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Directed evolution
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Based on the two driving forces of natural evolution: 

1) Differentiation through random mutagenesis 

2) Selection of fitting phenotype
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Directed evolution – examples from nature
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Directed evolution
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• No need of structure or mechanism 

• Relatively easy methods of mutagenesis (UV irradiation, chemicals, error-prone PCR)

Random mutagenesis
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What do we need?  

• Gene of interest 

• Functional expression in a (bacterial) host 

• Efficient mutagenesis strategy 

• Fast and accurate method of selection

Points to consider: 

• The error rate should be controlled and optimized 

• Mutagenesis bias 

• It is rare to get two consecutive mutations
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And old concept – or at least theory 
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M. Eigen, W. Gardiner (1984), Pure Appl. Chem. 56, 967-978.



The WIDEnzymes project has received funding from the European Union’s HORIZON-WIDERA-2023-ACCESS-04 programme under grant agreement No. 101159534. 
Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European Union or 
European Research Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.
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Directed evolution techniques
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Random mutagenesis Recombination
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Error-prone PCR 

• PCR with low-fidelity polymerase 

✓ Easy method, mutations in a targeted area, easy control of mutation rate 

✘ Cloning issues, non-statistical change of nucleotides

Methods of random mutagenesis
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DNA (gene) shuffling 

• Digestion and recombination of gene fragments 

✓ Mutations only in selected areas, cooperative effects from homologous genes 

✘ Reproducibility issues, cloning issues

Strain mutagenesis via chemicals or UV 

• DNA damages. The DNA repair mechanisms can introduce mutations 

✓ Easy method, about 1 mutation per 1000 nucleotides 

✘ Mutations are introduced all over the genome and/or plasmid
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PCR
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Developed by Leung et al. 1989 – modified by Cadwell & Joyce 1992 

Based on a PCR at conditions that increase error rate  
(low fidelity polymerase and non-optimal conditions) 

Error-rate could be 0.5-3.0 % (or more)

Error-prone PCR
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False hypothesis:  

All mutations happen at the same rate, thus all mutations are represented in a library equally 

➢ Codon bias 

➢ Polymerase bias 

➢ Multiplication bias
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Bias already was shown in the first works
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Mutations
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Purines Pyrimidines



The WIDEnzymes project has received funding from the European Union’s HORIZON-WIDERA-2023-ACCESS-04 programme under grant agreement No. 101159534. 
Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European Union or 
European Research Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.

Codon bias
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Degenerate genetic code  

• 43 = 64 codons 

• Multiple codons encode one amino acid 

• Statistically, less than 6 amino acids are 

accessible per codon with epPCR

Lutz & Patrick (2004) Curr Opin Biotechnol 15, 291. 
Nevlon (2004) Nucl Acid Res 32, 1448.
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Codon bias

17

Degenerate genetic code  

• 43 = 64 codons 

• Multiple codons encode one amino acid 

• Statistically, less than 6 amino acids are accessible 

per codon with epPCR 

• Difficult to have more than one mutation per codon 

• Degeneracy leads to silent mutations

Lutz & Patrick (2004) Curr Opin Biotechnol 15, 291. 
Nevlon (2004) Nucl Acid Res 32, 1448.



The WIDEnzymes project has received funding from the European Union’s HORIZON-WIDERA-2023-ACCESS-04 programme under grant agreement No. 101159534. 
Funded by the European Union. Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European Union or 
European Research Executive Agency. Neither the European Union nor the granting authority can be held responsible for them.

• Polymerases may have a preference for the bases they will mutate 

• Under the same conditions, different polymerases may add 
different mutations 

• Bias can be alleviated by working with several polymerases 

• Bias can be used to understand the copy mechanism of the lagging 
and leading strands

Polymerase bias
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Vanhercke et al. (2005) Anal Biochem 339, 9-14

Allen et al. (2011) Nucl Acid Res 39, 7020-7033
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DNA polymerases and fidelity
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Potapov @ Ong (2017) PLOS One 12, e016774.

*Taq polymerase fidelity: 1 error every 3700 nucleotides 
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• Exponential growth on DNA products in PCR 

• Over-representation of mutations that happen in the first rounds 

• Up to 25% of the library can carry mutations from the first round

Multiplication bias
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Possible solutions: 

• Less PCR cycles, with 

• More reactions with less volume, to produce more libraries
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Results of bias
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• Metal concentrations affect polymerase fidelity 

• MgCl2: stabilizes non-complementary pairs.  

It is crucial for polymerase activity 

• MnCl2: is added to reduce polymerase specificity  

(related to annealing temperature too) 

• Some polymerases are also affected  

from the concentration of the template

Methods to introduce mutations
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• Non-equal concentration of dNTPs 

• In typical PCR they are added equally

Methods to introduce mutations
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Vartanian et al. (1996) Nucl Acids Res 24, 2627-2631.
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Typical epPCR protocol
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Or MEGAWHOP
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• How many mutations are needed for the desired phenotype? 

• What is the best template for evolution?   

• Is the protein selected for evolution evolvable? 

• Are negative mutations masking my beneficial mutations? 

• Do I screen more one library or do I go to a second round with the best variant? 

• What assay do I use for preselection?

Points for consideration
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Our workshop
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Our workshop
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Thank you!


