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Abstract 
Yeast extract (YE) is a common supplement in the medium of fed-batch cultivation processes for 
production of pharmaceutical proteins. In the recombinant protein X, it is desirable to remove 
YE because such raw material has often batch to batch variations, impairing on both protein 
yield and quality; and is expensive to remove in the downstream processing. The aim of the 
project was to optimize the medium in the fed-batch cultivation process of recombinant 
Eschericia coli for the production of the recombinant protein X, by replacing the currently used 
YE supplement with proper amino acids. The parameters investigated here were product 
concentration (and product quality) and that they remain at the same level as when using the 
original medium. The hypothesis is that there exist one or several amino acids that are required 
in a higher amount during the synthesis of the recombinant protein X than what is normally 
required for the synthesis of homologous proteins of the host cells. These amino acids may be 
the bottleneck in the synthesis of the recombinant protein. The strategy was to apply a “black 
box” model, where the input and output in the cultivation process were measured, e.g. biomass, 
protein, YE/amino acids. The complexity regarding e.g. the uptake of substrates, the biosynthesis 
of host cell proteins (HCP) and the recombinant protein X are considered as the “black box”.   
Experimentally, a number of amino acid cocktails were selected and a number of amino acid 
supplemented minimal medium fed-batch cultures was performed and compared to YE enriched 
fed-batch cultures (positive reference) and minimal medium fed-batch cultures (negative 
reference). The parameters investigated were volumetric and specific product concentration and 
protein quality.   
The resulting volumetric product concentration from the minimal medium fed-batch process was 
lower than the existing process. However there was no significant difference in specific product 
concentration. This indicates that it is possible to increase the volumetric product concentration 
by increasing the biomass formation. The difference in the specific product concentration was 
not significant in any experiments, except for two experiments in which supplements of two 
different cocktails containing [Asn, Gln, Phe, Val]; and [Ala, Leu, Lys] were used.  
Similar volumetric product concentration and quality has been achieved in this project compared 
to positive reference by feeding Asp (15 g/L) or Glu (18 g/L) during the production phase. This 
diploma work suggests the replacement of the YE by a future process using minimal medium 
with either Asp or Glu as supplement to ensure similar product concentration and quality. 
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Introduction 

Cultivation process of recombinant proteins in the pharmaceutical industry 
The microorganism Escherichia coli is commonly used as a host cell for expression of 
recombinant proteins. To achieve a high cell density, the fed-batch cultivation process is 
commonly used. Rich medium where e.g. yeast extract (YE) is supplemented can be used to 
improve yield. YE is a powder of dried yeast, containing high amount of minerals, proteins, 
peptides, amino acids and vitamins which results in a  higher growth and productivity (1) (2).  
 
A problem is that the YE content is rarely specified (3) (2). As a result, the batch-to-batch 
variation in the manufacturing of YE, gives a variation in the quality and concentration and may 
influence the outcome of the recombinant protein production. In addition, YE may require extra 
purification steps downstream as well as extra analytical resources to ensure host cell protein 
reduction (4).  
 
In a current preclinical project run by sobi, the removing of the YE component from the medium 
resulted in approximately 30% lower product concentration. There were also several truncated 
variants present as analyzed by Matrix Assisted Laser Desorption/Ionization–Time Of Flight 
(Maldi-TOF), a non-quantitative analytical method (4). 

Aim of study 
The aim of the project was to optimize the medium in a fed-batch fermentation process for the 
production of the recombinant protein X, by replacing the currently used YE supplement with 
proper amino acids. The parameters investigated here were product concentration and product 
quality and the goal was keep them at the same level as when using the existing medium.  

Hypothesis  
The hypothesis is that there exist one or several amino acids that are required in a higher amount 
during the synthesis of the recombinant protein than what is normally required for the synthesis 
of homologous proteins of the host cells. These amino acids may be the bottleneck in the 
synthesis of the recombinant protein. 

Strategy 
The strategy was to apply a “black box” model, where the input and output in the cultivation 
process were measured, e.g. biomass, protein, YE/amino acids. The complexity regarding e.g. 
the uptake of substrates, the biosynthesis of host cell proteins (HCP) and the recombinant protein 
X are considered as the “black box”.   
 
Experimentally, a number of amino acid cocktails were selected and a number of amino acid 
supplemented minimal medium fed-batch cultures was performed and compared to YE enriched 
fed-batch cultures (positive reference) and minimal medium fed-batch cultures (negative 
reference). The response parameters investigated were product concentration, protein 
concentration and protein quality.  
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Theory 

The host cell 
Escherichia coli is a gram negative, well-characterized, facultative anaerobe bacteria. It can 
grow to a high cell density on different types of substrates both in aerobic or anaerobic 
conditions (5) (6). Since E.coli is easy to modify genetically, and is inexpensive to culture; it is 
used as a host cell for recombinant protein expression (7).  

Expression vector  
The gene of interest can be inserted into an expression vector, see Figure 1Figure 1 (8). 
 

 
Figure 1: A typical expression vector in E.coli (8). 
 
Origin (Ori) is a site where the DNA replication is started. The gene that will be expressed is 
inserted in the polylinker, in one of the restriction sites. When an inducer molecule binds to the 
operator (O) it will permit the regulation of the promoter. In the bacterial promoter (P), the RNA 
polymerase will bind and initiate the transcription of the inserted cloned gene. The transcription 
termination sequence will give a better amount and stability of the produced mRNA. The 
ribosome binding site gives sequence signals needed for translation of the mRNA that is 
achieved from the cloned DNA. When the expression vector is transformed into the host 
microorganism e.g. E.coli, it will produce cloned genes into large amounts (8). This because 
expression vectors will give different number of copies of a given expression vector per cell, 
depending on their origin of replication (9); e.g. the plasmid pBR322 has a copy number of 15-
20 (10). For the selection of the cells with cloned gene, expression vectors have a detectable 
genetic marker, e.g. an antibiotic resistance gene (8).  

Recombinant protein biosynthesis by Escherichia coli  
The biosynthesis of proteins (consisting of one or more polypeptide chains) in E.coli is divided 
in two steps, transcription and translation, see Figure 2Figure 2.  
 
              Transcription                       Translation    
DNA                                    mRNA                            Protein 

Figure 2: An overview of the protein biosynthesis (11). 
 
Transcription is the synthesis of mRNA from a DNA template (11). The translation phases are: 
initiation, elongation, termination and ribosome recycling (12). Protein biosynthesis can be 
divided in five stages: 
1. Activation of amino acids: Here every carboxyl group of the amino acids will be activated. 

The activated amino acids will bind specifically to a tRNA forming an aminoacyl-tRNA. 
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2. Initiation: The mRNA that has the genetic code of the polypeptide will bind to the small 
ribosome subunit and to the initiating aminoacyl-tRNA thereafter the large ribosome subunit 
will bind and form an initiation complex. Thereafter the polypeptide synthesis starts.  

