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Abstract: L-asparaginase is an important industrial enzyme widely used to treat acute lymphoblastic
leukemia (ALL) and to reduce acrylamide formation in food products. In the current study, a stable
and robust L-asparaginase from Pseudomonas sp. PCH199, with a high affinity for L-asparagine, was
cloned and expressed in Escherichia coli BL21(DE3). Recombinant L-asparaginase (Pg-ASNase II) was
purified with a monomer size of 37.0 kDa and a native size of 148.0 kDa. During characterization,
Pg-ASNase II exhibited 75.8 ± 3.84 U/mg specific activities in 50.0 mM Tris-HCl buffer (pH 8.5) at
50 ◦C. However, it retained 80 and 70% enzyme activity at 37 ◦C and 50 ◦C after 60 min, respectively.
The half-life and kd values were 625.15 min and 1.10 × 10−3 min−1 at 37 ◦C. The kinetic constant Km,
Vmax, kcat, and kcat/Km values were 0.57 mM, 71.42 U/mg, 43.34 s−1, and 77.90 ± 9.81 s−1 mM−1 for
L-asparagine, respectively. In addition, the enzyme has shown stability in the presence of most metal
ions and protein-modifying agents. Pg-ASNase II was cytotoxic towards the MCF-7 cell line (breast
cancer) with an estimated IC50 value of 0.169 U/mL in 24 h. Further, Pg-ASNase II treatment led to a
70% acrylamide reduction in baked foods. These findings suggest the potential of Pg-ASNase II in
therapeutics and the food industry.

Keywords: L-ASNase II; Himalayan bacteria; enzyme; cytotoxicity; acrylamide reduction

1. Introduction

L-asparaginase (L-ASNase; EC 3.5.1.1) is a commercially important therapeutic en-
zyme. It is widely used in pharmaceuticals for the treatment of acute lymphoblastic
leukemia (ALL) and in food industries for acrylamide mitigation, boosting interest in its
extensive research [1]. Normal blood cells synthesize L-asparagine due to L-asparagine
synthetase activity. In contrast, leukemic cells are devoid of L-asparagine synthetase activ-
ity, thus depending on external uptake of the amino acid for their growth and survival [2,3].
L-ASNase is obtained from various organisms, including bacteria, and can be classified
into different types [4]. The L-ASNases from bacteria are of two types: type I (cytosolic)
and type II (periplasmic) [5,6]. Type I has a lower, while type II has a higher affinity for the
substrate L-asparagine [4].

The Km value of L-ASNase must be in a lower micromolar range (~50 µM) for efficient
hydrolysis of blood L-asparagine [6]. The hydrolytic capability of type II L-ASNase is
utilized to treat ALL. It depletes the circulating blood plasma L-asparagine, resulting in
the death of malignant lymphoblastic cells [7]. Besides treating ALL, L-ASNase is also
explored in anticancer applications for lung and breast cancers [8,9]. L-ASNase II from
Escherichia coli (E. coli) and Dickeya chrysanthemi (D. chrysanthemi) are currently used to
treat ALL. However, these formulations are associated with several adverse immunogenic
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effects, limiting their use as an exclusive therapeutic agent [10–12]. In addition, commercial
L-ASNase also has L-ASNase-associated L-glutaminase (L-GLNase) activity.

L-ASNase is also used in the food industry for acrylamide mitigation [13]. When
food is baked or fried at temperatures above 120 ◦C, it results in acrylamide formation,
also known as the Maillard reaction [14]. Acrylamide is potentially neurotoxic, genotoxic,
and carcinogenic to human health [15]. Commercially available L-ASNase for acrylamide
mitigation is PreventAse® (DSM 2018) and Acrylaway® (Novozymes) [16]. Furthermore,
there is no report of commercial bacterial L-ASNases for acrylamide mitigation. Because of
its potential applications in food processing and medicine, L-ASNase demand is increasing
several-fold. The bacterial L-ASNase with increased stability, high affinity for L-asparagine,
lower L-GLNase activity, and a physiologically appropriate half-life are prerequisites for
commercial application. Therefore, efforts are required to explore novel and unique sources
of L-ASNases to fulfill the increasing medical and food industry demands.

Microbes thriving in high-altitude environments have unique characteristics such
as low oxygen survival and tolerance to a wide range of pH, salt, temperature fluctua-
tions, and UV radiations [17–19]. These extreme conditions allowed microbes to acquire
peculiar and industrial-friendly robust features. Our laboratory is focused on bacterial
L-ASNases from high-altitude niches that exhibit exceptional adaptability and robust
substrate-specificity [20–22]. The present work explored the recombinant L-ASNase of the
Himalayan Pseudomonas sp. PCH199 strain. The heterologous expression and molecular
characterization of purified recombinant L-ASNase were performed. The current investiga-
tion revealed the recombinant L-ASNase, a potential chemotherapeutic agent with a high
degree of cytotoxicity to cancer cells, along with acrylamide mitigation potential.

2. Materials and Methods
2.1. Chemicals, Bacterial Strains, and Cell Line

Taq DNA polymerase was purchased from NEB (Hitchin, UK). FastDigest endonu-
cleases (NdeI, SacII, and XhoI), T4 DNA Ligase, DNA ladder (1.0 kb), dNTPs, and HisPur
Cobalt resin superflow were procured from Thermo Fisher Scientific (Waltham, MA, USA).
Q-sepharose resin was obtained from GE Healthcare, Merck (Darmstadt, Germany). Pre-
cision Plus Protein™ Dual Color Standards protein marker was obtained from Biorad
(Hercules, CA, USA). Plasmid and DNA (PCR/Gel) purification kits were obtained from
Favorgen (Ping Tung, Taiwan). The expression vector pET-47b(+) and E. coli BL21(DE3)
were purchased from Novagen (St. Louis, MO, USA). MCF-7 cell line was purchased
from the National Centre for Cell Science (Pune, India). All other molecular biology-grade
media components were obtained from Sigma-Aldrich (St. Louis, MO, USA) and Hi-Media
(Mumbai, India).

