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a b s t r a c t

The effect of fermentation conditions on the production of angiotensin-I converting enzyme (ACE)
inhibitory peptide in sour milk fermented by Lactobacillus helveticus LB10 was investigated using
response-surface methodology. Optimal conditions to produce the maximum production of ACE-
inhibitory peptides were found to be 4% (v/w) inoculum, 7.5 initial pH of medium and 39.0 �C. The
fermented milk resulted in 75.46% inhibition in ACE activity. The cell-envelope proteinase, assisted by X-
prolyldipeptidyl aminopeptidase of Lb. helveticus LB10 produced the ACE-inhibitory peptides. A novel
ACE-inhibitory peptide from whey protein hydrolysate produced by crude proteinases of Lb. helveticus
LB10 was purified. The separations were performed with Sephadex� G-75 and Sephadex G-15 gel
filtration chromatography and reversed-phase, high-performance liquid chromatography. The peptide
with the RLSFNP sequence was isolated from b-lactoglobulin hydrolysate and its IC50 while inhibiting
ACE activity was 177.39 mM.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Hypertension is a risk factor for coronary heart disease (Collins
et al., 1990; MacMahon et al., 1990). Angiotensin-I converting
enzyme (ACE) is a Zn-metallopeptidase and plays an important role
in regulating blood pressure (Leclerc, Gauthier, Bachelardb, Santure,
& Roy, 2002; Mullally, Meisel, & FitzGerald, 1997; Pihlanto-Leppälä,
2001; Pihlanto-Leppälä, Rokka, & Korhonen, 1998; Van der Ven,
Gruppen, De Bont, & Voragen, 2002). Recently, researchers have
reported that milk proteins contain the ACE-inhibitory peptide
sequence, which can be released by proteolysis during milk
fermentation by some strains of Lactobacillus helveticus (Leclerc
et al., 2002; Yamamoto, Akino, & Takano, 1994; Yamamoto,
Maeno, & Takano 1999). Takano (1998) reported that peptides
derived from Calpis sour milk (a Japanese soft drink fermented by
Lb. helveticus and Saccharomyces cerevisiae) reduced blood pressure.
Milk protein derived ACE-inhibitory peptides are inactive
within parent protein and are released and activated by enzymatic
proteolysis of lactic-acid bacteria. Among lactic-acid bacteria,
Lb. helveticus has been shown to exhibit strong proteolytic activity
in milk-based media. The proteolytic systems of Lb. helveticus are
composed of a cell-envelope proteinase and more than 10
x: þ86 25 83707623.
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intracellular peptidases, including endopeptidases, aminopepti-
dases and X-prolyldipeptidyl aminopeptidase (Exterkate, 1995;
Haandrikman et al., 1991). The cell-envelope proteinase is a key
enzyme in the proteolytic system. It catalyzes the initial steps in the
degradation of protein into different oligopeptides (Thomas &
Pritchard, 1987). The degradation products are transported across
the cell membrane by 10 different amino acid transport systems,
including an oligopeptide (Opp), dipeptide (DtpP) and tripeptide
(DtpT) transporters (Law & Haandrikman, 1997). Then the peptides
are further hydrolysed into amino acids or small peptides by intra-
cellular peptidases.

Various peptides derived from proteolytic digestion of
b-lactoglobulin (b-lg) have been shown to inhibit ACE activity. It
was reported that two peptides from b-lg (f 9e14, f 15e20), from
hydrolysis with trypsin or pepsin, could inhibit ACE activity
(Pihlanto-Leppälä et al., 1998). It was demonstrated that a tetra-
peptide isolated from b-lg (f 142e145; AlaeLeueProeMet) had
significant anti-hypertensive activity when administered orally to
spontaneously hypertensive rats (SHR) and therefore had potential
as a natural anti-hypertensive agent for inclusion in food
(Murakami et al., 2004). Four novel ACE-inhibitory peptides
(f 46e53, f 58e61, f 103e105, f 122e125) were purified and
identified from caprine b-lg hydrolysed with thermolysin. Their
ACE-inhibitory activities (IC50) ranged from 34.7 to 2470 mM
(Hernandez-Ledesma, Recio, Ramos, & Amigo, 2002).
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Table 1
Experimental design used in RSM by using three independent variables showing: Y1,
ACE-inhibitory activity (%); Y2, aminopeptidase (U); Y3, X-prolyldipeptidyl amino-
peptidase (U); Y4, cell-envelope proteinase activity (U). Fermentation temperature
(�C) (x1), initial pH of culturemedium (x2) and inoculum level (%) (x3) were chosen as
the three independent variables. Data are the mean� S.E. (n¼ 3) for three inde-
pendent experiments.

