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Adapted, follow-up, probiotic follow-up, toddler, and probiotic toddler infant formulas were subjected
to an in vitro enzymatic procedure simulating physiological digestion. The formation and identification
of casein phosphopeptides (CPPs) in the milk-based infant formulas were studied using reversed
phase high-performance liquid chromatography coupled on line to an ion trap mass spectrometer.
Most CPPs formed contained the cluster sequence SpSpSpEE, a mineral binding site. Phosphopeptide
Rs2-CN(1-19)4P was present in all formulas analyzed. Probiotic formulas released CPPs not detected
in nonprobiotic formulas and probably formed by bifidobacteria action. These observations suggest
that physiological digestion of these products promotes the formation of bioactive peptides with mineral
carrier properties in the gastrointestinal tract, which resist further proteolysis.
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INTRODUCTION

The protein fraction of milk is an important source of
bioactive peptides; the intrinsic bioactivities of these encrypted
peptides remain latent until they are released and activated by
enzymatic hydrolysis, gastrointestinal digestion, or food pro-
cessing (1,2). Among these activated peptides, casein phos-
phopeptides (CPPs) may function as carriers for different
minerals (1-5).

CPPs are phosphorylated casein-derived peptides that can be
released through in vitro or in vivo enzymatic hydrolysis of
Rs1-, Rs2-, andâ-casein (CN). Many of these peptides contain
a common structural motif: a sequence of three phosphoseryls
followed by two glutamic acid residues. These highly polar
acidic domains represent the binding sites for minerals such as
calcium, iron, and zinc and play an important role in mineral
bioavailability (1, 2, 3, 5). These or related phosphorylated
sequences occur inRs1-CN(66-70),Rs2-CN(56-60),Rs2-CN-
(129-133), andâ-CN(15-19) (2).

The amino acid sequence around the anionic hydrophilic
domains seems to be significant in mineral binding (6).
Moreover, dephosphorylated peptides do not bind minerals as
efficiently as their equivalent phosphorylated derivatives (2).

The mineral chelating properties of CPPs coupled with their
ability to form soluble complexes support their biological role
as mineral carriers. Most minerals are dissociated from food at

low pH in the stomach and may gradually become insoluble in
the intestine as the pH increases. CPPs possess the ability to
form soluble complexes with minerals, especially calciums
thereby preventing precipitation as calcium phosphate. Calcium
weakly bound to CPPs can be progressively released in the
intestinal lumen for absorption. These CPP effects are of
nutritional relevance, since they occur at the intestinal pH
suitable for calcium phosphate precipitation (7).

To date, several studies have investigated the effect of CPPs
on mineral bioavailability. However, considerable controversy
exists as to whether CPPs enhance calcium absorption. In
general, in vitro animal studies have confirmed a positive effect
of CPPs on calcium absorption (7-9), while most balance
studies have failed to find an effect of CPPs in calcium
absorption in rats (10,11) and piglets (12). Few studies have
been published on the effect of CPPs upon human mineral
bioavailability, and no effect on calcium absorption has been
demonstrated (13-15). The discordance between the results of
in vitro and in vivo studies can be attributed to differences in
the methodology used to measure the intrinsic and extrinsic
absorption of calcium, the CPP dosage involved, and the nature
and presence of complex interactions with others food constitu-
ents. CPPs utilized in balance studies have usually been mixtures
of different CPPs possessing different mineral binding capacities
(11). CPPs also influence iron (16, 17) and zinc (13, 14)
absorption, although studies of their effects on the bioavailability
of these minerals are more scarce than studies on calcium.

Although bioactivity of phosphopeptides seemed more obvi-
ous in vitro and less clear in studies conducted under physi-
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ological conditions, many authors have shown that CPPs may
improve the mineral balance in certain population groups at risk
of intake below the recommended levels. A significant enhance-
ment in calcium absorption was reported during the coingestion
of CPPs with calcium by postmenopausal woman with a low
basal absorptive capability (18). Iron bound to CN hydrolysates
could offer a potential iron delivery source in programs for the
treatment or supplementation of patients with iron deficiency
anemia (17).

