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List of abbreviations 

4VC 4-Vinyl catechol 

4VG 4-Vinyl guaiacol 

4VP 4-Vinyl phenol 

4VS 4-Vinyl syringol 

AAF Aldehyde-assisted fractionation 

AH General acid 

Amb-15@PDMS Amberlyst-15 encapsulated in PDMS 

ArM Artificial metalloproteins 

AT/H Ratio acyl transfer to hydrolysis  

B General base 

BpA Benzophenone-alanine 

bpy Bipyridine 

BsPAD Phenolic acid decarboxylase from Bacillus subtilis 

BtCA Carbonic anhydrase from Bos taurus 

CuA para-Coumaric acid 

CaA Caffeic acid 

CAL-A Lipase A from Candida antarctica 

CODH Carbon monoxide dehydrogenase 

CoPPIX Cobalt protoporphyrin IX 

CpLIP2 Lipase II from Candida parapsilosis 

cyclam 1,4,8,11-Tetraazacyclotetradecane 

Cyt b562 Cytochrome b562 

DAF Diol-assisted fractionation 

DOX G-C2 dioxolane phenol 

E. coli Escherichia coli 

EcPanD Aspartate-1-decarboxylase from E. coli 

EcPPC Phosphoenolpyruvate carboxylase from E. coli 

EstA Esterase A from Arthrobacter nitroguajacolicus 

EstCE1 Esterase from a soil metagenome 

EtOAc Ethyl acetate 

FA Ferulic acid 

GC Gas chromatography 

HLADH Alcohol dehydrogenase from horse liver 

HPLC High performance liquid chromatography 
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HT 3-Hydroxytyrosol 

HTA 3-Hydroxytyrosol acetate 

HV Homovanillin 

HVA Homovanillyl alcohol 

HVB Homovanillyl butyrate 

KM Michaelis–Menten constant 

LmrR Multidrug resistance regulator from Lactococcus lactis 

MD Molecular dynamics 

MES 2-(N-morpholino)ethanesulfonic acid 

MmPPP2 Protocatechuate decarboxylase from Madurella mycetomatis 

MsAcT Acyltransferase from Mycobacterium smegmatis 

NaAscH Sodium ascorbate 

OMWW Olive mill wastewater 

PAD Phenolic acid decarboxylase 

PDB Protein Data Bank 

PDMS Polydimethylsiloxane 

PestE Esterase from Pyrobaculum calidifontis VA1 

PFE Esterase I from Pseudomonas fluorescens 

PH Product hydrolysis 

pNP  para-Nitrophenol 

pNPA  para-Nitrophenyl acetate 

PS Photosensitizer 

RCF Reductive catalytic fractionation 

SA Sinapic acid 

ScFDC1 Ferulic acid decarboxylase 1 from Saccharomyces cerevisiae 

SD Sacrificial donors 

sfYFP superfolder yellow fluorescent protein 

SsTrpC Indole-3-glycerol phosphate synthase from Sulfolobus solfataricus 

TEOA Triethanolamine 

terpy Terpyridine 

TLC Thin-layer chromatography 

TON Turnover number 

TtALS Acetolactate synthase from Thermus thermophilus 

Vmax Maximum reaction rate 
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Scope & Outline  

In this thesis, new catalysts as well as unprecedented approaches for the 

valorization of sustainable carbon sources were investigated. The first part deals 

with the design of catalysts for photocatalytic CO2 reduction (Articles I&II). With 

the aim of designing an artificial metalloprotein for photocatalytic CO2 reduction, 

we found the promiscuous activity of phenolic acid decarboxylase from Bacillus 

subtilis (BsPAD) to catalyze CO2 reduction (Article I). This cofactor-free enzyme 

could facilitate the replacement of (noble) metal catalysts regularly employed in 

CO2 reduction. Mutagenesis identified essential amino acids involved in CO2 

binding and electron transfer. Based on these findings, additional enzyme 

catalysts were identified for photocatalytic CO2 reduction. Absorbance- and 

fluorescence-based assays were developed for the rapid and accurate 

determination of kinetic parameters for the native decarboxylation activity of 

BsPAD (Article II). The second part (Articles III-VII) focuses on the valorization 

of resources obtained from biomass by the promising acyltransferases/hydrolase 

PestE from Pyrobaculum calidifontis VA1 (Articles IV-VII). Article III is a 

‘perspective paper’ about the discovery, development, and application of 

promiscuous acyltransferases/hydrolase, enzymes capable of performing acyl 

transfer reactions in water. Recently, the promiscuous acyltransferase activity of 

PestE was discovered in our group, Insight into the range of acyl transfer 

substrates and the development of the hyperthermostable esterase was gained by 

studying the acetylation of monoterpene alcohols (Article IV). Furthermore, PestE 

was engineered towards the acetylation of hydroxytyrosol from olive mill 

wastewater, yielding value-added hydroxytyrosol acetate (Articles V&VI). The 

use of PestE in cascade reactions was investigated as well (Articles VI&VII), 

demonstrating compatibility with other enzymes and chemical reactions for the 

valorization of the biomass-derived hydroxytyrosol glucoside oleuropein and the 

lignin depolymerization product G-C2 dioxolane phenol, respectively.  

Article I  Photo-enzymatic Catalytic CO2 Reduction Using a Promiscuous 
Decarboxylase as Protein Scaffold 

Henrik Terholsen*, Hilario Diego Huerta-Zerón*, Christina Möller, 
Henrik Junge, Uwe T. Bornscheuer, Matthias Beller 

 Nature Catal., submitted 

*with equal contribution 
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A new promiscuity of CO2-binding enzymes was found for the photocatalytic 

reduction of CO2 to CO. In addition, BsPAD, an enzyme with promising initial 

turnover numbers and high selectivity avoiding the potential by-product hydrogen, 

was engineered, resulting in increased activity and providing insights into the 

amino acids involved in the catalytic CO2 reduction. 

Article II  Spectrophotometric and Fluorimetric High-Throughput Assays 
for Phenolic Acid Decarboxylase 

Henrik Terholsen*, Kamela Myrtiollari*, Christina Möller, Robert 
Kourist, Uwe T. Bornscheuer, Daniel Kracher 

Manuscript in preparation 

*with equal contribution 

A fluorescence-based and an absorbance-based assay to detect the 

decarboxylation of phenolic acids to 4-vinyl phenols were developed. Both assays 

were validated by measuring the kinetic parameters for BsPAD. 

Article III  Recent Insights and Future Perspectives on Promiscuous 
Hydrolases/Acyltransferases 

Henrik Müller, Henrik Terholsen, Simon P. Godehard, Christoffel 
P.S. Badenhorst, and Uwe T. Bornscheuer 

ASC Catal., 2021, 11, 14906–14915 

This ‘perspectives article’ focuses on the discovery, mechanism, synthetic 

application, and enzyme engineering of promiscuous acyltransferases/hydrolases.  

Article IV  Rational Design for Enhanced Acyltransferase Activity in Water 
Catalyzed by the Pyrobaculum calidifontis VA1 Esterase 

Amanda Staudt, Henrik Terholsen, Jasmin Kaur, Henrik Müller, 
Simon P. Godehard, Ivaldo Itabaiana Jr., Ivana C.R. Leal and Uwe 
T. Bornscheuer 

Microorganisms, 2021, 9, 1790 

The acyltransferase activity of the esterase from Pyrobaculum calidifontis VA1, 

PestE, was studied by screening monoterpene alcohols. PestE was modified to 

decrease its hydrolysis activity and increase its selectivity for the synthesis of 

(-)-menthyl acetate from a racemic monoterpene mixture. In addition to the 

reactive enol ester vinyl acetate, the non-activated acyl donor ethyl acetate was 

used for the acetylation of citronellol. 
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Article V  Recovery of Hydroxytyrosol from Olive Mill Wastewater Using 
the Promiscuous Hydrolase/Acyltransferase PestE 

Henrik Terholsen, Jasmin Kaur, Nikolaos Kaloudis, Amanda Staudt, 
Henrik Müller, Ioannis V. Pavlidis, and Uwe T. Bornscheuer 

ChemBioChem, 2022, 23, e202200254 

PestE was engineered and investigated for the acetylation of the valuable 

antioxidant hydroxytyrosol, resulting in PestE_I208A_L209F_N288A. The enzyme 

was immobilized and used for the recovery of hydroxytyrosol acetate from Cretan 

olive mill wastewaters in a two-phase system with ethyl acetate. 

 

Article VI An Enzyme Cascade Reaction for the Recovery of 
Hydroxytyrosol Derivatives from Olive Mill Wastewater 

Henrik Terholsen, Jasmin Kaur, Nikolaos Kaloudis, Amanda Staudt, 
Ioannis V. Pavlidis, and Uwe T. Bornscheuer  

Chem. Ing. Tech. 2022, 94, 1860–1863 

An enzymatic cascade reaction converted the hydroxytyrosol glycoside oleuropein 

to hydroxytyrosol acetate using a glucosidase and recently introduced 

acyltransferase mutant PestE_I208A_L209F_N288A, respectively. The reaction 

was carried out in a sequential flow setup. 

 

Article VII Chemoenzymatic Cascade Reaction for the Valorization of the 
Lignin Depolymerization Product G-C2-Dioxolan Phenol 

Henrik Terholsen, Jule Ruth Heike Meyer, Zhenlei Zhang, Peter J. 
Deuss, and Uwe T. Bornscheuer  

ChemSusChem, submitted 

A one-pot chemoenzymatic cascade was developed for the valorization of G-C2 

dioxolane phenol, a lignin depolymerization product. For this purpose, a novel 

polydimethylsiloxane-coated solid acid catalyst based on Amberlyst-15 was used 

to deprotect the acetal in a buffered solution. The released homovanillin was 

converted to homovanillyl butyrate, using horse liver alcohol dehydrogenase and 

PestE_I208A_L209F_N288A. 
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1. Background 

1.1 Valorization of sustainable carbon sources 

1.1.1 Sustainable carbon sources 

The stewardship of resources will be one of the most important topics in the 

decades to come, as also emphasized by the Sustainable Development goals of 

the United Nations established in 2015[1]. Goal 12 “Responsible Consumption and 

Production” includes the sustainable production of chemicals, i.e., the substitution 

of fossil raw materials and the development of a circular economy. Recycling end-

of-life materials and the use of bio-based feedstocks for chemicals could make an 

important contribution, as also described in one of the 12 principles of a ‘greener’ 

chemistry[2]. However, the choice of bio-based feedstocks needs to be carefully 

considered to avoid conflict with food production through direct resource 

competition or land use, both negatively impacting the United Nations Sustainable 

Development Goal "Zero Hunger" (Goal 2). Therefore, some popular bio-based 

syntheses, such as the production of bio-fuels based on vegetable oils, may only 

be a transitional method that needs to be reconsidered in the future. In contrast, 

the utilization of agricultural waste, including crop residues could be an approach 

that is consistent with the United Nations Sustainable Development Goals 2 and 

12, and, thus, is a viable path to pursue. In addition to bio-based materials, CO2 

utilization could also contribute to building a circular economy. CO2 utilization not 

only has the potential to sustainably produce chemicals but to reduce the amount 

of environmentally harmful greenhouse gases at the same time if CO2 is captured 

from the air. 
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1.1.2 Valorization of olive mill wastewater (OMWW) 

 
Figure 1. Schematic visualization of olive oil production. 

Olive mill wastewater (OMWW) is a by-product of olive oil production (Figure 1) 

and is generated besides oil and solid pomace in three-phase olive mills. 

Annually, about 30 million m3 of OMWW are produced worldwide from October to 

February. Three to five liters of wastewater are produced per kilogram of olive oil; 

therefore, a small olive mill already produces about 1,000,000 liters of OMWW per 

season. The wastewater leads to environmental problems as it has a high 

polluting organic load, including polyphenolics, sugars, and lipids[3]. In addition to 

the acidity of the OMWW (pH ~5), the phytotoxic and antimicrobial activities of 

polyphenolics hinder the biodegradation of organic compounds[4,5]. Consequently, 

long-term incubation in open ponds, chemical treatment to decompose the 

organic matter, as well as illegal disposal are widespread[3,6,7]. Besides the odor 

and land requirements of open pond OMWW treatment, the economic value of the 

phenols is also lost[3]. Olive phenols (Figure 2), especially hydroxytyrosol (HT) and 

its natural derivatives such as hydroxytyrosol acetate (HTA), have gained interest 

due to their neuroprotective, antioxidant, and anti-inflammatory properties[8–12]. 

The industrial production of these health-promoting phenols is based on fossil 

feedstock[13]. Thus, there is a demand for new sustainable synthetic routes or 

extraction methods for HT and derivatives. Although the HT concentration in 

OMWW is up to 10 mM
[14], no HT derivatives are prepared from OMWW because 

HT is difficult to extract in high purity[13]. The existing OMWW extraction 

methods (e.g., solvent extraction, membrane or adsorbent systems) fail due to 

economic and/or purity issues[14–22]. Absorbent and membrane systems for phenol 

recovery are costly and require pretreatment of the wastewater to remove, for 

example, residual solids and gelling substances that could block the systems[3]. 

Solvent extractions require several steps to achieve good recovery since HT is a 

relatively polar compound and is difficult to extract even with relatively polar 
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organic solvents such as ethyl acetate (EtOAc)[14,15]. All methods for the 

valorization of OMWW suffer from poor selectivity of HT recovery due to the 

structural similarity to other olive phenols (Figure 2)[14–22]. The produced phenol-

rich extracts from OMWW could be used as stabilizers in the food industry[23–27], 

but cannot substitute the synthesis of synthetic HT derivatives. Furthermore, HT 

recovery from OMWW still suffers from long duration and low recovery yields[28]. 

Therefore, new methods for process intensification have to be found and will be 

discussed in this thesis.  

 
Figure 2. Main classes of olive phenols. 

 

1.1.3 Valorization of lignin from lignocellulose 

Besides hemicellulose and cellulose, lignin is part of the plant cell wall scaffolding 

material lignocellulose, which is one of the most abundant renewable resources 

on earth[29]. Cellulose and hemicellulose are carbohydrate polymers and are used 

in the pulp and paper industry or the production of various sugar-based platform 

chemicals such as hydroxymethylfurfural[30–32]. Valorization of the more complex 

hemicellulose, which is partially linked to lignin, is more difficult but is the subject 

of current research[33,34]. Lignin is composed of three monolignols; p-coumaryl 

alcohol, coniferyl alcohol, and sinapyl alcohol. The composition of the building 

blocks and the linkages result in a very complex and structurally diverse polymer 

that differs according to plant species, age, and growth condition (Figure 3)[35,36]. 

Figure 3. Structure of lignin. (A) Monolignols and composition of lignin subunits in softwoods, 
hardwoods, and grasses

[37,38]
. (B) A representative lignin structure with common linkages and their 

composition in softwood, hardwood, and grasses
[39]

. 
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In the pulp and paper industry, lignin is typically not utilized for the production of 

chemically defined compounds as the focus is on high-quality (hemi-)cellulose 

extraction. Therefore, lignin is degraded by sodium sulfite and sodium hydroxide, 

producing sulfonated kraft lignin, which is used as a combustible to supply energy 

for paper production[40]. Kraft lignin is irreversibly modified and not a suitable 

source of defined phenolic compounds[40]. Other established methods for lignin 

utilization, including thermal, solvolytic, and acid-catalyzed extraction/degradation, 

require a lot of energy or result in low phenol recovery (below 25 wt%) due to 

repolymerization of intermediates (Figure 4)[29]. 

 

Figure 4. Reactive intermediates formed during thermal (radical) and acidic (cationic) 
cleavage of a β-O-4-linkage, shown for a model substrate. Intermediates that tend to 
repolymerize are highlighted in red

[29,41]
. 

Therefore, besides novel extraction methods such as lignin fractionation with 

ammonia[42–44], fractionation with ionic liquids[45–48], hydrolysis with 

γ-valerolactone[49], and (mild) organosolv techniques[50–52], lignin depolymerization 

strategies are required that prevent the repolymerization of reactive 

depolymerization intermediates to form defined chemical compounds. Apart from 

biochemical transformations using (engineered) Pseudomonas putida[53–55], 

modern lignin depolymerization strategies include stabilization of reactive 

intermediates via oxidation, reduction, or introduction of protection groups 
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(Figure 5)[38]. By preventing repolymerization, the yield of lignin monomers could 

be increased by 2 to 10 times[56,57]. 

 

Figure 5. Examples of lignin extraction and depolymerization strategies. The figure was 
modified and adapted from Sun et al.

[38]
.  

However, most of the depolymerization strategies presented in Figure 5 only 

focus on the valorization of lignin and neglect the (hemi-)cellulose contained in 

lignocellulose. In order to efficiently utilize lignocellulose as a sustainable 

resource, extraction, and depolymerization strategies must be developed that 

allow (hemi-)cellulose and lignin to be used for the production of structurally 
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defined chemical compounds. In this context, the "lignin-first" concept has gained 

attention in recent years, which is primarily concerned with the utilization of lignin 

but also with the provision of high-quality (hemi-)cellulose products[40,58]. In the 

recently published "Guidelines for Performing Lignin-first Biorefining", three 

methods are mentioned that have been successfully used to depolymerize lignin 

and produce (hemi-)cellulose-rich pulp (Figure 6)[58]. 

 

Figure 6. Three strategies following the "lignin first" strategy with solvolysis and catalytic 
stabilization of reactive intermediates. (A) Reductive catalytic fractionation with a metal catalyst 
in a polar protic solvent. (B) Diol-assisted fractionation with acid-catalyzed depolymerization in a 
non-protic solvent. (C) Aldehyde-assisted fractionation with acid-catalyzed depolymerization in a 
non-protic solvent, followed by a reductive step to obtain monomers. The figure was adapted and 
modified from Abu-Omar et al.

[58]
. 

In the reductive catalytic fractionation strategy (RCF, Figure 6A) lignin is 

selectively extracted from the cell walls using a metal catalyst and hydrogen (or 

hydrogen donors) in a polar protic solvent. The depolymerization products are 

stabilized using reduction chemistry, leading to reduced sugars, delignified 

cellulose-rich pulp, and reduced lignin oligo- and monomers[29,40,58–64]. On a small 

scale, RCF was used to analyze lignin as early as in the 1940s and has regained 

importance for lignin valorization in the last decades[65–70]. In the diol-assisted 

(C) 

(A) (B) 
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fractionation (DAF, Figure 6B) reactive intermediates from acid-catalyzed lignin 

depolymerization, typically catalyzed by sulfuric acid, trifluoromethanesulfonic 

acid, or metal triflates, are protected by diols such as ethylene glycol. DAF yield 

lignin mono- and oligomer derived acetals, diol-modified sugars, and cellulose-rich 

pulp[50,71–74]. Similarly to DAF, in the aldehyde-assisted fractionation (AAF, 

Figure 6C) an acid catalyst depolymerizes lignin leads to reactive intermediates. 

In AAF, reactive intermediates are protected by aldehydes. However, an 

additional catalytic reduction step is required to generate low molecular weight 

lignin depolymerization products, clean cellulose, and acetal-protected 

sugars[57,75]. RCF, DAF, and AAF lead to low molecular weight lignin-based 

phenolic compounds that can potentially be used as platform chemicals. 

Nonetheless, for most depolymerization products, conversion to value-added 

products remains to be demonstrated. 

 

1.1.4 Photocatalytic CO2 reduction 

CO2 is a greenhouse gas and its emission significantly contributes to global 

warming. In 2020 100 Mt CO2 was emitted per day[76]. Therefore, the utilization of 

CO2 as a carbon source would decrease the negative impact on global warming 

and help to substitute fossil resources. However, utilizing CO2 from the 

atmosphere is challenging because the concentration is only about 

414 ppm (2020)[77]. Even though CO2 was only about 250 ppm before the 

industrial revolution[77], there is still only about 0.63 g of CO2 in a cubic meter of 

air, which means a large volume of air must be used and the catalysts used for 

CO2 utilization would have to be both very sensitive and selective for CO2 to yield 

justifiable amounts of fixation product. Therefore, methods to enrich and fix the 

CO2 from air are the focus of many research projects[78–83]. Higher CO2 

concentrations are present in gaseous waste streams, e.g., from fossil fuel power 

plants, although their use will be reduced in the coming decades in the wake of 

global warming[81].  

As mentioned earlier, besides CO2 fixation, the development of new catalysts for 

CO2 valorization is required to enable the conversion of CO2 into value-added 

chemicals and substituting fossil fuel feedstocks. Since the carbon atom CO2 is 

completely oxidized (+4 oxidation state), most utilization strategies, except for the 
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use of carbonates, involve a (chemical) reduction, i.e., the transfer of electrons to 

CO2 (hereafter referred to as "reduction"). In recent decades, many different CO2 

utilization strategies have been investigated including plasma catalytic[84,85], 

electrochemical[86,87], photocatalytic[88–90], thermochemical[91,92], and 

biochemical[93–95] conversions. However, only photocatalytic CO2 conversion will 

be discussed in detail in the following. 

Photocatalytic CO2 conversion is probably the most widely used CO2 reduction 

concept in nature. The first step of photosynthesis converts atmospheric CO2 to 

biomass, utilizing water as the reducing agent (Figure 7A). Since photosynthetic 

organisms also consume energy, the productivity of natural photosynthetic 

systems is relatively low, not exceeding 1% and 3% of the solar energy input on 

an annual basis for plants and microalgae, respectively[96]. Therefore, synthetic 

systems for photocatalytic CO2 reduction, so-called artificial photosynthetic 

systems (Figure 7B), could potentially have higher efficiency[97]. Artificial 

photosynthetic systems that achieve the same efficiency as plants have already 

been discovered[97,98]. However, extended research is needed to further increase 

efficiency. 

 

Figure 7. Comparison of photosynthesis and artificial photosynthesis
[99]

. The water oxidation 
and CO2 reduction reactions are highlighted in red and blue, respectively. (A) Simplified scheme 
for the photosynthesis showing the proteins involved, photosystem II (PDB 2AXT), cytochrome b6f 
(PDB 1Q90), photosystem I (PDB 7WFE), ferredoxin NADP reductase (PDB 5H5J), and ATP 
synthase (PDB 6FKH). (B) Scheme of the artificial photosynthesis with a photosensitizer that 
oxidizes water and transfers electrons after light excitation to the catalyst that performs CO2 
reduction. The potentials against the standard hydrogen electrode at pH 7 are given

[100]
. 

The use of water as a reducing agent in photocatalytic CO2 reduction is desirable 

because it is abundant, cheap, non-toxic, and produces only oxygen and protons 

as by-products. To perform photocatalytic CO2 reduction with water as the 

reducing agent, the photosensitizer (PS) must at least bridge the potential 

difference (ΔE0') between the water oxidation reaction and the CO2 reduction 
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reaction. Because the potential difference is relatively high and typically some 

overpotential is required, only a few PS can use water as a reducing agent and 

reduce CO2
[101–104]. In addition, any PS must be able to operate in water, which is 

a major limitation[101,105,106]. PS research is ongoing, and reliable PS systems that 

oxidize water and enable CO2 reduction may be available in the future[106–109]. 

Currently, well-established PSs are often ruthenium-based. They exhibit strong 

reducing power and long excited state lifetimes[110–113]. Nonetheless, ruthenium-

based PSs such as tris(bipyridine)ruthenium(II) ([Ru(bpy)3]
2+) are unable to 

oxidize water[114] and, therefore, require other reducing agents to provide 

electrons. These sacrificial donors (SD) include sodium 

ascorbate (NaAscH)[110,113], 2-(N-morpholino)ethanesulfonic acid (MES)[115], or 

triethanolamine (TEOA)[111,116] (Figure 8). 

 

Figure 8. Selection of sacrificial donors. Oxidation of NaAscH, MES, and TEOA to 
dehydroascorbic acid (DHA) and the iminium forms of MES (MES

+
) and TEOA (TEOA

+
), 

respectively. 

Although well-functioning PS/SD systems facilitate the development of CO2 

reduction catalysts, SD must be avoided in the long-term since stoichiometric 

consumption of the SD is not desirable from an atomic economy perspective.  

 

1.1.4.1 Homogeneous catalysts for photocatalytic CO2 reduction to CO 

Photocatalytic CO2 reduction usually leads to the formation of C1 building blocks 

and hydrogen (Figure 7B) since high electron densities are required to generate 

>C2 products[88]. CO could be used as a precursor for >C2 chemicals, e.g., 

through the Fischer-Tropsch synthesis, in which alkanes are produced from CO 

and H2
[88]. Although the formation of CO and H2 in a 1:1 ratio may be desirable for 

this particular application[117], the selective formation of CO is generally targeted.  
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A major obstacle in the development of homogeneous CO2 reduction catalysts for 

CO formation is the selectivity between CO, other CO2 reduction products 

including formate, methanol, or methane, and hydrogen production since 

hydrogen and CO2 reduction products have very similar standard potentials[100]. 

Therefore, the selectivity, i.e., the molar percentage of CO formed compared to 

other CO2 reduction products and H2, is monitored for each catalysis. As 

mentioned earlier, ideal artificial photosynthetic systems utilize water as a 

reductant in which they should also operate. However, since protons are 

abundant in aqueous solutions compared to non-protic organic solvents 

previously used in CO2 reduction systems, it is more difficult to selectively reduce 

CO2 in water[118–125]. Furthermore, the low solubility of CO2 and catalysts in 

aqueous solutions compared to organic solvents (e.g., acetonitrile and dimethyl-

formamide) is a challenge for catalyst development[126]. Therefore, photocatalytic 

systems that exhibited both high activity and high selectivity in fully aqueous 

media are rare and were predominantly depend on noble metals[110,127–129]. 

Recently, a range of water-soluble cobalt-porphyrin complexes were developed as 

catalysts for photocatalytic CO2 reduction in water by the group of Sakai[110,130]. 

Sulfonatophenyl- and N-methylpyridinium modified cobalt-porphyrin complexes 

reached TONs of 926 and 2,680 with 82% and 77% selectivity, 

respectively (Figure 9)[110,130]. 

 

Figure 9. Photocatalytic CO2 reduction to CO in water using cobalt porphyrin complexes. 
Water-soluble cobalt porphyrin complexes were prepared by attaching charged sulfonium or 
pyridinium groups to the catalyst

[110,130]
. 

 

1.1.4.2 Enzymes and artificial metalloenzymes for photocatalytic reduction 

of CO2 to CO 

Enzymes have been used as selective catalysts in various applications due to 

their well-defined 3D structure and properties of (catalytic) amino acids[131]. 

Therefore, enzymes could also be considered to solve the selectivity problem in 
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photocatalytic CO2 reduction to CO. Indeed, there is a class of enzymes called 

carbon monoxide dehydrogenases (CODH, EC 1.2.7.4) that catalyze the 

reduction of CO2 to CO using a redox partner protein like ferredoxin[132] or redox 

coupling with a hydrogenase[133]. CODHs can be divided into two classes, Ni- and 

Mo-dependent enzymes, which evolved separately[134]. However, only 

Ni-dependent CODHs are capable of producing CO from CO2. Ni-dependent 

CODHs originate from anaerobic microbes and are oxygen-sensitive[132,133,135,136], 

which makes them difficult to purify and limits their application[137–142]. Recently, 

however, progress has been made in increasing the oxygen tolerance of 

Ni-dependent CODHs[143,144]. 

The CODH-I from Carboxydothermus hydrogenoformans was successfully used 

by the Armstrong group in 2010 for photocatalytic CO formation by providing 

electrons directly from a PS system[115]. In the last decade, they have improved 

their photocatalytic system by changing the PS system from a Ru-PS-TiO2 

assembly to a CdS-semiconductor or TiO2-Ag nanoclusters assembly, increasing 

the TON from 2,100 to 22,500 and 250,000, respectively[115,145,146]. The selectivity 

of CODH-I for CO formation over the formation of formate and H2 is about 

99%[147–149] showing that enzymes can be excellent catalysts for selective 

photocatalytic CO2 reduction. However, due to the aforementioned oxygen 

sensitivity and associated difficulties in expressing and handling CODHs, other 

enzymes should be considered to carry out the reaction. Unfortunately, since the 

Ni-dependent CODHs are the only known enzymes that catalyze CO2 reduction to 

CO, new enzymes must be discovered or artificial enzymes (see chapter “Artificial 

Metalloproteins”) must be developed. Schneider and Shafaat developed artificial 

metalloproteins (ArM) based on Cu- or Zn-loaded azurin from Pseudomonas 

aeruginosa by complexing a [NiII(cyclam)]2+ (cyclam = 1,4,8,11-

tetraazacyclotetradecane) containing a unique surface-exposed His (H83 or 

H107)[150]. [RuII(bpy)3]
2+ was used as a PS. The Cu-azurin-based ArM with the 

[NiII(cyclam)]2+ anchored to H107 showed the highest TON of 37, which is 2.5 

times higher than the free Ni complex, considering the loading efficiency of the Ni 

complex of 40%. Selectivities of up to 78% were observed only in the first 20 

minutes of the reaction. After 5 hours reaction time, similar CO-TONs were 

calculated, but a selectivity of about 20% was observed, which is as poor as the 

free Ni complex. The same group later addressed the problem of selectivity by 
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covalently binding Ru-PS to three specific anchoring positions (S66C, S78C, or 

S100C)[151]. They found complete selectivity for CO, but the applicability of this 

modified ArM system is low because the TONs never exceeded 2. Another group 

designed a genetically encoded photosensitizer by incorporating the non-natural 

amino acid benzophenone–alanine into the superfolder yellow fluorescent protein 

(sfYFP) that was autocatalytically converted to the (E)-4-(4-benzoylbenzylidene)-

1,2-dimethyl-1H-imidazol-5(4H)-one PS (Figure 10)[152]. The nickel-terpyridine 

complex was covalently bound to the protein surface and selectively converted 

CO2 to CO, reaching TONs of up to 120. However, the selectivity was due to the 

selectivity of the nickel terpyridine complex rather than a contribution by the 

protein scaffold; the nickel terpyridine complex is known to catalyze selective CO2 

reductions[153]. Since the major advantage of proteins is that they provide a well-

defined molecular environment, it seems unintuitive to design an ArM with a 

surface-exposed, flexible metal catalyst that barely interacts with the protein. 

Recently, Alcala-Torano et al. developed an ArM for the reduction of CO2 to CO 

by replacing the heme of cytochrome b562 (Cyt b562) with an artificial cobalt 

protoporphyrin IX (CoPPIX) cofactor[154]. Free [RuII(bpy)3]
2+ was used as PS and 

CO TONs of up to 42 were achieved, but the selectivity for CO over the formation 

of formate and hydrogen never exceeded 25%. However, it was demonstrated 

that the activity and selectivity could be increased by mutating the local 

environment of the active pocket. For example, the M7A mutation reduced 

hydrogen formation by 30%, while CO and formate formation remained the same. 
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Figure 10. Comparison of enzyme and ArM catalysts for photocatalytic reduction of CO2 to 
CO. The crystal structures of CODH from Carboxydothermus hydrogenoformans (PDB: 1SUF) 
were used with different PS systems as described above

[115,145,146]
. Cu-azurin from Pseudomonas 

aeruginosa with a Ni(cyclam) complex at H107 (PDB: 1R1C) was used as ArM in combination with 
a Ru-PS

[150,151]
. An ArM based on sfYFP bearing the (E)-4-(4-benzoylbenzylidene)-1,2-dimethyl-

1H-imidazol-5(4H)-one-PS (PDB: 5YR3) formed autocatalytically by the incorporated non-natural 
amino acid benzophenone-alanine at position 66 (BpA66)

[152]
. Sodium dithionite (Na2S2O4) was 

used as the SD. An ArM based on a Cyt b562 scaffold (PDB: 1QPU) containing a CoPPIX was 
reported by Alcala-Torano et al.

[154]
. 

In summary, to date, there is no highly active and selective ArM for the 

photocatalytic formation of CO from CO2, which would be an alternative to CODH 

or homogeneous metal-based catalysts (Figure 10). 

 

1.2 Artificial metalloproteins (ArMs) 

Enzymes are versatile tools developed by nature to catalyze reactions required by 

living organisms. Their inherently high chemo-, regio-, and stereo-selectivity and 

substrate specificity are the key properties of enzymes that make them attractive 
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for synthetic applications[131]. Enzymes are evolutionarily adapted to convert 

natural compounds, but chemists have developed materials like plastics and 

reactions such as the Wacker oxidation that are not known to occur naturally (i.e., 

new-to-nature compounds and reactions, respectively). Consequently, no natural 

enzymes are known to catalyze the transformation of these materials or reaction 

pathways. While natural enzymes can be engineered to accept non-natural 

substrates[155,156], it is more difficult to engineer enzymes (from scratch) that 

perform new-to-nature reactions[157], especially since many of these reactions 

require noble transition metals such as Pd, Pt, and Ru. These are not found in 

natural enzymes[158,159]. In order to combine the reactivity of metals and the 

selectivity of proteins, the incorporation of the metals into protein scaffolds is a 

feasible approach. When the resulting metalloproteins do not occur in nature, they 

are called artificial metalloproteins (ArM). However, artificial metalloproteins are 

not only developed for novel reactions but also, for example, to overcome the 

limitations of their natural counterpart such as stability problems[160] or the lack of 

mechanistic understanding of natural enzymes[161].  

The most obvious way to create an ArM is to substitute metals in natural metal-

binding proteins, for instance, the iron in heme-containing enzymes, with other 

metals of choice[162,163]. Since it is known that the design of metal ligands has a 

great influence on the activity of metal complexes, other ArMs were developed in 

which not only the metal but also the natural metal-binding ligand was replaced by 

synthetic ligands. Among others, Rudi Fasan's group developed ArMs by 

replacing heme groups with various porphyrin complexes to catalyze 

cyclopropanylation, resulting in 99% diastereo- and enantioselectivity and TONs 

of up to 46,800[164–172]. Although the binding sites of ligands can be adjusted by 

mutagenesis to increase selectivity and activity, the geometry or space 

requirement of the ligand used can only be altered to a certain extent compared to 

the natural ligand[169,173,174]. Therefore, an alternative to deriving ArMs from natural 

metal-binding enzymes is to incorporate the desired metal complex into a protein 

scaffold with a suitable cavity. However, proteins can only be engineered to 

provide selectively if the position of the metal complex and substrate in the 

enzyme is known. Therefore, the metal complex needs to be anchored at a 

specific position in the protein. In addition to the aforementioned exchange of 
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cofactors in existing metalloproteins, this anchoring can be covalent, 

supramolecular, or dative (Figure 11)[175,176].  

 

Figure 11. Anchoring strategies for the development of ArMs. (A) Dative coordination of an 
unsaturated metal complex a covalently anchored ligand. (B) Metal (complex) substitution. (C) 
Supramolecular or affinity anchor-based coordination. (D) Covalent linkage of the metal complex. 
The figure was modified from Davis and Ward

[176]
. 

Dative coordination (Figure 11A) of an unsaturated metal complex by a covalently 

anchored ligand (e.g., His) is a common strategy to design ArMs[175]. To be 

precise, the replacement of a metal (complex) from a natural metallo-

protein (Figure 11B) is always also a dative coordination at the same time, since 

natural metal clusters or cofactors are always anchored dativly in the protein[175]. 

However, when dative coordination anchoring is reported, it usually means that a 

new metal-binding site is created, for example, in de novo proteins and other 

small proteins[177–180]. De novo protein scaffolds are unrelated to existing proteins 

and are partially designed computationally[177,181,182]. Common examples of de 

novo enzymes are small proteins consisting of four parallel α-helices (four-helix 

bundle proteins)[175,176]. Among others, Angela Lombardi's group has mutated 

four-helix bundle proteins to bind di-copper and di-iron clusters by introducing His 

and Asp residues to perform oxidation reactions[183–187]. However, for synthetically 

useful selective catalysis, substrate binding, and protein dynamics must be 

considered in addition to a strong metal binding site[187]. 

The same is true for supramolecular or affinity anchor-based coordi-

(C) (D) 

(B) (A) 
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nation (Figure 11C), which takes advantage of the high affinity of ligands for 

specific scaffold proteins (e.g., biotin binding to streptavidin). This concept has 

been used extensively by the group of Thomas Ward[188]. Taking advantage of the 

high affinity of streptavidin for binding biotin, various biotin derivatives modified 

with metal complexes were developed, for example, to achieve C-H 

hydroxylation[189], imine reduction[190], or metathesis reaction[191]. However, since 

streptavidin is not designed to bind substrates other than biotin, the selectivity of 

the reactions had to be improved by multiple rounds of mutagenesis[188]. The 

same is true for the supramolecular anchoring approach. A prominent example is 

the use of the transcription factor multidrug resistance regulator from 

Lactococcus lactis (LmrR), which was used by Gerard Roelfes' group to perform 

Friedel-Crafts alkylations[192], Diels–Alder[193] and hydratation reactions[194,195]. 

Since the covalent anchoring strategy (Figure 11D) is not limited to proteins that 

bind affinity ligands, the method could theoretically be applied to any protein, 

including proteins already possessing a binding pocket for the desired substrates. 

The metal ligand could be bound either via a unique amino acid side chain (e.g., 

Cys) by selective reaction of reagents such as maleimide or bromoacetamide or 

non-natural amino acids[196–203]. However, unlike the other anchoring strategies, 

covalent anchoring in vivo is difficult if the catalyst is not present on the 

surface[204–208].  

 

1.3 Amberlyst-15 

Many reactions in organic chemistry such as acetalization, etherification, 

esterification, or aldol reactions can be catalyzed by protonation under acidic 

conditions. Solid Brønsted acid catalysts are materials functionalized with acidic 

groups such as sulfonic, phosphoric, or carboxylic acid that perform acid 

catalyzed reactions, and allow recovery of the catalyst from the reaction medium. 

Amberlyst-15 is a commercially available solid Brønsted acid catalyst that has 

been used for many of the above applications[209–213]. Amberlyst-15 is a polymer of 

sulfonated polystyrene crosslinked with 20% divinylbenzene (Figure 12), resulting 

in a macroporous resin with a surface area of 37.3 m2/g and a pore volume of 

0.203 mL/g[214]. The sulfonic acid residues provide a high acid capacity of 
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4.7 mmol protons per gram[215]. The resins are stable at temperatures up to 150°C 

and in water[215]. However, proton solvation of the sulfonic acid residues in water 

results in reduced activity and prevents reuse without regeneration[216,217].  

 

Figure 12. Representative structure of Amberlyst-15. 

 

1.4 Enzyme promiscuity 

Enzymes are nature's tools and have some similarities to man-made tools. A 

hammer, for example, is designed to hit nails, but the way it is handled determines 

whether the product is a nail in the wood or a broken finger. Transferred to 

enzymes, the reaction conditions, such as the solvent, pH, or temperature, have 

an impact on the reaction performed. Lipases, for example, preferentially 

hydrolyze esters in water but catalyze transesterifications or esterification 

reactions in the absence of water[218]. This promiscuity is called "conditional 

promiscuity" and is only one type of promiscuity that can be associated with 

enzymes. "Substrate promiscuity" typically describes enzymes with a broad 

substrate spectrum that convert more than one and potentially unexpected 

substrates in the same reaction mode[219]. However, the term "promiscuity" is 

often used when an enzyme can catalyze different types of reactions and/or uses 

an alternative reaction mechanism, referred to as catalytic promiscuity. Examples 

are pyruvate decarboxylases that also catalyze acyloin condensation[220,221] and 

metalloproteins that perform different reactions if the metal is substituted[222–224]. 

