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Abbreviations 

°C degree Celsius 

µM micromolar 

2-MHG 2-mono(10,16-dihydroxyhexadecanoyl) glycerol 

Å Ångström 

ADH alcohol dehydrogenase 

BHET bis(2-hydroxyethyl) terephthalate 

bHSL bacterial hormone-sensitive lipase 

BVMO Baeyer-Villiger monooxygenase 

CoASH coenzyme A 

DCC N,N'-dicyclohexylcarbodiimide 

DMAP 4-N,N-dimethylaminopyridine 

DMB-SMMP α-dimethylbutyryl-S-methylmercaptopropionate 

DMF dimethyl formamide 

DNA deoxyribonucleic acid 

E. coli Escherichia coli 

EC Enzyme Commission 

et al. et alia 

LRAT lecithin-retinol acyltransferase 

mM millimolar 

MsAcT Mycobacterium smegmatis acyltransferase 

PC phosphatidylcholine 

PCR polymerase chain reaction 

PDB Protein Data Bank 

PET polyethylene terephthalate 

PLE pig liver esterase 

pNP para-nitrophenolate 

pNPA para-nitrophenyl acetate 

PPL porcine pancreatic lipase 

RNA ribonucleic acid 

SCP serine carboxypeptidase 

SCPL-AcT serine carboxypeptidase-like acyltransferase 

T temperature 
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Scope and Outline 

This thesis deals with the discovery and design of promiscuous acyltransferases for synthetic 

applications in aqueous solution and aims at unravelling the molecular mechanisms underlying this 

activity. Hydrolases have long been playing a unique role in the field of biocatalysis because of their 

robustness, lack of cofactor requirements, broad substrate scope, and often excellent stereo- and 

regioselectivity. The synthesis of esters and amides using hydrolases, in particular lipases, under 

quasi-anhydrous conditions has been established decades ago. However, the discovery of a 

versatile promiscuous acyltransferase from Mycobacterium smegmatis (MsAcT), which can catalyze 

acyl transfer in bulk water, complemented these conventional biocatalytic strategies by allowing the 

implementation into enzymatic cascades with enzymes that are not active in organic solvents. 

However, MsAcT’s potential is limited by its poor enantioselectivity, limited substrate scope, low acyl 

transfer efficiency, and significant product hydrolysis activity. Apart from MsAcT, promiscuous 

acyltransferases are very rare in the literature, which led to the general assumption that this activity 

is uncommon. However, Article I demonstrates that promiscuous acyltransferase activity is more 

widespread than previously thought and reports a method developed in this thesis for sequence-

based prediction of this remarkable phenomenon. In Article II, the discovery, characterization, and 

structure-function analysis of family VIII carboxylesterases as unprecedently efficient 

acyltransferases is described. In Article III, the characterization and optimization of family VIII 

carboxylesterases for sugar acetylation under aqueous conditions is presented. Article IV describes 

the improvement of MsAcT’s acyltransferase efficiency and selectivity by (semi-)rational design. 

 

Article I Sequence-Based Prediction of Promiscuous Acyltransferase Activity in 

Hydrolases 

 H. Müller, A-K. Becker, G. J. Palm, L. Berndt, C. P. S. Badenhorst, S. P. Godehard, 

L. Reisky, M. Lammers, U. T. Bornscheuer, Angew. Chem. Int. Ed. 2020, 59, 11607–

11612; Angew. Chem. 2020, 132, 11704–11709. 

Detailed structural and functional analysis of several bacterial hormone-sensitive lipases revealed 

the importance of a hydrophobic substrate-binding pocket for promiscuous acyltransferase activity in 

water. Introducing a hydrophobicity scoring system allowed the active site hydrophobicity to be 

estimated from the cap domain's amino-acid sequence. The hydrophobicity score turned out to be 

highly predictive of promiscuous acyltransferase activity in homologous sequences. A novel 

colorimetric acyltransferase assay enabled the characterization of the discovered acyltransferases.  
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Article II Discovery and Design of Family VIII Carboxylesterases as Highly Efficient 

Acyltransferases 

 H. Müller, S. P. Godehard, G. J. Palm, L. Berndt, C. P. S. Badenhorst, A-K. Becker, 

M. Lammers, U. T. Bornscheuer, Angew. Chem. Int. Ed. 2021, 60, 2013–2017; 

Angew. Chem. 2021, 133, 2041–2045. 

By activity-based screening, the family VIII carboxylesterase EstCE1 was discovered as an 

outstandingly efficient acyltransferase with good enantioselectivity. EstCE1 lacks amidase activity, 

which allows for the irreversible formation of amides and carbamates in water. As a proof of concept, 

EstCE1 was used in the synthesis of the drug compound moclobemide. Variants of EstCE1 were 

generated which show almost abolished hydrolase activity towards the acyl donor. Structural and 

functional analysis revealed that promiscuous acyltransferase activity is widespread in this enzyme 

family. The crystal structure of EstCE1 was solved and a three-amino acid motif adjacent to the 

catalytic triad was found to be important for promiscuous acyltransferase activity. Introducing this 

motif into an esterase without acetyltransferase activity transformed a ‘hydrolase’ into an 

‘acyltransferase’.    

 

Article III Efficient Acylation of Sugars and Oligosaccharides in Aqueous Environment 

Using Engineered Acyltransferases  

 S. P. Godehard, H. Müller, C. P. S. Badenhorst, C. Stanetty, C. Suster, M. D. 

Mihovilovic, U. T. Bornscheuer, ACS Catal. 2021, 11, 2831–2836.  

Because of their amphiphilic character and their biodegradability, sugar esters have a wide range of 

applications, ranging from pharmaceutical to food industry. For decades, enzymatic sugar ester 

synthesis was limited to organic solvents in which sugars are usually hardly soluble. In this work, the 

previously discovered family VIII carboxylesterases/acyltransferases were investigated and 

engineered to selectively acylate sugars like glucose, maltose, and maltotriose in bulk water.  

    

Article IV Protein Engineering for Enhanced Acyltransferase Activity, Substrate Scope 

and Selectivity of the Mycobacterium smegmatis Acyltransferase MsAcT  

 S. P. Godehard, C. P. S. Badenhorst, H. Müller, U. T. Bornscheuer, ACS 

Catal. 2020, 10, 7552–7562. 

Several MsAcT variants were designed that show enhanced acyltransferase efficiency, a broader 

acyl-donor scope, and improved or inverted enantioselectivity. By targeted mutation of the His and 

Asp residues of the catalytic triad, water could be inactivated for hydrolysis, leading to reduced 

hydrolase and improved acyltransferase activity. 
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1  Background 

1.1 Hydrolases  

1.1.1 Classification  

Enzymes are typically classified according to the type of chemical reaction they catalyze. In the 

numeric Enzyme Commission (EC) classification scheme, hydrolases form group 3.[1] All hydrolases 

have in common that they catalyze the cleavage of chemical bonds by a water molecule. Hydrolases 

can further be divided into subcategories with respect to the functional group that they hydrolyze. For 

example, esterases have the number EC 3.1, glycosidases EC 3.2, epoxide hydrolases EC 3.3, 

proteases EC 3.4, and so on. In nature, hydrolases are often involved in catabolic pathways by 

breaking up nutrients to make them accessible to the organism.[2] For example, triacylglycerol lipases 

(EC 3.1.1.3) can hydrolyze triglycerides (fats and oils) to glycerol and free fatty acids.[3] Moreover, 

proteases breakdown proteins into smaller polypeptides or single amino acids and are therefore also 

essential for proteostasis.[4]  

 

1.1.2 Application in Organic Synthesis and Industry 

Hydrolases show several characteristics that make them exceptionally suitable for applications in 

organic chemistry and industry.[5] Because of the wide range of compounds hydrolases degrade in 

nature, they usually have a broad substrate scope. Moreover, hydrolases do not require any 

cofactors and are often stereoselective, even towards non-natural substrates. Many hydrolases are 

tolerant to water-miscible solvents, with a few hydrolases even maintaining activity in virtually water-

free organic solvents. Under these conditions, some hydrolases can even catalyze alternate 

reactions like ester synthesis (see Chapter 1.4). 

Consequently, hydrolases have enormous industrial potential, signified by the fact that several 

hundreds of enzymes from this class are commercially available. Lipases nowadays have wide-

ranging applications in biodiesel production, textile industry, detergent manufacturing, 

pharmaceutical industry, flavor and fragrance production, organic synthesis,  and food industry.[6] For 

example, lipases have been commonly used for a long time in the dairy industry to modify milk fat.[7] 

Because of their ability to degrade organic staining, proteases, amylases, cellulases, mannanases, 

together with lipases (the so-called laundry enzymes), are potent additives to washing agents.[8] More 

recently, the discovery that the bacterium Ideonella sakaiensis can grow on low-crystalline 

polyethylene terephthalate (PET) by secreting two PET-degrading esterases, PETase and 

MHETase, made headlines.[9] PET waste accumulates at a staggering rate in the natural 

environment, representing a long-term environmental burden because of its extreme durability. 

Therefore, a rapidly expanding research field dealing with discovering and optimizing highly efficient 

PET-degrading esterases emerged. Recently, we could contribute to this research field by solving 

the crystal structure of MHETase and engineering the enzyme for improved BHET hydrolysis 
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activity.[10] Most recently, an improved PETase was shown to degrade pre-treated plastic bottles 

down to ethylene glycol and terephthalic acid with a space-time yield of 16.7 g∙L-1∙h-1.[11] The 

monomers could be used to synthesize new PET, demonstrating a promising perspective for a future 

circular PET economy. 

 

1.1.3 The α/β-Hydrolase Fold  

The α/β-hydrolase fold superfamily includes hydrolytic enzymes from broadly differing phylogenetic 

origin and catalytic function. These hydrolases include lipases, esterases, amidases, proteases, 

hydroxy nitrile lyases, epoxide hydrolases, and dehalogenases.[12] Members of this enzyme family 

share a structurally conserved α/β-hydrolase fold. The core of α/β-hydrolase fold proteins consists 

of eight, mostly parallel, β-strands connected by α-helical elements, as exemplarily shown in Figure 1 

for Est8, a member of the bacterial hormone-sensitive lipase (bHSL) family. The bHSLs show 

structural homology to the human hormone-sensitive lipase but are esterases rather than lipases.[13] 

Like many other α/β-hydrolase fold proteins, bHSLs possess a highly-variable cap domain covering 

the active site, which harbors a catalytic triad (serine, histidine, and glutamate in Est8). In general, a 

catalytic triad comprises a nucleophile (serine, cysteine, or aspartate), a histidine as a general base, 

and a charge-relay acid (aspartate or glutamate). The function of the oxyanion hole adjacent to the 

catalytic triad is to stabilize the catalytic transition state (see Chapter 1.2.1).  

 

Figure 1. A) Topology of the typical α/β-hydrolase fold with an additional N-terminal cap domain. The cap 
domain shown is specific for bacterial hormone-sensitive lipases and considerably varies in length and 
sequence, even among close homologs. β-Strands are shown as blue arrows and α-helices as white boxes. 
The position of the catalytic residues and the location of the oxyanion hole are highlighted in red and turquoise, 
respectively. B) crystal structure of the bacterial hormone-sensitive lipase Est8 (PDB 6Y9K) showing the above-
mentioned features highlighted in the same colors.[14] The ligand-binding site is veiled by a transparent grey 
volume embracing Est8’s catalytic triad (S146, E240, and H270). 
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1.2 Acyltransferases in Nature 

Some hydrolases evolved to become transferases (EC 4) in nature. Instead of using water for 

hydrolysis, acyltransferases catalyze the transesterification to organic nucleophiles like alcohols or 

amines, yielding esters or amides, respectively. For example, acyltransferases significantly 

contribute to the vast diversification of secondary metabolites in plants.[15] Moreover, the biosynthesis 

of one of the most abundant biopolymers on earth, the polyester cutin, depends on the 

acyltransferase cutin synthase (Scheme 1). Cutin is an essential part of the cuticles of land plants. 

The cuticle can be seen as a protective shield covering epidermal cells, for example in leaves. Its 

hydrophobic characteristics limit water loss and protect the plants from pests and pathogens.[16] The 

cutin synthase CD1 from tomato belongs to the GDSL family and can catalyze the polymerization of 

the hydroxyacyl-glycerol precursors, 2-mono(10,16-dihydroxyhexadecanoyl)glycerol (2-MHG) in vivo 

and its oligomerization in vitro.[17] In this reaction, 2-MHG can simultaneously act as acyl donor and 

acceptor. For simplicity, only the acyl transfer to the primary alcohol is shown in Scheme 1, but cutin 

synthase can also catalyze cross-linkage via the secondary alcohol.[18]  

 

Scheme 1. Cutin synthase catalyzes the polymerization of 2-MHG to form the biopolymer cutin. The reaction 
product can act as an acyl acceptor in another polymerization cycle. This reaction scheme was adapted from 
Yeats et al. 2012.[17] 

 

1.2.1 Mechanism: Acyl transfer versus Hydrolysis  

Based on structure and sequence, many acyltransferases are hardly distinguishable from 

hydrolases. For example, a PSI-BLAST of the cutin synthase sequence indicates close homology to 

the acetylcholine esterase ChoE. Like many esterases, cutin synthase from tomato utilizes a catalytic 

triad consisting of serine, histidine, and aspartate. The mutation of the catalytic serine to alanine 

eliminated acyltransferase activity.[17] Serine carboxypeptidase-like acyltransferases (SCPL-AcTs) 

are α/β-hydrolase fold proteins (Figure 1) that also make use of a catalytic triad (Ser, His and Asp).[19] 

SCPL-AcTs employ activated acyl-glucose substrates as acyl donor substrates and emerged from a 

common ancestor with serine carboxypeptidases (SCP), which show no acyltransferase but only 

hydrolytic activity. This demonstrates that the same catalytic machinery can catalyze hydrolysis and 

acyl transfer.  

Both hydrolases and esterase-like acyltransferases follow a double-displacement mechanism (ping-

pong bi-bi mechanism) as demonstrated for a catalytic triad consisting of serine, histidine, and 
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glutamate in Scheme 2.[20] First, the ester (the acyl donor in acyltransferases) binds to the enzyme. 

The binding event is followed by the nucleophilic attack of serine on the carbonyl group of the 

substrate, which results in the formation of the first tetrahedral intermediate (Td1). This intermediate 

is stabilized by the oxyanion hole formed by the amino acid backbone in a conserved region of the 

protein. Upon the collapse of the Td1-intermediate, an alcohol is released, and the acyl-enzyme 

intermediate is formed. The nucleophilic attack of a water molecule on the acyl-enzyme intermediate 

in hydrolases results in the formation of the second tetrahedral intermediate (Td2). Upon the collapse 

of the Td2-intermediate, the free acid is released, and the enzyme is returned to its initial state. In 

contrast, acyltransferases can recruit an organic nucleophile for the nucleophilic attack on the acyl-

enzyme intermediate, yielding a new ester. The transfer reaction to an alcohol is called 

transesterification. 

 

Scheme 2. The molecular mechanism of a catalytic triad in both hydrolysis and acyl transfer to an organic 
nucleophile involves the formation of a covalent acyl-enzyme intermediate via a tetrahedral transition state (Td1), 
which is stabilized by an oxyanion hole. Resolution of the acyl-enzyme intermediate via nucleophilic attack by 
water in hydrolases or by an organic nucleophile like an alcohol in acyltransferases occurs via a second 
tetrahedral intermediate (Td2).  

 

Noteworthy, some acyl-CoA-utilizing acyltransferases like the group of BAHD synthases (the 

acronym refers to the first four enzymes discovered from this family) show a distinctly different 

mechanism.[21] BAHD acyltransferases lack a nucleophilic residue and show a conserved HXXXD 

motif instead. In BAHD synthases, the acyl acceptor substrate directly attacks the acyl donor 

substrate without forming a covalent acyl-enzyme intermediate.  
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1.2.2 Structural Basis Underlying Acyltransferase Activity 

Despite obvious structural and catalytic similarities between esterase-like acyltransferases and 

esterases, the molecular basis of the catalytic diversity is not entirely understood.  

For SCPL-AcTs it was discussed that the exclusion of water from the active site via hydrophobic 

shielding might promote acyltransferase activity over hydrolysis.[22] This concept is further supported 

by structural studies on lecithin-retinol acyltransferase (LRAT). LRAT catalyzes the transfer of an 

acyl group from the sn-1 position of phosphatidylcholine (PC) as acyl donor to retinol (vitamin A) as 

acyl acceptor.[23] LRAT was shown to bind to the cell membrane via an N-terminal α-helix, which is 

necessary to access the lipophilic acyl donor. Simultaneously, the hydrophobic environment formed 

in the membrane-bound state may provide an additional barrier that prevents the active site's 

solvation, thereby promoting acyl transfer.[23] However, contributing acyltransferase activity to a 

hydrophobic active site alone may be oversimplified as demonstrated by structural comparison of 

homoserine O-acetyltransferases and two close homologs, termed MekB and CgHle. Both enzymes 

were formerly annotated as acetyltransferases but later described as unable to catalyze the acyl 

transfer to homoserine.[24] MekB and CgHle only showed hydrolase activity and, counterintuitively, 

have narrow hydrophobic active sites, while the homologous homoserine O-acetyltransferases 

possess large polar cavities. O-acetyl transferases are believed to have a high affinity to homoserine, 

thereby increasing the acyl acceptor's effective concentration and nucleophilic potential over water. 

This hypothesis is supported by the observation that some acyltransferases hydrolyze the acyl donor 

in the absence of the right acyl-acceptor substrate.[23,25] This demonstrates that substrate specificity 

is important for efficient acyltransferase activity in vivo. In addition to hydrophobicity and acyl 

acceptor affinity, it was observed that subtle structural changes could affect the balance between 

acyl transfer and hydrolysis. For LRAT and SCPL-AcTs, the reorientation of the oxyanion hole was 

described, which in turn slows down hydrolysis of the acyl-enzyme intermediate, thereby facilitating 

acyl transfer.[23] The thioesterase domain SrfTE of the Bacillus subtilis surfactin synthase was 

described to follow the same strategy to inactivate hydrolytic water and catalyze macrolactonization 

instead.[22,26] Many acyltransferases show the alteration of the common GxSxG esterase motif to 

GHSxG. This indicates a unique role of the histidine in the second position of this motif for 

acyltransferase activity. Histidine is believed to stabilize the acyl-enzyme intermediate, reflected by 

the fact that the crystal structure of the acyltransferase DynE8 from a polyketide synthase that has 

this motif revealed a stable acyl-enzyme intermediate.[27] Mutation of histidine to alanine in DynE8 

resulted in a seven-fold higher hydrolysis rate.  

In summary, the balance of hydrolysis and acyl transfer is influenced by several factors like active 

site hydrophobicity causing water exclusion, high affinity to the acyl acceptor increasing its effective 

concentration, and structural changes that impede efficient hydrolysis, thereby favoring acyl transfer.  
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1.3 Enzyme Promiscuity 

Enzymes are generally considered highly specific, allowing them to discriminate their natural 

substrate from the vast pool of other metabolites in vivo. However, natural selection prevents the 

enzyme from catalyzing physiologically irrelevant reactions only if this would impair the organism’s 

fitness. Therefore, exposure of isolated enzymes to non-natural substrates can sometimes result in 

a reaction as well, referred to as ‘substrate promiscuity’.[28] The observation that many enzymes show 

a broad substrate scope and often high enantioselectivity led to a rapid expansion of the field of 

biocatalysis at the turn of the century.[29] For example, pig liver esterase (PLE) shows high selectivity 

towards a broad range of esters.[30]  

More interestingly, catalytic promiscuity describes the ability of enzymes to catalyze distinctly 

different chemical transformations using the same catalytic machinery. Given that other catalytic 

activities must have evolved from existing activities, catalytic promiscuity, along with gene duplication 

and divergence, plays an essential role in the evolution of new enzymes.[31] Substrate and catalytic 

promiscuity, in general, are common features of enzymes and are part of the cell’s strategy to rapidly 

adapt to environmental changes. Studies suggest that more than 20,000 promiscuous activities may 

be available within a single microorganism stimulating evolution.[32] A few mutations can already 

cause a promiscuous enzyme to shift EC classes.[33] For example, dehalogenase activity could be 

introduced into a monooxygenase by a single mutation adjacent to the catalytic pentad.[34]  

Condition promiscuity is the ability of enzymes to be promiscuous under unusual conditions. For 

example, a carboxypeptidase was shown to catalyze acyl transfer instead of hydrolysis in dimethyl 

formamide (DMF) or at an extreme alkaline pH.[35] Combined with protein engineering (see Chapter 

1.7), promiscuous enzymes are particularly attractive alternatives to conventional chemical 

catalysts.[36] 

 

1.4 Promiscuous Acyltransferase Activity in Organic Solvents  

As discussed in Chapter 1.2.2, a strategy of esterase-like acyltransferases in nature involves the 

protection of the acyl-enzyme intermediate from hydrolysis by creating a hydrophobic, water-repelling 

environment. Application of lipases or esterases in organic media essentially exemplifies an extreme 

example of this water-exclusion strategy, allowing hydrolytic enzymes to catalyze acyl transfer to 

organic nucleophiles rather than hydrolysis (condition promiscuity) by limiting the competition with 

water in the deacylation step.[37] The first lipase-catalyzed transesterifications in organic solvents 

were reported more than 80 years ago.[38] Since then, lipase-catalyzed transesterification in organic 

solvents has excessively been studied.[5] However, a minimal amount of water is necessary for 

enzymes to maintain their structure and activity.[39]  
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1.4.1 Biocatalytic Acylation of Sugars 

Because of their amphiphilic character, sugar esters and amides are valuable non-ionic and fully 

biodegradable biosurfactants with excellent emulsifying and stabilizing properties.[40] For this reason, 

they have a wide range of applications in the pharmaceutical, cosmetic, agricultural, and food 

industries.[41] However, carbohydrate chemistry is extraordinarily challenging because of the similar 

reactivity of the various hydroxyl groups. Therefore, complex protection and deprotection strategies 

are usually required.[42] However, some lipases and proteases were shown to catalyze the acylation 

of sugars in organic solvents.[43] For example, the porcine pancreatic lipase (PPL) showed high 

conversions and good selectivity in the acylation of several monosaccharides in pyridine.[44] In 

general, the low solubility of sugars in organic solvents constitutes a considerable drawback for 

upscaling. Some studies showed that the acylation of unprotected sugars can be achieved with non-

activated fatty acids in a (mainly) solid-phase system.[45] However, these methods require prolonged 

reaction times and are also difficult to scale up.  

 

1.5 Promiscuous Acyltransferase Activity in Aqueous Buffers 

These days, most companies try to reduce their environmental impact, cut production costs, and 

protect workers from toxic compounds. Especially organic solvents are expensive to acquire and 

dispose of, with many being rated as less sustainable or even hazardous.[46] However, organic 

solvents usually make up half of the overall material used to synthesize fine chemicals like 

pharmaceuticals.[47] Consequently, selecting the ‘greenest’ solvent can drastically reduce the 

environmental impact of the synthesis. For example, the enzymatic acylation of sugars in pyridine 

described in chapter 1.4.1 is inconceivable on an industrial scale since pyridine is rated as 

problematic and harmful in several solvent selection guides.[46] Biocatalysts are naturally optimized 

to perform best in the ‘greenest’ of all solvents, which is water. Noteworthy, N-acylation of 

glucosamine in water using the cyclase CmCDA from Cyclobacterium marinum was recently 

reported.[48] Apart from this particular example, selective and efficient acylation of carbohydrates 

under mild, aqueous conditions is still an unrealized goal of biocatalysis. Discovery of novel enzymes 

to fill this important gap is therefore desirable. However, the application of most natural 

acyltransferases as isolated biocatalysts is very limited, as discussed in Chapter 1.2.2. This is in part 

because they require complex and therefore expensive donor compounds like phosphatidylcholine 

(LRAT), e.g. 1-O-(indole-3-acetyl)-β-D-glucose (SCPLs), or acyl-CoA thioesters.[49] Some 

acyltransferases are allosterically regulated by other proteins. LovD requires the presence of the 

acyl-carrier protein LovF to efficiently synthesise the cholesterol-lowering drug lovastatin.[50] LovF 

induces a substantial conformational shift in LovD via protein-protein interactions, thereby ordering 

the catalytic triad in a way that enables efficient acyl transfer.[51] Allosteric regulation highly 

complicates the usage in large-scale industrial processes. Nine rounds of directed evolution and a 

total of 29 mutations were necessary to uncouple the acyltransferase LovD from LovF, to enable the 

synthesis of lovastatin using the small thioester α-dimethylbutyryl-S-methylmercaptopropionate 
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(DMB-SMMP) as acyl donor.[51,52] Certain hydrolases preferably catalyze acyl transfer over hydrolysis 

even in bulk water. For example, penicillin-acylases are widely applied on industrial scale to 

synthesize β-lactam antibiotics in aqueous buffer by a kinetically controlled reaction.[53] However, 

promiscuous acyltransferases are still relatively rare in the literature. Lipases related to lipase A from 

Pseudozyma antarctica (formerly known as Candida antarctica; CAL-A) and the 

esterase/acyltransferase from Mycobacterium smegmatis (MsAcT) are most prominent and 

therefore discussed in more detail in the chapters below. 

 

1.5.1 CAL-A-like Lipases/Acyltransferases 

Besides hydrolase activity towards triacylglycerols, certain lipases from the α/β-hydrolase fold 

superfamily phylogenetically related to CAL-A can also catalyze transesterification in water. The first 

lipase/acyltransferase, CpLIP2, was identified more than two decades ago and since then intensively 

studied for applications in biotechnology. CpLIP2 was found to be secreted by Candida parapsilosis 

in the presence of plant oil.[54] Promiscuous lipases/acyltransferases are useful for the production of 

fatty acid methyl or ethyl esters (biofuels) from these oils.[55] Because of their ability to catalyze acyl 

transfer in water, these enzymes can be implemented into enzymatic cascades with other enzymes 

which are inactive and/or unstable in organic solvents. For example, CAL-A’s acyltransferase activity 

was used to oligomerize ε-caprolactone previously produced from cyclohexanol in a cascade 

reaction with an alcohol dehydrogenase (ADH) and a Baeyer-Villiger monooxygenase (BVMO).[56] 

However, CAL-A related lipases/acyltransferases are structurally restricted to long-chain fatty acid 

esters as acyl donors. CpLIP2 was even observed to be inhibited by short chain esters like ethyl 

acetate.[57]  

 

1.5.2 The Mycobacterium smegmatis Esterase/Acyltransferase MsAcT 

While studying the selective oxidation of alcohols using lyophilized whole cells of Mycobacterium 

fortuitum, their acylation in the presence of ethyl acetate was unexpectedly observed.[58] Gene 

sequencing led to the identification of the acyltransferase MsAcT in the genome of the related strain 

Mycobacterium smegmatis. MsAcT’s crystal structure revealed an unusual architecture that is 

believed to contribute to its catalytic promiscuity. MsAcT forms a tightly packed octamer, thereby 

creating a highly hydrophobic microenvironment that is believed to provide a more favorable 

surrounding for organic nucleophiles than for water (Figure 2). The active sites harbor catalytic triads 

consisting of Ser11, Asp192 and His195 and are located at the protein-protein interfaces. Therefore, 

MsAcT is believed to follow the mechanism shown in Scheme 2 via deacylation of the acyl-enzyme 

intermediate by an organic nucleophile. A computational study on the competition between water 

and several organic nucleophiles revealed that the determining factor for MsAcT’s acyltransferase 

activity is the higher binding affinity to the alcohol, especially to compounds with an aromatic ring.[59] 

Because of its versatility, MsAcT was quickly employed in numerous biocatalytic transformations.  
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Figure 2. Octameric structure and synthetic versatility of MsAcT. The octameric structure of MsAcT creates a 
hydrophobic microenvironment that is believed to provide a more favorable surrounding for organic nucleophiles 
than for water. The acetyl-enzyme intermediate was modeled by covalent docking using Schrödinger Maestro 
and is attacked by an alcohol molecule bound in a hydrophobic (yellow surface) volume adjacent to the catalytic 
triad (Ser11, Asp192, and His195). MsAcT was described to catalyze transesterification, amide formation, and 
perhydrolysis. The in situ generated peracid can react enzyme-independently with ketones, alkenes, sulfides or 
halide ions to form lactones, epoxides, sulfoxides or hypohalous acids (exemplarily shown for bromide forming 
hypobromous acid), respectively.   

In contrast to lipases/acyltransferases, the esterase/acyltransferase MsAcT was described to be 

active on short acyl chains, extending the range of enzymatic acyl transfer reactions in water. Apart 

from transesterification[58,60,61,62,63] and hydrolysis[64], MsAcT-catalyzed amide formation[65,66] and 

perhydrolysis[58,60,67,68] in aqueous buffer were reported (Figure 2). Perhydrolase activity was also 

observed for the promiscuous acyltransferase CpLIP2, suggesting that these promiscuous activities 

share similar structural requirements.[57] The enzymatic in situ generation of peracids is synthetically 

useful as peracids are challenging to handle and not storable as concentrated solutions, due to 

danger of explosion.[69] For example, perhydrolase activity can be used for the Baeyer-Villiger 

oxidation of ketones, epoxidation of double bonds, oxidation of sulfides, decolorization of dyes or 

oxidation of halide ions to form hypohalous acids which then can act as halogenating agents 

(Figure 2).[57,60,67,68,70] In a cascade reaction together with a transaminase, MsAcT could be used to 

synthesize N-benzylacetamide from benzaldehyde, thereby helping to shift the unfavorable 

equilibrium of the transaminase reaction towards amine formation. Here, L-alanine was used as 

amine donor since amino acids are not accepted as substrates by MsAcT.[65]  

 

1.5.3 Kinetically Controlled Transesterification 

The general kinetic scheme of a transesterification reaction catalyzed by a promiscuous 

acyltransferase in water is shown in Figure 3A.[71] As described in Chapter 1.2.1, the binding of an 

ester (AOR) to serine esterases/acyltransferase (EH) results in the formation of the acyl-enzyme 

intermediate (EA). In promiscuous acyltransferases, the organic nucleophile (alcohol or amine) 

competes with water for the nucleophilic attack on the acyl-enzyme intermediate, resulting in the 

formation of the desired ester compound (AOR’, transesterification) or the carboxylic acid (AOH, 

hydrolysis), respectively. A promiscuous acyltransferase's efficiency is judged by the ratio of the initial 

acyl transfer to hydrolysis rates (kt/kh or AT/H).[72] In a kinetically controlled reaction, a high AT/H 
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activity ratio allows for the transesterification product to transiently accumulate in water up to a 

concentration (the kinetic maximum) higher than that observed at the thermodynamic equilibrium 

(Figure 3B). A hydrolase without promiscuous acyltransferase activity would not show a kinetic 

maximum under the same conditions. Since hydrolysis is thermodynamically favored, the product 

concentration converges towards the thermodynamic equilibrium after surpassing the kinetic 

maximum. On the way to reach the thermodynamic equilibrium, the reaction is progressively acidified 

by hydrolysis. Depending on the enzyme's character, this can quench the reaction before the 

thermodynamic equilibrium is reached, if the reaction is not sufficiently buffered. To achieve high 

yields of the desired ester, the reaction needs to be stopped before product hydrolysis (kh,prod.) 

becomes the dominant reaction. Practically, product hydrolysis can be temporarily delayed by 

applying a high excess of the donor compound. Noteworthy, high temperatures accelerate the 

formation of the thermodynamic product and, therefore, should be avoided. In contrast to batch 

processes, a continuous process for the preparation of flavor esters was shown to largely overcome 

the problem of product hydrolysis.[73] However, reverse product hydrolysis is not necessarily a 

problem for application if the desired ester/amide is a bad substrate for the 

hydrolase/acyltransferase. For example, the thermodynamic equilibration was so slow that it could 

only be observed after weeks in a kinetically controlled reaction catalyzed by a transketolase.[74]  

 

Figure 3. Kinetic scheme of a reaction catalyzed by a promiscuous acyltransferase in contrast to a conventional 
hydrolase and schematic progress of product concentration. A) Both hydrolase and promiscuous 
acyltransferase (EH) form a covalent acyl-enzyme intermediate (EA). Hydrolysis (kh) and alcoholysis (kt, 
transesterification) of this intermediate are competitive reactions. B) A promiscuous acyltransferase preferably 
catalyzes transesterification leading to the accumulation of the desired ester (AOR’). Because of its hydrolase 
activity, the enzyme also catalyzes product hydrolysis, eventually reaching the thermodynamic equilibrium. A 
hydrolase does not show a kinetic maximum above the thermodynamic equilibrium. Figure 3A was adapted 
from Subileau et al. 2018.[71] Figure 3B was adapted from Müller et al. 2020.[14] 

 

However, high kinetic maxima up to virtually full conversion can be reached by using energy-rich 

substrates that release a good leaving group as acyl donors.[75] It should be mentioned that 

eliminating a leaving group always represents a drawback from the environmental perspective since 

this lowers the overall atom economy, as discussed in Chapter 1.5.4. 
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1.5.4 Acyl Donors  

Over the years, various acyl donors for enzymatic acylation have been suggested.[76] The most 

prominent acyl donors described in the literature are shown in Scheme 3. In general, the acyl donor 

should be cheap and react quickly in the enzyme's presence, thereby shifting the equilibrium towards 

desired product formation. However, the acyl donor should be unreactive in the absence of the 

enzyme since chemical acylation would lower the observed enantioselectivity.[5] For example, it was 

previously shown that the choice of the acyl donor can significantly influence the enantioselectivity 

of MsAcT in the kinetic resolution of aliphatic secondary alcohols.[62] Moreover, the leaving group 

should not be toxic, cause product inhibition, or be an acyl acceptor itself, to prevent reversibility of 

the reaction. In general, enol esters are most frequently used for several reasons.[76] Enol esters are 

highly reactive and release byproducts that quickly tautomerize to the non-nucleophilic carbonyl form, 

making the reaction practically irreversible. Moreover, enol esters like vinyl acetate are very cheap 

and can be applied in large excess as they are commonly used in polymer industry. 

 

Scheme 3. Different acyl donors commonly used for the acylation of alcohols in organic solvent and in water. 
This scheme was adapted from Paravidino et al. 2011.[76] 

However, the popularity of vinyl esters is mostly undeserved from a ‘Green Chemistry’ perspective.[76] 

For example, vinyl acetate produces stoichiometric amounts of toxic acetaldehyde upon reaction. 

This can form explosive mixtures with air, representing a considerable drawback for industrial 

processes.[77] It should be noted that acetaldehyde can form imine bonds with lysine residues, which 

can inactivate the enzyme.[78] This problem can be overcome by using the enol ester isopropenyl 

acetate as acyl donor, which liberates acetone upon reaction. However, acylations with enol esters 

generally suffer from poor atom economy. While the atom economy of reactions with carboxylic acids 

is good, they show an unfavorable equilibrium as discussed in Chapter 1.5.3. Trihaloesters show low 

reactivity and liberate harmful and hardly biodegradable byproducts. The use of anhydrides is limited 

because of unselective background reactions and acidification of the reaction due to the release of 

stoichiometric amounts of carboxylic acids.[79] Cyclic anhydrides are attractive acyl donors as they 

show perfect atom economy. However, the hemiester formed is usually not the desired product. The 

synthesis of oxime esters is very laborious, involving the production of considerable amounts of 

waste. The synthesis of methoxy acetates is considered hazardous on a large scale.[76,79] This 

demonstrates that the ideal acyl donor fulfilling all above-mentioned requirements, including 

environmental compatibility, is not available yet, calling for more sustainable alternatives. 
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1.5.5 Activity-Based Screening for Promiscuous Acyltransferase Activity in Hydrolases 

DNA-sequencing became more and more affordable in the recent years, which led to the 

accumulation of large amounts of sequences in databases. However, acyltransferases are hardly 

distinguishable from hydrolases based on sequence or structure (see Chapter 1.2.2). Therefore, 

many acyltransferases remain undiscovered as they are regularly annotated as hydrolases in these 

databases. At the same time, enzyme discovery became easier by low-cost DNA synthesis, which 

made the time-consuming cloning of genes from genomic DNA avoidable.[80] Recently, template-

independent de novo DNA synthesis using a terminal deoxynucleotidyl transferase was reported, 

indicating an exciting prospect for the future.[81]  

The fact that promiscuous acyltransferases are rare in the literature can be explained by the lack of 

robust screening assays which can be used to detect promiscuous acyltransferase activity. Recently, 

a novel high-throughput assay was described that is based on the acyltransferase-mediated 

synthesis of insoluble oligocarbonates from the initially fully soluble starting compounds dimethyl 

carbonate and 1,6-hexanediol (Scheme 4A).[82] In this reaction, dimethyl carbonate is the donor and 

1,6-hexanediol the acceptor, which in the first step react to form 6-hydroxyhexyl methyl carbonate. 

Like the cutin synthase-catalyzed polymerization of 2-MHG (see Scheme 1), the product of 

transesterification in this reaction is simultaneously donor and acceptor and therefore able to 

oligomerize. Using this assay, transferase activity was detected in the bacterial hormone-sensitive 

lipase Est8, whose crystal structure is shown in Figure 1.[82] MsAcT was also able to catalyze this 

transformation, indicated by the precipitation of oligocarbonates. 

 

Scheme 4. Acyltransferase activity assays. A) The acyltransferase-mediated formation of insoluble 
oligocarbonates from initially fully soluble building blocks indicates acyltransferase activity (scheme adapted 
from Reisky et al. 2019)[82]. B) Enzymatic acetylation of isobutanol leads to the formation of isobutyl acetate 
which is hardly miscible with water and forms a second organic phase. This scheme was adapted from Mestrom 
et al. 2019.[63] 

 

At the same time, Mestrom et al. observed that an initially monophasic solution of isobutanol and 

vinyl acetate emulsifies upon transesterification by MsAcT (Scheme 4B).[62] These two assays are 

capable of identifying different acyltransferases with different substrate specificities. 
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1.6 The Chemical Alternative: Ester Synthesis 

Chemical ester synthesis is common organic chemistry knowledge.[83] The most common reactions 

are shown in Scheme 5. Emil Fischer and Arthur Speier described the Lewis acid-catalyzed 

esterification of carboxylic acids with alcohols in 1895.[84] The direct esterification of carboxylic acids 

to form esters shows good atom economy. However, the unfavorable equilibrium in this reaction is a 

disadvantage that is mostly overcome by using one of the compounds in large excess or by removing 

water as a side product by azeotropic distillation or by adsorption to molecular sieves.[63]  

The Steglich esterification was described in 1978 and is a milder and more robust alternative. The 

reaction involves using dicyclohexylcarbodiimide (DCC) as a coupling reagent and 3-10 mol% 4-N,N-

dimethylaminopyridine (DMAP) as catalyst.[85] In this reaction, DCC activates the carboxylic acid by 

forming an O-acylisourea intermediate that can be deacylated by a nucleophilic attack of an alcohol 

to form the stable dicyclohexylurea and the desired ester. DCC can also be used as a coupling agent 

in peptide synthesis.[86] The third strategy involves applying activated acids (acyl halides or 

anhydrides) that readily react with an organic nucleophile in the presence of a base like sodium 

hydroxide or pyridine to form the desired ester and an inorganic acid that is subsequently neutralized 

(Schotten-Baumann conditions). The reaction of acyl halides or anhydrides with amines is even 

faster because of their higher nucleophilicity. Following a very similar strategy, a reactive anhydride 

is formed in situ by the reaction of the Yamaguchi reagent (2,4,6-trichlorobenzoyl chloride) and the 

carboxylic acid in the Yamaguchi esterification reported in 1979.[87]  

 

Scheme 5. Conventional strategies for the chemical synthesis of esters. The direct esterification of carboxylic 
acids with alcohols is catalyzed by acids like lewis-acids (LA). The unfavorable equilibrium in the Fischer-Speier 
esterification can be influenced by removal of water as byproduct. The Steglich esterification involves the in situ 
activation of carboxylic acids by DCC to form an acyl-urea intermediate that reacts with the alcohol in the 
presence of DMAP as catalyst to form the ester and dicyclohexylurea as byproduct. The reaction of activated 
acids in the presence of a base like pyridine is referred to as Schotten-Baumann conditions. The stoichiometric 
amounts of acid formed upon reaction of the activated acid with the alcohol or amine is neutralized by the base.  

However, these reactions require organic solvents and produce considerable amounts of waste in 

the activation and neutralization steps. Harsh reaction conditions are necessary for the Fischer 

esterification, limiting its application to stable starting compounds and products. Transesterification 

catalyzed by promiscuous acyltransferases therefore represents an appealing alternative to these 

conventional strategies.  
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1.7 Protein Engineering  

Nature is a vast source of a variety of biocatalysts. However, natural enzymes are evolutionarily 

optimized to perform best under physiological conditions, which usually implies low substrate 

concentration and catalyst load.[88] Consequently, most natural enzymes do not meet the criteria for 

industrial applications, including high activity, selectivity and stability.[89] The design of biocatalysts 

from scratch is referred to as de novo design. However, this research field is still in its infancy, 

represented by the fact that de novo enzymes often suffer from very low activity.[90] This 

demonstrates that our understanding of how enzymes function on the molecular level is insufficient, 

especially in terms of protein dynamics. Therefore, the engineering of existing proteins to improve 

desired properties became the fastest and most reliable way currently available to obtain biocatalysts 

able to address specific synthetic problems. At the same time, protein engineering studies largely 

contribute to our understanding of protein function.[80,91]  

The protein engineering workflow usually involves three steps. After deciding on a protein 

engineering strategy, the planned changes must be introduced into the target protein by 

mutagenesis, followed by evaluation of the protein variants for improved properties by screening or 

selection.[92] The applied protein engineering strategy largely depends on the available information 

about the target protein.[93] Random mutagenesis, e.g. by error-prone PCR, is applied when no 

structural or mechanistic data is available.[94] Since most randomly-introduced mutations have no 

beneficial effect or often even destabilize the protein, particularly large sequence libraries have to be 

screened to identify variants with improved properties.[92] For example, a completely random 

sequence library comprising 1012 sequences was screened to identify novel RNA ligases.[95] If the 

screening consists of iterative rounds of mutagenesis, thereby mimicking natural selection, the 

method is called directed evolution. More recently, machine-learning methods were demonstrated to 

speed up the directed evolution of proteins by learning from characterized variants.[96] To screen very 

large sequence libraries, robust high-throughput assays are required, which are usually based on 

spectrophotometric or fluorometric measurements in microtiter plate format. The selection process 

can be accelerated by using fully automatic robotic screening platforms.[97] In recent years, ultra-

high-throughput screening methods based on droplet-based microfluidic platforms have attracted 

increasing attention.[98]  

In contrast, understanding of the structure-function relationship in proteins combined with steadily 

improving molecular modelling software allows scientists to rationally alter an enzyme's properties 

by a few mutations. At the turn of the century, less than 20,000 protein structures were publicly 

available. In the last 20 years, this number grew to more than 150,000, and is still increasing. Recent 

developments in the field of cryoelectron microscopy are further boosting this development.[99] Most 

recently, a breakthrough in deep-learning-based prediction of protein structures from their amino acid 

sequence was reported which will allow scientists in the future to rationally design proteins that are 

extraordinarily challenging to crystallize.[100]  
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Most of the time, scientists use a combination of both strategies, which is referred to as semi-rational 

design. Based on sequence analysis and molecular modelling, 'small but smart' libraries can be 

created and screened for variants with improved activity.[101] Based on a protein structure, active site 

residues can be specifically targeted to alter or improve the selectivity. For example, the computer-

guided rational design could identify single variants of MsAcT with drastically enhanced 

enantioselectivity.[102] Although often ignored, tunnels connecting the aqueous environment and the 

active site are equally important for specificity and stability.[103] Common methods involve active-site 

saturation testing (CASTing)[104], iterative saturation mutagenesis (ISM)[105], protein sequence-activity 

relationship (ProSAR)[106] strategies, or the use of 3DM databases[107].  

In this work, a combination of semi-rational and rational design based on protein crystal structures 

was used to enhance the activity, substrate scope and selectivity of promiscuous acyltransferases. 
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2 Results & Discussion 

The large number of studies recently conducted on the esterase/acyltransferase MsAcT 

demonstrates that enzymatic acylation in bulk water as an alternative to organic solvents is a topic 

of great interest. However, acyl donor and product hydrolysis are major side reactions catalyzed by 

MsAcT. Hydrolysis is usually compensated by applying a large excess of the acyl donor, representing 

a significant drawback for the atom economy of a reaction. Moreover, MsAcT suffers from poor 

enantioselectivity and a limited substrate scope. For example, MsAcT is not able to accept more 

polar compounds like amino acids as acyl acceptors.[65] In the presented articles, several approaches 

are described that involve enzyme discovery and protein engineering that altogether address the 

need for more efficient and versatile esterases/acyltransferases able to overcome the above-

mentioned limitations.  

 

2.1 Discovery, Characterization and Design of Novel Promiscuous 

Acyltransferases 

2.1.1 Sequence-Based Prediction of Promiscuous Acyltransferase Activity in Hydrolases  
(Article I) 

The α/β-hydrolase Est8 was the first described esterase/acyltransferase from the family of bacterial 

hormone-sensitive lipases. It was discovered using the precipitation-assay shown in Scheme 4A.[82] 

As part of this thesis, Est8’s crystal structure (Figure 1) was solved in collaboration with the group of 

Prof. Dr. Lammers at the Institute of Biochemistry, revealing the presence of a large hydrophobic 

pocket harboring the catalytic triad (Figure 4A & B). As discussed in detail in Chapter 1.2.2, 

preventing solvation of the active site by hydrophobicity, thereby influencing the balance between 

acyl transfer and hydrolysis, appears to be a common strategy of natural acyltransferases. The role 

of active-site hydrophobicity in the context of promiscuous acyltransferase activity was previously 

also discussed for CpLIP2 and MsAcT.[57,59] Therefore, the active site hydrophobicity was expected 

to be predictive of promiscuous acyltransferase activity.  

Consequently, a novel hydrophobicity scoring system (Figure 4A) to estimate active site 

hydrophobicity from the amino acid sequence was developed to identify more efficient 

esterases/acyltransferases from the bHSL family. The scoring system is based solely on the 

sequence of the N-terminal cap domain which forms the most significant part of the substrate-binding 

pocket in bHSLs and therefore largely dictates its physical properties. The prediction scores, which 

were calculated based on a hydrophobicity scale for amino acids[108], nicely correlate with the 

hydrophobic surface areas calculated from the crystal structures of several Est8 homologs 

(Figure 4A & B). The same set of Est8 homologs with solved crystal structures were ordered as 

synthetic genes, expressed in E. coli, purified by affinity chromatography, and assayed for 

acyltransferase activity in a model reaction involving the acetylation of 2-phenylethanol in the 

presence of a ten-fold excess of vinyl acetate as acyl donor (Figure 4C).  
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Figure 4. Development and evaluation of the hydrophobicity scoring concept to predict promiscuous 
acyltransferase activity in hydrolases. A) The hydrophobicity scoring system for bHSLs is based solely on the 
cap domain's amino acid sequence. The position of the N-terminal cap domain (yellow ribbon) is shown for Est8 
(PDB 6Y9K). The 45 N-terminal residues of bHSL sequences were used to calculate the hydrophobicity score 
based on Abraham & Leo's hydrophobicity scale.[108] The hydrophobicity scores (4XVC[109]=4.4, 3K6K[110]=4.6, 
Est8=11.2, 3FAK[111]=12.4, 1EVQ[112]=18.2 and 3ZWQ[113]=21.4) correlate well with the hydrophobic surface 
area calculated from the crystal structures (correlation coefficient r=0.98). B) Visualization of the active site 
hydrophobicity for Est8 and its homologs. Darker shades of blue indicate increasing hydrophobicity. C) 
Enzymatic acetylation of 2-phenylethanol (20 mM) using a ten-fold excess of vinyl acetate (200 mM) carried out 
in 200 mM phosphate buffer at the enzymes’ pH optima. This figure was copied from Müller et al. 2020.[14]  

The formation of 2-phenylethyl acetate was monitored and quantified by gas chromatography (GC). 

