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Tomato leaves are by-products of tomato production and a potential source of proteins. Part of these proteins are
proteases that carry out important functions for the plants. These endogenous proteases can bring challenges in
downstream protein extraction, and can alter protein functionality. The aim of this study was to characterize the
endogenous proteases in tomato leaf juice and to investigate the hydrolysis by these proteases on both endog-
enous leaf proteins and WPI. In addition, we characterized the gelation behavior, rheological properties and
structural and thermal properties change of WPI by the juice proteases. 38 different proteases were identified in
the juice, along with 4 protease inhibitors. The proteases hydrolyzed both endogenous leaf proteins and WPI,
with predominantly an endopeptidase manner for the latter. The protein hydrolysis was positively affected by the
incubation time and temperature. The protease activity in juice could not be fully eliminated by heat deacti-
vation or the addition of protease inhibitors. The protein hydrolysis however remained limited (max. 43 %)
under all conditions below 60 °C. This hydrolysis resulted in small changes in both secondary structure and
thermal properties of WPL. Limited hydrolysis led to WPI gelation at lower protein concentration. Gel formed
with WPI after limited hydrolysis had higher gel strength and more brittle structure than the gel with intact
proteins. To conclude, the complex and active nature of proteases in tomato leaves poses challenge for down-
stream protein extraction. Alternatively, juice from tomato leaves could be used as natural gelling agent for WPIL.

1. Introduction

Tomato plants are widely cultivated for their fruits, both on open
fields and in greenhouses. On a global scale, there are around two
million hectares of greenhouses (Pardossi et al., 2004). Among all
greenhouse plants, tomato is the most commonly grown vegetable plant
(Alkoaik & Ghaly, 2006). Tomato fruits however only represent about
60 % of the total plant mass (Taylor & Fraser, 2011). The production of
tomato fruit in the greenhouses therefore generates a lot of by-products,
being estimated up to about 49 ton/ha/year, which mainly consists of
leaves and stems. This number is almost two times higher than that of
the by-products (28.5 ton/ha/year) produced by other plants in green-
houses (Fernandez-Gomez et al., 2013). Tomato leaves contain 70 % of
organic matter (Alkoaik & Ghaly, 2006) and particularly up to 30 % of
proteins (Abo Bakr et al., 1982; Yu et al., 2022). After the harvest of
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fruits, tomato leaves are usually discarded (Fernandez-Gomez et al.,
2013), resulting in a loss of valuable components present in the leaves.

To extract proteins from tomato leaves, several challenges need to be
addressed. The first challenge is that there are distinctive differences
between the type of proteins present in leaves and those present in other
seed crops, such as soy, pea and other legumes. As described by Tamayo
Tenorio et al., (2018), proteins present in the seed crops are mainly
storge proteins, in the form of protein bodies, which are fairly uniform
and stable (Fiorentini & Galoppini, 1983). The proteins in leaves are
however heterogenous, as they are mostly functional proteins that carry
different roles for the plants, including photosynthesis, enzymatic ac-
tivity, structural support, defense mechanism, transport and signaling
(Fiorentini & Galoppini, 1983). Additionally, leaf proteins are changing
upon aging. For instance, previous research demonstrated a reduction of
net protein content in tomato leaves as a function of plant age and leaf
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position, which was suspected to be linked with leaf senescence (Yu
et al., 2022). Leaf senescence is a process where predominantly intact
proteins are degraded to peptides and free amino acids in aging leaves.
These degraded products are then transferred to provide other organs
such as fruits and young vegetative tissue with additional nutrients
(Havé et al., 2017). This process compromises protein yield and leads to
co-extraction of degraded products such as peptides and amino acids (Yu
et al., 2022, 2023). Proteases play a crucial role in leaf senescence as
they break down proteins to facilitate the recycling of amino acids.
Furthermore, proteases in plants are also involved in other functions,
such as plant defense mechanism, stress response, protein turnover and
more (Messdaghi & Dietz, 2000; Pinedo et al., 2000).

The presence of proteases leads to another challenge for protein
extraction from leaves, which is postharvest protein degradation (Wang
et al., 2004). Such protein degradation, catalyzed by a group of active
proteases (Scalet et al., 1984), happens during storage or processing, and
results in loss of protein quality and lower protein recovery (Zhang et al.,
2015). Several attempts have been made to inhibit the postharvest
protein degradation by steam blanching and addition of inhibitors, acid
and formaldehyde (Guo et al., 2007; Hadidi et al., 2019). So far, most of
inhibition methods are limited by logistics and processing time (Guo
et al., 2007). In addition, the use of inhibitors increases processing costs.

Nevertheless, the enzymatic hydrolysis by proteases, if controlled to
be limited, has been shown to improve protein functionalities, including
gelling capacity (Mookerjee & Tanaka, 2023). For example, limited
hydrolysis of proteins resulted in gelation with less material or at lower
temperature for whey proteins (Ju et al., 1995) and plant proteins such
as pea proteins (Chen & Campanella, 2022), sunflower proteins (San-
chez & Burgos, 1997) and peanut proteins (Zhang et al., 2021). Gels
formed with limited protein hydrolysis exhibited a higher storage
modulus as compared to the unhydrolyzed proteins (Ju et al., 1995;
Tarhan et al., 2016). Additionally, “milk-clotting” proteases from other
biological material such as medicinal plant Calotropis procera (Kumar
Dubey & Jagannadham, 2003), ginger (Gagaoua et al., 2015), green fig
fruits (Afsharnezhad et al., 2019), red seaweed (Arbita et al., 2020),
non-edible parts of fennel (Bey et al., 2018) and lettuce leaves (Lo Piero
et al., 2002) have also been identified, demonstrated by their effects on
caseins and potential as natural gelling agents for the cheese making
industry.

To better understand the relationship between the presence of pro-
teases and protein extraction from tomato leaves, we investigated the
composition of proteases in tomato leaf juice and hydrolysis of both
endogenous leaf proteins and WPI by these proteases. We further char-
acterized the effect of juice proteases on the gelation behavior, rheo-
logical properties and structural and thermal properties change of WPIL.