Several animal and human studies have reported the produc-
tion of CPPs in vivo. Analyses of the intestinal fluid of minipigs
fed a bovine CN-containing diet (19) and of the duodenal
contents of adult humans after ingestion of milk and yogurt (20)
showed that CPPs can survive intestinal transit after the ingestion
of dairy foods. Other authors have reported better survival during
intestinal passage by CPPs derived from the consumption of
milk as opposed to the ingestion of CPPs per se (21).

Many studies have focused on the identification and char-
acterization of CPPs in model systems ofRs1-CN (22),Rs2-CN
(23),â-CN (24,25), and whole CN (26-30) subjected to tryptic
hydrolysis. However, there have been no previously described
investigations in which CPPs were identified after digestion
procedures simulating human physiological conditions.

The protein fractions of a great number of infant formulas
are derived from the milk used in their formulation. These
products are supplemented with minerals and are formulated
to fully or partially satisfy the mineral requirements of infants.
Considering the effects of CPPs on mineral availability and the
lack of studies designed to identify and characterize CPPs in
infant formulas after simulated digestion, the present work was
carried out to demonstrate the formation and resistance to
gastrointestinal digestion of bioactive peptides with mineral
carrier properties released after the digestion of milk-based infant
formulas. The simultaneous separation and identification of
CPPs in the samples studied was achieved by reversed phase
high-performance liquid chromatography-electrospray ioniza-
tion-tandem mass spectrometry (RP-HPLC-ESI-MS/MS) using
an ion trap mass spectrometer. The potential mineral chelating
properties of these peptides is discussed in relation to their
structure.

MATERIALS AND METHODS

Samples. Adapted, follow-up, probiotic follow-up, toddler, and
probiotic toddler milk-based infant formulas were provided by Hero
España S. A. The protein content and the CN to whey protein ratio
was as follows: adapted (0.112 g protein/g sample and 50:50), follow-
up and probiotic follow-up (0.15 g protein/g sample and 50:50), toddler
(0.026 g protein/mL sample and 65:35), and probiotic toddler (0.142 g
protein/g sample and 65:35). Probiotic formulas containedBifidobac-
terium longumandBifidobacterium bifidum. An outline of the formulas
manufacturing process is provided inFigure 1.

Simulated Digestion.Enzymes and Bile Salts.Pepsin A was from
porcine gastric mucosa (EC 3.4.23.1) (Sigma Chemical Co., St. Louis,
MO). Pepsin (1 g) was suspended in 25 mL of 0.1 N HCl. Pancreatin
(0.04 g) was from porcine pancreas and bile extract (0.25 g) (Sigma
Chemical Co.) and was dissolved in 10 mL of 0.1 N NaHCO3.

The method of Jovanı́ et al. (31), with slight modifications, was
applied, 10 g of adapted, follow-up, probiotic follow-up, probiotic
toddler and 40 g of toddler were made up separately to 80 mL with
distilled-deionized water. After homogenization, the pH was adjusted
to 2 with 6 N HCl. After 15 min, the pH value was checked and if
necessary readjusted to 2. Then, 0.5 g of freshly prepared pepsin solution
was added. Samples were made up to 100 mL with distilled-deionized
water and incubated in a shaking water bath at 37°C for 2 h. The
gastric digest was kept in ice for 10 min to stop pepsin digestion.

Prior to the intestinal digestion step, the pH of the gastric digests
was raised to pH 5.2 by dropwise addition of 1 N NaHCO3. Then,
1.25 g of the pancreatin-bile extract mixture was added and the
incubation was continued for an additional 2 h. The sample was
maintained for 10 min in an ice bath, and the pH was adjusted to 7.2
by dropwise addition of 0.5 N NaOH.

The gastrointestinal digest was centrifuged at 3500g for 1 h at 4°C.
The resulting supernatants (soluble fraction) were collected and
centrifuged at 10000gfor 10 min at 4°C.

Isolation of CPPs by Selective Precipitation.According to the
procedure of Reynolds et al. (32), a solution of 10% (w/v) of CaCl2

was added to supernatants (20 mol CaCl2/mol CN) adjusted to pH 8,
and an equal volume of absolute ethanol 99.5% (v/v) was added slowly
with constant mixing. After centrifugation at 12000g for 10 min at 10
°C, the precipitate was washed with 50% (v/v) ethanol and freeze-
dried. The approximate yield of CPPs obtained after selective precipita-
tion ranged from 2.5 to 7.2 mg CPP/g infant formula.