Even though the prediction of promiscuous activities is commonly considered to be extremely 

difficult[114], our hydrophobicity scores could predict promiscuous acyltransferase activity in several 

bHSLs and even allows for an exact ranking corresponding with experimental data (Figure 4B & C). 

Noteworthy, 3ZWQ and 1EVQ are excellent acyltransferases nearly able to fully convert 20 mM 

2-phenylethanol into 2-phenylethyl acetate. However, some reactions are quenched on the way to, 

or shortly after reaching the kinetic maximum, which can be explained by acidification of the solution 

due to enzymatic acyl donor and product hydrolysis (see Chapter 1.5.3).  

To eliminate these factors and allow for more accurate characterization of promiscuous 

acyltransferase activity in esterases, we developed a novel and robust acyltransferase assay based 

on the use of para-nitrophenyl (pNP) esters as acyl donors (Figure 5). In contrast to an 

acyltransferase assay previously described for MsAcT by Mestrom et al.,[63] our colorimetric 

acyltransferase assay is compatible with virtually any acyl acceptor. From this assay, the transfer to 

hydrolysis activity ratio can be calculated, which is the commonly accepted parameter to judge the 

efficiency of an esterase/acyltransferase (see Chapter 1.5.3).[72] The principle of the colorimetric 

assay is that, in acyltransferases, the acyl-enzyme intermediate formed in the reaction of the enzyme 

with a pNP-ester would be degraded more rapidly via the nucleophilic attack by organic nucleophiles 

(transesterification), compared to water (hydrolysis). This would result in more rapid release of 

para-nitrophenol and therefore a higher apparent hydrolysis rate. The formation of benzyl acetate 

could be shown by GC to correlate with the rate of pNP-release in the pNP-AcT assay (Figure 5B). 
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Figure 5. A) Reaction scheme of the pNP-acyltransferase assay. The enzyme reacts with the pNP-ester as an 
acyl donor to form the acyl-enzyme intermediate. If the enzyme has acyltransferase activity, it will prefer the 
organic nucleophile over water, resulting in a faster release of pNP which can be monitored at 405 nm. B) GC 
was used to demonstrate that this assay detects the actual formation of benzyl acetate rather than nonspecific 
acceleration of pNPA hydrolysis. The increase in rate of pNP release correlates well with the amount of benzyl 
acetate (BA: benzyl acetate, IS: internal standard) detected by GC. This figure was copied from Müller et al. 
2020.[14] 

 

The set of bHSLs was investigated for promiscuous acyltransferase activity by the novel pNP-AcT 

assay at different concentrations of benzyl alcohol and 2-phenylethanol as acyl acceptors. The 

results for the reaction with benzyl alcohol are illustrated in Figure 6, confirming the ranking shown 

in Figure 4B and C. In general, higher relative activities were observed in reactions with benzyl 

alcohol as acyl acceptor, instead of 2-phenylethanol. While 3ZWQ and 1EVQ show comparable 

relative activities when assayed with 2-phenylethanol (rel. act. ~ 2), 3ZWQ outperforms 1EVQ with 

benzyl alcohol. 

 

Figure 6. Increase in the apparent hydrolysis rates at different concentrations of the benzyl alcohol (acyl 
acceptor) in the pNPA-AcT assay. Rounded hydrophobicity scores are noted in parentheses for each enzyme. 
The ranking of acyltransferase activities agrees with the ranking shown in Figure 4B & C. This figure was copied 
from Müller et al. 2020.[14] 
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The hydrophobicity scoring concept was further validated by examining so far uncharacterized 

database homologs without solved crystal structures. A sequence library was created by a BLAST 

search. After removing redundant entries and filtering the library by sequence-length, the final library 

contained 6,500 bHSL sequences with hydrophobicity scores between –22 and 45. The average of 

the distribution was 13.65 (Figure 7A). Based on the results shown in Figures 4C and 6, high 

acyltransferase activity is proposed to be found in bHSLs with hydrophobicity scores above the 

average of the distribution. In contrast, bHSLs with a very high score are expected to suffer from 

expression problems and instability due to exposed hydrophobic patches.[115]  

Validating the prediction method, the database homologs WP066 and WP1165 have hydrophobicity 

scores in the range of 1EVQ and 3ZWQ and show similar acyltransferase activity in the colorimetric 

acyltransferase assay (Figure 7B). Remarkably, the acyltransferase activity of WP066 is further 

elevated even at benzyl alcohol concentrations above 25 mM.  

 

Figure 7. A) Density plot showing the relative frequency of hydrophobicity scores within the generated sequence 
library. The average was calculated to be 13.65. B) Relative activities determined by pNPA-AcT assays plotted 
as a function of the benzyl alcohol concentration for several database homologs from the sequence library. This 
figure was copied from Müller et al. 2020.[14] 

 

Noteworthy, lyophilized crude lysate of WP007 had significant acyltransferase activity by almost 

reaching full conversion of 20 mM 2-phenylethanol into 2-phenylethyl acetate in the presence of a 

ten-fold excess of vinyl acetate. However, proteins with very high hydrophobicity scores (WP007, 

WP039, and GCD93) in general showed significant protein expression and stability problems when 

isolated. For most of them, the relative activity in the pNP-AcT assay quickly dropped already at low 

benzyl alcohol concentrations, suggesting low stability and/or substrate inhibition. WP007 

precipitated minutes after purification while Est8 and the other previously characterized bHSLs 

shown in Figure 4 maintained activity over month.  

These results show that promiscuous acyltransferase activity is not a rare phenomenon and suggests 

that at least 2,000 (!) other synthetically useful esterase/acyltransferases could be found only in this 

sequence library.   
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2.1.2 Activity-Based Screening, Characterization and Design of Highly Efficient Acyltransferases 
(Article II) 

Following the observation that esterases/acyltransferases are not as rare as previously thought 

(Article I), several hydrolases present in our laboratory were screened for promiscuous 

acyltransferase activity using an emulsion-based assay similar to the one shown in Scheme 4B (see 

Chapter 1.5.5). Instead of isobutanol, 2-phenylethanol was employed as acyl acceptor and vinyl 

acetate was used as acyl donor. Acyltransferase activity was indicated by opacification of the initially 

fully transparent reaction mixture. This approach led to the discovery of the family VIII 

carboxylesterase EstCE1 as highly efficient esterase/acyltransferase.[116] Characterization of EstCE1 

revealed that the enzyme has a preference for aromatic acyl acceptors and can not only catalyze the 

formation of esters but also carbonates, carbamates, and amides in water (Figure 8A). Most 

strikingly, the formation of N-benzyl acetamide from the reaction of benzylamine with ethyl acetate 

and the formation of N-benzylcarbamate from benzylamine and dimethyl carbonate appears to be 

irreversible. This overcomes the problem of product hydrolysis in a kinetically controlled reaction. 

Noteworthy, EstCE1’s synthetic potential goes beyond the rather simple model compounds shown 

in Figure 8A. As a proof of concept, EstCE1 was shown to catalyze the synthesis of the drug 

compound moclobemide by coupling methyl 4 chlorobenzoate (200 mM) as acyl donor with 4 (2

aminoethyl)morpholine (50 mM) as acyl acceptor (~20% conversion after 42 h). Moreover, EstCE1 

displays enantioselectivity in the acetylation of several secondary alcohols with perfect selectivity for 

(+)-menthol (E > 200).

The hydrolase activity of several family VIII carboxylesterases is reported to be stimulated by the 

presence of methanol, when assayed with pNP-esters.[117] According to the pNP-AcT assay 

(Article I), we suspected that these enzymes may actually catalyze acyl transfer to methanol under 

these conditions.  

 

Figure 8. A) EstCE1 catalyzed synthesis of benzyl acetate (grey), benzyl methyl carbonate (cyan blue), methyl 
N-benzyl carbamate (violet) and N-benzylacetamide (black). For each reaction, the acceptor concentration was 
50 mM. For the ester synthesis, 200 mM vinyl acetate was used. Amide synthesis was carried out in the presence 
of 500 mM ethyl acetate. For the carbonate and carbamate formation, a tenfold excess of dimethyl carbonate 
was used. Dotted lines indicate the formation of the products in the absence of EstCE1.  B) Relative 
acyltransferase activities determined from pNPA-AcT assays, plotted on a logarithmic scale, as a function of the 
benzyl alcohol concentration. The highest measured relative activity is noted for each enzyme. This figure was 
copied from Müller et al. 2021.[118] 
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An eightfold increase in apparent pNPA hydrolysis was measured for EstCE1 at 6.3% (v/v) methanol. 

When assayed with pNP-butyrate as acyl donor, the formation of methyl butyrate could be confirmed 

by GC for EstCE1. Consequently, we expressed, purified and investigated several EstCE1 homologs 

using the pNP-AcT assay with pNPA as acyl donor. This demonstrated that promiscuous 

acyltransferase activity is widespread in family VIII carboxylesterases (Figure 8B). Remarkably, most 

family VIII carboxylesterases show significantly higher promiscuous acyltransferase activity than 

MsAcT and bHSLs (Article I). EstCE1 catalyzes acetyl transfer to benzyl alcohol 66 times faster than 

hydrolysis. EstM2 is roughly 20 times more efficient than MsAcT, the current benchmark for 

promiscuous esterase/acyltransferases, by showing a relative activity of 149 at only 20 mM benzyl 

alcohol. While most bHSLs were inhibited by benzyl alcohol (Article I), none of the family VIII 

carboxylesterases/acyltransferases showed substrate inhibition up to 150 mM benzyl alcohol. Only 

3ZYT showed no acetyltransferase activity. 

The acyl donor scope of EstCE1 and EstM2 was studied using the pNP-AcT assay and pNP-esters 

of different chain lengths as acyl donors (Table 1). Remarkably, both enzymes show 

acetyltransferase activity in the kU/(mg enzyme) range. While EstM2 turned out to be the better 

acetyltransferase, EstCE1 appears the be the more versatile promiscuous acyltransferase, also 

being efficient in the transfer of acyl chains up to C6.  

Table 1. Acyl donor scope of EstCE1 and EstM2 determined by pNP-AcT assays. pNP-esters of different chain 
lengths were used as acyl donors and benzyl alcohol was applied as acyl acceptor. ATmax represents the highest 
acyltransferase activity measured in a range of 0 to 150 mM benzyl alcohol. This table was copied from Müller 
et al. 2021.[118] 

Enzyme Donor ATmax [U mg-1] Hydrolysis [U mg-1] AT/H 

EstCE1 C2 
C4 
C6 
C8 

2605 ± 86 
1081 ± 28 
26.1 ± 0.9 

0.29 ± 0.05 

40.1 ± 2.2 
38.7 ± 3.3 

0.22 ± 0.03 
0.13 ± 0.01 

65 
28 

119 
2.2 

EstM2 C2 
C4 
C6 
C8 

5583 ± 221 
361 ± 33 

181.2 ± 17.3 
0.013 ± 0.01 

37.7 ± 1.2 
54.2 ± 5.5 
23.7 ± 2.3 

0.02 ± 0.01 

148 
6.7 
7.6 
0.7 

 

 

To shed light on the molecular mechanism underlying promiscuous acyltransferase activity in family 

VIII carboxylesterases, we solved the crystal structure of EstCE1 in collaboration with the group of 

Prof. Dr. Lammers at the Institute of Biochemistry. EstCE1 adopts a β-lactamase fold and has a 

catalytic triad consisting of serine, lysine, and tyrosine (Figure 9A). The active site is covered by a 

so-called Ω-loop. As described for bHSLs (Article I), EstCE1 also exhibits a hydrophobic ligand-

binding site (Figure 9B). Covalent docking could help to explain EstCE1’s acyl donor scope (Table 1) 

by showing that acyl chains with more than four carbons in the acyl-enzyme intermediate are likely 

to clash with the acyl acceptor binding site. Induced-fit docking of benzyl alcohol revealed 

hydrophobic interactions with F243 by π-π-stacking, which may explain EstCE1’s preference for 

aromatic acyl acceptors.  
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Structural analysis revealed that all family VIII carboxylesterases that exhibit acyltransferase activity 

have a WGG (WSG for 5ZWQ (Est-Y29)) motif where the so-called KTG-box exists in β-lactamases. 

Only 3ZYT (EstA), the only representative that did show no acetyltransferase activity, has a HDG 

motif at this position. By rational mutation of HDG to HGG or WGG, 3ZYT could be transformed into 

an acetyltransferase (Figure 9C). Molecular modeling revealed that aspartate in the second position 

of the motif actively hinders the nucleophilic attack of benzyl alcohol on the acetyl-enzyme 

intermediate (Figure 9D & E).  

The relevance of this sequence motif for acyltransferase activity was further examined by 

investigating several EstCE1 variants with mutations in this region (Figure 9F). Most variants showed 

increased AT/H activity ratios while maintaining high overall activity. Most strikingly, EstCE1 W339Y 

reached a AT/H activity ratio of 330, making it a roughly 50 times more efficient acetyltransferase 

than MsAcT. As expected, introducing aspartate into the second position of this motif (G340D) 

drastically reduced EstCE1’s acetyltransferase efficiency. Therefore, this three-amino acid motif can 

be considered as acyltransferase activity and acyl acceptor specificity switch in family VIII 

carboxylesterases/acyltransferases.  

 

Figure 9. A) Crystal structure of EstCE1 with the Ω-loop, the active site residues, and the binding pocket 
highlighted. The binding pocket can be subdivided into an R1 and an R2 subsite. B) Active site of EstCE1. 
Several acyl-enzyme intermediates (C2-C8, see Table 1) were modelled by covalent docking. Benzyl alcohol 
as acyl acceptor was placed in the ligand binding pocket by induced-fit docking revealing possible interaction 
with F243 via π-π-stacking. C) Highest measured acyl transfer to hydrolysis activity ratios for several 3ZYT 
variants. Rational design of the three-amino acid motif adjacent to the catalytic triad enabled acetyltransferase 
activity in 3ZYT. D) and E) docking of benzyl alcohol to the acetyl-enzyme intermediates of 3ZYT and 4IVI shows 
that the WGG motif in 4IVI facilitates the nucleophilic attack of benzyl alcohol on the acyl-enzyme intermediate. 
In contrast, aspartate in the second position of the motif in 3ZYT results in the positioning of benzyl alcohol in a 
long distance away from the acyl-enzyme intermediate. F) Analysis of the acyltransferase activity of several 
EstCE1 variants. Specific activities for acyltransferase (maximum measured in a range from 0 to 150 mM benzyl 
alcohol) and hydrolase activity are plotted. The maximum AT/H activity ratio measured is noted for each variant. 
Mutation of Trp339 to Phe, Tyr, His and Ala led to drastically increased AT/H activity ratios. Introducing Asp in 
the second position of this motif (like present in 3ZYT) drastically decreased the AT/H activity ratio in EstCE1. 
This figure was copied from Müller et al. 2021.[118]  
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2.2 Protein Engineering of Promiscuous Acyltransferases  

2.2.1 Family VIII Carboxylesterases/Acyltransferases for Sugar Acylation in Water (Article III) 

As discussed in Chapter 1.4.1, conventional biocatalytic approaches to acylate sugars involve the 

use of lipases under anhydrous conditions. However, the low solubility of sugars in organic solvents 

is a major drawback. Therefore, 59 MsAcT variants were screened in buffer for acetyltransferase 

activity towards glucose with ethyl acetate as acyl donor. However, the best MsAcT variant reached 

only 1.96% ± 0.08% conversion (6.5-fold improvement compared to wild-type MsAcT). The 

previously reported family VIII carboxylesterase/acyltransferase EstCE1 (Article II) was also tested 

for acetyltransferase activity towards glucose. EstCE1 achieved 2.7-fold higher conversion (0.81% ± 

0.10% conversion) than wild-type MsAcT (0.3% ± 0.1%) under the same conditions. Consequently, 

several EstCE1 variants were created and screened for activity (Figure 10A). The best single mutant, 

EstCE1 F243H, could convert 5.4% ± 0.5% of 200 mM glucose to the monoacetate. While F243 was 

postulated in Article I to facilitate the binding of benzyl alcohol, histidine at this position seems to 

promote the binding of the more polar sugar. The screening showed that L125, L239, V342, and 

F243 of EstCE1 are hotspot residues (Figure 10B). The best combinatorial variant, 

L239M/F243A/V342A (EstCE1-MAA), converted 17.1% ± 0.3% of 200 mM glucose to the 

monoacetate. This represents a 20-fold improvement compared to wild-type EstCE1.   

 

Figure 10. A) Conversions (after 1 h) of glucose (200 mM) to glucose monoacetate, catalyzed by selected 
EstCE1 variants (4 µM each), with ethyl acetate as acyl donor (500 mM). Wild-type MsAcT, the MsAcT homolog 
Est24, Est24-N94S and wild-type EstCE1 are shown for comparison. B) Crystal structure of EstCE1 (PDB 7ATL) 
with the identified hotspot residues L125, L239, F243, W339 and V342 highlighted in blue. The nucleophilic 
serine S65 as part of the catalytic triad is highlighted in orange. Hydrophobic surfaces are shown in yellow. 
Adapted with permission from Godehard et al. 2021.[119] Copyright (2021) American Chemical Society. 

EstCE1-MAA could also catalyze the monoacetylation of maltose and maltotriose (Figure 11A). By 

changing the acetyl donor from ethyl acetate to isopropenyl acetate (see Chapter 1.5.4), the 

conversions could drastically be enhanced. With the more reactive enol ester, EstCE1-MAA could 

monoacetylate 34.1% ± 5.9% of 100 mM glucose in 1 hour, 77.5% ± 9.4% of 50 mM maltose in 
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15 minutes and 53.7% ± 1.0% of 25 mM maltotriose to 6-O-acetyl maltotriose in 2 hours. 

Monacetylated glucose produced by EstCE1-MMA was purified by acetonitrile precipitation and 

column chromatography to yield 64.9 mg (36%) product which was identified as 6-O-acetyl glucose 

by NMR spectroscopy. Moreover, the identities of 6-O-acetyl maltose and 6-O-acetyl maltotriose 

were confirmed by NMR spectroscopy of reaction mixtures and purified products.  

Given EstCE1’s potential to acetylate glucose, it appeared worth testing all family VIII 

carboxylesterases/acyltransferases from Article II for sugar-acetylating activity. EstM2 showed 

some glucose monoacetylation activity. More strikingly, wild-type EstA (PDB 3ZYT) showed 

42.2% ± 0.7% conversion of 100 mM glucose to the monoacetate, comparable to the best engineered 

EstCE1-MAA variant. Additionally, 0.67% ± 0.03% conversion to the diacetate was observed 

(Figure 11B). This result suggests that many other sugar-acylating enzymes may be found by 

investigating more family VIII carboxylesterases/acyltransferases. The role of the three-amino acid 

motif adjacent to the catalytic triad in family VIII carboxylesterases as acyltransferase and substrate-

specificity switch, discussed in Article II, is supported by the glucose acetylation results shown here. 

EstA is the only family VIII carboxylesterase/acyltransferase with a HDG motif, whereas mostly WGG 

is found in the other members. While WGG turned out to be crucial for acyltransferase activity 

towards benzyl alcohol, HDG seems to make 3ZYT prefer more polar acyl acceptors like glucose. 

Unlike EstCE1-MAA, EstA strongly prefers glucose over maltose and maltotriose (Figure 11B). Apart 

from decreased active-site hydrophobicity in EstA, due to the presence of the HDG motif, smaller 

residues (alanine) are found at the positions of the EstCE1 hotspot residues L125 and V342. This 

presumably has a positive influence on EstA’s ability to bind glucose. The other two hotspot residues 

(L239 and F243 on the Ω-loop of EstCE1) are not present in EstA.  

 

Figure 11. A) Comparison of wild-type EstCE1 and the EstCE1-MAA variant in the formation of the monoacetate 
esters of glucose, maltose, and maltotriose using ethyl acetate and isopropenyl acetate as acyl donors. 
Reactions contained either 100 mM glucose, 50 mM maltose, or 25 mM maltotriose with either 500 mM ethyl 
acetate or 200 mM isopropenyl acetate in 200 mM ammonium acetate buffer (pH 8.2). Conversions for scaled-
up reactions (180 mg glucose/171 mg maltose/ 126 mg maltotriose) with EstCE1-MAA under optimal reaction 
conditions are given. B) EstA-catalyzed (PDB 3ZYT) acetylation of 100 mM glucose, 50 mM maltose and 25 mM 
maltotriose using 200 mM isopropenyl acetate (IPA) or 500 mM ethyl acetate (EtOAc). Conversion for the scaled-
up reaction with glucose (180 mg, 100 mM) with isopropenyl acetate (200 mM) is shown in black. Adapted with 
permission from Godehard et al. 2021.[119] Copyright (2021) American Chemical Society. 
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2.2.2 Protein Engineering of MsAcT for improved Acyltransferase Activity, Donor Scope and 
Enantioselectivity (Article IV) 

MsAcT’s acyltransferase efficiency, donor scope and enantioselectivity were improved by semi-

rational design. MsAcT's active site can be divided into a small cavity for the acyl moiety and a large 

cavity for binding the acyl acceptor. Based on this, the engineering strategy involved several 

approaches. First, replacing active site and tunnel residues to increase space in the active site in 

order to prevent steric clashes. Second, altering the positioning and stability of the acyl-enzyme 

intermediate, and finally, decreasing the activation of hydrolytic water molecules.  

For that purpose, 59 MsAcT variants were created and analyzed for improved acyl transfer to 

hydrolysis activity ratios (AT/H) in a model reaction involving the acetylation of benzyl alcohol 

(Figure 12A). Remarkably, two-thirds of all variants showed improved AT/H ratios. The best variant 

with only one mutation, MsAcT K97A, is comparable to wild-type EstCE1, having an AT/H ratio of 

roughly 50 at 100 mM benzyl alcohol. Expectedly, mutations in the oxyanion hole led to a significant 

loss in activity. At equimolar concentrations (20 mM) of the acyl donor vinyl acetate and the acyl 

acceptor benzyl alcohol, MsAcT K97R/F150I outperformed wild-type MsAcT by reaching a higher 

kinetic maximum in a shorter time. Strikingly, the reaction product was hydrolyzed more slowly in a 

reaction with the MsAcT variant indicating lower product hydrolysis rate.  

 

Figure 12. A) Acyl transfer to hydrolysis activity ratios (AT/H) for some of the most efficient MsAcT variants in 
the presence of 100 mM benzyl alcohol determined using pNP-AcT assays with p-nitrophenyl acetate as acyl 
donor. MsAcT K97A is roughly ten times more efficient than wild-type MsAcT. B and C) Highest observed 
enantiomeric excesses measured for MsAcT and variants in a kinetic resolution of racemic 1-phenylethanol 
(50 mM) and racemic 2-pentanol (20 mM) in the presence of 100 mM vinyl acetate as acyl donor. F154 could be 
identified as hotspot residue for both substrates. Adapted with permission from Godehard et al. 2020.[120] 
Copyright (2020) American Chemical Society. 

 

Wild-type MsAcT was shown to be limited to acyl donors ranging from C2 to C4 chains. By targeted 

mutation of residues in the small binding cavity of MsAcT, activity towards C6 and C8 acyl donors 

was introduced. Here, L12, T93, and F154 turned out to be hotspot residues.  
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MsAcT was previously reported to show poor enantioselectivity in the kinetic resolution of secondary 

alcohols.[62] Therefore, all MsAcT variants were investigated for improved enantioselectivity in the 

kinetic resolution of racemic 1-phenylethanol and 2-pentanol as model substrates (Figure 12B & C). 

Variants with drastically enhanced enantioselectivity were observed, with F154 identified as a hotspot 

residue for both substrates. Interestingly, 11 variants showed inverted enantioselectivity.  

Mutations of catalytic residues decreased overall activity but led to improved AT/H activity ratios. 

Three variations of the catalytic aspartate (D192A, D192E and D192N) and two variations of the 

catalytic histidine (H195N and H195D) were analyzed. Interestingly, none of the variants completely 

lost activity. Glutamate was shown to be able to entirely compensate for aspartate. More 

interestingly, MsAcT D192N had 100-fold lower overall activity but a two-fold increased AT/H activity 

ratio. Interestingly, both histidine variants showed a 1000-fold loss in activity but significantly 

improved AT/H activity ratios of up to five-fold higher than wild-type MsAcT. The increased AT/H 

activity ratios may be explained by the role of histidine in the activation of water molecules for the 

hydrolysis of the acyl-enzyme intermediate. 
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3 Conclusions 

For over a decade, the esterase/acyltransferase MsAcT was believed to be exceptional. However, 

Articles I and II changed this common perception by clearly demonstrating that promiscuous 

acyltransferase activity is widespread in the families of bacterial hormone-sensitive lipases and family 

VIII carboxylesterases. Prediction of promiscuous activities is commonly considered extremely 

challenging. A hydrophobicity scoring system based solely on the amino acid sequence of the cap 

domain in bHSLs was developed. The hydrophobicity score was highly predictive of acyltransferase 

activity in bHSLs. A robust and versatile colorimetric acyltransferase assay was developed and used 

throughout this work to accurately characterize esterases/acyltransferases.  

While the acyltransferase efficiency of the best identified bacterial hormone-sensitive lipases is 

comparable to that of MsAcT, the family VIII carboxylesterase/acyltransferases were shown to 

exceed the limits of what was previously thought possible. The most efficient and versatile 

representative, EstCE1, outperforms even the best MsAcT variants reported in Article IV. EstCE1 

can catalyze the practically irreversible formation of amides and carbamates in water, thereby 

overcoming the problem of product hydrolysis in kinetically controlled reactions. Moreover, EstCE1 

exhibits good enantioselectivity and a wide acyl donor and acceptor scope, as demonstrated by the 

synthesis of the antidepressant moclobemide and by the acetylation of glucose. Biocatalytic sugar 

acylation under aqueous conditions has long been an unrealized goal of biocatalysis. However, 

Article III showed that EstCE1 can be engineered to acetylate glucose, maltose, and maltotriose 

with a great efficiency in water, reaching high conversions ranging from 40% for glucose to almost 

80% for maltose in a short amount of time. Remarkably, wild-type EstA could also acetylate glucose 

(100 mM) with more than 40% conversion. Therefore, family VIII carboxylesterases can not only be 

engineered for efficient sugar acylation in water, but also naturally occurring variants seem to have 

an exceptional capacity for forming sugar esters. Investigating the activities of a much larger number 

of extant enzymes seems to be a very promising future research direction.  

Two crystal structures (Est8 and EstCE1) were solved in the framework of this study. This structural 

information in combination with protein engineering studies on EstA (Article II), EstCE1 (Articles II 

and III) and MsAcT (Article IV) sheds light on the structural prerequisites for promiscuous 

acyltransferase activity in hydrolases. Article III showed that promiscuous acyltransferase activity 

cannot be explained solely by preventing the solvation of the active site by hydrophobicity. Instead, 

the stronger binding of the organic acyl acceptor (here sugars) compared to water may play a more 

significant role. This is not a contradiction to the hydrophobicity concept presented in Article I. 

Hydrophobic pockets increase affinity to non-polar acyl acceptors like benzyl alcohol and 

2-phenylethanol, the acceptor substrates used throughout most of this study. Moreover, protein 

engineering of MsAcT (Article IV) underlines the importance of water inactivation for efficient acyl 

transfer.  
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Biocatalysis Very Important Paper

Sequence-Based Prediction of Promiscuous Acyltransferase Activity in
Hydrolases
Henrik Mgller, Ann-Kristin Becker, Gottfried J. Palm, Leona Berndt,
Christoffel P. S. Badenhorst, Simon P. Godehard, Lukas Reisky, Michael Lammers, and
Uwe T. Bornscheuer*

Abstract: Certain hydrolases preferentially catalyze acyl
transfer over hydrolysis in an aqueous environment. However,
the molecular and structural reasons for this phenomenon are
still unclear. Herein, we provide evidence that acyltransferase
activity in esterases highly correlates with the hydrophobicity
of the substrate-binding pocket. A hydrophobicity scoring
system developed in this work allows accurate prediction of
promiscuous acyltransferase activity solely from the amino
acid sequence of the cap domain. This concept was exper-
imentally verified by systematic investigation of several
homologous esterases, leading to the discovery of five novel
promiscuous acyltransferases. We also developed a simple yet
versatile colorimetric assay for rapid characterization of novel
acyltransferases. This study demonstrates that promiscuous
acyltransferase activity is not as rare as previously thought and
provides access to a vast number of novel acyltransferases with
diverse substrate specificity and potential applications.

Introduction

Due to their robustness, lack of cofactor requirements,
and catalytic promiscuity, hydrolases have gained great
popularity in the field of biocatalysis.[1] In aqueous solution,
water usually acts as the nucleophile, thereby resulting in the
hydrolysis of esters or lipids (fats and oils). The ability of some
hydrolases to also maintain activity in a water-free organic

environment has enabled a broad spectrum of synthetically
interesting transformations like (trans-)esterification and
amide formation.[2] However, some hydrolases can catalyze
acyl transfer even in the presence of bulk water, thereby
providing a greener alternative by obviating the need for
expensive and hard-to-dispose-of organic solvents. For exam-
ple, penicillin acylases have been used for decades in a kineti-
cally controlled reaction to synthesize b-lactam antibiotics in
water.[3, 4] More recently, lactam synthesis from w-amino fatty
acids in water was described.[5] Apart from that, the ability to
catalyze acyl transfer in water has only been demonstrated for
a few lipases related to Pseudozyma antarctica lipase A
(CAL-A), including the widely studied CpLIP2 from Candida
parapsilosis, and an aryl esterase from Mycobacterium
smegmatis (MsAcT).[6, 7] For example, CAL-A can be used
for the production of fatty acid ethyl esters from plant oil in an
aqueous environment.[8] Because of their acyltransferase
activity in water, these enzymes can also be used in cascade
reactions with other enzymes. Thus, the acyltransferase
activity of CAL-A has been used by us to enhance the
production of e-caprolactone oligomers from cyclohexanol.
Here, CAL-A catalyzes the oligomerization of e-caprolac-
tone, thereby reducing product inhibition and shifting the
equilibrium towards product formation.[9] By following the
same strategy, MsAcT was used in a cascade reaction with
a transaminase to synthesize N-benzylacetamide from benz-
aldehyde.[10] MsAcT expands the range of possible reactions
by catalyzing transesterification from small and low-priced
acyl donors like ethyl acetate towards a broad range of
organic nucleophiles at a much higher rate than hydrolysis.
Figure 1A shows the biocatalytic acetylation of 2-phenyl-
ethanol, a typical reaction that can be catalyzed by a promis-
cuous acyltransferase like MsAcT. The use of vinyl esters as
acyl donors makes the reaction virtually irreversible. Fig-
ure 1B shows the schematic progression of product concen-
tration in this reaction for promiscuous acyltransferases in
contrast to conventional hydrolases. The acylated product is
only transiently accumulated, and the maximum achievable
conversion is determined by the ratio of the transfer to
hydrolysis rates (kt/kh) and the rate of product hydrolysis
(kp).[11] Hydrolysis is thermodynamically favored and leads to
progressive acidification of the reaction, which can eventually
result in the inactivation of the enzyme.[12] The product is then
not enzymatically hydrolyzed anymore, and its concentration
remains constant.

Unlike naturally occurring CoA-dependent acyltransfer-
ases, which often show virtually no hydrolase activity,
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promiscuous acyltransferases can hydrolyze both the acyl
donor and the transesterification product. Therefore, the
product of transesterification only transiently accumulates,
and high conversions can only be achieved in a kinetically
controlled reaction (Figure 1B). Conventional hydrolases do
not show a transient kinetic maximum above the thermody-
namic equilibrium under the same conditions.[13] To judge the
efficiency of promiscuous acyltransferases in a specific kineti-
cally controlled reaction, the acyl transfer to hydrolysis ratio
(kt/kh ; Figure 1A) has become a commonly accepted param-
eter.[3, 14]

The few known promiscuous acyltransferases come with
several synthetic limitations. Even though some CAL-A-
related acyltransferases show great efficiency, their applica-
tion is limited to long-chain fatty acid esters as acyl donors,
with CpLIP2 even being inhibited by short-chain esters like
ethyl acetate.[15] MsAcT is generally not enantioselective and
does not accept more polar substrates like amino acids.[10, 12,16]

Due to the small number of known acyltransferases, the
structural prerequisites for efficient acyltransferase activity in
water are also not fully understood. Jiang et al. discussed the
role of the immediate surrounding of the catalytic triad and
proposed a mechanism for acyltransferases that involves the
inactivation of attacking water molecules by acidic backbone
amide hydrogens.[17] For MsAcT, it has been speculated that
the highly hydrophobic microenvironment formed by its
oligomeric structure favors the binding of organic nucleo-
philes over water.[7,18] Supporting this, studies of CAL-A and
CpLIP2 revealed that substitution of active site residues by
more hydrophobic residues improves acyltransferase activ-
ity.[8, 19]

We recently reported a high-throughput assay for identi-
fying more enzymes with acyltransferase activity in water.[20]

By screening several hydrolases using this assay, we identified
a member of the family of bacterial hormone-sensitive lipases
(bHSLs), Est8, as a promiscuous acyltransferase.[20,21] Based
on a detailed structure–function analysis of Est8[22] and
several homologues, the present study aims to clarify molec-
ular prerequisites for promiscuous acyltransferase activity,
thereby enabling sequence-based prediction of this remark-
able phenomenon.

Results and Discussion

Est8 is the first member of the family of bacterial
hormone-sensitive lipases (bHSLs) for which promiscuous
acyltransferase activity in water has been reported. In order to
elucidate the structural basis for this activity, we solved the
crystal structure of Est8 (PDB ID: 6Y9K; Table S1 in the
Supporting Information). We observed that its substrate-
binding pocket consists of a well-defined tunnel, which leads
from the protein surface to the active site harboring a catalytic
triad (Ser146, Glu240, His270, Figure 2A). Remarkably, this
tunnel is highly hydrophobic due to the presence of several
methionine residues that are part of the N-terminal cap
domain, a helix-turn-helix motif covering the active site. As
discussed for CpLIP2, CAL-A, and MsAcT, we assumed that
active-site hydrophobicity also plays a role for the acyltrans-
ferase activity of Est8. As typical for bHSLs, the cap domain
forms the most significant part of the substrate-binding
pocket of Est8. In contrast to the conserved C-terminal
catalytic domain, the cap domain is highly variable (Figure S1
in the Supporting Information). Because of this structural
feature, we postulated that active-site hydrophobicity of
bHSLs could be estimated from the amino acid sequence of
the cap domain. For that purpose, we developed a sequence-
based hydrophobicity scoring system for bHSLs (Figure 2A)
based on a hydrophobicity scale for amino acids.[23] On this
scale, hydrophobic residues have positive values, while polar
and charged residues have negative values and thus contrib-
ute as penalties. We summed the values for the 45 N-terminal
residues, which form the cap domain, as visualized in Fig-
ure 2A. Hydrophobic pockets are thus expected to have high
scores while hydrophilic pockets have low or even negative
scores. In order to demonstrate the ability of the hydro-
phobicity score to reflect actual active site hydrophobicity, we
analyzed the crystal structures of five other bHSLs (PDB IDs:
3ZWQ, 1EVQ, 3FAK, 4XVC, and 3K6K). Hydrophobic
pocket surface areas (visualized in Figure 2B) calculated
from the crystal structures were plotted against the hydro-
phobicity scores, revealing nearly perfect coherence (corre-
lation coefficient r = 0.98, Figure 2A).

The same set of bHSLs was experimentally analyzed for
promiscuous acyltransferase activity in a model reaction

Figure 1. A) Enzymatic acetylation of 2-phenylethanol using vinyl acetate as an acyl donor. Acyl-donor hydrolysis (kh) and acyl transfer (kt) are
competing reactions. B) Schematic progression of product concentration in kinetically controlled reactions catalyzed by promiscuous
acyltransferases and conventional hydrolases. The dotted line represents the product hydrolysis that would be observed if the enzyme were not
inactivated by acidification.
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(Figure 1A) involving the acetylation of 2-phenylethanol in
the presence of a ten-fold excess of vinyl acetate as acyl donor
(Figure 2C). Formation of the product, 2-phenylethyl acetate,
was quantified by gas chromatography (GC). For Est8,
product hydrolysis became more dominant than acyl transfer
quickly after reaching a kinetic maximum at low concen-
trations (ca. 27% conversion) of 2-phenylethyl acetate. On
the way to reaching its thermodynamic equilibrium, the
reaction is rapidly quenched by acidification, thus indicating
high hydrolase activity. Enzymes with hydrophobicity scores
lower than Est8, such as 3K6K[24] and 4XVC,[25] behaved as
conventional hydrolases with nearly no acyltransferase activ-
ity (< 5% conversion) in water. 3FAK,[26] an esterase with
a hydrophobicity score equal to that of Est8, showed
acyltransferase activity comparable to Est8 (ca. 27% con-
version). Most strikingly, enzymes with hydrophobicity scores
higher than that of Est8, specifically 1EVQ[27] and 3ZWQ,[28]

were excellent acyltransferases that could nearly fully convert
2-phenylethanol into 2-phenylethyl acetate (Figure 2C).

Even though the prediction of promiscuous activities is
commonly considered to be extremely difficult,[29] the active-
site hydrophobicity calculated from crystal structures seems
to be highly predictive of acyltransferase activity in water.
Consequently, the hydrophobicity score, which accurately
reflects active-site hydrophobicity, can be used to predict
promiscuous acyltransferase activity within this enzyme
family.

In order to gain more insight into the acyltransferase
efficiency of the newly identified acyltransferases, we needed
a more sophisticated assay that provides information about
the relative rates of acyl transfer to acyl-donor hydrolysis.
However, our oligocarbonate assay[20] provides only qualita-
tive information. Mestrom et al. recently reported a coupled
spectrophotometric acyltransferase assay, which we could not
use since the employed alcohol dehydrogenase precipitates in
the presence of organic nucleophiles other than benzyl
alcohol. Therefore, we developed a robust and versatile
acyltransferase assay using para-nitrophenyl esters as acyl
donors. Our assay has the advantage of being compatible with
virtually any organic nucleophile as the acyl acceptor. Upon
formation of the acyl-enzyme intermediate, para-nitropheno-
late (pNP) is released and can be quantified by measuring the
increase in absorbance at 405 nm. In the absence of any other
nucleophile than water, the half-life of the acyl-enzyme
intermediate depends only on the rate of hydrolysis. How-
ever, if an organic nucleophile is preferred over water, the
half-life of the acyl-enzyme intermediate is expected to be
shorter in its presence, resulting in an overall faster release of
pNP (Figure S3A). To show that the increased release of pNP
is directly correlated with enzymatic transesterification, and
not due to a nonspecific acceleration of pNPA hydrolysis, the
formation of the transesterification product, benzyl acetate,
was confirmed by GC analysis. A direct correlation between
the rate of pNP release at different benzyl alcohol concen-
trations and benzyl acetate formation was observed (Fig-

Figure 2. A) An overview of our hydrophobicity scoring system, using the structure of Est8 (PDB ID: 6Y9K) as an example, with its catalytic triad
highlighted in purple. The 45 N-terminal residues of bHSL sequences were used to calculate hydrophobicity scores by calculating the sum of
values taken from the hydrophobicity scale of Abraham & Leo.[23] The hydrophobicity scores (4XVC =4.4, 3K6K= 4.6, Est8 =11.2, 3FAK =12.4,
1EVQ =18.2, 3ZWQ= 21.4) correlate well with the hydrophobic surface areas calculated from crystal structures (correlation coefficient r = 0.98).
B) Visualization of hydrophobicity inside the substrate-binding pockets of Est8 and its homologues. Darker shades of blue indicate increasing
acyltransferase activity and hydrophobicity. Hydrophobic surface areas are colored accordingly. C) Enzymatic acetylation of 2-phenylethanol
(20 mm) using a ten-fold excess of vinyl acetate (200 mm) as an acyl donor. Reactions were carried out in 200 mm buffer at the enzymes’ pH
optima.
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ure S3B). The above-described reactions were carried out for
Est8 and its homologues using both benzyl alcohol (Figure 3)
and 2-phenylethanol (Figure S7) as acceptors, and the in-
crease in activity relative to hydrolysis was plotted as
a function of the organic nucleophile concentration.

The fact that the ranking of acyltransferase activities is the
same with both acyl acceptors (Figure 3 and Figure S7)
demonstrates the suitability of the colorimetric assay for
determining whether a hydrolase has acyltransferase activity
or not. Moreover, we observed that the choice of alcohol can
have a tremendous influence on acyltransferase activity,
which is natural for an enzyme-catalyzed reaction. In general,
higher relative activities were observed when using benzyl
alcohol (Figure 3) instead of 2-phenylethanol (Figure S7).

For example, 3ZWQ showed three-fold higher acyltrans-
ferase activity with benzyl alcohol, outperforming 1EVQ. In

congruence with the time curves shown in Figure 2C, the two
enzymes show comparable activity in the colorimetric assay
when using 2-phenylethanol as acyl acceptor.

In order to put the hydrophobicity scores of these
enzymes in a broader context, we generated a sequence
library comprising 20 000 sequences by performing a BLAST
search with 3FAK as the query sequence. The library was
filtered by sequence length, redundant entries were removed,
and hydrophobicity scores were calculated for the remaining
6500 sequences. The calculated scores range from @22 to 45,
with an average of 13.65 (Figure 4A).

Since bHSLs with scores (see Figure 2A) lower than the
mean value showed low (Est8 and 3FAK) or virtually no
(4XVC and 3K6K) acyltransferase activity, it seemed unlikely
that good acyltransferases have scores below the average. In
contrast, bHSLs with extremely high scores have high
numbers of hydrophobic residues in the cap domain. There-
fore, they are likely to be unstable in solution since it is known
that the rate of aggregation of proteins increases with exposed
hydrophobic surface area.[30] Consequently, we propose that
good acyltransferases within the family of bHSLs have
hydrophobicity scores above average but below the upper
quartile.

Following the predicted activity of database homologues,
a selection of proteins (WP1165, WP066, GCD93, WP039,
WP007) with above-average scores was expressed, purified,
and investigated using the colorimetric acyltransferase assay.
Supporting the reliability of the method, WP1165, and
WP066, which have scores similar to 1EVQ and 3ZWQ, also
have similar acyltransferase activities (Figure 4). Interesting-
ly, WP066 had good activity with benzyl alcohol (Figure 4) but
did not accept 2-phenylethanol as substrate (Figure S7).
Remarkably, activity is further elevated for WP066 with
benzyl alcohol concentrations exceeding 40 mm. For proteins
with a very hydrophobic cap domain (GCD93, WP039, and
WP007), we indeed observed major problems with protein

Figure 3. Changes in relative activity of bHSLs in the presence of
different concentrations of benzyl alcohol as an acyl acceptor in the
pNPA-acyltransferase assay. Rounded hydrophobicity scores are given
in parentheses. The ranking of acyltransferase activities agrees with
that determined using GC analysis (Figure 2C).

Figure 4. A) Density plot showing the relative frequency of hydrophobicity scores within the sequence library obtained from a BLAST search based
on the amino acid sequence of 3FAK. The values range from @25 to 45, and the mean score is 13.65. The positions of Est8 and its homologues
on the distribution are indicated. B) Relative activities are plotted as a function of benzyl alcohol concentration for several previously
uncharacterized bHSLs. Rounded hydrophobicity scores are given in parentheses for each enzyme. Consistent with the prediction, WP066 and
WP1165 (blue), which have hydrophobicity scores similar to 1EVQ and 3ZWQ, show good acyltransferase activity while the overall activities of
those with scores in the upper quartile are negatively affected by the presence of higher concentrations of the alcohols.
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expression and stability. For most of them, the relative activity
quickly dropped already at low alcohol concentrations, thus
suggesting low stability. While Est8 and the homologues
described above maintain their activity for over a month,
purified WP007 precipitates within minutes after purification,
resulting in a complete loss of activity.

Nevertheless, lyophilized crude lysate of WP007 was
shown to have significant acyltransferase activity, acetylating
more than 95 % of 20 mm 2-phenylethanol (Figure S8). Thus,
prediction of acyltransferase activity using the hydrophobicity
scoring system turned out to be highly accurate, and the newly
discovered enzymes, notably identified by testing less than
a dozen candidates, represent synthetically useful biocata-
lysts.

Conclusion

The results of this study provide evidence that promotion
of promiscuous acyltransferase activity by active-site hydro-
phobicity is a general concept for hydrolases. We demon-
strated that active-site hydrophobicity can be estimated from
the amino acid sequence of the N-terminal cap domain for
bHSLs. By using our hydrophobicity scoring, we were able to
identify five bHSLs with much higher acyltransferase activity
than Est8. This suggests that, following the prediction, at least
2000 other promiscuous acyltransferases await discovery in
the sequence library created. We have also introduced
a robust and versatile colorimetric acyltransferase assay for
the rapid identification and characterization of acyltransfer-
ase activity in esterases.

Acknowledgements

This work was funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) 231396381/
GRK1947 and the Bundesministerium fgr Bildung und
Forschung (Grant No. 031B0354B). We thank the B.R.A.I.N.
AG (Zwingenberg, Germany) for providing the expression
plasmid for Est8. We acknowledge access to beamline BL14.2
of the BESSY II storage ring (Berlin, Germany) via the Joint
Berlin MX-Laboratory sponsored by the Helmholtz Zentrum
Berlin fgr Materialien und Energie, the Freie Universit-t
Berlin, the Humboldt-Universit-t zu Berlin, the Max-Del-
brgck Centrum, and the Leibniz-Institut fgr Molekulare
Pharmakologie.

Keywords: acylation · acyltransferases · biocatalysis · esterases ·
transesterification

[1] a) U. T. Bornscheuer, R. J. Kazlauskas, Angew. Chem. Int. Ed.
2004, 43, 6032 – 6040; Angew. Chem. 2004, 116, 6156 – 6165; b) K.
Hult, P. Berglund, Trends Biotechnol. 2007, 25, 231 – 238.

[2] a) U. T. Bornscheuer, R. J. Kazlauskas, Hydrolases in Organic
Synthesis, Vol. 2, Wiley-VCH, Weinheim, 2005 ; b) S. Zeng, J.
Liu, S. Anankanbil, M. Chen, Z. Guo, J. P. Adams, R. Snajdrova,
Z. Li, ACS Catal. 2018, 8, 8856 – 8865.

[3] V. Kasche, Enzyme Microb. Technol. 1986, 8, 4 – 16.
[4] A. Bruggink, E. C. Roos, E. de Vroom, Org. Process Res. Dev.

1998, 2, 128 – 133.
[5] S.-J. Yeom, M. Kim, K. K. Kwon, Y. Fu, E. Rha, S.-H. Park, H.

Lee, H. Kim, D.-H. Lee, D.-M. Kim, et al., Nat. Commun. 2018,
9, 5053.

[6] V. Neugnot, G. Moulin, E. Dubreucq, F. Bigey, Eur. J. Biochem.
2002, 269, 1734 – 1745.

[7] I. Mathews, M. Soltis, M. Saldajeno, G. Ganshaw, R. Sala, W.
Weyler, M. A. Cervin, G. Whited, R. Bott, Biochemistry 2007,
46, 8969 – 8979.

[8] J. Mgller, M. A. Sowa, B. Fredrich, H. Brundiek, U. T. Born-
scheuer, ChemBioChem 2015, 16, 1791 – 1796.

[9] a) S. Schmidt, C. Scherkus, J. Muschiol, U. Menyes, T. Winkler,
W. Hummel, H. Grçger, A. Liese, H.-G. Herz, U. T. Bornsche-
uer, Angew. Chem. Int. Ed. 2015, 54, 2784 – 2787; Angew. Chem.
2015, 127, 2825 – 2828; b) J. H. Sattler, M. Fuchs, F. G. Mutti, B.
Grischek, P. Engel, J. Pfeffer, J. M. Woodley, W. Kroutil, Angew.
Chem. Int. Ed. 2014, 53, 14153 – 14157; Angew. Chem. 2014, 126,
14377 – 14381.

[10] H. Land, P. Hendil-Forssell, M. Martinelle, P. Berglund, Catal.
Sci. Technol. 2016, 6, 2897 – 2900.