2. Material and methods
2.1. Plant material and chemicals

Tomato plants (Solanum lycopersicum, cultivar: Moneymaker) were
grown from December 2022 to April 2023 in the greenhouse (Wage-
ningen University, the Netherlands). Similar growing conditions were
applied as described by Yu et al. (2022 and 2023). Temperature and
humidity in the greenhouse, the use of nutrition, pesticides and in-
secticides during the plant growth were summarized in Supplementary
material Figure S1, Table S1 and S2, respectively. Leaves were harvested
on 17th and 18th April 2023. The plants were approx. 2.5 m tall and
contained red and green fruits. To minimize the time between leaf
harvesting and processing, three to four plants were harvested in one
batch. The plants were cut at the bottom of the stem, and the stem was
removed from the rest of the leaves. The leaves therefore consisted of
leaflets, petioles, rachises and petiolules (Altartouri et al., 2015). All
leaves harvested in one batch was manually mixed and immediately
transferred to labs for further processing. In total, 27 plants were har-
vested in 7 batches.
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A commercial WPI (trade name BiPro) was purchased from Agropur
Cooperative (Saint-Hubert, Longueil, Canada). 2-mercaptoethanol, so-
dium hydroxide, Pepstatin A, bovine serum albumin (BSA) (66.5 kDa),
beta-lactoglobulin (B-1g) (36 kDa), alpha-lactalbumin (a-1g) (14 kDa),
aprotinin (6.51 kDa), bacitracin (1.42 kDa), phenylalanine (165 Da),
paraffin oil and cOmplete™ Protease Inhibitor Cocktail with and
without EDTA were purchased from Sigma-Aldrich (Darmstadt, Ger-
many). Sodium metabisulfite, formic acid, phosphoric acid, SDS, TCEP
(tri-chloro-ethyl-phosphine), TEAB (tri-ethyl ammonium bicarbonate)
and MS-grade trypsin and trifluoroacetic acid were purchased from
Thermo Fisher Scientific (Ochten, the Netherlands). Acetonitrile (Ultra
LC-MS grade) and methanol (HPLC grade) were purchased from Actu-All
Chemicals b. v. (Oss, the Netherlands). 2x concentrated Laemmli sample
buffer (65.8 mM Tris-HCI, pH 6.8, 2.1 % SDS, 26.3 % w/v glycerol, 0.01
% bromophenol blue), running buffer, Bio-Rad Precision Plus Protein™
Dual Xtra Prestained Protein Standards, Bio-safe Coomassie Staining
buffer and 4-20 % Mini-PROTEAN® TGX™ Precast Protein Gels for
SDS-PAGE were purchased from Bio-Rad Laboratories (Lunteren, The
Netherlands). Ultrapure water (MilliQ water) was purified by using a
Milli-Q IQ 7000 Ultrapure Lab Water System (Merck KGaA, Darmstadlt,
Germany).

2.2. Juice production

The harvested leaves were juiced using an Angel Juicer II 7500
(Angel Juicers, Queensland, Australia) into a dark green juice and pulp
(Tamayo Tenorio et al., 2016), the pulp was discarded. Afterwards, 10 %
(w/w) sodium metabisulfite stock solution was added to the green juice
to make a final concentration of 0.2 % (w/w). The mixture was then
centrifuged at 15,000 g for 1 h at 18 °C. Supernatant was separated from
the green pellet by pouring. Subsequently, the supernatant was filtered
through a double-folded cheesecloth and divided into 50, 125 and 250
mL plastic tubes. The tubes were immediately stored at —20 °C until
further analysis. The filtered supernatant was further referred to as juice
that contained proteases in this study.

2.3. Compositional analysis

The protein content of WPI was measured with Dumas nitrogen
combustion method (Yu et al., 2022) using a rapid N exceed® analyzer
(Elementar, Langenselbold, Germany). About 150 mg of sample was
weighed in a tin foil sheet and closed tightly without headspace. The
sample was subsequently combusted at 900 °C in the presence of oxy-
gen. L-aspartic acid was used as the standard. Each sample was measured
in triplicates. The WPI had protein content of 91.46 + 0.37 % with a N
conversion factor of 6.25.

The dry matter content of juice was measured by the moisture loss
after freeze drying with Epsilon 2-10D LSCplus (Martin Christ, Ger-
many). The dry matter content of juice was 5.52 + 0.4 %.

2.4. Protease composition

The protease composition in the juice was analyzed using Liquid
Chromatography-Mass Spectrometry (LC-MS/MS). The frozen juice was
thawed and well mixed at room temperature before the sample prepa-
ration. Two aliquots of 20 and 80 pL were taken, respectively. The ali-
quots were mixed with 10 % (w/v) SDS solution at ratio of 1: 1 (v/v).
The addition of SDS was to maximize the protein solubility. The mixture
was incubated in the dark at room temperature for 30 min with addition
of 10 mM TCEP and 20 mM iodo-acetamide in 50 mM TEAB (pH 7.5).
Subsequently, phosphoric acid was added to the mixture to make a final
SDS concentration of 1.2 % (w/v). Afterwards, the proteins in the
mixture were precipitated with 80 % methanol in 50 mM TEAB on a
micro S-trap filter device (Protifi, Fairport NY, USA). Addition of
phosphoric acid and methanol ensures protein denaturation and pre-
cipitation, which inhibits undesired enzymatic activities. Samples were
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further processed according to manufacturer’s instruction. In short, the
precipitated proteins were digested with 1 pg MS grade trypsin during
overnight incubation at 37 °C in an incubator. The peptide digest was
eluted using 50 % acetonitrile in 0.1 % formic acid, dried using a
SpeedVac vacuum concentrator (Thermo Fisher Scientific, Ochten, the
Netherlands) and finally re-dissolved in 0.1 % formic acid. The redis-
solved peptides were analyzed using a Dionex Ultimate 3000 UPLC
connected to a QexactivePlus (ThermoFisher, SanJose, USA). Sample
was injected and separated on an analytical C18 RP column (15 cm*2.1
mm, HSS T3 Waters, Milford USA) and on-line sprayed using the ESI
electrospray ion-source into the entrance of the MS. Peptides were
separated in analytic mode with a gradient of 2 %-40 % acetonitrile in
0.1 % formic acid during 40 min. The column was rinsed with 80 %
acetonitrile and re-equilibrated to 2 % acetonitrile in 0.1 % formic acid
at a flow rate of 200 pL/min at 55 °C column temperature. Data were
acquired in a DDA (data-dependent analysis) MSMS selection mode
using a top 10 precursor selection method. The juice was analyzed in
duplicates.

The collected spectra that were processed using FragPipe version
20.0 with MSFragger version 3.8, IonQuant version 1.9.8 and Philoso-
pher version 5.0 (da Veiga Leprevost et al., 2020; Kong et al., 2017; Teo
et al.,, 2021; Yu et al., 2021). The MS/MS data were compared to the
complete tomato proteome sequence from Uniprot (Toma-
to_UP000004994_4081.fasta), with an enzyme specific search (trypsin,
max 2 missed cleavages). Such specific search identified and quantified
trypsin-cleaved proteins, where the peptide sequences end with arginine
or lysine. Fixed modification of cysteine with carbamidomethyl, and
variable modification of methionine oxidation were used as potential
peptide modifications. Identification results of both juice aliquots were
combined into a single result file. The identified protein table (Supple-
mentary material proteomics file) was filtered for “peptidase” and
“prote(in)ase” to generate a protease table (Table 1).

