Saleh et al. AMB Express (2025) 15:80 AMB Express
https://doi.org/10.1186/513568-025-01890-w

Check for
updates

Enhanced production and purification

of L-asparaginase from Bacillus
paralicheniformis AUMC B-516 with potent
cytotoxicity against MCF-7 cell lines

Abdullah Abobakr Saleh!'?"®, Hamdy M. El-Aref *®, Azza M. Ezzeldin*®, Rania M. Ewida®® and Osama A. M. Al-
Bedak”

Abstract

L-asparaginase is an important enzyme used in the pharmaceutical and food industries. Nowadays, bacterial species
represent the main source of microbial synthesis for L-asparaginase. But studies aimed at improving production
yields and new methods that use various microbes to expand the scope of application for the generated enzyme
are also necessary for industrial manufacturing. This study focused on the isolation of Bacillus paralicheniformis
AUMC B-516 and the optimization of L-asparaginase production under submerged fermentation. The enzyme

was purified and characterized, followed by an evaluation of its cytotoxic effects against the MCF-7 human breast
cancer cell line. The results revealed potent anticancer activity, highlighting the potential application of the

purified enzyme in cancer therapeutics. Bacillus paralicheniformis AUMC B-516 was utilized for the biosynthesis of
L-asparaginase (116.4 U/mL) after 48 h in the presence of 0.2% glucose and 1.0% L-asparagine at 35 °C and pH 8.0.
Two-step chromatography (DEAE-cellulose and Sephacryl S200 HR) achieved a 12-fold purification, resulting in an
enzyme specific activity of 4087.6 U/mg. For pure L-asparaginase that contained L-asparagine, the Km and Vmax
values were 6.22x 1072 mM and 120.75 pmol/min, respectively. Quantitative assessment of DNA fragmentation in
MCF-7 cells treated with B. paralicheniformis B-516" pure L-asparaginase was performed (22.2+1.36%) and the drug
doxorubicin (23.9+0.93%) were significantly greater than those in the negative control cells (8.9+0.83%). MCF-7
cells treated with 1000, 500, 250, 125, 62.5, or 31.25 ug/mL B. paralicheniformis AUMC B-516 pure L-asparaginase
showed considerable cytotoxicity, with an IC, of 49.3 pg/mL. Biochemical analyses revealed significant increases

in aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities, while blood glucose, other
electrolyte levels, and indicators of renal function remained unchanged. These findings highlight B. paralicheniformis
AUMC B-516 as a promising source of L-asparaginase for future biotechnological and pharmaceutical applications.
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Introduction

Among various amidases, L-asparaginase (L-asparagine
amidohydrolase; EC 3.5.1.1) is an enzyme that facilitates
the hydrolysis of L-asparagine into L-aspartic acid and
ammonia (Kumar and Verma 2012; Saeed et al. 2020).
It is an important enzyme used in the pharmaceutical,
biosensor and food industries (Radha et al. 2018) and
exhibits potent therapeutic potential when combined
with other medications to treat melanosarcoma, reticu-
losarcoma, lymphocytic leukemia, Hodgkin’s lympho-
mas, chronic lymphosarcoma, acute myelomonocytic
leukemia, acute myelocytic leukemia, and acute lym-
phoblastic leukemia (Verma et al. 2007; El-Naggar et al.
2014; Ali et al. 2016; Husain et al. 2016; Shi et al. 2017;
Lenicek Krleza et al. 2024). Chemotherapy, a common
cancer treatment, is associated with harmful side effects
on normal cells (Sari et al. 2019). This opens the door to
exploring modifications in cancer therapies that aim to
reduce these side effects while preserving the treatment’s
effectiveness. One such modification involves the use of
enzymes, particularly L-asparaginase, an aminohydrolase
enzyme (Aisha et al. 2022). Interest in this enzyme arose
from its antitumor properties and its potential as an anti-
cancer agent. Cancer cells are particularly vulnerable to
L-asparagine depletion because they cannot synthesize
it, making it essential for their growth. L-asparagine is
essential for the metabolism of cancer cells throughout
their growth (Al-Rawi 2017).

To synthesize proteins, neoplastic cells must acquire
L-asparagine from the extracellular environment because
they are unable to stimulate the synthesis of L-aspara-
gine synthetase. L-asparaginase depletes L-asparagine
from plasma (Amena et al. 2010; Fontes et al. 2024). This
results in an extremely low concentration of L-aspara-
gine, which disrupts protein synthesis and inhibits cell
proliferation in neoplastic cells. L-asparagine synthetase
enables normal, noncancerous animal cells to synthesize
the required L-asparagine (Asselin and Rizzari 2015).
Thus, L-asparaginase is used as an antitumor agent for
injecting the enzyme intravenously to lower the concen-
tration of L-asparagine, selectively affecting neoplastic
cells dependent on this amino acid (Tong et al. 2013).

Although L-asparaginase formulations have advanced
significantly, side effects still exist. Thrombosis, hyper-
sensitivity reactions, allergies, acute hepatic dysfunc-
tion, myocardial infarction, acute pancreatitis, and
clotting abnormalities are among the common side
effects (Homans et al. 1987; Raja et al. 2012; Darnal et al.
2023). Although L-asparaginases from Escherichia coli
and E.chrysanthemi have been widely used in medicine,
increasing problems such as hypersensitivity, antigenicity,
short half-life, transient blood clearance, and unfavorable
L-glutaminase-dependent neurotoxicity necessitate con-
tinued research to identify more appropriate substitutes
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(Nguyen et al. 2018; Radadiya et al. 2020; Sobat et al.
2021). Better sources of the enzyme are being investi-
gated in response to issues with commercial L-asparagi-
nases. Consequently, the objectives of the current work
are to produce, purify, and characterize L-asparaginase
from a wild strain of Bacillus paralicheniformis AUMC
B-516. The cytotoxicity of the purified enzyme was
assessed both in-vitro in the MCEF-7 cell line and in-vivo
in mice.

Materials and methods

Chemicals and reagents

Kits for DNA extraction, PCR, and RNeasy Mini Kit were
purchased from QIAGEN (GmbH—Germany—Hilden,
Germany). The diethylaminoethyl cellulose (DEAE-
cellulose) anion exchanger was purchased from Angene
Chemical (Nanjing, China 210,061). Sephacryl S 200 HR
gel was purchased from Sigma-Aldrich (St. Louis, MO,
USA). RPMI 1640 medium was purchased from Gibco
(168 Third Avenue, Waltham, MA, USA). Antibiotic-
antimycotic combination was purchased from Capri-
corn Scientific (Capricorn Scientific GmbH, Auf der
Lette 13A, 35085 Ebsdorfergrund, Germany). L-gluta-
mine were purchased from Lonza—Lonza Group (AG,
Muenchensteinerstrasse 38, Switzerland). RQ1 RNAse-
free DNAse was purchased from Invitrogen (Thermo
Fisher Scientific, Carlsbad, CA, USA). RevertAid™ First
Strand cDNA Synthesis Kit was purchased from Fermen-
tas (Germany). Absolute ethyl alcohol was purchased
from El Nasr Chemical Industries Company (El Nasr for
Chemical Industries, Egypt).

Bacterial isolates

The Assiut University Mycological Centre (AUMC) cul-
ture collection yielded one hundred bacterial isolates,
which were then tested for the production of L-aspara-
ginase. Textile effluent tainted with azo dyes yielded all of
the bacterial isolates.

Preliminary screening of L-asparaginase activity

Modified M9 medium (1000 mL of distilled water:
Na,HPO,2H,0, 6.0 g KH,PO,, 3.0 g NaCl, 0.5 g;
L-asparagine, 10.0 g; 1 mol/L MgSO,7H,O, 2.0 mL;
0.1 mol/L CaCl,2H,0, 1.0 mL; 2% glucose stock,
10.0 mL; agar, 20.0 g.) (Gulati et al. 1997) was used for
the detection of L-asparaginase activity in the tested bac-
terial isolates. Ten milliliters of M9 medium was poured
into sterile Petri dishes (approximately 10 mL per dish),
and the dishes were autoclaved at 121 °C for 20 min. The
petri dishes were inoculated individually with 50 uL of
spore suspension (1.8x10% spores/mL) obtained from
24-h-old cultures of the tested bacteria. The generation
of a pink color around the bacteria suggested the devel-
opment of L-asparaginase due to the release of ammonia
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attributable to L-asparagine degradation. The tested bac-
teria were categorized as high, moderate, or low L-aspar-
aginase producers according to measurements of the
pink zone diameter surrounding the bacterial growth
zone.

Determination of L-asparaginase activity in submerged
fermentation (SmF)

The high-L-asparaginase producers selected from the
previous screening were cultured in 250 mL Erlenmeyer
conical flasks, each containing 50 mL of Modified M9
medium. The initial pH was adjusted to 6.2. The flasks
were then separately inoculated with 2 mL of spore sus-
pension (1.8x10% spores/mL) obtained from 24-h-old
cultures of the tested bacteria. The inoculated flasks were
incubated for 7 days at 30 °C under shaking conditions at
150 rpm. After the incubation period, the cell-free super-
natant was obtained via centrifugation (10,000 rpm at
4. °C for 10 min) and used as the L-asparaginase source.

L-asparaginase assay

The enzyme assay was performed via the Nesslerization
method (Imada et al. 1973). The reaction mixture con-
tained 0.5 mL of 0.04 M L-asparagine + 0.5 mL of 0.05
M Tris—HCI buffer (pH 6.8) +0.5 mL of an enzyme fil-
trate + 0.5 mL of distilled water. The mixture was incu-
bated at 37 °C for 30 min. afterwards, the reaction was
stopped by the addition of 0.5 mL of 1.5 M trichloroace-
tic acid (TCA). A 0.1 mL aliquot of the above mixture was
mixed with 0.2 mL of Nessler’s reagent and 3.7 mL of dis-
tilled water and kept at 20 °C for 20 min. The absorbance
at 480 nm was measured, and the amount of released
ammonia was determined via the use of ammonium sul-
fate as a standard. One unit of L-asparaginase is defined
as the amount of enzyme that liberates 1 pmol of ammo-
nia under standard assay conditions according to Eq. (1).

L-asparaginase activity
_ Absorbance x 1000 x Enzyme DF
N Slope x M.Wt. x Time

(1)

U/mL

where DF = dilution factor nzyme and M. Wt. = molecular
weight of L-asparagine.

The concentration of proteins was determined accord-
ing to the method described by Lowry (Lowry et al. 1951;
Waterborg 2009). A standard curve of bovine serum
albumin (BSA), ranging from 10 to 500 pug/mL, was used
to determine the protein concentration.

Molecular identification of the potent bacterial isolate

DNA isolation, PCR amplification, and DNA sequencing
Genomic DNA was extracted from the bacterial isolate
AUMC B-516 via a standard DNA extraction protocol.
The procedure involved growing the bacterial culture in
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nutrient broth (50 mL), and the culture was incubated at
37 °C until reaching the desired growth, followed by the
use of a commercial DNA extraction kit, or a phenol-
chloroform extraction method, depending on the strain’s
characteristics. The quality and quantity of the extracted
DNA were assessed via a spectrophotometer (NanoDrop)
and agarose gel electrophoresis (Sambrook et al. 1989).
For PCR amplification, the extracted DNA was used as a
template to amplify the 16S rRNA gene, which is com-
monly used for bacterial identification and phylogenetic
analysis. The amplification was performed via the uni-
versal primers 27F (5'-AGA GTT TGA TCC TGG CTC
AG-3') and 1492R (5'-GGT TAC CTT GTT ACG ACT
T-3'), as described by Weisburg et al. (1991). The PCR
mixture consisted of a DNA template, primers, dNTPs,
buffer, and Taq polymerase. The specific concentrations
of each component used in the PCR were: DNA tem-
plate (100 ng), forward primer (0.3 uM), reverse primer
(0.3 uM), dNTPs (200 uM each), Taq polymerase (1.0
U), buffer (1x, containing MgCl, 1.5 mM), and water to a
final volume of 50 pL. The amplification cycle conditions
included initial denaturation at 95 °C for 5 min, followed
by 30 cycles of denaturation at 95 °C for 30 s, annealing
at 55 °C for 30 s, and extension at 72 °C for 1 min, with
a final extension step at 72 °C for 10 min. The ampli-
fied product was confirmed through agarose gel elec-
trophoresis, and the expected 16S rRNA gene fragment
(approximately 1500 bp) was visualized. Subsequent to
successful amplification, the PCR product was purified
via a PCR purification kit, and sequenced in both direc-
tions via the same primers. DNA sequencing was per-
formed on an automated sequencer, and the obtained
sequences were analyzed and compared with those in
GenBank via BLAST (Altschul et al. 1990). Phylogenetic
analysis was conducted via MEGA software to determine
the relationships of AUMC B-516 with closely related
bacterial species.

Phylogenetic analyses

Using the DNASTAR computer program (version 5.05),
the contiguous sequence of the bacterial isolate AUMC
B-516 used in this investigation was generated. Using
MAFFT (Katoh and Standley 2013), all the sequences
were aligned via the default settings. BMGE was used to
optimize alignment gaps and parsimony uninformative
characters (Criscuolo and Gribaldo 2010). MEGA X (ver-
sion 10.2.6) was used to conduct maximum likelihood
(ML) and maximum parsimony (MP) phylogenetic analy-
ses (Kumar et al. 2018). By using 1000 bootstrap replica-
tions, the resilience of the most frugal trees was assessed
(Felsenstein 1985). Using Modeltest 3.7’s implementa-
tion of the Akaike information criterion (AIC), identified
GTR+G+I (General Time Reversible with gamma-dis-
tributed rates and a proportion of invariant sites) as the
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best-fit nucleotide substitution model, which was then
applied in all ML analyses (Posada and Crandall 1998).

