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Catalysis: Definition

Catalyseur: une substance qui 
accélère la vitesse d’une 
réaction chimique sans subir 
d’altération permanente.  
Catalyst: substance which 
increases the rate of a reaction 
without undergoing a permament 
change

“Catalysis is perhaps the word 
which best captures the spirit of 
chemistry: the miracle of 
consumption and regeneration!” 
Roald Hoffmann in “the Same and Not the Same” 



Heterogeneous-, Homogeneous- and Enzymatic 
Catalysis: Three Kingdoms



The Most Important Discovery of the 20th Century: 
Haber-Bosch Nitrogen Fixation 



 

A Tiger in your Engine and...  
A Catalyst in your Exhaust Pipe 

Ertl Nobel Prize  2007 for Heterogeneous Catalysis



Homogeneous Catalysis: 
The Elegance of a Man-Made Catalyst 

Three Nobel Prizes since 2001



Subtilisin: A Serine Protease Used in your Laundry- 
and Dishwashing Powder

900 Tons/Year in EU



2018 Nobel Prize: Frances Arnold (1/2) for Directed 
Evolution



Sitagliptin (Merck): Two Green Chemistry Awards

This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 8470–8476 8471

candidates were then optimized through
site-directed mutagenesis to yield artificial
enzymes capable of stereoselectively
catalyzing a Diels–Alder reaction, with
a kcat = 2.13 and 0.03 h!1, KM-diene 1.3
and 0.5 mM and KM-dienophile = 72.8 and
16.2 mM respectively, Scheme 2. Thus,
computational design allows to create
artificial enzymes starting from a non-
catalytic protein scaffold. However,
much in the spirit of catalytic antibodies,

knowledge of the reaction’s transition
state is required for implementation of
the active site.

Directed evolution of an
enzyme from a non-catalytic
scaffold

Seelig and Szostak recently demonstrated
another approach to creating artificial

enzymes without any knowledge of the
reaction mechanism. A RNA ligase was
identified by screening and evolving a
41012 member library of DNA-binding
zinc-finger domains. The powerful in vitro
selection relied on mRNA display strategy,
linking phenotype with genotype.
The evolved ligase exhibited multiple
turnovers and greater than two million
fold rate enhancement. This approach
did not rely on (i) knowledge of the

Scheme 2 De novo design of an enantioselective artificial Diels–Alderase.

Scheme 1 Three expedient syntheses of enantiopure Sitagliptin 1 using homogeneous (a, b) and enzymatic (c) route.
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Homogeneous- vs. Enzymatic Catalysis
Homogeneous       Enzymatic 

Enantiomers 
Both            Single 

Solvent Tolerance 
Organic          Aqueous 

Substrate Specificity 
Broad            Narrow 

Optimization 
Chemical           Genetic 

Catalyst Lifetime 
Limited           Extended 

In vivo Compatibility 
Limited           Excellent



Second Coordination Sphere Environments



what is a good catalyst? a few 
benchmarks

O OH
100 bar H2
catalyst

TON = 4 550 000
98% ee

15 days
cat.

N2

CO2Me

MeO

Ph Ar

CO2Me
+

catalyst

3 days

TON = 1 800 000
51% ee

CO2 + H2O
carbonic anhydrase

HCO3
- + H+ kcat = 8.2 ´ 105 s-1 kcat/kuncat = 7.7 × 106

Q. L. Zhou, Angew. Chem. Int. Ed. 2011, 50, 7329. 
H. M. L. Davies, Chem. Sci. 2010, 1, 254.
A. Fersht >Structure and Mechanism in Protein Science<.



what is the motivation? 

ii) make better catalysts (more efficiently) 

rate 

robustness

selectivity (chemo-, regio-, and stereoselective)

compatibility (with other catalysts, biological 
environment)

accessibility (e.g. hydrogenases)

controllability (allostery)

review on late stage functionalization: S. J. Miller >Applications of Nonenzymatic Catalysts to 
the Alteration of Natural Products< Chem. Rev. 2017, 117, 11894.



Proteins as Host for Abiotic Cofactors: 
Artificial Metalloenzymes?