Analysis of CPPs by on Line RP-HPLC-ESI-MS/MS.RP-HPLC
separation of the peptides was done on an Agilent HPLC system
connected on line to an Esquire-LC quadrupole ion trap mass
spectrometer (Bruker Daltonics, Billerica, MA). The HPLC system was
equipped with a quaternary pump, an in line degasser, an automatic
injector, and a variable wavelength absorbance detector set at 214 nm
(all 1100 Series, Agilent Technologies, Waldbronn, Germany). The
column used in these analyses was a C18 Hi-Pore (250 mm× 4.6 mm;
5 µm particle size) (Bio-Rad Laboratories, Richmond, CA). The
lyophilized precipitates resulting from selective precipitation of the
infant formulas digests (2 mg) were dissolved in 1 mL of 0.1%
trifluoroacetic acid, and the injection volume was 100µL. Solvent A
was a mixture of water/trifluoroacetic acid (1000:0.37 v/v) and solvent
B contained water/acetonitrile/trifluoroacetic acid (200:800:0.27 v/v).

A linear gradient to 60% of B was applied in 90 min, the percentage
of B was increased to 90% in 5 min and remained constant at 90% for
5 min more at a flow rate 0.8 mL/min. The flow rate was split up
postdetector by placing a T-piece (Valco, Houston, TX) connected to
a 75 µm i.d. polyether ether ketone outlet tube of a length adjusted to
yield approximately 20µL/min of flow directed into the mass
spectrometer via the electrospray interface. Nitrogen was used as the
nebulizing and drying gas, and the helium collision gas pressure was
approximately 5× 10-3 bar. The capillary was held at 4 kV. Mass
spectra were recorded over the mass/charge (m/z) range 100-2500.
About 25 spectra were averaged in the MS analyses and about five
spectra in the MS(n) analyses. The signal threshold to perform auto-
MS(n) analyses was 5000, and the precursor ions were isolated within
a range of 4.0m/zand fragmented with a voltage ramp from 0.39 to
2.6 V. Them/zspectral data were processed and transformed to spectra
representing mass values using the program Data Analysis version 3
(Bruker Daltonics). BioTools version 2.1 (Bruker Daltonics) was used
to process the MS(n) spectra and to perform peptide sequencing.

RESULTS AND DISCUSSION

The CPPs identified and the chromatographic profiles of the
analyzed formulas are reported inTables 1-4andFigures 2
and3, respectively. CPPs released after simulated gastrointes-
tinal digestion of milk-based infant formulas contained Arg, Lys
at the C terminussthese results being consistent with the
expected tryptic activity of pancreatinsin addition to Tyr
(probably due to the expected chymotryptic activity of pancre-
atin). Furthermore, cleavage on the carboxyl side of Thr, Val,
and Pro can be attributed to carboxypeptidase activity of
pancreatin, because these residues are located penultimate to a
tryptic or chymotryptic cleavage site (33). The formation of
CPPs with Phe and Tyr at the C terminus can be due to the
chymotryptic activity of pancreatin (33) or to the pepsin activity
preferentially cleaving at the carboxyl side of such amino acids
(34). Fragments at the C terminus, which contain Gln, could
be formed after pancreatic hydrolysis, because pancreatin
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exhibits broad specificity in cleaving bonds on the carboxyl side
of Arg, Lys, Tyr, Leu, Met, Gln, Ser, Thr, Glu, Val, and Pro
(35).

Given that it has been suggested that enterocytes are able to
uptake large peptides up to 30kDa (36) and plasma detection
of CPPs has also been consistently reported by Chabance et al.
(20), CPPs released after simulated digestion of milk-based
infant formulas, whose molecular masses are∼1125-6512 Da
(Tables 1-4), are good candidates for intestinal absorption and
for playing a possible physiological role in mineral bioavail-
ability. Although the mechanism by which CPPs interact with
intestinal cells has not been elucidated, the structural conforma-
tion conferred by the phosphorylated cluster and specific amino
acids located around them is presumably implicated (6).