Moreover, enzyme promiscuity can play a central role in the natural evolution of 

altered – even new – enzyme functions: Firstly, an existing promiscuity is 

enhanced by mutation without losing the original function, and after gene 

amplification, the protein is further diversified[225]. Similarly, promiscuous activities 

can also be enhanced by protein engineering approaches to design new enzyme-

catalyzed reactions[219,226]. 
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1.5 Phenolic acid decarboxylase 

Phenolic acids are an important class of natural phenols and occur in the 

biosynthesis of secondary plant compounds such as lignin. Due to their 

antimicrobial activity and natural occurrence, many organisms have developed 

strategies to degrade phenolic acids, by direct reduction[227], coenzyme A (CoA) 

conjugation[228,229], or decarboxylation[230,231]. The latter can be carried out by 

phenacrylate decarboxylase (EC 4.1.1.102), which can be further subdivided into 

prenylated flavin cofactor-dependent (Protein family (Pfam): PF01977) and 

cofactor-free decarboxylases (Pfam: PF05870). In contrast to the cofactor-

dependent phenacrylate decarboxylase, the cofactor-free decarboxylases, 

hereafter referred to as phenolic acid decarboxylases (PADs), only convert E-

para-hydroxycinnamates, such as p-coumaric acid (CuA), ferulic acid, caffeic acid 

and sinapic acid (Figure 13A). Cinnamic acid is not accepted because it lacks the 

para-hydroxy group, which is involved in the cofactor-free decarboxylation 

mechanism[232] (Figure 13B). After the initial deprotonation of the acid function in 

CuA by a base (B), the phenol group becomes deprotonated by a second B while 

the double bond receives protonation by an acid (AH) to form the intermediate 

para-quinone methide, which is decarboxylated and rearomatized to 4-vinyl 

phenol (4VP). Amino acids that function as B or AH can be, for example, 

tyrosinate or glutamic acid, but are not further specified here because the 

productive positioning of the substrate is still under discussion, as described 

below for the phenolic acid decarboxylase from Bacillus subtilis (BsPAD). 

 
Figure 13. PAD reaction mechanism. (A) Decarboxylation reactions catalyzed by PADs. (B) 
Proposed general reaction mechanism of PADs according to Hashidoko and Tahara

[232]
 at the 

example of the conversion of CuA to 4VP. 
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Numerous PADs have been studied and characterized[233–243] since 4-VP 

derivatives of the corresponding hydroxycinnamates are value-added flavor and 

fragrance compounds[244,245]. They are naturally occurring in fermented foods such 

as wine and beer, for example. PADs give direct access to these compounds from 

pretreated crude biomass such as corn cobs or rice bran[246,247]. The best studied 

representative of PADs is BsPAD.  

 

1.5.1 Phenolic acid decarboxylase from Bacillus subtilis (BsPAD) 

BsPAD has a homodimeric structure of two catalytic monomers with a flattened 

barrel structure consisting of two large β-sheets. Embedded between the β-sheets 

is a hydrophobic cavity formed by many conserved bulky amino acids[248]. The 

binding mode of phenolic acids in BsPAD remains to be discussed, although a 

crystal structure of the nearly inactive mutant BsPAD_Y19A with p-coumaric acid 

was solved (PDB-ID 4ALB) by Frank and co-workers[248]. 

 

Figure 14. Proposed binding modes of CuA and the corresponding para-quinone methide 
intermediate in BsPAD (according to Frank et al.

[248]
 (A) and Sheng et al.

[249]
 (B), respectively). 

Frank et al. found that the single mutations Y11F, Y13F, Y19A, and E64A 

decreased the activity by 96 to 100%[248]. Therefore, in agreement with their 

crystal structure of BsPAD_Y19A with CuA, they proposed that Y11 and Y13 

together, as well as E64, act as the general base in the reaction, while the general 

acid is either water or Y19 (Figure 14A). Sheng et al. performed energetic 

calculations based on a restored model of the wild type (WT) BsPAD and found 

that the energetic profile of the reaction mechanism would be favorable if the 

binding of the substrate occurred in a 180° rotated manner (Figure 14B)[249]. 

Instead of water or Y19, which is crucial for substate binding according to the 
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simulations of Sheng et al., Y31 would act as a general acid. Stabilization of the 

phenolate and quinone methide intermediate by two conserved Tyr residues was 

also observed in the unrelated enzymes hydroxycinnamoyl-CoA hydratase/lyase 

and vanillyl alcohol oxidase, suggesting that the substrate binding mode proposed 

by Sheng et al. is the productive one. Likewise, the proposed mechanisms for the 

catalytic promiscuities of PADs, namely the regioselective β-carboxylation and 

enantioselective hydration of 4VP derivatives (Figure 15), are based on the 

binding mode suggested by Sheng et al.[250–252].  

 

Figure 15. Comparison of BsPAD promiscuities. BsPAD catalyzes both regioselective 
β-carboxylation and hydration under similar reaction conditions. The figure was modified from 
Kourist et al.

[231]
. 

The β-carboxylation was claimed to be a catalytic promiscuity of PAD, although it 

is in fact only the reverse decarboxylation reaction. The reason is that high 

concentrations of bicarbonate (3 M) instead of carbon dioxide were used for 

carboxylation[252]. However, Sheng and Himo showed that direct carboxylation 

using bicarbonate is not energetically favorable[253]. Alternatively, they proposed 

that the conversion of bicarbonate to CO2 is the first step of the regioselective β-

carboxylation of 4VP derivatives, thus, representing only a reverse 

decarboxylation reaction as mentioned above. Therefore, the promiscuous activity 

would be the conversion of bicarbonate to CO2 rather than the β-carboxylation. 

This conversion takes place in the bicarbonate/CO2 binding pocket formed by 

Arg41, Thr66, Glu64, and water molecules[253]. Undeniably, BsPAD also performs 

direct enantioselective hydration of 4VP derivatives in the presence of bicarbonate 

as a catalytic promiscuity. In this reaction, the bicarbonate coordinates in the 

bicarbonate/CO2 binding pocket and abstracts a proton from a water molecule, 

which performs a nucleophilic attack on the quinone methide intermediate of 4VP 

(Figure 16). 
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Figure 16. Reaction mechanisms of BsPAD promiscuities (according to Sheng et al.
[253]

.) (A) 
Carboxylation mechanism. (B) Hydratation mechanism. 

Regardless of the catalytic activities performed by BsPAD and how the phenolic 

substrates are bound, the movement of the flexible β1-β2 loop in the first β-sheets 

is critical to bring the hydroxyl groups of Y11 and Y13 close to the substrate 

(Figure 17)[248]. This loop covers the active site after substrate entry and must be 

active as a gating mechanism[248]. In a homologous PAD from Entero-

bacter sp. Px6-4, the Trp25 (corresponding to W17 in BsPAD) was identified as a 

lock in this gating mechanism[236]. 

 

Figure 17. Superposition of BsPAD variants. BsPAD (PDB 2P8G, coral) and BsPAD_Y19A with 
ligand complex (PDB 4ALB, gray) are shown. The flexibility of the β1-β2-loop indicated by N15 
and W17 is illustrated. Y13 comes close to the substrate within the β1-β2-loop motion. The figure 
is modified from Frank et al.

[248]
. 

 

1.6 Promiscuous acyltransferases/hydrolases 

Hydrolases are widely used in industry because they are often very robust and 

cofactor-free enzymes with a broad substrate spectrum that catalyze regio- and 

stereoselective biotransformations[254–256]. Lipases in particular have proven to be 
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synthetically useful, as they tolerate hight concentrations of organic solvents. In 

the absence of water, they are also capable of catalyzing transesterification and 

reverse hydrolysis reactions, since the acyl-enzyme intermediate formed cannot 

be hydrolyzed and can be cleaved by attacking a nucleophile (acyl acceptor) such 

as alcohols, amines, and thiols[254,257]. However, in the presence of bulk water, 

typically the thermodynamically more favorable hydrolysis reaction is preferred by 

hydrolases (Figure 18)[258].  

 

Figure 18. Schematic hydrolysis or acyl transfer reaction cycle of a serine hydrolase that 
uses ethyl acetate as an acyl donor. The reaction pathway for a hydrolysis and acyl transfer 
reaction is identical to the formation of the acyl-enzyme intermediate with the release of the 
leaving group. In hydrolysis, hydrolytic cleavage of the acyl-enzyme intermediate occurs to release 
acetic acid (blue), whereas, in an acyl transfer reaction, an organic nucleophile accepts the acetyl 
residue (red). Lipases prefer hydrolysis in water, whereas acyltransferases perform acyl transfer 
with a suitable nucleophile. 

However, some hydrolases are able to carry out the acyl transfer reaction even in 

water by running the reaction under kinetic control in the presence of a suitable 

nucleophile[259–264]. These enzymes are hereafter referred to as promiscuous 

acyltransferases/hydrolases. The ability of promiscuous 

acyltransferases/hydrolases to perform acyl transfer reactions in water makes it 

possible to replace organic solvents normally required for these reactions. Unlike 

organic solvents, water is cheap, non-toxic, and environmentally friendly[265]. In 
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addition, water is a good solvent for hydrophilic compounds such as sugars, which 

are usually less soluble in organic solvents. Godehard et al. demonstrated this 

advantage over lipases by using the optimized promiscuous 

acyltransferase/hydrolase EstCE1, originating from a soil metagenome[266], and 

EstA from Arthrobacter nitroguajacolicus to selectively acetylate glucose, maltose, 

and maltotriose at the free 6-O positions with conversions of up to 78%[267]. 

However, the best-studied promiscuous acyltransferase/hydrolase is MsAcT from 

Mycobacterium smegmatis, first described in 2007 by Mathews et al.[264]. The 

application of MsAcT for the synthesis of primary and secondary esters and 

amides was demonstrated by the synthesis of valuable products such as flavors 

and fragrances, tyramine derivatives, and antioxidants[268–271]. Moreover, the 

substitution of the catalytic Ser11 by Cys allowed the formation of thioesters and 

tertiary amides[272]. The poor initial enantioselectivity and limited substrate scope 

of MsAcT were addressed by mutagenesis[272–275]. However, the maximal 

conversions (kinetic maximum) achieved with some substrates remained low, 

since MsAcT has relatively high hydrolytic activity (Figure 19)[275]. A high acyl 

transfer/hydrolysis ratio (AT/H ratio) is desired to achieve higher conversions with 

a lower excess of acyl donor and to prevent acidification of the medium.  

 

Figure 19. Schematic reaction plot in kinetically controlled reactions catalyzed by a 
promiscuous acyltransferases/hydrolase compared to a hydrolase. The dotted line 
represents the hydrolysis that would be expected if not inactivated by the acidification of the 
enzyme, for example. The figure was adapted and modified from Müller et al.

[276]
. 

Müller et al. developed a colorimetric acyltransferase assay to calculate the acyl 

transfer and hydrolysis activity of an enzyme by measuring the formation of 

p-nitrophenolate (pNP) from p-nitrophenyl acetate (pNPA) in the presence or 

absence of an organic nucleophile[276]. Although the assay is not an enzyme 
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constant and depends on the acyl donor, organic nucleophile, and concentrations 

of reactants[258,275], the pNPA-based acyltransferase assay has proven to be a 

valuable tool for the development of promiscuous acyltransferases/hydrolases. 

For example, Godehard et al. improved the AT/H ratio of MsAcT using pNPA as 

an acyl donor for the acetylation of benzyl alcohol from 4.0 to 49.8 by rational 

design[275].  

The pNPA-based acyltransferase assay was also used to evaluate promiscuous 

acyltransferases/hydrolases predicted by a hydrophobicity scoring developed by 

Müller and co-workers[276]. The hydrophobicity of the cap domains of several 

members of the bacterial hormone-sensitive lipase family was analyzed and a 

strong correlation was found between active site hydrophobicity and 

acyltransferase activity toward benzyl alcohol. Although the enzymes with the 

highest cap domain hydrophobicity faced stability problems, several promising 

new promiscuous acyltransferases/hydrolases were identified. The best newly 

identified promiscuous acyltransferase/hydrolase was an esterase from the 

hyperthermostable archaeum Pyrobaculum calidifontis VA1 (PestE), which 

exhibited a similar AT/H ratio to MsAcT in the pNPA assay towards benzyl 

alcohol[275,276]. 

 

1.6.1 PestE 

PestE belongs to the bacterial hormone-sensitive lipase family and exhibits an 

α/β-hydrolase fold as observed in the crystal structure (PDB 3ZWQ)[277]. However, 

the name of the family is misleading because bacterial hormone-sensitive lipases, 

although showing some similarity to human hormone-sensitive lipases, are 

actually esterases[278]. The promiscuous acyltransferase activity of PestE was 

identified by Müller et al. based on hydrophobicity screening of the cap domain 

(Figure 20)[276] as briefly introduced above. 
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Figure 20. Structure of PestE (PDB 3ZWQ) showing the hydrophobic cap domain and active 
site residues. The catalytic triad formed by S157, H284, and D254 is highlighted in orange, and 
selected active site pocket residues are highlighted in blue. 

However, apart from the initial screening for benzyl alcohol, very little is known 

about the substrate scope for acyl transfer reactions. Some hints can be derived 

from the hydrolase activity of PestE since it was originally identified as an 

esterase[279]. PestE is able to hydrolyze short and medium chain aliphatic esters, 

tertiary esters, and bulky chiral carboxylic acid esters[277,279,280]. Furthermore, the 

hyperthermophilic enzyme is very robust toward organic solvents and shows no 

loss of activity even after incubation at 100°C for 2 hours[279,280]. PestE is, 

therefore, likely to be a versatile promiscuous acyltransferase/hydrolase whose 

biocatalytic potential remains to be exploited.  

In the following PhD thesis, the substrate scope of PestE and its potential in 

synthetic applications are investigated. Furthermore, mutants with improved 

acyltransferase activity were engineered. 
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2. Results 

2.1 Valorization strategies using BsPAD  

2.1.1 Photo-enzymatic catalytic CO2 reduction using a promiscuous 

decarboxylase as protein scaffold (Article I) 

Direct utilization of the greenhouse gas CO2 from the atmosphere could contribute 

to both reducing global warming and using CO2 as a sustainable carbon source. 

Many pathways for catalytic CO2 deployment have been considered. Most of them 

involve reduction to C1- such as CO or C2- and higher building blocks[84–95]. 

Inspired by photosynthesis, we aim to perform photocatalytic CO2 reduction to CO 

(Figure 21). In this field, besides the development of photosensitizers (PS), the 

development of catalysts for the selective reduction of CO2 is a major challenge. 

Due to the similar reduction potential of different building blocks that can be 

formed from CO2
[100], not only the activity but also the selectivity between the 

desired and other reduction products is a crucial optimization parameter in 

catalyst design. In particular, the reduction of protons to hydrogen is an 

undesirable side reaction that is difficult to suppress, since protons are also 

required for CO2 reduction (Figure 21). 

 

Figure 21. Reaction scheme of enzymatic photocatalytic reduction of CO2 to CO. Sodium 
ascorbate (NaAscH) provides electrons and protons through its oxidation to dehydroascorbate 
(DHA). The 100 mM sodium bicarbonate buffer is an additional source of protons. In addition to the 
desired CO2 reduction, the undesired hydrogen formation and the standard potential at pH 7 are 
shown

[100]
. RuPS = [Ru(bpy)3]

2+
. 

Enzymes offer selectivity due to their dynamics and well-defined 3D structure[131]. 

Therefore, incorporation of a metal complex capable of reducing CO2 into a CO2-

binding enzyme – yielding an ArM – could contribute to the development of a 

selective catalyst for the reduction of CO2. The phenolic acid decarboxylase from 

Bacillus subtilis, previously introduced as BsPAD, was selected as the ArM 

scaffold because BsPAD, has a CO2-binding site as well as a well-defined large 
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hydrophobic pocket that provides the opportunity to incorporate a metal complex. 

It is also easy to express recombinantly in Escherichia coli (E. coli). For the 

targeted incorporation of the selected Knölker-type iron catalyst, which can reduce 

CO2 to CO in an organic solvent[281], covalent anchoring using a maleimide linker 

was considered. Therefore, the native C100 was removed and a new Cys was 

introduced at position 124 (V124C). Because the latter reduced the stability of the 

protein scaffold, the stability-enhancing mutation A147P proposed by the online 

tool FireProt (https://loschmidt.chemi.muni.cz/fireprotweb/)[282] was introduced. 

The resulting mutant BsPAD_C100W_V124C_A147P (BsPAD_WCP) was the first 

potential ArM scaffold. However, manual docking of the iron catalyst to the active 

site of BsPAD_WCP indicated that more space in the hydrophobic pocket of 

BsPAD might be required for the incorporation of the bulky metal catalyst. There-

fore, the bulky residues W17, I85, and F87 were replaced with Ala in a combina-

torial manner to increase the space in the hydrophobic cavity. After the incorpo-

ration of the metal catalyst, it was found that the enzyme itself and not the incor-

porated iron catalyst was responsible for the observed CO2 reduction. The only 

enzymes known to reduce CO2 to CO were Ni-dependent and oxygen-sensitive 

carbon monoxide dehydrogenases (CODHs). The photocatalytic CO2 reduction 

activity of a cofactor-free enzyme that forms CO is a novelty. BsPAD_WCP 

showed a turnover number (TON) of 30 and a selectivity of 82% between CO and 

hydrogen (Figure 22B). No other CO2 reduction products were detected. 

 

Figure 22. Mutational studies of BsPAD toward CO2 reduction activity.  (A) Visualization of 
residues selected for mutation (blue) in the protein cavity of BsPAD (PDB-ID: 2P8G) and amino 
acids involved in CO2 binding (orange). (B) Photocatalytic carbon dioxide reduction employing 
BsPAD variants (without metal ligands bound). Reaction conditions: [Ru(bpy)3Cl2] = 100 µM; 
[BsPAD] = 5 µM; [NaHCO3] = 0.1 M; [NaAscH] = 0.05 M; total reaction volume = 10 mL; 75 mL CO2 
gas phase. The amounts of CO and H2 produced are shown in green and orange, respectively.  
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Interestingly, the single mutants W17A, I85A, and F87A, which were originally 

designed to increase active site space, increased the TON to 78, 62, and 48, 

while exhibiting selectivities of 88, 91, and 88%, respectively. By lowering the 

enzyme concentration from 5 to 1 µM, BsPAD_WCP_W17A achieved a TON of 

196 and a selectivity of 82%. 

Since the electron-transferring amino acids Trp and Tyr are known to increase the 

efficiency of electron transfer in proteins[283–285], all Trp and Tyr residues near the 

CO2-binding pocket were mutated to Phe. All mutations decreased activity, but 

Y11F and W62F decreased CO formation activity down to background activity 

arising from the [Ru(bpy)3Cl2] PS. Therefore, Y11F and W62F may play an 

important role in electron transfer from the PS to the CO2-binding pocket. Further 

mutational studies on BsPAD_WCP revealed that the replacement of R41, which 

is involved in CO2 binding (Figure 22A), with Leu or Ile, greatly reduced activity, 

underscoring that the architecture of the CO2-binding pocket is critical for CO2 

reduction activity. Inspired by these results, we selected other CO2-binding 

proteins and examined them for their CO2-reducing ability (Table 1). The selected 

enzymes differ in CO2-binding pockets, protein size, and origin. BsPAD and 

aspartate-1-decarboxylase from E. coli K12 (EcPanD) do not require a cofactor for 

CO2 binding[243,286]. In contrast, thiamine diphosphate, Zn2+ and a flavin 

mononucleotide are involved in CO2 binding of acetolactate synthase from 

Thermus thermophilus (TtALS), carbonic anhydrase from Bos taurus (BtCA) and 

ferulic acid decarboxylase 1 from Saccharomyces cerevisiae (ScFDC1), 

respectively[287–289]. 
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Table 1. Carbon dioxide binding enzymes investigated for photocatalytic CO2 reduction. 

# Enzyme nH2 (µmol) nCO (µmol) Select. (%) TON CO 

1 BsPAD_WT <0.32 1.43 81 143 

2 EcPanD 0.42 1.62 80 162 

3 PFE <0.32 0.92 74 92 

4 SsTrpC 0.33 1.17 79 117 

5 MmPPP2 <0.32 1.52 83 152 

6 ScFDC1 <0.32 2.55 89 255 

7 TtALS 0.36 2.62 88 262 

8 EcPPC <0.32 1.49 83 149 

9 BtCA 0.87 2.19 72 219 

Reaction conditions: 10 mL of H2O were used for all cases (Volume of CO2 headspace = 75 mL). 
[Enzyme] = 1 µM. [Ru(bpy)3Cl2] = 100 µM. NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in 
all cases. Reaction mixture was bubbled with CO2 for 30 minutes before irradiation. Light input: 
1.5 W (400-700 nm). Reaction time: 3 h. Standard deviations are generally 4% to 19% for TONCO, 
except for entries 1 (26%), 4 (32%), 6 (28%), and 9 (23%), and 1% to 12% for selectivity, except 
for entry 6 (20%). EcPanD: Aspartate-1-decarboxylase from Escherichia coli K12; PFE: Esterase 1 
from Pseudomonas fluorescens; SsTrpC: Indole-3-glycerol phosphate synthase from Sulfolobus 
solfataricus; MmPPP2: Protocatechuate decarboxylase from Madurella mycetomatis; ScFDC1: 
Ferulic acid decarboxylase 1 from Saccharomyces cerevisiae; TtALS: Acetolactate synthase from 
Thermus thermophilus; EcPPC: Phosphoenolpyruvate carboxylase from Escherichia coli K12; 
BtCA: Carbonic anhydrase from Bos taurus. 

All enzymes showed CO2 reduction activity, indicating that this might be a 

universal feature of CO2-binding enzymes (Table 1). However, the selectivity and 

activity of these mutants were variable and did not correlate with protein size, 

origin, or CO2-binding mechanism. Among the selected WT enzymes, ScFDC1, 

TtALS, and EcPanD showed high activities with TONs of 255, 266, and 162 and 

selectivities reaching 89, 88, and 80%, respectively. These WT enzymes showed 

similar or better performance in activities and selectivity than the engineered 

BsPAD_WCP_W17A variant. Therefore, in addition to BsPAD_WCP_W17A, 

these WT enzymes are promising targets for enzyme engineering toward 

photocatalytic CO2 reduction. In particular, the cofactor-independent and well-

expressible enzymes EcPanD (2.9 µmol/L) and BsPAD_WCP_W17A (8.5 µmol/L) 

could overcome the expression and stability problems associated with CODH. 

Consequently, homogeneous catalysts for CO2 reduction, which normally 

contain (noble) metals[110,127–129], could be avoided in the future by using enzymes 

such as BsPAD. 

 



2. Results 
 

 

31 
 

2.1.2 Spectrophotometric and Fluorimetric High-Throughput Assays for 

Phenolic Acid Decarboxylase (Article II) 

To create an ArM for phenolic acid conversion, BsPAD was selected again as the 

protein scaffold. BsPAD has a Michaelis–Menten constant (KM) value of 1.1, 1.3, 

and 2.6 mM for its natural substrates ferulic acid (FA), coumaric acid (CuA), and 

caffeic acid (CaA), respectively. These values demonstrate a relatively high 

binding affinity for phenolic acids. To ensure that the binding affinity for phenolic 

acids was not reduced by mutations introduced to make BsPAD a suitable ArM 

scaffold, the kinetic parameters of all mutants were determined. Although PADs 

are very interesting enzymes for the production of value-added vinyl phenols, 

which are used as flavor compounds[244,245] and polymer precursors[290,291], there 

is no accurate and fast activity assay for them. Hence, most kinetic studies rely on 

tedious and low-throughput high-performance liquid chromatography (HPLC) 

analysis[234–241,292]. Only in a few cases, a spectrophotometric assay has been 

used to follow the substrate decrease. However, we found that the wavelengths 

chosen (e.g., 285 nm for CuA)[242,243,293–295] largely overlap with the absorption 

wavelengths of the products (Figure 23). Therefore, the kinetic data obtained by 

the previous spectrophotometric method were inaccurate. 

 

Figure 23. Results of the kinetic measurements of BsPAD using the fluorescence assay. 
Absorption spectra of FA (A), CuA (B), and CaA (C) and the corresponding decarboxylated 
products 4VG (A), 4VP (B), and 4VC (C). Spectra were recorded in 50 mM NaPi buffer at pH 6. All 
species had a final concentration of 0.3 mM. 

To develop a suitable activity assay with higher sample throughput, we revised 

the absorbance assay and found that the absorbance of FA, CuA, and CaA at 

335 nm, 324 nm, and 337 nm did not overlap with the absorption wavelengths of 

the corresponding products (Figure 23).  

In addition, an activity assay was developed based on the fluorescence of the 

4VP derivatives formed. Since the fluorescence of the vinyl phenol product is in 



2. Results 
 

 

32 

 

the range of substrate absorption, part of the fluorescence is absorbed by the 

residual substrate in the sample. This does not affect the outcome of qualitative 

high-throughput screenings (HTS), e.g., to identify a more active variant of an 

enzyme library. However, background adjustment is required for the 

characterization of kinetic parameters such as KM and the maximum reaction rate 

(Vmax). This means that a sample of the reaction is transferred to an analysis plate 

in which the substrate concentration is set to 0.5 mM. In addition, the detection 

wavelength was optimized to achieve the maximum output signal in the presence 

of 0.5 mM of the corresponding substrates. 

 

Figure 24. Kinetic measurements of BsPAD using the fluorescence- and absorbance assays 
with FA (A), CuA (B) and CaA (C). All measurements were performed in triplicates and incubated 
at 21°C (1000 rpm) for one minute (fluorescence assay) or measured in time-drive mode for 10 
min (absorbance assay). Absorption wavelengths: FA: 335 nm; CuA: 324 nm; CaA: 337 nm. 
Fluorescence: 4VG: Ex.: 258 nm, Em.: 345 nm; 4VP: Ex.: 258 nm, Em.: 335 nm; 4VC:Ex.: 258 nm, 
Em.: 350 nm. Data points were fitted to the Michaelis-Menten equation without (FA and CuA) or 
with inhibition using Origin 2020 (OriginLab Corporation, Northampton, MA, USA). 

The developed absorption and fluorescence assays were validated for FA, CuA, 

and CaA using the WT of BsPAD as a model PAD (Figure 24). Both assays gave 

similar results and were compared with kinetic data from the literature (Table 2). 

Only for CuA were there major differences in the kinetic data, although the data 

points of the two assays are similar, as substrate inhibition gave a good 

correlation with the fluorescence assay, whereas the spectrophotometric assay 

only fit the Michaelis-Menten equation well without substrate inhibition. As 

expected, the Vmax values measured with the developed assays were higher than 

those reported in the literature because the measured apparent substrate 

decrease was reduced by the absorption of the formed product at the 

wavelengths chosen in the literature. 
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Table 2. Comparison of KM and Vmax values from the literature and the developed 
absorbance and fluorescence assays. 

 FA CuA CaA 

Assay KM / mM Vmax / U/mg KM / mM Vmax / U/mg KM / mM Vmax / U/mg 

Absorbance 0.54 ± 0.02 506 ± 11 0.73 ± 0.08 417 ± 30 0.55 ± 0.15 229 ± 37 

Fluorescence 0.67 ± 0.03 342 ± 10 0.31 ± 0.03 456 ± 20 2.25 ± 0.30 599 ± 71 

Literature
[243],a

 1.1 280 1.3 265 2.6 180 

a) Based on a spectrophotometric assay for substrate decrease using wavelengths that overlap 
with the absorption of the products. 

Remarkably, both assays required less than 2 µg of enzyme to characterize the 

kinetic parameters for each substrate studied. Both assays have their advantages: 

The optimized absorbance assay can measure concentrations up to the solubility 

limit (about 10 mM), whereas the fluorescence assay is more sensitive in the low 

concentration range. In addition, both assays allow the detection of decarboxylase 

activity in crude cell lysate, opening a gateway for HTS library screening. 

Moreover, the fluorimetric assay can also be performed with whole-cells. The 

screening and improvement of PADs is important because of their potential 

application in the direct valorization of phenolic acids from natural 

resources[240,246,247]. 

 

2.2 Biomass valorization using the promiscuous acyltransferase/ 

hydrolase PestE 

2.2.1 Recent Insights and Future Perspectives on Promiscuous Hydrolases/ 

Acyltransferases (Article III) 

This perspective article focuses on the discovery, mechanistic insights, synthetic 

applications, and engineering of promiscuous acyltransferases/hydrolases. These 

promising enzyme catalysts enable the production of esters, thioesters, amides, 

carbonates, and carbamates in water. Therefore, they can help to reduce the use 

of organic solvents normally required for acyl transfer reactions catalyzed by 

lipases, for example. 

Although the activity of promiscuous acyltransferases from hydrolases in water 

was described as early as the 1990s for a lipase from Candida parapsilosis 

(CpLIP2) and Pseudozyma antarctica (CAL-A), they received less attention 

because they were restricted to the transfer of long-chain fatty acids[259–262]. With 

the discovery of MsAcT, shorter acyl chains could also be transferred [264]. 
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Therefore, MsAcT variants have been widely used for synthetic applications, such 

as the synthesis of valuable tryptamine derivatives, flavorants, and fragrances[269–

271,274,296,297]. The discovery of promiscuous acyltransferases/hydrolases has long 

been driven by accidental but careful observations and by luck[258,262,264,298,299]. 

The precipitation-based acyltransferase assay by Reisky et al. was the first 

screening assay that allowed targeted screening of hydrolase libraries to identify 

new promiscuous acyltransferase/hydrolase[300]. The formation of insoluble 

oligocarbonates from soluble dimethyl carbonate and 1,2-hexanediol monomers 

led to the discovery of Est8. EstCE1 from family VIII of carboxyesterases was also 

identified in a homologous manner[301]. Müller et al. recently described a 

sequence-based in silico screening method comparing the hydrophobicity of the 

N-terminal cap domains in the bacterial hormone-sensitive lipase family[276]. The 

discovery of numerous new promiscuous acyltransferases/hydrolases 

underscores that acyltransferase activity in hydrolases is a widely encountered 

feature rather than an exception. This is further evidenced by the fact that many 

promiscuous acyltransferases/hydrolases, true acyltransferases, and hydrolytic 

enzymes share the same catalytic Ser-His-Asp triad[264,276,302–304].  

Various explanations have been developed why acyltransferases and hydrolases 

prefer acyl transfer and hydrolysis, respectively. Kazlauskas et al. and Jones et al. 

hypothesized that subtle changes or amino acids in the hydrolase/acyltransferase 

structure inactivate the water molecule and, thus, stabilize the acyl-enzyme 

intermediate (Figure 25A)[305,306]. The acyltransferase activity of other enzymes, 

including MsAcT, has been explained by water repulsion of the hydrophobic active 

site to prevent hydrolysis[264]. However, computational studies with MsAcT by 

Kazemi and co-workers showed that the high binding affinity towards benzyl 

alcohol is determined by the hydrophobic pocket rather than by the shielding of 

water molecules[273]. 

The synthetic potential of promiscuous acyltransferases/hydrolases has not yet 

been fully explored. The main problem in the application of these enzymes is that 

after the reaction reaches its kinetic maximum, hydrolysis can dominate and 

consequently the product is hydrolyzed (Figure 25B). Only very few systems such 

as the irreversible formation of amides by EstCE1 can circumvent this issue[301]. 

Therefore, in acyltransferase reactions, in situ product removal in a two-phase 



2. Results 
 

 

35 
 

system, a flow setup, and/or the use of an excess acyl donor are often employed 

to shift the equilibrium[270,307–309]. In addition, the use of enol esters releases an 

enol as a leaving group, which can subsequently tautomerize into non-nucleo-

philic carbonyls, thus, reducing undesired back reactions of this side-product. 

However, leaving groups, such as acetaldehyde (i.e., the tautomer of vinyl 

alcohol) from vinyl acetate, not only reduces atom efficiency but are also toxic. 

 

 

Figure 25. Mechanism and reaction pattern of promiscuous hydrolases/acyltransferases. 
(A) Properties of active sites of physiologically relevant acyltransferases and promiscuous 
hydrolase/acyltransferase: (1) A hydrophobic environment may provide a more favorable 
surrounding for organic nucleophiles than for water, (2) high binding affinity to the acyl acceptor 
substrate may displace water and promote acyl transfer over hydrolysis, (3) structural features 
may inactivate water, preventing the nucleophilic attack on the acyl-enzyme intermediate. (B) 
Promiscuous hydrolase/acyltransferases catalyze acyl transfer (AT) faster than they catalyze 
hydrolysis (H), leading to transient accumulation of the transesterification product. If the 
transacylation product is a substrate to the enzyme as well, product hydrolysis (PH) will occur until 
the thermodynamic equilibrium is reached. A hydrolase without promiscuous acyltransferase 
activity will not show a kinetic maximum above the thermodynamic equilibrium. This figure was 
adapted from Müller et al.

[310]
. 

The low hydrolytic activity of promiscuous acyltransferase/hydrolase is crucial for 

high maximum conversions and slow decay of product titer. Enzyme engineering 

has shown that it is possible to reduce both substrate and product hydrolysis and 

created enzymes with a higher acyl transfer/hydrolysis ratio (AT/H ratio)[275,276]. 

Godehard et al. demonstrated that even a single mutation in MsAcT (K97A) can 

(A) 

(B) 

1 2 3 
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increase the AT/H ratio 7.5-fold by reducing hydrolysis to one-third while 

increasing acyl transfer activity 2.5-fold[275]. Further engineering of promiscuous 

acyltransferases/hydrolases could focus on regions/motifs near the active site 

since Müller et al. found that three-amino acid motifs next to the catalytic triad in 

EstA (HDG) and EstCE1 (WGG) had a major impact on hydrolytic activity. In the 

related lovastatin hydrolase, this motif was found to influence hydrolysis by 

affecting the hydrogen bonding network around the active site[311]. 

Enzyme engineering was also used to extend the substrate range of MsAcT by 

replacing Ser11 in the active site with Cys. This mutant was able to form tertiary 

amides from secondary amines. With MsAcT_S11C, they also formed thioesters. 

Noteworthy, thioester hydrolysis was not observed [272]. Apart from challenging 

products such as reactive thioesters, hydrophilic compounds are promising 

targets for acyl transfer reactions. However, the ability of most promiscuous 

acyltransferases/hydrolases to accept highly hydrophilic substrates is poor. 

Nevertheless, Godehard et al. succeeded in modifying EstEC1 to efficiently 

acetylate glucose, maltose, and maltotriose using ethyl acetate as an acyl 

donor[267]. Moreover, the new promiscuous acyltransferases/hydrolases EstXT1 

also showed acylation activity towards cyanidin-3-O-glucosides[312]. These 

examples indicate that the identification of new and the engineering of known 

promiscuous acyltransferases/hydrolases could further enhance their synthetic 

utility and their use in transacylation reactions. 

 

2.2.2 Rational Design for Enhanced Acyltransferase Activity in Water 

Catalyzed by the Pyrobaculum calidifontis VA1 Esterase (Article IV) 

PestE from Pyrobaculum calidifontis VA1 was initially found to be an esterase and 

used for hydrolysis reactions of aliphatic esters, tertiary esters, and bulky chiral 

carboxylic acid esters[277,279,280]. In 2020, the promiscuous acyltransferase activity 

of PestE was identified by Müller et al., using a hydrophobicity-based assessment 

of the active pocket[276]. The nonpolar compound benzyl alcohol was the only 

nucleophile (acyl acceptor) known for acyl transfer reactions. In homology, 

nonpolar monoterpene alcohols were investigated as potential PestE substrates. 

The selected monoterpene alcohols (±)-citronellol, (±)-menthol, carvacrol, and (±)-
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linalool represent primary, secondary, phenolic, and tertiary alcohols, 

respectively (Figure 26). Consequently, their testing allows insight into the acyl 

transfer substrate scope of PestE. 

 

Figure 26. Monoterpene alcohol substrates and the reaction scheme of PestE-catalyzed 
transesterifications with vinyl acetate.  

Monoterpene alcohols such as (±)-citronellol can be isolated from essential 

oils[313] and are used as flavor and fragrance compounds[314,315]. Generally, 

acetylation of monoterpene alcohols is used to alter the taste and odor perception 

of these compounds[315–317]. Hence, the synthesis of monoterpene esters in water 

could provide a sustainable alternative to lipase-catalyzed acyl transfer reactions 

in organic solvents. 

To screen the acyl transfer substrates of PestE, 20 mM of the desired substrate 

and a ten-fold excess of vinyl acetate as an acyl donor were used. The PestE_WT 

was remarkably active toward the primary alcohol (±)-citronellol. With 0.2 µg/mL 

PestE_WT, complete conversion was achieved after 2 h reaction time and no 

enantioselectivity was observed. 40% conversion was achieved after only 5 min, 

indicating a specific activity in the low kU/mg range. PestE WT was also active 

against the secondary alcohol (±)-menthol, but with a maximum conversion of 

38% and 57%ee (E-value 5) for (–)-menthol. The highest conversion for carvacrol 

was 7%, indicating high product or acyl donor hydrolysis in the presence of 

carvacrol. No activity towards linalool was observed. Importantly, PestE is the first 

promiscuous acyltransferases/hydrolases shown to form phenolic esters in water.  

In order to decrease the hydrolysis activity of PestE, mutants were created by 

rational design. Therefore, the substrate binding pocket was detected by docking 

of the substrate (–)-menthol. Similar to the studies by Godehard et al. and Müller 
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et al., a dependence between the acyltransferase activity and the hydrophobicity 

of the active site was proposed[275,276]. Consequently, the polar residues H95 and 

N288 were chosen and exchanged to Ala and Phe, respectively, to increase the 

active site hydrophobicity. Furthermore, the bulky I208 residue, positioned at the 

entrance of the active site, was substituted by Ala to facilitate substrate binding. 

All PestE variants were investigated towards the monoterpene alcohol substrates. 

Figure 27 shows the results for citronellol (acyl donor: ethyl acetate (A); vinyl 

acetate (B)) and menthol acetylation (C). 

 

Figure 27. Acetylation of citronellol and menthol by PestE variants. (A) Acetylation of 20 mM 
citronellol by PestE variants with 200 mM vinyl acetate as acyl donor. PestE WT (square), H95A 
(circle), I208A (triangle), and N288F (diamond) were used at a loading of 0.2 µg/mL. (B) 
Acetylation of 20 mM citronellol by PestE variants with 200 mM ethyl acetate as acyl donor. PestE 
variants: WT (square), H95A (circle), I208A (triangle), and N288F (diamond) were used at an 
enzyme load of 20 µg/mL. (C) Acetylation of 20 mM (±)-menthol by PestE variants with 200 mM 
vinyl acetate as acyl donor. Maximum conversion and enantioselectivity are shown. The highest 
conversions for PestE WT, H95A, I208A, and N288F were achieved after 4, 8, 3, and 8 h, 
respectively. All enzymes were used at a concentration of 0.2 µg/mL. All reactions were performed 
in triplicates at 40°C and samples were analyzed by gas chromatography (GC). All values are 
given as the mean of triplicates with the corresponding standard deviation. 

