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Project: Optimization of protein X fermentation 

 

Summary 
This aim of this project was to optimize a bacterial growth medium for the purpose of increasing 

the expression level and purity of protein X. This was achieved by increasing the concentration of 

yeast extract from the standard level in cultivation media (1x standard level, 3 g/L) up to a range 

between 7.5 - 30 g/L (2.5x to 10x standard level). 

A yeast extract level of 22.5 g/L (7.5x standard level) resulted in the highest protein yields (up to 

1.97 mg/mL). The reasons for this being the optimal level are unknown but could include that 

some ingredients within yeast extract are no longer rate-limiting; or that the increase in the rate of 

bacterial growth at this level of yeast extract is optimal for protein X expression. 

Fermentation experiments in which the media contained at least 15 g/L yeast extract resulted in 

high purity of protein X (>95%). 

 

Note: The real identity of Protein X and the actual concentrations of certain chemicals have 

been withheld at the request of GE Healthcare Life Sciences.  
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1. Introduction  

1.1 Background to protein X 
Protein X is a cell-surface protein that shows high affinity and specificity to the constant region 
(Fc) of mammalian IgX with the advantage that it does not interact with the antigen-binding part 
of the antibody [1]. It has been suggested that infectious microorganisms display proteins of this 
type so as to weaken the hosts’ immune response and facilitate infection [2].  
 
Protein X is composed of an N-terminal human serum albumin (HSA)-binding domain and a 
C-terminal Fc-binding domain which includes three Fc-binding repeats, referred to as C1, C2 and 
C3 [3] [4]. The structures of these Fc binding repeats were determined in 1990’s and they all 
consist of a α-helix positioned diagonally across a four-stranded β-sheet [5-7], and this structure 
gives an extreme thermal stability with reversible melting at 87°C [8] [9]. Protein X binds to Fc 
mainly through charged and polar contacts. The residues involved in these interactions have been 
determined from the crystal structure of the C2 fragment in complex with Fc domain [1].  
 
Compared with its similar counterpart Protein Y, Protein X shows a higher binding affinity to 
antibody and binds a broader range of IgX subclass [10], making Protein X a primary candidate to 
develop for the capture of antibodies. But the use of Protein X in the biotechnology industry is 
very limited due to the superior stability of Protein Y [11]. Some protein engineering strategies 
have previously been employed to improve Protein X stability during cleaning in place (CIP), 
making it more alkaline-stable [12] [13].  
 
1.2 Design of experiment 
The standard procedure in the biotechnology industry when building up a large-scale production 
platform is to begin with the setting up of a standard cell line. This process includes building 
cloning vectors and choosing the clones that give the best yield of protein product. Subsequently, 
seed procedures such as batch and fed-batch culturing methods are employed on a variety of 
different scales, from 0.5 liters up to 500 liters. This step is accompanied with optimization of the 
fermentation process, including design of experiment (DOE). The last step is the purification of 
the protein product and appropriate quality control tests.  
 
DOE optimization usually takes into consideration such parameters as media composition, pH 
level control, cultivation time and glucose feeding rate. This project focused on optimization of 
the media because of limited time. The media components include essential elements such as 
magnesium, nitrogen, phosphorus, calcium and sulfur; trace elements such as iron, zinc, cobalt 
and copper; vitamin solutions, and yeast extract. In this project, yeast extract, which has a 
complex composition, was the focus of the optimization experiments. 
 
The standard concentration of yeast extract in growth media is 3 g/L, hereafter referred to as 1x 
yeast extract, or 1xYE. Based on previous research made within GE Healthcare R&D, employing 
a 0.5 liter fermentation scale, it was suggested that increasing the level of yeast extract in the 
media up to 10xYE could result in a yield of 2 mg/mL Protein X with 98% purity, compared with 
a yield of 1 mg/mL with purity lower than 90% with standard growth media. This project tested 
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this preliminary finding using a 7 liter fermentor with optimization of the yeast extract amount. 
The result of the project would bridge larger scale fermentations. Thus, the project examined 
Protein X expression levels as a function of different yeast extract levels. It also examined the 
influence of glucose concentration and prolonged cultivation times on Protein X expression level. 
The overall aim was to determine cultivation parameters for the 7 liter fermentor that gave the 
high yield and purity as previously obtained using the 0.5 liter fermentation scale. 
 

