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IV. Zusammenfassung

Der Markt fur Detergenzien und Tenside ist der Grof3te innerhalb der Chemieindustrie.
Insbesondere als Konsumgiiter steigt die Nachfrage an biobasierten Tensiden aus nachhaltiger
Produktion. Die Zielmolekile dieser Arbeit, nhamentlich Aéyhinosauren, stelle eine
wichtige Substanzklasse innerhalb der griinen TensideDiese finden als milde Tenside
bereits Einsatz in hochwertigen Kosmetikde kommerzielle Synthese der Molekile wird
konventionell mit der SchotteBaumann Methode durchgefuhrt, bei der Atybride
eingesetzt werden. Obwohl es sich bei den Produkten um biobasierte Tenside handelt, ist die
chemische Synthese nicht nachhaltig und umweltschadNiebe Aminoacylasen sollexine
nachhaltige Synthese ermoglichdburch die Fahigkeit, freie Fettsduren ohne vorherige
Aktivierung als Substrate zu nutzen, bieten diese Enzyme grof3es Potential als Biokatalysatoren.
Der Einsatz von Aminoacylasen fir die Acylierung von Aminosaurgedsthindustriell noch

nicht genutzt und wissenschaftlich wenig erétits

Eswurden neuéAminoacylasen Ubddatenbankuchen identifiziert und fir die rekombinante
Expression kloniert. Nach der Produktion und Aufreinigung in geeigneten Wirten wurden die
Aminoacylasen charakterisiert und fiur den Einsatz in der Synthese evaluiert. So wurden
Aminoacylasen auBaraburkholderia monticol®SM 1000849(PmAcy), Mycolicibacterium
smegmatisMKD 8 (MsAA), und Streptomyces griseudSM 40236 (SgAA und SgELA)
untersuchtDie Enzyme konnten i&. coli BL21(DE3), V. natriegensVmaxE undS.lividans

TK23 exprimiet werden wobei auch durch CExpression von molekularen Chaperorie
Produktion von l6slichem Enzym ermdglicht oder verbessert wiideAminoacylase PmAcy
stellte sich als herausragender Biokatalysator heraiese weist nicht nur eine sehr gute
Stabilitat gegentbdnohen Temperaturen und breitem-Bdektrum auf, sondern katalysiert
auch die Acylierung von verschiedenen Aminosauren zu hohen Umsétzen von teilweise tber
70%. D iAminoddylase MsAAkonnte insbesondere fur die Synthese von Lauroyl
Methionin verwendet werden, sodass ein Umsatz vofb Gtreicht werden konntéuch
weitere Acyldonoren undakzeptoren konnten fir die Synthese verwendet werDén.

h omo | eAmieoacilase SgAA konnte ebenfalls Laurdgkthionin synthetisieren. Fir
SgELA konnte di e -pysit-Acylasesnachgewiasdn tvérdem Duach geringe
Enzymausbeute i8.lividanskonnte allerdings nur eine initiale Charakterisierung durchgefihrt
werden.Zusammenfassendnnten biokatalytische Synthesen etabliert werden. Insbesondere
f ¢ r -Mcylierund)iibertreffen die Prozesse der rekombinanten Enzymproduktion und der
Acylierungen bisher beschriebe Produktivitat und Ausbeuten fur Aminoacylasen.

VIII



V. Abstract

The market for detergents and surfactants is the largest within the chemical industry. Especially
as consumer products, the demand forl@sed surfactants from sustainable production is
increasing. The target molecules of this work, namely-anyho acids, represent an important
substance class within green surfactants. They are already used as mild surfactants in high
guality cosmetics. The commercial synthesis of the molecules is conventionally carried out by
the SchotterBaumann method usingcyl chlorides. Although the products are biobased
surfactants, the chemical synthesis is unsustainable and environmentally harmful due to the
chlorine chemistry. New aminoacylases are anticipatezhédlesustainable synthesis. With

the ability to use fe 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 scientificgadigrexplored

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, aminoacylas&afedrarkholderia
monticola DSM 1000849 (PmAcy)Mycolicibacterium smegmati®fKD 8 (MsAA), and
Streptomyces griselBSM 40236 (SgAA and SgELA) were studied. The enzymes could be
expressed WithE. coli BL21(DE3), V. natriegens/maxt , andS. lividansTK23, and soluble
enzyme production was furthermore enabled or enhanced Hexpression of molecular
chaperones. The aminoacylase PmAcy turned out to be an outstanding biocatalyst. The enzyme
not only exhibits very good stability towards high temperaturesadmndadpH spectum, but

also catalyzes the acylation of various amino acids to high conversions, sometimes exceeding
70%. | n par tamicaadylase MsAA boald bg used for the synthesis of lauroyl
methionine, resulting in a conversion of %/ Other acyl donors and acceptors coallsb be

used the synthesi§ h e h o mo-amingacylase SGAA was also able to synthesize lauroyl
met hi oni ne. For Sg EL Aysinepaylasa was demonstratedcHoweven, a s

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

In summary, biocatalytic syntheses of acyl amino acids could be established with the help of
newl vy i denti fied ami raglationy the precesses sf peeambirraht| vy
enzyme production and acylations exceed previously described produchdityields for

aminoacylases.
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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 detergerdr household cleang agentsbut alsoin cosmetic products like
toothpaste, skin care products, and shampodsmany moreSurfactants or emulsifieso

play an important role as food additives. Due to the often antimicrobial properties, surfactants
canbeadded in disinfectant formulatiorfsurthermore, surfactants find technical usamany

other industrieslike paints or coating, or paper processiggrfactants act by lowering the
surface tension of watend are amphiphilic moleculegonsising of a hydrophobicand a
hydrophilic part.The hydrophobic moietgr tail-groupis most often aliphatic hydrocarbons.

The hydrophilic moietyalsocalled heaehroup, is more diverseenderthe surfactantsither
nortionic, anonic, cationic, or amphoteril]. Several quitative measures exist fdhe
properties osurfactantsThe 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 sodiate ¢z lower

the tensiorup to25 mN/m. However these substances are highly sknitating and deplete the

skin of moistureWith sodium lauroyl ether sulfate, also called sodium laureth sUBES)

lowest surface tensions of 30.6 miNwere measured&odium lauryl sulfate (SDS) can lead to

a minimal surface tension of 39 mN/&]. 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 theawater
interface, vith the hydrophilic head group pointed towardsdaljgeouphaseAt the CMC, the
surfactant molecules can no longer occupy the interface and become completely submerged in

the water to form micellesience, they can no longer contribute to lowering the surface tension

The use of soagpriginatesback to ancient civilizatiamandwere 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 [B5Blowever, due to environmental
concerns, detergents from natural resources, called biosurfactants or green surfactants, become
increasingly sought afte€ompletely petrochemistrigasedsyntheticsurfactantsaise 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



1. Introductiorn+ 1.1. Acylamino acids as biosurfactants

raw materiald4]. The useof biosurfactantsaddresses these concerns, as they are inherently
biobased and sustainable, have high biodegradability and are comparable environmentally
benign. Regarding their quality, they are not only gkiendly and low inflammatory, but also

have a low CMC, meanintpat they are more effective at reducing the surface tefion

Due to th& low environmental impact, biosurfactants are considered the next generation of
industrial surfactantg3]. 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 bemposed ofa glycerol molecule linked to
phaosphorylcholine and two fatty acids. Glycolipids consists of one or more fatty acids linked
to a sugar molecule or an oligosaccharilehird group of biosurfactants are lipopeptides.
These are composed of one or more fatty acids linked to oligopeptides, B&sa peptides

are circular, like in the case of surfactin fr@nsubtilis and have antimicrobial propertids.

fact, surfactirhasbeen described as one of the strongest known biosurfa@hrtarthermore,
glycolipopeptides like herbicoliA exist [5]. The oligopeptide moiety of lipopeptidas
commonly synthesized neibosomically by multienzyme complexes. Hence, tkgolipids,
lipopeptides are usuallyroducedvia microbial fermentationbecausen vitro synthesis is to

complex to be commercially feasible.

Amino acid surfactants (AAS) are simpler compounds related to lipopepitidasylamino

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 antlminogroup of the amino acid is
establishedFor amino acids with alcohol residuesa€ylation can be performebh general,
acyl-amino acid$ave favorable propertiesmpared to common surfactants like SDS or SLES
Mostly, they aremild, carry little inflammatory potentiabndlow toxicity, exhibit desirable
foaming propertiesand arebiodegradableThrough variation of both themino acid and the

fatty acid moietiesdiverse compounds can be synthesifddDepending 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 emulsifiaeshigh
chemical diversity of amino acideads tadifferent characteristics aheir acylation produst

Most N-acylamino acids are anionidyecause of the fre&tcarboxylic group.N-acyk
glutamates oraspartates have two negative charges, and are thus relatively more harsh
compared to other A3 [2]. The acylation products of lysine and arginine, which have a
positive charge in their side chain, yield amphoteric surfact@tthylN-lauroyl arginine

(LAE) is a cationicsurfactanby esterification of th&kcarboxylic groupReduction of surface

tension to 25.4nN/m has been reportddr this compound7]. Commercial examples from
2
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acylation of glutamic acid can be found adahroytL-glutamic acid oiN-oleoytL-glutamic

acid. NrlauroytL-arginine is commercialized as a mild surfactant and hair conditioner. Being

a valuable compound in cosmetics, AAS are remarkablyskinot ect i ve. The sk
moisturizing factor comprises of amino acids by 40 %. Furthermore, intercdihidisrin the

stratum corneum play an important role in prevention of dehydrgg]oBacterial inhabitants

of human skin have been described to carry enzymes that are able to hydrolyaaiaoyl

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

protecting agents.

