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ARTICLE INFO ABSTRACT

Keywords: The present study aimed to evaluate the effects of two different enzymes, one derived from microbial sources and
UF White (Beyaz) cheese the other from animal sources, on the peptide profile with low molecular weight (<3 kDa) and ACE-inhibitory
Enzyme activity of White (Beyaz) cheese produced from ultrafiltered (UF) milk. The control group’s cheeses were pro-
f;;gf:;}iis duced using pasteurized milk. Throughout the 90-day ripening period, the coagulating enzyme demonstrated no

significant effects on the dry matter and protein values (p > 0.05). The protein content of < 3 kDa peptide
extracts changed ripening, with no statistically significant effects attributed to the enzyme variation (p > 0.05).
ACE inhibition increased in all cheeses by the end of the ripening process (p < 0.05). The ACE-inhibitory activity
of < 3 kDa peptide extracts obtained from the UF White cheese produced using the microbial enzyme exhibited
an increase corresponding to the observed increase in the total area of RP-HPLC peaks. The LC-MS/MS analysis
revealed that the animal-sourced control group yielded the highest number of p-casein and og;-casein peptides.
Many < 3 kDa peptides described in the present possessed proline and positively charged amino acids at their C-

ACE-inhibitory peptides
RP-HPLC peptide profile
Peptide identification
Nano LC-MS/MS1

terminal, contributing to ACE inhibition.

1. Introduction

Bioactive peptides are chains of 2-20 amino acids linked by amid or
peptide bonds, released when proteolytic enzymes cleave them from
inactive protein forms. These peptides exhibit various bioactive prop-
erties, including antimicrobial, antioxidant, antidiabetic, and anti-
hypertensive effects within the human body (Harnedy and FitzGerald,
2012). The interest in these peptides has grown in recent years due to
their health benefits, which depend on specific amino acid sequences.
Among the bioactive peptides, anti-hypertensive peptides have been
extensively  studied. They are natural inhibitors  of
angiotensin-converting enzyme (ACE, EC 3.4.15.1)), a key enzyme in
hypertension prevention or reduction (Tikhomirova et al., 2017). As the
adverse effects of synthetic inhibitors used to control ACE activity in
hypertension treatment are a concern, there has been a rising interest in
natural inhibitors and their potential. ACE-inhibitory peptides derived
from natural sources have been widely investigated for their
anti-hypertensive effects (Stuknyté et al., 2015).

Milk proteins are essential sources of bioactive peptides, and an
increasing number of such peptides have been identified in milk protein
hydrolysates and fermented milk products. Proteolytic enzymes from
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microorganisms in milk and dairy products and natural enzymes in milk
and rennet used for milk coagulation contribute to proteolysis and the
release of bioactive peptides. Cheese is particularly rich in bioactive
peptides among milk products due to proteolytic activity during
ripening, especially secondary proteolysis (Sanchez-Rivera et al., 2014).
In ripened cheeses coagulated with rennet, casein protein is usually the
primary source of these peptides (Garbowska et al., 2020).

Turkish White Cheese is a salted cheese that undergoes maturation in
brine. It is characterized by its salty, acidic taste, white color, and lack of
rind. The cheese is ripened for 1-3 months, and when fresh, it has a soft
texture. After ripening in brine for three months, it is classified as semi-
hard or semi-soft (Hayaloglu et al., 2002). The coagulating activity and
proteolytic power of the enzyme used in cheese production vary
depending on the source, playing a crucial role in the quality and
structure of the cheese (Sahan and Yasar, 2002). Animal-sourced en-
zymes, mainly pepsin, typically contribute to approximately 5-50% of
the milk-clotting activity. However, microbial enzyme preparations
obtained through genetic transfer using microorganisms offer higher
purity. Consequently, there are differences in the proteolysis of cheeses
made with these two types of enzymes, ultimately affecting the peptide
profile and bioactivity of the resulting peptides (Dervisoglu et al., 2007;
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Cakmaket et al., 2017).

Ultrafiltration involves the separation of milk components through a
membrane. By ultrafiltered (UF) milk, water, lactose, salts, dissolved
minerals, non-protein nitrogenous compounds, and water-soluble vita-
mins pass through the membrane, forming the permeate (filtrate). On
the other hand, proteins, milk fat, and colloidal salts are retained in the
membrane, forming the retentate. Before cheese making, a significant
portion of the whey is removed from the milk via ultrafiltration (Arisoy,
2019).

The present study aimed to assess the effects of enzymes from
different sources on peptide formation and the anti-hypertensive activ-
ity of peptides during the ripening process of UF White cheese. UF White
cheese was produced using UF milk, while pasteurized milk was used for
the control group White cheese. Two different enzymes, one animal-
sourced and the other microbial, were employed to coagulate the two
types of milk. The effect of the enzyme used during ripening on changes
in protein values and peptide formation in cheese was examined. Also,
the ACE-inhibitory activities of < 3 kDa peptide extracts and their
fractions were determined. Thus, the effects of microbial and animal-
sourced enzymes on the peptide profile and anti-hypertensive activity
during the ripening process of White cheese made from milk subjected to
different processes were compared. The present study aims to contribute
to the literature by shedding light on the production of ACE-inhibitory
peptides.

2. Materials and methods
2.1. Material

Pasteurized and UF milk was obtained from Isparta Cebeci Milk and
Dairy Products Factory for UF White cheese production. The UF mem-
brane is made of polypropylene material and has a 10.000 cut-off. Milk
and whey are separated, and 1 liter of retentate is obtained from 5 liters.
The dry matter of the obtained retentate was approximately 30-32%.

Two different starter cultures, White Classic 200 (Lactobacillus del-
brueckii subsp. bulgaricus and Streptococcus thermophilus) and 2003
(Lactococcus lactis subsp. cremoris and Lc. lactis subsp. lactis), obtained
from Chr. Hansen was used in combination in the production of all
cheese samples. Microbial enzyme Marzyme 55 800 IMCU (produced
with Muchor miehei) and animal-sourced enzyme Naturen Mandira 175
(175 IMCU/mL) coagulated the milk.

Ultrafiltration centrifuge tubes (Centriprep Centrifugal Filter De-
vices, Ultracel YM-3, cut-off 3 kDa) were used to obtain < 3 kDa peptide
extract from the cheese samples.
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2.2. Production of cheese samples

The cheese production was conducted with two replicates, and all
analyses were performed in duplicate (Fig. 1). The raw cow’s milk uti-
lized for cheese production was divided into two portions following the
acidity, dry matter, protein, and fat content assessment. The cheese
produced using microbial enzyme and UF milk was denoted as MUF,
while the control cheese produced using the same enzyme and
pasteurized milk was denoted as MC. The cheese produced using animal-
sourced enzyme and UF milk was designated AUF, while the control
cheese produced using the same enzyme and pasteurized milk was
designated AC. Subsequently, dry salt (for MUF and AUF cheeses) or
brine (for MC and AC cheeses) was added, and the cheeses were sealed in
plastic packages and stored at 4 °C for 90 days.