The Periodic Table of The (Metalloenzymes) Elements



The Periodic Table of The (Metalloenzymes) Elements



The Periodic Table of The (Metalloenzymes) Elements



The Periodic Table of The (Metalloenzymes) Elements



Anchoring of  the Catalyst: 
Four Alternatives to Ensure Localization

X

X
MLnNu E

X

X
MLn

N
HN Ln

M M
X

X

Host protein

X

X
MLnNu E

X

X
MLn

Covalent anchoring

Dative anchoring

Supramolecular anchoring

Metal substitution
Lewis, Ward et al., Chem. Rev. 2018, 118, 142. 



ArMs: Chemo-Genetic Optimization Strategy 

–
X

X
MLn

– X

X
MLn

ligand scaffold

– X

X
MLn

8–

chemical diversity

biotin

spacer

catalytic
moiety

8– –chelateMLn
8– –chelateMLn
8– –chelateMLn
8– –chelateMLn

–chelateMLn

genetic

spacer

ligand scaffold

chemogenetic
diversity matrix

8– – X

X
MLn

–
X

X
MLn8–

activity & selectivity
screen

artificial metalloenzyme with 
improved properties

(strept)avidin gene

genetic diversity

8– – X

X
MLn

structural
information

designed
evolution

iterate
optimized

artificial metalloenzyme

Creus et. al. Org. Biomol. Chem. 2007, 5, 1835. 

X X'

Y

artificial metalloenzyme



Standing on the Shoulders of 
Giants:  

A Historical Perspective



historical perspective – a few milestones

artificial metalloenzymes were at the beginning of asymmetric 
transition metal catalysis by chemical means! Akabori et al. 1956

O O

O

N

O

O

Ph O

O

N

O

O

N

Ph
O

oror

1. silk fibroin impregnated with PdCl2
H2 (ca. 8 to 9 × 106 Pa)
50 - 75 °C
MeOH
2. hydrolysis

HO OH

O

NH2

O

Ph OH

O

NH2

or

*

*

ca. 25% ee- poorly defined catalyst (Pd-nanoparticles)
- reproducibility issues

S. Akabori et al. >An Asymmetric Catalyst< Nature 1956, 178, 323-324.
H. B. Kagan in >Compr. Asym. Catal.< 2000, Eds. A. Pfaltz/E.N. Jacobsen, Springer Berlin.



non-native reaction after metal exchange: E. T. Kaiser 
(1976)

carboxypeptidase A 
PDB 1M4L 

O
O

HO
OH

HO
OH

H Cu(II)-CPA
O2 (air) O

O
HO

OH

O
O

H

pH 7

NN

metal exchange:
dialysis 
against:

O

OH

O

OH
effective inhibitor

E. T. Kaiser, J. Chem. Soc. Chem. Commun. 1976, 830-831.

kcat = 6 min-1 and Km = 0.24 mM 



hydrogenation - Whitesides (1978)

sodium phosphate buffer (0.1 M) 
pH 7, 0°C, 48 h

cofactor precursor (0.2 mol%) 
Avidintetramer (0.05 mol%)
H2 (1.5 atm)CO2H

NHCOCH3

CO2H

NHCOCH3

0.04 M

H

41% ee
TON = 500

N

O

S

NH
HN

O
H

H

P
Ph2

Rh(nbd)
PPh2

cofactor precursor
biotinylated Rh(I)-complex

nbd = 2,5-norbornadiene

F3CSO3
-

PDB 2AVI G. M. Whitesides, J. Am. Chem. Soc. 1978, 100, 306.

KD(biotin-avidin) ≈ 10-15 M

avidin



alkene dihydroxylation. Kokubo et al. (1983) 

HO
OH

OsO4 (0.2 mol%)
BSA (0.2 mol%)

100 mM

t-BuOOH (100 mM)
carbonate buffer (50 mM)
pH 10.9, 25 °C, 8 h 68 % ee

TON = 40

bovine serum albumin (BSA)
PDB ID 4FS5 

speculation...

