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ARTICLE INFO ABSTRACT
Keywords: Next-generation sequencing (NGS) methods allow for the generation of data leading to a greater understanding
Whole-genome sequence of the potential functionality and dynamics of microorganisms within their biotopes. The enormous volume of
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data that NGS produces necessitates understanding structural and functional genomics through the application of
various omics techniques. Streptomyces cyaneofuscatus CTM50504 is a potential extracellular hydrolase producer
isolated from a terrestrial hot spring, Ain El-Atrous, Korbous (Nabeul, Tunisia). This strain can grow at 50 °C and
a pH range of 6-9. It requires the presence of NaCl for growth and secretes proteases, lipases, phospholipases,
amylases, and chitinases. Whole-genome sequence (WGS) analysis was performed on strain CTM50504 to
identify protein-encoding genes, including hydrolases. The genome sequence was assembled into 858-contigs
with an average G + C content of 71 % and a total length of 8,591,922-bp. Genome annotation revealed 770-
protein-coding genes with 323 open reading frames encoding hydrolases, including 179-proteases, 20-lipases,
10-phospholipases, 5-amylases, and 5-chitinases. The gene encoding a serine alkaline protease (SCKP) was
heterologously expressed in Escherichia coli. The recombinant SCKP (rSCKP) was purified by affinity chroma-
tography, and its biochemical properties were determined. Molecular dynamics simulations provided deeper
insights into how key amino acids contribute to substrate binding and elucidated the basis of substrate
selectivity.
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1. Introduction

Even though extremophiles and their associated enzymes are useful
in industrial applications, comprehensive studies on their genomic ad-
aptations are lacking [1,2]. This is surprising because genomic adapta-
tions are often crucial to basic and applied investigations. Selected
genomics-based studies have shown that microorganisms living in
extreme environments restructure their genomes using various ap-
proaches such as insertion, expansion, or reduction of genome size; gene
reshuffling through displacements and gene reorganization; G + C
skewness in the genome; horizontal gene transfer; change in polyploidy
level; and a preference for specific codon usage in genes whose products
are required during adaptations to inhospitable ecological biotopes [3].
Therefore, genomics-based studies of prokaryotic extremophiles are
needed to understand survival in extreme environments [4]. Compara-
tive genomics studies have revealed a substantial loss of genes in acid-
ophiles compared to alkaliphiles and slightly larger genome sizes in
thermophiles than in psychrophiles. Genomic adaptations in halotoler-
ant microorganisms have been identified as polyploidy, an improved
mechanism for gaining inorganic osmolytes, a battery of genes for the
biosynthesis of organic osmolytes, and an enhanced inorganic osmolyte
transporter system [5]. Because of their improved catalytic properties,
increased stability, and capacity to function under harsh conditions,
extremozymes derived from extremophiles are a rich bioresource of
industrially relevant enzymes for use in diverse biotechnological appli-
cations [6,7].

The availability of new genome sequences makes the process of
looking for new industrial enzymes easier. The rapid advancements in
next-generation sequencing (NGS) technologies have revolutionized the
landscape of biochemical and biomolecular research. Next-generation
sequencing offers unprecedented insights into the genetic composition
of organisms, enabling researchers to explore complex biological sys-
tems with remarkable precision. This powerful tool, when integrated
with cutting-edge computational techniques such as molecular docking,
opens new avenues for understanding enzyme mechanisms at an atomic
level.

Identifying specific enzymes from extremophilic resources is only as
good as the current bioinformatic analyses, and many novel or unknown
activities can be missed. It is accordingly vital to screen genomic clone
libraries against chromogenic substrates of commercial interest for
specific biocatalytic activities, especially if the turnover of a non-natural
substrate is required. The recent commoditization of massively parallel
DNA sequencing technologies provides new capabilities for generating
large datasets for sequence-function pairings. Enzymes, as pivotal cat-
alysts in biochemical processes, play a crucial role in a wide array of
physiological functions. Understanding their structure-function re-
lationships is essential for developing targeted therapeutic interventions
and novel biotechnological applications.

In the era of omics and advances in high-throughput sequencing
(HTS) technologies, a vast amount of molecular data is frequently sub-
mitted to international data repositories by groups of scientists from all
over the world, which requires expert bioinformaticians and data sci-
entists with strong theoretical and practical knowledge in the fields for
their analysis. Despite the significant progress in recent years in HTS and
omics approaches, exploring the vast functional extremozyme sequence
space still needs improvement [8,9].

Streptomyces species are filamentous, spore-forming, and Gram-
positive Actinomycetota [10]. Although Streptomyces species survive in
various habitats, soil is their most significant resource bank. Unique
characteristics of members of the genus Streptomyces include linear,
relatively long genomes (8-10 Mb) and an extremely high G + C content
(>70 %) [11]. In the domains of agronomy, medicine, and the food
industry, Streptomyces species are well-known for their ability to pro-
duce a broad range of medically significant natural products with
noteworthy biological activity [12]. Because of their extensive genomic
structure, which includes several transposable elements close to the ends
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of the linear chromosome that permit the broad mobility and inter-
change of “accessory” genes, Streptomyces species produce a large vari-
ety of secondary metabolites such as antifungal, antiviral, antitumor,
antihypertensive, immunosuppressant compounds, and enzymes [13].
Genome sequencing has significantly impacted Streptomyces studies,
providing valuable insights into their ability to produce industrial en-
zymes. The annotation of Streptomyces genomes has revealed that
members of this genus may harbour as many as 6000 to 10,000 genes,
mainly due to gene duplication and lateral gene transfer. The Strepto-
myces coelicolor A3(2) genome was one of the first bacterial genomes to
be analyzed [14]. The analysis highlighted the presence of several
biosynthetic genes, including those that encode for industrial enzymes
such as proteases, amylases, and cellulases. Similarly, other Streptomyces
genome-based studies have also identified the genes required to produce
industrially relevant enzymes such as xylanases and chitinases [15,16].
Furthermore, the genomes of Streptomyces griseus and Streptomyces sp.
strain MWC3 contain genes necessary for producing an alkaline protease
with possible application as a detergent additive and a new glycoside
hydrolase with potential for application in the food industry, respec-
tively [17]. To find unique genes encoding for proteases and chitinases,
a comparison between the genomes of Streptomyces lividans and
S. coelicolor was performed, highlighting the role of comparative geno-
mics in discovering novel enzymes [18]. In the same way, Lee et al. [19]
analyzed the whole genome sequences of three Streptomyces species,
including Streptomyces clavuligerus, Streptomyces avermitilis, and S. griseus
to identify the sequence variation in enzyme production pathways for
the discovery of lipases and amylases for industrial production [19]. The
genome sequences revealed how the genetic pathways associated with
these enzymes are involved in their biosynthesis and helped identify
new enzymes for possible use in industrial processes. As sequencing
technologies develop, more research is expected to reveal other genetic
data from members of the genus Streptomyces, which are known to
produce a range of enzymes for potential industrial use.

Considering these points, the current study investigated strain
CTM50504, a polyextremophilic actinomycete isolated from the Ain El-
Atrous hot spring at Korbous, Nabeul, Tunisia. Whole genome sequence
analysis, using the NextSeq™ 500 Illumina platform, was performed on
strain CTM50504. The sequence data obtained were assembled and
annotated to understand the extremozyme machinery of strain
CTM50504 and to discover potentially novel hydrolases for biotechno-
logical applications. Accordingly, a nucleotide region (sckp) encoding a
serine alkaline protease was identified and heterologously expressed in
Escherichia coli BL21(DE3). The recombinant protease (rSCKP) was pu-
rified using affinity chromatography, and its biochemical properties
were determined. Molecular modelling and docking, as well as molec-
ular dynamics (MD) simulations of three synthetic peptides in the active
site of rSCKP, were analyzed to examine the structural stability and
catalytic mechanism of this enzyme.

2. Materials and methods
2.1. Sampling and isolation of extremophiles

To isolate hydrolase-producing bacteria, soil samples were collected
from the terrestrial hot springs at Ain El-Atrous, northeast Tunisia,
Korbous-Nabeul (GPS coordinates: 36°810'N, 36°56'E). The temperature
at the sampling site was 59 °C. The samples were collected under aerobic
conditions from wet sediments inside the hot spring and were trans-
ported to the laboratory at ambient temperature (23 + 2 °C). To isolate
actinomycete strains, a serial dilution of the samples was carried out in a
sterile saline solution (0.5 %, w/v, in distilled water), with a dilution
prepared up to 10~>. It was followed by the inoculation of 100 pL of each
dilution onto five different International Streptomyces Project (ISP)
media (ISP1, ISP2, ISP4, ISP5, and ISP7) at pH 8 [20,21]. Cycloheximide
(25 pg/pL) and Ampicillin (20 pg/pL) were added to the isolation media
to increase the ratio of actinomycete strains to other microorganisms.
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Replicate plates were incubated at 40, 45, 50, 55, and 60 °C for ten days.
After three rounds of purification, a ‘typical’ actinomycete colony,
designated CTM50504 (sub-cultured onto ISP2, 45 °C), was selected and
preserved at 4 °C. The CTM50504 culture was stored in a 20 % (v/v)
glycerol solution at —32 °C and — 80 °C for long-term storage.

2.2. Screening for hydrolase enzymes

Protease activity was screened for by using skimmed milk-ISP2 agar
containing (g/L): yeast extract (4), malt extract (10), glucose (4), agar
(20), and 250 mL skimmed milk, pH 7.4. After incubation at 45 °C, a
halo around colony growth, indicating casein degradation, was consid-
ered a positive indicator for protease activity [22]. Using azo-casein as a
substrate, the proteolytic activity was determined as follows: 1 mL of 10
g/L azo-casein, suspended in 100 mM bicarbonate-NaOH (pH 11) sup-
plemented with 2 mM Ca2*, was mixed with 1 mL of a suitably diluted
enzyme solution (1:1000). The sample was incubated for 30 min at 80 °C
with shaking at 250 rpm. The assay mixture was cooled in ice-cold water
for 5 min. The remaining substrate was discarded by centrifugation
(10,000 xg, 20 min) and filtration via Millipore cellulose filters (0.45
pm). The released azo dye was measured in the filtrate at 440 nm, and
activity was expressed in casein units. The control consisted of the
enzyme and buffer without substrate. In this case, one unit of protease
activity was defined as the amount of enzyme causing an increase of 0.1
in absorbance at 440 nm in one min under the experimental conditions
described. Protease activity on N-succinyl-i-Ala-i-Ala-1-Pro-i-Phe-p-
nitroanilide (N-Suc-A-A-P-F-pNA or AAPF), N-succinyl-i-Ala-1-Ala-1-
Phe-1-Phe-pNA (N-Suc-A-A-F-F-pNA or AAFF), and N-succinyl-i-Ala-Ala-
Pro-Met-pNA (N-Suc-A-A-P-M-pNA or AAPM) was measured through the
accumulation of free soluble peptides resulting from synthetic peptide
degradation using the Folin-Ciocalteu reagent. To do this, a suitably
diluted enzyme (1:1000, 0.5 mL) was mixed with 0.5 mL of 100 mM
bicarbonate-NaOH buffer (pH 11) supplemented with 2 mM Ca2*,
containing 10 mg/mL for each synthetic peptide, and incubated for 15
min at 80 °C. Then, 2.5 mL of 200 g/L trichloroacetic acid was added to
stop the reaction. Thirty minutes later, the cooled mixture was centri-
fuged (15,000 rpm for 20 min). A quantity of 0.5 mL of supernatant was
mixed with 2.5 mL of 500 mM Na,CO3 and 0.5 mL of Folin-Ciocalteu
reagent and incubated for 30 min at 23 + 2 °C. One unit of protease
activity was defined as the amount of enzyme yielding the equivalent of
1 pmol of tyrosine released per minute under the defined assay
conditions.