Identification of CPPs after Simulated Digestion. The
method applied to identify these components involved HPLC-
ESI-MS measurement of the masses of peptides and a search
for the amino acid sequences ofRs1-, Rs2-, andâ-CN fitting the
experimentally observed mass.Figure 4A shows the ESI-MS
spectrum of peptideRs2-CN(1-19)4P (m/z2455.8). Three losses
of 49 Da with respect to the precursor ion (m/z 1228.5),

corresponding to phosphate groups (H3PO4), were observed in
the ESI-MS spectrum.Figure 4B shows the ESI-MS/MS
spectrum of the doubly charged ion (m/z1228.5). The amino
acid sequence and major fragment ions are also indicated. In
the fragmentation profile of the peptide, an ion atm/z1179.5
corresponding to (M+ 2H)2+-Pi was the most noticeable
fragment ion in the spectrum, although a large series of y and
b type ions were also observed.

Phosphopeptides are susceptible to dephosphorylation during
exposure to alkaline and heat treatment. These conditions result
in â-elimination of phosphoserine and the generation of dehy-
droalanine (37). Meisel et al. (38) indicated significant losses
in peptide-bound phosphorus in sodium caseinate after heating
at 170°C during 45, 60, and 75 min. However, the spray drying
time during the infant formulas manufacturing process is shorter
than those indicated by Meisel et al. (38), so less dephospho-
rylation may occur. The identification of different CPPs carried
out in this study, including those containing the SpSpSpEE
cluster, which could affect mineral availability, could be an
indicative signal showing that several CPPs may survive the
processing conditions in infant formulas.

Figure 1. Outline of the formulas manufacturing process.
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Adapted Formula. The chromatographic profile of peptides
released after simulated digestion of the adapted infant formula
is reported inFigure 2A. A total of seven CPPs, two of them

with the cluster sequence SpSpSpEE and with 2-5 phosphate
groups, are identified (Table 1).

These CPPs derived fromRs1- andRs2-CN, and none of them
derived fromâ-CN. This observation is interesting in terms of
mineral bioavailability, because some authors have reported that
CPPs derived fromRs-CN exhibit greater calcium binding
affinity (measured by a calcium selective electrode) thanâ-CN-
derived CPPs (39).

Among the CPPs identified, two of them,Rs1-CN(43-52)2P
and Rs2-CN(1-19)4P, coincide with those obtained after hy-
drolysis of sodium caseinate with pancreatin (35)sthe enzyme
used in this study during gastrointestinal digestion of the
formulas. CPPs derived fromRs1-CN had singly charged
precursor ions, and these CPPs contained 9-11 amino acids
and two phosphate groups; onlyRs1-CN(56-90)5P with 34
amino acids had a doubly charged precursor ion. CPPs derived
from Rs2-CN had doubly charged precursor ion, and these CPPs
contained 19-23 amino acids and 3-4 phosphate groups.

Follow-up Formula. Figure 2B shows the chromatographic
separation of the CPPs released after simulated human digestion
of the follow-up infant formula. A total of four CPPs, all of
them presenting the cluster sequence SpSpSpEE with four or
five phosphate groups, were identified (Table 2).

Follow-up formula contained larger CPPs than adapted
formula, with 19-52 amino acids and molecular masses of
∼2400-6500 Da. In contrast to adapted formula, these CPPs
derived fromRs2- and â-CN and none of them derived from
Rs1-CN.

FragmentRs2-CN(1-19)4P was common to adapted formulas,
and fragmentRs2-CN(1-24)4P coincides with those identified
by other authors after tryptic hydrolysis of CN (Table 2).

The pentaphosphorylated peptideâ-CN(1-52)5P included in
its amino acid sequence two previously described tryptic
peptides,â-CN(1-25)4P andâ-CN(33-48)1P (Table 2), with
mineral chelating properties and calcium binding constants at
pH 7 that are 0.35-0.39 and 0.30-0.33 mM-1, respectively
(40). The beneficial effects ofâ-CN(1-25)4P andâ-CN(33-
48)1P stimulating calcium absorption have been previously
demonstrated (6). Furthermore,â-CN(1-25)4P improves iron
(16,17) and zinc (41) bioavailability. Although the physiological
effect of a particular mineral carrier tryptic peptide may not
always be extrapolated to longer peptides or peptides with
common amino acid sequences, the structural similarity may
allow a similar mineral binding activity to be anticipated.