3. Elongation: In this stage the elongation of the polypeptide occurs by elongation factors. 
4. Termination and ribosome recycling: When the polypeptide chain is completed a signal is 

made and the polypeptide chain will be released by released factors from the ribosome. The 
ribosome will then be recycled for another synthesis. 

5. Folding and posttranslational processing: The new polypeptide is biologically activated by 
folding the polypeptide into a three-dimensional conformation (11).   

 
The translation of the mRNA by the ribosome is made at a rate of about 12 amino acids per 
second (12). Protein biosynthesis is an energetically expensive process (11). To form the 
ribosome particle in E. coli, it involves many processes that are complex, e.g. modification and 
processing of ribosomal proteins and rRNA. In order to avoid losses of energy or cell 
physiology imbalances it is important for the ribosome particle to get a good quality and get 
coordinated and regulated (13). 

Amino acid composition in E.coli host cell proteins and in the recombinant 
protein X 
The amino acid composition in E.coli B/r HCP according to literature (5), can be seen in Table 
1Table 1. The analysis was based on 550g of total protein/kg of biomass. Thus, 1 g E.coli cells 
containing 0,550 g proteins, require the given amino acid amount as building block. 
The relative amount of amino acids in HCP and in the recombinant protein X is also shown in 
Table 1Table 1 (14) (5). 
 
Table 1: Amino acid composition of the E.coli B/r host cell protein and the recombinant protein X. 

Amino acid 
Amount (E.coli B/r) 

 
µmol/g biomass 

E.coli B/r 
(HCP) 

% 

Recombinant protein X 
 

% 

Ratio 
 

% / % 
Alanine 488 10 16 1,64 

Arginine 281 6 2 0,33 

Asparagine 229 5 4 0,82 

Aspartate 229 5 10 2,26 

Cysteine 87 2 0 0,00 

Glutamate 250 5 11 2,26 

Glutamine 250 5 3 0,56 

Glycine 582 11 3 0,24 

Histidine 90 2 0 0,00 

Isoleucine 276 5 5 0,85 

Leucine 428 8 13 1,54 

Lysine 326 6 10 1,59 

Methionine 146 3 0 0,00 

Phenylalanine 176 3 2 0,53 

Proline 210 4 4 0,90 

Serine 205 4 7 1,84 

Threonine 241 5 2 0,39 

Tryptophane 54 1 2 1,74 

Tyrosine 131 3 3 1,08 

Valine 402 8 5 0,59 
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The amino acid components of the recombinant protein X and HCP were studied and converted 
into percentage values by dividing each amino acid with the total amino acid amount of the 
recombinant protein X, similar percent calculation was done for HCP. By the percent values it 
was noted that some amino acid component available in the HCP, e.g. cysteine, histidine and 
methionine, was not present in the recombinant protein X. There are also higher content of some 
amino acid (e.g. aspartate) in the recombinant protein X than in HCP. For an easier comparison 
ratio values were calculated by dividing the percent amount of the recombinant protein X with 
the percent amount of the HCP, of each amino acid, see Table 1Table 1. A high ratio explains 
that the recombinant protein X has a higher amino acid content of a specific amino acid than the 
average HCP; whether a low ratio value means that the recombinant protein X consists of a less 
amount of a specific amino acid content than HCP.  
 
E.coli cells can synthesize all their amino acids from simple sources of carbon (i.e. glucose) and 
nitrogen (i.e. ammonia). In the metabolism of glucose (glycolysis), different precursors, 
necessary for the biosynthesis of amino acids are generated such as hexose phosphates, 
phosphoenolpyruvate, pyruvate, acetyl-Coenzyme A, oxaloacetate and α-ketoglutarate. 
Glutamate works as an important intermediate for the synthesis of glutamine, proline and 
arginine. Serine is an intermediate for the synthesis of glycine and cysteine. Aspartate is an 
important intermediate for the synthesis of asparagine, methionine, threonine and lysine, see 
Figure 3 Figure 3 (15).  

 
 
Figure 3: An overview of amino acid biosynthesis of E.coli. The pathways shown are glycolysis, citric acid cycle and the 
pentose phosphate pathway (16). 
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Fermentation techniques 

Batch process 
All the nutrient solutions are added into the bioreactor when the batch process is started. In 
aerobic processes the oxygen are added during the batch process. Also other solutions during the 
batch process are needed such as the acid/base pH control, antifoam to control the foaming and 
for gene expression, inducer is needed. There are different growth phases in this process, the lag 
phase, the exponential phase/log phase and the stationary phase. The lag phase occurs after 
inoculation, here the cells have a slow growth or does not grow at all (17), this is because the 
cells goes through intracellular changes in order to adapt to the new environment condition (18). 
In the exponential/log phase the cells grow exponentially and the specific growth rate (µ) is 
constant.  In this phase the cells grow at a maximum specific growth rate µmax.  In the stationary 
process the specific growth rate decreases because of the nutrient solutions (e.g. substrate, 
energy source) are limited (17).  

Fed-batch process 
Fed-batch process is first started as batch cultivation. When the substrate, e.g. glucose has been 
consumed a feed of glucose is started. The glucose feed rate is first set as an exponential feed 
rate to give an exponential cell growth at a constant growth rate. The glucose feed rate controls 
the specific growth rate at a certain level to avoid overflow metabolism. An exponential growth 
leads in increasing of oxygen consumption rate which could give an insufficient oxygen transfer 
capacity. Therefore the substrate feed rate is controlled since it will control the specific growth 
rate at a certain level to avoid oxygen limitation (17) (2). The benefit of using fed-batch process 
is that a constant substrate feed rate is performed, which will give a substrate limitation and 
thereby control the growth rate and the oxygen/cooling demands. Fed-batch process is the only 
process that can reach very high cell mass densities (17). To reach a high cell density the 
substrate feed solution must be highly concentrated and limited (19). 

Medium 

Minimal medium  
Minimal medium is a defined growth medium and has a composition of sugar, salts and 
ammonia which are the minimum components required for cell growth (2). The benefit with 
minimal medium is that it is a defined and economical medium. Exact quantities of the 
components that are required for growth can be calculated. There are many microorganisms that 
can grow on minimal medium e.g. E.coli cells. However microorganisms grows faster when a 
complex medium, also called “rich medium”, is added as supplement substrates in the minimal 
medium (2) (17). 

Carbon source 
Glucose, glycerol and fructose are sugars, mainly used as carbon source by many 
microorganisms. The carbon source is very important since the microorganism uses it as an 
energy source and for biosynthesis of new cells (2).  
 
If the E.coli grows in an environment with oxygen, using glucose as a substrate, around 50 % of 
the substrate will be oxidized into CO2. During the CO2 formation the adenosine 5´triphosphate 
(ATP) is formed. By having the ATP available, approximately 50% of the remaining glucose is 
used for the production of cell materials, see Figure 4Figure 4 (5). 
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Figure 4: The overview production of E.coli using glucose as a substrate (5). 
 
