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Zusammenfassung 
Die steigende Nachfrage nach Proteasen für die industrielle Anwendung in verschiedenen 

Bereichen wie Waschmittel, Kosmetika, Lederverarbeitung, Abwasserbehandlung und 

Pharmazeutik mit immer neuen Anforderungen an die Eigenschaften von Proteasen zeigt die 

Notwendigkeit des Bedarfes an neuen Proteasen mit verbesserten Eigenschaften. Um diesem 

Bedarf gerecht zu werden, wurden in dieser Arbeit neue Protease-Kandidaten aus der Gruppe 

der Subtilisine, die zu den Subtilasen gehören, identifiziert.  

Zunächst wurden die Sequenzen bereits charakterisierter Proteasen aus der Subtilase-Familie 

untersucht und hinsichtlich ihrer Klassifizierung neu bewertet, da eine Übersicht über diese 

große Familie seit 1997 (Siezen und Leunissen) nicht mehr aktualisiert wurde und die Zahl der 

neu charakterisierten Subtilasen stetig zunimmt. Die phylogenetische Analyse des MEROPS-

Holotyp-Datensatzes der Subtilase-Familie ergab, dass eine große Anzahl verschiedener 

Subtilasen neue Gruppen und Untergruppen bilden. Es wurden acht neue Gruppen und 13 

neue Untergruppen identifiziert und eingeführt. Darüber hinaus wurde eine aktualisierte 

Übersicht erstellt, um die neu gefundenen Sequenzen phylogenetisch den bereits bekannten 

zuordnen zu können.  

So wurden in einer datenbankbasierten Suche nach neuen Subtilisin-Sequenzen aus der 

Familie der Bacillaceae rund 1400 Sequenzen ausgewertet. Unter Verwendung des 

aktualisierten phylogenetischen Kontextes und weiterer bioinformatischer Analysen konnte 

eine Gruppe von 120 Sequenzen identifiziert werden, die für weitere Untersuchungen 

ausgewählt wurden. Insbesondere Enzyme aus halophilen oder halotoleranten Organismen 

bieten ein enormes Potenzial, um industrielle Anforderungen zu erfüllen. Daher wurden die 

Subtilisin-Gene von Pontibacillus marinus DSM 16465T (SPPM), Metabacillus indicus DSM 

16189 (SPMI), Litchfieldia alkalitelluris DSM 16976T (SPLA), Fictibacillus arsenicus DSM 15822T 

(SPFA), Alkalibacillus haloalkaliphilus DSM 5271T (SPAH) und Halalkalibacter okhensis Kh10-

101T (SPAO) isoliert und die Enzyme rekombinant mit Bacillus subtilis DB104 produziert, 

anschließend gereinigt und biochemisch charakterisiert. Dabei konnte bestätigt werden, dass 

die Wildtyp-Subtilisine aus halotoleranten und halophilen Spezies technisch interessantere 

biochemische Eigenschaften aufweisen als die für die technische Anwendung entwickelten 

hochalkalischen Subtilisine. Besonders erwähnenswert ist die hohe Stabilität gegenüber SDS, 

NaCl und H2O2 sowie die hohe Aktivität bei alkalischen pH-Werten, die sowohl 

wissenschaftlich als auch für industrielle Anwendungen interessant ist. Darüber hinaus 

wurden die oben genannten Organismen auf ihre genetische Zugänglichkeit hin untersucht. 

Dabei konnte Metabacillus indicus DSM 16189 als neuer Wirt etabliert und für die 

rekombinante Produktion des nativen sekretierten Subtilisins genutzt werden. 

Die Untersuchung neuer Subtilisine mit halotolerantem und halophilem Ursprung in dieser 

Arbeit trägt zum Verständnis der Anpassung extrazellulärer Enzyme und der Beziehung 

zwischen Aminosäuresequenz und biochemischen Eigenschaften bei. Die gewonnenen 

Erkenntnisse, insbesondere aus der Struktur-Funktions-Analyse mit Schwerpunkt auf der 

Oberflächenladungsanalyse, bilden den Ausgangspunkt für weitere enzymtechnische Studien.
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Summary  
The increasing demand for proteases for industrial applications in various fields such as 

detergents, cosmetics, leather processing, waste water treatment and pharmaceuticals 

with ever new requirements for the proteases necessitates the need for new proteases 

with improved properties. To meet this demand, new protease candidates were searched 

for in this work in the group of subtilisins, which belong to the subtilases.  

First, the sequences of already characterised proteases from the subtilase family were 

collected and re-evaluated with regard to their classification, since the number of newly 

characterised subtilases is constantly increasing and the overview of this large family has 

not been updated since 1997 (Siezen and Leunissen). The phylogenetic analysis of the 

MEROPS holotype data set of the subtilase family revealed that a large number of 

different subtilases form new groups and subgroups. Eight new groups and 13 new 

subgroups were identified and introduced. Furthermore, an updated overview was 

necessary to be able to assign newly found sequences phylogenetically to the already 

known ones. Thus, in a database-based search for new subtilisin sequences from the 

family Bacillaceae, about 1400 sequences were evaluated. Using the updated 

phylogenetic context and further bioinformatic analysis, a group of 120 sequences was 

identified and selected for further analysis. In particular, enzymes from halophilic or 

halotolerant organisms offer enormous potential for meeting industrial requirements. 

Therefore, the subtilisin genes from Pontibacillus marinus DSM 16465T (SPPM), 

Metabacillus indicus DSM 16189 (SPMI), Litchfieldia alkalitelluris DSM 16976T (SPLA), 

Fictibacillus arsenicus DSM 15822T (SPFA), Alkalibacillus haloalkaliphilus DSM 5271T 

(SPAH) and Halalkalibacter okhensis Kh10-101T (SPAO) were isolated and the enzymes 

recombinantly produced with Bacillus subtilis DB104, then purified and biochemically 

characterised. Here it could be confirmed that the wild-type subtilisins from halotolerant 

and halophilic species had technically more interesting biochemical properties than the 

previously developed high-alkaline subtilisins. Especially worth mentioning is the high 

stability towards SDS, NaCl, H2O2, as well as the high activity at alkaline pH, which is 

interesting for both research and industrial applications. In addition, the organisms 

mentioned above were investigated for their genetic accessibility. Here, Metabacillus 

indicus DSM 16189 was established as a new host and used for the recombinant 

production of its own secreted subtilisin. 

By studying novel subtilisins with halotolerant and halophilic origins, this work contributes 

to the understanding of the adaptation of extracellular enzymes and the relationship 

between amino acid sequence and biochemical properties. The results, especially from 

structure-function analysis with emphasis on surface charge analysis, form the starting 

point for further enzyme engineering studies. 
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1 Introduction 

1.1 Peptidases 

Peptidases are enzymes that catalyse the hydrolysis of peptide bonds of proteins or 

shorter peptides, producing peptides or amino acids. They are found in all living 

organisms, are necessary for their survival, and about 2 % of the genome of each organism 

encodes for peptidases [1]. The term peptidase is recommended by the Nomenclature 

Committee of the International Union of Biochemistry and Molecular Biology (NC-IUBMB) 

for any protein that catalyses the hydrolysis of peptide bonds [2]. Peptidases are also 

called proteinases, proteolytic enzymes, or proteases [1]. They belong to the third class of 

the EC classification system (Enzyme Commission), the hydrolases. Within this class, they 

form the subclass EC 3.4. and generally cleave the peptide bond of a substrate by the 

addition of water. Initially, peptidases were classified either according to their specificity 

or according to the catalytic type [1, 3]. The EC systematic uses a hybrid of the two systems 

[2]. The catalytic type refers to the chemical groups responsible for catalysis. The six 

known types are serine, cysteine, asparagine, glutamine, threonine and metallo-

peptidases [1]. Serine and threonine peptidases use a hydroxy group and cysteine 

peptidases a thiol group as a catalytic nucleophile [1]. In aspartic, glutamic and metallo-

peptidases, the nucleophile is usually an activated water molecule [1, 4]. However, an 

additional type of proteolytic enzyme was recognised, which are not hydrolases but lyases 

that use asparagine as a nucleophile to cleave peptide bonds and would therefore belong 

to a different EC subclass (EC 4.3) [5].  The catalytic asparagine forms a cyclic structure 

with its own carbonyl carbon which leads to the cleavage of its own peptide bond [5].  

 

With the exception of asparagine lyases, all peptidases hydrolyse peptides, but the 

hydrolysis differs by the position of the peptide bond within the substrate and by the 

amino acid residue near the cleavage site [1]. Therefore, peptidases within this system are 

called endopeptidases or exopeptidases. The classification within the EC nomenclature of 

peptidases is listed in Table 1. Endopeptidases hydrolyse at sites within the polypeptide 

chain away from the N- or C-terminus. In the EC nomenclature, endopeptidases are 

subdivided into subclasses (EC 3.4.21 to EC 3.4.25) [2]. However, there are also 

endopeptidases that can only cleave short peptides, which are called oligopeptidases [6]. 

Exopeptidases hydrolyse the polypeptide chain not more than three residues from the N- 

or C-terminus. Depending on the preferred hydrolysis site they are named as amino- or 

carboxypeptidases (EC 3.4.11, EC 3.4.16, EC 3.4.17, EC 3.4.18). Determined by the size of 

the cleaved fragment they are termed as dipeptidases, dipeptidyl-, tripeptidyl-peptidases 

or peptidyl-dipeptidases [1]. Dipeptidases (EC 3.4.13) hydrolyse a dipeptide and require 

that both termini are free. Dipeptidyl-and tripeptidyl peptidases (EC 3.4.14) release an N-

terminal di- or tripeptide from its substrate. Peptidyl-dipeptidases (EC 3.4.15) hydrolyse a 

dipeptide from the C-terminus of their substrate. In addition, there are omega-peptidases 
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(EC 3.4.19) that catalyse the removal of terminal peptide residues that are substituted, 

cyclised or linked by isopeptide bonds [7]. However, none of these classification systems 

represent the evolutionary relationships between peptidases, as a peptidase family can 

include both endopeptidases and exopeptidases [6].  

 

Table 1 Classification of peptidases by EC system [2] 

EC number Peptidase type 

EC 3.4.11 Aminopeptidases 

EC 3.4.13 Dipeptidases 

EC 3.4.14 Dipeptidyl-and tripeptidyl-peptidases 

EC 3.4.15 Peptidyl-dipeptidases 

EC 3.4.16 Serine-type carboxypeptidases 

EC 3.4.17 Metallocarboxypeptidases 

EC 3.4.18 Cysteine-type carboxypeptidases 

EC 3.4.19 Omega peptidases 

EC 3.4.21 Serine endopeptidases 

EC 3.4.22 Cysteine endopeptidases 

EC 3.4.23 Asparagine endopeptidases 

EC 3.4.24 Metalloendopeptidases 

EC 3.4.25 Threonine endopeptidases 

 

 

The third and latest classification system is based on the 3D-structure and homology. 

Related peptidase sequences were assigned to families and families with related 

structures were grouped into clans [8, 9]. Many proteolytic enzymes are multi-domain 

proteins in which the proteolytic activity is restricted to one domain, which is solely 

considered when assigning a proteolytic enzyme to a family and clan [10]. This 

classification system is the basis for the MEROPS database 

(https://www.ebi.ac.uk/merops/), which contains information on more than 4400 

different peptidases as well as peptidase inhibitors and substrates [9]. Within a family, 

almost all peptidases are restricted to one catalytic type, giving the family its name, which 

consists of a letter indicating the catalytic type (S, T, C, A, G, M) and a consecutive number. 

The designation of the individual clans is based on the catalytic mechanism (e.g. S for 

serine) and another consecutive letter (e.g. SB). The catalytic type within a clan can vary, 

therefore the letter P indicates a mixed catalytic type. Families with an unknown catalytic 

type are assigned an U [10]. Asparagine peptide lyases, the only non-hydrolytic proteolytic 

enzymes, are named with an N [5]. Most peptidases contain only a single peptidase 

domain, but when a protein contains multiple peptidase domains, they are defined as a 

complex peptidase, with the identifier beginning with the letter X and following the 

conventional MEROPS nomenclature for each domain [10]. If there are significant 
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differences within a clan or family, they are subdivided again [10]. Thus, the hierarchy in 

the MEROPS database can include up to six levels, in descending order: type, clan, subclan, 

family, subfamily and peptidase species [6]. A peptidase species represents one and the 

same enzyme from different organisms and is assigned a unique MEROPS identifier, which 

is only defined for biochemically characterised proteins [10]. For each protein species, 

there is a holotype that represents the first biochemically characterised peptidase [10]. 

Because of the rapidly growing database of peptidase sequences that are uncharacterised 

and too different from those of any holotype, these proteins are referred to as unassigned 

homologues [1].  

 

The binding of the amino acids of the active site of a peptidase to its substrate is described 

in the nomenclature of Schechter and Berger [11], in which the active centre of the 

enzyme consists of seven subsites ("S") located on either side of the catalytic centre 

("Cleavage site"). The positions ("P") of the substrate are counted from the cleavage site 

and therefore have the same numbering as the subsites they occupy [11], as shown in 

Figure 1. 

 

 
Figure 1 Schematic representation of the Schechter and Berger nomenclature [11]. 

  

1.1.1 Importance of proteases 

Physiologically, proteases are important for many biological processes, such as digestion 

of dietary proteins, the blood clotting cascade, recycling of intracellular proteins, 

processing of antigens, defence of host cells in plants, and activation of a variety of 

proteins including hormones, enzymes and neurotransmitters, and they even act as 

virulence factors of pathogens [1]. About 18 % of all proteins in the SwissProt protein 

sequence database undergo posttranslational proteolytic processing during maturation 

[1]. Because proteases are involved in so many physiological processes, about 14 % of the 

five hundred human proteases are being investigated as drug targets [12].  

 

From an industrial perspective, there are many uses for proteases. One of the first 

applications, as described by Homer in the Illias was cheese making. Although it was not 

known at the time that it contained proteases, they used fig juice, which contains the 
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protease ficain, to clot the milk [13]. This process was then adapted to the present day 

with rennet, animal stomach contents that contain chymosin [14]. Proteases are also used 

to tenderise meat, clarify beer and improve the taste of cheese and pet food [1]. Another 

application is, for example, in the medical field, besides being the targets of drugs, the 

removal of dead skin from wounds [15]. An overview of the different application fields for 

proteases is shown in Figure 2. However, looking at the amount of proteases used, the 

largest area of application is as an active ingredient in detergents and cleaning agents, as 

outlined in the following sections [16].  

 
Figure 2 Applications of proteases in industries and sectors. 

1.1.2 Serine proteases 

The largest peptidase family are serine proteases, which use the hydroxy group of a Ser 

residue as a nucleophile to hydrolyse the peptide bond in a protein [17]. MEROPS count 

53 serine families and 13 clans [18]. The majority of serine proteases are endopeptidases 

[19]. They are found in animals, plants, fungi, many microbial species, and viruses [17]. 

Intensively studied representatives are for example trypsin, chymotrypsin, thrombin, or 

subtilisin [20–23]. They are involved in various processes such as digestion, immune 

response, signal transduction, fibrinolysis, reproduction, or nutrient supply [20, 21, 24–
27].  

 

The catalytic mechanism of serine proteases was first established primarily by kinetic 

studies of chymotrypsin and involves a nucleophile, a general base and an acid [28, 29]. 

In the classic trypsin and subtilisin families, this task is fulfilled by the three amino acids 

serine, histidine and aspartate [29]. This arrangement of amino acid residues is called a 
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catalytic triad and exhibits similar spatial arrangements [24, 29]. However, different 

catalytic triads were identified, including a different order of the three amino acids His-

Asp-Ser (H-D-S) for clan PA, S-D-H for clan SC, D-H-S for clan SB, S-H-E for clan SN and 

catalytic diads such as S-L for clan SE [29, 9].  

 

Figure 3 illustrates the catalytic mechanisms for the clan PA, SB and SC, which are termed 

as the classic serine proteases. Apart from some structural changes and order of the 

amino acid residues of the catalytic triad, the chemical mechanism is the same [29]. In the 

active site, the side chain of the serine is connected to the imidazole ring of the histidine 

via a hydrogen bridge. The amino group of the imidazole ring is in turn connected to the 

carboxylate group of the aspartate via a hydrogen bridge. The histidine residue positions 

the serine side chain and polarises its hydroxy group, which can then be easily 

deprotonated [30]. In the presence of the substrate, it acts as an acceptor for the proton 

of the hydroxy group of serine and functions as a general base. Aspartic acid favours 

proton uptake through electrostatic effects and supports the spatial orientation of 

histidine. The reaction begins with the nucleophilic attack of the hydroxy group of the 

serine of the catalytic triad on the carbonyl carbon atom of the peptide. Here, an unstable 

tetrahedral intermediate is formed that has a negative charge on the oxygen atom of the 

carbonyl group [31]. This charge is stabilised by the interaction with two amino groups of 

the peptide backbone, which is called the oxyanion hole. In subtilisins, one of the amino 

groups is provided by the side chain of an asparagine residue [32]. The intermediate 

collapses, the peptide bond is cleaved and an acyl enzyme is formed with the release of 

an amino group, assisted by histidine acting as a general acid. A water molecule 

subsequently attacks the carbonyl group of the enzyme and at the same time the histidine 

removes a proton from the water molecule. This again produces an unstable tetrahedral 

intermediate with a negative charge, which is stabilised by the oxyanion hole. The 

intermediate collapses, a carboxylic acid product is released and then the free peptidase 

is able to carry out a new catalytic cycle [31].  
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Figure 3 Schematic representation of the active site of classic serine proteases. Shown is 
the catalytic triad of aspartate (Asp), histidine (His) and serine (Ser) and the binding of a 
peptide. Blue dotted lines represent hydrogen bonds and red arrows illustrate the moving 
of electron pairs (based on Hedstrom [30]). 

