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4 Strain Development  

Evolutionary Development  

Strain from natural biodiversity 

Recombination 

Screening – Selection 
- Individual clone analysis 
- preselection  

Rational  Development  

Metabolic Engineering 
-Engineering of defined genes 
-Engineering of pathways 
-Synthetic Biology 

Improved Strain 

Testing defined strains 

Mutagenesis 
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Sexual Recombination 

Protoplast fusion 
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6 Screening - Selection 

Generation of Variants 
    Mutation 
    Recombination 
    Gen. Engineering 

MOL.921 Molecular Biotechnology II 
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7 Rational approaches for strain improvement 

Knowing about the molecular 
relationships in the metabolism 

Regulation 
 

Regulation of expression 
 

Regulation of enzyme activity 

https://wikispaces.psu.edu/download/attachments/48201949/image-8.jpg 
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Rational approaches for 
strain improvement 

Knowing about the functional 
relationships of enzymes in the 
metabolism 

Regulation 
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Regulation 

Allosteric enzyme with active site and effector site. A) Effector unbound, Active site in active 
conformation – capable of processing substrate B) Effector bound, Active site in inactive conformation – 
incapable of processing substrate 

Knowing about the functional 
relationships of enzymes in the 
metabolism 

Rational approaches for strain improvement 
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Effector Actions may be Inhibitory (top) or Activating (bottom) 
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Reinhard Renneberg, Biotechnology for Beginners; Elsevier Spektrum, 2006 

Deactivation of feedback regulation 
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Lysine 
antimetabolites 

Threonine 
antimetabolites 

Tryptophan 
antimetabolites 

s-(2-aminoethyl)-l-
cysteine 

-amino--hydroxy-
valeric acid 

5-methyl-tryptophan 

4-oxalysine -hydroxy-lysine 4-methyl-tryptophan 

L-lysine-hydroxamate Norleucine 6-methyl-tryptophan 

2,6-diamino-4-
hexenoic acid 

Aminohydroxy-
valeric acid 

5-fluoro-tryptophan 

-hydroxy-lysine Norvaline DL-7-aza-tryptophan 

-chlorcaprolactam N-2-Thienyl-
methionine 

2-azatryptophan 

trans-4,5-
dehydrolysine 

2-amino-3-mehtyl-
thiobutyric acid 

2-amino-3-hydroxy-
hexanoic acid 

Mutants (phenotype) Produced amino acid 

Tyrosine-  Phenylalanine 

Phenylalanine-  Tyrosine 

Phe-, Tyr- Tryptophan 

Homoserine- Lysine 

Leucine- Valine 

Table 2: Secretion of amino acids by 
auxotrophic mutants 

Table 1: amino acid antimetabolites for selection of lysine, threonine 
or tryptophan overproducing strains   

Antranikian, „Angewandte Mikrobiologie“, Springer 2006 (adapted) 
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Recombination genetics 

Specific/targeted crossing of organisms via sexual 
reproduction cycles 
 
Cell fusion – fusion of somatic cells 
 
Gene transfer via parasexual mechanisms 
 transduction 
 transformation 
 conjugation 

Essential: 
Screening  -  Selection 
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Metabolic Engineering 

 Enhanced production of metabolites in homologous hosts 
 

 Production of modified or new metabolites 
 

 Modification of substrate utilization 
 

 Metabolic pathway design for degradation of compounds 
(e.g. xenobiotics) 
 

 Modification of cell properties for improved bioprocessing  
 (e.g. growth, product recovery)  
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http://www.ruf.rice.edu/~metabol/metabolic_engineering.shtml 
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17 Analysis of metabolic networks 

Essential approach: integral identification of influencing variables (parameters) 
 

  Metabolic Networks 
 
Reaction network  involved biochemical reactions and reaction partners  
 
Regulatory network all regulatory interactions 

Fig. 12.3a, b. Example for a 
possible reaction network with 
12 reactions (E1-E11) 
a complete network 
b simplified network in case of 
a steady state for all 
intermediates A to 1. The 
inserted box depicts the 
stoichiometric equations for b 
and the reversibility of the 
reactions 
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18 Metabolome  Analysis 

Metabolism – Network 
 
Metabolite pools – depending on state conditions 
 Growth phase 
 External conditions  
  chemical 
  physical 
 genetic constellations 
 
Metabolic flux - Flux Analyses 
 Intracellular 
 Transport by cell membrane systems 
  

