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Identification of Angiotensin-I-Converting Enzyme Inhibitory
Peptides Derived from Sodium Caseinate Hydrolysates
Produced by Lactobacillus helveticus NCC 2765
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Angiotensin-I-converting enzyme (ACE) inhibitory activity was identified in milk proteins fermented
with Lactobacillus (Lb.) helveticus NCC 2765 (Nestlé Culture Collection, Vers-chez-les-Blanc,
Switzerland). Hydrolyzing sodium caseinate for 1 and 2 h inhibited ACE activity, as measured by an
in vitro ACE inhibition test. The hydrolysates with the highest ACE inhibitory potential were fractionated
by gel permeation chromatography and their low molecular weight fractions collected. These fractions
were subsequently subfractionated by reverse-phase high-pressure liquid chromatography. Several
hydrophobic subfractions showed high ACE inhibitory potential, and their peptide composition was
determined using an ion trap mass spectrometer equipped with an elctrospray ionization source.
Analysis of the low molecular weight fraction identified 14 peptides with known antihypertensive activity
and 1 with previously described opioid activity. On the basis of the peptide composition of active
subfractions, two potentially active novel sequences were defined, and the following synthetic peptides
were synthesized: FVAPFPEVFG (as; 39—48), ENLLRFFVAPFPEVFG (as; 33—48), NENLLR-
FFVAPFPEVFG (0s; 32—48), LNENLLRFFVAPFPEVFG (ats; 31—48), NLHLPLPLL (5 147—155),
ENLHLPLPLL (8 146—155), and VENLHLPLPLL (8 145—155). The ACE inhibitory potential of these
synthetic peptides was assessed, and ICs, values were determined. NLHLPLPLL (5 147—155), which
was the only synthetic peptide also present in the sodium caseinate hydrolysates, and NENLLR-
FFVAPFPEVFG (as1 32—48) showed the highest inhibition of ACE activity, with 1Cso values of 15
and 55 uM, respectively. Furthermore, the stability of all synthetic peptides was assessed using an
in vitro model simulating gastric digestion. The f5-casein-derived peptides remained intact following
the successive hydrolysis by pepsin and pancreatin, whereas as;-casein-derived peptides were
degraded by pepsin.
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INTRODUCTION octapeptide angiotensin Il, and as a kininase I, because it

The multifunctional angiotensin-I-converting enzyme (ACE, inactivates. bradykinin by the sequential removal of two car-
peptidyldipeptide hydrolase, peptidyl dipeptidase A, EC 3.4.15.1) Poxyl-terminal dipeptides (2).
is located in several organs (e.g., plasma, lung, kidney, liver, ~Several endogenous peptides such as enkephalins, bradykinin,
testes, heart, muscle, brain, uterus, and intestidg)apd and substance P have been described as competitive substrates
influences different homeostatic systems of the organism. for angiotensin | 8), but exogenous inhibitors are more
However, ACE is classically associated with the renin  numerous. Exogenous ACE inhibitors displaying an antihyper-
angiotensin system and characterized as a key enzyme in thdensive effect in vivo were first discovered in snake vendin (
regulation of peripheral blood pressure. The broad substratehowever, many proteins such as those in fish (5), gelatin (6),
specificity of this glycoprotein explains its successive denomi- maize (7), plasma (8), rapeseed (9), soy sad€y, (soybean
nation as ACE, because it cleaves the carboxyl-terminal (11), soy milk (2), chicken musclel@), chicken egg yolks
dipeptide from angiotensin | to produce the potent vasopressor(14), wheat germ (15), red alga), wakame (17), sake (18),
yam tuber 19), royal jelly 0), and buckwhea®() have been

* Corresponding author (telephone4l 21 7858040; fax+41 21 also been demonstrated to contain ACE inhibitory peptides.
78?3,3\,56533{’5'[?3” marie-claude.robert@rdis.nestle.com). Milk proteins, a principle source of bioactive peptides, are
8 Ecole Polytechnique Térale de Lausanne. also precursors for numerous ACE inhibitors such as those
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peptides from cheese (22), whey protei@8)( or caseins24) of 0.5 mL min! for 65 min using 50 mM ammonium acetate, pH 7.
and mainly from fermented milke6, 26). Such peptides may The detection was performed at 215 and 280 nm. Fractions were
be released from milk proteins through the proteolytic activity collected as a function of their molecular weight, dried, and resuspended
of lactic acid bacteria. Lactobacilli, and in particulaactoba- 't:‘ gzol twice rt])e;olroe ﬁ”afl Iyophiliza(t:'iion. Bﬁcagse 1%0 of7%asei|nate o

