
 

  
 

 

 

 

 

 

Novel aminoacylases for the synthesis 

of acyl-amino acids as biosurfactants 

 

Inaugural dissertation 

 

for the attainment of the title of doctor 

in the Faculty of Mathematics and Natural Sciences 

at the Heinrich Heine University Düsseldorf 

 

presented by 

Gerrit Haeger 

from Dormagen 

 

Dormagen, July 2023 

 

 

 

 

 

 

 

  



 

 
 

 



 

I 

  

The work of this thesis has been conducted at the Institute of Nano- and Biotechnologies, FH 

Aachen - University of Applied Sciences in cooperation with the Institute of Molecular Enzyme 

Technology (IMET), Institute of Bio- and Geosciences 1, Forschungszentrum Jülich, from 

October 2019 until July 2023 under the supervision of Prof. Dr. Petra Siegert, Prof. Dr. 

Johannes Bongaerts and Prof. Dr. Karl-Erich Jaeger. 

 

 

 

Published by permission of the  

Faculty of Mathematics and Natural Sciences at  

Heinrich Heine University Düsseldorf 

 

 

Examiner:  

1. Prof. Dr. Karl-Erich Jaeger  

Institute of Molecular Enzyme Technology (IMET) 

Forschungszentrum Jülich GmbH 

Heinrich Heine University Düsseldorf 

 

2. Prof. Dr. Petra Siegert 

Institute of Nano- and Biotechnologies  

FH Aachen – University of Applied Sciences  

 

Date of the oral examination: 08.12.2023 

  



 

II 

 

Eidesstattliche Erklärung 

Ich, Herr Gerrit Haeger, versichere an Eides statt, dass die vorliegende Dissertation 

„Aminoacylases for the synthesis of acyl-amino acids as biosurfactants“ von mir selbstständig 

und ohne unzulässige fremde Hilfe unter Beachtung der „Grundsatze zur Sicherung guter 

wissenschaftlicher Praxis an der Heinrich-Heine-Universität Düsseldorf“ erstellt worden ist. 

Diese Dissertation wurde weder in dieser noch in ähnlicher Form bei einer anderen Fakultät 

eingereicht. Bisher habe ich keine erfolglosen oder erfolgreichen Promotionsversuche 

unternommen. 

 

        _______________________ 

         Gerrit Haeger 

  



 

III 

  

I. List of publications 

 

Haeger G, Bongaerts J, Siegert P. A convenient ninhydrin assay in 96-well format for amino 

acid-releasing enzymes using an air-stable reagent. Analytical Biochemistry 2022; 

654:114819. doi:10.1016/j.ab.2022.114819. 

 

Haeger G, Wirges J, Tanzmann N, Oyen S, Jolmes T, Jaeger KE, Schörken U, Bongaerts J, 

Siegert P. Chaperone assisted recombinant expression of a mycobacterial aminoacylase in 

Vibrio natriegens and Escherichia coli capable of N-lauroyl-L-amino acid synthesis. 

Microbial Cell Factories 22:77 2023. doi:10.1186/s12934-023-02079-1. 

 

Haeger G, Jolmes T, Oyen S, Jaeger KE, Bongaerts J, Schörken U, Siegert P. Novel 

recombinant aminoacylase from Paraburkholderia monticola capable of N-acyl-amino acid 

synthesis. Applied Microbiology and Biotechnology 108, (93) 2024. doi:10.1007/s00253-023-

12868-8 

 

Haeger G, Wirges J, Gennesseaux L, Guiavarc’h Y, Humeau C, Paris C, Chevalot I, Jaeger 

KE, Bongaerts J, Siegert P. Biocatalytic potential of MsAA aminoacylase for synthesis of N-

acyl-L-amino acids in aqueous media. Manuscript in preparation. 

 

Haeger G, Probst J, Jaeger KE, Bongaerts J, Siegert P. Novel aminoacylases from Streptomyces 

griseus DSM 40236 and their recombinant production in Streptomyces lividans. FEBS Open 

Bio 13 (12) 2023. doi:10.1002/2211-5463.13723 

  



 

IV 

 

Patent application filed in context of this thesis: 

“Aminoacylase and methods of use thereof”; Applicant: BASF SE; European Patent Office; 

Application number 23176331.9; Priority date: 31.05.2023. 

 

Publication not included in this work: 

Haeger G, Grankin A, Wagner M. Construction of an Aspergillus oryzae triple amylase 

deletion mutant as a chassis to evaluate industrially relevant amylases using multiplex 

CRISPR/Cas9 editing technology. Applied Research 2023; e202200106.  

doi: 10.1002/appl.202200106. 

 

 

  



 

V 

  

II. Conference contributions 

 

Haeger G, Tanzmann N, Bongaerts J, Siegert P. Enhancement of soluble heterologous 

protein expression in V. natriegens by co-expression of chaperones. Annual conference of the 

association for general and applied microbiology (VAAM), Düsseldorf, Germany, February 

20-23, 2022. 

 

Haeger G, Wirges J, Tanzmann N, Oyen S, Bongaerts J, Siegert P. Novel mycobacterial 

aminoacylase for synthesis of N-acyl-amino acids. 10th International Congress of 

Biocatalysis (Biocat2022), Hamburg, Germany, August 28-September 01, 2022. 

 

 

  



 

VI 

 

III. Table of contents 

 

I. List of publications ............................................................................................................... III 

II. Conference contributions ...................................................................................................... V 

III. Table of contents ................................................................................................................ VI 

IV. Zusammenfassung ........................................................................................................... VIII 

V. Abstract ............................................................................................................................... IX 

1. Introduction ............................................................................................................................ 1 

1.1. Acyl-amino acids as biosurfactants ................................................................................. 1 

1.2. Biocatalysis ...................................................................................................................... 5 

1.2.1. Aminoacylases .......................................................................................................... 8 

1.2.2. Enzymes from the MH clan and M20 family of metallopeptidases ......................... 9 

1.2.3. Enzymes from the MJ clan and M38 family of metallopeptidases ......................... 14 

1.2.4. Biocatalytic synthesis of acyl-amino acids with aminoacylases ............................. 17 

1.3. Heterologous expression of aminoacylases ................................................................... 26 

1.3.1. Recombinant expression with Escherichia coli ...................................................... 26 

1.3.2. Recombinant expression with Vibrio natriegens .................................................... 29 

1.3.3. Recombinant expression with Streptomyces lividans ............................................. 30 

1.4. Objective of the thesis ................................................................................................... 32 

2. Results .................................................................................................................................. 33 

2.1. Chapter I ........................................................................................................................ 34 

2.2. Chapter II ....................................................................................................................... 40 

2.3. Chapter III ...................................................................................................................... 55 

2.4. Chapter IV ..................................................................................................................... 71 

2.5. Chapter V ....................................................................................................................... 92 

3. Discussion .......................................................................................................................... 108 

3.1. Overview of results ...................................................................................................... 108 

3.2. Novel aminoacylases were identified .......................................................................... 110 

3.3. Conserved residues of metallopeptidases in the novel aminoacylases ........................ 112 

3.4. Predicted structures of the novel aminoacylases ......................................................... 115 

3.5. The aminoacylases could be overexpressed in various hosts ...................................... 122 

3.6. Development of an optimized ninhydrin-based activity assay .................................... 126 

3.7. The purified aminoacylases were characterized and compared .................................. 129 

3.7.1. The aminoacylases have different substrate specificities ..................................... 129 

3.7.2. Comparative biochemical characterization ........................................................... 132 

3.8. Biocatalytic synthesis .................................................................................................. 135 



 

VII 

  

3.9. Comparison to chemical synthesis .............................................................................. 138 

3.10. Outlook ...................................................................................................................... 139 

3.10.1. Aminoacylase PmAcy ......................................................................................... 139 

3.10.2. Aminoacylase MsAA .......................................................................................... 140 

3.10.3. Streptomycetal aminoacylases SgAA and SgELA ............................................. 141 

3.11. Conclusion ................................................................................................................. 142 

4. References .......................................................................................................................... 144 

5. Abbreviations ..................................................................................................................... 163 

6. Acknowledgements ............................................................................................................ 165 

7. Supplementary material ...................................................................................................... 166 

 

  



 

VIII 

 

IV. Zusammenfassung 

 

Der Markt für Detergenzien und Tenside ist der Größte innerhalb der Chemieindustrie. 

Insbesondere als Konsumgüter steigt die Nachfrage an biobasierten Tensiden aus nachhaltiger 

Produktion. Die Zielmoleküle dieser Arbeit, namentlich Acyl-Aminosäuren, stellen eine 

wichtige Substanzklasse innerhalb der grünen Tenside dar. Diese finden als milde Tenside 

bereits Einsatz in hochwertigen Kosmetika. Die kommerzielle Synthese der Moleküle wird 

konventionell mit der Schotten-Baumann Methode durchgeführt, bei der Acylchloride 

eingesetzt werden. Obwohl es sich bei den Produkten um biobasierte Tenside handelt, ist die 

chemische Synthese nicht nachhaltig und umweltschädlich. Neue Aminoacylasen sollen eine 

nachhaltige Synthese ermöglichen. Durch die Fähigkeit, freie Fettsäuren ohne vorherige 

Aktivierung als Substrate zu nutzen, bieten diese Enzyme großes Potential als Biokatalysatoren. 

Der Einsatz von Aminoacylasen für die Acylierung von Aminosäuren ist jedoch industriell noch 

nicht genutzt und wissenschaftlich wenig erforscht. 

Es wurden neue Aminoacylasen über Datenbanksuchen identifiziert und für die rekombinante 

Expression kloniert. Nach der Produktion und Aufreinigung in geeigneten Wirten wurden die 

Aminoacylasen charakterisiert und für den Einsatz in der Synthese evaluiert. So wurden 

Aminoacylasen aus Paraburkholderia monticola DSM 1000849 (PmAcy), Mycolicibacterium 

smegmatis MKD 8 (MsAA), und Streptomyces griseus DSM 40236T (SgAA und SgELA) 

untersucht. Die Enzyme konnten in E. coli BL21(DE3), V. natriegens Vmax™ und S. lividans 

TK23 exprimiert werden, wobei auch durch Co-Expression von molekularen Chaperonen die 

Produktion von löslichem Enzym ermöglicht oder verbessert wurde. Die Aminoacylase PmAcy 

stellte sich als herausragender Biokatalysator heraus. Diese weist nicht nur eine sehr gute 

Stabilität gegenüber hohen Temperaturen und breitem pH-Spektrum auf, sondern katalysiert 

auch die Acylierung von verschiedenen Aminosäuren zu hohen Umsätzen von teilweise über 

70 %. Die α-Aminoacylase MsAA konnte insbesondere für die Synthese von Lauroyl-

Methionin verwendet werden, sodass ein Umsatz von 67 % erreicht werden konnte. Auch 

weitere Acyldonoren und -akzeptoren konnten für die Synthese verwendet werden. Die 

homologe α-Aminoacylase SgAA konnte ebenfalls Lauroyl-Methionin synthetisieren. Für 

SgELA konnte die putative Funktion als ε-Lysin-Acylase nachgewiesen werden. Durch geringe 

Enzymausbeute in S. lividans konnte allerdings nur eine initiale Charakterisierung durchgeführt 

werden. Zusammenfassend konnten biokatalytische Synthesen etabliert werden. Insbesondere 

für die α-Acylierung übertreffen die Prozesse der rekombinanten Enzymproduktion und der 

Acylierungen bisher beschriebe Produktivität und Ausbeuten für Aminoacylasen.  
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V. Abstract 

 

The market for detergents and surfactants is the largest within the chemical industry. Especially 

as consumer products, the demand for bio-based surfactants from sustainable production is 

increasing. The target molecules of this work, namely acyl-amino acids, represent an important 

substance class within green surfactants. They are already used as mild surfactants in high-

quality cosmetics. The commercial synthesis of the molecules is conventionally carried out by 

the Schotten-Baumann method using acyl chlorides. Although the products are biobased 

surfactants, the chemical synthesis is unsustainable and environmentally harmful due to the 

chlorine chemistry. New aminoacylases are anticipated to enable sustainable synthesis. With 

the ability to use free fatty acids as substrates without prior activation, these enzymes offer great 

potential as biocatalysts. However, the use of aminoacylases for the acylation of amino acids 

has not yet been exploited industrially and has been scientifically underexplored. 

New aminoacylases were identified via database searches and cloned for recombinant 

expression. After production and purification in suitable hosts, the aminoacylases were 

characterized and evaluated for use in synthesis. Thus, aminoacylases from Paraburkholderia 

monticola DSM 1000849 (PmAcy), Mycolicibacterium smegmatis MKD 8 (MsAA), and 

Streptomyces griseus DSM 40236T (SgAA and SgELA) were studied. The enzymes could be 

expressed with E. coli BL21(DE3), V. natriegens Vmax™, and S. lividans TK23, and soluble 

enzyme production was furthermore enabled or enhanced by co-expression of molecular 

chaperones. The aminoacylase PmAcy turned out to be an outstanding biocatalyst. The enzyme 

not only exhibits very good stability towards high temperatures and a broad pH spectrum, but 

also catalyzes the acylation of various amino acids to high conversions, sometimes exceeding 

70 %. In particular, the α-aminoacylase MsAA could be used for the synthesis of lauroyl 

methionine, resulting in a conversion of 67 %. Other acyl donors and acceptors could also be 

used the synthesis. The homologous α-aminoacylase SgAA was also able to synthesize lauroyl-

methionine. For SgELA, putative function as an ε-lysine acylase was demonstrated. However, 

due to low enzyme yields from S. lividans, only an initial characterization could be performed. 

In summary, biocatalytic syntheses of acyl amino acids could be established with the help of 

newly identified aminoacylase. Especially for α-acylation, the processes of recombinant 

enzyme production and acylations exceed previously described productivity and yields for 

aminoacylases. 





1. Introduction - 1.1. Acyl-amino acids as biosurfactants 

1 

  

1. Introduction 
 

1.1. Acyl-amino acids as biosurfactants 

 

Surfactants and detergents are one of the most used chemicals in households. They are found 

in soap, laundry detergent, or household cleaning agents, but also in cosmetic products like 

toothpaste, skin care products, and shampoos and many more. Surfactants or emulsifiers also 

play an important role as food additives. Due to the often antimicrobial properties, surfactants 

can be added in disinfectant formulations. Furthermore, surfactants find technical uses in many 

other industries, like paints or coating, or paper processing. Surfactants act by lowering the 

surface tension of water and are amphiphilic molecules, consisting of a hydrophobic and a 

hydrophilic part. The hydrophobic moiety or tail-group is most often aliphatic hydrocarbons. 

The hydrophilic moiety, also called head-group, is more diverse render the surfactants either 

non-ionic, anionic, cationic, or amphoteric [1]. Several qualitative measures exist for the 

properties of surfactants. The efficiency of a surfactant to reduce the surface tension, mostly 

water, determines its quality. Soaps, salt of fatty acids, are already very effective in that regard. 

The surface tension of water at room temperature is 72 mN/m, and sodium laurate can lower 

the tension up to 25 mN/m. However, these substances are highly skin-irritating and deplete the 

skin of moisture. With sodium lauroyl ether sulfate, also called sodium laureth sulfate (SLES), 

lowest surface tensions of 30.6 mN/m were measured. Sodium lauryl sulfate (SDS) can lead to 

a minimal surface tension of 39 mN/m [2]. The limit of surface tension for each surfactant is 

influenced by their critical micelle concentration (CMC). Since the molecular structure consists 

of a hydrophilic and hydrophobic part, the surfactant molecule orients itself at the water-air 

interface, with the hydrophilic head group pointed towards the aqueous phase. At the CMC, the 

surfactant molecules can no longer occupy the interface and become completely submerged in 

the water to form micelles. Hence, they can no longer contribute to lowering the surface tension. 

The use of soap originates back to ancient civilizations and were made from animal fat or plant 

oils. With industrialization, detergents from petrochemical origin became more important and 

surpassed the consumption of soaps in the US by 1953 [3]. However, due to environmental 

concerns, detergents from natural resources, called biosurfactants or green surfactants, become 

increasingly sought after. Completely petrochemistry-based synthetic surfactants raise concerns 

of low biodegradability, high toxicity, and harmful impact on water systems, potentially causing 

eutrophication. Not least, diminishing petrochemical stocks will lead to increasing shortage of 
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raw materials [4]. The use of biosurfactants addresses these concerns, as they are inherently 

biobased and sustainable, have high biodegradability and are comparable environmentally 

benign. Regarding their quality, they are not only skin-friendly and low inflammatory, but also 

have a low CMC, meaning that they are more effective at reducing the surface tension [4]. 

Due to their low environmental impact, biosurfactants are considered the next generation of 

industrial surfactants [3]. Biosurfactants can be of various compositions. Phospholipids are an 

abundant biosurfactant, as they are contained in the cell membrane. A prominent example used 

in food industry are lecithines, which can be composed of a glycerol molecule linked to 

phosphorylcholine and two fatty acids. Glycolipids consists of one or more fatty acids linked 

to a sugar molecule or an oligosaccharide. A third group of biosurfactants are lipopeptides. 

These are composed of one or more fatty acids linked to oligopeptides. Often, these peptides 

are circular, like in the case of surfactin from B. subtilis, and have antimicrobial properties. In 

fact, surfactin has been described as one of the strongest known biosurfactants [3]. Furthermore, 

glycolipopeptides like herbicolin A exist [5]. The oligopeptide moiety of lipopeptides is 

commonly synthesized non-ribosomically by multienzyme complexes. Hence, like glycolipids, 

lipopeptides are usually produced via microbial fermentation, because in vitro synthesis is too 

complex to be commercially feasible. 

Amino acid surfactants (AAS) are simpler compounds related to lipopeptides. In acyl-amino 

acids, the polar head group represents an amino acid and is linked to a fatty acid. Most 

commonly, an amide bond between the fatty acid and the α-amino group of the amino acid is 

established. For amino acids with alcohol residues, O-acylation can be performed. In general, 

acyl-amino acids have favorable properties compared to common surfactants like SDS or SLES. 

Mostly, they are mild, carry little inflammatory potential and low toxicity, exhibit desirable 

foaming properties, and are biodegradable. Through variation of both the amino acid and the 

fatty acid moieties, diverse compounds can be synthesized [6]. Depending on the length of the 

fatty acid, mild surfactants are gained from e.g. lauric acid (C12) or myristic acid (C14), while 

longer acyl chains like stearic acid (C18) or oleic acid (C18:1) yield emulsifiers. The high 

chemical diversity of amino acids leads to different characteristics of their acylation products. 

Most N-acyl-amino acids are anionic, because of the free α-carboxylic group. N-acyl-

glutamates or -aspartates have two negative charges, and are thus relatively more harsh 

compared to other AAS [2]. The acylation products of lysine and arginine, which have a 

positive charge in their side chain, yield amphoteric surfactants. O-ethyl-N-lauroyl arginine 

(LAE) is a cationic surfactant by esterification of the α-carboxylic group. Reduction of surface 

tension to 25.4 mN/m has been reported for this compound [7]. Commercial examples from 
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acylation of glutamic acid can be found as N-lauroyl-L-glutamic acid or N-oleoyl-L-glutamic 

acid. Nα-lauroyl-L-arginine is commercialized as a mild surfactant and hair conditioner. Being 

a valuable compound in cosmetics, AAS are remarkably skin-protective. The skin’s natural 

moisturizing factor comprises of amino acids by 40 %. Furthermore, intercellular lipids in the 

stratum corneum play an important role in prevention of dehydration [8]. Bacterial inhabitants 

of human skin have been described to carry enzymes that are able to hydrolyze acyl-amino 

acids [9, 10]. Thus, when decomposed after application, acyl-amino acids can act as skin-

protecting agents. 

Acyl-amino acids are not only valuable biosurfactants, but also have various physiological 

functions. They exhibit structural resemblance the endocannabinoid N-arachidonoyl-

ethanolamine [11]. Several acyl-amino acids have been found in mammalian brains [12], and 

they can act as signal molecules, interacting with G-protein coupled receptors or other proteins. 

Furthermore, they were shown to stimulate mitochondrial oxidative metabolism through 

uncoupled respiration [13]. Some short-chain acyl-amino acids or -dipeptides are 

neurotransmitters. N-acetyl-L-aspartate and N-acetyl-aspartyl-glutamate are the most abundant 

acyl-amino acid and dipeptide found in the mammalian brain, respectively [14, 15]. The 

neurophysiological and metabolic effects of the compounds open new market prospects as 

therapeutics. The in vivo biosynthesis from fatty acids and amino acids has not been completely 

clarified, but involves activation of the fatty acid [16]. This can be realized in the form of acyl-

phosphates, acyl-adenylates, acyl-CoA thioesters, or with the help of acyl carrier proteins 

(ACP). On the other hand, the level of endocannabinoid-like acyl-amino acids is regulated by 

hydrolysis from fatty acid amide hydrolase (FAAH) and the extracellular N-acyl-amino acid 

hydrolase PM20D1 [17]. 

