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ABSTRACT: L-Asparaginase (E.C. 3.5.1.1) is an indispensable analeptic anticancer enzyme used as an amalgam with additional
cancer medicines for the cure of acute lymphoblastic leukemia (ALL). The presence of LAparaginase in tomato was confirmed
byWestern blotting and DNA sequencing. The L-Asparaginase gene from tomato has been deposited in the NCBI database with
accession number: OR736141. Crude enzyme was extracted from the fruit pulp of Solanum lycopersicum, and the activity was
determined by the Nesslerization method. Further, the crude extract was subjected to purification, and kinetic parameters were
studied. The percentage yield was calculated to be 6.457, and the purification fold was 0.086. The enzyme showed maximum activity
at optimum pH 7.0, optimum temperature 37 °C, and incubation time of 05 min. The Michaelis constant “K;” and maximum
velocity “V,...” values were determined by the Lineweaver—Burk plot, which showed a low K, value of 0.66 and V,, of 3.846 IU.
Cytotoxic studies were carried out for crude and purified L-asparaginase. Purified L-Asparaginase has exhibited anticancer activity
against the ALL model system, K-562 cell line, comparable to that of the anticancer compound vinblastine. Hence, L-Asparaginase
from the fruit extract of tomato could be used as a nutraceutical to support cancer treatment in acute lymphoblastic leukemia.

1. INTRODUCTION commercial L-Asparaginase is a powerful drug in the treatment
of ALL, it is associated with unpleasant side effects that include
hepatic dysfunction, pancreatitis, thrombohemorrhagic com-
plications related to the depletion of coagulation factors,
hyperglycemia, cerebral dysfunction, and hypersensitivity
reactions.'”'! Thus, bioprospecting for new sources of L-
Asparaginase with anticancer activity and less immunogenicity
is required. L-Asparaginase from edible plant sources can
circumvent hypersensitivity reactions and thereby can be
preferred over microbial L-Asparaginase from edible plant
sources can circumvent hypersensitivity reactions and thereby
can be preferred over microbial 1-asparaginases.'” Oza et al.

L-Asparaginase (E. C. 3.5.1.1) catalyzes the hydrolysis of v-
asparagine into L-aspartate and ammonia. It reduces the
bioavailability of asparagine to eliminate the profusely
proliferating cancer cells." The metabolism of tumor cells is
disturbed as they are deprived of L-asparagine, leading to their
rapid depletion.” 1-Asparaginase is therefore an effectual
antineoplastic enzyme used in synergic chemotherapy for
various cancers, particularly acute lymphoblastic leukemia
(ALL). Five various preparations of L-Asparaginase are
currently in commercial use. Erwinase and rylase are derived
from Erwinia chrysanthemi and three others derived from
Escherichia coli. Among the three, one is a native and the other
two are pegylated formulations presently used in pediatric Received:  October 2, 2023
ALL.”™" The overall survival rate of ALL with this treatment is Revised:  November 25, 2023
reported to be 90%, with the complete remission in standard Accepted: December 27, 2023
risk pediatric ALL.” The global L-Asparaginase market in 2021 Published: January 5, 2024
was reported to be around US$ 564.01 million and is expected

to grow up to US$ 1575.62 million by 2028.° Though

© 2024 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c07633

v ACS Publications 3616 ACS Omega 2024, 9, 3616-3624


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarina+P.+Khabade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Divijendra+Natha+Reddy+Sirigiri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anshu+Beulah+Ram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c07633&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
https://pubs.acs.org/toc/acsodf/9/3?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c07633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Primers Used for the Amplification of L-Asparaginase from Tomato

I set forward primer

reverse primer

II set forward primer
reverse primer
III set forward primer

reverse primer

GAGCTTCGTGAGCCAAGAGA 994 bp
TGACCAGCCTAGCCAGAGAT

GCAGGTGCGGGAACTAGAAA 1021 bp
GACTTGAGTTGCCAAGAAGGG
AGCCTCAAGGGTTCTTTTTCAGA 1053 bp

TGTGTGGAGTTTATAGTTATGGGA

cloned the gene L-Asparaginase from Withania into E. coli that
showed a high specific activity of 17.3 IU/mg.">'* Addition-
ally, r-asparaginase is found in the leaves and rhizome of
Asparagus racemosus and also in the leaves of Chromolaena
odorata.">'® About 35,000 plant species have been researched
for anticancer activity like taxol, vinblastine, and vincristine."”
Solanaceae members have been documented to have powerful
anticancer activity against various cancer cell lines."®