T. Kokubo et al., J. Chem. Soc. Chem. Commun. 1983, 769.



ester hydrolysis.  Distefano (1997) 

R
OR'

O

NH2 ALBP-Phen-Cu(II) (25 μM)
PIPES (10 mM)
pH 6.1, 25°C, 24 h1 mM

R
OH

O

NH2

HOR'+

86% ee (S)
TON ∼ 1 
R = CH3

39% ee (S)
TON ∼ 8
R = CH2C6H4OH

R = CH3, R' = CH(CH3)2
R = CH2C6H4OH, R' = CH3

M. D. Distefano et al., J. Am. Chem. Soc. 1997, 119, 11643.



Anchoring of  the Catalyst: 
Four Alternatives to Ensure Localization

X

X
MLnNu E

X

X
MLn

N
HN Ln
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X

X

Host protein

X

X
MLnNu E

X

X
MLn

Covalent anchoring

Lewis, Ward et al., Chem. Rev. 2018, 118, 142. 



XH

X = S, O nucleophilic group

hydrolytic enzyme
e.g. papain, cutinase,
CalB

NO2O

e.g.

PEtO
O

O

O2N

R

for X = O
R = linked metal complex

R
P

O
O

OEt

405 nm

anchoring strategies – covalent anchoring

N
Rh
Cl3

N

N OO

EtO
P
O

O
NO2

NN Mes

RhCl

O

O
P O

O

BrRh
Cl

N

N
O

Cl

electrophileReetz 2002

Klein Gebbink 2015

Salmain 2015

de Vries 2005

test for successful 
immobilisation: inhibited 
hydrolytic activity

E. T. Kaiser, Biochem. Biophys. Res. Commun. 1977, 76, 64; M. T. Reetz, Chimia, 2002, 56, 
721;
R. J. M. Klein Gebbink, Chem. Commun. 2015, 51, 6792; M. Salmain, J. Mol. Catal. B, 2015, 
122, 314; J. G. de Vries, Chem. Commun. 2005, 5656.



anchoring strategies – covalent anchoring

N
Rh
Cl3

N

N OO

EtO
P
O

O
NO2

NN Mes

RhCl

O

O
P O

O

BrRh
Cl

N

N
O

Cl

Reetz 2002

de Vries 2005

only modest enantioselectivities observed in hydrogenation 
and transfer hydrogenation reactions – 

poorly defined catalyst environment? Too much flexibility?

Klein Gebbink 2015

Salmain 2015

E. T. Kaiser, Biochem. Biophys. Res. Commun. 1977, 76, 64; M. T. Reetz, Chimia, 2002, 56, 
721;
R. J. M. Klein Gebbink, Chem. Commun. 2015, 51, 6792; M. Salmain, J. Mol. Catal. B, 2015, 
122, 314; J. G. de Vries, Chem. Commun. 2005, 5656.



‘biocompatible cofactors’ – more options purified
protein

1. installing the cofactor

mutant identified which can bind the cofactor (4 Alanine
mutations) and is active and selective (1 His mutation) in 
cyclopropanation 0-ZA4

model

J. C. Lewis, Nat. Commun. 2015, 6, 7789.



‘biocompatible cofactor’ – random 
mutagenesis 

cfe heat
treated

scavenge excess cofactor

2. library generation and screening

J. C. Lewis, Nat. Chem. 2018, 10, 318.



‘biocompatible cofactor’ – random 
mutagenesis 

96 48 576 variants/
round

high mutation frequency

random mutagenesis of selected sites 
based on crystal structure inspection
with degenerate codons

TON up to 66



Anchoring of  the Catalyst: 
Four Alternatives to Ensure Localization

X
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X
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X
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X
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Supramolecular anchoring

Lewis, Ward et al., Chem. Rev. 2018, 118, 142. 



anchoring strategies - supramolecular

the Trojan horse strategy

neocarzinostatin with natural ligand bound
PDB 1NCO

affinity for
natural ligand

analysis
directed evolution
(phage display)

O

O

O
CH3O

OH
O

H3CHN OH

OH

H

O
O

O

O

OR

7 mutations

affinity for new ligand
Kd = 4 × 10-5 M

O

O

O

O

H
N

N

N

N

N Fe

SO3-

SO3--O3S

Trojan horse

13% ee in sulfoxidation

catalysis: J.-P. Mahy, R. Ricoux, ChemBioChem 2016, 17, 433; review catalysis: J.-P. Mahy 
Chem. Commun. 2015, 2476, protein engineering: P. Minard, Biochemistry 2003, 42, 5674.



Biotin-AVidin Technology: Molecular Velcro 

Bayer and Wilchek. Methods in Enzymology, 
Vol. 184, Academic Press, 1990.

