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ABSTRACT: Milk proteins contain numerous potential bioactive peptides, which may be released by digestive proteases or by
the proteolytic system of lactic acid bacteria during food processing. The capacity of Streptococcus thermophilus to generate
peptides, especially bioactive peptides, from bovine caseins was investigated. Strains expressing various levels of the cell envelope
proteinase, PrtS, were incubated with αs1-, αs2-, or β-casein. Analysis of the supernatants by LC-ESI-MS/MS showed that the β-
casein was preferentially hydrolyzed, followed by αs2-casein and then αs1-casein. Numbers and types of peptides released were
strain-dependent. Hydrolysis appeared to be linked with the accessibility of different casein regions by protease. Analysis of bonds
hydrolyzed in the region 1−23 of αs1-casein suggests that PrtS is at least in part responsible for the peptide production. Finally,
among the generated peptides, 13 peptides from β-casein, 5 from αs2-casein, and 2 from αs1-casein have been reported as
bioactive, 15 of them being angiotensin-converting enzyme inhibitors.
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■ INTRODUCTION
In recent years, a link between the prevalence of certain
diseases commonly encountered in Western countries, such as
cardiovascular diseases, obesity, diabetes, cancer, and dietary
factors, has been emphasized. The engineering and manufactur-
ing of functional ingredients and foods is emerging to counter
these pathologies. Among them, fermented dairy products have
received much attention because they contain several
compounds, such as bioactive peptides, obtained by milk
protein hydrolysis.1,2 Bioactive peptides are encrypted within
many dietary protein sequences and, when released by various
proteases, exercise physiological functions in the human body
with a wide range of potential applications (heart, bone, dental,
and digestive health; weight management; immunomodulation;
mood swings, memory, and stress control).3 Bioactive peptides
described in the literature have been released from dietary
proteins either by enzymes of the digestive tract such as trypsin
or by the proteolytic system of microorganisms during food
manufacture.3,4 Numerous studies deal with the capacity of
lactococci or lactobacilli to generate bioactive peptides from
milk proteins during fermentation.3 These studies were carried
out on pure cultures of species such as Lactobacillus delbrueckii
subsp. bulgaricus, Lactococcus lactis subsp. cremoris, Lb. acid-
ophilus, Lb. casei, Lb. jensenii, Lb. reuteri, Lb. rhamnosus, Lc. lactis
ssp. lactis, Lc. raffinolactis, Leuconostoc mesenteroides ssp.
cremoris, and numerous strains of Lb. helveticus or cocultures
with industrial yogurt starters (Lb. delbrueckii ssp. bulgaricus and
Streptococcus thermophilus).5−9

Although it belongs to the Streptococcus genus, S.
thermophilus is classified as “Generally Recognized As Safe”.10

It is the second lactic acid bacterium (LAB), after Lc. lactis, in
terms of industrial use.11 S. thermophilus, having strong
acidifying capacities, plays an important role in the initial
stages of dairy product manufacture. To our knowledge, very

few studies have proved the ability of this bacterium to produce
bioactive peptides from milk proteins, perhaps because its
proteolytic capacity was considered to be very weak. In
particular, 16 peptides were characterized in a study on milk
proteolysis by pure or mixed cultures of Lb. delbrueckii subsp.
bulgaricus and S. thermophilus.12 Two of these peptides
correspond to potential angiotensin-converting enzyme inhib-
itors.
The proteolytic system of S. thermophilus consists of a

facultative cell envelope proteinase (CEP) named PrtS, an
ABC-transporter of oligopeptides and di/tripeptide transporter,
and a pool of intracellular peptidases.13 It has long been
believed that the high cellular density of S. thermophilus in milk
depends upon its cocultivation with other bacteria such as Lb.
bulgaricus during the manufacture of fermented dairy
products;14 with this assumption in mind, the screening of 97
strains of the collection of the Institut National de la Recherche
Agronomique (INRA, France) showed that only 3 strains were
PrtS+ and probably able to grow at high density in milk because
they were able to strongly acidify it during their growth.15

However, recent publications report the presence of the CEP
PrtS in numerous strains.16−18 In a previous work, we clustered
into 3 groups 30 strains of our laboratory collection on the
basis of their ability to acidify milk during their growth: high
(H)-, low (L)-, and medium (M)-acidifying strains.16 We
showed that all of the H-strains possess the prtS gene (prtS+

genotype) and expressed it (PrtS+ phenotype), whereas the L-
strains were prtS−. For the M-strains, the situation was more
complex. Indeed, 62% had a prtS+ genotype and displayed a
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PrtS− or PrtS± phenotype, this last phenotype corresponding to
a very weak protease activity.
The aim of this work was to determine (i) whether S.

thermophilus was able to generate bioactive peptides from
purified bovine αs1-, αs2-, and β-casein (CN) as protein source
through the activity of its proteolytic surface system; (ii)
whether such a capacity could vary among the S. thermophilus
species; (iii) whether the CEP PrtS could account for such a
production, at least in part. Hence, the proteolytic capacities of
six H-strains, four M-strains, and one L-strain (strain
CNRZ1066, which is prtS−) have been investigated.

■ MATERIALS AND METHODS
Bacterial Strains, Media, and Growth Conditions. S.

thermophilus strains used in this work are listed in Table 1. They

were isolated in our laboratory either from yogurt or from cheese (P.
Bracquart, personal communication) or came from the Centre
National de Recherches Zootechniques (CNRZ) (INRA, Jouy-en-
Josas, France) or American Type Culture Collection (ATCC)
(Manassas, VA) collections. The genome of the L-strain CNRZ1066
and that of the H-strain LMD-9 are sequenced.19,20 All of the strains
used in this work were prtS+ (except strain CNRZ1066) but express
PrtS at different levels. Strain CNRZ1066 was used to evaluate CN
proteolysis in the absence of PrtS. Strains were stored at −80 °C in
reconstituted skim milk (10%, w/v). S. thermophilus strains were
inoculated at 1% in skim milk and incubated overnight at 42 °C before
each experiment. Precultures were then inoculated at 1% in M17
medium21 supplemented with lactose (20 g/L) and incubated at 42 °C
until OD650 nm reached 1.
Measurement of Intracellular Peptidase Activity. An intra-