To chemically synthesize acyl-amino acids from fatty acids and amino acids, a prior activation 

of the fatty acid through halogenation is necessary. A system of amino acids and fatty acids is 

not reactive without a specialized catalyst. To form an amide bond, the free electron pair of the 

α-amino group attacks the carbonyl carbon of the fatty acid. Therefore, a sufficiently high pH 

is necessary to deprotonate the amino group. At basic pH values, however, the fatty acid is 

deprotonated, thus negatively charged. This renders the fatty acid resistant to a nucleophilic 

attack by the amino group, as this would lead to two oxyanions in the tetrahedral intermediate. 

In chemical synthesis, this reaction is performed by using fatty acyl chlorides, called the 

Schotten-Baumann reaction. The halogenation leads to an uncharged molecule, and the chloride 

ion is a good leaving group, so that an amide bond is readily established. The mechanism of the 

Schotten-Baumann reaction for N-acylation is shown in figure 1. However, the halogenation 
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and the use of acyl chlorides is what renders the reaction environmentally harmful. As a first 

step, the fatty acids must be chlorinated with thionyl chloride, phosgene, phosphorous 

trichloride, or -pentachloride. These chemicals are all highly toxic and pose hazards in their 

production. The fatty acyl chloride products are more corrosive and irritant than their fatty acid 

counterparts. The acylation itself is conducted at alkaline pH by the addition of NaOH, which 

leads to the stoichiometric formation of NaCl as a waste product. The reaction medium is often 

a system consisting of water and an organic solvent to solubilize the amino acid and the fatty 

acyl chloride, respectively. The organic solvent can be water-miscible like acetone, 

tetrahydrofuran, dioxane, or tert-butyl alcohol [18], or a biphasic system with diethyl ether can 

be used [19]. Not least, for amino acids like lysine with nucleophilic groups in their side chain, 

protective groups must be introduced for selective synthesis. The need for hazardous chemicals 

and chlorinated fatty acids, use of organic solvents, and the occurrence of waste materials 

demonstrate the desire for sustainable, biocatalytic synthesis of N-acyl-L-amino acids. 

Aminoacylases, the enzymes in focus of this thesis, are promising catalysts for alternative green 

synthesis of amino acid-based surfactants. 

 

 

Figure 1: Mechanism of the Schotten-Baumann reaction with acyl chloride and amines. The reaction is performed 

under alkaline conditions through the addition of NaOH. After nucleophilic attack of the amino group at the 

carbonyl carbon and release of the chloride ion, NaCl and H2O are formed as a side product. 
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1.2. Biocatalysis 
 

Enzymes are proteins with catalytic properties. They can lower the activation energy of 

chemical reactions and thus enable reactions that would not occur, or only slowly, without the 

catalyst. Enzymes are involved in every cellular process, from metabolism to DNA replication. 

The use of enzymes for the fermentation of alcoholic beverages reaches back to at least 

7000 B.C. and has been found documented in ancient China [20]. Evidence suggests that in 

ancient Egypt, enzymes were used for brewing and cheese making [21, 22]. Back then, enzymes 

were used unknowingly, and detailed research unveiling the nature and mechanisms of these 

biocatalysts only started in the 19th century but were already well understood at the end of the 

20th century. The term enzyme was coined in 1877 by Wilhelm Kühne, and in 1897, Eduard 

Buchner could show fermentation activity from dead yeast extract similar to vital yeast cells 

[23]. The substrate specificity of enzymes was explained with the lock-and-key model by Emil 

Fischer in 1894. The notion of the formation of an enzyme-substrate complex prior to 

conversion of substrates into products has described by Leonor Michaelis and Maud Menten, 

to which the mathematical model is nowadays known as the Michaelis-Menten equation [23]. 

The theory was further elaborated in 1948 by Linus Pauling by proposing that enzymes would 

stabilize a transition state during the reaction [24]. The idea of the “induced-fit”, that the binding 

of the substrate to the active site of the enzyme induces a conformational change, was termed 

by Daniel Koshland in 1958 [25]. 

The great diversity of catalyzed reactions and accepted substrates hints to the vast number of 

enzymes found in nature. Hence, means to classify enzymes are necessary. The Enzyme 

Commission (EC) numbers represent such a system. Based on the catalyzed reaction, they are 

assorted to various enzyme classes, namely oxidoreductases (EC 1), transferases (EC 2), 

hydrolases (EC 3), lyases (EC 4), isomerases (EC 5), ligase (EC 6), and translocases (EC 7). 

Further classifiers narrow down the specific reactions. Aminoacylases, the focal enzymes of 

this thesis, are assigned the EC number 3.5.1.14, defining hydrolases (3) that act on carbon-

nitrogen bonds, other than peptide bonds (3.5) in linear amides (3.5.1), which are N-acyl-

aliphatic-L-amino acid amidohydrolases (3.5.1.14). 

Even while the scientific community was still working on understanding and unraveling the 

nature of enzymes, early industrial applications of the biocatalyst can be found. In 1894, the 

first enzyme that was industrially produced was the fungal amylase takadiastase from 

Aspergillus oryzae [26]. The use of enzymes in laundry detergent was patented as early as 1915 

by Otto Röhm [27]. At these early times, the industrial application of enzyme was hampered to 
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insufficient accessibility of the biocatalysts leading to great endeavors to obtain the enzymes, 

often from animal resources. With the arrival of recombinant gene technology, heterologous 

expression of genes in suitable, often bacterial host organisms, removed previous boundaries. 

Since then, many biotechnological applications were established, from bulk chemical 

productions over fine chemicals and pharmaceuticals to enzymes as molecular biology 

toolboxes. The largest market share comes from technical enzymes, followed by food enzymes 

and then by enzymes used in animal feed industry. Hydrolases are most frequently used, 

regarding their market size and their occurrence in various products. Besides proteases, which 

are the dominating the market through their intensive use in laundry detergent [28] and dairy 

industries, amylases, lipases, cellulases, or further esterases and glycosidases and many more 

enzymes find industrial use. The previously mentioned use of aminoacylases for obtaining L-

amino acids from racemic mixtures of acetyl-amino acids is another example for the use of 

hydrolytic enzymes. 

In view of the use of enzymes for synthesis of chemicals, not only do enzymes enable reactions 

that are otherwise difficult or impossible to realize with organic chemistry. Often, they allow 

processes to be realized at relatively mild conditions. While organic synthesis often needs high 

temperature, high pressure, extreme pH values, organic solvents, toxic chemicals or catalysts, 

or previously activated substrates, enzymes might realize the reaction under mild conditions. 

Referring to the synthesis of N-acyl-L-amino acids, the target molecule of this work, this 

becomes apparent. The use of aminoacylases present an alternative to the Schotten-Baumann 

reaction, enabling synthesis from free fatty acids and amino acids. The biocatalytic synthesis 

satisfies many principles of green chemistry [29]: 
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(i) Prevent waste in form of NaCl. 

(ii) Better atom economy since some synthesis steps are abolished. 

(iii) Less hazardous synthesis, since chlorination by toxic phosgene or thionyl chloride 

is circumvented, hence dangerous acyl chlorides are not used, and acylation itself 

does not need extremely basic pH. 

(iv) Design of benign chemicals, as acyl-amino acids are very mild surfactants and less 

irritating than many petrochemical-derived detergents. 

(v) Use of benign solvents and auxiliaries, since synthesis can occur in aqueous buffers 

and no harmful chemicals need to be eliminated, like the organic solvents 

tetrahydrofuran (THF) or acetone. 

(vi) Design for energy efficiency, as no extreme temperatures or high pressure needs to 

be applied, and the biocatalytic acylation could also occur at room temperature. 

(vii) Use of renewable feedstocks, since both fatty acids and amino acids can be obtained 

from biological resources and even agricultural wastes, for example sunflower press 

cakes. 

(viii) Reduce derivatives, because chlorinated acyl-derivates are prevented. Furthermore, 

since acyl-chlorides can also unspecifically react with alcohol groups and may need 

blocking groups. Their use is often needless in biocatalysis due to the specificity of 

enzymes. 

(ix) Catalysis is, by definition, the principle of biocatalysis, in contrast to stoichiometric 

use of reagents, in this case for chlorination. 

(x) Design for degradation is a given in the case of N-acyl-L-amino acids, since they 

can be broken down by enzymes, thus being are not harmful to soil and water. 

(xi) Real-time analysis for pollution prevention needs to be established in context of 

green analytical chemistry. 

(xii) Inherently safer chemistry for accident prevention also applies when replacing the 

Schotten-Baumann reaction by aminoacylase biocatalysis. 
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1.2.1. Aminoacylases 
 

L-Aminoacylases are promising enzymes for the biocatalytic synthesis of N-acyl-L-amino 

acids and are thus the focus of this thesis. The acylation of amino acids with aminoacylases has 

been shown for streptomycetal aminoacylases, namely the ε-lysine aminoacylase from 

S. mobaraensis (SmELA) [30] and the α-aminoacylase (SamAA) and ε-lysine aminoacylase 

(SamELA) from S. ambofaciens [31], the porcine aminoacylase-1 (pAcy1) [32] and an 

aminoacylase from Burkholderia sp. [33]. Despite being only recently explored for amino acid 

acylation, aminoacylases have a long history in industrial biotechnology. The industrial use of 

aminoacylases focused on the hydrolytic activity against acetyl-amino acids. With the enzymes, 

enantiomerically pure L-amino acids can be obtained from racemic mixtures of chemically 

synthesized acetyl-amino acids. In fact, the fungal aminoacylase from Aspergillus oryzae was 

one of the first enzymes that found industrial application and was the first enzyme to be used 

in an immobilized form in 1969 by Tanabe Seiyaku Co. Ltd. [34]. The Aspergillus 

aminoacylase has also been investigated for acylation, but yields were unsatisfactory [35]. 

Functionally and structurally, aminoacylases share similarities with some homologous 

peptidases. Peptidases are assigned the EC number 3.4., which defines hydrolases that act on 

peptide bonds. A peptide bond is formed by two α-amino acids between the α-carbonyl group 

of one amino acid and the α-amino group of the second amino acid. In N-acyl-amino acids, the 

carbonyl-nitrogen amide bond is formed between the amino group of the amino acid and an 

organic acid. Aminoacylases are therefore assigned the EC number 3.5., defined by hydrolysis 

of C-N bonds that are not peptides. However, from an evolutionary view, regarding sequence 

conservation, protein structure, and catalytic mechanism, a strong link between aminoacylases 

and peptidases can be found. Hence, the MEROPS classification for peptidases enables a better 

overview and description of aminoacylases. The MEROPS database contains information about 

proteolytic enzymes, their inhibitors and substrates [36]. A holotype, along with a MEROPS 

identifier, is assigned for each protein species as the first biochemically characterized specimen, 

and one holotype is selected as the type example for each (sub-)family. Uncharacterized 

homologs of the holotype are assigned the same MEROPS identifier [37]. It provides a system 

to identify and narrow down peptidases to families, clans, and individual sequences. The 

families are distinguished by the catalytic type of their members. All aminoacylases known so 

far belong to the family of metallopeptidases. 

Metallopeptidases cleave peptide bonds by a water molecule activated with a divalent metal 

cation. This is most often a zinc ion, but cobalt, manganese, nickel, or copper ions can be found, 
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too. Depending on the number of metal ions in the active site, metallopeptidases can be 

classified into two groups. The first group only contains a catalytic metal ion, while the second 

requires two cocatalytic metal ions. Cobalt- or manganese-metallopeptidases are always 

cocatalytic and all cocatalytic metallopeptidases are exopeptidases [38]. Furthermore, 

additional structural metal binding sites can be found. The most common metal ligands are 

histidine, glutamic acid, aspartic acid, and carboxylated lysine (Kcx), but cysteine can also be 

found. Furthermore, glutamic acid is often described as a non-metal binding residue necessary 

for catalysis that acts as a general base [38]. There are multiple families of metallopeptidases, 

which have been grouped to 14 clans. Metallopeptidases from clans MA, MC, MD, ME, MM, 

MO, MP, and MT contain one metal ion. Members of clans MF, MG, MH, MJ, MN, and MQ 

have cocatalytic metal sites [38]. By using the MEROPS BLAST tool, metallopeptidases and 

their non-peptidase homologs, like aminoacylases, can be associated with their respective 

family [39]. The sequences of most L-aminoacylases can be assigned to the M20 and M38 

metallopeptidase families. Some exceptions are the human aspartoacylase (ASPA), also known 

as aminoacylase-2 (Acy2), which cleaves acetyl-aspartate [40], or the mammalian 

aminoacylase-3 (Acy3), which deacetylates mercapturic acids, but also acts on N-acetyl-

aromatic amino acids [41]. These two enzymes belong to the M14 family of the MC clan. In 

the following, the catalytic and structural characteristics of the M20 and M38 families are 

reviewed. 

 

1.2.2. Enzymes from the MH clan and M20 family of metallopeptidases 

 

Given that several aminoacylases can be assigned to the MH clan and M20 family, the 

characteristics of these groups will be explained in some detail. Enzyme members of the MH 

clan are characterized by possessing two cocatalytic zinc ions, for which the binding sites are 

conserved among its families. The most common metal ligands in metallopeptidases are 

histidine, glutamic acid, aspartic acid, and lysine residues, but there are cases where cysteine is 

a ligand as well. The family M20 is further divided into four subfamilies, namely M20A, M20B, 

M20C, M20D, and M20F. M20A contains dipeptidases, like peptidase V from Lactobacillus 

delbrueckii (PepV), carboxypeptidases and non-peptidase homologs, like acetylornithine 

deacetylase from E. coli (ArgE), N-succinyl-L,L-diaminopimelic acid desuccinylase from 

Haemophilus influenzae (HiDapE), or aminoacylases like pAcy1. The subfamily M20B 

contains the aminopeptidase peptidase T from E. coli, which acts only on tripeptides. M20C 

contains a Xaa-His peptidase from E. coli, which is specific for dipeptide carnosine β-Ala-His. 
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M20D includes the peptidase HmrA from Staphylococcus aureus, which binds one zinc ion 

with H95 and H156, and the second by E129 and H341, while both are linked by C93 [42]. In 

the recently published crystal structure of aminoacylase CsAga from Corynebacterium striatum 

Ax20, the two cocatalytic zinc ions are also bridged by a cysteine residue [43], suggesting that 

CsAga belongs to M20D as well. Lastly, the M20F includes the murine carnosine 

dipeptidase II. 

In metallopeptidases, the divalent metal ions, usually zinc, play a central role in the catalytic 

mechanism. Zinc ions are often coordinated by four or five ligands, but six ligands can also 

occur, making the ion a versatile coordination partner. It is not involved in redox reactions but 

acts as a Lewis acid in catalysis if the coordinated ion retains a positive charge [44]. The zinc 

site acts as a base or nucleophile by deprotonation, converting the bound water to a hydroxide 

ion [45]. In M20A peptidases, aspartic acid is the bridging residue, and the zinc ions are further 

coordinated by two histidines and two glutamic acids. The non-ligating nitrogen of histidine 

can form hydrogen bonds with carboxylates of neighboring glutamic acid and aspartic acid 

residues, which can assist orientation of the histidine residue by restricting its movement, 

leading to stronger coordination and decreased Lewis acidity of the zinc ions [46]. 

The mechanism of hydrolysis of M20A peptidases [38, 45] has been studied, in particular for 

succinyl-diaminopimelate desuccinylase HiDapE from Haemophilus influenzae [47]. The 

reaction is initiated by binding of the substrate, which interacts with one zinc ion with its 

peptide- or amide carbonyl oxygen, disrupting the bridging water molecule. The catalytic 

glutamate acts as a general base by deprotonating the water molecule. The formed hydroxide 

ion can attack the carbonyl carbon of the substrate, forming a tetrahedral intermediate. The 

catalytic glutamic acid can then donate a proton to the amide nitrogen, so that the intermediate 

decomposes, and the products are released. The proposed mechanism of HiDapE is shown in 

figure 2. Zinc is usually described as the metal for cocatalytic ions for members of the MH clan, 

but Co2+ led to higher hydrolytic activity of HiDapE than Zn2+, and HiDapE was also active 

with Cd2+ and Mn2+ incorporated to the active site. Mixed ion forms were active as well [48]. 
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Figure 2: Proposed mechanism of the HiDapE-catalyzed hydrolysis of L,L-succinyl diaminopimelate. Adapted 

and modified from [47]. The electron pushing arrows were also taken from the mechanism of β-alanine synthase 

from Saccharomyces kluyveri [49]. The hydrolytic reaction is initiated by binding of the substrate and 

deprotonation of the zinc-bound water molecule by E134. The formed hydroxide ion attacks the substrate’s 

carbonyl carbon under the formation of a tetrahedral intermediate. H194(B) contributes to the formation of an 

oxyanion hole, thus stabilizing the intermediate state, which decomposes and gets protonated by E134. Upon 

release of the products, a new water molecule can be bound in the active site. 

Studies on HiDapE have furthermore shown a conformational change during catalysis and have 

elucidated the importance of further amino acids residues apart from the cocatalytic zinc site 

[47]. Members of the M20 family of metallopeptidases have a distinct three-dimensional 

structure. It is comprised of a catalytic domain and a dimerization or lid domain. The catalytic 

domain of HiDapE consists of eight adjacent β-sheets, that are twisted around a rotational axis 

and surrounded by seven α-helices (PDB 5VO3; Figure 3A). It contains the binuclear zinc 

active site. The active site of HiDapE consists of the metal-binding residues H67, D100, E135, 

E163, and H349, and the catalytic residues D69 and E134. These are conserved among 

members of the M20A family. A similar architecture can be found in the zinc-binding domain 

of human aminoacylase-1 (PDB 1Q7L), in the structure of carboxypeptidase G2 (PDB 1CG2) 

from Pseudomonas sp. RS-16, and in aminoacylase CsAga (PDB 6SLF) from C. striatum Ax20. 

Since M20 peptidases can be either monomeric or homodimeric, the second domain is called 

lid- or dimerization domain, respectively. It has been shown for HiDapE, and it is assumed for 

other members like aminoacylase-1, that dimerization is required for catalysis [50]. The dimeric 
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enzyme exists in two conformations, open and closed, with the region connecting its two 

domains acting as a hinge. Without any bound substrate, the enzyme is in an open conformation. 

Upon addition of the substrate to the active site, the enzyme undergoes a conformational 

change, and the hinge closes. This leads not only to the two domains approaching each other, 

but also to the dimerization domain of the second monomer protruding into the active site of 

the first monomer. The substrate binding pocket of the active site is bipartite; one side is 

responsible for binding the amino acid moiety, the other binds the carboxylic acid moiety. In 

the open conformation, the crescent-shaped cavity is exposed to the solvent. Upon closing of 

the structure due to substrate binding, the residues of the dimerization domain assist in substrate 

binding, especially of the amino acid moiety. The apical end of the second dimer also reaches 

into the active site (Figure 3B). While some residues may also assist in substrate binding, like 

Y197 of HiDapE, the crucial catalytic function in the context of dimerization lies in the residue 

H194 (Fig. 2). This histidine residue is described to contribute to the formation of an oxyanion 

hole for the tetrahedral intermediate with its nitrogen-bound hydrogen and is conserved in 

human or porcine aminoacylase-1. However, it has been shown for pAcy1 that a H205L mutant 

exhibited 35 % decreased activity, indicating that the residue is not strictly essential for 

catalysis [51]. The human aminoacylase-1 (hAcy1) was found to be a dimeric M20A 

metallopeptidase as well [52]. The crystal structure of the catalytic, zinc-binding domain of a 

hAcy1 variant has been published (PDB 1Q7L). The porcine pAcy1 and the human hAcy1 are 

highly homologous and show 87.7 % sequence identity and 91.9 % sequence similarity by the 

Needleman-Wunsch algorithm [53]. Again, both enzymes have conserved metal-binding (H80, 

D113, E148, E175, and H373; hAcy1 numbering) and catalytic (D82 and E147; hAcy1 

numbering) residues. The human N-fatty-acyl-amino acid hydrolase PM20D1 also belongs to 

the M20A family and shows sequence identity of 21.5 % to hAcy1. 
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Figure 3: (A) Monomeric HiDapE (5VO3). (B) Dimeric HiDapE (5VO3). (C) PepV (1LFW). (D) SgAP (1QQ9). 

The α-helices are shown in red, β-sheets in light blue, the oxyanion hole-forming residue is highlighted in dark 

blue, and the zinc ions are shown as magenta balls. 