; ; : : ydrolysate had been fractionated on the Superdex 75 column, the
cillus (Lbi) helU.Gt.lcu.s have be(.:"n shown to have_ espt_emally hlgh resulting lyophilized GPC fractions were resuspended in 200f
proteolytic activity in comparison to other lactic acid bacteria

. H>0 for further analysis.
(27,28). Two studies have shown that the extracellular cell wall Reverse-Phase High-Pressure Liquid Chromatography (RP-

protease of lactic a_cid bac_teria was able to hydrolyze caseinsHPLC) Using C8 Column. Peptides separated by GPC methods were
into hundreds of oligopeptide29, 30). Chabance et al3{) further fractionated using a SpectraSystem HPLC (Thermo Finnigan,
showed that a casein-derived peptide of 24 amino acids couldsan Jose, CA). The HPLC system consisted of a quaternary pump (TSP
cross the intestinal barrier and was identified in the plasma of P4000), an autosampler (TSP AS3000), and a UV—vis detector (UV—
human subjects 20 min after milk ingestion. Roberts et3d) ( vis 205 Linear) equipped with a high-pressure flow cell ¢1L6/0lume,
additionally claimed that small (di- and tripeptides) and large 2 mm path length). Instrument control was performed using XCalibur
(10—51 amino acids) peptides generated in the diet could be;oftware (Thermo Finnigan): All solvents were filtered using_ sterile
absorbed intact through the intestine and show biological effects filters and purged by sonication. RP-HPLC was performed using acs
in tissues. In vivo studies have demonstrated that feeding SOlU™N (208TPS4, Vydac, Hesperia, CA). Solvent A (0.05% TFA in

S L - H.0, v/v) and solvent B (0.045% TFA, 80% aqueous acetonitrile, v/v)
fermented milk rich in ACE inhibitory peptides could lower formed the eluent in the following linear gradient steps: after 5 min

systolic blood pressure in spontaneously hypertensive rats (3, jsocratic elution at 100% A, from 0 to 50% B over 60 min, then to
33). In humans suffering from mildly elevated blood pressure, 1009 B over 1 min; after 4 min of isocratic elution at 100% B, to
daily ingestion of a Japanese fermented milk (Calpis skim milk 100% A over 1 min; and finishing with 9 min of equilibration at 100%
fermented withLb. helveticusand Saccharomyces cervisiae) A before the next run was started. Total run time was 80 min, and a
over a period of 8 weeks led to a significant decrease in blood flow rate of 0.8 mL min was applied. Peak detection was achieved
pressure (34). at 215 nm. The injection volume was 1@Q. Following chromato-

In the present study, we used a spedific helveticusstrain graphic separation, fractions were collected every 2.5 min (2 mL
to produce fermented milk containing ACE inhibitory peptides. volume_). The collepted fracti_o_ns were lyophilized and resuspended in

s . . H-O twice before final lyophilization.

Novel ACE inhibitory peptides were isolated, sequenced, and

hemicall thesized. Their bioloaical activit h " RP-HPLC Using C18 Column. Synthetic peptides that were
chemically synthesized. Their biological aclivity was character- hydrolyzed with pepsin and pancreatin were analyzed using a Spec-

ized, and their resistance to hydrolysis by gastrointestinal yasystem HPLC (Thermo Finnigan), described above. All solvents were

peptidases was assessed. sterile and purged by sonication as indicated above. RP-HPLC was
performed using a C18 column (Nucleosil C18, Macherey-Nagel AG,
MATERIALS AND METHODS Oensingen, Switzerland). Solvent A (0.05% TFA inQH v/v) and

solvent B (0.045% TFA, 80% aqueous acetonitrile, v/v) formed the
Chemicals.Sodium caseinate was supplied by DMW International  eluent in the following linear gradient steps: from 0 to 70% B over 15
(De Melkindustrie Veghel, Veghel, The Netherlands) as raw material. min, then to 100% B over 30 s, after 90 s of isocratic elution at 100%
Unless stated otherwise, all chemicals used were of analytical gradeB to 100% A over 30 s; and finishing with 11.5 min of equilibration
and purchased from either Merck (Darmstadt, Germany) or Fluka at 100% A before the next run was started. Total run time was 30 min,
(Buchs, Switzerland). MRS broth was obtained from Difco Laboratories and a flow rate of 0.8 mL mirt was applied. Peak detection was at
(Detroit, MI). Sterile filters GPWP and Ultrafree-0.5 centrifugal filter 215 nm. The injection volume was 50..

