or stored at   –20°C up to some weeks.  

 

2.5  Analytical methods 

 
2.5.1 Cell density 

 
Growth of cultures was monitored by measuring the optical density at a wavelength of 

600 nm by a spectrophotometer (Ultrospec 3000, Pharmacia, Sweden). Sodium chroride 

0.9% (w/v) NaCl was used as a reference. Samples were diluted to keep absorbance 

values below 0.6. 

 
2.5.2 Dry cell weight 

 
For the determination of dry cell weight (DCW), 1 mL of the culture supernatant was 

added in triplicate to pre-weighed Eppendorf tubes and centrifuged for 4 min at 13000 

rpm and 4°C. After a subsequent washing step with 0.9% (w/v) NaCl, cell pellets were 

dried until constant mass at 60°C for at least 4 days. 
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2.5.3 Glucose concentration 

 
Glucose concentration was determined by the hexokinase/glucose-6-phosphate 

dehydrogenase method (Kit No. 139106, Boehringer Mannheim GmbH, Mannheim). 

Culture supernant after centrifugation at 13000 rpm at 4°C for 5 min was heat at 80°C 

for 20 min to deactivate enzymes. Samples were diluted with distilled water to have 

glucose concentration in the range of 1- 100 mg/L. Each sample was added in 

quadruplicate onto a 96 well-microtiter plate. Absorbance absorption values of samples 

before and after adding hexokinase/glucose-6-phosphate dehydrogenase were measured 

by the ELISA reader (TECAN, Sunrise Remote, Austria). Glucose concentrations were 

calculated according to a standard curve established from glucose standard solutions. 

 

2.5.4 Glucosidase activity assay 

 
The soluble cell fraction obtained from 2.4.1 was used for α-glucosidase activity assay. 

The activity assay is based on absorbance kinetics at 405 nm resulting enzymatic 

cleavage of p-nitropenyl- α- D-glucopyranoside (pNPG) by α-glucosidase. The kinetics 

of absorption was measured on the ELISA reader TECAN, Sunrise Remote, Austria at 

room temperature using pNPG (Sigma) as a substrate. Activity of α-glucosidase was 

calculated according to a standard curve established from different α-glucosidase 

standard concentrations. 

The reaction volume in each well of an Elisa plate was 250 µL including 25 µL sample, 

200 µL phosphate buffer and 25 µL pNPG (stock solution of 20 mM). 

 

2.5.5 Sodiumdodecyl sulfate-polyacrylamide gel elec trophoresis (SDS-PAGE) 

 
Sodiumdodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 12% 

polyacrylamide gels was carried out according to standard techniques. Soluble protein 

samples from a culture volume of 3/OD600 mL were resuspended in 100 µL of the 

loading buffer  consisted  of 0.125 M Tris HCl pH 6.8, 20 % (v/v) glycerol, 4% (v/v) 

SDS, 5% (v/v) 2-mecarptoethanol and 0.02 % (v/v) bromphenolblue. Insoluble proteins 

were first totally suspended in 50 µL of 10mM potassium phosphate buffer, pH 7, 1 mM 

EDTA before adding 50 µL of the loading buffer. After incubation at 95°C for 10 min, 
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the samples were loaded on gels and run at 140 V for about 60 min in the running buffer 

(0.025 M Tris, 0.192 M glycine and 0.1%(w/v) SDS).  

 
The low molecular weight protein marker for electrophoresis (Amersham Biosciences, 

Freiburg) from 14.4 to 94 kDa served as a standard molecular weight. 

 
For staining, SDS gels were soaked in Coomassive blue solution (see below) for at least 

2 hours. 

 

• Coomassive Brilliant Blue G250 (Roth)   1% (w/v) 

• Methanol       40% (v/v) 

• Acetic acid      10% (v/v) 

• Distilled water      50% (v/v) 

 

Afterwards, the gels were destained using destaining solution containing 40% (v/v) 

methanol and 10% (v/v) in water until protein bands became visible and clear. 

 

2.5.6 Extraction of periplasmic fraction 

 
For periplasmic extraction, cell pellets corresponding to the sample volume of Vsample= 

5/OD600 mL were obtained by centrifugation at 13000 rpm, 4°C for 20 min. The pellets 

were washed with 1 mL of 0.9% (v/v) NaCl and then incubated in the extraction buffer 

consisting of 150 mM NaCl, 50 mM Tris pH 7.5, 5 mM EDTA and 1 mg/mL 

polymyxine-B sulfate for 1 h at 5°C under shaking at 1200 rpm. Afterwards, cells were 

separated from the periplasmic fraction by centrifugation at 13000 rpm at 4°C for 20 

min.  

 

2.5.7 Activity assay for rPA 

 
Determination of native rPA on microplate was conducted according to the modified 

protocol with purified rPA as a standard (Schäffner et al., 2001). The periplasmic 

fractions were diluted with 75 mM Tris buffer pH 7.5 to have rPA concentrations less 

than 2 ng/mL. For rPA activity measurement, 30 µg/mL of plasminogen and 48 µg/mL 

of plasminogen stimulator (Chromogenix, Italy) were incubated with diluted rPA 



    

 

34 Materials and Methods  
 
 

 

samples (periplasmic fractions). Kinetics of absorbance at 405 nm on the ELISA reader 

at room temperature was measured after adding 275 µg/mL of a chromogenic substrate 

Val-Leu-Lys-pNA (Bachem, Switzerland). The slope of the absorbance kinetics curve 

against the square of the reaction time was determined and converted into µg/L after 

calibration using pure rPA. 

 

2.5.8 Protein concentration  

 
2.5.8.1 Bradford assay 

 
Protein concentrations were determined according to the protocol by Bio-Rad 

Laboratories (München) for protein concentrations less than 25 µg/mL. 800 µL of 

sample diluted in 10 mM potassium phosphate buffer, pH 7, 1 mM EDTA and mixed 

with 200 µL of dye reagent concentrate (Bio-Rad). After 5 min of incubation, 

absorbance at 595 nm was measured versus blank. Bovine serum albumin (BSA) from 

Bio-Rad was used as a protein standard. 

 
2.5.8.2 Western Blot 

 
For Western Blot, antibodies were dissolved in TBS buffer consisting 10 mM Tris pH 

7.4, 0.154 M NaCl and 0.05% glycerol and 1% skim milk powder. Proteins were 

separated by SDS-PAGE at 100 V, 30 mA per one gel and blotted to a polyvinyliden 

fluoride (PVDF) membrane at 140 V, 1mA per cm2 of a blot for 2 h. Then the blot was 

incubated overnight with 5% skim milk in the TBS buffer at 4°C. After rinsing 3 times 

with the same buffer, the blot was incubated by 2.5 µg/mL (w/v) of an anti-rPA 

antibody from hen eggs, which was purified by affinity chromatography (Davids 

Biotech, Regensburg, Germany) for 1h at room temperature. Washing step was 

followed by 50 mL of the buffer for 5 min and repeated 6 times. Afterwards, 0.2 µg/mL 

(w/v) of an AffiniPure donkey anti-Chicken IgY++ conjugated with alkaline phosphatase 

(Dianova GmbH, Hamburg, Germany) was added and the blot was further incubated for 

1 h at room temperature. The washing step was pepeated the same procedure as after 

incubation with the first antibody. For detection of alkaline phosphatase, 0.125 mL of 

Lumi-Phos TM WB (Perbio Science, Bonn, Germany) per cm2 of the blot was applied. 

The blot was incubated for 3 min under subdued light. The blot was exposed to X-ray 
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film for 2 min. Images of the protein was developed in development solution for 20 s 

and then fixed in a fixation solution for 10 s.  

 
2.5.9  Separation of IBs by sucrose density gradient  

 
Inclusion bodies in the cell lysate were isolated by sucrose density gradient. Step 

gradients consisting of 35, 40, 45, 50, 55, 60 % of sucrose in 3 mM EDTA, pH 7.6 were 

prepared by pipette. 0.5 mL of decreasing sucrose concentrations was carefully layered 

in a centrifugation tube. Afterwards, 0.5 mL of IB suspension was added on the top of 

the step sucrose gradients. After centrifugation on the swing-out rotor ultracentrifuge 

SW55 – Ti (Beckman Coulter L8- 60M) at 15000 rpm, at 4°C for 2 hours, different 

fractions were carefully collected by a pipette. The fractions were dissolved with 3 mM 

EDTA, pH 7.6 for size determination by Dynamic Light Scattering (DLS).  

 
2.5.10  Detection of size of inclusion bodies by Zetasizer  3000 

 
Buffers and sucrose solutions used for experiments were filtered through 0.22 µm filter 

to remove dust. Refrection index of IBs suspensions in 3mM EDTA, pH 7.6 was 

measured by the refractometer (ATAGO, serie NAR-1T, Japan). Sucrose concentrations 

of the samples used for measurement were calculated from measured refraction index 

values by the Handbook of chemistry and physics (Weast et al., 1974). Relative 

viscosity values of the sucrose in the samples were determined according to the standard 

curve of relative viscosity of different sucrose concentrations (Fig. 4).  
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Fig. 4: Standard curve of relative viscosity of sucrose at low (A) and high (B) 

concentrations. 

 

Viscosity of the samples was calculated from the relative viscosity of the sample and 

viscosity of water at 25°C indicated at Eq. 5.  

 

  η sample = η * ηwater       (5) 

Where: 

 η sample: viscosity of the sample used for DLS measurement 

 η:  relative viscosity  at 25°C 

 ηwater :  absolute viscosity of water at 25°C (η0 = 0.8904) 

 

 The refraction index and viscosity values of each sample are the necessary parameters 

which need to be entered of each measurement of IBs size distributions by DLS. 1 to 2 

mL of samples was transferred into a 10 mm square quartz sizing cell which was placed 

in a sizing cell holder of the Zetasizer 3000, Malvern, UK. The instrument Zetasizer 

3000 uses a 10 mW helium-neon laser at a wavelength of 633 nm. Laser light is 

scattered and detected at an angle of 90° by a photon detector. The intensity fluctuations 

of the scattered light are converted into electrical pulses that are transferred to a digital 

correlator. The software of the instrument generates particle size from the correlator 

function. Results are expressed as the Z-average - the size mean using the cumulants 

analysis according to ISO 13321 International method. For the study, all measurements 

were performed at 25°C, at automatic analysis mode in triplicate.  
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Concentration of sample is an important parameter for measurement of particle size by 

DLS. At high concentrations, the size reported may depend on the sample concentration 

due to multiple scattering and particle interactions (Rawle, 1995). Hence, protein 

concentrations of the samples used for DLS measurement need to be analysed in order 

to see at which concentrations, the apparent size is independent of concentrations. For 

measurement of an unkonwn sample, appropriate concentrations must be determined by 

plotting sample concentrations against particle size, suggested by the Application note 

(Malvern, 2005). The correct measurement region will be shown by the plot as a plateau 

where the size is independent of concentration. 