Interestingly, the H95A and N288F mutations decreased acyltransferase activity 

for all substrates, as indicated by the initial turnovers after 5 minutes. In contrast, 

H95A actually increased hydrolysis, as indicated by the lower maximal 

(C) 

(A) (B) 
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conversions (Figure 27A/B). However, N288F also decreased the hydrolysis 

reaction and resulted in 44% maximum conversions of (±)-menthol and also 

higher selectivity over (–)-menthol (80%ee, E value 17). The altered hydrolysis 

reaction can be explained by the influence of water molecules in the active site. 

Molecular dynamics (MD) simulations showed that fewer water molecules and 

fewer hydrogen bonds are present in the active site when N288 is mutated to Phe, 

whereas the substitution H95A has the opposite effect. The higher acyltransferase 

efficiency of N288F was also demonstrated by using ethyl acetate (EtOAc) as an 

acyl donor for the transesterification of citronellol (Figure 27B). Unlike vinyl 

acetate, which releases vinyl alcohol that subsequently tautomerizes into 

acetaldehyde, ethyl acetate releases ethanol. The latter acts as a competing 

nucleophile and promotes the reverse transesterification reaction. A maximum 

conversion of citronellol of 92% was achieved with PestE_N288F, while the WT 

reached only 82% and showed faster product hydrolysis over 24 h total reaction 

time. The high conversions in the experiment with ethyl acetate highlight the 

ability of PestE to achieve high conversions even with more sustained non-

activated acyl donors.  

Although the I208A mutation decreased active site hydrophobicity, acyltransferase 

activity was increased for all substrates. Selectivity for acetylation of (±)-menthol 

was also increased towards (–)-menthol to 94%ee with no change in conversion 

from 38% (E-value 55). Mutation I208A demonstrates that, in addition to substrate 

binding, access to the active site is an important parameter, providing kinetic 

control of the target reaction.  

In summary, PestE acetylates the bulky primary alcohol citronellol very rapidly. 

Furthermore, PestE is capable of acetylating secondary and phenolic alcohols. 

The (selective) conversion of bulky primary alcohols with non-activated acyl 

donors such as ethyl acetate could be a possible application of PestE. 

 

2.2.3 Recovery of Hydroxytyrosol from Olive Mill Wastewater using the 

Promiscuous Hydrolase/Acyltransferase PestE (Article V) 

The potential application of promiscuous hydrolases/acyltransferases to lipophilize 

hydrophilic value-added compounds to facilitate their recovery from aqueous 
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waste streams has never been investigated, although wet or aqueous by-products 

such as fruit peels or olive mill wastewater (OMWW) are commonly produced in 

the agricultural industry[318]. OMWW was targeted because the major phenolic 

compound hydroxytyrosol (HT) and its derivatives are valuable antioxidants with 

various health-promoting properties including neuroprotective, anti-cancer, and 

anti-inflammatory activities[8–12,28]. The low extractability of hydrophilic HT could be 

overcome by acylation. PestE was chosen for the acetylation of HT to 

hydroxytyrosol acetate (HTA) because its ability to efficiently acetylate primary 

alcohols, employing ethyl acetate as the acyl donor, has been demonstrated in a 

previous study (Article IV). In addition, the robust promiscuous 

hydrolase/acyltransferase PestE is more likely to remain active in OMWW, which 

is an unbuffered solution with various reactive compounds and an acidic pH 

of 5[15].  

Initial screening with 5 mM HT in sodium phosphate buffer (pH 8.0) and a large 

excess of ethyl acetate showed that HT was accepted as a nucleophile for acyl 

transfer reactions, but spots on thin-layer chromatography (TLC) were weak, 

indicating low acyltransferase efficiency. Therefore, mutagenesis of PestE was 

pursued to increase acyltransferase activity. The mutants PestE_H95A, 

PestE_I208A, and PestE_N288F, which were previously engineered to increase 

acyltransferase activity toward monoterpene alcohols, were also examined. Only 

the PestE_I208A mutant showed stronger staining on the TLC compared to the 

WT. Substitution of N288 previously increased the maximum conversions 

obtained with ethyl acetate as an acyl donor (Article IV) due to the disturbance of 

water network formation. Since N288F did not increase conversions, the mutant 

N288A was created. PestE_G86A and PestE_L209F were designed based on the 

molecular docking of HT in the active site (Figure 28A). All mutants were tested in 

a two-phase system with 5 mM HT in 50 mM citrate buffer at pH 5.0 and ethyl 

acetate at a volumetric phase ratio of 2:1. The PestE concentration in the 

aqueous phase was 0.1 mg/mL. The PestE WT showed a conversion of 18% after 

24 h, whereas the mutants PestE_G86A, PestE_N288A, PestE_I208A, and 

PestE_L209F reached 18, 21, 22, and 52% conversion, respectively (Figure 28B). 

Combinatorial mutagenesis revealed that the combination of I208A, L209F, and 

N288A (PestE_I208A_L209F_N288A) gave the best conversion of 86%. 
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Figure 28. Acetylation of HT by PestE. (A) Docking structure of HT in PestE WT. The acetylated 
Ser157 was generated based on the PDB structure 3ZWQ. Residues interacting with HT are 
shown in light blue; residues of the catalytic triad Ser157, His284, Asp254 are highlighted in 
orange. (B) Conversion of HT to HTA at 25°C (1000 rpm) by 0.1 mg/mL of each PestE variant in a 
two-phase system of 50 mM citrate buffer and EtOAc after 24 h. (C) Reaction scheme and 
conversions of HT in OMWWs catalyzed by PestE_I208A_L209F_N288A (0.5 mg/mL) on EziG

2
™ 

beads (EnginZyme, Solna, Sweden) at 35°C (1000 rpm) after 24 h. The organic EtOAc phase was 
used in a 1:2 ratio to the aqueous phase. The figure was adapted from Terholsen et al.

[319]
. 

PestE_I208A_L209F_N288A was immobilized on EziG2 beads 

(PestE_I208A_L209F_N288A-EziG2). EziG2 are commercially available porous 

glass beads coated with a hydrophobic polymer capable of binding his6-tagged 

proteins. By using PestE_I208A_L209F_N288A-EziG2 and increasing the enzyme 

loading to 1 mg/mL conversions of over 80% were reached within 1 h reaction 

time. The recyclability of the enzyme-loaded EziG2 beads was demonstrated for 

ten reaction cycles without loss of activity. Finally, PestE_I208A_L209F_N288A-

EziG2 was used to generate and extract HTA from the OMWW of three olive mills 

from Crete (Greece). Due to inhibition by other phenols in the OMWW, the 

reaction was slower and only conversions of 51–62% were achieved after 

24 h (Figure 28C). In a preparative scale reaction, 13.8 mg of HTA could be 

extracted into the organic phase, corresponding to 57 mol% of HT from the 

(A) 
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OMWW used. Considering the additionally extracted 2.1 mg of HT, 73 mol% of 

HT was recovered from the OMWW in the organic phase. This is comparable to 

the recoveries of other extraction methods[15,16]. However, here, only a simple 

one-step extraction was performed. The use of PestE_I208A_L209F_N288A 

could help intensify extraction processes and replace HT currently produced from 

fossil feedstocks[13]. However, the total amount of HT in the OMWW samples used 

for extraction was relatively low due to the timing of sampling in November, as the 

free HT content is higher in the late season[320]. In the early season, HT is bound 

in the glycoside oleuropein, for example. 

 

2.2.4 An Enzyme Cascade Reaction for the Recovery of Hydroxytyrosol 

Derivatives from Olive Mill Wastewater (Article VI) 

As mentioned in Article V, HT is found in olives in both free and bound forms[320]. 

The glycoside oleuropein is the major HT glycoside and is found in olive leaves 

and fruits. Therefore, olive by-products such as olive leaves, OMWW, and olive 

seeds contain oleuropein[321]. Its content is subject to seasonal variation and 

highly depends on the olive oil extraction process[322]. To produce value-added HT 

from oleuropein, the glycoside must be cleaved and hydrolyzed. It is known that 

almond β-glucosidase cleaves oleuropein into the oleuropein aglycone and 

glucose[323]. However, further cleavage is required to release HT. Because 

PestE_I208A_L209F_N288A has been shown to be active for the synthesis of HT 

esters, we exploited the hydrolytic properties of this promiscuous 

hydrolase/acyltransferase in the absence of an acyl donor to release HT. To 

enable a continuous process of OMWW produced continuously even during the 

olive oil season, a segmented flow setup was used to release HT from oleuropein 

and to produce and extract HTA from the released HT (Figure 29A). Interestingly, 

no further release of HT from the glucosidase-pretreated OMWW was detected 

under acyltransferase conditions (Figure 29B), highlighting that hydrolysis of the 

oleuropein aglycone is suppressed during the acyltransferase reaction. By 

dividing the flow reactions into a hydrolysis step of oleuropein to HT and an 

acyltransferase reaction (Figure 29C), the total HT(A) extraction titers relative to 

one liter of OMWW were increased from 130 mg/L (93 mg/L HTA and 37 mg/L HT) 

to 228 mg/L (166 mg/L HTA and 62 mg/L HT). Thus, similar extraction titers 
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relative to one liter of OMWW were achieved as in the batch method (Article V; 

265 mg/L). Importantly, the reaction time was reduced from 24 h to about 30 min. 

At the same time, the elevated temperatures used in the previous systems could 

be avoided. 

 

Figure 29. Schematic reaction and flow diagram of the enzymatic cascade reaction for the 
recovery of HT(A) from OMWW. (A) Reaction cascade for the conversion of oleuropein to HTA. 
The almond β-glucosidase deglycosylates oleuropein to oleuropein aglycone. 
PestE_I208A_L209F_N288A is intended to release elenolic acid and HT by hydrolysis and to 
transesterify HT to HTA using ethyl acetate as acyl donor. (B) Acetylation/extraction flow setup. 
Ethyl acetate and OMWW were added to the packed-bed reactor at flow rates of 1.0 mL/h and 1.6 
mL/h, respectively. (C) Sequential oleuropein hydrolysis and HT acetylation/extraction setup: 
Hydrolysis of oleuropein was performed in a separate flow reaction at a flow rate of 1.6 mL/h. The 
acetylation/extraction reaction was performed as described above. The figure was adapted from 
Terholsen et al.

[324]
. 

Overall, we demonstrated the coupling of almond β-glucosidase and 

PestE_I208A_L209F_N288A in a sequential enzyme flow cascade that utilizes 

both the hydrolase and acyltransferase activities of the promiscuous 

hydrolase/acyltransferase. The release and extraction of HT(A) from its precursor 

could help to recover more HTA from the by-products of industrial olive oil 

production. In addition, the possibility of continuous OMWW processing and 

extraction was demonstrated. 

  

(C) (B) 
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2.2.5 Chemoenzymatic Cascade Reaction for the Valorization of the Lignin 

Depolymerization Product G-C2-Dioxolane Phenol (Article VII) 

Lignin is part of lignocellulose, the most abundant sustainable resource on 

earth[29], and its potential for the production of certain chemicals has not yet been 

exhausted. In the pulp and paper industry, lignin is extracted from lignocellulose 

under harsh reaction conditions, irreversibly changing lignin into a chemically 

undefined product that is used as a combustible[40]. The "lignin first" approach 

aims at extracting high quality lignin from lignocellulose while producing high 

quality (hemi-)cellulosic products[40,58]. In other words, the "lignin first" strategy 

aims at exploiting the full potential of lignocellulose for the specific manufacturing 

of chemical compounds. One approach following the "lignin first" strategy is the 

diol-assisted fractionation of lignocellulose, which produces dioxolane products of 

the lignin building blocks. In softwood, the guaiacol-derived G subunit is the most 

abundant lignin building block[37,38] and, therefore, the major depolymerization 

product. Deuss and co-workers extracted up to 16.5% (w/w) of the G-subunit 

derived G-C2-dioxolane phenol (DOX; Figure 30) from pinewood lignin[50]. Our 

goal was to valorize the DOX to a homovanillyl alcohol-derived antioxidant. 

Homovanillyl alcohol (HVA) has shown protective effects on cardiovascular 

disease and is a natural metabolite of HT[325,326]. In homology to HT, acylation 

could facilitate its transfer across membranes[327,328]. In a one-pot 

chemoenzymatic cascade (Figure 30), we first deprotected the DOX with 

Amberlyst-15 (Merck KGaA, Darmstadt) encapsulated in polydimethylsiloxane 

(Amb-15@PDMS) to homovanillin (HV) and used horse liver alcohol 

dehydrogenase (HLADH) to generate HVA, which was subsequently acylated by 

the promiscuous acyltransferase/hydrolase mutant PestE_I208A_L209F_N288A 

described above (Article V). Because phenols tend to oxidize at basic pH, the 

cascade was performed in sodium phosphate/citrate buffer at pH 6.0. 
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Figure 30. Chemoenzymatic cascade for the synthesis of homovanillyl butyrate from G-C2 
dioxolane phenol (DOX). Polydimethylsiloxane-coated Amberlyst-15 (Amb-15@PDMS) was used 
to deprotect DOX, yielding homovanillin (HV). HV is reduced to homovanillyl alcohol (HVA) by 
lyophilized E. coli whole cells containing HLADH. HLADH recycled the required NADH cofactor by 
oxidizing ethylene glycol (EG) and n-butanol released during the other reaction steps. Finally, 
PestE_I208A_L209F_N288A acylated HVA to homovanillyl butyrate (HVB).  

The deprotection of acetals by the solid acid catalyst Amberlyst-15 in pure water 

has been described[211], but it was not possible to couple the deprotection and the 

enzyme reactions because the buffers required for the enzymatic reactions 

deactivated the solid acid catalyst by deprotonation. Therefore, a 

compartmentalization strategy was employed in which Amberlyst-15 was encap-

sulated with a hydrophobic polydimethylsiloxane (PDMS) polymer (Sylgard® 184; 

Merck KGaA, Darmstadt). With this strategy, it was possible to deprotect the DOX 

in a buffered solution at pH 6.0 and couple the deprotection with the enzymatic 

transformation steps (Table 3). However, the enzymatic activity of HLADH was 

drastically reduced in this system, which might be due to immobilization and 

inactivation on the PDMS surface[329]. In general, the activity of HLADH was 

limiting for the cascade because a biphasic reaction with the acyl donor ethyl 

acetate, which was previously used to promote the acyltransferase 

reaction (Articles V & VI), inactivated the enzyme. Therefore, the acyl donor was 

replaced with butyl butyrate, which is less inactivating, and lyophilized E. coli 

whole cells with recombinantly expressed HLADH were used to prevent 

immobilization on the PDMS surface.  
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Table 3. Chemoenzymatic cascade reaction for the synthesis of HVB. 

Entry HLADH PestE DOX HV HVA HVB 

1 OD600 15 20 µg 13±7% 75±7% 4±0% 8±0% 

2 OD600 100 20 µg 14±6% 50±2% 13±3% 23±2% 

3 OD600 500 20 µg 3±1% 3±2% 37±1% 57±0% 

4 - - 3±0% 97±0% n.d. n.d. 

5
a
 - 20 µg 32±14% 57±15% 9±1% 2±0% 

6 OD600 500 - 64±6% 1±0% 34±6% Traces 

5 mM G-C2 dioxolane phenol, 7 mg Amb-15@PDMS (containing approximately 1.4 mg Amb-15; 
10 beads), 20% (v/v) butyl butyrate, and purified PestE_I208A_L209F_N288A were added. The 
100-µL-scale reaction in sodium phosphate/citrate buffer (25 mM each; pH 6.0) was performed at 
20°C (1000 rpm) for 24 hours. HLADH was expressed in E. coli whole cells and used as a lyophili-
zate. All reactions were extracted twice with 200 µL ethyl acetate and Amb-15@PDMS was addi-
tionally washed twice. The values given are mean values of duplicates with the corresponding 
standard deviation. OD600 was measured before lyophilization and the amount of lyophilisate ad-
ded was adjusted accordingly. a) OD600 150 of E. coli whole cells containing empty vector pET28a. 

Endogenous E. coli proteins also showed minor activity in reducting HV to HVA 

(Table 3, entry 5). Nevertheless, large amounts of lyophilized whole cells (OD600 

500) containing HLADH were required to convert 97% of the HV formed. The 

overall conversion of 94% for the first two reaction steps indicates that 

deprotection, recycling of the NADH cofactor with ethylene glycol and butanol 

from the other reaction steps, and shifting of the equilibrium by subsequent 

acylation were successful. The conversions in the final acylation step reached up 

to 61%, which is close to the 68% conversion achieved in 24 hours in a reaction 

with 5 mM HVA as substrate in the presence of PestE_I208A_L209F_N288A and 

Amb-15@PDMS. However, it is worth noting that PestE_I208A_L209F_N288A is 

the HVB-forming catalyst and not Amb-15@PDMS (Table 3, entry 6). Finally, it 

was possible to create a one-pot chemoenzymatic cascade for the potential 

valorization of DOX with a total conversion of 57% to HVB. With Amb-15@PDMS 

and the use of the promiscuous acyltransferase/hydrolase PestE, it was possible 

to perform acetal cleavage and transesterification, which are typically 

incompatible with buffered aqueous systems, at near-neutral pH and 20°C. In 

addition, an enzyme-compatible solid acid catalyst was developed, which could 

open up the possibility of coupling various acid- and enzyme-catalyzed reactions. 
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3. Conclusions 

In this dissertation, enzymatic valorization strategies for CO2 and biomass-derived 

compounds were successfully developed.  

In search of an ArM scaffold for selective photocatalytic CO2 reduction to CO, we 

found a new enzymatic promiscuity of BsPAD and other CO2-binding enzymes. It 

was possible to identify the essential amino acids in BsPAD – R41, Y11, and 

W62 – involved in CO2 binding and electron transfer. With the best BsPAD 

variant, BsPAD_WCP_W17A, TONs of 196, and selectivity for CO over H2 of 82% 

could be achieved. From a selection of CO2-binding enzymes, ScFDC1, TtALS, 

and EcPanD showed similar or higher activity and selectivity than 

BsPAD_WCP_W17A. These enzymes overcome the expression and stability 

problems of CODH and have the potential to replace (noble) metal-containing 

catalysts for photocatalytic CO2 reduction (Article I). During the engineering of 

BsPAD, two high-throughput assays for the detection of phenolic acid 

decarboxylation were developed, allowing fast and accurate characterization of 

PADs (Article II). 

The potential of promiscuous acyltransferases/hydrolases was reviewed in a 

‘perspective article’ (Article III). Along these lines of research, the acyltransferase 

substrate scope of PestE was investigated for the monoterpene alcohols 

(±)-citronellol, (±)-menthol, carvacrol, and (±)-linalool. High activity was observed 

toward the primary alcohol citronellol, resulting in complete conversion with vinyl 

acetate as the acyl donor and greater than 90% conversion with ethyl acetate 

using PestE_N288F. PestE_I208A increased the selectivity for acetylation of (–)-

menthol and achieved E-values up to 57 (WT: 7). In addition, PestE is the first 

promiscuous acyltransferase/hydrolase to exhibit acyl transfer activity toward 

phenolic alcohols (Article IV). Furthermore, PestE was engineered for the 

acetylation of the hydrophilic antioxidant HT in a two-phase system with ethyl 

acetate, resulting in the optimized variant PestE_I208A_L209F_N288A. The 

immobilization of this PestE variant on EziG2 beads yielded a potent and, 

importantly, reusable biocatalyst. Although the acidic, phenol-rich, and unbuffered 

OMWW is a very challenging reaction matrix, conversions of 51–61% HTA from 

OMWW samples were achieved. In a 60-mL scale batch, 73 mol% of the initial HT 

content (57 mol% as HTA) could be extracted into the organic phase. The 
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developed enzyme-assisted extraction method showed a similar yield to esta-

blished extraction methods but requires only a single extraction step (Article V). 

This system was further developed to allow extraction of HT, covalently bound in 

its precursor oleuropein, using almond β-glucosidase and both activities of the 

promiscuous acyltransferase/hydrolase PestE_I208A_L209F_N288A in a flow 

chemistry setup (Article VI). PestE_I208A_L209F_N288A was also used in the 

final step of a chemoenzymatic cascade to convert the lignin depolymerization 

product DOX via HV and HVA to HVB with 57% conversion. The reaction of HV to 

HVA was catalyzed by recombinant HLADH from lyophilized E. coli whole-cells. 

For the acetal cleavage of DOX, an enzyme-compatible PDMS-coated 

Amberlyst-15 catalyst (Amb-15@PDMS) was employed, allowing the use of the 

solid acid catalyst under aqueous buffer conditions and mild 

temperatures (Article VII).  

In conclusion, PestE has been proven to be a versatile and robust promiscuous 

hydrolase/acyltransferase that can operate in cascades and under challenging 

conditions. PestE_I208A_L209F_N288A was developed as a significantly 

improved variant of this acyltransferase, providing a good starting point for the 

valorization/extraction of other compounds, for example, resveratrol, from waste 

biomass. In addition, two new classes of catalysts were discovered in this work: 

Enzyme-compatible solid acid catalysts (Amb-15@PDMS) and CO2 reduction 

catalyzing CO2-binding enzymes. Both classes of catalysts open the door to new 

sustainable synthesis routes that avoid high temperatures, organic solvents, 

or (noble) metals. The (enzyme) catalysts presented could pave the way for 

sustainable synthesis of chemicals in the future.  
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Abstract 
The application of carbon dioxide and its derivatives e.g., carbonate, bicarbonate, which are so far 

widely seen as waste, is required to reach a circular carbon economy and minimize environmental 

issues. Currently many research efforts focus on new concepts for utilizations of such materials. To 

achieve these goals, photo-, electro-, thermal-, and biocatalysis are key tools to realize the desired 

transformations, especially in aqueous solution. Nevertheless, catalytic systems that operate 

efficiently in water are scarce. Here, we present a general concept for the identification of suitable 

and stable enzymes for CO2 reduction based on structural analysis for potential carbon dioxide 

binding sites and subsequent mutation. Following this idea, we discovered that the wild-type of 

phenolic acid decarboxylase from Bacillus subtilis (BsPAD_WT) promotes the aqueous photocatalytic 

CO2 reduction selectively to carbon monoxide in the presence of a ruthenium photosensitizer and 

sodium ascorbate. Crucial for this ability are a CO2-binding pocket containing arginine and in close 

proximity redox active amino acids, e.g., tyrosine or tryptophane. By mutating the active site of 

BsPAD_WT, improved turnover numbers for CO generation up to 196 were achieved 

(BsPAD_WCP_W17A). Further investigations of the influence of mutations gained insights into the 

working mode showing that electron transfer occurs via multistep tunneling. The generality of this 

concept was then proven by using eight other decarboxylases containing CO2-binding sites, which all 

showed the desired activity underlining that a range of proteins are capable of photocatalytic CO2 

reduction. 

 

Introduction 

An efficient and economic carbon valorization is a prerequisite for a circular carbon economy that 

includes reducing, reusing, and recycling1. This is substantial for sustaining and improving human 

economy activity and life quality. In general, any carbon-containing materials are finally transformed 

into carbonates, bicarbonates, and carbon dioxide, which were so far only seen as waste. To realize 

the desired circular carbon economy, the application of the above-mentioned carbon sources is 

essential and can contribute to minimizing consumption of fossil resources and emission of 

pollutants2.  



In addition to the direct application of gaseous CO2, less works focused on the utilization of 

bicarbonates and carbonates3. Thermal hydrogenations4,5 as well as electro-6 and photocatalytic 

reactions constitute the most viable options for reduction of carbon dioxide7-9. Valorization of the 

resulting C1 products (CO, HCO2H, CH3OH, CH4) allows to produce carbon-neutral fuels and chemicals 

and thereby enable an anthropogenic carbon cycle10. Many research efforts were undertaken 

developing active photocatalytic systems containing either noble or base metal catalysts and/or 

photosensitizers to generate carbon monoxide11, formates12,13, methanol or methane14. Most of 

those transformations were performed in organic solvents like acetonitrile, dimethylformamide or N-

methyl-2-pyrrolidone (NMP). However, from a sustainable and practical perspective, water-based 

systems are highly desired and offer the possibility to couple CO2 reduction with water oxidation as a 

kind of artificial photosynthesis15-17. Low solubility of catalysts and photosensitizers is the major 

drawback for transferring known photocatalytic systems to aqueous media, although some progress 

has been made 18. Among the few examples of successful photocatalytic carbon dioxide reduction in 

water, Sakai et al. reported the application of a ruthenium photosensitizer19 and, more recently, a 

copper photosensitizer20 in combination with a water-soluble cobalt porphyrin complex and sodium 

ascorbate as sacrificial electron donor. Catalyst turnover numbers TONCO of 926 and 2680, 

respectively, were obtained. Due to the comparable potentials of carbon dioxide reduction to CO (E = 

-0.52 V, pH = 7) or formate (E = -0.61 V, pH = 7) compared to proton reduction (E = -0.41 V, pH = 7), 

hydrogen formation is expected to take place as competing reaction, especially in aqueous solution 

(Figures 1a and b). Indeed, hydrogen generation was observed in the above-mentioned examples 

with catalyst TONH2 of 197 and 820. Obviously, high selectivity for CO2 reduction over hydrogen 

generation is an important parameter for any catalyst performance. To achieve a more 

chemoselective reaction of carbon dioxide in aqueous media an appropriate microenvironment with 

CO2 binding sites in close proximity to a catalytic reduction center seems to be a promising 

concept9,21. Although such well-defined 3D-structures can be found in enzymes, these have been 

studied only scarcely for photocatalytic carbon dioxide reduction. Advantageously, enzymes are 

stable in an aqueous environment and organic solvents which are commonly used in artificial 

systems for photocatalytic CO2 reduction can be avoided. Among the few known examples, mainly 

enzymes with natural carbon dioxide reducing activity, such as carbon monoxide dehydrogenases 

(CODH) or formate dehydrogenases (FDH) 22-24, have been proposed for photocatalytic CO2 reduction 

(Figure 1c). FDH and CODH are both highly selective in their CO2-reducing activity and yield formate 

and carbon monoxide, respectively25. In these systems, electrons from the photocatalysts were used 

to regenerate redox cofactors such as NAD(P)H, which naturally provide electrons for CO2 reduction, 

or to directly supply electrons to the proteins. For the latter concept, photosensitizer-semiconductor 

assemblies, such as metal oxide nanoparticles26,27, cadmium sulfide nanocrystals28, and titanium 

dioxide combined with silver nanoclusters29 were used for carbon monoxide generation by CODH. 

Unfortunately, only anaerobic oxygen-sensitive Ni-Fe-CODHs are capable of catalyzing CO2 reduction 

to CO30, which substantially limits the potential applications of these enzymes in waste gas treatment 

or direct air capture and makes purification of them costly and their practical handling 

cumbersome31-34. Although significant progress has recently been made in reducing the oxygen 

sensitivity of CODH-II from Carboxydothermus hydrogenoformans35, modifying CODHs remains very 

limited, as even minor changes in CODH result in a complete loss of activity36, hampering further 

development of these enzymes.  

As an alternative to natural CO2-reducing enzymes, proteins that originally do not have CO2-reducing 

activity, such as azurin or the yellow fluorescent superfolder protein, were modified with 

photosensitizers (PS) such as [RuII(bpy)3]
2+ or (E)-4-(4-benzoylbenzylidene)-1,2-dimethyl-1H-imidazol-

5(4H)-one and used for CO2 reduction with an attached Ni catalyst37-39. These systems were typically 

run on nanomolar-scale and TONs for CO formation did not exceed 120. The high selectivity for CO 



formation was mainly attributed to the applied Ni catalysts40,41. Recently, Alcala-Torano et al. 

developed another artificial metalloprotein (ArM) for CO2 reduction to CO by replacing the heme unit 

of cytochrome b562 by an artificial cobalt protoporphyrin IX cofactor using free [RuII(bpy)3]
2+ as PS42.  

 

Fig. 1 Photocatalytic enzyme-based CO2 reduction in aqueous media. a, General equation for photocatalytic CO2 reduction to CO. b, 

Reduction potentials for competing reactions: Proton coupled carbon dioxide reduction to carbon monoxide and proton reduction. c, 

Different concepts for photo-enzymatic CO2 reduction to CO in aqueous media: Selected examples from literature.  

 

Although the selectivity and TONs were comparatively low, they proved that mutating amino acids in 

the first coordination sphere of the metal complex prevents competitive formation of hydrogen.  

Inspired by these works, we here describe a metal-free enzyme with a well-defined reduction center 

and CO2 binding pocket for efficient and selective photocatalytic carbon dioxide reduction in the 

presence of a common photosensitizer. Conceptually, we started our catalyst development with an 

enzyme not known for carbon dioxide reduction, which was further improved via site-directed 

mutagenesis. For this purpose, we chose phenolic acid decarboxylase from Bacillus subtilis (BsPAD) 

as the protein scaffold because of its high expressability in E. coli and stability as well as for having a 

well-defined CO2-binding site and protein cavity43-45. 

 

Results and discussion 

In order to develop a carbon dioxide reduction system able to work under aqueous conditions we 

initially applied our previously reported photocatalytic system consisting of an iron 

cyclopentadienone Knölker type complex46 in combination with a copper photosensitizer and 1,3-



dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole (BIH) as sacrificial electron donor. However, 

applying water and water-soluble Cu-PS-2 instead of NMP and CuPS-1 limited the overall productivity 

(TON = 12) and a very poor selectivity was obtained (Table S-2, entry 7) due to the low solubility of 

the sacrificial electron donor (BIH). Different approaches to overcome these problems were 

performed, e.g., application of phase transfer catalysts, different sacrificial donors (ascorbate, 

ascorbic acid or triethanolamine) resulting in limited success (Table S-2, entries 2-6). Finally, tests 

employing [Ru(bpy)3Cl2] as photosensitizer (PS) in combination with sodium ascorbate as sacrificial 

electron donor were performed, achieving improved turnover numbers (Table 1, entry 1), 

representing only less than 10% of the productivity obtained for the original system applying NMP as 

solvent. Notably, utilizing a lower ratio of PS to Fe-1 (20:1) only 12 turnovers for CO formation were 

obtained (Table 1, entry 7). Similarly, the ability of Fe-2 to promote the photocatalytic CO2 reduction 

was proven both in NMP (Table S-3, entry 2; TON 118) as well as in water (Table 1, entries 2 and 8; 

TON 41 and 18). 

 

Table 1. Carbon dioxide photocatalytic reduction in water 

Entry Catalyst 
PS 

(µM) 

Cat/Enzyme 
(µM) 

H
2 

(µmol) 

CO 
(µmol) 

Select. 
(%) 

TON CO 

1 Fe-1 500 5 0.71 1.95 73 38 

2 Fe-2 500 5 0.35 2.05 85 41 
3 BsPAD_WT 500 5 <0.32 1.80 85 36 
4 BsPAD_WCP 500 5 0.48 2.25 82 44 

5 BsPAD_WCP@Fe-2 500 5 0.39 1.84 82 37 
6 – 500 – 0.33 0.98 75 0.1

a
 

7 Fe-1 100 5 0.44 0.63 59 12 

8 Fe-2 100 5 0.85 0.9 51 18 
9 BsPAD_WT 100 5 <0.32 1.47 82 29 

10 BsPAD_WCP 100 5 <0.32 1.48 82 30 

11 BsPAD_WCP@Fe-2 100 5 0.33 1.62 83 32 
12 – 100 – <0.32 0.33 51 0.3

a
 

Reaction conditions: 10 mL H2O were used for all cases (Volume of headspace = 75 mL). [Ru(bpy)3Cl2] was employed as PS for all 
reactions. NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in all cases. The reaction mixtures were bubbled with carbon dioxide 
for 30 minutes prior to irradiation. Light output: 1.5W (400-700nm). Reaction time: 3 hours. TON CO calculated by nCO/nCat based on 
the amount of Ru-PS. To proof reproducibility of experiments exemplarily the experiments in entries 3, 6, 10 and 12 were performed at 
least twice. Standard deviations are 7-14% of the average for TON(CO) in enzyme-based reactions and up to 18% in the absence of 
enzyme as well as for selectivity in enzyme-based reactions 0.3 to 1% and up to 5% in the absence of enzyme, respectively. 

 

After the activity of Fe-1 and Fe-2 in water were proven, the next step was to incorporate the latter 

complex into a protein scaffold with a carbon dioxide binding site. BsPAD was found to be a suitable 

scaffold as it is a well-characterized enzyme (2P8G) possessing a large nonpolar substrate binding 

pocket. 43,44 Obviously, the Fe-based reduction catalyst should be incorporated into the substrate 

binding pocket in close proximity to the CO2 binding pocket, which is expected enabling high 

selectivity against proton reduction due to shielding from the solvent. To achieve covalent binding to 

a cysteine residue of the protein, the complex Fe-1 was modified with a short linker and a maleimide 

group (Fe-2) 47. Since the BsPAD wild-type (BsPAD_WT) naturally has a cysteine (C100) that is not in 

the active site and therefore was not suitable for anchoring the metal complex, C100 was replaced by 

tryptophan (W). Additionally, a new cysteine was introduced at position 124 because this position 

has access to the active site but is not so close to it so that incorporation of Fe-2 would block the 

CO2-binding site. Unfortunately, this mutation decreased protein stability and was recovered using 

the stabilizing mutation A147P suggested by the Fireprot onlinetool48. The resulting BsPAD differs 



from the WT in the mutations C100W, V124C, and A147P and is therefore in the following named as 

BsPAD_WCP. 

Next, the Fe-2-modified BsPAD_WCP and, for comparison, the BsPAD_WT, BsPAD_WCP were tested 

in the photocatalytic carbon dioxide reduction under our standard conditions (Table 1). Applying the 

artificial metalloenzyme system (BsPAD_WCP@Fe-2) resulted in significantly higher TONCO (Table 1, 

entries 7, 8, 11; PS:Cat = 20:1) compared to the molecularly-defined metal complexes Fe-1 and Fe-2. 

Surprisingly, the metal-free BsPAD_WT and BsPAD_WCP showed turnover numbers almost equal to 

BsPAD_WCP@Fe-2. Noteworthy, BsPAD_WT, BsPAD_WCP and BsPAD_WCP@Fe-2 outperform the Fe 

catalysts with respect to the carbon monoxide selectivity (Table 1, entries 9-11). These interesting 

results encouraged us to focus on the application of the metal free enzymes. To improve the 

performance of this promiscuous enzyme, next we performed single, two- and three-fold mutations 

at different positions (Table 2, Tables S-1, S-4 and Figure S-6). Those experiments revealed interesting 

structure activity relationships regarding CO productivity and selectivity and the photocatalytic tests 

of the further mutated BsPAD_WCP are summarized in Table 2.  

 

Table 2. Photocatalytic carbon dioxide reduction by BsPAD variants 

# Enzyme nH2 (µmol) nCO (µmol) Select. (%) TON CO 

1 BsPAD_WT <0.32 1.47 82 29 
2

a
 BsPAD_WT  <0.32 1.43 81 143 

3 BsPAD_WCP  <0.32 1.48 82 30 

4 BsPAD_WCP_W17A 0.51 3.90 88 78 

5
a
 BsPAD_WCP_W17A  0.42 1.96 82 196 

6 BsPAD_WCP_I85A <0.32 3.12 91 62 

7
a
 BsPAD_WCP_I85A  0.32 1.19 78 119 

8 BsPAD_WCP_F87A <0.32 2.40 88 48 

9 BsPAD_WCP_W17A_I85A <0.32 1.33 81 27 

10 BsPAD_WCP_W17A_F87A <0.32 2.21 87 44 

11 BsPAD_WCP_I85A_F87A <0.32 2.13 87 42 

12 BsPAD_WCP_W17A_I85A_F87A <0.32 2.32 88 46 
Reaction conditions: 10 mL H2O were used for all cases (Volume of headspace = 75 mL). [Enzyme] = 5 µM. [Ru(bpy)3Cl2] = 100 µM. 
NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in all cases. Reaction mixtures were bubbled with carbon dioxide for 30 minutes 
prior to irradiation. Light output: 1.5W (400-700 nm). Reaction time: 3 hours; a) Conditions: 10 mL H2O containing 1 µmol [Ru(bpy)3Cl2] 
[100 µM]; 0.01 µmol enzyme [1 µM]; 1 mmol NaHCO3 [0.1 M] and 500 µmol NaAscH [0.05 M]. The experiments in entries 2 to 5 and 7 
were performed at least twice. Standard deviations are 7 to 11 % (except for entries 2 and 7: 26% and 20%, respectively) of the average 
for TON(CO) as well as 1% to 5% for selectivity, respectively. 

 

First, the amino acids tryptophan, isoleucine, and phenylalanine in positions 17, 85, and/or 87 of 

BsPAD_WCP were replaced by alanine to increase the CO2 binding pocket. Among the obtained 

mutants especially the single mutated BsPAD_WCP_W17A, BsPAD_WCP_I85A and 

BsPAD_WCP_F87A, showed increased CO productivities and still high CO selectivity (Table 2, entries 

4, 6, 8). For the double and triple mutants, lower TON values and comparable selectivities were 

obtained (Table 2, entries 9-12). 

Mutating W17A, I85A and/or F87A at the entry site of the protein lead to a change in the 

opening/closing mechanism of the enzyme, as previously described for the W25A mutation 

(corresponding to W17A in BsPAD) in the phenolic acid decarboxylase from Enterobacter sp. Px6-449. 

To demonstrate the effect on protein dynamics, molecular dynamics simulations were also 

performed. These simulations showed that W17A, I85A, and F87A appear to stabilize the open 

enzyme conformation, while BsPAD_WT undergoes closing of the entry site within the simulated 

10 ns (Figure S-2). Therefore, W17A, I85A, and F87A facilitate the access of CO2 into the binding site 



and the availability of protons50; however, the combinatorial mutations did not result in synergistic 

effects regarding the TONs. 

To figure out optimal reaction conditions, experiments with the wild-type and two modified proteins 

(BsPAD_WCP_W17A and BsPAD_WCP_I85A) were done at lower BsPAD concentration while keeping 

the same amount of photosensitizer (Table 2, entries 2, 5, and 7). Higher ratios of PS to catalyst 

resulted in a better activity due to more efficient electron transfer for the best variant 

BsPAD_WCP_W17A. Notably, further irradiation of the solution (>3 h) showed residual activity of the 

biocatalysts, underlining the high stability of the modified enzymes.  

