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Limitations:
• Few natural enzymes show wide levels of promiscuity

• Elevated temperatures results in denaturation

• Water is the viable solvent

• Substrate tolerance is limited by steric and electronic fators

• high EE’s are only achievable from native substrate

• Millions of years of evolution required to reach this state
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Low mutation rate, high stress environment, uneven mutational spectrum
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– XL1-red E. coli contains defective DNA proof-reading and repair mechanisms
Normal E. coli  mutation rate 10-10; XL1- red mutation rate 10-5

8 h of growth (24 generations) accumulate ~ 1 mutation/gene
mutates whole genome decreasing desired mutations

limits the number of mutations/generations
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does not evenly sample the amino acid codon space
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Cassette Mutagenesis: modified primers that replace a series of codons allowing for
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Saturation mutagenesis requires significant oversampling in activity screens

Ideal plate Real plate
20 AA

No. of AA to be
Randomized

No. of mutants to be screened to 
cover 95% of possible combinations

1 94
2 3,066
3 98,163
4 3,141,251
5 100,520,093
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Reetz, ChemBioChem 2008, 9, 1797–1804.

Saturation mutagenesis requires significant oversampling in activity screens

Ideal plate Real plate

20 AA
No. of AA to be
Randomized

No. of mutants to be 
screened to cover 95% of

 possible combinations
1 94
2 3,066
3 98,163
4 3,141,251
5 100,520,093

12 AA
No. of AA to be
Randomized

No. of mutants to be 
screened to cover 95% of

 possible combinations
1 34
2 430
3 5,175
4 62,118
5 745,433
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Mutagenesis Summary
X

X
Lui, Nat Rev. Genet. 2015, 16, 379–394.

Chemical mutagenesis:
– Not commonly used
– Inconsistent and biased mutations

– Easy to use
– Low Mutation rates
– There is a mutational limit
– Somewhat used

– Easy to use
– High mutation rates
– Difficult to sample all AA combinations
– Very common

– Fully samples amino acid repertoire
– Capable of introducing specfic mutations
– Higher quality libraries
– Generally require larger screens
– Very common

– Used in tadem with epPCR or Sat. Mut.
– Very common

Mutator Strains:

epPCR:

Site-directed saturation mutagenesis:

Recombinative mutagenesis:
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Fasan, ACS. Catal. 2012, 2, 647–666.

mutated genes

insert into plasmid

or perform mutagenesis
on plasmid mutated plasmids

Transform into E. coli

Typically through Heat or chemically

Transformed E. coli.

individually pick colonies

cultivate cells and induce expression

cultivate cells

isolated mutant enzymes

Petri dish

isolation – can use whole cell or lysate for catalysis 

– isolated enzyme can be sequenced
but not necessary
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Screening and Selection
X

X

Backvall, Proc. Natl. Acad. Sci. U.S.A. 2012, 109, 78–83
Maillard, Chem. Commun. 2009, 34–46.

Screening: In Vitro analysis of all mutant enzymes

– High-throughput assays are desired (96-well plates)
 
– UV-Vis and fluorescnce quenching assays are the most common
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Mutant ATA-117
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>99.95 ee, 92% yield

– 30000 fold increase in activity
– Types of directed evolution included:
structure aided homolgy, sat. sut., and 
random mut.
– 36,480 mutants screened\
– 27 total mutations

Mutation Locations Number of Mutations

small binding site 5
large binding site 5

peripheral of binding 17

Final reaction conditions:
5g/L enzyme, 50 g/L substrate

1M i-PrNH2, 1 mM PLP 50% DMSO
100 mM TEOA, pH 8.5 at 45 °C
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New to Nature Enzymatic Catalysis
X

X

Ward, Trends Biotechnol. 2018, 36, 60–72.

3 types of development of new to nature enzymes:

– Repurposing native enzymes

– Redesign/ de novo synthesis

– Artificial cofactors



P450 catalytic cycle
X

X

Ward, Trends Biotechnol. 2018, 36, 60–72.
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Enzymatic Carbenoids
X

X

Ward, Trends Biotechnol. 2018, 36, 60–72.

Cyclopropanations (Arnold, 2013)
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“P411BM3-CIS” variant

Key mutation (Cys400Ser)
O OEt

72% yield, 99% ee
9:1 cis:trans
67,800 TTN

N–H insertions (Arnold, 2014)
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Enzymatic Carbenoids
X

X

Ward, Trends Biotechnol. 2018, 36, 60–72.

S–H insertions (Fasan, 2015)

R1 SH +

N2

O

OR3R2

sperm whale Mb 
(Lue29Ala, His64Val)

Na2S2O4 R2

O

OR3S
R1

30–99% yield
930–5440 TTN

O

OR2S

R1= Me, X, OMe, CF3
R2= Et, t-Bu, Cy, Bn

67–99% yield
1500–5440 TTN

O

OR2S
R1

R1= Bn, Cy, Alkyl
R2= Et, Bn

30–83% yield
930–2550 TTN

R1

S
OEt

O

[2,3] S

O OEt



Enzymatic Carbenoids
X

XFasan; Arnold Curr. Opin Biotechnol. 2017, 47, 102–111.

S–H insertions (Fasan, 2015)

R1 SH +

N2

O

OR3R2
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30–99% yield
930–5440 TTN

Si–H insertions (Arnold, 2016)
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OEt
95–99% ee

200–6000 TTN
R1

R1

Olefinations (Fasan, 2016)
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AsPh3, Na2S2O4
91–99.9% E 

1110–3400 TTN

O
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OEt

R. marinus cyt c
(Val75Arg, Met100Asp,Met103Thr)

Whole Cell E. coli BH2

O

OEt
84–99% ee

1040–3090 TTN

B–H insertions (Arnold, 2017)

N

N
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Enzymatic Nitrenoid
X

XFasan; Arnold Curr. Opin Biotechnol. 2017, 47, 102–111.

Intramolecular C–H amination (Arnold, 2014)

P411 variant A
or

P411 variant B

Sulfimidation then [2,3] (Arnold, 2016)

P411 variant

64% ee
320 TTN

Sulfimidation (Arnold, 2014)

n-Bu

n-Bu

S
N3

OO

A

n-Bu
NH

S n-Bu

Et
NH

S
OO OO

i-Pr99% ee, 178 TTN 90 10

B 99% ee, 128 TTN 3 97

S

MeO

SO2N3+
S

MeO

N
Ts

P411 variant
“whole cell”

then reductive work up
S SO2N3+Ph

R1

R3

R2

R1
R3

NHTs

R2

21–77% yield
68–98% ee

590 – 2200 TTN
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Summary
X

X
Ward Narture, 2016, 537, 662–665.

Broaden the scope and selectivity of known Biological reaction

Developed new to nature reactions

Repurposed enzymes
Redesigned/synthetic enzymes

Artifical cofactors

Advantages

Can in theory evolve tailor-made catalyst for any specific substrate

Reaction conditions are typlically environmentily friendly

generally run under mild conditions

Disadvantages/ Limitations

Significant time required to evolve new enzymes

Structural information generally required

Artificial metalloenzymes still need development to be synthetically useful
(limited scope and not commercially available)
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