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Abstract: Heat stress is an environmental problem that can negatively im-
pact tomato productivity by reducing fruit setting and disrupting pollen de-
velopment. The present study aims to understand the molecular mechanism
of heat tolerance induced by L-ascorbic acid. Plants were grown in the sum-
mer of 2022 (day and night temperatures were 34.4°C and 25.2°C respec-
tively). The plants were divided into two groups: one was sprayed with L-

NI ascorbic acid (0.5 mM) and the other served as a control. Growth parameters,
L antioxidant enzymes, proline, hydrogen peroxide, and malondialdehyde lev-
Vitamin C, ; ; .. .
. . els in the leaves were determined. Additionally, a molecular docking al-
Fruit setting, . . . L
Catalase lowed un_dersjtandlng the_ interaction between the aqtu_mdant enzymes and
) L-ascorbic acid. Results indicated that L-ascorbic acid increased antioxidant
Peroxidase, . ; .
High-temperature enzyme activities (catalase, _perox_ldase, ascorbate_) pgroxmase, polyphenol
stress oxidase), proline content, fruit setting and growth indicators (shoot and root

fresh and dry weight). It also reduced hydrogen peroxide and malondialde-
hyde levels in tomato leaves. Furthermore, the in-silico analysis revealed
that L-ascorbic acid binding energies toward antioxidant enzymes were sim-
ilar to those of known activators. In conclusion, foliar application of L-ascor-
bic acid (0.5 mM) effectively mitigated heat stress effects, activating anti-
oxidant enzymes and eliminating reactive oxygen species, ultimately result-
ing in increased fruit setting.

Molecular interactions

1 Introduction significant damage to tomato plants during different de-
velopmental stages, such as seed germination, and veg-

Climate changes, especially, global warming, etative and reproductive growth (Wahid et al 2007).
have led to heat stress, which negatively influences ~ The tomato reproductive stage is particularly vulnera-
tomato plant growth and productivity. Temperature  ble to high-temperature stress, which negatively affects
plays a significant function in the developmentand  fruit setting, including pollination, fertilization, and
growth of tomato plants, but high-temperature  seed formation (Kugblenu et al 2013, Driedonks et al
stress often poses challenges to their cultivation  2016). Prolonged warming is considered a form of heat
(Mubarok et al 2023). Heat stress can cause  stress, which is a modest temperature increase for many
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days or weeks by 2-5°C upon ambient temperature
(Wolkovich et al 2012). Heat stress causes the
over-accumulation of the molecular oxygen (O,)
reactive forms, which are also called reactive oxy-
gen species (ROS), including hydroxyl radical
(HO"), singlet oxygen (*O2), superoxide anion rad-
ical (O,") and hydrogen peroxide (H20,), causing
oxidative damage to biological molecules like pro-
teins, lipids, pigments, carbohydrates, and DNA,
resulting in cell injuries and death (Fortunato et al
2023). The vegetative organs of the plant are less
susceptible to heat stress than the reproductive or-
gans (Ruan et al 2010, Zinn et al 2010). A complex
antioxidant defense system is devolved by plants to
protect their cells against oxidative damage (Lee et
al 2023), including enzymatic defenses such as cat-
alase (CAT), peroxidases (PODs), ascorbate perox-
idase (APX), superoxide dismutase (SOD), gluta-
thione S-transferase, glutathione peroxidase
(GPX), and the ascorbate-glutathione pathway
(AsA-GSH cycle) enzymes (monodehydroascor-
bate reductase, MDHAR; dehydroascorbate reduc-
tase, DHAR; glutathione reductase, GR), which are
responsible for reducing the oxidized AsA and
GSH forms, and non-enzymatic defenses such as
tocopherols, carotenoids, AsA, and glutathione
(Foyer and Noctor 2013).