2.5. Engymatic hydrolysis of WPI

2.5.1. Effect of incubation time

The enzymatic hydrolysis by proteases in the juice was determined
by using High Pressure Size Exclusion Chromatography (HPSEC)
method and with WPI as substrate. The frozen juice was thawed at room
temperature and the pH of the juice was adjusted to 7 by adding 6 M
sodium hydroxide. pH 7 was chosen to avoid acid coagulation of WPI
since the natural pH of the juice was 5.21 + 0.08. Subsequently, 1.5 g of
WPI was dissolved in 50 mL juice to make a WPI concentration of 30 mg/
mL. A control sample was made by dissolving 1.5 g WPI in 50 mL MilliQ
water, the pH of the control sample was 6.73. To investigate the effect of

Table 1

Food Hydrocolloids 151 (2024) 109812

incubation time, all samples were incubated at 20 °C in a thermomixer
with 300 rpm. Samples were taken at 5, 15, 30, 45, 60, 120, 240 and 420
min and immediately mixed with MilliQ water at ratio of 1: 5 (v/v) to
make a final WPI concentration of 5 mg/mL. The mixtures were
centrifuged at 10,000 g for 5 min and the supernatant was analyzed by
HPSEC.

2.5.2. Effect of heat deactivation

To investigate the effect of heat deactivation, aliquots of juice (at pH
7, without WPI) was pipetted into 5 mL pre-heated (at 98 °C) Eppendorf
tubes and heated at 98 °C in a thermomixer for 10, 20, 30 and 60 min,
respectively. After cooling down at room conditions for 10 min, WPI was
dissolved in the juice at concentration of 30 mg/mL. The mixtures were
incubated at 20 °C for 1 h with 300 rpm and diluted with MilliQ water to
a WPI concentration of 5 mg/mL. The new mixtures were centrifuged at
10,000 g for 5 min and the supernatant was analyzed by HPSEC method.

2.5.3. Effect of incubation temperature and protease inhibitors

To investigate the effect of incubation temperature and the addition
of protease inhibitors, aliquots of juice (at natural pH, without WPI)
were firstly mixed with different protease inhibitors, namely cOm-
plete™ Protease Inhibitor Cocktail with EDTA at one or two times
dosage as suggested by the manufacturer (+EDTA and 2x + EDTA),
cOmplete™ Protease Inhibitor Cocktail without EDTA at one or two
times dosage as suggested by the manufacturer (-EDTA and 2x-EDTA)
and cOmplete™ Protease Inhibitor Cocktail with and without EDTA
with additional pepstatin (+EDTA + pep and -EDTA + pep), respec-
tively. To make a 1M pepstatin stock solution, 6.9 mg pepstatin was
dissolved in 10 mL methanol. The stock solution was added at 1: 1000
ratio (v/v) to the corresponding samples (+EDTA + pep and -EDTA +
pep). cOmplete™ protease inhibitors target at broad range of serine and
cysteine proteases (COmplete Protease Inhibitor Cocktail Tablets Roche,
2023). The addition of EDTA and pepstatin target at metalloproteases
(Hazra et al., 2012) and aspartic proteases, respectively. The pH of the
juice samples containing proteases inhibitors were adjusted to 7 with 6
M sodium hydroxide. WPI was then dissolved in these samples at 30
mg/mL. The mixtures were incubated for 1 h with 300 rpm at 4, 20, 40
and 60 °C, respectively. After incubation, samples were diluted with
MilliQ water to a WPI concentration of 5 mg/mL. The new mixtures
were centrifuged at 10,000 g for 5 min and the supernatant was analyzed
by HPSEC method. All samples were measured three times and a blank
WPI sample and blank juice sample were measured as control.

2.5.4. Quantification of hydrolysis degree
The HPSEC samples were analyzed using an Ultimate 3000 HPLC

Number of identified proteases and protease inhibitors in each protease subclass, their cellular component and enzyme function classification, mean coverage (%), sum
of unique peptides, sum of razor peptides and sum of razor intensity. n.a stands for non-applicable.

Enzyme function Protein subclass Number  Cellular component Mean Sum of Sum of Sum of Razor
classification coverage % Unique Razor Intensity
Peptides Peptides
n.a Proteasome 17 Cytoplasm; nucleus; proteosome core complex, 22.4 46 68 2.6E+08
alpha-/beta-subunit complex
Exopeptidase (Metallo) 6 Chloroplast; nucleus; cytoplasm; intracellular 16.1 14 39 1.1E+08
aminopeptidase membrane-bounded organelle; membrane; cellular
anatomical entity; unknown
Exopeptidase Serine 5 Extracellular region 7.7 15 19 6.9E+07
carboxypeptidase
Endopeptidase Aspartic peptidase 5 Unknown 11.3 18 19 8.0E+07
Endopeptidase Clp protease 3 Chloroplast; endopeptidase Clp complex; plastid 8.3 5 10 4.9E+07
stroma
Endopeptidase Serine peptidase 1 Unknown 13.2 9 9 1.8E+07
Endopeptidase Cysteine peptidase 1 Extracellular space; vacuole 12.4 0 3 4.2E+07
n.a Serine endopeptidase 2 Extracellular region; unknown 19.3 1 2 5.5E+06
inhibitor
Cysteine proteinase 2 Unknown 5.8 2 2 3.7E+06

inhibitor
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(ThermoFisher, Waltham, USA) system. Two columns of TSKGel
G3000SWXL 5 pm 300 x 7.8 mm and TSKGel G2000SWXL 5 pm 300 x
7.8 mm were used at 30 °C in combination with eluent 30 % acetonitril
in MilliQ containing 0.1 % trifluoroacetic acid. A sample of 10 pL was
injected each time at a flow rate of 1.5 mL/min. UV detection was at 214
nm. Data analysis was performed in Chromeleon 7.2 CDS software
(ThermoFisher Scientific Inc., USA). BSA, a-1g and p-1g were identified in
the commercial WPI based on retention time of individual whey protein
(Supplementary material, Figure S2). To quantify the concentrations of
BSA, a-lg and p-lg in the WPI control sample and juice samples, cali-
bration curves of these individual proteins were made with concentra-
tions of 0.4, 0.7, 1.9, 3.8, 5.5 and 7.2 mg/mL against their integrated
peak area. This information was used to determine the protein compo-
sition in the WPI sample, which was 9.16 + 0.35 % BSA, 65.67 + 1.22 %
B-lg and 23.55 + 0.42 % a-lg. In addition, peptides that were generated
from the enzymatic hydrolysis by juice proteases (Fig. 1) and from blank
juice sample were measured based on the molecular weights (Moller
etal., 2022; Yu et al., 2023). A calibration curve of molecular weight on
a logarithmic scale against retention time was plotted for a-1g (14 kDa),
aprotinin (6.51 kDa), bacitracin (1.42 kDa) and phenylalanine (165 Da)
for this purpose.

The difference in each whey protein concentration between the WPI
control sample and different juice samples was quantified as the hy-
drolysis degree of each whey protein, which was based on Akkermans
et al. (2008) and Hoppenreijs, Overbeck, et al. (2023) and calculated as
follows:

Cprotein sample
Hydrolyzation degree (%) = 100 — (M * 100)

protein, WPI (1)
Where Cprorein sample is the concentration of each protein (i.e BSA, a-lg and
B-lg) in the sample with juice incubated at different conditions and
Chrotein,wpr is the concentration of each protein in the WPI control sample.