Tomatoes of the Solanaceae family are natural nutraceuticals
that decrease the threat of many types of cancer such as lung,
prostate, pancreatic, cervical, breast, oral, colorectal, esoph-
ageal, and stomach.'® However, how tomatoes work against
cancer is still not known. In this context, the objective of the
present study is isolation, purification, biochemical character-
ization, and cytotoxic study of L-asparaginase from the fruit
pulp of tomatoes. In this investigation, we have successfully
isolated L-Asparaginase, studied its biochemical properties, and
assessed its effect on the myelogenous leukemic cancer cell
lines.

2. EXPERIMENTAL SECTION

2.1. Extraction, L-Asparaginase Assay, and Effect of
Various Parameters on its Activity. One gram of tomato
pulp was weighed, washed, and ground with two volumes of
0.1 M phosphate buffer of pH 7.5 at 3 °C containing 5 mM
dithiothreitol (DTT) and 1 mM ethylenediamine tetra acetic
acid (EDTA). The homogenate was centrifuged at 12,000 rpm
for 30 min at 2—3 °C, and the supernatant served as the crude
enzyme extract.”

L-Asparaginase assay was carried out by adding 0.5 mL of
100 mM asparagine, 0.5 mL of 50 mM potassium phosphate
bufter of pH 8.0, and 0.5 mL of enzyme extract to a “Test”
tube, and a “Blank” tube was also prepared without adding the
enzyme. The tubes were incubated for 15 min at 37 °C, and
0.25 mL of 20% trichloroacetic acid (TCA) was added to stop
the reaction. Clarified by centrifugation, 3 mL of distilled water
and 1 mL of Nessler’s reagent were added to the supernatant.
Read A4 of “Test” versus the “Blank” and the amount of
ammonia released were determined by the ammonium sulfate
standard graph,”® and the total protein was estimated by
Bradford’s method.”!

L-Asparaginase assay by the modified Nesslerization method
was performed at various temperatures ranging from 4°C to
100 °C, at the incubation time over a narrow range of 5—30
min, with pH stretching from S to 10, and the effect of NaCl,
MgCl,, and AgNO; on L-Asparaginase activity was studied.
The Michaelis constant K, and maximum velocity V, . were
calculated using the Lineweaver—Burk plot with the substrate
concentration range of 1-5 mM.>* All the experiments were
done in triplicates, and the standard error was calculated using
MS excel.

2.2. Purification of L-Asparaginase. The crude enzyme
extract was subjected to a series of purification steps. The
crude extract was salted out using 100% ammonium sulfate
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saturation. The pellet obtained was suspended in 10 mM Tris
HCI at pH 8 and further dialyzed in a dialysis membrane (8
kDa cutoff) activated using sodium bicarbonate. Dialysis was
performed for about 3 h, and water was changed every half an
hour to avoid equilibration establishment. The dialyzed sample
was further purified by ion exchange chromatography.
Positively charged diethylamino ethyl (DEAE)-cellulose resin
was used as a matrix because L-Asparaginase is a negatively
charged protein. The mobile phase used was the elution buffer
consisting of six different concentrations of NaCl solution (25,
50, 75, 100, 125, and 150 mM) and 25 mM Tris-HCL The
dialyzed sample was introduced into the column, followed by
elution buffer for protein separation. The eluted sample was
then subjected to gel filtration chromatography. Sephadex G75
was used as the gel bead matrix, and the eluted sample was
loaded after the matrix settled. 100 mM phosphate buffer (pH
7.0) was used to stabilize the protein, and the samples were
collected every 5 min.””** Total protein was estimated by
Bradford’s method,”’ and enzyme assay was carried out by the
Nesslerization method for all the samples to determine both
the enzyme and specific activity.

2.3. Western Blotting. Polyclonal L-asparaginase antibod-
ies were procured from Thermo-Fisher Scientific, and Western
blot was carried out with chemiluminescence detection. The
crude protein was purified by acetone precipitation, followed
by gel filtration chromatography, and the purified samples were
subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE).”

