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Aim and Outline
Stereoselective formation of new carbon-carbon bonds provides a key bottom-up approach to synthesise 

more complex and enantiopure compounds such as bioactive natural products or pharmaceuticals. 

Biocatalysis – applying enzymes as catalysts in organic synthesis – is an attractive alternative to catalysts 

usually employed in organic synthesis for asymmetric carbon-carbon bond formations. Although enzymes 

have been successfully utilised for various useful carboligation reactions, their catalytic repertoire is often 

limited, and natural enzymes do not catalyse many important reaction types known in organic synthesis. 

To expand the biocatalytic potential of enzymes for such non-natural reactions, enzyme promiscuity can 

be exploited. Optimisation of promiscuous enzymes, which typically show relatively low starting activities, 

by directed evolution can successfully enhance catalytic activities to a practical level for application in 

biocatalytic processes.

Class I aldolases, such as 2-deoxy-D-ribose-5-phosphate aldolase (DERA), promote aldol reactions via the 

ε-amino group of a highly conserved lysine that forms a covalent Schiff base with the carbonyl substrates. 

Likewise, the N-terminal proline (Pro-1) of the enzyme 4-oxalocrotonate tautomerase (4-OT) from 

Pseudomonas putida mt-2 has been demonstrated to promiscuously form Schiff base adducts with acetaldehyde 

and α,β-unsaturated aldehydes. This allowed 4-OT to catalyse Michael reactions to synthesise enantiopure 

γ-nitroaldehydes as precious precursors for pharmaceutically active γ-aminobutyric acid derivatives. Notably, 

for DERA or other related natural aldolases, catalysis of such non-natural reactions is unprecedented.

Aiming to expand the biocatalytic repertoire with efficient and novel enzymatic carbon-carbon bond 

formations, the work described in this thesis explores natural enzymes for abiological Michael and 

cyclopropanation reactions. The two enzymes DERA and 4-OT were successfully used to catalyse 

asymmetric carbon-carbon bond formations and optimised by either protein engineering or in combination 

with cascade reactions.

Several classes of enzymes are well-established for carboligations and show potential in industrial applications. 

In addition, various promiscuous or artificial enzymes have been reported to catalyse non-natural carbon-

carbon bond formations in the past years. Chapter 1 briefly summarises currently established carboligases 

with examples for industrial application and reviews new promiscuous or artificial enzymes for non-natural 

carboligations.

Chapter 2 describes the asymmetric synthesis of cyclopropanes with engineered 4-OT variants. Presumably, 

the reaction proceeds via a Pro-1 based iminium ion formation with cinnamaldehyde to allow a nucleophilic 

Michael addition of diethyl 2-chloromalonate. Subsequently, an intramolecular nucleophilic attack and the 

release of a chloride ion as a leaving group drive the cyclopropane formation. Using this strategy, we could 

prepare several highly enantioenriched cyclopropanes.
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Aldolases are extensively explored for carboligations yielding enantioenriched β-hydroxy carbonyls. 

Unfortunately, a narrow substrate scope and the limited number of catalysed reactions hamper their broader 

application. Chapter 3 describes the successful redesign of the archetypical class I aldolase DERA into 

an efficient enzyme for the non-natural Michael addition of nitromethane to cinnamaldehyde derivatives 

yielding valuable enantioenriched γ-nitroaldehydes. The obtained γ-nitroaldehydes are useful precursors for 

various pharmaceutically active γ-aminobutyric acid derivatives, a class of potent anxiolytic, antidepressant, 

and anticonvulsant drugs.

The enzyme 4-OT provides a biocatalytic alternative to prepare enantioenriched γ-nitroaldehydes. The 

work described in Chapter 4 exploits gene duplication and fusion, a strategy well known in nature to 

generate new proteins, combined with directed evolution to enhance 4-OT’s activity for non-natural 

Michael additions of nitromethane to cinnamaldehyde derivatives. This strategy proved efficient in further 

increasing the enzymatic activity of 4-OT, which before had been challenging with the wild-type enzyme.

In Chapter 5, the exploration of three enzymatic routes for the in situ generation of the toxic and highly 

reactive acetaldehyde from less reactive compounds is reported. Two of these enzymatic routes could 

be combined in one pot with 4-OT catalysed carboligation reactions for the acetaldehyde addition to 

nitrostyrene or benzaldehyde, establishing effective enzymatic cascade reactions.

In the study described in Chapter 6, the substrate scope of two enantiocomplementary 4-OT variants 

has been further characterised for the asymmetric synthesis of several aliphatic γ-nitroaldehydes. While 

4-OT’s substrate scope for the preparation of aromatic γ-nitroaldehydes has been extensively explored 

in the past, only one example of the synthesis of an aliphatic γ-nitroaldehyde has been reported so far. 

Aliphatic γ-nitroaldehydes are intriguing precursors for the blockbuster drug Pregabalin (Lyrica®) and 

related bioactive compounds, which motivated us to explore 4-OT’s substrate scope for the synthesis of 

several of these valuable compounds.

Chapter 7 summarises the work presented in this thesis and describes future perspectives for this innovative 

research line.





Chapter 1

Introduction: 
Enzymatic Carbon-Carbon Bond Formations



Chapter 1

12

Enzymatic carbon-carbon bond formations
Enzymes have evolved as nature’s highly complex and extremely diverse catalysts that enable the wide 

variety of chemical reactions required to sustain life. The catalytic rate accelerations achieved by some of 

these enzymes are supreme: triosephosphate isomerase1 and carbonic anhydrase2, for example, are “perfect” 

enzymes as their catalytic rates are only limited by diffusion. Enzymes also possess an impressive catalytic 

repertoire, with many valuable reactions known in synthetic chemistry being efficiently catalysed by 

enzymes3. In addition, enzymes evolved to work under mild conditions and are often highly chemo-, regio- 

and stereoselective. Consequently, many biocatalytic processes, utilising enzymes to synthesise valuable 

chemical commodities, have been developed during the last decades.

Carbon atoms build the fundamental framework of organic molecules in living organisms. From a synthetic 

perspective, forming a carbon-carbon (C-C) bond offers an attractive method to construct more complex 

molecules starting from simple and widely available building blocks. In one step, organic molecules can 

be combined to generate chirality and diversify functionality. This makes C-C bond forming reactions 

particularly valuable for the synthesis of natural products and bioactive compounds4,5. Hence, carboligation 

enzymes (carboligases) face increasing interest in the asymmetric construction of C-C bonds due to their 

excellent regio- and stereoselectivity and catalytic performance6–10. Conventionally the term carboligation 

has been associated with C-C ligations that release carbon dioxide; here, we use the term carboligation more 

broadly for any C-C bond forming reaction.

Several enzymes are well established for biocatalytic carboligations, namely hydroxynitrile lyases, thiamine 

diphosphate (ThdP)-dependent enzymes, and aldolases, and find successful application in industrial 

processes (Scheme 1). However, the limited number of reactions catalysed by these enzymes, together 

with occasionally narrow substrates scopes, and difficulties to further improve these enzymes by protein 

engineering limit the broader application of natural biocatalysts for carboligations. In recent years, the 

discovery and design of non-natural or artificial carboligases successfully expanded the catalytic repertoire 

of biocatalysis for several asymmetric C-C bond-forming reactions.

The following first part gives a brief overview of the currently well-established natural classes of enzymes 

used for carboligations, emphasising selected examples for industrial applications. The second part especially 

focuses on recent advances in the development of non-natural biocatalysts, based on enzyme promiscuity, 

for C-C bond formations in the past few years.
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Scheme 1. Well-established carboligases. Overview of well-established enzymes that find industrial application in 
asymmetric carboligations, including hydroxynitrile lyases, thiamine diphosphate (ThdP)-dependent decarboxylases or 
carboligases, and aldolases.

Overview of well-established carboligases
Hydroxynitrile lyases
Hydroxynitrile lyases are primarily found in plants, where they catalyse the release of hydrogen cyanide 

(HCN) by the degradation of cyanogenic glycosides as part of a general defence mechanism against 

herbivorous predators11. However, hydroxynitrile lyases equally catalyse the reverse reaction by adding 

HCN to aldehydes or ketones leading to valuable enantioenriched (R)- or (S)-cyanohydrins (Scheme 1). 

The use of a hydroxynitrile lyase for biocatalytic transformations is one of the earliest reported examples of a 

biocatalytic reaction. Over a century ago, Rosenthaler described the asymmetric synthesis of mandelonitrile 

starting from benzaldehyde and HCN with crude enzymatic extracts obtained from almonds12. 

Hydroxynitrile lyases represent a diverse class of enzymes that show several distinct structural folds, although 

they catalyse the same reaction, and emerged by convergent evolution. Today, hydroxynitrile lyase with 

protein structures originating from at least five different ancestral superfamilies are known13. Consequently, 

also several distinct catalytic reaction mechanisms have evolved: for example, FAD-dependent hydroxynitrile 

lyases belonging to the GMC oxidoreductase superfamily facilitate the reaction via general acid-base catalysis 

using a histidine residue14, whereas hydroxynitrile lyases from the α,β-hydrolase superfamily employ a 
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conserved catalytic triad (Ser, His, Asp) for catalysis15,16. For efficient synthetic application, reactions with 

hydroxynitrile lyases are typically performed in organic media or biphasic systems because spontaneous 

racemic product formation is limited under these conditions. Excellent enantioenrichment and high 

versatility of the obtained cyanohydrins as valuable synthons led to the broad application of hydroxynitrile 

lyases in industrially relevant processes. 

Nippon Shokubai described the large-scale application of the recombinant hydroxynitrile lyase from cassava 

(Manihot esculenta, MeHNL) to produce (S)-mandelonitrile in a 20  L batch reactor17. Using MeHNL 

immobilised on silica support and organic solvent, the batch process could be repeated over 20-times, 

affording (S)-mandelonitrile on 30 kg-scale with high enantiopurity. As another example, DSM reported 

the use of an engineered hydroxynitrile lyase (Prunus amygdalus, PaHNL) for the efficient production of 

(R)-2-chloromandelonitrile as a precursor for the anticoagulating drug clopidogrel18. Although extensive 

examples for the practical application of hydroxynitrile lyases are reported in the literature, their application 

usually requires organic solvents or biphasic systems and careful handling of highly toxic HCN, limiting 

process design and flexible application.

Thiamine diphosphate-dependent enzymes
α-Hydroxy ketones (acyloins) are key intermediates for various natural products with two adjacent 

oxidised carbon centres. Thiamine diphosphate (ThdP)-dependent enzymes can efficiently catalyse the 

umpolung addition of aldehydes or α-keto acids to a second aldehyde affording enantioenriched α-hydroxy 

ketones with high chemo- and stereocontrol (Scheme 1). Interestingly, this C-C bond formation has 

not only been described with carboligases (e.g. transketolase) but also with decarboxylases (e.g. pyruvate 

decarboxylases), which under physiological conditions normally catalyse the decarboxylation of α-keto 

acids such as pyruvate. Mechanistically the carbanion of the thiazolium ylide, present in the oxidised form 

of ThdP, attacks the carbonyl of the donor substrate after the spontaneous decarboxylation leading to the 

formation of a highly nucleophilic enaminol species, which is also known as the Breslow intermediate19. 

In a decarboxylation reaction, this enaminol species is getting protonated, and the final product is released 

(typically acetaldehyde). In a carboligation reaction, the enaminol species can undergo a nucleophilic attack 

with the carbonyl of the acceptor substrate to afford an α-hydroxy ketone.

Historically, the enzyme pyruvate decarboxylase has been used in a yeast fermentation process with 

benzaldehyde to produce (R)-phenylacetylcarbinol, a key intermediate for the asymmetric synthesis of 

ephedrine20. Discovery of a pyruvate decarboxylase with higher stability allowed this process to operate 

with purified enzyme from Zymomonas mobilis (ZmPDC)21. In an enzyme membrane reactor, the use of an 

engineered variant of ZmPDC allowed for the efficient carboligation of acetaldehyde with benzaldehyde for 

the production of (R)-phenylacetylcarbinol with good space-time yields22. More recently, the production 
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of (R)-phenylacetylcarbinol starting from pyruvate instead of acetaldehyde could be realised by exploiting a 

ZmPDC mutant (E473Q) in which the protonation of the enamiol intermediate is substantially reduced, 

thereby favouring carboligations over the native decarboxylation reaction23. In addition, ThdP-dependent 

enzymes such as benzaldehyde lyase24, benzoylformate decarboxylase25, or transketolase26 have been used 

for numerous carboligations leading to enantioenriched carbonyl compounds with good chemo- and 

stereoselectivity.

Aldolases
Direct aldol additions are among the most versatile asymmetric C-C bond formations in organic synthesis to 

construct β-hydroxy carbonyls (Scheme 1)27,28. Enzymatic aldolases offer an attractive biocatalytic alternative 

for this powerful transformation to synthesise carbohydrates, bioactive compounds and medicinal products. 

Based on their reaction mechanism, aldolases are grouped into two classes, depending on the activation 

mechanism of the aldol donor. Class I aldolases activate the donor aldehyde or ketone by a Schiff base 

forming conserved lysine; the resulting enamine intermediate undergoes a nucleophilic attack with the 

acceptor aldehyde to form a new C-C bond29,30. In class II aldolases, the aldol donor is activated in the 

form of an enolate by a coordinating divalent cation (e.g. Zn2+), which functions as a Lewis acid promotor. 

With some notable exceptions,31 aldolases are regarded as highly specific for the aldol donor substrate while 

showing broader acceptor tolerance32. Depending on the donor substrate, aldolases are further classified 

into dihydroxyacetone phosphate-, dihydroxyacetone-, pyruvate-, glycine-, or acetaldehyde-dependent 

aldolases. In particular, 2-deoxy-D-ribose-5-phosphate aldolase (DERA) received considerable interest 

for its unique ability to utilise acetaldehyde and related derivatives as an aldol donor33. For example, 

DERA can catalyse the one-pot tandem addition of acetaldehyde to 2-chloroacetaldehyde, which provides 

access to chiral lactones as valuable statin side-chain precursors for atorvastatin and rosuvastatin34,35. By 

discovering novel DERA enzymes with improved acetaldehyde stability or engineering DERA for improved 

acetaldehyde tolerance, this process could be achieved independently by Diversa and DSM on industrial-

scale35,36. More recently, DERA from Shewanella halifaxensis found application in an enzymatic cascade 

synthesis route towards the HIV drug candidate islatravir37. To overcome process limitations, the enzyme 

was improved by directed evolution for higher acetaldehyde tolerance by a joint venture of Merck and 

Codexis. After two intensive directed evolution rounds, an enzyme variant was obtained that showed 

sufficient stability for practical asymmetric synthesis of a key C-C bond between acetaldehyde and a C2-

alkynated glyceraldehyde-3-phosphate derivative.
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Non-natural or artificial carboligases
Amine based enzymes
Class I aldolases efficiently activate aldehydes or ketones to form an enamine via the primary ε-amino 

group of a conserved lysine residue in the active site. The enzyme bound enamine is highly nucleophilic 

and can undergo a nucleophilic attack with an electrophilic carbonyl to yield an aldol adduct (Scheme 2a). 

Reminiscent of this class I aldolase mechanism, primary or secondary amines can be utilised for the catalysis 

of several mechanistically related asymmetric carboligations. In a more general catalytic concept, aldehydes 

or ketones can be activated by the catalytic amine to form a nucleophilic enamine, allowing addition to 

an activated electrophile (Scheme 2b). Conversely, unsaturated aldehydes or ketones can be activated by 

the catalytic amine to form an electrophilic iminium ion, which allows addition of the carbanion of a 

nucleophile (Scheme 2c). Various artificial or non-natural enzymes have been designed and explored for 

carboligations using primary or secondary amines for catalysis.

Computational de novo design of artificial enzymes offers tailor-made biocatalysts with novel catalytic 

functions that cannot be found in nature38–40. The retro-aldolase RA95.5-8 is an artificial enzyme created 

by computational design by the Baker group, and improved by optimising the initial protein design by an 

extensive directed evolution program in the Hilvert lab, for cleavage of the non-natural substrate methodol 

(4-hydroxy-4-(6-methoxy-2-naphthyl)-2-butanone)41–43. The active site of RA95.5-8 resembles the active 

site architecture of natural class I aldolases with a lysine residue promoting catalysis through covalent Schiff 

base formation with the substrate. In contrast to naturally occurring aldolases, the active site of RA95.5-8 

promotes several distinct carboligations, including Michael44–46, Knoevenagel47, Henry48 and abiological 

aldol49,50 reactions.

Initial screening of various donor and acceptor molecules for Michael addition reactions identified that 

the original retro-aldolase design could also catalyse the asymmetric addition of ethyl 2-cyanoacetate to 

α,β-unsaturated ketones44. Further active site optimisation resulted in a double mutant (RA95.5-8 T53L/

K210H) with improved activity and which accepted various unsaturated ketones as acceptor molecules. 

A crystal structure showed the reduced product covalently bound to the active site lysine K83, suggesting 

that the Michael additions proceed via an iminium ion formation to increase the electrophilicity of the 

acceptor. A product with an additional chiral centre can be obtained by replacing ethyl 2-cyanoacetate with 

ethyl 2-cyanopropanoate in this reaction. Several rounds of saturation mutagenesis and recombination of 

beneficial mutations resulted in four stereocomplementary enzyme variants, which afforded each of the four 

possible stereoisomers with over 80% selectivity. Subsequently, it was demonstrated that RA95.5-8 variants 

are also capable of catalysing the asymmetric synthesis of γ-nitroketones, either via a Michael addition of 

acetone to nitroalkenes or via a Michael addition of nitromethane to unsaturated ketones45. This strategy 

provided a convenient enantiocomplementary synthesis route using enamine51 or iminium52 catalysis to 
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afford the (S)- or (R)-enantiomer of γ-nitroketones. While the activation of acetone by K83 to form a 

highly nucleophilic enamine species resulted in lower catalytic activity and enantioselectivity, the route 

via activation of unsaturated ketones by K83 to form a reactive iminium ion achieved a 10-times higher 

catalytic activity and showed excellent enantioselectivity.

Scheme 2. Primary and secondary amine catalysis. a, The catalytic mechanism of class I aldolases via covalent enamine 
formation between an aldehyde or ketone and a conserved lysine residue in the active site. b, General mechanism of 
enamine catalysis via formation of a nucleophilic enamine between the carbonyl substrate and a primary or secondary 
amine. c, General mechanism of iminium catalysis via formation of an electrophilic iminium ion between the carbonyl 
substrate and a primary or secondary amine. Note: only a primary amine is shown to simplify the reaction schemes. 
Nevertheless, secondary amines are also known to catalyse enamine and iminium catalysis efficiently.

4-Dimethylamino cinnamaldehyde forms after the 1,2-addition of ethyl 2-cyanoacetate a brightly red 

coloured Knoevenagel condensation product. This reaction was chosen as a model reaction to design a 

simple medium-throughput assay on agar plates for the directed evolution of RA95.5-847. Accumulation 

of the red coloured Knoevenagel product allowed for the direct screening of bacterial colonies expressing 

enzyme variants and prevented the otherwise tedious transfer of bacterial colonies into 96-well plates. After 
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four rounds of directed evolution, the final variant contained 15 additional mutations and showed an 

increase in catalytic proficiency of around 30-fold. Similar to the Knoevenagel condensation, the Henry 

reaction is a 1,2-addition reaction between a nitroalkane and an aldehyde, which forms a C-C bond with 

a new chiral centre. Condensation of this product affords an achiral nitroalkene. RA95.5-8 and several 

variants have been explored in the Hilvert lab for the reversible addition of nitromethane to anisaldehyde48. 

However, the equilibrium in aqueous medium favoured the retro-Henry reaction and prevented successful 

product preparation of the nitroalkene.

Further directed evolution of RA95.5-8 using a microfluidic fluorescence-activated droplet sorter (FADS) 

for ultrahigh-throughput screening of millions of enzymatic variants over six rounds afforded a variant 

with an additionally 30-times improved catalytic activity for the cleavage of methodol49. Whereas earlier 

designs did not show efficient aldol activity because the acceptor aldehyde easily inhibited them, the 

latest variant, named RA95.5-8F, showed good synthetic utility in the aldol addition of acetone to several 

aromatic or aliphatic acceptor aldehydes with good to excellent enantioselectivity. This broad substrate 

scope for aromatic acceptor aldehydes is not known for natural aldolases. Nevertheless, RA95.5-8F still 

showed a restricted aldol donor tolerance, which is also commonly observed for natural aldolases. Single 

mutations of residues lining RA95.5-8F’s active site could successfully expand the donor scope from acetone 

towards cyclic ketones and several longer-chained aliphatic ketones50. The high versatility of RA95.5-8 

derived enzymes to efficiently catalyse multiple reactions with a diverse set of substrates clearly distinguishes 

these artificial enzymes from natural aldolases with their limited catalytic repertoire and narrow substrate 

tolerance.

Enzymatic active sites can promote catalytic promiscuity, which means they catalyse non-natural reactions 

that do not occur under physiological conditions53. Members of the tautomerase superfamily share a 

β-α-β structural fold and utilise a conserved N-terminal proline residue (Pro-1) as a general base or acid 

in catalysis54. The enzyme 4-oxalocrotonate tautomerase (4-OT) from Pseudomonas putida mt-2 has an 

N-terminal proline with an unusual low pKa of 6.4, allowing the secondary amine of Pro-1 to function 

as a general base for the tautomerisation of 2-hydroxy-2,4-hexadienedioate into 2-oxo-3-hexenedioate55,56. 

In search for catalytic promiscuity, Poelarends and co-workers demonstrated that Pro-1 also functions 

as a nucleophile and forms enamines with several carbonyls, which may provide access to several useful 

carboligations including aldol and Michael additions57,58. Although relative high enzyme concentrations 

and long reaction times were required, wild-type 4-OT catalysed the aldol condensation of acetaldehyde 

and benzaldehyde to yield the product cinnamaldehyde. Protein engineering could substantially increase 

the activity of 4-OT by only two amino acid substitutions for aldol condensations59, and the 4-OT variant 

could be employed in the enantioselective synthesis of 1,3-diols by avoiding the enzymatically catalysed 

dehydration of the aldol products using substrate engineering with aromatic aldehydes carrying electron 

withdrawing substitutions60.
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In addition to aldol reactions, 4-OT efficiently catalysed the asymmetric Michael-type addition of 

acetaldehyde to α,β-unsaturated nitroalkenes, which affords valuable enantioenriched γ-nitroaldehydes61,62. 

These important chiral precursors can be converted in two simple chemical steps into pharmaceutically 

active γ-aminobutyric acid analogues, which are commercially sold as pharmaceuticals such as Pregablin63, 

Phenibut64, or Baclofen65. Wild-type 4-OT provided several γ-nitroaldehydes only with moderate 

enantioenrichment and in the wrong stereoconfiguration to serve as valuable precursors for pharmaceutically 

active γ-aminobutyric acid analogues. Through the generation and analysis of so-called mutability 

landscapes, hot-spot positions for improved and inverted enantioselectivity were identified66. The mutability-

landscape-guided protein engineering resulted in two enantiocomplementary 4-OT variants for synthesis 

of several γ-nitroaldehydes with good enantioselectivity and good yields. To enhance the enantioselectivity 

to suit industrial requirements, 4-OT M45Y/F50A, which provides access to γ-nitroaldehyde precursors 

with the correct stereoconfiguration for preparation of the pharmaceutically active γ-aminobutyric acid 

analogues, was subjected to additional protein optimisation. A single mutation, resulting in 4-OT L8Y/

M45Y/F50A, proved to be sufficient to increase the enantioselectivty, enabling the production of several 

γ-nitroaldehydes with an e.r. over 99:1. The respective γ-aminobutyric acid analogues could be prepared 

in a chemoenzymatic cascade route by combining an aldehyde dehydrogenase and nickel boride reduction 

in one pot with 4-OT L8Y/M45Y/F50A67. More recently, 4-OT was explored for iminium activation of 

cinnamaldehyde and subsequent nucleophilic addition of nitromethane in a Michael reaction to afford 

γ-nitroaldehydes. Notably, with this synthesis route, wild-type 4-OT afforded the γ-nitroaldehydes with 

the correct stereoconfiguration to function as precursors for pharmaceutically active γ-aminobutyric acid 

analogues, and the enzyme’s catalytic activity and enantioselectivity could be improved by one mutation 

(4-OT F50A) enabling the preparation of various enantioenriched γ-nitroaldehydes68.

In addition to creating artificial de novo enzymes or exploring non-natural reactions with enzymes obtained 

from nature, conjugation of novel catalytic groups or incorporation of non-canonical amino acids into 

existing protein scaffolds provide an alternative to develop biocatalysts with new functions for C-C bond 

formations.

For example, the conjugation of small chemical catalysts with a protein scaffold can create enzymes with 

novel catalytic functionalities. This strategy has been explored with an organocatalytic secondary amine 

that was conjugated with a short linker to biotin. The strong affinity of biotin to the protein streptavidin 

allows integrating the biotin-organocatalyst conjugate into a protein scaffold. In a water:methanol (1:1) 

solvent system, Michael addition of nitromethane to cinnamaldehyde derivatives was catalysed using 

this organocatalyst bioconjugate systems, affording Michael adducts with good conversion and good 

enantiopurity69. In contrast, ketones were only poorly accepted as Michael acceptors. One disadvantage 

of bioconjugation systems is that protein optimisation by directed evolution becomes very challenging or 

is not at all possible. Incorporating non-canonical amino acids with a side chain carrying a new chemical 

functional group into natural proteins circumvents this problem and introduces novel functions.



Chapter 1

20

Recently, the Roelfes lab incorporated a genetically-encoded non-canonical amino acid with a catalytic 

p-aminophenylalanine side chain into a small transcription regulator protein, named lactococcal multidrug 

resistance regulator (LmrR). Typically, LmrR binds various drugs in its hydrophobic dimer centre by 

hydrophobic interactions between two tryptophan residues and the aromatic ring systems of the drugs70. 

This also allows the binding of small organic metal cofactors, such as Cu(1,10-phenanthroline)(NO3)2, 

in place of drug molecules in the hydrophobic core of LmrR. Michael additions could be achieved by 

combining iminium activation of unsaturated aldehydes by p-aminophenylalanine, with the enolisation 

of ketones by the artificial metal cofactor71. Although the catalyst’s performance could be optimised by 

protein engineering for improved conversion and enantioselectivity, reactions were performed at lower 

temperature (4 °C) to afford Michael adducts with moderate to good conversion and enantiopurity. LmrR 

with a p-aminophenylalanine residue as the sole abiological catalyst can also facilitate the Friedel-Crafts 

alkylation of indole derivatives with various unsaturated aldehydes72. Two rounds of directed evolution 

increased conversions around two-fold and ehanced the enantioselectivity to yield products with about 

90% e.e., with a diverse series of substrates being accepted by the non-natural enzyme.

Haem based enzymes
Cyclopropane rings are a structural motive frequently found in natural products and pharmaceutical 

compounds73,74. The asymmetric synthesis of cyclopropanes is challenging because of relatively high ring 

strains and the requirement to control potentially up to three stereocentres. Biocatalytic methodologies for 

the preparation of cyclopropanes are restricted by the limited catalytic repertoire of natural enzymes catalysing 

the formation of these valuable synthons75. The pioneering work by Frances Arnold and co-workers showed 

that the iron-haem group of cytochrome P450, typically catalysing various oxidative transformations, 

can form a highly reactive carbenoid species with ethyl diazoacetate as a precursor76. From a panel of 

haem enzymes screened in the presence of the reducing agent sodium dithionite in anaerobic conditions, 

cytochrome P450 from Bacillus megaterium (P450BM3) proved particularly efficient for the carbene transfer 

to styrene, yielding moderately enantioenriched cyclopropanes with 5 TTN (Scheme 3). Multiple enzymes 

with improved activity, diastereo- and enantioselectivity could be identified by screening a diverse panel of 

92 P450BM3 variants selected from previous directed evolution campaigns. The enzyme variant with the best 

cyclopropanation activity achieved over 320 TTN. Subsequent site-saturation mutagenesis of five active 

site residues afforded a P450BM3 with high diastereo- and enantioselectivity (92:8 d.r. and 97% e.e.) while 

maintaining good TTNs. 

Initial experiments with P450BM3 required the chemical reducing agent dithionite under anaerobic conditions 

and could not be performed using the native reducing agent NAD(P)H. Based on these observations it was 

suggested that the carbenoid formation proceeds via the Fe(II) state of the haem group rather than the 

Fe(III) ground-state. By replacing the axial cysteine thiolate of the haem group with a serine alcohol, the 
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resulting variant, named P411 due to its different absorbance spectrum, showed an increased reduction 

potential of the Fe(III) to Fe(II) and the native oxygenase activity of P450BM3 was effectively disabled. This 

single mutation drastically increased the cyclopropanation activity of a P450BM3 variant and allowed for the 

whole-cell biocatalysis with more than 60,000 TTN, using NAD(P)H as an in-vivo reducing agent and 

aerobic conditions77.

Scheme 3. Haem based carbenoid generation in non-natural cyclopropanation reactions. Reaction scheme for 
haem based generation of a highly reactive carbenoid intermediate using ethyl diazoacetate by a P450 enzyme for the 
cyclopropanation reaction with styrene.

Since the initial haem-based carbene transfer report with cytochrome P450, numerous alternative haem 

containing enzymes have been utilised for similar cyclopropanation reactions with ethyl diazoacetate and 

styrene derivatives as substrates. For example, myoglobin78, artificial myoglobin based catalyst79,80, and 

artificial haem containing enzymes81,82 have successfully been explored for these reactions. Recently, the 

tremendous synthetic potential of haem enzymes for non-natural carboligations was further underscored 

with an engineered P411 variant catalysing the challenging double addition of carbenoids to alkynes to 

yield highly strained bicyclobutanes83.

Concluding Remarks
Enzymes are attractive catalysts for stereoselective C-C bond formations. Compared to well-established 

carboligases, most of the here presented non-natural biocatalysts are still limited by their low catalytic activity. 

However, the recent success in expanding the catalytic repertoire of biocatalysis for several important non-

natural carboligations, together with successful examples to optimise these catalysts by directed evolution, 
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are important stepping-stones towards the application of such systems in industrial processes. Until now, 

only a limited number of biocatalysts have been explored for promiscuous carboligations. Considering the 

huge number of different enzymatic active site architectures and the rapidly increasing number of protein 

sequences, enzymes offer a barely touched repertoire with great potential to discover and develop new and 

efficient non-natural carboligations.
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Abstract
Cyclopropane rings are an important structural motif frequently found in many natural products and 

pharmaceuticals. Commonly, biocatalytic methodologies for the asymmetric synthesis of cyclopropanes 

rely on repurposed or artificial heme enzymes. Here, we engineered an unusual cofactor-independent 

cyclopropanation enzyme based on a promiscuous tautomerase for the enantioselective synthesis of various 

cyclopropanes via the nucleophilic addition of diethyl 2-chloromalonate to α,β-unsaturated aldehydes. The 

engineered enzyme promotes formation of the two new carbon-carbon bonds with excellent stereocontrol 

over both stereocenters, affording the desired cyclopropanes with high diastereo- and enantiopurity (d.r. up 

to 25:1; e.r. up to 99:1). Our results highlight the usefulness of promiscuous enzymes for expanding the 

biocatalytic repertoire for non-natural reactions.
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Introduction
Enantioenriched cyclopropanes are frequently found in a variety of bioactive natural products as well as 

pharmaceuticals and face increasing interest owing to their importance in drug development.[1] The unique 

physical and chemical properties of the cyclopropane ring, featuring unusual short C-C bonds, characteristic 

ring strain, and inherent high reactivity, pose several challenges for the synthesis of these compounds.[2] The 

development of facile biocatalytic methodologies for the asymmetric preparation of cyclopropanes, serving 

as either chiral building blocks or bioactive compounds, is therefore of high academic and industrial interest.

In nature, two distinct mechanisms have evolved for the biosynthesis of cyclopropanes. Typically, these 

involve the activation of allyl pyrophosphates to form an allylic cation that undergoes cyclization or the 

addition of the methyl cation of S-adenosyl methionine to alkenes.[1a] To overcome the limited substrate 

scope of natural cyclopropanation enzymes, several additional cyclopropanation strategies depending on 

redesigned heme enzymes, such as cytochrome P450, cytochrome c and myoglobin, as well as artificial 

heme enzymes, have been developed.[3] Commonly, these cofactor-dependent biocatalytic strategies rely on 

an activated carbenoid intermediate, formed between ethyl diazoacetate and the ferrous state (FeII) of the 

prosthetic heme group.

Inspired by outstanding developments in the organocatalysis field, describing asymmetric cyclopropanation 

reactions catalyzed by chiral aminocatalysts,[4] we aimed to design an analogous biocatalytic approach for 

the preparation of enantioenriched cylcopropanes. Herein, we report the engineering of an uncommon 

cofactor-independent cyclopropanation enzyme based on a promiscuous 4-oxalocrotonate tautomerase (4-

OT) that accepts diethyl 2-chloromalonate to achieve asymmetric cyclopropanations with various α,β-

unsaturated aldehydes to form the corresponding cyclopropanes with excellent stereochemical purities.

Previous work from our group has shown that 4-OT can promiscuously catalyze the enantioselective 

Michael addition of nitromethane to cinnamaldehydes, which involves the formation of a reactive enzyme-

bound iminium ion intermediate between the catalytic N-terminal proline (Pro-1) of the enzyme and 

the cinnamaldehyde substrate (Scheme 1A).[5] We subsequently expanded the catalytic repertoire of 

4-OT to include enantiocomplementary epoxidation reactions, based on hydroperoxide additions to 

cinnamaldehydes (Scheme 1B).[6] In the current study, we explored whether the reaction scope of 4-OT 

can be enlarged further to include cyclopropanation reactions between diethyl 2-halomalonates and 

cinnamaldehydes (Scheme 1C). We reasoned that diethyl 2-halomalonates can rather easily deprotonate 

to form a nucleophilic carbanion, which could attack the enzyme-bound iminium ion intermediate via 

a Michael addition reaction. The resulting enamine intermediate could subsequently attack the halogen-

substituted carbon, with the halogen acting as a leaving group, to promote an intramolecular cyclization 

reaction to generate the desired cyclopropane product.
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Scheme 1. Iminium ion biocatalysis, highlighting the key catalytic role of the N-terminal proline residue (Pro-1) of the 
4-OT enzyme. A) Proposed mechanism of the 4-OT catalyzed Michael addition of nitromethane to cinnamaldehydes. B) 
Proposed mechanism of the 4-OT catalyzed epoxidation reaction between hydroperoxides and cinnamaldehydes. C) Proposed 
mechanism of the 4-OT catalyzed cyclopropanation reaction between diethyl 2-halomalonates and cinnamaldehydes.

Results
We started our investigation by testing different diethyl 2-halomalonates (leaving group ability: 2-Br > 

2-Cl >> 2-F) in a reaction with cinnamaldehyde using 4-OT F50V as the catalyst. This 4-OT variant was 

selected as a biocatalyst because it was previously identified to efficiently catalyze the Michael addition of 

nitromethane to cinnamaldehyde.[5] Analytical-scale reactions were performed with 1 mM cinnamaldehyde, 

5 mM diethyl 2-halomalonate, and 15 µM 4-OT F50V in 50 mM HEPES, pH 6.5. After 18 h reaction 

time, the conversion was determined by GC-MS analysis. With the nucleophile diethyl 2-fluoromalonate 

a conversion of 40% was reached, but the formed enzymatic product was identified as the enantioenriched 

fluorinated Michael adduct 2 (Table 1, entry 1). This suggests that although 4-OT F50V can catalyze the 

highly enantioselective Michael addition of diethyl 2-fluoromalonate to cinnamaldehyde, the poor leaving 

group ability of fluorine does not support the intramolecular cyclization reaction, preventing formation of 

the cyclopropane ring.
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However, when diethyl 2-fl uoromalonate was replaced by diethyl 2-chloromalonate, which harbors 

chlorine as a good leaving group, the reaction reached 95% conversion, and the desired cyclopropane 1a

was obtained with very high diastereo- and enantiopurity (d.r.: >25:1, e.r.: 98:2; Table 1, entry 2). A control 

reaction under otherwise similar conditions but without enzyme did not yield 1a. Th e reaction with diethyl 

2-bromomalonate only showed trace conversion; given that bromine has a higher leaving group ability than 

chlorine, this result was somewhat unexpected (an exploration of this phenomenon is provided below).

Table 1. Biocatalytic addition of diethyl 2-halomalonates to cinnamaldehyde catalyzed by 4-OT F50V.

Entry Halomalonate Conv. %[a] Product d.r. e.r.[b]

1 diethyl 2-fl uoromalonate 40 2 n.a. 99:1[c]

2 diethyl 2-chloromalonate 95 1a >25:1[d] 98:2[e]

3 diethyl 2-bromomalonate <5 n.d. n.d. n.d.

[a] Determined by GC-MS. [b] Determined by chiral-phase HPLC analysis (Chiralpak® IC) after reduction to the 
corresponding alcohol. Th e absolute confi guration was assigned by comparison with an enantioenriched authentic 
standard (1a) or by earlier reported chiral-phase HPLC-data (2).[4a,4b,7] [c] R:S. [d] Determined by 1H NMR (syn/anti). 
[e] 2S,3R:2R,3S. n.a.: not applicable; n.d.: not determined.

With a suitable nucleophile for the 4-OT catalyzed cyclopropanation reaction in hand, we further optimized 

the enzyme by protein engineering for the addition of diethyl 2-chloromalonate to cinnamaldehyde. By 

using a systematic mutagenesis strategy, amino acid positions Met-45 and Phe-50 were previously identifi ed 

as hot spots to enhance the promiscuous Michael addition activity of 4-OT.[5,8] We reasoned that these 

positions might similarly be important for the addition of diethyl 2-chloromalonate to cinnamaldehyde and 

therefore targeted positions Met-45 and Phe-50 by constructing a double-site saturation library with NNK 

codon degeneracy to ensure maximal diversity. Th is library was used to transform Escherichia coli cells and 

screened by evaluating enzyme activity in cell-free extracts prepared from ∼3000 transformants. Improved 

4-OT variants were identifi ed by monitoring the depletion of cinnamaldehyde in a spectrophotometric 
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kinetic assay in multiwell plates (see Supporting Information). Selected variants with enhanced activity 

were purifi ed to homogeneity (Figure S1), and their catalytic activity was assessed by determining specifi c 

activities. Th e single mutant 4-OT F50V showed a 6-fold improved specifi c activity compared to the wild-

type enzyme, while the engineered double mutants 4-OT M45C/F50A, M45T/F50A, M45L/F50V and 

M45I/F50A displayed a 12- to 23-fold enhanced specifi c activity (Figure 1). Gratifyingly, variant 4-OT 

M45V/F50A showed a 30-fold enhanced specifi c activity for the cyclopropanation of cinnamaldehyde 

compared to wild-type 4-OT, while retaining excellent diastereo- and enantioselectivity (d.r. of 1a >25:1; 

e.r. = 97:3). As the 4-OT M45V/F50A variant showed the highest specifi c activity for the cyclopropanation 

reaction between diethyl 2-chloromalonate and cinnamaldehyde, it was selected for further study.

Figure 1. Engineering of 4-OT for cyclopropanations. A) Reaction scheme of the 4-OT catalyzed cyclopropanation of 
diethyl 2-chloromalonate and cinnamaldehyde to aff ord 1a. B) Comparison of the specifi c activity of wild type 4-OT 
and engineered 4-OT variants for the cyclopropanation reaction between diethyl 2-chloromalonate and cinnamaldehyde 
to yield 1a. Th e specifi c activities are as follows: wt (3.0  mU/mg), F50V (16.7  mU/mg), M45C/F50A (36.0  mU/
mg), M45T/F50A (40.8 mU/mg), M45L/F50V (43.7 mU/mg), M45I/F50A (67.9 mU/mg), M45V/F50A (89.4 mU/
mg). Reaction conditions: 1 mM cinnamaldehyde, 5 mM diethyl 2-chloromalonate, 0.1 mg/mL 4-OT variant, 50 mM 
HEPES pH 6.5. Error bars represent the standard deviation of two measurements using the same enzyme batch (n = 2).
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For the evolved 4-OT variant M45V/F50A, we also observed the superior performance of diethyl 

2-chloromalonate over diethyl 2-bromomalonate as a nucleophile in the cyclopropanation of 

cinnamaldehyde to give 1a. To obtain insights into this puzzling phenomenon, we performed several 

additional experiments. Spectrophotometric analysis of the 4-OT M45V/F50A catalyzed reaction with 

diethyl 2-bromomalonate and cinnamaldehyde showed that substrate turnover occurs in the initial phase 

of the reaction but quickly stops after several minutes (Figure S2). This suggests that the enzyme is rapidly 

and irreversibly inactivated by diethyl 2-bromomalonate during the course of the reaction. To confirm the 

formation of a covalent enzyme-inhibitor complex, 4-OT M45V/F50A was isolated from the reaction 

mixture and analyzed by ESI-MS. Compared to the unmodified enzyme, 4-OT M45V/F50A incubated 

in the presence of diethyl 2-bromomalonate showed a mass increase of +158.1 Da (Figure S3). This is 

consistent with the covalent modification of the enzyme with one molecule of diethyl malonate. In contrast, 

reactions with diethyl 2-fluoromalonate or diethyl 2-chloromalonate showed no or only minor modification 

of the enzyme. To gain further insights into the position of modification, the modified and unmodified 

4-OT M45V/F50A samples were digested with endoproteinase Glu-C, and the resulting peptide mixtures 

were analyzed by LC-MS/MS. A comparison of the detected peptide fragments of 4-OT M45V/F50A 

modified with diethyl malonate to those of unmodified 4-OT M45V/F50A showed that peptides that 

contain the Pro-1 residue are the major sites of modification (mass increase: +158.1 Da; Table S2 and S3). 

Indeed, analysis of the peptide fragments of 4-OT M45V/F50A treated with diethyl 2-fluoromalonate 

or diethyl 2-chloromalonate showed no or only minor modifications of Pro-1 containing peptides with 

diethyl malonate (Table S4 and S5). Taken together, these results suggest that like other bromo-substituted 

compounds, such as 3-bromopyruvate,[9] diethyl 2-bromomalonate acts as a potent irreversible inhibitor of 

the enzyme by covalently modifying its nucleophilic Pro-1 residue (Scheme S1). Due to the lower leaving 

group ability of chlorine and fluorine, the 2-Cl- and 2-F-substituted diethyl malonates primarily function 

as substrates in the Michael addition to cinnamaldehyde, and only result in minor enzyme inactivation 

upon prolonged incubation.

Having engineered a 4-OT variant (M45V/F50A) with enhanced activity and stereoselectivity, and 

understanding the reactivity of the diethyl 2-halomalonates, the substrate scope of this designer enzyme was 

explored by testing a set of α,β-unsaturated aldehydes using diethyl 2-chloromalonate as the nucleophile 

(Table 2). To avoid enzyme inactivation of 4-OT by diethyl 2-chloromalonate, a 2.5-fold excess of α,β-

unsaturated aldehydes (5 mM) over diethyl 2-chloromalonate (2 mM) was used in these semi-preparative 

scale reactions. Pleasingly, the results showed that 4-OT M45V/F50A accepts various substituted 

cinnamaldehydes and catalyzes their cyclopropanation to yield the corresponding products 1a-i with 

excellent enantiopurity (e.r. up to 99:1). The attained d.r. values (up to >25:1) indicate that the enzyme has 

good stereocontrol over both carbons of the double bond of the cinnamaldehyde substrate. 4-OT M45V/

F50A did not promote the synthesis of aliphatic cyclopropane 1j and tricarboxylate 1k, indicating that 
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the enzyme has a strong preference for aromatic α,β-unsaturated aldehydes. All enzymatic cyclopropane 

products have the syn configuration with the major enantiomer being 2S,3R for products 1a,d,e,i, 2S,3S for 

1b,c and 2R,3S for 1f,g,h. Notably, products 1a-i have the same geometry and the deviant configuration is 

due to different prioritization of the substituents at the respective chiral center. Formation of the syn product 

is consistent with the stereochemical outcome of other 4-OT catalyzed reactions with cinnamaldehydes, in 

which the nucleophile exclusively attacks from the re-face of the enzyme-bound iminium ion.[5,6] A 4-OT 

M45V/F50A variant in which the Pro-1 residue is replaced by an alanine (P1A/M45V/F50A) has almost 

completely lost its cyclopropanation activity (Figure S36), providing support for a reaction mechanism 

that proceeds via iminium ion formation between the active site Pro-1 residue and the cinnamaldehyde 

substrate.

Table 2. 4-OT M45V/F50A catalyzed enantioselective synthesis of cyclopropanes.