2.2. Sequence Analysis and Cloning of Pg-asn II

The gene (Pg-asn II) encoding the type II L-ASNase enzyme (NCBI ID: OM621889) was
retrieved from the whole-genome sequence of Pseudomonas sp. PCH199 (Project ID: PR-
JNA668072, Biosample ID: SAMN16396550). The nucleotide sequence was examined and
translated using the ExPASy translate tool. The presence of signal peptide was determined
using SignalP 5.0 [23]. The ProtParam tool was used to calculate the theoretical isoelec-
tric points (pI) and molecular mass of L-ASNase. (https://web.expasy.org/protparam/,
accessed on 3 October 2022). Subsequently, the protein sequence was compared to the
L-ASNase database sequence in UniProt (https://www.uniprot.org/blast/, accessed on
3 October 2022). ClustalW (https://www.genome.jp/tools-bin/clustalw, accessed on 3
October 2022) and ESPript 3.0 were used to accomplish multiple sequence alignment [24].
The enzyme homology model was designed using the SWISS-MODEL server (https:
//swissmodel.expasy.org/, accessed on 3 October 2022).

Two sets of forward primers: with His-tags (F1) and tag-free (F2), were designed. The
forward primers, F1 (5′-TCCCCGCGGCTATGAAAGAAGTCGAAACCCAGACC-3′) was
flanked by SacII and F2 (5′-GGGAATTCCATATGAAAGAAGTCGAAACCCAGACCA-3′)

https://web.expasy.org/protparam/
https://www.uniprot.org/blast/
https://www.genome.jp/tools-bin/clustalw
https://swissmodel.expasy.org/
https://swissmodel.expasy.org/
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was flanked by NdeI. The reverse primer (5′-CCGCTCGAGTCAGTATTCCCAGAA-3′) was
flanked by XhoI and used to amplify both tagged and tag-free sequences. NetPrimer was
used to examine the attributes such as Tm, cross dimer, ∆G, and self-dimer of the designed
primers (Premier Biosoft, Palo Alto, CA, USA). The Pg-asn II gene was amplified using
PCH199 genomic DNA. The PCR products were purified using a Gel/PCR purification kit
(Favorgen, Ping Tung, Taiwan) and digested with SacII-XhoI and Nde-XhoI, respectively.
The purified PCR product was ligated using T4 DNA ligase into respective double-digested
pET-47b(+) vector. The ligated product was transformed in E. coli BL21(DE3) using the
standard heat-shock method [25]. The transformed cells were spread on Luria Bertani (LB)
medium supplemented with Kanamycin (25.0 µg/mL) and incubated at 37 ◦C. The clones
containing recombinant plasmids (pET-47b-Pg-asn II) were confirmed by colony PCR, and
sequencing was performed using a vector-specific primer (T7 promoter and terminator).
The sequences were analyzed using FinchTV 1.4 to obtain the consensus sequence.

2.3. Expression of Recombinant Pg-ASNase II

E. coli BL21(DE3) culture containing recombinant pET-47b-Pg-asn II plasmid was
selected for the expression of Pg-ASNase II. The 50 mL LB-Kanamycin (25.0 µg/mL) media
in a 250 mL flask was inoculated with recombinant colonies and checked for expression
at 37 ◦C and 200 RPM. The expression of Pg-ASNase II was obtained by inducing the
culture with 0.5 mM IPTG and incubating it at 37 ◦C for 20 h. After incubation, the culture
was centrifuged at 8000× g for 20 min to recover the cell pellet. Further, the pellet was
thoroughly washed with 50.0 mM Tris-HCl buffer (pH 8.5) to remove residual media traces.
The cell pellet was dissolved in Tris-HCl buffer and checked for a specific activity, total
protein content, and expression in SDS-PAGE.

2.4. Production Parameter Optimization

Various production parameters were selected to optimize the maximum production
of Pg-ASNase II. The concentration of IPTG (0.1, 0.3, 0.5, 0.7, and 1.0 mM), incubation
temperature (20, 28, and 37 ◦C), stage of induction (0.4–2.4 OD), agitation (150, 200, 250,
and 300 RPM), and time course (0–30 h) after induction were optimized for maximum
expression of Pg-ASNase II. Similar studies were also carried out for Pg-ASNase II having
no His-tag moiety.

2.5. Purification of Recombinant Pg-ASNase II

After optimum production, the bacterial culture was centrifuged at 8500× g for 15 min
and washed thoroughly with Tris-HCl buffer to remove residual media traces. The Pg-
ASNase II with His-tag moiety was dissolved in basic buffer (50.0 mM Tris-HCl, 300.0 mM
NaCl, and 5.0 mM Imidazole), and the one without His-tag was resuspended in Tris-HCl
buffer (25.0 mM; pH 8.2), respectively. The cell suspension was sonicated for 30–35 min
on ice and centrifuged (8000× g for 25 min) to obtain the supernatant, a cell-free extract.
Purification of Pg-ASNase II was performed using affinity (HisPur Cobalt Super-flow)
and anion exchange chromatography (Q-Sepharose FPLC) depending upon the presence
or absence of His-tag moiety, respectively. The cell-free extract was loaded onto the
chromatography columns equilibrated with their respective buffers. In the case of HisPur
Cobalt Super-flow chromatography, the bound Pg-ASNase II was eluted using elution buffer
(50.0 mM Tris-HCl pH 8.5, 300.0 mM NaCl, and 150.0 mM imidazole) in different fractions.
The bound recombinant protein was eluted through anion exchange chromatography using
1.0 M NaCl prepared in 25.0 mM Tris-HCl buffer at different gradients. The purified
fractions of Pg-ASNase II with and without His-tag were pooled separately and dialyzed
with Tris-HCl buffer. The purity of the Pg-ASNase II was determined using SDS-PAGE [26],
and native conformation was determined by gel exclusion chromatography (Superdex
200, GE Healthcare, Chicago, IL, USA). The native molecular weight was calculated using
different molecular weight standards (Merck-Sigma Aldrich, St. Louis, MO, USA).
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2.6. Pg-ASNase II Activity