 
Initially, sizes of commercially available polystyrene standard latex beads (Sigma) of 

known diameter (100 and 310 nm)  were determined by the instrument under the 

operating conditions described above. The typical size distribution curves of the  latex 

beads (Sigma) were shown in the Fig. 5A, B. Z-average sizes of standard latex beads 

with sizes of 100 nm and 310 nm after measuring were 107.9 ± 0.3 and 349 ± 8.4 nm, 

respectively. The results obtained matched the diameters indicated by the manufacturer.  

 

 

 

Fig. 5: Size distribution of the latex standard beads. . Z-average sizes of standard 
latex beads with sizes of 100nm and 310 nm were detected by the Zetasizer 3000, 
Malvern, UK. 
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3. RESULTS 
 
3.1 Cultivation strategies for secretion and export  of native rPA from 

Escherichia coli 

3.1.1 Effect of DsbA co-production and the additive  on culture growth and rPA 

activities 

 
Recombinant plasminogen activator (Kohnert et al., 1992) was synthesized and directly 

secreted to the periplasm of Escherichia coli (Schäffner et al., 2001). Production of rPA 

was examined in shake flasks on complex medium including 0.4 M arginine to enhance 

folding into the active conformation (Schäffner et al., 2001). The thiol-oxidase DsbA 

was coproduced together with rPA.  

 
To evaluate effects of the low molecular additives on rPA activities, the DsbA co-

production strain was grown in shake flask in LB medium with initial pH of 6.8 at 30°C 

to an OD600 of 0.6. Stock solution was added to adjust a L-arginine concentration of 0.4 

M, reduced and oxidized glutathione (GSH, GSSG) of 0 mM, 2.5 mM, 5 mM each, and 

an IPTG concentration of 0.4 mM, resulting in 3fold dilution of the culture. The cultures 

were further incubated at 24°C for 22 h.  

 
Growth of the cultures after adding the additives with different concentrations of 

glutathiones was nearly similar and reached an OD600 of about 4.8- 4.9.  

 
The accumulation of rPA after induction was slow since very low activity of rPA could 

be determined after 5h of induction (data not shown). Therefore, samples were taken to 

analyse activities at 22 h of induction. The specific activity of rPA was highest as the 

cultures were supplemented with 2.5 mM reduced and oxidized glutathione (GSH, 

GSSG) each, and reached about 0.22 µg/L/OD1. At other glutathione concentrations 

(ratios of GSH/GSSH are 5/0 and 0/5), the rPA specific activity was 0.14- and 0.18 

µg/L/OD1, respectively. Thus, the redox system of reduced and oxidized glutathione 

had a little but reproducible influence on the growth of the culture and rPA activity. An 

equimolar mixture with 2.5 mM each of reduced and oxidized glutathione was 

beneficial for accumulation of active rPA in the periplasm (Fig. 6).  
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Fig. 6: Impact of co-production of modified disulfide isomerase and redox 
conditions of the medium on growth and production. The DsbA coproduction strain 
was grown on LB medium, pH 6.8 at 30°C. At OD600 about 0.6, the culture was 
inducted with IPTG=0.5 mM and grown at 24°C. The additives composed of 0.4M L-
arginine, reduced and oxidized glutathione (GSH/GSSG) with ratios: 5/0; 2.5/2.5; 0/5 
(mM/mM) were added at the induction. Samples were taken after 22 h of induction. 
 
 
In order to test effects of DsbA co-production and the components of the additives on 

enhancement of disulfide bond formation, folding activity of native rPA and the growth 

of the bacteria on shake flask, the DsbA co-production strain and control strain (without 

DsbA) were incubated in shake flask in LB medium with initial pH of 6.8, at 30°C to an 

OD600 of 0.6. Afterwards, stock solution was added to adjust L-Arg concentration of 0.4 

M, 2.5 mM each of reduced and oxidized glutathione and an IPTG concentration of 

0.4mM. The cultures were further incubated at 24°C for 22 h. Samples were taken at 

22h after induction for analysis of rPA activities in the periplasm and culture 

supernatant.  

 
The results showed that highest periplasmic specific, periplasmic volumetric and 

supernatant activities of rPA were obtained as the DsbA co-production strain was 

supplemented with 0.4 M L-Arg, 2.5 mM each of reduced and oxidized glutathione 

(Fig. 7). 
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In case of DsbA co-production, periplasmic specific and supernatant volumetric 

activities of the cultures added with L-Arg and redox were 1.69 and 10.83 fold, 

respectively, higher than those of the cultures were supplemented with L-Arg. 

Similarly, as the cultures were supplemented with only redox system, the periplasmic 

specific and supernatant volumetric activities were 5.35 and 17.16 fold, respectively, 

lower than those of the cultures were added with full components. Low molecular 

additives showed a very obvious effect as the periplasmic specific activity of the 

cultures were added with L-Arg and redox system was 13.75 fold higher than that of the 

cultures without additive supplemetation. From these results, it is assumed that L-Arg 

has stronger effect on the production of active rPA than redox system (Fig. 7). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Impact of DsbA co-production and components of additives on rPA 
production. The DsbA coproduction strain was grown on LB medium, pH 6.8 at 30°C. 
At OD600 about 0.6, the cultures were inducted with IPTG=0.5 mM and grown at 24°C. 
Additives composed of 0.4M L-arginine; 2.5 mM SS; 2.5 mM SH were added at the 
induction. Samples were taken after 22 h of induction. 
 

Interestingly, as also can be seen from Fig. 7, although the control strain was 

supplemented with L-arginine and redox system, rPA yields from periplasm and culture 

medium of the control strain were 6.6 and 12.6 times lower than those of the DsbA co-
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noticeable impact on the secretion of native rPA in the periplasm and especially on the 

export of the active protein to the culture supernatant. 

 
Therefore, co-production of DsbA and low molecular additive were essential for 

accumulation of active rPA either in the periplasm or in the culture supernatant.  

 
Also, to investigate the influence of the components of the additives on cell growth, the 

experiments were conducted at the same procedure as described in the obove-mentioned 

part (indicated in Fig. 7). During the first 8h of induction, samples were taken every two 

hours and at 24h of induction for optical density measurement.  

 

During cultivation, growth of the cultures supplemented with full additives and with 

only L-Arg was slower than that of the cultures supplemented with only redox system 

or without additives. At the end of the cultivation, OD600 of the cultures in the presence 

of L-Arg reached approximately 4.0 compared to OD600 of about  5.0 obtained from the 

culture without adding L-Arg. This indicates that the growth was impaired during 

production due to the addition of L-Arg, whereas glutathione or production of rPA 

without additives did not interfere with culture growth (Fig. 8). 

 

          

 

 

 

 

 

 

 

 

 
 
Fig. 8: Impact of components of additives on cell growth. The DsbA co-production 
strain was grown on LB medium, pH 6.8 at 30°C. At OD600 about 0.6, the culture was 
inducted with IPTG=0.5 mM and grown at 24°C. Additives composed of 0.4M L-
arginine; 2.5 mM SS; 2.5 mM SH were added at the induction.  
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3.1.2 Effect of pH medium, cultivation temperatures and m edia on culture    

growth and rPA activities 

 
3.1.2.1  Effect of starting pH of cultivation medium on culture growth and rPA 

activities 

 
Thiolate anions are necessary for formation and rearrangement of disulfide bonds in the 

cells. Therefore, the reaction rate depends on the pH value  (Ruddock et al., 1996). To 

study effect of the pH of the culture medium during induction of rPA, the DsbA co-

production strain was grown in shake flask in LB medium. pH of the medium was 

adjusted to 4.8, 5.8, 6.8, 7.8 by HCl 10%  and NaOH 10%.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Impact of pH medium during induction on growth of the cultures and rPA 
production. The DsbA co-production strain was grown in shake flask in LB medium at 
30°C. pH medium was adjusted to 4.8, 5.8, 6.8, 7.8 by HCl 10% and NaOH 10%. At 
OD600 about 0.6, the culture was inducted with IPTG=0.5 mM and grown at 24°C. 
Additives composed of 0.4 M L-arginine, an equimolar mixture with 2.5 mM each of 
reduced and oxidized glutathione were added at the induction. Samples were taken after 
22 h of induction. 
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When recombinant rPA was produced in the medium at pH values of 4.8-6.8, the rPA 

specific activity was roughly similar. Concominant to the specific activity, OD600 of the 

culture were nearly the same and reached around 5 after 22h of induction.  But at pH of 

7.8, yield of the specific rPA was increased about 10fold.  However, in such a basic 

medium, growth was severely impaired. Very low OD600 of the culture of only about 

0.44, 10 times lower than at other pH values was observed. Consequently, the 

volumetric rPA yield was enhanced only marginally (Fig. 9).  

 
3.1.2.2  Effect of cultivation media on culture growth and rPA activities 

 
From the previous results, a significant increase of the specific activity was found as 

culture incubated in LB medium with starting pH of 7.8. Thus, in this study, the DsbA 

co-production strain was grown in shake flask in LB, HDF and yeast extract medium at 

30°C. Initial pH of the medium was adjusted to 7.8 by NaOH 10%.  

 
Highest and lowest specific activity of rPA was obtained as the cultures were grown in 

LB and yeast extract medium, respectively. In HDF medium yield of periplasmic rPA 

was approximately half of yield obtained in LB medium. Growth of the cultures on 

yeast extract was severely impaired leading to an extremely low yield of volumetric 

rPA. Therefore, yeast extract medium was not suitable for rPA production due to low 

activities and improper cell growth (Fig. 10). 
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Fig. 10: Impact of different cultivation medium on growth of the cultures and rPA 
production. The DsbA coproduction strain was grown in shake flask, in LB, defined 
(HDF) and yeast extract (YE) medium, at pH 7.8 and 30°C. At OD600 about 0.6, the 
culture was inducted with IPTG=0.5 mM and grown at 24°C. Additives composed 0.4 
M L-arginine, an equimolar mixture with 2.5 mM each of reduced and oxidized 
glutathionem were added at the induction. Samples were taken after 22 h of induction. 