[a] Reaction conditions: diethyl 2-chloromalonate (2 mM, 0.154 mmol), α,β-unsaturated aldehyde (5 mM), and 30 µM 
4-OT M45V/F50A in 10% EtOH (10% MeCN for 1e,i), and 50 mM MES pH 6.2 at 120 rpm, 18 °C, N2 (to avoid 
potential minor aldehyde oxidation; notably, reactions can also be performed aerobically). Reaction time: 12–71 h; 
Estimated conversions by 1H NMR: 20%–>95%; [b] Isolated yields after silica column purification (based on diethyl 
2-chloromalonate); Yields could be further improved by optimization of the extraction and purification procedures. [c] 
Determined by chiral-phase HPLC analysis (Chiralpak® IC/ID) after reduction of the aldehyde to the corresponding 
alcohol. Absolute configurations (2S,3R-1a,d,e,i; 2R,3S-1f,g,h; 2S,3S-1b,c) were assigned by comparison with authentic 
standards.[4a,4b] [d] Determined by 1H NMR (syn/anti).
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Conclusions
In summary, biocatalytic methodologies for the asymmetric synthesis of difficult to prepare cyclopropanes 

have gained increasing interest and attention in the literature in the past number of years. Typically, these 

syntheses depend on repurposed or artificial heme enzymes for the formation of a highly reactive carbenoid 

intermediate starting from ethyl diazoacetate.[10] Furthermore, redesigned FMN-dependent ene-reductases 

have been exploited for asymmetric reductive cyclopropanations.[11] Inspired by developments in the 

organocatalysis field,[4] we here present the engineering of an unusual cofactor-independent biocatalyst for 

the preparation of various enantioenriched cyclopropanes. To this end, we first demonstrated that the active 

site of 4-OT can give rise to synthetically useful promiscuous cyclopropanation activity. We subsequently 

improved this promiscuous activity of 4-OT by data-driven (i.e., mutability-landscape guided) engineering,[8] 

yielding variant M45V/F50A that can efficiently promote the addition of diethyl 2-chloromalonate to α,β-

unsaturated aldehydes, enabling the biocatalytic synthesis of cyclopropanes with excellent stereochemical 

purities (e.r. up to 99:1; d.r. up to >25:1). Remarkably, this simple biotransformation thus generates two 

new carbon-carbon bonds and two new chiral centers with excellent stereocontrol. Given that the reactions 

proceed via a reactive enzyme-bound iminium ion intermediate and that the promiscuous cyclopropanation 

activity of 4-OT can be significantly enhanced by introducing only two amino acid substitutions, it is 

feasible that further optimization of the enzyme's activity and selectivity can be achieved by using a random 

directed evolution approach. We have initiated studies aimed at exploring different electrophiles and 

nucleophiles (with distinct leaving groups), which could lead to the asymmetric enzymatic synthesis of new 

cyclopropanes and related Michael addition products.

The enzyme 4-OT can be easily obtained in large amounts by heterologous expression in E. coli. The 4-OT 

catalyzed reactions proceed in environmentally friendly aqueous buffer rather than in organic solvent or 

two-phase systems, and require lower catalyst loading compared to organocatalytic procedures.[4] Several 

previously reported heme enzymes used for preparation of cyclopropanes suffer from the need to work in an 

oxygen free environment to avoid undesired competitive epoxide formation. However, this limitation has 

been overcome in other heme enzymes by histidine ligation of the heme cofactor, which largely abolishes 

oxo-transfer chemistry, enabling aerobic cyclopropanations at preparative scale.[3h,3i] Although we have used 

an N2 atmosphere to avoid potential minor aldehyde oxidation, the 4-OT catalyzed cyclopropanations can 

also be performed under aerobic conditions, which offers an advantage for preparative scale reactions.

Our results showcase the potential of catalytic promiscuity for the creation of new biocatalysts for non-

natural reactions.[12] The non-native cyclopropanation activity of 4-OT, together with its previously reported 

peroxygenase,[6] Michaelase[5,8,13] and aldolase activities,[14] highlights the versatile catalytic repertoire of this 

promiscuous enzyme for asymmetric carbon-oxygen and carbon-carbon bond-forming reactions.
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Supporting Information
General materials and methods
Commercially available chemicals were purchased from Sigma-Aldrich Chemical Co., Fluorochem Co., 

or TCI Europe N.V. unless stated otherwise. Organic solvents were obtained from Biosolve and Sigma-

Aldrich Chemical Co. Oligonucleotides were purchased from Eurofi ns Scientifi c. Spectrophotometric 

measurements were performed on a V-650 or V-660 spectrophotometer from Jasco. Spectrophotometric 

measurements in a 96-well format were performed on a SPECTROstar Omega plate reader (BMG Labtech). 

HPLC analysis was carried out on a Shimadzu LC-10AT HPLC equipped with a Shimadzu SPD-M20A 

diode array detector. GC-MS analysis was performed on a Shimadzu GC-MS-QP2010 SE. NMR spectra 

were recorded on a Bruker DRX-500 (500 MHz) spectrometer. Chemical shifts (δ) are reported in parts 

per million (ppm) and are referenced to CHCl3 (δ = 7.26 ppm). Th e variant 4-OT P1A/M45V/F50A was 

constructed by QuikChange PCR using primers listed in Table S1.

Synthesis of α,β-unsaturated aldehydes

Th e following α,β-unsaturated aldehydes were prepared according to previously published procedures 

using the Wittig reaction.[1] All other used α,β-unsaturated aldehydes are commercially available. To 

60 mL toluene in a round-bottom fl ask was added 5.4 mmol benzaldehyde derivative. Th en 3.6 mmol 

(triphenylphosphoranylidene)acetaldehyde was added and the reaction mixture was stirred under refl ux at 

78 °C overnight. Th e solvent was evaporated and the product obtained after fl ash purifi cation (5% EtOAc/

petroleum ether). Th e 1H NMR data of the purifi ed products match with earlier reported 1H NMR data.[2,3]

(E)-3-(2-fl uorophenyl)acrylaldehyde. 1H NMR (500 MHz, CDCl3): δ 9.72 (d, J

= 7.7 Hz, 1H), 7.66 (d, J = 16.2 Hz, 1H), 7.62 – 7.56 (m, 1H), 7.46 – 7.39 (m, 

1H), 7.24 – 7.19 (m, 1H), 7.18 – 7.11 (m, 1H), 6.79 (dd, J = 16.1, 7.7 Hz, 1H).

(E)-3-(o-tolyl)acrylaldehyde. 1H NMR (500 MHz, CDCl3): δ 9.73 (d, J = 7.7 

Hz, 1H), 7.78 (d, J = 15.9 Hz, 1H), 7.62 –7.57 (m, 1H), 7.36 –7.31 (m, 1H), 

7.29 –7.23 (m, 2H), 6.68 (dd, J = 15.8, 7.7 Hz, 1H), 2.49 (s, 3H).

(E)-3-(3-chlorophenyl)acrylaldehyde. 1H NMR (500 MHz, CDCl3): δ 9.72 (d, 

J = 7.6 Hz, 1H), 7.58 –7.35 (m, 5H), 6.71 (dd, J = 16.0, 7.6 Hz, 1H).
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Synthesis of reference compounds

Synthesis of racemic and stereochemically pure authentic reference compounds for analysis of enzymatic 

products 1a-i was performed according to previously published procedures.[4] Typically, to a stirred solution 

of 0.15 mmol DL-proline (20 mol%) or 0.15 mmol (S)-2-(diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine 

(20 mol%; for enantioenriched authentic reference compounds of (2R,3S)-1a,d,e,i, (2S,3R)-1f,g,h and 

(2R,3R)-1b,c)[4,5] in 1.0 mL CHCl3 were subsequently added: 0.9 mmol α,β-unsaturated aldehyde (1.2 eq.), 

0.75  mmol trimethylamine (1.0  eq.) and 0.75  mmol diethyl 2-bromomalonate (1.0  eq.). Th e reaction 

mixture was stirred overnight at room temperature. Afterwards, the reaction mixture was concentrated in 

vacuo and the product either purifi ed by silica gel column chromatography (EtOAc/petroleum ether) or 

directly reduced to the corresponding alcohol. Th e aldehyde functionality of compounds 1a-i was reduced 

to the corresponding alcohols 3a-i by adding 1.5 eq. NaBH4 to a stirred solution of 1a-i in EtOH on ice. 

After 10 min the reaction was quenched with ice-cold saturated NH4Cl, extracted with 3 x 2 mL EtOAc, 

washed with brine, dried over anhydrous MgSO4 and concentrated in vacuo. Purifi cation by silica gel 

column chromatography (0.5–2% MeOH/DCM) provided racemic compounds 3a-i, and enantioenriched 

authentic standards (2R,3S)-3a and (2R,3R)-3c. Th e crude enantioenriched authentic standards (2R,3R)-

1b, (2R,3S)-1d,e,i and (2S,3R)-1f,g,h were reduced in situ with NaBH4 to the corresponding alcohols 

(2R,3R)-3b, (2R,3S)-3d,e,i and (2S,3R)-3f,g,h for analysis by chiral-phase HPLC.

diethyl 2-(hydroxymethyl)-3-phenylcyclopropane-1,1-dicarboxylate 3a. 

Th e 1H NMR data of compound 3a match with earlier reported NMR 

data.[6] 1H NMR (500 MHz, CDCl3): δ 7.29 – 7.20 (m, 5H), 4.37 – 4.23 

(m, 2H), 4.03 (dd, J = 12.0, 5.4 Hz, 1H), 3.94 – 3.81 (m, 2H), 3.62 (dd, 

J = 12.0, 8.7 Hz, 1H), 3.18 (d, J = 8.0 Hz, 1H), 2.88 – 2.80 (m, 1H), 

1.87 (brs, 1H), 1.32 (t, J = 7.1 Hz, 3H), 0.90 (t, J = 7.1 Hz, 3H).

diethyl 2-(2-fl uorophenyl)-3-(hydroxymethyl)cyclopropane-1,1-dicarb-

oxylate 3b. 1H NMR (500 MHz, CDCl3): δ 7.25 – 6.98 (m, 4H), 4.36 

– 4.26 (m, 2H), 4.05 (dd, J = 12.1, 5.4 Hz, 1H), 3.95 – 3.89 (m, 2H), 

3.66 – 3.60 (m, 1H), 3.15 (d, J = 8.0 Hz, 1H), 2.84 – 2.77 (m, 1H), 1.91 

(brs, 1H), 1.33 (t, J = 1.3 Hz, 3H), 0.95 (t, J = 1.4 Hz, 3H). 13C NMR 

(126 MHz, CDCl3) δ 168.15, 166.85, 162.37 (d, J = 248.2 Hz), 129.98 

(d, J = 3.2 Hz), 129.30 (d, J = 8.0 Hz), 123.82 (d, J = 3.5 Hz), 121.90 (d, J = 14.2 Hz), 115.30 (d, J = 21.4 
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Hz), 62.25, 61.62, 61.22, 32.18, 29.84, 29.13 (d, J = 3.3 Hz), 14.23, 13.85. HRMS (ESI+): calcd. for 

C16H20O5F [M+H]+: 311.1289, found: 311.1289.

diethyl 2-(2-chlorophenyl)-3-(hydroxymethyl)cyclopropane-1,1-dicarb-

oxylate 3c. 1H NMR (500 MHz, CDCl3): δ 7.36 – 7.17 (m, 4H), 4.39 

– 4.24 (m, 2H), 4.07 (dd, J = 12.1, 5.4 Hz, 1H), 3.96 – 3.85 (m, 2H), 

3.63 (dd, J = 12.1, 8.7 Hz, 1H), 3.22 (d, J = 8.1 Hz, 1H), 2.89 – 2.79 

(m, 1H), 1.96 (brs, 1H), 1.33 (t, J = 7.1 Hz, 3H), 0.93 (t, J = 7.1 Hz, 

3H). 13C NMR (126 MHz, CDCl3): δ 168.03, 166.80, 136.13, 132.57, 

130.00, 129.38, 128.89, 126.49, 62.17, 61.57, 61.19, 41.42, 33.63, 32.63, 14.23, 13.82. HRMS (ESI+): 

calcd. for C16H20O5Cl [M+H]+: 327.0994, found: 327.0994.

diethyl 2-(hydroxymethyl)-3-(o-tolyl)cyclopropane-1,1-dicar-boxylate 

3d. 1H NMR (500 MHz, CDCl3): δ 7.19 – 7.06 (m, 4H), 4.36 – 4.27 

(m, 2H), 4.05 (dd, J = 12.0, 5.4 Hz, 1H), 3.87 – 3.79 (m, 2H), 3.61 (dd, 

J = 12.1, 8.7 Hz, 1H), 3.08 (d, J = 8.0 Hz, 1H), 2.95 – 2.88 (m, 1H), 

2.38 (s, 3H), 1.90 (brs, 1H), 1.33 (t, J = 7.1 Hz, 3H), 0.85 (t, J = 7.1 Hz, 

3H). 13C NMR (126 MHz, CDCl3): δ 168.42, 166.80, 138.83, 132.46, 

129.89, 128.17, 127.69, 125.61, 62.15, 61.40, 41.40, 34.00, 31.97, 19.55, 14.23, 13.75. HRMS (ESI+): 

calcd. for C17H23O5 [M+H]+: 307.1540, found: 307.1537.

diethyl 2-(hydroxymethyl)-3-(2-nitrophenyl)cyclopropane-1,1-dicar-

boxylate 3e. 1H NMR (500 MHz, CDCl3): δ 7.97 (dd, J = 8.2, 1.4 Hz, 

1H), 7.57 – 7.37 (m, 3H), 4.38 – 4.25 (m, 2H), 4.05 (dd, J = 12.1, 5.5 

Hz, 1H), 3.96 – 3.81 (m, 2H), 3.74 (dd, J = 12.1, 8.1 Hz, 1H), 3.64 (d, 

J = 8.2 Hz, 1H), 2.72 – 2.66 (m, 1H), 1.99 (brs, 1H), 1.32 (t, J = 7.1 Hz, 

3H), 0.98 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 167.75, 

166.85, 150.22, 133.09, 131.66, 130.46, 128.77, 124.81, 62.34, 61.95, 60.71, 40.89, 33.41, 33.20, 

14.20, 13.78. HRMS (ESI+): calcd. for C16H20O7N [M+H]+: 338.1234, found: 338.1236.

diethyl 2-(3-chlorophenyl)-3-(hydroxymethyl)cyclopropane-1,1-dicar-

boxylate 3f. 1H NMR (500 MHz, CDCl3): δ 7.25 – 7.10 (m, 4H), 4.36 

– 4.24 (m, 2H), 4.01 (dd, J = 12.1, 5.5 Hz, 1H), 3.96 – 3.89 (m, 2H), 

3.62 (dd, J = 12.1, 8.6 Hz, 1H), 3.13 (d, J = 7.9 Hz, 1H), 2.82 – 2.76 

(m, 1H), 1.77 (brs, 1H), 1.32 (t, J = 7.1 Hz, 3H), 0.96 (t, J = 7.1 Hz, 

3H). 13C NMR (126 MHz, CDCl3): δ 168.07, 166.49, 136.50, 134.18, 

129.58, 129.15, 127.76, 127.08, 62.33, 61.71, 60.92, 42.06, 34.27, 32.29, 14.24, 13.93. HRMS (ESI+): 

calcd. for C16H20O5Cl [M+H]+: 327.0994, found: 327.0993.
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diethyl 2-(4-fl uorophenyl)-3-(hydroxymethyl)cyclopropane-1,1-dicar-

boxylate 3g. Th e 1H NMR data of compound 3g match with earlier 

reported NMR data.[7] 1H NMR (500 MHz, CDCl3): δ 7.22 – 6.93 

(m, 4H), 4.36 – 4.24 (m, 2H), 4.00 (dd, J = 12.0, 5.5 Hz, 1H), 3.94 

– 3.85 (m, 2H), 3.62 (dd, J = 12.0, 8.5 Hz, 1H), 3.13 (d, J = 7.9 Hz, 

1H), 2.82 – 2.76 (m, 1H), 1.85 (s, 1H), 1.31 (t, J = 7.1 Hz, 3H), 0.94 

(t, J = 7.1 Hz, 3H).

diethyl 2-(4-chlorophenyl)-3-(hydroxymethyl)cyclopropane-1,1-di-

carboxylate 3h. 1H  NMR (500  MHz, CDCl3): δ 7.26 – 7.14 (m, 

4H), 4.36 – 4.23 (m, 2H), 4.00 (dd, J = 12.0, 5.5 Hz, 1H), 3.97 – 

3.85 (m, 2H), 3.62 (dd, J = 12.0, 8.5 Hz, 1H), 3.12 (d, J = 8.0 Hz, 

1H), 2.82 – 2.73 (m, 1H), 1.88 (brs, 1H), 1.32 (t, J = 7.1 Hz, 3H), 

0.96 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 168.13, 

166.55, 133.42, 132.90, 130.23, 128.48, 62.29, 61.67, 60.94, 42.11, 34.20, 32.33, 14.23, 13.95. HRMS 

(ESI+): calcd. for C16H20O5Cl [M+H]+: 327.0994, found: 327.0994.

diethyl 2-(hydroxymethyl)-3-(4-nitrophenyl)cyclopropane-1,1-dicar-

boxylate 3i. Th e 1H NMR data of compound 3i match with earlier 

reported NMR data.[7] 1H NMR (500 MHz, CDCl3): δ 8.14 (d, J = 

8.7 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 4.37 – 4.25 (m, 2H), 4.02 (dd, 

J = 12.0, 5.5 Hz, 1H), 3.99 – 3.85 (m, 2H), 3.66 (dd, J = 12.0, 8.3 

Hz, 1H), 3.22 (d, J = 7.9 Hz, 1H), 2.89 – 2.82 (m, 1H), 1.89 (brs, 

1H), 1.33 (t, J = 7.1 Hz, 3H), 0.97 (t, J = 7.1 Hz, 3H).

Synthesis of authentic reference compound 2 in racemic form was performed according to a 

previously published procedure with slight modifi cations.[8] To a stirred solution of 20 mol% racemic 

2-(diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine in 2 mL CHCl3 were added: 1 mmol cinnamaldehyde, 

0.5 mmol diethyl 2-fl uoromalonate, and 0.5 mmol NaOAc. Th e reaction mixture was stirred for 24 h at 

room temperature. Afterwards, the reaction was quenched with brine, extracted with 3 x 2 mL DCM, dried 

over anhydrous MgSO4, and concentrated in vacuo. Flash purifi cation (10% EtOAc/pentane) gave racemic 

compound 2. Before chiral-phase HPLC analysis the aldehyde functionality of 2 was reduced in situ to the 

corresponding alcohol with NaBH4.
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diethyl 2-fl uoro-2-(3-oxo-1-phenylpropyl)malonate 2. Th e 1H  NMR 

data of compound 2 match with earlier reported NMR data.[8] 1H NMR 

(500 MHz, CDCl3): δ 9.63 (d, J = 1.5 Hz, 1H), 7.38 – 7.25 (m, 5H), 

4.41 – 4.29 (m, 3H), 4.08 – 3.96 (m, 2H), 3.08 (ddd, J = 17.7, 10.0, 1.8 

Hz, 1H), 2.92 (ddd, J = 17.7, 3.9, 1.1 Hz, 1H), 1.36 (t, J = 7.1 Hz, 3H), 

1.04 (t, J = 7.1 Hz, 3H).

Expression and purifi cation of 4-oxalocrotonate 
tautomerase
4-Oxalocrotonate tautomerase (4-OT) variants were expressed in E. coli BL21(DE3) harboring a pET20b 

vector with the respective 4-OT gene. Cells were grown overnight at 37 °C in LB medium (1 L) substituted 

with 0.5% glycerol, 100 µg/mL ampicillin and 100 µM IPTG. After the expression of 4-OT, the cells were 

collected and the enzymes were purifi ed to homogeneity according to previously reported methods (Figure 

S1).[9,10] Th e enzymes were fl ash frozen in liquid nitrogen and stored at -20 °C until further use. Protein 

concentrations were determined using the Waddell method.[11]

Figure S1. SDS-PAGE analysis (12% NuPAGE Bis-Tris) of 4-OT M45V/F50A after phenyl sepharose column 
purifi cation. M: PageRulerTM Prestained Protein Ladder; 1–3: Collected fractions containing 4-OT M45V/F50A.
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Library construction and screening
Library construction
DNA libraries of 4-OT were constructed by QuikChange Site-Directed Mutagenesis using the primers 

listed in Table S1. QuikChange PCR primers with NNK degeneracy were used to target specific positions 

in the 4-OT gene in a PCR with Phusion polymerase (New England Biolabs). The PCR product was 

purified using a PCR purification kit (Macherey-Nagel) and treated with DpnI (New England Biolabs). 

After purification of the product with a PCR purification kit, electrocompetent Escherichia coli DH5α 

cells were transformed with the DNA library. Transformants were selected by outgrowth on LB-agar 

plates, supplemented with 100  µg/mL ampicillin. The transformants were collected and plasmid DNA 

was isolated, after which chemical competent E. coli BL21(DE3) cells were transformed with the recovered 

DNA library. Transformed E. coli BL21(DE3) cells were grown overnight on LB-agar plates, supplemented 

with 100 µg/mL ampicillin.

Table S1. Oligonucleotide primers used in this study.

Primer Mutation Sequence
LBI_P001 45NNK/50NNK GATTATCACGGAGNNKGCCAAGGGCCACNNKGGCATCGGCGGCG
LBI_P002 45NNK/50NNK CGCCGCCGATGCCMNNGTGGCCCTTGGCMNNCTCCGTGATAATC

GXU-P1A-F P1A GAAGGAGATATACATATGGCTATTGCCCAGATCCACATC
GXU-P1A-R P1A GATGTGGATCTGGGCAATAGCCATATGTATATCTCCTTC

Cell-free extract preparation and screening
Individual E. coli BL21(DE3) colonies, collectively harboring the 4-OT double-site saturation mutagenesis 

library, were picked from LB-agar plates with sterile toothpicks, and used to inoculate 1.2 mL LB medium 

supplemented with 0.2% lactose and 100 µg/mL ampicillin in 96-deep well plates. The plates were sealed 

with sterile gas-permeable seals (Breathe-Easy®, Diversified Biotech) and incubated overnight at 37  °C 

with shaking at 200 rpm. After overnight growth, a glycerol stock was prepared by adding 60 µL 50% 

glycerol to 60 µL overnight culture and the glycerol stock was stored for later use at -80 °C. The remaining 

cells were collected by centrifugation, the supernatant discarded, and the cells lysed by adding 100  µL 

BugBuster® (Novagen) supplemented with 0.5 µL/mL benzonase (Novagen). After incubation for 15 min 

with shaking at 600 rpm, the cell-free extract (CFE) was obtained by clearing the lysate by centrifugation. 

40  µL of the CFE were transferred into 96-well plates (UV-star µClear®, Greiner Bio-One), and the 

reaction was initiated by adding 60 µL of a stock solution of the reaction mixture. The final reaction mixture 

contained the following: 40% CFE, 0.25 mM cinnamaldehyde, 1.5 mM diethyl 2-chloromalonate, and 

5% EtOH in 20 mM HEPES pH 7, 100 mM NaCl (100 µL final volume). The depletion in absorbance at 

290 nm, corresponding to the consumption of cinnamaldehyde, was followed using a 96-well plate reader 
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(SPECTROstar Omega, BMG LABTECH). Variants with the highest activity were recovered from the 

glycerol stock, the plasmid DNA was isolated and the 4-OT gene sequenced.

Enzyme activity assay
The activity of purified wild-type 4-OT and different 4-OT variants for the addition of diethyl 

2-chloromalonate to cinnamaldehyde was measured at room temperature in a spectrophotometric assay by 

following the depletion of absorbance of cinnamaldehyde at 290 nm. The final reaction mixture consisted 

of 1 mM cinnamaldehyde, 5 mM diethyl 2-chloromalonate, 10% EtOH, and 0.1 mg/mL 4-OT variant 

in a final volume of 1.5 mL 50 mM HEPES pH 6.5. For the spectrophotometric measurements, 300 µL 

of the reaction mixture were transferred in a quartz cuvette (1 mm light path length). The initial rates 

were determined and used to calculate the enzyme activity (U) per mg of protein (1 U was defined as the 

amount of enzyme that catalyzes the conversion of 1 µmol of cinnamaldehyde per minute; molar extinction 

coefficient of cinnamaldehyde = 23,600 M-1 cm-1).

Screening of diethyl 2-halomalonates with 4-OT M45V/
F50A
Analytical scale reactions were performed on 1  mL scale with 1  mM cinnamaldehyde, 5  mM diethyl 

2-fluoromalonate, 5 mM diethyl 2-chloromalonate or 5 mM diethyl 2-bromomalonate, and 15 µM 4-OT 

M45V/F50A in 50 mM MES pH 6.2. After initiating the reaction, 300 µL reaction mixture were transferred 

in a UV-vis cuvette, and the depletion of cinnamaldehyde was followed in a spectrophotometric assay by 

measuring the absorbance at 290 nm in timely intervals. After 5 h, 500 µL of the reaction mixture was buffer 

exchanged against 50 mM MES buffer pH 6.2 by ultrafiltration (Vivaspin 2, 5000 MWCO, Sartorius). 

A sample of the protein solution was analyzed by ESI-MS (ESI+). The remaining reaction mixture was 

extracted with 300 µL EtOAc after 18 h, and analyzed by GC-MS. Each analytical scale reaction was also 

performed, under otherwise identical conditions, without the addition of 4-OT M45V/F50A.
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Figure S2. UV-vis analysis of reactions with 1 mM cinnamaldehyde and 5 mM diethyl 2-fl uoromalonate, 5 mM diethyl 
2-chloromalonate, or 5 mM diethyl 2-bromomalonate, and 15 µM 4-OT M45V/F50A in 50 mM MES pH 6.2 (top). 
Zoom-in of the reaction progress curve with 15 µM 4-OT M45V/F50A or without enzyme, 1 mM cinnamaldehyde, and 
5 mM diethyl 2-bromomalonate (bottom).
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Figure S3. ESI-MS analysis of 4-OT M45V/F50A after incubation for 5 h with 1 mM cinnamaldehyde and 5 mM 
diethyl 2-fluoromalonate, 5 mM diethyl 2-chloromalonate, or 5 mM diethyl 2-bromomalonate in 50 mM MES pH 6.2.
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Peptide labelling studies of 4-OT M45V/F50A and 
diethyl 2-halomalonates
For peptide labelling studies, 0.5  mg/mL 4-OT M45V/F50A was incubated without any additive, or 

with 5 mM diethyl 2-fl uoromalonate, diethyl 2-chloromalonate, or diethyl 2-bromomalonate in 50 mM 

MES pH 6.2 and 10% ethanol at room temperature for 1 h. Afterwards, the buff er was exchanged by 

ultrafi ltration (Vivaspin 2, 5000 MWCO, Sartorius) against 50 mM MES pH 6.2. An aliquot of each 

protein sample was digested with endoproteinase Glu-C and the peptide fragments analyzed by LC-MS/

MS following a similar procedure as previously reported.[3]

Table S2. Peptide mapping data of untreated 4-OT M45V/F50A digested with endoproteinase Glu-C.
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Table S3. Peptide mapping data of 4-OT M45V/F50A incubated with 5 mM diethyl 2-bromomalonate and digested 
with endoproteinase Glu-C.
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Table S4. Peptide mapping data of 4-OT M45V/F50A incubated with 5 mM diethyl 2-fl uoromalonate and digested 
with endoproteinase Glu-C.
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Table S5. Peptide mapping data of 4-OT M45V/F50A incubated with 5 mM diethyl 2-chloromalonate and digested 
with endoproteinase Glu-C.
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Proposed mechanism for the alkylation of Pro-1

Scheme S1. Proposed mechanism for the irreversible inhibition of 4-OT by diethyl 2-bromomalonate, leading to 
covalent modifi cation of Pro-1.

Semi-preparative scale enzymatic synthesis of 1a-i
Diethyl (2S,3S)-2-formyl-3-phenylcyclopropane-1,1-
dicarboxylate 1a

A 100  mL fl at-bottom fl ask was charged with 2  mM diethyl 

2-chloromalonate (30  mg) and 5  mM cinnamaldehyde (50.9  mg) in 

7.7 mL EtOH. Th e volume of the reaction was adjusted with 50 mM 

MES buff er pH  6.2 (fi nal volume: 77.1  mL), before the reaction was 

started by the addition of 30  µM 4-OT M45V/F50A. Th e reaction 

mixture was kept on an orbital shaker at 120  rpm and 18  °C under 

nitrogen atmosphere. After 12 h, the reaction mixture was extracted with 3 x 20 mL EtOAc, the organic 

phase was washed with 20 mL brine, dried over anhydrous MgSO4 and concentrated in vacuo. Purifi cation 

by silica gel column chromatography (15% EtOAc/n-hexane) provided compound 1a (20.4  mg, 46% 

yield). Th e 1H NMR spectroscopic data of 1a are in agreement with previously published NMR data.[4,6]

1H NMR (500 MHz, CDCl3): δ 9.46 (d, J = 4.7 Hz, 1H), 7.31 – 7.22 (m, 5H), 4.36 – 4.22 (m, 2H), 3.93 

(qd, J = 7.2, 3.2 Hz, 2H), 3.83 (d, J = 7.5 Hz, 1H), 3.38 (dd, J = 7.5, 4.8 Hz, 1H), 1.30 (t, J = 7.1 Hz, 3H), 

0.93 (t, J = 7.1 Hz, 3H). After reducing the aldehyde functionality to the corresponding alcohol 3a in situ 

with NaBH4, the enantiomeric ratio was determined by chiral-phase HPLC on a Chiralpak® IC column 

(150 mm x 4.6 mm Daicel, 0.5 mL min-1, 15:85 isopropanol/heptane, 30 °C). UV detection at 220 nm, tR: 

(2S,3R)-3a = 12.7  min and (2R,3S)-3a = 16.9  min, resulted in the following enantiomeric ratios 

(2S,3R:2R,3S): racemic 3a = 50:50, enantioenriched authentic standard 3a = 2:98 and 4-OT M45V/F50A 

3a =97:3. Th e absolute confi guration of 1a after reduction to 3a was assigned by comparison of the elution 

order on the chiral-phase HPLC with the chemically synthesized authentic standard (2R,3S)-3a.[4,5]
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Figure S4. 1H NMR spectrum of enzymatic product 1a.

Figure S5. Chiral-phase HPLC analysis of racemic product 1a after reduction to 3a.
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Figure S6. Chiral-phase HPLC analysis of enantioenriched authentic standard 1a after reduction to 3a.

Figure S7. Chiral-phase HPLC analysis of enzymatically obtained product 1a after reduction to 3a.
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Diethyl (2S,3S)-2-(2-fl uorophenyl)-3-formylcyclopropane-
1,1-dicarboxylate 1b

A 100  mL fl at-bottom fl ask was charged with 2  mM diethyl 

2-chloromalonate (30  mg) and 5  mM (E)-3-(2-fl uorophenyl)

acrylaldehyde (57.8 mg) in 7.7 mL EtOH. Th e volume of the reaction 

was adjusted with 50 mM MES buff er pH 6.2 (fi nal volume: 77.1 mL), 

before the reaction was started by the addition of 30 µM 4-OT M45V/

F50A. Th e reaction mixture was kept on an orbital shaker at 120 rpm and 

18 °C under nitrogen atmosphere. After 18 h, the reaction mixture was extracted with 3 x 20 mL EtOAc, 

the organic phase was washed with 30 mL brine, dried over anhydrous MgSO4 and concentrated in vacuo. 

Purifi cation by silica gel column chromatography (15% EtOAc/n-hexane) provided compound 1b

(32.6 mg, 69% yield). 1H NMR (500 MHz, CDCl3): δ 9.49 (d, J = 4.5 Hz, 1H), 7.29 – 7.24 (m, 1H), 7.14 

– 7.01 (m, 3H), 4.36 – 4.22 (m, 2H), 3.97 (q, J = 7.1 Hz, 2H), 3.80 (d, J = 7.6 Hz, 1H), 3.35 (dd, J = 7.6, 

4.5 Hz, 1H), 1.30 (t, J = 7.1 Hz, 3H), 0.97 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 195.98, 

165.86, 164.89, 162.12 (d, J = 248.6 Hz), 129.95 (d, J = 8.0 Hz), 129.71 (d, J = 2.9 Hz), 124.04 (d, J = 

3.8 Hz), 120.03 (d, J = 14.3 Hz), 115.54 (d, J = 21.1 Hz), 62.62, 62.24, 44.03, 37.88 (d, J = 0.8 Hz), 29.92 

(d, J = 3.6 Hz), 14.12, 13.79. HRMS (ESI+): calcd. for C16H18FO5 [M+H]+: 309.1133, found: 309.1133. 

After reducing the aldehyde functionality to the corresponding alcohol 3b in situ with NaBH4, the 

enantiomeric ratio was determined by chiral-phase HPLC on a Chiralpak® IC column (150 mm x 4.6 mm 

Daicel, 0.5  mL  min-1, 15:85 isopropanol/heptane, 30  °C). UV detection at 220  nm, tR: (2S,3S)-3b = 

13.1 min and (2R,3R)-3b = 17.2 min, resulted in the following enantiomeric ratios (2S,3S:2R,3R): racemic 

3b = 50:50 and 4-OT M45V/F50A 3b = 97:3. Th e absolute confi guration of 1b after reduction to 3b was 

assigned by comparison of the elution order on the chiral-phase HPLC with chemically synthesized 

(2R,3R)-3b.[4,5]
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Figure S8. 1H NMR spectrum of enzymatic product 1b.

Figure S9. 13C NMR spectrum of enzymatic product 1b.
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Figure S10. Chiral-phase HPLC analysis of racemic product 1b after reduction to 3b.

Figure S11. Chiral-phase HPLC analysis of enzymatically obtained product 1b after reduction to 3b.



Biocatalytic Asymmetric Cyclopropanations

2

59   

Diethyl (2S,3S)-2-(2-chlorophenyl)-3-formylcyclopropane-
1,1-dicarboxylate 1c

A 100  mL fl at-bottom fl ask was charged with 2  mM diethyl 

2-chloromalonate (30  mg) and 5  mM (E)-3-(2-chlorophenyl)

acrylaldehyde (64.2 mg) in 7.7 mL EtOH. Th e volume of the reaction was 

adjusted with 50 mM MES buff er pH 6.2 (fi nal volume: 77.1 mL) before 

the reaction was started by the addition of 30 µM 4-OT M45V/F50A. 

Th e reaction mixture was kept on an orbital shaker at 120 rpm and 18 °C 

under nitrogen atmosphere. After 45 h, the reaction mixture was extracted with 3 x 20 mL EtOAc, the 

organic phase was washed with 20 mL brine, dried over anhydrous MgSO4 and concentrated in vacuo. 

Purifi cation by silica gel column chromatography (15% EtOAc/petroleum ether) provided compound 1c

(27.5 mg, 55% yield). 1H NMR (500 MHz, CDCl3): δ 9.48 (d, J = 4.7 Hz, 1H), 7.40 – 7.36 (m, 1H), 7.26 

– 7.13 (m, 3H), 4.37 – 4.25 (m, 2H), 3.97 (q, J = 7.1 Hz, 2H), 3.88 (d, J = 7.7 Hz, 1H), 3.37 (dd, J = 7.7, 

4.7 Hz, 1H), 1.31 (t, J = 7.1 Hz, 3H), 0.96 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 195.97, 

165.82, 164.87, 136.03, 130.71, 129.73, 129.64, 129.51, 126.71, 62.58, 62.24, 44.09, 38.51, 34.25, 

14.16, 13.80. HRMS (ESI+): calcd. for C16H18ClO5 [M+H]+: 325.0837, found: 325.0837. After reducing 

the aldehyde functionality to the corresponding alcohol 3c in situ with NaBH4, the enantiomeric ratio was 

determined by chiral-phase HPLC on a Chiralpak® IC column (150 mm x 4.6 mm Daicel, 0.5 mL min-1, 

15:85 isopropanol/heptane, 30 °C). UV detection at 220 nm, tR: (2S,3S)-3c = 13.6 min and (2R,3R)-3c = 

22.3 min, resulted in the following enantiomeric ratios (2S,3S:2R,3R): racemic 3c = 50:50, enantioenriched 

authentic standard 3c = 1:99 and 4-OT M45V/F50A 3c = 99:1. Th e absolute confi guration of 1c after 

reduction to 3c was assigned by comparison of the elution order on the chiral-phase HPLC with the 

chemically synthesized authentic standard (2R,3R)-3c.[4,5]
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Figure S12. 1H NMR spectrum of enzymatic product 1c.

Figure S13. 13C NMR spectrum of enzymatic product 1c.
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Figure S14. Chiral-phase HPLC analysis of racemic product 1c after reduction to 3c.

 

Figure S15. Chiral-phase HPLC analysis of enantioenriched authentic standard 1c after reduction to 3c.
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Figure S16. Chiral-phase HPLC analysis of enzymatically obtained product 1c after reduction to 3c.
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Diethyl (2S,3R)-2-formyl-3-(o-tolyl)cyclopropane-1,1-
dicarboxylate 1d

A 100  mL fl at-bottom fl ask was charged with 2  mM diethyl 

2-chloromalonate (30  mg) and 5  mM (E)-3-(o-tolyl)acrylaldehyde 

(56.3 mg) in 7.7 mL EtOH. Th e volume of the reaction was adjusted with 

50 mM MES buff er pH 6.2 (fi nal volume: 77.1 mL) before the reaction 

was started by the addition of 30 µM 4-OT M45V/F50A. Th e reaction 

mixture was kept on an orbital shaker at 120  rpm and 18  °C under 

nitrogen atmosphere. After 29 h, the reaction mixture was extracted with 3 x 20 mL EtOAc, the organic 

phase was washed with 20 mL brine, dried over anhydrous MgSO4 and concentrated in vacuo. Purifi cation 

by silica gel column chromatography (10% EtOAc/petroleum ether) provided compound 1d (26.9 mg, 

57% yield). 1H NMR (500 MHz, CDCl3): δ 9.48 (d, J = 4.7 Hz, 1H), 7.21 – 7.05 (m, 4H), 4.36 – 4.25 

(m, 2H), 3.89 (q, J = 6.8 Hz, 2H), 3.74 (d, J = 7.6 Hz, 1H), 3.47 (dd, J = 7.6, 4.7 Hz, 1H), 2.42 (s, 3H), 

1.31 (t, J = 7.1 Hz, 3H), 0.88 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 196.33, 166.22, 

164.84, 138.80, 130.49, 130.18, 128.26, 127.93, 125.80, 62.55, 62.06, 44.28, 37.95, 34.78, 19.55, 

14.15, 13.72. HRMS (ESI+): calcd. for C17H21O5 [M+H]+: 305.1384, found: 305.1384. After reducing 

the aldehyde functionality to the corresponding alcohol 3d in situ with NaBH4, the enantiomeric ratio was 

determined by chiral-phase HPLC on a Chiralpak® IC column (150 mm x 4.6 mm Daicel, 0.5 mL min-1, 

15:85 isopropanol/heptane, 30 °C). UV detection at 220 nm, tR: (2S,3R)-3d = 11.8 min and (2R,3S)-3d = 

20.3  min, resulted in the following enantiomeric ratios (2S,3R:2R,3S): racemic 3d = 49:51 and 4-OT 

M45V/F50A 3d = 99:1. Th e absolute confi guration of 1d after reduction to 3d was assigned by comparison 

of the elution order on the chiral-phase HPLC with chemically synthesized (2R,3S)-3d.[4,5]



Chapter 2

64

Figure S17. 1H NMR spectrum of enzymatic product 1d.

Figure S18. 13C NMR spectrum of enzymatic product 1d.



Biocatalytic Asymmetric Cyclopropanations

2

65   

 

Figure S19. Chiral-phase HPLC analysis of racemic product 1d after reduction to 3d.

 

Figure S20. Chiral-phase HPLC analysis of enzymatically obtained product 1d after reduction to 3d.
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Diethyl (2S,3R)-2-formyl-3-(2-nitrophenyl)cyclopropane-1,1-
dicarboxylate 1e

A 100  mL fl at-bottom fl ask was charged with 2  mM diethyl 

2-chloromalonate (30 mg) and 5 mM (E)-3-(2-nitrophenyl)acrylaldehyde 

(68.2 mg) in 7.7 mL MeCN. Th e volume of the reaction was adjusted 

with 50  mM MES buff er pH  6.2 (fi nal volume: 77.1  mL) before the 

reaction was started by the addition of 30 µM 4-OT M45V/F50A. Th e 

reaction mixture was kept on an orbital shaker at 120  rpm and 18  °C 

under nitrogen atmosphere. After 71 h, the reaction mixture was extracted with 3 x 20 mL EtOAc, the 

organic phase was washed with 20 mL brine, dried over anhydrous MgSO4 and concentrated in vacuo. 

Purifi cation by silica gel column chromatography (25% EtOAc/n-hexane) provided compound 1e

(10.0 mg, 19% yield). Th e 1H NMR spectroscopic data of 1e are in agreement with previously published 

NMR data.[12] 1H NMR (500 MHz, CDCl3): δ 9.53 (d, J = 4.8 Hz, 1H), 8.07 (dd, J = 8.2, 1.3 Hz, 1H), 

7.59 (td, J = 7.6, 1.4 Hz, 1H), 7.50 (t, J = 7.4 Hz, 1H), 7.36 (d, J = 7.7 Hz, 1H), 4.39 – 4.24 (m, 3H), 

4.00 – 3.85 (m, 2H), 3.22 (dd, J = 7.8, 4.8 Hz, 1H), 1.31 (t, J = 7.2 Hz, 3H), 0.99 (t, J = 7.1 Hz, 3H). 

After reducing the aldehyde functionality to the corresponding alcohol 3e in situ with NaBH4, the 

enantiomeric ratio was determined by chiral-phase HPLC on a Chiralpak® IC column (150 mm x 4.6 mm 

Daicel, 0.5  mL  min-1, 15:85 isopropanol/heptane, 30  °C). UV detection at 220  nm, tR: (2S,3R)-3e = 

26.6 min and (2R,3S)-3e = 34.1 min, resulted in the following enantiomeric ratios (2S,3R:2R,3S): racemic 

3e = 50:50 and 4-OT M45V/F50A 3e = 84:16. Th e absolute confi guration of 1e after reduction to 3e was 

assigned by comparison of the elution order on the chiral-phase HPLC with chemically synthesized (2R,3S)-

3e.[4,5]
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Figure S21. 1H NMR spectrum of enzymatic product 1e.

Figure S22. Chiral-phase HPLC analysis of racemic product 1e after reduction to 3e.
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Figure S23. Chiral-phase HPLC analysis of enzymatically obtained product 1e after reduction to 3e.
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Diethyl (2R,3S)-2-(3-chlorophenyl)-3-formylcyclopropane-
1,1-dicarboxylate 1f

A 100 mL fl at-bottom fl ask was charged with 2 mM diethyl 2-chloromalonate 

(30 mg) and 5 mM (E)-3-(3-chlorophenyl)acrylaldehyde (64.2 mg) in 7.7 mL 

EtOH. Th e volume of the reaction was adjusted with 50 mM MES buff er 

pH 6.2 (fi nal volume: 77.1 mL) before the reaction was started by the addition 

of 30 µM 4-OT M45V/F50A. Th e reaction mixture was kept on an orbital 

shaker at 120  rpm and 18  °C under nitrogen atmosphere. After 48  h, the 

reaction mixture was extracted with 3 x 20 mL EtOAc, the organic phase was washed with 20 mL brine, 

dried over anhydrous MgSO4 and concentrated in vacuo. Purifi cation by silica gel column chromatography 

(15% EtOAc/n-pentane) provided compound 1f (9.9 mg, 20% yield). Th e 1H NMR spectroscopic data of 

1f are in agreement with previously published NMR data.[6] 1H NMR (500 MHz, CDCl3): δ 9.48 (d, J = 

4.4 Hz, 1H), 7.27 – 7.21 (m, 3H), 7.14 – 7.11 (m, 1H), 4.36 – 4.22 (m, 2H), 3.98 (q, J = 7.1 Hz, 2H), 

3.78 (d, J = 7.5 Hz, 1H), 3.35 (dd, J = 7.4, 4.4 Hz, 1H), 1.30 (t, J = 7.2 Hz, 3H), 0.99 (t, J = 7.1 Hz, 3H). 

After reducing the aldehyde functionality to the corresponding alcohol 3f in situ with NaBH4, the 

enantiomeric ratio was determined by chiral-phase HPLC on a Chiralpak® IC column (150 mm x 4.6 mm 

Daicel, 0.5  mL  min-1, 15:85 isopropanol/heptane, 30  °C). UV detection at 220  nm, tR: (2R,3S)-3f = 

10.4 min and (2S,3R)-3f = 12.5 min, resulted in the following enantiomeric ratios (2R,3S:2S,3R): racemic 

3f = 51:49 and 4-OT M45V/F50A 3f =95:5. Th e absolute confi guration of 1f after reduction to 3f was 

assigned by comparison of the elution order on the chiral-phase HPLC with chemically synthesized (2S,3R)-

3f.[4,5]
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Figure S24. 1H NMR spectrum of enzymatic product 1f.

Figure S25. Chiral-phase HPLC analysis of racemic product 1f after reduction to 3f.
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Figure S26. Chiral-phase HPLC analysis of enzymatically obtained product 1f after reduction to 3f.
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Diethyl (2R,3S)-2-(4-fluorophenyl)-3-formylcyclopropane-
1,1-dicarboxylate 1g

A 100  mL flat-bottom flask was charged with 2  mM diethyl 

2-chloromalonate (30  mg) and 5  mM (E)-3-(4-fluorophenyl)

acrylaldehyde (57.8 mg) in 7.7 mL EtOH. The volume of the reaction 

was adjusted with 50 mM MES buffer pH 6.2 (final volume: 77.1 mL) 

before the reaction was started by the addition of 30 µM 4-OT M45V/

F50A. The reaction mixture was kept on an orbital shaker at 120 rpm and 

18 °C under nitrogen atmosphere. After 12 h, the reaction mixture was extracted with 3 x 20 mL EtOAc, 

the organic phase was washed with 20 mL brine, dried over anhydrous MgSO4 and concentrated in vacuo. 

Purification by silica gel column chromatography (15% EtOAc/n-hexane) provided compound 1g 

(13.6 mg, 29% yield). The 1H NMR spectroscopic data of 1g are in agreement with previously published 

NMR data.[12] 1H NMR (500 MHz, CDCl3): δ 9.45 (d, J = 4.6 Hz, 1H), 7.24 – 7.19 (m, 2H), 7.01 – 6.96 

(m, 2H), 4.36 – 4.21 (m, 2H), 4.01 – 3.90 (m, 2H), 3.78 (d, J = 7.5 Hz, 1H), 3.34 (dd, J = 7.5, 4.6 Hz, 

1H), 1.30 (t, J = 7.1 Hz, 3H), 0.98 (t, J = 7.1 Hz, 3H). After reducing the aldehyde functionality to the 

corresponding alcohol 3g in situ with NaBH4, the enantiomeric ratio was determined by chiral-phase 

HPLC on a Chiralpak® IC column (150 mm x 4.6 mm Daicel, 0.5 mL min-1, 15:85 isopropanol/heptane, 

30 °C). UV detection at 220 nm, tR: (2R,3S)-3g = 10.2 min and (2S,3R)-3g = 12.2 min, resulted in the 

following enantiomeric ratios (2R,3S:2S,3R): racemic 3g = 47:53 and 4-OT M45V/F50A 3g =95:5. The 

absolute configuration of 1g after reduction to 3g was assigned by comparison of the elution order on the 

chiral-phase HPLC with chemically synthesized (2S,3R)-3g.[4,5]
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Figure S27. 1H NMR spectrum of enzymatic product 1g.