units were from Millipore (Bedford, MA). ACE kit, ACE calibrator Electrospray lonization Tandem Mass Spectrometry (ESI-MS/

pepsin (2500—3500 units per mg of protein), and pancreatin (activity \Ms). Peptides were characterized using a Spectra System HPLC with
equivalent to 4« U.S.P) were from Sigma-Aldrich (Buchs, Switzerland).  a reverse-phase column (either C8 or C18) coupled to the Finnigan
Fmoc-amino acids were purchased from Bachem AG (Bubendorf, | cQ ion trap mass spectrometer equipped with an ESI source. If

Switzerland). peptides had to be collected, HPLC flow was directed via 0.005 in.
Culture of Lactic Acid Bacteria. Lb. hebeticusNCC 2765 (Nestle i.d. PEEK tubing to a micro flow-splitter with 10% going to the MS
Culture Collection, Vers-chez-les-Blanc, Switzerland) were grown and 90% being collected in a fraction collector. The MS instrument
overnight without shaking in sterile MRS broth at 40. The culture was tuned and calibrated using the manufacturer’s protocols (Thermo

was inoculated at 2% in ultrahigh-temperature (UHT) skim milk Electron, Waltham, MA). The ESI source was operated at 4.5 kV, and
(purchased from retail outlets). Fermentation at@Avas stopped as the interface capillary heater was set to 2@ Sheath gas flow was
the pH of the hydrolysate dropped below 4.5, and it was then readjustedmaintained at flow rates of 50 mL mif All spectra were obtained in

to 5.2 with 1 N NaOH. Two percent trisodium citrate was added to the positive mode and recorded at unit-mass resolution. Automated MS/
hydrolysates and the solution allowed to equilibrate for 10 min. Bacteria MS spectra were acquired with relative collision energy for collision-
were centrifuged at 37@0and 4°C for 10 min, washed three times  induced dissociation (CID) preset at 35% and an isolation width of 1
with 30 mM Tris—maleate buffer, pH 7.5, and resuspended in the same nvz units. Dynamic exclusion allowed the generation of MS/MS spectra

buffer. of peptide mixtures in peaks not fully resolved by chromatography.
Caseinate Hydrolysis.Bacteria (8 x 10° bacteria per mL, final The scan range was setrafz 150.0—2000.0.
concentration) were incubated at 37 with 4 mg L* sodium caseinate. Data Analysis.Full scan MS, MS/MS data acquisition, and analysis

Samples were taken after 1, 2, and 5 h. The bacteria were removed bywere performed with Xcalibur software V1.0 SR1 (Thermo Electron),
centrifugation at 14000g, and the proteolysis was stopped. The including the Bioworks V1.0 software package for SEQUEST database

supernatant was recovered, and the samples were store@0atC searches. The peptide masses that were obtained were compared to the
before further analysis. SwissProt protein database using Peptldent (Peptide Mass Fingerprint-
Gel Permeation Chromatography (GPC) Separation of Amino ing) and PeptideMass programs accessible through the ExPASy

Acids, Peptides, and ProteinsAn Agilent (Palo Alto, CA) 1050 series Molecular Biology Server (http://www.expasy.ch). MS/MS spectra
module and system for HPLC was used for GPC. Instrument control, analysis was performed using the SEQUEST program. It correlates
data processing, and analysis were performed using Agilent Chemstationuninterpreted MS/MS spectra of peptides with amino acid sequences
Base software. All solvents were sterile filtered and purged by from protein and nucleotide databases. On the basis of this correlation
sonication. GPC was performed using a Superdex 75 HR 10/30 columnthe software determines the amino acid sequence and thus associates
(Amersham Pharmacia Biotech, Duebendorf, Switzerland). Isocratic it with the protein(s) that correspond to the mass spectrum being
elution was performed under naienaturating conditions at a flow rate  analyzed.
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Figure 1. Gel permeation chromatograms of caseinate samples (corresponding to 400 g of initial intact sodium caseinate) hydrolyzed for either 1, 2,
or 5 h with Lb. helveticus NCC 2765. Reference material: 200 «g of untreated sodium caseinate.

