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Aim and outline of this thesis

AIM AND OUTLINE OF THIS THESIS

Many enzymes have been reported to catalyze additional and completely 

distinct types of reactions relative to the natural activity they evolved for, a 

phenomenon that is known as catalytic promiscuity. Although promiscuous 

enzyme activities are generally several orders of magnitude lower than native 

enzyme activities, enzyme promiscuity has proven to be a successful starting 

point for the engineering of novel biocatalysts for chemical synthesis. Using 

enzyme promiscuity to develop new biocatalysts is especially attractive for 

abiological reactions and can contribute to expanding our knowledge of the 

parameters involved in natural and laboratory enzyme evolution.

A fascinating example of a catalytically promiscuous enzyme is 

4-oxalocrotonate tautomerase (4-OT) from Pseudomonas putida mt-2, which 

utilizes an amino-terminal proline as key catalytic residue to promiscuously 

catalyze C-C bond-forming reactions, such as Michael additions and aldol 

condensations. The aim of the work described in this thesis was to further explore 

4-OT for different synthetically useful C-C bond-forming reactions, as well as 

to improve its biocatalytic properties by mutability-landscape-guided protein 

engineering.

In Chapter 1, we review previous protein engineering studies on 4-OT, in 

which significant improvements in the promiscuous C-C bond-forming activities 

of this enzyme were achieved.

In Chapter 2, we report that the F50A mutant of 4-OT is able to efficiently 

promote enantioselective Michael additions of nitromethane to various α,β-

unsaturated aldehydes to give γ-nitroaldehydes, important precursors to 

biologically active γ-aminobutyric acids. High conversions, high enantiocontrol, 

and good isolated product yields were achieved. The reactions proceed via 

reactive iminium ion intermediates, which opens up exciting possibilities for 

diverse synthetically useful enzymatic bond-forming reactions. In addition, a 
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cascade of three 4-OT (F50A)-catalyzed reactions followed by an enzymatic 

oxidation step enables one-pot assembly of γ-nitrobutyric acids from three 

simpler building blocks.

In Chapter 3, we report the biocatalytic aldol condensation of acetaldehyde 

with various aromatic aldehydes to give a number of aromatic α,β-unsaturated 

aldehydes using a previously engineered variant of 4-OT [4-OT(M45T/F50A)] 

as carboligase. Moreover, an efficient one-pot two-step chemoenzymatic 

route toward chiral aromatic 1,3-diols has been developed. This one-pot 

chemoenzymatic strategy successfully combined a highly enantioselective aldol 

addition step catalyzed by a proline-based carboligase [either 4-OT(M45T/F50A) 

or the 4-OT homologue TAUT015] with a chemical reduction step to convert 

enzymatically prepared aromatic β-hydroxyaldehydes into the corresponding 

1,3-diols with high optical purity (e.r. up to >99:1) and in good isolated yield (up 

to 92%). These developed (chemo)enzymatic methodologies offer alternative 

synthetic choices to prepare a variety of important drug precursors.

In Chapter 4 and Chapter 5, we applied a mutability-landscaped-guided 

protein engineering approach to enhance the stability of 4-OT. In Chapter 4, 

we generated a mutability landscape of 4-OT to identify “hotspot” positions at 

which mutations are beneficial for catalysis in high concentrations of ethanol. 

Randomization of one of the identified hotspot residues (Ala-33) in a highly 

enantioselective but ethanol-sensitive 4-OT variant (L8F/M45Y/F50A) resulted 

in an improved enzyme variant (L8F/A33I/M45Y/F50A) that showed high ethanol 

stability, allowing efficient and enantioselective catalysis of Michael addition 

reactions in 40% ethanol, permitting high substrate loading.

 In Chapter 5, we generated a mutability landscape of 4-OT to identify 

“hotspot” positions at which mutations are beneficial for catalysis at elevated 

temperatures. This led to the identification of three single mutations (R11Y, 

R11I and A33D) within 4-OT that gave rise to significant increases in apparent 

melting temperature Tm (up to 20 °C) and in half-life at 80 °C (up to 112-fold). 
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Introduction of these beneficial mutations in an enantioselective but thermolabile 

4-OT variant (M45Y/F50A) afforded improved triple-mutant enzyme variants 

showing an up to 39 °C increase in Tm value, with no reduction in catalytic 

activity or enantioselectivity. The studies reported in Chapter 4 and Chapter 

5 illustrate the power of mutability-landscape-guided protein engineering for 

tuning enzyme activity in non-aqueous solvents and thermostabilizing enzymes.

Finally, in Chapter 6 the work described in this thesis is summarized and 

suggestions for future research are presented.
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Chapter 1

Figure 1. Crystal structure of 4-OT WT (PDB: 4OTA).[1] A) Hexametric structure of 
4-OT WT. B) Structure of one dimer of 4-OT WT. C) Structure of one subunit of 4-OT 
WT. D) Close-up view of the active site showing the key catalytic residues.

4-Oxalocrotonate tautomerase (4-OT) from Pseudomonas putida mt-2 is 

composed of six identical subunits of only 62 amino acid residues each (Figure 

1A). It belongs to the tautomerase superfamily, a group of homologous proteins 

that share a unique catalytic amino-terminal proline (Pro1) and a characteristic 

β-α-β structural fold (Figure 1B and 1C).[1] 4-OT naturally catalyzes the 

tautomerization of 2-hydroxymuconate (1) to 2-oxohex-3-enedioate (2) in 

Pseudomonas putida mt-2, a catalytic step in the metabolism of aromatic 

hydrocarbons (Scheme 1). Three key catalytic residues are involved in the 

tautomerization of 1. The Pro1 residue functions as a general base (pKa ≈ 6.4) that 

transfers the 2-hydroxyl proton of 1 to the C5-position to give 2. The other two 

catalytic residues are Arg11 and Arg39. Arg11 is proposed to interact with the 

C-6 carboxylate group in a bidentate fashion, and Arg39 is proposed to interact 
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with the 2-hydroxyl group of 1 and a C-1 carboxylate oxygen. The interaction 

between Arg11 and the C-6 carboxylate group may draw electron density toward 

C-5 to facilitate protonation.

Scheme 1. Reaction naturally catalyzed by 4-oxalocrotonate tautomerase as part of a 
catabolic pathway for aromatic hydrocarbons in Pseudomonas putida mt-2.

Inspired by the tremendous success of aminocatalysis, 4-OT was found to 

promiscuously catalyze carbon-carbon (C-C) bond-forming reactions, including 

Michael and aldol additions via enamine intermediates (Scheme 2).[9] The Pro1 

residue of 4-OT first attacks the carbonyl carbon of an aliphatic aldehyde, such 

as acetaldehyde, producing a reactive enamine intermediate (Scheme 2).[2] In 

4-OT catalyzed aldol additions, the enamine intermediate acts as a nucleophile 

to attack the carbonyl carbon of an acceptor aldehyde, such as benzaldehyde, 

yielding β-hydroxy aldehydes, while the product might further undergo an 

enzyme-catalyzed dehydration step to give α,β-unsaturated aldehydes (Scheme 

2).[2] In 4-OT catalyzed Michael additions, the enamine intermediate was found 

to attack the β-carbon of nitroalkenes yielding γ-nitrobutyric aldehydes.

1
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PROTEIN ENGINEERING OF 4-OXALOCROTONATE 
TAUTOMERASE FOR ALDOL REACTIONS

Scheme 2. Proposed mechanism of 4-OT-catalyzed Michael and aldol addition reactions.

Poelarends and coworkers discovered that 4-OT wild-type (WT) is able to 

catalyze the aldol condensation of acetaldehyde with benzaldehyde to yield 

cinnamaldehyde. The proposed catalytic mechanism involves formation of an 

enamine intermediate between acetaldehyde and the Pro1 residue of 4-OT, as 

shown by mass spectrometry and X-ray crystallography experiments.[2-4] The 

low-level aldolase activity can be improved 16-fold by introducing a single point 

mutation (Leu8Arg, L8R) in the active site of 4-OT (Table 1, entry 1 and 2). 

Using a mechanism-inspired engineering approach, Zandvoort et al. generated 

a 4-OT mutant (Phe50Ala, F50A) with a strongly enhanced aldol condensation 

activity (600-fold in terms of kcat/Km, Table 1, entry 3).[2] In the same study, it was 

demonstrated that 4-OT F50A catalyzes the dehydration step, converting 5 into 6.
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A systematic protein engineering strategy, a so-called mutability-landscape-

guided protein engineering approach, was applied by Rahimi et al. to improve 

the aldolase activity of 4-OT [6,7]. Three ‘hotspot’ positions, His-6, Met-45 and 

Phe-50, at which single mutations greatly improve the aldolase activity of 4-OT 

for the cross-condensation of different aldehydes were identified.[6] The further 

combinatorial mutagenesis of ‘hotspot’ positions led to the generation of 4-OT 

mutants Met45Thr/Phe50Ala (M45T/F50A) and His6Phe/Met45Thr/Phe50Ala 

(H6F/M45T/F50A) with ~3300-fold and ~5276-fold improved aldolase activity 

in terms of kcat/Km compared to that of 4-OT WT, respectively (Table 1, entry 

8-10). The same strategy was applied to engineering 4-OT into a more efficient 

aldolase for self-condensation reactions of linear aliphatic aldehydes (Table 1, 

entry 11-13).[7] The generated 4-OT mutant Met45Tyr/Phe50Val (M45Y/F50V) 

was found to have improved self-coupling activity.

Another study on 4-OT WT and the 4-OT F50A mutant by Rahimi et al. 

showed that these enzymes are capable of accepting various carbonyl compounds 

as substrates for both inter- and intramolecular aldol reactions (Table 1, entry 

4-7 and 14-17).[5] The 1H-NMR spectroscopy monitored self-condensation of 

propionaldehyde showed that the yields of the corresponding product 6 were ~5% 

and 27% after 4 d for the reactions catalyzed by 4-OT WT and F50A, respectively 

(Table 1, entry 4 and 5). Importantly, no 1H NMR signals corresponding to the 

presumed aldol product 5 were observed. In the same study, analysis of the 1H 

NMR spectra of the 4-OT F50A-catalyzed reaction between propionaldehyde and 

benzaldehyde revealed accumulation of aldol cross-coupling product 5 to ~36% 

after 1d, which decreased to ~20% with an increase in yield of 6 to 15% after 

14 d (Table 1, entry 7). These observations suggest that 4-OT F50A catalyzed 

a relatively fast aldol cross-coupling of propionaldehyde to benzaldehyde to 

give aldol product 5 followed by a slower dehydration of 5 to yield 6 (Table 1, 

entry 7). A similar observation was made for the 4-OT- and F50A-catalyzed 

intramolecular aldol reactions (Table 1, entry 14-17).

1
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Table 1. Substrates, biocatalysts, product structures, relative kcat/Km and product yields 
for aldol reactions catalyzed by wild-type 4-OT and 4-OT variants.

Entry Substr- 
ate(s)

R1 R2 4-OTs Products Relative 
kcat/Km

t (d) Yield 
(%)b

Refc

1 3 and 4 Ph H WT 6 1 14 10 [3]

2 3 and 4 Ph H L8R 6 16 -a - [3]

3 3 and 4 Ph H F50A 6 600 1 16 [2]

4 3 and 4 Et Me WT 6 - 4 5 [5]

5 3 and 4 Et Me F50A 6 - 4 27 [5]

6 3 and 4 Ph Me WT 5 and 6 - 14 - [5]

7 3 and 4 Ph Me F50A 5 and 6 - 14 20/15 [5]

8 3 and 4 Ph H F50V 6 636 - - [6]

9 3 and 4 Ph H M45T/F50A 6 3300 - - [6]

10 3 and 4 Ph H H6F/M45T/F50A 6 5276 - - [6]

11 3 and 4 Et Me M45Y/F50V 6 - - - [7]

12 3 and 4 Me H M45Y/F50V 6 - - - [7]

13 3 and 4 n-Pr Et M45Y/F50V 6 - - - [7]

14 7 (n = 1) - - WT 8 and 9 - 1 40/10 [5]

15 7 (n = 1) - - F50A 8 and 9 - 1 67/23 [5]

16 7 (n = 2) - - WT 8 and 9 - 0.9 42/8 [5]

17 7 (n = 2) - - F50A 8 and 9 - 0.9 81/11 [5]

a. not applicable; b. yields according to literature records; c. References.



19

Introduction to Protein Engineering of 4-Oxalocrotonate Tautomerase

PROTEIN ENGINEERING OF 4-OXALOCROTONATE 
TAUTOMERASE FOR MICHAEL ADDITION REAC-
TIONS

The 4-OT-catalyzed Michael addition of acetaldehyde to nitroalkenes via 

enamine intermediates produces γ-nitrobutyraldehydes as products, which are 

precursors for pharmaceutically active γ-aminobutyric acids (GABAs, Scheme 

2). [8] Zandvoort et al. first discovered that 4-OT is capable of promoting the 

Michael addition of acetaldehyde to nitroalkenes 10a and 10b (Table 2, entry 

1 and 2).[9] Compared with organocatalysis, these 4-OT-catalyzed Michael 

additions achieved higher enantioselectivity (up to 89% ee), while using 

relatively low catalyst loading (0.7 mol% compared to 10a and 10b) and water 

as reaction medium. Encouraged by these initial findings, a further study by 

Poelarends and co-workers demonstrated that 4-OT also accepts linear aldehydes, 

ranging from propanal to octanal, as donor substrates for addition to 10a.[10] As 

shown in Table 2 (entry 3 and 4), using 4b or 4c as donor substrate decreases 

the enantioselectivity and reaction rate, compared with using 4a as donor. 

Indeed, increasing bulkiness of the aldehyde substrates did not influence the 

diastereoselectivity but diminished enantioselectivity and slowed down the 

reaction rate.[10] In a following study, it was demonstrated that 4-OT is able 

to catalyze the asymmetric Michael addition of acetaldehyde (1) to a series of 

nitroalkenes, achieving good conversions and good product ee and yield (Table 2, 

entry 5-7).[8] Given the broad substrate scope and high stereoselectivity of 4-OT, 

it would be of interest to improve the catalytic efficiency of 4-OT in Michael 

addition reactions by protein engineering.

A mutability-landscape-guided protein engineering approach was applied 

by van der Meer et al. in order to improve the ‘Michaelase’ activity and 

enantioselectivity of 4-OT.[11] Analysis of the mutability landscape revealed four 

‘hotspot’ positions, His-6, Ala-33, Met-45 and Phe-50, at which point mutations 

1
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significantly improved the specific activity of 4-OT for Michael additions. The 

best single mutants have 3-5-fold improved Michael addition activity of 4c to 

10a compared to 4-OT WT. Notably, single mutations at position Ala-33 also 

have significantly improved activity of 4a to 10a (Table 2).

Table 2. Substrates, biocatalysts, products, reaction time, conversion and product 
enantiomeric excess and yield of the Michael addition of aldehydes to nitroalkenes 
catalyzed by wild-type 4-OT or 4-OT variants.

Entry Substr- 
ates

4-OTs (mol%a) Product 
(Abs. Conf.)

Conver- 
sion (%)

t (h) Yield 
(%)b

ee (%) Refc

1 4a and 10a WT (0.7) 11a (S) 46 3 41 89 [9]
2 4a and 10b WT (0.7) 11b (S) 65 3 59 51 [9]
3 4b and 10a WT (1.4) 11f (2R,3S)d -e 4 64 50 [10]
4 4c and 10a WT (1.4) 11g (2R,3S) - 6 57 38 [10]
5 4a and 10c WT (1.8) 11c (S) >99 2 49 74 [8]
6 4a and 10d WT (2.8) 11d (S) >99 2.5 51 69 [8]
7 4a and 10e WT (5.3) 11e (R) - 0.4 74 98 [8]
8 4a and 10a A33D (1.4) 11a (S) >99 0.7 94 98 [11]
9 4a and 10d A33D (2.8) 11d (S) >99 1.2 81 96 [11]
10 4a and 10e A33D (5.3) 11e (R) >99 0.8 60 99 [11]
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Continued:

Entry Substr- 
ates

4-OTs (mol%a) Product 
(Abs. Conf.)

Conver- 
sion (%)

t (h) Yield 
(%)b

ee (%) Refc

11 4a and 10a M45Y/F50A (0.7) 11a (R) >99 21 65 92 [11]
12 4a and 10d M45Y/F50A (2.8) 11d (R) >99 1.5 60 24 [11]
13 4a and 10e M45Y/F50A (5.3) 11e (S) >99 1.2 60 80 [11]
14 4a and 10a L8Y/M45Y/F50A (2.5) 11a (R) >99 1.3 87 96 [12]
15 4a and 10d L8Y/M45Y/F50A (2.15) 11d (R) >99 1 97 99 [12]
16 4a and 10e L8Y/M45Y/F50A(1.4) 11e (S) >99 0.8 63 99 [12]

a. Compared to nitroalkene; b. Isolated yield; c. References; d. The d.r. for 11f and 11g are 93:7 
and 89:11, respectively; e. Not determined.

In the same study, mutability landscape navigation also led to the 

identification of ‘hotspot’ positions at which mutations have improved or 

inverted enantioselectivity for the Michael addition reaction. Several single 

mutations at residue positions Ala-33, Arg-39, Ala-57 and Arg-61 were found 

to improve enantioselectivity, while single mutations at positions His-6, Arg-

11, Met-45, Phe-50 and Gly-54 have the most pronounced effect on inversion 

of enantioselectivity. Notably, mutant Ala33Asp (A33D) has both improved 

activity and enantioselectivity compared to 4-OT WT (Table 2, entry 8-9).
[11] Combinatorial mutagenesis of ‘hotspot’ positions led to the identification 

of mutant Met45Tyr/Phe50Ala (M45Y/F50A), which was able to catalyze the 

Michael addition of 4a to versatile nitroalkenes to produce the pharmaceutically 

relevant enantiomers of the corresponding γ-nitrobutyraldehyde products with 

high ee (Table 2, entry 11-13).

In a following study by Biewenga et al., a structure-guided protein engineering 

approach was used to generate a 4-OT mutant, Leu8Tyr/Met45Tyr/Phe50Ala 

(L8Y/M45Y/F50A), that exhibited excellent enantioselectivity (yielding S-11e 

with 99% ee) and an ~6-fold activity improvement compared to M45Y/F50A 

(Table 2, entry 16).[12] In the same study, a one-pot two-step biocatalytic cascade 

was also developed for the synthesis of the pharmaceutically relevant enantiomers 

1
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of γ-nitrobutyric acids, starting from simple precursors (i.e., acetaldehyde and 

nitroalkenes). Furthermore, a three-step chemoenzymatic cascade route for the 

synthesis of GABA analogues in one pot was achieved with high enantiopurity 

and high overall yields (Scheme 3).[12] 4-OT L8Y/M45Y/F50A, an aldehyde 

dehydrogenase (ALDH) and a cofactor recycling system (NOX) were used to 

construct these chemoenzymatic routes.

Scheme 3. One-pot three-step chemoenzymatic cascade for synthesis of GABA ana-
logues.

The highly reactive nature of acetaldehyde requires intricate handling, 

which can impede its usage in practical synthesis. Biewenga et al. therefore 

investigated several enzymatic routes to synthesize acetaldehyde in situ in one-

pot cascade reactions with 4-OT.[13] Two routes afforded practical acetaldehyde 

concentrations, using an environmental pollutant, trans-3-chloroacrylic acid, or 

an inexpensive bio-renewable, ethanol, as starting substrate. Importantly, these 

routes can be combined with 4-OT catalyzed Michael-type additions and aldol 

reactions in one pot. This methodology provides a stepping stone towards the 

development of larger enzymatic cascades for the practical synthesis of diverse 

chemical synthons. Particularly ethanol is an attractive precursor of acetaldehyde 

because it can simultaneously act as a co‐solvent to solubilize the Michael- and 

aldol-acceptor substrates.

In 4-OT-catalyzed nitromethane additions to α,β-unsaturated aldehydes, the 

carbonyl carbon of the α,β-unsaturated aldehyde is first attacked by Pro1 to 

give a reactive iminium ion intermediate (Scheme 2), which then reacts with 
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nitromethane to give a γ-nitroaldehyde as final product (Chapter 2). 4-OT’s ability 

to promiscuously catalyze asymmetric carbonyl transformations via iminium ion 

intermediates likely opens up new possibilities for various synthetically useful 

enzymatic bond-forming reactions.

During the period of finalizing this thesis, Poelarends and co-workers have 

established a colorimetric “turn-on” probe as a prescreening tool to facilitate 

engineering of 4-OT in iminium catalysis.[14] The mechanism behind this system 

involves the formation of a brightly colored merocyanine-dye-type structure 

between the probe, 2-hydroxy-cinnamaldehyde, and the catalytic Pro1 of 4-OT 

upon complexation. Use of this system in a solid-phase prescreening assay 

resulted in the reduction of the screening effort up to 20-fold, and after two rounds 

of directed evolution, two 4-OT triple mutants were identified with up to 39-fold 

improvement in activity for the addition of nitromethane to cinnamaldehyde. The 

corresponding product was obtained in excellent isolated yield (up to 95%) and 

with high enantiopurity (> 99% ee).

The ability of 4-OT to promiscuously catalyze asymmetric carbonyl 

transformations via iminium ion intermediates was also exploited to promote 

C-O bond-forming reactions.[15] In this case, different hydroperoxides (t-BuOOH 

and H2O2) were used as nucleophiles (instead of nitromethane) in addition to 

cinnamaldehyde. The resulting enamine intermediate subsequently undergoes 

ring closure to construct the final epoxide moiety. A mutability-landscape-guided 

protein engineering approach, followed by iterative combinatorial mutagenesis, 

was used by Xu et al. to construct a 4-OT mutant, Q4Y/M45I/F50A (YIA), that 

showed 60-fold enhancement in activity for the epoxidation of cinnamaldehyde 

by t-BuOOH compared to that of 4-OT WT. [15] The authors further showed that 

4-OT YIA accepts different hydroperoxides (t-BuOOH and H2O2) to accomplish 

enantiocomplementary epoxidations of various α,β-unsaturated aldehydes (citral 

and substituted cinnamaldehydes), providing access to both enantiomers of the 

1
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corresponding α,β-epoxy-aldehydes with high conversions (up to 98%), high 

enantioselectivity (up to 98% ee), and good product yields (50-80%).

In conclusion, 4-OT utilizes its unusual N-terminal proline to facilitate 

versatile non-native bond-forming reactions such as Michael additions, aldol 

reactions and recently discovered epoxidation reactions. Application of advanced 

high-throughput screening procedures in the directed evolution of 4-OT has 

proven very successful in ongoing research, allowing the development of more 

effective biocatalysts for chemical synthesis, bringing the technology closer to 

industrial application.
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ABSTRACT

The enzyme 4-oxalocrotonate tautomerase (4-OT) exploits an N-terminal 

proline as main catalytic residue to facilitate several promiscuous C-C bond-

forming reactions via enzyme-bound enamine intermediates. Here we show 

that the active site of this enzyme can give rise to further synthetically useful 

catalytic promiscuity. Specifically, the F50A mutant of 4-OT was found to 

efficiently promote asymmetric Michael additions of nitromethane to various 

α,β-unsaturated aldehydes to give γ-nitroaldehydes, important precursors to 

biologically active γ-aminobutyric acids. High conversions, high enantiocontrol 

and good isolated product yields were achieved. The reactions likely proceed 

via iminium ion intermediates formed between the catalytic Pro-1 residue and 

the α,β-unsaturated aldehydes. In addition, a cascade of three 4-OT(F50A)-

catalyzed reactions followed by an enzymatic oxidation step enables assembly 

of γ-nitrocarboxylic acids from three simple building blocks in one pot. Our 

results bridge organo- and biocatalysis, and emphasize the potential of enzyme 

promiscuity for the preparation of important chiral synthons.

KEYWORDS
Biocatalysis; Michael addition; asymmetric synthesis; enzyme catalysis; protein 

engineering
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γ-Nitroaldehydes are important chiral building blocks for the preparation 

of biologically active γ-aminobutyric acids. The asymmetric synthesis of 

γ-nitroaldehydes from simple starting materials has become feasible due 

to outstanding developments within the organocatalysis field, particularly 

fueled by aminocatalysis.[1] This is nicely illustrated by the work of Hayashi 

and co-workers, who reported that diphenylprolinol silyl ether can promote 

the asymmetric synthesis of γ-nitroaldehydes through alternative Michael-

type reactions: enamine-mediated addition of aldehydes to nitroalkenes, and 

nitroalkane addition to α,β-unsaturated aldehydes activated as iminium ions.[1d-f]

Scheme 1. Proposed mechanisms for the 4-OT catalyzed Michael additions of acetaldehyde to 
nitroalkenes (A) and nitromethane to α,β-unsaturated aldehydes (B) to yield γ-nitroaldehydes.

Inspired by these developments in the organocatalysis field, work from 

our laboratory focused on the development of a biocatalytic procedure for 

asymmetric synthesis of γ-nitroaldehydes. We reported that 4-oxalocrotonate 

tautomerase (4-OT), which utilizes a unique N-terminal proline as key catalytic 

residue, can promiscuously catalyze the Michael addition of acetaldehyde 

(as well as various other aldehydes) to nitroalkenes yielding enantioenriched 

γ-nitroaldehydes (Scheme 1A).[2] The catalytic mechanism involves the formation 

of an enamine species between acetaldehyde and the Pro-1 residue (pKa ~6.4).
[3,4] Hilvert and coworkers have reported a highly engineered computationally 
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designed artificial aldolase, RA95.5-8, which can catalyze the asymmetric 

synthesis of γ-nitroketones (but not γ-nitroaldehydes) via acetone addition to 

nitrostyrenes, and nitroalkane addition to conjugated ketones.[5] However, a 

biocatalytic methodology for nitroalkane addition to α,β-unsaturated aldehydes 

to yield enantioenriched γ-nitroaldehydes is an as yet unmet challenge.

We previously reported that 4-OT catalyzes the aldol condensation of 

acetaldehyde with benzaldehyde to yield cinnamaldehyde.[3,6] Considering 

that the active site of 4-OT can accommodate cinnamaldehyde, this aromatic 

α,β-unsaturated aldehyde was tested as potential Michael acceptor substrate. 

Cinnamaldehyde was expected to react with Pro-1, the catalytic amine, to form 

a covalently bound iminium ion intermediate, which could be attacked by 

nitromethane (Scheme 1B). This Michael reaction was performed in the presence 

of wild-type 4-OT in HEPES buffer (pH 7.3), containing 5% (v/v) EtOH, 200 

mM of nitromethane (1, Scheme 2) and 3 mM of cinnamaldehyde (2a), and 

reaction progress was monitored by following the depletion of 2a by UV-VIS 

spectrophotometry. Under these conditions, 50% of substrate 2a was consumed 

in 24 h and the corresponding product 3a was obtained in 35% isolated yield (as 

confirmed by 1H NMR spectroscopy). Analysis of product 3a by chiral HPLC 

revealed high enantiocontrol at the site of addition with formation of the (R)-

configured product (e.r. of 86:14). Interestingly, we earlier reported that wild-type 

4-OT catalyzes the Michael addition of acetaldehyde to trans-β-nitrostyrene 

to yield (S)-3a with an e.r. of 95:5.[2a] Hence, 4-OT catalyzes the synthesis of 

γ-nitroaldehyde 3a via two enantiocomplementary Michael reactions: enamine-

mediated addition of acetaldehyde to trans-β-nitrostyrene, and nitromethane 

addition to cinnamaldehyde likely activated as iminium ion.
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Scheme 2. Wild-type 4-OT catalyzed Michael addition of nitromethane (1) to cinnamal-
dehyde (2a) to yield γ-nitroaldehyde (R)-3a.