Acyl-amino acids are not only valuable biosurfactants, but also have various physiological
functions. They exhibit structural resemblancehd endocannabinoid Jfdrachidonoy
ethanolamingl1]. Several acyamino acids have beeound in mammalian brairf§2], and
they caract assignal molecules, interacting with@otein coupled receptoos other proteins.
Furthermore, they were shown to stimulate mitochondmatative metabolism through
uncoupled respiration[13]. Some &ort-chain acylamino acids or -dipeptides are
neurotransmitters. fdcetytL-aspartate andJdcetytaspartylglutamate are the most abundant
acylamino acidand dipeptide found in the mammalian brain, respectij@é¥, 15] The
neurophysiological and metabolic effects of the compowp#sh new market prospects as
therapeuticsThein vivobiosynthesigrom fatty acids and amino acids has not been completely
clarified, but involvesactivaion of thefatty acid[16]. This can be realized in the formaufy}
phosphates, acddenyhtes acy-CoA thioesters, or with the help afcyl carrier proteis
(ACP). On the other hand, the level @idocannabinoitike acylamino acidss regulated by
hydrolysis fromfatty acidamide hydrolaseHAAH) andthe extracellular Nacylamino acid
hydrolasePM20D1[17].

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

of the fatty acid through halogenation is necessargystem of amino acids and fatty acids is

not reactive without a specialized catalyst. To form an amide bond, the free electron pair of the
U-amino group attacks the carbonyl carbon of the fatty acid. Therefore, a sufficiently high pH
is necessary to deprotonate the amino gréambasicpH values, howeverthe 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 chemicalsynthesis this reaction is performed by using fatty acyl chlorjdeslled the
SchotterBaumann reactiamhe halogenatioleads to an uncharged molecule, and the chloride

ion is agood leaving group, so that an amide bond is readily establifBhednechanism of the

SchotteABaumann reaction for fdcylation is shown in figure However, thehalogenation
3
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and the use of acyl chlorides is what renders the reaction environmentally h&sndufirst

step, the fatty acids must be chlorinated with thionyl chloride, phosgene, phosphorous
trichloride, or -pentachloride. These chemicals arehadjhly toxic and pose hazards in their
production The fatty acyl chloride products are more corrosive and irritant than their fatty acid
counterpartsThe acylation itself is conducted at alkaline pH by the addition of Na@iith

leads to the stoichiometric formation of NaCl as a waste pro@inetreaction 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 wnaiscible like acetone,
tetrahydrofurandioxane, or terbutyl alcohol[18], or a biphasic systemith diethyl ethercan

be used19]. Not least, for amino acids like lysine with nucleophilic groups in their side chain,
protective groups must be introduced for selective syntidsesneed for hazardous chemicals

and chlorinated fatty acids, use of organic solvents, and the occurrence of waste materials
demonstrate the desire for sustainable, biocatalytic synthesis-aafyll-amino acids.
Aminoacylases, the enzymes in focus of this thesis, are promising catalysts for alternative green
synthesiof amino acidbased surfactants

Sile
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Figure 1. Mechanism of the SchotteBaumann reactiowith acyl chloride and amine§he reaction is performed
under alkaline conditionthrough the addition of NaOH. After nucleophilic attack of the amino group at the
carbonyl carbon and release of the chloride ion, NendlHO areformed as a side product
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1.2. Biocatalysis

Enzymes are proteins with catalytic properti#gey canlower the activation energy of
chemical reactions and thus enable reactions that would not ocanly slowly,without the

catalyst. Enzymes are involved in every cellular pradess: metabolism to DNA replication.

The use of enzymes for the fermentation of alcoholic beverages reaches back to at least
7000B.C. and has beefound documenteth ancient Ching20]. Evidence suggests that in
ancient Egypt, enzymes were used for brewing and cheese rfi2kii2g] Badk then, enzymes

were used unknowingly, and detailed research unveiling the nature and mechanisms of these
biocatalysts only started in tH&" century butwere already well understood at the end of the

20" century The term enzyme was coined in 1877 by Wilhelm Kiihne, ai8@7, Eduard
Buchner could show fermentation activity from dead yeast extract similar to vital yeast cells
[23]. The substrate specificity of enzymes was explained with thedndkey model by Emil

Fischer in 1894. The notion of the formation of an enzgmigstrate complex prior to
conversion of substrates into products has described by Leonor Michaelis and Igliaigth M

to which the mathematical model is nowadays known as the MictMehsen equatiof23].

The theory was further elaborated in 1948 by Linus Pauling by proposing that enzymes would
stabilize a transition state duringthereacf@#]. The i dea of ithhe @Adihmadut &eé
of the substrate to the active site of the enzyme induces a conformational change, was termed
by Daniel Koshland in 195@5].

The greatdiversity ofcatalyzed reactions aratcepted substratéints to the vast number of
enzymes found in nature. Henamgansto 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 (EQ, isomerases (EC 5), ligase (EC 6), and translocases (EC 7).
Further classifiersarrow down the specific reactions. Aminoacylases, the focal enzymes of
this thesis, are assigned the ECGniner 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), whichaagd N
aliphaticL-amino acid amidohydrolases (3.5.1.14).

Even while the scientific community was still working on understamdnd unravehg the

nature of enzymes, early industrial applications of the biocatalyst can be foutb4,the

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

Aspergillus oryzag?6]. The use of enzymes in laundry detergent was patented as early as 1915

by Otto Fohm [27]. At these early times, the industrial application of enzyme was hampered to
5



1. Introductiorn+ 1.2. Biocatalysis

insufficient accessibility of the biocatalysts leading to great endeavors to obtain the enzymes,
often from animal resource®Vith the arrival of recombinant gene technologgterologous
expression of genes in suitable, often bacterial host organisms, removed previous boundaries.
Since then, many biotechnological applicationsere establishedfrom bulk chemical
productons over fine chemicalsand pharmaceuticalto enzymes asmolecular biology
toolboxesThe largest market share comes from technical enzymes, followed by food enzymes
and then by enzymes used in animal feed industgdrolases are most frequently used,
regarding their market size and their occurrence in various pro@esisles poteaseswhich

are the dominating the market through their intensive use in laundry det@8Jeand dairy
industries,amylaseslipases.cellulasesor furtheresteraseandglycosidasesnd many more
enzymes find industrial us&he previously mentioned usa aminoacylases for obtaining L
amino acids from racemic mixtures of acedyhino acidss another example for the use of

hydrolytic enzymes

In view of the use of enzymes for synthesis of chemioalspnly do enzymes enable reacgon

that are otherwise difficult or impossible to realize with organic chemiéftgn, 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 chemazadysts,

or previously activated substrates, enzymes might realize the reactionnuitdeonditions.
Referring to thesynthesis ofN-acytL-amino acidsthe target molecule of this work, this
becomes apparenthe use of aminoacgbes present an alternatieethe SchottefBaumann
reaction, enablingynthesis from free fatty acids and amino acids. The biocatalytic synthesis

satisfies many principles of green chemi$a9]:
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) Prevent wasté form of NacCl

(i) Better atom econongince some synthesis steps are abolished

(i)  Less hazardous synthesssnce chlorination by toxic phosgene or thioalloride
is circumventedhence dangerous acyl chlorides are not uaed,acylation itself
does not need extremely basic.pH

(iv)  Design of benign chemicalas acydamino acids are very mild surfactants and less
irritating than many petrochemiederived detergents.

(v) Use of benign solvents and auxiliarisgce synthesis can occur in aqueous buffers
and no harmful chemicals need to be eliminatiékk the organic solvents
tetrahydrofuran (THF) or acetone.

(vi)  Design for energy efficiencas no extreme temperatures or high pressure needs to
be applied, and the biocatalytic acylation could also occur at room temperature.

(vii)  Use of renewable feedstockace both fatty acids and amino acids can be obtained
from biological resources dreven agricultural wastes, for examglmflower press
cakes

(viii) Reduce derivates because chlorinated aegerivates are prevented. Furthermore,
since acychlorides can also unspecifically react with alcohol groups and may need
blocking groupsTheir useis oftenneedles$n biocatalysis due to the specificity of
enzymes.

(ix) Catalysisis, by definition the principle of biocatalysis, in contrast to stoichiometric
use of reagents, in this case for chlorination.

(x) Design for degradatiofis a given in the case of-BtylL-amino acids, since they
can be broken down by enzymésus beingare not harmful to soil and water.

(xi)  Realtime analysis for pollution preventiomeeds to be established gontext of
green analytical chemistry.

(xii)  Inherently safer chemistry for accidgmeventionalso applies when replacing the

SchotteABaumann reaction by aminoacylase biocatalysis.



1. Introductiorn+ 1.2. Biocatalysis
1.2.1.Aminoacylases

L-Aminoacylasesare promising enzymes for the biocatalytic synthesis -@c|-L-amino
acids and are thus the focus of this thédi® acylation of amino acids with aminoacylases has
been shown for streptomycetal aminoacylases, namelyUlgsine aminoacylase from
S.mobaraensi{SmELA) [30] and theU-aminoacylaséSamAA) and Ulysine aminoacylase
(SamELA) from S.ambofaciens[31], the porcine aminoacylade (pAcyl) [32] and an
aminoacylase frorBurkholderiasp.[33]. Despite being only recently explored for amino acid
acylation, aminoacylases have a long history in industrial biotechnology. The industoél use
aminoacylasefocused on the hydrolytic activiggainsticetytamino acidsWith the enzymes
enantiomerically purdé.-amino acidscan be obtainedfom racemic mixtures o€hemically
synthesizedicetylamino acidslin fact, the fungal aminoacylase frokspergillus oryzaevas
one of the first enzymes that found industapplication andvas the first enzyme to be used
in an immobilized form in 189 by Tanabe Seiyaku Co. Ltd34]. The Aspergillus

aminoacylase haasobeen investigated for acylation, but yields were unsatisfaf3éty

Functionally and structurally, aminoacylases share similarities with some homologous
peptidasesPeptidasesre assigned theC number3.4, which defines hydrolases that act on
peptide bondsA peptide bond is formed by twidamino acids between thécarbonyl group

of one amino acid and théamino group of the second amino adidN-acylamino acids, the
carbonyinitrogenamidebond is formed betweethe amino groupof the amino acichnd an
organic acidAminoacylases are therefore assigned&@@aumber3.5, defined by hydrolysis

of C-N bonds that are not peptidésowever, from an evolutionaryiew, regarding sequence
conservation, protein structyi@nd catalytic mechanism, a strong link between aminoacylases
and peptidases can be found. HenlceMEROPS classificatiofor peptidasesnables a better
overview and description of aminoacylases. The MEROPS database coritamationabout
proteolytic enzymes, their inhibitors and substrfi8&§. A holotype along with a MEROPS
identifier,is assignedor each protein species the first biochemically characterized specimen,
and one holotype is selected as the type example for eachfdsuily. Uncharacterized
homologsof the holotype are assigned the same MEROPS idenj8figrit provides a system

to identify and narrow down peptidases to familielens,and individual sequence3he
families are distinguished by the catalytic type of their memBdiraminoacylase&nown so

far belong to the family of metallopeptidases.