 
3.1.2.3 Effect of cultivation temperature on culture growth and rPA activities 

 
Lower yield of native rPA was obtained as culture was grown in LB medium and 

induced  at 37°C compared at 24° and 30°C (Schäffner, 2000). Therefore, the DsbA co-

production strain was grown on LB medium only at 30°C and 24°C at pH adjusted of 

7.8. Temperature after induction was kept at 24°C for 22h. 

 
As culture grown at 30°C, higher specific activity than at 24°C was observed. At this 

temperature, due to lower OD600, volumetric activity was roughly lower than at 24°C. 

However, cultivation of the cultures at 24°C consumed more time to get an appropriate 

OD600  value to start induction. Therefore, cultivation at 30°C was more beneficial for 

cell growth and accumulation of native rPA in the periplasm (Fig. 11). 
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Fig. 11: Impact of cultivation temperature on growth of the cultures and rPA 
production. The DsbA coproduction strain was grown on LBmedium, pH 7.8 at 24°C 
and 30°C. At OD600 about 0.6, the culture was inducted with IPTG=0.5 mM and grown 
at 24°C. Additives composed 0.4 M L-arginine, an equimolar mixture with 2.5 mM 
each of reduced and oxidized glutathione were added at the induction. Samples were 
taken after 22 h of induction. 
 

Therefore, for scale-up to fed-batch cultivation, experiments  were performed in HDF 

medium at pH value of 6.8, temperature before and after induction was 30°C and 24°C, 

respectively.  

 

3.1.3 Fed-batch cultivation strategy for rPA production 

 
3.1.3.1  Effect of additives on rPA activity in fed-batch cultivation  

 
Fed-batch cultivations for rPA production were performed on defined glucose mineral 

salt medium. After a short batch phase with an initial glucose concentration of 5 g/L, the 

glucose feeding was started to maintain a specific growth rate of µset = 0.12 h-1. In order 

to investigate effect of additives on enhancement of native rPA production, when the 

OD600 exceeded 20, a solution of 1.5 L HDF medium consisted of L-Arg and 

glutathione was added to give final concentrations of 0.4 M L-Arg and 2.5 mM of each 

reduced and oxidized glutathione, resulting in 5/4 dilution of the culture. The solution 

also composed only HDF medium for the experiments using no additives, or only 0.4 M 

L-Arg in HDF medium for the experiments using only L-Arg. After adding the solution, 
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temperature was reduced from 30 to 24°C. IPTG was added to 0.5mM for induction of 

recombinant gene expression.  

 
Samples were taken after 40h of induction. rPA activities in the periplasm were 

analysed according to the section 2.5.7. For the analysis of rPA activity in the culture 

supernatant, after removing cells from the samples by centrifugation at 13000rpm/ 

3min/ 4°C, supernantant was diluted by 75 mM Tris buffer pH 7.5 and followed the 

protocol in 2.5.7. 

 

Fig. 12: Impact of additives on rPA activities in fed-batch cultivation. Cultivation of 
DsbA coproduction strain was conducted on HDF medium at 30°C. Batch phase started 
with initial glucose of 5 g/L. Culture was induced  at 24°C, 0.5 mM IPTG after 1 h of 
feeding started with µset=0.12 h-1. A solution of 0.4 M L-Arg, an equimolar mixture 
with 2.5 mM each of reduced and oxidized glutathione in 1.5 L HDF medium was 
added at the induction. Yields of rPA obtained in the periplasm (A) and in the culture 
supernatant (B) are given relative to yields from the reference experiment (without 
addition of additives). 
 

Periplasmic activity of the culture added with L-Arg and redox system, and only with L-

Arg increased more than 123 and 2.4fold, respectively, than that of the culture without 

any additive supplementation (Fig. 12A). Whereas, higher yields of native rPA in 

culture supernatant as the cultures were added with the additives were obtained, 

indicating that nearly 25 and 2250 fold increased compared to the yields of the 

experiments using only L-Arg and no addivtives, respectively (Fig. 12B). 
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Also, redox system has a remarkable influence on the yields of native rPA obtained 

from the periplasm and culture medium. Compared to the batch without addition of 

redox system (only L-Arg), yields of native rPA in the periplasm and culture 

supernatant of the batches with addition of L-arginine and redox system increased about 

50 and 87 fold, respectively.  

 
Therefore, addtition of L-Arg and redox system could enhance the release of native rPA 

into culture medium. In contrast to the result from shake flask experiment, redox system 

played an important role on the secretion of rPA. 

 

3.1.3.2   Effect of growth rates on the yield of the periplasmic rPA 

 
The influence of growth rate during fedbatch cultivations on the secretion of the product 

to the periplasm was previously reported. At feed rate of 0.5 h-1, production of the 

38kDa-product was enhanced by the translocation of the product into the periplasm. 

(Boström et al., 2005). In this study, after an initial glucose concentration of 5g/L was 

depleted, feeding rates were chosen at 0.06, 0.12 and 0.2 h-1. Induction was made during 

fed-batch phase 1h after feeding started. OD600, rPA activities in the periplasm were 

analysed and shown in Fig. 13. 

 
At the low feeding rate of 0.06 h-1, after 40h of induction, nearly twofold lower OD600 

than at feeding rate of 0.12 h-1 was obtained (Fig. 13 A). Optical density of the culture at 

the feeding rate of 0.12 h-1 was roughly higher than at feeding rate of 0.06 h-1. Similar 

pattern of the volumetric activity was observed as the optical density pattern due to 

specific rPA activity at the different feeding rates was nearly similar (Fig. 13 B, C). 

Hence, feeding rates aiming at specific growth rates between 0.06 and 0.2 h-1 did not 

influence the specific rPA activity profiles.  

 
rPA accumulation in the periplasm and culture supernatant was slow within 5-10 h and 

20h after induction, respectively. However, a steady increase of rPA activity for another 

40 h was occured (Fig. 13B, C). After 40h of induction, rPA specific and volumetric 

activities reached approximately 5-7 µg/L/OD600 and 300-500 µg/L, respectively. 

Therefore, rPA synthesis should be induced early to prolong production.  
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Fig. 13: Impact of growth rates on cell growth and yields of the secreted protein in 
the periplasm. Cultivation of DsbA co-production strain was conducted on HDF 
medium at 30°C. Batch phase started with initial glucose of 5 g/L. Culture was induced 
at 24°C, 0.5 mM IPTG after 1 h of feeding started with different µset of 0.06, 0.12 and 
0.2 h-1. A composition of 0.4 M L-arginine, an equimolar mixture with 2.5 mM each of 
reduced and oxidized glutathione was added at the induction. 
 
 

3.1.3.3  Effect of specific growth rates and the time of induction on the secretion 

and export of the native rPA  

 
Some research on the impact of growth rate on the membrane structure of E. coli and 

leakage of periplasmic proteins to the culture medium was communicated (Shokri et al., 

2002; Shokri et al., 2003; Dresler et al., 2006). Pre-induction growth rate results in a 

sharp maximum of secretion efficiencies (Curless et al., 1994). In order to test effect of 

grow rates and the induction time on yields of active rPA in the periplasm and in the 

culture supernatant, cultivations of DsbA co-production strain were conducted on HDF 

medium at 30°C. Culture was induced  at 24°C with 0.5 mM IPTG after 1 h of feeding 

started with different µset of 0.06 and 0.12 h-1 (fed-batch induction) and after 7 h of 

inoculation (prolonged batch induction). Batch phase started with initial glucose of 30 

g/L. A composition of 0.4 M L-arginine, an equimolar mixture with 2.5 mM each of 
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reduced and oxidized glutathione was added at the induction. Schemes for fed-batch 

induction and prolonged batch induction are shown in Fig. 14. 

 

 

 
Fig. 14: Schemes for fed-batch induction and prolonged batch induction 
cultivation. S0: initial concentration of substrate. µset: specific growth rate is kept 
constant. Tgrowth : cultivation temperature before induction. tind: time of induction. Tprod : 
temperature after induction. tend : time at the end of the cultivation.  
 
 

3.1.3.3.1 Induction of rPA production during prolonged batch phase and fed-

batch phase at feeding rate µset= 0.06 h-1 

 
rPA productions in a prolonged batch phase and fed-batch phase with a higher initial 

glucose concentration of 30 g/L were evaluated. For the production of rPA prolonged 

batch induction, the culture was induced at an OD600 of 8 during the batch phase. 

Whereas, for the fed-batch induction, after 1h of auto- feeding of glucose started, the 

culture was induced at an OD about 44. 

 
After addition of L-Arg, glucose consumption in prolonged batch cultures was slower 

than in fed-batch cultures resulting in 12 h production under glucose excess conditions. 

However, no glucose residue in the prolonged batch cultures was detected after starting 

feeding, whereas after approximately 30h of feeding, high glucose accumulation was 

observed in the fed-batch cultures (Fig. 15B).  

 

 

S0

Additives

Tgrowth

duration /h

t ind

tend
Tprodc

µset

Fed-batch induction

tend

Prolonged batch induction

S0

Additives

Tgrowth

duration /h

t ind
Tprodc

µset

S0

Additives

Tgrowth

duration /h

t ind

tend
Tprodc

µset

Fed-batch induction

S0

Additives

Tgrowth

duration /h

t ind

tend
Tprodc

µset

Fed-batch induction

Additives

Tgrowth

duration /h

t ind

tend
Tprodc

µset

Fed-batch induction

tend

Prolonged batch induction

S0

Additives

Tgrowth

duration /h

t ind
Tprodc

µset

tend

Prolonged batch induction

tend

Prolonged batch induction

S0

Additives

Tgrowth

duration /h

t ind
Tprodc

µset



    

 

50 Results  
 
 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 15: Comparison of induction of rPA production during prolonged batch phase 
and fed-batch phase, µset= 0.06 h-1. Induction took place at an OD about 8 during 
prolonged batch phase (solid symbol, solid lines) and at an OD about 44 and during fed-
batch phase (open symbols, dashed lines), 1h after feeding started.  
 

After glucose depletion, glucose feeding with a rate of µset = 0.06 h-1 was started, and 

growth continued for another 40 h, resulting in a final OD600 exceeding 130 and 90 as 

the culture were induced during prolonged batch and fed-batch phase, respectively (Fig. 

15A). The induction conducted during batch phase remained constant specific CER of 2 

mmol/OD600/h, whereas the specific CER declined after 25 h of induction as the culture 

was induced during fed-batch phase (Fig. 15A).  