No. Variable Y1 Y2 Y3 Y4

x1 x2 x3

1 �1 �1 0 62.42� 4.09 6.39� 0.65 3.65� 0.05 25.39� 2.12
2 þ1 �1 0 58.35� 5.25 5.35� 1.15 3.95� 2.45 24.67� 1.42
3 �1 þ1 0 71.04� 2.56 9.25� 1.25 6.70� 1.20 38.52� 0.52
4 þ1 þ1 0 69.78� 5.49 8.30� 0.95 5.40� 0.30 37.46� 0.46
5 �1 0 �1 68.40� 4.03 6.90� 0.00 5.45� 1.35 34.95� 2.41
6 þ1 0 �1 65.47� 1.37 9.85� 2.85 4.45� 0.85 32.84� 1.61
7 �1 0 þ1 69.02� 4.91 7.40� 1.30 5.30� 0.90 33.93� 1.62
8 þ1 0 þ1 64.20� 3.32 8.95� 1.55 4.45� 0.05 31.38� 0.72
9 0 �1 �1 59.53� 7.18 8.40� 0.10 5.30� 0.90 27.38� 0.71
10 0 þ1 �1 73.45� 6.07 13.25� 3.45 9.00� 2.25 40.34� 0.48
11 0 �1 þ1 58.31� 3.49 7.15� 1.15 5.25� 0.05 25.94� 1.72
12 0 þ1 þ1 66.72� 4.59 11.05� 1.25 6.37� 0.65 32.74� 2.61
13 0 0 0 71.94� 0.00 9.85� 3.15 4.85� 0.75 32.68� 2.10
14 0 0 0 67.05� 2.29 9.10� 2.60 5.70� 0.90 29.74� 0.51
15 0 0 0 72.31� 4.67 8.55� 0.85 5.25� 0.75 30.85� 0.51
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The objective of the present work was to determine the effect of
cell-envelope proteinase, aminopeptidase and X-prolyldipeptidyl
aminopeptidase of Lb. helveticus LB10 on the production of ACE-
inhibitory peptides. Response-surface methodology (RSM) was
used to optimize the milk fermentation conditions including
fermentation temperature, initial medium pH and inoculum level
to optimize the most powerful ACE-inhibitory peptides.

2. Materials and methods

2.1. Materials

Lb. helveticus LB10 was obtained from the culture collection of
the Dairy Biotechnology Institute of Nanjing Normal University
(Nanjing, Jiangsu, China). MeOsuceArgeProeTyrepNA (MS-Arg)
was obtained from MP Biomedicals Co. Ltd. (Solon, OH for Ohio,
USA). H-Lys-pNA.2HBr and H-Gly-Pro-pNA.p-tosylate were
purchased from Bachem AG (Bubendorf, Switzerland). Hippuryl-l-
histidyl-l-leucine (HHL), rabbit lung acetone powder containing
ACE and 4-(2-hydroxymethyl) piperazine-1-methanesulfonic acid
(HEPES) were obtained from Sigma Chemical Co. Ltd. (St. Louis,
MO., USA). Whey protein concentrate 80 (WPC-80) was provided
by Beijing Milky Way Trade Corp. (Beijing, China). Skim milk
powder was purchased from Shanghai Bright Dairy Co. Ltd.
(Shanghai, China).

2.2. Preparation of milk and fermentation conditions

2.2.1. Preparation of pre-cultures
Lb. helveticus LB10 was grown in 11% (w/v) reconstituted skim

milk powder at 37 �C. The skim milk was first sterilized by auto-
claving (Shanghai boxun Apparatus Co. Ltd., Shanghai, China) at
90 �C for 20 min. Bacteria were sub-cultured twice before inocu-
lation of the batch culture at about 107 cfumL�1 (final
concentration).

2.2.2. Single-factor experimentation of fermentation conditions
Single-factor experiments were conducted to quantify the

relationship between a factor and response variable to optimize the
level of the factor for response variable. The fermentation factors
included: fermentation temperature, initial pH of culture medium
and inoculum level.

The pre-culture of Lb. helveticus LB10 cells was used to inoculate
(2, 3, 4, 5, and 6%, w/v) in 11% (w/v) reconstituted skim milk, which
was adjusted to pH 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5 with 1 M HCl
and 1 M NaOH in 250 mL culture flasks. The mixture culture was
incubated at 31, 34, 37, 40, and 43 �C, respectively. The ACE-inhib-
itory activity of fermented milk, cell-envelope proteinase activity,
aminopeptidase activity, and X-prolyldipeptidyl aminopeptidase
activity was measured after the fermented milk matured. The time
for the fermentedmilk tomaturewas recorded. All the experiments
were done in triplicate.

2.2.3. BoxeBehneken experiment of fermentation conditions
The fermentation conditions, including fermentation tempera-

ture (x1), initial pH of culture media (x2) and inoculum level (x3),
were optimized for ACE-inhibitory peptide production using
a BoxeBehnken design. The BoxeBehneken design with three
factors in one block encompassing 15 runs was used for this study
(Van der Ven et al., 2002).