12% SDS-PAGE gel was cast, and 100 pg lysates was loaded
on the SDS-PAGE system. The gel was run at 10 mA for good
separation of lysates. After the gel run was complete, the
required size of the poly(vinylidene fluoride) (PVDF)
membrane was cut and activated first by immersing the
membrane in carbinol/methanol for 2 min. The membrane
was then immersed in transfer buffer (10% 10X Tris-Glycine
solution, 20% methanol, and 70% water) to remove the upper
oily layer. An appropriate size of blotting paper was also cut
and immersed in the transfer buffer. The transfer was set up by
sandwiching the membrane and the gel between the wet
blotting papers. The gel was placed on the negative electrode
side, while the membrane was placed on the positive electrode
side. The transfer was carried out for 3 h at 150 mA in a cold
room. The blot was taken out and blocked with 5% BSA for 90
min at room temperature, followed by incubating the
membrane with a primary antibody overnight at 4 °C
(1:2500 for IL33 antibody). The blot was washed thrice
with Tris-buffered saline with 0.1% Tween 20 detergent
(TBST) with 10 min intervals. The blot was incubated with a
secondary antibody (1:5000) for 1 h, followed by TBST
washing thrice. The blot was then developed by enhanced
chemiluminescence (ECL kit; cat no.: 32132; Thermo Fisher
Scientific) as per the manufacturer’s protocol.

2.4. DNA Isolation, Amplification, and Sequencing of
L-Asparaginase Gene. Five grams of tomato pulp was

https://doi.org/10.1021/acsomega.3c07633
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ground, and the homogenate was preheated at 65 °C with
DNA extraction buffer [1 M Tris HCI(pH-8); 0.5 M EDTA
(pH-8); 10% SDS; S M NaCl; 0.2% mercaptoethanol] for 30
min. S mL of 5 M potassium acetate was added, mixed, and an
equal volume of chloroform: isoamylalcohol (24:1) was added,
spun at 3000 rpm for 20 min, and this step was repeated. An
equal volume of chilled ethanol was added to the supernatant,
washed, and DNA was precipitated and incubated overnight at
4 °C, centrifuged at 12,000 rpm for 40 min, washed with 70%
ethanol twice, and air-dried the pellet overnight. The DNA
pellet was reconstituted with Tris-EDTA (TE) buffer. Three
sets of primers were designed and synthesized using NCBI
Primer tool, as shown in Table 1. Genomic DNA isolated from
tomato pulp was used for amplification, and the amplicons
were sequenced by Sanger’s method using an Applied
Biosystems (ABI) 3730 xl DNA analyz<er.26’27

2.5. MTT Assay. K-562 cell lines were procured from
American type culture collection (ATCC); stock cells were
cultured in Rosewell Park Memorial Institute (RPMI)
supplemented with 10% inactivated fetal bovine serum
(FBS), penicillin (100 IU/ml), and streptomycin (100 ug/
mL) in a humidified atmosphere of 5% CO, at 37 °C until
confluent. The cell was dissociated with a cell-dissociating
solution [0.2% trypsin, 0.02% EDTA, and 0.05% glucose in
phosphate-buffered saline (PBS)]. The cell viability was
checked, and 50,000 cells/well were seeded in a 96-well
plate and incubated for 24 h at 37 °C in a 5% CO, incubator.
The monolayer cell culture was trypsinized, and the cell count
was adjusted to 5.0 X 10° cells/mL. 100 yL of the diluted cell
suspension (50,000 cells/well) was added to each of the 96-
well microtiter plate. After 24 h, a partial monolayer formed
was washed with the medium, and 100 uL of different test
concentrations of drugs was added. The plates were then
incubated at 37 °C for 24 h in 5% CO, atmosphere. After
incubation, the test solutions were discarded, and to each well,
100 pL of MTT (S mg/10 mL of MTT in PBS) was added.
The plates were incubated for 4 h at 37 °C in 5% CO,
atmosphere. Then, the supernatant was flicked off, and 100 uL
of dimethyl sulfoxide (DMSO) was added, and the plates were
shaken gently to solubilize the formazan formed. The
absorbance was read at 590 nm using a microplate reader.
The growth inhibition percentage was calculated by using the
following formula, and the test drug concentration required to
inhibit cell growth by 50% (ICs,) value was generated from the
dose—response curves for the cell line.”**'