2.6. Enzymatic hydrolysis of leaf proteins

The hydrolysis of endogenous proteins by proteases in the juice was
investigated by using sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) under reducing condition. The reducing sample

—— WPl = = =« Juiggesssd Juice blank
12004 B-lg (dimer)
1000 +
S 800 - b
< 1
£
@ 600
% a-lg (monomer)
>
400
Peptides (10 - 0.5 kD) Peptides (< 0.5 kD)
200 + BSA
j\/\J , \ e A
0 T "i':'”i = e S e R ’,\/~
6 T 8 9 10 1 12 13 14 17 18

Retention time (min)

Fig. 1. Chromatograms of WPI with water (WPI) and with tomato leaf juice
(Juice) and blank juice sample (Juice blank) after incubation at 20 °C for 1 h.
Bovine serum albumin (BSA), beta-lactoglobulin (f-1g) and alpha-lactalbumin
(a-1g) were marked, peptides with molecular weights in the range of 0.5-10
kD and <0.5 kD were highlighted with double sided arrows. Chromatograms of
WPI with heated juice and with additional protease inhibitors can be found in
Supplementary material, Figure S3.
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buffer was prepared by mixing the 2x concentrated Laemmli sample
buffer with 2-mercaptoethanol at ratio of 19:1 (v/v). The frozen juice
was thawed at room temperature and the pH of the juice was adjusted to
7 by adding 6 M sodium hydroxide. The juice was then incubated at
20 °C and samples were taken at 0 h, 1 h and 18 h, respectively. The
taken sample was immediately mixed with reducing sample buffer at 1:1
ratio (v/v), the mixtures were heated at 95 °C for 10 min and centrifuged
at 10,000 g for 5 min. A 15 pL of the obtained supernatants and 10 pL of
the protein marker standard were loaded in different lanes on the gel.
The electrophoresis was carried out at 200 V for approximately 1 h. The
gel was washed three times with MilliQ water, stained with Bio-safe
Coomassie stain and detained with MilliQ water. The gel was scanned
using GS-900 Calibrated Densitometer (Bio-Rad Laboratories, Hercules,
USA).

2.7. Structural and thermal properties change

The (secondary) structure of WPI before and after incubation with
juice was investigated with the Fourier Transform Infrared Spectroscopy
(FTIR). The method was based on Hoppenreijs, Overbeck, et al. (2023).
A Confocheck Tensor 2 system (Bruker Optics, Ettlingen, Germany)
equipped with a thermally controlled BioATR 2 unit was used. Frozen
juice was thawed and the pH was adjusted to 7. WPI was dissolved in the
juice at concentration of 30 mg/mL. The mixture was incubated at 20 °C
for 1 h and centrifuged at 10,000 g for 5 min. A blank WPI sample
dissolved in MilliQ water and a blank juice sample (without WPI) were
incubated and centrifuged in the same way. A sample of 20 pL of the
supernatants was transferred onto the crystal and analyzed using 64
scans with a resolution of 4 cm™!. MilliQ water was used for the back-
ground signal calibration. Each sample was analyzed in both indepen-
dent and dependent duplicates. Data analysis was performed using the
OPUS software (Bruker Optics, Ettlingen, Germany). The spectrum of
each sample was vector normalized (1700-1600 cm’l), cut (2200-1000
cm’l) and baseline corrected (concave rubberband correction with 10
interactions and 64 baseline points, excluding CO3). The normalized
spectra of blank juice sample (Supplementary material Figure S4) was
subtracted from the juice sample containing WPL.

The denaturation profile change of WPI due to hydrolysis was
investigated with differential scanning calorimetry (DSC). The method
was based on Hoppenreijs, Overbeck, et al. (2023). Here WPI solution
with a concentration of 100 mg/mL was used instead of 30 mg/mL to
increase sensitivity during the measurement. The samples (WPI with
water, WPI with juice and blank juice) were prepared as above-
mentioned. A high volume pan was filled with approximately 50 mg of
sample (exact amount was noted for enthalpy calculation). The pans
were sealed and analyzed with an empty pan used as reference. The pans
were equilibrated at 20 °C and heated to 140 °C at a rate of 3.5 ‘C/min.
After cooling down to 20 °C at 10 "G/min, the pans were heated the
second time to check for complete denaturation, at a rate of 3.5 C/min
(Supplementary material Figure S5). Finally, the pans were cooled to
20 °C at 30 'C/min. Data analysis was performed using the TRIOS
software (TA Instruments), the denaturation enthalpy was defined as the
area under the endothermic peak and was corrected for the WPI content
in the sample. The onset and peak temperature for denaturation were
derived from the endothermic peak.

2.8. Least gelling concentration

The least gelling concentration measurement was adapted from Jia
et al. (2022) and Schlangen et al. (2022). Frozen juice was thawed at
room conditions and the pH of the juice was adjusted to 7 with 6 M
sodium hydroxide.

Afterwards, two stock solutions were made by dissolving WPI into
MilliQ water and juice at concentration of 15 % (w/v), respectively. The
stock solutions were diluted with only MilliQ water to 3, 6, 9 and 12 %
(w/v), the ratio of the juice to WPI in solutions containing juice were
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therefore kept constant at 100: 15 (mL: g). All solutions were incubated
at 20 °C for 1 h with 40 rpm and subsequently heated at 95 °C in a water
bath for 30 min. After cooling down to room temperature, all samples
were inverted. The least gelling concentration was determined as the
concentration where the sample did not slip or fall after inversion.
Pictures of the samples were made with an iPhone 11 smartphone at
room (light) conditions in a photobooth against white background. All
samples were made and evaluated twice. A control sample of blank juice
(pH 7, non-diluted) was also incubated and heated under the same
conditions, here the sample did not form a gel (Supplementary material,
Figure S6).

2.9. Rheological properties measurement

The rheological properties of samples were analyzed by small angle
oscillatory shear (SAOS) and large amplitude oscillatory shear (LAOS)
measurements, based on Nieuwland et al. (2021) and Schlangen et al.
(2022).

2.9.1. SAOS measurement (temperature sweep)

Two 15 % (w/v) WPI stock solutions with water and with juice were
made and incubated as described in section 2.7. After incubation, the
rheological properties of each sample was measured with a MCR301
rheometer (Anton Paar, Graz, Austria) combined with a CC-10 concen-
tric cylinder geometry. A 2 mL of sample was loaded, the exposed edges
of the geometry was covered with a thin layer of paraffin oil to prevent
water evaporation. A temperature sweep was conducted by increasing
the temperature from 20 to 95 °C at a rate of 2 'C/min. The temperature
was kept at 95 °C for 30 min, subsequently reduced to 20 °C at a rate of 2
°C/min and kept at 20 °C for 10 min. During the temperature sweep, the
frequency and shear strain were kept constant at 1 Hz and 0.1 %,
respectively. The storage (G') and loss modulus (G”) were recorded. The
individual G’ value reported in this study corresponded to the last
measure point of the temperature sweep. The loss factor (tan §) was
calculated as follows:

G
S5=— 2
tan G 2

Where G and G’ represent the loss modulus and storage modulus of the
last measurement point of the temperature sweep, respectively.