[11] S. R. Marsden, L. Mestrom, D. G. G. McMillan, U. Hanefeld,
ChemCatChem 2020, 12, 426 – 437.

[12] N. de Leeuw, G. Torrelo, C. Bisterfeld, V. Resch, L. Mestrom, E.
Straulino, L. van der Weel, U. Hanefeld, Adv. Synth. Catal. 2018,
360, 242 – 249.

[13] L. Mestrom, J. G. R. Claessen, U. Hanefeld, ChemCatChem
2019, 11, 2004 – 2010.

[14] M. Subileau, A. H. Jan, J. Drone, C. Rutyna, V. Perrier, E.
Dubreucq, Catal. Sci. Technol. 2017, 7, 2566 – 2578.

[15] R. N. Re, J. C. Proessdorf, J. J. La Clair, M. Subileau, M. D.
Burkart, Org. Biomol. Chem. 2019, 17, 9418 – 9424.

[16] M. L. Contente, A. Pinto, F. Molinari, F. Paradisi, Adv. Synth.
Catal. 2018, 360, 4814 – 4819.

[17] Y. Jiang, K. L. Morley, J. D. Schrag, R. J. Kazlauskas, Chem-
BioChem 2011, 12, 768 – 776.

[18] M. Kazemi, X. Sheng, W. Kroutil, F. Himo, ACS Catal. 2018, 8,
10698 – 10706.

[19] A.-H. Jan Deniau, M. Subileau, E. Dubreucq, ChemBioChem
2018, 19, 1839 – 1844.

[20] L. Reisky, V. S. T. Srinivasamurthy, C. P. S. Badenhorst, S. P.
Godehard, U. T. Bornscheuer, Catalysts 2019, 9, 64.

[21] a) E. Brgsehaber, D. Bçttcher, K. Liebeton, J. Eck, C. Naumer,
U. T. Bornscheuer, Tetrahedron: Asymmetry 2008, 19, 730 – 732;
b) E. Fern#ndez-_lvaro, R. Kourist, J. Winter, D. Bçttcher, K.
Liebeton, C. Naumer, J. Eck, C. Leggewie, K.-E. Jaeger, W.
Streit, et al., Microb. Biotechnol. 2010, 3, 59 – 64; c) R. Kourist,
G.-S. Nguyen, D. Strgbing, D. Bçttcher, K. Liebeton, C. Naumer,
J. Eck, U. T. Bornscheuer, Tetrahedron: Asymmetry 2008, 19,
1839 – 1843.

[22] Please note that the esterase Est8 (PDB ID: 6Y9K) discovered
by us in 2010 (Ref. [21b]) must not be confused with another
more recently described esterase Est8 (PDB ID: 4YPV).

[23] D. J. Abraham, A. J. Leo, Proteins Struct. Funct. Genet. 1987, 2,
130 – 152.

[24] K. H. Nam, M.-Y. Kim, S.-J. Kim, A. Priyadarshi, S.-T. Kwon, B.-
S. Koo, S.-H. Yoon, K. Y. Hwang, Proteins Struct. Funct. Bioinf.
2009, 74, 1036 – 1040.

[25] P.-Y. Li, X.-L. Chen, P. Ji, C.-Y. Li, P. Wang, Y. Zhang, B.-B. Xie,
Q.-L. Qin, H.-N. Su, B.-C. Zhou, et al., J. Biol. Chem. 2015, 290,
11188 – 11198.

[26] K. H. Nam, M.-Y. Kim, S.-J. Kim, A. Priyadarshi, W. H. Lee,
K. Y. Hwang, Biochem. Biophys. Res. Commun. 2009, 379, 553 –
556.

[27] G. de Simone, S. Galdiero, G. Manco, D. Lang, M. Rossi, C.
Pedone, J. Mol. Biol. 2000, 303, 761 – 771.

Angewandte
ChemieResearch Articles

11611Angew. Chem. Int. Ed. 2020, 59, 11607 – 11612 T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

https://doi.org/10.1002/anie.200460416
https://doi.org/10.1002/anie.200460416
https://doi.org/10.1002/ange.200460416
https://doi.org/10.1016/j.tibtech.2007.03.002
https://doi.org/10.1021/acscatal.8b02713
https://doi.org/10.1016/0141-0229(86)90003-7
https://doi.org/10.1021/op9700643
https://doi.org/10.1021/op9700643
https://doi.org/10.1046/j.1432-1327.2002.02828.x
https://doi.org/10.1046/j.1432-1327.2002.02828.x
https://doi.org/10.1021/bi7002444
https://doi.org/10.1021/bi7002444
https://doi.org/10.1002/cbic.201500187
https://doi.org/10.1002/anie.201410633
https://doi.org/10.1002/ange.201410633
https://doi.org/10.1002/ange.201410633
https://doi.org/10.1002/anie.201409227
https://doi.org/10.1002/anie.201409227
https://doi.org/10.1002/ange.201409227
https://doi.org/10.1002/ange.201409227
https://doi.org/10.1039/C6CY00435K
https://doi.org/10.1039/C6CY00435K
https://doi.org/10.1002/cctc.201901589
https://doi.org/10.1002/adsc.201701282
https://doi.org/10.1002/adsc.201701282
https://doi.org/10.1002/cctc.201801991
https://doi.org/10.1002/cctc.201801991
https://doi.org/10.1039/C6CY01805J
https://doi.org/10.1039/C9OB01814J
https://doi.org/10.1002/adsc.201801061
https://doi.org/10.1002/adsc.201801061
https://doi.org/10.1002/cbic.201000693
https://doi.org/10.1002/cbic.201000693
https://doi.org/10.1021/acscatal.8b03360
https://doi.org/10.1021/acscatal.8b03360
https://doi.org/10.1002/cbic.201800279
https://doi.org/10.1002/cbic.201800279
https://doi.org/10.3390/catal9010064
https://doi.org/10.1016/j.tetasy.2008.02.014
https://doi.org/10.1111/j.1751-7915.2009.00141.x
https://doi.org/10.1016/j.tetasy.2008.07.005
https://doi.org/10.1016/j.tetasy.2008.07.005
https://doi.org/10.1002/prot.340020207
https://doi.org/10.1002/prot.340020207
https://doi.org/10.1002/prot.22313
https://doi.org/10.1002/prot.22313
https://doi.org/10.1074/jbc.M115.646182
https://doi.org/10.1074/jbc.M115.646182
https://doi.org/10.1016/j.bbrc.2008.12.085
https://doi.org/10.1016/j.bbrc.2008.12.085
https://doi.org/10.1006/jmbi.2000.4195
http://www.angewandte.org


[28] G. J. Palm, E. Fern#ndez-_lvaro, X. Bogdanović, S. Bartsch, J.
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Experimental Procedures 

Materials 
Benzyl alcohol and 2-phenylethanol were purchased from FLUKA (Buchs, Switzerland) and vinyl acetate from ACROS ORGANICS (Geel, 
Belgium). All other chemicals and solvents were purchased from Sigma, VWR, or Carl Roth and were used without further purification. Synthetic 
genes were codon-optimized for expression in Escherichia coli and subcloned into pET-28a(+) by BioCat GmbH (Heidelberg, Germany). Est8 
was obtained from BRAIN AG (Zwingenberg, Germany) and was expressed from pET-26 and PestE from pET-21, respectively. All plasmids 
encoded C-terminal His6-tags. 

Expression and Purification of His6-tagged bHSLs 
Chemically competent E. coli BL21(DE3) cells were transformed with expression vectors and plated on LB agar containing 50 µg/mL kanamycin. 
Pre-cultures (5 mL of LB containing 50 µg/mL kanamycin) were inoculated with single colonies and incubated overnight (37°C, 180 rpm). TB 
medium (200 mL containing 50 µg/mL kanamycin) was inoculated with 0.2% (v/v) of the pre-culture. The cultures were incubated (37°C, 
180 rpm) until they reached an OD600 of 0.6. Protein expression was induced by addition of isopropyl-β-D-thiogalactoside to a final concentration 
of 0.4 mM, followed by incubation at 20°C (180 rpm) for 16 h. Cells were harvested by centrifugation at 4000 g and 4°C for 30 min and washed 
with 30 mL of 50 mM potassium phosphate (pH 7.4). Washed cell pellets were stored at -20°C for later use. 

Cell pellets were resuspended in ~20 mL lysis buffer (50 mM potassium phosphate, 300 mM sodium chloride, pH 8.0) and lysed by sonification 
on ice (5 cycles of 1 min sonication (40% intensity, 50% pulsed cycle) followed by 1 min incubation on ice) using a SONOPULS HD 2070 
(BANDELIN electronic GmbH & Co. KG, Berlin, Germany). Lysates were clarified by centrifugation (10000 g, 4°C, 30 min).  The His6-tagged 
proteins were purified by immobilised metal-affinity chromatography using 3 ml of Roti®garose-His/Ni Beads (Carl Roth, Karlsruhe, Germany). 
The Ni-NTA resin was washed with deionized water and equilibrated with lysis buffer. The lysates were applied by gravity and the flow-through 
discarded. Unspecifically bound proteins were removed by excessive washing of the resin with washing buffer (50 mM potassium phosphate, 
300 mM sodium chloride, 20 mM imidazole, pH 8.0). The recombinant proteins were eluted with approximately 6 ml of elution buffer (50 mM 
potassium phosphate, 300 mM sodium chloride, 300 mM imidazole, pH 8.0). Elution fractions were stored at 4°C after being desalted using 
PD-10 desalting columns (GE Healthcare, UK) equilibrated with storage buffer (200 mM potassium phosphate, pH 8.0). For crystallization 
experiments, Est8 was further purified by gel filtration on a Superdex200 16/60 column (GE Healthcare, Freiburg, Germany) with storage buffer. 
Protein concentrations were determined by measuring absorbance at 280 nm using a NanoDropTM (Thermo Fisher, Germany) device. 
Theoretical extinction coefficients and molecular weights were calculated from the protein sequences using ExPASy ProtParam.[1] If necessary, 
proteins were further concentrated using Vivaspin™ concentrators with 10 kDa cut-off (Sartorius, Germany).  

SDS-PAGE Analysis 
The purity of protein samples was analysed by SDS-PAGE. Samples of the purified proteins were denatured by heating (95°C, 10 min) in 
Laemmli-buffer[2] followed by centrifugation (20800 g, 5 min). The proteins were separated on 12.5% acrylamide gels at a constant voltage of 
120 V. The gels were stained using Coomassie Brilliant Blue G-250. 

Crystallization of Est8 and Data Collection 
Est8 in phosphate buffer (200 mM, pH 8.0) was concentrated to 30 mg/mL and screened for crystallization conditions by mixing 0.3 µL protein with 
0.3 µL well solution from JBScreen Classic Kits 1-10. The successful condition (25% PEG 4000, 0.1 M sodium citrate, pH 5.6, and 0.2 M ammonium 
sulfate) was refined in larger hanging drops (2 µL protein + 2 µL reservoir solution). A crystal from 29% PEG 4000, 0.1 M ammonium sulfate, and 
0.1 M sodium citrate, pH 5.6, was cryo-cooled in liquid nitrogen and measured at BESSY beamline 14.2 at 100 K. Data were processed using 
XDSAPP.[3]  
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Structure Solution and Refinement 
Molecular replacement was done with monomer A of PDB entry 4XVC using Phaser.[4] The resulting solution for 4 monomers in the asymmetric 
unit had an LLG of 3391 and an Rcryst of 0.442. Refinement was performed with REFMAC5 5.8.0258. Residues 1-43 had to be manually 
remodeled. TLS refinement did not improve the geometry and was omitted.  

Table 1: Statistics of the X-ray diffraction data collection and structure refinement. 

Data collection 

Detector PILATUS3 S 2M 

Radiation source  BESSY, Beamline 14.2 

Wavelength  0.9184 Å 

Resolution range (last shell) 49.5 – 2.30 Å (2.43-2.30 Å) 

Space group / a-axis / b-axis / c-axis / b P21 / 78.2 Å / 78.2 Å / 112.6 Å / 100.7° 

Number of independent reflections 59126 (9359)    

Completeness (last shell) 98.9 % (97.8 %) 

Redundancy 7.0 (7.1) 

I/σ(I) (last shell) 7.8 (1.4) 

Wilson B-factor 44 Å2 

Rsym (last shell) 0.194 (1.291) 

Rmeas
[5] (last shell) 0.210 (1.391) 

Rpim
[6] (last shell) 0.073 (0.484) 

CC(1/2)
[7] (last shell)  0.994 (0.591) 

 

Refinement 

Rcryst / Rfree (test data set with 2.5 % of all 
data) 

0.2051 / 0.2389 

Number of atoms of  
Est8 / water  

8837 / 179 

Average isotropic B-factors 

Protein main chain / side chain 44.2 / 48.0 Å2 

water 40.1 Å2 

R.m.s. deviations from ideal geometry 

Bond lengths  0.008 Å 

Bond angles  1.63 ° 

Torsion angles  7.28 ° 

Molprobity score/percentile 2.12 / 85 

Protein data bank entry 6Y9K 
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In Silico Prescreening 
A sequence library containing more than 20,000 sequences was generated by a BLAST search, using the sequence of 3FAK as query. The 
sequence library was post-processed using R Studio. Sequences longer or shorter than 300 ± 10 residues were removed from the library. 
Redundant entries were removed, and the remaining 6,500 sequences were ranked by cap domain hydrophobicity. Hydrophobicity scores were 
calculated by summing the values from the hydrophobicity scale (reported by Abraham and Leo[8]) for the 45 N-terminal residues.  

In silico Analysis of the Substrate Binding Pockets 
The substrate-binding sites in the crystal structures of 4XVC, 3K6K, 3FAK, Est8, 3ZWQ and 1EVQ were identified and analysed using the 
SiteMap tool[9] of the Schrödinger Maestro software suite (Schrödinger, New York City, USA). In order to guarantee comparability, all structures 
were processed with the same parameters. A minimum of 15 site points per reported site were set with a total number of 5 site-point groupings 
using the more restrictive definition of hydrophobicity and the standard grid. Maps were always cropped 4 Å from the nearest site point. In all 
cases, the actual binding pocket was represented as the top hit. The hydrophobic surface areas of the top-ranked binding site were calculated 
from that with the isovalue set to -0.4 for all structures.   

Biocatalysis reactions and GC Analysis 
Purified enzymes (0.05 mg/mL final concentration), 20 mM 2-phenylethanol, and 200 mM vinyl acetate in 1 mL buffer (200 mM potassium 
phosphate) were mixed to yield a monophasic reaction mixture. Reactions were carried out at the pH optima of the enzymes (4XVC[10], 3K6K[11], 
3FAK[12], 1EVQ[13], 3ZWQ[14]) Reactions with 3ZWQ, Est8 and 4XVC were carried out in 200 mM potassium phosphate (pH 8.0). Reactions with 
3K6K were carried out in 200 mM potassium phosphate (pH 7.0). Reactions with 3FAK and 1EVQ were carried out in 200 mM CHES (pH 9.0). 
Reaction mixtures were shaken (1400 rpm) at room temperature (25°C). Time samples were taken after 0, 10, 20, 30, 45, 60, 90, 120, 150, 
180, 240, 300, 600, and 900 s. Additional samples were taken for Est8 at 40, 50, 70, 80, 100, 110, 130, 140, 160, 170, and 200 s. To obtain 
reproducible results, more vigorous stirring of Est8 reactions was necessary between 0 and 150 s. At each time point, a 50 µL sample of the 
reaction was quenched by extraction with 500 µL methyl tert-butyl ether (MTBE) containing 0.5 mM acetophenone as internal standard. The 
mixtures were rapidly vortexed, followed by phase separation by centrifugation (15000 g, 1 min). Organic phases were transferred to GC vials 
and analysed by GC. Samples (2 µl, split ratio 29) were analysed using a GC-QP2010 SE device (Shimadzu, Duisburg, Germany) equipped 
with a ZB-5MSi column (30m × 0.25 mm, thickness 0.25 µm). Injector temperature was 250°C and a flow rate of 1.08 mL/min was used. Column 
temperature was initially at 80°C for 2 min, then increased at 8°C/min until 150°C and finally increased to 330°C at 15°C/min. 

Colorimetric Acyltransferase Assay 
Activity assays were carried out at 25°C in transparent 96-well polystyrene plates. Changes in absorbance at 405 nm were measured using a 
Tecan Plate Reader (Tecan, Männedorf, SWITZERLAND). Reactions were started by addition of 100 µL of the enzyme solution (in 200 mM 
potassium phosphate, pH 7.0) to 100 µl of a 2x master mix containing all other components in 200 mM potassium phosphate (pH 7.0). The final 
reactions contained pNPA (1 mM from a 2 M stock in DMSO, 0.05% DMSO in the final reactions) and 2-phenylethanol or benzyl alcohol (0, 
0.25, 0.5, 1.25, 2.5, 5, 10, 15, 20, 25, 37.5, or 50 mM). Reactions were measured in triplicate and corrected by subtraction of chemical 
background hydrolysis of pNPA in the buffer (background was measured for each concentration of alcohol used). The initial slope was 
determined as shown in Fig. S4 and the amount of pNPA formed was calculated from an external calibration curve of p-nitrophenol (in 200 mM 
potassium phosphate, pH 7.0) in the range of 0.0 to 1.0 mM (Fig. S6). The acyl transfer to hydrolysis rate ratios were then calculated by dividing 
the specific activities obtained for the reactions with varying amounts of alcohol (acyl transfer + hydrolysis) by that obtained for the reaction 
without alcohol (hydrolysis). The pNPA acyltransferase assay has the advantage of being compatible with virtually any alcohol as acyl acceptor 
substrate, compared to the alcohol dehydrogenase assay recently published by Mestrom et al.[15] We could not use this assay because the 
alcohol dehydrogenase precipitates in the presence of 2-phenylethanol.  
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Additional Results 

 

Figure S1: A) Alignment of the sequences of Est8 and homologous bHSLs. The variable cap domain sequence is highlighted by a yellow 
rectangle. Residues highlighted in black are identical while grey shading indicates similarity. B) The crystal structure of Est8, showing the 
position of the cap domain (yellow) relative to the catalytic triad consisting of Ser146, Glu240 and His270

 (purple carbons). Hydrophobic surface 
area within the substrate binding pocket is highlighted in blue. 

 

 

 

 

 

 
 
 
 
 
 

 
Figure S2: Specific activities for Est8 and homologs in the hydrolysis of vinyl acetate determined using the coupled spectrophotometric assay 
as described by Mestrom et al.[15] Reactions were performed in 200 mM phosphate buffer and vinyl acetate concentration was 200 mM.  
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Figure S3: A) Reaction scheme of the pNP-acyltransferase assay. An acetyl group is transferred from pNPA to the enzyme via nucleophilic 
attack of the catalytic serine on pPNA, leading to the release of p-nitrophenolate which can be monitored at 405 nm. The acyl-enzyme 
intermediate formed can be attacked by either a water molecule (hydrolase activity) or an organic nucleophile like an alcohol (acyltransferase 
activity). A good acyltransferase would preferentially utilize the organic nucleophile over water, resulting in accelerated release of p-
nitrophenolate in the presence of the alcohol compared to the reaction in its absence. B) GC was used to prove that the pNPA assay detects 
actual formation of benzyl acetate rather than nonspecific acceleration of pNPA hydrolysis. The increase in rate of 4-nitrophenolate release with 
increasing concentration of benzyl alcohol correlates well with the amount of benzyl acetate detected by GC. 
 

 

 
 
 

Figure S4: MS measurement after separation via GC of the reaction shown in Fig. S3 to prove that benzyl acetate is formed as product of 
enzyme-catalysed transesterification in the pNPA-acyltransferase assay. The exact mass of benzyl alcohol is 150.18 g/mol.  

 
Figure S5: Slope determination in the pNPA-assay. An example for the reaction of 3ZWQ in the presence of 5 mM benzyl alcohol is shown. 
The linear slopes were determined so that R2 in each case is ≥0.99. 
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Figure S6: pNP calibration curve for the quantification of pNP by measuring the absorbance at 405 nm at different concentrations of pNP.  

Figure S7. Changes in relative activity of bHSLs in the presence of different concentrations of 2-phenylethanol.  

 

 

 

 

 

 

 

 

Figure S8. A) Reaction progression of the acetylation of 2-phenylethanol (20 mM) using a ten-fold excess of vinyl acetate (200 mM) as acyl 
donor in the presence of 1 mg/mL lyophilized crude lysate of WP007. Reactions were carried out in 200 mM potassium phosphate (pH 8.2). 
WP007 is able to almost fully convert 2-phenylethanol to 2-phenylethyl acetate. B) GC-chromatograms showing the conversion of the substrate 
to the product over time. 
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Figure S9: Hydrophobicity scale introduced by Abraham & Leo.[8] Residues which are more hydrophobic relative to glycine (0) have a positive 
value, while residues more hydrophilic than glycine were assigned negative values.  

Figure S10: Specific activities for hydrolysis and maximum acyltransfer for all investigated bHSLs in the pNPA assay using 2-phenylethanol 
(A) and benzyl alcohol (B) as acyl acceptor. 

 
 

Figure S11: SDS-PAGE analysis of samples of the purified and desalted bHSLs used in this study. MW(3K6K) = 33.09 kDa, MW(4XVC) = 32.09 
kDa, MW(Est8) = 31.06 kDa, MW(3FAK) = 31.91 kDa, MW(1EVQ) = 34.30 kDa, MW(3ZWQ) = 34.35 kDa, MW(WP1165) = 33.26 kDa, 
MW(WP066) = 32.75 kDa, MW(GCD93) = 32.50 kDa, MW(WP039) = 30.89 kDa, MW(WP007) = 31.72 kDa. PierceTM Unstained Protein MW 
Marker (Thermofischer) was used. 

 



SUPPORTING INFORMATION          

10 
 

 

Sequences  

DNA Sequence of 4XVC 
ATGGCCAAAAGTCCGGAACTGGATCGTGTGATTGGCATGATTCGCGAACGTGCCGCCACCCCGCGTAAAACCACCGATG
ATGATCGCCGTCTGTATGAAACCATGCTGGGCAGTATGCCGCTGGATGATGATATTCAGACCGAACGCCTGGGTGTTAAT
GGTGTTCCGGCCGAATGGATCTATGCACCGGGTGCCCGTGATGATCAGGTTTTTCTGTATCTGCATGGCGGTGGCTATG
TGATTGGCAGTATGCGCACCCATCGTGTGATGCTGAGTCATATTGCACGCGCCGCCGGCTGTCGCGTGCTGGGTTTAGA
TTATCGTCTGGCACCGGAAACCCCGTTTCCGGCACCGGTTGAAGATACCGTTGCAGCCTATCGCTGGCTGCTGGCACAT
GGCTATGATCCGAGTCGTATTGCACTGGGTGGTGACAGCGCAGGCGGTGGTCTGGTTGTGGCCGCCCTGGTGGCCCTG
CGTTATATTGGTGAACCGCTGCCGGCAGCAGGCGTGTGCCTGTCACCGTGGATTGATATGGAAGCAACCGGCGAAAGTT
TTACCACCAATGCAACAATGGATCCGAGTGTGAATAAGGAACGCGTTATGAGCATTGCAGCCCTGTATCTGGGCGGCAAA
AATCCGCAGGCACCGCTGGCAAGTCCGCTGTATGCCGATCTGCAGGGTCTGCCGCCGCTGCTGGTTCAGGTTGGTGGC
ATTGAAACCCTGCTGGATGATGCCCGCGCCCTGACCACCCGTGCCAAAGCTGCCGGCGTGGATGCCGATCTGGAAGTTT
GGGATGATATGCCGCATGTGTGGCAGCATTTTGCACCGATTCTGCCGGAAGGCAAACAGGCAATTGCACGTATTGGTGA
ATTTCTGCGTAAACAGATTGGCTAA 
 
Amino Acid Sequence of 4XVC 
MAKSPELDRVIGMIRERAATPRKTTDDDRRLYETMLGSMPLDDDIQTERLGVNGVPAEWIYAPGARDDQVFLYLHGGGYVIGS
MRTHRVMLSHIARAAGCRVLGLDYRLAPETPFPAPVEDTVAAYRWLLAHGYDPSRIALGGDSAGGGLVVAALVALRYIGEPLP
AAGVCLSPWIDMEATGESFTTNATMDPSVNKERVMSIAALYLGGKNPQAPLASPLYADLQGLPPLLVQVGGIETLLDDARALTT
RAKAAGVDADLEVWDDMPHVWQHFAPILPEGKQAIARIGEFLRKQIG 
 
DNA Sequence of 3K6K 
ATGGGCGCAATGGATCAGGAAATTGGCACCGTGACCGATACCAAAATGGATCCGCGTGATTTTCTGCAGCTGCTGAAAAT
TAATGCCGAAAAAGCAGAAAAGAATCTGCCGCTGGATCAGAAACGCGCCGGTATGGAAGCACTGTGTGAACGTTTTCCG
CGCGCCGAAGGCGTGGAACTGACCCTGACCGATCTGGGTGGTGTTCCGTGCATTCGCCAGGCAACCGATGGCGCAGGT
GCAGCCCATATTCTGTATTTTCATGGTGGCGGTTATATTAGCGGTAGTCCGAGTACCCATCTGGTGCTGACCACCCAGCT
GGCAAAACAGAGCAGTGCCACCCTGTGGAGCCTGGATTATCGTCTGGCCCCGGAAAATCCGTTTCCGGCCGCAGTTGAT
GATTGTGTTGCAGCATATCGCGCCCTGCTGAAAACCGCAGGTAGCGCAGATCGTATTATTATTGCCGGTGACAGTGCAG
GCGGTGGTCTGACCACCGCAAGCATGCTGAAAGCAAAAGAAGATGGCCTGCCGATGCCGGCAGGTCTGGTTATGCTGA
GTCCGTTTGTGGATCTGACCCTGAGTCGCTGGAGTAATAGCAATCTGGCCGATCGTGATTTTCTTGCAGAACCGGATACC
CTGGGTGAAATGAGTGAACTGTATGTGGGCGGTGAAGATCGTAAAAATCCGCTGATTAGTCCGGTGTATGCCGATCTGA
GTGGCCTGCCGGAAATGCTGATTCATGTGGGCAGCGAAGAAGCCCTGCTGAGTGATAGTACCACCCTGGCCGAACGTG
CAGGTGCCGCCGGTGTTAGCGTGGAACTGAAAATTTGGCCGGATATGCCGCATGTGTTTCAGATGTATGGCAAATTTGTG
AATGCCGCAGATATTAGCATTAAGGAAATTTGCCATTGGATTAGCGCCCGTATTAGCTAA 
 
Amino Acid Sequence of 3K6K 
MGAMDQEIGTVTDTKMDPRDFLQLLKINAEKAEKNLPLDQKRAGMEALCERFPRAEGVELTLTDLGGVPCIRQATDGAGAAHI
LYFHGGGYISGSPSTHLVLTTQLAKQSSATLWSLDYRLAPENPFPAAVDDCVAAYRALLKTAGSADRIIIAGDSAGGGLTTASML
KAKEDGLPMPAGLVMLSPFVDLTLSRWSNSNLADRDFLAEPDTLGEMSELYVGGEDRKNPLISPVYADLSGLPEMLIHVGSEE
ALLSDSTTLAERAGAAGVSVELKIWPDMPHVFQMYGKFVNAADISIKEICHWISARIS 
 
DNA Sequence of 3FAK 
ATGGCCGGTCCGGAAATTGTTAAACTGAAAAAGATTCTGCGTGAAAAAGCCGTGCCGCCGGGCACCGAAGTGCCGTTAG
ATGTTATGCGTAAAGGTATGGAAAAAGTGGCATTCAAAGCAGCAGATGATATTCAGGTGGAACAGGTGACCGTTGCAGGT
TGCGCAGCAGAATGGGTTCGCGCACCGGGCTGCCAGGCAGGTAAAGCAATTCTGTATCTGCATGGCGGTGGCTATGTTA
TGGGCAGTATTAATACCCATCGCAGTATGGTGGGTGAAATTAGCCGCGCCAGCCAGGCCGCCGCACTGTTACTGGATTA
TCGTCTGGCCCCGGAACATCCGTTTCCGGCCGCAGTTGAAGATGGTGTTGCAGCATATCGCTGGCTGCTGGATCAGGGT
TTTAAACCGCAGCATCTGAGTATTAGTGGTGACAGCGCAGGCGGTGGTCTGGTTCTGGCCGTGCTGGTTAGTGCACGTG
ATCAGGGTCTGCCGATGCCGGCCAGTGCAATTCCGATTAGCCCGTGGGCAGATATGACCTGTACCAATGATAGCTTTAAA
ACCCGCGCCGAAGCAGATCCGATGGTGGCCCCGGGTGGCATTAATAAGATGGCAGCCCGCTATCTGAATGGTGCCGAT
GCCAAACATCCGTATGCAAGTCCGAATTTTGCAAATCTGAAAGGTCTGCCGCCGCTGCTGATTCATGTTGGTCGTGATGA
AGTTCTGCTGGATGATAGTATTAAGCTGGATGCAAAAGCCAAAGCCGATGGTGTGAAAAGTACCCTGGAAATTTGGGATG
ATATGATTCATGTTTGGCATGCCTTTCATCCGATGCTGCCGGAAGGCAAACAGGCAATTGTGCGTGTGGGCGAATTCATG
CGCGAACAGTGGGCAGCCTAA 
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Amino Acid Sequence of 3FAK 
MAGPEIVKLKKILREKAVPPGTEVPLDVMRKGMEKVAFKAADDIQVEQVTVAGCAAEWVRAPGCQAGKAILYLHGGGYVMGSI
NTHRSMVGEISRASQAAALLLDYRLAPEHPFPAAVEDGVAAYRWLLDQGFKPQHLSISGDSAGGGLVLAVLVSARDQGLPMP
ASAIPISPWADMTCTNDSFKTRAEADPMVAPGGINKMAARYLNGADAKHPYASPNFANLKGLPPLLIHVGRDEVLLDDSIKLDA
KAKADGVKSTLEIWDDMIHVWHAFHPMLPEGKQAIVRVGEFMREQWAA 
DNA Sequence of Est8 
ATGGCGAGTCCGCAACTACAGATGGCGCTTGATGGGTTCAAGATGATGGGAGAGAAGATGGCGCAGGCCGGTGGGGAC
GTGAAGGCAATGCGTGCCGTTATGGAAGAGATGGCCACCTTTCCCTCGGCAGGAGAAACGAAGTGCACTCCAGTGAATG
CGGGTGGCGTCCCAGCTGAGTGGATTGCTGCTCCGGGGGCAGCGGACGACCGCGTGATCTTGTATCTCCATGGTGGCG
GCTACGTGATGGGCTCTATTACCACGCACCGTGAGACGATCGCACGCTTATCGAAAGCCTCAGGAGCGCGAGCGCTGG
CGCTCGATTATCGCTTAGCTCCGGAGTATCCATTTCCCGCCGCCGTGGATGACGCAACGGCAGCCTATCGCTGGTTGTT
ATCACAAGATATCAAGCCGTCTCGTATTGTCGTGGCTGGAGACTCTGCCGGAGGCGGGCTCGTTCTGGCCACGCTGGTG
GCGCTGCGCGATGCGAAAGTCCCTCTGCCCGCGGCAGGAGTGTGCATTTCACCATGGGCGGATATGGAAGGGACCGGC
GCATCCATGACAACCAGAGCGAAGGCTGATCCGGTGGTGCAAAAAGAGATGCTCGTCAACATGGGAAAGACGTATCTCG
GTGGCAAAGACGCAAAATCACCGCTCGCGGCTCCACTTCATGCTGATTTCCGAGGACTGCCCCCGCTGTTCATTCAGGT
TGGCGACGCCGAGACGTTGCTTGATGACTCCACCCGTGTTGCGGAAAAGGCGAAGATGGCTGGGGTCAAGGTGGATCT
CGAGATCTGGCCGGAGATGCCACACGTATGGCATCTATTTGCTCCTTTCCTACCGGAAGGGCAACAAGCCATCGATAAG
ATCGGCCAGTACGTAAAGCAGCGAACTGCTTAG 
 
Amino Acid Sequence of Est8 
MASPQLQMALDGFKMMGEKMAQAGGDVKAMRAVMEEMATFPSAGETKCTPVNAGGVPAEWIAAPGAADDRVILYLHGGGY
VMGSITTHRETIARLSKASGARALALDYRLAPEYPFPAAVDDATAAYRWLLSQDIKPSRIVVAGDSAGGGLVLATLVALRDAKVP
LPAAGVCISPWADMEGTGASMTTRAKADPVVQKEMLVNMGKTYLGGKDAKSPLAAPLHADFRGLPPLFIQVGDAETLLDDST
RVAEKAKMAGVKVDLEIWPEMPHVWHLFAPFLPEGQQAIDKIGQYVKQRTA 
 
DNA Sequence of 1EVQ 
ATGCCGCTGGATCCGGTTATTCAGCAGGTGCTGGATCAGCTGAATCGTATGCCGGCCCCGGATTATAAACATCTGAGTG
CACAGCAGTTTCGTAGTCAGCAGAGCCTGTTTCCGCCGGTGAAAAAAGAACCGGTGGCAGAAGTTCGTGAATTTGATATG
GATCTGCCGGGTCGTACCCTGAAAGTTCGTATGTATCGTCCGGAAGGTGTGGAACCGCCGTATCCGGCCCTGGTTTATT
ATCATGGCGGTGGTTGGGTTGTGGGCGATCTGGAAACCCATGATCCGGTGTGCCGCGTTCTGGCCAAAGATGGTCGCG
CCGTGGTGTTTAGCGTTGATTATCGTCTGGCACCGGAACATAAATTTCCGGCCGCCGTTGAAGATGCATATGATGCACTG
CAGTGGATTGCAGAACGTGCCGCAGATTTTCATCTGGATCCGGCCCGCATTGCAGTTGGTGGTGACAGCGCCGGTGGTA
ATCTGGCAGCAGTGACCAGTATTCTGGCAAAAGAACGCGGCGGCCCGGCACTGGCATTTCAGCTGCTGATCTATCCGAG
CACCGGTTATGATCCGGCACATCCGCCGGCAAGTATTGAAGAAAATGCCGAAGGTTATCTGCTGACCGGTGGTATGATG
CTGTGGTTTCGCGATCAGTATCTGAATAGCCTGGAAGAACTGACCCATCCGTGGTTTAGTCCGGTTCTGTATCCGGATCT
GAGCGGCCTGCCGCCGGCCTATATTGCCACCGCACAGTATGATCCGCTGCGCGATGTGGGTAAACTGTATGCAGAAGC
ACTGAATAAGGCAGGTGTGAAAGTGGAAATTGAAAATTTTGAAGACCTGATTCACGGTTTTGCCCAGTTTTATAGCCTGAG
CCCGGGCGCCACCAAAGCACTGGTTCGCATTGCCGAAAAACTGCGCGATGCACTGGCC 
 
Amino Acid Sequence of 1EVQ 
MPLDPVIQQVLDQLNRMPAPDYKHLSAQQFRSQQSLFPPVKKEPVAEVREFDMDLPGRTLKVRMYRPEGVEPPYPALVYYHG
GGWVVGDLETHDPVCRVLAKDGRAVVFSVDYRLAPEHKFPAAVEDAYDALQWIAERAADFHLDPARIAVGGDSAGGNLAAVT
SILAKERGGPALAFQLLIYPSTGYDPAHPPASIEENAEGYLLTGGMMLWFRDQYLNSLEELTHPWFSPVLYPDLSGLPPAYIATA
QYDPLRDVGKLYAEALNKAGVKVEIENFEDLIHGFAQFYSLSPGATKALVRIAEKLRDALA 
 
DNA Sequence of 3ZWQ 
ATGCCTCTTAGCCCTATACTAAGGCAAATTCTCCAACAGTTGGCCGCGCAGTTGCAGTTTAGACCCGACATGGACGTCAA
GACGGTGAGAGAGCAGTTTGAGAAGTCCTCCCTCATCCTCGTCAAAATGGCCAATGAGCCTATTCACCGTGTGGAGGAC
ATCACGATTCCGGGCAGGGGCGGGCCAATTAGGGCTAGGGTTTATAGGCCGCGGGATGGGGAGAGGTTGCCCGCGGT
GGTGTACTACCACGGCGGGGGCTTCGTCTTGGGGAGCGTGGAGACTCACGACCACGTGTGTAGGCGGTTGGCCAACCT
CTCCGGGGCAGTCGTCGTCTCTGTGGACTACCGCCTAGCCCCCGAGCACAAATTCCCCGCCGCCGTGGAAGACGCATA
CGACGCCGCCAAGTGGGTCGCCGACAACTACGACAAGCTCGGCGTCGACAATGGGAAAATCGCCGTGGCTGGGGACTC
GGCGGGGGGCAACTTAGCCGCGGTGACGGCCATCATGGCCAGGGACAGGGGGGAGAGCTTTGTGAAATACCAAGTGTT
AATCTACCCCGCGGTCAACCTCACTGGGTCTCCCACAGTGTCTAGAGTGGAGTACAGCGGGCCCGAATACGTCATCCTC
ACCGCCGACTTAATGGCGTGGTTTGGGAGACAGTATTTCTCAAAGCCGCAAGACGCCCTCAGTCCCTATGCCTCTCCCAT
ATTTGCAGATTTGTCAAACCTCCCGCCCGCCCTGGTGATAACCGCCGAGTACGACCCGCTACGCGACGAGGGAGAGCTC
TACGCCCACTTGTTGAAGACTAGGGGAGTTAGGGCCGTGGCGGTGAGGTACAACGGCGTCATCCACGGCTTCGTCAACT
TCTACCCCATATTAGAAGAGGGGAGAGAGGCAGTTTCGCAAATTGCGGCCTCAATAAAGTCGATGGCTGTGGCGTAA 
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Amino Acid Sequence of 3ZWQ 
MPLSPILRQILQQLAAQLQFRPDMDVKTVREQFEKSSLILVKMANEPIHRVEDITIPGRGGPIRARVYRPRDGERLPAVVYYHGG
GFVLGSVETHDHVCRRLANLSGAVVVSVDYRLAPEHKFPAAVEDAYDAAKWVADNYDKLGVDNGKIAVAGDSAGGNLAAVTA
IMARDRGESFVKYQVLIYPAVNLTGSPTVSRVEYSGPEYVILTADLMAWFGRQYFSKPQDALSPYASPIFADLSNLPPALVITAE
YDPLRDEGELYAHLLKTRGVRAVAVRYNGVIHGFVNFYPILEEGREAVSQIAASIKSMAVA 
 
DNA Sequence of WP_116581250.1 
ATGCCGCTGGATAAACAGATTGCCGGTGTGCTGCAGCAGTTTCGCGATCTGCGTGAACCGGATTTTAGTCAGGTGGATG
CCGCACAGTATCGTCAGTTTAGTGATAATCTGCTGCCGGCAATTCCGGGTGACCCGATGAGCGAAGTTCGCGATCTGAA
AGTTGCCGGCGCAGATGGTGACCTGGATGCCCGTCTGTATCGTCCGAGCGAAGCCCCGAATCTGCCGCTGCTGGTTTTC
TTTCATGGCGGCGGTTTTGTTATGGGCAATCTGGATACCCATGATAATCTGTGTCGCAGTCTGGCCCGCCAGACCGAAG
CAGTTGTGGTGAGTGTTGCATATCGTCTGGCACCGGAACATAAATTTCCGGTGGCACCGCTGGATTGTTATGCCGCAACC
TGTTGGCTGGTGGCCCATGCAGCCGAACTGGGCTTTGATGGCAGCCGCCTGGCAGTGGCCGGTGACTCAGCCGGTGG
CAATCTGGCCCTGGCAGTTAGTCGTCTGGCAGCCCAGGGTAAAGGCCCGAAAATTAGTTATCAGTGCCTGTTTTATCCGG
TTACCGATGCAGGTTGCGATAGTCAGAGTTTTGAAGAATTTGCCGAAAGTTATCTGCTGAGTGCCAAAGCCATGCGTTGG
TTTTGGCAGCAGTATCTGCAGGAAGATGGCCAGGCCGATGATCCGCTGGCAAGTCCGCTGCGTGCCGAAAGTCTGGCA
GGTCTGCCGCCGACCACCCTGTTTACCGCAGCATTTGATCCGCTGCGCGATGAAGGCGAAGCCCTGGCAGAATGTCTG
CGCGAAGCCGGCGTGGCAGTTCTGGTGCAGCGCTATGAAGGTATGATTCATGGCTTTATTAGTATGGCCCCGTTTGTTG
AAGCCGCCGCACAGGCCCTGACCGATGCCTGTGCCGATCTGCGCGGTGCACTGCAG 
 
Amino Acid Sequence of WP_116581250.1 
MPLDKQIAGVLQQFRDLREPDFSQVDAAQYRQFSDNLLPAIPGDPMSEVRDLKVAGADGDLDARLYRPSEAPNLPLLVFFHG
GGFVMGNLDTHDNLCRSLARQTEAVVVSVAYRLAPEHKFPVAPLDCYAATCWLVAHAAELGFDGSRLAVAGDSAGGNLALAV
SRLAAQGKGPKISYQCLFYPVTDAGCDSQSFEEFAESYLLSAKAMRWFWQQYLQEDGQADDPLASPLRAESLAGLPPTTLFT
AAFDPLRDEGEALAECLREAGVAVLVQRYEGMIHGFISMAPFVEAAAQALTDACADLRGALQ 
 
DNA Sequence of WP_066869841.1 
ATGCGCCTGGATCCGCAGATTGCACCGATTATTGAACAGCTGGATAGCGGCTTTCCGCCGGTTCATCAGATGAGTGGCG
CAGAAGCCCGCGCCCTGATTCGTAGTCGCCTGGTTCCGCCGGCCCGTCCTGAACCTGTTGCAGAAGTTACCGATCGCA
GTATTGAAGGTCAGGGTGGTCCGATTCCGGTGCGTAGTTATCGTCCGGAAGCAGCAGGTCCGCTGCCGGTGGTGGTGT
ATGCACATGGCGGCGGTTTTGTGTTTTGCGATCTGGATAGCCATGATGATCTGTGTCGTAGCCTGGCCAATCTGGTTCCG
GCCGTGGTGGTGAGTGTGGGTTATCGCCTGGCACCGGAAAATACCTGGCCGGCCGCAGCAGAAGATGTGTATGCAGCC
ACCTGCTGGGCCTATGATAATGCAGCCGCCCTGGGCAGCGATCCGGGTAGACTGGTTGTGGGTGGTGACAGTGCAGGT
GGTAATCTGGCCGCAGTGGCAACCGTGATTAGTCGCGATCGTGGCGGTCCGATGCCGGCCGCACAGTTACTGATCTATC
CGGTTATTGCAGCAGATTTTGATACCGAAAGCTATCGCCTGTTTGGTCAGGGTTATTATAATCCGAAACCGGCACTGCGT
TGGTATTGGGATTGTTATGTGCCGAGTAGCGAAGATCGTGCCCATCCGTATGCCACCCCGCTGAATGCCGATCTGCGCG
GTCTGCCGCCGGCCGTGTTAGTGGTGGCAGGCCATGATCCGCTGCGCGATGAAGGTCTGGCCTTTGGTGCCGCACTGG
AAGCCGCCGGCGTGCCTACACGCCAGCTGAGATATGAAGGCGGTATTCATGGTTTTATGACCATGCCGATGCTGGATCT
GGCCCATCGCGCCCGCAATGAAGCAGCCGCCGCACTGGCCGATCTGCTGCGTCGT 
 
Amino Acid Sequence of WP_066869841.1 
MRLDPQIAPIIEQLDSGFPPVHQMSGAEARALIRSRLVPPARPEPVAEVTDRSIEGQGGPIPVRSYRPEAAGPLPVVVYAHGGG
FVFCDLDSHDDLCRSLANLVPAVVVSVGYRLAPENTWPAAAEDVYAATCWAYDNAAALGSDPGRLVVGGDSAGGNLAAVAT
VISRDRGGPMPAAQLLIYPVIAADFDTESYRLFGQGYYNPKPALRWYWDCYVPSSEDRAHPYATPLNADLRGLPPAVLVVAGH
DPLRDEGLAFGAALEAAGVPTRQLRYEGGIHGFMTMPMLDLAHRARNEAAAALADLLRR 
 
DNA Sequence of GCD93300.1 
ATGACCATTGATCCGCAGCTGGTGGAACTGCTGGGTGTTCTGCCGGATGATCTGTTCGTTGGCGATGCAGCAACCGCCC
GTGCCACCATTGATGCAGGTGTTGCACTGCTGCCGGTTCTGACCGAACTGGCACGCGTGGAAGATCGCACCGTTCCGG
GCGCCGTGGATGCACGTCCGGCAAGAGTGTATCGCCCGAGTGAAGAACCGGGTCTGCCGGTTACCCTGTTCTTCCATG
GTGGCGGCTTCGTTATTGGTGGCCTGGATAGCCATGATGCCCTGGCACGCCGTATTGCACGCCATGCAAATTGCGTGGT
TGTGAGCACCGATTATCGTCTGGCCCCGGAATTCCCGTTCCCGGCAGCAACCGAAGATGCATTCGCAGCATATCGCTGG
CTGCTGGATCATGCAGGCGAACTGGGCGCAGATCCGACCCGCATTGCACTGGCAGGCGATAGTGCCGGCGCAACCCTG
AGCGCAACCGTGTGTCTGCTGGCACGTGAACATGGTCTGCCGCAGCCGGCCCTGCAGATGCTGTGGTATCCGACCACC
GGCGTGGAAGGCACCGCCAGTCAGGTTGAAAATGCAGATGCACCGCTGCTGACCGCAGCAAGTATTGCATGGTTCCTG
GGCCATTACTTCGGCGGCCGTGATCTGGATGATCTGGGTCCGTATGCACGCATTGGTACCATTGAAGATCTGAGCGGCC
TGGCCCCGGCCCATGTGGTTATTGCCGGTCATGATCCGCTGCGCGATGAAGGTGCAGATTATGCAGAACGTCTGCGCG
CCGCCGGCAATGCCGTTGAATGCGAAAGCTTCGATGATATGGTGCATGGCTTCATGAGCTTCGTTGATCTGGTGCCGCG
CTGTGAAGAATGCGCCACCGGTAGCTTCACCGCCCTGCGCCGTGCCCTGCATCCG 
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Amino Acid Sequence of GCD93300.1 
MTIDPQLVELLGVLPDDLFVGDAATARATIDAGVALLPVLTELARVEDRTVPGAVDARPARVYRPSEEPGLPVTLFFHGGGFVI
GGLDSHDALARRIARHANCVVVSTDYRLAPEFPFPAATEDAFAAYRWLLDHAGELGADPTRIALAGDSAGATLSATVCLLARE
HGLPQPALQMLWYPTTGVEGTASQVENADAPLLTAASIAWFLGHYFGGRDLDDLGPYARIGTIEDLSGLAPAHVVIAGHDPLR
DEGADYAERLRAAGNAVECESFDDMVHGFMSFVDLVPRCEECATGSFTALRRALHP 
 
DNA Sequence of WP_007531565.1 
CCATGCCGTATCTGCCGCTGCCGGTTGTTGCCGGTGCCCTGGCTCCGTTCTATCGTCTGGCACTGCATCCGGCCCTGCC
GGCACCTGTGGCACGTAGAATTATTGATGCCGGTAGTGTTCTGCAGGCACTGCCGCGTGATACCGTTGTTCGTCCGCTG
ACCCTGGCCGGTCGCCCTGCAGAACGTATTACCGTGGGTGCCACCGAACGCCGCACCGCTATTCTGTATCTGCATGGTG
GCGGCTATACCCTGGGTAGCCTGGATACCCATCGCAGCCTGGCAGCCCATCTGGCACGTGAAAGTGGCAGTGCAGTGT
ATGTTCTGGATTATCGCCTGGCACCGGAACATCCGTATCCGGCAGCAGTGGAAGATGCCGTTGCAGCATATCTGGAACT
GCTGGGCGAACATGGTCTGACCCCGGAAACCTTAGCCGTGGCCGGCGATAGCGCAGGCGGCGGTCTTAGTCTGGCAAC
CGCCCGTCGTCTGGTTGATCGTTATAGTGTGAAACCGGCAGCACTGGCACTGATTGCACCGTGGGTGGATCCGGGCGC
ACGTGATGCCCCGTTCGATCGTGATACCGTGATTAATACCGGTTGGAGCCATCGTGCCGCCGCAGCATATCTTGGTGAT
GGCGATGCACGCGATCCGGGTTATGCCCCGCTGCTGGGTGATCTGAGTGGCCTGCCGCCGACCGTTGTGCATGTGGGC
ATGAGTGAAGTTCTGTATCCGCAGGTTGTTGATCTGGTGGATCGCATGCGTAGTGCAGGCACCACCGTGGCATATACCG
AACATCCGACCCTGTGGCATGTGGCCCATCTGCAGGCAAGTCTGGTGCGCGAAAGTGCCGATGCAGTGGCCGAACTGG
GTGAATTCCTGCGTGCACGTCTGAGTGCACAGCCGGCCTAACTCGAG 
 
Amino Acid Sequence of WP_007531565.1 
MPYLPLPVVAGALAPFYRLALHPALPAPVARRIIDAGSVLQALPRDTVVRPLTLAGRPAERITVGATERRTAILYLHGGGYTLGSL
DTHRSLAAHLARESGSAVYVLDYRLAPEHPYPAAVEDAVAAYLELLGEHGLTPETLAVAGDSAGGGLSLATARRLVDRYSVKP
AALALIAPWVDPGARDAPFDRDTVINTGWSHRAAAAYLGDGDARDPGYAPLLGDLSGLPPTVVHVGMSEVLYPQVVDLVDRM
RSAGTTVAYTEHPTLWHVAHLQASLVRESADAVAELGEFLRARLSAQPA 
 
DNA Sequence of WP_039884751.1 
ATGAGTCTGGTGGAACTGGATGCCCTGCTGGCAGTGATGGCCGCCAATCCGCCGCCGCAGGGTGGTCCTCTGGAACTG
CGTGATTGGTTCAATGTTGCCCATGCCGCACTGCCGGTTCCGGAAGGCCTGGAAATTCGTCGCGTGGAAGCCGGTCCG
GTTGGCGGTGATCTGATTCTGCCGGCCGATGCAGTTCCGGGTCGTCTGATTATCTATTATCATGGCGGTGGCTTCGTTCT
GGGTAGCGCCCGCACCCATCGCACCGTTGCAGCAAATCTGGCCCGCGCAGCAAATATTGCAGTGCTGGCAGCCGATTA
TCGCCTGGCACCGGAACATGCCTTCCCGGCCGCCCATGATGATGCACTGAGTGCCTTCCATTGGGCACTGGCAGAAGG
CTATGAAGCAATTGCACTGAGCGGTGATAGCGCCGGTGGCAATCTGGCCCTGAGCACCGCCGTGCGCGCCCGTAATGG
CGGTGGTCAGAGCCCGGCCGCCCTGGCATTAATGAGTCCGGCCCTGGACTTCGCCGGTGATGGCGGTACCCATCATAG
CGTTAGCGATGATCCGATTCTGAGCAAAGAACTGGTGGATCTGTTCCTGAGTGCCTATCTGCCGGGTCAGAGCCTGCGT
GATCCGGCAGTGACCCCGCTGTTCGCCGAACTGAGTGGTCTGCCGCCGGTTCTGGTGCATGTGGGCAGCCGCGAAATG
CTGCGCGATGATAGCGTGACCATTGCACGTCGCCTGCGTGATGCCGGTGTTCAGGCAGAACTGCGTGTGTGGGATGGC
ATGTGCCATAGCTGGCAGCTGTATGCCCCGCTGGTGCGTGAAGGTCTGGATAGCATTGAAGAAGTGGCCAGCTTCCTGC
GCGGTCATCTGGTGGCAAGC 
 
Amino Acid Sequence of WP_039884751.1 
MSLVELDALLAVMAANPPPQGGPLELRDWFNVAHAALPVPEGLEIRRVEAGPVGGDLILPADAVPGRLIIYYHGGGFVLGSART
HRTVAANLARAANIAVLAADYRLAPEHAFPAAHDDALSAFHWALAEGYEAIALSGDSAGGNLALSTAVRARNGGGQSPAALAL
MSPALDFAGDGGTHHSVSDDPILSKELVDLFLSAYLPGQSLRDPAVTPLFAELSGLPPVLVHVGSREMLRDDSVTIARRLRDAG
VQAELRVWDGMCHSWQLYAPLVREGLDSIEEVASFLRGHLVAS 
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Discovery and Design of Family VIII Carboxylesterases as Highly
Efficient Acyltransferases
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Abstract: Promiscuous acyltransferase activity is the ability of
certain hydrolases to preferentially catalyze acyl transfer over
hydrolysis, even in bulk water. However, poor enantioselectiv-
ity, low transfer efficiency, significant product hydrolysis, and
limited substrate scope represent considerable drawbacks for
their application. By activity-based screening of several hydro-
lases, we identified the family VIII carboxylesterase, EstCE1,
as an unprecedentedly efficient acyltransferase. EstCE1 cata-
lyzes the irreversible amidation and carbamoylation of amines
in water, which enabled the synthesis of the drug moclobemide
from methyl 4-chlorobenzoate and 4-(2-aminoethyl)morpho-
line (ca. 20 % conversion). We solved the crystal structure of
EstCE1 and detailed structure–function analysis revealed
a three-amino acid motif important for promiscuous acyl-
transferase activity. Introducing this motif into an esterase
without acetyltransferase activity transformed a “hydrolase”
into an “acyltransferase”.