By the phosphoenolpyruvate phosphotranferase system the glucose molecule is transported into 
the E.coli cell. The glucose-6-phosphate is degraded into pyruvate via the Embden Meyerhof 
Parnas pathway. Pyruvate is further converted into acetyl coenzyme A and passes the 
tricarboxylic acid (TCA) cycle, see Figure 5.  Finally by these reactions the glucose is oxidized 
into CO2, water and ATP. The E.coli cell consists of about 95 % of macromolecules; see Figure 
5 (5). 

 
Figure 5: The cell material biosynthesis by E.coli using the glucose as a substrate (5). 
 
When E.coli grows in aerobic conditions with the presence of glucose, only a small amount of 
ATP is needed for the biosynthesis of the amino acids/monomers while a high amount of ATP is 
used in amino acid polymerization (5). 

Macro elements, micro elements and trace elements  
The macro elements are carbon, oxygen, nitrogen, hydrogen and phosphorous. Micro elements 
consisting of magnesium, sulphur and potassium are required components used at intermediary 
concentrations (17). 
 
Trace elements are used as cofactors for different enzymes. Example of trace elements are iron, 
cobalt, molybdenum, manganese, copper, calcium and zink, added as inorganic salts. To promote 
cell growth it is important to use trace elements in very low concentrations and sufficient 
quantities. Inhibition of the cell occurs if high concentrations or too large amounts of the trace 
elements are used. In industrial processes, trace elements are added with defined media (2) (17). 
  

TCA 
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Supplement substrates  

Yeast extract  
Yeast extract (YE), a dried powder of yeast, is an undefined complex medium consisting of high 
amount of amino acids, peptides, fats, minerals and vitamins (2) (20). It is used as a growth 
factor or a growth stimulant (2) (1). The mechanism to be used by E. coli cell will vary with the 
components present in the YE. Thus, the growth rate, and production rate may vary throughout 
the process (21) (20).  

Amino acids 
Amino acids can be used as an organic growth factor, carbon source, energy source and nitrogen 
source. Amino acids can be used as a supplement substrate, added in a salt medium (e.g. minimal 
medium). However when E.coli cells takes up amino acids it converts it into ammonium which 
lowers the pH in the medium, therefore this must be controlled. E.coli synthesizes its own amino 
acids and when one specific amino acid is added into the medium then the cell does not need to 
use energy to synthesize the added amino acid (2). 
Research study experiments have been made using E.coli in tryptone broth medium. During lag 
phase most of the amino acids were not consumed, however the amino acids Asp, Glu, Ser and 
Trp were the first to be consumed during the initial exponential phase. In one experiment using 
rich medium it was noted that Ser was the first amino acid to be taken up in a higher amount 
during the exponential phase; later it was Asp and Glu that was taken up. By an excess uptake of 
Ser a formation of pyruvate and glycine is made (22). 

The “black box” model 
In this “black box” model, the box structure and composition is irrelevant; only the input and 
output of the box system is taken into account (23). Therefore the black box theory is useful in 
the project since only the input-output are considered.  
The input for a cultivation process with the focus on studying recombinant protein production is 
e.g. the E. coli research cell bank (RCB), carbon/energy source, minimal medium with 
supplements (e.g. YE or amino acids) and the inducer. The output consists of biomass, host cell 
proteins (HCP), spent medium and the recombinant protein. The complexity regarding e.g. the 
cells uptake and metabolisms of different substrates, growth, the biosynthesis of HCPs and 
recombinant proteins are considered as the “black box”.  
 
In this study, the aim was to replace the YE from an existing process, thus the number of inputs 
and outputs are reduced, according to Figure 6. Here, the input consisted of carbon and energy 
source, minimal medium and supplements and the output was the recombinant protein X and 
biomass. 
 
 

 
 
 

 
 

 
 
 
 
Figure 6: The black box model of the project. 

Input: C/energy, minimal 
medium, supplements Output: Biomass, 

recombinant protein X Black box 
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Materials and methods 

Material 

Bacterial strain 
The research cell bank (RCB) used in this project was a genetically modified E.coli K12 derivate 
harboring a plasmid derived from pBR322, with an inserted gene coding for the recombinant 
protein X. The RCB was stored at -70 0C and thawed at room temperature 10-15 minutes before 
the inoculum. 

Medium 
The minimal medium and the YE supplemented minimal medium components are summarized 
in Appendix 1Appendix 1. The minimal medium is based on sufficient amounts of the macro, 
micro and trace elements for a final biomass concentration of at least 40 g/L (24). 

Selection of the amino acid cocktails  
The amino acids were grouped into six amino acid cocktails based on their ratio values, see 
Table 2Table 2. The concentration needed of the components in each cocktail was calculated 
based on Table 1 and the required concentration in a culture with a final biomass of 40 g/L. To 
ensure excess of the amino acids in the experiments, the concentrations were doubled, see Table 
2Table 2. The concentrations (g/L) of each amino acid in the bioreactor were calculated, by 
multiplication of the amino acid molecular weight (MW).  
 
Table 2: Shows the six amino acid cocktails which will be dissolved as the shown concentrations for cultivation. 

 
  

Cocktail Ratio 
value 

Amino acid 
cocktail 

2xAmount 
(µmole/g X) 

Amount  
X=40 g/L 

(mole/L) 

Conc. in bioreactor  
(g/L) 

 2,26 Aspartate 458 0,0366 4,9 
1 2,26 Glutamate 500 0,0400 5,9 
 1,84 Serine 205 0,0164 1,7 
 1,74 Tryptophane 54 0,0043 0,9 
 1,64 Alanine 488 0,0390 3,5 
2 1,54 Leucine 428 0,0342 4,5 
 1,59 Lysine 326 0,0261 3,8 
 0,85 Isoleucine 276 0,0221 2,9 
3 0,90 Proline 210 0,0168 1,9 
 1,08 Tyrosine 131 0,0105 1,9 
 0,82 Asparagine 458 0,0366 4,8 
4 0,56 Glutamine 500 0,0400 5,8 
 0,53 Phenylalanine 176 0,0141 2,3 
 0,59 Valine 402 0,0322 3,8 
 0,33 Arginine 281 0,0225 3,9 
5 0,24 Glycine 582 0,0466 3,5 
 0,39 Threonine 241 0,0193 2,3 
 0,00 Methionine 146 0,0117 1,7 
6 0,00 Cysteine 87 0,0070 0,8 
 0,00 Histidine 90 0,0072 1,1 
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Dissolving amino acids in cocktails 
Most of the amino acids can be dissolved in H2O at a certain temperature, except Asn, Asp, Met, 
Phe, Trp and Tyr which are dissolved in hydrochloric acid (HCl) (25). Since the amino acids 
where mixed into cocktails, a method of how to dissolve the amino acids were applied. The 
amino acids were mixed with small volume distilled water. Then a few drops of concentrated 37 
% HCl were added until the amino acids were totally dissolved. Finally purified water was added 
into a total volume. 
The amino acid cocktails were dissolved in 100 mL bottles; see Appendix 2Appendix 2, with the 
required concentration in the bioreactor, Table 2. 