Optimization of fermentation parameters

Using one factor at time (OFAT), the maximization of
L-asparaginase production was studied at various pH
values (4-10), nitrogen sources (ammonium chloride,
ammonium sulfate, sodium nitrate, sodium nitrite, urea,
peptone and yeast extract) at 0.2%, incubation tempera-
tures (25, 30, 35, 40, 45, and 50 °C), and fermentation
periods (1-7 days). The control fermentation medium
contained 0.2% (w/v) L-asparagine as the sole nitrogen
source, against which all other nitrogen supplements
were compared. The enzyme assay was carried out as
previously described, and the optimum parameters were
chosen for enzyme production.

Amino acid analysis

Amino acid analysis was performed on the ethanol-pre-
cipitated fraction to confirm the presence of the target
protein and guide subsequent purification steps. A vali-
dated standard was included, and the analysis confirmed
that the amino acid composition of the sample matched
that of the target protein, with no evidence of interfer-
ence from unwanted proteins. This preliminary analysis
provided valuable compositional information for opti-
mizing the purification process. The final purified pro-
tein was subjected to additional validation to ensure data
accuracy. The amino acid analysis and determination
were carried out by the Chromatography Laboratory at
the National Research Centre, Giza, Egypt, via the tech-
niques outlined by Campanella et al. (2002), Laurens et al.
(2012), and Jaji¢ et al. (2013). After 0.1 g of pure L-aspar-
aginase was mixed with 5.0 mL of water and 5.0 mL of 6
M HC], the mixture was heated to 120 °C for 24 h before
being filtered. In the end, 1.0 mL of the filtrate was added
to an Agilent 1260 series HPLC after being dried and
suspended in 0.1 M HCl. A pre-column derivatization
step was included, samples were automatically mixed in
the autosampler with OPA/MPA reagent (0.5 pL, 2 min
reaction) followed by FMOC reagent (0.4 pL, 2 min reac-
tion) before drawing 32 pL injection volume. An Eclipse
Plus C18 column (4.6 mmx250 mm; 5 pm diameter)
was used for separation. The mobile phase was created
by mixing a solvent mixture of acetone, methanol, and
water (45:45:10) at a flow rate of 1.5 mL/min with sodium
phosphate dibasic/sodium borate buffer (pH 8.2). A lin-
ear gradient was used to program the mobile phase in
sequential order.

L-asparaginase purification (dialysis and ethanol
precipitation)

After incubation, the cell-free supernatant was recov-
ered by centrifugation at 10,000 rpm for 10 min at 4 °C.
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Cold absolute ethyl alcohol (-25 °C) was used to isolate
the enzyme at 4 °C. The isolated protein was dissolved in
Tris buffer (pH 8.0), dialyzed twice for 2 h at room tem-
perature (cutoffs: 12—14 kD), and then cooled overnight
at 4 °C to remove salts and other small molecules. The
dialyzed protein was then concentrated at reduced tem-
perature and pressure via a freeze dryer (VirTis, model
#6KBTES-55, NY, USA). Ethanol was selected for pro-
tein precipitation after preliminary optimization experi-
ments demonstrated its ability to preserve the stability
and activity of the target protein while providing effective
precipitation under low-temperature conditions.

lon exchange column chromatography (DEAE-cellulose)

A glass column was packed with diethylamino-
ethyl (DEAE) cellulose, an anion exchange resin
(50 cm x 2.4 cm; bed volume 100 cm®) and activated by
0.5 M NaOH for 60 min. A 5.0 mL sample was placed
onto the column after phosphate buffer (100 mM, pH
8.0) had been used to equilibrate it. The enzyme was
eluted with 100 mM phosphate buffer (pH 8.0) at NaCl
concentrations of 0, 0.1, 0.25, 0.5, 1.0, and 1.5 M. The col-
umn flow rate was adjusted to 0.25 mL/min, and the frac-
tions were 5.0 mL in volume. The previously mentioned
method was used to measure L-asparaginase activity.
The most active fractions (5 mL each) were assayed for
L-asparaginase activity and protein concentration, and
those with the highest specific activity (U per mg protein)
were designated most active, pooled, concentrated and
stored for further purification.

Sephacryl S 200 HR gel filtration column chromatography
In a glass column (50 cm x 2.4 cm; bed volume 100 cm?),
Sephacryl S 200 HR gel was packed. The protein was
eluted via phosphate buffer (100 mM, pH 8.0) after this
column was loaded with the concentrated enzyme sam-
ple. L-asparaginase activity was evaluated via the above-
mentioned method in 5.0 mL fractions. The most active
fractions were pooled, concentrated, and lyophilized.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

A 0.1 g sample of L-asparaginase was dissolved in 100 uL
of 20 mM Tris—HCI buffer at pH 7.4 (Invitrogen, USA),
which included 4.0% sodium dodecyl sulfate (SDS). A
12% SDS polyacrylamide gel was loaded with the entire
cell lysate. Coomassie brilliant blue R-250 was used for
protein staining. Once the unbound dye was removed
from the gel and the stained proteins were visible as blue
bands, the gel was placed into a destaining solution. The
gel was subsequently imaged using Quantity One soft-
ware, version 4.6.2.
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Impact of pH, temperature, metal ions on the activity of
pure L-asparaginase

The effect of pH (3.0-11.0) on pure L-asparaginase activ-
ity was determined at temperatures of 21, 24, 27, 30, 33,
36, 39, 42, and 45 °C. Enzyme samples were equilibrated
for 10 min in 0.1 M buffers prepared to maintain consis-
tent ionic strength: citrate (pH 3-6), phosphate (pH 7-8),
or glycine—-NaOH (pH 9-11). Reactions were initiated by
adding 0.01 g of enzyme powder and 0.01 g of L-aspar-
agine, each dissolved separately in 1.0 mL of the chosen
buffer, and incubated for 30 min at the test temperature.
The reaction was stopped by adding 2.0 mL of cold 10%
Trichloroacetic acid (TCA), and released ammonia was
quantified by Nesslerization.

Effect of metal ions and chelation

Metal ions, such as NaCl, KCl, CaCl,, MgSO,, MnSO,,
FeSO,, CuSO,, ZnSO,, CoCl,, CdCl,, and BaCl, were
examined by adding them to a solution at a concentration
of 5 mM. Moreover, enzyme chelation was examined via
the use of 5 mM ethylenediaminetetraacetic acid (EDTA).
To determine 100% activity, the activity of L-asparaginase
was measured under conventional reaction conditions
without the presence of metal ions or EDTA. There were
three runs of the experiment.

Determination of K., and V..,

The Michaelis-Menten constant (km) and maximum
reaction velocity (Vmax) values of the pure L-asparagi-
nase were determined by measuring the enzyme activity
at different concentrations of L-asparagine (2-20 mM)
via a Lineweaver-Burk plot (Lineweaver and Burk 1934)
according to Eq. (2).

1 1 K 1

Molecular docking

Protein structure preparation

The amino acid sequence of L-asparaginase from B.
paralicheniformis AUMC B-516 used in this study
(WP_105980685.1) was retrieved from the NCBI protein
database. The Robetta server was used to predict the 3D
structures of these proteins (Song et al. 2013). AlphaFold
v2.0 was then used to refine the predicted structures to
obtain high-accuracy 3D models (Jumper et al. 2021).
The active sites in the refined models were predicted via
the DeepSite server (Jiménez et al. 2017).

Ligand structure preparation

The PubChem database (https://pubchem.ncbi.nlm.nih
.gov/) provides the structure of L-asparagine (ID 6267)
(Kim et al. 2016). With the aid of software, the structure
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was created via Avogadro v1.2.0 (Hanwell et al. 2012).
The force field MMFF94 (Halgren 1996) was used to opti-
mize the geometry.

Antigenicity prediction

In accordance with Doytchinova and Flower (Doytchi-
nova and Flower 2007), the protein sequences of L-aspar-
aginase from B. paralicheniformis were uploaded to the
Vaxijen v2.0 portal to estimate its antigenicity. Supervi-
sory machine learning techniques were employed to train
alignment-independent predictors on the basis of the
ACC vectors. Vaxijen enabled the categorization of input
sequences as antigens or non-antigens according to the
predictive model. We employed the standard 0.5 antige-
nicity cutoff score.

Molecular docking

AutoDock Vina (https://vina.scripps.edu/) was used to
molecularly dock the produced L-asparagine ligand to
the anticipated L-asparaginase structures (Trott and
Olson 2010). The whole protein structure was included in
the definition of the docking box, and exhaustiveness was
set to eight.

Protein—protein interactions

Protein preparation

The UniProt database (https://www.uniprot.org/) prov
ides the amino acid sequences of the human glutamin-
ase liver isoform (Q9UI32), human glutaminase kidney
isoform (094925), L-asparagine (P08243), and L-aspar-
aginase from B. paralicheniformis (WP_105980685.1).
DeepSite was used to determine the binding locations
(Feinstein and Brylinski 2014).

Protein—protein docking

The HDOCK server (http://hdock.phys.hust.edu.cn/)
was utilized for molecular docking (Yan et al. 2017). The
amino acid binding sites were identified as restricted
docking regions of glutaminase isoforms (receptors). The
top 10 poses were produced for each docking run via
restricted docking on the basis of prior amino acids and
default parameters.

Cytotoxic activity against human cell lines

MTT assay

The Bioassay and Cell Culture Laboratory at the National
Research Centre, Giza, Egypt, carried out and analyzed
an in-vitro bioassay on human tumor cell lines. Micros-
copy images were acquired via an Olympus CKX41
microscope with a U-CMAD3 camera (Olympus Cor-
poration, Japan), and the objective lenses used were
40 x with a numerical aperture (N.A.) of 0.75. RPMI 1640
medium containing a 1.0% antibiotic-antimycotic combi-
nation and 1.0% L-glutamine was used (Mosmann 1983).
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The cells were batch grown for 10 days before being
seeded at a concentration of 10x 10 cells/well in new
complete growth medium. To obtain final concentrations
of 100, 50, 25, 12.5, 6.25, 3.125, 1.56 and 0.78 pug/mL, the
medium was aspirated, fresh medium (without serum)
was added, and the cells were cultured either alone
(negative control) or with various doses of sample. The
medium was aspirated after 48 h of incubation, and 40 pL
of MTT salt (2.5 pg/mL) was added to each well. Two
hundred microlitres of 10% sodium dodecyl sulphate
(SDS) in deionized water were added to each well and
incubated overnight at 37 °C to terminate the reaction
and dissolve the crystals that had formed. Doxorubicin
(100 pg/mL) was used as a positive control (Thabrew et
al. 1997; El-Menshawi et al. 2010). Afterwards, a micro-
plate multiwell reader (Bio-Rad Laboratories Inc., model
3350, Hercules, California, USA) was used to measure
the absorbance at 595 nm to determine the IC;; and IC,,,.
The percent change in viability was calculated via Eq. (3).

R.eadingofsz?mple Z1 x 100 (3)
Readingofnegativecontrol

% Cell viability = [(

Apoptosis assay

The apoptotic effect of the Aspergillus L-asparaginase
was examined on HCT-116, HepG-2 and PC-3 cells using
Annexin V-FITC/PI-PE double-staining assay. Determi-
nation of the apoptotic effect of the enzyme was deter-
mined by obeying to the manufacturer’s instructions
(Altay et al. 2019; Kalin et al. 2022). Accordingly, the cells
(3x 10° cells/well) were planted into a 6-well culture plate
and exposed to the 25, 50 and 100 pg/mL of the enzyme
for 48 h. After incubation, the collected cells in 1 mL of
complete medium including fetal bovine serum (FBS,
1%). Afterward, the cell suspension (100 puL) was mixed
with FITC AnnexinV/ propidium iodide and vortexed for
3-5 s. After incubation for 20 min at room temperature
and monitored by flow cytometry Analyzer. The flow
cytometry results were represented with dot blot graphs.
Untreated cells were used as control group cells.

Assay for DNA fragmentation (gel electrophoresis laddering)
DNA fragmentation test was performed in accordance
with (Yawata et al. 1998)the instructions for the MCF-7
breast cancer cell line. The cell lines were homogenized
in 1 mL of RPMI 1640 medium and then subjected to
different substances, such as L-asparaginase from B-516
and the drug doxorubicin. The cells were treated with
L-asparaginase at a dose of 50 IU/mL for 24 h and then
exposed to 1 uM doxorubicin for 24 h. After that, the
cells were centrifuged at 800 rpm for 10 min. The cells
were then harvested and washed with Dulbecco’s phos-
phate-buffered saline. For 30 min on ice, the MCF-7 cells
were lysed via a lysis mixture that contained 10 mM Tris
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base (pH 7.4), 150 mM NaCl, 5 mM EDTA, and 0.5%
Triton X-100. The lysates were subsequently centrifuged
for 20 min at 10,000 rpm. The fragmented DNA was
extracted from the supernatant via an equal mixture of
neutral phenol, chloroform, and isoamyl alcohol (25: 24:
1). The samples were then subjected to electrophoretic
analysis using 2.0% agarose gels stained with 0.1 ug/mL
ethidium bromide.