The protein fragmentâ-CN(1-32)4P has been identified in
the human stomach after the ingestion of milk or yogurt (20).
This suggests that cleavage of the Lys32-Phe33 bond may have
been due to pepsin activitysthe latter being the enzyme used
in this study during the gastric step.

Toddler Formula. The chromatographic separation of CPPs
released after simulated digestion of the toddler formula is
reported inFigure 3A. A total of 11 CPPs were identified in
the toddler formula representing the greatest number of CPPs
of all of the studied formulas (Table 3). This may suggest that
the liquid form could facilitate accessibility of the enzymes to
the cleavage sites. Among these CPPs, six derived fromRs1-
CN, three fromRs2-CN, and two fromâ-CN. Only two CPPs
[Rs1-CN(1-19)4P andRs1-CN(57-90)5P] contained the afore-
mentioned cluster sequence. Peaks 1-3 contained different
protein fragments located between residues 40 and 52 in the
primary structure ofRs1-CN. Peak 7 contained the fragment
â-CN(33-52)1P, which in its amino acid sequence includes
phosphopeptideâ-CN(33-48)4P, which has been described to

Figure 2. Separation of CPPs by RP-HPLC in adapted (A) and follow-up
(B) infant formulas.

Figure 3. Separation of CPPs by RP-HPLC in toddler (A) and probiotic
follow-up (B) infant formulas.
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act as a mineral carrier (Table 3). FragmentRs1-CN(43-52)2P
was common to adapted formula, andRs2-CN(1-19)4P was to
adapted and follow-up formulas.

Probiotic Formulas. Figure 3B shows the chromatographic
profile of CPPs identified in the probiotic follow-up formula.

A total of six CPPs, three of them with the aforementioned
cluster sequence and 1, 4, and 5 phosphate groups, were
identified in both probiotic formulas (Table 4).

Probiotic formulas released a greater number of CPPs than
follow-up infant formula. These CPPs derived fromRs1-, Rs2-,

Figure 4. ESI-MS (A) and ESI-MS/MS (B) spectra of the peptide at m/z 2455.8 from Rs2-CN. The peptide was identified by RP-HPLC-ESI-MS/MS. The
doubly charged ion m/z 1228.5 was subjected to collision-induced dissociation. Following sequence interpretation and database searching, the ESI-MS/
MS spectrum was matched to Rs2-CN(1−19)4P. The sequence of this peptide is displayed with the fragment ions observed in the MS/MS spectrum.
Fragment ions are labeled according to the nomenclature proposed by Papayannopoulus (47).
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and â-CN, three of them [Rs2-CN(1-19)4P,â-CN(1-32)4P,
and (â-CN(1-52)5P] were common to follow-up infant formula
(Table 4).

Little work has been carried out on peptidase activities of
bifidobacterium species in milk (42-44). Aminopeptidase,
carboxypeptidase, iminopeptidase, dipeptidase, and tripeptidase
activities of B. longumwere observed in synthetic substrates
(45). According to these studies, monophosphorylated peptides

Rs1-CN(73-90)1P,Rs1-CN(73-91)1P, andRs1-CN(111-147)-
1P) could be formed by bifidobacteria action, because these
CPPs were only detected in probiotic formulas and no references
support their formation as a result of tryptic or pancreatic
digestion.

The cleavage of Val72-Pro73 and Arg90-Tyr91 is involved
in the formation ofRs1-CN(73-90)1P, Val72-Pro73, and Tyr91-
Leu92 in the origin ofRs1-CN(73-91)1P and Glu110-Ile111 and

Table 1. CPPs Formed and Identified after Simulated Digestion of Adapted Infant Formulaa