Examples for monomeric members of the M20A family are the aminopeptidase PepV [54] and 

the metallopeptidase from S. aureus (Sapep) [55]. In PepV (PDB 1LFW), the histidine that 

forms the oxyanion hole in dimeric M20 metallopeptidases is not conserved. However, the 

function of the oxyanion hole is realized in a different manner. In the dimeric HiDapE enzyme, 

the dimerization domain mainly consists of four parallel β-sheets on top of two α-helices. At 

the tip, a short α-helix and two further short β-sheets are present, with one β-sheet containing 

the oxyanion-hole forming histidine. In the monomeric PepV enzyme, one half of the lid 

domain has the same structure of four parallel β-sheets with two α-helices. However, the lid 

domain is structurally duplicated, so that the second half contains the same architecture, 

connected by loops, leading to eight parallel β-sheets on top of four α-helices (Figure 3C). This 
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results in the apical tip region having an inverted direction in monomeric PepV, with a histidine 

residue protruding to the active site. This expanded lid domain has a structure resembling a 

dimerized form of the dimeric M20A enzymes. A similar structure was observed for Sapep 

(PDB 3KI9). An exception to the architecture consisting of a catalytic and dimerization or lid 

domain is the aminopeptidase from Streptomyces griseus (SgAP; PDB 1QQ9 or 1CP7) from 

the M28A peptidase family of the MH clan [56, 57]. This extracellular enzyme only has a 

catalytic domain and no dimerization or lid domain (Figure 3D). The function of the oxyanion 

hole-forming residue is filled by a tyrosine residue, instead of a histidine, present in a loop near 

the active site. 

 

1.2.3. Enzymes from the MJ clan and M38 family of metallopeptidases 

 

The amidohydrolase superfamily contains members of the M38 family of the MJ clan. The 

structure and mechanism of isoaspartyl-dipeptidase from E. coli (PDB 1ONW), which catalyzes 

the hydrolysis of β-aspartyl dipeptides, has been described [58]. The enzyme has a homo-

octameric structure and contains a binuclear metal active site for each subunit. The monomeric 

structure of isoaspartyl-dipeptidase can be divided into an N-terminal domain composed of 

eight mixed β-strands and a C-terminal domain, that shows a (β/α)8-barrel fold and contains the 

active site. In the active site, one metal ion is coordinated by H68, H70, Kcx162, and D285. 

The second metal ion is coordinated by Kcx162, H201, and H230. The lysine residue is 

carboxylated at the ε-amino group to form a carbamate, and bridges the two ions [58]. The 

tyrosine residue Y137 contributes to the formation of an oxyanion hole and the stabilization of 

the transition state [59]. Regarding substrate-binding residues, E77 binds the α-amino group of 

dipeptide substrates. The α-carboxylic group of the substrate is bound by the backbone amide 

groups of G75, T106, and S289. Ion pairs with the α-carboxylate group of the C-terminal amino 

acid substrate are formed by R169 and R233 [58]. The structure of 1ONW is shown in figure 

4A and 4B. 

More recently, further members of the amidohydrolase superfamily and M38 family that show 

similarities with isoaspartyl-dipeptidase have been analyzed [60]. The structure and active site 

of the prolidases Sgx9260b from Paraburkholderia phytofirmans (PDB 3MKV) and Sgx9260c 

from Burkholderia lata (PDB 3FEQ) have been published. Furthermore, the structure of 

Sgx9260c was solved in complex with the N-methylphosphonate derivative of L-proline (PDB 

3N2C; figure 4C and 4D). Likewise, the structure a homologous carboxypeptidase Cc2672 from 

Caulobacter crecentus was solved in complex with the N-methylphosphonate derivative of L-
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arginine (PDB 3MTW). The enzymes have been designated as prolidases and catalyze the 

hydrolysis of various Xaa-Pro dipeptides, but also N-acyl-prolines like N-acetyl-L-proline or 

N-propionyl-L-proline. All these enzymes are homo-octamers, with a similar three-dimensional 

structure to isoaspartyl-dipeptidase. They fold with a N-terminal domain containing eight β-

sheets and a C-terminal catalytic domain composed of a (β/α)8-barrel. The metal-binding 

residues are also similar in identity, being composed of four histidines, an aspartate and a 

carboxylated lysine residue (Sgx9260b: H65, H67, Kcx193, H234, H254, D326; Sgx9260c: 

H65, H67, Kcx190, H231, H251, D323). However, only the first two histidines of the residues 

are conserved in the primary sequence, the remaining four residues are not. Still, the function 

of the residues as metal ligands is conserved. The tyrosine residue Y231 (Sgx9260c numbering) 

interacts with the α-carboxylic acid of the inhibitor (PDB 3N2C). Furthermore, the oxyanion 

hole-forming function of these amidohydrolases has been attributed to H142 (Sgx9260c 

numbering) and is not conserved in sequence position to Y137 of isoaspartyl-dipeptidase.  
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Figure 4: (A) Monomeric and (B) octameric isoaspartyl-dipeptidase (1ONW). (C) Monomeric and (D) octameric 

prolidase Sgx9260c (3N2C). The α-helices are shown in red, β-sheets in light blue, the oxyanion hole-forming 

residue is highlighted in dark blue, the α-carboxylic group-binding residue is highlighted in light blue, the inhibitor 

is shown with green carbon atoms, and the zinc ions are shown as magenta balls. The octameric structures are 

colored by enzyme monomers. 

An aminoacylase from Burkholderia sp. strain LP5_18B, capable of high-yield acyl-amino acid 

synthesis, has been identified and characterized [33]. It shows sequence identities of 28-36 % 

to Sgx9260b, Sgx9260c, and Cc2672. All the metal-binding residues are conserved, as well as 

the oxyanion-hole forming histidine. Despite this similarity to the prolidases, it did not show 

synthesis of N-lauroyl-L-proline, while multiple other amino acids were efficiently acylated. 

This indicates differences in substrate binding. Nevertheless, regarding MEROPS 

classification, the aminoacylase can be assigned to the M38 family as well. The ε-lysine acylase 

(EC 3.5.1.17) SmELA from S. mobaraensis also shares conserved residues with other members 
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of the M38 peptidase family, especially with Sgx9260b, Sgx9260c, and the Burkholderia sp. 

aminoacylase. The “HXH”-motif is conserved (H68 and H70), as well as H323, H358, and 

D424. However, the absence of the conserved (carboxylated) lysine distinguishes the ε-lysine 

acylase from the other above mentioned M38 enzymes. 

 

1.2.4. Biocatalytic synthesis of acyl-amino acids with aminoacylases 

 

Most of the investigated aminoacylases belong to the M20A metallopeptidase family. Despite 

overall low sequence similarity, their members have conserved active site residues and highly 

conserved structure. The human hAcy1 and the porcine pAcy1 are highly homologous and have 

been studied in most detail among the aminoacylases. The publications focus more on the 

function and mechanism of the enzymes, but synthesis of acyl-amino acids has been 

investigated as well. The aminoacylase pAcy1 has been shown to be a dimeric enzyme [61]. 

The zinc-binding (H80, D113, E148, E175, H373)- and catalytic residues (D82, E147) are 

conserved, including the oxyanion hole-forming H206 residue, highlighting the importance of 

a dimeric structure [62]. Both human and porcine aminoacylase-1 have a broad substrate 

specificity and can hydrolyze Nα-acetyl-L-amino acids with diverse side chains. For pAcy1, 

highest activity was measured with norleucine ((2S)-2-aminohexanoic acid), glutamate, 

leucine, glutamine and methionine. The human hAcy1 showed a similar substrate scope, with 

highest activity determined with norleucine, glutamate, leucine, methionine, and glycine [63]. 

Synthesis of various lauroyl-amino acids has been reported with high conversions in a glycerol-

water system [64]. Highest conversion of 81.8 % was observed for the synthesis of lauroyl-

arginine, which was explained by low product solubility. Lauroyl-glutamic acid was also 

produced well with 44.4 % conversion. Other amino acids were acylated with lauric acid with 

yields between 0.9 % - 35.1 %. Only tyrosine and proline were not accepted among tested 

substrates. In the study, amino acid concentrations were up to 0.5 M, or 1.0 M for glutamic 

acid, and lauric acid concentrations were 6.2 mM or 8.3 mM. The water content of the 

biocatalytic reaction was 12.5 – 33 %, with further reaction parameters being the use of 100 mM 

phosphate buffer, pH 7.5, a temperature of 37 °C, 24 h reaction time, and 0.33 % w/v pAcy1 

used. Because of the small amount fatty acid used for the acylations, final product 

concentrations remained low. The optimal pH for synthesis was pH 7.0 – 7.5. With the 

homologous hog kidney aminoacylase-1, conversion yield for the synthesis of N-acetyl-

methionine was only 18 % in an aqueous system consisting of 200 mM methionine, 20 mM 

sodium acetate, 0.12 U aminoacylase, 10 µM ZnCl2 in 200 mM sodium phosphate buffer pH 6.0 
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[65]. Through protein engineering, a D346A variant of pAcy1 has been generated, which 

improved synthesis to hydrolysis ratio [32]. However, not least due to aggregation-prone 

recombinant expression in E. coli, predominantly yielding inclusion bodies, and overall low 

product concentration in synthesis, commercial and industrial biocatalytic applications have not 

been established with aminoacylase-1 [66]. The human enzyme PM20D1 was also shown to 

have synthetic activity, especially for oleoyl-phenylalanine. However, possibly due to sub-

millimolar substrate concentrations, the conversion was only 1.2 %, so that hydrolytic activity 

prevailed [67]. 

The aminoacylase SamAA isolated from S. ambofaciens ATCC 23877 also belongs to the 

M20A family with its conserved active site residues. The enzyme catalyzes the acylation of 

amino acids with a broad substrate scope and has been characterized with the focus on 

10-undecenoyl-phenylalanine. The reaction of 10-undecenoic acid resulted in 5-23 % 

conversion yield with the non-polar amino acids glycine, alanine, valine, leucine, methionine, 

phenylalanine, as well as the positively charged lysine and arginine, and polar amino acids 

serine, cysteine, threonine, glutamine and asparagine [31]. Regarding acyl chain length, the 

enzyme prefers middle-chain fatty acids like undecenoic acid and lauric acid. The aminoacylase 

has been characterized with the focus on 10-undecenoyl-phenylalanine. The addition of 0.1 mM 

CoCl2 led to the highest activation of the enzyme, whereas 0.1 mM ZnSO4 had no effect. The 

optimal pH and temperature for the synthesis were pH 8.0, and 45 °C, respectively. As 

substrates, 200 mM amino acid and 100 mM fatty acid were used in 25 mM Tris-HCl and 

50 mM NaCl, and synthesis was performed for 3 d. The enzyme was isolated from wild type 

and has not yet been recombinantly produced. Therefore, a partly purified crude extract was 

used for synthesis at 1 g/l concentration [31, 68]. 

A homologous aminoacylase isolated from S. mobaraensis IFO 13819 (SmAA) has been 

cloned for expression in S. lividans [69]. The enzyme has been characterized regarding its 

biochemistry and based on its hydrolytic activities. No synthesis has been shown yet with this 

enzyme. The substrate specificity of the aminoacylase against acetyl-amino acids was relatively 

broad. The highest hydrolytic activity was measured with acetyl-methionine, followed by 

acetyl-cysteine and acetyl-alanine. Acetyl-arginine, acetyl-histidine and acetyl-asparagine were 

also hydrolyzed. The acetyl-derivates of glutamic and aspartic acid were not accepted in 

hydrolysis. In most cases, activity against acetyl-amino acids was higher than their lauroyl-

counterpart. In a hydrolytic assay with acyl-methionines of varying chain length from acetyl- 

to palmitoyl-residues, octanoyl-methionine was hydrolyzed best. The optimal pH and 

temperature for hydrolysis were pH 7.0 and 50 °C, respectively. The enzyme was stable in a 
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pH range of 8.0 to 9.0 at 37 °C for 1 h and at temperatures below 40 - 45 °C at pH 7.5 for 1 h. 

No loss of activity was measured after addition of 1 mM ethylenediaminetetraacetic acid 

(EDTA) to the purified enzyme. On the other hand, incubation with 1 mM of the chelating agent 

1,10-phenanthroline let to a loss of 90 % activity (15 min, 37 °C). The effect on various divalent 

metal ions was investigated on restoration of hydrolytic activity (5 µM, 1 h, 37 °C). The 

addition of ZnCl2 led to highest restored activity, followed by NiCl2. However, in contrast to 

SamAA, CoCl2 reduced the activity even further. A reduction of activity was also observed 

with CaCl2, CuSO4, MgSO4, FeSO4, and MnSO4. The enzyme was found to be monomeric by 

native gel electrophoresis. However, because of the conserved histidine residue important for 

the function as a dimeric enzyme [47], this might still be in question. 

The aminoacylase CsAga from C. striatum Ax20 has been identified and cloned for 

recombinant expression. No biocatalytic synthesis has been published with this enzyme, but it 

is worth mentioning because its crystal structure has been published [43]. It belongs to the 

M20D family of metallopeptidases and has a conserved binuclear zinc-binding site with a 

cysteine residue bridging the two ions (H107, C105, E141, H168, H370). Crystallography 

revealed a homotetrameric structure of CsAga, which was shown to be caused by inhibitor 

binding, and the enzyme naturally occurs as a homodimer [70]. The aminoacylase is specific 

for Nα-acyl-glutamines, but promiscuous towards the acyl moiety, hydrolyzing lauroyl- or 

decanoyl-glutamine, benzoyl-glutamine, and branched chain 3-methyl-2-hexenoic-glutamine 

and 3-hydroxy-3-methylhexanoic-glutamine [10]. Other examples for M20D peptidases with 

aminoacylase activity are carboxypeptidase from Pyrococcus horikoshii [71], aminoacylase 

from Geobacillus stearothermophilus [72], or HmrA from S. aureus [73] which also exhibit 

dipeptidase activity. 

Another aminoacylase produced by S. mobaraensis IFO13819 was found to be an ε-lysine 

aminoacylase (SmELA), specific towards lysine acylated at the Nε-position [74]. The 

conversion rates for lysine acylation even reached 100 % with decanoic acid, lauric acid, and 

myristic acid, albeit with a high 50-fold excess of lysine and a low fatty acid concentration of 

10 mM. The acylations were performed in 100 mM Tris-HCl pH 7.0, at 45 °C, and for 3 d [74]. 

In a later publication, the aminoacylase gene was cloned and heterologously expressed in 

S. lividans. Yields of 90 – 100 % were observed with 500 mM lysine and 50 mM, 100 mM and 

250 mM lauric acid after 6 h, 9 h, and 24 h reaction, respectively, at 37 °C [30]. The 

aminoacylase is a monomeric protein with an apparent molecular mass of 60 kDa. The enzyme 

has a binuclear metal active site. Its hydrolytic activity was reduced by 89 % by the chelating 

agent 1,10-phenanthroline, and divalent zinc, cobalt, magnesium, and manganese ions restored 
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the activity the most. Zinc restored the activity only at 1-10 µM concentration. The optimal 

temperature and pH for the hydrolysis of Nε-acetyl-lysine were 55 °C and pH 8.0-9.0, 

respectively. The enzyme is stable at a pH range of 6.5 to 10.5 for 1 h at 37 °C, and for 1 h at 

55 °C at pH 8.0. Since lauroyl-lysines are compounds that are used in high-value cosmetics, the 

ε-lysine aminoacylase from S. mobaraensis is a promising enzyme for the biocatalytic 

production due to the high conversions. ε-Lysine aminoacylases have also been described from 

other organisms, like the enzyme from Achromobacter pestifer, but no synthesis has been 

shown [75, 76]. 

The aminoacylase isolated from Burkholderia sp. LP5_18B is a homooctameric enzyme and 

shows similarity to several amidohydrolases that can be assigned to the M38 metallopeptidase 

family. The enzyme is capable to synthesize N-lauroyl-L-amino acids in high yields [77]. For 

example, N-lauroyl-arginine was synthesized with conversions of 89 %. The authors explain 

the high conversion with precipitation of lauroyl-arginine during the biocatalytic synthesis, 

which shifts the reaction equilibrium towards the product side. Other lauroyl-amino acids were 

produced efficiently as well, with highest conversion rates for lauroyl-phenylalanine (51 %), 

lauroyl-lysine (28 %), and lauroyl-valine (23 %). The reaction conditions for these syntheses 

were 200 mM amino acid and100 mM sodium laurate in 100 mM Na-borate pH 9.0, at 25 °C 

with 60 h reaction time, using 2 µg/ml enzyme. The determination of the hydrolytic substrate 

specificity revealed a preference for hydrophobic amino acids, with lauroyl-

alanine, -phenylalanine, and -valine being preferred substrates. Nα-lauroyl-lysine was also 

hydrolyzed well, but Nε-lauroyl-lysine was not accepted. Some lauroyl-amino acids with a polar 

side chain, like lauroyl-glutamine and lauroyl-serine were hydrolyzed, but to a lesser extent. 

Lauroyl-amino acids with negatively charged side chain, namely lauroyl-glutamic acid and -

aspartic acid, were neither hydrolyzed nor synthesized. The optimal pH-value for synthesis for 

the enzyme is 9.0. Regarding hydrolytic activity against lauroyl-amino acids, the pH optimum 

is strongly shifted to basic pH-values, and maximum hydrolytic activity was observed at pH 

12.0. At a pH range of 5.0 to 12.0, no loss of activity was detected after 60 min incubation. The 

highest hydrolytic activity was furthermore measured at 70 °C, and the enzyme was stable at 

70 °C for 60 min without substantial loss of activity. The effect of several inhibitors and 

chelating agents on the aminoacylase were tested, but none severely affected hydrolytic activity. 

Strongest reduction of the enzyme activity was measured with dithiothreitol (DTT) at 78 %, 

with 2-mercaptoethanol at 81 %, and with EDTA at 87 %. The chelating agents 

1,10-phenanthroline and 8-quinolinol had no effect [33]. This indicates that the zinc ions, are 

tightly bound and hard to remove from the enzyme. In summary, the enzyme is very resistant 
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to thermal denaturation, and stable in a broad pH range and against chelating agents. Together 

with the high conversion for acyl-amino acid synthesis, this enzyme is very interesting for 

industrial applications. An overview of L-aminoacylases described in literature is shown in 

table 1. 