Enzymes are generally considered to be highly specific.
However, exposure to non-natural substrates can sometimes
result in a reaction as well. “Substrate promiscuity” occurs if
the chemical transformation complies with the enzyme�s
typical catalytic function. More interestingly, enzymes may
also catalyze distinctly different chemical transformations.[1]

This phenomenon is referred to as “catalytic promiscuity”

and, along with gene duplication and divergence, marks the
starting point for the evolution of new enzymes.[2] Combined
with protein engineering, promiscuous enzymes represent
attractive alternatives to conventional chemical catalysts.[3]

Promiscuous acyltransferases for catalyzing bond-forming
reactions in aqueous solutions are of increasing interest as
they represent an attractive alternative to conventional
biocatalytic or chemical routes by making the use of
expensive and less sustainable organic solvents dispensable.
Moreover, they can be used in cascade reactions with other
enzymes that are not active or stable in the presence of
organic solvents.[4] Since being reported in 2007, the promis-
cuous acyltransferase MsAcT from Mycobacterium smegma-
tis had been unrivalled in terms of transfer efficiency.[5–7]

However, we recently demonstrated that many esterases
from the bacterial hormone-sensitive lipase (bHSL) family
have promiscuous acyltransferase activity, some comparable
to that of MsAcT, suggesting that this phenomenon might be
more widespread than previously thought.[8] However, enzy-
matic product hydrolysis and low transfer efficiency has
always been a major drawback for application on industrial
scale. In this study, we report the discovery that exceptional
promiscuous acyltransferase activity is prominent in family
VIII carboxylesterases.

We previously showed that the acyltransferase-catalyzed
formation of oligocarbonates from dimethyl carbonate and
1,6-hexanediol opacifies an initially transparent, aqueous
solution.[9] However, not all promiscuous acyltransferases are
expected to produce oligocarbonates from these substrates. In
this study, we used a general emulsion-based assay, employing
2-phenylethanol and vinyl acetate as substrates, to screen the
hydrolases available in our laboratory. Acyltransferase activ-
ity is indicated by the occurrence of turbidity, which results
from the low water solubility of the reaction product, 2-
phenylethyl acetate.[10] This approach led to the discovery that
EstCE1,[11] a family VIII carboxylesterase, has promiscuous
acyltransferase activity with a preference for aromatic acyl-
acceptor substrates (Figure S1).

We found that EstCE1 can catalyze not only the
formation of esters, but also the formation of amides,
carbonates, and carbamates in water (Figure 1). The ester
formation from the reaction of benzyl alcohol with a fourfold
excess of vinyl acetate is very fast, reaching> 90 % conversion
within seconds. However, the benzyl acetate formed is
hydrolyzed again within two hours. Benzyl methyl carbonate
formation is slower, even at higher excess of the acyl donor.
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However, the conversion is still at around 50% after three
hours. Furthermore, EstCE1 can catalyze the formation of N-
benzyl acetamide and methyl N-benzylcarbamate. Almost full
conversion is rapidly reached, and the reactions appear to be
irreversible. Even after 24 hours, no product hydrolysis was
detectable. Carbamates are essential intermediates in the
synthesis of pharmaceuticals and are commonly used as
protective groups.[12] The phosgene-independent carbamoy-
lation of amines presented here provides a much more
environmentally friendly and more selective alternative to
conventional routes. It is noteworthy that EstCE1’s synthetic
potential goes beyond the structurally rather simple model
compounds shown in Figure 1. As proof of concept, we used
EstCE1 to synthesize the antidepressant moclobemide from
methyl 4-chlorobenzoate (200 mm) as acyl donor and 4-(2-
aminoethyl)morpholine (50 mm) as acyl acceptor (Figure S4,
ca. 20% conversion).

Moreover, we used EstCE1 for the acetylation of several
“difficult-to-resolve” secondary alcohols (Table S2).[13]

EstCE1 exhibits enantioselectivity and, most strikingly,
appears to be perfectly selective in the acetylation of
(+)-menthol. This finding is in good agreement with
EstCE1’s high selectivity in the hydrolysis of (+)-menthyl
acetate.[11]

Interestingly, the hydrolysis of pNP-esters by many family
VIII carboxylesterases appears to be stimulated by meth-
anol.[14] We suspect that these enzymes actually catalyze the
acylation of methanol under the described conditions. The
acyl-enzyme intermediate of a promiscuous acyltransferase
would be degraded more rapidly in the presence of an organic
nucleophile like methanol, resulting in more rapid release of
p-nitrophenol and higher apparent hydrolysis activities. This
is the principle behind our recently published pNP-AcT
assay.[8] For EstCE1, we could demonstrate an eightfold
increase in apparent pNPA hydrolysis at only 6.3% (v/v)
methanol (Figure S1). To confirm that the accelerated release

of pNP is a result of transesterification to methanol, we
confirmed the EstCE1-catalyzed formation of methyl buty-
rate from pNP-butyrate and methanol by gas chromatogra-
phy–mass spectrometry (GC–MS, Figure S5). This suggests
that many of the methanol-stimulated hydrolases reported in
literature may actually be promiscuous acyltransferases,
suggesting an interesting avenue for future research.

To investigate whether promiscuous acyltransferase activ-
ity is as common in family VIII carboxylesterases as we
suspected, we expressed, purified, and assayed several
EstCE1 homologs. This demonstrated that promiscuous
acyltransferase activity is indeed widespread in this enzyme
family (Figure 2). With two exceptions, the family VIII
carboxylesterases showed significantly higher relative activ-
ities in the presence of benzyl alcohol than MsAcT and the

previously characterized bHSLs.[6,8] EstCE1 catalyzes acetyl
transfer to benzyl alcohol 66 times faster than hydrolysis of
the acyl donor, thereby outperforming even one of the most
efficient MsAcT variants (K97A; 50-fold faster) recently
reported by our group.[6] Strikingly, EstM2[15] catalyzes the
acetylation of benzyl alcohol 149 times faster than donor
hydrolysis, making it roughly 20 times more efficient than
wild-type MsAcT. Only EstA (PDB 3ZYT)[16] did not show
increased relative activity in the presence of benzyl alcohol,
suggesting that it is not capable of catalyzing the acetylation
of benzyl alcohol. Except for 3ZYT, none of the analyzed
enzymes suffered from significant substrate inhibition or
stability issues, even at 150 mm benzyl alcohol.

It is well known that the conformation of the acyl group in
the acyl-enzyme intermediate has a high impact on the
efficiency of the deacylation step.[17,18] Therefore, the acyl
donor scope of the family VIII carboxylesterases was inves-
tigated, using the pNP-AcT assay and pNP-esters of different
chain lengths as acyl donors (Table 1 and Table S3). Almost
all the enzymes examined turned out to be valuable for the
acylation of benzyl alcohol with chain lengths ranging from

Figure 1. EstCE1-catalyzed synthesis of benzyl acetate (gray), benzyl
methyl carbonate (cyan blue), methyl N-benzylcarbamate (violet), and
N-benzylacetamide (black) in aqueous buffer. The acceptor concentra-
tion was 50 mm for all reactions. For the ester formation, a fourfold
excess of vinyl acetate was used. For amide synthesis, a tenfold excess
of ethyl acetate was used. Carbonate and carbamate formation were
performed using a tenfold excess of dimethyl carbonate. Dotted lines
indicate the formation of the products in the absence of EstCE1.

Figure 2. Relative acyltransferase activities of EstCE1 homologs, plot-
ted on a logarithmic scale, as a function of benzyl alcohol concen-
tration. Relative activities were determined in triplicates using the
pNP-AcT assay and the highest value for each enzyme is noted. In
these reactions, pNPA is the acyl donor and benzyl alcohol is the acyl
acceptor.
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C2 to C8. In general, the highest activities and AT/H ratios
were measured for chain lengths from C2 to C6. EstCE1 and
EstM2 have remarkably high acyltransferase activity in the
kU/(mg enzyme) range (Table 1). EstSRT1 (PDB 5GMX)[19]

and EstU1 (PDB 4IVI)[17, 18] turned out to be superior in
catalyzing transfer of a C8 chain, with AT/H ratios (4.6 and
5.6) in the range of the ratio of MsAcT for acetylation
(Table S3). Extensive protein engineering was necessary for
MsAcT to accept C8 chains, with even the best variant
(F154A/I194V) having an AT/H ratio below 3.[6] While 3ZYT
shows no transacetylase activity, moderate acyltransferase
activity emerges in reactions with donors of longer chain
lengths (Table S3). This may be explained by the hydrophobic
aliphatic chains excluding water from the binding pocket,
preventing hydrolysis and favoring binding of organic accept-
ors.[20]

We solved the crystal structure of EstCE1 (PDB 7ATL),
the first discovered and so far most versatile acyltransferase
from this enzyme family, in order to gain a more in-depth
insight into structural features contributing to high acyltrans-
ferase activity. Typical for family VIII carboxylesterases,
EstCE1 adopts a b-lactamase fold (Figure 3A) with the
catalytic triad (S65, K68, and Y171) and the active site placed
at the interface of an a/b-subdomain and a structurally more
flexible helical subdomain. As observed in several family VIII

Table 1: Acyl donor scope of EstCE1 and EstM2 determined by pNP-AcT
assays with benzyl alcohol as acyl acceptor. ATmax represents the
maximum acyltransferase activity measured in a range of 0 to 150 mm

benzyl alcohol.

Enzyme Donor ATmax

[Umg�1]
Hydrolysis
[Umg�1]

AT/H

EstCE1 C2
C4
C6
C8

2605�86
1081�28
26.1�0.9
0.29�0.05

40.1�2.2
38.7�3.3

0.22�0.03
0.13�0.01

65
28
119
2.2

EstM2 C2
C4
C6
C8

5583�221
361�33

181.2�17.3
0.013�0.01

37.7�1.2
54.2�5.5
23.7�2.3

0.02�0.01

148
6.7
7.6
0.7

Figure 3. A) Ribbon diagram of EstCE1 with the W-loop and the R1, R2, and R2’ segments highlighted. Hydrophobic volumes within the ligand-
binding site are shown in yellow with transparent surfaces. B) Active site of EstCE1. The acyl-enzyme intermediates formed in the reactions
summarized in Table 1 were modeled by covalent docking. The acyl acceptor, benzyl alcohol, was modeled into the structure using induced-fit
docking. Via p–p-stacking with F243 in the W-loop, benzyl alcohol is placed in a hydrophobic cavity near the nucleophilic center. The acyl-enzyme
intermediates of C6 and C8 are shown to clash with the putative benzyl alcohol binding site. C) Mutation of D323 to glycine heavily decreases the
polarity of the substrate-binding pocket (Figure S11) and introduces transacetylation activity into 3ZYT. D) and E) The acetyl-enzyme intermediates
of 3ZYT and 4IVI were modeled via covalent docking, and benzyl alcohol was placed in the acceptor-binding site by rigid receptor docking.
Hydrophobic regions are illustrated by yellow, transparent volumes. In the family VIII.1/2 esterase 4IVI, W381 of the WGG-motif significantly
contributes to the proper positioning of the acyl acceptor in a 3.8 � distance to the acyl-enzyme intermediate. In contrast, D323 in the HDG motif
in 3ZYT leads to active repulsion of the acyl acceptor now placed more than 7 � away from the acyl-enzyme intermediate. F) Acyltransferase
activity of several EstCE1 variants determined using the pNPA-AcT assay, with benzyl alcohol as acyl acceptor. Specific acyltransferase activity
refers to the maximum activity measured in a range of benzyl alcohol concentrations from 0 to 150 mm. The maximum AT/H ratios are shown for
each variant.
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carboxylesterases, EstCE1’s active site pocket is covered by
a so-called W-loop. The substrate-binding cavity (Figure 3A,
gray transparent volume) can be divided into the R1 and R2
subsites.[18] In contrast to many structural homologs, the W-
loop in EstCE1 is significantly larger and therefore blocks the
central part of the R1 subsite. Analysis of the ligand-binding
site revealed the presence of a hydrophobic cavity (Fig-
ure 3B). Induced-fit docking of benzyl alcohol into the
modeled acetyl-enzyme intermediate suggests a unique role
of F243, which is part of the extended W-loop in EstCE1
(Figure 3B). Via p–p-stacking, F243 helps to position the
benzyl alcohol in a productive pose near the carbonyl of the
acyl-enzyme intermediate. Structural alignment revealed that
there is no equivalent residue in Est-Y29 (PDB 5ZWQ),[21]

4IVI, 5GMX, or 3ZYT. Homology modeling suggests that
F244 of EstM2 corresponds to F243 of EstCE1 (Figure S9).
This may explain why EstCE1 and EstM2 show significantly
higher activity in the acetylation of benzyl alcohol compared
to their homologs. Moreover, we used covalent docking to
shed light on the donor chain length preference of EstCE1. In
good agreement with the experimental data shown in Table 1,
the modeling suggests that linear aliphatic chains with more
than four carbons are likely to clash with the benzyl alcohol
binding site (Figure 3B).

Based on sequence alignments, the division of family VIII
carboxylesterases into three subclasses was previously sug-
gested.[15] EstCE1, EstM2, 5ZWQ, 5GMX, and 4IVI belong
either to subclass VIII.1 or VIII.2, both sharing a conserved
WGG motif (WSG for 5ZWQ) in the region where the so-
called KTG-box exists in class C b-lactamases (Figure S6).[22]

Due to its proximity to the catalytic triad, this motif appears
to largely influence the physical properties of the ligand-
binding site. Most interestingly, tryptophan in the first
position (W339 in EstCE1) largely contributes to the
formation of the hydrophobic cavity in family VIII.1 and
VIII.2 carboxylesterases and thereby facilitates the binding
and positioning of organic nucleophiles, as shown for EstCE1
and 4IVI (Figure 3B,E). In 3ZYT, a member of the subclass
VIII.3 (H-x-x motif), HDG is found in place of the WGG of
EstCE1, causing a dramatic decrease in active site hydro-
phobicity (Figure 3D). This may explain why 3ZYT is the
only one of the investigated family VIII carboxylesterases
that does not exhibit any transacetylase activity. Therefore,
we had a closer look at the role of this motif in promiscuous
acyltransferase activity. By mutation of the HDG in 3ZYT to
HGG or WGG (Figure 3C), we rationally transformed
a “hydrolase” into an “acyltransferase” comparable to
MsAcT, the current benchmark for promiscuous acyltransfer-
ase activity.[5, 6]

To further improve our understanding of this motif on
both hydrolase and acyltransferase activities, we constructed
several EstCE1 variants which were investigated using the
pNPA-AcT assay (Figure 3F). Strikingly, the W339F variant
shows significantly reduced hydrolase activity while the
acyltransferase activity remains comparable to that of wild-
type EstCE1. The AT/H ratio exceeds 200, clearly putting this
variant above EstM2. However, the highest transfer efficiency
was measured for the W339Y variant, reaching a remarkable
AT/H ratio of 330. This variant is a roughly 50-fold more

efficient acyltransferase than MsAcT and acyl donor hydrol-
ysis can almost be considered to be a negligible side reaction.
Analogous to the HDG motif of 3ZYT, we introduced an
aspartate residue into the second position of the motif in
EstCE1 (giving WDG). As expected, this led to a drastically
decreased AT/H ratio. These data underline the significance
of this motif for promiscuous acyltransferase activity and acyl
acceptor specificity in family VIII carboxylesterases.

The purpose of the current study was to identify novel
biocatalysts for overcoming the synthetic limitations of
available acyltransferases and to improve our understanding
of promiscuous acyltransferase activity. We demonstrated
that many family VIII carboxylesterases exceed the limits of
what was previously thought possible by showing unprece-
dentedly high efficiency in the formation of esters, carbonates,
carbamates, and amides like the antidepressant drug moclo-
bemide. The identified three-amino acid motif adjacent to the
catalytic triad could be considered as an activity and
specificity switch in this enzyme family. Most remarkably, it
took only one rationally introduced mutation to transform
3ZYT, an esterase without promiscuous acetyltransferase
activity, into an acetyltransferase. To the best of our knowl-
edge, such a feat is unprecedented in the literature.
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Experimental Procedures 

Materials 
Chemicals were obtained from Fluka (Buchs, Switzerland), Acros Organics (Geel, Belgium), or Sigma-Aldrich (Munich, Germany) if not stated 
otherwise. All chemicals were used without further purification. The pET-24c-EstCE1 expression vector was obtained from B.R.A.I.N. AG 
(Zwingenberg, Germany). Genes were synthesized (codon-optimized for expression in Escherichia coli) and subcloned into pET-28a(+) by 
BioCat GmbH (Heidelberg, Germany). All plasmids encoded C-terminal His6-tags for purification. 

Acyltransferase Screening Assay 
An initially monophasic and clear reaction mixture (200 mM vinyl acetate and 20 mM 2-phenylethanol in 200 mM potassium phosphate buffer, 
pH 8.0) were transferred to a transparent 96-well flat-bottom polystyrene plate (200 µL per well). Lyophilized crude lysates containing hydrolytic 
enzymes were dissolved in 200 mM potassium phosphate buffer (pH 8.0) to a concentration of about 15 mg/mL. Insoluble particles were 
removed by centrifugation (12,000 g, 3 min). For each enzyme, 20 µL of the crude lysate was added to the reaction mixture in the microtiter 
plate. Plates were incubated at room temperature (25 °C) and the formation of emulsions as a result of promiscuous acyltransferase activity 
was monitored by eye and/or by measuring the OD600 of the reaction mixture over time. 

Expression and Purification of His6-tagged Family VIII Carboxylesterases 
Expression and purification of Family VIII carboxylesterases were performed according to a standard protocol previously used for expression 
and purification of bacterial hormone-sensitive lipases (bHSL).[1] Chemically competent E. coli BL21(DE3) cells were transformed with 
expression vectors and plated on LB agar containing 50 µg/mL kanamycin. Pre-cultures (5 mL of LB containing 50 µg/mL kanamycin) were 
inoculated with single colonies and incubated overnight (37 °C, 180 rpm). TB medium (125 mL containing 50 µg/mL kanamycin) was inoculated 
with 0.5% (v/v) of the pre-cultures. The cultures were incubated (37 °C, 180 rpm) until they reached an OD600 between 0.6 and 0.8. Protein 
expression was induced by addition of isopropyl-β-D-thiogalactoside to a final concentration of 400 µM, followed by incubation at 20 °C 
(180 rpm) for 16 h. Cells were harvested by centrifugation at 4,000 g and 4 °C for 30 min and washed with 30 mL of 50 mM potassium phosphate 
(pH 7.4). Washed cell pellets were stored at -20 °C for later use. 

Cell pellets were resuspended in 20 mL lysis buffer (50 mM potassium phosphate and 300 mM sodium chloride, pH 8.0) and lysed by sonication 
on ice (5 cycles of 1 min sonication (40% intensity, 50% pulsed cycle) followed by 1 min incubation on ice) using a SONOPULS HD 2070 
(BANDELIN electronic GmbH & Co. KG, Berlin, Germany). Lysates were clarified by centrifugation for 30 min (10,000 g, 4 °C). The His6-tagged 
proteins were purified by immobilized metal-affinity chromatography using 3 mL of Roti®garose-His/Co Beads (Carl Roth GmbH + Co. KG, 
Karlsruhe, Germany). The Co-NTA resin was washed with deionized water and equilibrated with lysis buffer. The lysates were applied by gravity 
and the flow-through discarded. Weakly bound proteins were removed by extensive washing of the resin with washing buffer (50 mM potassium 
phosphate, 300 mM sodium chloride, and 20 mM imidazole, pH 8.0). The recombinant proteins were eluted with approximately 6 mL of elution 
buffer (50 mM potassium phosphate, 300 mM sodium chloride, and 300 mM imidazole, pH 8.0). Elution fractions were stored at 4°C after being 
desalted using PD-10 desalting columns (GE Healthcare, UK) equilibrated with storage buffer (200 mM potassium phosphate, pH 8.0). For 
EstCE1 crystallization experiments, the buffer was exchanged with 50 mM potassium phosphate (pH 7.5). 

SDS-PAGE Analysis 
The purity of protein samples was analysed by SDS-PAGE. Samples of the purified proteins were denatured by heating (95°C, 10 min) in 
Laemmli-buffer[2] followed by centrifugation at 20,800 g for 5 min. The proteins were separated on 12.5% acrylamide gels at a constant voltage 
of 120 V. The gels were stained using Coomassie Brilliant Blue G-250. 

Biocatalytic Reactions 
Reactions for benzyl acetate formation contained purified EstCE1 (0.34 mg/mL), 50 mM benzyl alcohol, and 200 mM vinyl acetate in 1 mL of 
200 mM potassium phosphate buffer (pH 8.0). Reactions for benzyl methyl carbonate formation contained purified EstCE1 (0.34 mg/mL), 50 mM 
benzyl alcohol, and 500 mM dimethyl carbonate (DMC) in 1 mL of 200 mM potassium phosphate buffer (pH 8.0). Reactions for 
N-benzylacetamide formation contained purified EstCE1 (0.34 mg/mL), 50 mM benzyl alcohol, and 500 mM ethyl acetate in 1 mL of 200 mM 
potassium phosphate buffer (pH 8.0). Reactions for methyl N-benzylcarbamate formation contained purified EstCE1 (0.34 mg/mL), 50 mM 
benzyl alcohol, and 500 mM DMC in 1 mL of 200 mM potassium phosphate buffer (pH 8.0). All reaction mixtures were shaken (1400 rpm) at 
room temperature (25°C). Time samples (50 µL) were taken after 0, 1, 5, 10, 20, 30, 45, 60, 90, 120, 150, 180, and 210 min. The reactions 
were quenched by extraction with 500 µL methyl tert-butyl ether (MTBE). The mixtures were rapidly vortexed and then centrifuged to separate 
the phases (15,000 g, 1 min). The organic phases were dried over anhydrous sodium sulfate prior to analysis by gas chromatography (GC).
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Moclobemide (4-chloro-N-(2-morpholin-4-ylethyl)benzamide) was synthesized in a 1 mL reaction containing 50 mM 4-(2-aminoethyl)morpholine 
and 200 mM methyl 4-chlorobenzoate (added from a 4 M stock in DMSO). The final DMSO concentration in the mixture was 5% (v/v). The 
reaction was started by the addition of purified EstCE1 to a final concentration of 0.3 mg/mL. Time samples were taken at 15, 90, 150, 270, 
380, 1350, 1800 and 2670 min and prepared for GC as described above (Fig. S3). All reactions were carried out in triplicate. Negative controls 
without enzyme were conducted to verify that product formation was not the result of spontaneous chemical reactions. Products were 
characterized by GC-MS (Fig. S3) and validated by comparison to commercial standards.  

Biocatalytic Kinetic Resolutions 
For the kinetic resolution of secondary alcohols, reactions contained purified EstCE1 (0.37 mg/mL), 20 mM of the secondary alcohol, and 
200 mM vinyl acetate in 1 mL 200 mM potassium phosphate. Reaction mixtures were shaken (1400 rpm) at room temperature (25 °C). Time 
samples were taken after 20 s, 2 min, 4 min, and 6 min and were extracted for GC analysis as described above.   

GC-MS Analysis  
The organic phases of all samples were transferred into GC vials and analysed by GC. Samples (2 µL, split ratio 29) were analyzed using a 
GCMS-QP2010 SE device (Shimadzu, Duisburg, Germany) equipped with a ZB-5MSi column (30 m × 0.25 mm, diameter 0.25 µm, 
Phenomenex, USA). Injector temperature was 250 °C and a column flow rate of 0.92 mL/min was used. To prevent thermal degradation of 
methyl N-benzylcarbamate upon injection, the injector temperature was lowered to 120 °C. Column temperature was initially at 80 °C for 2 min, 
then increased at 8 °C/min until 150 °C, and finally increased to 330 °C at 15 °C/min. Chiral samples were analyzed using the same GC device 
but equipped with a Hydrodex β-3P column (25 m x 0.25 mm, diameter 0.25 µm, Macherey-Nagel, Germany). Injector temperature was 220 °C, 
the column flow rate was set to 1.31 ml/min, and 1 µL sample was injected at a split ratio of 10. The column was held at 50 °C for 10 min, 
followed by heating to 220 °C at a rate of 10 °C/min. Temperature was then held constant at 220 °C for 15 min.  

Colorimetric pNP-AcT Assay 
Activity assays were carried out as described in our recent publications.[1] Reactions were performed at 25 °C in transparent 96-well polystyrene 
microtiter plates. Changes in absorbance at 405 nm were measured using a Tecan Infinite M200PRO3 Plate Reader (Tecan, Männedorf, 
Switzerland). Reactions were started by addition of 100 µL of the enzyme solution (in 200 mM potassium phosphate, pH 7.0) to 100 µL of a 2x 
concentrated master mix containing all other components in 200 mM potassium phosphate (pH 7.0). The final reactions contained benzyl 
alcohol (0, 0.75, 1.5, 3.75, 7.5, 15, 30, 45, 60, 75, 112.5 or 150 mM) and the pNP-ester. Final concentrations were 1 mM for pNPA (C2) and 
pNPB (C4) and, due to lower water solubility, 0.5 mM for pNPH (C6), pNPO (C8), and pNPD (C10). Reactions were measured in triplicate and 
corrected by subtraction of chemical background hydrolysis of the pNP-ester in the buffer (background was measured for each concentration 
of alcohol used). The initial slope was determined and the amount of pNP formed was calculated from an external calibration curve of 
p-nitrophenol (in 200 mM potassium phosphate, pH 7.0) in the range of 0.0 mM to 1.0 mM (Fig. S5). Relative activities were calculated by 
dividing the specific activities obtained for the reactions with varying amounts of alcohol (acyl transfer + hydrolysis) by that obtained for the 
reaction without alcohol (hydrolysis). In contrast, the AT:H ratios were calculated by dividing acyltransferase activity (rate in the presence of 
alcohol - rate of hydrolysis) by hydrolysis activity.  

Protein Crystallization and Data Collection 
For crystallization experiments, EstCE1 was further purified by gel filtration on a HiLoad® 26/600 Superdex® 200 column (GE Healthcare, 
Freiburg, Germany) with 50 mM phosphate buffer (pH 7.5). Protein concentrations were determined by measuring absorbance at 280 nm using 
a NanoDropTM (Thermo Fisher, Germany) device. Theoretical extinction coefficients and molecular weights were calculated from the protein 
sequences using ExPASy ProtParam. EstCE1 was concentrated to 17 mg/mL using a Vivaspin™ concentrator with 10 kDa molecular weight 
cut-off (Sartorius, Germany). Crystals were obtained at 20 °C from hanging drops with 2 µL protein solution mixed with 2 µL reservoir solution 
(10% PEG 8000 in 200 mM magnesium acetate) over 0.5 mL reservoir solution. After two weeks, crystals were briefly soaked in cryo solution 
(10% PEG 8000 and 12% PEG 400 in 200 mM magnesium acetate) and transferred to liquid nitrogen. Data were collected at BESSY, 
beamline 14.2. The structure was solved by molecular replacement, using EstB from Burkholderia gladioli (PDB 1CI8, 51.6% sequence identity 
in 380 residues overlap) as template.  
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Site-Directed Mutagenesis 
Variants were constructed using the Q5® Site-Directed Mutagenesis Kit (New England Biolabs GmbH, Frankfurt, Germany). Non-overlapping 
DNA-oligonucleotides were designed using the online NEBaseChanger tool (Tab. S1). PCR amplifications and KLD reactions were performed 
following the manufacturer’s instructions. To confirm introduction of the desired mutations, plasmid DNA was isolated (innuPREP Plasmid Mini 
Kit 2.0, Analytic Jena, Jena, Germany) and sent for Sanger sequencing (Eurofins Genomics Germany GmbH, Ebersberg, Germany).  

Table S1. DNA oligonucleotides used for site-directed mutagenesis. 

Template Mutation  Forward primer (5‘→3‘) Reverse primer (5‘→3‘) 

3ZYT D323G CTTCGGTCATggtGGTGCCAGCGC GCGCGATAACTACCGAACGG 
H322W_D323G CGCCTTCGGTtggggtGGTGCCAGC CGATAACTACCGAACGGCATAC 

EstCE1 

W339F CACTCTGCAGtttGGCGGTGTCTATG CCATTGTGCTGAGGCGTC 
W339H CACTCTGCAGcatGGCGGTGTCTATG CCATTGTGCTGAGGCGTC 
W339Y CACTCTGCAGtatGGCGGTGTCTATG CCATTGTGCTGAGGCGTC 
W339A CACTCTGCAGgcgGGCGGTGTCTATG CCATTGTGCTGAGGCGTC 
W339N CACTCTGCAGaacGGCGGTGTCTATG CCATTGTGCTGAGGCGTC 
D340D TCTGCAGTGGgacGGTGTCTATG GTGCCATTGTGCTGAGGC 

 
In Silico Methods 
For the structural analysis and molecular modelling experiments on the structure of EstCE1 and homologs, UCSF Chimera[3] (San Francisco, 
CA, US), Schrödinger Maestro (New York City, NY, US), and YASARA[4] (Vienna, Austria) were used. Structures were prepared for molecular 
modelling using Schrödinger Maestro’s ‘Protein Preparation Wizard’ using the default settings.  
The substrate-binding sites in the crystal structures of EstCE1, 4IVI, 5GMX, 5ZWQ and 3ZYT were analysed using the SiteMap[5] tool of the 
Schrödinger Maestro software suite (Schrödinger, New York City, NY, US). All structures were processed with the same parameters. A minimum 
of 15 site points per reported site were set with a total number of 5 site-point groupings using the more restrictive definition of hydrophobicity 
(isovalue set to -0.4) and the standard grid. Maps were always cropped 4 Å from the nearest site point.   
Docking experiments were performed with Glide[6] using the default settings. The OPLS3e force field was used for all modelling experiments. 
For induced-fit docking, conformational sampling of the ligand was enabled with the energy window set to 2.5 kcal/mol. Residues were refined 
in 5.0 Å around the docked ligand (Prime refinement). Glide redocking was limited to an energy window of 30.0 kcal/mol with the output limited 
to the top 20 poses (standard precision (SP)).  
Covalent docking was performed using CovDock[7] and the default program settings. For EstCE1, the simulation box was centered to the 
catalytic serine (S65). Ligands were input as carboxylic acid chlorides and the reaction type set to ‘nucleophilic substitution’. Docking mode was 
set to ‘Pose prediction‘ (thorough) and the cutoff to retain poses for further refinement set to 2.5 kcal/mol. The output was limited to the top 3 
poses. For rigid receptor ligand docking, glide was used to generate the receptor grid with the enclosing box centered around the nucleophilic 
serine. Docking precision was set to standard precision (SP) and ligands were treated as flexible. Automatic post-docking minimization was 
performed and the number of poses to report was limited to 20.  
The homology model of EstM2 was created in YASARA using the default settings (MD_run.mcr). The final model is based on the crystal 
structure of EstB from Burkholderia gladioli (PDB ID: 1CI8; 96% coverage, 49.9% identity) and was rated ‘satisfactory’ by the program.  
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Additional Results & Discussion 

Acyl Donor and Acyl Acceptor Pre-Screening for EstCE1 
 

 

Figure S1. EstCE1 acyl acceptor pre-screening. The pNPA-AcT assay and crude lysate were used. Data plotted are the means and standard 
deviations calculated from three independent measurements.  

 

Figure S2. EstCE1 acyl donor pre-screening. Reactions contained EstCE1 (0.1 mg/mL), 20 mM benzyl alcohol, and 20 mM of the acyl donor 
in 200 mM potassium phosphate (pH 8.0) to form benzyl acetate. The kinetic maximum of a reaction with MsAcT wild-type (AT:H = 7) with vinyl 
acetate as acetyl donor carried out under the same conditions was reported to be at significantly lower (~50% conversion) than that achievable 
by EstCE (AT:H = 65, ~75% conversion).[8]  
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Synthesis of Ester, Amide, Carbonate and Carbamate  

 

Figure S3. GC-MS verification of the EstCE1-catalyzed formation of N-benzylacetamide, benzyl acetate, methyl N-benzylcarbamate and benzyl 
methyl carbonate. The actual MS measurement is shown above the corresponding database hit. Note that benzyl methyl carbamate and benzyl 
methyl carbonate are not available in the database which is why the hits represent isomers.  
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Synthesis of Moclobemide Using EstCE1 

 

 

Figure S4. A) Reaction scheme for the EstCE1-catalyzed synthesis of the antidepressant drug moclobemide from methyl 4-chlorobenzoate as 
acyl donor and 4-(2-aminoethyl)morpholine as acyl acceptor. B) Linear calibration curve of moclobemide with acetophenone as internal standard, 
measured by GC. C) EstCE1-catalyzed synthesis of moclobemide from 50 mM 4-(2-aminoethyl)morpholine and a fourfold excess of methyl 
4-chlorbenzoate in 200 mM potassium phosphate (pH 8.0). Conversion after 42h was approximately 20%. The enzyme concentration was 0.25 
mg/mL. D) The formation of moclobemide was verified by GC-MS. The actual MS-measurement is shown above the corresponding database 
hit.  
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Enantioselectivity of EstCE1 

 
Table S2. Enantioselectivity of EstCE1 in the acetylation of secondary alcohols. 

 
Entry Acceptor conv. [%] eep [%] E-Value[b] 

1 
 

30.9 5.1 1 

2 
 

41.5 5.7 1 

3 
 

57.1 37.8 4 

4 
 

40.9 49.2 4 

5 
 

38.6 66.7 8 

6 
 

38.5 80.6 15 

7 
 

39.1 89.2 31 

8 
 

50.3 86.6 40 

9 
 

42.7 93.3 61 

10 
 

47.5 93.4 79 

11 
 

41.8 100 >200 

[a] Conditions: 20 mM acceptor, 200 mM vinyl acetate, and 0.37 mg purified 
EstCE1 in 1 mL potassium phosphate (pH 8.0). [b] based on eep and 
conversion.  

 
The examples shown are in accordance with the ‘Kazlauskas rule’ and thus high to excellent E-values were observed for the secondary 
alcohols 10 and 11.[9] 
 

 
Methanol Can be an Acyl Acceptor in the pNP-AcT Assay 
 
 

 

Figure S5. Formation of methyl butyrate in the pNPB-AcT assay was verified by GC-MS. The actual MS measurement is shown above the 
corresponding database hit. 
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Acyl Donor Scope of Several Family VIII Carboxylesterases 

 
Table S3. Acyl donor scope of several family VIII carboxylesterases determined by pNP-AcT assays with benzyl alcohol as acyl acceptor. ATmax 
represents the maximum acyltransferase activity measured in a range of 0 to 150 mM benzyl alcohol.  

Enzyme Donor ATmax in U/mg Hydrolysis in U/mg AT:H 

EstCE1 C2 
C4 
C6 
C8 

2605 ± 86 
1081 ± 28 
26.1 ± 0.9 

0.29 ± 0.05 

40.1 ± 2.2 
38.7 ± 3.3 

0.22 ± 0.03 
0.13 ± 0.01 

65 
28 

119 
2.2 

EstM2 C2 
C4 
C6 
C8 

5583 ± 221 
361 ± 33 

181.2 ± 17.3 
0.013 ± 0.01 

37.7 ± 1.2 
54.2 ± 5.5 
23.7 ± 2.3 

0.02 ± 0.01 

148 
6.7 
7.6 
0.7 

4IVI C2 
C4 
C6 
C8 

35.7 ± 2.8 
77.4 ± 4.6 
45.6 ± 4.5 
6.2 ± 1.0 

1.07 ± 0.02 
3.40 ± 0.06 
1.01 ± 0.07 
1.35 ± 0.22 

33 
23 
45 
4.6 

5ZWQ C2 
C4 
C6 
C8 

204.9 ± 7.3 
59.5 ± 2.7 
12.8 ± 1.4 
8.8 ± 0.5 

12.1 ± 0.6 
68.5 ± 1.1 
27.7 ± 1.4 
6.0 ± 0.3 

17 
0.9 
0.5 
1.5 

5GMX C2 
C4 
C6 
C8 

105.4 ± 5.9 
341.7 ± 20.4 

89.2 ± 8.3 
30.2 ± 2.3 

33.1 ± 0.7 
108.4 ± 7.7 
81.4 ± 4.4 
5.4 ± 0.3 

3.2 
3.2 
1.1 
5.6 

3ZYT C2 
C4 
C6 
C8 

C10 

0 ± 0 
22.6 ± 2.6 
35.7 ± 2.6 
40.1 ± 9.9 
1.9 ± 0.7 

96.7 ± 1.4 
62.0 ± 2.6 
28.4 ± 2.6 
14.4 ± 0.9 
1.0 ± 0.3 

0 
0.4 
1.3 
2.8 
1.9 

While EstM2 strongly prefers acetylation, EstCE1 is the more versatile acyltransferase, also being highly active towards the bulkier C4 donor. 
For EstCE1, the AT:H ratio for pNP-hexanoate (C6) is twice as high as observed for for pNP-acetate (C2). However, the overall activity is three 
orders of magnitude lower.  

 
Multiple-Sequence Alignment Highlighting the Putative Acyltransferase-Motif 

 

 

Figure S6. Multiple-sequence alignment of the set of investigated esterases shows good conservation of the WGG-motif. However, the family 
VIII.3 carboxylesterase 3ZYT shows a distinct HDG motif at this position 
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Crystallographic Data 

 
Table S4. Statistics of the X-ray diffraction data collection and structure refinement. 

Data collection 

Detector Pilatus 3S 2M 

Radiation source  BESSY, beamline 14.2 

Wavelength  0.9184 Å 

Resolution range (last shell) 50 - 2.48 Å (2.63 – 2.48 Å) 

Space group / a-axis / b-axis / c-axis / b P6122  

Number of independent reflections 44456 (7166) 

Completeness (last shell) 99.1% (99.0%)  

Redundancy 10.4 (10.5) 

I/σ(I) (last shell) 7.2 (1.1) 

Rsym (last shell) 0.406 (2.092) 

Rmeas (last shell) 0.465 (2.424) 

Rpim (last shell)* 0.132 (0.682) 

CC1/2 (last shell) 97.8% (44.6%) 

Wilson B-factor 36.0 Å2 

*values were calculated using Rmeas/sqrt(redundancy) 

 

Refinement 

Rcryst / Rfree (test data set with 2.5 % of all 
data) 

0.202 / 0.241 

Number of atoms of  
EstCE1 / water  

2925 / 58 / 169 

Average isotropic B-factors 

Protein main chain / side chain 20.8 / 22.4 Å2 

ligands 46.2 Å2 

water 29.7 Å2 

R.m.s. deviations from ideal geometry 

Bond lengths  0.013 Å 

Bond angles  1.819° 

Torsion angles  8.098° 

Molprobity score 2.1 

PDB accession code 7ATL 
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pNP-AcT Assay 

 

 

Figure S7. Linear calibration curve of pNP. Data plotted are the means and standard deviations calculated from three measurements.  

 

Acyl-Donor Scope of EstCE1 and its Homologs 

 

Figure S8. Specific activities of several family VIII carboxylesterases, determined using pNP-AcT assays. Activities are plotted as a function of 
benzyl alcohol (acyl acceptor) concentration. Different acyl donors were tested. C2: pNPA, C4: pNPB, C6: pNPH, C8: pNPO, C10: pNPD. 
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Homology Model of EstM2 in Comparision to the Crystal Structure of EstCE1 
 

 

Figure S9. Crystal structure of EstCE1 compared to the homology model of EstM2. The F243 (EstCE1) and F244 (EstM2) residues are shown 
in red. Hydrophobic surface areas within the substrate-binding pockets are shown in yellow. Sequence identity of EstM2 with EstCE1 is 46.9%. 
The catalytic serine and lysine as part of the catalytic triad such as the tryptophan as part of the WGG motif are shown. 

Acyltransferase Activity of 3ZYT Variants 

 

Figure S10. Relative (to a reaction in the absence of benzyl alcohol) and specific activities of 3ZYT variants as a function of the benzyl alcohol 
concentration. For the corresponding wild-type data see Fig. S7. The acyl transfer to hydrolysis ratios are nearly identical for the HGG and the 
WGG variants. However, the HGG variant shows a significantly enhanced overall activity compared to the WGG variant. 
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Molecular Modelling of the Active-Site Hydrophobicity in 3ZYT and Variants 

 

 

Figure S11. Molecular modelling of the ligand-binding site of the different 3ZYT variants shows that the hydrophobicity (yellow surface) 
increases by substitution of aspartate in the second position of this motive by glycine.  

 

Acyltransferase Activity of EstCE1 Variants 

 

 

Figure S12. Specific (A) and relative (B) activities of several EstCE1 variants as a function of benzyl alcohol concentration. 
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SDS-PAGE  

 
 

Figure S13. SDS-PAGE analysis of purified and desalted family VIII carboxylesterases and 3ZYT variants. 