Figure S28. Chiral-phase HPLC analysis of racemic product 1g after reduction to 3g.
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Figure S29. Chiral-phase HPLC analysis of enzymatically obtained product 1g after reduction to 3g.
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Diethyl (2R,3S)-2-(4-chlorophenyl)-3-formylcyclopropane-
1,1-dicarbo-xylate 1h

A 100  mL fl at-bottom fl ask was charged with 2  mM diethyl 

2-chloromalonate (30  mg) and 5  mM (E)-3-(4-chlorophenyl)

acrylaldehyde (64.2 mg) in 7.7 mL EtOH. Th e volume of the reaction 

was adjusted with 50 mM MES buff er pH 6.2 (fi nal volume: 77.1 mL) 

before the reaction was started by the addition of 30  µM 4-OT 

M45V/F50A. Th e reaction mixture was kept on an orbital shaker at 

120 rpm and 18 °C under nitrogen atmosphere. After 63 h, the reaction mixture was extracted with 3 x 

20  mL EtOAc, the organic phase was washed with 20  mL brine, dried over anhydrous MgSO4 and 

concentrated in vacuo. Purifi cation by silica gel column chromatography (15% EtOAc/n-hexane) provided 

compound 1h (9.7 mg, 19% yield). Th e 1H NMR spectroscopic data of 1h are in agreement with previously 

published NMR data.[12] 1H NMR (500 MHz, CDCl3): δ 9.46 (d, J = 4.6 Hz, 1H), 7.29 – 7.25 (m, 2H), 

7.19 – 7.16 (m, 2H), 4.35 – 4.21 (m, 2H), 4.01 – 3.90 (m, 2H), 3.76 (d, J = 7.5 Hz, 1H), 3.34 (dd, J = 

7.4, 4.6 Hz, 1H), 1.29 (t, J = 7.1 Hz, 3H), 0.99 (t, J = 7.1 Hz, 3H). After reducing the aldehyde functionality 

to the corresponding alcohol 3h in situ with NaBH4, the enantiomeric ratio was determined by chiral-phase 

HPLC on a Chiralpak® IC column (150 mm x 4.6 mm Daicel, 0.5 mL min-1, 5:95 isopropanol/heptane, 

30 °C). UV detection at 220 nm, tR: (2R,3S)-3h = 29.3 min and (2S,3R)-3h = 33.9 min, resulted in the 

following enantiomeric ratios (2R,3S:2S,3R): racemic 3h = 50:50 and 4-OT M45V/F50A 3h =94:6. Th e 

absolute confi guration of 1h after reduction to 3h was assigned by comparison of the elution order on the 

chiral-phase HPLC with chemically synthesized (2S,3R)-3h.[4,5]
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Figure S30. 1H NMR spectrum of enzymatic product 1h.

Figure S31. Chiral-phase HPLC analysis of racemic product 1h after reduction to 3h.
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Figure S32. Chiral-phase HPLC analysis of enzymatically obtained product 1h after reduction to 3h.
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Diethyl (2S,3R)-2-formyl-3-(4-nitrophenyl)cyclopropane-1,1-
dicarboxylate 1i

A 100  mL fl at-bottom fl ask was charged with 2  mM diethyl 

2-chloromalonate (30  mg) and 5  mM (E)-3-(4-nitrophenyl)

acrylaldehyde (68.2  mg) in 7.7  mL MeCN. Th e volume of the 

reaction was adjusted with 50  mM MES buff er pH  6.2 (fi nal 

volume: 77.1 mL) before the reaction was started by the addition of 

30 µM 4-OT M45V/F50A. Th e reaction mixture was kept on an 

orbital shaker at 120  rpm and 18  °C under nitrogen atmosphere. After 50 h, the reaction mixture was 

extracted with 3 x 20 mL EtOAc, the organic phase was washed with 20 mL brine, dried over anhydrous 

MgSO4 and concentrated in vacuo. Purifi cation by silica gel column chromatography (25% EtOAc/

petroleum ether) provided compound 1i (8.6 mg, 17% yield). Th e 1H NMR spectroscopic data of 1i are in 

agreement with previously published NMR data.[4] 1H NMR (500 MHz, CDCl3): δ 9.54 (d, J = 4.0 Hz, 

1H), 8.18 (d, J = 8.6 Hz, 2H), 7.44 (d, J = 8.2 Hz, 2H), 4.37 – 4.23 (m, 2H), 4.05 – 3.91 (m, 2H), 3.85 

(d, J = 7.5 Hz, 1H), 3.44 (dd, J = 7.5, 4.1 Hz, 1H), 1.31 (t, J = 7.1 Hz, 3H), 1.01 (t, J = 7.1 Hz, 3H). After 

reducing the aldehyde functionality to the corresponding alcohol 3i in situ with NaBH4, the enantiomeric 

ratio was determined by chiral-phase HPLC on a Chiralpak® ID column (150 mm x 4.6 mm Daicel, 

0.5 mL min-1, 15:85 isopropanol/heptane, 30 °C). UV detection at 220 nm, tR: (2S,3R)-3i = 19.3 min and 

(2R,3S)-3i = 25.0 min, resulted in the following enantiomeric ratios (2S,3R:2R,3S): racemic 3i = 50:50 and 

4-OT M45V/F50A 3i = 74:26. Th e absolute confi guration of 1i after reduction to 3i was assigned by 

comparison of the elution order on the chiral-phase HPLC with chemically synthesized (2R,3S)-3i.[4,5]
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Figure S33. 1H NMR spectrum of enzymatic product 3i.

Figure S34. Chiral-phase HPLC analysis of racemic product 1i after reduction to 3i.
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Figure S35. Chiral-phase HPLC analysis of enzymatically obtained product 1i after reduction to 3i.
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Spectrophotometric analysis of 4-OT P1A/M45V/
F50A
The cyclopropanation activity of the variant 4-OT P1A/M45V/F50A was assessed according to the 

experimental conditions described above for other 4-OT variants and compared to the activity of 4-OT 

M45V/F50A (Figure S36). The finale reaction mixture consisted of the following: 0.1 mg/ml 4-OT, 1 mM 

cinnamaldehyde and 5  mM diethyl 2-chloromalonate in 50  mM HEPES, pH  6.5 with 10% EtOH. 

Reaction progress was measured by following the depletion of absorbance at 290 nm.

Figure S36. Spectrophotometric analysis of 4-OT M45V/F50A and 4-OT P1A/M45V/F50A catalyzed cyclopropanation 
reactions with 1 mM cinnamaldehyde and 5 mM diethyl 2-chloromalonate.
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Abstract
Class I aldolases catalyze asymmetric aldol addition reactions and have found extensive application in 

the biocatalytic synthesis of chiral β-hydroxy-carbonyl compounds. However, the usefulness of these 

powerful enzymes for application in other C-C bond-forming reactions remains thus far unexplored. 

The redesign of class I aldolases to expand their catalytic repertoire to include non-native carboligation 

reactions therefore continues to be a major challenge. Here we report the successful redesign of 2-deoxy-D-

ribose-5-phosphate aldolase (DERA) from Escherichia coli, an archetypical class I aldolase, to proficiently 

catalyze enantioselective Michael additions of nitromethane to α,β-unsaturated aldehydes to yield various 

pharmaceutically relevant chiral synthons. After eleven rounds of directed evolution, the redesigned DERA 

enzyme (DERA-MA) carried 12 amino acid substitutions and had an impressive 190-fold enhancement 

in catalytic activity compared to the wild-type enzyme. The high catalytic efficiency of DERA-MA for 

this abiological reaction makes it a proficient ‘Michaelase’ with potential for biocatalytic application. 

Crystallographic analysis provides a structural context for the evolved activity. Whereas an aldolase acts 

naturally by activating the enzyme-bound substrate as a nucleophile (enamine-based mechanism), DERA-

MA instead acts by activating the enzyme-bound substrate as an electrophile (iminium-based mechanism). 

This work demonstrates the power of directed evolution to expand the reaction scope of natural aldolases 

to include asymmetric Michael addition reactions and presents opportunities to explore iminium catalysis 

with DERA-derived catalysts inspired by developments in the organocatalysis field.
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Introduction
Aldolases have evolved as powerful enzymatic tools in nature to reversibly catalyze aldol reactions, which 

provide an efficient synthetic strategy for asymmetric carbon-carbon bond assembly.1,2 The aldol reaction 

usually utilizes an enolizable aldehyde or ketone as the nucleophilic donor substrate (aldol donor), which 

reacts with a second aldehyde or ketone acting as the electrophilic acceptor (aldol acceptor). Convergent 

evolution produced two mechanistically distinct aldolase classes,3 each having a triosephosphate isomerase 

(TIM) barrel fold containing the active site. Class I aldolases utilize the ε-amino group of a highly conserved 

lysine to activate the aldol donor through the covalent formation of a Schiff base, followed by generating 

a highly nucleophilic enamine species. Instead, in class II aldolases a metal ion cofactor (typically Zn2+) 

acts as a Lewis acid and activates the aldol donor via coordination to the carbonyl group, facilitating 

deprotonation and enolate formation.2 Found in eukaryotes, bacteria, and archaea, aldolases facilitate the 

reversible formation or cleavage of various carbohydrates, amino acids and keto acids in essential metabolic 

pathways.1,3

The archetypical class I aldolase DERA (2-deoxy-D-ribose-5-phosphate aldolase) catalyzes the reversible 

aldol addition between acetaldehyde (aldol donor) and D-glyceraldehyde-3-phosphate (aldol acceptor) to 

yield 2-deoxy-D-ribose-5-phosphate (Scheme 1a). In this reaction, Lys-167 acts as the conserved Schiff base-

forming residue in the active site of DERA.4 Although DERA accepts several small aldehydes and ketones 

such as propionaldehyde, acetone, and fluoroacetone as aldol donors,5,6 the enzyme’s limited nucleophile 

scope restricts its broader application.7 In addition, DERA’s catalytic efficiency for non-phosphorylated 

aldol acceptors is severely reduced5,6 and enzyme inactivation at industrial relevant acetaldehyde 

concentrations8 further limit DERA’s efficient application. In the past, some of these limitations have been 

overcome by protein engineering8–12 or novel protein discovery,13–15 and over the last 20 years, DERA has 

found extensive application in the biocatalytic synthesis of chiral β-hydroxy-carbonyls. The industrial-

scale application of engineered DERAs in processes developed by DSM8,16 and Codexis/Merck11 further 

underscore DERA’s tremendous synthetic potential. However, to the best of our knowledge, the application 

of DERA in mechanistically related carboligations such as Morita-Baylis-Hillman,17,18 Michael,19,20 

Mannich,21 Knoevenagel,22 and Henry type23 reactions remains so far unexplored. The development of 

efficient biocatalysts for such carboligations is pivotal because natural enzymes catalyzing these powerful 

carbon-carbon bond forming reactions are rare.24 Elucidating such novel catalytic activities within natural 

aldolases such as DERA would successfully expand the catalytic repertoire of the well-studied class I aldolase 

superfamily and offer new opportunities to develop synthetic useful biocatalytic applications. 

Here we report the successful redesign of DERA from Escherichia coli to efficiently catalyze asymmetric 

Michael additions of nitromethane to α,β-unsaturated aldehydes to produce enantiopure γ-nitroaldehydes, 

which are important chiral synthons for pharmaceutically active γ-aminobutyric acids.25 After eleven rounds 
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of directed evolution, the redesigned DERA enzyme (named DERA-MA) carried 12 amino acid substitutions 

and had an impressive 190-fold enhancement in catalytic activity compared to the wild-type enzyme. High 

resolution crystal structures of DERA-MA in a substrate-free and substrate-bound state revealed how some of 

the mutations reshaped the substrate-binding pocket at the active site for accommodating the α,β-unsaturated 

aldehyde and directing it towards the catalytic lysine resulting in the formation of a covalent Schiff  base 

intermediate. Th ese results demonstrate the power of directed evolution to enlarge the reaction scope of 

an archetypical class I aldolase to include asymmetric Michael additions, and present new opportunities to 

develop a family of novel DERA-derived catalysts for several mechanistically related carboligations.

Scheme 1. DERA catalyzed carboligation reactions via enzyme-bound enamine or iminium ion intermediates. a) DERA 
catalyzed aldol addition of acetaldehyde to D-glyceraldehyde-3-phosphate to yield 2-deoxy-D-ribose-5-phosphate. 
Th e enzyme-bound substrate is activated as a nucleophilic enamine intermediate. b) DERA catalyzed Michael addition 
of nitromethane 2 to α,β-unsaturated aldehydes 1a-j to produce γ-nitroaldehydes 3a-j. Th e enzyme-bound substrate is 
activated as an electrophilic iminium ion intermediate. Th e participating nucleophilic donor substrate is highlighted in blue, 
whereas the electrophilic acceptor substrate is highlighted in red. Cartoon and surface presentation of DERA (PDB: 1JCL).

Results and Discussion
Identifying novel carboligation reactions catalyzed by DERA. While DERA from Escherichia coli has 

been extensively explored for aldol additions in biocatalytic processes developed by academia and industry, 

the question remains whether this enzyme can be used to promote mechanistically related carboligation 

reactions such as synthetically useful Michael additions. Considering that the active site of DERA can 

accommodate various aldehydes, we started our investigations by testing if DERA can serve as a catalyst 

in the asymmetric synthesis of valuable γ-nitroaldehydes. Th ese important chiral synthons for abundantly 

prescribed pharmaceuticals can be prepared through either a Michael-type addition of acetaldehyde to α,β-

unsaturated nitroalkenes or a Michael addition of nitromethane to α,β-unsaturated aldehydes.19,20 First, we 

examined whether DERA is able to use its natural donor substrate acetaldehyde (50 mM and 150 mM) 

in the Michael-type addition to the non-native acceptor substrate trans-nitrostyrene (2 mM), but could 

not observe any substrate conversion with the wild-type enzyme. Next, we tested whether DERA can 
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catalyze the Michael addition of nitromethane 2 to cinnamaldehyde 1a (Scheme 1b). This reaction was 

performed in the presence of wild-type DERA (17.4 µM) in sodium phosphate buffer (pH 6.5) containing 

3% v/v DMSO, 2  mM 1a and 20  mM 2. Remarkably, DERA displayed catalytic activity with these 

non-native substrates, and monitoring the reaction progress by GC-MS analysis showed that the desired 

γ-nitroaldehyde 3a was produced with 38% conversion after 30 hours (Figure S1a). Analysis of product 

3a by chiral GC further indicated that DERA afforded the pharmaceutically relevant R-enantiomer of 3a 

with good enantiopurity (e.r. = 96:4; Figure S1b). Notably, under otherwise identical reaction conditions, 

a reaction without DERA or with the variant DERA K167L, in which the active site Lys-167 has been 

replaced with a leucine,4 afforded only trace amounts of product 3a. Hence, the active site of DERA can 

give rise to synthetically useful catalytic promiscuity, utilizing Lys-167 as a key catalytic residue to promote 

the Michael addition of 2 to 1a to give enantioenriched R-3a, albeit with low-level activity.

Directed evolution of DERA. Motivated by these initial findings, we set out to develop an efficient directed 

evolution strategy for the optimization of DERA for the Michael addition of 2 to 1a. With the intention 

of randomly sampling the sequence space of DERA for beneficial mutations, we used error-prone PCR in 

the first round of our directed evolution campaign. To reduce the total screening effort, the resulting library 

(~75,000 bacterial colonies) was first analyzed for active DERA mutants using a prescreening assay termed as 

activated iminium colony staining (AICS), which relies on the complexation of 2-hydroxycinnamaldehyde 

with the active site Lys-167 of DERA, forming a brightly red colored merocyanine-dye-type structure.26 

Bacterial colonies that formed this red colored species upon incubation with 2-hydroxycinnamaldehyde 

proved to express DERA variants with a substantial activity for the Michael-type addition of 2 to 1a, 

whereas bacterial colonies that showed no staining by 2-hydroxycinnamaldehyde expressed wild-type 

DERA or mutants that exhibited no or very low-level activity. Stained colonies (about 0.1% of the library) 

were selected and subsequent UV-vis based activity assays with the recovered DERA variants revealed several 

mutants that displayed significantly improved activity for the Michael-type addition of 2 to 1a, with the 

best variant showing a ~9.5-fold enhanced activity over wild-type DERA.

Having established the effectiveness of our directed evolution strategy to enhance the Michael addition 

activity of DERA, we subsequently optimized DERA for this unnatural activity by combining gene 

shuffling of DERA variants possessing beneficial mutations,27 site-saturation mutagenesis of active site 

residues, and random mutagenesis using either error-prone PCR28 to target the whole protein sequence 

or spiked oligonucleotides to target strand-helix connecting loops surrounding the active site.29 After 11 

rounds of directed evolution, we obtained a DERA variant (named DERA-MA) with an impressive 190-

fold enhancement in catalytic activity compared to that of wild-type DERA (Figure 1; Figure S2, see SI 

for a rationale and schematic overview of the directed evolution campaign). This DERA variant contains 

12 amino acid substitutions, eight of which were introduced by random mutagenesis using error-prone 

PCR (T18S, D22G, D24Y, C47S, F52S, T197S, A203T, S239G), two by cassette mutagenesis with spiked 
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oligonucleotides (K172L, V206A), and two by site-saturation mutagenesis (P202V, T142S). Importantly, 

throughout the laboratory evolution process, the enantioselectivity of DERA also improved enabling 

production of the desired product 3a with an excellent e.r. of 99:1 (R:S).

Characterization of DERA-MA. In order to assess the catalytic performance of DERA-MA, we determined 

steady-state kinetic parameters using varying concentrations of 1a in the presence of a saturating concentration 

(100 mM) of 2 (Figure S3 and S28). Optimization of DERA by directed evolution for the Michael addition 

of 2 to 1a resulted in an apparent kcat (kcat,app) of 0.38 ± 0.01 s-1 and a KM,app of 302 ± 14 µM (kcat,app/KM,app 

= 1258 s-1 M-1). Impressively, DERA-MA displayed a 100-fold higher activity for the Michael addition of 

2 to 1a compared to a previously engineered 4-oxalocrotonate tautomerase (4-OT) variant.30 Whereas the 

symmetry relationship within homohexameric 4-OT, with any point mutation reflected in all six subunits, 

imposes a significant limitation for its optimization, the TIM barrel fold architecture of DERA proved to 

be more susceptible for enzyme optimization, yielding a proficient ‘Michaelase’ (DERA-MA) with potential 

for biocatalytic application. Notably, the original retro-aldolase activity with the natural substrate 2-deoxy-

D-ribose-5-phosphate is lost in DERA-MA, which indicates that the newly gained catalytic function for 

Michael additions comes at the expense of the original activity (Figure S6).

Replacing Lys-167 with a leucine (DERA-MA K167L) gives a more than 150-fold reduction in catalytic 

activity, indicating that Lys-167 is crucial for the Michael addition activity of DERA-MA (Figure S5). 

This suggests that Lys-167 retains its important catalytic function as the Schiff base-forming residue in 

the DERA-MA catalyzed Michael addition of 2 to 1a. Further evidence for formation of an iminium ion 

between Lys-167 and 1a during the catalytic cycle is provided by the appearance of a new bathochromic 

absorbance peak for 1a at 350 nm in the presence of DERA-MA (Figure S7). In contrast, no bathochromic 

shift was detected upon incubation of 1a with DERA-MA K167L. Similar bathochromic shifts in 

substrate absorbance have been observed for other iminium ion forming organocatalysts31 and enzymes.26,32 

Spectroscopic titration studies with a Schiff base adduct of 1a in organic solvents33 suggest that the species 

formed between 1a and Lys-167 is likely protonated. Additionally, after chemically reducing DERA-MA in 

the presence of 1a with NaBH3CN, ESI-MS analysis revealed that compared to unmodified DERA-MA the 

observed major peak increased by +117 Da, corresponding to the covalent modification of the protein with 

one molecule of the reduced Schiff base adduct of 1a (calcd. 28760.8 Da, found 28761.0 Da; Figure S8). To 

gain further insights into the position of modification, the modified and unmodified DERA-MA samples 

were digested with endoproteinase Glu-C, and the resulting peptide mixtures analyzed by LC-MS/MS. 

A comparison of the detected peptide fragments of DERA-MA modified with 1a to those of unmodified 

DERA-MA showed that peptides that contain the Lys-167 residue are the major sites of modification (mass 

increase of +116 Da; Table S3 and S4). Together, these results strongly suggest that Lys-167 activates 1a by 

forming an iminium ion, which is followed by a nucleophilic attack of 2 (upon deprotonation) to form a 

new carbon-carbon bond.
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Figure 1. Directed evolution of DERA. a) DERA was optimized by directed evolution for the Michael addition of 
nitromethane 2 to cinnamaldehyde 1a yielding γ-nitroaldehyde 3a. b) Comparison of the Michael addition activity of 
wild-type DERA (DERA-wt) and engineered DERA variants. Initial rates (v0) are given relative to the initial rate of the 
reaction catalyzed by wild-type DERA and were measured by UV-vis with 5 µM DERA, 1 mM 1a, and 100 mM 2 (n = 2). 
Th e inset shows the stereoselectivity of DERA-wt and DERA-MA as detected by chiral GC. c) Reaction progress curves 
of diff erent DERA variants corresponding to the variants shown in panel b.
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The evolved DERA-MA variant contains 12 amino acid substitutions compared to the wild-type enzyme. 

To investigate the contribution of each of these new amino acid residues to the Michael addition activity 

of DERA-MA, we constructed 12 enzyme variants in which each residue in DERA-MA was sequentially 

replaced by the corresponding amino acid in the wild-type enzyme. Two of these back mutations (S47C 

and T203A) resulted in an over four-fold reduced activity of DERA-MA (Figure S5). Additionally, eight 

back mutations showed a somewhat lower but still significant effect on the activity of DERA-MA, whereas 

two back mutations (G22D and S197T) had no influence on activity. Overall, this indicates that most of 

the amino acid substitutions in DERA-MA (ten out of twelve), mainly introduced by random mutagenesis 

approaches, benefit the optimization of the enzyme’s non-natural Michael addition activity.

Structural analysis of DERA-MA. To gain insights into the structural consequences of the introduced 

mutations, we solved high resolution crystal structures of DERA-MA in a substrate-free state, as well as in a 

covalent reaction intermediate state obtained by briefly soaking crystals with the substrate cinnamaldehyde 

(Figure 2, Figure S9 and S10, Table S5). The overall structure of DERA-MA is almost identical to that 

of wild-type DERA (the root-mean-square deviation for Cα -backbone atoms is ~0.8 Å), displaying the 

typical (α/β)8 (TIM-barrel) fold with the catalytic Lys-167 located at the C-terminal end of strand β6. 

The catalytic lysine is in close proximity to the side chains of conserved Lys-201 (strand β7) and Asp-102 

(strand β4), two additional residues with crucial roles in the native catalytic mechanism of DERA.4,34 Ten 

of the twelve mutations are located in five strand-helix connecting loops at the C-terminal side of the TIM-

barrel, surrounding the active site region (Figure 2a). These are T18S, D22G and D24Y in loop β1–α2, 

C47S and F52S in loop β2–α3, K172L in loop β6–α7, P202V, A203T and V206A in loop β7–α8, and 

S239G in loop β8–α9. The mutation T142S is also located at the C-terminal side of the TIM-barrel, but 

in the secondary shell of the active site, whereas mutation T197S is located on the other side of the TIM-

barrel outside of the active site. Two loops, β1–α2 and β7–α8, each containing three mutations, display a 

significant change in backbone conformation compared to the wild-type structure (Figure 2a,b). The most 

prominent difference is observed for the β1–α2 loop, which changes from an inward-facing conformation 

in the wild-type structure (with respect to the active site region) to an outward-facing conformation in the 

structure of DERA-MA (in some of the unique protein molecules in the DERA-MA crystals the loop is 

disordered). The conformational difference of the β1–α2 loop is influenced by three nearby mutations in 

the DERA-MA structure (i.e., C47S, F52S and K172L), which disrupt some of the favorable interactions 

that stabilize the loop in the wild-type structure (Figure 2b). Notably, in the wild-type DERA structure, 

Cys-47 forms a hydrophobic contact with the side chain of Leu-20 in the β1–α2 loop. In the DERA-MA 

structure this latter residue has been pulled out from the active site area, opening a hydrophobic pocket lined 

by the side chains of Tyr-49, Val-73 and Phe-76. In the structure obtained by soaking a DERA-MA crystal 

with cinnamaldehyde, we observed extra electron density connected to the side chain of Lys-167, consistent 

with the formation of a covalent Schiff-base intermediate (Figure 2c). The extra electron density allowed 
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us to unambiguously define the binding mode of the Lys-167-linked cinnamylidene moiety, showing that 

it is firmly bound with its phenyl ring in the hydrophobic pocket that in wild-type DERA is occupied by 

Leu-20 (Figure 2d). The crystal structures thus explain how some of the mutations, in particular C47S, 

enable the Michael addition activity of DERA-MA, by helping to create a new pocket in the active site 

for binding cinnamaldehyde, and allowing the terminal carbonyl to be attacked by the ε-amino group of 

Lys-167 thereby forming the Schiff base intermediate. The structure/function relationships of the other 

mutation that is crucial for the Michael addition activity of DERA-MA, A203T in the β7–α8 loop, are 

less clear. In wild-type DERA, the β7–α8 loop participates in binding 2-deoxy-D-ribose-5-phosphate and 

stabilizing the Schiff base intermediate formed between Lys-167 and the natural substrate in the retro-

aldol reaction.4 From our structural comparison, it appears that in DERA-MA the Thr-203 side chain 

will sterically hinder binding of 2-deoxy-D-ribose-5-phosphate (Figure S9a). Furthermore, the movement 

of the β7–α8 loop away from the active site precludes the formation of a favorable hydrogen bond with 

the phosphate group of 2-deoxy-D-ribose-5-phosphate, together explaining why DERA-MA does not 

display any retro-aldolase activity with the natural substrate. How the A203T mutation contributes to 

enhancing the Michael addition activity of DERA-MA is uncertain, but possibly the threonine side chain 

helps to direct the terminal carbonyl of cinnamaldehyde towards the ε-amino group of Lys-167. We expect 

that the Schiff base intermediate formed between Lys-167 and cinnamaldehyde is stabilized via electron 

resonance resulting in a partial positive charge on the C3 carbon of the cinnamylidene moiety, which 

would favor attack by nitromethane, which is activated as nucleophile by deprotonation. The DERA-MA 

crystal structure of the Schiff-base complex with cinnamaldehyde reveals that the C3 carbon is indeed easily 

accessible for such an attack from its re-face, while the si-face is blocked due to contacts with Val-73 and 

Phe-76, thus explaining the stereochemistry of the overall reaction (Figure S9b,c,d and S10).
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Figure 2. Crystal structures and active site of DERA-MA. a) Overlay of the overall structures of apo DERA-MA (orange, 
PDB entry 7P75) and wild-type DERA (light grey, PDB entry 1P1X) in cartoon representation. The twelve mutations 
in the DERA-MA polypeptide chain are indicated as spheres. Loops β1–α2 and β7–α8 in DERA-MA (pink) display 
significant conformational differences relative to wild-type DERA. The largest conformational change is observed for the 
β1–α2 loop and is likely influenced by surrounding mutations C47S, F52S and K172L (green). b) Close-up view of the 
active site regions of DERA-MA and wild-type DERA, displaying the conformational difference of the β1–α2 loop and 
the large displacement of Leu-20 from an inward (wild-type DERA) to outward (DERA-MA) position. c) Active site in 
cinnamaldehyde-soaked DERA-MA (PDB entry 7P76), showing the covalent Schiff-base intermediate of Lys-167 with 
cinnamylidene (yellow) in stick representation. Also shown are the side chains of conserved active site residues Asp-102 
and Lys-201. The grey mesh represents the 1.9 Å electron density for the three active site residues and cinnamylidene 
adduct (2Fo-Fc Fourier omit map, contoured at 1σ). d) The cinnamylidene binding pocket in DERA-MA (PDB entry 
7P76), showing the Schiff-base intermediate together with the side chains of surrounding residues. The β1–α2 loop and 
Leu-20 side chain of wild-type DERA are also shown as an overlay in light grey. The phenyl ring of the cinnamylidene 
moiety is located at a position which in wild-type DERA is occupied by the side chain of Leu-20. The molecular surface 
in grey defines the boundaries of the active site pocket in DERA-MA.
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Substrate scope of DERA-MA. With the optimized enzyme DERA-MA in hand, we assessed its 

synthetic performance for the Michael addition of 2 to a variety of α,β-unsaturated aldehydes 1a-k and 

α,β-unsaturated ketone 1l (Table 1a). In addition to 1a, DERA-MA readily accepts aldehydes 1b-d 

with electron-withdrawing substitutions in the ortho-, meta- or para-position as non-native substrates. 

The sterically more demanding aldehydes 1e-g with electron-donating substitutions in the ortho-, meta-, 

or para-position are equally accepted as substrates, albeit with a slight decrease in catalytic activity and 

stereoselectivity. Para-substituted aldehydes 1h-j are also efficiently processed by DERA-MA. The enzymatic 

products 3a-j were obtained with good conversions (>95%) as the desired R-enantiomers with good to 

excellent enantiopurity (e.r. = 86:14–99:1). Hence, DERA-MA shows a broad substrate scope, accepting 

various cinnamaldehydes with electron-donating or electron-withdrawing substitutions on the aromatic 

ring. The aliphatic unsaturated aldehyde 1k was also accepted as a non-native substrate by DERA-MA, 

but with moderate conversion and decreased stereoselectivity compared to the aromatic α,β-unsaturated 

aldehydes 1a-j. Notably, the α,β-unsaturated ketone 1l was not accepted as a substrate by the evolved 

enzyme, illustrating the preference of DERA-MA for α,β-unsaturated aldehydes.

Finally, we further demonstrated the synthetic usefulness of DERA-MA by performing semi-preparative scale 

synthesis of selected γ-nitroaldehydes (R-3a,d,h). High conversions (89 to >99%), excellent enantiopurity 

(e.r. = 99:1) and good isolated product yields (up to 66%) were achieved (Table 1b). Notably, R-3a,d,h are 

valuable synthetic precursors that can be easily converted to the pharmaceutically active γ-aminobutyric 

acids phenibut,35 baclofen,36 and fluorophenibut,37 respectively, by two simple steps.38
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Table 1. Enantioselective synthesis of γ-nitroaldehydes using DERA-MA as a biocatalyst.

a Analysis of substrate scope with 1 mM 1a-l, 20 mM 2, and 5 µM DERA-MA in 20 mM HEPES, 100 mM NaCl, 
pH 6.5, 3% v/v DMSO at 29  °C. Reaction times determined after UV-vis analysis indicated consumption of 1a-l, 
conversions determined by GC-FID, enantiomeric ratios determined by chiral HPLC/GC. b Reaction progress followed 
by GC-MS. c Semi-preparative scale reactions with 5 mM 1a,d,h, 20 mM 2, and 4 µM DERA-MA in 10 mM HEPES, 
100 mM NaCl, pH 6.5, 3% v/v DMSO at 29 °C. Conversions determined by 1H NMR analysis, yields are isolated 
yields, enantiomeric ratios determined by chiral HPLC. d Performed with 8 µM DERA-MA.
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Conclusions
Natural aldolases are regarded as highly specific for their nucleophilic aldol donor7 and are restricted by the 

range of reactions catalyzed. Even though the substrate scope, activity, and stability8–12,39 of the archetypical 

class I aldolase DERA have been successfully altered to enlarge its usefulness for diverse aldol reactions, 

examples of other mechanistically related carboligation reactions catalyzed by DERA are unknown. In the 

current study, we demonstrate that the active site of DERA from Escherichia coli can give rise to synthetically 

useful catalytic promiscuity, supporting asymmetric Michael additions of nitromethane to various α,β-

unsaturated aldehydes to give γ-nitroaldehydes, important chiral synthons for pharmaceutically active 

γ-aminobutyric acids. Using directed evolution, we have successfully demonstrated that this promiscuous 

Michael addition activity of DERA can be enhanced by 190-fold, yielding a new enantioselective biocatalyst 

(DERA-MA) with unprecedented catalytic efficiency for a challenging abiological carbon-carbon bond-

forming reaction. Biochemical and structural analysis of DERA-MA support a reaction mechanism that 

involves Schiff base formation between the ε-amino group of Lys-167 and the non-natural cinnamaldehyde 

substrate, activating it for attack by (deprotonated) nitromethane at the re-face of the cinnamylidene C3 

carbon, explaining the R-enantioselective formation of γ-nitroaldehydes. Interestingly, we found that ten of 

the twelve mutations in DERA-MA are located in strand-helix connecting loops at the C-terminal side of 

the TIM-barrel, surrounding the active site region. This suggests that targeting loops close to the active site 

of DERA will be an efficient strategy to engineer this enzyme for other functions as well.

These results demonstrate the power of directed evolution to expand the limited catalytic repertoire of a 

natural class I aldolase to include asymmetric Michael addition reactions. While an aldolase acts naturally 

by activating the enzyme-bound substrate as a nucleophile (i.e, an enamine-based mechanism), DERA-MA 

on the other hand acts by activating the enzyme-bound substrate as an electrophile (i.e., an iminium-based 

mechanism). Hence, via iminium catalysis DERA-MA could possibly accelerate many of the bond-forming 

reactions promoted by organocatalysts,20,40 presenting new opportunities to develop a family of DERA-

derived catalysts for various mechanistically related and synthetically useful transformations, including 

carboligations. In this context, it is important to emphasize that during the evolution of one new catalytic 

activity, additional and potentially useful functions can emerge within an enzymatic active site.41 Indeed, 

our directed evolution program has generated a versatile set of novel DERA variants that might serve 

as promising stepping-stones to further evolve new catalytic functions, such as mechanistically related 

Mannich,21 Knoevenagel,22 Henry,23 and Morita-Baylis-Hillman17,18 reactions. Current work in our group 

is focused on elucidating alternative substrates (for example, haloalkanes, diethyl (halo)malonates, cyanide, 

hydroperoxides, amines, and thiols) and new catalytic activities for these evolved DERA variants to further 

enlarge the catalytic repertoire of DERA-derived catalysts for the synthesis of valuable chiral building 

blocks. The high-throughput AICS assay, followed by medium-throughput activity assays with different 

cinnamaldehydes and nucleophilic donor substrates, also proved to be successful for the engineering of 
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DERA variants for efficient asymmetric synthesis of enantioenriched α,β-epoxy-aldehydes and substituted 

chroman-2-ols. These preliminary results will be reported in due course. It is important to emphasize that 

the AICS assay mainly detects DERA variants capable of forming an electrophilic iminium ion intermediate 

with cinnamaldehydes. Hence, activity screening with different pairs of electrophilic and nucleophilic 

donor substrates will require the use of alternative high-throughput screening assays.
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Supporting Information
General information
All commercially available chemicals were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, 

USA) or TCI Europe N.V. (Zwijndrecht, Belgium) unless otherwise stated. Organic solvents were purchased 

from Biosolve (Valkenswaard, The Netherlands) and Sigma-Aldrich Chemical Co. Oligonucleotides were 

purchased from Eurofins Scientific (Ebersberg, Germany) and Biolegio B.V. (Nijmegen, The Netherlands). 

Spectrophotometric measurements were performed on a V-650 or V-660 spectrophotometer from Jasco 

(IJsselstein, The Netherlands), and measurements in a 96-well format were performed on a SPECTROstar 

Omega plate reader (BMG LABTECH, Isogen Life Science, de Meern, The Netherlands). HPLC was 

performed with a Shimadzu LC-10AT HPLC with a Shimadzu SPD-M20A diode array detector. GC-MS 

analysis was performed on a Shimadzu GC-MS-QP2010 SE. NMR spectra were recorded on a Bruker 

DRX-500 (500  MHz) spectrometer at the Drug Design laboratory of the University of Groningen. 

Chemical shifts (δ) are reported in parts per million (ppm) and are referenced to CHCl3 (δ = 7.26 ppm).



Unlocking Michael Additions in DERA

3

103   

Synthesis of α,β-unsaturated aldehyde 1f
The synthesis of α,β-unsaturated aldehyde 1f was performed according to a (slightly modified) previously 

reported procedure.1 The 1H NMR spectroscopic data of 1f are in agreement with previously reported data.1

Synthesis of racemic reference compounds 3a-k
Racemic 3a-j, which served as reference compounds in chiral-phase HPLC analysis, were synthesized 

according to a (slightly modified) reported literature procedure2 by using pyrrolidine instead of a chiral 

organocatalyst. Racemic 3k was synthesized using the same procedure with an equimolar amount of (S)- and 

(R)-(+)-α,α-diphenyl-2-pyrrolidinemethanol trimethylsilyl ether as a catalyst. The 1H NMR spectroscopic 

data of racemic 3a-k are in agreement with previously reported data.2–6 Typically, the aldehyde functionality 

of compounds 3a-j was reduced (red.) in situ with NaBH4 to the corresponding alcohol before chiral-phase 

HPLC analysis.
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Screening of wild-type DERA for Michael-type additions
The activity of wild-type DERA from Escherichia coli for the Michael-type addition of cinnamaldehyde 1a 

and nitromethane 2 was screened in analytical scale reactions. 17.4 µM wild-type DERA was incubated 

in 20 mM sodium phosphate buffer, pH 6.5 supplemented with 3% v/v DMSO, 2 mM cinnamaldehyde, 

and 20 mM nitromethane at room temperature in a final reaction volume of 1 ml. To avoid non-enzymatic 

background reactions at higher pH values, the enzymatic assay was performed at pH  6.5. After 30  h, 

the reaction mixture was extracted with 300 µl ethyl acetate (EtOAc) and analyzed by GC-MS (Figure 

S1a). Under otherwise identical conditions, reactions were performed with DERA K167L and without 

the addition of enzyme. The enantiomeric ratio of 3a obtained from the reaction catalyzed by wild-type 

DERA was determined by GC analysis using a Chiraldex G-TA column (30 m × 0.25 mm, df 0.12 µm, 

Astec) (70  °C to 170  °C at 10  °C/min; 170  °C, 25  min, 2.18  ml/min). Flame ionization detection:  

tR: R-3a = 25.4 min, S-3a = 25.9 min, led to the following enantiomeric ratios (R:S): racemic 3a = 50:50 and 

enzymatic 3a = 96:4 (Figure S1b). The absolute configuration was assigned based on previously published 

data.7
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Peak tR (m in) Area %
1 25,405 50.304
2 25,864 49.696

Peak tR (m in) Area %
1 25,391 96.330
2 25,872 3.670

Figure S1. a) GC-MS chromatogram of reference compound 3a and reactions performed without enzyme, with knockout 
mutant DERA K167L and wild-type DERA (DERA-wt). b) Chiral GC chromatogram of racemic and enzymatically 
(wild-type DERA) obtained 3a.
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Error-prone PCR (epPCR)
The gene coding for E. coli DERA with a C-terminal His-tag was PCR amplified by error-prone PCR 

(epPCR, cloning primers: AKUpET20bDERA_fwd and AKUpET20bDERA_rev, Table S1) with GoTaq 

DNA polymerase (Promega Corporation, Madison, WI, USA) using a previously reported procedure.8 The 

resulting linear epPCR fragments and the vector pET20b(+) or pET26b(+) were digested with NdeI and 

XhoI restriction endonuclease (Thermo Fisher Scientific, Waltham, MA, USA), the vector backbone was 

dephosphorylated, the DNA was purified using a PCR purification kit (Macherey-Nagel, Düren, Germany) 

and ligated using T4 DNA ligase (Thermo Fisher Scientific, Waltham, MA, USA). The ligation product was 

purified using a PCR purification kit and used to transform electrocompetent E. coli DH5α. Transformants 

were selected by outgrowth in LB medium, supplemented with 100 µg/ml ampicillin (first round) or 30 µg/ml  

kanamycin (round 2–11), the plasmid DNA was isolated, and subsequently transformed into E. coli 

BL21(DE3). Before the screening, typically, the library quality was accessed by sequencing the plasmid 

DNA from several single colonies.

Staggered extension PCR (StEP)
Variants showing increased activity were further diversified by recombination using staggered extension 

PCR (StEP),9 followed by epPCR. Briefly, the genes were amplified in a standard PCR with Q5 High-

Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA), StEP was performed with 65 cycles 

and 5 s annealing/elongation at 55 °C with GoTaq DNA polymerase. The obtained DNA product was used 

as a template for epPCR, and the gel-purified (Macherey-Nagel, Düren, Germany) DNA library genes were 

digested and ligated into cut pET26b(+), as described above.

Cassette mutagenesis
During the 9th round of directed evolution, cassette mutagenesis with spiked oligonucleotides10 was employed 

to target loops 1, 2, 6, and 7 of the inner core of DERA. The first half of the gene was amplified in a standard 

PCR using cloning primer AKU-pET20bDERA_fwd and a backward spiked oligonucleotide primer (e.g. 

AKU-DERA15-25r), while the second part of the gene was amplified using AKU-pET20bDERA_rev and 

the forward spiked oligonucleotide primer (e.g. AKU-DERA15-25f ). The obtained DNA was purified 

from a 0.9% w/v agarose gel using a commercial gel-purification kit, and the two gene fragments were 

mixed in equimolar amounts to serve as a template for an overlap extension PCR using primers AKU-

pET20bDERA_fwd and AKU-pET20bDERA_rev. The assembled DNA was digested with NdeI and 

XhoI, gel purified, and ligated into cut pET26b(+), as described above.
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Site-saturation and site-directed mutagenesis
During the random mutagenesis rounds, specific active site residues were targeted with either site-saturation 

or site-directed mutagenesis. Site-saturation mutagenesis or single DNA codon substitutions were 

introduced into the DERA gene using the QuikChange technology. For the PCR reactions, pET26b(+) 

containing the DERA gene served as a template. The whole length plasmid was amplified using Q5 High-

Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA, USA) in a 50 µl reaction volume. The 

following PCR program was used: 98 °C, 30 s (initial denaturation), followed by 18 cycles of 98 °C for  

10 s, 60 °C (modified according to the primers Tm) for 30 s, 72 °C for 3 min, and a final elongation step at 

72 °C for 5 min. Subsequently, the PCR product was purified, and 1 µl of DpnI (Thermo Fisher Scientific, 

Waltham, MA, USA) was added to the reaction mixture and incubated at 37 °C for 1 h. The obtained DNA 

was used to transform E. coli DH5α cells, which were spread on LB agar plates supplemented with 30 µg/ml  

kanamycin. After outgrowth overnight, the colonies were resuspended in LB medium and the plasmid 

DNA isolated and used to transform E. coli BL21(DE3).

Table S1. Primers used for library construction.