2.9.2. Laos measurement (strain sweep)

Right after the temperature sweep, a (shear) strain sweep was con-
ducted from 0.1 to 1000 % at frequency of 1 Hz and at 20 °C. The storage
(G") and loss modulus (G”) were recorded during the measurement. The
end of linear viscoelastic regime was defined as the strain where the first
modulus data points deviated 5 % (Schlangen et al., 2022) and was
expressed as the critical strain (y.). The crossover strain (yg;_s) was
determined as the point where G' and G’’ overlap. All samples were
measured three times.

2.10. Statistical analysis

The statistical analysis was carried out by using IBM SPSS statistics,
version 28.0.1.1 (IBM, Armonk, US). Significant differences were
analyzed with one-way ANOVA using a multivariate general linear
model and with the Tukey test. Differences between the control sample
and other samples were considered significant when P < 0.05, and sig-
nificant difference was marked with an upper *.

3. Results and discussion
3.1. Protease composition

From a total number of 1121 different proteins (Supplementary

Food Hydrocolloids 151 (2024) 109812

material proteomics file), 38 proteases and 4 protease inhibitors were
identified in the leaf juice. The composition and content of these pro-
teases and protease inhibitors are presented in their subclasses, enzyme
function classification and cellular component (Table 1). The majority of
the identified proteases were proteasome, which is multi-subunit
enzyme complex present in cells that is responsible for degradation
and recycling of proteins (Adams, 2003). The rest of the identified
proteases included a mixture of exo- and endopeptidases, specifically
(metallo)aminopeptidases and serine carboxypeptidases and aspartic
peptidase, Clp proteases, serine and cysteine peptidase, respectively.
Such diverse combination of proteases provides a robust protein hy-
drolysis system, which is essential for leaves because proteases are
involved in many important functions, such as plant defense mecha-
nism, stress response (Pinedo et al., 2000), plant development (Mess-
daghi & Dietz, 2000), protein turnover and more. These protease
activities are well regulated in leaves, for example by endogenous pro-
teases inhibitors, of which 4 were identified in this study namely 2 serine
endopeptidase inhibitors and 2 cysteine proteinase inhibitors. As indi-
cated by their names, these inhibitors will have specific inhibition on
proteases such as serine endopeptidases and cysteine proteases, of which
two were also detected in the leaf juice (Table 1). It is important to note
that in the (lysed) leaf juice, proteases are separated from their (sub)
cellular environment, and therefore will exert different activity
compared to its normally regulated conditions. For example, as indi-
cated in Table 1, some proteases originate from different cellular com-
ponents within the leaves and therefore might not come into contact
with each other. However, when leaf tissue is lysed, these proteases are
released from their cellular components and can interact, possibly
resulting in self-cleavage or cleavage of other proteases (Gill & Parks,
2008).

We further investigated the characteristics of these proteases by
mixing them with WPI. The enzymatic effects were analyzed using
HPSEC method, of which the results are presented in Fig. 1. Three peaks
were detected in the control WPI sample, which were p-1g, a-1g and BSA
(comprising 65.67 + 1.22 %, 23.55 + 0.42 % and 9.16 + 0.35 % of total
WPI, section 2.5). In the blank juice sample, only peptides that were
smaller than 0.5 kD were detected. In other words, no other components
with larger molecular weight were detected. RuBisCo (ribulose
bisphosphate carboxylase oxygenase), being the major leaf protein
(Fiorentini & Galoppini, 1983), with molecular weight of approx. 550
kD (Santamaria-Fernandez & Liibeck, 2020), was likely to be present in
the juice due to its solubility. The absence of RuBisCo on the HPSEC
chromatogram could be contributed to the low dry matter content in the
juice (5.52 + 0.4 %, section 2.3), therefore the RuBisCo content was
below the detection limit. In addition, part of RuBisCo could be
degraded by the endogenous proteases during the processing, resulting
in low concentration in the juice. Interestingly, when the juice was
incubated with WPI, the three whey protein peaks showed a significant
reduction, while accumulation of peptides with various molecular
weights (0.5-10 kD and <0.5 kD) were observed (Fig. 1). These peptides
were likely to be the products of enzymatic hydrolysis of whey proteins
by the proteases in the juice. It could be interesting for future research to
identify these peptides, especially the ones that were smaller than 0.5
kD, since part of these peptides were overlapping with the peptides that
were already present in the blank juice sample. In addition, it is clear
that the hydrolysis of WPI was predominantly carried out by endopep-
tidases, since endopeptidases tend to cleave within one molecule
(Rawlings & Barrett, 1994), rather than at the end of one molecule
(exopeptidases). This action leads to a reduction of the substrate con-
centration and accumulation of the generated products, as shown in
Fig. 1. Table 1 outlines that a mixture of endopeptidases were identified
in the leaf juice. We therefore concluded that (some of) these endo-
peptidases exhibited activity on WPI and hydrolyzed WPI in a pre-
dominant endopeptidase manner.
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3.2. Effect of incubation time

Given the fact that part of the juice proteases were active (Fig. 1), a
next step is to investigate the effect of incubation time. Here we inves-
tigated the hydrolysis of both WPI and endogenous leaf proteins in the
juice by the juice proteases. The results are presented in Fig. 2. The
hydrolysis of all three whey proteins and endogenous leaf proteins was
similar during the studied incubation time. In the case of WP, the hy-
drolysis degree of these proteins increased with incubation time, peak-
ing at around 60 min and remained relatively stable afterwards (Fig. 2a).
Similar observations were made for leaf proteins, especially the large
and small subunits of RuBisCo (approx. 50 and 15 kD (Santamar-
fa-Fernandez & Liibeck, 2020),), since hydrolysis of these subunits were
evident at 1 h incubation time but did not significantly increase with
time (Fig. 2b). Additionally, we also observed reduction of intensities for
bands at 37 kD and 20 kD, respectively. These bands could be associated
to thylakoids membrane (Kiskini et al., 2016) and their intensities
continuously decreased as a function of incubation time (until 18 h,
Fig. 2a). However, same as the observation for RuBisCo subunits, these
bands did not disappear completely after long time incubation, sug-
gesting a limited hydrolysis by the juice proteases. One of the possible
reasons was that part of the protease activity was limited by the
endogenous protease inhibitors present in the juice (Table 1). In addi-
tion, proteases that do not encounter with each other in leaves may
potentially degrade each other, especially at longer incubation time (Gill
& Parks, 2008). Both effects results in reduced enzyme activities, which
could explain the incomplete (limited) hydrolysis of proteins.

