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Zusammenfassung

Die steigende Nachfrage nach Proteasen fiir 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 gehoren, identifiziert.

Zunachst wurden die Sequenzen bereits charakterisierter Proteasen aus der Subtilase-Familie
untersucht und hinsichtlich ihrer Klassifizierung neu bewertet, da eine Ubersicht {iber diese
grolRe 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 grofle Anzahl verschiedener
Subtilasen neue Gruppen und Untergruppen bilden. Es wurden acht neue Gruppen und 13
neue Untergruppen identifiziert und eingefiihrt. Darliber hinaus wurde eine aktualisierte
Ubersicht erstellt, um die neu gefundenen Sequenzen phylogenetisch den bereits bekannten
zuordnen zu kénnen.

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 flir weitere Untersuchungen
ausgewahlt wurden. Insbesondere Enzyme aus halophilen oder halotoleranten Organismen
bieten ein enormes Potenzial, um industrielle Anforderungen zu erfiillen. Daher wurden die
Subtilisin-Gene von Pontibacillus marinus DSM 16465" (SPPM), Metabacillus indicus DSM
16189 (SPMI), Litchfieldia alkalitelluris DSM 16976 (SPLA), Fictibacillus arsenicus DSM 158227
(SPFA), Alkalibacillus haloalkaliphilus DSM 52717 (SPAH) und Halalkalibacter okhensis Kh10-
1017 (SPAO) isoliert und die Enzyme rekombinant mit Bacillus subtilis DB104 produziert,
anschlieBend gereinigt und biochemisch charakterisiert. Dabei konnte bestatigt werden, dass
die Wildtyp-Subtilisine aus halotoleranten und halophilen Spezies technisch interessantere
biochemische Eigenschaften aufweisen als die fir die technische Anwendung entwickelten
hochalkalischen Subtilisine. Besonders erwahnenswert ist die hohe Stabilitat gegeniliber SDS,
NaCl und H;0, sowie die hohe Aktivitait bei alkalischen pH-Werten, die sowohl
wissenschaftlich als auch fur industrielle Anwendungen interessant ist. Darliber hinaus
wurden die oben genannten Organismen auf ihre genetische Zuganglichkeit hin untersucht.
Dabei konnte Metabacillus indicus DSM 16189 als neuer Wirt etabliert und fir die
rekombinante Produktion des nativen sekretierten Subtilisins genutzt werden.

Die Untersuchung neuer Subtilisine mit halotolerantem und halophilem Ursprung in dieser
Arbeit tragt zum Verstdandnis der Anpassung extrazelluldrer Enzyme und der Beziehung
zwischen Aminosauresequenz und biochemischen Eigenschaften bei. Die gewonnenen
Erkenntnisse, insbesondere aus der Struktur-Funktions-Analyse mit Schwerpunkt auf der
Oberflachenladungsanalyse, bilden den Ausgangspunkt flir weitere enzymtechnische Studien.



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 16465" (SPPM),
Metabacillus indicus DSM 16189 (SPMI), Litchfieldia alkalitelluris DSM 169767 (SPLA),
Fictibacillus arsenicus DSM 158227 (SPFA), Alkalibacillus haloalkaliphilus DSM 52717
(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, H,0,, 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.



Abbreviations

ALTP, Alkaliphilus transvaalensis protease

aprE, extracellular alkaline protease gene

ASP, Aeromonas sobria protease

bpF, bacillopeptidase F

CD, Circular dichroism

GRAS, Generally Regarded as Safe

EC, Enzyme commission

EDTA, ethylenediaminetetraacetic acid

HEPES, 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
HMS, high-molecular-mass subtilases

IEF, isoelectric focusing

Isp, Intracellular serine protease/intracellular subtilisin
LB, lysogeny broth

LM, length marker

MALDI-TOF-MS, matrix-assisted laser desorption ionisation-time of flight mass spectrometry
MSA, multiple sequence alignment

NCBI, National Center for Biotechnology Information
NC-IUBMB, Nomenclature Committee of the International Union of Biochemistry and Molecular
Biology

OSP, oxidatively stable proteases

PAGE, polyacrylamide gel electrophoresis

PCR, polymerase chain reaction

PDB, protein data bank

pl, isoelectric point

PIS, phylogenetically intermediate subtilisins

PMSF, phenylmethanesulfonyl fluoride

pNA, para-nitroanilide

SDS, sodium dodecyl sulphate

SN, supernatant

SPAH, subtilisin protease Alkalibacillus haloalkaliphilus
SPAO, subtilisin protease Alkalihalobacillus okhensis (Halalkalibacter okhensis)
SPFA, subtilisin protease Fictibacillus arsenicus

SPLA, subtilisin protease Litchfieldia alkalitelluris
SPMI, subtilisin protease Metabacillus indicus

SPPM, subtilisin protease Pontibacillus marinus

suc, N-succinyl

Tk-subtilisin, Thermococcus kodakarensis subtilisin

Tm, melting temperature

TM-score, template modeling score

TPPII, tripeptidyl peptidase Il

TPPS, tripeptidyl peptidase S
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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



(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

EC3.4.11 Aminopeptidases

EC3.4.13 Dipeptidases

EC3.4.14 Dipeptidyl-and tripeptidyl-peptidases
EC3.4.15 Peptidyl-dipeptidases

EC3.4.16 Serine-type carboxypeptidases
EC3.4.17 Metallocarboxypeptidases
EC3.4.18 Cysteine-type carboxypeptidases
EC3.4.19 Omega peptidases

EC3.4.21 Serine endopeptidases

EC3.4.22 Cysteine endopeptidases
EC3.4.23 Asparagine endopeptidases
EC3.4.24 Metalloendopeptidases
EC3.4.25 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



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.

Substrate Cleavage site

of l

HaN- P4 P3 H P2 H P1 P1' P2’ p3' -COOH

S4 S3 S2 S1 ST’ s2' S3

Protease active site

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 lllias was cheese making. Although it was not
known at the time that it contained proteases, they used fig juice, which contains the



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].
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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



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].



eptide bond
Pepi . O«

i _‘,(\ oxyahion hole
3 Y Sy,
g \N/E\( oF g
j r[1 Lo § FaN
i-‘*'}‘r?\f
& A : J
O RN H—0 o HearD i SH &
Asp Ser Asp + " N—H Ser
Co— b — -
O His @] His
. tetrahedral
‘-\ intermediate
A S
>
H™
H
0%
\\C i\
/\H“O AT
i 0 W
Asp \N H 5 Ser
=
o] His
acyl enzyme
O -
W ¢ f)xy_anf(?n hole
HO—C~) P N
X o) N
3 \C \\
HO—"¥~¢
R Y —H—O el N e e Y
Asp N- Ser Sop. 0] N E N/H o) -
_— Lo
O His

O His

tetrahedral
intermediate

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



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
I1), 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



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 B-sheets
in the form of a highly twisted seven-stranded parallel B-sheet with two antiparallel B-
sheets and nine a-helices [51]. Subtilisins are Ca?*-dependent and the structure usually
includes a strong and a weak Ca%*-binding site [24]. The binding of Ca?* is essential for the
stability and/or activity of the enzyme [64]. While the high-affinity Ca?*-binding site in the
protein is always fully occupied, even without the addition of CaCly, the weak binding site
is occupied by a Na* or K* ion at low CaCl, concentrations [64]. Both sites are located far
from the active site, with the high-affinity Ca?* binding site found near the N-terminus and
the other one about 32 A away [65].



Figure 4 Crystal structure of an autoprocessed Ser221Cys-subtilisin E-propeptide complex
(PDB: 1SCJ). Two Ca?* ions are displayed with yellow balls. The catalytic residues Asp3?,
His®4, and Ser(Cys)??! 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
liguor 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
Liguanase® 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
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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 Glnis increased [129]. This indicates that adaptation
to highly alkaline conditions is accompanied by an increase in the isoelectric point (pl).
The Arg residues contribute to an increase in hydrogen bonds or ion pairs in the peptidase,
as the pK, of the guanidino group of Arg (ca. 13.8) is higher than that of the e-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 GIn 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
(pl) (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 NacCl) 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 @ 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
pum x 1.5 - 3.5 um 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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The subtilase family (S8), a member of the clan SB of serine proteases are
ubiquitous in all kingdoms of life and fulfil different physiological functions.
Subtilases are divided in several groups and especially subtilisins are of interest
as they are used in various industrial sectors. Therefore, we searched for new
subtilisin sequences of the family Bacillaceae using a data mining approach.
The obtained 1,400 sequences were phylogenetically classified in the context
of the subtilase family. This required an updated comprehensive overview
of the different groups within this family. To fill this gap, we conducted a
phylogenetic survey of the S8 family with characterised holotypes derived
from the MEROPS database. The analysis revealed the presence of eight
previously uncharacterised groups and 13 subgroups within the S8 family. The
sequences that emerged from the data mining with the set filter parameters
were mainly assigned to the subtilisin subgroups of true subtilisins, high-
alkaline subtilisins, and phylogenetically intermediate subtilisins and represent
an excellent source for new subtilisin candidates.

KEYWORDS

Bacillaceae, S8 protease family, subtilisin, data mining, subtilase, phylogenetic
analysis

Introduction

The subtilase family or subtilisin-like proteases defined by the MEROPS database
as S8 family is the third largest family of serine proteases, both in terms of number
of sequences and characterised peptidases, which are represented in microorganisms
(archaea, bacteria, fungi, yeast) as well as in higher eukaryotes (Rawlings et al,, 2014).
The MEROPS database is a comprehensive source of information for proteases. It uses
a hierarchical, structure-based classification, and based on statistically significant amino
acid sequence similarities, proteases are grouped into families and clans (Rawlings et al,,
2014). Here, the S8 family belongs to the clan SB, which is one of 13 clans of serine
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proteases and, in addition to the S8 family, also contains the
8§53 family (sedolisin family) (Page and Di Cera, 2008). The
two families differ in their catalytic mechanism in that within
S8 they form a catalytic triad with their active residues in
the order Asp, His, Ser, referred to as the “classical” D-H-S
family (Siezen et al., 2007). While protein folding of members
of the family $53 is very similar to that of subtilisins, the
catalytic triad has been altered to Glu, Asp, and Ser, which is
referred to as the ED-S family (Siezen et al., 2007). Furthermore,
the S8 family is subdivided into the two subfamilies S8A
(subtilisin as a type example) and S8B (kexin as a type
example) (Rawlings, 2020). In addition, subtilases were classified
by Siezen and Leunissen (1997) into six groups based on
sequence alignments of the catalytic domain, namely subtilisins,
thermitases, proteinase K, lantibiotic peptidases, pyrolysins and
kexins, while mentioning that further subdivision may become
useful with more available sequences. The kexins form the
subfamily S8B, while the other five groups belong to the
subfamily S8A. In the MEROPS database, well-characterised
specimens are selected and designated as “holotypes” at the
subfamily level (Rawlings et al,, 2014). There are currently 186
holotypes listed for S8A and 21 for S8B (Rawlings and Bateman,
2021). Uncharacterised homologs of a holotype were assigned
to the same MEROPS identifier (Rawlings and Bateman, 2021).
Here, only the catalytically active part of the protease (peptidase
unit) is considered, and a new holotype is created when a
protein is characterised that either has a different specificity
than another protein in the subfamily or the same specificity
but a different cellular location, has a different architecture, or
the sequence in a phylogenetic tree does not cluster with that
of an existing holotype with similar specificity (Rawlings and
Bateman, 2021).

The known members of the S8 family are endopeptidases,
with the exception of TPPII (tripeptidyl peptidase II), which
releases tripeptides from the N-terminus of peptides (Siezen
and Leunissen, 1997; Renn et al, 1998). In most bacteria,
archaea, and lower eukaryotes they are mostly unspecific
proteases and are involved in nutrition (Siezen and Leunissen,
1997). They fulfil other functions as well, as they are involved
in developmental processes and immune responses in plants
(Schaller, 2013), play a role in the metabolism of neuropeptides
in Drosophila melanogaster (Renn et al., 1998), or are involved
in pathogenesis (Garcia-Sanchez et al., 2004). Several subtilases
contain a C-terminal extension, relative to the subtilisins,
with additional properties such as sequence repeats, Cys-rich
domains as cell surface anchors, or transmembrane segments
(Siezen and Leunissen, 1997). Except for the subtilase ASP
(Aeromonas sobria protease), an N-terminal propeptide acts as
an intramolecular chaperone during maturation, supporting the
folding of the catalytic domain (Zhu et al.,, 1989; Eder et al,
1993; Kobayashi et al., 2015). Members of the subtilase family
find a wide range of applications in industry, such as lactocepins
playing an important economic role in the industrial production
of cheese and fermented milk (Broadbent and Steele, 2013). Of

Frontiers in Microbiology

02

21

10.3389/fmicb.2022.1017978

particular interest within this study are subtilisins, which find
applications in several industrial sectors such as in detergents,
leather processing, food, wastewater treatment, cosmetics, and
pharmaceuticals (Kalisz, 1988; Solanki et al., 2021; Azrin et al,,
2022). They are typically isolated from various species of the
genus Bacillus such as B. subtilis, B. licheniformis, Shouchella
clausii (formerly Bacillus clausii), etc. (Kalisz, 1988; Christiansen
et al., 2003; Maurer, 2004; Joshi et al., 2021). They consist of
about 270 amino acids and are secreted via the Sec-secretion
pathway in a precursor form containing a signal peptide of
about 28 amino acids and a propeptide of about 75 amino acids
(Markland and Smith, 1971; Power et al., 1986; Siezen et al.,
1991; Tjalsma et al., 2000).

Due to the increasing number of genome sequencing
projects, the amount of data on uncharacterised proteins
is growing exponentially (Rawlings, 2013). This rapidly
increasing online database provides an excellent resource for
broadening the sequence space of subtilisins. Our research
on uncharacterised subtilisin sequences began with the
analysis of the MEROPS S8 dataset in a phylogenetic
tree containing only characterised proteases. The analysis
quickly revealed the presence of previously uncharacterised
groups and subgroups within the S8 family and motivated
us to update the phylogeny of this family, which was
necessary to place the uncharacterised sequences in this
context. Sequences from a data mining approach for new
subtilisin proteases from the Bacillaceae family were then
evaluated and placed in the context of the S8 subfamilies and

groups.

Materials and methods

Sequence-based phylogenetic analysis

The amino acid sequences of the mature part, referred to
as the “peptidase unit” in the MEROPS database, comprising
the structural domain of the protein directly responsible for
peptidase activity and substrate binding, including the larger
insertions compared to other subtilases (Rawlings et al., 2018).
Other structural domains, if present, were excluded, such as
the signal peptide, the propeptide and C-terminal domains. The
sequences were aligned using MAFFT v 7.490 with L-INS-I
parameter! (Katoh and Standley, 2013; Katoh et al., 2019). The
alignment was trimmed using trimAi v1.2 with the “gappyout”
parameter? (Sdnchez et al, 2011). The phylogeny was made
using igtree v1.6.12* (Trifinopoulos et al., 2016) with automated
ModelFinder (Kalyaanamoorthy et al, 2017) and ultrafast
bootstrap (Hoang et al., 2018) options. Phylogenetic trees were

1 https://mafft.cbrc jp/alignment/server/
2 http://phylemon_bicinfo.cipf.es/

3 http://igtree.cibiv.univie.ac.at/
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displayed and annotated with the iTOL software® (Letunic and
Bork, 2021).

Data mining

Holotype protein sequences from the S8 family for the
analysis were obtained from the MEROPS database® (Rawlings
etal, 2014). In addition, a selection of sequences of characterised
subtilases was chosen from the Protein Data Bank (PDB). Only
the mature part of the proteases was used as described above.

To search for uncharacterised subtilisin sequences from
Bacillaceae, new amino acid sequences for the analysis were
obtained from the NCBI Identical protein groups database® by
searching for “S8 peptidase Bacillaceae.” To selectively search for
subtilisins, a filter was set for peptide sequences with a length of
350-410 amino acids. The resulting dataset was clustered with
a identity threshold of 85% by using CD-HIT” (Huang et al,
2010). Intracellular proteases were excluded by analysing the
sequences with the SignalP 6.0 prediction tool® and including
only protein with a predicted Sec signal peptide (Teufel et al,
2022). The propeptide was removed manually after alignment
with Clustal Omega® (Sievers et al, 2011), using the JalView
alignment annotation software'® (Waterhouse et al,, 2009). MSA
was drawn with ESpript 3.0 using %strict option (percentage
of strictly conserved residues per column) for the colouring
scheme!! (Robert and Gouet, 2014).

Bioinformatic analysis

The isoelectric point of a protein was calculated with
the sequence manipulation suite v2!? using pK, values from
DTAselect (Stothard, 2000).

Results and discussion

Phylogenetic tree analysis of the
MEROPS S8 holotype dataset

The first part of this study aimed at gaining a comprehensive
overview of the S8A family in order to be able to categorise

4  https://itol.embl.de/
5 https!//www.ebi.ac.uk/merops; published before January 19, 2022

6 https://www.ncbi.nlm.nih.gov/ipg; published before January 31,
2022.

7 http://weizhong- lab.ucsd.edu/cdhit-web-server

8 https://services. healthtech.dtu.dk/service.php?SignalP- 6.0
9 https://www.ebi.ac.uk/Tools/msa/clustalo/

10 https://www jalview.org/

11 https://espript.ibcp.fr/ESPript/ESPript/

12 https://www bioinformatics.org/sms2
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the sequences obtained from the data mining approaches in the
second part. Therefore, a phylogenetic tree was first constructed
containing only the MEROPS holotype dataset of the S8
peptidase unit and a selection of sequences of biochemically
characterised proteases from the PDB with a total of 168
sequences. The additional PDB sequences were added to support
some of the subfamilies described in literature. The amino acid
sequences of the mature part, referred to as the “peptidase unit”
in the MEROPS database, were used as described in methods.
Other structural domains, if present, were excluded, such as
the signal peptide, the propeptide and C-terminal domains.
In uncurated datasets, it becomes difficult to identify N- and
C-terminal extensions in a wide range of different sequences.
During the alignment curation, trimAl reduced the alignment
length to 248 positions as opposed to 2,330 positions without
curation. Curation with trimAI, which uses a less stringent
algorithm, was preferred to more stringent filtering methods, as
these often result in the deletion of positions in the alignment
that contain a gap (Tan et al, 2015). However, gaps can
contain significant phylogenetic information (Dessimoz and Gil,
2010), not to mention that a sequence dataset may contain
an incomplete or incorrect sequence, which can result in a
large loss of information if left undetected. According to Tan
et al. a less stringent filtering algorithm has little impact on
tree accuracy and is a trade-off in terms of computation time
saved for phylogenetic tree computation (Tan et al,, 2015). An
overview of the workflow of the analysis and the methods used
is shown in Figure 1.

The curated alignment was used to create a maximum
likelihood tree, the standard option for constructing
phylogenetic trees, which, together with the Bayes method, is
widely recognised as the most accurate approach in molecular
phylogenetics (Kuhner and Felsenstein, 1994; Dereeper et al,,
2008). In addition, it is important to statistically evaluate
the reliability of the tree, which is usually done using a
bootstrap-based bias correction method that calculates the
branch support of the tree by repeating the tree construction
(Hoang et al, 2018). However, the different parameters for
the alignment, the curation methods, and the different tree
generation methods result in different phylogenetic trees,
making a detailed comparison of a generated tree with literature
data difficult. Since the constructed tree is not rooted, an
outgroup must be selected for restructuring the tree, which
contains a set of sequences that are outside the ingroup but
closely related to it (Sanderson and Shaffer, 2002). Figure 2
shows the phylogenetic tree of S8A subfamily, which is
closely related to the S8B subfamily, which was selected as
the outgroup (Siezen and Leunissen, 1997). In this tree, we
identified the groups proteinase K, pyrolysins, thermitases,
subtilisins, lantibiotic peptidases and kexins as described by
Siezen and Leunissen (1997), and several subgroups within
these groups. However, our analysis revealed that the S8A
proteases form more groups and subgroups than previously
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Using the MEROPS 58
MEROPS S8 holotype dataset AI-' gnmem-n' the ree construction with Identification of holotype dataset to
peptidase unit: MAFFT IQTree using categorise the data mined
with L-INS-| parameter | | automated 8roups and subgroups seguences
Dateminie NCEl Kereiaa] + ModelFinder and within the MEROPS g
mining NCBlidertical | 4, Alignment curation with [ ultrafast bootstrap [ $8 holotype Construction of a
p:pﬁda:eﬁf'::;;me' trimAl, gappyout’ phylogentic tree phylogenetic tree with
algorithm subtilisin holotypes and data
(350-410 amino acids) Boi Tree rendering with iTOL mined FeaUences:
FIGURE 1

Workflow of used data and methods.

described. To account for the diversity resulting from their
different positions in the phylogenetic tree, their biochemical
properties, biological functions, their structural similarity, and
the taxa- and species-specific clusters formed, we propose a
revision of the subtilase groups and smaller, better defined
subgroups. The naming is based on the criteria mentioned if a
connection is recognisable, otherwise they are named according
to the protease first described in this group. These groups and
subgroups are discussed below in order to place the subtilisins
in the context of the subtilases and Table 1 provides an overview
of them. Additionally, each group is shown as a pruned tree
(Supplementary Figures 1-17).

Pyrolysin group

The pyrolysin group clustered within the phylogenetic tree
in 90% of the replicates. Pyrolysins are a heterogenous group
of enzymes of diverse origin and low sequence conservation
(Siezen and Leunissen, 1997). The average sequence identity
of the pyrolysin group present in the phylogenetic tree is 38%
(Figure 2). Within this branch, lactocepin 1 (508.116) and
lactocepin 3 (508.019) are described by Siezen and Leunissen as
pyrolysins in the gram-positive subgroup (Siezen and Leunissen,
1997; Broadbent and Steele, 2013). However, in the MEROPS
phylogenetic tree, together with other sequences of gram-
positive bacteria, they form a subgroup of their own, named
here cell wall-associated pyrolysins with a bootstrap support of
100% and 51% sequence identity (Supplementary Figure 1).
Lactocepins are cell envelope-associated endopeptidases of
Lactococci, which play an important economic role in the
industrial production of cheese and fermented milk due to
their use as starter bacteria. Rapid growth is ensured by
lactocepin, which provides amino acids from milk proteins
and ensures autolysis, which is important for cheese ripening
(Broadbent and Steele, 2013). They cluster together with
other cell wall-associated proteases: $08.020 (Kagawa and
Cooney); S08.153 (Pastar et al., 2003); S08.147 (Genay et al.,
2009); S08.064 (Bethe et al,, 2001); S08.027 (Lawrenson and
Sriskandan); S08.138 (Karlsson et al,, 2007); S08.118 (Gilbert
et al,, 1996). An exception is the thermophilic collagenolytic
protease from Geobacillus collagenovorans MO-1 (508.142),
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which contains a collagen-binding segment and is secreted into
the culture supernatant without being displayed on the cell
surface (Okamoto et al., 2001; Itoi et al., 2006).

Thermicin (508.029), tengconlysin (508.135), and the AprX
proteases (S08.137) cluster together in the tree in 99% of
the replicates (Supplementary Figure 2). Thermicin from
the extremely thermophilic bacterium Thermoanaerobacter
yonseiensis KB-1 (Jang et al, 2002) and tengconlysin from
Thermoanaerobacter tengcongensis (Koma et al, 2007) show
both high-temperature optima above 90°C. As mentioned by
Jang et al. (2002) thermicin is a novel enzyme that differs
from other thermostable proteases and here forms the new
subgroup of thermicins. The Bacilli-derived AprX subtilases
form another subgroup as previously described, because they
lack a signal peptide and exhibit a mesophilic temperature
optimum (Valbuzzi et al., 1999; Phrommao et al., 2011). The
intracellular subtilase AprX-SK37 from Virgibacillus sp. SK37
is a halotolerant, oxidation-stable, and moderately thermophilic
alkaline serine protease with properties that could be attractive
for various biotechnological applications (Phrommao et al,
2011).

The three proteases CspB (S08.108), CspA (S08.159), and
CspC (808.158) (Clostridial serine proteases) from Clostridium
perfringens form a new subgroup (Csp pyrolysins) with 45%
sequence identity, related to germination and synthesised
in the mother cell compartment of spore-forming cells
(Supplementary Figure 3; Masayama et al., 2006).

Site-1 peptidase (S08.063) from Cricetulus griseus
is an important processing enzyme of the endoplasmic
reticulum/Golgi lumen that acts on sterol regulatory element
binding proteins (SREBPs) to regulate cholesterol and fatty acid
biosynthesis in addition to other cellular functions (Seidah,
2013b). CP70 (S08.083) from Flavobacterium balustinum
is a cold-active extracellular protease (Morita et al, 1998);
STABLE (508.096) is a hyperthermostable protease bound to
the surface layer of the archaeon Staphylothermus marinus and
is responsible for the generation of the peptides required in
the energy metabolism of the cell (Mayr et al,, 1996). Because
of their different physiological functions and origins, they
will most likely all form new individual subgroups as more
homologs are added (Site-1 pyrolysins, CP70 pyrolysins,
STABLE pyrolysins). TagA (508.128) and TagC (S08.127) are

frontiersin.org



24

Falkenberg et al. 10.3389/fmicb.2022.1017978

Groups and subgroups

B exins [l TPPS sublilases B Transamidating subthases || Themmicins || Amosbae pyrolysing || Fungi pyrolysins.
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FIGURE 2

MEROPS S8 holotype phylogenetic tree. Phylogenetic relationship of S8 groups and subgroups using the mature protease sequences. The tree
was constructed with IQ-TREE by employing the maximum likelihood method with ultrafast bootstrap support (model: LG + | + G4, predicted
by Modelfinder, 1,000 replicates). The coloured range within the labels represents the subgroups as shown within the legend. The circles
around the phylogenetic tree represent the class or phylum from which the holotype originates, marked by different colours. The kexin
proteases SBB were selected as the outgroup. The outer ring represents the group classification after Siezen and Leunissen (1997). For each
clade, the numbers above the branches indicate the bootstrap values based on 1,000 repetitions. The tree can be accessed under the following
link: https://itol.embl.de/shared/2H14VxXLj30E2.

produced by the amoeba Dictyostelium discoideum. While TagA family, which is expressed during the aggregation stage of
is involved in the differentiation of cell types (Good et al, development (Anjard and Loomis, 2005). TagA and TagC are
2003), TagC is part of a transmembrane protein of the ABC forming the new subgroup of amoebae pyrolysins with a 100%
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TABLE1 Group and subgroups of the subtilase family.

Group Subgroup
Pyrolysins Plant pyrolysins
High-mass subtilases
(HMS)
Fungi pyrolysins
Thermophilic pyrolisins
Nasp pyrolysins
Tripeptidase pyrolysins
SAM-P45 pyrolysins
Oxidatively stable
proteases (OSP)
Amoebae pyrolysins
STABLE pyrolysins
CP70 pyrolysins
Site-1 pyrolysins
Csp pyrolysins
AprX
Thermicins
Cell-wall associated
pyrolysins
Proteinase K Gram -
Fungal
Yeast
Subtilisins EPR subtilisins
PopC subtilisins
Extremophilic
subtilisins
Archaea subtilisins
True subtilisins
High-alkaline subtilisins
Phylogenetically
intermediate subtilisins
(PIS)
Dentilisins
Thermitases Extremophilic
thermitases
Transamidating
subtilases
Mycosins
SubAB
subtilases
CDF subtilases
bpF subtilases
Autotransporter
subtilases
TPPS subtilases
Lantibiotic
peptidases
Apicomplexa
subtilases
Deseasins
Sporangins
Perkinsins
Kexins (S8B) PCl
PC2
Furins
Yeast Kexins
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bootstrap support and 42% sequence identity (Supplementary
Figure 3).

KP-43 (S08.123) from Bacillus strain KSM-KP43 and the
sequences within this clade form the subgroup of oxidatively
stable serine proteases (OSPs) as described by Saeki et al,
with a sequence identity of 92% (Saeki et al., 2000, 2002).
However, it should be mentioned that subtilisins not belonging
to this subgroup were reported to have higher stability against
H;0; (Joshi and Satyanarayana, 2013; Falkenberg et al,
2022). The C-terminal half of KSM-KP43 downstream of the
putative catalytic residue, Ser-255, is homologous to the internal
segments of TagC (Sacki et al, 2002). While the MEROPS
dataset suggests that OSPs are only of bacterial origin, Li et al.
(2017) described sequences originating from some species of
Pezizomycotina fungi.

SAM-P45 (508.069), a membrane-anchored protease from
Streptomyces albogriseolus which is considered to be an
evolutionary link between primitive bacterial subtilisins and
highly diversified eukaryotic proteases, forms its own new
subgroup (SAM-P45 pyrolysins) (Suzuki et al, 1997). TPPII,
isolated from Drosophila melanogaster, has an elongated
C-terminus compared to other subtilases and is involved in the
metabolism of neuropeptides, which are important signalling
molecules in insects and belongs to the tripeptidase pyrolysins
subgroup (Siezen and Leunissen, 1997; Renn et al., 1998). The
extracellular serine protease Nasp (508.026) from Dermatophilus
congolensis is involved in pathogenesis and forms the new
subgroup Nasp pyrolysins (Garcia-Sanchez et al., 2004). The
two thermophilic proteases from archaea Thermococcus stetteri
(stetterlysin; S08.106) (Klingeberg et al,, 1995) and Pyrococcus
furiosus (pyrolysin; S08.100), the eponym of the whole group
(Blumentals et al., 1990) are both resistant against SDS (1%
w/v) and have a high-temperature optimum (85°C, 115°C)
forming the thermophilic pyrolysins subgroup (Supplementary
Figure 4; Siezen and Leunissen, 1997).

PoSI (P. ostreatus extracellular protease) (S08.139), a
protease from the fungus Pleurotus ostreatus, is involved in the
activation of other secreted proteases and the post-translational
regulation of laccase (Faraco et al, 2005). It shows a high
sequence identity with the minor extracellular serine protease
from Bacillus subtilis, Vpr (S08.114) (31%), and together with
other proteases from Ascomycetes and Basidiomycetes forms a
separate pyrolysin subgroup (fungi pyrolysins) (Supplementary
Figure 5; Faraco et al,, 2005). A further subdivision of fungal
subtilases has been made by others and is beyond the scope of
this study (Hu and Leger, 2004; Muszewska et al., 2011; Li et al.,
2017).

