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Abstract 
The present Master thesis describes the development and optimization of a fed-
batch process for production of recombinant proteins in Escherichia coli 
BL21(DE3) in a multi-fermentor system. The system consists of six 1-liter 
fermentors, capable of producing  0.5-1.5 mg/mL with present protocol. 
Response surface methodology (RSM) was used for multivariable optimization 
regarding cultivation time, pH, temperature and feed rate. Optimal protein 
expression conditions were found out to be 17.8 h cultivation time, 36.7 ºC, pH 
6.8 and a feed rate corresponding to specific growth of 0.23 h-1, on glucose 
substrate. The aggregation of expressed proteins to inclusion bodies, could not be 
affected by the various growth conditions employed during cultivations.  
A study was conducted regarding growth conditions effect on 
phosphogluconoylation of expressed proteins. In ten fed-batch cultivations on 
glucose, LC/MS analysis showed a gluconoylated fraction with additional 178 Da 
mass, but no correlation between growth conditions and gluconoylation could be 
found. In two fed-batch cultivations on glycerol-feed, a lower feed rate resulted in 
no gluconoylation, while a higher did. An explanation would be that the lower 
amount of available intra-cellular carbon limits formation of gluconoylation 
precursors. 
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1 Introduction 

1.1 Background 
Affibody AB develops and produces Affibody® molecules, affinity ligands for use in 
biotechnical applications and therapy. The company has two divisions: Biotechnology and 
Therapy. The Biotechnology division develops and sells Affibody® molecules for use as 
affinity ligands in separomics and proteomics. The division is currently rapidly expanding 
its product set and a new sales-site on the web was started in February 2005. The therapy 
division is researching use of Affibody® molecules for radio-affinity therapy and imaging 
in cancer-treatment. Both divisions produce different Affibody® molecules and other 
proteins, used for characterization, development, in-vitro- and in-vivo trials. Currently 
most Affibody® molecules are produced in fed-batch processes or shaker flasks cultures 
of Escherichia coli, with expression system T7. 
A new fermentation system, the Belach GRETA-system, was made available for the 
company in March 2004, and has been used in the production of Affibody® molecules, as 
well as in bioprocess development. The system consists of six parallel 1 liter fermentors 
with automatic programs for Cleaning-in-place and Sterilization-in-place as well as control 
and monitoring systems of pH, temperature, optical density, dissolved oxygen, feed and 
induction. The fermentation system has potential to be a very time effective way to 
produce different Affibody® molecules. Previously the system was used for batch 
production, but yield both in biomass and expression levels were not sufficient. The 
scope of this Master Thesis was to create a high throughput production of Affibody® 
molecules in the GRETA-system. The protocol was intended for cultivation of Escherichia 
coli with expression system T7.  

1.2 Escherichia coli 
Escherichia coli (E. coli) is perhaps the most extensively studied microorganism, and it is a 
common choice for recombinant protein expression. Several expression systems use E. 
coli as a host organism though they use genes and promoters from other organisms. All 
genes cannot be expressed efficiently in the bacteria, and there are other drawbacks as 
well: Inability to perform the post-translational modifications, that many eukaryotic 
proteins demands, incomplete disulfide bond formation and lack of secretion mechanism 
for extracellular expression, are some examples. In spite of the drawbacks E. coli is a very 
good host for recombinant protein expression, and it is supreme in high-level expression. 
[1,2] 

1.3 Expression system T7 
The T7 system is by far the most used expression system to obtain high levels of 
recombinant protein. First described by Studier and Moffat in 1986, it uses T7 RNA 
polymerase to transcript multi-copy plasmids. The T7 RNA polymerase is many times 
more efficient than E. coli RNA polymerase, which in turn render very high levels of 
recombinant protein. The RNA polymerase encoding gene, T7 gene 1, is introduced in the 
E. coli host by a chromosomal copy, and is controlled by the lacUV5 promoter. The lacI 
that encodes the lac-repressor protein, block transcriptions at both lacUV5 promoter and 
T7lac-promoter on the plasmids, efficiently preventing leaky expression. lacUV5 promoter 
is inducible by lactose or isopropyl-β-D-thiogalactopyranoside (IPTG), and initiates T7 
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RNA polymerase production, which transcribes the plasmids containing the recombinant 
protein. [3,4,5]  
The T7-system induces expression strongly and protein concentration reaches up to half 
of the total protein content after just a couple of hours. Subsequent the energy and 
biosynthetic resources of the cells will be utilized in the production of recombinant 
protein, and a small amount will be available for maintenance and growth. Due to 
potential toxicity and high cost of IPTG, T7-system is not extensively used for 
production of human therapeutics or large-scale production. [6,7,8,9] 

1.4 Model protein ZHER2 
 Affibody® molecules are a group of affinity ligands derived from Staphylococcus aureus 
protein A. The ImmunoglobulinG-binding B domain of the protein has been genetically 
engineered in the binding surface, where 13 amino acids have been randomized. The B-
domain analogues, designated Z-domain, consist of 58 amino acids in three alpha helices 
that creates a simple and robust structure with a molecular weight of 7 kDa. Affibody® 
molecules can be selected by screening a combinatorial phagemid library constructed 
from a Z-domain scaffold. Current combinatorial library consist of 3*109 members, 
which is only a very small fraction of the 8*1016 possible variants. By maturation 
Affibody® molecules with higher affinity for the target can be selected, and thereby 
compensate for the limitation in primary screening set by library size. During maturation a 
primary selection of clones from the combinatorial libraries undergoes sequencing, and 
similarities in the amino acid sequence are locked in a re-randomization of the remaining 
amino acids. From this re-randomization a new, secondary combinatorial phagemid 
library is created, which can be screened against the target, resulting in Affibody® 
molecules with stronger affinity (lower KD) for the target. To further enhance the binding 
affinity, Affibody® molecules are fused to di- tri- or tetramers. [5,11,12,13] 
Human epidermal growth factor receptor 2 (HER2) is overexpressed in 30% of breast 
cancer tumors, and is an interesting target for monoclonal antibody techniques. The 
monoclonal antibody trastuzumab, which is sold under the trademark Herceptin™ by 
Genentech Inc, uses HER2 as target protein. [14] The Affibody® molecule ZHER2 is a 
ligand for HER2, which uses a different binding-site than trastuzumab. Four variants of 
ZHER2 is used as model protein in fermentations during this Master thesis project. The 
first is His6-(ZHER2:4)2, an unmatured, his-tagged Affibody® molecule, that exhibits a large 
fraction of insoluble protein when expressed. His-tag eases downstream processing by 
serving as a ligand in immobilized metal affinity chromatography (IMAC). The second 
and third are matured Affibody® molecule (ZHER2:342)2, with and without an albumin-
binding-domain (ABD). The fourth is (ZHER2:477)2-Cys, another matured variant fused to a 
C-terminal cysteine. [5,15]  
The ABD-tag consists of a 46 amino acid residue derived from albumin binding 
streptococcal protein G. The 5-kDa domain has the advantageous property of binding to 
human serum albumin (HSA), and thereby enable purification in HSA affinity 
purification. This property has a very profound potential for in-vivo therapy: Fusing 
Affibody® molecules with a ABD moiety prolongs the in-vivo half-life and reduces the 
immune response, by binding to HSA, a component of the circulatory system with 
lengthy half-life. [1,16]  
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Table 1: Affibody® molecules used during cultivations. 1Teoretical value.  2KD for monomer. 
 Plasmid pI1 Mw KD

2 
His6-(ZHER2:4)2 pAY321 7.2 15.5 kDa 50 nM 
ABD-(ZHER2:342)2 pAY770 8.7 19.1 kDa 22 pM 
(ZHER2:342)2 pAY773 9.2 14.1 kDa 22 pM 
(ZHER2:477)2-Cys pAY817 9.0 14.0 kDa 40 pM 

1.5 Fermentation Strategies 
Cultivation and expression of recombinant proteins in batch processes, where all 
nutrients are supplied from the beginning, are common throughout the biotech industry. 
There are some limitations in this kind of cultivation due to inhibition when some 
nutrients are supplied in excess. In fed-batch fermentation, a short initial batch-phase 
allows the culture to grow unlimited, followed by a feed phase, where growth will be 
limited by substrate availability. Using fed-batch fermentation both substrate inhibition 
and by-product formation can be controlled, and thereby create optimized conditions for 
biomass growth. Inhibitory by-products like acetate, which are formed during cultivation 
on excess glucose and during high specific growth rates, are hereby avoided. [17]  
The yield of recombinant protein product is affected by the host strain’s ability to express 
the protein and the cultivating conditions. It is not clearly understood how the cultivating 
conditions affect the strains ability to express recombinant protein, and the effects vary 
between different strains and expression systems. [18,17] Higher specific growth rate 
increases the rate of expression, for example expression of recombinant β-galactosidase 
when controlled by lacZ-lacUV5 in E. coli. This is explained by differences in ribosomal 
contents during high and low specific growth rates. By induction of fermentation during 
the high specific growth rate in the exponential phase would in this case render a higher 
protein concentration.  
The cultivating conditions can trigger a variety of stress responses that inhibits the 
expression. In many cases the density of the culture leads to rising carbon-substrate 
consumption through maintenance, which induces a carbon starvation stress system. 
Shifting from batch phase to fed-batch phase limited glucose supply can trigger this stress 
system. [19,20] 
Recombinant protein production is inhibited by excess of certain substrates and by-
products like acetate, due to lowered synthesis of DNA, RNA, lipids and proteins. The 
critical growth rate for acetate formation varies between different strains and cultivation 
mediums. Other problems arising during fed-batch fermentations include difficulties in 
aeration and high CO2-levels, which can lead to acetate formation. This is common at 
high cell density- and large-scale fermentations, due to difficulties attaining optimal 
mixing and agitation. Oxygen limitations can be avoided by supplemental aeration with 
oxygen and improved mixing. [1,22,23] 
E. coli produces acetate during anaerobic conditions and overflow metabolism, in which 
glucose uptake exceeds biosynthetic demand and respiratory capacity in the cells. Acetate 
inhibits both growth and product formation. Recombinant cells seem to be more affected 
by acetate than non-recombinant cells. Various methods are applied to maintain a low 
acetate concentration. The common way is to use an exponential feed rate determined 