cellular peptidase activity, potentially released into the medium after
cell lysis, was sought using the chromogenic substrate Lys-pNA. The
substrate was prepared at a concentration of 2 mM, in 50 mM sodium
phosphate buffer, pH 7.5. Each strain used in this work was grown in
M17 medium supplemented with lactose (20 g/L) until OD650 nm

reached 1, and cells were harvested by centrifugation at 4000g for 5
min at 20 °C. The cell pellet was washed two times with 50 mM
sodium phosphate buffer, pH 7.5, prewarmed at 42 °C, and
resuspended at an OD650 nm of 1 in the same buffer. The cells were
then incubated at 42 °C, and an aliquot was collected immediately and
then after 4 and 22 h. Cells were eliminated by centrifugation at
12000g during 5 min at 4 °C, and the supernatant was filtered through
a 0.45 μm filter. One hundred microliters of the supernatant was then
mixed with 1 mL of Lys-pNA solution and incubated for 2 h at 37 °C,

and the absorbance was determined spectrophotometrically at 410 nm
(Uvikon, Kontron, Switzerland). To ensure that intracellular
peptidases of S. thermophilus were able to hydrolyze Lys-pNA
substrate, intracellular proteins were extracted from the cell pellets,
as previously described,16 and incubated in the same conditions as
above.

Casein Preparation. Bovine sodium caseinate was prepared and
fractionated to obtain pure β-CN variant A2, according to the method
of Girardet et al.,22 and αs2-CN variant A and αs1-CN variant B, as
previously described except that EDTA was not added to the CN
fractions after their elution.23

Casein Hydrolysis. Cells were grown in M17 medium
supplemented with 20 g/L lactose until OD650 nm reached 1 and
harvested by centrifugation at 4000g for 5 min at 20 °C. The cell pellet
was washed in 50 mM sodium phosphate buffer, pH 7.5, prewarmed at
42 °C and was resuspended in 1.5 mL of the same buffer. Five
hundred microliters of the cell suspension was added in 15 mL of
sodium phosphate buffer at 42 °C containing 1 mg/mL αs1-, αs2-, or β-
CN to obtain an OD650 nm of 1. The samples were incubated at 42 °C,
and an aliquot was collected immediately and after 2 and 4 h of
incubation. Caffeine was added (3.26 mg/L final concentration) as
internal standard for HPLC. Samples were centrifuged (12000g, 5 min,
4 °C), filtered through 0.22 μm filters (Millipore, Molsheim, France),
and kept at −20 °C.

Peptide Identification by LC-ESI-MS/MS. Nano-LC experi-
ments were performed using an online liquid chromatography tandem
mass spectrometry (MS/MS) set up using a nano-LC system (LC-
Packings, Dionex, Voisins le Bretonneux, France) fitted to a QSTAR
XL (MDS SCIEX, Ontario, Canada) equipped with a nanoelectrospray
ion source (ESI) (Proxeon Biosystems A/S, Odense, Denmark).
Samples were first concentrated on a PepMap 100 C18 column (5 ×
0.3 mm, 5 μm particule size, Dionex, Amsterdam, The Netherlands).
Peptides were separated on a PepMap C18 column (150 × 0.075 mm,
3 μm particule size, Dionex). Solvent A contained 2% (v/v)
acetonitrile, 0.08% (v/v) formic acid, and 0.01% (v/v) TFA in
deionized water and solvent B, 95% (v/v) acetonitrile, 0.08% (v/v)
formic acid, and 0.01% (v/v) TFA in deionized water. A linear
gradient from 10 to 50% of solvent B in 65 min was applied for the
elution at a flow rate of 0.2 μL/min. Eluted peptides were directly
electrosprayed into the mass spectrometer operated in positive mode.
A full continuous MS scan was carried out followed by three data-
dependent MS/MS scans. Spectra were collected in the range of m/z
450−1500 for MS and in the range of m/z 60−2000 for MS/MS
spectra. The three most intense ions from the MS scan were selected
individually for collision-induced dissociation (1+ to 4+ charged ions
were considered for the MS/MS analysis). The mass spectrometer was
operated in data-dependent mode automatically switching between
MS and MS/MS acquisition using Analyst QS 1.1 software. The
instrument was calibrated by multipoint calibration using fragment
ions that resulted from the collision-induced decomposition of the β-
CN(f193−209). The peptides present in the samples were identified
from MS and MS/MS data by using MASCOT v. 2.2 software against
a homemade database dealing with major milk proteins and
corresponding to a portion of the Swissprot database. No specific
enzyme cleavage was used, and the peptide mass tolerance was set to
0.3 Da for MS and to 0.2 Da for MS/MS. For a database containing 25
protein sequences (N) and a significance level of 0.04 (α), the cutoff
score is equal to −10 × log (α/N) = 28. Matches with a Mascot score
superior or equal to this cutoff score were considered to be statistically
significant.

■ RESULTS AND DISCUSSION
The capacity of S. thermophilus strains to generate peptides
from CNs was evaluated by a biochemical approach (Table 1).
The strains were grown to midexponential phase; cell pellets
were recovered and further incubated with purified αs1-CN, αs2-
CN, or β-CN in a 50 mM sodium phosphate buffer, pH 7.5.
After 2 or 4 h of incubation at 42 °C, the peptides contained in
the supernatants were separated by HPLC and characterized by

Table 1. S. thermophilus Strains Used in This Worka

S. thermophilus strain origin strain type prtS PrtS

ATE19PB8 yogurt H + +
Y4 yogurt H + +
4F44 cheese H + +
LMD-9* yogurt H + +
PB302 yogurt H + +
PB385 yogurt H + +
CNRZ404 yogurt M + ±
CNRZ445 cheese M + ±
ATCC19258 pasteurized milk M + ±
HAD8α yogurt M + −
CNRZ1066* yogurt L − −

aKey: *, genomes entirely sequenced; strain type H (high acidifying
strain), L (low acidifying strain), and M (medium acidifying strain);
genotype prtS (+, presence of the gene; −, absence). Phenotype PrtS is
only qualitative (+, strong proteolytic activity; ±, weak proteolytic
activity; −, no proteolytic activity) and was determined by
zymography.16.
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Table 2. Peptides Generated from Bovine β-Casein by the Proteolytic System of S. thermophilus H-Strainsa
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MS/MS. The L-strain CNRZ1066, which is prtS−, displayed, as
expected, no proteolytic activity on the three CNs tested after 2
or 4 h of incubation. As no peptidase activity, from a cell lysis,
was detected in the medium in which the cells were incubated,
the hydrolysis of caseins observed here resulted only from a
surface proteolytic activity.
Identification of Peptides Generated from β-, αs2-, and