The activity of Pg-ASNase II was measured spectrophotometrically at 480 nm using
Nessler’s reagent. It measures the amount of ammonia released after the hydrolysis of
L-asparagine in a reaction mixture [20,27]. Briefly, the L-ASNase assay was carried out
in a 1.0 mL volume of a reaction containing 0.48 mL Tris-HCl (50.0 mM, pH 8.5), 0.5 mL
L-asparagine (10 mM prepared in Tris-HCl buffer), and 0.5 µg (0.02 mL) of Pg-ASNase II
(enzyme suspended in Tris-HCl buffer). The reaction was incubated at 37 ◦C for 15 min and
terminated by adding 0.25 mL of 1.5 M Trichloroacetic acid (TCA). For the control reaction,
an enzyme was added after adding TCA. The reaction was diluted as per necessity before
adding Nessler’s reagent, and the absorbance was measured at 480 nm. The enzyme assay
was performed in triplicate. The specific activity of purified Pg-ASNase II was measured
in U/mg protein (micromoles/min/mg). One unit (U) is described as the amount of
Pg-ASNase II liberating 1.0 µmol of ammonia per min under standard assay conditions.

2.7. Biochemical Characteristics of Pg-ASNase II

Various biochemical parameters for maximum Pg-ASNase II activity were optimized.
The effect of buffer pH on Pg-ASNase II activity was investigated in the pH range of 4.0–13.0.
The buffers (50.0 mM), viz. sodium citrate (pH 4–6), potassium phosphate (pH 6–8), Tris-HCl
(pH 8–9.5), Glycine-NaOH (pH 9–10.5), sodium-bicarbonate (pH 10–11), and KCl-NaOH
(pH 12–13) were used to obtain the optimum activity. The effect of buffer molarity (0.001 M to
1.0 M) on Pg-ASNase II activity was also measured. The optimum temperature range of Pg-
ASNase II activity was estimated by performing the enzyme activity at different temperatures
ranging from 4–70 ◦C. The optimum reaction time for maximum Pg-ASNase II activity was
measured by incubating an enzyme-substrate reaction mixture ranging from 5–60 min at
37 ◦C. The enzyme concentration ranging from 0.1 to 5.0 µg in 1.0 mL reaction volume was
used to optimize the enzyme concentration under standard assay conditions.

2.7.1. Thermal Stability of Pg-ASNase II

The thermostability of the purified Pg-ASNase II was evaluated by estimating the
residual activity after incubating the enzyme in a wide range of temperatures (37, 50, 60,
70, and 80 ◦C). The enzyme activity was analyzed at different time intervals ranging from
5–90 min.

Evaluation of Deactivation Constant (kd) and Half-life Time (t1/2)

The kd and t1/2 were observed for Pg-ASNase II using the Arrhenius equation:

t1/2 = ln 2/kd = 0.693/kd (1)

where kd is the deactivation rate constant.

2.7.2. Effect of Metal Ions, Detergents, and Protein Modifying Agents

The effect of metal ions, chelating agents, and detergents on Pg-ASNase II activity was
evaluated. The Pg-ASNase II was pre-incubated with 1.0 mM CuCl2, ZnSO4, KCl, CoCl2,
CaCl2, NaCl, and 2.0% sodium dodecyl sulfate (SDS), Tween 20, Tween 80, and Triton X-100.
Similarly, protein modifying agents such as ethylenediaminetetraacetic acid (EDTA), 2-
mercaptoethanol (β-ME), phenylmethylsulfonyl fluoride (PMSF), and dithiothreitol (DTT)
at 0.5, 1.0, and 2.5 mM were used to check the effect on Pg-ASNase II activity. The relative
activity of the enzyme was considered in comparison to the control, i.e., the enzyme
incubated without metal ions.

2.7.3. Determination of Kinetic Parameters: Km, Vmax, kcat, and kcat/Km

The specificity of Pg-ASNase II for L-asparagine was measured using the substrate
at different concentration ranges from 0.05–5.0 mM. The kinetic parameter such as Km
and Vmax were calculated using the Michaelis-Menten equation and plotting 1/[s] and
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1/[v] values in the Lineweaver-Burk plot. The turnover number (kcat) of Pg-ASNase II was
calculated by using the equation kcat = Vmax/[E0], where [Eo] is the initial Pg-ASNase II
concentration in the assay and Vmax (µmol/min) is the maximum reaction rate.

2.8. Cytotoxicity Effect of Pg-ASNase II on Cancer Cell Line

MCF-7 cells (breast cancer) were cultivated and maintained in a CO2 incubator (37 ◦C,
98% humidity) in Dulbecco’s modified Eagle’s (DMEM) media supplemented with fetal
bovine serum (10%), penicillin (100.0 U/mL), and streptomycin (100.0 g/mL). Cells were
treated with varying enzyme doses for 24 h in the exponential phase, with Vinblastine as a
positive control. The cytotoxic effect of the purified enzyme was assessed using the MTT
[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-tetrazolium bromide] test.