2.3. Analysis of dry matter and protein content of cheeses

Determining dry matter in cheese samples followed the method
described by IDF (1987). The protein content of the samples was
determined using the macro-Kjeldahl method (AOAC, 1990). Protein in
dry matter was calculated using Eq. (1).

Protein in dry matter % = (%Protein)/(%Dry matter) x 100 (@D)]

2.4. Obtaining low molecular weight peptides (<3 kDa) from cheese
samples

A modified version of the method described by Lu (2016) was
employed to extract low molecular weight peptides from cheese samples
to obtain water-soluble extracts. Firstly, 15 g of cheese samples were
homogenized with 30 mL of distilled water using an Ultra Turrax
blender for 15 s. Subsequently, the cheese homogenates were placed in a
shaking incubator at 40°C and 95 rpm for 60 min. After this incubation,
the cheese homogenates underwent centrifugation at 3000 x g
(approximately 5651 rpm) for 30 min at 4°C. The top layer of fat was
carefully discarded, and the resulting supernatant was filtered through
Whatman No. 1 filter paper.

An ultrafiltration method was employed to isolate peptide extracts
with a molecular weight of less than 3 kDa from the water-soluble ex-
tracts. Centriprep centrifugal filter devices (Ultracel YM-3, with a cut-off
of 3 kDa) were utilized for this purpose. The water-soluble extracts were
centrifuged at 3000 x g at 25°C for 65 min using ultrafiltration tubes,
yielding peptide extracts with a molecular weight below 3 kDa. To
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confirm the success of the ultrafiltration process, RP-HPLC chromato-
grams of the unfiltered water-soluble extract (WSE) sample, the reten-
tate obtained after centrifugation (>3 kDa peptides), and the filtrate
(<3 kDa peptides) samples were compared. The < 3 kDa peptide sam-
ples were expected to exhibit significantly smaller and less visible peaks
than the WSE and > 3 kDa peptide samples. Additionally, the protein
content of these samples was determined using the BCA Protein Assay
Kit II (BioVision, K813-2500). The resulting extracts were stored at
— 20 °C until further analysis.

2.5. Identification of peptides profiles by reverse phase-high performance
liquid chromatography (RP-HPLC)

Peptide analysis was performed using reverse-phase high-perfor-
mance liquid chromatography (RP-HPLC) with an Inertsil ODS-4
(250 x4.6 mm ID, 5 um) C-18 column. The analysis conditions were
determined with some modifications based on the method proposed by
Oner and Saridag (2019). The analysis employed a mobile phase
comprising solution A (0.1% TFA in deionized water) and solution B
(0.08% TFA in 100% acetonitrile). The following conditions were
applied: a flow rate of 1.0 mL/min, a PDA detector at 214 nm, a column
oven temperature of 20 °C, and a total running time of 100 min. For
peptide extracts below 3 kDa, lyophilization was omitted, and the ex-
tracts were directly transferred to vials and filtered through a 0.45 um
filter. Fractions were collected using a Shimadzu FRC-10A fraction
collector. Throughout the 100-minute run, 10 fractions were collected
for each sample at 8-minute intervals. Approximately 30-40 mL of
elution was obtained per fraction. A rotary evaporator removed the
acetonitrile phase and lyophilized using a VirTis Benchtop SLC lyophi-
lizer. The lyophilized fractions were stored in a deep freeze after the
process. Before the ACE-inhibitory activity investigation, the lyophilized
fractions were resuspended in pure water at a 15 mg/mL concentration.

2.6. Determination of angiotensin-converting enzyme (ACE) inhibitory
activity

The ACE-inhibitor activity was determined using a modified version
of the method initially described by Cushman and Cheung (1971) and
subsequently modified by Meira et al. (2012). For this analysis, 20 pL of
the sample from < 3 kDa peptide extracts and fractions were added to
empty tubes. Subsequently, 100 uL of a substrate solution was added to
these tubes. A separate tube (tube A) was prepared as a control by
adding only 100 pL of the substrate solution.

The substrate solution was prepared by dissolving 5 mM HHL in a
0.1 M sodium borate buffer (containing 0.3 M NaCl) at pH 8.3. Next,
20 pL of ACE (0.1 U/mL) was added to the mixture. The resulting
mixture was then incubated at 37 °C for 30 min. To extract hippuric
acid, 1 mL of ethyl acetate was added to the tubes. After allowing a 10-
minute incubation at room temperature, the top phase of each tube was
carefully transferred to a separate tube. The transferred liquid was
subsequently dried at 95 °C for 20 min. Following the drying step, 1 mL
of distilled water was added to the dried tubes, and the absorbance was
measured at 228 nm. The ACE% inhibition was calculated using Eq. (2).
In Eq. (2), A represents the absorbance of ACE and HHL in the control
tube, while B represents the absorbance of ACE and HHL with the added
sample in the sample (Munir et al., 2020).

ACE-inhibitory activity% = (A-B)/A x 100 (2)

2.7. Identification of peptides by orbitrap fusion high-resolution mass
spectrometry nano LC-MS/MS method

The amino acid sequences and molecular weights of peptides derived
from < 3 kDapeptide extracts were determined and identified using the
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Nano LC-MS/MS method, with modifications based on the protocol
described by Hao et al. (2021). The analysis was conducted at the UKSM
Department of Izmir Institute of Technology, utilizing a Thermo Orbi-
trap Fusion Tribrid Mass Spectrometer (Thermo UltiMate 3000 Series)
and a C-18 column (3 um, 100 A, 75 um x 25 cm capillary column).
Solid phase extraction (SPE) was performed on the peptide samples
using a C18 column, followed by a 60-minute liquid chromatography
(LC) program based on reverse-phase principles. The peptides were
eluted by a gradient flow from an aqueous mobile phase containing
0.1% formic acid to an acetonitrile mobile phase containing 0.1% formic
acid. Nanospray ionization was employed to transfer the peptides to the
mass spectrometer. The mobile phase flow rate was maintained at
0.3 uL/min, and the column was operated at room temperature. Data
was collected on the mass spectrometer using an automated LC-MS/MS
method. Within a 3-second timeframe, a series of MS spectra and as
many MS/MS spectra as possible were acquired in sequence. The MS
spectrum was recorded with a 120,000 orbitrap resolution, spanning the
range of 375-1500 Da, and a 2 kV spray voltage. Fragmentation of the
most intense ions, with a signal intensity surpassing 2.5e*, was achieved
by applying 35% HCD collision energy for 3 s, leading to the acquisition
of MS/MS spectra.

2.8. Identification of sequences of < 3 kDa peptides

The mass spectrometry analysis converted the raw data into the mgf
format. Subsequently, the MASCOT search engine was utilized to
perform sequence analysis of the < 3 kDa peptides obtained in the
present study, employing the SwissProt protein database. To determine
the origin of the identified peptide sequences and their ACE-inhibitory
activity, the UniProt database (https://www.uniprot.org) was con-
sulted. A comparison of the results with previously reported ACE-
inhibitory peptides in the literature and their homologies were assessed.

2.9. Statistical analysis

The statistical analysis employed one-way analysis of variance
(ANOVA) in the Minitab statistical package program, specifically
version 16. This analysis assessed the differences between the groups in
the analyzed cheese samples. Tukey’s multiple comparison test was
employed to evaluate the variations in cheese samples throughout the
ripening process. The significance level was set at a minimum of
p < 0.05, and the results were interpreted accordingly, considering this
significance level.