 
During the first 12h after induction, little rPA specific activity was obtained from the 

prolonged batch and fed-batch cultivation (Fig. 15C). The specific rPA in the both cases 

reached a maximum of about 6 µg/L/OD600. But the activity decreased subsequently 

from the 28 h after induction when the induction was taken place during the prolonged 
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batch phase. Whereas, the activity remained increasing in the case the induction was 

conducted during fed-batch phase (Fig. 15C). However, periplasmic volumetric activity 

in the both cultivation strategies increased gradually and reached approximately 600 

µg/L after 40 h of induction. Interestingly, in comparison to the cultivation with 

induction during the fed-batch phase, nearly 4 times of native rPA was transferred  to 

the culture supernatant, corresponding to 1300 µg/L, as the induction started during 

batch phase (Fig. 15D).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. 16: Effect of glucose starvation on rPA production. Batch phase started with an 
initial glucose concentration of 30 g/L, induction took place at an OD about 8. Glucose 
was fed with µset= 0.06 h-1 starting immediately after deletion of glucose (open symbols, 
dashed lines) or after a starvation period of 3h (solid symbol, solid lines). (A) OD600 

(square) and CER/OD (lines), (B) glucose feeding rate (lines) and glucose concentration 
(symbols), (C) specific (squares) and volumetric (triangles) rPA activities in the 
periplasm and (D) volumetric rPA activity in the culture supernatant are shown. Time is 
given relative to the time of induction. 
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To investigate whether glucose depletion could affect the product released to the culture 

medium, prolonged-batch-induction cultivations in which the glucose feeding was 

started with a delay of 3 hours were conducted (Fig. 16).  

 
Growth of the cultures in the both cases was similar as after 40h of induction resulting 

in OD600 of about 120. The batch which feeding started immidiately after glucose 

deletion specific CER maintained about 2 mmol/OD600/h,  whereas the specific CER of 

the batch with a delayed feeding was little lower, around of 1.5 mmol/OD600/h
  (Fig. 16 

A). 

 
After 40h of induction, specific and volumetric activities in the periplasm of the batch 

with delayed feeding strategy was nearly 5 times lower than those of the control batch. 

However, volumetric activity of about 1300 µg/L in the supernatant in the both cases 

was obtained. Thus, the delayed feeding scheme only resulted in low periplasmic, 

whereas the volumetric activity in the culture supernatant was in the same range as with 

immediate feeding start (Fig. 16C, D). In other experiments, the feeding was started 

before glucose depletion to maintain unlimited conditions, the rPA activity in both, 

periplasm and culture supernatant were low (data not shown). Therefore, induction 

during batch phase followed immediately by slow glucose feeding maximized the 

overall production of native rPA in the periplasm and culture supernatant. 

 

3.1.3.3.2 Induction of rPA production during prolonged batch phase and fed-

batch phase at feeding rate µset= 0.12 h-1 

 
To investigate whether at higher feeding rate could influence the accumulation of rPA 

in the periplasm and the culture medium, cultivation with induction at prolonged batch 

and fed-batch phase at feeding rate of 0.12 h-1 were conducted. 

 
There was no different in growth pattern of the culture in the batch with induction in 

fed-batch and prolonged batch phase. After 40h of induction, OD600 of the both cases 

reached approximately 120 (Fig. 17A). Only after 2h of glucose depletion, 

accumulation of glucose in the cultivations induced during fed-batch and prolonged 

batch phase increased steadily and reached about 50 and 90 g/L, respectively (Fig. 17 

B).  
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Fig. 17: Comparison of induction of rPA production during prolonged batch phase 
and fed-batch phase, µset= 0.12 h-1. Induction took place during prolonged batch phase 
(solid symbol, solid lines) and during fed-batch phase, 1h after feeding started (open 
symbols, dashed lines).  
 
Periplasmic specific activity declined and reached about 2.5 µg/L/OD600 after 30h of 

induction as the cultures were induced during prolonged batch phase. In contrast to the 

cultivation with induction at the prolonged batch phase, periplasmic activity increased 

gradually and reached approximately 4 µg/L/OD600 after induction of 30h. About 400 

µg/ L of volumetric activity in the periplasm of the both cases were obtained (Fig. 17 

C).  

 
At higher growth rate of 0.12 h-1, after 40h of induction, volumetric activities in the 

culture medium of the cultivations with the induction at the prolonged batch phase and 

fed-batch phase reached about 800, 1600 µg/L, respectively. Nearly two times of native 

rPA was accumulated in the culture supernatant as culture was induced during fed-batch 
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phase compared to induction at prolonged batch phase. In contrast to low feeding rate of 

0.06 h-1,  induction of rPA during prolonged batch phase at higher feeding rate of 0.12 

h-1did not enhance the yield of rPA in the culture medium (Fig.17 D). 

 
As can be seen from Fig. 18, in case cultures were induced at the batch phase, leakage 

of the rPA into the culture supernatant was enhanced nearly 2 times at feeding rate of 

0.06 h-1 compared to at feeding rate of 0.12 h-1  (Fig. 18 A). But in contrast to prolonged 

batch induction, at the feeding rate of 0.06 h-1, yield of rPA in the supernatant was about 

4 times lower than at the feeding rate of 0.12 h-1 (Fig. 18 B). Therefore, feeding rates 

probably have a remarkable influence on the leakage of native rPA into the culture 

medium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18: Comparison of the prolonged batch, fed-batch induction and feeding rates 
on rPA activity in culture medium. Volumetric activity in the supernatant of the batch 
with induction at prolonged batch phase (A), and induction at fed-batch phase (B). 
Close and open symbols indicate feeding rate at 0.12 h-1 and 0.06 h-1 , respectively.  

 

3.1.3.4  Localization of rPA during the production process 

 
To understand the transfer of the product into the periplasm and culture supernatant, 
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after induction during prolonged batch cultivation at growth rate of 0.06 h-1. By 

ultrasonication, soluble fractions were separated from insoluble fractions. Periplasmic 

fractions were extracted from cell pellets by polymyxine-B sulfate according to the 

section 2.5.6.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 19: Localization of rPA during the production process. Western blot of (A) 
samples of soluble protein fraction, (B) samples of insoluble protein fraction, (C)  cell 
pellets remaining after extraction and, (D) periplasmic extract, (E) culture supernatant 
after 13, 16, 20, 24, 28, 37, 40, 44 hours of induction. Lane S: purified rPA standard. 
 
 
The product was detected in the soluble fractions from early time after induction (Fig. 

19A), but could not extracted from the periplasm (Fig. 19D); instead, it remained in the 

cells (Fig. 19C). From 16 to 24h after induction, the product was detected in the 

insoluble fraction (Fig. 19B) indicating aggregation. Afterwards, the product could be 

extracted (Fig. 19D) and was released into the culture supernatant, where it reached 

maximum levels from 37 h after induction (Fig. 19E).  

 
In addition, as can be seen from  Fig.19, rPA have the same size in all fractions, 

indicating cleavage of the signal sequence and proper protein export. Thus, the 

aggregates probably were located in the periplasm. After 24h of induction, the 

accumulation of the product was decreased in the insoluble fractions, cell pellets and 

periplasm while an increase of native rPA was found in the culture supernatant 

  S       13       16       20       24      28       37      40     44  

A

B

C

D

E

A

B

C

D

E



    

 

56 Results  
 
 

 

indicating a translocation of the active protein from peiplasm into the medium (Nguyen 

et al., 2006). 

 
• Total protein of the culture supernatant 

 
In order to understand the leakage of  rPA in the supernatant during fed-batch 

cultivation could be a consequence of cell lysis or protein translocation. Samples taken 

from the prolonged batch and fed-batch cultivations were analysed for total protein in 

the supernatant and dry cell biomass. 

 
3 g/ L (corresponding to the 2% of the protein in the biomass) of total protein 

concentration was obtained in the supernatant after batch induction, whereas protein 

concentration above 6 g/ L (corresponding to the 4% of the protein in the biomass) were 

reached with induction during the fed-batch phase. Therefore, the overall protein 

concentration in the supernatant of the batch-induced culture was two times lower than 

in the fed-batch-induced culture, showing no indication of extensive cell lysis (Fig. 20). 

 

 

 

 

 

 

 

 

 

 
 
Fig. 20: Total protein in the culture supernatant and dry cell weight. Cultivation of 
DsbA co-production strain was conducted on HDF medium at 30°C. Culture was 
induced at 24°C with 0.5 mM IPTG after 1 h of feeding started with µset of 0.06 h-1 (fed-
batch induction) or at an OD600 about 8 (prolonged batch induction). A composition of 
0.4 M L-arginine, an equimolar mixture with 2.5 mM each of reduced and oxidized 
glutathione was added at the induction. Black circles indicate total protein and open 
circles indicate DCW of fed-batch induction (solid lines) and of fed-batch induction 
(dash lines). 
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3.1.4 Impact of other additives e.g. glycine and Tr iton X-100 on the secretion 

and export of native rPA 

 
Addition of 2% glycine and 1% Triton X-100 enhanced more than 170fold of native 

extracellular FV fragment tumor necrosis factor alpha fusion protein (SFV/TNF-
α
) 

excreted into the culture medium (Yang et al., 1998). To investigate effect of glycine 

and Triton X-100 on yields of rPA in the periplasm and culture supernatant, shake flask 

experiments were conducted like the experiments using only L-Arg and glutathione as 

the additives. However, due to growth was inhibited as cultures were induced at OD600 

about 0.6 in the presence of glycine and Triton X-100, induction was conducted at an 

OD600 about 4. rPA activities in the periplasm, culture supernatant and OD of the 

cultures were analysed and indicated in Fig. 21, 22. 

 
rPA activities in the periplasm and culture supernatant were proportional to 

concentrations of of glycine and Triton X-100. In the presence of lower concentrations 

of these chemicals, lower yields of native rPA were obtained. At 0.4M L-Arg and an 

equimolar mixture with 2.5 mM each of reduced and oxidized glutathione, rPA in the 

periplasm and culture medium reached highest yields of  2.6 and 100 µg/ L, 

respectively. At concentrations of  0.25 % glycine and 0.125 % Triton X-100, rPA 

concentrations in the periplasm and culture medium of only 0.46 and 11.75 µg/L, 

respectively, were obtained although L-Arg and glutathione were present (Fig. 21).  