Metallopeptidases cleave peptide bonds by a water molactilatedwith a divalent metal

cation. This is most often a zinc ion, but cobalt, manganese, nickel, or copgean be found,

8
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too. Depending on the number of metal ions in the active site, metallopeptidases can be
classified into two groupg:he first group only contains a catalytietalion, while the second
requires two cocatalytienetal ions. Cobalt or manganeseetallopeptidases are always
cocatalytic and all cocatalytic metallopeptidases are exopeptid§38k Furthermore,
additionalstructural metal binding sites cée found The most common metal ligands are
histidine, glutamic acid aspartic acid andcarboxylatedysine (Kcx), butcysteinecan also be
found. Furthermoreglutamic acids often described as a nametal binding residue necessary
for catalysighatacts as a general ba$g8]. There aranultiple families of metallopeptidases,
which have been grouped to 14 cladetallopeptidases from clahdA, MC, MD, ME, MM,

MO, MP,andMT contain one metal ion. Members of clavik, MG, MH, MJ, MN, andMQ

have cocatalytic metal sit¢38]. By using the MEROPS BLAST tool, metallopeptidases and
their nonpeptidasenomologs like aminoacylases, can be associated with their respective
family [39]. The sequences ofiost L-aminoacylases can be assigned to the M20 and M38
metallopeptidase familieSome exceptions atke humanaspartoacylase (ASPAglso known

as aminoacylas2 (Acy2), which cleaves acetydspartate [40], or the mammalian
aminoacylas& (Acy3), which deacetylakemercapturic acidsbut also acts on {dcetyt
aromatic amino acidgll]. These two enzymes belong to the M14 family of the MC dfan.
the following, the catalytic and structural characteristics of 20 and M38families are

reviewed

1.2.2.Enzymesfrom the MH clan and M20 family of metallopeptidases

Given thatseveralaminoacylases can be assigned to the MH clan and M20 family, the
characteristics of these groups will be explained in some détayme members of the MH
clan are characterized by possessing two cocatalytic zinc ions, for which the binding sites are
conserved among its familie$he most common metal ligands in metallopeptidases are
histidine, glutamic acid aspartic acid andlysineresidues, but there are cagdwserecysteineis

a ligand as wellThe family M20 is furthedividedinto four subfamilies, namely M20A, M20B,
M20C, M20D and M20F M20A contains dipeptidasgike peptidase irom Lactobacillus
delbrueckii (PepV) carboxypeptidases and npeptidasehomologs like acetylornithine
deacetylasdrom E. coli (ArgE), N-succinytL,L-diaminopimelic acid desuccinyladeom
Haemophilus influenza¢HiDapE), or aminoacylases like pAcylIlhe subfamily M20B
contains theaminopeptidase peptidagefrom E. coli, which acts only on tripeptidesvi20C
containsa XaaHis peptidasdrom E. coli, whichis specific for dipeptide carnosirfieAla-His.

9
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M20D includes the peptidagegmrA from Saphylococcusureus which binds one zinc ion
with H95 and H156and the secondy E129 andH341,while botharelinked by C9342]. In
therecently published crystal structureashinoacylas€sAgafrom Corynebacterium striatum
Ax20, the two cocatalytic zinc ions are also bridged leysteineresidue43], suggesting that
CsAga belongs to M20Das well Lastly, the M20F includes the murine carnosine

dipeptidasél.

In metallopeptidases, thivalent metaions, usually zincplay a central role in the catalytic
mechanismZinc 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 redmttons
actsasalLewis acid incatalysis ifthe coordinated ion retains a positive chgrgd. The zinc

site acts as a base or nucleopbiyedeprotonation, converting the bound water to a hydroxide
ion [45]. In M20A peptidasesspartic acids the bridging residue, and the zinc ions are further
coordinated by twdistidinesand twoglutamic acids The norligating nitrogen ofhistidine

can form hydrogen bonds with carboxylates of neighbogingamic acidand aspartic acid
residues, which can assist orientation of tiidine residue by restricting its movement,

leading to stronger coordinati@amd decreased Lewis acidity of the zinc ip8].

The mechanism of hydrolysis M20A peptidase$38, 45]has been studiedh particular for
succinytdiaminopimelate desuccinylageiDapE from Haemophilus influenza§7]. The
reaction is initiated by binding of the substrate, whitderacts with one zinc ion with its
peptide or amide carbonyl oxygen, disrupting the bridging water moleclife catalytic
glutamateacts as a general base by deprotonating the water molecule. The formed hydroxide
ion can attack the carbonyl carbon of the substrate, forming a tetrahedral internidukate.
catalyticglutamic acidcan then donate a proton to the amide nitrogen, so that the intermediate
decomposesand the produstare releasedrhe 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 Ca* led to higher hydrolytic activitpf HiDapE than Zrf*, andHiDapE was also active

with Cc#* and Mrf* incorporatedo the active site. Mixed ion forms were active as {4].

10
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Figure 2: Proposed mechanism of the HiDap&talyzed hydrolysis of Lisuccinyl diaminopimelate. Adapted
and modified fron{47]. The el ectron pushing arrows waaniee smthase® t ak en
from Saccharomyces kluyvef#9]. The hydrolytic reaction is initiated by binding of the substrate and
deprotonation of the ziAbound water molecule by E13Zhe formed hydroxide iomttackst he substr at e
carbonyl carbon under the formation of a tetrahedral intermediate. H194(B) contributes to the formation of an
oxyanion hole, thus stabilizing the intermediate stateich decomposes and gets protonated by E134. Upon
release of the products, a new water molecule can be bound in the active site.

H194(B)

E134

Studies orHiDapE tave 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 farlyi of metallopeptidases have a distinct thdemensional
structure. It is comprised of a catalytic domain and a dimerization or lid doiarcatalytic
domain ofHiDapE consistsad i g ht adghgets,thatare twisted around a rotational axis
and surr oun dhelides(PDB 508 Figune 3A). It contains thebinuclear zinc

active siteThe active site ofliDapE consists of the methinding residues 6i7, D100, E135,

E163, and H39, and the catalytic residues6D and EL34. These are conserved among
members of the M20A familyA similar architecture can be found in the zlsinding domain

of human aminoacylask (PDB 1Q7L) in the structure o€arboxypeptidase G2 (PDB 1CG2)

from Pseudomonasp. RS16, andn aminoacylas€sAga PDB6SLF)from C. striatumAx20.

Since M20 peptidases can be either monomeric or homodimeric, the second domain is called
lid- or dimerization domain, respectively. It has been showHlifdapE, andt is assumed for

other members like aminoacylasethat dimerization is required for catalyi&8]. 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 enaymlergoesa 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 mon@magrudinginto the active site of

the first monomerThe substrate binding pocket of thetive site is bipartiteone sde is
responsibldor binding the amino acid moiety, the other binttse carboxylic acid moiety. In

the open conformation, the creseehaiped 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 anoracid moietyThe apical end of the second dimer also reaches
into the active sit¢Figure3B). While some residues may also assist in substrate birtkag

Y 197 of HiDapE, the crucialcatalytic functionin the context of dimerizatiolres in theresidue
H194(Fig. 2) This histidine residues described taontribute to the formation @n oxyanion

hole for the tetrahedral intermediate with its nitrogp@ind hydrogerandis conserved in
humanor porcineaminoacylasé.. However, it has been shown for pAcyl that a H205L mutant
exhibited 336 decreased activity, indicating that the residue is not strictly essential for
catalysis [51]. The human aminoacylasd (hAcyl) was found to be a dimeric M20A
metallopeptidase as wgb2]. The crystal structuref the catalytic, zinebinding domain of a

hAcy1l variant has been published (PDB 1Q7L). The porcine pAcyl and the human hAcyl are
highly homologous and sho@7.7% sequence identity artd.9 %sequencsimilarity by the
NeedlemanANunsch algorithnf53]. Again, both enzymes have conserved rreitadling (H80,

D113, E148, E175, and H378Acyl numbering and catalytic (D82 and El14hAcyl
numbering residuesThe human Natty-acylamino acid hydrolase PM20D1 also belongs to

the M20A family and shows sequence identity of 25.5 hAcyl.

12
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Figure 3: (A) MonomericHiDapE (8/03). (B) Dimeric HiDapE (5VO3) (C) PepV (1LFW) (D) SgAP (1QQ9)
Thehdll i ces ar e-shedimight blue, the exganion irdeming residue is highlighted in dark
blue, and the zinc ions are shown as magenta balls.

Examples for mnomeric members of the M20A family @he aminopeptidase Pefy4] and

the metallopeptidase froi& aureus(Sapep)[55]. In PepV (PDB 1LFW), the histidine that
forms the oxyanion hole in dimeric M20 metallopeptidases is not conséfeskver, the
function of the oxyanion hole is realized in a different manner. In the ditddDiapE enzyme,

the dimerization domain mainly consists of four pardlsheets on top of twbthelices. At

the tip, a shortrhelix and two further shofi-sheetsare presenwith oneb-sheetcontaining

the oxyaniorhole forminghistidine. In the monomeric PepV enzymene half of the lid
domain has the same structure of four paréisheets with twd}helices However,the lid
domain is structurallyduplicated, so that the second half contains the same architecture,

connected by loops, leading to eight pardilsheets on top of fowtrhelices(Figure3C). This
13
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results inthe apical tip region having an inverted direction in monomeric PepV, Wittidine
residue potrudingto the active siteThis expanded lid domain has a structure resembling a
dimerized form of the dimeriM20A enzymesA 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 fr@meptomycegriseus(SgAP; PDB 1QQ9 or 1CP7irom

the M28A peptidase familyof the MH clan [56, 57] This extracellularenzyme only has
catalytic domairand no dimerization or lid doma(frigure3D). The function of the oxyanion
hole-forming residue is filled by a tyrosine residue, instead of a histidine, present inreekop

the active site.