 
 

Figure S14. SDS-PAGE of purified and desalted EstCE1 variants. 
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Sequences  

DNA Sequence of EstCE1 
ATGTCGATAGCGGATCAGTCATTAGCAAAAAGAGTGCAGGGCGTTAGCCAACAGGCGATTGATGAAGGGCGTATCGTTG
GCAGCGTGGTGCTGATCGCTCGGCACGGTCGCGTGATTTACGCCAATGCCAGCGGCTATGCCGATCGTGAACAGAAGA
AACCTATGGTGCGTGAGACCCAATTTCGGCTGTCGTCGGTGTCCAAGCCTTATATTACGCTGGCGGCCATGCGTATGATC
GAACAGCAGAAGCTGGGGCTGGATGATACCGTCAGCCGTTGGTTGCCGTGGTTTACCCCGGCGCTGGCCGATGGGGTT
CGCCCGCCAATTAAAATCCGTCACTTGTTGAGCCACACTGCCGGCCTGGATTATCGTTTGAGCCAACCTGCGGAAGGAC
CGTATCATCGACTCGGTATTAAAGACGGTATGGAACTGTCGTCGTTAACGCTGGAACAGAATCTGCGCCTGTTGGCGCA
GGCGGATCTGTTGGCCGAGCCGGGCAGCGAGTTTCGATATTCACTGGCAATCGATGTGCTGGGGGCGGTGCTGGAACA
GGTGGCGGGCGAGCCCTTGCCGCAGGTGTTCAACCATTGGGTTGCCCAACCTTTGGGGTTGCGTAATACCGGTTTTTAC
ACCACCGATGTCGATAATCTGGCAACGGCGTATCACGACACCGCCGCGGAGCCGGAACCTATACGAGATGGCATGTTGC
TGACCCTGCCGGAAGGGTTCGGCTTCGAGATTGAACTGGCACCCTCGCGCGCACTGGACGCTCAGGCCTATCCTTCTG
GCGGCGCTGGCATGGTCGGCGATGCAGACGATGTGTTGCAGTTGGTGGAAACCTTGCGCACTGGCAAGGAAGGCATTT
TACAGCCGGCCACCGCAGCGCTGATGCGTCAAGCGCATGTCGGGTCGCACGCCGAGACTCAGGGGCCCGGCTGGGGG
TTTGGTTTCGGCGGTGCGGTACTGGAAGATGCGCAGTTGGCGGCGACGCCTCAGCACAATGGCACTCTGCAGTGGGGC
GGTGTCTATGGCCACAGTTGGTTTTACGATCCGCAAGCGGCGATCAGCGTGGTAGCCTTGACCAATACGGCCTTTGAAG
GCATGAGTGGACGTTATCCACTGCAAATCCGCGATGCTGTTTACGGGACAAACGAACCTACTCGC 
 
Amino Acid Sequence of EstCE1 
MSIADQSLAKRVQGVSQQAIDEGRIVGSVVLIARHGRVIYANASGYADREQKKPMVRETQFRLSSVSKPYITLAAMRMIEQQKL
GLDDTVSRWLPWFTPALADGVRPPIKIRHLLSHTAGLDYRLSQPAEGPYHRLGIKDGMELSSLTLEQNLRLLAQADLLAEPGSE
FRYSLAIDVLGAVLEQVAGEPLPQVFNHWVAQPLGLRNTGFYTTDVDNLATAYHDTAAEPEPIRDGMLLTLPEGFGFEIELAPS
RALDAQAYPSGGAGMVGDADDVLQLVETLRTGKEGILQPATAALMRQAHVGSHAETQGPGWGFGFGGAVLEDAQLAATPQ
HNGTLQWGGVYGHSWFYDPQAAISVVALTNTAFEGMSGRYPLQIRDAVYGTNEPTR 
 
DNA Sequence of EstM2 
ATGAACGCCGTGCCGAGTCTGGCCCCGGCACCTACACTGCCGAGTGTTCAGCGTCTGCTGCAGCATGTTCATCCGCAG
CGTCTGGTGGGTGCAGTTGTTCTGGTGCGTGAACATGGTGTTCTGCGCCATGCCAGTGCAACCGGTCTGGCAGATCGTG
AAAGCGCCACCCCGATGCAGCGTGATCAGCTGTTCCGCCTGGCAAGTGTGAGCAAACCGCTGCTGACCACCGTTATTCT
GCGTCTGGTTGCAGGTGGTGTGCTGGATCTGGATGTGCCGGTGCAGCGCTGGCTGCCGGACTTCCGTCCGGCTCTGCC
GGATGGCAGCACCCCTGCAATTAGTCTGCGCCAGCTGCTGAGCCATAGCAGTGGCCTGGGCTATCGCTTCCTGGAAGC
CGATGCAGATGGTCCGTATGCCCGTGCAGGTGTGAGCGATGGTATGGATGCAAATCCGGTTAGTCTGGCCGATAATGTG
CAGCGTATTGGCCAGGCCCCGCTGCTGTTCGCCCCGGGTTCACAGTGGCTGTATAGCCTGGGCGTTGATGTTGCAGGC
GCCGCAGCCGAAGCAGCAACCGGTGAAACCTTACAGGCACTGTTCGCACGTCTGCTGGCCACCCCGCTGGGCTTACGT
GATACCGCCTTCGCAATTGATGATGCCGCCCGTCTGGCAACCCCGTATGTTACCGATACCCCGCAGCCGCATCGTCTGC
AGGAAGGTGAAGTTGTTGCCCCGTTCGAAGGTACCGTTGGTATTGCATATAGCCTGGCACGTGCCACCGATGCAAGCCG
CTTCCCGAGTGCCGGCGCAGGTCTGGTGGGCACAGCCGATGAAGTTATGGCCGTGCTGGAAGCACTGCGCGATGTTCA
GAGTAGCGGTCTGCTGCCGCCGGCACTGGCAGCTCAGATGGCCACCCCGCAGGTTGGCGAACAGGGCCCTCCGGAAC
CGGCCGGTTGGGGCTTCGGTCTGGGCTTCGCCGTTCTGCGCGATGCCGCCAATAGCGGCACCCCGCAGAATGTTGGTA
CCTGGCGCTGGGGTGGTGCCTATGGTCATAGCTGGTTCGTTGATCCGGCCCGTGGTCTGAGCGTGGTTGCCCTGACCA
ATACCCTGTATGAAGGTATGGATGGCGCATTCGTGGATGAACTGCGTGATGCCGTGTATGCAGATCTGGAAACCGTTCG
C 
 
Amino Acid Sequence of EstM2 
MNAVPSLAPAPTLPSVQRLLQHVHPQRLVGAVVLVREHGVLRHASATGLADRESATPMQRDQLFRLASVSKPLLTTVILRLVA
GGVLDLDVPVQRWLPDFRPALPDGSTPAISLRQLLSHSSGLGYRFLEADADGPYARAGVSDGMDANPVSLADNVQRIGQAPL
LFAPGSQWLYSLGVDVAGAAAEAATGETLQALFARLLATPLGLRDTAFAIDDAARLATPYVTDTPQPHRLQEGEVVAPFEGTV
GIAYSLARATDASRFPSAGAGLVGTADEVMAVLEALRDVQSSGLLPPALAAQMATPQVGEQGPPEPAGWGFGLGFAVLRDAA
NSGTPQNVGTWRWGGAYGHSWFVDPARGLSVVALTNTLYEGMDGAFVDELRDAVYADLETVR 
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DNA Sequence of 4IVI (EstU1) 
ATGAAGACCAGCGCCAAATTCCTGAGCTTCGCCGTTAGCTTCGTTCTGCTGATTATTGCCAGCACCAGCTTCGCAGAAGG
CCCGGTTACCGCCACCAAACCGAAAGAAGCAGGCTTCACCAGCGAAGGCCTGGCACGTATTGATGCATATCTGAAAAAT
GAAATCCAGGCCAAAACCATGCCGGGCGCCGTTATGATGATTAAACGTAATGGCGAAACCGCCTACTTCAGCAGCTTCG
GCCTGCGCGATCCGGATACCAAAGAACCGATGACCGCCGAAACCATCTTCCGTATCTATAGCATGAGTAAACCGATTACC
ACCGTTGCCGCAATGATGCTGGTTGAAGAAGGTAAACTGCAGCTGGATGAACCGGTTAGCAAATATATTCCGAGCTTCGC
CAATGTTAAAGTTGGTGTGGAAACCAAAGGTGAAAATGGTATGGCCCTGGAAACCGGCCCGGTTAAACGCGCCATTACC
ATTCAGGATCTGATGCGCCATACCAGCGGCATTACCTATGGCTTCGTTGGTGATGGCCTGGTTAAAAAAGCCTATATTGC
CAGCAATCTGTTCGATGGTGACTTCGATAATGCAGAATTCGCAGAACGCATTGCCAAACTGCCGCTGGTGTATCAGCCGG
GTACCACCTGGGATTATGGTCATAGCACCGATATTCTGGGTCGTGTGGTTGAAGTGGTGAGTGGCAAAAGCCTGTATCA
GTTCGAAAAAGAACGTCTGCTGGATCCGCTGGGTATGAAAGATACCGGCTTCTATGTGACCGATCCGGCAAAAAAAAGTC
TGGTGGCCGAAGCCATGCCGAATGATCGTAAAATTGGTGGTAGTGAAATGTTCGATCCGCGTGTTCAGAAAAAATGGGAA
CCGGGCGGCCAGGGTATGGTTAGTACCATTGGCGATTATGCCCGCTTCACCCAGATGGTTCTGAATGGCGGCACCCTG
GATGGTAAACGTTATCTGAGTCCGAAAACCATTGCATATATGGGCAGCAATCATATTCCGCAGGCAAGCGGCATTGTGCC
GGGTGCCTATTATCTGCCGGGTCCGGGCGTTGGCTTCGGTCTGGGCTTCGCCGTTCGTACCGAAGCCGGCGTGACCCC
GGTTGAAGGCAGTGTTGGCGATCTGAGCTGGGGCGGCGCAGGTGGTACCGTGTTCTGGATTGATCCGAAAGAAAATCT
GACCGTTGTGTTCATGGCCCCGATGGTTAGTCCGCGTGCCCGTGTGTGGCGCACCCTGAGAAATATTGTGTATGGTGCA
TTCGATCGTCTGGAA 
 
Amino Acid Sequence of 4IVI (EstU1) 
MKTSAKFLSFAVSFVLLIIASTSFAEGPVTATKPKEAGFTSEGLARIDAYLKNEIQAKTMPGAVMMIKRNGETAYFSSFGLRDPD
TKEPMTAETIFRIYSMSKPITTVAAMMLVEEGKLQLDEPVSKYIPSFANVKVGVETKGENGMALETGPVKRAITIQDLMRHTSGIT
YGFVGDGLVKKAYIASNLFDGDFDNAEFAERIAKLPLVYQPGTTWDYGHSTDILGRVVEVVSGKSLYQFEKERLLDPLGMKDT
GFYVTDPAKKSLVAEAMPNDRKIGGSEMFDPRVQKKWEPGGQGMVSTIGDYARFTQMVLNGGTLDGKRYLSPKTIAYMGSN
HIPQASGIVPGAYYLPGPGVGFGLGFAVRTEAGVTPVEGSVGDLSWGGAGGTVFWIDPKENLTVVFMAPMVSPRARVWRTL
RNIVYGAFDRLE 
 
DNA Sequence of 5GMX (EstSRT1) 
ATGAGCACCGGCATTGAAATTCAGGGTATCTGTGCCCCGGAATTCACCAAAGTGCGCGATGCATTCGCCGCCAACTTCA
AAGATGGCAAAGAAGTTGGTGCCAGCTTCGGTCTGGCAATTGAAGGCGAAATTGTGGTTGATCTGTGGGGCGGCTTCGC
CGATGCCGGTCGTAGCCGTCCGTGGCGTAGCGATACCCTGATTAATACCTATAGCACCACCAAAGGCATGGCAGCCACC
GTTGTGGGTGTGCTGGCAGATGAAGGTCTGATTGATTATAATGCCCGCGTGGCAGATTATTGGCCGGAATTCGCAGCCG
CCGGTAAAAAAGATGTGACCGTTGCACAGCTGCTGAGCCATCAGGCAGGCATCTGTGGTCCGCGCGAACGTGTTGAAAT
GGCCGATCTGTATGATTGGGATAAACTGTGTGCAATGCTGGCCGCACAGTGGCCGTTCTTCGAACCGGGTACCGCAAAT
GGTTATCATGCCGTTGTGTTCGGCCATATTGCAGGTGAAGTGGCCCGCCGTGTGACCGGCCGTACCAAAAGCCTGGGTC
AGCTGTTCGCCGAAAAAGTGGCAAGCCCGATTGGTGCCGGTAATGATTATTATATTGGCCTGCCGGCCAGTGAAGATCAT
CGTGTGGCAGAAATGCTGCCGGTTATTGGTAGTGAACAGCTGGGTACCGGCCTGGGTGGTAAAAAACGTATGAGTGATG
CCCTGTATTGCGCCATGGCACATCCGCCGCTGACCGCCCATATTGCCAATGATCGTGCATGGCGCGCAGCCGAAGTTCC
GGGTGCAAATGGTCAGGGCAATGGTCGTGGTATTGCCAAAGTGTATGGTGCCCTGGCAAATGGTGGCACCCTGGGTGG
CACCCGTATTATTAGCGCAAAAGGTATTGCAGAAATGACCCGTGAAGAATGCTTCCGTAAAGATGAAGTTATTGGCGTTC
GCATGCGTTGGAGCCGCGGCTTCATTCTGAATAAAGCCGAACTGTATGGCCCGAATCCGGATGCATTCGGCCATAGCGG
CTGGGGTGGTAGCTTCGGCTTCGCAGATACCAAAGCCCGCCTGGGCATGGGTTATGCCATGAATCAGATGGATACCAAT
ATCTTCGGTGATCCGCGCGGCGTTCGCCTGATTGAAGCAGCCTATCGTTGCCTGCCGAATAGTCTGGAA 
 
Amino Acid Sequence of 5GMX (EstSRT1) 
MSTGIEIQGICAPEFTKVRDAFAANFKDGKEVGASFGLAIEGEIVVDLWGGFADAGRSRPWRSDTLINTYSTTKGMAATVVGVL
ADEGLIDYNARVADYWPEFAAAGKKDVTVAQLLSHQAGICGPRERVEMADLYDWDKLCAMLAAQWPFFEPGTANGYHAVVF
GHIAGEVARRVTGRTKSLGQLFAEKVASPIGAGNDYYIGLPASEDHRVAEMLPVIGSEQLGTGLGGKKRMSDALYCAMAHPPL
TAHIANDRAWRAAEVPGANGQGNGRGIAKVYGALANGGTLGGTRIISAKGIAEMTREECFRKDEVIGVRMRWSRGFILNKAEL
YGPNPDAFGHSGWGGSFGFADTKARLGMGYAMNQMDTNIFGDPRGVRLIEAAYRCLPNSLE 
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DNA Sequence of 5ZWQ (Est-Y29) 
ATGCCGGATCTGCTGACCAATGTTGCCGAAAATTATGTGAATCAGGATCTGTTCGCCGGTATTGAATGGCGTATTGATCA
GGATGGTAAACCGATCTTCCAGGGTTGCGCAGGCGTGAAAGATATTGAAACCAGAACCTTCATTCCGAAAAATGCAATCT
ATCGTATCTATAGTATGACCAAACCGATTGTGAGCTTCCTGGCCATGATGCTGATTGAACGCGGCGTGTTCCGCCTGAGT
AGTCCGATTCAGAACTTCGATCCGCGCTTCAAAAGTATGAAAGTGATTGATCAGCATGCACATATTGAACCGGCAACCGC
CCTGATTACCATTGAACATCTGCTGACCCATCAGGCCGGCTTCAGCTATGACTTCAGCCTGGGTTGTCCGATTAGTGCAC
ATTATCGCGATGCACAGCTGATTGAAGATGGCGGTCGTGATCTGACCGATATGATGGGTGTGCTGGCCGAACTGCCGCT
GGTGTTCCATCCGGGCACCCAGTGGAAATATAGTATTAGCACCGATGTTCTGGCACATATTATTGAATGTGCCACCGGTG
AACGCGTTGATGATCTGCTGCAGCGCCTGATCTTCGATCCGCTGGATATGCAGGATACCGGCTTCAGTCTGCCGCTGGA
TGGCGCCAGTCGTCTGATGGAAGTGTATGGTATGCGTAGTCTGCATGGCCTGCCGGCACTGAAACCGGCCCCGCATGTT
CTGGTGCCGGCAGATCTGGGCAGTAGCCATCCGACCGATGATCCGGACTTCCGTCGCGGTGGTCATGGCCTGTATAGT
ACCCTGGATGATTATATGGCATTCGCAAATATGCTGCTGAGTGGTCAGACCCCGGAAGGTGAAACCTTACTGAGCCCGG
CAGTGCTGAAACTGGCCCTGGCACCGCGCGTGCACTTCGGTGCACGCGGTATGCGCATTAATGATGAACCGTTCGCCG
GTTATAGTTGGAATCTGCTGGGCCGCGTGATGACCGATGTGGGCGCCGCTGCATATGCCACCCATCTGGGTGAATTCGG
TTGGAGCGGTGTGGCAGCCACCTACTTCTGGGTTGATCCGACCAAAAATATGACCGGTTGCGTGATGACCCAGTTCCTG
GGCAGCCAGCATCCGATTGGTAGTGATATGCAGGCCGCAGCCATGAGCATGCTGGGT 
 
Amino Acid Sequence of 5ZWQ (Est-Y29) 
MPDLLTNVAENYVNQDLFAGIEWRIDQDGKPIFQGCAGVKDIETRTFIPKNAIYRIYSMTKPIVSFLAMMLIERGVFRLSSPIQNF
DPRFKSMKVIDQHAHIEPATALITIEHLLTHQAGFSYDFSLGCPISAHYRDAQLIEDGGRDLTDMMGVLAELPLVFHPGTQWKYS
ISTDVLAHIIECATGERVDDLLQRLIFDPLDMQDTGFSLPLDGASRLMEVYGMRSLHGLPALKPAPHVLVPADLGSSHPTDDPD
FRRGGHGLYSTLDDYMAFANMLLSGQTPEGETLLSPAVLKLALAPRVHFGARGMRINDEPFAGYSWNLLGRVMTDVGAAAYA
THLGEFGWSGVAATYFWVDPTKNMTGCVMTQFLGSQHPIGSDMQAAAMSMLG 
 
DNA Sequence of 3ZYT (EstA) 
ATGCATAGTCAGGTTATTGCACCGGGCTTCGAACCGGTGGCCGAACTGTTCGGCGTGTTCCTGGAACAGGATCCGGATT
ATAGTGCACAGGTGGCCGCCTATCATCGTGGTGTTAAAGTGCTGGATCTGAGCGGCGGCCCGCATATTCGTCCGGATAG
TGTGACCGGTGTGTTCAGTTGTAGTAAAGGTATGGCCGGTCTGGTTATGGCACTGCTGGTGCAGGATGGTGAACTGGAT
CTGGAAGCAGAAGTGGTGAAATATTGGCCGGAATTCGGTGTTGAAGGCAAAAGCAGTATTACCGTTGCACAGCTGCTGA
GCCATCGTGCAGGTCTGCTGGGTGTTGAAGGTGGCCTGACCCTGCATGAAGTGAATAATAGCGAACTGGCCGCAGCCAA
ACTGGCCGAACTGCCGCCGCTGTGGAAACCGGGCACCGCATTCGGTTATCATGCACTGACCATTGGTATCTTCATGGAA
GAACTGTGTCGCCGTATTACCGGCAGTACCCTGCAGGAAGTGTTCGAACAGCGTATTCGTGCCGTGACCGGTGCCAACT
TCTATCTGGGTCTGCCGGAAAGCGAAGAAAGCCGCTTCGCACAGTTCCGTTGGGCAGCAGATCCGAGCTGGCCGTGGG
TGGATCCGGCCTCACACTTCGGCCTGGCCGCAAATGCCGCAGTGGGTGATATTCTGGATCTGCCGAATATTCGCGAAGT
TCGTGCAGCAGGCCTGAGTAGTGCCGCCGGCGTGGCAAGCGCCGAAGGTATGGCACGTATCTATGCCGCAGCACTGAC
CGGCCTGGAAGGTAAAAGTGCAATGCCGCCGCTGCTGACCGAAGAAACCATTCGCACCGTGAGCGCCGAACAGGTGTT
CGGTATTGATCGCGTGTTCGGTGAAACCGGCTGCTTCGGCACCGTGTTCATGAAAAGCCATACCCGTATGCCGTTCGGT
AGTTATCGCGCCTTCGGTCATGATGGTGCCAGCGCAAGCCTGGGCTTCGCAGATCCGGTGTATGAACTGGGCTTCGGTT
ATGTGCCGCAGACCGCAGAACCGGGTGGTGTGGGCTGTCGCAACTTCCAGCTGAGCAGTGCCGTTCGCGAAGTTATTG
CAGGCTTCGCAGCA 
 
Amino Acid Sequence of 3ZYT (EstA) 
MHSQVIAPGFEPVAELFGVFLEQDPDYSAQVAAYHRGVKVLDLSGGPHIRPDSVTGVFSCSKGMAGLVMALLVQDGELDLEA
EVVKYWPEFGVEGKSSITVAQLLSHRAGLLGVEGGLTLHEVNNSELAAAKLAELPPLWKPGTAFGYHALTIGIFMEELCRRITG
STLQEVFEQRIRAVTGANFYLGLPESEESRFAQFRWAADPSWPWVDPASHFGLAANAAVGDILDLPNIREVRAAGLSSAAGVA
SAEGMARIYAAALTGLEGKSAMPPLLTEETIRTVSAEQVFGIDRVFGETGCFGTVFMKSHTRMPFGSYRAFGHDGASASLGFA
DPVYELGFGYVPQTAEPGGVGCRNFQLSSAVREVIAGFAA 
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ABSTRACT: A major challenge for the enzymatic synthesis of sugar esters is the low
solubility of sugars in anhydrous, often toxic, organic solvents. We overcame this limitation
by using acyltransferases for efficient acetylation of sugars in water. Selective 6-O-
acetylation of glucose, maltose, and maltotriose with conversions of up to 78% was achieved
within 15 min using engineered acyltransferases (4 μM). Moreover, we identified EstA as a
promiscuous acyltransferase preferentially acetylating sugars instead of hydrophobic acyl
acceptors. This expands the applicability of promiscuous acyltransferases to sugar
modifications and contributes to the understanding of how to adapt acyltransferases to
hydrophilic substrates.

KEYWORDS: acyl transfer, enzyme catalysis, promiscuous acyltransferase, protein engineering, sugar ester

Amphiphilic sugar esters have interesting physical proper-
ties, are useful as biosurfactants,1−3 and are of interest for

pharmaceutical,4,5 cosmetic,6,7 agricultural,8,9 and food indus-
tries.2,10 They can be generated from cheap renewable
materials and are completely biodegradable, not harmful to
the environment, and nontoxic.11,12 Selective acylation of
sugars can be catalyzed by lipases or proteases in organic
solvents11,13 or ionic liquids,14,15 obviating the need for the
complex protection and deprotection strategies16,17 required
for chemical synthesis. For example, porcine pancreatic lipase
was applied in pyridine as a solvent.18 Moreover, a “solid-
phase” system, where a fatty acid and a sugar are mixed with a
small amount of acetone or t-butanol as a phase transfer
adjuvant, was reported employing the lipase CAL-B.19,20

Nevertheless, long reaction times, difficult upscaling,19,20 less
environmentally friendly or toxic solvents,11,18 and the
challenging separation of the product from expensive ionic
liquids are downsides of these processes.14,15,21,22 Moreover,
enzymatic sugar acylation can be performed in acyl donor-
saturated aqueous biphasic systems,23,24 but the low
acyltransferase specificity of the biocatalysts limits efficiency
and applicability. Recently, enzymatic N-acylation of glucos-
amine in bulk water was achieved using CmCDA from
Cyclobacterium marinum, an enzyme catalyzing deacetylation of
N-acetylglucosamine in nature via a tetrahedral oxyanion
intermediate.25 Unfortunately, the acylase activity of CmCDA
is restricted to its natural sugar substrate/product.25 More
information on different mechanisms and principles of
enzymatic acylation can be found in the literature.26−29

A solution to these issues could be the use of promiscuous
acyltransferases which increasingly attract attention because of
their ability to efficiently catalyze acyl transfer in monophasic
aqueous environments, thereby overcoming the need for
organic solvents, harsh reaction conditions, and long reaction
times.30−32 For example, CAL-A from Pseudozyma antarctica
and other enzymes of the CAL-A superfamily can be applied in
bulk water for the production of biodiesel33−35 or in complex
cascade reactions for the formation of oligocaprolactone from
cyclohexanol.36 To date, the most widely studied promiscuous
acyltransferase is MsAcT fromMycobacterium smegmatis, which
has been used for the formation of various esters37,38 and
amides,39,40 including flavor compounds41 and high-value
tryptamine derivatives.42 Recently, two protein engineering
studies successfully increased the acyltransferase efficiency,
substrate specificity, and enantioselectivity of MsAcT, further
enhancing its potential for synthetic applications.43,44 The
promiscuous acyltransferase Est8 catalyzes the formation of
oligomers from dimethyl carbonate and diols.45 On the basis of
the crystal structure of Est8 and a sequence-based prediction
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technique, we identified several promiscuous acyltransferases
in the bacterial hormone-sensitive lipase (bHSL) family.46

Product formation catalyzed by promiscuous acyltransferases
is kinetically controlled, which means that a maximum product
concentration is rapidly reached before the product is
hydrolyzed due to the thermodynamic equilibrium.46,47 It is
believed that hydrophobicity in the active site of promiscuous
acyltransferases and high affinity toward the acyl acceptor are
key requirements for facilitating binding of the acyl acceptor
for acyl transfer and preventing water from hydrolyzing the
acyl-enzyme intermediate.46,48,49 Unfortunately, their highly
hydrophobic active sites46 (Figure S1) so far mostly enable
acyl transfer to hydrophobic, aromatic substrates and limit
their applicability for sugar acylation in aqueous reaction
systems.
In this study, we applied MsAcT, 59 MsAcT variants,43

Est24, a close homologue of MsAcT with a more flexible
structure,43,50 and six Est24 variants for acetylation of glucose,
using ethyl acetate as an acyl donor (2.5 equivalents,

monophasic system). Only 0.3% ± 0.1% conversion to glucose
monoacetate could be achieved using wild-type MsAcT and
1.96% ± 0.08% for the best variant, MsAcT N94S (Figures S2
and S3). For Est24, 0.62% ± 0.02% (wild type) and 0.87% ±
0.01% (N96S variant) conversion to glucose acetate was
observed (Figure S4).
Further interesting candidates for sugar acylation are the

recently discovered, exceptionally efficient promiscuous
acyltransferases from the family VIII carboxylesterases,
showing up to 20-fold higher acyl transfer to hydrolysis ratios
toward benzyl alcohol than MsAcT.51 In contrast to MsAcT or
the bHSLs, these enzymes do not require extensive hydro-
phobic regions for efficient acyl transfer but only small
hydrophobic areas near the catalytic center.51 By having a wide
and partially hydrophilic substrate-binding cavity, the family
VIII carboxylesterase EstCE1, adopting a β-lactamase-like fold,
appeared to be more likely to bind polar compounds like
sugars (Figures S1 and S5). Therefore, we investigated wild-
type EstCE1, previously designed W339 variants51 and 27

Figure 1. (A) Crystal structure of EstCE1 (PDB code: 7ATL)51 with catalytic serine (orange sticks), residues L125, L239, F243, V342, and W339
(blue sticks), substrate binding site (white surface), and hydrophobic regions within the substrate binding site (yellow surfaces) shown. (B)
Conversions for acetylation of glucose (200 mM) with ethyl acetate (500 mM) catalyzed by purified wild-type MsAcT, MsAcT-N94S, wild-type
Est24, Est24-N96S, wild-type EstCE1, and selected EstCE1 variants (4 μM) in ammonium acetate (200 mM, pH 8.2) after 1 h reaction time.
Results for all EstCE1 variants (Figure S6) and all measured time points (Figure S7, Table S1) can be found in the Supporting Information.

Figure 2. Acetylation of glucose (100 mM), maltose (50 mM), and maltotriose (25 mM) catalyzed by wild-type EstCE1 and EstCE1-MAA (4 μM
each) using ethyl acetate (EtOAc, 500 mM) or isopropenyl acetate (IPA, 200 mM) as acyl donors in ammonium acetate (200 mM, pH 8.2).
Maximum product formation determined from multiple time samples (15−240 min, Figure S9) and conversions for scaled-up reactions (180 mg
glucose/171 mg maltose/126 mg maltotriose) with EstCE1-MAA are given.
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additional rationally designed EstCE1 variants for the
acetylation of glucose. The rational design strategy aimed to
increase acyltransferase activity toward sugars by targeted
replacement of bulky residues in the active site by either
smaller residues or residues often involved in the substrate
binding cavities of proteins that bind nonacidic sugars52

(Figure S5).
As expected, wild-type EstCE1 catalyzed glucose acetate

formation (0.81% ± 0.10% conversion) about 2.7-fold more
efficiently than wild-type MsAcT under identical reaction
conditions (Figure 1B, Table S1). W339 variants (including
W339Y and W339F), which increased acyl transfer to
hydrolysis ratios using benzyl alcohol as an acceptor up to 5-
fold,51 did not have any positive effect on the formation of
glucose acetate (Figure S6, Table S1). Tryptophan is often
found in the substrate-binding cavities of proteins that bind
nonacidic sugars,52 perhaps explaining why wild-type EstCE1
was best for glucose acetylation. By testing the 27 additional
EstCE1 variants (Figures S5−S7) for glucose acetylation, we
identified L125, L239, F243, and V342 (Figure 1A) as
hotspots for increasing glucose acetate formation. The best
single mutant (F243H) increased the formation of glucose
acetate 6.7-fold to 5.4% ± 0.5% (Figure 1B, Table S1).
Subsequently, we designed seven combinatorial variants, of
which the L239M/F243A/V342A variant (EstCE1-MAA)
performed best with 17.1% ± 0.3% glucose acetate formation
after 1 h (Figure 1B and Table S1). EstCE1-MAA thus yielded
20-fold more product than wild-type EstCE1 and 57-fold more
product than wild-type MsAcT.
As shown by thin layer chromatography−mass spectrometry

(TLC-MS), wild-type EstCE1 could also catalyze the
monoacetylation of maltose and maltotriose (Figure S8).
Esters of oligosaccharides have significant potential for
applications as, for example, emulsifiers.53 By comparing
wild-type EstCE1 and EstCE1-MAA in reactions of ethyl
acetate with glucose/maltose/maltotriose, we observed that

EstCE1-MAA outperformed the wild type for all three sugars
(Figure 2). For example, 37.9% ± 1.5% maltose acetate and
12.7% ± 0.2% maltotriose acetate could be generated in 2 h
using EstCE1-MAA, representing 7.7-fold and 2.5-fold
increases compared to wild-type EstCE1 (4.9% ± 0.3% and
5.0% ± 0.04%). Changing the acyl donor from ethyl acetate to
the more reactive isopropenyl acetate (IPA), we could increase
the formation of sugar esters by EstCE1-MAA even further and
decrease reaction times. The use of IPA leads to an irreversible
acyl transfer reaction as the byproduct isopropenyl alcohol
tautomerizes to acetone. Remarkable conversions to 34.1% ±
5.9% glucose acetate after 1 h, 77.5% ± 9.4% maltose acetate
after only 15 min, and 53.7% ± 1.0% maltotriose acetate after 2
h, could be achieved (Figure 2 and Table S2).
Due to the simple reaction conditions, the transformations

could be easily scaled up without a loss of performance (Figure
2, black bars). We purified the monoacetylated glucose
produced by EstCE1-MAA via acetonitrile precipitation and
column chromatography, yielding 64.9 mg (36% isolated yield)
of a product which was determined to be 6-O-acetyl glucose by
NMR spectroscopy (Table S3 and Figures S12−S15).
Analogously, the products derived from maltose and
maltotriose were purified, and their structures were elucidated
by in-depth NMR (1D, 2D analyses) analysis. Confirmation of
monoacetylation at the 6-O-positions of each sugar, and
quantification of conversion in crude reaction mixtures, was
relatively straightforward. The unambiguous determination of
the exact position of acetylation, however, required full
assignment of all three homologous products relying on
extensive 2D-NMR analyses, including TOCSY, HSQC-
TOCSY, and HMBC experiments (Tables S4−S7 and Figures
S16−S24). Selective 6-O-acylation of sugars, to form sugar
esters, which are important as biosurfactants53,54 and in the
food industry,10,55,56 from simple substrates, has so far mostly
been achieved in organic media or solvent-free systems.20,53,57

A possible application for the 6-O-acetyl glucose we prepared is

Figure 3. (A) Acetylation of glucose (100 mM), maltose (50 mM), and maltotriose (25 mM) by EstA (4 μM) using ethyl acetate (EtOAc,
500 mM) or isopropenyl acetate (IPA, 200 mM) as acyl donors in ammonium acetate (200 mM, pH 8.2). Maximum product formation
determined from multiple time samples (15−120 min, Figure S25 and Table S8) and conversion for the scaled-up reaction with glucose (180 mg,
100 mM, black bar) and isopropenyl acetate (200 mM) is shown. (B) Alignment of EstA (PDB code: 3ZYT)58 and EstCE1 (PDB code: 7ATL)51

crystal structures to show differences in active site hydrophobicity (EstA, purple surface; EstCE1, yellow surface), residues important for sugar
acylation activity (EstA, purple sticks, with asterisks; EstCE1, yellow sticks, without asterisks), and the expanded Ω-loop in EstCE1 (yellow loop),
which is not present in EstA (gray surface). A side-by-side comparison of EstA and EstCE1 is shown in Figure S29.
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as a precursor in the biosynthesis of the high-intensity
sweetener sucralose.10,55

Because of the exceptional sugar acetylation activity of the
EstCE1 variants, we studied additional family VIII carbox-
ylesterases,51 using isopropenyl acetate as an acyl donor
(Figure S26). This led to the discovery that EstM2, a close
homologue of EstCE1, can also acetylate glucose. More
remarkably, wild-type EstA from Arthrobacter nitroguajacolicus
converted glucose to glucose monoacetate (42.2% ± 0.7%
conversion) and glucose diacetate (0.67% ± 0.03% conversion,
Figure 3A). These conversions are comparable to those for
EstCE1-MAA and are approximately 60-fold higher than the
conversion achieved with wild-type EstCE1 under the same
reaction conditions.
We previously identified a three-amino acid motif which was

postulated to be a substrate and specificity switch in family
VIII carboxylesterases.51 While EstCE1 and EstM2 (WGG
motif) display high acetyltransferase activity using pNPA and
benzyl alcohol, EstA (HDG motif) lacks acetyltransferase
activity toward these substrates.51 Interestingly, the HDG
motif seems to enable acetyl transfer to sugars but not to
hydrophobic acceptors like benzyl alcohol. This is supported
by docking studies of glucose into the acetyl-enzyme complex
of EstA showing polar contacts between D323 of the HDG
motif and the 6-O-position of glucose (Figure S30).
In the reaction of glucose and ethyl acetate, only 0.65% ±

0.06% glucose acetate formation could be observed for EstA,
which is even less than for wild-type EstCE1 (Figure 3A). That
clearly shows that EstA’s acyltransferase activity significantly
depends on the acyl donor and that EstA has a preference for
acetylation of sugars and not hydrophobic compounds, unlike
previously described promiscuous acyltransferases. Acetylation
of the larger sugars maltose and maltotriose with isopropenyl
acetate led to 6.6% ± 0.2% and 2.0% ± 0.2% product
formation. This indicates that EstA is more suitable for glucose
acetylation while wild-type EstCE1 showed the highest
conversion toward maltotriose and EstCE1-MAA toward
maltose.
Structural comparison of EstA (PDB code: 3ZYT)58 and

EstCE1 revealed that the EstCE1 hotspot residues L125 and
V342 correspond to smaller residues (A221 and A325) in
EstA. Furthermore, the extended Ω-loop containing EstCE1
hotspot residues L239 and F243 is not present in EstA (Figure
3B). Moreover, hydrophobic regions in EstA are not as close to
the catalytic serine as in EstCE1 (Figure 3B). Therefore, we
assume that increased space in the EstA active site and a less
hydrophobic environment around the catalytic serine have a
positive impact on the binding of glucose, resulting in the
remarkable glucose-acetylation activity of wild-type EstA.
We here reported the selective acetylation of glucose

oligomers in aqueous media using promiscuous acyltrans-
ferases. We could identify the family VIII carboxylesterase
EstCE1 as a biocatalyst which could be substantially improved
by rational protein engineering. Thus, the EstCE1 variant
L239M/F243A/V342A enabled the selective formation of 6-O-
acetyl glucose, 6′-O-acetyl maltose, and 6″-O-acetyl malto-
triose in high yields within short reaction times (15 min to 2 h)
at room temperature. This expansion of EstCE1’s substrate
scope toward sugar substrates together with its broad acyl
donor acceptance and the ability to catalyze ester, amide,
carbonate, and carbamate formation51 creates great potential
for biocatalytic processes. Furthermore, we discovered the
remarkable glucose acetylation activity of EstAa promiscu-

ous acyltransferase preferentially catalyzing acyl transfer to
highly polar acceptor substrates. Our work demonstrates the
usefulness of promiscuous acyltransferases for selective
acylation of sugars in aqueous reactions, which is hard to
achieve by chemical methods.
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de Mariá on the Biocatalytic Synthesis of Esters and Amides in
Aqueous Media. ChemSusChem 2020, 13 (21), 5611−5613.
(33) Müller, J.; Sowa, M. A.; Dörr, M.; Bornscheuer, U. T. The
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Experimental Procedures 

Materials 

All chemicals were obtained from Sigma-Aldrich (Germany), Carl Roth (Germany), Fluka (Germany), Acros Organics™ 
(part of Thermo Fisher Scientific, Belgium) or VWR (Germany) if not stated otherwise and were used without further 
purification. Maltotriose (98 % purity) was from Alfa Aesar (USA) and 6-O-acetyl glucose (98 % purity) was from 
Carbosynth Ltd. (UK). A pET-16b-based MsAcT expression vector was kindly provided by Prof. Ulf Hanefeld and the pET-
24c-based EstCE1 and pET26-based Est8 expression vectors were obtained from B.R.A.I.N. AG (Zwingenberg, Germany). 
Genes encoding Est24 and EstA were codon-optimized for expression E. coli, synthesized, and subcloned into pET-28a 
by BioCat GmbH (Heidelberg, Germany). 

Expression and Purification of Promiscuous Acyltransferases  

Expression and purification of promiscuous acyltransferases were conducted as described previously.1 Briefly, precultures 
(5 ml) of LB medium containing 100 µg/ml ampicillin (wild-type MsAcT and variants) or 50 µg/ml kanamycin (variants of 
Est24, EstCE1, and EstA) were inoculated with E. coli BL21(DE3) cells harboring the expression plasmid and grown at 
37 °C and 180 rpm for 16 h. Subsequently, 50 ml cultures of TB autoinduction medium (Terrific Broth supplemented with 
0.2% (w/v) lactose, 0.05% (w/v) glucose, and 1 mM MgSO4) containing the appropriate antibiotics were inoculated (1 % 
(v/v) preculture) and incubated for 6 h at 37 °C and 180 rpm, followed by 16 h at 20 °C and 180 rpm. Cells were harvested, 
washed twice using 50 mM sodium phosphate (pH 7.5), and resuspended in 10 ml sodium phosphate (50 mM, pH 7.5) 
prior to disruption on ice by two ultrasonication steps (60% intensity, 50% pulsed cycle, 2 min, 30 s break) using a 
SONOPULS HD 2070 (BANDELIN electronic GmbH & Co. KG, Germany). Lysates were clarified by centrifugation 
(10,000 g, 4 °C, 30 min) and applied to 1 ml Roti®garose-His/Ni Beads (Carl Roth, Karlsruhe, Germany) for purification. 
The resin was washed extensively with washing buffer (50 mM sodium phosphate, 500 mM sodium chloride, and 20 mM 
imidazole, pH 7.5) before target protein was eluted using elution buffer (50 mM sodium phosphate, 500 mM sodium 
chloride, and 500 mM imidazole, pH 7.5). Elution fractions were desalted using PD-10 desalting columns (GE Healthcare, 
UK) which were equilibrated with 50 mM sodium phosphate (pH 7.5). Purity of the proteins was confirmed by SDS-PAGE. 
Protein concentration was determined from the mean of two absorbance measurements at 280 nm using a NanoDropTM 
1000 spectrophotometer (ThermoFisher, Germany). Desalted purified proteins were stored at 4 °C. 

Site-Directed Mutagenesis 

Plasmids for expression of MsAcT variants and EstCE1 W339 variants were reported previously.1,2 Expression plasmids 
for EstCE1 and Est24 variants were generated by site-directed mutagenesis using the Q5® Site-Directed Mutagenesis Kit 
(New England Biolabs, Ipswich, MA, US) according to the manufacturer’s instructions. Non-overlapping mutagenesis 
primers for this purpose were designed using the NEBaseChanger online tool (New England Biolabs) and can be found 
in Tables S9 and S10. Successful introduction of the desired mutations was confirmed by Sanger sequencing (Eurofins 
Genomics GmbH, Germany). 

Biocatalytic Glucose Acetylation Screening Reactions 

Promiscuous wild-type acyltransferases and variants were tested for glucose acetylation activity by high pressure liquid 
chromatography-evaporative light scattering detector (HPLC-ELSD) analysis of biocatalysis reactions. Reactions were 
conducted in triplicates and consisted of 200 mM glucose, 500 mM ethyl acetate, 200 mM ammonium acetate (pH 8.2), 
and 4 µM enzyme. Reactions (300 µl) were incubated at room temperature, without shaking, in 96-deepwell plates sealed 
with silicon mats. Time samples after 15, 60, and 120 min were quenched by addition of acetonitrile (60% (v/v) final 
concentration), vortexing, and centrifugation (1 min, 13,000 g) to remove precipitated enzyme. Subsequently, samples 
were injected into an HPLC equipped with an ELSD. 

Biocatalytic Glucose/Maltose/Maltotriose Acetylation using Ethyl Acetate/Isopropenyl Acetate 

Variants of the promiscuous acyltransferases EstCE1 and EstA were tested for glucose, maltose, and maltotriose 
acetylation activity by HPLC-ELSD analysis of biocatalysis reactions. Reactions were conducted in triplicates and 
consisted of 100 mM glucose, 50 mM maltose, or 25 mM maltotriose and 500 mM ethyl acetate or 200 mM isopropenyl 
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acetate. Reactions (300 µl) in 200 mM ammonium acetate (pH 8.2) contained 4 µM enzyme. Reactions were incubated at 
room temperature in 96-deepwell plates sealed with silicon mats. Time samples after 15, 60, 120, and 240 min were 
quenched by addition of acetonitrile (60% (v/v) final concentration), vortexing, and centrifugation (1 min, 13,000 g) to 
remove precipitated enzyme. Subsequently, samples were injected into an HPLC equipped with an ELSD. 

Preparative-Scale Biocatalytic Acetylation of Glucose/Maltose/Maltotriose  

For NMR analysis, sugar acetylation reactions were conducted on preparative scale. Reactions (10 ml) contained 100 mM 
glucose (180.2 mg), 50 mM maltose (171.2 mg), or 25 mM maltotriose (126.1 mg) and 200 mM isopropenyl acetate in 
200 mM ammonium acetate (pH 8.2). Reactions were initiated by the addition of enzyme (4 µM EstCE1-MAA or EstA). 
Reactions were incubated in 50 ml Falcon tubes at room temperature. Reactions were stopped after 15 min (maltose 
acetylation), 60 min (glucose acetylation) or 120 min (maltotriose acetylation) and quenched by addition of acetonitrile 
(60% (v/v) final concentration), vortexing, and centrifugation (3 min, 10,000 g) to remove precipitated enzyme. 
Subsequently, samples of the supernatant were injected into an HPLC equipped with an ELSD for evaluation of reaction 
progress and the rest of the reactions were dried by rotary evaporation and lyophilization.  

Preparative Purification of 6-O-Acetyl Glucose 

A 180 mg glucose acetylation reaction catalyzed by EstCE1-MAA was quenched (see previous section) and reduced to 
approximately 2 ml by rotary evaporation. The concentrated sample was applied to a silica column (25 cm length, 3 cm 
diameter) equilibrated with acetonitrile:water:acetic acid (70:2:8). Subsequently, the sample was eluted from the column 
with 1.5 L of mobile phase and fractions of approximately 15 mL were collected. Fractions containing the product, identified 
by thin layer chromatography, were pooled and dried using a rotary evaporator and lyophilizer. 

HPLC-ELSD Analysis of Sugar Acetylation Reactions 

Sugar acetylation reactions were monitored by HPLC-ELSD analysis. Samples (6 µl) were injected into a Chromaster 
HPLC (VWR Hitachi, USA) equipped with a low temperature evaporative light scattering detector ELSD 90 (VWR, USA) 
and a LUNA® 5 µm NH2 100 Å column (Phenomenex Inc., US). The mobile phase consisted of acetonitrile and water 
(60:40). The flow rate was 0.4 ml/min and the column temperature was 60 °C. The ELSD was set to 40 °C, 3.5 bar, and a 
gain of 2. Determination of standard curves for glucose, maltose, maltotriose, and 6-O-acetyl glucose showed linear 
correlation of concentration and peak area over a wide concentration range (up to 250 mM, Figure S28). HPLC-ELSD 
analysis of mixtures of glucose and 6-O-acetyl glucose (100 mM total concentration) showed great correlation between 
concentration ratios and peak area ratios (Figure S28E). Therefore, conversion of the quenched small- and preparative-
scale reactions was evaluated by the ratio of the product peak to the sum of substrate and product peaks. Conversion 
determined via HPLC-ELSD for preparative scale glucose, maltose, and maltotriose acetylation reactions were confirmed 
via NMR analysis. The yield of purified 6-O-acetyl glucose was determined using the calibration curve of the commercial 
6-O-acetyl glucose standard. 

TLC-MS Analysis of Sugar Acetylation Reactions 

Sugar acetylation reactions were monitored by thin layer chromatography (TLC) and mass spectrometry (MS) analysis. 
For TLC analysis, 1 or 2 µl aqueous reaction was spotted on ALUGRAM® SIL G/UV254, 40 x 80 mm TLC plates 
(Macherey-Nagel, DE). TLCs were developed in chloroform, methanol, acetic acid, and water (70:20:8:2 for glucose 
acetylation reactions and 70:30:8:2 for maltose and maltotriose acetylation reactions) and stained using vanillin. For MS 
measurements, non-stained spots were eluted from the TLC plates using methanol on an Advion expression compact 
mass spectrometer (CMS) equipped with a TLC Express (Advion Inc., US). Samples were ionized using electrospray 
ionization and measured with standard settings (low temperature and low fragmentation) in positive and negative ionization 
modes. 

NMR Analysis of Crude Sugar Acetylation Materials 

NMR spectra were recorded at 297 K with the solvent indicated on a Brucker AVANCE III HD 600 MHz spectrometer. 
Spectra were calibrated to the residual peaks of the undeuterated solvent. Chemical shifts (δ) and coupling constants (J) 
were expressed in ppm and Hz, respectively. All three starting materials and isolated products were analyzed and fully 
assigned from solutions in MeOH-d4 to pin down diagnostic shift (differences) throughout the series of compounds and 
be able to compare to a literature report of maltose-6-O’-acetate in the same solvent. Assignments of the 1H and 
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13C signals are based on DEPTQ, COSY, HSQC, TOCSY, HSQC-TOCSY and HMBC spectra and are reported in tabular 
form (Tables S3-S7) and the respective 1D spectra and selected 2D spectra for the most complex maltotriose case are 
depicted below (Figures S11-S24).   

In Silico Methods 

In silico studies were conducted using UCSF Chimera and Maestro Suite (Schrödinger, USA). Active sites of promiscuous 
acyltransferases were predicted using the Protein Preparation Wizard and Surface (Binding Site) tool of Maestro with 
default settings. Hydrophobic regions within the active sites of the enzymes were displayed using the more restrictive 
definition of hydrophobicity (isovalue: -0.4). Docking experiments were performed with Glide3–5 (default settings) and the 
OPLS3e force field. Conformational sampling of the ligand was enabled (energy window: 2.5 kcal/mol) and residues were 
refined in 5 Å around the docked ligand. Glide redocking was limited to an energy window of 30 kcal/mol and 20 poses 
output (standard precision). 
 
 

Additional Results and Discussion 

Comparison of Active Site Hydrophobicity of Promiscuous Acyltransferases 

 

 

Figure S1: Monomeric structures of promiscuous acyltransferases Est8 (PDB code: 6Y9K), PestE (PDB code: 3ZWQ), MsAcT 
(PDB code: 2Q0Q), and EstCE1 (PDB code: 7ATL). Substrate binding sites are indicated by gray surfaces and hydrophobic areas 
within substrate binding sites are shown in yellow. Catalytic serine residues are represented by green sticks. 
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Site-Directed Mutagenesis of MsAcT and Est24 and Screening for Glucose Acetylation Activity 

 

Figure S2: Crystal structure of MsAcT (PDB code: 2Q0Q) for visualization of residues mutated in this study. The catalytic triad 
(green sticks), residues mutated in this study (gray sticks), substrate binding site (gray surface), and hydrophobic regions within 
the substrate binding site (yellow surface) are shown on an MsAcT monomer (gray ribbon) and neighboring monomers (white 
ribbon) which are involved in forming the substrate entrance tunnel. 