When diving into the hydrolysis of WPI, BSA had the highest hy-
drolysis degree on an overall level, followed by f-lg and a-1g (Fig. 2a).
For instance, after 5 min, the degree of hydrolysis for BSA was already
27.74 £+ 0.4 %, while that for -lg and a-1g were 9.49 + 0.4 and 4.86 +
0.1 % respectively. The hydrolysis degree of BSA gradually increased to
39.29 + 0.2 % after 60 min incubation, while the hydrolysis degree of
B-lg sharply increased to 32.95 + 1.0 % after the same incubation time.
This sharp increase indicated higher initial hydrolysis rate for p-lg as
compared to BSA. a-lg was hydrolyzed in a similar manner as BSA with
increase of incubation time to 60 min (10 + 0.6 %) and remained as the
least hydrolyzed proteins among the three whey proteins. Despite of the
fact that the concentration of BSA was lower than that of #-1g and a-1g in
the WPI (section 2.3), BSA was still the most hydrolyzed protein by the
juice proteases (Fig. 2a). The high hydrolysis degree of BSA was possibly
due to the presence of a higher quantity of proteases in the juice that
specifically cleaved BSA. A next step could be to identify which enzyme
in the juice cleaves specific protein in WPI. To reflect on the downstream
protein extraction, it becomes clear that fast processing is required to

Food Hydrocolloids 151 (2024) 109812

minimize the hydrolysis of proteins. Nevertheless, completely avoiding
the hydrolysis remains challenging, since all three whey proteins were
already hydrolyzed within 5 min, especially BSA (Fig. 2a).

3.3. Heat deactivation

We investigated the deactivation of juice proteases by heating and
the results are presented in Fig. 3. Heating effectively reduced the hy-
drolysis degrees of all three whey proteins. To be more specific, heating
had the most profound effect on reducing the hydrolysis degree of p-lg.
For instance, the hydrolysis degree for f-1g reduced from 32.95 + 1.0 %
(without heating, shown in Fig. 2) to 2.42 + 1.4 % after heating the juice
for 10 min, at 60 min incubation time (shown in Fig. 3). In the mean-
while, heating (for 10 min) reduced the hydrolysis degree of a-lg and
BSA from 10 £ 0.5 % to 2.5 + 1.4 % and from 39.29 + 0.2 % to 27.65 +
0.9 % at 60 min incubation time, respectively. The reduction of the
hydrolysis degree suggested that heating at 98 °C efficiently reduced the
protease activities in the juice, especially for the ones that hydrolyzed
B-lg. In addition, the heating time did not affect the protease activities in
the juice, since the hydrolysis degrees of BSA, p-lg and o-lg remained
roughly constant (in average 27 %, 1 % and 1 %, respectively) with the
increase of heating time from 10 min to 60 min (Fig. 3). However, it is
crucial to point out the difficulty to fully eliminate the protease activities
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Fig. 3. Hydrolysis degree of BSA, p-lg and a-lg incubated at 20 °C for 1 h with
heated juice (98 °C) for different heating time.
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represents the protein standard marker. The red line frames indicated the large and small subunits of RuBisCo.



Y. Yu et al

through heating. Even after 60 min of heating at 98 °C, part of proteases
in the juice remained active and therefore could still hydrolyze the whey
proteins. This suggests that those proteases are thermostable, in
particular the ones that were involved in the hydrolysis of BSA (Fig. 3).
To conclude, heating at 98 °C for 10 min was sufficient to limit protease
activities in the juice on f-1g and a-lg. However, proteases that hydrolyze
BSA were thermostable, and therefore their activities could not be suf-
ficiently limited by heating at high temperature.

3.4. Effect of protease inhibitors and temperature

To further explore the options to limit protease activities in juice, the
effect of protease inhibitors and temperature were investigated (Fig. 4).
Regardless of the incubation temperature, the addition of protease in-
hibitors had the largest effect on reducing the hydrolysis degree of p-lg
(Fig. 4b). For instance, the addition of pepstatin or higher dosage of
cOmplete™ protease inhibitors at 4 °C significantly reduced the hy-
drolysis degree of p-1g from 29.68 + 2.1 % to 13.1 &+ 0.6 % (+EDTA +
pep), 16.58 + 1.2 % (-EDTA + pep), 9.65 + 0.6 % (2x + EDTA) and
13.34 + 0.2 % (2x-EDTA), respectively. Since pepstatin and cOmplete™
protease inhibitors specially inhibit aspartic proteases and serine and
cysteine proteases (section 2.5), the reduction of hydrolysis degree upon
addition of these inhibitors suggested the involvement of serine,
cysteine and aspartic proteases in the hydrolysis of p-lg. A similar
reduction of hydrolysis degree upon addition of these inhibitors were
also observed for BSA, but to somewhat less extent (Fig. 4a). This sug-
gested the involvement of serine, cysteine and aspartic proteases in the
hydrolysis of BSA as well. In the meanwhile, the presence or absence of
EDTA did not affect the hydrolysis of p-1g and BSA (Fig. 4a and b). Given
the fact that EDTA specially inhibits the activities of metalloproteases,
the absence of an effect upon addition of EDTA indicated that metal-
loproteases were not involved in the hydrolysis of p-lg and BSA. Our
findings were in line with literature where many natural proteases were
responsible for the hydrolysis of caseins, such as cysteine proteases from
Calotropis procera (Kumar Dubey & Jagannadham, 2003), ginger
(Gagaoua et al., 2015) and green fig fruits (Afsharnezhad et al., 2019),
and serine proteases from red seaweed (Arbita et al., 2020), non-edible
parts of fennel (Bey et al., 2018) and lettuce leaves (Lo Piero et al.,
2002). The addition of protease inhibitors had limited effect on reducing
the hydrolysis degree of a-lg (Fig. 4c). Under most of the conditions, the
addition of inhibitors did not affect the hydrolysis degree of a-lg. Only
exceptions were found to be with addition of -EDTA at 40 °C, 2x + EDTA
at 4 and 20 °C, 2x-EDTA at 40 °C and +EDTA + pep at 20 °C. However,
the reduction of hydrolysis degree remained limited under these con-
ditions, since the largest reduction was from 9.35 + 1 % to 5.4 = 0.5 %
(4 °C, with addition of 2x + EDTA). Finally, it is important to point that
achieving complete inhibition of proteases using inhibitors remained
challenging (Fig. 4) although the addition of some protease inhibitors
led to significant decrease in hydrolysis degree of whey proteins (espe-
cially p-lg). The observations aligned with literature (Afsharnezhad
et al., 2019; Arbita et al., 2020; Kumar Dubey & Jagannadham, 2003).