 

 

 

6

from a specific growth rate (normally 0.1-0.3 h-1). By limiting glucose, the carbon flux 
through glycolysis will be lower and the overflow thereby controlled. [22,24] E. coli  
BL21(DE3) has been reported to self-control overflow metabolism and level the acetate 
concentration at 1g/L in excess glucose [25,26]. 
Online monitoring and feedback regulation of feed rate is possible by using DO- or pH 
sensors. The feed is administered in pulses by pump, which is initiated as response to 
rising pH or dissolved oxygen. When carbon substrate is exhausted, the pH rises due to 
excretion of ammonia by the cells, and oxygen level rises due to lower oxygen demand. 
[21,22] Online glucose measurement and feedback regulation has been tried as well. The 
results show that many strains of E. coli produce acetate even at very low glucose 
concentrations. [27] 
Using glycerol as carbon source can reduce the production of acetate. The amount of 
glycerol transported into the cell is lower which reduces the carbon flux through the 
glycolysis. This reduces growth rate and acetate formation. By supplying methionine and 
glycine, recombinant protein production and growth rate are increased. [22] Acetate 
formation on glycerol growth is reported to be 30% compared to glucose growth. Using 
glycerol as substrate has also been tested in β-lactamase production in E. coli. [28]  
Temperature is affecting the rate of metabolism. A lower temperature is reported to 
increase biomass yield by reducing growth rate and formation of toxic byproducts. 
Lowering temperature is also reported to increase the soluble fraction of protein and 
reducing the inclusion body formation [28]. On the other hand, temperature below 37 °C 
is unfavorable for recombinant protein production [29]. 

1.6 Insoluble protein 
During high level of recombinant protein production, expressed intracellular proteins are 
prone to aggregate and form insoluble inclusion bodies. The mechanism behind the 
formation is not clearly understood, but strong expression systems, such as T7, increase 
the tendency for aggregation. This is partly explained by a high metabolic burden on the 
host cell from expression of a single protein that withdraws energy and precursors. 
Higher temperature increases the aggregation due to temperature dependence of the 
hydrophobicity. [1,30] 
Inclusion bodies protects expressed protein from proteolytic activity, with the 
disadvantage that the protein loses it’s biological activity, and has to be renatured in an 
expensive and complicated process. By using lower temperature in fermentation, 
inclusion body formation can be avoided. Other strategies employ co-expression of 
chaperones or thioredoxin, use of different strains, and alteration of pH. [1,6,9]  

1.7 Phosphogluconoylation 
Geoghegan et al. reported in 1999 that some variants of His-tagged fusion proteins 
attained extra masses of 258 and 178 Da. This was caused by a spontaneous acylation of 
the proteins at the N-terminus, by 6-phosphoglucono-1,5-lactone, a glucose-6-phosphate 
residue produced by glucose-6-phosphate dehydrogenase during glycolysis. The 258 Da 
addition was a 6-phosphogluconoyl group while the 178 Da addition was a gluconoyl 
without phosphate. This explanation indicates that a high intracellular concentration of 
both the fusion protein and glucose residue would lead to phosphogluconoylation. [15] 
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The phenomenon causes differentiated purification properties, and therefore is 
undesirable. At Affibody AB the excess 178 Da has been noticed at mass spectrum 
analysis of different His-tagged Affibody® molecules, but other fusion proteins as well. 
Data indicates that the cultivation conditions together with protein construction affects 
formation of residues with excess 178 Da mass. 

1.8 Multivariate data analysis and optimization 
Optimization of production processes is well suited for a multivariate approach, and there 
are numerous different types of multivariate analysis methods. The most common is 
Response Surface methodology (RSM) with Projections to Latent Structures by means of 
Partial Least Squares (PLS) for statistical analysis. PLS is an extension of another 
statistical method known as Principal Component Analysis (PCA). PCA is a projection 
method were systematic variations in data sets are extracted and explained by imaginary 
vectors: principal components. Simple multivariable problems can be explained by just 
one principal component, and for complex datasets there can be several principal 
components. PLS is a regression extension of PCA. PLS relates two data sets, X and Y, 
by a linear or non-linear multivariable model, which makes it well suited for dealing with 
noisy and incomplete data, as biology and chemistry. The X data set (X-matrix) 
compromises the parameters affecting an experiment, while Y designate the responses. 
Relationship between physico-chemical properties (X) and a biological response (Y) tend 
to be non-linear. In PLS non-linearity can be modeled by introducing square- and 
interaction terms of existing X-parameters, and thereby enhancing the describing power 
of the PLS model. This is known as expansion of the PLS model and requires that the 
factors are linearly independent of each other, i.e. orthogonal. [31] 
When dealing experiments affected by many factors, it is often not possible to test all the 
possible combinations of factors. As a consequence some sort of experimental design has 
to be employed, that will test representative combinations of the factors. In fractional 
factorial design, many factors are varied at the same time in an organized manner. [32]    

1.9 Purpose 
The aim of this Master thesis was to develop a high-throughput protocol for production 
of Affibody® molecules in a Belach GRETA multi-fermentor system. The final 
cultivation process aimed at producing 500-1000 µg/mL Affibody® molecules in E. coli 
T7-system. Cultivation cycles including fermentation, filling, harvesting, cleaning and 
sterilization, was limited to 24 hours to enable four batches every week. The resulting 
production protocol should be user-friendly and result in high expression of high quality 
Affibody® molecules. Expression of insoluble protein and gluconoylation should be 
minimized to simplify subsequent purification. 
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1.10 Method 
This Master thesis was conducted at Affibody AB, Bromma, Sweden, between January 
10th and May 26th 2005. Literature and articles on the subject were studied in order to 
find factors and parameters affecting the outcome of cultivations with E. coli. From this 
primary set, a number of factors were selected for screening cultivations, to further 
investigate the effect. Four factors were selected for a multivariate optimization, in order 
to thoroughly investigate the influence of the factors and their interactions. The 
multivariate optimization were cultivated in a series of six fermentations and evaluated by 
RSM non-linear PLS. Finally a trial with the production protocol was conducted.  
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2 Experimental procedures 

2.1 Strain and Plasmid 
During cultivations four plasmid constructs pAY321, pAY770, pAY773 and pAY817, 
were used, with coding sequences for His6-(ZHER2:4) 2, ABD-(ZHER2:342)2, (ZHER2:342)2 or 
(ZHER2:477)2-Cys respectively. The plasmid constructs, originating from plasmid 
pET26b(+) (Novagen, Madison, WI) were previously transformed into E. coli strain 
BL21(DE3) (Novagen) by co-workers at Affibody AB. In addition to coding sequence for 
Affibody® molecule, the plasmids contained genes encoding kanamycin resistance, LacI 
repressor protein, and T7-promoter. 

pAY770
5677 bp

lacI

Km

f1Ori

ABD

lac operator

ATG start

Stop

Zher2:342 dimer

T7 promoter

ColE1 pBR322 origin

T7 terminator

pAY321
5566 bp

Zher2:4-dimer

T7-promoter

Kanamycin resistance

f1Ori
lacI

pBR322origin

ATG start
His-tag

lac operator

 
Figure 1: Plasmids pAY770 and pAY321. Plasmids pAY773 and pAY817 (not shown here) lacks the ABD 
domain but otherwise have the same properties as pAY770. 

2.2 Optical Density measurement 
Optical Density (OD) was measured on CO8000 Cell Density meter (WPA, Cambridge, 
UK), at a wavelength of 600 nm. Samples were taken from broth and then diluted with 
appropriate volume Phosphate-buffered-saline (PBS) (2.68 mM KCl, 1.47 mM KH2PO4, 
137mM NaCl, 8.1 mM Na2HPO4) to be in the linear measurable area between 0.1-1.0. 

2.3 Working cell bank 
50 mL medium containing 30 g/L tryptic soy broth (TSB) (Merck, Darmstadt, Germany), 
5 g/L yeast extract (Merck), and 50 mg/L kanamycin (Amresco, Solon, OH) were added 
to a sterile Erlenmeyer-flask. The flask was inoculated with transformed cell material from 
a selection plate containing kanamycin or from cell bank (–80 °C), and incubated in a 
Infors-HT Multitron incubator (Infors AG, Bottmingen-Basel, Switzerland) at 37 °C and 
200 rpm. After 2 h incubation, 25 mL of the culture were transferred to a new sterile e-
flask, and incubated. To minimize disturbance, OD was measured on one of the flasks, 
while the other was left untouched. The cultures were grown to an OD of about 1, and 
then the undisturbed culture was put on ice, 25 mL of chilled sterile 50% glycerol was 
added and the mixture was aliqouted 1 mL each on cryotubes. The cryotubes were stored 
in -80 °C freezer until thawed and inoculated.  
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75 ml of previously mentioned medium with TSB, yeast extract and kanamycin were 
added to a Tunair  shake flask. The flask was inoculated with 150 µL of cryoculture 
previously described and incubated for 7h in a Infors HT Multitron incubator at 37 °C 
175 rpm. 