Procedure for the diphenylamine reaction

In this work, MCE-7 cells were harvested immediately
following culture, treated with the medication doxoru-
bicin, and treated with L-asparaginase from B. parali-
cheniformis AUMC B-516. After being lysed in 0.5 mL
of lysis buffer containing 10 mM Tris—HCI (pH 8.0), 1.0
mM EDTA, and 0.2% Triton X-100, the cancer cells were
centrifuged for 20 min at 4 °C at 10,000 rpm. The pellets
were resuspended in 0.5 mL of lysis buffer. 0.5 mL of 25%
trichloroacetic acid (TCA) was added to the pellets (P)
and supernatants (S), and the mixture was incubated for
24 h at 4 °C. After the cells were centrifuged for 20 min
at 10,000 rpm and 4 °C, the pellets were suspended in
80 mL of 5.0% TCA and incubated for 20 min at 83 °C.
After that, 160 mL of a diphenylamine (DPA) solution—
which contained 150 mg of DPA in 10 mL of glacial acetic
acid, 150 mL of sulfuric acid, and 50 mL of acetaldehyde
(16 mg/mL)—was added to each cell sample. The samples
were then allowed to incubate for 24 h at room tempera-
ture (Gibb et al. 1997). The absorbance was measured
at 600 nm, and the percentage of fragmented DNA was
determined via Eq. (4).

oD (S)
OD (S)+ OD (P)

% Fragmented DNA = x 100 (4)

where S stands for supernatants, P for pellets, and OD for
optical density.

Analysis of gene expression

Total RNA from the MCF-7 cell line was isolated via an
RNeasy Mini Kit in conjunction with a QiagenDNasel
digestion step according to the manufacturer’s instruc-
tions. The isolated total RNA run on a 1% agarose gel,
which revealed sharp 28S and 18S rRNA bands with no
visible smearing, then resuspended in water treated with
diethyl pyrocarbonate (DEPC) after the DNA residues
were digested with one unit of RQ1 RNAse-free DNAse.
The amount was quantified at 260 nm (Linjawi et al.
2017). A RevertAid™ First Strand cDNA Synthesis Kit was
used to reverse transcribe 20 pL of complete poly (A)*
RNA extracted from the MCF-7 cell line. The RT reac-
tion was run for 10 min at 25 °C, then for 1 h at 42 °C,
and for 5 min at 99 °C as a denaturation step. The Ste-
pOne™ Real-Time PCR System (Thermo Fisher Scientific,
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Waltham, MA, USA) was used to determine the cDNA
copy number of the MCEF-7 cell lines. The designed
primer sequences for the cancer-associated genes asso-
ciated with breast cancer cell lines (Bcl-2, BAX, and p53
genes) are listed in Table S2 (Brito et al. 2013; Khalil et al.
2019). The 2—-AACT approach was utilized to ascertain
the target’s relative quantification in relation to the refer-
ence (Ramadan et al. 2019; Refaie et al. 2020).

L-asparaginase’s in vivo cytotoxicity in mice

Six- to eight-week-old Swiss albino female mice weigh-
ing approximately 40 g were used in the experiment. The
mice were graciously donated by the Veterinary Teach-
ing Hospital at Assiut University, Assiut Governorate,
Egypt, where the experiment was conducted. Among the
mice, there were two groups, each with ten mice. The
first group was given 1X phosphate-buffered saline as a
control. Two times a week, 500 [U/kg B. paralichenifor-
mis AUMC B-516" L-asparaginase was injected into the
second group. Seven weeks were dedicated to the experi-
ment. Blood samples were obtained 15, 30, and 45 days
after the final injection. The injections were administered
through the tail vein, and blood collection was performed
via retro-orbital bleeding to obtain the required sample
volumes. After extraction, the serum and plasma were
stored at—40 °C. The complete blood count and the levels
of transaminases, albumin, total protein, urea, creatinine,
and alkaline phosphatase were determined (El-Naggar
et al. 2018; Rodrigues et al. 2020). Using universal bio-
chemical keys, the measurements were carried out in
the Clinical Chemistry and Hematology laboratories of
the Clinical Pathology Department, South Egypt Cancer

69/70

98/98
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Institute, Assiut University, Assiut, Egypt, and served as
toxicity markers.

Statistical analysis

The mean and standard deviation (SD) of the tentative
study performed in triplicate were used to express all
the data. Analysis of the statistical significance was con-
ducted (Stahle and Wold 1989). Differences were deemed
significant at p <0.05.

Results

Molecular identification of the potent bacterial isolate

On the basis of a megablast search in the NCBI data-
base utilizing the 16S sequence of the bacterial isolate
AUMC B-516 in this investigation, the closest hit was
Bacillus licheniformis strain QT331 [(GenBank acces-
sion number MT043736; identities = 1415/1417 (99.86%);
gaps=1/1417 (0%)]. Compared with the type materi-
als, the most comparable species was the B. parali-
cheniformis strain KJ-16 [GenBank accession number
KY694465; identities =1413/1415 (99.86%)]. The phylo-
genetic study included 12 sequences that yielded 1419
characters when aligned. Among these characters, 979
were perfectly aligned (no gaps, no N), 243 were consid-
ered variable (24.8% complete), and 24 were considered
informative (2.5% complete). The maximum parsimony
analysis produced 7 phylogenetic trees, the most par-
simonious of which may show the connection between
taxa. The phylogenetic tree had a length of 276, the great-
est log likelihood was —3108.83, the consistency index
was 0.740000, the retention index was 0.771930, and the
composite index was 0.571228 (Fig. 1). The bacterial iso-
late in this study was located on the same branch as the

NR_113993 Bacillus sonorensis NBRC 101234
NR_157608 Bacillus swezeyi NRRL B-41294
NR_042338 Bacillus aerius 24K
NR_157609 Bacillus haynesii NRRL B-41327
F—MK183752 Bacillus inaquosorum BGSC 3A28

MN396732 Bacillus licheniformis DSM 13
PQO57062 Bacillus paralicheniformis AUMC B-516

KY694465 Bacillus paralicheniformis KJ-16

KTO05408 Bacillus glycinifermentans GO-13

MK267098 Bacillus subtilis 1AM 12118
0Q876683 Bacillus velezensis CR-502

—ee—y
0.050

HG423362 Serratia marcescens 2A2

Fig. 1 The most parsimonious phylogenetic tree generated from ML/MP analysis using a heuristic search (1000 replications) of 16S sequence of B. para-
licheniformis AUMC B-516 (in blue) compared to other closely similar species to the genus Bacillus in GenBank
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B. paralicheniformis strain KJ-16. As a result, it was iden-
tified here as B. paralicheniformis, and its 16S sequence
has been uploaded to GenBank as PQ057062 (Fig. 1).

Optimization of L-asparaginase production parameters

On the basis of the findings of the present study, B. para-
licheniformis AUMC B-516 presented the highest level
of L-asparaginase activity (111.4+12 U/mL) at pH 8.0
(Fig. 2A). L-asparaginase activity decreased when a nitro-
gen source was added to the fermentation medium; and
increased when all nitrogen sources were removed from
the fermentation medium with the exception of L-aspar-
agine, sodium nitrate was the most significantly effec-
tive source (p<0.05), resulting in 109.6+9.2 U/mL, This
indicates that no additional nitrogen sources need to be
added other than L-asparagine when compared to con-
trol value (111.4+12 U/mL) (Fig. 2B).

Regarding temperature, the highest activity was
observed at 35 °C, with an activity significantly (p <0.05)
increased to of 116.4 U/ml, demonstrating that this
temperature promotes maximum enzyme efficiency
(Fig. 2C). L-asparaginase activity significantly (p<0.05)
increased to 116.4+11 U/mL after 48 h of incubation
(Fig. 2D). The alphabets (a, b, c) represent the results of a
post-hoc analysis following ANOVA. Groups sharing the
same letter are not significantly different from each other,
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while groups with different letters are statistically signifi-
cantly different at p <0.05.

Amino acid analysis

Among the crude protein samples that were isolated fol-
lowing B. paralicheniformis B-516 fermentation, fifteen
amino acids (excluding L-cystine, L-methionine, and
L-proline) were identified. The determined amino acids
were present at different concentrations, with L-gluta-
mine (1.13 mg/g) being the most abundant, followed
closely by L-leucine (0.88 mg/g), L-asparagine (0.75
mg/g), and L-glycine (0.75 mg/g). The remaining amino
acid concentrations ranged from 0.12 mg/g for L-tyrosine
to 0.48 mg/g for L-alanine (Fig. 3).

Purification of L-asparaginase

Bacillus  paralicheniformis AUMC B-516 produced
L-asparaginase after 2 days of culture at pH 8.0 and 35 °C
without a nitrogen source other than L-asparagine. The
DEAE-cellulose gel produced 90 pooled fractions with
the greatest number of active L-asparaginase and pro-
tein peaks. After the highest-activity fractions from the
DEAE-cellulose column were collected, they were fur-
ther purified via a Sephacryl S-200 HR column. The
most active L-asparaginase components isolated from B.
paralicheniformis AUMC B-516 were purified via Sep-
hacryl S-200 HR to yield two prominent broad peaks of

o, (B)

120

a
110 +

e

80

70

50

Yeast
Extract

Control Ammonium Ammonium  Sodium Sodium Trea
chloride  Sulphate Nitrate Nitrite

Nitrogen source

Peptone

130\ (D) a
120
110 ']T
100
920
80 be
70 c d
60 f €
50
40
30
20

B-c

1 2 3 4 5 6 7
Incubation time (day)

Fig. 2 Impact of fermentation factors on asparaginase activity generated by B. paralicheniformis AUMC B-516 in SmF. A Medium's pH. B Medium'’s nitro-

gen supply. C Incubation temperature. D Incubation time
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Fig. 3 Chromatogram of amino acids profile determined in the crude protein sample produced by B. paralicheniformis B-516

Table 1 Purification profile of L-asparaginase produced by B. paralicheniformis AUMC B-516

Purification steps Volume  Activity U/mL Total activ- Proteinmg/  Total pro-  Specific Activity Yield%  Fold
(mL) ity (U) mL tein (mg) (U/mg)
Fermentation media 1278 782 99,939.6 0.23 293.94 340 100 1
Ethyl alcohol 195 188.3 36,7185 03512 685 536.16 233 1.57
DEAE-Cellulose 45 8723 39,2535 03177 14.3 274567 4.86 80
Sephacryl S 200 HR 33 123813 40,8585 0.3029 9.996 4087.6 34 120
M 2 1

Fig. 4 SDS-PAGE of asparaginase produced by B. paralicheniformis
AUMC B-516. M: pre-stained marker. Lane 1: crude enzyme. Lane 2: pure
asparaginase

L-asparaginase and protein activity. Following two col-
umns of processing, there was a 12-fold increase in the
specific activity of the purified L-asparaginase, resulting
in a protein yield of 3.4% and a specific activity of 4087.6
U/mg (Table 1).

SDS-PAGE

SDS-PAGE revealed that the L-asparaginase generated
by B. paralicheniformis AUMC B-516 was homogenous
and completely purified. The calculated molecular weight
was 43.98 kDa (Fig. 4).

The impact of temperature and pH on pure L-asparaginase
activity

Pure L-asparaginase showed increased activity through-
out a limited pH range, according to the current inves-
tigation. (7-8) with pH 8.0 acting as the optimal value
showing asparaginase activity peak (4550.15+220 U/
mg) at 37 °C (Fig. 5A, B). At pH 9, 10, and 11, the enzyme
maintained 83.22, 36.45, and 12.05% of its activity,
respectively (Fig. 5).
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Fig.5 The impact of A pH and B temperature on the enzymatic activity of the purified L-asparaginase produced by B. paralicheniformis AUMC B-516
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Fig. 6 Interaction between asparagine and B. paralicheniformis' asparaginase. A 3D, B 2D

Effects of metal ions and inhibitors on B. paralicheniformis
AUMC B-516’ L-asparaginase

Among all the ions tested, K* had the greatest stimulatory
effect, increasing to the top position, followed by Na®,
which exhibited substantial increases of 118.36+6.5%
and 111.27 £ 6.99%, respectively. The activity of L-aspara-
ginase was reduced by the presence of all the other tested
ions, with residual activity levels ranging from 7.1+0.5%
for Cd** to 94.26 +5.2% for Ca”, indicating significant
variation in the enzyme’s tolerance to different metal ions
(Table S3).

Determination of kinetic parameters (K, and V,,,) and
substrate specificity

Using L-asparagine, L-glutamine, aspartic acid, and glu-
tamic acid as substrates at different doses (2-20 mM), K,
and V,,,, were calculated. L-asparagine showed the maxi-
mum affinity for B. paralicheniformis B-516" L-aspara-
ginase, making it the best suitable substrate, according
to the Line Weaver Burk plots. Aspartic acid, glutamic
acid, L-asparagine, and L-glutamine were shown to have
K,, and V,,,, values of 6.22x 10> mM and 120.75 pmol/

min (Fig. S1), 8.44 mM and 65.82 umol/min, 9.6 mM
and 54.33 pmol/min, and 11.3 mM and 43.60 pmol/min,

respectively (Table S4). The enzyme’s affinity for L-aspar-
agine (Km=6.22 x 10~ mM) is higher than its affinity for
L-glutamine (Km=11.3 mM).

Molecular docking

Through molecular docking, the expected binding affin-
ity (AG in kcal/mol) between L-asparagine and L-aspar-
aginase from B. paralicheniformis was ascertained. The
L-asparaginase of B. paralicheniformis had a low AG of
-3.8 kcal/mol, indicating a high affinity for L-asparagine.
Antigenicity scores as anticipated by Vaxijen were also
provided. Bacillus paralicheniformis L-asparaginase pre-
sented a marginally low score of 0.6345, indicating that
it was thought to include immune-stimulating epitopes
(Table S5).

A greater number of H-bonds with Leul4 and Asnl8
were identified via B. paralicheniformis L-asparaginase
docking, which also predicted the types of interactions
and interacting residues. Furthermore, B. paralichenifor-
mis interacted favorably with Glu92 but unfavorably with
the same residue. Bacillus paralicheniformis L-asparagi-
nase had a high affinity, which was probably due to the
greater number of H-bonds and more advantageous
charged interactions (Fig. 6). With a low score of - 162.08,
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B. paralicheniformis L-asparaginase was evaluated for its
activity against the kidney isoform of glutaminase. The B.
paralicheniformis enzyme (in purple) pierces the binding
cavity less deeply in the three-dimensional poses. How-
ever, B. paralicheniformis L-asparaginase had a more
favorable score of —203 when it was docked to the liver
isoform of glutaminase (Fig. S2). These score differences
are reflected in the 3D postures, where a larger portion of
the binding site is occupied by the B. paralicheniformis
enzyme. These initial computational findings suggest that
B. paralicheniformis L-asparaginase is likely more selec-
tive for the liver isoform overall. Addressing the inhibi-
tion of glutaminase in different tissues may benefit from
this specificity.