αs1-Casein Hydrolysis. Identification of Peptides Gener-
ated from β-CN. Not only was β-CN hydrolyzed more quickly
by the proteolytic system of the S. thermophilus strains tested,
but its hydrolysis degree was also higher. After 2 h of
incubation, no hydrolysis was detected with the M-strains (data
not shown), whereas 23.1% of the peptide bonds (48 of 208
bonds) of the β-CN were cleaved by all H-strains taken

together, resulting in a production of 84 different peptides
(Table 2). The mean number of peptides produced by each
strain was 52.8 ± 9.6. The number of generated peptides varied
from one strain to another because only 38 peptides were
liberated by strain 4F44, whereas 65 peptides were generated
by strain LMD-9 (Table 2).
After 4 h of incubation, 31.3% of the peptide bonds of the β-

CN were hydrolyzed by the 6 H-strains, leading to a total of
109 different peptides. The average number of peptides
produced by each H-strain was 60.0 ± 7.2 (Table 2). The
proteolytic profiles differed between the strains analyzed. For
example, only 53 peptides were detected for strain 4F44,
whereas 73 peptides were generated by strain LMD-9 after 4 h
of hydrolysis. Strains Y4 and LMD-9 were the most proteolytic

Table 2. continued

aPeptides were detected after 2 or 4 h of hydrolysis in 50 mM phosphate buffer, pH 7.5. Empty box refers to a lack of detection. The asterisk
indicates the peptides that are generated after 2 h of incubation. A peptide is considered to be “specific” when it is produced by a maximum of two
different strains and is shaded light gray. The peptides produced by all of the H-strains are shaded dark gray.
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toward β-CN because almost all new peptides produced by
strains PB302 and PB385 between 2 and 4 h of hydrolysis were
already released after 2 h of hydrolysis by strains LMD-9 and
Y4. Only 44 of the peptides identified were formed by all of the
H-strains studied. Globally, during the hydrolysis of 4 h, 116
different peptides could be produced by the 6 H-strains tested,
and only 7 peptides found after 2 h of hydrolysis were not
recovered after 4 h (β-CN(f97−107), β-CN(f124−139), β-
CN(f124−141), β-CN(f165−175), β-CN(f168−177), β-CN-
(f168−182), and β-CN(f201−209); Table 2).
The number of specific peptides (a specific peptide was

defined as a peptide produced by a maximum of 2 different
strains) varied from one strain to another: strain ATE19PB8
produced only 4 specific peptides, whereas strains Y4 and
LMD-9 generated 17 and 20, respectively. Such differences
could not be attributed only to the import of peptides which
could differ between the strains or to an additional hydrolysis,
because few of the peptides generated after 2 h of β-CN
hydrolysis disappeared after 4 h (Table 2). Therefore, most of
the peptides generated from β-CN after 2 h of hydrolysis by the
H-strains corresponded to final peptides. The large proportion
of proline residues (1−4) in their sequence could have
increased their resistance toward proteolysis.24

Only 30 peptides were generated by the M-strains after 4 h of
incubation, suggesting that their proteolytic capacities were
lower than those of the H-strains (Table 3). Thirteen of the 30
peptides were specifically formed by the 4 M-strains studied in

this work (Table 3). The mean size of these peptides was about
21 residues, that is, significantly longer than for H-strains
(about 10 residues). Fifteen of 17 peptides generated from β-
CN by both M- and H-strains were systematically produced by
all of the H-strains studied. Therefore, these peptides were
generated from accessible zones of caseins by the proteolytic
system of S. thermophilus even by the less efficient system of the
M-strains. Galia et al.16 showed that the prtS allele of H-strains
LMD-9, PB302, and PB385 and of M-strain HAD8α are the
same and that M-strains expressed PrtS at lower levels than H-
strains in M17 medium. Therefore, a lower proteolytic enzyme
expression could slow the kinetics of hydrolysis, and large
peptides observed in the case of M-strains might correspond to
intermediate peptides.
Cleavage site distribution analysis of the whole β-CN

sequence revealed a varied distribution of cleaved bonds
(Figure 1). Thus, no peptide bond located between residues 1
and 92 was cleaved after 2 h of incubation. Even after 4 h of
hydrolysis, the N-terminal part of the β-CN was very poorly
hydrolyzed because only 2 peptide bonds (14−15 and 16−17)
were cleaved by M-strain HAD8α, 3 (28−29, 52−53, and 56−
57) by M-strain CNRZ445, and 3 (56−57, 68−69, and 83−84)
by H-strain LMD-9 (Figure 1). Most of the peptides generated
by all of the H-strains came from the 160−209 region of the β-
CN. On the basis of hydrophobicity estimated according to the
method of Kyle and Doolittle,25 it appeared in a first
approximation that the hydrophilic amino-terminal extremity

Table 3. Peptides Generated from Bovine β-Casein by the Proteolytic System of S. thermophilus M-Strainsa

aPeptides were detected only after 4 h of hydrolysis in 50 mM phosphate buffer, pH 7.5. “X” indicates that the peptide is produced by the
corresponding strain; empty box refers to a lack of detection. Peptides shaded gray are produced only by M-strains. An asterisk next to the sequence
indicates a peptide also generated by all of the H-strains studied. “S” in a sequence indicates a residue of phosphoserine.
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of the protein (residues 1−50) was more resistant to hydrolysis
than the hydrophobic carboxy-terminal extremity (153−175
and 187−209 residues).
Identification of Peptides Generated from αs2-CN. The H-

and M-strains did not generate any hydrolysis products from
αs2-CN after 2 h, and only the H-strains produced peptides
after 4 h (Table 4). Therefore, αs2-CN appeared to be
hydrolyzed at a slower rate than β-CN by S. thermophilus. Sixty-
two peptide bonds of 206 were hydrolyzed (30.0%) after 4 h of
hydrolysis of this CN by the H-strains, leading to the
production of 89 different peptides. The mean number of
peptides produced by each strain was 35.8 ± 12.4. The mean
number of residues was 9.5 ± 3.8. As observed for β-CN, a
great variability between the six H-strains tested was observed.
Strains PB302 and ATE19PB8 generated only 25 peptides from
αs2-CN, whereas strains PB385 and 4F44 produced 45 and 56
peptides, respectively. These two strains were able to produce a
great number of specific peptides compared to the other four.
Only six of the peptides recovered in the hydrolysis medium
were common for the six H-strains studied, and 58.4% of the
peptides released appeared to be specific.
As observed for β-CN, the cleavage sites were not uniformly

distributed along the αs2-CN sequence (Figure 1). αs2-CN is
composed of three regions: a negatively charged region (3−18),
a hydrophobic region (78−109), and a positively charged
region (126−207). As shown by Tauzin et al.23 using a tryptic
digestion, the association of αs2-CN in a tetrameric form in
phosphate buffer (pH 8.1) leads to a protection of some
regions toward hydrolysis. Thereby, the carboxy extremity of
αs2-CN (153−207) was more susceptible to trypsin hydrolysis.