2.4 Medium 
Medium to the fermentors was prepared as follows: Yeast extract, ammonium sulfate, and 
a phophate citrate-solution were solved in de-ionized water in a medium preparation tank. 
The tank was connected to the GRETA-system and reactors filled with medium 
whereupon they were in-situ sterilized 105-121 °C for 15 min. Previously autoclaved 
solutions of glucose, calcium chloride and trace-elements, and sterile filtered solutions of 
vitamins, kanamycin and magnesium sulfate, were mixed in a Laminar Air Flow (LAF) 
bench and added to the reactors by sterile syringe. The final composition of fermentation 
medium in (g/L): Yeast extract 5.0; NH4SO4 2.5; K2HPO4 2.0; KH2PO4 3.0; 
MgSO4·7H2O 1.0; Na3C6H507·2H2O 1.25; Glucose 2.5; FeCl3·6H2O 0.035; ZnSO4·7H2O 
0.011; CoCl2·6H2O 0.0026; CuSO4 ·5H2O 0.0026; H3BO3 0.0026; MnSO4·H2O 0.0132; 
CaCl2 ·2H2O 0.0139; DL-pantothenic acid 3.25*10-4; choline chloride 3.25*10-4; folic acid 
3.25*10-4; myo-inositol 6.5*10-4; nicotineamide 3.25*10-4; pyroxidal hydrochloride 
3.25*10-4; riboflavin 3.25*10-5; thiamine hydrochloride 0.069 and kanamycin 0.050. 
Tabulated composition with suppliers can be seen Table 8 (Appendix). 0.5 mL of foam 
control agent Breox FMT-30 (Laporte Performance Chemicals, Southhampton, UK) was 
added to each reactor. 

2.5 Feed 
Feeding started 3 h after inoculation by administering 60% (w/v) glucose (Merck) or 
61.3% (w/v) glycerol (Merck) solution by pump. A feed rate profile was calculated from 
the formula: 

 Eq. 1 ( ) )t-exp(t /SVX
Y
µ  F(t) 0feed00
XS

=  [17,22,24,33] 

YX/S is substrate utilization (glucose 0.50, glycerol 0.45). V0 is volume at feed start, Sfeed 
concentration of feed in the feed medium (g/l) and t is culture time (h). The biomass 
concentration after batch-phase, X0, and start time for feed profile, t0, were calculated 
from exponential growth on batch-phase glucose (2.5 g/L) with µmax=0.87 h-1, resulting in 
X0=1.5 g/L and t0=3 h.  

2.6 Fermentation 
The fermentations were carried out in a novel GRETA multi-fermentor system (Belach 
Bioteknik AB, Solna, Sweden). The first four trials were cultivated in an old version 
(Figure 2), with a fermentation volume of 0.5 liter, which eventually was upgraded to a 
new version with 1 liter fermentation volume. The fermentors were connected to a 
computer with In Control Phantom for GRETA software version 1.13, which enables 
control and feedback regulation of pH, temperature, stirring, feeding, aeration and 
supplemental oxygen addition. Each of the six reactors in a GRETA-module was 
equipped with a pH-sensor (Belach Bioteknik), Dissolved oxygen (DO)-sensor 12 mm 
(Broadley-James Corp., Irvine, CA), temperature- and level sensor. pH was maintained at 
desired level by addition of 25% NH4OH with pump controlled by PI-regulation. DO-
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level was maintained at a level above 30% saturation by aeration (sterile filtered 1 L/min) 
and increasing agitation by adopting a stirrer profile, starting at 300 rpm for 1h and the 
increase by a slope for 4 h to maximum 1500 rpm. To increase aeration capability in the 
later part of the cultivation, aeration was supplemented with small bursts of oxygen every 
16th second controlled by PI-regulation from DO-sensor signal. The cultures were 
induced with 500 µL 1 M IPTG (Acros Organics, Geel, Belgium) 4 h prior to harvest. 
After induction the feed was kept at a constant rate.  

 
Figure 2: Fermentation unit of a GRETA multi-fermentor system with six 0.5 liter fermentors. 

2.7 Harvesting 
The fermentation broth was chilled to 10 °C prior to harvest and the agitation was set to 
300 rpm. 5 mL fermentation broth samples were taken for OD measurement and 
expression analysis. The fermentation broths were centrifuged in an Avanti J-20 XPI 
centrifuge (Beckman-Coulter, Fullerton CA) at 15 900 ×g (8000 rpm) for 20 min. The 
supernatant was discarded and the pellet weighted and then stored in plastic bags in -20 
°C freezer. Biomass concentration in wet cell weight was calculated as g pellet / kg 
fermentation broth.  
OD1 samples are biomass corresponding to OD 1 when diluted to a volume of 1 mL, 
used for expression analysis with SDS-PAGE. The OD1 fermentation broth volume was 
calculated using the formula: VOD1=1000/Vbroth (µL). VOD1 and 300 µL PBS was added to 
a eppendorf-tube and then centrifuged 16 060 ×g (13 000 rpm) for 10 min in a Heraeus 
Biofuge Fresco (Kendro Laboratory Products, Langenselbold, Germany), whereupon the 
supernatant was discarded and the samples stored in -20 °C freezer. 
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2.8 Expression Analysis 
 SDS-PAGE 
SDS-PAGE was used for determination if the expression was successful, and 
quantification of soluble/insoluble fractions. An OD1-sample was thawed and 150 µL 
CelLytic® B (Sigma) was added. The sample was vortexed and placed in a shaker for 10 
min, whereupon the sample was centrifuged 16 060 ×g (13000 rpm) for 10 min in a 
Heraeus Biofuge Fresco. The supernatant was pipetted to a new eppendorf-tube, while 
the pellet was dissolved in 150 µL MilliQ-water. A mixture of 52.5 µL Loading Dye 
Solution (LDS) Sample preparation buffer (Invitrogen, Carlsbad, CA) and 22.5 µL 0.5 M 
DL-1,4-dithiothreitole (DTT) (Acros Organics) was added to each tube. The tubes were 
vortexed and placed in a 70 °C heating block for 10 min. 15 µL of each sample was 
loaded on a 15-well 4-12% Bis-Tris NuPAGE® gel (Invitrogen) together with 4 µL 
NuPAGE® MultiMark size marker (Invitrogen). The gel was run on 180 V for 40 min in 
a tray with NuPAGE® MES-buffer (Invitrogen). The gel was placed in a tray with 
Coomassie staining solution containing PhastGel™ Blue R (Amersham Biosciences, 
Uppsala, Sweden), ethanol and acetic acid for at least 2 h, and then destained in a solution 
containing ethanol and acetic acid for about 2 h. The gel was soaked in an acetic acid-
glycerol solution and then dried in DryEase® Mini-Cellophane (Invitrogen) on a scaffold 
for at least 12h. The minimum protein quantity in the gel was estimated and protein 
concentration in fermentation broth calculated.   
 Bioanalyzer 
Bioanalyzer uses a capillary electrophoresis-method to separate different proteins mainly 
by means of size. The resulting electropherogram enables quantification of proteins by 
comparing them with an internal standard (“Upper marker”) and/or a global standard. 
150 µL of fermentation broth was added to a 0.5 mL tube and centrifuged 8000 rpm for 5 
min. The supernatant was discarded and the sample stored in a -20 °C freezer. The 
sample was thawed and 150 µL of Tris-Sodium-Tween (TST)-buffer (25 mM Tris-HCl 
(Merck), 1 mM EDTA (Triplex®III, Merck), 200 mM NaCl, 0.05% Tween-20 (Acros 
Organics), pH 8.0) was added. The tube was vortexed until the pellet was dissolved 
whereupon the tube was heated 95 °C for 5 min in a PTC-225 PCR-heating block (MJ 
Research, Watertown, MA) to lyse the cells, and centrifuged 13000 rpm for 5 min in a 
Heraeus Biofuge Fresco to spin down cell debris. The following sample preparation and 
Bioanalyzer run was done according to Reagent Kit Guide Protein 50 assay (Nov 2003) 
(Agilent Technologies, Heilborn, Germany) with an exception for the denaturing solution 
where a 6 times stronger concentration of DTT was used. Each chip consists of 10 
sample wells, where one or two were loaded with pure ABD-(ZHER2:342)2 (1.58 mg/mL) or 
His6-(ZHER2:4)2 (1.2 mg/mL), diluted in TST to 250 µg/mL as a standard, enabling 
quantification of the protein. Data was collected and analyzed with 2100 expert software 
version 2.1a (Agilent Technologies). Baseline correction was turned of and peaks for 
desired protein and upper marker were integrated manually. 

2.9 Purification and protein analysis 
 Ni-NTA purification on BioRobot 3000 
About 3g of frozen cell pellet containing His6-(ZHER2:4)2, was resuspended in 10 mL 7 M 
Urea solution (Merck) (100 mM NaH2PO4 (VWR International), 10 mM Tris-HCl 
(Merck), pH 8.0). 5 µL Bensonaze® (Merck) was added; the samples were incubated in 
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room temperature for 30 min and centrifuged 26 000 ×g for 15 min in an Avanti HP-20 
centrifuge (Beckman-Coulter). 10 mL supernatant was transferred to a 14 mL 
polypropylene tube and inserted into the BioRobot 3000 (QIAgen, Hilden, Germany). 
BioRobot 3000 is an automated liquid handling system, and the purification was 
performed according to QIAexpress Ni-NTA Protein Purification system with Ni-NTA 
Superflow Columns (QIAgen), which uses the metal binding properties of the His-tag for 
immobilized metal affinity chromatography (IMAC). The columns were equilibrated with 
7 M Urea solution (pH 8.0) and the samples were loaded on the column. The column was 
washed with another 7 M Urea solution (100 mM NaH2PO4, 10 mM Tris-HCl, pH 6.3) 
and eluted with an 8 M Urea solution (100 mM NaH2PO4, 10 mM Tris-HCl, pH 4.5). 
Urea was removed after purification by buffer exchange in a PD10-column (Sephadex 
G25, Amersham Biosciences). The column was equilibrated with 5 times 5 mL PBS and 
loaded with 1.5 mL of eluate from the purification. The column was eluted with 3 mL of 
PBS. 
 HSA purification on BioRobot 3000 
About 3 g of frozen cell pellet containing ABD-(ZHER2:342)2 was resuspended in 10 mL 
20mM Tris-HCl (pH 8.0) and lysed through sonication 2 x 2 min (40% amplitude, 2 s 
pulses). The lysate was centrifuged in an Avanti HP-20 centrifuge 26 000 ×g for 20 min 
and filtrated through 0.45 µm filter. 8 mL of the cleared filtrate was inserted into the 
BioRobot and loaded on a column containing 2 mL HSA-Sepharose (Amersham 
Biosciences, HSA coupled at Affibody AB), equilibrated by TST buffer (pH 8.0). The 
columns were washed with 5 mM NH4Ac (pH 5.5) and eluted with 7 mL 0.5 M HAc (pH 
2.8). The eluate underwent buffer exchange on PD-10, as the Ni-NTA purified proteins. 
 Protein analysis LC/MS 
Protein analysis was done on an Agilent 1100 Series LC/MSD-system with a Zorbax 300 
SB-C8 column (4.6x150mm, 3.5 µm) (Agilent Technologies). The samples were prepared 
by diluting them to a concentration of about 0.2 mg/ml with buffer A containing 0.1 % 
triflouro acetic acid (TFA, Merck). The samples were injected automatically by the system 
from sealed vials. The flow was adjusted prior to injection to 0.5 mL/min (about 90 bar). 
The running buffer consisted of a 30 min long gradient between 10-70% buffer A and 
buffer B, containing CH3CN (Merck) and 0.1 % TFA. The resulting peak in the mass 
spectrum was integrated and deconvoluted in order to attain the components of the peak.  