Penicillin acylases (EC 3.5.1.11) are industrially used in synthesis of semi-synthetic antibiotics 

[23], but were also shown to catalyze the acylation of amino acids. A penicillin V acylase from 

S. mobaraensis NBRC13422 could acylate several amino acids, either with free lauric acid [78], 

or by acyl transfer from methyl laurate [79]. Despite partially high conversions, final product 

concentration remained low. A homologous enzyme was identified in S. ambofaciens, but was 

found not to be responsible for the main acylation activity of the cell-free extract [31]. Lipases 

(EC 3.1.1.3) are also widely used catalysts. Due to their sometimes high substrate promiscuity, 

they can catalyze further reactions than hydrolysis of lipid-ester bonds, and also act on amides 

[80]. Lipases remain active in organic solvents, especially when immobilized, which makes 

them attractive for acylations [81]. N-Acyl-amino alcohols can be synthesized in organic 

solvent systems to high yields [82]. With lipase B from Candida antarctica (CalB), Nε-lauroyl-

lysine could be synthesized [83]. However, amino acids are insoluble in most organic solvents, 

and best soluble in aqueous systems. Recently, acylation of glycine in aqueous media was 

described with an engineered lipase from Rhizomucor miehei, that surpassed yields obtained 

with aminoacylases for this compound [84]. 
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1.3. Heterologous expression of aminoacylases 

 

1.3.1. Recombinant expression with Escherichia coli 

 

In early developments of biocatalytic processes, obtaining the enzyme material was often 

tedious and a limiting factor, involving costly preparation from the producing organisms or 

tissues. The arrival of recombinant expression technologies accelerated the development of 

industrial enzyme applications. However, heterologous expression comes with challenges and 

production the recombinant protein of interest is not guaranteed. As a host for recombinant 

protein expression, E. coli is often the first and most popular choice. This is due to its genetic 

accessibility, ease of cultivation and high potential yields of recombinant protein. Around 60 % 

of recombinant protein production described in research articles use E. coli as the expression 

host [121]. Heterologous expression with E. coli also comes with pitfalls. Most prominent is 

inclusion body (IB) formation, which occurs when misfolded and insoluble proteins aggregate 

in the cytoplasm. In general, especially when investigating novel proteins, it is desired to 

prevent IB formation to obtain soluble and active proteins from the cell extract. Different factors 

in expression of recombinant proteins in E. coli influence solubility and the chance of inclusion 

body formation, including induction mechanisms, cultivation media and parameters or 

properties of various strains used for expression. The most popular induction mechanism for 

recombinant expression in E. coli is the T7 promoter system [122]. Strains that are compatible 

with this expression system have a T7 polymerase gene genomically integrated under control 

of the lacUV5 promoter. The gene of interest (GOI) is cloned under control of the T7 promoter, 

which is specific for the T7-polymerase. Transcription is further controlled by the lacO 

operator, preventing leaky expression in the absence of inducer by the LacI repressor. In the 

absence of inducer, which can be isopropyl β-D-1-thiogalactopyranoside (IPTG) or lactose, 

both the expression of the T7 polymerase and the GOI are repressed [122]. Upon induction, the 

T7 system is capable of high-yield expression, with up to 50 % of total cell protein comprised 

of recombinant protein [123]. However, the induction of the T7-system with IPTG has been 

described as an “all-or-nothing” approach, as IPTG also induces, besides expression of the gene 

of interest, the lactose operon, which eventually leads to even higher uptake of IPTG by the 

lactose permease LacY. The E. coli Tuner™ strain (Novagen), a lacY deletion mutant that 

allows to adjust the cellular IPTG concentration, has been developed as a possible solution 

[124]. Furthermore, autoinduction of the T7-system by cultivation in media that contain glucose 

and lactose has been proposed, where expression is induced after cells have consumed the 

glucose, in a milder manner compared to IPTG induction [125]. 
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The lactose autoinduction or deletion of lacY can be classified as attempts to tune down the 

production rate. Further attempts to achieve expression of soluble protein are lowering 

cultivation temperature, reducing recombinant gene dosage or adjusting promoter strength or 

choice of promoters [126]. Another solution for expression of aggregation-prone proteins is the 

co-expression of molecular chaperones. Most commonly, in E. coli, the main chaperones 

GroEL/S and DnaK/J/GrpE are used for co-expression [127]. Some chaperones are 

constitutively expressed and therefore always present in the bacterial cell, whereas others are 

stress induced, most prominently by high temperatures, thus coining the term “heat shock 

proteins” for some chaperones. They were also found to be upregulated in heterologous 

overexpression, as a form of cellular stress response. However, an overload of the bacterial 

quality control system due to insufficient chaperones and IB formation might even be supported 

under stress conditions. This way, misfolded proteins can be temporarily stored for either 

refolding or proteolysis [128]. In literature, improvement of soluble expression is often 

achieved by co-expression of GroEL/S, DnaK/J/GrpE, Trigger factor (TF) or combinations 

thereof [126, 129]. Chaperones typically bind unfolded polypeptides at exposed hydrophobic 

patches. They hinder nascent chains from forming incorrect intra- and intermolecular 

interactions, preventing misfolding and aggregation. They can act as holdases by binding to the 

nascent chains, which can be energy-independent, or as foldases, actively mediating correct 

folding. In the latter case, energy from adenosine triphosphate (ATP) hydrolysis is used to assist 

conformational changes. 

The GroEL/S chaperonine is a heteromultimeric protein that forms a barrel-like structure. 

GroEL proteins assemble as two heptameric ring-structures, that can be closed by a lid of a 

heptameric GroES-complex on both sides. For refolding, a misfolded protein substrate enters 

the cavity formed by the GroEL rings and gets entrapped by the GroES lid. Multiple rounds of 

ATP hydrolysis, inducing conformational changes of the chaperonine, partially unfold the 

protein substrate and mediate assisted refolding. The protein is finally released from the 

complex. The size of the cavity determines the maximal molecular size of the protein substrate, 

with limits of approximately 60 kDa being reported [130]. Another chaperone complex that 

functions together is DnaK/J/GrpE. The DnaK chaperone exercises the main folding activity. It 

binds substrate protein stretches of four to five hydrophobic residues flanked by basic residues. 

With ATP bound to DnaK, the substrate binding pocket is open. Upon ATP hydrolysis, a 

conformation change is induced. This results in increased substrate binding and partial 

unfolding of the protein substrate, for an attempt to fold properly. The co-chaperone DnaJ 
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increases the rate of ATP hydrolysis and targets the proteins to DnaK. On the other hand, the 

exchange of ADP with ATP is accelerated by GrpE [127]. Trigger Factor is the first chaperone 

to interact with nascent polypeptides, as it is associated to ribosomes. Its structure can be 

separated into three domains: An N-terminal domain for ribosome binding, a peptidylprolyl 

isomerase domain with auxiliary chaperone activity, and a C-terminal domain responsible for 

main chaperone activity [131]. Involved in the initial folding steps, Trigger Factor can act co-

translationally, preventing premature folding or degradation and restricting access of 

downstream chaperones. Because a molar excess of TF to ribosomes was observed, TF may 

also act post-translationally and can be found in a dimeric form at high cytosolic concentrations. 

While TF associates to ribosomes as a monomer, dimeric TF can bind to proteins to hold them 

in a folding-competent state and cooperates with the DnaK/J/GrpE system for refolding [132]. 

In the case of aminoacylases, recombinant expression is often described to be unsuccessful. As 

an alternative to isolation from tissue, the human and porcine aminoacylase-1 have been 

produced with the Baculovirus expression system in Spodoptera frugiperda insect cells. Initial 

attempts to express pAcy1 in E. coli BL21(DE3) cannot be considered successful. The enzyme 

could be purified, but barely showed any activity [118]. The use of E. coli BL21 Rosetta™ 

(DE3), which expresses additional tRNAs for rare eukaryotic codons, led to specific pAcy1 

activities compared to the enzyme isolated from porcine kidney [51]. Expression of pAcy1 in 

E. coli BL21(DE3) could be enhanced using a codon optimized pAcy1 gene and by co-

expression of molecular chaperones, especially of GroEL/S. Specific activity of the purified 

enzyme was however only half of the activity from pAcy1 isolated from porcine kidney [66]. 

The human aminoacylase PM20D1 was expressed with recombinant human 293A cell culture 

[67]. The aminoacylases SmAA and SmELA from S. mobaraensis have only been 

heterologously produced with S. lividans TK24 in their respective scientific publications [30, 

69]. However, in a patent filed by Ajinomoto and Okayama University, the expression of 

SmELA and a homolog from S. coelicolor (ScELA) were expressed with E. coli JM109, albeit 

with much lower yields than with S. lividans [77]. The homologous aminoacylases SamAA and 

SamELA have been isolated from the natural producer S. ambofaciens ATCC 23877 [31, 113]. 

Production attempts in E. coli did not yield soluble protein [112]. Expression of the 

aminoacylase from Burkholderia sp. LP5_18B in E. coli BL21 (DE3) yielded only traces of 

aminoacylase activity in the cell extract, and no visible overexpression could be detected in 

SDS-PAGE [33]. Other aminoacylases that were successfully produced in recombinant E. coli 
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were CsAga from C. striatum [10], aminoacylase from G. stearothermophilus [72, 97], and 

aminoacylase from P. horikoshii [110]. 

1.3.2. Recombinant expression with Vibrio natriegens 

 

Vibrio natriegens is a gram-negative bacterium that has drawn attention in biotechnology in 

recent years and has been proposed as an alternative production host to E. coli. The bacterium 

has already been isolated in 1958 [133], first designated as Pseudomonas natriegens, and its 

strikingly short generation time of less than 10 minutes has been observed (in BHI medium 

with 1.5 % salt at 37 °C) [134]. It grows on multiple sugars and carbon sources such as D-

glucose, D-mannitol, fructose, glycerol, L-rhamnose, sucrose, L-arabinose, D-mannitol, N-

acetyl-glucosamine, maltose, gluconate, malic acid, citric acid, but cannot utilize lactose [135, 

136]. The fast growth of V. natriegens may be attributed to the extraordinary high number of 

up to 115,000 ribosomes per cell, compared to E. coli with 70,000 ribosomes per cell [135, 

137]. 

In 2013, the draft genome sequence of V. natriegens DSM 759 (ATCC 14048), the original 

strain isolated in 1958, has been published [138] and it was revealed that its genome is organized 

in two chromosomes [139]. Not only the fast growth and availability of the genome, but also 

the close genetic proximity to E. coli renders V. natriegens interesting for biotechnology, with 

many genetic elements and established molecular biology tools also functioning in the latter 

organism. For example, the tet promoter [139], trc promoter, araBAD promoter, and several 

common origins of replication were shown to be functional in V. natriegens. To establish a host 

for recombinant protein expression alternative to E. coli, a functional T7 expression system has 

been constructed to generate the strain V. natriegens Vmax™ [140]. The T7 polymerase gene 

has been put under the control of the IPTG-inducible lacUV5 promoter, regulated by lacI, so 

that the T7 promoter can be used for gene expression. The T7 polymerase expression cassette 

has been integrated into the dns locus, and the resulting knockout of the exonuclease improved 

plasmid stability [140]. 

Another research group has generated the strain V. natriegens VnDX in a similar manner as V. 

natriegens Vmax [141]. This strain was tested and compared to E. coli BL21(DE3) in pET-

based expression of 196 genes of interest (GOIs). From these, 65 % and 75 % experienced 

soluble expression in V. natriegens VnDX and E. coli BL21(DE3), respectively. Higher 

expression levels in V. natriegens were observed for 20 GOIs, which was about 10 % of the 

investigated constructs. In contrast, 102 GOIs were better expressed in E. coli. In both hosts, 
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47 GOIs yielded no overexpression and 27 GOIs were expressed equally. The GOI library was 

intended to represent a diverse set of genes, including most enzyme classes from various 

biological origins, and with a broad span of sequence lengths. The V. natriegens VnDX system 

was further improved for T7 expression by two approaches. First, the lacUV5 promoter was 

changed to the tetracycline promoter Ptet, leading to 109 % increased recombinant glucose 

dehydrogenase activity. Second, the ribosome binding site was varied, which led to an increase 

of recombinant enzyme activity by 12.6 % [142]. Furthermore, expression of multisubunit 

membrane protein complexes has been shown in V. natriegens [143] and even codon-

suppression based incorporation of non-canonical amino acids in heterologous proteins could 

be achieved [144]. These results show the high potential of V. natriegens in biotechnology and 

the convenience of many technologies developed for E. coli functioning in the organism. 

 

1.3.3. Recombinant expression with Streptomyces lividans 

 

Streptomycetes are aerobic, Gram-positive bacteria, which exhibit filamentous growth. They 

carry a linear genome with a high G+C content over 70 % [145]. The genus is commonly known 

as natural producers of antibiotics and fungicides. As saprobionts, they have a high level of 

secretion of extracellular enzymes. Biotechnologically, S. lividans is widely used for 

recombinant expression. Secretion of recombinant proteins is most often realized through the 

Sec pathway, but Tat secretion is also efficient in this species [146, 147]. Some streptomycetal 

aminoacylases were expressed in S. lividans [30, 69], which is the most often used expression 

host among Streptomyces. The close genetic relation with the donors of the respective gene of 

interest can facilitate successful expression. Furthermore, the naturally high G+C content can 

abolish the need for codon optimization of streptomycetal genes. 

Streptomyces does not tend to form inclusion bodies, which one of the prevalent issues of 

recombinant expression with E. coli [148]. Furthermore, particularly S. lividans are described 

as having low endogenous proteolytic activity [149]. Hence, S. lividans can be considered as a 

valuable alternative expression host to E. coli, especially for enzymes of streptomycetal origin. 

Commonly used strains are S. lividans TK23 (spc-1, SLP2–, SLP3–) and TK24 (str-6, SLP2–, 

SLP3–), which are sensitive to spectinomycin and streptomycin, respectively, and lack the small 

linear plasmids (SLP) [145]. Replicative, high-copy vectors are often used for expression, but 

low-copy or integrative plasmids have also been used [149]. Expressed proteins are often 

hydrolases, and the GOIs are sourced most often from Gram-positive bacteria. Constitutive 
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promoter systems have the highest usage, followed by inducible promoters, and by the 

respective native promoter [149]. Examples for promoters frequently found in literature are Pvsi 

from S. venezuelae, PermE* from Saccharopolyspora erythraea, or the inducible PxysA from 

S. halstedii [149]. In summary, S. lividans is an interesting expression host with established 

recombinant technologies and should be considered for expression of streptomycetal 

aminoacylases. 
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1.4. Objective of the thesis 
 

The work of this thesis aims at establishing the biocatalytic synthesis of N-acyl-L-amino acids 

in aqueous media. These amino acid-based surfactants find use in cosmetic products and have 

very desirable tensioactive and low-inflammatory properties. By using enzymes, it is intended 

to present an alternative to replace the conventional chemical Schotten-Baumann reaction that 

uses fatty acyl chlorides. Biocatalysis should allow the use of free fatty acids and amino acids. 

Hence, the synthesis of completely biobased surfactants should be enabled. The enzymes in 

focus are L-aminoacylases, which are primarily known for racemic cleavage of N-acetyl-DL-

amino acids to produce enantiomerically pure L-amino acids. The reverse reaction catalyzes 

the synthesis of N-acyl-amino acids. However, the use of aminoacylase for surfactant 

production is still underexplored in literature and unexploited in industry. Novel aminoacylases 

are intended to be identified from homology search. The criteria for suitable enzymes comprise 

mainly their synthetic potential, with further important characteristics being stability of the 

catalysts, a broad substrate scope, and preferably a bacterial origin. 

The strategy to pursue this objective was to first recombinantly express the selected 

aminoacylases, initially in E. coli, and to perform purification via an affinity tag. Because 

heterologous expression of aminoacylase has often been described as difficult, the 

establishment of suitable expression platforms was part of this thesis. The aminoacylases were 

planned to be biochemically characterized upon purification, regarding pH- and temperature 

optima and stabilities, substrate specificity, dependency on metal ions, or occurrence of 

multimers. For the measurement of hydrolytic aminoacylase activity, a suitable activity assay 

needed to be developed. Following the characterization by hydrolysis, the aminoacylases 

should be evaluated regarding their biocatalytic potential. First, a screening of synthetic activity 

with all proteinogenic amino acids using an acyl donor should elucidate the synthetic substrate 

scope. Afterwards, the reaction conditions were intended to be optimized, focusing on 

maximizing conversion for one product compound. Typically, optimal pH-value, temperature, 

and substrate concentrations need to be determined. Another approach was the bioinformatical 

assessment of protein sequences and prediction of protein structures, both to gain insight into 

mode of action, mechanism, or substrate binding, and to even assess possibilities for rational 

protein engineering. The novel aminoacylases selected in this thesis were PmAcy from 

Parakburkholderia monticola DSM 100849, MsAA and MsELA from Mycolicibacterium 

smegmatis MKD 8, and SgAA and SgELA from S. griseus DSM 40236T. 
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2.2. Chapter II 
 

Novel recombinant aminoacylase from Paraburkholderia monticola capable of N-acyl-

amino acid synthesis 
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Schörken, and Petra Siegert 

Applied Microbiology and Biotechnology 108, 93 (2024) 
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2.3. Chapter III 
 

Chaperone assisted recombinant expression in Vibrio natriegens and Escherichia coli and 
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3. Discussion 
 

Biobased surfactants are in increasing demand. Acyl-amino acids not only have desirable 

chemical properties, being mild and skin-friendly, low inflammatory, and showing good 

foaming ability. They are also environmentally benign and are readily degraded, thus being 

non-persistent, which is important for regulatory aspects. Detergents have the largest market 

for chemical products, especially in the consumer market. Hence, it is important to find 

sustainable synthetic routes. Biocatalysis with aminoacylases is promising for this endeavor yet 

represents an underexplored field. The sustainability of acyl-amino acid production is not only 

defined by biocatalytic process, but also by the efficient production of the active biocatalyst. 

Therefore, the recombinant protein expression was a major part of this thesis. The work of this 

thesis comprises the identification, cloning, recombinant expression, purification, 

characterization, and evaluation of novel L-aminoacylases for the synthesis of acyl-amino 

acids. 

 

3.1. Overview of results 
 

Chapter 1: Chapter 1 presents the development of the ninhydrin-based assay for hydrolytic 

aminoacylase activity that was used throughout this thesis. Ninhydrin reacts with primary 

amino groups under the formation of Ruhemann’s purple. Conventional ninhydrin reagents are 

susceptible to oxidation, which makes frequent reagent and standard preparation necessary. 

Furthermore, protocols described in literature for ninhydrin-based aminoacylase activity 

measurements are laborious and inconvenient for high throughput. In our study, a commercial, 

air-stable ninhydrin reagent, modified by mixture with DMSO, was found to be suitable for 

batch analysis. All proteinogenic amino acids could be measured. With conventional ninhydrin 

reagents, lysine and Nα/ε-acetyl-lysine lead to the same color yield, despite the two free amino 

groups in lysine. An acidic reagent variant was development for the specific quantification of 

lysine from hydrolysis of Nα/ε-acetyl-lysine by mixture of the reagent with glacial acetic acid. 

Under these conditions, reaction with lysine yields an orange color, while Nε-acetyl-lysine 

develops a weak purple color and reaction with Nα-acetyl-lysine remains colorless. 

Furthermore, the experimental layout was adjusted to a 96-well format, so that multichannel 
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pipettes and microtiter plates could be used. This allowed for a higher throughput compared to 

other ninhydrin-based aminoacylase assays presented in literature. 

Chapter 2: The identification, cloning, expression, and characterization of the aminoacylase 

PmAcy from Paraburkholderia monticola DSM 100849 is described in chapter 2. The 

recombinant expression of soluble, active enzyme was challenging due to the formation of 

inclusion bodies. Soluble PmAcy could be obtained through co-expression of the chaperonin 

GroEL/S and lactose-autoinduction of the T7 expression system, combined with a low 

expression temperature of 20 °C. The purified enzyme was biochemically characterized. 

Extraordinary activity and stability at high temperatures and alkaline pH values was observed. 

Regarding substrate specificity, PmAcy can be classified as a long-chain acyl aminoacylase 

with a bias for hydrophobic amino acid residues. In biocatalysis, high conversion rates for the 

synthesis of acyl-amino acids could be achieved. A variety of amino acids could be acylated 

with conversions of 20 – 60 %, including positively charged substrate arginine and lysine, the 

imidazole-containing histidine, and hydrophobic amino acids like leucine or phenylalanine. 

Chapter 3: The recombinant expression and initial characterization of the aminoacylase MsAA 

from M. smegmatis MKD 8 is presented in chapter 3. An expression study was conducted with 

various E. coli strains and V. natriegens Vmax™ to enhance soluble expression of the enzyme. 

The approaches were switched from IPTG induction to lactose autoinduction, lowering the 

expression temperature, and the co-expression of molecular chaperones, which led to 

significant improvements in soluble expression. The study presents the first report about 

chaperone co-expression in V. natriegens, and the first example of an aminoacylase being 

heterologously expressed by the species. The purified enzyme was characterized and 

biochemical parameters, such as temperature and pH optima, stabilities, and substrate 

specificity, were determined. Finally, a screen for synthetic acylation activity towards all 

proteinogenic amino acids showed that several hydrophobic lauroyl-amino acids can be 

produced. 

Chapter 4: The study presented in chapter 4 builds upon chapter 3. The biocatalytic reaction 

with MsAA was optimized, focusing on the synthesis of lauroyl-methionine. A product 

concentration of 100 mM was reached with a conversion of 67 %, which are 13.5-fold and 9.0-

fold respective increases from the initial reaction conditions. To get insight into substrate 

binding and to comprehend the observed bias towards methionine, docking simulations on the 

AlphaFold2-generated protein structure was performed. From the obtained results and 

comparison to homologs from literature, a reaction mechanism was proposed. 
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Chapter 5: In chapter 5, cloning and expression of the aminoacylases SgAA and SgELA from 

S. griseus DSM 40236T is presented. The enzymes were initially expressed in various E. coli 

strains and through chaperone co-expression, which, however, only resulted in overexpression 

as inclusion bodies. Hence, a fermentation protocol was developed that led to successful 

expression of soluble enzymes with recombinant S. lividans TK 23. The aminoacylases were 

initially characterized upon purification and tested in acylation of proteinogenic amino acids. 

The aminoacylase SgELA showed hydrolytic activity with Nε-acetyl-lysine, but not Nα-acetyl-

lysine, thus verifying the putative function as an ε-lysine acylase. The α-aminoacylase SgAA 

showed several similarities to MsAA, was found to be capable to synthesize lauroyl-

methionine. 

 

3.2. Novel aminoacylases were identified 
 

In the work of this thesis, it was anticipated to find and produce novel aminoacylases for the 

synthesis of acyl-amino acids, preferentially using longer acyl chains like in lauric acid. While 

aminoacylases from Aspergillus sp. are used for racemic cleavage of acetyl-amino acids [150], 

the use of aminoacylases in the synthesis of acyl-amino acids is still an emerging field. In 

general, few aminoacylases have been characterized and their sequence published. However, 

recent research presented several aminoacylases with promising potential in biocatalytic 

synthesis [30, 31, 33]. Hence, enzymes from literature were evaluated and used as baits for 

BLASTp search for homologous enzymes. 