According to Okuda et al. Vpr (508.114) belongs to the
subgroup of high-molecular-mass subtilisins, which can be
divided into at least two classes (Supplementary Figure 5;
Okuda etal,, 2004). One class is less alkaline, its stability depends
on Ca®* ions and it is resistant to proteolysis. The other class is
strongly alkaline, its stability also depends on Ca®* ions and is

frontiersin.org



26

Falkenberg et al.

sensitive to proteolysis (Okuda et al., 2004). The subgroup name
is slightly misleading, as they do not cluster together with the
subtilisins. Therefore, they were named here high-molecular-
mass subtilases (HMS). Here, the average sequence identity is
82%.

Plant subtilases are a widely distributed subgroup involved
in plant developmental processes and immune responses
(Schaller, 2013). The average sequence identity between the
investigated sequences is 56% (Figure 2 and Supplementary
Figure 6). The first subtilase cloned from plants was the
extracellular alkaline protease cucumisin (508.092) from melon
fruit (Kaneda and Tominaga, 1975). The plant subtilases have
been divided into seven classes (Xu et al, 2019). A detailed
discussion of each of these classes is beyond the scope of this
study. Good overviews of the classes and the plant subtilases
were provided by Schaller (2013), Taylor and Qiu (2017), and
Xu et al. (2019).

Proteinase K group

The alkaline proteinase secreted into the culture medium by
the mould Tritirachium album Limber is commonly known as
proteinase K (S08.054) and is the type example for this group
(Ebeling et al,, 1974). It can be used to synthesise peptides
(Ageitos et al,, 2013), and besides peptide bonds, it can also
hydrolyse esters (Borhan et al., 1996). In contrast to subtilisins,
which contain no cysteine residues, proteinase K contains five
Cys residues, four which form two disulfide bridges (Betzel et al.,
1990). Because of its remaining activity at higher temperatures
(> 60°C) in the presence of urea, 0.5% (w/v) SDS, or 1%
(w/v) Triton X100, proteinase K is used for the degradation of
proteins and in the preparation of nucleic acids (Sweeney and
Walker, 1993; Goldenberger et al., 1995). Most of the proteinase
K holotypes found in the phylogenetic tree derive from fungi
(Figure 1). Worlflow of used data and methods.

There, the fungal proteinase K subgroup is separated from
the other proteinase K members and may play an important role
in the evolution of pathogenicity, as several entomopathogenic
and nematophagous fungi have been characterised as having
the ability to destroy the structural integrity of insect or
nematode cuticle during invasion and colonisation. Therefore,
they are also referred to as cuticle-degrading proteases (S08.120,
§08.056) (Leger et al, 1987; Tunlid and Jansson, 1991; Li
et al, 2010). For many saprophytes, the subtilases as broad-
spectrum proteases play a role in nutrition acquisition, such as
digesting proteins to release peptides and amino acids (Gunkel
and Gassen, 1989; Hu and Leger, 2004). Further phylogenetic
analysis by Li et al. of 138 fungal proteinase K genes revealed a
subdivision into five distinct classes (Li et al,, 2017). The fungal
proteinase K-like proteases are separated from the bacterial ones
including aqualysin (508.051) from the thermophilic bacterium
Thermus aquaticus (Sakaguchi), the Amoebozoa protease ASUB
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(508.124) from Acanthamoeba healyi (Kong et al., 2000), and
the proprotein convertase PCSK9 (508.039) from Mus musculus
(Seidah, 2013a; Supplementary Figure 7). The average sequence
identity within the proteinase K family in the phylogenetic tree
is 48%.

Thermitase/subtilisin group

Thermitase, the type enzyme for this group, is an
extracellular, thermostable protease of the thermophilic
microorganism Thermoactinomyces vulgaris (Frommel et al,
1978). For an in-depth review of this protease see Betzel (2004).
The other three enzymes of the thermitase-type WprA (S08.004)
(Margot and Karamata, 1996), halolysin (808.102) (Kamekura
et al., 1996), and Subtilisin AK1 (508.009) (Toogood et al., 2000)
were also identified by Siezen and Leunissen (1997) and forming
the subgroup of extremophilic thermitases. While halolysin
derives from the halophilic archaeon Haloferax mediterranei
(Kamekura et al,, 1996), all other members come from Bacilli
(see Supplementary Figure 8 and Figure 2). Figure 2 (light
blue) shows a more distinctive group with two clades. Here,
Siezen and Leunissen identified bpr (S08.022) of Dichelobacter
nodosus as a thermitase and AprP of Pseudomonas sp. KFCC
10818 as a subtilisin (Lilley et al., 1992; Jang et al., 1996; Siezen
and Leunissen, 1997). However, the bootstrap value for these
two clades is only 18%, which is why they are treated as an
intermediate subgroup between thermitases and subtilisins.
This intermediate new subgroup is named here as dentilisins,
since this protease was already described in 1990 (Que and
Kuramitsu, 1990). In general, thermitases are co-located in the
clade with subtilisins, highlighting their similarity.

The subtilisin Carlsberg (S08.001) is the type example of
the subtilisins and the entire S8 family and belongs to the
subgroup of true subtilisins, along with the high-alkaline
subtilisins, the intracellular subtilisins, and the phylogenetically
intermediate subtilisins (PIS) (Smith et al, 1966; Siezen
and Leunissen, 1997; Saeki et al, 2003). Extracellular
subtilisins play an important role in nutrition, whereas
intracellular subtilisins (Isp), such as IspA (S08.030), play a
role in protein turnover and processing during sporulation
or are involved in the heat shock response (Reysset and
Millet, 1972; Koide et al., 1986). As shown in Figure 2 all
holotypes are derived from microorganisms, mainly from
Bacilli, while aerolysin (508.105) (Volkl et al, 1994), Tk-
subtilisin (Thermococcus kodakaraensis subtilisin) (S08.129)
(Kannan et al, 2001), PopC, (S08.143) (Rolbetzki et al,
2008), and ALTP (Alkaliphilus transvaalensis protease)
(508.028) (Kobayashi et al., 2007) derive from Archaea,
Myxococci, and Clostridia, respectively. However, Bacillus as
the most prominent source of subtilisins spawned alkaline
proteases such as subtilisin Carlsberg, BPN) and Savinase,
which have their major application as detergent enzymes
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with excellent properties, including high stability toward
extreme temperatures, pH, organic solvents, detergents,
and oxidising compounds (Kalisz, 1988; Contesini et al,
2018). Besides the application in detergents, subtilisins are
applied for example in leather processing, food, wastewater
treatment, and cosmetics (Kalisz, 1988; Solanki et al., 2021).
These subtilisin holotype sequences will be used for the
classification of the new sequences provided by a data
mining approach.

Various diverse groups

Several holotypes form a clade together within the
phylogenetic tree (Figure 2 and Supplementary Figure 9). Due
to their different origins, their different biological functions, and
their low bootstrap value (40%), they most likely form individual
groups. Bacillopeptidase F (bpF) (S08.017) from B. subtilis is
a cell envelope protein and contributes to nutrition in the soil
environment (bpF subtilases) (Hageman). While Siezen and
Leunissen grouped bpF within the pyrolysins, it is separated
in this study, which could be due to the fact that Siezen and
Leunissen only analysed the amino acids around the catalytically
active ones (Siezen and Leunissen, 1997). CDF (508.149) from
Thermoactinomyces sp. CDF is a protease located on the
surface of the spore coat (CDF subtilases) (Cheng et al., 2009).
Cytotoxin SubAB (S08.121) is a toxin from Escherichia coli with
two subunits, where subunit B binds to the surface receptor
of target cells and subunit A, the enzymatically active moiety,
is responsible for cytotoxicity and has a very narrow substrate
specificity (SubAB subtilases) (Yahiro et al.).

Mycosin-1 (808.131) from Mycobacterium tuberculosis is an
extracellular protein that is membrane- and cell wall-associated
and is expressed after infection of macrophages, forming the
group of mycosins (Dave et al, 2002). PatA (S08.156) and
PatG (508.146) from Prochloron didemni are involved in the
maturation of cyanobactins in Cyanebacteria and form the
group of transamidating subtilases (Lee et al,, 2009; Agarwal
etal., 2012).

A separated clade can be also observed for the new
group of tripeptidyl peptidase subtilases (TPPS) and the group
of autotransporter subtilases (AT) (Henderson and Nataro,
2001; Supplementary Figure 10). Like tripeptidyl peptidase
II (TPPII, S08.090) from the pyrolysin group, tripeptidyl
peptidase S (TPPS) (S08.091) from Streptomyces lividans is an
exopeptidase that cleaves tripeptide units from oligopeptides
or polypeptides and probably forms its own group (Butler,
2013). The extracellular Serratia serine protease (SSP) (508.094)
from Serratia marcescens (Yanagida et al., 1986) was grouped
by Siezen and Leunissen (1997) to gram-negative pyrolysins.
However, SSP together with EprS (S08.162) (Kida et al., 2013),
AasP (autotransported serine protease A) (508.1449) (Ali et al,,
2008), NalP (Neisserial autotransporter lipoprotein) (S08.160)
(Turner et al., 2002), and SphB1 (508.068) (Coutte et al., 2001),
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are forming the group of autotransporter subtilases in gram-
negative bacteria with a low sequence identity of 35%.

An additional clade with 94% bootstrap support is formed
by perkinsin (508.041) from the protist Perkinsus marinus,
which is an enzyme of unknown function but may be
involved in cell invasion of the eastern oyster Crassostrea
virginica (Brown and Reece, 2003; Supplementary Figure 11).
Sporangin (508.145) from the alga Chlamydomonas reinhardtii
is localised to the flagella of daughter cells within the sporangial
cell wall and is released into the culture medium where
it is involved in the digestion of the sporangial cell wall
(Kubo et al,, 2009). Perkinsin and sporangin are forming two
new groups (perkinsins, sporangins). MCP-01 (S08.130), the
extracellular cold-adapted protease from the deep-sea bacterium
Pseudoalteromonas sp. SM9913 forms the group of deseasins
secreted mainly by bacteria in deep-sea or lake sediments (Chen
et al,, 2007; Zhao et al., 2008). It is a multidomain protein
with a collagen-binding domain at its C-terminus that exhibits
collagenolytic activity and therefore plays an important role in
the degradation of particulate organic nitrogen from deep-sea
sediments (Zhao et al,, 2008). The proteases produced by the
parasites in the phylum Apicomplexa are forming a new group
(Apicomplexa subtilases) with TgSubl (Toxoplasma gondii)
(S08.141) (Miller et al., 2001), PfSUB2 (Plasmodium falciparum)
(508.013) (Hackett et al, 1999), TgSUB2 (508.154) (Miller
et al, 2003), BASUB1 (Babesia divergens) (S08.136) (Montero
et al., 2006), PfSUB3 (S08.122) (Withers-Martinez et al., 2004),
and PfSUB1 (S08.012) (Withers-Martinez et al., 2004), with a
sequence identity of 34%. These proteases are involved in the
host-cell invasion (Silmon de Monerri et al.).

Lantibiotic peptidase group

The lantibiotic peptidase group within S8A subfamily
comprises highly specialised enzymes for cleavage of leader
peptides from precursors of the antimicrobial peptides
(lantibiotics) (Sahl et al., 1995; Supplementary Figure 12). EIkP
(S08.095) and PepP (S08.85) from Staphylococcus epidermidis
are not included in the dataset because only sequence fragments
were available. Lantibiotic peptidases are found intracellularly,
extracellularly and membrane-anchored (Bierbaum et al.). The
sequences included in the phylogenetic tree show 31% sequence
identity.

Kexin subfamily (S8B)

Kexin the type example for the subfamily S8B and was
first identified in Saccharomyces cerevisiae. It can process the
yeast precursors of alpha-mating factor and killer toxin and
plays a significant role in post-translational modification in
eukaryotes (Rogers et al., 1979). For a review see Fuller (2013).
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AspA (508.125) is one of the two subtilases which is lacking a
propeptide and stands apart within the S8B family (Figure 2;
Mellergaard, 1983; Kobayashi et al., 2015). Siezen and Leunissen
(1997) also mentioned that AspA is a more distant member. As
mentioned above, the S8B subfamily was used as an outgroup for
the phylogenetic tree as it is closely related to the S8A subfamily
(Siezen and Leunissen, 1997). Within the phylogenetic tree,
it forms a clearly defined clade comprising all 21 holotype
sequences of the MEROPS S8B subfamily, with an average
sequence identity of 53% (Supplementary Figure 13). The
clustering with a bootstrap support of 89% supports that kexins
are a distinct subfamily (S8B) within the subtilase subset (Siezen
and Leunissen, 1997). Kexins are also divided into at least
four subgroups: PC1, PC2, furins and yeast kexins, but the
subdivision will not be discussed further here as the focus is on
the S8A subfamily (Siezen and Leunissen, 1997).

Data mining and phylogenetic tree
analysis of subtilisins from Bacillaceae

Due to the increasing number of genome sequencing
projects, the amount of data on uncharacterised proteins is
growing exponentially (Rawlings, 2013). Many genomes encode
multiple secreted proteases and many proteases can be found in
different species (Takimura et al., 2007). The great potential of
the data mining approach becomes clear when looking at the
huge number of 247.897 hits (January 31, 2022) that were found
when searching for S8 peptidases within the NCBI identical
protein groups database. Within this second part of our study,
we focused on subtilisins derived from Bacillaceae because they
are right now the most relevant industrial proteases (Maurer,
2004; Azrin et al., 2022).

To search for new subtilisin sequences from Bacillaceae,
the database search was performed as described above and
in Figure 1. The search yielded 1,424 sequences with the set
values. With the length specification of 350-410 amino acids,
sequences typical of AprX, lantibiotic peptidases, kexins, OSP,
and HMS are excluded, while typical thermitases, intracellular
subtilisins, proteinase K, and high/true/PIS subtilisins can still
be found. The size exclusion was set to reduce the number
of sequences (18.881 without size exclusion) and was chosen
because typical subtilisin sequences derived from Bacillaceae
are around 380 amino acids long, including the signal peptide
and the propeptide (Markland and Smith, 1971; Power et al,
1986; Siezen et al.,, 1991; Tjalsma et al., 2000). Without the
size exclusion, many additional new subtilases from Bacillaceae
could probably be found. CD-HIT clustering with an identity
threshold of 85% yielded 375 clusters. For each cluster, one
representative was used for further analysis. The number
of sequences within one cluster is displayed as a bar chart
around the phylogenetic tree in Figure 3. Signal peptide
analysis identified 135 sequences without a signal peptide,
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reducing the dataset to 240 sequences, as we are only interested
in extracellular proteases for further analysis and potential
biochemical characterisation. The remaining sequences were
aligned and the propeptide was manually removed as described
above. Sequences that could be directly visually classified as
thermitases after alignment were discarded, leaving a sequence
set of 120 sequences within the sequence space of subtilisins
as shown in Figure 3 (Supplementary Table 1). Sequences
from the first phylogenetic tree comprising all 168 MEROPS
holotypes, which build the subfamilies of subtilisins, were used
again and aligned with the 120 sequences from the data mining
approach. The sequence alignment was refined with TrimAlI,
which reduced the alignment length to 260 positions in contrast
to 448 positions without refinement. Here, the two archaea
subtilisins were used as an outgroup to reroot the tree. Figure 3
shows that all sequences derived from Bacillaceae in the data
mining set represent the three main subgroups within the
subtilisins, the true subtilisins, the high-alkaline subtilisins, and
the phylogenetically intermediate subtilisins.

In addition to the above mentioned three subgroups, the
following proteases form additional subgroups (Supplementary
Figure 14): Aerolysin (508.105) and Tk-subtilisin (S08.129)
from the hyperthermophilic archaea Pyrobaculum aerophilum
(Volkl et al., 1994) and Thermococcus kodakaraensis (Kannan
et al, 2001) are forming an own new subgroup (Archaea
subtilisins) with a sequence identity of 47%. Subtilisin
841 (S08.140) a psychrophilic protease from antarctic
Bacillus TA41 (Almog et al, 2009), WF146 (S08.016), a
thermophilic protease from Bacillus sp. WF146 (Wu et al,
2004), and Sfericase (S08.113), a psychrophilic protease from
Lysinibacillus sphaericus, are forming a new subgroup named
here extremophilic subtilisins with a sequence identity of
70%. The fact that no similar sequences from the group of
extremophilic subtilisins were found in the data mining search
could be due to the fact that all three representatives are larger
than 410 amino acids, which also applies to EPR (508.126), an
extracellular protease from B. subtilis involved in cell motility
(Dixit et al, 2002). PopC (S08.143) is involved in the cell
signalling cascade for forming Myxococcus xanthus cells into
fruiting bodies and sporulation (Rolbetzki et al, 2008). EPR
and PopC are forming two new individual subgroups (EPR
subtilisins, PopC subtilisins). The intracellular subtilisins form
their own known subgroup with a sequence identity of 72%
(Siezen and Leunissen, 1997). Since all sequences without signal
peptides were excluded from the data mining set, no sequences
are clustered with the holotypes. In general, subtilisins are
mainly found in Bacilli and none in fungi (Siezen et al,, 2007;
Muszewska et al., 2011). In the following, all amino acid
positions refer to the BPN’ numbering.

The subgroup of true subtilisins includes subtilisin
Carlsberg (S08.001) from Bacillus licheniformis (Linderstrom-
Lang and Ottesen, 1947; Guntelberg and Ottesen, 1952; Smith
et al,, 1966), which toghether with BPN’ (508.032) from Bacillus

frontiersin.org



Falkenberg et al.

29

10.3389/fmicb.2022.1017978

W s

[ intraceiiular sublilisins
B High-alkaline subtlisins
W True subtiisins

FIGURE 3

1] Archaea subtilisins

B Extremophilic subtiisins.
B PopC subtilisins

B EPR sublilisins

Phylogenetic tree of 120 novel subtilisins from Bacillaceae identified by a database search. The tree was constructed with IQ-TREE using the
maximum likelihood method with ultrafast bootstrap support {(model: LG + | + G4 predicted by Modelfinder, 1,000 replicates). The coloured
area inside and outside the labels represents the subgroups, as indicated in the legend. The theoretical isoelectric point is given for each
sequence in the outer circle. Aerolysin was chosen as the outgroup. Archaea subtilisins, extremophilic subtilisins, EPR - and PopC subgroup
were added as additional holotypes. All holotypes are highlighted with a yellow text colour. The bar graphs represent the cluster size of the data
mining search. For each group, the numbers above the branches indicate the bootstrap values based on 1000 replications. The tree can be

accessed at the following link: https://itol.embl.de/shared/2H14VxXLj30E2

amyloliquefaciens were the first two subtilisins to be studied in
detail (Matsubara et al., 1965; Smith et al., 1966). Their group
is supported by a 91% bootstrap value within the phylogenetic
tree (Figure 3 and Supplementary Figure 17). Interestingly
the data mining search revealed the most similar sequences
within the subgroup around these holotypes, as indicated by
the bar chart with cluster sizes up to 127 sequences. Several
newly found sequences are phylogenetically more distinct from
any known holotype, which suggests that these sequences
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could have other biochemical characteristics and may form
new classes. The calculated isoelectric point of the sequences
within the true subtilisins is on average rather acidic to neutral.
The representatives of this subgroup characterised so far are
more sensitive and less active under high-alkaline conditions
compared to the high-alkaline subtilisins (Nakamura et al,, 1973;
Maeda et al., 2001).

The subgroup of phylogenetically intermediate subtilisins
(PIS) was introduced by Saeki et al. with the biochemical
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characterisation of the subtilisin LD1 (S08.133) from the
alkaliphilic Bacillus sp. KSM-LD1. Due to its properties and the
phylogenetic position, LD1 forms a subgroup at an intermediate
position between true subtilisins and high-alkaline subtilisins
(Saeki et al,, 2003). LD1 has a C-terminal extension of 29 amino
acids, suggesting an association with the cell surface of Bacillus
sp. KSM-LD1 (Sacki et al,, 2003). Interestingly, the sequences
WP_100334247.1 from Bacillus alkalisoli and WP_084380659.1
from Sutcliffiella cohnii have a C-terminal extension like LD1
(Spanka and Fritze, 1993; Liu et al,, 2019). LD1 and other PIS
have multiple amino acid insertions compared to BPN’, but this
does not affect substrate specificity toward synthetic substrates
(Sacki et al, 2003). The protease ALTP (508.028) from the
anaerobic and extremely alkaliphilic Alkaliphilus transvaalensis
is the first high-alkaline protease reported from a strict anaerobe
(Kobayashi et al., 2007). ALTP is 66% identical to LD1 and,
according to Kobayashi et al,, it is in an intermediate position
between the true and the highly alkaline subtilisins (Kobayashi
et al, 2007). This assignment is supported by the phylogenetic
tree (Figure 2) constructed in our study. In the phylogenetic
tree with the newly mined database sequences (Figure 3
and Supplementary Figure 15), ALTP is separated from the
Bacillaceae-derived phylogenetically intermediate subtilisins, as
it is derived from the bacterial class Clostridia. ALTP has solely
an alkaline isoelectric point, while the other sequences within
this subgroup all have an acidic pI (Figure 3).

The subgroup of high-alkaline subtilisins was discovered
in the 1980s and originates from alkaliphilic Bacilli (Ito et al,
1998; Maurer, 2004). Since the first discovery of protease no.
221, an increasing number of high-alkaline subtilisins have been
characterised (Nakamura et al,, 1973). Alkaline subtilisins, such
as Savinase, are much more stable in an alkaline environment
than true subtilisins such as BPN” or subtilisin Carlsberg and
can be used to adapt to harsh industrial conditions, especially
in modern detergents (Maurer, 2004). Within the phylogenetic
tree they are forming a distinct subgroup with a branch
support of 93% (Figure 3 and Supplementary Figure 16).
ALP-1 (508.045) from Bacillus sp. NKS-21 (Yamagata et al,
1995), WP_017729072.1 from Halalkalibacterium ligniniphilum
(Zhu et al., 2014; Joshi et al, 2021), WP_122896828.1 from
Alteribacter keqinensis (Liu et al,, 2022), WP_047973137.1 from
Bacillus sp. LLO1 (Vilo et al, 2015), and WP_022628745.1
from Alkalihalophilus marmarensis (Denizci et al,, 20105 Joshi
et al,, 2021) form a more separated clade, as they lack the four
amino acid deletion around position 160, in contrast to the
other high-alkaline proteases. This position corresponds to a
loop near the P1 binding site (Wells et al, 1987; Betzel et al,,
1992). They form another class of the ALP-1-type subtilisins,
as mentioned by Yamagata et al. (2002). Additionally, the
theoretical isoelectric point of these proteins is neutral to acidic
in contrast to the majority of the other high-alkaline proteases.
High-alkaline proteases adapt to higher alkaline conditions by
an altered surface charge at higher pHs, as indicated by an
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increased pl value caused by a higher number of Arg and a
decreased number of Lys residues (Masui et al,, 1998). The
substrate specificity of ALP-1 toward the B-chain of insulin
differs from that of other alkaline subtilisins, but is similar to that
of neutrophilic subtilisins, which may be related to the deletion
of four amino acids around position 160 (Tsuchida et al,, 1986;
Yamagata et al,, 1995). For ALP-1, an enzyme engineering study
identified amino acids in the C-terminal region that increased
stability 120-fold under alkaline conditions after replacement
(Yamagata et al,, 2002). Some of the high-alkaline proteases
including Savinase have an extra proline at position 131,
which provides extra active-site rigidity compared with other
subtilisins (Betzel et al,, 1996). Recently, we reportet about SPAO
from Alkalihalobacillus okhensis Kh10-1017, which showed high
stability against hydrogen peroxide and NaCl concentrations up
to 5.0 M (Falkenberg et al, 2022). SPAO can be assigned here to
the holotype subtilisin sendai (508.098) (Figure 3).

The average sequence identity between the sequences within
the three subgroups of high-alkaline, PIS, and true subtilisins
was calculated to be 67, 72, and 66%, respectively (sequences
from Figure 3). The identity between true and high-alkaline
subtilisins is 58%, between true and PIS 57%, and between
high-alkaline subtilisins and PIS 55%.

A detailed investigation of all insertions and deletions within
the three subgroups PIS, high-alkaline, and true subtilisins
showed that the four amino acid deletion in the clade of aprM
(508.046) (Takami et al., 1990; Masui et al., 1994) is between
Ser'®! and Thr'”#, while for the other high-alkaline proteases,
except for the ALP-1 clade mentioned above, the deletion
is between Gly'® and Thr'”* (Supplementary Figure 18).
Interestingly, all high-alkaline subtilisins have a deletion of
one amino acid at positions 37 and 57 (Supplementary
Figure 18). The loop of amino acids 50-59 is known to
be one of the most variable parts of subtilisin structures
(van der Laan et al, 1992). Therefore, deletions within this
loop could be detected in several sequences within the three
subfamilies. Several PIS sequences have a double insertion
between positions 42 and 43 in common. All sequences
within the PIS subgroup share the insertion between positions
159 and 160, while high-alkaline subtilisins have a deletion
of four amino acids around this position. Position 160 is
localised in a loop that, as mentioned above, takes part in
the conformation of the P1 pocket and might be involved in
the P1 preference, and the recognition of steric conformation
(Yamagata et al,, 1995), Additionally, shorter loops can increase
the stability of an enzyme (Gavrilov et al,, 2015). In general,
all insertions or deletions are located at the surface of the
protease, which could be due to the fact that the overall structure
within the subtilisins is highly conserved (Goddette et al,
1992).

For a distinct further subdivision of true subtilisins, high-
alkaline subtilisins and PIS into classes, supporting biochemical
data might be necessary. However, based on the phylogenetic
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tree, the deletion and insertion analysis, and the isoelectric
point, a further subdivision into classes is most likely.

Conclusion

Phylogenetic studies of the S8 family within the MEROPS
holotype dataset revealed a large number of different subtilases
forming new groups and subgroups. In addition to the
known groups of proteinase K, pyrolysins, kexins, subtilisins,
thermitases and lantibiotic peptidases, the analysis revealed
new groups or subgroups within the S8A subfamily depending
on their position in the phylogenetic tree, their biochemical
properties or their origin. This analysis was used in the
second part of this study to categorise 120 newly identified
predicted S8 protease sequences derived from Bacillaceae. They
were found to represent the three main subgroups within the
subtilisins, the true subtilisins, the high-alkaline subtilisins, and
the phylogenetically intermediate subtilisins. However, without
the specified filter parameters for data mining, more new
subtilases outside the group of subtilisins from Bacillaceae
could probably be found. In the absence of experimental
characterisation for most of the found subtilisin sequences, a
subdivision needs further experimental studies, because with
bioinformatic analysis alone, a prediction of their biological
and biochemical properties is possible only to a limited
extent. For the newly found enzymes it is thus possible that
they possess unique specificities and are of high interest for
biotechnological applications.
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Halophilic and halotolerant microorganisms represent a promising source
of salt-tolerant enzymes suitable for various biotechnological applications
where high salt concentrations would otherwise limit enzymatic activity.
Considering the current growing enzyme market and the need for more
efficient and new biocatalysts, the present study aimed at the characteriza-
tion of a high-alkaline subtilisin from Alkalihalobacillus okhensis Kh10-
1017, The protease gene was cloned and expressed in Bacillus subtilis
DBI104. The recombinant protease SPAO with 269 amino acids belongs to
the subfamily of high-alkaline subtilisins. The biochemical characteristics
of purified SPAO were analyzed in comparison with subtilisin Carlsberg,
Savinase, and BPN’. SPAO, a monomer with a molecular mass of
27.1 kDa, was active over a wide range of pH 6.0-12.0 and temperature
20-80 °C, optimally at pH 9.0-9.5 and 55 °C. The protease is highly oxida-
tively stable to hydrogen peroxide and retained 58% of residual activity
when incubated at 10 °C with 5% (v/v) H>O» for | h while stimulated at
1% (v/v) H>0,. Furthermore, SPAO was very stable and active at NaCl
concentrations up to 5.0 m. This study demonstrates the potential of SPAO
for biotechnological applications in the future.
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Proteases are among the most commercially valuable
enzymes, with subtilisins or alkaline proteases from
microbial sources accounting for the largest market
share [1.2]. They have been extensively studied in
terms of their biological function to gain insights into
the mechanism of enzyme catalysis and the structure-
function relationship of proteins, and because of their
significant applications in various industries [1]. Subtil-
isins belong to the group of subtilases, which is one of

Abbreviations

the largest families of serine peptidases, and are classi-
fied as S8 according to the MEROPS database [3].
Furthermore, subtilisins are further classified as true
subtilisins, high-alkaline subtilisin, intracellular subtil-
isin, and phylogenetically intermediate subtilisins (PIS)
[4.5]. They are ubiquitously distributed in various
organisms, including bacteria, archaea, eukaryotes,
yeasts. and viruses [4]. However, Bacillus as the most
prominent source spawned alkaline proteases such as

aa, amino acid; aprE, extracellular alkaline protease gene; CHCA, x-Cyano-4-hydroxycinnamic acid; EDTA, ethylenediaminetetraacetic acid;
|IEF, isoelectric focussing; LB, lysogeny broth; LM, length marker; MALDI-TOF-MS, matrix-assisted laser desorption/ionization -time- of- flight
mass spectrometry; MSA, multiple sequence alignment; MWCO, molecular weight cut-off; PAGE, polyacrylamide gel electrophoresis; PCR,
polymerase chain reaction; PDB, protein data bank; pl, isoelectric point; PMSF, phenylmethylsulfonyl fluoride; pNA, para-nitroanilide; SDS,
sodium dodecyl sulfphate; SPAQ, subtilisin protease A. okhensis; suc, N-succinyl; TCA, trichloroacetic acid; tet, tetracycline; TFA,

trifluoroacetic acid; T,,, melting temperature.
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subtilisin Carlsberg, BPN’, and Savinase, with their
major application as detergent enzymes with excellent
properties including high stability toward extreme tem-
peratures, pH, organic solvents, detergents, and oxidiz-
ing compounds [6,7]. Besides application in detergents,
subtilisins find applications, for example, in leather
processing, food, wastewater treatment, and cosmetics
[6.8].