2.10  Lag phase and generation time 
Lag phase, generation time and post-induction growth rate, were measured on a 
Bioscreen C turbidometer (Labsystems, Helsinki, Finland). Frozen inoculum was thawed 
and diluted 1:10000, by two times adding 50 µL inoculum in 4.95 mL growth medium, 
with composition according to Table 8 (Appendix). From the last dilution, ten 350 µL 
samples and five blank medium samples were loaded on a 100-well Honeycomb II 
microtiter plate (Labsystems). The plate was cultured at 37 °C with OD-measurement at 
600 nm every 5 min and 3 min shake prior to measurement. After 200 min, five of the ten 
samples were induced with 5 µL 0.01 M IPTG, corresponding to a concentration of 0.2 
mM/L. Data were collected by Easy Bioscreen Experiment software version 1.25 
(EZexperiment, Helsinki, Finland). 
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3 Multivariate Optimization 

3.1 Screening cultivations 
Screening-cultivations were carried out to establish cultivation- and measurement 
procedures. These cultivations founded the basis for later multivariate optimization by 
screening for factors affecting the expression. The cultures were cultivated for 16 h and 
feed rate, pH and temperature were varied. Both glucose and glycerol were used as feed 
medium, with different feed rates corresponding to specific growth rates, µ, ranging from 
0.15 to 0.50 h-1. Seven screening trials were carried out with three different plasmid 
constructs expressing (ZHER2:342)2, ABD-(ZHER2:342)2 and His6-(ZHER2:4)2. The two first 
trials were carried out in the old version of the GRETA multi-fermentor system with 0.5 
liter reactor volume, while the later were cultivated in the updated 1 liter version. An 
automatic induction system, consisting of an injector valve fitted with standard syringes, 
was successfully evaluated during the screening cultivations. Temperature was 37 °C, pH 
7 and growth rate µ=0.4 h-1 with glucose feed, when not otherwise specified. 
 Temperature 
Three different temperature profiles were evaluated: 37 °C, 39 °C and 39 °C lowered to 
35 °C during expression. The expression of His6-(ZHER2:4)2 in both 39 °C cultivations was 
low compared to the 37 °C cultivation (Figure 3). ABD-(ZHER2:342)2 was evenly expressed 
in both 37 °C and 39 °C, but lower in the cultivation lowered to 35 °C (Figure 4). The 
ratio between soluble and insoluble protein was unaffected by the growth conditions 
varied during screening cultivations. Cultivations expressing His6-(ZHER2:4)2 formed both 
soluble and insoluble protein in even proportions. No insoluble protein could be detected 
in the protein expression analysis of ABD-(ZHER2:342)2 cultivations. 
 Feed rate and feed medium 
Four cultivations were carried out with glycerol as feed medium: Two cultivations 
expressed His6-(ZHER2:4)2 (Figure 3) and two expressed ABD-(ZHER2:342)2 (Figure 4). Both 
trials employed two different feed rates, corresponding to specific growth rates of 0.3 and 
0.4 h-1. The cultivations expressing ABD-(ZHER2:342)2 showed no expression at all, while 
His6-(ZHER2:4)2 was expressed in low amount compared to cultivations with glucose. One 
cultivation in each trial was grown on high feed rate, corresponding to µ=0.5 h-1, but 
showed low expression, which was probably due to overflow metabolism. 
To investigate the effect of different specific growth rates on the protein expression, 
pAY321 expressing His6-(ZHER2:4)2, was cultivated on six different specific growth rates 
ranging from 0.15 to 0.38 h-1 (Table 2)The cultivations showed very high expression 
levels of His6-(ZHER2:4)2, though a large quantity in the insoluble fraction. The highest 
growth rate showed the highest protein concentration, but the specific expression at 
µ=0.25 h-1 seems to be higher (Figure 5).
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Figure 3: Expression analysis SDS-PAGE of OD1 samples from Screening cultivation 050228 His6-
(ZHER2:4)2. Insoluble fraction loaded in odd wells and soluble in even. 37 °C cultivation in well 1 and 2; 39 °C 
lowered to 35 °C during expression in 3 and 4; 39 °C in well 5 and 6; High glucose feed-rate (µ=0.5 h-1) in well 
7 and 8; Glycerol fed cultivations in well 9 and 10 (µ=0.3 h-1) and 11 and 12 (µ=0.4 h-1). 
 

 
Figure 4: Expression analysis SDS-PAGE of OD1 samples Screening cultivation 050302 ABD-(ZHER2:342)2. 
Insoluble fraction loaded in odd wells and soluble in even. 37 °C cultivation in well 1 and 2; 39 °C in 3 and 4; 
39 °C lowered to 35 °C during expression, in well 5 and 6; High glucose feed-rate (µ=0.5 h-1) in well 7 and 8; 
Glycerol fed cultivations in well 9 and 10 (µ=0.3 h-1) and 11 and 12 (µ=0.4 h-1). 
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Table 2: Cultivation data for Screening cultivation 050308. Feed rate calculated from Eq. 1 with glucose as feed 
medium and protein concentration measured on Agilent 2100 Bioanalyzer.   

 H1 H2 H3 H4 H5 H6 
Feed rate µ (h-1) 0.38 0.35 0.20 0.25 0.30 0.15 
OD600 58 40 27 35 49 13 
Protein conc. (mg/mL) 1.75 1.13 0.51 1.32 0.96 0.21 

 

 
Figure 5: Expression analysis SDS-PAGE of OD1 samples from Screening cultivation 050308 His6-
(ZHER2:4)2. Insoluble fraction loaded in odd wells and soluble in even. Well 1 and 2 grown at specific growth rate of 
µ=0.38 h-1; 2 and 3 µ=0.35 h-1; 5 and 6 µ=0.20 h-1; 7 and 8 µ=0.25 h-1; 9 and 10 µ=0.30 h-1; 11 and 12 
µ=0.15 h-1.  

3.2 Experimental design 
Cultivation time, pH, temperature and specific growth rate were chosen as factors in a 
multivariable optimization, founded on experience from screening cultivations and 
literature,. These factors were implemented in optimization software MODDE 7 
(Umetrics AB, Umeå, Sweden) with ranges according to Table 3. MODDE uses a Design 
of experiments (DOE) approach to optimization problems. By making a fractional 
factorial design of the experiment, many factors are varied at the same time and thus are 
linear independent of each other. A central composite face-centered (CCF) design was 
chosen that resulted in 32 suggested cultivations (Table 10) with eight center points (18h, 
37 °C, pH=7.0, µ=0.25) and the other cultivations with varying one or more factors 
(Figure 6).   
Table 3: Factors in multivariate optimization. 

 Low Middle High 

Specific growth rate (h-1) 0.15 0.25 0.35 
Cultivation time (h) 16 18 20 
Temperature (°C)  35.5 37.0 38.5 
pH 6.5 7.0 7.5 
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Figure 6: CCF design of Multivariate optimization. © Umetrics AB. 