1.2.3.Enzymesfrom the MJ clan and M38 family of metallopeptidases

The amidohydrolase superfamily contains members of the M38 family of the MJTtlan.
structure and mechanism sbaspartydipeptidasdrom E. coli(PDB 1ONW) whichcatalyzes
the hydrolysis ofb-aspartyl dipeptideshas been describg88]. The enzymehas a homeo
octameric structure armbntains a binuclear metal active dite each subuniffThe monomeric

structure of isoaspartgipeptidase can be divided into ant&minal domain composed of

eight mixedb-strandsanda€ er mi nal d o mai g-harrd foldand centainsile a

active site.n the active site, me metal ion is coordinated by H68, H7Q;XK62, and D285.
The second metal ion is coordinated bgxk62, H201, and H230. The lysine residse i
car boxy!| a-amnd goap to fortm @ catbamate, and bridges the two [68% The
tyrosine residue Y13@ontributes to the formation of an oxyanion hole andsthbilization of
the transition statg59]. Regarding sbstratebinding residuesE77 binds thd}amino group of
dipeptidesubstratesT h ecarboxylic group of the substrate is boundttey backbone amide
groups 0fG75, T106, and S28%n pairs with theJ-carboxylate group of the-@rminal amino
acid substratare formed by R169 and R2838]. The structure of LONW is shown in figure
4A and4B.

More recently, further members of the amidohydrolase superfamiyM38 family that show
similarities with isoaspartydlipeptidasédnave beemnalyzed60]. The structure and active site
of the prolidase$gx9260drom Paraburkholderia phytofirmangDB 3MKV) and Sgx9260c
from Burkholderia lata(PDB 3FEQ) havebeen publishedFurthermore, the structure of
Sgx9260c was solved in complex with theréthylphosphonatderivative of L-proline (PDB
3N2G, figure4C anddD). Likewise, the structure a homologaasboxypeptidas€c2672 from
Caulobacter crecentusas solved in complex with the-Methylphosphonate derivative of L
14
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arginine (PDB 3MTW). The enzymes have been designated as prolidases and catalyze the
hydrolysis of various Xa&ro dipeptides, but also-atylprolines like NacetytL-proline or
N-propionytL-proline.All these enzymesrehomao-octamers, with a similar threimensional

structure to isoaspartdipeptidaseThey fold with a Nt er mi n a | domain cont a
sheets and a-€er mi nal catalytic dbama.iThe metabmgngs ed o1
residues are also similar in identity, being composed of four histidines, an aspartate and a
carboxylated lysine residu&gx9260b H65, H67, Kx193, H234, H254, D326, Sgx9260c

H65, H67, Kex190, H231, H251, D323). However, only the firstwo histidinesof the residues

are conserved ithe primarysequence, the remainifigur residuesre not.Still, the function

of the residues as metal ligands is conserVkd.tyrosine residue Y2385¢x9260mumbering

i nt er ac t sarbaxylic &cid oflthe inhibitor (PDB 3N2CFurthermore, the oxyanion
holeforming function of these amidohydrolasesshaeen attributed to H24(Sgx9260c

numbering andis not conserved in sequenasitionto Y137 of isoaspartyllipeptidase.
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Figure 4. (A) Monomeric andB) octameric isoaspartdipeptidase (LONW)C) Monomeric andD) octameric
prolidaseSg x 926 0 ¢ ( 3MNICi)c e sT heaer elshedtoiwlight blue, the exganidwbe-forming
residue is highlighted in dark blue,h ecartidxylic groupbinding residue is highlighted in light blugg inhibitor

is shown with green carbon atonagd the zinc ions are shown as magenta balls. The octameric structures are
colored by enzyme monomers.

An aminoacylase frorBurkholderiasp. strain LP5_18B, capable of higleld acytamino acid
synthesis, has been identified and charactefi2é[ It shows sequence idemis of 28-36 %

to Sgx9260bhSgx9260¢andCc2672 All the metatbinding residues are conserved, as well as
the oxyaniorhole forming histidine. Despite this similarity the prolidasest did not show
synthesis of NauroykL-proline, whilemultiple other amino acids were efficiently acylated.
This indicates differences in substrate binding. Neverthelesgarding MEROPS
classification, the aminoacylase can be assigned to the M38 family aShvedlllysine acylase

(EC 3.5.1.175mELA fromS. mobaraensialso shares conserved residues with other members
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of the M38 peptidase family, especially wBigx9260b Sgx9260¢ and theBurkholderiasp.
aminoacylaseT h e XHidrotif is conserved (B8 and H/0), as well as 323 H358 and
D424. However, the absence of the cdysieer ved

acylase from the other above mentioned M38 enzymes.

1.2.4.Biocatalytic synthesis of acylamino acids with aminoacylases

Most of theinvestigated aminoacylasbslong to the M28 metallopeptidase familyDespite
overall low sequence similaritheir members have conserved active site residues and highly
conserved structur&dhe human hAcy1 and the porcine pAcyl are highly homologous and have
been studied in most detail among the aminoacylases. The publications focus more on the
function and mechanism of the enzygnéut synthesis of acdmino acids has been
investigated as welllThe aminoacylase pAcyl has been shown to be a dimeric erngyine

The 4nc-binding (H80, D113, E148, E175, H373and catalytic residued82, E147)are
conservegdincludingthe oxyanion holdorming H206 residuehighlighting the inportance of

a dimeric structurd62]. Both human and porcine aminoacyldsénave a broad substrate
specificity and can hydrolyze MacetytL-amino acids with diverse side chains. For pAcyl,
highest activity was measured wittorleucine ((2S)2-aminohexanoic acig)glutamate,
leucine, glutamine and methioninene humarhAcyl showed a similar substrate scope, with
highestactivity determinedwith norleucine, glutamate, leucine, methioniaegdglycine[63].
Synthesis of various lauregimino acids has been reported with high conversioasgjlycerol

water systenj64]. Highest conversion of 81% was observed for the synthesis of lauroyl
arginine, which was explained by low product solubility. Lawglytamic acid was also
produced well with 44.4 canversion. Other amino aciggere acylated with lauric acid with
yields between 0.% - 35.1%. Only tyrosine and proline wereot aceptedamong tested
substratesin the study, amino acid concentratowereup to0.5M, or 1.0 M for glutamic
acid, and lauric acidconcentratioa were 6.2 mM or 8.3 mM. The water content of the
biocatalytic reaction ws12.5i 33 % with further reaction parameters being the us®6imM
phosphate buffepH 7.5, a temperature d37 °C, 24 hreaction timeand0.33% w/v pAcyl

used Because of thesmall amount fatty acid usedor the acylations final product
concentratioa remained low.The optimal pH for synthesis was ptD i 7.5. With the
homologous hog kidney aminoacylake conversion yield for the synthesis ofadetyt
methionine was only 1% in an aqueous system consisting26D mM methionine, 20 mM
sodium acetate, 0.12&minoacylasel0 uM ZnChin 200 mM sodium phosphate buffat 6.0
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[65]. Through protein engineering, a D346A variant of pAcyl has been generated, which
improved synthesis to hydrolysis ratid2]. However, not least due taggregatiofprone
recombinant expression H. coli, predominantly yielding inclusion bodies, aoderall low
product concentration in synthesis, commercialinddstrial biocatalytic applications have not
been established with aminoacyldsf6]. The humarenzyme PM20D1vas also shown to
have synthetic activity, especially for oleghenylalanine. However, possibly due dob
millimolar substrateeoncentrations, the conversiams only 1.26, so that hydrolytic activity

prevailed[67].

The aminoacylase SamAKolatedfrom S. ambofacien&TCC 23877 also belongs to the
M20A family with its conserved active site residues. The enzygatalyzes the acylation of
amino acids with a broad substrate scepel has been characterized with the focus on
10-undecenoybhenylalanine The reaction of lndecenoic acid resulted In-283 %
conversion yield with the nepolar amino acids glycine, alanine, valine, leucine, methionine,
phenylalanine, as well as the positively charged lysine and arginine, and polar amino acids
serine, cystei@, threonine, glutamine and asparad®#]. Regarding acyl chain lengthhe
enzyme prefersiiddle-chain fatty acids like undecenoic acid and lauric adictaminoacylase
has been characterized with the focus ci@ecenoyphenylalanineThe additiorof 0.1 mM
CoCk led to the highest activation of the enzyme, whefeasnM ZnSQ: had no effectThe
optimal pH and temperature for the synthesis were fgH @d 45 °C, respectivelyAs
substrates200mM amino acidand 100mM fatty acidwere used ire5mM Tris-HCI and
50mM NaCl, and synthesis was performed ®d. The enzyme was isolated from wild type
andhasnot yetbeenrecombinarly produced.Therefore, a partly purified crude extract was

usedfor synthesis at @)/l concentratiorj31, 68]