To proof the photocatalytic activity of BsPAD and its variants, potential contaminants resulting from 

the expression were tested. Using pure phosphate buffer as solvent (pH = 7.5) did result in very low 

activity. In the presence of 5 mol imidazole under standard conditions 0.73 µmol of CO were 

detected with 70% selectivity (Table S-5; entry 4). Next, the effect of nickel(II) chloride, which can 

also be present as a contaminant derived from the purification method, was tested in high 

concentration. Again, only low activity was observed (Table S-5; entry 5). To exclude the possibility 

that the CO2-reducing activity is caused by nonspecific interactions with protein backbones or amino 

acids, the effect of bovine serum albumin (BSA), a relatively large protein (66.5 kDa), and free amino 

acids known to interact with CO2, such as Arg and Lys were investigated. Here, the amount of CO 

generated was close to blank volumes without any additive present (Table S-6). In conclusion all 

these control experiments suggest that the reduction of carbon dioxide is indeed a result of the 

catalytic promiscuity51 of BsPAD. 

To proof if BsPAD_WT is still natively folded, we studied the decarboxylation of ferulic acid under 

optimal photocatalytic conditions in the presence of CO2. While complete decarboxylation occurred, 

carbon dioxide reduction was decreased by 26% (Table S-7), suggesting that photocatalytic CO2 

reduction takes place in the same binding pocket as decarboxylation. The importance of the native 

folding of the protein was also demonstrated by heat treatment of BsPAD_WCP at 60°C for 30 min 

(such mild heat treatment was used to prevent protein aggregation and precipitation), which 

resulted in 60% activity decrease. Although no melting point could be determined by nano-

differential scanning fluorimetry (NanoDSF) after the heat treatment, the residual activity could be 

explained by refolding of the protein after mild denaturation at 60°C (Table S-8). 

In general, the electron transfer in the Ru-PS/BsPAD-based system might occur via direct single-step 

electron tunneling from the PS to carbon dioxide in the active site or secondly via multi-step 

tunneling through redox-active amino acid side chains. Typically, single-step electron tunneling in 

proteins is only observed within 14 Å, as the electron transfer rate decreases exponentially with 

distance52,53. If the electron is not transferred directly in the active site, electron-conducting amino 

acids (Tyr or Trp) must be involved in electron transport. 54 Such multistep tunneling through redox-

active amino acid side chains, often referred to as electron hopping, allows for higher electron 

transfer rates over long distances52,53. Considering that the Ru-PS is too large to enter the protein 

cavity and that the CO2 in the CO2-binding pocket of BsPAD is located at least 8 Å from the protein 

surface, efficient one-step electron tunneling from the PS to the bound CO2 is only possible if the PS 

is located close to a specific position on the protein surface. Since many Tyr and Trp amino acids are 

located in the binding pocket closer than 14 Å to the CO2 (Figure 2A), multistep tunneling is more 

likely. To determine if any of the five tyrosines (Y11, Y13, Y19, Y31, Y122) and two tryptophans (W17, 

W62) in the cavity of the BsPAD_WCP (Figure 2A) is involved in multistep tunneling, they were 

replaced stepwise. Since BsPAD_WCP_W17A has already shown increased activity, tryptophan W17 

is not essential for electron transfer. All other residues were replaced by phenylalanine (Phe), which 

has an aromatic character and a similar space requirement to Trp and Tyr, but does not conduct 

electrons. While substitution at positions Y13, Y19, Y31, and Y122 resulted in only slight decrease in 



activity, the substitution of Y11 and W62 almost completely deactivated the system. These results 

suggest that Y11 and W62 mainly contribute to a multistep electron tunneling pathway within the 

protein.  

 

 

 

Table 3. Influence of removal of redox active and CO2 binding amino acids in WCP mutants 
applied in photocatalytic carbon dioxide reduction  

# Enzyme 
nH2 

(µmol) 
nCO 

(µmol) 
Select. 

(%) 
TON CO 

1 BsPAD_WT <0.32 1.47 82 29 
2 BsPAD_WCP <0.32 1.48 82 30 
3 BsPAD_WCP_Y11F <0.32 0.52 62 10 

4 BsPAD_WCP_Y13F <0.32 0.82 72 16 

5 BsPAD_WCP_Y19F 0.45 1.28 75 26 

6 BsPAD_WCP_Y31F <0.32 1.14 78 23 

7 BsPAD_WCP_W62F <0.32 0.35 52 7.0 

8 BsPAD_WCP_Y122F <0.32 0.80 71 16 

9 BsPAD_WCP_R41I <0.32 0.51 62 10 
10 BsPAD_WCP_R41L <0.32 0.58 64 12 
Reaction conditions: 10 mL H2O were used for all cases (Volume of headspace = 75 mL). [Enzyme] = 5 µM. [Ru(bpy)3Cl2] = 100 µM. 
NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in all cases. Reaction mixtures were bubbled with carbon dioxide for 30 minutes 
prior to irradiation. Light output: 1.5 W (400-700 nm). Reaction time: 3 hours. The experiments in entries 2, 3, 5, 6 and 8 were performed 
at least twice. Standard deviations are 2 to 14 % of the average for TON(CO) as well as 1% to 4% (except entry 5: 11%) for selectivity, 
respectively. 

 

Figure 2. Mutation studies on BsPAD. (A) Visualization of residues selected for mutation (blue) in the protein cavity of 

BsPAD (PDB-ID: 2P8G) and amino acids involved in CO2 binding (orange). (B) Overview of results in photocatalytic carbon dioxide reduction 

employing BsPAD derived mutants according to Tables 2 and 3. Reaction conditions: [Ru(bpy)3Cl2] = 100 µM; [Enz] = 5 µM; 

[NaHCO3] = 0.1 M; [NaAscH] = 0.05 M; total reaction volume = 10 mL. Carbon monoxide produced is shown in green color, hydrogen 

production is shown in orange color. 

 

Next, we turned our attention to the amino acid Arg41 (R41) which is known to be essential for the 

phenolic acid decarboxylation activity of BsPAD43 and is expected to be involved in carbon dioxide 

binding55-57. Thus, a loss of activity is expected exchanging Arg41 by leucine or isoleucine. Indeed, the 

BsPAD_WCP_R41I and BsPAD_WCP_R41L variants showed significantly decreased productivity in CO 

formation (Table 3; entries 9 and 10). Therefore, besides the redox active amino acids also the 

carbon dioxide binding site of BsPAD is essential for the obtained catalytic performance. 
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To proof the presence of accessible and stable radicals, a photocatalytic experiment was carried in 

the presence of a high concentration of hydroxy TEMPO as radical scavenger. Interestingly, there is 

no complete inhibition and the system still showed half of the activity (Table S-9). 

 

 

 

Table 4. Carbon dioxide binding enzymes (wild-types) studied for photocatalytic CO2 reduction 

# Enzyme nH2 (µmol) nCO (µmol) Select. (%) TON CO 

1 BsPAD_WT <0.32 1.43 81 143 
2

a)
 EcPanD 0.42 1.62 80 162 

3 PFE <0.32 0.92 74 92 
4

a)
 SsTrpC 0.33 1.17 79 117 

5 MmPPP2 <0.32 1.52 83 152 
6 ScFDC1 <0.32 2.55 89 255 
7 TtALS 0.36 2.62 88 262 
8 EcPPC <0.32 1.49 83 149 
9 BtCA 0.87 2.19 72 219 

Reaction conditions: 10 mL H2O were used for all cases (Volume of headspace = 75 mL). [Enzyme] = 1 µM. [Ru(bpy)3Cl2] = 100 µM. 
NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in all cases. Reaction mixtures were bubbled with carbon dioxide for 30 minutes 
prior to irradiation. Light output: 1.5 W (400-700 nm). Reaction time: 3 hours. a) Different enzyme batches were applied. All 
experiments (except entry 3) were performed twice, and average values are shown. Standard deviations are in general 4% to 19% for 
TON(CO) except for entries 1 (26%), 4 (32%), 6 (28%) and 9 (23%) as well as 1% to 12% for selectivity except for entry 6 (20%). Details 
about the applied enzyme batches are provided in the supplementary information (Table S-10). 

 

Obviously, the carbon dioxide reduction activity of BsPAD is favored by the proximity of electron-

conducting amino acids and the CO2 binding pocket. Since a total of about 5% of amino acids in 

proteins are Tyr and Trp58, CO2 reduction might occur also in other proteins capable of binding 

carbon dioxide59. To prove this, exemplarily eight other proteins that release or utilize CO2 were 

selected and investigated for their carbon dioxide-reducing activity (Table 4). In addition, 

Pseudomonas fluorescens esterase 160 (PFE) was included in the selection, although it naturally 

releases carboxylic acids rather than CO2 during ester hydrolysis. As shown in a docking experiment, 

CO2 binding occurs at the same position between the oxyanion hole and the catalytic Ser, as 

expected for carboxylic acids (Figure S-3) 61. Among the selected proteins, the carbon dioxide binding 

mechanism, protein size, and origin differed. While e.g., acetolactate synthase from Thermus 

thermophilus (TtALS), carbonic anhydrase from Bos taurus (BtCA), and ferulic acid decarboxylase 1 

from Saccharomyces cerevisiae (ScFDC1) require thiamine diphosphate, Zn2+, and flavin 

mononucleotide cofactors, respectively, in substrate or CO2 binding, no cofactors are necessary for 

the other enzymes studied. Interestingly, all enzymes with CO2-binding sites exhibited some activity 

regardless of the binding mechanism. CO2-binding pockets in enzymes serve to stabilize transition 

states in CO2-releasing or -utilizing reactions, therefore charged intermediates of CO2 reduction could 

also be stabilized by interacting with the CO2-binding site. Indeed, indole-3-glycerol phosphate 

synthase from Sulfolobus solfataricus (SsTrpC) showed activity (TON 117) and selectivity (79%) for CO 

formation, albeit somewhat lower compared to the BsPAD_WT (Table 4, entry 4). Protocatechuate 

decarboxylase from Madurella mycetomatis (MmPPP2) showed comparable TON and selectivity to 

BsPAD_WT (Table 4, entry 5). Higher TON and selectivity were obtained applying TtALS, while PFE 

showed lower TON and selectivity (Table 4, entries 7 and 3). BtCA and ScFDC1 showed high activity 

(TON 219 and 255, respectively; Table 4, entries 9 and 6) combined with low or high selectivity at 

72% and 89%, respectively. Phosphoenolpyruvate carboxylase (EcPPC) and aspartate-1-

decarboxylase from Escherichia coli K12 (EcPanD) showed TONs around 150 and selectivity for CO 



formation of 83% and 80%, respectively (Table 4, entries 8 and 2). Especially the wild-type enzymes 

ScFDC1, TtALS, and EcPanD showed similar or even better performance in terms of activity and 

selectivity than the engineered variant BsPAD_WCP_W17A and therewith constitute potential 

targets for further engineering studies of the newly found enzymatic promiscuity. In particular, 

EcPanD and BsPAD_WCP_W17A, which do not require external cofactors44,62, could overcome 

expression and stability issues associated with enzymatic CO2 reduction by CODH. Noteworthy, the 

expression level of WT_BsPAD reaches more than 8 µmolEnzyme/LMedium  (Table S-10). 

At this point it is worth mentioning that the productivity of BsPAD decreased substituting Arg41; 

thus, it seems that Arg plays an important role in carbon dioxide activation in enzymes, as also 

suggested for CO2 activation catalyzed by Arg in the synthesis of quinazoline-2,4(1H,3H)-diones in 

water63. Therefore, analyses of the structures of all other tested enzymes regarding Arg were 

performed. However, both Arg-rich enzymes, as well as those where Arg is not involved in CO2 

binding, showed activity and selectivity for CO2 reduction, e.g., in PFE or BtCA. Therefore, a specific 

role of Arg in enzyme-based photocatalytic CO2 reduction seems not to be necessary. The presence 

of Arg in many CO2-binding pockets might appear due to the fact that Arg is the most abundant 

amino acid in CO2-binding motifs64 and is known to be efficient for carbon dioxide capture65. 

Conclusions 

Here, we present a concept identifying enzymes with promiscuous CO2 reducing activity by functional 

and structural analysis and optimizing their activity via mutations. We believe this approach opens 

the way for developing new and improved biocatalysts for this important transformation based on 

profound knowledge of enzymes structures and mechanism. More specifically, it is demonstrated 

that the wild-type as well as the mutants of the phenolic acid decarboxylase from Bacillus subtilis 

(BsPAD_WT) constitute practical alternatives for air-sensitive and difficult to handle enzymes like so 

far applied CODH. BsPAD_WT, originally not expected to possess CO2-reducing activity, promotes the 

aqueous photocatalytic CO2 reduction to carbon monoxide in the presence of a ruthenium 

photosensitizer and sodium ascorbate (TON up to 143) in good selectivity (81%). By mutating the 

active site of this enzyme, improved turnover numbers and higher selectivity for CO were achieved 

for BsPAD_WCP_W17A. Further investigations of the influence of mutations substituting either the 

redox active amino acids tyrosine and tryptophane or arginine gained insights into the working mode 

of the enzyme. A multistep electron tunneling was identified to be the most certain mechanism. 

Based on determined structural and functional analyses, eight other enzymes with CO2-binding 

pockets were chosen and successfully examined for their ability to perform photocatalytic CO2 

reduction; thus, demonstrating the viability of our concept.  
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1. General information 

1.1 Chemicals 

All reagents and solvents were purchased from different suppliers and used without further 

purification. Carbon dioxide was purchased from Linde with 99.998% or 99.9994% purity, 13CO2 

(99.9% purity) was purchased from Merck (Sigma-Aldrich). Schlenk techniques were used for 

handling metallic complexes. 

Fe-11, Fe-22, CuPS-13, CuPS-24 and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole5 (BIH) were 

synthesized according to previously reported literature procedures. [Ru(bpy)3Cl2]۰6H2O was 

purchased from Strem Chemicals, transferred to a Schlenk tube, and stored under argon.  

 

1.2 Analysis 

Liquid samples were analyzed by NMR. 1H NMR spectra were recorded on 300 MHz (Avance 300 and 

Fourier 300) Bruker spectrometers for liquid phase of each photocatalytic experiment.  

The headspace of each reaction was analyzed by gas chromatography. An Agilent Technologies 

7890A gas chromatograph, a HP Plot-Q column, a TCD, and Ar carrier gas was used for this purpose. 

Calibration of the GC was performed using the following gas concentrations: 

(1) H2: 25.3%, 10.0%, 5.0%, 1.01%, 0.51%, 0.25%, 1000 ppm, 500 ppm, 262 ppm, 105 ppm 

(2) CO: 10.1%, 5.82%, 0.99%, 993 ppm, 237 ppm, 78 ppm 

(3) CH4: 9.89%, 5.05%, 1.02%, 993 ppm, 81 ppm 

(4) CO2: 100%, 95%, 50%, 25%, 10%, 5%, 1% 

Limits of quantification are: 0.32 µmol for hydrogen and 0.24 µmol for carbon monoxide resulting in 

quantification limits of 4.8 TON(CO) and 6.4 TON(H2) applying 5 µmol catalyst/enzyme as well as 24 

TON(CO) and 32 TON(H2) applying 1 µmol catalyst/enzyme, respectively. 

 

1.3 Calculation of product amounts and TON 

Headspace of each reaction was analyzed using a calibrated GC. For each sample, 5 mL of gas were 

injected.  

Carbon monoxide and hydrogen were quantified considering the following van der Waals molar 

volumes: 24.44323 L/mol for CO (a = 1.505 L2۰bar۰mol-2; b = 0.03985 L۰mol-1) and 24.48068 L/mol 

for H2 (a = 0.2476 L2۰bar۰mol-2; b = 0.02661 L۰mol-1). Photocatalytic vessels contain a total volume of 

85 mL, and for all tests the solvent volume was 10 mL, therefore we considered a volume of 75 mL 

for the headspace. 

 

𝑛 𝐶𝑂 =
(% CO) ∙  𝑉𝐻𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒

100 ∙  𝑉𝑚𝐶𝑂
=  

(% CO) ∙  0.075L

2444.323 L ∙ 𝑚𝑜𝑙−1
= % 𝐶𝑂 ∙  3.068𝑥10−5𝑚𝑜𝑙 

 

𝑛 𝐻2 =
(% 𝐻2) ∙  𝑉𝐻𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒

100 ∙  𝑉𝑚𝐻2
=  

(% 𝐻2) ∙  0.075L

2448.068 L ∙ 𝑚𝑜𝑙−1
= % 𝐻2  ∙  3.063𝑥10−5𝑚𝑜𝑙 
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Turnover numbers (TON) for carbon monoxide and hydrogen were calculated using the following 

equation: 

 

𝑇𝑂𝑁 =
𝑛𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑛𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 

 

Selectivity towards carbon monoxide on each experiment was calculated using the following 

equation: 

% 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑛𝐶𝑂 

𝑛𝐶𝑂 +  𝑛𝐻2
 𝑥 100 

 

 

1.4 Demonstrative calculation example 

The following values were obtained from the corresponding chromatogram in Figure S-1. 

 

 

 

 

Figure S-1. Typical GC of a sample and obtained volume percentage of carbon monoxide and 

hydrogen. 

 

Based on the %Vol of each gas the amounts of CO and H2 can be calculated by the corresponding 

equation: 
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𝑛 𝐶𝑂 =  1.16793𝑥10−1  ∙  3.068𝑥10−5𝑚𝑜𝑙 = 3.58𝑥10−6 𝑚𝑜𝑙 

 

𝑛 𝐻2 = 1.68793𝑥10−2  ∙  3.063𝑥10−5𝑚𝑜𝑙 = 5.17𝑥10−7 𝑚𝑜𝑙 

 

Selectivity is calculated using the previously provided equation: 

% 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
3.58 µ𝑚𝑜𝑙

(3.58 µ𝑚𝑜𝑙 +  0.517 µ𝑚𝑜𝑙)
 𝑥 100 = 87.4% 
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2. Enzymes and mutations 

2.1 Protein preparation  

Plasmid construction and site-directed mutagenesis 

Synthetic genes of the BsPAD wild-type (GeneBank: WP_003243190.1), EcPanD (GeneBank: 

NP_414673.1), SsTrpC (GeneBank: WP_009992313.1), MmPP2 (GeneBank: KXX81388.1), ScFDC1 

(GeneBank: NP_010828.1), TtALS (GeneBank: WP_011228519.1), and EcPPC (GeneBank: 

NP_418391.1) in pET28a were ordered from BioCat (Heidelberg, Germany) using seamless cloning 

with the flanking regions 5’ GTGCCGCGCGGCAGC 3’ (5’ flanking) and 5’CACCACCACCACCAC 

CACTGAGATCCG 3’ (3’ flanking). The amino acid numberings given are based on the original protein 

sequences.  

The mutant BsPAD_C100W_V124C_A147P (BsPAD_WCP) was created by sequential mutagenesis of 

C100W, V124C, and A147P. BsPAD_WCP was used as the basis to introduce W17A, I85A, and F87A. 

Combinatorial mutagenesis of W17A, I85A, and F87A was performed sequentially, but adapted 

primers were used for the combination of I85A and F87A (I85A_F87A_fw/rv; table S-1). All site-

directed mutagenesis were performed using the Q5® Site-Directed Mutagenesis Kit (New England 

Biolabs GmbH, Ipswich, UK). Non-overlapping DNA-oligonucleotides were designed using the online 

NEBaseChanger tool. The list of primers used for mutagenesis is given in the Table S-1. The annealing 

temperatures suggested by NEBaseChanger online were used for the polymerase chain reaction 

(PCR), which was performed according to the manufacturer's protocol. Obtained constructs were 

amplified in E. coli Top10 and used for heat-shock transformation of E. coli BL21 (DE3). The BsPAD 

variants BsPAD_WCP_Y11F, BsPAD_WCP_Y13F, BsPAD_WCP_Y19F, BsPAD_WCP_Y31F, 

BsPAD_WCP_W62F, BsPAD_WCP_Y122F, BsPAD_WCP_Y11F_Y13F_W17F_Y19F_Y31F_W62F_Y122F 

(BsPAD_WCP_7F), BsPAD_WCP_R41I, and BsPAD_WCP_R41L were ordered as synthetic genes as 

described above. 

 

Table S-1. Primers used for the construction of the BsPAD variants. 

Primer Sequence (5’→3’) Ta [ºC] 

W17A_fw TGAAAATGGTgcgGAATATGAAATCTATATC 57 

W17A_rv TAGGTATAGATCATATGGC 57 

I85A_fw GCATGGCATTgcgTTCTTTCCGAAATG 57 

I85A_rv ATACGTTTTTCATTCGGC 57 

I85A_F87A_fw GCATGGCATTgcgTTCGCGCCGAAATG 63 

I85A_F87A_rv ATACGTTTTTCATTCGGCATAAAATTC 63 
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F87A_fw CATTATTTTCgcgCCGAAATGGGTTCATG 58 

F87A_rv CCATGCATACGTTTTTCATTC 58 

C100W_fw AATTACCGTGtggTATCAGAATG 61 

C100W_rv TCCGGATGTTCATGAACC 61 

V124C_fw GAAATATGTGtgtCCGGAATTTGCAGAAATTAC 57 

V124C_rv GGATAGGTTTCATATTTTTCG 57 

A147P_fw TATTAGCAAAccgCCGTATGAAG 57 

A147P_rv ACTTCTTCATTATCAACGC 57 

 

Protein expression 

All BsPAD variants were produced recombinantly in E. coli. Pre-cultures (4 mL LB containing 

kanamycin) of E. coli BL21 (DE3) colonies harboring the constructs for the expression of the desired 

proteins were incubated overnight (37°C, 180 rpm). LB medium (50-200 mL containing kanamycin) 

was inoculated with 1% (v/v) of the preculture and incubated (37°C, 180 rpm) until it reached an 

OD600 of 0.6. Protein expression was induced by the addition of isopropyl-β-D-thiogalactopyranoside 

(IPTG) to a final concentration of 0.5 mM followed by incubation for ~20 h at 18°C at 180 rpm. Cells 

were harvested by centrifugation at 10,000 × g and 4°C for 3 minutes, and cell pellets were 

resuspended with 4 mL of equilibration buffer per gram of cell pellet (50 mM potassium phosphate, 

300 mM sodium chloride, 10 mM imidazole, pH 8.0). Cells were disrupted by sonication on ice (five 

cycles of 1 min sonication (30% intensity, 50% pulsed cycle)) using a SONOPULS HD 2070 (BANDELIN 

Electronic GmbH & Co. KG, Berlin, Germany), and the lysates were clarified by centrifugation at 

10,000 × g and 4°C for 30 min. For purification, the crude lysates were applied to 1.5 mL Roti® Garose-

His/Ni Beads (Carl Roth, Karlsruhe, Germany). The resins were washed with 15 mL washing buffer 

(50 mM sodium phosphate, 300 mM sodium chloride, 20 mM imidazole, pH 8.0) before target 

proteins were eluted with elution buffer (50 mM sodium phosphate, 300 mM sodium chloride, 

250 mM imidazole, pH 8.0). Protein-containing fractions were pooled, 1 mM 

ethylenediaminetetraacetic acid added, and re-buffered in 50 mM KPi pH 7.5 using PD10 columns (GE 

Healthcare, Buckinghamshire, UK) to a final volume of 3.5 mL. Protein concentrations were 

determined using the NanoDrop1000TM (Thermo Fisher Scientific, Waltham, MA, USA), with 

molecular weights and extinction coefficients calculated by the Expasy ProtParam tool. 

PFE wild-type was expressed as previously reported6. 
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2.2 In silico experiments 

MD simulations 

Mutations were introduced into the BsPAD structure (PDB-ID 2P8G) and MD simulation was 

performed with YASARA (YASARA Biosciences, Vienna, Austria) using the AMBER14 force field. The 

simulated temperature was set to 328 K and a pH of 6.0 was used. Snapshots were taken every 100 

ps during the 10 ns simulation. The snapshots were visualized using UCSF Chimera 1.14 (San 

Francisco, USA). 

 

 

Figure S-2. Snapshots of BsPAD-MD simulations at different time points based on PDB 2P8G. A) MD 

simulation of WCP. B) MD simulation of WCP_W17A. C) MD simulation of WCP_I85A. D) MD 

simulation of WCP_F87A. 

 

Molecular docking experiments 

The docking of carbon dioxide into the crystal structure of the Pseudomonas fluorescens esterase I 

(PFE; PDB-ID 1VA4) or BsPAD (PDB-ID 2P8G) and the docking experiments of CO2 was performed with 

YASARA (YASARA Biosciences, Vienna, Austria). 100 docking runs were performed using force field 

AMBER03. A simulation cell was defined at least 5 Å around all atoms of the crystal structure. The 

snapshots were visualized using UCSF Chimera 1.14 (San Francisco, USA). 
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Figure S-3. Docking structure of carbon dioxide in PFE (PDB ID: 1VA4). The residues of the catalytic 

triad are highlighted in orange, and the distances to the oxyanion hole (W28 and M95 peptide 

backbone) and catalytic S94 are shown.  

 

2.3  Enzyme loading with Fe-2 and analysis 

For loading BsPAD_WCP with Fe-2, 1 mM dithiothreitol from a 1 M stock was added to the purified 

enzyme in loading buffer (50 mM NaPi, 300 mM NaCl, pH 6.0). After 30 min at 20°C and 160 rpm in 

the incubator (Infors HT, Infors AG, Bottmingen, Switzerland), the buffer was replaced with PD10 

columns (GE Healthcare, Buckinghamshire, UK). To quantify the concentration of free thiols before 

loading, a sample of 20 µL was added to 255 µL of Ellman reagent (0.2 mM 5,5′-dithiobis-2-

nitrobenzoic acid, 1 mM EDTA, 100 mM NaPi, pH 8.0) in a microtiter plate, incubated at RT for 

15 minutes, and absorbance was measured at 412 nm. The reaction was performed in triplicate. 

Subsequently, 300 µL of the protein solution was withdrawn as an autooxidation control. Five 

equivalents of Fe-2 from a 50 mM stock solution in methanol was added to the residual solution. 

After incubation for 17 h at 20°C and 160 rpm, the buffer was exchanged for loading buffer and the 

concentration of free thiols was quantified, and the percentage of iron loading determined. 

Respective resulted loadings are provided in table S-4. 

 

3. Photocatalytic CO2 reduction 

3.1 Photocatalytic setup 

Three necked, double-wall vessels of 85 mL or 65 mL internal volume were used for photocatalytic 

experiments. One neck was used as a gas inlet with the help of a septum and a needle (A), a septum 

was adapted to the second neck and a valve was placed on top (B), the third neck was used as a gas 

outlet for the bubbling (C), and all vessels contained a plain borosilicate-glass window intended for 

light irradiation (D). Reaction temperature was controlled with the help of a thermostat (Phoenix 

300). Photocatalytic experiments were carried out using Lumatec Superlite 400 Hg-lamps with 

different filters (400-700 nm, 320-400 nm, and 415 nm) and the light output for each reaction was 

measured using a Laserpoint Plus+ power meter with a thermopile detector.  

W28 4.0 Å 

F198 

M95 

V121 

I224 

S94 

H251 

D222 

2.7 Å 

3.5 Å 
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Figure S-4. Photocatalytic vessel. Total volume 85 mL, A) Gas inlet. B) Sampling valve. C) Gas 

outlet. D) Borosilicate-glass window. 
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Figure S-5. Photocatalytic setup. Light was applied using a Lumatec lamp (left), temperature on the 

photocatalytic vessel was controlled using a thermostat (right).  

 

3.2 Protocol for photocatalytic CO2 reduction 

The thermostat was connected to the photocatalytic vessel and temperature was set at 25°C for the 

whole procedure. Three cycles of vacuum and argon were performed through the gas outlet C (see 

Figure S-3) connected directly to a Schlenk line, and then three cycles of vacuum and carbon dioxide 

(4.8 purity) were performed using vacuum on the outlet C and introducing carbon dioxide through 

inlet A using a needle. 

For a typical photocatalytic experiment three different solutions were prepared: 

a) Buffer solution: Solution was prepared on an Erlenmeyer flask using 84 mg of NaHCO3 (1 

mmol) and 99 mg of sodium ascorbate (0.5 mmol) in 9 mL distilled water. Solution must be 

freshly prepared before each experiment, due to light sensitivity of sodium ascorbate. 

b) Photosensitizer solution: 7.49 mg of [Ru(bpy)3Cl2] (1 µmol) were dissolved in distilled water 

under inert atmosphere conditions, and solution was mildly bubbled with argon for 10 

minutes.  

c) Enzyme/catalyst solution: Enzymes were provided in a sodium phosphate buffer (0.05 M), 

and the range of concentrations was between 9.3 and 350 µM.  

  

The buffer solution was introduced under carbon dioxide atmosphere and bubbled using a 0.8 x 120 

mm hypodermic needle. Bubbling of the solution was kept under mild conditions (avoiding 
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evaporation of the solvent) for at least 30 minutes. During the bubbling time, 1 mL of photosensitizer 

solution was added to the reaction mixture. Catalyst was added employing micropipettes (when 

necessary) as the last step. Once the bubbling time was finished, the system was closed at 

atmospheric pressure and light was applied to the vessel through a borosilicate-glass window 

employing a mercury lamp (Lumatec SuperLite 400, 400-700 nm, 1.5 W). Lamp was turned off after 3 

hours. 

After irradiation was stopped, a 5 mL gas sample from the headspace was taken and analyzed by gas 

chromatography. The solution was analyzed by 1H NMR using dimethylformamide (DMF) as internal 

standard in D2O. 

 

3.3 Transferring photocatalytic reaction to fully aqueous media 

Reaction conditions: 10 mL total solvent were used for all cases (Volume of headspace = 75 mL). 

Catalyst was added in NMP solution to achieve a final concentration of 100 µM for most cases. The 

photosensitizer CuPS-2 was dissolved directly using the solvent of choice. Addition of 220 mg 1,3-

dimethyl-2-phenyl-2,3-dihydro-1H-benzimidazole (BIH) was performed directly to the photocatalytic 

vessel. NaHCO3 (0.1 M) and NaAscH (0.1 M) were employed in all cases. The reaction mixture was 

bubbled with carbon dioxide for 30 minutes prior to irradiation. Light output: 1.5W (400-700 nm). 

Reaction time: 5 hours. 

 

Table S-2. Carbon dioxide photocatalytic reduction in aqueous media 

 

# Cat Additives Solvent 
nH2 

(µmol) 
nCO 

(µmol) 
Select. 

(%) 
TON CO 

1 Fe-1 - H
2
O 31 5.3 15 5.3 

2
a
 Fe-1 10 µmol of TBAI H

2
O/NMP (9:1) 1.5 7.1 83 7.1 

3
a
 Fe-1 CuPS-1 + 10 µmol TBAI H

2
O/NMP (9:1) <0.32 3.7 92 3.7 

4
a
 

Fe-1 
Water. SD = NaAscH/NaHCO3 (0.1 M) TBAI 

(0.01 M). No BIH 
H

2
O/NMP (9:1) 0.6 8.0 93 8.0 

5
b
 

Fe-1 
Water. SD = NaAscH/NaHCO3 (0.1 M). 

TBAB (0.01 M). No BIH 
H

2
O/NMP (9:1) 3.0 7.3 71 7.3 

6 Fe-1 No BIH. Triethanolamine (0.1 M) H
2
O/NMP (9:1) <0.32 3.7 92 3.7 

7 Fe-1 Low concentration of Cat (5 µM)  H
2
O 10 0.6 5.6 12 

a) Tetrabutylammonium iodide was added directly to the reaction mixture to achieve a final 

concentration of 1 mM (for entries 2-3). For entry 4, 100 µmol TBAI were added. 

b) Tetrabutylammonium bromide was tested under the same conditions as entry 4. 
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3.4 Application of Fe-1 and Fe-2 in photocatalytic CO2 reduction in NMP 

Reaction conditions: 10 mL NMP were used in all cases (volume of headspace = 75 mL). [Cat] = 100 

µM. [CuPS-1] = 500 µM. BIH = 0.1 M. Reaction mixture was bubbled with carbon dioxide for 30 

minutes prior to irradiation. Light output: 1.5W (400-700 nm). Reaction time: 5 hours. 

 

Table S-3. Evaluation of iron cyclopentadienone complexes as catalysts for CO2 photocatalytic 
reduction 

 

# Cat Structure nH2 
(µmol) 

nCO 
(µmol) 

Select. (%) TON CO 

1 Fe-1 

 

1.2 410 >99 410 

2 Fe-2 

 

2.6 118 98 118 

*CuPS-1 = Molecularly defined [Cu(xantphos)(bcp)]PF6, structure shown below. Reaction volume: 10 

mL for all cases. Bubbling with CO2 was performed for 30 minutes. 
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3.5. Application of BsPAD derivatives and Fe-2 modified BsPAD derivatives in photocatalytic CO2 

reduction in H2O 

Docking studies of the Fe complex suggested that some of the bulky residues in the entry site of WCP 

need to be replaced by alanine to allow binding of the complex in close proximity to the CO2-binding 

pocket (data not shown). Therefore, W17, I85, and F87 were replaced with alanine and all 

combinatorial mutants were created to allow proper alignment of the metal complex in the active 

site. The modification of all these protein scaffolds was successful and lead to soluble expressed 

protein in E. coli. Their photocatalytic carbon dioxide reduction activity was demonstrated, however, 

this did not lead to improved productivities compared to the respective mutated enzymes without 

the Fe complex (Table S-4).  

 

Table S-4. Photocatalytic carbon dioxide reduction employing ArMs and BsPAD modified enzymes 

 

# Enzyme Fe-2 
loading (%) 

nH2 
(µmol) 

nCO 
(µmol) Select. (%) TON CO 

1 BsPAD_WCP - <0.32 1.48 82 28 

2 BsPAD_WCP@Fe-2 55 0.33 1.45 81 29 

3 BsPAD_WCP_W17A - 0.51 3.90 88 78 
4 BsPAD_WCP_W17A@Fe-2 88 1.20 1.59 57 32 
5 BsPAD_WCP_I85A - 0.32 3.12 91 62 
6 BsPAD_WCP_I85A@Fe-2 75 <0.32 1.46 82 29 
7 BsPAD_WCP_F87A - <0.32 2.40 88 48 
8 BsPAD_WCP_F87A@Fe-2 38 1.38 2.05 60 41 
9 BsPAD_WCP_W17A_I85A - <0.32 1.33 81 27 

10 BsPAD_WCP_W17A_I85A@Fe-2 59 <0.32 0.88 63 18 
11 BsPAD_WCP_W17A_F87A - <0.32 2.21 87 44 
12 BsPAD_WCP_W17A_F87A@Fe-2 80 <0.32 0.98 75 20 
13 BsPAD_WCP_I85A_F87A - <0.32 2.13 87 42 
14 BsPAD_WCP_I85A_F87A@Fe-2 20 3.54 2.03 37 41 
15 BsPAD_WCP_W17A_I85A_F87A - <0.32 2.32 88 46 

16 BsPAD_WCP_W17A_I85A_F87A@ 
Fe-2 

44 <0.32 1.54 83 31 

17 - - <0.32 0.33 51 - 

Fe-2 loading was determined using Ellman’s test for quantification of free thiol residues. Reaction 

conditions: 10 mL H2O were used in all cases (volume of headspace = 75 mL). [Enzyme] = 5µM. 

[Ru(bpy)3Cl2] = 100µM. NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in all cases. The reaction 

mixture were bubbled with carbon dioxide for 30 minutes prior to irradiation. Light output: 1.5 W 

(400-700 nm). Reaction time: 3 hours. 
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Figure S-6. Graphical representation of Table S-4. 
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3.6. Aqueous photocatalytic CO2 reduction in the presence of potential enzyme impurities 

Reaction conditions: 10 mL H2O were used for all cases (volume of headspace = 75 mL). [Ru(bpy)3Cl2] 

= 100 µM. NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in all cases. The reaction mixtures 

were bubbled with carbon dioxide for 30 minutes prior to irradiation. Light output: 1.5 W (400-700 

nm). Reaction time: 3 hours. 

 

Table S-5. Aqueous photocatalytic CO2 reduction in the presence of potential impurities derived 

from protein synthesis 

# Conditions 
nH2 

(µmol) 

nCO 

(µmol) 

Select. 

(%) 
TON CO 

1 BsPAD_WCP (5µM) <0.32 1.41 82 28 

2a 50 mM Sodium phosphate buffer pH 7.5 4.34 0.32 7 - 

3a Phosphate buffer as solvent + Imidazole  

(1 mM) 
<0.32 0.51 61 - 

4 Imidazole (5 µM) <0.32 0.73 70 - 

5 NiCl2 (1 mM) <0.32 0.50 61 - 

a) NaHCO3 was not employed in these reactions.  
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3.7. Aqueous photocatalytic CO2 reduction applying potential alternative compounds to BsPAD 

(Bovine Serum Albumin, amino acids) 

Reaction conditions: 10 mL H2O were used for all cases (volume of headspace = 75 mL). [Ru(bpy)3Cl2] 

= 100 µM. NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in all cases. The reaction mixtures 

were bubbled with carbon dioxide for 30 minutes prior to irradiation. Light output: 1.5 W (400-700 

nm). Reaction time: 3 hours. 

 

Table S-6. Control experiments for aqueous photocatalytic CO2 reduction 

# Conditions 
nH2 

(µmol) 

nCO 

(µmol) 

Select. 

(%) 
*TON CO 

1 BSA (5 µM) <0.32 0.59 65 12 

2 Lysine (0.05 M) <0.32 0.27 46 - 

3 Arginine (0.05 M) <0.32 0.30 48 - 

*Calculated based on the added compound (BSA, lysine or arginine) 

 

3.8. Control experiment: Decarboxylation of ferulic acid by BsPAD_WT 

Reaction conditions: 10 mL H2O were used for all cases (volume of headspace = 75 mL). [Ru(bpy)3Cl2] 

= 100 µM. NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in all cases. The reaction mixtures 

were bubbled with carbon dioxide for 30 minutes prior to irradiation. Light output: 1.5 W (400-700 

nm). Reaction time: 3 hours. 

 

Table S-7. Control experiments for aqueous photocatalytic CO2 reduction 

# Conditions 
nH2 

(µmol) 

nCO 

(µmol) 

Select. 

(%) 
TON CO 

1 BsPAD_WT (5µM) <0.32 1.47 82 29 

2 BsPAD_WT (5µM) + Ferulic acid (10 mM) <0.32 1.08 77 22 

 

                           

After irradiation, 500 µmol DMF were added to the reaction mixture as internal standard. Next, 

100 µL of the reaction mixture were transferred to an NMR tube and 500 µL D2O were added. No 

signals corresponding to ferulic acid were found in the NMR analysis, assuming that it was all 

converted to 4-vinylguaiacol, which in fact can be detected in a similar concentration as the starting 

material (10 mM). 
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Figure S-7. NMR spectra for photocatalytic CO2 reduction employing BsPAD_WT in the presence of 

10 mM ferulic acid. Purple boxes are only indicated for the product 4-vinylguaiacol.   
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3.9. Control experiment: aqueous photocatalytic CO2 reduction using heat treated BsPAD_WT 

Reaction conditions: 10 mL H2O were used for all cases (Volume of headspace = 75 mL). [Enzyme] = 5 

µM. [Ru(bpy)3Cl2] = 100 µM. NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in all cases. The 

reaction mixtures were bubbled with carbon dioxide for 30 minutes prior to irradiation. Light output: 

1.5 W (400-700 nm). Reaction time: 3 hours. 

 

Table S-8. Control experiments for aqueous photocatalytic CO2 reduction 

# Catalyst 
nH2 

(µmol) 

nCO 

(µmol) 

Select. 