3.3 Cultivations 
Thirty-two cultivations were carried out during seven trials between 050318 and 050406. 
ABD-(ZHER2:342)2 was used as a model protein in all cultivations. Growth conditions for 
the cultivations can be found in Table 10 (Appendix). OD of the inoculums for the 
cultivations varied between 1.8 and 5.9. Feeding started after 3 h, with feed rates 
calculated according to Eq. 1. The feed rates were supplied by pump profiles (Figure 7) 
programmed into the GRETA control system. Due to limited pump capacity and reactor 
volume, the specific growth rate had to be lowered from 0.35 to 0.30 in 20 h cultivations.  
3-4 h after inoculation dissolved oxygen (DO) levels increased and pH levels raised in all 
cultivations. Both pH and DO-levels eventually decreased, but for low fed cultivations, 
the rise in pH was prolonged. The pH was back to normal levels prior to induction, 
which occurred 4 h before harvest.  
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Figure 7: The different glucose feed profiles used during multivariate optimization. Specific growth rate for profiles 
in h-1. Lower volumetric feed of 20 h cultivation on high feed rate due to a lower cultivation volume.    
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3.4 Cultivation evaluation 
 Glucose starvation  
From the co-variation of rise in DO-level and pH level, it was obvious that the 
cultivations suffered from glucose starvation. DO-level temporarily increased when 
glucose ran out, and a short time later pH also increased when E. coli shifted to 
metabolize on yeast extract instead of glucose. E. coli metabolizing yeast extract emit 
ammonia instead of acetate, and subsequent pH rises. Feeding always started prior to 
indications of starvation, which indicate that the initial feed-rate was too low. The cultures 
were able to handle the rising pH, and as soon as the feed rate increased the pH 
decreased. Due to the low increase of feed-rate in µ=0.15 h-1 cultivations, the decrease in 
pH was slow, which probably further affected biomass growth. At induction pH was back 
on intended level, and consequently the specific expression rate was not affected, but the 
total expression was affected due to a lower biomass concentration. As a negative 
consequence of glucose starvation yeast extract will be consumed and a loss of growth-
rate occurred when E. coli shifted to metabolize on yeast extract. This could also cause a 
depletion of yeast extract. 
 Dissolved oxygen 
The DO-levels showed some irregularities. The main sources of error were drifting in the 
sensors and subsequently the regulation of oxygen addition failed. The reactors lack the 
possibility to accurate measure the mass of added oxygen, but the control system has a 
counter for sum time of the oxygen bursts. This can be used for qualification if the 
cultivation was accurately supplied with oxygen, and as a poor quantification of the added 
oxygen. 
The stirrer capacity also may have influenced DO-levels. In the fermentor configuration 
used during screening- and optimization cultivations, reactors had only one impeller, 
which was probably insufficient for appropriate aeration in the upper part of the culture. 
A lower DO-level may have large effect on biomass growth- and expression rate, due to 
oxygen limitation and subsequent acetate production. Furthermore insufficient agitation 
might cause a feed gradient through the reactor, while feed solution was added on top.  

3.5 Protein quantification 
Each sample from the optimization cultivations were quantified three times on the 
Bioanalyzer. The resulting electropherograms (Figure 8) were manually integrated and 
protein concentrations were calculated by the Bioanalyzer software. Data from the 
analysis (Figure 9) were not easily interpreted due to variations. All values showed good 
correspondence between at least two values. Differing values could have been caused by 
pipetting errors, since the method involves very small volumes. During the analyses two 
different pipettes were used, due to a failure in one of them. The protein concentrations 
were calculated as average of all three data sets. In some cases data were missing due to 
poor electropherograms in the Bioanalyzer. These could have been caused by bubbles in 
the micro- channels of the Bioanalyzer chip. 
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Figure 8: Electropherogram from Bioanalyzer 2100 expert software of 050406H1 without baseline correction 
and manual integration. Peaks corresponding to ABD-(ZHER2:342)2 and Upper marker are indicated.  
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Figure 9: Protein concentrations in multivariate optimization cultivations measured on Bioanalyzer. 

3.6 Response surface modeling 
Initial evaluation of the multivariate dataset, showed a low model validity. This was 
explained by the fluctuations of the DO-sensors, which resulted in differing DO-levels in 
the cultivations. To improve the model, the factor ‘O2’ was added, describing the amount 
of added oxygen. 
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The new model was evaluated in MODDE and quadratic- and interaction-terms were 
added. The X-matrix of the optimization consists of the original factors and the expanded 
factors, while the responses in Y-matrix consist of the protein concentration. The data set 
can be seen in Table 10 (Appendix). PLS was used, and MODDE fit automatically 
principal components until further components not improve the model. There are two 
terms used for describing the accuracy of the model: R2 and Q2. R2 describes how well 
the data fits the model, while Q2 describes how well the model predicts new data. The 
fitted ‘raw model’ was further improved by removing terms not contributing to the 
model. Thereby was the number of terms reduced. The final composition of the X-matrix 
can be seen in Table 4. The fitted model with two PLS-components was used for 
calculating Response Contour plots. The final model had R2=0.77 and Q2=0.62. 
Table 4: Model terms in multivariate optimization. Growth rate ( µ), temperature (temp), cultivation time  (t) , 
added oxygen (O2) 

 Terms 
Original X-
matrix µ, temp, t, pH, O2 

Expanded X-
matrix 

µ*µ, t*t, temp*temp, pH*pH, µ*t, µ*pH, t*O2, 
temp*O2, pH*O2 

 
Contour plots of the model (Figure 10 & Figure 11) showed maximum expression at 
µ=0.23 h-1, with a cultivation time of 17.8 h, pH 6.8 and temperature 36.5 to 37 °C. 
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Figure 10: Response contour plot of pH-temperature from multivariate optimization. Temperature in ºC. 
©Umetrics AB. 
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Figure 11: Response contour plot of cult time-growth rate from multivariate optimization. Cultivation 
time in h and growth rate in h-1. ©Umetrics AB. 

3.7 Growth rate and expression 
The major concept of the multivariable optimization was to employ specific growth rates 
during growth phase until induction. From the specific growth rates, feed rates were 
calculated by using Eq. 1. Higher growth rate result in a higher content of ribosomal 
RNA in the cells, and higher translation rate of proteins [20]. An obstacle and limitation 
would be that a higher growth rate increases the risk of acetate formation, which in turn 
would decrease the expression by inhibition. The specific expression seems to have been 
lower at higher growth rates, which may have been due to acetate inhibition. 
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4 Protocol draft and evaluation 

4.1 Cultivations without oxygen supplementation 
One cultivation-trial was carried out without supplement of oxygen to determine the 
effect on growth and expression. The fermentors were fed with feed rate corresponding 
to specific growth between 0.15 and 0.28 h-1. pH increased after 3 h of cultivation and 
was manually titrated to intended pH, by adding 30% H3PO4. DO-levels were generally 
unreliable. Bioreactors 1 and 2 showed high levels and the other bioreactors showed 
fluctuating values. The cause was most likely malfunction in the DO-sensors, but there 
was no effect on the culture, since air was supplemented independent of DO-levels. 
Results showed increasing OD and biomass for growth rates 0.15 h-1 to 0.25 h-1 but less 
for 0.28 h-1 (Table 5). This could be explained by overflow metabolism due to oxygen 
limitation. Expression analysis on SDS-PAGE showed that all cultivations expressed a 
protein at about 19.5 kDa, well corresponding to the size of ABD-(ZHER2:342)2. 
Table 5: Cultivation 050331 without supplemented oxygen 

 H1 H2 H3 H4 H5 H6 
Feed rate µ (h-1) 0.15 0.18 0.20 0.23 0.25 0.28 
OD600 20 22 32 34 40 37 
Protein conc. (mg/mL) 0.13 0.15 0.13 0.22 0.29 0.25 

4.2 Cultivation protocol 
During screening cultivations a suitable fermentation protocol evolved, which was tested 
during multivariate cultivations and adjusted to evaluation cultivation. A main issue of this 
work was to establish a protocol that was easy-to-use and effective. Time is a main factor: 
It should be possible to cultivate the GRETA-system in 24 h cycles, and thereby make 
four cultivations in one working week. Previously the system has been cultivated for 16 h, 
but the exponential growth phase was just 12 h due to induction require 4 h (Figure 12). 
By lengthening exponential growth phase, larger biomass would be achieved and probably 
a higher expression level. Closer study revealed that harvest, Cleaning-in-place, 
Sterilization-in-place and set up of a new cultivation would not demand 8 h. By effective 
harvest, and preparation of new cultivation during CIP and SIP, fermentation time could 
be extended to 20 h if necessary. 

 

Cultivation 19h incl preparations Harvest 1h CIP 1h SIP 1h Fill  

Inoculum 7h 

Medium additions Induction 

Feeding 

 
Figure 12: Time chart of fed-batch cultivation protocol, not to scale. 

In-situ sterilization of media components was a factor that greatly simplified operation of 
the GRETA-system. Previously nutrients were sterilized separately in an autoclave and 
then added to the sterilized medium tank, which all together resulted in a lot of handling. 
Glucose, other nutrients trace elements, and vitamins were added to the medium tank, 
and filled into the system. In the simplified operation the macronutrients were mixed in 
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the medium tank, filled into the reactors and sterilized in-situ. Glucose, other nutrients, 
trace elements and vitamins were mixed separately and added aseptically to the reactors 
by syringe. The main drawback is a larger uncertainty in the actual concentration of 
medium components. The main error occurs from varying reactor volumes after filling 
and condensation during sterilization. According to the manufacturer’s specification the 
volume increase about 5% after sterilization and that was concurrent with our own 
measurements that indicated an increase of 30-40 mL with 800 mL medium.  

4.3 Evaluation cultivation 
Prior to the evaluation cultivation Belach supplied new impellers for the bioreactors, 
leading to a significantly better oxygen transfer coefficient (kLa).  
Three different constructs were cultivated during the evaluation cultivation: pAY770, 
pAY321 and pAY817. The constructs were cultivated for 18 h, pH 6.8 and temperature 
37 ºC. Two different feed profiles were used: µ=0.23 h-1 with flat post-induction feed, 
and µ=0.23 h-1 with increasing post-induction feed. The pre-induction feed profiles were 
slightly modified in respect to previous cultivations to reduce risk of starvation: The 
calculated biomass concentration at feed start were increased from 1.5 g/L to 2.0 g/L, 
and during the first five hours of feeding a flat, amplified feed of 2.5 g/(L h) was 
employed (Figure 17).  
To evaluate use of a single, combined feed solution for both glucose and ammonia, the 
H2-cultivation was fed with a mixture of glucose and 0.25 mL 25% NH4OH/ g glucose. 
During the cultivation pH increased to 7.3, but was titrated H3PO4 during expression to 
maintain a pH 6.8-7.0. The concentration of NH4OH was probably too high for 
appropriate titration of acetic acid formed in the culture. 
The new impellers significantly increased the oxygen transfer in the reactors. As a 
consequence the addition of oxygen was not needed during feed phase, as earlier, and was 
only used in the later part of the expression phase, when DO-level decreased below 10 %. 
Due to problems with steam generation, the temperature of the cultures was low during 
the five first hours of cultivation, which may have affected growth rate during that time. 
Cultivations with increased post-induction feed had lower protein concentration, than 
cultivations with flat feed. Both cultivations expressing His6-(ZHER2:4)2 showed high 
expression levels, though a large part of it in insoluble form. ABD-(ZHER2:342)2 showed 
low expression in the Bioanalyzer (Table 6), but estimation of concentration from SDS-
PAGE of OD1-samples give levels above 0.5 mg/mL (Figure 13). (ZHER2:477)2-Cys was 
successfully expressed and the protein concentration was estimated to 1.45 mg/mL. No 
insoluble fraction could be detected.  
Table 6: Cultivation data for Evaluation cultivation 050517. 1 Increased post-induction feed. 2Estimated from 
Figure 13. 