Several recent studies have been conducted to
avoid fruit setting failure and increase tomato plant
productivity under high-temperature stress condi-
tions. One such study used specific extracts of
Ascophyllum nodosum as a bio-stimulant during
the pollen development stage to counteract the ad-
verse consequences of heat stress during the critical
reproductive stage, resulting in significant produc-
tion benefits (Carmody et al 2020). Cultivating two
tomato parthenocarpic mutants (iaa9-3 and iaa95)
under heat stress increased the fruit setting percent-
age (Mubarok et al 2023). L-Ascorbic acid is an
important powerful water-soluble antioxidant vita-
min in both plants and animals. It is a critical regu-
lator of ROS in cells under stress conditions, both
biotic and abiotic (Foyer and Noctor 2011). It
forms one of the most effective H,0, scavengers
(Hasanuzzaman et al 2019). Exposing wheat plants
to L-ascorbic acid increased the leaf content of L-
ascorbic acid and improved antioxidant enzymes
(POD, CAT, and SOD) under salinity stress (Athar
et al 2009). L-Ascorbic acid treatment before heat
stress at the pre-anthesis stage enhanced wheat
pollen thermotolerance (Kumar et al 2014).

L-Ascorbic acid plays a crucial role as a signaling mol-
ecule in enhancing tomato seedling thermotolerance by
increasing the levels of endogenous content of L-ascor-
bic acid, proline, and the pigments of photosynthesis in
the leaves and up-regulating heat shock proteins (HSPs)
(Alayafi 2020).

Although previous studies have demonstrated that
L-ascorbic acid can improve heat tolerance in many
crops, including tomatoes, the mechanism by which L-
ascorbic acid induces this tolerance is still unclear.
Moreover, there is no available information about the
effect of L-ascorbic acid on the fruit setting physiology
in tomato plants. Therefore, the aim of this work was to
evaluate the effect of L-ascorbic acid foliar application
on enhancing the thermotolerance of tomato plants and
the fruit set percentage. Biochemical and computational
approaches were also used to examine the impact of L-
ascorbic acid interaction with antioxidant enzymes in
mitigating the damages associated with heat stress.

2 Materials and Methods
2.1 Plant samples and planting conditions

Tomato seeds of the commercial variety Solanum
lycopersicum L. 023 were obtained from Takii com-
pany in Kyoto, Japan and were purchased from a local
market. These seeds were cultivated at the Faculty of
Agriculture, Ain Shams University, Egypt in June
2022. Healthy tomato seedlings were transplanted into
plastic bags containing 30 kg of washed sand. During
the experimental period, the seedlings were watered
daily with Hoagland solution (Hoagland and Arnon
1950). The plastic bags were randomly allocated into
two groups. The first group was sprayed with L-ascor-
bic acid (0.5 mM) daily for 7 days as recommended by
Alayafi (2020), starting 15 days after transplantation.
The second group was left untreated and used as a con-
trol. Fig 1 shows the day and night temperature and hu-
midity during the plant growth period.

2.2 Determination of vegetative and generative
growth parameters

2.2.1 Fresh and dry weight

Growth parameters were measured as reported by
Jahan et al (2019). Shoot and root fresh weight were
measured using an electric balance. For dry weight
measurements, shoot and root samples were dried at
80°C in an oven (72 h).
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Fig 1. Environmental weather conditions during the experimental period

2.2.2 Fruit setting percentage

The fruit-setting percentage was measured ac-
cording to Vijayakumar et al (2021). The total
number of flowers and fruits for the first and sec-
ond clusters was recorded and the following equa-
tion was used:

Fruit setting (%) = (Number of fruits / Number of
flowers) x 100

2.3 Stress markers
2.3.1 Hydrogen peroxide (H20,)

The leaf content of H,O, was assayed as men-
tioned by Velikova et al (2000).

2.3.2 Malondialdehyde (MDA)

The MDA leaf content was determined as a li-
pid peroxidation end-product as displayed by
Heath and Packer (1968).

2.3.3 Proline

The content of proline was quantified via the
colorimetric ninhydrin method according to Troll
and Lindsley (1955) and modified by Peters et al
(1997).

2.4 Antioxidant enzyme assays
2.4.1 Extraction

Antioxidant enzymes were extracted according to
Parvin et al (2020) with slight modifications. Leaves
(0.5 g) were grinded in 4 mL precooled K-phosphate
buffer (50 mM; pH 7.0) containing 1 mM AsA, 100
mM KCI, polyvinylpyrrolidone (PVP; 1%, w/v) and
glycerol (10 %, w/v). The centrifugation was performed
at 4 °C at 6,000 rpm for 20 min. The supernatant was
utilized to determine CAT, POD, APX and PPO en-
zymes as well as the protein content.