(%) 
TON CO 

1 BsPAD_WCP <0.32 1.41 82 28 

2 Heat treated BsPAD_WCP <0.32 0.57 64 11 

 

 

3.10. Poisoning experiment applying hydroxy TEMPO 

Reaction conditions: 10 mL H2O were used for all cases (volume of headspace = 75 mL). [Ru(bpy)3Cl2] 

= 100 µM. NaHCO3 (0.1 M) and NaAscH (0.05 M) were employed in all cases. Hydroxy-TEMPO (1.72 

mg) was added directly as solid and completely dissolved in the reaction mixture. The reaction 

mixtures were bubbled with carbon dioxide for 30 minutes prior to irradiation. Light output: 1.5 W 

(400-700 nm). Reaction time: 3 hours. 

 

Table S-9. Poisoning experiment employing hydroxy TEMPO 

# Catalyst 
nH2 

(µmol) 

nCO 

(µmol) 

Select. 

(%) 
TON CO 

1 BsPAD_WCP (5µM) <0.32 1.41 82 28 

2 
BsPAD_WCP (5µM) + Hydroxy-TEMPO 

(1mM) 
<0.32 0.88 73 17.6 
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3.11 Carbon dioxide binding enzymes (wild types) tested in photocatalytic CO2 reduction 

Procedure for the expression of the enzymes used 

All enzymes except carbonic anhydrase (>95% purity, >3,500 U/mg; Sigma-Aldrich, Saint Louis, MO, 

USA) were produced recombinantly in E. coli. Pre-cultures (4 mL LB containing kanamycin) of 

E. coli BL21 (DE3) colonies harboring the constructs for the expression of the desired proteins were 

incubated overnight (37°C, 180 rpm). Proteins are either expressed in 50 mL LB medium, 100 mL LB 

medium as described above (Section 2.1) or using an autoinduction expression protocol: 150 mL LB 

medium was supplemented with 0.5 g/L glucose and 2 g/L lactose (Table S-10). After inoculation with 

1% (v/v) of the appropriate preculture, cells were grown at 37°C for 4 h and another 72 h at 15°C 

(140 rpm). The purification was performed described above (Section 2.1). After buffer exchange, 3.5 

mL of protein solution was generated in both expression batches. The protein concentrations are 

listed in Table S-10.  

 

Table S-10. Details about enzyme batches applied in photocatalytic CO2 reduction and expression 
levels 

# Enzyme Concentration (expression levels) of 
the first expression batch  

Concentration (expression levels) of 
the second expression batch 

1 BsPAD_WT 242 µM (8.47 µmolEnzyme/LMedium
a) - 

2 EcPanD 25.9 µM (1.81 µmolEnzyme/LMedium
b) 123.4 µM (2.88 µmolEnzyme/LMedium

c) 

3 PFE 15.8 µM (1.11 µmolEnzyme/LMedium
b) - 

4 SsTrpC 12.2 µM (2.12 µmolEnzyme/LMedium
b) 29.2 µM (0.68 µmolEnzyme/LMedium

c) 

5 MmPPP2 19.3 µM (1.35 µmolEnzyme/LMedium
b)  

6 ScFDC1 28.7 µM (0.67 µmolEnzyme/LMedium
c)  

7 TtALS 20.4 µM (1.43 µmolEnzyme/LMedium
b)  

8 EcPPC 9.3 µM (0.22 µmolEnzyme/LMedium
c)  

9 BtCA 68.7 µM (commercial enzyme) - 
a) Expression volume: 100 mL LB medium 
b) Expression volume: 50 mL LB medium 
c) Expression volume: 150 mL LB autoinduction medium 
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4. State of the art of relevant systems in aqueous homogeneous photocatalytic CO2 reduction 

Catalyst (µM) Photosensitizer (µM) Sacrificial donor (M) Solvent CO (µmol) Selectivity (%) TON (h) 
Corr. Author 
References 

Co(pTMpyP) (5) Cu complex (500) NaAscH (0.1) NaHCO3 aq. buffer 200 90 4000 (12) Sakai
7
 

Co(pTPPS) (10) [Ru(bpy)3]
2+

 (500) NaAscH (0.1) NaHCO3 aq. buffer 92 82 926 (4) Sakai
8
 

CODH (<0.1nmol) CdS MES (0.35) MES aq. buffer 2 n.r. 22,500  Armstrong
9
 

CODH (117) RuP/TiO2 MES (0.2) MES aq. buffer 6 n.r. 2100 Armstrong/Reisner
10

 

Ni(cyclam)@Cu-Azurin (4) [Ru(bpy)3]
2+

 (1000) NaAscH (0.1) Phosphate aq. buffer 0.12 n.r. 38 (2) Shafaat 
11

 

BsPAD_WCP_W17A (1) 
BsPAD_WCP_W17A (5) 

[Ru(bpy)3]
2+

 (100) NaAscH (0.05) NaHCO3 aq. buffer 
1.96 
3.94 

81 
89 

196 (3) 
78 (3) 

This work 

Carbonic anhydrase [Ru(bpy)3]
2+

 (100) NaAscH (0.05) NaHCO3 aq. buffer 2.19 68 219 (3) This work 
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ABSTRACT: Biocatalytic decarboxylation of hydroxycinnamic acids yields p-vinylphenol derivates, which are important precursors 
for antioxidants, epoxy coatings, adhesives and other polymeric materials. Bacillus subtilis decarboxylase (BsPAD) is a cofactor-
independent enzyme that catalyzes the cleavage of carbon dioxide from p-coumaric-, caffeic-, and ferulic acid with high catalytic 
efficiency. Current methods to biochemically characterize the decarboxylation reactions rely on HPLC, mass spectrometry, gas 
chromatography, or NMR, which require extensive sample workup while measuring only endpoint concentrations. This work 
presents two robust and sensitive assays based on photometry and  fluorimetry that allow following decarboxylation reactions 
with high sensitivity while avoiding product extraction and long analysis times. Optimized assay procedures were used to measure 
BsPAD activity in cell lysates and to determine the kinetic constants (KM and Vmax) of the purified enzyme for p-coumaric-, caffeic- 
and ferulic acid. 

INTRODUCTION 

Hydroxycinnamates are a ubiquitous class of natural phenols 
with diverse biological roles. They are important building blocks 
that contribute to the rigidity of plant cell walls by connecting 
hemicelluloses to lignin

1
. Due to their broad natural abundance 

and antimicrobial activity, many organisms have developed 
strategies to degrade hydroxycinnamic acids, e.g. via direct 
reduction

2
, CoA conjugation of hydroxycinnamates

3,4
, or 

decarboxylation
5,6

. Phenolic acid decarboxylases (PADs) convert 
hydroxycinnamates to the corresponding 4-vinylphenol (4VP) 
derivatives, which also serve as value-added flavor and fragrance 
compounds

7,8
, e.g. in fermented foods like wine and beer

9,10
 or 

as precursors for epoxy-coatings, adhesives, and other polymeric 
materials

11,12
. PADs have gained academic and industrial 

attention because they can be used to directly valorize phenolic 
acids from natural resources

13–19
. Several PADs have been 

discovered and characterized over the past decades and have 
been used for various biotransformation reactions

14,15,20–22
. 

However, the biochemical and kinetic characterization of these 
enzymes has mainly relied on HPLC analyses, or NMR-, MS-, or 
GC- methods for product quantification

15,19–21,23–29
, which are 

time-consuming and largely unsuitable for application in high-
throughput screenings (HTS). In addition to these commonly 
used analysis methods, UV-vis detection of hydroxycinnamate 
substrates has been used in a few cases

30–35
. For example, 

spectral shifts in the UV range upon substrate decarboxylation 

have been used to measure PAD activity in stopped assays
30

 or to 
screen a PAD library generated by site-saturation mutagenesis

36
. 

However, the overlapping UV absorbance spectra of the 
hydroxycinnamates and their corresponding 4VP derivatives 
complicate kinetic measurements. Here, we present an improved 
UV-absorbance assay and a novel fluorimetric assay that 
overcome these issues by using non-overlapping spectral and 
fluorescent features to detect hydroxycinnamate products. Both 
assays allow fast evaluation of decarboxylation reactions while 
avoiding time-consuming workup procedures such as product 
extraction. Kinetics of natural substrates of phenolic acid 
decarboxylase from Bacillus subtilis (BsPAD), namely ferulic acid 
(FA), coumaric acid (CuA), and caffeic acid (CaA), were 
successfully measured with both assay procedures. Compared to 
currently used methods, the photometric and fluorimetric 
decarboxylase assays offer the advantage of greatly reduced 
sample analysis times, making these procedures suitable for HTS 
and biochemical applications. 

 

MATERIALS AND METHODS 

Chemicals 

All chemicals were purchased from commercial suppliers (Sigma-
Aldrich, TCI, Roth, VWR) at the highest purity available. 4-Vinyl 
phenol (10% (w/w) in propylene glycol) and 4-vinyl guaiacol 
(>98% purity) were purchased from Sigma-Aldrich (St. Louis, MO, 



 

USA). 4-Vinyl catechol (with 1% (w/w) BHT) was obtained from 
Toronto Research Chemicals (Toronto, ON, Canada). 

 

Protein preparation 

Precultures (4 mL LB containing kanamycin) of E. coli BL21 (DE3) 
colonies harboring the pET28a constructs (Gene ID: 938579) 

16
 

for the expression of wild-type BsPAD with an N-terminal 6xHis-
tag were incubated overnight (37°C, 180 rpm). LB medium (200 
mL containing 50 µg/mL kanamycin) was inoculated with 1% (v/v) 
of the preculture and incubated at 37°C and 180 rpm until it 
reached an OD600 of 0.6. Protein expression was induced by the 
addition of isopropyl-β-D-thiogalactopyranoside (IPTG) to a final 
concentration of 0.5 mM, followed by incubation for 20 h at 20°C 
and 180 rpm. Cells were harvested by centrifugation at 
10,000 × g and 4°C for 3 minutes, and cell pellets were 
resuspended with 4 mL of equilibration buffer per gram of cell 
pellet (50 mM potassium phosphate, 300 mM sodium chloride, 
10 mM imidazole, pH 8.0). Cells were disrupted by sonication on 
ice (two cycles of 5 min sonication (30% intensity, 50% pulsed 
cycle)) using a SONOPULS HD 2070 (BANDELIN Electronic GmbH 
& Co. KG, Berlin, Germany), and the lysates were clarified by 
centrifugation at 10,000 × g and 4°C for 30 min. For purification, 
the crude lysates were applied to 1.5 mL Roti

®
 Agarose-His/Ni 

Beads (Carl Roth, Karlsruhe, Germany). The resins were washed 
with 15 mL washing buffer (50 mM sodium phosphate, 300 mM 
sodium chloride, 20 mM imidazole, pH 8.0) before target 
proteins were eluted with elution buffer (50 mM sodium 
phosphate, 300 mM sodium chloride, 250 mM imidazole, 
pH 8.0). Protein-containing fractions were pooled and re-
buffered in 50 mM sodium phosphate buffer (NaPi) pH 6.0 using 
PD10 columns (GE Healthcare, Buckinghamshire, UK). Protein 
concentration was determined using the NanoDrop1000

TM
 

(Thermo Fisher Scientific, Waltham, MA, USA), and molecular 
weight and extinction coefficient were calculated by the Expasy 
ProtParam tool (https://web.expasy.org/protparam/)

37
 using the 

mature protein sequence of BsPAD. 

 

UV-Vis spectra of hydroxycinnamic acids 

Electronic absorption spectra of FA, CaA, and CuA and 4-vinyl 
guaiacol (4VG), 4-vinyl phenol (4VP) and 4-vinyl catechol (4VC) 
(0.5 mM) were recorded at room temperature (21°C) on a BioTek 
Synergy HTX plate reader (Agilent Technologies, USA) from 220 
to 700 nm.  

 

Fluorescence spectra of hydroxysterene products 

The fluorescence emission spectra (300 to 400 nm, 2 nm steps) 
of 4VG (20 µM), 4VP (20 µM), and 4VC (10 µM) in the presence 
of 0.5 mM FA, CaA, and CuA, respectively, were acquired using 
TecanReader infinite M200PRO (Tecan Trading AG, Männedorf, 
Switzerland). The fluorescence was excited at 258, 254, and 
258 nm for 4VG, 4VP, and 4VC, respectively. All samples were 
prepared in 50 mM NaPi pH 6.0 with 10% (v/v) acetonitrile. 

 

High-performance liquid chromatography (HPLC) 
measurements 

Decarboxylation reactions were analyzed on an Agilent 1200 
Gradient HPLC System (Agilent Technologies, Austria) connected 
to a reversed-phase Nucleodur C18 Pyramid column (5 µm, 250 x 

4.6 mm; Macherey Nagel, Germany). The absorption of residual 
hydroxycinnamic acids was followed at 305 nm using a DAD 
detector. An isocratic HPLC method using a mixture of ddH2O 
and acetonitrile (40% (v/v); flow rate: 1 mL/min) was used. 
Samples from enzymatic conversions (150 µL) were mixed with 
150 µL of acetonitrile to quench the reaction. Calibration 
standards (0.5 – 10 mM) were prepared in the measurement 
buffer (50 mM NaPi pH 6.0) and analyzed in triplicates. 

 

Fluorescence assay procedure 

Enzyme reactions were performed in 96-well plates at room 
temperature (21°C) and had a total volume of 200 µL. Reactions 
were started by mixing 20 µL of a BsPAD solution (0.25, 1, 4, or 
60 µg/mL) with the respective substrate solution in 50 mM NaPi 
at pH 6.0. The final substrate concentrations ranged from 
0.05 mM to 3.2 mM FA, CaA and CuA. All reactions were carried 
out in triplicates. The reactions were stopped after a total 
reaction time of one minute by adding 100 µL of acetonitrile.  

40 µL of the reaction mix was transferred to black polystyrene 
96-well plates (Fluotrac

TM
, Greiner Bio-One, Kremsmünster, 

Austria). To guarantee accurate results, concentrations of the 
substrates in the reaction mixtures were adjusted by adding 160 
µL of a solution containing 0.5 mM of the respective 
hydroxycinnamic acids in 50 mM NaPi, pH 6.0. The difference 
between the initial substrate concentration and the residual 
substrate concentration is negligible because the reaction was 
stopped at conversions below 10%. Only at higher 
concentrations, where the relative conversion of the reactions 
was at the lowest, substantial portions of the final substrate 
came from the reaction sample. The decarboxylation products of 
FA, CuA and CaA; 4VG, 4VP, and 4VC were excited at 258, 254, 
and 258 nm, respectively. The fluorescence of 4VG, 4VP, and 4VC 
was monitored at 345, 335 and 350 nm, respectively. 

Product formation was calculated using a standard curve of 4VG, 
4VP, and 4VC in 50 mM NaPi pH 6.0 in the presence of 0.5 mM 
FA, CuA, and CaA and 10% (v/v) acetonitrile. 

Kinetic constants (KM and Vmax values) were calculated with the 
Origin 2020 software (Northampton, MA, USA) using the 
Michaelis-Menten or substrate inhibition fit functions. 

 

Photometric conversion of hydroxycinnamic acids to the 
corresponding 4-vinylphenol substrates 

PAD activity was followed by the time-resolved quantification of 
substrate consumption. Measurements were carried out on a 
BioTek Synergy HTX plate reader (Agilent Technologies, USA) in 
UV-transparent 96 well-plates. Reactions had a final volume of 
100 µL and were performed at ambient temperature (21°C) in 
50 mM NaPi, pH 6.0. Reactions were started by adding 10 µL of a 
PAD solution to reach a final concentration of 0.5 µg/mL. The 
decrease in absorbance was followed for 10 min at 324 nm for p-

coumaric acid (324nm=3.57 mM
-1

 cm
-1

), at 337 nm for caffeic acid 

(337nm=3.63 mM
-1

 cm
-1

) and at 335 nm for ferulic acid 

(335nm=3.77 mM
-1

 cm
-1

). All reactions were performed at least in 
triplicates. Control reactions contained substrates in the absence 
of PAD. One unit of enzyme activity is defined as the amount of 
enzyme required to convert 1 µmol of the substrate per minute.  

 

Measurement of PAD activity in cell lysates 



 

Figure 1 Kinetic measurements of BsPAD using the fluorescence- and absorbance assays with ferulic acid (A), coumaric acid (B) and 
caffeic acid (C). Enzyme concentration used ranged from 0.05 µg/ml (FA) to 0.8 µg/ml (CaA). All measurements were performed in 
triplicates and incubated at 21°C (1000 rpm) for one minute (fluorescence assay) or measured in time-drive mode for 10 min (absorbance 
assay). Data points were fitted to the Michaelis-Menten equation without (FA and CuA) or with inhibition using Origin 2020 (OriginLab 
Corporation, Northampton, MA, USA). 

 

E. coli cells expressing BsPAD or an empty pET28 vector (control) 
and lysates thereof were used for activity measurements. Assays 
were performed in 50 mM NaPi using UV-transparent 96-well 
plates (photometric assay, cell lystates) or black polystyrene 
plates (fluorimetric assay, cell lystates and whole cells). Assays 
had a final volume of 200 µL and contained CA at a concentration 
of 0.5 mM. Reactions were started by adding 10 µL of 20-fold 
diluted lysates or 10 µL of whole cells (final OD600=0.1). After 
mixing, fluorescence (excitation: 254 nm; emission: 335 nm) was 
measured after a total reaction time of 10 min at 25°C, and 
absorbance was recorded for 10 min at 329 nm and room 
temperature. All measurements were carried out in triplicates. 

 

RESULTS AND DISCUSSION 

A fluorimetric decarboxylation assay  

Here we show that vinyl phenol compounds generated upon 
carbon dioxide cleavage from FA, CuA and CaA possess an 
intrinsic fluorescence, which can be used to follow enzymatic 
decarboxylation reactions. Fluorescence emission spectra of FA, 
CuA and CaA and their respective decarboxylation products 4-
vinyl guaiacol (4VG), 4-vinyl phenol (4VP) and 4-vinyl catechol 
(4VC) are shown in Figure S1. The vinyl species showed high 
fluorescence compared to the hydroxycinnamic acids, which 
allowed us to specifically quantify the reaction products in PAD-
catalyzed biotransformations.  

 
Table 1. Wavelengths used for the fluorimetric and photometric 
measurements of BsPAD activity. 

     

Substrate 

Fluorescence assay Photometric assay 

Excitation 
(nm) 

Emission 
(nm) 

Wavelength 
(nm) 

Mol. abs. 
coeff.  

(mM-1 cm-1) 

p-Coumaric acid 254 335 324 3.57 

Caffeic acid 258 350 337 3.63 

Ferulic acid 258 345 335 3.77 

     

 

The strong fluorescence of the vinyl products allow real-time 
measurements for HTS (as described below). However, the 
fluorescence output is higher at lower residual substrate 
concentrations (preferably 0.5 mM) because the fluorescence 

emission spectra of the 4VP derivatives overlap with the 
absorption spectra of the corresponding hydroxycinnamates 
(Figure S2). Therefore, accurate quantification of enzyme activity 
is not possible in real-time measurements. To overcome this 
problem, we established a stopped assay in which the 
biocatalytic reactions were performed in a separate microtiter 
plate (reaction plate) and were stopped at low conversion rates 
by adding acetonitrile after a total reaction time of 1 minute. 
Reaction aliquots were transferred to an analysis plate where the 
substrate concentration was adjusted to the same level by 
adding the respective hydroxycinnamic acid substrate to a 
concentration of 0.5 mM. Calibration curves generated with pure 
4VP compounds indicate that the fluorescence signals of all 
decarboxylation products are proportional to their concentration 
within a range of 64 µM (Figure S3). While substrate absorbance 
became a problem at high concentrations, detecting low, 
micromolar concentrations was always possible in the presence 
of 0.5 mM FA, CA, and CaA. The high fluorescence of 4VG, 4VP 
and 4VC, allowed the measurement of FA, CA, and CaA substrate 
concentrations of 0.05 mM. Emission- and excitation 
wavelengths used for kinetic measurements are shown in Table 
1. The ability to measure at low substrate concentrations is of 
particular interest for the determination of the kinetics of 
enzymes with KM values below 1 mM, as reported for 
decarboxylases from Conocephalum japonicum, Bacillus 
amyloliquefaciens and Lactobacillus brevis RM84

15,28,29
. The KM 

value of decarboxylases is usually in the range of 0.8 to 2 mM
38

, 
as is the case for BsPAD. 

 

A photometric decarboxylation assay  

To overcome some of the limitations of the fluorimetric PAD 
assay, we also established kinetic measurements based on the 
known absorbance changes that occur upon decarboxylation of 
hydroxycinnamic acids

30
. Figure S1 shows the electronic UV-Vis 

absorbance spectra of FA, CuA and CaA and the respective 
decarboxylation products. For each investigated substrate, 
decarboxylation leads to a significant loss of absorbance in the 
far UV range. While this pronounced absorbance change has 
been previously used, for example to screen PAD variants in a 
mutagenesis library

36
, the overlap of substrate- and product 

absorption complicates kinetic measurements. Here, we used the 
wavelength region from 320-340 nm, where none of the 
products interfered with the absorption of the hydroxycinnamic 
acids. This allowed us to establish an assay that detects the 
activity of BsPAD in real-time. The concentrations of 



 

hydroxycinnamic acids at the selected wavelengths were 
proportional to the absorbance (Figure S4), and molar absorption 
coefficients used for kinetic measurement (Table 1) were 
determined from the absorption spectra. Importantly, the assay 
does not require the removal of intermittent samples or product 
extraction. Biotransformations at a 1 mL scale containing 2.5 mM 
of the hydroxycinnamic acids were followed with the 
photometric assay, which was in excellent agreement with the 
residual substrate concentrations determined by HPLC analysis 
(Figures S5 and S6).  

 

Determination of kinetic constants  

Both assays were used for the measurement of kinetic constants. 
Michaelis-Menten curves of both assays with FA, CuA and CaA 

are shown in Figure 1, and kinetic constants are given in Table 3. 
For comparison, the same substrate ranges were used for both 
assays. Overall, similar results were obtained with both 
procedures. KM and Vmax values for FA and CuA were in the same 
order of magnitude, while for CaA there is a notable discrepancy. 
However, for the latter substrate, kinetic traces were fit to the 
Michaelis Menten inhibition model, thus resulting in deviating 
values. It should also be noted that the fluorescence assay 
measures the formation of reaction products and thus depends 
on the calibration curves of the vinyl phenol derivatives. In 

contrast, the photometric assay quantifies the substrate  

consumption and can be used as an orthogonal method.  

 Notably, the KM values calculated with the two assays agree well 
with the values known from the literature

32
. Slight differences in 

the Vmax values can be explained by different protein preparation 
strategies and the fact that Cavin et al. used wavelengths that 
overlap with the absorption of the products (Figure S2), e.g., 
285 nm to follow CuA decrease, which slows down the 
absorption decrease and leads to lower Vmax values.  

In summary, using the improved version of the absorbance assay 
presented here is more suitable to determine the kinetics of 
decarboxylase enzymes with high KM values, e.g., decarboxylase 
from Candida guilliermondii with KM values above 5 mM

39
. The 

measurement of substrate concentrations higher than 3.5 mM in 
the fluorescence assay would also necessitate an increase in the 
substrate concentration in the analysis plate, resulting in a 

notable decrease in signal intensity. The fluorescence assay, 
however, could be more reliable for enzymes with low KM values 
because it has a favorable signal-to-noise ratio at low substrate 
concentrations.Both assays significantly reduce the effort and 
analysis time when compared to routinely used HPLC methods, 
while yielding comparable results. The kinetic measurements of 
BsPAD required only 0.1 to 1.6 µg of the enzyme towards a single 
substrate. The time required to measure a full well plate, 
including pipetting, is approximately 10-30 min, depending on 
the availability of liquid handling equipment and the 

instrumentation used. 

 

Measurement of BsPAD activity in cell lysates 

To test the utility of the photometric and fluorimetric PAD assays 
for HTS applications, the activity of PAD was measured with both 

procedures using E. coli lysate (Figure 2 A and B) or whole cells 
with the more sensitive fluorescence assay. With both assays, 
PAD activity could be reliably detected in cell lysates or in whole 
cells. Control reactions carried out under identical conditions 
with E. coli cells transformed with a pET28 vector without any 

 

Table 1. Comparison of KM and vmax values from the literature and the developed absorbance and fluorescence assays. 

a Based on a UV absorption assay with wavelength that overlap with the absorption of the products 

 FA CuA CaA 

Assay KM / mM Vmax / U/mg KM / mM Vmax / U/mg KM / mM Vmax / U/mg 

Absorbance 0.54 ± 0.02 506 ± 11 0.73 ± 0.08 417 ± 30 0.55 ± 0.15 229 ± 37 

Fluorescence 0.67 ± 0.03 342 ± 10 0.31 ± 0.03 456 ± 20 2.25 ± 0.30 599 ± 71 

Literature32,a 1.1 280 1.3 265 2.6 180 

       

Figure 2. Measurement of BsPAD activity with cell lysate of E. coli cells using the fluorescence assay (A) or the absorbance assay (B). 
Whole cell assays (final OD600=0.1) are shown in C. Control reactions contained E. coli cells transformed with an “empty” pET28 vector or 
were performed without lysate (Blank). All cell lysates were diluted 20 times. All reactions were carried out in triplicates. 

 



 

insert showed no apparent side reactions that interfere with the 
assay.  

 

CONCLUSIONS 

Using BsPAD as a model decarboxylase, it was shown that the 
absorption- and fluorescence-based assays provide reliable 
kinetic data for FA, CuA, and CaA. The developed assays were 
performed in microtiter plates, allowing faster measurement of 
enzyme activities with lower amounts of enzyme and less sample 
workup than, for example, HPLC-based analyses. While the 
fluorescence assay is particularly suitable for the application at 
low substrate concentrations, it also requires pure 
decarboxylation products to generate calibration curves. Both 
assays can also be used in cell lysates, which is particularly 
important for HTS applications aiming to identify new 
decarboxylase enzymes or screen for improved enzyme variants 
from screening libraries. 
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Figure S1. Fluorescence emission spectra of 4VG (20 µM), 4VP (20 µM), and 4VC (10 µM) in the 

presence of 0.5 mM ferulic acid, p-coumaric acid and caffeic acid (A) and emission spectra of 0.5 mM 

ferulic acid, p-coumaric acid and caffeic acid (B). Spectra were recorded in 50 mM NaPi buffer, pH 6. 

 

 

Figure S2. Electronic absorption spectra of ferulic acid (A), p-coumaric acid (B), and caffeic acid (C) 

and the decarboxylated reaction products 4VG (A), 4VP (B), and 4VC (C). Spectra were recorded in 

50 mM NaPi buffer, pH 6. All species had a final concentration of 0.3 mM. 

 

 

 

Figure S3. Calibration curves of 4VG (A), 4VP (B), and 4VC (C) in 50 mM NaPi pH 6.0 in the presence of 

0.5 mM FA, CuA, and CaA, and 10% (v/v) acetonitrile, respectively (Figure S1). 

 



 

 

Figure S4. Calibration curves of ferulic acid at 335 nm (A), p-coumaric acid at 324 nm (B), and caffeic 

acid at 337 nm (C) measured in 50 mM NaPi pH 6.0 with the photometric assay. 

 

 

Figure S5. Biotransformation of 2.5 mM ferulic acid (A), 2.5 mM p-coumaric acid (B), and 2.1 mM 

caffeic acid (C). Residual substrate concentration was followed continuously with the photometric 

assay (red line) and by withdrawing samples which were analyzed by HPLC. 

 

Figure S6. HPLC calibration curves for ferulic acid (A), p-coumaric acid (B), and caffeic acid (C). The 

injection volume was 2 µL, and all hydroxycinnamic acids were detected at 335 nm. Error bars show 

the standard deviation from three independent replicates. 

 

 



 

Scheme S1. Reaction scheme of BsPAD-catalyzed decarboxylation. 
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ABSTRACT: Promiscuous hydrolases/acyltransferases have attracted attention for their ability to efficiently catalyze selective
transacylation reactions in water to produce esters, thioesters, amides, carbonates, and carbamates. Promiscuous hydrolases/
acyltransferases can be implemented into aqueous enzyme cascades and are ideal biocatalysts for the acylation of hydrophilic
substrates that are barely soluble in dry organic solvents. This activity was thought to be rare, and recent research has focused on just
a small number of accidentally identified promiscuous hydrolases/acyltransferases. High-throughput screening for acyltransferases
and an in silico sequence-based method for prediction of acyltransferase activity provided access to many efficient promiscuous
hydrolases/acyltransferases, thereby demonstrating that promiscuous acyltransferase activity is rather common in hydrolases. These
synthetically valuable enzymes could further be enhanced by protein engineering. This Perspective aims to demonstrate the synthetic
potential of these enzymes and raise awareness of the frequency of this activity.

KEYWORDS: biocatalysis, hydrolase, acyltransferase, acyl-enzyme intermediate, catalytic promiscuity

■ INTRODUCTION

Hydrolases are synthetically useful stereo- and regioselective
biocatalysts with a wide substrate scope. They usually do not
require cofactors, and many of them are very robust, making
them outstandingly suitable for industrial applications.1−3

Many hydrolases, especially lipases and esterases, even
maintain activity in virtually water-free organic solvents,
which enables them to also catalyze valuable “reverse
hydrolysis” or transesterification reactions.4 However, the use
of organic solvents has several drawbacks, including high costs,
negative environmental impact, and incompatibility with food
and cosmetic applications due to toxicity.5 Furthermore, while
enzymes can catalyze the very challenging selective acylation of
hydrophilic compounds like sugars, the low solubility of these

compounds in dry organic solvents largely limits this
approach.6 Integration of lipase-catalyzed transesterifications
into biocatalytic reaction cascades is also complicated by the
incompatibility of most other enzymes with organic solvents.7

Therefore, selective biocatalytic acylation in bulk water is
highly desirable as it would allow enzyme cascades to
synthesize hydrophilic esters, thioesters, amides, carbonates,
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Table 1. Selected Examples of Synthetic Applications of Various Promiscuous Hydrolases/Acyltransferases in Watera

aAbbreviations: ViOAc: vinyl acetate, EtOAc: ethyl acetate, IPOAc: isopropenyl acetate, DMC: dimethyl carbonate; CFE: cell free extract; WT:
wild type.
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and carbamates in water (Table 1). However, typical
acyltransferases are not synthetically valuable because they
often have narrow substrate specificities and depend on
complex and expensive acyl donors like acyl-CoA thioesters or
even acyl-carrier proteins.8,9 Consequently, there is a demand
for hydrolases with the ability to catalyze (trans-)acylation in
water, using simple and readily available acyl donors like
methyl-, ethyl-, and vinyl esters. This Perspective is about such
“promiscuous hydrolases/acyltransferases”.
Acyltransferases use either a concerted mechanism10 or a

ping-pong bi-bi mechanism involving the formation of a
covalent acyl-enzyme intermediate that can acylate organic
nucleophiles like alcohols, amines, and thiols.11,12 The ping-
pong bi-bi mechanism and acyl-enzyme intermediate are also
employed by hydrolases and hydrolysis can be seen as acyl
transfer to water.13 As pointed out long ago, the mechanisms of
hydrolysis and acyl transfer are closely related by a shared acyl-
enzyme intermediate14,15 (Figure 1), explaining why promis-

cuous hydrolase/acyltransferase activity is widespread in
nature.16−18 The ability of some hydrolases to catalyze acyl
transfer reactions in bulk water has been known for over a
century19 but has recently received considerable attention as a
number of synthetically valuable promiscuous hydrolases/
acyltransferases have been discovered.20−24

When the first promiscuous hydrolases/acyltransferases were
discovered, the lack of protein structures and modern protein
engineering tools like rational design and directed evolution
meant that these properties could not be altered. Today,
however, we can enhance the acyltransferase activity of
hydrolases by directed evolution and rational engineering,
providing access to a vast number of novel acylation catalysts.
This Perspectives summarizes the recently discovered

promiscuous hydrolases/acyltransferases and their synthetic
applications, provides structural and mechanistic insights, and
discusses how to find more of these useful enzymes. We also
discuss how protein engineering has enabled tailoring the
activity, substrate scope, and stereoselectivity of these enzymes.
Most importantly, protein engineering has been used to reduce
undesired hydrolytic activity while maintaining or improving
acyltransferase activity.22,25−27 This can dramatically slow
down the hydrolysis of the acyl donor and the transacylation
products, resulting in higher conversions and more stable
product accumulation over prolonged reaction times. This
greatly increases the attractiveness of promiscuous hydrolases/

acyltransferases to synthetic chemists. It is important to note
that acyltransferases must not necessarily have hydrolase
activity. For example, cutin synthases make use of the same
serine-histidine-aspartate catalytic triad employed by the cutin-
hydrolyzing cutinases, yet they do not have any detectable
cutinase activity.28 Inspired by natural evolution, we know that
it is possible to transform hydrolases into excellent
acyltransferases.29,30

■ RECENT RESEARCH ON PROMISCUOUS
HYDROLASES/ACYLTRANSFERASES

Recent research on promiscuous hydrolases/acyltransferases
started in 1993 when CpLIP2, a lipase from Candida
parapsilosis, was discovered and shown to be able to catalyze
the synthesis of oleoylesters of ethylene glycol, ethanol, n-
propanol, and isopropanol in aqueous systems.24 Homologous
lipases, phylogenetically related to Pseudozyma antarctica
(formerly named Candida antarctica) lipase A (CAL-A),
shared this promiscuous acyltransferase activity, which could
be used to produce fatty acid methyl or ethyl esters (biofuels)
in the presence of water.31−33 The acyltransferase activity of
CAL-A could be improved by a single mutation (D122L),
allowing up to 95% fatty acid ethyl ester to be produced from
palm kernel oil in the presence of aqueous ethanol.32−34 CAL-
A’s promiscuous acyltransferase activity was further used in a
cascade reaction with an alcohol dehydrogenase and a Baeyer−
Villiger monooxygenase (BVMO) to reduce product inhibition
and shift the reaction equilibrium toward product formation by
catalyzing the oligomerization of the ε-caprolactone produced
from cyclohexanol.35 This example demonstrates the value of
acyltransferases that can be employed in biocatalytic cascades
in water. As lipases/acyltransferases, the CpLIP2-related
enzymes are limited to the transfer of long-chain fatty acyl
groups.24 The esterase/acyltransferase MsAcT from Mycobac-
terium smegmatis extended the range of enzymatic acyl transfer
reactions in water by also catalyzing the transfer of shorter acyl
chains.20 Because of its versatility, the synthetic potential of
MsAcT has been studied extensively, making it the most
thoroughly characterized promiscuous hydrolase/acyltransfer-
ase. It was used together with a transaminase in a one-pot
reaction cascade to synthesize N-benzylacetamide from
benzaldehyde, thereby shifting the unfavorable equilibrium of
the transaminase reaction toward amine formation, again
demonstrating the potential of promiscuous hydrolases/
acyltransferases in reaction cascades.36 MsAcT also has
potential applications in wastewater treatment,37 but this
Perspective will focus on synthetic applications. MsAcT has
been used for the acylation of several primary and secondary
alcohols and amines, producing various compounds including
valuable tryptamine derivatives, flavors, and fragrances (Table
1).36,38−42 However, MsAcT also has significant hydrolase
activity, a limited substrate scope, and poor enantioselectiv-
ity.36,41 This has prompted researchers to engineer MsAcT
variants with impressively high enantioselectivity and signifi-
cantly reduced hydrolase activity, demonstrating that these
problems can be addressed by modern protein engineering
methods.25,41

■ DISCOVERY OF NOVEL PROMISCUOUS
HYDROLASES/ACYLTRANSFERASES

Historically, the discovery of the promiscuous acyltransferase
activity of hydrolases has been unintentional and based on

Figure 1. Mechanisms of acyl transfer and hydrolysis by promiscuous
hydrolases/acyltransferases both involve a covalent acyl-enzyme
intermediate.
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fortuitous observations.14,19,43 For example, the acyltransferase
activity of CpLIP2 was discovered by observation of extra spots
by thin layer chromatography.24 MsAcT was identified in
reactions containing neopentyl glycol and ethyl acetate, which
are converted to the insoluble neopentyl glycol diacetate,
which opacifies the reaction mixture.20,44 We realized that this
concept could be used to deliberately search for novel
acyltransferases. Reisky et al. used a clear, monophasic solution
of dimethyl carbonate and 1,2-hexanediol to identify Est8 as an
acyltransferase capable of producing insoluble oligocarbon-
ates.23 Similarly, Müller et al. discovered the acyltransferase
activity of EstCE1 by screening for opacification using an
initially transparent solution of vinyl acetate and 2-phenyl-
ethanol.22 On the basis of our understanding that promiscuous
acyltransferase activity is a fundamental feature of hydrolases
that use an acyl-enzyme intermediate, we set out to find
homologues of Est8 and EstCE1 which also have acyltransfer-
ase activity. EstCE1 is closely related to naturally occurring
acyltransferases like Lovastatin synthase (LovD) and CapW,
which use methyl esters as acyl donors for the synthesis of
Capuramycin-type antibiotics.8,45,46 Interestingly, most of the
homologous family VIII carboxylesterases we tested were also
excellent acyltransferases with very high acyl transfer to
hydrolysis (AT/H) activity ratios.22 The structure of Est8
revealed it to be a bacterial hormone-sensitive lipase with a
hydrophobic active site.21 This was reminiscent of the
hydrophobic active sites of MsAcT and the CpLIP2-related
lipases/acyltransferases, which are thought to repel water,
preventing hydrolysis of the acyl-enzyme intermediate and
thereby facilitating acyl transfer.20,24,47 We therefore hypothe-
sized that the hydrophobicity of Est8’s active site was
responsible for its promiscuous acyltransferase activity. We
then tested several homologues with known structures and
found that there was an excellent correlation between active
site hydrophobicity and the acetylation of 2-phenylethanol, a
model acyl acceptor substrate. On the basis of this correlation,
we developed a sequence-based method for predicting the
promiscuous acyltransferase activity of homologous esterases
from the bacterial hormone-sensitive lipase family. The
method is based on estimating active-site hydrophobicity,
which is believed to reflect binding affinity to hydrophobic acyl
acceptors, from the sequence of the N-terminal cap domain.21

Therefore, promiscuous acyltransferase activity could be
predicted from the sequence of the N-terminal cap domain
alone, allowing several other homologues with acyltransferase

activity to be identified. Most importantly, these results
suggested that, just in the small sequence library we studied,
there must be several thousand more promiscuous acyltrans-
ferases with synthetically valuable activities. As far as we know,
this is the first example of the sequence-based prediction of
promiscuous acyltransferase activity of hydrolases, which is
usually considered to be very challenging.21

■ MECHANISTIC DIFFERENCES BETWEEN
HYDROLASES AND TRANSFERASES

Hydrolases and acyltransferases often employ the same
catalytic residues. For example, the serine-histidine-aspartate
triad employed by the promiscuous hydrolases/acyltransferases
CpLIP2, MsAcT, and the bacterial hormone-sensitive lipases is
shared with true acyltransferases like cutin synthase and with
the hydrolytic cutinases.20,21,28,48,49 The molecular mecha-
nisms differentiating acyl transfer from hydrolysis are still
poorly understood. Physiologically relevant acyltransferases
employ three general strategies to favor acyl transfer over
hydrolysis of the acyl-enzyme intermediate. These strategies
are high affinity to the acyl acceptor substrate, water
inactivation mediated by a different orientation of the oxyanion
loop in the active site, and active site hydrophobicity, which is
supposed to repel water from the active site (Figure 2).
Kazlauskas et al. argued that subtle structural variations can

affect the balance between acyl transfer and hydrolysis by
inactivation of attacking water molecules, thereby stabilizing
the acyl-enzyme intermediate.11 For example, a reorientation
of the oxyanion hole of the thioesterase domain of the Bacillus
subtilis surfactin synthase favors macrolactonization over
hydrolysis.50 Another example is the acyltransferase DynE8,
which forms a stable acyl-enzyme intermediate visible in its
crystal structure.51 DynE8 and related acyltransferases have a
GHSxG motif, corresponding to the GxSxG esterase motif.
Mutation of the histidine in this motif to alanine led to a 7-fold
increased hydrolysis rate, without affecting the rate of acyl
transfer. Jones et al. proposed that an active site aspartate
residue in OatA-related SGNH family acyltransferases is a
conserved feature, limiting esterase activity by coordination of
a water molecule that would otherwise hydrolyze the acyl-
enzyme intermediate.52 We can assume that enzymes that act
as hydrolases in vivo did not experience evolutionary pressure
to inactivate hydrolytic water, suggesting that applying such
pressure in the laboratory could significantly enhance their
acyltransferase activities.