 

2. Materials and methods 
2.1 Materials and equipment 
Protein X plasmid (Code No: pK4C2C3) stored in -80°C was obtained from GE Healthcare R&D 
and transformed into Protein X production strain (E.coli Code No: K-12 017). A cell bank, which 
is a box of Eppendorf tubes containing cell strains in glycerol was set and frozen in -80°C. Protein 
X plasmid contained kanamycin resistance gene so kanamycin was used to maintain the plasmid. 
Protein X plasmid also has no operator-regulated promoter so the protein expression was 
constitutive. Protein X expression takes place along with bacteria growth. 
 
All cultures were grown in a 7 liter fermentor equipped with sensors for weight, temperature, 
pressure, foam level, oxygen density (OD), turbidity and pH. Glucose level was measured by an 
online glucose sensor. The fermentor was controlled by BioPhantom software. See Appendix 1 
P.12 for equipment details. 
 
2.2 Fermentation of Protein X 
The Protein X production strain was thawed from -80°C cell bank. 10 µl of suspension was 
inoculated to Tryptose Blood Agar Base (TBAB) plates with 50 μg/mL kanamycin. Plates were 
incubated at 31ºC after 24 hours. One small colony was inoculated in 50 ml Trypticase Soy Broth 
(TSB) medium with 50 μg/mL kanamycin, and grown with shaking at 220 rpm on a rotary shaker 
at 31ºC for about 14 hours till OD600 (optical density of a suspension of cells at 600 nm) reached 
1.5, indicating stationary-phase growth. 
 
5 Liters cultivation medium was prepared (See Appendix 6.2 P.13 for detailed ingredients of 
cultivation media, trace solution and vitamin solution). Fermentor with medium was then 
sterilized at 121°C for 20 minutes. Then pH value was automatically adjusted to 7.1-7.2 by adding 
13 M NH3 and 2 M H3PO4, added amount depends on original pH. Temperature was set to 37 ºC. 
Then 50 ml culture in TSB medium was transferred into the fermentor after adding 0.2 mM 
MgSO4, 50 μg/mL Kanamycin, 0.07 g/L Vitamin B1 hydrochloride and 1 ml/L trace solution.  
 
During fermentation the oxygen density (OD) was controlled at 30% by adjusting stirring speed 
(300 - 1500 rpm) and air pressure (0.1 - 1.0 bar). Glucose feeding started after the inoculation. 
Fermentation was carried on for 18-20 hours. After heat treatment of the fermentor at 82°C for 6 
minutes, samples were collected and centrifugated at 12000 rpm for 20 minutes. The fermentor 
was heated up by steam and cooled down by water to designed temperature. 
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Glucose as the carbon source was fed into the media in two ways, by profile feeding or by pump C. 
Profile feeding means that the glucose was added according to an amount-time profile used in 
production at GE Healthcare, with increased amounts of glucose being added each successive hour. 
Pump C was used to maintain the glucose level at a specific concentration, e.g., 1 g/L. The 
glucose pump C speed was adjusted according to feedback from the glucose sensor to keep the 
glucose level in the medium stable. 
 
2.3 Evaluation of Protein X Yield and Purity 
Expression level test was used to test the Protein X concentration in the supernant after 
centrifugation. The result was used to represent the yield of Protein X in each fermentation 
experiment. The test employed ÄKTA explorer™ system with 1 ml HiTrap IgX sepharoseTM 6FF 
column (GE Healthcare). The expression level of protein was calculated from a series of IgX 
affinity chromatography. See Appendix 6.4 P.26 for a detailed description of this method. 
 
Truncation rate test was used to evaluate the quality of expressed Protein X in the supernant. The 
results were referred to as purity of the products, which was estimated by integrating the main 
peak area (Volume %) on the size exclusion chromatography (SEC). The results reflected the 
percentage of full-length Protein X excluding truncated fragments and polymers. The test used 
ÄKTA explorer™ system with Superdex™ 200 10/300 GL column (GE Healthcare). SEC was 
analyzed with a UNICORN™ workstation.  
 
 

3. Results 
Over a period of 16 weeks, 25 fermentation experiments were carried out with the aim of 
optimizing the growth medium for Protein X expression. Fermentations F01 - F04 were designed 
as tests of the fermentor system and thus not recorded here. Fermentations F08 and F15 failed and 
are also not recorded. The results of the remaining 19 fermentations are summarized in Table 1. 
The yeast extract level and output difference among these fermentations are summarized in the 
text under Table 1. See Appendix 6.3 P.14 for parameter graphs of representative fermentations. 
 
Table 1. Summary of 19 valid fermentations listed in order of yeast extract levels employed in the media. 

Fermentation number is assigned according to experiment time. Fermentations with an overloaded final glucose 

level are shown in purple and those with the most outstanding results are lightened in blue and yellow. Yield is the 

evaluated expression level of protein X. Purity represents the quality of protein X. See materials and methods for 

details. 