3. Results and discussion
3.1. Dry matter and protein content results of cheeses

Table 1 presents the results of dry matter, protein, and protein in dry
matter during the ripening of cheese samples. The dry matter values of
the cheese samples varied from 31.62 + 0.85% to 46.15 + 1.63%
throughout the ripening period (Table 1). Analysis of Table 1 revealed
no significant change in the dry matter values of UF White cheeses
(p > 0.05). In contrast, a significant change was observed in the dry
matter values of the control White cheeses (p < 0.05). Moreover, no
significant difference was observed between cheese samples based on
the enzymes used. Previous studies investigating different enzymes’
effects on UF and pasteurized milk-produced White cheeses demon-
strated that dry matter values increased as ripening progressed. How-
ever, these values did not significantly differ in the enzymes used
(Ghavam, 2017; Garcia-Gomez et al., 2019).

During the ripening period, the total protein and protein in dry
matter values of the cheese samples exhibited variations ranging from
11.94 + 0.14-16.32% + 0.25% and 34.49 + 1.59-43.45% =+ 1.12%,
respectively (Table 1). The total protein value of UF White cheese was
lower than that of the control White cheese throughout the ripening
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Table 1
Physicochemical analysis results of the cheeses (n =4, mean =+ standard
deviation).
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Table 2
ACE inhibition and protein content results of low molecular weight peptides
(<3 kDa) (n = 4, mean =+ standard deviation).

Analyzes Days  Samples® Analyzes Days  Samples®
MUF AUF MC AC MUF AUF MC AC
Dry Matter 1 32,12 33.82 46.15 45.80 Protein 1 2.21 1.84 1.23 1.11
(%) 30 +0.524° +2.847P +1.6372 + 4.88%2 content (mg 30 +0.13% +0.0972 +0.034° +0.034°
60 31.67 31.62 41.33 38.52 mLY) 60 1.16 2.21 0.73 0.67
90 + 0.547° +0.85%° +1.81788 + 1.22082 90 +0.12%° +0.04% +0.07%¢ +0.03%¢
32.50 33.74 43.31 41.31 1.53 1.92 0.54 1.17
+ 0.207° + 2,372 + 2.697B2 + 3.69°P2 + 0.20PP +0.04%° +0.07% +0.104%¢
33.33 32.11 39.66 37.50 1.96 2.02 1.17 1.18
+0.214° + 0.634° + 2218 +1.02% +0.19482 +0.1742 + 0.06%° + 0.054°
Total Protein 1 13.57 14.15 15.91 16.32 ACE 1 48.21 47.56 50.03 47.37
(%) 30 +0.817° + 0.45%° + 0.44%2 +0.25% inhibition 30 +0.22°° +0.19"° +0.06 > +0.19°
60 13.71 13.76 15.63 15.63 (%) 60 50.77 59.27 63.14 58.53
90 + 0.54%° +0.144° + 0.39B2 +0.61482 90 +0.09 ¢ +0.12%° +0.42% +0.26°
12.23 12.46 15.59 14.98 63.13 61.37 68.00 67.05
+ 0.24% + 0.29%° +0.16758 + 0.495¢ +0.25%° +0.15%¢ +0.12% +0.15%
11.94 12.15 14.88 14.87 78.51 53.27 81.23 80.99
+0.14% +0.25%° +0.19% +0.24% +0.30%° +0.48 < + 0.48"2 +0.36
Protein in 1 42.25 40.69 34.49 35.96 . . - 3
Dry Matter 30 4 95148 1 1.43%82 4 1507 4 3.198b Upper case letters indicate the statistical difference between mean values in the
(%) 60 43.30 43.45 37.91 41.43 same column; lower case letters indicate the statistical difference between mean
90 +2.19" +1.12% +2.16"° + 1.28Mab values in the same line. (P < 0.05).
37.64 36.99 36.07 36.41 @ MUF:Cheese made from UF milk+ microbial enzyme; AUF: Cheese made from
+0.84%2 +1.90%? + 1.68% + 1.80"Ba UF milk+ animal enzyme; MC:Cheese made from pasteurized milk+ microbial
3568;83b 37-08: - 37-26§0Aab 39i699ABa enzyme; AC:Cheese made from pasteurized milk+ animal enzyme.
+0. +0.97 + 2. + 1.5

Upper case letters indicate the statistical difference between mean values in the
same column; lower case letters indicate the statistical difference between mean
values in the same line. (P < 0.05).

#MUF:Cheese made from UF milk+ microbial enzyme; AUF: Cheese made from
UF milk+ animal enzyme; MC:Cheese made from pasteurized milk+ microbial
enzyme; AC:Cheese made from pasteurized milk+ animal enzyme.

period (p < 0.05). Significant effects of the milk processing method and
ripening time were observed on the total protein and protein content in
dry matter (p < 0.05). At the same time, the influence of the coagulating
enzyme was found to be non-significant (p > 0.05). Previous studies
examining cheeses produced with various enzyme sources have reported
a decline in protein values during ripening, although no statistically
significant differences were observed due to the enzyme (Pino et al.,
2009; Timon et al., 2019; D’Incecco et al., 2022). Ertiirkmen et al.
(2022) indicated that cheeses’ dry matter value decreased upon
ripening, with the lowest protein ratio observed in cheese produced
using pasteurized milk and animal-sourced enzymes. These studies re-
ported decreased protein values for UF and White cheeses due to pro-
teolysis during ripening (Soltani, 2013; Demir, 2021).

3.2. Protein content of < 3 kDa peptide extracts

The protein content of < 3 kDa samples obtained during the ripening
period of cheese samples ranged from 0.54 + 0.07-2.21 + 0.13 mg
protein/mL extract (Table 2). Notably, the average protein content of
extracts obtained from UF White cheese was higher than that of extracts
from control White cheese. However, the difference in protein content of
< 3 kDa peptides between cheese groups produced with microbial en-
zymes and those produced with animal-sourced enzymes was not sta-
tistically significant at the end of ripening (p > 0.05). Although there
was a decrease in < 3 kDa peptides in cheese groups produced with
microbial enzymes during ripening, an increase was observed in the
< 3 kDa peptides in cheese groups produced with animal-sourced en-
zymes (p > 0,05).

In the case of Feta cheese, a fresh cheese produced with animal-
sourced enzymes, the protein content of the peptide extract was deter-
mined to be 6.5 mg/mL, whereas it was found to be 10.3 mg/mL for the
peptide extract obtained from 60-day-old White cheese produced with
microbial enzyme (Meira et al., 2012). For Panela cheeses, the protein

content of the peptide extracts ranged between 0.16 and 0.24 and
0.07-0.25 mg/mL, showing both increases and decreases in these values
(Lopez-Villafana et al., 2023). Similarly, Table 2 illustrates increases and
decreases during the ripening process in the present study. The varia-
tions in protein content observed in the extracts can be attributed to
proteolysis, which occurs during cheeses’ ripening. The decrease in
protein content of peptide extracts during the ripening period can be
explained by the conversion of peptides into free amino acids, alde-
hydes, alcohols, carboxylic acids, esters, methanethiols, thioesters, and
aroma compounds such as sulfur compounds. The insignificant increase
observed at the end of maturation can be attributed to releasing new
peptides through proteolysis.