Peptide Synthesis ProcedureAll peptides (400—500 mg) were milligram of protein or peptide was dissolved in 400 of H,O. HCI
synthesized on an Advanced Chemtech peptide synthesizer ACE 348(2.5uL, 1 N) was added until the pH of the solution reached pH 2.0.
omega using Fmoc-amino acids. Prior to peptide synthesis, the resinThis solution was hydrolyzed fdl h in aThermomixer at 37C and
was swollen in dichloromethane (DCM) during 30 min. Peptides were 250 rpm with 1.5:g of pepsin. The pH of the solution was neutralized
assembled by sequential amino acid coupling on Sasrin resin applyingwith NaOH (3uL, 1 N). The volume was then adjusted to 500
the Fmoc strategy36). According to the published procedures of with H,O, and a further digestion was carried outr  h in a
automated peptide synthesis, a deprotection/coupling cycle comprisesThermomixer at 37C and 250 rpm with pancreatin. Enzymes were
a 10 min deprotection and the coupling of the Fmoc-amino acid finally removed from the hydrolysate using Ultrafree-0.5 centrifugal
derivative (2 equiv) in DMF with benzotriazol-1-yloxytris(pyrrolidino)- filter units having a nominal molecular mass limit of 10000 Da. Samples
phosphonium hexafluorophosphate (PyBOP, 2.5 equiv) as coupling were centrifuged at 140@0for 30 min, according to manufacturer’s
reagent andN,N-diisopropylethylamine (DIEA, 5 equiv) as base. recommendations.

Cleavage of the peptide from the resin was performed with 2%
trifluoroacetic acid (TFA) in DCM during 20 min. After treatment, the
resin was separated by filtration and the filtrate concentrated in vacuo.
For complete removal of the side-chain protection, the peptide was Fermentation of caseins witth. helveticudNCC 2765 was
treated with a cocktail of TFA/triisopropylsilan (TIS)/water (90:5:5,  reproducible 1§ = 3), as demonstrated by similar SDS-PAGE
viv). After 1 h, cold diethyl ether was added to precipitate the product. ge glectrophoretic patterns (data not shown) and ACE-inhibiting
The precipitate was collected by centrifugation and lyophilized from a activities equivalent to those described under Effect of Fermen-

water/acetonitrile (1:1, v/v) solution to afford a colorless solid. After . : o
lyophilization, the crude product was purified by preparative RP-HPLC tation Time on ACE Inhibition of Hydrolysates. Low molecular

on a C18 column by applying a linear gradient from 20 to 60% A (A, weight peptide characterization of a hydrolysate was performed
0.9% TFA in acetonitrile; B, 10% A in kD) over 30 min at flow rate only once.
of 80 mL min™. The eluate was monitored by UV absorption at a Fractionation of the Caseinate HydrolysatesFractionation
wavelength of 214 nm, and appropriate fractions were collected and of caseinate hydrolysates was performed in two steps: first, by
lyophilized. The peptide was characterized by electrospray ionization GPC under non-denaturing conditions, and, second, by RP-
mass spectrometry (ESI-MS) and analytical RP-HPLC. HPLC. Figure 1 depicts the size exclusion chromatograms of
Angiotensin-Converting Enzyme Inhibitory Test. An ACE kit and the caseinate hydrolysates following 1, 2ddih ofhydrolysis
ACE calibrator were used to assess inhibition. The procedure used herewith Lb. helveticusNCC 2765. An equi\’/alent quantity of each
is a rapid spectrophotometric method based on the hydrolysis of the ) - ; . e
synthetic tripeptide substrate-[3-(2-furyl)acryloyl]-L-phenylalanyl- _hydrolysa_te was 'meCted’ corresponding to WOf_m_'t'al
glycylglycine (FAPGG) to furylacryloylphenylanlanine (FAP) and Intact sodium caseinate, whereas a 29Gample was injected
glycylglycine, resulting in a decrease in absorbance at 340 nm. The for untreated sodium caseinate. Untreated sodium caseinate had
ACE reagent and the ACE calibrator were reconstituted according to a retention time of 17.8 min. As the GPC was performed under
the manufacturer's recommendations. The assay was performed innon-denaturing conditions, the additional peak observed at 15.4
quartz cuvettes by mixing 0.45 mL of ACE reagent solution, 0.05 mL min was attributed to peptide aggregates. Medium and low
of casein hydrolysate, and 0.05 mL of ACE calibrator and incubating molecular weight peptides were accumulated with increasing
at 37°C for 10 min. The absorbance at 340 nm was measured as anyqrolysis time. Potential ACE-inhibiting small peptides in the

function of time. All assays were performed in triplicate, and ACE range of -5 kDa were generated in largest amounts after 5 h
activity was determined by comparing the sample reaction rate to that of hydrolysis

obtained with the ACE calibrator (control). The results were expressed . L .
as a percentage of the residual activity compared to the ACE calibrator RP-HPLC was US’?d in combination with mass spectrometry
alone. for the characterization of the sample. The mass spectrometric