Encouraged by these initial findings, a systematic mutagenesis approach 

was applied to enhance this promiscuous Michael addition activity of 4-OT. 

For this, an earlier constructed collection of 4-OT genes coding for almost all 

possible single-mutant variants of 4-OT was used.[7] Improved variants (>2-

fold increase in activity) were identified by monitoring the depletion of 2a 

in a spectrophotometric kinetic assay in multi-well plates. Given that several 

mutations at positions Met-45 and Ala-46 (M45G, M45H, M45S, A46H and 

A46S) result in a slight improvement in activity (~3-fold), three mutations at 

position Phe-50 (F50I, F50V and F50A) significantly enhanced the Michael 

addition activity. Assays with the purified mutant enzymes showed a 6-fold, 

8-fold and 15-fold increase in activity for F50I, F50V and F50A, respectively 

(Figure S1). Further characterization of the Michael reaction between 1 and 

2a catalyzed by the best 4-OT variant (F50A) showed that besides increased 

activity, this mutant enzyme also has enhanced stereoselectivity, allowing the 

production of optically pure (R)-3a (e.r. 99:1) in high isolated yield of 92% (Table 

1, entry 1; Figure S2-S4). These results underscore the potential of the highly 

promiscuous 4-OT enzyme for evolutionary optimization. At semi-preparative 

scale, the 4-OT(F50A) catalyzed Michael addition of 1 (50 mM, 152 mg in 50 

mL) to 2a (25 mM, 157 mg in 50 mL) gave product (R)-3a (96% conversion 

in 11 h) in good isolated yield (204.7 mg, 85% yield) and with high e.r. of 98:2 

(Figure S34, S35).
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Notably, the mutation F50A was previously found to improve the aldol 

condensation activity of 4-OT.[6a] This mutation makes the active site pocket of 

4-OT more accessible to the outside aqueous environment, without changing 

the pKa of Pro-1 too much, and likely enhances the aldol condensation activity 

of 4-OT by promoting the final hydrolysis step in which product is released 

from Pro-1, which has been suggested to be rate-limiting.[6a] Similarly, the F50A 

mutation may increase the Michael addition activity of 4-OT by making the 

active site more amenable for hydrolytic cleavage of the covalent enzyme-product 

intermediate.

Having established that 4-OT(F50A) can efficiently promote the asymmetric 

Michael addition of 1 to 2a, a set of α,β-unsaturated aldehydes was prepared (see 

Support Information for details) and tested as Michael acceptor substrates. The 

results demonstrate that the 4-OT(F50A) enzyme has a broad substrate scope, 

accepting both aromatic and aliphatic Michael acceptor substrates, and catalyzes 

the addition of 1 to the α,β-unsaturated aldehydes 2b-k to yield the corresponding 

γ-nitroaldehydes 3b-k with excellent enantiopurity (e.r. up to >99:1) and in good 

isolated yield (61-96%) (Table 1, Figure S5-S33). Interestingly, the enzymatic 

Michael reactions with meta- and para-substituted cinnamaldehydes (2c,d and 

2f-j) provided the corresponding products as the (R)-configured enantiomers, 

while those with the ortho-substituted cinnamaldehydes (2b and 2e) yielded the 

(S)-configured product enantiomers (Table 1, entries 2 and 5). This suggests that 

positioning substituents on the ortho position of the substrate promoted steric 

effects, which caused either substrate relocation in the enzyme active site or a 

stereofacial shielding effect. Notably, the consequence of ortho-substituents on 

the stereochemical outcome of organo- and biocatalytic reactions with aromatic 

aldol and Michael acceptor substrates has been observed before.[2d,8]

We next investigated whether the mechanism of the 4-OT(F50A) catalyzed 

Michael reaction proceeds via iminium ion formation between Pro-1 and the 

α,β-unsaturated aldehyde substrate. A 4-OT(F50A) sample modified by 2a in the 
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presence of NaBH4 and an unmodified 4-OT(F50A) sample were digested with 

Glu-C (an endoproteinase from Staphylococcus aureus V8), and the generated 

peptides were characterized by LC-MS (Figure S43-S45). Comparing the peaks 

of the modified 4-OT(F50A) sample to those of the nonmodified 4-OT(F50A) 

sample revealed a modification of the fragment PIAQIHILE by a species with a 

mass of 116 Da. This corresponds to labeling by one cinnamaldehyde molecule. 

Characterization of the remaining peaks revealed no labeling of other fragments 

(Figure S44, S45). Within the N-terminal fragment Pro-1 to Glu-9, the most 

probable positions for alkylation are Pro-1 and His-6. To identify the labeled 

residue, the modified and unmodified peptides were analyzed by LC-MS/MS 

(Figure S46).

2
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Table 1. 4-OT(F50A)-catalyzed nitromethane addition to α,β-unstaturated aldehydes 
2a-2k using optimized reaction conditions.a

Entry α,β-unsaturated  
aldehyde Product t [h] Conv.b  

(Yield)c e.r.d Abs.config.e

1 2a 7 99 (92) 99:1 R

2 2b 2 99 (90)f >99:1 S

3 2c 6 98 (93) 98:2 R

4 2d 24 98 (93) 98:2 R
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Continued:

Entry α,β-unsaturated  
aldehyde Product t [h] Conv.b  

(Yield)c e.r.d Abs.config.e

5 2e 10 99 (96) 86:14 S

6 2f 18 90 (80)g 98:2 R

7 2g 18 85 (75)g 98:2 R

8 2h 20 98 (71) 97:3 R

9 2i 8 97 (89)g >99:1 R

10 2j 20 84 (73)g 91:9 R

11 2k 18 95 (61)g 93:7 S

aAll the reactions were performed in buffer [20 mM HEPES/5% (v/v) ethanol] at pH 
6.5 with 4-OT F50A (72 µM, except for 2g and 2i for which 36 µM enzyme was used), 
1 (25 mM) and 2a-k (3 mM, except for 2g which was used at 2 mM); bDetermined 
by 1H NMR analysis; cIsolated yield (%). dDetermined by chiral HPLC or GC. eThe 
absolute configuration was determined by comparison of chiral HPLC or GC data with 
those previously reported (see Supporting Information for details). fApparent kinetic 
parameters determined with this substrate at a fixed nitromethane concentration of 25 
mM: kcat = 0.05 (±0.002) s-1; Km = 367 (± 37) µM. gFurther purified using flash column 
chromatography.

The spectrum of the ion corresponding to the unlabled PIAQIHILE peptide 

showed the characteristic b5 ion resulting from the peptide fragment PIAQI. 

MS/MS analysis of the modified PIAQIHILE peptide revealed a mass increase 

of 116 Da for this b5 ion. Therefore, it can be concluded that Pro-1 is the sole 

site of modification by 2a. This result supports the hypothesis that Pro-1 
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functions as an amine catalyst in the enzymatic addition reaction, increasing the 

electrophilicity of the Michael acceptor through Schiff base formation (Scheme 

1B). Replacement of Pro-1 with an alanine in wild-type 4-OT led to a 32-fold 

decrease in activity for the addition of 1 to 2a (Figure S1), providing further 

support for this mechanism. Work is in progress to determine the structure of 

4-OT(F50A) covalently modified by 2a.

We have previously reported that 4-OT(F50A) can catalyze the aldol 

condensation of acetaldehyde with benzaldehyde to give cinnamaldehyde.[3,6] 

Here we show that the three different activities observed for the 4-OT(F50A) 

enzyme can be used to prepare γ-nitroaldehydes in a biocatalytic cascade 

involving sequential aldol addition of acetaldehyde to a suitable aromatic 

aldehyde, dehydration, and Michael addition of nitromethane. Inclusion of a 

suitable aldehyde dehydrogenase and cofactor-recycling NADH oxidase[9] in the 

reaction mixture enabled efficient one-pot synthesis of γ-nitrocarboxylic acids 

(Scheme 3). Using acetaldehyde (4), benzaldehyde (5a) and nitromethane (1) 

as starting substrates, product (R)-7a was obtained in 53% isolated yield (65% 

overall conversion) and with an excellent e.r. of 99:1 (Figure S36-S38). Replacing 

substrate 5a with 5b, yielded product (S)-7b in 80% isolated yield (>99% overall 

conversion) and with an excellent e.r. of 99:1 (Figure S39-S42). This simple and 

effective cascade further demonstrates the tremendous potential of combining 

different enzymes to construct simple synthetic routes for preparation of 

important chemical products. 
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Scheme 3. Four-step biocatalytic cascade synthesis of γ-nitrobutyric acids 7a and 7b in 
one pot. The cascade reactions were performed with 1 (50 mM), 4 (150 mM) and either 
5a or 5b (3 mM).

In summary, our results indicate that the active site of 4-OT can give rise to 

synthetically useful promiscuous activities. Like proline-based organocatalysts, 

4-OT utilizes a prolyl amine to attack diverse aldehydes forming reactive 

enamine and iminium ion intermediates. Hence, this natural enzyme with its 

unique catalytic amino-terminal proline could possibly accelerate many of the 

bond-forming reactions promoted by organocatalysts. We have therefore initiated 

studies aimed at exploring alternative nucleophiles for addition to α,β-unsaturated 

aldehydes, which would allow for the enzymatic synthesis of additional products.

In contrast to difficult to prepare proline- and peptide-based organocatalysts, 

the enzyme 4-OT can be produced in large amounts by simple bacterial 

fermentation. Moreover, the enzymatic reaction proceeds in eco-friendly aqueous 

buffer rather than in organic solvent. In previous work, we have demonstrated 

that 4-OT can be engineered into a more efficient biocatalyst for the aldol 

condensation of acetaldehyde with benzaldehyde to yield cinnamaldehyde, with 
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a >5000-fold enhancement in catalytic efficiency (kcat/Km) and a >107-fold change 

in reaction specificity.[6b] It is therefore conceivable that the promiscuous activity 

of 4-OT(F50A) for the Michael addition of nitromethane to α,β-unsaturated 

aldehydes can be optimized by directed evolution to generate novel biocatalysts 

for practical synthesis of chiral precursors for important pharmaceuticals.
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SUPPORTING INFORMATION

1. Materials and Methods

1.1 Materials

Chemicals were purchased from Sigma Aldrich, Across, Merck or Fluka (unless 

noted otherwise) and were used without further purification. The α,β-unsaturated 

aldehydes 2b-k were prepared using previously reported methods.[1] Synthesis of 

racemic reference compounds, required for chiral analysis of enzymatic products, 

was done according to published protocols.[2]

1.2 General methods

NMR spectra were recorded on a Brucker 500 MHz spectrometer. Enzymatic 

assays were performed on a V-650 or V-660 spectrophotometer from Jasco 

(IJsselstein, The Netherlands). Reverse phase HPLC was carried out using an 

in-house analytical HPLC equipped with a Shimazu LC-10 AT pump and a 

Shimazu SPD-M10A diode array detector. Gas chromatography was carried out 

with a HP 5890 series II gas chromatograph using a chiral GTA column (30 m 

× 0.25 mm × 0.12 µ; Supelco).

1.3 Screening 4-OT single mutants for enhanced Michael addition activity

A systematic mutagenesis strategy was applied to identify residue positions at 

which mutations give a marked improvement in the activity of 4-OT for addition 

of 1 to 2a. For this, a previously constructed collection of 1040 single 4-OT 

mutants was used.[3] The proteins were produced in E. coli and cell free extracts 

(CFEs) were prepared according to a reported procedure.[3] Briefly, 1.25 mL 

of LB medium supplemented with 100 µg/mL ampicillin and 100 µM IPTG 

was inoculated from a glycerol stock of the corresponding mutant and the 

culture was grown overnight at 37 °C in a 96-deep well plate. The cells from 
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the overnight cultures were harvested by centrifugation and lysed with 250 µL of 

Bugbuster (Novagen), supplemented with 25 U/mL benzonase, for 40 min. After 

centrifugation, the obtained CFE was used for the activity assay. The reaction 

mixtures (100 µL) consisted of CFE (40% v/v), 1 (25 mM), 2a (0.25 mM) and 

ethanol (5% v/v) in 20 mM HEPES buffer (pH 6.5). The reaction was initiated 

by adding 5 µL from a stock solution of 2a (5 mM in ethanol). Prior to starting 

the measurements, the 96-well plates were shaken for 1 min at 500 rpm to ensure 

proper mixing. The depletion in the absorbance of 2a was monitored at 292 nm 

for 3 h with 3 min time intervals.

1.4 Protein expression and purification

The expression and purification of wild-type 4-OT and 4-OT mutants were 

based on protocols described elsewhere.[4] A sample of each purified protein was 

analyzed by ESI-MS to confirm that the protein had been processed correctly 

and the initiating methione had been removed. The purified protein was flash 

frozen in liquid nitrogen and stored at -80 °C until further use.

1.5 Chiral analysis

The enantiomeric ratio of the enzymatically synthesized compounds 3a, 3d, 3i 

and 3k was analyzed directly using HPLC or GC with a chiral stationary phase. 

The enantiomeric ratio of the compounds 3h and 3j was analyzed by chiral 

HPLC after derivatizing the enzymatic products into a cyclic acetal, prepared 

according to a literature procedure, and using chemically synthesized racemic 

cyclic acetal reference compounds for comparison.[3] For compounds 3b, 3c, 3e, 

3f and 3g, the enantiomeric ratio was analyzed by chiral HPLC after reducing the 

aldehyde functionality of the enzymatic product into the corresponding alcohol 

using NaBH4 according to a reported procedure and using chemically synthesized 

racemic γ–nitroalcohols as reference compounds.[2a] Analytical conditions for 

each compound are given below.

2
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1.6. Analytical scale reactions

Activity comparison of wild-type 4-OT (4-OT WT) and the variants 4-OT F50A, 

4-OT F50I, 4-OT F50V, and 4-OT P1A for addition of 1 to 2a was carried out by 

UV spectroscopic analysis on analytical scale (0.3 mL reaction volume). Purified 

enzyme (300 µg) was incubated in a 1 mm cuvette with 1 (25 mM) and 2a (1 

mM) in 20 mM HEPES buffer (pH 6.5; 0.3 mL final volume). The reactions were 

monitored by following the decrease in absorbance at 290 nm, which corresponds 

to the depletion of substrate 2a.

Figure S1. UV traces for monitoring the depletion of 2a in the presence of purified 
4-OT WT, 4-OT F50A, 4-OT F50I, 4-OT F50V and 4-OT P1A. The mutant enzymes 
F50I, F50V and F50A showed a 6-fold, 8-fold, and 15-fold increase in activity, respec-
tively, based on the initial substrate depletion rates (from 0-13 min). Analysis of the 
corresponding products showed that the mutant enzymes F50I, F50V and F50A allow 
the production of (R)-3a with e.r. values of 99:1, 97:3 and 99:1, respectively.
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1.7. Kinetic assay

Kinetic assays were performed at 20 °C in 20 mM HEPES buffer (pH 6.5) 

by following the decrease in absorbance at 290 nm, which corresponds to 

the depletion of substrate 2b. An appropriate amount of purified 4-OT F50A 

enzyme (20 µg) was incubated in a 1 mm cuvette with 1 (25 mM) and 2b 

(varying concentrations ranging from 0.1 to 2 mM) in 20 mM HEPES buffer 

(pH 6.5; 0.3 mL final volume) at 20 °C. The initial rates (µM/s) were plotted 

versus the concentrations (µM) of substrate 2b. SigmaPlot was used to fit the 

data to Michaelis-Menten kinetics to determine the kinetic parameters. The 

measurements were done in triplo.

2. Chemical synthesis of α,β-unsaturated aldehydes (2b-k)

Compound 2a is commercially available. Synthesis of compounds 2b-k was 

carried out via the Wittig reaction and according to reported procedures 

summarized in Scheme S1.
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Scheme S1. Synthesis of α,β-unsaturated aldehydes 2b-g, 2i, and 2k (Scheme S1A) and 2h, 2j 
(Scheme S1B) via the Wittig reaction. Abbreviation: WR, Wittig reagent.

(a) Synthesis of compounds 2b-g, 2i and 2k (Scheme S1A)

Compounds 2b-g[1a-h], 2i[1i] and 2k[1j-k] were prepared according to literature 

procedures and their 1H NMR spectra match with earlier reported NMR data.[1a-k]

(b) Synthesis of compound 2e (Scheme S1A)

To a stirred solution of (E)-3-(2-hydroxyphenyl)acrylaldehyde (1.0 eq) in 5 mL 

of dry DMF was added K2CO3 (1.5 eq) at 0 oC. Subsequently, MeI (1.5 eq) was 

added dropwise at the same temperature and the reaction mixture was further 

incubated for 1 h. After completion of the reaction (monitored by TLC with 

KMnO4 staining), the reaction was quenched with saturated aqueous ammonium 

chloride, and the reaction mixture was extracted 3 times with ethyl acetate. 

The organic layers were combined, dried over Na2SO4 and concentrated under 
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vacuo. The crude product was purified by silica gel column chromatography 

using petroleum ether/ethyl acetate (90:10) as an eluent to give the corresponding 

cinnamaldehyde derivative 2e. Yellow solid; yield = 95% (52 mg, starting from 

50 mg of 2e*). The 1H NMR spectrum matches with previously reported NMR 

data.[1f]

(c). Synthesis of compounds 2h and 2j (Scheme S1B)

Compounds 2h and 2j were prepared according to the route shown in Scheme 

S1B, which involves the preparation of compounds 8h, 8j, 9h and 9j.

(i) Synthesis of compounds 8h and 8j (Scheme S1B)

The reported literature procedure was slightly modified.[1l-m] 4-OH-benzaldehyde 

(1.0 eq) was dissolved in 5 mL anhydrous DCM and treated with carbethoxy-

methylene triphenylphosphorane (1.2 eq) at room temperature. After the complete 

addition of all the starting material, the reaction mixture was stirred at room 

temperature for 12 h. After the complete consumption of the starting material 

(monitored by TLC with KMnO4 staining), the reaction was quenched with 

saturated aqueous ammonium chloride, and the reaction mixture extracted three 

times with DCM. The organic layers were combined, dried over Na2SO4 and 

concentrated under vacuo. The crude product was purified by silica gel column 

chromatography using petroleum ether/ethyl acetate (90:10) as an eluent to give 

the corresponding α,β-unsaturated ester 8h. Colorless solid; yield = 79% (248 

mg, starting from 200 mg of 5h). Similarly, compound 8j was prepared by using 

the same procedure. Colorless solid; yield = 76% (222 mg, starting from 200 

mg of 5j). The 1H NMR data of compounds 8h[1l] and 8j[1m] match with earlier 

reported NMR data.
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(ii) Synthesis of compound 9h and 9j (Scheme S1B)

The reported literature procedure was slightly modified.[1n-o] To a stirred solution 

of ethyl (E)-3-(4-hydroxyphenyl)acrylate (1.0 eq) in 5 mL of dry DCM was 

added diisobutylaluminum hydride (DIBAL-H) (1.5 eq, 1.0 M in cyclohexane) 

dropwise at 0 oC. After the complete addition of all the starting material, the 

reaction mixture was stirred at 0 oC for 3 h followed by 1 h at room temperature. 

After the completion of the starting material (monitored by TLC with KMnO4 

staining), the reaction was quenched with saturated aqueous ammonium chloride, 

and the reaction mixture was extracted three times with DCM. The organic layers 

were combined, dried over Na2SO4 and concentrated under vacuo. The crude 

product was purified by silica gel column chromatography using petroleum ether/

ethyl acetate (90:10) as an eluent to give the corresponding alcohol 9h. Yellow 

solid; yield = 73% (104 mg, starting from 200 mg of 8h). Similarly, compound 

9j was prepared by using the same procedure. Colorless oil; yield = 61% (100 

mg, starting from 200 mg of 8j). The 1H NMR data of compounds 9h[1n] and 9j[1o] 

match with the reported NMR data.

(iii) Synthesis of compounds 2h and 2j

To a stirred solution of (E)-4-(3-hydroxyprop-1-en-1-yl)phenol (1.0 eq) in 5 

mL of dry 1,4-dioxane was added DDQ (1.2 eq) dropwise at 0 oC. After the 

complete addition of all the starting material, the reaction mixture was stirred 

at room temperature for 30 min. After the completion of the starting material 

(monitored by TLC with KMnO4 and DNP staining), the reaction was quenched 

with saturated aqueous NaHCO3, and the reaction mixture was extracted 3 

times with EtOAc. The organic layers were combined, dried over Na2SO4 and 

concentrated under vacuo. The crude product was purified by silica gel column 

chromatography using petroleum ether/ethyl acetate (90:10) as an eluent to give 

the corresponding cinnamaldehyde derivative 2h. Yellow solid; yield = 66% (65 

mg, starting from 100 mg of 9h). Similarly, compound 2j was prepared by using 
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above procedure. Light yellow solid; yield = 61% (60 mg, starting from 100 mg of 

9j). The 1H NMR data of compounds 2h[1o] and 2j[1p] match with those previously 

reported.

(d). 1H NMR data of compounds 2b-2k, 2e*, 8h, 8j, 9h and 9j

(E)-3-(2-chlorophenyl)acrylaldehyde (2b). 1H NMR (500 MHz, CDCl3): δ 9.75 

(d, J = 7.7 Hz, 1H), 7.93 (d, J = 16.0 Hz, 1H), 7.65 (dd, J = 7.7, 1.7 Hz, 1H), 7.45 

(dd, J = 8.0, 1.1 Hz, 1H), 7.39 – 7.28 (m, 2H), 6.70 (dd, J = 16.0, 7.7 Hz, 1H).

(E)-3-(3-chlorophenyl)acrylaldehyde (2c). 1H NMR (500 MHz, CDCl3): δ 

9.72 (d, J = 7.6 Hz, 1H), 7.55 (t, J = 1.7 Hz, 1H), 7.47 – 7.35 (m, 4H), 6.71 (dd, 

J = 16.0, 7.6 Hz, 1H).

(E)-3-(4-chlorophenyl)acrylaldehyde (2d). 1H NMR (500 MHz, CDCl3): 

δ 9.71 (d, J = 7.6 Hz, 1H), 7.53 – 7.48 (m, 2H), 7.46 – 7.39 (m, 3H), 6.69 (dd, 

J = 16.0, 7.6 Hz, 1H).

(E)-3-(2-hydroxyphenyl)acrylaldehyde (2e*). 1H NMR (500 MHz, CDCl3): 

δ 9.68 (d, J = 8.0 Hz, 1H), 7.79 (d, J = 16.0 Hz, 1H), 7.50 (dd, J = 7.8, 1.4 Hz, 1H), 

7.31 (td, J = 8.1, 1.6 Hz, 1H), 7.07 – 6.93 (m, 2H), 6.89 (dd, 1H), 6.59 (s, 1H).

(E)-3-(2-methoxyphenyl)acrylaldehyde (2e). 1H NMR (500 MHz, CDCl3): 

δ 9.67 (d, J = 7.9 Hz, 1H), 7.82 (d, J = 16.1 Hz, 1H), 7.52 (dd, J = 7.7, 1.6 Hz, 1H), 

7.40 (ddd, J = 8.9, 7.5, 1.7 Hz, 1H), 6.98 (t, J = 7.5 Hz, 1H), 6.93 (d, J = 8.3 Hz, 

1H), 6.77 (dd, J = 16.1, 7.9 Hz, 1H), 3.89 (s, 3H).

(E)-3-(4-methoxyphenyl)acrylaldehyde (2f). 1H NMR (500 MHz, CDCl3): 

δ 9.65 (d, J = 7.8 Hz, 1H), 7.54 – 7.50 (m, 2H), 7.43 (d, J = 15.8 Hz, 1H), 6.97 – 

6.92 (m, 2H), 6.61 (dd, J = 15.8, 7.8 Hz, 1H), 3.86 (s, 3H).

(E)-3-(4-nitrophenyl)acrylaldehyde (2g). 1H NMR (500 MHz, CDCl3): δ 

9.78 (d, J = 7.4 Hz, 1H), 8.32 – 8.27 (m, 2H), 7.73 (d, J = 8.8 Hz, 2H), 7.53 (d, 

J = 16.1 Hz, 1H), 6.81 (dd, J = 16.1, 7.4 Hz, 1H).
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(E)-3-(4-hydroxyphenyl)acrylaldehyde (2h). 1H NMR (500 MHz, DMSO-

d6): δ 10.20 (s, 1H), 9.58 (d, J = 7.9 Hz, 1H), 7.67 – 7.57 (m, 3H), 6.84 (d, J = 8.6 

Hz, 2H), 6.66 (dd, J = 15.8, 7.9 Hz, 1H).

(E)-3-(4-fluorophenyl)acrylaldehyde (2i). 1H NMR (500 MHz, CDCl3): δ 

9.69 (d, J = 6.6 Hz, 1H), 7.57 (s, 2H), 7.45 (d, J = 16.0 Hz, 1H), 7.13 (t, J = 7.2 

Hz, 2H), 6.65 (dd, J = 15.8, 7.1 Hz, 1H).

(E)-3-(3-hydroxy-4-methoxyphenyl)acrylaldehyde (2j). 1H NMR (500 

MHz, DMSO-d6): δ 9.58 (d, J = 7.8 Hz, 1H), 9.30 (s, 1H), 7.59 (d, J = 15.8 Hz, 

1H), 7.23 – 7.10 (m, 2H), 7.00 (d, J = 8.3 Hz, 1H), 6.60 (dd, J = 15.8, 7.8 Hz, 1H), 

3.83 (s, 3H).

(E)-5-methylhex-2-enal (2k). 1H NMR (500 MHz, CDCl3): δ 9.54 (d, J = 8.0 

Hz, 1H), 7.09 (dd, J = 15.3, 10.0 Hz, 1H), 6.08 (dd, J = 15.4, 8.0 Hz, 1H), 2.11 (t, 

J = 6.7 Hz, 2H), 1.74 (dh, J = 13.3, 6.6 Hz, 1H), 0.93 (d, J = 6.7 Hz, 6H).

Ethyl (E)-3-(4-hydroxyphenyl)acrylate (8h). 1H NMR (500 MHz, CDCl3): δ 

7.64 (d, J = 16.0 Hz, 1H), 7.40 (d, J = 8.6 Hz, 2H), 7.02 (s, 1H), 6.88 (d, J = 8.6 Hz, 

2H), 6.29 (d, J = 15.9 Hz, 1H), 4.27 (q, J = 7.1 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H).

Ethyl (E)-3-(3-hydroxy-4-methoxyphenyl)acrylate (8j). 1H NMR (500 

MHz, CDCl3): δ 7.58 (d, J = 15.9 Hz, 1H), 7.13 (d, J = 2.1 Hz, 1H), 7.01 (dd, 

J = 8.3, 2.1 Hz, 1H), 6.82 (d, J = 8.3 Hz, 1H), 6.28 (d, J = 15.9 Hz, 1H), 5.81 (s, 

1H), 4.24 (q, J = 7.1 Hz, 2H), 3.90 (s, 3H), 1.32 (t, J = 7.1 Hz, 3H).

(E)-4-(3-hydroxyprop-1-en-1-yl)phenol (9h). 1H NMR (500 MHz, DMSO-

d6): δ 9.48 (s, 1H), 7.22 (d, J = 8.5 Hz, 2H), 6.70 (d, J = 8.5 Hz, 2H), 6.41 (d, 

J = 16.0 Hz, 1H), 6.12 (dt, J = 15.9, 5.4 Hz, 1H), 4.79 (t, J = 5.5 Hz, 1H), 4.05 (t, 

J = 4.8 Hz, 2H).