Pure L-asparaginase’s cytotoxic impact on MCF-7 human
cell lines (in vitro)

In this study, untreated MCEF-7 cells were used as the
negative control (Fig. S3A); MCEF-7 cells treated with
100 pg/mL doxorubicin (Fig. S3B) served as the positive
control; and MCE-7 cells treated with the IC;, of B. para-
licheniformis B-516" L-asparaginase (Fig. S3C) were used
as the negative control. Cytotoxicity was significantly
induced in MCE-7 cells treated with 1000, 500, 250, 125,
62.5, or 31.25 ug/mL B. paralicheniformis B-516’ L-aspar-
aginase (Fig. S4), with an ICy, of 49.3 pg/mL and an IC,,
of 105.6 pg/mL (Fig. 7A, B) Both the probability and
the observed responses increased as the concentration
increased (Fig. S5).

Flow cytometry results

The flow cytometry analysis of MCF7 cells treated with
varying concentrations of asparaginase enzyme (10, 20,
30, 40, and 50 pg/mL) demonstrated a clear and signifi-
cant dose-dependent increase in the late apoptosis rate.
The control group showed a minimal late apoptosis rate
of 0.03%, suggesting that untreated MCF?7 cells maintain
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a relatively low level of apoptosis. In the 10 ug/mL treat-
ment group, the apoptosis rate was slightly reduced to
0.02%, indicating that this concentration had little to no
effect on late apoptosis.

However, at higher concentrations, asparaginase exhib-
ited a marked ability to induce late apoptosis. Specifically,
at 20 pg/mL, 23.65% of cells were in late apoptosis, and
this increased to 28.68% at 30 pg/mL. Further increases
in concentration resulted in even higher apoptosis rates,
with 31.60% at 40 pg/mL and a significant 46.67% at
50 pg/mL (Fig. 8). The increase in late apoptosis at higher
concentrations suggests a dose-dependent mechanism of
action,. The results also imply that asparaginase could be
particularly beneficial in targeting cancer cells that are
resistant to conventional therapies. Statistical analysis of
the apoptosis percentages confirms the significant differ-
ences between concentrations. The increase in apoptosis
rate from 0.02% at 10 pug/mL to 46.67% at 50 pg/mL is
statistically significant, further supporting the hypothesis
that asparaginase’s effectiveness increases with dosage.
This reinforces its potential as a potent therapeutic agent
for inducing cancer cell death, particularly in malignan-
cies where apoptosis resistance is a challenge.

Gene expression

The MCEF-7 cells treated with both B. paralicheniformis
B-516" L-asparaginase and doxorubicin showed consid-
erably (p<0.05) lower levels of the antiapoptotic gene
BCL-2 than the negative control samples (Fig. S6A).
Bacillus paralicheniformis B-516" L-asparaginase and
doxorubicin substantially (p <0.05) enhanced the expres-
sion of the proapoptotic genes p53 (Fig. S6C) and BAX
(Fig. S6B) in MCF-7 cells.

Fragmenting DNA
The results showed that the negative control samples
had substantially lower DNA fragmentation rates than
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Fig. 7 A MCF-7 cell lines'toxicity and viability percentage in relation to the effects of various B. paralicheniformis B-516' asparaginase concentrations, B

ICsp and ICq
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Fig.8 Pure L-asparaginase of B. paralicheniformis AUMC B-516 induce apoptosis, A Control, B MCF-7 cells were treated with 10 pg/mL of enzyme for 48 h,
C MCF-7 cells were treated with 20 ug/mL of enzyme for 48 h, D MCF-7 cells were treated with 30 ug/mL of enzyme for 48 h, E MCF-7 cells were treated
with 40 ug/mL of enzyme for 48 h, F MCF-7 cells were treated with 50 ug/mL of enzyme for 48 h, and apoptosis was determined by flow cytometry using

Annexin V/PI double staining
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Fig. 9 A Agarose gel analysis of MCF-7 cancer cell lines exposed to various compounds reveals DNA fragmentation. M: stands for DNA marker; Lanes 1:
MCF-7 negative controls; Lane 2: MCF-7 treated with B. paralicheniformis B-516asparaginase, and Lane 3: MCF-7 treated with Doxorubicin. B DNA frag-
mentation identified in breast cancer cell lines (MCF-7) treated with B. paralicheniformis B-516'asparaginase and Doxorubicin (Means with different figures

between treatments in the same column are substantially different at p <0.05)

the treated samples (p<0.01) (8.9+0.83). In contrast,
the DNA fragmentation values in the breast cancer cell
line samples treated with B. paralicheniformis B-516’
L-asparaginase (22.2+1.36) and the drug doxorubi-
cin (23.9+0.93) were significantly greater (p<0.01)
(Fig. 9A&B).

Pure L-asparaginase’s cytotoxic effects in vivo in an animal
model

There were no impacts on glucose, other electrolytes,
the liver, or the kidneys, according to the biochemi-
cal profiles. On the other hand, the total bilirubin level
and the activities of aspartate aminotransferase (AST)
and alanine transaminase (ALT) were slightly elevated.
These results suggested that B. paralicheniformis B-516’
L-asparaginase had relatively little effect on liver function
(liver impairment was most likely indicated by AST and
ALT markers). All the hematological parameters were
within normal ranges during the experiment; however,
compared with those in the control group (preinjection),
the white blood cell (WBC), platelet, hemoglobin, and
red blood cell counts were slightly lower after the injec-
tion of L-asparaginase for 15 days. Furthermore, the rats
were alive throughout the study periods (Tables S6—S8).

Discussion

Cross-reactivity with L-glutamine and urea has been
demonstrated by commercially available formulations of
E. chrysanthemi and E. coli L-asparaginases, which are
thought to be the best for clinical applications (Ghasemi
et al. 2017). Therefore, there is a need to investigate new

bacterial sources of L-asparaginase. Thus, the goal of the
current investigation was to identify an additional micro-
bial source of L-asparaginase. In this study, B. paralichen-
iformis AUMC B-516, which was improved, purified, and
used as an anticancer medication, was used to produce
L-asparaginase.

By maximizing L-asparaginase synthesis by B. parali-
cheniformis AUMC B-516 in this study, it may be possible
to better understand how the independent factors affect
L-asparaginase production and to identify the maximum
activity levels and fermentation parameters. The high-
est L-asparaginase activity (78.2 U/mL) was produced
by B. paralicheniformis AUMC B-516 after 48 h at pH
8.0 and 37 °C when 0.2% glucose and 1.0% L-asparagine
were used. Microorganisms differ in their nutritional
requirements, which are crucial for achieving maximum
L-asparaginase synthesis. In this context, glucose serves
as the optimal carbon source for B. licheniformis to pro-
duce L-asparaginase (Mahajan et al. 2012).

By varying the way that components flow from the
cell membrane, the pH and temperature of the growth
medium affect the production of enzymes (Castro et al.
2021). Our results revealed that the ideal pH for L-aspar-
aginase production from B. paralicheniformis was 8.0,
in contrast to the findings of Alrumman et al. (Alrum-
man et al. 2019), who demonstrated that the optimal
pH for L-asparaginase production from B. licheniformis
was 6.5. By combining tryptone and yeast extract with
0.1% lactose and 0.2% L-asparagine, L-asparaginase
can be produced from E. coli K-12 (Vimal and Kumar
2017). Bacillus australimaris produces L-asparaginase
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at optimal levels on M9 media supplemented with 2.5%
L-asparagine (Chakravarty et al. 2021). At 30 °C, pH 8.0,
with 0.2% glucose and 0.5% ammonium sulfate, the ideal
conditions for maximum synthesis of L-asparaginase
under SSF by Fusarium solani AUMC 8615 were reached
on the fifth day of incubation (Isaac and Abu-Tahon
2016). L-asparaginase purified from marine derived
Aspergillus flavus showed stable activity between pH 7.0
and 8.0 (Nurge et al. 2023).

The maximum L-asparaginase activity of 12.83 U/
mL was obtained after 7 days of incubation at pH 8.0
and 27.5 °C (Parashiva et al. 2023). In M9 medium con-
taining 0.2% sucrose and 1.0% L-asparagine, Bacillus
halotolerans ASN9 generated the highest amount of
L-asparaginase (9.25 U/mL) at pH 6.0 and 37 °C, with
a specific activity of 256 U/mg (Shafqat et al. 2023b).
Escherichia coli was able to express Phaseolus vulgaris
L-asparaginase in large yields, with maximum activity at
pH 9.0 and 40 °C (da Silva Gomes et al. 2024). Our find-
ings differ from the optimum submerged medium ingre-
dients that have been previously reported. All of these
findings point to the distinct development needs of the
strains under investigation, which support their best
L-asparaginase production. The biotechnological impor-
tance of our strain is established by its production of a
substantial amount of extracellular L-asparaginase and
its less complicated and expensive growth needs. The
conclusions of this study regarding the best fermentation
conditions to maximize the synthesis of L-asparaginase
provide important new information about the scalability
of the process. The improved conditions observed in our
findings may result in a more economical and high-yield
synthesis of L-asparaginase. This feature is essential for
large-scale enzyme application, especially in the phar-
maceutical sector, where yields and manufacturing costs
play crucial roles.

In this study, the amino acid profile of the crude
L-asparaginase from B. paralicheniformis B-516 was
examined. The amino acid composition was determined
to be fifteen (methionine, proline, and cysteine were
excluded). rL-glutamine was the most prevalent amino
acid, followed by leucine, L-asparaginase, and glycine.
The identified amino acids were discovered in various
amounts. The tyrosine concentration was 0.12 mg/g,
whereas the alanine concentration was 0.48 mg/g. To the
best of our knowledge, no studies have investigated the
amino acid composition of L-asparaginases produced by
microorganisms. As a result, this research study is the
first in this particular area. However, there are still sev-
eral limitations in our study, while we performed amino
acid analysis on the crude sample, further complemen-
tary tests are required to provide a more comprehensive
understanding of its composition. Additional assess-
ments, such as peptide mapping, mass spectrometry

Page 14 of 20

analysis, and functional assays, will be essential to iden-
tify the bioactive peptides and fully characterize the pro-
tein content. These studies will help in elucidating the
potential bioactivity and mechanisms of action of the
crude sample, which is beyond the scope of the current
analysis.

The L-asparaginase of B. paralicheniformis was puri-
fied in this study via two chromatography columns,
DEAE-cellulose and Sephacryl S 200 HR, resulting in a
12-fold pure enzyme with 3.4% yield and a maximal spe-
cific activity of 4087.6 U/mg, which was greater than that
reported in several published studies. The current study
illustrated a successful purification technique that pro-
duced highly active and pure enzymes. In light of this,
L-asparaginase produced from P. carotovorum has been
purified 9.38 times, producing 23.5% and a maximal
specific activity of 202.6 U/mg (Do et al. 2019). Bacil-
lus halotolerans ASN9 produces L-asparaginase, which
has a 24% yield and 3083 U/mg specific activity after 12
purifications (Shafqat et al. 2023b). Fusarium foetens
L-asparaginase was purified 15.6 times via DEAE-cellu-
lose column chromatography, yielding 39.89% and 231.38
U/mg specific activity (Parashiva et al. 2023). Using a
DEAE-cellulose chromatography column, L-asparagi-
nase from B. licheniformis PPD37 was purified 12.47
times, yielding an 11.84% yield and 7707 U/mg (Patel et
al. 2023). L-asparaginase extracted from Fusarium equi-
seti AHMF4 was purified 2.67 times with a 48% yield and
488.1 U/mg specific activity using anion exchange QFF
and Sephacryl S200 columns (El-Gendy et al. 2021). In
this investigation, it is possible that the dual purification
stages helped achieve improved purity, which is impor-
tant for therapeutic applications where contaminants
might have negative consequences. This study can be
considered a major addition to the improvement of puri-
fication procedures for medicinal enzymes by examining
the purification yields and enzyme recovery rates.

In the present study, the kinetic parameters (K, and
V..o of the L-asparaginase produced by B. paralicheni-
formis AUMC B-516 were ascertained for L-asparagine,
L-glutamine, aspartic acid, and L-glutamic acid. The high-
est affinity (K, 6.22x 1072 mg/mL and V,,,, 120.75 pmol/
min) was displayed for L-asparagine, the most appropri-
ate substrate. The K, and V,,, values for L-glutamine
(844 mg/mL and 65.82 pmol/min), L-aspartic acid
(9.6 mg/mL and 54.33 pmol/min), and L-glutamic acid
(11.3 mg/mL and 43.6 pmol/min) were also determined
for B. paralicheniformis B-516” L-asparaginase. For aspar-
aginases generated by many bacterial strains, K, and
V...x have been identified. With L-asparagine as a sub-
strate, E-Naggar et al. (El-Naggar et al. 2018) reported
that a K, of 2.139x10 M and a V,,,, of 152.6 U/mL/
min were observed for L-asparaginase from Streptomyces
brollosae NEAE-115. The L-asparaginase from Weissella
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paramesenteroides MN2C2 had km and Vmax values of
4.41 mM and 130.72 U/mL/min, respectively (Amer et al.
2022). Shafqat et al. (2023a) calculated the K, and V,,,
for the L-asparaginase of B. licheniformis ASN51’ to be
0.04 mM and 7750 U, respectively, whereas Pseudomo-
nas sp. PCH199’s isolated L-asparaginase was shown to
have K, and V,,,, values of 0.164 mM and 54.78 U/mg,
respectively (Darnal et al. 2023). Brevibacillus borstelen-
sis ML12’ L-asparaginase was found to have K and V .,
values of 0.310 mM and 121.654 pmol/mL/min, respec-
tively (Mukherjee and Bera 2024). The low value of K,
obtained from purified L-asparaginase of S. maltophilia
EMCC2297, denotes the enzyme’s strong affinity for the
substrate L-asparagine and is necessary for the targeted
elimination of L-asparagine in case of leukemia cells
(Sharma and Mishra 2024). Earlier studies for L-asparagi-
nase kinetic parameters had revealed different K, values
from different microorganisms which was 0.059 mM for
that produced from Pseudomonas sp. PCH44 (Kumar et
al. 2022) and 9.74 mM for that of Sarocladium strictum
(Golbabaie et al. 2020).