Single amino acids  
The single amino acids were dissolved in 100 mL bottles and used as feed; concentrations used 
were according to Appendix 3 (Table 10-11) 

Mixed amino acids 
16 amino acids were mixed and dissolved in a 1 L bottle, see Appendix 4Appendix 4. Thereafter 
it was mixed with 1 L glucose. The mixed feed combination started at batch phase. 

Methods 

Cultivations 
Fed-batch cultures were performed according to the methods described below. At harvest, 
samples were taken for OD measurements, different protein extraction treatments, and wet 
weight. Product analysis was performed on the protein extracts: SDS-page, reversed phase 
HPLC and MALDI-TOF. 

Bioreactors 
The reactors used in this study were 7 L bioreactors or multi parallel 1L bioreactor system 
GRETA, both systems manufactured by Belach Bioteknik AB, Sweden. The settings used for the 
different systems are summarized in Table 3Table 3. 
 
Table 3: Reactor settings for the 7 L bioreactor and the 1 L bioreactor (GRETA). 
 7 L BR                  GRETA 
Working volume 4-6L 0,5-1L 
Temperature 31 0C 31 0C 
pH 7 7 
DO set point 30 % set point 30 % 
Pressure 0,2 bar 0,1 bar 
Agitation rate 500 - 1500 rpm 500 - 1500 rpm 
Aeration 4 L/min 0,5 L/min 

Seed cultures  
25 µl inoculum (RCB), was taken from a thawed vial and added to a 250 mL shake flask 
containing 100 mL minimal medium or minimal medium supplemented with YE (Appendix 
1Appendix 1), (existing process, see below). The cell suspension was incubated in an orbital 
shaker with a temperature of 30 0C at 250 rpm for 21 ± 2 hours (OD600 nm = 2).  

The existing fed-batch process 
In the existing process, minimal medium according to Appendix 1Appendix 1, Table 7Table 7, is 
used and supplemented with YE in the seed culture as well as the batch phase. At glucose 
depletion, a feed composed of a mixture of glucose (250 g/L) and YE (137,5 g/L) is used. The 
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feeding profile increases linearly from 7- 35 g/L,h . At induction, the feed is step-wise decreased 
to 23,5 g/L,h and kept constant throughout the production phase of 13 h. The process is 
summarized in Table 4Table 4 “Existing process”. 

Positive reference process suitable for multi parallel experiments 
The existing process needed to be adjusted in this study, when using the GRETA system. For 
practical reasons, it is suitable to use one large medium container and one large feed-flask to 
supply all six reactors of culture medium and during the fed-batch.  
Thus, as summarized in Table 4Table 4 “modified process”, in the reference process, minimal 
medium according to Appendix 1Appendix 1, Table 6Table 6, was used in the batch phase. At 
glucose depletion, a glucose solution (500 g/L) was fed linearly 3,5- 17,5 g/L,h. At induction, the 
feed was step-wise decreased to 11,75 g/L,h and kept constant throughout the production phase 
of 13 h. At the same time (of induction) an additional 100 mL substrate feed, consisting of 137,5 
g/L YE was fed at 15-17 g/L,h. 
 
Table 4: Medium, induction, feed and harvest summary for the existing process and the modified processes with the extra 
substrate supplies. 
 Existing process                  Modified process* 
Medium Minimal medium with YE Minimal medium 
Inoculum at OD 2,0- 3,0                               20 mL  2 - 3 mL  
Feed start at glucose depletion at glucose depletion 
Glucose conc. in feed 250 g/L 500 g/L 
YE conc. in feed 137,5 g/L Not applicable 
Glucose feed profile  Not applicable 3,5-17,5  g/L, h 
Glucose + YE feed profile  7-35 g/L, h Not applicable 
Glucose feed after induction Not applicable 11,8 g/L, h 
Glucose + YE feed after induction  23,5 g/L, h Not applicable 
Substrate feed at induction Not applicable Sp 100 %  (15,0 - 17,2 g/L, h) 
Harvest Induction + 13 hours Induction + 13 hours 
*) Modified processes are those that have an additional substrate feed. The substrate may be 
solutions of YE, amino acid (single or cocktails thereof) or purified water. 

Amino acid supplemented fed-batch processes 
15 different amino acid supplemented fed-batch processes were performed in the Greta system, 
and were according to the “modified process”, Table 4Table 4. Here, the substrate feeds, starting 
at induction, were the 6 different cocktails according to Appendix 2, and the 9 single amino acid 
solutions according to Table 10-11 in Appendix 3.  
 
One amino acid supplemented fed-batch process was performed in the 7L BR. Minimal medium 
according to Appendix 1Appendix 1, Table 6Table 6, was used in the seed culture as well as the 
batch phase. At glucose depletion, a feed composed of a mixture of glucose (250 g/L) and 
“mixed amino acids” (Appendix 4Appendix 4, Table 12Table 12) was used. The feeding profile 
increased linearly from 7-35 g/L,h. At induction, the feed was step-wise decreased to 23,5 g/L,h 
and kept constant throughout the production phase of 13 h.  

Minimal medium fed-batch process 
In the Greta system, the minimal medium fed-batch process was performed according to the 
“modified process” with purified water as substrate feed at induction. This process was used as a 
negative reference process in this study. The feed of water was used to obtain the same dilution 
of the culture (approximately 20%) as for the positive reference and the amino acid cultures. 
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In the 7L BR, minimal medium according to Appendix 1Appendix 1, Table 6Table 6, was used 
in the seed culture as well as the batch phase. At glucose depletion, a glucose feed (500 g/L) was 
used. The feeding profile increased linearly from 3,5-17,5 g/L,h. At induction, the feed was step-
wise decreased to 11,8 g/L,h and kept constant throughout the production phase of 13 h.  
 
A process using minimal medium with 15 % higher glucose feed flow was also performed. Here, 
the feeding profile increased linearly from 4,0 – 20,1 g/L,h, and decreased step-wise to 13,5 
g/L,h after induction throughout the production phase.  

Protein extraction methods 
Heat treatment and osmotic shock (midstream processes) are examples of protein extraction 
methods used for large scale. The sonication treatment is used in small scale and releases all the 
cellular components (26). Therefore in this project sonication treatment will be used as a 
measure of protein production, whereas heat treatment and osmotic shock are evaluated as 
possible large scale process steps for protein recovery prior downstream purification. 