1.1.3 Subtilases 

Family S8, also known as subtilases or subtilisin-like proteases, is the third largest family 

of serine proteases after the family S1 (chymotrypsin family) and S9 (prolyl 

oligopeptidases family), with regard to the number of sequences as well as the 

characterised proteases [9]. The family belongs to the clan SB, which includes the S8 

family as well as the S53 family (sedolisin family) [19]. The two families of the clan SB differ 

in their catalytic triad, with the S8 family being termed as the "classic" D-H-S family, as 

described above, while the catalytic triad is changed to Glu, Asp and Ser for members of 

the S53 family, which is termed as the ED-S family [33]. The S53 family is very similar to 

that of the subtilisins and, in addition to the modified catalytic triad, has an aspartate 

instead of asparagine in the oxyanion binding site [33]. In general, the subtilases are a very 

diverse family with little sequence homology, often restricted to regions around the 

catalytic triad [33]. The analysis by Siezen et al. revealed another subgroup of the S53 

family with a different conserved Asp residue (E-D-S family), where Glu and Asp are 

located in different sequence regions within the E-D-S family compared to the ED-S family, 

where Glu and Asp are located in the same sequence region. In addition another subgroup 

related to the S8 family in which the original Asp residue is replaced by a catalytic Glu 
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residue (E-H-S family) was found [33]. Variations in catalytic residues are common and 

lead to differences in catalytic mechanism and substrate specificity [34]. 

 

In addition, the S8 family is subdivided into the subfamilies S8A and S8B [9]. Furthermore, 

Siezen and Leunissen categorised subtilases into six groups based on a comparison of the 

sequence of the catalytic domain and its phylogenetics. These groups include subtilisins, 

thermitases, proteinase K, lantibiotic peptidases, pyrolysins, and kexins. The kexins are 

part of the subfamily S8B, whereas the remaining five groups fall under the subfamily S8A 

[24]. The S8B subfamily is mainly found in eukaryotes and includes a large group of 

proprotein convertases involved in the activation of peptide hormones, growth factors, 

viral proteins, etc. [24]. Kexin, the prototype of this subfamily, has a biosynthetic rather 

than a degradative function and is highly specific for the cleavage after Lys-Arg or Arg-Arg 

[35]. Based on sequence homology, furins also belong to this subfamily and are the 

mammalian homologues of kexins and responsible for cholesterol metabolism and 

maturation of hormone precursors [36]. Subtilases of the S8A subfamily are present in 

microorganisms, such as archaea, bacteria, fungi, and yeasts, as well as in higher 

eukaryotes [9]. In bacteria, archaea and lower eukaryotes, they are usually nonspecific 

proteases and mainly play a role in nutrition by providing peptides and amino acids for 

cell growth or host invasion [24]. Involvement in host invasion is observed in several 

entomopathogenic and nematophagous fungi, which are able to destroy the structural 

integrity of the insect or nematode cuticle during invasion and colonisation [37–39]. 

However, there are also maturation subtilases in prokaryotes that are involved in the 

maturation of e.g. lantibiotics, extracellular adhesins such as filamentous haemagglutinin 

or spore germination enzymes [40–42]. Subtilases are also involved in developmental 

processes and immune reactions in plants, play a role in the pathogenesis of 

Dermatophilus congolensis or in the metabolic processing of neuropeptides in the fruit 

fly, Drosophila melanogaster [43–45]. With the exception of TPPII (tripeptidyl peptidase 

II), which cleaves tripeptides from the N-terminus of peptides, the other known members 

of the S8 family are characterised as endopeptidases [43, 24].  

 

Most subtilases have a multidomain structure consisting of a signal peptide, a propeptide, 

a peptidase domain, and in some cases a C-terminal extension, with additional features 

such as sequence repeats, Cys-rich domains as cell surface anchors, or transmembrane 

segments [24]. Subtilases without signal peptide remain inside the cell and most likely 

play a role in intracellular maturation processes, as mentioned above. Extracellular 

subtilases with an additional anchoring domain remain attached to the cell wall, such as 

Mycosin-1 from Mycobacterium tuberculosis, which is produced during infection of 

macrophages [46]. The N-terminal propeptide is found in all subtilases except the 

subtilase ASP (Aeromonas sobria protease) [47–49]. The propeptide functions during 

maturation as an intramolecular chaperone that supports the folding of the catalytic 

domain and serves as an inhibitor that forms a complex with the subtilase [50]. In the 
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absence of a propeptide, the peptidase domain alone is unable to fold into its native 

structure and stops at a molten globule-like intermediate [47]. The propeptide gets  

autoprocessed at its primary cleavage site and interacts with two surface helices and the 

pocket in the active site of the subtilase, where it binds in a substrate-like manner and 

competitively inhibits activity [51, 52]. When the first propeptide dissociates from the 

active site, the free subtilase triggers an exponential cascade that selectively targets other 

bound propeptides [53]. 
 

1.1.4 Subtilisins 

Subtilisins are a group of subtilases that are one of the best studied groups of proteases 

in terms of structure and function due to their properties, such as thermostability, broad 

pH range, and broad specificity [54]. They are generally isolated from a wide range of 

bacterial sources of the family of Bacillaceae, such as Bacillus licheniformis, Bacillus 

subtilis and Bacillus amyloliquefaciens [55]. They are not only found in species of the 

Bacillaceae family, but also in other microorganisms, such as Alkaliphilus transvaalensis 

or Pyrobaculum aerophilum [56, 57]. The classification by Siezen and Leunissen provides 

a further division into the subgroups of intracellular subtilisins, true subtilisins, high-

alkaline subtilisins, and later by Saeki et al. into phylogenetically intermediate subtilisins 

(PIS) [24, 58]. Intracellular subtilisins have no signal peptide and are found in many 

different Bacillus species and related bacteria, where they form the main component of 

the degradome, whereas extracellular subtilisins mainly play a role in nutrient supply due 

to their broad substrate specificity [24, 59, 60]. Typical extracellular subtilisins have a 

molecular mass of about 27 kDa and are secreted in an about 39 kDa precursor form 

including the signal peptide, the propeptide and the peptidase domain [61–64]. The 

structure of the well characterised subtilisin E (S08.036) from B. subtilis with its 

propeptide is shown in Figure 4 [51]. The secondary structure consists of three β-sheets 

in the form of a highly twisted seven-stranded parallel β-sheet with two antiparallel β-

sheets and nine α-helices [51]. Subtilisins are Ca2+-dependent and the structure usually 

includes a strong and a weak Ca2+-binding site [24]. The binding of Ca2+ is essential for the 

stability and/or activity of the enzyme [64]. While the high-affinity Ca2+-binding site in the 

protein is always fully occupied, even without the addition of CaCl2, the weak binding site 

is occupied by a Na+ or K+ ion at low CaCl2 concentrations [64]. Both sites are located far 

from the active site, with the high-affinity Ca2+ binding site found near the N-terminus and 

the other one about 32 Å away [65].  
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Figure 4 Crystal structure of an autoprocessed Ser221Cys-subtilisin E-propeptide complex 
(PDB: 1SCJ). Two Ca2+ ions are displayed with yellow balls. The catalytic residues Asp32, 
His64, and Ser(Cys)221 are shown in red. The structure of the autoprocessed propeptide is 
shown in orange [51].  

Subtilisins are widely used industrially in various products such as detergents, cosmetics, 

pharmaceuticals, as well as in processes such as leather processing and wastewater 

treatment [54]. Sales of alkaline proteases such as subtilisin account for the highest share 

of the global enzymes market, with 2.2 billion USD in 2019 and an expected size of 2.9 

billion USD by the end of 2026 [66, 67]. The idea of using proteases for detergents dates 

back to the use of pancreatic extracts by Roehm in 1913, but the big breakthrough came 

in the 1960s with the availability of subtilisins from bacteria [16]. Within the washing 

liquor they degrade proteinaceous stains, such as milk, egg, blood, grass, and sauces [16]. 

For use in detergents, subtilisins must meet several properties, such as high catalytic 

activity and stability at alkaline pH, high temperatures, broad substrate specificity, and 

stability in the presence of bleaching agents and surfactants [54]. The current trend 

towards lower washing temperatures in order to save energy and the use of synthetic 

fibres that cannot tolerate high temperatures has led to the need for subtilisins that are 

optimal at lower temperatures [54]. The majority of subtilisins used in detergents are 

isolated from species such as B. licheniformis with subtilisin Carlsberg [68], Lederbergia 

lenta (formerly Bacillus lentus) with Savinase [69], Alkalihalobacillus alcaliphilus (formerly 

Bacillus alcaliphilus) with subtilisin PB92 [70], and B. amyloliquefaciens with BPN’ [23]. 
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The first generation of subtilisins used for detergents showed high activity at pH 9 - 10 

and belonged to the group of true subtilisins [16]. With the discovery of high-alkaline 

subtilisins with high activity at pH 11 - 12, the second generation of subtilisins for use in 

detergents was established. A selection of commercial subtilisins and their organism 

source used in liquid, powder, or in machine dishwashing detergents is listed in Table 2. 

 

Table 2 Commercial protease products for detergent applications 

Product Organism source Application 

Alcalase® Bacillus licheniformis L 

BLAP S Lederbergia lenta P, D 

BLAP X Lederbergia lenta P 

KAP Shouchella clausii P 

Liquanase® Bacillus spec. L 

Polarzyme® Bacillus spec. L 

Properase® Bacillus spec. D 

Purafect™ Lederbergia lenta P 

Purafect Ox™ Lederbergia lenta P 

Purafect Prime™ Lederbergia lenta L 

PUR Lederbergia lenta L 

Savinase® Lederbergia lenta  P 

L: liquid detergent, P: powder detergent, D: automatic dishwashing detergent; based on 

Sahm et al. [71] 

 

Since the discovery of subtilisin Carlsberg for the detergent industry, a number of alkaline 

proteases, mainly from different genera of the Bacillaceae family, but also from 

Streptomyces, have been characterised and explored for various biotechnological 

applications [72]. In these studies, most of these proteases were referred to as subtilases 

with limited reports on other peptidase families. Most of the published articles dealing 

with proteases for use in detergents relate to purification and characterisation, but 

recombinant production of the protease is described in only few cases [72]. For example, 

Mechri and co-workers reported about subtilisins from Virgibacillus natechei and 

Anoxybacillus kamchatkensis M1V, which both showed similar or higher stability and 

compatibility in detergents compared to commercial proteases [73, 74]. A subtilisin from 

the psychrophilic Bacillus pumilus strain BO1 effectively removed blood stains under cold 

washing conditions (20°C) [75]. The subtilase from Thermoactinomyces vulgaris CDF 

showed also high compatibility with commercial laundry detergents [76]. In general, only 

a few selected proteases are suitable for use in liquid detergents, as many have 

insufficient catalytic activity in such environments. Sufficient cleaning performance 

against soiling on cotton is determined by the degree of cleaning of the washed fabric 

under test conditions. Here, the proteases act on substrates bound to the surface of 
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usually cotton and not on soluble substrates in solutions [16]. Proteinaceous stains on 

cotton are less accessible to enzymatic degradation due to ageing, heating and oxidation, 

in contrast to biochemical environments where denaturation of protein substrates 

normally leads to enhanced enzyme activity [16].  

 

Since most of the subtilisins used are sensitive to oxidising agents, the enzyme is protected 

from oxidation by bleaching agents in the detergents by site-directed mutagenesis, in 

which a methionine residue near the active Ser residue is replaced by a non-oxidisable 

amino acid [67]. Enzyme engineering was also used to lower the optimal temperature for 

effective cold washing at 10 -20 °C [67, 77]. Various other enzyme engineering approaches 

were carried out to improve stability and activity with respect to pH, temperature, 

detergents, and oxidants, resulting in the third generation of subtilisins for use in 

detergents [77–83]. 

 

Due to their activity at alkaline pH values, subtilisins also have potential for applications 

in the food industry, e.g. for the removal of allergens. Alcalase® (Subtilisin Carlsberg) 

reduced IgE reactivity in roasted peanut products, reduced fish allergen content, and 

removed proteins from milk that induce an immunological response in non-breastfed 

infants [84–86]. In the context of pharmaceutical applications, Chen et al. reported an 

engineered subtilisin variant with high specificity against the rat sarcoma oncoprotein 

could be used to treat cancer, as this oncoprotein causes one third of human cancers [87]. 

Nattokinase from B. subtilis natto showed fibrinolytic activity and might be used as a 

potential agent for thrombolytic therapy. In addition it increases the secretion of tissue 

plasminogen activator from cells [88]. Subtilisins can be also used for peptide synthesis 

rather than hydrolysis when catalysis takes place in organic solvents, for example [89]. In 

leather and textile processing, subtilisins can be used instead of harsh chemicals for hair 

removal [67]. In addition, an application in waste management is possible, as subtilisins 

can, for example, degrade fish biowaste generated in the fish processing industry and 

convert it into protein hydrolysates and chitin-containing materials that could be used in 

other industries [90]. 

 

1.1.5 The search for new proteases 

Approaches to discover and engineer new and improved enzymes for industrial 

applications are rapidly growing [91]. In addition to elaborate protein engineering studies, 

there is the de novo design of enzymes, which is still in its infancy due to the limited 

understanding of structure and function [91]. However, nature, and in particular the 

almost unlimited microbial biodiversity, harbours great untapped potential for 

contributing to the enrichment of the repertoire of known and new enzymes [92]. Several 

methods are available to exploit this potential. The classical approach is the isolation and 

cultivation of microorganisms from a specific environment with extraction of genomic 

DNA or purification of proteins and identification of genes, which can be an effective but 
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time-consuming procedure [91]. However, the development of high-throughput 

sequencing technologies has made it possible to extract an exponentially growing amount 

of sequence information from genome sequencing projects [93, 94]. Here, predictive 

bioinformatic tools made it possible to search for open reading frames and automatically 

annotate putative enzymes [91]. Since most microorganisms cannot be cultured, 

metagenomic analysis is possible, in which the genetic information of the entire microbial 

community in a given environment is examined [94]. Therefore, the characterisation of 

proteases lags far behind the available sequences in the database [93]. In particular, the 

identical protein groups database (https://www.ncbi.nlm.nih.gov/ipg) of the National 

Center for Biotechnology Information (NCBI) contains a single entry for each protein 

translation found in different NCBI sources and combines annotated coding regions from 

different databases such as PDB, SwissProt, GenBank and RefSeq [95]. The database 

displays an excellent source for mining new enzymes [91]. Here, either a keyword search 

can be performed or the amino acid sequence of a reported enzyme with the desired 

properties can be used as a template for a BLAST search that yields homologous protein 

sequences [91]. However, one aspect of such huge number of uncharacterised proteases 

is the prioritisation of characterisation. Here it is important to look at the microbial origin. 

As already mentioned, the genus Bacillus is particularly important for subtilisins. Since 

several bacteria within the genus Bacillus have been reclassified into genera such as 

Alkalihalobacillus, Metabacillus, Cytobacillus, etc., in order to divide the known Bacillus 

species into different clades, the entire family of Bacillaceae is interesting in this respect 

[96, 97]. For Bacillaceae, multiple subtilase-encoding genes are also more likely to be 

found than a single gene, showing the large amount of sequences that can be exploited 

[33]. Most of the industrially used subtilisins originate from mesophilic Bacillus species 

[98–100]. However, enzymes derived from extreme environments gained attention since 

they have the potential to fulfil several industrial needs which will be outlined in the 

following [101].  

 

1.1.6 Extremozymes and where to find them  

Extreme environments offer the potential to yield novel microbial diversity and enzymes 

with interesting properties that can withstand harsh conditions [102]. Enzymes isolated 

from organisms living in extreme environments such as the Antarctic, geothermal hot 

springs or saline environments are called extremozymes [103–106]. They have evolved to 

withstand extreme physico-chemical conditions and can be divided into two classes. The 

first class are enzymes that are adapted to the respective environment, e.g. to extreme 

temperatures or pressures that reach into the intracellular milieu, so that intracellular and 

extracellular enzymes are adapted to these conditions [101]. In other environments 

having for example extreme pH values or salinity, extremophilic microorganisms persist 

in such environments by homeostatic mechanisms allowing to maintain intracellular 

conditions that are similar to those of non-extremophiles [101]. Therefore, not all 
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enzymes from extreme environments are extremozymes, because the intracellular 

enzymatic functions of the second class are not adapted to the extreme conditions, 

whereas  the extracellular enzymes are [101]. In particular, subtilisins derived from 

bacteria with a halotolerant or halophilic background provide immense potential for 

meeting industrial demands, as shown by the increasing number of newly characterised 

proteases [72, 107, 108]. They have properties such as high tolerance to pH, temperature 

and osmotic stress and therefore have great practical importance for industrial 

applications [90, 109–111].  