2.9. Estimation of Acrylamide Mitigation in the Potato Chips

Potatoes were purchased from the local market of Palampur, Himachal Pradesh, India.
The potatoes were washed, skinned, and sliced into 2.0 ± 0.2 mm thick slices. Further, the
potatoes were washed in distilled water to remove the adhering starch. To remove the
excess water from the surface of the potato slices, they were dried in the oven at 40 ◦C
for 20 min prior to treatment. Before frying, the potato slices (5.0 g) were pre-treated for
30 min in enzyme solution with concentrations of 1.0, 2.5, 5.0, and 10.0 U/mL at 37 ◦C.
Similarly, the raw potato slices immersed in distilled water but not treated with enzymes
were used as a control. The samples were fried in sunflower oil for 5 min at 180 ◦C. The
fried samples were cooled to room temperature before extraction. The acrylamide content
of the fried samples was analyzed by using Paleologos and Kontominas method with minor
modifications [28].

3. Results
3.1. Sequence Analysis, Cloning, and Expression of Pg-ASNase II

The Pg-asn II gene of Pseudomonas sp. PCH199 was selected for cloning and expression
due to its high L-ASNase activity without L-GLNase in wild-type compared to other
screened bacterial isolates. The gene encoding for Pg-asn II, a type II L-ASNase enzyme,
was obtained from the whole-genome sequence of Pseudomonas sp. PCH199. The signalP
5.0 server detected the presence of signal peptide in IMF27_28540, indicating periplasmic
localization. Also, the theoretical pI was determined to be 6.25 for periplasmic L-ASNase
using ProtParam. BLASTp analysis of Pg-ASNase II showed 93.4% similarity to L-ASNase
of Pseudomonas fluorescens bv. A (P. fluorescens) (O68897.1). The protein-based phylogenetic
analysis also showed clade formation and relatedness with the P. fluorescens L-ASNase gene
(Pg-asn II) encoding the type II L-ASNase enzyme (NCBI ID: OM621889) was retrieved
from the whole-genome sequence of Pseudomonas sp. PCH199 (Figure S1). Furthermore,
the percent identity of Pg-ASNase II was 88.13% with Pseudomonas putida KT2440 (P. putida)
(Q88K39.1), 63.64% with Acinetobacter glutaminasificans (A. glutaminasificans) (P10172.1),
47.58% with E. coli K-12 (P00805.2), and 45.92% with E. chrysanthemi (P06608.1) (Table S1).
The two structural signature sequences, IlATGGTIA and GiVITHGTDTl, were recognized
in Pg-ASNase II compared to selected L-ASNase sequences (Figure 1). The predicted active
sites were Thr21 and Thr101 in Pg-ASNase II.

A 1014 bases (without signal sequence) Pg-asn II gene of Pseudomonas sp. PCH199 was
amplified with gene-specific primers. The amplified Pg-asn II was cloned in a pET-47b(+)
expression vector with and without a His-tag moiety at the N-terminus. Further, the cloned
sequence was confirmed by sequencing that validated the insert with a complete open reading
frame. The positive clones were cultured in LB media and induced with 0.5 mM IPTG to
express the heterologous protein. All selected recombinant colonies showed comparatively
similar enzyme activity of 2.62 ± 0.02 U/mL after 6 h of induction (Figure S2).
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3.2. Production Parameter Optimization

The production parameters of the cloned and expressed recombinant Pg-ASNase II were
optimized. The highest Pg-ASNase II activity (his-tagged) was recorded at 2.77 ± 0.32 U/mL
(considered 100%) after 6 h of induction using 0.3 mM IPTG. At 0.1 and 0.5 mM IPTG, no
significant decrease was observed in Pg-ASNase II activity. However, at 0.7 and 1.0 mM concen-
trations, the enzyme activity dropped to 70.5± 2.0% (Figure S3). The maximum Pg-ASNase II
activity of 2.82± 0.33 U/mL was observed at 37 ◦C after 10 h incubation (Figure S4A). The aer-
ation condition was optimized and observed 2.88± 0.12 and 3.17 ± 0.04 U/mL Pg-ASNase
II activities at 200 and 250 RPM, respectively (Figure S4B). At 250 RPM, froth formation
might hinder enzyme activity, protein stability, and bacterial growth; therefore, 200 RPM
was further selected for Pg-ASNase II production. The maximum Pg-ASNase II expression
(3.19 ± 0.177 U/mL) was achieved at 1.2 OD600nm after 20 h of induction (Figure S4C). Addi-
tionally, the optimum production time of 16 h after induction obtained a maximum activity of
3.63 U/mL (Figure S4D). Similarly, the production parameters were optimized for tag-free
Pg-ASNase II. The maximum expression of 5.3 U/mL was achieved using 0.3 mM IPTG at
37 ◦C and 200 RPM after 10 h of incubation (Figure S5a–c). The optimized conditions were
used for the maximum expression of Pg-ASNase II, followed by purification.
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3.3. Purification of Pg-ASNase II

After expression, the Pg-ASNase II was purified from the soluble fraction using HisPur
Cobalt Super-Flow Agarose column and anion exchange chromatography depending upon
the presence or absence of His-tag, respectively. The Pg-ASNase II purification using HisPur
Cobalt Super-Flow Agarose column and anion exchange chromatography resulted in a final
83 and 86.7% yield with 20 and 14.67-fold purification, respectively (Table 1A,B). Pg-ASNase
II was obtained as a single distinct band of 37.0 kDa on SDS-PAGE analysis (Figure 2A
and Figure S6). The native molecular weight was estimated at 148.0 kDa, revealing the
tetrameric form of Pg-ASNase II (Figure 2B).