The BoxeBehnken design contained three levels for each
process parameter, coded as �1, 0 and þ1. The design consisted of
three factors (x1, x2 and x3) at three equidistant levels (37, 40 and
43 �C for x1; 5.5, 6.5 and 7.5 for x2; 4, 6 and 8% for x3). The level
chosen was according to the results of single-factor experiments.
The pre-cultured Lb. helveticus LB10 cells were inoculated (design
level) into 11% (w/v) reconstituted skim milk (adjusted to the
design pH). These mixtures were incubated at the designated
temperature until a pH of 4.2 was reached. All the experiments
were done in triplicate according to the experimental design
(Table 1). Aminopeptidase activity (Y2), X-prolyldipeptidyl amino-
peptidase activity (Y3) and cell-envelope proteinase activity (Y4)
were measured during the BoxeBehneken experiment (Table 1) to
determine their effect on ACE-inhibitory activity production. The
average of the ACE-inhibitory activity in fermented milk was the
response (Y1).

Experimental runs were randomized to minimize the effects of
unexpected variability in the observed responses. The behavior of
the system was explained by the following quadratic equation:

y ¼ b0 þ
X3

i¼1

bixi þ
X3

i¼1

biix
2
i þ

X2

i¼1

X3

j¼ iþ1

bijxixj (1)

where y is the dependent variable, b0 is constant, and bi, bii and bij
are coefficients estimated by the model. They represent the linear,
quadratic and cross-product effects of the x1, x2 and x3 factors on
the response, respectively. Minitab 14 software (TechMax Infor-
mation Technology Co., Ltd., Shanghai, China) was used to estimate
the response of the independent variables and also to plot the
responses on surface graphs. The fitted polynomial equation was
then expressed in the form of three-dimensional surface plots, in
order to illustrate the relationship between the responses and the
experimental levels of each of the variables utilized. A point opti-
mization method was employed in determine the level of each
variable for maximum response. The combination of different
optimized variables, which yielded the maximum response, was
determined in an attempt to verify the validity of the model. The
experiment was done in triplicate according to the fermentation
conditions optimized by the BoxeBehneken design experiment. If
ACE-inhibitory activity of fermented milk was within the 95%
confidence interval, this suggested a good fit between the experi-
mental data and themodels. If this was not the case, the polynomial
equation was fitted again until the experimental value agreed with
the predicted value at a 95% confidence interval.

2.2.4. Cell growth of Lb. helveticus LB10 during fermentation
Pre-cultured Lb. helveticus LB10 cells were inoculated into 11%

(w/v) reconstituted skim milk in 250 mL culture flask and
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incubated for 20 h. The fermentation conditions were as sited
above. The ACE-inhibitory activity of fermented milk, cell-envelope
proteinase activity, aminopeptidase activity, X-prolyldipeptidyl
aminopeptidase activity and bacterial growthweremeasured every
hour and the fermented milk mature time was record. Bacterial
growth was estimated by plating out on MRS agar (Nanjing Scigene
Science & Technolgy Co., Ltd., Nanjing, China) and counting after
48 h of incubation at 37 �C.

2.3. Preparation of cell-free extracts of Lb. helveticus LB10

Cells were harvested by centrifugation (GL-22MS High Speed
Refrigerated Centrifuge, Hunan Saite xiangyi Centrifuge Instrument
Co., Ltd., Changsha, China) at 4500� g for 20 min at 4 �C after the
milk culture was cleared with 1% (w/v) trisodium citrate at pH 6.5
(Exterkate, 1984). Cells were washed thrice with 50 mM Tris-HCl
buffer (pH 7.1). Washed cells were suspended in 50 mM TriseHCl
buffer (pH 7.1) and ultrasonicated (300 W) (Ningbo Scientz
Biotechnology Co., Ltd., Zhejiang, China) at 30 s intervals for 26 min
at 4 �C. Cell debris was removed by centrifugation at 10,000� g for
20 min at 4 �C. The supernatant was then analyzed.

2.4. Measurement of cell-envelope proteinase, aminopeptidase and
X-prolyldipeptidyl aminopeptidase activity

Cell-envelope proteinase activity was assayed with MeO-
suceArgeProeTyrepNA (Haandrikman et al., 1991) as the
substrate. H-Lys-pNA.2HBr and H-Gly-Pro-pNA.p-tosylate
(Degraeve & Martial-Gros, 2003) were used as substrates to
determine aminopeptidase activity and X-prolyldipeptidyl amino-
peptidase activity, respectively. Samples for assay contained
0.05 mL 6.4 mM substrate dissolved in distilled water, 2.85 mL
50 mM TriseHCl buffer (pH 7.8) and 0.1 mL cell-free extracts.
Mixtures were incubated at 37 �C for 60 min. The reaction was
stopped by the addition of 0.5 mL 30% (v/v) acetic acid. The
absorbance of the liberated paranitroaniline was measured at
410 nm (Gold S54 UVeVIS Spectrophotometer, Shanghai Leng-
guang Technology Co., Ltd, Shanghai, China). One unit of enzyme
activity was defined as the amount of enzyme that produced an
increase of 0.01 unit of A410nm per hour at 37 �C.