 H1 H2 H3 H4 H6 
Construct pAY770 pAY770 pAY321 pAY321 pAY817 
Feed rate µ (h-1) 0.23 0.231 0.23 0.231 0.23 
OD600 58 63 60 65 65 
Protein conc. (mg/mL) 0.17 0.06 1.28 0.83 1.452 
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Figure 13: Expression analysis SDS-PAGE of OD1 samples Evaluation cultivation 050517. Insoluble 
fraction loaded in odd wells and soluble in even. ABD-(ZHER2:342)2 in well 1-4; His6-(ZHER2:4)2 in well 5-8 and 
(ZHER2:477)2-Cys in well 9 and 10. Well 3,4, 7 and 8 are from cultivation with increased post induction feed. 
 

4.4 Expression during induction phase 
Protein concentration was monitored during expression in three cultivations with 
different specific growth rates (µ=0.15, 0.23 and 0.30 h-1). To investigate if growth rate 
affected rate of expression, samples were taken prior to induction, and every hour until 
harvest. The samples were analyzed in the Bioanalyzer, and the result showed higher 
initial rate of expression in samples from µ=0.30 and 0.23 h-1, than from 0.15 h-1 (Figure 
14). Interestingly expression increased during the first three hours of expression in the 
sample on low feed, whereas the expression rate was stable or decreasing in the two 
others. The final expression was highest in the cultivation with µ=0.23 h-1. The rate of 
expression was low during the last hour of cultivation in all three samples.  
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Figure 14: Protein concentration during expression. Specific growth rates µ=0.35 h-1(■), µ=0.23 h-1(▲) and 
µ=0.15 h-1(●). 

4.5 Lag phase and generation time 
The purpose of this experiment was to determine the post-induction growth rate, to be 
able to adjust feeding of induced cultivations. The three constructs pAY321, pAY770 and 
pAY773 were grown for 6 h in shake flask medium according to Table 8 (Appendix) 
during Bioscreen C growth experiments, with ten samples from each construct. Five of 
them were induced with IPTG after 200 min, when the cultures showed signs of growth. 
The cultures showed lag-phase and generation time according to Figure 15 and Figure 16.  
The induced and the un-induced samples showed same growth rate between 0.25 and 0.5, 
but as the trial commenced the growth-rate decreased. None of the induced samples 
ceased to grow during the experiment, which may indicate that the IPTG concentration 
was too low. The experience from cultivations in the GRETA-system was that cultures 
continue to grow for about an hour after induction, and then growth declines. In the 
evaluation cultivation in 4.3 the cultivations with increased post-induction feed appeared 
to express less protein than cultures with flat feed. For that reason it is difficult to draw 
any conclusions about optimal post-induction feed.  
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Figure 15: Lag phase for pAY321, pAY770 and pAY773. Error bars indicate standard deviation for five 
samples.  
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Figure 16: Generation time for pAY321, pAY770 and pAY773. Error bars indicate standard deviation for 
five samples. 
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5 Phosphogluconoylation 
Phosphogluconoylation analysis were made on a selection of samples from cultivations 
made during screening and multivariate optimization. Factors that were thought to 
influence glyconylation were feed-medium, feed-rate, cultivation temperature, expression 
level and expressed protein. His6-(ZHER2:4)2-samples were cultivated for 16 h and  
ABD-(ZHER2:342)2 for 18 h. Two samples used glycerol as feed medium. All cultivations 
were made at pH 7. 
Table 7: Gluconoylation analysis of selected cultivations. 1 Glycerol feed. 

 
 
His6-(ZHER2:4)2 

µ 
(h-1) 

 

Temp 
(°C) 

 

Conc. 
(mg/mL) 

 

Mw. 
(Da) 

+ 178 Da 
(% rel) 

 

+ 258 Da 
(% rel) 

 
050228H5 0.301 37.0 0.08 15487.11 0.00  
050228H6 0.401 37.0 0.18 15486.89 28.47  
050308H1 0.38 37.0 1.76 15487.06 8.44  
050308H2 0.35 37.0 1.14 15487.02 14.95  
050308H4 0.25 37.0 1.32 15487.01 17.21  
050308H6 0.15 37.0 0.21 15486.96 24.73 17.28 
 
ABD-(ZHER2:342)2 

      

050318H1 0.25 37.0 0.22 19108.30 14.51  
050318H2 0.25 38.5 0.21 19108.47 15.08  
050318H4 0.25 37.0 0.12 19108.33 16.29  
050318H5 0.25 35.5 0.15 19108.27 17.06  
050320H5 0.35 37.0 0.16 19108.86 25.72  
050406H1 0.15 37.0 0.14 19108.19 29.17  