2.4.2 CAT (EC: 1.11.1.6) assay

CAT activity (Unit.mg™ protein) was assayed as de-
scribed by Hasanuzzaman et al (2011).

2.4.3 POD (EC: 1.11.1.7) assay

POD activity (Unit.mg? protein) was measured as
described by Hammerschmidt et al (1982).

2.4.4 APX (EC: 1.11.1.11) assay

APX activity (Unit.mg™ protein) was determined as
described by Nakano and Asada (1981).
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2.4.5 PPO (EC: 1.14.18.1) assay

PPO activity (Unit.mg? protein) was deter-
mined as described by Oktay et al (1995).

The protein content was quantified via the assay
of Bradford (1976).

2.5 Molecular Docking
2.5.1 Target Protein Preparation

Catalase 3D structure was obtained using ho-
mology modeling. Solanum lycopersicum (To-
mato) catalase isozyme 2 (UniProt ID: Q9XHH3)
was chosen as a target molecule from the UniProt
database (UniProt Consortium 2019) using filtra-
tion options (active site availability and transcrip-
tion level protein existence). Afterward, the chosen
target amino acid sequence was copied from the
UniProt database and pasted into the SWISS-
MODEL online server (Waterhouse et al 2018) to
develop a highly reliable model from a suitable
template with adequate Quaternary structure qual-
ity estimate (QSQE), Global model quality estima-
tion (GMQE), sequence coverage, seq. identity,
seg. similarity and x-ray diffraction resolution.
Based on GMQE and QMEAN (Qualitative Model
Energy Analysis) values (Benkert et al 2011), the
most reliable model was selected. Bacillus pumilus
catalase (SMTL ID: 4qol.1) was chosen as the most
suitable template to build the modeled protein.
SWISS-MODEL automatically produced calcula-
tions. However, further structural quality checking
of the Solanum lycopersicum catalase (SICAT)
model was evaluated via the Ramachandran plot
and its plot statistics, which were generated using
the PROCHECK online server evaluation
(https://saves.mbi.ucla.edu/). Soybean (Glycine
max) peroxidase (SBP) 3D structure (PDB ID:
1FHF) (Henriksen et al 2001), was used as a plant
peroxidase. For polyphenol oxidase, Solanum lyco-
persicum polyphenol oxidase holo-structure
(SIPPO) (PDB ID: 6HQI) (Kampatsikas et al
2019), was attained from the PDB.

After obtaining the target proteins' 3D structure,
water and solvent molecules were deleted if they
were found, polar hydrogen atoms were added,
kollman charges were calculated and the structures
of the target proteins were saved as pdbaqt file for-
mats by AutoDockTools-1.5.7 (The Scripps Re-
search Institute, San Diego, California, USA).

2.5.2 Ligand preparation

ChemDraw 16.0.1.4 was used to draw ligands and
to export the structures to Chem3D 16.0.1.4, which was
used to calculate ligands' energy minimization by MM2
and to obtain the structures in pdb file formats. Auto-
DockTools-1.5.7. was used to save the ligand structures
in pdbqt file formats after the pre-docking preparations
(such as gasteiger charges calculations and torsion roots
detection) were done.

2.5.3 Docking

The molecular interactions were determined be-
tween the selected active sites of target proteins and the
ligands (Modeled SICAT with L-ascorbic acid and met-
formin; SBP with L-ascorbic acid and Guaiacol; SIPPO
with L-ascorbic acid, Dopamine and Phloretin) via Au-
toDock Vina 1.2.0 (The Scripps Research Institute, San
Diego, California, USA) (Eberhardt et al 2021).

Vina_split command was utilized for separating
each ligand's conformers. The highest affinity conform-
ers were chosen and analyzed using Discovery Studio
Visualizer v21.1.0.20298 software (Dassault Systems
Biovia Corp., San Diego, California, USA). For visual-
ization of the interactions between the enzymes and the
ligands, Discovery Studio Visualizer was used.