A homologous aminoacylassolated from S.mobaraensisiFO 13819 (SmAA) has been
cloned for expression . lividans[69]. The enzyme has been characteriregarding its
biochemistry and based on its hydroldictivities No synthesis has been shown wéh this
enzymeThe substrate specificity of the aminoacylagainst acetyhmino acids was relatively
broad. The highest hydrolytic activity was measured with acegthionine, followed by
acetytcysteine and acetdlanine. Acetylarginine, acetyhistidine and acetydsparagine were
also hydrolyzedThe acetylderivates of glutamic and aspartic acid were not accepted in
hydrolysis.In most cases, activity against aceayhino acids was higher than their lauroyl
counterpartln a hydrolytic assay with acyhethionines of varying chain length from acetyl

to palmioyl-residues octanoyimethionine was hydrolyzed besthe optimal pH and

temperature for hydrolysis were pH 7.0 a6, respectivelyThe enzyme was stable in a
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pH range of &to 9.0at 37 °C for 1 h and at temperatures below 46 °C at pH 7.5 for h.
No loss of activity was measured after additionlohM ethylenediaminetetraacetic acid
(EDTA) to the purified enzyme. On the other hamduibation withl. mM ofthechelating agent
1,10phenanthroline let taloss of 90 % activity15 min, 37 °C). The effect on various divalent
metal ions was investigated oastorationof hydrolytic activity (5 uM, 1 h, 37°C). The
addition of ZnCl led to highestestoredactivity, followed by NiCh. However, in contrast to
SamAA, CoC} reduced the activity even further. A reduction of activity was alsserved
with CaCp, CuSQ, MgSQ,, FeSQ, and MnSQ. The enzyme was found to be monoméayc
native gel electrophoresiblowever, becausef the conservedistidine residuemportant for

thefunction as a dimeric enzynjé7], this might still be in question

The aminoacylaseCsAga from C. striatum Ax20 has beenidentified and clonedfor
recombinant expressioNo biocatalytic synthesis has been published with this enzyme, but it
is worth mentioning becausts crystal structure has been publisijé4d]. It belongs to the
M20D family of metallopeptidaseand has a conserved binuclear zibinding site with a
cysteine residue bridging the two ions (H107, C105, E141, H168, HETF¥3tallography
revealed a homotetrameric structure of CsAghich was shown to beaased by inhibitor
binding, andthe enzyme naturally occurs as a homodifiiét. The aminoacylase is specific
for Ngracykglutamines,but promiscuousowardsthe acyl moiety, hydrolyzingauroyt or
decanoyglutamine, benzoyglutamine, and branched chaim&thyl2-hexenoieglutamine
and 3hydroxy-3-methylhexanoiglutamine[10]. Otherexamples foM20D peptidases with
aminoacylase activityre carboxypeptidase frorRyrococcus horikoshif71], aminoacylase
from Geobacillusstearothermophilu$72], or HmrA from S.aureus[73] which alsoexhibit

dipeptidase activity.

Another aminoacylase produced By mobaraensi$F013819was found to be attlysine
aminoacylase(SmELA), specific towardslysine acylated at the d\osition [74]. The
conversion rates for lysine acylation even reached?®dth decanoic acid, lauric acid, and
myristic acid, albeit with a high 5fold excess of lysine and a low fatty acid concentration of

10 mM. The acylations were performed in 1901 Tris-HCI pH 7.0, at45 °C, and for3 d [74].

In a later publication, the aminoacylase gene was cloned and heterologously expressed in
S.lividans Yields of 9Gi 100 % were observed with 500 mM lysine and 50 mM, 100 mM and
250 mM lauric acid after B, 9h, and 24 reaction, respectivelyat 37 °C [30]. The
aminoacylase is a monomeric protein with an apparent molecular mass of 60 kDa. The enzyme
has a binuclear metal active silis. hydrolyticactivity was reduced by 8% by the chelating

agent 1,1phenanthroline, and divaleninc, cobalt, magnesiunand manganese ions restored
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the activity the mostzZinc restored the activity only atZl0 uM concentration. The optimal
temperature and pH for the hydrolysis otra&tetytlysine were 55C and pH3.0-9.0,
respectively. The enzyme is stable at a pH range of 6.5 to 10.5 for 1 Gt &7d for 1 h at
55°C atpH 8.0.Since lauroylysines are compounds that are used in-v@lhe cosmetics, the
Ulysine aminoacylase fromS. mobaraensiss a promising enzyme for the biocatalytic
production due to the high conversiob.ysineaminoacylases have also been described from
other organisms, like the enzyme frohechromobacter pestifeut no synthesis has been
shown[75, 76]

The aminoacylase isolated fromurkholderiasp. LP5_18Bs a homooctameric enzyme and
shows similarity to several amidohydrolases that can be assigned to the M38 metallopeptidase
family. The enzyme isapableto synthesizéN-lauroylL-amino acidsn high yields [77]. For
example N-lauroylarginine was synthesized with conversions of@9Theauthorsexplain

the high conversion with precipitation of lauregtginine during the biocatalytic synthesis,
which shifts the reaction equilibrium towards the product €eer lauroylamino acids were
produced efficiently as well, with highest conversratesfor lauroytphenylalanine (5%),
lauroyklysine (28%), and lauroyvaline (23%). The eaction conditions for these syntheses
were200 mM amino acicandl00 mM sodium lauraten 100 mM Naborate pH 9.0, at 25 °C
with 60 hreaction timeusing2 pg/ml enzymeThe determination of the hydrolytic substrate
specificity revealed a preference for hydrophobic amino acids, with lauroyl
alanine,-phenylalanine, andvaline being preferred substratesy-IBuroyklysine was also
hydrolyzed well, but ¢lauroyHysine was not accepted. Some lauragiino acids with a polar
side chain, like lauroygjlutamine and lauroyserinewere hydrolyzed, but to a lesser extent.
Lauroylamino acids with negatively charged side chain, namely lagtaydmic acid and
aspartic acid, were neither hydrolyzed nor synthesikled.optimal pHvalue for synthesis for
the enzyme is 9.Regarding hydrolytic activity against lauregmino acids, the pH optimum

is strongly shifted to basipHvalues and maximum hydrolytic activity was observed at pH
12.0.At a pHrange of 5.0 to 12.0, no loss of activity was detected after 60 min incub&tien.
highest hydrolytic activity was furthermore measured at 70 °C, and the enzyme was stable at
70°C for 60 min without substantial loss of activiffhe effect of sveral inhibitors and
chelating agentsn the aminoacylaseere testedout none severely affected hydrolytic activity.
Strongesteductionof the enzymectivity was measuredith dithiothreitol OTT) at 78 %,
with 2-mercaptoethanolat 81 %, and with EDTA at 87%. The chelating agents
1,10phenanthrolinend 8quinolinol hadno effect[33]. This indicates that theinc ions, are
tightly bound and hard to remove from the enzymesummary, the enzyme is very resistant

20



1. Introduction+ 1.2. Biocatalysis

to thermal denaturation, and stable in a broad pH range and against chelating agents. Together
with the high conversion for ac@mino acid synthesis, this enzyme is very interesting for
industrial applicationsAn overview of l-aminoacylases described in literature is shown in
tablel.

Penicillin acylase¢EC 3.5.1.1) are industrially used in synthesis of sesynthetic antibiotics
[23], but were also shown to catalyze the acylation of amino acids. A penicillin V acylase from
S.mobaraensi®IBRC1342Zouldacylate several amino acids, either with free lauric [@8y

or by acyl transfer from methyl lauraféd]. Despite partially high conversiorfsal product
concentratiomemained lowA homologous enzyme was identifiedSnambofaciensbut was
found not to be responsible for the main acylation activity of thefresdlextrac{31]. Lipases
(EC3.1.1.3) are also widely used catalysts. Due to teemetimesigh substrate promiscuity,
they can catalyze further reactionsrtiegdrolysis of lipidester bondsandalsoact on amides
[80]. Lipases remain active in organic solvergspecially when immobilizedyhich makes
them attractive for acylation81]. N-Acyl-amino alcohols can be synthesized in organic
solvent systems to high yiel{B2]. With lipase B fromCandida antarcticdCalB), N¢rlauroyk
lysine could be synthesiz¢83]. However, amino acids are insoluble in most organic solvents,
and best soluble in aqueous systerRecently, acylation of glycine in aqueous media was
described with an engineered lipase frRmzomucor miehethat surpassed yields obtained

with aminoacylases for this compouj&d].
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1. Introduction+ 1.3. Heterologous expression of aminoacylases
1.3.Heterologous expression of aminoacylases

1.3.1.Recombinant expression withEscherichiacoli

In early developmestof biocatalytic procegs obtaining the enzyme material was often
tedious and a limiting factor, involving costly preparation from the producing orgsuasm
tissues The arrival of recombinant expression technologieseleratedhe development of
industrial enzyme applicationslowever, heterologous expression comes with challenges and
production the recombinant protein of interest is not guaranfeed. host for recombinant
protein expressiork. coliis often the first and most popular choice. This is due to its genetic
accessibility, ease of cultivation and high potential yields of recombinant protein. Aro@td 60

of recombinant protein production described in research articlels.us#i as the expression
host[121]. Heterologous expression wikh coli also comes witlpitfalls. 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 obtagoluble and active proteins from the cell extract. Different factors

in expression of recombinant proteindincoliinfluence 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 . coliis the T7 promoter systefhi22]. Strains that are comphite

with this expression systehave al7 polymerase gene genomically integrated under control
of thelacUV5 promoter Thegene of interestOl) is cloned under control ae T7 promotey

which is specific for the T#polymerase Transcription isfurther controlled by thelacO
operator, preventinggaky expression in the absence of indunethelLacl repressor. In the
absence of i nduc er ,-D-Wvthiogaldctopgranosided (BPTQ) er daptose, p y |
both the expression of the T7 polymerase and the GOI are repfE28gdJpon induction, the

T7 system is capable of higheld expression, with up to 3 of total cell protein comprised

of recombinant proteifil23]. However, the induction of the ¥&ystem with IPTG has been
descri be-dr-n@g ha m gfoa lalp palsainduces, besides exprésdJiod of the gene
of interest, the lactose operon, which eventually leads to everrhigtake of IPTG by the
lactose permease LacYhe E. coli TuneiE strain (Novagen), #acY deletion mutant that
allows to adjust the cellular IPTG concentration, has been developed as a possible solution
[124]. Furthermore, autoinduction of the-§ystem by cultivation in media that contain glucose
and lactose has been proposed, where expression is indfteedells have consumed the
glucosein a milder manner compared to IPTG inductjipR5].
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The lactose autoinduction or deletionlafY can be classified as attempts to tune down the
production rate.Further attempts to achieve expression of soluble praisenlowering
cultivation temperaturegeducing recombinant gene dosageadjusting promoter strength or
choice of promoterfl26]. Anothersolution for expression of aggregatiprone proteins is the
co-expression of molecular chaperon&ost commonly, inE. coli, the main chaperones
GroEL/S and DnaK/J/GrpE are used for-eression[127]. Some chaperones are
constitutively expressed and therefore always present in the bacterial cell, whereas others are
stress induced, mo s t prominently by high t
proteinso for Theywese aschfaupdketo benupregulated in heterologous
overexpression, as a form of cellular stress respdtoeever, an overload of the bacterial
guality control system due tosufficientchaperones and IB formation might even be supported
under stress condition§ his way, misfolded proteins can be temporarily stored for either
refolding or proteolysig128]. In literature, improvement of soluble expression is often
achieved by cexpression of GroEL/S, DnaK/J/GrpE, Trigger factoF)(br combinations
thereof[126, 129] Chaperones typically bind unfolded polypeptié¢ésxposed hydrophobic
patches. They hindenascent chains from forming incorrect intrand intermolecular
interactions, preventing misfolding and aggregation. They can act as holdases by binding to the
nascent chains, which can be eneirgyependent, or as foldases, actively mediating correct
folding. In the latter casenergy fromadenosine triphosphat&TP) hydrolysis is usetb assist

conformational changes.