On the contrary, the amino extremity (1−91) and the central
region (114−150) were almost not accessible to trypsin. A
similar phenomenon was observed with the proteolytic system
of S. thermophilus H-strains (Figure 1). Indeed, the region 159−
207 was extensively hydrolyzed, whereas only the two bonds
5−6 and 24−25 were cleaved in the amino-terminal part of the
protein (residues 1−88) by strains 4F44 and LMD-9 (Figure 1;
Table 4). Therefore, the most hydrolyzed region of αs2-CN was
hydrophilic, and not hydrophobic as previously observed with
β-CN. This suggested that the hydrophobicity was not the main
parameter to determine CN susceptibility to hydrolysis by the
proteolytic system of S. thermophilus. Indeed, accessibility to
substrate appeared to be a crucial parameter because the CN
regions that are not involved in oligomerization were
hydrolyzed by the proteolytic system. CN accessibility is also
the determinant parameter for the action of the proteolytic
system of Lb. helveticus.26 Besides the peptides generated by all
H-strains, the specific peptides were also released from
accessible zones of caseins, which might appear surprising
because the proteolytic system of all bacteria should be able to
easily hydrolyze these regions. PrtS is the sole caseinolytic CEP
that has been identified in S. thermophilus, and the poly-
morphism concerning this CEP mainly consists of its presence
or absence. If PrtS is responsible for the hydrolysis observed,
this implies that when the affinity of the CEP for a bond located
inside an accessible region is low, the cleavage of this bond
requires a higher quantity of the CEP and, therefore, a higher
expression of this protease.

Identification of Peptides Generated from αs1-CN. As
observed with αs2-CN, the H- and M-strains did not hydrolyze
αs1-CN after 2 h, and only H-strains were able to generate
peptides after 4 h of hydrolysis (Table 5). αs1-CN was the least
hydrolyzed of the three CNs studied because only 39 of the 198
bonds (i.e., 19.7%) were cleaved by the 6 S. thermophilus H-
strains taken together, leading to the formation of only 40
peptides. The mean number of peptides produced by each
strain was 20.0 ± 5.0, and the mean number of residues was 9.6
± 4.6. Only 20.0% of the peptides were found to be produced
by all six H-strains studied, with strain LMD-9 being the most
proteolytic strain, as observed on β-CN. This strain generated
29 peptides, whereas strains PB385 and Y4 liberated only 16
peptides. Many of the peptides produced from αs1-CN by the
six H-strains were specific, this type of peptide representing
55% of the peptides produced. Half of the specific peptides was
produced only by strain LMD-9. Four peptides (αs1-CN(f1−8),
αs1-CN(f1−9), αs1-CN(f1−13), and αs1-CN-(f1−17)) have
been characterized after milk hydrolysis by a pure culture of S.
thermophilus CNRZ385.12 These peptides, except αs1-CN(f1−
17), were also generated by all of the H-strains studied in this
work and therefore belonged to the group of nonspecific
peptides.
Kumosinski et al.27 described the structure of αs1-CN as

follows: a hydrophilic region from residue 1−12, a hydrophobic
region from residue 13 to 40 approximately, a hydrophilic
region until residue 100, and finally a highly hydrophobic
region from residue 100 to the carboxy-terminal part. The αs1-
CN monomers could associate by hydrophobic interactions or
via the charged regions. Hence, some peptide bonds could
become inaccessible to proteolysis in the multimers formed.
Analysis of the cleavages observed in our experiments revealed
that the regions 90−110 and 1−40 were the most susceptible to
hydrolysis as about 40% of the bonds in these regions were
cleaved (Figure 1). On the contrary, the region 41−91

Figure 1. Peptide bonds of bovine β-, αs2-, and αs1-CN hydrolyzed
after 4 h of incubation by the proteolytic system of S. thermophilus
strains. The arrows represent peptide bonds that are hydrolyzed, gray
dotted arrows indicate bonds cleaved only by the M-strains tested in
this work, and bold arrows indicate bonds cleaved by both M- and H-
strains.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf202176d | J. Agric.Food Chem. 2012, 60, 554−565559



Table 4. Peptides Generated from Bovine αs2-Casein by the Proteolytic System of S. thermophilus H-Strainsa
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Table 4. continued

aPeptides were detected after 4 h of hydrolysis in 50 mM phosphate buffer, pH 7.5. “X” indicates that the peptide is produced by the corresponding
strain; empty box refers to a lack of detection. A peptide is considered to be “specific” when it is produced by a maximum of two different strains and
is shaded light gray. The peptides produced by all of the strains are shaded dark gray.

Table 5. Peptides Generated from Bovine αs1-Casein by the Proteolytic System of S. thermophilus H-Strainsa

aPeptides were detected after 4 h of hydrolysis in 50 mM phosphate buffer, pH 7.5. “X” indicates that the peptide is produced by the corresponding
strain; empty box refers to a lack of detection. A peptide is considered to be “specific” when it is produced by a maximum of two different strains and
is shaded light gray. The peptides produced by all of the strains are shaded dark gray.
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appeared to be very resistant to hydrolysis and the region 152−
199 was cleaved only four times by the sole strain LMD-9. As
both hydrophobic and hydrophilic regions could be hydrolyzed
or, on the contrary, protected from hydrolysis, the accessibility
of a region seems to be the most accurate hypothesis to explain
the susceptibility to hydrolysis.
Implication of Protease PrtS in the Formation of the

Peptides. The CEP of lactococci have been divided into two
main groups on the basis of their substrate specificity. The PI-
type proteases hydrolyze predominantly β-CN, and the PIII-
type proteases also cleave α- and κ-CNs.28,29 The differences
between the two groups are not so clear, and mixed-type
specificities have been highlighted. Besides, on the basis of their
action on the αs1-CN(f1−23) fragment, Exterkate et al.30

proposed to divide the proteases of lactococci into seven
groups and identified six potential cleavage sites on the αs1-
CN(f1−23) fragment. The same cleavage sites have been
observed using a purified PrtS from S. thermophilus
CNRZ385:13 four were major sites of hydrolysis, one was a
medium site, and one was a minor site (Figure 2).