2.6 Statistical Analysis

Our recorded data were statistically analyzed via
SPSS 20.0.0 (IBM-SPSS Corp., Armonk, New York,
USA). Independent samples t-test at P < 0.05 was uti-
lized for the analysis with three replicates except for
fruit setting percentage, which was five replicates.
Graphs were made using Microsoft Excel 365 and
Adobe lllustrator 25.2.3 (Adobe Inc. Corp., San Jose,
California, USA).

3 Results and discussion
3.1 Fresh and dry weight

When tomato plants are exposed to high tempera-
tures, they tend to experience stress. However, applying
0.5 mM L-ascorbic acid to the tomato plants can help
reduce this stress. As a result, the shoots and roots' fresh
and dry weights of the tomato plants increased signifi-
cantly, as shown in Fig 2. Treatment with 0.5 mM L-
ascorbic acid caused a 177.78% increase in fresh
weight and a 185.42% increase in dry weight of the
tomato shoots, while the tomato roots saw an increase
of 74.73% in fresh weight and 106.67% in dry weight
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when compared to untreated plants. This increase
in plant growth could be attributed to the influence
of L-ascorbic acid on plant growth as a key regula-
tor and its potent antioxidant activity (Celi et al
2023). L-Ascorbic acid participates in the cell's
transition from the S cellular phase to the G1 phase
(Arrigoni 1994) and contributes to plant cell expan-
sion and division as a coenzyme for prolyl hydrox-
ylase, which hydroxylates proline amino acids
found in the cell wall glycoproteins containing hy-
droxyproline (Smirnoff and Wheeler 2000). Simi-
lar results were observed in safflower plants under
drought stress conditions, where L-ascorbic acid
increased osmoprotection and regulated the antiox-
idant defense system (Farooq et al 2020). In fenu-
greek plants, L-ascorbic acid acts as a growth reg-
ulator and chelator, increasing plant growth and bi-
omass under heavy metal stress (Fatima et al 2020).

3.2 Fruit setting percentage

The application of 0.5 mM L-ascorbic acid on
tomato plants grown in heat-stress conditions sig-
nificantly increased the fruit setting percentage
(Fig 3). Untreated heat-stressed plants recorded a
lower fruit setting percentage (18.65%). However,
the fruit setting in the plants treated with L-ascorbic
acid increased significantly to 3.6 times compared
to the control and reached 67.34% (Fig 3). The re-
duction of fruit setting induced by heat stress is the
main reason for tomato yield decline in heat stress
conditions, which is a serious issue in tomato pro-
duction (Mubarok et al 2023). The observed reduc-
tion of fruit setting could be attributed to male ga-
metophyte abortion when the plants are subjected
to heat stress (Alsamir et al 2021). Heat stress in-
hibits pollen generation due to the accumulation of
ROS, including hydroxyl radical (HO"), superoxide
anion radical (O2™) and hydrogen peroxide (H20),
which trigger lipid peroxidation and the oxidation
of proteins, nucleic acids and sugars, eventually re-
sulting in the cell death of pollen and anther (Dja-
naguiraman et al 2011, De Storme and Geelen
2014). Under abiotic stresses, exogenous L-ascor-
bic acid treatment scavenges ROS in the plant, pro-
tecting the cell membrane's stability (Hasanuz-
zaman et al 2019). In this investigation, the higher
fruit-setting percentage of L-ascorbic acid-treated
plants compared to the control plants could result
from the ability of L-ascorbic acid to scavenge
ROS, which highly accumulated under high tem-
perature and caused the failure of pollen germina-
tion and subsequent fruit-setting reduction.

3.3 Stress markers (hydrogen peroxide, malondial-
dehyde and proline)

Treatment with L-ascorbic acid (0.5 mM) signifi-
cantly reduced the accumulation of H.O, and MDA
concentration in tomato plants grown under heat-stress
conditions, as shown in Fig 4. The reduction in H20>
level was approximately 57% in the treated plants rela-
tive to the control (Fig 4A), while the MDA concentra-
tion decreased by 44% (Fig 4B). Although the observed
changes in proline content in tomato leaves after L-
Ascorbic acid treatment were insignificant (Fig 4C),
the reduction in hydrogen peroxide concentration could
be due to the ability of L-ascorbic acid to scavenge the
prooxidant and activate antioxidant enzymes, which
mitigated the damage to cellular membranes and lipid
peroxidation, causing low concentrations of MDA.
These results were similar to those reported by Alayafi
(2020) in which tomato seedlings were exposed to L-
ascorbic acid.