Type Round Name Sequence

CP - AKUpET20bDERAfwd TTGTTTAACTTTAAGAAGGAGATATACATATG

CP - AKUpET20bDERArev GGTGGTGGTGCTCGAG

SSM 4 AKUDERA52SC47NNKf CGGCAATACCGCCGCTATCNNKATCTATCCTCGCTCTATCC

SSM 4 AKUDERA52SC47NNKr GGATAGAGCGAGGATAGATMNNGATAGCGGCGGTATTGCCG

SSM 6 AKU-DERA-T170NNKf CGGACTTCATCAAAACCTCTNNKGGTAAAGTGGCTGTGAACGC

SSM 6 AKU-DERA-T170NNKr GCGTTCACAGCCACTTTACCMNNAGAGGTTTTGATGAAGTCCG

SSM 8 AKU-DERA-18NNKf GTGTCGTCGCCATTCAGGGTMNNCAGGTCCATCAATTTCAGTG

SSM 8 AKU-DERA-18NNKr CACTGAAATTGATGGACCTGNNKACCCTGAATGGCGACGACAC

SSM 8 AKU-DERA-22NNKf TTCTCGTCGGTGTCGTCMNNATTCAGGGTGGACAGGTCC

SSM 8 AKU-DERA-22NNKr GGACCTGTCCACCCTGAATNNKGACGACACCGACGAGAA

SSM 8 AKU-DERA-47NNKf GGATAGAGCGAGGATAGATMNNGATAGCGGCGGTATTGCCG

SSM 8 AKU-DERA-47NNKr CGGCAATACCGCCGCTATCNNKATCTATCCTCGCTCTATCC

SSM 8 AKU-DERA-52NNKf TGTTTTGCGAGCAATCGGGATMNNGCGAGGATAGATACTGATAGC

SSM 8 AKU-DERA-52NNKr GCTATCAGTATCTATCCTCGCNNKATCCCGATTGCTCGCAAAACA

SSM 8 AKU-DERA-197NNKf CCCGTTAGTTTGAAACCAACMNNTTTTTCTACGCCCATATCACGGATC

SSM 8 AKU-DERA-197NNKr GATCCGTGATATGGGCGTAGAAAAANNKGTTGGTTTCAAACTAACGGG

SSM 8 AKU-DERA-202NNKf CGCACGCCGCCCGTMNNTTTGAAACCAACGGATTTTTCTACGCC

SSM 8 AKU-DERA-202NNKr GGCGTAGAAAAATCCGTTGGTTTCAAANNKACGGGCGGCGTGCG

SSM 8 AKU-DERA-203NNKf AGTACGCACGCCGCCMNNTAGTTTGAAACCAACGGATTTTTCTACGC

SSM 8 AKU-DERA-203NNKr GCGTAGAAAAATCCGTTGGTTTCAAACTANNKGGCGGCGTGCGTACT

SSM 8 AKU-DERA-213NNKf CTGCGATGGCGAGATATTTMNNCGCATCTTCCGCAGTACGC
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Type Round Name Sequence

SSM 8 AKU-DERA-213NNKr GCGTACTGCGGAAGATGCGNNKAAATATCTCGCCATCGCAG

SSM 8 AKU-DERA-230NNKf CCAAAGCGGTAGTGACGMNNATCTGCCCAGTCAGCACCG

SSM 8 AKU-DERA-230NNKr CGGTGCTGACTGGGCAGATNNKCGTCACTACCGCTTTGG

SSM 8 AKU-DERA-239NNKf CAACAGGCTTGCCAGCAGMNNGGAAGCACCAAAGCGGTA

SSM 8 AKU-DERA-239NNKr TACCGCTTTGGTGCTTCCNNKCTGCTGGCAAGCCTGTTG

SSM 8 AKU-DERA-19NNKf CGGTGTCGTCGCCATTCAGMNNGGACAGGTCCATCAATTTC

SSM 8 AKU-DERA-19NNKr GAAATTGATGGACCTGTCCNNKCTGAATGGCGACGACACCG

SSM 8 AKU-DERA-166NNKf CACTTTACCGGTAGAGGTTTTMNNGAAGTCCGCACCCGCTTTGAT

SSM 8 AKU-DERA-166NNKr ATCAAAGCGGGTGCGGACTTCNNKAAAACCTCTACCGGTAAAGTG

SSM 8 AKU-DERA-171NNKf CGTCGCGTTCACAGCCACTTTMNNGGTAGAGGTTTTGATGAAGTC

SSM 8 AKU-DERA-171NNKr GACTTCATCAAAACCTCTACCNNKAAAGTGGCTGTGAACGCGACG

SSM 8 AKU-DERA-172NNKf GCGTCGCGTTCACAGCCACMNNACCGGTAGAGGTTTTGATG

SSM 8 AKU-DERA-172NNKr CATCAAAACCTCTACCGGTNNKGTGGCTGTGAACGCGACGC

SSM 8 AKU-DERA-185NNKf ATCACGGATCACTTCCATMNNGATGCGCGCGCTTTCCGG

SSM 8 AKU-DERA-185NNKr CCGGAAAGCGCGCGCATCNNKATGGAAGTGATCCGTGAT

SSM 8 AKU-DERA-200NNKf CGCACGCCGCCCGTTAGTTTMNNACCAACGGATTTTTCTACGC

SSM 8 AKU-DERA-200NNKr GCGTAGAAAAATCCGTTGGTNNKAAACTAACGGGCGGCGTGCG

SSM 8 AKU-DERA-236NNKf GCAGGCCGGAAGCMNNAAAGCGGTAGTGACGCGTATCTG

SSM 8 AKU-DERA-236NNKr CAGATACGCGTCACTACCGCTTTNNKGCTTCCGGCCTGC

SSM 8 AKU-DERA-238NNKf TGCCAGCAGGCCMNNAGCACCAAAGCGGTAGTGACGC

SSM 8 AKU-DERA-238NNKr GCGTCACTACCGCTTTGGTGCTNNKGGCCTGCTGGCA

CM 9 AKU-DERA15-25f ATGGACCTGTCCACCCTGAATGGCGACTACACC a

CM 9 AKU-DERA15-25r GGGTGGACAGGTCCAT a

CM 9 AKU-DERA44-51f GCCGCTATCAGTATCTATCCTCGCTCT a

CM 9 AKU-DERA44-51r GATAGATACTGATAGCGGC a

CM 9 AKU-DERA164-176f GACTTCATCAAAACCTCTACCGGTAAAGTGGCTGTGAAC a

CM 9 AKU-DERA164-176r GGTAGAGGTTTTGATGAAGTC a

CM 9 AKU-DERA198-208f GTTGGTTTCAAAGTGACGGGCGGCGTGCGT a

CM 9 AKU-DERA198-208r CCGTCACTTTGAAACCAAC a

SSM 11 AKU-DERA49NNKr ATAGAGCGAGGMNNGATACTGATAGCGGCGGTA

SSM 11 AKU-DERA49NNKf CTATCAGTATCNNKCCTCGCTCTATCCCGATTG

SSM 11 AKU-DERA50NNKr AGAGCGMNNATAGATACTGATAGCGGCGGTATTGCC

SSM 11 AKU-DERA50NNKf CGCCGCTATCAGTATCTATNNKCGCTCTATCCCGAT

SSM 11 AKU-DERA102NNKr ACACCACMNNAACTTCATCGGCTCCGTAGGC

SSM 11 AKU-DERA102NNKf AGCCGATGAAGTTNNKGTGGTGTTCCCGTAC

SSM 11 AKU-DERA104NNKr GGTACGGGAAMNNCACGTCAACTTCATCGG

SSM 11 AKU-DERA104NNKf AGTTGACGTGNNKTTCCCGTACCGCGCGCT

SSM 11 AKU-DERA105NNKr CGCGGTACGGMNNCACCACGTCAACTTCATC

SSM 11 AKU-DERA105NNKf TGACGTGGTGNNKCCGTACCGCGCGCTGATG
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Type Round Name Sequence

SSM 11 AKU-DERA137NNKr TCGATGATCACMNNCAGCAGTACATTCGCTGCC

SSM 11 AKU-DERA137NNKf ATGTACTGCTGNNKGTGATCATCGAAACCGGCG

SSM 11 AKU-DERA139NNKr CCGGTTTCGATMNNCACTTTCAGCAGTACATTCGC

SSM 11 AKU-DERA139NNKf TGCTGAAAGTGNNKATCGAAACCGGCGAACTGAAA

SSM 11 AKU-DERA141NNKr GTTCGCCGGTMNNGATGATCACTTTCAGCAGTACA

SSM 11 AKU-DERA141NNKf AAAGTGATCATCNNKACCGGCGAACTGAAAGACGA

SSM 11 AKU-DERA142NNKr GTTCGCCMNNTTCGATGATCACTTTCAGCAGTACATTCG

SSM 11 AKU-DERA142NNKf CTGCTGAAAGTGATCATCGAANNKGGCGAACTGAAAGAC

SSM 11 AKU-DERA168NNKr GGTAGAMNNTTTGATGAAGTCCGCACCCGCTTTGAT

SSM 11 AKU-DERA168NNKf GTGCGGACTTCATCAAANNKTCTACCGGTTTAGTGG

SSM 11 AKU-DERA169NNKr ACTAAACCGGTMNNGGTTTTGATGAAGTCCGCACC

SSM 11 AKU-DERA169NNKf CTTCATCAAAACCNNKACCGGTTTAGTGGCTGTGA

SSM 11 AKU-DERA21NNKr TGTAGTCGCCMNNCAGGGTGGACAGGTCC

SSM 11 AKU-DERA21NNKf GTCCACCCTGNNKGGCGACTACACCGACG

SSM 11 AKU-DERA237NNKr CCGGAMNNACCAAAGCGGTAGTGACGCGC

SSM 11 AKU-DERA237NNKf CACTACCGCTTTGGTNNKTCCGGCCTGCT

SSM 11 AKU-DERA176NNKr CCGGCGTCGCMNNCACAGCCACTAAACCG

SSM 11 AKU-DERA176NNKf AGTGGCTGTGNNKGCGACGCCGGAAAGCG

SSM 11 AKU-DERA207NNKr TTCCGCAGTMNNCGCGCCGCCCGTCAC

SSM 11 AKU-DERA207NNKf GGCGGCGCGNNKACTGCGGAAGATGCG

SSM 11 AKU-DERA201NNKr GCCCGTCACMNNGAAACCAACGGATTTTT

SSM 11 AKU-DERA201NNKf GTTGGTTTCNNKGTGACGGGCGGCGCGCG

SSM 11 AKU-DERA200NNKr CCCGTCACTTTMNNACCAACGGATTTTTCTACGC

SSM 11 AKU-DERA200NNKf AAATCCGTTGGTNNKAAAGTGACGGGCGGCGCGC

SDM - AKU-DERAS18Tr CCATTCAGGGTGGTCAGGTCCATCAATTT

SDM - AKU-DERAS18Tf TGATGGACCTGACCACCCTGAATGGCGAC

SDM - AKU-DERAG22Dr CGGTGTAGTCATCATTCAGGGTGGACAGG

SDM - AKU-DERAG22Df CCACCCTGAATGATGACTACACCGACGAG

SDM - AKU-DERAY24Dr TTCTCGTCGGTATCGTCGCCATTCAGGGTGGAC

SDM - AKU-DERAY24Df TGAATGGCGACGATACCGACGAGAAAGTAATTG

SDM - AKU-DERAS47Cr GCGAGGATAGATGCAGATAGCGGCGGTATTGCC

SDM - AKU-DERAS47Cf ACCGCCGCTATCTGCATCTATCCTCGCTCTATC

SDM - AKU-DERAS52Fr GCAATCGGGATAAAGCGAGGATAGATACTG

SDM - AKU-DERAS52Ff TCTATCCTCGCTTTATCCCGATTGCTCGCA

SDM - AKU-DERAL172Kr TTCACAGCCACTTTACCGGTAGAGGTTTTGA

SDM - AKU-DERAL172Kf CCTCTACCGGTAAAGTGGCTGTGAACGCGAC

SDM - AKU-DERAS197Tr GAAACCAACGGTTTTTTCTACGCCCATATCAC

SDM - AKU-DERAS197Tf TGGGCGTAGAAAAAACCGTTGGTTTCAAAGTG

SDM - AKU-DERAV202Pr GCCCGTCGGTTTGAAACCAACGGATTTTTC
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SDM - AKU-DERAV202Pf ATCCGTTGGTTTCAAACCGACGGGCGGCGC

SDM - AKU-DERAT203Ar GCCGCCCGCCACTTTGAAACCA

SDM - AKU-DERAT203Af TTCAAAGTGGCGGGCGGCGCGC

SDM - AKU-DERAA206Vr AGTACGCACGCCGCCCGTC

SDM - AKU-DERAA206Vf GGCGGCGTGCGTACTGCGG

SDM - AKU-DERAG239Sr TGCCAGCAGGCTGGAAGCACCAAAG

SDM - AKU-DERAG239Sf GGTGCTTCCAGCCTGCTGGCAAGCC

SDM - AKU-DERAK167Lr ACCGGTAGAGGTCAGGATGAAGTCCGCACCCGC

SDM - AKU-DERAK167Lf GCGGACTTCATCCTGACCTCTACCGGTTTAGTG

Note: cassette mutagenesis (CM), cloning primers (CP), site-saturation mutagenesis (SSM), site-directed mutagenesis 
(SDM); a A = (ACTG 92.5:2.5:2.5:2.5), C = (CTAG 92.5:2.5:2.5:2.5), T = (TCAG 92.5:2.5:2.5:2.5) and G = (GTCA 
92.5:2.5:2.5:2.5).

Screening
Before measuring the activity of DERA in cell-free extract (CFE), an agar plate pre-screening was performed 

according to previously reported procedures.11 Electrocompetent E. coli BL21(DE3) cells were transformed 

with library DNA and plated on LB agar plates supplemented with either 100 µg/ml ampicillin (first round) 

or 30 µg/ml kanamycin (round 2–11) and 0.2% w/v lactose. After incubation at 37 °C for approximately 

16 h, the agar plates were stored at room temperature for 3–5 h. A heated solution (~60 °C) of 0.6% w/v 

agarose, 0.5% v/v DMSO and 0.1 mg/ml 2-hydroxycinnamaldehyde in 10 mM sodium phosphate, pH 7.3 

was poured on the agar plates. The plates were incubated for 10 min at room temperature to allow the 

agarose to solidify. Typically, colonies with red staining appeared after 1 min, and approximately 800–1400 

stained colonies per library were picked with sterile toothpicks, which were used to inoculate 1 ml LB 

medium supplemented with 100 µg/ml ampicillin (first round) or 30 µg/ml kanamycin (round 2–11) and 

0.2% w/v lactose in 96-deep well plates (96-well Masterblock, Greiner Bio-one, Kremsmünster, Austria). 

Two wells were inoculated with a clean, sterile toothpick (negative control), and six wells were inoculated 

with the most active variants from the previous mutagenesis rounds in triplicate as a positive control and 

reference. The 96-deep well plates were sealed with sterile gas-permeable seals (Breathe-Easy, Diversified 

Biotech, Boston, MA, USA) and incubated with shaking at 200 rpm for 6 h at 37 °C, followed by 30 °C 

overnight. 30 µl of the bacterial culture were mixed with a sterile solution of 30 µl 50% w/v glycerol and 

stored for later use at -80  °C. The remainder of the bacterial culture was harvested and resuspended in 

50 µl BugBuster (EMD Biosciences, Madison, WI, USA) containing 0.5 µl/ml benzonase. After 20 min 

of incubation at room temperature under vigorous shaking, the CFE was obtained by clearing the lysates 

by centrifugation. Before centrifugation, the lysed cells were diluted with 50 µl to 1 ml 20 mM HEPES, 

100  mM NaCl, pH  6.5. For the screening, the final reaction mixture for monitoring the addition of 

nitromethane 2 to cinnamaldehyde 1a consisted of 40% v/v CFE, 0.25 mM 1a, 20 mM 2, 3% v/v DMSO 
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in 20 mM HEPES, 100 mM NaCl, pH 6.5, in 100 µl final volume. The reaction was performed in a 

96-well plate (UV-star F-bottom microplate, Greiner Bio-one, Kremsmünster, Austria), and the reaction 

progress was followed in a plate reader by measuring the decrease in absorbance at 290 nm. The variants 

with the highest increase in activity compared to the reference were picked from the glycerol stock for 

plasmid isolation, DNA sequencing, and further mutagenesis.

Throughout the directed evolution process, the following adjustments were made to compensate for the 

increased enzyme activity in the CFE: 

Round 1–11: The CFE was diluted stepwise from 50 µl up to 1 ml with 20 mM HEPES, 100 mM NaCl, 

pH 6.5.

Round 2: The expression system was changed from pET20b to pET26b for better expression control.

Round 8: The volume of CFE in the reaction was lowered to 20% v/v.

Round 9: The 96-well Masterblocks contained 600 µl LB medium supplemented with 0.2% w/v lactose, 

0.05% w/v glucose, and 30 µg/ml kanamycin; the 96-well Masterblocks were inoculated with 20 µl from 

an overnight culture, and the cells were grown for 2 h at 37 °C, followed by 25 °C overnight.

Round 10: 0.3 mM 1a and 100 mM 2 were used in the activity screening.

Directed evolution
Figure S2 gives a schematic overview of the directed evolution program to optimize wild-type E. coli DERA 

for the Michael addition of 2 to 1a. Amino acid substitutions of distinctive purified DERA variants are 

listed in Table S2. 

Round 1: Wild-type DERA was used as a template to create a library by epPCR. Approximately 50 000–75 000  

colonies were pre-screened with 2-hydroxycinnamaldehyde on agar plates. Approximately 50 positive hits 

from this pre-screening were subsequently screened by UV-vis for the addition of 2 to 1a. 

Round 2: The DNA of 8 variants from round 1, which showed improved activities compared to wild-

type DERA, were recombined by a StEP, and the DNA product served as the template in an epPCR. 

Approximately 600 colonies from the resulting library were screened by UV-vis for the addition of 2 to 1a.

Round 3: The DNA of 17 variants from round 2, which showed improved activities, were recombined by 

a StEP, and the DNA product served as the template in an epPCR. Approximately 1000 colonies from the 

resulting library were screened by UV-vis for the addition of 2 to 1a. Analysis of selected variants in an 

UV-vis based activity assay with purified proteins yielded DERA-34H1 and DERA-38D10, which showed 

similar enhanced activities compared to wild-type DERA.
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Round 4: The DNA of DERA-34H1 and DERA-38D10 was recombined by a StEP, and the DNA product 

served as the template in an epPCR. Approximately 1000 colonies from the resulting library were screened 

by UV-vis for the addition of 2 to 1a. In a focused library, position 47 was targeted in DERA-34H1 

and DERA-38D10 with SSM using NNK degenerate codons. For each focused library, approximately 90 

colonies were screened. 

Round 5: The DNA of 11 variants from round 4, which showed improved activities compared to variants 

from the previous round, were recombined by a StEP, and the DNA product served as the template in an 

epPCR. Approximately 1400 colonies from the resulting library were screened by UV-vis for the addition 

of 2 to 1a. Analysis of selected variants in an UV-vis based activity assay with purified proteins yielded 

DERA-43C10, DERA-58B1, and DERA-59D3, which showed similar enhanced activities compared to 

wild-type DERA.

Round 6: The DNA of DERA-43C10, DERA-58B1, and DERA-59D3 were recombined in one library by 

a StEP, and the DNA product served as a template to construct a second library by epPCR. Approximately 

1400 colonies from the resulting libraries were screened by UV-vis for the addition of 2 to 1a. In a focused 

library, position 170 was targeted in DERA-43C10 and DERA-58B1 with SSM using NNK degenerate 

codons. About 90 colonies were screened for each focused library.

Round 7: The DNA of 15 variants from round 6, which showed improved activities compared to variants 

from the previous round, were recombined by a StEP, and the DNA product served as the template in an 

epPCR. Approximately 1800 colonies from the resulting library were screened by UV-vis for the addition 

of 2 to 1a. Analysis of selected variants in an UV-vis based activity assay with purified proteins yielded 

DERA-713C12. 

Round 8: The DNA of variant DERA-713C12 served as a template for site-saturation mutagenesis with 

NNK degenerate codons targeting the following positions: 18, 19, 22, 47, 52, 166, 171, 172, 185, 197, 

200, 202, 203, 213, 230, 236, 238 and 239. The focused libraries were pooled, and a total of 900 colonies 

were screened by UV-vis for the addition of 2 to 1a. Analysis of selected variants in an UV-vis based activity 

assay with purified proteins yielded DERA-87B11.

Round 9: The DNA of 6 variants from round 8, which showed improved activities compared to variants 

from the previous round, were recombined by a StEP, and approximately 700 colonies of the resulting 

library were screened by UV-vis for the addition of 2 to 1a. Variant DERA-87B11 served as a template for 

cassette mutagenesis with spiked oligonucleotides, which targeted loops 1 (position 15–25), 2 (position 

44–51), 6 (position 164–176), and 7 (position 198–208), of the inner core of DERA. A total of about 

2800 colonies were screened from these libraries by UV-vis for the addition of 2 to 1a and yielded variants 

DERA-964C8, DERA-966F5, DERA-9610C8, and DERA-971B3.
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Round 10: The DNA of variants DERA-964C8, DERA-966F5, DERA-9610C8, and DERA-971B3 were 

recombined by a StEP, and the DNA product served as the template in an epPCR. Approximately 2000 

colonies from the resulting library were screened by UV-vis for the addition of 2 to 1a. Analysis of selected 

variants in an UV-vis based activity assay with purified proteins yielded DERA-1111H11, which showed 

enhanced activity compared to the variant from the previous round. 

Round 11: The DNA of variant DERA-1111H11 served as a template for site-saturation mutagenesis with 

NNK degenerate codons targeting the following positions: 21, 49, 50, 102, 104, 105, 137, 139, 141, 142, 

168, 169, 176, 200, 201, 207 and 237. For each focused library, about 90 colonies were screened by UV-

vis for the addition of 2 to 1a. Analysis of selected variants in an UV-vis based activity assay with purified 

proteins yielded the best variant DERA-MA.



Chapter 3

114

Figure S2. Schematic overview of the directed evolution campaign to optimize DERA for the Michael addition of 2 to 
1a. epPCR: error-prone PCR, StEP: staggered-extension PCR, SSM: site-saturation mutagenesis.
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Table S2. Amino acid substitutions compared to wild-type DERA of selected DERA variants. Amino acid substitutions 
that newly emerged and are retained in the final variant are highlighted in bold. * Variants used in Figure 1b and c in 
the main text.

Round Name Amino acid substitutions compared to wild-type DERA
1 DERA-11C2* D22G, F52S, T74S, I159V, T197S
3 DERA-34H1* D22G, C47S, F52S, T74S, A230T, S239G
3 DERA-38D10 D22G, D24Y, F52S, T197S, P202L, A203T
4 DERA-43C10 D22G, C47S, F52S, T197S, P202L, A203T, A230T, S239G
5 DERA-58B1* T18S, D22G, C47S, F52S, T197S, P202L, A203T, A230T, S239G
5 DERA-59D3 T2S, D22G, D24Y, C47S, F52S, T197S, P202L, A203T
7 DERA-713C12* T18S, D22G, D24Y, C47S, F52S, T197S, P202L, A203T, S239G
8 DERA-87B11* T18S, D22G, D24Y, C47S, F52S, T197S, P202V, A203T, S239G
9 DERA-964C8 T18S, D22G, D24Y, C47S, F52S, K172R, T197S, P202V, A203T, S239G
9 DERA-966F5 T18S, D22G, D24Y, C47S, F52S, K172I, T197S, P202V, A203T, S239G
9 DERA-9610C8 T18S, D22G, D24Y, C47S, F52S, K172L, T197S, P202V, A203T, S239G
9 DERA-971B3 T18S, D22G, D24Y, C47S, F52S, T197S, P202V, A203T, V206A, S239G
10 DERA-1111H11* T18S, D22G, D24Y, C47S, F52S, K172L, T197S, P202V, A203T, V206A, S239G
11 DERA-MA* T18S, D22G, D24Y, C47S, F52S, T142S, K172L, T197S, P202V, A203T, V206A, 

S239G

Protein expression and purification
Individual DERA variants with a C-terminal His-tag were expressed and purified from E. coli 

BL21(DE3) using the pET20b(+) or pET26b(+) expression systems. Typically, 100  ml terrific broth 

medium, supplemented with the appropriate antibiotic (100 µg/ml ampicillin or 30 µg/ml kanamycin), 

was inoculated with 1 ml from an overnight culture. The cells were incubated at 37 °C, 200 rpm until  

~ 0.5 OD (2–3 h) was reached, after which the expression was induced by adding 100 µM isopropyl-β-D-

thiogalactopyranoside (IPTG), and the culture was further incubated overnight at 25 °C. After harvesting 

the cells, the pellet was resuspended in 15 ml 50 mM potassium phosphate, 20 mM imidazole, pH 7, 

and the cells lysed by ultrasonication. The lysate was cleared by centrifugation, Ni-sepharose (1 ml) was 

added to the lysate and incubated at 4 °C under slow rotation for 30 min. The Ni-sepharose and lysate 

mixture was loaded on a column and washed with 10 ml 50 mM potassium phosphate, 30 mM imidazole, 

pH 7, followed by elution with 3 ml 50 mM potassium phosphate, 300 mM imidazole, pH 7. The buffer 

was exchanged to 20 mM potassium phosphate, pH 7, by using a PD-10 sephadex G-25 gel-filtration 

column (GE Healthcare, Chicago, IL, USA). The protein concentration was determined by measuring 

the absorbance at 280 nm with the theoretical molecular weight and extinction coefficient calculated with 

ProtParm (ExPASy, https://web.expasy.org/protparam/). The protein solution was snap-frozen in liquid 

nitrogen and stored at -20 °C until further use. 
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Spectrophotometric measurement of enzyme activity

Michael addition activity

All spectrophotometric measurements were performed by following the decrease in absorbance of 

cinnamaldehyde 1a at 290 nm (ε = 23598 M-1 cm-1) after the addition of 100 mM nitromethane 2 in 

20 mM HEPES, 100 mM NaCl, pH 6.5 and 3% v/v DMSO at 29 °C (1 ml reaction volume). After the 

addition of 2, 300 µl of the reaction mixture was transferred into a 1 mm cuvette for the spectrophotometric 

analysis. The initial rates of the enzymatic reactions were corrected for the buffer-catalyzed background 

reaction.

For the activity comparison of DERA variants (main text Figure 1b), the initial rate of the reaction catalyzed 

by wild-type DERA or evolved DERA variants was determined using 5 µM purified enzyme and 1 mM 

cinnamaldehyde 1a. Measurements for wild-type DERA and DERA-MA were performed with two 

independent protein batches. Measurements for the other DERA variants were performed in duplicates 

from the same protein batch.

The apparent steady-state parameters kcat,app and KM,app were determined from reactions with 1 µM DERA-

MA and 25  µM–1  mM cinnamaldehyde 1a. The initial rates obtained from duplicate measurements 

of two independent protein batches were corrected for the buffer-catalyzed background reaction and 

fitted by non-linear regression to the Michaelis-Menten equation (v0/[E]0 = kcat,app[cinnamaldehyde]/

KM,app[cinnamaldehyde]) using SigmaPlot 14 (Figure S3).

To determine the buffer catalyzed background reaction rate, the depletion of cinnamaldehyde 1a (25 µM–

1mM) after the addition of 100  mM 2 was followed at 290  nm in 20  mM HEPES, 100  mM NaCl, 

pH 6.5, and 3% v/v DMSO at 29 °C. The initial rates of three independent measurements were fitted to 

the pseudo-first-order rate equation v0 = kbuffer[cinnamaldehyde] by non-linear regression using SigmaPlot 

14 (Figure S4).
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Figure S3. Michaelis-Menten plot for the addition of 2 to 1a catalyzed by DERA-MA. Th e concentration of 2 was fi xed 
at 100 mM and the concentration of 1a varied between 25 µM–1 mM. Th e measurement was performed in duplicates 
with purifi ed enzyme from two independent protein batches. Error bars correspond to the calculated standard deviation.

Figure S4. Buff er catalyzed background reaction for the addition of 2 to 1a was determined in 20 mM HEPES, 100 mM 
NaCl, pH 6.5, and 3% v/v DMSO at 29  °C. Error bars correspond to the standard deviation of three independent 
measurements.
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Figure S5. Relative initial rate vo of the reaction catalyzed by DERA-MA variants normalized to the initial rate of the 
reaction catalyzed by DERA-MA. Initial rates were measured in duplicates with 5 µM DERA, 1 mM 1a and 100 mM 2
in 20 mM HEPES, 100 mM NaCl, pH 6.5 and 3% v/v DMSO at 29 °C. Error bars correspond to the standard deviation 
of two measurements.
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Retro-aldol activity

Th e retro-aldol activity of wild-type DERA and DERA-MA with 2-deoxy-D-ribose-5-phosphate as the 

substrate to produce acetaldehyde and D-glyceraldehyde-3-phosphate was measured in a coupled enzyme 

assay using α-Glycerophosphate Dehydrogenase-Triosephosphate Isomerase from rabbit muscle (GPD/

TPI, G1881, Sigma-Aldrich, St. Louis, MO, USA).12,13 Th e fi nal reaction mixture (0.8 ml) contained the 

following: 0.4 mM 2-deoxy-D-ribose-5-phosphate (Sigma-Aldrich, St. Louis, MO, USA), 0.3 mM NADH 

(abcr, Karlsruhe, Germany), 1 U/ml GPD/TPI, and 0.05 mg/ml DERA variant in 50 mM HEPES pH 6.8. 

Th e reaction progress was monitored at 20  °C by measuring the depletion in absorbance of NADH at 

340 nm.

Figure S6. Reaction progress curves of the DERA wild-type and DERA-MA catalyzed retro-aldol reaction with the 
natural substrate 2-deoxy-D-ribose-5-phosphate. Th e reaction is monitored by following the consumption of NADH at 
340 nm in a coupled enzyme assay with GPD/TPI.
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Condensation of 1a with DERA-MA
Th e condensation of cinnamaldehyde 1a with DERA-MA was monitored by measuring the absorbance 

spectrum of 5 µM 1a in the presence of 25 µM DERA-MA or 25 µM DERA-MA K167L in 10 mM 

HEPES, 100 mM NaCl, pH 6.5 and 3% v/v DMSO in a 1 cm quartz cuvette.

Figure S7. Absorbance spectrum of 5 µM cinnamaldehyde 1a in the presence of 25 µM DERA-MA or 25 µM DERA-
MA K167L in 10 mM HEPES, 100 mM NaCl, pH 6.5, and 3% v/v DMSO. 
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Covalent labelling of DERA-MA with 1a
To covalently label DERA with cinnamaldehyde 1a, 1 mg DERA-MA was incubated with 0.6 mM 1a in 

20 mM HEPES, 100 mM NaCl, pH 6.5 and 3% v/v DMSO at room temperature, 1 ml fi nal volume. 

After 5 min, 200 µl 150 mM NaBH3CN in H2O were added, and the reaction was incubated for 2 h. Th e 

buff er was exchanged against 20 mM HEPES, 100 mM NaCl, pH 6.5 by using a centrifugal concentrator 

(Vivaspin 2, 5,000 MWCO, Sartorius, Göttingen, Germany). An aliquot of the protein solution was 

analyzed by ESI-MS. Th e remaining fraction was digested with endoproteinase Glu-C and a sample of 

the digestion product was analyzed by LC-MS/MS similar to previously published methods.7 As a control, 

the experiment was performed under otherwise identical experimental conditions but without adding 

cinnamaldehyde.

Figure S8. a) Mass spectrometry (ESI-MS) after chemical reduction of DERA-MA (calcd. 28643.71 Da, found 
28643.67 Da); b) ESI-MS after chemical reduction of DERA-MA in the presence of 1a (calcd. 28760.78 Da, found 
28761.03 Da). Th e lowered protein mass (major peak) observed in both spectra is caused by removal of the N-terminal 
methionine (-132 Da).
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Table S3. Peptide mapping data of DERA-MA after digestion with Glu-C. For clarity, only peptides with posttranslational 
modification (PTM) are listed.

Peptide -10lgP Mass Length ppm m/z RT Scan Area 
Sample 2 

Start End PTM 

E.VDVVFPYRALM(+15.99)AGNE.Q 134.58 1695.829 15 -0.1 848.9093 42.61 13951 9.72E+08 101 115 Oxidation 

(M) 

M.TDLKASSLRALKLM(+15.99)D.L 122.52 1676.913 15 -5.3 839.4471 31.92 8911 3.65E+08 2 16 Oxidation 

(M) 

M(+15.99)TDLKASSLRALKLMD.L 105.32 1807.954 16 -12.1 904.96 34.48 10146 1.33E+08 1 16 Oxidation 

(M) 

E.VDVVFPYRALM(+15.99)

AGNEQVGFD.L 

97.28 2242.073 20 -0.6 1122.027 45.9 15548 3.43E+07 101 120 Oxidation 

(M) 

E.VDVVFPYRALM(+15.99)AGNEQV.G 91.18 1922.956 17 -0.2 962.4709 43.38 14484 9.34E+06 101 117 Oxidation 

(M) 

E.VDVVFPYRALM(+15.99).A 88.16 1324.685 11 3.2 663.3422 41.96 13692 3.33E+07 101 111 Oxidation 

(M) 

MTDLKASSLRALKLM(+15.99)D.L 80.36 1807.954 16 -0.8 603.6492 32.8 9306 1.68E+08 1 16 Oxidation 

(M) 

M(+15.99)TDLKASSLR.A 73.67 1136.586 10 0.1 569.292 22.75 4663 8.00E+06 1 10 Oxidation 

(M) 

M(+15.99)TDLKASSLRALK.L 68.14 1448.802 13 -1.6 483.9335 25.64 6026 3.35E+06 1 13 Oxidation 

(M) 

M(+15.99)TDLKASSL.R 62.77 980.4849 9 0.4 491.2427 28.38 7261 1.72E+07 1 9 Oxidation 

(M) 

E.VIRDM(+15.99)GVEKS.V 58.19 1148.586 10 -0.4 575.2916 19.45 3407 2.87E+07 188 197 Oxidation 

(M) 

E.VIRDM(+15.99)GVE.K 53.79 933.4589 8 -0.2 467.7298 22.29 4436 4.71E+08 188 195 Oxidation 

(M) 

E.SARIMM(+15.99)E.V 53.34 852.3834 7 -6.9 427.1898 22.91 4791 1.46E+09 181 187 Oxidation 

(M)

E.SARIM(+15.99)ME.V 48.58 852.3834 7 -6 427.1902 26.36 6351 1.06E+09 181 187 Oxidation 

(M)

E.SARIM(+15.99)M(+15.99)E.V 44.39 868.3783 7 0.3 435.1902 19.45 3981 1.41E+08 181 187 Oxidation 

(M) 

E.VDVVFPYRALM(+15.99)

AGNEQVGFDLVKACKEACAAAN.V 

44.12 3514.705 33 0.1 879.6707 42.21 13765 1.67E+07 101 133 Oxidation 

(M) 

M.TDLKASSLRALKLM(+15.99)DLST.L 42.77 1978.077 18 10.2 660.3633 44.14 14720 1.29E+06 2 19 Oxidation 

(M) 
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Table S4. Peptide mapping data of DERA-MA labelled with 1a after digestion with Glu-C. For clarity, only peptides 
with posttranslational modification (PTM) are listed.

Peptide -10lgP Mass Length ppm m/z z RT Scan Area Sample 1 Start End PTM

E.VDVVFPYRALM(+15.99)AGNE.Q 127.96 1695.82915 2.4 848.9189 2 41.9 13210 5.95E+08 101 115 Oxidation (M)

M.TDLKASSLRALKLM(+15.99)D.L 102.49 1676.91315 -1.7 839.4576 2 31.4 8264 9.87E+07 2 16 Oxidation (M)

E.VDVVFPYRALM(+15.99).A 98.97 1324.68511 2.5 663.3477 2 41.47 13576 3.86E+07 101 111 Oxidation (M)

D.FIK(+116.06)TSTGLVAVNATPE.S 92.57 1762.95 16 2.4 882.4796 2 41.87 13045 1.18E+08 165 180 cinnamaldehyde

E.ISIKAGADFIK(+116.06)TST.G 92.26 1566.86614 -1.7 784.4343 2 39.93 12442 7.52E+08 157 170 cinnamaldehyde

E.VDVVFPYRALM(+15.99)AGNEQV.G 91.39 1922.95617 0.9 962.4807 2 42.88 13873 1.14E+07 101 117 Oxidation (M)

E.VDVVFPYRALM(+15.99)A.G 89.63 1395.72212 -0.4 698.8641 2 42.92 13629 1.45E+07 101 112 Oxidation (M)

M(+15.99)TDLKASSLRALKLMD.L 89.31 1807.95416 1.6 603.656 3 33.18 9638 5.67E+07 1 16 Oxidation (M)

MTDLKASSLRALKLM(+15.99)D.L 89.27 1807.95416 0.3 904.9792 2 32.78 8884 7.44E+07 1 16 Oxidation (M)

G.ADFIK(+116.06)TSTGLVAVNATPE.S 88.92 1949.01518 5.1 975.514 2 44.55 14301 1.70E+06 163 180 cinnamaldehyde

E.VDVVFPYRALM(+15.99)

AGNEQVGFD.L

84.11 2242.07320 -0.4 1122.037 2 45.53 14874 4.49E+06 101 120 Oxidation (M)

E.ISIKAGADFIK(+116.06)TS.T 81.7 1465.81813 0.4 733.9124 2 39.5 12044 2.93E+07 157 169 cinnamaldehyde

M(+15.99)TDLKASSLRAL.K 80.13 1320.70712 -4.6 441.2385 3 29.59 7408 1.90E+06 1 12 Oxidation (M)

E.ISIKAGADFIK(+116.06)T.S 74.24 1378.78612 3.4 690.3987 2 39.3 11926 1.59E+07 157 168 cinnamaldehyde

E.ISIKAGADFIK(+116.06)TSTGL.V 72.74 1736.97116 4.7 579.9971 3 44.81 14380 1.23E+06 157 172 cinnamaldehyde

E.DAQK(+116.06)YLAIADE.L 70.64 1351.66611 -1 676.8357 2 44.27 14136 2.30E+06 211 221 cinnamaldehyde

M(+15.99)TDLKASSLR.A 66.47 1136.58610 -5.5 569.2939 2 22.65 4397 3.46E+05 1 10 Oxidation (M)

M(+15.99)TDLKASSL.R 66.45 980.48499 -8.3 491.2429 2 26.8 6978 2.75E+07 1 9 Oxidation (M)

E.VDVVFPYRALM(+15.99)AGN.E 61.71 1566.78614 4 784.3992 2 41.83 13086 5.71E+05 101 114 Oxidation (M)

M(+15.99)TDLKASSLRALKLM(+15.99)D.L 60.11 1823.94916 -0.9 608.9861 3 31.33 8244 4.40E+06 1 16 Oxidation (M)

E.VIRDM(+15.99)GVE.K 55.44 933.45898 -9.5 467.7296 2 22.42 4722 1.31E+08 188 195 Oxidation (M)

E.VDVVFPYRALM(+15.99)

AGNEQVGFDLVKACKEACAAAN.V

54.16 3514.70533 0.3 879.6787 4 42.1 13193 6.84E+05 101 133 Oxidation (M)

M(+15.99)TDLKASSLRALK.L 50.11 1448.80213 -8.5 483.9344 3 25.5 5621 3.25E+05 1 13 Oxidation (M)

K.AGADFIK(+116.06)

TSTGLVAVNATPE.S

50.03 2077.07320 0.3 1039.538 2 45.17 14554 3.69E+05 161 180 cinnamaldehyde

D.VVFPYRALM(+15.99)AGNE.Q 49.75 1481.73413 0.8 741.8705 2 37.67 11204 5.20E+05 103 115 Oxidation (M)

E.SARIM(+15.99)M(+15.99)E.V 47.97 868.37837 -5.7 435.1915 2 19.39 3338 2.72E+07 181 187 Oxidation (M)

E.VIRDM(+15.99)GVEKS.V 45.52 1148.58610 -8.5 383.8638 3 19.42 3329 2.14E+06 188 197 Oxidation (M)

L.GHGDGK(+116.06)SASSYLE.H 45.35 1422.64213 -3.6 712.3214 2 29.85 7564 1.92E+05 249 261 cinnamaldehyde
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X-ray crystallography
Purified variant DERA-MA was thawed and diluted to 16 mg/ml in 10 mM potassium phosphate buffer, 

pH 7. Screening for initial crystallization conditions was carried out in 96-well sitting-drop plates at 293 

K with the help of a Mosquito robot (TTP Labtech) and using various commercial screens. Crystallization 

hits were optimized manually using hanging-drop vapor diffusion experiments. Final crystals were grown 

using 13% PEG 3350, 10% isopropanol and 0.1 M HEPES pH 7.5 as reservoir solution, in hanging-

drops prepared by mixing 1 µl protein solution with 1 µl reservoir solution. Crystals grew in a few days 

to an average size of 0.2 x 0.2 x 0.1 µm3. Prior to X-ray data collection the crystals were flash-cooled in 

liquid nitrogen using 16% PEG3350, 10% isopropanol, 0.1 mM HEPES pH 7.5, supplemented with 

25% glycerol, as cryoprotectant solution. To trap the DERA-MA-cinnamylidene Schiff base intermediate, 

crystals were soaked for 5 minutes in a crystallization solution saturated with cinnamaldehyde, followed by 

flash-cooling in liquid nitrogen. For both crystals, diffraction data were recorded at the MASSIF-1 beamline 

at the ESRF, Grenoble.14 Data to 1.23 Å resolution were recorded for a single apo DERA-MA crystal, and 

subsequently re-processed with the program XDS15 and with the AIMLESS routines16 from the CCP4 

software suite.17 The apo DERA-MA crystal belonged to space group P21 and contained two polypeptide 

chains in the asymmetric unit with a solvent content of 39.4%. Initial phases and electron maps for the 

apo DERA-MA model were obtained by molecular replacement with the program Phaser,18 using PDB 

entry 1P1X as a search model. The resulting model was improved by several rounds of model building 

and refinement, using the programs Coot19 and REFMAC5,20 respectively, and included placement and 

validation of water molecules and refinement of anisotropic B-factors. The best crystal of the DERA-

MA-cinnamylidene complex diffracted to 1.90 Å resolution, but required X-ray data processing in space 

group P1 with twelve polypeptide chains in the asymmetric unit (solvent content of 46.9%). Positions and 

orientations of the polypeptide chains in the asymmetric unit were obtained by molecular replacement using 

an apo DERA-MA molecule as search model. In all twelve polypeptide chains additional electron density 

was observed extending from the side chain of Lys167, indicative of the formation of a cinnamaldehyde-

derived enzyme−Schiff-base intermediate. Refinement of the DERA-MA/Lys-167-cinnamylidene model, 

including non-crystallographic symmetry restraints and anisotropic atomic B-factors, was carried out using 

Phenix_refine,21 using a topology and parameter file for the lysine-linked cinnamylidene that was obtained 

from the CCP4 monomer library database. Validation of the final structures of apo DERA-MA and DERA-

MA Lys167-cinnamylidene was performed with the wwPDB Validation Server at https://validate.wwpdb.

org. PyMOL (Schrödinger) was used for structure analysis and figure preparation. Coordinates and structure 

factors were deposited at the PDB with entry codes 7P75 (apo DERA-MA) and 7P76 (DERA-MA/Lys167-

cinnamylidene). A summary of the data collection and refinement statistics are available in Table S5.
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Table S5. Crystallographic statistics of apo DERA-MA and DERA-MA/Lys-167-cinnamylidene.

apo DERA-MA DERA-MA/Lys-167-
cinnamylidene

Data collectiona

ESRF beamline MASSIF-1 MASSIF-1

Wavelength (Å) 0.9655 0.9655

Resolution (Å) 47–1.23 (1.25-1.23) 80– 1.90 (1.93-1.90)

Space group P21 P1

Unit cell dimensions, a, b, c, (Å)
α, β, γ(°)

47.6, 67.5, 73.7
90.0, 101.0, 90.0

80.3, 92.8, 106.9
89.0, 88.8, 89.1

Number of observations 293475 (13078) 3743113 (18962)

Number of unique reflections 128757 (5862) 229190 (11296)

CC(1/2) 0.990 (0.539) 0.980 (0.719)

<I/σ> 6.9 (1.2) 2.5 (1.3)

Rmerge 0.068 (0.723) 0.112 (0.587)

Completeness (%) 96.9 (89.6) 94.3 (93.8)

Multiplicity 2.3 (2.2) 1.6 (1.7)

Refinement

Resolution (Å) 47–1.35 80–1.90

Rwork /Rfree 0.148/0.171 0.235/0.283

No. of protein chains in AUb

protein/solvent/other
2 12

No. of non-H atoms in AU, protein/solvent/other 3798/513 22223/1275/114

Average B-factors, protein/solvent/other (Å2) 17.7/32.3 19.3/28.2/23.5

RMSD bond lengths (Å)/bond angles (°) 0.0070/1.4 0.0078/0.9

Ramachandran preferred/outliers (%) 97.8/0.0 97.7/0.0

PDB entry 7P75 7P76

aHigh resolution shell in parentheses; bAU is asymmetric unit.
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Figure S9. Comparison of the active sites in wild-type DERA (from E. coli) and DERA-MA. a) Wild-type DERA (cyan) 
after forming a Schiff base complex with 2-deoxy-D-ribose-5-phosphate (carbons in yellow, PDB entry 1JCJ). b,c,d) 
DERA-MA (orange) after forming a Schiff base complex with cinnamaldehyde (carbons in yellow, PDB entry 7P76), 
shown in different views. Dashed black lines indicate selected hydrogen bonds. The molecular surfaces in grey define the 
boundaries of the active site pockets. The cinnamylidene moiety occupies a new subpocket in the active site of DERA-
MA, created by the displacement of Leu-20 and the C47S mutation. The cinnamylidene-binding pocket is lined at 
one side by the side chains of Tyr-49, Val-73 and Phe-76, which stabilize the phenyl ring and acyl carbons via aromatic 
and hydrophobic contacts. At the other side the active site is largely accessible to solvent and reactive nucleophiles like 
nitromethane. Also, there is sufficient space in the cinnamylidene-binding pocket to accommodate substituents on the 
aromatic ring of cinnamaldehyde, consistent with the observed activities of DERA-MA on selected cinnamaldehyde 
derivatives.
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Figure S10. Interactions of the Lys-167-cinnamylidene Schiff base intermediate at the DERA-MA active site. Hydrogen 
bonds and hydrophobic contacts are shown as blue and black dashed lines, respectively. Residues highlighted in 
orange contact the cinnamylidene moiety at its front face, residues highlighted in green at its back face. The Schiff-
base intermediate is stabilized via electron resonance resulting in a partial positive charge on the C3 carbon of the 
cinnamylidene moiety. Actually, destabilization of the positive charge on the amino group of Lys-167 by the nearby Lys-
201 may increase the significance of the right resonance structure. The positive charge at the C3 carbon, combined with 
steric hindrance of Tyr-49, Val-73 and Phe-76 at its si-face, will support an attack by nitromethane at the re-face of the 
cinnamylidene C3 carbon, explaining the R-enantioselective formation of γ-nitroaldehydes.
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Substrate scope of DERA-MA
To a 15 ml Greiner tube were added: 1 mM 1a-k, 20 mM 2, 5 µM DERA-MA, and 3% v/v DMSO, 

in a final volume of 4 ml 20 mM HEPES, 100 mM NaCl, pH 6.5. After the reaction was initiated by 

the addition of 2, 300 µl reaction mixture were transferred into a 1 mm quartz cuvette and the substrate 

depletion was monitored by following the decrease in absorbance at 290 nm (1a-f,h,i), 310 nm (1j), or 

325 nm (1g) at 29 °C. The reaction process with substrate 1k was monitored by GC-MS. The remainder 

of the reaction mixture was placed in an incubator at 29 °C. After UV-vis analysis indicated completion of 

the reaction, or after 24 hours, 700 µl reaction mixture were extracted with 500 µl EtOAc and analyzed by 

GC-FID. The product in the remaining reaction mixture was reduced in situ with NaBH4, extracted with  

2 x 1 ml EtOAc, concentrated in vacuo, and analyzed by chiral-phase HPLC.
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4-nitro-3-phenylbutanal 3a

Th e enantiomeric ratio was determined by normal phase HPLC with reduced 3a using a CHIRALPAK®

IB column (150 mm × 4.6 mm, Daicel) (isopropanol/heptane 10:90, 0.5 ml/min, 30 °C). UV detection 

at 220 nm: tR: red.-R-3a = 18.2 min, red.-S-3a = 20.6 min, led to the following enantiomeric ratio (R:S): 

racemic red.-3a = 50:50 and enzymatic red.-3a = 99:1. Th e absolute confi guration of 3a was assigned based 

on earlier reported chiral-phase HPLC data.22

Figure S11. HPLC chromatogram of racemic and enzymatically obtained reduced 3a.
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3-(2-chlorophenyl)-4-nitrobutanal 3b

Th e enantiomeric ratio was determined by normal phase HPLC with reduced 3b by using a CHIRALPAK®

IC column (150 mm × 4.6 mm, Daicel) (isopropanol/heptane 5:95, 1 ml/min, 30 °C). UV detection at 

220 nm: tR: red.-R-3b = 19.4 min, red.-S-3b = 21.6 min, led to the following enantiomeric ratio (R:S): 

racemic red.-3b = 50:50 and enzymatic red.-3b = 99:1. Th e absolute confi guration of 3b was assigned based 

on earlier reported chiral-phase HPLC data.23

Figure S12. HPLC chromatogram of racemic and enzymatically obtained reduced 3b.
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3-(3-chlorophenyl)-4-nitrobutanal 3c

Th e enantiomeric ratio was determined by normal phase HPLC with reduced 3c by using a CHIRALCEL®

OD-H column (150 mm × 4.6 mm, Daicel) (isopropanol/heptane 8:92, 1 ml/min, 30 °C). UV detection 

at 220 nm: tR: red.-R-3c = 14.4 min, red.-S-3c = 15.7 min, led to the following enantiomeric ratio (R:S): 

racemic red.-3c = 50:50 and enzymatic red.-3c = 99:1. Th e absolute confi guration of 3c was assigned based 

on earlier reported chiral-phase HPLC data.23

Figure S13. HPLC chromatogram of racemic and enzymatically obtained reduced 3c.
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3-(4-chlorophenyl)-4-nitrobutanal 3d

Th e enantiomeric ratio was determined by normal phase HPLC with reduced 3d by using a CHIRALPAK®

IC column (150 mm × 4.6 mm, Daicel) (isopropanol/heptane 5:95, 1 ml/min, 30 °C). UV detection at 

220 nm: tR: red.-R-3d = 19.5 min, red.-S-3d = 21.8 min, led to the following enantiomeric ratio (R:S): 

racemic red.-3d = 49:51 and enzymatic red.-3d = 99:1. Th e absolute confi guration of 3d was assigned based 

on earlier reported chiral-phase HPLC data.23

Figure S14. HPLC chromatogram of racemic and enzymatically obtained reduced 3d.
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3-(2-methoxyphenyl)-4-nitrobutanal 3e

Th e enantiomeric ratio was determined by normal phase HPLC with reduced 3e by using a CHIRALCEL®

OD-H column (150 mm × 4.6 mm, Daicel) (isopropanol/heptane 8:92, 1 ml/min, 30 °C). UV detection 

at 210 nm: tR: red.-R-3e = 14.0 min, red.-S-3e = 16.4 min, led to the following enantiomeric ratio (R:S): 

racemic red.-3e = 51:49 and enzymatic red.-3e = 86:14. Th e absolute confi guration of 3e was assigned 

based on earlier reported chiral-phase HPLC data.24

Figure S15. HPLC chromatogram of racemic and enzymatically obtained reduced 3e. 
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3-(3-methoxyphenyl)-4-nitrobutanal 3f

The enantiomeric ratio was determined by normal phase HPLC with reduced 3f by using a CHIRALPAK® 

IC column (150 mm × 4.6 mm, Daicel) (isopropanol/hexane 10:90, 1 ml/min, 25 °C). UV detection at 

220 nm: tR: red.-R-3f = 22.1 min, red.-S-3f = 19.7 min, led to the following enantiomeric ratio (R:S): 

racemic red.-3f = 50:50 and enzymatic red.-3f = 97:3. The absolute configuration of 3f was assigned based 

on earlier reported chiral-phase HPLC data.25

Figure S16. HPLC chromatogram of racemic and enzymatically obtained reduced 3f.
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3-(4-methoxyphenyl)-4-nitrobutanal 3g

Th e enantiomeric ratio was determined by normal phase HPLC with reduced 3g by using a CHIRALPAK®

IC column (150 mm × 4.6 mm, Daicel) (isopropanol/heptane 10:90, 1 ml/min, 30 °C). UV detection at 

210 nm: tR: red.-R-3g = 15.9 min, red.-S-3g = 18.1 min, led to the following enantiomeric ratio (R:S): 

racemic red.-3g = 50:50 and enzymatic red.-3g = 91:9. Th e absolute confi guration of 3g was assigned based 

on earlier reported chiral-phase HPLC data.26

Figure S17. HPLC chromatogram of racemic and enzymatically obtained reduced 3g.