Figure 2. Factors affecting acyltransferase activity in physiologically relevant acyltransferases and in promiscuous hydrolases/acyltransferases. (A) A
hydrophobic environment may provide a more favorable surrounding for organic nucleophiles than for water. (B) High binding affinity to the acyl
acceptor substrate may displace water and promote acyl transfer over hydrolysis. (C) Structural features may inactivate water, preventing
nucleophilic attack on the acyl-enzyme intermediate.
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A concept that has received considerably more attention is
active site hydrophobicity, which formed the basis for the
hydrophobicity scoring system we used to predict acyltransfer-
ase activity in the bacterial hormone-sensitive lipases (see
section above). Some physiological acyltransferases seem to
limit the access of water to the active site by hydrophobic
shielding. Lecithin-retinol acyltransferase (LRAT) uses an N-
terminal α-helix to bind to the cell membrane, thereby
shielding the acyl-enzyme intermediate from water in a highly
hydrophobic microenvironment.53 However, Kazlauskas et al.
demonstrated that this is not a general feature of
acyltransferases and that water inactivation and substrate
affinity are more important.11 This is clearly demonstrated by
comparison of homoserine O-acetyltransferases and two close
homologues, MekB and CgHIe. The MekB and CgHIe
sequences were initially annotated as homoserine O-acetyl-
transferases but later found to be unable to acetylate
homoserine.54 These enzymes are hydrolases but have narrow
hydrophobic active sites, while the homologous O-acetyl-
transferases have large polar active sites. Therefore, acyl-
transferase activity in homoserine O-acetyltransferases is
explained by a high binding affinity of the acyl acceptor
substrate homoserine, which displaces water and increases the
effective concentration of the acyl acceptor. The fact that
CpLIP2, MsAcT, and the bacterial hormone-sensitive lipases/
acyltransferases are all also hydrolases clearly demonstrates
that even very hydrophobic binding pockets are not capable of
entirely excluding water from the active site and preventing
hydrolysis of the acyl-enzyme intermediate. In fact, a
computational approach by Kazemi et al. revealed that the
determining factor for acyltransferase activity in MsAcT is not
hydrophobic shielding of the active site from water but rather
the higher binding affinity toward benzyl alcohol resulting from
active-site hydrophobicity.55 Thus, the water-repelling effect of
active-site hydrophobicity on promiscuous acyltransferase
activity may be largely overrated.

■ SYNTHETIC APPLICATIONS AND CHOICE OF ACYL
DONOR

Promiscuous hydrolases/acyltransferases can be used to
synthesize esters, thioesters, amides, carbonates, and carba-
mates in water. Table 1 lists a selection of interesting reactions
and valuable products, highlighting the synthetic potential of
these enzymes. EstCE1 was shown to efficiently catalyze the
formation of N-benzylacetamide from ethyl acetate and

benzylamine, and N-benzyl carbamate from dimethyl carbo-
nate and benzylamine, while lacking amidase and carbamate-
hydrolyzing activities.22 This ability to catalyze the irreversible
conversion of esters to amides is synthetically very valuable.45

While esters may be irreversibly converted to amides, the
interconversion of two esters or amides by transacylation is
often reversible.56,57 Therefore, transacylation equilibria are
often shifted by using activated acyl donors like cyanomethyl,
trifluoroethyl, and enol esters.44 Enol esters became very
popular acyl donors because they are cheap, highly reactive,
and release byproducts that quickly tautomerize to their non-
nucleophilic carbonyl form, making the reactions virtually
irreversible. However, in all of these strategies, the leaving
groups or byproducts are toxic/explosive and negatively impact
the atom economy of the reactions. The application of less-
activated acyl donors like ethyl acetate is considered to be
more environmentally friendly, but requires considerably larger
amounts of acyl donor to be used. A more recent approach
involves the use of cheap, biobased α-angelica lactones as acyl
donors. These cyclic enol lactones do not produce any
byproducts, theoretically enabling 100% atom economy. In
contrast to other lactones, the transesterification product
quickly tautomerizes into a more stable methyl ketone, making
the acylation irreversible and preventing further acylation of
the reaction product. Angelica lactones are attractive for kinetic
resolutions, especially since the methyl ketones can be
derivatized to allow chromatography-free separations of the
acylated and unacylated enantiomers.58,59

Perhaps the most exciting application of promiscuous
hydrolases/acyltransferases is the acylation of hydrophilic
substrates. Therefore, the inability of MsAcT and the
CpLIP2-related enzymes to acylate hydrophilic compounds
like sugars in water is a significant limitation. Realizing that
active site hydrophobicity may not be as critical as previously
thought and that the acylation of very hydrophilic acceptors
has been reported,24,29,66,67 we decided to test the ability of the
family VIII carboxylesterases/acyltransferases, which have less
hydrophobic active sites, to acylate sugars. We found that EstA,
a family VIII carboxylesterase/acyltransferase related to
EstCE1, was capable of acylating glucose in bulk water with
good yields and selectivity. EstA also acylated maltose and
maltotriose, but less efficiently.62 EstA has a large, polar, and
well-solvated ligand-binding site due to an active site aspartate
which seems to promote sugar binding, as suggested by
induced-fit docking.62 The sugars were acetylated at the most

Figure 3. Promiscuous hydrolases/acyltransferases catalyze acyl transfer (AT) faster than they catalyze hydrolysis (H), leading to transient
accumulation of the transesterification product. If the transacylation product is a substrate to the enzyme as well, product hydrolysis (PH) will
occur until the thermodynamic equilibrium is reached. A hydrolase without promiscuous acyltransferase activity will not show a kinetic maximum
above the thermodynamic equilibrium.
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reactive C6 hydroxyl group. However, EstA also formed a small
amount of diester product, and protein engineering could be
used to change this regioselectivity. The potential to expand
the range of sugar-acylating enzymes is further demonstrated
by our protein engineering of EstCE1, which does not
efficiently acylate sugars, into a catalyst that efficiently
acetylates glucose, maltose, and maltotriose using ethyl acetate
or isopropenyl acetate as acyl donors.62 The engineered
EstCE1 had a preference for the larger sugars maltose and
maltotriose, compared to EstA that preferentially acylated
glucose. Interestingly, the family VIII carboxylesterase EstXT1
has subsequently been shown to acylate cyanidin-3-O-gluco-
side, suggesting that sugar acylating activities are not rare
among the family VIII carboxylesterases.68

■ CURRENT CHALLENGES AND PROTEIN
ENGINEERING

Despite the synthetic advantages of promiscuous hydrolases/
acyltransferases in water, the use of lipases in anhydrous
solvents is still more common. At the moment this is almost
certainly due to the relatively small number of well-studied
promiscuous hydrolases/acyltransferases and their synthetic
limitations. A major limitation of promiscuous hydrolases/
acyltransferases is that transacylation reactions proceed under
kinetic control in water, which means that the trans-
esterification product rapidly accumulates to a transient
maximum concentration before being hydrolyzed (Figure
3).69 To be synthetically useful, acyltransferases must catalyze
acyl transfer much faster than hydrolysis, which means that the
higher the AT/H ratio, the more valuable the biocatalyst is for
synthetic application in water.13,69

Even if a promiscuous hydrolases/acyltransferase catalyzes
acyl transfer faster than hydrolysis, its synthetic application is
very limited if it also has a high product hydrolysis rate. In
contrast to lipases in anhydrous organic solvents, acyl donor
hydrolysis must be compensated by the use of a significant
excess of acyl donor (Table 1), and the reaction has to be
quenched at the kinetic maximum to prevent enzymatic
hydrolysis of the product. Part of the problem can be overcome
by applying immobilized promiscuous hydrolases/acyltrans-
ferases in flow reactors, since the reaction duration can be
accurately controlled. Furthermore, biphasic systems with
immiscible acyl donors like ethyl acetate, may also serve to
extract the reaction products, preventing subsequent hydrol-
ysis.61,63,6470 Much more importantly, several recent examples
demonstrated that protein engineering can reduce both acyl
donor and product hydrolysis to the extent that they play an
almost negligible role in batch reactions. Engineering
approaches aim at modulating one or more of the factors
that may influence the balance of acyl transfer to hydrolysis
(Figure 2). For example, rational design of MsAcT and EstCE1
produced variants with dramatically increased AT/H ratios,
making acyl donor hydrolysis a minor side reaction. A high
AT/H ratio means that a lower molar ratio of acyl donor to
acyl acceptor can be used, which is important for the atom
economy of reactions. For the MsAcT K97A/R150I variant, it
was shown that the improved AT/H ratio toward benzyl
alcohol was also accompanied by slower hydrolysis of the
benzyl acetate formed. This means faster synthesis of more
product that is more stable than when the wild-type MsAcT is
used as the catalyst. A single mutation can be sufficient to shift
the balance of acyltransferase and hydrolase activities or even
completely invert it. A K97A variant of MsAcT had less than a

third of the wild-type hydrolase activity, while acyltransferase
activity was improved 2.5-fold, resulting in a 7.5-fold higher
AT/H ratio. K97 is involved in the coordination of a water
molecule by N94 and mutation of K97 presumably destabilizes
a hydrogen bond network required for the hydrolysis reaction.
Interestingly, the D192N variant of MsAcT, which lacks the
charge-relay acid of the catalytic triad, showed a 100-fold lower
activity but a doubled AT/H ratio.25

Wild-type EstA does not acetylate benzyl alcohol, but a
single mutation (HDG to HGG) transformed EstA into a
benzyl alcohol acetyltransferase almost as efficient as MsAcT.
This mutation aimed at increasing affinity to benzyl alcohol as
acyl acceptor by increasing active site hydrophobicity.22

Acyltransferase activity in family VIII carboxylesterases/
acyltransferases appears to be linked to this three-amino acid
motif adjacent to the catalytic triad. Molecular modeling
suggested that the first residue of the motif may play an
important role in benzyl alcohol binding via π−π-stacking.
Engineering this motif in a related lovastatin hydrolase (WGG
motif) indicated that the tryptophan residue is important for
the hydrogen-bond network around the active site and
therefore for hydrolase activity.71 In line with this, changing
the EstCE1 WGG motif to YGG or FGG dramatically reduced
acyl donor hydrolysis rate while maintaining most acyltransfer-
ase activity.22 Interestingly, numerous acyltransferases structur-
ally related to family VIII carboxylesterases, like the Lovastatin
synthase LovD, also have the FGG motif.71 As this three-
residue motif was found to be important for selectivity, future
engineering may be focused around this part of the active site.
Exchange of the catalytic serine with cysteine (S11C)

enabled MsAcT to catalyze the formation of thioesters like
acetyl-CoA in water, with vinyl acetate as acyl donor.
Interestingly, hydrolysis of the thioesters was not observed.
The S11C variant can also catalyze the acetylation of
secondary amines to produce tertiary amides.65

It must be noted that the AT/H ratio of a given enzyme can
also be influenced by the type of acyl donor and/or acceptor
substrates. For EstCE1, it was demonstrated that the AT/H
ratio highly depends on the acyl acceptor substrate, with a
strong preference for aromatic acyl acceptors.22 This depend-
ence on the nature and concentration of the acyl acceptor
substrate seems to be a general feature of promiscuous
hydrolases/acyltransferases.14,24,42,60,62,66 Acyltransferase activ-
ity also depends on the acyl donor substrate, as demonstrated
for MsAcT, several MsAcT variants, EstCE1, and several other
family VIII carboxylesterases/acyltransferases. For example,
EstA does not acetylate benzyl alcohol but can acylate it using
longer chain acyl donors.22 MsAcT shows a higher AT/H
activity ratio when assayed with pNP-butyrate compared to
pNP-acetate as acyl donor.25 This was explained by the larger
acyl group hindering binding of water in the active site, similar
to the case of lecithin:retinol acyltransferase, where a tight-
fitting acyl group excludes hydrolytic water from the active site,
thereby promoting acyl transfer.53 This dependence of acyl
transfer on the acyl donor substrate seems to be a general
feature of promiscuous hydrolases/acyltransferases.25,30,72−75

Since the investigation of multiple enzymes, substrates,
concentrations, and time points can be analytically demanding,
some convenient colorimetric assays have been developed to
facilitate acyltransferase engineering. The simplest of these is
based on the release of chromophores like p-nitrophenolate,
which can be followed at 405 nm, from chromogenic substrate
surrogates like p-nitrophenyl esters. Acyltransferase activity
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corresponds to accelerated turnover of the acyl-enzyme
intermediate, which in turn corresponds to faster release of
p-nitrophenolate, in the presence of an acyl acceptor.
Therefore, AT/H ratios for several acyl acceptors (and
concentrations) can be simultaneously determined using a
microtiter plate reader.14,21,22,25,76 Mestrom et al. reported a
coupled enzymatic assay for the acetaldehyde released from
vinyl esters. This assay is useful since vinyl esters are the most
widely used acyl donors in synthetic reactions but may be
limited by incompatibility between the acyl acceptors and
dehydrogenases employed.21,44

■ SUMMARY AND OUTLOOK
Promiscuous hydrolases/acyltransferases have the potential to
dramatically impact the development and application of
biocatalytic cascades for the synthesis of a myriad of valuable
esters, thioesters, amides, carbonates, and carbamates in water.
This raises the question why transesterification in water is not
more often applied in organic synthesis. Our view is that this is
because only a few useful enzymes are known, which is because
the prevalence of promiscuous hydrolases/acyltransferases has
been underestimated. Recent research on biocatalytic ester and
amide synthesis in water has focused on the small number of
promiscuous hydrolases/acyltransferases identified since 1993.
However, promiscuous acyltransferase activity of hydrolases
has been observed many times over the last cen-
tury.14,15,19−24,66,72,77−79 In fact, we believe it is possible that
some researchers have unknowingly studied promiscuous
hydrolases/acyltransferases. There are several examples of
hydrolases that are stimulated by the presence of alcohols like
methanol but not by other solvents like DMSO.80−83

Therefore, many of these “solvent-stimulated” enzymes may
in fact be promiscuous hydrolases/acyltransferases waiting to
be reinvestigated.
On the basis of previous work,20,35 we have shown that

simple precipitation-based assays can be used to deliberately
screen libraries for enzymes with acyltransferase activity.21,23

This simple concept could be used to screen larger
metagenome libraries, which would dramatically expand the
range of synthetically valuable acyltransferases available to
chemists. We have shown that acyltransferase activity in the
bacterial hormone-sensitive lipases could be predicted from
amino acid sequence alone. In principle, this approach could
be applied to other enzyme families by developing pipelines for
automated structure prediction, using tools like AlphaFold or
RoseTTAFold,84,85 identification of the active site residues,
and ranking by active-site hydrophobicity. However, this
method is currently unsuitable for predicting promiscuous
acyltransferase activity toward polar acceptors like sugars, since
hydrophilic active sites do not imply affinity for hydrophilic
substrates in the same general way a hydrophobic active site in
water implies affinity for hydrophobic substrates. Predicting
acyltransferase activity toward hydrophilic compounds is
therefore an exciting topic for future research. Because the
same protein can be either a hydrolase or an acyltransferase,
depending only on conformational changes53,66,76 we antici-
pate that the success of future algorithms for sequence-based
prediction of acyltransferase activity will depend on sophisti-
cated structure-based models. Therefore, we need to gain more
detailed insight into the relationship between sequence,
structure, and promiscuous acyltransferase activity, so it is
important that more of these enzymes be characterized. Of
particular interest is the correlation between promiscuous

acyltransferase activity and the half-lives of the acyl-enzyme
intermediates of hydrolases in the absence of acyl acceptor
substrates. Furthermore, binding affinity for acyl acceptor
substrates is seldom determined, and more data would clarify
the relative contributions of binding affinity and active site
hydrophobicity.
We have shown that many family VIII carboxylesterases are

very good acyltransferases, with AT/H ratios much higher than
even the best MsAcT variants. The family VIII carboxyles-
terases/acyltransferases do not have very hydrophobic active
sites as is typical of MsAcT and the CpLIP2-related lipases/
acyltransferases, and naturally occurring members like EstA can
acylate sugars. Protein engineering could also convert EstCE1
into an efficient glucose, maltose, and maltotriose acetylation
catalyst. Activity toward polar substrates opens up a wide field
of potential applications like modification of the physicochem-
ical properties of starch to produce food grade emulsifiers.
Polysaccharide-deacetylating enzymes with promiscuous acyl-
transferase activity are known and may present valuable
starting points for engineering starch-acylating enzymes.20,62,86
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Abstract: Biocatalytic transesterification is commonly carried out employing lipases in anhydrous 
organic solvents since hydrolases usually prefer hydrolysis over acyl transfer in bulk water. 
However, some promiscuous acyltransferases can catalyze acylation in an aqueous solution. In this 
study, a rational design was performed to enhance the acyltransferase selectivity and substrate 
scope of the Pyrobaculum calidifontis VA1 esterase (PestE). PestE wild type and variants were applied 
for the acylation of monoterpene alcohols. The mutant PestE_I208A is selective for (–)-menthyl 
acetate (E-Value = 55). Highly active acyltransferases were designed, allowing for complete 
conversion of (–)-citronellol to citronellyl acetate. Additionally, carvacrol was acetylated but with 
lower conversions. To the best of our knowledge, this is the first example of the biocatalytic acylation 
of a phenolic alcohol in bulk water. In addition, a high citronellol conversion of 92% was achieved 
with the more environmentally friendly and inexpensive acyl donor ethyl acetate using 
PestE_N288F as a catalyst. PestE_N288F exhibits good acyl transfer activity in an aqueous medium 
and low hydrolysis activity at the same time. Thus, our study demonstrates an alternative synthetic 
strategy for acylation of compounds without organic solvents. 

Keywords: PestE; acyltransferase; protein engineering; biocatalysis; acyl transfer; 
transesterification; monoterpene acylation 
 

1. Introduction 
Hydrolytic enzymes are versatile biocatalysts with many industrial applications, due 

to their broad substrate scope, absence of cofactor requirements, stability in organic 
solvents, and good chemo-, regio-, and stereoselectivity [1–3]. Usually, these enzymes are 
applied for the hydrolysis of esters, amides, or lipids in aqueous systems, since water acts 
as a nucleophile in the reaction [4,5]. Still, these enzymes can also act as biocatalysts for 
condensation reactions and in alcoholysis [1]. 

The capacity of some hydrolases, especially lipases, to synthesize esters and amides 
under anhydrous conditions increases the applicability of these enzymes [1,6,7]. 
Nevertheless, hydrolases typically favor a hydrolytic reaction over acyl transfer in water 
[8–11], limiting the direct acylation of interesting substances found naturally in aqueous 
raw materials.  
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In contrast to conventional hydrolases, some promiscuous 
hydrolases/acyltransferases are able to catalyze acyl transfer in aqueous systems, 
presenting an opportunity for cascade reactions in aqueous solutions. This is also more 
environmentally friendly than ionic liquids [12] or often hazardous and expensive organic 
solvents [5,13], which are then no longer required. Examples of promiscuous 
acyltransferases are enzymes from the CAL-A superfamily [14], an aryl esterase from 
Mycobacterium smegmatis (MsAcT) [13,15,16], family VIII carboxylesterases [17], and the 
enzymes from the bacterial hormone-sensitive lipase (bHSL) family [5,18]. 

Due to their acyltransferase activity in water, a lipase from Sphingomonas sp. (SpL) 
and the lipase A from Pseudozyma antarctica (CAL-A) were used for amide and ester 
synthesis in the presence of 4% and 50% water, respectively [19,20]. Regarding cascade 
reactions, the acyltransferase MsAcT was applied in a combination with a transaminase 
to synthesize N-benzylacetamide from benzaldehyde [21]. Furthermore, MsAcT was 
investigated in our group, and we observed approximately 50% conversion in the 
synthesis of benzyl acetate in a transesterification reaction between vinyl acetate and 
benzyl alcohol at an equimolar ratio in an aqueous environment [13]. 

Recently, our group also discovered esterase Est8 as a promiscuous 
hydrolase/acyltransferase. Est8 was the first enzyme from the bacterial hormone-sensitive 
lipase (bHSL) family, for which promiscuous acyltransferase activity was described [18]. 
Subsequently, we developed a sequence-based prediction method for acyltransferase 
activity, demonstrating that the active site hydrophobicity is directly related to the 
acyltransferase activity towards non-polar acyl acceptors. This analysis made it possible 
to identify and biochemically characterize five bHSLs with high acyltransferase activity 
[5]. 

One of the most promising acyltransferases identified in the study by Müller et al. [5] 
was the Pyrobaculum calidifontis VA1 esterase (PestE). This carboxylesterase (PDB code: 
3ZWQ), first reported by Hotta et al. [22], is a highly thermostable biocatalyst. It has been 
shown to catalyze the hydrolysis of bulky substrates [22,23] and notably presents activity 
towards tertiary alcohols in transesterification reactions in organic solvents [6], which was 
associated with the high hydrophobicity inside the substrate-binding pocket [5,24]. 
Recognizing the high potential of this enzyme, in this work, we performed a rational 
design to enhance its acyltransferase activity for the biocatalytic synthesis of monoterpene 
esters in an aqueous solution without organic solvents. 

2. Materials and Methods 
2.1. Material 

(±)-Linalool (97%), (±)-menthol (≥ 98.0%), (±)-citronellol (analytical standard), 
carvacrol (99%), (–)-menthol (99%), and vinyl acetate were purchased from Sigma-
Aldrich. All other chemicals and solvents were purchased from Sigma, VWR, or Carl Roth. 
The synthetic gene encoding PestE for expression in Escherichia coli—subcloned into the 
pET-21a vector—was based on the gene reported by Hotta et al. [22]. 

2.2. Gene Expression and Protein Purification 
Chemically competent E. coli BL21(DE3) cells were transformed with expression 

vectors by heat shock followed by cooling and then plated on LB agar containing 50 
µg·mL−1 ampicillin. Pre-cultures (4 mL LB containing 50 µg·mL−1 ampicillin) were 
inoculated with single colonies and incubated overnight (37 °C, 180 rpm). LB medium 
(200 mL containing 50 µg·mL−1 ampicillin) was inoculated with 0.1% (v/v) of the pre-
culture and incubated (37 °C, 180 rpm) until it reached an OD600 of 0.6. Protein expression 
was induced by the addition of isopropyl-β-D-thiogalactopyranoside (IPTG) to a final 
concentration of 0.4 mM followed by incubation for ~20 h at 20 °C at 180 rpm. 

Cells were harvested by centrifugation at 4000× g and 4 °C for 15 min, and the cell 
pellets were resuspended with 4 mL equilibration buffer (50 mM potassium phosphate, 
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300 mM sodium chloride, 10 mM imidazole, pH 8.0). Cells were disrupted by sonication 
on ice (two cycles of 5 min sonication (30% intensity, 50% pulsed cycle)) using a 
SONOPULS HD 2070 (BANDELIN Electronic GmbH & Co. KG, Berlin, Germany), and 
the lysates were clarified by centrifugation at 10,000× g and 4 °C for 30 min. For 
purification, the crude lysates were applied to 1.5 mL Roti® Garose-His/Ni Beads (Carl 
Roth, Karlsruhe, Germany). The resins were washed with 15 mL washing buffer (50 mM 
sodium phosphate, 300 mM sodium chloride, 20 mM imidazole, pH 8.0) before target 
proteins were eluted with elution buffer (50 mM sodium phosphate, 300 mM sodium 
chloride, 250 mM imidazole, pH 8.0). Elution fractions were treated at 80 °C for 20 min 
(500 rpm), centrifuged (17,000× g, 4 °C for 5 min), and the supernatant transferred to the 
storage buffer (50 mM potassium phosphate, 300 mM sodium chloride, pH 8.0) using PD-
10 desalting columns (GE Healthcare, Chalfont St Giles, UK). Protein concentrations were 
determined at 280 nm using a NanoDrop™ 1000 spectrophotometer (ThermoFisher, 
Darmstadt, Germany), while the purity of the proteins was investigated by SDS-PAGE. 
The purified enzymes were mixed with 0.1% (v/v) Triton-X-100 for storage at 4 °C. 

2.3. In Silico Methods 
Structural analysis and molecular modeling experiments of the structure of PestE 

(PDB entry: 3ZWQ) were performed using YASARA (Vienna, Austria) [25] and UCSF 
Chimera (San Francisco, CA, USA) [26]. The substrate-binding sites in the PestE crystal 
structure were identified and analyzed using the VINA docking tool [27] of the YASARA 
software. Molecular modeling was performed by two different approaches: the first was 
by evaluating the residues responsible for the water network and changing the structure 
to minimize hydrolase activity. The second was by increasing the hydrophobicity using 
the Chimera software with visualization of hydrophobic and hydrophilic regions. 

2.4. Site-Directed Mutagenesis 
Variants were constructed using the Q5® Site-Directed Mutagenesis Kit (New 

England Biolabs GmbH, Ipswich, UK). Non-overlapping DNA-oligonucleotides were 
designed using the online NEBaseChanger tool for the mutations: H95A: forward primer 
(5′→3′): CGTGGAGACTgcgGACCACGTGTGTAGGC; reverse primer (5′→3′): 
CTCCCCAA GACGAAGCCC; I208A: forward primer (5′→3′): CGAATACGTCgcg 
CTCACCGCCGACTTAATGG; reverse primer (5′→3′): GGCCCGCTGTACTCCACT; 
N288F: forward primer (5′→3′): CGGCTTCGTCtttTTCTACCCCATATTAGAAG, reverse 
primer (5′→3′): TGGATGACGCCGTTGTAC. PCR amplification and KLD reactions were 
performed according to the manufacturer’s protocol. The correct introduction of the 
desired mutations was confirmed by sequencing by Eurofins Genomics GmbH 
(Ebersberg, Germany). 

2.5. SDS-PAGE Analysis 
The protein purity was analyzed by SDS-PAGE. Purified proteins were denatured by 

heating (95 °C, 10 min) in a 10% (w/v) sodium dodecyl sulfate (SDS) solution followed by 
centrifugation at 13,000× g for 5 min. The proteins were separated on 12.5% acrylamide 
gels at a constant voltage of 200 V. A protein standard was added for protein size 
comparison (PierceTM Unstained Protein MW Marker, ThermoFisher, Darmstadt, 
Germany) and stained by Coomassie Brilliant Blue G-250. 

2.6. Biocatalytic Experiments 
Purified PestEs (wild type and variants) were applied for transesterification of 

linalool, menthol, carvacrol, and citronellol. For the reactions, a mixture of 20 mM 
monoterpene (from a 1 M stock in acetonitrile), vinyl acetate at a molar ratio of 1:10 
(monoterpene:acyl donor), 0.1% (v/v) Triton-X-100 (from a 10% (v/v) stock in water), and 
0.2 µg·mL−1 of the purified PestE variants were adjusted to a total volume of 1 mL with 
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buffer (50 mM potassium phosphate, 300 mM sodium chloride, pH 8.0). Reactions were 
performed in 1.5 mL reaction tubes and incubated at 40 °C and 1000 rpm in a 
ThermoMixer Comfort (Eppendorf AG, Hamburg, Germany). Reactions without enzymes 
were performed to determine background transesterification and served as control. Time 
samples (10 µL) were taken, quenched with 10 µL of 2 M HCl, and extracted with 200 µL 
ethyl acetate (EtOAc). After drying with anhydrous MgSO4, samples were analyzed by 
GC. In order to evaluate the possibility of producing monoterpene esters with a more 
environmentally friendly and cheaper acyl donor, reactions were also performed for (±)-
citronellol with ethyl acetate as acyl donor. The reaction conditions were described above, 
with 20 µg·mL−1 of the purified PestE variants. 

2.7. GC Analysis 
Reactions with linalool, carvacrol, and citronellol were analyzed by GC-MS using a 

GC-QP2010 SE (Shimadzu, Kyoto, Japan) equipped with a ZB-5MSi column (30.0 m × 
0.25 mm, 0.25 µm film thickness, Phenomenex, Torrance, CA, USA). Injector temperature 
was 220 °C, a flow rate of 1.20 mL.min−1 was used, and 1 µL sample at a split ratio of 10 
was injected. The column temperature was held at 80 °C for 3 min, increased to 260 °C at 
10 °C.min−1, totalizing a 21 min method. Mass spectrum ion source and interface 
temperature was 220 °C, and the identification started after 3 min of the run. 

Biocatalysis reactions with menthol were analyzed by GC-MS using a GC-QP2010 SE 
(Shimadzu, Kyoto, Japan) equipped with a β-TBDAc column (25.0 m × 0.25 mm, 
Macherey-Nagel, Düren, Germany). Injector temperature was 220 °C, a flow rate of 
2.06 mL·min−1 was used, and 1 µL sample at a split ratio of 30 was injected. The column 
temperature was held at 80 °C for 5 min, increased to 145 °C at 1.75 °C·min−1, held for 5 
min, and then increased to 180 °C at 20 °C.min−1 and kept for 6.11 min, resulting in a 55 
min method. Mass spectrum ion source and interface temperature were 220 °C.  

3. Results 
An initial study regarding menthol acylation with known 

hydrolases/acyltransferases was performed in order to verify potential acyltransferases 
for monoterpene ester synthesis. For this, the enzymes PestE, 1EVQ (Est2 from 
Alicyclobacillus acidocaldarius), CAL-A (lipase A from Pseudozyma antarctica), and PLE-6 
(Pig Liver Esterase 6) were applied as catalysts. PestE showed the highest activity in 
menthol acylation (Figure S1), achieving 81% of the esterified product but with undesired 
subsequent hydrolysis. This behavior is known as an obstacle for biocatalytic ester 
production in water, in view that the optimum time point for the highest conversion needs 
to be determined to stop the reaction immediately; this makes enzymatic acyl transfer 
reactions in water somewhat challenging [5]. In addition, the possibility of enabling 
enantioselective acylation of (±)-menthol by mutagenesis has been investigated. 

Aiming to decrease product hydrolysis, PestE was used as an object for the rational 
design. To identify target residues for site-directed mutagenesis, molecular docking was 
performed using (–)-menthol as a model substrate to study its binding in the PestE active 
site, as shown in Figure 1. 
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Figure 1. Interaction network for (–)-menthol within PestE (PDB code: 3ZWQ, [24]) based on a substrate docking. Residues 
interacting with (–)-menthol are shown in light blue, residues of the catalytic triad Ser157, His284, Asp254 are in orange. 
The model was created based on an acetylated Ser157. 

Residues composing the substrate binding of (–)-menthol in the active site of PestE 
were examined. Three residues were selected, His95, Ile208, and Asn288, to perform 
rational protein engineering aiming to increase active site hydrophobicity and/or tunnel 
size. To enhance the hydrophobicity, the residues His95 and Asn288 were selected, while 
Ile208 was selected to increase the tunnel size. The increase in the active site region 
hydrophobicity can promote a more favorable surrounding for organic nucleophiles than 
for water. Moreover, the tunnel is the cavity space that connects the protein surface to the 
active site, and the residues forming this tunnel can have a significant influence on the 
biocatalytic properties so that the decrease in the residue size in these positions can 
increase the acceptance of larger substrates and the flux of substrates and products [28]. 

PestE wild type and variants were purified by a two-step approach consisting of 
affinity chromatography followed by heat precipitation. The purity of the purified 
enzymes was evaluated by SDS-PAGE (Figure S2). Subsequently, several monoterpenes 
were used as model compounds to determine the acyltransferase activity of PestE 
enzymes towards these primary (citronellol—Figure 2a and Table S1), secondary 
(menthol—Table 1), tertiary (linalool—data not shown), and phenolic (carvacrol—Table 
S3) alcohols with vinyl acetate as an acyl donor. In all reactions, 0.1% (v/v) Triton-X-100 
was added because previous studies found that Triton-X-100 prevented the protein 
instability that occurs at low concentrations of purified PestE [22]. 

The results revealed that only the tertiary alcohol linalool was not converted, despite 
the efforts to increase the substrate entrance space, possibly due to the high steric 
hindrance and less reactivity of this tertiary alcohol. Reactions with primary and 
secondary alcohols showed similar conversions for all variants, although the conversion 
rate was lower for PestE_N288F. It is also obvious that the variant PestE_N288F decreased 
the undesired product hydrolysis (Tables S1 and 1). Regarding the phenolic alcohol 
carvacrol, low conversions were obtained for all PestE variants, still, this is the first time 
a promiscuous acyltransferase was reported to acylate a phenolic alcohol in an aqueous 
environment (Table S3). 

Table 1 shows that all investigated variants catalyze the conversion of menthol to 
menthyl acetate with similar maximum conversions. The results (Table 1) confirmed low 
enantioselectivity for the wild type and PestE_H95A, and moderate E-values for the 
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PestE_N288F mutant. Contrary to this, PestE_I208A is highly enantioselective for the 
acetylation of (–)-menthol, showing an enantiomeric excess of 94%ee and an E-value over 
55. Additionally, the initial acylation is higher for PestE_I208A compared to the wild type. 
These results suggest that the increase of the tunnel size by rational design facilitated the 
access of (–)-menthol to the enzyme’s active site. 

Table 1. Menthyl acetate conversion and product enantiomeric excess from transesterification 
reactions catalyzed by PestE wild type and mutants.  

Time (min) 
PestE_wt PestE_H95A PestE_I208A PestE_N288F 

Conv (%) %ee (E) Conv (%) %ee (E) Conv (%) %ee (E) Conv (%) %ee (E) 
10 0 - 0 - 12 100 0 - 
30 7 74 3 67 17 100 3 100 
60 18 67 8 81 31 95 (59) 9 97 

120 32 59 (5) 24 66 36 94 (55) 20 89 
180 37 58 (5) 31 62 (6) 38 94 (58) 29 81 
240 38 57 (5) 28 66 36 95 (67) 35 79 (13) 
480 32 68 (7) 31 71 (8) 24 100 44 80 (17) 
1440 19 80 9 67 13 100 38 79 (14) 

Conversion (%) and optical purity (%ee) were determined from GC-MS analytical data using a chiral 
column; The E-value was determined according to Rakels, Straathof, and Heijnen [29]. Reaction 
conditions: molar ratio 1:10 ((±)-menthol:vinyl acetate), using 20 mM (±)-menthol, 0.1% (v/v) Triton-
X-100, 0.2 µg·mL−1 of the purified enzymes in 1 mL of an aqueous buffer (50 mM potassium 
phosphate, 300 mM sodium chloride, pH 8.0) at 1000 rpm and 40 °C. Reactions were conducted in 
triplicate, and the average values are shown. Reactions without enzymes did not result in ester 
products. 

Transesterification reactions with ethyl acetate, a much less activated acyl donor 
compared to vinyl acetate, are reversible and, hence, could lead to lower conversion to 
esterified products. As all the PestE variants were shown to be efficient biocatalysts for 
the acylation of citronellol, this substrate was used in reactions with ethyl acetate. The 
results, shown in Figure 2b and Table S2, demonstrate that all PestE variants studied can 
perform the acylation with ethyl acetate as an acyl donor almost equally as well as with 
vinyl acetate. The PestE_N288F variant enabled higher conversion (92% ester formed 
within 4 h) in comparison to the other acyltransferase variants, where a maximum of 83% 
was observed together with subsequent hydrolysis of the ester product (Table S2). This 
finding could be linked to a potential reorganization of the water network (Figures S3–
S5). Thus, the undesired and commonly observed hydrolysis of ester products was slowed 
down, which can be explained by its disrupted water network (Figure S5), decreasing the 
hydrolytic activity. 
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(a) (b) 

Figure 2. Enzymatic acylation of (±)-citronellol over time with (a) vinyl acetate and (b) ethyl acetate as acyl donors. Where: 
(●) PestE_wt; (■) PestE_H95A; (▲) PestE_I208A; (▼) PestE_N288F. Reaction conditions: Molar ratio 1:10 ((±)-
citronellol:acyl donor), using 20 mM (±)-citronellol, 0.1% (v/v) Triton-X-100, 20 µg·mL−1 of the purified enzymes when ethyl 
acetate was used, or 0.2 µg·mL−1 of the purified enzymes when vinyl acetate was used, in 1 mL of an aqueous buffer (50 
mM potassium phosphate, 300 mM sodium chloride, pH 8.0) at 1000 rpm and 40 °C. Reactions were conducted in triplicate, 
and the average values are shown. Reactions without enzymes did not result in ester products. 