3.4 Antioxidant enzymes

The application of L-ascorbic acid (0.5 mM) as a fo-
liar spray on tomato plants under heat stress has been
found to significantly increase the activities of CAT,
POD, APX and PPO enzymes. The results, presented in
Fig 5, indicate that the treated plants showed about
66.67% increase in CAT activity, 88.33% increase in
POD activity, 162.5% increase in APX activity and
224.88% increase in PPO activity compared to the con-
trol plants. Heat stress can cause direct damage to plant
cells and tissues, which may include protein denatura-
tion, aggregation and raised membrane lipids fluidity
(Gupta et al 2013). In addition, it can also cause indirect
damage by causing inactivation of chloroplast and mi-
tochondria enzymes, protein degradation, protein syn-
thesis inhibition and loss of membrane integrity (Wahid
2007). L-Ascorbic acid plays a significant function in
protecting plants from these direct and indirect heat
stress injuries by reducing the oxidation of lipids and
proteins, which is known to occur under various abiotic
stresses (Naz et al 2016). The current work suggests
that the elevated activities of antioxidant enzymes in
the L-ascorbic acid-treated plants, compared to the con-
trol group, could be attributed to the ability of L-ascor-
bic acid to protect antioxidant enzyme structures from
oxidative damage. Similar results have been reported in
cotton plants and fenugreek plants, where the applica-
tion of L-ascorbic acid under heat stress and heavy
metal stress conditions, respectively, improved the ac-
tivities of antioxidant enzymes (Kamal et al 2017,
Fatima et al 2020).
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Fig 2. Effect of L-ascorbic acid (0.5 mM) exogenous application on vegetative growth parameters of tomato plants grown
under heat stress conditions (A) shoot fresh weight (g plant®), (B) shoot dry weight (g plant™), (C) root fresh weight (g
plant) and (D) root dry weight (g plant?). Data were plotted as mean + standard error (SE) (n=3). Different small letters
on the bars refer to statistical differences between the control and the L-ascorbic acid-treated plants using the t-test at P
<0.05
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plotted as mean = standard error (SE) (n=5). Different small letters on the bars refer to statistical differences between the
control and the L-ascorbic acid-treated plants using the t-test at P < 0.05
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3.5 Molecular Docking

3.5.1 Molecular structure of antioxidants
enzymes

In order to investigate how L-ascorbic acid pro-
tects antioxidant enzymes and prevents heat stress
damage in tomato plants, we conducted molecular
in silico studies. Homology modeling was per-
formed to obtain the 3D structure of SICAT using
Bacillus pumilus catalase. SBP and SIPPO were ob-
tained from the Protein Data Bank.

3.5.2 Molecular Docking Analysis

Using AutoDock Vina 1.2.0, the interactions
between the selected active sites of target proteins
and their ligands were determined. To validate the
molecular docking between L-ascorbic acid and
SICAT, SBP and SIPPO, molecular docking was

performed using metformin for SICAT, guaiacol for
SBP and both dopamine and phloretin for SIPPO. To
ensure the accuracy of the AutoDock Vina method, we
compared the interactions of the known ligand for each
enzyme with the selected active site to the interactions
of the tested ligand (L-ascorbic acid). To validate the
results of the AutoDock Vina method, we docked the
known ligands for each enzyme with the active site and
compared their interaction with L-ascorbic acid.

The results of molecular docking between the lig-
ands (L-Ascorbic acid and Metformin) and the modeled
SICAT are presented in Table 1. The table shows the
binding energy, type of interactions, interacted resi-
dues, bond length and 2D interactions between the lig-
ands and the modeled SICAT. The close binding energy
(-6.4 Kcal/mol) of L-ascorbic acid to the known CAT
activator (Metformin: -5.9 Kcal/mol) is also shown in
Table 1. The 3D interactions of L-ascorbic acid and
Metformin with SICAT can be visualized in Fig 6.