The screening for lipase and phospholipase activities was carried out
using ISP2 agar plate assays containing olive oil (OO) and phosphati-
dylcholine (PC), both at 1 % (v/v). Plates were inoculated and incubated
at 45 °C for seven days. The plates were stained with 0.01 % (w/v)
rhodamine B, and any colony displaying orange halos upon UV irradi-
ation was considered a lipase-producing bacterium [23,24]. The liquid
medium for lipase production consisted of (g/L): peptone casein (15),
malt extract (5), KoHPO4 (1), KHoPOy4 (1.75), MgSO4 (0.5), and 1 % (v/v)
00, pH 7. The lipase activity was continuously assayed potentiometri-
cally at pH 10 and 70 °C by measuring the free fatty acids (FFA) released
from mechanically stirred triglycerides (TG) emulsion using 0.1 M
NaOH and a pH-STAT device (Metrohm 902 Titrando, Herisau,
Switzerland) as previously described [24,25]. The lipase enzymatic ac-
tivity was expressed in international units (1 IU) corresponding to the
amount of enzyme required for 1 pmol of FFA to be released per minute.
The liquid medium for phospholipase D (PLD) production consisted of
(g/L): glucose (8), soya flour (5), peptone (5), K;HPO4 (1), and
MgS04-7H20 (0.5), pH 7. The PLD activity corresponds to the amount of
choline released from the PC, as previously described [26].

In addition, the isolates were also screened for their ability to pro-
duce Carbohydrate-Active enzymes (CAZymes). Amylase activity
screening was performed using ISP2 agar supplemented with 1 % (w/v)
starch. The amylolytic activity was detected by the formation of a clear
zone around the isolates after adding iodine [27]. For the chitinase,
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pectinase, and cellulase activities, the screening was carried out on ISP2
agar supplemented with 1.5 % (w/v) colloidal chitin, 2 % (w/v) pectin,
and 2 % (w/v) carboxymethyl cellulose (CMC), respectively, as previ-
ously described [28-30]. After incubation at 45 °C for seven days, plates
were stained with 0.1 % (w/v) Congo red to visualize the extracellular
chitinase, pectinase, and cellulase activities. The production of amy-
lases, chitinases, pectinases, and cellulases was carried out using ISP2
liquid media supplemented with starch, colloidal chitin, pectin, and
CMC, respectively (at 1.5 %, w/v). The CAZymes were assayed, and
activity was expressed as previously described [27-30].

All liquid cultures were grown in 500-mL Erlenmeyer flasks with
baffles containing 50 mL of broth medium and were supplemented with
cycloheximide at 400 mg/L to minimize fungal contamination.

2.3. Genomic DNA extraction

Two bacterial DNA extraction kits were evaluated for high-quality
bacterial genomic DNA extraction. The Bio Basic and NucleoSpin™ 96
(Macherey Nagel™, Strasbourg, France) kits were used with slight
modifications. For the Bio Basic kit, after adding 200 pL of 96 % ethanol,
the mixture was incubated overnight instead of immediately trans-
ferring the samples to the next step. For the Macherey Nagel™ Kkit, in-
cubation of 1 h at 23 + 2 °C after the addition of 180 pL of buffer T1 was
added to the protocol before adding proteinase K. Extracted DNA was
subjected to quality control (QC) using the Implen™ Nanophotometer™
N60/N50 (Implen GmbH Schatzbogen, Miinchen, Germany), and was
quantified using the Quantus™ fluorometer (Promega, Madison, WI,
USA). An Agilent 2100 Bioanalyzer DNA Kit (Agilent Technologies,
Lawrence, Kansas, MO, USA) was used for sizing, quantification, and
quality control of the extracted DNA.

2.4. Phylogenetic identification of strain CTM50504

Strain CTM50504 was characterized after 10 days of incubation at
45 °C. The phenotypic characteristics, such as the colour of the aerial
and substrate mycelium, characteristics of the colony, colour, and
morphology of the spore chain, and diffusible pigment production, were
performed according to the recommendations of Shirling and Gottlieb
and Bergey's manual of bacteriology [20]. The CTM50504 mycelium
structures were observed using a light microscope. The enzymatic pro-
files of the CTM50504 strain were determined using the Analytical
Profiling Index (API) ZYM gallery. For the molecular identification of
strain CTM50504, the 16S rRNA gene sequence was amplified by Po-
lymerase Chain Reaction (PCR) using Actinomycetota-specific primers
[31]. The sequences obtained were compared with sequences available
in the public sequence databases and the EzTaxon-e server (http://ezt
axon-e.ezbiocloud.net/). Phylogenetic and molecular evolutionary ge-
netic analyses were performed using the Molecular Evolutionary Ge-
netics Analysis (MEGA) software v. 11.1. Distances and clustering were
calculated using the neighbour-joining method. Bootstrap analysis was
used to evaluate the tree topology of the neighbour-joining data by
performing 1000 resamplings. Multiple nucleotide sequence alignment
was performed using the BioEdit version 7.0.2 software program.

2.5. Whole genome sequence library preparation

To produce a genome sequence for strain CTM50504, the NextSeq™
500 sequencing instrument at ProfileXpert, Genomics and Micro-
Genomics Platform, of UCBL 1 was used. The sequence library was
prepared using the NextSeq reagent kit version 2 and 1pg of genomic
DNA, as per the NextSeq™ 500/550 DNA library Prep Reference guide
(Illumina, San Diego, CA, USA).
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2.6. Bioinformatics pipeline

2.6.1. Genome assembly and analysis

FASTQ sequences were extracted from FASTS5 files using the Guppy
pipeline v. 2.3.1. The extracted FASTQ files were further demultiplexed
by Porechop v. 0.2.4. The quality of the FASTQ files was verified using
FastQC [25]. The reads were filtered using Trimmomatic version 0.39
[32] to ensure quality (Phred score > 30). De novo genome assembly
was performed using SPAdes and Skesa with default parameters on the
Proksee server. QUAST v5.0.2 was employed for assembly metrics de-
terminations. The genome map of strain CTM50504 was constructed
using Proksee [33] and the CGView server. The draft whole genome
sequence of CTM50504 was uploaded to the Type Strain Genome Server
(TYGS) for in silico-based taxonomic analysis [34]. The Average
Nucleotide Identity (ANI) analysis was performed using JSpeciesWS
[35].

The phylogenomic tree of CTM50504 and closely related strains was
generated using the TYGS [32]. After genome assembly, gene prediction
and annotation were performed using the Glimmer [36] and Bakta tools
to identify regions of DNA containing protein-coding genes.

The Basic Local Alignment Search Tool (BLAST), InterProScan, Kyoto
Encyclopedia of Genes and Genomes (KEGG), Blast2Go, and other tools
were utilized to identify the gene function in the S. cyaneofuscatus
CTM50504 genome. Blast2GO version 5.2.5 (2018) (http://www.bla
st2go.com) was used for automatic presentation to discover coding re-
gions within the S. cyaneofuscatus CTM50504 genome. OmicsBox
version 1.3 (https://www.biobam.com/omicsbox) was utilized for
mapping, identification, visualization, and quantitative statistical ana-
lyses. AntiSMASH v7.0.1 was used (with the default parameters) to
perform genome mining of putative secondary metabolite biosynthetic
gene clusters [37]. The genes encoding shared and distinct proteins or
pseudogenes between S. cyaneofuscatus CTM50504 and other strepto-
mycetes, Streptomyces cyaneofuscatus NRRL B-25707 [38], Streptomyces
arboris TRM68085, Streptomyces microflavus JCM 44967, and Strepto-
myces microflavus DSM 40593" for each sequenced genome could be
viewed as a Venn diagram using OrthoVenn3 (https://orthovenn3.bioin
fotoolkits.net/home). An oval of a distinct colour for each Streptomyces
lineage indicates how many ortholog gene groups the strains under
consideration share. The functional annotation of the genome via
orthology assignment was carried out via the eggNOG-mapper v2 online
portal (http://eggnog-mapper.embl.de) [39].

2.6.2. Nucleotide sequence and whole genome sequence accession numbers
The data reported in this work for the nucleotide sequence of the 16S
rRNA gene (1526 bp) and Whole Genome Shotgun project of strain
CTM50504 have been deposited in the DDBJ/ENA/GenBank databases
under the accession numbers PP346394 and PRINA1065629 (http
s://www.ncbi.nlm.nih.gov/bioproject/PRINA1065629), respectively.

2.7. Validation, comprehensive characterization, heterologous expression,
and biochemical characterization of rSCKP

2.7.1. Validation of detected enzymes by PCR and Sanger sequencing

For validation of detected enzymes found by CTM50504 genome
sequencing, the respective genomic regions encoding an extracellular
protease, phospholipase, lipase, amylase, and chitinase were amplified
by PCR using the oligonucleotides listed in Supplementary data,
Table S1. The resulting PCR products were subjected to Sanger
sequencing (ABI DNA SeqStudio Genetic Analyzer) and analyzed to
verify the presence of the target enzymes.

2.7.2. Comprehensive analysis of rSCKP: Genetic, structural, and
functional insights

The nucleotide sequence of the sckp gene encoding the recombinant
alkaline serine protease, rSCKP, was obtained from the genome of
S. cyaneofuscatus CTM50504. The translation of the nucleotide sequence
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into a protein sequence was performed using the Expasy Translate tool.
Functional annotation and homology search were conducted using
BLASTp (NCBI), enabling comparison with sequences in protein
databases.

Functional domains and conserved motifs were identified using
InterProScan. Multiple sequence alignment of homologous sequences
was performed using ClustalW to assess the conservation of catalytic
residues. The subcellular localization of the rSCKP protease was pre-
dicted using ProtComp. This prediction was complemented by signal
peptide analysis with SignalP-5.0.

2.7.3. Heterologous expression of rSCKP

The sckp sequence was deduced by assembling and annotation of the
CTM50504 genomic sequence, and a recombinant plasmid was prepared
by CAYLA (Toulouse, France). Briefly, the sckp gene, containing the
restriction sites, Ndel and EcoRI, was cut with the enzymes and was
ligated into the pUT57 vector, linearized by the same enzymes, leading
to the pSM200 plasmid. From the resulting plasmid, the Ndel and EcoRI
insert carrying the sckp gene was ligated into a pET-28b vector linear-
ized by the same enzymes, leading to the corresponding vector, pSM201.
The pSM201 recombinant vector was then transformed into the E. coli
TOP10, leading to the formation of the pSM202 vector. The latter
plasmid construction was confirmed by sequencing. The pSM202
plasmid was transformed into an electrocompetent E. coli BL21(DE3)
strain as described previously [40]. The culture and the IPTG induction
of the rSCKP expression were carried out as detailed recently [41]. The
recombinant protease was purified using a HisTrap™ HP chelating Ni-
affinity chromatography column (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) as detailed by the authors [40]. The rSCKPs sample's
purity was analyzed by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). The rSCKP proteins were visualized by
Coomassie brilliant blue R-250 staining. In addition, a zymography
technique was performed by integrating 0.1 % (w/v) azo-casein into the
separating gel. The biochemical characterization and enzyme kinetics of
the rSCKP protease were carried out according to standard conditions
detailed previously by the authors [22,40] using azo-casein as modified
protein substrate and AAPF, AAFF, and AAPM as synthetic peptide
substrates. The effect of pH on the rSCKP activity was analyzed between
pH 2 and 13 with different buffers at 100 mM at 80 °C. The pH stability
was assessed by incubating the rSCKP at pH 6 to 12 in different buffers
(100 mM each, supplemented with 2 mM CaCly): glycine-HCI for pH
3-5, MES for pH 5-6, PIPES for pH 6-7, HEPES for pH 7-8, Tris-HCl for
pH 8-9, glycine-NaOH for pH 9-11, bicarbonate-NaOH for pH 11-11.5,
NayHPO4-NaOH for pH 11.5-12, and KCI-NaOH for pH 12-13 for 24 h at
60 °C. The optimum temperature for the rSCKP activity was determined
from 30 to 100 °C, at pH 11. The rSCKP thermostability was explored by
incubation at 70, 80, 90, and 100 °C and determination of the rSCKP
activity at 2 h intervals. The compatibility of rSCKP, PREFERENZ® S
210 (Genecor International, Inc., a Danisco Division A/S, Rochester, NY,
USA), and PROTEASE, Type XIV (Merck KGaA, Darmstadt, Germany;
Sigma-Aldrich, protease from Streptomyces griseus Type XIV) with
various commercial detergent formulations was also evaluated
following the method described by Mechri et al. [42].