peakb
protein

fragment
amino acid
sequence

observed
m/z

calcd
m/z c

ion (m/z)
selected for

MS/MS (charge) mineral carrier peptided refs

1 Rs1-CN(43−52)2P DIGSpESpTEDQ 1240.4 1240.4 1240.4 (1) DIGSpESpTEDQ 35
2 Rs1-CN(44−52)2P IGSpESpTEDQ 1125.5 1125.3 1125.5 (1) DIGSpESpTEDQ
3 Rs1-CN(41−52)2P SKDIGSpESpTEDQ 1455.5 1455.5 1455.5 (1) as above
4 Rs1-CN(40−52)2P LSKDIGSpESpTEDQ 1568.5 1568.6 1568.5 (1) as above
5 Rs2-CN(124−146)3P NREQLSpTSpEENSKKTVDMESpTEV 2881.2 2881.1 1441.1 (2) EQL SpTSpEENSK 23, 35
6 Rs2-CN(1−19)4P KNIMEHVSpSpSpEESIISpQET 2455.8 2455.8 1228.5 (2) KNTMEHVSpSpSpEESIISpQET 35
7 Rs1-CN(56−90)5P DIKQMEASpISpSpSpEEIVPNSpVEQ-

KHIQKEDVPSER
4398.4 4397.8 1100.7(2) QMEASpISpSpSpEE-

IVPNSpVEQK
24, 27−29

a Sp phosphoserine. SpSpSpEE cluster sequence. b Chromatographic peaks were reported in Figure 2A . c Calculated monoisotopic mass. d Sequences in italics indicate
CPPs identified previously that are identical to those obtained in the present study.

Table 2. CPPs Formed and Identified after Simulated Digestion of Follow-up Infant Formulaa

peakb
protein

fragment
amino acid
sequence

observed
m/z

calcd
m/zc

ion (m/z)
selected for

MS/MS (charge) mineral carrier peptided refs

1 Rs2-CN(1−19)4P KNTMEHVSpSpSpEESIISpQET 2455.8 2455.8 1228.4 (2) KNTMEHVSpSpSpEESIISpQET 35
2 Rs2-CN(1−24)4P KNTMEHVSpSpSpEESIISpQETYKQEK 3132.4 3132.2 1567.5 (2) KNTMEHVSpSpSpEESIISpQETYKQEK 23, 26,30
3 â-CN(1−32)4P RELEELNVPGEIVESpLSpSp-

SpEESITRINKKIEK
3976.3 3975.8 1326.2 (3) RELEELNVPGEIVESpLSpSp-

SpEESITRINKKIEK
20

4 â-CN(1−52)5P RELEELNVPGEIVESpLSpSpSpEESITRINKK-
IEKFQSpEEQQQTEDELQDKIHPF

6512.2 6512.9 1629.6 (4) RELEELNVPGEIVESpLSpSpSpEESITR 24, 25,28, 29

FQSpEEQQQTEDELQDKF 24, 25,29, 30
a Sp phosphoserine. SpSpSpEE cluster sequence. b Chromatographic peaks were reported in Figure 2B . c Calculated monoisotopic mass. d Sequences in italics indicate

CPPs identified previously that are identical to those obtained in the present study.

Table 3. CPPs Formed and Identified after Simulated Digestion of Toddler Infant Formulaa

peak b
protein

fragment
amino acid
sequence

observed
m/z

calcd
m/zc

ion (m/z)
selected for

MS/MS (charge) mineral carrier peptided refs

1 Rs1-CN(43−52)2P DIGSpESpTEDQ 1240.4 1240.4 1240.4 (1) DIGSpESpTEDQ 35
2 Rs1-CN(44−52)2P IGSpESpTEDQ 1125.5 1125.3 1125.5 (1) DIGSpESpTEDQ
3 Rs1-CN(41−52)2P SKDIGSpESpTEDQ 1455.5 1455.5 1455.5 (1) as above

Rs1-CN(42−52)2P KDIGSpESpTEDQ 1368.5 1368.5 1368.5 (1) as above
Rs1-CN(40−52)2P LSKDIGSpESpTEDQ 1568.5 1568.6 1568.5 (1) as above

4 Rs2-CN(137−146)1P KTVDMESpTEV 1218.5 1218.5 1218.5 (1) VDMESpTEVFTK 35
5 Rs2-CN(124−146)3P NREQLSpTSpEENSKKTVDMESpTEV 2881.2 2881.1 1441.5 (2) VDME SpTEVFTK

Rs2-CN(1−19)4P KNTMEHVSpSpSpEESIISQET 2456.6 2455.8 1228.4 (2) KNTMEHVSpSpSpEESIISpQET 35
6 â-CN(30−46)1P IEKFQSpEEQQQTEDELQ 2189.2 2188.9 1095.9 (2) FQSpEEQQQTEDELQDK 24, 25,29, 30
7 Rs1-CN(57−90)5P IKQMEASpISpSpSpEEIV-