 

Figure S3: Results of MsAcT screening for glucose acetylation. Reactions contained 200 mM glucose, 500 mM ethyl acetate, 
and 4 µM purified enzyme in ammonium acetate (200 mM, pH 8.2). Reactions were incubated at room temperature and time 
samples after 15, 60, and 120 min were analyzed by HPLC-ELSD. Formation of glucose acetate after 60 min is shown. 
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Figure S4: Results of Est24 screening for glucose acetylation, compared to wild-type MsAcT. An S13A catalytic serine mutant of 
Est24 was used as negative control. Reactions contained 200 mM glucose, 500 mM ethyl acetate, and 4 µM purified enzyme in 
ammonium acetate (200 mM, pH 8.2). Reactions were incubated at room temperature and time samples after 15, 60, and 120 min 
were analyzed by HPLC-ELSD. Formation of glucose monoacetate after 60 min is shown.  
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Site-Directed Mutagenesis of EstCE1 and Screening for Glucose Acetylation Activity 

 

 

Figure S5: EstCE1 structure (PDB code: 7ATL) with the substrate binding site (gray surface), hydrophobic regions within the 
substrate binding site (yellow surface), catalytic serine (green sticks), and residues which were mutated in this study (gray sticks) 
shown. 

 
 

 

Figure S6: Screening of EstCE1 variants for glucose acetylation. Reactions contained 200 mM glucose, 500 mM ethyl acetate, 
and 4 µM purified enzyme in ammonium acetate (200 mM, pH 8.2). Reactions were incubated at room temperature and time 
samples after 15, 60, and 120 min were analyzed by HPLC-ELSD. Formation of glucose monoacetate after 60 min is shown. 
Conversions at all time points are shown in Figure S7. Data plotted here are shown in Table S1. 
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Table S1: Results of EstCE1 variant screening for glucose acetylation. Reactions contained 200 mM glucose, 500 mM ethyl 
acetate, and 4 µM purified enzyme in ammonium acetate (200 mM, pH 8.2). Reactions were incubated at room temperature and 
time samples after 15, 60, and 120 min were analyzed by HPLC-ELSD. N.d.: not detectable. 

 Conversion 
Enzyme 15 min 60 min 120 min 

Wild-type EstCE1  0.46% ± 0.26% 0.81% ± 0.10% 1.04% ± 0.11% 

S65A n.d.   n.d.   n.d.   

K68Y n.d.   0.04% ± 0.07% n.d.   

Y123A 0.46% ± 0.18% 0.48% ± 0.04% 0.56% ± 0.10% 

Y123H 0.42% ± 0.20% 0.38% ± 0.10% 0.57% ± 0.11% 

Y123K 0.28% ± 0.17% 0.35% ± 0.10% 0.41% ± 0.03% 

Y123N 0.44% ± 0.18% 0.39% ± 0.04% 0.51% ± 0.05% 

L125A 1.51% ± 0.27% 3.17% ± 0.39% 2.90% ± 0.11% 

L125V 1.27% ± 0.31% 4.01% ± 0.65% 4.43% ± 0.48% 

M142A 0.13% ± 0.22% 0.14% ± 0.02% 0.22%  ± 0.00% 

Y171H n.d.   0.09% ± 0.16% n.d.   

Y171K n.d.   n.d.   n.d.   

L239A 0.24% ± 0.18% 0.24% ± 0.04% 0.29% ± 0.04% 

L239M 0.85% ± 0.17% 2.53% ± 0.29% 2.53% ± 0.17% 

L239V 0.41% ± 0.12% 0.54% ± 0.09% 0.60% ± 0.07% 

F243A 2.25% ± 0.22% 4.74% ± 0.73% 4.45% ± 0.51% 

F243H 2.78% ± 0.26% 5.42% ± 0.50% 3.96% ± 0.04% 

F243L 0.64% ± 0.11% 1.94% ± 0.23% 2.27% ± 0.24% 

F243V 1.83% ± 0.20% 5.10% ± 0.83% 4.72% ± 0.42% 

Q309A n.d.   0.05% ± 0.09% 0.22% ± 0.05% 

Q309N n.d.   0.21% ± 0.07% 0.32% ± 0.09% 

Q309R n.d.   0.17% ± 0.09% 0.36% ± 0.07% 

W339A n.d.   n.d.   0.11% ± 0.10% 

W339F 0.42% ± 0.21% 0.72% ± 0.04% 1.14% ± 0.12% 

W339H n.d.   0.04% ± 0.07% 0.37% ± 0.04% 

W339N n.d.   0.09% ± 0.08% 0.40% ± 0.02% 

W339Y 0.25% ± 0.18% 0.40% ± 0.04% 0.71% ± 0.06% 

V342A 0.61% ± 0.20% 1.46% ± 0.18% 1.89% ± 0.32% 

V342L 0.30% ± 0.10% 1.03% ± 0.37% 1.73% ± 0.22% 

V342M 0.87% ± 0.15% 1.57% ± 0.34% 2.07% ± 0.27% 

M368A 0.30% ± 0.09% 0.61% ± 0.08% 0.85% ± 0.07% 

M368H n.d.   0.31% ± 0.08% 0.54% ± 0.06% 

M368L 0.15% ± 0.02% 0.68% ± 0.17% 0.84% ± 0.19% 

M368V 0.38% ± 0.12% 0.86% ± 0.20% 1.05% ± 0.11% 

L125V/F243A 4.30% ± 0.11% 8.12% ± 0.36% 10.58% ± 2.13% 

L239M/F243A 6.12% ± 1.26% 12.68% ± 0.38% 13.06% ± 0.49% 

F243A/V342A 2.72% ± 0.12% 6.63% ± 1.66% 6.63% ± 0.81% 

F243A/W339F 0.89% ± 0.09% 2.84% ± 0.88% 3.62% ± 0.60% 

L125V/L239M/F243A n.d.   n.d.   n.d.   

L125V/F243A/V342A 4.67% ± 0.22% 13.78% ± 2.28% 16.95% ± 1.74% 

L239M/F243A/V342A 9.83% ± 0.87% 17.12% ± 0.32% 17.74% ± 0.30% 

L125V/L239M/F243A/V342A 2.56% ± 0.13% 7.29% ± 0.52% 12.24% ± 0.56% 
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Acetylation of Glucose, Maltose, and Maltotriose using Wild-Type EstCE1 and the EstCE1-MAA variant 

 

Figure S8: Thin layer chromatography-mass spectrometry (TLC-MS) analysis of acyl transfer reactions with wild-type EstCE1 
(wt) and the L239M/F243A/V342A (MAA) variant of EstCE1 (4 µM). Reactions contained 100 mM glucose (A), 50 mM maltose 
(B), or 25 mM maltotriose (C) and 200 mM isopropenyl acetate in 200 mM ammonium acetate (pH 8.2). Reactions were incubated 
at room temperature until maximum conversion was reached (Figure S9 and Table S2). Product spots (black arrows) were 
identified by TLC-MS analysis using an Advion expression CMS (glucose acetate: [M+Na]+: 245.3 m/z, [M-H]-: 221.2 m/z, [M+Cl]-: 
257.2 m/z; maltose acetate: [M+Na]+: 407.6 m/z, [M+Cl]-: 419.5 m/z; maltotriose acetate: [M+Na]+: 569.8 m/z, [M+Cl]-: 581.7 m/z). 
TLCs were developed in chloroform, methanol, acetic acid, and water (70:20:8:2 for glucose acetylation reactions and 70:30:8:2 
for maltose and maltotriose acetylation reactions) and stained using vanillin. 

 

Figure S9: Sugar acetylation reactions catalyzed by wild-type EstCE1 (wt) and the L239M/F243A/V342A (MAA) variant. 
Conversions for the reactions of glucose, maltose, or maltotriose as acyl acceptor and ethyl acetate (EtOAc) or isopropenyl acetate 
(IPA) as acyl donor are shown. Reactions consisted of 100 mM glucose, 50 mM maltose, or 25 mM maltotriose and 500 mM ethyl 
acetate or 200 mM isopropenyl acetate in 200 mM ammonium acetate (pH 8.2) and were incubated at room temperature. Samples 
after 15, 60, 120, and 240 min were analyzed by HPLC-ELSD. Data plotted in this figure are shown in Table S2. 

 
  

A B C

EstC
E1 w

t

EstC
E1 M

AA

nC
TRL

EstC
E1 w

t

EstC
E1 M

AA

nC
TRL

EstC
E1 w

t

EstC
E1 M

AA

nC
TRL

Glucose Maltose Maltotriose

0

20

40

60

80

EstCE1 wt EstCE1 MAA EstCE1 wt EstCE1 MAA EstCE1 wt EstCE1 MAA EstCE1 wt EstCE1 MAA EstCE1 wt EstCE1 MAA EstCE1 wt EstCE1 MAA

EtOAc EtOAc EtOAc EtOAc EtOAc EtOAc IPA IPA IPA IPA IPA IPA

Glucose Glucose Maltose Maltose Maltotriose Maltotriose Glucose Glucose Maltose Maltose Maltotriose Maltotriose

15 min
60 min
120 min
240 min

C
on

ve
rs

io
n 

[%
]



  

S12 
 

Table S2: Conversion for the reaction of glucose, maltose, or maltotriose as acyl acceptor and ethyl acetate (EtOAc) or 
isopropenyl acetate (IPA) as acyl donor catalyzed by wild-type EstCE1 (wt) and the L239M/F243A/V342A (MAA) variant. 
Reactions consisted of 100 mM glucose, 50 mM maltose, or 25 mM maltotriose and 500 mM ethyl acetate or 200 mM isopropenyl 
acetate in 200 mM ammonium acetate (pH 8.2) and were incubated at room temperature. Samples after 15, 60, 120, and 240 min 
reaction time were analyzed by HPLC-ELSD. N.d.: not detectable. 

   Conversion 

Sugar Acyl donor Enzyme 15 min 60 min 120 min 240 min 

Glucose EtOAc wt 0.37% ± 0.04% 1.05% ± 0.12% 1.30% ± 0.04% 1.36% ± 0.21% 

Glucose EtOAc MAA 9.98% ± 0.05% 14.89% ± 0.51% 16.61% ± 0.32% 17.93% ± 0.12% 

Maltose EtOAc wt 1.57% ± 0.06% 4.05% ± 0.02% 4.94% ± 0.27% 4.95% ± 0.01% 

Maltose EtOAc MAA 34.97% ± 3.26% 37.69% ± 1.63% 37.85% ± 1.50% 36.37% ± 0.93% 

Maltotriose EtOAc wt 2.31% ± 0.09% 4.76% ± 0.09% 5.06% ± 0.04% 5.00% ± 0.32% 

Maltotriose EtOAc MAA 6.51% ± 0.35% 10.99% ± 0.10% 12.72% ± 0.19% 12.61% ± 0.03% 

Glucose IPA wt 0.67% ± 0.26% 0.27% ± 0.13% n.d.   n.d.   

Glucose IPA MAA 27.64% ± 1.73% 34.10% ± 5.87% 24.51% ± 7.01% 16.80% ± 8.86% 

Maltose IPA wt 3.54% ± 2.63% 0.49% ± 0.42% n.d.   n.d.   

Maltose IPA MAA 77.54% ± 9.37% 58.30% ± 3.72% 29.77% ± 4.39% 11.28% ± 0.48% 

Maltotriose IPA wt 8.29% ± 1.19% 2.65% ± 0.75% 1.36% ± 0.31% 1.04% ± 0.19% 

Maltotriose IPA MAA 16.57% ± 3.03% 47.08% ± 1.40% 53.70% ± 1.02% 50.09% ± 1.22% 

 
 
 

 

Figure S10: Overlay of HPLC-ELSD chromatograms from analysis of biocatalysis reactions for acetylation of glucose (A), maltose 
(B), and maltotriose (C) with isopropenyl acetate. Reactions were catalyzed by wild-type EstCE1 (dark gray) or EstCE1-MAA 
(black). Negative controls without enzyme (light gray) are also shown.  
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NMR Analysis of Sugar Esters 

 
NMR Analysis of Crude Sugar Esters for Confirmation of Conversions 
 
As no standards for the acetylated maltose and maltotriose species were available, also crude reaction mixtures of maltose 
and maltotriose were analyzed via NMR to confirm the ratios determined by HPLC-ELSD analysis. Moreover, the NMR 
analysis aimed to verify that only one main acetylated species was present in both cases.  
 
This analysis was initially complicated by intermediately formed side-products in the crude mixtures that showed 13C-NMR 
Signals between 85 and 87 ppm, which is an untypical shift for normal glycosides. We were able to pinpoint those 
structures as 1-amino-glycosides,6 which had formed upon evaporation of solvent, with the residual ammonium acetate 
buffer at basic pH. HPLC analysis of the crude mixtures before and after evaporation confirmed this downstream 
processing phenomenon, as two additional peaks (acetylated and non-acetylated amino sugar) were observed in the 
processed samples compared to the original reaction monitoring. 
 
We were able to revert the formation of 1-amino-sugars in the NMR-solutions by stirring the samples in D2O with small 
amounts of AcOH-d4 (acidic pH) for 6 h and observing the re-converging towards mixtures of only starting material and 
the 6-O-acetylated reaction products with disappearance of the characteristic 1-amino-signals in the NMR samples. 
Thereby, ratios of starting material and product were determined via integration of the diagnostic H6-protons of the 
acetylated position and comparison to all H1-protons. The determined NMR-ratios (maltose acetylation reaction: 78 mol%; 
maltotriose acetylation reaction: 40 mol%) are in line with the ratios from HPLC-ELSD analysis (maltose acetylation 
reaction 77.1% ± 0.5%; maltotriose acetylation reaction 37.7% ± 0.3%) observed for the preparative-scale reactions in 
both cases. 
 
 
Purification of Maltose and Maltotriose Acetate Products for Structural Analysis via NMR 
 
Analytical samples (~25 mg) of processed crude materials were purified via column chromatography and were then fully 
characterized via NMR to elucidate their structures in respect to the acetylated position. Conditions for column 
chromatography: maltose: (3 g SiO2, isocratic EtOAc:MeOH 3:1, material submitted in the eluent), maltotriose (9 g SiO2, 
gradient ACN:H2O:AcOH 70:10:2 to 70:20:2, material submitted in the eluent). Homogenous fractions were pooled, 
evaporated and subjected to full NMR-characterisation by appropriate 1D and 2D NMR-methods. In case of the maltose-
6’O-acetate, the assigned spectrum (MeOH-d4) was in consistence with existent literature data in the same solvent.7 In 
all cases the acetylation is clearly attributed to the or a O6-position, based on the diagnostic shift of the shifts in 1H and 
13C-NMR, in case of maltose and maltotriose a thorough assignment of the signals for all starting materials and products 
was conducted to unambiguously prove the position of the acetate to the specific sugar unit.  
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Table S3: NMR Shifts (MeOD-d4) of the purified glucose-6O-acetate. The assigned signals are compared to the signals of the 
corresponding unacetylated species (glucose). Indicative shifts, caused by acetylation, in the 1H-NMR as well as 13C-NMR are 
colored blue. 

 
 

Assignments 
13C-NMR - Data 1H-NMR - Data 

Glucose Glu-6O-Ac Delta Glucose Glu- 6O-Ac Delta 
A… α-D-glucose A1 93.97 93.91 -0.06 5.12 5.09 -0.03 

A2 73.87 73.76 -0.11 3.37 3.36 -0.01 

A3 74.87 74.68 -0.19 3.68 3.67 -0.01 

A4 71.88 71.89 0.01 3.3 3.3 0 

A5 72.97 70.56 -2.41 3.79 3.96 0.17 

A6a 
62.76 65.07 2.31 

3.79 4.33 0.54 

A6b 3.69 4.18 0.49 

B… β-D-glucose B1 98.22 98.16 -0.06 4.49 4.48 -0.01 

B2 76.3 76.11 -0.19 3.14 3.14 0 

B3 78.12 77.83 -0.29 3.35 3.35 0 

B4 71.75 71.65 -0.1 3.32 3.3 -0.02 

B5 78.04 75.24 -2.8 3.29 3.48 0.19 

B6a 
62.88 64.99 2.11 

3.87 4.38 0.51 

B6b 3.66 4.15 0.49 

Referenced to: MeOH-d4 residual = 49.00 ppm MeOH-d4 residual = 4.87 ppm (HDO) 

Discussion of diagnostic NMR shift differences 

With both species fully assigned, a comparison reveals 2 major chemical shift differences. First, the signals of the 6-
position experience the expected acyl-shift of about 0.5 ppm (1HNMR) and ~2.2 ppm (13C-NMR both anomers) towards 
low-field. Further, the carbons at the 5-position get shifted by 2.4 ppm (a-anomer) and 2.8 ppm (b-anomer) towards high-
field. Noteworthy, the proton and carbon shift at 4-position are nearly unaffected by the acetylation. These diagnostic shifts 
and the lack thereof are seen throughout the series of compounds and aid further support assignment and thus structural 
confirmation. The reported proton-signal shifts are based on the corresponding HSQC cross-peak as overlap prevent 
readout in the 1D-spectra. 
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Table S4: NMR Shifts and assignments of maltose including a comparison to the signals of glucose. Indicative shifts, caused by 
glycosylation at O4-positon, in the 1H-NMR as well as 13C-NMR are colored red. 
 

 

Assignments 
13C-NMR - Data 1H-NMR-Data 

Glucose Maltose Delta Glucose Maltose Delta 
G…. Glycosidic bound glucose 
unit 

G1 (A)  102.88   5.17  

G1 (B)  102.9   5.17  

(A), (B) correspond to the 
reducing end isomers G2(A) or 

G2 (B) 

 
74.14 
74.3 

  
3.46 

 

    

  G3 (A) or 
G3 (B) 

 
75.06 
75.11 

  
3.62 

 

      

  G4 (A) or 
G4 (B) 

 
71.46 
71.52 

  
3.28 

 

      

  G5 (A) or 
G5 (B) 

 
74.72 
74.74 

  
3.71 

 

      

  G6a (A) or 
G6a (B) 

 

62.71 
62.76 

  
3.84 

 

      

  G6b (A) or 
G6b (B) 

   
3.67 

 

      

A… α-D-Glucose A1 93.97 93.84 -0.13 5.12 5.11 -0.01 
A2 73.87 73.47 -0.4 3.37 3.42 0.05 
A3 74.87 74.67 -0.2 3.68 3.92 0.24 
A4 71.88 81.84 9.96 3.3 3.53 0.23 
A5 72.97 71.63 -1.34 3.79 3.84 0.05 
A6a 

62.76 62.15 -0.61 
3.79 3.88 0.09 

A6b 3.69 3.8 0.11 
B… β-D-Glucose B1 98.22 98.17 -0.05 4.49 4.5 0.01 

B2 76.3 75.85 -0.45 3.14 3.19 0.05 
B3 78.12 77.86 -0.26 3.35 3.65 0.3 
B4 71.75 81.84 10.09 3.32 3.53 0.21 
B5 78.04 76.67 -1.37 3.29 3.4 0.11 
B6a 

62.88 62.32 -0.56 
3.87 3.88 0.01 

B6b 3.66 3.8 0.14 

Referenced to: MeOH-d4 residual = 49.00 ppm MeOH-d4 residual = 4.87 ppm (HDO) 

Discussion of diagnostic NMR shift differences 

Also, the signals from maltose (MeOH-d4) spectra have been fully and independently assigned and compared to glucose 
(see Table S4) to give an excellent match. The expected diagnostic shift (upon glycosylation) of the 13C as well as the 1H-
signal for the O4-positions of the reducing glucose of about 10 ppm (13C-NMR) and 0.2 ppm (1H-NMR) towards low-field 
is observed which leaved the H4’ signal for the non-reducing end as a separate diagnostic signal without overlap which 
can be utilized for the identification of the signals of the corresponding ring system via TOCSY and HSQC-TOCSY 
experiments. Further, the H3-protons are shifted 0.25-0.30 ppm low-field and a small shift of the C5-carbons (~1.3) is also 
observed.  
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Table S5: NMR Shifts and assignments of maltose-6’O-acetate. The assigned shifts are compared to the corresponding non-
acetylated compound (maltose). Characteristic shifts of signals, caused by acetylation, are marked in blue. 

 

Assignments 
13C-NMR - Data 1H-NMR - Data 

Maltose Mal-6’O-Ac Delta Maltose Mal-6’O-Ac Delta 

G…. Glycosidic 
bound glucose unit 

G1 (A) 102.88 103.15 0.27 5.17 5.11 -0.06 

G1 (B) 102.90 103.18 0.28 5.17 5.11 -0.06 

(A), (B) correspond 
to the reducing end 
isomers. 

G2(A) or 
G2 (B) 

74.14 
74.30 

74.10 
74.28 

0.14 
-0.20 3.46 3.46 0.00 

 
G3 (A) or 
G3 (B) 

75.06 
75.11 

75.00 
75.06 

-0.06 
-0.05 3.62 3.61 -0.01  

 
G4 (A) or 
G4 (B) 

71.46 
71.52 

71.70 
71.72 

0.24 
0.20 3.28 3.25 -0.03 

 

 
G5 (A) or 
G5 (B) 

74.72 
74.74 

72.24 
72.24 

-2.48 
-2.50 3.71 3.88 0.17  

 
G6a (A) or 
G6a (B) 

62.71 
62.76 

65.18 
65.20 

2.47 
2.44 

3.84 4.38 0.54  

 
G6b (A) or 
G6b (B) 3.67 4.16 0.49  

A…reducing end of 
maltose α-anomer  

A1 93.84 93.83 -0.01 5.11 5.11 0.00 
A2 73.47 73.40 -0.07 3.42 3.40 -0.02 
A3 74.67 74.64 -0.03 3.92 3.90 -0.02 
A4 81.84 82.73 0.89 3.53 3.46 -0.07 
A5 71.63 71.66 0.03 3.84 3.86 0.02 
A6a 

62.15 62.47 0.32 
3.88 3.82 -0.06 

A6b 3.80 3.82 0.02 

B…reducing end of 
maltose β-anomere  

B1 98.17 98.17 0.00 4.50 4.49 -0.01 
B2 75.85 75.77 -0.08 3.19 3.18 -0.01 
B3 77.86 77.85 -0.01 3.65 3.63 -0.02 
B4 81.84 82.30 0.46 3.53 3.46 -0.07 
B5 76.67 76.75 0.08 3.40 3.38 -0.02 
B6a 

62.32 62.30 -0.02 
3.88 3.90 0.02 

B6b 3.80 3.75 -0.05 
Referenced to: MeOH-d4 residual = 49.00 ppm MeOH-d4 residual = 4.87 ppm (HDO) 

Discussion of diagnostic NMR shift differences 

In the comparison between maltose and maltose-6’O-acetate, the same diagnostic shifts for differences of G6 (1H- and 
13C-Signals) and G5 (13C) as determined in the gluco-case become apparent. With no significant shift difference in the 
reducing sugar portion, the acetylation can clearly be assigned to be on the non-reducing glucose unit (G) and was further 
confirmed by HMBC-measurement. The reported proton-signal shifts are based on the corresponding HSQC cross-peak 
as overlap prevent readout in the 1D-spectra.  
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Table S6: NMR Shifts of maltotriose, the assigned signals are compared to the signals of maltose. Both, the middle (M) and the 
non-reducing glucose unit (G), were compared to the non-reducing unit of maltose (M). Assignments are based on 2D-
correlations and peak-shape of 13C-signals (broad signals in G and pairs of signals for M based on the effect of the anomeric 
configuration). 

 
Assignments 

13C-NMR - Data 1H-NMR-Data 
Maltose MT Delta Maltose MT Delta 

G…. last glucose 
unit 

G1 (A) 102.88 102.70 -0.18 5.17 5.16 -0.01 

G1 (B) 102.90 102.71 -0.19 5.17 5.16 -0.01 

G2(A) or 
G2 (B) 

74.14 
74.30 74.28 0.14 

-0.02 3.46 3.45 -0.01 

(A), (B) correspond 
to the reducing end 
isomers  

G3 (A) or 
G3 (B) 

75.06 
75.11 75.10 0.04 

-0.01 3.62 3.61 -0.01 

G4 (A) or 
G4 (B) 

71.46 
71.52 

71.49 
71.51 

0.03 
-0.01 3.28 3.27 -0.01 

G5 (A) or 
G5 (B) 

74.72 
74.74 

74.77 
74.77 

0.05 
0.03 3.71 3.70 -0.01 

G6a (A) or 
G6a (B) 62.71 

62.76 62.74 0.03 
-0.02 

3.84 3.80 -0.04 

G6b (A) 
or 
G6b (B) 

3.67  3.68  0.01  

M… Middle glucose 
unit of maltotriose 

M1 (A) 102.88 102.87 -0.01 5.17 5.16 -0.01 

M1 (B) 102.90 102.91 0.01 5.17 5.16 -0.01 

(A), (B) correspond 
to the reducing end 
isomers 

Compared to “G” of 
Maltose  

M2(A) or 
M2 (B) 

74.14 73.79 
73.95 

-0.35 
3.46 3.51 0.05 

74.30 -0.35 

M3 (A) or 
M3 (B) 

75.06 74.93 
74.99 

-0.13 
3.62 3.86 0.24 

75.11 -0.12 

M4 (A) or 
M4 (B) 

71.46 81.30 
81.32 

9.84 
3.28 3.51 0.23 

71.52 9.80 

M5 (A) or 
M5 (B) 

74.72 73.31 
73.34 

-1.41 
3.71 3.76 0.05 

74.74 -1.40 
M6a (A) 
or 
M6a (B) 62.71 

62.76 
62.13 
62.18 

-0.58 
-0.58 

3.84 3.8 -0.04 

M6b (A) 
or 
M6b (B) 

3.67 3.75 0.08 

A…reducing End 
(α-anomer) 

A1 93.84 93.86 0.02 5.11 5.11 0.00 

A2 73.47 73.49 0.02 3.42 3.41 -0.01 

A3 74.67 74.66 -0.01 3.92 3.92 0.00 

A4 81.84 81.88 0.04 3.53 3.52 -0.01 

A5 71.63 71.66 0.03 3.84 3.86 0.02 

A6a/b 62.32 62.37 0.05 3.88 3.80 -0.08 

B…reducing end 
(β-anomer) 

B1 98.17 98.19 0.02 4.50 4.49 -0.01 

B2 75.85 75.87 0.02 3.19 3.18 -0.01 

B3 77.86 77.87 0.01 3.65 3.61 -0.04 

B4 81.84 81.48 -0.36 3.53 3.52 -0.01 

B5 76.67 76.70 0.03 3.40 3.39 -0.01 

B6a/b 62.15 62.21 0.06 3.88 3.80 -0.08 

referenced to MeOH-d4 residual = 49.00 ppm MeOH-d4 residual = 4.87 ppm (HDO) 
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Table S7: NMR Shifts of maltotriose-6’’O-acetate, the assigned signals are compared to the signals of the corresponding 
unacetylated species (maltotriose).  

  

Assignments 
13C-NMR - Data 1H-NMR - Data 

Maltotriose MT-6‘‘O-Ac Delta Maltotriose MT-6‘‘O-Ac Delta 
G…. Glycosidic 
bound glucose 
unit 

G1 (A) 102.70 103.19 
103.19 

0.49 5.16 
5.10 

-0.06 

G1 (B) 102.71 0.48 5.16 -5.16 

(A), (B) 
correspond to the 
reducing end 
isomers 

G2(A) 
G2 (B) 74.28 74.21 -0.07 3.45 3.46 0.01 

 G3 (A) 
G3 (B) 75.10 75.01 -0.09 3.61 3.62 0.01  

 G4 (A) or 
G4 (B) 

71.49 
71.51 

71.66 
71.66 

0.17 
0.15 3.27 3.24 -0.03  

 G5 (A) 
G5 (B) 74.77 72.28 -2.49 3.70 3.89 0.19  

 G6a (A) 
G6a (B) 

62.74 65.16 
65.16 2.42 

3.80 4.38 0.58  
 G6b (A) 

G6b (B) 3.68 4.16 0.48 
  
M… Middle 
glucose unit of 
maltotriose 

M1 (A) 102.87 102.68 -0.19 5.16 5.16 0.00 

M1 (B) 102.91 102.68 -0.23 5.16 5.16 0.00 
(A), (B) 
correspond to the 
reducing end 
isomers 

M2(A) or 
M2 (B) 

73.79 
73.95 

73.69 
73.85 

-0.10 
-0.10 3.51 3.51 0.00 

 M3 (A) or 
M3 (B) 

74.93 
74.99 

74.90 
74.96 

-0.03 
-0.03 3.86 3.86 0.00 

 
 M4 (A) or 

M4 (B) 
81.3 

81.32 
82.23 
82.24 

0.93 
0.92 3.51 3.46 -0.05 

  M5 (A) or 
M5 (B) 

73.31 
73.34 

73.38 
73.4 

0.07 
0.06 3.76 3.78 0.02  

 M6a (A) or 
M6a (B) 62.13 

62.18 
62.34 
62.34 

0.21 
0.16 

3.8 3.89 0.09 
 
 M6b (A) or 

M6b (B) 3.8 3.79 -0.01 
  

A…reducing end 
(α-anomer)  

A1 93.86 93.86 0.00 5.11 5.10 -0.01 
A2 73.49 73.48 -0.01 3.41 3.41 0.00 
A3 74.66 74.65 -0.01 3.92 3.91 -0.01 
A4 81.88 81.89 0.01 3.52 3.52 0.00 
A5 71.66 71.66 0.00 3.86 3.86 0.00 
A6a 

62.37 62.29 -0.08 
3.80 3.80 0.00 

A6b 3.80 3.80 0.00 

B…reducing end  
(β-anomer)  

B1 98.19 98.19 0.00 4.49 4.49 0.00 
B2 75.87 75.86 -0.01 3.18 3.18 0.00 
B3 77.87 77.84 -0.03 3.61 3.61 0.00 
B4 81.48 81.49 0.01 3.52 3.52 0.00 
B5 76.70 76.69 -0.01 3.39 3.40 0.01 
B6a 

62.21 62.18 -0.03 
3.80 3.88 0.08 

B6b 3.80 3.78 -0.02 

referenced to MeOH-d4 residual = 49.00 ppm MeOH-d4 residual = 4.87 ppm (HDO) 
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Discussion of diagnostic NMR shift differences of the maltotriose case 

The analysis of the purified maltotriose reaction product showed 80% purity, together with a very similar second species 
of glycosidic nature (~20%), that strongly resembles the enriched unidentified impurity from the starting material 
maltotriose (~5%). 
The assignments of the trisaccharides – maltotriose and its respective acetylated derivatives – are also generally based 
on independent 2D-NMR analysis but also made use of Tables S3-S5 as the observed trends upon acetylation and 
glycosylation for the shorter homologues were applied to distinguish certain cross-peaks. In the 13C-NMR, corresponding 
carbon-signals of the middle glucose unit (M) appeared as pairs of signals as the effect of α/β-configuration affects those 
carbon shifts. The signals of the non-reducing-end (G) appear as (broad) singlets, thus slightly higher than the pairs of 
signals in M. Additionally, the signals could be assigned to their respective glucose-unit by selective 1D-TOCSY and 
HSQC-TOCSY experiments, respectively. 
The position of the acetate substituent was conclusively proven via several 2D-experiments. 
The acetate can easily be assigned to an O6-position of a glucose unit via HMBC-correlation while the position of the 
acetylated O6-position is identifiable in the phase sensitive HSQC-experiment as a diastereotopic CH2 signal with a 
characteristic acyl-shift as compared to the non-acetylated O6-positions. Next, the H4’’-position (G) appears as a 
standalone-triplet and with all other H4 signals (M, A, B) shifted to low-field because of their glycosidic shift (see Tables 
S4 and S6). The TOCSY, 1D-TOCSY (exciting at the H4’’-signal) and HSQC-TOCSY-experiments all show correlation 
between G4 and G6 positions, thus proving that the acetylation appears on the non-reducing end of the maltotriose at 
position O6’’. 

 

Figure S11: TOCSY spectrum of the purified maltotriose-6’’O-acetate, with the most important crosspeaks marked. The existence 
of crosspeaks of the signals marked G6a, G6b and G4 directly proves the assumed structure of the reaction product. 
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NMR Spectra of Purified Compounds and Starting Materials 

 

 
Figure S12: 1H-NMR (MeOH-d4) of glucose starting material (equilibrated in MeOH-d4 for approx. 3 h). Anomeric 
ratio α:β=1:0.16. Top spectrum is the full view, while the bottom one is a zoom into the relevant region. 
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Figure S13: 13C-NMR (MeOH-d4) of glucose starting material (equilibrated in MeOH-d4 for approx. 3 h). Anomeric ratio 
α:β=1:0.16. Top spectrum is the full view, while the bottom one is a zoom into the relevant region. 
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Figure S14: 1H-NMR (MeOH-d4) of purified glucose-6O-acetate, as an anomeric mixture α:β=1:0.87. Top spectrum is 
the full view, while the bottom one is a zoom into the relevant region. The relevant shifts of signals compared to glucose 
are marked blue. 
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Figure S15: 13C-NMR (MeOH-d4) of purified glucose-6O-acetate, as an anomeric mixture α:β=1:0.87. Top spectrum is 
the full view, while the bottom one is a zoom into the relevant region. The relevant shifts of signals compared to glucose 
are marked blue. 
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Figure S16: 1H-NMR of commercial maltose (equilibrated approx. 12 h in MeOH-d4), as an anomeric mixture α:β=1:1. Top 
spectrum is the full view, while the bottom one is a zoom into the relevant region. 
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Figure S17: 13C-NMR (MeOH-d4) of commercial maltose (equilibrated approx. 12 h in MeOH-d4), as an anomeric mixture 
α:β=1:1. Top spectrum is the full view, while the bottom one is a zoom into the relevant region. 
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Figure S18: 1H-NMR (MeOH-d4) of purified maltose-6’O-acetate as an anomeric mixture approx. α:β = 1:1. Top spectrum 
is the full view, while the bottom one is a zoom into the relevant region. Relevant shifts compared to the maltose starting 
material are marked in blue. 
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Figure S19: 13C-NMR of purified maltose-6’O-acetate as an anomeric mixture approx. α:β = 1:1. Top spectrum is the full 
view, while the bottom one is a zoom into the relevant region. Relevant shifts compared to the maltose starting material are 
marked in blue. 
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Figure S20: 1H-NMR (MeOH-d4) of commercial maltotriose standard as an anomeric mixture approx. α:β = 1:1. Top 
spectrum is the full view, while the bottom one is a zoom into the relevant region. 
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Figure S21: 13C-NMR (MeOH-d4) of commercial maltotriose standard as an anomeric mixture approx. α:β = 1:1. Top 
spectrum is the full view, while the bottom one is a zoom into the relevant region. 
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Figure S22: 1H-NMR (MeOH-d4) of purified maltotriose-6’’O-acetate as an anomeric mixture approx. α:β = 1:1 (>80% 
purity) together with an enriched second component of glycosidic nature that was already present in the starting material. 
Top spectrum is the full view, while the bottom one is a zoom into the relevant region. 
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Figure S23: 13C-NMR (MeOH-d4) of purified maltotriose-6’’O-acetate as an anomeric mixture approx. α:β = 1:1 (>80% purity) 
together with an enriched second component of oligo-glycosidic nature that was already present in the starting material. The 
top spectrum is the full view, while the bottom one is a zoom into the relevant region. 
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Figure S24: HSQC-NMR of purified maltotriose-6’’O-acetate with assignments of all crosspeaks, as an explanatory 
assignment based on 2D-NMR. 
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Acetylation of Glucose, Maltose, and Maltotriose using EstA 

 

 
Figure S25: Conversion for the EstA (PDB code: 3ZYT) catalyzed reaction of glucose, maltose, or maltotriose as acyl acceptor 
and ethyl acetate (EtOAc) or isopropenyl acetate (IPA) as acyl donor. Reactions consisted of 100 mM glucose, 50 mM maltose, 
or 25 mM maltotriose and 500 mM ethyl acetate or 200 mM isopropenyl acetate in 200 mM ammonium acetate (pH 8.2) and were 
incubated at room temperature. Samples after 15 (light gray), 60 (dark gray), and 120 min (black) were analyzed by HPLC-ELSD. 
Data plotted are means of triplicates and standard deviations are shown as error bars. Full data are shown in Table S8. 

Table S8: Conversions for the EstA (PDB code: 3ZYT) catalyzed reactions between glucose, maltose, or maltotriose as acyl 
acceptor and ethyl acetate (EtOAc) or isopropenyl acetate (IPA) as acyl donor. Reactions consisted of 100 mM glucose, 50 mM 
maltose, or 25 mM maltotriose and 500 mM ethyl acetate or 200 mM isopropenyl acetate in 200 mM ammonium acetate (pH 8.2) 
and were incubated at room temperature. Samples after 15, 60, and 120 min were analyzed by HPLC-ELSD. Data shown are 
means of triplicates and standard deviations. 

 

Sugar Acyl donor 
Conversion 15 min Conversion 60 min Conversion 120 min 

monoacetate monoacetate diacetate monoacetate diacetate 

Glucose EtOAc 0.43% ± 0.11% 0.65% ± 0.06%   0.63% ± 0.02%   

Glucose IPA 35.50% ± 0.20% 42.18% ± 0.74% 0.62% ± 0.09% 38.43% ± 0.05% 0.67% ± 0.03% 

Maltose IPA 3.45% ± 0.21% 5.18% ± 0.20%   6.57% ± 0.17%   

Maltotriose IPA 1.12% ± 0.05% 1.52% ± 0.12%   1.99% ± 0.16%   
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Figure S26: Thin layer chromatography analysis of an acyl transfer reaction with the family VIII carboxylesterases EstCE1 (PDB 
code: 7ATL), EstCE1 variant F243A, EstSRT1 (PDB code: 5GMX), EstM2, EstA (3ZYT), and Est-Y29 (PDB-code: 5ZWQ). The 
reactions contained 100 mM glucose and 200 mM isopropenyl acetate in 200 mM ammonium acetate (pH 8.2). The reactions 
were incubated for 15 min at room temperature. Product spots were identified by TLC-MS analysis using an Advion expression 
CMS (black arrow, glucose monoacetate: [M+Na]+: 245.3 m/z, [M-H]-: 221.2 m/z, [M+Cl]-: 257.2 m/z; white arrow, glucose 
diacetate: [M-H]-: 263.2 m/z, [M+Cl]-: 299.4 m/z). The gray arrow indicates unconverted substrate. TLC was developed in 
chloroform, methanol, acetic acid, and water 70:20:8:2 and stained using vanillin. 

 
 
 

 

Figure S27: HPLC-ELSD analysis of a reaction between glucose (100 mM) and isopropenyl acetate (200 mM) catalyzed by EstA 
(4 µM) in 200 mM ammonium acetate after 60 min. Three peaks (arrows) are visible which can be assigned to glucose diacetate 
(6.8 min), glucose monoacetate (7.4 min) and glucose (8.4 min). 
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HPLC-ELSD Analysis of Glucose, Maltose, Maltotriose, and 6-O-Acetyl Glucose 

 

                   
 
 

                  
 

 

 
 

Figure S28: Linear standard curves from HPLC-ELSD analysis of glucose (A), maltose (B), maltotriose (C), and 6-O-acetyl 
glucose (D) and peak area ratios of glucose (substrate) and 6-O-acetyl glucose (product) at different concentration ratios at 
100 mM total concentration (E). 
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Comparison of EstA and EstCE1 

 

 
Figure S29: Structural comparison of EstA and EstCE1. A) Structure of EstA (PDB code: 3ZYT) with selected residues (gray 
sticks), surface of the substrate binding cavity (gray surface), and hydrophobic surfaces within the substrate binding cavity (yellow 
surfaces) shown. B) Structure of EstCE1 (PDB code: 7ATL) with selected residues (blue sticks), surface of the substrate binding 
cavity (gray surface), and hydrophobic surfaces within the substrate binding cavity (yellow surfaces) shown. 

 

 

 

Figure S30: Induced-fit docking of glucose into the acetyl-enzyme complex of EstA (PDB code: 3ZYT). A 3D structure (A) and a 
2D representation (B) is shown. Acetylated serine (S59*) and residues important for sugar binding are labeled. The O6-position 
of glucose is coordinated close to the catalytic serine by polar contacts to D323 and Y148. Moreover, residue D292 forms polar 
contacts to the O2- and O3-positions of the sugar and the glucose ring is stacked with residue Y148. 
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Mutagenesis Primers 

Table S9. Mutagenesis primers for site-directed mutagenesis of Est24.  

Mutation Forward primer Reverse primers 

S13A CTTTGGCGATgctCTGACCTGGGG CACAGCACACTGCGTTTT 

N96S GCTGGGTACCagcGATACCAAAAG ATAATAATAACCAGATCCAGC 

K99A CAATGATACCgcgAGCTATTTTCATCGTAC GTACCCAGCATAATAATAAC 

K99R CAATGATACCcggAGCTATTTTCATCG GTACCCAGCATAATAATAAC 

F152A TGATCCGTGGgcgGAAGGTATGTTTGGCGGC GGCATAGGTGCCAGCGGC 

F152I TGATCCGTGGattGAAGGTATGTTTGGC GGCATAGGTGCCAGCGGC 

F156A TGAAGGTATGgctGGCGGCGGCT AACCACGGATCAGGCATAG 
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Table S10. Mutagenesis primers for site-directed mutagenesis of EstCE1.  

Mutation Forward primer Reverse primer 

S65A TCGGCTGTCGgccGTGTCCAAGC AATTGGGTCTCACGCACC 

K68Y GTCGGTGTCCtatCCTTATATTACGC GACAGCCGAAATTGGGTC 

Y123A CGGCCTGGATgcgCGTTTGAGCC GCAGTGTGGCTCAACAAG 

Y123H CGGCCTGGATcatCGTTTGAGCC GCAGTGTGGCTCAACAAG 

Y123K CGGCCTGGATaaaCGTTTGAGCC GCAGTGTGGCTCAACAAG 

Y123N CGGCCTGGATaacCGTTTGAGCC GCAGTGTGGCTCAACAAG 

L125A GGATTATCGTgcgAGCCAACCTGCGGAAGG AGGCCGGCAGTGTGGCTC 

L125V GGATTATCGTgtgAGCCAACCTGCG AGGCCGGCAGTGTGGCTC 

M142A TAAAGACGGTgcgGAACTGTCGTC ATACCGAGTCGATGATAC 

Y171H CGAGTTTCGAcatTCACTGGCAATCGATGTGC CTGCCCGGCTCGGCCAAC 

Y171K CGAGTTTCGAaaaTCACTGGCAATCGATGTGCTG CTGCCCGGCTCGGCCAAC 

L239A GTTGCTGACCgcgCCGGAAGGGT ATGCCATCTCGTATAGGTTC 

L239M GTTGCTGACCatgCCGGAAGGGT ATGCCATCTCGTATAGGTTCCGG 

L239M (F243A)[a] GTTGCTGACCatgCCGGAAGGGG ATGCCATCTCGTATAGGTTCCGG 

L239V GTTGCTGACCgtgCCGGAAGGGT ATGCCATCTCGTATAGGTTCCGG 

F243A GCCGGAAGGGgcgGGCTTCGAGATTG AGGGTCAGCAACATGCCA 

F243H GCCGGAAGGGcatGGCTTCGAGATTG AGGGTCAGCAACATGCCA 

F243L GCCGGAAGGGctgGGCTTCGAGA AGGGTCAGCAACATGCCATC 

F243V GCCGGAAGGGgtgGGCTTCGAGA AGGGTCAGCAACATGCCATC 

Q309A CGCCGAGACTgcgGGGCCCGGCT TGCGACCCGACATGCGCTTG 

Q309N CGCCGAGACTaacGGGCCCGGCTG TGCGACCCGACATGCGCT 

Q309R CGCCGAGACTcgtGGGCCCGGCTG TGCGACCCGACATGCGCT 

W339A CACTCTGCAGgcgGGCGGTGTCTATG CCATTGTGCTGAGGCGTC 

W339F CACTCTGCAGtttGGCGGTGTCTATG CCATTGTGCTGAGGCGTC 

W339H CACTCTGCAGcatGGCGGTGTCTATG CCATTGTGCTGAGGCGTC 

W339N CACTCTGCAGaacGGCGGTGTCTATG CCATTGTGCTGAGGCGTC 

W339Y CACTCTGCAGtatGGCGGTGTCTATG CCATTGTGCTGAGGCGTC 

V342A GTGGGGCGGTgcgTATGGCCACAG TGCAGAGTGCCATTGTGC 

V342L GTGGGGCGGTctgTATGGCCACA TGCAGAGTGCCATTGTGC 

V342M GTGGGGCGGTatgTATGGCCACA TGCAGAGTGCCATTGTGC 

M368A CTTTGAAGGCgcgAGTGGACGTTATCC GCCGTATTGGTCAAGGCT 

M368H CTTTGAAGGCcatAGTGGACGTTATCCACTGC GCCGTATTGGTCAAGGCT 

M368L CTTTGAAGGCctgAGTGGACGTTATC GCCGTATTGGTCAAGGCT 

M368V CTTTGAAGGCgtgAGTGGACGTT GCCGTATTGGTCAAGGCTA 

[a] Mutagenesis primer for introduction of the L239M mutation to an EstCE1-F243A template. 

 



  

S39 
 

References 

(1)  Godehard, S. P.; Badenhorst, C. P. S.; Müller, H.; Bornscheuer, U. T. Protein Engineering for Enhanced Acyltransferase 
Activity, Substrate Scope, and Selectivity of the Mycobacterium Smegmatis Acyltransferase MsAcT. ACS Catal. 2020, 10, 7552–
7562. 
(2)  Müller, H.; Godehard, S. P.; Palm, G. J.; Berndt, L.; Badenhorst, C. P. S.; Becker, A.-K.; Lammers, M.; Bornscheuer, U. 
Discovery and Design of Family VIII Carboxylesterases as Highly Efficient Acyltransferases. Angew. Chem. Int. Ed. 2021, 60, 
2013-2017. 
(3)  Friesner, R. A.; Banks, J. L.; Murphy, R. B.; Halgren, T. A.; Klicic, J. J.; Mainz, D. T.; Repasky, M. P.; Knoll, E. H.; Shelley, 
M.; Perry, J. K.; Shaw, D. E.; Francis, P.; Shenkin, P. S. Glide: A New Approach for Rapid, Accurate Docking and Scoring. 1. 
Method and Assessment of Docking Accuracy. J. Med. Chem. 2004, 47, 1739–1749. 
(4)  Halgren, T. A.; Murphy, R. B.; Friesner, R. A.; Beard, H. S.; Frye, L. L.; Pollard, W. T.; Banks, J. L. Glide: A New Approach 
for Rapid, Accurate Docking and Scoring. 2. Enrichment Factors in Database Screening. J. Med. Chem. 2004, 47, 1750–1759. 
(5)  Friesner, R. A.; Murphy, R. B.; Repasky, M. P.; Frye, L. L.; Greenwood, J. R.; Halgren, T. A.; Sanschagrin, P. C.; Mainz, D. 
T. Extra Precision Glide: Docking and Scoring Incorporating a Model of Hydrophobic Enclosure for Protein−Ligand Complexes. J. 
Med. Chem. 2006, 49, 6177–6196. 
(6)  Schwarz, Thomas. Synthese und Komplexchemie von Aminozuckern, Ludwig-Maximilians-Universität München, 2010. 
(7)  Motawia, M. S.; Olsen, C. E.; Denyer, K.; Smith, A. M.; Møller, B. L. Synthesis of 4’-O-Acetyl-Maltose and α-D-
Galactopyranosyl-(1->4)-D-Glucopyranose for Biochemical Studies of Amylose Biosynthesis. Carbohydr. Res. 2001, 10. 
 
 





Articles 

133 
 

Article IV 
 





Protein Engineering for Enhanced Acyltransferase Activity,
Substrate Scope, and Selectivity of the Mycobacterium smegmatis
Acyltransferase MsAcT
Simon P. Godehard, Christoffel P. S. Badenhorst, Henrik Müller, and Uwe T. Bornscheuer*

Cite This: ACS Catal. 2020, 10, 7552−7562 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The highly efficient and versatile acyltransferase
MsAcT from Mycobacterium smegmatis catalyzes aqueous acyl
transfer reactions, enabling applications in environmentally friendly
processes and enzyme cascades. We rationally designed several
variants with up to 30-fold increased acyl transfer to hydrolysis
ratios while mostly retaining initial activity. Variants exhibiting
broader acyl-donor substrate scope and higher or inverted
enantioselectivity were also designed. Alterations of the catalytic
His-Asp pair decreased the activation of hydrolytic water, thereby
increasing acyl transfer to hydrolysis ratios. This study demon-
strates that targeting the disruption of water networks and
manipulating the activation of nucleophiles are promising
strategies for engineering promiscuous acyltransferase activities.