Sonication treatment 
When using sonication treatment the E.coli cell component releases the cellular contents (26). 
Therefore the results of the product concentration (g/L) and the specific product concentration 
(mg product/g ww) will be based on the sonication treatment in the reference process, the 
process cultivations using amino acid supplements and minimal medium with 15 % higher feed 
pump. 10 mL sample was added in a falcon tube and was put in the sonication instrument, High 
Intensity Ultrasonic Processor Vibra cell VCX-500, for 7 minutes. The sonication samples were 
then centrifuged by the Sigma Laborzentrifugen Instrument, at 5 0C. The supernatant was stored 
in the freezer at -70 0C until further analysis. For the “mixed amino acid” experiment, also 
midstream processes will be performed (see below).  

Heat treatment 
When the temperature is switched, e.g. from 24-37 0C into the culture process it will cause lysis 
of the cell. By heat treatment the peptidoglycan of the cell will be significantly degraded and the 
intracellular enzymes will be released (27). The heat treated samples were centrifuged (Sigma 
Laborzentrifugen Instrument) at 5 0C. The supernatant was saved and stored until further 
analysis in the freezer at -20 0C. 

Osmotic shock 
To release the proteins from the periplasmatic fraction of the E.coli cells, the osmotic shock 
method was used. 5 mL of the sample was taken and centrifuged for 15 minutes at 20 0C at 500 
rpm. The supernatant was discarded and the pellet was dissolved by addition of 500 µl cold 
osmotic buffer (50% sucrose, 0,2 tris; 0,1 M EDTA, pH 9,0). The suspension was mixed in room 
temperature for 10 minutes. 9,5 mL cold distilled water was added and it was mixed for another 
10 minutes. Later the solution was centrifuged (Hermle Z200A) for 15 minutes. The supernatant 
was saved and stored in the freezer at -20 0C for further analysis. 

Analytical methods 

OD measurement 
To follow the cell growth, the optical density at 600 nm (OD600), was measured from the shake 
flask and the bioreactor. The samples from the shake flasks were taken by a sterile pipette at 
inoculum time and 20±2 hours before inoculation in the bioreactor.  
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The bioreactor membrane was first sprayed with ethanol and then the samples were taken by a 
sterile syringe. OD600 measurements from the bioreactor were taken at feed start, at induction 
time and when the cells were harvested. The cuvette used was 2,5 mL makro Plastibrand®. As a 
medium blank and for dilution of the samples 0,9 % NaCl solution was used. 

Wet weight  
Three autoclavable centrifuge tubes were weighed (tare weight) and noted in a protocol. 10 mL 
of the sample where added into the tubes and weighed again (gross weight) and noted in the 
protocol. The tubes were centrifuged in a Beckman centrifuge (JA-20 rotor), for 15 minutes at 6 
0C at 15000 rpm. The supernatant were discarded and the tubes were weighed again (net weight). 
The wet weight (g/L), were calculated as following: Wet weight = (Net weight-Tare 
weigth)/(Gross weight-Tare weight)*1000. Wet weight was used to calculate the specific product 
concentration.  

SDS-page 
To determine that the recombinant protein was expressed by the E.coli host cell, SDS-page 
analysis was done. The samples (sonication treatment, heat treatment and osmotic shock) were 
first diluted in distilled water and then diluted again in 4xRSB. Before loading into a 10% 
BisTris NuPAGE gel in 35 minutes, the samples were heated at 70 0C for 10 minutes. Later the 
gel was stained with InstantBlue for 1,5 hour and destained in distilled water over night. Finally 
the gels could be scanned and analyzed. 

Reversed phase HPLC 
To determine the product concentration of the samples (sonicated, heat treated and osmotic 
shock) RP-HPLC analysis were performed. RP-HPLC consists of a Zorbax 300SB-C3 column 
and the mobile phase was 0,1 % Trifluoro acetic acid (TFA) in water and 0,1% TFA in 
acetonitrile. The instrumental conditions were following: a flow rate of 1 mL/min, a temperature 
of 50 0C for the column and the injection volume of 2-100 µl. The detection wavelength was 280 
nm. 

Matrix Assisted Laser Desorption/Ionization–Time Of Flight (Maldi-TOF) 
To analyze if variants other than the full length protein were present (product quality) in the 
cultivation samples, MALDI-TOF was used. Sonication samples were centrifuged by the Sigma 
Laborzentrifugen instrument, at 5 0C for 5 minutes. Thereafter the samples were diluted 1:30 
with 20% Acetonitrile/0,1 % TFA. Every sample was mixed with the matrix sinapinic acid for 
crystallization. The matrix plate was later applied on the instrument, Applied Biosystems 
Voyager DE-STR MALDI TOF, for characterization of the recombinant protein X. MALDI-
TOF is not product specific, however the product is present in a significantly higher 
concentration compared to other HCPs, therefore in this analysis most signals are related to the 
product. 
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Calculation 
Different equations, Table 5Table 5, have been used for calculation in the experiments. 
 
Table 5: Equations used in the experiments. For the cell mass and the specific growth rate equation x is the cell mass 
concentration in g/L, µ the specific growth rate in h-1 and t the time in hours. For the standard deviation equation, σ is the 
standard deviation, x is each value in the sample, 𝒙� is the mean of the values and n is the number of values. YH/S is the 
heat yield and YO/S is the osmotic shock yield. 
Variable Abbreviation Unit  Equation 

Cell mass 
(at any given moment) 𝑥 g/L 

 
𝑥 =  𝑥0𝑒𝜇(𝑡−𝑡0) 

 
 

Specific growth rate µ h-1 

 

𝜇 =
ln � 𝑥𝑥0

�

𝑡 − 𝑡0
 

 

Standard deviation SD - 𝜎 = �∑(𝑥 − �̅�)2

𝑛 − 1
 

Specific product        
concentration - mg product/g ww �

𝑣𝑣𝑣.𝑃𝑃𝑣𝑃𝑃𝑃𝑡 𝑃𝑣𝑛𝑃𝑒𝑛𝑡𝑃𝑐𝑡𝑐𝑣𝑛 (𝑔𝐿)

𝑊𝑒𝑡 𝑤𝑒𝑐𝑔ℎ𝑡 𝑃𝑣𝑛𝑃𝑒𝑛𝑡𝑃𝑐𝑡𝑐𝑣𝑛 (𝑔𝐿)
� ∗ 100 

YH/S - - �
𝑉𝑣𝑣.𝑃𝑃𝑣𝑃𝑃𝑃𝑡 𝑃𝑣𝑛𝑃𝑒𝑛𝑡𝑃𝑐𝑡𝑐𝑣𝑛 �𝑔𝐿� (𝐻𝑒𝑐𝑡)

𝑉𝑣𝑣.𝑃𝑃𝑣𝑃𝑃𝑃𝑡 𝑃𝑣𝑛𝑃𝑒𝑛𝑡𝑃𝑐𝑡𝑐𝑣𝑛 �𝑔𝐿� (𝑆𝑣𝑛𝑐𝑃𝑐𝑡𝑐𝑣𝑛)
� ∗ 100 

YO/S - - �
𝑉𝑣𝑣.𝑃𝑃𝑣𝑃𝑃𝑃𝑡 𝑃𝑣𝑛𝑃𝑒𝑛𝑡𝑃𝑐𝑡𝑐𝑣𝑛 �𝑔𝐿� (𝑂𝑂𝑂𝑣𝑡𝑐𝑃 𝑂ℎ𝑣𝑃𝑜)