2.8. Structural analysis of rSCKP

2.8.1. Theoretical physico-chemical parameters of rSCKP

The theoretical physico-chemical parameters of the rSCKP protease
were determined using ProtParam and EMBOSS pepstats. These tools
calculated the molecular weight, theoretical isoelectric point (pl),
instability index, and grand average of hydropathy (GRAVY). These
values were compared to those of other microbial alkaline proteases to
assess the rSCKP enzyme's stability and solubility.
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2.8.2. Secondary structure prediction, 3D modelling, and structural model
validation

Secondary structure prediction was performed using SecStrAnnota-
tor, identifying o-helices and f-strands. A three-dimensional model of
the rSCKP protease was generated using AlphaFold 2, an artificial in-
telligence tool specialized in protein structure prediction. Multiple
models were generated, and the one with the highest pLDDT score was
selected for validation.

The quality of the 3D model was evaluated using MolProbity, which
analyzed the stereochemistry and overall quality of the predicted
structure. Ramachandran plots were generated to assess the distribution
of ¢ and y angles of the residues, and rotamers were evaluated to detect
potential aberrant conformations. To further assess the functional rele-
vance of the predicted structure, the conservation of the catalytic triad
geometry by performing a local structural superposition was evaluated.
The coordinates of the Asp27-His70-Ser278 triad from the AlphaFold-
predicted model of rSCKP were aligned with those from a crystallized
subtilisin BPN’ (PDB ID: 1LW6), using the “Superimpose by Alignment”
function in BIOVIA Discovery Studio Visualizer.

2.8.3. Model refinement and molecular docking of rSCKP

The molecular modelling of the rSCKP was performed using Alpha-
Fold (https://alphafold.ebi.ac.uk/), which provided a reliable 3D
structure. This structure was further refined by incorporating a Ca>* and
catalytically relevant water molecules through a molecular docking
protocol. The COACH and PLIP tools were employed to confirm the
potential presence of a calcium-binding site, given the importance of
calcium in the structure of subtilisins, which AlphaFold did not model
within the predicted rSCKP structure. Synthetic peptide candidates,
subjected to docking, were selected based on observed relative in vitro
activity. Their structures were retrieved from PubChem in PDB format
and optimized using the Clean Geometry option in Biovia Discovery
Studio. This ligand preparation ensured optimal initial conformations
before docking. For charge and hydrogen assignment, both the rSCKP
and ligands were prepared using the DockPrep tool with the AMBER
ff14SB force field integrated into Chimera 1.14 to ensure a stable and
biologically relevant conformation for molecular docking. Molecular
docking was performed using AutoDock Vina, employing a Monte Carlo
global optimization algorithm coupled with a hybrid empirical/force-
field scoring function. The docking box (30 x 30 x 30 f\) was
centered on the catalytic triad, and 10 poses per ligand were generated
using an exhaustiveness value of 8. Validation of the docking results was
assessed by calculating the root mean square deviation (RMSD) (lower
and upper bounds) between the best-ranked pose and the alternative
conformations. Poses with RMSD <2 A were considered conformation-
ally convergent. The resulting complexes were analyzed using Biovia
Discovery Studio and the PLIP tool, which enabled the identification and
characterization of key interactions between rSCKP and each peptide.
Two-dimensional interaction diagrams of ligand-rSCKP interactions
were generated to provide a clear visualization of the forces involved,
including hydrogen bonds, hydrophobic interactions, n-n interactions,
and van der Waals forces. PyMOL was utilized to produce the three-
dimensional representations.

Molecular dynamics (MD) simulations were prepared using
CHARMM-GUI and executed with GROMACS 2025.0, employing the
CHARMM36m force field. Each peptide-receptor complex (rSCKP) was
embedded at the center of a rectangular TIP3P water box with a 10 A
buffer and neutralized with K™ and Cl~ ions at a physiological concen-
tration of 0.15 M. Energy minimization was performed using the
steepest descent algorithm until the maximum force dropped below 10
kJ/mol, with a maximum of 100,000 steps. Van der Waals and elec-
trostatic interactions were evaluated using a 1.2 nm cut-off under the
Verlet scheme, with three-dimensional periodic boundary conditions
applied throughout. Two equilibration steps followed: an NVT [number
of particles (N), system volume (V), and temperature (T)] phase at 310 K
using the V-rescale thermostat, and an NPT [number of particles (N),
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system pressure (P), and temperature (T)] phase at 1 bar using the
Parrinello-Rahman barostat with an isothermal compressibility of 4.5 x
107° bar L. Bonds involving hydrogen atoms were constrained using the
LINCS algorithm. The production phase lasted 100 ns, with a time step of
2 fs and no velocity regeneration, ensuring continuity from equilibra-
tion. Coordinates, energies, and logs were saved every 10 ps. Trajectory
analyses were based on five structural parameters: receptor RMSD,
ligand RMSD, radius of gyration (Rg), solvent-accessible surface area
(SASA), and root mean square fluctuations (RMSF). Each simulation was
repeated twice to assess robustness and reproducibility.

2.8.4. Molecular dynamics simulations and binding free energy analysis

Binding free energies of the peptide-rSCKP complexes were calcu-
lated using gmx MMPBSA v1.5.0 [43]. The analysis used frames from
0 to 10,000 (0-100 ns) with a sampling interval of 500 frames, and was
conducted on solvated trajectories to reflect aqueous conditions. The
Poisson-Boltzmann radius was set to 2 A, in accordance with
CHARMM36m force field recommendations. Ionic strength was main-
tained at 0.15 M to simulate physiological conditions. Entropy was
estimated using the interaction entropy method, with segment sizes of
25 frames and a temperature of 300 K. Energy decomposition was per-
formed using mode 2 with verbosity level 3, targeting receptor residues
located within 4 A of the ligand (defined using the “within 4” clause), to
identify key amino acids and quantify their individual energetic
contributions.

The calculated thermodynamic parameters included the mean
enthalpy of binding (AH), the entropic contribution (-TAS), the binding
free energy (AG), and the internal energy of the ligand (E_ligand).
Together, these values provide a comprehensive view of the forces sta-
bilizing the complex and the energetic trade-offs of peptide binding.

3. Results
3.1. Isolation of extremophile bacteria and screening of enzyme activities

The terrestrial hot spring samples were collected at Ain El-Atrous,
Korbous-Nabeul, Tunisia (GPS coordinates: 36°810'N, 36°56'E) to
isolate hydrolase-producing strains. Among the seventeen actinomycete
isolates, an isolate designated as strain CTM50504 exhibited the most
promising hydrolase production. Strain CTM50504 tested positive for
the extracellular production of lipase, phospholipase, protease, amylase,
and chitinase. The ratio of the apparent zone diameter on solid media
and the production of enzymatic activity (U/mL) in liquid media sup-
ported the selection of strain CTM50504 for further study (Table 1).

3.2. Genomic DNA extraction protocols and quality control

In this study, the modified NucleoSpin™ 96 (Macherey Nagel™)

Table 1
Qualitative and quantitative analysis of the enzymatic activities of strain
CTM50504.

Hydrolase Diameter ratio on solid Production of enzymatic activity (U/
activity media (mm) mL) in liquid media

Protease +++ 9000 + 95

Phospholipase 4+ 6+1

Lipase +++++ 80+7

Amylase 4+ 850 £ 12

Chitinase +H++++ 40+3

Pectinase - -

Cellulase - -

Note: The signs +++, ++-++, and +++-++-+ correspond to a ratio of the halo
diameter/colony diameter of 2, 2 to 3, and 5 to 6, respectively. The sign, —,
corresponds to an absence of activity. All measurements and activity de-
terminations were replicated at least three times. Values are reported with + SE
and represent the means of at least three replicates.
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protocol resulted in genomic DNA of better quality and quantity. The
260/230 and 260/280 ratios were within the appropriate range for
good-quality, pure nucleic acid. In addition, the Quantus™ fluorometer,
Agilent 2100 Bioanalyzer, and 5200 Fragment Analyzer System analyses
validated the extracted genomic DNA quality (quantity and size).

3.3. Phenotypic and molecular identification of strain CTM50504

Strain CTM50504 is an aerobic, non-acid-fast, Gram-positive, and
catalase-positive actinomycete. In addition, strain CTM50504 was able
to grow at 50 °C and a pH range of 6 to 9 and requires the presence of
NacCl for its growth, suggesting that it is halophilic. These phenotypic
characteristics are consistent with members of the genus Streptomyces
(Table 2).

Based on the 16S rRNA gene sequence (GenBank accession no.:
PP346394) analysis (GenBank and EzTaxon), the nearest phylogenetic
neighbour of strain CTM50504 was identified as S. cyaneofuscatus NRRL
B-2570" with a sequence similarity of 99.93 %. Furthermore, when a
16S rRNA phylogenetic tree was constructed, the bootstrap analysis
(1000 replicates) revealed that node values ranged from 50 to 98 % in all
groups, demonstrating their robustness (Fig. 1), confirming the assign-
ment of strain CTM50504 as a streptomycete.

Table 2
Phenotypic characteristics of strain CTM50504 and Streptomyces cyaneofuscatus
NRRL B-2570" [38] (GenBank accession no.: JOEM01000050).

Phenotypic characteristic Strain Streptomyces
CTM50504 cyaneofuscatus NRRL B
2570"
Morphology Colony colour Brown Sand yellow
Cultivation ISP2 ISP2
medium used
Incubation period 10 10-14
(days)
Metabolite Arginine + +
utilization Citrate + +
Gelatine + +
Lysine - -
Ornithine
Tryptophan + +
Urea + +
Metabolite Acetoin Yes Yes
production H,S No No
Indole Yes Yes
Enzymes Acid phosphatase + +
Alkaline + +
phosphatase
a-Chymotrypsin + +
o-Fucosidase - -
o -Galactosidase - -
a-Glucosidase + +
o-Mannosidase + +
Arginine + +
dihydrolase
B-Galactosidase + +
B-Glucosidase + +
Growth at: 5 % NaCl + -
10 % NaCl + -
15-20 % NaCl + -
20 °C - +
30°C — +
40 °C + +
42°C + -
45°C + -
50 °C + -
59 °C + -
70°C + -

Note: +: All strains are positive; —: All strains are negative. ISP: International
Streptomyces Project.
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3.4. General genomic features and phylogeny of Streptomyces
cyaneofuscatus CTM50504

An extended genome analysis of S. cyaneofuscatus CTM50504 was
performed to gain insights into the strain's ability to exhibit hydrolase
activities. FastQC analysis of the Illumina NextSeq™ 500-generated data
showed that 3,893,456 paired-end reads were generated at a length of
150 bp, resulting in a genome coverage of 200. After Trimmomatic
quality filtering, 3,677,363 paired-end reads were obtained (Table 3).

Following assembly, a high-quality draft genome sequence of 858
contigs and an average G + C content of 71 % was obtained. The
assembled genome's total size was 8,591,922 bp, with an N50 of 17,033
bp, with the longest contig length at 104,377 bp, which reflects the
inherent limitations of Illumina short-read sequencing, which may
hinder the full resolution of biosynthetic gene clusters and synteny re-
lationships. Future incorporation of long-read technologies such as Ox-
ford Nanopore or PacBio technologies could greatly improve assembly
continuity and enhance the accuracy of functional and comparative
genomic analyses.

3.5. Genome annotation

The assembled draft genome was annotated using the Bakta and
Glimmer software tools, identifying 8100 coding sequences (CDSs),
seven rRNAs, 76 tRNAs, 49 other RNA genes, and 7 CRISPR regions [44]
(Table 3). A functional categorization of the CDSs by gene ontology (GO)
terms was performed based on the Blastx hits from the non-redundant
(nr) database when using Blast2GO annotation in OmicsBox 2.0.10. A
total of 8100 genes were annotated in the GO database and could be
divided into three subcategories according to the function of each gene:
biological process (49 branches), cellular component (6 branches), and
molecular function (9 branches) (Supplementary data, Fig. S1 and Excel
File 1). In the biological process subcategories, the three largest
branches are cellular process, metabolic process, and organic substance
metabolic process. In the cellular component subcategories, the branch
regarding the cell membrane accounts for the most significant propor-
tion. In the molecular function subcategories, the top four are the cat-
alytic activity, hydrolase activity, binding, and transferase activity
branches (Supplementary data, Fig. S1).