Affinity chromatography 
Diagnostics 
Signal Amplification  
Immunoassay  
Immobilizing agent                                  
Drug delivery

Ka(biotin-avidin) 1014M-1

Target molecule

Biotinylated binder

Avidin
Conjugated probe

HN NH

S

O

OH

O

HH

(+)-Biotin
Vitamin H



affinity engineering: M. Howarth, Biochem J. 2011, 435, 55.
Ircp* catalysis: T. R. Ward, Angew. Chem. Int. Ed. 2011, 50, 3026.

hydrophobic
interaction

anchoring strategies - supramolecular

biotin-streptavidin interactions; KD ≈ 10-14 M

S
HN

N
HO

H

H

O

H
N

S
N

NH2
ClIrO2



Substrate Specificity: Enzyme-Like or 
Homogeneous Catalyst-Like ?

Biotin

O

N

PPh2

PPh2

O

OH
AcHN

R

O

OH
AcHN

H

R

H2 (5bar), room temp. 8 hours
0.33 mol % Streptavidin, 1.0 mol % catalyst
buffer pH = 5.5

R = H     R = Ph 
94 % ee (R)   93 % ee (R) 
quant.     quant. 



Chemo-Genetic Optimization: 
 18 Ligands Combined with 20 Proteins 

Biotin–spacer

O

N

PPh2

PPh2

O

OH
AcHN

R

O

OH
AcHN

H

R

H2 (5bar), room temp. 8 hours
0.33 mol % S112X Sav, 1.0 mol % catalyst
buffer pH = 5.5

Biotin–spacer

O

N
H

PPh2

PPh2
HN

O

n

HN

O

4ortho, meta, para

31-5

1

2

R = H, Ph



Chemo-Genetic Optimization: Fingerprints 

Biot–4m–1

Klein et. al. Angew. Chem. Int. Ed. 2005, 44, 7764. 



Enzyme Cascades...



Orthogonal Redox Cascades 

Ir
H2N
H N S

O

O
NHbiot

HCO2H

CO2

· Streptavidin S112A

(S)

(R)

N

N
H

N
H

M. Dürrenberger, V. Köhler
with N. Turner (U. Manchester)



Orthogonal Redox Cascades 

MAO: MonoAmine Oxidase (S)-selective

MAO

O2

H2O2

Catalase

(R)-accumulates (ee > 99.9 %)

Ir
H2N
H N S

O

O
NHbiot

HCO2H

CO2

· Streptavidin S112A

(S)

(R)

N

N
H

N
H

M. Dürrenberger, V. Köhler
with N. Turner (U. Manchester)



NH N O

NH2

O

NH2

(HO)2B

Br

imine reductase suzukiase

Can Artificial Metalloenzymes 
Complement Natural Enzymes? 

Dibenzo-azepine



Artificial Suzukiase: Chemo-genetic Optimization

Co
m
pl
ex
(1

S112A-K121E
S112V-K121E
S112M-K121E
S112Y-K121E
S112W-K121E
S112E-K121E
S112N-K121E
S112Q-K121E
S112R-K121E
S112H-K121E
N118L-K121E
N118S-K121E
N118E-K121E
N118K-K121E

Co
m
pl
ex
(1

Co
m
pl
ex
(2

Co
m
pl
ex
(3

WT
S112G
S112A
S112V
S112L
S112C
S112M
S112T
S112F
S112Y
S112Q
S112R
S112H
K121A
K121C
K121M
K121D
K121E
K121F
K121Y
K121N
K121H
K121R conv.&[%]

38
47

(S )

16
0

9
0

64
48
32

28
19

0
ee &[%]

90
75
60
40
20

80

(R )

Complex   1   2   3  Complex    1  

Pd
Cl

P
BiotHN

1

Pd
Cl

PBiotHN

2

P
BiotHN

Pd
Cl

3

O

complex 1 
no Sav rac., 10 TON 
WT 58 (R), 78 
K121M 67, 59 
K121E 76, 50  
S112A 60, 58  
S112Y 16 (S), 14 
S112A-K121E 70, 80 
N118L-K121E 72, 86 
S112Y-K121E 90, 50 

complex 2 
WT 10 (S), 73 
S112L 51, 45 
S112M 44, 53 
K121A 47, 32

A. Chatterjee et al., Chem. Sci., 2016, 7, 673.



Artificial Suzukiase: X-Ray Characterization



Anchoring of  the Catalyst: 
Four Alternatives to Ensure Localization
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X
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X