Intracellular 
 
Extracellular 

Sampling  Ultrafast Stopping of all activities 

MOL.921 Molecular Biotechnology II 



19 Metabolic Flux Analysis 

MOL.921 Molecular Biotechnology II 



20 Metabolic Flux Analysis 

dXi 

dt 
= vsyn – vdeg - (vuse +/- vtrans) 

dXi 

dt 
= vsyn – vdeg - bi 

bi = net transport 

dX 

dt 
= S.v – b S = stoichiometric n x m matrix 

X = n-dimensional vector 

b = vector of known metabolic demands 

Metabolic network for n metabolites and m metabolic fluxes 

Dynamic mass balance for specific metabolite 

S.v = b For steady state 

(1) 

(2) 

(3) 

(4) 
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Metabolic Flux Analysis 
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A number of different objective functions have been used for metabolic analysis. These 
include the following: 
 
1. Minimize ATP production. This objective is stated to determine conditions of optimal 
metabolic energy efficiency  
2. Minimize nutrient uptake. This objective function is used to determine the conditions 
under which the cell will perform its metabolic functions while consuming the minimum 
amount of available nutrients 
3. Minimize redox production. This objective function finds conditions where the cells 
operate to generate the minimum amount of redox Potential  
4. Minimize the Euclidean norm. This objective has been applied to satisfy the strategy of a 
cell to minimize the sum of the flux values, or to channel the metabolites as efficiently as 
possible through the metabolic pathways 
5. Maximize metabolite production. This objective function has been used to determine the 
biochemical production capabilities of Escherichia coli. In this analysis the objective function 
was defined to maximize the production of a chosen metabolite (i.e., lysine or 
phenylalanine). 
6. Maximize biomass and metabolite production. By weighing these two conflicting 
objectives appropriately, one can explore the trade-off between cell growth and forced 
metabolite production in a producing strain 

Metabolic Flux Analysis 
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Metabolic Flux Analysis 
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24 Metabolic Flux Analysis 

Methods for Flux Analysis 
 
- Metabolite Pools (GC. LC, MS, NMR) 
 
- Isotope tracing (13C, 2H, 18O etc.) 
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FIux distribution in 
riboflavin-producing B. 
subtilis strain PRF.  
Numbers are normalized to 
glucose uptake and 
represent dilution rates of 
0.11, 0.41, and 062 h-1 in 
glucose-Iimited chemostat.  
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Metabolic flux distribution 
in C-limited (top entry in 
the boxes), N-limited 
(middle), or P-limited 
(bottom) chemostat culture 
of B. subtilis at a D of 0.4 
h−1. Fluxes are relative to 
the specific glucose 
consumption rate of each 
culture shown in Fig. 3. 
Large arrowheads indicate 
the primary direction of flux 
in a given reaction, and 
small arrowheads indicate 
that a reaction was 
considered reversible. Solid 
gray arrows indicate 
withdrawal of building 
blocks for biomass 
formation. For C-, N-, and P-
limited cultures we 
recovered 97% ± 3%, 112% 
± 7%, and 104% ± 7% %, 
respectively, of the 
consumed carbon in the 
determined products. The 
data for C-limited cultures 
were taken from Dauner et 
al. (9).  

J. Bacteriol. December 2001 vol. 183 no. 24 7308-7317  
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Metabolic Engineering for organic acid production 

Current Opinion in Microbiology 2006, 9:268–274 

Metabolic engineering of E. coli strains for anaerobic or aerobic succinate production. Panel (a) shows the metabolism of a strain engineered for anoxic 
succinate production via the reductive arm of the TCA cycle and via the glyoxylate cycle [ 30••]. It contains deletions of the genes for lactate 
dehydrogenase (ldhA), acetate kinase and phosphotransacetylase (ackA-pta), aldehyde-alcohol dehydrogenase (adhE) and a repressor of the aceBAK 
operon (iclR), and it overexpresses the pyruvate carboxylase gene (pyc) from Lactococcus lactis [ 30••]. Deletion of iclR leads to induction of the glyoxylate 
cycle enzymes isocitrate lyase and malate synthase. Panel (b) shows a pathway for aerobic succinate formation exclusively via the glyoxylate cycle [ 31•]. 
The corresponding strain contains deletions of ackA-pta and poxB (pyruvate:quinone oxidoreductase) to avoid acetate formation, deletions of icd and 
sdhAB to block the TCA cycle, and of iclR to induce the aceBAK operon. The pathway shown in panel (c) is similar to the one shown in (b), but the icd gene 
was not deleted, allowing succinate formation via both the glyoxylate cycle and the oxidative arm of the TCA cycle [ 32•]. The strain overexpresses the PEP 
carboxylase gene from Sorghum vulgare (S.v. ppc), which is resistant to feedback inhibition by malate. Next to the respective enzymatic reactions 
endogenous and heterologous gene names are given. Genetic changes are depicted in grey ovals and the resulting absence of enzyme reactions is 
highlighted in grey. 
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Engineering Aromatic 
Compounds 
Production in E.coli 
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Multiple metabolic pathways 
related to the formation and 
consumption of PEP 