In our experiments, S. thermophilus strains were able to
degrade β-CN, but also α-CNs at a slower rate, suggesting that
their protease(s) displayed intermediate PI- and PIII-types. This
observation is consistent with that obtained for the sole CEP of
S. thermophilus described today, that is, PrtS.13 The analysis of
the cleavage sites in the 1−23 region of the αs1-CN (Figure 2)
revealed that they corresponded to those that were observed on
the peptide αs1-CN(f1−23) after hydrolysis by PrtS purified
from S. thermophilus CNRZ385.13 Four of the six bonds of αs1-
CN(f1−23), which have been cleaved by PrtS of the strain
CNRZ385, were cut by all of the H-strains studied in this work;
they corresponded to three major sites, H8−Q9, Q9−G10, L16−
N17, and to the medium site Q13−E14 (Figure 2). The major
cleavage site N17−E18 was cut by all of the H-strains, except
strain Y4, and the minor site L21−R22 was hydrolyzed by two of
the six H-strains. This bond was hydrolyzed at a very slow rate
in the study of Fernandez-Espla et al.,13 and this tendency was
also found in our study. The bond R22−F23 of the αs1-CN was
cut by all six H-strains, whereas PrtS, purified from strain
CNRZ385, did not cut this bond in peptide αs1-CN(f1−23).
The pure PrtS was unable to generate the cleavage between the
residues R22 and F23 in peptide αs1-CN(f1−23), because this
bond is the last one and could have been hydrolyzed only if
PrtS exhibited an exopeptidase-like activity. Contrarily, this

bond being internal in αs1-CN, it was not surprising that it had
been cut by an endopeptidase activity.
Three new bonds were also hydrolyzed in our study: I6−K7,

K7−H8, and G10−L11. The cleavage of the I6−K7 bond of αs1-
CN (hydrolyzed only by strain 4F44) was already reported for
Lb. helveticus CNRZ32,31 CNRZ303, and CP790.28 The K7−H8

bond of αs1-CN was hydrolyzed by five of the six H-strains
considered. This is the first time that this bond is reported as
being cleaved by a CEP of a LAB. Nevertheless, the importance
of this cleavage site could not be evaluated because the
generated peptides were identified but not quantified. The
G10−L11 bond was hydrolyzed only by strain PB385.
The correspondence between the major and medium

cleavage sites observed with PrtS of strain CNRZ 385 on
peptide αs1-CN(f1−23), and those observed with the
proteolytic system of the six H-strains studied here on the
region 1−23 of αS1-CN (the hydrolysis of the major site N17−
E18 was lacking only for strain Y4), led to the conclusion that
PrtS of these strains was probably responsible for the hydrolysis
of CNs reported here. Knowing that strains PB302, PB385, and
LMD-9 and M-strain HAD8α possess the same prtS allele, how
can the fact that strain LMD-9 generated 88 peptides, of which
20 were specific, from β-CN be explained, whereas strains
PB302 and PB385 generated 63 and 66 peptides, of which 5
and 6 were specific, respectively? One hypothesis is to consider
that all of these strains did not display the same level of
expression of PrtS, leading to different enzyme/substrate ratios
between the strains. Such an assumption is based on the results
of Galia et al.,16 who observed that the M-strains possessing the
prtS gene expressed the protease PrtS at a lower level than the
H-strains. Thus, if the level of expression of PrtS could vary
between the M- and H-strains, it may be possible that it could
be also differ within the H-strain group.

S. thermophilus Is Able To Release Bioactive Peptides
from Caseins. Hydrolysis of β-, αs2-, and αs1-CN by the
proteolytic system of S. thermophilus H-strains led to
approximately 250 peptides. As the bioactive peptides can
exert numerous different effects on the body3,32 and no rapid
method of screening of the different bioactivities exists, the
sequence of the peptides obtained in this work was compared
to that of the bioactive peptides published in the literature or
listed in the “database of biologically active peptide
sequences”.33 Among the peptides generated by the tested S.
thermophilus strains, 13 peptides from β-CN, 5 from αs2-CN,
and 2 from αs1-CN were listed as bioactive. Although many
bioactive peptides from αs1-CN have been described in the
literature, only two bioactive peptides were identified in this
study. It must be noted that this work focused on the presence
of bioactive peptides and not on their quantification. Thus,
some of them can be present in low concentration, but the
overall biological activity of a hydrolysate may also result from
additive effects.

Angiotensin I-Converting Enzyme (ACE) Inhibitors. Fifteen
peptides were ACE inhibitors (Table 6). Nine of these peptides
were identified in β-CN hydrolysates, five were identified in αs2-
CN hydrolysates, and one was identified in αs1-CN hydro-
lysates (Table 6). Finally, all of the bioactive peptides resulting
from αs2-CN hydrolysis were ACE inhibitors, one being also an
antioxidant. It must be noted that the peptides generated from
αs2-CN were often specific peptides, generated by one or a
maximum of three strains of S. thermophilus (Table 4).