(E)-5-(3-hydroxyprop-1-en-1-yl)-2-methoxyphenol (9j). 1H NMR (500 

MHz, DMSO-d6): δ 8.95 (s, 1H), 6.93 – 6.72 (m, 3H), 6.38 (d, J = 15.9 Hz, 1H), 

6.19 – 6.04 (m, 1H), 4.78 (t, J = 5.4 Hz, 1H), 4.06 (t, J = 4.7 Hz, 2H), 3.75 (s, 3H).
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3. Biocatalytic synthesis of γ-nitroaldehydes (3a-k) using 4-OT F50A

Reaction mixtures (20 mL) contained nitromethane (1, 25 mM), an α,β-

unsaturated aldehyde (2a-k, 3 mM, except for 2g which was used at 2 mM) and 

4-OT F50A enzyme (72 µM, except for 2g and 2i for which 36 µM enzyme was 

used) in HEPES buffer (20 mM, pH 6.5). Stock solutions of 2a-k were prepared 

in absolute ethanol. The reaction mixture was incubated at room temperature and 

the progress of the reaction was monitored by UV-VIS spectrophotometry (2a-j) 

or GC (2k). To monitor the progress of the enzyme catalyzed reactions of 2a-j 

with 1, aliquots (80 µL) were taken from the reaction mixture, diluted with 160 µL 

of 20 mM HEPES buffer (pH 6.5), and analyzed by UV-VIS spectrophotometry. 

To monitor the progress of the enzyme-catalyzed reaction of 2k with 1, aliquots 

(100 µL) were taken from the reaction mixture, extracted with toluene (100 

µL), and analyzed by GC. After the completion of the reactions, each reaction 

mixture was extracted with ethyl acetate (3 × 40 mL). The combined organic 

layers were washed with brine, dried over anhydrous Na2SO4, and concentrated 

under vacuo. The products 3a-e and 3h were obtained in high purity and did 

not require further column purification. The crude products of 3f, 3g, and 3i-k 

were further purified by silica gel column chromatography (petroleum ether/

ethyl acetate from 95:5 to 50:50).
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 (R)-4-nitro-3-phenylbutanal (3a). Yellow oil; yield = 92% (10.7 mg). 1H 

NMR (500 MHz, CDCl3): δ 9.71 (s, 1H), 7.37 – 7.33 (m, 2H), 7.31 – 7.27 (m, 1H), 

7.25 – 7.22 (m, 2H), 4.68 (dd, J = 12.5, 7.2 Hz, 1H), 4.62 (dd, J = 12.5, 7.5 Hz, 

1H), 4.08 (p, J = 7.3 Hz, 1H), 3.01 – 2.91 (m, 2H). The enantiomeric ratio (e.r.) of 

the enzymatic product 3a was determined by chiral GC (Astec® CHIRALDEX 

G-TA column; 30 m × 0.25 mm × 0.12 µm) using the following conditions: 10 

°C/min from 70 °C to 170 °C, followed by 20 min at 170 °C; flame ionization 

detection: tR (major) = 23.9 min, (minor) = 24.3 min. The absolute configuration 

of enzymatically prepared 3a was assigned by comparing to previously reported 

data.[3]

Figure S2. UV spectra monitoring the Michael addition of 1 to 2a catalyzed by 4-OT 
F50A in buffer [HEPES 20 mM/5% (v/v) ethanol)] at pH 6.5.
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Figure S3. 1H NMR spectrum of enzymatic product 3a.
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Figure S4. Chiral GC analysis of enzymatic product 3a.
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(S)-3-(2-chlorophenyl)-4-nitrobutanal (3b). Colorless oil; yield = 90% (12.2 

mg). 1H NMR (500 MHz, CDCl3): δ 9.74 (t, J = 1.1 Hz, 1H), 7.43 – 7.41 (m, 

1H), 7.28 – 7.21 (m, 3H), 4.78 (dd, J = 12.8, 6.8 Hz, 1H), 4.73 (dd, J = 12.8, 6.8 

Hz, 1H), 4.55 (p, J = 6.9 Hz, 1H), 3.12 – 3.00 (m, 2H). The enantiomeric ratio 

of the enzymatic product 3b was determined (after converting the aldehyde 

functionality into the corresponding alcohol) using reverse phase HPLC on 

a Chiralpak® ID column (150 mm × 4.6 mm, Daicel) (MeCN/water = 5:95, 

25℃) at a flow rate of 1 mL/min. UV detection at 220 nm: tR (minor) = 125.9 

min, (major) = 134.9 min. The assignment of the absolute configuration of 

enzymatically prepared 3b was based on earlier reported chiral HPLC-data.[2a]

Figure S5. UV spectra monitoring the Michael addition of 1 to 2b catalyzed by 4-OT 
F50A in buffer [HEPES 20 mM/5% (v/v) ethanol)] at pH 6.5.

2
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Figure S6. 1H NMR spectrum of enzymatic product 3b.

Figure S7. Chiral HPLC analysis of derivatized enzymatic product 3b.
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(R)-3-(3-chlorophenyl)-4-nitrobutanal (3c). Colorless oil; yield = 93% (12.7 

mg). 1H NMR (500 MHz, CDCl3): δ 9.71 (s, 1H), 7.29 – 7.27 (m, 2H), 7.23 – 7.22 

(m, 1H), 7.14 – 7.12 (m, 1H), 4.68 (dd, J = 12.7, 6.9 Hz, 1H), 4.60 (dd, J = 12.7, 7.8 

Hz, 1H), 4.06 (p, J = 7.1 Hz, 1H), 2.96 (dt, J = 7.0, 1.1 Hz, 2H). The enantiomeric 

ratio of the enzymatic product 3c was determined by reverse phase HPLC (after 

converting the aldehyde functionality into the corresponding alcohol) using a 

Chiralpak® ID column (150 mm × 4.6 mm, Daicel) (MeCN/water = 15:85, 25℃) 

at a flow rate of 1 mL/min. UV detection at 220 nm: tR (minor) = 8.5 min, 

(major) = 9.5 min. The assignment of the absolute configuration of enzymatically 

prepared 3c was based on earlier reported chiral HPLC data.[2a]

Figure S8. UV spectra monitoring the Michael addition of 1 to 2c catalyzed by 4-OT 
F50A in buffer [HEPES 20 mM/5% (v/v) ethanol)] at pH 6.5.

2
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Figure S9. 1H NMR spectrum of enzymatic product 3c.

Figure S10. HPLC analysis of derivatized enzymatic product 3c
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(R)-3-(4-chlorophenyl)-4-nitrobutanal (3d). Light yellow oil; yield = 93% 

(12.7 mg). 1H NMR (500 MHz, CDCl3): δ 9.71 (s, 1H), 7.34 – 7.31 (m, 2H), 7.19 

– 7.16 (m, 2H), 4.67 (dd, J = 12.6, 6.9 Hz, 1H), 4.59 (dd, J = 12.6, 7.9 Hz, 1H), 

4.07 (p, J = 7.1 Hz, 1H), 2.95 (dd, J = 7.0, 0.9 Hz, 2H). The enantiomeric ratio 

of the enzymatic product 3d was determined by reverse phase HPLC using 

a Chiralpak® AD-RH column (150 mm × 4.6 mm, Daicel) (MeCN/water = 

32:68, 25℃) at a flow rate of 0.5 mL/min. UV detection at 220 nm: tR (major) = 

27.6 min, (minor) = 29.6 min. The assignment of the absolute configuration of 

enzymatically prepared 3d was based on earlier reported chiral HPLC data.[3]

Figure S11. UV spectra monitoring the Michael addition of 1 to 2d catalyzed by 4-OT 
F50A in buffer [HEPES 20 mM/5% (v/v) ethanol)] at pH 6.5.
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Figure S12. 1H NMR spectrum of enzymatic product 3d.

Figure S13. HPLC analysis of the enzymatic product 3d.
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(S)-3-(2-methoxyphenyl)-4-nitrobutanal (3e). Light yellow oil; yield = 96% 

(12.8 mg). 1H NMR (500 MHz, CDCl3): δ 9.70 (s, 1H), 7.29 – 7.25 (m, 1H), 7.15 

(dd, J = 7.6, 1.7 Hz, 1H), 6.94 – 6.88 (m, 2H), 4.76 (dd, J = 12.5, 7.0 Hz, 1H), 

4.71 (dd, J = 12.5, 7.2 Hz, 1H), 4.29 (p, J = 7.1 Hz, 1H), 3.86 (s, 3H), 3.05 – 

2.95 (m, 2H). The enantiomeric ratio of enzymatic product 3e was determined 

by reverse phase HPLC (after converting the aldehyde functionality into the 

corresponding alcohol) using a Chiralpak® AD-RH column (150 mm × 4.6 

mm, Daicel) (MeCN/water = 7.5:92.5, 25℃) at a flow rate of 1 mL/min. UV 

detection at 220 nm: tR (minor) = 14.8 min, (major) = 16.2 min. The assignment 

of the absolute configuration of enzymatically prepared 3e was based on earlier 

reported chiral HPLC data.[2a]

Figure S14. UV spectra monitoring the Michael addition of 1 to 2e catalyzed by 4-OT 
F50A in buffer [HEPES 20 mM/5% (v/v) ethanol)] at pH 6.5.
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Figure S15. 1H NMR spectrum of enzymatic product 3e.

Figure S16. HPLC analysis spectra of derivatized enzymatic product 3e.
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(R)-3-(4-methoxyphenyl)-4-nitrobutanal (3f). Light yellow oil; yield = 80% 

(10.7 mg). 1H NMR (500 MHz, CDCl3): δ 9.69 (t, J = 1.2 Hz, 1H), 7.15 – 7.14 (m, 

2H), 6.87 – 6.86 (m, 2H), 4.64 (dd, J = 12.4, 7.2 Hz, 1H), 4.57 (dd, J = 12.4, 7.7 Hz, 

1H), 4.03 (p, J = 7.3 Hz, 1H), 3.78 (s, 3H), 2.96 – 2.86 (m, 2H). The enantiomeric 

ratio of the enzymatic product 3f was determined by reverse phase HPLC (after 

converting the aldehyde functionality into the corresponding alcohol) using a 

Chiralpak® AD-RH column (150 mm × 4.6 mm, Daicel) (MeCN/water = 15:85, 

25℃) at a flow rate of 1 mL/min. UV detection at 220 nm: tR (major) = 27.3 

min, (minor) = 36.3 min. The assignment of the absolute configuration of 

enzymatically prepared 3f was based on earlier reported chiral HPLC data.[2a]

Figure S17. UV spectra monitoring the Michael addition of 1 to 2f catalyzed by 4-OT 
F50A in buffer [HEPES 20 mM/5% (v/v) ethanol)] at pH 6.5.
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Figure S18. 1H NMR spectrum of enzymatic product 3f.

Figure S19. HPLC analysis spectra of derivatized enzymatic product 3f.
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(R)-4-nitro-3-(4-nitrophenyl)butanal (3g). Light yellow oil; yield = 75% 

(7.1 mg). 1H NMR (500 MHz, CDCl3): δ 9.74 (s, 1H), 8.22 (d, J = 8.7 Hz, 2H), 

7.45 (d, J = 8.7 Hz, 2H), 4.75 (dd, J = 12.9, 6.4 Hz, 1H), 4.67 (dd, J = 12.9, 8.2 

Hz, 1H), 4.24 – 4.19 (m, 1H), 3.04 – 3.02 (m, 2H). The enantiomeric ratio of 

enzymatic product 3g was determined by reverse phase HPLC (after converting 

the aldehyde functionality into the corresponding alcohol) using a Chiralpak® 

ID column (150 mm × 4.6 mm, Daicel) (MeCN/water = 15:85, 25℃) at a flow 

rate of 1 mL/min. UV detection at 220 nm: tR (major) = 17.4 min, (minor) = 20.1 

min. The assignment of the absolute configuration of enzymatically prepared 

3g was based on earlier reported chiral HPLC data.[2a]

Figure S20. UV spectra monitoring the Michael addition of 1 to 2g catalyzed by 4-OT 
F50A in buffer [HEPES 20 mM/5% (v/v) ethanol)] at pH 6.5.
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Figure S21. 1H NMR spectrum of enzymatic product 3g.

Figure S22. HPLC analysis of derivatized enzymatic product 3g.



67

Biocatalytic Asymmetric Michael Additions of Nitromethane to α,β-Unsaturated Aldehydes 
via Enzyme-bound Iminium Ion Intermediates

(R)-3-(4-hydroxyphenyl)-4-nitrobutanal (3h). Light yellow oil; yield = 71% 

(8.9 mg). 1H NMR (500 MHz, CDCl3): δ 9.70 (s, 1H), 7.12 – 7.09 (m, 2H), 6.82 

– 6.78 (m, 2H), 4.84 (s, 1H), 4.64 (dd, J = 12.4, 7.1 Hz, 1H), 4.57 (dd, J = 12.4, 

7.7 Hz, 1H), 4.02 (p, J = 7.3 Hz, 1H), 2.97 – 2.87 (m, 2H). The enantiomeric 

ratio of the enzymatic product 3h was determined by reverse phase HPLC (after 

converting the aldehyde functionality into the corresponding hemi acetal) using 

a Chiralpak® AD-RH column (150 mm × 4.6 mm, Daicel) (MeCN/water = 30:70, 

25℃) at a flow rate of 0.5 mL/min. UV detection at 210 nm: tR (major) = 16.8 

min, (minor) = 30.6 min. The assignment of the absolute configuration of 

enzymatically prepared 3h was based on earlier reported chiral HPLC data.[3]

Figure S23. UV spectra monitoring the Michael addition of 1 to 2h catalyzed by 4-OT 
F50A in buffer [HEPES 20 mM/5% (v/v) ethanol)] at pH 6.5.
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Figure S24. 1H NMR spectrum of enzymatic product 3h.

Figure S25. HPLC analysis of derivatized enzymatic product 3h.
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(R)-3-(4-fluorophenyl)-4-nitrobutanal (3i). Colorless oil; yield = 89% (11.3 

mg). 1H NMR (500 MHz, CDCl3): δ 9.70 (s, 1H), 7.23 – 7.20 (m, 2H), 7.05 – 

7.02 (m, 2H), 4.67 (dd, J = 12.6, 6.9 Hz, 1H), 4.59 (dd, J = 12.5, 7.9 Hz, 1H), 

4.07 (p, J = 7.2 Hz, 1H), 2.94 (dd, J = 7.1, 1.0 Hz, 2H). The enantiomeric ratio 

of the enzymatic product 3i was determined by reverse phase HPLC using a 

Chiralpak® AD-RH column (150 mm × 4.6 mm, Daicel) (MeCN/water = 15:85, 

25℃) at a flow rate of 0.5 mL/min. UV detection at 210 nm: tR (major) = 48.6 

min, (minor) = 51.7 min. The assignment of the absolute configuration of 

enzymatically prepared 3i was based on earlier reported chiral HPLC data.[3]

Figure S26. UV spectra monitoring the Michael addition of 1 to 2i catalyzed by 4-OT 
F50A in buffer [HEPES 20 mM/5% (v/v) ethanol)] at pH 6.5.

2



70

  

Chapter 2

Figure S27. 1H NMR spectrum of enzymatic product 3i

.

Figure S28. HPLC analysis of enzymatic product 3i.
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(R)-3-(3-hydroxy-4-methoxyphenyl)-4-nitrobutanal (3j). Colorless oil; 

yield = 73% (10.5 mg). 1H NMR (500 MHz, CDCl3): δ 9.69 (t, J = 1.2 Hz, 1H), 

6.81 – 6.78 (m, 2H), 6.72 (dd, J = 8.2, 2.3 Hz, 1H), 5.63 (s, 1H), 4.62 (dd, J = 12.4, 

7.2 Hz, 1H), 4.56 (dd, J = 12.4, 7.6 Hz, 1H), 3.99 (p, J = 7.3 Hz, 1H), 3.87 (s, 3H), 

2.94 – 2.84 (m, 2H). The enantiomeric ratio of the enzymatic product 3j was 

determined by reverse phase HPLC (after converting the aldehyde functionality 

into the corresponding cyclic acetal) using a Chiralpak® AD-RH column (150 

mm × 4.6 mm, Daicel) (MeCN/water = 30:70, 25℃) at a flow rate of 0.5 mL/

min. UV detection at 210 nm: tR (major) = 21.2 min, (minor) = 30.2 min. The 

assignment of the absolute configuration of enzymatically prepared 3j was based 

on earlier reported chiral HPLC data.[3]

Figure S29. UV spectra monitoring the Michael addition of 1 to 2j catalyzed by 4-OT 
F50A in buffer [HEPES 20 mM/5% (v/v) ethanol)] at pH 6.5.
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Figure S30. 1H NMR spectrum of enzymatic product 3j.

Figure S31. HPLC analysis of derivatized enzymatic product 3j.
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(S)-5-methyl-3-(nitromethyl)hexanal (3k). Colorless oil; yield = 61% (6.3 

mg). 1H NMR (500 MHz, CDCl3): δ 9.78 (s, 1H), 4.50 – 4.39 (m, 2H), 2.83 – 2.71 

(m, 1H), 2.67 (ddd, J = 18.4, 6.9, 0.7 Hz, 1H), 2.57 (ddd, J = 18.5, 5.6, 0.9 Hz, 

1H), 1.69 – 1.57 (m, 1H), 1.28 (dt, J = 7.1, 3.5 Hz, 2H), 0.94 (td, J = 15.1, 6.8 Hz, 

6H). The enantiomeric ratio of enzymatic product 3k was determined by chiral 

GC (Astec® CHIRALDEX G-TA column; 30 m × 0.25 mm × 0.12 µm) under 

the following conditions: 10 °C/min from 70 °C to 170 °C, followed by 20 min 

at 170 °C. Flame ionization detection: tR (major) = 22.3 min, (minor) = 22.6 min. 

The assignment of the absolute configuration of enzymatically prepared 3k was 

based on earlier reported chiral GC data.[3]

Figure S32. 1H NMR spectrum of enzymatic product 3k. 

2



74

  

Chapter 2

Figure S33. Chiral GC analysis of enzymatic product 3k.

4. Preparative-scale synthesis of (R)-3a
The total volume of the reaction mixture was 50 mL (HEPES buffer, 20 mM, 

pH 6.5). A stock solution of 2a (500 mM) in absolute ethanol was prepared. An 

aliquot of this stock solution (2.5 mL, 25 mM final concentration) was added to 

HEPES buffer (pH 6.5) containing nitromethane (1, 25 mM) and 4-OT F50A (350 

µM). The reaction mixture was incubated at room temperature and the progress 

of the reaction was monitored by UV-VIS spectrophotometry. For this, aliquots 

(10 µL) were taken from the reaction mixture, diluted with 240 µL of 20 mM 

HEPES buffer (pH 6.5), and then analyzed by UV-VIS spectrophotometry. After 

~50% of the substrate 2a was consumed, an additional 25 mM of nitromethane 

1 was added into the reaction mixture. After the completion of the reaction, the 

reaction mixture was extracted with ethyl acetate (3 × 40 mL). The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4, and 
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concentrated under vacuo to give crude product 3a with 96% conversion (1H 

NMR analysis). The crude product was further purified using flash column 

chromatography (silica gel, petroleum ether/ethyl acetate from 95:5 to 70:30) to 

give the pure compound (204.7 mg, 1.1 mmol, 85% yield). The enantiomeric ratio 

of purified product (R)-3a was determined using chiral GC as described above.

Figure S34. 1H NMR spectrum of enzymatic product 3a.
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Figure S35. Chiral GC analysis of enzymatic product 3a.

5. One-pot, four-step enzymatic cascade synthesis of γ-nitrobu-
tyric acids (7a-b)

The reaction mixture (20 mL) contained 5a (6.36 mg, 3 mM) or 5b (8.43 mg, 

3 mM), 4-OT F50A (219 µM), and ethanol (5% v/v) in HEPES buffer (20 mM, 

pH 7.3). The reaction was initiated by the addition of 4 (1 mL from a freshly 

prepared 3 M stock solution, 150 mM final concentration), and the reaction 

mixture was incubated at room temperature. The progress of the reaction was 

monitored by GC for 5a and UV-VIS spectrophotometry for 5b. After the 

reaction was completed, the pH of the reaction mixture was adjusted to pH 6.5, 

and nitromethane (27 µL, final concentration of 25 mM) was added and the 
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progress of the reaction was monitored by GC (consumption of 2a) or UV-VIS 

spectrophotometry (consumption of 2b). After the reaction was finished, the 

pH of the reaction mixture was adjusted to pH 8.5 followed by the addition of 

PRO-ALDH(003) (0.5 mg/mL), PRO-NOX(009) (1 mg/mL) and NAD+ (0.5 mM). 

After 30 min incubation, the pH was adjusted to pH 5.0, and the reaction mixture 

was extracted with ethyl acetate (3 × 40 mL). The combined organic layers were 

washed with brine, dried over anhydrous Na2SO4, and concentrated under vacuo. 

The crude product was purified by silica gel column chromatography (petroleum 

ether/ethyl acetate from 95:5 to 50:50) to obtain (R)-7a (6.7 mg, 53% yield) or 

(S)-7b (11.7 mg, 80% yield). The acid functionality of (R)-7a and (S)-7b was 

derivatized to the corresponding methyl ester and ethyl ester, respectively, based 

on the reported protocol for enantiomeric ratio analysis.[5] For derivatization, 

the compound 7a or 7b (0.1 mmol) was dissolved in dichloromethane (1 mL) 

and methanol or ethanol (0.2 mL), and cooled down to 0 °C. To this cooled 

solution, EDC.HCl (0.15 mmol) was added, followed by DMAP (0.01 mmol). 

After overnight incubation, the reaction mixture was quenched with saturated 

aq. NH4Cl and extracted with diethyl ether, and the combined organic layers 

were dried over anhydrous Na2SO4. The dried organic layer was concentrated 

under vacuo and the resulting product dissolved in acetonitrile for chiral HPLC 

analysis.

(R)-4-nitro-3-phenylbutanoic acid (7a). Yield = 53% (6.7 mg). 1H NMR 

(500 MHz, CDCl3): δ 7.38 – 7.26 (m, 3H), 7.26 – 7.20 (m, 2H), 4.72 (dd, J = 12.6, 

7.1 Hz, 1H), 4.63 (dd, J = 12.6, 7.8 Hz, 1H), 3.97 (p, J = 7.4 Hz, 1H), 2.83 (dd, 

J = 7.4, 2.3 Hz, 2H). The NMR data match previously reported NMR data for this 

compound.[5] The enantiopurity of derivatized 7a was analyzed by reverse phase 

HPLC using a chiral column (Chiralpak-ID, 150 mm x 4.6 mm, Daicel®) (MeCN/

water 30:70, 25 °C, 1 mL/min flow rate). Detection at 210 nm, retention time 

(R)-7a: 32.5 min, (S)-7a: 34.8 min. The assignment of the absolute configuration 

was based on earlier reported chiral HPLC data.[5]

2



78

  

Chapter 2

Figure S36. GC spectra monitoring the consumption of 5a and 2a, and the formation 
of 3a in the one-pot, four-steps cascade synthesis of γ-nitrobutyric acid 7a. A) 0 h. B) 
After 7 h, followed by addition of 1. C) After 12 h.
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Figure S37. 1H NMR spectrum of 7a obtained by enzymatic cascade synthesis.

Figure S38. Chiral HPLC analysis of derivatized enzymatic product 7a.
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(S)-3-(2-chlorophenyl)-4-nitrobutanoic acid (7b). Yield = 80% (11.7 mg). 
1H NMR (500 MHz, CDCl3): δ 7.45 – 7.39 (m, 1H), 7.29 – 7.21 (m, 3H), 4.84 – 

4.72 (m, 2H), 4.45 (p, J = 7.0 Hz, 1H), 3.01 – 2.87 (m, 2H); 13C NMR (126 MHz, 

CDCl3): δ 175.17, 135.21, 133.81, 130.52, 129.31, 128.14, 127.50, 77.32, 36.50, 

35.51; HRMS (ESI+): calcd. for C10H10ClNO4, 244.0371; found, 244.0367. The 

enantiopurity of derivatized 7b was analyzed by reverse phase HPLC using a 

chiral column (Chiralpak-ID, 150 mm x 4.6 mm, Daicel®) (MeCN/water 25:75, 

25 °C, 1 mL/min flow rate). Detection at 210 nm, retention time: (major) 18.9 min, 

(minor) 20.3 min. The assignment of the absolute configuration of enzymatically 

prepared 7b was based on the unambiguously established absolute configuration 

of its precursor 3b.

Figure S39. UV spectra monitoring the consumption of 5b (A) and 2b (B) in the one-pot 
four-steps cascade synthesis of γ-nitrobutyric acid 7b.
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Figure S40. 1H NMR spectrum of 7b obtained by enzymatic cascade synthesis.

Figure S41. 13C NMR spectrum of 7b obtained by enzymatic cascade synthesis.
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Figure S42. Chiral HPLC analysis of derivatized enzymatic product 7b.

6. Mass spectral analysis of modified and unmodified 4-OT 
F50A

An amount of 4-OT F50A (0.5 mg) was incubated with cinnamaldehyde (2a, 10 

mM) in 20 mM NaH2PO4 buffer (pH 7.3) for 1 h at 22 °C (total volume of 1 mL). 

In a separate control experiment, the same amount of 4-OT F50A was incubated 

without 2a under otherwise identical conditions. Subsequently, NaBH4 was 

added to both samples to give a final concentration of 25 mM, and the samples 

were incubated at 22 °C for 1 h. The buffer of the two incubation mixtures was 

exchanged against 20 mM NaH2PO4 buffer (pH 7.3) using separate pre-packed 

PD-10 Sephadex G-25 gelfiltration columns (GE Healthcare, Piscataway, NJ, 



83

Biocatalytic Asymmetric Michael Additions of Nitromethane to α,β-Unsaturated Aldehydes 
via Enzyme-bound Iminium Ion Intermediates

USA). The two purified 4-OT F50A proteins were analyzed by ESI-MS using 

the mass spectrometer system described below (Figure S43).

For the peptide mapping studies, 20 µL of each protein solution (0.5 mg/

mL) was diluted with 20 µL ammonium bicarbonate (100 mM, pH 8). Then, 10 

µL of a 10 ng/µL solution of endoproteinase GluC (Promega) was added and 

the mixture was incubated for 3 h at 37 °C. Subsequently, the samples were 

acidified and injected into the LC-MS system, consisting of an Ultimate 3000 

UHPLC equipped with a quaternary pump, an autosampler, and a column oven 

coupled by a HESI-II electrospray source to a Q-Exactive Orbitrap™-based mass 

spectrometer (all Thermo Scientific, San Jose, CA, USA). For LC separation, a 

BEH-C18 (1.7 µm particles, 50 × 2.1 mm) column (Waters, Milford, MA, USA) 

was used, with (A) water and (B) acetonitrile (both containing 0.1% v/v formic 

acid) as eluents. The following gradient was used: 5% B until 0.5 min, then linear 

to 90% B in 17.5 min. This composition was held for 2 min, after which a switch 

back to 5% B was performed in 0.1 min. After 2.9 min of equilibration, the next 

injection was performed. The LC flow rate was 350 µL/min, the LC column 

was kept at 60 °C and the injection volume was 10 µL. The HESI-II electrospray 

source was operated with the parameters recommended by the MS software for 

the LC flow rate used (spray voltage of 3.5 kV, positive mode); other parameters 

were sheath gas 40 AU, auxiliary gas 8 AU, cone gas 2 AU; capillary temperature 

325 °C; heater temperature 350 °C. The samples were measured in positive 

mode from m/z 300-2000 at a resolution of 70000 @ m/z 200 and a Top5 data 

dependant (DDA) scan was performed at a resolution of 17500 at m/z 200. The 

system was controlled using the software packages Xcalibur 4.1, SII for Xcalibur 

1.3 and Q-Exactive Tune 2.9 (all Thermo Scientific). For data processing Peaks 

studio X (Bioinformatics Solutions Inc., Waterloo, Ontario, Canada) was used. 