In Vitro Method Estimating Protein Digestion. This procedure analysis and collection of fractions were performed in the same
was used to mimic in vivo conditions of the gastrointestinal tract. One run, allowing the determination of the exact qualitative peptidic

RESULTS
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characterized by matching the uninterpreted MS/MS spectra
obtained by CID of the protonated molecular ion with the
predicted spectra for casein peptides. Fragmentation patterns
with no clear assignable b- or y-type ions were not interpreted
and rejected.

ACE Inhibition by Caseinate Hydrolysate Fractions.
Following GPC, peptide fractions with a molecular mass:6&f
kDa were subfractionated and further analyzed using LC-MS.
These new subfractions were then tested for their ACE inhibitory
activity. Few subfractions derived from caseinate hydrolyzed
for 1 h (Figure 4) and 2 h (data not shown) were able to
100 significantly inhibit in vitro ACE activity. As shown ifrigure
4, RP-HPLC subfractions with retention times of-6887.5 min
were particularly active, demonstrating an ACE inhibition of
nearly 75% compared to the control. These subfractions were
analyzed by LC-MS, and 10 peptides were identified in the 1 h
hydrolysate (Table 2). Fivgs-casein-derived peptides (LHL-
PLPLL, NLHLPLPLL, VENLHLPLPL, DVENLHLPLPLLQSW,
and KYPVEPFTESQSLTLTDVENLHL) and twas;-casein-
AL derived peptides (FVAPFPEVFGKEKVNELSKDIGS and NEN-

6 10 20 30 40 5 60 70 &0 LLRFFVAPFPE) showed a common amino acid sequence. The
Retention time [min] 2 h hydrolysate yielded subfractions [retention time (RT§0—
67.5 min] that also significantly inhibited the ACE activity. From
the 2 h hydrolysate, four peptides showing fheasein sequence
(LHLPLPLL, NLHLPLPLL, NLHLPLPLLQSW, and
DVENLHLPLPLLQSW) as well as five peptides showing
the asi-casein sequence (ENLLRFFVAPFPE, NENLLRFF-
composition of each collected fraction. As seenFigure 2, VAPFPE, LNENLLRFFVAPVPEV, NENLLRFFVAPFPEVF,
the amount of low molecular weight peptides increased and and ENLLRFFAPFPEVFGKEKYV) were characterized. We
changed as a function of time. The peaks in the chromatogramsdefined two potentially ACE inhibitory peptide sequences:
of peptides in the range of-%5 kDa were distributed evenly =~ NLHLPLPLL on $-casein (147—155) and FVAPFPE o
over the whole chromatogram, showing an equal proportion of casein (39—45).
hydrophilic and hydrophobic peptides. Peptide SynthesisTo identify the minimal length of peptide

Effect of Fermentation Time on ACE Inhibition of required to inhibit ACE, several analogues were synthesized.
Hydrolysates.As shown inFigure 3, caseinate hydrolyzed by ~ Fromas;i-caseins, we decided to synthesize the motif FVAPFPE
Lb. helveticusfor 1 and 2 h strongly inhibited ACE activity.  (as1 39—45), the shortest fragment with a putative ACE in-
We observed that the ACE-inhibiting activity of the 5 h hibitory activity, and N-terminally elongated versions thereof:
hydrolysate was less than that of the unhydrolyzed caseinate.the motifs ENLLRFFVAPFPE ds; 33—45, one amino acid
This suggests that ACE-inhibiting factors were generated during missing at the N terminus in comparison with the peptide found
caseinate hydrolysis and that these factors, when hydrolyzedin the ACE-inhibiting subfractions), NENLLRFFVAPFPEJ;
for 5 h, lost their ability to inhibit ACE activity. 32—-45), the peptide found in the ACE-inhibiting subfractions),