Analysis of the subsystems at the “function” level (Supplementary
data, Excel File 2) revealed the presence of proteins with potential
biotechnological interest. For example, we found genes encoding li-
pases, proteases, and galactosidases. Thermostable variants of these
enzymes are currently in high demand in industry.

Functional annotation of CDSs by assignment of orthology (Clusters
of Orthologous Groups, COG) was performed by eggNOG-mapper v2.
The annotation by eggNOG-mapper provided a detailed description of
the GO term, Enzyme Commission (EC) number, annotation level, COG
category, and description (Supplementary data, Excel File 3). A total of
7197 proteins (88.85 %) out of 8100 CDSs were queried by eggNOG-
mapper v2 for orthology mapping. The COG annotation of the
S. cyaneofuscatus CTM50504 genome showed that the most abundant
role was Function Unknown ‘S' (20,8 %), transcription ‘K' (13.07 %),
followed by amino acid metabolism and transport ‘E' (11.69 %), and
carbohydrate transport and metabolism ‘G' (6.15 %) (Supplementary
data, Fig. S2). The details of COG functional classification are shown in
Supplementary data, Fig. S2, and Excel File 3. The distribution of the
annotated genes was similar to that of various other Streptomyces strains
[45], as transcription and primary metabolism, including carbohydrate
and amino acid metabolism, are among the essential features in living
organisms.

3.6. Phylogenetic and OrthoVenn analysis

The TYGS was used to perform phylogenomic analysis. Comparison
with other Streptomyces strains showed that CTM50504 is a strain of
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Fig. 1. Neighbour-joining phylogenetic tree based on the 16S rRNA gene sequences of strain CTM50504 and representatives of related taxa. Phylogenetic tree
showing the relationship of strain CTM50504 to other species within the genus Streptomyces based on 16S rRNA gene sequence analysis (GenBank accession no.:
PP346394). Bar, 0.005 substitutions per nucleotide position. Bootstrap values were expressed as a percentage of 1000 replicates, and only values >50 % are shown at
the branch points. The sequence of Kitasatospora putterlickiae F18-98" (GenBank accession no.: AY189976) was selected at random as an outgroup.

S. cyaneofuscatus NRRL B-2570T (GenBank accession no.:
JOEMO01000050; digital DNA:DNA hybridization >70 %) and is related
to S. arboris TRM68085" (GenBank accession no.: VYUA01000026),
S. griseus DSM 402367 (GenBank accession no.: M76388), S. fulvorobeus
NBRC 15897" (GenBank accession no.: AB184711), S. microflavus NBRC
13062" (GenBank accession no.: AB184284), and S. luridiscabiei NRRL B-
244557 (GenBank accession no.: LIQV01000394) (Fig. 2 and Supple-
mentary data, Excel File 4).

The taxonomic position of S. cyaneofuscatus CTM50504 was
confirmed as a strain of S. cyaneofuscatus (Fig. 2 and Supplementary
data, Excel File 3) by TYGS and JSpiecesWG server analysis: the average
nucleotide identity (ANI) scores, as the ANIm values between
S. cyaneofuscatus CTM50504 and other Streptomyces species ranged from
92 to 99 % (Fig. 2 and Supplementary data, Excel File 4).

The BLAST atlas of S. cyaneofuscatus CTM50504 was created using
the CGView server [46]. BLAST atlas was utilized to compare the
genome of CTM50504 with that of the genome of the type strain of
S. cyaneofuscatus (NRRL B-25707) (Fig. 3).

To examine the differences among the five Streptomyces strains in the
phylogenomic cluster of the CTM50504 genome, the compositions of
orthologous gene clusters were analyzed using OrthoVenn3 [39]. A
collective of 7831 orthologous gene clusters was identified within the
five Streptomyces strains. Among these, 5108 clusters were shared across
all five strains, with 5044 clusters of single-copy genes. A total of 28
clusters were found to be unique to S. cyaneofuscatus CTM50504 (Fig. 4).

The functional classification of the proteins belonging to the 28
clusters of ortholog proteins unique to S. cyaneofuscatus CTM50504 is
presented in Supplementary data, Fig. S3. Most proteins were classified
as involved in biological, metabolic, ‘cellular metabolic processes', and
‘response to stress processes' (Supplementary data, Fig. S3A). In this
case, the biological processes represent a specific objective for which the

organism is genetically programmed, such as cell division. On the other
hand, metabolic processes involve chemical reactions and the pathways
through which living organisms transform chemicals. In contrast,
cellular metabolic processes are chemical reactions, and their pathways
occur within the cell to transform chemicals. In contrast, 3 % of the 28
clusters were associated with the ‘response to stress' ontology that in-
cludes feedback to abiotic and biotic stresses, chemical stimuli, tem-
perature, and inorganic stimuli. The presence of these proteins is not
surprising since strain CTM50504 was isolated from a high-temperature
and high-salt environment. When analyzed from the point of view of
molecular functions (Supplementary data, Fig. S3B), 8.05 % of the
proteins represent hydrolase activity, which is a class of enzymes
responsible for hydrolysing a chemical bond and dividing a large
molecule into two smaller ones; 15 % of the proteins were predicted to
be involved in a catalytic process; and another 15 % for binding with
DNA, for transcription of genes responsible for stress response, and other
molecules.

3.7. Metabolic pathway analysis

Protein-coding sequences were screened against the KEGG database
to analyse the predicted gene products of metabolic processes and
related cellular processes, resulting in 336 KEGG pathways assigned to
CDSs of the CTM50504 genome. Primarily among the 336 pathways, the
pathway most represented is related to the biosynthesis of secondary
metabolites (321), microbial metabolism in diverse environments (201),
biosynthesis of cofactors (132), ABC transporters (132), and the
biosynthesis of amino acids (100) (Supplementary data, Fig. S4).
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Table 3
Summary information for the Streptomyces cyaneofuscatus CTM50504 genome
assembly and annotation.

Genome assembly features Statistic

Genome coverage 200
Contigs (> 0 bp) 4399
Contigs (> 500 bp) 858

Total length (> 0 bp) 9,550,108
Total length (> 500 bp) 8,591,922
Largest contig 104,377
Total length 8,591,922
GC (%) 71.5

N50 17,033
N75 8619

L50 151

L75 325
Gene_num 8231
Gene_total length (bp) 7,115,427
Gene_average_length (bp) 902.40
GC_content_in_gene_region (%) 71.50
Gene/Genome (%) 82.82
Intergenetic_region_length (bp) 1,476,495
GC_content_in_intergenetic_region (%) 68.62
Intergenetic/Genome (%) 17.18
Trna 76
tmRNA 1

rRNA 7

ncRNA 23
ncRNA regions 25
CRISPR 7

CDSs 8100
ORFs 12
BioProject PRINA1065629
BioSample SAMN39465713
Accession Number

JAYXBL010000000
Sequence Read Archive (SRA) -

3.8. Identification of secondary metabolite gene clusters using antiSMASH

The antiSMASH platform predicted putative biosynthetic gene clus-
ters (BGCs) within the CTM50504 genome [47]. The analysis showed 49
putative BGCs (Supplementary data, Excel File 5). Among these, there
were three NRP-metallophores, 10 NRPS, PKS-like, six T1PKS, transAT-
PKS gene, three melanin, seven terpenes, two NI-siderophore, two
hydrogen-cyanide, lassopeptide, two butyrolactone, four RiPP-like, two
T2PKS, two T3PKS, three NRPS-like, ectoine, two LAP, two RRE-
containing, two thiopeptide, and three lanthipeptide-class-ii BGCs
(Supplementary data, Excel File 5). Nine gene clusters showed 100 %
similarity to known gene clusters predicted to encode for NRP-
metallophore, NRPS, PKS-like, T1PKS, trans-AT-PKS, ectoine, and a
terpene. In contrast, some gene clusters revealed a low similarity per-
centage with other known clusters, indicating that S. cyaneofuscatus
CTM50504 could be a valuable biological resource for producing novel
bioactive compounds.

3.9. Annotation of enzyme-encoding genes and their biotechnological
potential

Annotations from the three methods, BLAST2GO, KEGG, and
eggNOG-mapper, were used as a reference in the search for commer-
cially relevant enzymes as defined by the list used by the Association of
Manufacturers and Formulators of Enzyme Products (AMFEP). The
enzyme classification code (EC number) and class distributions (level 3)
generated by BLAST2GO annotation are summarized in Supplementary
data, Fig. S5A. Among the 770 identified enzymes, 323 (41.94 %) were
related to hydrolases or hydrolytic enzymes, while 237 (30.78 %) se-
quences were related to transferases (Supplementary data, Fig. S5A).

The search resulted in 268 biotechnologically relevant enzymes,
including 179 proteases (61 % of total predicted commercial enzymes),
59 glycosyltransferases (20 %), 5 amylases (2 %), 5 chitinases (2 %), and
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20 lipases (7 %) (Supplementary data, Fig. S5B). In the lipase family, we
found two phospholipase A2, nine triacylglycerol lipases, two phos-
pholipase C, five lysophospholipases, one sphingomyelin phosphodies-
terase, and one phospholipase D-like domain-containing protein
(Supplementary data, Fig. S5B).

3.10. Validation of detected enzymes by PCR

The genes encoding the protease (1539 bp), phospholipase (1234
bp), lipase (924 bp), amylase (1737 bp), and chitinase (2370 bp) in the
CTM50504 genome were amplified by PCR using the oligonucleotides
(listed in Supplementary data, Table S1) and were validated by Sanger
sequencing.

3.11. Validation, comprehensive characterization, heterologous
expression, and biochemical characterization of rSCKP

3.11.1. Validation and comprehensive genetic, structural, and functional
characterization of rSCKP

InterProScan analysis confirmed the presence of the peptidase S9/
S53 domain (IPR000209) and the characteristic subtilase signature
(PR00723). The catalytic site was identified with the classical catalytic
residues Asp27, His70, and Ser278, indicating a subtilisin-type enzy-
matic activity. These residues are involved in the cleavage mechanism of
peptide bonds via a catalytic triad (D-H-S), confirming that rSCKP
adopts a typical serine protease mode of action.

The ProtComp tool predicted that rSCKP is an extracellular protease
with a secretion score of 8.8. The presence of a 21 amino acid signal
peptide was confirmed using SignalP-5.0, suggesting the enzyme's
involvement in the degradation of environmental proteins. This result
aligns with other bacterial subtilases, which are often secreted to facil-
itate nutrient acquisition by breaking down surrounding protein
substrates.

3.11.2. Nucleotide and protein sequence analysis, and heterologous
expression of rSCKP

The analysis of the gene encoding the recombinant alkaline serine
protease, rSCKP, was performed using the Expasy Translate tool,
yielding a 1539-base-pair sequence translated into a 355-amino-acid
protein. BLASTP analysis revealed strong similarities with S9 family
proteases, particularly those from the genus Streptomyces (Supplemen-
tary data, Table S2). The rSCKP protein includes a well-defined pre-pro-
sequence of 157 amino acids and has a predicted molecular mass of 52
kDa. The pSM202 construct was designed to express in E. coli the SP-Pro-
M rSCKP enzyme. The culture growth and the subtilisin activity were
monitored for 72 h. The optimum time to produce subtilisin activity was
obtained 22 h after IPTG induction. While no protease activity was
present intracellularly in the recombinant E. coli cells, substantial ac-
tivity was measured in the culture media. The BL21(DE3)/pSM202
strain was kept for further protease purification. The maximum protease
activity reached was 4400 U/mL after 3 h of induction with IPTG, with a
specific activity of 10,621 U/mg (Table 4). After purification using a
HiTrap™ chelating HP column, rSCKP exhibited a specific activity of
168,82 U/mg, representing a 15.9-fold purification with an 80 % re-
covery of initial activity (Table 4). These values indicate a high
expression level and purification efficiency of the recombinant enzyme.

The rSCKP enzyme consists of a single band of ~45 kDa (Fig. 5),
while the theoretical mature one corresponds to ~36 kDa. The differ-
ence is attributed to the pET-28b polylinker extension of hexahistidine
and to the post-translational changes of the protein, which may include
glycosylation. The azo-casein zymogram activity staining revealed one
clear zone of proteolytic activity at 45 kDa against the blue background
for the purified rSCKP. The optimal activity of rSCKP was achieved at
pH 11 (Fig. 6A). The relative activity at pH 7 and 13 was 90 % and 10 %,
respectively. At pH levels of 5 and 6, the rSCKP activity was 38 % and 58
%, respectively. The rSCKP pH stability profile indicated that the
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Table 4

Purification of the recombinant enzyme, rSCKP, and resultant specific activity of the purified enzyme, and the final degree of purification obtained.