4. Discussion 
In this study, we performed rational protein engineering of the Pyrobaculum 

calidifontis VA1 esterase (PestE) using two different concepts, the first to increase the 
hydrophobicity of the active site, with the mutations H95A and N288F, aiming to disrupt 
the water network and to increase affinity to organic nucleophiles. The second approach 
was to increase the tunnel size by the mutation I208A. Interestingly, the increased 
hydrophobicity with the mutations H95A and N288F did not increase the acyltransferase 
activity, although it is believed that increased hydrophobicity facilitates binding of (non-
polar) acyl acceptors [5,15,30]. However, the undesired subsequent hydrolysis of the 
acylated product was substantially reduced by the variant PestE_N288F, which showed 
very high up to complete conversions to the ester products and reduced subsequent 
hydrolysis. The reduced hydrolysis could be due to inactivation of the water molecules in 
the active site by the introduction of phenylalanine (Figure S5). In the same way, the 
variant PestE_H95A showed higher hydrolysis as the water network was strengthened 
(Figure S4), although the hydrophobicity increased. Thus, the reorganized water network 
in the active site seems to affect hydrolysis activity stronger than the increase in 
hydrophobicity. For completeness, it has to be mentioned that the PestE_N288F variant 
presented higher electrophoretic mobility (Figure S2), which might be caused by protein 
digestion; nevertheless, this variant still showed very high activity. Meanwhile, the 
variant I208A is highly selective on the (–)-menthol acylation, which can be related to a 
better access or a better binding of the substrate into the enzyme active site. Again, the 
decreased hydrophobicity did not decrease but increased the acyltransferase activity in 
the mutant PestE_I208A, emphasizing that factors such as the access to the binding site 
are, in this particular case, more relevant for the conversion of monoterpene substrates. 
Consequently, the highest conversion of the challenging substrate carvacrol was achieved 
with PestE_I208A, demonstrating not only acyltransferase activity on phenolic alcohols 
for the first time, but also that enzyme activity is limited by access to the active site. In the 
same manner, the conversion of tertiary alcohols is eventually only limited by the 
accessibility of the active site. These findings might help to develop effective 
acyltransferases for further applications. The outstanding enzymatic activities of the PestE 
variants for good substrates as citronellol underline the synthetic potential of 
acyltransferase-catalyzed acylation reactions in aqueous solutions. Even though the 
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protocol presented in this paper requires the addition of Triton-X-100 for the protein 
stabilization [22], in experiments with heat shock-enriched lysate (without affinity 
chromatography purification, data not shown) this was not necessary, which can facilitate 
the enzyme application. Furthermore, we could show that the acyl donor vinyl acetate can 
be replaced by the less toxic and more environmentally friendly ethyl acetate, in relation 
to vinyl acetate [31], still leading to high conversions at relatively short reaction times. 

5. Conclusions 
In this study, novel PestE variants have been designed for the acylation of 

monoterpene in water. All variants represented high activity for citronellol. PestE_I208A 
presented high enantioselectivity for the acetylation of (–)-menthol. PestE_N288F showed 
good acyl transfer in water, reducing the commonly observed hydrolysis of the 
monoterpene esters formed upon prolonged reaction times. This variant also catalyzes 
acylation successfully with the cheaper and environmentally friendly acyl donor ethyl 
acetate. With carvacrol, a phenolic alcohol was acylated with a promiscuous 
acyltransferase for the first time. 

Supplementary Materials: The following are available online at 
www.mdpi.com/article/10.3390/microorganisms9081790/s1, Figure S1: Enzymatic acylation of (±)-
menthol over time with vinyl acetate as acyl donor, Figure S2: SDS-PAGE analysis of samples of the 
purified PestE (wt and variants) used in this study, Table S1: Conversion (%) of (±)-citronellol and 
vinyl acetate to citronellyl acetate over time using PestE wild type and mutants as biocatalysts, Table 
S2: Conversion (%) of (±)-citronellol and ethyl acetate to citronellyl acetate over time using PestE 
wild type and mutants as biocatalysts, Table S3: Conversion (%) of carvacrol to carvacryl acetate 
over time using PestE wild type and mutants as biocatalysts, Figure S3: Water network of PestE 
wild type active site, Figure S4: Water network of PestE_H95A active site, Figure S5: Water network 
of PestE_N288F active site. 
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Figure S1. Enzymatic acylation of (±)-menthol over time with vinyl acetate as acyl donor. Reaction 
conditions: molar ratio 1:100 (alcohol: acyl donor), concentration of 20 mM of (±)-menthol in 1 mg of 
lyophilized enzyme per mL of aqueous buffer (200 mM potassium phosphate, pH 8.0), 1000 rpm and 40°C, 
for reactions conducted with PestE, 1EVQ and CAL-A. For reactions conducted with PLE-6 the molar ratio 
was reduced to 1:10 (alcohol: acyl donor). In control reactions without enzymes no ester product formation 
was observed. 

 

 

Figure S2. SDS-PAGE analysis of samples of the purified PestE (wt and variants) used in this study. PierceTM 
Unstained Protein MW Marker (ThermoFisher, Germany) was used as reference. 



Table S1. Conversion (%) of (±)-citronellol to citronellyl acetate over time using PestE wild type 
and mutants as biocatalysts 

Time (min) PestE_wt PestE_H95A PestE_I208A PestE_N288F 
5 40 21 55 5 
20 71 42 63 15 
30 83 55 82 22 
45 93 73 97 35 
60 99 85 100 48 
120 100 99 100 81 
240 100 97 100 100 
1440 100 96 100 100 

Conversion (%) was determined by GC-MS. Reaction conditions: molar ratio 1:10 ((±)-citronellol: vinyl 
acetate), using 20 mM (±)-citronellol, 0.1 % (v/v) Triton-X-100, 0.2 µg.mL-1 of the purified enzymes,  in 1 mL 
of aqueous buffer (50 mM potassium phosphate, 300 mM sodium chloride, pH 8.0) at 1000 rpm and 40°C. 
Reactions without enzymes did not show the formation of ester product. 

 

Table S2. Conversion (%) of carvacrol to carvacryl acetate over time using PestE wild type and 
mutants as biocatalysts 

Time (min) Without enz PestE_wt PestE_H95A PestE_I208A PestE_N288F 
5 0 1 <1 1 1 
20 0 2 2 2 2 
30 0 4 2 5 1 
45 <1 7 6 11 5 
60 1 4 4 5 4 
120 2 4 3 3 2 
240 3 2 2 3 1 
1440 2 2 1 1 1 

Conversion (%) was determined by GC-MS. Reaction conditions: molar ratio 1:10 (carvacrol: vinyl acetate), 
using 20 mM carvacrol, 0.1 % (v/v) Triton-X-100, 0.2 µg.mL-1 of the purified enzymes,  in 1 mL of aqueous 
buffer (50 mM potassium phosphate, 300 mM sodium chloride, pH 8.0) at 1000 rpm and 40°C. 

 



 

Figure S3. Water network of PestE wild type active site.  

 

 

Figure S4. Water network of PestE_H95A active site. Simulated by Molecular Dynamics with YASARA 
Software. 

 



 

Figure S5. Water network of PestE_N288F active site. Simulated by Molecular Dynamics with YASARA 
Software. 
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Recovery of Hydroxytyrosol from Olive Mill Wastewater
Using the Promiscuous Hydrolase/Acyltransferase PestE
Henrik Terholsen,[a] Jasmin Kaur,[a] Nikolaos Kaloudis,[b] Amanda Staudt,[a] Henrik Müller,[a]

Ioannis V. Pavlidis,[b] and Uwe T. Bornscheuer*[a]

Olive mill wastewater (OMWW) is produced annually during
olive oil extraction and contains most of the health-promoting
3-hydroxytyrosol of the olive fruit. To facilitate its recovery,
enzymatic transesterification of hydroxytyrosol (HT) was
directly performed in an aqueous system in the presence of
ethyl acetate, yielding a 3-hydroxytyrosol acetate rich extract.
For this, the promiscuous acyltransferase from Pyrobaculum
calidifontis VA1 (PestE) was engineered by rational design. The
best mutant for the acetylation of hydroxytyrosol (PestE_

I208A_L209F_N288A) was immobilized on EziG2 beads, result-
ing in hydroxytyrosol conversions between 82 and 89% in one
hour, for at least ten reaction cycles in a buffered hydroxyty-
rosol solution. Due to inhibition by other phenols in OMWW
the conversions of hydroxytyrosol from this source were
between 51 and 62%. In a preparative scale reaction, 13.8 mg
(57%) of 3-hydroxytyrosol acetate was extracted from 60 mL
OMWW.

Introduction

Olive mill wastewater (OMWW) is an industrial sewage
produced besides olive oil and solid pomace in three-phase
olive mills. Annually, 30 millionm3 of OMWW are produced
worldwide within a few months (October to February). The
wastewater causes environmental problems as it has a high
polluting organic load, including polyphenolics, sugars, and
lipids.[1] In addition to the acidity of the OMWW (pH ~5), the
phytotoxic and antimicrobial activities of polyphenolics hinder
the biodegradation of organic compounds.[2,3] Therefore, in
addition to illegal disposal, incubation of OMWW in open
ponds to decompose the organic matter is still widespread.
Besides the unpleasant odor and the land requirements of
open pond OMWW treatment, the economic value of the
phenols is also lost. The phenols of olives have several health-
promoting properties, e. g., neuroprotective, which are asso-
ciated with their antioxidant and anti-inflammatory
benefits.[4–8] Several methods have been developed to facilitate
the degradation or extraction of phenolic compounds, such as

chemical oxidation, solvent extraction, membrane systems or
adsorbents.[9–20] However, all these systems require several
laborious steps. In the case of solvent extraction, several
extraction steps are required due to the hydrophilic nature of
the contained phenols, e. g., the major phenolic compound 3-
hydroxytyrosol (HT).[11] Lipophilization of HT by acetylation
could facilitate the extraction and increase the bioavailability
of the extracted health-promoting 3-hydroxytyrosol acetate
(HTA).[4,21] However, acetylation/transesterification in an aque-
ous medium is challenging, as the hydrolysis of the formed
ester and acyl donor is thermodynamically favored and thus
pure organic solvents must be used for lipase-catalyzed
acetylation.[22] As an alternative, promiscuous acyltransferases
are able to catalyze the acetylation of nucleophiles with an
acyl donor in a kinetically controlled manner in an aqueous
system, thus favoring acetylation over hydrolysis.[22] The most
studied promiscuous acyltransferase from Mycobacterium
smegmatis (MsAcT) has been shown to catalyse the acetylation
of HT.[23] However, MsAcT cannot be used in this process,
because the pH optimum of MsAcT is in the basic range[24] and
the pH of OMWW is acidic. The hyperthermostable esterase
from the archaeon Pyrobaculum calidifontis VA1 (PestE) is a
very robust biocatalyst exhibiting activity down to pH 3.5.[25]

Our group recently discovered PestE as a promiscuous hydro-
lase/acyltransferase and demonstrated high acetylation activ-
ity and acyltransferase efficiency toward monoterpene
alcohols.[26,27] Therefore, PestE was used in this study to
catalyze the acetylation of HT in untreated aqueous OMWW in
order to facilitate direct extraction of the HTA formed.
Extraction of HT(A) from OMWW could provide an alternative
to petrol-based chemical synthesis pathways of these
compounds.[28,29]
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Results and Discussion

In a first screening, the PestE wild type (wt) and the variants
PestE_H95 A, PestE_I208A, and PestE_N288F, created in a
previous study to improve the activity of PestE towards
monoterpene alcohols,[26] were screened for HT acetylation
with ethyl acetate. All PestE variants were found to be active,
but the weak spots on thin-layer chromatography (TLC)
indicates only low acyltransferase activity (Figure S1). Among
the tested variants, PestE_I208A showed a stronger spot,
indicating a higher activity and was therefore included in
further investigations. The N288 position putatively has an
impact on the water network and increases the conversions
achieved with ethyl acetate as an acyl donor.[26] However,
docking HT in the binding pocket of PestE revealed that N288
may interact with the phenolic alcohol groups of HT (Fig-
ure S2). To find a compromise between the conflicting require-
ments for water network suppression and polar interactions
with HT, the N288A mutant was created. Additionally, the
binding of HT in the active site was investigated by molecular
docking, as Kazemi et al. found that a high binding affinity is
the basis of promiscuous hydrolases/acyltransferase.[30] To
increase the binding affinity of HT, the structures of several
PestE variants were modelled and analyzed. Molecular docking
suggested that PestE_G86A and PestE_L209F bind the sub-
strate stronger than the wild-type enzyme (Figure S2).

All PestE variants were studied in an aqueous/organic two-
phase system (2 : 1) with ethyl acetate (EtOAc; Scheme 1).
EtOAc is proved to be the best solvent for the extraction of
the OMWW phenols[11] and it can act simultaneously as an acyl
donor for PestE. In contrast to vinyl acetate, which is a much
better acyl donor, EtOAc is less toxic to aquatic organisms and
therefore more suitable for OMWW treatment and subsequent
use of the extracted phenols in the food industry.[22,31]

Mutations I208A, L209F, and N288A improved HT con-
version from 18% (PestE_wt) to 22, 52, and 21%, respectively,
while G86A was neutral. It was demonstrated by thin-layer
chromatography (TLC) that the maximum conversions were
not reached at an earlier time point examined (data not

shown). To investigate possible synergistic effects, mutations
were combined iteratively and the resulting variants were
used for HT acetylation (Figure 1).

Although G86A is a neutral mutation, combination with
I208A and L209F resulted in a decreased turnover. Only PestE_
G86A_N288A showed higher turnover than the single mutant
alone. Since PestE_G86A_N288A was still less active than other
double mutants and the combination with other mutations
was deleterious, G86A was not further included in the
combinatorial approach. PestE_I208A_L209F_N288A showed
the best performance among the tested variants, reaching
86% conversion after 24 h (Figure 1). Further investigation
revealed that over 80% conversion was reached already after
4 h and no hydrolysis of hydroxytyrosol acetate was observed
even after 24 h (Figure S3).

When using acyltransferases for the treatment of OMWW,
the enzyme production would be a major economical cost
factor.

Enzyme immobilization can reduce these costs by allowing
easy separation and reuse of the catalyst.[32] Therefore,
immobilization on EziG beads was investigated. EziG beads
have different surface polarities and bind the target proteins
via their polyhistidine tag. EziG1 has a hydrophilic surface,
EziG2 is coated with a hydrophobic polymer, while the surface
polarity of EziG3 is intermediate. Further immobilization
properties according to the product specification are listed in
the SI (Table S3). The immobilization efficiency using EziG1

beads was very low, so EziG2 and EziG3, both of which had an
immobilization efficiency of about 50% (0.3 mgenzyme/mgcarrier),
were further evaluated. PestE_I208A_L209F_N288A immobi-
lized on EziG2 beads (PestE_I208A_L209F_N288A-EziG2)
showed slightly better performance over ten reaction cycles
studied compared to PestE_I208A_L209F_N288A immobilized
on EziG3 beads and was used for the following experiments
(Figure 2).

Scheme 1. Two-phase system for acetylation of HT (1) in OMWW by PestE
and extraction of HTA (2) into the ethyl acetate phase.

Figure 1. Conversion of HT to HTA after 24 h at 25 °C (1000 rpm) by
0.1 mgmL� 1 of each PestE variant in a two-phase system with EtOAc.
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Batch reactions with promiscuous hydrolases/acyltransfer-
ases usually result in maximum conversion before the product
formed is hydrolyzed again.[22] By using ethyl acetate as the
organic phase, a large excess of the acyl donor is present and
the product is removed from the reaction. Both lead to a shift
of the reaction equilibrium and a flattening of the reaction
curve after reaching the maximum conversion (Figure S3).
However, the maximum conversion of the reaction still
depends on the efficiency of the acyltransferase. A comparison
of the conversions achieved with PestE_I208A_L209F_N288A
and MsAcT, which was used by Annunziata et al. for HT
acetylation,[23] shows that our engineered PestE variant is a
much more efficient acyltransferase for HT acetylation in
water. Annunziata et al. could not overcome 29% conversion
in their batch process with MsAcT, while PestE_I208A_L209F_
N288A allows conversion of over 80%. Moreover, the pH of
this model system was adjusted to pH 5.0 with respect to the
OMWW application, while Annunziata et al. worked at the
optimal pH of MsAcT, around pH 8.0.[23,33] Therefore, PestE_
I208A_L209F_N288A is a much better candidate than MsAcT
for acetylation of HT in OMWW.

However, OMWW is a challenging reaction medium
because it is unbuffered and contains numerous other
compounds.[1] Therefore, it is necessary to determine whether
immobilized PestE_I208A_L209F_N288A can indeed be used
to acetylate HT in OMWW. Therefore, OMWW was obtained
from three different three-phase olive mills in Crete (Greece)
and used as HT source. The pre-test of the HT acetylation in
OMWW already showed that the PestE activity in OMWW is
strongly reduced (data not shown). Since the HT conversions
were still increasing up to 24 hours, an inactivation of the
enzyme in OMWW could be excluded. However, inhibition by
structurally similar phenols to HT, e. g., ferulic acid, could
explain the reduced activity. To confirm this theory, PestE
activity was examined in the presence of ferulic acid. The
hydrolysis of p-nitrophenyl acetate was decreased by up to
60% (Table S1). Consistently, the acyl transfer reaction of HT
was decreased by 27% in the presence of 1 mm ferulic acid,

although no acetylation of ferulic acid was observed. Consid-
ering that other OMWW phenols besides ferulic acid might
have an inhibitory effect on PestE, the reduced activity could
be thus explained.

To compensate for the decreased activity, the reaction
temperature was increased to 35 °C, the approximate tempe-
rature of fresh OMWW (Table S2), and the reaction time was
extended to 24 h. Nevertheless, the conversions measured
with HT in OMWW were lower than in reactions with HT
(Figure 3).

Due to the large variety of potential inhibitors in OMWW, it
might be difficult to address the inhibition by rational design.
Nevertheless, a preparative scale reaction with 60 mL OMWW
was performed to show the potential of using PestE for
OMWW valorization. Using 72 μgmL� 1 heat shock enriched
PestE_I208A_L209F_N288A on EziG2, 13.8 mg of HTA could be
extracted, corresponding to over 57% of the HT contained in
the OMWW. Together with the 2.1 mg HT in the extract,
15.9 mg hydroxytyrosol derivatives were extracted. This value
corresponds to 73 mol% of HT and HTA in the investigated
OMWW mixture, which is comparable to the extraction yields
reported in literature,[10,11] although here only a simple one
step liquid/liquid extraction procedure was performed.

However, the absolute amount of HT derivatives extracted
per liter OMWW is relatively low.[10,11] This could be explained
by the ripeness status of olives at the time of sampling in the
middle of the season (late November). During ripening, HT is
released from oleuropein, so HT would have been higher in
the late season.[34] Accordingly, the darkest OMWW had the
highest HT content (Figure S4; Table S2). Further studies could
be conducted to couple HT-releasing enzymes, such as β-
glucosidase, with PestE, to form HTA from the HT precursor,
oleuropein.[35] This could lead to better HTA yields regardless
of the maturity of the olives. In addition, procedural measures,
such as the application of the immobilized enzymes in a flow
application, could increase the productivity and activity of
PestE_I208A_L209F_N288A.[18]

Although several other compounds were present in the
organic extract, HTA is the major compound, as revealed by
the 1H-NMR study (Figure S5). Phenol-rich extracts are used as

Figure 2. Conversion of HT to HTA by PestE_I208A_L209F_N288A immobi-
lized on EziG2 (light gray) or EziG3 (dark gray) in a two-phase system with
EtOAc over ten reaction cycles. Reactions were performed for 1 h at 25 °C
and 1000 rpm with 1.0 mgmL� 1 enzyme (in the aqueous phase).

Figure 3. Conversion of HT in OMWW with EtOAc after 24 h at 35 °C
(1000 rpm). PestE_I208A_L209F_N288A (0.5 mgmL� 1) on EziG2 was used as
catalyst.
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dietary supplements, e. g., in fermented sausages, to stabilize
the product or increase the health value of the product.[36–38]

HTA-enriched functional foods could have neuroprotective,
anticoagulant, arthritis preventive and other health-promoting
properties.[4,8,39,40] For example, olive oil that contains
250 mgkg� 1 hydroxytyrosol derivatives can be called health-
promoting according to an EU regulation (EU Commission
Regulation No. 432/2012). However, further purification of the
extracts may be required to meet the criteria for food
applications. Taking into account that three to five liters of
OMWW are produced per kilogram of olive oil, about 810 to
1,340 mg of HT and HTA can be obtained from the OMWW of
one kilogram of oil. Using the example of the olive mills visited
that produce 200,000 to 1,300,000 t olive oil annually, 160 to
1,740 t HT derivatives could be produced.

The recyclability of the immobilized enzymes is thus a first
step towards a possible industrial application. The use of a
simple heat shock enrichment of PestE could also help to
reduce the cost of the process. However, further process
engineering measures, e. g., recycling of ethyl acetate and
more sophisticated extraction procedures, would be required
to make the process economically viable and sustainable.

Conclusions

Since only 2% of olive phenols remain in olive oil and 53% are
found in the OMWW, which is causing environmental prob-
lems, new methods of recovering the health-promoting
phenols are needed to utilize the full power of the olive.[41]

Lipophilization of phenols such as HT using acyltransferases
could be an important step to facilitate the recovery of
phenols from OMWW. Immobilization and rational optimiza-
tion of PestE led to the recyclable catalyst PestE_I208A_L209F_
N288A-EziG2, which is also active in untreated OMWW. We
demonstrated that the phenol-rich extract obtained from
OMWW provides sufficient HT and HTA to enrich the same
amount of olive oil to phenol-rich olive oil according to the EU
health claim.

Experimental Section

Enzyme preparation

Expression of PestE variants was performed according to a
protocol previously described by our group.[26]

Mutant screening

For screening of PestE variants, 160 μL of 50 mm citrate buffer
pH 5.0 and 40 μL enzyme solution (0.1 mgmL� 1 final) were mixed.
Then, 10 μL 200 mm HT in ethyl acetate (EtOAc) and 90 μL EtOAc
were added. The reaction was incubated at 25 °C (1000 rpm) for
24 h. Reaction controls of 1 μL of the organic phase (OP) of each
reaction were taken after 1, 2, 3, 4, 8, and 24 h and analyzed by
TLC after 24 h to exclude that higher conversions were achieved
at an earlier time point. TLC was performed using silica plates
(Merck, Darmstadt, Germany) as solid and EtOAc as mobile phase.

The staining was done with iodine (Rf(HT)=0.71; Rf(HTA)=0.91).
After 24 hours, the reaction was stopped by adding 50 μL 2 m HCl.
Subsequently, the reactions were extracted three times with
200 μL EtOAc each. The organic phase was dried over sodium
sulfate, and analyzed by GC-FID.

Selection and reuse of immobilization carriers

To a reaction tube, 5 mg EziG1, EziG2, and EziG3 were added and
then 500 μL PestE_I208A_L209F_N288A solution (2.98 mgmL� 1 in
20 mM NaPi with 500 mM NaCl pH 8.0). Immobilization was
performed according to the manufacturer‘s protocol (https://
enginzyme.com/wp-content/uploads/2015/05/EziG%E2%84%A2-
Detailed-Instruction-manual.pdf; April 25, 2022). Briefly, incubation
was performed for 2 h at 25 °C (1000 rpm) and the beads were
washed twice with 500 μL 50 mm citrate buffer pH 5.0. Loading was
calculated based on the residual protein concentration in the
supernatant. Biocatalytic test reactions with the immobilisate were
performed as described for mutant screening and stopped after 1 h
by transferring the supernatant to a new vial containing 50 μL of
2 m HCl. The supernatant was extracted and analyzed by GC-FID, as
described in the respective paragraph. The beads were reused by
washing with 200 μL of citrate buffer pH 5.0, centrifuging and
discarding of the supernatant. The reaction was repeated nine
more times.

PestE_I208A_L209F_N288A immobilization for preparative
scale reaction

Expression of PestE_I208A_L209F_N288A was performed accord-
ing to a protocol previously described on a 400 mL scale.[26]

Deviating from this, the lysis was performed in 4 mL loading
buffer (20 mm NaPi+500 mm NaCl, pH 8.0) and the enzymes were
enriched in the lysate using only heat shock (40 min, 80 °C). The
enriched lysate was immobilized on 400 mg EziG2™ beads
(EnginZyme, Solna, Sweden) as described above. After washing
twice with 1 mL loading buffer (20 mm NaPi+500 mm NaCl,
pH 8.0), the immobilized material was stored moist at 4 °C before
further use.

Small scale extraction of OMWW with PestE_I208A_L209F_
N288A-EziG2

30 mg PestE_I208A_L209F_N288A-EziG2 immobilisate (0.1 mg en-
zyme) was submitted in a reaction tube. Then, 200 μL of the
filtered OMWW was added and incubated at 35 °C (1000 rpm) for
24 h after the addition of 100 μL ethyl acetate. Subsequently, the
aqueous and organic phases were separated and each diluted
tenfold in HPLC running medium (ddH2O+2% v/v AcOH :metha-
anol; 25 : 75). The samples were analyzed by reverse phase high
performance liquid chromatography (RP-HPLC). Analogous reac-
tion approaches without enzyme were performed to compare HT
conversions and extraction. All experiments were performed in
duplicates.

Preparative scale extraction of OMWW with PestE_I208A_
L209F_N288A-EziG2

In a 250 mL round bottom flask, 1.310 g of the PestE-EziG2

immobilisate (4.32 mg enzyme) was placed and 20 mL each of the
filtered OMWW 1, 2, and 3 were added, to a total volume of
60 mL. After the addition of 30 mL of ethyl acetate, the reaction
mixture was incubated for 24 h under vigorous stirring. A
preparation without enzyme immobilisate was performed analo-
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gously. The temperature was adjusted to 35 °C by an oil bath and
controlled with a ground-glass thermometer. Subsequently, the
organic phase was separated via a separating funnel, dried over
magnesium sulfate, filtered, and the solvent was evaporated in
vacuum. After additional drying for 16 h into a lyophilizer, the
weight of the extracted substances (117.0 mg and 104.3 mg in the
control without enzyme, respectively) was determined. The brown,
highly viscous oil exhibited a spicy-bitter odor. The extract was
dissolved in deuterated methanol (MeOD) and a 1H-NMR spectrum
was recorded. The HT and HTA content were quantified by gas
chromatography with flame ionization detector (GC-FID). The
natural HTA content in the OMWW was subtracted from the HTA
measured in the organic phase, which would correspond to a
complete extraction of the natural HTA. Accordingly, the con-
version is to be evaluated as minimum conversion.

GC-FID analytics

Samples in 50 μL ethyl acetate were derivatized by adding 40 μL
N,O-bis(trimethylsilyl)trifluoroacetamide and 10 μL pyridine. Analy-
sis was performed with GC-FID (GC-2010, Shimadzu, Kyoto, Japan)
equipped with a BPX5 column (25.0 m×0.25 mm, 0.25 μm film
thickness, Trajan Scientific and Medical, Ringwood, Australia).
Injector and detector temperature was 250 °C, and 1 μL sample
was injected. The column temperature was held at 150 °C for
3 min, increased to 220 °C with 14 °C min� 1, and held 2 min.
Compounds were identified with authentic standards (retention
times: HT 8.0 min; HTA 8.5 min).

RP-HPLC analytics

An Agilent 1260 Infinity II with a Lichosphere RP18-5 (250×
46 mm, 5 μm) column was used for RP-HPLC analysis. For the first
30 minutes of the run, the flow was maintained at 0.5 mLmin� 1

and 25% (v/v) methanol (MeOH). The flow was gradually
decreased to 0.4 mLmin� 1 and 50% (v/v) MeOH until 40 minutes
and held for ten minutes. In the following five minutes, the MeOH
was reduced again to 25% (v/v). Then the flow rate was gradually
increased to 0.5 mLmin� 1 until 60 min, followed by a final hold
time of five minutes. Compounds were identified with authentic
standards (retention times: HT 10.4 min; HTA 44.3 min). Naturally
occurring HTA was subtracted to calculate HT conversions.
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Methods 
Materials 
Hydroxytyrosol and trans-ferulic acid were purchased from Tokyo Chemical Industry Co. 
(Tokyo, Japan); hydroxytyrosol acetate was purchased from Santa Cruz Biotechnology 
(Dallas, Texas, USA). All other chemicals were purchased from Sigma-Aldrich (St. Louis, 
Missouri, USA) or Carl Roth (Karlsruhe, Germany) and were used without further 
purification. 
 

Prescreening of PestE_wt, PestE_H95A, PestE_I208A, and PestE_N288F 
To see if PestE variants can convert HT, 100 µL of enzyme solution (0.1 mg mL-1) of 
PestE_wt, PestE_H95A, PestE_I208A, and PestE_N288F in 50 mM sodium phosphate 
buffer pH 8.0 were added to a reaction tube. Then, 100 µL of HT solution (10 mM in 
50 mM sodium phosphate buffer pH 8.0) was added. The reactions were started by adding 
100 µL of ethyl acetate. The reactions were incubated at 40°C for ten minutes and a 
sample of 1 µL from each ethyl acetate phase was analyzed by TLC. TLC was performed 
using silica gel plates (Merck, Darmstadt, Germany) as the solid and EtOAc as the mobile 
phase.  The staining was performed with iodine (Rf(HT)=0.71; Rf(HTA)=0.91). 

 

Inhibition of PestE by ferulic acid 
To detect the inhibition of PestE_I208A_L209F_N288A by ferulic acid (FA), a p-nitrophenyl 
acetate hydrolysis assay (pNPA assay) and an acyl transfer reaction were performed. For 
the pNPA assay, 20 µL 10 mM pNPA in dimethyl sulfoxide was added to 180 µL enzyme 
solution (1 µg mL-1) in phosphate buffer pH 7.5 containing FA to a final concentration of 
0, 1, 2 or 5 mM. The absorbance was monitored at 405 nm using Tecan Reader Infinite 
200 PRO (Tecan Trading AG; Männedorf, Switzerland).  
The acyltransferase reaction was performed analogously to the conditions used for mutant 
screening, with and without 1 mM FA. 
 

OMWW sampling and preparation 
Olive mill wastewater (OMWW) samples were collected from three different three-phase 
olive oil mills in the Heraklion area (Crete, Greece). The temperature of the fresh OMWW 
was immediately determined and the solution was then cooled on ice. Samples were 
stored at -20°C when not used directly. To separate suspended solids, the OMWW was 
centrifuged (1 h, 10,000 x g, 4°C), filtered through a sieve, centrifuged again, and the 
supernatant was finally ultrafiltrated with a 0.45 µm filter paper (Whatman®, 
Buckinghamshire, UK). 
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Mutagenesis 
Variants were constructed based on pET21a_PestE using the Q5® Site-Directed 
Mutagenesis Kit (New England Biolabs GmbH, Ipswich, UK). Non-overlapping DNA-
oligonucleotides were designed using the online NEBaseChanger tool for the mutations: 
I208A:  forward primer (5’→3’): CGAATACGTCgcgCTCACCGCCGACTTAATGG  

reverse primer (5’→3’): GGCCCGCTGTACTCCACT 
L209F:  forward primer (5’→3’): ATACGTCATCtttACCGCCGACTTAATGGC 

reverse primer (5’→3’): TCGGGCCCGCTGTACTCC 
N288A:  forward primer (5’→3’): CGGCTTCGTCgcgTTCTACCCCATATTAGAAG 

reverse primer (5’→3’): CGGCTTCGTCgtcTTCTACCCCATATTAG.  
PCR protocol was performed according to the manufacturer’s description. 
 

In silico docking 
Structural analysis and molecular docking experiments of HT in PestE (PDB entry: 3ZWQ) 
were performed using YASARA (Vienna, Austria). UCSF Chimera (San Francisco, CA, 
USA) was used for visualization. 
 

Tables 
Table S1. Relative pNPA hydrolysis activity of PestE_I208A_L209F_N288A in the presence of ferulic acid.  

Ferulic acid [mM] 0 1 2 5 

Relative activity 100±5% 90±2% 67±21% 30±6% 

 

Table S2. Characteristics of OMWW samples. 

 OMWW 1[a] OMWW 2[b] OMWW 3[c] 

pH value 5.0 5.1 5.0 

Temperature [°C] 38 32 32 

HT [mM] 2.22 1.61 1.58 

[a] Melissourgakis mill [b] Politakis mill [c] Gaia mill 

 

Table S3. Specification of the EziG beads according to the manufacturer's data (https://enginzyme.com/wp-
content/uploads/2017/03/EziG%E2%84%A2-Product-Data-Sheet.pdf). All beads are based on controlled 
porosity glass. 

 EziG 1 EziG 2 EziG 3 

Pore volume ~1.8  mL g-1 ~1.8 mL g-1 ~1.8 mL g-1 

Surface hydrophilic (glass) hydrophobic (polymer) semi- hydrophilic (polymer) 

Pore diameter 500 +/- 50 Å 300 +/- 50 Å 300 +/- 50 Å 
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Figures 

Figure S1. TLC of the initial screening of PestE_wt, PestE_H95A, PestE_I208A and PestE_N288F towards 
hydroxytyrosol. 

 

 

Figure S2. Docking structures of 3-hydroxytyrosol (HT) in PestE variants with the binding energies. 
Homology models are based on PDB 3ZWQ. Residues interacting with HT are shown in light blue, residues 
of the catalytic triad Ser157, His284, Asp254 are in orange. (A) PestE_wt. (B) PestE_G86A. (C) 
PestE_L209F.  
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Figure S3. Conversions of HT by PestE_I208A_L209F (square), PestE_L209F_N288A (circle), and 
PestE_I208A_L209F_N288A (triangle) analyzed by GC-FID.  

 

Figure S4. Color comparison of OMWW 1 to 3 (left to right). 
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Figure S5. 1H NMR profile of a phenolic extract obtained with PestE_I208A_L209F_N288A. 
1H-NMR (300 MHz, [D4] MeOD): δ [ppm] = 1.99 (s, 3H, H-10 I-III), 2.75 (t, 3JH,H =7.1 Hz, 2H, H-7 I&II), 4.17 (t, 
3JH,H=7.1 Hz, 2H, H-8 I&II), 6.52 (dd, 3JH,H=8.0 Hz, 4JH,H=2.0 Hz, 1H, H-6), 6.66 (d, 3JH,H=8.0 Hz, 1H, H-5), 
6.69 (d, 4JH,H=2.0 Hz, 1H, H-2). 

 

Protein sequence of wild-type PestE 
MPLSPILRQILQQLAAQLQFRPDMDVKTVREQFEKSSLILVKMANEPIHRVEDITIPGRGGP
IRARVYRPRDGERLPAVVYYHGGGFVLGSVETHDHVCRRLANLSGAVVVSVDYRLAPEH
KFPAAVEDAYDAAKWVADNYDKLGVDNGKIAVAGDSAGGNLAAVTAIMARDRGESFVKY
QVLIYPAVNLTGSPTVSRVEYSGPEYVILTADLMAWFGRQYFSKPQDALSPYASPIFADLSN
LPPALVITAEYDPLRDEGELYAHLLKTRGVRAVAVRYNGVIHGFVNFYPILEEGREAVSQIAA
SIKSMAVAHHHHHH* 
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The valorization of olive mill wastewaters (OMWW), a by-product of the olive milling, is getting rising attention. Lipophi-

lization of the main phenolic compound 3-hydroxytyrosol (HT) could facilitate its extraction. An immobilized variant of

the promiscuous hydrolase/acyltransferase from Pyrobaculum calidifontis VA1 (PestE) was used to perform acetylation in

water using ethyl acetate as acyl donor. PestE was used in a segmented flow setting to allow continuous operation. Addi-

tionally, HT precursors were made accessible by pretreatment with almond b-glucosidase and the hydrolytic activity of

PestE_I208A_L209F_N288A.

Keywords: Cascade reaction, Flow catalysis, Hydroxytyrosol, Olive mill wastewaters valorization,
Promiscuous acyltransferase
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1 Introduction

Olive oil is known for its health-promoting properties,
which can be attributed to the phenolic substances it con-
tains [1]. However, only 2 % of the total olive fruit phenols
are obtained in the olive oil due to the hydrophilic nature of
these phenols [2]. More than half of the total phenols are
disposed of with the olive mill wastewater (OMWW), which
therefore has phytotoxic and antimicrobial properties and
requires special treatment to degrade the organic matter
[2, 3]. While various methods such as chemical oxidation,
solvent extraction, membrane systems, or adsorbents have
been investigated for phenol removal, open pond treatment
is still widely used [4–10]. Recently, our group developed a
system for the lipophilization and recovery of the main phe-
nol 3-hydroxytyrosol (HT) in a biphasic ethyl acetate/
OMWW system using an engineered variant of the promis-
cuous hydrolase/acyltransferase from the hyperthermo-
philic archaeum Pyrobaculum calidifontis VA1 (PestE) [11].
In contrast to commonly used lipases, promiscuous hydro-
lases/acyltransferases such as PestE can perform efficient
transesterification reactions in bulk water [12, 13]. More-
over, PestE is a hyperthermostable enzyme that shows no
decrease in activity at 100 �C [14] and can even be used in
pure organic solvent [15]. Using the PestE variant opti-
mized for HT, PestE_I208A_L209A_N288A, which was
immobilized on EziG2 beads, 265 mg LOMWW

–1 HT and hy-
droxytyrosol acetate (HTA) were recovered from untreated
OMWW [11]. It was possible to reuse the immobilized

PestE_I208A_L209A_N288A for at least ten rection cycles
without loss of activity, emphasizing the high process stabil-
ity of the promiscuous hydrolase/acyltransferase PestE in
this system [11]. The recovered HT derivatives from 1 L
OMWW would be sufficient to fulfill the EU health claim
for 1 kg of high-priced health-promoting olive oil, would it
be added to any olive oil. However, the reaction was carried
out in batch mode and with an incubation time of 24 h,
which would require many large reaction vessels to apply
this system to the huge volumes of OMWW continuously
produced during the olive harvest. In this work, the bipha-
sic batch system was transferred to a segmented flow system
to allow continuous operation. Additionally, the release of
HT from the HT glycoside oleuropein, another main olive
phenol, was investigated by combining the almond (Prunus
amygdalus) b-glucosidase with the acyltransferase activity
of PestE (Fig. 1). The release of oleuropein from HT also
occurs naturally during olive ripening, but olives for olive
oil production are mostly green or unripe, especially in the
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early season [16]. Degradation of oleuropein to HT would
hence allow more efficient HT recovery even in the early
season.

2 Experimental

2.1 Materials

OMWW samples were collected from different three-phase
olive oil mills on Crete (Greece) and prepared as reported
previously [11]. Ethyl acetate was purchased from VWR
(Darmstadt, Germany) in HPLC grade (99.8+ %). The
b-glucosidase from almonds was purchased from Sigma-Al-
drich (St. Louis, Missouri, USA).

2.2 Flow Settings

The ethyl acetate flow was controlled with a syringe pump
(Perfusor� fm, Braun, Kronberg, Germany). The OMWW
was pumped using a peristaltic pump (Minipuls 3, GILSON,
Middleton, WI, USA). The ethyl acetate and OMWW
phases were introduced into a packed-bed reactor of 0.5 mL
volume (200 mg), which consisted of EziG2 beads (Engin-
Zyme, Solna, Sweden). A thin layer of sand was placed at
the bottom and top of the packed bed. EziG2 beads were
loaded with 5 mg of PestE_I208A_L209A_N288A. The resi-
dence time on the column was approximately 10 min and
the system was operated at room temperature. The ethyl
acetate phase was separated, dried with anhydrous Na2SO4

and analyzed by gas chromatography, as described previ-
ously [11].

2.2.1 Acetylation/Extraction Setup

For the acetylation and extraction of HT in flow,
ethyl acetate was pumped into the packed-bed
reactor at 1.0 mL h–1 and OMWW at 1.6 mL h–1.
OMWW was either untreated or pretreated with
1 U mL–1 almond b-glucosidase for 1 h at room
temperature.