Yeast Extract 

Level 

Fermentation  Date Cultivation 

Time 

Final Glucose 

 Conc. (g/L) 

Yield Conc. 

(mg/mL) 

Purity 

(%) 

1×YE (3 g/L) F05 Mar.16 19 h 2 0.92  

 F06 Mar.17 19 h < 1 1.09  

 F07 Mar.30 18 h 1 1.11 94% 

2.5×YE (7.5 g/L)  F13 Apr.22 20 h Overload  (> 25) 0.98 94% 

*1 F19 ^ *5 May.06 20 h 0.5 (3.5) *6 1.1 94% 

5×YE (15 g/L) *2 F11 Apr.15 20 h Overload  (> 25) 0.51  
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 F12 Apr.21 20 h Overload  (> 25) 0.93 80% 

 F14 ^  Apr.26 20 h 1 (12)  1.44 95% 

 F16 ^ Apr.28 20 h 1 (2.5) 1.08 92% 

 F18 ^ May.05 20 h 0.5 (7.5) 1.23 97% 

7.5×YE (22.5 g/L) F21 May.20 20 h 0.5 1.07 96% 

*3 F22 May.24 20 h 5.5 (9) 1.97 95% 

 F23 May.25 20 h 10 (7.5) 1.72 94% 

 F24 May.26 20 h Overload  (> 25) 1.18 93% 

 F25 May.27 20 h Overload  (> 25) 1.15 93% 

10×YE (30 g/L) F09 Apr.08 20 h N/A *7 1.37  

*4 F10 Apr.13 20 h N/A 1.57 95% 

 F17 May.04 20 h Overload  (> 25) 1.4 97% 

 F20 ^  May.18 20 h 0.5 (2.5) 1.42  

*1. F13 was overloaded with glucose at the end of the experiment, which means glucose level was higher than 25 

g/L. F19’s glucose feeding was controlled by pump C (see materials and methods 2.2 for details) set at 2 g/L. 

Oxygen density was kept stable during most time, but dropped during the last 5 hours. 

*2. F11, F12 were overloaded with glucose at the end. Oxygen density dropped after 4 hours when stirring speed 

reached the top value. After ~5 hours stirring speed dropped and glucose level began to rise. 

F14 was controlled by Pump C set at 0.5 g/L, glucose level fluctuated between 1 g/L and 12 g/L. Glucose level 

was high (10 g/L) at the beginning, but later dropped so low that the bacteria began to consume other components 

of the medium for 5 hours, shown as the pH rose above 7.2 and acid (H3PO4) was added to control the pH. 

F16 was also controlled by Pump C set at 1 g/L. Glucose level was kept stable and fluctuated between 1 g/L and 

2.5 g/L. 

F18 was controlled by Pump C set at 2 g/L. Glucose level fluctuated between 0.5 - 3.5 g/L. High glucose level (7.5 

g/L) was observed in the beginning.  

*3. F21 used profile feeding but the actual measured glucose level was kept very low, close to 0 g/L, but it 

increased slightly towards the end to 0.5 g/L. Oxygen density was stable but stirring speed dropped after 10 hours.  

F22: High glucose level (9 g/L) was measured in the beginning. After 12 hours Oxygen density dropped, and the 

glucose level rose to 5.5 g/L at the end. 

F23: High glucose level (7.5 g/L) was measured in the beginning. After 9 hours Oxygen density dropped, and the 

glucose level rose to 10 g/L at the end. 

F24, F25: High glucose levels (7.5 g/L) were measured in the beginning. Oxygen density was stable but glucose 

level increased sharply after ~11 hours and was overloaded at the end. 

*4. F09, F10: Oxygen density dropped to 0 and lasted for 3 and 7 hours respectively when the stirring speed 

reached the top level, and then oxygen density came back to be stable.  

F17: Oxygen density dropped and did not come back. Glucose was overloaded at the end. 

F20 was controlled by pump C set at 0.5 g/L. Glucose level dropped and bacteria began to consume other 

components of the medium after 7 hours. 

*5. F14 (5×YE), F16 (5×YE), F18 (5×YE), F19 (2.5×YE) and F20 (10×YE), marked with “^” were pump C 

controlled. Their glucose curves are different on the parameter graphs from the rest fermentations. 

*6. The final glucose levels and the highest recorded levels during the beginning 6 hours of the fermentations were 

both shown.  