% Inhibition=((OD of control — OD of sample)/OD of

control) X 100

2.6. Apoptosis Assay. Cells were seeded at a concen-
tration of 1 X 10° per 35 mm dish and incubated at 37 °C, 5%
CO, for 24 h. The confluent cells grown after 24 h of
incubation were treated with a crude sample and purified -
asparaginase with concentrations of 25, 50 pug/mL, and
control. After treatment, the cells were trypsinized and
collected by spinning at 2000 rpm for S min. The cell pellet
was suspended in 0.5 mL of lysis buffer (pH 7.8) (Tris-HCI 10
mM, pH 8; EDTA 20 mM, pH 8.0; TritonX-100 0.2%, 4 M
NaCl), vortexed vigorously, and incubated at 50 °C for S min.
To the lysate, 0.5 mL of phenol—chloroform—iso-amyl alcohol
was added, mixed, and centrifuged at 10,000 rpm for 15 min at
4 °C. Two volumes of cold 100% ethanol and 3 M sodium
acetate were added to the upper aqueous layer. It was
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centrifuged at 10,000 rpm for 15 min, and the DNA pellet was
washed in 70% ethanol and spun at 5000 rpm for 10 min. The
DNA pellet was air-dried and was dissolved in TE buffer (Tris-
HCI 10 mM, pH 7.4, EDTA 1 mM, pH 8.0) and separated by
2% agarose gel electrophoresis at 100 V for 50 min.”

2.7. Gene Regulation of Caspase 3 Genes in K562
Cells Treated with the Sample. K562 cell line was obtained
from ATCC, and cells were cultured in RPMI-1640
supplemented with 10% inactivated fetal bovine serum, 50
UM 2-mercaptoethanol, 2 mM L-glutamine, and penicillin (100
IU/ml) in a humidified atmosphere of 5% CO, at 37 °C until
confluent.

2.7.1. Treatment for Gene Expression. Total RNA from
KS62 cells was extracted using trizol reagent. K562 cells were
washed twice with PBS and centrifuged at 2000 rpm for 5 min.
To the cell pellet was added 1 mL of trizol (per Py dish), and
the resulting lysate was collected. To the reaction mixture, 0.2
mL of chloroform was added and vigorously mixed for 15 s,
centrifuged at 10,000 rpm for 15 min at 4 °C. The upper
aqueous phase was treated with 0.5 mL of isopropanol. The
resultant mixture was mixed gently and incubated at room
temperature for 5 min. Samples were centrifuged at 10,000
rpm for 10 min at 4 °C. The RNA pellet was washed by adding
1 mL of 70% ethanol and centrifuged for S min at 14,000 rpm
at 4 °C. The supernatant was discarded, and the pellet was
dried by incubating in a dry bath for 5 min at S5 °C. The pellet
was resuspended in 25 uL of diethyl pyrocarbonate (DEPC)-
treated water (Table 2).*°

Table 2. Concentration of Samples for Treatment

cells treatment concentration
KS62 control
vinblastine 20 uM
crude sample 25 pg/mL
crude sample S0 pug/mL
purified sample 25 pg/mL
purified sample S0 pg/mL

2.7.2. RT-PCR Method. A semiquantitative reverse tran-
scriptase polymerase chain reaction (RT-PCR) was carried out
using Techno Prime system to determine the levels of Caspase
3 and beta-actin mRNA expressions. The c¢cDNA was
synthesized from 2 ug of RNA using the Verso c¢cDNA
synthesis kit with oligo dT primer. The reaction volume was
set to 20 uL, and cDNA synthesis was performed at 50 °C for
30 min, followed by reverse transcriptase inactivation at 85 °C
for 5 min (Table 3).

Table 3. Primer Details for Caspase3 and Beta-Actin

caspase 3 forward TGGAATTGATGCGTGATGTT 166 bp
reverse CAACGATCCCCTCTGAAAAA

beta-actin forward GTCCAGTTAATTTCTGACCT 154 bp
reverse GCTTTGTACATGGTATTCAC

2.7.3. PCR Analysis. The PCR mixture (final volume of 20
uL) contained 1 yuL of cDNA, 10 yL of Red Taq Master Mix
2X (Amplicon), and 1 M of each complementary primer
specific for caspase 3 and beta-actin (internal control)
sequence. The samples were denatured at 94 °C for 5 min
and amplified using 35 cycles of 94 °C for 30 s, 55 °C for 30 s,
and 72 °C for 1 min. Renaturation for caspase 3 was set to S1

https://doi.org/10.1021/acsomega.3c07633
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Figure 1. Confirmation and purification of L-Asparaginase from tomato. (A) PCR amplification of L-asparaginase from tomato gDNA, Lane 1.
Amplicon of primer set 1, Lane 2. Amplicon of primer set 2, Lane 3. Amplicon of primer set 3, Lane 4. DNA ladder. (B) SDS-PAGE purification
profile of L-asparaginase, (1) ladder, (2) crude, (3) acetone ppt, (4—9) fraction 8—13 of gel filtration chromatography. (C) Western blot of L-
asparaginase from tomato pulp, lane 1—protein molecular weight marker, lane 2—purified gel filtration fraction.