2.5. Protein quantification and ACE-inhibitory activity

The pHs of the fermented milks were adjusted to 3.8 with 50%
lactic-acid solution. After centrifugation at 7000� g for 10 min,
supernatant was collected and the pH was readjusted to 7.0 and re-
centrifuged at 7000� g for 10 min. Then the protein concentration
and ACE inhibition activity of the supernatant was measured.
Protein concentration was estimated using the method described
by Bradford (1976) using the Coomassie protein assay reagent with
bovine serum albumin as the standard.

ACE-inhibitory activity was measured using the method
described by Cushman and Cheung (1971) with some modification.
Aliquots (200 mL) of the buffered substrate solution (6.7 mM HHL in
50 mM HEPES with 300 mM NaCl, pH 8.3) were mixed with 100 mL
supernatant and pre-incubated at 37 �C for 5 min. ACE (20 mL,
0.1 UmL�1) was added to start the reaction. After 20 min of incu-
bation at 37 �C, the enzymatic reactionwas stopped by adding 1 mL
of 1 M HCl. Hippuric acid released by the action of ACE was
extracted with 1.7 mL of ethyl acetate. The mixture was evaporated
at 120 �C. Sediment was dissolved in 1 mL of deionized water and
absorbance measured at 228 nm (Gold S54 UV-VIS Spectropho-
tometer). The inhibition activity was calculated using the following
equation:
Inhibition activityð%Þ ¼ 100%� ½ðA� BÞ � ðC�DÞ�=ðA� BÞ (2)
where A is the absorbance of a solution containing ACE, but without
the sample, B is the absorbance of a solution with ACE prior to
inactivation by adding HCl and without sample, C is the absorbance
in the presence of ACE and sample, andD is the absorbancewithACE
previously prior to inactivationwith HCl and containing the sample.

IC50 value was defined as the concentration of inhibitor required
to inhibit 50% of the ACE activity under the assay conditions. IC50
was calculated using the method described by Otte, Shalaby,
Zakora, Pripp, and El-Shabrawy (2007). IC50 values exhibited
a linear relationship between the reciprocal of enzyme activity
(1/v) and inhibitor concentration (IC) (Eq. (3)). Eq. (4) was the
corresponding expression for IC50.

1=v ¼ a� IC þ b (3)

IC50 ¼ b=a (4)

where a and b are unknown regression coefficients. Since the
regression coefficient b is an expression for enzyme activity
without inhibitor present, i.e., IC¼ 0 mgmL�1, which in this
experiment corresponds to an ACE activity of 100%, we have:

1=100 ¼ b (5)

Solving Eqs. (3)e(5), the IC50 can be estimated by

IC50 ¼ IC� ½v=ð100� vÞ� (6)

where IC is the inhibitor concentration in ACE assay (mgmL�1), and
v is the ACE activity in the assay with sample (%).

2.6. Statistical tests

All results were expressed as the mean� SD. The significance of
differences between the sampleswas analyzed using Student's t-test.
A P-value less than 0.05 was taken as statistically significant. The
influence of aminopeptidase (Y2), X-prolyldipeptidyl aminopeptidase
(Y3) and cell-envelope proteinase (Y4) activity on ACE-inhibitory
activity in fermentedmilk (Y1)was testedusing correlationcoefficient
tests. All statistical tests were performed using a Minitab 14 system.

2.7. Hydrolysis of WPC-80 by crude proteinases of Lb. helveticus
LB10

AnaqueousWPC-80 solution (6%w/v, protein basis)washeated at
65 �C for 20min, cooled to room temperature and adjusted to pH 8.0
with 0.1 M NaOH. Whey protein solution was hydrolysed with crude
proteinases of Lb. helveticus LB10 with enzyme to substrate (w/w)
ratio of 1:167 at 39 �C for 8 h. Hydrolysis pHwasmaintained at 8.0 by
addition of 0.1 MNaOH. After 8 h the reactionwas stopped by heating
the solution to 80 �C for 20 min to inactivate the enzymes. After
centrifugation at 7000� g for 10 min, supernatant was collected and
pH was readjusted to 8.3. The ACE inhibition activity and protein
concentration of the supernatant were measured.

2.8. Purification and identification of ACE-inhibitory peptides

2.8.1. Gel filtration system
The hydrolysate was applied to a Sephadex G-75 column

(1.0� 40 cm, Ammersham Pharmasia Biotech, Uppsala, Sweden)
equilibrated with distilled water. Peptides were eluted with
distilled water at a flow rate of 25 mL h�1. Elution curves were
obtained by measuring absorbance at 220 nm. The fractions were
collected at 5 min intervals. The experiments were conducted at
room temperature using MA99-2A Protein Chromatography
Equipment (Shanghai Huxi Analysis Instrument Factory Co., Ltd.,
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Shanghai, China). The fractions were then pooled and concentrated
by freeze-drying. The protein concentration and ACE-inhibitory
activity were then analyzed. The faction with the highest ACE-
inhibitory activity was then applied to a Sephadex G-15 column
(1.0� 40 cm, Ammersham Pharmasia Biotech) equilibrated with
distilled water. Peptides were eluted with the same condition as
Sephadex G-75 column. The fractions were pooled and concen-
trated by freeze-drying. The protein concentration and ACE-inhib-
itory activity were then analyzed. The fraction that had the highest
ACE-inhibitory activity was applied to reversed-phase high-
performance liquid chromatography (RP-HPLC).