Other Bioactive Peptides. Several other potential bioactive
peptides were detected in the hydrolysis media of β-CN (Table

Figure 2. Hydrolysis of the region 1−23 of αs1-CN by the proteolytic
system of S. thermophilus PB302, PB385, ATE19PB8, 4F44, Y4, and
LMD-9 in 4 h in 50 mM phosphate buffer, pH 7.5. The cleavage sites
are represented by arrows. CNRZ-385* refers to the specificity of PrtS
of the strain CNRZ385, determined on the peptide 1−23 of αs1-CN.
Its six major, medium, and minor cleavage sites are indicated by a
large, a medium, and a dotted arrow, respectively.13.
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6). Thus, the peptide β-CN(f98−105) displays an antioxidant
activity34 and the peptide β-CN(f169−176) inhibits the
lipoxygenase activity.37 Some of the highlighted bioactive
peptides may act on the immune system because the peptide β-
CN(f193−209) was described as both an immunomodulator
and an antibacterial2,42 and the peptide β-CN(f191−209),
already described as an ACE inhibitor, was also characterized as
an immunomodulating peptide.38 The peptide αs1-CN(f1−23),
which has been first described by Lahov and Regelson48 as a
antimicrobial peptide called “isracidin”, is also considered to be
an immunomodulating peptide.2 Finally, the peptide β-
CN(f192−209) was labeled as potentially mitogenic.39

The potential bioactive peptides cited above were generated
by all of the H-strains tested, except isracidin, β-CN(f98−105),
and β-CN(f169−176). Isracidin was produced by strains
PB385, 4F44, Y4, and LMD-9, β-CN(f98−105) by strain
4F44, and β-CN(f169−176) by strains ATE19PB8, 4F44, Y4,
and LMD-9 (Table 6). The peptide β-CN(f191−209) present
at 2 h of hydrolysis was further degraded by the four strains
ATE19PB8, 4F44, Y4, and LMD-9.
Thus, all bioactive peptides, except one, highlighted in this

work appeared to be resistant to hydrolysis by the proteolytic
system of S. thermophilus, confirming the results of Somkuti and
Paul,49 who showed that isracidin remained intact after 4 h of
incubation with S. thermophilus strains but was degraded by
exposure to Lb. delbrueckii ssp. bulgaricus strains.
Numerous studies have been conducted on bioactive

peptides generated from fermentations with Lactococcus or
Lactobacillus strains. Studies on the release of bioactive peptides
(or their precursors) from CNs by S. thermophilus in coculture
with Lactobacillus (with the possible addition of enzymes) were
also carried out.7,50,51 To our knowledge, very few studies dealt
with the genesis of peptides from the hydrolysis of CNs with S.

thermophilus alone.12 Among the bioactive peptides released by
S. thermophilus, some of them are also generated from CNs by
other LAB. Thus, the peptides β-CN(f191−209), β-CN(f192−
209), and β-CN(f199−209) are produced by Lc. lactis, the
peptide αS1-CN(f1−9) is produced by Lb. helveticus, and the
peptides β-CN(f168−175), β-CN(f169−175), and β-CN-
(f183−190) are produced by both bacteria.52−55 We considered
only the bioactive peptides with a proven activity, especially
those listed in the “database of biologically active peptide
sequences”,33 but the real number of bioactive peptides may be
higher. Moreover, the peptides with m/z < 400 were not
identified by the LC-ESI-MS/MS analysis, which explains that
the reported peptides have a sequence of at least five residues.
The identified peptides could also be the precursors of
bioactive peptides that could be released in vivo by gastro-
intestinal enzymes. Thus, Parrot et al.56 suggested that digestive
enzymes diminished the ACE inhibition activity of the peptides
detected in Emmental cheese, whereas the digestion of peptides
of higher molecular weight would generate new ACE inhibitory
peptides. New techniques in vitro would be required to rapidly
evaluate the biological activity of a hydrolysate, but finally, only
tests on animals would give a global knowledge of the bioactive
effect taking into account the presence of antagonist(s) or
agonist(s).
The aim of this work was to determine (i) whether the

proteolytic system of S. thermophilus is able to generate
bioactive peptides from some bovine CNs; (ii) whether such a
capacity could vary among the S. thermophilus strains; and (iii)
whether the CEP PrtS could account for such a production, at
least in part. The results obtained showed that S. thermophilus is
able to generate numerous peptides from CNs and that some of
them are strain-specific. Among the peptides, several have
bioactive potential, leading to the conclusion that S.

Table 6. Potential Bioactive Peptides Generated by the Proteolytic System of Various S. thermophilus Strains from Bovine β-,
αs2-, and αs1-Caseins after 2 or 4 h of Hydrolysisa

source sequence strains activity ref

β-CN 98−105 VKEAMAPK 4F44 antioxidant 34
168−175 SKVLPVPQ all ACE inhibitor 35
169−175 KVLPVPQ all ACE inhibitor 36
169−176 KVLPVPQK ATE19PB8, 4F44,Y4, LMD-9 LOX inhibitor 37
183−190 RDMPIQAF all ACE inhibitor 35
191−209 LLYQEPVLGPVRGPFPIIV all ACE inhibitor and immunomodulating 35, 38
192−209 LYQEPVLGPVRGPFPIIV all mitogene 39
193−198 YQEPVL all ACE inhibitor 40
193−202 YQEPVLGPVR all ACE inhibitor 35, 41
193−209 YQEPVLGPVRGPFPIIV all immunomodulating and antibacterial 2, 42
199−209 GPVRGPFPIIV all ACE inhibitor 43
201−209 VRGPFPIIV Y4, LMD-9 ACE inhibitor 44
203−209 GPFPIIV all ACE inhibitor 43

αs2-CN 174−181 FALPQYLK PB385 ACE inhibitor 45
189−197 AMKPWIQPK PB385, PB302, 4F44 ACE inhibitor 36
190−197 MKPWIQPK PB385, PB302, 4F44 ACE inhibitor 36
198−202 TKVIP PB302, Y4, 4F44 ACE inhibitor 36
202−207 PYVRYL PB385 ACE inhibitor and antioxidant 46

αs1-CN 1−9 RPKHPIKHQ all ACE inhibitor 47
1−23 RPKHPIKHQGLPQEVLNENLLRF LMD-9, PB385, 4F44, Y4 immunomodulating and antibacterial 48

a“all” means that the peptide was produced by the six H-strains tested in this study. ACE, angiotensin-converting enzyme (ACE transforms
angiotensin I to angiotensin II and also hydrolyzes bradykinin into inactive peptides); LOX, lipoxygenase (lipoxygenase is a dioxygenase that
catalyzes oxygenation of certain polyunsaturated fatty acids).
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thermophilus, which is widely used in dairy product
manufacture, could be used for the release of bioactive peptides
from CNs during processing. Finally, we showed that the
protease PrtS could account at least in part for the observed
production of the peptides from CNs and, so, for the bioactive
peptides detected.
This work poses several questions. The first concerns the

origin of the specific peptides that are produced by few strains.
Is PrtS responsible for this variability and how? The second
question concerns the stability of the bioactive peptides during
the storage of the products and their bioavailability for the
consumer. Finally, the third concerns the real number of
bioactive peptides that are generated by the S. thermophilus
strains and the possibility of driving their liberation by
modifying the proteolytic system of S. thermophilus.