*7. Glucose levels were not measured during early experiments. 
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3.1 Protein X yield 
The detailed parameters and growth conditions differ in each of the 19 valid fermentation 
experiments (Table 1 and Appendix 6.3 P.13). Fermentations made with 7.5xYE (22.5 g/L yeast 
extract) as F22 and F23 resulted in the highest yields of Protein X (1.97 mg/mL and 1.72 mg/mL 
respectively). F11, F12 (5×), F13 (2.5×), F17 (10×), F24, F25 (7.5×) were all ended with 
overloaded glucose levels of 50-90 g/L, associated with a low yield of Protein X. The green 
trendline is a polynomial regression of all results. If F11, F12, F13, F17, F24 and F25 were 
excluded, the purple trendline is obtained. They are not significant regression but only give an 
impression that the optimal level of yeast extract for protein X yield should be around 22.5 g/L 
(7.5xYE). And this trend is more obvious if all the fermentations with overloaded glucose at the 
end were excluded. 

 
Fig.1 Protein concentration obtained in all 19 valid fermentations. The green trendline takes all data into account. 

The purple trendline excludes F11, F12, F13, F17, F24 and F25 (Red spot with black dot). 
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3.2 Protein X purity 
The purity of Protein X was above 95% in fermentation experiments F14 (5×YE), F18 (5×YE), 
F21 (7.5×YE), F22 (7.5×YE), F10 (10×YE) and F17 (10×YE), in which F17 (10×YE) and F18 
(5×YE) both resulted in a Protein X purity level of 97%. F21 (7.5×YE) with the lowest Protein X 
yield (1.07 mg/mL) in its category (7.5×YE) achieved a high purity of 96%. 

  

Fig.2 Protein purity obtained in 14 valid fermentations. F12, F13, F24 and F25 (same spot) had overloaded glucose 

at the end, shown with black dot. F21 (star) had a low expression level. 

 
The determination of the purity, which indicates the percentage of full-length Protein X excluding 
polymers and truncated fragments, was made by integration of the main peak of full-length 
Protein X on the chromatography. Although F19 (2.5xYE) reached 94% purity, fermentations with 
higher that 95% purity gave flatter chromatographic curves in areas representing polymers and 
truncated fragments, which indicating less amount of impurity (Fig.3). So it was distinguishable 
that the purity is better even there is only 1% discrepancy on data. The 10xYE fermentation (F17) 
gave the highest purity of 97% and the best chromatography curve. 
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Fig.3 Normalization of purity results from SEC which shows curves of absorption (mAU) of purified protein 

products at 214 nm UV. Blue dot line (F19, 2.5xYE, 94% purity), yellow line (F18, 5xYE, 97% purity), light blue 

dot line (F22, 7.5xYE, 95% purity) and green dot line (Protein X product as control, 1xYE, 90% purity) were 

normalized against blue line (F17, 10xYE, 97% purity), which means they are stretched to the same scale so the 

lines become comparable. 

 
The conclusion from these experiments was that the purity of Protein X was always better when 
fermentations were made using higher levels of yeast extract in the growth medium, but levels as 
low as 5xYE were sufficient to obtain a high purity (higher that 95%). 
 
 

4. Discussion  
4.1 Influence of glucose on Protein X yield and purity 
If present, glucose is used as the preferred carbon source in high-density bacterial cultures. 
However, excess glucose in the medium overloads the TCA cycle by fast oxidation through 
glycolysis and leads to the accumulation of acetate [14]. Acetate inhibits the cell growth and 
should be kept as less as possible. The standard practice in production of GE Healthcare is that 
glucose level should not exceed 5 g/L in the media; in past experience a higher glucose level 
observed at the end of the fermentation was usually associated with purity lower than 80%. 
 
4.1.1 Excess glucose always accompanies low yield and purity.  
Fermentation experiments F11, F12, F13, F24 and F25 (Appendix 6.3 P.17, P23) all exhibited 
overloaded glucose at the end, which is associated with low yield and purity in each category 
(2.5x 5x and 7.5xYE). The only exception is F17 (10xYE, Appendix 6.3 P.25), from which 97% 
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purity and a reasonable yield (1.4 mg/mL) were measured. Overloaded glucose was speculated to 
indicate problems with the fermentation process. It could be caused by the fast growth of bacteria 
in the initial period of the fermentation (~ first 0 to 6 hours), which led the oxygen density (OD) 
level to drop to zero and caused stress responses (observed in F11, F12, and F17). And without 
enough oxygen supply the bacteria ceased to use glucose.  
 