2.8.2. Reversed-phase high-performance liquid chromatography
(RP-HPLC)

The RP-HPLC system was equipped with a quaternary gradient
pumping system, in-line degasser, variable wavelength absorbance
detector set at 220 nm, and automatic injector (all 1200 Series,
Agilent Technologies, Santa Clara, CA, USA). RP-HPLC was per-
formed on a semi-preparative Agilent ZORBAX Eclipse XD8 C18
column (150� 21.2 mm, 7 mm, Santa Clara, CA, USA), equilibrated
with solvent A (0.1% TFA in H2O). The sample (0.5 mL) was then
injected. Elution was with a linear gradient to 80% solvent B (60%
acetonitrile, 40% H2O, 0.1% TFA) during the first 15 min, to 0% in the
next 5 min, and the column was re-equilibrated with 100% solvent
A for 20 min. The flow rate was 3 mLmin�1. The fractions were
concentrated by lyophilisation, and ACE-inhibitory activity and
protein concentration were determined.

2.8.3. Identification of amino acid sequences of ACE-inhibitory
peptide

Themolecular mass of peptides purified by RP-HPLCwith highest
ACE-inhibitory activity was determined using a triple-quadruple
Fig. 1. Effect of fermentation temperature (a), pH (b), inoculum level (c) and fermentation tim
envelope proteinase activity during sour milk fermentation. Data are means� S.E. (n¼ 3).
a BoxeBehnken design: (:) X-prolyldipeptidyl aminopeptidase activity; (-) aminopeptid
inhibitory activity.
mass spectrometer (TSQ, Finnigan MAT, San Jose, CA, USA). The
sequences were determined by Secondary Ion Mass Spectrometry
performed with the same system. Samples were dissolved to
a concentration of approximately 10 ppm inmethanol, and analyzed
by infusion of sample (10 mL) through the electrospray interface. Ion
source and polarity was ESI. The capillary temperature was set at
350 �C. Spray voltage was 4000 V. Nitrogen was used as sheath and
aux gas. Sheath and aux gas pressure were 35 arb and 3 arb, respec-
tively. Argon was used as the target gas (3 mTorr) for the collision.
Collision energywas set at 20e30 V.Mass spectrawere acquired over
30 to 1000 m/z. Peptide identification involved the search for the
masses in the NCBI database of bovine whey proteins and matching
the MS/MS spectrumwith the sequences selected by mass. GPMAW
8.0 software (Engvej 35, DK-5230 OdenseM, Denmark) and aMascot
server were used to identify the peptide sequences.

3. Results and discussion

3.1. Effect of fermentation temperature, initial pH of culture
medium, inoculum level and fermentation time on ACE-inhibitory,
cell-envelope proteinase, aminopeptidase and X-prolyldipeptidyl
aminopeptidase activity

The effect of fermentation temperature from 31 �C to 43 �C
on ACE-inhibitory, cell-envelope proteinase, aminopeptidase and
X-prolyldipeptidyl aminopeptidase activity was determined
(Fig. 1a). The initial pH of reconstituted skimmilk was set at 7.0. The
inoculum level was set at 3%. The fermentedmilk showedmaximum
ACE-inhibitory activity at 40 �C. The maximum temperature of cell-
envelope proteinase, and aminopeptidase and X-prolyldipeptidyl
aminopeptidase activity was at 37e40 �C. Hence 40 �C was chosen
as the centre point with 3 �C for step changes.
e (d) on ACE-inhibitory, X-prolyldipeptidyl aminopeptidase, aminopeptidase, and cell-
Temperature 40 �C, pH 6.5 and inoculum level 6% were chosen as centre points for
ase activity; ( ) Cell-envelope proteinase activity; (�) cell concentration; (A) ACE-



Table 2
Estimated coded regression coefficients for ACE-inhibitory activity.