 
All samples were successfully purified by Ni-NTA or HSA-affinity purification, and 
subsequent buffer exchange to PBS on PD-10. Estimated protein concentrations after 
purification were 0.5-2.6 mg/ml for His6-(ZHER2:4)2 and 0.05-0.29 mg/ml for  
ABD-(ZHER2:342)2. The difference was mainly due to different elution volume in the 
BioRobot. Prior to LC/MS-analysis purified proteins were diluted to a concentration of 
about 0.25 mg/ml. The resulting chromatogram after LC/MS showed a high degree of 
purity for both Affibody® molecules.  
All purified protein samples except 050228H5, showed proteins with additional 178 Da 
mass to the actual protein mass, 15.49 kDa for His6-(ZHER2:4)2 and 19.11 kDa for  
ABD-(Z HER2:342)2. The relative abundance can be seen in Table 7. The additional mass of 
258 Da, mentioned by Geoghegan et al., was only found in one sample, 050308H6. In 
050228H5 a fragment with additional mass of 21.2 Da was found, corresponding to a 
Na+-ion, and in 050320H5 a fragment with additional 69.1 Da was found, with an 
unknown content.  
The theory presented by Geoghegan et al., implied that high level of glucose and the 
recombinant protein would enable the spontaneous phosphogluconoylation of the His-
tag. In this study that could not be confirmed. The abundance of fragments with 
additional mass seems to be random, though comparable cultivation conditions seems to 
result almost the same relative abundance. As expected the first sample with glycerol feed 
showed no 178 Da fraction, the second one did however. This could be explained by a 
higher feed-rate in the second one. When supplying the glycerol in excess this enables an 
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overflow in precursor synthesis, while a lower feed would reduce the available carbon 
residues in the cell. Glycerol would enter the glycolysis by glyceraldehyde-3-phosphate, 
and thereby be a precursor to 6-phosphateglucono 1,5-lactone, that spontaneous acylates 
the protein. Glucose, on the other hand, enters the glycolysis directly by glucose-6-
phosphate, and enters very easily the phosphate-pentose pathway, leading to 6-
phosphateglucono 1,5-lactone. Even low concentrations of glucose-phosphate residues 
seem to be enough for the spontaneous acylation. This was in some way supported by 
historical data from Affibody AB. Mass spectrums of Affibody® molecules cultivated in 
TSB medium with very low glucose concentration, seems to have less relative abundance 
additional 178 Da mass, than Affibody® molecules cultivated in fed-batch processes with 
glucose.   
The N-terminal amino acid sequences used in this analysis are MGSSHHHHHHYYL 
(His6-(ZHER2:4)2) and MGSSLAE (ABD-(ZHER2:342)2), with the methionine cleaved after 
synthesis. In the study presented by Geoghegan et al., only amino acid sequences 
containing several histidine residues were examined. The most common one was 
MGSSHHHHHH, but there are possibilities to use other as well. The spontaneous 
acylation was not limited to this sequence, as Geoghegan et al. proved, and is probably 
not limited to His-tag at all, as the data above and from Affibody AB suggest.  
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6 Discussion 
 Expression levels 
His6-(ZHER2:4)2 was expressed in considerable higher levels than ABD-(ZHER2:342)2, but 
insoluble protein compromised about half of the protein content. Growth conditions had 
no effect on the ratio between soluble and insoluble protein. During the multivariate 
optimization ABD-(ZHER2:342)2 showed low expression levels, and (ZHER2:342)2, cultivated 
during initial screening, showed similar levels. Neither had any insoluble fraction. 
(ZHER2:477)2-Cys expressed very good in the evaluation cultivation, without any insoluble 
fraction. The reason for the differences in expression and inclusion body formation 
remain unclear, but is probably associated with the molecular properties of the expressed 
protein. For example: Wilkinson and Harrison reported six protein properties affecting 
inclusion body formation: average charge, turn-forming residue fraction, cysteine fraction, 
proline fraction, hydrophilicity and total number of residues [35]. A possibility is that 
ABD-(ZHER2:342)2 is slightly more stable than His6-(ZHER2:4)2 in the intracellular 
environment, but more difficult to express. According to Ståhl et al. dimeric Z-domains 
and ABD are highly soluble and increase in-vivo solubility of fusion proteins [6]. 
According to Makrides a lowering of temperature and altering of pH reduces the 
inclusion body formation. [10] Lowering of temperature to 35 °C during expression did 
not affect the ratio between soluble and in-soluble fractions. Probably temperature has to 
be lowered further to affect the solubility of expressed Affibody® molecules. 
The cause of the low expression levels in glycerol fed cultivations could be unfavorable 
medium composition. Both Lee and Lee et al. suggests addition of certain amino acids to 
avoid depletion in glycerol fed cultivations and improve expression levels. [22,34] 
Glycerol fed cultures may be more sensitive to depletion due to a lower carbon uptake 
rate. 
 Cultivations 
The resulting protein levels in the multivariate optimization were relative low. This was 
most likely due to un-optimized growth conditions during initial feed-phase, when a 
prolonged period of starvation occurred, and a varying dissolved oxygen level, originating 
in fluctuations in sensitivity in DO-sensors. In the final protocol this was corrected, and a 
higher initial feed was used. The feed rates used during the cultivations were calculated 
from Eq. 1. The feed was initially obviously too low, and the cultures had grown larger 
than intended. The reason for that can be that biomass after batch phase was calculated 
from biomass yield on batch glucose, while biomass from yeast extract was neglected. In 
earlier use of Eq.1 in the literature a mineral medium has been used instead of medium 
with yeast extract [23,32]. This could have affected the substrate utilization coefficient.  
The cultivations without supplemented oxygen showed both higher optimum specific 
growth rate and higher protein concentration than cultivations supplied with oxygen, 
which is remarkable. The high concentration can be explained by difficulties in the 
quantification. An error in standard protein concentration would give this kind of results. 
 Design of experiments 
When using multivariate data analysis, X denotes factors, while Y denotes responses. In 
dealing with batch processes, however, another factor distinction is made; X denotes 
process parameters and Z initial conditions [31]. By this distinction it would have been 
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possible to have a better division between initial process parameters and process 
parameters. Another defect in the experimental design was the lack of replicates. Except 
for the center-points all data-points were cultivated just once. It would have given better 
stability to the model with replicates, but would have resulted in twenty-four additional 
cultivations.  
Considering the experimental design, it would have been better to remove the time factor, 
to enable replicates and better data analysis, though some insight considering system 
operation were gained by different cultivation times. The 20-hour cultivations showed 
that it was possible to harvest, clean, sterilize and start a new batch within 4 hours. 
 RSM 
Both these factors affect the multivariate optimization-model. R2 of the model that 
evolved was acceptable, but Q2 of the model is too low for having a good predictive 
power. This is common for biological systems because they are generally very complex 
systems to model. Usually the factors were controlled as intended, but as it became 
apparent that oxygen levels varied, the amount of added oxygen had to be added to the 
model, which increased describing power of the model, but added complexity and error. 
In the evaluation in MODDE some interaction terms were removed to simplify the 
model. There is, however, a danger in removing too many expanded terms, while the 
model tends to be over-simplified and adapted to the current data set [31]. To enhance 
the performance of the optimization the DO-levels should have been better controlled 
and thereby enable removal of the ‘Added O2’-term.  
 Protein quantification 
Obtaining good protein quantification was difficult. Agilent 2100 Bioanalyzer pose a good 
alternative for expression analysis and comparison, but it was rather difficult to achieve 
good quantification. This was mainly due to handling of small volumes but also due to 
sensitivity in the Bioanalyzer. The Bioanalyzer system calculates a concentration of the 
protein and by comparing it with an internal standard of known concentration, and then 
comparing the relative concentration of lysate samples with standard samples. A better 
way would have been to quantify by HPLC, but this would also have been more time 
consuming. 
From SDS-PAGE gels of OD1-samples, comparison of specific expression could be 
attained, but an estimated expression quantification could also be made. Estimation of 
expression from the evaluation cultivation point at significantly higher expression levels 
of ABD-(ZHER2:342)2, than measured in the Bioanalyzer. While protein concentrations 
generally are low for ABD-(ZHER2:342)2, a likely source would be error in the standard 
protein concentration. Protein degradation during the heat treatment of cultivation pellet 
prior to analysis could be another possibility.  
 Phosphogluconoylation 
The mass spectrum analysis confirmed that His-tagged Affibody® molecules were 
glyconoylated, but ABD-fusions of the proteins as well. It is probably difficult to find 
cultivating conditions that eliminate the possibility of 178 Da additions, but by supplying 
glycerol on low feed rate one might succeed. While 6-phosphateglucono 1,5-lactone is 
formed in general biochemical pathways, it is likely that all intracellular expression is 
affected by gluconoylation, which have impact on the choice of expression system for 
GMP production of Affibody® molecules. A weakness of this theory is that the reaction 
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mechanism is not clearly understood, especially for proteins without His-tag. Geoghegan 
et al. made experiments with different synthetic His-tagged peptides and 6-
phosphateglucono 1,5-lactone, and found that fragments with additional mass were 
generated, but if the same mechanism works on ABD-fused Affibody® molecules is yet 
to be confirmed. 
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7 Conclusions 
A protocol for expression of Affibody® molecules in E. coli has been developed. By using 
MODDE for design of experiments and multivariate data analysis, a limited number of 
cultivations can identify the optimized conditions for expression in E. coli BL21(DE3) in a 
Belach GRETA multi-fermentor system.  
The production protocol (Appendix) was possible to cultivate effectively and resulted in 
expressions levels of 0.5-1.5 mg/mL. It was possible to cultivate four batches or more in 
one week and cultivation time could be extended to 20 h, if necessary. The proposed 
protocol employed a cultivation time of 18 hours, pH 6.8, temperature of 37 °C and a 
feed-rate of 0.23 h-1. The culture is induced after 14 h, with 0.5 mM IPTG. Induction four 
hour prior to harvest is sufficient for  maximum protein expression. 
Expression levels and solubility varied between the four Affibody® molecules used in this 
project. The solubility of expressed His6-(ZHER2:4)2 could not be affected by growth 
conditions. ABD-(ZHER2:342)2 and (ZHER2:342)2 generally showed lower expression levels. 
Growth conditions could not enhance expression performance, and further 
improvements of the solubility and expression levels employ use of molecular biology 
methods. 
Affibody® molecules are susceptible to N-terminal gluconoylation by 6-
phosphateglucono 1,5-lactone, a glucose-6-phosphate residue in the pentose-phosphate 
pathway. All analyzed fed-cultivations with glucose as feed substrate, contained a 
fragment with an additional mass of 178 Da. Low feed with glycerol however did not 
result in a additional portion, which could be explained by an overall lower amount of 
available carbon in the cell. 
 

8 Further studies 
• Technical development of the GRETA-system: Implementation of the automatic 

induction on Optical Density and determine the aeration capability of the new 
impeller. 

• Optimize a medium composition for fed-batch on glycerol feed. 

• Further examine the cause for the phosphogluconoylation of Affibody® molecules. 
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CIP Cleaning-in-place 
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HAS Human serum albumin 
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IPTG Isopropyl-β-D-thiogalactopyranoside 
Km Kanamycin 
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LC/MS Liquid chromatography/Mass spectrometry 
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PCA Principal component analysis 
PLS Projections to Latent Structures by means of Partial Least Squares 
RSM Response surface modeling 
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SIP Sterilization-in-place 
SOP Standard operating procedure 
TSB Tryptic soy broth 
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Appendix A: Medium composition 
Table 8: Contents of cultivation medium. Values in parenthesis are for shake flask medium used in Bioscreen C. 
Concentr
ation 
(g/L) 

Name (Supplier) 

5.0 Yeast extract (Merck) 
2.5  NH4SO4 (Merck) 
2.0 (4.4) K2HPO4 (Merck) 
3.0 (11.9) KH2PO4 (Merck) 
1.0 MgSO4·7H2O  (Merck) 
1.25 Na3C6H507·2H2O (Merck) 
2.5 Glucose (Merck) 
0.0350 FeCl3·6H2O  (Merck) 
0.0106 ZnSO4·7H2O  (Merck) 
0.0026 CoCl2·6H2O  (Merck) 
0.0026 CuSO4·5H2O  (Merck) 
0.0026 H3BO3  (Merck) 
0.0132 MnSO4·1H2O  (VWR International, Fontenay, France) 
0.0139 CaCl2·2H2O  (Merck) 
3.25*10-4 DL-pantothenic acid (Sigma, St. Louis, MO) 
3.25*10-4 choline chloride (Sigma) 
3.25*10-4 folic acid (Sigma) 
6.5*10-4 Myo-inositol (Sigma) 
3.25*10-4 nicotineamide (Sigma) 
3.25*10-4 pyroxidal hydrochloride (Sigma) 
3.25*10-5 riboflavin (Sigma) 
0.069 thiamine hydrochloride (Sigma) 
0.050 kanamycin (Amresco)  
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Appendix B: Cultivations 
Table 9: Summary of cultivations with references for laboratory notebook, cultivation protocol and expression 
analysis*. G denote the 0.5 L-version of the GRETA system and H the later 1 L-version. 
050117 G1 G2 G3 G4 G5 G6 * 

Construct pAY770 pAY770 pAY773 pAY770 pAY773 pAY773 L0280-4,8 
OD600 65 66 54 59 58 67 A0159-26 
 
       

 
050124 G1 G2 G3 G4 G5 G6  
Construct pAY773 pAY770 pAY773 pAY770 pAY773 pAY770 L0280-9,13 
OD600 73 66 55 65 58 53 A0159-28 
 
       

 
050211 G1 G2 G3 G4 G5 G6  
Construct pAY770 pAY770 pAY770 pAY770 pAY770 pAY770 L0280-37,41 
OD600 69 69 97 69 97 77 A0172-4 
 
       

 
050228 H1 H2 H3 H4 H5 H6  
Construct pAY321 pAY321 pAY321 pAY321 pAY321 pAY321 L0280-45,49 
OD600 55 41 49 48 32 29 A0172-10 
Protein conc.     78.0 176.2  
 
       

 
050302 H1 H2 H3 H4 H5 H6  
Construct pAY770 pAY770 pAY770 pAY770 pAY770 pAY770 L0280-51,53 
OD600 43 32 43 45 24 31 A0172-11 
 