The aminoacylases described in literature were evaluated with a focus on synthesis of acyl-

amino acids. Only L-aminoacylases were considered, because proteinogenic amino acids, 

eventually obtained from renewable biological materials, are intended to be used as substrates 

in biocatalysis. Ideally, a broad range of amino acid substrates or peptides should be accepted 

as substrate to maximize the scope of possible compounds. On the other hand, no dipeptidase 

activity should be exerted by the enzymes to keep the possibility of peptide acylation. Due to 

evolutionary linkage between aminoacylases and peptidases, promiscuous activity might occur 

[151]. Regarding the acyl moiety, longer acyl chains, like lauric or palmitic acid, are preferred 

substrates in biocatalysis. High stability of the enzymes is also important for industrial 

application. After identifying proprietary sequences, the aminoacylases candidates were 

intended to be heterologously produced, preferably in E. coli. However, the recombinant 

expression of aminoacylases is often described as difficult or unsuccessful in E. coli, with 
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inclusion body formation being a common drawback [33, 66, 112]. Still, not least due to 

possible difficulties in expression, bacterial aminoacylases were preferred over eukaryotic 

enzymes. 

By the start of the thesis, the aminoacylase isolated from Burkholderia sp. LP5_18B showed 

the most favorable characteristics, opening a promising sequence space. High conversions for 

the synthesis of lauroyl-amino acids, and good stability at a broad pH range and high 

temperatures render this enzyme potent for industrial application. However, attempts to produce 

the enzyme in E. coli were not successful [33]. A homologous enzyme that shows 85.5 % 

sequence identity was found in Paraburkholderia monticola DSM 100849. The putative 

aminoacylase was designated PmAcy and was chosen a candidate enzyme for this thesis 

(GenBank: KXU85199.1). By MEROPS BLAST [39], the identified enzyme can be classified 

as a member of the M38 family. Sequence identities to further M38 peptidases were 33.9 % for 

Sgx9260b, 31.3 % for Sgx9260c, 26.2 % for Cc2672, 17.6 % for isoaspartyl dipeptidase from 

E. coli, and 18.3 % for the non-peptidase homolog SmELA. 

Several aminoacylases have been characterized that belong to the M20A metallopeptidase 

subfamily. Among these are the porcine pAcy1 [51] and human hAcy1 [62], the streptomycetal 

SmAA from S. mobaraensis [69] and SamAA from S. ambofaciens [31], and acetylornithine 

deacetylase (EC 3.5.1.16) from E. coli [151, 152]. For other related M20A metallopeptidases, 

in particular N-succinyl-L,L-diaminopimelate desuccinylase (EC 3.5.1.18) from H. influenzae 

(HiDapE) [46] and carboxypeptidase G2 (EC 3.4.17.11) from Pseudomonas sp. RS-16 (CPG2) 

[153], crystal protein structures have been published, and a mechanism for HiDapE has been 

proposed [47]. Due to conserved residues essential for catalysis among these enzymes, a 

common mode of action is likely. Good acylation activity has been described for SamAA 

towards a broad range of amino acids [31]. The conversion yields, however, were not as high 

as for the Burkholderia aminoacylase [33], and the enzyme was not as stable, but studies on 

SamAA were conducted with partially purified crude cell extract from the natural producer. 

Furthermore, an ε-lysine acylase has been cloned and characterized from S. mobaraensis [30], 

and ε-lysine acylase activity has been observed from S. ambofaciens extract [113], which been 

attributed to the enzyme SamELA [31]. Acylation with an ε-lysine acylase from S. coelicolor 

(ScELA) has been described in a patent [77]. The production of Nε-lauroyl-lysine could be 

achieved with up to 100 % conversion using SmELA and ScELA [30, 74, 77]. Heterologous 

expression of SamELA was not successful in E. coli Origami B(DE3) [112], and SmELA was 

expressed in S. lividans TK24 in literature, but the patent also described expression of both 
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SmELA and ScELA in E. coli JM109 and ScELA with C. glutamicum [77]. The streptomycetal 

aminoacylases were interesting because of high level synthesis with SamAA against amino 

acids, and extremely high yields with SmELA and ScELA. We identified SgAA, which showed 

sequence similarity to SamAA, SmAA, pAcy1, HiDapE of 88.3 %, 83.7 %, 26.5 %, and 

23.7 %, respectively, and SgELA, which showed sequence identity to SamELA, SmELA, and 

the Burkholderia aminoacylase of 79.6 %, 75.6 %, and 21.0 %, respectively. 

Aminoacylases have also been described from M. smegmatis, but no gene or protein was 

sequenced. One of these two aminoacylases preferred long-chain acyl residues, while the other 

was a short-chain acyl aminoacylase [9, 105]. As Actinomycetes with high G+C content, 

Mycobacterium and Streptomyces are distantly related, and similarities can be found on 

molecular and cellular level [154]. Mycobacteria produce mycolic acid and have a waxy layer 

in their cell wall [155]. DapE enzymes are involved in synthesis of cell wall components [156]. 

Even though mycolic acids are not directly linked to diamino pimelic acid, the occurrence of 

these long acyl-chain molecules hints at homologous mycobacterial aminoacylases possibly 

accepting long-chain fatty acids, which would be of benefit for biocatalysis. Hence, with the 

same baits, namely the protein sequences of SmAA, SamAA, SmELA, SamELA, BLASTp-

search for homologs was performed on protein sequences of M. smegmatis MKD 8. We found 

a putative aminoacylase, which we designated MsAA, with a sequence identity to SgAA, 

SamAA, SmAA, pAcy1, hAcy1, ArgE, and HiDapE of 56.5 %, 56.3 %, 54.9 %, 25.5 %, 

25.2 %, 22.1 %, and 21.4 %, respectively. Furthermore, a sequence with homology to ε-lysine 

acylases, designated MsELA, was found with sequence identity to SamELA, SgELA, SmELA, 

and the Burkholderia aminoacylase of 50.8 %, 50.0 %, 49.7 %, and 19.5 %, respectively. 

 

3.3. Conserved residues of metallopeptidases in the novel aminoacylases 
 

The aminoacylase MsAA from M. smegmatis MKD 8 has a length of 450 amino acids and a 

molecular weight of 48.6 kDa, with a theoretical isoelectric point (pI) of 4.82. By MEROPS 

BLAST, the enzyme can be classified as a M20A metallopeptidase and shows the conserved 

sites of this protein family. These represent metal-binding residues (H91, D123, E158, E185, 

H425) and catalytic residues (D93, E157, H226). From sequence comparison with dimeric 

members of M20A family (HiDapE, pAcy1, hAcy1) and monomeric M20A peptidases (PepV), 

it can already be assumed that MsAA is likely a dimeric enzyme. Among dimeric M20A 

peptidases, the putatively catalytically active H226MsAA is conserved, but not in monomeric 
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enzymes. For the dimeric HiDapE, it has been shown that the conserved H194HiDapE is located 

at the tip of the dimerization domain and protrudes into the active site of the opposing dimer. 

The histidine residue contributes to the formation of an oxyanion hole and stabilizes the reaction 

intermediate [47]. In turn, H269PepV, which is oxyanion hole-forming in PepV [54], is not 

conserved in the dimeric M20A peptidases. The homologous aminoacylase SgAA from 

S. griseus DSM 40236T also shows the metal-binding (H90, D122, E157, E184, H418) and 

catalytic (D92, E156, H221) residues conserved for M20A peptidases. Hence, the same 

conclusions as for MsAA can be drawn for this enzyme. The enzyme has a length of 443 amino 

acids, a molecular weight of 48.0 kDa, and a theoretical pI of 4.95. 

The aminoacylase PmAcy from P. monticola DSM 100849 does not share these features of the 

M20A peptidases but can be assigned to M38 metallopeptidases. The enzyme consists of 440 

amino acids and its monomer has a molecular weight of 47.4 kDa and a theoretical pI of 6.52. 

The conserved sites for metal-binding typical for M38 peptidases can be found in PmAcy (H85, 

H87, H253, H273, D340). Furthermore, K212 is conserved, which has been shown to be 

carboxylated in homologous enzymes as the bridging residue between the metal ions in the 

binuclear active site [60]. For homologous enzymes, H162 has been attributed an oxyanion-

hole forming function, and Y255 is involved in binding the α-carboxylic group of the substrate 

[60]. The homologous aminoacylase from Burkholderia sp. LP5_18B is an octameric enzyme 

[33], as shown for other homologous M38 peptidases as well [58, 60]. However, no estimation 

for the oligomerization state of PmAcy can be done based on its amino acid sequence. 

The putative ε-lysine acylases SgELA from S. griseus DSM 40236T and MsELA from 

M. smegmatis MKD 8 can also be assigned to the M38 family of metallopeptidases. The 

aminoacylase SgELA has a length of 548 amino acids, a molecular weight of 56.9 kDa, and a 

theoretical pI of 5.56. Compared to PmAcy or the Burkholderia sp. LP5_18B aminoacylase, 

the metal-binding residues are conserved in SgELA (H76, H78, H330, H365, D431). On the 

other hand, the (carboxylated) lysine residue described to bridge the cocatalytic metal ions is 

not conserved. Interestingly, the oxyanion-hole forming histidine is conserved in SgELA as 

H177, but not in SamELA or SmELA. In neither of the putative ε-lysine acylases, the tyrosine 

residue that binds the substrates α-carboxylic group is conserved. This might explain the 

missing or low α-aminoacylase activity of these enzymes [74]. In MsELA, the metal-binding 

residues are conserved as well (H62, H64, H314, H349, D415). The oxyanion hole-forming 

histidine, however, is not conserved in MsELA. The sequence alignments of the aminoacylases 

are presented in the result chapters on cloning and characterization of the respective enzymes. 
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A phylogenetic tree with the aminoacylases and their homologs mentioned in this thesis is 

shown in figure 5. 

 

Figure 5: Phylogenetic tree of the relevant metallopeptidases and non-peptidase homologs described in this thesis. 

The alignment was generated with the Clustal Omega algorithm [157] and displayed by average distance. 

Sequences of the aminoacylases investigated in this work are highlighted with red boxes. The enzymes are listed 

with their acronyms and peptidase family, and their respective NCBI accession number, or PDB- or UniProt 

identifiers. The following sequences were included: Acy3: murine aminoacylase-3 (M14; UniProt: Q91XE4); 

Acy2: human aminoacylase-2 or aspartoacylase (M14; UniProt: P45381); HmrA: peptidase from Staphylococcus 

aureus (M20D; PDB: 3RAM); Ama: Aminoacylase from Geoacillus stearothermophilus (M20D; Uniprot 

P37112) ; ILR1: IAA-amino acid hydrolase from Arabidopsis thaliana (M20D; UniProt_P54968); CsAga: alpha-

glutamine aminoacylase from Corynebacterium striatum Ax20 (M20D; UniProt_Q8GGD4) Xaa_His: 

Dipeptidase from Escherichia coli (M20C; UniProt_P15288); PepV: beta-Ala-Xaa dipeptidase from Lactobacillus 

delbrueckii (M20A; UniProt_P45494); CPG2: Carboxypeptidase G2 from Pseudomonas sp. RS-16 (M20A; 

UniProt_P06621); ArgE: acetylornithine deacetylase from E. coli (M20A; UniProt: P23908); HiDapE: succinyl-

diaminopimelate desuccinylase from Haemophilus influenzae (M20A; Accession Number: WP_005693818); L-

ACY-1: aminoacylase 1 from Heliothis virescens (M20A; GenBank: AET43034); pAcy1: porcine aminoacylase-1 

(M20A; Accession Number: NP_999061); hAcy1: human aminoacylase-1 (M20A; Accession Number: 

NP_000657); PM20D1: human N-fatty-acyl-amino acid hydrolase (M20A; UniProt: Q6GTS8); MsAA: 

aminoacylase from Mycolicibacterium smegmatis MKD8 (M20A; GenBank: AWT55079); SmAA: aminoacylase 

from Streptomyces mobaraensis (M20A; GenBank: BAI44523); SamAA: aminoacylase from Streptomyces 

ambofaciens ATCC 23877 (M20A; GenBank: AKZ54783); SgAA: aminoacylase from Streptomyces griseus 

(M20A; Accession Number: WP_003970135); PmAcy: aminoacylase from Paraburkholderia monticola (M38; 

GenBank: KXU85199); Burk. Acy: aminoacylase from Burkholderia sp. LP5_18B (M38; GenBank: BBI47489); 

Sgx9260b: amidohydrolase (M38; PDB: 3MKV); Sgx9260c: prolidase (M38; PDB: 3N2C); IADA: isoaspartyl 

dipeptidase from E. coli (M38; UniProt P39377); MsELA: epsilon-lysine acylase from M. smegmatis (M38; 

Accession Number: WP_003895308); SmELA: epsilon-lysine acylase from S. mobaraensis (M38; Accession 

Number: WP_004948872); SamELA: epsilon-lysine acylase from S. ambofaciens (M38; Accession Number: 

WP_053127917); SgELA: epsilon-lysine acylase from S. ambofaciens (M38; Accession Number: 

WP_069631407). 
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3.4. Predicted structures of the novel aminoacylases 
 

In addition to sequence analysis, protein structure prediction can provide further insight into 

the properties of the novel aminoacylases. For instance, the enzymes can be studied in terms of 

similarities and differences in protein folding or domain architecture within their protein family. 

Furthermore, insight structure-function relationships can be gained. With high quality models, 

even studies on molecular docking or rational protein engineering can be conducted. However, 

only few structures of L-aminoacylases have been solved and published (see table 1, section 

1.2.4). No structures of closely related aminoacylases (>40 % identity) are available for the 

novel aminoacylases in this thesis. Still, the structures of some homologous peptidases (<34 %) 

have been solved [47, 60]. In general, protein structure is more conserved than sequence [158]. 

Especially for M20 peptidases, a high level of fold- and domain conservation can be observed 

[62], despite low sequence homology, which should be beneficial for structure predictions. 

Protein structure prediction can be template-based or ab initio free modeling. Hybrid 

approaches can realized in that homology-based modeling uses energy-guided model 

refinement, or that free modeling uses fragment-based sampling approaches [159]. The 

template-based SWISS-MODEL was the first protein modeling service on the internet and has 

been constantly improved [160]. From the amino acid input sequence, evolutionary related 

structures are searched, so that suitable templates can be found. For the selected template, a 

model is generated and refined, and insertions or deletions in the alignment are predicted by 

loop modeling [161]. Due to the template-based approach, the quality of the model greatly 

depends on the alignments and will be poorer for low sequence homology [162]. At least ~30 % 

sequence identity between the target and template is needed for acceptable prediction, and 

below that threshold, the models become unreliable [163, 164]. The Phyre2 protocol uses 

threading, which essentially extracts structure information from the alignment of the template 

and target, and is more suitable for remote homology [165]. However, the service cannot predict 

multimer structures, and tends to delete regions predicted with poor confidence from the final 

structure. The I-TASSER protocol is hybrid method using homology templates and ab initio 

prediction. First, homologous structure templates are identified using multiple threading, and 

the topology of the full-length model is constructed by reassembling the aligned fragment 

structures. Unaligned regions are created through ab initio folding approaches. The assembly 

of structures and following energy minimizations are iterative [166]. The novel AlphaFold 

software uses artificial intelligence and contains a neural network that is trained by PDB 

structures to predict distances between the residues of the model [159, 167]. It has been shown 
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to outperform other prediction algorithms and is considered a break-through in protein structure 

prediction [159]. Its current version is AlphaFold2. A publicly accessible Jupyter Notebook has 

been made available through Google Colaboratory, called ColabFold [168]. In the following, 

the predicted structures from AlphaFold and SWISS-MODEL are shown and discussed briefly. 

For MsAA, structures predicted by Phyre2 and I-TASSER are shown as well. The SWISS-

MODEL templates for MsAA, PmAcy, and SgELA were HiDapE (5VO3), Sgx9260c (3N2C), 

and an uncharacterized amidohydrolase from Pyrococcus furiosus (3ICJ), with sequence 

identities of 21.4 %, 31.3 %, and 25.6 %, respectively. To the predicted structures, Zn2+ ions 

were added with the Metal Ion-Binding Site Prediction and Docking Server (MIB) [169]. 

 

Figure 6: Predicted protein structures of MsAA. (A) AlphaFold2-generated structure. (B) SWISS-MODEL-

generated structure using HiDapE (PDB 5VO3) as homology template. The SWISS-MODEL structure is truncated 

at the N-terminus and starts with S13. (C) Overlay of AlphaFold2 structure (blue) and SWISS-MODEL structure 

(red). (D) Phyre2-generated structure. (E) I-TASSER-generated structure. (F) Active site of the AlphaFold2-

generated structure. The carbon atoms are shown in blue color. The zinc ions are shown as magenta balls. (G) 

Active site of the SWISS-MODEL-generated structure. The carbon atoms are shown in orange color. The zinc 

ions are shown as purple balls. 
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The AlphaFold2-predicted structure of MsAA (Fig. 6A) has already been shown in chapter 2.3, 

and was used to perform docking studies, presented in chapter 2.4. The predicted structure 

shows the characteristic catalytic and dimerization domains and the architecture of α-helices 

and β-folds typical for the M20A metallopeptidase family [38, 62]. The active site comprises 

the metal-binding and catalytic residues as previously described (Fig. 6FG). Furthermore, the 

residue H226(B) protrudes into the active site. The SWISS-MODEL structure of MsAA was 

based on HiDapE (PDB 5VO3) as a homology model (Fig. 6B). For HiDapE, it has been shown 

that the hinge between the catalytic and dimerization domains closes and opens with substrate 

binding and release, respectively [47]. In PDB 5VO3, the structure was solved with an inhibitor. 

Because both the AlphaFold2- and SWISS-MODEL-generated structures are similar to PDB 

5VO3 in that regard, the AlphaFold2 structure should represent closed, substrate-bound 

conformation. The predictions from Phyre2 (Fig. 6D) and I-TASSER (Fig. 6E) resulted in a 

monomeric structure (Fig. 6D). Several differences between the predicted structures can be 

observed. In the active site of the SWISS-MODEL-generated structure, the bridging aspartate 

D123 is not well-oriented, so that it does not bridge the added zinc ions (Fig. 6G). In the 

AlphaFold2 structure, the N-terminus has no fold and low confidence of prediction. The N-

terminus also has a loose fold with a short α-helix in the I-TASSER model. This region was not 

predicted by either SWISS-MODEL or Phyre2, but is truncated, so that the structures start with 

the residue S13 and A11, respectively. Despite this loosely folded N-terminus being too short 

for regular secretion signals, we subjected the sequence to the signal peptide prediction with 

the SignalP algorithm. With SignalP-5.0 [170], the first 13 amino acids had a probability of 

0.3189 to be a Sec signal peptide. However, with the newer SignalP-6.0 algorithm [171], zero 

probability for the occurrence of a signal peptide was calculated. The homologous human 

PM20D1 enzyme has a secretion signal, with a SignalP-6.0-calculated probability of 0.9997, 

and was also described as an extracellular enzyme [17]. Its AlphaFold-generated structure, 

accessible under UniProt identifier Q6GTS8, is more similar to MsAA than the human hAcy1, 

its AlphaFold structure being accessible under UniProt identifier Q03154. In PM20D1 and 

MsAA, 3-4 additional α-helices were predicted by AlphaFold2 at the outer hinge region, which 

are missing in HiDapE or predicted hAcy1 structures. A similar, but less organized region can 

be found in the I-TASSER model as well. In the SWISS-MODEL structure of MsAA, these 

residues are predicted as a large loop from H249 to D301. The Phyre2-generated structure has 

a gap between P252 and R293, and the remaining adjacent residues form a shorter loop. Despite 

observations that AlphaFold2 overpredicts α-helices, and secondary structures in general [172], 

more confidence can be put into the AlphaFold2 structure, especially with the region in question 
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being deleted in the Phyre2 model. The function of these helices can only be speculated, 

possibly being beneficial for extracellular or vesicular folding for the secreted PM20D1. The 

elongated, unfolded N-terminus of MsAA could be a remnant or artefact from an evolutionarily 

former secretion signal, or might be responsible for membrane-association, due to its 

hydrophobic character. The AlphaFold2 and SWISS-MODEL-predicted models of SgAA (Fig. 

S1, supplementary materials) are very similar to the respective predicted structures of MsAA. 

The N-terminus of AlphaFold2-structure of SgAA has no fold, and the SWISS-MODEL-

predicted model is truncated, starting with A14. The SignalP algorithms did not find a 

probability for signal peptides in SgAA either. Still, for future work, it would certainly be 

interesting to fuse both MsAA and SgAA to heterologous signal peptides and to attempt to 

secrete the enzymes, preferably in recombinant Bacillus or Streptomyces species. 