Term Coefa SE Coef T Pb

Constant 70.4333 1.2983 54.252 0.000
Temperature �1.6350 0.7950 �2.057 0.095
pH 5.2975 0.7950 6.663 0.001*
Inoculum level �1.0750 0.7950 �1.352 0.234
Temperature� temperature �1.3829 1.1702 �1.182 0.290
pH� pH �3.6529 1.1702 �3.122 0.026*
Inoculum level� inoculum level �2.2779 1.1702 �1.947 0.109
Temperature� pH 0.7025 1.1243 0.625 0.559
Temperature� inoculum level �0.4725 1.1243 �0.420 0.692
pH� inoculum level �1.3775 1.1243 �1.225 0.275
S¼ 2.249 R-Sq¼ 92.9% R-Sq(adj)c ¼80.2%

a Coef were coded regression coefficients for ACE-inhibitory activity (%).
b An asterisk indicates a significant effect on ACE-inhibitory activity, P< 0.05.
c R-Sq(adj) value was high, indicating that the models were well adapted to the

responses. Calculated to be 0.802, indicating that the model explains 80.2% of the
variability in the response on ACE-inhibitory activity (Eq. (7)).
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The effect of the change in pH of reconstituted skim milk from
5.5 to 8.5 on ACE-inhibitory, cell-envelope proteinase, aminopep-
tidase and X-prolyldipeptidyl aminopeptidase activity was
researched. The fermentation temperature was set at 37 �C and the
inoculum level was set at 3%. The maximum pH of cell-envelope
proteinase, aminopeptidase and X-prolyldipeptidyl aminopepti-
dase activity were at 6.5, 6.5, and 7.0, respectively. The fermented
milk showed maximum ACE-inhibitory activity at pH 7.0 (Fig. 1b).
Hence, pH 6.5 was chosen as the centre point with 1.0 step change.

The effect of inoculum level from 2% to 6% on ACE-inhibitory
activity, cell-envelope proteinase, aminopeptidase and X-prolyldi-
peptidyl aminopeptidase activity was researched. The initial pH of
reconstituted skim milk was set at 7.0 and fermentation tempera-
ture was set at 37 �C. As shown in Fig. 1c, 4e6% was the suitable
inoculum level to maintain high ACE-inhibitory activity. The centre
point was 6% with step changes set at 2%.

As shown in Fig. 1d, cell concentration sharply increased from 2
to 5 h, but then remained stable until the end of fermentation.
During the log phase (2e5 h), the number of new bacteria
appearing per unit time was proportional to the present pop-
ulation. The stationary phase (after 5 h) was reached as the bacteria
began to exhaust the available resources. The sour milk was mature
at 5 h. The cell-envelope proteinase synthesis began with the
growth of the cell and dramatically increased during the log phase,
then slightly increased until the end of fermentation. Aminopep-
tidase and X-prolyldipeptidyl aminopeptidase activity peaked at
the mid-log growth phase (about 3 h) and then declined. ACE-
inhibitory activity increased between the log and stationary phases,
indicating that the ACE-inhibitory peptides were produced during
fermentation.
Table 3
Analysis of variance for ACE-inhibitory activity (%).

Source DF Seq SS Adj SS Adj MS F Pa

Regression 9 333.112 333.112 37.012 7.32 0.021*
Linear 3 255.139 255.139 85.046 16.82 0.005*
Square 3 67.516 67.516 22.505 4.45 0.071
Interaction 3 10.457 10.457 3.486 0.69 0.596
Residual error 5 25.282 25.282 5.056 0.31 0.821b

Lack-of-fit 3 8.043 8.043 2.681
Pure error 2 17.239 17.239 8.619
Total 14 358.394

a An asterisk indicates a significant effect on ACE-inhibitory activity, P< 0.05.
b The value 0.821 showed a non-significant (P> 0.05) lack of fit, further validating

the model.
3.2. BoxeBehnken design and response-surface method

Response results shown in Table 1 were analyzed using Minitab
14.0 software. The t-test and P-values were used to identify the
effect of each factor on ACE-inhibitory activity. The pH, pH� pH had
a significant effect (P< 0.05) on ACE-inhibitory activity (Table 2).

The fit of the model was checked by the coefficient of deter-
mination R-Sq (adj), which was 0.802, indicating that 80.2% of the
variability in the response of ACE-inhibitory activity can be
explained by the model (Eq. (7)). R-Sq (adj) value was high, indi-
cating that the model was well adapted to the response. The
statistical analysis of the data revealed that the linear coefficients
were significant. The ANOVA also showed that there was a non-
significant (P> 0.05) lack of fit, which further validates the model
(Table 3).

Eq. (7) showed the effect of temperature, pH and inoculum level
on ACE-inhibitory activity. The parameters of the equation were
Fig. 2. Response-surface plots for the effect of variables on ACE-inhibitory activity:
(a) Fermentation temperature (x1) and initial pH of culture medium (x2). The inoculum
level (x3) was set at the centre of its level viz. 6%; (b) Fermentation temperature (x1)
and inoculum level (x3). Initial pH of culture medium (x2) was set at the centre of its
level viz. 6.5; (c) Initial pH of culture medium (x2) and inoculum level (x3). Fermen-
tation temperature (x1) was set at the centre of its level viz. 40 �C.