Step of purification Full of activity (units)*” x 10 Full of protein

Specific activity (U/mg of

Activity recovery rate Purification factor (n-

(mg)™* protein)® (%) fold)

Crude preparation (200 mL) 880 + 14 8,28 + 09 10,621 100 1.0
§ - X

HiTrap™ chelating HP 704 + 32 4,17 £ 02 168,82 80 15.9

column

rSCKP: Recombinant serine alkaline protease from Streptomyces cyaneofuscatus strain CTM5050.
# These data are the average of at least three assays, and + standard errors are reported.

b The purification was started from a 200 mL culture.
¢ Protein concentration was ascertained by the Bradford's technique [89].

enzyme showed a maximum activity at pH 7, 8, 9, and 10, respectively,
for up to 75, 60, 45, and 15 min (Fig. 6B). With 2 mM of Ca’*, rSCKP
activity was enhanced to 235 and 125 %, respectively, at 70 and 90 °C,
with an optimum at 80 °C (Fig. 6C). Without 2 mM of Ca®", rSCKP was
observed to retain only 97 % and 35 % of activity, respectively, at 60 and
90 °C, with an optimum at 70 °C. rSCKP half-life times at 70, 80, 90, and
100 °C were 22, 14, 8, and 6 h in the presence of 2 mM Ca?t (Fig. 6D).

As shown in Fig. 6E, rSCKP maintained high proteolytic activity in
the presence of the tested commercial detergents, retaining 85-100 % of
its original activity. In contrast, PREFERENZ® S 210 and PROTEASE
Type XIV exhibited reduced stability when exposed to the same liquid
and solid detergents (Fig. 6E). These findings highlight the excellent
compatibility and robustness of rSCKP, supporting its suitability for use
in laundry detergent formulations, particularly in products such as Ariel
and Class.

The analysis of the relative activity of rSCKP towards various peptide
substrates reveals a clear specificity for certain peptide sequences. No
enzymatic activity was observed for substrates containing basic (Lys and
Arg) or aliphatic, hydrophobic (Leu) residues at the P1 position,
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suggesting that rSCKP does not exhibit typical trypsin- or chymotrypsin-
like activity. In contrast, the enzyme shows a strong preference for
substrates featuring aromatic residues such as Phe at the P1 position,
particularly when preceded by small neutral residues such as Ala or Pro
at P2 and P3. The substrate AAPF exhibited the highest activity (100 %)
and was used as a reference point. This pattern indicates that rSCKP
favors hydrophobic and aromatic sequences, reflecting the specificity of
its active site. These findings provide valuable insight into the cleavage
profile of rSCKP and highlight its potential for targeted applications in
peptide or protein modification (Table 5).

3.12. Structural analysis of rSCKP

3.12.1. Theoretical physico-chemical parameters

ProtParam analysis determined a molecular weight of 36.6 kDa and
an isoelectric point of 5.47. The instability index is 24.70 with a GRAVY
score of —0.157. Additionally, EMBOSS pepstats confirmed these values,
with a very close isoelectric point (5.5867) and a low probability of
inclusion body formation (Fig. 7A).
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Fig. 5. Electrophoretic analysis of rSCKP. (A) SDS-PAGE of rSCKP (30 pg). Lanes 1-4, total cell extract, protein marker, rSCKP after Ni-NTA affinity chromatography
(200 mM imidazole), and rSCKP after Ni-NTA affinity chromatography (180 mM imidazole). (B) Zymogram caseinolytic activity staining of rSCKP at 20 pg. Lanes
1-4, total cell extract, protein marker, rSCKP after Ni-NTA affinity chromatography (200 mM imidazole), and rSCKP after Ni-NTA affinity chromatography (180

mM imidazole).

3.12.2. Secondary structure prediction, 3D structure elucidation, and
structural model validation

The SecStrAnnotator tool revealed a structure composed of 9 a-he-
lices and 25 B-strands, consistent with the typical features of subtilases.
3D modelling using AlphaFold 2 resulted in a highly reliable model with
an average pLDDT score of 97.8, indicating a high confidence in the
predicted structure (Fig. 7B). MolProbity analysis of the 3D model
indicated a high-quality structural conformance with 97.5 % of residues
in favorable regions of the Ramachandran plot, no aberrant residues,
98.15 % favorable rotamers, and only 0.37 % incorrect rotamers. No
significant Cf deviations were predicted (Fig. 8). Geometric analysis of
the ‘D27, H70, and S278’ catalytic triad indicated an arrangement
consistent with classical subtilisins. Indeed, structural superposition of
the catalytic triad residues between the AlphaFold-predicted model of
rSCKP and a crystallized subtilisin BPN’ (PDB ID: 1LW6) yielded a low
RMSD of 0.65 A across Ca atoms, supporting the structural conservation
of the active site geometry (Supplementary data, Fig. S6).

3.12.3. Molecular docking experiments

The calcium ion was included in the predicted enzyme model
following an analysis and elucidation of the calcium-binding site using
the COACH tool, which identified residues in positions 210, 212, 213,
215, 217, 237, and 239 as being involved in calcium binding. Validation
with PLIP (Supplementary data, Table S3) revealed a direct metal
complexation interaction, with the calcium ion (CA) adopting a square
pyramidal geometry coordinated by the main chain oxygen of Val215
(2.63 A), the side chain hydroxyl group of Thr217 (2.63 A), the main
chain oxygen of Val237 (2.56 A), and both carboxylate oxygens of
Asp239 (2.56 and 2.51 A).

3.12.4. Comparative analysis of docking performance and validation
through molecular dynamics simulations

The docking analysis of three synthetic peptide substrates (AAPF,
AAFF, and AAPM) with rSCKP revealed significant differences in bind-
ing energetics and structural stability. The results demonstrate a clear
correlation between computational docking scores and experimental
catalytic activity (where peptides with the best binding energies
exhibited the highest enzymatic activity in vitro). The RMSD analysis
across all docking poses revealed that for each ligand, only 1 out of 10
poses (10 %) had RMSD values <2 A compared to the best-ranked pose,
suggesting low conformational occupancy but a consistent top pose
(Supplementary data, Table S4). This may reflect the flexibility of the
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binding site and limitations of rigid-body docking methods.

The AAPF emerged as the most favorable substrate, exhibiting the
strongest binding affinity (—8.4 kcal/mol) in its optimal pose (Supple-
mentary data, Table S5). This finding aligns perfectly with its observed
99 % catalytic activity. The binding energy landscape showed consid-
erable variation (—8.4 to —6.9 kcal/mol), with RMSD values of 0.000 1°\,
for the best pose, and up to 26.930 A in weaker poses, indicating mul-
tiple potential binding modes of decreasing quality (Supplementary
data, Table S5).

The AAFF displayed slightly reduced but still robust binding char-
acteristics, with its top pose scoring —8.1 kcal/mol (RMSD = 0.000 A)
(Supplementary data, Tables S3 and S5. The narrower energy range
(—8.1 to —6.8 kcal/mol) and more consistent RMSD values across poses
suggest a more stable interaction profile compared to AAPF. This cor-
relates with its 98 % experimental activity, slightly below AAPF but
significantly above AAPM.

The AAPM demonstrated the weakest binding profile among the
three substrates, with its best pose achieving only —7.0 kcal/mol (Sup-
plementary data, Table S3). The wider RMSD distribution in poorer
poses (up to 20.341 A) indicates greater structural variability in binding
modes, consistent with its 95 % experimental activity.

MD simulations further confirmed stable substrate binding and
conserved enzymatic geometry, supporting docking predictions (See
Section 3.12.10).

3.12.5. Structural determinants of binding affinity

Atomic-level analysis of the top-performing ligand poses reveals
critical structural determinants of substrate specificity. Tables S4 and S5
(Supplementary data) quantify the binding affinities and key in-
teractions driving structural complementarity, while Figs. 9 and 10
provide 3D/2D visualizations and mechanistic interpretations of these
specificity determinants.

3.12.6. Hydrogen bonding network analysis

The catalytic triad D27-H70-S278 (Figs. 9 and 10) forms optimal
hydrogen bonds with AAPF (2.22-2.26 A distances, 129-150° angles)
(Supplementary data, Table S5), creating a geometrically perfect
configuration for nucleophilic attack. AAFF maintains similar in-
teractions (Fig. 10C) but with slightly longer bond distances (2.28-4.62
f\), while AAPM (Fig. 10B) shows the most compromised hydrogen
bonding pattern (Supplementary data, Tables S6 and S5).
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Table 5
Substrate specificity of the rSCKP protease from Streptomyces cyaneofuscatus
strain CTM50504 using various synthetic peptides (pNA).

Substrate (5 mM) | Relative rSCKP protease activity (%)™" at 410 nm

P4-P3-P2-P1-P1

Ac-Lys-pNA 0+ 0.0
Ac-Leu-pNA 0+0.0
Benz-Arg-pNA 0+0.0
Suc-Phe-Leu-Phe-pNA 0+ 0.0
Benz-Phe-Val-Arg-pNA 0+0.0
Suc-Phe-Leu-Phe-pNA 0+0.0
Benz-Phe-Val-Arg-pNA 0+ 0.0
Suc-Tyr-Leu-Val-pNA 15+ 0.5
Suc-Ala-Ala-Ala-pNA 23+0.9
Suc-Ala-Pro-Ala-pNA 36 + 1.0
Suc-Ala-Ala-Val-pNA 51 +1.3
Suc-Ala-Ala-Phe-pNA 65 £+ 1.6
Suc-Ala-Ala-Val-Ala-pNA 68 + 1.6
Met-Ala-Ala-Pro-Val-pNA 77 £1.8
Met-Ala-Ala-Pro-Leu-pNA 89 +21
Suc-Ala-Ala-Pro-Met-pNA 95+ 2.3
Suc-Ala-Ala-Phe-Phe-pNA 98 + 2.4
Suc-Ala-Ala-Pro-Phe-pNA 99 + 2.5
Suc-Phe-Ala-Ala-Phe-pNA 100 £ 2.5

@ Values represent means of five independent replicates, and + standard er-
rors are reported.

Y The activity of each substrate was determined by measuring absorbance at
specified wavelengths according to the relative method reported elsewhere [90].

3.12.7. Hydrophobic complementarity

As shown in Tables S4 and S5 (Supplementary data) and in Fig. 10,
AAPF benefits from extensive n-m stacking interactions between its
phenylalanine residues and Tyr230/Tyr133 (4.57-4.87 A distances)
(Fig. 10A). AAFF maintains similar hydrophobic contacts, though with
reduced geometric perfection (Fig. 10C). The AAPM methionine side
chain shows weaker hydrophobic packing (Fig. 10B), explaining its
lower affinity. The hydrophobic interactions appear to contribute to
complex stabilization. Mapping of the rSCKP binding site hydrophobic
residues revealed a predominantly hydrophobic environment, which
favors aromatic side chains such as phenylalanine (P1). This explains the
strong binding affinity observed for AAPF (Supplementary data, Fig. S7).

3.12.8. Water-mediated interactions

The hydration shell analysis reveals AAPF forms three stable water
bridges (WAT1-3) that enhance binding stability (Fig. 10A). AAFF
maintains two water-mediated interactions (Fig. 10C), while AAPM
shows only one (Fig. 10B), contributing to their respective affinity dif-
ferences. Table S4 (Supplementary data) summarizes water-mediated
interactions with the three ligands.

3.12.9. Mechanistic implications for catalytic efficiency
The structural data provide compelling explanations for the observed
activity differences.

3.12.9.1. Transition state stabilization. The COFACTOR tool predicted
that the active site residues of SCKP are located at D27, H70, N174, and
$278, highlighting the importance of N174 in enzymatic catalysis (see
Fig. 9A and B). N174 is suggested to play a key role in stabilizing the
tetrahedral intermediate of the enzymatic reaction, thereby promoting
substrate hydrolysis (see Fig. 10A, B, and C). Indeed, the AAPF optimal
positioning allows N174 to perfectly stabilize the oxyanion transition
state (2.26 A H-bond). In AAFF and AAPM, this interaction becomes
progressively less ideal (3.10 A and 2.51 A, respectively), reducing
catalytic efficiency (see Supplementary data, Table S3).