Chapter 3

136

3-(4-fl uorophenyl)-4-nitrobutanal 3h

Th e enantiomeric ratio was determined by normal HPLC with reduced 3h by using a CHIRALPAK®

IC column (150 mm × 4.6 mm, Daicel) (isopropanol/heptane 10:90, 1 ml/min, 30 °C). UV detection 

at 210 nm: tR: red.-R-3h = 9.5 min, red.-S-3h = 10.9 min, led to the following enantiomeric ratio (R:S): 

racemic red.-3h = 50:50 and enzymatic red.-3h = 99:1. Th e absolute confi guration of 3h was assigned based 

on earlier reported chiral-phase HPLC data.27

Figure S18. HPLC chromatogram of racemic and enzymatically obtained reduced 3h.
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3-(4-bromophenyl)-4-nitrobutanal 3i

Th e enantiomeric ratio was determined by normal phase HPLC with reduced 3i by using a CHIRALPAK®

IC column (150 mm × 4.6 mm, Daicel) (isopropanol/heptane 8:92, 1 ml/min, 30 °C). UV detection at 

210 nm: tR: red.-R-3i = 12.4 min, red.-S-3i = 13.8 min, led to the following enantiomeric ratio (R:S): 

racemic red.-3i = 51:49 and enzymatic red.-3i = 99:1. Th e absolute confi guration of 3i was assigned based 

on earlier reported chiral-phase HPLC data.28

Figure S19. HPLC chromatogram of racemic and enzymatically obtained reduced 3i.
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4-nitro-3-(4-nitrophenyl)butanal 3j

Th e enantiomeric ratio was determined by reverse phase HPLC with reduced 3j by using a CHIRALPAK®

ID column (150 mm × 4.6 mm, Daicel) (acetonitrile/water 20:80, 1 ml/min, 25  °C). UV detection at 

210 nm: tR: red.-R-3j = 16.8 min, red.-S-3j = 19.8 min, led to the following enantiomeric ratio (R:S): 

racemic red.-3j = 50:50 and enzymatic red.-3j = 99:1. Th e absolute confi guration of 3j was assigned based 

on earlier reported chiral-phase HPLC data.5

Figure S20. HPLC chromatogram of racemic and enzymatically obtained reduced 3j.
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4-methyl-3-(nitromethyl)pentanal 3k

The enantiomeric ratio was determined by GC analysis using a chiral Chiraldex G-TA column (30 m 

× 0.25 mm, df 0.12 µm, Astec) (130 °C isothermal, 40 min, 1.97 ml/min). Flame ionisation detection: 

tR: R-3k = 22.4  min, S-3k = 26.5  min, led to the following enantiomeric ratio (R:S): racemic 3k = 

48:52, organocatalytic 3k = 99:1, and enzymatic 3k = 82:18. The absolute configuration was assigned 

by comparison to 3k obtained with (R)-(+)-α,α-diphenyl-2-pyrrolidinemethanol trimethylsilyl ether as a 

catalyst, which yields the major enantiomer of γ-nitroaldehydes in the R-configuration.2
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Figure S21. Gas chromatogram of racemic, organocatalytic, and enzymatically obtained 3k. 
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 Semi-preparative scale reactions

4-nitro-3-phenylbutanal 3a

To a 50 ml Greiner tube were added: 5 mM cinnamaldehyde, 20 mM nitromethane, 3% v/v DMSO and 

4 µM DERA-MA in 10 mM HEPES, 100 mM NaCl, pH 6.5 in a total volume of 37.8 ml. Th e Greiner 

tube was placed in a water bath at 29 °C, and the reaction progress was monitored by GC-MS analysis at 

timely intervals. After 16 h, the reaction mixture was extracted 3-times with 15 ml EtOAc, the combined 

organic layers were washed with 20 ml brine, dried over anhydrous Na2SO4, and concentrated in vacuo. 

Th e product was purifi ed by silica column chromatography in ethyl acetate/petroleum ether (1:10) to yield 

3a (24 mg, 66% isolated yield). Th e 1H NMR spectroscopic data of 3a are in agreement with previously 

reported data.2 Th e enantiomeric ratio was determined by normal phase HPLC with reduced 3a using a

CHIRALPAK® IB column (150 mm × 4.6 mm, Daicel) (isopropanol/heptane 10:90, 0.5 ml/min, 30 °C). 

UV detection at 220 nm: tR: red.-R-3a = 17.7 min, red.-S-3a = 20.0 min, led to the following enantiomeric 

ratio (R:S): racemic red.-3a = 50:50 and enzymatic red.-3a = 99:1. Th e absolute confi guration of 3a was 

assigned based on earlier reported chiral-phase HPLC data.22

Figure S22. 1H NMR spectrum of enzymatically produced 3a (500 MHz, CDCl3).
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Figure S23. HPLC chromatogram of racemic and enzymatically obtained reduced 3a.
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3-(4-fl uorophenyl)-4-nitrobutanal 3h

To a 50 ml Greiner tube were added: 5 mM 3-(4-fl uorophenyl)acrylaldehyde 1h, 20 mM nitromethane, 

3% v/v DMSO and 4 µM DERA-MA in 10 mM HEPES, 100 mM NaCl, pH 6.5 in a total volume of 

33.3 ml. Th e Greiner tube was placed in a water bath at 29 °C, and the reaction progress was monitored 

by GC-MS analysis at timely intervals. After 12 h, the reaction mixture was extracted 3-times with 15 ml 

EtOAc, the combined organic layers were washed with 20 ml brine, dried over anhydrous Na2SO4, and 

concentrated in vacuo. Th e product was purifi ed by silica column chromatography in ethyl acetate/

petroleum ether (1:5) to yield 3h (22.7 mg, 65% isolated yield). Th e 1H NMR spectroscopic data of 3h

are in agreement with previously reported data.3 Th e enantiomeric ratio was determined by reverse phase 

HPLC using a CHIRALPAK® AD-RH column (150 mm × 4.6 mm, Daicel) (acetonitrile/water 30:70, 

0.5 ml/min, 25 °C). UV detection at 220 nm: tR: R-3h = 38.5 min, S-3h = 40.9 min, led to the following 

enantiomeric ratio (R:S): racemic 3h = 50:50 and enzymatic 3h = 99:1. Th e absolute confi guration of 3h

was assigned based on earlier reported chiral-phase HPLC data.29

Figure S24. 1H NMR spectrum of enzymatically produced 3h (500 MHz, CDCl3).
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Figure S25. HPLC chromatogram of racemic and enzymatically obtained 3h.
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3-(4-chlorophenyl)-4-nitrobutanal 3d

To a 50 ml Greiner tube were added: 5 mM 3-(4-chlorophenyl)acrylaldehyde 1d, 20 mM nitromethane, 3% 

v/v DMSO and 8 µM DERA-MA in 10 mM HEPES, 100 mM NaCl, pH 6.5 in a total volume of 30.0 ml. 

Th e Greiner tube was placed in a water bath at 29 °C, and the reaction progress was monitored by GC-MS 

analysis at timely intervals. After 16.5 h, the reaction mixture was extracted 3-times with 15 ml EtOAc, the 

combined organic layers were washed with 20 ml brine, dried over anhydrous Na2SO4, and concentrated 

in vacuo. Th e product was purifi ed by silica column chromatography in ethyl acetate/pentane (1:5) to yield 

3d (19.0 mg, 56% isolated yield). Th e 1H NMR spectroscopic data of 3d are in agreement with previously 

reported data.2 Th e enantiomeric ratio was determined by normal phase HPLC with reduced 3d by using 

a CHIRALPAK® IC column (150 mm × 4.6 mm, Daicel) (isopropanol/heptane 5:95, 1 ml/min, 30 °C). 

UV detection at 220 nm: tR: red.-R-3d = 19.6 min, red.-S-3d = 21.7 min, led to the following enantiomeric 

ratio (R:S): racemic red.-3d = 50:50 and enzymatic red.-3d = 99:1. Th e absolute confi guration of 3d was 

assigned based on earlier reported chiral-phase HPLC data.23

Figure S26. 1H NMR spectrum of enzymatically produced 3d (500 MHz, CDCl3).



Chapter 3

146

Figure S27. HPLC chromatogram of racemic and enzymatically obtained reduced 3d.
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DNA and protein sequences

Table S6. DNA and amino acid sequences of E. coli wild-type DERA and variant DERA-MA. Amino acids that are 
mutated in the variant DERA-MA compared to wild-type DERA are highlighted in blue.

DERA 
variant

Type Sequence

wild-type DNA ATGACTGATCTGAAAGCAAGCAGCCTGCGTGCACTGAAATTGATGGACCTGAC-
CACCCTGAATGACGACGACACCGACGAGAAAGTAATTGCTCTGTGTCATCAGG-
CCAAAACCCCGGTCGGCAATACCGCCGCTATCTGTATCTATCCTCGCTTTATC-
CCGATTGCTCGCAAAACACTGAAAGAGCAGGGCACCCCGGAAATCCGTATTGC-
TACGGTAACCAACTTCCCACACGGTAACGATGACATCGAAATCGCGCTGGCA-
GAAACCCGTGCGGCAATCGCCTACGGTGCCGATGAAGTTGACGTGGTGTTC-
CCGTACCGCGCGCTGATGGCGGGTAACGAGCAGGTTGGTTTTGACCTGGT-
GAAAGCCTGTAAAGAGGCTTGCGCGGCAGCGAATGTACTGCTGAAAGTGAT-
CATCGAAACCGGCGAACTGAAAGACGAAGCGCTGATCCGTAAAGCGTCT-
GAAATCTCCATCAAAGCGGGTGCGGACTTCATCAAAACCTCTACCGGTAAAGT-
GGCTGTGAACGCGACGCCGGAAAGCGCGCGCATCATGATGGAAGTGATCCGT-
GATATGGGCGTAGAAAAAACCGTTGGTTTCAAACCAGCGGGCGGCGTGCG-
TACTGCGGAAGATGCGCAGAAATATCTCGCCATCGCAGATGAACTGTTCGGT-
GCTGACTGGGCAGATGCGCGTCACTACCGCTTTGGTGCTTCCAGCCTGCTG-
GCAAGCCTGTTGAAAGCGCTGGGCCACGGTGACGGTAAGAGCGCCAGCAGC-
TACCTCGAGCACCACCACCACCACCACTGA

Protein MTDLKASSLRALKLMDLTTLNDDDTDEKVIALCHQAKTPVGNTAAICIYPRFIP-
IARKTLKEQGTPEIRIATVTNFPHGNDDIEIALAETRAAIAYGADEVDVVFPYRAL-
MAGNEQVGFDLVKACKEACAAANVLLKVIIETGELKDEALIRKASEISIKAGADFIKT-
STGKVAVNATPESARIMMEVIRDMGVEKTVGFKPAGGVRTAEDAQKYLAIADELF-
GADWADARHYRFGASSLLASLLKALGHGDGKSASSYLEHHHHHH

DERA-MA DNA ATGACTGATCTGAAAGCAAGCAGCCTGCGTGCACTGAAATTGATGGACCT-
GTCCACCCTGAATGGCGACTACACCGACGAGAAAGTAATTGCTCTGTGTCAT-
CAGGCCAAAACCCCGGTCGGCAATACCGCCGCTATCAGTATCTATCCTCGCTC-
TATCCCGATTGCTCGCAAAACACTGAAAGAGCAGGGCACCCCGGAAATCCG-
TATTGCTACGGTAACCAACTTCCCACACGGTAACGACGACATCGAAATCGCGCT-
GGCAGAAACCCGTGCGGCAATCGCCTACGGAGCCGATGAAGTTGACGTGGT-
GTTCCCGTACCGCGCGCTGATGGCGGGTAACGAGCAGGTTGGTTTTGACCT-
GGTGAAAGCTTGTAAAGAGGCCTGCGCGGCAGCGAATGTACTGCTGAAAGT-
GATCATCGAATCTGGCGAACTGAAAGACGAAGCGCTGATCCGTAAAGCGTCT-
GAAATCTCCATCAAAGCGGGTGCGGACTTCATCAAAACCTCTACCGGTTTAGT-
GGCTGTGAACGCGACGCCGGAAAGCGCGCGCATCATGATGGAAGTGATCCGT-
GATATGGGCGTAGAAAAATCCGTTGGTTTCAAAGTGACGGGCGGCGCGCG-
TACTGCGGAAGATGCGCAGAAATATCTCGCCATCGCAGATGAGCTGTTCGGT-
GCTGACTGGGCAGATGCGCGTCACTACCGCTTTGGTGCTTCCGGCCTGCTG-
GCAAGCCTGTTGAAAGCGCTGGGCCACGGTGATGGTAAGAGCGCCAGCAGC-
TACCTCGAGCACCACCACCACCACCACTGA

Protein MTDLKASSLRALKLMDLSTLNGDYTDEKVIALCHQAKTPVGNTAAISIYPRSIPIARK-
TLKEQGTPEIRIATVTNFPHGNDDIEIALAETRAAIAYGADEVDVVFPYRALMAG-
NEQVGFDLVKACKEACAAANVLLKVIIESGELKDEALIRKASEISIKAGADFIKTSTGL-
VAVNATPESARIMMEVIRDMGVEKSVGFKVTGGARTAEDAQKYLAIADELFGAD-
WADARHYRFGASGLLASLLKALGHGDGKSASSYLEHHHHHH



Chapter 3

148

Saturation of DERA-MA with nitromethane 2

Figure S28. Spectrophotometric measurement of the activity of DERA-MA (0.5 µM) assayed with 20 mM 2, 50 mM 
2, or 100 mM 2 and 1 mM 1a in 20 mM HEPES, 100 mM NaCl, pH 6.5 with 3% DMSO. In a control experiment 
the uncatalyzed reaction (without enzyme) with 100 mM 2 and 1 mM 1a was measured under otherwise identical 
conditions.
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Abstract
Gene duplication and fusion are among the primary natural processes that generate new proteins from 

simpler ancestors. Here we adopted this strategy to evolve a promiscuous homohexameric 4-oxalocrotonate 

tautomerase (4-OT) into an efficient biocatalyst for enantioselective Michael addition reactions. We first 

designed a tandem fused 4-OT to allow independent sequence diversification of neighboring subunits 

by directed evolution. To preserve the native head-to-tail subunit topology, we introduced a short 

flexible peptide linker to connect the two 4-OT monomers. This tandem fused 4-OT was then subject 

to eleven rounds of directed evolution to generate variant 4-OT(F11), which contains 17 mutations, of 

which 7 mutations in the first half and 10 mutations in the second half of the tandem fused protein. 

4-OT(F11) displayed an impressive 320-fold enhancement in activity compared to ‘unfused’ wild-type 

4-OT, catalyzes the Michael addition of nitromethane to cinnamaldehyde with a catalytic efficiency kcat/KM  

of 2.8×103  M-1  s-1, accepts various cinnamaldehydes as Michael acceptors, and enables the gram-scale 

synthesis of the desired (R)-γ-nitroaldehyde product. Crystallographic analysis revealed that 4-OT(F11) 

has an unusual asymmetric trimeric architecture in which one of the monomers is flipped 180o relative to 

the other two monomers. The applied gene duplication and fusion strategy to break structural symmetry is 

likely to become an indispensable asset of the enzyme engineering toolbox, finding use in the engineering 

of many other oligomeric proteins.
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Introduction
Gene duplication and fusion are among the primary natural processes that generate new proteins from 

simpler ancestors[1–5]. This is nicely illustrated, for example, by the collection of more than 11,000 proteins 

that make up the five main subgroups within the tautomerase superfamily (TSF)[6,7]. The TSF members 

share a characteristic β−α−β building block and often possess an amino-terminal proline (Pro-1) that plays 

a key role as a catalytic residue. The 4-oxalocrotonate tautomerase (4-OT) subgroup is the largest of the five 

subgroups and its members are composed of a single β−α−β unit (58-84 amino acids) to form homo- or 

heterohexamers, whereas the members of the other four subgroups are composed of two successively joined 

β−α−β units (110–150 amino acids) to form homotrimers. The prevalence of this structural arrangement 

suggests that gene duplication and fusion events took place in the evolutionary history of the TSF, resulting 

in the diversification of structure and function that is seen nowadays[6,8]. 

Research in our laboratory largely focuses on homohexameric 4-OT from Pseudomonas putida mt-2, which 

has unique properties that make it an attractive enzyme for study. The small monomer size (only 62 amino 

acids), the absence of cofactors, and its stability make 4-OT easy to manipulate and amenable to study by 

a set of diverse techniques. Furthermore, we have demonstrated that 4-OT is capable of utilizing its Pro-1 

residue to promiscuously catalyze several synthetically useful transformations via enamine or iminium ion 

intermediates, including asymmetric Michael addition, aldol addition, epoxidation and cyclopropanation 

reactions[9–15]. Although we have been successful in engineering 4-OT variants with improved activity and 

enantioselectivity, the further optimization of 4-OT to develop efficient biocatalysts with potential for 

application in chemical synthesis remains challenging.

The crystal structure of homohexameric 4-OT shows that the enzyme consists of a trimeric arrangement 

of strongly interacting pairs of monomers, with two active sites located in each pair of adjacent subunits 

(Figure 1). Importantly, this symmetry relationship within homohexameric 4-OT, with any point mutation 

reflected in all six subunits, imposes a significant limitation for its genetic optimization. Inspired by the 

gene duplication and fusion strategy nature took to create new enzymes within the TSF, we report herein 

our efforts toward the design of a tandem fused 4-OT, enabling independent sequence diversification 

of neighboring subunits. This tandem fused 4-OT was then subjected to multiple rounds of directed 

evolution to generate an efficient enzyme for the enantioselective Michael addition of nitromethane to 

cinnamaldehydes. Our results show that gene fusion to reduce symmetry at the level of the quaternary 

structure is a powerful strategy for efficient engineering of oligomeric enzymes.
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Results
To enlarge the genetic optimization potential of 4-OT by enabling the independent mutagenesis of two 

adjacent subunits, we set out to construct a tandem fused 4-OT in which the C-terminus of the first monomer 

is fused to the N-terminus of the second monomer (Figure 1). Inspection of the crystal structure[16] of mature 

4-OT revealed that the distance between the C-terminus of the first monomer and the N-terminus of the 

second neighboring monomer is around 15 Å. Therefore, a short flexible linker consisting of 5 amino acids 

(GGGAG) was introduced to connect the two 4-OT monomers, minimizing potential conformational 

strain on the native head-to-tail termini topology. To evaluate whether this designed tandem fused 4-OT 

(Fu-WT hereafter) possesses enzymatic activity, we selected as a model reaction the Michael addition of 

nitromethane (1) to cinnamaldehyde (2a) yielding γ-nitroaldehyde 3a, which is a precursor to the well-

known pharmaceutical Phenibut (Figure 2). Gratifyingly, Fu-WT catalyzes this synthetically useful Michael 

addition reaction at a similar rate compared to ‘unfused’ wild-type 4-OT (Figure S3).

Having designed a functional tandem fused 4-OT, we started our engineering campaign by introducing two 

mutations into Fu-WT that were previously identified to significantly enhance the Michael addition activity 

of ‘unfused’ wild-type 4-OT[12,17]. Thus the beneficial mutations M45I and F50A found for ‘unfused’ 4-OT 

were introduced at the corresponding positions in the second half (M112I and F117A) of Fu-WT. The 

resulting double mutant 4-OT(Fu-IA) possesses a comparable activity to that of the corresponding ‘unfused’ 

4-OT(M45I/F50A) variant, showing a 22-fold enhancement in activity compared to the wild-type enzyme 

(Figures 2 and S3). These results indicate that the designed tandem fused 4-OT has great optimization 

potential, making it an attractive template to develop efficient ‘Michaelases’ by directed evolution.

To further improve the Michael addition activity of 4-OT(Fu-IA), we performed repeated rounds of 

directed evolution, combining focused site-saturation and global random mutagenesis (Figure S11). In 

the initial round, we targeted various residue positions individually using site-saturation mutagenesis. 

The directed evolution trajectory was then continued with mainly random mutagenesis using repeated 

rounds of error-prone PCR. The ‘hotspot’ positions identified by random mutagenesis were revisited in 

the final two rounds using focused site-saturation mutagenesis. DNA shuffling was applied in between the 

focused and random mutagenesis rounds to recombine beneficial diversity. To reduce the screening effort 

for large libraries created by error-prone PCR and DNA shuffling, we used a tailor-made iminium-activated 

colorimetric ‘turn-on’ probe in agar plate-based pre-screening assays to quickly distinguish active from 

inactive mutants.[17] Improved enzyme variants were identified by monitoring the depletion of substrate 2a 

in a spectrophotometric kinetic assay in multiwell plates.
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Figure 1. Design of the tandem fused wild-type 4-OT (Fu-WT). A) Cartoon scheme showing the design of the tandem 
fused 4-OT; one blue triangle represents one β-α-β unit (62 amino acids) and the fusion linkers are shown in red. B) 
Normal homohexameric 4-OT with a close-up view of the two active sites at the interface of subunits A and F; the six key 
catalytic N-terminal proline side chains are shown as spheres. C) Structure representation of the tandem fusion of 4-OT. 
The two β-α-β units are shown in blue and yellow; the side chain of the Pro-1 residue in the first half of the monomer 
and that of the Pro-68 residue in the second half of the monomer are shown as spheres, and the fusion linker region is 
shown in red. D) SDS-PAGE gel comparing the purified normal wild-type 4-OT (6.8 kDa) and fused wild-type 4-OT 
(13.9 kDa). M = protein marker; lane 1 = 4-OT(WT); lane 2 = 4-OT(Fu-WT).

After 11 rounds of laboratory evolution, the most active variant, 4-OT(F11), showed a remarkable 320-fold 

enhancement in catalytic activity for the Michael addition of 1 to 2a compared to the wild-type enzyme 

(Figure 2). 4-OT(F11) catalyzes the Michael addition of 1 to 2a with an impressive catalytic efficiency kcat/KM 

of 2.8×103 M-1 s-1 (Figure S4), making this evolved designer enzyme an effective ‘Michaelase’ with potential 

for biocatalytic application. 4-OT(F11) also has enhanced enantioselectivity, allowing the production of 

(R)-3a with 98% ee (Figures S13 and S14). Notably, 4-OT(F11) contains 17 mutations on top of Fu-WT, 
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with 7 mutations in the first half and 10 in the second half of the tandem fused protein. Interestingly, the 

originally designed linker peptide was unaltered in the final variant, although a few mutations emerged in 

the linker during the evolution campaign, suggesting other feasible linker designs (Figure S11).

Figure 2. Michael addition activity of 4-OT variants. A) Reaction scheme of the 4-OT-catalyzed Michael addition of 1 
to 2a to yield 3a. B) Comparison of the catalytic activity of 4-OT variants. C) Reaction progress curves using different 
4-OT variants.

To investigate the contribution of the tandem fusion to the catalytic performance of 4-OT(F11), we 

performed gene fission by removing the linker peptide and separating the enzyme into two ‘unfused’ 

monomers, named 4-OT(F11α) and 4-OT(F11β) (Figure S5). The genes for both monomers were 

individually cloned into the same expression vector as originally used for 4-OT(F11). Although the ‘unfused’ 
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monomers 4-OT(F11α) and 4-OT(F11β) are apparently less stable with at least half of the amount of 

protein produced being present in the insoluble cell fraction (Figure S5), we were able to purify sufficient 

quantities of both proteins to perform activity assays. Whereas 4-OT(F11α) (first monomer) completely 

lost its enzymatic activity, 4-OT(F11β) (second monomer) still retained activity albeit 14-fold decreased 

(Figure S5). These results underscore the importance of the tandem fusion for optimization of the enzyme’s 

catalytic performance, allowing independent sequence diversification of the neighboring monomers during 

the evolution process.

The biocatalytic potential of 4-OT(F11) was further demonstrated by performing the gram-scale synthesis 

of the important chiral synthon (R)-3a. Even though substrate 2a (40 mM) was not completely soluble 

in the reaction buffer containing 5% (v/v) EtOH as cosolvent (Figure S6), nearly full conversion was 

achieved yielding product (R)-3a in good isolated yield (2.5 g, 65%) and with excellent enantiopurity (98% 

ee). Interestingly, the preparative-scale reaction with 40 mM 2a can even be performed under otherwise 

identical conditions but without adding organic cosolvent, maintaining very good conversion (>95%). This 

is probably attributed to the low KM (43 ± 2 µM) of the evolved designer enzyme for substrate 2a (Figure 

S4), allowing efficient catalysis even at low substrate concentrations in the aqueous phase. Substrate scope 

analysis showed that 4-OT(F11) can accept various cinnamaldehydes (2b-2g) with ortho-, meta- and para-

substitutions on the aromatic ring, providing enzymatic access to the corresponding (R)-γ-nitroaldehydes 

(3b-3g) with good to excellent enantiopurity (78-99% ee; Figure S7, S15-S20).

Finally, we determined the crystal structure of 4-OT(F11) at 2.35 Å resolution (Figure 3, Table S1). As 

expected, 4-OT(F11) adopts a homotrimeric architecture in which each monomer shows an overall fold 

that is highly similar to that of a corresponding ‘unfused’ 4-OT homodimer, except for the presence of 

the engineered linker. Cα-backbone superimpositions of 4-OT(F11) fused monomers to ‘unfused’ 

homodimers of 4-OT (PDB entries 4X19, 5CLN, 6FPS) result in root-mean-square-deviations of 0.4–0.6 

Å, emphasizing that the engineered linker and the seventeen mutations do not significantly affect the 4-OT 

backbone fold. Interestingly, though, the 4-OT(F11) trimer lacks the 3-fold rotational symmetry present 

in the homotrimeric structures of most naturally fused members of the tautomerase superfamily (Figure 

S8). Instead, it forms an asymmetric trimer in which one of the monomers (chain C) is flipped 180o 

relative to the other two monomers (chains A and B). Consequently, the Pro-1 residues and active sites in 

subunits A and C are positioned adjacent to each other across one of the trimeric interfaces, while at another 

interface the Pro-1 residue of chain B is positioned adjacent to Pro-68 of chain A (Figure 3B). Intriguingly, 

a similar uncommon asymmetric trimeric architecture has recently been observed for certain naturally fused 

homotrimeric 4-OT homologs.[18,19] Analysis of the subunit interfaces indeed suggests that for 4-OT(F11) 

the assembly of an asymmetric trimer is energetically more favorable than that of a symmetric trimer (Table 

S2).[19] Hence, both natural and laboratory evolution of tandem fused 4-OT enzymes may thus result in 

unusual asymmetric trimers.
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Figure 3. Crystal structure of 4-OT(F11) and comparison with ‘unfused’ wild-type 4-OT. A) Backbone overlay of a fused 
4-OT(F11) monomer (in green) to an ‘unfused’ homodimer of wild-type 4-OT (PDB entry 4X19, in blue and wheat). 
Spheres indicate the Cα atoms of the mutated residues in the fused 4-OT(F11) monomer. B) Cartoon representation of 
the asymmetric 4-OT(F11) trimer, with each monomer indicated by a label and a different color (green, chain A; gold, 
chain B; magenta, chain C). The Pro-1 side chains are shown as spheres. The linker regions are shown in red. C) Similar 
cartoon representation of a wild-type 4-OT hexamer (PDB entry 4X19). D) Close-up view of the 4-OT(F11) active 
site in subunit A (green), at the interface with subunit C (magenta), showing the side chains of the mutated residues 
that surround the hydrophobic active site pocket near Pro-1. The cut-away surface in grey depicts the boundaries of the 
hydrophobic pocket. E) Equivalent view of an active site in homohexameric wild-type 4-OT, showing that the active site 
pocket in the natural wild-type enzyme is substantially smaller.

A comparison of the 4-OT(F11) and wild-type 4-OT structures further reveals clear structural effects for 

mutations M112I, F117A, I119V and A124L in opening up and reshaping a hydrophobic pocket next to 

Pro-1 (Figure 3D, E). Molecular modeling of the putative reaction intermediate (Int3, Figure S9) formed 

between Pro-1 and (R)-3a (Figure S10) suggests that this pocket is suitable for binding cinnamaldehyde and 

its conversion to γ-nitroaldehyde 3a via Pro-1 assisted iminium catalysis (Figure S9, S10). Located at the 

back of the active site of subunit B, mutation I108F from subunit A additionally contributes to reshaping 
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the hydrophobic pocket. Instead, in the other two active sites, residue Ile-41 is located at this position, which 

is the non-mutated equivalent residue of Phe-108 in the first half of the 4-OT(F11) monomers. Additional 

mutations near the active site pocket are L31D, P34T, and T36S. It is unlikely that these mutated residues 

play a direct role in catalysis or substrate binding, but they could potentially be required for providing 

a suitable polar environment for binding nitromethane, for stabilising the reaction intermediates, or for 

activating a nucleophilic water in the final step of the reaction mechanism. The additional nine mutations 

in the 4-OT(F11) variant are located away from the active site pockets (Figure 3A), at the protein surface 

(R11H, E22D, R61P, D80G, T103K, R128L), the subunit interface (M45L) or subunit interior (V90A, 

V107I). The 4-OT(F11) crystal structure does not provide a clear understanding how these mutations 

contribute to the catalytic activity of the enzyme, but possibly they improve the stability of the fused 4-OT 

trimer.

Conclusions
In summary, we have engineered an efficient biocatalyst for the Michael addition of nitromethane 1 to 

cinnamaldehyde 2a by directed evolution of a rationally designed tandem fused 4-OT enzyme. After eleven 

rounds of directed evolution, the evolved variant 4-OT(F11) displayed an impressive 320-fold enhancement 

in catalytic activity compared to the wild-type enzyme. Gratifyingly, 4-OT(F11) outperforms all previously 

engineered ‘unfused’ 4-OT variants in terms of activity, accepts various cinnamaldehydes as Michael 

acceptor in the enantioselective addition of nitromethane, and enables the gram-scale synthesis of the (R)-

γ-nitroaldehyde precursor to phenibut with excellent enantiopurity (98% ee). The tandem fused 4-OT has 

a reduced symmetry compared to ‘unfused’ wild-type 4-OT, expanding its genetic optimization potential 

by allowing independent sequence diversification of adjacent subunits, and thus enlarging the protein 

sequence space that can be sampled by directed evolution. The applied engineering strategy recapitulates 

the path nature took to create new enzymes within the TSF and will undoubtedly prove to be useful for the 

optimization of other promiscuous activities of 4-OT, supporting the construction of a new family of 4-OT 

derived biocatalysts with synthetically useful activities. 

Although widely used by nature to create new enzymes, this powerful approach of gene fusion to break 

protein symmetry at the level of the quaternary structure has rarely been explored in the laboratory evolution 

of oligomeric enzymes. Notable exceptions are recent elegant works by both the Hilvert and Ward groups, 

who have adopted a similar gene fusion strategy to engineer efficient artificial metalloenzymes[20,21]. Thus, 

gene fusion and most likely also gene fission, which are among the primary natural processes that generate 

new genes (and their corresponding protein products), appear to be indispensable assets of the enzyme 

engineering toolbox.



Chapter 4

162

Acknowledgments
We thank the beamline staff at the European Synchrotron Radiation Facility MASSIF-1 for help with 

X-ray diffraction data collection. We acknowledge financial support from the Netherlands Organization of 

Scientific Research (VICI grant 724.016.002 and ECHO grant 713.015.003).



Engineering A Tandem Fused 4-OT

4

163   

References
[1] M. L. Romero Romero, A. Rabin, D. S. Tawfik, Angew. Chem. Int. Ed. 2016, 55, 15966–15971; Angew. Chem. 

2016, 128, 16198–16203.

[2] R. V. Eck, M. O. Dayhoff, Science 1966, 152, 363–366.

[3] S. Balaji, Curr. Opin. Struct. Biol. 2015, 32, 156–166.

[4] D. Lang, R. Thoma, M. Henn-Sax, R. Sterner, M. Wilmanns, Science 2000, 289, 1546–1550.

[5] J. Lee, M. Blaber, Proc. Natl. Acad. Sci. 2011, 108, 126–130.

[6] G. J. Poelarends, V. P. Veetil, C. P. Whitman, Cell. Mol. Life Sci. 2008, 65, 3606–3618.

[7] C. P. Whitman, Arch. Biochem. Biophys. 2002, 402, 1–13.

[8] R. Davidson, B. J. Baas, E. Akiva, G. L. Holliday, B. J. Polacco, J. A. LeVieux, C. R. Pullara, Y. J. Zhang, C. P. 
Whitman, P. C. Babbitt, J. Biol. Chem. 2018, 293, 2342–2357.

[9] E. Zandvoort, E. M. Geertsema, B. J. Baas, W. J. Quax, G. J. Poelarends, Angew. Chem. Int. Ed. 2012, 51, 1240–
1243; Angew. Chem. 2012, 124, 1266–1269.

[10] E. M. Geertsema, Y. Miao, P. G. Tepper, P. Dehaan, E. Zandvoort, G. J. Poelarends, Chem. Eur. J. 2013, 19, 
14407–14410.

[11] J. Y. Van Der Meer, H. Poddar, B. J. Baas, Y. Miao, M. Rahimi, A. Kunzendorf, R. Van Merkerk, P. G. Tepper, E. 
M. Geertsema, A. M. W. H. Thunnissen, W. J. Quax, G. J. Poelarends, Nat. Commun. 2016, 7, 1–16.

[12] C. Guo, M. Saifuddin, T. Saravanan, M. Sharifi, G. J. Poelarends, ACS Catal. 2019, 9, 4369–4373.

[13] M. Saifuddin, C. Guo, L. Biewenga, T. Saravanan, S. J. Charnock, G. J. Poelarends, ACS Catal. 2020, 10, 2522–
2527.

[14] G. Xu, M. Crotti, T. Saravanan, K. M. Kataja, G. J. Poelarends, Angew. Chem. Int. Ed. 2020, 59, 10374–10378; 
Angew. Chem. 2020, 132, 10460–10464.

[15] A. Kunzendorf, G. Xu, M. Saifuddin, T. Saravanan, G. J. Poelarends, Angew. Chem. Int. Ed. 2021, DOI 10.1002/
anie.202110719; Angew. Chem. 2021, DOI 10.1002/ange.202110719.

[16] L. Biewenga, T. Saravanan, A. Kunzendorf, J. Y. Van Der Meer, T. Pijning, P. G. Tepper, R. Van Merkerk, S. J. 
Charnock, A. M. W. H. Thunnissen, G. J. Poelarends, ACS Catal. 2019, 9, 1503–1513.

[17] L. Biewenga, M. Crotti, M. Saifuddin, G. J. Poelarends, ACS Omega 2020, 5, 2397–2405.

[18] B. J. Baas, B. P. Medellin, J. A. Levieux, M. De Ruijter, Y. J. Zhang, S. D. Brown, E. Akiva, P. C. Babbitt, C. P. 
Whitman, Biochemistry 2019, 58, 2617–2627.

[19] B. P. Medellin, E. B. Lancaster, S. D. Brown, S. Rakhade, P. C. Babbitt, C. P. Whitman, Y. J. Zhang, Biochemistry 
2020, 59, 1592–1603.

[20] S. Studer, D. A. Hansen, Z. L. Pianowski, P. R. E. Mittl, A. Debon, S. L. Guffy, B. S. Der, B. Kuhlman, D. Hilvert, 
Science 2018, 362, 1285–1288.

[21] S. Wu, Y. Zhou, J. G. Rebelein, M. Kuhn, H. Mallin, J. Zhao, N. V. Igareta, T. R. Ward, J. Am. Chem. Soc. 2019, 
141, 15869–15878.



Chapter 4

164

Supporting Information
General Information
Chemicals were purchased from Sigma-Aldrich Chemical Co., TCI Europe N.V., Thermo Fisher Scientific 

(Geel, Belgium) or Fluorochem Co. (UK) and used without further purification. The designed gene 

encoding fused wild-type 4-OT (Fu-WT) was ordered from GeneArt Gene synthesis (Thermo Fisher 

Scientific). All oligonucleotide primers used in this study (summarized in Table S3) were purchased from 

Eurofins Genomics. Cloning enzymes were purchased from Thermo Fisher Scientific or New England 

Biolabs (NEB). Proteins were analyzed by SDS-PAGE on precast gels (NuPAGETM 12% Bis-Tris protein 

gels). ESI-MS analysis of purified enzyme variants was performed by the Mass Spectrometry core facility 

of the University of Groningen. High performance liquid chromatography (HPLC) was performed with 

a Shimadzu LC-10AT HPLC with a Shimadzu SPD-M20A diode array detector. GC-MS was conducted 

with a Shimadzu GC-MS-QP2010 SE. NMR spectra were recorded on a Bruker 500 MHz machine at 

the Drug Design Laboratory of the University of Groningen. Chemical shifts (δ) are reported in parts per 

million (ppm). UV-Vis spectra measurements were carried out on a V-650 or V-660 spectrophotometer 

from Jasco (IJsselstein, The Netherlands). 

Cloning
The genes coding for 4-OT variants were cloned in the pET-20b(+) plasmid using NdeI and BamHI cloning 

sites without fusion to the His-tag encoding sequence. Unless otherwise stated, the PCR reactions were 

performed in 50 µL volume using Q5 High-Fidelity 2× Master Mix (NEB) according to the NEB protocol. 

The PCR amplified full gene fragments were purified using the QIAquick PCR purification kit (QIAGEN 

GmbH) and digested with NdeI and BamHI. The vector pET-20b(+) backbone was amplified by PCR 

using primer P97 and P98 (Table S3), and then purified by using the PCR purification kit. Amplified 

pET-20b(+) backbone was digested with NdeI and BamHI and dephosphorylated with FastAP alkaline 

phosphatase. Digested gene fragments and vector backbone was ligated with T4 DNA ligase and purified 

using the PCR purification kit. The ligation reaction mixture was transformed into E. coli DH5α chemical- 

(for general cloning) or electro-competent (for random/shuffling libraries) cells.

Fused 4-OT Construct Design (Figure S1)
The tandem fused wild-type 4-OT was constructed on genetic level by the tandem duplication of the wild-

type 4-OT DNA sequence interspersed with a GGTGGTGGTGCAGGT linker. The two gene sequences 

were codon optimized by synonymous codon usage to reduce the similarity between corresponding parts, 

the stop codon of the first open reading frame (ORF) and the start codon of the second ORF were removed 

(Figure S12). On protein level the peptide linker GGGAG was designed based on the distance between the 
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C- and N-terminus within a 4-OT dimer in the crystal structure. In the crystal structure of wild-type 4-OT 

(PDB code: 4OTA, 4X19)[1], information regarding the last few residues of the C-terminus was absent due 

to high flexibility. Therefore, the crystal structure of a recently characterized 4-OT mutant (L8Y/M45Y/

F50A) containing the full C-terminus information (PDB code: 6FPS)[2] was used for the linker design. 

The distance spanning between Pro-1 of one monomer and the Arg-62 of the head-to-tail-swapped second 

monomer was determined to be around 15 Å. The five-residue flexible linker should minimize potential 

conformational strain on the native termini topology (Figure S1).

Figure S1. Design of artificially fused 4-OT. Two 4-OT monomers were connected via peptide linker GGGAG.

4-OT (Fu-IA) by Mutation Transfer
The previously identified beneficial mutations M45I and F50A (in the active site of wild-type 4-OT)[3,4] 

were transferred to the preserved active site of fused-WT via QuikChange PCR using 4-OT(Fu-WT) 

plasmid and primers P03 and P04. In fused 4-OT, active site residues M112 and F117 correspond to M45 

and F50 in the original ‘unfused’ 4-OT. 

Site-Saturation Mutagenesis 
Residues near the current active site, close to the former active site within the dimer, and around the hedge 

regions were targeted by site-saturation mutagenesis (Table S3 and Figure S11). The DNA libraries were 

created by QuikChange PCR[5] according to an earlier reported procedure.[6] Primers containing degenerate 

NNK codons (Table S3) were used for the PCR reactions and each site was targeted individually. Phusion 

HF (NEB) or Q5 High-Fidelity (NEB) DNA polymerase was used for the PCR reactions. After the PCR 

amplification, the reaction mixture was treated with DpnI, subsequently the DNA was transformed into E. 

coli DH5α chemically-competent cells, and transformants were selected on LB-agar plates supplemented 

with 100 µg/mL ampicillin. For each library, 4-5 colonies were randomly picked for plasmid DNA isolation 
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and sequencing to check the library quality. The remaining colonies were combined for plasmid DNA 

isolation to obtain the DNA library for screening.

Random Mutagenesis
The random mutagenesis libraries were created by error-prone PCR of the entire gene (the key catalytic 

N-terminal proline was not included) based on a reported procedure[7] using primers P01 and P02 (Table 

S3). Briefly, the PCR reactions were performed using DreamTaq DNA polymerase (Thermo Scientific) 

combined with the addition of Mn2+ (0.5  mM final concentration), increased Mg2+ concentration 

(7 mM final), and unequal dNTP concentrations (dCTP 1 mM, dTTP 1 mM, dATP 0.2 mM, dGTP 

0.2 mM). Plasmids containing fused 4-OT gene variants were used directly as templates (200 pg/µL final 

concentration) and 12–16 cycles of PCR amplifications were performed. The full-length mutant gene 

libraries were constructed as described above in the general cloning section.

Shuffling Libraries
Shuffling libraries were generated by either overlap extension PCR[8] (round 2) or staggered extension 

PCR[9] (StEP, round 8). In round 2, the plasmids encoding variants F1a-k (Figure S11) were mixed in equal 

molar quantities and served as the template for the first two PCR reactions. Primer pairs P01 + P34 and 

P02 + P33 were used in the first two PCR reactions to generate two short fragments. The two fragments 

were gel-purified and mixed in equal molar amounts to serve as the template for the subsequent PCR using 

only P01 and P02 as flanking primers. After reassembling the full-length gene, the DNA library was gel-

purified, digested and ligated into cut pET-20b(+) as described above. In round 8, plasmid DNA of the 

input variants (Figure S11) were first PCR amplified using primer P01 and P02 to obtain the corresponding 

gene fragments. The PCR amplified gene fragments were purified using the PCR clean-up kit and mixed in 

equal molar quantities to serve as template for StEP. 