The extracellular subtilisins of microorganisms are
mainly involved in nutrient supply, and their proper-
ties are thought to depend entirely on the host and its
adaptability to the immediate environment [6]. Since
the size of the microbial world is almost unlimited,
and many different microbial sources can be exploited,
this biodiversity holds great potential for enriching the
repertoire of known enzymes with new and high-
performing enzymes. Enzymes isolated from extremo-
philic microorganisms such as thermophilic, psy-
chrophilic, and especially halotolerant or halophilic
organisms offer enormous potential to meet industrial
needs, as evidenced by the increasing number of newly
characterized subtilisins [9-11]. In addition to classical
methods of screening microorganisms with new inter-
esting proteases from various environments, different
molecular biology techniques, such as metagenomic
analysis, directed evolution, and site-directed mutagen-
esis have been used to gain or engineer numerous pro-
teases with improved or novel properties [9]. Beside
these labor-intensive methods, genome sequencing and
automated annotation are adding potential sequences
to the rapidly growing online database and provide an
alternative approach to search for candidate protease
genes for industrial applications.

Alkalihalobacillus  okhensis Kh10-101T is a gram-
positive, strictly aerobic, rod-like bacterium isolated by
Nowlan et al. [12] from an Indian saltpan near the
port of Okha. The strain was first classified as Bacillus
okhensis and in 2020 reclassified into Alkalihalobacillus
okhensis by Patel and Gupta [13]. As described by
Krishna et al. [14], the genome of 4. okhensis encoded
almost 40 different proteases with members of the ser-
ine protease family. Since A. okhensis is described as a
moderate halophile and an alkaliphile with optimal
growth conditions of pH 10 and 5% NaCl, the extra-
cellular proteases derived from this organism may be
of potential industrial importance [I14]. In this
research, the gene for subtilisin WP_034632645.1 was
cloned, overexpressed in B. subtilis DB104, and puri-
fied by ion-exchange chromatography. This is the first
report on the biochemical characterization of the
recombinant subtilisin protease of A. okhensis (SPAO)
and includes a comparison with the commercially
applied subtilisins Carlsberg, Savinase, and BPN".
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Materials and methods

Reagents and enzymes

Polymerase chain reactions (PCR) were performed with
Phusion® Hot Start I High-Fidelity Green Master Mix
from Thermo Fisher Scientific GmbH (Karlsruhe, Ger-
many). Oligonucleotides were synthesized by Eurofins
Genomics GmbH  (Ebersberg, Germany). Restriction
enzymes, T4 DNA Ligase. and GeneRuler™ 1 kb DNA
ladder were purchased from Thermo Fisher Scientific
GmbH. Peptide protease substrates were purchased from
BACHEM (Bubendorf, Switzerland). Azocasein, a-CHCA
(alpha-cyano-4-hydroxycinnamic acid), subtilisin Carlsberg,
and Savinase were purchased from Sigma-Aldrich (Schnell-
dorf, Germany). BPN’ was from DuPont (Wilmington,
NC, USA). MALDI-TOF MS protein standards were pur-
chased from LaserBio Labs (Valbonne, France). Lysozyme
from chicken and materials for isoelectric focusing (IEF)
were purchased from SERVA (Heidelberg, Germany). Cen-
trifugal spin columns and PMSF (phenylmethylsulfonyl flu-
oride) were purchased from Avantor VWR (Radnor, PA,
USA). Molecular weight marker for use with SDS/PAGE
(sodium dodecyl sulfate—polyacrylamide gel electrophoresis)
was purchased from Bio-Rad (Hercules, CA, USA). All
other chemicals were acquired from Carl Roth (Karlsruhe,
Germany).

Bioinformatic analysis

To illuminate the sequence similarity between different
well-known characterized subtilisins and the protease
SPAO, a multiple sequence alignment (MSA) was per-
formed wusing the mature subtilisin/serine protease
sequences from various The SPAO
sequence was blasted by emploving the blastp suite of
NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The signal
peptide and propeptide sequences were excluded before
MSA, and phylogenetic tree construction was performed

Bacillus  strains.

via Phylogeny.fr (http://www._phylogeny.fr/index.cgi) using
the ‘One-Click’ option [15]. MSA for analysis with ESPript
3.0 was performed with cLusTAL oMEGA (https://www.ebi.
ac.uk/Tools/msa/clustalo/) [16,17]. Phylogenetic trees were
displayed with the 1toL software (https://itol.embl.de/) [18].
MSA was drawn with ESPript 3.0 using %strict option
(percentage of strictly conserved residues per column) for
the coloring scheme  (https://espript.ibcp.fr/ESPript/
ESPript/). For homology modeling, the functional amino
acid sequence of SPAO without its signal peptide and
propeptide was used. A structure prediction was performed
through the Iterative Threading Assembly Refinement (i-
TAssER) server (https://zhanggroup.org/I-TASSER/) [19].
The homology model was visualized with Mol* Viewer
(https://www.rcsb.org/3d-view)  [20]. Swiss-PdbViewer

(http://www.expasy.org/spdbv/) was used to determine
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surface-exposed residues and to calculate the electrostatic
potential with standard settings using the Poisson-Boltz-
mann Equation [21]. The theoretical pl and molecular mass
of the functional domain were calculated with https://web.
expasy.org/compute_pi/. The identification of the signal
peptide was performed with the siGNALP6.0 software https://
services.healthtech.dtu.dk/service.php?SignalP-6.0 [22].

Strains and growth conditions

Alkalihalobacillus okhensis Kh10-101T (DSM 23308) was
purchased from the German collection of microorganisms
and cell cultures GmbH (DSMZ) and cultivated according
to their recommendations in medium 830, pH 9.5, at
35 °C. An overnight culture was used for genomic DNA
preparation with the InnuSPEED Bacteria/Fungi DNA Kit
(Analytik Jena™, Jena, Germany) according to the manu-
facturer’s recommendations. Bacillus subtilis DB104 was
used as host for cloning and protein production [23] and
cultivated in lysogeny broth (LB) medium (10 gL™" tryp-
tone, 5 gL' yeast extract. 10 g-L~' NaCl, pH 7.0; Carl
Roth).

Plasmid construction and cloning

A pBCl6-based expression plasmid (Acct. No. U32369.1)
was used for recombinant protease production with B. sub-
tilis DB104 [24]. The pBCl6 derivative pFF-RED was
obtained by exchanging the mob region by an expression
cassette comprising the subtilisin Carlsberg promoter from
B. paralicheniformis ATCC 9945a followed by the gene
eforRED encoding a red chromoprotein (acc. no.
ACDI13196.1). This marker gene is flanked by Bbsl restric-
tion sites allowing cloning the gene of interest via Golden
Gate cloning.

The DNA sequences encoding the protease signal pep-
tide, the propeptide, and the mature domain were amplified
from the genomic DNA using the Phusion® Hot Start I1
High-Fidelity polymerase according to the manufacturer’s
recommendations. The NCBI reference sequence NZ_
JRJUO1000039.1 was used to design primers for the aprE
gene (extracellular alkaline protease) encoding the protein
WP_034632645.1 [12]. To remove an internal Bbsl restric-
tion site within the propeptide, two PCRs were performed
with primers introducing a silent point mutation at the
internal Bbsl restriction site. For PCR 1. the forward pri-
mer (5-AAAGAAGACGGAATGAAAAAGTTATTTAC
GAAAGTAGTTGCC-3) and the reverse primer (5'-GG
TTAAAAATAC TAACCTCAATATCTTCC TCGATGAAA
GCAATAG-3") were used. For PCR 2, the forward primer
(5-CTATTGCTTTCATCGAGGAAGATATTGAGGTTA
GTATTTTTAACC-3) and the reverse primer (5-AAA
GAAGACCCGTTATCTTGTAGCAGCTTCGGCATTAA
CAAG-3') were used. The two PCR fragments of 342 and
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851 bp were combined within an overlap extension PCR
using the two outer primer pairs introducing two Bbsl
restriction sites and corresponding overhangs to the cloning
site of pFF-RED.

The PCR product was cloned via Golden Gate cloning
into the Bbsl site of pFF-RED [25]. The product (pFF003)
was subsequently used to transform B. subtilis DB104 natu-
rally competent cells as described elsewhere [26].

PCR success was verified by agarose gel electrophore-
sis. After transformation, clones were spread onto LB
agar plates (1.5% (w/v) agar) supplemented with
20 pg-mL~! tetracycline (tets) and 2.5% (w/v) skim milk
powder. The clones were grown at 37 °C overnight.
Colonies with clear halo zones indicated protease activity
and were selected as positive clones. The clones were
subsequently cultivated overnight at 37 °C and 200 r.p.m.
in 10 mL LBy medium. Plasmids from each protease-
positive clone were isolated by GeneJET Plasmid Mini-
prep Kit (Thermo Fisher Scientific), and the desired clon-
ing result was confirmed by double-restriction digestion
and plasmid DNA Sanger sequencing (Eurofins Geno-
mics).

Recombinant protease production

Production of the protease by Bacillus subtilis DB104 was
carried out by inoculating 10 mL of LB,y medium with a
freshly plated clone and cultivated over 8 h at 180 r.p.m.
and 37 °C. Subsequently, an overnight culture with 50 mL
of the preculture medium (Tables S1 and S3) was inocu-
lated with 100 pL of the over-the-day culture. After cultiva-
tion overnight at 37 °C and 180 r.p.m., the bioreactors
were inoculated to an optical density at 600 nm (OD600)
of 0.25. The fermentation was performed in a DASGIP®
parallel reactor system (DASGIP, Jilich, Germany) with
four 1-L reactors. The air supply was performed with an L-
sparger and a volume flow of 0.5 vvm. The oxygen satura-
tion was set at 30% and regulated by the stirrer speed
(max. 1500 r.p.m., min. 350 r.p.m.). The pH was adjusted
to 7.4 and regulated by adding either 4 M NaOH or 20%
(v/v) H,80,4. The reaction temperature was set at 37 °C.
For cultivation. a high protein content medium with soy
peptone was used (Tables S2 and S3). After 12 h of cultiva-
tion, a glucose feed (1.5 g-mL") was started with
I mL-h~" for 7 h, then 1.5 mL-h ™' for 9 h and 1.1 mL-h ™'
until the end of the fermentation. After 10 h, a polypropy-
lene glycol 2000 (PPG) feed (0.5 mol-L™") was established
for 10 h with 0.25 mL-h™'. The fermentation was per-
formed over 48 h, and the supernatant was harvested by
centrifugation at 3000 g for 20 min. For storage at 4 °C,
10% (v/v) of propylene glycol was added to the super-
natant. The protease production was confirmed by a prote-
olytic activity assay using suc-AAPF-pNA as substrate and
by SDS/PAGE.
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Enzyme purification

One hundred and forty millilitre of the cell-free supernatant
was divided into portions of 15 mL to which 30 mL ice-
cold 96% (v/v) ethanol was added, and the mixture was
incubated overnight at —20 °C. After incubation, the sam-
ples were centrifuged for 20 min at 13 000 g and 4 °C. The
supernatant was discarded, and the pellets were washed
with 15 mL ice-cold 96% (v/v) EtOH by vortexing. The
samples were centrifuged again as described above, and the
supernatant was removed. The pellets were resuspended in
7 mL of running buffer (10 mm HEPES/NaOH buffer, pH
8.0). The concentrated sample was then centrifuged as
described above before being applied to a 50 mL HiPrep
26/10 desalting column coupled to an Akta Avant 25
(Cytiva Europe, Freiburg, Germany). The protein was
eluted with running buffer. The desalting process was mon-
itored by measuring the conductivity and the absorbance at
280 nm. The peak protein fractions without salt were col-
lected and used for ion-exchange chromatography.
According to the theoretical isoelectric points and the pH
of the buffer used, a cation exchanger column (22 mL S-
Sepharose FF, GE Healthcare, Chicago. IL, USA) was used
using the Akta Avant 25 device (Cytiva Europe GmbH, Frei-
burg, Germany). The column was equilibrated with running
buffer. The desalted protein sample was applied to the ion
exchanger column and washed with two column volumes of
running buffer. The protease was eluted with a linear salt
gradient using the elution buffer (10 mm HEPES/NaOH, pH
8.0, 1 M NaCl) and was collected in fractions of 5 mL. Pro-
tein elution was monitored by measuring the absorbance at
280 nm. The protein-containing fractions were subsequently
used for further analysis. For long-term storage, the purified
proteases were stored at —80 °C with 10% (v/v) of glycerol.

Enzyme activity assay

The hydrolytic activity of proteases was determined with the
tetrapeptide substrate N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide
(suc-AAPF-pNA) at 30 °C in 100 mm Tris/HCI buffer, pH
8.6, containing 0.1% (w/v) Brij®35 [27]. The substrate was
prepared as a 110 mm stock solution in dimethyl sulfoxide
and diluted 1 : 100 in the reaction mix. The amount of
released p-nitroaniline (€59 nm = 8.48 mm ™ -em™') was
determined by measuring the absorbance at 410 nm for
5 min every 30 s [27]. The reaction was performed either in
1 mL cuvette format (Ultrospec 2100 pro, Amersham Bio-
sciences, Little Chalfont, UK) or in microtiter format (Infi-
nite 200Pro, Tecan, Mannedorf, Switzerland) with a reaction
volume of 1 mL and 250 pL, respectively. One unit (U) of
enzyme activity was defined as the amount of enzyme that
produced 1 pmol of p-nitroaniline per minute under the
assay conditions.

Protease activity was determined using azocasein as a
substrate based on Brock et al. [28]. The partial hydrolysis
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of the substrate by the proteases releases dye-labeled smal-
ler peptides that are no longer precipitable. The dye-labeled
peptides were quantified at a wavelength of 440 nm. For
the assay. a fresh substrate solution of 2% (w/v) azocasein
in 100 mm Tris/HCI, pH 8.6, was prepared. The reaction
was performed in 125 pL substrate solution with 75 uL of
the protease sample in an appropriate dilution. The mixture
was incubated at 37 °C and 300 r.p.m. for exact 30 min.
The reaction was stopped by adding 600 puL of 20% (w/v)
trichloroacetic acid (TCA) and kept at room temperature
for 15 min, followed by centrifugation at 12 500 g for
5 min. Then, 600 pL of the supernatant was mixed with
700 uL of 1 m NaOH. and the absorbance at 440 nm
(0.5 £ 0.1) was measured. One unit (U) of activity was
defined as the amount of enzyme required to increase the
corresponding absorbance value by 0.01 units per minute
under the conditions described above.

Protein measurement, electrophoresis, and
analytical methods

Protein concentration was determined by measuring the
absorbance ratio 590/450 nm using Roti® Nanoquant
(Carl Roth) with bovine serum albumin fraction V (Carl
Roth) as a standard based on the method of Bradford [29].

The molecular mass of the purified proteases was ana-
lyzed by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) using an
Axima confidence (Shimadzu Europe, Duisburg, Germany)
in linear positive mode with pulsed extraction optimized
for the theoretical molecular mass. Data were analyzed
with Mmass [30]. Purified protease was precipitated by mix-
ing 1 : 2 with 20% (w/v) TCA. The precipitate was resus-
pended with 50 pL. dH,0/0.1% (v/v) trifluoroacetic acid
(TFA) and 2 puL of 2mM NaOH. Samples were diluted
1 :10 with o-cyano-4-hydroxycinnamic acid (CHCA;
Sigma-Aldrich) as matrix. One microlitre of the dilution
was applied onto the MALDI-TOF-MS target plate and
air-dried, and then, again 1 pL was applied. As mass stan-
dards. trypsinogen and bovine serum albumin from Laser-
Bio (Valbonne, France) were used.

SDS/PAGE was performed using an 8-20% (v/v) resolving
gel and a 6% (v/v) stacking gel as described by Miller et al.
[31]. For sample preparation, 50 pL of 20% (w/v) TCA was
added to 25 pL of the protein sample. The mixture was incu-
bated for 2 min on ice and then centrifuged for 5 min at
12 000 g. The supernatant was carefully discarded, and 50 pL
of 2 x reducing SDS sample buffer after Laemmli and 50 pL
of 0.1 m NaOH were added to the precipitated protein. The
sample was subsequently boiled for 10 min at 95 °C. The elec-
trophoresis was performed for 30 min at 300 V in Tris-
glycine/SDS (Laemmli) buffer, pH 8.6. The gel was stained
with Roti® Blue quick (Carl Roth) for 2 h, destained in dH,O
for 30 min, and photographed with the UVP® GelStudio
touch device (Analytic Jena, Jena, Germany).
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For IEF-PAGE, purified SPAO and the reference pro-
teases were rebuffered in 10 mm HEPES/NaOH, pH 7.0,
using centrifugal spin columns with a molecular weight cutoff
(MWCO) of 3 kDa. The SERVAGel™ IEF 3-10 gels were
used according to the manufacturer’s recommendations.

Effect of sodium dodecyl sulfate, hydrogen
peroxide, and phenylmethylsulfonyl fluoride
(PMSF) on enzyme activity and stability

To examine the effect of surfactant and oxidizing agents,
hydrogen peroxide (1 and 5% (v/v)) and SDS (1 and 5%
(w/v)) were added to the enzyme solution in 10 mm
HEPES/NaOH, pH 8.0, and incubated for 1 h at 10 °C.
The low incubation temperature was chosen to prevent
autoproteolysis. The remaining activity was measured in
the standard suc-AAPF-pNA activity assay. Residual activ-
ity of the proteases incubated in buffer with no additives
was set as 100%.

The effect of | mm of the protease inhibitor PMSF was
investigated by incubating the proteases in 10 mm HEPES/
NaOH, pH 8.0, for 30 min on ice. Residual activity of the
proteases incubated in buffer with no additions was set as
100%.

Effect of NaCl, EDTA, and CaCl, on enzyme
activity and stability

The effect of NaCl on proteolytic activity was measured
under standard reaction conditions for suc-AAPF-pNA
with NaCl (0-5 m) in the reaction buffer. The influence of
NaCl on enzyme stability was investigated by incubating
the proteases in 10 mm HEPES/NaOH. pH 8.0, with NaCl
(0=5 m) at 20 °C for 2 h. The % residual activities mea-
sured before incubation were set as 100%.

For the investigation of the effect of ethylenediaminete-
traacetic acid (EDTA) and CaCl, the purified proteases
were rebuffered in centrifugal spin columns (3 kDa
MWCO). 10 mM HEPES/NaOH. pH 8.0, was added twice
to the retentate after centrifugation at 4 °C and 12 000 g.
The rebuffered proteases (20 pg-mL ") were incubated for
12 h at 4 °C with and without 20 mm EDTA in duplicates.
After incubation, the reaction mixtures were diluted prop-
erly for analysis in a modified suc-AAPF-pNA assay. In
this case, the diluted protease sample was incubated with
reaction buffer containing CaCl, (0-25 mm) for 5 min
before adding the substrate solution (suc-AAPF-pNA,
1.1 mwm final).

Substrate spectrum

The substrate specificity of the proteases was determined
using the synthetic peptide-4-nitroanilide substrates suc-
Tyr-Val-Ala-Asp-pNA (YVAD), suc-Phe-Ala-Ala-Phe-pNA
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(FAAF), suc-Ala-Ala-Ala-pNA (AAA), suc-Ala-Ala-Val-
Ala-pNA  (AAVA), suc-Ala-Leu-Pro-Phe-pNA (ALPF),
suc-Ala-Gly-Pro-Phe-pNA (AGPF), suc-Ala-Ala-Pro-Phe-
pNA (AAPF). suc-Ala-Ala-Pro-Leu-pNA (AAPL). suc-
Thr-Val-Ala-Ala-pNA (TVAA). and suc-Ala-Gly-Pro-Pro-
pNA (AGPP) dissolved in dimethyl sulfoxide to a final
concentration of 0.34 mwm in the assay. Kinetic experiments
were carried out as described above.

Effects of temperature and pH on enzyme
activity and stability

To monitor thermal protein unfolding and to determine the
melting point of the proteases, the environmentally sensi-
tive fluorescent dye SYPRO™ Orange (Thermo Fisher Sci-
entific GmbH) was used. During the unfolding process at
higher temperatures, hydrophobic residues get exposed
causing an increase in the SYPRO™ Orange fluorescence.
which is monitored (Ex/Em =470/550 nm) [32]. The
unfolding kinetics were performed in a gPCR cycler
(qTower3G, Analytic Jena) in at least triplicates. The detec-
tion mixture contained 5 x SYPRO™ Orange solution in
10 mm HEPES/NaOH buffer, pH 8.0, with 3 mm PMSF
and purified and rebuffered proteases (35-320 pg-uL™").
The purified proteases were rebuffered in centrifugal spin
columns (3 kDa MWCO). 10 mm HEPES/NaOH, pH 8.0,
was added twice to the retentate after centrifugation at
4°C and 12 000 g. The thermocycler block was heated
from 25 to 95 °C in steps of 2 °C with a 2-min holding
time measuring fluorescence intensities at each step. The
data analysis was performed using Qpcrsort 4.0 (Analytic
Jena), and apparent T, values were calculated for each
protease as the inflection point of the melting curve.

The temperature optimum was assayed between 20 and
90 °C in 5 °C steps with the suc-AAPF-pNA assay as
described above. Before every measurement, the cuvette
holder and the buffer were preheated at least for 5 min at
the desired temperature. The pH of the reaction buffer was
adapted until 80 °C. For each measurement, a new blank
was used to exclude thermal instability of the substrate.
The temperature stability was determined by measuring the
residual activity after incubating the enzymes in 10 mm
HEPES/NaOH, pH 8.0, at 20 and 50 °C for 3 h. The %
residual activities were followed by measuring the residual
activities every 20 min under standard reaction conditions
for the suc-AAPF-pNA assay.

The optimal pH of the proteases was determined at
30 °C in 0.1 M Tris/maleate buffer (pH 5.0-7.0), 0.1 m Tris/
HCI (pH 7.0-9.0) and 0.1 m glycine/NaOH (pH 9.0-12.5)
under standard reaction conditions for suc-AAPF-pNA
substrate. The effect of pH on enzyme stability was assayed
by preincubating enzymes in said buffers for 4 h at 4 °C to
prevent autoproteolysis. The % residual activities were
measured under standard reaction conditions for the suc-
AAPF-pNA assay.
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Results and discussion

Cloning and expression of aprE_A. okhensis in
B. subtilis DB104

The gene sequence of aprE_A. okhensis for SPAO was
amplified from the halophilic strain A. ekhensis Kh10-
1017 as described in Materials and methods. A frag-
ment of 1148 bp containing the coding region for the
signal peptide, the propeptide, and the mature part of
the protease was obtained, cloned into the vector
pFF-RED, and transferred into B. subtilis DB104.
Transformants with a clearing zone on LB agar plates
supplemented with 2.5% (w/v) skim milk powder were
analyzed by plasmid preparation, and pFF003 coding
for SPAO was identified by restriction digestion-based
molecular screening. Sequence data obtained by the
Sanger sequencing method showed that the inserted
sequence was identical to the nucleotide sequence of
the aprE_A. okhensis gene available in GenBank,
except for the elimination of the internal Bbsl site in
the coding region of the propeptide.

Bioinformatic analysis and homology modeling

The aprE gene from A. okhensis Kh10-101T comprises
1149 bp encoding a protein of 382 amino acids (aa).
Most subtilases have a multi-domain structure consist-
ing of a signal peptide (for translocation), a propeptide
(for maturation by autoproteolytic cleavage), a pro-
tease domain, and frequently one or more additional
domains [33]. The signal peptide prediction revealed a
Sec signal peptide with a cleavage site between amino
acids 27 and 28 with a probability of 96.9% [22]. The
propeptide was identified by multiple sequence

Tree scale: 0.1
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alignment to comprise amino acids 29-113. Thus, three
functional domains were identified with a 27-aa signal
peptide, a 86-aa propeptide, and a 269-aa mature
endopeptidase S8 domain (Fig. 2). The analysis of the
mature protease sequence revealed a molecular mass
of 27.14 kDa and a calculated pI of 9.6. The catalytic
triad consisted of Asp™, His®, and Ser’"® (numbers
based on the mature protease sequence).

The predicted amino acid sequence of the mature
part of SPAO was aligned and compared with well-
characterized proteases of the three subtilisin families
(true,  high-alkaline, phylogenetic intermediate)
retrieved from MEROPS [3] and the UniProt database
[34] resulting in a phylogenetic tree (Fig. 1). Addition-
ally, a BlastP search was performed. The mature part
of SPAO showed the highest sequence similarity with
a subtilisin  from  Alkalihalobacillus  alcalophilus
(91.45%), which corresponds to subtilisin Sendai from
Bacillus sp. G-825-6 [35]. Furthermore, it showed high
similarity to the subtilisin of Alkalihalobacillus pseu-
doalkaliphilus  (90.33%), subtilisin  Savinase from
Lederbergia lenta (formerly Bacillus lentus; 82.44%)
[36], and subtilisin PB92 from Alkalihalobacillus alcalo-
philus (82.84%) [37]. Moreover, SPAO showed a more
distant relationship to the well-characterized true sub-
tilisins BPN’ (56.13%) [38] and subtilisin Carlsberg
(57.84%) [39]. In the phylogenetic tree, SPAO is there-
fore clearly distinct from the phylogenetic intermediate
subtilisins and the true subtilisins, indicating its affilia-
tion with the highly alkaline subtilisin group. There-
fore, for comparative biochemical characterization, the
two true subtilisings BPN’ and subtilisin Carlsberg and
the high-alkaline subtilisin Savinase were used. The
MSA for those three enzymes and SPAO is shown in
Fig. 2. The sequence similarity between SPAQO and

P00780.2 Bacillus licheniformis Carlsberg
P00781.1 Bacillus licheniformis Subtilisin DY

CAD03040.1 Bacillus pumilus sapB
w WP 013351733.1 Bacillus amyloliquefaciens BPN
) WP 003233171.1 Bacillus subtilis Subtilisin E

BAD024089.1 Bacillus sp. KSM-LD1 LD1

BAF34115 Alkaliphilus transvaalensis ALTP
Q45523 Bacillus sp. ALP1

L{
KMK78038.1 S8 peptidase Alkalihalobacillus pseudalcaliphilus
"—lj‘: WP 003321226.1 S8 peptidase Alkalihalobacillus alcalophilus

CAY10300.1 Alkalihalobacillus gibsonii BgAP

Q99405 Alkalihalobacillus clausii M-Protease

P29600.1 Lederbergia lenta Savinase

WP 095239263.1 Alkalihalobacillus alcalophilus PB92
P20724.1 Bacillus sp. YaB

WP 094190329.1 S8 peptidase Alkalihalobacillus xiaoxiensis

WP 034632645.1 SPAO Alkalihalobacillus okhensis

Fig. 1. Evolutionary phylogenetic tree of various subtilisins from different species of the family Bacillaceae. Maximum-likelihood phylogenetic
analysis of the mature protease domains was performed using the Phylogeny.fr server. Numbers at nodes indicate support for the internal
branches within the tree obtained by approximate likelihood ratio test (SH-like aLRT).
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Savinase is high as mentioned above and shows typical
amino acid residues for high-alkaline subtilisins, which
were identified by MSA of true subtilisins, PIS, and
highly alkaline subtilisins, as described by Yamagata
et al. [40].

The 3D structure identification of an enzyme is of
great interest in order to identify potential key residues
essential for the specific activity, halotolerance, etc.
These key residues and their interactions also play a
role in potential enzyme engineering efforts. Therefore,
homology modeling-based structural analysis of
recombinant SPAO was also performed. The predicted
3D structure of mature SPAO calculated with the
I-TASSER server [19] is shown in Fig. 3 with a C-score
of 1.55. The C-score measurement determines the qual-
ity of the resulting models in the range [—5.2], where a
C-score with a higher value means a model with high
confidence [41]. The highest structural similarity
(99.4%) was displayed to Lederbergia lenta subtilisin
Savinase (PDB: 1C9J) with a template modeling score
of 0.994 and 0.46 A root-mean-square deviation. In
general, subtilisins show a great similarity in their
molecular structure [42]. In silico analysis of the model
for probable metal-binding sites suggested that SPAO
harbors two potential Ca®" binding sites within its
functional domain (site 1: Asp*’, Leu”, val™, Ile”;
site 2: Ala'®, Ala'®®). Using this model to analyze the
surface-exposed residues with the Swiss-PdbViewer at
a threshold of 20% of the accessible surface revealed
that six Arg residues and one Lys residue are exposed
at the surface, which is important for salt and pH
adaptation, as will be explained later [21]. In addition,
the electrostatic potential of SPAO was evaluated
using the Swiss-PdbViewer and showed a mainly posi-
tively charged backside and a negatively charged
region around the active site at pH 7.0, which helps to
interpret the adaption to high salt concentrations as
discussed later (Fig. 4).

Recombinant protease production and
purification

SPAO was produced by B. subrilis DB104 pFF003 at
1-L scale using a DASGIP parallel fermentation device
as described in Materials and methods. The culture
supernatant showed an activity of 103 U-mL™'
(AAPF) and a protein concentration of 0.6 mg-mL ™.
It was used for a three-step purification process that
involved ethanol precipitation, desalting, and ion-
exchange chromatography. Successful production and
apparent homogeneity of SPAQ were confirmed via
SDS/PAGE (Fig. 5). The purified SPAO had a molec-
ular mass of about 27 kDa on SDS/PAGE, which
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correlates to the theoretical mass of 27.1 kDa (Fig. 5).
Additionally, the size of 27.1 kDa was confirmed by
MALDI-TOF MS analysis (Fig. S1). The purified pro-
tease had a specific activity of 139 U-mg ' for the
AAPF substrate and 528 U-mg ™' for azocasein. Simi-
lar activities after production with B. subtilis and
purification could be achieved for subtilisin E with
486 U-mg ' for azocasein under the same experimen-
tal conditions [43]. The analysis of the purified and
rebuffered SPAO for its isoelectric point revealed a pl
of approx. 9.8, which is close to the predicted pl of 9.6
(Fig. 5). Subtilisin Carlsberg showed a pl of 8.0 and
Savinase of 9.8 (data not shown). High-alkaline subtil-
isins have a high pl in common [44].