 

Figure 7: Predicted protein structures of PmAcy. (A) AlphaFold-generated monomeric structure. (B) SWISS-

MODEL-generated monomeric structure based on Sgx9260c (PDB 3N2C). The SWISS-MODEL structure is 

truncated at both termini and starts at K23 and ends with T437 (instead of A440). (C) Overlay of AlphaFold 

structure (blue) and SWISS-MODEL structure (red). (D) Homotetrameric structure of the AlphaFold structure. 

(E) Homooctameric structure of the SWISS-MODEL structure. 
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The predicted structures of PmAcy are shown in figure 7. For the SWISS-MODEL prediction, 

the prolidase Sgx9260c served as the homology template (PDB 3N2C). Overall, the 

AlphaFold2- (Fig. 7A) and SWISS-MODEL- (Fig. 7B) predicted structures show similar folds. 

The two domains that are characteristic for M38 peptidases, namely the N-terminal domain of 

eight β-strands and the catalytic C-terminal domain with (β/α)8-barrel fold, are present in the 

models (compare Fig. 4, chapter 1.2.3.). The N-terminus of the AlphaFold2 structure has a 

loose fold, somewhat similar to the AlphaFold2 structure of MsAA (Fig. 6A). Again, the 

SWISS-MODEL structure is truncated at the N-terminus, starting with K23, but the model is 

also missing three amino acids at the C-terminus. As the homology template, the SWISS-

MODEL structure of PmAcy is homooctameric (Fig. 7E). Hence, we also generated an 

octameric structure in AlphaFold2 (Fig. 7D). The quaternary orientation of the multimer is 

similar, and the elongated N-terminus does not seem to disturb multimerization in the model. 

The orientation of the metal-binding and catalytic residues in the active site are similar among 

the AlphaFold2- and SWISS-MODEL structures, and Sgx9260c (Fig. 8). The AlphaFold2- and 

SWISS-MODEL structures were generated with non-carboxylated lysine. Hence, no metal ions 

were added to these models. The positioning of the oxyanion hole-forming histidine 

(H142Sgx9260c or H162PmAcy) and the tyrosine residue responsible for binding of the α-carboxyl 

group of the amino acyl substrate (Y233Sgx9260c or Y255PmAcy) are conserved in the models, 

suggesting a similar role of these residues in PmAcy as in Sgx9260c [60]. 
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Figure 8: Active sites of predicted PmAcy-structures and the homolog Sgx9260c (PDB 3N2C). (A) Active site of 

the AlphaFold2-generated PmAcy structure. The carbon atoms are shown in blue color. (B) Active site of 

Sgx9260c (PDB 3N2C). The carbon atoms are shown in green color. The zinc ions are shown as magenta balls. 

The inhibitor N-methylphosphonate-L-proline is shown with grey carbon atoms. (C) Overlay of active site of the 

AlphaFold2-generated (blue carbon atoms) and SWISS-MODEL (orange carbon atoms) active sites. (D) Overlay 

of active site of the AlphaFold2-generated (blue carbon atoms) and SWISS-MODEL (orange carbon atoms) and 

Sgx9260c (PDB 3N2C, green carbon atoms) active sites. The zinc ions of Sgx9260c are shown as magenta balls 

and the inhibitor N-methylphosphonate-L-proline is shown with grey carbon atoms. 

 

The predicted protein structures SgELA are shown in figure 9. The SWISS-MODEL prediction 

was based on an uncharacterized metal-dependent hydrolase from Pyrococcus furiosus (PDB 

3ICJ), and is truncated at both termini, starting with R14 and ending with T494, missing 54 

residues. The homologous SmELA was described as monomeric [74], like the used template. 

The loop-domain containing two short α-helices (V499-G519) close to the C-terminus is only 

present in the AlphaFold2 structure and predicted with poor confidence. Furthermore, when 

comparing the two predicted structures, the catalytic, active-site containing domain has an open 

conformation in the SWISS-MODEL structure, but a closed conformation in the AlphaFold2-

structure. Since no structure-function information on other ε-lysine acylases is available, no 

certain conclusions can be drawn. The predictions only hint at a conformational change due to 

substrate binding. A major difference of SgELA to other characterized members of the M38 



3. Discussion - 3.4. Predicted structures of the novel aminoacylases 

121 

  

metallopeptidase family is the absence of Kcx as bridging residue. In the AlphaFold2-generated 

structure, when adding zinc ions through the MIB service, the aspartate D279 was found as a 

possible bridging residue (Fig. 9D). Interestingly, the homology template (PDB 3ICJ) has a 

Kcx residue in the active site as the bridging residue. In the homologous SmELA, D505SmELA 

is described as a metal-binding residue, which is conserved in SgELA as D512SgELA. However, 

this residue is located in the described loop that contains two α-helices, far from the active site. 

Therefore, the assigned metal-binding function is questionable. The oxyanion-hole forming 

histidine H142Sgx9260c is conserved in the alignment SgELA as H177SgELA, but not in SamELA 

or SmELA (chapter 2.5). However, this residue is not located near the active site of the predicted 

SgELA structures. The predicted structures of MsELA are similar and shown in Fig. S2 

(supplementary material). 
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Figure 9: Predicted protein structures of SgELA. (A) AlphaFold2-generated structure. (B) SWISS-MODEL-

generated structure based on PDB 3ICJ. The SWISS-MODEL structure is truncated at both termini and starts at 

R14 and ends with T494 (instead of E548). (C) Overlay of AlphaFold2 structure (blue) and SWISS-MODEL 

structure (red). (D) Overlay of active site of the AlphaFold2-generated (blue carbon atoms) and SWISS-MODEL 

(orange carbon atoms) active sites. The zinc ions added to the AlphaFold2 structure are shown as magenta balls. 

 

3.5. The aminoacylases could be overexpressed in various hosts 
 

The approach of this thesis was to recombinantly produce the selected aminoacylase candidates. 

As E. coli is the most common host for heterologous production, we chose this organism for 

the initial expression of all selected enzymes. From the protein sequences of selected 

aminoacylases, the DNA sequence was deduced by in vitro reverse translation, with the codon 

usage adjusted to the bias of E. coli. Furthermore, to enable one-step affinity purification of the 
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recombinant proteins, sequences coding for Strep-tag II affinity tags (WSHPQFEK) with a 

linker (SG) were attached to either the 5’- or 3’-end of the genes. Additionally, the 

aminoacylases were cloned without any tag, to control whether the affinity tag has influence on 

expression and activity. The strain E. coli BL21(DE3) was used in combination with the T7 

expression system through pET-plasmid based expression. Hence, the aminoacylase genes were 

cloned into the plasmid pET28a-eforRED [173], which carries a chromoprotein for screening 

of successful cloning, and BsaI restriction sites that enable Golden Gate cloning. 

In the initial expression studies, all aminoacylase genes were expressed in E. coli BL21(DE3) 

in Terrific Broth (TB) medium and induced with 1 mM IPTG. Strong overexpression was 

observed for all enzymes, but only inclusion bodies were formed so that no soluble 

aminoacylases could be detected. The induction with IPTG is known to be a possible cause of 

problems in recombinant expression. Despite its advantage of having the potential of high-level 

expression, the high promoter strength can lead to an overload of the expression machinery 

[174]. IPTG is an efficient inductor and is not metabolically degraded, and even has a toxic 

effect on the cells [175]. High levels of mRNA transcript leads to high levels of translation, 

which causes metabolic burden to occur, accompanied by overloading of protein folding 

apparatus [176]. Lowering IPTG concentration from 1 mM to 0.1 mM did not lead to soluble 

protein, only a lesser total amount of inclusion bodies. 

Several means exist to improve soluble expression in E. coli. The cultivation or expression 

conditions can be adjusted regarding temperature, inducer, or medium composition. Different 

E. coli strains with distinct characteristics can be used, which carry the DE3 prophage to be 

compatible with the T7 expression system. Examples for derivatives of the E. coli B and K-12 

strain series are E. coli Tuner(DE3) or E. coli JM109(DE3), respectively [177]. The Tuner 

strain has a lacY deletion, which encodes the lactose permease, so that intracellular IPTG levels, 

mediated by passive diffusion through the cell membrane, can be adjusted by inducer 

concentration [124]. The co-expression of chaperones is also a crucial approach to enhance 

expression of aggregation-prone proteins [127]. Codon-optimization has been deliberately 

conducted, but it has been reported that introduction of rare codons can improve soluble 

production due to slowed down translation [178]. The recombinant protein can also be fused to 

a solubility-enhancing protein, like the maltose binding protein [179]. There are further ways 

to improve heterologous expression for special cases, like toxic proteins, genes with rare 

codons, especially eukaryotic genes, disulfide-containing proteins, or proteins susceptible to 

degradation by proteases. 
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In this thesis, the approaches chosen were changing expression temperature, inducer, the use of 

various strains and alternative expression hosts, co-expression of chaperones, and 

combinatorial approaches. Because the induction with IPTG only led to the formation of 

inclusion bodies, both at 1 mM and 0.1 mM concentrations, the inducer was changed to 

autoinduction with lactose. This is realized by adding 0.2 % lactose to the medium, which 

already contains glucose. As long as glucose is still present, the lac operon is repressed, so that 

no lactose is taken up or converted to allolactose. Once glucose is consumed, the lac operon is 

activated and eventually the heterologous expression is induced [125]. Glycerol is catabolized 

independently. Furthermore, V. natriegens Vmax™ was used as an alternative host to E. coli. 

Since this organism does not have a lac operon, autoinduction was not possible with 

V. natriegens. 

For the soluble expression of PmAcy, a combinatorial approach was necessary: With IPTG and 

lactose autoinduction, no soluble protein was produced, both at 37 °C and at 20 °C. Only when 

the enzyme was produced at 20 °C by lactose-autoinduction, and the chaperonine GroEL/S was 

co-expressed, soluble protein could be obtained. Other chaperones were not tested in this case. 

The expression of PmAcy with V. natriegens Vmax™ did not lead to an overexpression, neither 

as soluble enzyme, nor as inclusion bodies (data not shown), the underlying reasons being 

unclear. 

A systematic expression study was conducted for the enzyme MsAA (Chapter 3). The study 

comprises the use of various E. coli strains, comparison of IPTG- and lactose induction, varying 

temperatures, Vibrio natriegens as an alternative expression host, and chaperone co-expression 

in both organisms. In E. coli, IPTG induction led to only inclusion bodies, without soluble 

protein detectable via SDS-PAGE and no aminoacylase activity in the soluble fraction of the 

cell-free extract. In contrast, V. natriegens readily produces soluble enzyme upon induction 

with IPTG. The co-expression of GroEL/S in V. natriegens led to a 1.8-fold increase in activity 

and specific activity in cell-free extract at 30 °C cultivation temperature. Conversely, co-

expression of DnaK/J/GrpE and DnaK/J/GrpE in combination with GroEL/S were detrimental 

to aminoacylase activity, with no soluble enzyme or activity detected. Similar effect of the 

chaperone co-expression on aminoacylase expression was observed in E. coli. Aminoacylase 

activity and specific activity were increased 1.8-fold and 1.6-fold with GroEL/S co-expression, 

respectively, at 30 °C. At 20 °C, overall protein expression was higher, but effect of GroEL/S 

was not as pronounced. GroEL/S has optimum at 30 °C and might not work as efficiently at 

20 °C [180]. Furthermore, protein formation at 20 °C is slower, possibly improving folding of 
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the recombinant aminoacylase. In an effort to combine the findings and further improve soluble 

expression, E. coli ArcticExpress(DE3) was used. This organism constitutively expresses the 

cold-adapted chaperonins Cpn60/10 from Oleispira antarctica, which are active at cold 

temperatures [180, 181]. This even led two twice the aminoacylase activity than that observed 

with co-expression of GroEL/S in E. coli BL21(DE3) at 20 °C. The specific activity of MsAA 

purified from the described organisms was identical. In conclusion, E. coli ArcticExpress(DE3) 

is best used for overnight expression of MsAA at 12 °C. For short expression times of 4 h, 

V. natriegens Vmax™ with GroEL/S co-expression at 30 °C is the most suitable host and 

protocol. Because lactose autoinduction was beneficial for expressions with E. coli, it would be 

interesting to perform autoinduction in V. natriegens as well. However, this organism does not 

carry a lac-operon and cannot utilize lactose [136]. Hence, future work could aim at integrating 

a lac-operon, possibly sourced from E. coli, into the genome of V. natriegens. This would allow 

autoinduction and could further improve the heterologous expression of soluble enzyme. 

Attempts to optimize expression, however, did not always lead to soluble recombinant protein. 

The aminoacylase MsELA was expressed in E. coli BL21(DE3) with 1 mM or 0.1 mM IPTG, 

lactose autoinduction, at 20 °C and 37 °C, with no success in soluble expression. The co-

expression of GroEL/S, or expression with E. coli ArcticExpress(DE3), did not lead to soluble 

protein either. The co-expression of other chaperones or expression in V. natriegens were not 

tested. Therefore, this aminoacylase could not be purified and biochemically characterized. 

The streptomycetal aminoacylases SgAA and SgELA were also prone to form inclusion bodies 

during expression in E. coli. To attempt soluble expression of these enzymes, the same 

approaches as previously described were followed. The expression was induced with either 

IPTG or lactose autoinduction in E. coli BL21(DE3). Expression temperatures of 37 °C, 30 °C, 

and 20 °C were tested, as well as co-expression of GroEL/S and the use of E. coli 

ArcticExpress(DE3). Under all conditions, only insoluble inclusion bodies were obtained. In 

the publications from Koreishi et al., S. lividans TK24 was used as the expression host for the 

aminoacylases SmAA [69] and SmELA [30] from S. mobaraensis. In a patent, SmELA and the 

homologous ScELA were also expressed in E. coli JM109 [77]. The productivity was highest 

in recombinant S. lividans with 210 U per ml of culture, compared to 6 U/ml for E. coli and 1.4 

U/ml with the natural producer S. mobaraensis IFO 13819. Heterologous expression can be 

more successful when the host and donor are closely related. Hence, we chose S. lividans TK23 

for expression of the aminoacylases from S. griseus DSM 40236T. The genes were amplified 

from genomic DNA of S. griseus DSM 40236T and cloned into the expression vector pGH01, 
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which is based on pEM4 [182]. This was done despite the corresponding genes being already 

synthesized for E. coli expression in order to preserve the streptomycetal, high G+C codon bias. 

The aminoacylase genes were under control of the constitutive ermE* promoter from 

Saccharopolyspora erythraea [183]. During cultivation of S. lividans, due to the filamentous 

morphology of the bacteria, the mycelium can adapt either a dispersed or pelleted growth. In 

general, evenly dispersed mycelium is considered best for protein production [148]. For 

cultivation and expression in shake flasks, a high-sucrose medium was used. The high sucrose 

concentration of 34 % leads to dispersed growth, and the sugar is not catabolized by S. lividans 

[145]. In contrast, when using medium that does not contain sucrose, pelleted growth was 

observed. From the expression experiments performed with shake flasks, only low amount of 

recombinant SgAA and no SgELA could be obtained. To optimize the culture conditions and 

ensure longer periods of controlled growth, fermentations in bioreactors were performed. For 

this, a new growth medium was developed by combining compositions of YEME and TSB 

media [145]. Sucrose composition was lowered from 34 % to 10 %, as overall osmolarity was 

higher so that no growth was observed with 34 % sucrose. The stirrer speed was controlled by 

dissolved oxygen concentration to maintain 30 % saturation. A low glucose feed was set to 

ensure supply of nutrient without increasing the volume too significantly. After 3 days 

fermentation, soluble SgAA could was purified, yielding 14 mg from 400 ml lysate, which 

corresponds to 83 g wet cell weight. From the production of SgELA, only a small amount of 

protein could be purified after 3 days, which was insufficient for characterization. Thus, 

fermentation time was extended to 5 days, so that soluble protein could be purified. However, 

only 0.13 mg pure SgELA was obtained. 

 

3.6. Development of an optimized ninhydrin-based activity assay 

 

Activity assays are crucial when working with enzymes. They are used to determine activity 

with various substrates, the presence and amount of enzyme in a sample, or to characterize the 

enzymes. This can be done by directly detecting reaction products, decrease of substrate 

concentration, following the consumption of a cofactor, or by using chromogenic substrates. 

For aminoacylases, enzyme activity can refer to either hydrolytic or synthetic reaction. Despite 

synthesis being the intended use of the aminoacylases and this thesis, routine activities were 

based on hydrolysis, as well as the initial characterization prior to evaluation of synthesis. This 

is due to the synthetic reaction usually being performed over a longer period of time, at least 
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several hours to days. Usually, the reaction mixture is then analyzed by high-performance liquid 

chromatography (HPLC) for reliable, direct quantification. This is, however, too time 

consuming for routine activity measurements. Furthermore, not all substrates might be accepted 

for synthesis, and optima and characteristics can be different for synthesis and hydrolysis. 

Synthesis often needs high substrate excess, while at low substrate concentration, hydrolysis 

prevails. Not least, in literature, aminoacylases are often characterized based on their hydrolytic 

activities, which enables comparing enzymes from this thesis. 

For the detection of reaction products from the hydrolysis of N-acetyl-L-amino acids, we chose 

the ninhydrin assay to detect the released primary amino groups. Ninhydrin (2,2-

dihydroxyindane-1,3-dione) reacts with (primary) amino groups and forms Ruhemann’s purple 

(RP; 2-(1,3-dioxoindan-2-yl)iminoindane-1,3-dione). First, indane-1,2,3-trione is formed under 

acidic conditions, then the amino acid’s nitrogen attacks the medial carbonyl function, which 

leads to the formation of an aldehyde derivate of the amino acid and 2-aminoindan-1,3-dione. 

The latter molecule reacts with ninhydrin or 2-hydroxyindane-1,3-dione to form RP [184]. 

Some of the proteinogenic amino acids, like cysteine and proline, form different chromophores 

that have an orange-brown color. Several other ninhydrin derivates were observed after reaction 

with proteinogenic amino acids, which can also produce color other than RP. This leads to 

slightly different visual color variations and different sensitivity for the amino acids, but in 

general, the products can be measured at 570 nm. Special attention had to be paid to the 

ninhydrin reaction with lysine in the context of aminoacylase activity. Lysine gives the same 

color yield as most other amino acids from ninhydrin reaction, despite the additional primary 

amino group in its side chain. However, either Nα-acetyl-lysine or Nε-acetyl-lysine leads to the 

same color yield as free lysine. Hence, aminoacylase-catalyzed hydrolysis of Nα/ε-acetyl-lysine 

cannot be followed by conventional ninhydrin reagents. It has been described that under 

strongly acidic conditions, lysine reacts selectively with ninhydrin under formation of an orange 

chromophore that can be measured at 470 nm [184, 185]. 

The ninhydrin reaction is often used to determine aminoacylase activity [51, 64, 69, 72, 74, 91, 

97, 105, 107, 114, 186–190]. The aminoacylase reaction itself is independent of the ninhydrin 

reaction, because samples are withdrawn for batch analysis. A disadvantage of the ninhydrin 

assay is its susceptibility to oxidation. During the ninhydrin reaction, a reduced form of 

ninhydrin is formed and crucial for the color-forming reaction. For quantitative analysis of 

amino acid with a constant sensitivity and linear response, a reducing agent is necessary. This 

can for example be stannous chloride [191], borohydride [192], or cadmium chloride [193]. 
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However, these reducing agents will oxidize unless the reagent is stored under nitrogen or other 

inert gas. We found a commercial ninhydrin reagent with a patent-protected formula that 

contains a temperature-sensitive reducing agent that is stable at air (EZ Nin™, invented by JPP 

chromatography [194], distributed by Biochrom UK). This eliminates the need for frequent 

preparation of reagent and amino acid standards. Hence, we used the reagent and developed a 

protocol for straight-forward aminoacylase activity assays. However, the reagent was intended 

for use in HPLC-coupled automated amino acid analyzers and needed modification to be 

suitable for batch analysis. With the pure, unmodified EZ Nin™ reagent, which mainly contains 

ethylene glycol as the solvent, the formed RP precipitated when the amino acid concentration 

in the samples was above 16 mM. Mixing the reagent with DMSO to equal parts increased the 

solubility of RP, thus solving the issue. Furthermore, DSMO decreased viscosity of the reagent, 

and more importantly can increase enzyme-inactivating properties of the reagent. The variant 

for aminoacylase activity against acetyl-lysine was implemented by mixing the EZ NIN™ 

reagent mixed with glacial acetic acid instead of DMSO. The reaction with lysine yields and 

orange dye, while reaction with Nα-acetyl-lysine did not lead to any color formation, and 

reaction Nε-acetyl-lysine yielded slight purple color. 