3.12.9.2. Substrate positioning. An interesting finding revealed by PLIP
is the presence of salt bridges between certain substrates and charged
residues of the protease, notably His70 and Asp246. These interactions
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may influence the optimal positioning of the substrate and facilitate its
hydrolysis. The conserved salt bridge with H70 (4.75 A in AAPF),
therefore, ensures proper substrate orientation. This interaction
weakens in AAFF (6.03 A) and is absent in AAPM, leading to suboptimal
positioning for nucleophilic attack (see Supplementary data, Table S4).

3.12.10. Molecular dynamics and MM/PBSA for binding stability and
peptide ranking confirmation

In the MD simulations, each peptide-rSCKP complex was subjected to
two independent 100 ns simulations to evaluate structural stability and
the reproducibility of dynamic behavior. The analysis focused on five
key parameters: receptor RMSD (Fig. 11A and B), ligand RMSD
(Fig. 11C), radius of gyration (Rg) (Fig. 11D), solvent-accessible surface
area (SASA) (Fig. 11E), and residue-wise fluctuations (RMSF) (Fig. 11F).
Mean values and standard deviations are summarized in the Table 6.

The receptor RMSD values indicated good structural stability across
all complexes, ranging from 0.198 to 0.278 nm. Notably, the AAFF
peptides exhibited moderate fluctuations in both replicates (0.211 and
0.230 nm), suggesting that receptor architecture remained well-
conserved. In contrast, AAPM_1 showed a higher RMSD (0.278 nm),
hinting at local instabilities or pronounced conformational adjustments
(Fig. 11A).

Ligand RMSD values assessed the peptide's stability within the
binding pocket. The lowest RMSD was observed for AAFF_1 (0.454 nm),
indicative of strong, stable anchoring. Conversely, AAPM 2 had the
highest RMSD (1.283 nm), reflecting greater mobility and potentially
weaker or transient interactions with the binding site (Fig. 11B). These
observations are further supported by the kernel density estimates of
RMSD values, which highlight distinct conformational stability profiles
for each peptide (Fig. 11C).

The Rg values showed minimal variation (1.954 to 1.973 nm),
indicating preserved compactness of the protein across all systems. No
unfolding or collapse occurred over the 100 ns timescale, supporting the
structural robustness of the receptor (Fig. 11D).

SASA values revealed moderate differences. AAPF_2 had the highest
solvent exposure (159.726 nm?), suggesting a slightly more open
conformation or superficial ligand interaction. AAPM_2 had the lowest
SASA (156.856 nm?), possibly due to deeper insertion of the peptide into
a buried cavity (Fig. 11E).

RMSF analysis revealed regions of flexible and rigid behavior.
AAPF_1 and AAPM_1 exhibited the highest residue fluctuations (0.117
and 0.116 nm), likely due to local rearrangements induced by ligand
binding. AAFF_1 (0.092 nm) and AAPM_2 (0.091 nm) displayed minimal
fluctuations, supporting a more stabilized receptor-ligand interaction
(Fig. 11F).

Simulation reproducibility was generally high. AAFF replicates
yielded closely matched data across all parameters, confirming stability
and robustness. AAPF simulations also showed consistent trends, though
ligand RMSD differed slightly (0.995 vs. 0.762 nm), suggesting some-
what more variable dynamics. AAPM replicates displayed greater vari-
ability, particularly in receptor (0.278 vs. 0.198 nm) and ligand RMSD
(1.173 vs. 1.283 nm), indicating higher sensitivity to initial conditions
and potentially less stable interactions.

Overall, AAFF and AAPF showed good reproducibility, reinforcing
the reliability of the observations. AAPM exhibited greater fluctuations,
warranting further energetic analysis via MM/PBSA to understand the
determinants of binding stability. The MM/PBSA analysis estimated
binding free energies by integrating enthalpic, entropic, and detailed
energy decomposition terms (van der Waals, electrostatic, polar, and
nonpolar solvation contributions). The complete data for all six simu-
lations are presented in Table 6.

Enthalpy values (AH) ranged from —11.66 to —17.07 kcal/mol,
indicating favorable binding interactions. Van der Waals interactions
(VDWAALS) dominated, especially in AAFF_2 (—37.74 kcal/mol) and
AAPM_1 (—33.22 kcal/mol), reflecting strong peptide embedding in
hydrophobic receptor regions. Electrostatic interactions (EEL) varied
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Fig. 7. Multiple alignment and structural analysis of alkaline proteases: rSCKP from Streptomyces cyaneofuscatus CTM50504 compared to subtilisins from Strepto-
myces albus ATCC21838, Streptomyces phatthalungensis, Amycolatopsis algeriensis, and Alcalase from Bacillus licheniformis. — Red triangles (a) for the catalytic triad

(D27, H70, and S278) of rSCKP, and blue stars (%) for non-similar residues (T28

, T33, D69, and S281) potentially impacting the structure-function of rSCKP —

Secondary structures of rSCKP (AlphaFold 2 generated model) and Alcalase (crystal structure, PDB ID: 1BE6) shown for comparison. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

widely, reaching up to 80 kcal/mol in AAPM_2 and AAPF 2, suggesting
major charge reorganization upon binding (Table 7).

Polar solvation energies (EPB), being positive and high, reflected the
energetic cost of exposing charged groups in water. Nonpolar solvation
(ENPOLAR) was modest (~ —3 to —4 kcal/mol), partially offsetting the
polar penalty. Total solvation energies (GSOLV) ranged from —28 to
—67 kcal/mol, with the most favorable values in AAPM_2 and AAPF_1
(Table 7).

Gas-phase interaction energies (GGAS = VDWAALS + EEL) showed
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that AAPF 2 (50.32 kcal/mol) and AAPM_2 (55.53 kcal/mol) had
energetically rich complexes, but this benefit was mitigated by solvation
penalties.

The entropic contribution (-TAS) revealed large differences. AAFF_1
and AAPF_2 showed the highest entropy penalties (58.8 and 42.2 kcal/
mol), which significantly reduced their thermodynamic favorability
(Table 7). These penalties may reflect reduced flexibility at the binding
interface or internal ligand constraints.

Replicate consistency was generally good, with AH, GSOLV, and
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Fig. 8. Structural insights into rSCKP catalysis: key residues, water networks,
and ligand binding modes. (A-B) 3D representation of rSCKP highlighting
catalytic residues (D27, H70, and S278 in red sticks; and N174 in magenta sticks)
and structural waters (WAT1-3 as blue spheres), shown within (A) a solvent-
accessible surface and (B) the full macromolecular structure (calcium ion as orange
sphere). (C—D) Positioning of ligands AAPF (cyan), AAFF (yellow), and AAPM
(green) in the catalytic cavity, depicted as (C) a solvent-accessible surface and (D)
ribbon secondary structure. All figures were generated with PyMOL. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

GGAS values showing acceptable standard deviations. Some fluctuations
in EPB and EEL were noted, likely reflecting structural flexibility and
solvent exposure.

Importantly, binding free energy (AG) depends not just on enthalpy,
but also on solvation and entropy. AAPF_1, despite having the most
favorable enthalpy (—17.07 kcal/mol), showed a moderate AG (15.43
kcal/mol) due to high entropy cost (Table 7).

AAFF 2 emerged as a strong candidate, combining high van der
Waals interactions, low entropy penalty (-TAS = 23.11 kcal/mol), and
favorable AG (6.66 kcal/mol). It also had the least unfavorable ligand
internal energy (E_ligand = —2.36 kcal/mol), suggesting low strain upon
binding, and the highest number of interacting receptor residues (nAA
= 9), indicative of a broad and stable interface (Table 7).

In contrast, AAPF_1 and AAPM_1 had much more negative E_ligand
values (around —8 kcal/mol), implying greater conformational cost.
AAPF_1 and AAPM 2 had the lowest nAA values (4), reflecting more
superficial or limited contact with the receptor. These two indicators,
E ligand and nAA, complement each other by revealing both the
conformational stability of the ligand and the extent of its interaction
interface. AAFF_2 clearly stands out as the best-performing complex in
both respects.
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4. Discussion

As part of the Horizon Europe, Coordination and support action
(CSA) Twinning project, NGS-4-ECOPROD, https://cordis.europa.eu/p
roject/id/101079425, we became interested in addressing the
networking gaps in the field of NGS for the development of eco-friendly
biotech-products, particularly extremozymes. The diversity of hot spring
microbial enzymes is enormous, and they hold great potential for use in
biotechnology-based companies. Exploring the synergy between NGS,
biochemistry, biomolecular techniques, and molecular docking high-
lights the collective potential in unravelling the intricacies of hot spring
extremozyme activity and application.

The hot spring biotopes harbour various microorganisms, such as
bacteria, fungi, and archaea [48-50]. The hydrolytic enzymes from
extremophilic actinomycetesare of immense use in basic and applied
research [51]. In this study, an isolate designated as strain CTM50504
was isolated from a hot spring environment and was shown to produce
extracellular enzymes, including lipases, phospholipases, proteases,
amylases, and chitinases. These enzymes, especially as extremozymes,
are crucial in several industries besides academic and biotechnological
research. Results from 16S rRNA gene sequence and phylogenetic ana-
lyses revealed that strain CTM50504 is closely related to
S. cyaneofuscatus NRRL B-2570T with 99.93 % sequence similarity
(Fig. 1). The phylogenetic position of strain CTM50504 was further
confirmed via phylogenomics analysis (Fig. 4) [34]. The genome-wide
Average Nucleotide Identity (§ANI) value between S. cyaneofuscatus
CTM50504 and related Streptomyces strains further confirmed the
genomic relatedness of strain CTM50504 to S. cyaneofuscatus NRRL B-
25707 In conjunction with digital DNA:DNA hybridization, this method
is used for taxonomic resolution among closely related genomes
(80-100 % ANI) [52]. However, the present study mainly focused on
discovering extremozymes from S. cyaneofuscatus CTM50504, and
whole genome sequence analysis can more comprehensively deepen our
understanding of molecular mechanisms and genetic characteristics
[53,54].

To better understand the ability of strain CTM50504 to produce the
enzymes of interest, whole genome sequencing was performed using the
NextSeq™ 500 platform.

Among bacteria, Streptomyces species are well-known for their rela-
tively large, linear genomes (8-10 Mb) and remarkably high G + C%
(>70 %). The genome of strain CTM50504 comprises one chromosome
of 8,59 Mbp with 71 % GC content and is predicted to contain 8100 open
reading frames (ORFs). It has been reported that genomes with a high G
+ C content are generally large and possess a large number of ORFs [55].
The type strain of S. cyaneofuscatus was initially described by Pridham
et al. in 1958 [56]. The G + C content of the type-strain genome is 71.6
%, and its approximate size is 7,90 Mbp. In the genome sequencing of
S. cyaneofuscatus CTM50504, 8100 protein-coding sequences (CDSs)
were found. The proteins with functional assignments included 770
proteins with EC numbers, 6159 with Gene Ontology (GO) assignments,
and 2625 proteins mapped to KEGG pathways.

Members of the genus Streptomyces are known to produce a wide
range of secondary metabolites with antibacterial, antitumor, and
antiparasitic properties (to name a few). The whole genome analysis of
strain CTM50504 revealed 49 predicted biosynthetic gene clusters
encoding for secondary metabolites, such as Non-Ribosomal Peptide
Synthetases (NRPS) and Polyketide Synthases (PKS). Sharma et al. [57]
showed that Streptomyces species possessing antifungal activity are
positively related to the presence of NRPS and PKS biosynthetic path-
ways, highlighting the potential of other strains that contain NRPS and
PKS gene clusters to also produce antifungal agents [57].