Table 1. Interactions between modeled Solanum lycopersicum catalase (SICAT) and its activators (L-ascorbic acid and

the known activator, metformin)

Bond Binding
Ligands 2D Interactions Type of Bpnds Inte!’acted Length Energy
(Interaction) residues (A%) (Kcal/
mol)
s Phe B:324 2.29
i #w | Hydrogen bonds | Tyr B:348 1.97
530 F Gly B:137 3.04
550 SN
L-Ascorbic acid o 6.4
¢ v Carbon .
05, 6 hydrogen bond Gly B:121 3.6
ARG Attractive Asp A:378 5.45
Jeu charge Asp A:391 41.296
ASP .
it 2 Hydrogen bonds Pro B:160 (2) 2.29
a377 Asp A:378 2.39
HIS .
Metformin B:165 Asp A:378 3.6 5.9
Pro B:160 3.36
AN B
B:161 Carbon
g RN hydrogen bonds
L 4 Asn B:161 3.8
Aﬁ;gl Er ARG
W@ B:171

Interactions
van der Waals Conventional Hydrogen Bond

Attractive Charge Carbon Hydrogen Bond
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/L‘/

Fig 6. 3D interactions of (A) L-ascorbic acid and (B) metformin with the modeled Solanum lycopersicum Catalase
(SICAT). Green dashes refer to hydrogen bonds, gray dashes refer to carbon-hydrogen bonds and attractive charges in-
teractions in orange dashes. Ligands in the thicker gray sticks and the enzyme residues in the thinner gray sticks. Numbers

in the dashes refer to the bond length in A°

Metformin activates CAT by interacting di-
rectly with its active site via hydrogen bonds and
does not affect the catalase expression level. The
active site of SICAT (His65 and Asn138) and the
binding site (Tyr348) were obtained from the align-
ment of the template with its substrate. In contrast,
L-ascorbic acid interacts with different residues on
chain B, forming hydrogen bonds with Phe324,
Tyr348, Gly137 and carbon hydrogen bond with
Gly121 and also van der Waals forces with His65,
Argl102, Arg62, Ala323, GIn352, Ser104, Alal23,
Phel22, Val136 and Arg344 (Table 1). On the
other hand, Metformin interacts with Asp378 and
Asp391 (chain A residues), forming attractive
charges interaction and three hydrogen bonds, two
with Prol60 (chain B residue) and one with
Asp378 (chain A residue). Additionally, Metfor-
min forms carbon-hydrogen bonds with Asp378
(chain A residue), Prol60 and Asnl61 (chain B
residues) and van der Waals forces with Tyr377
(chain A residue), His156, Argl71, Lys159,
Prol62, Hisl65 (chain B residues), Phe315,
Leu316, Arg58 (chain C residues) (Table 1). Alt-
hough L-ascorbic acid and Metformin interact with
different residues, the binding energies (L-ascorbic

acid: -6.4 Kcal/mol; Metformin: -5.9 Kcal/mol) are
highly close. Therefore, L-ascorbic acid has a higher
affinity towards the modeled SICAT active site and is
potentially capable of directly activating it.

Molecular docking analysis (Table 2) shows the
type of interactions, interacted residues, bond length,
binding energy and 2D interactions between the SBP
and two ligands: L-ascorbic acid and Guaiacol. The
molecular docking analysis showed that L-ascorbic
acid and guaiacol have -5.2 Kcal/mol and -4.9 Kcal/mol
binding energies, respectively. This indicates that L-
ascorbic acid has a higher affinity to the active site of
SBP than Guaiacol, which is a known peroxidase sub-
strate.

The active site of the SBP comprises of His42,
Arg38, Pro139 and the haem group, where His42 and
Arg38 are the catalytic residues. The molecular dock-
ing results reveal that L-ascorbic acid and Guaiacol in-
teract with the SBP target protein through various bind-
ing interactions. L-ascorbic acid interacts with the SBP
target protein through hydrogen bonds formation with
Arg38, Ser73, Argl75, Leu68 (2), Hem350, carbon hy-
drogen bond interactions with Prol41 and van der
Waals forces with His42, Pro139, Pro69, Alal40 and
Thrl78. Similarly, Guaiacol interacts with the SBP
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target protein through two hydrogen bonds with
Arg38, Pi-alkyl interaction with His42, Hem350
(3), Pro69, Prol41 and van der Waals forces with
Pro139, Ser73, Alal140 and Argl75. The 3D inter-
actions of L-ascorbic acid and guaiacol with SBP
are illustrated in Fig 7. Interestingly, the higher af-
finity of L-ascorbic acid to bind to the active site of
SBP than its substrate (Guaiacol) suggests that L-
ascorbic acid could activate SBP directly.