4.1.1 High levels of glucose in the early stages of fermentation were usually associated with 
high yields and purity of protein X. 
Fermentation experiments F14 and F16 (5xYE, Appendix 6.3 P.19) suggested that maintaining a 
high concentration of glucose in the initial period of growth could increase the chances of 
obtaining higher protein yields and purity. In F14 the glucose level was kept at 1 g/L by pump C, 
but the parameter that adjusted pumping speed according to feedback from the glucose sensor was 
set high and led to a concentration of 10 g/L glucose in the initial stages of growth. Experiment 
F16 (5xYE) attempted to duplicate F14 but only changed the feedback control parameter and 
maintained a stable glucose level (1-2 g/L), but this led to lower expression and purity compared 
with F14.  
Glucose concentrations about 7.5-10 g/L in the early stages of growth were observed in 
fermentations F14, F18, F22 and F23 (Appendix 6.3 P.18, P20, P22) as the result of profile 
feeding. These fermentations gave the best yields and purity of expressed protein in their category 
(5x and 7.5xYE). 
 
 
4.2 Influence of yeast extract on Protein X yield and purity 
The bacterial culture medium used in these experiments is an undefined complex medium that 
contains yeast extract. Using undefined complex medium may introduce uncontrollable factors 
that affect cell growth and protein expression, thus reducing the predictability of experimental 
outcomes. 
 
4.2.1 Relationship between high levels of yeast extract and high yields of full-length Protein 
X.  
Fermentations such as F22 with a relatively high level of yeast extract (7.5×YE) gave a high yield 
of protein X (1.97 mg/mL) with a high purity (95%). But this was not always the case. For 
example fermentation F21 (7.5×YE) gave a much lower yield (1.07 mg/mL) but with good purity 
(96%). Thus, high purity did not always correlate with high yield when comparing the results of 
fermentations with high levels of added yeast extract. 
 
Under the presumption that the varied yeast extract levels in the media are correlated with the 
difference of yield and purity of expressed protein, the analysis of fermentation F21 suggested a 
hypothesis that some ingredients in the yeast extract have a positive influence on yield while other 
ingredients may help to keep the protein stable (Table 2). These rate-limiting ingredients are 
represented as Substance X and Substance Y. 
Table 2. Hypothetical explanation of rate-limiting substances in yeast extract. Influence X represents those 

ingredients that help to improve protein yield; Influence Y represents those ingredients helpful to maintain the 

protein stable. 
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Unknown component  Function Amount of yeast extract 

Substance X Increase expression level Best around 7.5xYE 

Substance Y Stabilize the expressed protein Saturate when above 5xYE 

According to this hypothesis, Substance X would lead to best yield in 7.5xYE medium, whereas 
the amount of Substance Y is associated with Protein X purity greater that 95%, but the effect 
seems to be saturated in medium with greater than 5xYE.  
 
While this hypothesis may be implausible, it provides a theoretical explanation of the observations. 
Further experiments would be required to address the problem. 
 
Another hypothesis to explain why some fermentation experiments (e.g., F22, F23) with 7.5xYE 
medium gave better yields than others with 10xYE medium is the possibility that they kept the 
bacteria longer in an optimal growth state. The cell turbidity curve on the parameter graph 
represents the overall growth speed of bacteria. The rapid bacterial growth in the initial period 
(first 6 hours) depends on the available carbon sources (feed glucose and initial yeast extract level). 
In media with 5xYE to 10xYE, it was observed that the increase in cell turbidity was so rapid that 
the glucose was completely consumed and the oxygen density (OD) dropped to 0% (F11, F12). 
However, if the growth speed of the bacteria was too slow, such that the bacteria did not need to 
utilize all of the available glucose, then the glucose overloaded (F24, F25) with negative side 
effects. Thus, in fermentations with 10xYE medium, the rapid increase of cell turbidity in the 
initial stages of growth was possibly detrimental for protein expression.  
 
4.2.2 Fermentation with 10xYE gave the most stable yield and purity 
Fermentation F17 (10×YE) had an oxygen density (OD) at 0% almost all the time, and the glucose 
overloaded towards the end of the experiment. Even in this stressed case, F17 gave a purity of 97% 
and an acceptable yield of 1.4 mg/mL. This suggested that 10xYE could best protect the yield of 
full-length Protein X. Actually all fermentations using 10xYE medium gave a stable high yield 
and purity (Fig.1 & Fig.2). However, when using 5xYE medium the results of the fermentations 
fluctuated. Thus, F12 (5xYE) gave a yield of 0.93 mg/mL with 80% purity, which was as low as 
the results obtained from 1xYE fermentations. In contrast, fermentation F14 (5xYE) gave yield of 
1.44 mg/mL and 95% purity, which was as good as the results obtained from 10xYE fermentations. 
This is possibly because most rate-limiting substances in yeast extract are saturated in 10xYE 
medium. 
 