Abbreviations Used
ACE, angiotensin I-converting enzyme; CN, casein; H, high
acidifying; L, low acidifying; LAB, lactic acid bacteria; M,
medium acidifying.
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*Postal address: UR AFPA, Équipe PB2P, Faculte ́ des Sciences
et Technologies, Universite ́ Henri Poincare ́ − Nancy 1, B.P.
70239, 54506 Vandœuvre-les̀-Nancy Cedex, France. Phone: +
33 (0)3 83 68 42 67. Fax: + 33 (0)3 83 68 42 74. E-mail:
Annie.Dary@scbiol.uhp-nancy.fr.

Author Contributions
∥These authors contributed equally to this work.

Funding
This work was supported by Mission scientifique Syndifrais −
CNIEL.

■ ACKNOWLEDGMENTS
We thank Oun-Ki Chang for his valuable assistance and Maira
Junjua for her critical reading and corrections of our
manuscript.

■ REFERENCES
(1) Smacchi, E.; Gobbetti, M. Bioactive peptides in dairy products:
synthesis and interaction with proteolytic enzymes. Food Microbiol.
2000, 17, 129−141.
(2) Silva, S. V.; Malcata, F. X. Caseins as source of bioactive peptides.
Int. Dairy J. 2005, 15, 1−15.
(3) Korhonen, H. Milk-derived bioactive peptides: from science to
applications. J. Funct. Food 2009, 1, 177−187.
(4) Phelan, M.; Aherne, A.; FitzGerald, R. J.; O’Brien, N. M. Casein-
derived bioactive peptides: biological effects, industrial uses, safety
aspects and regulatory status. Int. Dairy J. 2009, 19, 643−654.
(5) Kuwabara, Y.; Nagai, S.; Yoshimitsu, N.; Nakagawa, I.; Watanabe,
Y.; Tamai, Y. Antihypertensive effect of the milk fermented by
culturing various lactic acid bacteria and a yeast. J. Ferment. Bioeng.
1995, 80, 294−295.
(6) Gobbetti, M.; Stepaniak, L.; De Angelis, M.; Corsetti, A.; Di
Cagno, R. Latent bioactive peptides in milk proteins: proteolytic
activation and significance in dairy processing. Crit. Rev. Food Sci. Nutr.
2002, 42, 223−239.
(7) Donkor, O. N.; Henriksson, A.; Singh, T. K.; Vasiljevic, T.; Shah,
N. P. ACE-inhibitory activity of probiotic yoghurt. Int. Dairy J. 2007,
17, 1321−1331.
(8) Pihlanto, A.; Virtanen, T.; Korhonen, H. Angiotensin I converting
enzyme (ACE) inhibitory activity and antihypertensive effect of
fermented milk. Int. Dairy J. 2010, 20, 3−10.

(9) Sadat-Mekmene, L.; Genay, M.; Atlan, D.; Lortal, S.; Gagnaire, V.
Original features of cell-envelope proteinases of Lactobacillus helveticus.
A review. Int. J. Food Microbiol. 2011, 146, 1−13.
(10) Delorme, C. Safety assessment of dairy microorganisms
Streptococcus thermophilus. Int. J. Food Microbiol. 2008, 126, 274−277.
(11) Hansen, E. B. Microorganisms. In Handbook of Food and
Beverage Fermentation Technology; Hui, Y. H., Meunier-Goddik, L.,
Hansen, Å. S., Josephsen, J., Nip, W.-K., Stanfield, P. S., Toldra,́ F.,
Eds.; Dekker: New York, 2004; pp 10−25.
(12) Courtin, P.; Rul, F. Interactions between microorganisms in a
simple ecosystem: yogurt bacteria as a study model. Lait 2004, 84,
125−134.
(13) Fernandez-Espla, M. D.; Garault, P.; Monnet, V.; Rul, F.
Streptococcus thermophilus cell wall-anchored proteinase: release,
purification, and biochemical and genetic characterization. Appl.
Environ. Microbiol. 2000, 66, 4772−4778.
(14) Courtin, P.; Monnet, V.; Rul, F. Cell-wall proteinases PrtS and
PrtB have a different role in Streptococcus thermophilus/Lactobacillus
bulgaricus mixed cultures in milk. Microbiology 2002, 148, 3413−3421.
(15) Shahbal, S.; Hemme, D.; Desmazeaud, M. High cell wall-
associated proteinase activity of some Streptococcus thermophilus strains
(H-strains) correlated with a high acidification rate in milk. Lait 1991,
71, 351−357.
(16) Galia, W.; Perrin, C.; Genay, M.; Dary, A. Variability and
molecular typing of Streptococcus thermophilus strains displaying
different proteolytic and acidifying properties. Int. Dairy J. 2009, 19,
89−95.
(17) Rasmussen, T.; Danielsen, M.; Valina, O.; Garrigues, C.;
Johansen, E.; Pedersen, M. Streptococcus thermophilus core genome:
comparative genome hybridization study of 47 strains. Appl. Environ.
Microbiol. 2008, 74, 4703−4710.
(18) Delorme, C.; Bartholini, C.; Bolotine, A.; Ehrlich, S. D.; Renault,
P. Emergence of a cell wall protease in the Streptococcus thermophilus
population. Appl. Environ. Microbiol. 2010, 76, 451−460.
(19) Bolotin, A.; Quinquis, B.; Renault, P.; Sorokin, A.; Dusko
Ehrlich, S.; Kulakauskas, S.; Lapidus, A.; Goltsman, E.; Mazur, M.;
Pusch, G. D.; Fonstein, M.; Overbeek, R.; Kyprides, N.; Purnelle, B.;
Prozzi, D.; Ngui, K.; Masuy, D.; Hancy, F.; Burteau, S.; Boutry, M.;
Delcour, J.; Goffeau, A.; Hols, P. Complete sequence and comparative
genome analysis of the dairy bacterium Streptococcus thermophilus. Nat.
Biotechnol. 2004, 22, 1554−1558.
(20) Makarova, K.; Slesarev, A.; Wolf, Y.; Sorokin, A.; Mirkin, B.;
Koonin, E.; Pavlov, A.; Pavlova, N.; Karamychev, V.; Polouchine, N.;
Shakhova, V.; Grigoriev, I.; Lou, Y.; Rohksar, D.; Lucas, S.; Huang, K.;
Goodstein, D. M.; Hawkins, T.; Plengvidhya, V.; Welker, D.; Hughes,
J.; Goh, Y.; Benson, A.; Baldwin, K.; Lee, J. H.; Diaz-Muniz, I.; Dosti,
B.; Smeianov, V.; Wechter, W.; Barabote, R.; Lorca, G.; Altermann, E.;
Barrangou, R.; Ganesan, B.; Xie, Y.; Rawsthorne, H.; Tamir, D.;
Parker, C.; Breidt, F.; Broadbent, J.; Hutkins, R.; O’sullivan, D.; Steele,
J.; Unlu, G.; Saier, M.; Klaenhammer, T.; Richardson, P.; Kozyavkin,
S.; Weimer, B.; Mills, D. Comparative genomics of the lactic acid
bacteria. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 15611−15616.
(21) Terzaghi, B. E.; Sandine, W. E. Improved medium for lactic
Streptococci and their bacteriophages. J. Appl. Microbiol. 1975, 29,
807−813.
(22) Girardet, J.-M.; Humbert, G.; Creusot, N.; Chardot, V.;
Campagna, S.; Courthaudon, J.-L.; Gaillard, J.-L. Dilational rheology
of mixed β-casein/Tween 20 and β-casein (f114−169)/Tween 20
films at oil-water interface. J. Colloid Interface Sci. 2001, 243, 515−522.
(23) Tauzin, J.; Miclo, L.; Roth, S.; Molle,́ D.; Gaillard, J.-L. Tryptic
hydrolysis of bovine αs2-casein: identification and release kinetics of
peptides. Int. Dairy J. 2003, 13, 15−27.
(24) Kaspari, A.; Diefenthal, T.; Grosche, G.; Schierhorn, A.;
Demuth, H.-U. Substrates containing phosphorylated residues
adjacent to proline decrease the cleavage by proline-specific
peptidases. Biochim. Biophys. Acta 1996, 1293, 147−153.
(25) Kyte, J.; Doolittle, R. F. A simple method for displaying the
hydropathic character of a protein. J. Mol. Biol. 1982, 157, 105−132.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf202176d | J. Agric.Food Chem. 2012, 60, 554−565564