       

 
050304 H1 H2 H3 H4 H5 H6  

Construct pAY321 pAY321 pAY321 pAY321 pAY321 pAY321 L0280-
55,,57 

OD600 84 12 4 27 67 78 A0172-12 
 
       

 
050308 H1 H2 H3 H4 H5 H6  
Construct pAY321 pAY321 pAY321 pAY321 pAY321 pAY321 L0280-58,60 
OD600 58 40 27 35 49 13 A0172-13 
Protein conc. 1757.6 1138.3 514.7 1320.3 957.0 210.9  
 
       

 
050318 H1 H2 H3 H4 H5 H6  
Construct pAY770 pAY770 pAY770 pAY770 pAY770  L0280-65,71 
OD600 58 38 66 57 62  A0172-16 
Protein conc. 191.0 252.3  143.3 203.6   
 
       

 
050319 H1 H2 H3 H4 H5 H6  
Construct pAY770 pAY770 pAY770 pAY770 pAY770 pAY770 L0280-66,71 
OD600 28 26 29 58 24 61 A0172-17 
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050320 H1 H2 H3 H4 H5 H6  
Construct pAY770 pAY770 pAY770 pAY770 pAY770 pAY770 L0280-67,72 
OD600 20 36 44 5 60 35 A0172-18 
Protein conc. 110.7 18.2 215.4  167.4 164.0  
        
050321  H1 H2 H3 H4 H5 H6  
Construct pAY770 pAY770 pAY770 pAY770 pAY770 pAY770 L0280-68,72 
OD600 12 40 15 36 12 37 A0172-19 
Protein conc. 80.2 114.3 88.0 89.5 62.2 57.8  
        
050322 H1 H2 H3 H4 H5 H6  
Construct pAY770 pAY770 pAY770 pAY770 pAY770 pAY770 L0280-69,73 
OD600 11 50 30 55 44 26 A0172-20 
Protein conc. 56.6 55.4 111.1  142.6 118.3  
 
       

 
050331 H1 H2 H3 H4 H5 H6  
Construct pAY770 pAY770 pAY770 pAY770 pAY770 pAY770 L0280-74,78 
OD600 20 22 32 34 40 37 A0172-21 
Protein conc. 135.0 145.8 117.5 182.3 240.0 183.5  
 
       

 
050405 H1 H2 H3 H4 H5 H6  
Construct pAY770 pAY770 pAY770 pAY770 pAY770 pAY770 L0280-76,78 
OD600 18 26 17 26 17 58 A0172-24 
Protein conc. 99.8 108.3 130.5 89.3 120.9 25.4  
 
       

 
050406 H1 H2 H3 H4 H5 H6  
Construct pAY770 pAY770 pAY770 pAY770 pAY770 pAY770 L0280-77,79 
OD600 17 35 46 60 47 60 A0172-25 
Protein conc. 154.2 178.6 161.0 137.9 204.7 125.6  
 
       

 
050517 H1 H2 H3 H4 H5 H6  
Construct pAY770 pAY770 pAY321 pAY321  pAY817 L0280-92,93 
OD600 58 63 60 65  65 A0179-3 
Protein conc. 165.3 59.9 1277.0 831.7    
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Appendix C: RSM Dataset 
Table 10: Multivariate optimization cultivations. Data set for PLS. 

Cultivation 
name 

µ 
(h-1) 

t
(h)

Temp
(°C)

pH O2 Protein conc 
(µg/mL) 

050318H1 0.25 18 37.0 7.0 174 191.0 
050318H2 0.25 18 38.5 7.0 18 252.3 
050318H4 0.25 18 37.0 6.5 136 143.3 
050318H5 0.25 18 35.5 7.0 149 203.6 
050320H1 0.15 20 38.5 7.5 14 110.7 
050320H2 0.30 20 38.5 7.5 224 18.2 
050320H3 0.25 20 37.0 7.0 84 215.4 
050320H5 0.35 18 37.0 7.0 308 167.4 
050320H6 0.25 18 37.0 7.0 28 164.0 
050321H1 0.15 16 35.5 6.5 16 80.2 
050321H2 0.35 16 35.5 6.5 116 114.3 
050321H3 0.15 16 38.5 6.5 23 88.0 
050321H4 0.35 16 38.5 6.5 55 89.5 
050321H5 0.15 16 35.5 7.5 15 62.2 
050321H6 0.35 16 35.5 7.5 16 57.8 
050322H1 0.15 16 38.5 7.5 100 56.6 
050322H2 0.35 16 38.5 7.5 181 55.4 
050322H3 0.25 16 37.0 7.0 59 111.1 
050322H5 0.25 18 37.0 7.0 162 142.6 
050322H6 0.25 18 37.0 7.5 12 118.3 
050405H1 0.15 20 35.5 6.5 5 99.8 
050405H2 0.30 20 35.5 6.5 6 108.3 
050405H3 0.15 20 38.5 6.5 17 130.5 
050405H4 0.30 20 38.5 6.5 5 89.3 
050405H5 0.15 20 35.5 7.5 5 120.9 
050405H6 0.30 20 35.5 7.5 269 25.4 
050406H1 0.15 18 37.0 7.0 10 154.2 
050406H2 0.25 18 37.0 7.0 11 178.6 
050406H3 0.25 18 37.0 7.0 25 161.0 
050406H4 0.25 18 37.0 7.0 89 137.9 
050406H5 0.25 18 37.0 7.0 127 204.7 
050406H6 0.25 18 37.0 7.0 105 125.6 
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Appendix D: Cultivation protocol 
 Medium preparation and setup of GRETA-system 
Table 11: Inoculation medium 

Medium component Conc. 
(g/L)

Tryptic soy broth 30.0 
Yeast extract 5.0
 
TSB and yeast extract are solved in 1 L de-ionized water and sterilized in autoclave. 1 mL 
kanamycin from stock solution (50 mg/mL) is added prior to inoculation. 
 
Table 12 Trace element solution 
Trace element Conc. 

(g/L)
Iron chloride, FeCl3 ⋅ 6 H2O 53.0
Zinc sulphate, ZnSO4 ⋅ 7 H2O 16.0
Cobalt chloride, CoCl2 ⋅ 6 H2O 4.0
Cupper sulphate, CuSO4 ⋅ 5 H2O 4.0
Boric acid, H3BO3 4.0
Manganese sulphate, MnSO4 ⋅ H2O 20.0
 
Components are dissolved in 1.2 M HCl (100 ml 37% HCl per liter). The trace element 
solution is sterilized in autoclave, and stored at room temperature. 
  
Table 13: Vitamin solution: 
Vitamin Conc. 

(g/L)
DL-Pantothenic acid, calcium salt 0.5
Choline chloride 0.5
Folic acid 0.5
myo-Inositol 1.0
Niacinamide 0.5
Pyridoxal hydrochloride 0.5
Riboflavin 0.05
Thiamine hydrochloride 0.5
 

Vitamins are dissolved in de-ionized water and filter sterilized. Stored at –20 °C. 
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Table 14: Fermentor medium with yeast extract (6 L). 

Medium component   
 

Yeast extract 30 g
Potassium dihydrogen phosphate, KH2PO4 12 g
Dipotassium hydrogen phosphate, K2HPO4 18 g
Ammonium sulphate, (NH4)2SO4 15 g
Trisodium citrate dihydrate, Na3C6H5O7 ⋅ 2 H2O 7.5 g
De-ionized water 6.0 L
Medium additives 

Glucose 600 g/L stock solution 4.1 mL
Trace element solution 3.96 mL
Calcium chloride stock solution 0.143 M in 1.2 M HCl 3.96 mL
Vitamin solution 3.90 mL
Thiamine hydrochloride stock solution 30 g/l 13.8 mL
Magnesium sulphate stock solution 1.217 M 20.1 mL
Kanamycin stock solution 50 mg/ml 6.0 mL
 

The components are mixed in the medium preparation tank and connected to the 
GRETA system. Each reactor are filled with 0.8 L of the medium, and sterilized in situ 
(121 ºC, F0=10). After cooling 0.5 mL of foam control agent Breox FMT-30 is injected to 
each reactor. The medium additives are mixed and 10.4 mL added aseptically to each 
reactor. pH-electrodes of the GRETA-system are calibrated to pH of the fermentation 
medium (6.32), and pH is adjusted to 6.8 by automatic addition of 25% NH4OH. The 
DO-electrodes are calibrated by two-point calibration at 800 rpm agitation: 100% DO 
aeration 1 L/min sterile filtered air, and 0% DO with nitrogen. 
Cultivation 
Two shake-flasks containing 75 mL TSB medium with yeast extract are inoculated with 
50 µL culture from a thawed working seed lot. The inoculums are cultivated at 37 °C, 200 
rpm for 8h and typically reach OD 5-6. 
Each fermentor in the GRETA-system is inoculated with 20 mL of inoculum (2.5 % 
reactor volume). Aeration is set to 1 L/min and a stirrer profile programmed, starting at 
300 rpm for 1 h, increasing to 1500 rpm during 4 h, and then maintained that agitation 
for the rest of the cultivation. pH are controlled at 6.8 by automatic titration of 25% 
NH4OH. Feeding starts 3 h after inoculation with 60% glucose feed with feed profiles 
according to Figure 17 programmed into the system. Addition of oxygen is controlled by 
PI-regulation at 30% DO, with P=1.5, I=5, Max=30 and Min=10. The fermentors are 
induced after 14 h by 0.5 mL of 1 M IPTG. 
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Figure 17: Feed profile for cultivation protocol. Feed rate in % pump capacity. 
 

At harvest, after 18 hours, all regulation is shut down and the fermentation broth cooled 
down to about 10 °C. The broth is centrifuged (20 min at 15 900 ×g), and the pellet 
containing the product collected and frozen at –20 °C. 
  