The identified peptide fragments are given in Figures S44 and S45. Selected ions 

of both samples were subjected to MS/MS analysis (Figure S46).
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Figure S43. ESI-MS spectra of labeled (A) and unlabeled (B) 4-OT F50A. (A) 4-OT 
F50A incubated with 10 mM 2a and afterwards treated with sodium borohydride (ex-
pected mass 6851 Da). (B) Unmodified 4-OT F50A treated with sodium borohydride 
(expected mass 6735 Da).

Figure S44. Peptide mapping data of labeled 4-OT F50A digested with protease GluC.
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Figure S45. Peptide mapping of unlabeled 4-OT F50A digested with protease GluC.
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Figure S46. MS/MS analysis of modified and unmodified peptide ions. A) MS/MS 
spectrum of the ion corresponding to the modified peptide PIAQIHILE obtained from 
4-OT F50A treated with 2a and sodium borohydride. B) MS/MS spectrum of the ion 
corresponding to the unmodified peptide PIAQIHILE obtained from 4-OT F50A treated 
with only sodium borohydride. The expected m/z of the b5 ion (PIAQI) of the modified 
peptide is 639 Da, whereas that of the unmodified peptide is 523 Da.
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ABSTRACT

Aromatic β-hydroxyaldehydes, 1,3-diols, and α,β-unsaturated aldehydes are 

valuable precursors to biologically active natural products and drug molecules. 

Herein we report the biocatalytic aldol condensation of acetaldehyde with various 

aromatic aldehydes to give a number of aromatic α,β-unsaturated aldehydes using 

a previously engineered variant of 4-oxalocrotonate tautomerase [4-OT(M45T/

F50A)] as carboligase. Moreover, an efficient one-pot two-step chemoenzymatic 

route towards chiral aromatic 1,3-diols has been developed. This one-pot 

chemoenzymatic strategy successfully combined a highly enantioselective aldol 

addition step catalyzed by a proline-based carboligase [4-OT(M45T/F50A) or 

TAUT015] with a chemical reduction step to convert enzymatically prepared 

aromatic β-hydroxyaldehydes into the corresponding 1,3-diols with high optical 

purity (e.r. up to >99:1) and in good isolated yield (51-92%). These developed 

(chemo)enzymatic methodologies offer alternative synthetic choices to prepare 

a variety of important drug precursors.

KEYWORDS
Biocatalysis; aldol reaction; aldolases; β-hydroxyaldehydes; carboligases
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The aldol reaction is one of the most important methodologies for the 

straightforward construction of carbon-carbon bonds in synthetic organic 

chemistry.1 This reaction allows complex chiral compounds to be rapidly 

assembled from simpler building blocks. Enzyme catalysis by using native and 

engineered aldolases offers a powerful strategy to perform this transformation.2 

With the discovery and engineering of novel aldolase activities, an increasing 

number of applications of aldolases in stereoselective synthesis have been 

reported.2e,2i Despite the rapidly expanding biocatalytic toolbox, aldolases that can 

use various aromatic aldehydes as acceptors for acetaldehyde addition are rare.2f-h 

Such aldolases would provide an attractive synthetic tool for the preparation of 

chiral precursors to various biologically active compounds and drug molecules.

Our group has previously reported that the enzyme 4-oxalocrotonate 

tautomerase (4-OT) from Pseudomonas putida mt-2 promiscuously catalyzes 

the cross-condensation of acetaldehyde (1) with benzaldehyde (2a) to give 

cinnamaldehyde (4a) (Scheme 1).3 It has been shown that 4-OT catalyzes both 

the initial aldol addition to yield 3-hydroxy-3-phenylpropanal (3a) as well as 

the subsequent rapid dehydration of 3a to give 4a, preventing the accumulation 

of chiral aldol adduct 3a in the reaction mixture.3a Rahimi and co-workers 

applied mutability landscape-guided protein engineering to further improve 

this promiscuous aldolase activity of 4-OT. This resulted in the identification 

of a double mutant, 4-OT M45T/F50A, with a remarkable 3300-fold improved 

catalytic efficiency (in terms of kcat/Km) over wild-type 4-OT.3b

Scheme 1. 4-OT catalyzed aldol condensation of acetaldehyde (1) with benzaldehyde 
(2a) to yield cinnamaldehyde (4a).

3
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Although cinnamaldehydes are valuable synthons in their own right, we 

were especially interested in the enzymatic preparation of chiral aromatic 

β-hydroxyaldehydes, and the corresponding 1,3-diols, which are important 

precursors to various natural products, bioactive compounds and drugs (Figure 

1).4,5 We envisioned that these chiral aldol adducts could be constructed by the 

enzymatic addition of acetaldehyde to selected aromatic aldehydes, yielding 

β-hydroxyaldehydes that are not (or slowly) dehydrated, allowing their 

accumulation in the reaction mixture. Chemical reduction of the enzymatically 

prepared aromatic β-hydroxyaldehydes would provide access to the corresponding 

aromatic 1,3-diols, which are key intermediates in the synthesis of drugs such 

as Fluoxetine (Figure 1).5

Figure 1. Chiral aromatic β-hydroxyaldehydes and cinnamaldehydes are valuable pre-
cursors to biologically active compounds and drugs.

Herein we report the 4-OT(M45T/F50A)-catalyzed synthesis of various 

aromatic α,β-unsaturated aldehydes, starting from acetaldehyde and a number 

of aromatic aldehydes, in good isolated yields. We also report the one-pot, two-

step chemoenzymatic asymmetric synthesis of various aromatic 1,3-diols with 

high optical purity (e.r. up to >99:1) and in good isolated yield (51-92%). This 

chemoenzymatic strategy highlights a highly stereoselective aldol addition of 

acetaldehyde to diverse aromatic aldehydes, catalyzed by either 4-OT(M45T/

F50A) or the newly identified carboligase TAUT015, yielding various 
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enantioenriched aromatic β-hydroxyaldehydes, which are chemically reduced 

into the corresponding 1,3-diols in the same pot. The applied carboligases 

accept a broad range of aromatic aldehydes for acetaldehyde additions, offering 

alternative synthetic choices to prepare important drug precursors.

We previously reported that an engineered variant of 4-OT (mutant M45T/

F50A) can efficiently catalyze the aldol condensation of acetaldehyde (1) with 

benzaldehyde (2a) to yield cinnamaldehyde (4a).3b This prompted us to start our 

investigations by testing a large set of twenty-five aromatic aldehydes (2b-y and 

2ac) as potential aldol acceptor substrates in the 4-OT(M45T/F50A)-catalyzed 

aldol reaction with donor substrate 1 (Scheme 2). The results demonstrate 

that the 4-OT(M45T/F50A) enzyme has a remarkably broad substrate scope, 

accepting nineteen aromatic aldehydes with electron withdrawing substituents 

(2b-t) as aldol acceptor substrates (Scheme 2, Figures S1-S19). On the contrary, 

aromatic aldehydes with electron-donating substituents (2u-y and 2ac) were not, 

or very poorly, accepted by 4-OT(M45T/F50A) (Scheme 2, Figures S20-S24, 

S28). While this may be attributed to unfavorable equilibrium constants for 

these aromatic aldehydes in the aldol addition with acetaldehyde, the electron 

donating properties of the substituents on the aromatic ring likely also lead to 

weak activation of the carbonyl carbon for nucleophilic attack.2j,2l

Scheme 2. Enzymatic aldol reaction of acetaldehyde (1) with various aromatic aldehydes 
(2) using promiscuous proline-based tautomerases as carboligases.

3



96

  

Chapter 3

Out of the nineteen well-accepted aromatic aldehydes, fourteen substrates 

undergo an aldol condensation reaction with formation of the corresponding 

α,β-unsaturated aldehydes, whereas five substrates (2k-n and 2s, see below) 

undergo conversion without significant formation of the corresponding α,β-

unsaturated aldehydes (Figure S1-S19). To demonstrate the synthetic usefulness 

of 4-OT(M45T/F50A) for the preparation of α,β-unsaturated aldehydes, nine 

aromatic aldehydes (2b-d, 2f-j and 2t) that could be efficiently converted by 

4-OT(M45T/F50A) were selected and used in semi-preparative scale synthesis 

(Scheme 3). The corresponding α,β-unsaturated aldehydes (4b-d, 4f-j and 4t) 

could be isolated in moderate to good yields (Scheme 3, Figures S30-S47). 

Notably, ortho-substituted benzaldehydes (e.g. 2b, 2f, 2h and 2i) were better 

accepted by 4-OT(M45T/F50A) than para-substituted benzaldehydes (2p, 2r, 

2o and 2q).6 These results underscore the potential of 4-OT(M45T/F50A) for the 

synthesis of versatile aromatic α,β-unsaturated aldehydes, which are important 

precursors to various abundantly prescribed drugs (Figure 1).4f

Scheme 3. Synthesis of aromatic α,β-unsaturated aldehydes from simpler building blocks 
using the carboligase 4-OT(M45T/F50A). aReaction conditions: reaction mixtures con-
sisted of 100 mM 1, 3 mM 2 and 0.1 mg/mL 4-OT (M45T/F50A) in 20 mM sodium 
phosphate buffer, 5% DMSO v/v, pH 7.3. The reaction volume was 60 mL. bReaction 
time (48 h, 72 h for 2t). cPurified by silica gel column chromatography.



97

Enantioselective Aldol Addition of Acetaldehyde to Aromatic Aldehydes Catalyzed by  
Proline-based Carboligases

Interestingly, for the 4-OT(M45T/F50A)-catalyzed aldol addition of 1 to 2k-n 

and 2s, depletion of the starting substrates was observed without significant 

accumulation of the corresponding α,β-unsaturated aldehydes (Figures S10-

S13, S18). These results led us to hypothesize that in these instances the 

initially formed aldol adducts, β-hydroxyaldehydes 3k-n and 3s, were not (or 

slowly) dehydrated and accumulated in the reaction mixture. To confirm this 

hypothesis, an analytical scale experiment was performed using 4-OT(M45T/

F50A) in NaPi buffer (0.3 mL, pH 7.3, 5% DMSO), containing 1 (50 mM) 

and 2k (2 mM). Reaction progress was monitored by following the depletion 

of 2k by UV-VIS spectrophotometry, and NaBH4 was added to the reaction 

mixture (after 1 h) to convert the aldol adduct into the more stable 1,3-diol 

5k. Analysis of chemoenzymatic product 5k by HPLC on a chiral stationary 

phase, using authentic standards with known absolute configuration, revealed 

high enantiocontrol at the site of addition with formation of the R enantiomer 

(e.r. = 94:6). These results demonstrate that the enzyme 4-OT(M45T/F50A) can 

indeed catalyze enantioselective aldol additions.

Having established that 4-OT(M45T/F50A) has potential for the asymmetric 

synthesis of enantioenriched aromatic β-hydroxyaldehydes, we first optimized 

the reaction conditions by varying the pH and the concentration of acetaldehyde, 

buffer and enzyme (Figure S88). Using the optimized conditions, the one-pot 

two-step chemoenzymatic cascade synthesis of aromatic 1,3-diols 5k-n and 5s, 

via enzymatically prepared β-hydroxyaldehydes 3k-n and 3s, was achieved with 

high enantioselectivity (e.r. up to 99:1) and in good isolated yield (63-92%) (Table 

1, Figures S48-S62).

3
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Table 1. Asymmetric chemoenzymatic synthesis of aromatic 1,3-diols using 4-OT(M45T/
F50A) as carboligase.a

Entry Aldol acceptor Product Reaction  
time [h]b

Isolated  
yield (%)c e.r.d Abs.  

Conf.

1
CHO

2kNC

OH

5kNC

OH

6 92 91:9 Re

2
CHO

2lCF3

OH

5lCF3

OH

7 63 90:10 Re

3
CHO

F
2m

F
F

F
F OH

F
5m

OH

F
F

F
F

2.5 88 90:10 Re

4

CHO

2nF
CN

OH

5n

OH

F
CN

5 70 92:8 Rf

5
CHON

2s

OH
N

5s

OH

1 65 99:1 Rf

aAssay conditions: acetaldehyde (1, 100 mM), aromatic aldehyde (2k-n, 2s, 2 mM) and 
purified 4-OT(M45T/F50A) (0.125-0.475 mg/mL) in 20 mM sodium phosphate buffer 
(MOPS for 2k), with 5% DMSO (v/v) as cosolvent, at pH 8.0 (pH 7.3 for 2s to increase 
its electrophilicity) and room temperature. The reaction volume was 40 mL. To reduce 
the aldehyde functionality of the enzymatic products 3k-n and 3s, NaBH4 (30 mM) 
was added to the reaction mixture followed by incubation for 3 h at room temperature. 
bReaction time of the enzymatic step. cIsolated yield of the aromatic 1,3-diol product. 
dDetermined by HPLC analysis on a chiral stationary phase using chemically synthesized 
racemic standards. eThe absolute configuration was determined by chiral HPLC using 
chemically prepared authentic standards with known (R) or (S) configuration. fThe 
absolute configuration was assigned based on analogy.
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To expand the number of enzymatically accessible β-hydroxyaldehyde 

products (e.g. 3b-d, 3f and 3g) in principle two different approaches can be 

used: (i) the use of protein engineering to create new variants of 4-OT(M45T/

F50A) that lack dehydration activity and possess unchanged or enhanced aldol 

addition activity, or (ii) the use of homologous enzymes that posses the desired 

aldol addition activity but lack dehydration activity. To selectively eliminate 

the dehydration activity of 4-OT(M45T/F50A), a structure-based approach 

is favored, which awaits the determination of the enzyme crystal structure 

complexed with one of the β-hydroxyaldehyde products (work in progress). In 

this study, we therefore have chosen to screen a panel of fifty commercially 

available 4-OT homologues for enzymes with the desired aldol addition activity 

to yield enantioenriched β-hydroxyaldehydes. For initial activity testing, we 

used donor substrate 1 and aldol acceptor substrate 2b. Interestingly, out of 

the fifty tested 4-OT homologues, three enzymes (TAUT015, TAUT021 and 

TAUT028) were found to show significant activity towards the aldol addition of 

1 to 2b to give the desired product 3b without promoting significant dehydration 

leading to formation of 4b (Figure S29). Notably, the same reaction catalyzed 

by 4-OT(M45T/F50A) resulted in the formation of α,β-unsaturated aldehyde 4b 

as the sole product, providing additional support that the β-hydroxyaldehyde 

dehydration step is enzyme catalyzed.

We next investigated the substrate scope of the best performing enzyme, 

TAUT015, which shows 28% overall sequence identity to 4-OT (Figure S89), 

in additions using 1 as donor substrate and a number of selected benzaldehyde 

derivatives as potential aldol acceptor substrates. The results show that, like 

4-OT(M45T/F50A), TAUT015 does not accept benzaldehydes with electron 

donating substituents (2u, 2v, 2z, 2aa and 2ab) on the aromatic ring (Figures S25-

S27). However, several benzaldehydes with electron withdrawing substituents 

(2b-d, 2f and 2g) were well accepted by TAUT015. Encouraged by these findings, 

semi-preparative scale reactions were carried out under optimized reaction 

3
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conditions. The reaction progress (1 with 2b-d, 2f and 2g) was monitored by 

UV-VIS spectrophotometry and the enzymatically prepared β-hydroxyaldehydes 

3b-d, 3f and 3g were reduced to the corresponding aromatic 1,3-diols (5b-d, 5f 

and 5g) using NaBH4. These one-pot, two-step chemoenzymatically prepared 

compounds 5b-d, 5f and 5g were obtained in good isolated yields (up to 72%) 

and with high e.r. values (e.r. up to >99:1) (Table 2, Figures S63-S87). Note that 

enzymatic access to these useful chiral synthons requires the use of TAUT015 

as carboligase and is not possible with 4-OT(M45T/F50A). Hence, the enzyme 

TAUT015 nicely supplements the toolbox of biocatalysts for the production of 

important chiral aromatic β-hydroxyaldehydes and corresponding 1,3-diols.

In conclusion, our results indicate that members of the 4-OT family of 

enzymes, which possess an uncommon catalytic amino-terminal proline, can 

function as novel carboligases, promoting the cross-aldol reaction of acetaldehyde 

with diverse aromatic aldehydes to give access to a range of important α,β-

unsaturated aldehydes as well as enantioenriched β-hydroxyaldehydes. It is 

feasible that their promiscuous aldol addition activities, which are beyond the 

synthetic scope of currently known aldolases, can be further optimized by 

directed evolution or computational redesign. It is important to emphasize that 

the controlled cross-aldol addition of acetaldehyde is a particularly challenging 

synthetic aim because acetaldehyde is a relatively reactive and difficult to tame 

chemical.5,7 Remarkably, the promiscuous 4-OT enzymes accept acetaldehyde as 

a nucleophile in aldol additions, which is unparalleled among the aldolases, with 

the notable exception of 2‐deoxy‐D‐ribose‐5‐phosphate aldolase (DERA) and d‐

fructose‐6‐phosphate aldolase (FSA), which are also able to use acetaldehyde as 

a nucleophilic substrate.2g,2k,2o As such, these proline-based 4-OT enzymes nicely 

complement the toolbox of biocatalysts for (asymmetric) C-C bond-formation, 

and open up new opportunities to develop practical enzymatic processes for 

the more sustainable and step-economic synthesis of valuable drug precursors 

starting from simple building blocks. Further screening of related proline-
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Table 2. Asymmetric chemoenzymatic synthesis of aromatic 1,3-diols using TAUT015 
as carboligase.a

Entry Aldol acceptor Product Reaction  
time [h]b

Isolated  
yield (%)c e.r.d Abs. 

Conf.e

1 CHO

2b

Cl

(R)

OH

5b

OHCl

4.5 72 >99:1 R

2
CHO

2c

Cl
(R)

OH

5c

OH
Cl 8.3 51 94:6 R

3 CHO

2d

Cl

Cl

(R)

OH

Cl
5d

OHCl

3.3 62 99:1 R

4 CHO

2f

NO2

(R)

OH

5f

OHNO2
6.5 69 99:1 R

5
CHO

2g

O2N
(R)

OH

5g

OH
O2N 11 56 89:11 R

aAssay conditions: acetaldehyde (1, 100 mM), benzaldehyde derivative (2b-d, 2f-g, 
2 mM) and enzyme (crude cell extract, 0.33 mg/mL) in 20 mM sodium phosphate 
buffer, containing 5% EtOH (v/v) as cosolvent, at pH 6.5 and room temperature. The 
specific enzyme activity was determined to be 0.044 U/mg CFE. Unit definition: 1 U of 
enzyme converts 1 µmol of 2b in 1 minute; assay conditions: 20 mM NaPi pH 6.5, 5% 
EtOH, 100 mM 1, 2 mM 2b. The reaction volume was 40 mL. To reduce the aldehyde 
functionality of 3b-d and 3f-g, NaBH4 (30 mM) was added to the reaction mixture 
followed by incubation for 3 h at room temperature. bReaction time of the enzymatic 
step. cIsolated yield of the aromatic 1,3-diol product. dDetermined by HPLC analysis on 
a chiral stationary phase using chemically synthesized racemic standards. eThe absolute 
configuration was determined by chiral HPLC using chemically prepared authentic 
standards with known (R) or (S) configuration.
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based enzymes might prove to be a valuable approach to discover new aldolase 

activities that could be exploited to develop synthetically useful biocatalysts for 

carbon-carbon bond formation.
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SUPPORTING INFORMATION

1. Materials and Methods

1.1 Materials

Chemicals were purchased from Sigma Aldrich, Across, Merck or Fluka (unless 

noted otherwise) and were used without further purification. The α,β-unsaturated 

aldehydes 2o-r were prepared using a previously reported method.[1a] Synthesis 

of racemic and enantiopure reference compounds, required for chiral analysis of 

enzymatic products, was done according to published protocols.[2]

1.2 General methods

NMR spectra were recorded on a Brucker 500 MHz spectrometer. Enzymatic 

assays were performed on a V-650 or V-660 spectrophotometer from Jasco 

(IJsselstein, The Netherlands). Reverse phase HPLC was carried out using an 

in-house analytical HPLC equipped with a Shimazu LC-10 AT pump and a 

Shimazu SPD-M10A diode array detector.

1.3 Protein expression and purification

The expression and purification of 4-OT(M45T/F50A) mutant was based on 

a protocol described elsewhere.[3] A sample of purified protein was analyzed 

by ESI-MS to confirm that the protein had been processed correctly and the 

initiating methionine had been removed. The purified protein was flash frozen 

in liquid nitrogen and stored at -80 °C until further use.

1.4 Chiral analysis

The enantiomeric ratio and absolute configuration of the chemoenzymatically 

synthesized compounds 5b-d, 5f-g and 5k-m was analyzed by chiral HPLC 

using chemically synthesized racemic 1,3-diols and enantiopure 1,3-diols as 
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reference compounds.[2a-b] For compounds 5n and 5s, the enantiomeric ratio was 

analyzed by chiral HPLC using chemically synthesized racemic 1,3-diols[2a] and 

the absolute configuration was based on analogy.

1.5 Analytical scale reactions

Enzymatic and non-enzymatic reactions between substrates 1 and 2 were 

monitored by following the depletion in the absorbance corresponding to the 

consumption of 2. Reaction conditions are given below each figure.

Figure S1. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2b (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) EtOH, 0.3 
mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S2. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2c (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S3. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2d (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) EtOH, 0.3 
mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S4. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2e (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) EtOH, 0.3 
mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S5. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2f (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S6. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2g (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S7. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2h (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S8. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2i (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S9. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2j (2 mM) cat-
alyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 0.3 
mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S10. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2k (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S11. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2l (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S12. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2m (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S13. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2n (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S14. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2o (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S15. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2p (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) EtOH, 0.3 
mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S16. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2q (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) EtOH, 0.3 
mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S17. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2r (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

3



112

  

Chapter 3

Figure S18. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2s (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S19. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2t (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S20. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2u (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) EtOH, 0.3 
mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S21. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2v (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S22. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2w (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S23. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2x (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S24. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2y (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S25. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2z (2 mM) 
catalyzed by TAUT015 (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) EtOH, 0.3 mL] at 
pH 6.5. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S26. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2aa (2 mM) 
catalyzed by TAUT015 (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) EtOH, 0.3 mL] at 
pH 6.5. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S27. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2ab (2 mM) 
catalyzed by TAUT015 (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) EtOH, 0.3 mL] at 
pH 6.5. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S28. UV spectra monitoring the aldol reaction of 1 (50 mM) with 2ac (2 mM) 
catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO, 
0.3 mL] at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

2. Screening of 4-OT homologues for aldol addition activity
Fifty 4-OT homologues (selected by Prozomix from in-house metagenomes) 

were provided as crude cell-free extracts (CFEs) by Prozomix Ltd (Station Court, 

Haltwhistle, Northumberland, UK), and used without any further purification. 

The aldol addition activity of the 4-OT homologues was determined using the 

donor substrate 1 and aldol acceptor substrate 2b. Briefly, the reaction mixtures 

(300 µL) consisted of CFE (1 mg/mL), 1 (50 mM), 2b (2 mM) and ethanol (5% 

v/v) in 20 mM NaPi buffer (pH 6.5). The reaction was initiated by the addition 
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of 15 µL from a stock solution of 2b (20 mM in ethanol). The progress of the 

reaction was monitored by following the depletion in absorbance at 249 nm, 

which corresponds to the consumption of 2b (Figure S29).

Figure S29. Screening of 4-OT homologues for the aldol addition of 1 (50 mM) to 2b 
(2 mM). A. General screening results. The conversion (%) was caculated based on the 
amount of 2b consumed. B, C and D. UV spectra monitoring the aldol addition of 1 
(50 mM) to 2b (2 mM) catalyzed by TAUT015 (B), TAUT021 (C) and TAUT028 (D).
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3. Biocatalytic synthesis of α,β-unsaturated aldehydes (4b-d, 
4f-j and 4t) using 4-OT(M45T/F50A)

Reaction mixtures (60 mL) contained acetaldehyde (1, 100 mM), aromatic 

aldehydes (2b-d, 2f-j and 2t, 3 mM) and 4-OT(M45T/F50A) enzyme (0.1 mg/

mL) in NaPi buffer (20 mM, pH 7.3). Stock solutions of 2b-d, 2f-j and 2t were 

prepared in DMSO. The reaction mixture was incubated at room temperature 

and reaction progress was monitored by UV-vis spectrophotometry. After the 

completion of the reaction, the reaction mixture was extracted with ethyl acetate 

(3 × 40 mL). The combined organic layers were washed with brine, dried over 

anhydrous Na2SO4, and concentrated under vacuo. The crude products 4b-d, 4f-j 

and 4t were further purified by silica gel column chromatography (petroleum 

ether/ethyl acetate from 95:5 to 50:50).

(E)-3-(2-chlorophenyl)acrylaldehyde (4b).[1a] White solid; yield = 81% (24 

mg). 1H NMR (500 MHz, CDCl3) δ 9.76 (d, J = 7.7 Hz, 1H), 7.94 (d, J = 16.0 

Hz, 1H), 7.66 (dd, J = 7.7, 1.7 Hz, 1H), 7.46 (dd, J = 7.9, 1.3 Hz, 1H), 7.39 – 7.29 

(m, 2H), 6.70 (dd, J = 16.0, 7.7 Hz, 1H). The 1H NMR data is in agreement with 

published data. [1a]

Figure S30. UV spectra monitoring the aldol condensation of 1 (100 mM) with 2b (3 
mM) catalyzed by 4-OT(M45T/F50A) (0.1 mg/mL) in buffer [20 mM NaPi/5% (v/v) 
DMSO] at pH 7.3.
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Figure S31. 1H NMR spectrum of enzymatic compound 4b.

(E)-3-(3-chlorophenyl)acrylaldehyde (4c).[1a] White solid; yield = 70% (21 

mg). 1H NMR (500 MHz, CDCl3) δ 9.72 (d, J = 7.6 Hz, 1H), 7.55 (t, J = 1.7 Hz, 

1H), 7.48 – 7.42 (m, 2H), 7.42 – 7.36 (m, 2H), 6.71 (dd, J = 16.0, 7.6 Hz, 1H). The 
1H NMR data is in agreement with published data. [1a]

Figure S32. UV spectra monitoring the aldol condensation of 1 (100 mM) with 2c (3 
mM) catalyzed by 4-OT(M45T/F50A) (0.1 mg/mL) in buffer [20 mM NaPi/5% (v/v) 
DMSO] at pH 7.3.
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Figure S33. 1H NMR spectrum of enzymatic compound 4c.

(E)-3-(2,4-dichlorophenyl)acrylaldehyde (4d).[1b] White solid; yield = 71% 

(25 mg). 1H NMR (500 MHz, CDCl3) δ 9.76 (d, J = 7.6 Hz, 1H), 7.86 (d, J = 16.0 

Hz, 1H), 7.60 (d, J = 8.5 Hz, 1H), 7.49 (d, J = 2.1 Hz, 1H), 7.32 (dd, J = 8.5, 1.8 

Hz, 1H), 6.69 (dd, J = 16.0, 7.6 Hz, 1H). The 1H NMR data is in agreement with 

published data. [1b]

Figure S34. UV spectra monitoring the aldol condensation of 1 (100 mM) with 2d (3 
mM) catalyzed by 4-OT(M45T/F50A) (0.1 mg/mL) in buffer [20 mM NaPi/5% (v/v) 
DMSO] at pH 7.3.
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Figure S35. 1H NMR spectrum of enzymatic compound 4d.