Screening
The DNA libraries were transformed into chemically competent E. coli BL21(DE3) cells and transformants 

were selected on LB agar plates containing ampicillin (100  µg/mL) and lactose (0.2% w/v). For site-

saturation mutagenesis libraries based on a single randomized residue position, approximately 90 colonies 

were picked directly from the plates and used for the screening assay. For random mutagenesis and shuffling 

libraries, an agar plate-based pre-screening procedure developed earlier[4] was first performed. The colonies 

producing active enzyme variants were stained red by the probe (ortho-hydroxy-cinnamaldehyde). Around 

800–1000 red colonies were screened for each random mutagenesis and shuffling library. Single colonies 

were picked to inoculate 1 mL LB medium supplemented with 100 µg/mL ampicillin and 0.2% (w/v) 
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lactose in 96-deep-well plates. In each plate, 4-8 wells were inoculated with fresh colonies producing the 

parental variant for activity reference. The plates were incubated at 37 °C (200 rpm) for 10 h, followed 

by 30  °C (200  rpm) for 6-8 h. After incubation, replica plates were generated by withdrawing 50  µL 

cell culture from the deep-well plates, followed by adding 50 µL 50% glycerol, and kept at -80 °C until 

further usage. The remaining cells in the deep-well plates were harvested by centrifugation and lysed by 

adding 50  µL Bugbuster® (Novagen) supplemented with 25 U/mL benzonase (Novagen), followed by 

vigorous shaking at room temperature for 20 min. The cell lysate was diluted using 100–1000 µL HEPES 

buffer (20  mM, pH  6.5); the dilution increased gradually from round 1 to round 11 of the directed 

evolution procedure, maintaining the activity in a suitable range for measurement. The diluted cell lysate 

was cleared by centrifugation and 20 µL of the supernatant was transferred to 96-well microtiter plates 

(UV-star µclear, Greiner Bio-one) using a robotic pipetting system (JANUS, PerkinElmer). HEPES buffer 

containing the substrate mixture was then added to each well of the plate to initiate the activity screening. 

The screening reaction mixture (100 µL volume) consisted of the following: 20% (v/v) diluted cell lysate, 

25 mM nitromethane, 250 µM cinnamaldehyde, 5% (v/v) EtOH and 20 mM HEPES buffer (pH 6.5). The 

reaction rate was measured by monitoring the cinnamaldehyde depletion (at 290 nm) at 25 °C in a plate 

reader (SPECTROstar Omega). Plasmids encoding the most active variants were isolated, sequenced and 

served as templates for the next round of evolution. 

Enzyme Production and Purification (Figure S2)
All fused 4-OT variants were produced and purified based on the protocol reported earlier for ‘unfused’ 

wild-type 4-OT[10] with slight modifications. For enzyme production, the plasmid encoding the fused 4-OT 

variant was chemically transformed to E. coli BL21 (DE3) cells. A single colony was picked to inoculate 

5–10  mL pre-culture (LB medium with ampicillin). Following incubation at 37  °C and 200  rpm for  

12–16 h, the pre-culture was used to inoculate 1 L of LB medium containing ampicillin (100 µg/mL), 

lactose (0.2% w/v) and glucose (0.05% w/v). The cell culture was incubated at 37 °C and 220 rpm for 

12 h and then 30 °C and 220 rpm for 10 h. The cells were harvested by centrifugation and stored at -20 °C 

until further use. Purified proteins were analyzed by ESI-MS to confirm the proper removal of the initiating 

methionine. 
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Figure S2. A typical gel showing the purifi cation of 4-OT(F11) after the hydrophobic interaction column, the fractions 
containing highly pure 4-OT(F11) were combined for dialysis. M = protein marker; L = load; FT = fl ow through 
fractions; W = wash fractions. 
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Enzyme Activity Comparison for Different Variants (Figure S3)
The Michael addition activity of 4-OT and fused 4-OT variants were compared by UV/Vis spectroscopy 

at room temperature. The final reaction mixtures consisted of nitromethane (25 mM), cinnamaldehyde 

(1 mM), and a 4-OT variant (50 µM for comparison between WT, Fu-WT, IA and Fu-IA; 5 µM for other 

evolved fused 4-OT variants) in 20 mM HEPES buffer (pH 6.5) with 5% (v/v) EtOH. Reactions were 

monitored by following the depletion in absorbance at 290 nm, which corresponds to the consumption of 

cinnamaldehyde (2a). 

Figure S3. Reaction progress curves of wild-type 4-OT, fused wild-type 4-OT (Fu-WT), 4-OT(M45I/F50A), and fused 
4-OT(M112I/F117A). Reaction conditions are described above.
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Apparent Kinetic Data Measurements for 4-OT(F11) (Figure S4)
Measurements were carried out in triplicate at 30 °C. The final reaction mixture consisted of nitromethane 

(100  mM), cinnamaldehyde (5–1000  µM), 4-OT(F11) (0.5  µM) in 20  mM HEPES buffer (pH  6.5) 

with 5% (v/v) EtOH. The reactions were initiated by addition of nitromethane, and consumption of 

cinnamaldehyde was monitored by measuring the depletion of absorbance at 290 nm (ε = 23,600 M-1 cm-1).  

For cinnamaldehyde concentration range from 5 to 50  µM, 1  cm quartz cuvettes were used, and for 

cinnamaldehyde concentrations of 100–1000 µM, 0.1 cm quartz cuvettes were applied. The steady-state 

parameters kcat and KM (cinnamaldehyde) were determined from three independent measurements. All 

data points were fitted to the Michaelis-Menten equation: vo/[E]o = kcat[S]/(KM + [S]) (vo = initial velocity,  

[E]o = enzyme concentration, [S] = substrate concentration) by nonlinear regression (SigmaPlot v14, Systat 

Software).

Figure S4. Michaelis-Menten plot for 4-OT(F11). Apparent kcat = 0.12 ± 0.001 s-1 and apparent KM (cinnamaldehyde 
2a) = 43 ± 2 µM (at 100 mM nitromethane 1). 
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Gene Fission of 4-OT(F11) (Figure S5)
The gene fission of the evolved 4-OT(F11) variant was done by PCR using the 4-OT(F11) gene as the 

template. Primer P01 and P95 were used to create F11α and primer P96 and P02 were used to construct 

F11β. The PCR amplified gene fragments were digested and ligated to cut pET-20b(+) as described above. 

The ligation mixtures were transformed into chemically competent E. coli DH5α cells, and transformants 

were selected on LB-agar plates supplemented with 100  µg/mL ampicillin. The sequences of unfused 

variants F11α and F11β were confirmed by DNA sequencing. The production and purification of both 

F11α and F11β were performed using the same protocol as that used for fused 4-OT. 

Figure S5. A) Gene fission of 4-OT(F11). B) Protein expression of 4-OT(F11α) and 4-OT(F11β). C) Activity 
comparison of 4-OT(F11), 4-OT(F11α), 4-OT(F11β) and 4-OT(M45I/F50A).
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Gram-Scale Synthesis of (R)-Phenibut Precursor (Figure S6)
To a 1 L Erlenmeyer fl ask (with stopper top), 2.64 g (20 mmol) cinnamaldehyde (2a) and 25 mL ethanol 

were added. Subsequently, 460 mL HEPES buff er (20 mM, pH 6.5) and 1.83 g (30 mmol) nitromethane 

(1) were added. Th e mixture was pre-warmed to 30 ºC and the reaction was started by adding 11 mL 

purifi ed enzyme solution containing 220 mg (16 µmol) 4-OT(F11) (in 10 mM NaPi buff er, pH 7.3). Th e 

fi nal volume of the reaction was around 500 mL. Th e fl ask was closed with a glass stopper and kept at 30 ºC 

and 150 rpm in an incubator (Figure S6). After 24 h of incubation, 1 mL of reaction mixture was sampled 

for 1H-NMR analysis (after extraction using ethyl acetate followed by evaporation of solvent) which showed 

that the conversion was >95%. Th e remaining reaction mixture was then extracted three times with ethyl 

acetate (500 mL, 300 mL and 200 mL; during extractions, the mixture was fi ltered through a Celite cake to 

break the emulsion). Th e organic layers were combined, washed with brine (200 mL), dried over anhydrous 

Na2SO4 and concentrated in vacuo (after fi ltration) to obtain crude product (yellow oil, 3.84 g). Purifi cation 

by column chromatography on silica gel (ethyl acetate : petroleum ether = 1:20–1:6) gave (R)-4-nitro-3-

phenylbutanal (3a, 2.5 g, 13 mmol, light yellow oil) in 65% yield. NMR data were consistent with those 

in the literature[11]. 1H NMR (500 MHz, Chloroform-d) δ 9.72 (s, 1H), 7.44 – 7.21 (m, 5H), 4.70 (dd, 

J = 12.5, 7.1 Hz, 1H), 4.64 (dd, J = 12.6, 7.7 Hz, 1H), 4.10 (p, J = 7.3 Hz, 1H), 3.04 – 2.90 (m, 2H).
13C NMR (126 MHz, CDCl3) δ 198.95, 138.24, 129.37, 128.30, 127.53, 79.53, 46.56, 38.08 (Figure 

S13). Enantiomeric excess (e.e.) = 98% (Figure S14).

Figure S6. Gram-scale synthesis of 3a using purifi ed 4-OT(F11). A) Reaction mixture before adding enzyme; B) reaction 
mixture after adding enzyme, reaction time = 5 min; C) reaction mixture at around 24 h; major product precipitation, 
only minor enzyme precipitation.
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Substrate Scope Exploration (Figure S7)
All reactions were performed at room temperature. Th e reaction mixture (5 mL) consisted of substrate 1

(25 mM), substrate 2 (1 mM), and purifi ed 4-OT(F11) (5 µM) in 20 mM HEPES buff er (pH 6.5) with 

5% (v/v) EtOH as co-solvent. For each reaction, a negative control reaction without enzyme (replaced by 

buff er) was set up in parallel. Th e reactions were monitored by measuring the depletion of absorbance at 

290 nm (corresponding to 2) in a spectrophotometer. Th e initial rate of the reactions (vo) were calculated 

based on the depletion rates of absorbance in the fi rst 3 min (Figure S7). Th e molar extinction coeffi  cients 

of 2 at 290 nm were determined experimentally: ε(2a) = 2.36 × 104 M-1 cm-1; ε(2b) = 1.86 × 104 M-1 cm-1; 

ε(2c) = 2.06 × 104 M-1 cm-1; ε(2d) = 2.31 × 104 M-1 cm-1; ε(2e) = 2.30 × 104 M-1 cm-1; ε(2f) = 2.19 × 

104 M-1 cm-1; ε(2g) = 1.75 × 104 M-1 cm-1. After 10 h of incubation, all reactions reached more than 95% 

conversion based on GC-MS analysis. Th e reaction product was reduced by NaBH4 in situ and extracted 

with ethyl acetate (2  mL). Th e organic layer was concentrated in vacuo and the resulting product was 

analyzed by HPLC using a chiral stationary phase (Figure S14-S20).

Figure S7. Substrate scope exploration of 4-OT(F11). Th e initial reaction rates with diff erent substrates 2 were compared. 
Th e enantiomeric excess (ee) of products 3 (converted to alcohol for analysis) are shown on top of the respective bars. 



Chapter 4

174

X-ray Crystallography (Table S1, Figure S8)
Purified 4-OT(Fu11) (16 mg/ml in 5 mM potassium phosphate buffer, pH 7.3) was subjected to sitting-

drop crystallization screening at 293 K with the help of a Mosquito crystallization robot (STP Labtech) 

and using various commercial screens. An initial crystallization hit was optimized by employing an additive 

screen (Hampton Research), resulting in a final crystallization condition of 20% PEG 2000, 10 mM urea 

in 0.1 M Bis-Tris, pH 7.0. From this solution single crystals grew within a few days. Prior to X-ray data 

collection the crystals were flash-cooled in liquid nitrogen using the crystallization reservoir solution, 

supplemented with 25% glycerol, as cryoprotectant. Diffraction data to 2.35 Å resolution were recorded 

from a single crystal at the MASSIF-1 beamline at the ESRF, Grenoble[12]. Data processing was performed 

with the program XDS[13] and with the AIMLESS routines[14] from the CCP4 software suite[15]. The crystal 

belonged to space group P212121 and contained six polypeptide chains (residues 1–129, two trimers) in the 

asymmetric unit with a solvent content of 53.0%. Initial phases and electron density maps were obtained 

by molecular replacement with the program Phaser[16], using the structure of unfused wild-type 4-OT (PDB 

entry 4X19) as a search model. The resulting model was improved with the automatic model building 

scripts from the PHENIX suite[17], followed by manual building of the fusion loop using Coot. Additional 

rounds of model building, iterated with restrained atomic refinement using REFMAC5[18], were necessary 

to complete the model. Final refinement, including TLS (Translation-Libration-Screw-rotation) modelling, 

was performed with phenix.refine[19]. Validation of the final structure of 4-OT(Fu11) was performed with 

the wwPDB Validation Server at https://validate.wwpdb.org. PyMOL (Schrödinger) was used for structure 

analysis and figure preparation. Analysis of the subunit interfaces in the 4-OT(Fu11) trimer was performed 

with the jsPISA server[20]. Coordinates and structure factors were deposited at the PDB with entry code 

7PUO. A summary of the data collection and refinement statistics are available in Supplementary Table S1.
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Supplementary Table S1. Crystallographic statistics of 4-OT-F11

4-OT-F11

Data collection*

ESRF beamline MASSIF-1

Wavelength (Å) 0.9655

Resolution (Å) 84 – 2.35 (2.43 – 2.35)

Space group P212121

Unit cell dimensions,
a, b, c, (Å)
α, β, γ (°)

51.9, 100.9, 153.1
90.0, 90.0, 90.0

Number of observations 182172 (17108)

Number of unique reflections 34025 (3229)

CC(1/2) 0.998 (0.622)

<I/σ> 13.3 (1.7)

Rmerge 0.065 (0.874)

Completeness (%) 99.3 (98.8)

Multiplicity 5.4 (5.3)

Refinement

Resolution (Å) 84 – 2.35

Rwork /Rfree 0.200/0.238

No. of protein chains in AU†
protein/solvent/other

6

No. of non-H atoms in AU, protein/solvent/other 5740/14/83

Average B-factors, protein/solvent/other (Å2) 63.2/69.1/54.7

RMSD bond lengths (Å)/bond angles (°) 0.006/0.85

Clashscore 4.87

Ramachandran preferred/outliers (%) 99.7/0.0

Rotamer outliers (%) 1.6

PDB entry 7PUO

*High resolution shell in parentheses; †AU is asymmetric unit.
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Figure S8. Cartoon representations of the asymmetric 4-OT(F11) trimer (panel A) and a symmetric trimer of the 
naturally fused 4-OT structural homolog cis-CaaD (panel B, PDB entry 3MF8). The linkers in the 4-OT(F11) subunits 
are indicated in red.
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Molecular Modeling of Putative Reaction Intermediate 
(Figures S9-S10)
Molecular modeling of the putative reaction intermediate Int3 formed between Pro-1 and product (R)-3a 

(Figure S9) in the active site pockets of 4-OT(F11) was carried out with the YASARA Structure package 

version 20.4.24 (YASARA Biosciences). Structures and interactions of the intermediate were optimized by 

energy minimization using the standard YASARA macro (em_run.mcr). 

Figure S9. Proposed reaction mechanism (simplified) of the 4-OT(F11) catalyzed Michael addition of nitromethane (1) 
to cinnamaldehyde (2a). 

Figure S10. Close-up views of the three active sites in 4-OT(F11) with a modeled reaction intermediate (Int3) (yellow 
sticks) A) Active sites in subunits A and C at the AC trimer interface. B) Active site in subunit B at the AB trimer 
interface. Cut-away surfaces in grey depict the boundaries of the active site pockets. Color scheme: green, subunit A; 
gold, subunit B; magenta, subunit C. 
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Subunit Interface Analysis of the 4-OT-F11 Trimer (Table S2)

Supplementary Table S2. Subunit interface analysis of the 4-OT-F11 trimer*

Interface Interface area (Å2) Predicted solvation energy gain (ΔG, kcal/mol)

AB 1235 ± 15 -7.5 ± 0.1

BC 1212 ± 12 -9.8 ± 0.4

AC 1267 ± 7 -9.0 ± 0.3

* Calculations were performed using the jsPISA server (version 2.0.5) at http://www.ccp4.ac.uk/pisa/. The variance in 
the numbers is based on separate calculations with the two trimers in the asymmetric unit of the 4OT(Fu11) crystal 
structure. Subunit interfaces BC and AC differ from AB due to the asymmetric assembly of the trimer caused by the 180° 
flip of subunit C. In a symmetric trimer interfaces BC and AC would be identical to the AB interface. 
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Evolution Trajectory (Figure S11)

Figure S11. Evolutionary trajectory of fused 4-OT variant F11.
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DNA and Protein Sequence (Figure S12)
>Fused WT DNA sequence

TATACATATGCCGATTGCGCAGATTCATATTCTGGAAGGTCGTAGTGATGAACAGAAAGAAACCCTGATT 
CGTGA AGTTAGCGAAGCAATTAGCCGTAGCCTGGATGCACCGCTGACCAGCGTTCGTGTGATTATTAC 
CGAAATGGCAAAAGGTCATTTTGGCATTGGTGGTGAACTGGCAAGCAAAGTTCGTCGCGTGGTGGTG 
C AGGT CCGATCGCACAGAT CCATATTTTAGAAGGCCGTTCAGATGAGCAAAAAGAG ACACTGATCCGC 
GAAGTTTCAGAAGCAATTTCACGTTC ACTGGATGCCCCTCTGACAAGTGTGCGCGTTATTATCACAGA 
GATGGCCAAAGGCCACTTTGGTATCGGTGGCGA GCTGGCATC AAAAGTGCGTCGTTAAGGA TCC GA

>WT

PIAQIHILEGRSDEQKETLIREVSEAISRSLDAPLTSVRVIITEMAKGHFGIGGELASKVRR

>Fusion-WT (linker G63/G64/G65/A66/G67)

PIAQIHILEGRSDEQKETLIREVSEAISRSLDAPLTSVRVIITEMAKGHFGIGGELASKVRRGGGAG

PIAQIHILEGRSDEQKETLIREVSEAISRSLDAPLTSVRVIITEMAKGHFGIGGELASKVRR

>Fusion-IA (linker G63/G64/G65/A66/G67, M112I, F117A)

PIAQIHILEGRSDEQKETLIREVSEAISRSLDAPLTSVRVIITEMAKGHFGIGGELASKVRRGGGAG

PIAQIHILEGRSDEQKETLIREVSEAISRSLDAPLTSVRVIITEIAKGHAGIGGELASKVRR

>F3a (L31D, M45L, linker G63/G64/G65/A66/G67, T103I, V107I, M112I, F117A, A124L)

PIAQIHILEGRSDEQKETLIREVSEAISRSDDAPLTSVRVIITELAKGHFGIGGELASKVRRGGGAG

PIAQIHILEGRSDEQKETLIREVSEAISRSLDAPLISVRIIITEIAKGHAGIGGELLSKVRR

>F6a (R11H, L31D, M45L, linker G63/G64/G65/A66/G67, D80G, V90A, T103I, V107I, I108F, M112I, F117A, 
I119V, A124L)

PIAQIHILEGHSDEQKETLIREVSEAISRSDDAPLTSVRVIITELAKGHFGIGGELASKVRRGGGAG

PIAQIHILEGRSGEQKETLIREASEAISRSLDAPLISVRIFITEIAKGHAGVGGELLSKVRR

>F11 (R11H, E22D, L31D, P34T, T36S, M45L, R61P, linker G63/G64/G65/A66/G67, D80G, V90A, T103K, V107I, 
I108F, M112I, F117A, I119V, A124L, R128L)

PIAQIHILEGHSDEQKETLIRDVSEAISRSDDATLSSVRVIITELAKGHFGIGGELASKVPRGGGAG

PIAQIHILEGRSGEQKETLIREASEAISRSLDAPLKSVRIFITEIAKGHAGVGGELLSKVLR

Figure S12. DNA sequence of fused 4-OT and selected protein sequences of variants along the evolution trajectory. 
Restriction sites are underlined; the linker sequence is shown in green; the mutated amino acids are shown in red.
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Primers Table (Table S3)

Table S3. Primers used in this project. C = cloning, f = forward primer, r = reverse primer, MT = mutation transfer, SSM 
= site-saturation mutagenesis, R# = round number, S = shuffling, UF = gene fission.

Name Primer Sequence (5' → 3') Type Mutation

P01 CTTTAAGAAGGAGATATACATATGCCG C f  

P02 CTCGAATTCGGATCCTTA C r  
P03 CACAGAGATTGCCAAAGGCCACGCGGGTATCGG C MT f M112I/F117A

P04 CCGATACCCGCGTGGCCTTTGGCAATCTCTGTG C MT r M112I/F117A

P05 GCAATTAGCCGTAGCNNKGATGCACCGCTGAC R1 SSMf 31X

P06 GTCAGCGGTGCATCMNNGCTACGGCTAATTGC R1 SSM r 31X

P07 CGTAGCCTGGATNNKCCGCTGACCAGC R1 SSM f 33X

P08 GCTGGTCAGCGGMNNATCCAGGCTACG R1 SSM r 33X

P09 GCACCGCTGACCNNKGTTCGTGTGATTATTAC R1 SSM f 37X

P10 GTAATAATCACACGAACMNNGGTCAGCGGTGC R1 SSM r 37X

P11 GCTGACCAGCGTTNNKGTGATTATTACCG R1 SSM f 39X

P12 CGGTAATAATCACMNNAACGCTGGTCAGC R1 SSM r 39X

P13 GGTGGTGCAGGTNNKATCGCACAGATC R1 SSM f 68X

P14 GATCTGTGCGATMNNACCTGCACCACC R1 SSM r 68X

P15 CTGACAAGTGTGNNKGTTATTATCACAG R1 SSM f 106X

P16 CTGTGATAATAACMNNCACACTTGTCAG R1 SSM r 106X

P17 GCATCAAAAGTGCGTNNKTAAGGATCCGAATTCG R1 SSM f 129X

P18 CGAATTCGGATCCTTAMNNACGCACTTTTGATGC R1 SSM r 129X

P19 GCAGATTCATATTNNKGAAGGTCGTAGTG R1 SSM f 8X

P20 CACTACGACCTTCMNNAATATGAATCTGC R1 SSM r 8X

P21 CCGCTGACCAGCNNKCGTGTGATTATTAC R1 SSM f 38X

P22 GTAATAATCACACGMNNGCTGGTCAGCGG R1 SSM r 38X

P23 GATTATTACCGAANNKGCAAAAGGTC R1 SSM f 45X

P24 GACCTTTTGCMNNTTCGGTAATAATC R1 SSM r 45X

P25 GGTGCAGGTCCGNNKGCACAGATC R1 SSM f 69X

P26 GATCTGTGCMNNCGGACCTGCACC R1 SSM r 69X

P27 CAGATCCATATTNNKGAAGGCCGTTC R1&10 SSM f 75X

P28 GAACGGCCTTCMNNAATATGGATCTG R1&10 SSM r 75X

P29 GAAGGCCGTTCANNKGAGCAAAAAGAGAC R1&10 SSM f 80X

P30 GTCTCTTTTTGCTCMNNTGAACGGCCTTC R1&10 SSM r 80X

P31 GCAATTTCACGTTCANNKGATGCCCCTCTG R1 SSM f 98X
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Name Primer Sequence (5' → 3') Type Mutation

P32 CAGAGGGGCATCMNNTGAACGTGAAATTGC R1 SSM r 98X

P33 ATTACCGAAMTGGCAAAAGG R2 S f  

P34 CCTTTTGCCAKTTCGGTAAT R2 S r  

P35 CATATTCTGGAAGGTNNKAGTGATGAGCAG R10 SSM f 11X

P36 CTGCTCATCACTMNNACCTTCCAGAATATG R10 SSM r 11X

P37 GAAACCCTGATTCGTNNKGTTAGCGAAGC R10 SSM f 22X

P38 GCTTCGCTAACMNNACGAATCAGGGTTTC R10 SSM r 22X

P39 GAAGCAATTAGCNNKAGCGATGATGCAC R10 SSM f 29X

P40 GTGCATCATCGCTMNNGCTAATTGCTTC R10 SSM r 29X

P41 GCAATTAGCCGTNNKGATGATGCACC R10 SSM f 30X

P42 GGTGCATCATCMNNACGGCTAATTGC R10 SSM r 30X

P43 GCAATTAGCCGTAGCNNKGATGCACCGCTGTCCAGC R10 SSM f 31X

P44 GCTGGACAGCGGTGCATCMNNGCTACGGCTAATTGC R10 SSM r 31X

P45 GCCGTAGCGATNNKGCACCGCTGTCC R10 SSM f 32X

P46 GGACAGCGGTGCMNNATCGCTACGGC R10 SSM r 32X

P47 GCCGTAGCGATGATNNKCCGCTGTCCAGCG R10 SSM f 33X

P48 CGCTGGACAGCGGMNNATCATCGCTACGGC R10 SSM r 33X

P49 CGTAGCGATGATGCANNKCTGTCCAGCGTTCG R10 SSM f 34X

P50 CGAACGCTGGACAGMNNTGCATCATCGCTACG R10 SSM r 34X

P51 GATGCACCGCTGTCCNNKGTTCGTGTGATTATTAC R10 SSM f 37X

P52 GTAATAATCACACGAACMNNGGACAGCGGTGCATC R10 SSM r 37X

P53 CCGCTGTCCAGCNNKCGTGTGATTATTACC R10 SSM f 38X

P54 GGTAATAATCACACGMNNGCTGGACAGCGG R10 SSM r 38X

P55 GCTGTCCAGCGTTNNKGTGATTATTACC R10 SSM f 39X

P56 GGTAATAATCACMNNAACGCTGGACAGC R10 SSM r 39X

P57 CCAGCGTTCGTNNKATTATTACCGAAC R10 SSM f 40X

P58 GTTCGGTAATAATMNNACGAACGCTGG R10 SSM r 40X

P59 GATCGCACAGATCNNKATTTTAGAGG R10 SSM f 73X

P60 CCTCTAAAATMNNGATCTGTGCGATC R10 SSM r 73X

P61 CGCACAGATCCATNNKTTAGAGGGCC R10 SSM f 74X

P62 GGCCCTCTAAMNNATGGATCTGTGCG R10 SSM r 74X

P63 GGGCCGTTCAGGTNNKCAAAAAGAGACAC R10 SSM f 81X

P64 GTGTCTCTTTTTGMNNACCTGAACGGCCC R10 SSM r 81X

P65 CGTTCAGGTGAGNNKAAAGAGACACTGATC R10 SSM f 82X



Engineering A Tandem Fused 4-OT

4

183   

Name Primer Sequence (5' → 3') Type Mutation

P66 GATCAGTGTCTCTTTMNNCTCACCTGAACG R10 SSM r 82X

P67 GTTCAGGTGAGCAANNKGAGACACTGATCC R10 SSM f 83X

P68 GGATCAGTGTCTCMNNTTGCTCACCTGAAC R10 SSM r 83X

P69 GATGAGCAGAAAGAANNKCTGATTCGTGAC R11 SSM f 18X

P70 GTCACGAATCAGMNNTTCTTTCTGCTCATC R11 SSM r 18X

P71 GCATTGGTGGTGAGNNKGCAAGCAAAGTT R11 SSM f 56X

P72 AACTTTGCTTGCMNNCTCACCACCAATGC R11 SSM r 56X

P73 GCAAGCAAAGTTNNKCGCGGTGGGGGT R11 SSM f 61X

P74 ACCCCCACCGCGMNNAACTTTGCTTGC R11 SSM r 61X

P75 GTTCCTCGCGGTNNKGGTGCAGGTCCG R11 SSM f 64X

P76 CGGACCTGCACCMNNACCGCGAGGAAC R11 SSM r 64X

P77 TCACGTTCACTGGATNNKCCTCTGAAAAGTGTG R11 SSM f 100X

P78 CACACTTTTCAGAGGMNNATCCAGTGAACGTGA R11 SSM r 100X

P79 GATGCCCCTCTGNNKAGTGTGCGC R11 SSM f 103X

P80 GCGCACACTMNNCAGAGGGGCATC R11 SSM r 103X

P81 CTGAAAAGTGTGCGCNNKTTTATCACAGAG R11 SSM f 107X

P82 CTCTGTGATAAAMNNGCGCACACTTTTCAG R11 SSM r 107X

P83 AGTGTGCGCATTNNKATCACAGAGATT R11 SSM f 108X

P84 AATCTCTGTGATMNNAATGCGCACACT R11 SSM r 108X

P85 GAGATTGCCAAANNKCACGCGGGTGTC R11 SSM f 115X

P86 GACACCCGCGTGMNNTTTGGCAATCTC R11 SSM r 115X

P87 GGTGGCGAGCTGNNKTCAAAAGTGCGTC R11 SSM f 124X

P88 GACGCACTTTTGAMNNCAGCTCGCCACC R11 SSM r 124X

P89 GGCGAGCTGTTATCANNKGTGCGTCGTTAA R11 SSM f 126X

P90 TTAACGACGCACMNNTGATAACAGCTCGCC R11 SSM r 126X

P91 CTGTTATCAAAAGTGNNKCGTTAAGGATCCG R11 SSM f 128X

P92 CGGATCCTTAACGMNNCACTTTTGATAACAG R11 SSM r 128X

P93 TCAAAAGTGCGTNNKTAAGGATCCGAATTC R11 SSM f 129X

P94 GAATTCGGATCCTTAMNNACGCACTTTTGA R11 SSM r 129X

P95 CTCGAATTCGGATCCTTAGCGAGGAACTTTGCT C UF r  

P96 GGAGATATACATATGCCGATCGCACAGATC C UF f  

P97 AAGGTCAGACGCTGAGGATCCGAATTCGAGCTCCG C f

P98 TGGGCAATAGGCATATGTATATCTCCTTCTTAAAGTTAAAC C r
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NMR Spectra (Figure S13)

Figure S13. 1H-NMR (top) and 13C-NMR (bottom) spectra of 3a produced at gram-scale using 4-OT(F11).
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Chiral HPLC Analysis (Figure S14-S20)

Figure S14. Chiral HPLC analysis of 3a. Th e product was reduced by NaBH4 to the corresponding alcohol for analysis. 
HPLC method: CHIRALPAK® IB column (150 mm × 4.6 mm, column temperature = 25 °C), Heptane/Isopropanol = 
90:10, fl ow rate = 0.5 mL/min, λ = 210 nm. Retention time: tmajor = 19.0 min, tminor = 21.6 min. Th e assignment of the 
absolute confi guration of enzymatic product was based on previously reported chiral HPLC data.[21]
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Figure S15. Chiral HPLC analysis of 3b. Th e product was reduced by NaBH4 to the corresponding alcohol for analysis. 
HPLC method: CHIRALPAK® IC column (150 mm × 4.6 mm, column temperature = 25 ºC), Heptane/Isopropanol 
= 95:5, fl ow rate = 1.0 mL/min, λ = 210 nm. Retention time: tmajor = 20.1 min, tminor = 22.8 min. Th e assignment of the 
absolute confi guration of enzymatic product was based on previously reported chiral HPLC data.[22]
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Figure S16. Chiral HPLC analysis of 3c. Th e product was reduced by NaBH4 to the corresponding alcohol for 
analysis. HPLC method: CHIRALCEL® OD-H column (150 mm × 4.6 mm, column temperature = 25 ºC), Heptane/
Isopropanol = 92:8, fl ow rate = 1.0 mL/min, λ = 210 nm. Retention time: tmajor = 15.4 min, tminor = 16.9 min. Th e 
assignment of the absolute confi guration of enzymatic product was based on previously reported chiral HPLC data.[22]
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Figure S17. Chiral HPLC analysis of 3d. Th e product was reduced by NaBH4 to the corresponding alcohol for analysis. 
HPLC method: CHIRALPAK® IC column (150 mm × 4.6 mm, column temperature = 25 ºC), Heptane/Isopropanol 
= 95:5, fl ow rate = 1.0 mL/min, λ = 210 nm. Retention time: tmajor = 20.5 min, tminor = 22.8 min. Th e assignment of the 
absolute confi guration of enzymatic product was based on previously reported chiral HPLC data.[22]
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Figure S18. Chiral HPLC analysis of 3e. HPLC method: CHIRALPAK® AD-RH column (150 mm × 4.6 mm, column 
temperature = 25 ºC), H2O/MeCN = 70:30, fl ow rate = 0.5 mL/min, λ = 210 nm. Retention time: tmajor = 37.0 min, 
tminor = 39.4 min. Th e assignment of the absolute confi guration of enzymatic product was based on previously reported 
chiral HPLC data.[23]
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Figure S19. Chiral HPLC analysis of 3f. Th e product was reduced by NaBH4 to the corresponding alcohol for analysis. 
HPLC method: CHIRALPAK® IC column (150 mm × 4.6 mm, column temperature = 25 ºC), Heptane/Isopropanol 
= 92:8, fl ow rate = 1.0 mL/min, λ = 210 nm. Retention time: tmajor = 12.9 min, tminor = 14.3 min. Th e assignment of the 
absolute confi guration of enzymatic product was based on previously reported chiral HPLC data.[24]
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Figure S20. Chiral HPLC analysis of 3g. Th e product was reduced by NaBH4 to the corresponding alcohol for 
analysis. HPLC method: CHIRALCEL® OD-H column (150 mm × 4.6 mm, column temperature = 25 ºC), Heptane/
Isopropanol = 92:8, fl ow rate = 1.0 mL/min, λ = 210 nm. Retention time: tmajor = 15.7 min, tminor = 18.4 min. Th e 
assignment of the absolute confi guration of enzymatic product was based on previously reported chiral HPLC data.[25]
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Abstract
The enzyme 4-oxalocrotonate tautomerase (4-OT) can promiscuously catalyze various carboligation 

reactions using acetaldehyde as a nucleophile. However, the highly reactive nature of acetaldehyde requires 

intricate handling, which can impede its usage in practical synthesis. Therefore, we investigated three 

enzymatic routes to synthesize acetaldehyde in situ in one-pot cascade reactions with 4-OT. Two routes 

afforded practical acetaldehyde concentrations, using an environmental pollutant, trans-3-chloroacrylic 

acid, or a biorenewable, ethanol, as starting substrate. These routes can be combined with 4-OT catalyzed 

Michael-type additions and aldol condensations in one pot. This modular systems biocatalysis methodology 

provides a stepping stone towards the development of larger artificial metabolic networks for the practical 

synthesis of important chemical synthons.
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Introduction
Th e enzyme 4-oxalocrotonate tautomerase (4-OT) naturally catalyzes the tautomerization of 2-hydroxy-2,4-

hexadienedioate to 2-oxo-3-hexenedioate using the N-terminal proline as key catalytic base[1]. In addition, 

4-OT can promiscuously catalyze several carbon-carbon bond-forming reactions, including Michael-type 

additions and aldol condensations, employing Pro-1 as a nucleophile[2–4]. Most notably, 4-OT can catalyze 

Michael-type additions and aldol condensations using the highly reactive acetaldehyde (5) as a nucleophile 

(Scheme 1). 

However, the use of 5 in enzymatic reactions causes several practical challenges. Compound 5 is toxic, 

highly volatile and reactive, which requires intricate handling. Hence, in situ generation of 5 from less 

reactive and less toxic compounds is an attractive concept to combine with 4-OT in one-pot cascade 

reactions. Previous studies have primarily focused on in situ generation of longer aldehydes, for instance 

from their corresponding carboxylic acids or alcohols using carboxylic acid reductases (CAR) or alcohol 

dehydrogenases respectively[5–8].

Scheme 1. Th ree envisioned enzymatic routes for in situ generation of acetaldehyde (5). Th e in situ synthesized 5 is used 
as substrate in a 4-OT L8Y/M45Y/F50A catalyzed Michael-type addition and a 4-OT M45T/F50A catalyzed aldol 
condensation reaction in one pot. Abbreviations: CaaD: chloroacrylic acid dehalogenase, MSAD: malonate semialdehyde 
decarboxylase, ScADH: alcohol dehydrogenase, PRO-NOX(009): NADH oxidase, ZmPDC: pyruvate decarboxylase.

Here we investigate three enzymatic routes for the in situ generation of 5 in one-pot cascade reactions with 

4-OT, using 1, 3 or 4 as starting substrates (Scheme 1). Route I involves the dehalogenation of 1 into 2, 

catalyzed by the enzyme chloroacrylic acid dehalogenase (CaaD), followed by the decarboxylation of 2 into 

5 by the enzyme malonate semialdehyde decarboxylase (MSAD). Route II involves the oxidation of 3 into 
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5 catalyzed by the alcohol dehydrogenase from Saccharomyces cerevisiae (ScADH), in combination with a 

commercially available NADH oxidase, PRO-NOX(009), to shift the unfavorable reaction equilibrium and 

to recycle the co-factor. Route III involves the decarboxylation of 4 using the pyruvate decarboxylase from 

Zymomonas mobilis (ZmPDC).

Routes I and II proved to be effective routes for in situ generation of 5 and could be used in combination 

with 4-OT to synthesize 7 and 9 in one pot. Interestingly, route II afforded a mixture of 9 and 10. The 

presented work provides a stepping stone towards the construction of artificial enzymatic metabolic routes 

for the synthesis of valuable chemical commodities.

Results
There are several enzymes that naturally produce 5 as their main product, as 5 is at the crossway of several 

metabolic routes. We selected three complementary enzymatic routes (route I, II and III, Scheme 1) for in 

situ generation of 5, using the readily accessible starting materials 1, 3 and 4. We initially focused on the 

enzymatic synthesis of 5 via route I. The release of HCl and carbon dioxide in the first and second step 

respectively, is expected to shift the equilibrium towards the formation of 5. Indeed, initial experiments 

showed that a cascade reaction with CaaD and MSAD resulted in near quantitative conversion of 1 into 

5 (Figure 1). Notably, no significant enzyme inhibition occurred at this concentration of 5. Optimizing 

enzyme concentrations afforded 50 mM 5 in 90 minutes using 5 µM CaaD and 1 µM MSAD (Figure 1).

Figure 1. Progress curves of enzymatic synthesis of 5 using route I and route II. (a) Formation of 5 via route I. Assay 
conditions: 50 mM 1, 100 mM sodium phosphate (pH 7.3). (b) Formation of 5 via route II. Assay conditions: 100 mM 
sodium phosphate pH 7.3, 2 mg/mL PRO-NOX(009), 10 U/mL ScADH, 10% v/v 3, 2 mM NAD+, 5 mL reaction 
volume, under oxygen atmosphere, performed in a 25 mL flask.
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We next focused on the enzymatic oxidation of 3 (Scheme 1, route II), which can be catalyzed by both 

alcohol oxidases and alcohol dehydrogenases. Since alcohol oxidases are prone to over-oxidation of aldehydes 

into their corresponding carboxylic acids[9], we opted for the use of an alcohol dehydrogenase instead. 

Th e commercial available Yeast alcohol dehydrogenase, (ScADH, Saccharomyces cerevisiae) was selected 

as biocatalyst because of its high selectivity towards short-chain primary alcohols[10,11]. Th e commercially 

available NADH oxidase PRO-NOX(009) was selected to recycle NAD+ and to overcome the unfavorable 

reaction equilibrium.

Concentrations of up to 10% v/v 3 were well tolerated by both enzymes, but higher concentrations 

rapidly inactivated at least one of the enzymes. Vigorous stirring of the reaction mixture under an oxygen 

atmosphere signifi cantly improved the rate of 5 production compared to an unstirred reaction (Figure 1). 

Reaction conditions were optimized to reach a concentration of approximately 50 mM 5 after 150 minutes.

Lastly, we focused on the enzymatic decarboxylation of 4 to 5 (Scheme 1, route III). Th e pyruvate 

decarboxylase from Z. mobilis (ZmPDC) was cloned, expressed and purifi ed to homogeneity. However, we 

were unable to fi nd conditions that aff orded concentrations of 5 above 30 mM, due to either inactivation or 

inhibition of the enzyme by 5. Th is concentration was considered too low for eff ective catalysis with 4-OT 

and hence we abandoned this route. 

Table 1. Stepwise enzymatic cascade synthesis of 7.

Reaction time
Step I (min)c Step II (min)d e.r.e Isolated yield (%)f

Route I 150 75 98:2 62
Route II 90 85 98:2 96

aDehalogenation of 1 into 2 catalyzed by CaaD, followed by decarboxylation of 2 into 5 catalyzed by MSAD, followed 
by the Michael-type addition of 5 to 6 yielding 7 catalyzed by 4-OT L8Y/M45Y/F50A. Th e reaction mixture consisted 
of 50 mM 1, 4 mM 6, 1 µM MSAD, 5 µM CaaD, 56 µM 4-OT L8Y/M45Y/F50A, 100 mM sodium phosphate pH 7.3, 
10% v/v ethanol. bOxidation of 3 into 5 catalyzed by ScADH, followed by the Michael-type addition of 5 to 6 yielding 7 
catalyzed by 4-OT L8Y/M45Y/F50A. PRO-NOX(009) was used for co-factor recycling. Th e reaction mixture consisted 
of 10% v/v 3, 4 mM 6, 10 U/mL ScADH, 2 mg/mL PRO-NOX(009), 2 mM NAD+, 56 µM 4-OT L8Y/M45Y/F50A, 
100 mM sodium phosphate pH 7.3. cMonitored by HPLC. dMonitored by UV spectroscopy. eDetermined by GC with 
chiral stationary phase or derivatized into a cyclic acetal and determined by HPLC with a chiral stationary phase. Th e 
absolute confi guration was determined by comparison to literature[14,15]. fIsolated yield compared to 6.
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Having established two effective enzymatic routes for the in situ synthesis of 5, we next focused our 

attention on the combination of these routes with 4-OT in one-pot multistep cascade reactions. We initially 

focused on the 4-OT catalyzed Michael-type addition of 5 to 6 yielding 7, an important precursor for the 

γ-aminobutyric acid analogue phenibut[4,12]. As a catalyst, the previously engineered 4-OT L8Y/M45Y/

F50A variant was selected[13]. Combination of 4-OT L8Y/M45Y/F50A and 6 with in situ synthesized 5 (via 

both route I and II) afforded R-7 in high enantiopurity (e.r. up to 98:2) and good to excellent isolated yields 

(up to 96% compared to 6) (Table 1).

Next, we focused on combining route I and II with the 4-OT catalyzed aldol condensation of 5 with 

8, forming 9. The previously engineered 4-OT M45T/F50A was used as a catalyst for this reaction[16]. 

Combination of route I with 8 and 4-OT M45T/F50A afforded 9 in good isolated yield (56% compared 

to 8) (Figure 2 and Table 2). Interestingly, the combination of route II with 8 and 4-OT M45T/F50A 

afforded a mixture of 9 (26% isolated yield compared to 8) and cinnamyl alcohol 10 (28% isolated yield 

compared to 8) (Figure 2 and Table 2). These results demonstrate some exciting opportunities available for 

the combination of natural metabolic routes with unnatural carboligation reactions in one pot.

Figure 2. Progress curves of the enzymatic cascade synthesis of 9 and 10. (a) Progress curve of the 4-OT M45T/F50A 
catalyzed aldol condensation of 5 with 8 using in situ synthesized 5 via route I. Assay conditions: 50 mM 1, 4 mM 8, 
1 µM MSAD, 10 µM CaaD, 75 µM 4-OT M45T/F50A, 150 mM sodium phosphate pH 7.3, 5% v/v ethanol, 17.8 mL 
reaction volume. (b) Progress curve of the 4-OT M45T/F50A catalyzed aldol condensation of 5 with 8 using in situ 
synthesized 5 via route II. Assay conditions: 10% v/v 3, 5.7 mM 8, 2 mM NAD+, 133 µM 4-OT M45T/F50A, 10  
U/mL ScADH, 2 mg/mL PRO-NOX(009), 100 mM sodium phosphate pH 7.3, 30 mL reaction volume.
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Table 2. Enzymatic cascade synthesis of 9.

Reaction time (h) Conversion (%)c Isolated yield (%)d

Route I 23.5 71 56
Route II 24 85 26e

aDehalogenation of 1 into 2 catalyzed by CaaD, followed by decarboxylation of 2 into 5 catalyzed by MSAD, followed 
by the aldol condensation of 5 with 8 yielding 9 catalyzed by 4-OT M45T/F50A. Th e reaction mixture consisted of 
50 mM 1, 4 mM 8, 1 µM MSAD, 10 µM CaaD, 75 µM 4-OT M45T/F50A, 150 mM sodium phosphate pH 7.3, 
5% v/v ethanol. bOxidation of 3 into 5 catalyzed by ScADH, followed by the aldol condensation of 5 with 8 yielding 
9 catalyzed by 4-OT M45T/F50A. Th e reaction mixture consisted of 10% v/v 3, 5.7 mM 8, 2 mM NAD+, 133 µM 
4-OT M45T/F50A, 10 U/mL ScADH, 2 mg/mL PRO-NOX(009), 100 mM sodium phosphate pH 7.3. cDetermined 
by HPLC. dCompared to 8. eTh e low yield is caused by partial reduction of 9 into 10 (Figure 2b). Cinnamyl alcohol 10
could be obtained with 28% isolated yield compared to 8.

Discussion
4-OT is unique in that it can use 5 as substrate for C-C bond-forming Michael-type additions to nitroolefi n 

acceptors and for aldol condensations with benzaldehydes[3,4]. Previously, we have demonstrated that 4-OT 

can be combined with other biocatalysts and chemocatalysts to convert 6 and 8 into GABA analogues 

using two complementary one-pot cascade reactions[13,15]. However, both routes rely on 5 as a substrate. 