 
Interestingly, the absence of L-Arg or glutathione in the additives played an important 

role in the accumulation of rPA. Although with the addition of 2 % glycine and 1 % 

Triton, no active rPA was detected in the periplasm and the activity in the supernatant 

was about 150fold lower compared to experiments with addition of both L-Arg and 

glutathione (Fig. 21). With the presence of L-arginine, redox system, addition of 2 % 

glycine and 1 % Triton X-100 to the culture after induction, rPA activities increased not 

only in the periplasm but also in the culture medium.  
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Fig.21: Effect of glycine and Triton X-100 on rPA activities. The DsbA co-
production strain was grown in shake flasks, in LB medium at pH 6.8 at 30°C. 
Induction was conducted at an OD600 about 4 with 0.5 mM IPTG at 24°C. A mixture 
composed of 0.4M L-Arg, an equimolar mixture with 2.5 mM each of reduced and 
oxidized glutathione, and different concentrations of glycine and Triton X-100 were 
added at the induction. Samples were taken after 22 h of induction. 
 
 
Similarity to the activities, growth of the cultures depended on concentrations of 

additive components. In case the additives consist of L-Arg and glutathione, when 

concentrations increased from 1 to 2 % (glycine) and 0.5 to 1 % (Triton X-100), OD600 

of the cultures declined from 5 to 4, respectively, equivalent of growth inhibition of 

20%. However, growth was extremely inhibited as the additives contain only 2% 

glycine and 1% Triton X-100 but no L-Arg and/or glutathione. In this case, growth of 

E.coli decreased approximately up to 96% (Fig. 22). Thus, the presence of L-arginine 

and redox system is necessary for cell growth. 
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 Attempt to scale-up the production of rPA in bioreactor with the presence of glycine 

and Triton X-100 was made but the results were unsuccessful due to uncontrolled 

overfoam after adding Triton X-100 into the culture medium.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.22: Effect of glycine and Triton X-100 on cell growth. The DsbA co-production 
strain was grown in shake flasks, in LB medium at pH 6.8 at 30°C. Induction was 
conducted an OD600 about 4 with 0.5 mM IPTG at 24°C. A mixture composed of 0.4M 
L-Arg, an equimolar mixture with 2.5 mM each of reduced and oxidized glutathione, 
and different concentrations of glycine and Triton X-100 were added at the induction. 
Samples were taken after 22 h of induction. 
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3.2  Impact of chaperones on the sizes of inclusion bod ies of α-

glucosidase from Escherichia coli 

 
3.2.1 Effects of measurement conditions by DLS on s izes of the IBs 

 
3.2.1.1  Effect of protein concentrations on IB size 

 
 A sample containing IBs which were isolated from sucrose gradient method was 

dissolved and diluted with 1mL of EDTA 3mM, pH 7.6 as a dilution factor of 1. 

Afterwards, the IB suspension (with dilution 1) was routinely diluted with the same 

solution to get higher dilution factors. Sizes of IBs in the sample at different dilutions 

were measured by Zetasizer 3000. The relation among parameters which were used for 

measurements, protein concentrations and mean size of IBs was shown in the Table 7 

and Fig. 23 

 
In general, Z-average sizes of IBs increased as samples were highely diluted 

corresponding to lower protein concentrations. However, at the protein concentrations 

between 0.05 to 0.08 mg/mL, the curve reached a plateau where IB sizes are nearly 

similar, indicating IBs size is independent of protein concentration. At higher protein 

concentrations (dilution 1), size of IBs was much larger than at lower concentrations. In 

contrast, at higher dilutions (from factors of 10) corresponding to concentrations lower 

than 0.04 mg/mL, sizes of IBs decreased dramatically. Nevertheless, the results of IB 

sizes obtained from high diluted samples were unrealiable due to low count rates (lower 

than 10 Kcps) according to the Technical note of the instrument (Malvern, 2005). 

Therefore, an actual mean size of IBs could be estimated approximately between 632 

and 641 nm. 
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Table 7. Relation of parameters and size of IBs measured by Zetasizer 3000.  
 

Dilution 
factor 

Refraction 
Index (20°C)a 

 

Viscosity 

(25°C)b 

 

Count rate 

(Kcps)c 

 

Total protein 

concentration 

(mg/mL)d 

 

Mean size of 
IBs/ nm 

1 1.3355 0.939 39.5 ± 0.2 0.135 733.5 ± 25.2 

2 1.335 0.932 32.5 ± 0.3 0.084 641.8 ± 6.8 

3 1.3345 0.925 25 ± 0.6 0.063 637.9 ± 4 

4 1.334 0.916 22.7 ± 0.1 0.05 632.7 ± 2.8 

5 1.3338 0.914 21.1 ± 0.1 0.042 614 ± 3.3 

10 1.333 0.901 9.6   0.033 568.8 ± 4.4 

20 1.333 0.901 2.8 ± 0.1 0.028 319.5 ± 9.4 
 

a    calculated according to Handbook of Chemistry and Physics (Weast et al., 1974) 
b    calculated according to the Eq.5  
c    obtained after each measurement by Zetasizer 3000 
d    obtained from Bradford assay 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 23: Influence of protein concentration on IB size. Expression of α-glucosidase  
from the wild type strain after induction at 37°C for 4h by 1mM of IPTG. IBs isolated 
by sucrose gradient at 15000 rpm/ 2h/ 4°C. A sample containing IBs was dissolved and 
routinely diluted with EDTA 3mM, pH 7.6 at different dilution factors. Size 
distributions of IBs were measured by Zetasizer 3000 at 25°C.  
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3.2.1.2  Effect of cell disruption methods on IB size 

 
Conditions and methods for cell disruption can affect the release inclusion body and 

size of cell debris (Wong et al., 1997a; van Hee et al., 2004).Therefore, experiments to 

investigate sizes of IBs obtained from cell disruption by sonicator and homogenizer 

were conducted.  

 
Cells were disrupted using the homogenizer (Gaulin) and sonicator to compare the size 

of inclusion bodies produced from the dnaK mutant and Hsps co-expression strain. 

Cells were disrupted 2 and 5 times by the Gaulin, and 2 times at 4°C for 20 seconds, 

amplitude 50% and cycle 0.5 s- by sonicator. Z-average sizes of IBs from the two strains 

were measued by Zetasizer 3000.  

 
Results show that Z-average sizes of the inclusion bodies from the dnaK mutant and 

Hsps co-expression strain are approximately of 600 and 300 nm, respectively. Sizes of 

IBs were similar as cells were disrupted either by homogenizer at two and five passes or 

by sonicator (Fig. 24). It is assumed that sizes of IBs released from cell disruption 

probably are independent of disruption methods. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24: Effect of cell disruption methods on IB size. The first, second and third group 
bars indicate  z-average size of the IBs of the dnaK mutant and Hsps co expression 
strains released as the cells were disrupted 2 and 5 times by the Gaulin, and by 
sonicator.  
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3.2.2 Effects of cultivation conditions on sizes of  the IBs 

 
3.2.2.1  Impact of fermentation conditions on formation of IBs 

 
Production of α- glucosidase from the wild type strain was conducted in bioreactor in 

HDF medium. Batch phase started with 5 g/L of glucose at 37°C. When glucose was 

depleted, in case of the fed-batch cultivation, feeding solution was fed to keep growth 

rate at µset of 0.12 h-1, tempature was shifted to 30°C for 5h. After 1 h of feeding, 

induction was made with IPTG 1 mM. For batch cultivation, after the initial glucose 

was consumed, the protein was induced with IPTG 1mM and temperature was 

maintained the same at 37°C for 5h. As a control experiment, cultivation of the non-

producing strain (host strain) was conducted in shake flask in LB medium, at 37°C. 

Cells were harvested when OD600 reach approximately 0.6. 

 
IBs of the wild type strain from batch and fed-batch cultivations, and cellular proteins 

from the host strain incubated on shake flask were obtained as described in 2.4.2. Cells 

dissolved in the solution (0.1M Tris-HCl buffer, pH 7 and EDTA 1mM) with a ratio 

(1:5) were disrupted by the homogenizer. By sucrose gradient gradient method, IBs and 

other cellular components were separated from different fractions. By Zetasizer 3000, 

Z-average size of those components from different fractions was shown in the Table 8. 

Also, insoluble protein fractions of those samples after cell disruption were used for 

SDS-PAGE (Fig. 25).  
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Fig. 25: SDS-PAGE pattern of the samples from bioreactor cultivation . Lane 1: 
marker, lane 2: host strain on shake flask, lane 3: soluble fraction of the batch induced 
at 37°C, lane 4: insoluble fraction of the batch induced at 37°C, lane 5: soluble fraction 
of the fed-batch induced at 30°C, lane 6: insoluble fraction of the fed-batch induced at 
30°C. 
 

Different mean sizes in different fractions of the strains were obtained. In general, larger 

sizes of the aggregated protein are distributed in lower fractions of the producing strain 

incubated on bioreactor. Most of cellular proteins from the host strains are located in the 

higher fractions (fraction 1 to 4) and in the lowest fraction which is close to bottom of 

the tube. In both cases, largest sizes of cellular protein particles are found in the 

sediment fractions (Table 8). Insoluble α-glucosidase from the batch cultivation with 

temperature induced at 37°C was formed much more than that of fed batch cultivation 

induced at 30°C as indicated in the lane 4 and 6 of Fig. 25 and Table 8.  

 
After sucrose gradient separation, IBs were supposed to be settled as a sediment due to 

higher density than other cellular components (Middelberg, 2002; Wong et al., 1997b).  

Table 8 shows that sizes of particles in the sediment fractions from the producing strain 

indicate sizes of IBs and correspond to the formation levels of the insoluble protein in 

the SDS-PAGE pattern (Fig. 25).  
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Table 8. Z-average sizes of IBs in the different fractions. 

 

 

 
 

Sample 
 fraction 1 fraction 2 fraction 3 fraction 4 fraction 5 fraction 6 fraction 7 sediment 

 
Non 

producing 
strain 

 

mean 
size(nm) 
 

 
144.6 

 
146.9 

 
131.2 

 
101.9 

 
nd 

 
nd 

 
nd 

 
155.3 

 deviation 
+/- 

7.6 
 

2.7 7.3 22.1 - - - 2 

 
 

batch 
37°C 

mean 
size(nm) 
 

 
127.9 

 
128.6 

 
369.3 

 
459.4 

 
496.4 

 
514.7 

 
389.2 

 
823.8 

 deviation 
+/- 

0.7 
 

1.7 22.2 23.9 40.0 43.8 46.2 5.1 

 
 

fedbatch 
30°C 

mean 
size(nm) 
 

 
131.2 

 
216.3 

 
211.4 

 
232.8 

 
191.1 

 
259.1 

 
nd 

 
345.4 

 
 

deviation 
+/- 

0.6 2.44 3.8 18.6 1.9 21.8 - 7.4 
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3.2.2.2  Effect of medium on size of IBs after induction 

 
In order to investigate effects of media for growing the E.coli strains on IB size, the 

wild type strain was grown on LB and HDF. Samples were taken before and after 4h of 

induction for measurement of IBs size by Zetasizer 3000.  