(26) Sadat-Mekmene, L.; Jardin, J.; Corre, C.; Molle,́ D.; Richoux, R.;
Delage, M. M.; Lortal, S.; Gagnaire, V. Simultaneous presence of PrtH
and PrtH2 proteinases in Lactobacillus helveticus strains improves
breakdown of the pure αs1-casein. Appl. Environ. Microbiol. 2011, 77,
179−186.
(27) Kumosinski, T. F.; Brown, E. M.; Farrell, H. M. Jr. Three-
dimensional molecular modeling of bovine caseins: αs1-casein. J. Dairy
Sci. 1991, 74, 2889−2895.
(28) Kunji, E. R. S.; Mierau, I.; Hagting, A.; Poolman, B.; Konings,
W. N. The proteolytic systems of lactic acid bacteria. Antonie van
Leeuwenhoek 1996, 70, 187−221.
(29) Tsakalidou, E.; Anastasiou, R.; Vandenberghe, I.; Van Beeumen,
J.; Kalantzopoulos, G. Cell-wall-bound proteinase of Lactobacillus
delbrueckii subsp. lactis ACA-DC 178: characterization and specificity
for β-casein. Appl. Environ. Microbiol. 1999, 65, 2035−2040.
(30) Exterkate, F. A.; Alting, A. C.; Bruinenberg, P. G. Diversity of
cell envelope proteinase specificity among strains of Lactococcus lactis
and its relationship to charge characteristics of the substrate-binding
region. Appl. Environ. Microbiol. 1993, 59, 3640−3647.
(31) Pederson, J. A.; Mileski, G. J.; Weimer, B. C.; Steele, J. L.
Genetic characterization of a cell envelope-associated proteinase from
Lactobacillus helveticus CNRZ32. J. Bacteriol. 1999, 181, 4592−4597.
(32) Hartmann, R.; Meisel, H. Food-derived peptides with biological
activity: from research to food applications. Curr. Opin. Biotechnol.
2007, 18, 163−169.
(33) Dziuba, J.; Minkiewicz, P.; Nalecz, D.; Iwaniak, A. Database of
biologically active peptide sequences. Nahrung 1999, 43, 190−195.
(34) Korhonen, H.; Pihlanto, A. Technological options for the
production of health-promoting proteins derived from milk and
colostrum. Curr. Pharm. Des. 2007, 13, 829−843.
(35) Yamamoto, N.; Akino, A.; Takano, T. Antihypertensive effect of
peptides derived from casein by an extracellular proteinase from
Lactobacillus helveticus CP790. J. Dairy Sci. 1994, 77, 917−922.
(36) Maeno, M.; Yamamoto, N.; Takano, T. Identification of an
antihypertensive peptide from casein hydrolysate produced by a
proteinase from Lactobacillus helveticus CP790. J. Dairy Sci. 1996, 79,
1316−1321.
(37) Rival, S.; Boeriu, C. G.; Wichers, H. J. Caseins and casein
hydrolysates. 2. Antioxidative properties and relevance to lipoxygenase
inhibition. J. Agric. Food Chem. 2001, 49, 295−302.
(38) Hayes, M.; Stanton, C.; Fitzgerald, G. F.; Ross, R. P. Putting
microbes to work: dairy fermentation, cell factories and bioactive
peptides. Part II: Bioactive peptide functions. Biotechnol. J. 2007, 2,
435−449.
(39) Coste, M.; Rochet, V.; Leónil, J.; Molle,́ D.; Bouhallab, S.;
Tome,́ D. Identification of C-terminal peptides from β-casein that
enhance proliferation of rat lymphocytes. Immunol. Lett. 1992, 33, 41−
46.
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Effect of simulated gastrointestinal digestion on the antihypertensive
properties of ACE-inhibitory peptides derived from ovalbumin. J.
Agric. Food Chem. 2006, 54, 726−731.

(45) Tauzin, J.; Miclo, L.; Gaillard, J.-L. Angiotensin-I-converting
enzyme inhibitory peptides from tryptic hydrolysate of bovine αs2-
casein. FEBS Lett. 2002, 531, 369−374.
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