In summary, an aminoacylase activity assay was developed using an air-stable reagent that 

eliminates the need for reagent preparation or storing under inert gas and gassing out oxygen. 

Furthermore, a 96-well format was adapted that enables parallel processing with multichannel 

pipettes and microtiter plates. In principle, this protocol can be adapted to be used in automated 

liquid handling robotics, which would not be feasible with other protocols. Not least, the 

stability of RP could be enhanced by dilution in alkaline buffers. 

A viable alternative to ninhydrin-based assay is the quantification of amino groups with 2,4,6-

trinitrobenzenesulfonic acid (TNBS). The reaction of TNBS with a primary amine produces an 

orange-colored derivative, which can be measured at 335 nm. However, the TNBS assay has 

several disadvantages. The reagent is susceptible to hydrolysis, producing picric acid, which 

lowers the sensitivity. The quantification of amines is described to be hampered by sodium 

dodecyl anions [195] In general, use of TNBS was not often described for aminoacylase activity 

assays [63, 118, 196, 197], but rather for derivatization in HPLC analysis. 
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3.7. The purified aminoacylases were characterized and compared 

 

The aminoacylases PmAcy, MsAA, SgAA, and SgELA were successfully expressed and 

purified. Upon affinity purification, the aminoacylases were biochemically characterized. The 

monomeric molecular weight of PmAcy is 47.4 kDa, or 48.7 kDa with the Strep-tag, which 

could be confirmed by MALDI-TOF analysis (48.6 kDa). The pI was determined by isoelectric 

focusing and is approximately 6.6. The aminoacylase is multimeric and appears dodecameric 

in native PAGE with a weight of approximately 550 kDa. The homologous enzymes, namely 

aminoacylase from Burkholderia sp. LP18_5B [33], L-pipecolic acid acylase from 

Pseudomonas sp. AK2 (LpipACY) [108], Sgx9260c and Sgx9260b [60], or isoaspartyl 

dipeptidase [58] were found to be octameric. 

The mycobacterial aminoacylase MsAA has a monomeric molecular weight of 49.9 kDa with 

an attached N-terminal Strep-tag, which was confirmed by MALDI-TOF analysis. The 

experimental pI of MsAA was 4.3. MsAA was shown to be a dimeric enzyme, as it is often 

described for members of the M20A family. However, SmAA is described to be monomeric, 

as determined by native PAGE [69]. The aminoacylase SmAA produced in S. mobaraensis or 

S. lividans showed a truncated N-terminus [69]. It could be that MsAA is also truncated by the 

natural producer through degradation by peptidases. This was not observed with recombinant 

MsAA NTag, where the N-terminus is essential for affinity purification, to preserve the N-

terminal Strep-tag. The aminoacylase SgAA was also determined to be dimeric by native 

PAGE. It can also be excluded that the N-terminus is truncated, because N-terminal affinity tag 

was successfully used for purification.  

 

3.7.1. The aminoacylases have different substrate specificities 

 

The substrate specificity of aminoacylases can be described for both the amino acid and fatty 

acid moiety. A possible bias towards certain amino acids can be grouped or interpreted 

regarding the properties of the side chain. The enzyme can hence prefer polar, charged, 

hydrophobic, small, or large side chains. Referring to the fatty acid specificity, aminoacylases 

can be short-chain or long-chain aminoacylases and have different acceptance for branched acyl 

chains or aromatic acyl residues. 
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The enzyme PmAcy can be classified as a long chain aminoacylase. The substrate that was best 

accepted in hydrolysis was lauroyl-alanine (184.4 U/mg with 1 mM Zn2+, 238.9 U/mg with 

1 mM Co2+). In contrast, acetyl-alanine was barely hydrolyzed. Benzoyl-alanine was also not 

accepted as a substrate. However, palmitoyl-alanine (C16) was hydrolyzed with 32.8 % activity 

compared to lauroyl-alanine with 60.4 U/mg (52.5 % or 125.3 U/mg with Co2+). The hydrolysis 

of acyl-glutamines of various acyl chain lengths could also be investigated. The aminoacylase 

preferred lauroyl-glutamine (69.1 U/mg) over the shorter capryloyl-glutamine (10.5 U/mg) and 

the longer palmitoyl-glutamine (38.8 U/mg). Regarding the amino acid moiety, a bias towards 

hydrophobic amino acids could be detected. As lauroyl-amino acids, favored substrates were 

alanine (184.4 U/mg), methionine (177.8 U/mg), isoleucine (148.9 U/mg), valine (130.6 U/mg), 

and glycine (123.9 U/mg). The lauroyl-amino acids with aromatic side chain were also 

hydrolyzed, namely phenylalanine (78.0 U/mg), tyrosine (63.5 U/mg), and tryptophan (4.9 

U/mg). Among the polar amino acids, only lauroyl-serine was hydrolyzed (20.4 U/mg). No 

activity could be detected with lauroyl-aspartic acid, -glutamic acid, and -cysteine. Hence, no 

amino acids with carboxyl group in their side chain was accepted. Furthermore, no dipeptidase 

activity was detected with L-alanyl-L-phenylalanine and L-phenylalanyl-L-alanine. Compared 

to the homologous aminoacylase from Burkholderia sp. LP5_18B, the substrate scope shows 

comparable relative activities [33]. The aminoacylase from Burkholderia sp. LP5_18B had 

higher relative activity with lauroyl-phenylalanine (100 %, at 10 mM substrate concentration, 

pH 10.0), compared to PmAcy (42 %, at 15 mM substrate concentration, pH 9.0). 

A few other long-chain acyl-specific aminoacylases have been described in literature. Two 

enzymes were characterized from Pseudomonas diminuta, now renamed to Brevundimonas 

diminuta. The aminoacylase I has a native weight of 300 kDa and prefers long-chain acyl-

glutamates. No activity was measured with acetyl-glutamic acid and highest activity was 

observed against pentadecenoyl-glutamic acid [107]. Another long-chain aminoacylase II with 

a native weight of 220 kDa was isolated from the same organism [198]. This enzyme had a 

broader specificity and could hydrolyze lauroyl-glycine, -valine, -aspartic acid and -

phenylalanine besides lauroyl-glutamic acid. No activity with acetyl-glutamic acid was 

observed either. No protein or gene sequences were published for these aminoacylases. 

Furthermore, a long-chain aminoacylase from M. smegmatis ATCC 607 was characterized [9, 

105] that hydrolyzes palmitoyl-aspartate, -valine, -phenylalanine, but shows no activity with 

acetyl-valine, -methionine, -leucine, -aspartate, -glutamate, -tryptophan. The enzyme can even 

hydrolyze long acyl chain (C20) arachidoyl-aspartate. The enzyme has a native molecular 
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weight of 40-48 kDa, suggesting the presence as a monomeric enzyme. Again, no sequence has 

been published for the aminoacylase. 

The aminoacylase MsAA can be considered short-middle/long chain aminoacylase. It prefers 

acetyl-amino acids in hydrolysis, and activity with corresponding lauroyl-amino acids is lower 

or non-detectable. Some exceptions of long chain acyl-amino acids that were hydrolyzed with 

high activity were lauroyl-methionine (54.9 U/mg), lauroyl-alanine (20.6 U/mg), palmitoyl-

alanine (20.7 U/mg), and lauroyl-valine (7.1 U/mg). Among acetyl-amino acids, the best 

substrates were acetyl-valine (326.1 U/mg), acetyl-isoleucine (284.2 U/mg), acetyl-alanine 

(265.9 U/mg), acetyl-leucine (147.1 U/mg), and acetyl-methionine (140.9 U/mg). The 

aminoacylase has a bias for amino acid substrates with a hydrophobic side chain. Substrates 

with bulkier hydrophobic or aromatic side chains, however, are not hydrolyzed well, such as 

acetyl-phenylalanine (3.4 U/mg) or acetyl-tyrosine (1.2 U/mg), and acetyl-tryptophan was not 

accepted. Some polar or charged acetyl-amino acids were hydrolyzed, like acetyl-aspartate 

(41.0 U/mg), acetyl-glutamate (27.5 U/mg), acetyl-arginine (17.5 U/mg), acetyl-glutamine 

(44.6 U/mg), or acetyl-threonine (63.5 U/mg). Acetyl-cysteine was also accepted (39.4 U/mg). 

Furthermore, the aminoacylase MsAA was shown to be an α-aminoacylase, hydrolyzing Nα-

acetyl-lysine with 18.1 U/mg but not accepting Nε-acetyl-lysine. In summary, despite having a 

bias for small, hydrophobic amino acids, MsAA has a broad substrate specificity regarding the 

amino acid moiety and prefers short acyl-chains in hydrolysis. In comparison to the homologous 

aminoacylase SmAA from S. mobaraensis, several differences in substrate scope can be 

observed under comparable assay conditions [69]. The acetyl-amino acids that were hydrolyzed 

best were acetyl-methionine, acetyl-cysteine, and acetyl-alanine. Among the tested lauroyl-

amino acids, SmAA showed highest activity with lauroyl-alanine and lauroyl-methionine, 

similar to MsAA. However, in contrast to MsAA, SmAA did not hydrolyze acetyl-glutamic 

acid and had only low activity with acetyl-aspartic acid. The activity of SmAA with acyl-

methionines of various acyl chain length has also been tested. The specific activity increased 

from acetyl-methionine to octanoyl-methionine, decreased with decanoyl- and lauroyl-

methionine, and was slightly higher with myristoyl- and palmitoyl-methionine [69]. Hence, 

SmAA has a broad acyl-chain specificity and can hydrolyze short-chain acyl-amino acids. as 

well as middle/long chain acyl-amino acids. 

The aminoacylase SgAA from S. griseus DSM 40236T is also homologous to MsAA, but more 

closely related to SmAA. Overall, both streptomycetal aminoacylases have a similar preference 

for the various acetyl-amino acids. The substrates of SgAA with highest activity were acetyl-
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methionine (301.1 U/mg), acetyl-alanine (266.0 U/mg), and acetyl-arginine (99.4 U/mg). The 

aminoacylase could hydrolyze acetyl-glutamic acid and acetyl-aspartic acid with activities of 

2.4 U/mg and 5.9 U/mg, respectively. Thus, like MsAA, the determination of the substrate 

scope of SgAA revealed that the enzyme can hydrolyze broad spectrum of acetyl-amino acids. 

However, no activity against Nα-acetyl-lysine was determined with SgAA, and the enzyme also 

had no ε-acylase activity. Compared to MsAA, the acceptance for longer acyl chains was much 

lower under the same conditions, so that barely any lauroyl-amino acids were accepted. The 

activity with lauroyl-methionine and lauroyl-alanine were 1.4 U/mg and 1.1 U/mg, respectively. 

Hence, SgAA can be classified as a short-chain-acyl aminoacylase.  

For SgELA from S. griseus DSM 40236T, the putative classification as an ε-lysine acylase could 

be confirmed. The enzyme only showed activity with Nε-acetyl-lysine (11.1 U/mg), but not 

with Nα-acetyl-lysine or any other tested Nα-acetyl-amino acid. The specificity towards various 

acyl chain lengths was not tested due to unavailability of further substrates. 

 

3.7.2. Comparative biochemical characterization 

 

The aminoacylases were biochemically characterized regarding the hydrolytic activities to 

determine optima for pH and temperature, stabilities, and dependency on metal ions. Some 

characteristics, like optimal reaction conditions, were investigated anew for the synthetic 

reaction. 

The pH optimum of PmAcy for hydrolysis was remarkably high at pH 12.0 and PmAcy can 

thus be considered an alkaline enzyme. The homologous aminoacylase from Burkholderia sp. 

LP5_18B also had a pH optimum at pH 12.0. Compared to other aminoacylases, this high 

optimum is unusual, and most have higher activity at neutral pH values. Interestingly, the 

optimal pH for synthesis of acyl-amino acids differs vastly and lies at the slightly basic pH 

values of 8.0. The optimal pH of MsAA was at pH 7.0 in hydrolysis, and the optimum for 

synthesis pH 8.0. The optimal pH of SgAA in hydrolysis was pH 7.0 – 8.0. The optimal pH of 

SgELA was pH 8.0, with a broader optimum. PmAcy stands out from these neutral to slightly 

basic optima, but reasons for this are not obvious. The aminoacylases MsAA and SgAA belong 

to the M20A family, whereas PmAcy belongs to the M38 family, like SgELA. Other 

homologous M38 peptidases, except the Burkholderia aminoacylase, such as isoaspartyl 

dipeptidase from E. coli [199] or LpipACY [108], have an pH optimum of 7.4 - 8.0, and 8.0, 

respectively. In general, the hydrolysis reaction is started by the formation of a hydroxide ion 
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from the metal-bound water molecule, which should be formed better at alkaline conditions. 

Maybe a high pH has a negative influence on dimerization of M20A peptidases and could lead 

to falsely charged surface at the dimerization domain. 

The aminoacylase PmAcy also showed extraordinary stability at basic pH values. The enzyme 

was stable even at pH 13.0 for 1 h, and only showed loss of activity at pH 13.0 after 24 h with 

30 % residual activity and was stable at pH 12.0 for 24 h. The other aminoacylases were stable 

only at neutral pH values, with MsAA being most stable at pH 6.0 - 7.0, relatively stable at pH 

5.0 - 10.0 for 24 h, and losing approximately 50 % activity at after 5 days incubation at pH 8.0. 

The aminoacylase SgAA and SgELA have not yet been investigated regarding pH stability. 

The temperature optima were similar among the aminoacylases and were 70 °C, 70 °C, and 

60 °C for PmAcy, MsAA, and SgAA, respectively. In contrast, the aminoacylase PmAcy was 

significantly more stable at higher temperatures. The enzyme showed no loss of activity after 

1 h incubation at 80 °C and retains 23 % activity after 24 h incubation. After 4 days at 70 °C, 

38 % residual activity was measured. This thermostability renders the aminoacylase interesting 

for industrial application, because acylation reactions are usually performed over a longer 

period, often 24 h to several days. Moreover, the stability offers the possibility enzyme 

recycling. An interesting observation is that the purified enzyme could be permanently activated 

by application of heat, with 3-fold activity after 1 h incubation at 80 °C. The reason for this is 

not directly evident. The aminoacylase was prone to aggregation during recombinant 

expression and formation of multimers, which could have been dissociated, possibly 

accompanied by partial unfolding and refolding, so that activity was enhanced. For the 

investigation of temperature stability, the enzyme was previously activated and then 

subsequently subjected to analysis of temperature stability. The α-aminoacylases MsAA and 

SgAA show similar, mesophilic stability. The enzymes are stable at 40 °C for several days, but 

activity declines when incubating at 50 °C. This can lead to loss of activity during biocatalysis 

at higher temperatures. Compared to the aminoacylases described in literature, the enzyme from 

Burkholderia also exhibits good stability at high temperatures, but was only investigated for 1 h 

incubation time [33]. The stability of SmAA was similar to MsAA and SgAA with decreasing 

activity upon incubation over 50 °C [69]. The crude preparation of SamAA lost over 80 % 

synthetic activity after 16 h incubation at 37 °C, and was almost completely inactivated at 55 °C 

[31]. 

Both the members of M20A and M38 metallopeptidase have binuclear active sites with divalent 

metal ions. The dependency of activity from addition of various divalent metal ions was 
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investigated with CaCl2, CoCl2, CuCl2, FeSO4, MgCl2, MnCl2, NiCl2, and ZnCl2. When PmAcy 

was purified without divalent metals, no hydrolytic activity was observed. Upon addition of 

ZnCl2, CoCl2, and MnCl2, activity was completely restored. High activity was measured with 

ZnCl2 and CoCl2, and lower activity with MnCl2. The substrate scope did not change in that no 

additional substrates were accepted, but relative activity to the various substrates were different. 

With MnCl2, acyl chain acceptance was broader, meaning that e.g., lauroyl-alanine is 

hydrolyzed with the same activity as palmitoyl-alanine, whereas with ZnCl2, activity with 

palmitoyl-alanine was 32.7 % compared to lauroyl-alanine. With N-palmitoyl-glutamine, 

activity was even 69.9 % higher than with lauroyl-glutamine for PmAcy incubated with MnCl2, 

which was again not the case with ZnCl2 and CoCl2. This might possibly be due to 

conformational change in the active site. Still, absolute specific activity not higher than with 

ZnCl2 or CoCl2. 

MsAA only accepts ZnCl2, and no other divalent metal ions increased its activity. In contrast, 

SgAA was inhibited by 1 mM ZnCl2 and CoCl2. This effect might be caused by an excess of 

ions. Conserved metal-binding sites and similarity with other metallopeptidases suggest that 

SgAA also is a metal-dependent enzyme. In general, members of the M38 and M20 peptidase 

family can accept Zn2+, Co2+, or Mn2+ [151]. The homologous aminoacylase SamAA shows 

highest synthetic activity with cobalt [68]. The porcine pAcy1 has Zn2+ in its metal center, 

which can be substituted by Mn2+ [200]. HiDapE accepts Co2+, Zn2+, Cd2+, and Mn2+ , with 

highest activity with two Co2+ ions [48]. 

Table 2: Optimal temperature and pH values for hydrolysis and synthesis for the enzymes characterized within 

this thesis. For hydrolysis and synthesis, respectively, lauroyl-alanine and lauroyl-phenylalanine were investigated 

for PmAcy, acetyl-alanine and lauroyl-methionine were investigated for MsAA, acetyl-alanine and acetyl-

methionine were investigated for SgAA, and Nε-acetyl-lysine was used for SgELA in hydrolysis. 

Enzyme pH optimum 

hydrolysis 

pH optimum synthesis Temperature optimum 

hydrolysis 

PmAcy 12.0 8.0 70 

MsAA 7.0 8.0 70 

SgAA 7.0 – 8.0 n.d. 60 

SgELA pH 8.0 n.d. n.d. 
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3.8. Biocatalytic synthesis 
 

The best results for acylation of amino acids within this thesis were achieved with PmAcy, with 

high levels of product formation for a diversity of acylated amino acids. Amino acids with polar 

or positively charged residues were acylated as well. However, glutamic acid was not accepted 

in synthesis. The optimal pH for the production of lauroyl-phenylalanine was at 8.0, with 48 % 

conversion. Interestingly, despite the hydrolytic optimum being at pH 12.0, and PmAcy being 

stable at alkaline conditions for a longer period, acylation yield significantly dropped at pH 

values higher than 10.0, with barely any acylation product detected at pH 11.0. A possible 

explanation might lie in the acid-base properties of the substrates. For synthesis, a deprotonated 

amino group is necessary, so that a free electron pair is available for nucleophilic attack. 

However, at high pH values, the fatty acid is also predominantly deprotonated, making the 

carbonyl group less reactive. Possibly, a slightly basic pH is favored to facilitate protonation of 

lauric acid during acylation. The enzyme accepted various acyl donors, like caprylic, lauric, 

palmitic, stearic, and oleic acid, with tendency of higher conversion towards longer acyl chains 

with conversions of 49 % to 75 %. In a screening, amino acids with highly diverse side chain 

properties could be efficiently acylated. Among the synthesized lauroyl-amino acids are 

lauroyl-arginine (61 %), lauroyl-histidine (62 %), lauroyl-leucine (55 %), and lauroyl-

phenylalanine (48 %). Other products are lauroyl-lysine (30 %), lauroyl-isoleucine (14 %), 

lauroyl-methionine (12 %), and lauroyl-valine (8 %). The conditions for these acylations were 

200 mM amino acid, 100 mM lauric acid, in 50 mM Tris-HCl pH 8.0 at 50 °C. Lauroyl-arginine 

precipitated during reaction because of its low solubility. This likely shifted the equilibrium 

towards the product side. 

In biocatalytic synthesis with MsAA, a strong preference for lauroyl-methionine was observed. 

In a first screening at unoptimized conditions, lauroyl-methionine was produced best. Other 

lauroyl-amino acids produced were lauroyl-isoleucine, lauroyl-leucine, lauroyl-valine, lauroyl-

alanine, and lauroyl-phenylalanine. An optimization of reaction was performed, focusing on the 

synthesis of lauroyl-methionine. The optimal pH was determined to be 8.0, and the reaction is 

very sensitive to change in pH. The optimal temperature for reaction was 40 - 45 °C. At, 45 °C 

the speed of the reaction was higher, but the synthesis was counteracted by stability of the 

enzyme, so that final yield was slightly lower. The optimal substrate concentrations were 

400 mM methionine and 150 mM lauric acid. A scale-up of the reaction from 0.5 ml to 20 ml 

was performed with agitation, conversion reaching 67 % with 100 mM product concentration. 