In the current investigation, the molecular docking
of three ligands (L-Ascorbic acid, dopamine and
phloretin) with SIPPO was investigated, with a focus on
residues, bond length and 2D interactions. The results
obtained from the molecular docking are illustrated
in Table 3 and indicate that L-ascorbic acid has a
-6.1 Kcal/mol binding energy, which is higher than
the dopamine binding energy (-5.7 Kcal/mol) but lower
than the phloretin binding energy (-8.4 Kcal/mol). The
3D interactions of the three ligands with SIPPO are

illustrated in Fig 8.

Table 2. Interactions between the soybean peroxidase (SBP) and its activators (L-ascorbic acid and the known substrate,

guaiacol)
Type of Bond Binding
Ligands 2D Interactions Bonds I?;i[gﬁ;id Length | Energy
(Interaction) (A°) | (Kcal/mol)
Arg38 2.28
AT_%RS Ser73 1.86
Aay ) AEs0 Hydrogen Argl75 | 2.54
L™ . bonds Leuts (2 3.08
A:38 eus8 (2) 2.24
LEU N “~? Hem350 2.23
A:68 “Ql ELSz
L—Asc_orbic . ~0 5.2
acid H \_
A\
PRO _
A69 Ca’bonbhy‘;m Pro14l | 353
o gen bon
A4l
ALA PRO
A:140 A:139
Hydrogen Arg3s (2) 2.18
bonds 2.06
ARG SER ARG
T A28 AT73 A175 His42 4.62
A139 4.41
Hem350 153
4 b ®) '
A / 4.42
PRO
Guaiacol & Pro69 4.76 49
Pi-Alkyl
HEM
Aﬂfz A:350
: Pro141 5.17
ALA
A:140
PRO
Al41
Interactions
[ van der Waals [ Carbon Hydrogen Bond
:_I Conventional Hydrogen Bond |:| Pi-Alkyl
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Table 3. Interactions between Solanum lycopersicum polyphenol oxidase (SIPPO) and its ligands (L-ascorbic acid, dopa-
mine and phloretin)

Bond Binding
Ligands 2D Interactions -?Ilr?fecr);cet)?onn(;s Ir;éiirggid Length Energy
(A°) (Kcal/mol)
Asnll2 2.47
o Ser242 2.24
Tyr412 2.24
LEU HIS
TYR A:447 A:241
Ad412
N
A - A - His
L-Ascorbic A4l O Hydrogen
. o~ Y -6.1
acid \ bonds
GLU
A237 Tyrd44 2.71
wi g, & ©
A:445 SER
A242
ALA
A:233
Asnll2 2.28
e AN sn Hydrogen Tyr412 2.63
o a2 fTHR) bonds Thr445 2.8
Atlllil Glu231 2.58
i I S Pi-Alkyl Leud47 4.42
. I Ad4d
Dopamine . Unfavorable Tyra12 104 5.7
g R Donor-Donor
HIS 1
A:241 ‘l
LEU : m Unfavorable
A447 GIU
ant  oas Ad80 | Acceptor-Ac- Glu231 2.99
' ceptor
Hvd His241 2.98
oo w @ ; el Met267 2.97
Glu231 1.97
S gy | PrDonorhy- o 4g7 2.84
A drogen bond
Phloretin g . . o Pi-sigma Leu447 3.73 8.4
e o His245 4.73
moam 8 oa o wm [P o0 | 463
| - Leudd7 459
Pi-Alkyl
ARy Cu601 5.33

Interactions

[ wan der Waals - Unfavorable Acceptor-Acceptor
:_I Conventional Hydrogen Bond Pi-Alkyl

- Unfavorable Donor-Donor :l Pi-Sigma

7 riDonor Hydrogen Bond _| Pi-Pi T-shaped
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(A)