On the other hand, certain studies have also identified
the K, and V,,, for fungal L-asparaginases. Accord-
ing to Dias et al. (Dias et al. 2016), purified Aspergillus
oryzae CCT 3940’ L-asparaginase was found to have K,
and V., values of 0.66 mmol/L and 313 U/mL, respec-
tively. The K, and V,,, of the purified L-asparaginase
from Fusarium foetens were 23.82 mM and 210.3 U/mL,
respectively (Parashiva et al. 2023). In general, it is diffi-
cult to compare the values of enzyme activity and kinetic
parameters between different studies because of slight
differences in methodology. Therefore, comparisons
should be performed with caution.

In the present study, the impact of certain metal ions on
the L-asparaginase activity of B. paralicheniformis B-516
was assessed. The inhibitory effects of Ca*, Mg2+, Mn?*,
Fe?*, Cu*', Zn**, Co**, Cd**, Ba**, and EDTA were dem-
onstrated when those ions were present at 5 mmol/mL.
The impacts of ions, activators, and inhibitors have been
assessed in several studies. The L-asparaginase activity
of Streptomyces brollosae NEAE-115 increased consid-
erably in the presence of Mg?" and peaked in the pres-
ence of Mn** and Co**. Nevertheless, there was a slight
decrease in L-asparaginase activity in the presence of
Zn** and Ca?*. Furthermore, Ni**, Hg**, Ba**, and Cu?*
all function as strong inhibitors (EI-Naggar et al. 2018).
The addition of 5 mmol/mL MgSO, and MnSO, acti-
vated the pure L-asparaginase from A. oryzae CCT 3940.
L-asparaginase activity was slightly reduced in the pres-
ence of FeSO,, CuSO,, KCl, CaCO,, and ZnSO,,. Further-
more, L-asparaginase activity was inhibited by ZnSO,,
CuSO,, and CaCl,, which decreased it to approximately
60% (Dias et al. 2016).
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On the other hand, the L-asparaginase activity in
this study was mostly stimulated by K*, Na*, Ca®*, and
Fe?*. It has been shown to be comparable to reports of
Bacillus megaterium H-1 (Zhang et al. 2015) and Bacil-
lus megaterium MG1 (Roy et al. 2019). The activity
of the recombinant L-ASNase from B. subtilis CH11
was considerably enhanced by K*, Ca**, and Mg*" ions
(Arredondo-Nunez et al. 2023). However, some authors
reported an inhibitory effect of Mn** ions (Sanghvi et al.
2016; Feng et al. 2019). The activity of Pseudomonas sp.
PCH199 extremozyme decreased to 51.6% by K* and was
enhanced by 127.5% and 111.6% in the presence of Na*
and Ca?*, respectively (Darnal et al. 2023). The activation
of enzymes by some metal ions may be due to their abil-
ity to act as cofactors for binding at the catalytic site of
the enzyme, while the suppression by other ions may be
attributable to their chelation with sulthydryl groups of
protein structures (Kumar et al. 2022; AlShaikh-Mubarak
et al. 2023). The L-asparaginase activity of Brevibacillus
borstelensis ML12 markedly increased in the presence
of 10 mmol/mL CoCl,, MnCl,, or FeCl3. The asparagi-
nase activity of B. licheniformis PPD37 was shown to be
slightly reduced in the presence of Zn** and Hg>" but
remained rather stable in the presence of Mn?* (Patel
et al. 2023). The L-asparaginase activity of Brevibacillus
borstelensis ML12 significantly increased in the pres-
ence of CoCl2 and KCI, whereas the activity significantly
decreased in the presence of CuSO, FeSO, KNO;,
and NaNO; (Mukherjee and Bera 2024). KCI and NaCl
have been shown to stimulate Penicillium cyclopium
L-asparaginase (El-Refai et al. 2016). While Hg?* reduced
Aspergillus niger AKV-MKBU L-asparaginase activity to
50%, Mn?** was unable to inhibit enzyme activity (Vala
et al. 2018). L-asparaginase activity in Fusarium equiseti
AHMF4 increased by 5.8% and 43.3%, respectively, fol-
lowing incubation with K* and Mg®" at a concentration
of 50 mM; however, its activity decreased by 77.5% and
99.1%, respectively, with Ca** and Na* at 50 mM. Mn?*
and Cu** had little effect; however, Ba?* at a dose of 10
mM increased enzyme activity by 22.5% (El-Gendy et
al. 2021). L-asparaginase from Fusarium foetens was
enhanced by Mn?*, Fe?*, and Mg?* (Parashiva et al. 2023).
The inhibition of enzyme activity by divalent ions may be
due to the chelation of the sulthydryl groups of L-aspara-
ginase with metal ions (Kumar et al. 2022). While EDTA
did not show any impact on enzymatic activity. Simi-
larly, EDTA did not affect L-ASNases of Pseudomonas sp.
PCH199 (Darnal et al. 2023), B. megaterium strain MG1
(AlShaikh-Mubarak et al. 2023).

The results of this investigation indicated that B. para-
licheniformis L-asparaginase has a low level of activity
against L-glutamine and a high specificity for L-aspara-
gine, which is advantageous for lowering the possibility
of negative side effects such as neurotoxicity, our results
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in accordance with (Castro et al. 2021; Van Trimpont et
al. 2022; Sisay et al. 2024). This comparison demonstrated
the potential benefits of L-asparaginase from B. parali-
cheniformis in clinical settings, where selectivity is essen-
tial for reducing off-target effects. This specificity may
be helpful in addressing the inhibition of L-glutaminase
in various tissues. To further confirm and describe the
isoform selectivity reported by these protein-protein
docking experiments, more in-vitro binding and enzy-
matic investigations are needed. The models also serve as
a foundation for the structure-based design of modified
selectivity profiles for L-asparaginase variations.

L-asparaginase has demonstrated anticancer properties
not only against leukemia but also against solid tumors
like breast cancer. For example, L-asparaginase derived
from E. coli MF-107 induces apoptosis in breast cancer
cell lines by activating the mitochondrial pathway medi-
ated by the tumor suppressor protein p53, with an ICg,
value of 5.70 IU/mL (Shahnazari et al. 2022). Similarly,
L-asparaginase extracted from Vigna unguiculata exhib-
its cytotoxic effects against MCEF-7 cell lines, with an ICy,
of 15 pg/mL (Moharib 2018). Furthermore, L-asparagi-
nase produced by Yarrowia lipolytica has shown cyto-
toxic activity against MCF-7 and A549 cell lines, with
IC;y of 3 and 2 IU/mL, respectively (Mazloum-Ravasan
et al. 2021).

The antiproliferative capability of B. paralichenifor-
mis B-516" purified L-asparaginase against the MCF-7
breast cancer cell line was examined in this study. This
is important since L-asparaginase has a well-established
track record for treating a variety of malignancies. For
example, the study of Ali et al. (Ali et al. 2016) demon-
strated the effectiveness of L-asparaginase against lym-
phoblastic leukemia; however, our investigation broadens
its applicability to breast cancer, suggesting more exten-
sive therapeutic potential. Furthermore, a comparison
between the cytotoxic effects observed in our study
and the toxic effects reported by Duval et al. (Duval et
al. 2002) highlighted the necessity of additional opti-
mization to minimize side effects. Our investigation of
asparaginase variation with possibly fewer hypersensitiv-
ity reactions—a known problem with currently available
commercial formulations is a noteworthy advance. Asse-
lin and Rizzari (Asselin and Rizzari 2015) emphasized the
difficulties associated with hypersensitivity in therapeutic
applications; our work addresses these issues by identify-
ing a unique source of L-asparaginase.

We have an intriguing point of comparison because B.
paralicheniformis was chosen as the microbial source for
L-asparaginase synthesis in our investigation. Escherichia
coli and E. chrysanthemi have historically been the main
sources of L-asparaginase for therapeutic use (Verma
et al. 2007; Miiller et al. 2023). These strains have sev-
eral drawbacks, including low yield and hypersensitivity.
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Some of these issues are resolved by the introduction of
B. paralicheniformis AUMC B-516 in this work, as the
strain showed encouraging antiproliferative activity and
increased enzyme production under ideal circumstances.
According to this research, B. paralicheniformis may be a
better option for large-scale manufacturing than strains
that have been employed in the past, possibly outper-
forming them in terms of yield and effectiveness.

One of the main issues with the therapeutic utilization
of L-asparaginase is its cytotoxic effects on noncancer-
ous cells. A fair assessment of the therapeutic potential
of the enzyme is given by the study’s focus on its antip-
roliferative qualities against the MCF-7 breast cancer cell
line and evaluation of its cytotoxicity to noncancerous
cells. Our investigation indicated that the enzyme from
B. paralicheniformis AUMC B-516 may offer stronger
selectivity toward malignant cells, with significantly less
toxicity to healthy cells, than the cytotoxicity profiles
described previously (Shrivastava et al. 2015; Gervasoni
et al. 2017). This selectivity makes B. paralicheniformis
L-asparaginase a potentially safer therapeutic alterna-
tive and is essential for minimizing adverse effects in
clinical applications. It is also possible to compare the
potential of B. paralicheniformis L-asparaginase as a
clinical formulation to that of other formulations now
in use, such as those made from E. chrysanthemi and E.
coli. This enzyme is positioned for clinical trials because
of the emphasis on decreased immunogenicity and its
encouraging antiproliferative efficacy. The increase in
L-asparaginase concentration was associated with an
increase in the cytotoxicity against malignant cells,
indicating that the cytotoxicity was dose-dependent
(Sharma and Mishra 2023). Because the deamination
of the non-essential amino acid asparagine resulted in
a decrease in asparagine pool, the anticancer activity of
L-asparaginase revealed the effective death of malignant
cell types (Darnal et al. 2023). Many researches had sup-
ported the effectiveness of L-asparaginase against leuke-
mic cells, as L-asparaginase isolated from Melioribacter
roseus has nearly the same ICg, (3.0 IU/ml) (Sivakumar
et al. 2024) of S. maltophilia EMCC2297 L-asparaginase.
Various L-asparaginases have different IC;, as the one
isolated from Rhodospirillum rubrum has 1Cy; 1.8 IU/mL
(Dobryakova et al. 2023).

In addition to its direct antiproliferative characteris-
tics, L-asparaginase has been reported to possess immu-
nomodulatory features that may impact the immune
response during the treatment of cancer. The immune-
related adverse effects of L-asparaginase, such as its
capacity to cause allergic reactions and impair immuno-
logical function, have been covered in studies by Asselin
B and Rizzari (Asselin and Rizzari 2015) and Miiller et al.
(Miiller et al. 2023). The B. paralicheniformis L-asparagi-
nase in this work may have a relatively low immunogenic
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profile, which could decrease the likelihood of unfavor-
able immunological responses, according to the current
study’s investigation of the features of this enzyme. To
evaluate the safety and effectiveness of this enzyme in
individuals with a weakened immune system, more stud-
ies should be performed to clarify its immunomodulatory
effects and compare them with those of formulations that
are sold commercially.

Conclusions

The synthesis of L-asparaginase from B. paralicheni-
Sformis AUMC B-516 was optimized in this study. The
enzyme was purified after being run through two col-
umns for chromatography. The two most stimulating ele-
ments were K* and Na*. The km and Vmax values of pure
L-asparaginase for L-asparagine, L-glutamine, L-aspartic
acid, and r-glutamic acid were determined. The molar
Gibbs free energy (AG) and antigenicity values of pure
L-asparaginase on L-asparagine were ascertained from
the molecular docking results. The DNA fragmentation
values of MCEF-7 cells treated with purified L-aspara-
ginase from B. paralicheniformis B-516 and doxorubi-
cin were also evaluated. The IC;, was determined after
MCE-7 cells were treated with various doses of B. para-
licheniformis AUMC B-516" pure L-asparaginase, which
showed significant cytotoxicity. The biochemical profiles
of pure L-asparaginase revealed no changes in glucose,
other electrolytes, the liver, or the kidneys, although there
was a minor elevation in the total bilirubin level and an
increase in the activities of aspartate aminotransferase
(AST) and alanine transaminase (ALT). Additionally,
AST and ALT markers revealed that pure L-asparaginase
may have a minor effect on liver function.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/513568-025-01890-w.

[ Additional file1 (PDF 4463 KB) ]

Acknowledgements

The National Research Center El-Tahrir St., Dokki, Egypt; Assiut University
Mycological Centre, Assiut University, Egypt; and Department of Clinical
Pathology and Hematological Malignancies, South Egypt Cancer Institute,
Assiut University, Egypt, are greatly appreciated.

Author contributions

HM.E, AM.E, and RM.E. conceived the study, supervised the project, wrote,
and revised the article. O.A.M.A. designed and performed most of the
experiments, performed the data analysis, and wrote and revised the article.
A.AS. carried out the experiments and data analysis. All the authors wrote and
revised the manuscript. The final version of this article has been reviewed and
approved by all the authors.