 

Halophiles are a heterogeneous group of organisms that have the ability to survive or 

grow best in a highly saline environment [112]. Several classifications for halophilic 

bacteria have been proposed, but one of the most widely used schemes states that 

halophilic bacteria are divided into slightly halophilic (when they grow best between 0.2 

and 0.5 M salt), moderately halophilic (0.5 - 2.5 M salt) and extremely halophilic (above 

2.5 M salt) species [113, 107]. Bacteria that can grow both in the absence of salt and in 

the presence of relatively high salt concentrations are called halotolerant or extremely 

halotolerant if growth occurs above 2.5 M salt [114, 107]. They occur in all three domains 

of life, and hypersaline niches are inhabited by extremely and moderately halophilic 

archaea and bacteria [115]. The best studied examples of extreme halophiles are the 

archaeal representatives of the class Halobacteria, most of which show optimal growth 

above 2.5 M salt [116]. Moderately halophilic and halotolerant bacteria are found in a 

large number of phylogenetic branches, including species belonging to the 

Pseudomonadota (formerly Proteobacteria (Gamma- and Alphaproteobacteria)), 

Bacillota (Firmicutes) and Actinomycetota (Actinobacteria) [117]. Halophily is less 

widespread in eukaryotes and is mainly found in a few species of green algae, filamentous 

fungi, yeasts and protozoa [118]. Halophilic organisms are mainly isolated from saline 

environments, such as salt lakes, saline soils and marine sediments, but also from non-

ordinary places such as textile effluents, halophytes, mine wastes and processed foods 

[107]. 
 

Microbial adaptation to high concentrations of soluble salts is facilitated by achieving at 

least osmotic equilibrium with the surrounding medium in the cytoplasm [107]. The 

dissolved salts increase the osmotic potential of the environment, which removes water 

from the cell, leading to cell death [107]. There are two main adaptive mechanisms for 

maintaining high osmotic pressure within the cell [115]. The first strategy is the "salt-in" 

strategy, in which the enrichment of inorganic ions such as K+ serves to balance the 

osmotic pressure [118]. Second, the accumulation of water-soluble, low-molecular 

organic compounds called compatible solutes or osmolytes which replace the inorganic 

ions [118, 119]. The accumulation of compatible solutes occurs through uptake or 

synthesis, e.g. of sugars, polyols and amino acids [118]. In the event of a salt depletion, 

the compatible solutes being excreted or degraded and metabolised [118, 120]. In Bacillus 



14 

species, the cell wall is reinforced with teichuronic acid, a negatively charged layer that 

surrounds the peptidoglycan cell wall [121]. The negative charges generated by the 

polymers are thought to repel hydroxy ions and adsorb sodium and hydrogen ions, 

protecting the cell from high salinity and high pH [122]. Additionally, the adaptation of 

Bacilli to high salinity and high pH is believed to rely heavily on effective Na+(K+)/H+ 

antiporters [123].  

 

1.1.7 Protein adaptation to extreme environments  

The temperature is a key factor to determine the dynamics and catalytic efficiency of an 

enzyme [124]. An increase in temperature can lead to increased mobility and instability 

of the proteins, which is why thermophilic enzymes (50 - 80 °C) require higher structural 

rigidity and a more compact conformation to withstand high temperatures without 

thermal denaturation [124]. The adaptation of proteins enabling stability at high 

temperatures is attributed to an increased number of charged residues, disulphide bonds 

and a hydrophobic core [125]. Furthermore, the interaction between the solvent and the 

protein plays a key role in protein folding, flexibility, stability and function [124]. With 

increasing temperature, the entropy of the solvent increases as the hydrogen bonds 

between the solvent molecules are weakened, resulting in exposed hydrophobic groups 

being forced inside the protein, which stabilises the protein to a certain extent [126]. The 

amino acid composition and the surface polarity can therefore lead to different 

interactions with the solvent and thus to different thermotolerance. A higher 

hydrophobicity of a protein often leads to a more compact structure and thereby to a 

higher resistance to heat denaturation [124]. In addition, chaperones are produced that 

help to prevent heat denaturation or refold the proteins back to their native functional 

state after heat denaturation [127]. On the other hand, enzymes that are psychrophilic 

(<15 °C) are more flexible in their structure, which allows them to make conformational 

changes during catalysis and improve catalytic efficiency at lower temperatures [128].  

 

The pH value has a major influence on enzyme activity, as the pH value affects the 

ionisation state of the acidic or basic amino acids, which in turn influences the build-up of 

salt bridges and hydrogen bonds that maintain the three-dimensional shape of the 

protein. A change in structure can lead to changes in protein function or inactivation of 

the enzyme. Comparison of the crystal structures and amino acid sequence between the 

high-alkaline subtilisin M-protease from Bacillus sp. KSM-K16 and the true subtilisin 

Carlsberg from Bacillus licheniformis showed that the number of negatively charged 

amino acids Asp and Glu as well as the positively charged Lys is reduced in the M-protease, 

while the number of Arg, His, Asn and Gln is increased [129]. This indicates that adaptation 

to highly alkaline conditions is accompanied by an increase in the isoelectric point (pI). 

The Arg residues contribute to an increase in hydrogen bonds or ion pairs in the peptidase, 

as the pKa of the guanidino group of Arg (ca. 13.8) is higher than that of the ε-amino group 

of Lys (ca. 10.5) and can form ion pairs with amino acid residues more easily under alkaline 
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conditions [130, 129]. His, Asn and Gln are uncharged at high alkaline pH and might help 

to maintain protein solubility in water [129].  

 

Since salt adaptation is based on a high proportion of negative or positive charges on the 

surface, this is related to adaptation to a high pH value [131]. High salt concentrations 

lead to a disruption of the local water structure around the protein, reducing the 

propensity for intermolecular hydrogen bonding, which affects protein solubility, stability 

and crystallisation. In addition, the surface tension of water increases, pulling the essential 

water layer away from the protein surface and increasing hydrophobic interactions, 

leading to protein aggregation and precipitation [132]. Therefore, the charged amino 

acids play a crucial role in building a hydrate shell around the protein that maintains 

solubility. Here, the negatively charged amino acids are most beneficial for protein 

solubility, followed by the positively charged amino acids and finally the charge-neutral 

amino acids [133]. Thus, halophilic enzymes contain a relatively high proportion of acidic 

amino acids (Asp and Glu), which leads to a reduction of the theoretical isoelectric point 

(pI) (4.2 - 6.8) [131]. In contrast to halophilic enzymes, halotolerant enzymes are defined 

as enzymes that maintain their activity over a wide range of salt concentrations without 

salt dependence [111]. The comparison of the number of acidic amino acids (Glu and Asp) 

to the number of basic amino acids (Lys, His, and Arg), referred to as the AB ratio can be 

used to predict salt adaptation [111, 134]. However, the mechanism behind the 

adaptation of halotolerant enzymes to moderately high salt concentrations (i.e. 0.5 - 2.5 

M NaCl) is poorly understood. Comparisons of the amino acid sequences of a halotolerant 

subtilisin with homologous non-halotolerant subtilisins revealed that at least eight acidic 

and polar amino acids in the non-halotolerant group were replaced by non-polar amino 

acids [131, 135]. 

 

The biggest problem of proteases in terms of their adaptability to extreme environments 

is autoproteolysis. Autoproteolysis refers to the hydrolytic cleavage of the protease itself 

in a mostly intermolecular mechanism (cleavage of one protease by another) and is 

coupled to subsequent unfolding [136]. Proteases are protected from autoproteolysis in 

their native conformation because they are normally more compactly packed than other 

proteins, but occurs during unfolding because the unfolded molecules are a substrate for 

the molecules that are still native and active [137]. This is a particular problem for non-

specific proteases such as subtilisins and leads to the inactivation and irreversibility of 

unfolding [138]. Therefore, in addition to structural stability, autoproteolytic stability 

must also be taken into account for proteases [136].  
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1.2 Protease production  

For the production of recombinant proteins on an industrial scale, different prokaryotic 

and eukaryotic expression systems are used depending on the target protein [139]. 

Bacteria in particular are interesting for production because they are easy to handle and 

tools for genetic manipulation exist for many bacteria [140]. Industrial production must 

be cost-efficient, with high yields and low efforts for protein purification. The genus 

Bacillus has become one of the most important hosts for the production of subtilisins 

[141, 142]. In particular, Bacillus subtilis is widely used as a cell factory due to its highly 

efficient protein secretion system, adaptable metabolism and simple and diverse genetic 

manipulation systems [143]. B. subtilis is an aerobic, gram-positive soil bacterium and, 

with its versatile metabolism, easy to cultivate on cheap substrates, with short 

fermentation cycles of about 48 hours [143]. These cheap substrates are by-products of 

agricultural production such as molasses from sugar cane and corn starch for submerged 

fermentation or various types of bran and cake for solid-state fermentation [144]. Protein 

secretion is facilitated by the lack of an outer membrane, which is a major advantage as it 

simplifies separation from the cell biomass which facilitates downstream processing and 

reduces process costs [143]. Importantly, products synthesized with B. subtilis are usually 

granted the Generally Regarded as Safe (GRAS) status,  such as vitamins, inositols, acetoin, 

hyaluronan, or fermented soybeans [143, 145, 146].  

 

Bacillus species naturally secrete various hydrolytic enzymes such as proteases, amylases 

and lipases to respond to changing environmental conditions and to hydrolyse complex 

polymers in the cellular environment and import the resulting monomers as nutrients 

[147]. There are two main pathways of protein secretion in bacteria, the Sec pathway and 

the twin-arginine translocation (Tat) pathway [139]. In bacteria, the ubiquitous general 

secretion pathway Sec is the most important pathway for proteins exported from the 

cytosol [148]. Proteins secreted via the Sec pathway are synthesised as precursor proteins 

with an N-terminal signal peptide responsible for targeting the membrane-bound Sec 

translocase [149]. The actual membrane translocation takes place in an unfolded state of 

the protein and occurs cotranslationally or posttranslationally [150]. During or 

immediately after translocation, the N-terminal signal peptide is cleaved off by the signal 

peptidase [139]. Finally, proteins in the extracellular space can be folded with the help of 

extracellular chaperones [151]. In the Tat pathway, the protein contains a specific twin 

arginine signal peptide and is secreted in the folded state, sometimes in an oligomeric 

form or together with another protein [139]. As mentioned above, the secretion of a 

target protein into the growth medium simplifies subsequent downstream processing as 

no cell disruption is required, thus reducing overall production costs [152]. Since 

translocation is one of the known constraints for protein production of subtilisins, efforts 

have been made to find the optimal signal peptide [153]. However, this must always be 

checked for each individual protein and production host [139]. Other possible limitations 
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are found in transcription, translation, and the subsequent maturation of the protein to 

its native conformation [143].  

 

Since Bacillus species naturally produce proteases, strains that lack the genes for the 

major extracellular proteolytic activity are used [151]. Other bacterial hosts such as 

B. licheniformis, S. clausii or B. amyloliquefaciens are extremely important for the 

production of commercial proteases, as they have a higher enzyme yield than B. subtilis 

[142]. However, in contrast to B. subtilis, effective introduction of new DNA, effective 

chromosome manipulation and achieving high transformation rates have proven to be 

more challenging in these strains [142]. In contrast to B. subtilis, strains such as B. 

licheniformis encode the glyoxylate cycle, which is necessary to use overflow metabolites 

such as acetate or acetoin as a carbon source [154]. In highly optimised industrial 

fermentations, the Bacillus strains are capable of producing extracellular proteins in 

concentrations of 20 g/l [147]. However, the high product yields are predominantly 

achieved only for homologous proteins or for proteins derived from close relatives [139]. 

Hence, the yield of heterologous proteins is lower or the target proteins are not produced 

at all [155]. Therefore, different alternative secretory expression system such as 

Streptomyces lividans [156], Corynebacterium glutamicum [157] and Lactococcus lactis 

[158] are used as alternatives. In addition, other strains of the Bacillaceae family can serve 

as alternative production hosts, either for homologous or heterologous protein 

production. One of these alternatives could be the strain Metabacillus indicus DSM 16189, 

which is investigated in this work. 

 

1.2.1 Metabacillus indicus DSM 16189 

Metabacillus indicus strain DSM 16189 was first described as Bacillus cibi JG-30 [159]. 

However, due to its close genetic relationship to Bacillus indicus LMG 22858 it was 

renamed to Bacillus indicus [160]. Phenotypic characterisation of the two strains revealed 

only differences in the utilisation of mannose and galactose and a slight variation in 

pigmentation. The 16S rRNA gene sequences derived from the genome show an average 

similarity of 99.74 %. The nucleotide sequence identity of the genomes, amino acid 

sequence identity of orthologous proteins and DNA-DNA hybridisation values also exceed 

the species thresholds, which is why the new classification as Bacillus indicus DSM 16189 

was necessary [160]. Based on further genome analysis, the genus was subsequently 

renamed to Metabacillus indicus DSM 16189 [96].  

 

M. indicus DSM 16189 is a Gram-variable and halotolerant microorganism [159]. In 

addition, it is identified as an endospore former. The aerobic rods with a size of 0.6 - 0.8 

μm x 1.5 - 3.5 μm have a peritrichous flagellation that makes the organism mobile. M. 

indicus was isolated from the seafood jeotgal, a traditional Korean fermented food. Its 

colonies are described as smooth and circular with yellow-orange colouration. The 

optimal pH for growth is between 6.5 and 7.5. It grows in the presence of 0 - 12 % (w/v) 
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NaCl, with the values for optimal growth being 0 - 1 % (w/v) NaCl. The yellow-orange 

colouration of the colonies is caused by carotenoids, which are present in vegetative cells 

as yellow pigment and in the spores as orange pigment [161]. 

 

1.3 Aims of this thesis 

The search for new subtilisin sequences and their characterisation is particularly 

interesting for industrial applications such as detergents. Consequently, the first part of 

this work aimed at finding new subtilisins through a data mining-based method. Since 

most detergent-tolerant subtilisins are from the Bacillaceae family, the focus should be 

on this family. To classify the data mining results, a comprehensive phylogenetic overview 

of the subtilisin and superordinate classic subtilase family (D-H-S family) is necessary, as 

last one was given by Siezen and Leunissen 1997, when much less sequences were 

available [24]. Publicly available sequence data should be used in comparison to 

scientifically described proteases and their sequences. In the context of subtilisins, several 

new candidates should be selected of halophilic or halotolerant origin, as these subtilisins 

are most likely to meet industrial needs. In the second part of this work, the selected 

candidate genes should be cloned into a production plasmid by Golden Gate cloning and 

the plasmid then used to transform Bacillus subtilis DB104 via natural competence. 

Expression, secretion and purification of the gene products should be followed by 

comprehensive biochemical characterisation, comparison with each other and with 

previously characterized subtilisins. In addition, they should be evaluated for their 

technical applications, focusing on their use in detergents. In particular, the biochemical 

characterisation is necessary to better understand the relationship between the 

sequence, structure and the biochemical properties. The expected difficulties with respect 

to activity and stability, especially due to autoproteolysis, should be overcome. Although 

Bacillus subtilis DB104 is an established laboratory production host, limitations in the 

production of heterologous subtilisins are also very likely. Therefore, in the third part of 

this work, the wild-type strains, from which the new subtilisin sequences were obtained, 

should be evaluated as alternative production hosts. For this purpose, genetic accessibility 

and especially triparental conjugation should be investigated [162]. 
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3 Discussion 
Subtilisins are extremely versatile serine proteases from the subtilase family. Due to their 

favourable properties such as thermostability, broad pH range and broad substrate 

specificity, subtilisins are of particular interest for various industries producing 

detergents, cosmetics, or pharmaceuticals or being involved in leather processing or 

wastewater treatment [54]. As a result, there is scientific and commercial interest in 

finding new subtilisins and, moreover, understanding the relationship between amino 

acid sequence and biochemical properties can only be improved if more of these enzymes 

are comprehensively studied. 

 

One subject of this thesis is an updated overview of the classic subtilase family (D-H-S 

family), as with the increasing number of proteases characterised, the classification 

reported by Siezen and Leunissen in 1997 was no longer up to date [24]. The current 

overview was applied to the categorisation of newly found subtilisin sequences derived 

from a data mining search in public databases. In particular, subtilisins from halophilic or 

halotolerant Bacillaceae have the greatest potential for meeting industrial needs [72, 107, 

108]. Selected subtilisin genes were isolated from their wild-type origin and cloned into a 

expression plasmid. Transformation of B. subtilis DB104 and selection of positive clones 

showing clearing zones around colonies on skim-milk agar plates was followed by a first 

productivity assay in shake flasks. Productive clones were subjected to production in a 1-

L bioreactor and the subtilisins were subsequently purified chromatographically (Figure 

5). In addition, the wild-type strains were investigated for the first time for their genetic 

accessibility and their potential for the production of proteases. Here, Metabacillus 

indicus DSM 16189 proved to be a promising candidate. In the following, the enzymes 

used in this work were classified with regard to their biochemical properties in comparison 

to each other and to industrially relevant subtilisins. In addition, the subtilisins were 

evaluated for use in industrial applications, with a special emphasis on their use in 

detergents. 
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Figure 5 Schematic workflow of this thesis. 

3.1 Phylogenetic survey of the subtilase family 

Understanding the phylogeny and relationships between proteases within the subtilase 

family has proven to be difficult. As outlined in 1.1.3, the subtilase family is the third 

largest family of serine proteases, with regard to the number of sequences as well as the 

characterised proteases [9]. It is a very diverse family with low sequence identity, often 

restricted to regions around the catalytic triad [33]. When searching for new subtilisin 

sequences and placing these sequences in the context of the subtilase family, it is 

necessary to have a comprehensive phylogenetic overview of this family. In addition, it is 

worth noting that in the literature the terms subtilisins, subtilisin-like proteases and 

subtilases are sometimes used misleadingly, leading to confusion. The phylogenetic 

overview addresses this issue. The MEROPS S8 holotype dataset with the mature protease 

sequences and a selection of biochemically characterised proteases from the PDB were 

used for the analysis. The advantage of using the MEROPS S8 holotype dataset was that 

other structural domains, if present, can be excluded. Signal peptides and propeptides 

were excluded as these parts usually have low sequential similarity and are therefore not 

suitable for phylogenetic comparisons [163, 164]. In addition, C-terminal domains, if 

present, were excluded because not all subtilases contain such domains, which would 

affect the multiple sequence alignment (MSA).  