(E)-3-(2-nitrophenyl)acrylaldehyde (4f).[1c] White solid; yield = 73% (23 

mg). 1H NMR (500 MHz, CDCl3) δ 9.78 (d, J = 7.4 Hz, 1H), 8.42 (t, J = 1.9 Hz, 

1H), 8.30 (ddd, J = 8.2, 2.2, 0.9 Hz, 1H), 7.90 (d, J = 7.7 Hz, 1H), 7.65 (t, J = 8.0 

Hz, 1H), 7.54 (d, J = 16.1 Hz, 1H), 6.82 (dd, J = 16.1, 7.4 Hz, 1H). The 1H NMR 

data is in agreement with published data. [1c]

Figure S36. UV spectra monitoring the aldol condensation of 1 (100 mM) with 2f (3 
mM) catalyzed by 4-OT(M45T/F50A) (0.1 mg/mL) in buffer [20 mM NaPi/5% (v/v) 
DMSO] at pH 7.3.
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Figure S37. 1H NMR spectrum of enzymatic compound 4f.

(E)-3-(3-nitrophenyl)acrylaldehyde (4g).[1d] White solid; yield = 61% (16 

mg). 1H NMR (500 MHz, CDCl3) δ 9.79 (d, J = 7.7 Hz, 1H), 8.12 (d, J = 8.2 Hz, 

1H), 8.05 (d, J = 15.9 Hz, 1H), 7.74 – 7.66 (m, 2H), 7.65 – 7.58 (m, 1H), 6.64 (dd, 

J = 15.8, 7.7 Hz, 1H). The 1H NMR data is in agreement with published data. [1d]

Figure S38. UV spectra monitoring the aldol condensation of 1 (100 mM) with 2g (3 
mM) catalyzed by 4-OT(M45T/F50A) (0.1 mg/mL) in buffer [20 mM NaPi/5% (v/v) 
DMSO] at pH 7.3.
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Figure S39. 1H NMR spectrum of enzymatic compound 4g.

(E)-3-(2-fluorophenyl)acrylaldehyde (4h).[1b] White solid; yield = 79% (21 

mg). 1H NMR (500 MHz, CDCl3) δ 9.72 (d, J = 7.7 Hz, 1H), 7.66 (d, J = 16.2 Hz, 

1H), 7.59 (td, J = 7.6, 1.7 Hz, 1H), 7.43 (dddd, J = 8.3, 7.2, 5.3, 1.7 Hz, 1H), 7.25 

– 7.19 (m, 1H), 7.15 (ddd, J = 10.5, 8.3, 1.0 Hz, 1H), 6.79 (dd, J = 16.2, 7.7 Hz, 

1H). The 1H NMR data is in agreement with published data. [1b]

Figure S40. UV spectra monitoring the aldol condensation of 1 (100 mM) with 2h (3 
mM) catalyzed by 4-OT(M45T/F50A) (0.1 mg/mL) in buffer [20 mM NaPi/5% (v/v) 
DMSO] at pH 7.3.
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Figure S41. 1H NMR spectrum of enzymatic compound 4h.

(E)-3-(2-bromophenyl)acrylaldehyde (4i).[1c] White solid; yield = 85% (32 

mg). 1H NMR (500 MHz, CDCl3) δ 9.78 (d, J = 7.7 Hz, 1H), 7.91 (d, J = 15.9 

Hz, 1H), 7.66 (dt, J = 7.7, 1.2 Hz, 2H), 7.41 – 7.35 (m, 1H), 7.29 (td, J = 7.8, 1.6 

Hz, 1H), 6.68 (dd, J = 15.9, 7.7 Hz, 1H). The 1H NMR data is in agreement with 

published data. [1c]

Figure S42. UV spectra monitoring the aldol condensation of 1 (100 mM) with 2i (3 
mM) catalyzed by 4-OT(M45T/F50A) (0.1 mg/mL) in buffer [20 mM NaPi/5% (v/v) 
DMSO] at pH 7.3.
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Figure S43. 1H NMR spectrum of enzymatic compound 4i.

(E)-3-(2,3,5,6-tetrafluorophenyl)acrylaldehyde (4j). White solid; 

yield = 85% (31 mg). 1H NMR (500 MHz, CDCl3) δ 9.75 (d, J = 7.5 Hz, 1H), 

7.52 (d, J = 16.5 Hz, 1H), 7.23 – 7.11 (m, 1H), 7.02 (dd, J = 16.5, 7.4 Hz, 1H). 13C 

NMR (126 MHz, CDCl3) δ 193.61, 147.19, 146.00, 145.21, 143.97, 136.27, 135.72, 

135.66, 135.59, 114.86, 108.21, 108.03, 107.85. HRMS (ESI+): calcd. for C9H5F4O 

[M+H]+: 205.0277, found: 205.0268.

Figure S44. UV spectra monitoring the aldol condensation of 1 (100 mM) with 2j (3 
mM) catalyzed by 4-OT(M45T/F50A) (0.1 mg/mL) in buffer [20 mM NaPi/5% (v/v) 
DMSO] at pH 7.3.
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Figure S45. 1H NMR (top) and 13C NMR (bottom) spectra of enzymatic compound 4j.
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(E)-3-(furan-2-yl)acrylaldehyde (4t).[1e] White solid; yield = 23% (5 mg). 
1H NMR (500 MHz, CDCl3) δ 9.61 (d, J = 7.9 Hz, 1H), 7.56 (d, J = 1.5 Hz, 1H), 

7.22 (d, J = 15.7 Hz, 1H), 6.77 (d, J = 3.4 Hz, 1H), 6.58 (dd, J = 15.7, 7.9 Hz, 1H), 

6.53 (dd, J = 3.4, 1.8 Hz, 1H). The 1H NMR data is in agreement with published 

data. [1e]

Figure S46. UV spectra monitoring the aldol condensation of 1 (100 mM) with 2t (3 
mM) catalyzed by 4-OT(M45T/F50A) (0.1 mg/mL) in buffer [20 mM NaPi/5% (v/v) 
DMSO] at pH 7.3.

Figure S47. 1H NMR spectrum of enzymatic compound 4t.
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4. Chemoenzymatic synthesis of 1,3-diols (5k-n and 5s) using 
4-OT(M45T/F50A)

The reaction was performed in NaPi buffer (MOPS buffer for 2k) [20 mM, 

pH 8.0 (pH 7.3 for 2s), 40 mL]. Stock solutions of 2k-n and 2s (40 mM) were 

prepared in DMSO. From the stock solution of aldol acceptor substrate, 2 mL 

(2 mM final concentration) was added to buffer containing acetaldehyde (1, 

100 mM) and an appropriate amount of purified enzyme 4-OT(M45T/F50A) 

(0.125-0.475 mg/mL). The reaction mixture was incubated at room temperature 

and the progress of the reaction was monitored by UV-vis spectrophotometry, 

following the consumption of 2k-n and 2s. When there was no further depletion 

of the substrates 2k-n and 2s, NaBH4 was added into the reaction mixture (final 

concentration 30 mM). After 3 h of incubation at rt, the reaction mixture was 

extracted with ethyl acetate (3 × 40 mL). The combined organic layers were 

washed with brine, dried over anhydrous Na2SO4, and concentrated under vacuo. 

The crude products 5k-n and 5s were further purified by silica gel column 

chromatography (using petroleum ether/ethyl acetate from 95:5 to 50:50). The 

aromatic aldehydes 2k-n and 2s were used at a concentration of 2 mM to allow 

for easy monitoring of their consumption by UV-vis spectrophotometry. Notably, 

slightly higher reaction rates can be achieved when using these aldol acceptor 

substrates at a concentration of 10 mM.

(R)-4-(1,3-dihydroxypropyl)benzonitrile (5k).[4] Clear oil; yield = 92% (13 

mg). 1H NMR (500 MHz, CDCl3) δ 7.64 (d, J = 8.2 Hz, 2H), 7.49 (d, J = 8.1 Hz, 

2H), 5.09 – 4.97 (m, 1H), 3.89 (q, J = 4.7 Hz, 2H), 3.51 (d, J = 3.0 Hz, 1H), 2.31 (s, 

1H), 1.94 (q, J = 5.6 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 149.86, 132.45 (2xC), 

126.47 (2xC), 118.97, 111.25, 73.67, 61.45, 40.35. The NMR data are in agreement 

with published data. [4] The enantiomeric ratio of chemoenzymatic product 5k 

was determined using reverse phase HPLC on a Chiralpak® ID column (150 

mm × 4.6 mm, Daicel) (MeCN/water = 7:93, 20℃) at a flow rate of 1 mL/min. 

UV detection at 210 nm: tR:(major) = 11.6 min, (minor) = 16.8 min. The absolute 
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configuration of 5k was assigned by chiral HPLC using chemically prepared 

authentic standards with known configuration.

Figure S48. UV spectra monitoring the aldol addition of 1 (100 mM) to 2k (2 mM) cat-
alyzed by 4-OT(M45T/F50A) (0.475 mg/mL) in buffer [20 mM MOPS/5% (v/v) DMSO)] 
at pH 8.0. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S49. 1H NMR (top) and 13C NMR (bottom) spectra of chemoenzymatic product 
5k.

3



130

  

Chapter 3

Figure S50. Chiral HPLC analysis of chemoenzymatic product 5k.

(R)-1-(4-(trifluoromethyl)phenyl)propane-1,3-diol (5l).[2b] White solid; 

yield = 63% (11 mg). 1H NMR (500 MHz, CDCl3) δ 7.61 (d, J = 8.2 Hz, 2H), 

7.49 (d, J = 8.1 Hz, 2H), 5.10 – 5.00 (m, 1H), 3.90 (q, J = 4.9 Hz, 2H), 3.22 (d, 

J = 2.9 Hz, 1H), 2.22 (t, J = 4.1 Hz, 1H), 2.06 – 1.90 (m, 2H). 13C NMR (126 

MHz, CDCl3) δ 148.39, 129.95, 129.69, 126.05, 125.61, 125.58, 125.55, 125.52, 

73.84, 61.52, 40.47. The NMR data are in agreement with published data. [2b] 

The enantiomeric ratio of chemoenzymatic product 5l was determined using 

normal phase HPLC on a Chiralpak® IC column (150 mm × 4.6 mm, Daicel) 

(Heptane/IPA = 95:5, 30℃) at a flow rate of 0.5 mL/min. UV detection at 210 

nm: tR:( minor) = 13.09 min, (major) = 14.73 min. The absolute configuration of 

chemoenzymatically prepared 5l was assigned by chiral HPLC using chemically 

prepared authentic standards with known configuration.

Figure S51. UV spectra monitoring the aldol addition of 1 (100 mM) to 2l (2 mM) cat-
alyzed by 4-OT(M45T/F50A) (0.125 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO] 
at pH 8.0. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S52. 1H NMR (top) and 13C NMR (bottom) spectra of chemoenzymatic product 
5l.
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Figure S53. Chiral HPLC analysis of chemoenzymatic product 5l.

(R)-1-(perfluorophenyl)propane-1,3-diol (5m).[2b] White solid; yield = 88% 

(17 mg). 1H NMR (500 MHz, CDCl3) δ 5.33 (d, J = 8.7 Hz, 1H), 3.98 – 3.81 (m, 

2H), 3.37 (s, 1H), 2.38 – 2.30 (m, 1H), 2.27 (s, 1H), 2.01 – 1.89 (m, 1H). 13C 

NMR (126 MHz, CDCl3) δ 145.93, 143.97, 141.77, 139.75, 138.72, 136.71, 116.84, 

65.43, 61.03, 38.08. The NMR data are in agreement with published data. [2b] 

The enantiomeric ratio of chemoenzymatic product 5m was determined using 

reverse phase HPLC on a Chiralpak® ID column (150 mm × 4.6 mm, Daicel) 

(MeCN/water = 7:93, 20℃) at a flow rate of 1 mL/min. UV detection at 210 

nm: tR:(major) = 14.7 min, (minor) = 23.8 min. The absolute configuration of 

chemoenzymatically prepared 5m was assigned by chiral HPLC using chemically 

prepared authentic standards with known configuration.
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Figure S54. UV spectra monitoring the aldol addition of 1 (100 mM) to 2m (2 mM) 
catalyzed by 4-OT(M45T/F50A) (0.25 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO] 
at pH 8.0. A. Enzymatic reaction. B. Non-enzymatic reaction. 3
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Figure S55. 1H NMR (top) and 13C NMR (bottom) spectra of chemoenzymatic product 
5m.
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Figure S56. Chiral HPLC analysis of chemoenzymatic product 5m.

(R)-5-(1,3-dihydroxypropyl)-2-fluorobenzonitrile (5n). White solid; 

yield = 70% (11 mg). 1H NMR (500 MHz, CDCl3) δ 7.67 (dd, J = 6.0, 2.2 Hz, 1H), 

7.62 (ddd, J = 7.5, 5.1, 2.3 Hz, 1H), 7.20 (t, J = 8.7 Hz, 1H), 5.06 – 4.98 (m, 1H), 

3.98 – 3.88 (m, 2H), 3.47 (d, J = 2.6 Hz, 1H), 2.04 (s, 1H), 2.02 – 1.88 (m, 2H). 13C 

NMR (126 MHz, CDCl3) δ 163.47, 161.41, 141.72, 132.54, 132.47, 130.79, 116.65, 

116.49, 114.14, 72.97, 61.55, 40.44. HRMS (ESI+): calcd. for C10H11FNO2 [M+H]+: 

196.0774, found: 196.0766. The enantiomeric ratio of chemoenzymatic product 

5n was determined using reverse phase HPLC on a Chiralpak® ID column (150 

mm × 4.6 mm, Daicel) (MeCN/water = 7:93, 20℃) at a flow rate of 1 mL/min. 

UV detection at 210 nm: tR:(major) = 13.7 min, (minor) = 27.1 min. The absolute 

configuration of chemoenzymatically prepared 5n was tentatively assigned based 

on analogy.

Figure S57. UV spectra monitoring the aldol addition of 1 (100 mM) to 2n (2 mM) 
catalyzed by 4-OT(M45T/F50A) (0.25 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO] 
at pH 8.0. A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S58. 1H NMR (top) and 13C NMR (bottom) spectra of chemoenzymatic product 
5n.
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Figure S59. Chiral HPLC analysis of chemoenzymatic product 5n.

(R)-1-(pyridin-2-yl)propane-1,3-diol (5s).[5] Clear oil; yield = 65% (8 mg). 
1H NMR (500 MHz, CDCl3) δ 8.55 (d, J = 4.7 Hz, 1H), 7.72 (td, J = 7.6, 1.4 Hz, 

1H), 7.32 (d, J = 7.9 Hz, 1H), 7.23 (dd, J = 7.4, 5.1 Hz, 1H), 5.00 (dd, J = 8.4, 3.2 

Hz, 1H), 4.59 (s, 1H), 3.99 – 3.81 (m, 2H), 2.87 (s, 1H), 2.17 – 2.08 (m, 1H), 1.98 

– 1.87 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 161.52, 148.30, 137.11, 122.60, 

120.24, 72.78, 61.26, 39.99. The NMR data are in agreement with published 

data. [5]
 The enantiomeric ratio of chemoenzymatic product 5s was determined 

using reverse phase HPLC on a Chiralpak® ID column (150 mm × 4.6 mm, 

Daicel) (MeCN/water = 7:93, 20 ℃) at a flow rate of 0.5 mL/min. UV detection 

at 210 nm: tR:(major) = 7.3 min, (minor) = 9.2 min. The absolute configuration 

of chemoenzymatically prepared 5s was tentatively assigned based on analogy.

3
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Figure S60. UV spectra monitoring the aldol addition of 1 (100 mM) to 2s (2 mM) cat-
alyzed by 4-OT(M45T/F50A) (0.125 mg/mL) in buffer [20 mM NaPi/5% (v/v) DMSO] 
at pH 7.3. A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S61. 1H NMR (top) and 13C NMR (bottom) spectra of chemoenzymatic product 
5s.



139

Enantioselective Aldol Addition of Acetaldehyde to Aromatic Aldehydes Catalyzed by  
Proline-based Carboligases

Figure S62. Chiral HPLC analysis of chemoenzymatic product 5s.

5. Chemoenzymatic synthesis of 1,3-diols (5b-d and 5f-g) using 
TAUT015

The reaction was performed in NaPi buffer (20 mM, pH 6.5, 40 mL). Stock 

solutions of 2b-d and 2f-g (40 mM) were prepared in absolute ethanol. From 

the stock solution, 2 mL (2 mM final concentration of the aldol acceptor 

substrate) was added to the NaPi buffer containing acetaldehyde (100 mM) and 

an appropriate amount of TAUT015 (crude extract, 0.33 mg/mL). The reaction 

mixture was incubated at room temperature and the progress of the reaction was 

monitored by UV-vis spectrophotometry, following the consumption of 2b-d and 

2f-g. When there was no further depletion of the substrates 2b-d and 2f-g, NaBH4 

was added into the reaction mixture (final concentration 30 mM). After 3 h of 

incubation at rt, the reaction mixture was extracted with ethyl acetate (3 × 40 

mL). The combined organic layers were washed with brine, dried over anhydrous 

Na2SO4, and concentrated under vacuo. The crude products 5b-d and 5f-g were 

further purified by silica gel column chromatography (using petroleum ether/

ethyl acetate from 95:5 to 50:50).

3
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(R)-1-(2-chlorophenyl)propane-1,3-diol (5b).[2b] yellowish oil; yield = 72% 

(11 mg). 1H NMR (500 MHz, CDCl3) δ 7.62 (dd, J = 7.7, 1.4 Hz, 1H), 7.33 – 7.28 

(m, 2H), 7.20 (td, J = 7.6, 1.7 Hz, 1H), 5.34 (dd, J = 8.8, 2.6 Hz, 1H), 3.93 – 3.83 

(m, 2H), 3.45 (s, 1H), 2.68 (s, 1H), 2.09 – 1.99 (m, 1H), 1.94 – 1.84 (m, 1H). The 
1H NMR data is in agreement with published data. [2b] The enantiomeric ratio 

(e.r.) of chemoenzymatic product 5b was determined by reverse phase HPLC 

using a Chiralpak® ID column (150 mm × 4.6 mm, Daicel) (MeCN/water = 5:95, 

25℃) at a flow rate of 1 mL/min. UV detection at 220 nm: tR:(major) = 11.1 min, 

(minor) = 12.5 min.

Figure S63. UV spectra monitoring the aldol addition of 1 (100 mM) to 2b (2 mM) 
catalyzed by TAUT015 (0.33 mg/mL) in NaPi buffer [20 mM/5% (v/v) EtOH] at pH 6.5. 
A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S64. 1H NMR spectrum of chemoenzymatic product 5b.

 

Figure S65. HPLC analysis of racemic 5b.

3
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Figure S66. HPLC analysis of authentic standard (R)-5b

Figure S67. HPLC analysis of chemoenzymatic product 5b.

(R)-1-(3-chlorophenyl)propane-1,3-diol (5c).[6] yellowish oil; yield = 51% 

(8 mg). 1H NMR (500 MHz, CDCl3) δ 7.29 (t, J = 2.1 Hz, 1H), 7.24 – 7.18 (m, 

2H), 7.14 – 7.11 (m, 1H), 4.78 (dd, J = 8.3, 4.4 Hz, 1H), 4.11 (s, 2H), 3.75 – 3.62 

(m, 2H), 1.87 – 1.76 (m, 2H). The 1H NMR data is in agreement with published 

data. [6] The enantiomeric ratio of chemoenzymatic product 5c was determined by 

reverse phase HPLC using a Chiralpak® ID column (150 mm × 4.6 mm, Daicel) 

(MeCN/water = 10:90, 25℃) at a flow rate of 1 mL/min. UV detection at 220 

nm: tR:(major) = 9.7 min, (minor) = 14.1 min.
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Figure S68. UV spectra monitoring the aldol addition of 1 (100 mM) to 2c (2 mM) 
catalyzed by TAUT015 (0.33 mg/mL) in NaPi buffer [20 mM/5% (v/v) EtOH] at pH 6.5. 
A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S69. 1H NMR spectrum of chemoenzymatic product 5c.

3
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Figure S70. HPLC analysis of racemic 5c.

Figure S71. HPLC analysis of authentic standard (S)-5c.
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Figure S72. HPLC analysis of chemoenzymatic product 5c.

(R)-1-(2,4-dichlorophenyl)propane-1,3-diol (5d).[7] yellowish oil; 

yield = 62% (11 mg). 1H NMR (500 MHz, CDCl3) δ 7.49 (d, J = 8.4 Hz, 1H), 

7.30 (d, J = 2.0 Hz, 1H), 7.24 (dd, J = 8.4, 1.8 Hz, 1H), 5.22 (dd, J = 8.7 Hz, 1H), 

4.21 (s, 1H), 3.88 – 3.77 (m, 2H), 3.29 (s, 1H), 2.01 – 1.89 (m, 1H), 1.86 – 1.72 (m, 

1H). The 1H NMR data is in agreement with published data. [7] The enantiomeric 

ratio of chemoenzymatic product 5d was determined by reverse phase HPLC 

using a Chiralpak® ID column (150 mm × 4.6 mm, Daicel) (MeCN/water = 10:90, 

25℃) at a flow rate of 1 mL/min. UV detection at 220 nm: tR:(major) = 17.9 min, 

(minor) = 19.1 min.

Figure S73. UV spectra monitoring the aldol addition of 1 (100 mM) to 2d (2 mM) 
catalyzed by TAUT015 (0.33 mg/mL) in NaPi buffer [20 mM/5% (v/v) EtOH] at pH 6.5. 
A. Enzymatic reaction. B. Non-enzymatic reaction.

3
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Figure S74. 1H NMR spectrum of chemoenzymatic product 5d.

Figure S75. HPLC analysis of racemic 5d.
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Figure S76. HPLC analysis of authentic standard (S)-5d.

 

Figure S77. HPLC analysis of chemoenzymatic product 5d.

(R)-1-(2-nitrophenyl)propane-1,3-diol (5f).[2b] yellowish oil; yield = 69% 

(11 mg). 1H NMR (500 MHz, CDCl3) δ 7.92 (ddd, J = 11.9, 8.1, 1.2 Hz, 2H), 7.67 

(td, J = 7.6, 1.1 Hz, 1H), 7.43 (td, J = 8.0, 7.5, 1.4 Hz, 1H), 5.51 (dd, J = 9.0, 2.5 

Hz, 1H), 4.04 – 3.92 (m, 2H), 3.59 (s, 1H), 2.31 (s, 1H), 2.15 – 2.07 (m, 1H), 

2.03 – 1.94 (m, 1H). The 1H NMR data is in agreement with published data. 

[2b] The enantiomeric ratio of chemoenzymatic product 5f was determined by 

reverse phase HPLC using a Chiralpak® ID column (150 mm × 4.6 mm, Daicel) 

3
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(MeCN/water = 10:90, 25℃) at a flow rate of 1 mL/min. UV detection at 220 

nm: tR:(major) = 5.8 min, (minor) = 6.8 min.

Figure S78. UV spectra monitoring the aldol addition of 1 (100 mM) to 2f (2 mM) 
catalyzed by TAUT015 (0.33 mg/mL) in NaPi buffer [20 mM/5% (v/v) EtOH] at pH 6.5. 
A. Enzymatic reaction. B. Non-enzymatic reaction.

Figure S79. 1H NMR spectrum of chemoenzymatic product 5f.
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Figure S80. HPLC analysis of racemic 5f.

Figure S81. HPLC analysis of authentic standard (R)-5f.
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Figure S82. HPLC analysis of chemoenzymatic product 5f.

(R)-1-(3-nitrophenyl)propane-1,3-diol (5g).[2b] yellowish oil; yield = 56% 

(9 mg). 1H NMR (500 MHz, CDCl3) δ 8.24 (t, J = 2.0 Hz, 1H), 8.12 (dd, J = 8.3, 

2.2 Hz, 1H), 7.72-7.70 (m, 1H), 7.52 (t, J = 8.0, 1.7 Hz, 1H), 5.16 – 5.02 (m, 1H), 

3.98 – 3.85 (m, 2H), 3.71 (s, 1H), 2.44 (s, 1H), 1.98 (ddd, J = 10.2, 6.2, 4.0 Hz, 

2H). The 1H NMR data is in agreement with published data. [2b] The enantiomeric 

ratio of enzymatic product 5g was determined by reverse phase HPLC using 

a Chiralpak® ID column (150 mm × 4.6 mm, Daicel) (MeCN/water = 10:90, 

25℃) at a flow rate of 1 mL/min. UV detection at 220 nm: tR:(major) = 5.8 min, 

(minor) = 8.8 min.

Figure S83. UV spectra monitoring the aldol addition of 1 (100 mM) to 2g (2 mM) 
catalyzed by TAUT015 (0.33 mg/mL) in NaPi buffer [20 mM/5% (v/v) EtOH] at pH 6.5. 
A. Enzymatic reaction. B. Non-enzymatic reaction.
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Figure S84. 1H NMR spectrum of chemoenzymatic product 5g.

 

3
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Figure S85. HPLC analysis of racemic 5g.

Figure S86. HPLC analysis of authentic standard (S)-5g.

Figure S87. HPLC analysis of chemoenzymatic product 5g.
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Figure S88. Effect of pH, acetaldehyde (1) concentration, and buffer on the aldol addi-
tion of 1 to 2k. A. Conversion of 2k in the aldol addition of 1 (50 mM or 100 mM) to 2k 
(2 mM) catalyzed by 4-OT(M45T/F50A) (1 mg/mL) in buffer [20 mM NaPi/5% (v/v) 
DMSO, 0.3 mL] at pH 7.3, 7.5 or 8.0. B. Formation of corresponding cinnamaldehyde 
in the aldol addition of 1 (100 mM) with 2k (2 mM) catalyzed by 4-OT(M45T/F50A) (1 
mg/mL) in buffer [20 mM NaPi or MOPS/5% (v/v) DMSO, 0.3 mL] at pH 8.0.

Figure S89. Sequence alignment of 4-OT from P. putida mt-2 and TAUT015. Indicated 
with a star (*) are positions 45 and 50 that were mutated to give 4-OT M45T/F50A. The 
sequence alignment was generated using the online Constraint-based Multiple Align-
ment Tool (COBALT, NCBI https://www.ncbi.nlm.nih.gov/tools/cobalt/) using default 
parameters.
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6. Chemical synthesis of racemic 1,3-diols

6.1. Synthesis of compound 5k

Compound 5k was prepared according to the route shown above, which involves 

the preparation of a mixture of compounds 8a and 8b.

6.1.1. Synthesis of compound 8

Compound 8[8a] was prepared according to a literature procedure and its 1H NMR 

spectrum matches with earlier reported NMR data.[8b]

6.1.2. Synthesis of compound 5k

The reported literature procedure was slightly modified.[9a] To a stirred solution 

of a mixture of 8a and 8b (1.0 equiv.) in dry MeOH (10 mL) at 0 oC was added 

NaBH4 (3.0 equiv.) portion wise, and the reaction was run at room temp for 4 

h. After completion of the reaction, as monitored by TLC (KMnO4 test), the 

reaction mixture was extracted three times with EtOAc. The organic layers were 

combined, dried over Na2SO4 and evaporated under vacuo. The crude product 

was purified by silica gel column chromatography using petroleum ether/ethyl 

acetate (90:10) as an eluent to give the corresponding racemic 1,3-diol 5k. 

Colorless liquid; yield = 86% (140 mg, starting from 200 mg of 8). The 1H NMR 

data of compound 5k[9b] match with earlier reported NMR data. 1H NMR (500 

MHz, CDCl3) δ 7.66 – 7.63 (m, 2H), 7.50 (d, J = 8.2 Hz, 2H), 5.05 (t, J = 6.1 Hz, 

1H), 3.90 (t, J = 5.5 Hz, 2H), 3.35 (s, 1H), 2.15 – 2.07 (m, 1H), 1.99 – 1.90 (m, 2H).
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6.2. Synthesis of compounds 5m-n and 5s

Compounds 5m-n and 5s were prepared according to the route shown above, 

which involves the preparation of compounds 9m-n and 9s.