PNSVEQKHIQKEDVPSER
4281.4 4282.2 1427.8 (3) QMEASpISpSpSpEE-

IVPNSpVEQK
24,27−29

â-CN(33−52)1P FQSpEEQQQTEDELQDKIHPF 2557.2 2556.1 1279.1 (2) FQSpEEQQQTEDELQDK 24, 25,29, 30
a Sp phosphoserine. SpSpSpEE cluster sequence. b Chromatographic peaks were reported in Figure 3A . c Calculated monoisotopic mass. d Sequences in italics indicate

CPPs identified previously that are identical to those obtained in the present study.

Table 4. CPPs Formed and Identified after Simulated Digestion of Probiotic Formulasa

peakb
protein

fragment
amino acid
sequence

observed
m/z

calcd
m/zc

ion (m/z)
selected for

MS/MS (charge) mineral carrier peptided refs

1 Rs2-CN(1−19)4P KNTMEHVSpSpSpEESIISpQET 2455.8 2455.8 1228.4 (2) KNTMEHVSpSpSpEESIISpQET 35
2 Rs1-CN(73−90)1P PNSpVEQKEDVPSER 2200 2200.0 1100.5 (2) QMEASpISpSpSpEEIVPNSVEQK 24,27−29
3 Rs1-CN(73−91)1P PNSpVEQKEDVPSERY 2363 2363.1 1182.6 (2) as above
4 â-CN(1−32)4P RELEELNVPGEIVESpLSpSp-

SpEESITRINKKIEK
3976.3 3975.8 1326.7 (3) RELEELNVPGEIVESpLSpSp-

SpEESITRINKKIEK
20

5 Rs1-CN(111−147)1P IVPNSpAEERLHSMKEGIHA-
QQKEPMIGVNQELAYFY

4333.6 4334.0 1445.6 (3) VLEIVPNSpAEER 30

6 â-CN (1−52)5P RELEELNVPGEIVESpLSpSpSp-
EESITRINKKIEKFQSpE-
EQQQTEDELQDKIHPF

6512.2 6512.8 1629.6 (4) RELEELNVPGEIVESpLSp-
SpSpEESITR

24, 25,28, 29

FQSpEEQQQTEDELQDK 24, 25,29, 30
a Sp phosphoserine. SpSpSpEE cluster sequence. b Chromatographic peaks were reported in Figure 3B . c Calculated monoisotopic mass. d Sequences in italics indicate

CPPs identified previously that are identical to those obtained in the present study.
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Pro147-Glu148 in the formation ofRs1-CN(111-147)1P. Hy-
drolysis of all of these bonds is most probably the result of
aminopeptidase and carboxypeptidase activities.

B. longumhydrolyzed CN and seems to possess carboxypep-
tidase activity, since it hydrolyzed the monosubstituted substrate
hippuryl Arg (45). Minagawa et al. (46) foundB. longum and
B. bifidum to contain selectively hydrolyzing X-Pro type
aminopeptidasessThese results are consistent with those found
in Rs1-CN(73-90)1P andRs1-CN(73-91)1P and aminopepti-
dases with broad substrate specificity.

The application of simulated digestion to milk-based infant
formulas revealed formation and possible persistence in the
gastrointestinal tract of CPPs having a high degree of phos-
phorylation, including the SpSpSpEE cluster that could affect
mineral availability. It should be noted that the tetraphospho-
rylated peptide with the cluster sequence SpSpSpEERs2-CN-
(1-19)4P was common to all formulas analyzed and that the
probiotic formulas contained unique CPPs probably formed by
bifidobacteria action. The effect on mineral bioavailability of
other CPPs, including those of the aforementioned cluster
identified in this study, is not known. It therefore could be of
interest to examine this aspect more in depth. Although CPPs
hold promise for use as food ingredients with the ability to carry
minerals in infant formulas, further studies on the availability
of CPPs derived from physiological digestion and their inter-
relations with other components in complex matrixes such as
infant formulas should be carried out.

LITERATURE CITED

(1) Korhonen, H.; Pihlanto-Leppa¨lä, A. Milk protein-derived bio-
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