3.3. Peptide profiles determined by RP-HPLC

The amino acid composition primarily influences the retention time
of small peptides (less than 15 residues). On the other hand, the reten-
tion time of larger peptides and proteins is influenced by additional
factors, such as conformational effects and molecular weight (Parrot
et al.,2003). Fig. 2 presents the peptide profiles of < 3 kDa peptide ex-
tracts obtained from the cheeses produced in the present study at 30 and
90 days of ripeningOn the 30th day of ripening, notable differences were
observed between MUF and AUF cheeses, particularly in the peak im-
ages of the hydrophobic region. In the hydrophobic region, peaks cor-
responding to larger peptides were identified at 60th, 65th, 75th, and
82nd minutes, which increased in the MUF cheese on the 90th day of
ripening. Conversely, these peaks decreased in the AUF cheese on the
90th day of ripening (Fig. 2). Consequently, it was determined that the
differences in peak sizes between these two cheeses decreased by the end
of the ripening period, and the peaks exhibited similar patterns. These
findings indicate that the peptides produced during primary proteolysis,
resulting from the coagulation of enzymes in UF milk, exhibit different
levels, and this variation influences peptide formation or degradation
during ripening.

Table 3 presents the changes as percentages in the total area of the
hydrophilic region (0—40 min) and hydrophobic region (41-100 min) in
the RP-HPLC chromatogram of < 3 kDa peptide extracts from the 30th
to the 90th day of ripening (Hayaloglu et al., 2004). The areas of peaks
observed using RP-HPLC show a proportional relationship with the
peptide quantity. An increase in peak areas indicates the formation of
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Fig. 2. RP-HPLC peptide profiles of < 3 kDa peptide extracts samples after 30th and 90th day of ripening. MUF:Cheese made from UF milk+ enzyme of microbial
origin; AUF: Cheese made from UF milk+enzyme of animal origin; MC:Cheese made from pasteurized milk+ enzyme of microbial origin; AC:Cheese made from

pasteurized milk+ enzyme of animal origin.

Table 3
Results of change% in hydrophilic and hydrophoic areas determined in the RP-HPLC chromatogram of < 3 kDa peptide extracts.
Samples” Minute Day Total Hydrophilic Area Change% Minute Day Total Hydrophobic Area Change%
MUF 0-40 30. 965285036 + 32.18 41-100 30. 1061637217 + 39.03
90. 1423251788 90. 1741150658
AUF 0-40 30. 2424696075 -31.13 41-100 30. 3713540149 -48.35
90. 1669963844 90. 1918222460
MC 0-40 30. 1230924876 -6.95 41-100 30. 1091289833 -33.36
90. 1145432377 90. 727242616
AC 0-40 30. 762624737 + 58 41-100 30. 374562413 + 68.03
90. 1815235663 90. 1171455005

@ MUF:Cheese made from UF milk+ microbial enzyme; AUF: Cheese made from UF milk+ animal enzyme; MC:Cheese made from pasteurized milk+ microbial

enzyme; AC:Cheese made from pasteurized milk+ animal enzyme.

new peptides and an increase in their quantity. In contrast, a decrease in
peak areas suggests peptide degradation due to proteolysis and a
decrease in their quantity. To analyze this, the changes in the total areas
of RP-HPLC peaks at the end of the ripening period are presented in
Table 3, denoted with increases (+) or decreases (-).

It was observed that the total hydrophilic and hydrophobic areas of
the peaks belonging to < 3 kDa peptide extracts from MUF and AC
cheeses increased by the end of ripening. However, both areas observed
a decrease at 90 days in AUF and MC cheeses. The milk processing
method and the use of different enzymes influenced the changes in peak
areas observed in the cheeses. It was evident that the animal-sourced

enzyme in UF milk facilitated primary proteolysis of proteins, as the
total peak areas were higher in AUF cheese at day 30 than in MUF cheese
(Table 3). Consequently, more peptide degradation occurred in AUF
cheese during ripening than in MUF cheese, highlighting the negative
effect of animal-sourced enzymes on peptides in UF milk.

Gupta et al. (2013) reported a decrease in the number of peaks in
5 kDa peptide extracts of Cheddar cheeses after the 6th month, followed
by the appearance of new large peaks after 40 min by the 7th month.
However, these peaks disappeared by the 9th month. Similarly, in the
present study, it was observed that peaks increased and decreased dur-
ing the ripening period among the cheeses investigated. Existing
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literature also suggests that cheeses produced with enzymes of animal
origin exhibit a higher number of peaks (Agboola et al., 2004; Timon
et al., 2014; Arisoy and Oner, 2019).

3.4. ACE-inhibitory activity results

3.4.1. ACE-inhibitory activity results of < 3 kDa peptide extracts

During the ripening period, the ACE-inhibitor values of < 3 kDa
peptide extracts from cheese samples ranged from 47.37 + 0.19% to
81.23 £ 0.48% (Table 2). Several factors influence the ACE-inhibitor
activity of peptides formed in cheese, including the ripening time and
conditions, the type of milk used, the pretreatment of the milk, and the
nature of the starter culture (Baptista et al., 2020; Munir et al., 2020). As
indicated in Table 2, the highest ACE-inhibitor activity was observed
during ripening. However, a decrease in ACE-inhibitor activity was
observed only in AUF cheese on the 90th day of ripening. It was
concluded that the animal-sourced enzyme in AUF cheese exhibited
higher proteolytic activity, leading to the degradation of peptides with
ACE-inhibitory activity formed during ripening. This can be attributed
to the weaker binding of k-casein with rennet in UF milk compared to
pasteurized milk, resulting in a greater impact of residual rennet on the
caseins. Furthermore, the study observed that the ACE inhibition of MUF
cheese differed from that of AUF cheese due to variations in proteolytic
power between microbial and animal-sourced enzymes.

The present study determined that the use of different coagulants
influenced ACE inhibition. A study on Domiati cheese found that adding
Neutrase enzyme to the coagulant enzyme during cheese production
significantly increased ACE inhibitory activity, depending on the dosage
used. The Neutrase-added cheeses exhibited higher ACE inhibition ac-
tivity than the control group cheese (Taha et al., 2020).

Numerous studies have reported that peptides with a molecular
weight between 1 and 3 kDa exhibit higher ACE-inhibitory activity
(Lignitto et al., 2010; Tarango-Hernandez et al., 2015; Turan and Durak,
2022). Proteolysis during cheese ripening has been found to increase
ACE-inhibitory activity up to a certain point. However, further degra-
dation of peptides due to advanced proteolysis leads to decreased ac-
tivity, as demonstrated in previous studies in this field (Ong et al., 2007;
Gupta et al., 2013; Kocak et al., 2020).