 
4.3 Other factors that should be considered for optimizing Protein X production. 
Other factors that should be considered in future experiments for the optimization of Protein X 
production include the cultivation time, solubility of the protein and the presence of antibiotics in 
the medium. 
 
Further studies can be planned at GE Healthcare to determine whether the 20-hour fermentation 
cycle currently employed in production is optimal for Protein X expression. When the cell culture 
reaches certain turbidity their growth speed drops, and the accompanying stress response might 
increase and cause the bacteria to break down the expressed protein.  
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The solubility of protein X can also be considered in future optimization experiments. The aim 
will be to determine whether the soluble fraction of the protein varies as a function of fermentation 
media and cultivation time. The solubility of Protein X was tested previously and it seems to be 
quite consistent under different fermentation conditions. 
 
Finally, it will be necessary to test whether the Kanamycin used as a selective agent to maintain 
the plasmid from which Protein X is expressed becomes less effective with increasing 
fermentation time, possibly leading to weaker selective pressure and variation in plasmid copy 
number. 
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6. Appendix 
6.1 Laboratory equipment ············································································ 12 
6.2 Fermentation media compositions  ······························································· 13 
6.3 Parameter graphs and comments for representative fermentations ······················ 14 
6.4 Explanation and discussion of the Protein X expression level test   ······················ 26 
 
 
6.1 Laboratory equipment 
Fermentor: LARS S060, supplied by Belach Bioteknik AB, Solna, Sweden. Serial No. (Fe1): 
LARS.08.006; Serial No. (Fe2): LARS.08.007. 
 
Sensors for temperature, weight, pressure, foam level, Oxygen density and outgoing gas supplied 
by Belach Bioteknik AB. 
 
Sensor for pH value was supplied by Broadly James Ltd., Bedford, England. 
 
Sensor for turbidity: TrueCell2, supplied by Finesse Solutions LLC, San Jose, CA, USA. 
 
Online glucose sensor using dialysis probe: Process Trace, supplied by TRACE Analytics GmbH, 
Braunschweig, German.  
 
ÄKTA explorer™ system supplied by GE Healthcare Life Sciences, Uppsala, Sweden. 
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6.2 Media composition 

Fermentation media protocol   Protein Y  Protein X  

 Formula M (mass) Conc. Mol Conc. Mol 

Ammonium sulfate (NH4)2SO4 132.08 

Considered as confidential 

Potassium dihydrogen phosphate KH2PO4 136.1 

Dipotassium hydrogen phosphate K2HPO4·3H20 228.2 

Trisodium citrate dehydrate C6H5O7Na3·2H2O 294.1 

Yeast extract   

Glucose solution (50 %, 500 g/L)   

After Sterilization   

Trace solution   

Iron(III) Chloride hexahydrate FeCl3·6H2O 270.30 

Zinc sulfate ZnSO4·7H2O 287.54 

Cobalt(II) chloride anhydrous/ 

hexahydrate 

CoCl2/ CoCl2·6H2O 129.83 

/237.93 

Copper(II) sulfate pentahydrate CuSO4·5H2O 249.68 

Boric acid H3BO3 61.84 

Manganese(II) sulfate MnSO4·1H2O 169.01 

Sodium molybdate dihydrate Na2MoO4·2H2O 241.95 

Calcium chloride solution   

Calcium chloride CaCl2·2H2O 147.02 

Magnesium sulfate solution   

Magnesium sulfate MgSO4·7H2O 246 

Thiamine hydrochloride   

Vitamin B1 hydrochloride C12H17N4OS+Cl-.HCl 337.27 

Kanamycin solution (50 μg/mL)   

Vitamin solution   

DL-Pantothenic acid (vitamin B5),  

hemicalcium salt 

C18H32O10N2Ca 238 

Choline chloride C5H14CINO 139.63 

Folic acid, vitamin B9 / folacin C19H19N7O6 441.4 

Myo-Inositol C6H12O6 180.16 

Nicotinamide, vitamin B3 / niacin C6H6N2O 122.13 

Pyridoxal hydrochloride, vitamin B6 C8H9NO3 203.63 

Riboflavin, vitamin B2 C17H20N4O6 376.37 

Thiamine hydrochloride, vitamin B1 C12H17N4OS+Cl-.HCl 337.27 

Note: The actual concentrations of certain chemicals have been withheld at the request of GE Healthcare 

Life Sciences. 
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6.3 Parameter graphs and comments for representative fermentations 
6.3.1 1xYE (3 g/L) 

 