Fig. 3. Purification profiles of a novel ACE-inhibitory peptide fromwhey protein hydrolysed by crude proteinase of Lb. veticus LB10. (a) Sephadex G-75 gel filtration chromatography
column of hydrolysates. (b) Elution profile of active fraction 3 of Sephadex G-75 gel column on a Sephadex G-15 gel column. (c) RP-HPLC profile of active fraction 4 of Sephadex G-15
gel column on RP-HPLC was performed on a semi-preparative Agilent ZORBAX Eclipse XD8 C18 column. (d) ESI-MS/MS spectrum of peak I collected after RP-HPLC.
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obtained by multiple regression analysis of the experimental data.
The following quadratic model explained the experimental data:

Y ¼ � 344:542þ 10:6980x1 þ 47:5513x2 þ 13:9231x3
� 0:153657x21 � 3:65292x22 � 0:569479x23 0:234167x1x2
� 0:0787500x1x3 � 0:688750x2x3 ð7Þ

where Y was the predicted response (ACE-inhibitory activity of
fermented milk) in real value; x1 was the uncoded value of variable
temperature; x2 was the uncoded value of variable pH; and x3 was
the uncoded value of variable inoculum level.

To determine the optimal levels of each variable for maximum
ACE-inhibitory peptide production, three-dimensional response
surface plots were constructed by plotting the response (ACE-
inhibitory activity of fermented milk) on the Z-axis against any two
independent variables, while maintaining other variables at their
optimal levels (Fig. 2). As shown in Fig. 2, ACE-inhibitory activity
increased until temperature reached an optimum point and then
decreased following temperature increased. Low inoculum level
(4%) and high pH (7.5) led to a high ACE-inhibitory activity.

The optimal conditions were extracted by Minitab 14 software.
Maximum ACE-inhibitory activity obtained by using the above-
optimized condition of the variables was temperature at 39 �C, pH
at 7.5, and the inoculum level at 4%. On this condition, the predicted
ACE-inhibitory activity of the fermented milk was 72.28%. The
experiment was run at the optimal conditions and run three times.
The ACE-inhibitory activity of the fermented milk was
75.46� 0.42%. This confirmed that these conditions were optimal
for ACE-inhibitory peptide production.

The fermentation conditions adopted based on the specificity of
proteolysis are probably important factors that markedly influence
the proteolytic activation of encrypted ACE-inhibitory peptides.
RSM was an efficient statistical tool in the optimization of the
fermentation conditions. The experimental value agreed with the
predicted value within a 95% confidence interval, suggesting a good
fit between the models and the experimental data.
Table 4
Theweight, recovery yield and ACE-inhibitory activity of these fractions obtained by
hydrolysate, Sephadex G-75 gel filtration chromatography column, Sephadex G-15
gel filtration chromatography column and RP-HPLC from whey protein hydrolyzed
by crude proteinase of Lactobacillus helveticus LB10.

Fraction Weight (mg) IC50 (mgmL�1) Recovery
yield (%)

Hydrolysate 1597 0.975 100
Sephadex G-75 676 0.679 42.3
Sephadex G-15 67 0.364 4.07
RP-HPLC 16 0.130 1.00
3.3. The effect of cell-envelope proteinase, aminopeptidase and
X-prolyldipeptidyl aminopeptidase activity on ACE-inhibitory
peptide production

Table 1 shows the results of ACE-inhibitory (Y1), aminopeptidase
(Y2), X-prolyldipeptidyl aminopeptidase (Y3) and cell-envelope
proteinase (Y4) activity under different fermentation conditions. A
correlation coefficient was calculated using Minitab 14 to indicate
the strength and direction of the relationship between two vari-
ables. The correlation coefficient of ACE-inhibitory activity and cell-
envelope proteinase activity was 0.832 (P¼ 0.000< 0.05), which
indicated that cell-envelope proteinase had a significant effect on
ACE-inhibitory peptide production. Similar results were reported
by Yamamoto et al. (1994) who used a cell-wall-associated, serine-
type proteinase of Lb. helveticus CP790 to liberate anti-hypertensive
effect of the peptides from milk. The IC50 of the peptide was 4 mM.
Also, sodium caseinates prepared from bovine, sheep, goat, pig,
buffalo or human milk were hydrolysed by a partially purified
proteinase of Lb. helveticus PR4 (Minervini et al., 2003); various
ACE-inhibitory peptides were found in the hydrolysates and the
IC50 of these crude peptide fractions was very low
(16e100 mgmL�1)