The GroEL/S chaperonine is a heteromultimeric protein that forms a -blagredtrudure.

GroEL proteins assemble ago heptameric ringstructura, that can be closed by a lid of a
heptameric GroE8omplex on both side&or refolding, a misfolded protesubstrate enters

the caviy formed by the GroEL rings and gets entrapped by the GroES lid. Multiple rounds of
ATP hydrolysis, inducing conformational changefsthe chaperonine, partially unfold the
protein substrate and mediate assisted refoldlige potein is finally released from the
complex. The size of the cavity determinesrtieximalmolecular size of the protein substrate

with limits of approximately 60 kDéaeing reported130]. Another chaperone complex that
functiors together iDnaK/J/GrpE The DnaKchaperone exercises the main folding activity.

binds substrate protein stretches of four to five hydrophobic residues flanked by basic residues.
With ATP bound to DnakK, 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. Thehapeone Dnal
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1. Introduction+ 1.3. Heterologous expression of aminoacylases

increases the rate of ATP hydrolysisd targets the proteins to DnaBn the other hand, the
exchange of ADP with ATP is accelerated by GfpE/]. Trigger Factor is the first chaperone

to interact with nascent polypeptides, as it is associated to ribostimesucture can be
separated into three domains: Arté&¢minal domain for ribosome binding, a peptidylprolyl
isomerase domain with auxiliary chaperone activity, andter@inal domain responsible for
main chaperone activitjt31]. Involved in the initial folding steps, Trigger Factor can act co
translationally, preventing premature folding or degradation and restricting access of
downstream chaperond3ecause a molar excess of TF to ribosomes was observed, TF may
also act postranslationallyandcan be found in a dimeric form at high cytosolic concentrations.
While TF associates ttbosomes as a monomer, dimeric TF can bind to proteins to hold them
in a foldingcompetent statand cooperates with the DnaK/J/GrpE system for refoldiB3].

In the case of aminoacylasesgombinanexpression is often described to be unsuccessful. As
an alternative to isolation from tissue, the human and porcine aminoatylzeee been
produced with the Baculovirus expression syste®gadoptera frugiperdansect cells. Initial
attempts to express pAcylHn coliBL21(DE3)cannotbe considered successfliheenzyme
could bepurified, but barely showed any activiff18]. The use oE. coli BL21 Rosett&

(DE3), which expresses additional tRNAs for rare eukaryotic codons, led to specific pAcyl
activities compared to the enzyme isolated from porcine kifsHy Expression of pAcyin

E. coli BL21(DE3) could be enhanced using a codon optimigédyl gene and by co
expression of molecular chaperones, especially of GroEL/S. Specific activity of the purified
enzyme wasowever only half of the activity from pAgyisolated from porcine kidnei%6].

The human aminoacylaggM20D1 wasexpressed with recombinant human 293A cell culture
[67]. The aminoacylases SmAA and SmELA fro®.mobaraensishave only been
heterologously producedith S.lividans TK24 in their respective scientific publicatiof30,

69]. However, in a patent filed by Ajinomoto and Okayama University, the expression of
SmELA and ehomologfrom S.coelicolor(ScELA) were expressed with coli IM109 albeit

with much lower yields than wit8.lividans[77]. The homologous aminoacylases SamAA and
SamELA have been isolated from the natural prod8c@mbofacien®\TCC 23877[31, 113]
Production #empts in E.coli did not yield soluble proteifl112]. Expression of the
aminoacylase fronBurkholderiasp. LP5_18B irkE. coli BL21 (DE3) yielded only traces of
aminoacylase activity in the cell extract, and no visible overexpressuld be detected in
SDSPAGE[33]. Other aninoacylaseshat were successfully produced in recombiriantoli
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were CsAga fronC. striatum[10], aminoacylase front. stearothermophilu$72, 97} and

aminoacylase fror®. horikoshii[110].

1.3.2.Recombinant expression withVibrio natriegens

Vibrio natriegensis a gramnegative bacterium that has drawn attention in biotechnology in
recent years and has been proposed as an alternative productionthasilitor he bacterium
has already been isolated in 19483], first designateésPseudomonas natriegerend its
strikingly shortgeneration time of less than 10 minutes been observdeth BHI medium
with 1.5 % saltat 37°C) [134]. It grows on multiple sugarand carbon sources such as D
glucose, Dmannitol, fructose, glycerol, -thamnose, sucrose,drabinose, Bmannitol, N
acetytglucosamine, maltose, gluconate, malic acid, citric,dmidl cannot utilize lactogé35,
136]. The fast growth oV. natriegensnay be attributed to the extraordinary high number of
up to 115000 ribosomes per cell, compared&ocoli with 70,000 ribosomes per cdll35,
137]

In 2013, the draft genome sequencé/ohatriegendDSM 759 (ATCC 14048)the original
strain isolated in 1958as been publishgii38] and it was revealed that its genome is organized
in two chromosomeEL39]. Not only the fast growth and availability tife genome, but also
the close genetic proximity 6. colirendersV. natriegensnteresting for biotechnology, with
many genetic elements aegdtablishednolecular biology toolslsofunctioning in the latter
organism.For example, theéet promoter[139], trc promoter,araBAD promoter, and several
commonorigins of replicatiorwere shown to be functional \h natriegensTo establish a host
for recombinant protein expression alternativ& tooli, a functional T7 expression system has
been constructed to generate the stvainatriegensvmaxE [140]. The T7 polymerase gene
has been put under the control of the IPiR@uciblelacUV5 promoter, regulated bacl, so
that the T7 promoter can be used for gene expression. The T7 polymepesssiorcassette
has been integrated into tteslocus,and the resulting knockout of the exonuclease improved
plasmid stability{140].

Anotherresearch group has generateddtnainV. natriegensvnDX in a similar manner ag.
natriegensVmax [141]. This strain was tested and comparedeiccoli BL21(DE3) in pETF
based expression of 196 genes of interest (GOIs). From these, 65 % #ndxperienced
soluble expression V. natriegensVnDX and E. coli BL21(DES3), respectively. Higher
expression levels iN. natriegenswvere observed for 20 GOIlghich wasabout 10% of the

investigated constructs. In contrast, 102 GOlIs were better expressedah In both hosts,
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47 GOls yielded no overexpression and 27 G@deeexpressed equally. The GOI library was
intended to represent a diverse set of gemeduding most enzyme classes from various
biologicalorigins, andwith abroadspan ofsequencéengths. TheV. natriegens/nDX system
was further improed forT7 expression by two approaché&srst, thelacUV5 promoterwas
changed to the tetracycline promotet, leadingto 109% increased recombinant glucose
dehydrogenasactivity. Secondthe ribosome binding sit®as variedwhich led to an increase
of recombinant enzyme activityy 12.6% [142]. Furthermore expression of multisubunit
membrane protein complexdsgs been shown V. natriegens[143] and even codcn
suppression based incorporation of fwamonical amino acids in heterologous proteosld

be achieve(144]. These results show the high potential/ohatriegensn biotechnology and
the conveniencef many technologies developed torcolifunctioningin the organism.

1.3.3.Recombinant expression withStreptomycedividans

Streptomyctesare aerobic, Grafpositive bacteriawhich exhibitfilamentous growthThey

carry a linear genome withhegh G+C content over 7 [145]. The genus is commonly known
asnatural producesof antibiotics and fungicidesAs saprobionts, they have a high level of
secretion of extracellular enzymesBiotechnologically, S.lividans is widely used for
recombinant expressione&etionof recombinant proteins is most oftezalized throughhe

Sec pathwaybutTat secretion is also efficient in trepecie§146, 147] Some streptomycetal
aminoacylases were expressedifividans[30, 69] which is the most often used expression
host amondstreptomycesThe close genetic relation with the donors of the respective gene of
interest can facilitate successful expression. Furtherrtteeyaturallyhigh G+C content can

abolish the need for codon optimizatiohstreptomycetal genes

Streptomyce does not tend to form inclusion bodies, whiclme of the prevalent issues of
recombinanexpressiorwith E. coli [148]. FurthermoreparticularlyS.lividans are described

as having low endogenous proteolytic actiyit49]. Hence S.lividanscan be considered as a
valuable alternative expression hosEt@oli, especially for enzymes of streptomycetal origin.
Commonly used strains afelividans TK23 (spel, SLP2, SLP3) and TK24 (str-6, SLP2,
SLP3), which are sensitive to spectinomycin and streptomycin, respectively, and lack the small
linear plasmid¢SLP)[145]. Replicative high-copy vectors are often used for expression, but
low-copy or integrative plasmids have also been 44d8]. Expressed proteinare often
hydrolasesand the GOls arsource&l most oftenfrom Gram-positive bacteria.Constitutive
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promoter systems have the highest usaf@lowed by inducible promotsr and by the
respective native promotglr49]. Examples for promoters frequently found in literature a2 P

from S.venezuelaePermE from Saccharopolyspora erythragar the inducible FxysAfrom
S.halstedii[149]. In summary,S.lividansis 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