Nine gene clusters showed 100 % similarity with known gene clus-
ters linked to the synthesis of NRP-metallophore, NRPS, PKS-like,
T1PKS, transAT-PKS, ectoine, terpene, melanin, and NI-siderophore in
Streptomyces strains [58]. Specifically, some gene clusters in the genome
of S. cyaneofuscatus CTM50504 revealed a low similarity percentage
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Fig. 9. Calculated solubility value of rSCKP (QuerySol) compared to the average of 0.45 for soluble proteins from E. coli (PopAvrSol) and structural model of rSCKP
protease generated by AlphaFold 2, highlighting the catalytic site and the pro-peptide. (A) Mature rSCKP shows a predicted normalized solubility of 0.599. The
original figure was generated by the Protein-Sol tool. (B) Secondary structures are depicted in distinct colors: helices in light blue, sheets in beige, and loops in light
gray. The catalytic residues D27, H70, and S278 are highlighted in red. Non-similar residues (T28, T33, D69, and S281) potentially impacting the structure-function
of rSCKP are highlighted in blue. The pro-peptide, essential for regulating enzymatic activity, is represented as a surface to emphasize its role in inhibiting the
protease before maturation. This visualization provides insight into the structural organization of the protease and the key elements of its catalytic mechanism. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

with other known clusters. This highlights the potential for new sec-
ondary metabolites to be isolated from the fermentation of
S. cyaneofuscatus CTM50504. In this context, genome mining has proven
to be a fundamental tool for genome-based natural product discovery
and has previously guided the discovery of novel natural products from
several Actinomycetota [59-61].

Various extracellular enzymes secreted by Streptomyces species, such
as cellulases, amylases, proteases, and lipases, are involved in biomass
degradation [62,63]. These enzymes support the complex life cycle of
these bacteria, which can be exploited for application in biotechnology-
based research, such as biocatalysis and bioremediation [53]. Enzymes
as biocatalysts to synthesize chemicals in various industries, such as
food, pharmaceutical, fuel, and fine chemicals, have substantial eco-
nomic and environmental benefits [64,65].

Hot springs are one of the primary sources of microbial-derived
industrially important enzymes [48,50]. These enzymes are typically
stable and active even at temperatures higher than the optimal growth
temperature of the enzyme-producing strain, showing potential for
numerous industrial applications. Furthermore, thermostable enzymes
have been reported to be more stable in the presence of solvents and
detergents and can function under extreme conditions of pressure or
acidity [66]. An analysis of the CTM50504 genome showed the presence
of genes encoding industrially important enzymes. The results show that
seven functions are annotated, such as transferase, oxidoreductase,
lyase, ligase, isomerase, and translocase (Fig. 7), with the significant
category being hydrolase enzymes (41,94 %). Hydrolases are a diverse
group of enzymes that catalyse the hydrolysis of various chemical bonds,
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including ester, amide, glycosidic, and peptide bonds. Based on their
catalytic mechanism, hydrolases are classified into several families: li-
pases, proteases, glycosidases, and esterases.

Hydrolases are enzymes that catalyse the hydrolysis of various sub-
strates. They are classified into different families based on functional
properties and sequence similarity. Streptomyces species have been
found to produce hydrolases from several families, including lipases (EC
3.1.1), proteases (EC 3.4.21-24), and cellulases (EC 3.2.1). These en-
zymes play a crucial role in the degradation of complex biomolecules
and have immense biotechnological significance. For instance,
S. coelicolor produces a thermostable lipase that can withstand high
temperatures, making it suitable for industrial applications in detergent
formulation and biofuel production [67].

Similarly, Streptomyces sp. strain AB1 produces a keratinolytic alka-
line proteinase (KERAB) that exhibits remarkable stability under
extreme pH conditions, making it an ideal candidate for future appli-
cations in detergent formulations, dehairing during leather processing,
and non-aqueous peptide biocatalysis [68]. On the other hand,
S. lividans is known for producing cellulases capable of efficiently
degrading cellulose, offering potential in biofuel production and waste
management [69]. The hydrolases produced by Streptomyces species
have found numerous applications in various industries. Lipases have
been extensively utilized in the food, pharmaceutical, and detergent
industries due to their ability to catalyse the hydrolysis and synthesis of
ester bonds [70]. Proteases have been employed in cheese production,
meat tenderization, and removing protein-based stains [71]. Similarly,
cellulases, capable of breaking down cellulose into glucose, have



S. Mechri et al.

International Journal of Biological Macromolecules 322 (2025) 146696

Interaction Types Distribution
16 1 Interaction Types
B H-bonds
w 141 == Pim-alkyl
5 12 4 B Water bridges
B8 == Salt bridges
©
5 10
2
=
« 84
o
@
2 69
5
= 49
24
o4
AAPF AAFF AAPM
Binding Energy vs Protease Activity
APE
99.0 1 Total Interactions
5 interactions
98311 10 interactions
_ AAFF ) .
$ 98.0 O 15 interactions
29751
2
<
< 97.0
o
2 96.5
S
K]
g 96.0
95.5
AAPM
950 [ ]
-8.4 -8.2 -8.0 =7.8 =7.6 -7.4 =72 -7.0
Binding Energy (kcal/mol)
H-bond Geometry Analysis
5.0
4.5 )
€ 4.0 4
L
2 3.5
8
@
0 3.0 L
25 ® e @
[ ]
2.0 A
100 110 120 130 140 150 160

Nonor Anale (°)

® AAPF Strong (2.0-2.5 A)
® AAFF Moderate (2.5-3.5 A)
® AAPM Weak (>3.5 A)

Fig. 10. Computational analysis of ligand docking with rSCKP: 2D interaction diagram of ligands (sticks). (A) AAPF, (B) AAFF, and (C) AAPM with rSCKP (residue
circles): Hydrogen bonds (green/light green/cyan dashes), n-n stacked (magenta), n-alkyl (pink), and Van der Waals interactions (no dashes). Images were generated
using Biovia Discovery Studio 2020. (D) Distribution of molecular interaction types (hydrogen bonds, n/z-alkyl interactions, water bridges, and salt bridges) for each
ligand. (E) Correlation between the binding energy (AG) and relative activity, with point sizes scaled to total interaction counts. (F) Hydrogen bond geometry
analysis showing donor angle-distance relationship, colour-coded by interaction strength (green: strong [2.0-2.5 A, gold: moderate [2.5-3.5 A], salmon: weak
[>3.5 1°\]). Ligands are shown in distinct colors (AAPF: blue, AAFF: orange, and AAPM: green). (For interpretation of the references to colour in this figure legend, the
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immense potential in the biofuel industry and the production of paper
and textiles [72]. In this study, genome mining revealed the presence of
268 enzymes relevant to biotechnology. These include 179 proteases, 59
glycosyltransferases, 5 amylases, 5 chitinases, and 20 lipases (Fig. 9).
Within the lipase family, we identified 2 phospholipase A2, 9 tri-
acylglycerol lipases, 2 phospholipases C, 5 lysophospholipases, sphin-
gomyelin phosphodiesterase, and phospholipase D-like domain-
containing protein.

The high number of proteases in the genome can be explained by the
great variety of proteins with different structures found in this group,
evidenced by the diversity of conserved domains found in proteases in
the Streptomyces genome. It can also be explained by the ubiquity of
proteins in the hot spring environment [63] and by the importance of
proteases in the general functioning of microbial cells [73]. Among the
proteases found, we highlight those involved in metabolic systems to
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repair and maintain proteins, such as enzymes containing an ATP-
dependent Lon domain [74].

Glycosyltransferases are enzymes that play a crucial role in the
biosynthesis of carbohydrates [75]. They catalyse the transfer of a sugar
moiety from a donor molecule onto an acceptor molecule, forming
glycosidic bonds. These enzymes are essential for bacteria as they are
involved in the biosynthesis of exopolysaccharides, which contribute to
cell surface properties and cell interactions. This enzyme is among the
most represented enzymes in the CTM50504 genome. Furthermore,
glycosyltransferases have significant utility in biotechnology. They are
used to produce various products in the food manufacturing, cosmetics,
and animal nutrition industries and are valuable tools in synthetic car-
bohydrate chemistry. With advances in molecular biology and
biotechnology, more than 30 glycosyltransferases have been cloned and
are now readily available in sufficient quantities for in vitro synthesis
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AAPF (dark green and green), and AAPM (yellow and light green). Data obtained from GROMACS 2025.0 simulations. (B) Kernel Density Estimates of Confor-
mational RMSD. Probability densities of peptide RMSD (0.1-0.5 nm) showing stability differences. The curves represent simulation replicates for each peptide: AAFF
(dark blue and blue), AAPF (dark green and green), and AAPM (yellow and light green). Data obtained from GROMACS 2025.0 simulations. (C) Ligand RMSD after
alignment to the protein. Root-mean-square deviation (RMSD, in nm) of peptide ligands over time (0-100 ns) following least-squares (LSQ) fitting to the binding site
backbone. The curves represent simulation replicates for each peptide: AAFF (dark blue and blue), AAPF (dark green and green), and AAPM (yellow and light green).
RMSD values >1.0 nm (AAPM) indicate partially unstable binding, whereas values <0.5 nm (AAFF) reflect a stable interaction. Data obtained from GROMACS
2025.0 simulations (CHARMM36m, TIP3P). (D). Total and Axial Radius of Gyration Over Time. Rg (nm) trends from 0 to 100 ns, computed using GROMACS tools
under NPT conditions (1 bar, 310 K). The curves represent simulation replicates for each peptide: AAFF (dark blue and blue), AAPF (dark green and green), and
AAPM (yellow and light green). Data obtained from GROMACS 2025.0 simulations. (E) Kernel Density Estimates of Solvent-Accessible Surface Area (SASA) for
Peptide-rSCKP Complexes. Probability distributions of SASA (nm?) across replicates, calculated from 100 ns CHARMM36m,/TIP3P trajectories. The curves represent
simulation replicates for each peptide: AAFF (dark blue and blue), AAPF (dark green and green), and AAPM (yellow and light green). Data obtained from GROMACS
2025.0 simulations. (F) Per-Residue Fluctuations (RMSF) Across Peptide Complexes. Residue-wise flexibility (nm) averaged over replicates. The curves represent
simulation replicates for each peptide: AAFF (dark blue and blue), AAPF (dark green and green), and AAPM (yellow and light green). Data obtained from GROMACS
2025.0 simulations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

[76]. with a 6-residue difference, while the CTM50504 amylase sequence
This study is the first to target the hydrolase repertoire of a showed a sequence identity of 97 % with the amylase from Streptomyces
S. cyaneofuscatus strain, providing insight into the tremendous sp. MT29 with a 16-residue difference. Lastly, the chitinase from the
biotechnological potential of the enzymes identified. Different thermo- Streptomyces cyaneofuscatus strain CTM50504 has an identity of 98 %
stable enzymes, such as a-amylase and chitinase, were predicted in the with the lipase of S. arboris with an 18-residue difference.
CTM50504 genome. These enzymes have been used extensively in in- rSCKP from strain CTM50504 features a 34 amino acid signal peptide
dustrial processes. These thermophilic and hyperthermophilic enzymes (spanning from Met to Ala) that displays hallmark characteristics of
are part of the enzyme category called extremozymes. These enzymes subtilisins: a short positively charged N-terminal region (comprising one
can function under extreme conditions such as high salt levels, alkaline Arg and two Lys), followed by a highly hydrophobic stretch of approx-
conditions, extreme pressure, or acidity [77]. In addition, many lipases imately 20 amino acids, and a C-terminal sequence (Ala-Ala-Pro) that is
were predicted to be present in the CTM50504 genome. Their physio- cleaved by signal peptidase during maturation. The pro-peptide
logical function is still unknown. However, they are considered valuable sequence comprises the following 123 amino acids, with a theoretical
biocatalysts since they are active and highly enantioselective on indus- mass of 12 kDa. This domain is thought to function not only as a
trially important or rare compounds not accepted as substrates by competitive inhibitor of the rSCKP enzyme but also plays a crucial role
standard lipolytic enzymes. Some examples of these compounds are in ensuring proper folding of the protein. Once folding is complete,
bulky esters of tertiary alcohols for pharmaceutical applications [78,79], subtilisin initiates intramolecular degradation of its chaperone domain,
(+)-methyl acetate for the food industry and the production of perfumes leading to autoproteolytic processing and the formation of the mature,
[80], aryl-carboxylic acid esters for the production of aromas or pre- active enzyme. The resulting subtilisin consists of 274 amino acids (from
servatives, removal of environmental pollutants, or the selective Trpl to Trp355) and has a predicted molecular mass of 36 kDa.
removal of protecting groups [81]. Besides, family VIII enzymes are Compared to previous data [40,51], the rSCKP specific activity was
often remarkably stable and even exhibit enhanced activity in the higher when the enzyme expression was under the control of the strong
presence of organic solvents [82]. promoter T7 (pSM202) than the Ptrc and lac. The rSCKP enzyme consists
The deduced amino acid sequences for the protease, phospholipase, of a single band of ~45 kDa. The difference is attributed to the pET-28b
lipase, amylase, and chitinase activities exhibited high similarity with polylinker extension of hexahistidine and the post-translational changes
enzymes from Streptomyces strains. For instance, thermostable lipase of the protein that had occurred, such as glycosylation. The activity of
from Streptomyces exfoliatus strain DSMZ 41693 and related species have rSCKP towards synthetic substrates confirmed its classification as a
demonstrated activity at elevated temperatures (55-60 °C) and alkaline serine peptidase.
pH, making them suitable for applications in biodiesel production, de- All the observed results indicate that the rSCKP protease possesses
tergents, and enantioselective synthesis in the pharmaceutical industry high thermostability under alkaline conditions. As detailed before, an