Effects of temperature and pH on enzyme
activity and stability

Stability measurements of proteolytic enzymes are dif-
ficult due to potential autoproteolytic cleavage during
unfolding. To monitor thermal protein unfolding
rather than autoproteolysis and to obtain an estimate
of the conformational stability of SPAO, the denatura-
tion curve of the enzyme inhibited by PMSF was mea-
sured. The inhibition with 1 mm PMSF was tested
before, resulting in a complete loss of activity
(Table 1). Figure 6 shows the normalized fluorescent
signal curves (relative to the maximal fluorescence
measured) for SPAO in comparison with the well-
characterized proteases BPN™ and subtilisin Carlsberg.
SPAO showed a T, value of 53.0 °C, which was lower
than the T, values of BPN" (58.5 °C) and subtilisin
Carlsberg (64.0 °C). As expected, the proteases having
a higher temperature optimum (see below; Fig. 7) dis-
play also a higher melting point, suggesting higher
structural integrity at elevated temperatures. In appli-
cations such as detergents, the trend is toward more
cold-active enzymes, which, however, lack stability at
higher temperatures [32.45]. The high-alkaline subtil-
isin BgAP from Bacillus gibsonii showed a melting
point of 52.5 °C in the thermal shift assay comparable
to SPAO, while several rounds of sequence saturation
mutagenesis increased thermal stability to 58 °C with
an additional reduction in the temperature optimum
[32].

The effect of temperature on the enzyme activity
was studied in a temperature range of 20-90 °C at pH
8.6 (standard suc-AAPF-pNA assay), as shown in
Fig. 7. SPAO showed a temperature optimum of
55 °C, while BPN’, Savinase, and subtilisin Carlsberg
exhibited temperature optima of 55, 60, and 65 °C,
respectively. The lower temperature optimum of SPAO
correlates with temperature growth rates of the
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Fig. 2. Multiple sequence alignment (MSA) of SPAO with Savinase (WP_094423791.1), subtilisin Carlsberg (WP_020450819.1), and BPN'
(WP_013351733.1). The alignment was calculated by cLustaL omeca and drawn using ESPript 3.0 and Savinase (PDB: 1C9J) as a template.
Solid green and blue bars indicate the signal peptide sequence and propeptide of SPAQO. Secondary structure elements are presented on
top (helices with squiggles, p-strands with arrows, and turns with TT letters). Orange boxes show residues comprising the catalytic triad
(Asp'*®, His'’®, Ser*?®; SPAO numbering).
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Fig. 3. Homology model of mature SPAQ using -TAsser software.
In silico metal-binding analysis predicted the existence of two Ca*
binding sites (yellow balls). The catalytic residues Asp®?, His®?, and
Ser”' are shown in red.

bacterial origin (2540 °C) [12]. For subtilisin Carls-
berg, the higher temperature optimum coincides with
the growth optimum of mesophilic Bacillus licheni-
formis. A serine protease isolated from the ther-
mophilic Geobacillus toebii LBT 77 elevated an even
higher optimum of 95 °C [46], while most other serine
proteases from Bacilli have a temperature optimum
between 50 and 70 °C [47-50].

Figure 8 shows the loss of protease activity during
incubation for 4 h at 20 °C. SPAO showed a similar
loss of activity as Savinase and subtilisin Carlsberg,
with almost no activity remaining after 4 h, while BPN’
retained about one-third of its activity after this time.

Fig. 4. Protein surface electrostatic
potential calculations for the structural
model of SPAQ. (Left) front view of the
active site; (right) back of the active site.
Electrostatic potential at pH 7.0 is shown
as red (negative) and blue (positive) and
was calculated using the Swiss-
PdbViewer.
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As expected. the loss of activity is more pronounced for
all proteases when incubated at 50 °C with residual
activities of less than 25% (data not shown). Phrom-
mao et al. [51] reported high stability at 20 °C but com-
plete loss of activity after 2 h of incubation at 50 °C
for the alkaline serine protease from Virgibacillus sp.
SK37. The subtilisin from Bacillus halodurans C-125
demonstrated high stability with 94% remaining activ-
ity after 1 h of incubation at 50 °C [52]. A comparable
loss of activity for subtilisin Carlsberg was also
observed by others [53.54]. Higher thermal stability
could be achieved by the addition of stabilizers such as
polyols, which hindered the unfolding process and
therefore reduced autoproteolysis [55.56].

The effects of pH on the activity of the enzymes
toward the substrate suc-AAPF-pNA were studied in
a pH range of 5.0-12.0 at 30 °C, as shown in Fig. 9.
The highest activity of the protease SPAO was
observed at pH 9.0-9.5, whereas at pH 6.5 and pH 12,
only 7% and 60% of the maximal activity were mea-
sured, respectively. For SPAO, a stronger effect of the
buffer system was observed, since a high activity rise
after a buffer system change was observed. Savinase,
BPN’, and subtilisin Carlsberg also exhibited an opti-
mal activity at pH 9.0. The acquired data for the refer-
ence proteases are congruent to the data found in
literature [36.57]. The pH optimum of SPAO at pH
9.0 and its working range until pH 12.0 draw attention
to its great potential toward various industrial applica-
tions, similar to other alkaline proteases reported
before [51,52,58]. Thus, SPAO and Savinase are not
only highly alkaline subtilisins based on their amino
acid sequence, but also differ clearly from BPN’ and
subtilisin Carlsberg with increased activity at pH 12.0.
High-alkaline proteases adapt to higher alkaline condi-
tions by an altered surface charge at higher pHs,
expressed by an increased pl value of the enzyme with
a higher number of Arg and a decreased number of
Lys [57]. This is also true for SPAO, especially when
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Fig. 5. SDS/PAGE and IEF-PAGE analysis of recombinant SPAQO.
Samples were electrophoresed using an 8-20% SDS/polyacry-
lamide gel. As protein standards, the LM mixture Bio-Rad Precision
Plus Dual Color was used. Culture supernatant of B. subtilis DB104
carrying pFF-RED (lane 1); culture supernatant of B. subtilis DB104
carrying pFF003 producing SPAO (lane 2); and SPAQO after purifica-
tion (lane 3). Purified and desalted SPAO on an IEF gel SERVA-
LYT™ PRECOTES™ wide range pH 3-10 (lane 4) and marker (M;
SERVA IEF marker 3-10).

Table 1. Influence of H;0,, SDS, and PMSF on enzyme activity.
The purified proteases were incubated with 1 and 5% (w/v) SDS; 1
and 5% (v/v) Hz05; and 1 mm PMSF at 10 °C in 10 mm HEPES/
NaOH pH 7.0 for 1 h. Residual activity of the proteases incubated
in buffer with no additions was considered as 100%. Al
experiments were performed at least in triplicates, and data are
shown as mean values + SD.

Residual protease activity [%]

1% 5% 1% 5% 1 mm
Protease SDS SDS H,0; H202 PMSF
SPAO 0+0 0+0 108+4 58+3 0+0
Subtilisin 3256+6 189+6 71M+9 27+2 0+0
Carlsberg
Savinase 138+4 11346 64 + 3 8+0 040
BPN' 206+ 3 164 + 7 81+5 1M+0 0+0

considering only the surface-exposed residues. Six of
the nine Arg residues and one of the three Lys residues
of SPAO are surface-exposed (Fig. 3, Table 2).

The protease SPAO showed good stability at pH 67
and pH 11-12 and lost more than 50% of its activity at
pH 9.0, which is also the pH optimum of the protease
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and might be due to higher autoproteolysis, while
BPN’, Savinase, and subtilisin Carlsberg showed almost
no remaining protease activity after 4 h (Fig. S2).
Subtilisin Sendai was stable at pH 12, and it maintained
80% of its activity after 6 h at 30 °C [40]. The alkaline
serine protease from Geobacillus toebii LBT 77 lost no
activity between pH 8 and 13 after 12-h incubation at
60 °C  [46]. Likewise, ALTP from Alkaliphilus
transvaalensis or the serine protease from Bacillus sp.
NPST-AK 15 showed comparable stability between pH
5 and 11 after incubation for 10 min at 50 °C and 2 h
at room temperature, respectively [47,59].

Effect of SDS and H,0, on enzyme activity

The effect of SDS on SPAO and the reference pro-
teases is reported in Table 1. SPAO is highly sensitive
against 1% and 5% SDS (w/v) with no residual activ-
ity after 1 h at 10 °C. In contrast to that, the reference
proteases showed high stability against SDS and were
even more active than without. The anionic nature of
SDS allows interactions between SDS and amino acid
residues leading to the unfolding of the protein and
loss of enzyme activity. For some subtilisins, SDS may
not unfold the protein but instead helps to achieve a
favorable protein conformation that stimulates activ-
ity, a behavior that was observed here for the reference
proteases and has also been described in the literature.
Bhatt and Singh [60] reported an activity of 275% for
the alkaline serine protease from the newly isolated
haloalkaliphilic Bacillus lehensis JO-26 after incubation
with 1% SDS for 30 min compared to the activity
without SDS. Joshi and Satyanarayana [61] reported
for the Bacillus lehensis BLAP protease an activity of
99% after incubation with 1% SDS and an increased
activity 160% after incubation with 2% SDS. The pro-
tease isolated from Geobacillus toebii LBT 77 displayed
an activity of 120% after incubation with 1% SDS for
1 h at 55 °C [46]. An alkaline protease from Bacillus
licheniformis RP1 lost 27% activity after incubation
with 0.5% SDS [62]. The alkaline protease from Bacil-
lus clausii 1-52 displayed a remaining activity of 73%
after incubation with 5% SDS [63]. Therefore, it is
quite unusual for a high-alkaline subtilisin to lose
complete activity after incubation with SDS. Another
example is the intracellular subtilase AprX-SK37 from
Virgibacillus sp. SK37, which showed a complete loss
of activity when incubated with 0.5% SDS for 30 min
at room temperature [51].

Subtilisin Carlsberg was investigated for its stability
against 1% SDS for | h at 30 °C by Tanaka et al.
[54]. In comparison with the activity increase measured
in our work, they showed a complete activity loss after
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Fig. 7. Effect of temperature on the activity of purified SPAO,
BPN’, Savinase, and subtilisin Carlsberg. The activities of the
proteases were determined by assaying protease activity at
temperatures between 20 and 90 °C with suc-AAPF-pNA assay.
The maximum activity for each protease was considered as 100%
activity; SPAO (closed circles; 1076 U-mg~'), BPN' (squares;
1007 U-mg~ "), Savinase (triangles; 2264 U-mg~'), and subtilisin
Carlsberg (open circles; 2767 U-mg~"). *The enzyme was not
stable for the intended 5 min. The experiment was performed in

triplicates, and data are plotted as mean values + SD.

60 min. Looking at the temperature stability of subtil-
isin Carlsberg in Fig. 8, this result might be due to
autoproteolysis rather than instability to SDS. Our
results are consistent with a previous report that sub-
tilisin Carlsberg was structurally unaffected upon inter-
action with SDS micelles [64].
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Fig. 8. Temperature stability of purified SPAO, BPN’, Savinase, and
subtilisin Carlsberg. Stability was investigated at 20 °C in 10 mm
HEPES/NaOH buffer, pH 8.0. The activity was measured with the
suc-AAPF-pNA assay in reaction buffer at 30 °C. The activity at
0 min was considered as 100% activity; SPAO (closed circles;
325 U-mg "), BPN' (squares; 343 Umg '), Savinase (triangles;
367 U-mg"), and subtilisin Carlsberg (open circles; 635 U-mg™').
The experiment was performed in triplicates, and data are plotted
as mean values + SD.

The response of SPAO to H,O; is also shown in
Table 1. After a I-h treatment with 1% (v/v) H-0,,
subtilisin Carlsberg, Savinase, and BPN’ displayed a
loss of activity of 29%, 36%, and 19%, respectively.
In contrast, SPAO showed a slight increase in
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Fig. 9. Effect of pH on the activity of
purified SPAO, BPN', Savinase, and
subtilisin Carlsberg. The activity was
measured with the suc-AAPF-pNA assay
at 30 °C in the pH range of 5.0-12.0. The
maximum activity for each protease was
considered as 100% activity; SPAO
(closed circles; 358 U'mg '), BPN'
(squares; 604 U-mg~'), Savinase

pH

Tris-maleate Tris-HCI

T T T T T T T T T T T T
50 55 60 65 70 75 8.0 85 90 95 10.0 10.511.0 11.5 12.0

Glycine-NaOH

(triangles; 705 U-mg~"), and subtilisin
Carlsberg (open circles; 1193 U-mg™').
The experiments were performed in
triplicates, and data are plotted as mean

Table 2. Physicochemical parameters of the proteases.

Experimental AB
Protease pl Arg Asp Glu His Lys ratio®
SPAQ 9.80 2 4 4 6 3 0.4
Savinase 9.80 8 5 5 7 5 0.5
subtilisin 8.00 3 9 5 5 10 08
Carlsberg
BPN’ 7.80° 2 10 5 6 1 0.8

“The AB ratio [AB = (Glu + Aspl/(Lys + His + Arg)] was calculated
as described in R85].; °pl of BPN' according to Matsubara et al.
[38].

activity of 8% at 1% (v/v) H»O,. After a 1-h treat-
ment with 5% (v/v) H,0,, the reference enzymes lost
up to 92%  activity (Savinase), while SPAO lost only
42% of its activity. SPAO is thus a highly oxida-
tively stable protease, especially in contrast to subtil-
isin Carlsberg, Savinase, and BPN’. H,O, likely
oxidizes a conserved methionine residue adjacent to
the catalytic serine residue to its corresponding sul-
foxide, which may lead to the inactivation of the
enzyme [65]. The effect on the catalytic efficiency
can be attributed to the unfavorable orientation of
the sulfoxide oxygen of the oxidized methionine resi-
due toward the oxyanion hole, thus destabilizing the
tetrahedral intermediate formed with the carbonyl
group of the peptide to be hydrolyzed [66.67]. Engi-
neering the enzyme by replacing the methionine resi-
due 222 (BPN’ numbering) has been shown to
increase the resistance to oxidants [68-71]. Nonaka
et al. [72] showed that the digestion pattern of f-
casein cleaved by oxidized proteases differs from that
cleaved by unoxidized enzymes, suggesting that oxi-
dation of the methionine is not a fatal modification
but alters the substrate specificity. This altered sub-
strate specificity could explain the slight increase in
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activity observed for SPAQO. which possesses also
Met*'® next to the catalytic Ser”">,

In previous reports on the stability of alkaline pro-
teases toward oxidants, a protease from Bacillus clausii
1-52 was also found to have an increase in activity by
14% and 16% at 1% and 5% H>0O,, respectively [63].
The protease from the alkaliphilic Bacillus sp. NPST-
AK15 displayed a comparable increase of 2% at 1%
H>0, while losing 6% activity at 5% H,0, [47]. Besides
the two proteases mentioned above, the two serine pro-
teases BM1 and BM2 derived from Bacillus mojavensis
lost 62% and 60% activity by treatment with 5% H>O»
for 1 h at 30 °C, while a subtilase from Thermoactino-
myces vulgaris strain CDF lost 90% activity after 1 h
at 40 °C with 5% H-0, [73,74]. Rekik et al. [75]
reported for a protease from Bacillus safensis RH12
(SAPRH) an activity of 160% with surprisingly high
H->0, concentrations of 15% (v/v), which was also
observed for the reference proteases they used: Bacillus
pumilus (SAPB) with 109% activity and Alcalase 2.5 L,
type DX with 150% activity. In contrast, the subtilase
KP-43 from the group of oxidatively stable proteases
(OSP) lost its ability to hydrolyze after only 30-min
incubation with 3% H>0, [72]. However, comparisons
with literature data are often difficult because the buf-
fers, temperatures, pH values, H>O, concentration, and
substrate for the activity studies are different.

Proteases can be classified by their sensitivity to var-
ious inhibitors [76]. Incubation of SPAO and the three
reference proteases with 1 mm PMSF led to a com-
plete inhibition of all proteases (Table 1).

Effects of NaCl, chelating agents (EDTA), and
Ca®" on enzyme activity and stability

Members of the subtilase superfamily are calcium-
dependent, and the binding of Ca®" is essential for
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Fig. 10. Effect of NaCl on the activity of the purified SPAO, BPN’,
Savinase, and subtilisin Carlsberg. The activity was measured in
standard buffer (pH 8.6) for suc-AAPF-pNA assay at 30 °C with dif-
ferent NaCl concentrations of 0-5 m. The maximum activity for
each protease was considered as 100% activity; SPAO (closed cir-
cles; 1205 U-mg™"), BPN' (squares; 560 U-mg~"), Savinase (trian-
gles; 757 U-mg™"), and subtilisin Carlsberg (open circles;
846 U-mg"). The experiment was performed in triplicates, and
data are given as mean values + SD.

enzyme stability and/or activity [77]. They usually con-
tain two Ca>" binding sites, the first being a strong
binding site and the second a weak binding site [4].
The occupancy of these sites depends on the calcium
ion concentration in the solution. The first site is
always fully occupied even without the addition of
CaCls in the solution, while the second site is occupied
by an Na“ or K* ion at low CaCl, concentrations [77].
The in silico identification of the Ca®" binding sites in
SPAO revealed two Ca>" binding sites as known for
the three reference proteases [36]. Therefore, the effect
of Ca®" on the activity of the proteases was studied.
All proteases, except subtilisin Carlsberg, lost more
activity by incubating with EDTA before the supple-
mentation with CaCl, than without EDTA (data not
shown). However, for BPN’, there is almost no differ-
ence in activity between incubation with or without
EDTA. For SPAO and Savinase, it was not possible
to fully recover activity after the addition of CaCls. In
general, Ca®" seems to be firmly bound, as the pro-
teases were dissolved in a Ca’'-free buffer and it was
not necessary to add Ca”" for their activity. At a con-
centration of 10 mm CaCl, and above, the activity of
all proteases decreased. Similar observations of the
inhibitory effect of Ca”>" were also made for the alka-
line protease from the haloalkaliphilic bacterium sp.
AH-6 [78]. The failure to recover activity could be due
to a general loss of activity due to higher protein insta-
bility during incubation with EDTA. The binding of
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Fig. 11. Stability against NaCl of purified SPAO, BPN’, Savinase,
and subtilisin Carlsberg. Stability was tested in 10 mm HEPES/
NaOH buffer, pH 8.0, with different NaCl concentrations (0-5 m)
after 2 h at 20 °C. The activity was measured with the suc-AAPF-
pNA assay in standard buffer at pH 8.6. Activity at 0 h for each
NaCl concentration was considered as 100% activity; SPAQ (cir-
cles), BPN' (squares), Savinase (triangles), and subtilisin Carlsberg
(open circles). The experiment was performed in triplicates, and
data are given as mean values + SD.

Ca®" has a stabilizing effect on the protease by reduc-
ing molecular flexibility, which reduces thermal denat-
uration and autolysis [77]. No effect on the activity of
a serine protease from B. clausii GMBAE 42 after
incubation with EDTA and a slight inhibition by Ca>"
was also found by Kazan et al. [49]. Others could
show a strong activity decrease after the incubation
with EDTA [58.79.80]. However, most studies found a
comparable decline in activity as seen in this work
[46,81.82]. The findings suggest a Ca® dependency for
SPAO and a good stability.

The effect of NaCl on the activity of the proteases
was evaluated in the activity assay using the substrate
suc-AAPF-pNA and different concentrations of NaCl
(0-5 M) in standard reaction buffer (pH 8.6). The
proteolytic activity is shown in Fig. 10. SPAO showed
increased activity with rising NaCl concentrations up
to the maximum at 4 m NaCl, followed by a 10%
decrease at 5 m NaCl. Savinase showed the highest
activity at 3 and 4 m NaCl. BPN’ displayed high
activity from 0 to 4 m NaCl, which was reduced to
77% at 5m NaCl. The stability of SPAO and the
three reference proteases was examined by incubation
with NaCl concentration between 0 and 5 m NaCl in
10 mm HEPES/NaOH, pH 8.0, at 20 °C for 2 h
(Fig. 11). The results show that Savinase and BPN’
were stable with and without NaCl. SPAO and subtil-
isin Carlsberg were stabilized by NaCl. However,
SPAO showed stability above 50% only with | m
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Table 3. Substrate specificities of the proteases against 10 synthetic substrates (suc-XXXX-pNA). Kinetic experiments were carried out in
0.1 m Tris/HCI buffer, pH 8.6, and 0.1% ({w/v) Brij®35 over 5 min at 30 °C with 17 mm of a substrate. The experiment was performed in trip-
licates, and the standard deviation was < 5%. The enzyme activity against AAPF refers to 100% relative activity.

Relative activity [%]

Protease FAAF AAA AAVA ALPF AGPF AAPF TVAA YVAD AGPP AAPL
SPAO 753 12 21 127 107 100 (42 U-mg™") 3 3 216 34
Subtilisin Carlsberg 57 0 2 60 90 100 (570 U-mg™") 1 1 147 104
Savinase 605 8 22 117 96 100 (180 U-mg“} 5 5 144 12
BPN’ 96 0 6 106 96 100 (181 U-mg™") 0 0 61 67

NaCl while losing stability with increasing NaCl con-
centrations.

In contrast to halophilic enzymes, halotolerant
enzymes are active over a broad range of NaCl con-
centrations and retain their activity even in the absence
of NaCl [83]. Unlike the mechanism of halophilic
enzymes. the mechanism of halotolerance is not yet
fullv elucidated [79]. Halophilic proteins have a pre-
dominance of negatively charged residues on the
solvent-exposed surface, which attract water molecules
and thereby keep the enzymes hydrated [84]. There-
fore, a forecast to salt adaptation could be made based
on the ratio of the acidic amino acids Glu and Asp to
the basic amino acids Lys, His, and Arg (AB ratio)
and a more acidic isoelectric point [84,85]. While
SPAO and Savinase share a higher pl, the AB ratio is
lower than for BPN" and subtilisin Carlsberg, which
indicates a poor adaptation to salt (Table 2). However,
the high Arg content of SPAO and Savinase, which
favors adaptation to highly alkaline conditions, results
in a predominantly positive charge on the protein sur-
face in SPAO (Fig. 4), and in general, a high propor-
tion of negative or positive charges on the surface of
the enzyme improves salt adaptation [86]. BPN" has
five of the seven amino acid positions identified by
Takenaka et al. [86] as favorable for salt adaptation
and therefore, unlike subtilisin Carlsberg, shows good
adaptation to high salt concentrations.

Proteolytic activity on synthetic peptides

In general, data for proteinase specificity under com-
parable experimental conditions are limited in the liter-
ature. Usually, kinetic data for the hydrolysis of
synthetic substrates are collected. To analyze the sub-
strate specificity of SPAO and the three reference pro-
teases, 10 synthetic three or four amino acid peptide-4-
nitroanilide substrates were chosen, which are typical
subtilisin substrates [87]. However, suc-AAA-pNA is a
typical elastase substrate [88]. As shown in Table 3,
SPAO showed the highest specific activity for suc-
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FAAF-pNA and a very low specificity for suc-TVAA-
pNA and suc-YVAD-pNA under the selected condi-
tions, which is in good agreement with the results
obtained for the typical subtilisins Savinase, subtilisin
Carlsberg, and BPN’.

In general, subtilisins show a broad substrate speci-
ficity and often display a preference for large
hydrophobic groups at the P1 position, the first posi-
tion N-terminal to the cleavage site (nomenclature of
Schechter and Berger [89]), here to the 4-nitroanilide
(P1I"), which can also be observed in this experiment
[90]. However, the protease SPAO and Savinase are
able to hydrolyze the substrate if alanine is at the Pl
and P2 position, but with higher efficiency, if one of
the positions is alanine and an amino acid with a lar-
ger hydrophobic group. In literature, data for the
hydrolysis of synthetic substrates are collected under
different conditions, which makes the results difficult
for comparison and interpretation. Kazan et al. [49]
reported an alkaline serine protease from B. clausii
GMBAE 42 with high specificity for suc-AAPF-pNA.
Georgieva et al. [87] reported for Savinase also the
highest specificity for suc-FAAF-pNA by comparing it
with Esperase with a similar preference. Proteinase K
showed the highest specificity for suc-AGPF-pNA [91].
For the elastase-specific substrate suc-AAA-pNA,
SPAO showed low activity in contrast to the alkaline
elastase YaB from Bacillus strain YaB [92]. In the con-
text of this experiment and also in line with the high
sequence similarity to Savinase (82.16%). SPAO can
be considered a typical subtilisin.

Conclusion

In this study, we recombinantly expressed SPAO, a
novel high-alkaline subtilisin isolated from Alkali-
halobacillus okhensis Kh10-101T. SPAO was effectively
produced and secreted by B. subtilis DB104. After
purification, biochemical characterization revealed a
highly oxidatively stable protease with increased activ-
ity upon incubation with 1% H>0, and residual
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activity of 58% with 5% H->0,. The high Arg content
and the predominantly positive charge on the protein
surface allow SPAO to be highly active at pH 12.0
and at NaCl concentrations of up to 5 M. The optimal
temperature and pH were 55°C and pH 9.0-10.5,
respectively. With its biochemical properties, SPAO
shows potential for industrial applications to be evalu-
ated in the future.
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Abstract

The aim of the present study was the characterisation of three true subtilisins and one phylogenetically intermediate subtili-
sin from halotolerant and halophilic microorganisms. Considering the currently growing enzyme market for efficient and
novel biocatalysts, data mining is a promising source for novel, as yet uncharacterised enzymes, especially from halophilic
or halotolerant Bacillaceae, which offer great potential to meet industrial needs. Both halophilic bacteria Pontibacillus
marinus DSM 16465 and Alkalibacillus haloalkaliphilus DSM 52717 and both halotolerant bacteria Metabacillus indicus
DSM 16189 and Litchfieldia alkalitelluris DSM 16976" served as a source for the four new subtilisins SPPM, SPAH, SPMI
and SPLA. The protease genes were cloned and expressed in Bacillus subtilis DB104. Purification to apparent homogene-
ity was achieved by ethanol precipitation, desalting and ion-exchange chromatography. Enzyme activity could be observed
between pH 5.0-12.0 with an optimum for SPPM, SPMI and SPLA around pH 9.0 and for SPAH at pH 10.0. The optimal
temperature for SPMI and SPLA was 70 °C and for SPPM and SPAH 55 °C and 50 °C, respectively. All proteases showed
high stability towards 5% (w/v) SDS and were active even at NaCl concentrations of 5 M. The four proteases demonstrate
potential for future biotechnological applications.

Key points

e Halophilic and halotolerant Bacillaceae are a valuable source of new subtilisins.
o Four new subtilisins were biochemically characterised in detail.

o The four proteases show potential for future biotechnological applications.

Keywords Halotolerant protease - Subtilases - Subtilisin - Bacillaceae - Biotechnological application

Introduction

Microorganisms that can survive in environments with
extreme temperatures, pH and salinity produce enzymes
called extremozymes (Ferrer et al. 2007). These microorgan-
isms and their enzymes developed molecular mechanisms of
adaptation to extreme physico-chemical conditions (Tehei
and Zaccai 2005). Of particular interest are proteases, which
are one of the most important enzymes used commercially,
with subtilisins or alkaline proteases from microbial sources
having the largest market share (Gupta et al. 2002; Naveed
et al. 2021). Subtilisins are a group of subtilases classified
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as S8 in the MEROPS database, one of the largest families
of serine peptidases (Rawlings et al. 2018). Subtilisins are
further subdivided, among others, into true subtilisins, high-
alkaline subtilisins, intracellular subtilisins and phylogeneti-
cally intermediate subtilisins (PIS) (Siezen and Leunissen
1997, Saeki et al. 2003; Falkenberg et al. 2022a). Especially
the genus Bacillus proved to be a valuable source of alkaline
proteases such as BPN', subtilisin Carlsberg and Savinase,
which are mainly used as detergent enzymes due to their
good performance and high stability towards extreme tem-
peratures, pH values, organic solvents, detergents and oxidis-
ing agents (Kalisz 1988; Contesini et al. 2017). In addition,
subtilisins are used in leather and food processing, sewage
purification and as a cosmetic ingredient (Kalisz 1988,
Solanki et al. 2021; Azrin et al. 2022).

Enzymes obtained from extremophilic microorganisms
are not per se extremozymes in terms of their properties
(Ferrer et al. 2007). In environments of extreme pH or
salinity, for example, the intracellular enzymes are exposed
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to conditions more typical of non-extremophiles, as the
microorganisms outlast such environments by intracellu-
larly excluding or compensating for such an environment
(Ferrer et al. 2007). However, extracellular subtilisins of
microbial background are mainly involved in nutrient sup-
ply and are therefore directly exposed to the environmental
conditions (Kalisz 1988). Therefore, extracellular enzymes
isolated from microorganisms found in environments with
extreme pH, temperature and especially salinity offer huge
potential to meet the needs of industry, as shown by the
growing number of newly characterised subtilisins with
polyextremophilic properties (Salwan and Sharma 2019;
Alberto Cira-Chavez et al. 2019; Coker 2016; Falkenberg
etal. 2022b; Mokashe et al. 2018). Besides the labour-inten-
sive search for microorganisms harbouring new enzymes
in such extreme environments, genome sequencing and
automatic annotation offer an alternative way to search for
new protease genes for industrial purposes. Sequence data
of uncharacterised proteins are becoming more prevalent
due to the growing number of genome sequencing projects
(Rawlings 2013). Recently, we reported on a data-mining-
based search for new uncharacterised subtilisins from the
Bacillaceae family (Falkenberg et al. 2022a). Within a
phylogenetic tree, these sequences were categorised to the
subgroups true subtilisins, PIS and high-alkaline subtilisins.
We reported about SPAO from Alkalihalobacillus okhensis
Kh10-1017, which has a high stability towards H,0, and
NaCl concentrations of up to 5.0 M and belongs to the sub-
group of high-alkaline subtilisins (Falkenberg et al. 2022b).
Here, we selected three sequences from the phylogenetic
tree of true subtilisins and one sequence from the phyloge-
netically intermediate subtilisins obtained from halotoler-
ant or halophilic bacteria for biochemical characterisation.
The true subtilisins (WP_051255158.1, WP_029565418.1,
WP_078544469.1) were identified in Pontibacillus marinus,
Metabacillus indicus and Litchfieldia alkalitelluris and the
PIS WP_146817050.1 in Alkalibacillus haloalkaliphilus.
P. marinus DSM 16465" is a moderately halophilic bac-
terium isolated by Lim et al. (2005) from a saline in Korea.
The strain is Gram-positive, aerobic and endospore-form-
ing. It grew optimally on media containing 2-5% NaCl
(w/v), but did not grow without NaCl or with more than
10% (w/v) NaCl. The optimum growth was observed at
pH 7.0-7.5 at 30 °C. M. indicus DSM 16189 is a Gram-
variable, endospore-forming and halotolerant bacterium
isolated by Yoon et al. (2005) from jeotgal, a traditional
fermented dish from Korea that contains seafood. The strain
was first classified as Bacillus cibi in 2005 and then reclas-
sified into Bacillus indicus and later into Metabacillus indi-
cus (Yoon et al. 2005; Stropko et al. 2014; Patel and Gupta
2020). The strain grew optimally at 37 °C, pH 6.5-7.5 and
in the presence of 0-1% (w/v) NaCl, but did not grow with
more than 12% (w/v) NaCl (Yoon et al. 2005). The colonies
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are characteristically orange/yellow pigmented due to the
production of carotenoids (Le Duc et al. 2006). L. alkali-
telluris DSM 169767 is an alkaliphilic bacterium isolated
from sandy soil in Korea (Lee et al. 2008). The strain is
Gram-positive, endospore-forming and grew optimally at 30
°C and pH 9.0-9.5 (Lee et al. 2008). The strain was reclas-
sified from Bacillus alkalitelluris to Litchfieldia alkalitel-
luris (Gupta et al. 2020). The optimal NaCl concentration for
growth is 0-1% (w/v), while growth occurs until 4% (w/v)
NaCl (Lee et al. 2008). A. haloalkaliphilus DSM 52717 was
isolated by Weisser and Triiper (1985) from a saline lake
of the Wadi Natrun in Egypt. It is a moderate halophilic,
Gram-positive, alkaliphilic and spore-forming bacterium.
The strain was first classified as Bacillus haloalkaliphilus
and in 2005 reclassified into Alkalibacillus haloalkaliphilus
(Fritze 1996; Jeon et al. 2005). It grows at salt concentra-
tions between 1 and 20% (w/v) NaCl with an optimum of
5% (wiv), while cells form a flocculated and slimy sediment
without growth in the absence of NaCl (Weisser and Triiper
1985). Optimal growth can be observed at pH 8.5-10.0 and
15-45 °C (Weisser and Triiper 1985; Fritze 1996).