Identification of Casein Peptides with Known Bioactivity. and a longer version LNENLLRFFVAPFPE4; 31—45). For
Figure 2 represents the analytical RP-HPLC chromatogram of chemical synthesis purposes, thgi-casein sequence was
casein peptides hydrolyzed for eitherA)(2 (B), or 5 (C) h elongated with three amino acids (V-F-G) at the C terminus.
with a mass of 1-5 kDa. The peak numberdHigure 2 are From f-casein, the peptides NLHLPLPLL (£47-—155), an
described inTable 1. Fourteen peptides with known ACE N-terminal-elongated version ENLHLPLPLJ]3 (146—155), and
inhibitory activity and 1 with opioid activity§-casein 75—83) a longer version VENLHLPLPLL & 145—155) were synthe-
were identified with ESI-MS/MS Table 1). Peptides were  sized.

mAU [215 nm]
N
Q
(=]

s
(o)
o

% elution solution B

0 10 20 30 40 50 60 70 80
Retention time [min]

400

T 80

w

o

o
I

+ 60

40

mAU [215 nm]
N
o
o

Y

o

(=]
I

% elution solution B

+ 20

0

Figure 2. C8-RP-HPLC chromatograms of fractions containing peptides
hydrolyzed for either 1 (A), 2 (B), or 5 (C) h with a molecular mass between
1 and 5 kDa. Peak numbers refer to peptides listed in Table 1.



ACE-Inhibitory Peptides from Fermented Caseins

J. Agric. Food Chem., Vol. 52, No. 23, 2004 6927

Table 1. ESI-MS Results of Peptides Found in Caseinate Hydrolyzed by Lb. helveticus NCC 2765 and Described as Biologically Active in the

Literature
RP-HPLC retention ACE ICs measured calcd
peak? time (min) peptide sequence origin value (uM) (ref) value (Da) value (Da)
2 211 LQSW [-casein 155-158 500 (52) 533.2 532.6
11 39.9 HLPLP [-casein 149-153 41 (51) 576.3 575.7
5 21.7 AVPYPQ [-casein 192-197 >1000 (48) 674.3 673.8
3 23.8 RPKHPI asi-casein 16—21 >1000 (48) 747.8 746.9
10 37.2 YQEPVL [-casein 208—-213 280 (50) 748.3 7479
8 34.3 DKIHPF [-casein 62—67 257 (53 756.4 755.9
6 325 KVLPVPQ [-casein 184-190 >1000 (53) 780.4 780.0
4 26.5 KAVPYPQ [-casein 191-197 >1000( 8) 802.6 801.9
7 335 SKVLPVPQ [-casein 183-190 39 (48) 867.4 867.1
12 41.7 RDMPIQAF [-casein 198-205 209 (48 977.5 977.2
13 425 YPFPGPIPN [-casein 75-83 1001.4 1001.3
9 36.7 MKPWIQPK asp-casein 205-212 300 (52) 1027.5 1027.3
1 19.3 RPKHPIKHQ oLsy-casein 16-24 >1000 (48) 1140.7 1140.4
14 47.0 HKEMPFPKYPVEPF f-casein 121-134 >1000 (48) 1746.1 1746.1
15 57.5 YQEPVLGPVRGPFPIIV [-casein 208-224 101 (48) 1881.7 1881.3

@Peak numbers are from Figure 2.
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Figure 4. Effect of C8-RP-HPLC subfractions of the low molecular weight fraction of caseinate hydrolyzed for 1 h on the inhibition of ACE. Results are
expressed as a percentage of OD (OD measured at 340 nm) with respect to the control. All entries are means of independent determinations (n = 3).

Table 2. Peptides Identified in Hydrophobic C8-RP-HPLC Subfractions, Retention Time from 59 to 67.5 min

retention measured calcd

time (min) peptide sequence origin value (Da) value (Da)
59.3 LHLPLPLL [-casein 148-155 916.2 915.2
59.6 NLHLPLPLL [-casein 147-155 1030.3 1029.3
59.8 VENLHLPLPL [-casein 145-154 11454 1144.4
62.5 DVENLHLPLPLLQSW 3 -casein 144-158 1775.1 1774.1
62.5 KYPVEPFTESQSLTLTDVENLHL [-casein 128-149 2662.0 2261.0
60.3 FVAPFPEVFGKEKVNELSKDIGS asg-casein 39-61 2538.9 2538.0
60.3 NENLLRFFVAPFPE asg-casein 32-45 1692.8 1693.0
60.0 LGPVRGPFPI p-casein 213-222 1053.3 1052.3
59.7 QKAVPYPQRDMPI p-casein 190-202 1543.8 1542.8
60.5 LPQYLKTVYQHQKA asp-casein 191-204 1718.0 1717.0