Table 1. Single-step purification for Pg-ASNase II. (A) Purification of His-tagged Pg-ASNase II using
HisPur Cobalt resin column. (B) Purification of His-tagged free Pg-ASNase II using Q-Sepharose column.

A

Volume
(mL)

Total
Protein

(mg)

Specific
Activity
(U/mg)

Total
Activity (U)

Purification
Fold Yield (%)

Crude 10.0 10.0 3.00 30.0 1.0 100
His-tag affinity 1.2 0.42 59.22 25.0 20.0 83.0

B

Volume
(mL)

Total
Protein

(mg)

Specific
Activity
(U/mg)

Total
Activity (U)

Purification
Fold Yield (%)

Crude 140 495.6 3.28 1625.56 1.0 100
Q-Sepharose 2.0 29.3 48.12 1409.91 14.67 86.73
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Figure 2. Polyacrylamide gel electrophoresis and molecular weight estimation of His-tagged Pg-
ASNase II. (A) SDS–PAGE (12%) analysis of recombinant Pg-ASNase II. Lane 1 is total cell lysate;
lane 2 is flow-through; lane 3 is a wash (W1) with 5.0 mM imidazole; lane 4 is a wash (W2) with
20.0 mM imidazole; lane 5–8 is eluted protein (E1–E4); lane 9 is a final wash (W3) with 250.0 mM
imidazole, and M is protein molecular weight marker. (B) Determination of the molecular mass of the
native Pg-ASNase II. Gel filtration chromatography was performed using Superdex 200 (10/300 GL)
column. Arrow indicates the log MW of the Pg-ASNase II. Ferritin, aldolase, conalbumin, and
ovalbumin were used as protein molecular weight standards for standard curves. Ve and Vo indicate
for elution volume of each protein and void volume, respectively.

3.4. Effect of Different Reaction Parameters on Enzyme Activity

The his-tagged purified Pg-ASNase II was further used for the characterization. Pg-
ASNase II exhibited activity across pH ranging from 4.0–12.0. The enzyme’s maximum
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activity of 61.1 ± 4.0 U/mg was observed in Tris-HCl buffer at pH 8.5 (Figure 3A,B). Pg-
ASNase II was active over a wide range of buffer molarity up to 700 mM, followed by
a rapid reduction in Pg-ASNase II activity (Figure 3C). Maximum specific activity was
achieved for an optimum amount of 0.5 µg/mL Pg-ASNase II (Figure 3D). On a range
of 4 to 70 ◦C, the maximum Pg-ASNase II activity of 75.8 ± 3.84 U/mg was observed at
50 ◦C (Figure 3E). The Pg-ASNase II was stable at 4 ◦C for 28 days and at 22 ◦C for 5 days
(Figure 3F).
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Figure 3. Optimization of different reaction parameters for His-tagged Pg-ASNase II. (A) Buffer, (B) pH,
(C) Buffer molarity, (D) Enzyme concentration, (E) Incubation temperature, and (F) Shelf-life of Pg-
ASNase II stored at 4 and 22 ◦C. The error bars represent the standard deviation of three experiments.

The enzyme retained 79.8 and 70% of original activity at 37 and 50 ◦C after 60 min,
respectively. At higher temperatures, enzyme activity dropped rapidly and retained 40.13,
22.80, and 15.17% activity after 20 min incubation at 60, 70, and 80 ◦C, respectively (Figure 4).
The half-life of Pg-ASNase II was measured to be 625.15 min at 37 ◦C with a dissociation
constant (kd) of 1.10’10−3 min (Table 2).
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Figure 4. Thermostability assessment of His-tagged Pg-ASNase II. The thermostability of Pg-ASNase
II was studied by incubating at 37–80 ◦C temperatures for 90 min in Tris-HCl buffer (50.0 mM and
8.5 pH), and the residual Pg-ASNase II activity was calculated. The error bars represent the standard
deviation of three experiments.

Table 2. Half-life time (t1/2) and heat deactivation constant (kd) of Pg-ASNase II produced by
Pseudomonas sp. PCH199.

Temperature (◦C) Half-Life (min) kd (min) R2 Value

37 625.15 1.10 × 10−3 0.98
50 316.89 2.1 × 10−3 0.96
60 46.77 14.8 × 10−3 0.98
70 18.85 36.7 × 10−3 0.95
80 17.86 38.8 × 10−3 0.98

3.5. Effect of Metal Ions, Detergents, and Protein Modifier Agents

The effect of various metal ions, detergents, and protein modifying agents on the
enzyme activity was analyzed. It was found that the metal ions Cu2+, Zn2+, K+, Co2+,
Ca2+, and Na+ had no significant effect on Pg-ASNase II activity. The enzyme activity
remained unaffected by SDS at 2.0% concentration. Other detergents, such as Tween 20,
Tween 80, and Triton X-100, showed precipitation in the enzyme reaction, which hindered
enzyme activity measurements (Figure 5A). The protein modifiers EDTA, PMSF, and β-ME
at 0.5 to 2.0 mM concentration did not affect the Pg-ASNase II activity. DTT at 1.0 mM
concentration showed 14% inhibition, and above 1.0 mM precipitation was observed in the
reaction (Figure 5B).