The genes of these four extracellular subtilisins were
cloned, overexpressed in B. subtilis DB104 and purified.
This is the first report on the biochemical characterisation of
the recombinant subtilisin proteases of P. marinus (SPPM),
M. indicus (SPMI), L. alkalitelluris (SPLA) and A. haloal-
kaliphilus (SPAH).

Material and methods
Bioinformatic analysis

The sequence similarity between the four proteases and
different well-known characterised subtilisins was investi-
gated within a multiple sequence alignment (MSA) using the
peptidase unit sequences from various Bacillus strains. The
four protein sequences were blasted by using the blastp suite
of NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) (Sayers
et al. 2021). The signal peptide and propeptide sequences
were excluded before alignment and phylogenetic tree con-
struction was performed via Phylogeny.fr (http://www.phylo
geny.fr/index.cgi) using the “One-Click™ option (Dereeper
et al. 2008). The signal peptides were identified by the Sig-
nalP6.0 software (https://services.healthtech.dtu.dk/servi
ce.php?SignalP-6.0) (Teufel et al. 2022). Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) was used for
MSA before analysis with ESPript 3.0 (Robert and Gouet
2014; Sievers et al. 2011). ESPript 3.0 was applied using
%strict option (percentage of strictly conserved residues
per column) for the colouring scheme (https://espript.ibcp.
fr/ESPript/ESPript/). The phylogenetic tree was visualised
with the iTOL software (https://itol.embl.de/) (Letunic and
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Bork 2016). Structure predictions were performed through
the I-TASSER server, including ligand binding prediction
with COACH and COFACTOR (https://zhanggroup.org/I-
TASSER/) using the amino acid sequence of the peptidase
unit of the four proteases (Roy et al. 2012; Yang et al. 2013;
Yang et al. 2015). The homology models were displayed
with the Mol* Viewer (https://www.rcsb.org/3d-view)
(Sehnal et al. 2021). For the determination of the surface-
exposed residues and the calculation of the electrostatic
potential with the Swiss-PdbViewer (http://www.expasy.
org/spdbv/), standard settings using the Poisson-Boltzmann
equation were used (Guex and Peitsch 1997). The molecu-
lar mass and the theoretical pI of the peptidase unit were
determined with the Expasy system (https://web.expasy.org/
compute_pi/) (Wilkins et al. 1999).

Strains and growth conditions

Bacterial strains were bought from the DSMZ—German
Collection of Microorganisms and Cell Cultures GmbH and
cultivated according to their recommendations: Pontibacil-
[us marinus DSM 164657 (Lim et al. 2005) and Metabacil-
lus indicus DSM 16189 (Yoon et al. 2005; Stropko et al.
2014; Patel and Gupta 2020) in medium 514 + 10 mg/L
MnSO, at 30 °C; Litchfieldia alkalitelluris DSM 169767
(Lee et al. 2008; Gupta et al. 2020) in medium 830, pH 9.0 at
30 °C; Alkalibacillus haloalkaliphilus DSM 52717 (Weisser
and Triiper 1985; Fritze 1996; Jeon et al. 2005) in medium
31 with 5% NaCl, pH 9.7 at 30 °C. For the preparation of
genomic DNA from an overnight culture, the InnuSPEED
Bacteria/Fungi DNA Kit (Analytik Jena™, Jena, Germany)
was used. For cloning and protein production, Bacillus sub-
tilis DB104 was used as previously described (Kawamura
and Doi 1984; Falkenberg et al. 2022b).

Plasmid construction and cloning

For recombinant protease production with B. subtilis DB104,
pFF-RED, a pBC16-based expression plasmid (Acct. No.
U32369.1) was used (Bernhard et al. 1978), as described
previously (Falkenberg et al. 2022b). The genomic DNA was
used to amplify the DNA sequences encoding the protease
genes (including signal peptide, propeptide and the peptidase
unit) in a PCR using the Phusion® Hot Start I High-Fidelity
polymerase (Thermo Fisher Scientific GmbH, Karlsruhe,
Germany) according to the manufacturer’s recommenda-
tions. The following NCBI reference sequences were used
to design primers for the aprE genes (extracellular alka-
line protease) (Sayers et al. 2021; Clark et al. 2016): NZ_
AVPF01000099.1 for Pontibacillus marinus DSM 16465"
encoding the protein WP_051255158.1; due to an assumed
misannotation causing a partial lack of the signal peptide, in
this case the annotated ORF was extended by eight codons

(24 bp) at the 5'-end, leading to a TTG start codon; NZ_
INVC02000001.1 for Metabacillus indicus DSM 16189
encoding the protein WP_029565418.1; NZ_KV917374.1
for Litchfieldia alkalitelluris DSM 16976" encoding the
protein WP_078544469.1; NZ_BJYA01000014.1 for Alka-
libacillus haloalkaliphilus DSM 52717 encoding the protein
WP_146817050.1. The oligonucleotides listed in Table S1
were obtained from Eurofins Genomics GmbH (Ebersberg,
Germany) and used for PCR amplification and the introduc-
tion of two BbsI restriction sites and appropriate overhangs
to the cloning site of pFF-RED. The PCR products were
cloned into the BbslI sites of pFF-RED via Golden Gate
cloning (Engler et al. 2008). The resulting plasmids were
amplified with rolling-circle mechanism using Illustra Tem-
pliPhi 100 amplification kit (Cytiva, Marlborough, USA)
before being used to transform naturally competent cells
of B. subtilis DB104 as described elsewhere (Vojcic et al.
2012). The control of successful cloning and transformation
was performed as previously described (Falkenberg et al.
2022b). The production of the protease was confirmed by
proteolytic activity assays using N-succinyl-Ala-Ala-Pro-
Phe-p-nitroanilide (suc-AAPF-pNA) and azocasein as sub-
strate and by sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE).

Recombinant protease production and purification

Production of the proteases by Bacillus subtilis DB104
was carried out on a 1-L scale using the DASGIP® paral-
lel reactor system (DASGIP, Jiilich, Germany) as described
previously (Falkenberg et al. 2022b). The suc-AAPF-pNA
assay, azocasein assay and SDS-PAGE were used to con-
firm the protease production. The protease purification
was performed in a three-step protocol as described previ-
ously (Falkenberg et al. 2022b). For the proteases an anion
exchanger (25 ml Q-Sepharose FF, GE Healthcare, IL, USA)
and a pH of 7.0 for running (10 mM HEPES-NaOH buffer)
and elution buffer (10 mM HEPES-NaOH, 1 M NaCl) were
used.

Enzyme activity assay

The hydrolytic activity of the proteases was determined
using the tetrapeptide substrate suc-AAPF-pNA (BACHEM,
Bubendorf, Switzerland) at 30 °C in 100 mM Tris-HCI
buffer, pH 8.6, containing 0.1% (w/v) Brij®35 as described
previously (DelMar et al. 1979; Falkenberg et al. 2022b). In
addition, protease activities were determined using azocasein
(Sigma-Aldrich, Schnelldorf, Germany) as substrate accord-
ing to Brock et al. at 37 °C in 100 mM Tris-HCI buffer,
pH 8.6 as described before (Brock et al. 1982; Falkenberg
et al. 2022b). The substrate specificity of the proteases for
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different synthetic 4-nitroanilide substrates was determined
as previously described (Falkenberg et al. 2022b).

Analytical methods, protein measurement
and electrophoresis

Protein concentrations were determined according to
Bradford (1976) using Roti®Nanoquant (Carl Roth, Ger-
many) and bovine serum albumin fraction V (Carl Roth,
Germany) as a standard and measuring the absorbance
ratio 590 nm/450 nm. Matrix-assisted laser desorption
ionisation-time of flight mass spectrometry (MALDI-TOF-
MS) was performed with the Axima confidence instrument
(Shimadzu Europe, Duisburg, Germany) as previously
described (Falkenberg et al. 2022b). SDS-PAGE analysis
was performed as described by Miller et al. (2016) using an
8-20% (v/v) resolving gel and a 6% (v/v) stacking gel. The
sample preparation and electrophoresis were performed as
described before (Falkenberg et al. 2022b). For isoelectric
focusing—polyacrylamide gel electrophoresis (IEF-PAGE),
purified proteases were re-buffered in 10 mM HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)-NaOH
pH 7.0 using centrifugal spin columns (VWR, Radnor, USA)
with a molecular mass cut-off of 3 kDa. The SERVALYT™
PRECOTES™ 3-10 gel (SERVA, Heidelberg, Germany)
was used according to the manufacturer’s recommendations.

Effect of SDS, hydrogen peroxide and PMSF
on enzyme activity and stability

SPFA was incubated with H,O, (1 and 5% (v/v)) and SDS
(1 and 5% (w/v)) in 10 mM HEPES-NaOH, pH 8.0 for 1 h at
10 °C. The influence of the protease inhibitor phenylmethyl-
sulfonyl fluoride (PMSF) was investigated by incubating the
proteases in 10 mM HEPES-NaOH with 1 mM PMSF, pH
8.0, for 30 min on ice. Residual activity was measured in the
standard suc-AAPF-pNA activity assay and residual activity
of the proteases incubated in buffer with no additives was
defined as 100%. The stored samples were used undiluted
in the activity assay, so that 0.1 and 0.5% of H,0, and SDS
remained during the measurement.

Effect of NaCl, CaCl, and EDTA on enzyme activity
and stability

The effect of NaCl on proteolytic activity was measured
using the suc-AAPF-pNA assay under standard condi-
tions with the addition of NaCl (0-5 M) in the reaction
buffer as described before (Falkenberg et al. 2022b). Pro-
teases were incubated in 10 mM HEPES-NaOH pH 8.0
with NaCl (0-5 M) at 20 °C for 2 h to investigate the
effects of NaCl on enzyme stability. The activities meas-
ured before incubation were defined as 100%. The effect
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of ethylenediaminetetraacetic acid (EDTA) and CaCl, was
examined as described before (Falkenberg et al. 2022b).

Effects of temperature and pH on enzyme activity
and stability

Within a thermal shift assay, the thermal protein unfolding
and the melting points of the proteases were determined by
using the fluorescent dye SYPRO™ Orange (Thermo Fisher
Scientific GmbH, Karlsruhe, Germany) as described previ-
ously (Falkenberg et al. 2022b). The temperature optimum
was assayed with the suc-AAPF-pNA assay between 20 and
90 °C in 5 °C steps and the temperature stability was deter-
mined by measuring the residual activity after incubating the
proteases at 20 and 50 °C for 3 h in 10 mM HEPES-NaOH,
pH 8.0. The pH optimum of the proteases was determined
in 0.1 M Tris-maleate buffer (pH 5.0-7.0), 0.1 M Tris-HCl
(pH 7.0-9.0) and 0.1 M glycine-NaOH (pH 9.0-12.5) at 30
°C using the suc-AAPF-pNA assay. Residual activities of
the proteases were measured with the suc-AAPF-pNA assay
after incubating the proteases in said buffers for 24 h at 4 °C.

Results

Cloning and expression of the aprE genes in B.
subtilis DB104

Four uncharacterised proteases were selected from our previ-
ous report about a data-mining-based search for new subtili-
sins from Bacillaceae (Falkenberg et al. 2022a). The cod-
ing sequences of aprE_P. marinus for the protease SPPM,
aprE_M. indicus for SPMI, aprE_A. haloalkaliphilus for
SPAH and aprE_L. alkalitelluris for SPLA were amplified
as described in methods and fragments of 1172 bp, 1152
bp, 1151 bp and 1148 bp were obtained, respectively. The
PCR products containing the sequence for the signal pep-
tide, the propeptide and the peptidase unit of the proteases
were cloned into the vector pFF-RED and transferred into
B. subtilis DB104. Successful transformation was checked
with arising clearing zones on LB agar plates complemented
with 2.5% (w/v) skim milk around the colonies and was ana-
lysed by plasmid preparation and restriction analysis. The
DNA sequences of the cloned genes were determined by
Sanger sequencing and verified that they were identical to
the genomic nucleotide sequences of the four aprE genes.

Homology modelling and bioinformatic analysis

The aprE genes from M. indicus DSM 16189 and A. haloal-
kaliphilus DSM 52717 comprise 1128 bp each and encode
proteins of 375 amino acids. The aprE gene from L. alkali-
telluris DSM 16976 comprises 1131 bp encoding a protein
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of 376 amino acids. The aprE gene from P. marinus DSM
16465 comprises 1152 bp encoding a protein of 383 amino
acids. In this case, we corrected the automatic annotation by
extension of the ORF by eight codons at the 5-end, leading
to a TTG start codon. The signal peptide prediction revealed
the presence of a Sec signal peptide for all four selected
proteases with a probability above 97% (Fig. 1). The pro-
peptides were identified by multiple sequence alignment
and are marked in Fig. 1. The MSA shows that SPAH has a
double insertion within a loop between position 42 and 43
in contrast to BPN' (numbering refers to the mature part of
BPN’). In comparison to the other investigated proteases,
SPAH has an insertion between position 159 and 160. At
the C-terminus, SPPM displays an extension of ten amino
acids in comparison to BPN' and nine amino acids in com-
parison to SPAH. Without these nine amino acids, the theo-
retical mass of SPPM is 27.90 kDa, which is congruent to
the MALDI-TOF MS analysis as shown later. For the phy-
logenetic analysis and the homology modelling, the SPPM
mature part without its probable C-terminal extension was
used. The in silico analysis of mature proteins revealed a
molecular mass of 27.48 kDa and a pI of 5.5 for SPMI, 27.47
kDa and a pI of 5.1 for SPLA, 28.6 kDa and a pI of 4.3 for
SPAH and 27.90 kDa and a pl of 4.2 for SPPM without the
C-terminal extension, The catalytic triad consists of Asp™?,
His* and Ser”" in SPPM, SPMI and SPLA and Asp™?, His®
and Ser”** in SPAH (numbers based on the mature protease
sequences).

The amino acid sequences of the peptidase unit of the
four proteases were aligned and compared in a phylogenetic
tree with well-characterised proteases of the three subtilisin
families (true, phylogenetically intermediate, high-alkaline)
retrieved from the UniProt (The UniProt Consortium 2021)
and MEROPS database (Rawlings et al. 2018) as well as our
previously characterised high-alkaline subtilisin from Alka-
lihalobacillus okhensis K10-1017 (Falkenberg et al. 2022b)
(Fig. 2). There, SPAH is clearly a member of the PIS sub-
group with a sequence identity of 73.4% to LD1 from Bacil-
lus sp. KSM-LD1 (Saeki et al. 2003), 57.7% to ALTP from
Alkaliphilus transvaalensis (Kobayashi et al. 2007), and a
more distant relationship to the well-characterised true sub-
tilisins BPN' (53.1%) (Matsubara et al. 1965) and the high-
alkaline subtilisin Savinase from Lederbergia lenta (for-
merly Bacillus lentus) (55.4%) (Betzel et al. 1992). SPPM,
SPLA and SPMI cluster together within the subgroup of true
subtilisins. The sequence identity between SPPM and SPLA
is 76.4% and between SPPM and SPMI 69.8%, while the
sequence identity between SPLA and SPMI is 78.6%. The
highest sequence identity to the well-characterised subtilisin
Carlsberg (Smith et al. 1966) was displayed by SPLA with
74.8%. A more detailed phylogenetic comparison with all
subtilisin sequences from Bacillaceae was reported before
(Falkenberg et al. 2022a).

A homology modelling of the four mature proteases is
shown in Fig. S1. The C-score of the models of SPPM and
SPMI is 1.52 and of SPLA and SPAH 1.51 and 1.40, respec-
tively. The C-score ranges from —5 to 2 and higher values
indicate higher confidence of the model (Zhang 2008). A
high TM-score (template modelling) is indicated for BPN'
(PDB: 1S01) with 0.997 for SPPM, 0.995 for SPAH, 0.977
for SPMI and 0.966 for SPLA, where a TM-score of 1 sug-
gests a perfect match between two structures (Zhang and
Skolnick 2004). As mentioned above, SPPM contains a
presumably nine amino acid long C-terminal extension,
and when the 3D structure is calculated with this exten-
sion, this extension projects away from the core molecule
(data not shown). By using the Swiss-PdbViewer, the 3D
structures were used to calculate the electrostatic potential
at pH 7.0 as shown in Fig. 3. All four proteases are mainly
negatively charged around the active site, while on the back
side SPPM and SPAH are completely negatively charged.
SPMI shows a more neutral to positive charge, while SPLA
is more negatively charged but shows some neutral to posi-
tive charged areas at the back side. The in silico analysis of
the homology models for Ca**-binding sites suggested that
all four proteases harbour two potential Ca**-binding sites.
The side chains GIn® and Asp*! and several side chains of
the loop-forming residues 75-81 including Leu’, Asn”,
Leu™ (SPPM and SPLA), Val” (SPMI and SPAH) and Val®'
(Savinase numbering) are involved in the first Ca®*-binding
site. The side chains Ala'®, Tyrm, val'’* (SPPM and
SPLA) and Ala'™ (SPMI and SPAH) are involved in the
second Ca**-binding site.

Recombinant protease production and purification

Culture supernatants produced from recombinant B. subti-
lis DB104 in a 1-L fermentation showed activity with suc-
AAPF-pNA as substrate of 63 U/ml for SPPM, 69 U/ml
for SPMI, 73 U/ml for SPLA and 18 U/ml for SPAH. The
four supernatants were used for a three-step purification
process as described previously (Falkenberg et al. 2022b).
The successful purification of the four proteases to apparent
homogeneity was confirmed via SDS-PAGE (Fig. 4). The
proteases SPPM and SPAH migrate at approximately 35 kDa
in contrast to the theoretical molecular mass of 27.9 and 28.6
kDa, respectively. SPMI and SPLA migrate also higher than
the theoretical molecular mass of 27.5 kDa at approximately
30 kDa. The MALDI-TOF MS analysis revealed a molecular
mass of 27.49 kDa for SPMI, 27.48 kDa for SPLA, 28.60
kDa for SPAH and 27.97 kDa for SPPM (Fig. S2).

Purified SPPM and SPMI had specific activities of 208
and 160 U/mg for the suc-AAPF-pNA substrate and 1371
and 1085 U/mg for azocasein, respectively. Purified SPLA
and SPAH had a specific activity of 233 and 314 U/mg for
the AAPF substrate and 1036 and 2719 U/mg for azocasein.
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«Fig.1 SPPM, SPMI, SPLA, SPAH, Savinase (WP_094423791.1),
subtilisin Carlsberg (WP_020450819.1) and BPN' (WP_013351733.1)
within a multiple sequence alignment. The alignment was calculated
using Clustal Omega and analysed using ESPript 3.0 and Savinase
(PDB: 1C9J) as a template. Solid blue and green bars indicate the
propeptide and signal peptide sequence of Savinase. Individual signal
peptide cleavage sites are marked with a red bar. Helices are marked

with squiggles, p-strands with arrows, and turns with TT letters. The

residues of the catalytic triad are marked by orange boxes (Asp'®,

- 173 32 : :
His'™, Ser’*®; Savinase numbering)

The analysis of the isoelectric point of the purified and
rebuffered proteases showed a pl for SPPM of approx. 4.3,
which is near the predicted plI of 4.2 (Fig. S5). For SPMI,
a pl of approx. 5.5 was measured, which corresponds to
the theoretical value. Furthermore, SPLA showed a pI of
approx. 5.0, close to the theoretical pI of 5.1, and SPAH had
a pl of approx. 4.9, which deviates from the theoretical pl
of 4.3. All four proteases have an acidic pI and an AB ratio
above 1.0 with a high number of Asp residues (Table S2).

Effects of temperature and pH on enzyme activity
and stability

The influence of temperature on enzyme activity was inves-
tigated in a temperature range from 20 to 90 °C at a pH of
8.6, as described in the methods section (Fig. 5). The activity
of SPLA and SPMI gradually increased from 20 °C to the
optimum of 70 °C and decreased to 48 and 47% residual
activity at 90 °C, respectively. The lowest temperature opti-
mum of 50 °C showed SPAH, and activity measurement was
only possible up to 75 °C with residual activity of 14%. The
temperature profile is comparable to that of SPPM with an
optimum at 55 °C and 17% residual activity at 80 °C.

Enzyme stability towards different temperatures was
investigated either by incubation at 20 and 50 °C or by moni-
toring thermal protein unfolding in a thermal shift assay.
Figure 6 shows the remaining protease activity during an
incubation at 20 and 50 °C for 4 h. The activity of SPPM,
SPLA and SPAH remained quite stable with a residual activ-
ity of over 75% after 4 h, while SPMI lost 85% of its activity
in this period. The loss of activity was more distinct during
incubation at 50 °C. While SPPM and SPMI lost all their
remaining activity after 4 h at 50 °C, SPAH retained 10%
and SPLA 52% of their activity. However, a comparison of
the temperature stability of proteases is difficult due to the
possible autoproteolysis during incubation. In order to moni-
tor thermal protein unfolding instead of autoproteolysis, the
proteases were tested in a thermal shift assay. Proteases
were inhibited with phenylmethylsulfonyl fluoride (PMSF)
and denaturation curves were recorded (Fig. S4). SPMI and
SPLA revealed melting points (T,,) of 62.5 and 61.5 °C,
respectively. It was not possible to obtain a melting curve
for SPPM and SPAH.

At a pH range of 5.0-12.0 showed all four proteases a
comparable pH profile until pH 11.0 (Fig. 7). For SPPM and
SPMI, the highest activity was observed at pH 9.0-9.5. The
relative activities at pH 5.0 and 12.0 were 1% and 63% for
SPPM and 4% and 62% for SPMI. SPLA and SPAH showed
pH optima at pH 9.0 and 10.0, respectively. The relative
activities at pH 5.0 and 12.0 were 7% and 91% for SPLA and
5% and 37% for SPAH. The stability test of the proteases at
different pH values showed that all four proteases retained
a residual activity of at least 65% at pH 5.0, 94% around the
pH optimum and 83% at pH 12.0 (Fig. S3).

Effect of SDS and H,0, on enzyme activity

The activity of the four proteases after 1-h incubation with 1
and 5% SDS (w/v) at 10 °C showed that they possess a high
stability towards SDS (Table 1). All proteases exhibited an
enhanced activity after incubation with 1% SDS of up to
178% (SPLA). After incubation with 5% SDS, only SPPM
revealed a reduced residual activity of 76%, while SPLA
with 97% residual activity showed almost no decrease. SPMI
displayed the highest stability and had a residual increased
activity of 165% after incubation with 5% SDS.

The influence of 1 and 5% (v/v) H,0, is shown in Table 1.
After 1 h of treatment with 1% H,0,, all proteases showed
a high residual activity of 78 to 92%. Treatment with 5%
H,0, reduced the remaining activity to 31-40%. PMSF is a
classical inhibitor for serine proteases (North 1982), and the
incubation of the four serine proteases SPPM, SPMI, SPLA
and SPAH with | mM PMSF led to a complete inhibition
(Table 1).

The purified proteases were incubated with 1 and 5%
(v/v) H,0,, 1 and 5% (w/v) SDS and 1 mM PMSF in 10 mM
HEPES-NaOH pH 7.0 for 1 h at 10 °C. Remaining activity
of the proteases incubated in buffer with no additions was
defined as 100%. During the measurement, 0.1 and 0.5%
of H,0, and SDS remained, respectively. All experiments
were performed at least in triplicates and data are shown as
mean values + SD

Effect of NaCl, CaCl, and EDTA on enzyme activity
and stability

In the suc-AAPF-pNA activity assay with different NaCl con-
centrations (0-5 M), the protease SPPM showed the highest
activity without NaCl and the activity gradually decreased with
higher NaCl concentrations to 51% at 5 M NaCl, comparable
to the proteases SPMI and SPLA with 44 and 41% residual
activity (see Fig. 8a). The protease SPAH revealed the highest
activity at 0 M NaCl, which dropped to 60% at 1 M NaCl, but
then displayed no further loss at higher NaCl concentrations.
In addition, the stability of the proteases was investigated in
the presence of salt by incubation with NaCl (0-5 M) in 10
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BAF34115 Alkaliphilus transvaalensis ALTP

WP 146817050.1 Alkalibacillus haloalkaliphilus SPAH
BAD02409.1 Bacillus sp. KSM-LD1 LD1

WP 051255158.1 Po us marinus SPPM

WP 078544469.1 Litchfieldia alkalitelluris SPLA

WP 029565418.1 Metabacillus indicus SPMI
P00780.2 Bacillus licheniformis Carlsberg

P00781.1 Bacillus licheniformis Subtilisin DY

Fig. 2 Phylogenetic tree analysis of SPPM. SPMI. SPLA and SPAH
with various characterised subtilisins from different species of the
family Bacillaceae. The Phylogeny.fr server was used for maximum

mM HEPES-NaOH, pH 8.0 for 2 h at 20 °C (Fig. 8b). SPPM,
SPMI and SPLA were stable with and without NaCl, while
SPAH lost activity with increasing NaCl concentration.

The effect of Ca** on the activity of the proteases was
studied as subtilisins are calcium-dependent and the binding
of Ca®* is essential for enzyme activity and stability (Siezen
etal. 1991). The in silico studies revealed two calcium bind-
ing sites for the four proteases, as mentioned above. When
incubated with or without EDTA, SPPM and SPAH showed
almost no difference in activity (data not shown). Recovery
of activity was not possible for SPLA and SPMI after the
addition of CaCl,.

Proteolytic activity on synthetic peptides

The specificity of the four proteases towards ten synthetic
peptide 4-nitroanilide substrates with three or four amino
acids was analysed (Table 2). With the exception of suc-
AAA-pNA, which is an elastase substrate, all are typical
subtilisin substrates (Georgieva et al. 2001; Bieth et al.
1974). The proteases showed a very low specificity for suc-
YVAD-pNA, suc-TVAA-pNA, suc-AAA-pNA and suc-
AAVA-pNA. Highest activity was displayed for suc-ALPF-
PNA and suc-AGPP-pNA.

Discussion
Subtilisins are extremely versatile serine peptidases from the

subtilase family and due to their properties such as thermo-
stability, broad pH range and broad specificity, of particular
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CA003040.1 Bacillus pumilus sapB

WP 013351733.1 Bacillus amyloliguefaciens BPN

WP 003233171.1 Bacillus subtilis Subtilisin E

Q45523 Bacillus sp. ALP1

CAY10300.1 Alkalihalobacillus gibsonii BgAP

Q99405 Alkalihalobacillus clausii M-Protease

P29600.1 Lederbergia lenta Savinase

WP 095239263.1 Alkalihalobacillus alcalophilus PB92
P20724.1 Bacillus sp. YaB

WP 094190329.1 S8 peptidase Alkalihalobacillus xiaoxiensis
KMK78038.1 S8 peptidase Alkalihalobaciilus pseudalcaliphilus
WP 034632645.1 Alkalihalobacillus okhensis SPAO

WP 003321226.1 S8 peptidase Alkalihalobacillus alcalophilus

likelihood phylogenetic analysis of the peptidase unit. Branch support
is indicated with numbers obtained by approximate likelihood ratio
test (SH-like aLRT)

interest for industrial applications (Azrin et al. 2022). Espe-
cially subtilisins from halophilic or halotolerant Bacillaceae
have a high potential for meeting industrial needs (Salwan
and Sharma 2019; Alberto Cira-Chéavez et al. 2019; Coker
2016). Therefore, in this study, we characterise four sub-
tilisins from halophilic and halotolerant Bacillaceae found
in our previous publication through a data mining search
(Falkenberg et al. 2022a).

The coding sequences of aprE_P. marinus for the pro-
tease SPPM, aprE_M. indicus for SPMI, aprE_A. haloal-
kaliphilus for SPAH and aprE_L. alkalitelluris for SPLA
were amplified. Most subtilases consist of a signal peptide
for translocation, a propeptide for maturation, a protease
domain and sometimes additional domains (Siezen et al.
2007). However, the annotated gene of SPPM would lack
eight amino acids of the signal peptide. In this case, we cor-
rected the automatic annotation by extension of the ORF
by eight codons at the 5™-end, leading to a TTG start codon,
which is not uncommon for Bacillus sp. (Rocha et al. 1999).