In Vitro Inhibition of ACE. As shown inTable 3, the best
ICsp values were measured for NLHLPLPLE (47—155) (1Go
= 15uM) and for NENLLRFFVAPFPEVFGs1 32—48) (ICso
= 55 uM). These results are in the range okj@alues found Active Peptides Resist Simulated DigestionTo have an
for most food-derived antihypertensive peptid&§)( which antihypertensive function in the human body, the active peptides
were obtained using Hip-His-Leu as substrate. Binevski et al. must resist gastric digestion and are absorbed from the intestinal
(37) found comparabl&, values for somatic and testicular lumen. It is known that small peptides such as di- and tripeptides

bovine ACE using FAPGG and Hip-His-Leu as substrates. We
assumed that thiy, values of rabbit lung ACE would also be
similar for both substrates.
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Table 3. ICs for the Inhibition of ACE Using the Synthetic Tripeptide hydrolysis between the two phenylalanine residues (NENLLRF
Substrate N-[3-(2-Furyl)acryloyl]-L-phenylalanylglycylglycine FVAPFPEVFG). These peptides were not tested for ACE
inhibition.
ICsp value
Gl DISCUSSION
derived from -casein NLHLPLPLL 15
ENLHLPLPLL 250

Many studies have been performed on bioactive peptides that

VENLHLPLPLL 175 L ; : " _

. _ are present in milk proteins (38—42). These bioactive peptides
derived from ais;-casein FVAPFPEVFG . 258 are inactive within the sequence of the parent protein and are
E’ghﬁgi\xiiﬁ\éim 25 released and activated by enzymatic proteolysis, for example,

LNENLLREFVAPEPEVEG 280 by the action of proteinases and peptidases from lactic acid

bacteria (39). In milk, caseins are the major source for amino
acids, and it was demonstrated that the extracellular cell wall-
are passively absorbed in the intestine; however, evidence existé@ssociated proteinase of a lactic acid bacteria was able to
that this may also hold true for larger peptid88) To assess  hydrolyze this compound into more than 100 different oligopep-
the possibility that bioactive peptides derived from casein can tides (29). Consequently, lactic acid bacteria generate a large
survive their passage through the digestive tract without being Number of peptides, including those with potentially bioactive
hydrolyzed, synthetic peptides VENLHLPLPL]3 (45—155), properties.

ENLHLPLPLL (8 146—155), NLHLPLPLL (8 147—155), The data reported here demonstrate the ACE-inhibiting
LNENLLRFFVAPFPEVFG (a1 31—48), NENLLRFFVAPF- potential of sodium caseinate hydrolysates. Caseinate solutions
PEVFG (0s; 32—48), and ENLLRFFVAPFPEVFGog; 33— were hydrolyzed for different times withb. helveticusNCC

48) were sequentially hydrolyzed with pepsin (1 h) and with 2765 and the peptides characterized. Some hydrophobic sub-
pancreatin (2 h). Resulting hydrolysates were analyzed on a C18fractions showed high ACE-inhibiting activity, and their cor-
column by RP-HPLC in conjunction with ESI-MS detection. responding peptides were determined by LC-MS. On the basis
Only peptides derived fromB-caseins (VENLHLPLPLL, of the peptide composition of these subfractions, two novel
ENLHLPLPLL, and NLHLPLPLL) remained intact following  active sequences were identified and peptides of various lengths
their exposure to pepsin and pancreatinFlgure 5, the ion synthesized. The ACE inhibitory potential of these synthetic
chromatogram of ENLHLPLPLL after hydrolysi&igure 6A) peptides was assessed, anghMalues were determined. Results
and its corresponding MS/MS fragmentation dd&a(re 6B) were comparable to the gvalues of food-derived antihyper-
are shown. The fragmentation pattern permitted the identification tensive peptides3g). Finally, the stability of these peptides was