Host protein
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X
MLnNu E

X
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Dative anchoring
Lewis, Ward et al., Chem. Rev. 2018, 118, 142. 



anchoring strategies – dative – metal coordination by aa-side 
chains

human carbonic anhydrase
PDB 1G1D

Zn2+ Mn2+

1. dialysis against chelating ligand
2. incubation with Mn2+

Cl

hCA-[Mn]
1eq. H2O2, NaHCO3

buffer
Cl

O

67% ee
TTON = 22

P. Soumillion, ChemBioChem 2006, 7, 1013; R. Kazlauskas Chem. Eur. J. 2006, 12, 
1587.

N

O
O

O
O

Zn



anchoring strategies – dative – metal coordination by aa-side 
chains

human carbonic anhydrase
PDB 1G1D

Zn2+ Rh+

1. dialysis against chelating ligand
2. incubation with Rh+

R. Kazlauskas Chem. Eur. J. 2009, 15, 
1370.

Catalyst Rh / hCAII H / I
[Rh(cod)2]BF4 - 6.3
hCAII-[Rh] 6.5 3.5
9*His-hCAII-
[Rh] 1.8 20.6

hCAII-[Rh] (1 mol%)
H2 (5 atm) 
MES buffer (0.1 M)
RT, 12 h

+

H

I

ca. 55 TON



anchoring strategies – dative – in de novo design

front view

side view

Zn2+Hg2+

crystal structure of analogue
PDB 3PBJ

structural
metal

catalytic
center

a carbonic anhydrase (CA) 
mimic

O

O
O2N

O

O2N
+

O

O
+ 2 H+

H2O

pH 9

promiscuous activity:

CA mimic
kcat (s-1) 56 ± 10 38 (±10) × 

10-3

KM (mM) 23.9 2.1 ± 0.6

H
O
H

pKa 8.5 (mimic)
        6.5 (CA)

CO2 + H2O catalyst HCO3
- + H+

V. L. Pecoraro, Nat. Chem. 2012, 4, 118.

CA (phys. pH) mimic (pH 9.5)
kcat (s-1) 8.2 × 105 1.8 (±0.4) × 103

KM (mM) 89 10.0 ± 2.4



‘bio-available cofactor’ – applying selection in vivo

- cytochrome cb562 matures in the periplasm 
- an engineered mutant of cytochrome cb562 self-assembles into a 

tetramer upon Zn2+ coordination
-    the assembly is stabilized by S-S bridges

1. starting point

F. A. Tezcan, J. Am. Chem. Soc. 2007, 129, 13374.



‘bio-available cofactor’ – applying selection in vivo

2. installing additional Zn-binding sites

F. A. Tezcan, Science 2014, 346, 1525.



‘bio-available cofactor’ – applying selection in vivo

L

ZnII

L

L
L

ZnII

O

L

L

H H

L

ZnII

O

L

L

H

O

RX

free coordination site water bound and acidified good nucleophile

active site in zinc-hydrolases:

unexpected
coordination 
of K104
ɹ mutate to
A104



‘bio-available cofactor’ – applying selection in vivo



‘bio-available cofactor’ – applying selection in vivo

randomisation of 4 active site residues Glu57, Asp60, Lys104, 
Tyr105

weak correlation with survival frequency, but the two mutants with 
highest survival frequency were also the most active in vitro 
A104-G57 and A104-T105

mutant A104-G57 displays Michaelis-Menten kinetics



Anchoring of  the Catalyst: 
Four Alternatives to Ensure Localization
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X
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X

X
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X
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Metal/cofactor substitution
Lewis, Ward et al., Chem. Rev. 2018, 118, 142. 



anchoring strategies – metal/cofactor substitution

N

N

N

N
M

HO2C CO2H

heme B (M = Fe)
Mn-porphyrine (M = Mn)