Fig 7. 3D interactions of (A) L-ascorbic acid and (B)
guaiacol with the soybean peroxidase (SBP). The green
dashes refer to the hydrogen bonds. The gray dash refers
to the carbon-hydrogen bond. The pink dashes refer to
pi-alkyl interaction. Ligands in the thicker gray sticks
and the enzyme residues in the thinner gray sticks. Num-
bers in the dashes refer to the bond length in A°

Dopamine and phloretin have been found to in-
teract with SIPPO directly, activating it. This infor-
mation was used to validate the molecular docking
method and to compare their binding energy to the
binding of L-ascorbic acid to SIPPO. The active
site of holo-SIPPO consists of Phe270, His245,
Ser242, His241, Glu237, His283, His93, Hisl11,
His120 and the two copper ions (CuA and CuB). L-
Ascorbic acid (-6.1 Kcal/mol) formed hydrogen
bonds with Asnl112, Ser242, Tyr412, Tyr444 and
van der Waals forces with Hisl1ll, Glu237,
Asn238, Ala233, Thr445, Ser446, Glu231,
Asn4l14, Leud47 and His241. Dopamine (-5.7
Kcal/mol) formed hydrogen bonds with Asn112,
Tyr412, Thrd45, Glu231 and pi-alkyl with Leu4d47.
It also formed unfavorable donor-donor with
Tyr412 and unfavorable acceptor-acceptor with
Glu231 and van der Waals forces with His111,
Glu237, Ser242, Serd46, Tyr444, Alad60, Asn4l4
and His241. Phloretin (-8.4 Kcal/mol) formed hy-
drogen bonds with His241, Met267, Glu231 and
pi-donor hydrogen bond and pi-sigma with
Leud47. Italso formed pi-pi T-shaped with His245,
Phe270 and Pi-alkyl with Leu447, Cu601 and van

der Waals forces with His11ll, Glu237, Asn238,
Ala233, Thr445, Ser242, Ala462, Tyrd44, Tyrdl2,
Serd446, Asnll2, Asn4l4, His93, Ala273, Asn269,
Gly268, Cu602 and 0O603. Phloretin has a higher affin-
ity to the SIPPO active site than L-ascorbic acid, which
has a higher affinity than dopamine. It is well known
that L-ascorbic acid inhibits PPO directly and prevents
fruit browning and it also protects the activity of potato
PPO during the extraction of the enzyme. Therefore,
the higher SIPPO activity in L-ascorbic acid-treated
plants in the current investigation may be due to the
protective function of L-ascorbic acid or the upregula-
tion of SIPPO-related genes.

(A)

(B)

Tyr412

"
W
U231

Fig 8. 3D interactions of (A) L-Ascorbic acid, (B) dopamine
and (C) phloretin with the Solanum lycopersicum polyphenol
oxidase (SIPPO). The green dashes refer to the hydrogen
bonds. The cyan dashes refer to the pi-donor hydrogen bond.
The red dashes refer to unfavorable interactions. The other
dashes refer to hydrophobic interactions. Ligands in the
thicker gray sticks and the enzyme residues in the thinner
gray sticks. Numbers in the dashes refer to the bond length in
AO
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The results of the molecular docking analysis
suggest that the rise in antioxidant enzyme activi-
ties in plants treated with L-ascorbic acid may be
due to direct interactions between the enzymes
(CAT and POD) and L-ascorbic acid, acting as an
activator. In the case of PPO, the increase in activ-
ity may be due to indirect interactions.

4 Conclusions

Tomato plants that are exposed to high temper-
atures undergo oxidative damage, which can limit
plant growth and reduce fruit setting. However, the
application of L-ascorbic acid can help mitigate the
harmful effects of high-temperature stress. This is
because L-ascorbic acid can increase and protect
the activities of CAT, POD, APX and PPO en-
zymes, while also decreasing ROS and lipid perox-
idation in the tomato leaves. As a result, L-ascorbic
acid can promote growth and increase fruit setting.
It appears that L-ascorbic acid can activate antiox-
idant enzymes, making it a useful treatment for
mitigating high-temperature stress-induced dam-
age to tomato plants. To achieve the best results, it
is recommended to spray L-ascorbic acid (0.5 mM)
during the pollen development stage when cultivat-
ing tomato plants in high-temperature conditions
during the summer season. This can help improve
the yield of the plants.
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