𝑉𝑣𝑣.𝑃𝑃𝑣𝑃𝑃𝑃𝑡 𝑃𝑣𝑛𝑃𝑒𝑛𝑡𝑃𝑐𝑡𝑐𝑣𝑛 �𝑔𝐿� (𝑆𝑣𝑛𝑐𝑃𝑐𝑡𝑐𝑣𝑛)
� ∗ 100 

Results 
For the same repeated cultivation an average of the concentrations was calculated and shown in 
the bar diagrams. For the repeated cultivation experiments, standard deviation (SD) was 
calculated using the equation shown in Table 5Table 5. The SD values are shown with error bars 
in the bar diagrams. The specific product concentration in mg product/g ww was calculated as 
shown in Table 5Table 5.  
 
Since this project was made in sobi, the numeric results of product concentration and specific 
product concentration are confidential. Therefore, the results are normalized, based on the result 
from the existing process. This was calculated by dividing the sonicated product concentration 
value (from any experiment in the project) with the product concentration of the existing process 
(sonicated) which was later converted into percentage. Similar calculation procedure was done 
for the calculation of the specific product concentration. The relative product concentration and 
specific product concentration are shown in the bar diagrams (see below). The y-axes of the bar 
diagrams are removed in Figure 7-12 because those are also confidential. 

Reference cultures 
Two cultivations were performed according to the existing process in 7L BR. Figure 7Figure 7 
shows the relative product concentration and the relative specific product concentration, 
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(sonicated culture broth) and midstream recovery from heat treatment and osmotic shock. The 
relative product concentration was 100% (and the relative specific product concentration was 
100%). The results obtained in these experiments correlates well with earlier experiments 
performed at sobi. After heat treatment the relative product concentration was 60% (60% for 
relative specific product concentration). After osmotic shock the relative product concentration 
was 101% (102% for relative specific product concentration). Protein quality analysis by 
MALDI-TOF indicates that the entire sample consists of full-length target protein, Appendix 
5Appendix 5.  
 
Two minimal medium fed-batch cultivations were performed in 7L BR. The relative product 
concentration was 73%, 41%, and 67% after sonication, heat treatment, and osmotic shock, 
respectively. The relative specific product concentration was 85%, 48% and 76%. Protein quality 
in the sonicated sample, analyzed by MALDI-TOF (Appendix 5Appendix 5) shows that the 
sample consisted of full-length target protein and of several truncated variants. 
 
Thus, cultures supplemented with YE results in higher volumetric product concentration and a 
better protein quality than the minimal medium cultures. However, the specific product 
concentration in the existing process and the minimal medium cultures could be the same since 
the SD belongs to the same population since their SDs overlap. 
 

 
Figure 7: From existing process and minimal medium fed-batch process, product concentrations (relative) and specific 
product concentrations (relative) were given from sonication treatment, heat treatment and osmotic shock. These results 
are normalized based on the existing process. 

Amino acid supplemented fed-batch processes 

Amino acid cocktail 
The amino acid supplemented fed-batch processes were performed in 1 L bioreactor, except the 
“mixed amino acid” supplements which was performed in 7 L BR.  
 
Several reference cultures were performed according to the modified process, supplemented with 
YE (positive reference) or with purified water (negative reference). The relative product 
concentration for the positive reference was 79% (90% for relative specific product 
concentration). The relative product concentration for the negative reference was 62% (85% for 
relative specific product concentration). Their relative product concentrations, based on 
sonication treatment, will be shown in the bar diagrams in Figure 8Figure 8, Figure 9Figure 9 
and Figure 10Figure 10.  
 
The relative product concentrations of amino acid cocktail supplemented processes can also be 
seen here. The average relative product concentration from the 3 cultures with amino acid 
cocktail [Asp, Glu, Ser, Trp] was 68% (89% for relative specific product concentration). [Ile, 
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Pro, Tyr] (3 cultivations) had a relative product concentration of 69% (102% for relative specific 
product concentration). The average relative product concentration in two cultures of [Asn, Gln, 
Phe, Val] was 13% (16% for relative specific product concentration). One cultivation each of 
[Met, Cys, His]; [Arg, Gly, Thr]; and [Ala, Leu, Lys]; resulted in relative product concentrations, 
69 % (83% for relative specific product concentration); 65% (78% for relative specific product 
concentration); and 21% (27% for relative specific product concentration), respectively.  
Product quality of the amino acid cocktails [Asp, Glu, Ser, Trp]; [Ile, Pro, Tyr] and [Met, Cys, 
His] where analyzed by MALDI-TOF and can be seen in Appendix 6Appendix 6. These results 
show that the cocktails consist of full-length target protein with more truncated variants in [Ile, 
Pro, Tyr] and [Met, Cys, His] than in [Asp, Glu, Ser, Trp]. The amino acid cocktail [Asp, Glu, 
Ser, Trp] show more truncated variants than the existing process (see Appendix 5). 
 

 
Figure 8: Product concentrations (relative) and specific product concentrations (relative) from the references and the 
amino acid cocktails. These results are normalized based on the existing process. The concentration of the amino acid 
cocktail feed can be seen in Appendix 2.  

Single amino acids  
One set of experiments made using single amino acids is shown in a bar diagram in Figure 
9Figure 9. The relative product concentration from Glu was 61% (75% for relative specific 
product concentration). Pro gave a relative product concentration of 60% (78% for relative 
specific product concentration). The relative product concentration of Tyr was 59% (74% for 
relative specific product concentration). Ile had a relative product concentration of 58% (75 % 
for relative specific product concentration). In this experiment, the supplemented amino acids 
did not increase the relative product concentration. The number of variants as analyzed by 
MALDI-TOF was similar to those obtained using minimal medium (see Appendix 5). 
 

  
Figure 9: Product concentrations (relative) and specific product concentrations (relative) of the references and the single 
amino acids. These results are normalized based on the existing process. The single amino acid concentration feed of Glu, 
Pro, Tyr and Ile was 29,4 g/L; 9,7 g/L; 9,5 g/L and 14,5 g/L respectively. 
 
In another set of experiments, a higher feed concentration of the single amino acids Glu, Met, 
Ser, Asp and Trp were chosen (3 times higher concentration than in the cocktails), see Appendix 
3, Table 11. Glu gave a relative product concentration of 78% (88% for relative specific product 
concentration). Met and Ser gave a relative product concentration of 74% (85% for relative 
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specific product concentration) and 71% (80% for relative specific product concentration) 
respectively. When using Asp the relative product concentration was 82% (91% for relative 
specific product concentration).  For Trp the relative product concentration resulted in 57% (70% 
for relative specific product concentration), see Figure 10Figure 10. By MALDI-TOF the 
product quality of samples from Asp, Glu and Met were analyzed, see Appendix 7. These results 
show that Asp, Glu and Met consist of full-length target protein. But it can also be seen that Met 
consists of more truncated variants that Asp and Glu. 
 