 
Before induction, sizes of cellular protein produced by the wild type strain grown on LB 

and HDF medium were approximately 280 and 180 nm, respectively. Z-average sizes of 

IBs of the culture grown in LB and HDF medium were of about 600 and 700 nm, 

respectively. The differences of the particle sizes indicate that cultivation media has a 

little effect on the formation of IBs (Fig. 26). Due to the simplicity for preparation, LB 

medium was chosen for the following shake flask experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 26: Z-average sizes of inclusion bodies of the wild type strain grown in LB and 
HDF medium. The wild type strain was grown on LB and HDF medium in shake flask 
at 37°C. Expression of α-glucosidase was induced with IPTG 1mM at OD600 of about 
0.6. Temperature was kept at 37°C for 4h after induction. Samples were taken before 
and after 4h of induction. Cells were disrupted 3 times by homogenizer. After isolation 
by sucrose gradient at 15000 rpm/ 2h/ 4°C, IBs in the sediment fraction was collected, 
diluted with EDTA 3mM, pH 7.6. Z-average size of IBs were analysed by the Zetasizer 
3000 at 25°C. 
 
 
3.2.2.3  Effect of temperature on size of IBs after induction 

 
To examine the impact of temperature on IB size, the host strain MC4100 and wild type 

strain were grown at 37° C. Samples were taken before and after 4h of induction.  
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Fig. 27: Effect of temperature after induction on aggregated protein size. The wild 
type strain was grown on LB medium, in shake flask at 37°C. Expression of α-
glucosidase was induced with IPTG 1mM at OD600 of about 0.6. Temperature was 
shifted to 30°, 37°and 42°C for 4h after induction. Samples were taken before and after 
4h of induction. Cells were disrupted 3 times by homogenizer. After isolation by 
sucrose gradient at 15000 rpm/ 2h/ 4°C, IBs in the sediment fraction was collected, 
diluted with EDTA 3mM, pH 7.6. Z-average size of IBs were obtained by the Zetasizer 
3000 at 25°C.The black, white, diagonal and horizontal pattern column indicate the 
aggregated protein sizes of the host strain, wild type strain before shifting temperature, 
after 4h at 30°C, 37° and 42°C, respectively. 
 

As can be seen in the Fig.27, at higher temperature after induction, larger IB sizes were 

obtained. As induced at 42°C, z-average size of the IBs exceeds 800 nm, nearly 2fold 

larger than that induced at 30°C. This result shows temperature after induction has 

strong impact on the size of inclusion bodies. 

 

3.2.3 Impact of chaperones on formation of insolubl e and soluble α-

glucosidase 

 
The wild type, control, Hsps co-production and dnaK mutant strains were incubated in 

shake flask in LB medium. All strains show the strong effect of temperature on α-

glucosidase activity. Lower specific activity was obtained at higher temperatures, also 
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growth is favoured by higher temperatures. The activities are similar for all strains 

except for the dnaK mutant (Fig. 28). With lower activities, higher amounts of α-

glucosidase were found in the insoluble cell fraction. That is not a problem of synthesis, 

but of folding versus aggregation. While DnaK is clearly necessary for proper folding 

(as seen from low activity and severed aggregation already at low temperature), 

overproduction of DnaK+ClpB did not improve accumulation of activity (Fig. 28, 29). 

Similar results were reported with the highest specific α-glucosidase activity in the 

soluble fractions of the wild type strain at 24°, and the activities decreased as the culture 

induced at higher temperatures (LeThanh, 2005).  

 
High expression of DnaK and ClpB both in soluble and insoluble fractions of the Hsps 

coexpression strain but little accumulation of these chaperones from other strains could 

be visualized by SDS-PAGE (Fig. 29, 30).  

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 28: Comparison of specific α-glucosidase activities in the soluble protein 
fractions from the wild type, control, Hsps co-expression and dnaK mutant strains 
at different temperatures after induction. The strains were grown on LB medium in 
shake flask at 37°C. Expression of α-glucosidase was induced with IPTG 1mM at OD600 
of about 0.6. Temperature was kept at 37°C for 4h after induction. Samples were taken 
after 4h of induction. Cells were disrupted 3 times by homogenizer. After isolation by 
sucrose gradient at 15000 rpm/ 2h/ 4°C, IBs in the sediment fraction was collected, 
diluted with EDTA 3mM, pH 7.6. Z-average size of IBs were analysed by the Zetasizer 
3000 at 25°C. 
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Fig. 29: SDS-PAGE pattern of soluble protein fractions from the wild type, 
control, dnaK mutant and Hsps co expression strains at different temperatures 
after induction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Fig. 30: SDS-PAGE pattern of insoluble protein fractions from the wild type, 
control, dnaK mutant and Hsps co expression strains at different temperatures 
after induction. 
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In general, z-average sizes of IBs decreased from the dnaK mutant to the wild type, 

control and Hsps co-expression strains at different temperature after induction. 

Moreover, larger IB size was observed, lower activity in the soluble fractions was 

obtained. In otherwords, IBs sizes are inversely proportional to α-glucosidase activity of 

the strains (Fig. 31). 

  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Fig. 31: Relation of size of inclusion bodies and α-glucosidase  activity of the wild 
type (A), control (B), dnaK mutant (C) and Hsps co-expression (D) strains at 
different temperatures after induction.The strains were grown on LB medium in 
shake flask at 37°C. Expression of α-glucosidase was induced with IPTG 1mM at OD600 
of about 0.6. Temperature was kept at 37°C for 4h after induction. Samples were taken 
after 4h of induction. Cells were disrupted 3 times by homogenizer. After isolation by 
sucrose gradient at 15000 rpm/ 2h/ 4°C, IBs in the sediment fraction was collected, 
diluted with EDTA 3mM, pH 7.6. Z-average size of IBs were analysed by the Zetasizer 
3000 at 25°C. 
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3.2.4 Effect of co-production of the chaperones on dissolution of the inclusion 

bodies 

 

IBs of the control, dnaK mutant and Hsps coexpression strains were resuspended and 

incubated in different urea concentrations from 2 to 8M. After incubation, the pellets 

(remnant of IBs) were separated from soluble fractions by centrifugation and 

determined for protein concentrations.  

 
 

 

 

 

 

 

 

 

 

 

 

  

Fig. 32: Fraction of remnant aggregates after incubation of inclusion bodies with 
urea. (A) control, (B) dnaK mutant and (C) Hsps co-expression strain induced at 25°C 
(circle), 30°C (triangle) and 37°C (square). The control, dnaK- and Hsps co-production 
strains were incubated on LB medium at 37°C. When OD600 reached 0.6, cultures were 
induced with 1 mM IPTG and subsequently incubated at 25°, 30° and 37°C for 4 hours. 
IBs after isolating were resuspended in different concentrations of urea. IBs after 
isolating were resuspended in different concentrations of urea (2 to 8 M). The IB 
suspension was incubated at 4°C for 2h. The soluble fractions and pellets were 
separated by centrifugation at 13000rpm / 45min/ 4°C. The pellets were dissolved in 
150µL of Urea 8 M. Protein concentrations of resuspended pellets were analysed by 
Bradford assay.  
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Fig. 33: Association of DnaK/ClpB with α-glucosidase in the soluble fractions after 
incubation of IBs with increasing concentrations of urea. SDS PAGE of soluble 
protein fractions after extracting IBs of the control (A), dnaK mutant (B) and Hsps co 
production (C) strain with different urea concentrations after 4h incubation at 4°C. The 
strains were incubated on LB medium at 37°C. When OD600 reached 0.6, cultures were 
induced with 1 mM IPTG and subsequently incubated at 37°C for 4 hours. IBs after 
isolating were resuspended in different concentrations of urea (2 to 8 M). The IB 
suspension was incubated at 4°C for 2h. The soluble fractions and pellets were 
separated by centrifugation at 13000rpm / 45min/ 4°C. The soluble fractions were 
dissolved in 150µL of Urea 8 M and loaded onto SDS PAGE.   
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As can be seen from Fig. 32, the Y-axis describes ratios of protein concentration of the 

insoluble fractions to total cell proteins indicating levels of the dissolutions of IBs. After 

incubation at 4°C for 2h, dissolution of IBs of the control and dnaK mutant strains 

which were induced at 25°, 30° and 37°C was partial at urea concentrations from 2 to 

4M. At urea concentrations in the range of 4 to 6M, more IBs were solubilized and the 

dissolution reached stationary levels at urea concentrations from 6 to 8M.  

 
Unlikely to the control and dnaK mutant strain, IBs of the DnaK/ClpB co-production 

strain induced at 25° and 30°C was only partially resolubilized even at high urea 

concentration, whereas more IBs of the culture induced at 37°C were dissolved than at 

lower temperatures (Fig. 32 C) indicating  more solubilization of IBs at high 

temperature. High accumulation of DnaK and ClpB was detected on the SDS PAGE of 

the soluble fraction. The levels of those heat shock proteins were nearly constant and 

independent of urea concentrations (Fig. 33). Therefore, it could be assumed that there 

is a strong association between DnaK/ClpB and the IBs containing α-glucosidase. The 

co-production of DnaK/ClpB probably resulted in lower resolubilization of the IBs at 

high concentrations of urea when the cultures were induced at 25°C and 30°C than at 

higher temperature (37°C). 

 
� To investigate the relation of chaperones (DnaK/ClpB) and size of the remnant 

of IBs, IBs of the control, dnaK- and Hsps co-production strains which were induced at 

37°C for 4 hours were incubated with the increasing concentrations of urea (1- 8M). 

The remnant of IBs was dissolved and diluted with 3mM EDTA pH7.6. Z-averge size 

of IB remnant was measured by Zetasizer 3000.  