Funding

Open access funding was provided by the Science, Technology & Innovation
Funding Authority (STDF) in cooperation with the Egyptian Knowledge Bank
(EKB).

Page 17 of 20

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and contents to participate

The Research Ethical Committee of the Molecular Biology Research and
Studies Institute IORG0010947-MB-21-35-R), Assiut University, Assiut, Egypt,
examined and approved the animal study. Every experiment was carried out
in accordance with the applicable rules and regulations.

Consent for publication
All the authors agreed to participate and publish.

Competing interests
The authors declare no competing interests.

Author details

'Molecular Biology Researches & Studies Institute, Assiut University,
Assiut, 71511, Egypt

Department of Clinical Pathology and Hematological Malignancies,
South Egypt Cancer Institute, Assiut University, Assiut 71511, Egypt
3Department of Genetics, Faculty of Agriculture, Assiut University,
Assiut 71511, Egypt

“School of Applied Health Sciences, Badr University Assiut, Assiut, Egypt
>Clinical Pathology Department, Faculty of Medicine, Assiut University,
Assiut 71511, Egypt

SFood Hygiene, Safety and Technology Department, Faculty of Veterinary
Medicine, New Valley University, El-Kharga 72511, Egypt

’Assiut University Mycological Centre, Assiut University, Assiut

71511, Egypt

Received: 7 April 2025 / Accepted: 8 May 2025
Published online: 22 May 2025

References

Aisha A, Zahra S, Tahir IM, Hussain A, Bano N, Roobi A, Afsheen N, Saleem Y (2022)
Anticancer L-asparaginase and phytoactive compounds from plant Solanum
nigrum against MDR (Methicillindrug resistant) Staphylococcus aureus and
fungal isolates. Dose-Response 20(2):15593258221092380. https://doi.org/10
1177/15593258221092379

Ali U, Naveed M, Ullah A, Ali K, Shah SA, Fahad S, Mumtaz AS (2016) L-asparaginase
as a critical component to combat Acute lymphoblastic leukaemia (ALL): a
novel approach to target ALL. Eur J Pharmacol 771:199-210. https://doi.org/1
0.1016/j.ejphar.2015.12.023

Al-Rawi KF (2017) Antitumor activity of L-asparaginase produced from E. coli. Iraqi J
Cancer Med Genet. https://doi.org/10.29409/ijcrng.v10i1.205

Alrumman S, Mostafa Y, Al-lzran KA, Alfaifi M, Taha T, Elbehairi S (2019) Produc-
tion and anticancer activity of an L-asparaginase from Bacillus licheniformis
isolated from the Red Sea, Saudi Arabia. Sci Rep 9(1):3756. https://doi.org/10.
1038/541598-019-40512-x

AlShaikh-Mubarak GA, Kotb E, Alabdalall AH, Aldayel MF (2023) A survey of
elastase-producing bacteria and characteristics of the most potent producer,
Priestia megaterium gasm32. PLoS ONE 18(3):e0282963. https://doi.org/10.13
71/journal.pone.0282963

Altay A, Caglar S, Caglar B, Sahin ZS (2019) Novel silver (I) complexes bearing
mefenamic acid and pyridine derivatives: synthesis, chemical characterization
and in vitro anticancer evaluation. Inorg Chim Acta 493:61-71. https://doi.org
/10.1016/}.ica.2019.05.008

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment
search tool. J Mol Biol 215(3):403-410. https://doi.org/10.1016/S0022-2836(
05)80360-2

Amena S, Vishalakshi N, Prabhakar M, Dayanand A, Lingappa K (2010) Produc-
tion, purification and characterization of L-asparaginase from Streptomyces
gulbargensis. Braz J Microbiol 41:173-178. https://doi.org/10.1590/51517-838
22010000100025

Amer M, Atwa N, Eldiwany A, Elgammal E, Dawoud |, Rashad F (2022) Anticancer
and antioxidant activities of l-asparaginase produced by local Weissella


https://doi.org/10.1186/s13568-025-01890-w
https://doi.org/10.1186/s13568-025-01890-w
https://doi.org/10.1177/15593258221092379
https://doi.org/10.1177/15593258221092379
https://doi.org/10.1016/j.ejphar.2015.12.023
https://doi.org/10.1016/j.ejphar.2015.12.023
https://doi.org/10.29409/ijcmg.v10i1.205
https://doi.org/10.1038/s41598-019-40512-x
https://doi.org/10.1038/s41598-019-40512-x
https://doi.org/10.1371/journal.pone.0282963
https://doi.org/10.1371/journal.pone.0282963
https://doi.org/10.1016/j.ica.2019.05.008
https://doi.org/10.1016/j.ica.2019.05.008
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1590/S1517-83822010000100025
https://doi.org/10.1590/S1517-83822010000100025

Saleh et al. AMB Express (2025) 15:80

paramesenteroides MN2C2 strain. Egypt J Chem 65(7):409-419. https://doi.org
/10.21608/ejchem.2021.102465.4832

Arredondo-Nufiez A, Monteiro G, Flores-Ferndndez CN, Antenucci L, Permi P,
Zavaleta Al (2023) Characterization of a type Il L-asparaginase from the
Halotolerant Bacillus subtilis CH11. Life 13(11):2145. https://doi.org/10.3390/I
ife13112145

Asselin B, Rizzari C (2015) Asparaginase pharmacokinetics and implications of
therapeutic drug monitoring. Leuk Lymphoma 56(8):2273-2280. https://doi.o
rg/10.3109/10428194.2014.1003056

Brito A, Abrantes A, Pinto-Costa C, Gomes A, Mamede A, Casalta-Lopes J, Gon-
calves A, Sarmento-Ribeiro A, Tralhdo J, Botelho M (2013) Hepatocellular
carcinoma and chemotherapy: the role of p53. Chemotherapy 58(5):381-386.
https://doi.org/10.1159/000343656

Campanella L, Russo MV, Avino P (2002) Free and total amino acid composition in
blue-green algae. Ann Chim 92(4):343-352

Castro D, Marques ASC, Almeida MR, de Paiva GB, Bento HB, Pedrolli DB, Freire MG,
Tavares AP, Santos-Ebinuma VC (2021) L-asparaginase production review: bio-
process design and biochemical characteristics. Appl Microbiol Biotechnol
105:4515-4534. https;//doi.org/10.1016/j.molcatb.2014.08.021

Chakravarty N, Singh J, Singh RP (2021) A potential type-Il L-asparaginase from
marine isolate Bacillus australimaris NJB19: statistical optimization, in silico
analysis and structural modeling. Int J Biol Macromol 174:527-539. https://do
i.0rg/10.1016/j.jbiomac.2021.01.130

Criscuolo A, Gribaldo S (2010) BMGE (Block Mapping and Gathering with Entropy):
a new software for selection of phylogenetic informative regions from mul-
tiple sequence alignments. BMC Evol Biol 10(1):210

da Silva Gomes JG, Branddo LC, Pinheiro DP, Pontes LQ, Carneiro RF, Quintela BCSF,
Marinho ACM, Furtado GP, Rocha BAM (2024) Kinetics characterization of a
low immunogenic recombinant L-asparaginase from Phaseolus vulgaris with
cytotoxic activity against leukemia cells. Int J Biol Macromol 275:133731. http
s://doi.org/10.1016/j.ijbiomac.2024.133731

Darnal S, Patial V, Kumar V, Kumar S, Kumar V, Padwad YS, Singh D (2023) Biochemi-
cal characterization of extremozyme L-asparaginase from Pseudomonas sp.
PCH199 for therapeutics. AMB Express 13(1):22. https://doi.org/10.1186/147
1-2148-10-210

Dias FFG, Ruiz ALTG, Della Torre A, Sato HH (2016) Purification, characterization and
antiproliferative activity of L-asparaginase from Aspergillus oryzae CCT 3940
with no glutaminase activity. Asian Pac J Trop Biomed 6(9):785-794. https://d
01.0g/10.1016/}.apjtb.2016.07.007

Do TT, Do TP, Nguyen TN, Nguyen TC, Vu TTP, Nguyen TGA (2019) Nanoliposomal
L-asparaginase and Its antitumor activities in lewis lung carcinoma tumor-
induced BALB/c mice. Adv Mater Sci Eng 2019(1):3534807. https://doi.org/10
.1155/2019/3534807

Dobryakova NV, Zhdanov DD, Sokolov NN, Aleksandrova SS, Pokrovskaya MV,
Kudryashova EV (2023) Rhodospirillum rubrum L-asparaginase conjugates
with polyamines of improved biocatalytic properties as a new promising
drug for the treatment of leukemia. Appl Sci 13(5):3373. https://doi.org/10.3
390/app13053373

Doytchinova IA, Flower DR (2007) VaxiJen: a server for prediction of protective
antigens, tumour antigens and subunit vaccines. BMC Bioinform 8:1-7. https:
//doi.org/10.1186/1471-2105-8-4

Duval M, Suciu S, Ferster A, Rialland X, Nelken B, Lutz P, Benoit Y, Robert A, Manel
A-M, Vilmer E (2002) Comparison of Escherichia coli-asparaginase with
Erwinia-asparaginase in the treatment of childhood lymphoid malignancies:
results of a randomized European Organisation for Research and Treatment
of Cancer—Children’s Leukemia Group phase 3 trial. Blood J Am Soc Hematol
99(8):2734-2739. https://doi.org/10.1182/blood.V99.8.2734

El-Gendy MMAA, Awad MF, El-Shenawy FS, EI-Bondkly AMA (2021) Production,
purification, characterization, antioxidant and antiproliferative activities of
extracellular L-asparaginase produced by Fusarium equiseti AHMF4. Saudi J
Biol Sci 28(4):2540-2548. https://doi.org/10.1016/j.5jbs.2021.01.058

El-Menshawi BS, Fayad W, Mahmoud K, El-Hallouty SM, El-Manawaty M (2010)
Screening of natural products for therapeutic activity against solid tumors. ht
tp://nopr.niscpr.res.in/handle/123456789/7402

El-Naggar N, El-Ewasy SM, El-Shweihy NM (2014) Microbial L-asparaginase as
a potential therapeutic agent for the treatment of acute lymphoblastic
leukemia: the pros and cons. Int J Pharmacol 10(4):182-199. https://doi.org/
10.3923/ijp.2014

El-Naggar NE-A, Deraz SF, El-Ewasy SM, Suddek GM (2018) Purification, character-
ization and immunogenicity assessment of glutaminase free L-asparaginase
from Streptomyces brollosae NEAE-115. BMC Pharmacol Toxicol 19:1-15. https:
//doi.org/10.1186/540360-018-0242-1

Page 18 of 20

El-Refai HA, Shafei MS, Mostafa H, El-Refai A-MH, Araby EM, El-Beih FM, Easa SM,
Gomaa SK (2016) Comparison of free and immobilized L-asparaginase syn-
thesized by gamma-irradiated Penicillium cyclopium. Pol J Microbiol 65(1):3. h
ttps://doi.org/10.5604/17331331.1197274

Feinstein WP, Brylinski M (2014) eFindSite: enhanced fingerprint-based virtual
screening against predicted ligand binding sites in protein models. Mol
Inform 33(2):135-150. https://doi.org/10.1002/minf.201300143

Felsenstein J (1985) Confidence limits on phylogenies: an approach using the
bootstrap. Evolution 39(4):783-791. https://doi.org/10.1111/j.1558-5646.198
51b00420.x

FengY, Liu S, JiaoY, Wang Y, Wang M, Du G (2019) Gene cloning and expression of
the L-asparaginase from Bacillus cereus BDRD-ST26 in Bacillus subtilis WB600.
J Biosci Bioeng 127(4):418-424. https://doi.org/10.1016/}jbiosc.2018.09.007

Fontes MG, Silva C, Roldan WH, Monteiro G (2024) Exploring the potential of
asparagine restriction in solid cancer treatment: recent discoveries, therapeu-
tic implications, and challenges. Med Oncol 41(7):176. https://doi.org/10.100
7/512032-024-02424-3

Gervasoni F, Klemme S, Rohrbach A, Griitzner T, Berndt J (2017) Experimental
constraints on mantle metasomatism caused by silicate and carbonate melts.
Lithos 282:173-186. https://doi.org/10.1016/j.lithos.2017.03.004

Ghasemi A, Asad S, Kabiri M, Dabirmanesh B (2017) Cloning and characterization
of Halomonas elongata L-asparaginase, a promising chemotherapeutic agent.
Appl Microbiol Biotechnol 101:7227-7238. https://doi.org/10.1007/500253-0
17-8456-5

Gibb RK, Taylor DD, Wan T, O'Connor DM, Doering DL, Gergel-Taylor C (1997)
Apoptosis as a measure of chemosensitivity to cisplatin and taxol therapy in
ovarian cancer cell lines. Gynecol Oncol 65(1):13-22. https://doi.org/10.1006
/gyno.1997.4637

Golbabaie A, Nouri H, Moghimi H, Khaleghian A (2020) L-asparaginase production
and enhancement by Sarocladium strictum: in vitro evaluation of anti-
cancerous properties. J Appl Microbiol 129(2):356-366. https://doi.org/10.11
11/jam.14623

Gulati R, Saxena R, Gupta R (1997) A rapid plate assay for screening L-asparaginase
producing micro-organisms. Lett Appl Microbiol 24(1):23-26. https://doi.org/
10.1046/j.1472-765X.1997.00331.x

Halgren TA (1996) Merck molecular force field. I. Basis, form, scope, parameteriza-
tion, and performance of MMFF94. J Comput Chem 17(5-6):490-519. https.//
doi.org/10.1002/(SICI)1096-987X

Hanwell MD, Curtis DE, Lonie DC, Vandermeersch T, Zurek E, Hutchison GR (2012)
Avogadro: an advanced semantic chemical editor, visualization, and analysis
platform. J Cheminform 4:1-17. https://doi.org/10.1186/1758-2946-4-17