[83,84]. Phospholipases from Streptomyces violaceoruber A-2688 and enzyme appropriate for detergent applications should exhibit activity
Streptomyces racemochromogenes 10-3 have been reported to catalyse within a pH range of 8 to 12 [48]. Therefore, rSCKP shows strong po-

lipid modifications with industrial relevance in oil degumming, food tential for use as a bio additive in both solid and liquid laundry de-
emulsification, and the synthesis of phospholipid derivatives [85]. tergents. Additionally, rSCKP exhibits superior biochemical properties
Chitinases from thermophilic species such as Streptomyces thermoviola- compared to many reported commercial basophilic proteases from
ceus strain OPC-520 exhibit high stability and activity on chitin-rich Streptomyces and related extremophilic microorganisms, particularly in
substrates at elevated temperatures, with promising applications in terms of its high optimal temperature, alkaline pH preference (pH 11),
biocontrol, chitin waste valorization, and the production of chitooligo- and remarkable thermal stability, highlighting its strong potential for
saccharides with biomedical properties [86]. Furthermore, thermostable industrial applications under harsh processing conditions (Supplemen-
and alkaline-tolerant a-amylases from Streptomyces sp. strain SLBA-08 tary data, Table S6). The rSCKP enzyme's theoretical physico-chemical
and Streptomyces erumpens MTCC 7317 have been shown to efficiently parameters are particularly advantageous, as high solubility is a key
hydrolyze starch under industrial conditions relevant to food processing factor for industrial applications, especially in enzymatic formulations
and detergent formulations [87,88]. The co-occurrence of these en- where protein precipitation can be a major obstacle. Moreover, the
zymes with rSCKP in the same genome highlights the potential of significant similarities with proteases of the S9 family, particularly those
S. cyaneofuscatus strain CTM50504 as a source of robust, multifunctional from the genus Streptomyces, suggest that rSCKP shares functional and
biocatalysts suitable for a wide range of environmentally friendly in- structural characteristics with other enzymes of this family, known for
dustrial processes. their robust catalytic activity and wide range of industrial applications.

The rSCKP has the highest sequence identity (67 %) to the peptidase The instability index indicates that rSCKP is stable, while the GRAVY
from Amycolatopsis alba (TR: AOA3R9DTQ9) (listed in Supplementary score suggests predominant hydrophilicity. The EMBOSS pepstats of
data, Table S2). The CTM50504 phospholipase sequence showed an rSCKP indicated good potential solubility. The predominance of
identity of 96 % with the phospholipase from Streptomyces arboris with B-strands suggests that rSCKP adopts a folding pattern characteristic of
an 18-residue difference. The lipase from the strain CTM50504 has a subtilases, with a central B-sheet core, which is consistent with known
sequence identity of 96 % with the lipase of Streptomyces microflavus crystallographic structures of this enzyme family.
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Table 6

Binding free energy components and thermodynamic parameters of peptide-ligand complexes calculated by MM/PBSA analysis.

GGAS + SD GSOLV + SD

ENPOLAR =+ SD

EEL + SD EPB + SD

VDW =+ SD

nAA

AG £ SD E ligand + SD

-TAS + SD

AH + SD

Peptide

—64.31 + 25.17
—65.76 + 52.23
—45.70 + 29.39
—28.02 + 14.40
—56.71 + 28.52
—67.19 + 34.77

47.24 + 25.93
50.32 + 49.38
29.49 + 32.07
11.57 + 14.95
43.85 + 30.80
55.53 + 40.44

—-3.12 + 0.69
—3.78 £ 0.58
—3.70 + 1.00
—4.64 + 0.34
—4.03 £ 0.77
—2.97 + 0.80

—61.19 + 25.36
—61.98 + 52.49
—41.99 + 30.13
—23.39 + 14.44
—52.68 + 28.83
—64.22 + 35.18

72.63 + 27.86
79.55 + 51.36

—25.39 +7.31
—29.23 + 5.59

—29.77 + 8.11

4
6
6
9
8
4

—8.14 + 6.10
—6.83 + 6.44
—5.59 + 3.77
—2.36 + 4.52
—8.36 + 2.18
—6.53 + 3.25

15.43 + 8.58
26.79 + 9.02
42.59 + 6.60

6.66 + 6.47
20.09 + 6.78
17.25 + 6.35

32.50 + 0.05
42.22 + 0.05
58.80 + 0.05
23.11 £ 0.05
32.95 + 0.05
28.91 + 0.96

—17.07 + 8.58
—15.43 +9.02
—16.21 + 6.60
—16.45 + 6.47
—12.86 £ 6.77
—11.66 + 6.28

AAPF 1

AAPF 2

AAFF_ 1

59.26 + 27.02
49.32 + 15.66
77.07 £ 30.27
80.76 + 38.06

AAFF 2

—37.74 + 3.90
—33.22 + 6.84
—25.23 + 6.96

AAPM_1

AAPM 2
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The MolProbity analysis of the 3D model confirms the validity and
stability of the predicted model. Additionally, the agreement with
reference subtilase structures reinforces the model's reliability and
supports further studies on molecular dynamics and enzyme-substrate
interactions.

The PLIP results confirmed the COACH-predicted binding site and
highlighted the critical roles of Val215, Thr217, Val237, and Asp239 in
forming a stable calcium-binding pocket through mixed main chain and
side chain interactions. The analysis of binding energy scores from
molecular docking reveals a strong affinity between the rSCKP protease
and the tested peptides, with values ranging from —7.0 to —8.4 kcal/
mol. The COACH tool and binding energy analysis scores were consis-
tent with the experimental observations, where peptides with the best
binding energies also exhibited the highest enzymatic activity in vitro.

Examination of molecular interactions highlights several key aspects
explaining the study findings. The AAPF peptide, which exhibited the
most favorable binding energy (—8.4 kcal/mol) and the highest relative
activity (99 + 2.5 %), forms multiple stabilizing interactions with
rSCKP. It establishes conventional hydrogen bonds with S131, N174,
and S278, hydrophobic interactions with L138 and Y133, as well as
n-alkyl contacts with K274 and A275. Furthermore, this peptide in-
teracts with three water molecules (WAT1, WAT2, and WATS3),
enhancing complex stability via hydrogen bonding involving D105,
H70, and S68. The COFACTOR tool predicted that the active site resi-
dues are located at D27, H70, N174, and S278, highlighting the
importance of N174 in enzymatic catalysis. N174 is suggested to play a
key role in stabilizing the tetrahedral intermediate of the enzymatic
reaction, thereby promoting substrate hydrolysis. This information was
used to optimize ligand positioning during molecular docking.

The AAFF peptide, with a slightly lower binding energy (—8.1 kcal/
mol) and enzymatic activity of 98 + 2.4 %, also forms stabilizing
hydrogen interactions with N174 and S278, and n-alkyl interactions
with K274 and A275. However, it exhibits weaker interaction with the
hydration environment, which may explain its slightly reduced affinity.

Conversely, the AAPM peptide, with a binding energy of —7.0 kcal/
mol and enzymatic activity of 95 + 2.3 %, displays stabilizing in-
teractions with Y133, D135, and S278, along with a n-n stacked inter-
action with Y230. However, it interacts with only one water molecule
(WAT3), which might limit its stabilization within the active site.

The specific role of N174 in catalysis is particularly intriguing. Its
involvement in multiple hydrogen interactions with peptides suggests
that it may play a crucial role in substrate positioning and transition
state stabilization. Additionally, its proximity to the catalytic triad could
facilitate the nucleophilic activation of S278, thereby enhancing enzy-
matic hydrolysis efficiency. These observations align with the
COFACTOR predictions, which identified N174 as a key residue of the
active site.

The involvement of water molecules in rSCKP-substrate interactions,
particularly through hydrogen bonds with Ser68 and His70, suggests a
potential role of solvation in the catalytic mechanism since these are
peptide-hydrolysis reactions.

Although molecular docking initially suggested a stronger binding
affinity for AAPF compared to AAFF, the MD/MM-PBSA analysis
revealed a lower binding free energy for AAFF. This apparent discrep-
ancy reflects the complementary nature of the two approaches: docking
captures the static enthalpic fit of the ligand in the binding site, while
molecular dynamics accounts for conformational flexibility, solvation,
and entropic contributions. Notably, the experimentally measured
enzymatic activities for AAPF (99 %) and AAFF (98 %) were nearly
identical, reinforcing the conclusion that both peptides are efficiently
recognized by rSCKP. The combination of these computational and
biochemical findings supports the robustness of the predicted substrate
preferences and highlights the dynamic stability of AAFF as a key factor
in its favorable binding profile. In summary, considering binding affin-
ity, energetic stability, and reproducibility across simulations, the
ranking AAFF > AAPF > AAPM appears to be the most robust. These
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Table 7
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Molecular dynamics parameters of peptide complexes with the rSCKP protease from Streptomyces cyaneofuscatus strain CTM50504, including protein RMSD, ligand
RMSD, radius of gyration (Rg), solvent-accessible surface area (SASA), and residue-wise RMSF.

Peptide RMSD Prot (nm) RMSD Lig (nm) Rg (nm) SASA (nmz) RMSF (nm)

AAFF 1 0.211 + 0.027 0.454 + 0.082 1.961 + 0.011 157.699 + 2.962 0.092 + 0.064
AAFF_2 0.230 + 0.033 0.805 + 0.261 1.966 + 0.014 158.580 + 4.156 0.103 + 0.071
AAPF_1 0.240 + 0.079 0.995 + 0.257 1.968 + 0.021 158.976 + 4.016 0.117 £ 0.136
AAPF 2 0.232 + 0.058 0.762 + 0.252 1.973 +£ 0.018 159.726 + 4.368 0.106 + 0.092
AAPM_1 0.278 + 0.058 1.173 + 0.160 1.954 + 0.011 158.357 + 3.372 0.116 + 0.107
AAPM 2 0.198 + 0.026 1.283 + 0.306 1.966 + 0.017 156.856 + 3.276 0.091 + 0.066

findings provide a strong foundation for future rational design efforts
aiming to optimize peptide-enzyme interactions through targeted
residue-level modifications.

5. Conclusions

Whole genome sequencing and bioinformatic analyses of
S. cyaneofuscatus strain CTM50504 revealed the presence of numerous
hydrolase-encoding genes. Overall, this is the first report on the cloning
of the sckp gene from CTM50504, which encodes a serine alkaline pro-
tease (rSCKP) possessing several properties highly valued in biotech-
nology. The docking simulation data provides insight into the
involvement of key amino acids in substrate binding and helps explain
the substrate selectivity of rSCKP. The integration of molecular dy-
namics and MM/PBSA analysis confirmed the structural and energetic
consistency of the modeled rSCKP-peptide complexes. Accordingly,
further studies, some currently underway in our laboratories, are needed
to synthesize or clone the genes encoding other interesting industrially
relevant enzymes. Site-directed mutagenesis (SDM) (e.g., N174A,
K274A, and A275G) is scheduled for the near future to further validate
the predicted functional residues and confirm the substrate binding
mechanism at the atomic level.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ijbiomac.2025.146696.
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