Table 4. Purification Steps of L-Asparaginase

enzyme activity protein specific activity fold % of yield
sample U (mg/mL) (umol/mg/min) purification
crude 40.323 0.126 320.02 1 100
salt precipitation 13.58 0.0224 606.51 1.895 33.69
dialysis 14.11 0.0368 383.41 1.198 34.99
ion exchange 22.15 0.042 527.4 1.648 54.93
gel filtration 2.604 0.094 27.89 0.086 6.457
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Figure 2. Effect of various parameters on L-asparaginase activity. (A) Effect of temperature, (B) effect of pH, (C) optimum incubation time, (D)
lineweaver—Burk plot for L-A catalytic reaction, and (E) effect of salts on L-Asparaginase activity.

°C and that for actin to 55 °C for 30 s, followed by a final
elongation at 72 °C for 10 min. The optimal number of cycles
selected for amplification of these genes was in the exponential
range. Ten microliters of the final amplification product was
run on a 2% ethidium bromide-stained agarose gel and
photographed. Quantification of the results was accomplished
by measuring the optical density of the bands, using the
computerized imaging program Image]. The values were
normalized to beta-actin intensity levels.”"

2.8. Apoptosis by a Flow Cytometer. The day before
the induction of apoptosis, 1 X 10° cells per well were plated in
a six-well plate using the respective media with 10% FBS and
1% Pen Strep, incubated overnight at 37 °C at 5% CO,. The
media was replaced with test solutions of different concen-
trations in the media containing 10% FBS. The treated cells
were incubated for 24 h at normal culture conditions. Cells
were harvested and transferred to sterile fluorescence-activated
cell sorting (FACS) tubes. Cell contents were centrifuged at
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2000 rpm for S min, and the supernatant was discarded. The
cell pellet was washed twice with cold PBS, followed by
centrifugation and then resuspended in 1 mL 1X binding
buffer at a concentration of ~1 X 10° cells/ml. A volume of
500 L of the cell suspension (~5 X 10° cells) was transferred
to a new FACS tube. Annexin V (5 uL) and PI (10 uL) were
added to the tubes, gently mixed, and incubated for 20 min at
room temperature (RT) in the dark. Cells were analyzed by
flow cytometry within an hour.”>~

3. RESULTS AND DISCUSSION

3.1. Confirmation and Purification of L.-Asparaginase
from Tomato. Although ir-Asparaginase is shown to be
present in tomato, it was never isolated and purified. In order
to confirm the existence of L-Asparaginase in tomato, the total
genomic DNA from the tomato sample was isolated, and using
L-Asparaginase-specific primers, PCR reaction was carried out,
and the resulting PCR products (Figure 1A) were confirmed to

https://doi.org/10.1021/acsomega.3c07633
ACS Omega 2024, 9, 3616—3624
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Figure 3. MTT assay using K-562 cells treated with (A) positive control, (B) crude L-A, and (C) purified L-Asparaginase.
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Figure 4. Apoptotic studies by DNA fragmentation and caspase 3 gene expression: (A) DNA fragmentation of K-562 cells: (1) ladder, (2)
vinblastine, (3) purified S0 ug/mL, (4) purified 25 ug/mL, (S) crude SO ug/mL, (6) crude 25 pg/mL, (7) control. (B) Amplification of caspase 3
gene in KS62-treated cells: (1) DNA marker, (2) control, (3) vinblastine-20 uM, (4) crude —25 pug/mL, (S) crude —50 ug/mL, (6) purified —25
ug/mL, (7) purified —S0 pug/mL. (C) Bar graph showing caspase 3 gene expression in K-562 cells treated with the standard and samples.