 

When constructing a phylogenetic tree, several things need to be considered, as the 

quality and reliability of a phylogenetic tree is highly dependent on the accuracy of the 

underlying MSA [94]. It also depends on the tools used, as the creation of a phylogenetic 

context of a molecular sequence usually involves several steps, including the identification 

of homologous sequences, the MSA, the phylogenetic reconstruction and the graphical 

representation of the tree [165]. There are several algorithms for MSA that use different 

strategies: MAFFT [166], Muscle [167], Clustal Omega [168], or T-Coffee [169], to name a 

few. Most of these alignment programs can correctly identify highly conserved regions, 
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but a large number of insertions, deletions or additional domains can lead to a less reliable 

MSA and thus errors in the tree calculation [170]. Simultaneous use of different alignment 

methods to increase tree accuracy leads to only minor improvements [170]. Therefore, 

the identification and removal of unreliable parts of the alignment is performed by various 

automatic filtering methods (TrimAI [171], Gblocks [172], Noisy [173], BMGE [174]), which 

often lead to the deletion of positions that comprise a gap [175]. However, gaps may 

contain important phylogenetic information [170]. Furthermore, even a single incomplete 

or incorrect sequence in a dataset can lead to a large loss of information if a strict filtering 

method was used. Tan et al. 2015 compared several automatic filtering algorithms and 

concluded that they often reduce tree accuracy, while a less stringent filtering algorithm 

has a minimal effect on the accuracy of the phylogenetic tree, but it results in a 

compromise in terms of the computational time saved when constructing the tree [175]. 

Therefore, in this work, trimAI was used to curate the alignment, which uses a less 

stringent algorithm. 

 

There are also various programs with different algorithms for creating a phylogenetic tree 

(IQTree [176], PhylML [177], FastME [178] FastTree [179], etc.). The Maximum Likelihood 

(ML) tree construction method was used, which is widely considered the most accurate 

molecular phylogenetic approach along with the Bayesian method [180, 165]. Statistically, 

the reliability of the constructed tree was assessed by using a bootstrap-based bias 

correction method, in which branch support is calculated by repeating the tree 

construction [181]. Nevertheless, a detailed comparison of a generated tree with the 

literature is difficult because the different alignment parameters, curation methods and 

different tree generation methods lead to different phylogenetic trees. The selected 

methods led to the workflow shown in the following Figure 6.  

 

 

Figure 6 Workflow of data mining and phylogenetic analysis [182]. 

The constructed phylogenetic tree in Figure 2 (2.1) shows the phylogenetic overview of 

the subfamilies S8A and S8B with the classic catalytic triad (D-H-S). The S8B subfamily was 

chosen as the outgroup to create and restructure the tree, as the sequences are outside 

the ingroup but closely related to it [183]. As outlined in 1.1.3, Siezen and Leunissen 

divided the subtilases into six groups in 1997 [24], and the same division was observed in 

the newly constructed phylogenetic tree. Since the first classification, many new 

proteases have been described, so that the overview by Siezen and Leunissen is no longer 

up-to-date. Some of the newly described proteases have already been identified as new 
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groups or subgroups, but have never been fully phylogenetically placed in the context of 

the other subtilases. To account for the new diversity of sequences resulting from their 

different positions in the phylogenetic tree, their biological functions, biochemical 

properties, structural similarity and the taxa- and species-specific clusters formed, the 

classification of subtilase groups was revised and more precisely defined subgroups were 

proposed. The analysis resulted in the finding of eight previously uncharacterised groups 

and 13 subgroups within the S8 family (2.1). In particular, the group of pyrolysins harbours 

nine new subgroups, as it is a heterogeneous group of enzymes of different origins with 

low sequence conservation [24]. Furthermore, eight new groups, namely dentilisins, 

subAB subtilases, CDF subtilases, bpF subtilases, TPPS subtilases, apicomplexa subtilases, 

sporangins and perkinsins, originate from different sources and fulfil different biological 

functions, as discussed in 2.1. Interesting in the context of this thesis is the previously 

undescribed group of dentilisins, which lies between the thermitases and the subtilisins. 

Dentilisins and thermitases are co-located in the clade with subtilisins, which underlines 

their similarity. 

 

Analysis of the sequences within the subtilisin group revealed four new subgroups, 

namely EPR subtilisins, PopC subtilisins, extremophilic subtilisins and Archaea subtilisins. 

The majority of the holotype sequences within the subtilisins originate from Bacilli, 

whereas aerolysin (S08.105) [57] and Tk-subtilisin (Thermococcus kodakarensis subtilisin) 

derives from Archaea (S08.129) [184], PopC, (S08.143) from Myxococcia [185], and ALTP 

(Alkaliphilus transvaalensis protease) (S08.028) [56] from Clostridia, respectively. The 

created phylogenetic tree of the subtilase family gives an overview of the pyhlogenetic 

relationship of the protease sequences. However, when the subgroups are further 

analysed, additional subdivision into classes is most likely, as it is described for plant 

pyrolysins [44, 186, 187] or fungal pyrolysins [188–190]. Nevertheless, it is now possible 

to place new sequences, whether from classical screening approaches or from data mining 

searches, in the context of the subtilases.  

 

3.2 The search for new subtilisins  

The search for new subtilisins is important as outlined in 1.1.4, as subtilisins find wide 

industrial application in various products and processes, such as detergents, cosmetics, 

pharmaceuticals, leather processing, and waste water treatment [54]. With the market 

volume of alkaline proteases such as subtilisins expected to reach 2.9  billion USD by the 

end of 2026, with the largest market share in detergents [54]. The subtilisins that are used 

in detergents are mainly isolated from species such as Bacillus licheniformis with subtilisin 

Carlsberg [68], Lederbergia lenta (formerly Bacillus lentus) with Savinase [69] and B. 

amyloliquefaciens with BPN’ [23]. Many enzyme engineering studies have been 

conducted to improve these known proteases for industrial use and mutations in more 

than half of the amino acids of the known subtilisins have been reported [79, 80, 82, 72]. 

However, the existing stock of enzymes is not yet sufficient to meet the needs of industry. 
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Therefore, there is still a need to discover and develop new and better enzymes [91]. With 

its almost unlimited microbial biodiversity, nature offers great potential for enriching the 

repertoire of subtilisins [92].  

 

As outlined in 1.1.5, there are several methods to exploit this potential. Besides the time-

consuming classical approach of isolating and cultivating microorganisms secreting 

subtilisins or creating metagenomic libraries, the exponentially growing online database 

contains previously unused sequence information [91, 93, 94]. Only a small proportion of 

the publicly available sequences have been subjected to experimental characterisation 

[191]. Therefore, the genomic data search for new enzymes is becoming an established 

routine [91]. As pointed out in 1.1.5, several bacteria within the genus Bacillus have been 

classified into distinct clades, and therefore new subtilisin sequences were searched from 

the entire family of Bacillaceae. However, when searching for S8 peptidases from 

Bacillaceae, the number of available sequences is still overwhelming with 18.881 

sequence entries compared to 247.897 without the family refinement at the time of the 

survey. Therefore, another search parameter was set. Since the subtilisins of the 

Bacillaceae have a very similar length of about 380 amino acids, including the signal 

peptide and the propeptide [61–64], the peptide sequence length filter was set to 350 - 

410 amino acids. Major differences in length are in the surface loops or at the termini 

[192]. In addition, the analysis in 2.1 showed that sequences typical of AprX, lantibiotic 

peptidases, kexins, oxidatively stable proteases (OSP) and high-mass subtilases (HMS) 

were larger than the set filter and were therefore excluded. The AprX group could be of 

interest for industrial applications, as Phrommao et al. noted that the subtilase from 

Virgibacillus sp. SK37 was relatively stable up to 5 % (v/v) H2O2 and active under alkaline 

conditions [193]. However, this subtilase is not secreted and therefore not predestined 

for easy production.  

 

The set parameters still yielded 1424 sequences, which were divided into 375 clusters 

with an identity threshold of 85 %, of which one representative sequence was used for 

further analysis. As mentioned above, only secreted subtilisins are of interest, reducing 

the dataset from 375 to 240 sequences. Using the sequences from the phylogenetic 

survey, it was easy to identify the sequences that did not fall within the sequence space 

of subtilisins, leaving a set of 120 sequences. Most of the discarded sequences were 

identified as thermitases and dentilisins. Although thermitases and dentilisins are 

phylogenetically closely related to subtilisins, as shown in Figure 2 (2.1), they were 

excluded because of the focus on subtilisins. Using the sequences forming the group of 

subtilisins derived from the phylogenetic overview of the subtilases, it was possible to 

construct a phylogenetic tree with the sequences obtained (2.1). Interestingly, the 

resulting phylogenetic tree showed that all remaining 120 sequences are found in the 

three subgroups PIS, high-alkaline subtilisins and true subtilisins with a sequence identity 

of 55 – 58 % to each other. None of the remaining sequences belong to the newly defined 



102 

subgroups of EPR subtilisins, PopC subtilisins, extremophilic subtilisins and Archaea 

subtilisins, as these subgroups are either not formed by Bacillaceae or the sequences fall 

outside the defined length parameters. The subgroups have a sequence identity of less 

than 45% with each other and with the three subgroups PIS, high-alkaline subtilisins and 

true subtilisins.  

 

Most of the sequences found in the data mining search are phylogenetically classified 

within the subgroup of true subtilisins near well-characterised representatives, as shown 

in the bar chart with cluster sizes up to 127 sequences in Figure 2 (2.1). This means that 

the majority of the publicly available sequences have a high sequence identity with the 

known representatives, which could be due to a certain bias with which the bacteria were 

isolated, analysed and deposited in the database. This assumption is supported by the fact 

that the three largest clusters mainly harbour sequences from B. pumilus, B. subtilis and 

B. safensis. Interestingly, Salwan et al., who reviewed the scientific literature from 2000 

to 2019 dealing with proteases, especially in detergents, showed that 62 % of proteases 

originate from mesophilic bacteria [72]. This tendency can also be observed in the 

sequences found in this work, as most of them originate from mesophilic Bacillaceae. The 

phylogenetic tree helped to classify the sequences found in comparison to the 

characterised subtilisins from the MEROPS database. The advantage of using 

phylogenetics in the discovery of new subtilisins is that the phylogenetic relationship to 

already known enzymes can be quickly visually estimated and conclusions can possibly be 

drawn about their biochemical properties. The disadvantage, however, is that, as 

explained in 3.1, the quality of the phylogenetic tree and its informative value is strongly 

influenced by the quality of the underlying sequence alignment [94].  

 

A comprehensive examination of all the insertions and deletions among the three 

subgroups of PIS, high-alkaline and true subtilisins revealed that each subgroup showed 

conserved mutations.  In particular, for each subgroup, specific mutations are found in 

the loop of amino acids 50-59, a known region of subtilisin structure that exhibits high 

variability [70]. It is interesting that high-alkaline subtilisins show a deletion of four amino 

acids around position 160 [69], while all PIS have an insertion between positions 159 and 

160. This region is localised in a loop that is involved in the substrate binding [194]. 

Furthermore, a shorter loop can increase the stability of an enzyme, which is confirmed 

by comparison with some highly thermostable proteases of the proteinase K and 

thermitases group, where this loop is also shortened [195, 196]. It is also worth 

mentioning that all insertions or deletions are located on the surface of the protease. This 

could be due to the fact that the overall structure within the subtilisins is highly conserved 

[197].  

 

The number of 120 remaining sequences within the phylogenetic tree analysis was still 

too large to analyse all of the corresponding enzymes biochemically and therefore a look 
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at the microbial origin was important. As described in 1.1.6, enzymes derived from 

bacteria that can survive in harsh conditions are of particular interest. Therefore, special 

emphasis in the selection was placed on bacteria that are either halotolerant or halophilic, 

as such species proved to harbour enzymes capable of withstanding various extreme 

conditions relevant to the industry [72, 111]. In detail, six sequences belonging to the true 

subtilisin subgroup were selected from Pontibacillus marinus DSM 16465T, Metabacillus 

indicus DSM 16189, Litchfieldia alkalitelluris DSM 16976T, Fictibacillus arsenicus DSM 

15822T, Alcalicoccus saliphilus DSM 15402T and Halobacillus faecis DSM 21559T. In 

addition, sequences of the phylogenetically intermediate subgroup from Alkalibacillus 

haloalkaliphilus DSM 5271T, Alkalicoccus daliensis DSM 26767T and Piscibacillus halophilus 

DSM 21633T were selected. From the subgroup of high-alkaline subtilisins, sequences 

from Halalkalibacter okhensis Kh10-101T (former Alkalihalobacillus okhensis) and 

Halalkalibacterium ligniniphilum DSM 26145T were chosen.  

 

P. marinus, A. saliphilus, A. haloalkaliphilus, P. halophilus and H. okhensis are moderately 

to extremely halophilic [121, 198–201]. M. indicus, L. alkalitelluris, A. daliensis, H. 

ligniniphilum and H. faecis are moderately to extremely halotolerant [159, 202–205], 

while F. arsenicus tolerates only low concentrations of NaCl (1 % w/v) [206]. However, as 

pointed out in 1.1.6, not all enzymes from extremophilic bacterial origin are 

extremozymes [101]. Therefore, an in-depth bioinformatic analysis, the cloning of the 

subtilisin genes, the recombinant expression and production by B. subtilis DB104, and the 

purification and biochemical characterisation is discussed in the following chapters. The 

well-known subtilisins Savinase, subtilisin Carlsberg and BPN’ were used for comparison. 
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3.3 Recombinant protease production and purification 

For the biochemical characterisation of the proteases, it is necessary to produce the 

enzymes in sufficient quantities. For this purpose, the proteases were produced 

recombinantly with B. subtilis DB104. Representatives of the genus Bacillus have been 

used for the industrial production of enzymes and offer several advantages compared to 

E. coli. As there is no outer membrane, protein secretion is facilitated, thereby simplifying 

separation from cell biomass, which in turn reduces process costs and facilitates 

downstream processing [143]. Furthermore, cost-efficient production is possible through 

the use of agro-industrial residues such as sugar cane molasses and corn steep liquor as 

well as various types of bran and cake [144]. As outlined in section 1.2, Bacillus species 

naturally secrete various hydrolytic enzymes such as proteases and amylases and are 

therefore the ideal production system for the recombinant production of proteases, in 

particular by deleting the genes responsible for endogenous protease production [147]. 

However, due to the natural secretion of proteases, the mutant strain B. subtilis DB104 

was used, a double mutant deficient in extracellular alkaline and neutral proteases, with 

a residual protease activity of 2 - 4 % compared to the wild-type [207]. For the cloning of 

the protease genes it is necessary to analyse its gene and the encoded amino acid 

sequence, which will be further outlined in 3.4. 

 

The successful transformation and production of the protease in B. subtilis DB104 was 

checked by the appearance of clearing zones around the colonies on LB/skim-milk agar 

plates. This selection method is a decisive advantage, as in addition to successful 

transformation, the secretion and functionality of the recombinant protease can be 

checked at the same time. Correct cloning was then further confirmed by Sanger 

sequencing. Before producing the proteases in a 1-L fermentation, the activities of the 

proteases were evaluated within a shake flask production experiment. Here, the 

proteases from A. daliensis and one protease from P. halophilus were sorted out due to 

very low activity (data not shown). Furthermore, the proteases of H. ligniniphilum, P. 

halophilus, A. saliphilus and H. faecis were not produced sufficiently after fermentation 

and therefore showed only low activity in the supernatant of the fermentation. Thus, only 

the six proteases from P. marinus, A. haloalkaliphilus, H. okhensis, M. indicus, 

L. alkalitelluris and F. arsenicus were selected for further evaluation. As mentioned in 1.2, 

secreted protein concentrations up to 20 g/l are possible in highly optimised industrial 

fermentation processes with Bacillus strains [147]. In the unoptimised fermentation of 

the six proteases, only 0.4 - 0.6 g/l extracellular total protein could be achieved. However, 

this can be due to the fact that heterologous proteins were secreted [139]. It is known 

that the yield of heterologous proteins is often lower than that of native proteins or that 

they are not secreted at all [155]. The observation that not all cloned proteases were 

produced in sufficient quantities is therefore not unexpected. Furthermore, the 

fermentation process is not optimised and efficient protease production also depends on 

nutritional factors such as the fermentation medium and physicochemical parameters 
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such as initial pH, agitation, incubation time, temperature and the protease activity itself 

[144]. 

 

Since the proteases are secreted, the supernatant was used for a three-step purification 

process. Purification is a critical step, as proteases tend to autoproteolytic cleavage under 

unfavourable conditions [208]. However, it was possible to purify all proteases in almost 

pure form, as confirmed by SDS-PAGE. While the observed molecular masses of the 

proteases SPAO and SPFA matched their calculated values, SPPM, SPAH, and SPMI 

exhibited a molecular mass exceeding their theoretical values. Although it is known that 

most reduced proteins bind SDS in a constant weight ratio under suitable conditions [209], 

an altered migration behavior deviating from the expected molecular mass of the proteins 

during SDS-PAGE is not unusual and is referred to as "gel shifting" [210]. This may be due 

to partial refolding or altered detergent binding [211, 210]. Therefore, the molecular mass 

of the purified proteases was determined by MALDI-TOF MS analysis. The values obtained 

for SPMI, SPLA, SPAH, SPAO and SPFA were in agreement with the predicted values (Table 

3). MALDI-TOF MS revealed a mass of 27.97 kDa for SPPM, a result in proximity to the 

predicted value of 27.90 kDa for the variant lacking the nine C-terminal amino acids, as 

discussed in section 3.4.  