3.4.2. ACE-inhibitory of fractions obtained by RP-HPLC

Table 4 presents the ACE-inhibitor activities of < 3 kDa peptide
fractions collected using an RP-HPLC fraction collector. The fractions
exhibited varying ACE-inhibitor activities ranging from 6.40% to
68.90%. Among all the < 3 kDa fractions analyzed at the end of
ripening, fractions F9 and F10 of MUF cheese, fraction F9 of AUF cheese,
and fractions F9 and F10 of MC cheese demonstrated ACE-inhibition
values exceeding 50%. A comparison of ACE-inhibitor results among
the fractions revealed that those derived from microbial enzyme-

Table 4
Results of ACE-inhibitory% activity of fractions < 3 kDa peptide obtained by RP-
HPLC.

Fractions SAMPLES?
MUF AUF MC AC

F3 28.08 17.42 24.33 16.78
F4 29.00 12.36 10.36 12.56
F5 6.40 7.87 13.75 19.34
F6 15.40 38.11 38.32 7.25
F7 44.80 28.09 44.50 19.78
F8 33.99 12.36 48.80 37.58
F9 65.00 58.81 57.22 41.32
F10 51.00 30.33 68.90 46.37

Bold letters: ACE-inhibitory activity 50% and above.

AMUF:Cheese made from UF milk+ microbial enzyme; AUF: Cheese made from
UF milk+ animal enzyme; MC:Cheese made from pasteurized milk+ microbial
enzyme; AC:Cheese made from pasteurized milk+ animal enzyme.
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produced cheeses were higher than those from animal-sourced
enzyme-produced cheeses. Generally, the ACE-inhibitor values of the
fractions were lower than the results obtained from extracts.

Sahingil et al. (2022) conducted a study reporting that the
ACE-inhibitory activity of < 3 kDa extracts was higher than that of their
fractions. Similarly, Gomez-Ruiz et al., (2002) found that only three out
of eight fractions obtained from the < 3 kDa extract with the highest
ACE-inhibitory activity in Manchego cheese exhibited inhibitory activ-
ity exceeding 80%. Likewise, a limited number of < 3 kDa peptide
fractions obtained from cheeses produced by coagulating raw and
heat-treated sheep and goat milk with plant protease and stored for 45
days showed ACE inhibitor or antioxidant activity (Silva et al., 2006).
These findings align with the results of the current study.

3.5. Identification of < 3 kDa peptides by orbitrap fusion high-resolution
mass spectrometry nano LC-MS/MS method

The identification of < 3 kDa peptides from cheese samples on the
90th day of ripening was conducted using the Orbitrap Fusion High-
Resolution Mass Spectrometry Nano LC-MS/MS Method. The identi-
fied peptides with an ion score of 55 or higher for MUF, MC, and AC
cheeses are presented in Table 5, Table 6, and Table 7, respectively.

Fig. 3 illustrates the total number and distribution of all identified
peptides in < 3 kDa peptide extracts. The m/z signal value in the spec-
trum of < 3 kDa peptide extracts ranged from 509.7921 to 1339.2402,
while the experimental and calculated molecular weights varied from
1017.5695 to 3342.9105 Da and 1017.5607-3342.8791 Da, respec-
tively. As shown in Fig. 3, the order of total peptide numbers from
highest to lowest among < 3 kDa peptide extracts with high ACE-
inhibitor activity was AC (3016 peptides) > MUF (2204 peptides)
> MC (2099 peptides). Among the caseins in all three samples, the order
based on peptide numbers is p-casein > ogj-casein > agp-casein. Pep-
tides derived from p-lactoglobulin were only identified among serum
proteins. Previous literature suggests that peptide extracts from short to
medium-aged cheeses exhibit the most potent ACE-inhibitory activities,
possibly attributed to specific peptides derived from og;- and B-caseins
(Stuknyté et al., 2015).

During ripening, asj-casein undergoes significant hydrolysis by
chymosin. In the later stages of ripening, microbial proteinases or pep-
tidases contribute to extensive hydrolysis, while chymosin and plasmin
enzymes play a minor role (Ardo et al., 2017). The highest number of
< 3 kDa peptides, along with the presence of ag;-casein and f-casein,
was observed in AC cheese (Table 7). The number of peptides in MUF
and MC cheeses produced with microbial enzymes was similar (Tables 5,
6). The disparity in the < 3 kDa peptides between cheeses made with
microbial and animal-sourced enzymes is attributed to differences in
coagulating enzymes. AC cheese, produced with an animal-sourced
enzyme, displayed the highest peptide and casein counts due to the
enzyme’s proteolytic activity on caseins. Among MUF and MC cheeses
made from UF and pasteurized milk, the higher total peptide count in
MUF cheese is due to UF milk’s more effective residual rennet.

In the present study, the sequences DVENLHLPLPLLQSW derived
from B-CN and FSDKIAKYIPIQ, FSDKIAKYIPIQYVL, and FSDKIAKYIPI-
QYVLS derived from k-CN were identified in MUF and MC cheeses, but
not in AC cheese. This difference can be attributed to the effect of the
microbial enzyme. Additionally, the sequence QGPIVLNPWDQVKR
derived from agp-CN was identified in a higher number of peptides in AC
cheese, while in MUF and MC cheeses, it was identified in a lower
number of peptides. The sequence YQEPVLGPVRGPF derived from -CN
was not identified in MC cheese but was found in seven different pep-
tides in AC cheese. These variations are attributed to the effect of the
animal-sourced enzyme. A screenshot of the MASCOT search analysis for
the MS/MS spectrum with scan number 13153, showing a match with
the peptide sequence LQYLYQGPIVLNPWDQVKR with a score of 100 in
the < 3 kDa peptide extract sequence analysis of MC and AC cheeses, is
presented in Fig. S1.
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Table 5
Identified peptides of 90 day < 3 kDa peptide extract of MUF cheese.
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Amino Acid Sequence m/z Molecular Weight Molecular Weight Origin and Previous studies
(Experimental, Da) (Calculated, Da) Protein
fragment
ALPQYLKTVYQH 730.9047  1459.7948 1459.7823 052-CN
(190-201)
TKLTEEEKNRLNF 811.4379 1620.8613 1620.8471 s2-CN
(166-178)
YQGPIVLNPWDQVKR 605.002 1811.9842 1811.9682 o52-CN Bounouala et al. (2017)
(115-129)
YLYQGPIVLNPWDQVKR 697.0519 2088.1338 2088.1156 0g2-CN Nongonierma et al. (2017)
(113-129)
MKPWIQPKTKVIPYVRYL 565.8365 2259.3168 2259.2966 g2-CN Gomez-Ruiz et al. (2007);Lu et al. (2016);
(205-222) Solieri et al. (2020)
KAMKPWIQPKTKVIPYVRYL 615.6202 2458.4519 2458.4286 os2-CN Hao et al. (2021);Solieri et al. (2020)
(203-222)
QHQKAMKPWIQPKTKVIPYVRYL 956.8818 2867.6237 2867.5996 s2-CN Gomez-Ruiz et al. (2007);Hao et al. (2021);
(200-222) Solieri et al. (2020)
KTVYQHQKAMKPWIQPKTKVIPYVRYL 1115.3108 3342.9105 3342.8791 o52-CN Hao et al. (2021); Helal and Tagliazucchi
(196-222) (2023);Solieri et al. (2020)
YQEPVLGPVRGPF 729.8976 1457.7806 1457.7667 B-CN Hao et al. (2021)
(208-220)
VENLHLPLPLLQS 736.9341 1471.8536 1471.8398 p-CN Basirico et al. (2015);Hao et al. (2021);Wei
(145-157) et al. (2022)
DVENLHLPLPLLQS 794.4485 1586.8825 1586.8668 B-CN Basirico et al. (2015);Hao et al. (2021);Wei
(144-157) et al. (2022)
TDVENLHLPLPLLQ 801.4561 1600.8976 1600.8824 p-CN Basirico et al. (2015);Hao et al. (2021);
(143-156) Kerkaert et al. (2012)
DVENLHLPLPLLQSW 887.4885 1772.9625 1772.9461 p-CN Basirico et al. (2015);Hao et al. (2021);Wei
(144-158) et al. (2022)
LLYQEPVLGPVRGPFP 891.5085 1781.0025 1780.9876 B-CN Bounouala et al. (2017)
(206-221)
DELQDKIHPFAQTQSL 935.4784 1868.9422 1868.9268 B-CN (58-73) Fan et al. (2019);Martini et al. (2020);Wei
et al. (2022)
LNENLLRF 509.7921 1017.5696 1017.5607 o51-CN Hao et al. (2021);Solieri et al. (2020)
(31-38)
EVLNENLLR 550.3138 1098.6131 1098.6033 o51-CN Helal and Tagliazucchi (2023)
(29-37)
LGYLEQLLR 552.8293 1103.6441 1103.6339 os1-CN Helal and Tagliazucchi (2023)
(107-115)
EVLNENLLRF 623.8491 1245.6836 1245.6717 og1-CN Hao et al. (2021); Helal and Tagliazucchi
(29-38) (2023);Solieri et al. (2020)
GLPQEVLNENLLR 747.9241 1493.8336 1493.8202 o51-CN Helal and Tagliazucchi (2023)
(25-37)
GLPQEVLNENLLRF 821.4589 1640.9033 1640.8886 og1-CN Hao et al. (2021); Helal and Tagliazucchi
(25-38) (2023);Solieri et al. (2020)
KIDALNENKVL 628.8698 1255.7249 1255.7136 B-LG (99-109)
KIDALNENKVLVL 734.9467  1467.8788 1467.866 B-LG (99-111)
FSDKIAKYIPIQ 711.9009 1421.8051 1421.7918 k-CN (39-50) Gomez-Ruiz et al. (2007)