 
After incubation with urea at concentrations in the range of 0 to 5 M, remnant of IBs 

obtained from the Hsps co-production strain has similar mean sizes which are about 300 

nm. However, size of the Hsps co-production strain could not be detected in case of the 

sample incubated with higher urea concentrations. In constrast to the Hsps co-

production strain, sizes of IB remnant of the control and dnaK mutant strain decreased 

from approximately 420 nm to 300 nm and 611 nm to 333 nm, respectively, as samples 

were incubated with urea at concentrations from 0 to 3 M. But, in case IBs were treated 

with urea at the concentrations from 4 M, the IBs were almost extracted (Fig. 34). 
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Fig. 34: Effect of Hsps on size of remnant of IBs after extracting IBs with different 
urea concentrations. The control, dnaK- and Hsps co-production strains were 
incubated on LB medium at 37°C. When OD600 reached 0.6, cultures were induced with 
1 mM IPTG and subsequently incubated at 37°C for 4 hours. IBs after isolating were 
resuspended in different concentrations of urea. IBs after isolating were resuspended in 
different concentrations of urea (2 to 8 M). The IB suspension was incubated at 4°C for 
2h. The soluble fractions and pellets were separated by centrifugation at 13000rpm / 
45min/ 4°C. The pellets were dissolved and diluted with 3mM EDTA pH7.6 . Size of 
remnant of IBs was measured by Zetasizer 3000 at 25°C. 
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4. DISCUSSION 
 
4.1 Cultivation strategy for secretion and export of rP A from Escherichia coli 
 
4.1.1 Effect of DsbA co-production, the additive and conditions on culture growth 

and rPA activities 

 
In order to enhance soluble protein production, there are different approaches including 

overexpression of disulfide oxidoreductase “Dsb” family, co-production of molecular 

chaperones or other means as mentioned in details in the section 1.1.2. Production of 

full-length tPA by coproduction of the isomerase DsbC was enhanced more than 

overproduction of DsbA but high level of DsbC was found to be harmful to the cell as 

the growth of the culture stopped within 3-4h after induction (Qiu et al., 1998). 

Therefore, coproduction of a DsbA C33S mutant (obtained from  labor stock), in which 

Cysteine 33 in the active site of DsbA (codon TGC) was changed to serine (codon 

AGC), with rPA was evaluated in order to compare its efficiency with DsbA wildtype 

coproduction. Similar results of rPA activities with overproduction of the wildtype and 

mutant DsbA, with slightly higher rPA activities with the wildtype DsbA were obtained 

(data not shown). Hence, coproduction of wildtype-DsbA was used for experiments in 

shake flask and bioreactor scale in this study. 

 
Although DsbA was overexpressed, yields of native secreted heterologous proteins 

could only be increased by addition of glutathione (Wunderlich and Glockshuber, 1993) 

or L-arginine (Winter et al., 2000) to the growth media. This was also proved in this 

thesis, although DsbA was co-producted, without addition of L-Arg and glutathione, 

yields of secreted rPA was much lower than the cultures were supplemented with these 

additives. However, co-production of DsbA had a remarkable influence on the secretion 

of native rPA in the periplasm and especially on the export of the active protein to the 

culture supernatant. Addition of L-Arg and glutathione did not help the control strain to 

produce as much native rPA as the DsbA co-production strain, although the additives 

was added to the culture in this case (Fig. 7). 

 
L-arginine is proposed not to facilitate refolding, but probably suppresses aggregation 

of the proteins during refolding (Arakawa and Tsumoto, 2003). Glutathione affects the 



    

 

76 Discussion  
 
 

 

redox state of the periplasm therefore, influences correct disulfide bond formation 

(Georgiou and Valax, 1996). Accumulation of rPA was increased as the medium was 

supplemented with 0.4M L-Arg, and equimolar mixture with 2.5 mM each of reduced 

and oxidized glutathione (Fig. 7). For the fed-batch fermentation, addtition of L-Arg 

and redox system could enhance high release of native rPA into culture medium. Yields 

of native rPA in the periplasm and in the culture medium as the culture added with L-

Arg and redox system increased more than 123 and 2250 fold, respectively, than that of 

the culture without any additive supplementation (Fig. 12). In comparison to the result 

from shake flask experiment, in bioreactor scale, redox system had higher effects on the 

yields of native rPA obtained from the periplasm and culture medium. Yields of native 

rPA in the periplasm and culture supernatant of the batches with addition of L-arginine 

and redox system increased about 50 and 87 fold, respectively, compared to the batch 

without addition of redox system (only with addition of L-Arg) (Fig. 12).  

 
Glycine and Triton X-100 supposed to be able to alter morphology leading the 

disruption of cell membrane integrity of E.coli. Glycine has stimulatory effects on 

production and release of protein. Besides, glycine can induce bacteriolysis which 

enhances the leakage of proteins into culture medium (Yang, 1998).The export of 

proteins from E.coli into culture media was enhanced by glycine (Fujiyama et al., 1995; 

Ikura, 1989; Yang et al., 1998). By adding 1% Triton X-100, the secretion of fusion 

protein SFV/TNF-
α
 was increased 38fold. However, Triton X-100 is only appropriate 

for small protein like SFV/TNF-
α
 (43 kDa) whereas larger protein β-galactosidase (118 

kDa) was not released to the medium (Yang, 1998). Thus, rPA protein which has 

molecular weight about 40 kDa can be released into the culture medium as the cultures 

were treated with this detergent. Similar to the results reported by Yang et al., 1998, 

adding 2% Glycine and 1% Triton X-100 improved yields of rPA in the periplasm and 

culture supernatant. However, this could only be obtained as L-Arg and glutathione 

were also added (Fig. 21). However, this is not clear about association effects of these 

substances on the levels of secreted proteins.  

 
Growth of the cultures was affected by the additives. As the cultures were added with 

L-Arg, growth rate was impaired more than with glutathione (Fig. 8). Whereas glycine   
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at low concentrations in the range of 6-12 mM  improved the gowth of E.coli (Han et 

al., 2002), at higher concentrations from 0.05 to 1.33 M, up to 80% of bacteria growth 

can be inhibited (Hammes et al., 1973). In this study, results showed that glycine and 

Triton X-100 also impaired cell growth. When concentrations of these chemicals 

increased from 1 to 2 % (glycine) and 0.5 to 1 % (Triton X-100) growth was decreased 

about 20%. Although L-Arg and glutathione impaired the growth of cultures, 

approximately 96% of growth was extremely inhibited as the additives contain no L-

Arg and/or glutathione (Fig. 22). Thus, L-arginine and redox system seem to be 

benificial for cell growth in this case. 

 

4.1.2 Cultivation strategies for the production of rPA in the periplasm and 

culture medium 

 
In this study, the production of rPA was optimized in fed-batch cultures of recombinant 

E. coli and discussed in detail below (Nguyen et al., 2006).  

 
In the presence of L-arginine and glutathione and with overproduction of DsbA, a slow 

but steady product accumulation and leakage of rPA to the culture supernatant were 

observed. Early after induction, rPA accumulated as inclusion bodies in the periplasm 

and continued to keep a major portion of rPA during cultivation.  

 
In the thesis, the different feeding strategies of glucose in the presence of L-arginine and 

redox system that inhibits glucose uptake, were investigated. After addition of L-

arginine and induction, glucose uptake was impaired and this led to accumulation of 

glucose in the medium. Consequently, the specific CER decreased afterwards. As a 

common phenomenon, high glucose concentrations result in formation of acetate, which 

may inhibit culture growth or production. Changes in the respiration rate can be occured 

during recombinant protein production, e.g. glucose uptake was impaired during 

production of α-glucosidase (Neubauer et al., 2003) or protein degradation was 

accelerated after stress responses (Schmidt et al., 1999; Hoffmann et al., 2001; 

Hoffmann et al., 2004). However, here, the inhibition of the respiratory activity had no 

remarkable relation with recombinant protein production but glucose accumulation in 
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the culture medium was observed. Thus, the specific CER was found to be a useful 

parameter to detect problems related to high glucose concentrations. 

 
Attempt to avoid glucose accumulation by slowing down the glucose feeding was not 

appropriate. With a feeding rate that maintained glucose limited conditions for most of 

the production phase, cell growth and therefore the volumetric product yield were 

considerably reduced compared to faster feeding (Fig. 13). On the other hand, glucose 

accumulation to inhibitory levels could be prevented by temporary suspension of the 

feeding, however, this application did not help an increase of rPA yields (data not 

shown). Consequently, glucose feeding rates in the range of 0.06-0.2 h-1 had little 

influence on the specific rPA activity profiles, in contrast to the strong impact of the 

feeding rate on cytoplasmic folding of a recombinant protein (Curless et al., 1989; Fu et 

al., 1993; Hellmuth et al., 1996; Le Thanh and Hoffmann, 2005; Seo and Bailey 1986; 

Turner et al., 1994). Avoiding glucose accumulation by slow feeding was inappropriate, 

as growth or product accumulation, respectively, were affected. However, fed-batch 

cultures induced during limited feeding followed by gradual glucose accumulation were 

highly efficient, both in terms of specific and volumetric activities compared to shake 

flask cultivation. 

 
Interestingly, at low feeding rate of 0.06 h-1, there was a significant difference between 

cultures induced during fed-batch phase followed by gradual glucose accumulation and 

a culture induced during a prolonged batch phase. Cultures induced during a prolonged 

batch phase followed by limiting glucose feeding (or even followed by 3 h glucose 

starvation before glucose feeding) secreted large amounts of active rPA (Fig. 16). While 

the product concentration in the periplasm decreased after reaching a maximum or 

remained permanently at low level, the final volumetric activities in the culture 

supernatant and in the periplasm reached about 4 times as high as the activities obtained 

in the cultures induced during fed-batch phase. However, induction of rPA during 

prolonged batch phase at higher feeding rate of 0.12 h-1 did not enhance the yield of rPA 

in the culture medium. Nearly 2fold of native rPA was accumulated in the culture 

supernatant as culture was induced during fed-batch phase compared to induction at 

prolonged batch phase. (Fig.17 D). 

 



    

 

79 Discussion  
 
 

 

The presence of IBs in the periplasm is found to interfere with proper folding of 

proteins. Thus, release of proteins into the supernatant may enhance protein folding 

from the negative influence of the IBs. By overproduction of a periplasmic protease 

(Lin et al., 2001; Pan et al., 2001) or release of the product into the supernatant using 

the ompA signal sequence (Mansoroi et al., 2001), yields of the active products were 

increased.  

 
Enhancing release of the product in batch cultures compared to fed-batch cultures was 

also reported using a hydrolase fused to the ompA signal sequence and production at 

increased temperature (Dresler et al., 2006). Consequently, yields of the product in fed-

batch cultivation were twofold (specific activity) and tenfold (volumetric activity) 

higher than in batch cultivation. In addition, the release of the protein was enhanced 

during fast growth (Dresler et al., 2006). In this study, the induction of rPA in a 

prolonged batch phase was increased only at the low growth rate (0.06 h-1). By this 

strategy, high volumetric rPA yields and efficient release to the culture medium were 

both obtained. 