 

The isoelectric point plays a role in understanding the relationship between surface 

charge and biochemical properties, as will be explained later, and was also important for 

enzyme purification as ion exchange chromatography was used. The experimentally 

determined pI values of the six proteases almost agree with the calculated pI values (Table 

1). Here, the difference between the high-alkaline subtilisin SPAO and the others was 

observed, as SPAO with a pI of 9.8 is in line with other high-alkaline subtilisins that have a 

high pI in common [212]. An acidic pI for proteins from halophilic or halotolerant sources 

is known, as shown by SPPM, SPMI, SPLA and SPAH [131]. SPFA, although from a microbial 

source that can tolerate only low concentrations of salt (1 % NaCl), also exhibited an acidic 

pI [206]. Other true subtilisins, such as subtilisin Carlsberg and BPN', have a neutral to 

slightly basic pI [213].  

 

The activities after purification of the six proteases were measured with the two 

substrates suc-AAPF-pNA and azocasein (Table 2), as described in 2.2. Higher activities 

were obtained for azocasein, as it is a more complex substrate with more potential 

hydrolysis sites. Comparing the activities with literature data is of limited value as 

different substrates or experimental conditions were used. Under the same assay 

conditions, subtilisin E with 486 U/mg (azocasein) and 25 U/mg (AAPF) was obtained after 

production with B. subtilis and purification by Li et al. [214].  
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Table 3 Molecular mass, pI and activities after purification 

Protease Calc. 

mol. 

mass 

Exp. 

 mol. 

mass 

Calc. pI Exp. pI  U/mg 

(AAPF) 

U/mg 

(Azocasein) 

SPPM 27.90 27.97 4.2 ~4.3 208 1371 

SPMI 27.48 27.49 5.5 ~5.5 160 1085 

SPLA 27.47 27.48 5.1 ~5.0 233 314 

SPAH 28.60 28.60 4.3 ~4.9 314 2719 

SPAO 27.14 27.12 9.6 ~9.8 139 528 

SPFA 27.57 27.57 5.8 ~5.8 195 539 

 

3.3.1 Protease production with M. indicus DSM 16189 

Due to the success of B. subtilis as a host for the production of recombinant proteins, 

other Bacillaceae were also investigated for this application [215–218]. In this thesis the 

wild-type strains from which the new subtilisin sequences were obtained were 

investigated for the first time for their cultivability, genetic accessibility, and their 

potential for the production of proteases (data not shown). Among the strains studied, 

Metabacillus indicus DSM 16189 emerged as a promising candidate (2.5). M. indicus has 

some beneficial properties, such as the production of carotenoids that turn the colonies 

orange, which helps to quickly detect possible contaminations. The ability to withstand 

salt concentrations of up to 12 % (w/v) [159], can reduce the need for antibiotics. In 

addition, saline waste products such as molasses could be directly used as substrate [219]. 

M. indicus was isolated from a traditional food, so its products could gain GRAS status. 

[220]. In addition, the closely related strain M. indicus HU36 is used as a probiotic [221].  

In order to test its genetic accessibility, methods such as electroporation [222], natural 

competence [223] and protoplast transformation [224] were evaluated (data not shown). 

However, the only successful method was the triparental conjugation according to Heinze 

et al. [162]. The method involves an additional cloning step in E. coli DH5α compared to 

direct transformation with the other methods. E. coli DH5α harbouring the target plasmid 

serves as the donor strain for the transformation of M. indicus by conjugation together 

with the helper strain E. coli HB101 harbouring the plasmid pRK2013, which contains a 

broad host-spectrum transfer system that promotes conjugation transfer [162]. The 

advantage of halotolerance of M. indicus was demonstrated when, after conjugation, a 

selection method was lacking, so that a higher NaCl concentration helped to inhibit the 

growth of donor and helper strains (2.5). Cultivation of recombinant M. indicus for 48 

hours showed that the strain is able to produce its homologous protease recombinantly 

in sufficient quantities, as shown by SDS gel and activity measurements with an average 

of 169.7 U/ml in the suc-AAPF-pNA assay and 1426 U/ml in the azocasein assay. While the 

wild-type strain showed only low protease production with an average of 4.2 U/ml activity 

in the suc-AAPF-pNA assay and 121 U/ml in the azocasein assay. A comparison with the 



107 

fermentation experiment of B. subtilis DB104 harbouring the same expression plasmid 

showed that M. indicus produces about twice the amount of the protease when 

comparing the volumetric enzyme activity in the suc-AAPF-pNA assay. However, the final 

cell density of M. indicus is about 2.5 times higher than that of B. subtilis DB104. 

Therefore, protease production is more efficient in B. subtilis than in M. indicus. The 

difference in cell growth can be explained by the use of different media, as growth of M. 

indicus is insufficient in the medium of B. subtilis and vice versa. The total amount of 

nitrogen in the medium of M. indicus is about 3 % higher than for B. subtilis, while the 

amount of carbon is comparable. The production of the proteases in Bacillus species is 

regulated by the aprE promoter that is activated at the beginning of the stationary phase 

alongside with the sporulation [225] The transition towards the stationary phase can be 

caused by carbon and nitrogen limitations [144]. Furthermore, the agitation parameter 

that maintains an adequate amount of dissolved oxygen might not be optimal for 

B. subtilis. 

 

An improvement in production can be achieved by a combination of methods with the 

optimisation of process parameters and by genetic modification of the production strain. 

A combination of both led to remarkable results for the strain B. amyloliquefaciens K11, 

which produced its own neutral protease recombinantly more efficiently than the wild 

type and an industrial B. subtilis strain [226]. By applying the process and strain 

development of the industrial production strain B. licheniformis to B. pumilus, the 

protease titre was increased by 14 % [227]. Zhang et al. recently showed that the 

introduction of multiple translation initiation sites increases protein production in Bacillus 

licheniformis [228]. Production can be further improved by testing different promoters, 

e.g. the native subtilisin promoter of M. indicus or other promoters that have been shown 

to be effective [227, 215], because the plasmid used contains a subtilisin promoter from 

B. subtilis [162]. However, an increase in transcription and translation might not be helpful 

if secretion is insufficient. Therefore, optimising secretion by screening signal peptides can 

improve production yield, although the signal peptide must be assessed individually for 

each protein [153, 157]. Further improvement can be achieved by relieving the secretion 

system by reducing the number of secreted proteins through genome minimisation [229]. 

The knock out of spore formation can also reduce the metabolic burden and sterilisation 

problems. However, it was not possible to induce sporulation in M. indicus although it was 

originally reported [159]. Hence, M. indicus proved to be suitable for the recombinant 

production of its homologous protease, and it remains to be seen whether this potential 

can be exploited with heterologous proteases, especially those that cannot be produced 

with B. subtilis DB104. 
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3.4 Bioinformatic analysis and homology modelling  

For the cloning of the proteases, it is necessary to analyse their gene and the encoded 

amino acid sequence. Moreover, the use of bioinformatic analysis not only aids in the 

interpretation of results from biochemical characterisation, but also has the potential to 

reveal possible connections between protein structure, amino acid composition, and 

biochemical properties. As described in 1.1.3, most subtilases have a multi-domain 

structure with a signal peptide for translocation, a propeptide for maturation, a peptidase 

domain and often one or more additional domains [33]. The genes of the proteases SPPM, 

SPMI, SPLA, SPAH, SPAO and SPFA comprise 1128 bp to 1152 bp with 375 to 383 amino 

acids. In the case of SPPM, the automatic annotation was corrected by an extension of 

the open reading frame by eight codons at the 5' end, as the gene would be lacking eight 

amino acids of the signal peptide. This extension leads to a TTG start codon, which is not 

unusual for Bacillus sp. [230]. Signal peptide prediction revealed that for all six proteases 

there is a probability of more than 96 % of a Sec signal peptide with a length of 23 to 32 

amino acids. In general, signal peptides do not have sequence similarities, but feature a 

typical composition of three parts, with a positively charged N-terminus, a central 

hydrophobic core and a polar C-terminal domain containing the recognition site of the 

signal peptidase [149]. This structure can also be observed in the signal peptides of the six 

proteases and subtilisin Carlsberg, BPN' and Savinase. Additionally, the signal peptides 

have less than 50 % sequence identity to each other [231, 213].  

 

Identification of the propeptide by multiple sequence alignment revealed sizes from 71 to 

86 amino acids, and the sequence identity of the propeptide between the six proteases, 

subtilisin Carlsberg, BPN' and Savinase is less than 59 %. As outlined in section 1.1.3, the 

propeptide is present in almost all subtilases and acts as an intramolecular chaperone 

during maturation, supporting the folding of the catalytic domain and acting as an 

inhibitor of the subtilase [50]. Without its propeptide, the peptidase domain alone is 

unable to fold into its native structure [47]. Interestingly, Shinde et al. showed that 

subtilisin E folds differently when a mutant propeptide is used, such that differences in 

secondary structures, thermostability, and substrate specificity were observed. The 

propeptide facilitates the folding of the subtilisin by acting as a chaperon  [232, 164].  

Comparison of the C-terminus of the proteases showed that SPPM has an extension of 

ten amino acids compared to BPN' and nine amino acids compared to SPAH. Without the 

nine amino acid extension, the theoretical mass of SPPM is 27.90 kDa, which is consistent 

with the MALDI-TOF MS analysis (3.3). It appears that the C-terminus must be processed 

in some way by other SPPM molecules or another protease.  

 

Calculation of the theoretical isoelectric point revealed an acidic pI of 4.2 - 5.8 for SPPM, 

SPMI, SPLA, SPAH and SPFA and an alkaline pI of 9.6 for SPAO. As described in 1.1.7, an 

acidic pI is typical for halophilic or halotolerant proteins and an alkaline pI is typical for 

high-alkaline subtilisins. The MSA showed that the six proteases have deletions and 
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insertions typical of their subgroup (see 3.2). SPAH has the double insertion within a loop 

between position 42 and 43 common to phylogenetically intermediate subtilisins studied 

in this work (2.1). Unlike the others, SPAO shares the four-amino acid deletion around 

position 160, which is located within a loop near the substrate binding site. Sequences of 

the PIS subgroup have an additional amino acid in this loop compared to the high-alkaline 

and true subtilisins, which is also observed in SPAH. Since shorter loops can increase 

stability, the insertion could have a negative effect for SPAH in terms of stability [195].  

 

As can be seen from the phylogenetic tree, SPAH belongs to the subgroup of 

phylogenetically intermediate subtilisins. SPPM, SPMI, SPLA and SPFA belong to the 

subgroup of true subtilisins and SPAO to the high-alkaline subtilisins. This also becomes 

clear when comparing the sequence identities, as shown in Table 4. SPPM, SPMI, SPLA 

and SPFA have a sequence identity with the other true subtilisins BPN' and Carlsberg of 

65.09 to 74.82 %, while SPAO, in contrast, has 82.16 % sequence identity with Savinase. 

SPAH shows a high identity with the true subtilisin SPLA at 61.45 %. However, SPAH is 

clearly a member of the PIS subgroup, as it has the PIS-typical mutations and shows a 

sequence identity of 73.4 % with the PIS LD1 from Bacillus sp. KSM-LD1 [58], and cluster 

within the PIS subgroup in the phylogenetic tree (2.1). As mentioned in 1.1, the MEROPS 

database assigns unique identifiers to an enzyme of a biochemically characterised protein 

species. For each protein species, there is a holotype that represents the first 

biochemically characterised peptidase [10]. Therefore, SPPM, SPMI, SPLA, SPAH and SPFA 

most likely form new holotypes. However, SPAO can be assigned to subtilisin sendai 

(S08.098) from an alkaliphilic Bacillus sp. G-825-6 with a sequence identity of 91.45 % 

[194]. A new holotype identifier would be formed if the substrate specificity of SPAO 

differs from subtilisin sendai [10]. However, the available data are difficult to compare 

due to the use of different substrates and experimental conditions [194]. 
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Table 4 Percent identity matrix of the mature protease sequences examined in the 
biochemical study 

 Savinase SPAO SPAH BPN’ Carlsberg SPPM SPMI SPFA SPLA 

Savinase 100.00 82.16 55.39 60.97 61.94 55.39 60.97 62.83 63.20 

SPAO 82.16 100.00 53.53 56.13 58.21 55.02 54.65 58.74 57.99 

SPAH 55.39 53.53 100.00 53.09 56.20 55.80 59.27 58.55 61.45 

BPN' 60.97 56.13 53.09 100.00 69.71 65.09 70.18 69.09 70.18 

Carlsberg 61.94 58.21 56.20 69.71 100.00 67.88 72.63 72.63 74.82 

SPPM 55.39 55.02 55.80 65.09 67.88 100.00 69.82 74.18 76.36 

SPMI 60.97 54.65 59.27 70.18 72.63 69.82 100.00 73.82 78.55 

SPFA 62.83 58.74 58.55 69.09 72.63 74.18 73.82 100.00 82.55 

SPLA 63.20 57.99 61.45 70.18 74.82 76.36 78.55 82.55 100.00 

Red: high-alkaline subtilisins; green: PIS; blue: true subtilisins. Percent identity was 

calculated with Clustal Omega. 
 

To understand the structure-related biochemical properties, a 3D model of the proteases 

is helpful. Therefore, a structure prediction was performed with the mature proteases 

using the I-TASSER server [233]. Since the overall structure of subtilisins is conserved and 

several crystal structures are available as templates, homology modelling is possible and 

sufficient [197]. The quality of the models can be assessed with the C-score, which ranges 

from -5 to 2, with higher values indicating a higher reliability of the model [233]. The C-

score for the models of SPPM, SPMI, SPLA, SPAH, SPAO and SPFA is above 1.4, so that a 

high quality can be assumed. When analysing the 3D structure of SPPM with the nine 

amino acid long C-terminal extension mentioned above, this extension projects away from 

the core molecule (data not shown), supporting the assumption that it is susceptible to 

proteolytic processing. With the 3D structures, it is possible to analyse the electrostatic 

potential of the molecular surface, which contributes to the interpretation of the 

adaptation to high pH and NaCl concentrations, as discussed later. Furthermore, it is 

possible to analyse the homology models for metal binding sites. As expected, all six 

proteases contain two Ca2+-binding sites, as commonly observed for subtilisins from 

Bacillus species, since the binding of Ca2+ is essential for the stability and activity of the 

enzyme [24, 64]. The two binding sites differ in the strength of Ca2+-binding [24]. The first 

site binds strongly to Ca2+  (Kd ≈ 1 × 10-8 M) and is highly conserved in subtilisins, requiring 

the side chains of residues Gln2 and Asp41 as well as several side chains of loop-forming 

residues 75-81 (Savinase numbering) [24, 69, 234]. This site is not formed before 

autoprocessing of the propeptide, because the structural reorganisation of the N-terminal 

region during autoprocessing is necessary for the formation of this site [235]. The second 

binding site is a weak binding site (Kd ≈ 32 mM) and is occupied by Na+ or K+ ions at low 

calcium ion concentration in solution, involving the side chain of Ala169, Ala174 and Tyr171 

(Savinase numbering) [64, 69, 234]. Other subtilases may have the Ca2+-binding sites at 

different positions in the structure than the subtilisins, as a comparison with proteinase K 

and thermitase shows [192]. In addition, seven Ca2+-binding sites are known for the 
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Tk-subtilisin from Thermococcus kodakarensis and three for the subtilase Ak1 from 

Bacillus sp. Ak.1 [236, 237]. 

 

3.5 Comparable biochemical characterisation of the new subtilisins 

Besides the research of proteases for industrial use, the biochemical characterisation of 

the different subtilisins is necessary to understand the structure-function relationship of 

the different backbones and their biochemical properties [24, 144]. As mentioned in 1.1.7, 

the various subgroups of subtilisins differ in their biochemical characteristics. The 

differences between high-alkaline subtilisins, PIS, and true subtilisins are mainly that the 

high-alkaline subtilisins have a high activity in the alkaline pH range. In the following, the 

six subtilisins are evaluated comparatively with regard to their suitability for industrial use 

and in the context of the literature. 

 

3.5.1 Effects of temperature and pH on enzyme activity and stability 

The optimum temperature of the investigated subtilisins ranged between 50 - 80 °C (2.2, 

2.3, 2.4). The highest temperature optimum was displayed by SPFA at 80 °C, followed by 

SPMI and SPLA at 70 °C. The lowest optimum temperature was found for SPAH at 50 °C, 

while SPPM and SPAO showed the highest catalytic activity at 55 °C (Table 5). The 

commercial proteases subtilisin Carlsberg, BPN' and Savinase showed a temperature 

optimum of 65 °C, 55 °C and 60 °C, respectively. The environmental factors of the habitat 

in which the organisms live shape their physiological and evolutionary adaptation, and as 

already mentioned in 1.1.7, temperature is an environmental factor that overcomes 

physical barriers [101]. Consequently, unlike extreme pH or salinity, organisms are unable 

to counteract higher temperatures by relying on steep concentration gradients across 

biological membranes [125]. Extracellular enzymes are directly exposed to the 

environmental conditions of the bacterial habitat, so that conclusions can be drawn about 

their biochemical properties. Here, all proteases showed a temperature optimum above 

the maximum growth temperature of the species from which they were derived. P. 

marinus and L. alkalitelluris grow between 15 - 40°C and H. okhensis between 25 - 40 °C 

[198, 202, 238]. M. indicus and A. haloalkaliphilus grow at 4 - 50 °C and 15 - 45 °C, 

respectively [159, 239]. F. arsenicus grows between 20 and 40 °C [206]. The bacterial 

origins of commercial proteases also grow in the mesophilic range (15 - 50 °C) [98–100]. 