The hydrolysis of three whey proteins by proteases in juice was also
strongly influenced by temperature (Fig. 4). It was consistently observed
that higher incubation temperature resulted in higher hydrolysis de-
grees for all three whey proteins. In particular, incubation at 60 °C
resulted in almost 100 % (98.18 + 3.1 %) hydrolysis of a-1g, followed by
B-1g (92.89 + 2.3 %) and BSA (74.97 + 5.3 %), respectively. These high
hydrolysis degrees suggested high protease activities at 60 °C, which
was also reported to be the optimal temperature for natural proteases
from green fig fruits (Afsharnezhad et al., 2019), red seaweed (Arbita
et al., 2020), Calotropis procera (Kumar Dubey & Jagannadham, 2003),
ginger (Gagaoua et al., 2015) and herbaceous plant Cynanchum oto-
phyllum. (Luo et al., 2018). It is however important to point out that
sample coagulation was observed at 60 °C after incubation with juice
(data not shown). Such coagulation might lead to loss of insoluble ma-
terial after centrifuge and therefore overestimation of hydrolysis degrees
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statin. * represents significant difference as compared to the Juice control at
each temperature at P < 0.05.
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for proteins since only soluble fractions were analyzed by the HPSEC
method (section 2.5).

In summary, it is clear that full elimination of protease activity is
very challenging if at all possible (Figs. 3 and 4) in downstream pro-
cessing of tomato leaves. Therefore one must realize this challenge when
considering tomato leaves as protein source for extraction.

3.5. Structural and thermal properties change

To further investigate the hydrolysis of WPI by juice proteases, the
structural and thermal properties of WPI before and after incubations
with tomato juice were measured and the results are presented in Fig. 5.
In the case of secondary structure, it is often reported that peaks in the
amide I zone (1600-1700 cm™ 1) correspond to proteins with specific
secondary structure in the following range: a-helix (1648-1658 cm™1),
intramolecular and intermolecular p-sheets (1620-1640 and 1610-1620
cm’l, respectively) (Brishti et al., 2020; Kavanagh et al., 2000). A
consistent reduction in the absorbance of a-helix, intramolecular and
intermolecular f-sheets structure was observed for WPI after incubation
with juice (Fig. 5a). Such reduction in secondary structure integrity was
probably a result from the hydrolysis by juice proteases (Fig. 2a).

Fig. 5b showed the thermograms of WPI before and after hydrolysis
by juice proteases. In both cases, a major peak was observed with peak
temperature at around 76 °C, which was attributed to the denaturation
of p-lg, as suggested by Boye and Alli (2000). In addition, there was a
small peak on both thermograms in between 60 and 65 °C, which was
possibly due to the denaturation of a-lg. This peak was however over-
shadowed by the large peak from f-lg, due to the fact that f-lg was the
most predominant protein within WPI (section 2.5.4). There was no
peak observed for the blank juice sample, which was due to the low
protein content in the sample (section 2.3). The denaturation enthalpy
was therefore only calculated for the major peaks at 76 °C. After the
hydrolysis by juice proteases, the denaturation enthalpy of WPI slightly
decreased as compared with the intact WPI (7.55 and 7.75 J/g WPI,
respectively). In addition, the onset denaturation temperature also
decreased after hydrolysis (64 °C-57 °C), suggesting that part of the
protein structure was destabilized. Small decrease in denaturation
enthalpy (5.91-4.46 J/g) was also reported for pea protein after hy-
drolysis at pH 7 by Alcalase (Chen & Campanella, 2022). It is possible
that aggregates formed by the hydrolysis (section 3.6) restricted further
conformational change of WPI (Chen & Campanella, 2022; Day et al.,
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2002), hence led to less significant change in denaturation enthalpy.
Furthermore, it is important to note that higher WPI concentration (10
%, w/v) was used for the DSC measurement since sample with lower
concentration (3 %, w/v, used for HPSEC and FTIR measurements) did
not show denaturation peaks (data not shown). In this case, a higher
amount of WPI dissolved in juice led to a higher substrate-to-enzyme
ratio, which could lead to a lower degree of hydrolysis and therefore
less significant change in the amount of energy used to denature the
proteins.

3.6. Gelation behavior and rheological properties

The gelation behavior of WPI incubated with and without juice was
characterized in terms of least gelling concentration and rheological
properties. The least gelling concentration result is presented in Fig. 6.
At neutral pH (pH 7, section 2.5), a high concentration of WPI (15 % (w/
v)) was required to form a gel (Fig. 6), which was in line with literature
(Ju et al., 1995; Otte et al., 1999; Otte, Ju, Feergemand, et al., 1996).
Interestingly, much less material (3 % (w/v)) was required to form a gel
when the WPI was incubated with juice, while a blank juice sample did
not form a gel under the same conditions (Supplementary material,
Figure S6). The enhanced gelation behavior was likely to be caused by
limited hydrolysis (Figs. 2 and 4) induced by the proteases in juice.
Limited hydrolysis of proteins led to exposure of hydrophobic groups
(Creusot & Gruppen, 2007), which induced addition points of interac-
tion between hydrolyzed products (peptides) and intact proteins, which
resulted in enhanced aggregation upon heating (Chen & Campanella,
2022; Creusot & Gruppen, 2008; Ju et al., 1995). Ju et al. (1995)
demonstrated that limited hydrolysis by proteases from Bacillus lichen-
ifonnis led to formation of WPI gel at 3 % (w/w) at neutral pH. This
phenomenon was also demonstrated on plant proteins such as pea pro-
tein, which could form gel at 5 % (w/w) and with less heat requirement
upon limited hydrolysis by Alcalase (Chen & Campanella, 2022).

The rheological properties of WPI gel and WPI juice gel are presented
in Fig. 7 and Table 2. A sudden increase of G’ and G was observed for
WPI gel at 95 °C and for WPI juice gel at around 75 °C (Fig. 7a). The
increase of G and G”’ was likely caused by protein denaturation and
aggregation. The lower onset gelation temperature of WPI juice gel was
possibly attributed to the limited hydrolysis induced by the juice pro-
teases. Similar results were reported, where limited hydrolysis of WPI by
1 % Bacillus lichenifonnis proteases resulted gelation at 50 °C at pH 7 (Ju
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et al,, 1995). In addition, limited hydrolyzed pea proteins formed
self-supported gel at 85 °C while intact pea proteins remained liquid
under the same conditions (Chen & Campanella, 2022).