6.2.1. Synthesis of compounds 9m-n and 9s

Compounds 9m-n and 9s were prepared according to a literature procedure.[2a]

Ethyl 3-hydroxy-3-(perfluorophenyl)propanoate (9m). 1H NMR (500 MHz, 

CDCl3) δ 5.59 – 5.46 (m, 1H), 4.26 – 4.17 (m, 2H), 3.27 (d, J = 5.3 Hz, 1H), 3.13 

(dd, J = 16.7, 9.4 Hz, 1H), 2.75 (dd, J = 16.7, 4.1 Hz, 1H), 1.28 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 171.37, 146.12, 144.13, 142.08, 140.05, 138.74, 

136.72, 115.25, 62.15, 61.42, 40.41, 14.12. HRMS (ESI+): calcd. for C11H8F5O2 

[MH-H2O]+: 267.0444, found: 267.0436.

Ethyl 3-(3-cyano-4-fluorophenyl)-3-hydroxypropanoate (9n). 1H NMR 

(500 MHz, CDCl3) δ 7.67 (dd, J = 6.0, 2.2 Hz, 1H), 7.65 – 7.59 (m, 1H), 7.21 

(t, J = 8.6 Hz, 1H), 5.13 (dt, J = 8.0, 3.9 Hz, 1H), 4.20 (q, J = 7.1 Hz, 2H), 3.63 

(d, J = 3.5 Hz, 1H), 2.75 – 2.59 (m, 2H), 1.28 (t, J = 7.1 Hz, 3H). 13C NMR (126 

MHz, CDCl3) δ 172.06, 163.62, 161.56, 139.82, 132.59, 132.52, 130.90, 116.75, 

116.60, 113.94, 68.82, 61.40, 43.09, 14.24. HRMS (ESI+): calcd. for C12H11FNO2 

[MH-H2O]+: 220.0774, found: 220.0765.

Ethyl 3-hydroxy-3-(pyridin-2-yl)propanoate (9s).[10] 1H NMR (500 MHz, 

CDCl3) δ 8.55 (d, J = 4.8 Hz, 1H), 7.70 (td, J = 7.7, 1.7 Hz, 1H), 7.42 (d, J = 7.9 

Hz, 1H), 7.21 (dd, J = 7.4, 4.9 Hz, 1H), 5.18 (dt, J = 9.3, 5.0 Hz, 1H), 4.28 (d, 

J = 5.6 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 2.90 (dd, J = 16.0, 4.1 Hz, 1H), 2.76 (dd, 
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J = 16.0, 8.4 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H). The 1H NMR data is in agreement 

with published data. [10]

6.2.2. Synthesis of compounds 5m-n and 5s

The compounds 5m-n and 5s were obtained by reducing 9m-n and 9s (1.0 

equiv.) using NaBH4 (3.0 equiv.) following a procedure similar to that used for 

5k. The 1H NMR data of compounds 5m [2b] and 5s [5] match with earlier reported 

NMR data.

1-(perfluorophenyl)propane-1,3-diol (5m). 1H NMR (500 MHz, CDCl3) 

δ 5.53 – 5.24 (m, 1H), 4.01 – 3.82 (m, 2H), 3.07 (s, 1H), 2.42 – 2.25 (m, 1H), 

2.09 – 1.82 (m, 2H). The 1H NMR data is in agreement with published data. [2b]

5-(1,3-dihydroxypropyl)-2-fluorobenzonitrile (5n). 1H NMR (500 MHz, 

CDCl3) δ 7.61 (dd, J = 6.0, 2.2 Hz, 1H), 7.57 (ddd, J = 7.5, 5.1, 2.2 Hz, 1H), 7.16 (t, 

J = 8.7 Hz, 1H), 4.97 – 4.88 (m, 1H), 3.86 – 3.72 (m, J = 5.7 Hz, 2H), 3.65 (s, 2H), 

1.86 (q, J = 5.3 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 163.45, 161.39, 141.77, 

141.74, 132.57, 132.50, 130.78, 116.63, 116.47, 114.15, 72.81, 61.37, 40.43. HRMS 

(ESI+): calcd. for C10H11FNO2 [M+H]: 196.0729, found: 196.0769.

1-(pyridin-2-yl)propane-1,3-diol (5s). 1H NMR (500 MHz, CDCl3) δ 8.43 

(d, J = 4.9 Hz, 1H), 7.67 (td, J = 7.7, 1.6 Hz, 1H), 7.39 (d, J = 7.9 Hz, 1H), 7.16 

(dd, J = 7.2, 5.1 Hz, 1H), 4.98 (dd, J = 8.9, 3.7 Hz, 1H), 3.90 – 3.76 (m, 2H), 

2.09 – 1.98 (m, 1H), 1.96 – 1.81 (m, 1H). The 1H NMR data is in agreement with 

published data. [5]
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6.3. Synthesis of compounds 5b-d and 5f-g

The compounds 5b-d and 5f-g were obtained by reducing 9t-x (1.0 equiv.) 

using NaBH4 (3.0 equiv.) following a procedure similar to that used for 5k. The 
1H NMR data of compounds 5b[2b], 5c[11a], 5d[11b]and 5f-g [2b] match with earlier 

reported NMR data.

1-(2-chlorophenyl)propane-1,3-diol (5b). 1H NMR (500 MHz, CDCl3) δ 7.57 

(dd, J = 7.7, 1.6 Hz, 1H), 7.27 (qd, J = 7.7, 1.2 Hz, 2H), 7.17 (td, J = 7.6, 1.7 Hz, 

1H), 5.29 (dd, J = 8.8, 2.9 Hz, 1H), 3.86 – 3.77 (m, 2H), 3.63 (s, 2H), 2.04 – 1.94 

(m, 1H), 1.88 – 1.77 (m, 1H). The 1H NMR data is in agreement with published 

data. [2b]

1-(3-chlorophenyl)propane-1,3-diol (5c). 1H NMR (500 MHz, CDCl3) δ 

7.28 (s, 1H), 7.25 – 7.16 (m, 2H), 7.13 (dt, J = 6.7, 1.7 Hz, 1H), 4.78 (dd, J = 8.2, 

4.4 Hz, 1H), 4.11 (s, 2H), 3.78 – 3.62 (m, 2H), 1.89 – 1.74 (m, 2H). The 1H NMR 

data is in agreement with published data. [11a]

1-(2,4-dichlorophenyl)propane-1,3-diol (5d). 1H NMR (500 MHz, CDCl3) 

δ 7.45 (d, J = 8.4 Hz, 1H), 7.28 (d, J = 2.1 Hz, 1H), 7.21 (dd, J = 8.4, 2.0 Hz, 

1H), 5.18 (dd, J = 8.9, 2.4 Hz, 1H), 4.55 (s, 1H), 3.80 – 3.76 (m, 3H), 1.96 – 1.88 

(m, 1H), 1.79 – 1.68 (m, 1H). The 1H NMR data is in agreement with published 

data. [11b]

1-(2-nitrophenyl)propane-1,3-diol (5f). 1H NMR (500 MHz, CDCl3) δ 7.86 

– 7.80 (m, 2H), 7.62 – 7.55 (m, 1H), 7.38 – 7.31 (m, 1H), 5.42 (d, J = 7.7 Hz, 1H), 
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3.85 (m, 2H), 3.25 (s, 1H), 2.09 (s, 1H), 2.06 – 1.97 (m, 1H), 1.90 – 1.79 (m, 1H). 

The 1H NMR data is in agreement with published data. [2b]

1-(3-nitrophenyl)propane-1,3-diol (5g). 1H NMR (500 MHz, CDCl3) δ 8.12 

(s, 1H), 7.98 (dd, J = 8.1, 1.8 Hz, 1H), 7.61 (d, J = 7.7 Hz, 1H), 7.42 (t, J = 7.9 Hz, 

1H), 4.98 (t, J = 6.1 Hz, 1H), 4.54 (s, 1H), 3.83 – 3.71 (m, J = 5.3 Hz, 2H), 3.61 

(s, 1H), 1.88 – 1.85 (m, 2H). The 1H NMR data is in agreement with published 

data. [2b]

6.4. Synthesis of compound 5l

Compound 5l was prepared according to a literature procedure and its 1H 

NMR data match with earlier reported data.[12]

1-(4-(trifluoromethyl)phenyl)but-3-en-1-ol (10). 1H NMR (500 MHz, 

CDCl3) δ 7.61 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H), 5.87 – 5.71 (m, 1H), 

5.23 – 5.14 (m, 2H), 4.81 (dd, J = 8.0, 4.7 Hz, 1H), 2.59 – 2.51 (m, 1H), 2.51 – 2.41 

(m, 1H), 2.13 (s, 1H). The 1H NMR data is in agreement with published data. [12a]

4-(4-(trifluoromethyl)phenyl)butane-1,2,4-triol (11). 1H NMR (500 MHz, 

CDCl3) δ 7.58 (d, J = 8.1 Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 5.00 (dd, J = 10.0, 2.8 

Hz, 1H), 4.01 (ddd, J = 9.6, 6.5, 3.2 Hz, 1H), 3.62 (dd, J = 11.2, 3.2 Hz, 1H), 3.47 

(dd, J = 11.2, 6.8 Hz, 1H), 1.85 (dt, J = 14.6, 9.8 Hz, 1H), 1.72 (dt, J = 14.5, 2.8 

Hz, 1H). The 1H NMR data is in agreement with published data. [12b]

1-(4-(trifluoromethyl)phenyl)propane-1,3-diol (5l). 1H NMR (500 MHz, 

CDCl3) δ 7.61 (d, J = 8.2 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H), 5.05 (dd, J = 8.1, 4.1 
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Hz, 1H), 3.90 (t, J = 5.6 Hz, 2H), 2.03 – 1.91 (m, 2H). The 1H NMR data is in 

agreement with published data. [12d]

7. Chemical synthesis of enantiopure 1,3-diols using Jorgenson 
and Hayashi catalyst

7.1. Chemical synthesis of enantiopure 1,3-diols 5k-m, 5b and 5f-g

Compounds 5k-m[2b], 5b[2b] and 5f-g[2b] were prepared according to literature 

procedures and their 1H NMR spectra match with earlier reported NMR data.[2b]

(R)-4-(1,3-dihydroxypropyl)benzonitrile (5k). 1H NMR (500 MHz, CDCl3) 

δ 7.65 (d, J = 8.2 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 5.11 – 4.99 (m, 1H), 3.93 – 3.90 

(m, 2H), 3.64 (dd, J = 11.0, 3.1 Hz, 1H), 3.40 (dd, J = 11.0, 7.8 Hz, 1H), 1.98 – 1.94 

(m, 2H). The 1H NMR data is in agreement with published data. [2b]

(R)-1-(4-(trifluoromethyl)phenyl)propane-1,3-diol (5l). 1H NMR (500 

MHz, CDCl3) δ 7.62 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 5.06 (dd, 

J = 8.2, 4.1 Hz, 1H), 3.94 – 3.87 (m, 2H), 2.00 – 1.96 (m, 2H). The 1H NMR data 

is in agreement with published data. [2b]

(R)-1-(perfluorophenyl)propane-1,3-diol (5m). 1H NMR (500 MHz, CDCl3) 

δ 5.40 – 5.32 (m, 1H), 4.00 – 3.87 (m, 2H), 3.02 (d, J = 4.4 Hz, 1H), 2.35 (ddt, 
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J = 17.4, 9.2, 4.1 Hz, 1H), 1.97 (ddt, J = 14.4, 6.7, 3.9 Hz, 1H), 1.81 (s, 1H). The 
1H NMR data is in agreement with published data. [2b]

(R)-1-(2-chlorophenyl)propane-1,3-diol (5b). 1H NMR (500 MHz, CDCl3) 

δ 7.62 (dd, J = 7.7, 1.4 Hz, 1H), 7.34 – 7.26 (m, 2H), 7.20 (td, J = 7.6, 1.7 Hz, 1H), 

5.34 (dd, J = 8.8, 2.7 Hz, 1H), 3.93 – 3.85 (m, 2H), 3.45 (s, 1H), 2.68 (s, 1H), 

2.06 – 2.01 (m, 1H), 1.95 – 1.84 (m, 1H). The 1H NMR data is in agreement with 

published data. [2b]

(R)-1-(2-nitrophenyl)propane-1,3-diol (5f). 1H NMR (500 MHz, CDCl3) 

δ 7.93 (ddd, J = 11.6, 8.0, 1.4 Hz, 2H), 7.67 (td, J = 7.7, 1.4 Hz, 1H), 7.43 (ddd, 

J = 8.5, 7.4, 1.5 Hz, 1H), 5.52 (dd, J = 9.0, 2.6 Hz, 1H), 4.09 – 3.91 (m, 2H), 3.54 

(s, 1H), 2.23 (s, 1H), 2.17 – 2.08 (m, 1H), 2.04 – 1.93 (m, 1H). The 1H NMR data 

is in agreement with published data. [2b]

(R)-1-(3-nitrophenyl)propane-1,3-diol (5g). 1H NMR (500 MHz, CDCl3) 

δ 8.13 (s, 1H), 7.98 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 7.60 (d, J = 7.7 Hz, 1H), 7.41 

(t, J = 7.9 Hz, 1H), 4.94 (t, J = 15.4, 9.7 Hz, 1H), 4.91 (s, 1H), 4.03 (s, 1H), 3.80 

– 3.67 (m, 2H), 1.89 – 1.83 (m, 2H). The 1H NMR data is in agreement with 

published data. [2b]
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7.2. Chemical synthesis of enantiopure 1,3-diols 5c-d using Jorgenson and 
Hayashi catalyst

The compounds 5c[2b] and 5d[2b] were obtained by following a procedure similar 

to that used for 5k using enantiocomplementary catalyst B, and their 1H NMR 

spectra match with earlier reported NMR data.[6,13]

(S)-1-(3-chlorophenyl)propane-1,3-diol (5c). 1H NMR (500 MHz, CDCl3) δ 

7.35 (s, 1H), 7.30 – 7.17 (m, 3H), 4.88 (dd, J = 8.2, 4.2 Hz, 1H), 3.80 (m, 3H), 3.41 

(s, 1H), 1.98 – 1.84 (m, 2H). The 1H NMR data is in agreement with published 

data. [6,13]

(S)-1-(2,4-dichlorophenyl)propane-1,3-diol (5d). 1H NMR (500 MHz, 

CDCl3) δ 7.57 (d, J = 8.4 Hz, 1H), 7.37 – 7.27 (m, 2H), 5.29 (d, J = 8.2 Hz, 1H), 

3.96 – 3.85 (m, 2H), 3.78 (s, 1H), 2.76 (s, 1H), 2.07 – 1.97 (m, 1H), 1.91 – 1.80 (m, 

1H). The 1H NMR data is in agreement with published data. [13]
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ABSTRACT

Enzymes have evolved to function under aqueous conditions and may not exhibit 

features essential for biocatalytic application, such as the ability to function in 

high concentrations of an organic solvent. Consequently, protein engineering is 

often required to tune an enzyme for catalysis in non-aqueous solvents. In this 

study, we have used a collection of nearly all single mutants of 4-oxalocrotonate 

tautomerase, which promiscuously catalyzes synthetically useful Michael-type 

additions of acetaldehyde to various nitroolefins, to investigate the effect of each 

mutation on the ability of this enzyme to retain its ‘Michaelase’ activity in elevated 

concentrations of ethanol. Examination of this mutability landscape allowed the 

identification of two hotspot positions, Ser-30 and Ala-33, at which mutations 

are beneficial for catalysis in high ethanol concentrations. The ‘hotspot’ position 

Ala-33 was then randomized in a highly enantioselective, but ethanol-sensitive 

4-OT variant (L8F/M45Y/F50A) to generate an improved enzyme variant (L8F/

A33I/M45Y/F50A) that showed great ethanol stability and efficiently catalyzes 

the enantioselective addition of acetaldehyde to nitrostyrene in 40% ethanol 

(permitting high substrate loading) to give the desired γ-nitroaldehyde product in 

excellent isolated yield (89%) and enantiopurity (ee = 98%). The presented work 

demonstrates the power of mutability-landscape-guided enzyme engineering for 

efficient biocatalysis in non-aqueous solvents.

KEYWORDS
Enzyme engineering; biocatalysis; solvents; mutability landscape; Michael 

addition
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INTRODUCTION

The enzyme 4-oxalocrotonate tautomerase (4-OT) from Pseudomonas putida 

mt-2 catalyzes the tautomerization of 2-hydroxy-2,4-hexadienedioate (1) to 2-oxo-

3-hexenedioate (2) as part of a metabolic pathway for the degradation of aromatic 

hydrocarbons (Scheme 1A).[1,2] In addition, 4-OT can promiscuously catalyze 

several C-C bond-forming reactions, including Michael-type additions and aldol 

condensations, yielding precursors for important classes of pharmaceuticals.[3–7] 

For instance, the 4-OT catalyzed Michael-type addition of acetaldehyde (3) to 

nitroalkenes 4a and 4b yields γ-nitroaldehydes 5a and 5b, important precursors 

for the γ-aminobutyric acid analogues phenibut (R-6a) and pregabalin (S-6b), 

respectively (Scheme 1B).[5] Hence, several enzyme engineering studies have 

been performed to improve the activity and enantioselectivity of 4-OT for this 

reaction.[8,9]

Scheme 1. A) Tautomerization reaction naturally catalyzed by 4-OT. B) Michael-type 
addition of acetaldehyde (3) to nitroalkenes 4a and 4b, promiscuously catalyzed by 
4-OT. Products 5a and 5b are precursors for phenibut (R-6a) and pregabalin (S-6b), 
respectively.

Solubilization of substrates 4a and 4b requires the use of cosolvents. Since 

enzymes have evolved to function under aqueous conditions, high concentrations 

of cosolvents can significantly affect their catalytic performance and eventually 
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result in enzyme precipitation.[10] In this study, we used a collection of nearly 

all single-mutant variants of 4-OT to investigate the effect of each mutation 

on the ability of the enzyme to retain its ‘Michaelase’ activity in elevated 

concentrations of ethanol. Ethanol was selected as cosolvent because it is readily 

accessible from biorenewable sources and can also function as a precursor for 

3.[11] Randomization of the identified ‘hotspot’ position Ala-33 in the context of a 

previously engineered highly enantioselective, but ethanol-sensitive, 4-OT variant 

(L8F/M45Y/F50A) afforded an improved enzyme variant (4-OT L8F/A33I/

M45Y/F50A) with high ethanol stability, allowing efficient and enantioselective 

Michael-type addition reactions in 40% (v/v) ethanol. As such, our work provides 

an interesting example of how targeted mutagenesis of a single amino acid can 

radically modify the cosolvent stability of an enzyme, allowing efficient catalysis 

in high concentrations of ethanol.

RESULTS

In order to identify ‘hotspot’ positions of 4-OT at which mutations are beneficial 

for catalysis in high concentrations of ethanol, a defined collection of 1040 

single-mutant variants of 4-OT[8] was screened using cell-free extracts (CFEs) 

prepared from cultures each expressing a different 4-OT mutant. The Michael-

type addition of 3 to 4a was used as a model reaction in screening owing to 

the marked absorbance of 4a at 320 nm. Control experiments demonstrated no 

significant difference between the effect of ethanol on the reaction catalyzed by 

purified 4-OT or 4-OT present in CFE (Figure S1). The ‘Michaelase’ activity 

of each single-mutant variant of 4-OT was measured using either 5% or 25% 

ethanol as cosolvent and the remaining activity at 25% ethanol, compared to 

that at 5% ethanol, was graphically represented in a mutability landscape for 

solvent tolerance (Figure 1). Increasing the concentration of ethanol from 5% 
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to 25% reduced the ‘Michaelase’ activity of wild-type 4-OT by approximately 

50% (Figures 1 and 2A). Interestingly, analysis of the ethanol-tolerance 

mutability landscape revealed two ‘hotspot’ positions, Ser-30 and Ala-33, at 

which single mutations resulted in enzyme variants that showed more than 70% 

residual ‘Michaelase’ activity at 25% ethanol (Figure 1). Notably, the crystal 

structure of wild-type 4-OT does not provide an immediate explanation for the 

improved ethanol tolerance caused by mutations at these two positions (Figure 

S2), illustrating the importance of mutability-landscape navigation to identify 

functional ‘hotspot’ positions. Three single mutants, 4-OT S30C, S30Y and 

A33D, which showed high ethanol tolerance, were purified and the effect of 

ethanol and other cosolvents on the ‘Michaelase’ activity was tested (Figure 

2). Interestingly, 4-OT S30C, S30Y and A33D also showed tolerance towards 

other cosolvents such as DMSO and isopropanol, suggesting that these mutations 

convey general cosolvent resistance. Notably, while the 4-OT variants perform 

well up to 40% DMSO, visible protein precipitation with concomitant loss of 

activity was observed at DMSO concentrations ≥50% (v/v).

4
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Figure 1. Ethanol-tolerance mutability landscape of 4-OT. The horizontal axis of 
the data matrix represents the residue positions of 4-OT. The vertical axis represents 
all 20 canonical amino acids. The wild-type amino acid at each position is indicated 
with a bold square. White squares indicate that this mutant is not present in the collec-
tion. The color of the square indicates the residual ‘Michaelase’ activity of a specific 
single-mutant variant of 4-OT for the addition of 3 to 4a in 25% ethanol, compared to 
that in 5% ethanol. Grey boxes indicate that the ‘Michaelase’ activity was too low to 
determine the remaining activity.

Figure 2. Michael-type addition of 3 to 4a catalyzed by purified wild-type 4-OT or 
4-OT mutants in the presence of different cosolvent concentrations. A) ethanol, B) 
methanol, C) 1,3-propanediol, D) DMSO, E) isopropanol, F) tert-butanol. The activity 
of each mutant is normalized to the activity in the presence of 5% cosolvent.
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We next investigated if we could use the information from the solvent-

tolerance mutability landscape to engineer a previously constructed highly 

enantioselective 4-OT variant, L8F/M45Y/F50A (4-OT FYA),[9] to function in 

high concentrations of ethanol. As single mutants at ‘hotspot’ position Ala-33 

generally exhibited higher ‘Michaelase’ activity than those at ‘hotspot’ position 

Ser-30, we focused our mutagenesis strategy on position Ala-33.[8] In the context 

of 4-OT FYA, residue Ala-33 was mutated to all possible amino acids and the 

nineteen enzyme variants were expressed and purified to homogeneity. Initially, 

we tested all variants for visible precipitation upon incubation (1 h) of the enzyme 

with increasing concentrations of ethanol (up to 50%). The parental enzyme 

4-OT FYA rapidly precipitated when incubated with ethanol concentrations equal 

to or greater than 10% (Figure 3D). Interestingly, enzyme variants with isoleucine 

(A33I/FYA), leucine (A33L/FYA) or valine (A33V/FYA) at position 33 could 

tolerate up to 50% ethanol without any visible protein precipitation after 1 hour 

of incubation. Notably, substitution of Ala-33 to aspartate, glutamate or cysteine 

in the context of 4-OT FYA also strongly improved the stability of the enzyme 

in high concentrations of ethanol, tolerating up to 40% ethanol without visible 

protein precipitation.

Next, we tested the activity and enantioselectivity of these six quadruple 

mutants in the presence of 5%, 30% or 50% ethanol. The Michael-type addition 

of 3 to 4b was used as model reaction because the optical purity of product 

5b can easily be analyzed by gas chromatography. All six quadruple mutants 

proved to be highly enantioselective giving nearly enantiopure product 5b, and, 

importantly, increasing ethanol concentrations do not negatively affect enzyme 

enantioselectivity (Table 1). In the presence of 30% ethanol, the reactions with 

the six quadruple mutants were completed within 35-70 min, whereas the reaction 

with the parental enzyme (4-OT FYA) showed no conversion due to rapid protein 

precipitated (Table 1).

4
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Table 1. Biocatalytic addition of 3 to 4b catalyzed by 4-OT mutants in different ethanol 
concentrations.[a]

5% v/v ethanol 30% v/v ethanol 50% v/v ethanol

Enzymes ee[b] Reaction time
(min)[c]

ee[b] Reaction time
 (min)[c]

ee[b] Reaction time
 (min)[c]

FYA 98 (S) 40 -[d] -[d] -[d] -[d]

A33D/FYA 98 (S) 50 98 (S) 70 92 (S) > 360[e]

A33E/FYA 96 (S) 30 96 (S) 60 98 (S) > 360[e]

A33C/FYA 98 (S) 55 98 (S) 70 -[d] -[d]

A33I/FYA 98 (S) 30 98 (S) 35 98 (S) 90
A33L/FYA 98 (S) 35 98 (S) 50 96 (S) 180
A33V/FYA 98 (S) 35 98 (S) 45 98 (S) 120

[a] Assay conditions: 3 mM 4b, 100 mM 3, 73 µM 4-OT, 20 mM NaH2PO4 (pH 7.3), 0.3 
mL reaction volume [b] Determined by GC using a chiral stationary phase; the absolute 
configuration was determined by literature comparison[8,9] [c] Reaction progress was 
monitored by following the depletion in absorbance at 249 nm. [d] No data due to protein 
precipitation. [e] Reaction was not finished after 360 min.

The best mutant, 4-OT A33I/FYA, catalyzed the Michael-type addition 

reaction practically as efficient in 40% ethanol as in 10% ethanol (Figure 3B). 

Moreover, pre-incubation of 4-OT A33I/FYA in 50% ethanol for 10 h resulted 

in only 25% loss of activity (Figure 3A). On the contrary, the parental enzyme 

(4-OT FYA) rapidly lost its activity upon incubation in 10% ethanol (Figure 3A, 

B). Interestingly, an increase in the T50
60 of approximately 6 °C was observed for 

4-OT A33I/FYA compared to 4-OT FYA, indicating that 4-OT A33I/FYA is also 

somewhat more thermostable than 4-OT FYA (Figure 3C). Finally, to further 

demonstrate the synthetic usefulness of 4-OT A33I/FYA, a semi-preparative 

scale reaction was performed, using 40% ethanol as cosolvent, which allowed for 

the solubilization of 15 mM 4a. Using a 6.7-fold excess of 3 over 4a, the reaction 

was finished within 200 min. Product R-5a was obtained in excellent isolated 

yield (89%) and enantiopurity (ee = 98%) (Figures S3 and S4). Taken together, 

these results demonstrate that 4-OT can be engineered to efficiently catalyze 

enantioselective Michael-type reactions in ethanol concentrations up to 40%.
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Figure 3. Characterization of 4-OT A33I/FYA (FIYA). A) Enzyme activity for the 
Michael-type addition of 3 to 4a after pre-incubation (1, 2, 4, 6, 8 or 10 h) in the pres-
ence of 10, 30 or 50% ethanol. The data is normalized to the activity of the enzyme 
without pre-incubation. B) Progress curves of 4-OT A33I/FYA- and 4-OT FYA-cata-
lyzed Michael-type additions in the presence of different ethanol concentrations. C) 
Temperature-induced inactivation profiles of 4-OT A33I/FYA and 4-OT FYA. The 
enzyme activity after incubation for 60 min at 30 °C was set as 100%. D) Photograph of 
cuvettes in which 4-OT FYA (190 µg/mL, top five cuvettes) and 4-OT A33I/FYA (190 
µg/mL, bottom five cuvettes) were incubated for 1 h in 20 mM NaH2PO4 buffer (pH 7.3) 
containing 10%, 20%, 30%, 40% or 50% (v/v) ethanol (cuvette 1 to 5, respectively, from 
left to right). 4-OT FYA shows rapid precipitation in buffer containing >10% ethanol.
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DISCUSSION

Enzymes are highly attractive catalysts for organic synthesis because of their 

unparalleled enantio-, regio- and chemoselectivity. Given that enzymes have 

evolved to operate in the mild aqueous environment of the cell, they are usually 

not fit for preparative biocatalysis in the presence of high concentrations of 

organic cosolvents required for substrate solubilization.[10] A solution to this 

problem is the engineering of enzymes to improve their cosolvent tolerance. 