 
The production kinetics was found to be relatively slow but steady product 

accumulation and leakage of rPA to the culture medium were observed. The product 

accumulation in the insoluble cell fraction with a similar kinetics as in the cell pellets 

remaining after osmotic shock indicates that the product mainly accumulated in an 

aggregated form. As rPA has the same size in all fractions, indicating cleavage of the 

signal sequence and proper export, the aggregates seemed to be located in the periplasm 

(Fig. 19).  

 
If the release of the product would be limited due to low level of protein export to the 

periplasm, enhanced release after induction during prolonged batch phase might be a 

result of the cell lysis. However, the total protein concentration in the supernatant of the 

bach-induced culture was two times lower than in the fed-batch-induced culture 

indicating no extensive cell lysis (Fig. 19). Similarly, proteins found in the culture 

supernatant of the batch and fed-batch cultivations have been previously shown to be 

released from the periplasm (Dresler et al., 2006; Rinas and Hoffmann, 2004). 
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Moreover, from another report, cell lysis as a cause of enhanced product release in 

batch cultures has been positively excluded (Dresler et al., 2006). 

 
Factors e.g. cultivation at low temperature and use of the pelB signal sequence enhanced 

the release of proteins to the culture medium (Georgiou and Segatori, 2005). In this 

study, these factors were also applied as the E. coli strain carrying the plasmid 

pET20b(+)_rPA consisting the pelB signal sequence was cultivated at 24°C after 

induction. A prolonged cultivation to the stationary phase or an interruption of the 

glucose feeding could stimulate protein leakage from the periplasm to the culture 

supernatant (Miksch et al., 2002). Besides, a remarkable release of product after glucose 

depletion in batch cultures as well as a large accumulation of the product in the 

periplasm and also in the cytoplasm during fed-batch cultivation were observed (Dresler 

et al., 2006). Nevertheless, a starvation between glucose depletion and feeding start did 

not increase the release of rPA in the process (Fig. 16D). 

 
Although a fast production under unlimited conditions (batch phase) is stressful to the 

cells leading to low levels of active proteins by cytoplasmic production (Hoffmann et 

al., 2004; Lethanh and Hoffmann, 2005), the way to release protein from the periplasm 

under prolonged batch phase followed by limited feeding at the low feeding rate seems 

to be the appropriate process for production of active rPA. In addition, if high binding 

affinity of the protein would be possible, the release of the product to the culture 

medium may make extraction procedures become unnecessary. This probably facilitates 

downstream processing by using the expanded bed chromatography (Anspach et al., 

1999). 

 
 
4.2 Impact of chaperones on the sizes of inclusion bodi es of α-glucosidase 

 
At high concentrations, size of the particles may depend on the sample concentration 

leading to a reduction of the actual particle size due to higher viscosity value (Kaszuba 

et al., 2004). This is proved by the Eq. 1, size of paricles is inversely proportional to 

viscosity of the solutions. Thus, when visosity increases, d (H)- hydrodynamic diameter 

of the particles will be declined. Moreover, another parameter which has remarkable 

influence on d (H) is the diffusion coefficient (D). If the particles are suspended in a 
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solution of higher viscosity, e.g., ethylene glycol, treacle, their movement will be 

slowed down (Rawle, 1995) resulting in lower the diffusion coefficient. Consequently, 

the hydrodynamic diameter of the particles will be increased. Nevertheless, as can be 

observed from Fig 23, Table 7, Z-average of α-glucosidase IBs increased as samples 

were highly diluted corresponding to lower protein concentrations. Here, although 

viscosity of the diluted samples slightly declined at higher dilution, Z-average size of 

IBs was decreased.  

 
The release of inclusion body can be influenced by some parameters e.g. 

homogenization pressure, number of homogenization and biomass concentration (van 

Hee et al., 2004). Cell disruption conditions have some effects on product release, cell 

debris size (Kula et al., 1990; Siddiqi et al., 1996; Wong et al., 1997a). Increasing the 

number of homogenizer passes leads to smaller cell debris size while unaltered 

inclusion body size (Wong et al., 1997a). Similarity to this result, sizes of IBs also did 

not change and were independent of the disruption methods as the cells were disrupted 

either by homogenizer at two and five passes or by sonicator (Fig. 24).  

 
With the density gradient separation, IBs of  E.coli with density of 1.3-1.4 g mL-1 can 

be separated from cell debris (1.085 g mL-1),  lighter outer membrane vesicles (1.224 g 

mL-1) and denser ribosomes (1.5 g mL-1) (Middelberg, 2002; Wong et al., 1997b). Thus, 

here, it could be assumed that after separation by sucrose gradient at high centrifugation 

speed, most of α-glucosidase IBs and ribosomes sedimented on the lowest part of 

centrifugation tubes where the density of sucrose 55% is 1.26 g mL-1. Although density 

of the ribosome is higher than IBs, size of an E.coli ribosome is approximately of 20 nm 

(Stryer, 1996), that is much smaller than size of IB leading to no effect on measurement 

of size distributions of IBs by DLS. 

 
The physical association of IbpAB with IBs of the recombinant human renin (Allen et 

al., 1992) and α -glucosidase (Le, 2005) after incubation of the purified IBs with 

increasing concentrations of urea was investigated. The results revealed that a strong 

association between ibpAB and human renin inclusion bodies but no tight relation of α-

glucosidase and the IbpAB were observed. In this thesis, there was a strong association 

between DnaK/ClpB and the IBs containing α-glucosidase. High accumulation of DnaK 
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and ClpB was detected on the SDS gel of the soluble fraction. The expression levels of 

those heat shock proteins were nearly constant and independent of urea concentrations. 

However, ibpAB was not visualized by SDS-PAGE due to their low accumulation (Fig. 

33). Higher resolubilization of the IBs under higher urea concentrations was observed in 

the presence of DnaK/ClpB when the cultures were induced at 37°C than at 25°C and 

30°C (Fig. 32). Therefore, the co-production of DnaK/ClpB may enhance the 

resolubilization of the IBs at high urea concentrations when the cultures were induced at 

high temperature (37°C). 
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5. SUMMARY 
 
In this thesis, production of soluble rPA protein in the periplasm and culture supernatant 

with the assistance of DsbA as a coexpressed helper protein in shake flask and 

bioreactor scale was investigated. For the expression of α-glucosidase  as a model 

protein in the cytosol, a new technique  DLS using the Zetasizer 3000 (Malvern, UK) 

was applied to determine the impact of production conditions on the size distributions of 

IBs of α-glucosidase and on the solubility of the protein.  

 
� DsbA co-expression, appropriate cultivation conditions (temperature, pH 

medium and culture media) and addition of different additives (L-arginine, redox 

system, glycine and Triton X-100) enhanced yield of native rPA in the periplasm and in 

the culture supernatant in shake flask scale. The additives e.g. glycine and Triton X-100 

had a remarkable impact on the secretion of native rPA into periplasm and culture 

supernatant. The presence of L-arginine and redox system with glycine and Triton X-

100 was necessary for cell growth. Only with the presence of 0.4M L-Arg, an equimolar 

mixture with 2.5 mM each of reduced and oxidized glutathione, addition of 2% glycine 

and 1% Triton X-100 to the culture after induction, rPA activities increased not only in 

the periplasm but also in the culture medium. Compared to the experiments without the 

use of glycine and Triton X-100, accumulation of active rPA in the periplasm and 

culture supernatant reached 2.6 and 100 µg/L increasing 10 and 12fold, respectively. 

However, proper cultivation conditions in bioreactor scale need to be developed to 

control foam during fermentation. 

 
The production of native rPA in the periplasm and culture supernatant in 8L fermentator 

on defined medium was optimized in the presence of different additives. 

Growth rates had strong effect on the secreted protein yield in the periplasm. rPA 

accumulation was slow within 5-10 h after induction but steady for another 40 h. 

Feeding rates aiming at specific growth rates between 0.06 and 0.2 h-1 did not influence 

the specific rPA activity profiles.  

 
Specific growth rates and the time of induction influenced the native recombinant 

protein in the periplasm and in the culture supernatant. In fed-batch cultivation, slow 

feeding at 0.06 h-1 retarded glucose accumulation but also decreased final OD leading 
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low volumetric rPA activity. As rPA production induced during a prolonged batch 

phase followed by slow feeding at 0.06 h-1, the specific activity in the periplasm was 

lower than with induction in the fed-batch phase. However, rPA activities up to 1300 

µg/ L (about 3 times higher than with induction in fed-batch mode) were found in the 

culture supernatant. But, in contrast to low feeding rate of 0.06 h-1, at higher growth rate 

of 0.12 h-1, induction of rPA during prolonged batch phase did not enhance the yield of 

rPA in the culture medium. Volumetric activities in the culture medium of the 

cultivations with the induction at the prolonged batch phase and fed-batch phase were of 

500, 1600 µg/L, respectively. 

 
� By using Zetasizer 3000, IBs size of α-glucosidase formed in cytosol of E.coli 

during shake flask and bioreactor cultivation were measured.  

 
Cell disruption methods (sonication and homogenizer) had no effect on sizes of the IBs. 

Z-average sizes of the inclusion bodies from the dnaK mutant and Hsps co-expression 

strain were approximately of 600 and 300 nm, respectively. 

 
Cultivation media (LB, HDF medium) had a little influence on size of IBs. Z-average 

sizes of IBs of the culture grown in LB and HDF medium were of about 600 and 700 

nm, respectively. 

 
Temperature had a strong impact on the formation of inclusion bodies: larger sizes of 

IBs were obtained at higher induction temperature. Z-average size of the IBs reached 

about 800 nm as the culture was induced at 42°C , nearly 2 times larger than that 

induced at 30°C. 

 
Solubility of α-glucosidase of the control, dnaK mutant and Hsps co-expression strain 

was inversely proportional to the size of their IBs. Lower soluble protein activities were 

obtained, larger sizes of IBs were observed. 

 
Co-production of the chaperones e.g. DnaK and ClpB influenced the dissolution of the 

IBs and size of the remnant IBs after incubation of IBs with increasing concentrations 

of urea.  
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The co-production of DnaK/ClpB probably promoted more resolubilization of the IBs at 

high urea concentrations when the cultures were induced at high temperature (37°C) 

than at lower temperatures (25°C and 30°C).
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