2.2.2 Oleuropein Hydrolysis Setup

OMWW was pretreated with 1 U mL–1 almond
b-glucosidase for 1 h at room temperature and
then added to the packed-bed reactor at a flow
rate of 1.6 mL h–1.

2.3 Protein Expression und
Immobilization

Protein expression was performed as report-
ed previously [13]. The purification of

PestE_I208A_L209F_N288A was performed with heat
shock for 40 min at 80 �C. The denatured proteins were
separated by centrifugation (30 min, 17 000 g, 4 �C). The
supernatant was added to the packed-bed reactor and the
flow-through was collected and applied two more times.
PestE_I208A_L209F_N288A (5.0 mg) were immobilized on
the packed-bed beads.

3 Results and Discussion

The recovery of HT derivatives by acyltransferase-catalyzed
lipophilization in batch mode was described previously
[11]. HT was acetylated in the aqueous phase by
PestE_I208A_L209F_N288A and then extracted into the
organic ethyl acetate phase, which also functions as the acyl
donor. In order to allow a continuous operation of the
recovery of HT from OMWW, a segmented flow setup was
used. In addition, ethanol, which is a by-product of enzy-
matic HT transesterification with ethyl acetate, cannot
accumulate in a flow system and enhance the back reaction
of the resulting product HTA. The packed-bed reactor was
loaded with EziG2 beads, porous glass beads coated with a
semi-hydrophobic polymer that can bind His6-tagged pro-
teins. EziG2 beads were found to be suitable for the immobi-
lization of PestE_I208A_L209F_N288A and could be used
for at least ten reaction cycles without loss of activity [11].

Using the flow system described in Fig. 2a, 93 mg
LOMWW

–1 HTA and 37 mg LOMWW
–1 HT could be extracted

in the organic phase. However, with 130 mg LOMWW
–1 less

HT derivatives were recovered compared to the batch pro-
cess reported previously (265 mg LOMWW

–1) [11], the reac-
tion time could be reduced from 24 h to 10 min and ele-
vated temperatures could be avoided.

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2022, 94, No. 11, 1–5

Figure 1. Reaction cascade for the conversion of oleuropein (1) to HTA (5). The
almond b-glucosidase deglycosylates oleuropein (1) to the oleuropein aglycone
(2) [17]. PestE_I208A_L209F_N288A is intended to release elenolic acid (3) and
HT (4) by hydrolysis and to transesterify 4 to HTA (5) using ethyl acetate as acyl
donor.
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The HT concentration of the OMWW was about 2 mM
(300 mg L–1), which is relatively low compared to literature
[5, 6]. One reason for the low HT content could be the ripe-
ness of the olives used for olive oil production. Since the
olives were mostly unripe at the time of sampling in
November, the HT could still be bound in the precursor
oleuropein. Since b-glucosidase from almonds has already
been used for the cleavage of oleuropein and has a pH opti-
mum of about 5, as well as tolerance to potential impurities
such as heavy metals [17, 18], almond b-glucosidase was
used in this work. However, because limited data are avail-
able on the tolerance of almond b-glucosidase towards
organic solvents in a two-phase system, pretreatment of the
OMWW was performed before the OMWW was used for
the flow reaction.

OMWW pretreated with almond b-glucosidase was used
in the flow setting described in Fig. 2a. However, only
61 mg LOMWW

–1 HTA and 38 mg LOMWW
–1 HT could be

extracted using this system, possibly due to the fact that the
hydrolase activity of PestE towards the oleuropein aglycone
is suppressed under acyltransferase conditions. The lower
acyltransferase activity could possibly be explained by the
inhibition of the acyltransferase reaction by the oleuropein
aglycone. Inhibition of PestE by structurally similar phenols
has been reported previously for ferulic acid [11]. Therefore,
deglycosylation and hydrolysis of oleuropein and acetyla-
tion of HT must be carried out sequentially. For this pur-
pose, pretreated OMWW was added to the packed-bed
reactor without the addition of ethyl acetate (Fig. 2b). The
resulting solution was again applied to the immobilized
enzymes using the acetylation/extraction flow setting with

ethyl acetate. With this approach, 86 mg LOMWW
–1 HTA

and 69 mg LOMWW
–1 HT could be extracted. In total,

155 mg LOMWW
–1 HT derivatives could be extracted, which

is more compared to the approach without b-glucosidase
(130 mg LOMWW

–1), indicating successful release of HT
from oleuropein by b-glucosidase and PestE. However, the
acyltransferase reaction proved to be incomplete, as this
approach extracted more unreacted HT than HTA despite
its more hydrophilic properties. To convert the released HT
to HTA, which is easier to extract, another acetylation/ex-
traction run was performed with the separated ethyl acetate
and OMWW phases. After this flow run, 166 mg LOMWW

–1

HTA and 62 mg LOMWW
–1 HT (228 mg LOMWW

–1 HT deriv-
atives) were recovered, representing 75 % improvement in
extracted HT derivatives compared to the original flow sys-
tem. Using the sequential flow approach, similar amounts
of HT could be extracted as with the batch reaction [11],
but without heating and with much shorter reaction times.
For industrial application the system would have to be
scaled up. Additionally, the sequential approach would
have to be included in a flow system with two separate
pack-bed reactions to allow continuous processing.
However, the proof of concept of a flow system for the
valorization of OMWW using b-glucosidase and both cata-
lytic activities of promiscuous hydrolase/acyltransferase
PestE_I208A_L209F_N288A was already successful as
confirmed by our results. To further reduce the cost of the
process, purified b-glucosidase could be co-immobilized
[19] or, even cheaper, microbial pretreatment of OMWW
could be applied to release HT from oleuropein [20].

4 Conclusion

Immobilized PestE_I208A_L209F_N288A was previously
used for valorization of OMWW in a batch system. Herein
we developed a flow system that shortens the reaction
time and does not require heating. Using almond b-glucosi-
dase and the hydrolase/acyltransferase activities of
PestE_I208A_L209F_N288A, previously inaccessible HT
precursors could be utilized. Using this system, 228 mg of
HT derivatives could be extracted from 1 L OMWW.
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b)

a)

Figure 2. Schematic diagram of the flow settings. a) Acetyla-
tion/extraction setup. Ethyl acetate and OMWW were added to
the packed-bed reactor at flow rates of 1.0 mL h–1 and
1.6 mL h–1, respectively. b) Combined oleuropein hydrolysis and
acetylation/extraction setup. Hydrolysis of oleuropein was per-
formed in a separate flow-through reaction at a flow rate of
1.6 mL h–1. The acetylation/extraction reaction (as described
above) was performed sequentially.
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Abbreviations

HT 3-Hydroxytyrosol
HTA Hydroxytyrosol acetate
PestE Promiscuous hydrolase/acyltransferase from

Pyrobaculum calidifontis VA1
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An Enzyme Cascade Reaction for the Recovery of Hydroxytyrosol
Dervatives from Olive Mill Wastewater
Henrik Terholsen, Jasmin Kaur, Nikolaos Kaloudis, Amanda Staudt, Ioannis V. Pavlidis, Uwe T. Bornscheuer*

Short Communication: Olive mill wastewater (OMWW) is a major by-product of olive
oil extraction and requires special treatment due to the polyphenolic compounds it con-
tains. We developed an enzymatic cascade reaction for the deglycosylation and acetylation
of oleuropein and 3-hydroxytyrosol to facilitate their extraction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ¢
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Abstract: Combining solid acid catalysts with enzyme reactions in 

aqueous environments is challenging because either very acidic 

conditions inactivate the enzymes or the solid acid catalyst is 

neutralized. Using Amberlyst-15 encapsulated in polydimethyl-

siloxane (Amb-15@PDMS), we were able to perform deprotection of 

the lignin depolymerization product G-C2 dioxolane phenol in a 

buffered system at pH 6.0. This reaction was directly coupled with 

the biocatalytic reduction of the released homovanillin to 

homovanillyl alcohol by recombinant horse liver alcohol 

dehydrogenase, which was subsequently acylated by a triple mutant 

of the promiscuous acyltransferase/hydrolase PestE in a one-pot 

system. The deprotection catalyzed with Amb-15@PDMS reached 

up to 97% conversion. Overall, this cascade enabled conversions of 

up to 57 %. 

Introduction 

Valorization of lignocellulose-derived lignin can provide a 

sustainable route for the production of phenolic compounds[1]. 

However, in conventional pulp production, lignin extraction leads 

to an irreversibly altered complex structure that makes it 

impossible to produce defined depolymerization products[2]. The 

"lignin first" approach aims to extract and depolymerize lignin 

from lignocellulose without compromising the utilization of 

cellulose and hemicellulose[2,3]. Diol-assisted lignocellulose 

fractionation follows the lignin-first approach and prevents the 

repolymerization of reactive species formed during acid-

catalyzed depolymerization by the formation of diol-based lignin 

mono- and oligomer acetals[3–7]. Diol-assisted acidolysis of the 

β-O-4'-bond in lignin of softwoods such as pine, cedar, or spruce 

with ethylene glycol leads to the formation of an acetal derived 

from the lignin subunit G (G-C2-dioxolane phenol, DOX; 

Scheme 1)[5]. 

In this work, we aim to further utilize the generated G-C2 

acetal to produce homovanillyl butyrate (HVB), a lipophilized 

derivative of homovanillyl alcohol (HVA). Homovanillyl alcohol is 

an antioxidant with protective effects on cardiovascular diseases 

and a metabolite of hydroxytyrosol[8,9]. A chemoenzymatic 

cascade involving a deacetalization, reduction, and acylation 

step was considered for the conversion of DOX to homovanillyl 

butyrate (Scheme 1). However, the product of the 

deacetalization, homovanillin (HV), is known to be labile under 

acidic conditions typically used for acetal deprotection[10,11]. 

Furthermore, the reaction comes into equilibrium with the 

reverse reaction, resulting in incomplete deprotection. Therefore, 

acetone is usually added to shift the equilibrium for deprotection 

of this type of compounds[12–14]. In contrast, we used horse liver 

alcohol dehydrogenase (HLADH), recombinantly produced in 

E. coli, to convert HV to HVA, thereby avoiding condensation of 

HV and shifting the equilibrium of the deacetalization. To further 

shift the equilibrium, we used an enzymatic acyltransferase 

reaction, which was carried out by the promiscuous 

acyltransferease/hydrolase from Pyrobaculum calidifontis VA1 

(PestE)[15]. The variant PestE_I208A_L209F_N288A was 

previously optimized by us for hydroxytyrosol acetylation in an 

aqueous/organic two-phase system and applied in a cascade 

reaction to obtain hydroxytyrosol acetate from olive mill 

wastewater[16,17]. In the present study, we found that 

PestE_I208A_L209F_N288A also acylated the structurally 

related homovanillyl alcohol. Apart from shifting the equilibrium 

of the HLADH reaction, lipophilization of homovanillyl alcohol in 

homology to hydroxytyrosol could enhance the membrane 

permeability of this antioxidant[18,19]. However, since strongly 

acidic conditions required for the deacetalization of the G-C2-

dioxolane phenol are incompatible with the enzymatic reactions, 

a compartmentalization strategy was used to establish a one-pot 

reaction. For this purpose, the polymeric solid acid catalyst 

Amberlyst 15 (Merck KGaA, Darmstadt, Germany), which 

contains sulfonic acid residues, was encapsulated in the 

hydrophobic polydimethylsiloxane (PDMS) polymer, resulting in 

Amb-15@PDMS. The combination of enzyme reactions with 

solid acid catalysts in an aqueous one-pot reactions has so far 

been little explored. The only known one-pot cascade combining 

a solid acid catalyst and an enzyme could not be performed in 

buffered solution as this resulted in a rapid deactivation of the 

enzyme under the harsh reaction conditions[20]. Here we report 

on the development of a catalytic cascade that starts with 

Amb-15@PDMS as solid acid catalyst in buffered water 

demonstrating its compatibility with a suitable environment for 

the desired enzymatic reactions. 
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Results and Discussion 

 

Scheme 1. Chemoenzymatic cascade for the synthesis of homovanillyl 
butyrate from G-C2-dioxolane phenol (DOX). Amb-15@PDMS catalyzes the 
deprotection of DOX (accessible from the diol (EG)-assisted acidolysis of 
softwood lignin) to HV

[5]
. HV is reduced to HVA by lyophilized E. coli whole 

cells containing HLADH. HLADH recycles NADH using ethylene glycol (EG) 
and n-butanol released during the other reaction steps. 
PestE_I208A_L209F_N288A finally acylates HVA to HVB. 

The instability of phenolic compounds at basic pH is well 

known[21,22]. Therefore, a sodium phosphate/citrate buffer (25 

mM each, pH 6.0) was chosen to perform the cascade reaction. 

Both enzymes, HLADH and PestE_I208A_L209F_N288A, 

tolerated these conditions (Figures S1 and S3). However, 

Amberlyst-15 was inactive in our buffered aqueous system, 

although the solid acid catalyst Amberlyst-15 is water stable and 

has been used in several aqueous systems[23–26]. Unlike systems 

containing pure water, a buffered system required for enzymatic 

reactions can completely neutralize the solid acid catalyst. To 

protect the solid acid catalyst, the Amberlyst-15 beads were 

encapsulated in PDMS, resulting in Amb-15@PDMS. PDMS 

retains buffer salts but allows organic compounds to enter[27–29]. 

In addition, PDMS has low permeability to water, allowing 

deacetalization to occur without rapidly inactivating the acid 

catalyst[30]. With ten Amb-15@PDMS punchings it was possible 

to reach 97% conversion in 24 h at 20°C without addition of the 

enzymes for the cascade (Table S1, entry 10). 

However, due to the large differences in deprotection activity 

(Table S2), the conversions achieved in the initial cascade 

reactions varied widely (Table S1). Nevertheless, with careful 

selection of Amb 15@PDMS beads, where the catalyst is 

located in the center of the punching, DOX deacetalization 

efficiencies of up to 97% were achieved in the cascade reaction 

(Table 1; entry 1). In addition, Amb-15@PDMS can be recycled 

without further regeneration (Table S2). Interestingly, beads that 

showed low activity when first used showed no activity when 

reused, indicating that the beads were deactivated during the 

first reaction cycle, possibly due to the disintegration of the 

beads during the first use (Figure S4; e.g., beads 5 and 9). Apart 

from bead 6, similar conversions were achieved with reused 

beads (Table S2). This demonstrates the robustness of the 

newly developed Amb-15@PDMS catalyst making it a promising 

candidate for combining solid acid catalysts with various 

enzymatic reactions. From a practical point of view, washing 

Amb-15@PDMS twice with ethyl acetate was sufficient to 

efficiently extract the contained organic compounds. A third 

washing step performed in initial experiments did not contain 

DOX, HV, HVA or HVB. DOX and HVB are mainly recovered 

from the Amb-15@PDMS beads, while HV and HVA are mainly 

recovered from the aqueous phase (data not shown). 

Unfortunately, the presence of Amb-15@PDMS was not 

compatible to the commercial HLADH used in the initial 

experiments (data not shown), which may be attributed to its 

immobilization on the PDMS surface[31,32]. Moreover, the addition 

of the acyl donor ethyl acetate, which was previously used to 

promote the subsequent acyltransferase reaction, is greatly 

reducing HLADH activity (Figure S2). To overcome these 

limitations, the less inhibitory acyl donor butyl butyrate was used 

and recombinantly expressed HLADH was used in lyophilized 

E. coli BL21 whole cells. The use of whole cells had the 

unexpected advantage that the endogenous enzymes also 

showed some activity in reducing HV to HVA, as seen in a 

control reaction with empty vector-containing E. coli BL21 whole 

cells (Table S1; entry 1). However, the activity of HLADH 

remained low, and large amounts of whole-cell lyophilizate were 

required to achieve 97% conversion of the HV produced to HVA 

(Table 1).  

Promiscuous acyltransferases/hydrolases are capable of 

catalyzing transesterification reactions, usually carried out in 

organic solvents, in water. The robust promiscuous 

acyltransferase/hydrolase PestE_I208A_L209F_N288A is not 

inactivated by Amb-15@PDMS and can be added as an isolated 

enzyme, from (heat-treated) lysate or from lyophilized E. coli 

whole cells (Table S1). In the absence of 

PestE_I208A_L209F_N288A, only trace amounts of HVB were 

formed, indicating that HVB formation originates from the 

acyltransferase. Conversions of up to 61±0% were obtained for 

the acylation step, although solid acid catalysts are in principle 

capable of hydrolyzing esters[33,34]. Moreover, complete 

conversions with butyl butyrate as the acyl donor are not 

expected because the butanol released during the acyl transfer 

and hydrolysis of the acyl donor favors the reverse reaction. 

Conversions of 68±1% were achieved when 5 mM HVA was 

converted by PestE_I208A_L209F_N288A in the presence of 

ten Amb 15@PDMS beads, indicating that the 61% conversion 

achieved in the cascade is close to the maximum conversions 

expected for this system. However, it is worth noting that 

PestE_I208A_L209F_N288A is the HVB-forming catalyst and 

not Amb-15@PDMS (Table S1, entry 2). To achieve good 

conversions with acyl donors from aliphatic esters or poor 

acyltransferase substrates, a large excess of acyl donor is 

usually added to form a second phase, shifting the equilibrium 

and preventing hydrolysis of the product by extraction[35]. 

Therefore, 20% (v/v) butyl butyrate was added to the reaction. 

However, in the system described, the liquid organic phase was 

rapidly absorbed by the Amb-15@PDMS beads, resulting in a 

two-phase system consisting of an organic-solid phase and an 

aqueous-liquid phase. Increasing the amount of butyl butyrate to 

50% (v/v) did not increase the conversion of the acyl transfer 

step (Table S1, entry 6), indicating that 20% acyl donor is 

already sufficient to achieve maximal conversions. 

The use of PestE_I208A_L209F_N288A emphazised that 

the coupling of Amb-15@PDMS with enzymes is possible, 

however, as learned from HLADH, not all enzymes can be 

applied as purified enzymes. Most importantly, this 

chemoenzymatic cascade reaction showed a potential 

valorization strategy for the lignin depolymerization product DOX 
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and potentially further acetal compounds originating from the H 

and S subunits of lignin. 
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Table 1. Chemoenzymatic cascade reaction for the synthesis of HVB. 

Entry HLADH PestE DOX HV HVA HVB 

1 OD600 500 20 µg 3±1% 3±2% 37±1% 57±0% 

2 OD600 100 20 µg 14±6% 50±2% 13±3% 23±2% 

3 OD600 15 20 µg 13±7% 75±7% 4±0% 8±0% 

4 – – 3±0% 97±0% n.d. n.d. 

Reaction conditions: 5 mM G-C2 dioxolane phenol, 7 mg Amb-15@PDMS (containing approximately 1.4 mg Amb-15; 10 beads), 20% (v/v) butyl butyrate, and 

purified PestE_I208A_L209F_N288A were added. The 100-µL-scale reaction in sodium phosphate/citrate buffer (25 mM each; pH 6.0) was performed at 20°C 

(1000 rpm) for 24 hours. The conversions are relative to the recovered molecules, the recovery rate was about 80%. HLADH was expressed in E. coli whole cells 

and used as a lyophilizate. All reactions were extracted twice with 200 µL ethyl acetate and Amb-15@PDMS was also washed twice. Values shown are means of 

duplicates. OD600 was measured before lyophilization and the amount of lyophilisate added was adjusted accordingly. Experiments were performed with beads 

where accurate Amb-15@PDMS punching was double checked.  

 

Conclusion 

A cascade chemoenzymatic reaction in an aqueous system was 

successfully developed for the deacetalization, reduction, and 

acylation of the lignin depolymerization product G-C2 dioxolane 

phenol. Up to 57% conversion to HVB were achieved using 

Amb-15@PDMS, E. coli BL21 whole cells containing HLADH, and 

PestE_I208A_L209F_N288A. With deacetalization and 

transesterification, two reactions that are typically incompatible 

with buffered aqueous systems were combined in a cascade 

reaction under mild reaction conditions. Amb-15@PDMS was 

developed as a solid acid catalyst that can work in buffered 

aqueous solution and is compatible with enzymatic reactions. 

Therefore, Amb-15@PDMS can be a pioneer for coupling solid 

acid catalysts and enzymatic reactions under mild aqueous 

conditions. The combination of Amb-15@PDMS with the labile 

HLADH was demonstrated, even if the enzyme had to be 

protected in whole cells. In contrast, 

PestE_I208A_L209F_N288A could be used as a free biocatalyst, 

highlighting the robustness and compatibility of this enzyme in 

cascade reactions.  

Experimental Section 

Protein preparation 

Chemically competent E. coli BL21 (DE3) cells were transformed with the 

expression verctors pET21a_PestE_I208A_L209F_N288A or 

pET28a_HLADH by heat shock and plated on LB agar containing 

100 µg/mL ampicillin (Amp) or 50 µg/mL kanamycin (Kan), respectively. 

4 mL Lysogeny broth (LB) pre-cultures containing Amp or Kan were 

inoculated and incubated overnight (37°C, 140 rpm). LB medium (50-

600 mL) was inoculated with 1% (v/v) of the pre-culture and incubated 

(37°C, 140 rpm) until it reached OD600 of 0.6. Protein expression was 

induced by the addition of isopropyl-β-D-thiogalactopyranoside (IPTG) to 

a final concentration of 0.5 mM and incubated overnight (~20 h) at 20°C 

and 140 rpm. Cells were harvested by centrifugation at 10,000 g and 4°C 

for 5 min.  

For the preparation of HLADH, E. coli cells were resuspended in 4 mL 

reaction buffer (50 mM sodium phosphate, 50 mM sodium citrate buffer, 

pH 6.0) per gram of cells to produce whole cells, and OD600 was 

measured. The resuspension was lyophilized for the cascade reaction. 

Preparation of whole cells containing the empty pET28a vector was 

performed accordingly. 

For the purification of PestE_I208A_L209F_N288A, cell pellets were 

resuspended with 4 mL lysis buffer (10 mM imidazole, 50 mM potassium 

phosphate, 300 mM sodium chloride, pH 8.0) per gram of cells. The cell 

solutions were lysed by sonification on ice (two cycles of 5 min sonication 

(50% intensity, 50% pulsed cycle)) using a SONOPULS HD 2070 

(BANDELIN Electronic GmbH & Co. KG, Berlin, Germany). After 

centrifugation at 10,000 g and 4°C for 30 min. For purification, the crude 

lysates were applied to 1.5 mL Roti®Garose-His/Ni Beads (Carl Roth, 

Karlsruhe, Germany). The resins were washed with 15 mL washing buffer 

(20 mM imidazole, 50 mM sodium phosphate, 300 mM sodium chloride, 

pH 8.0) before target proteins were eluted with elution buffer (250 mM 

imidazole, 50 mM sodium phosphate, 300 mM sodium chloride, pH 8.0). 

Elution fractions were treated at 80°C for 20 min (500 rpm), centrifuged 

(17,000 g, 4°C for 5 min), and the supernatant transferred to the storage 

buffer (50 mM sodium phosphate, pH 7.5) using PD-10 desalting columns 

(GE Healthcare, UK). Protein concentrations were determined at 280 nm 

using a NanoDropTM 1000 spectrophotometer (ThermoFisher, Germany). 

Lyophilization, when appropriate, was performed overnight in a ChristTM 

Alpha 1-2 lyophilizer (Martin Christ Gefriertrocknungsanlagen GmbH, 

Osterode am Harz, Germany).  

Deprotection with Amb-15@PDMS 

Ten Amb-15@PDMS beads (approximately 7 mg containing 1.4 mg 

Amb-15), 10 µL DOX solution (from a 50 mM stock in butyl butyrate; 5 mM 

final concentration), 10 µL butyl butyrate, and 80 µL sodium 

phosphate/citrate buffer (25 mM each; pH 6.0) were added to a 1.5-mL 

GC vial and incubated for 24 h at 20°C (1000 rpm). The aqueous phase 

was separated and extracted twice with 200 µL ethyl acetate. The beads 

were washed twice with 200 µL ethyl acetate (10 min, 20°C, 1000 rpm). 

The ethyl acetate phases were combined and dried with anhydrous 

sodium sulfate before gas chromatography (GC) analysis. 

Cascade reactions 

Reactions were performed according to the following protocol unless 

stated differently. Ten Amb-15@PDMS beads (approximately 7 mg 

containing 1.4 mg Amb-15), 2.5 µL DOX solution (from a 200 mM stock in 

butyl butyrate; 5 mM final concentration), 17.5 µL butyl butyrate, and 

80 µL sodium phosphate/citrate buffer (25 mM each; pH 6.0) with 20 µg 

PestE_I208A_L209F_N288A and lyophilized E. coli BL21 (DE3) 

containing HLADH (final OD600 = 500 calculated on the basis of cell 

density before lyophilization) were added to a 1.5-mL GC vial. The 

reaction was incubated for 24 h at 20°C (1000 rpm), the aqueous phase 

was separated and extracted twice with 200 µL ethyl acetate. The beads 

were washed twice with 200 µL ethyl acetate (15 min, 20°C, 1000 rpm). 

The ethyl acetate phases were combined and dried with anhydrous 

sodium sulfate before gas chromatography (GC) analysis. 

GC-FID analytics 

Analysis was performed with a GC-FID (GC-2010, Shimadzu, Kyoto, 

Japan) equipped with a ZB 5MSi column (25.0 m x 0.25 mm, 0.25 μm 

film thickness, Phenomenex, Torrence, California, USA). Injector and 

detector temperature was 250°C, and 1 µL sample was injected. The 

column temperature was held at 160°C for 3.0 min, increased to 190°C 
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with 14°C min-1, and held 4.9 min. Total time: 10 min. Retention times: 

DOX: 6.75 min, HV: 3.97 min; HVA: 4.65 min; HVB: 8.67 min. 

Preparation of Amb-15@PDMS 

The commercial PDMS Sylgard® 184 (Merck KGaA, Darmstadt, 

Germany) was prepared by adding 1 part of hardener to 10 parts of 

PDMS base (total volume: 12 mL). After mixing the reagents, the mixture 

was added to 100 mg dry Amberlyst-15 (Sigma-Aldrich) in a Petri dish. 

The dish was inverted several times and quickly inverted back to ensure 

that the Amberlyst-15 was completely surrounded by PDMS. The 

reaction product cured overnight at room temperature and for an 

additional 4 hours 60°C. The Amb-15@PDMS beads were cut using a 

1.5 mm diameter biopsy punch. 

Synthesis of G-C2-dioxolane phenol 

The G-C2-dioxolane phenol can be isolated form the reaction mixture of 

diol (EG)-assisted softwood lignin acidolysis[7] or a reaction mixture under 

a diol (EG)-assisted lignin-first approach[5]. Separation of G-C2-dioxolane 

phenol via column chromatography from beech ethanosolv lignin has 

been demonstrated in our previous study[4]. In this study, we used a 

synthesized model by applying a modified literature procedure[36]. Under 

N2 atmosphere, 3.25 g of N-bromosuccinimide (18.5 mmol, NBS) and 

4.75 g of silver trifluoromethanesulfonate (18.5 mmol) were dispersed in 

30 mL DCM and 15 mL ethylene glycol. Subsequently, 2.5 mL 

(18.5 mmol) 4-vinyl guaiacol was added dropwise to the mixture and 

allowed to stir for 30 min. The reaction was quenched by adding 10 mL 

H2O, 10 mL saturated NaHCO3 solution, and 40 mL saturated Na2S2O3 

solution. The mixture was then extracted with DCM (20 mL x 3) and 

purified by column chromatography (ethyl acetate/pentane 5-30%). 

G-C2-dioxolane was obtained as yellowish oil (0.01 mol, 54% yield, 
1H-NMR purity: 95%). The obtained data are consistent with literature. 1H 

NMR (400 MHz, Chloroform-d) δ 6.85 (d, J = 8.0 Hz, 1H), 6.81 – 6.73 (m, 

2H), 5.52 (s, 1H), 5.03 (t, J = 4.8 Hz, 1H), 4.00 – 3.79 (m, 7H), 2.89 (d, 

J = 4.8 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 148.96, 147.02, 

130.61, 125.03, 116.88, 114.84, 107.49, 67.63, 58.54, 43.05. 
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A chemoenzymatic cascade reaction in an aqueous system was developed for the valorization of the lignin depolymerization product 

G-C2 dioxolane phenol. The PDMS-protected solid acid catalyst Amberlyst-15 enabled the deacetalization at pH 6.0 and allows 

coupling with the enzymatic reduction and acylation reactions performed by recombinant horse liver alcohol dehydrogenase and a 

promiscuous acyltransferase/hydrolase PestE_I208A_L209F_N288A yielding homovanillyl butyrate at a total conversion up to 57%. 
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Materials 

All materials were ordered from Sigma-Aldrich/Merck, VWR or Carl Roth unless stated otherwise, and were used without further 

purification. 

Supporting methods 

Solvent and pH tolerance of HLADH 

In preliminary experiments, HLADH showed very little activity below pH 5. For pH screening, 50 mM sodium citrate buffer was 

used for pH 5 to 6 and 50 mM sodium phosphate buffer for pH 6 to 8. 200 µg/mL HLADH, 1 mM NAD
+
, 100 mM acetaldehyde, 

and 5 mM HVA were added to a total volume of 1 mL. After 24 h at 20°C (1000 rpm), a sample of 100 µL was extracted with 

200 µL ethyl acetate. The samples were dried with anhydrous sodium sulfate and analyzed by GC-FID. 

Two-phase systems of 50 mM sodium citrate/phosphate buffer (25 mM each) pH 6.0 and n-hexane, ethyl acetate, phenyl 

acetate, and butyl butyrate were used for solvent tolerance screening. Although n-hexane is not an acyl donor for the 

acyltransferase reaction, it was chosen as a control solvent because of the known stability of HLADH to n-hexane
[1]

. 100 µg/mL 

HLADH (1.5 U/mg toward benzaldehyde, Sigma-Aldrich, Saint Louis, MO, USA), 1 mM NAD
+
, 12.1 mM acetaldehyde, 5 mM 

HVA, and 15% (v/v) organic solvent were added to a total volume of 1.5 mL. After 24 h at 20°C (1000 rpm), the organic phase 

was removed and the aqueous phase was extracted with 250 µL ethyl acetate. The organic phases were combined, dried with 

anhydrous sodium sulfate, and analyzed by GC-FID.  

To detect the solvent and pH tolerance of HLADH, the oxidation of HVA to HV was investigated since HVA was available in 

larger amounts. 

pH tolerance of PestE_I208A_L209F_N288A 

For pH screening, 50 mM sodium citrate buffer was used for pH 3 to 6 and 50 mM sodium phosphate buffer for pH 6 to 8. 

20 µg/mL PestE_I208A_L209F_N288A, 5 mM HVA, and 50% (v/v) were added to a total volume of 0.4 mL. After 24 h at 20°C 

(1000 rpm), the organic phase was removed, dried with anhydrous sodium sulfate, and analyzed by GC-FID.  

 

Transesterification of HVA with butyl butyrate in the presence of Amb-15@PDMS catalyzed by 
PestE_I208A_L209F_N288A 

Ten Amb-15@PDMS (~7 mg, containing 1.4 mg Amb-15), 10 µL HVA solution (from a 50 mM stock in butyl butyrate; 5 mM final 

concentration), 10 µL butyl butyrate, and 80 µL sodium phosphate/citrate buffer (25 mM each; pH 6.0) with 20 µg 

PestE_I208A_L209F_N288A were added to a 1.5-mL GC vial and incubated for 24 h at 20°C (1000 rpm). The aqueous phase 

was separated and extracted twice with 200 µL ethyl acetate. The beads were washed twice with 200 µL ethyl acetate (10 min, 

20°C, 1000 rpm). The ethyl acetate phases were combined and dried with anhydrous sodium sulfate before GC analysis. The 

reaction was carried out in duplicates. Conversions of 68±1% were achieved. 

Deprotection and reuse of single Amb-15@PDMS beads 

For the experiment with a single Amb-15@PDMS, the reaction was performed as described above, but with only one bead. 

After the extraction and washing the Amb-15@PDMS beads used were dried for 3 hours at 60°C and reused for the same 

reaction as before. The results are described in Table S2 and the beads used are shown in Figure S4. 

 

  



Figures 

 

Figure S1. Relative activity of HLADH in sodium citrate buffer pH 5 to 6 (squares) and sodium phosphate buffer pH 6 to 8 
(circles). 

 

Figure S2. Relative activity of HLADH in a two-phasic of 50 mM sodium citrate/phosphate buffer and 15 % (v/v) organic solvent.  

 

Figure S3. Relative activity of PestE_I208A_L209F_N288A in sodium citrate buffer pH 3 to 6 (squares) and sodium phosphate 
buffer pH 6 to 8 (circles). 
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Figure S4. Amb-15@PDMS punches with smaller (1-5, about 0.1 mg) and larger (6-10, about 0.2 mg) holes. (A) Amb-15@PDMS beads before 
the reaction described in Table S2 in top and side view. (B) The same Amb-15@PDMS beads after the reaction described in Table S2. The 
numbering corresponds to the entries in Table S2. (C) Schematic representation of the disintegration of Amb-15@PDMS when the solid acid 
catalyst is not in the center of the punching (e.g., bead 9). 

Tables 

Table S1. Initial cascade reactions with Amb-15@PDMS. 

Entry HLADH PestE DOX HV HVA HVB 

1
a
 - 20 µg 32±14% 57±15% 9±1% 2±0% 

2 OD600 500 - 64±6% 1±0% 34±6% Traces 

3 OD600 500 10 µg 26±18% 37±5% 32±8% 32±10% 

4 OD600 500 20 µg 37±5% 15±5% 21±1% 27±1% 

5 OD600 500 40 µg 87±7% 4±4% 3±1% 6±2% 

6
b
 OD600 500 20 µg 65±2% 4±1% 16±4% 15±2% 

7
c
 OD600 500 20 µg 57±0% 8±6% 18±4% 17±2% 

8
d
 OD600 500 20 µg 84±3% 1±0% 9±3% 6±0% 

9
e
 OD600 500 20 µg 61±21% 6±5% 20±10% 13±6% 

10 - - 3±0% 97±0% - - 

Reaction conditions: 5 mM G-C2 dioxolane phenol, 7 mg Amb-15@PDMS (containing approximately 1.4 mg Amb-15; 10 beads), 
20% (v/v) butyl butyrate, and purified PestE_I208A_L209F_N288A were added. The 100-µL-scale reaction in sodium 
phosphate/citrate buffer (25 mM each) was performed at 20°C (1000 rpm) for 24 hours. HLADH was expressed in E. coli whole 
cells and used as a lyophilizate. All reactions were extracted twice with 200 µL ethyl acetate and Amb-15@PDMS was also 
washed twice. Values shown are means of duplicates. OD600 was measured before lyophilization and the amount of lyophilisate 
added was adjusted accordingly. a) 150 OD600 E. coli whole cells containing empty vector pET28a. b) 50% (v/v) butyl butyrate. 
(c) Addition of PestE as lyophilisate of E. coli BL21 (DE3) containing 20 µg PestE. (d) Addition of PestE as lyophilisate of crude 
lysate containing 20 µg PestE. (e) Addition of PestE as lyophilisate of supernatant of lysate heated to 80°C for 40 min. 

(A) 

(B) 

24h, 1000 
rpm 

24h, 1000 
rpm 

e.g. bead 9 

e.g. bead 10 

(C) 



Table S2. DOX deprotection efficiency of single Amb-15@PDMS beads (see also Figure S4). 

Entry 
Conversion 

(first use) 

Conversion 

(second use) 

1 23% 29% 

2 4% 0% 

3 24% 33% 

4 21% 18% 

5 <1% 0% 

6 31% 7% 

7 26% 21% 

8 34% 43% 

9 1% 0% 

10 42% 46% 

Reaction conditions: 5 mM G-C2 dioxolane phenol, one Amb-15@PDMS bead (about 0.7 mg; 0.1-0.2 mg Amberlyst-15), and 
20% (v/v) butyl butyrate were added. The 100-µL-scale reaction in sodium phosphate/citrate buffer (25 mM each; pH 6.0) was 
performed at 20°C (1000 rpm) for 24 hours. The conversions are relative to the recovered molecules, the recovery rate was 
about 80%. Beads 1 to 5 were smaller (about 0.1 mg per bead) and beads 6-10 were bigger (about 0.2 mg per bead, see also 
Figure S4). 

 
Manual punching of the Amb-15@PDMS beads is a critical factor and resulted in stronger variations in the deprotection 

efficiency of initial cascade reactions (Table S1). To estimate the activity variation between Amb-15@PDMS punchings, single 

beads (instead of 10) were used for the deprotection experiments (Figure S4). One bead showed below 1% conversion, while 

others showed up to 42% conversions (entries 5 and 10). On average, 21% conversion was achieved, but the standard 

deviation was high (13%). Larger Amberlyst-15 beads generally gave higher conversion than smaller beads (entries 6 to 10 and 

1 to 5, respectively), probably due to a thinner PDMS layer and thus a shorter diffusion path. On the other hand, care had to be 

taken to ensure that the Amberlyst-15 beads were located in the center of the punch-outs, otherwise PDMS layers that were too 

thin would break open during shaking and release the Amberlyst-15 bead (Figure S4), leading to a loss of activity and 

acidification of the medium (entries 5 and 9). 

 

Protein sequences 

PestE_I208A_L209F_N288A (in pET28a): 
MPLSPILRQILQQLAAQLQFRPDMDVKTVREQFEKSSLILVKMANEPIHRVEDITIPGRGGPIRARVYRPRDGERLPAVVYY
HGGGFVLGSVETHDHVCRRLANLSGAVVVSVDYRLAPEHKFPAAVEDAYDAAKWVADNYDKLGVDNGKIAVAGDSAGG
NLAAVTAIMARDRGESFVKYQVLIYPAVNLTGSPTVSRVEYSGPEYVAFTADLMAWFGRQYFSKPQDALSPYASPIFADLS
NLPPALVITAEYDPLRDEGELYAHLLKTRGVRAVAVRYNGVIHGFVFFYPILEEGREAVSQIAASIKSMAVALEHHHHHH* 

HLADH (in pET28a): 
MSTAGKVIKCKAAVLWEEKKPFSIEEVEVAPPKAHEVRIKMVATGICRSDDHVVSGTLVTPLPVIAGHEAAGIVESIGEGVTT
VRPGDKVIPLFTPQCGKCRVCKHPEGNFCLKNDLSMPRGTMQDGTSRFTCRGKPIHHFLGTSTFSQYTVVDEISVAKIDA
ASPLEKVCLIGCGFSTGYGSAVKVAKVTQGSTCAVFGLGGVGLSVIMGCKAAGAARIIGVDINKDKFAKAKEVGATECVNP
QDYKKPIQEVLTEMSNGGVDFSFEVIGRLDTMVTALSCCQEAYGVSVIVGVPPDSQNLSMNPMLLLSGRTWKGAIFGGFK
SKDSVPKLVADFMAKKFALDPLITHVLPFEKINEGFDLLRSGESIRTILTFHHHHHH* 
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