This observation is in line with the study of Engqvist, who compared the optimal enzyme 

temperatures with the optimal growth temperatures of all available enzyme data from 

the BRENDA database and the culture collection centre websites [125]. He reported that 

proteins from mesophiles (15 - 50 °C) tend to be catalytically active at higher 

temperatures than would be expected based on the growth temperature, and that 

proteins from thermophiles (50 - 80 °C) or hyperthermophiles (>80 °C) tend to have 

catalytic optima that are below the growth temperature. This trend may be due to the 

fact that random mutations in thermostable proteins are more likely to reduce stability 
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than a random mutation in a moderately stable protein [240]. In thermophiles and 

hyperthermophiles, extrinsic factors such as compatible solutes, enhanced effect of 

chaperones, molecular crowding, higher protein turnover rates and other mechanisms 

might play a role in addition to adaptations in protein sequence and folding [125]. 

 

Table 5 pH, temperature optima and melting points of the proteases 

Microbial origin  

 

Protease 

name 

Subtilisin 

subgroup 

Relative activity 

at pH 12.0 [%] 

Temperature 

optimum [°C] 

Tm 

[°C] 

Bacterial 

growth 

optimum 

[°C] 

P. marinus SPPM True  62 55 - 30 

M. indicus  SPMI True  62 70 62.5 30 

L. alkalitelluris SPLA True  91 70 61.5 30 

F. arsenicus SPFA True 87 80 62.5 30 

A. haloalkaliphilus SPAH PIS 37 50 - 30 

H. okhensis SPAO High-alkaline 60 55 53.0 37 

B. licheniformis Carlsberg True  19 65 64.0 37 

L. lenta Savinase High-alkaline 53 60 - 26 

B. amyloliquefaciens BPN‘ True 6 55 58.5 30 

 

As outlined in 1.1.7, the sequence adaptation of thermophilic proteins to stability is 

attributed to an increased number of charged residues, disulphide bonds and a 

hydrophobic core [125]. This leads to a more compact conformation with less global 

flexibility [124]. Since temperature is the most important external factor for protein 

dynamics and catalytic efficiency, an increase in temperature leads to an increase in the 

kinetic energy of the atoms, which in turn can lead to increased mobility and instability of 

the proteins [124]. After reaching the temperature optimum, the enzyme begins to 

thermally denature, which can also be observed in all proteases examined, as the catalytic 

activity decreases after reaching the temperature optimum (2.2, 2.3, 2.4). Thermal 

denaturation or inactivation can be observed for SPMI, SPAO and SPFA already at 5 °C 

above the optimum, for SPPM at 10 °C and for SPLA and SPAH at 15 °C above the optimum, 

as the enzymes were not stable for the intended 5 min of the suc-AAPF-pNA assay. 

However, the investigation of the thermal resistance of a peptidase is difficult because 

autoproteolysis always plays a key role [136]. As already mentioned, thermophilic 

proteins have a more compact conformation, which also protects against autoproteolysis 

[137]. However, as the unfolding of certain regions of the protease begins, these regions 

act as substrates for the still native molecules [137, 208]. Hence, the irreversibility of 

thermal inactivation of proteases is mainly due to autoproteolysis [241]. Therefore, in 

order to monitor thermal protein unfolding rather than autoproteolysis, the melting 

points of the proteases were determined (2.2, 2.3, 2.4). In the thermal shift assay, the 

proteases were irreversibly inhibited by phenylmethanesulfonylfluoride (PMSF), so no 

proteolytic activity is expected [242]. SPMI and SPFA both had melting points of 62.5 °C, 

while SPLA and SPAO had their melting points at 61.5 °C and 53.0 °C, respectively. The two 

commercial reference proteases BPN' and subtilisin Carlsberg had melting points of 
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58.5 °C and 64.0 °C, respectively (Table 5). The measured melting points are consistent 

with the observed optimal temperature, as the proteases with the higher melting points 

also had a higher optimal temperature. As mentioned earlier, thermophilic enzymes 

require greater structural rigidity and a more compact conformation. As the temperature 

increases, the entropy of the solvent increases as the hydrogen bonds between the 

solvent molecules are weakened, forcing hydrophobic groups inside the protein, which 

stabilises the protein to a certain extent until the denaturation temperature is reached 

[126]. The high temperature destroys the stability of the protein structure, which could 

lead to the exposure of internal hydrophobic groups detected in the thermal shift assay. 

Unfortunately, it was not possible to determine the melting point for SPPM and SPAH with 

this assay. The reason could be protein precipitation, aggregation, a complicated folding 

landscape or a high hydrophobic background masking the melting transition [243]. The 

above mentioned autoproteolysis can be observed when testing thermal stability at 20 

and 50 °C, as the temperatures chosen are below the temperature optima and melting 

points, but a decrease in activity can be observed for the time course of four hours. The 

activity of SPPM, SPLA and SPAH remained relatively stable at 20 °C with a residual activity 

of over 75% after four hours, while SPFA lost 75%, SPMI 85% and SPAO all their activity 

during this period. Subtilisin Carlsberg and Savinase also lost all their activity, while BPN' 

retained about one third of its activity. At 50 °C incubation temperature, the loss of activity 

was even more pronounced and only SPAH retained 10 % and SPLA 52 % of its activity, 

while the others lost almost all their activity after only one hour, indicating a stronger 

susceptibility to autoproteolysis [231]. Since the three commercially available enzymes 

also show a sharp reduction in activity after four hours of incubation, it can be assumed 

that these enzymes are highly active in the buffer used, which leads to autoproteolysis. 

This is a major problem in aqueous environments and the reduction of autoproteolysis in 

liquid detergents is overcome with boron compounds in combination with polyols [16, 

244]. The supernatants of the fermentative production of the six proteases were stored 

with 10 % (v/v) 1,2-propanediol at 4 °C, with no loss of activity after one year, highlighting 

the stabilising effect of such polyols (data not shown).  

 

In industrial applications in detergents, changes in washing preference towards low 

temperatures (15 - 25 °C) to reduce energy consumption lead to the search for 

psychrophilic proteases [16]. However, the proteases described in this work showed lower 

catalytic efficiency at 20 °C than at their temperature optimum. Cold-adapted subtilisins 

were found in nature, but their performance in terms of stability prevented their 

commercial use [79]. Therefore, for example, in the case of a mesophilic subtilisin from 

Alkalihalobacillus gibsonii (formerly Bacillus gibsonii), enzyme engineering campaigns 

simultaneously improved low-temperature activity and heat resistance [79]. In addition 

to the optimum temperature, temperature stability is also important for biotechnological 

applications, as the enzymes are stored for a long time in detergents, for example [16]. To 

achieve this, various enzyme engineering strategies were used, showing that sometimes 
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only specific mutations were required to increase the stability of a protease [82]. Stability 

can be increased by introducing mutations that reduce either the unfolding or the rate of 

autoproteolysis [127]. For example, the introduction of six point mutations in BPN' 

resulted in a 300-fold reduction in the rate constant for thermal inactivation [245]. Other 

possibilities are the introduction of disulfide bridges or the deletion of known 

autoproteolysis sites [246, 247]. It is also possible to replace the amino acids Asn and Gln, 

which are sensitive for deamidation [80].  
 

In terms of pH optimum, SPAH showed a high pH optimum at 10.0, while SPPM, SPMI, 

SPLA and the reference proteases were in the range of 9.0 - 9.5 (2.2, 2.3). The protease 

SPFA showed a very broad pH spectrum with an optimum between 8.5 and 11.5 (2.4). 

When comparing the activity at pH 12.0, the difference between true and high-alkaline 

subtilisins becomes clear, as SPAO and Savinase as high-alkaline subtilisins showed a 

relative catalytic activity of more than 50 %, while the true subtilisins Carlsberg and BPN' 

showed less than 20 % (Table 5). Other high-alkaline subtilisins showed an even higher pH 

optimum such as BgAP from Alkalihalobacillus gibsonii at pH 11.0 [79] or YaB from Bacillus 

sp. YaB at pH 11.75 [248]. However, the difference between the subgroups is no longer as 

clear when comparing SPPM, SPMI, SPFA and SPLA, as they all show high relative activity 

at pH 12.0 (2.3, 2.4). SPLA retains even 91 % relative activity, which is higher than that of 

the high-alkaline subtilisins measured in this work. Here SPFA clearly stands out with its 

very broad pH spectrum with over 65 % relative activity at pH 6.0 to pH 12.5 (2.4). This 

behaviour has not yet been observed in the literature for a subtilisin, as most have a clear 

optimum [56, 249–251]. The phylogenetically intermediate subtilisin SPAH had below 

50 % relative activity at pH 12.0, while the subtilisin ALTP from Alkaliphilus transvaalensis, 

which belongs to the same subgroup, had its pH optimum even above pH 12.6 [56]. 

Unfortunately, there is only one other PIS described with LD1 from Bacillus sp. KSM-LD1, 

with limited biochemical data [252], so it is difficult to make a general statement about 

this subgroup. Other potential subtilisins published in recent years cannot be 

phylogenetically classified because they were either isolated directly from their bacterial 

origin and only limited or no sequence data are available. 

  

As outlined in 1.1.7, enzymes active at high pH must adapt to high pH as it affects the 

formation of salt bridges and hydrogen bonds that influence the three-dimensional shape 

of the protein. A high-alkaline protease adapts to higher pH values by an altered surface 

charge, which results in a higher pI value with more Arg and fewer Lys, Asp and Glu 

residues [129]. With the increased Arg content, the Arg residues contribute to stabilisation 

with an increase in hydrogen bonding and ion pairs, as the pKa of the guanidino group of 

Arg (ca. 13.8) is higher than that of the ε-amino group of Lys (ca. 10.5) and can form ion 

pairs with amino acid residues more easily under alkaline conditions [130, 129]. In 

addition, as mentioned above, a deletion in the loop around position 160 can be observed 

in all high-alkaline subtilisins and a shorter loop increases the stability of the enzyme 
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[195]. These adaptations can also be observed for SPAO and Savinase as a typical 

representative of the high-alkaline subtilisins (2.2). However, SPPM, SPMI, SPLA, SPAH and 

SPFA all have an acidic pI and therefore a greater number of acidic amino acids, resulting 

in a mainly negatively charged protein surface (2.3, 2.4). Hence, a generally increased 

number of charged amino acids on the protein surface leads to better ionic interactions, 

thus maintaining stability and solubility [253]. Changes in the charge profile of a protein 

can therefore be used to influence enzyme activity, pH optimum and stability [80]. The 

working ranges up to a pH of 12.0 of all six proteases investigated indicates their great 

potential for various industrial applications, as is the case with other alkaline proteases 

previously reported [193, 254, 255]. The test of stability at different pH values for 24 h at 

4 °C showed that SPPM, SPMI, SPLA and SPAH retain at least 65 % activity at a pH of 5.0, 

92 % at their pH optimum (9.0 – 10.0) and 83 % at a pH of 12.0 (2.3). SPFA showed 

comparable stability, except at pH 5.0 (2.4). On the other hand, SPAO showed a loss of 

activity of more than 50 % around its pH optimum at pH 9.0, while the commercial 

proteases BPN', Savinase and subtilisin Carlsberg showed almost no residual protease 

activity under the test conditions, which could be due to higher autoproteolysis, as 

mentioned above. In comparison, ALTP from Alkaliphilus transvaalensis was stable 

between pH 5 and 11 after a short incubation of 10 minutes at 50°C [56]. The stability of 

the high-alkaline subtilisin sendai at pH 12.0 and 30°C after four hours was comparable, 

as the remaining activity was more than 90 %, whereas the true subtilisin NAT lost more 

than 80 % of its activity after only 60 min under the same conditions [194].  

 

3.5.2 Effect of NaCl on enzyme activity and stability 

Tolerance and stability to NaCl play a role in industries requiring low to high NaCl 

concentrations, including various applications in peptide synthesis, detergent formulation 

and fermented foods [111]. Therefore, the study of tolerance to high salinity is important. 

The proteases SPPM, SPMI, SPLA, SPAH and SPFA showed the highest activity without the 

addition of NaCl, and the activity gradually decreased to 36 % residual activity at 5 M NaCl 

(2.3, 2.4). The protease SPAH showed no further reduction after decreasing to 60 % 

remaining activity at 1 M NaCl. The activity of SPAO was observed to increase with 

increasing concentrations of NaCl, reaching its maximum at 4 M NaCl (2.2). A comparable 

increase in activity was also observed for Savinase. While the activity of subtilisin 

Carlsberg decreased constantly, it was comparable to that of SPPM, SPMI, SPLA, SPAH and 

SPFA. The activity of BPN' was relatively constantly high and only dropped to 84 % residual 

activity at 5 M NaCl (2.2). 

 

In addition to the activity at different NaCl concentrations, the stability of the proteases 

towards high NaCl concentrations is also important. SPPM, SPMI and SPLA were stable 

with and without NaCl, while SPAH lost activity with increasing NaCl concentration after 

incubation at different NaCl concentrations for 2 h and measuring the residual activity 

(2.3). Subtilisin Carlsberg, SPAO and SPFA are more stable at higher NaCl concentrations, 
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while BPN' and Savinase are stable with and without NaCl (2.2, 2.4). However, SPAO 

showed stability above 50 % only with 1 M NaCl, while it lost stability with increasing NaCl 

concentration. Therefore, NaCl is beneficial for the stability and activity of SPAO until the 

increased activity leads to increased autoproteolysis, which is also true for SPAH. For 

subtilisin Carlsberg, increasing NaCl concentrations are beneficial as the activity decreases 

to protect against autoproteolysis.  

 

A look at the bacterial background of the proteases shows that SPPM, SPAH and SPAO 

originate from a halophilic background [198, 199, 121]. Here A. haloalkaliphilus, the 

microbial background of SPAH, proves to be the most tolerant, growing with salt 

concentrations up to 20 % and an optimum at 5 % [199]. The other proteases SPMI, SPLA, 

subtilisin Carlsberg, Savinase and BNP’ derive from halotolerant backgrounds [159, 202, 

98, 256–258], while F. arsenicus, the bacterial origin of SPFA, tolerates only small amounts 

of NaCl (1 % w/v) [206]. SPPM, SPAH and SPAO showed halotolerant behaviour despite 

their halophilic origin, as they also function in the absence of NaCl. However, for SPAO, 

the activity increased at higher NaCl concentrations. Interestingly, all proteases examined 

are still active at NaCl concentrations at which the bacterial strains no longer grow. 

Therefore, a prediction of the behaviour towards salt based on the growth characteristics 

of the bacterial origin is limited, but a more or less pronounced halotolerance can be 

expected if the extracellular protease originates from a halotolerant or halophilic 

background [111, 135, 259, 260]. 

 

As outlined in 1.1.7, high salt concentrations affect the structure and function of proteins 

if they are not adapted to them, as the local water structure around the protein is affected 

and the propensity for interaction between intermolecular hydrogen bonds decreases, 

leading to protein aggregation and precipitation [132]. On a molecular basis, most 

halophilic enzymes contain a relatively high proportion of acidic amino acids (Asp and Glu) 

and therefore predictions about the adaptation of a protein to high salt concentrations 

can be made with regard to the proportion of acidic amino acids such as Glu and Asp 

compared to the basic amino acids Lys, His, and Arg (referred to as the AB ratio) [134, 

111]. However, this rule can only be used partially to predict the salt adaptation of 

halotolerant proteases, as it only partially fits to the proteases studied, which is related to 

the fact that the mechanisms of halotolerance have not been fully elucidated yet [135, 

134]. Rather, the general surface charge plays a role here. As explained in 1.1.7, 

adaptation to a high salt content is based on a high proportion of negative or positive 

charges on the protein surface [131]. The charged amino acids play a crucial role in 

forming a hydrate shell around the protein that maintains its solubility [133]. According 

to Qiao et al. the negatively charged amino acids are the most beneficial ones, followed 

by the positively charged and finally the charge-neutral amino acids [133]. However, SPAO 

with a predominantly positive surface charge was even more active in the presence of a 

high salt concentration than SPPM, SPMI, SPAH and SPLA with a predominantly negative 
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surface charge. All investigated subtilisins are even active in the absence of NaCl, although 

SPPM, SPAH and SPAO originate from halophilic background. That halophilic enzymes are 

active even in the absence of salt has also been reported for other enzymes, with the 

explanation that the protein may be structurally rigid enough to remain folded in the 

absence of NaCl [132].  

 

According to the isoelectric point and the number of charged amino acids, BPN' should be 

more salt sensitive. However, in contrast to subtilisin Carlsberg, BPN' has five of eight 

acidic and polar amino acids located on the protein surface that are conserved within 

halophilic enzymes according to Takenaka et al. [131, 135]. As already mentioned, 

charged amino acids stabilise water and/or ion binding, protein refolding is facilitated and 

aggregation is prevented, making halotolerant proteases tolerant to high pH values. 

Therefore, halotolerant proteases may be interesting for industrially relevant applications 

[251]. Hence, it is interesting to note that not only representatives of the subgroup of 

high-alkaline subtilisins, but also true subtilisins with halotolerant or halophilic properties 

are highly active at pH 12.0, such as SPPM, SPMI, SPLA and SPFA. 