be belonging to L-Asparaginase by sequencing. The reads were
assembled into a single contig using the CAP3 sequence
assembly program. The sequence was annotated using
AUGUSTUS and DAVID tools of Bioinformatics and
deposited in GenBank, NCBI, with accession number-
OR736141. To establish that tomatoes contain L-Asparaginase,
the crude enzyme was extracted from the fruit pulp and was
subjected to a series of purification steps that included salt
precipitation, dialysis, ion exchange chromatography, and gel
filtration chromatography. It was observed that after each
purification step, there was some degree of protein loss, and
the total protein estimated was about 48 ug. The final
percentage yield was 6.457, and purification fold was 0.086
(Table 4). The molecular weight of L-Asparaginase was
approximately determined by SDS-PAGE and was found to
be around 80 kDa with two subunits of 50 and 30 kDa (Figure
1B).

Further, to confirm that the purified product is L-
Asparaginase, Western blotting was carried out using L-
asparaginase-specific antibody. The appearance of bands at
50 and 30 kDa, as shown in Figure 1C, demonstrated the
occurrence of L-asparaginase in tomato (Table 4).

3.2. Determining Optimum Conditions for L-Aspar-
aginase. The optimum conditions related to the temperature,
pH, time, and effect of metal ions on L-Asparaginase were
studied. The enzyme showed maximum activity at the
temperature of 37 °C, pH 7, and the optimum incubation
time for the high enzyme activity was found to be S min
(Figure 2A—C). K, and V,, were determined by the
Lineweaver—Burk plot, and K, was found to be 0.66 and
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Vinax 3-846 TU (Figure 2D). The enzyme activity was found to
be stable with different salt concentrations, and NaCl was
reported to enhance the enzyme activity when compared to the
other salts (1E).

3.3. Anticancer Activity of L-Asparaginase. As the
enzyme is known to possess anticancer activity, we explored
whether L-Asparaginase from tomato would have similar
anticancer properties. We used the K-562 cell line, a model
system for chronic myelogenous leukemia, for testing
anticancer properties of L-Asparaginase from tomato. L-
Asparaginase from the fruit pulp of tomato showed significant
anticancer activity against the K-562 cell lines. The crude
sample has shown the ICg, value of 0.556 uM (43.94 ug/mL)
inhibition in K-562 cells, and the purified sample has reported
the ICs, value of 0.395 uM (31.27 ug/mL) when compared to
the ICs, value of standard vinblastine 17.1 uM in the same cell
line (Figure 3A—C).

In order to test whether L-asparaginase induces DNA
fragmentation, a hallmark of apoptosis/cell death, K-562 cells
were treated with standard vinblastine, crude, and purified L-
asparaginase enzyme. DNA fragmentation was observed in
K562 cells when treated with vinblastine and purified L-
asparaginase. The purified sample has shown better DNA
fragmentation when compared to the crude sample. Overall,
these results suggest that tomato L-asparaginase induces the
fragmentation of DNA, indicating apoptotic activity (Figure
4A).

Since L-Asparaginase induces apoptosis, pro-apoptotic
molecules such as caspase 3 should show a higher expression
in enzyme-treated cells. Crude sample treatment at different

https://doi.org/10.1021/acsomega.3c07633
ACS Omega 2024, 9, 3616—3624


https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07633?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

A B

G 100
=)
2
& 50
O\o I
Control Crude 25 Crude 50

FACS analysis of apoptosis detection in K-562 cells

I Viable

Early apoptotic
m L ate apoptotic
B Necrotic cells

Lh

Purified 25 Purified 50 Vinblastine 20

Numbers indicate conc. in uM

Figure 5. Apoptosis detection of K-562 cells by flow cytometry analysis and graphical representations: (A) K-562-untreated cells, (B) K-562 cells
treated with crude sample 25 pg/mL, (C) K-562 cells treated with crude sample S0 pug/mL, (D) K-562 cells treated with purified sample 25 pg/
mL, (E) K-562 cells treated with purified sample S0 pg/mL, (F) K-562 cells treated with vinblastine_ 20 M, (G) bar graph showing apoptosis

detection in K-562 cells by FACS analysis.