Th e inherent high reactivity and toxicity of 5 makes it a less desirable substrate and special care has to be 

taken to prevent polymerization or oxidation. A solution to this problem is the enzymatic in situ generation 

of 5 using less toxic and reactive starting substrates in multistep cascade reactions. To this end, we have 

investigated three enzymatic routes for the in situ generation of 5, using diff erent starting materials.

Th e fi rst route we investigated involves the conversion of soil pollutant 1 into 5. Recycling of 1, a degradation 

product from the xenobiotic soil fumigant trans-1,3-dichloropropene[17], into GABA precursors provides 

an interesting example of the fi rst principle of circular chemistry and as such might be desirable for future 

sustainable synthesis[18]. To this end, we selected the enzymes trans-3-chloroacrylic acid dehalogenase and 

malonate semi-aldehyde decarboxylase, which are part of the metabolic pathway for the degradation of 

trans-1,3-dichloropropene in Pseudomonas cichorii 170[19,20]. Th e second route comprises of the oxidation 

of 3 into 5. As an inexpensive biorenewable, 3 is an attractive precursor of 5 that can concurrently act as 

a co-solvent to solubilize 6 and 8. To catalyze the oxidation of 3, we selected yeast alcohol dehydrogenase, 
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using an NADH oxidase for co-factor recycling and as a driving force to overcome the unfavorable reaction 

equilibrium between 3 and 5. Thirdly, we investigated the readily available substrate 4 as precursor for 5, 

using pyruvate decarboxylase from Z. mobilis as biocatalyst.

Gratifyingly, concentrations of 50 mM 5 or higher could be generated in situ using both route I and II. 

Route III only afforded lower concentrations of 5 and unfortunately, we were unable to find conditions 

to improve this. We speculate that ZmPDC was either inactivated or strongly inhibited by 5[21], and the 

effective use of route III for in situ generation of 5 awaits the discovery of 4-OT mutants with a lower KM 

for 5. 

We demonstrated the modularity of our approach by showing that the in situ generated 5 can be used as 

a substrate for both 4-OT catalyzed aldol condensations and Michael-type additions. The Michael-type 

addition of 5 to 6 was catalyzed by the previously engineered 4-OT L8Y/M45Y/F50A and afforded R-7 

in good to excellent isolated yield (up to 96% compared to 6) and with an excellent e.r. value of 98:2. The 

aldol condensation of 5 with 8 was catalyzed by the previously engineered 4-OT M45T/F50A. Route I 

afforded 9 in 55% isolated yield, but route II afforded a mixture of 9 and 10. The reduction of 9 to 10 

is slowly catalyzed by ScADH and by an alcohol dehydrogenase present in the CFE of PRO-NOX(009).

In summary, we have investigated three enzymatic synthesis routes, using the readily accessible starting 

materials 1, 3 or 4, for in situ generation of 5 to be used as substrate by 4-OT in one-pot cascade syntheses. 

Route I and route II afforded 5 in effective concentrations for synthesis with 4-OT, but route III afforded 5 

only in low concentrations. Route I and route II are fully compatible with 4-OT, which was demonstrated 

by the one-pot cascade synthesis of 7 and 9. These modular enzymatic cascades provide a stepping stone 

towards the development of larger “artificial metabolisms” that could facilitate greener and more sustainable 

synthesis[22].
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Supporting Information
General Methods

Recombinant enzyme expression and purification

4-Oxalocrotonate Tautomerase

4-oxalocrotonate tautomerase (4-OT) variants were expressed in E. coli BL21(DE3) harboring a pJExpress414 

vector (4-OT L8Y/M45Y/F50A) or pET20b vector (4-OT M45T/F50A) with the respective 4-OT gene. 

Cells were grown overnight at 37  °C in 1  L LB medium substituted with 0.5% glycerol, 100  µg/ml  

ampicillin and 100 µM IPTG. After the expression of 4-OT the cells were collected and the enzymes were 

purified according to previously reported methods[1,2]. The enzyme concentration was determined using the 

Waddell method, the enzymes were flash frozen in liquid nitrogen and stored at -20 °C until further use[3]. 

For each purified 4-OT variant the removal of the N-terminal methionine was confirmed by analysis of the 

correct protein mass using electron spray ionization mass spectrometry.

Trans-3-chloroarylic acid dehalogenase

The enzyme trans-3-chlorarylic acid dehalogenase (CaaD) from P. pavonaceae 170 (previously known as P. 

cichorii 170) was expressed in E. coli BL21(DE3) harboring a pET5a vector with the CaaD gene. A single 

colony was used to inoculate 50 mL LB medium supplemented with 100 µg/ml ampicillin and grown 

overnight at 37 °C. 10 mL of this overnight culture was used to inoculate 1 L LB medium supplemented with 

100 µg/ml ampicillin and incubated at 37 °C. After the culture reached an OD of 0.4–0.6 the expression of 

CaaD was induced by the addition of 0.5 mM IPTG. The cells were grown for 6 h at 37 °C and collected by 

centrifugation (15 min, 4 °C, 10000 rpm). CaaD was purified by a modification of a published procedure[4]. 

The cell pellet was resuspended in 10 mM sodium phosphate buffer (pH 8) and the cells were disrupted 

by ultrasonication. Insoluble cell fragments were removed by centrifugation. The supernatant was collected 

and solid (NH4)2SO4 crystals were slowly added to a final concentration of 1.6 M (NH4)2SO4. The solution 

was kept overnight at 4 °C and then centrifuged for 30 min. The supernatant was filtered and loaded onto 

a 5 ml HiTrap Phenyl HP column equilibrated with 10 mM sodium phosphate buffer (pH 8) containing 

1.6 M (NH4)2SO4. The column was washed with 3 column volumes (CV) of 10 mM sodium phosphate 

buffer (pH 8) containing 1.6 M (NH4)2SO4, after which a linear gradient of 10 mM sodium phosphate 

buffer (pH 8) 1.6 M to 0 M (NH4)2SO4 over 20 CV was applied. Individual fractions were analyzed by SDS-

PAGE and the fractions containing high concentrations of CaaD were pooled. The buffer was exchanged 

against 20 mM Tris-HCl buffer (pH 8.5) on a HiPrep 26/10 Desalting column. The protein solution was 

loaded on a 5 ml HiTrap Q FF column equilibrated with 20 mM Tris-HCl buffer (pH 8.5), washed with 

3 CV of the equilibration buffer and eluted with a linear salt gradient (0–1 M NaCl) over 20 CV with 

20 mM Tris-HCl buffer (pH 8.5). The fractions with the highest CaaD concentration were pooled together, 
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dialyzed in 4 L 10 mM sodium phosphate buffer (pH 7.3) and concentrated using a vivaspin centrifugal 

concentrator (Sartorius, 5000  MWCO). The enzyme concentration was determined using the Waddell 

method and the enzyme was flash frozen in liquid nitrogen and stored at -20 °C until further use[3]. The 

correct molecular mass of CaaD was confirmed by electron spray ionization mass spectrometry.

Malonate semialdehyde decarboxylase

The enzyme malonate semialdehyde decarboxylase (MSAD) was expressed and purified by a modification 

of a published procedure[5]. A single colony of E. coli BL21(DE3) harboring a pET3a vector with the 

MSAD gene was used to inoculate 50 mL LB medium supplemented with 100 µg/ml ampicillin. After 

overnight growth at 37 °C this culture was used to inoculate 1 L LB medium supplemented with 100 µg/

ml ampicillin. The culture was grown at 37  °C until an OD 0.4–0.6 was reached, after which protein 

expression was induced by addition of 0.5 mM IPTG. After 5 h incubation at 37 °C, the cells were collected 

by centrifugation (10 min, 10000  rpm). The obtained cell pellet was resuspended in 10 mM Tris-SO4 

buffer (pH 8) and disrupted by ultrasonication. Insoluble cell fragments were removed by centrifugation 

and the supernatant was applied to a 5 ml HiTrap Q FF column equilibrated with 10 mM Tris-SO4 buffer 

(pH 8). The column was washed with 5 CV equilibration buffer and the proteins were eluted using a 

linear salt gradient of 0–0.5 M Na2SO4 over 20 CV. Individual fractions were analyzed by SDS-PAGE 

and the fractions with the highest MSAD concentration were pooled together. Solid (NH4)2SO4 crystals 

were slowly added to this solution until a final concentration of 1 M (NH4)2SO4 and the resulting solution 

was stirred for 1 h at 4 °C. After centrifugation the supernatant was loaded on a 5 ml HiTrap Phenyl HP 

column equilibrated with 10 mM Tris-SO4 buffer (pH 8) containing 1 M (NH4)2SO4. The column was 

washed with 3 CV of the equilibration buffer and retained proteins were eluted with a linear gradient 

(1–0  M (NH4)2SO4) over 20  CV. Individual fractions were analyzed by SDS-PAGE and the fractions 

with the highest MSAD concentration were pooled together, 2x dialyzed in 4 L 10 mM Na2HPO4 buffer 

(pH  7.3) and concentrated using a vivaspin centrifugal concentrator (Sartorius, 5000  MWCO). The 

enzyme concentration was determined using the Waddell method and the enzyme was flash frozen in liquid 

nitrogen and stored at -20 °C until further use[3]. The correct molecular mass of MSAD was confirmed by 

electron spray ionization mass spectrometry.

Pyruvate decarboxylase

The enzyme pyruvate decarboxylase from Z. mobilis (ZmPDC) was expressed in E. coli BL21(DE3) 

harboring a pET21a vector containing an E. coli codon-optimized ZmPDC gene with a C-terminal His-

tag. 1 L LB medium supplemented with 100 µg/ml ampicillin was inoculated with cells from an overnight 

culture. The cells were grown at 37  °C until the culture reached an OD  0.4–0.6, after which protein 

expression was induced by the addition of 100 µM IPTG. After growth overnight at 20 °C, the cells were 



Chapter 5

206

collected by centrifugation and the cell pellet was resuspended in 50 mM Mes/NaOH, 0.1 mM ThDP, 

5 mM MgSO4 (pH 6.5). The cells were disrupted by ultrasonication and insoluble cell fragments were 

removed by centrifugation (45 min, 4 °C, 18000 rpm). The supernatant was incubated for 1 h at 4 °C with 

Ni sepharose resin, which had previously been equilibrated with lysis buffer. The resin loaded with proteins 

was washed with 6 mL lysis buffer, followed by 6 mL lysis buffer (pH 7) containing 20 mM imidazole. The 

retained proteins were eluted with 50 mM Mes/NaOH, 0.1 mM ThDP, 1 mM MgSO4, 250 mM imidazole 

(pH 7.6). The fractions with the highest ZmPDC concentration were pooled together and the buffer was 

exchanged to 10 mM Mes/NaOH, 200 mM NaCl, 5 mM MgSO4, 0.1 mM ThDP (pH 6.5) using a PD-10 

desalting column. The enzyme concentration was determined using the Waddell method and the enzyme 

was flash frozen in liquid nitrogen and stored at -80 °C until further use[3].

Alcohol dehydrogenase

ScADH was commercially available from Sigma Aldrich, provided as lyophilized enzyme (product number 

A7011, alcohol dehydrogenase from Saccharomyces cerevisae). Prior to each experiment, a sample of the 

lyophilized enzyme was dissolved in 100 mM Na2HPO4 buffer (pH 7.3) and the unit concentration was 

determined according to the provided protocol. Unit definition: one unit of alcohol dehydrogenase will 

convert 1.0 µmol of ethanol to acetaldehyde per minute in 50 mM sodium phosphate pH 8.8 at 25 °C. 

NADH oxidase

PRO-NOX(009) was provided as crude cell-free extract by Prozomix Ltd and used without further 

purification.
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In situ synthesis of 5

Route I

Optimization of in situ synthesis of 5 via route I was performed on 1 mL scale. To a 1.5 mL Eppendorf 

tube containing 50 mM 1, 10% ethanol, 1 µM MSAD in 100 mM Na2HPO4 buffer (pH 7.3) was added 

CaaD (5 µM final concentration). At timely intervals 50 µL was collected from the reaction mixture and 

the aldehyde product was derivatized with O-benzylhydroxylamine.

Route II

Optimization of in situ synthesis of 5 via route II was performed in a 25 mL round-bottom flask. 3 mL 

100 mM Na2HPO4 buffer (pH 7.3) was added to the flask. The flask was sealed with a rubber stopper and 

purged with pure oxygen for 30 minutes to saturate the buffer and airspace. To this was added 0.5 mL 3, 

PRO-NOX(009) (2 mg/mL final concentration) and ScADH (10 U/mL final concentration) and 100 mM 

Na2HPO4 buffer (pH 7.3) into a final volume of 5 mL. The reaction was stirred at 250 rpm. At timely 

intervals, 50 µL was collected from the reaction mixture and the aldehyde product was derivatized with 

O-benzylhydroxylamine.

Route III

The activity of ZmPDC was tested based on reported reaction conditions[6]. In a 1.5 ml Eppendorf tube 

50 mM sodium pyruvate was added to 50 mM MES/NaOH buffer (pH 6.5) supplemented with 0.1 mM 

ThDP, 5 mM MgSO4 and 5% DMSO and the reaction was initiated by the addition of 0.1 µM ZmPDC. 

The finale volume of the reaction was 1 mL. At timely intervals 50 µL was collected from the reaction 

mixture and the aldehyde product was derivatized with O-benzylhydroxylamine.

Aldehyde derivatization and quantification by HPLC
The aldehyde compounds in collected reaction samples were derivatized with O-benzylhydroxylamine and 

analyzed by reverse-phase HPLC according to a reported procedure[1]. The concentration in the reaction of 

5, 8, 9 and 10 (without derivatization) was determined by comparing peak areas to known standards of 5, 

8, 9 and 10. 

Semi-Preparative scale cascade reactions

Synthesis of 7 via route I

To a 25  mL round-bottom flask was added: 90.5  mg 1 (sodium salt), 212  µg MSAD (1  µM final 

concentration) and 1.19  mg CaaD (5  µM final concentration) in 15  mL 100  mM sodium phosphate 
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buffer (pH 7.3). At timely intervals, 50 µL of the reaction mixture was collected and processed for HPLC 

analysis to monitor reaction progress. During the reaction the pH dropped from pH 7.3 to 6.8. After 

90 min, 10.14 mg 6 (in 1.7 mL ethanol, 4 mM final concentration) and 6.5 mg 4-OT L8Y/M45Y/F50A 

(56 µM final concentration) were added (final volume 17 mL). The reaction progress was monitored by 

UV-spectroscopy following the depletion in absorbance at 320 nm corresponding to the concentration of 

6. After the reaction was finished, the reaction mixture was extracted with 3 x 30 mL ethyl acetate. The 

organic layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. Silica 

gel column chromatography (petroleum ether/ethyl acetate 9:1) gave the desired product 7 (8.3 mg, 62% 

yield). The 1H NMR spectroscopic data were in agreement with previously published data[7]. The aldehyde 

functionality was derivatized into the corresponding ethylene glycol acetal and the enantiomer ratio (e.r.) 

was determined by reverse phase HPLC (AD-RH column 150 mm x 4.6 mm, Diacel, 30:70 H2O/ACN, 

0.5 mL/min, retention time R-7: 8.1 min, S-7: 10.8 min)[8]. 

Synthesis of 9 via route I

To a 25 mL round-bottom flask was added: 50 mM 1 (sodium salt), 1 µM MSAD, 10 µM CaaD, 4 mM 8 

and 75 µM 4-OT M45T/F50A in a final volume of 17.8 mL 150 mM Na2HPO4 buffer (pH 7.3), 5% v/v 

ethanol. At timely intervals, 50 µL of the reaction mixture was collected and processed for HPLC analysis 

to monitor reaction progress. The pH of the buffer did not significantly change during the reaction. After 

the reaction was finished, the reaction mixture was extracted with 3 x 10 mL ethyl acetate. The organic 

layers were washed with brine, dried over anhydrous Na2SO4 and concentrated in vacuo. Silica gel column 

chromatography (petroleum ether/ethyl acetate 9:1) gave the desired product 9 (6.7 mg, 56% yield). The 
1H NMR spectroscopic data were in agreement with previously published data[9].

Synthesis of 7 via route II

10 mL of 100 mM sodium phosphate pH 7.3 was added to a 100 mL round-bottom flask sealed with a 

rubber stopper. The buffer and airspace were saturated with pure oxygen by purging oxygen into the solution 

for 1 h. To this was added: 1.5 mL 3, 0.5 mL of 60 mM NAD+, 0.5 mL 15 mg/mL PRO-NOX(009). The 

reaction was initiated by the addition of 1 mL 150 U/mL ScADH. The final conditions were: 10 U/mL 

ScADH, 2 mg/mL PRO-NOX(009), 2 mM NAD+, 10% v/v 3 in a final volume of 15 mL. The reaction was 

stirred and incubated at room temperature. At timely intervals, 50 µL of the reaction mixture was collected 

and processed for HPLC analysis to monitor reaction progress. After 150 min, 10.1 mg of 6 dissolved in 

1 mL of 3 (4 mM final concentration) and 1 mL of 100 mM sodium phosphate containing 6.5 mg/mL 

4-OT L8Y/M45Y/F50A was added to the reaction mixture. At timely intervals, 300 µL of the reaction 

mixture was added to a 1 mm quartz cuvette and a UV/VIS spectrum from 200 to 500 nm was recorded. 

75 min after the addition of 4-OT, the reaction was finished and the reaction mixture was extracted 3x with 



In Situ Acetaldehyde Synthesis

5

209   

10 mL ethyl acetate. The organic layers were combined, washed with brine and further dried over anhydrous 

Na2SO4. The organic layer was removed in vacuo yielding 7 without any further purification (12.6 mg, 96% 

isolated yield). The 1H NMR spectroscopic data were in agreement with previously published data[7]. A 

sample of 7 was dissolved in ethyl acetate and injected on a gas chromatograph with a chiral stationary 

phase using a reported method to determine the enantiopurity[9]. 

Synthesis of 9 via route II

20 mL of 100 mM sodium phosphate pH 7.3 was added to a 100 mL round-bottom flask sealed with a 

rubber stopper. The buffer and airspace were saturated with pure oxygen by purging oxygen into the solution 

for 1 h. To this was added: 3 mL of 3 containing 24 mg of 8, 1 mL 60 mM NAD+, 3 mL of 100 mM sodium 

phosphate pH 7.3 containing 20 mg/mL PRO-NOX(009) and 2 mL 100 mM sodium phosphate pH 7.3 

containing 13.5 mg/mL 4-OT M45T/F50A. The reaction was started by the addition of 1 mL 100 mM 

Sodium phosphate pH 7.3 containing 300 U/mL ScADH. The final cascade conditions were 10 U/mL 

ScADH, 2 mg/mL PRO-NOX(009), 0.89 mg/mL 4-OT M45T/F50A, 2 mM NAD+, 5.7 mM 8, 10% 

v/v 3 in a final volume of 30 mL. The reaction was stirred and incubated at room temperature. At timely 

intervals, 50 µL of the reaction mixture was collected and processed for HPLC analysis to monitor reaction 

progress. After 24 h, the reaction was extracted 3x with 20 mL of ethyl acetate. The organic layers were 

combined, washed with brine, and dried over anhydrous Na2SO4. The dried organic layer was concentrated 

in vacuo and the residue was purified by silica gel column chromatography (hexane/ethyl acetate 9:1 for 

9 and 4:1 for 10) to obtain 7.5 mg of 9 and 8.0 mg of 10 (26% and 28% isolated yield respectively). The 
1H NMR spectroscopic data were in agreement with previously published data[9,10].

Synthesis of racemic reference compounds
Racemic 7 was synthesized according to a reported procedure[11].
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Supporting Figures

Supplementary Figure 1. UV spectra showing the conversion of 6 catalyzed by 4-OT L8Y/M45Y/F50A using in situ 
generated 5 via route I.

Supplementary Figure 2. UV spectra showing the conversion of 6 catalyzed by 4-OT L8Y/M45Y/F50A using in situ 
generated 5 via route II.
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Supplementary Figure 3. 1H  NMR spectrum of enzymatically obtained 4-nitro-3-phenylbutanal (7) using in situ
generated 5 via route I (400 MHz, CDCl3).

Supplementary Figure 4. 1H  NMR spectrum of enzymatically obtained 4-nitro-3-phenylbutanal (7) using in situ
generated 5 via route II (400 MHz, CDCl3).

Supplementary Figure 5. 1H NMR spectrum of enzymatically obtained (E)-3-(2-chloro-phenyl)acrylaldehyde (9) using 
in situ generated 5 via route I (400 MHz, CDCl3).
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Supplementary Figure 6. 1H NMR spectrum of enzymatically obtained (E)-3-(2-chloro-phenyl)acrylaldehyde (9) using 
in situ generated 5 via route II (400 MHz, CDCl3).

Supplementary Figure 7. 1H  NMR spectrum of enzymatically obtained (E)-3-(2-chlorophenyl)prop-2-en-1-ol (10) 
using in situ generated 5 via route II (400 MHz, CDCl3).
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Supplementary Figure 8. HPLC chromatogram of derivatized racemic 4-nitro-3-phenylbutanal (top) and derivatized 
enzymatically obtained 4-nitro-3-phenylbutanal using in situ generated 5 via route I (bottom).
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Supplementary Figure 9. GC chromatogram of racemic 4-nitro-3-phenylbutanal (top) and enzymatically obtained 
4-nitro-3-phenylbutanal using in situ generated 5 via route II (bottom).
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Abstract
Enantioenriched γ-nitroaldehydes are versatile building blocks for the synthesis of pharmaceutically active 

γ-aminobutyric acid (GABA) derivatives. These important chiral synthons can be prepared through a 

Michael-type addition of acetaldehyde to α,β-unsaturated nitroalkenes using engineered variants of the 

promiscuous enzyme 4-oxalocrotonate tautomerase (4-OT) as a biocatalyst. While 4-OT has been shown to 

accept a variety of aromatic α,β-unsaturated nitroalkenes as Michael acceptors, its ability to process different 

aliphatic α,β-unsaturated nitroalkenes remains thus far unexplored. Here, we present that the range of 

γ-nitroaldehydes that can be prepared with 4-OT as a biocatalyst can be extended by using a diverse set 

of aliphatic α,β-unsaturated nitroalkenes as substrates for acetaldehyde addition. Highly enantioenriched 

aliphatic (R)- and (S)-γ-nitroaldehydes could be obtained in good yields using the two previously engineered 

enantiocomplementary 4-OT variants A33D and L8Y/M45Y/F50A. Our results underscore the synthetic 

potential of 4-OT for the preparation of structurally diverse synthons for bioactive GABA derivatives via the 

asymmetric Michael-type addition of acetaldehyde to various α,β-unsaturated nitroalkenes.
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Introduction
Chiral γ-nitroaldehydes are versatile building blocks for γ-aminobutyric acid (GABA) derivatives that have 

broad application as pharmaceuticals, such as Pregabalin (anticonvulsant), Rolipram (antidepressant) or 

Baclofen (muscle relaxant).[1–3] The blockbuster drug Pregabalin is widely prescribed for the treatment of 

painful diabetic neuropathy,[4] and with the continuous epidemic growth of diabetes, the development of 

efficient and sustainable synthesis routes for Pregabalin and structurally related pharmaceutically active 

GABA derivatives is of high academic and industrial interest.

The addition of acetaldehyde to α,β-unsaturated nitroalkenes offers convenient access to γ-nitroaldehydes 

from which the respective GABA derivatives can be obtained in two simple chemical steps.[5] Consequently, 

extensive research has been focused on the asymmetric synthesis of γ-nitroaldehydes mainly through using 

proline-derived organocatalysts or small peptides.[6–10] We reported that the enzyme 4-oxalocrotonate 

tautomerase (4-OT) is able to promiscuously catalyze the addition of acetaldehyde 1 to several α,β-

unsaturated nitroalkenes 2, yielding the corresponding γ-nitroaldehydes 3 with moderate to good 

enantiopurity (Scheme 1).[11,12] 4-OT is a homohexameric enzyme that belongs to the tautomerase 

superfamily and naturally utilizes its N-terminal proline (Pro-1) as a base to catalyze the enol-keto 

tautomerisation of 2-hydroxymuconate.[13,14] Comprehensive mechanistic and crystallographic studies 

suggest that the 4-OT catalyzed Michael-type additions proceed through Pro-1 dependent activation of 

acetaldehyde to give a reactive enzyme-bound enamine intermediate, which reacts with an α,β-unsaturated 

nitroalkene to yield, upon hydrolysis, a γ-nitroaldehyde. (Figure 1).[11,15]

Scheme 1. Michael-type addition of acetaldehyde 1 to α,β-unsaturated nitroalkenes 2 catalyzed by 4-OT to yield 
enantioenriched γ-nitroaldehydes 3 as precursors for valuable γ-aminobutyric acids (GABA) derivatives.

Guided by mutability landscapes that revealed hotspot positions for improved activity and stereoselectivity, 

the synthetic usefulness of 4-OT for the stereodivergent synthesis of γ-nitroaldehydes has been optimized 

by protein engineering.[16] Using the two tailor-made enantiocomplementary 4-OT variants M45Y/F50A 

and A33D, enzymatic access to both enantiomers of several γ-nitroaldehydes was achieved. Subsequently, 

the enantioselectivity of variant 4-OT M45Y/F50A was further optimized by structure-inspired (Figure 1B) 

protein engineering resulting in variant 4-OT L8Y/M45Y/F50A, which promotes the asymmetric synthesis 

of the pharmaceutically relevant enantiomers of several γ-nitroaldehydes with excellent stereoselectivity.[17]
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Figure 1. Crystal structures of different enzyme-substrate complexes. A) Active site of 4-OT wild-type (PDB: 4X1C) 
with acetaldehyde covalently bound as an enamine intermediate to the N-terminal proline (Pro-1). B) Crystal structure 
of 4-OT M45Y/F50A (PDB: 5CLO) with an α,β-unsaturated nitroalkene (nitrostyrene) bound in the active site.

In previous work, we have demonstrated that wild-type 4-OT and engineered 4-OT variants accept various 

aromatic α,β-unsaturated nitroalkenes in Michael-type addition reactions with acetaldehyde.[11,12,16–18] In 

contrast, only one aliphatic α,β-unsaturated nitroalkene as substrate for this 4-OT catalyzed reaction has 

been reported, yielding the γ-nitroaldehyde precursor for Pregabalin. Structural analogues of Pregabalin 

show a diverse effect on biological activity,[1] which emphasizes the importance of developing efficient 

synthetic strategies for related aliphatic GABA derivatives and their precursors. In this study, we therefore 

focused on further expanding the substrate scope of the enantiocomplementary 4-OT variants L8Y/

M45Y/F50A and A33D towards aliphatic α,β-unsaturated nitroalkenes as Michael acceptors, enabling the 

asymmetric synthesis of various linear, branched and cyclic aliphatic γ-nitroaldehydes.

Results
We started our investigation by preparing a set of aliphatic α,β-unsaturated nitroalkenes (2b-f, 2h) with 

different alkyl substitutions connected to the carbon-carbon double bond, either by a nitration of olefins 4 

with tBuONO and TEMPO,[19] or by a Henry reaction, followed by dehydration, between aldehydes 5 and 

nitromethane 6 (Scheme 2, see SI for details).

Scheme 2. Chemical synthesis of aliphatic α,β-unsaturated nitroalkenes 2.
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The chemically prepared nitroalkenes 2b-f, 2h, as well as commercially available 2g, were then tested 

as potential Michael acceptors in acetaldehyde (1) additions catalyzed by 4-OT variant A33D or L8Y/

M45Y/F50A. To prevent undesired non-enzymatic water addition to the α,β-unsaturated nitroalkenes, the 

reactions for the addition of 1 to 2b-h were performed in sodium phosphate buffer at pH 6.5 and with 

suitable biocatalyst loading to shorten reaction times.[12] Up to 15% ethanol was used as a cosolvent to 

solubilize the relatively apolar aliphatic α,β-unsaturated nitroalkenes 2b-h. Previous experiments indicated 

that ethanol, in contrast to other cosolvents such as DMSO, has a positive effect on the stereoselectivity of 

4-OT.[17] The progress of the semi-preparative scale reactions was followed by UV spectroscopy until the 

decrease in absorbance at λ = 250 nm indicated completion of the reactions. The reaction times for the 

conversion of 2b-f ranged from <0.5 h to 2.5 h.

Gratifyingly, both 4-OT variants readily accepted α,β-unsaturated nitroalkenes 2b-f as non-native 

substrates to give the corresponding γ-nitroaldehyde products 3b-f in good to excellent yields (46%–92%, 

Table 1, see Supplementary Fig. 1-32). The sterically more demanding nitroalkenes 2g,h were not accepted 

as substrates. Thus, both 4-OT variants accept linear, branched and cyclic aliphatic α,β-unsaturated 

nitroalkenes as acceptors for the Michael-type addition of 1.

The enantiomeric ratio and absolute configuration of the enzymatic products were determined by chiral-

phase GC analysis using chemically prepared racemic 3b-f as reference compounds. Analysis of the products 

showed that variants 4-OT A33D and 4-OT L8Y/M45Y/F50A afford the respective enantiomers of 3b-f 

with excellent enantiopurity (e.r. up to >99:1, see Supplementary Fig. 1-32). For enzymatic products 3c,f 

the absolute configuration was determined by comparison with previously reported literature data.[7,9] The 

absolute configuration for enzymatic products 3b,d,e was tentatively assigned based on analogy and the 

same order of elution on the chiral-phase GC column compared with compounds 3a,c,f. Variant 4-OT 

A33D exclusively yielded the (R)-enantiomer of compounds 3b,c,e and the (S)-enantiomer of products 

3d,f (same geometry but different priority of the substituents at the chiral center). Indeed, variant 4-OT 

L8Y/M45Y/F50A afforded exclusively the opposite enantiomers, that is (S)-3b,c,e and (R)-3d,f. Thus, 

convenient enantiocomplementary synthesis of the (R)- and (S)-enantiomers of 3b-f can be achieved 

by using these tailor-made 4-OT variants. Pleasingly, the stereopreference and high enantioselectivity of 

both 4-OT variants, as previously observed with aromatic compounds, is also witnessed with the aliphatic 

substrates. Taken together, these results demonstrate an attractive biocatalytic approach for the asymmetric 

synthesis of highly enantioenriched synthons for pharmaceutically active aliphatic GABA derivatives.
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Table 1. Enantiocomplementary synthesis of enantioenriched γ-nitroaldehydes catalyzed by 4-OT A33D or 4-OT L8Y/
M45Y/F50A.

[a] Reaction conditions: 150 mM acetaldehyde 1, 3 mM nitroalkene 2a-f, 100 µM 4-OT variant, 15% ethanol in 20 mM 
NaH2PO4, pH 6.5. Yields are isolated yields; the e.r. was determined by chiral-phase GC. [b] Reported previously.[16,17] 
[c] 120 µM 4-OT A33D. [d] Further purified using column chromatography. [e] 10% ethanol as a cosolvent.
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Conclusions
In conclusion, we have explored the substrate scope of two previously engineered 4-OT variants[16,17] using 

a focused set of linear, branched, and cyclic aliphatic α,β-unsaturated nitroalkenes. Biocatalytic reactions 

using acetaldehyde 1 as a substrate are scarce and often face challenges due to the high inherent reactivity 

of 1.[20,21] Pleasingly, the here presented 4-OT catalyzed Michael reactions with 1 as a nucleophile readily 

proceed under mild conditions in an environmentally friendly aqueous buffer system with ethanol as a green 

and sustainable cosolvent.[22] Both assessed 4-OT variants successfully catalyze the Michael-type addition 

of acetaldehyde 1 to several aliphatic α,β-unsaturated nitroalkenes 2b-f yielding both enantiomers of the 

corresponding γ-nitroaldehydes 3b-f with good yields and excellent enantiopurity (e.r.: 98:2 to >99:1). 

Notably, the enzymatic products 3b-f are valuable precursors for the respective GABA derivatives, which 

show bioactivity as anticonvulsants in pharmacokinetic in vitro assays and animal studies.[23,24]

Using previously developed chemoenzymatic cascades reactions, the prepared γ-nitroaldehydes can be 

readily converted in two steps into the respective GABA analogous.[17] Together with our continued protein 

engineering efforts to improve 4-OT’s stability and activity,[25,26] this work further highlights the potential 

of proline-based carboligases as powerful catalysts for abiological carbon-carbon bond-forming reactions.

Supporting Information
A detailed description of the experimental methods and product characterization can be found in the 

supporting information.
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Supplementary Information
General methods
Chemicals, including nitroalkene 2g, were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO, 

USA) or TCI Europe N.V. (Zwijndrecht, Belgium) unless otherwise stated. Organic solvents were purchased 

from Biosolve (Valkenswaard, The Netherlands) and Sigma-Aldrich Chemical Co. Spectrophotometric 

measurements were performed on a V-650 or V-660 spectrophotometer from Jasco (IJsselstein, The 

Netherlands). Chiral-phase GC analysis was performed with a Shimadzu GC-2010 gas chromatograph on 

an Astec CHIRALDEX G-TA column. High resolution mass spectrometry (HRMS) data was obtained 

from the Mass Spectrometry core facility of the University of Groningen. NMR spectra were recorded on a 

Bruker DRX-500 (500 MHz) spectrometer at the Drug Design laboratory of the University of Groningen. 

Chemical shifts (δ) are reported in parts per million (ppm) and are referenced to CHCl3 (δ = 7.26 ppm).
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Synthesis of nitroalkenes

General procedure for the synthesis of compounds 2b,c,f,h

To an oven-dried round-bottom fl ask charged with a magnetic stir-bar was added TEMPO (0.4 equiv.), 

olefi n (4) (1.0 equiv.), tBuONO (2.0 equiv.) and 1,4-dioxan (20 mL).[1] After the addition of all the starting 

material, the mixture was stirred at 90 °C for 12 h. After the completion of starting material (monitored by 

TLC), the reaction mixture was cooled to room temperature followed by work-up using EtOAc/H2O (3 x 

20 mL). Th e organic extracts were combined, dried over Na2SO4, and evaporated using a rotary evaporator. 

Th e crude products were further purifi ed by silica gel column chromatography (using petroleum ether/ethyl 

acetate 95:5) as an eluent to give the corresponding nitroalkenes 2.

(E)-1-nitropent-1-ene (2b): Pale yellow liquid; yield = 35% (575 mg, starting 

from 1.0 g of 4b). Th e 1H NMR data of compound 2b match with earlier 

reported NMR data.[2] 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.24 (m, 1H), 

6.98 (dd, J = 13.4, 1.4 Hz, 1H), 2.25 (qd, J = 7.4, 1.5 Hz, 2H), 1.56 (q, J = 7.4 Hz, 2H), 0.98 (t, J = 7.4 

Hz, 3H).

(E)-1-nitrohex-1-ene (2c): Pale yellow liquid; yield = 41% (630 mg, starting 

from 1.0 g of 4c). Th e 1H NMR data of compound 2c match with earlier 

reported NMR data.[3] 1H NMR (500 MHz, CDCl3) δ 7.32 – 7.25 (m, 1H), 

6.99 (d, J = 13.4 Hz, 1H), 2.33 – 2.22 (m, 2H), 1.55 – 1.47 (m, 2H), 1.39 (dq, J = 14.4, 7.2 Hz, 2H), 0.94 

(t, J = 7.3 Hz, 3H).

(E)-(2-nitrovinyl)cyclohexane (2f): Pale yellow liquid; yield = 50% (705 mg, 

starting from 1.0 g of 4f). Th e 1H NMR data of compound 2f match with 

earlier reported NMR data.[4] 1H NMR (500 MHz, CDCl3) δ 7.22 (dd, J = 

13.5, 7.2 Hz, 1H), 6.93 (d, J = 13.5 Hz, 1H), 2.25 (dtd, J = 11.0, 7.6, 3.5 Hz, 1H), 1.85 – 1.76 (m, 4H), 

1.74 – 1.68 (m, 1H), 1.38 – 1.28 (m, 2H), 1.26 – 1.15 (m, 3H).

(E)-1-nitrodec-1-ene (2h): Pale yellow liquid; yield = 38% (501 mg, starting 

from 1.0 g of 4h). Th e 1H NMR data of compound 2h match with earlier 

reported NMR data.[5] 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.24 (m, 1H), 

7.00 – 6.95 (m, 1H), 2.26 (q, J = 7.3 Hz, 2H), 1.51 (p, J = 7.3 Hz, 2H), 1.35 – 1.22 (m, 10H), 0.88 (t, J = 

6.8 Hz, 3H).
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General procedure for the synthesis of compounds 2d,e

To a mixture of aldehyde (5) (1.0 equiv.) and nitromethane (6) (1.0 equiv.) in methanol (10 mL) at 0 °C, 

a solution of NaOH in H2O (1.2 equiv.) was added dropwise. Further methanol (2 mL) was added and 

the resulting yellow slurry stirred at 0 °C for 1 h. Water (30 mL) was added and the clear yellow solution 

was poured into hydrochloric acid (20 mL conc. hydrochloric acid in 30 mL H2O) and stirred for 15 min. 

The aqueous mixture was extracted with DCM (10  mL x 3), the combined organic layers dried over 

sodium sulfate, and the solvent removed using a rotary evaporator. The residue was purified by column 

chromatography (using petroleum ether/ethyl acetate 95:5) to give the nitro-olefins 2.

(E)-3,3-dimethyl-1-nitrobut-1-ene (2d): Pale yellow liquid; yield = 31% (465 mg, 

starting from 1.0 g of 5d). The 1H NMR data of compound 2d match with earlier 

reported NMR data.[4] 1H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 13.6 Hz, 1H), 

6.90 (d, J = 13.6 Hz, 1H), 1.16 (s, 9H).

(E)-4,4-dimethyl-1-nitropent-1-ene (2e): Pale yellow liquid; yield = 39% 

(560 mg, starting from 1.0 g of 5e). 1H NMR (500 MHz, CDCl3) δ 7.34 – 

7.24 (m, 1H), 6.97 (dt, J = 13.3, 1.2 Hz, 1H), 2.14 (dd, J = 8.4, 1.3 Hz, 2H), 

0.98 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 140.61, 140.40, 42.44, 31.69, 29.34. HRMS (ESI+): calcd. 

for C7H13NO2 [M+H]+: 144.1019, found: 144.1019.
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Synthesis of racemic reference compounds 3b-f

Aldehyde (S7) (1.0 equiv.) was dissolved in 5 mL anhydrous DCM and treated with carbethoxy-methylene 

triphenylphosphorane (S8) (1.1 equiv.) at room temperature. After the complete addition of all the starting 

material, the mixture was stirred at rt for 12 h. After the completion of starting material (monitored by 

TLC, KMnO4 staining), the reaction mixture was quenched with saturated aqueous ammonium chloride, 

and extracted 3 times with DCM. Th e organic extracts were combined, dried over Na2SO4, and evaporated 

using a rotary evaporator. Th e crude products were further purifi ed by silica gel column chromatography 

(using petroleum ether/ethyl acetate 95:5) as an eluent to give the corresponding α,β–unsaturated ester S9.

Ethyl (E)-hex-2-enoate (S9b): clear oil; yield = 76% (300 mg, starting from 

200 mg of S7b). Th e 1H NMR data of compound S9b match with earlier 

reported NMR data.[6] 1H NMR (500 MHz, CDCl3) δ 6.96 (dt, J = 15.6, 7.0 Hz, 1H), 5.81 (dt, J = 15.6, 

1.5 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 2.18 (qd, J = 7.2, 1.5 Hz, 2H), 1.49 (h, J = 7.4 Hz, 2H), 1.29 (t, J

= 7.1 Hz, 3H), 0.94 (t, J = 7.4 Hz, 3H).

Ethyl (E)-hept-2-enoate (S9c): clear oil; yield = 80% (290 mg, starting 

from 200 mg of S7c). Th e 1H NMR data of compound S9c match with 

earlier reported NMR data.[7] 1H NMR (500 MHz, CDCl3) δ 7.01 – 6.92 (m, 1H), 5.81 (dt, J = 15.6, 1.5 

Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 2.20 (qd, J = 7.3, 1.5 Hz, 2H), 1.44 (ddd, J = 12.2, 8.5, 6.1 Hz, 2H), 

1.35 (dt, J = 14.8, 7.1 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H), 0.91 (t, J = 7.3 Hz, 3H).

Ethyl (E)-5,5-dimethylhex-2-enoate (S9e): clear oil; yield = 41% (139 mg, 

starting from 200 mg of S7e). Th e 1H NMR data of compound S9e match 

with earlier reported NMR data.[8] 1H NMR (500 MHz, CDCl3) δ 6.98 

(dt, J = 15.7, 7.9 Hz, 1H), 5.80 (dt, J = 15.5, 1.3 Hz, 1H), 4.19 (q, J = 7.1 Hz, 2H), 2.08 (dd, J = 7.9, 1.3 

Hz, 2H), 1.29 (t, J = 7.1 Hz, 3H), 0.93 (s, 9H).

Ethyl (E)-3-cyclohexylacrylate (S9f): clear oil; yield = 50% (227  mg, 

starting from 200 mg of S7f). Th e 1H NMR data of compound S9f match 

with earlier reported NMR data.[9] 1H NMR (500 MHz, CDCl3) δ 6.88 

(dd, J = 15.8, 6.8 Hz, 1H), 5.73 (dd, J = 15.8, 1.3 Hz, 1H), 4.15 (q, J = 7.1 

Hz, 2H), 2.14 – 2.04 (m, 1H), 1.72 (dq, J = 9.1, 3.3 Hz, 4H), 1.68 – 1.60 (m, 1H), 1.31 – 1.21 (m, 5H), 

1.13 (dtd, J = 16.5, 12.2, 9.5 Hz, 3H).



Enantiocomplementary Michael Additions

6

229   

To a stirred solution of α,β–unsaturated ester (S9) (1.0 equiv.) in nitromethane 6 (5.0 equiv.) cooled at 

0  °C, was added dropwise, under nitrogen, (1.0 equiv.) of 1.8-diazabicyclo[5.4.0]undec-7-ene (DBU). 

Th e reaction mixture was incubated at room temperature for 6 h. After the completion of starting material 

(monitored by TLC, KMnO4 staining), the reaction was quenched with a 1 M aqueous hydrogen chloride 

solution. Th e solution was extracted with diethyl ether (5 ml, 3 times). Th e organic extracts were combined, 

dried over Na2SO4, and evaporated using a rotary evaporator. Th e crude products were further purifi ed by 

silica gel column chromatography (using petroleum ether/ethyl acetate from 95:5 to 90:10) as an eluent to 

give the corresponding Michael adducts S10.

Ethyl 3-(nitromethyl)hexanoate (S10b): Light pale yellow oil; yield = 82% 

(117 mg, starting from 100 mg of S9b). Th e 1H NMR data of compound S10b

match with earlier reported NMR data.[10] 1H NMR (500 MHz, CDCl3) δ

4.56 – 4.40 (m, 2H), 4.15 (q, J = 7.1 Hz, 2H), 2.64 (p, J = 6.4 Hz, 1H), 2.43 

(d, J = 6.4 Hz, 2H), 1.39 (dq, J = 9.4, 6.5, 4.6 Hz, 4H), 1.27 (t, J = 7.1 Hz, 3H), 0.93 (t, J = 7.0 Hz, 3H).

Ethyl 3-(nitromethyl)heptanoate (S10c): Light pale yellow oil; yield = 85% 

(118 mg, starting from 100 mg of S9c). Th e 1H NMR data of compound 

S10c match with earlier reported NMR data.[11] 1H  NMR (500  MHz, 

CDCl3) δ 4.54 – 4.41 (m, 2H), 4.15 (q, J = 7.1 Hz, 2H), 2.62 (p, J = 6.5 Hz, 1H), 2.43 (d, J = 6.3 Hz, 2H), 

1.42 (q, J = 6.7 Hz, 2H), 1.33 (dt, J = 7.3, 3.4 Hz, 4H), 1.27 (t, J = 7.1 Hz, 3H), 0.90 (t, J = 6.8 Hz, 3H).

Ethyl 5,5-dimethyl-3-(nitromethyl)hexanoate (S10e): Light pale yellow oil; 

yield = 63% (85 mg, starting from 100 mg of S9e). Th e 1H NMR data of 

compound S10e match with earlier reported NMR data.[11] 1H  NMR 

(500 MHz, CDCl3) δ 4.56 – 4.39 (m, 2H), 4.15 (q, J = 7.1 Hz, 2H), 2.65 

(p, J = 6.0 Hz, 1H), 2.47 (d, J = 6.3 Hz, 2H), 1.31 (t, J = 4.9 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H), 0.94 (s, 9H).

Ethyl 3-cyclohexyl-4-nitrobutanoate (S10f): Light pale yellow oil; yield = 

77% (102  mg, starting from 100  mg of S9f). Th e 1H  NMR data of 

compound S10f match with earlier reported NMR data.[10] 1H  NMR 

(500 MHz, CDCl3) δ 4.48 (d, J = 6.6 Hz, 2H), 4.15 (q, J = 7.1 Hz, 2H), 

2.58 (h, J = 6.5 Hz, 1H), 2.49 (dd, J = 16.3, 5.4 Hz, 1H), 2.34 (dd, J = 

16.3, 7.9 Hz, 1H), 1.80 – 1.64 (m, 5H), 1.44 (dddt, J = 11.7, 8.4, 6.2, 2.7 Hz, 1H), 1.26 (t, J = 7.1 Hz, 

3H), 1.25 – 1.20 (m, 2H), 1.12 (tt, J = 12.8, 3.3 Hz, 1H), 0.99 (dtt, J = 16.1, 7.7, 3.5 Hz, 2H).
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To a stirred solution of γ-nitro ester (S10) (1.0 equiv.) in 5 mL of dry DCM was added diisobutylaluminum 

hydride (DIBAL-H) (1.5 equiv., 1.0 M in cyclohexane) dropwise at 0 °C. After the complete addition of 

DIBAL-H, the mixture was stirred at the same temperature for 3 h and then at room temperature for 1 h. 