 

3.5.3 Effect of SDS, H2O2 and Ca2+ on enzyme activity and stability 

With regard to stability towards 1 and 5 % SDS (w/v) at 10 °C, all proteases, with the 

exception of SPAO, were found to be highly stable [231, 213]. As shown in Table 6, SPAO 

lost all its activity with 1 % SDS. SPAO is thus very sensitive to SDS, while the other 

proteases were even more active with than without SDS. Only SPPM and SPLA had slightly 

reduced activity with 76 % and 97 %, respectively, at 5 % SDS. Usually, the anionic 

character of SDS causes it to interact with hydrophobic amino acid residues of proteins, 

leading to protein unfolding and loss of activity. However, the increasing activity of some 

proteases could be explained by the fact that SDS does not unfold the protein, but instead 

helps it to achieve a favourable protein conformation, which increases activity [261]. This 

behaviour has also been described in the literature for a salt-tolerant and thermostable 

serine protease from B. subtilis, which does not lose activity even at an SDS concentration 

of 10 % (w/v) [262]. An alkaline serine protease from haloalkaliphilic Shouchella 

oshimensis (formerly Bacillus lehensis) JO-26 showed an increased activity of 275 % after 

incubation with 1 % SDS for 30 min [251]. The subtilisin BLAP from another Shouchella 

oshimensis strain lost no activity at 1 % SDS, but increased to 160 % activity after 

incubation with 2 % SDS [261]. For an alkaline protease from Shouchella clausii I-52, a 

slight decrease in activity to 73 % was observed after incubation with 5 % SDS [109]. A 

complete loss of activity is therefore rather unusual for a high-alkaline subtilisin. Another 

example is the wild-type variant of subtilisin E, which lost more than 80 % of its activity at 

4 % SDS [214], or the intracellular subtilase AprX-SK37 from Virgibacillus sp. SK 37, which 

revealed a complete loss of activity after 30 min with 0.5 % SDS [193]. Within the scope 

of various enzyme engineering approaches, it was possible to increase the tolerance of 

subtilisin E to chaotropic compounds [214]. Interestingly, in this study it was found that 
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the active site and the surrounding substrate binding pocket were the key factors in 

enhancing chaotolerance [214].  

 

The influence of hydrogen peroxide on the stability of the enzymes showed that all 

proteases are very resistant to 1 % (v/v) H2O2 and had a residual activity of 78 to 108 % 

(Table 6). Treatment with 5 % (v/v) H2O2 reduced the activity to 31 - 58 %, whereas 

subtilisin Carlsberg, Savinase and BPN' lost up to 92 % of their activity at 5 % H2O2. SPAO 

showed the highest resistance with increased activity at 1 % H2O2 and 58 % residual 

activity at 5 % H2O2. A higher increase in activity than SPAO by 14 % and 16 % at 1 % and 

5 % H2O2 was observed for a protease from S. clausii I-52 [109]. A  protease from the 

alkaliphilic Bacillus sp. NPST-AK15 showed an increase in activity of 2 % at 1 % H2O2 and a 

loss of 6 % at 5 % H2O2 [105]. From other reports on the stability of alkaline proteases to 

oxidants, subtilisin LD1 from Bacillus sp. KSM-LD1 retained 40 % of its activity after 

incubation with 3.4 % H2O2 at 30 °C for 30 min [58]. Almost unaffected by 10 % H2O2 was 

an alkaline protease from Shouchella patagoniensis (formerly Bacillus patagoniensis) after 

incubation at 25 °C for 30 min [263]. A higher loss of activity was reported for the subtilase 

from Thermoactinomyces vulgaris strain CDF, which lost 90 % of its activity after 1 hour at 

40 °C and 5 % H2O2 [76]. The subtilase KP-43 from the group of oxidatively stable proteases 

(OSP) lost their hydrolysis ability already after 30 min incubation with 3 % H2O2 [264]. 

However, comparing results to data found in the literature can be challenging because 

the conditions under which the activity studies were performed, such as the temperature, 

buffer, pH, substrate concentration, and H2O2 concentration, often vary. The sensitivity 

against oxidants such as H2O2 is especially relevant for the use in detergents, as hydrogen 

peroxide is often added to remove stains by bleaching [16]. 

 

The sensitivity to H2O2 is likely due to the oxidation of a conserved methionine residue 

near the catalytic serine residue, transforming it into a sulfoxide and resulting in the 

inactivation of the enzyme [265]. The sulfoxide oxygen destabilises the tetrahedral 

intermediate formed with the carbonyl group of the bound peptide [266, 32]. Enzyme 

engineering approaches in which methionine residue 222 (BPN' numbering) was replaced 

by non-oxidizable amino acids (i.e. Ser, Ala, and Leu) showed increased resistance to 

oxidants [267–269, 83]. Interestingly, examination of the digestion pattern of β-casein of 

the subtilase KP-43 from Bacillus sp. KSM-KP43, revealed that it differs when the 

methionine residue 222 (BPN' numbering) is oxidised [264].  

 

  



119 

Table 6 Influence of H2O2 and SDS on enzyme activity (2.2, 2.3, 2.4)  

 Residual protease activity [%] 

Protease 1 % SDS 5 % SDS  1 % H2O2  5 % H2O2  

SPPM 121±4 76±2 92±4 41±0 

SPMI 178±4 165±1 81±1 31±2 

SPLA 108±4 97±3 78±2 40±1 

SPAH 120±7 106±2 89±1 40±2 

SPAO 0±0 0±0 108±4 58±3 

SPFA 182±8 169±4 81±4 52±3 

Sub. Carlsberg 325±6 189±6 71±9 27±2 

Savinase 138±4 113±6 64±3 8±0 

BPN’ 205±3 164±7 81±5 11±0 

The purified proteases were incubated with 1 and 5 % (v/v) H2O2; 1 and 5 % (w/v) SDS in 

10 mM HEPES-NaOH pH 7.0 for 1 h at 10 °C. Activity was measured with the suc-AAPF-

pNA assay under standard conditions. Remaining activity of the proteases incubated in 

buffer with no additions was defined as 100 %. All experiments were performed at least 

in triplicates and data are shown as mean values ± SD. 

 

As mentioned in 3.4, SPPM, SPMI, SPLA, SPAH, SPAO and SPFA contain two Ca2+ binding 

sites. To investigate the effect of Ca2+ on the activity and stability of the proteases, they 

were incubated with EDTA. SPPM, SPAH and SPFA showed almost no difference in activity 

between incubation with or without EDTA, which was also observed for BPN' (data not 

shown). No effect on activity was also observed for a serine protease from S. clausii 

GMBAE 42 [270]. For SPLA, SPMI, SPAO and Savinase it was not possible to completely 

restore the activity after addition of CaCl2 (2.2, 2.3). An overall loss of protease activity 

could explain the lack of recovery of the protease activity, as Ca2+ has a stabilising effect 

that reduces thermal denaturation and autolysis due to the reduction in molecular 

flexibility [64], which was also observed by others [259, 271, 272]. The binding of Ca2+, 

especially within a loop, stabilises it against unfolding and thus reduces access to the 

primary binding sites for autoproteolysis [273]. Interestingly, a protein-engineered 

version of BPN' resulted in a calcium-independent protease that is fully active but has 

lower thermal stability in the absence of stabilising mutations [274].  
 

3.5.4 Substrate spectrum 

Most subtilisins have broad substrate specificity and mainly play a role in nutrition by 

providing peptides and amino acids for cell growth [24]. Variations in substrate specificity 

occur due to different residues in the substrate-binding region. In particular their side 

chains interact with the P1 and P4 substrate residues that dominate substrate preference 

in subtilisins [24, 275]. Exceptions to broad substrate specificity occur when residue 166 

(BPN’ numbering) at the bottom of the S1 binding site is an Asp, leading to a preference 

for cleavage after P1-Arg residues, which has also been observed in other subtilases such 
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as the members of proteinase K, the lantibiotic leader peptidases and in all members of 

the kexin group [24]. This is not the case with the proteases investigated, including the 

reference proteases. To compare the substrate specificity of the six proteases with each 

other and with Savinase, subtilisin Carlsberg and BPN', ten synthetic peptide-4-

nitroanilide substrates with three or four amino acids were used. The selected substrates 

are all typical subtilisin substrates, with the exception of suc-AAA-pNA, which is an 

elastase substrate [276, 277]. The experiment showed that the six proteases are typical 

subtilisins (2.2, 2.3, 2.4). Furthermore, SPAO is a typical high-alkaline subtilisin like 

Savinase, as it prefers the substrate suc-FAAF-pNA. In addition, as discussed in 3.3, the 

proteases showed higher activity for the substrate azocasein, as it is a more complex 

substrate with more potential hydrolysis sites. A comparison with the data available in the 

literature on the hydrolysis of substrates is difficult, because the experimental conditions 

are different. Georgieva et al. showed comparable results for Savinase with highest 

specificity for suc-FAAF-pNA compared to Esperase with a similar preference [276]. A high 

specificity towards suc-AAPF-pNA by an alkaline serine protease from S. clausii GMBAE 42 

was discovered by Kazan et al [270]. For the elastase-specific substrate Suc-AAA-pNA, for 

which the proteases studied in this work showed low activity, the alkaline elastase YaB 

from Bacillus strain YaB showed high activity [278]. It was also reported that several 

subtilisins and proteinase K have higher activity when Ala, Glu, Lys or Val are in position 

P1 [279]. In subtilisins, the S1 and S4 binding sites are large and hydrophobic, which 

explains the preference for aromatic or large non-polar P1 and P4 substrate residues [24]. 

This can also be observed for the investigated proteases. However, SPAO and Savinase 

are able to hydrolyse the substrate when alanine is at the P1 and P2 positions, but with 

higher efficiency when one of the positions is alanine and the other one an amino acid 

with a larger hydrophobic group. That SPAO and Savinase show this different substrate 

specificity could be due to the four amino acid deletion around residue 160, which is in 

the S1 recognition loop, compared to the true subtilisins and the PIS [192].  
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4 Conclusion and outlook 
In this work, phylogenetic analysis of the MEROPS holotype dataset of the S8 family 

showed that a large number of different subtilases formed new groups and subgroups. 

Based on their position in the phylogenetic tree, their biochemical properties or their 

origin, eight new groups were identified within the S8A subfamily, in addition to the 

known groups such as proteinase K, pyrolysins, kexins, subtilisins, thermitases and 

lantibiotic peptidases first described by Siezen and Leunissen in 1997 [24]. Furthermore, 

13 new subgroups were identified. In particular, the group of pyrolysins harbours nine and 

the group of subtilisins four new subgroups. Considering the increasing data on 

characterised sequences, the finding of new groups is very likely and also a further 

subdivision into classes, as described for plant pyrolysins [44, 186, 187], or fungal 

pyrolysins [188–190]. The phylogenetic analysis was necessary to place newly found 

sequences from a data mining search into the context of the subtilase family. Thus, about 

1400 sequences were evaluated in the search for promising subtilisin sequences from 

Bacillaceae. Using the updated phylogenetic context and further bioinformatic analyses, 

a set of 120 sequences remained that could be analysed.  

 

In particular, extremophilic organisms such as thermophiles, psychrophiles and halophiles 

or halotolerants offer enormous potential for meeting industrial requirements [72]. Since 

enzymes with a halophilic or halotolerant background have been shown to be suitable for 

industrial applications, the focus was placed on proteases of this microbial background. 

The subtilisins derived from Pontibacillus marinus DSM 16465T (SPPM), Metabacillus 

indicus DSM 16189 (SPMI), Litchfieldia alkalitelluris DSM 16976T (SPLA), Fictibacillus 

arsenicus DSM 15822T (SPFA), Alkalibacillus haloalkaliphilus DSM 5271T (SPAH), and 

Halalkalibacter okhensis Kh10-101T (SPAO) were recombinantly produced with Bacillus 

subtilis DB104, then purified and biochemically characterised for the first time. The 

studied subtilisins belong to different subgroups: SPPM, SPMI, SPLA and SPFA are 

members of the true subtilisins, SPAH is a member of the phylogenetically intermediate 

subtilisins and SPAO belongs to the high-alkaline subtilisins. Here, it was confirmed that 

subtilisins with halotolerant and halophilic backgrounds have improved biochemical 

properties compared to subtilisins already used industrially. The proteases exhibited pH 

optima between 9.0 and 10.0 and temperature optima between 50 and 80 °C. SPFA 

particularly stood out as it showed a broad pH optimum from 8.5 to 11.5 and a generally 

high activity between pH 6.0 and 12.0 with a temperature optimum of 80 °C. All proteases 

were active at NaCl concentrations up to 5 M, stable against hydrogen peroxide and, 

except for SPAO, stable against SDS. The enzymes showed remarkable properties, 

especially considering that they have not been engineered, and proved to be interesting 

for industrial applications, especially for detergents, as shown by the two patents 

applications filed based on this work. The biochemical data of the halotolerant subtilisins 

and their structure-function analysis with emphasis on surface charge analysis form the 
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starting point for further enzyme engineering studies. Despite the selection and cloning 

of individual sequences from the phylogenetic tree, a high-throughput library could 

accelerate the search for biotechnologically relevant proteases through gene synthesis 

and subsequent functional screening after transformation, with the potential 

disadvantage of losing sequences that cannot be produced and or secreted in the selected 

host. In addition, an investigation of the other groups and subgroups of the subtilase 

family would be interesting for biotechnological applications.  

 

Problems with the production of divers subtilisins by B. subtilis DB104 were to be 

expected. Thus, out of twelve proteins, only six were produced in sufficient quantity. For 

this reason, the wild-type strains from which the new subtilisins derived were examined 

for their cultivability and genetic accessibility. While B. subtilis is a known host for the 

production of proteases, Metabacillus indicus DSM 16189 proved to be a suitable host for 

the recombinant production of its homologous subtilisin for the first time in this work. 

However, it remains to be seen whether this potential can also be exploited for 

heterologous proteases, especially those that we cannot produce with B. subtilis DB104. 

After further improvement through strain development and process optimisation, M. 

indicus could be suitable competitive protein yields for recombinant proteases.  
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6 Supplementary 

6.1 Supplementary: Phylogenetic survey of the subtilase family and a 

data-mining-based search for new subtilisins from Bacillaceae 

 

Table S1 Clustered data mining S8 Bacillaceae sequences 

Number #  Bacterial origin 

S08.105_aerolysin Pyrobaculum aerophilum 

S08.129_Tk-sub. Thermococcus kodakarensis 

S08.113_sfericase Lysinibacillus sphaericus 

S08.016_WF146_pep. Bacillus sp. WF146 

S08.140_sub._S41 Bacillus subtilis TA41 

P29139_INT72 Paenibacillus polymyxa 

S08.030_IspA_pep. Bacillus subtilis 

Q45621 Isp-Q Bacillus sp. NKS-21 

P74937_TIAP Thermoactinomyces sp. 

S08.143_PopC_pep. Myxococcus xanthus 

08.126_EPR_pep. Bacillus subtilis 

S08.028_ALTP Alkaliphilus transvaalensis 

WP 146817052.1 Alkalibacillus haloalkaliphilus 

WP 168009413.1 Alkalicoccus luteus 

WP 171051829.1 Alteribacter natronophilus 

WP 026691136.1 Alteribacter aurantiacus 

WP 096188791.1 Bacillus sp. FJAT 44876 

WP 202080138.1 Bacillus sp. YIM B00319 

WP 091776386.1 Piscibacillus halophilus 

WP 134338579.1 Filobacillus milosensis 

WP 101332746.1 Halalkalibacillus sediminis 

WP 167261846.1 Alkalibacillus almallahensis 

WP 027963976.1 Halalkalibacillus halophilus 

WP 144089130.1 Allobacillus salarius 

WP 124221886.1 Aquisalibacillus elongatus 

WP 091776380.1 Piscibacillus halophilus 

WP 134339482.1 Filobacillus milosensis 

WP 146817048.1 Alkalibacillus haloalkaliphilus 

WP 188208160.1 Alkalibacillus aidingensis 

WP 027965007.1 Halalkalibacillus halophilus 

WP 101331250.1 Halalkalibacillus sediminis 

WP 107583584.1 Alkalicoccus saliphilus 

WP 168007760.1 Alkalicoccus luteus 

WP 090843404.1 Alkalicoccus daliensis 

WP 168006597.1 Alkalicoccus luteus 

WP 105960433.1 Alkalicoccus urumqiensis 

WP 147804655.1 Alkalicoccus halolimnae 

WP 146817050.1 Alkalihalobacillus haloalkaliphilus 
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WP 091776383.1 Piscibacillus halophilus 

WP 134339480.1 Filobacillus milosensis 

WP 138811387.1 Alteribacter natronophilus 

WP 230895209.1 Salipaludibacillus sp. CUR1 

WP 110612024.1 Salipaludibacillus keqinensis 

WP 122897711.1 Bacillus sp. KQ 3 

WP 047973355.1 Bacillus sp. LL01 

WP 075683870.1 Alkalihalobacillus pseudofirmus 

WP 100374144.1 Bacillus sp. FJAT 45037 

WP 202078324.1 Bacillus sp. YIM B00319 

WP 226516443.1 Bacillus shivajii 

WP 216831833.1 Alkalihalobacterium elongatum 

WP 129080804.1 Anaerobacillus alkaliphilus 

WP 035661169.1 Halalkalibacter akibai 

WP 100334247.1 Bacillus alkalisoli 

WP 084380659.1 Sutcliffiella cohnii 

S08.133_sub._LD-1 Bacillus sp. KSM-LD1  
WP 017729072.1 Halalkalibacterium ligniniphilus 