Fermentation 6 (F6), 20100317, 1xYE (3 g/L), final yield 1.09 mg/mL, Glucose controlled by 
profile feeding. After 19 h cultivation, final turbidity reached 60 %. 
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: This parameter graph showed an excellent standard fermentation, it gave a better 
result than normal yield (~0.8 mg/mL) using 1xYE medium. Oxygen density (OD) was 
maintained by rise in pressure (black line).  
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6.3.2 2.5xYE (7.5 g/L) 

 
Fermentation 13 (F13), 20100422, 2.5xYE (7.5 g/L), final yield 0.98 mg/mL, purity 94%. 
Glucose controlled by profile. During 20 h cultivation, glucose level overloaded to 25 g/L. 
Stirring speed drop after a sharp rising in 4 h, rose slowly after that. Turbidity reached 55 %.  
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: Since the oxygen density was stable, this sharp rise and drop of stirring speed was 
hard to explain.  
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Fermentation 19 (F19), 20100506, 2.5xYE (7.5 g/L), final yield 1.10 mg/mL, purity 94%. 
Glucose controlled by pump C to 2 g/L and fluctuated between 0.5-3.5 g/L. 430 g glucose was 
consumed at the end. Turbidity reached 60 %.  
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: To see how much glucose was really consumed, some experiments were carried out 
with pump C control. The glucose feeding pump speed was adjusted according to feedback from 
glucose sensor to keep the glucose level at 2 g/L. In this fermentation it worked well.  
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6.3.3 5xYE (15 g/L) 

 
Fermentation 12 (F12), 20100415, 5xYE (15 g/L), final yield 0.93 mg/mL, purity 79%. Glucose 
controlled by profile. During 20 h cultivation, glucose level overloaded to 20 g/L. Stirring speed 
drop after 9 h. Turbidity reached 55 %.  
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: F11 and F12 were carried out after two successful 10xYE fermentations (F09 and 
F10), and it was the first time glucose overload was observed. The drop of oxygen density could 
be the main reason. F11 gave almost the same parameter graph and thus is not shown here. 
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Fermentation 14 (F14), 20100426, 5xYE (15 g/L), final yield 1.44 mg/mL, purity 95 %. 
Glucose controlled to 1 g/L by pump C. During 20 h cultivation, glucose level fluctuated 
between 1 g/L and 12 g/L. Turbidity reached 55 %.  
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: After F13, at the end of which glucose was still overloaded, feedback control was 
employed to try to control the glucose level stable. In this fermentation the parameter to adjust 
the glucose pump speed according to feedback was set high, so there was a big fluctuation.  

Glucose level was high (10 g/L) at the beginning, but later dropped so low that the bacteria 
began to consume other components of the medium for 5 hours, shown as the pH rose above 7.2 
and acid (H3PO4) was added to control the pH. But this fermentation gave the highest yield in 
5xYE fermentations. 
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Fermentation 16 (F16), 20100428, 5xYE (15 g/L), final yield 1.08 mg/mL, purity 92 %. 
Glucose controlled to 1 g/L by pump C. During 20 h cultivation, glucose level fluctuated 
between 1 g/L and 2.5 g/L. Turbidity reached 55 %.  
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: The only difference of F16 compared to F14 was a change in the feedback control 
parameter that gave a stable glucose feeding, but this led to lower yield and purity. It is from this 
fermentation that the hypothesis was suggested that glucose accumulation in the beginning may 
increase the chance of higher yield and purity at the end. 
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Fermentation 18 (F18), 20100505, 5xYE (15 g/L), final yield 1.23 mg/mL, purity 97 %. 
Glucose controlled by feedback control (pump C) to 2 g/L and fluctuated between 0.5-3.5 g/L, 
550 g glucose was used. Turbidity reached 60 %. 
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: F18 was planned to test the hypothesis about necessity of glucose accumulation in 
the beginning, it gave similar results as F14 and confirmed the hypothesis. 
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6.3.4 7.5xYE (22.5 g/L) 

 

Fermentation 21 (F21), 20100520, 7.5xYE (22.5 g/L), final yield 1.07 mg/mL, purity 96 %. 
Glucose controlled by profile. 
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: From F21 we tried 7.5-time yeast extract. F21 gave a low yield but good purity. The 
oxygen density is hold by a higher air flow (10 L/min). The reasons could be that the cells grew 
abnormally fast in the beginning, consumed all the glucose given but did not express protein. 
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Fermentation 22 (F22), 20100524, 7.5xYE (22.5 g/L), final yield 1.97 mg/mL, purity 95 %. 
Glucose controlled by profile. Airflow = 5 l/min 
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: F22 gave an unexpected high yield. It was the highest yield achieved. F23 repeated 
F22 and similar results were measured. 
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Fermentation 25 (F25), 20100527, 7.5xYE (22.5 g/L), final yield 1.15 mg/mL, purity 93 %. 
Glucose controlled by profile. Airflow = 5 l/min.  
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: F25 gave a similar cell turbidity curve as F22 but the bacteria seem to stop using 
glucose after 7 hours. At the end glucose overloaded to around 90 g/L, means most glucose were 
not consumed.  
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6.3.5 10xYE (30 g/L)  