Thework of this thesis aims aistablishing the biocatalytic synthesis of fdcytL-amino acids

in aqueous media. These amino aoéded surfactants find use in cosmetic products and have
very desirable tensioactive and lomflammatory properties. By usirgnzymesit is intended

to presentan alternativeo replacehe conventional chemic&chotteRBaumann reaction that
usedfatty acyl chloridesBiocatalysis should allow the uséfree fatty acids and amino acids
Hence,the synthesis of completelyiobased surfactanthould be enabled’he enzymes in
focus ard_-aminoacylases, which are primarily known for racemic cleavadeafetytDL -
amino acids to produce enantiomerically puramino acidsThe reverse reaction catalyzes
the synthesis of Mcylamino acids. However, the use of aminoacylase for surfactant
production isstill underexplored in literature amhexploited in industryNovel aminoacylases
are intended to be identifidgcbm homology searciThecriteriafor suitable enzymes comprise
mainly their synthetic potentialyith further important characteristics beistability of the

catalystsabroad substrate scopmdpreferablya bacterial origin

The drategy to pursuethis objective was to first acombinarly express theselected
aminoacylasesitially in E. coli, andto 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 thkRsiaminoacylasevere
plannedto be biochemically characterized upon purificaticegarding pHand temperature
optima and stabilities substrate specificity, dependency on metal iarspccurrence of
multimers For the measurement of hydrolytic aminoacylase activity, a suitable activity assay
needed to be developeBollowing the characterization by hydrolysis, thminoacylases
should be evaluated regarditingir biocatalytic potential. Firsgscreening of synthetic activity

with all proteinogenic amino acids usiagacyl donorshould elucidate the synthetic substrate
scope Afterwards, the reaction conditionsere ntended to beoptimized, focusing on
maximizing conversion fooneproductcompound Typically, optimal pHvalue, temperature,

and substrate concentrations need to be determAmedher approach was the bioinformatical
assessment of protein sequences and predliof protein structures, both to gain insight into
mode of action, mechanismar substrate bindingand to even assess possibilities for rational
protein engineeringThe novel ainoacylases selecteith this thesiswere PmAcy from
Parakburkholderia monticolaDSM 100849, MsAA and MSELA from Mycolicibacterium
smegmatisMKD 8, and SgAA and SgELA fror8.griseusDSM 40236 .
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An improved and convenient ninhydrin assay for aminoacylase activity measurements was developed using the
commercial EZ Nin'™ reagent. Alternative reagents from literature were also evaluated and compared. The
addition of DMSO to the reagent enhanced the solubility of Ruhemann’s purple (RP). Furthermore, we found that
the use of a basic, aqueous buffer enhances stability of RP. An acidic protocol for the quantification of lysine was
developed by addition of glacial acetic acid. The assay allows for parallel processing in a 96-well format with
measurements microtiter plates.

1. Introduction

Ninhydrin is widely used for both manual and automated quantifi-
cation of amino acids. Under acidic, reducing conditions and high
temperature, it reacts efficiently with primary amino groups to form
diketohydrindylidene-diketohydrindamine, also called Ruhemann’s
purple. Since its use in automated chromatography has been described,
many ready-to-use solutions for HPLC systems have been developed [1].
One well known challenge, however, lies in its insufficient air-stability.
During the reaction with amino acids, ninhydrin needs to be reduced, or
hydrindantin, a reduced form of ninhydrin, is added directly to the re-
action mixture [2]. Since the reducing agents are susceptible to oxida-
tion, the system must be constantly kept under inert gas. For automated
systems like HPLC, this can be readily realized, both using commercial
reagents or reagents prepared by the researcher, For manual batch
analysis, however, the issue remains, as the reagent reservoirs must be
opened regularly. With insufficient stability, the reagents need to be
gassed out with nitrogen and regular standards must be prepared to
ensure accurate measurements, This demonstrates the necessity of an
air-stable reagent that facilitates handling.

While dominantly used in automated amino acid analysis, ninhydrin
has been used in enzyme assays early on [3]. Especially for aminoacylase
(EC 3.5.1.14) activity, quantification of released amino acid with
ninhydrin is the method of choice for photometric assays [4-18]. Also,
other amino acid-releasing enzymes, like peptidases, have been assayed
with ninhydrin [19-22]. Unfortunately, most sources present rather

* Corresponding author. Heinrich-Mussmann-Str, 1, 52428, Jiilich, Germany.

E-mail address: siegert@fh-aachen.de (P. Siegert).

https://doi.org/10.1016/j.ab.2022.114819

inconvenient, complicated protocols with volumes in milliliter-scale,
not being suitable for high throughput. Furthermore, the presented
ninhydrin reagents and protocols differ vastly.

We developed a ninhydrin method for measurement of aminoacylase
activity. These enzymes release free amino acids by deacylation. For this
purpose, multiple reagents from literature were compared and tested for
their suitability. Special respect was paid to ease of reagent preparation,
stability of the reagents and to establishing a format that allows for
parallel processing of the samples. We found that a commercial reagent
intended for use in chromatography systems, trademarked EZ Nin™
(Biochrom Ltd, UK), was most adequate for this purpose. The reagent is
air-stable for three years by the use of a temperature-sensitive reducing
agent [23]. To enhance the solubility of formed RP, the reagent was
diluted with equal volumes of DMSO, henceforth referred to EZ Nin:
DMSO. We used the reagent for batch analyses and established its use for
aminoacylase activity assays.

2. Procedure of the aminoacylase activity assay

An aminoacylase assay was established using the porcine
aminoacylase-1 (pAcyl, Sigma Aldrich). A typical aminoacylase reac-
tion is composed of an N-acylamino acid in aqueous buffers. In our case,
we used 15 mM N-acetyl-.-methionine in 50 mM Tris-HCl pH 7.0 at
30 °C and 20 pg pAcyl in a final volume of 200 pl. As Fig. 1 (C) shows,
the concentration increased linearly. The specific activity of the lyo-
philizate, calculated by the slope of the curve, was determined to be 20
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U per mg enzyme preparation under these conditions. In the following, a
stepwise protocol is described:

(i) Prepare ninhydrin samples by adding 100 pl of the ninhydrin
reagent to 0.2 ml tubes.

(ii) Prepare aminoacylase reaction mixtures by adding 190 pl sub-
strate solution to fresh 0.2 ml tubes and pre-incubate at the
desired temperature (15.79 mM acyl-amino acid in 50 mM Tris-
HCI pH 7.0 in a volume of 190 pl).

(iii) Add 10 pl enzyme solution and mix to start the assay (e.g. 0.4 mg/
ml pAcy1).

(iv) At suitable time points, withdraw 10 pl samples from the ami-
noacylase reaction and immediately mix with 100 pl of the
ninhydrin reagent (e.g. sampling intervals of 30 s).

(v) Heat for 10 min at 99 °C and cool the samples down to 4 °C.

(vi) In microtiter plates, fill each well with 225 pl 100 mM Na-borate
buffer pH 10.0.

(vii) Add 25 pl of the colored ninhydrin samples, mix thoroughly and
measure extinction at 570 nm.

Special attention was paid to the scale and format in which the assays
were conducted. The goal was to establish a 96-well format in all steps
for facile handling using multichannel pipettes and microtiter plates.
Thus, both enzyme reactions and ninhydrin reactions were conducted
using 0.2 ml reagent tubes. However, all steps can be performed in 1.5
ml-tubes as well. It is recommended to use a dispenser pipette to quickly
add 100 pl ninhydrin reagent to multiple 0.2 ml tubes. Furthermore, a
multichannel pipette can be used to simultaneously start multiple re-
actions and to simultaneously withdraw samples from multiple reactions
and to add to ninhydrin reagent sample tubes. For cysteine and proline, a
slight variation needs to be applied. With these amino acids, a yellow to
brown color is formed that is best measured at 410 nm.

For color development, a 10 pl sample was added to 100 pl EZ Nin:
DMSO, mixed and heated for 10 min at 99 “C and afterwards cooled to
4 °C in a thermocycler (Biometra, Analytik Jena). For measurement, the

=]
(=]
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samples were transferred to microtiter plates and diluted with 100 mM
Na-borate, pH 10.0. The dilution can be varied at the discretion of the
researcher. A suitable dilution would be tenfold, meaning 25 pl of the
ninhydrin reaction sample was mixed with 225 pl of the borate buffer.
For cysteine and proline, it is recommended to mix 150 pl 100 mM Na-
borate buffer pH 10.0 with 100 pl of the ninhydrin sample per well. The
amino acid concentration in the sample was calculated with a standard
of the respective amino acid. An amino acid standard up to 20 mM is
shown in Fig. 1 (A) with very good linearity (R* = 0.99995; measured in
triplicates). The heating time for color development was set to 10 min
but may even be shortened. As shown in Fig. 1 (D), final color yield is
already reached after 5 min.

For higher sensitivity in sub-millimolar amino acid concentrations,
the volumes of the ninhydrin reagent and the sample can be adjusted.
For example, 200 pl of EZ Nin:DMSO can be mixed with a 50 pl sample.
After heating, 200 pl can be transferred into microtiter plates and mixed
with 50 pl Na-borate buffer pH 10.0. The resulting standard from 15
pM-1 mM t-alanine is shown in Fig. 1 (B).

3. Choice of ninhydrin reagents

Regarding the ninhydrin reagents used in aminoacylase activity
measurements, even recent publications [13,14,16] are based on Moore
& Stein (1954) [1], their improvement for batch processing by Rosen
(1957) [24] or by Yemm & Cocking (1955) [2]. As every reagent has its
(dis)advantages, the most suitable reagent for each application must be
chosen from extensive literature study. Besides the choice of organic
solvents and acids used in the reagent, a lot of reagents contain different
reducing agents. Here, we present a comprehensive comparison of
various ninhydrin reagents that addresses these differences.