After the completion of starting material (monitored by TLC, KMnO4 staining), the reaction mixture was 

quenched with saturated aqueous ammonium chloride, and extracted 3 times with DCM. Th e organic 

extracts were combined, dried over Na2SO4, and evaporated using a rotary evaporator. Th e crude products 

were further purifi ed by silica gel column chromatography (using petroleum ether/ethyl acetate from 90:10 

to 80:20) as an eluent to give the corresponding alcohols S11.

3-(nitromethyl)hexan-1-ol (S11b): Light yellow oil; yield = 89% (35  mg, 

starting from 50 mg of S10b). Th e 1H NMR data of compound S11b match 

with earlier reported NMR data.[12] 1H NMR (500 MHz, CDCl3) δ 4.43 (dd, 

J = 12.0, 6.6 Hz, 1H), 4.37 (dd, J = 12.0, 6.6 Hz, 1H), 3.79 – 3.65 (m, 2H), 

2.43 – 2.32 (m, 1H), 1.76 (s, 1H), 1.73 – 1.54 (m, 2H), 1.43 – 1.31 (m, 4H), 0.91 (ddd, J = 7.0, 4.5, 2.6 

Hz, 3H).

3-(nitromethyl)heptan-1-ol (S11c): Light yellow oil; yield = 97% (40 mg, 

starting from 50 mg of S10c). Th e 1H NMR data of compound S11c match 

with earlier reported NMR data.[13] 1H NMR (500 MHz, CDCl3) δ 4.48 – 

4.33 (m, 2H), 3.78 – 3.64 (m, 2H), 2.35 (p, J = 6.5 Hz, 1H), 1.84 (s, 1H), 

1.71 – 1.54 (m, 2H), 1.43 – 1.26 (m, 6H), 0.93 – 0.83 (m, 3H).

5,5-dimethyl-3-(nitromethyl)hexan-1-ol (S11e): Light yellow oil; yield = 

97% (40 mg, starting from 50 mg of S10e). 1H NMR (500 MHz, CDCl3) 

δ 4.44 – 4.35 (m, 2H), 3.73 (dtd, J = 19.6, 10.7, 4.6 Hz, 2H), 2.40 (dt, J = 

11.6, 5.3 Hz, 1H), 1.73 – 1.63 (m, 2H), 1.40 (t, J = 4.5 Hz, 1H), 1.28 (dd, 

J = 4.8, 3.7 Hz, 2H), 0.93 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 81.03, 60.25, 45.21, 36.74, 31.40, 

31.14, 29.67. HRMS (ESI+): calcd. for C9H20NO3 [M+H]+: 190.1443, found: 190.1443.
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3-cyclohexyl-4-nitrobutan-1-ol (S11f): Light yellow oil; yield = 83% 

(34 mg, starting from 50 mg of S10f). 1H NMR (500 MHz, CDCl3) δ 4.41 

(qd, J = 12.3, 6.9 Hz, 2H), 3.70 (tq, J = 7.7, 4.2 Hz, 2H), 2.28 (h, J = 7.2 

Hz, 1H), 1.75 (dq, J = 11.8, 6.4 Hz, 3H), 1.70 – 1.60 (m, 3H), 1.50 (td, J

= 14.3, 6.4 Hz, 1H), 1.42 (dtd, J = 14.6, 7.1, 3.3 Hz, 1H), 1.28 – 1.17 (m, 

3H), 1.11 (ddt, J = 25.5, 12.6, 3.4 Hz, 1H), 1.01 (ddd, J = 15.3, 12.4, 3.1 Hz, 2H). 13C NMR (126 MHz, 

CDCl3) δ 78.02, 60.95, 40.09, 39.42, 31.67, 29.59, 29.49, 26.58, 26.53, 26.50. HRMS (ESI+): calcd. for 

C10H20NO3 [M+H]+: 202.1443, found: 202.1443.

To a stirred solution of (S11) (1.0 equiv.) in 5 mL of dry DCM was added Dess–Martin periodinane 

(DMP) (1.16 equiv.) at 0  °C. After the complete addition of DMP, the mixture was stirred at room 

temperature for 12 h. After the completion of starting material (monitored by TLC, KMnO4 staining), 

the reaction mixture was extracted 3 times with DCM. Th e organic extracts were combined, dried over 

Na2SO4, and evaporated using a rotary evaporator. Th e crude products were further purifi ed by silica gel 

column chromatography (using petroleum ether/ethyl acetate from 90:10 to 80:20) as an eluent to give the 

corresponding γ-nitroaldehydes 3.

3-(nitromethyl)hexanal (3b): Clear oil; yield = 83% (28  mg, starting from 

35  mg of S11b). Th e 1H  NMR data of compound 3b match with earlier 

reported NMR data.[14] 1H NMR (500 MHz, CDCl3) δ 9.79 – 9.78 (s, 1H), 

4.50 – 4.39 (m, 2H), 2.77 – 2.55 (m, 3H), 1.38 (dtq, J = 15.5, 6.2, 3.1 Hz, 

4H), 0.93 (t, J = 7.0 Hz, 3H).
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3-(nitromethyl)heptanal (3c): Clear oil; yield = 79% (31 mg, starting from 

40 mg of S11c). Th e 1H NMR data of compound 3c match with earlier 

reported NMR data.[14] 1H NMR (500 MHz, CDCl3) δ 9.78 (s, 1H), 4.45 

(dd, J = 6.0, 1.6 Hz, 2H), 2.76 – 2.59 (m, 3H), 1.43 (dd, J = 8.5, 5.5 Hz, 

2H), 1.32 (dd, J = 7.0, 3.4 Hz, 4H), 0.92 – 0.88 (m, 3H).

5,5-dimethyl-3-(nitromethyl)hexanal (3e): Clear oil; yield = 73% (29  mg, 

starting from 40 mg of S11e). 1H NMR (500 MHz, CDCl3) δ 9.74 (s, 1H), 

4.43 (qd, J = 12.1, 6.0 Hz, 2H), 2.77 – 2.58 (m, 3H), 1.35 (dd, J = 14.7, 4.9 

Hz, 1H), 1.25 (dd, J = 14.7, 4.8 Hz, 1H), 0.93 (s, 9H). 13C NMR (126 MHz, 

CDCl3) δ 200.12, 79.88, 47.64, 45.03, 31.21, 29.61, 28.74. HRMS (ESI+): calcd. for C9H18NO3 [M+H]+: 

188.1287, found: 188.1287.

3-cyclohexyl-4-nitrobutanal (3f): Clear oil; yield = 88% (13 mg, starting from 

15  mg of S11f). Th e 1H  NMR data of compound 3f match with earlier 

reported NMR data.[15] 1H NMR (500 MHz, CDCl3) δ 9.78 (s, 1H), 4.52 – 

4.35 (m, 2H), 2.72 – 2.62 (m, 2H), 2.59 – 2.48 (m, 1H), 1.80 – 1.63 (m, 

5H), 1.42 (ddt, J = 11.9, 5.0, 3.2 Hz, 1H), 1.27 – 1.17 (m, 2H), 1.12 (tt, J = 

12.8, 3.3 Hz, 1H), 0.98 (dtt, J = 16.1, 7.7, 3.7 Hz, 2H).

4,4-dimethyl-3-(nitromethyl)pentanal (3d): Racemic 4,4-dimethyl-3-

(nitromethyl)pentanal 3d was prepared according to previously described 

procedures.[15] Briefl y, 500 µl of DMF, 760 µL of 2-propanol and 250 µl of a 

0.8 M solution of racemic α,α-diphenyl-2-pyrrolidinemethanol trimethylsilyl 

ether in DMF were added to (E)-3,3-dimethyl-1-nitrobut-1-ene 2d (1 mmol) 

in a vial under nitrogen at room temperature. 500 µl of a 10 M acetaldehyde (1) solution in anhydrous 

DMF cooled to 4 °C was added dropwise. After stirring for 24 h, the reaction mixture was quenched with 

1 N HCl and extracted twice with ethyl acetate. Th e organic layers were dried over anhydrous MgSO4, 

fi ltered, and concentrated in vacuo. Purifi cation by column chromatography gave 4,4-dimethyl-3-

(nitromethyl)pentanal 3d (12.1 mg, 7% yield). Th e 1H NMR data of compound 3d match with earlier 

reported NMR data.[15] 1H NMR (500 MHz, CDCl3) δ 9.77 (s, J = 1.4 Hz, 1H), 4.56 (dd, J = 12.6, 4.3 

Hz, 1H), 4.25 (dd, J = 12.6, 8.7 Hz, 1H), 2.81 – 2.75 (m, 1H), 2.74 – 2.68 (m, 1H), 2.54 – 2.46 (m, 1H), 

0.95 (s, 9H).
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Expression and purification of 4-OT
The expression and purification of 4-OT mutants were performed using slightly modified previously 

reported procedures.[16] Briefly, 1 l of LB medium substituted with 0.5% glycerol and 100 µg/ml ampicillin 

was inoculated from a glycerol stock with E. coli BL21(DE3) harboring a pJexpress 414 vector with the 

respective 4-OT gene. After 1 h at 37 °C, 200 rpm the expression was induced with 100 µM IPTG and 

continued at 37 °C, 200 rpm overnight. After the expression of 4-OT the cells were collected and the enzymes 

were purified according to previously reported methods.[17,18] The enzyme concentration was determined 

using the Waddell method.[19] The purified enzymes were flash frozen in liquid nitrogen and stored at -20 °C 

until further used. For each purified 4-OT variant the removal of the N-terminal methionine was confirmed 

by analysis of the protein mass using electron spray ionization mass spectrometry.
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Enzymatic semi-preparative scale reactions for 3b-f

3-(nitromethyl)hexanal 3b

Th e 4-OT catalyzed addition of acetaldehyde 1 to (E)-1-nitropent-1-ene 2b

was performed with 150 mM 1, 3 mM 2b, 100 µM 4-OT L8Y/M45Y/F50A 

or 120 µM 4-OT A33D and 15% ethanol in 20 mM NaH2PO4 pH 6.5. Th e 

total volume of the reaction was 43.4 ml. Th e reaction was followed by UV-vis 

spectroscopy until completion of the reaction was observed (4-OT L8Y/M45Y/F50A: 30  min, 4-OT 

A33D: 35 min). Th e solution was saturated with NaCl and the product extracted with 3 x 40 mL toluene. 

Th e organic layers were combined, dried over anhydrous Na2SO4, and concentrated in vacuo to give 

3-(nitromethyl)hexanal 3b (4-OT L8Y/M45Y/F50A: 12.7 mg, 61% yield, 4-OT A33D: 14.0 mg, 68% 

yield). Th e 1H NMR data of 3b were in accordance with previously reported NMR data.[14] 1H NMR 

(500 MHz, CDCl3) δ 9.78 (s, 1H), 4.48 – 4.41 (m, 2H), 2.77 – 2.69 (m, 1H), 2.69 – 2.55 (m, 2H), 1.42 

– 1.33 (m, 4H), 0.92 (t, 3H). Th e enantiomeric ratio was determined by GC analysis using a chiral-phase 

G-TA column (130 °C isocratic, 1.97 ml/min). Flame ionization detection tR: (S)-3b = 21.2 min and (R)-

3b = 23.6 min, resulted in the following enantiomeric ratios (S:R): racemic 3b = 50:50, 4-OT L8Y/M45Y/

F50A 3b = 98:2 and 4-OT A33D 3b = 2:98. Th e assignment of the absolute confi guration was based on 

analogy and the order of elution on the chiral-phase GC column compared to compounds 3a,c,f.

Supplementary Figure 1: UV spectra monitoring the addition of 1 to 2b catalyzed by 4-OT A33D (left) and 4-OT 
L8Y/M45Y/F50A (right).
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Supplementary Figure 2: 1H NMR spectrum of (S)-3-(nitromethyl)hexanal (3b) synthesized with 4-OT L8Y/M45Y/
F50A.

Supplementary Figure 3: 1H NMR spectrum (R)-3-(nitromethyl)hexanal (3b) synthesized with 4-OT A33D.

Supplementary Figure 4: GC chromatogram of racemic 3b.
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Supplementary Figure 5: GC chromatogram of (S)-3b obtained with 4-OT L8Y/M45Y/F50A.

Supplementary Figure 6: GC chromatogram of (R)-3b obtained with 4-OT A33D.
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3-(nitromethyl)heptanal 3c

Th e 4-OT catalyzed addition of 1 to (E)-1-nitrohex-1-ene 2c was 

performed with 150 mM 1, 3 mM 2c, 100 µM 4-OT and 15% ethanol in 

20 mM NaH2PO4 pH 6.5. Th e total volume of the reaction was 38.7 ml. 

Th e reaction was followed by UV-vis spectroscopy until completion of the 

reaction was observed (4-OT L8Y/M45Y/F50A: 30 min, 4-OT A33D: 30 min). Th e solution was saturated 

with NaCl and the product extracted with 3 x 40 mL toluene. Th e organic layers were combined, dried over 

anhydrous Na2SO4, and concentrated in vacuo to give 3-(nitromethyl)heptanal 3c (4-OT L8Y/M45Y/

F50A: 15.0 mg, 75% yield, 4-OT A33D: 18.4 mg, 92% yield). Th e 1H NMR data of 3c were in accordance 

with previously reported NMR data.[14,20] 1H NMR (500 MHz, CDCl3) δ 9.78 (s, 1H), 4.44 (dd, J = 6.0, 

1.7 Hz, 2H), 2.75 – 2.67 (m, 1H), 2.66 – 2.56 (m, 2H), 1.45 – 1.39 (m, 2H), 1.34 – 1.29 (m, 4H), 0.90 

(m, 3H). Th e enantiomeric ratio was determined by GC analysis using a chiral-phase G-TA column (130 °C 

isocratic, 1.97 ml/min). Flame ionization detection tR: (S)-3c = 25.8 min and (R)-3c = 28.6 min, resulted 

in the following enantiomeric ratios (S:R): racemic 3c = 50:50, 4-OT L8Y/M45Y/F50A 3c = >99:1 and 

4-OT A33D 3c = 1:99. Th e assignment of the absolute confi guration was based on earlier reported chiral-

phase GC data.[20]
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Supplementary Figure 7: UV spectra monitoring the addition of 1 to 2c catalyzed by 4-OT A33D (left) and 4-OT 
L8Y/M45Y/F50A (right).

Supplementary Figure 8: 1H NMR spectrum of (S)-3-(nitromethyl)heptanal (3c) synthesized with 4-OT L8Y/M45Y/
F50A. 

Supplementary Figure 9: 1H NMR spectrum of (R)-3-(nitromethyl)heptanal (3c) synthesized with 4-OT A33D.
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Supplementary Figure 10: GC chromatogram of racemic 3c.

Supplementary Figure 11: GC chromatogram of (S)-3c obtained with 4-OT L8Y/M45Y/F50A.

Supplementary Figure 12: GC chromatogram of (R)-3c obtained with 4-OT A33D.
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4,4-dimethyl-3-(nitromethyl)pentanal 3d

Th e 4-OT catalyzed addition of 1 to (E)-3,3-dimethyl-1-nitrobut-1-ene 2d was 

performed with 150  mM 1, 3  mM 2d, 100  µM 4-OT and 15% ethanol in 

20 mM NaH2PO4 pH 6.5. Th e total volume of the reaction was 38.7 ml. Th e 

reaction was followed by UV-vis spectroscopy until completion of the reaction 

was observed (4-OT L8Y/M45Y/F50A: 150 min, 4-OT A33D: 150 min). Th e 

solution was saturated with NaCl and the product extracted with 3 x 30 mL toluene. Th e organic layers 

were combined, dried over anhydrous Na2SO4, and concentrated in vacuo to give 4,4-dimethyl-3-

(nitromethyl)pentanal 3d (4-OT L8Y/M45Y/F50A: 9.3 mg, 46% yield, 4-OT A33D: 12.2h, 61% yield). 

Th e 1H NMR data of 3d were in accordance with previously reported literature.[15] 1H NMR (500 MHz, 

CDCl3) δ 9.76 (s, 1H), 4.56 (dd, J = 12.6, 0.8 Hz, 1H), 4.25 (dd, J = 8.7, 0.8 Hz, 1H), 2.81 – 2.74 (m, 

1H), 2.74 – 2.66 (m, 1H), 2.53 – 2.46 (m, 1H), 0.95 (s, 9H). Th e enantiomeric ratio was determined by 

GC analysis using a chiral-phase G-TA column (130 °C isocratic, 1.97 ml/min). Flame ionization detection 

tR: (R)-3d = 26.3 min and (S)-3d = 33.4 min, resulted in the following enantiomeric ratios (R:S): racemic 

3d = 43:57, 4-OT L8Y/M45Y/F50A 3d = 98:2 and 4-OT A33D 3d = >1:99. Th e assignment of the 

absolute confi guration was based on analogy and the order of elution on the chiral-phase GC column 

compared to compounds 3a,c,f.
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Supplementary Figure 13: UV spectra monitoring the addition of 1 to 2d catalyzed by 4-OT A33D (left) and 4-OT 
L8Y/M45Y/F50A (right).

Supplementary Figure 14: 1H NMR spectrum (R)-4,4-dimethyl-3-(nitromethyl)pentanal (3d) synthesized with 4-OT 
L8Y/M45Y/F50A.

Supplementary Figure 15: 1H NMR spectrum (S)-4,4-dimethyl-3-(nitromethyl)pentanal (3d) synthesized with 4-OT 
A33D.
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Supplementary Figure 16: GC chromatogram of racemic 3d.

Supplementary Figure 17: GC chromatogram of (R)-3d obtained with 4-OT L8Y/M45Y/F50A.

Supplementary Figure 18: GC chromatogram of (S)-3d obtained with 4-OT A33D.
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5,5-dimethyl-3-(nitromethyl)hexanal 3e

Th e 4-OT catalyzed addition of 1 to (E)-4,4-dimethyl-1-nitropent-1-ene 2e

was performed with 150 mM 1, 3 mM 2e, 100 µM 4-OT and 15% ethanol 

(10% ethanol for 4-OT L8Y/M45Y/F50A) in 20 mM NaH2PO4 pH 6.5. Th e 

total volume of the reaction was 34.9 ml. Th e reaction was followed by UV-vis 

spectroscopy until completion of the reaction was observed (4-OT L8Y/M45Y/F50A: 20  min, 4-OT 

A33D: 45 min). Th e solution was saturated with NaCl and the product extracted with 3 x 30 mL toluene. 

Th e organic layers were combined, dried over anhydrous Na2SO4, and concentrated in vacuo to give 

5,5-dimethyl-3-(nitromethyl)hexanal 3e (4-OT L8Y/M45Y/F50A: 14.6  mg, 74% yield, 4-OT A33D: 

17.3 mg, 88% yield). 1H NMR (500 MHz, CDCl3) δ 9.75 (s, 1H), δ 4.44 (qd, J = 12.1, 5.9 Hz, 2H), 2.79 

– 2.69 (m, 2H), 2.67 – 2.60 (m, 1H), 1.36 (dd, J = 14.6, 4.9 Hz, 1H), 1.29 – 1.23 (m, 1H), 0.94 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 200.12, 79.90, 47.67, 45.06, 31.24, 29.64, 28.78. HRMS (ESI+): calcd. 

for C9H18NO3 [M+H]+: 188.12812, found: 188.12775 (4-OT L8Y/M45Y/F50A) and 188.12778 (4-OT 

A33D). Th e enantiomeric ratio was determined by GC analysis using a chiral-phase G-TA column (130 °C 

isocratic, 1.97 ml/min). Flame ionization detection tR: (S)-3e = 20.5 min and (R)-3e = 21.9 min, resulted 

in the following enantiomeric ratios (S:R): racemic 3e = 50:50, 4-OT L8Y/M45Y/F50A 3e = >99:1 and 

4-OT A33D 3c = <1:99. Th e assignment of the absolute confi guration was based on analogy and the order 

of elution on the chiral-phase GC column compared to compounds 3a,c,f.
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Supplementary Figure 19: UV spectra monitoring the addition of 1 to 2e catalyzed by 4-OT A33D (left) and 4-OT 
L8Y/M45Y/F50A (right).

Supplementary Figure 20: 1H NMR spectrum of (S)-5,5-dimethyl-3-(nitromethyl)hexanal (3e) synthesized with 4-OT 
L8Y/M45Y/F50A.

Supplementary Figure 21: 13C NMR spectrum of (S)-5,5-dimethyl-3-(nitromethyl)hexanal (3e) synthesized with 4-OT 
L8Y/M45Y/F50A (126 MHz, CDCl3).
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Supplementary Figure 22: 1H NMR spectrum of (R)-5,5-dimethyl-3-(nitromethyl)hexanal (3e) synthesized with 4-OT 
A33D.

Supplementary Figure 23: 13C NMR spectrum of (R)-5,5-dimethyl-3-(nitromethyl)hexanal (3e) synthesized with 4-OT 
A33D.
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Supplementary Figure 24: GC chromatogram of racemic 3e.

Supplementary Figure 25: GC chromatogram of (S)-3e obtained with 4-OT L8Y/M45Y/F50A.

Supplementary Figure 26: GC chromatogram of (R)-3e obtained with 4-OT A33D.
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3-cyclohexyl-4-nitrobutanal 3f

Th e 4-OT catalyzed addition of 1 to (E)-(2-nitrovinyl)cyclohexane 2f was 

performed with 150 mM 1, 3 mM 2f, 100 µM 4-OT and 15% ethanol in 

20 mM NaH2PO4 pH 6.5. Th e total volume of the reaction was 32.2 ml. Th e 

reaction was followed by UV-vis spectroscopy until completion of the reaction 

was observed (4-OT L8Y/M45Y/F50A: 20 min, 4-OT A33D: 25 min). Th e 

solution was saturated with NaCl and the product extracted with 3 x 30 mL 

toluene. Th e organic layers were combined, dried over anhydrous Na2SO4, and concentrated in vacuo to 

give 3-cyclohexyl-4-nitrobutanal 3f (4-OT L8Y/M45Y/F50A: 17.8 mg, 92% yield). Silica gel purifi cation 

gave 3-cyclohexyl-4-nitrobutanal 3f (4-OT A33D: 12.1  mg, 63% yield). Th e 1H  NMR data were in 

accordance with previously reported NMR data.[15] 1H NMR (500 MHz, CDCl3) δ 9.78 (s, 1H), 4.47 (dd, 

J = 12.4, 5.7 Hz, 1H), 4.40 (dd, J = 12.4, 7.3 Hz, 1H), 2.72 – 2.62 (m, 2H), 2.58 – 2.51 (m, 1H), 1.80 

– 1.64 (m, 5H), 1.47 – 1.38 (m, 1H), 1.27 – 0.92 (m, 5H). Th e enantiomeric ratio was determined by GC 

analysis using a chiral-phase G-TA column (150 °C isocratic, 2.14 ml/min). Flame ionization detection tR: 

(R)-3f = 34.5 min and (S)-3f = 37.5 min, resulted in the following enantiomeric ratios (R:S): racemic 3f = 

50:50, 4-OT L8Y/M45Y/F50A 3f = >99:1 and 4-OT A33D 3f = <1:99. Th e assignment of the absolute 

confi guration was based on earlier reported chiral-phase GC data.[15]
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Supplementary Figure 27: UV spectra monitoring the addition of 1 to 2f catalyzed by 4-OT A33D (left) and 4-OT 
L8Y/M45Y/F50A (right).

Supplementary Figure 28: 1H NMR spectrum of (R)-3-cyclohexyl-4-nitrobutanal (3f) synthesized with 4-OT L8Y/
M45Y/F50A.

Supplementary Figure 29: 1H NMR spectrum of (S)-3-cyclohexyl-4-nitrobutanal (3f) synthesized with 4-OT A33D.
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Supplementary Figure 30: GC chromatogram of racemic 3f.

 

Supplementary Figure 32: GC chromatogram of (S)-3f obtained with 4-OT A33D.
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Summary
The enzymes 2-deoxy-D-ribose-5-phosphate aldolase (DERA) and 4-oxalocrotonate tautomerase (4-OT) 

are fascinating examples of enzymes that utilise an amine residue for catalysis. While DERA catalyses aldol 

reactions using an active site lysine that forms a covalent Schiff base with the carbonyl substrates, 4-OT 

utilizes an unusual N-terminal proline as key catalytic residue to promote keto-enol tautomerisations. Here 

we show that both enzymes display great potential as biocatalysts for non-natural carboligation reactions. A 

graphical overview of the work described in this thesis is presented in Figure 1.
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Figure 1. Graphical summary. Summary of Chapters 1-6 of this PhD thesis.

Chapter 1 – Overview of current natural and artificial carboligases: Carboligases are useful catalysts for 

carbon-carbon bond formations. A brief overview of several well-established carboligases with examples 

for industrial application is presented. Furthermore, artificial enzymes designed to expand the catalytic 

repertoire of natural carboligases are reviewed in more detail. Examples include non-natural carboligations 

catalysed by de novo designed retro-aldolase derived catalysts, promiscuous 4-OT variants, and biocatalysts 

based on incorporating synthetic compounds or non-canonical amino acids in protein scaffolds. Finally, an 
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overview of non-natural cyclopropanation reactions catalysed by haem enzymes is provided.

Chapter 2 – Cyclopropanation reactions catalysed by 4-OT: Inspired by the recent success in 

promiscuous 4-OT catalysed carboligations, we exploited this versatile biocatalyst in the asymmetric 

synthesis of cyclopropanes via the Michael addition of diethyl 2-chloromalonate to cinnamaldehydes. 

Mechanistically the reactions likely proceed through the nucleophilic addition of diethyl 2-chloromalonate 

to an iminium ion intermediate formed between 4-OT’s N-terminal proline and the cinnamaldehyde 

substrate. The resultant enamine intermediate could then attack the chlorine-substituted carbon, with the 

halogen acting as a leaving group, to promote an intramolecular cyclisation reaction to generate the desired 

cyclopropane product. Protein engineering provided the variant 4-OT M45V/F50A with significantly 

improved cyclopropanation activity. Even though this enzymatic methodology proved challenging for 

practical synthesis, 4-OT M45V/F50A accepted various substituted cinnamaldehyde derivatives for the 

addition of diethyl 2-chloromalonate yielding the corresponding cyclopropanes in moderate to good 

isolated yields (17%–69%) and good to excellent optical purity (e.r. up to 99:1). This work broadens the 

catalytic repertoire of 4-OT to include interesting cyclopropanations, but reaching a practical synthesis level 

likely requires further protein optimisation and substrate engineering.

Chapter 3 – Directed evolution of DERA for asymmetric Michael reactions: The archetypical class I 

aldolase DERA is an attractive enzyme for aldol reactions to prepare optically pure β-hydroxy carbonyls. 

Despite DERA’s great synthetic potential, the broader application is restricted by a narrow substrate scope and 

the limited number of reactions catalysed. Unfortunately, several mechanistically related transformations, 

including Michael, Morita-Baylis-Hillman, Mannich, Knoevenagel, and Henry type reactions, have not 

yet been accessible with DERA or other natural aldolases. Remarkably, wild-type DERA from Escherichia 

coli displayed promiscuous activity for the Michael addition of nitromethane to cinnamaldehyde to yield 

a γ-nitroaldehyde as a valuable precursor for a pharmaceutically active γ-aminobutyric acid derivative. 

Reminiscent of the native aldol reaction, the Michael addition proceeds via a Schiff base intermediate 

formed between a conserved active site lysine residue (K167) and cinnamaldehyde. After 11 rounds of 

directed evolution, the low-level promiscuous activity of DERA for this non-natural reaction was enhanced 

by over 190-fold and reached levels close to those of natural carboligases (kcat,app = 0.38 s-1, KM,app = 302 µM, 

kcat,app/KM,app = 1258 s-1 M-1). The redesigned DERA enzyme, named DERA-MA, carried 12 amino acids 

substitutions from which at least 10 were beneficial for increasing the catalytic activity. DERA-MA was used 

as a biocatalyst for the synthesis of various enantioenriched γ-nitroaldehydes with usually high conversion 

(89% – >99%) and excellent enantiopurity (e.r. up to 99:1). This work successfully expands the catalytic 

repertoire of natural class I aldolases to catalyse asymmetric Michael addition reactions. The functional 

diversity that is likely generated within the large collection of DERA variants during the evolutionary 

optimisation process provides a great starting point to develop new biocatalysts for other important 

carboligation reactions.
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Chapter 4 – A tandem fusion strategy to boost engineering of 4-OT: Our previous efforts to enhance the 

catalytic activity of 4-OT for non-natural Michael addition reactions by directed evolution resulted in only 

moderate improvements. 4-OT’s evolvability could potentially be restricted by the small monomer size (62 

amino acids) and the high structural symmetry of the final homohexameric fold. In nature, new proteins are 

often generated from an ancestral protein by gene duplication and subsequent gene fusion. We adopted this 

gene duplication and fusion strategy to construct a tandem fused 4-OT. Gratifyingly, 11 rounds of directed 

evolution generated variant 4-OT(F11) with 7 mutations in the first half of the tandem fused protein and 

10 mutations in the second half. Compared to the wild-type enzyme, 4-OT(F11) showed a remarkable 

increase (over 320-fold) in catalytic activity (kcat.app = 0.12 s-1, KM.app = 43 µM, kcat.app/KM.app = 2800 M-1 s-1). 

4-OT(F11) was applied in the synthesis of various substituted aromatic γ-nitroaldehydes with good to 

excellent enantiopurity, and gram-scale synthesis of the pharmaceutically important γ-nitroaldehyde 

precursor for phenibut was achieved with good isolated yield (2.5 g, 65%) and excellent enantiopurity 

(98% e.e.).

Chapter 5 – Enzymatic in situ acetaldehyde synthesis for carboligation reactions: The 4-OT 

catalysed Michael-type addition of acetaldehyde to nitroalkenes provides an alternative synthesis route 

for enantioenriched γ-nitroaldehydes. This approach nicely complements the Michael additions of 

nitromethane to cinnamaldehyde derivatives presented in Chapter 3 and Chapter 4. However, the high 

reactivity of acetaldehyde poses several challenges, including the possible inactivation of biocatalysts at 

elevated acetaldehyde concentrations. We therefore explored three enzymatic routes for the in situ formation 

of acetaldehyde starting from less reactive compounds. Whereas higher acetaldehyde concentrations 

readily inactivated pyruvate decarboxylase (Zymomonas mobilis), the two other exploited enzymatic routes 

provided up to 50 mM acetaldehyde. In the first route, 3-chloroacrylic acid could be converted by the two 

enzymes chloroacrylic acid dehalogenase (CaaD) and malonate semialdehyde decarboxylase (MSAD) into 

acetaldehyde. The second route utilised ethanol with alcohol dehydrogenase (Saccharomyces cerevisiae) and 

an NADH oxidase (PRO-NOX(009)) for cofactor recycling to form acetaldehyde. Both routes achieved 

sufficient acetaldehyde concentrations (50 mM) to be combined in one pot with previously engineered 

4-OT variants in synthetically useful Michael-type addition and aldol condensation reactions.

Chapter 6 – Synthesis of aliphatic �-nitroaldehydes using 4-OT: Enantiopure aliphatic γ-nitroaldehydes 

are attractive precursors for the blockbuster Pregabalin (Lyrica®) and related drug candidates. Despite their 

importance, enzymatic methodologies for the preparation of aliphatic γ-nitroaldehydes are limited. Here, 

two previously engineered 4-OT variants (4-OT A33D and 4-OT L8Y/M45Y/F50A) were used for the 

enantiocomplementary synthesis of several aliphatic γ-nitroaldehydes with acetaldehyde and aliphatic 

unsaturated nitroalkenes as non-native starting substrates. Using this enzymatic approach, the desired 

γ-nitroaldehyde enantiomers were obtained in 46%–92% yield and with excellent enantiopurity (98:2 – 

>99:1 e.r.).
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Future Perspectives
The work presented in this thesis aimed to broaden the scope of biocatalysis to include important abiological 

carbon-carbon bond formations. Considering the potential of such transformations in synthesising natural 

products and pharmaceutical compounds, developing new and efficient biocatalysts for non-natural 

carboligation reactions has been a longstanding goal. Redesign of wild-type DERA, an archetypical 

class I aldolase, into an efficient enzyme for Michael additions that yield γ-nitroaldehydes with excellent 

enantiopurity is of great industrial interest. In particular, the aliphatic γ-nitroaldehyde precursor for 

Pregabalin (Lyrica®), a multi-billion dollar blockbuster drug, is a precious target compound. While variant 

DERA-MA showed activity towards one unsaturated aliphatic aldehyde for the stereoselective addition of 

nitromethane, the substrate scope should be further explored with a diverse series of aliphatic unsaturated 

aldehydes and especially for the synthesis of the Pregabalin precursor. Additionally, DERA-MA’s activity 

could be enhanced for aliphatic substrates by a dedicated directed evolution campaign taking advantage of 

the acquired knowledge in the evolutionary trajectory leading towards DERA-MA.

Compared to benchtop synthesis, large-scale industrial processes pose new demands for up-scaling on 

biocatalytic procedures. Substrate loading, enzyme stability, and process design are essential criteria for the 

successful scale-up of a biocatalytic process. To this end, either protein engineering or process optimisation 

could enhance the preparative usefulness of DERA-MA. As described in this thesis, technical limitations 

required the use of relatively low cinnamaldehyde concentrations for the UV-vis based activity assays used 

in the directed evolution of DERA. Developing a robust activity assay that allows high substrate loading, 

for example a HPLC or a coupled enzyme assay, would allow directed evolution of DERA under relevant 

industrial conditions. Moreover, the reaction could be run with whole cells or with an immobilised enzyme 

to simplify application and promote reusability.

DERA’s directed evolution campaign generated a diverse set of mutants. This library could provide an 

ideal starting point to discover DERA-derived catalysts for mechanistically related reactions. Morita-

Baylis-Hillman, Mannich, Knoevenagel, and Henry type reactions share the fundamental mechanism of 

the DERA-MA catalysed Michael additions and could be explored in the future. Moreover, the protein 

database UniProt1 currently holds more than 300 reviewed and over 17,000 computationally assigned 

entries for DERA enzymes from various organisms. This vast natural diversity also provides a good starting 

pool for discovering additional novel reactions within the class I aldolase superfamily.

In the past, 4-OT already proved to be a highly versatile biocatalyst for non-natural carboligations. We 

further enhanced its catalytic performance by a tandem fusion strategy combined with directed evolution 

for Michael additions to yield γ-nitroaldehydes. Variants of this directed evolution campaign could be 

promising candidates to increase the biosynthetic potential of 4-OT for cyclopropanation reactions 

described in Chapter 2 of this thesis.
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From a more general perspective, the engineered enzyme variants DERA-MA and 4-OT(F11) are great 

examples of enzymes with active sites carrying a catalytically active amine to provide a new catalytic function. 

While other catalytic strategies, such as haem enzyme based carbene transfers, were reported to promote 

carboligations, several potentially highly useful and distinct classes of enzymes are largely unexplored for 

non-natural reactions. For example, class II aldolases utilise a divalent metal ion (typically Zn2+) to form 

an enolate with their substrates. This strong non-covalent activation mechanism is an extremely successful 

organic synthesis strategy for various useful reactions, including asymmetric Michael, Mannich, and Friedel-

Crafts reactions2. In combination with a powerful directed evolution program, class II aldolase derived 

catalysts could lead to new reactions with tremendous synthetic application. Likewise, ThDP-dependent 

enzymes could be explored to catalyse the vast reactions known from N-heterocyclic carbene catalysis3. Our 

understanding of designing enzymatic non-natural carboligations is still at the beginning, and the next years 

hold great potential to further explore promiscuous enzymes for new abiological reactions.
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Nederlandse Samenvatting
De enzymen 2-deoxy-D-ribose-5-fosfaat aldolase (DERA) en 4-oxalocrotonaat tautomerase (4-OT) zijn 

fascinerende voorbeelden van enzymen die voor hun katalyse gebruik maken van een amineresidu. Terwijl 

DERA aldol reacties katalyseert met behulp van een lysine in het actieve centrum, dat een covalente 

Schiff  base vormt met de carbonylsubstraten, gebruikt 4-OT een ongebruikelijke N-terminale proline als 

katalytisch residu om keto-enol tautomerisaties te bevorderen. Hier tonen we aan dat beide enzymen een 

groot potentieel hebben als biokatalysatoren voor niet-natuurlijke carbonyl transformaties. Een grafi sch 

overzicht van het in dit proefschrift beschreven werk wordt gegeven in Figuur 1.

Figuur 1. Grafi sche samenvatting. Samenvatting van de hoofdstukken 1-6 van dit proefschrift.

Hoofdstuk 1 - Overzicht van de huidige natuurlijke en kunstmatige carboligasen: Carboligasen zijn 

nuttige katalysatoren voor de vorming van koolstof-koolstof bindingen. Een kort overzicht van verschillende 

bekende carboligasen met voorbeelden voor industriële toepassing wordt gepresenteerd. Verder worden 

kunstmatige enzymen, ontworpen om het katalytisch repertoire van natuurlijke carboligasen uit te breiden, 

in meer detail besproken. Voorbeelden hiervan zijn niet-natuurlijke carboligaties gekatalyseerd door de novo
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ontworpen retro-aldolase afgeleide katalysatoren, promiscue 4-OT varianten, en biokatalysatoren gebaseerd 

op de incorporatie van synthetische verbindingen of niet-canonieke aminozuren in eiwit scaffolds. Tenslotte 

wordt een overzicht gegeven van niet-natuurlijke cyclopropaneringsreacties gekatalyseerd door heem 

enzymen.

Hoofdstuk 2 - Cyclopropaneringsreacties gekatalyseerd door 4-OT: Geïnspireerd door het recente succes 

in promiscue 4-OT gekatalyseerde carboligaties, hebben wij deze veelzijdige biokatalysator geëxploiteerd 

in de asymmetrische synthese van cyclopropanen via de Michael additie van diethyl-2-chloromalonaat 

aan cinnamaldehyden. Mechanistisch gezien verlopen de reacties waarschijnlijk via de nucleofiele additie 

van diethyl-2-chloromalonaat aan een iminium-ion tussenproduct dat gevormd wordt tussen 4-OT's 

N-terminale proline en het cinnamaldehyde-substraat. Het resulterende enamine tussenproduct kan 

dan de met chloor gesubstitueerde koolstof aanvallen, waarbij het halogeen als een vertrekkende groep 

fungeert, om een intramoleculaire cyclisatiereactie te bevorderen en het gewenste cyclopropaanproduct 

te genereren. Eiwit-engineering leverde de variant 4-OT M45V/F50A met een aanzienlijk verbeterde 

cyclopropaneringsactiviteit op. Hoewel deze enzymatische methodologie een uitdaging bleek voor 

praktische synthese, accepteerde 4-OT M45V/F50A verschillende gesubstitueerde cinnamaldehyderivaten 

voor de additie van diethyl-2-chloromalonaat, wat de overeenkomstige cyclopropanen opleverde in matige 

tot goede geïsoleerde opbrengsten (17%-69%) en goede tot uitstekende optische zuiverheid (e.r. tot 

99:1). Dit werk verbreedt het katalytische repertoire van 4-OT met interessante cyclopropanaties, maar 

het bereiken van een praktisch syntheseniveau vereist waarschijnlijk verdere optimalisatie van enzym en 

substraat engineering.

Hoofdstuk 3 - Gerichte evolutie van DERA voor asymmetrische Michael reacties: Het archetypische 

klasse I aldolase DERA is een aantrekkelijk enzym voor aldol reacties om optisch zuivere β-hydroxy-

carbonylverbindingen te bereiden. Ondanks het grote synthetische potentieel van DERA, wordt de bredere 

toepassing beperkt door een beperkt substraatbereik en het beperkte aantal reacties dat gekatalyseerd wordt. 

Helaas zijn verschillende mechanistisch gerelateerde transformaties, waaronder Michael, Morita-Baylis-

Hillman, Mannich, Knoevenagel, en Henry type reacties, nog niet toegankelijk met DERA of andere 

natuurlijke aldolasen. Opmerkelijk is dat wild-type DERA van Escherichia coli promiscue activiteit vertoonde 

voor de Michael-additie van nitromethaan aan cinnamaldehyde om een γ-nitroaldehyde te verkrijgen als 

waardevolle precursor voor een farmaceutisch actief γ-aminoboterzuurderivaat. De Michael additie, die 

doet denken aan de aldol reactie, verloopt via een Schiff-base tussenproduct dat gevormd wordt tussen een 

geconserveerd lysine (K167) en cinnamaldehyde. Na 11 gerichte evolutie rondes werd de lage promiscue 

activiteit van DERA voor deze niet-natuurlijke reactie meer dan 190-voudig verbeterd en bereikte niveaus 

dicht bij die van natuurlijke carboligasen (kcat,app = 0.38 s-1, KM,app = 302 µM, kcat,app/KM,app = 1258 s-1 M-1). 

Het herontworpen DERA enzym, DERA-MA genaamd, bevatte 12 aminozuursubstituties waarvan er 

ten minste 10 gunstig waren voor de verhoging van de katalytische activiteit. DERA-MA werd gebruikt 
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als biokatalysator voor de synthese van verschillende enantioverrijkte γ-nitroaldehyden met meestal hoge 

conversie (89% - >99%) en uitstekende enantiozuiverheid (e.r. tot 99:1). Dit werk breidt met succes het 

katalytische repertoire van natuurlijke klasse I aldolasen uit om asymmetrische Michael additiereacties te 

katalyseren. De functionele diversiteit die waarschijnlijk gegenereerd wordt binnen de grote verzameling 

DERA varianten tijdens het evolutionaire optimalisatieproces biedt een goed uitgangspunt om nieuwe 

biokatalysatoren te ontwikkelen voor andere belangrijke C-C-bindingvormende reacties.

Hoofdstuk 4 - Een tandemfusie-strategie om de engineering van 4-OT op te voeren: Onze eerdere 

pogingen om de katalytische activiteit van 4-OT te verbeteren voor niet-natuurlijke Michael additie reacties 

door middel van gerichte evolutie resulteerde slechts in bescheiden verbeteringen. De evolutiemogelijkheden 

van 4-OT zouden mogelijk beperkt kunnen worden door de kleine monomeergrootte (62 aminozuren) 

en de hoge structurele symmetrie van de uiteindelijke homohexamerische vouwing. In de natuur worden 

nieuwe eiwitten vaak gegenereerd uit een voorouderlijk eiwit door genverdubbeling en daaropvolgende 

genfusie. Wij hebben deze gen-duplicatie en -fusie strategie toegepast om een tandem-gefuseerd 4-OT te 

construeren. Verheugend genoeg genereerden 11 rondes van gerichte evolutie variant 4-OT(F11) met 7 

mutaties in de eerste helft van het tandemgefuseerde eiwit en 10 mutaties in de tweede helft. Vergeleken met 

het wild-type enzym vertoonde 4-OT(F11) een opmerkelijke toename (meer dan 320-voudig) in katalytische 

activiteit (kcat.app = 0.12 s-1, KM.app = 43 µM, kcat.app/KM.app = 2800 M-1 s-1). 4-OT(F11) werd toegepast 

in de synthese van verschillende gesubstitueerde aromatische γ-nitroaldehyden met goede tot uitstekende 

enantiozuiverheid, en gram-schaal synthese van de farmaceutisch belangrijke γ-nitroaldehyde precursor 

voor fenibut werd bereikt met goede geïsoleerde opbrengst (2,5 g, 65%) en uitstekende enantiozuiverheid 

(98% e.e.).

Hoofdstuk 5 - Enzymatische in situ acetaldehyde synthese voor carboligatie reacties: De 4-OT 

gekatalyseerde Michael-type additie van acetaldehyde aan nitroalkenen biedt een alternatieve syntheseroute 

voor enantio-verrijkte γ-nitroaldehyden. Deze benadering vormt een mooie aanvulling op de Michael-

addities van nitromethaan aan cinnamaldehyde-derivaten die in hoofdstuk 3 en hoofdstuk 4 zijn 

gepresenteerd. De hoge reactiviteit van acetaldehyde brengt echter verschillende uitdagingen met zich mee, 

waaronder de mogelijke inactivatie van biokatalysatoren bij verhoogde acetaldehyde concentraties. Daarom 

hebben wij drie enzymatische routes onderzocht voor de in situ vorming van acetaldehyde uitgaande 

van minder reactieve verbindingen. Terwijl hogere acetaldehyde concentraties pyruvaat decarboxylase 

(Zymomonas mobilis) gemakkelijk inactiveerden, leverden de twee andere geëxploiteerde enzymatische 

routes tot 50 mM acetaldehyde op. Bij de eerste route kon 3-chloor-acrylzuur door de twee enzymen, 

chloor-acrylzuur dehalogenase (CaaD) en malonaat semialdehyde decarboxylase (MSAD), worden omgezet 

in acetaldehyde. De tweede route maakte gebruik van ethanol met alcohol dehydrogenase (Saccharomyces 

cerevisiae) en een NADH-oxidase (PRO-NOX(009)) voor cofactorrecycling om acetaldehyde te vormen. 

Beide routes bereikten voldoende acetaldehyde concentraties (50 mM) om in één pot gecombineerd te 
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worden met eerder ontworpen 4-OT varianten in synthetisch bruikbare Michael-type additie en aldol 

condensatiereacties.

Hoofdstuk 6 - Synthese van alifatische γ-nitroaldehyden met 4-OT: Enantiozuivere alifatische 

γ-nitroaldehyden zijn aantrekkelijke uitgangsstoffen voor de synthese van de blockbuster Pregabalin 

(Lyrica®) en verwante kandidaat-geneesmiddelen. Ondanks hun belang zijn enzymatische methodologieën 

voor de bereiding van alifatische γ-nitroaldehyden beperkt. Hier werden twee eerder ontworpen 4-OT 

varianten (4-OT A33D en 4-OT L8Y/M45Y/F50A) gebruikt voor de enantiocomplementaire synthese 

van verschillende alifatische γ-nitroaldehyden, met acetaldehyde en alifatische onverzadigde nitroalkenen 

als niet-natuurlijke startsubstraten. Met behulp van deze enzymatische aanpak werden de gewenste 

γ-nitroaldehyde enantiomeren verkregen in 46%-92% opbrengst en met uitstekende enantiozuiverheid 

(98:2 - >99:1 e.r.).
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