Rational enzyme engineering towards increased cosolvent tolerance is still very 

challenging due to our relatively poor understanding of the interactions between 

enzymes and solvent molecules.[12–14] Currently employed rational engineering 

strategies include stabilization of flexible regions, introduction of new cysteine 

bridges and modification of access tunnels.[14–17]

An important strategy to guide enzyme-engineering efforts is to make use 

of mutability landscapes.[18–21] By screening a large collection of nearly all single 

mutants of an enzyme, important information is obtained on single mutations or 

residue positions that influence a desired characteristic of the enzyme. Here we 

have applied mutability-landscape guided enzyme engineering to improve the 

ethanol tolerance of 4-OT. Screening of a collection of nearly all single-mutant 

variants of 4-OT revealed that mutations at particularly positions Ser-30 and 

Ala-33 resulted in improved ethanol tolerance. Interestingly, a previously reported 

4-OT variant with 3.5-fold increased ‘Michaelase’ activity, 4-OT A33D, also 

showed improved ethanol tolerance.[8] We used the information from the ethanol-

tolerance mutability landscape to further engineer a previously constructed 

highly enantioselective 4-OT variant (FYA) that exhibits poor ethanol stability. 

All 19 possible variants at position Ala-33 in the context of 4-OT FYA were 

constructed, expressed and purified. Remarkably, from this small, focused set of 

quadruple mutants, six mutants showed strongly improved ethanol tolerance. It 

is interesting to note that all six variants, including 4-OT A33D/FYA, are highly 
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enantioselective towards the synthesis of S-5b, similar to the parental mutant 

4-OT FYA.[9] Conversely, the single mutant 4-OT A33D markedly improved the 

enantioselectivity towards the opposite enantiomer R-5b.[8]

Incubation of the best mutant, 4-OT A33I/FYA, for 10 h in the presence of 

50% ethanol resulted in only 25% loss of activity, whereas the parental enzyme 

4-OT FYA lost all its activity upon incubation for 1 h in 10% ethanol. 4-OT A33I/

FYA also showed an increase in thermostability compared to 4-OT FYA, an 

effect that has also been observed for other enzymes that have been engineered 

towards increased solvent tolerance.[22,23] We further show that 4-OT A33I/FYA 

can be used to efficiently catalyze the Michael-type addition of 3 to 4a in the 

presence of 40% ethanol, which permitted the use of a higher substrate loading 

(up to 15 mM 4a). Product R-5a could be obtained in good isolated yield (89%) 

and with excellent enantiopurity (ee = 98%).

In conclusion, our results demonstrate the power of mutability landscapes 

to guide engineering efforts to improve the cosolvent tolerance of enzymes. By 

specifically targeting the identified ‘hotspot’ position Ala-33, we could engineer 

an ethanol-sensitive mutant, 4-OT FYA, into a highly ethanol-resistant mutant 

4-OT A33I/FYA. Further tuning of 4-OT A33I/FYA might lead to new synthetic 

opportunities in almost neat organic solvents.

4



176

  

Chapter 4

ACKNOWLEDGEMENT

We acknowledge financial support from the Netherlands Organization of 

Scientific Research (VICI grant 724.016.002) and the European Union’s Horizon 

2020 Research and Innovation Programme under grant agreement No 635595 

(CarbaZymes).

EXPERIMENTAL SECTION

Production of cell-free extract. Cell-free extracts (CFE) of 4-OT single mutants 

were prepared according to a reported procedure.[8]

Construction of the ethanol-tolerance mutability landscape. The CFEs 

prepared from cells producing 4-OT single-mutant variants were used in two 

reactions, containing either 5% or 25% v/v ethanol. The following reaction 

conditions were used: CFE (20% v/v), 3 (50 mM), 4a (0.5 mM) in 20 mM 

NaH2PO4 buffer (pH 7.3), 100 µL final volume. The reactions were performed in 

96-well microtiter plates (MTP) (UV-star µclear, Greiner Bio-one), covered with 

UV-transparent plate seals (VIEWsealTM, Greiner Bio-one). To ensure proper 

mixing of the reagents, the plate was shaken (60 s at 500 rpm) immediately after 

all reaction components were added. The reaction progress was monitored in a 

plate reader by measuring the depletion in absorbance at 320 nm, corresponding 

to the concentration of 4a, for 60 min with a 60 s data interval. The slope of the 

linear part of the curve was determined for both the reactions. The remaining 

enzymatic activity was determined by dividing the slope of the reaction in 25% 

v/v ethanol by the slope of the reaction in 5% v/v ethanol.

4-OT purification. The purification of 4-OT single mutants[24] and 4-OT 

quadruple mutants[9] are based on previously reported procedures. All purified 

proteins were >90% pure as assessed by SDS-PAGE. All purified mutants were 
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analyzed by electron spray ionization (ESI) mass spectrometry to confirm the 

correct mass of the enzyme. The purified protein was flash-frozen in liquid 

nitrogen and stored at -80 °C until further use.

UV-spectroscopic assay for the enzymatic activity of 4-OT single mutants 

in different organic solvents. The enzymatic activities of the 4-OT mutants 

and wild-type 4-OT was monitored by following the decrease in absorbance at 

320 nm, which corresponds to the depletion of 4a. Purified enzyme (150 µg, 73 

µM) was incubated in a 1 mm cuvette with 3 (50 mM) and 4a (2 mM) in 20 mM 

NaH2PO4 (pH 7.3; 0.3 mL final volume).

Construction of nineteen Ala-33 mutants of 4-OT L8F/M45Y/F50A. 

Ala-33 was randomized by Quikchange technology using the gene encoding 4-OT 

L8F/M45Y/F50A cloned in the pET20b vector as the template. The following 

two primers were used: 5’-GCTCCCTGGATNNKCCGCTGACCAG-3’ and 

5’-CTGGTCAGCGGMNNATCCAGGGAGC-3’. After transformation of the 

DNA into E. coli cells, random colonies were picked from an agar plate, and 

the mutant 4-OT genes were sequenced by Macrogen Europe (Meibergdreef 

31, 1105AZ, Amsterdam, the Netherlands) until all of the 19 quadruple mutants 

were obtained.

Activity assays of the six best quadruple mutants. The enzymatic activities 

of the 4-OT quadruple mutants and 4-OT L8F/M45Y/F50A were monitored 

by following the decrease in absorbance at 249 nm, which corresponds to the 

depletion of 4b. Purified enzyme (150 µg, 73 µM) was incubated in a 1 mm 

cuvette with 3 (100 mM) and 4b (3 mM) in 20 mM NaH2PO4 buffer (pH 7.3; 0.3 

mL final volume). After the reactions were completed, product 5b was extracted 

with ethyl acetate (400 µL) and analyzed by gas chromatography using an Astec 

CHIRALDEX G-TA column, isocratic 125 °C. Retention time S-5b: 25.6 min, 

retention time R-5b: 26.9. The assignment of the absolute configuration was 

based on earlier reported data.[9]

4
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Determination of T50
60. 4-OT L8F/M45Y/F50A and 4-OT L8F/A33I/M45Y/

F50A (50 µL of 2 mg/mL in 20 mM NaH2PO4, pH 7.3) were incubated in 0.2-mL 

PCR tubes at temperatures ranging from 30 °C to 90 °C for 60 min in a thermal 

cycler. After incubation, the enzymes were cooled on ice for 10 min followed 

by equilibration at 25 °C for 10 min. Samples were centrifuged to remove any 

precipitated protein. The residual ‘Michaelase’ activity for the addition of 3 to 4a 

was tested in a plate reader. Following conditions were used: 25 µL of enzyme 

supernatant, 50 mM 3, 0.5 mM 4a, 5% v/v ethanol in 20 mM NaH2PO4 buffer 

(pH 7.3), 100 µl final volume. The ‘Michaelase’ activities were normalized to 

that obtained after 60 min incubation at 30 °C.

Stability of 4-OT L8F/M45Y/F50A and 4-OT L8F/A33I/M45Y/F50A 

upon incubation with increasing ethanol concentrations. 4-OT L8F/M45Y/

F50A and 4-OT L8F/A33I/M45Y/F50A (1 mL of 1.5 mg/mL in 20 mM NaH2PO4, 

pH 7.3) were incubated in 20 mM NaH2PO4 buffer (pH 7.3) containing 10%, 

30% or 50% v/v ethanol in a water bath of 25 °C. Aliquots of enzyme (80 µL) 

were taken at different time intervals and centrifuged to remove any aggregated 

protein. 50 µL of the supernatant was used to test the residual enzymatic activity. 

The reaction mixture consisted of the following: 3 (50 mM), 4a (2 mM, from a 

40 mM stock solution in 100% (v/v) ethanol) in 20 mM NaH2PO4 buffer (pH 7.3), 

0.3 mL final volume. Depletion of 4a was monitored by following the decrease 

in absorbance at 320 nm in time. The activities were normalized to the activity 

measured without incubation of the enzyme.

Semi-preparative scale synthesis. To a 50 mL round bottom flask was added: 

6 mL ethanol, 112 µL 3, 12 mL buffer (20 mM NaH2PO4, pH 6.5) containing 

4-OT L8F/A33I/M45Y/F50A. The reaction was initiated by the addition of 2 mL 

ethanol containing 150 mM 4a. The final concentrations were: 3 (100 mM), 4a (15 

mM), 4-OT L8F/A33I/M45Y/F50A (75 µM, based on monomer concentration), 

and 40% (v/v) ethanol in 20 mM NaH2PO4 buffer (pH 6.5). The reaction progress 

was monitored using UV-spectrophotometric analysis. At timely intervals, a 
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sample of 30 µL was collected from the reaction mixture and diluted to 300 µL 

with 20 mM NaH2PO4 buffer and a full spectrum from 200 nm to 500 nm was 

recorded. After 200 min, the reaction was finished. The reaction mixture was 

extracted 3x with ethyl acetate. The combined organic layers were washed with 

brine and dried over anhydrous Na2SO4. The organic layer was concentrated in 

vacuo, yielding 5a without any further purification (51.5 mg, 89% yield). The 

aldehyde functionality of 5a was derivatized to a cyclic acetal according to a 

reported procedure[5]. The enantiopurity of derivatized 5a was determined by 

reverse phase HPLC using a chiralpak AD-RH column (150 mm x 4.6 mm, 

Daicel) MeCN/water 70:30. Retention time R-5a: 7.8 min, S-5a: 10.8 min.
4
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Supporting Information

Figure S1. Activity of purified wild-type 4-OT and wild-type 4-OT in cell free extract 
for the Michael-type addition of 3 to 4a in the presence of different ethanol concentra-
tions.
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Figure S2. Crystal structure of wild-type 4-OT (PDB: 4X1C). In light grey, a single 
monomer of 4-OT is indicated. Residues Pro-1, Ser-30 and Ala-33 are indicated as stick 
representation.
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Figure S3. 1H NMR spectrum of enzymatically obtained 5a (4-nitro-3-phenylbutanal). 
1H NMR (500 MHz, Chloroform-d) δ 9.71 (s, 1H), 7.37 – 7.33 (m, 2H), 7.31 – 7.27 (m, 
1H), 7.25 – 7.21 (m, 2H), 4.68 (dd, J = 12.5, 7.2 Hz, 1H), 4.62 (dd, J = 12.5, 7.6 Hz, 1H), 
4.08 (p, J = 7.3 Hz, 1H), 3.01 – 2.96 (m, 1H), 2.96 – 2.90 (m, 1H).
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Figure S4. HPLC chromatograms of derivatized racemic (A) and enzymatically (B) 
obtained 5a.
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ABSTRACT

The thermostabilization of enzymes while retaining their activity and 

enantioselectivity for applied biocatalysis is an important topic in protein 

engineering. Rational and computational design strategies as well as directed 

evolution have been used successfully to thermostabilize enzymes. Here, we 

describe an alternative mutability-landscape approach that identified three 

single mutations (R11Y, R11I and A33D) within the enzyme 4-oxalocrotonate 

tautomerase (4-OT), which has potential as a biocatalyst for pharmaceutical 

synthesis, that gave rise to significant increases in apparent melting temperature 

Tm (up to 20 °C) and in half-life at 80 °C (up to 111-fold). Introduction of these 

beneficial mutations in an enantioselective but thermolabile 4-OT variant (M45Y/

F50A) afforded improved triple-mutant enzyme variants showing an up to 39 °C 

increase in Tm value, with no reduction in catalytic activity or enantioselectivity. 

This study illustrates the power of mutability-landscape-guided protein 

engineering for thermostabilizing enzymes.

KEYWORDS
Protein engineering; thermostability; mutability landscape; biocatalysis
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INTRODUCTION

Enzyme thermostability is an attractive feature for industrial biocatalysis because 

it allows for the use of higher process temperatures, which may be helpful to 

achieve higher reaction rates, improved substrate solubility, better mixing 

because of decreased viscosity of the solvent, and inhibition of microbial growth.
[1] Thermostable enzymes are often also more stable towards high substrate, 

product and cosolvent concentrations, as well as other destabilizing reaction 

conditions.[1c, 2] Moreover, in a laboratory setting, thermostable enzymes are the 

preferred starting points for generating highly active biocatalysts by directed 

evolution because the evolution of activity often comes at the cost of stability.
[3] Given that most enzymes isolated from mesophilic microorganisms show 

relatively low stability, the thermostabilization of enzymes has become an 

increasingly important topic in protein engineering.[1d, 3d, 4]

Various protein engineering strategies for improving enzyme stability have 

been reported, including error-prone PCR-based directed evolution, focused 

mutagenesis based on crystallographic B-factors, rational design based on the 

stabilization of flexible (loop) regions or improved interactions between subunits, 

ancestral sequence reconstruction, and advanced computational design strategies.
[2b, 3a-3d, 5] Another interesting concept in enzyme engineering is the generation 

of large-scale mutational data in order to chart protein mutability landscapes, 

which is a powerful tool that can be used to identify functional “hotspots” at 

any place in the amino acid sequence of an enzyme.[6] These “hotspot” positions 

can be used as targets for combinatorial mutagenesis to yield enzymes with 

improved properties. We have previously used this mutability landscape approach 

to engineer 4-oxalocrotonate tautomerase (4-OT), an enzyme that utilizes an 

N-terminal proline to promiscuously catalyze synthetically useful asymmetric 

carbonyl transformations via enamine and iminium ion intermediates,[7] towards 

5
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improved Michael-type addition, aldol condensation and peroxygenase activity, 

as well as enhanced stereoselectivity and cosolvent stability.[6a, 7c, 8]

In this study, we explored the use of mutability-landscape-guided protein 

engineering for improving the thermostability of 4-OT. To this end, we used 

a collection of nearly all single-mutant variants of 4-OT to investigate the 

effect of each mutation on the ability of the enzyme to retain its activity at 

elevated temperatures. Three mutations, A33D, R11Y and R11I, resulted in 

enzyme variants with remarkable increases in apparent melting temperature Tm 

and in half-life at 80 °C. Introduction of one of these beneficial mutations in a 

previously engineered enantioselective but thermolabile 4-OT variant (M45Y/

F50A) afforded an improved enzyme variant (R11I/M45Y/F50A) showing a 39 

°C increase in Tm value, with no reduction in activity or enantioselectivity.

RESULTS

In order to identify “hotspot” positions of 4-OT at which mutations increase 

the thermostability of the enzyme, a defined collection of 1040 single-mutant 

variants of 4-OT was screened using cell-free extracts (CFEs) prepared from 

cultures each expressing a different 4-OT mutant.[6a] The single-mutant variants 

were incubated for 1 h at 25 °C or 80 °C, and the remaining ‘Michaelase’ 

activity (using acetaldehyde and trans-β-nitrostyrene as the substrates) after 

incubation at 80 °C, compared to that after incubation at 25 °C, was graphically 

represented in a mutability landscape for thermostability (Figure 1). Analysis 

of the mutability landscape revealed two “hotspot” positions, Arg-11 and Ala-

33, at which single mutations resulted in enzyme variants that showed more 

than 50% remaining activity at the elevated temperature. Interestingly, mutant 

A33D, which has previously been shown to possess high enantioselectivity and 
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increased ‘Michaelase’ activity,[6a] as well as improved stability towards high 

ethanol concentrations,[8c] appears to also have enhanced thermostability.

In an attempt to further increase the thermostability of 4-OT, a combinatorial 

saturation mutagenesis library at “hotspot” positions Arg-11 and Ala-33 was 

constructed using wild-type 4-OT as the template. However, we could not 

produce enough soluble 4-OT protein in cultures grown in 96-well plates for 

thermostability assessments. Therefore, as an alternative strategy, the mutation 

A33D was combined with mutation R11I, R11Y, R11Q, R11L or R11F. These 

single mutations at position 11 were selected because they resulted in enzyme 

variants that showed more than 50% remaining activity at 80 °C (Figure 1). 

Appropriate amounts of soluble protein could be produced and purified from 

larger cell cultures grown in 5 L flasks with rigorous shaking. However, 

the double mutants showed lower activity and a decreased apparent melting 

temperature Tm compared to the best single mutants (Table S1), which indicates 

that combining these mutations at positions 11 and 33 does not result in a further 

increase in the thermostability of 4-OT.

5
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Figure 1. Thermostability mutability landscape of 4-OT. The horizontal axis of the data 
matrix represents the residue position of 4-OT, starting with Ile-2 and ending with Arg-
62. The vertical axis represents all 20 canonical amino acids. For clarity, the wild-type 
amino acid at each position is indicated with a bold square. White squares indicate that 
this mutant is not present in the collection. The color of the other squares indicates the 
residual ‘Michaelase’ activity of 4-OT mutants after 1 h incubation at 80 °C compared 
to that after 1 h incubation at 25 °C. Grey boxes indicate that the ‘Michaelase’ activity 
was too low to determine the remaining activity. A “hotspot” position is defined as an 
amino acid residue position at which several single mutations result in enzyme variants 
that show high (>50%) remaining activity at the elevated temperature.

The three single-mutant 4-OT variants A33D, R11I and R11Y were purified 

and investigated in more detail with regard to their stability at elevated 

temperatures. Upon incubation at 80 °C, the wild-type enzyme was inactivated 

within 60 min, whereas the mutant enzyme A33D retained ~40% activity after 

360 min incubation (Figure 2A). Remarkably, the mutant enzymes R11I and R11Y 

retained ~90% activity after 360 min incubation at 80 °C (Figure 2A), and only 

after incubation at 100 °C for 240 min we could observe significant inactivation 

of these 4-OT variants (Figure 2B). The half-life (t1/2) values of A33D, R11Y and 

R11I at 80 °C were 285, 1260 and 1980 min, which were about 16-, 71- and 111-

fold higher than that of the wild-type enzyme respectively (Table 1).
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Figure 2. Thermostability assessment of wild-type 4-OT and the three single-mutant 
4-OT variants. A) Activity decay at 80 °C. B) Activity decay at 100 °C. C) Determination 
of T50

120 values. D) The first derivatives of each melting curve where each minimum 
indicates the apparent melting temperature Tm for wild-type 4-OT and the three 4-OT 
mutants.

Table 1. Properties of wild-type 4-OT and 4-OT mutants.a

4-OT t1/2 (min)b T50
120 (°C)c Tm (°C)

WT 17.8 ± 1.5 68.7 ± 1.3 73.8 ± 0.1
A33D 285 ± 36 79.8 ± 1.4 77.9 ± 0.1
R11I 1980 ± 52 95.5 ± 0.5 94.0 ± 0.1
R11Y 1260 ± 73 88.4 ± 2.2 92.0 ± 0.2

aValues represent the mean of three independent sets of experiments.
bt1/2 represents the half-life at 80 °C.
cTemperature at which the enzyme lost 50% activity after incubation for 120 min.
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Next, the enzyme thermostability was evaluated by determining the T50
120 

(Figure 2C), the temperature at which the enzyme lost 50% of its activity after 

120 min incubation. To this end, the remaining activities of wild-type 4-OT and 

the 4-OT mutants were assessed after incubating each enzyme at temperatures 

from 30 to 100 °C. Whereas no significant differences in remaining activity 

were observed with treatment below 50 °C, incubation at temperatures above 

60 °C showed large variances in remaining activity for the different enzymes 

(Figure 2C). For example, the remaining activity of wild-type 4-OT was only 

40% after treatment for 120 min at 70 °C, while the single-mutant 4-OT variant 

R11I retained ~100% of its activity after the same treatment. The curves shown 

in Figure 2C gave T50
120 values of 68.7 °C for wild-type, 79.8 °C for mutant 

A33D, 88 °C for mutant R11Y, and 95.5 °C for mutant R11I. Finally, the apparent 

melting temperature Tm of each enzyme was measured by differential scanning 

fluorimetry (Figure 2D). The resulting melting curves gave Tm values of 73.8 °C 

for wild-type, 77.9 °C for A33D, 92 °C for R11Y and 94 °C for R11I (Table 1).

Using acetaldehyde and trans-β-nitrostyrene as the substrates, we determined 

apparent kinetic parameters for wild-type 4-OT and the single-mutant 4-OT 

variants (Table 2). Whereas mutant A33D showed a 2.2-fold increase in kcat, 

mutants R11I and R11Y showed a 1.6-fold and 3.5-fold, respectively, decrease in 

kcat compared to that of the wild-type enzyme (Table 2). Notably, the mutations 

only have a minor effect on the stereoselectivity of 4-OT, with mutant A33D 

showing nearly perfect enantioselectivity (Table 2, Figure S1).



195

Using Mutability Landscapes to Guide Enzyme Thermostabilization

Table 2. Apparent kinetic parameters for the Michael-type addition of acetaldehyde to 
trans-β-nitrostyrene catalyzed by wild-type 4-OT and single-mutant 4-OT variants.a

4-OT
Km

(mM)
kcat

(s-1) × 103

kcat/Km

s-1M-1
Conf.b e.r.

Wild type 0.38 ± 0.067 23.2 ± 1.4 61.0 ± 4.5 S 97:3
A33D 0.36 ± 0.028 50.6 ± 1.3 140.6 ± 15.7 S >99:1
R11I 0.46 ± 0.039 14.0 ± 0.4 30.5 ± 3.7 S 95:5
R11Y 0.09 ± 0.005 6.5 ± 0.1 73.0 ± 5.3 S 98:2

a. Determination of apparent kinetic parameters was performed using various trans-β-
nitrostyrene concentrations and 100 mM acetaldehyde at 25 °C and pH 7.3. The values 
shown indicate mean ± standard deviation from three parallel experiments.
b. Determination of absolute configuration was based on chiral GC and previously 
reported chiral GC data with authentic standards (Figure S1).[6a, 8c]

Next, we investigated whether the identified single mutations that are 

beneficial for thermostability can confer high thermostability to 4-OT variant 

M45Y/F50A. This double-mutant variant was chosen because it is highly 

enantioselective, produces the pharmaceutically relevant R enantiomer of the 

γ-nitroaldehyde product, and is thermolabile (Table S1).[6a] To this end, three 

new triple mutants were generated by the introduction of mutation R11I, R11Y 

or A33D into 4-OT M45Y/F50A as the starting template. Differential scanning 

fluorimetry experiments showed that all three triple mutants are significantly 

more thermostable than parental mutant 4-OT M45Y/F50A, with Tm values of 

84 °C for A33D/M45Y/F50A, 92 °C for R11Y/M45Y/F50A, and 96 °C for R11I/

M45Y/F50A (Table S1). Activity assays showed that A33D/M45Y/F50A (2.7-

fold), R11Y/M45Y/F50A (1.7-fold), and R11I/M45Y/F50A (2.4-fold) have even 

slightly increased Michael-type addition activity compared to M45Y/F50A, while 

retaining the high enantioselectivity towards the desired R-enantiomer of the 

product (Table S1, Figure S2).
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DISCUSSION

In this study, a mutability landscape approach was applied to discover two 

“hotspot” positions within the enzyme 4-OT, Arg-11 and Ala-33, at which single 

mutations resulted in enzyme variants that showed a significant increase in 

apparent melting temperature Tm (up to 20 °C) and in half-life at 80 °C (up to 

111-fold). Although there was no positive effect of combining the mutations at 

positions 11 and 33 on the thermostability of 4-OT, we used the information 

from the mutability landscape to further engineer a previously constructed 

enantioselective 4-OT variant (M45Y/F50A) that exhibits relatively poor 

thermostability.[6a] The introduction of the identified beneficial mutations (R11Y, 

R11I and A33D) in 4-OT variant M45Y/F50A afforded improved triple-mutant 

enzyme variants, with the best enzyme (R11I/M45Y/F50A) showing an 39 °C 

increase in Tm value with no reduction in catalytic activity or enantioselectivity. 

These results further demonstrate the power of mutability-landscape-guided 

protein engineering for improving enzyme properties.[6b]

Interestingly, residue Ala-33 was previously identified as a “hotspot” position 

at which mutations are beneficial for catalysis in high concentrations of the 

cosolvent ethanol.[8c] Particularly, the 4-OT variant A33D not only showed 

improved ethanol tolerance,[8c] but also enhanced Michael-type addition activity 

and enantioselectivity.[6a] This single point mutation thus has a beneficial effect on 

the activity, stereoselectivity, solvent stability and thermostability of 4-OT. Such 

functional plasticity is also observed for mutations at position Arg-11, with 4-OT 

variants R11I and R11Y now demonstrated to be extremely thermostable. While 

Arg-11 is essential for the native tautomerase activity of 4-OT, most mutations at 

this position have no effect on the Michael-type addition activity of the enzyme.[6a] 

Because of their positive effects on activity and stability, these single mutations at 

positions Arg-11 and Ala-33 were used in combination with the enantioselective 

4-OT variant M45Y/F50A to create active, enantioselective and thermostable 
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biocatalysts. Other identified beneficial mutations for thermostability, like I20S, 

L35P and S37D (Figure 1), have not been tested in combination with variant 

M45Y/F50A because previously constructed mutability landscapes showed 

that these single mutations have a negative effect on the Michael-type addition 

activity of 4-OT.[6a] Hence, the construction of mutability landscapes for multiple 

properties of one enzyme provides the exciting opportunity to select mutations 

that are beneficial either for one or for several of these properties.[6b]

Inspection of the crystal structure of wild-type 4-OT does not provide an 

obvious explanation for the improved thermostability caused by mutations at 

positions Arg-11 and Ala-33, illustrating the effectiveness of mutability-landscape 

navigation to identify functional “hotspot” positions. By determining crystal 

structures of 4-OT variants A33D and R11I, we aim to explain the multifunctional 

effects of these interesting point mutations. The large amount of mutational data 

generated within this study may be used as a unique training set to generate 

improved mutation prediction models for enhancing enzyme thermostability. 

More accurate computational predictions necessitates less experimental testing 

of enzyme mutants, accelerating enzyme thermostabilization.