Homans AC, Rybak ME, Baglini RL, Tiarks C, Steiner ME, Forman EN (1987) Effect
of L-asparaginase administration on coagulation and platelet function in
children with leukemia. J Clin Oncol 5(5):811-817. https://doi.org/10.1200/J
C0.1987.5.5.811

Husain |, Sharma A, Kumar S, Malik F (2016) Purification and characterization of
glutaminase free asparaginase from Enterobacter cloacae: in-vitro evaluation
of cytotoxic potential against human myeloid leukemia HL-60 cells. PLoS ONE
11(2):20148877. https://doi.org/10.1371/journal.pone.0148877

Imada A, lgarasi S, Nakahama K, Isono M (1973) Asparaginase and glutaminase
activities of micro-organisms. Microbiology 76(1):85-99. https://doi.org/10.1
099/00221287-76-1-85

Isaac G, Abu-Tahon M (2016) Production of extracellular anti-leukemic enzyme
L-asparaginase from Fusarium solani AUMC 8615 grown under solid-state
fermentation conditions: purification and characterization of the free and
immobilized enzyme. Egypt J Bot 56(3):799-816. https://doi.org/10.21608/e
jb0.2016.3776

Jaji¢ I, Krstovic¢ S, Glamoci¢ D, Jaksic¢ S, Abramovic¢ B (2013) Validation of an HPLC
method for the determination of amino acids in feed. J Serbian Chem Soc
78(6):839-850. https://doi.org/10.2298/J5C120712144)

Jiménez J, Doerr S, Martinez-Rosell G, Rose AS, De Fabritiis G (2017) DeepSite:
protein-binding site predictor using 3D-convolutional neural networks. Bioin-
formatics 33(19):3036-3042. https://doi.org/10.1093/bioinformatics/btx350

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, Tunyasuvunakool
K, Bates R, Zidek A, Potapenko A (2021) Highly accurate protein structure
prediction with AlphaFold. Nature 596(7873):583-589. https://doi.org/10.103
8/541586-021-03819-2

Kalin SN, Altay A, Budak H (2022) Diffractaic acid, a novel TrxR1 inhibitor, induces
cytotoxicity, apoptosis, and antimigration in human breast cancer cells.
Chem Biol Interact 361:109984. https://doi.org/10.1016/j.cbi.2022.109984


https://doi.org/10.21608/ejchem.2021.102465.4832
https://doi.org/10.21608/ejchem.2021.102465.4832
https://doi.org/10.3390/life13112145
https://doi.org/10.3390/life13112145
https://doi.org/10.3109/10428194.2014.1003056
https://doi.org/10.3109/10428194.2014.1003056
https://doi.org/10.1159/000343656
https://doi.org/10.1159/000343656
https://doi.org/10.1016/j.molcatb.2014.08.021
https://doi.org/10.1016/j.ijbiomac.2021.01.130
https://doi.org/10.1016/j.ijbiomac.2021.01.130
https://doi.org/10.1016/j.ijbiomac.2024.133731
https://doi.org/10.1016/j.ijbiomac.2024.133731
https://doi.org/10.1186/1471-2148-10-210
https://doi.org/10.1186/1471-2148-10-210
https://doi.org/10.1016/j.apjtb.2016.07.007
https://doi.org/10.1016/j.apjtb.2016.07.007
https://doi.org/10.1155/2019/3534807
https://doi.org/10.1155/2019/3534807
https://doi.org/10.3390/app13053373
https://doi.org/10.3390/app13053373
https://doi.org/10.1186/1471-2105-8-4
https://doi.org/10.1186/1471-2105-8-4
https://doi.org/10.1182/blood.V99.8.2734
https://doi.org/10.1016/j.sjbs.2021.01.058
http://nopr.niscpr.res.in/handle/123456789/7402
http://nopr.niscpr.res.in/handle/123456789/7402
https://doi.org/10.3923/ijp.2014
https://doi.org/10.3923/ijp.2014
https://doi.org/10.1186/s40360-018-0242-1
https://doi.org/10.1186/s40360-018-0242-1
https://doi.org/10.5604/17331331.1197274
https://doi.org/10.5604/17331331.1197274
https://doi.org/10.1002/minf.201300143
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1016/j.jbiosc.2018.09.007
https://doi.org/10.1007/s12032-024-02424-3
https://doi.org/10.1007/s12032-024-02424-3
https://doi.org/10.1016/j.lithos.2017.03.004
https://doi.org/10.1007/s00253-017-8456-5
https://doi.org/10.1007/s00253-017-8456-5
https://doi.org/10.1006/gyno.1997.4637
https://doi.org/10.1006/gyno.1997.4637
https://doi.org/10.1111/jam.14623
https://doi.org/10.1111/jam.14623
https://doi.org/10.1046/j.1472-765X.1997.00331.x
https://doi.org/10.1046/j.1472-765X.1997.00331.x
https://doi.org/10.1002/(SICI)1096-987X
https://doi.org/10.1002/(SICI)1096-987X
https://doi.org/10.1186/1758-2946-4-17
https://doi.org/10.1200/JCO.1987.5.5.811
https://doi.org/10.1200/JCO.1987.5.5.811
https://doi.org/10.1371/journal.pone.0148877
https://doi.org/10.1099/00221287-76-1-85
https://doi.org/10.1099/00221287-76-1-85
https://doi.org/10.21608/ejbo.2016.3776
https://doi.org/10.21608/ejbo.2016.3776
https://doi.org/10.2298/JSC120712144J
https://doi.org/10.1093/bioinformatics/btx350
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1016/j.cbi.2022.109984

Saleh et al. AMB Express (2025) 15:80

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Mol Biol Evol
30(4):772-780. https://doi.org/10.1093/molbev/mst010

Khalil WKB, Zarouk W, Eldeen GN, Ramadan A, Fayez A, Esmaiel N, Foda B, Hamed
K, Kassem SM, El-Bassyouni H (2019) Apoptosis, reactive oxygen species and
DNA damage in familial Mediterranean fever patients. Gene Rep 14:76-80. ht
tps://doi.org/10.1016/j.genrep.2018.11.010

Kim S, Thiessen PA, Bolton EE, Chen J, Fu G, Gindulyte A, Han L, He J, He S, Shoe-
maker BA (2016) PubChem substance and compound databases. Nucleic
Acids Res 44(D1):D1202-D1213. https://doi.org/10.1093/nar/gkv951

Kumar K, Verma N (2012) The various sources and application of L-asparaginase.
Asian J Biochem Pharm Res 2(3):197-205. https://doi.org/10.1080/07388550
601173926

Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X: molecular evolution-
ary genetics analysis across computing platforms. Mol Biol Evol 35(6):1547-
1549. https://doi.org/10.1093/molbev/msy096

Kumar S, Darnal S, Patial V, Kumar V, Kumar V, Kumar S, Singh D (2022) Molecular
cloning, characterization, and in-silico analysis of L-asparaginase from Hima-
layan Pseudomonas sp. PCH44. 3 Biotech 12(8):162. https://doi.org/10.1007/s
13205-022-03224-0

Laurens LM, Dempster TA, Jones HD, Wolfrum EJ, Van Wychen S, McAllister JS, Ren-
cenberger M, Parchert KJ, Gloe LM (2012) Algal biomass constituent analysis:
method uncertainties and investigation of the underlying measuring chemis-
tries. Anal Chem 84(4):1879-1887. https://doi.org/10.1021/ac202668¢

Lenicek Krleza J, Katusic Bojanac A, Jakovljevic G (2024) Determination of L-aspara-
ginase activity and its therapeutic monitoring in children with hematological
malignancies in a single croatian center. Diagnostics 14(6):623. https://doi.org
/10.3390/diagnostics 14060623

Lineweaver H, Burk D (1934) The determination of enzyme dissociation constants.
J Am Chem Soc 56(3):658-666. https://doi.org/10.1021/ja01318a036

Linjawi SA, Salem LM, Khalil WK (2017) Jatropha curcas L. kernel prevents benzene
induced clastogenicity, gene expression alteration and apoptosis in liver tis-
sues of male rats. http://nopr.niscpr.res.in/handle/123456789/41181

Lowry O, Rosebrough N, Farr AL, Randall R (1951) Protein measurement with the
Folin phenol reagent. J Biol Chem 193(1):265-275

Mahajan RV, Saran S, Kameswaran K, Kumar V, Saxena R (2012) Efficient production
of L-asparaginase from Bacillus licheniformis with low-glutaminase activity:
optimization, scale up and acrylamide degradation studies. Bioresour Technol
125:11-16. https://doi.org/10.1016/j.biortech.2012.08.086

Mazloum-Ravasan S, Madadi E, Mohammadi A, Mansoori B, Amini M, Mokhtar-
zadeh A, Baradaran B, Darvishi F (2021) Yarrowia lipolytica L-asparaginase
inhibits the growth and migration of lung (A549) and breast (MCF7) cancer
cells. Int J Biol Macromol 170:406-414. https://doi.org/10.1016/j.ijbiomac.20
2012141

Moharib SA (2018) Anticancer activity of L-asparaginase produced from Vigna
unguiculata. World Sci Res 5(1):1-12. https://doi.org/10.20448/journal.510.2
018.51.1.12

Mosmann T (1983) Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J Immunol Methods
65(1-2):55-63. https://doi.org/10.1016/0022-1759(83)90303-4

Mukherjee R, Bera D (2024) Immobilization and biochemical characterization of
purified L-asparaginase produced by Brevibacillus borstelensis ML12. Eur J Sci
Res Rev 1(1):69-69. https://doi.org/10.5455/EJSRR.20240418110919

Mdller J, Egyed P, Erdelyi D, Kovacs K, Mudra K, Szabo S, Egyed B, Gabor K (2023)
Our experiences with asparaginase activity measurements in children with
lymphoblastic diseases. Children 10(7):1160. https://doi.org/10.3390/childre
n10071160

Nguyen HA, Su'Y, Zhang JY, Antanasijevic A, Caffrey M, Schalk AM, Liu L, Rondelli
D, Oh A, Mahmud DL (2018) A novel L-asparaginase with low L-glutaminase
coactivity is highly efficacious against both T-and B-cell acute lymphoblastic
leukemias in vivo. Cancer Res 78(6):1549-1560. https://doi.org/10.1158/000
8-5472.CAN-17-2106

Nurge Z, Gezgin Y, Hames EE (2023) Antitumor activity of urease-free L-asparagi-
nase with low glutaminase coactivity produced by marine-derived Aspergillus
flavus. Biocatal Agric Biotechnol 54:102958. https://doi.org/10.1016/j.bcab.2
023.102958

Parashiva J, Nuthan BR, Bharatha M, Praveen R, Tejashwini P, Satish S (2023)
Response surface methodology based optimized production, purification,
and characterization of L-asparaginase from Fusarium foetens. World J Micro-
biol Biotechnol 39(9):252. https://doi.org/10.1007/511274-023-03684-3

Patel P, Patel A, Agarwal-Rajput R, Rawal R, Dave B, Gosai H (2023) Characterization,
anti-proliferative activity, and bench-scale production of novel pH-stable

Page 19 of 20

and thermotolerant L-asparaginase from Bacillus licheniformis PPD37. Appl
Biochem Biotechnol 195(5):3122-3141. https://doi.org/10.1007/512010-02
2-04281-0

Posada D, Crandall KA (1998) MODELTEST: testing the model of DNA substitution.
Bioinformatics (Oxford, England) 14(9):817-818. https://doi.org/10.1093/bioi
nformatics/14.9.817

Radadiya A, Zhu W, Coricello A, Alcaro S, Richards NG (2020) Improving the treat-
ment of acute lymphoblastic leukemia. Biochemistry 59(35):3193-3200. https
///doi.org/10.1021/acs.biochem.0c00354

Radha R, Arumugam N, Gummadi SN (2018) Glutaminase free L-asparaginase
from Vibrio cholerae: heterologous expression, purification and biochemical
characterization. Int J Biol Macromol 111:129-138. https://doi.org/10.1016/j.i
jbiomac.2017.12.165

Raja RA, Schmiegelow K, Frandsen TL (2012) Asparaginase-associated pancreatitis
in children. Br J Haematol 159(1):18-27. https://doi.org/10.1111/bjh.12016

Ramadan MA, Shawkey AE, Rabeh MA, Abdellatif AO (2019) Expression of P53, BAX,
and BCL-2 in human malignant melanoma and squamous cell carcinoma
cells after tea tree oil treatment in vitro. Cytotechnology 71:461-473. https://
doi.org/10.1007/510616-018-0287-4

Refaie AA, Ramadan A, Sabry NM, Khalil WK, Mossa A-TH (2020) Over-gene
expression in the apoptotic, oxidative damage and liver injure in female rats
exposed to butralin. Environ Sci Pollut Res 27:31383-31393. https://doi.org/1
0.1007/511356-020-09416-6

Rodrigues MA, Pimenta MV, Costa IM, Zenatti PP, Migita NA, Yunes JA, Rangel-
Yagui CO, de Sa MM, Pessoa A, Costa-Silva TA (2020) Influence of lysosomal
protease sensitivity in the immunogenicity of the antitumor biopharmaceuti-
cal asparaginase. Biochem Pharmacol 182:114230. https://doi.org/10.1016/j.
bcp.2020.114230

Roy MP, Das V, Patra A (2019) Isolation, purification and characterization of an
extracellular L-asparaginase produced by a newly isolated Bacillus megate-
rium strain MG1 from the water bodies of Moraghat forest, Jalpaiguri, India. J
Gen Appl Microbiol 65(3):137-144. https://doi.org/10.2323/jgam.2018.07.004