KEYWORDS: MsAcT, acyltransferase, rational design, protein engineering, acylation, transesterification, acyl transfer, biocatalysis

■ INTRODUCTION

Hydrolases are commonly employed for the hydrolysis of
esters, amides, or lipids in aqueous systems.1 Under anhydrous
conditions, some hydrolases can also catalyze the reverse
reaction, synthesizing esters and amides from carboxylic acids
and alcohols or amines.2 However, the industrial application of
hydrolases under anhydrous conditions requires the use of
large amounts of organic solvents which may be expensive and
toxic.
In contrast to conventional hydrolases, promiscuous hydro-

lase/acyltransferases can catalyze acyl transfer reactions in
aqueous systems. Some of these enzymes display high
selectivities for acyl transfer over hydrolysis, making them
synthetically valuable while reducing the demand for hazardous
organic solvents.3−6 For example, Pseudozyma antarctica lipase
A (CAL-A) and other enzymes of the CAL-A superfamily, like
CpLIP2 and CduLAc, can be used for the production of fatty
acid ethyl esters, valuable biofuels.7−10

Because promiscuous hydrolase/acyltransferases are active
in aqueous media, they can be used in cascades with other
enzymes. For example, CAL-A was used in a cascade with an
alcohol dehydrogenase (ADH) and a Baeyer−Villiger mono-
oxygenase (BVMO) to produce oligocaprolactone. CAL-A
catalyzed the oligomerization of the ε-caprolactone produced
from cyclohexanol by the ADH and BVMO, reducing product
inhibition and shifting the equilibrium as the insoluble
oligocaprolactone precipitated from solution.11

We recently developed an ultrahigh-throughput acyltransfer-
ase assay and used it to discover Est8, a metagenome-derived
promiscuous hydrolase/acyltransferase.12 We subsequently
solved the structure of Est8, which turned out to be the first
reported acyltransferase in the bacterial hormone-sensitive
lipase (bHSL) family. Based on the structure of Est8, we
developed a method for sequence-based prediction of
promiscuous acyltransferase activity, leading to the discovery
and characterization of another five acyltransferases and the
suggestion that there must be thousands of undiscovered
acyltransferases in the bHSL family alone.13

One of the most efficient and versatile acyltransferases is
MsAcT from Mycobacterium smegmatis. Enzymatic acylation
was unexpectedly observed while investigating the selective
oxidation of alcohols by lyophilized M. parafortuitum. M.
parafortuitum catalyzed the stereospecific transesterification
between prochiral diols and ethyl acetate, even at millimolar
concentrations of ethyl acetate.14 Sequencing N- and C-
terminal regions of the acyltransferase purified from M.
parafortuitum led to the identification of a full-length coding

Received: April 20, 2020
Revised: June 9, 2020
Published: June 12, 2020

Research Articlepubs.acs.org/acscatalysis

© 2020 American Chemical Society
7552

https://dx.doi.org/10.1021/acscatal.0c01767
ACS Catal. 2020, 10, 7552−7562

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 G

R
E

IF
SW

A
L

D
 o

n 
N

ov
em

be
r 

19
, 2

02
0 

at
 1

1:
00

:3
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+P.+Godehard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christoffel+P.+S.+Badenhorst"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henrik+Mu%CC%88ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Uwe+T.+Bornscheuer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.0c01767&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01767?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01767?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01767?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01767?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.0c01767?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/accacs/10/14?ref=pdf
https://pubs.acs.org/toc/accacs/10/14?ref=pdf
https://pubs.acs.org/toc/accacs/10/14?ref=pdf
https://pubs.acs.org/toc/accacs/10/14?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c01767?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf


sequence of MsAcT in the genome of the related strain M.
smegmatis.15 By solving the crystal structure of MsAcT,
Mathews et al. showed that the small enzyme of 23 kDa is
organized in a tightly associated octameric structure.15 The
octamer is very hydrophobic, restricting the access of water to
the active sites and perhaps explaining the high promiscuous
acyltransferase activity of the enzyme.15 MsAcT subsequently
became one of the most frequently studied acyltransferases
because of its high activity, stability, acyl transfer to hydrolysis
ratio (AT:H), and broad substrate scope for esterification
reactions.16−19 Wiermans et al. explored the synthetic potential
of MsAcT and determined the pH optimum (pH 8) for the
transesterification reaction.19 Furthermore, they observed
slight (∼8-fold) kinetic selectivity for (S)-2-octanol as acyl
acceptor.
Land et al. discovered that MsAcT can also catalyze

amidation reactions and could establish a transaminase-
MsAcT cascade for the formation of amides from aldehydes
and ketones.20 Subsequently, additional applications for
enzymatic amide synthesis using MsAcT in aqueous reaction
systems have been explored.21,22 Wild-type MsAcT can only
utilize acetate and butyrate esters as acyl donors, but variants
that hydrolyze up to methyl nonanoate have been discov-
ered.23 Recently, two MsAcT variants (L12A and T93A/
F154A) were used for selective mono/disubstitution of
divinyladipate.24

Despite its enormous potential, no systematic engineering of
MsAcT’s acyltransferase activity has been reported. Perhaps
this is because it is very challenging to predict the effects of
mutations on acyltransferase activity. Biochemists still do not
entirely understand the mechanisms distinguishing acyltrans-
ferase activity from hydrolase activity, despite the observation
that several acyltransferase families have evolved independently
from different hydrolase (α/β-hydrolase, GDSL, C−N hydro-
lase, and carboxylesterase) (super)families.25−31 It is thought
that essential factors include affinity to the acceptor substrate,
exclusion of water from the active site and disruption of water
networks, stabilization of the acyl-enzyme intermediate,
deactivation of water by the oxyanion hole, and selective

activation of the acyl acceptor by the catalytic base
residues.32−35

Our recent demonstration of how common promiscuous
acyltransferase activity is in nature13 helps us to understand
how this feature could so often be adopted for novel
biosynthetic functions. If acyltransferases so readily evolved
from hydrolases in nature, it is reasonable to assume that the
same could be achieved by directed evolution or rational
design.
In this study, we explored our current understanding of how

acyltransferases work by rationally designing variants of the
promiscuous hydrolase/acyltransferase MsAcT with signifi-
cantly improved acyltransferase activity toward several
substrates.

■ RESULTS AND DISCUSSION

Rational Design of MsAcT Variants. In order to identify
target residues for site-directed mutagenesis, the crystal
structures of MsAcT with and without a covalently bound
inhibitor (PDB codes: 2Q0S and 2Q0Q, respectively) were
inspected and compared to the homologous Est24 from
Sinorhizobium meliloti (PDB code: 5HOE).15,36 Additionally,
sites suggested by computational studies to be relevant to
acyltransferase activity were investigated.35,37

Binding Site and Tunnel Analyses. Residues forming the
active site of MsAcT (PDB code: 2Q0Q) were examined. The
active site of MsAcT can be divided into a small cavity for
coordination of the acyl moiety and a large cavity for
coordination of the alcohol moiety. To modify acyl donor
specificity, we selected four residues lining the small cavity for
site-directed mutagenesis (Figure 1A, salmon-colored resi-
dues). Nine residues making up the large binding pocket were
selected for modifying acyl acceptor specificity and enantiose-
lectivity (Figure 1A, light blue residues). Residues forming
tunnels in the enzyme can also play a major role in catalytic
properties. Elimination of tunnel constrictions can increase
substrate/product flux, enhancing enzymatic activity and
acceptance of larger substrates.38 In the octameric MsAcT
structure, tunnels leading to its active sites are formed by four
neighboring monomers (Figure S1). The Caver Web tool was

Figure 1. (A) Crystal structure of MsAcT (PDB code: 2Q0Q)15 with catalytic residues (green), small cavity residues (salmon), large cavity
residues (light blue), and residues differing from Est24 (yellow) shown as sticks and S54-A55-R56 loop (light blue) and potential tunnel
bottlenecks (gray) shown as wires. (B) Optimized geometries for hydrolysis of the acyl-enzyme intermediate, proposed by Kazemi et al.,35 with
catalytic residues (green sticks), acyl moiety of the acyl-enzyme complex (dark gray sticks), and hydrogen bonds (broken lines) are shown.
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used to identify eight residues that potentially constrict these
tunnels (Figure 1A, gray wires).39

Residues from Published Computational Studies. The
mechanisms behind the exceptional acyltransferase activity of
MsAcT are very poorly understood, despite multiple
publications dealing with the substrate scope and applications
of this enzyme. Using a combination of free energy
perturbation methods, Kazemi et al. calculated the energy
profiles of both the hydrolysis and acyl transfer reactions
catalyzed by MsAcT.35 This revealed that the overall activation
energy of a transesterification reaction is lower than for a
hydrolytic reaction and hydrophobic properties of the MsAcT
active site result in a higher affinity of MsAcT to alcohols than
to water. Molecular dynamics simulations identified several
residues involved in stabilization of the transition states for
both reactions. In an attempt to improve the acyl transfer
efficiency, we targeted the residues that are essential for
stabilizing the hydrolysis transition state.
We selected residues that coordinate water molecules in the

active site and residues that form hydrogen bonds to the acyl-
enzyme carbonyl group. For example, MD simulations suggest
that the side chain amide carbonyl of N94 forms a hydrogen
bond to a water molecule in the active site while its side chain
carbonyl is stabilized by the ε-amino group of K97 (Figure
1B). Moreover, the side chain amide nitrogen of N94 and the
backbone of S11 and A55 form the oxyanion hole, which
coordinates the carbonyl of the acyl-enzyme complex (Figure
1B). It was previously reported that mutation of a residue of
the oxyanion hole in a serine protease led to 80-fold decreased
deacylation rates, resulting in stabilization of the acyl-enzyme
intermediate and reduced hydrolase activity.40−42 MsAcT
oxyanion hole residues were therefore very important targets
in our study.
Aiming to destabilize hydrogen bonds that coordinate the

carbonyl function of the acyl-enzyme intermediate, we tried to
reposition the S54-A55-R56 loop (Figure 1A, blue wire),
which forms part of the oxyanion hole. Destabilization of the
oxyanion in the acyl-enzyme complex will decrease both
hydrolase and acyltransferase activity. However, due to the
changed positioning of the acyl moiety in the acyl enzyme
complex, hydrolase activity could be disturbed more
significantly because of the lower nucleophilicity of water
compared to an alcohol needed for acyl transfer reaction.43,44

Variation of A55 was expected to slightly affect positioning of
the backbone of this active site loop. To achieve more
extensive repositioning of the loop, variants with mutations of
residues S54 or R56 (larger than A55) and deletions of
residues S54 and A55 were created.
Another recently published computational study suggested

that W16, A55, F150, and F154 are important in determining
the enantioselectivity of MsAcT.37 This hypothesis was based
on differences in the stabilizing effects these residues have on
transition states, depending on the substrate enantiomer used.
Because of their roles in stabilization of transition states, these
residues probably also influence acyl transfer efficiency and are
therefore potential hotspots for improving the AT:H ratio and
enantioselectivity of MsAcT.
Comparison of MsAcT to the Homologous Est24.

MsAcT was compared to Est24 from Sinorhizobium meliloti
(PDB code: 5HOE), a close homologue of MsAcT (64%
sequence identity). Est24 also has acyltransferase activity in
aqueous environments although it was reported to be
significantly lower than that of MsAcT.15,45

Superposition of the MsAcT and Est24 crystal structures
revealed that the active sites are nearly identical and only three
residues differ (Figure S2). To investigate whether these
differences can explain the higher acyltransferase activity of
MsAcT, the Est24 residues were transferred to MsAcT by
A23S, T64N, and I153M substitutions (Figure 1A, yellow
residues).
Another important observation is the differences at the

surfaces of the octameric proteins, which lead to higher
flexibility of Est24 compared to that for MsAcT. This is
indicated by the higher B-factors of Est24 surface residues
(Figures S3 and S4). For investigation of the effect of increased
flexibility at the surface of MsAcT, numerous mutations and
loop exchanges would have been necessary. Therefore, we
decided to focus only on the three active site residues in this
study.

Mutagenesis Strategy. To minimize the number of
variants, a strategy for the selection of amino acid substitutions
was needed. Currently, a central hypothesis is that promiscu-
ous acyltransferase activity is facilitated by large hydrophobic
active site cavities that do not favor binding of water.
Therefore, for each selected residue, a variant with a common
substitution was chosen using the BLOSUM62 matrix,46 taking
care not to increase hydrophilicity or size of the residues.
Additionally, all target residues were mutated to alanine.

Improving MsAcT’s Acyltransferase Efficiency. MsAcT
is uniquely valuable for synthetic applications because of its
broad substrate scope and high acyl transfer to hydrolysis ratio
(AT:H). This ratio is an important parameter for estimating
how much of the acyl donor substrate or ester product
undergoes unwanted hydrolysis in addition to the desired acyl
transfer reaction. We recently described the p-nitrophenyl
acyltransferase (pNP-AcT) assay for determining AT:H ratios.
The rate of p-nitrophenolate release from p-nitrophenyl esters
is determined in two separate reactions, one with and one
without the acyl acceptor substrate. Increased release of p-
nitrophenolate in the presence of an acyl acceptor indicates
acyltransferase activity.13 AT:H ratios determined using 1 mM
p-nitrophenyl acetate and either 2, 10, or 100 mM benzyl
alcohol were determined for all variants (Figures 2 and S5).
Wild-type MsAcT has a modest AT:H ratio (1.1 ± 0.1) at

2 mM benzyl alcohol because this benzyl alcohol concentration
is significantly below the reported Kd of 13.6 ± 1.7 mM.18 At
higher benzyl alcohol concentrations of 10 and 100 mM, ratios
of 4 ± 0.4 and 6.3 ± 0.9 were determined, demonstrating
MsAcT’s good acyltransferase activity and stability of the
enzyme toward higher alcohol concentrations. The AT:H ratio
at benzyl alcohol saturation (100 mM) is lower than the AT:H
ratio of 14.2 reported previously.18 This difference can be
explained by different assay setups because in the studies of
Mestrom et al. the more activated and less sterically
demanding acyl donor vinyl acetate was used at a higher
concentration (10 mM vinyl acetate vs 1 mM pNPA).
Remarkably, about two-thirds of the 59 designed variants

(Figure S5) had higher AT:H ratios than the wild-type, even at
2 mM benzyl alcohol, demonstrating the efficacy of our
rational design strategy. For wild-type MsAcT and most
variants, the highest AT:H ratios were achieved at 100 mM
benzyl alcohol. However, for nine variants, the highest AT:H
ratios were observed at 10 mM benzyl alcohol (Figure S5 and
Table S1). This could be an indication of decreased stability of
these variants at high alcohol concentrations or substrate
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inhibition due to increased affinity to the acyl acceptor as
described for other promiscuous acyltransferases.13

Notably, no significant drop of acyltransferase and hydrolase
activities at the same time was observed for 72% of the
designed variants (Figure S7 and Table S2). Remarkably, for
25% of the variants, acyltransferase activity was increased
compared to wild-type MsAcT, while hydrolase activity was
decreased, resulting in a considerable change in AT:H ratio.
For example, the K97A variant had less than one-third residual
hydrolase activity while acyltransferase activity was increased
2.5-fold at 100 mM benzyl alcohol (Table S2). The
acyltransferase activity of the double mutant K97R/F150I at
2 mM benzyl alcohol was increased 4.25-fold while hydrolase
activity was reduced to 30% of the wild-type activity (Figure S7
and Table S2).
In contrast, deletion of the residues S54 and A55 resulted in

a significant loss of both hydrolase and acyltransferase
activities. The backbone carbonyl function of A55 is part of
the oxyanion hole and forms a hydrogen bond to the acyl-
enzyme intermediate (Figure 1B). We attempted to distort the
S54-A55-R56 active site loop by deleting S54 and A55. The
resulting disruption of hydrogen bonding would reposition the
acyl-enzyme intermediate and impair the hydrolysis reaction.
Interestingly, deleting S54 led to a completely inactive enzyme
while deleting A55 resulted in 99.2% decreased hydrolysis
activity and 97.8% decreased acyl transfer activity at 2 mM
benzyl alcohol (Figure S7). This resulted in an improved
AT:H ratio of 11.4 ± 1.2 at 100 mM benzyl alcohol. Variant
R56K, which was also created to reposition the S54-A55-R56
loop, had a 28−80% increased AT:H ratio, depending on
benzyl alcohol concentration (Table S1). In this case hydrolase
activity was decreased by 26.7% while acyltransferase activity
was increased by 34.5% at 2 mM benzyl alcohol (Figure S7).
This indicates that the acyltransferase specificity of MsAcT can
be enhanced by repositioning the S54-A55-R56 loop, probably
by disrupting hydrogen bonding to the acyl-enzyme
intermediate and repositioning of its acyl moiety. Nevertheless,
this needs to be tuned carefully as destabilization of acyl-

enzyme intermediates due to missing hydrogen bonds can also
affect acyl transfer activity.
Another residue involved in coordination of the acyl-enzyme

intermediate is N94. We argued that residue N94 plays two
essential roles in the wild-type MsAcT hydrolysis reaction and
that mutations of this residue would strongly impact the AT:H
ratio. Its side chain amide nitrogen forms a hydrogen bond to
the acyl-enzyme intermediate while its side chain carbonyl
group is involved in coordination of the water network in the
active site (Figure 1B). As predicted, the N94A variant had a
drastically increased AT:H ratio, reaching 49.9 ± 2.7 at 10 mM
benzyl alcohol (Figure 2). At only 2 mM benzyl alcohol, the
N94S/F150I variant had a ∼30-fold increased AT:H ratio of
34.0 ± 2.8. This remarkable effect of variant N94S/F150I is
caused by suppression of hydrolase activity of the enzyme
while retaining acyltransferase activity. The N94S/F150I
variant had only 2.4% residual hydrolase activity but 76.5%
residual acyltransferase activity at 2 mM benzyl alcohol (Table
S2).
Another important residue is K97, which stabilizes the side

chain carbonyl group of N94 via a hydrogen bond to K97’s ε-
amino group (Figure 1B). Variant K97A exhibited the highest
AT:H ratio of 50 ± 1.8 in the presence of 100 mM benzyl
alcohol (Figure 2). Similarly, the K97R variant has a high
AT:H ratio (30.6 ± 1.7), suggesting that lysine itself in this
position is more critical for hydrolase activity than the size or
charge of the residue. Mutation of K97 likely results in
destabilization of hydrogen bonds which are important to the
hydrolase reaction.
In our rational design process, residue F150 was chosen

because the bulky residue restricts the large cavity of MsAcT.
Although the F150I and F150A substitutions only moderately
increased AT:H ratios, the double mutants N94S/F150I,
N94A/F150I, and K97R/F150I had three of the top four
AT:H ratios at 2 and 10 mM benzyl alcohol.
Four of the 14 variants which were designed based on the

Caver Web analysis (Figure S1) of MsAcT’s tunnels have
increased AT:H ratios, with D65A and F174A being 2-fold

Figure 2. Acyl transfer to hydrolysis ratios of wild-type MsAcT and the best variants, determined using 1 mM p-nitrophenyl acetate and 2, 10, and
100 mM benzyl alcohol.
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better than wild-type MsAcT. No significant effect was
observed for the other variants.
Surprisingly, A23S, T64N, and I153M, variants based on

comparison of MsAcT to the poorer acyltransferase Est24, did
not lead to significant loss of acyltransferase activity. While the
AT:H ratio at 100 mM benzyl alcohol was slightly decreased
for A23S (4.8 ± 0.3), it was increased for T64N (12.2 ± 0.9)
and I153M (10.7 ± 1.8), compared to wild-type MsAcT (6.3
± 0.9). This suggests that the lower AT:H ratio of Est24
compared to MsAcT cannot be explained by active site
residues and are caused by other factors (e.g., flexibility of the
protein).
For verification of the pNP-AcT result and to demonstrate

the significance of the improvement, GC analyses for wild-type
MsAcT and the K97R/F150I variant were carried out. Variant
K97R/F150I was selected for this purpose because of its 14-
fold increased AT:H ratio, resulting from over 3-fold reduced
hydrolase activity and more than 4-fold increased acyltransfer-
ase activity. A biocatalysis reaction with vinyl acetate and
benzyl alcohol at equimolar concentrations (20 mM) was
analyzed at several time points. Under these conditions, the
supply of acyl donor is limiting, making a high AT:H ratio
more important for achieving high conversions than when an
excess of acyl donor is used. Indeed, variant K97R/F150I
showed higher maximum product formation of 71.5% ± 1.2%
after 2 min than wild-type MsAcT of 51.4% ± 0.8% after 8 min
(conversion to benzyl acetate [%GC], Figure 3).

As characteristic for acyltransferases accumulation of the
ester product is transient but for MsAcT variant K97R/F150I
hydrolysis of the product benzyl acetate was drastically
reduced, demonstrating the great potential of this variant for
synthetic applications. After 45 min of reaction, wild-type
MsAcT had hydrolyzed >99% of the benzyl acetate formed. In
stark contrast, 63% of the product was left intact when the
K97R/F150I variant was used, corresponding to an overall
yield of 45%. This shows that we generated an MsAcT variant
that performs transesterification more efficiently, can reach
higher conversions and hydrolyses less of the product than the
wild-type.

Acyltransferase Activity toward Larger Acyl Donors.
Because of its small acyl-binding cavity, wild-type MsAcT is
limited to acyl donors with chain lengths between C2 and C4.
By determining AT:H ratio for wild-type MsAcT using the
pNP-AcT assay with p-nitrophenyl butyrate as acyl donor, a
∼35% increased AT:H ratio of 5.5 ± 0.4 compared to p-
nitrophenyl acetate was observed (Table 1). This trend of
increased AT:H ratio with the C4 acyl donor was displayed for
most of the variants (Table S1). Variant N94A/F150I which
already displayed a remarkable ratio of 44.3 ± 2.2 for p-
nitrophenyl acetate showed an exceptional AT:H ratio of 106.8
± 5.5 (Table 1). The increased AT:H ratios for the p-
nitrophenyl butyrate acyl donor may be explained by a close fit
of the enzyme-bound butyryl moiety. This could lower the
occurrence of productive poses of water for deacylation of the
enzyme. A similar effect was reported by Golczak et al. showing
that a tightly fitting acyl group can exclude water from the
active site of phospholipase HRASLS3.47

To enable acyl transfer reactions using even larger acyl
donors, variants with increased space in the small cavity were
generated. Variants previously shown to hydrolyze up to
nonanoate methyl esters (L12A, T93A, F154A, L12A/T93A,
L12A/F154A, and T93A/F154A) were also tested.23 For rapid
examination of acyl donor chain-length specificity in acyl
transfer reactions, the pNP-AcT assay was employed, using p-
nitrophenyl hexanoate and octanoate as acyl donors and benzyl
alcohol as acyl acceptor (Tables 1 and S1).
Enhanced acyl donor acceptance for acyl transfer reactions

was observed for five single and four double mutants (Table
1). Variation of L12 allows the acceptance of hexanoate esters
and L12A gives a good AT:H ratio of 5.5 ± 0.8. In contrast to
T93A, which has the same acyl donor limitations as wild-type
MsAcT (Table S1), the T93S variant is able to use hexanoate
and even octanoate esters as acyl donors. Residue F154 is of
particular importance for acceptance of larger acyl donors
because all tested F154 single and double mutants show
increased acyl donor acceptance, up to octanoate esters.
Changing F154 to isoleucine or alanine creates space, which is
essential for the acceptance of larger acyl donors (Figure 1A).
For pNP-hexanoate, remarkable AT:H ratios of up to 101.4 ±
13.5 (F154A) could be achieved (Table 1). The other F154
single and double mutants also have drastically increased AT:H
ratios (12- to 29-fold increase) for p-nitrophenyl hexanoate,
compared to p-nitrophenyl acetate as acyl donor. In addition to
the previously mentioned tight fit of enzyme bound acyl-
moieties, a hydrophobic microenvironment caused by the
hexanoyl chain might exclude hydrolytic water from the active
site, decreasing hydrolase activity of the enzyme.47

The formation of benzyl acetate/butyrate/hexanoate/octa-
noate products by F154A was verified by GCMS analysis
(Figure S6).

Enantioselectivity in Acyl Transfer Reactions. In a
previous study, de Leeuw et al. showed that wild-type MsAcT
has low enantioselectivity toward most secondary alcohol
substrates tested.16 Therefore, we determined the enantiose-
lectivity of our MsAcT variants using 1-phenylethanol and 2-
pentanol as chiral acyl-acceptor substrates. The reaction
products of MsAcT-catalyzed transesterification reactions in
aqueous environments can undergo enzymatic hydrolysis.
Hence, it is especially important to investigate the enantio-
meric excess of samples at multiple time points (5, 15, 30, and
60 min). We did this in order to verify that no transient
accumulation of one enantiomer is missed and that

Figure 3. Time course showing percentage of benzyl alcohol
converted to benzyl acetate in the acyl transfer reaction between
vinyl acetate (20 mM) and benzyl alcohol (20 mM). Wild-type
MsAcT and the K97R/F150I variant were used at equal
concentrations of 0.5 μM.
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enantiomeric excess at the highest conversion could be
evaluated.
For both chiral substrates, variants with significantly

enhanced and even inverted enantioselectivity could be
identified (Figure 4). Wild-type MsAcT exhibits moderate
enantiopreference (71.4%ee) for (R)-1-phenylethanol.

Variation of residue F154 significantly impacts enantiose-
lectivity, as predicted by Kazemi et al.37 The five best (R)-
selective variants have a mutation at this position. For example,
the double mutant T93S/F154A is highly selective (95.8%ee)
for the (R)-enantiomer. Interestingly, 11 variants with inversed
enantioselectivity were discovered as well (Figure S8). For
example, the N94A/F150 variant is very enantioselective
(97.8%ee) for (S)-1-phenylethanol. Another important residue
for the enantioselectivity of wild-type MsAcT is W149 because

both mutations at this position resulted in complete loss of
selectivity (Figure S8).
To verify the results obtained, we investigated detailed time

courses for biocatalysis reactions using wild-type MsAcT, the
(R)-selective F154A variant, and the (S)-selective N94S/F150I
variant with racemic 1-phenylethanol (50 mM) and vinyl
acetate (200 mM) as substrates (Figure S10). The following
enantiomeric excess values could be verified at highest product
concentration: wild-type: 67.1 ± 0.6%eeR, F154A: 97.3 ±
0.02%eeR, N94S/F150I: 89.8 ± 0.3%eeS.
For 2-pentanol, MsAcT wild-type exhibits low (S)-selectivity

(32.9%ee) which is in good accordance with results obtained
by de Leeuw et al. (21%eeS for 2-pentanol) and Wiermans et
al. (8-fold kinetic (S)-selectivity toward 2-octanol).16,19 As for
1-phenylethanol, variants with high enantioselectivity for both
enantiomers were discovered (Figures 4 and S9). Interestingly,
the highest enantioselectivities for the (R)- and (S)-
enantiomers were observed for similar variants as for 1-
phenylethanol although the wild-type displays inverted
enantioselectivity. For example, variants with mutations at
F154 are highly (R)-selective, with up to 96.6%ee for variant
F154A/I194V. In contrast, variant W16F/N94S shows good
(S)-selectivity (90.5%ee).
These results show that we successfully generated MsAcT

variants with highly increased and even inverted enantiose-
lectivity and this suggests that enantioselectivity of the variants
could also apply to other substrates.

Manipulation of Catalytic Residues for Increased Acyl
Transfer Specificity. Results so far presented in this study
showed three strategies for enhancing the acyl transfer
capabilities of MsAcT. First, space in the active site and
tunnels can be increased to remove steric clashes between
enzyme and acyl acceptors/alcohols. Second, positioning/
stability of the acyl-enzyme intermediate could be altered and
third, disturbing the coordination of water in the active site
might be important. Additionally, we proposed that another

Table 1. Acyl Transfer to Hydrolysis Ratios for Wild-Type MsAcT and Selected Variants with Enhanced Acyltransferase
Activity or Acyl Donor Acceptance

aAT:H ratios were determined using p-nitrophenyl acetate/butyrate/hexanoate/octanoate as acyl donors and 10 mM benzyl alcohol as acyl
acceptor. Data are means ± standard deviations for three measurements. The best AT:H ratios for each substrate are bold. R = p-nitrophenyl;
< LOD = below limit of detection.

Figure 4. Enantiomeric excess of 1-phenylethyl acetate (A) and 2-
pentyl acetate (B) after acyl transfer reactions using wild-type and
variants of MsAcT. Enantiomeric excess values were calculated at
highest conversion observed for each variant (Tables S4 and S5).
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important factor could be the strength of activation of the
nucleophile attacking the acyl-enzyme intermediate. In many
serine hydrolases, the histidine and aspartate residues in the
catalytic triad act as bases to activate the nucleophile, which is
water in hydrolases and an alcohol in acyltransferases. Taking
into account that nucleophilicity of alcohols is higher
compared to water, it can be assumed that weaker action of
bases might be sufficient for activation of alcohols for acyl
transfer reactions but not for water in hydrolysis reactions.43,44

Similar investigations have been made by Ruzzini et al., who
solved the crystal structure of a stable acyl-enzyme
intermediate for a catalytic histidine variant of BphD, an
enzyme from Burkholderia xenovorans with promiscuous
hydrolase and acyltransferase activity.34 Rapid-scanning kinetic
studies revealed distinct contributions of the catalytic histidine
residue to the different half-reactions. This residue contributes
to the acylation of the catalytic serine by an order of magnitude
but contributes 5 orders of magnitude to the deacylation of the
acyl-enzyme intermediate. This suggests that by altering the
catalytic bases the AT:H ratio could be increased with the
payoff that total activity might decrease. To test this
hypothesis, we designed three mutants of the catalytic
aspartate (D192A, D192E, and D192N) and two mutants of
the catalytic histidine (H195N and H195D).
Analysis using the pNP-AcT assay showed that none of the

five variants completely lost activity (Table S2 and Figure S7).
For example, mutation D192E did not result in significant
differences in AT:H ratio or enzyme activity (Figure 5).

Glutamate at position 192 could completely compensate for
the loss of aspartate. Variant D192A instead showed slightly
decreased total activity and decreased AT:H ratio. Interest-
ingly, the D192N variant showed approximately 100-times
lower activity and a 2-fold decreased AT:H ratio (1.9 ± 0.3) at
10 mM benzyl alcohol but nearly 2-fold increased AT:H ratio
at 100 mM benzyl alcohol (12.4 ± 2.4). This might be caused
by a combination of better acyltransferase capabilities and
decreased affinity for benzyl alcohol.
Variation of the catalytic histidine had even more significant

effects. Both the H195N and H195D variants had about 1000-
fold decreased total activity but significantly improved AT:H
ratios (Figure S7 and Table S2). Variant H195D even

displayed an AT:H ratio of 18.6 ± 2.1 at 10 mM benzyl
alcohol, which is about 5-fold higher than that of the wild type.
Acyltransferase activity of the H195D variant of MsAcT was
verified by GC and GCMS analyses of biocatalysis reactions
using vinyl acetate and benzyl alcohol as substrates (Figures
S11 and S12).
The discovery of higher AT:H ratios for variants with

mutations of the catalytic aspartate and histidine residues
supports the hypothesis that decreased activation of water
favors the acyl transfer reaction by impairing deacylation of the
acyl-enzyme intermediate.

■ CONCLUSIONS

The acyltransferase MsAcT from Mycobacterium smegmatis is a
highly efficient and versatile enzyme utilized for biocatalytic
formation of esters and amides under aqueous conditions.
Nevertheless, wild-type MsAcT has limitations in terms of acyl
donor acceptance, poor enantioselectivity and unwanted
substrate and product hydrolysis. In this study, we successfully
engineered MsAcT by rational design, aiming to circumvent
these obstacles. The AT:H ratio of wild-type MsAcT could be
increased over 30-fold. In addition to that, we could show that
variant K97R/F150I displays more efficient transesterification,
higher conversion and significantly less product hydrolysis.
These variants provide a dramatic increase in efficiency for
biocatalytic applications.
The mutations also enabled the efficient use of larger acyl

donors, up to octanoate esters, for acyl transfer reactions.
Variant N94A/F150I had an exceptional AT:H ratio over 100
when p-nitrophenyl butyrate was used as acyl donor while
variant F154A showed an AT:H ratio of over 100 toward p-
nitrophenyl hexanoate acyl donor. In terms of enantioselectiv-
ity toward the secondary alcohols 1-phenylethanol and 2-
pentanol, we found variants that were more selective than wild-
type MsAcT as well as highly selective variants with inverted
enantiopreference. Therefore, a toolbox of variants with
different specificities and selectivities was created, boosting
the applicability of MsAcT even further.
Serine carboxypeptidase-like acyltransferases (SCPL-ATs)

are examples of extensively characterized acyltransferases with
clearly defined biological functions. They evolved from
peptidases in nature, yet residual (promiscuous) hydrolase
activity is a rare exception, not the rule.26 Today, two decades
after the first discovery of a SCPL-AT, it remains unclear what
makes a good acyltransferase a bad hydrolase.48,49 This study is
one of the first and very few systematic investigations greatly
contributing to the understanding of promiscuous acyltransfer-
ase activity by providing valuable data on the efficacy of several
acyltransferase engineering strategies.8,50 We enhanced acyl-
transferase properties by targeted disruption of water networks
in the active site, manipulation of hydrogen bonds to the acyl-
enzyme intermediate and even mutation of catalytic residues to
reduce activation of water. These methods have been proven
to be very successful for rational engineering of MsAcT as two-
thirds of 59 designed variants showed enhanced acyltransferase
properties. Therefore, our strategies should also be applicable
to other proteins.

■ EXPERIMENTAL SECTION

Chemicals and Kits. All chemicals were from Sigma-
Aldrich (Germany), Carl Roth (Germany), Fluka (Germany)

Figure 5. Acyl transfer to hydrolysis ratios for acyl transfer reactions
of benzyl alcohol (10 or 100 mM) and p-nitrophenyl acetate (1 mM)
using wild-type MsAcT and catalytic residue variants. Concentrations
of MsAcT variants are given in the figure.
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or VWR (Germany) if not stated otherwise and used without
further purification.
Computational Methods. UCSF Chimera51 and PyMOL

(Schrödinger, U.S.A.) were used for visualization and
inspection of protein structures. Tunnels in the wild-type
MsAcT structure were identified using the Caver Web v1.0
tool.39 Common amino acid substitutions were investigated
using the NCBI Amino Acid Explorer. Theoretical extinction
coefficients and molecular weights of wild-type MsAcT and
variants were determined using Geneious (Biomatters Ltd.,
New Zealand).
Expression Vector and Site-Directed Mutagenesis.

The coding sequence of Mycobacterium smegmatis acyltransfer-
ase MsAcT with a C-terminal His6-tag in pET-16b (pET16b-
MsAcT-stop)16 was kindly provided by Ulf Hanefeld. Non-
overlapping mutagenesis primers (Table S6) were designed
using the online NEBaseChanger tool. Variants were
constructed using the Q5 Site-Directed Mutagenesis Kit
(New England Biolabs, U.K.) by following the manufacturer’s
instructions. Correct introduction of the desired mutations was
confirmed by Sanger sequencing (Eurofins Genomics GmbH,
Germany).
Protein Expression and Purification. Plasmid DNA was

transformed into chemocompetent E. coli BL21(DE3) for
protein expression. Precultures (5 mL) of LB medium
containing 100 μg/mL ampicillin were grown at 37 °C and
180 rpm for 16 h. Subsequently, 50 mL cultures of TB
autoinduction medium (TB supplemented with 0.2% (w/v)
lactose, 0.05% (w/v) glucose, and 1 mM MgSO4) containing
100 μg/mL ampicillin were inoculated using 500 μL of
preculture. The cultures were incubated for 6 h at 37 °C and
180 rpm, followed by 16 h at 20 °C and 180 rpm. Cells were
harvested by centrifugation at 4500g and 4 °C for 20 min and
washed twice with 15 mL of sodium phosphate (50 mM, pH
7.5). Cells were resuspended in 10 mL of sodium phosphate
(50 mM, pH 7.5) and disrupted on ice by two sonification
steps (60% intensity, 50% pulsed cycle, 2 min, 30 s break)
using a SONOPULS HD 2070 (BANDELIN electronic
GmbH & Co. KG, Germany). Lysates were clarified by
centrifugation (10 000g, 4 °C, 30 min) and lyophilized for
storage at 4 °C. For purification, ∼100 mg of lyophilized crude
lysate was dissolved in sodium phosphate (50 mM, pH 7.5)
and applied to 1 mL of ROTI garose His/Ni Beads (Carl Roth,
Karlsruhe, Germany). The resin was washed extensively with
washing buffer (50 mM sodium phosphate, 500 mM sodium
chloride, 10 mM imidazole, and pH 7.5) before target protein
was eluted using elution buffer (50 mM sodium phosphate,
500 mM sodium chloride, 500 mM imidazole, and pH 7.5).
Elution fractions were desalted using PD-10 desalting columns
(GE Healthcare, U.K.) which were equilibrated with sodium
phosphate (50 mM, pH 7.5). Purity of the proteins was
confirmed by SDS-PAGE. Protein concentration was deter-
mined from the mean of two absorbance measurements at
280 nm using a NanoDrop 1000 spectrophotometer (Thermo-
Fisher, Germany). Purified proteins were stored at 4 °C prior
to use.
Acyltransferase Activity Assay pNP-AcT. Hydrolase and

acyltransferase activities of the MsAcT variants were
determined using the p-nitrophenyl acyltransferase (pNP-
AcT) assay. Hydrolase activity was determined by monitoring
the release of p-nitrophenolate from p-nitrophenyl esters at
410 nm. If alcohols are added to the reaction, acyltransferase
activity can be determined by the increased release of p-

nitrophenolate. For all reactions, negative controls were
performed to subtract nonenzymatic hydrolysis. All reactions
were conducted in triplicate. Values shown are means with
standard deviation calculated according to Gaussian error
propagation as the sum of relative errors of hydrolase and
acyltransferase reactions. Assay reactions were conducted in
200 μL scale in 96-well microtiter plates at 25 °C and
monitored using a Varioskan LUX multimode microplate
reader (ThermoFisher, Germany). Reactions for determination
of activity toward p-nitrophenyl acetate (1 mM) as acyl donor
contained benzyl alcohol (0, 2, 10, or 100 mM), enzyme (2−
10 nM) and 0.1% (v/v) DMSO in 200 mM potassium
phosphate (pH 7.5). Reactions for determination of activity
toward longer chain acyl donors contained p-nitrophenyl
butyrate/hexanoate/octanoate (250 μM), benzyl alcohol (0 or
10 mM), enzyme (25 or 100 nM) and 0.1% (v/v) DMSO in
200 mM potassium phosphate (pH 7.5). Limits of detection
were ∼0.1 units/mg hydrolase/acyltransferase activity for
reactions with pNPA, pNPB, and pNPH and ∼0.05 units/
mg hydrolase/acyltransferase activity for reactions with pNPO
substrate

Transesterification of Vinyl Acetate and Benzyl
Alcohol. Purified wild-type or the K97R/F150I variant of
MsAcT, at a final concentration of 0.5 μM, was added to a
reaction mixture of 20 mM vinyl acetate and 20 mM benzyl
alcohol in 200 mM potassium phosphate (pH 7.5). Reactions
were conducted in triplicate and incubated at 25 °C and
1000 rpm in a ThermoMixer Comfort (Eppendorf, Germany).
Time samples of 50 μL were collected (1, 2, 4, 6, 8, 10, 12, 15,
20, 25, 30, and 45 min) and extracted once with 300 μL tert-
butyl methyl ether. Subsequently, samples were analyzed by
GC. For verification of the acyltransferase activity of MsAcT
variant H195D, the enzyme was added at a final concentration
of 50 μM to a reaction mixture of 200 mM vinyl acetate and 20
mM benzyl alcohol in 200 mM potassium phosphate buffer
(pH 7.5). The reaction was incubated at room temperature
and a sample of 50 μL was taken after 15 min and extracted
once with 500 μL of tert-butyl methyl ether containing 2 mM
acetophenone as internal standard. Subsequently, the sample
was analyzed by GCMS. For verification of good acyl transfer
to hydrolysis activity of MsAcT variant H195D, the enzyme
was added at a final concentration of 50 μM to a reaction
mixture of 20 mM vinyl acetate and 20 mM benzyl alcohol in
200 mM potassium phosphate (pH 7.5). The reaction was
incubated at room temperature and time samples of 50 μL (1,
2, 4, 6, 8, 10, 12, 15, 30, and 45 min) were collected and
extracted once with 500 μL of tert-butyl methyl ether
containing 2 mM acetophenone as internal standard.
Subsequently samples were analyzed by GC.

Transesterification of Vinyl Acetate/Butyrate/Hexa-
noate/Octanoate and Benzyl Alcohol. Purified wild-type
MsAcT or the F154A variant, at a final concentration of
0.5 μM, was added to a reaction mixture of 100 mM vinyl
acetate/butyrate/hexanoate/octanoate and 20 mM benzyl
alcohol in 200 mM potassium phosphate (pH 7.5). Reactions
were incubated at room temperature and after 15 min a sample
of 50 μL was extracted with 500 μL of tert-butyl methyl ether.
Subsequently samples were analyzed by GCMS.

Transesterification of Vinyl Acetate and 1-Phenyl-
ethanol or 2-Pentanol. Purified MsAcT wild-type or variant,
at a final concentration of 1 μM, were added to reaction
mixtures of 50 mM racemic 1-phenylethanol or 20 mM
racemic 2-pentanol and 100 mM vinyl acetate in 200 mM

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c01767
ACS Catal. 2020, 10, 7552−7562

7559

http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c01767/suppl_file/cs0c01767_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c01767?ref=pdf


potassium phosphate (pH 7.5). Reactions were incubated in
sealed 96-well microtiter plates at 25 °C and 800 rpm in a
TiMix microtiter plate shaker with a TH 30 for temperature
control (Edmund Bühler GmbH, Germany). Time samples
were collected after 5, 15, 30, and 60 min and extracted with
500 μL of tert-butyl methyl ether. Subsequently, samples were
dried over sodium sulfate and analyzed by GC. For verification
of enantioselectivity results, more time samples were collected
for wild-type MsAcT and variants F154A and N94S/F150I.
Purified wild-type or variant MsAcT, at a final concentration of
2 μM, was added to a reaction mixture of 50 mM racemic 1-
phenylethanol and 200 mM vinyl acetate in 200 mM
potassium phosphate (pH 7.5). Reactions were conducted in
triplicate and incubated at 25 °C and 1000 rpm in a
ThermoMixer Comfort (Eppendorf, Germany). Time samples
of 50 μL were collected (1, 2, 4, 6, 8, 10, 12, 15, 20, 25, 30, and
45 min) and extracted once with 300 μL of tert-butyl methyl
ether. Subsequently, samples were dried over sodium sulfate
and analyzed by GC.
GC-FID Analysis. Biocatalysis reactions with vinyl acetate

and benzyl alcohol were analyzed using a GC2010 (Shimadzu,
Germany) equipped with a ZB-5MSi column (30.0 m × 0.25,
0.25 μm film thickness, Phenomenex, U.S.A.). Injector
temperature was 250 °C, a flow rate of 0.92 mL/min was
used and 1 μL of sample at a split ratio of 29 was injected.
Column temperature was held at 80 °C for 5 min, increased to
150 °C at 8 °C/min, and then increased to 330 °C at 40 °C/
min. Retention times were: benzyl alcohol: 8.3 min;
acetophenone: 9.2 min; benzyl acetate: 11.5 min. Biocatalysis
reactions with vinyl acetate and 1-phenylethanol were analyzed
using a GC2010 (Shimadzu, Germany) equipped with a
Hydrodex-ß-3P column (25.0 m × 0.25, 0.25 μm film
thickness, Macherey-Nagel, Germany). Injector temperature
was 220 °C, a flow rate of 1.31 mL/min was used and 1 μL of
sample at a split ratio of 10 was injected. Column temperature
was held at 110 °C for 22 min. Retention times were (S)-1-
phenylethyl acetate: 7.0 min; (R)-1-phenylethyl acetate: 8.8
min; acetophenone: 12.2 min; (R)-1-phenylethanol: 14.3 min;
(S)-1-phenylethanol: 15.8 min. Please note that (after
consulting Prof. Hanefeld) the absolute configuration for the
kinetic resolution of 1-phenylethanol given in this publication
is correct and not the one given in the paper by de Leeuw et
al.16 Biocatalysis reactions with vinyl acetate and 2-pentanol
were analyzed using a GC2010 (Shimadzu, Germany)
equipped with CP Chirasil-Dex CB column (25.0 m × 0.25,
0.25 μm film thickness, Agilent, U.S.A.). Injector temperature
was 250 °C, a flow rate of 1.69 mL/min was used, and 1 μL of
sample at a split ratio of 10 was injected. Column temperature
was held at 45 °C for 7 min and then increased to 180 °C at
16 °C/min and held at 180 °C for 3 min. Retention times were
(R)-2-pentanol: 6.4 min; (S)-2-pentanol: 6.7 min; (S)-2-pentyl
acetate: 7.6 min; (R)-2-pentyl acetate: 9.2 min; acetophenone:
12.1 min.
GCMS Analysis. Biocatalysis reactions with vinyl acetate

and benzyl alcohol were analyzed using a GC-QP2010 SE
(Shimadzu, Germany) equipped with ZB-5MSi column
(30.0 m × 0.25, 0.25 μm film thickness, Phenomenex,
U.S.A.). Injector temperature was 250 °C, a flow rate of 1.0
mL/min was used and 1 μL of sample at a split ratio of 11 was
injected. Column temperature was held at 80 °C for 8 min,
increased to 150 °C at 8 °C/min, increased to 330 °C at 15
°C/min, and then held at 330 °C for 5 min. The mass
spectrometer ion source temperature was 250 °C, and the

interface temperature was 310 °C. Retention times were benzyl
alcohol: 7.4 min; acetophenone: 8.9 min; benzyl acetate: 12.2
min; benzyl butyrate: 16.5 min; benzyl hexanoate: 19.4 min;
benzyl octanoate: 21.4 min.
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■ ABBREVIATIONS

MsAcT, Mycobacterium smegmatis acyltransferase; CAL-A,
Pseudozyma antarctica lipase A; CpLIP2, Candida parapsilosis
lipase/acyltransferase; CduLAc, Candida dubliniensis lipase/
acyltransferase; ADH, alcohol dehydrogenase; BVMO,
Baeyer−Villiger monooxygenase; bHSL, bacterial hormone
sensitive lipase; pNP-AcT assay, p-nitrophenyl acyltransferase
assay; AT:H ratio, acyl transfer to hydrolysis ratio
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Figure S1: Tunnels in the MsAcT crystal structure (PDB code: 2Q0Q)1 were calculated by Caver Web2 

for identification of potential bottlenecks. Tunnels are indicated as mesh, potential bottleneck residues 

chosen for mutagenesis are shown as purple sticks, and the catalytic triad is shown as green sticks. 

 

 

 
MsAcT    1 MAK--RILCFGDSLTWGWVPVEDGAPTERFAPDVRWTGVLAQQLGADFEVIEEGLSARTT 
Est24    1 MVEKRSVLCFGDSLTWGWIPVKESSPTLRYPYEQRWTGAMAARLGDGYHIIEEGLSARTT 
 
 
MsAcT   59 NIDDPTDPRLNGASYLPSCLATHLPLDLVIIMLGTNDTKAYFRRTPLDIALGMSVLVTQV 
Est24   61 SLDDPNDARLNGSTYLPMALASHLPLDLVIIMLGTNDTKSYFHRTPYEIANGMGKLVGQV 
 
 
MsAcT  119 LTSAGGVGTTYPAPKVLVVSPPPLAPMPHPWFQLIFEGGEQKTTELARVYSALASFMKVP 
Est24  121 LTCAGGVGTPYPAPKVLVVAPPPLAPMPDPWFEGMFGGGYEKSKELSGLYKALADFMKVE 
 
 
MsAcT  179 FFDAGSVISTDGVDGIHFTEANNRDLGVALAEQVRSLL 
Est24  181 FFAAGDCISTDGIDGIHLSAETNIRLGHAIADKVAALF 
 
 
Figure S2: An alignment of the sequences of MsAcT from Mycobacterium smegmatis (PDB code: 

2Q0Q)1 and Est24 from Sinorhizobium meliloti (PDB code: 5HOE)3 generated by T-Coffee4 and colored 

using ExPASy BOXSHADE. The protein sequences are 64% identical and 78% similar (BLOSUM45). 