NN

NN
M

HO2C CO2H
Mn-porphycene (M = Mn)
Fe-porphycene (M = Fe)

horse heart 
metmyoglobin

PDB 1YMB

1. removal of heme B
extraction with

O
@ pH 2

2. reconstitute
with non-natural cofactor
in buffer + some organic solvent

OH20 mM catalyst
10 mM H2O2

pH 8.5
8 mM

cofactor of protein TTON TOF (h-1)

heme B 0 0
Mn-porphyrine 0 0
Fe-porphycene 0 0
Mn-porphycene 13 33

PDB 3WI8

T. Hayashi, J. Am. Chem. Soc. 2013, 135, 17282.



Cof. Protein pH T (°C) [Cof] 
(µM)

[H2O2]
(mM)

KM

(mM -1)
kcat

(s -1)
kcat/KM 

(s-1M-1)

A WT 7.0 20 1 9.7 32 0.36 11

B WT 7.0 20 1 9.7 7.4 1.1 149
A WT 6.0 25 2 100 54 2.8 53
B WT 6.0 25 2 100 3.4 6.2 1800
A H64D 6.0 25 2 15 1.8 9.0 5100

B H64D 6.0 25 2 15 0.052 1.2 23000

C H64D 6.0 25 4 100 0.29 24 85000

N N

NN
Fe

HOOC COOH

A

N

NN

N
Fe

HN

O

O

HN

O
N

O
N

COOH

COOH

COOH

COOH

O
N

O
N

COOH

COOH

COOH

COOH

B

O N

O

N

COOH

COOH

COOH

COOH

O

N

O N

COOH

COOH

COOH

COOH

O
N
H

O

H
N

N

NN

N
Fe

O

O

HN

OH

C

H2O2 (4-100 mM)  
Buffer (20-100 mM) 
pH 6, 7
20-25 °C

Fe-Porphrinoid A - C
Mb

0.025-20 mM

OCH3

OH2 O

H3CO OCH3

O

A ↓ B/C

improving catalytic efficiency through effective 
molarity? 

purified 
protein

T. Hayashi, Y. Watanabe, J. Am. Chem. Soc.
2004, 126, 436.



chemogenetic optimization – screening for 
activity 

N

N

N

N
M

HO2C CO2H

M = FeIIICl → Fe(Cl)-PIX
      CoIIICl     Co(Cl)-PIX
      CuII        Cu-PIX
      MnIIICl    Mn(Cl)-PIX

Rh? Rh-PIX
      IrIIICl     Ir(Cl)-PIX
      IrIIIMe  Ir(Me)-PIX
      RuIICO  Ru(CO)-PIX

Ag? Ag-PIX

cofactor-free expression

purified 
protein

myoglobin

J. F. Hartwig, Nature 2016, 534, 534.



chemogenetic optimization – improving 
enantioselectivity 

N

N

N

N
Ir-Me

HO2C CO2H

M = FeIIICl = Fe(Cl)-PIX
      CoIIICl = Co(Cl)-PIX
      CuII    = Cu-PIX
      MnIIICl = Mn(Cl)-PIX

Rh? = Rh-PIX
      IrIIICl   =  Ir(Cl)-PIX
      IrIIIMe =  Ir(Me)-PIX
      RuIICO = Ru(CO)-PIX

Ag? = Ag-PIX

purified 
protein

J. F. Hartwig, Nature 2016, 534, 534.

ca. 500 mutants screened
degenerate primers



chemogenetic optimization – change scaffold - repeat 

N

N

N

N
Ir-Me

HO2C CO2H

purified 
protein

CYP119 – a P450 with
high thermostability 
Tm = 69°C

WT
optimization
- exchange C317G to create space for the cofactor
- exchange active site residues for other lipophilic
residues

- 24 double mutants tested
- 2 additional mutations introduced

TON up to 35 000 

outcompetes free cofactor at low [substrate]
J. F. Hartwig, Science 2016, 354, 6308



Anchoring of  the Catalyst: 
Four Alternatives to Ensure Localization
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X
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Enzyme repurposing
Arnold, Fasan,  et al., Curr. Op. Chem. Biol. 2017, 47, 102. 



carbene N–H and S–H insertion [17,18 ], and intramolec-
ular C–H amination catalyst [19 ]. These contributions,
including the underlying concepts of chemical intuition
and enzyme promiscuity guiding the discovery and en-
hancement of these non-biological activities, have been
reviewed in detail [5,20,21].