 
Figure 10: Product concentrations (relative) and specific product concentrations (relative) of the references and the single 
amino acids. These results are normalized based on the existing process. The single amino acid concentration feed of Glu, 
Met, Ser, Asp and Trp was 88,3 g/L; 26,1 g/L; 25,9 g/L; 73,2 g/L and 13,2 g/L respectively. 

Mixed amino acids 
The mixed amino acids were performed in 7L BR. The bar diagram in Figure 11, shows the 
results from the mixed amino acid experiment. Sonication resulted in a relative product 
concentration of 87% (87% for relative specific product concentration).  
 

 
Figure 11: Product concentration (relative) and specific product concentration (relative) given from the mixed amino acid 
experiment. These results are normalized based on the existing process. The mixed amino acid concentration feed can be 
seen in Appendix 4. 

Minimal medium with 15 % higher glucose feed flow 
The relative specific product concentration in minimal medium fed-batch process was similar to 
both existing process and the modified processes, see Figure 7Figure 7. However, the relative 
product concentration was lower in minimal medium fed-batch process compared to the existing 
process which means that the biomass concentration was lower than in the existing and in YE 
supplemented reference. To try to increase the biomass concentration in the minimal medium 
fed-batch process and thereby increase the volumetric product concentration, the glucose feed 
flow was increased by 15% in two experiments (one in 1L bioreactor and one in 7L bioreactor). 
The experiment made in 1 L bioreactor gave a relative product concentration of 71 % (77% for 
relative specific product concentration), however the increased feed rate did not result in a higher 
biomass formation (OD 75). The experiment made in the 7 L bioreactor resulted in a higher 
biomass formation (OD 118) and gave a relative product concentration of 65% (75% for relative 
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specific product concentration), however the base titrant run out 7 hours before the end 
cultivation and lowered the pH. The bar diagram can be seen in Figure 12Figure 12. 
 

 
Figure 12: Product concentrations (relative) and specific product concentrations (relative) of the references and minimal 
medium with 15 % higher glucose feed flow. These results are normalized based on the existing process. 

Protein extraction yield 
Since sonication is not a large application both osmotic shock and heat treatment was evaluated 
after each cultivation. The resulting yield can be seen in Table 13Table 13, Appendix 8. In 
general, the lab scale osmotic shock treatment yielded above 74 % of the product as analyzed by 
RP-HPLC whereas the reactor scale heat treatment yielded less than 88%. 
 
Discussion 
The MALDI-TOF analytical procedure works best on purified samples. Here, the analyses are 
performed on crude samples, therefore some peaks may derive from host cell proteins. However 
recombinant protein X is produced in high concentration; therefore most peaks that are seen in 
the spectra are target protein related.  
 
The resulting volumetric product concentration from the minimal medium fed-batch process was 
lower than the existing process. However there is no significant difference in specific product 
concentration, see Figure 7Figure 7. When analyzing the product quality by MALDI-TOF, see 
Appendix 5Appendix 5, it can be seen that both processes consists of full-length target protein 
but it is the minimal medium fed-batch process that consists of more truncated variants than the 
existing process. Other analytical methods are needed to quantify the truncations. Downstream 
experiments are suggested to evaluate how easily these truncations are removed in the 
purification process. 
 
The relative product concentration in the existing process (100% ± 7%) in Figure 7Figure 7, was 
higher than the positive reference (79% ± 8 %) whereas the relative specific product 
concentration is the same. It can be explained by a difference in biomass. In the existing process 
the YE+glucose feed starts before induction, at batch glucose depletion, meaning that the cells 
has an extra energy and building block source earlier compared to the references where the YE 
feed is started at induction. A strategy of increasing the biomass in order to get a higher product 
concentration was made by increasing the glucose feed flow with 15 %, see Figure 12Figure 
12.But here, the experiments faced problems, e.g. pH decrease or no increasing biomass (see 
result section “Minimal medium with 15% higher glucose feed flow”) and did not result in an 
increase of the product concentration. Further experiments are suggested. 
 
The difference in the specific product concentration was not significant in any experiments, 
except for two. In Figure 8Figure 8 it can be seen that the cocktails Asn, Gln, Phe, Val and Ala, 
Leu, Lys gave a significantly lower volumetric product concentration and specific product 
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concentration compared to the rest of the cocktails. There might be one or several amino acids in 
those cocktails that in some way are toxic or inhibit the production of the recombinant protein X. 
The amino acid concentration in the medium is important to control due to the complexity of the 
amino acid metabolism. When one amino acid is added into the medium it can inhibit the 
synthesis of other amino acids. This is because amino acid groups share same intermediate 
compound. For the biosynthesis of these amino acids the reaction of the intermediate sequence 
compound is feedback controlled. For example if valine is added without isoleucine the cell 
growth will be inhibited (2). The enzyme acetohydroxy acid synthase (AHAS) catalyses the 
biosynthesis of  leucine, isoleucine and valine. When valine is not added together with isoleucine 
into the medium then AHAS will be repressed by allosteric feedback inhibition. This will then 
limit the cellular protein biosynthesis (28). It has also been detected that valine lowers the gene 
activity (29). This may be the reason why the amino acid cocktail Asn, Gln, Phe, Val gave a 
significantly low concentration. 
 
The mixed amino acid supplemented process resulted in equally high specific product 
concentration as the positive and negative reference. Using amino acid as feed will not be 
economical beneficial. 
 
Similar relative product concentration and product quality has been achieved in this project 
compared to positive reference by feeding Asp (conc. 15 g/L) or Glu (conc. 18 g/L), see Figure 
10Figure 10, during the production phase, which was the aim of the project.  
The two amino acids could be bottlenecks in the synthesis since they are present to a higher 
extent in the amino acid sequence in the recombinant protein X than in an average HCP (Table 
1Table 1) and the recombinant protein X is produced in high amounts. Asp and Glu works as 
intermediates for the synthesis of other amino acids. Asp works as an intermediate for Asn, Met, 
Thr and Lys and the intermediate for Gln, Pro and Arg is Glu (16). In one research study it has 
been seen that the glutamate uptake by E.coli increases the stability of some proteins and gives a 
high effect when it comes to copy number expression vectors (30). E.coli has two asparate 
transport systems. By these two transport systems aspartate is easily transported into the bacterial 
membrane (31). Also for the glutamate uptake, E.coli has three glutamate transport systems 
which facilitates the glutamate uptake. Similar transport systems for Asp/Glu are the proton 
symport system and the binding protein dependent system (32). All these may explain why the 
single amino acid feed Asp or Glu give similar relative product concentration and quality as the 
positive reference. Feeding Met as supplement also resulted in a high relative product 
concentration. The start codon in the initiation phase for the protein biosynthesis in E.coli cells 
(11) is the Met codon, and could explain the positive result. However when analyzing the 
product quality of Asp, Glu and Met by MALDI-TOF, more truncated variants was seen in Met 
than Asp and Glu, see Appendix 7. 
 