Engineering Aromatic  
Compounds 
Production in E.coli 
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DAHP production in strains of E. 
coli in which the central metabolic 
pathways related to formation of 
PEP and E4P have been 
manipulated. DAHP production is 
an indicator of carbon 
commitment to aromatic 
biosynthesis; pykA and pykF 
represent inactivation (by 
mutation) of the PykA and PykE 
isoenzymes of pyruvate kinase, 
respectively; tktA+ + indicates 
that the strain carried a p]asmid 
containing the E. coli tktA gene 
and thus bad elevated levels of 
transketolase activity; dcw, dry 
cell weight.  

Engineering Aromatic Compounds Production in E.coli 
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31 ß-Lactam  Antibiotics 
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ß-Lactam  Antibiotics 
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ß-Lactam  Antibiotics 
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Fig. 5. Different strategies for 
producing cephalosporins directly 
from fermentation with the aims of 
developing bioprocesses for direct 
production of 7-ADCA and 7-ACA.  
 
The traditional production process for 
7-ADCA is shown in the upper left 
comer.  
 
Modified from Velasco et al. (2000). 
 

Production  of 
Cephalosporin products in 
P. chrysogenum 
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Production of  
Amino Acids 
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40 Metabolic Engineering of Amino Acid Production 
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41 Metabolic Engineering of Amino Acid Production 

Current Opinion in Microbiology 2006, 9:268–274 

MOL.921 Molecular Biotechnology II 

Metabolic engineering of C. glutamicum 
for lysine production. Aspartokinase, 
homoserine dehydrogenase and pyruvate 
carboxylase are well-known to be 
important for lysine production and 
mutant alleles of the respective genes 
lysC, hom and pyc were identified. 
Introduction of these alleles into C. 
glutamicum wild type enabled high-yield 
lysine production [36]. Additional 
introduction of a mutant gnd allele coding 
for increased lysine production on glucose 
[37] and overexpression of endogenous 
fbp increased lysine production on sucrose 
[38]. Expression of lacYZ from L. 
delbrueckii subsp. bulgaricus and of 
galMKTE from L. lactis subsp. cremoris 
enabled lysine production from whey [40]. 
Plasmid-borne expression of amyE from S. 
griseus enabled lysine production with 
amylose as carbon source [41]. Single or 
several enzymatic reactions are indicated 
by straight and interrupted lines, 
respectively. Bold arrows denote increased 
conversions and bold, grey, interrupted 
arrow the reduced conversion by 
homoserine dehydrogenase. Next to the 
respective enzymatic reactions, 
endogenous and heterologous gene 
names are given in circles and squares, 
respectively. Transport via phosphoenol-
pyruvate-dependent transport systems is 
depicted in black ovals, transport via other 
systems in grey circles. 



42 Engineering of Substrate Uptake 

PTS: Phosphotransferase system 
Csc: Sucrose permease 
Glf: Glucose difusion facilitator 

Different modes of sugar uptake and activation. 
Glucose uptake by the PTS, wher phosphoenol 
pyruvate (PEP) is required for translocation 
together with activation (a), sugar transport in 
symport with protons as in the case for Csc and 
GalP (b), and facilitated glucose diffusion by the 
facilitator Glf not requiring metabolic energy (c). 

Taken from „Metabolic Engineering“, edited by Sang Yup Lee,E. Terry Papoutsakis 

MOL.921 Molecular Biotechnology II 



43 Engineering anaplerotic reactions 

Anaplerotic reactions are those that 
form intermediates of the TCA  
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44 dapA Overexpression leads to growth limitation 
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45 Engineering Branch Points 

3-deoxy-D-arabino-heptolosonate-7-
phosphate synthase  
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46 Engineering Nitrogen Fluxes 
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Engineering Sulfur Metabolism 

L-Cysteine synthesis requires the 
engineering of the sulfur incorporation 
step. Thick arrows mark the relvant 
reaction steps to obtain a high 
accumulation of L-cysteine. 
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Engineering enzyme activity 
by amino acid exchange. 
Model of the Threonine 
dehydratase polypeptide 
showing the catalytic and 
regulatory domain, as well as 
location of the amino acid 
residue 323.  
Replacement of valine in this 
position by alanine results in 
a feedback-resistant enzyme. 
 

Engineering of Enzyme Properties 
 Protein Engineering 
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49 Concerted Flux increase 

MOL.921 Molecular Biotechnology II 



50 Engineering Transport Carrier 
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