concentrations on K562 cells show a slight upregulation of the
caspase 3 gene. At 25 and 50 pug/mL concentrations, caspase 3
gene showed upregulation of 1.04 and 1.41 folds in K562 cells
(Figure 4B, lanes 4 and S). Comparatively, the purified sample
has shown upregulation with 1.27- and 1.61-folds increase at
25 and SO ug/mL concentrations, respectively (Figure 4B,
lanes 6 and 7). The positive control vinblastine treatment at 20
#M has shown a better upregulation of caspase 3 gene up to
1.78-fold (Figure 4B, lane 3). The purified S0 ug/mL sample
results are comparable to that of the standard vinblastine and
hence confirm the apoptotic activity (Figure 4, compare lanes
3 and 7).
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K-562 cells were treated with vinblastine, crude, and purified
L-Asparaginase enzymes of different concentrations and
subjected to FACS analysis. The treatment of 25 and 50 ug/
mL of crude samples has induced early and late apoptosis in K-
562 with 14.28, 20.51, 2.69, and 12.56% apoptotic cells,
respectively; the purified sample treated at 25 and 50 pg/mL
has induced early and late apoptosis in K-562 with 23.47,
16.85, 10.46, and 23.85% apoptotic cells. Necrotic cells were
found to be 0.5% and 7.25% at the highest concentrations of
samples, respectively, in K-562 cells. These results infer that
the sample induces apoptosis in K-562 cells (Figure S).

Plants have emerged as an alternative source of enzymes as
they do not manifest pathogenicity and can be used as either
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crude extracts or in purified form to treat or use against many
human diseases.””*’ There are many purified compounds from
plants such as taxol and vinblastine that are being used as
chemotherapeutic drugs to treat many cancers."' The edible
fruit of Solanum lycopersicum has a wide range of biological
effects and has been reported to have many health
benefits.**~** Tomatoes help reduce the risk of cardiovascular
diseases, atopic dermatitis, liver inflammatory disease, and
inflammatory bowel diseases.* The anticancer properties of L-
asparaginase are well documented, particularly against ALL.*
In terms of L-asparaginase synthesis, plant sources have been
less investigated. The plant sources listed in the literature as L-
asparaginase producers include Tamarindus indica, Capsicum
annum, Withania somnifera, Vicia faba, Lupinus angustifolius,
and Phaseoulus vulgaris."”” However, there are very few studies
related to L-apsaraginase from tomato and its usage against
cancer and ALL in particular. Although it is shown that L-
asparaginase is being present in tomato (https://www.ncbi.
nlm.nih.gov/nuccore/NC_015440), the enzymatic properties
and its anticancer activities are not studied so far to the best of
our knowledge. In this study, we showed that L-Asparaginase
indeed exists in tomato by elucidating its sequence and
matching it with that of L-asparaginase from other sources. The
sequence match is similar to other available sources and not
with many variations in terms of nucleotide sequence. The
sequence similarity with the known L-asparaginase from
tomato plants is almost 99% with a single nucleotide
polymorphism. This L-asparaginase gene from tomato has
been deposited in the NCBI database with accession number:
OR736141. In this study, we established a protocol for
isolating L-asparaginase from tomato pulp and its purification.
The existence of L-asparaginase was further confirmed by using
L-asparaginase-specific antibody, and the enzymatic product
from tomato has two subunits with molecular weights of 50
and 30 kDa respectively. The optimum conditions for L-
asparagigga_sseoactivity from tomato are shown to vary with other
sources.

With respect to the anticancer properties when used against
a cell line, K-562, that is a model system for ALL, the enzyme
performance is comparable to the anticancer activity of the
standard drug vinblastine from another plant source. Although
crude extract induces apoptosis in the cancer cells used, the
purified enzyme shows better apoptotic activity and is
comparable to the standard drug vinblastine. In this study,
we successfully isolated and characterized L-Asparaginase from
tomato. Since tomato is widely available, it may act as a good
source for commercial isolation and purification of L-
asparaginase.

4. CONCLUSIONS

In this study, we demonstrated the existence of L-asparaginase
from tomato and established a protocol for its purification
from tomato pulp. We also characterized optimal conditions
for enzymatic activity and studied anticancer properties using
ALL cancer cell line. Purified L-Asparaginase from tomato has
comparable anticancer activity with respect to the standard
cancer drug, vinblastine. Currently, bacteria are the primary
source of L-Asparaginase for the production of anticancer drug.
In the near future, this piece of research investigation offers an
alternative source from plants for the commercial production
of L-Asparaginase that has advantages in terms of production
scalability, economic viability, and reduced immunogenicity.
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