5
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EXPERIMENTAL SECTION

Production of cell-free extracts: The thermostability of all members of the 

4-OT mutant collection was determined using cell-free extracts (CFEs) of E. 

coli BL21(DE3) cultures each expressing a different 4-OT mutant. These CFEs 

were prepared according to a reported procedure.[6a, 7c] Concisely, 1.25 mL of 

LB medium supplemented with 100 µg/mL ampicillin and 100 µM isopropyl-

β-D-1-thiogalactopyranoside (IPTG) was inoculated from a glycerol stock of 

the corresponding mutant and the culture was grown overnight at 37 °C in a 

96-deep-well plate (Greiner Bio-one, 96 well Masterblock®). Each mutant was 

inoculated in duplicate. The deep-well plates were sealed with sterile, gas-

permeable seals (Greiner Bio-one, BREATHsealTM) and incubated overnight 

at 37 °C with shaking at 200 rpm. The cells from the overnight cultures were 

harvested by centrifugation (3,500 rpm for 30 min at 4 °C) and lysed with 300 

µL of Bugbuster (Novagen), supplemented with 25 U/mL benzonase, for 40 min. 

After centrifugation (4,000 rpm for 60 min at 4 °C), the obtained CFE was used 

for the activity assay.

Construction of the mutability landscape of 4-OT for thermostability: 

The CFEs prepared from cells producing 4-OT single-mutant variants were 

transferred into 96-well PCR plates (semi-skirted, ThermoFisher Scientific, 

Waltham, Massachusetts, USA), after which the plates were sealed with 

thermoresistance mats (Thermo Scientific VersiCap™ Mats), resulting in plates 

with 50 µL CFE in each well. The plates were then incubated at 25 °C (control 

plate) or 80 °C for 1 h in a PCR thermocycler. The plates were then placed on 

ice for 20 min, followed by centrifugation at 4,000 rpm for 30 min, after which 

20 µL supernatant of each CFE was transferred into a 96-well microtiter plate 

(MTP; UV-star µclear, Greiner Bio-one) and used for measuring residual enzyme 

activity.
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The reaction mixture (100 µL final volume) used to monitor the 4-OT-

catalyzed Michael-type addition of acetaldehyde to trans-β-nitrostyrene consisted 

of the following: CFE (20% v/v), acetaldehyde (50 mM), trans-β-nitrostyrene 

(0.5 mM) and ethanol (5% v/v) in 20 mM NaH2PO4 buffer (pH 7.3). First, the 

appropriate amounts of CFE and buffer were added to each well of the MTP, 

using a Packard Multiprobe® II HT EX 8 tip robotic liquid handling system. The 

assay was then initiated by adding 5 µL of a stock solution of trans-β-nitrostyrene 

(10 mM in ethanol) and 5 µL of a stock solution of acetaldehyde (1 M in 20 

mM NaH2PO4 buffer, pH 7.3) to each well of the MTP. The MTPs were sealed 

with UV-transparent plate seals (VIEWsealTM, Greiner Bio-one) to minimalize 

evaporation of reaction components. To ensure proper mixing of the reagents, 

the plate was shaken (30 s at 500 rpm) immediately after all reaction components 

were added. Reaction progress was monitored in a SPECTROstar Omega plate 

reader (BMG LABTECH, Isogen Life Science, de Meern, NL) by following the 

depletion in absorbance at 320 nm, corresponding to the concentration of trans-

β-nitrostyrene, for 80 min with a 60 s data interval. The slope of the linear part 

of the curve was determined for each reaction. The remaining enzyme activity 

was determined by dividing the slope of the reaction at 80 °C by the slope of the 

reaction at 25 °C.

4-OT purification: The 4‐OT enzyme, either wild‐type or mutant, was 

produced in E. coli BL21(DE3) by using the pET20b(+) expression system. LB 

medium (5 mL) containing ampicillin (100 μg/mL) was inoculated with cells 

from a glycerol stock of E. coli BL21(DE3) containing the appropriate expression 

vector by using a sterile loop. After overnight growth at 37 °C, this culture 

was used to inoculate fresh LB/ampicillin medium (1 L) in a 3 L Erlenmeyer 

flask. Cultures were grown overnight at 37 °C with vigorous shaking. Cells 

were harvested by centrifugation and stored at −20 °C. The purification of 4-OT 

variants (constructed using QuikChange technology) was based on previously 

reported procedures.[6a,7a] All purified proteins were >90% pure as assessed by 

5
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SDS-PAGE (Figure S3). 4-OT variants were analyzed by electron spray ionization 

mass spectrometry (ESI-MS) to confirm that the proteins had been processed 

correctly and the initiating methionine had been removed.[6a] The purified protein 

was flash-frozen in liquid nitrogen and stored at -80°C until further use.

4-Determination of T50
120 values: 4-OT variants (50 µL of 2 mg/mL in 20 

mM NaH2PO4, pH 7.3) were incubated in 0.2 mL PCR tubes at temperatures 

ranging from 30 to 100 °C for 120 min in a thermal cycler. After this incubation, 

the enzymes were cooled on ice for 10 min followed by equilibration at 25 

°C for 10 min. Samples were centrifuged to remove any precipitated protein. 

The residual enzymatic activity for the addition of acetaldehyde to trans-β-

nitrostyrene was tested in a plate reader. The following conditions were used: 25 

µL enzyme supernatant, acetaldehyde (50 mM), trans-β-nitrostyrene (0.5 mM) 

and ethanol (5% v/v) in 20 mM NaH2PO4 buffer, pH 7.3 (final volume of 100 

µL). The enzymatic activities obtained after 120 min incubation at the different 

temperatures were normalized to that obtained after 120 min incubation at 30 

°C. The T50
120 values were obtained by curve fitting.

Determination of t1/2 values: The 4-OT variants (1.5 mL of 2 mg/mL 

in 20 mM NaH2PO4, pH 7.3) were incubated at 80 °C or 100 °C in a water 

bath. Aliquots (100 µl) were taken at different time points (from 0 to 360 min) 

and cooled immediately on ice for 10 min followed by equilibration at room 

temperature for 10 min. Samples were centrifuged to remove any precipitated 

protein. The residual enzymatic activity for the addition of acetaldehyde to trans-

β-nitrostyrene was tested using either a V-650 or V-660 spectrophotometer from 

Jasco (IJsselstein, The Netherlands). The reaction mixture (0.3 mL final volume 

in a 1 mm cuvette) contained the following: 80 µL of enzyme supernatant, 

acetaldehyde (50 mM), and trans-β-nitrostyrene (1.5 mM, from a 30 mM stock 

solution in 100% ethanol) in 20 mM NaH2PO4 buffer (pH 7.3). The t1⁄2 values 

were determined by curve fitting.
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Differential Scanning Fluorimetry (DSF): The apparent melting 

temperature Tm of the 4-OT variants was determined by using differential 

scanning fluorimetry (DSF). The fluorescence change was monitored using a 

MyiQ real-time PCR machine (Bio-Rad, Hercules, CA, USA) with an excitation 

wavelength at 490 nm and an emission wavelength at 575 nm. In iQ 96-well 

real-time PCR plates, purified enzyme (2 mg/mL in 20 mM NaH2PO4, pH 6.5) 

was incubated with 50-fold diluted Sypro orange dye in a total volume of 50 µL 

over the temperature ramp from 30 °C to 100 °C (0.1 °C per cycle, 30 seconds/

cycle). The final fluorescence signal was the average of three independent 

measurements. The apparent Tm values were obtained by plotting the first 

derivative of the measured fluorescence traces versus temperature.

Enzymatic synthesis: The enzyme-catalyzed Michael-type addition reactions 

were performed at 25 °C. The reaction mixture (2 mL final volume in a sealed 

container) consisted of trans-β-nitrostyrene (1.5 mM) and acetaldehyde (50 mM) 

in 20 mM NaH2PO4 buffer (pH 7.3). The reactions were initiated by the addition 

of an appropriate amount of purified enzyme (150 µg). Reaction progress was 

monitored by UV spectroscopy. After the reaction was completed, the reaction 

mixture was extracted with 400 µL ethyl acetate and the product enantiomer 

ratio was determined by chiral GC as reported before.[7c]
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SUPPORTING INFORMATION

Figure S1. Chiral GC chromatograms of the γ-nitroaldehyde products obtained by en-
zymatic acetaldehyde addition to trans-β-nitrostyrene. Racemic standard (A), product 
obtained using 4-OT wild type (B), product obtained using 4-OT variant A33D (C), 
product obtained using 4-OT variant R11I (D) and product obtained using 4-OT variant 
R11Y (E).

Figure S2. Chiral GC chromatograms of the γ-nitroaldehyde products obtained by en-
zymatic acetaldehyde addition to trans-β-nitrostyrene. Racemic standard (A), product 
obtained using 4-OT variant R11I/M45Y/F50A (B), product obtained using 4-OT variant 
R11Y/M45Y/F50A (C), and product obtained using 4-OT variant A33D/M45Y/F50A (D).
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Figure S3. SDS-PAGE gels of purified enzymes. 4-OT wild-type (A), 4-OT variant 
A33D (B), 4-OT variant R11I (C), and 4-OT variant R11Y (D).

Table S1. Relative activity, enantioselectivity and stability of 4-OT variants.

Catalyst Relative activity e.r. Abs. conf. Tm (°C)
WT 1 97:3 S 74
A33D 2.3 >99:1 S 78
R11I 0.7 95:5 S 94
R11Y 0.4 98:2 S 92
R11I/A33D 0.2 99:1 S 60
R11L/A33D 0.2 97:2 S 64
R11Y/A33D 0.2 99:1 S 65
R11F/A33D 0.2 >99:1 S 76
R11Q/A33D 0.5 >99:1 S 51
M45Y/F50A 1.3 6:94 R 57
A33D/M45Y/F50A 3.5 8:92 R 84
R11I/M45Y/F50A 3.1 5:95 R 96
R11Y/M45Y/F50A 2.2 6:94 R 92
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Enzymes have naturally evolved to catalyze a particular reaction on a particular 

substrate, usually with a high catalytic efficiency. In addition to their main 

activity, many enzymes were found to promiscuously catalyze other chemical 

reactions. These promiscuous activities are generally several orders of magnitude 

lower than the native activity. Nevertheless, enzyme promiscuity has proven 

to be a successful starting point for the engineering of novel biocatalysts for 

chemical synthesis. Exploiting enzyme promiscuity to develop new biocatalysts is 

especially attractive for abiological reactions and may provide new opportunities 

to develop practical enzymatic processes for the more sustainable and step-

economic synthesis of important molecules.

4-Oxalocrotonate tautomerase (4-OT) from Pseudomonas putida mt-2 was 

found to promiscuously catalyze the Michael-type addition of acetaldehyde to 

nitroolefins and the aldol condensation of acetaldehyde with benzaldehyde, 

yielding γ-nitroaldehydes and cinnamaldehyde, respectively. Although the 

promiscuous C-C bond-forming activity and stereoselectivity of 4-OT wild-type 

(WT) is too low for practical applications, several rounds of protein engineering 

have been performed to improve the biocatalytic properties of 4-OT. In Chapter 

1, we have reviewed previous efforts on engineering of 4-OT.

4-OT was previously reported to facilitate C-C bond-forming reactions via 

enzyme-bound enamine intermediates. In Chapter 2 we describe the discovery of 

4-OT catalyzed nitromethane addition to α,β-unsaturated aldehydes via enzyme-

bound iminium ion intermediates. In this study, a mutability-landscape-guided 

protein engineering approach was applied to evolve this Michaelase activity of 

4-OT. The obtained 4-OT mutant F50A has a 16-fold enhanced activity compared 

to that of 4-OT. To expand the synthetic utility of 4-OT F50A, various α,β-

unsaturated aldehydes were tested as potential acceptor substrates. Interestingly, 

all tested α,β-unsaturated aldehydes were accepted by 4-OT as substrates for 

reactions with nitromethane to form highly enantioenriched γ-nitroaldehydes 

(up to >99% ee) with good to excellent yields (up to 96%). Interestingly, the 
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enzymatic nitromethane additions to meta- and para-substituted cinnamaldehydes 

provided the corresponding products as the (R)-configured enantiomers, while 

those with the ortho-substituted cinnamaldehydes yielded the (S)-configured 

product enantiomers. This suggests that positioning substituents on the ortho 

position of the aromatic substrate induced steric effects, which caused either 

substrate repositioning in the enzyme active site or a stereofacial shielding effect. 

Furthermore, a cascade of three 4-OT(F50A)-catalyzed reactions followed by an 

enzymatic oxidation step enabled one-pot assembly of γ-nitrocarboxylic acids 

from three simpler building blocks. Our results bridge organo- and biocatalysis 

and emphasize the potential of enzyme promiscuity for the synthesis of important 

chiral synthons.

4-OT was previously reported to promiscuously catalyze the aldol 

condensation of acetaldehyde with benzaldehyde yielding cinnamaldehyde. 

In Chapter 3, we reported the biocatalytic aldol condensation of acetaldehyde 

with various aromatic aldehydes to give a number of aromatic α,β-unsaturated 

aldehydes using a previously engineered variant of 4-oxalocrotonate tautomerase 

[4-OT(M45T/F50A)] as carboligase. Moreover, an efficient one-pot two-step 

chemoenzymatic route toward chiral aromatic 1,3-diols has been developed. 

This one-pot chemoenzymatic strategy successfully combined a highly 

enantioselective aldol addition step catalyzed by a proline-based carboligase 

[4-OT(M45T/F50A) or TAUT015] with a chemical reduction step to convert 

enzymatically prepared aromatic β-hydroxyaldehydes into the corresponding 

1,3-diols with high optical purity (e.r. up to >99:1) and in good isolated yield 

(51–92%). These developed (chemo)enzymatic methodologies offer alternative 

synthetic choices to prepare a variety of important drug precursors.

Protein engineering was also applied to improve the thermo- and solvent-

stability of 4-OT. In Chapter 4, we used a collection of nearly all single mutants 

of 4-oxalocrotonate tautomerase to investigate the effect of each mutation 

on the ability of this enzyme to retain its “Michaelase” activity in elevated 
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concentrations of ethanol. Examination of this mutability landscape allowed the 

identification of two hotspot positions, Ser30 and Ala33, at which mutations are 

beneficial for catalysis in high ethanol concentrations. The “hotspot” position 

Ala33 was then randomized in a highly enantioselective, but ethanol-sensitive 

4-OT variant (L8F/M45Y/F50A) to generate an improved enzyme variant (L8F/

A33I/M45Y/F50A) that showed great ethanol stability and efficiently catalyzes 

the enantioselective addition of acetaldehyde to nitrostyrene in 40% ethanol 

(permitting high substrate loading) to give the desired γ-nitroaldehyde product in 

excellent isolated yield (89 %) and enantiopurity (ee = 98%). The presented work 

demonstrates the power of mutability-landscape-guided enzyme engineering for 

efficient biocatalysis in non-aqueous solvents.

In Chapter 5, we describe a similar mutability-landscape approach that 

identified three single mutations (R11Y, R11I and A33D) within the enzyme 

4-oxalocrotonate tautomerase (4-OT) that gave rise to significant increases in 

apparent melting temperature Tm and in half-life at 80 °C. Introduction of these 

beneficial mutations in an enantioselective but thermolabile 4-OT variant (M45Y/

F50A) afforded improved triple-mutant enzyme variants showing an up to 39 °C 

increase in Tm value, with no reduction in catalytic activity or enantioselectivity. 

This study illustrates the power of mutability-landscape-guided protein 

engineering for thermostabilizing enzymes.

General remarks and future perspectives
The chemical versatility of the 4-OT protein scaffold was explored for the 

identification of new promiscuous C-C bond-forming activities, including the 

Michael addition of nitromethane to α,β-unsaturated aldehydes (Chapter 2) and 

the aldol addition of acetaldehyde to aromatic aldehydes (Chapter 3). Protein 

engineering of 4-OT for enhancing its solvent- and thermo-stability has been 

described in Chapter 4 and Chapter 5, respectively. Hence, in the studies 

described in the first part of this thesis we expanded the reaction and substrate 



211

Summary and Future Perspectives

scope of 4-OT, and therefore its synthetic usefulness. In the studies reported in 

the second part of this thesis we demonstrated that synthetically useful 4-OT 

variants can be engineered to improve catalysis in high concentrations of ethanol, 

permitting high substrate loading, and at high temperatures, which may be helpful 

to achieve improved stability towards high substrate, product and cosolvent 

concentrations, as well as other destabilizing reaction conditions. Although the 

road to the application of this enzyme in practical organic synthesis may be long, 

the results presented here are promising, as they can serve as a foundation for 

the further redesign of 4-OT. Several engineering projects are ongoing in our 

laboratory, a few of which in collaboration with industrial partners, with the 

aim to optimize 4-OT for C-C bond-forming aldol and Michael-type addition 

reactions for pharmaceutical synthesis.

The most important innovative aspect of the work described in this thesis is the 

unprecedented discovery of 4-OT’s ability to promiscuously catalyze asymmetric 

carbonyl transformations via iminium ion intermediates, which opens up new 

possibilities for various synthetically useful enzymatic bond-forming (e.g. C-C, 

C-O, C-S) reactions. It would therefore be interesting to test the ability of 4-OT 

to accept various chemically distinct nucleophiles in additions to different α,β-

unsaturated aldehydes. Indeed, this systematic substrate screening strategy has 

proven very successful in ongoing research, allowing the development of a set 

of biocatalysts, based on the 4-OT scaffold, that can be used to promote various 

synthetically useful bond-forming reactions, including epoxidations, asymmetric 

thiol additions, and cyclopropanation reactions.
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NEDERLANDSE SAMENVATTING

Enzymen zijn van nature geëvolueerd om een bepaalde reactie met een specifiek 

substraat te katalyseren, meestal met een hoge katalytische efficiëntie. Naast hun 

hoofdactiviteit blijken veel enzymen andere chemische reacties te katalyseren. 

Deze promiscue activiteiten zijn over het algemeen verscheidene orden van 

grootte lager dan de natuurlijke activiteit. Desalniettemin is de promiscuïteit 

van enzymen een succesvol startpunt gebleken voor de engineering van nieuwe 

biokatalysatoren voor chemische synthese. Het benutten van enzympromiscuïteit 

om nieuwe biokatalysatoren te ontwikkelen is vooral aantrekkelijk voor niet-

natuurlijke reacties en kan nieuwe kansen bieden om praktische enzymatische 

processen te ontwikkelen voor de duurzamere en stap-economische synthese 

van belangrijke moleculen.

Het promiscue enzym 4-oxalocrotonaat tautomerase (4-OT) van de bacterie 

Pseudomonas putida mt-2 bleek de additie van acetaldehyde aan nitroalkenen 

alsmede de aldolcondensatie van acetaldehyde met benzaldehyde te katalyseren, 

resulterend in respectievelijk γ-nitroaldehyden en kaneelaldehyde. Hoewel de 

promiscue C-C-bindingsvormende activiteit en stereoselectiviteit van 4-OT te 

laag is voor praktische toepassingen, zijn er verschillende rondes van ‘protein 

engineering’ uitgevoerd om de biokatalytische eigenschappen van 4-OT te 

verbeteren. In Hoofdstuk 1 hebben we eerdere inspanningen op het gebied van 

‘protein engineering’ van 4-OT beschreven.

Het werd eerder gerapporteerd dat 4-OT in staat is om C-C-bindingsvormende 

reacties te katalyseren via enzym gebonden enamine-tussenproducten. In 

Hoofdstuk 2 beschrijven we de ontdekking dat 4-OT de additie van nitromethaan 

aan α,β-onverzadigde aldehyden kan katalyseren via enzym gebonden iminium-

tussenproducten. In deze studie werd vervolgens een systematische mutagenese 

methode toegepast om deze interessante katalytische activiteit van 4-OT te 

verbeteren. De verkregen 4-OT-mutant F50A heeft een 16-voudig verhoogde 
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activiteit in vergelijking met die van het wildtype 4-OT. Om de synthetische 

bruikbaarheid van 4-OT F50A uit te breiden, werden verschillende α,β-

onverzadigde aldehyden getest als potentiële acceptor-substraten. Interessant 

genoeg werden alle geteste α,β-onverzadigde aldehyden door 4-OT geaccepteerd 

als substraten voor reacties met nitromethaan om sterk enantioverrijkte 

γ-nitroaldehyden te vormen (tot >99% ee) met goede tot uitstekende opbrengsten 

(tot 96%). Interessant is dat de enzymatische addities van nitromethaan aan 

meta- en para-gesubstitueerde kaneelaldehyden de overeenkomstige producten 

opleverden als de (R)-geconfigureerde enantiomeren, terwijl die met de ortho-

gesubstitueerde kaneelaldehyden de (S)-geconfigureerde product-enantiomeren 

opleverden. Dit suggereert dat het positioneren van substituenten op de ortho-

positie van het aromatische substraat sterische effecten induceerde, die ofwel 

herpositionering van het substraat in het actieve centrum van het enzym of 

een stereospecifiek afschermingseffect veroorzaakten. Bovendien maakte 

een cascade van drie 4-OT(F50A)-gekatalyseerde reacties gevolgd door een 

enzymatische oxidatiestap het mogelijk om in één pot γ-nitrocarbonzuren uit 

drie eenvoudigere bouwstenen te assembleren. Onze resultaten overbruggen 

organo- en biokatalyse en benadrukken het potentieel van enzympromiscuïteit 

voor de synthese van belangrijke chirale bouwstenen.

Van 4-OT werd eerder gemeld dat het de aldolcondensatie van acetaldehyde 

met benzaldehyde kan katalyseren, wat kaneelaldehyde oplevert. In Hoofdstuk 

3 beschrijven we de biokatalytische aldolcondensatie van acetaldehyde met 

verschillende aromatische aldehyden om een   aantal aromatische α,β-onverzadigde 

aldehyden te produceren met behulp van een eerder ontwikkelde variant van 

4-OT (mutant M45T/F50A) als artificieel carboligase. Bovendien is een efficiënte 

twee-staps chemo-enzymatische route naar aromatische 1,3-diolen ontwikkeld. 

Deze chemo-enzymatische strategie combineerde met succes in één pot een zeer 

enantioselectieve aldoladditiestap, gekatalyseerd door een proline-afhankelijk 

artificieel carboligase [4-OT (M45T/F50A) of TAUT015], met een chemische 
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reductiestap om enzymatisch bereide aromatische β-hydroxyaldehyden om 

te zetten in de corresponderende 1,3-diolen met hoge optische zuiverheid 

(enantiomeer ratio tot >99:1) en in goede geïsoleerde opbrengst (51-92%). Deze 

ontwikkelde (chemo)enzymatische synthese methoden bieden alternatieve keuzes 

om een   verscheidenheid aan belangrijke moleculen die kunnen fungeren als 

farmaceutische bouwstenen te bereiden.

‘Protein  engineering’ werd ook toegepast om de thermo- en 

oplosmid d elstabiliteit van 4-OT te verbeteren. In de studie beschreven in 

Hoofdstuk 4 hebben we een verzameling van bijna alle afzonderlijke mutanten 

van 4-OT gebruikt om het effect van elke mutatie op het vermogen van dit enzym 

om zijn activiteit te behouden in verhoogde ethanolconcentraties te onderzoeken. 

Deze stelselmatige mutagenese methode maakte de identificatie mogelijk van 

twee belangrijke aminozuurposities, Ser30 en Ala33, waar mutaties gunstig zijn 

voor katalyse in hoge ethanolconcentraties. De ‘hotspot’-positie Ala33 werd 

vervolgens gerandomiseerd in een zeer enantioselectieve maar ethanolgevoelige 

4-OT-variant (L8F/M45Y/F50A) om een   verbeterde enzymvariant te genereren 

(L8F/A33 I /M45Y/F50A) die een grote et h anolstabiliteit vertoonde. Deze 

verbeterde enzymvariant kan gebruikt worden om de enantioselectieve additie 

van acetaldehyde aan nitrostyreen te katalyseren in 40% ethanol, waardoor 

het gebruik van een hoge substraatconcentratie mogelijk is, om het gewenste 

γ-nitroa l dehyde te produceren met een  uitstekende opbrengst (89%) en 

enantiomeerzuiverheid (ee = 98%). Het gepresenteerde werk demonstreert de 

kracht van de gebruikte systematische mutagenese methode voor het efficiënt 

optimaliseren van enzymen voor biokatalyse in organische oplosmiddelen.

In Hoofdstuk 5 beschrijven we een vergelijkbare systematische mutagenese 

methode w aarmee drie enkele mutaties ( R11Y, R11I en A33D) werden 

geïdentificeerd in 4-OT die aanleiding gaven tot significante verhogingen van 

de smelttemperatuur Tm en de levensduur bij 80 °C. Introductie van deze gunstige 

mutaties in een enantioselectieve maar thermolabiele 4-OT-variant (M45Y/F50A) 
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leverde verbeterde enzymvarianten op die een toename van de Tm-waarde tot 

zelfs 39 °C vertoonden, zonder vermindering van de katalytische activiteit 

of enantioselectiviteit. Deze studie benadrukt de kracht van de gebruikte 

systematische mutagenese methode voor het efficiënt thermostabiliseren van 

enzymen.

Algemene opmerkingen en toekomstperspectieven
Door gebruik te maken van de chemische veelzijdigheid van het 4-OT 

enzym hebben we nieuwe promiscue C-C-bindingsvormende activiteiten 

geïdentificeerd, waaronder de Michael-additie van nitromethaan aan α,β-

onverzadigde aldehyden (Hoofdstuk 2) en de aldol-additie van acetaldehyde 

aan aromatische aldehyden (Hoofdstuk 3). Het engineeren van 4-OT voor 

het verbeteren van de oplosmiddel- en thermo-stabiliteit is beschreven in 

respectievelijk Hoofdstuk 4 en Hoofdstuk 5. In de studies beschreven in het 

eerste deel van dit proefschrift hebben we dus de reactie- en substraatomvang 

van 4-OT uitgebreid, en daarmee de synthetische bruikbaarheid van dit enzym 

verbeterd. In de studies gerapporteerd in het tweede deel van dit proefschrift 

hebben we aangetoond dat synthetisch bruikbare 4-OT-varianten kunnen worden 

ontworpen om de katalyse te verbeteren in hoge concentraties ethanol, waardoor 

een hogere substraat concentratie gebruikt kan worden, en bij hoge temperaturen, 

wat nuttig kan zijn om een   verbeterde stabiliteit te bereiken in aanwezigheid 

van hoge substraat-, product-  en oplosmiddel-concentraties, evenals andere 

destabiliserende reactieomstandigheden. Hoewel de weg naar de toepassing van 

het 4-OT enzym in praktische organische synthese nog lang kan zijn, zijn de hier 

gepresenteerde resultaten veelbelovend, aangezien ze als basis kunnen dienen 

voor het verder optimaliseren van de katalytische eigenschappen van 4-OT. In 

ons laboratorium lopen verschillende engineeringprojecten, waarvan enkele in 

samenwerking met industriële partners, met als doel om 4-OT te optimaliseren 
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voor C-C-bindingsvormende aldol- en Michael-additie reacties voor synthese 

van belangrijke farmaceutische stoffen.

Het voornaamste innovatieve aspect van het werk beschreven in dit proefschrift 

is de onvoorziene ontdekking van de capaciteit van 4-OT om asymmetrische 

carbonyltransformaties te katalyseren via ‘iminium ion’ tussenproducten, wat 

nieuwe mogelijkheden opent voor verschillende synthetisch nuttige enzymatische 

bindingsvormende (bijv. C-C, C-O, C-S) reacties. Het zou daarom interessant 

zijn om te onderzoeken of 4-OT chemisch verschillende nucleofielen kan 

accepteren als substraat in addities aan diverse α,β-onverzadigde aldehyden. 

Deze systematische strategie voor het screenen van substraten is inderdaad zeer 

succesvol gebleken in lopend onderzoek, waardoor de ontwikkeling mogelijk is 

van een reeks nieuwe biokatalysatoren, gebaseerd op 4-OT, die kunnen worden 

gebruikt om verschillende synthetisch bruikbare bindingsvormende reacties te 

bevorderen, zoals epoxidaties, asymmetrische thiol-addities en cyclopropanaties.
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