WP 122896828.1 Bacillus sp. KQ 3 

WP 047973137.1 Bacillus sp. LL01 

WP 022628745.1 Alkalihalophilus marmarensis 

S08.045_sub._ALP_1 Bacillus sp. nks-21 

WP 210595747.1 Bacillus sp. YZJH907 2 

S08.046_sub._aprM Halalkalibacterium halodurans 

WP 100374143.1 Bacillus sp. FJAT 45037 

WP 035666680.1 Alkalihalobacillus akibai 

WP 078596166.1 Evansella clarkii 

WP 216831504.1 Alkalihalobacterium elongatum 

WP 129077943.1 Anaerobacillus alkaliphilus 

WP 203088820.1 Shouchella gibsonii 

WP 143849870.1 Bacillus sp. P16 2019 

WP 059104808.1 Shouchella shacheensis 

WP 090775603.1 Alkalihalobacillus lonarensis 

WP 090774843.1 Alkalihalobacillus lonarensis 

KMK76635.1 pept 
Alkalihalobacillus 

pseudalcaliphilus 

WP 034632645.1 Alkalihalobacillus okhensis 

S08.098_sub._sendai Bacillus sp. G-825-6 

S08.010_M-pep. Shouchella clausii 

S08.003_Savinase Lederbergia lentus 

S08.038_PB92 Alkalihalobacillus alcalophilus 

WP 060704798.1 Shouchella miscanthi 

S08.157_sub._YaB Bacillus sp. YAB 

WP 203087429.1 Shouchella gibsonii 

WP 143850013.1 Bacillus sp. P16 2019 

WP 059105057.1 Shouchella shacheensis 
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EZH65969.1 pept Bacillaceae bacterium JMAK1 

WP 078393865.1 Shouchella patagoniensis 

WP 035392836.1 Bacillus sp. JCM19047 

WP 163537364.1 Gracilibacillus sp. YIM 98692 

WP 164853199.1 Peribacillus asahii 

WP 099092793.1 Bacillus weihaiensis 

WP 018922084.1 Salsuginibacillus kocurii 

WP 106589713.1 Salsuginibacillus halophilus 

WP 022794977.1 Marinococcus halotolerans 

WP 107586282.1 Alkalicoccus saliphilus 

WP 078597775.1 Evansella clarkii 

WP 100832725.1 Bacillus sp. FJAT 45348 

WP 090774498.1 Alkalihalobacillus lonarensis 

WP 110520788.1 Bacillus lacisalsi 

WP 096186536.1 Bacillus sp. FJAT 44876 

WP 026691049.1 Alteribacter aurantiacus 

WP 122900894.1 Bacillus sp. KQ 3 

WP 231417544.1 Pontibacillus sp. HN14 

WP 051255158.1 Pontibacillus marinus 

WP 206945444.1 Halobacillus sp. GSS1 

WP 173918387.1 Halobacillus sp. Marseille-Q1614 

WP 188377243.1 Halobacillus andaensis 

WP 070119644.1 Bacillus marinisedimentorum 

WP_077360649.1 Fictibacillus arsenicus 

WP 153236691.1 Fictibacillus phosphorivorans 

WP 181472841.1 Halobacillus locisalis 

WP 136946078.1 Pseudalkalibacillus hwajinpoensis 

WP 224844257.1 Bacillus timonensis 

WP 094921089.1 Lottiidibacillus patelloidae 

WP 193538138.1 Cytobacillus luteolus 

WP 090849877.1 Litchfieldia salsus 

WP 078544469.1 Litchfieldia alkalitelluris 

WP 224844255.1 Bacillus timonensis 

WP 230500606.1 Bacillus sp. JJ 125 

WP 088017821.1 Sutcliffiella horikoshii 

WP 224838688.1 Bacillus tianshenii 

WP 066412694.1 Sutcliffiella cohnii 

WP 100334303.1 Bacillus alkalisoli 

AST90329.1 pept Sutcliffiella cohnii 

WP 096155439.1 Bacillus alkalisoli 

WP 230500539.1 Bacillus sp. JJ 125 

WP 152444042.1 Bacillus sp. THAF10 

WP 078381234.1 Sutcliffiella halmapala 

WP 060666810.1 Bacillus sp. CHD6a 

TDL80277.1 pept Brevibacterium frigoritolerans 

WP 029565418.1 Metabacillus indicus 
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WP 053604255.1 Bacillus gobiensis 

AAS86761.1_kera Bacillus licheniformis 

S08.001_sub._Carlsberg Bacillus licheniformis 

NPC92104.1 S8 f Bacillus sp. WMMC1349 

NUJ19608.1 S8 f Bacillus glycinifermentans 

S08.037_sub._DY Bacillus subtilis 

WP 199800957.1 Bacillus pumilus 

S08.005_endopep._Q Bacillus pumilus 

CAO03040.1 sapB Bacillus pumilus 

WP 003327717.1 Bacillus atrophaeus 

S08.034_sub._BPN' Bacillus amyloliquefaciens 

WP 039073463.1 Bacillus vallismortis 

S08.044_sub._NAT Bacillus subtilis 

S08.036_sub._E Bacillus subtilis 

S08.002_mesentericopep. Bacillus pumilus 

S08.042_amylosacchariticus Bacillus subtilis 

S08.035_sub._J Geobacillus stearothermophilus 

 

 
Figure S1 Tree of cell wall associated subgroup (pyrolysin) of MEROPS holotype dataset. 

 
Figure S2 Tree of thermicin and AprX subgroup (pyrolysin) of MEROPS holotype dataset. 

 

 
Figure S3 Tree of Csp, Site-1, CP70, STABLE, Amoebae and OSP (pyrolysin) of MEROPS 
holotype dataset. 
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Figure S4 Tree of SAM-P45, TPPII, Nasp and pyrolysin subgroup (pyrolysin) of MEROPS 
holotype dataset. 

 

 
Figure S5 Tree of fungal pyrolysins and HMS subgroup (pyrolysin) of MEROPS holotype 
dataset. 

 
Figure S6 Tree of plant subgroup (pyrolysin) of MEROPS holotype dataset. 

 

 
Figure S7 Tree of proteinase K group of MEROPS holotype dataset. 
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Figure S8 Tree of subtilisin, dentilisin and thermitase group of MEROPS holotype dataset. 

 

 

Figure S9 Tree of bpF, CDF, SubAB, mycosins and transamidating groups of MEROPS 
holotype dataset. 

 

 
Figure S10 Tree of TPPS and autotransporter group of MEROPS holotype dataset.  
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Figure S11 Tree of perkinsin, sporangin, deseasin and apicomplexa group of MEROPS 
holotype dataset. 

 

 
Figure S12 Tree of lantibiotic peptidase group of MEROPS holotype dataset. 

 

 
Figure S13 Tree of kexin group of MEROPS holotype dataset. 

 
Figure S14 Tree of several subgroups of subtilisin group of MEROPS holotype dataset. 
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Figure S15 Tree of PIS subgroup of subtilisin group. 

 
Figure S16 Tree of high-alkaline subtilisins subgroup of subtilisin group. 
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Figure S17 Tree of true subtilisins subgroup of subtilisin group. 
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Figure S18 MSA of mature subtilisin sequences of the S8 Bacillaceae data mining 
sequences. 
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6.2 Supplementary: Biochemical characterisation of a novel oxidatively 

stable, halotolerant, and high-alkaline subtilisin from 

Alkalihalobacillus okhensis Kh10-101T 

 
Table S1 Preculture medium 

Component Concentration  

MgSO4 0.7 g·L-1 

KH2PO4 7.7 g·L-1 

(NH4)2SO4 2.8 g·L-1 

FeSO4 x 7H2O 0.09 g·L-1 

MnSO4 x H2O 0.09 g·L-1 

Peptone from soy 40 g·L-1 

Yeast extract 5 g·L-1 

Tetracycline 20 µg·mL-1 

CaCl2 1 g·L-1 

Glucose 20 g·L-1 

Trace elements see Table S3 

 

Table S2 Fermentation medium 

Component Concentration  

MgSO4 0.7 g·L-1 

KH2PO4 7.7 g·L-1 

(NH4)2SO4 2.8 g·L-1 

FeSO4 x 7H2O 0.09 g·L-1 

MnSO4 x H2O 0.09 g·L-1 

Peptone from soy 40 g·L-1 

Yeast extract 5 g·L-1 

Tetracycline 20 µg·mL-1 

CaCl2 1 g·L-1 

Glucose 8 g·L-1 start glucose + glucose feed 

Trace elements see Table S3 

Polypropylene glycol 2000 (PPG) 2 mL + PPG feed 
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Table S3 Trace element solution 

Chemical Concentration 

Citric acid*H2O 40 g·L-1 

MnSO4*H2O 4 g·L-1 

ZnSO4*7H2O 5 g·L-1 

CuSO4*5H2O 4 g·L-1 

FeSO4*7H2O 10.67 g·L-1 

NiSO4*6H2O 0.25 g·L-1 

CoCl2*6H2O 0.324 g·L-1 

H3BO3 0.06 g·L-1 

Na2MoO4*2H2O 0.655 g·L-1 

 

 

Figure S1 MALDI-TOF mass spectra of SPAO. The labels on the peaks indicate the 
measured average molecular mass. The peaks correspond from right to left M/z up to 
M/5z. 

 
Figure S2 The effect of pH on the stability of purified SPAO, BPN’, Savinase, and subtilisin 
Carlsberg. The activity was measured with the suc-AAPF-pNA assay in standard buffer at 
pH 8.6 after incubation for 4 h at 4°C in Tris-maleate buffer (pH 5 – 7), in Tris-HCl (pH 7 – 
9), and in glycine-NaOH (pH 9 – 12). The activity at 0 h was considered as 100 % activity; 
highest residual activities: SPAO (closed circles; 288 U/mg), BPN’ (squares; 17 U/mg), 
Savinase (triangles; 15 U/mg) and subtilisin Carlsberg (open circles; 23 U/mg). The 
experiments were performed in triplicates and data are plotted as mean values ± SD. 
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6.3 Supplementary: New robust subtilisins from halotolerant and 

halophilic Bacillaceae  

 

 
Figure S1 Homology models of the mature forms of SPPM, SPMI, SPLA and SPAH obtained 
using I-TASSER software. In silico metal-binding analysis predicted the existence of two 
Ca2+-binding sites (yellow balls). The catalytic residues Asp32, His64, and Ser221 for SPPM, 
SPMI, SPLA and Asp32, His66, and Ser224 for SPAH are shown in red. 
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Figure S2 MALDI-TOF mass spectra of SPPM (a), SPMI (b), SPLA (c) and SPAH (d). The labels 
on the peaks indicate the measured average molecular mass. The peaks correspond from 
right to left M/z up to M/5z. 
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Figure S3 The effect of pH on the stability of purified SPPM, SPMI, SPLA and SPAH. The 
activity was measured with the suc-AAPF-pNA assay in standard buffer at pH 8.6 after 
incubation for 24 h at 4 °C in Tris-maleate buffer (pH 5 – 7), in Tris-HCl (pH 7 – 9), and in 
glycine-NaOH (pH 9 – 12). The activity at 0 h was considered as 100 %; highest residual 
activities: 115 U/mg for SPPM (red squares), 165 U/mg for SPMI (violet open circles), 219 
U/mg for SPLA (blue closed circles), and 221 U/mg for SPAH (green triangles). The 
experiments were performed in triplicates and data are plotted as mean values ± SD. 

 

 

Figure S4 Melting curves of purified SPMI and SPLA. The effect of temperature on the 
stability of the enzyme using SYPRO® Orange as a fluorescence probe, based on the 
changes in fluorescence emission intensity (Ex/Em = 470/550 nm) (5 x SYPRO® Orange, 10 
mM HEPES-NaOH pH 8.0, 3 mM PMSF), is shown as normalized denaturation curves of 
the thermal shift assay for the proteases SPMI (violet open circles) and SPLA (blue closed 
circles). The inflection point corresponds to the melting temperature (Tm), at which 50 % 
of the protein is unfolded (-). The experiment was performed in triplicates and data are 
plotted as mean values ± SD. 
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Figure S5 Determination of the pI of the purified proteases. Isoelectric focusing was 
performed with a SERVALYT™ PRECOTES™ wide range pH 3-10 precast gel according to 
manufacturer recommendations. Lane M, SERVA IEF marker 3-10; lanes 1-7, purified 
proteases rebuffered in 10 mM HEPES-NaOH pH 7.0. *Sample application point. SPAO (1); 
SPPM (2); SPAH (3); SPLA (4); SPMI (5); subtilisin Carlsberg (6); Savinase (7). a (Falkenberg 
et al. 2022b). 

 

Table S1 Oligonucleotides for amplification of the indicated subtilisin genes by PCR using 
genomic DNA of P. marinus, M. indicus, L. alkalitelluris, and A. haloalkaliphilus as template 

Name Sequence 5’->3’ 
aprE_P.marinus_fw AGAAGACTTAATGAAAAGATTATTTTTTGCAGTGATG 

aprE_P.marinus_rv AGAAGACAAGTTAATTCGCTACTTGATAAGTAGTAGT 

aprE_M.indicus_fw AAAGAAGACGGAATGAAAAAGAAAAAGATTTTCAGTCT

GCTTC 

aprE_M.indicus_rv AAAGAAGACCCGTTATTGAATGGCGGCCTGGAC 

aprE_L.alkalitelluris_fw AGAAGACTTAATGAAGAAAATGAAATTAGTAAGTAGTAT

TTTGC 

aprE_L.alkalitelluris_rv AGAAGACTTGTTACTTTATAGCAGCTTCTACATTAATGAC 

aprE_A.haloalkaliphilus_fw AGAAGACATAATGAAAAAGCTTCTTATTGTTTTAAGTACC 

aprE_A.haloalkaliphilus_rv AGAAGACATGTTAGTGAGAGATTGCTTCAAAAGAC 
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Table S2 pI values and number of amino acids in the proteases 

Protease experimental pI Number of residues AB ratioa 

  Arg Asp Glu His Lys  

SPPM 4.3 4 19 8 4 6 1.9 

SPMI 5.5 5 14 6 4 11 1.0 

SPLA 5.0 6 12 9 6 7 1.1 

SPAH 4.9 4 20 9 9 4 1.7 

SPAOb 9.8 9 4 4 6 3 0.4 
a The AB ratio [AB = (Glu + Asp)/(Lys + His + Arg)] was calculated as described in (Rhodes 

et al. 2010). 
b SPAO from Alkalihalobacillus okhensis Kh10-101T (Falkenberg et al. 2022b) 
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6.4 Supplementary: Biochemical characterisation of a novel broad pH 

spectrum subtilisin from Fictibacillus arsenicus DSM 15822T 

 
Figure S1 Homology model of the mature SPFA obtained using I-TASSER software. In silico 

metal-binding analysis predicted the existence of two Ca2+-binding sites (yellow balls). The 
catalytic residues Asp32, His64, and Ser221 are shown in red. 

 

 

 

Figure S2 MALDI-TOF mass spectra of SPFA. The labels on the peaks indicate the measured 
average molecular mass. The peaks correspond from right to left M/z up to M/5z. 
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Figure S3 Determination of the pI of the purified proteases. Isoelectric focusing was 
performed with a SERVALYT™ PRECOTES™ wide range pH 3-10 precast gel according to 
manufacturer recommendations. Lane M, SERVA IEF marker 3-10; lanes 1 purified SPFA 
rebuffered in 10 mM HEPES-NaOH pH 8.0.  

 

 

Figure S4 Normalised melting curve of purified SPFA. The melting point (Tm) at which 50 % 
of the protein is unfolded (-) was determined using SYPRO® Orange as a fluorescent probe 
(Ex/Em = 470/550 nm) (5 x SYPRO® Orange, 10 mM HEPES-NaOH pH 8.0, 3 mM PMSF). 
The experiment was performed in triplicates and data are plotted as mean values ± SD. 
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Table S1 Oligonucleotides for amplification of the gene for SPFA by PCR using genomic 
DNA of F. arsenicus as template 

Name Sequence 5’->3’ 
aprE_F.arsenicus_fw AGAAGACGAAATGAAAAAAACTGTATTACGCACG 

aprE_F.arsencius_rv AGAAGACATGTTATCTTGTCGCTGCGTAAAC 

 

Table S2 pI value and AB ratio calculation 

Protease experimental pI Number of residues AB ratioa 

  Arg Asp Glu His Lys  

SPFA ~5.8 5 13 4 6 8 0.9 
a The AB ratio [AB = (Glu + Asp)/(Lys + His + Arg)] was calculated as described in (Rhodes 

et al. 2010). 
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6.5 Supplementary: Metabacillus indicus DSM 16189 as promising host for 

recombinant protease production 

 

Table S1 Preculture medium 

Component Concentration  

Marine broth (Carl Roth, Karlsruhe, 

Germany) 

40.1 g·L-1 

Tryptone/Peptone from Casein 35 g·L-1 

Yeast extract 4 g·L-1 

MnSO4 x H2O 0.01 g·L-1 

(Kanamycin) 50 µg·mL-1 

Glucose 10 g·L-1 

Trace elements 1:1000 of the stock solution (Table S3) 

pH 7.0 

 

Table S2 Fermentation medium 

Component Concentration  

MnSO4 x H2O 0.01 g·L-1 

Tryptone/Peptone from Casein 35 g·L-1 

Yeast extract 4 g·L-1 

(Kanamycin) 50 µg·mL-1 

Glucose 8 g·L-1 start glucose + glucose feed 

Trace elements 1:1000 of the stock solution (Table S3) 

Polypropylene glycol 2000 (PPG) 2 mL + PPG feed 

pH 7.0 

 

Table S3 Trace element stock solution 

Chemical Concentration 

Citric acid*H2O 40 g·L-1 

MnSO4*H2O 4 g·L-1 

ZnSO4*7H2O 5 g·L-1 

CuSO4*5H2O 4 g·L-1 

FeSO4*7H2O 10.67 g·L-1 

NiSO4*6H2O 0.25 g·L-1 

CoCl2*6H2O 0.324 g·L-1 

H3BO3 0.06 g·L-1 

Na2MoO4*2H2O 0.655 g·L-1 
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