Upon heating, both WPI and WPI juice gels exhibited solid-like
properties, as evidenced by higher G’ values than G values (Fig. 7a).
The solid-like properties were further evidenced by the loss factor (tan
5), which is the ratio between G’ and G’ at the end of temperature
sweep. Schurz (1967) described that tan § < 1 indicating a solid material
(Grossmann et al., 2019; Ikeda & Nishinari, 2001). As shown in Table 2,
both WPI gel and WPI juice gel had tan & values close to 0.1 (0.12 £ 0.02
and 0.13 + 0.00, respectively), suggesting that both gels behaved as
solid-like materials. In addition, the last G’ value of WPI juice gel was
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significantly higher (82 + 8 kPa) than that of WPI gel (5.5 + 1.4 kPa)
(Table 2), suggesting firmer gel structure of the WPI juice gel than the
WPI control gel. This finding was in line with previous studies, which
described that stronger and more elastic WPI gels were obtained after
incubation with Bacillus lichenifonnis proteases (Ju et al., 1995; Tarhan
et al., 2016). As discussed above, limited hydrolysis leads to additional
interactions between peptides and intact proteins and therefore aggre-
gation (Creusot & Gruppen, 2008; Ju et al., 1995). Such aggregation
resulted in a particle gel, rather than fine-stranded gel, which is
commonly seen in gel formed with intact proteins (Otte, Ju, Feergemand,
et al,, 1996; Wang et al., 2022). Stading and Hermansson (1990)
demonstrated that particle gel had much higher storage modulus than a
corresponding fine-stranded gel, explaining firmer structure of gel with
limited hydrolysis than gel with intact proteins (Tarhan et al., 2016).
Such phenomenon however was dependent on the enzymes, since
trypsin prevented WPI gelation at pH 7 while Neutrase® induced gel was
weaker than intact WPI gel at neutral pH (Ju et al., 1995). Our findings
in this study therefore showed the potential of tomato leaf juice as
natural gelling agent for WPI demonstrated by its ability to induce
stronger gelation with less material at neutral pH (Figs. 6 and 7 and
Table 2).

After the temperature sweep, a strain sweep was performed, in which
the rheological stability of a gel against oscillatory deformation at a
constant frequency and temperature were determined (Fig. 7b). This
measurement was used to determine the linear viscoelastic regime, the
critical strain (y.) and the crossover strain (yg: — g-), which all are
presented in Table 2. Within the linear viscoelastic regime, the G’ was
always higher than the G’ value, indicating a solid-like behavior over
the full measured strain range. The end of linear viscoelastic regime was
defined as 5 % deviation from the first modulus measure point
(Schlangen et al., 2022), and expressed as the y.. After the y., the initial

Table 2

Summary of storage modulus (G’), loss factor (tan §), critical strain (y.) and
crossover strain (yg — g») of the gelled WPI with water (WPI) and with juice
(Juice) incubated at 20 °C for 1 h and subsequently heated at 95 °C for 30 min *
represents significant difference as compared to the WPI control at P < 0.05.

Rheological G’ (Pa) tan & Yo (%) Yo_g (%)
parameters
WPI 5483.60 + 0.12 + 5.04 + 343.67 +
1406.91 0.02 2.19 47.06
Juice 82363.67 + 0.13 £ 1.47 £ 87.98 +
8212.96% 0.00 0.18* 141.18*
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Fig. 7. Temperature sweep (20-95 °C, f = 1 Hz, ey = 0.1 %) (a) and strain sweep (20 °C, f = 1 Hz, ey = 0.1-1000 %) (b) of whey protein isolate with water (WPI) and
with juice (Juice) incubated at 20 °C for 1 h. G’ and G’’ represent storage modulus and loss modulus, respectively.
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gel structure is interrupted. A longer linear viscoelastic regime, hence
the higher the y. value, indicates that the gel can better withstand
deformation. The WPI juice had significantly lower y. value (1.5 &+ 0.2
%) than that of WPI gel (5.0 £ 2.2 %). One could interpret that the WPI
juice gel was more brittle and hence could withstand less deformation
than the WPI gel. Finally, both WPI gel and WPI juice gel had a crossover
point where G’ and G’ overlap at certain shear strain, also expressed as
Y6 = g~ After the crossover strain, material becomes more liquid-like.
The WPI juice gel had lower yg — g value (87.98 + 141.18 %) than
the WPI gel (343.67 + 47.06 %) (Table 2). This confirmed that the WPI
juice gel was a firmer and more brittle material that yields sooner than
the WPI gel.

3.7. Reflection on downstream protein extraction from tomato leaves

To reflect on the downstream protein extraction from tomato leaves,
our study demonstrated the challenge due to the presence of endogenous
proteases. These proteases from tomato leaves were active (on both WPI
and leaf proteins) (Fig. 2) and could not be fully eliminated by means of
heating and addition of inhibitors (Figs. 3 and 4). One of the challenges
of leaf protein hydrolysis is reduced protein yield. It was observed in our
recent study that only about 0.01 g/g leaf proteins could be extracted
from old leaves at the bottom part of the tomato plant, while 0.35 g/g
leaf proteins were extracted from younger leaves at the top part of the
plant (Kleuter et al., submitted). Such significant reduction in protein
yield was suspected to be attributed to leaf senescence (Havé et al.,
2017), a process catalyzed by endogenous proteases, of which showed
higher activity in older leaves (Zavaleta-Mancera et al., 1999). Notably,
our study also demonstrated an alternative application for the proteases
in tomato leaves. The proteolytic activity of tomato leaf juice resulted in
limited hydrolysis of WPI (Figs. 2-4), which improved the gelation
behavior and rheological properties of WPI (Figs. 6 and 7).

4. Conclusion

In this study, we investigated the abundance and composition of
endogenous proteases in tomato leaf juice and hydrolysis of endogenous
leaf proteins by these proteases. We further investigated the effect of
incubation time, temperature, heat deactivation and protease inhibitors
on the protein hydrolysis by juice proteases using WPI as substrate. In
addition, we characterized the gelation behavior, the rheological prop-
erties and structural and thermal properties change of WPI incubated
with and without leaf juice. Our results demonstrated that tomato leaf
juice contains many different types of proteases, of which 38 were
identified, together with 4 protease inhibitors. These proteases were
active on both endogenous leaf proteins and WPI, and could hydrolyze
the latter in a predominant endopeptidase manner. Furthermore, the
protein hydrolysis was positively influenced by the incubation time and
temperature. Among WPI, BSA had the highest hydrolysis degree, fol-
lowed by p-1g and o-lg. The addition of protease inhibitors significantly
reduced the hydrolysis degree of p-1g, but the effect was limited for BSA
and especially a-lg. Heating at high temperature (98 °C) was more
efficient in reducing the hydrolysis degree, but the effect was limited on
thermostable enzymes (that hydrolyzed BSA). As a result, the protease
activities in the juice could not be fully eliminated. The protein hydro-
lysis however remained limited (max. 43 %) under all conditions below
60 °C. Furthermore, the protein hydrolysis resulted in small changes in
both secondary structure and thermal properties of WPIL. The limited
hydrolysis also resulted in WPI gelation at lower concentration (3 %, w/
v) and temperature (75 °C) as compared to the control gel (gelation at 15
% (w/v) and at 95 °C). In addition, the gel with limited hydrolysis had
higher storage modulus and more brittle structure than the control gel.
In conclusion, the complex and active nature of endogenous proteases in
tomato leaf juice poses challenges for downstream protein extraction
from tomato leaves. However, limited hydrolysis induced by the leaf
proteases provides ideas for new application since tomato leaf juice
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could be used as natural gelling agent for WPI.
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