For qualitative analysis of amino acids, ninhydrin can be solely dis-
solved in alcohol, e.g. ethanol or isobutanol, mixed and heated with
amino acids solutions [25]. For forensic fingerprint techniques or
staining in thin layer chromatography, it is sufficient to dissolve
ninhydrin in ethanol for a spraying solution. Indeed, amino acids will
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Fig. 1. (A) Alanine standard in millimolar range measured in a microtiter plate. 10 pl amino acid samples were mixed with 100 pl EZnin:DMSO (1:1). The samples
were diluted 1:10 in 100 mM Na-borate buffer pH 10.0 to a final volume of 250 pl. Correlation coefficient R* was 0.99995, the slope was 0.1451 mM . (B) Alanine
standard in micromolar range measured in a microtiter plate. 50 ul amino acid samples were mixed with 200 pl EZ Nin:DMSO. 200 pl of the samples were transferred
to a microtiter plate and mixed with 50 pl 100 mM Na-borate buffer pH 10.0. Correlation coefficient R* was 0.9998, the slope was 2.719 mM ', (C) Aminoacylase
reaction: 20 pg pAcyl were added to 15 mM N-acetyl-.-methionine in 50 mM Tris-HCI pH 7.0 at 30 °C at a final volume of 200 pl. Every 30 s, a 10 pl sample was
withdrawn and immediately mixed with 100 pl EZ Nin:DMSO. The specific activity was determined to be 20 U per mg lyophilisate. (D) Influence of heating time (0
5-20 min) on color development in ninhydrin assay with EZ Nin:DMSO. 20 mM alanine was used as an amino acid sample. Nonlinear fit was applied to visualize the
signal increase (GraphPad Prism). (E) Samples from ninhydrin reaction with 16 mM alanine standard measured in a microtiter plate in 30-min intervals. The samples
were diluted 1:10 in dH,0, various 100 mM buffers or in 96% ethanol. Nonlinear fits were applied to visualize the signal decrease of each dataset (GraphPad Prism:
two phase decay, least squares fit). (F) UV/Vis-spectra of ninhydrin sample from reaction with 16 mM alanine, diluted tenfold with various solvents. Each spectrum
was measured in triplicates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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react with ninhydrin to form RP when a 2% solution of ninhydrin in
absolute ethanol was used as in the protocol described above. However,
the efficiency of color formation is very low, and the amino acid stan-
dard does not behave linearly, as the sensitivity increases with higher
amino acid concentration (data not shown). A linear standard curve is
necessary for quantitative analysis. When the reagent is composed of 2%
ninhydrin in 50% ethanol and 0.1 M citric acid pH 5.0, the color yield
significantly increases, however, the sensitivity still is dependent on the
amino acid concentration. Only if the acidic buffer and a reducing agent,
in this case 0.8 mg/ml SnCl; dihydrate, are added to the reagent, a linear
amino acid standard can be obtained (Table 1). In order to find the re-
agent best suitable for manual batch analysis, various reagents from
literature and commercially available reagents that contain acidic
buffers and reducing agents were used with our protocol. The reagents
published in literature were carefully prepared as described. However,
the reagents were only initially purged with nitrogen gas and not kept

Table 1
Comparison of various ninhydrin reagents.

Reference Reagent composition Sensitivity against r-alanine
and comments
JPP, UK [23], EZ Nin™ (Biochrom, UK); Patent 0.1451 [Es7o/mM]
modified protected (contains ninhydrin, Stable at air and ambient
ethylene glycol, acetic acid, and a temperature; No need for
temperature-sensitive reducing regular reagent and standard
agent); mixed 1:1 with DMSO preparation
Zhang et al., 2.5% ninhydrin, 50% (v/v) 0.1531 [Es70/mM]
2013 [19] DMSO, 100 mM citric acid pH N> mandatory to prevent
5.0, 0.80 mg/ml SnCl,*2 H,0 oxidation
Sun et al., 2% ninhydrin and 0.3% 0.1390 [Eszo/mM]
2006 [31] hydrindantin in 75% DMSO, 1 M Based on [27] with
sodium acetate pH 5.2 replacement of lithium
acetate; Ny mandatory to
prevent oxidation
Starcher 2001 2% ninhydrin in 75% (v/v) 0.1457 [Eszo/mM]
[28], ethylene glycol, 1 M sodium Ethylene glycol is described
modified acetate pH 5.5 and 2.44 mg/ml to enhance stability of the
SnCly; mixed 1:1 with DMSO reagent; High viscosity; N2
mandatory to prevent
oxidation
Sigma- Product sheet N7285; based on 0.1250 [Es70/mM]
Aldrich Moore 1968 [27]; 2% ninhydrin, Based on [27];
Corp., USA contains hydrindantin in DMSO N, mandatory to prevent
and lithium acetate buffer pH 5.2  oxidation
Moore 1968 2% ninhydrin and 0.3% 0.1422 [Es7p/mM]
27] hydrindantin in 75% DMSO, 1M N, mandatory to prevent
lithium acetate pH 5.2 oxidation
Moore & 2% ninhydrin, 50% (v/v) 2- 0.1229 [Eszo/mM]
Stein, 1948 methoxyethanol, 100 mM citric N2 mandatory to prevent
[26] acid pH 5.0, 0.80 mg/ml SnCl,*2 oxidation
H0
This work 2% ninhydrin, 50% (v/v) 0.0978 [Es7o/mM]

ethanol, 100 mM citric acid pH
5.0, 0.80 mg/ml SnCl,*2 H,0

Acidic reagents for lysine

Very low stability of the
reagent
Sensitivity against 1-lysine

EZ Nin:GAA EZ Nin™ mixed 1:1 with glacial 0.0888 [Es6p/mM]
acetic acid
Zhang:GAA Reagent described by Zhang [19] 0.0617 [Esp/mM]
[19], mixed 1:1 with glacial acetic acid
modified
Work 1957 250 mg ninhydrin dissolved in (a) 0.0255 [E4gp/mM]

[23]

(a) 6 ml glacial acetic acid, 4 ml
6 M HzPO,

(b) 6 ml glacial acetic acid, 4 ml
0.6 M HyPO,

(c) 6 ml glacial acetic acid, 4 ml
H.0

(d) 6 ml glacial acetic acid

(b) 0.0557 [E4s0/mM]
(€) 0.0490 [Espp/mM]
(d) 0.0498 [E4s0/mM]
Low sensitivities

Sensitivity was calculated from amino acid standards; 10 pl amino acid samples
were mixed with 100 pl ninhydrin reagents; 25 pl of colored ninhydrin samples
were diluted with 225 pl 100 mM Na-borate pH 10.0 and measured at 570 nm
(410 nm for cysteine and proline); In case of acidic ninhydrin reagents, 100 pl of
colored ninhydrin samples were diluted with 150 pl 100 mM Na-borate pH 10.0
and measured at 460 nm.
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under inert gas.

A list of representative ninhydrin reagents, their composition and
sensitivity measured with an i-alanine standard is summarized in
Table 1. Traditionally, the toxic 2-methoxyethanol (methyl cellosolve)
was used as the solvent for ninhydrin [26]. When hydrindantin was used
to replace the reducing agent, the solvent was switched to DMSO, which
is considered less harmful, to enhance solubility and stability of
hydrindantin [27]. The commercial TRIONE® (Pickering Laboratories,
USA) contains hydrindantin as well, but uses sulfolane as the organic
solvent. The use of ethylene glycol was later described to enhance sta-
bility of the reagent compared to 2-methoxyethanol and DMSO, when
stannous chloride was used as the reducing agent [28]. Concerning the
acidic buffers, it appears that acetic acid pH 5.2 is most widely used,
either paired with lithium- or sodium hydroxide, while citric acid is used
with stannous chloride, presumably to prevent its precipitation.

More crucial is the choice of the reducing agent itself, which is
needed for quantitative analysis. Stannous chloride is widely used but is
susceptible to oxidation, and thus requires working under nitrogen gas.
Titanium (III) chloride is described to replace stannous (II) chloride
without disadvantage [29]. Several other reducing agents have been
described, like sodium borohydride [30], sodium cyanide [24] or cad-
mium (II) chloride [22], which we explicitly avoided because of their
toxicity. The reducing agent can be replaced by direct addition of
hydrindantin, a reduced form of ninhydrin, to the reagent [27,31]. It is
also known that reagents that contain hydrindantin show poor stability
in the presence of air due to oxidation of the molecule. This again re-
quires working under nitrogen, making manual handling tedious and
frequent amino acid standards necessary. To our best knowledge, the
only ninhydrin reagent resistant to oxidation is the EZ Nin™ reagent
(invented by JPP Chromatography, UK and distributed by Biochrom,
UK). The reagent contains a patent-protected, temperature-sensitive
reducing agent, making it stable under air [23]. The reagent was hence
investigated for batch processing. When using the unmodified reagent in
batch processing of amino acid samples, the formed RP quickly precip-
itated (8 mM concentration in sample). Presumably, this results from
poor solubility of the pigment in ethylene glycol, which is the organic
solvent of the reagent. In order to increase solubility of the formed RP,
the EZ Nin reagent was mixed in equal parts with anhydrous DMSO,
henceforth referred to as EZ Nin:DMSO. The precipitation of RP was also
observed with the ethylene glycol reagent described by Starcher [28],
which had to be mixed with DMSO as well for batch processing.
Furthermore, in view of the intended use as an enzyme assay, DMSO will
act as an efficient inactivation agent for the enzyme upon sampling. In
conclusion, we recommend using the EZ Nin:DMSO reagent for amino-
acylase activity assays or batch analysis in general. In Table 2, the
sensitivity of the EZ Nin:DMSO reagent against all canonical amino acids
as well as some non-proteinogenic amino acids are shown. As an alter-
native, non-commercial reagent, we recommend either the reagent
described by Zhang et al. [19] or the reagent described by Starcher [28],
when mixed 1:1 with DMSO.

4, Acidic ninhydrin reagent for quantification of lysine

With conventional ninhydrin reagents, lysine and N,- or Ng-acylated
lysines cannot be distinguished, as they provide the same color yield
(Table 2 or [32]). Therefore, an acidic ninhydrin method had to be
developed [33]. The EZ Nin reagent was mixed to equal parts with
glacial acetic acid (EZ Nin:GAA). With the EZ Nin:GAA reagent, lysine
developed an orange color, while Ny-acetyl-lysine remained colorless,
and N-acetyl-lysine yielded a slight purple color. The procedure can be
used to measure hydrolysis of Ngacyl-lysines or to study
Ng-lysine-acylases [17]. Again, to propose an alternative,
non-commercial reagent, the ninhydrin reagent described by Zhang
et al. [19] was mixed with glacial acetic acid for comparison. Further-
more, the four reagents described by Work [33] were investigated as
well. The results are shown in Table 1.

37



2. Results 2.1. Chapter |

38



































































































































































































































































































































































