 
Fermentation 9 (F9), 20100408, 10xYE (30 g/L) yeast extract, final yield 1.37 mg/mL. Glucose 
controlled by profile. After 20 h cultivation, final turbidity reached 55 %.  
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: F9 and F10 were carried out after those 1xYE standard tests. The blue cell turbidity 
line reflected that using 10xYE medium bacteria grew very fast in the beginning. When pressure 
and stirring speed reach the maximum, oxygen density has to drop. Air flow could be raised to 
try to maintain the oxygen density. 
F10 repeated F9 and similar results and parameter graph were measured. 
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Fermentation 17 (F17), 20100504, 10xYE (30 g/L), final yield 1.40 mg/mL, Purity 97%. 
Glucose controlled by profile. Glucose overloaded to 25 g/L at the end. After 20 h cultivation, 
final turbidity reached 60 %.  
Red = stirring speed (300 - 1500 rpm), Blue = cell turbidity (0 - 100 %), Black = pressure (0.1 - 
1.0 bar), Purple = OD, oxygen density (0 - 100%), Dark red = glucose level (0 - 25 g/L), Light 
blue = Sum base (s), Green = Air flow (5 L/min), Yellow = Sum acid (s). 
 
Comments: Oxygen density was almost 0% all the time. Glucose was overloaded at the end. But 
good purity (97%) and a reasonable yield (1.4 mg/mL) were still obtained.  
1. The protective ability of something in the yeast extract overcame the disadvantage brought 

by overloaded glucose; 
2. Results tended to be more stable in fermentations using 10xYE media. 
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6.4 Explanation and discussion of the Protein X expression level test  
Protein expression level test was based on protocol 04-0017-83 in GE Healthcare. 
 
The protein expression level was calculated from Areas of the peaks (mAU) representing diluted 
protein X from a series of IgX affinity chromatogram; the Areas were acquired by peak 
integration. The correlation between peak Area and real protein concentration was required by 
linear regression. And data was obtained by adding a ladder amount (Va = 0, 40, 80, 120 μL) of 
produced purified protein X (Ca = 10 μg/μL) into the samples. 
Area (mAU) = k × Protein Concentration (mg/mL) 

Area = k · Va · Ca+ ∆x · V

Va+V
 

 = k · V

Va+V
 · (Va ·Ca

V
+ ∆x) 

Area · Va + V

V
 = k · (Va ·Ca

V
+ ∆x) 

→  ACORR = k · (CCORR + ∆x) 
∆x was the x-intercept of the linear equation, it was also the unknown protein concentration in 
the supernant sample. V was the volume of the sample; it was always 1.5 ml in our case. But V 
could be mixed with 1 ml sample solution and 0.5 ml PBS (Phosphate buffered saline buffer) or 
0.5 ml sample solution and 1 ml PBS, depending on whether the sample was 1.5-time or 3-time 
diluted. 
 
Take one expression level measurement in Fermentation F17 (Mar. 4) for example.  
Ca = 10 μg/μL; V = 1.5 ml (0.5 ml sample added into 1.0 ml PBS); and corresponding to each Va, 
CCORR = (Va · Ca) / V was also always the same values. 
F 17 Measurement 1 Va (μL) Area (mAU) (Va · Ca) / V (mg/mL) Area · ((V+Va) / V) (mAU) 

M1-1 0 210.8 0.000 210.800 

M1-2 40 342.5 0.267 351.633 

M1-3 80 459.8 0.533 484.323 

M1-4 120 571.6 0.800 617.328 

One measurement of the protein concentration on ÄKTA explorer™ system, in one measurement four 

Areas from four chromatography were integrated. In each chromatography 0, 40, 80, 120 μL Protein X 

(Ca = 10 μg/μL) was added into the sample respectively. 

Linear regression was required with CCORR = (Va · Ca) / V as x and ACORR = Area · (V+Va) / V as 
y: 

 
Slope = 507.1; y-intercept = 213.1; R = 0.999; 
x- Intercept (∆𝐱) = - 0.42 
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Since it was 3-time diluted, the protein concentration = 3 · - ∆x = 1.26 mg/mL. 
Usually 3-5 groups of measurements, in which each group required the system to run 
IgX-affinity chromatography for four times, were needed to get a reliable result.  
 