3.6. Enzyme Kinetics of Pg-ASNase II

The kinetics of his-tagged purified Pg-ASNase II was studied in optimal assay con-
ditions, with varying concentrations of L-asparagine (0.1 to 5.0 mM). The Km, Vmax, kcat,
and kcat/Km values of recombinant Pg-ASNase II were determined to be 0.571 ± 0.06 µM,
71.42 ± 7.28 U/mg, 43.34± 4.49 s−1, and 77.90± 9.81 s−1 mM−1 respectively (Figure 6A,B).
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Figure 5. Effect of metal ions, detergents, and protein modifier agents on Pg-ASNase II activity. (A) The
enzyme was incubated with 1.0 mM CuCl2, ZnSO4, KCl, CoCl2, CaCl2, and NaCl and 2.0% of SDS,
Tween 20, Tween 80, and Triton X-100. The relative activity was calculated by considering the 100%
activity of the enzyme without the addition of metal ions (control). (B) Protein modifier agents such as
EDTA, PMSF, β-ME, and DTT were used at different concentrations of 0.5, 1.0, and 2.5 mM to assess the
residual activity of Pg-ASNase II. The error bar represents the standard deviation of three experiments.
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Figure 6. Kinetic study of His-tagged Pg-ASNase II. (A) Effect of varying L-asparagine concentration
(0.10–5.0 mM) on Pg-ASNase II activity. (B) Lineweaver-Burk plot for determining a kinetic parameter
of Pg-ASNase II for L-asparagine. The error bar represents the standard error of three experiments.

3.7. Anti-Proliferation Studies

The purified Pg-ASNase II exhibited cytotoxicity against cancer cell-line with increas-
ing concentrations. The sensitivity of MCF-7 cells to Pg-ASNase II (tag-free) showed
dose-dependency with significantly decreased cell survival compared to the control. The
IC50 value was estimated to be 0.169 U/mL after 24 h of incubation (Figure 7A,B).
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Figure 7. Exploration of the potential application of tag-free Pg-ASNase II. (A) Cytotoxicity against
MCF-7 cells was tested using an MTT assay. (A1) control, (A2) vinblastine, (A3) effect of asparaginase
in 24 h, and (A4) effect of Pg-ASNase II in 48 h. (B) Cytotoxic effect of purified tag-free Pg-ASNase
II against MCF-7 breast cancer cell line when treated with varying enzyme concentrations. The
cells were incubated for 24 h with purified enzyme, and cell viability was measured and compared
with untreated cells. (C) Acrylamide content in fried potato chips treated with different doses of
Pg-ASNase II prior to frying compared with untreated fried potato chips (control). The error bars
represent the standard deviation of three experiments.

3.8. Acrylamide Reduction

Acrylamide content was calculated as 7131 µg/kg in the control sample, while
2108 µg/kg in treated potato samples with 5.0 U/mL Pg-ASNase II. It was seen that
an approximately equal reduction in acrylamide content was recorded when 10.0 U/mL
of Pg-ASNase II was used, corresponding to 2200 µg/kg of acrylamide content. Overall,
the pre-treated potato slices with 1.0, 2.5, 5.0, and 10.0 U/mL of Pg-ASNase II resulted in
17–70% acrylamide reduction in fried potatoes (Figure 7C, Table S2).

4. Discussion

L-ASNase is well known for its therapeutic ability to treat ALL and its application in
reducing acrylamide in fried food. Exploring and finding new L-ASNase with effective
antineoplastic activity and compatibility with the physiological environment of human
blood has piqued the interest of researchers. The primary goal of this study was to evaluate
the potential of recombinant L-ASNase II of Pseudomonas sp. PCH199 is a therapeutic
candidate for antitumor applications and acrylamide reduction in the food industry.

4.1. In-Silico Analysis, Expression, and Purification of Pg-ASNase II

Based on a BLASTp UniProtKB/SwissProt homology search results, the isolated
enzyme shared maximum identity with type II L-ASNase of P. fluorescens bv. The two
signature sequences of Pg-ASNase II were identified as having Thr21 and Thr101 as active
site residues. Similarly, two signature sequences and Thr as a catalytic site residue have
been reported in various type II L-ASNase such as Pseudomonas sp. PCH44, C. amphilecti
AMI6, and P. furiosus [21,29,30]. Based on modeling, the Pg-ASNase II was predicted as
homotetrameric (Figure S7). These results coincided with previous studies indicating a
tetrameric configuration of several bacterial L-ASNases [6,21,31].
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The cloning and expression of Pg-asn II were successfully done in E. coli BL21(DE3),
followed by optimization of critical parameters influencing Pg-ASNase II production. The
maximum expression of Pg-ASNase II was obtained in a lower IPTG (0.3 mM) concen-
tration, an essential factor affecting gene expression. It directly influences overall cost,
productivity, protein yield per cell, protein folding, and potential inhibitory effect on cell
growth [32]. Similarly, the expression of L-ASNase from Vibrio cholerae (V. cholerae) [33] was
maximum after 0.3 mM IPTG induction. After IPTG induction, the maximum production
of Pg-ASNase II was optimized at 37 ◦C and 250 RPM. Similarly, E. carotovora [10] and
P. fluorescens [34] L-ASNase exhibited optimum expression at 37 ◦C. The optimum agitation
rate for L-ASNase production was 250 RPM for Lactobacillus salivarius (L. salivarius) [35].