Bold letters: Emphasized sequence homology with the ACE-inhibition peptides found in this study and described in the literature.
Underlined letters: Emphasized placed on positively charged amino acids such as arginine and lysine, along with hydrophobic amino acids such as phenylalanine,
leucine, isoleucine, tryptophan, and valine, located at three C-terminal positions together with the amino acid proline. Other peptides were identified only in this study.

The presence of small peptides containing a Pro residue at the C-
terminal or the high sensitivity of casein to proteolysis may contribute to
ACE inhibitory activity (Moslehishad et al., 2013). Literature reports
suggest that hydrophobic amino acid residues such as Leu and Val at the
N-terminus of peptides enhance their antioxidant activity (Yao et al.,
2018). Most of the peptides identified in mature cheese are released
from B-casein (Qureshi et al., 2013). Consistent with these findings, the
present study identified the presence of hydrophobic amino acids (A, I,
L, V, F, W, R, and K), Pro amino acids, and positively charged amino
acids (Arg and Lys) in the three C-terminal positions of almost all
identified sequences of < 3 kDa peptides from MUF, MC, and AC
cheeses. Furthermore, most identified sequences were derived from
B-casein, indicating the potential high bioactivity of the identified
peptides.

The peptide sequence VYQHQKAMKPWIQPKTKVIPYVRYL was
found to exhibit ACE-inhibitory activity (Helal and Tagliazucchi, 2023).
In the present study, this peptide was identified in the ogy-CN(f198-222)
derived peptide extract from MC cheese (Table 6). Homology was
observed between this peptide sequence and those derived from ag-CN

(f196-222) in MUF cheese (Table 5), ags-CN(f197-222) in MC cheese
(Table 6), and agp-CN(f196-222) in AC cheese (Table 7). The presence of
the peptide sequence LLYQEPVLGPVRGPFP (B-CN(206—221)), which
was determined to exhibit ACE-inhibitory activity in a study by Bou-
nouala et al. (2017), was identified in MUF cheese in the present study.
Additionally, a peptide with the LGYLEQLLR sequence (ag3-CN
(f107-115)) was identified in the extracts of all three cheeses analyzed
in the present study, and this peptide contains the LGY and YLEQLLR
sequences reported to exhibit ACE-inhibitory activity by Helal and
Tagliazucchi  (2023). Moreover, the peptide containing the
SLSQSKVLPVPQKAVPYPQ sequence ($-CN(f179-197)), observed in AC
cheese in the present study, showed homology with the
SQSKVLPVPQKAVPYPQ sequence reported to exhibit ACE-inhibitory
activity (Table 7).