When analysing the amino acid sequence of the four pro-
teases in a multiple sequence alignment, shows that SPAH
has a double insertion within a loop between position 42
and 43, and an insertion between position 159 and 160 in
contrast to BPN'. These insertions are typical of phyloge-
netically intermediate subtilisins, as our earlier study shows
(Falkenberg et al. 2022a). Additionally, around position
160 high-alkaline subtilisins have a four-amino acid dele-
tion in common (Falkenberg et al. 2022a), which cannot
be observed for SPPM, SPMI, SPLA and SPAH. Position
160 is within a loop associated with the P1 binding site,
which is the first position N-terminal to the cleavage site and
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Fig.3 Homology models of SPPM, SPMI, SPLA and SPAH with its
calculated protein surface electrostatic potential. Front view of the
active site (left): back side of the active site (right). The red (nega-
tive) and blue (positive) areas show the electrostatic potential at pH
7.0 calculated with the Swiss-PdbViewer

therefore may be involved in P1 preference and steric con-
formation (Wells et al. 1987; Betzel et al. 1992; Yamagata
et al. 1995; Schechter and Berger 1967). In addition, shorter
loops can increase enzyme stability (Gavrilov et al. 2015).
Furthermore, the subtilisins of Bacillus species usually
contain one strong and one weak Ca>*-binding site (Siezen
and Leunissen 1997). The strong Ca**-binding site, which
is conserved in diverse subtilases, requires the side chains
of residues GIn® and Asp*' and several side chains of the

loop-forming residues 75-81, which are also found for the
four proteases (Siezen and Leunissen 1997; Betzel et al.
1992). The occupancy of the weak site is dependent of the
CaCl, concentration in the solution and the side chains
Ala'® Tyr'”, Val'™* (SPPM and SPLA) and Ala'™* (SPMI
and SPAH) are involved (Savinase numbering) (Siezen
et al. 1991; Betzel et al. 1992). When the proteases were
incubated with EDTA, SPPM and SPAH showed nearly no
difference in activity between incubation with and without
EDTA. SPLA and SPMI, however, lost activity. Since Ca**
has a stabilising effect on the protease, this could be due to
a general loss of activity during the incubation with EDTA
(Siezen et al. 1991), which was also observed by others
(Dodia et al. 2008; Thaz and Jayaraman 2014; Vidyasagar
et al. 2009). A protein-engineered version of BPN' led to a
calcium-independent protease that is fully active, but has a
lower thermal stability in the absence of stabilising muta-
tions (Almog et al. 1998).

SPPM, SPMI, SPLA and SPAH migrate higher on the
SDS-PAGE than would be expected on the basis of the theo-
retical masses. A migration behaviour of proteins during
SDS-PAGE deviating from the expected molecular mass
is not uncommon and may occur due to partial refolding
or altered detergent binding (Matagne et al. 1991; Rath
et al. 2009). The MALDI-TOF-MS analysis thus confirmed
the theoretical masses. SPPM displays an extension of ten
amino acids in comparison to BPN' and nine amino acids
in comparison to SPAH at the C-terminus when compar-
ing the amino acid sequences. Without these nine amino
acids, the theoretical mass of SPPM is 27.90 kDa. A mass
of 27.97 kDa was determined by MALDI-TOF MS, close
to the value of 27.90 kDa predicted for the variant lacking
the C-terminal nine amino acids. Therefore, the C-terminus
seems to be processed in an intermolecular process by other
SPPM molecules, as this extension projects away from the
core molecule, supporting the assumption that it is prone to
proteolytic processing. However, it could also be that only
8 amino acids are cleaved off, because with the additional
Ala, the calculated molecular weight would agree with the
experimental one.

The four proteases have a temperature optimum of 50-70
°C, which is in the range of other subtilisins such as subtili-
sin Carlsberg, BPN' and Savinase, which have their optimum
at 65 °C, 55 °C and 60 °C, respectively (Falkenberg et al.
2022b). Comparing the optimal temperatures with the opti-
mal growth temperature of the bacterial origins, differences
of up to 20 °C can be observed. P. marinus and L. alkalitel-
luris, the native hosts of SPPM and SPLA, grow between
15 and 40 °C (Lim et al. 2005; Lee et al. 2008). M. indicus
and A. haloalkaliphilus, the native hosts of SPMI and SPAH,
grow at 4-50 °C and 15-45 °C, respectively (Yoon et al.
2005; Fritze 1996). This observation is consistent with the
study of Engqvist (2018) who reported that proteins from
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Fig.4 SDS-PAGE analysis of recombinant SPPM, SPMI, SPLA and
SPAH. An 8-20% SDS polyacrylamide gel was used for electropho-
resis. Bio-Rad Precision Plus Dual Color length marker (1, 5. 9, 13).
B. subtilis DB104-pFF-RED culture supernatant as negative control

mesophiles (15-50 °C) tend to be catalytically active at
higher temperatures than expected based on the growth
temperature. When analysing the melting point of the four
proteases, it was not possible to obtain a melting point for
SPPM and SPAH. According to Boivin et al., this could be
due to protein precipitation, aggregation, some intrinsically
disordered regions with complicated folding landscape or a
high hydrophobic background masking the melting transi-
tion (Boivin et al. 2013). The high melting point of SPMI
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Fig.5 Activity of purified SPPM, SPMI. SPLA and SPAH at differ-
ent temperatures. Protease activity at temperatures between 20 and 90
°C was measured with the suc-AAPF-pNA assay. Maximum activ-
ity for each protease was defined as 100%: 263 U/mg for SPPM (red
squares), 540 U/mg for SPMI (violet open circles), 1092 U/mg for
SPLA (blue circles) and 371 U/mg for SPAH (green triangles). *The
enzyme was not stable for the intended 5 min. The experiments were
performed in triplicates and data are plotted as means + SD
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(2, 6, 10, 14); B. subtilis DB104 culture supernatant producing SPPM
(3), after purification (4); SPMI (7, 8), SPLA (11, 12), SPAH (15, 16)
before and after purification

and SPLA compared to the value obtained for the subtilisin
SPAO from Alkalihalobacillus okhensis (T of 53.0 °C) cor-
relates with the higher temperature optimum (Fig. 5) (Falk-
enberg et al. 2022b).

Although the proteases do not belong to the high-alka-
line proteases phylogenetically, they showed a high activ-
ity at alkaline pH until pH 12.0, which shows the poten-
tial for various industrial applications (Tekin et al. 2021;
Phrommao et al. 2011; Gurunathan et al. 2021). In par-
ticular, SPLA is characterised by a high residual activity
of 91% at pH 12.0, which is even higher than the residual
activity of 53% of the high-alkaline subtilisin Savinase
(Falkenberg et al. 2022b). The two other true subtilisins
SPPM and SPMI with a residual activity of over 60% also
stand out, as other proteases within this subgroup such
as BPN’, subtilisin Carlsberg and endopeptidase Q show
lower activity with 6, 19 and about 8% relative residual
activity at pH 12.0, respectively (Falkenberg et al. 2022b;
Han and Damodaran 1998). In contrast to SPAH with a
residual activity of 37%, the phylogenetically interme-
diate subtilisin ALTP from Alkaliphilus transvaalensis
showed its pH optimum at a pH above 12.6 (Kobayashi
et al. 2007). The adaptation to higher alkaline conditions
by high-alkaline subtilisins is indicated by an altered sur-
face charge with an increased pl value and, in particular,
by an increased amount of Arg and a reduced amount of
Lys residues (Masui et al. 1998). Interestingly this corre-
lation does not hold with the four investigated proteases,
as they all have an acidic pI and, compared to the two
high-alkaline subtilisins SPAQO and Savinase, a decreased
number of Arg residues and an increased number of Asp
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Fig.6 Temperature stability of purified SPPM, SPMI, SPLA and
SPAH. Stability was studied at 20 °C (a) and 50 °C (b) in 10 mM
HEPES-NaOH buffer, pH 8.0. The suc-AAPF-pNA assay was used
to measure the activity at 30 °C. The activity at 0 min was defined as

residues (Falkenberg et al. 2022b). An increased number
of charged amino acids on the protein surface leads to
better ionic interactions, thus maintaining stability and
solubility (Panja et al. 2020). The stability test of the pro-
teases at different pH values showed that all four proteases
retained a residual activity of at least 65% at pH 5.0, 94%
around the pH optimum and 83% at pH 12.0 (Fig. S3).
This is comparable to other subtilisins as previously dis-
cussed (Falkenberg et al. 2022b).

When incubated with 1 and 5% SDS (w/v), SPPM, SPMI,
SPLA and SPAH all show high stability towards SDS. As
reported in our previous study, the three known proteases
subtilisin Carlsberg, BPN' and Savinase also showed higher
activities after incubation with 1 and 5% (w/v) SDS than
without (Falkenberg et al. 2022b). Instead of supporting pro-
tein unfolding, SDS can help to achieve a favourable protein
conformation in some subtilisins, as has been reported for
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Fig.7 SPPM. SPMI, SPLA and SPAH activity at different pH. The
test was performed with the suc-AAPF-pNA assay in the pH range of
5.0-12.0 at 30 °C. Maximum activity for each protease was defined
as 100%: 98 U/mg for SPPM (red squares), 104 U/mg for SPMI (vio-
let open circles), 201 U/mg or SPLA (blue closed circles) and 176 U/
mg for SPAH (green triangles). The experiments were performed in
triplicates and data are plotted as mean values + SD
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100%: 121 U/mg for SPPM (red squares), 151 U/mg for SPMI (vio-
let open circles), 212 U/mg for SPLA (blue closed circles) and 197
U/mg for SPAH (green triangles). The experiment was performed in
triplicates and data are plotted as means + SD

other subtilisins as well (Falkenberg et al. 2022b; Bhatt and
Singh 2020; Joshi and Satyanarayana 2013; Thebti et al.
2016). For a salt-tolerant and thermostable protease from
B. subtilis, no loss of activity was observed even at an SDS
concentration of 10% (w/v) (Kembhavi et al. 1993), Rekik
et al. reported for an alkaline serine protease from Bacillus
safensis RH12 a reduction of the residual activity to 90 and
60% after incubation with 1 and 5% SDS (Rekik et al. 2019).
However, for SPAO from A. okhensis, incubation with SDS
led to a complete loss of activity, which is quite unusual for
highly-alkaline subtilisins (Falkenberg et al. 2022b).

When analysing stability against H,0,, the four new pro-
teases are highly stable against oxidation, contrary to Savi-
nase, subtilisins Carlsberg and BPN', which lost up to 92%
of their activity (Savinase) under these conditions (Falken-
berg et al. 2022b). However, our previously reported high-
alkaline subtilisin SPAO showed an even higher resistance
to H,0, with an increased activity of 108% at 1% H,0, and
a remaining activity of 58% after incubation with 5% H,0,
(Falkenberg et al. 2022b). The sensitivity to H,O, is prob-
ably due to a conserved methionine near the catalytic serine,
which is oxidised to its sulphoxide. The sulphoxide oxygen
is directed towards the oxyanion hole and destabilises the
tetrahedral intermediate formed with the carbonyl group
of the substrate (Stauffer and Etson 1969; Bott et al. 1988;
Bryan et al. 1986). The comparison of the obtained data with

Table 1 Influence of SDS, H,0, and PMSF on enzyme activity

Protease Residual protease activity (%)

1% SDS 5% SDS 1% H,0, 5%H,0, 1mM PMSF
SPPM 121+4 76+2 92+4 41 +0 0+0
SPMI 178 +4 165+1 811 T2 0+0
SPLA 108+4 97+3 78x+2 40+ 1 0+0
SPAH 120+7 106+2 89+1 40+2 0£0

2} Springer



67

Applied Microbiology and Biotechnology

a
1254
= - SPPM
= -©- SsPMI
Z 1007 - sPLA
3 ——~ SPAH
o 75
@ "
@
2
o 50+
a
2
T 2549
Q
4
0 T T T T T T
0.0 1.0 20 3.0 4.0 50
NaCl [M]

Fig.8 The effect of NaCl on the activity (a) and stability (b) of the
purified proteases SPPM, SPMI. SPLA and SPAH. Experiment
was performed with the suc-AAPF-pNA assay at 30 °C with differ-
ent NaCl concentrations (05 M). Maximum activity for each pro-
tease was given as 100%: 551 U/mg for SPPM, 601 U/mg for SPMI,
337 U/mg for SPLA and 207 U/mg for SPAH. The proteases were

literature data is difficult due to the different experimen-
tal conditions. Subtilisin LD1 from Bacillus sp. KSM-LDI
maintained 40% of its activity after incubation with 3.4%
(v/v) H,0, at 30 °C for 30 min, and a protease from Bacil-
lus patagoniensis was not affected by H,O, (10% v/v) after
incubation for 30 min at 25 °C (Olivera et al. 2006; Saeki
et al. 2003).

With regard to tolerance and activity under saline con-
ditions, it is interesting to look at the bacterial origin. A.
haloalkaliphilus, the native host of SPAH, grows at salt
concentrations between 1 and 20% with an optimum of 5%,
while P. marinus, the origin of SPPM, grows between 1 and
9% NaCl with an optimum between 2 and 5% (Lim et al.
2005; Weisser and Triiper 1985). SPMI and SPLA derive
from halotolerant bacteria, with L. alkalitelluris growing
between 0 and 4% NaCl and M. indicus between 0 and 12%

126+

100+

75+

0 SPPM

SPMI
SPLA
SPAH

25+

Remaining protease activity (%] ©

T T T T T
2

NaCl [M]

=1 4

incubated in 10 mM HEPES-NaOH buffer, pH 8.0, with the indi-
cated NaCl concentrations to test the stability. Residual activity was
assayed after 2-h incubation at 20 °C with the suc-AAPF-pNA assay
in standard buffer at pH 8.6. The initial activity at each NaCl concen-
tration was considered as 100% activity. The experiments were per-
formed in triplicates and data are given as mean values + SD

NaCl. Both species show an optimum between 0 and 1%
NaCl (Lee et al. 2008; Yoon et al. 2005). Interestingly, the
proteases are still active at NaCl concentrations at which the
bacterial strains no longer grow. The highest activity was
found for all proteases without NaCl, while for the two halo-
philic strains at least 1% NaCl is required for growth. The
PIS enzyme SPAH maintained its activity after an initial loss
of activity, whereas the three true subtilisins SPMI, SPPM
and SPLA constantly lost activity. The activity of the previ-
ously investigated high-alkaline subtilisins is even induced
by high salt concentrations (Falkenberg et al. 2022b). In
contrast to the true subtilisins studied here, BPN', which
belongs to the same subgroup, showed higher activity with
increasing NaCl levels (Falkenberg et al. 2022b). This is
probably because BPN' has five of the seven amino acid
positions identified that are beneficial for salt adaptation

Table 2 Substrate specificities of the indicated proteases against 10 synthetic substrates (suc-XXXX-pNA)

Protease Relative activity (%)
FAAF AAA AAVA ALPF AGPF AAPF TVAA YVAD AGPP AAPL

SPPM 25 1 3 140 97 100 (190 U/mg) 1 2 127 78
SPMI 44 1 3 139 88 100 (223 U/mg) 1 1 146 68
SPLA 26 1 3 130 100 100 (93 U/mg) 1 2 173 T3
SPAH 32 1 3 140 102 100 (159 U/mg) 1 1 157 67
SPAO*® 753 12 21 127 107 100 (42 U/mg) 3 3 216 34
Subtilisin Carlsberg® 57 0 2 60 90 100 (570 U/mg) 1 147 104
Savinase” 605 8 22 117 96 100 (180 U/mg) 5 5 144 12
BPN™ 96 0 6 106 96 100 (181 U/mg) 0 0 61 67

Kinetic experiments were performed with 17 mM substrate at 30 °C in 0.1 M Tris-HCI buffer pH 8.6 containing 0.1% (w/v) Brij®35 for 5 min.
The experiments were performed in triplicates and the standard deviation was <5%. Enzyme activity against AAPF was defined as 100% relative

activity
“Falkenberg et al. (2022b)
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(Takenaka et al. 2022). The finding that SPAH lost more
activity at higher NaCl concentrations could be related to the
constant activity at high salt concentrations and thus a higher
autoproteolytic activity, which was also observed for sub-
tilisin Carlsberg (Falkenberg et al. 2022b). No loss of activ-
ity at up to 5 M NaCl was also reported for a salt-tolerant
and thermostable protease from B. subrilis (Kembhavi et al.
1993). Although the mechanism of halotolerance is not yet
fully understood, a charged surface of the protein leads to
increased hydration of the enzyme surface, which provides
protection against aggregation at high salt concentrations
(Mokashe et al. 2018; Takenaka et al. 2018). In addition to
predicting adaptation to higher pH values by looking at the
charge on the protein surface, this can also be used to pre-
dict salt tolerance. This is indicated by an acidic isoelectric
point and the ratio of glutamate, aspartate to lysine, histidine
and arginine (AB ratio) (Rhodes et al. 2010; Mokashe et al.
2018). All four proteases have an acidic pI and an AB ratio
above 1.0 with a high number of Asp residues (Table S2).
Whereas the surface charge of high-alkaline subtilisins is
predominantly positive, it is predominantly negative for the
four proteases of this study (Fig. 3). As mentioned above,
salt adaptation is increased by a high number of negative
or positive charges on the surface of the enzyme (Takenaka
et al. 2022). The differences in the AB ratio of all residues
seems to have no influence on the salt tolerance, as the AB
ratio of SPPM (1.9) and SPAH (1.7) is quite high, but much
lower for SPMI (1.0) and SPLA (1.1) (Fig. 3, Table S2).

Most subtilisins have broad substrate specificity and
mainly have a nutritional role by supplying peptides and
amino acids for cell growth (Siezen and Leunissen 1997).
Variations in substrate specificity occur due to modulations
of residues in the substrate-binding region, especially whose
side chains interact with substrate residues P1 and P4, which
dominate substrate preference in subtilisins (Siezen and
Leunissen 1997; Gron et al. 1992). The use of ten synthetic
peptide 4-nitroanilide substrates with three or four amino
acids makes it possible to compare the preference with oth-
ers. As we have previously reported, the high-alkaline sub-
tilisin SPAO and Savinase revealed the highest activity for
suc-FAAF-pNA, while BPN’ preferred suc-ALPF-pNA and
the subtilisin Carlsberg suc-AGPP-pNA, which is compara-
ble to the preferences of the proteases from this work (Falk-
enberg et al. 2022b). Georgieva et al. showed for several
subtilisins and proteinase K that they show lower activity
when alanine, glutamate, lysine or valine are in position P1
nomenclature of Schechter and Berger (1967) (Georgieva
et al. 2006). Based on the substrate specificity, SPPM, SPMI,
SPLA and SPAH can be regarded as typical subtilisins.

In summary, we describe the production, purification
and biochemical characterisation of the four extracellular

subtilisin proteases SPPM, SPMI, SPLA and SPAH. The
sequences were obtained from a data-mining search for new
subtilisins from Bacillaceae, as this family has proven to
be a valuable source of alkaline proteases with industrial
applications. The genes were isolated from the two halo-
philic bacteria P. marinus DSM 16465" and A. haloalka-
liphilus DSM 52717 and the two halotolerant species M.
indicus DSM 16189 and L. alkalitelluris DSM 16976". The
proteases showed high halotolerance up to 5 M NaCl and
activity within a broad pH spectrum of pH 5.0-12.0 with an
optimum between pH 9.0-10.0. The optimum temperature
was found to be 50 and 55 °C for SPAH and SPPM and 70
°C for SPMI and SPLA. In addition, a high stability towards
5% (w/v) SDS and a good stability towards 5% (v/v) H,O,
were observed. With their biochemical properties, the four
proteases show the potential for future biotechnological
applications and that bacteria of halotolerant or halophilic
origin are a promising source for novel enzymes.
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Subtilisins from microbial sources, especially from the Bacillaceae family, are
of particular interest for biotechnological applications and serve the cur-
rently growing enzyme market as efficient and novel biocatalysts. Biotechno-
logical applications include use in detergents, cosmetics, leather processing,
wastewater treatment and pharmaceuticals. To identify a possible candidate
for the enzyme market, here we cloned the gene of the subtilisin SPFA from
Fictibacillus arsenicus DSM 158227 (obtained through a data mining-based
search) and expressed it in Bacillus subtilis DB104. After production and
purification, the protease showed a molecular mass of 27.57 kDa and a pl of
5.8. SPFA displayed hydrolytic activity at a temperature optimum of 80 °C
and a very broad pH optimum between 8.5 and 11.5, with high activity up to
pH 12.5. SPFA displayed no NaCl dependence but a high NaCl tolerance,
with decreasing activity up to concentrations of 5 M NaCl. The stability
enhanced with increasing NaCl concentration. Based on its substrate prefer-
ence for 10 synthetic peptide 4-nitroanilide substrates with three or four
amino acids and its phylogenetic classification, SPFA can be assigned to the
subgroup of true subtilisins. Moreover, SPFA exhibited high tolerance to
5% (w/v) SDS and 5% H,0, (v/v). The biochemical properties of SPFA,
especially its tolerance of remarkably high pH, SDS and H-0,, suggest it has
potential for biotechnological applications.

Hydrolytic enzymes produced by microorganisms play
a crucial role in a variety of industrial applications due
to their commercial value. Here, the largest market
share is accounted for by subtilisins or alkaline prote-
ases from microbial sources, particularly from the Bacil-
laceae family [1.2]. Subtilisins are a group of subtilases
classified in the MEROPS database as S8, one of the

Abbreviations

largest families of serine peptidases [3]. Subtilisins can
be further structured into true subtilisins, phylogeneti-
cally intermediate subtilisins (PIS), high-alkaline subtili-
sins and intracellular subtilisins, among others [4-6]. In
Bacilli and related bacteria, intracellular subtilisins form
the main component of the degradome, while extracellu-
lar subtilisins primarily contribute to nutritional

aa, amino acid; aprE, extracellular alkaline protease gene; bp, base pairs; EDTA, ethylenediaminetetraacetic acid; HEPES, 4-(2-hydroxyethyl}-
1-piperazineethanesulfonic acid; IEF, isoelectric focussing; LB, lysogeny broth; LM, length marker; MALDI-TOF-MS, matrix-assisted laser
desorption ionisation—time-of-flight mass spectrometry; MSA, multiple sequence alignment; PAGE, polyacrylamide gel electrophoresis;
PCR, polymerase chain reaction; PDB, protein data bank; pl, isoelectric point; PIS, phylogenetically intermediate subtilisins; PMSF,
phenylmethylsulfonyl fluoride; pNA, para-nitroanilide; SDS, sodium dodecyl sulphate; SPFA, subtilisin protease F. arsenicus, suc, N-succinyl;

Tin, melting temperature.
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provisioning due to their broad substrate specificity
[4.7.8]. In particular, the genus Bacillus has been recog-
nised as a valuable source of alkaline proteases such as
subtilisin Carlsberg, Savinase, BPN" and PB92, which
are mainly used as active ingredients in detergents due
to their properties, such as good performance against
proteinaceous stains, high stability towards components
of the detergent matrix and high operating temperatures
[9.10]. In addition, they are used in industrial applica-
tions such as food processing, wastewater treatment and
cosmetics instead of aggressive chemicals [9,11.12].
Because of their industrial importance, subtilisins have
been intensively studied for their biological function in
order to understand the mechanism of catalysis and the
structure—function relationship [13]. An extracellular
subtilisin typically has a molecular weight of about
27 kDa, consists of a signal peptide, propeptide and a
peptidase domain and is secreted as a precursor of
about 39 kDa [14-16].

Nature holds with its almost unlimited microbial
biodiversity great potential for enriching the repertoire
of known and new enzymes [17]. However, the classi-
cal approach of isolation and cultivation of microor-
ganisms from a specific environment with the
extraction of genomic DNA or the purification of pro-
teins and gene identification is a time and labour-
intensive procedure [18]. The increasing number of
genomic or metagenomic sequencing projects, which
provide an exponentially growing amount of data on
uncharacterised proteins due to automatic annotation,
offers an alternative source for finding new protease
genes for industrial applications [19]. We recently ana-
lysed this unused information and conducted a search
for new uncharacterised subtilisins from the Bacilla-
ceae family [6]. These sequences were phylogenetically
categorised into the subgroups true subtilisins, PIS and
high-alkaline subtilisins. Here, we selected a sequence
from the phylogenetic tree of true subtilisins obtained
from Fictibacillus arsenicus DSM 158227 for biochemi-
cal characterisation, as the sequence originates from
a yet unexplored sequence section. F. arsenicus is a
Gram-positive, endospore-forming and  arsenic-
resistant bacterium, which was isolated from a concre-
tion of arsenic ore obtained from a borehole in India
by Shivaji et al. [20]. The strain grows optimally at a
temperature of 30 °C and a pH of 7.0, while also tol-
erating up to 1.0% NaCl. The bacterium was initially
classified as Bacillus arsenicus in 2005 and then reclas-
sified as Fictibacillus arsenicus [21].

Research into more robust subtilisins with polyextre-
motolerant properties is not only scientifically crucial
to better understand the mechanism of enzyme adapta-
tion but is also of huge practical importance for
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the development of proteolytic biocatalysts with
enhanced versatility in relation to different extreme
conditions that are often encountered in industrial
applications. Here, we report on the gene for
subtilisin WP_077360649 from Fictibacillus arsenicus
DSM 15822", which was cloned, overexpressed in
B. subtilis DB104 and purified by ion-exchange chro-
matography. This is the first report on the biochemical
characterisation of a recombinant subtilisin protease
from F. arsenicus (SPFA) and for the first time from
the genus Fictibacillus.

Material and methods

Bacterial strains and growth conditions

Fictibacillus arsenicus DSM 158227 was purchased from the
German Collection of Microorganisms and Cell Cultures
GmbH (DSMZ) and cultivated in medium 220 with
10 mg-L'I MnSO, at a temperature of 30 °C as recom-
mended by the DSMZ. The InnuSPEED Bacteria/Fungi
DNA Kit (Analytik Jena™, Jena, Germany) was used for
genomic DNA preparation from an overnight culture.
Bacillus subtilis DB104 was used for cloning and protein
production and cultivated in LB medium (Luria/Miller;
Carl Roth, Karlsruhe, Germany) at 37 °C [22].

Plasmid construction/cloning and bioinformatic
analysis

For recombinant protease production with B. subtilis
DB104, pFF-RED, a pBCl6-based expression plasmid
(Acct. No. U32369.1) [23]. was used as previously described
[24]. The DNA sequence encoding the gene for SPFA,
including the signal peptide, the propeptide and the pepti-
dase domain, was amplified from the genomic DNA in a
polymerase chain reaction (PCR) using the Phusion®
Hot Start II high-fidelity polymerase (Thermo Fisher Scien-
tific GmbH, Karlsruhe, Germany) according to the manu-
facturer’s recommendations. The NCBI reference sequence
NZ_MQMF01000001.1 was used to design primers
for the aprE gene (extracellular alkaline protease) of WP_
077360649 [25,26]. The oligonucleotides for PCR were
obtained from Eurofins Genomics GmbH (Ebersberg, Ger-
many; Table S1). Cloning and transformation were per-
formed as previously described [27]. Bioinformatic analysis
of the amino acid sequence, homology modelling and mul-
tiple sequence alignment (MSA) as previously reported [27].

Recombinant protease production and
purification

A 1-L scale DASGIP® parallel reactor system (DASGIP,
Jiilich, Germany) was used for the production of SPFA by
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Bacillus subtilis DB104 as previously described [24]. Suc-
cessful production was confirmed by SDS/PAGE (sodium
dodecyl sulphate-polyacrylamide gel electrophoresis) and
by a proteolytic activity assay using suc-AAPF-pNA (V-
succinyl-Ala-Ala-Pro-Phe-p-nitroanilide) and azocasein as
substrate. Protease purification was performed as previ-
ously detailed [24]. For SPFA, an anion exchanger (25 mL
Q-Sepharose FF, GE Healthcare, Chicago, IL, USA) and a
pH of 8.0 for running (10 mm HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid)-NaOH buffer) and elution
buffer (10 mm HEPES-NaOH, 1 m NaCl) was used.

Enzyme activity assay

The determination of hydrolytic activity was performed
by using the tetrapeptide substrate suc-AAPF-pNA
(BACHEM, Bubendorf, Switzerland) at 30 °C in 100 mm
Tris—-HCI buffer, pH 8.6, containing 0.1% (w/v) Brij®35 as
[24.28]. Azocasein (Sigma-Aldrich,
Schnellendorf, Germany) was used as a more complex sub-
strate at 37 °C in 100 mm Tris—HCI buffer, pH 8.6, as pre-
viously described [24.29]. In addition, various synthetic 4-
nitroanilide substrates were used to determine the substrate
specificity of SPFA as previously reported [24].

described elsewhere

Protein electrophoresis, measurement and
analytical methods

Protein concentration was quantified using Roti®Nano-
quant (Carl Roth) with bovine serum albumin fraction V
(Carl Roth) as reference according to the manufacturer’s
recommendations. The molecular mass of the purified
SPFA was analysed by SDS/PAGE and matrix-assisted
laser desorption ionisation time-of-flight mass spectrometry
(MALDI-TOF-MS). as previously described [24]. For the
determination of the isoelectric point (pl). purified SPFA
was rebuffered in 10 mm HEPES-NaOH pH 8.0 using cen-
trifugal spin columns (VWR, Radnor, PA, USA) with a
molecular mass cut-off of 3 kDa. Isoelectric focussing—
polyacrylamide gel electrophoresis (IEF-PAGE) was per-
formed using an IEF SERVALYT™ PRECOTES™ 3-10
gel (SERVA, Heidelberg, Germany) according to the man-
ufacturer’s recommendations.

Effects of pH and temperature

The pH optimum was determined in 0.1 M Tris-maleate
buffer (pH 5.0-7.0), 0.1 m Tris-HCl (pH 7.0-9.0) and
0.1 M glycine-NaOH (pH 9.0-12.5) at 30 °C using the suc-
AAPF-pNA assay. The stability of SPFA at different pH
levels was assayed by preincubating SPFA in said buffers
for 24 h at 4 °C and residual activities were measured
under standard reaction conditions for the suc-AAPF-pNA
assay. For the determination of the melting point, the
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fluorescent dye SYPRO™ Orange (Thermo Fisher Scientific
GmbH) was used in the thermal shift assay as previously
described [24]. Temperature stability was investigated by
measuring the residual activity after incubation of SPFA in
10 mm HEPES-NaOH, pH 8.0, at 20 and 50 °C for 3 h, as
previously detailed [24].