The single-step purification of Pg-ASNase II yielded high protein using HisPur Cobalt
Super-flow affinity chromatography and a Q-sepharose anion exchange chromatographic
column. The molecular weight of the monomeric Pg-ASNase II was determined to be
approximately 37.0 kDa using SDS-PAGE. Similarly, the molecular weight of a previously
described L-ASNase produced from Cobetia amphilecti AMI6 (C. amphilecti), E. coli, and
Aliivibrio fischeri (A. fischeri) was 37.0 kDa [29,36,37]. Type II L-ASNases have molecular
weights varying from 31.0 to 42.0 kDa [21,33,37–39]. However, the purified L-ASNase
from Enterobacter cloacae (E. cloacae) and Streptomyces fradiae NEAE-82 (S. fradiae) had a
molecular weight of 52.0 and 53.0 kDa, respectively [40,41]. The native molecular weight of
Pg-ASNase II was 148.0 kDa as determined by gel exclusion chromatography. Indicating
that it is tetrameric, as predicted by the in-silico analysis. Similarly, type II L-ASNase
from E. chrysanthemi, Pseudomonas sp. PCH44, P. carotovorum, and E. coli, are tetrameric
forms [6,21,31,36]. Most type II L-ASNase derived from microbial sources has a tetrameric
structure. However, many of the bacterial L-ASNase observed to be monomers, such
as Paenibaeillus barengoltzii CAU904 (P. barengoltzii) [42], and homodimers in their native
form, such as Anoxybacillus flavithermus (A. flavithermus) and Bacillus cereus BDRDST26
(B. cereus) [43,44].

4.2. Effect of Reaction Conditions and Kinetic Behavior of Pg-ASNase II

The purified Pg-ASNase II exhibited activity between pH 4.5–12.0 with optimum
activity at pH 8.5. It indicated that Pg-ASNase II works best at a slightly alkaline pH,
comparable to human blood pH. Similarly, L-ASNase of E. coli K-12 [36], P. barengoltzii [42],
and Geobacillus kaustophilus DSM7263 (G. kaustophilus) [45] were reported for its maximum
activity at pH 8.5. The Pg-ASNase II is active over a wide pH and could also be used for
acrylamide mitigation in fried food. The optimum reaction temperature for recombinant
Pg-ASNase II was 50 ◦C. As a result, Pg-ASNase II may be suitable for industrial appli-
cations requiring harsh conditions such as high-temperature exposure. These findings
were consistent with that reported for L-ASNase of B. cereus BDRD-ST26 [44]. The opti-
mum temperature for L-ASNase activity from C. amphilecti AMI6 [29], D. chrysanthemi [38],
P. barengoltzii [42], G. kaustophilus DSM7263 [45], Helicobacter pylori (H. pylori) [46], B. sub-
tilis [47], and Burkholderia pseudomallei (B. pseudomallei) [48] ranged from 37 to 60 ◦C. The
key obstacles in the rapid development of biocatalyst-based processes are enzyme stability
and thermal deactivation. Furthermore, it is considered an essential parameter of enzyme
selection for industrial applications.

The thermostability profile of Pg-ASNase II shows that it retained 79.8 and 70% activity
at 37 and 50 ◦C, respectively, when incubated for 60 min. The stability of the Pg-ASNase
II at 37 ◦C (human body temperature) and 50 ◦C can be helpful in the therapeutic and
food industries, respectively. Pg-ASNase II was more stable at 50 ◦C than previously
reported L-ASNase from H. pylori, which retained 50% activity after 36 min [46]. Simi-
larly, L-ASNase from V. cholerae and Bacillus sonorensis retained only 2.0 and 22.8% activity,
respectively [33,49]. The L-ASNase produced from P. furiosus [30] and Thermococcus ko-
dakarensis [50] showed high thermal stability. The Pg-ASNase II was stable at 37 and 50 ◦C
for a longer time with a 625 and 136 min half-life, respectively. It was observed to be higher
than the commercially available L-ASNases from E. coli and Erwinia having a half-life of 276
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and 444 min, respectively [51,52]. However, the half-life of V. cholerae [33] and A. flavither-
mus [43] was reported higher (18.3 and 48 h) at 37 ◦C, respectively. On the other hand,
Pg-ASNase II had a longer half-life and a lower deactivation constant at 50 ◦C compared to
L-ASNase from S. brollosae NEAE-115 [53].

The metal ions such as CuCl2, ZnSO4, KCl, CoCl2, CaCl2, and NaCl did not signif-
icantly affect the Pg-ASNase II activity. It suggested that Pg-ASNase II is not a metal-
loprotein. Similarly, for C. amphilecti AMI6 L-ASNase, none of the reported metal ions
significantly affect the enzyme activity [29]. However, the metal ions had an inhibitory
effect on the L-ASNase activity of V. cholerae, P. fluorescens, B. pseudomallei, and S. brollosae
NEAE-115 [33,34,48,53]. The inhibitory effect might be due to the sulfhydryl group(s)
present around the catalytic site of enzymes [33,54]. The Pg-ASNase II amino acid sequence
does not have cysteine residue, so it lacks sulfhydryl groups, generally inhibited by the
presence of various divalent metal ions.

The complete loss of Pg-ASNase II activity was observed by detergents such as Tween
20, Tween 80, and Triton X-100 due to precipitation with reaction. The protein modifying
agent, such as EDTA, did not significantly influence Pg-ASNase II activity. Similar obser-
vations were made for the EDTA effect on the L-ASNase of Aquabacterium sp. A7-Y and
B. cereus [44,55]. However, L-ASNase from P. barengoltzii and B. pseudomallei were inhibited
by EDTA [42,48]. Additionally, Pg-ASNase II activity was not substantially affected by
using PMSF as a protease inhibitor. It was concluded that serine did not have a catalytic
function in the enzymatic reaction. A similar observation was recorded for the L-ASNase of
B. tequilensis PV9W [56]. On the contrary, PMSF reduced V. cholerae L-ASNase activity [33],
indicating the role of a serine residue in the catalytic site. Similarly, β-ME does not exhibit
any significant inhibition at 0.5, 1.0, and 2.5 mM concentrations, which indicates the absence
of S-S bridges in protein structure. The sequence analysis revealed that the Pg-ASNase
II has no cysteine group; thus, the β-ME did not affect enzyme activity. Similarly, the
P. furiosus L-ASNase activity was not inhibited by the presence of β-ME [30].