Saeed H, Hemida A, EI-Nikhely N, Abdel-Fattah M, Shalaby M, Hussein A, Eldoksh
A, Ataya F, Aly N, Labrou N (2020) Highly efficient Pyrococcus furiosus recom-
binant L-asparaginase with no glutaminase activity: expression, purification,
functional characterization, and cytotoxicity on THP-1, A549 and Caco-2 cell
lines. Int J Biol Macromol 156:812-828. https://doi.org/10.1016/jijbiomac.20
20.04.080

Sanghvi G, Bhimani K, Vaishnav D, Oza T, Dave G, Kunjadia P, Sheth N (2016) Mitiga-
tion of acrylamide by L-asparaginase from Bacillus subtilis KDPS1 and analysis
of degradation products by HPLC and HPTLC. Springerplus 5:1-11. https;//do
i.0rg/10.1186/540064-016-2159-8

Sari SL, Indra RL, Lestari RF (2019) Korelasi persepsi tentang efek samping kemoter-
api dengan kualitas hidup pasien kanker payudara. J Cakrawala Promkes
1(2):40. https://doi.org/10.12928/promkes.v1i2.1771

Shafqat I, Shahzad S, Yasmin A, Almusallam SY, Al-Megrin WAI (2023a) Efficient
production, purification and characterization of therapeutically signifi-
cant L-asparaginase from Bacillus licheniformis ASN51. Pol J Environ Stud
32(5):4267. https.//doi.org/10.15244/pjoes/166168

Shafqat I, Shahzad S, Yasmin A, Chaudhry MT, Ahmed S, Javed A, Afzal |, Bibi M
(2023b) Characterization and applications of glutaminase free L-asparaginase
from indigenous Bacillus halotolerans ASN9. PLoS ONE 18(11):e0288620. https
///doi.org/10.1371/journal.pone.0288620

Shahnazari M, Bigdeli R, Dashbolaghi A, Cohan RA, Shoari A, Hosseini H, Inanlou
DN, Asgary V (2022) Biochemical and biological evaluation of an L-aspara-
ginase from isolated Escherichia coli MF-107 as an anti-tumor enzyme on
MCF-7 cell line. Iran Biomed J 26(4):279. https://doi.org/10.52547/ibj.3494

Sharma D, Mishra A (2023) Apoptosis induction in leukemic cells by L-asparaginase
preparation from Bacillus indicus: bench-scale production, purification and
therapeutic application. 3 Biotech 13(1):21. https://doi.org/10.1007/513205-0
22-03440-8

Sharma D, Mishra A (2024) Synergistic effects of ternary mixture formulation and
process parameters optimization in a sequential approach for enhanced
L-asparaginase production using agro-industrial wastes. Environ Sci Pollut Res
31(12):17858-17873. https://doi.org/10.1007/511356-023-26977-4

ShiR, LiuY, Mu Q, Jiang Z, Yang S (2017) Biochemical characterization of a novel
L-asparaginase from Paenibacillus barengoltzii being suitable for acrylamide
reduction in potato chips and mooncakes. Int J Biol Macromol 96:93-99. http
s;//doi.org/10.1016/jijbiomac.2016.11.115

Shrivastava S, Jeengar MK, Reddy VS, Reddy GB, Naidu V (2015) Anticancer effect
of celastrol on human triple negative breast cancer: possible involvement
of oxidative stress, mitochondrial dysfunction, apoptosis and PI3K/Akt


https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1016/j.genrep.2018.11.010
https://doi.org/10.1016/j.genrep.2018.11.010
https://doi.org/10.1093/nar/gkv951
https://doi.org/10.1080/07388550601173926
https://doi.org/10.1080/07388550601173926
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1007/s13205-022-03224-0
https://doi.org/10.1007/s13205-022-03224-0
https://doi.org/10.1021/ac202668c
https://doi.org/10.3390/diagnostics14060623
https://doi.org/10.3390/diagnostics14060623
https://doi.org/10.1021/ja01318a036
http://nopr.niscpr.res.in/handle/123456789/41181
https://doi.org/10.1016/j.biortech.2012.08.086
https://doi.org/10.1016/j.ijbiomac.2020.12.141
https://doi.org/10.1016/j.ijbiomac.2020.12.141
https://doi.org/10.20448/journal.510.2018.51.1.12
https://doi.org/10.20448/journal.510.2018.51.1.12
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.5455/EJSRR.20240418110919
https://doi.org/10.3390/children10071160
https://doi.org/10.3390/children10071160
https://doi.org/10.1158/0008-5472.CAN-17-2106
https://doi.org/10.1158/0008-5472.CAN-17-2106
https://doi.org/10.1016/j.bcab.2023.102958
https://doi.org/10.1016/j.bcab.2023.102958
https://doi.org/10.1007/s11274-023-03684-3
https://doi.org/10.1007/s12010-022-04281-0
https://doi.org/10.1007/s12010-022-04281-0
https://doi.org/10.1093/bioinformatics/14.9.817
https://doi.org/10.1093/bioinformatics/14.9.817
https://doi.org/10.1021/acs.biochem.0c00354
https://doi.org/10.1021/acs.biochem.0c00354
https://doi.org/10.1016/j.ijbiomac.2017.12.165
https://doi.org/10.1016/j.ijbiomac.2017.12.165
https://doi.org/10.1111/bjh.12016
https://doi.org/10.1007/s10616-018-0287-4
https://doi.org/10.1007/s10616-018-0287-4
https://doi.org/10.1007/s11356-020-09416-6
https://doi.org/10.1007/s11356-020-09416-6
https://doi.org/10.1016/j.bcp.2020.114230
https://doi.org/10.1016/j.bcp.2020.114230
https://doi.org/10.2323/jgam.2018.07.004
https://doi.org/10.1016/j.ijbiomac.2020.04.080
https://doi.org/10.1016/j.ijbiomac.2020.04.080
https://doi.org/10.1186/s40064-016-2159-8
https://doi.org/10.1186/s40064-016-2159-8
https://doi.org/10.12928/promkes.v1i2.1771
https://doi.org/10.15244/pjoes/166168
https://doi.org/10.1371/journal.pone.0288620
https://doi.org/10.1371/journal.pone.0288620
https://doi.org/10.52547/ibj.3494
https://doi.org/10.1007/s13205-022-03440-8
https://doi.org/10.1007/s13205-022-03440-8
https://doi.org/10.1007/s11356-023-26977-4
https://doi.org/10.1016/j.ijbiomac.2016.11.115
https://doi.org/10.1016/j.ijbiomac.2016.11.115

Saleh et al. AMB Express (2025) 15:80

pathways. Exp Mol Pathol 98(3):313-327. https://doi.org/10.1016/j.yexmp.2
015.03.031

Sisay T, Mobegi VA, Wachira S, Maina N (2024) Isolation and characterization of
fungi producing L-asparaginase with reduced t-glutaminase activity from
soil samples. Electron J Biotechnol 71:10-18. https://doi.org/10.1016/j.ejbt.2
024.05.002

Sivakumar S, Annamalai A, Ramasamy M, Sarbudeen M (2024) Isolation and char-
acterization of L-asparaginase from seaweeds collected from Rameswaram
coast, Southeast India. Vegetos 37(3):1121-1130. https://doi.org/10.1007/542
535-023-00648-8

Sobat M, Asad S, Kabiri M, Mehrshad M (2021) Metagenomic discovery and
functional validation of L-asparaginases with anti-leukemic effect from the
Caspian Sea. Iscience. https://doi.org/10.1016/}.isci.2020.101973

Song Y, DiMaio F, Wang RY-R, Kim D, Miles C, Brunette T, Thompson J, Baker D
(2013) High-resolution comparative modeling with RosettaCM. Structure
21(10):1735-1742. https://doi.org/10.1016/j.5tr.2013.08.005

Stahle L, Wold S (1989) Analysis of variance (ANOVA). Chemom Intell Lab Syst
6(4):259-272

Thabrew MI, Hughes RD, McFarlane IG (1997) Screening of hepatoprotective plant
components using a HepG-2 cell cytotoxicity assay. J Pharm Pharmacol
49(11):1132-1135. https://doi.org/10.1111/j.2042-7158.1997.tb06055 x

Tong WH, Pieters R, Hop WC, Lanvers-Kaminsky C, Boos J, van der Sluis IM (2013)
No evidence of increased asparagine levels in the bone marrow of patients
with acute lymphobilastic leukemia during asparaginase therapy. Pediatr
Blood Cancer 60(2):258-261. https://doi.org/10.1002/pbc.24292

Trott O, Olson AJ (2010) AutoDock Vina: improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and multithread-
ing. J Comput Chem 31(2):455-461. https://doi.org/10.1002/jcc.21334

Vala AK, Sachaniya B, Dudhagara D, Panseriya HZ, Gosai H, Rawal R, Dave BP (2018)
Characterization of L-asparaginase from marine-derived Aspergillus niger
AKV-MKBU, its antiproliferative activity and bench scale production using
industrial waste. Int J Biol Macromol 108:41-46. https://doi.org/10.1016/j.ijbi
omac.2017.11.114

Page 20 of 20

Van Trimpont M, Peeters E, De Visser Y, Schalk AM, Mondelaers V, De Moerloose
B, Lavie A, Lammens T, Goossens S, Van Vlierberghe P (2022) Novel insights
on the use of L-asparaginase as an efficient and safe anti-cancer therapy.
Cancers 14(4):902. https://doi.org/10.3390/cancers 14040902

Verma N, Kumar K, Kaur G, Anand S (2007) L-asparaginase: a promising chemo-
therapeutic agent. Crit Rev Biotechnol 27(1):45-62. https://doi.org/10.1080/0
7388550601173926

Vimal A, Kumar A (2017) In vitro screening and in silico validation revealed
key microbes for higher production of significant therapeutic enzyme
L-asparaginase. Enzyme Microb Technol 98:9-17. https://doi.org/10.1016/j.en
zmictec.2016.12.001

Waterborg JH (2009) The Lowry method for protein quantitation. The protein
protocols handbook. Hymana Press, Totowa, pp 7-10. https://doi.org/10.100
7/978-1-59745-198-7_2

Weisburg WG, Barns SM, Pelletier DA, Lane DJ (1991) 16S ribosomal DNA amplifica-
tion for phylogenetic study. J Bacteriol 173(2):697-703. https://doi.org/10.112
8/jb.173.2.697-703.1991

Yan 'Y, Zhang D, Zhou P, Li B, Huang S-Y (2017) HDOCK: a web server for protein-
protein and protein—-DNA/RNA docking based on a hybrid strategy. Nucleic
Acids Res 45(W1):W365-W373. https://doi.org/10.1093/nar/gkx407

Yawata A, Adachi M, Okuda H, Naishiro Y, Takamura T, Hareyama M, Takayama S,
Reed JC, Imai K (1998) Prolonged cell survival enhances peritoneal dissemina-
tion of gastric cancer cells. Oncogene 16(20):2681-2686. https://doi.org/10.1
038/sj.0nc.1201792

Zhang S, Xie Y, Zhang C, Bie X, Zhao H, Lu F, Lu Z (2015) Biochemical characteriza-
tion of a novel L-asparaginase from Bacillus megaterium H-1 and its applica-
tion in French fries. Food Res Int 77:527-533. https://doi.org/10.1016/j.foodr
€5.2015.08.031

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1016/j.yexmp.2015.03.031
https://doi.org/10.1016/j.yexmp.2015.03.031
https://doi.org/10.1016/j.ejbt.2024.05.002
https://doi.org/10.1016/j.ejbt.2024.05.002
https://doi.org/10.1007/s42535-023-00648-8
https://doi.org/10.1007/s42535-023-00648-8
https://doi.org/10.1016/j.isci.2020.101973
https://doi.org/10.1016/j.str.2013.08.005
https://doi.org/10.1111/j.2042-7158.1997.tb06055.x
https://doi.org/10.1002/pbc.24292
https://doi.org/10.1002/jcc.21334
https://doi.org/10.1016/j.ijbiomac.2017.11.114
https://doi.org/10.1016/j.ijbiomac.2017.11.114
https://doi.org/10.3390/cancers14040902
https://doi.org/10.1080/07388550601173926
https://doi.org/10.1080/07388550601173926
https://doi.org/10.1016/j.enzmictec.2016.12.001
https://doi.org/10.1016/j.enzmictec.2016.12.001
https://doi.org/10.1007/978-1-59745-198-7_2
https://doi.org/10.1007/978-1-59745-198-7_2
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.1093/nar/gkx407
https://doi.org/10.1038/sj.onc.1201792
https://doi.org/10.1038/sj.onc.1201792
https://doi.org/10.1016/j.foodres.2015.08.031
https://doi.org/10.1016/j.foodres.2015.08.031

	﻿Enhanced production and purification of L-asparaginase from ﻿Bacillus paralicheniformis﻿ AUMC B-516 with potent cytotoxicity against MCF-7 cell lines
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Chemicals and reagents
	﻿Bacterial isolates
	﻿Preliminary screening of L-asparaginase activity
	﻿Determination of L-asparaginase activity in submerged fermentation (SmF)
	﻿L-asparaginase assay
	﻿Molecular identification of the potent bacterial isolate
	﻿DNA isolation, PCR amplification, and DNA sequencing


	﻿Phylogenetic analyses
	﻿Optimization of fermentation parameters
	﻿Amino acid analysis
	﻿L-asparaginase purification (dialysis and ethanol precipitation)
	﻿Ion exchange column chromatography (DEAE-cellulose)
	﻿Sephacryl S 200 HR gel filtration column chromatography
	﻿Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS﻿‒﻿PAGE)
	﻿Impact of pH, temperature, metal ions on the activity of pure L-asparaginase
	﻿Effect of metal ions and chelation
	﻿Determination of K﻿m﻿ and V﻿max﻿
	﻿Molecular docking
	﻿Protein structure preparation
	﻿Ligand structure preparation
	﻿Antigenicity prediction