Effects of different additives

To test the impact of additives, 1 and 5% (w/v) SDS and 1
and 5% (v/v) H205 were added to the enzyme solution and
incubated for 1 h at 10 °C in 10 mm HEPES-NaOH, pH
8.0. The inhibition of SPFA with PMSF was investigated
by incubating SPFA in 10 mm HEPES-NaOH with 1 mm
PMSF, pH 8.0, for 30 min on ice. Standard suc-AAPF-
pNA activity assay was used to determine the residual
activity. To investigate the influence of NaCl (0-5 m) on
SPFA, hydrolytic activity was measured using the above-
described suc-AAPF-pNA assay with the addition of NaCl
in the reaction buffer as previously reported [24]. In addi-
tion, stability at different NaCl concentrations (0-5 M) was
investigated by incubating SPFA in 10 mm HEPES-NaOH,
pH 8.0, at 20 °C for 2 h. The effect of ethylenediaminete-
traacetic acid (EDTA) was investigated by incubating the
protease for 12 h at 4 °C with 20 mm EDTA as previously
described [24]. The influence of different metal ions was
investigated by incubating the protease with 1 mm each of
MgS0s, ZnCls, MnCls, CaCls, CoCls, NiSO., FeSO, and
CuSO, in 10 mm HEPES for 1 h at room temperature.
Standard suc-AAPF-pNA activity assay was used to deter-
mine the residual activity.

Results

Cloning and expression of aprE_F. arsenicus in
B. subtilis DB104

The uncharacterised protease SPFA was chosen from
our previous report on a data mining approach screen
for new subtilisins from Bacillaceae. as it displays a
more distant sequence homology to known subtilisins
[6]. The coding sequence of aprE_F. arsenicus for the
protease SPFA, including the signal peptide. the pro-
peptide and the peptidase domain, was amplified, and
a fragment of 1147 bp was obtained. The PCR prod-
uct was cloned into the vector pFF-RED. The trans-
formation of B. subtilis DB014 was verified by the
emerging clearing zones on LB agar plates with 2.5%
(w/v) skim milk around the colonies and analysed by
plasmid preparation and restriction analysis. Sequence
data obtained by Sanger sequencing confirmed that it
was identical to the genomic nucleotide sequence of
the aprE_F. arsenicus gene available in GenBank.
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Bininfonmatic snalysss was identified and is labelled in Fig. 1. An S8 pepti-
The aprE gene from Fictibacillus arsenicus DSM dase domain containing 275 amino acids, a 32-aa sig-
158227 comprises 1140 bp encoding a protein of 380 nal peptide and a 73-aa propeptide were identified.
amino acids (aa). The signal peptide prediction The in silico analysis of mature SPFA showed a molec-
revealed the presence of a Sec signal peptide with a ular mass of 27.57 kDa and a pl of 5.8. The catalytic
probability above 99%. Using MSAs, the propeptide triad consists of Asp®®, His® and Ser”' (numbers
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Fig. 1. Multiple sequence alignment (MSA) of SPFA with Savinase (WP_094423791.1), subtilisin Carlsberg (WP_020450819.1) and BPN'
(WP_013351733.1). cLustaL omeca was used for the alignment [59]. ESPript 3.0 with Savinase (PDB: 1C9J) as a template was used to
analyse the MSA [60]. Signal peptide sequence (green bars); propeptide (blue bars) of SPFA. Red bars indicate individual signal peptide
cleavage sites. Secondary structure elements: helices with squiggles, p-strands with arrows and turns with TT letters. The catalytic triad
(Asp™3, His'"®, Ser®?®; Savinase numbering) is marked with orange boxes.
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based on the mature protease sequence). The analysis
of our previously reported phylogenetic tree with well-
characterised proteases of the three subtilisin families
(true, high-alkaline, phylogenetically intermediate)
retrieved from MEROPS [3] and the UniProt database
[30], as well as data mined sequences, demonstrates
that SPFA is clearly a member of the true subtilisin
subgroup [6].

A homology modelling-based structural analysis
with the I-TASSER server was performed with
the peptidase unit of SPFA, yielding a model with a
C-score of 1.55 (Fig. S1). The C-score ranges from —5
to 2 and higher values indicate higher confidence of
the model [31]. A high template modelling (TM) score
is given for BPN" (PDB: 1S01) of 0.997, where a TM
value of 1 specifies a perfect correlation for two struc-
tures [32]. The metal-binding prediction suggested two
Ca}*-hinding sites involving the side chains Gln? and
Asp“ and several side chains of the loop-forming resi-
dues 75-81 for the first Ca®-binding site. The side
chains of Ala'®, Tyr”' and Val'™ are involved in the
second Ca’'-binding site. In addition, the homology
model was used to calculate the electrostatic potential
at pH 7.0, as shown in Fig. 2. SPFA is mainly nega-
tively charged around the active site, while neutral,
positive and negative charges are balanced on the

backside.

Protease production and purification

Production of recombinant SPFA by B. subtilis DB104
resulted in an activity of 32 U-mL ' for suc-AAPF-
pNA substrate and 418 U-mL™~! for azocasein in the
supernatant. The purification to apparent homogeneity
of SPFA was confirmed by SDS/PAGE (Fig. 3).
The protease migrates at approximately 27 kDa, which
is congruent with the theoretical molecular mass of

Fig. 2. Structural model of SPFA with its
calculated surface electrostatic potential.
(Left) top view of the active site; (right)
rear view to the active site. Swiss-
PdbViewer was used to calculate the
electrostatic potential at pH 7.0 and
negative charges (red), positive (blue) and
neutral (white) are shown.

Novel subtilisin from Fictibacillus arsenicus DSM 158227

27.57 kDa. Furthermore, the molecular mass was con-
firmed to be 27.57 kDa by MALDI-TOF MS analysis
(Fig. S2). The purified SPFA had a specific activity of
195 U-mg ™' for the suc-AAPF-pNA substrate and
539 U-mg ! for azocasein, respectively. The recovery
yield was 5.92% with a purification fold of 2.98. Iso-
electric point analysis of the purified and rebuffered
protease revealed a pl of about 5.8, consistent with the
predicted pl and an AB ratio of 0.9 with a high num-
ber of Asp residues (Fig. S3, Table 52).

Effects of pH and temperature

The effects of pH on the activity of SPFA within the
suc-AAPF-pNA assay were investigated at a pH range
of 5.0-12.5 at 30 °C (Fig. 4). The protease showed a
broad pH optimum between pH 8.5 and 11.5, while a
relative activity of more than 75% was observed
between pH 7.0 and 12.5. The relative activity at pH
5.0 and 12.0 was 8 and 76%, respectively. The stability
test revealed a residual activity of at least 72%
between pH 6.0 and 12.0, while SPFA was unstable at
pH 5.0 (Fig. 4).

The enzyme activity was investigated at pH 8.6
between 20 and 90 °C (Fig. 5A). The temperature opti-
mum was reached at 80 °C and decreased to 79%
residual activity at 90 °C. The temperature stability
was investigated by incubating SPFA at 20 and 50 °C
for 4 h (Fig. 5B). The activity of SPFA decreased to
25% after 4 h at 20 °C and to 3% at 50 °C. Possible
autoproteolytic cleavage complicates the comparison
of protease temperature stability. Hence, to monitor
thermal protein unfolding rather than autoproteolysis,
a thermal shift assay was conducted on SPFA. The
protease was inhibited with phenylmethylsulfonyl fluo-
ride (PMSF) and a denaturation curve with a melting
point (73,) of 62.5 °C was obtained (Fig. S4).
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Fig. 3. SDS/PAGE analysis of recombinant SPFA. Electrophoresis was
performed using an 8-20% SDS polyacrylamide gel. Bio-Rad Precision
Plus Dual Color length marker (LM); culture supernatant of B. subtilis
DB104 carrying pFF-RED (1); culture supernatant of B. subtilis DB104
carrying pFF producing SPFA (2), after purification (3).

Effects of SDS, H,0, and metal ions

The activity of SPFA after 1-h incubation with 1% and
5% SDS (w/v) at 10 °C revealed high stability towards
SDS, with increased activity after incubation with 1% and
5% SDS of 182% and 169%, respectively. SPFA showed
a residual activity of 81% and 52% after 1 h of treatment

F. Falkenberg et al.

with 1% and 5% H,O, (v/v), respectively. Incubation of
SPFA with 1 mm PMSF, a classical inhibitor for serine
proteases [33], resulted in a complete inhibition. The effect
of metal ions on protease activity after 1-h incubation
demonstrated residual activities of Mg (94% =+ 1%),
Zn*" (83% £ 1%), Mn*"  (95% £ 2%), Ca*
(101% =+ 0%), Co®" (93% =+ 1%), NiZ" (90% + 1%),
Fe™ (96% + 1%) and Cu™" (89% + 1%). The incuba-
tion with EDTA showed no decrease in enzyme activity at
20 mm concentration.

Effects of NaCl and proteolytic activity on
synthetic peptides

Examination of the effect of different NaCl concentra-
tions (0-5 M) in the suc-AAPF-pNA assay showed that
SPFA reached maximum activity without NaCl and
the activity declined gradually with higher NaCl levels
to 36% at 5 M NaCl (Fig. 6). In contrast, the lowest
stability was observed without NaCl with a residual
activity of 43%, while the stability at 1-5 m NaCl was
above 75%.

Against the synthetic peptide 4-nitroanilide sub-
strates, SPFA exhibited very low specificity for suc-
TVAA-pNA, suc-YVAD-pNA, suc-AAA-pNA and
suc-AAVA-pNA. The highest activity was shown for
suc-ALPF-pNA and suc-AGPP-pNA (Table 1).

Discussion

Serine peptidases, especially the group of subtilisins
from the subtilase family, are extremely versatile and
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Fig. 4. Influence of pH on the activity and stability of purified SPFA. Enzyme activity was determined using the suc-AAPF-pNA assay at
30 °C in a pH range of 5.0-12.5 (closed circles). The average maximum activity was considered as 100%: 64 U-mg~'. The effect of pH on
the stability of purified SPFA (squares). The residual activity was measured with the standard suc-AAPF-pNA assay after incubation for 24 h
at 4 °C in Tris-maleate buffer (pH 5-7), in Tris-HCI (pH 7-9} and in glycine-NaOH (pH 9-12). The activity at 0 h was considered as 100%;
highest residual activity: 106 U-mg~'. Experiments were performed in triplicate, and data are presented as means + SD.
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Fig. 6. Activity and stability of purified SPFA at different NaCl
concentrations. Activity was measured with the suc-AAPF-pNA
assay in standard buffer (pH 8.6) at 30 °C with different NaCl con-
centrations (0-5 m). Maximum activity was defined as 100%:
104 Umg". Stability was tested in 10 mm HEPES-NaOH buffer,
pH 8.0, with NaCl (0-5 m). The residual activity was measured with
the suc-AAPF-pNA assay in standard buffer at pH 8.6 after incuba-
tion for 2 h at 20 °C. The activity before incubation for each NaCl
concentration was defined as 100%. The experiments were per-
formed in triplicate, and data are displayed as means + SD.

of specific interest for biotechnological applications
due to their properties such as broad pH range,
high specificity and thermostability [12]. The Bacilla-
ceae family has been recognised as a valuable
source of subtilisins with high potential for industrial

applications [2]. In this study, we therefore charac-
terised the subtilisin SPFA from Fictibacillus arsenicus
DSM 158227, which was found through a data
mining-based search, as we previously published [6].

The comparison of the mature SPFA amino acid
sequence to the well-characterised true subtilisins
Carlsberg [34], BPN’ [35] and subtilisin DY [36] reveals
a sequence identity of 61.8%, 61.3% and 71.9%.,
respectively.  When comparing SPFA amino acid
sequence to our previously reported true subtilisins
from halophilic and halotolerant background a
sequence identity of 64.2% (SPMI), 65.4% (SPPM)
and 71.7% (SPLA) was reached [27]. A more distant
relationship exists to the high-alkaline subtilisin Savi-
nase from Lederbergia lenta (formerly Bacillus lentus;
52.2%) [37] and our previously reported high-alkaline
subtilisin SPAO from Halalkalibacter okhensis K10-
1017 (47.8%) [24], as well as the PIS SPAH (48.1%)
from Alkalibacillus haloalkaliphilus DSM 52717 [27).
The comparison of the amino acid sequences in the
MSA confirms that SPFA belongs to the group of true
subtilisins. Here, compared with BPN’, SPFA did not
exhibit an amino acid deletion around position 160
that high-alkaline subtilisins have in common [6].
Additionally, insertions compared with BPN" that are
common for PIS cannot be observed [6]. Furthermore,
SPFA displayed a molecular mass of 27.57 kDa, which
is typical for subtilisins found from Bacillaceae used in
the detergent industry [38].

The classification of SPFA as a member of the true
subtilisin subgroup is especially remarkable because
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Table 1. Substrate specificities of SPFA against 10 synthetic substrates (suc-XXXX-pNA). Experiments were performed for 5 min at 30 °C
with 17 mm substrate in 0.1 m Tris—HCI-Puffer pH 8.6 with 0.1% (w/v) Brij”35. The experiment was executed in triplicates with a standard
deviation of <5%. The enzyme activity against AAPF was defined as 100%.

Relative activity [%]

Protease FAAF AAA AAVA ALPF AGPF AAPF TVAA YVAD AGPP AAPL
SPFA 39 1 3 151 298 100 (117 U.mg™") 3 1 181 81
Subtilisin Carlsberg® 57 0 2 60 390 100 (570 U-mg_1) 1 1 147 104
Savinase® 605 8 22 117 96 100 (180 U-mg™") B 5 144 12
BPN"? 96 0 6 106 96 100 (181 U-mg™") 0 0 61 67

®Falkenberg et al. [24].

high activity at alkaline pH of 12.0 is usually subjected
to members of the high-alkaline subgroup [12].
Another example is the phylogenetically intermediate
subtilisin ALTP from Alkaliphilus transvaalensis, which
showed increasing activity up to the optimum of pH
12.0 [39]. SPFA is active and stable over a broad pH
range (6.0-12.5) with a broad pH optimum. This
broad pH optimum is quite unusual, while a broad pH
stability i1s common to subtilases [40-42]. Tekin e al.
[43] reported on the high-alkaline subtilisin aprM from
Halalkalibacterium halodurans C-125 that also displays
a high activity (> 70%) between pH 7.0 and 12.0 but
with a clear optimum at pH 12.0. We also recently
reported on three true subtilisins and one PIS derived
from halotolerant and halophilic Bacillaceae that
exhibited good activity even at a pH of 12.0, probably
due to the salt adaptation through a charged molecu-
lar surface that facilitates the adaptation to high pH
[27]. This charged molecular surface can also be
observed in SPFA. However, especially on the back of
the active site, positive and negative charges are almost
evenly distributed. The fact that SPFA is still active at
high NaCl concentrations is likely due to the charged
amino acids on the protein surface, which form a
hydrate shell around the protein and thus maintain its
solubility. Here, negatively charged amino acids are
the most favourable, followed by positively charged
and charge-neutral amino acids [44]. The increasing
stability at higher NaCl concentrations is most
likely due to the reduced activity and thus lower
autoproteolysis.

Furthermore, the high temperature optimum of
80 °C is particularly noteworthy since F. arsenicus, the
microbial origin of SPFA, is only able to grow below
40 °C [20]. Higher catalytic activity than the optimal
growth temperature is common to enzymes originating
from mesophiles (15-50 °C) [45]. Other subtilisins such
as BPN’, Savinase and subtilisin Carlsberg displayed
lower optimal temperatures (between 55 and 65 °C)

than SPFA [24]. Similar to SPFA, the subtilase Aqua-
lysin 1 from thermophilic Thermus aquaticus YT 1 also
showed a high temperature optimum of 75-90 °C [46].
The phylogenetically intermediate subtilisin ALTP
from Alkaliphilus transvaalensis exhibited a tempera-
ture optimum of 70 °C [39].

The stability towards SDS and H-0O, is interesting
for industrial applications such as detergents. Here,
SPFA showed increased activity when incubated with
SDS, which has also been observed in other subtilisins
[47-49]. In contrast, the two subtilisins from Bacillus
mojavensis A2l or the subtilisin from Bacillus pumilus
BOI lost their activity when incubated with 1% (w/v)
SDS [50,51]. In terms of stability against oxidation
with H»O,, SPFA showed good stability and retained
more than half of its activity when incubated with 5%
(v/v) H;O,. The two B. mojavensis A2l subtilisins also
showed comparable stability to SPFA, while subtilisin
Carlsberg, BPN' and Savinase lost more than two
thirds of their activity [24,50]. Even higher stability
was observed for the subtilisin from Bacillus safensis
RHI12 or the alkaline protease from Bacillus patago-
niensis at higher hydrogen peroxide concentrations
[42,52]. The sensitivity of proteases to oxidants is
probably due to the oxidation of a conserved methio-
nine near the catalytic site leading to inactivation [53].
However, it was also found that this oxidation can
lead to an altered substrate spectrum instead of inacti-
vation [54]. Metal ions like Mg®*, Mn>*, Co*" and
Fe*' at a concentration of 1 mwm after incubating
SPFA for 1 h caused only a slight decrease in protease
activity of up to 7%. On the contrary, Zn>', Ni*",
Cu”" reduced protease activity by up to 17%, while
Ca”" had no influence. However, the incubation with
EDTA showed no decrease in activity. After incuba-
tion with Fe*", Cu®", Zn*", Ca®" and Mn?", a subtilisin
from Bacillus pumilus BOl even displayed a slight
increase of up to 13% in activity, while Co®" reduced
the residual activity to 81% and EDTA to 78% [51].
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A higher decrease in activity after incubation with
Ni?', Cu®" was observed for a subtilase from a Bacillus
cereus strain, while the decrease after Co" incubation
was comparable to that of SPFA [55]. The proteases
of the S8 family are known to be calcium-dependent
and contain usually two binding sites [4.56]. The
observation that the addition of calcium had no influ-
ence on SPFA could be due to the fact that the two
calcium binding sites are already sufficiently filled.
However, even the addition of EDTA causes no
decrease in activity. No effect of EDTA after incubat-
ing the serine protease from B. clausii GMBAE 42 was
also reported by Kazan er al. [57] and by Raval er al.
[58]. Kembhavi er al. demonstrated that EDTA for a
protease from Bacillus subtilis only has a destabilising
effect at higher temperatures [41].

The substrate spectrum of SPFA towards the differ-
ent synthetic substrates exhibits a preference compara-
ble to that of other subtilisins from the true subtilisin
and PIS subgroup [24,27]. SPFA demonstrated compa-
rable specificity to the industrially relevant subtilisins
Carlsberg and BPN’ which belong to the true subtili-
sins subgroup. Hence, the substrate specificity towards
the synthetic substrate is less similar to Savinase,
which belongs to the high-alkaline subgroup.

In conclusion, this is the first report of cloning, pro-
duction, purification and biochemical characterisation
of the true subtilisin SPFA from Fictibacillus arsenicus
DSM 158227, With its substrate preference towards 10
synthetic peptide-4-nitroanilide substrates with three or
four amino acids and its phylogenetic classification,
SPFA can be assigned to the group of true subtilisins.
Furthermore, SPFA displayed a temperature optimum
of 80 °C and a very broad pH optimum between 8.5
and 11.5 with high activity (> 75%) in an extremely
wide range between pH 6.0 and 12.5. SPFA is still
active at NaCl concentrations up to 5 M and very sta-
ble against 5% (w/v) SDS and stable against 5% (v/v)
H>0,. Due to its unique biochemical properties, SPFA

has the potential for wuse in biotechnological
applications.
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Fig. 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 resi-
dues Asp32, His64 and Ser221 are shown in red.

Fig. 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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to the manufacturer’s recommendations. Lane M,
SERVA IEF marker 3-10; lanes 1 purified SPFA rebuf-
fered in 10 mM HEPES-NaOH pH 8.0.

Fig. 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

F. Falkenberg et al.

SYPRO" Orange, 10 mM HEPES-NaOH pH 8.0,
3 mM PMSF). The experiment was performed in trip-
licates and data are plotted as mean values + SD.
Table S1. Oligonucleotides for amplification of the
gene for SPFA by PCR using genomic DNA of F.
arsenicus as template.

Table S2. pl value and AB ratio calculation.
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Abstract

Production of enzymes such as proteases at a high level is of interest and relevance for both research
and industry. The selection of microbial host and expression system depends on the origin and
characteristics of the protein to be produced, as well as the ease of fermentation on cheap substrates
followed by simple downstream processing. Of particular importance are Gram-positive Bacillus
species such as Bacillus licheniformis, Bacillus subtilis and Bacillus amyloliquefaciens as industrial
production organisms for technical enzymes or chemicals. However, often the yield is not adequate
and an expansion of the host spectrum is necessary. For this purpose, the halotolerant Metabacillus
indicus DSM 16189, with its natural production of subtilisins and its growth on cheap media without
detectable sporulation, is a promising candidate. Genetic accessibility could be shown with the
transformation by triparental conjugation with the expression vector, which carries the gene for the
homologous subtilisin SPMI. The yield of protease production was compared with that of non-
recombinant M. indicus and B. subtilis DB104, which carries the same plasmid. The recombinant SPMI
produced by M. indicus in a 1-L fermentation over 48 hours had an average activity of 170 U/mL (AAPF)
and 1426 U/mL (azocasein), while the non-recombinant strain reached 4 U/mL (AAPF) and 121 U/mL
(azocasein), respectively. The successful transformation and high yields demonstrate that M. indicus
DSM 16189 has the potential as new production organism and could achieve competitive protein yields
with further process and strain development.

Introduction

In recent years, the biotechnological production of enzymes and chemicals such as insecticides,
vitamins, sugars or hyaluronic acid has gained in importance [1-3]. Technical enzymes like proteases,
lipases, cellulases and a-amylases are produced by microorganisms [1]. In particular, proteases are
important with the highest share of the global enzymes market and an expected compound annual
growth rate of 3.6 % in market value from 2019 to 2026 [4, 5]. The versatility and biochemical
properties of proteases are in demand in various industries, such as food, feed, pharmaceuticals,
textiles and the largest sector, detergents [4, 6]. The use of proteases in these sectors can increase
production efficiency and environmental sustainability as fewer harsh chemicals are used [6].
Increasing amounts of biotechnological production are accompanied by a search for easy-to-use, cost-
effective production strains. For protease production, strains such as Bacillus subtilis, Bacillus
licheniformis or Bacillus amyloliquefaciens are established microorganisms that have been further
genetically optimised to improve the production of various proteins and their yield at concentrations
greater than 20 g/L [7]. This is due to the fact that Bacillus species naturally produce hydrolytic
enzymes, as they cannot absorb macromolecules and must first break them down. Especially in their
natural habitats, available sources of plant nutrients such as protein, starch, pectin and cellulose must
first be hydrolysed [7]. Compared to other species, Bacillus species exhibit non-toxicity, ease of gene
modification, short fermentation cycles, superior protein secretion abilities, and robustness in
industrial fermentations [8, 3].

In addition to the industrially established Bacillus species, other strains from the Bacillaceae family
were also evaluated for recombinant protein production, e.g. Bacillus methanolicus [9], Bacillus
pumilus [10], Brevibacillus choshinensis [11] or Geobacillus thermodenitrificans [12]. However, the
production of proteases is not limited to strains from the Bacillaceae family, but also to other bacteria
or yeasts such as Pichia pastoris [13, 14].

The ability to secrete target proteins in high concentrations and thus simplify further processing makes
Bacteria from the Bacillaceae family ideal candidates for industrial production [3]. However, problems
can arise in the production of heterologous proteins [15, 16]. The reasons for this lie in the target
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protein itself and in the secretion system, which includes a number of quality control points to prevent
potentially lethal blockages [7]. In order to have an alternative source for the production of target
proteins, especially proteases, the search for new production strains is necessary. Here, proteases with
halotolerant or halophilic background provide immense potential for meeting industrial demands such
as high tolerance to pH, temperature and osmotic stress [17-20]. We recently reported about the
extracellular subtilisin protease SPMI from Metabacillus indicus DSM 16189, which showed high
activity at pH 12.0, stability towards 5 % (w/v) SDS and was active at NaCl concentrations of 5 M [21].
The objective of this study is therefore to investigate whether the halotolerant strain Metabacillus
indicus DSM 16189 can be used for the recombinant production of proteases. Specifically, we started
the investigation by the recombinant production of its homologous subtilisin SPMI.

M. indicus DSM 16189 was isolated from seafood in Korea by Yoon et al. and originally identified as
Bacillus cibi [22]. A genome-based study led to the reclassification to Bacillus indicus and later to
Metabacillus indicus [23, 24]. The strain is halotolerant and can grow in environments with up to
12 % (w/v) NaCl, with an optimum between 0 and 1 %. Gram variability and possible spore formation
is also observed with growth between 4 and 50 °C with an optimum at 37 °C [22]. This is the first report
of the transformation of M. indicus DSM 16189 by triparental conjugation and the recombinant
production of its homologous subtilisin.

Material and Methods

Bacterial strains and Plasmid construction/cloning

Metabacillus indicus DSM 16189 was purchased from the German Collection of Microorganisms and
Cell Cultures GmbH (DSMZ) and cultivated in marine broth with 10 mg/L MnSO, (Carl Roth, Karlsruhe,
Germany) at 30 °C. Bacillus subtilis DB104 [25] was cultivated in LB medium [26] (Carl Roth, Karlsruhe,
Germany) or agar plates at 37 °C. E. coli DH5a competent cells were used for cloning and as donor
strain for the triparental conjugation experiments (Thermo Fisher Scientific GmbH, Karlsruhe,
Germany); E. coli HB101 pRK2013 was used for triparental conjugation, both were cultivated in LB
medium [26] (Carl Roth, Karlsruhe, Germany) or on agar plates at 37 °C. Strains containing a plasmid
were all cultivated with 50 pg/mL kanamycin sulphate (Carl Roth, Karlsruhe, Germany).

Cloning of the gene encoding the protease SPMI (WP_029565418.1) into the pBACQOV plasmid [27] was
performed after previous PCR amplification using the primers (5'-
TAAACGCGTATGAAAAAGAAAAAGATTTTCAGTC-3’ and 5'-ATAGAATTCTTATTGAATGGCGGCCTG-3’)
with the genomic DNA of M. indicus as a template. The genomic DNA was obtained by using the
InnuSPEED Bacteria/Fungi DNA Kit (Analytik JenaTM, Jena, Germany). The PCR was performed with the
Phusion® Hot Start Il High-Fidelity polymerase (Thermo Fisher Scientific GmbH, Karlsruhe, Germany)
according to the manufacturer’s recommendations. The PCR products were analysed on an agarose
gel and PCR products were purified using the Genelet PCR purification kit (Thermo Fisher Scientific
GmbH, Karlsruhe, Germany). Purified PCR product and pBACOV were treated with EcoRl and Mlul
FastDigest™ restriction enzymes according to manufacturer’'s recommendations, with following
agarose gel purification using GenelET Gel extraction kit (Thermo Fisher Scientific GmbH, Karlsruhe,
Germany). Transformation of E. coli DH5a with pVV01 was performed by heat shock according to
manufacturer’'s recommendation (Thermo Fisher Scientific GmbH, Karlsruhe, Germany).
Transformation of B. subtilis DB104 with pVV01 was performed by natural competence as described
previously [21]. The transformation of M. indicus was performed by triparental conjugation according
to Heinze et al. (2018). Selection after conjugation was performed using 50 pug/mL kanamycin sulphate
(Carl Roth, Karlsruhe, Germany), 5 % (w/v) NaCl, 2.5 % (w/v) skim milk for the LB agar plates and by
visual identification of the orange colonies and clearing zones. The correct cloning and transformation
of E. coli DH5a pVV01, M. indicus pVV01 and B. subtilis DB104 pVV01 was confirmed by double
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restriction digestion and Sanger sequencing (Eurofins Genomics, Ebersberg, Germany) by analysing the
isolated plasmid DNA obtained with the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific GmbH,
Karlsruhe, Germany).

Recombinant protease production

The production of SPMI with B. subtilis DB104 in a 1-L fed-batch fermentation was performed as
previously described [28]. For recombinant protein production and cultivation of the wild type of
M. indicus, a day culture was performed in 10 mL marine broth containing 10 mg/L MnSO, (Carl Roth,
Karlsruhe, Germany) with a freshly plated clone from an LB agar plate. At all cultivation steps 50 pg/mL
kanamycin sulphate (Carl Roth, Karlsruhe, Germany) was used for M. indicus pVV0l and
B. subtilis DB104. Cultivation was carried out for 7 hours at 180 rpm and 30 °C. With this culture, a
50 mL overnight culture was inoculated with the preculture medium (Table S1, Table $3) to an optical
density at 600 nm (ODsco) of 0.2 and cultured at 180 rpm and 30 °C. After cultivation overnight, the
bioreactors were inoculated to an ODgg of 0.2. Fermentation was carried out for 48 h in fermentation
medium with a glucose feed (Table S2, Table S3) as for B. subtilis DB104. The glucose feed started for
recombinant and wild type M. indicus 18 h and 20 h after inoculation, respectively.

Analytical methods

The fermentation supernatant was analysed after centrifugation for 20 min at 12.000 g on a SDS-Gel
as described previously [28]. The protein concentration was determined using Roti® Nanoquant (Carl
Roth, Karlsruhe, Germany) with bovine serum albumin fraction V (Carl Roth, Karlsruhe, Germany) as a
standard according to manufacturer’s recommendations based on the method of Bradford [29]. The
analysis of the hydrolytic activity of the protease was determined using the substrate suc-AAPF-pNA
and azocasein as described before [28].

The genome of M. indicus was analysed by searching for S8 family serine peptidases in the protein list
of the reference genome (NZ_JNVC00000000.2). The sequences were aligned to the MEROPS S8
holotype dataset (https://www.ebi.ac.uk/merops/cgi-bin/famsum?family=S8) using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) [30, 31].
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Results and discussion

Cloning of the aprE gene from M. indicus

The analysis of the protein list of M. indicus reference genome shows that the strain harbours 11 open
reading frames that encodes for S8 family serine peptidases. The alignment and the classification
according to our previous publication [32] show that four proteases belong to the subtilisin group, two
of which are intracellular subtilisins, one extremophilic subtilisin and one true subtilisin which are
secreted (Table 1). The true subtilisin (SPMI) was used in this report as a model for cloning and
transformation of M. indicus. The production with B. subtilis DB104, the purification and the
biochemical characterisation was described in our previous publication [21]. The other subtilase genes
encode a bacillopeptidase F (bpF subtilase), a thermitase, a tripeptidyl peptidase subtilase (TPPS) and
four pyrolysins.