The Pg-ASNase II exhibited high substrate affinity towards L-asparagine. The Km
value of the Pg-ASNase II was lower (0.571 mM) than the reported value for C. amphilecti
AMI6, A. fischeri, and B. cereus BDRD-ST26 [29,37,44]. Although, it was higher than commer-
cially L-ASNase from E. coli (0.058 mM) and E. chrysanthemi (0.015 mM), respectively [57].
The lower Km value is helpful for therapeutic L-ASNases because the concentration of
L-asparagine in the blood is ~50 µM [6].

4.3. Potential Applications of Pg-ASNase II

Breast cancer is most common in women and has a high mortality rate. Pg-ASNase II
was efficiently cytotoxic against the MCF-7 breast cancer cell line (IC50 value 0.169 U/mL).
The low IC50 value indicates potential drug development with a low dosage amount.
L-ASNase from various sources has been tested against the MCF-7 cell line. Similarly,
L-ASNase of Streptomyces rochei [58] and Bacillus velezensis [59] were reported to inhibit the
growth of the HeLa, HepG2, MDA-MB-231, and MCF-7 cell lines. Besides that, Pg-ASNase
II showed a 70% reduction in acrylamide when treated with 5.0 U of the enzyme before fry-
ing. In an earlier study, L-ASNase from B. cereus BDRD-ST26 reduced acrylamide in potato
slices by 72% compared to an untreated control [44]. Similarly, the L-ASNase of C. amphilecti
AMI6 and Bacillus subtilis reduced 81 and 90% of acrylamide, respectively [55,60]. The
complete reduction of acrylamide is not achievable due to the alternative pathways for
acrylamide synthesis that are not directly dependent on L-asparagine [61]. The findings
suggested that Pg-ASNase II could be employed effectively in the food industry. Further-
more, Pseudomonas sp. PCH199 represents a new perspective on bacterial resources for a
stable L-ASNase having commercial applications.

5. Conclusions

In the present study, a type II L-ASNase of strain PCH199 was successfully cloned and
expressed in E. coli BL21(DE3). The homotetrameric Pg-ASNase II exhibited high specific
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activity towards L-asparagine in Tris-HCl buffer (pH 8.5). The optimum temperature for
Pg-ASNase II activity was 50 ◦C, and it was stable in the presence of various metal ions
and protein modifying agents (EDTA, PMSF, and β-ME). The biochemical properties of
the enzyme, such as optimal pH, buffer molarity, and temperature, demonstrated that
Pg-ASNase II mimics physiological conditions similar to human blood. The cytotoxicity of
Pg-ASNase II against the breast cell line MCF-7, and its ability of acrylamide reduction in
potato slices, suggested its potential in both the pharmaceutical and food industries. Future
research aims to reduce its Km value using protein engineering methods that could make it
a more viable chemotherapeutic drug in the biopharmaceutical industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation8100568/s1, Figure S1: Phylogenetic analysis of
Pg-ASNase II proteins of Pseudomonas sp. PCH199. Based on an amino acid sequence alignment
of L-ASNases proteins, a rooted phylogenetic tree was constructed with the NGPhylogeny.fr and
annotated using the iTOL program. The scale bar corresponds to 0.1 amino acid change per site.
The UniProt ID of all sequences is indicated in parentheses; Figure S2: Expression of Pg-ASNase
II in LB media. (a) Pg-ASNase II (U/mL) activity and cell OD600 of recombinant E. coli BL21(DE3)
after 6 h of induction with 0.5 mM IPTG. (b) Expression of recombinant colonies at 3 and 6 h of
incubation at 37 ◦C in 12% SDS-PAGE; Figure S3: Expression of Pg-ASNase II in E. coli BL21(DE3)
at different IPTG concentrations. Enzyme activity (U/mL) of recombinant E. coli BL21(DE3) in
LB medium using 0.1 to 1.0 mM IPTG concentration and 12% SDS-PAGE analysis profiles of Pg-
ASNase II expressed at different IPTG concentration for 0.0 and 5.0 h after induction; Figure S4:
Production profile of Pg-ASNase II by recombinant E. coli grown in LB medium. (a) Effect of different
levels of incubation temperature on the production of Pg-ASNase II activity after 5, 10, and 20 h
of incubation at 20, 28, and 37 ◦C. (b) Effect of agitation on the Pg-ASNase II activity. (c) Effect
of growth stages for IPTG induction on Pg-ASNase II activity. (d) A positive correlation between
cell growth (line) and enzyme activity (bar chart) was observed. All the values are the means of
three replicates ± SD; Figure S5: Optimizing the active soluble protein yield. (a) IPTG concentration
(b) Incubation temperature after induction (c) Post induction time; Figure S6: Polyacrylamide gel
electrophoresis of Pg-ASNase II. 10% SDS-PAGE of purified Pg-ASNase II elutions. Lane 1, Total
lysate (TL); Lane 2, Flow through (FT); lane 3–9, different elutions (E1–E7) of purified Pg-ASNase II;
and Lane M, molecular marker; Figure S7: Structure depiction of Pg-ASNase II using Swiss Model.
Chain A; Blue colour, Chain B; Cyan colour, Chain C; yellow colour, Chain D; Red colour. Structural
depiction of monomeric L-ASNase showing two domains, N-terminal and C-terminal for Pg-ASNase
II; Table S1: The percentage identity matrix of similarities among five L-ASNase protein sequences
with Pg-ASNase II sequence; Table S2: Acrylamide quantification in raw sample and reduction
measures with different enzyme dosages.
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