In this review, we focus on three recent, concurrent
developments. First, we discuss how the earlier studies
paved the way to the discovery of yet more non-natural
carbene and nitrene transfer reactions mediated by engi-
neered hemoproteins and how the cornucopia of existing
hemoproteins is being leveraged to discover new, unprec-
edented reactivities. Second, we show how the field is
transitioning from proof-of-concept studies towards
implementation, with several studies demonstrating

preparative-scale production of pharmaceutically relevant
compounds. Third, we illustrate how the growing body of
literature, including recent reports of mechanism-based
enzyme inactivation, provide stimulus for further protein
engineering to address what controls (and limits) these
non-natural activities of hemoproteins.

New carbene transfer reactions catalyzed by
engineered heme proteins
A compelling demonstration of the power of hemoprotein
engineering to create a new enzyme is the recent report of
biocatalytic carbon-silicon bond formation [22!!], an ac-
tivity not known in the biological world (Figure 1). Cur-
rent rhodium, iridium and copper complexes developed
to promote asymmetric carbene insertions into Si–H
bonds of silanes all have limited catalytic efficiencies
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Figure 1
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Carbene transfer reactions catalyzed by engineered hemoproteins. Carbene transfer by hemoproteins requires reduction of the heme iron from the
Fe(III) to the catalytically active Fe(II) state. Subsequent encounter with a diazo compound results in release of N2 (not shown) and formation of a
putative iron carbenoid reactive intermediate. Iron carbenoid formation in the heme pocket has been exploited for a range of carbene transfer
reactions. The iron heme is returned to the catalytically active Fe(II) state (not shown) following carbene transfer. While most reactions were
achieved with the native iron heme cofactor, C–H insertion activity (shown in lighter gray) required replacement of the iron heme with an Ir, Mn or
Co porphyrin cofactor.

www.sciencedirect.com Current Opinion in Biotechnology 2017, 47:102–111
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Nitrene Transfer Catalyzed by Hemoproteins 

Another noteworthy contribution relates to the recent
application of engineered P450s for the synthesis of
imidazolidin-4-ones via an intramolecular oxidative
C–H amination [40]. While this reaction does not
involve a nitrene-mediated process per se, it represents
a previously undocumented enzymatic transformation
useful for the creation of new C–N bonds, which
further highlights the functional plasticity of cyto-
chrome P450 enzymes.

Finally, Prier et al. recently demonstrated P450-mediated
intermolecular amination of benzylic C–H bonds [41!].
The authors discovered that a P411 variant evolved for
the imidation of allylic sulfides [36!] displays activity for
the amination of 4-ethylanisole with tosyl azide. Subse-
quent rounds of directed evolution delivered variant
P411CHA, providing up to 1300 TTN and 99% ee for

benzylic C–H amination of a range of alkylarene sub-
strates. Engineering the enzyme scaffold endows the
native iron heme cofactor, by itself an inactive C–H
amination catalyst, with activity for a challenging non-
natural reaction.

Preparative-scale synthesis of cyclopropane
pharmaceutical intermediates
Efforts to utilize these new biocatalysts for the prepara-
tion of high-value compounds are already starting to
appear. In a first example, Wang et al. demonstrated
the utility of an engineered P450-based carbene transfer
catalyst, P450BM3 HStar, for producing the chiral precur-
sor to the antidepressant levomilnacipran in a single
biocatalytic step [8]. Applying P450BM3 HStar in
whole-cell reactions, the cyclopropane core of levomilna-
cipran was obtained in 86% isolated yield, 96% de and
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Figure 2

Current Opinion in Biotechnology

Nitrene transfer reactions catalyzed by engineered hemoproteins. Enzymatic nitrene transfer requires reduction of the iron heme from the Fe(III) to
the catalytically active Fe(II) state. Encounter with azide substrates results in release of N2 (not shown) and formation of a putative iron nitrenoid
reactive intermediate. Iron nitrenoid formation by hemoproteins has been exploited in a range of biocatalytic nitrene transfer reactions. The iron
heme is returned to the catalytically active Fe(II) state (not shown) following nitrene transfer.