Table 1 Subtilases of the M. indicus genome

Protein sequence Group Subgroup
WP_029565418.1 (SPMI) | Subtilisins True subtilisins
WP_029278844.1 Subtilisins Intracellular subtilisins
WP_029565391.1 Subtilisins Intracellular subtilisins
WP_035207592.1 Subtilisins Extremophilic subtilisins
WP_029565567.1 bpF subtilases -

WP_051827326.1 Thermitases -

WP_029566183.1 TPPS subtilases -

WP_029566552.1 Pyrolysins High-mass subtilases
KEZ49076.1 Pyrolysins High-mass subtilases
WP_035207616.1 Pyrolysins SAM-P45 pyrolysins
WP_051827410.1 Pyrolysins Oxidatively stable proteases

The gene of the protease SPMI was successfully amplified, including the signal peptide, the propeptide
and the mature peptidase, and cloned into the pBACOV plasmid, resulting in the plasmid pVV01. The
pBACOV plasmid is a shuttle vector for conjugation transfer and contains an aprE protease promoter
from B. subtilis for expression of the target gene, an ampicillin and kanamycin resistance gene and the
origin of replication for E. coli and Bacillus [27]. Successful transformation of B. subtilis DB0104 and
M. indicus DSM 16189 was verified by restriction enzyme analysis and Sanger sequencing after plasmid
preparation. The production of SPMI by both strains was confirmed by the appearance of clearing
zones around the colonies on skim milk/LB agar plates and enzyme activity assays using suc-AAPF-pNA
and azocasein as substrates. The method of transformation of M. indicus was the conjugative transfer
[27]. No evidence of natural competence could be found experimentally, by using the protocol for
B. subtilis [33] (data not shown). Although the conjugative transfer requires an additional cloning step
via E. coli compared to the natural competence that can be used to transform B. subtilis [33], the
method proved to be simple and efficient and enabled recombinant gene expression in several other
Bacillus species for the first time [27]. Endogenous restriction modification systems can hinder
successful transformation and pre-methylation of the plasmid is required, as in strains such as
B. amyloliquefaciens, B. cereus [34] and B. halodurans [35]. Within this work, this constraint could not
be observed for M. indicus.



Protease production

The production of SPMI on a 1-L scale using the DASGIP® bioreactors by M. indicus pVV01 compared
to B. subtilis DB104 pVVO1l and the wild type M. indicus strain after 48 hours shows that the
recombinant M. indicus is able to produce high amounts of SPMI. This is expressed by about twice the
protease activity for the suc-AAPF-pNA substrate and a 1.5-fold higher protein content (Table 2), which
can also be seen in the SDS-PAGE analysis (Figure 1). However, when looking at the cell mass achieved
in relation to the protease activities and protein content, B. subtilis DB104 is still more efficient in
production. The growth of the two strains is difficult to compare because they grow in different media,
as cell growth of M. indicus is insufficient in the medium of B. subtilis and vice versa. The total amount
of nitrogen is about 3 % higher than for B. subtilis, while the amount of carbon is comparable. Other
parameters such as glucose concentration, pH and temperature may influence growth and protease
production [36]. Comparing the fermentation results of recombinant M. indicus with the wild type
strain, it was found that the wild type strain achieved about 30 % higher optical density compared to
the recombinant M. indicus, but had only about 2 % activity in suc-AAPF pNA assay, 9 % in azocasein
assay and 17 % of protein content, respectively. This shows that M. indicus is well suited for
recombinant protein production. The lower cell density of the recombinant strain might be due to the
additional metabolic energy required to maintain the plasmid and the higher protease production.
With optimised production processes in industrial Bacillus strains, protein concentrations of more than
20 g/L are possible [7]. In other strains of the Bacillaceae family such as Brevibacillus choshinensis, the
production of an a-amylase with a yield of 3.7 g/L was possible [11]. Furthermore, after applying strain
and process optimisation strategies, B. pumilus had a 14 % higher protease titre than the industrially
optimised strain B. licheniformis [10]. Recombinant production of the protease from B. halodurans
CM1 also resulted in significantly higher protease production compared to the wild type [35].

Table 2 Analysis of the fermentation culture regarding their ODego, and the supernatants regarding
protease activity and protein concentration

Strain/ Plasmid ODgo U/mLAAPF U/mL Azocasein Protein conc. [mg/ mL]
M. indicus wt 918 34 101 0.2
M. indicus wt 1134 5.1 139 0.3
M. indicus wt 994 4.2 124 0.2
M. indicus pVV01 762 170 1359 1.5
M. indicus pvVvV01 81.2 164 1386 1.3
M. indicus pvV01 77.1 175 1533 1.4
B. subtilis DB104 pVV01 30.2 90 928 1.1
B. subtilis DB104 pVV01 31.1 75 767 0.8

The optical density (ODgoo) was determined after 48 h of fermentation. The protease activities and the
protein concentration were analysed with the supernatant using the suc-AAPF-pNA assay, azocasein
assay and Roti®Nanoquant, respectively. Each entry shows the results of an independent
fermentation.
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Figure 1 SDS-PAGE analysis of the fermentation supernatants. Samples were electrophoresed with an
8-20 % SDS polyacrylamide gel. Bio-Rad Precision Plus Dual Color length marker (LM); B. subtilis pvVV01
(1,2); M. indicus wt (3 - 5); M. indicus pVVO01 (6 - 8). Each line shows the protein content of independent
fermentations.

Improvement of protease production with M. indicus can be achieved by strain engineering and
process development. A starting point for engineering could be the elimination of carotenoid
production by deletion of the crtM gene, one of the genes for carotenoid biosynthesis [37-39], in order
to reduce the metabolic burden of the strain. However, the orange/yellow colour of the colonies helps
to quickly identify the strain and possible contamination. Furthermore, the endogenous a-amylase
genes encoding the proteins WP_029283087.1 and WP_029283839.1 could be deleted which was
observed to increase the protein yield in Bacillus licheniformis [40]. Although the background
proteolytic activity of M. indicus is low, deletion of the protease gene could increase productivity, as
has been observed in B. amyloliquefaciens or B. subtilis [41, 42].

To increase protease yield, a signal peptide screen in B. subtilis and B. licheniformis using homologous
and heterologous signal peptides helped [43]. However, the optimal signal peptide for a certain protein
and production host is not predictable and must be tested individually for each new protein [44, 43].
Since spores can cause difficulties in sterility, endospore formation can be eliminated, such as in
B. pumilus [10]. However, we were unable to induce sporulation in M. indicus (data not shown),
although sporulation has been reported [22]. As mentioned above, the pBACOV plasmid harbours an
aprE protease promotor from B. subtilis to express the target gene [27]. Replacing the promoter with
the homologous subtilisin promoter or other promoters that have been shown to be effective in the
production of proteases, such as the p43 promoter that has enhanced expression in B. licheniformis,
could improve the expression level [10, 45].

In conclusion, B. subtilis DB104 and Metabacillus indicus DSM 16189 were successfully transformed
with plasmid pVVO01, which contains the gene for the protease SPMI, by natural competence and
triparental conjugation, respectively. The recombinant SPMI produced by M. indicus in a 48-hour fed-
batch fermentation achieved higher activity levels than the wild type strain. This result is the first
report of successful genetic modification of the halotolerant M. indicus making this bacterium a
promising candidate for recombinant protease production. The investigation of producing
heterologous proteases and improvements to competitive protein yields seem achievable by
additional strain development and process optimisation.
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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 (TrimAl [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, trimAl 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.
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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 subitilisins.
The majority of the holotype sequences within the subtilisins originate from Bacilli,
whereas aerolysin (508.105) [57] and Tk-subtilisin (Thermococcus kodakarensis subtilisin)
derives from Archaea (S08.129) [184], PopC, (508.143) 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) H202 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
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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 16465", Metabacillus
indicus DSM 16189, Litchfieldia alkalitelluris DSM 169767, Fictibacillus arsenicus DSM
158227, Alcalicoccus saliphilus DSM 154027 and Halobacillus faecis DSM 21559, In
addition, sequences of the phylogenetically intermediate subgroup from Alkalibacillus
haloalkaliphilus DSM 52717, Alkalicoccus daliensis DSM 26767" and Piscibacillus halophilus
DSM 21633" were selected. From the subgroup of high-alkaline subtilisins, sequences
from Halalkalibacter okhensis Kh10-101" (former Alkalihalobacillus okhensis) and
Halalkalibacterium ligniniphilum DSM 26145" 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 pl values of the six proteases almost agree with the calculated pl values (Table
1). Here, the difference between the high-alkaline subtilisin SPAO and the others was
observed, as SPAO with a pl of 9.8 is in line with other high-alkaline subtilisins that have a
high pl in common [212]. An acidic pl 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
pl [206]. Other true subtilisins, such as subtilisin Carlsberg and BPN', have a neutral to
slightly basic pl [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, pl and activities after purification

Protease  Calc. Exp. Calc. pl Exp. pl U/mg U/mg
mol. mol. (AAPF) (Azocasein)
mass mass

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 51 ~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 DH5a compared to
direct transformation with the other methods. E. coli DH5a 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
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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 pl of 4.2 - 5.8 for SPPM,
SPMI, SPLA, SPAH and SPFA and an alkaline pl of 9.6 for SPAO. As described in 1.1.7, an
acidic pl is typical for halophilic or halotolerant proteins and an alkaline pl 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 SPAQ, 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
(508.098) 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 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

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 Ca?*-binding sites, as commonly observed for subtilisins from
Bacillus species, since the binding of Ca?* is essential for the stability and activity of the
enzyme [24, 64]. The two binding sites differ in the strength of Ca?*-binding [24]. The first
site binds strongly to Ca?* (K¢ = 1 x 10 M) and is highly conserved in subtilisins, requiring
the side chains of residues GIn? and Asp*! 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 (Kg = 32 mM) and is occupied by Na* or K* ions at low
calcium ion concentration in solution, involving the side chain of Ala®%, Ala'’% and Tyr!’!
(Savinase numbering) [64, 69, 234]. Other subtilases may have the Ca?*-binding sites at
different positions in the structure than the subtilisins, as a comparison with proteinase K
and thermitase shows [192]. In addition, seven Ca?*-binding sites are known for the
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Tk-subtilisin from Thermococcus kodakarensis and three for the subtilase Akl 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 Subtilisin Relative activity =~ Temperature Tm Bacterial

name subgroup at pH 12.0 [%] optimum [°C] [°C] 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 °Cincubation 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 agueous 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 pl 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 pK, of the guanidino group of
Arg (ca. 13.8) is higher than that of the e-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 pl 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,



116

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, H.0; and Ca?* 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 1-52, 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) H.0, and had a residual activity of 78 to 108 %
(Table 6). Treatment with 5 % (v/v) H,0; reduced the activity to 31 - 58 %, whereas
subtilisin Carlsberg, Savinase and BPN' lost up to 92 % of their activity at 5 % H,0,. SPAO
showed the highest resistance with increased activity at 1 % H;0; and 58 % residual
activity at 5 % H;0,. A higher increase in activity than SPAO by 14 % and 16 % at 1 % and
5 % H,0, was observed for a protease from S. clausii 1-52 [109]. A protease from the
alkaliphilic Bacillus sp. NPST-AK15 showed an increase in activity of 2 % at 1 % H,0, and a
loss of 6 % at 5 % H20, [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 % H,0; at 30 °C for 30 min [58]. Almost unaffected by 10 % H,0, 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 °Cand 5 % H,0, [76]. The subtilase KP-43 from the group of oxidatively stable proteases
(OSP) lost their hydrolysis ability already after 30 min incubation with 3 % H,0, [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 H,O, concentration, often vary. The sensitivity
against oxidants such as H,0; is especially relevant for the use in detergents, as hydrogen
peroxide is often added to remove stains by bleaching [16].

The sensitivity to H,0; 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 B-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].
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Table 6 Influence of H,0, and SDS on enzyme activity (2.2, 2.3, 2.4)

Residual protease activity [%]

Protease 1 % SDS 5 % SDS 1 % H,0; 5 % H.0O2
SPPM 12144 7612 9244 410
SPMI 1784 165+1 81+1 31+2
SPLA 1084 9743 78+2 4041
SPAH 12047 10612 89+1 40+2
SPAO 00 00 10814 58+3
SPFA 18218 16914 814 52+3
Sub. Carlsberg 32516 18946 7119 27+2
Savinase 13814 11316 6413 80
BPN’ 205+3 164+7 815 11+0

The purified proteases were incubated with 1 and 5 % (v/v) H202; 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 Ca?* binding
sites. To investigate the effect of Ca?* 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 CaCl; (2.2, 2.3). An overall loss of protease activity
could explain the lack of recovery of the protease activity, as Ca%* 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 Ca?*,
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 16465" (SPPM), Metabacillus
indicus DSM 16189 (SPMI), Litchfieldia alkalitelluris DSM 169767 (SPLA), Fictibacillus
arsenicus DSM 158227 (SPFA), Alkalibacillus haloalkaliphilus DSM 52717 (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 #
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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.
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Figure S9 Tree of bpF, CDF, SubAB, mycosins and transamidating groups of MEROPS
holotype dataset.
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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.
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Figure S12 Tree of lantibiotic peptidase group of MEROPS holotype dataset.
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Figure S13 Tree of kexin group of MEROPS holotype dataset.
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Figure S14 Tree of several subgroups of subtilisin group of MEROPS holotype dataset.



Figure S15 Tree of PIS subgroup of subtilisin group.
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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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S08.001_sub._ Carlsberg TIVIAALID SVSLYAVKVI SGITYSG|IV|
ARS86761.1 VIAATLD SVSLYAVEVL SGSYSGTV|
S08.037_sub. DY TV|IAALD NVSILYAIKVI SGTYSATV
NUJ19608.1 VIAALD NVSLYAIKVL SGTYSATV|
WP_188377243.1 VIAGV|D ETDILYAVEKVL SGSYSAIA
WP_173918387.1 IAGV|D DVALYAVEVL SGAYSEIA
KGX83542.1 TIAGL{D DVSLYAVKVL SGTYSGIIT
WP_051255158.1 IAGLD DVSILYAVKVL SGTYSGIT
WP_231417544.1 TITIAGV|N SAELYAVEKV SG|SYSG|T A
WP_096155439.1 VIAALIN DVDILYAVKVIL) SGTLAG|TA
AST90329.1 TIVIAATLN DVDILYAVEVL SGTLSGIA
WP_230500539.1 VIAA LN DVELYAVEKVL GG TLAG|TA
WP_078381234.1 TIAALN DVELYAVKVL SGTLSG|T A
WP_060666810.1 TIIAALN DVNLYAVEKVL SGTLAGIIA
WP_152444042.1 T|IIAGLIN NVDILYAVKVL SGTLAG|T A
WP_066412694.1 [[VIAALIN NAELYAVKVL SGTLSGIA
WP_230500606.1 VA AN NAD[LYAVKVL SGTLSGIA
WP_088017821.1 VIAALN NAD Vi SGTLSGIA
WP_224838688.1 VIAA LN NAD V1 SGSLSGIIA
WP_100334303.1 VIARLIN NAD : Vi SGTLSGTA
WP_094921089.1 TIVAGLIN PISVSILYAVEKVL SGTYSGIT
WP_224844257.1 IAGH|.|.|. SVSLYAVEVL SGTYSGII
WP_070119644.1 TVIAGL{N SANLYAV L SGTYSGTII
WP_181472841.1 VIAGLID SAN SGTYSGIII
WP_136946078.1 VIAGLIN TAS SGTYSGIII
WP_153236691.1 VIAALN SAD SGTYSGII
WP_077360649.1 VIAATLN SAD SGTYSGII
WP_206945444.1 VIAGVIN STE S5G|SYSG|TA]
WP_029565418.1 VIAALIN DV 5| SGSYSGIA
TDL80277.1 [VIA A LN DV S| SGSYSGIA
WP_224844255.1 VIAAVIN N VD SGSLSDIIA
WP_193538138.1 VIAGLN AAD SGISFSGIV|
WP_078544469.1 TVIAGL{N SAS SGTYAGIA
WP_090849877.1 T[V|S GL|N SAS SGTYSG|TA
WP_022794977.1 TIAALID NTQ SGSLSTTI
WP_107586282.1 VIGALD AAD GGTLDGII
WP_106589713.1 VIAALID D VD GG|TLSG|TA|
WP_018922084.1 VIAALID D VN GGTLSGIA




WP_105960433.1
WP_107583584.1
WP_168006597.1
WP_090843404.1
WP_147804655.1
WP_168007760.1
WP_146817052.1
WP_026691136.1
WP_171051829.1
WP_168009413.1
WP_124221886.1
WP_134339482.1
WP_091776380.1
WP_100334247.1
S08.133_sub. LD-1
WP_084380659.1
WP_134339480.1
WP_091776383.1
WP_146817050.1
WP_188208160.1
WP_146817048.1
WP_035661169.1
WP_027965007.1
WP_202078324.1
WP_129080804.1
WP_100374144.1
WP_110612024.1
WP_230895209.1
WP_075683870.1
WP_047973355.1
WP_138811387.1
WP_122897711.1
WP_101331250.1
WP_216831833.1
WP_226516443.1
WP_144089130.1
WP_096188791.1
WP_202080138.1
WP_167261846.1
WP_027963976.1
WP_091776386.1
WP_134338579.1
WP_101332746.1
WP_163537364.1
WP_099092793.1
WP_164853199.1
WP_090774843.1
WP_090775603.1
WP_059104808.1
WP_035392836.1
WP_078393865.1
EZH65969.1
KMK76635.1
WP_143850013.1
WP_203087429.1
WP_059105057.1
S08.098_sub._sendai
WP_003321226.1
WP_034632645.1
S08.157_sub._YaB
WP_060704798.1
WP_095239263.1
S508.010_M-pep.
508.038_PB92
508.003_Savinase
S08.028_ALTP
WP_143849870.1
WP_203088820.1
WP_017729072.1
WP_122896828.1
WP_047973137.1
S08.045_sub._ALP_1
WP_022628745.1
S08.046_sub._aprM
WP_053432556.1
WP_210595747.1
WP_129077943.1
WP_100374143.1
WP_216831504.1
WP_078596166.1
WP_035666680.1
WP_078597775.1
WP_100832725.1
WP_090774498.1
WP_096186536.1
WP_110520788.1
WP_122900894.1
WP_026691049.1
WP_199800957.1
$08.005_endopep._Q
CAO03040.1
WP_081105403.1
S508.034_sub._ BPN’
WP_003155195.1
WP_003327717.1
WP_039073463.1
S508.002 _mesentericopep.

S08.042_amylosacchariticus

S08.035_sub._J
S08.036_sub. E
S08.044_sub. NAT
WP_053604255.1
NPC92104.1
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S08.001 sub. Carlsberg 'EN‘GX'DVI SGIPSGISITAMKQAVDNEN. YAR[GVVIVVAAA[RIS[ESSGN . TNTIGY
ARS86761.1 TN|GMDV I ASGSITAMKQAVDNEY. YARICIVVIVVARA[ENSIESSGN . TNTT
$08.037_sub. DY QN|GIL D[V T P sols|TALKOAVDKEY. YAas|clrvivvaaalsfEdsscs . onTI
NUJ192608.1 ANNILDV I TSGIS|TALKQAVDKEY. YASIGVV[VVAAA[RISIETSGS . SSTI
WP_188377243.1 D|N|DMD[V I SIGIS|SALEQAVNNEN. DDS|GVLVVAAAMGMEESE . GEFNTI
WP_173918387.1 A VI SVGS|SALKEAVDNEN. YESGILIVVAAAIS[EKF . GRFNTI
KGX83542.1 s V'V SISRGIS|TSLIOQOAMDNEY. YNS|GIVLILVAAREYD[ETR . GKKNTT
WP_051255158.1 SN V| SRGIS|TSLIOOAMDNEN. YNSIGVLILVAAAEYD[ETR . GKENTI
WP_231417544.1 D Vv JsRGS[TTLEoAMDOREY . Yoolgv Lt T anA[NEESK . GKKNTI
WP_096155439.1 Al VI STGIS|STILKQASDNEY. YNS|GIIVVVAAA[RISENFFGLINTI
AST90329.1 AN VI STGIS|TT|LIKQAADNEY. YNS|GLVVVAAAR[NISEDFFGLINT IG
WP_230500539.1 D VI SIGSTTLRRASDNEN. YNSGIVVVAAARNSIEMSGLGLLNTIGY
WP_078381234.1 D|N]| VI STGIS|STLKQOASDNEY. YNS|GIIVIVVAAAEYS[ESFFGLINTIG
WP_060666810.1 D VI STGIS|ITTLKQASDNEY. YNS|GIIVVVAAAENISIESFLGLVNT I|G
WP_152444042.1 D|N|N| VI SISTGIS|TTILIKQACDNEY. YNS|GIVVIVVAAAMYSIESFFGLYVNTIG
WP_066412694.1 AN|K] VI SSGS|TALQRAVDNEY. YRNNIVVVAAA[RNISIEAQ . GNRNTI
WP_230500606.1 SN|G| VI SSGSTALQRACDNEY. YARGIVVIAAA[RIS[EAT . GNOQNTI
WP_088017821.1 AND VI STGIS|TALQQOACDNEY. YASGIIVVVAAA[RS[ESR . GKRNTM
WP_224838688.1 AND VI GISTG|S|ITALKQACDNEY. YASIGIVVVAAA[RNISIETK . GKOQNTI
WP_100334303.1 AN VI SSGIS|TALQOAVDNEN. YASGIIV[VVAAAENSETR . GRONTMG
WP_094921089.1 D|N|N| VI SDRGIS|ITSLIOIACDNEY. NNSIGIIVIVVAAARISIHSK . GKRNTIGY
WP_224844257.1 Q|E[K] VI SQGS|TALQQACDNEY. NNSIGIIVVVAAA[NISIESK . GKRNTI
WP_070119644.1 SND VI SRG[S|ITSLIQQAVDNEY. YNS|GVLVVAAARERIDIEAK . GKRNTIG
WP_181472841.1 DIN|NM DIV I RTGSAALKDAVDNEY. YNS|GVLVVAAAENEESE . LVENTI
WP_136946078.1 D|N|NMD|V I GISSG|S|TALKDANDNEY. YNA[GIVLVVAAACNEETR . GKQNTIG
WP_153236691.1 AN|IN| VI SSGS|TALKQACDNEN. YNS|GVLVVAAAEISIETK . GKONTI
WP_077360649.1 ANNMDV I SSGES|TALQOACDNEY. YNSIGIVLIVVAAARNSETR . GKONT IG
WP_206945444.1 o 1T SRGIEATILEQAVNNE. DAQGIVLVVAAAMNEESK . GKKENT I
WP_029565418.1 A VI SODISITALKQAVDLEY. YSRGVVVVAAA[NISEAK . GKRNT I|G
TDL80277.1 D VI SQGS|TALQOAVDOEN. YNK|GVV[VVAAAERISIESK . GKRNTI
WP_224844255.1 D VI SSGIS|ITTLKQACDNEY. YNS|GIIV[VIAAAERISESF . FWLNTI
WP_193538138.1 E VI SSGSTTLIQQACDLEN. YNS|GIIVIVVAAAENISESK . GKRNTI
WP_078544469.1 Ep VI SQGES|TALEQAVDNEY. YNS|GIVVIVVAARAENISIESR . GKRNTI
WP_090849877.1 5 VI SQGS|ITALQQOAVDNEY. YNNGIVVVAAA[BSIESK . GKRNT I
WP_022794977.1 5 IV ASGAES|LEMASDNEY. EEE[GIFMVGAA[RISIETDG . ANNTI
WP_107586282.1 A VI PTHIS|QAMETASNNEY. ADAIGILVIAAA[RIDIETNWEGSNTI
WP_106589713.1 T VI GIDF GIE|QALEEASDNIN. EAAIGIVMN IAAAEISEE SWFGGSTI
WP_018922084.1 D MD|V I SIDEFGSIQALEQASNNEY. DDAGIIVVIALAA[ERISETIDFFGGSTI
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WP_105960433.1
WP_107583584.1
WP_168006597.1
WP_090843404.1
WP_147804655.1
WP_168007760.1
WP_146817052.1
WP_026691136.1
WP_171051829.1
WP_168009413.1
WP_124221886.1
WP_1343392482.1
WP_091776380.1
WP_100334247.1

S08.133 sub. LD-1

WP_084380659.1
WP_134339480.1
WP_091776383.1
WP_146817050.1
WP_188208160.1
WP_146817048.1
WP_035661169.1
WP_027965007.1
WP_202078324.1
WP_129080804.1
WP_100374144.1
WP_110612024.1
WP_230895209.1
WP_075683870.1
WP_047973355.1
WP_138811387.1
WP_122897711.1
WP_101331250.1
WP_216831833.1
WP _226516443.1
WP_144089130.1
WP_096188791.1
WP_202080138.1
WP_167261846.1
WP_027963976.1
WP_091776386.1
WP_134338579.1
WP_101332746.1
WP_163537364.1
WP_099092793.1
WP_164853199.1
WP_090774843.1
WP_090775603.1
WP_059104808.1
WP_035392836.1
WP_078393865.1
EZH65969.1

KMK76635.1

WP_143850013.1
WP_203087429.1
WP_059105057.1

$08.098_sub._sendai

WP_003321226.1
WP_034632645.1
S08.157_sub._YaB
WP_060704798.1
WP_095239263.1
$08.010_M-pep.
$08.038_PB92
508.003_savinase
S08.028_ALTP
WP_143849870.
WP_203088820.
WP_017729072.
WP_122896828.
WP_047973137.
S08.045_sub. _;
WP_022628745.1
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WP_129077943.
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WP_078596166.
WP_035666680.
WP_078597775.
WP_100832725.
WP_090774498.
WP_096186536.
WP_110520788.
WP_122900894.
WP_026651049.
WP_199800957.
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S08.034_sub. BPN’
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s08.
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S08.035 sub. J
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S08.044_sub. NAT
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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,

high-alkaline  subtilisin  from

Alkalihalobacillus okhensis Kh10-101"

Table S1 Preculture medium

Component Concentration
MgSOa4 0.7 gL't
KH2PO4 7.7 gLt
(NH4)2504 2.8 g-L'l
FeSO4 x 7H,0 0.09 g-L?!
MnSO4 x H,0 0.09 g-L?!
Peptone from soy 40 gLt
Yeast extract 5g-L?t
Tetracycline 20 pg-mL?
CaCl, 1gL?
Glucose 20gL?
Trace elements see Table S3

Table S2 Fermentation medium

Component Concentration
MgSO4 0.7 g-L?
KH2PO4 7.7 gL
(NH4)2SO4 2.8 g-L‘l
FeSO4 x 7H.0 0.09 g-Lt
MnSOs x H,0 0.09 g-L't
Peptone from soy 40 gLt

Yeast extract 5g-L?t
Tetracycline 20 pg-mL?
CaCl, 1glL?
Glucose 8 g-L ! start glucose + glucose feed

Trace elements
Polypropylene glycol 2000 (PPG)

see Table S3
2 mL + PPG feed
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Table S3 Trace element solution

Chemical Concentration
Citric acid«H,0 40 g-L?
MnS0O4+H,0 4gL?t
ZnS0O4+7H,0 5g-L?
CuS04+5H,0 4g?
FeS04+7H,0 10.67 g-L!
NiSO4+6H,0 0.25 gLt
CoCly+6H,0 0.324 g-L't
H3BO3 0.06 g-L!
Nax:Mo04+2H;0 0.655 g-L!

Yelnt. 273 mV[sum= 4913 mV] Profiles 1-18 Smooth Sv-GI 191

13578.13{r211}

100
80 13562.49{r170}
60 9072.19{r198}
40_1 5594.68{r222} 27115.43{r121}
20
0 = 18098.95{r192} 08%.81{r5}
5000 10000 15000 20000 25000 30000
mz

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.
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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-HCI (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
Ca?*-binding sites (yellow balls). The catalytic residues Asp3?, His®*, and Ser??! for SPPM,
SPMI, SPLA and Asp3?, His®®, and Ser??* 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 O 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.
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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 pl 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). ? (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 pl values and number of amino acids in the proteases

Protease experimental pl Number of residues AB ratio®
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
SPAQP 9.8 9 4 4 6 3 0.4

@ 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 158227

Figure S1 Homology model of the mature SPFA obtained using I-TASSER software. In silico
metal-binding analysis predicted the existence of two Ca?*-binding sites (yellow balls). The
catalytic residues Asp3?, His®*, and Ser??! are shown in red.

YolInt. 55 mV[sum= 1274 mV] Profiles 56-78 Smooth Sv-Gl 191

13800.774{r188}
100 |
80 |
] 9205.89{r173
60 {r173}
] 27566.21{r113
, 40904.46{r202} | ;{r }
a || | |
] | ‘ Il
20 I I 21783.95{r171} I
01 i i ""1..5_?9,9;?,}.{._'_1,_}, . 26671.70{r6} _ 33940.75{1
10000 15000 20000 25000 30000 '
m/z

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 pl 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.
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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 pl value and AB ratio calculation

Protease experimental pl Number of residues AB ratio®
Arg Asp Glu His Lys
SPFA ~5.8 5 13 4 6 8 0.9
@ The AB ratio [AB = (Glu + Asp)/(Lys + His + Arg)] was calculated as described in (Rhodes
et al. 2010).




175

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, 40.1g-L*
Germany)

Tryptone/Peptone from Casein 35gL?

Yeast extract 4g?

MnSOz x H,0 0.01g-L?
(Kanamycin) 50 pg-mL?
Glucose 10 g-L!

Trace elements
pH

1:1000 of the stock solution (Table S3)
7.0

Table S2 Fermentation medium

Component Concentration

MnSO4 x H,0 0.01g-L?

Tryptone/Peptone from Casein 35gL?

Yeast extract 4gL?t

(Kanamycin) 50 pg-mL?

Glucose 8 g-L ! start glucose + glucose feed

Trace elements
Polypropylene glycol 2000 (PPG)
pH

1:1000 of the stock solution (Table S3)
2 mL + PPG feed
7.0

Table S3 Trace element stock solution

Chemical Concentration
Citric acid«H,0 40 g-L?
MnSQO4+H,0 4glLt
ZnS04+7H,0 5g-L?t
CuS04+5H,0 4gL?t
FeS04+7H,0 10.67 g-L!
NiSO4+6H20 0.25g-L?
CoCl*6H,0 0.324 g-L*
H3BOs3 0.06 g-L*!
Na:Mo04+2H,0 0.655 g-L!
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