The correlation coefficient of ACE-inhibitory and aminopepti-
dase activity was 0.592 (P¼ 0.020< 0.05). The correlation coeffi-
cient of ACE-inhibitory and X-prolyldipeptidyl aminopeptidase
activity was 0.659 (P¼ 0.007< 0.05). These results indicate that
aminopeptidase and X-prolyldipeptidyl aminopeptidase also had
an effect on ACE-inhibitory peptide production but was less
obvious than cell-envelope proteinase. The other ACE-inhibitory
peptides were generated after peptidases hydrolysis of oligopep-
tides which were initially liberated by cell-envelope proteinase.
This supports the findings by Yamamoto et al. (1999). Some ACE-
inhibitory peptides were products of extracellular proteinases
alone, whereas others were the result of both proteinases and
peptidases, e.g., the Tyr-Pro peptide isolated from a yoghurt-like
product (Yamamoto et al., 1999). However, Meisel and Bockelmann
(1999) claimed that since peptidases activity was intracellular in
lactic-acid bacteria, such bacteria probably contribute ACE-inhibi-
tory peptides only after cell lysis, whichwas considered a rare event
in fermented milk due to the short fermentation time. In our
research, we found that the ACE-inhibitory activity of sour milk
increased between the log and stationary phases (Fig. 1d). The
increase was due to the finding that ACE-inhibitory peptides
hydrolysed by intracellular peptides can be transported to medium
across the cell membrane by OPP, DtpP and DtpT transporters (Law
& Haandrikman, 1997).
3.4. Purification and identification of ACE-inhibitory peptide from
whey protein

Our research found that cell-envelope proteinase, aminopepti-
dase and X-prolyldipeptidyl aminopeptidase had the ability to
hydrolyse milk protein into ACE-inhibitory peptides. The new ACE-
inhibitory peptides from whey protein hydrolysed by crude
proteinases (include cell-envelope proteinase and intracellular
peptidases) of Lb. helveticus LB10 was purified and identified. As
shown in Fig. 3a, the hydrolysate was separated using Sephadex
G-75 gel filtration chromatography and three fractions were
obtained. The IC50 values of the fractions were 1.242, 0.987, and
0.679 mgmL�1. The third fraction was then further separated into
five fractions using Sephadex G-15 gel filtration chromatography
(Fig. 3b). The fifth fraction showed no ACE-inhibitory activity. The
IC50 values of the other four fractions were 1.232, 1.103, 0.632 and
0.364 mgmL�1. The fourth fraction was then further separated
using RP-HPLC on an Agilent ZORBAX Eclipse XD8 C18 column. The
peak 1 displayed ACE-inhibitory activity (Fig. 3c). The IC50 values
and yields of these fractions obtained on hydrolysate, Sephadex
G-75 gel filtration chromatography (fraction 3), Sephadex G-15 gel
filtration chromatography (fraction 4) and RP-HPLC (peak1) are
shown in Table 4.

The accurate relative molecular mass of the peptide was
732.84 Da as shown in Fig. 3d. The sequence of peak 1 was RLSFNP
determined using ESI-MS/MS corresponding to the 148e153 frag-
ment of the b-lactglobulin. It was a novel ACE-inhibitory peptide,
with an IC50 value of 177.39 mM. ACE-inhibitory peptides usually
contain between 2 and 12 amino acids, although active peptides
with up to 27 amino acids have been identified (Yamamoto et al.,
1994). The binding to ACE was strongly influenced by the
C-terminal sequence, whereby hydrophobic amino acids, e.g., Pro,
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were more active if present at the C-terminal positions (Rohrbach,
Williams, & Rolstad, 1981). Nakamura, Yamamoto, and Sakai (1995)
purified two ACE-inhibitory peptides (VPP and IPP) from sour milk
fermentation with the Calpis sour milk starter containing Lb. hel-
veticus and S. cerevisiae. The concentrations of peptides providing
50% inhibition of ACE were 9 and 5 mM, respectively. In addition, the
presence of the positive charge of Lys and Arg as C-terminal residue
may contribute to inhibitory potency (Cheung, Wang, Ondetti,
Sabo, & Cushman, 1980). A tryptic peptide of ALPMHIR was
further characterized after reversed-phase chromatographic isola-
tion, and was shown to have an ACE IC50 value of 42.6 mM (Mullally
et al., 1997). Similar results were observed in our study. The isolated
ACE-inhibitory peptide had six amino acids, composed of Pro at the
C-terminal and Arg at the N-terminal.

4. Conclusions

Sour milk fermentation conditions (inoculum level at 4%, initial
pH of medium at 7.5 and fermentation temperature at 39.0 �C)
were optimized using RSM to obtain ACE-inhibitory activity
peptides. The article also showed that cell-envelope proteinase,
aminopeptidase and X-prolyldipeptidyl aminopeptidase of Lb. hel-
veticus LB10 affected the production ACE-inhibitory peptide.
Fermentation temperature and pH effected ACE-inhibitory peptide
production by influencing cell-envelope proteinase, aminopepti-
dase and X-prolyldipeptidyl aminopeptidase activity. ACE-inhibi-
tory activity accumulated between the log and stationary phases of
milk fermentation. Milk fermentation time was altered by varying
the inoculum level of Lb. helveticus LB10.

A novel ACE-inhibitory peptide from whey protein hydrolysed
by crude proteinases of Lb. helveticus LB10 was purified and iden-
tified. It was a new ACE-inhibitory peptide isolated from b-lg
(f148e153), with a peptide sequence of RLSFNP and an IC50 value of
177.39 mM. Further studies are in progress to confirm the potential
of the peptides' in vivo anti-hypertensive effects in SHR.
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