Conclusions 
The relative product concentration from the minimal medium fed-batch process was lower than 
the existing process. However there is no significant difference in relative specific product 
concentration. This indicates that it is possible to increase the relative product concentration by 
increasing the biomass formation. 
 
The difference in the relative specific product concentration was not significant in any 
experiments, except for two experiments in which supplements of two different cocktails 
containing [Asn, Gln, Phe, Val]; and [Ala, Leu, Lys] were used.  
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Similar product concentration and quality has been achieved in this project compared to positive 
reference by feeding Asp (15 g/L) or Glu (18 g/L) during the production phase, which was the 
aim of the project.  

The result in this work suggests the replacement of the YE by a future process using minimal 
medium with either Asp or Glu as supplement to ensure similar product concentration and 
quality. 

Future challenges 
Quantitative analyses of protein variants found in the MALDI-TOF analyses needs to be 
performed in order to identify to what amount the truncations are present.  
 
The single amino acid experiments of Glu and Asp needs to be repeated. A concentration of the 
amino acid must be optimized and a proper feed strategy for amino acid supplement must be 
worked out. 
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Appendix 1 
 
Table 6: Minimal medium components 
(NH4)2SO4 

(NH4)2SO4 
K2HPO4 
KH2PO4 
Na3Citrate 
Purified water 
MgSO4*7H2O 
Trace Elements Solution* 
Glucose monohydrate 
*See Table 8Table 8 
 
Table 7: YE supplemented minimal medium  
(NH4)2SO4 

(NH4)2SO4 
K2HPO4 
KH2PO4 
Na3Citrate 
Purified water 
MgSO4*7H2O 
Yeast extract 
Trace Elements Solution*  
Glucose monohydrate 
*See Table 8Table 8 
 
Table 8: Trace element solution 

Fe 

ZnFe 
Zn 
Co 
Cu 
B 
Mn 
Ca 
Purified water 
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Appendix 2 
 
Table 9: Amount of amino acids in the cocktails added per liter culture broth and their concentration used in the feed. 
Amino acid 
cocktail 

Amino acid Concentration in reactor 
(g/L culture broth) 

Concentration in feed 
(g/L) 

 Aspartate 4,9 24,4 
1 Glutamate 5,9 29,4 
 Serine 1,7 8,6 
 Tryptophane 0,9 4,4 
 Alanine 3,5 17,4 
2 Leucine 4,5 22,5 
 Lysine 3,8 19,1 
 Isoleucine 2,9 14,5 
3 Proline 1,9 9,7 
 Tyrosine 1,9 9,5 
 Asparagine 4,8 24,2 
4 Glutamine 5,8 29,2 
 Phenylalanine 2,3 11,6 
 Valine 3,8 18,8 
 Arginine 3,9 19,6 
5 Glycine 3,5 17,5 
 Threonine 2,3 11,5 
 Methionine 1,7 8,7 
6 Cysteine 0,8 4,2 
 Histidine 1,1 5,6 
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Appendix 3 
 
Table 10: Amount of single amino acid added per liter culture broth and their concentration used in the feed. 
Amino acid Concentration in reactor 

(g/L culture broth) 
Concentration in feed 

(g/L) 
Glutamate 5,9 29,4 
Proline 1,9 9,7 
Tyrosine 1,9 9,5 
Isoleucine 2,9 14,5 
 
 
Table 11: Amount of single amino acid added per liter culture broth and their concentration used in the feed. 

Amino acid Concentration in reactor 
(g/L culture broth) 

Concentration in feed 
(g/L) 

Glutamate 17,7 88,3 
Methionine 5,2 26,1 
Serine 5,2 25,9 
Aspartate 14,6 73,2 
Tryptophane 2,6 13,2 
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Appendix 4 
 
Table 12: Amount of the amino acids in the mix added per liter culture broth and their concentration used in the feed. 
  
Amino acid Concentration in reactor 

(g/L culture broth) 
Concentration in feed 

(g/L) 
Aspartate 4,9 19,5 
Glutamate 5,9 23,5 
Serine 1,7 6,9 
Tryptophane 0,9 3,5 
Alanine 3,5 13,9 
Leucine 4,5 18,0 
Lysine 3,8 15,3 
Isoleucine 2,9 11,6 
Proline 1,9 7,7 
Tyrosine 1,9 7,6 
Asparagine 4,8 19,4 
Glutamine 5,8 23,4 
Phenylalanine 2,3 9,3 
Valine 3,8 15,1 
Arginine 3,9 15,7 
Glycine 3,5 14,0 
Threonine 2,3 9,2 
Methionine 1,7 7,0 
Cysteine 0,8 3,4 
Histidine 1,1 4,5 
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Appendix 5 

 
Figure 13: Result analysis by MALDI-TOF from the existing process and the minimal medium fed-batch process. 
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Appendix 6 

 
Figure 14: Result analysis by MALDI-TOF from the amino acid cocktails [Asp, Glu, Ser, Trp], [Ile, Pro, Tyr] and [Met, 
Cys, His]. 
 
 
 
 
 
 
 
 
 
 
  



31 
 
 
 

Appendix 7 
 

 
Figure 15: Result analysis by MALDI-TOF from Asp, Glu and Ser. 
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Appendix 8 
 
Table 13: Heat and osmotic shock yield from all the experiments made in the project. 
Cultivation process/feed YieldH/S (%) YieldO/S (%) 

Asp, Glu, Ser, Trp 88 110 
Asp, Glu, Ser, Trp 81 99 
Asp, Glu, Ser, Trp - 102 

Ile, Pro, Tyr 86 110 
Ile, Pro, Tyr - - 
Ile, Pro, Tyr - 104 

Asn, Gln, Phe, Val - - 
Asn, Gln, Phe, Val - - 

Met, Cys, His 77 107 
Arg, Gly, Thr 43 90 
Ala, Leu, Lys 83 103 

Glu 74 100 
Pro 76 98 
Tyr 80 96 
Ile 69 105 
Glu 60 104 
Met 46 94 
Ser 66 96 
Asp 60 94 
Trp 29 101 

Mixed amino acids 75 87 
15 % higher glucose feed 78 - 
15 % higher glucose feed 58 89 

Positive reference 70 111 
Positive reference - - 
Positive reference - 104 
Positive reference 72 93 
Negative reference 59 100 
Negative reference 70 101 
Negative reference - 95 
Negative reference 66 74 

Minimal medium fed-batch process 57 - 
Minimal medium fed-batch process 57 102 

Existing process 49 116 
Existing process 72 77 
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