Peptides such as YQEP, VPKVK, YQEPVLGP* , and RPK derived from
B-casein, as well as peptides containing the RPKHPIKH-* sequence
derived from og;-casein, have been reported to display ACE-inhibitory
activity (Hao et al.,, 2021). In the present study, these sequences
exhibited homology in multiple peptide sequences. The ACE-inhibitory
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Table 6
Identified peptides of 90 day < 3 kDa peptide extract of MC cheese.
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Amino Acid Sequence m/z Molecular Weight Molecular Weight Origin and Previous studies
(Experimental, Da) (Calculated, Da) Protein
fragment
IQPKTKVIPYVR 721.4547 1440.8947 1440.8817 s2-CN Gomez-Ruiz et al. (2002)
(209-220)
YQGPIVLNPWDQVKR 60530021 1811.9846 1811.9682 g2-CN Bounouala et al. (2017)
(115-129)
YQGPIVLNPWDQVKRN 964.0215 1926.0284 1926.0112 ®s2-CN Bounouala et al. (2017)
(115-130)
AMKPWIQPKTKVIPYVR 685.7423 2054.2051 2054.1863 s2-CN Gomez-Ruiz et al. (2002);Hao et al.
(204-220) (2021);Solieri et al. (2020)
TKKTKLTEEEKNRLNFL 698.0697 2091.1873 2091.1687 0s2-CN Srinivas and Prakash (2010)
(163-179)
KPWIQPKTKVIPYVRYL 710.4318 2128.2736 2128.2561 s2-CN Gomez-Ruiz et al. (2002; 2007);Lu et al.
(206-222) (2016)
MKPWIQPKTKVIPYVRYL 565.8367 2259.3178 2259.2966 g2-CN Gomez-Ruiz et al. (2007);Lu et al.
(205-222) (2016);Solieri et al. (2020)
LQYLYQGPIVLNPWDQVKR 777.4338 2329.2795 2329.2583 s2-CN Nongonierma et al. (2017)
(111-129)
AMKPWIQPKTKVIPYVRYL 777.7925 2330.3558 2330.3337 52-CN Gomez-Ruiz et al. (2007);Hao et al.
(204-222) (2021);Solieri et al. (2020)
QHQKAMKPWIQPKTKVIPYVR 859.5008  2575.4806 2575.4573 052-CN Gémez-Ruiz et al. (2002);Hao et al.
(200-220) (2021);Solieri et al. (2020)
QKAMKPWIQPKTKVIPYVRYL 647.6351 2586.5114 2586.4872 s2-CN Gomez-Ruiz et al. (2007);Hao et al.
(202-222) (2021);Solieri et al. (2020)
VYQHQKAMKPWIQPKTKVIPYVR 710.4106 2837.6135 2837.5891 g2-CN Gomez-Ruiz et al. (2007);Hao et al.
(198-220) (2021);Solieri et al. (2020)
QHQKAMKPWIQPKTKVIPYVRYL 713.915 2851.6311 2851.6047 0s2-CN Gomez-Ruiz et al. (2007);Hao et al.
(200-222) (2021);Solieri et al. (2020)
VYQHQKAMKPWIQPKTKVIPYVRYL 779.4484 3113.7646 3113.7364 s2-CN Hao et al. (2021); Helal and Tagliazucchi
(198-222) (2023);Solieri et al. (2020)
TVYQHQKAMKPWIQPKTKVIPYVRYL 643.97 3214.8135 3214.7841 g2-CN Hao et al. (2021); Helal and Tagliazucchi
(197-222) (2023);Solieri et al. (2020)
LNENLLRF 509.7921 1017.5696 1017.5607 ®s1-CN Hao et al. (2021);Solieri et al. (2020)
(31-38)
LGYLEQLLR 552.8296 1103.6446 1103.6339 g1-CN Helal and Tagliazucchi (2023)
(107-115)
GKEKVNELSKD 623.8411 1245.6676 1245.6564 as1-CN Wei et al. (2022)
(48-58)
EVLNENLLRF 623.849 1245.6834 1245.6717 os1-CN Hao et al. (2021); Helal and Tagliazucchi
(29-38) (2023);Solieri et al. (2020)
SDIPNPIGSENSEK 743.8616  1485.7086 1485.6947 as1-CN
(195-208)
FVAPFPEVFGKEK 747.9101 1493.8056 1493.7919 ®s1-CN Helal and Tagliazucchi (2023)
(39-51)
RPKHPIKHQGLPQ 768.4561 1534.8977 1534.8844 as1-CN Robert et al. (2004)
(16-28)
GLPQEVLNENLLRF 821.4586 1640.9026 1640.8886 os1-CN Hao et al. (2021); Helal and Tagliazucchi
(25-38) (2023);Solieri et al. (2020)
FVAPFPEVFGKEKVNE 918.988 1835.9614 1835.9458 g1-CN Helal and Tagliazucchi (2023)
(39-54)
FSDKIAKYIPIQYVL 600.015 1797.0232 1797.0076 k-CN (39-53) Gomez-Ruiz et al. (2007)
FSDKIAKYIPIQYVLS 943.0352  1884.0559 1884.0397 k-CN (39-54) Gomez-Ruiz et al. (2007)
DVENLHLPLPLLQSW 887.4884 1772.9623 1772.9461 B-CN Basirico et al. (2015);Hao et al. (2021);
(144-158) Wei et al. (2022)
KAVPYPQRDMPIQA 1339.2402 2676.4659 2676.4421 B-CN Helal and Tagliazucchi (2023);Kruzel
(181-204) (2009);Solieri et al. (2020)

Bold letters: Emphasized sequence homology with the ACE-inhibition peptides found in this study and described in the literature.
Underlined letters: Emphasized placed on positively charged amino acids such as arginine and lysine, along with hydrophobic amino acids such as phenylalanine,
leucine, isoleucine, tryptophan, and valine, located at three C-terminal positions together with the amino acid proline. Other peptides were identified only in this study.

activity of the peptide sequence VRGPFP has also been reported in
previous literature (Gomez-Ruiz et al., (2002), and this sequence was
found in the C-terminal region of several peptides in the present study.
Previous studies have determined that the DKIHPF sequence, derived
from p-casein, consists of hydrophobic amino acids in a hexapeptide. It
has been noted that this peptide shares the first N-terminal amino acid
and the last four C-terminal amino acids with angiotensin II, an octa-
peptide produced from angiotensin I by ACE hydrolysis (Martini et al.,
2020). In the present study, it was found that this peptide is present in
the sequence of the peptide identified as DELQDKIHPFAQTQSL (p-CN
(f58-73)) in the < 3 kDa peptide extract of MUF cheese (Table 5).

The presence of the VRYL sequence peptide, which exhibits high ACE

inhibitory activity, has been reported in < 3 kDa peptide extracts ob-
tained from different maturity levels of Wisconsin Cheddar cheese (Lu
et al., 2016). This fragment was found to be present in the C-terminal
region of four peptides in MUF cheese (Table 5), seven peptides in MC
cheese (Table 6), and six peptides in AC cheese among the < 3 kDa
peptides in the present study (Table 7), all of which are derived from
agg-casein. Many peptide sequences derived from the LPLP* sequence
and the NLHLPLP and NLHLPLPLL sequences, which are homologous to
many peptides in the present study, were observed in samples of
< 3kDa peptide extracts obtained from different cheese samples
(Basirico et al.2015; Solieri et al., 2020; Hao et al., 2021).

The sequence RPKHPIKHQ and its derived shorter sequences have
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Table 7