of the ENLHLPLPLL peptide, which was able to resist digestion assessed by successive hydrolysis with pepsin and pancreatin.
by gastric enzymes. Pepsin hydrolyzed;-casein-derived Only f-casein-derived peptides remained intact after the se-
peptides (LNENLLRFFVAPFPEVFG, NENLLRFFVAPFPE- quential digestion with pepsin and pancreatin, whereas
VFG, and ENLLRFFVAPFPEVFG) between the two phenyl- casein-derived peptides were hydrolyzed by pepsin and partially
alanine residues. The ion chromatogram of NENLLRFFVAPF- lost their ACE inhibitory activity. In agreement with many
PEVFG (s1 32—48) after hydrolysis and the corresponding MS/ authors (2526, 33, 34,43—49),we demonstrated that a strong
MS fragmentation data of NENLLRF and the MS spectrum of proteolytic starter strain was able to generate caseinate hydroly-
FVAPFPEVFG are shown iRigure 6. The ion atm/z1109.5 sates with significant ACE inhibitory activity. Pihlanto et al.
was identified as the single-charged [M H]* ion of the (50), using yogurt, “ropy milk”, and soured milk starter strains,
FVAPFPEVFG peptide. As this ion was charged only once, could detect antihypertensive agents in fermented milk only after
the MS/MS spectrum obtained was of limited quality (data not hydrolysis with trypsin and pepsin. Consequently, the proteolytic
shown). The second fragmentation pattern showed b- and y-typeactivity of the starter strain and the specificity of its extra-
ions that were characteristic for NENLLRF, confirming the cellular proteinase are of importance, as the peptide pattern and
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Figure 5. (A) Total ion current profile of the C18-RP-HPLC/ESI-MS of synthetic peptide ENLHLPLPLL (3 146—155) after in vitro gastric digestion. (B)
MS/MS fragment ion mass spectrum of m/z 579.9, the double-charged [M + HJ2* ion.
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Figure 6. (A) Total ion current profile of the C18-RP-HPLC/ESI-MS of synthetic peptide NENLLRFFVAPFPEVFG (as; 32—48) after in vitro gastric
digestion. (B) MS/MS fragment ion mass spectrum of m/z 1109.5, the single-charged [M + HJ* ion derived from FVAPFPEVFG. (C) MS/MS fragment
ion mass spectrum of m/z 453.3, the double-charged [M + H]** ion derived from NENLLRF.

especially the kinetics of hydrolysis are strain-specific. Prefer- in vitro. From these studies, we conclude tBatasein peptides
ential cleavage sites of the protease frolm helveticusused have the greatest potential to modulate antihypertensive activity.
in this study were determined by analyzing the C terminus of
low molecular weight peptides generated throughout the hy-
drolysis of sodium caseinate. Our data agreed with the prefer- ABBREVIATIONS USED
ential cleavage sites described by Zevaco and Gri6); who
showed hydrophobic (leucine), aromatic (phenylalanine), basic
(lysine), or hydrophilic (glutamine) residues are the preferred
targets at the N-terminal side of the scissile bond.

Inhibition of ACE activity is highly dependent on the

ACE, angiotensin converting enzyme; CID, collision-induced
dissociation; Da, daltons; DCM, dichloromethane; DIEA\'-
diisopropylethylamine; DMFN,N'-dimethylformamide; ESI-

L - . - - MS, electrospray ionization mass spectrometry; FAP, furyl-
structure. Structureactivity relationships of various peptide o
inhibitors indicated that the C-terminal tripeptide residues have acryloylphenylanlanine; FAPG®I[3-(2-furyl)acryloyll-L-phen-

an important role by competitively binding to the active site of ylalanylglycylglycine; Fmoc, fluorenyl methoxy carbonyl; GPC,

ACE. Adding glutamic acid to the sequence NLHLPLPLL 9€l permeation chromatography; Hip-His-Letbenzoyl-
(bovine 8 147—155) increased the §§value from 15 to 250 glycyl-L-hystidyl4_-leucine; HRLC, high-pressure liquid chro-
uM. The presence of an acidic residue at the N terminus seems™Matography; 1@, concentration that causes 50% enzyme
to increase the I value. A similar observation was made by inhibition; kDa, kilodaltons;Lb., Lactobacillus; MS, mass
Kohmura et al. 51), who measured an igvalue of 51uM for spectrometry; Mw, molecular weight; PyBOP, benzotriazol-1-
NLHLPLP (humanp 137—143), which increased to 138 yloxytris(pyrrolidino)phosphonium hexafluorophosphate; RP-
for ENLHLPLP (humang 136—143). Adding a single aspar- HPLC, reverse-phase high-pressure liquid chromatography; rpm,
agine to ENLLRFFVAPFPEVFG (¢ 33—48) decreased the revolutions per minute; TFA, trifluoroacetic acid; TIS, triiso-
ICsp value from 250 to 55«M. proylsilan; Tris, tris(hydroxymethyl)aminomethane; U.S.P, U.S.

In conclusion, we have evaluated the ACE inhibitory activity Pharmacopeia; UV—vis, ultraviolet—visible; v/v, volume per
of both fermented casein-derived peptides and synthetic variantsvolume.
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