No difference between the two scales was observed. Hence, a 13.5-fold increase of product 
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concentration and a 9.0-fold increase in conversion rate was achieved. For the remaining amino 

acids, the conversion could also be optimized by increasing amino acids concentration, but to 

a lesser extent than methionine. With MsAA, a specificity for hydrophobic amino acids was 

observed in acylation. A bias for hydrophobic amino acids was also present in hydrolytic 

substrate scope, but some hydrophilic or charged acetyl-amino acids were hydrolyzed. For 

synthesis, acylation of methionine with various acyl donors was tested. The aliphatic fatty acids 

caprylic acid, decanoic acid, 10-undecenoic acid, lauric acid, palmitic acid, and oleic acid were 

accepted. However, for the long-chain palmitic acid and oleic acid, products were only detected 

with MS, not with the UV detector, and was thus not quantifiable. Acylation with the aromatic 

cinnamic acid or ferulic acid did not yield detectable products. 

A further approach to optimization of the acylation reaction with MsAA was a two-factor 

variation of glycerol content and temperature. This experimental design addressed two 

strategies: First, glycerol can stabilize enzymes at higher temperatures [201, 202]. Second, the 

addition of glycerol leads to a lower water content in the reaction mixture. This can shift the 

equilibrium towards the synthesis, as the by-product of the condensation reaction is water. At 

a moderate temperature of 40 °C, synthesis could be improved by addition of glycerol, but only 

to a small extend. At higher temperatures, however, the effect was more pronounced. Without 

glycerol, only 2.4 mM lauroyl-methionine were produced at 60 °C, but with 30 % glycerol, 

37.1 mM product concentration was measured. Hence, the conversion rate was improved over 

15-fold and an improvement of enzyme stability can be implied. Still, acylation at 40 °C 

surpassed synthesis at higher temperatures. 

Further insight into the acylation of methionine with lauric acid was gained by performing 

molecular docking experiments with MsAA. For this, the AlphaFold2-generated structure with 

added zinc ions was used. It was shown that M20A peptidases change conformation upon 

substrate binding [47]. For HiDapE, crystal structures for both conformations have been 

published (open: PDB 3CI1, closed with inhibitor: PDB 5VO3). By superimposing the two 

structures with predicted MsAA structure, we found that the MsAA structure represents the 

closed conformation, which is beneficial for performing the docking experiments. The metal-

binding and catalytic residues of MsAA show a similar orientation as in the crystal structure of 

HiDapE [47]. The catalytic E157 forms interactions with both the amino group of methionine 

and the carboxylic group of lauric acid, confirming the putative function as an acid-base 

catalyst. In our proposed acylation mechanism, E157 first deprotonates the positively charged 

amino group of methionine, so that it can perform a nucleophilic attack on the carbonyl atom 
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of lauric acid. After decomposition of the tetrahedral intermediate, lauroyl-methionine is 

formed as the acylation product. A hydroxide remains bound in the binuclear zinc site, which 

is protonated by E157 to form a water molecule, the second product of the condensation 

reaction. This proposed mechanism represents the reverse hydrolytic mechanism proposed for 

HiDapE [47]. The substrate binding pocket of MsAA is bipartite in that it shows a hydrophilic 

and a hydrophobic cavity. These participated in binding of methionine and lauric acid, 

respectively. In MsAA, R328 and N315 bind α-carboxylic group of methionine, and the 

corresponding conserved residues were also shown to have the same function in HiDapE [47]. 

The bias for methionine or specificity for hydrophobic amino acids could be explained by L213, 

L357, and W215, which bind the side chain of methionine. They are exchanged for two serines 

and a threonine in HiDapE, which accepts the hydrophilic diaminopimelic acid as the amino 

acyl moiety [47]. On the other hand, N244 of HiDapE forms hydrogen bonds with the ε-

carboxyl group of diaminopimelic acid [47], which is not conserved in MsAA, but exchanged 

to A314. These observations lead to possible targets for protein engineering in order to change 

the substrate scope of MsAA. This way, more target compounds could be synthesized, 

preferably from acylation of amino acids with hydrophilic side chains. 

In an initial screening for acylation of proteinogenic amino acids with SgAA, only lauroyl-

methionine was produced. However, the reaction conditions were not optimized yet. Studies to 

optimize the reaction conditions, as conducted with MsAA, should lead to an improvement of 

acylation yield, and could enable the formation other acyl-amino acids. Synthesis with SgELA, 

on the other hand, was not successful. This is presumably because of the low stability of the 

enzyme, which lost most of its activity even in cold storage. Either the enzyme itself is not 

stable, the preparation is not stable due to very low protein concentration, non-optimized metal 

ion concentration, or the affinity tag decreases stability. The homologous SmELA [69] and 

ScELA [77] showed extraordinary synthetic activity towards Nε-lauroyl-lysine, with 

conversions reaching 100 %. However, acylation was performed with cell-free extract, not with 

purified enzyme. The other homolog from SamELA was not active for Nε-acyl-lysine 

production [113].  
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Table 3: Overview about the compounds that could be synthesized with aminoacylases within this thesis. The 

products in written bold were synthesized with conversions over 20 %. The synthesis of SgAA was performed 

with initial, unoptimized conditions. 

Enzyme Products pHOpt TOpt 

[°C] 

PmAcy Lauroyl-arginine, -histidine, -leucine, -phenylalanine, -

lysine, -isoleucine, -methionine, -valine 

Acylation of phenylalanine with caprylic-, lauric-, palmitic-, 

stearic-, and oleic acid 

8.0 - 

MsAA Lauroyl-methionine, -valine, -alanine, -isoleucine, -leucine, -

phenylalanine 

Acylation of methionine with caprylic-, decanoic-, 

undecenoic-, lauric-, myristic-, palmitic-, and oleic acid 

8.0 40 

SgAA Lauroyl-methionine - - 

 

3.9. Comparison to chemical synthesis 
 

In general, chemical synthesis with the Schotten-Baumann method is easy to perform and 

results in high yields. This method was conducted by the project partners at Technische 

Hochschule Köln to obtain reference substances and substrates, which are usually difficult to 

source commercially. As stated in the introduction, chemical synthesis is hazardous due to toxic 

chemicals and environmentally harmful due to waste products and the need for chlorinated fatty 

acids. Not all acyl-amino acid products can be synthesized. Furthermore, lysine has two amino 

groups, at the α- and ε-position, which can both be nucleophiles in Schotten-Baumann 

synthesis. Hence, for selective chemical synthesis of either Nα-lauroyl-lysine or Nε-lauroyl-

lysine, the use of protective groups is necessary. In biocatalysis, enzymes with opposing 

specificity can be used to synthesize these molecules, without protective groups. The chemical 

synthesis is performed with equimolar substrate concentrations. Biocatalytic synthesis can be 

performed equimolarly, but an excess of amino acid is beneficial, while the fatty acid inhibitory 

can be inhibitory. 

By expanding the enzyme toolbox, it should be possible for more compound molecules to be 

synthesized by aminoacylases. In contrast to the other aminoacylases described in this thesis, 

the pAcy1 can synthesize lauroyl-glutamic acid [64]. Furthermore, protein engineering with 

aminoacylases should open new possibilities in synthesis. Few examples can be found for 
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protein engineering of aminoacylases. Mainly, variants to understand functions of certain 

residues were generated, investigating metal-binding residues, catalytic residues, residues, and 

residues for substrate binding [51, 52, 62, 203]. In one study, pAcy1 variants were generated to 

increase the ratio of synthesis to hydrolysis [32]. Furthermore, variants of Thermococcus 

litoralis aminoacylase TliACY have been generated that exhibit improved thermostability 

[120]. 

 

3.10. Outlook 
 

3.10.1. Aminoacylase PmAcy 

 

Biocatalytic potential of PmAcy was extraordinary and surpasses other processes for 

α-acylation of amino acids presented thus far, especially with the enzyme being heterologously 

expressed in E. coli. Still, the total process needs to be optimized for industrial application, both 

regarding recombinant expression and biocatalysis. During expression in E. coli, PmAcy was 

prone to aggregation and formation to inclusion bodies. The production of soluble enzyme 

could be further improved by co-expression of other chaperones apart from GroEL/S or by 

using E. coli ArcticExpress(DE3). Due to the high thermal stability of PmAcy, heat-

precipitation of contaminant proteins from cell-extract can be performed, which could abolish 

the need for purification. It has been tested that PmAcy is still active after incubating the 

recombinant cell-free extract for up to 2 h at 70 °C (data not shown). This way, precipitated 

proteins can be separated by centrifugation. Interfering enzymes, acting on amino acids or fatty 

acids, could be heat-inactivated, so that the extract can be used in biocatalysis. Lyophilization 

of the supernatant from heat-precipitation could be used as an inexpensive enzyme preparation 

for industrial use. 

We furthermore generated a predicted protein structure model of PmAcy with AlphaFold 

(Fig. 7). Since the N-terminus of the predicted structure has no fold and mainly consists of 

hydrophobic amino acids, we used the SignalP algorithm to predict the occurrence of a signal 

peptide. With SignalP-5.0 [170], a probability of 0.4855 for the occurrence of a Sec signal 

peptide was calculated, and with SignalP-6.0 [171], the probability is even 0.7514. Still, with 

12 amino acids, this N-terminus is shorter than average length signal peptides, and no positively 

charged N-terminal part can be observed. Similar results are obtained with the aminoacylase 

from Burkholderia sp. LP5_18B, which was obtained intracellularly [33]. Hence, the function 
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as a signal peptide is unlikely, and the involvement in multimerization cannot be excluded. The 

truncation of this N-terminus in PmAcy might be beneficial for soluble expression and should 

be investigated in future work. 

Regarding biocatalysis with PmAcy, reaction conditions could be optimized for each product 

compound, especially focusing on pH-value and substrate concentrations. The pH optimum was 

only tested for lauroyl-phenylalanine production. The side chains of amino acid substrates can 

be charged, which also depends on the pH, and may influence substrate acceptance. In the case 

of lauroyl-arginine, product precipitation occurs, which is beneficial for the production due to 

the law of mass action. The product can easily be separated by centrifugation, and new 

substrates can be added to the reaction mixture, thus recycling the enzyme. Further work is in 

progress to synthesize Nα-lauroyl-arginine by biocatalysis with further reaction with ethanol to 

Nα-lauroyl-arginine ethyl ester (LAE), catalyzed by ion-exchange resin or lipase. LAE has 

antimicrobial properties [204] with simultaneously low animal toxicity [205] and is thus 

interesting for the use as a food additive. This process would represent a green and sustainable 

alternative route to the chemical pathway, which esterifies the α-carboxylic group with ethanol 

and thionyl chloride, with subsequent Nα-acylation with acyl chlorides [206]. Furthermore, 

determination of the protein structure through crystallization would give more insight to the 

catalytic mechanism and could enable docking and protein engineering approaches. If 

crystallization is performed with an inhibitor or directly with substrates and products, detailed 

conclusion to substrate-binding residues can be drawn. 

 

3.10.2. Aminoacylase MsAA 

 

The recombinant expression of soluble MsAA could be further optimized, as the enzyme still 

is found predominantly in inclusion bodies. N-terminal sequencing of the homologous 

aminoacylase SmAA revealed that the enzyme is truncated, both from production in 

S. mobaraensis or S. lividans [69]. In the AlphaFold2 structure of MsAA (Fig. 6), the 

N-terminus has no distinct predicted fold and implies a solvent-exposed hydrophobic stretch, 

which may lead to aggregation. The Strep-tag added to the N-terminus further increases its 

length. Since no fold or catalytic function can be assigned to these residues, this N-terminal 

sequences could be deleted without affecting the activity, in anticipation of improved solubility 

of the aminoacylase. Conversely, a signal sequence could be added to the N-terminus to enable 

secretion of the recombinant enzyme. 
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The results obtained from in silico docking of methionine and lauric acid reveal possible targets 

for rational protein engineering. Variants of MsAA could be generated by changing putative 

substrate-binding residues. The residues that bind the side chain of methionine were predicted 

to be L213 and L357. In HiDapE, the residues that bind the ε-carboxylic and ε-amino groups 

of diaminopimelic acid were from two serines in the respective position [47]. Hence, L213S 

and L357S are interesting variants for MsAA. As W215 also formed π-sulfur interactions with 

methionine, another variant could be W215T to again match HiDapE sequence. Furthermore, 

N244 was shown to bind the ε-carboxyl group of the diaminopimelic acid, hence, a A314N 

variant of MsAA would be interesting. These engineering approaches could lead to the 

acceptance of glutamic acid, lysine, diaminopimelic acid, or other hydrophilic amino acids for 

acylation. Furthermore, a K397R variant of MsAA would be interesting to characterize, since 

the arginine residue in this position was described to bind the α-carboxylic acid in hAcy1 [51] 

and HiDapE [46]. In general, mechanistic studies could also be conducted by variation of 

putative catalytic- and metal-binding residues of MsAA to verify their function. 

Despite low sequence homology, M20A enzymes show high structural homology. Their 

structure can be divided into catalytic and dimerization domain [62]. In molecular docking, 

MsAA was shown to bind lauric acid mainly with catalytic domain, and the hydrophilic 

functional groups of diamino pimelic acid were bound by HiDapE with residues located in the 

dimerization domain [47]. This opens the possibility for chimeric enzymes, for example in form 

of fusions of the dimerization domain of HiDapE with the catalytic domain of MsAA to achieve 

the acyl acceptance of MsAA and the amino acyl acceptance of HiDapE. In a similar approach, 

randomized gene shuffling could be performed among various M20A aminoacylases or non-

peptidase homologs. 

 

3.10.3. Streptomycetal aminoacylases SgAA and SgELA 

 

Through recombinant expression in S. lividans TK23, SgAA and SgELA could be successfully 

produced and purified. The substrate scope of SgAA was comparable to that of MsAA. A 

5.6-fold higher specific activity with Nα-acetyl-arginine was observed for SgAA under the same 

assay conditions, and the enzyme showed activity with acetyl-proline, which MsAA did not 

hydrolyze. The conditions for the synthetic reaction with SgAA could be improved in the future, 

similar to synthesis with MsAA. Furthermore, the biochemical characterization should be 

completed in more detail. It would be interesting to succeed in heterologous expression of 
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SamAA from S. ambofaciens, and to check if the good synthetic activity and broad synthetic 

substrate scope [31] is also exhibited by the recombinant enzyme. Currently, recombinant 

expression in E. coli and S. lividans are worked on (personal communication). As described 

previously, the homologous aminoacylase SmAA is N-terminally truncated [69]. Since SgAA 

was cloned and produced with a functional N-terminal Strep-tag, truncation can be excluded, 

despite also being produced by S. lividans. Possibly, the recombinant enzyme is not recognized 

by streptomycetal peptidases due to the affinity tag. The expression of a truncated version of 

SgAA could also lead to an improved expression. Despite the broad amino acid specificity, 

SamAA could not acylate the negatively charged glutamic acid or aspartic acid [31], and neither 

did the aminoacylases PmAcy, MsAA, SgAA. It would be interesting to investigate underlying 

reasons. With pAcy1, glutamic acid could be acylated, but only with low conversion rates of 

1.5 % and 3.8 mM product from 1 M glutamic acid and 250 mM lauric acid methyl ester in 50 

mM Tris-HCl pH 8.5 at 37 °C [207]. With SgELA, the predominant problems were insufficient 

stability and low concentration of purified protein. Aminoacylase production yields in 

fermentation were also much lower than with SgAA, even though longer fermentation time was 

chosen. This implies the need for further process development, and to optimize production on 

the molecular level by variation of promoter and plasmids, or even secretion of the 

aminoacylase. 

 

3.11. Conclusion 
 

The main objective of this work was to find novel aminoacylases and establish biocatalytic 

synthesis of acyl-amino acids. The motivation of the collaboration of academic and industrial 

partners laid within the sustainable synthesis of green surfactants. In this thesis, four novel 

aminoacylases were found and successfully produced and characterized. Among the 

achievements of this work was the establishment of a platform for recombinant expression of 

aminoacylases. This comprises various strains of E. coli, and furthermore V. natriegens and 

S. lividans as alternative expression hosts, and the use of chaperone toolboxes. Both the use of 

chaperone co-expression and aminoacylase expression in V. natriegens is a scientific novelty. 

For the characterization of the enzymes, I developed an improved ninhydrin-based 

aminoacylase assay, which allowed for high throughput. Biocatalytic acylation reaction were 

established with our aminoacylases, along with systematic optimization of the reaction 

parameters. The achieved conversions were very competitive to values described in literature, 



3. Discussion - 3.11. Conclusion 

143 

  

often outperforming other syntheses. With the PmAcy aminoacylase, I could establish a process 

for α-acylation of amino acids that is unparalleled in literature, regarding enzyme production 

and synthetic yields. Furthermore, I self-initiated an international academic collaboration. 

During my research stay, we not only improved acylation with MsAA, but also performed in 

silico experiments for molecular docking with MsAA. We described docking experiments with 

regard to synthesis and proposed the first acylation mechanism for aminoacylases. 

The work and the finding of this thesis represent significant advances in the field of 

aminoacylase biocatalysis, both methodological and in application. These pave the way for 

future work on improving the catalysts and reactions, and on further exploration of the 

aminoacylase sequence space. 
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5. Abbreviations 
 

AAS amino acid surfactants  

ATP adenosine triphosphate  

CMC critical micelle concentration  

EC Enzyme Commission  

EDTA ethylenediaminetetraacetic acid 

ELSD evaporative light scattering detector 

et al. et alia 

GOI gene of interest 

HPLC high-performance liquid chromatography 

IB inclusion body 

IPTG isopropyl β-D-1-thiogalactopyranoside  

Kcx carboxylated lysine 

kDa kilo Dalton 

LAE O-ethyl-N-lauroyl arginine 

LB Lysogeny Broth 

MALDI-

TOF 

matrix-assisted laser desorption/ionization- 

time-of-flight 

MIB Metal Ion-Binding Site Prediction and Docking Server 

MS mass spectrometry 

MWCO molecular weight cut-off 

NCBI National Center for Biotechnology Information 

PAGE polyacrylamide gel electrophoresis 

PCR polymerase chain reaction 

PDB Protein Data Bank 

pI isoelectric point 

SDS sodium lauryl sulfate  

SLES sodium lauroyl ether sulfate 

SLP small linear plasmids  

sp. species 

TB Terrific Broth 

TF Trigger Factor 

THF tetrahydrofuran 

Tris (tris(hydroxymethyl)aminomethane 

UV ultraviolet light (detector) 

Xaa arbitrary amino acid 

 

For amino acids, the standard one-letter code was used. 
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Abbreviations for enzymes: 

 

Acy2 human aminoacylase-2 or aspartoacylase 

Acy3 murine aminoacylase-3 

ArgE acetylornithine deacetylase from Escherichia coli  

ASPA human aspartoacylase 

CalB lipase B from Candida antarctica  

Cc2672 carboxypeptidase from Caulobacter crecentus  

CPG2 carboxypeptidase G2 from Pseudomonas sp. RS-16 

CsAga glutamine-aminoacylase Corynebacterium striatum Ax20  

ELA ε-lysine acylase 

FAAH fatty acid amide hydrolase  

hAcy1 human aminoacylase-1 

HiDapE succinyl-diaminopimelate desuccinylase from Haemophilus influenzae 

HmrA peptidase from Staphylococcus aureus 

IADA isoaspartyl dipeptidase from Escherichia coli 

ILR1 indole-3-acetic acid hydrolase from Arabidopsis thaliana 

L-ACY-1 aminoacylase 1 from Heliothis virescens 

LpipACY L-pipecolic acid acylase from Pseudomonas sp. AK2  

MsAA α-aminoacylase from Mycolicibacterium smegmatis MKD 8 

MsELA ε-lysine aminoacylase from Mycolicibacterium smegmatis MKD 8 

pAcy1 porcine aminoacylase-1 from sus scrofa 

PepV peptidase V from Lactobacillus delbrueckii 

PM20D1 extracellular N-acyl-amino acid hydrolase  

PmAcy aminoacylase from Paraburkholderia monticola DSM 100849 

SamAA -aminoacylase from Streptomyces ambofaciens 

SamELA ε-lysine aminoacylase from Streptomyces ambofaciens 

Sapep metallopeptidase from Staphylococcus aureus  

ScELA ε-lysine aminoacylase from Streptomyces coelicolor 

SgAA aminoacylase from Streptomyces griseus DSM 40236T 

SgAP aminopeptidase from Streptomyces griseus 

SgELA ε-lysine aminoacylase from Streptomyces griseus DSM 40236T 

Sgx9260b prolidase from Paraburkholderia phytofirmans  

Sgx9260c prolidase from Burkholderia lata  

SmAA α-aminoacylase from Streptomyces mobaraensis IFO 13819 

SmELA ε-lysine aminoacylase from Streptomyces mobaraensis IFO13819  

TliACY Aminoacylase from Thermococcus litoralis 
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