Identified peptides of 90 day < 3 kDa peptide extract of AC cheese.
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Amino Acid Sequence m/z Molecular Weight Molecular Weight Origin and Previous studies
(Experimental, Da) (Calculated, Da) Protein
fragment
QGPIVLNPWDQVK 747.4161 1492.8176 1492.8038 as2-CN
(116-128)
QGPIVLNPWDQVKR 550.6471 1648.9195 1648.9049 g2-CN
(116-129)
IQPKTKVIPYVRYL 573.3558 1717.0455 1717.029 0s2-CN Gomez-Ruiz et al. (2002; 2007);Lu et al.
(209-222) (2016)
YQGPIVLNPWDQVKR 605.0023  1811.9851 1811.9682 as2-CN Bounouala et al. (2017)
(115-129)
YQGPIVLNPWDQVKRN 964.0219 1926.0293 1926.0112 g2-CN Bounouala et al. (2017)
(115-130)
MKPWIQPKTKVIPYVR 662.0624 1983.1653 1983.1492 0s2-CN Gomez-Ruiz et al. (2002; 2007);Solieri et al.
(205-220) (2020)
LYQGPIVLNPWDQVKRN 1020.5633 2039.112 2039.0952 g2-CN Nongonierma et al. (2017)
(114-130)
AMKPWIQPKTKVIPYVR 514.5586 2054.2053 2054.1863 0s2-CN Gomez-Ruiz et al. (2007);Hao et al. (2021);
(204-220) Solieri et al. (2020)
TKKTKLTEEEKNRLNFL 698.0699  2091.1878 2091.1687 aso-CN Srinivas and Prakash (2010)
(163-179)
KPWIQPKTKVIPYVRYL 710.4314 2128.2724 2128.2561 052-CN Gomez-Ruiz et al. (2007);Lu et al. (2016)
(206-222)
KAMKPWIQPKTKVIPYVR 728.4404 2182.2995 2182.2812 s2-CN Gomez-Ruiz et al. (2007);Hao et al. (2021);
(203-220) Solieri et al. (2020)
QYLYQGPIVLNPWDQVKR 739.7371 2216.1895 2216.1742 g2-CN Nongonierma et al. (2017)
(112-129)
MKPWIQPKTKVIPYVRYL 565.836 2259.3149 2259.2966 0s2-CN Gomez-Ruiz et al. (2007);Lu et al. (2016);
(205-222) Solieri et al. (2020)
LQYLYQGPIVLNPWDQVKR 777.4331 2329.2775 2329.2583 ®so-CN Nongonierma et al. (2017)
(111-129)
AMKPWIQPKTKVIPYVRYL 583.5962 2330.3557 2330.3337 0s2-CN Gomez-Ruiz et al. (2007);Hao et al. (2021);
(204-222) Solieri et al. (2020)
LQYLYQGPIVLNPWDQVKRN 1222.6688 2443.3231 2443.3012 ®s2-CN Nongonierma et al. (2017)
(111-130)
KAMKPWIQPKTKVIPYVRYL 615.6198 2458.4499 2458.4286 g2-CN Gomez-Ruiz et al. (2007);Hao et al. (2021);
(203-222) Solieri et al. (2020)
QHQKAMKPWIQPKTKVIPYVR 859.5005 2575.4796 2575.4573 ®s2-CN Gomez-Ruiz et al. (2007);Hao et al. (2021);
(200-220) Solieri et al. (2020)
VYQHQKAMKPWIQPKTKVIPYVRY 1001.233 3000.6771 3000.6524 s2-CN Gomez-Ruiz et al. (2007);Hao et al. (2021);
(198-221) Solieri et al. (2020)
KTVYQHQKAMKPWIQPKTKVIPYVRYL 836.7344 3342.9086 3342.8791 0s2-CN Hao et al. (2021); Helal and Tagliazucchi
(196-222) (2023)
NLHLPLPLLQSW 715.9179 1429.8213 1429.8082 B-CN Hao et al. (2021);Solieri et al. (2020);Wei
(147-158) et al. (2022)
YQEPVLGPVRGPF 729.8967 1457.7789 1457.7667 B-CN Hao et al. (2021)
(208-220)
VENLHLPLPLLQS 736.934 1471.8534 1471.8398 p-CN Basirico et al. (2015);Hao et al. (2021);Wei
(145-157) et al. (2022)
YQEPVLGPVRGPFPII 891.509 1781.0034 1780.9876 B-CN Iwaniak et al. (2014)
(208-223)
LYQEPVLGPVRGPFPII 948.0504  1894.0863 1894.0717 p-CN Iwaniak et al. (2014)
(207-223)
SLSQSKVLPVPQKAVPYPQ 1033.5952 2065.1759 2065.1572 p-CN Hao et al. (2021); Helal and Tagliazucchi
(179-197) (2023);Padghan et al. (2017)
LNENLLRF 509.792 1017.5695 1017.5607 as1-CN Hao et al. (2021); Helal and Tagliazucchi
(31-38) (2023);Solieri et al. (2020)
EVLNENLLR 550.314 1098.6134 1098.6033 s1-CN Helal and Tagliazucchi (2023)
(29-37)
LGYLEQLLR 552.8295 1103.6444 1103.6339 s1-CN Helal and Tagliazucchi (2023)
(107-115)
EVLNENLLRF 623.8483 1245.6821 1245.6717 051-CN Hao et al. (2021); Helal and Tagliazucchi
(29-38) (2023);Solieri et al. (2020)
GLPQEVLNENLLRF 821.4586 1640.9027 1640.8886 ®s1-CN Hao et al. (2021); Helal and Tagliazucchi
(25-38) (2023);Solieri et al. (2020)
YQEPVLGPVRGPF 729.8967 1457.7789 1457.7667 p-CN Hao et al. (2021)
(206-218)
YQEPVLGPVRGPFPIL 891.509 1781.0034 1780.9876 B-CN Iwaniak et al. (2014)
(206-221)
LYQEPVLGPVRGPFPIL 948.0504 1894.0863 1894.0717 p-CN Iwaniak et al. (2014)
(205-221)
GLNYYQQKPVALIN 810.9482 1619.8819 1619.8671 k-CN (6-19) Xiang et al. (2021)
YYQQKPVALINNQFLPYPY 1180.1194 2358.2242 2358.2048 k-CN (9-27) Wu et al. (2019);Xiang et al. (2021)

Bold letters: Emphasized sequence homology with the ACE-inhibition peptides found in this study and described in the literature.
Underlined letters: Emphasized placed on positively charged amino acids such as arginine and lysine, along with hydrophobic amino acids such as phenylalanine,
leucine, isoleucine, tryptophan, and valine, located at three C-terminal positions together with the amino acid proline. Other peptides were identified only in this study.
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Fig. 3. Graphical distribution of the count of peptide determined in < 3 kDa
peptide extracts. MUF:Cheese made from UF milk+ enzyme of microbial origin;
AUF: Cheese made from UF milk+enzyme of animal origin; MC:Cheese made
from pasteurized milk+ enzyme of microbial origin; AC:Cheese made from
pasteurized milk+ enzyme of animal origin.

been reported to exhibit ACE-inhibitory activity in many studies, and
their presence has been reported in various cheeses (Robert et al., 2004;
Helal and Tagliazucchi, 2023). It has been determined that this
ACE-inhibitory sequence, proven to be effective in many studies, is also
present in the peptide RPKHPIKHQGLPQ (as1-CN(16—28)) obtained
from MC cheese in the present study (Table 6). When the homology of
the peptides identified in the present study is examined with all these
literature reports, it is seen that the highest number of peptides showing
homology is in AC cheese, while the lowest number is in MUF cheese.
This finding suggests that the proteolytic activity of the animal-sourced
enzyme and the formation of low molecular weight bioactive peptides in
cheeses made from pasteurized milk have an impact.

4. Conclusion

The present study aimed to evaluate the effects of two different en-
zymes, one from microbial and the other from animal sources, on UF
White and control White cheese. Throughout the entire ripening period,
the ACE inhibitory activity increased in all white cheese groups pro-
duced in the present study, indicating their potential for synthesizing
anti-hypertensive peptides. In producing UF White cheese, the animal-
derived enzyme exhibited higher proteolytic activity than the microbi-
al enzymes. Hence, it can be inferred that peptide formation will occur
faster in UF white cheeses produced by coagulating UF milk using
animal-derived enzymes in the cheese industry. However, these peptides
may also degrade more rapidly than those produced using animal-
sourced enzymes. Furthermore, the observation that the same enzyme
enhanced peptide formation in control cheeses made from pasteurized
milk suggests that milk processing affects the enzyme’s activity. In
conclusion, this variation affects the cheese’s bioactive peptide content
and properties. The findings from the present study provide insights not
only for nutrition and pharmaceutical research but also for the cheese
industry.
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