Active site residues that differ between MsAcT and Est24 are indicated by yellow arrows while residues 

of the catalytic triad (green), small cavity (brown), and large cavity (blue) are indicated by colored bars 

above the alignment. 
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Figure S3: Protein surfaces of MsAcT (PDB code: 2Q0Q)1 and Est24 (PDB code: 5HOE)3 colored by B-

factor. Red surfaces indicate high flexibility while blue surfaces indicate rigid structures. 

 

 

 
 

Figure S4: Alignment of MsAcT (PDB code: 2Q0Q)1 and Est24 (PDB code: 5HOE)3 crystal structures. 

A closeup of monomer ribbons colored by B-factor is shown. Catalytic residues of MsAcT (S11, D192, 

H195) are shown in green while active site residues differing between the two enzymes (A23, T64, I153) 

are shown in yellow. 
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Figure S5: Acyl transfer to hydrolysis ratios of wild-type MsAcT and variants, determined using 1 mM p-

nitrophenyl acetate and 2 mM (A), 10 mM (B), or 100 mM (C) benzyl alcohol. 
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Table S1: Acyl transfer to hydrolysis ratios of wild-type MsAcT and variants, determined using the 

pNP-AcT assay.    
1 mM pNPA 

2 mM BA 
1 mM pNPA 
10 mM BA 

1 mM pNPA 
100 mM BA 

250 µM pNPB 
10 mM BA 

250 µM 
pNPH 

10 mM BA 

250 µM pNPO 
10 mM BA 

wild-type 1.11 ± 0.14 4.04 ± 0.41 6.34 ± 0.88 5.52 ± 0.42 <LOD  <LOD  
D10E 1.83 ± 0.30 3.83 ± 0.48 1.26 ± 0.22 <LOD  <LOD  <LOD  
D10A 3.24 ± 0.36 9.55 ± 0.71 20.94 ± 1.81 6.22 ± 0.56 <LOD  <LOD  
L12V 2.16 ± 0.20 6.94 ± 0.58 11.06 ± 0.86 3.07 ± 0.13 1.84 ± 0.26 <LOD  
L12A 3.63 ± 0.35 13.17 ± 0.47 14.80 ± 0.99 6.21 ± 0.38 5.53 ± 0.79 <LOD  
W16F 0.18 ± 0.02 0.53 ± 0.03 2.14 ± 0.11 1.21 ± 0.09 <LOD  <LOD  
W16A <LOD 

 
0.12 ± 0.00 1.47 ± 0.08 <LOD  <LOD  <LOD  

W16F/N94S 2.20 ± 0.39 4.95 ± 0.95 5.23 ± 0.86 11.12 ± 1.10 <LOD  <LOD  
W16F/K97R 2.61 ± 0.29 7.68 ± 0.72 9.31 ± 0.48 15.84 ± 0.89 <LOD  <LOD  
W16F/F150I 0.38 ± 0.04 1.63 ± 0.10 5.92 ± 0.47 1.95 ± 0.16 <LOD  <LOD  
W16A/N94A <LOD 

 
0.29 ± 0.07 0.17 ± 0.02 <LOD  <LOD  <LOD  

A23S 0.51 ± 0.05 2.43 ± 0.36 4.85 ± 0.33 4.68 ± 0.27 <LOD  <LOD  
S54T 0.35 ± 0.03 1.46 ± 0.11 3.14 ± 0.31 1.61 ± 0.05 <LOD  <LOD  
S54A 1.64 ± 0.21 5.69 ± 0.59 7.16 ± 1.03 5.20 ± 0.30 <LOD  <LOD  
dS54 <LOD  <LOD  <LOD  <LOD  <LOD  <LOD  

dS54/dA55 <LOD  <LOD  <LOD  <LOD  <LOD  <LOD  
dA55 1.89 ± 0.29 5.02 ± 0.63 11.41 ± 1.18 6.35 ± 0.41 <LOD  <LOD  
A55G 0.84 ± 0.12 3.03 ± 0.22 5.60 ± 0.60 3.26 ± 0.17 <LOD  <LOD  
R56K 2.04 ± 0.51 6.42 ± 0.62 8.11 ± 0.83 7.91 ± 0.25 <LOD  <LOD  
T64S 1.10 ± 0.16 4.76 ± 0.88 6.36 ± 0.78 6.19 ± 0.44 <LOD  <LOD  
T64A 1.46 ± 0.22 6.06 ± 0.68 9.96 ± 1.42 7.43 ± 0.64 <LOD  <LOD  
T64N 1.52 ± 0.15 6.19 ± 0.51 12.21 ± 0.88 9.01 ± 0.22 <LOD  <LOD  
D65S 1.62 ± 0.19 6.81 ± 0.96 11.81 ± 1.36 10.26 ± 0.80 <LOD  <LOD  
D65A 1.23 ± 0.19 8.78 ± 1.11 13.05 ± 1.83 10.12 ± 1.18 <LOD  <LOD  
R67K 1.10 ± 0.12 4.78 ± 0.40 6.79 ± 0.95 6.95 ± 0.39 <LOD  <LOD  
R67A 1.11 ± 0.15 4.61 ± 0.59 7.45 ± 1.23 7.53 ± 0.66 <LOD  <LOD  
L68V 1.65 ± 0.17 7.06 ± 0.58 9.44 ± 0.77 9.16 ± 0.60 <LOD  <LOD  
T93S 1.66 ± 0.14 5.94 ± 0.45 10.26 ± 0.93 3.18 ± 0.26 0.87 ± 0.08 1.89 ± 0.14 
T93A 2.32 ± 0.19 9.42 ± 0.40 13.61 ± 1.49 4.70 ± 0.43 0.84 ± 0.05 <LOD  

T93S/F154A 1.36 ± 0.05 3.25 ± 0.10 2.17 ± 0.10 5.75 ± 0.29 44.79 ± 7.29 0.31 ± 0.04 
T93A/F154A 1.08 ± 0.14 2.81 ± 0.29 1.53 ± 0.16 5.26 ± 0.35 46.85 ± 6.19 0.23 ± 0.02 

N94S 14.20 ± 2.73 19.23 ± 3.08 13.87 ± 1.97 70.62 ± 8.90 <LOD  <LOD  
N94A 28.67 ± 2.23 49.84 ± 2.70 10.76 ± 0.67 58.82 ± 1.65 <LOD  <LOD  

N94S/F150I 33.97 ± 2.83 30.70 ± 2.40 6.12 ± 0.66 <LOD  <LOD  <LOD  
N94A/F150I 25.99 ± 1.50 44.27 ± 2.18 10.91 ± 0.67 106.83 ± 5.49 <LOD  <LOD  

K97R 6.11 ± 0.55 24.09 ± 1.56 30.64 ± 1.65 38.43 ± 3.23 <LOD  <LOD  
K97A 4.87 ± 0.24 18.80 ± 0.93 49.97 ± 1.77 14.11 ± 0.59 <LOD  <LOD  

K97R/F150I 15.78 ± 1.85 29.25 ± 4.77 13.54 ± 2.51 20.40 ± 1.92 <LOD  <LOD  
T116S 1.12 ± 0.13 3.85 ± 0.18 5.82 ± 0.39 7.21 ± 0.17 <LOD  <LOD  
T116A 1.39 ± 0.20 5.01 ± 0.40 7.24 ± 0.79 7.07 ± 0.53 <LOD  <LOD  
L119V 1.32 ± 0.13 4.45 ± 0.48 7.59 ± 0.58 6.28 ± 0.38 <LOD  <LOD  
L119A 1.38 ± 0.12 4.45 ± 0.23 7.91 ± 0.42 6.74 ± 0.50 <LOD  <LOD  
T120S 1.21 ± 0.15 4.48 ± 0.42 7.14 ± 0.93 6.67 ± 0.43 <LOD  <LOD  
T120A 1.42 ± 0.07 3.62 ± 0.26 5.91 ± 0.51 6.46 ± 0.32 <LOD  <LOD  
V125A 1.34 ± 0.02 4.87 ± 0.12 7.18 ± 0.32 4.41 ± 0.26 <LOD  <LOD  
W149F 0.88 ± 0.07 2.86 ± 0.23 7.96 ± 0.60 3.08 ± 0.36 <LOD  <LOD  
W149A 1.38 ± 0.16 4.24 ± 0.57 10.26 ± 1.20 9.07 ± 0.92 <LOD  <LOD  

F150I 3.26 ± 0.38 6.24 ± 0.37 7.25 ± 0.78 9.17 ± 0.71 <LOD  <LOD  
F150A 0.77 ± 0.06 4.60 ± 0.52 16.12 ± 1.49 4.39 ± 0.38 <LOD  <LOD  
I153V 0.39 ± 0.03 2.52 ± 0.12 5.18 ± 0.39 3.32 ± 0.18 <LOD  <LOD  
I153A 0.41 ± 0.03 2.61 ± 0.15 6.52 ± 0.48 2.73 ± 0.23 <LOD  <LOD  
I153M 0.58 ± 0.08 3.12 ± 0.43 10.70 ± 1.83 3.21 ± 0.28 <LOD  <LOD  
F154I 1.40 ± 0.25 5.32 ± 0.37 8.35 ± 0.72 8.91 ± 0.89 63.33 ± 6.46 1.50 ± 0.24 

F154A 1.38 ± 0.08 3.53 ± 0.21 2.71 ± 0.18 4.41 ± 0.28 101.4 ± 13.5 2.32 ± 0.40 
F154A/I194V 0.73 ± 0.11 2.09 ± 0.24 4.38 ± 0.77 2.30 ± 0.11 44.36 ± 4.71 2.71 ± 0.57 
F154A/I194A 0.26 ± 0.03 1.29 ± 0.16 0.98 ± 0.15 4.20 ± 0.30 28.76 ± 3.32 0.60 ± 0.07 

F174I 0.90 ± 0.08 3.09 ± 0.23 8.44 ± 0.65 3.16 ± 0.23 <LOD  <LOD  
F174A 0.65 ± 0.08 4.97 ± 0.58 13.97 ± 1.61 5.22 ± 0.34 <LOD  <LOD  
I194V 1.39 ± 0.18 5.51 ± 0.57 7.20 ± 1.15 6.72 ± 6.72 <LOD  <LOD  
I194A 2.55 ± 0.46 7.79 ± 0.69 8.25 ± 0.67 19.70 ± 1.17 <LOD  <LOD  

 
BA = benzyl alcohol; pNPA = p-nitrophenyl acetate; pNPB = p-nitrophenyl butyrate; pNPH = p-nitrophenyl hexanoate; pNPO = 
p-nitrophenyl octanoate; <LOD = below limit of detection of ~0.1 Units/mg hydrolase/acyltransferase activity for reactions with 
pNPA, pNPB, and pNPH and ~0.05 Units/mg hydrolase/acyltransferase activity for reactions with pNPO substrate.  
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Table S2: Specific hydrolase and acyltransferase activity of wild-type MsAcT and variants, determined 

using the pNP-AcT assay with p-nitrophenyl acetate and p-nitrophenyl butyrate.   

 
specific 
activity 

[units/mg] 

1 mM pNPA 
hydrolysis 

1 mM pNPA 
2 mM BA 

1 mM pNPA 
10 mM BA 

1 mM pNPA 
100 mM BA 

250 µM pNPB 
hydrolysis 

250 µM pNPB 
10 mM BA 

wild-type 68,3 ± 6,5 75,9 ± 2,5 275,7 ± 1,9 432,6 ± 18,6 14,7 ± 0,5 96 ± 3,9 
D10E 1,4 ± 0.1 2.6 ± 0.2 5.5 ± 0.2 1.8 ± 0.2 1.1 ± 0.1 0.865 ±0.119 
D10A 2.3 ± 0.1 7.4 ± 0.6 21.9 ± 0.9 48 ± 2.5 1.4 ± 0.1 10.1 ± 0.3 
L12V 28.9 ± 1.7 62.5 ± 2.2 200.8 ± 5.2 320 ± 6.2 13.8 ± 0.4 56.3 ± 0.6 
L12A 24.6 ± 0.7 89.3 ± 6.2 324.2 ± 2.7 364.3 ± 14.3 5.8 ± 0.2 41.7 ± 1.1 
W16F 24.3 ± 0.6 4.4 ± 0.3 12.8 ± 0.3 51.9 ± 1.3 4 ± 0.2 8.9 ± 0.2 
W16A 7.1 ± 0.1   0.826 ± 0.014 10.4 ± 0.4 0.575 ±0.052 0.5 ± 0.1 

W16F/N94S 0.65 ± 1.432 1.4 ± 0.1 3.2 ± 0.2 3.4 ± 0.1 0.106 ±0.028 0.6 ± 0.2 
W16F/K97R 13.8 ± 0.2 36.1 ± 3.5 106.4 ± 8.7 128.9 ± 5 1.2 ± 0 19.8 ± 0.4 
W16F/F150I 19.2 ± 0.8 7.2 ± 0.5 31.2 ± 0.6 113.5 ± 4.3 2.1 ± 0.1 6.1 ± 0.2 
W16A/N94A 0.36 ± 0.017   0.104 ± 0.02 0.06 ±0.003 <LOD  <LOD  

A23S 79.5 ± 4.2 40.7 ± 1.7 193 ± 18.6 385.3 ± 5.8 14.2 ± 0.4 80.9 ± 2.6 
S54T 31.5 ± 1.9 11.1 ± 0.2 45.9 ± 0.6 99.1 ± 3.8 9 ± 0.1 23.4 ± 0.3 
S54A 60 ± 5.9 98.6 ± 2.9 341.6 ± 1.7 429.7 ± 19.4 15.7 ± 0.4 97.6 ± 2.8 
dS54 <LOD  <LOD  <LOD  <LOD  <LOD  <LOD  

dS54/dA55 <LOD  <LOD  <LOD  <LOD  <LOD  <LOD  
dA55 27.3 ± 2 22.9 ± 1.7 82.7 ± 0.1 153 ± 5.4 7.7 ± 0.2 32.6 ± 0.8 
A55G 0.57 ± 0.054 1.6 ± 0.1 3.4 ± 0.1 7.1 ± 0.1 0.007 ±0.033 0.551 ±0.245 
R56K 50 ± 3.2 102.1 ± 19.1 321.1 ± 10.7 405.5 ± 16 9.9 ± 0.1 87.8 ± 2.2 
T64S 54.2 ± 4.4 59.8 ± 3.6 257.7 ± 26.9 344.8 ± 14.5 11.4 ± 0.3 82.2 ± 3.4 
T64A 51.4 ± 5 75 ± 4.3 311.2 ± 4.9 511.7 ± 23.5 10.5 ± 0.2 88.3 ± 5.5 
T64N 55.3 ± 2 84 ± 5.2 342.5 ± 15.7 675.4 ± 24 10.9 ± 0.2 109.6 ± 0.7 
D65S 33.6 ± 3.3 54.4 ± 1.2 229.1 ± 9.9 397.2 ± 7 5.6 ± 0.2 63.1 ± 2.5 
D65A 5.3 ± 0.6 6.5 ± 0.3 46.5 ± 0.9 69.1 ± 2.2 0.984 ± 0.07 10.9 ± 0.5 
R67K 45.5 ± 3.5 49.9 ± 1.7 217.7 ± 1.4 309 ± 19.5 8.7 ± 0.3 69.4 ± 1.8 
R67A 47.2 ± 5.4 52.6 ± 1.3 217.6 ± 3.3 352.1 ± 18 4.6 ± 0.2 38.9 ± 1.6 
L68V 21.1 ± 1 34.9 ± 1.9 149.2 ± 4.9 199.5 ± 6.4 4.9 ± 0.2 50.2 ± 1.7 
T93S 33.6 ± 2 55.7 ± 1.5 199.7 ± 3 345.1 ± 10.3 20.4 ± 0.8 85.1 ± 3.5 
T93A 45.3 ± 1.9 104.9 ± 4.2 426.6 ± 0.1 616.2 ± 41.5 19.1 ± 0.6 108.7 ± 6.3 

T93S/F154A 36.8 ± 0.9 50.1 ± 0.5 119.6 ± 0.7 79.7 ± 1.6 5.8 ± 0.1 39.3 ± 1.4 
T93A/F154A 39.1 ± 2.6 42.4 ± 2.6 110 ± 4 60 ± 2.3 6 ± 0.3 37.4 ± 0.7 

N94S 0.719 ± 0.093 10.2 ± 0.6 13.8 ± 0.4 10 ± 0.1 0.022 ±0.021 1.3 ± 0.1 
N94A 0.234 ± 0.008 2.5 ± 0.1 6.7 ± 0.3 11.7 ± 0.3 0.033 ±0.035 2.4 ± 0.2 

N94S/F150I 1.7 ± 0.1 58.1 ± 1.2 52.6 ± 0.8 11.8 ± 0.5 <LOD  1.2 ± 0.1 
N94A/F150I 1.1 ± 0 28.5 ± 1.5 47.8 ± 2.1 12.6 ± 0.7 0.079 ±0.002 8.5 ± 0.2 

K97R 22.4 ± 0.3 136.6 ± 10.1 538.9 ± 26.7 685.5 ± 26.5 2.2 ± 0.1 87.7 ± 2.7 
K97A 21.3 ± 0.3 103.9 ± 3.8 400.9 ± 14.5 1065.4 ± 23.2 6.9 ± 0.1 103.9 ± 2.4 

K97R/F150I 20.4 ± 1.4 322.3 ± 15.3 597.2 ± 55.7 276.4 ± 32 2.9 ± 0.2 61.8 ± 1.4 
T116S 46.1 ± 1 51.7 ± 4.9 177.6 ± 4.6 268.5 ± 12.4 8.7 ± 0.1 71 ± 0.8 
T116A 41.8 ± 2.6 58.1 ± 4.7 209.5 ± 3.4 303 ± 13.8 9.3 ± 0.5 75 ± 1.6 
L119V 47.4 ± 2.7 62.5 ± 2.5 210.8 ± 10.8 359.7 ± 7.4 10.2 ± 0.3 74.5 ± 2.3 
L119A 44.2 ± 2.1 61 ± 2.1 196.7 ± 0.4 350.1 ± 1.6 9.8 ± 0.3 76 ± 3.4 
T120S 35.8 ± 2.3 43.5 ± 2.6 160.5 ± 4.5 256 ± 16.8 9.2 ± 0.4 70.4 ± 1.8 
T120A 41.4 ± 0.7 58.8 ± 1.7 149.8 ± 8.3 244.6 ± 16.9 8.7 ± 0.3 65.1 ± 1.1 
V125A 57.8 ± 0.2 77.7 ± 1 281.5 ± 6 414.9 ± 16.7 9.8 ± 0.5 53.1 ± 0.7 
W149F 161.5 ± 6.1 142.9 ± 5.8 462.2 ± 20.2 1286.6 ± 48.1 26.8 ± 0.7 109.2 ± 10.1 
W149A 30.6 ± 2.4 42.3 ± 1.7 129.6 ± 7.5 313.8 ± 12.4 4.1 ± 0.1 41.1 ± 3.1 

F150I 46.6 ± 2.2 152 ± 10.9 291 ± 3.6 338.3 ± 20.6 8.1 ± 0.2 82.5 ± 4.3 
F150A 13.6 ± 0.6 10.4 ± 0.3 62.6 ± 4.1 219.4 ± 10 5.1 ± 0.2 27.3 ± 1.2 
I153V 36.2 ± 1.1 14.3 ± 0.6 91 ± 1.6 187.4 ± 8.3 8.5 ± 0.2 36.6 ± 1.1 
I153A 37.6 ± 2 15.5 ± 0.2 98 ± 0.3 244.9 ± 5.1 8.1 ± 0.3 30.1 ± 1.5 
I153M 42.6 ± 4.2 24.6 ± 1 133.1 ± 5.3 455.9 ± 32.9 10.8 ± 0.4 45.6 ± 2.1 
F154I 199.1 ± 12.9 279.3 ± 31.4 1058.2 ± 6.2 1661.8 ± 36.4 12.4 ± 0.2 123.2 ± 9.9 

F154A 59.8 ± 1.8 82.8 ± 2.5 211 ± 6.4 162.2 ± 5.9 5.6 ± 0.1 30.4 ± 1.2 
F154A/I194V 26.5 ± 2.6 19.3 ± 1 55.5 ± 1 116 ± 9.1 4.2 ± 0.1 13.9 ± 0.3 
F154A/I194A 16 ± 1.7 4.1 ± 0.1 20.6 ± 0.3 15.6 ± 0.6 3.1 ± 0.2 16 ± 0.3 

F174I 41.3 ± 1.6 37.2 ± 2 127.5 ± 4.6 348.3 ± 13.3 9.7 ± 0.4 40.5 ± 1.2 
F174A 35.9 ± 3 23.2 ± 0.9 178.5 ± 5.7 501.6 ± 15.5 6.5 ± 0.1 40.2 ± 1.9 
D192A 7.265 ± 0.331 nt  11.5 ± 0.7 24.2 ± 0.2 nt  nt  
D192E 2.74 ± 0.018 nt  14.6 ± 0.2 20.4 ± 1 nt  nt  
D192N 0.278 ± 0.045 nt  0.814 ± 0.004 3.7 ± 0.1 nt  nt  
I194V 28.4 ± 2.368 39.3 ± 1.9 156.4 ± 3.1 204.3 ± 15.6 8.4 ± 0.2 65 ± 3.9 
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I194A 32.9 ± 2.258 83.9 ± 9.5 256.6 ± 5.2 271.7 ± 3.3 3.4 ± 0.1 70.5 ± 2.7 
H195N 0.024 ± 0.001 nt  0.266 ± 0.012 0.312 ±0.004 nt  nt  
H195D 0.022 ± 0.002 nt  0.436 ± 0.018 0.341 ±0.002 nt  nt  

 
BA = benzyl alcohol; pNPA = p-nitrophenyl acetate; pNPB = p-nitrophenyl butyrate; nt = not tested; <LOD = below limit of detection 
of ~0.1 Units/mg hydrolase/acyltransferase activity for reactions with pNPA and pNPB substrates.  
 
 
 

 

Table S3: Specific hydrolase and acyltransferase activity of wild-type MsAcT and selected variants, 

determined using the pNP-AcT assay with p-nitrophenyl hexanoate and p-nitrophenyl octanoate.   

 
specific 
activity 

[units/mg] 

250 µM pNPH 
hydrolysis 

250 µM 
pNPH 

10 mM BA 

250 µM pNPO 
hydrolysis 

250 µM pNPO 
10 mM BA 

wild-type <LOD  <LOD  <LOD  <LOD  
L12V 4.7 ± 0.44 13.3 ± 0.62 <LOD  <LOD  
L12A 1.9 ± 0.15 12.5 ± 0.78 <LOD  <LOD  
T93S 3.4 ± 0.17 6.4 ± 0.28 0.07 ± 0.005 0.2 ± 0 

T93S/F154A 0.35 ± 0.042 16.1 ± 0.72 0.72 ± 0.052 0.94 ± 0.052 
T93A/F154A 0.35 ± 0.027 16.9 ± 0.93 0.62 ± 0.043 0.77 ± 0.009 

F154I 0.11 ± 0.005 7.1 ± 0.4 0.3 ± 0.01 0.76 ± 0.097 
F154A 0.13 ± 0.013 12.8 ± 0.39 0.23 ± 0.013 0.76 ± 0.087 

F154A/I194V 0.19 ± 0.014 8.7 ± 0.3 0.22 ± 0.022 0.81 ± 0.09 
F154A/I194A 0.4 ±0.03 11.99 ± 0.49 0.45 ± 0.022 0.72 ± 0.047 

 
BA = benzyl alcohol; pNPH = p-nitrophenyl hexanoate; pNPO = p-nitrophenyl octanoate; <LOD = below limit of detection of 
~0.1 Units/mg hydrolase/acyltransferase activity for reactions with pNPH and ~0.05 Units/mg hydrolase/acyltransferase activity 
for reactions with pNPO substrate.  
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Figure S6: Mass spectra of transesterification products detected by GCMS analysis of biocatalysis 

reactions. Reactions contained 20 mM benzyl alcohol, 100 mM vinyl acetate (A), butyrate (B), hexanoate 

(C), or octanoate (D), and 0.5 µM MsAcT variant F154A. Spectra could be assigned to benzyl acetate 

(A, 12.2 min retention time), benzyl butyrate (B, 16.5 min retention time), benzyl hexanoate (C, 19.4 min 

retention time), and benzyl octanoate (D, 21.4 min retention time) by similarity search in the NIST14 and 

NIST14s databases (Scientific Instrument Services, USA). Control reactions with wild-type MsAcT 

showed formation of benzyl acetate and benzyl butyrate but benzyl hexanoate and benzyl octanoate 

formation could not be detected. 
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 Figure S7: Specific hydrolase and acyltransferase activities of M
sAcT variants relative to w

ild-type M
sAcT. Specific activities w

ere determ
ined using the pN

P-AcT 
assay w

ith pN
PA (1 m

M
) and benzyl alcohol (0, 2, 10, or 100 m

M
). M

easurem
ents w

ere conducted in triplicate and chem
ical background hydrolysis w

as subtracted. 
Specific activity w

as calculated using a 0-100 µM
 p-nitrophenol calibration curve
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Figure S8: Enantiomeric excess of 1-phenylethyl acetate for biocatalysis reactions with wild-type MsAcT 
and MsAcT variants. GC was used to determine the conversions of duplicate reactions at 5, 15, 30, and 
60 min. The enantiomeric excess values were calculated from the conversions at the time points with 
the highest conversions.  
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Figure S9: Enantiomeric excess of 2-pentyl acetate for biocatalysis reactions with wild-type MsAcT and 
MsAcT variants. GC was used to determine the conversions of duplicate reactions at 5, 15, 30, and 
60 min. The enantiomeric excess values were calculated from the conversions at the time points with 
the highest conversions.  
 

 

 

90.5%ee

81.9%ee

80.7%ee

78.2%ee

77.5%ee

75.0%ee

74.4%ee

71.2%ee

64.6%ee

59.2%ee

57.0%ee

53.6%ee

50.6%ee

50.3%ee

47.1%ee

45.7%ee

44.7%ee

44.3%ee

43.6%ee

39.6%ee

35.8%ee

35.3%ee

34.8%ee

34.8%ee

32.9%ee

31.0%ee

29.2%ee

28.1%ee

26.0%ee

25.8%ee

25.7%ee

23.7%ee

22.5%ee

20.2%ee

19.4%ee

12.6%ee

6.9%ee

1.3%ee

16.4%ee

18.7%ee

29.8%ee

49.2%ee

49.2%ee

67.9%ee

70.3%ee

74.4%ee

79.8%ee

87.5%ee

91.7%ee

92.0%ee

93.4%ee

96.6%ee

-100 -75 -50 -25 0 25 50 75 100

W16F/N94S

N94A/F150I

W16F/K97R

N94A

L12A

S54T

W16F

A55G

W16A

L68V

D65S

L12V

I153A

S54A

A23S

K97R

T64S

R56K

I153M

D65A

R67K

T64A

T116A

R67A

wild type

W149A

T120S

T93A

T120A

T116S

L119V

L119A

T93S

T64N

V125A

I153V

W149F

W16F/F150I

K97A

I194V

F150A

F174I

I194A

F150I

K97R/F150I

F174A

F154I

T93S/F154A

F154A/I194A

T93A/F154A

F154A

F154A/I194V

Enantiomeric excess [%ee]Enantiomeric excess [%ee]

Full 
for SI

2Pe

200420

90.5%ee

81.9%ee

80.7%ee

78.2%ee

77.5%ee

75.0%ee

74.4%ee

71.2%ee

64.6%ee

59.2%ee

57.0%ee

53.6%ee

50.6%ee

50.3%ee

47.1%ee

45.7%ee

44.7%ee

44.3%ee

43.6%ee

39.6%ee

35.8%ee

35.3%ee

34.8%ee

34.8%ee

32.9%ee

31.0%ee

29.2%ee

28.1%ee

26.0%ee

25.8%ee

25.7%ee

23.7%ee

22.5%ee

20.2%ee

19.4%ee

12.6%ee

6.9%ee

1.3%ee

16.4%ee

18.7%ee

29.8%ee

49.2%ee

49.2%ee

67.9%ee

70.3%ee

74.4%ee

79.8%ee

87.5%ee

91.7%ee

92.0%ee

93.4%ee

96.6%ee

-100 -75 -50 -25 0 25 50 75 100

W16F/N94S

N94A/F150I

W16F/K97R

N94A

L12A

S54T

W16F

A55G

W16A

L68V

D65S

L12V

I153A

S54A

A23S

K97R

T64S

R56K

I153M

D65A

R67K

T64A

T116A

R67A

wild type

W149A

T120S

T93A

T120A

T116S

L119V

L119A

T93S

T64N

V125A

I153V

W149F

W16F/F150I

K97A

I194V

F150A

F174I

I194A

F150I

K97R/F150I

F174A

F154I

T93S/F154A

F154A/I194A

T93A/F154A

F154A

F154A/I194V

Enantiomeric excess [%ee]

90.5%ee

81.9%ee

80.7%ee

78.2%ee

77.5%ee

75.0%ee

74.4%ee

71.2%ee

64.6%ee

59.2%ee

57.0%ee

53.6%ee

50.6%ee

50.3%ee

47.1%ee

45.7%ee

44.7%ee

44.3%ee

43.6%ee

39.6%ee

35.8%ee

35.3%ee

34.8%ee

34.8%ee

32.9%ee

31.0%ee

29.2%ee

28.1%ee

26.0%ee

25.8%ee

25.7%ee

23.7%ee

22.5%ee

20.2%ee

19.4%ee

12.6%ee

6.9%ee

1.3%ee

16.4%ee

18.7%ee

29.8%ee

49.2%ee

49.2%ee

67.9%ee

70.3%ee

74.4%ee

79.8%ee

87.5%ee

91.7%ee

92.0%ee

93.4%ee

96.6%ee

-100 -75 -50 -25 0 25 50 75 100

W16F/N94S

N94A/F150I

W16F/K97R

N94A

L12A

S54T

W16F

A55G

W16A

L68V

D65S

L12V

I153A

S54A

A23S

K97R

T64S

R56K

I153M

D65A

R67K

T64A

T116A

R67A

wild type

W149A

T120S

T93A

T120A

T116S

L119V

L119A

T93S

T64N

V125A

I153V

W149F

W16F/F150I

K97A

I194V

F150A

F174I

I194A

F150I

K97R/F150I

F174A

F154I

T93S/F154A

F154A/I194A

T93A/F154A

F154A

F154A/I194V

Enantiomeric excess [%ee]
100 1005050 075 25 7525



 S12 

Table S4: Enantiomeric excess, conversion and time of maximum detected conversion of 1-phenyl 
ethanol acetylation using MsAcT wild-type and variants.   
 

 enantiomeric excess conversion time [min] 
wild-type 71.36% eeR ± 6.11% 2.40% ± 0.13% 30 

D10E 28.88% eeS ± 1.25% 0.25% ± 0.03% 60 
D10A 10.68% eeS ± 0.44% 0.29% ± 0.00% 60 
L12V 56.19% eeR ± 4.61% 1.30% ± 0.04% 60 
L12A 24.34% eeR ± 3.58% 1.53% ± 0.01% 60 
W16F 42.39% eeR ± 0.33% 4.76% ± 0.11% 30 
W16A 69.73% eeS ± 0.16% 5.15% ± 0.05% 30 

W16F/N94S 48.81% eeS ± 1.77% 3.38% ± 0.02% 60 
W16F/K97R 16.53% eeS ± 1.57% 6.13% ± 0.23% 30 
W16F/F150I 26.50% eeR ± 2.30% 2.49% ± 0.03% 30 
W16A/N94A 84.91% eeS ± 1.13% 1.97% ± 0.07% 60 

A23S 61.47% eeR ± 2.23% 1.54% ± 0.03% 15 
S54T 11.10% eeS ± 0.07% 1.15% ± 0.01% 30 
S54A 58.83% eeR ± 3.05% 3.00% ± 0.56% 30 
dS54     <LOD    

dS54/dA55     <LOD    
dA55 78.18% eeR ± 5.57% 4.04% ± 0.19% 30 
A55G     <LOD    
R56K 76.44% eeR ± 2.62% 2.58% ± 0.08% 30 
T64S 71.57% eeR ± 6.27% 1.89% ± 0.11% 30 
T64A 68.88% eeR ± 8.24% 2.10% ± 0.12% 30 
T64N 82.05% eeR ± 0.51% 3.04% ± 0.16% 30 
D65S 77.34% eeR ± 5.52% 3.53% ± 0.15% 30 
D65A 73.70% eeR ± 4.85% 3.78% ± 0.16% 30 
R67K 74.43% eeR ± 5.79% 2.72% ± 0.12% 30 
R67A 83.56% eeR ± 3.99% 3.87% ± 0.18% 30 
L68V 80.37% eeR ± 5.69% 3.95% ± 0.12% 30 
T93S 71.83% eeR ± 0.40% 1.50% ± 0.09% 30 
T93A 71.14% eeR ± 5.69% 2.55% ± 0.16% 30 

T93S/F154A 95.77% eeR ± 0.68% 12.07% ± 0.47% 15 
T93A/F154A 95.35% eeR ± 0.34% 14.74% ± 0.61% 15 

N94S 11.40% eeS ± 2.57% 1.13% ± 0.04% 60 
N94A 78.42% eeS ± 0.10% 4.42% ± 0.07% 60 

N94S/F150I 89.42% eeS ± 0.44% 3.32% ± 0.02% 60 
N94A/F150I 97.81% eeS ± 0.18% 9.16% ± 0.38% 60 

K97R 36.76% eeR ± 1.88% 2.10% ± 0.03% 30 
K97A 3.92% eeR ± 0.57% 5.33% ± 0.03% 30 

K97R/F150I 89.92% eeR ± 0.29% 12.03% ± 0.49% 15 
T116S 73.08% eeR ± 0.85% 1.90% ± 0.08% 30 
T116A 73.30% eeR ± 2.50% 1.80% ± 0.05% 30 
L119V 75.97% eeR ± 0.02% 1.90% ± 0.01% 30 
L119A 75.36% eeR ± 0.46% 1.68% ± 0.08% 30 
T120S 73.47% eeR ± 2.19% 1.95% ± 0.03% 30 
T120A 75.13% eeR ± 2.31% 1.84% ± 0.02% 30 
V125A 78.44% eeR ± 0.81% 3.80% ± 0.03% 15 
W149F 76.98% eeR ± 4.37% 3.81% ± 0.16% 30 
W149A 77.76% eeR ± 1.95% 1.52% ± 0.03% 30 

F150I 87.92% eeR ± 0.20% 8.34% ± 0.13% 30 
F150A 79.36% eeR ± 7.04% 2.79% ± 0.17% 30 
I153V 70.62% eeR ± 6.57% 2.92% ± 0.20% 30 
I153A 13.47% eeR ± 0.59% 1.64% ± 0.07% 30 
I153M 28.61% eeR ± 5.47% 1.67% ± 0.04% 30 
F154I 95.01% eeR ± 2.33% 22.17% ± 3.39% 5 

F154A 95.67% eeR ± 3.29% 14.91% ± 1.43% 5 
F154A/I194V 94.72% eeR ± 0.50% 11.16% ± 0.29% 15 
F154A/I194A 86.57% eeR ± 0.24% 6.64% ± 0.03% 15 

F174I 93.91% eeR ± 0.34% 6.56% ± 0.10% 30 
F174A 89.97% eeR ± 2.18% 5.93% ± 0.30% 30 
I194V 84.69% eeR ± 2.41% 2.77% ± 0.90% 60 
I194A 86.89% eeR ± 1.52% 3.77% ± 0.06% 60 
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Table S5: Enantiomeric excess, conversion and time of maximum detected conversion of 1-pentanol 
acetylation using MsAcT wild-type and variants.   
 

 enantiomeric excess conversion time [min] 
wild-type 32.89% eeS ± 0.33% 4.75% ± 0.01% 15 

D10E     <LOD    
D10A     <LOD    
L12V 53.62% eeS ± 3.30% 6.01% ± 1.22% 30 
L12A 77.52% eeS ± 0.34% 11.28% ± 0.36% 30 
W16F 74.44% eeS ± 0.23% 9.12% ± 0.27% 15 
W16A 64.57% eeS ± 1.43% 0.44% ± 0.01% 30 

W16F/N94S 90.50% eeS ± 1.83% 0.87% ± 0.06% 30 
W16F/K97R 80.73% eeS ± 0.37% 27.56% ± 0.49% 30 
W16F/F150I 1.34% eeS ± 0.00% 1.38% ± 0.09% 30 
W16A/N94A     <LOD    

A23S     <LOD    
S54T 75.00% eeS ± 3.24% 2.70% ± 0.31% 15 
S54A 50.26% eeS ± 4.53% 13.51% ± 2.00% 15 
dS54     <LOD    

dS54/dA55     <LOD    
dA55 71.17% eeS ± 0.07% 6.08% ± 0.06% 15 
A55G     <LOD    
R56K 44.31% eeS ± 0.13% 6.89% ± 0.20% 15 
T64S 44.70% eeS ± 3.86% 3.93% ± 0.13% 15 
T64A 35.29% eeS ± 0.42% 4.82% ± 0.11% 15 
T64N     <LOD    
D65S 57.01% eeS ± 0.17% 7.34% ± 0.20% 15 
D65A 39.65% eeS ± 1.02% 4.32% ± 0.09% 15 
R67K 35.78% eeS ± 0.95% 5.17% ± 0.08% 15 
R67A 34.77% eeS ± 2.02% 4.77% ± 0.07% 15 
L68V 59.22% eeS ± 1.45% 8.83% ± 0.36% 30 
T93S 22.46% eeS ± 2.17% 2.77% ± 0.17% 15 
T93A 28.14% eeS ± 2.01% 5.26% ± 0.16% 15 

T93S/F154A 87.47% eeR ± 0.69% 19.73% ± 0.23% 30 
T93A/F154A 91.98% eeR ± 0.21% 15.71% ± 0.01% 15 

N94S     <LOD    
N94A 78.17% eeS ± 1.64% 4.78% ± 0.21% 60 

N94S/F150I     <LOD    
N94A/F150I 43.60% eeS ± 0.95% 5.42% ± 0.10% 15 

K97R 45.66% eeS ± 0.78% 10.21% ± 0.16% 15 
K97A 16.42% eeR ± 0.55% 28.57% ± 0.23% 15 

K97R/F150I 70.34% eeR ± 0.13% 13.38% ± 0.36% 30 
T116S 25.83% eeS ± 1.50% 3.46% ± 0.03% 15 
T116A 34.82% eeS ± 2.84% 4.37% ± 0.23% 15 
L119V 25.70% eeS ± 2.35% 3.56% ± 0.09% 15 
L119A 23.74% eeS ± 1.27% 3.13% ± 0.08% 15 
T120S 29.22% eeS ± 4.27% 3.70% ± 0.11% 15 
T120A 26.03% eeS ± 2.91% 3.18% ± 0.11% 15 
V125A 20.20% eeS ± 1.31% 6.60% ± 0.16% 15 
W149F 6.91% eeS ± 0.25% 8.03% ± 0.63% 15 
W149A 30.99% eeS ± 3.32% 4.42% ± 0.35% 30 

F150I 67.89% eeR ± 1.95% 1.96% ± 0.01% 30 
F150A 29.81% eeR ± 3.45% 0.94% ± 0.00% 15 
I153V 12.64% eeS ± 1.11% 3.31% ± 0.06% 15 
I153A 50.61% eeS ± 2.21% 3.97% ± 0.05% 15 
I153M     <LOD    
F154I 79.82% eeR ± 0.68% 21.75% ± 0.16% 5 

F154A 93.40% eeR ± 0.18% 23.86% ± 0.00% 15 
F154A/I194V 96.56% eeR ± 0.62% 10.63% ± 0.09% 15 
F154A/I194A 91.66% eeR ± 0.12% 3.62% ± 0.27% 15 

F174I 49.15% eeR ± 2.07% 6.38% ± 0.29% 30 
F174A 74.39% eeR ± 0.53% 3.73% ± 0.07% 15 
I194V 18.66% eeR ± 6.01% 2.36% ± 0.13% 30 
I194A 49.22% eeR ± 2.12% 1.94% ± 0.03% 30 
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Figure S10: Formation 1-phenylethyl acetate by wild-type MsAcT (squares) and variants F154A 
(triangles) and N94S/F150I (diamonds). Relative 1-phenylethyl acetate concentrations for R- (black) 
and S-enantiomer (gray) are shown. The following enantiomeric excess values were determined: wild 
type: 67.7 ± 0.6%eeR, F154A: 97.1 ± 0.02%eeR, N94S/F150I: 89.6 ± 0.3%eeS.
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Figure S11: Overlay of chromatograms from GC analysis of a biocatalysis reaction at different 
timepoints. The reaction contained 20 mM benzyl alcohol, 20 mM vinyl acetate, and 50 µM MsAcT 
variant H195D. The reaction was incubated at room temperature and time samples (50 µl) were 
extracted with MTBE (500 µl) and analyzed by GC-FID. Acetophenone was used as internal standard 
(2 mM in the MTBE phase). Peaks were assigned by comparison to commercial standards. 
 

 

 

Figure S12: Mass spectrum of the transesterification product detected by GCMS analysis of a 
biocatalysis reaction. The reaction contained 20 mM benzyl alcohol, 200 mM vinyl acetate, and 50 µM 
MsAcT variant F154A. After incubation at room temperature for 15 min, a sample (50 µl) was extracted 
with MTBE (500 µl) and analyzed by GCMS. The spectrum could be assigned to benzyl acetate 
(12.2 min retention time) by similarity search against the NIST14 and NIST14s databases (Scientific 
Instrument Services, USA). 
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Table S6: Sequences of mutagenesis primers used for construction of MsAcT variants. Lowercase 
letters indicate nucleotides that were exchanged. 
 

Mutation Forward primer Reverse primer 
D10E GTGTTTCGGTgaaTCCCTGACCT AGAATTCGCTTGGCCATTTAG 
D10A GTGTTTCGGTgctTCCCTGACCT AGAATTCGCTTGGCCATTTAG 
L12V CGGTGATTCCgttACCTGGGGCT AAACACAGAATTCGCTTGGC 
L12A CGGTGATTCCgccACCTGGGGCT AAACACAGAATTCGCTTGG 
W16F GACCTGGGGCtttGTCCCCGTCG AGGGAATCACCGAAACACAGAATTC 
W16A GACCTGGGGCgctGTCCCCGTCG AGGGAATCACCGAAACAC 
A23S GCTCGGTGGGggaCCCGTCTTCG GGTTCGCCCCCGACGTGC 
S54T GGAGGGACTGactGCGCGCACCA TCGATCACCTCGAAGTCC 
S54A GGAGGGACTGgctGCGCGCACCA TCGATCACCTCGAAGTCC 
dS54 GCGCGCACCACCAACATC CAGTCCCTCCTCGATCACC 
dS54/dA55 CGCACCACCAACATCGAC CAGTCCCTCCTCGATCAC 
dA55 CGCACCACCAACATCGAC GCTCAGTCCCTCCTCGAT 
A55G GGGACTGAGCggcCGCACCACCA TCCTCGATCACCTCGAAGTC 
R56K ACTGAGCGCGaaaACCACCAACATC CCCTCCTCGATCACCTCG 
T64S CGACGACCCCagcGATCCGCGGC ATGTTGGTGGTGCGCGCGC 
T64A CGACGACCCCgcgGATCCGCGGC ATGTTGGTGGTGCGCGCG 
T64N GCCGCGGATCgttGGGGTCGTCG TCAACGGCGCGAGCTACCTG 
D65S CGACCCCACCagcCCGCGGCTCA TCGATGTTGGTGGTGCGC 
D65A CGACCCCACCgcgCCGCGGCTCA TCGATGTTGGTGGTGCGCG 
R67K CACCGATCCGaaaCTCAACGGCG GGGTCGTCGATGTTGGTG 
R67A CACCGATCCGgcgCTCAACGGCG GGGTCGTCGATGTTGGTG 
L68V CGATCCGCGGgtgAACGGCGCGA GTGGGGTCGTCGATGTTGGTGG 
T93S CATGCTGGGCtctAACGACACCA ATGATCACCAGGTCGAGC 
T93A CATGCTGGGCgcgAACGACACCA ATGATCACCAGGTCGAGC 
N94S GCTGGGCACCtctGACACCAAGG ATGATGATCACCAGGTCG 
N94A GCTGGGCACCgctGACACCAAGG ATGATGATCACCAGGTCG 
K97R CAACGACACCagaGCCTACTTCC GTGCCCAGCATGATGATC 
K97A CAACGACACCgctGCCTACTTCCG GTGCCCAGCATGATGATC 
T116S GGTGCTCGTCagcCAGGTGCTCACCAG GACATGCCCAGCGCGATG 
T116A GGTGCTCGTCgcgCAGGTGCTCA GACATGCCCAGCGCGATGTC 
L119V CACGCAGGTGgtgACCAGCGCGG ACGAGCACCGACATGCCC 
L119A CACGCAGGTGgcgACCAGCGCGG ACGAGCACCGACATGCCC 
T120S GCAGGTGCTCagcAGCGCGGGCG GTGACGAGCACCGACATGCCCAGC 
T120A GCAGGTGCTCgcgAGCGCGGGCG GTGACGAGCACCGACATGCCC 
V125A CGCGGGCGGCgcgGGCACCACGT CTGGTGAGCACCTGCGTGACG 
W149F GCCGCACCCCtttTTCCAGTTGATCTTCGAGGGC ATGGGCGCCAGCGGTGGC 
W149A GCCGCACCCCgctTTCCAGTTGATCTTCGAGGGCGG ATGGGCGCCAGCGGTGGC 
F150I GCACCCCTGGattCAGTTGATCTTCGAGGGC GGCATGGGCGCCAGCGGT 
F150A GCACCCCTGGgctCAGTTGATCTTCGAGGGCGGC GGCATGGGCGCCAGCGGT 
I153V GTTCCAGTTGgttTTCGAGGGCGGCG CAGGGGTGCGGCATGGGC 
I153A GTTCCAGTTGgctTTCGAGGGCGGCGAGCAGAAG CAGGGGTGCGGCATGGGC 
I153M CGCCCTCGAAcatCAACTGGAAC GCGAGCAGAAGACCACTG 
F154I CCAGTTGATCattGAGGGCGGCG AACCAGGGGTGCGGCATG 
F154A CCAGTTGATCgctGAGGGCGGCGAGCAG AACCAGGGGTGCGGCATG 
F174I GCTCGCGTCGattATGAAGGTGCCGTTCTTC GCGCTGTACACGCGGGCG 
F174A GCTCGCGTCGgcgATGAAGGTGCCGTTCTTCG GCGCTGTACACGCGGGCG 
D192A AGTGGATTCCcgcGACGCCGTCG TCACCGAGGCCAACAATC 
D192E AGTGGATTCCttcGACGCCGTCG TCACCGAGGCCAACAATCG 
D192N AGTGGATTCCgttGACGCCGTCG TCACCGAGGCCAACAATCG 
I194V CGTCGACGGAgttCACTTCACCG CCGTCGGTGCTGATCACC 
I194A CGTCGACGGAgctCACTTCACCGAGG CCGTCGGTGCTGATCACC 
H195N CCTCGGTGAAgttGATTCCGTCG CCAACAATCGCGATCTCG 
H195D CCTCGGTGAAatcGATTCCGTCG CCAACAATCGCGATCTCG 
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