Current Opinion in Biotechnology 2017, 47:102–111 www.sciencedirect.com
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artificial NOR was characterized by X-ray
structure analysis, Scheme 7, confirming
the validity of the computer model.28 This
accomplishment is particularly note-
worthy since no three dimensional
structure was available at the time for
NOR itself.29 Approaching this problem
in silico allows for a protein scaffold, Mb,
to be modified without having to synthesize
the numerous possible variations. Thus a
rationally designed artificial metalloenzyme
was developed that structurally and func-
tionally mimics native NOR. Combining
these developments with the approach
implemented by Baker for the non-metal
containing artificial enzymes augurs well
for the in silico design of artificial metallo-
enzymes. However, such approaches
critically depend on directed evolution
protocols to improve an initial hit
identified by the Rosetta algorithms.9a,b

Towards in vivo catalysis with
artificial metalloenzymes

The potential of applying directed evolution
protocols for the optimization of artificial
metalloenzymes was investigated by Reetz
and coworkers.16c For this purpose, they
combined a biotinylated [Rh(diphosphine)-
(diolefin)]+ with Sav mutants to optimize
the selectivity of the artificial hydrogenase
for the reduction of methyl a-acetamido-
acrylate. Compared to the chemogenetic
optimization strategy for the reduction of
a-acetamidoacrylate (up to 96% ee (R)
and 95% ee (S)) that we implemented,30

the directed evolution was met with
limited success (up to 65% ee (R) and
7% ee (S)).16cUnfortunately, this directed
evolution effort was impeded by the need
to rigorously purify the Sav mutants
as the rhodium moiety was extremely

sensitive to cell debris.31 In order to fully
harvest the potential of Darwinian proto-
cols, it is imperative to be able to screen
either colonies or cell lysates hosting
the mutated proteins. Indeed, having to
purify the host protein prior to screening
is a bottleneck which seriously limits the
applicability of directed evolution for
artificial metalloenzymes.

Identifying organometallic catalysts
that retain their activity in the presence
of air and cellular components such as
thiols (e.g. glutathione) is a major
challenge.32 In this context, Meggers
and coworkers recently reported that
the [Cp*Ru]+ fragment remained active
both in the presence of cell extracts and
in HeLa cells. The complex [Cp*Ru-
(COD)Cl] was shown to cleave allyl-
carbamates in the presence of a thiolphenol
nucleophile to yield the corresponding
fluorescent rhodamine.32b This reaction
was exploited in vivo to uncage a bis-
allyl-carbamate protected dye, Scheme 8.

Having realized that the [Cp*M]
fragment was potentially a good candi-
date for the directed evolution of
artificial metalloenzymes using crude cell
extracts, we tested [Cp*Ir(Biot-p-L)Cl] in
the presence of precipitated protein
extracts, Scheme 5. To our delight, event
at low catalyst concentrations, [Cp*Ir-
(Biot-p-L)Cl] C S112A Sav yielded
nearly identical results both with purified
and precipitated proteins. Indeed and
compared to 96% ee (R) and quantitative
conversion obtained with purified S112A
Sav at 690 mM [Cp*Ir(Biot-p-L)Cl]
concentration, decreasing the catalyst
concentration to 39 mM affords salsolidine
1 in 64% ee and 77% conversion with the
purified protein and 61% ee (R) and 65%
conversion with precipitated protein.22

These low concentrations were tested as
they correspond to those that can
readily be obtained from 5 mL E. coli
cell cultures producing recombinant Sav
mutants.

Returning to the initial example
concerning the enzymatic production of
sigtaliptin, the success of the approach
critically depended on identifying an
initial o-transaminase, albeit with very
modest catalytic performance. Without
any initial activity, directed evolution is
nearly helpless.11 We believe that the
critical initial activity could be provided
by introducing a transition metal
complex within a protein environment

Scheme 6 A DNA-based artificial metalloenzymes for the syn-hydration of a,b-unsaturated
ketones.

Scheme 7 Computational design of an artificial nitric oxide reductase within a myoglobin

scaffold.
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Artificial Metalloenzymes: Homogeneous- or 
Enzyme-Like?

Homogeneous       Enzymatic 
Enantiomers 

Both            Single 
Solvent Tolerance 

Organic          Aqueous 
Substrate Specificity 

Broad            Narrow 
Optimization 

Chemical           Genetic 
Catalyst Lifetime 

Limited           Extended 
In vivo Compatibility 

Limited           Excellent


