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Abstract

This study was performed to measure the angiotensin I-converting enzyme (ACE) inhibitory activity of peptide extracts
derived from the enzymatic proteolysis of Hanwoo Musculus longissimus (M. longissimus) during cold storage. Thermol-
ysin (80 ppm, w/w) and protease type XIII (100 ppm, w/w) were injected separately or in combination for the enzymatic
proteolysis of sarcoplasmic and myofibrillar proteins prior to storage at 5°C (T1) or at -1°C (T2) in a chilling room for 9
days. Beef injected with thermolysin (E2) and thermolysin+protease type XIII (E3) showed a significantly higher degree of
hydrolysis at both storage temperatures (p<0.05). During the storage period, T1E2 at day 6 and T1E3 at day 9 showed the
strongest ACE inhibitory activity with sarcoplasmic and myofibrillar protein proteolysates. Macromolecules greater than
10,000 Da were removed by ultra filtration, and the filtrates were separated into fractions using gel filtration. Five and three
major fractions were collected from S-T1E2-6 and M-T1E3-9 extracts, respectively, and the 4™ fraction of the S-T1E2-6
extracts showed the highest ACE inhibitory rate of 61.96+7.41%.
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Introduction

The renin-angiotensin system is one of the most impor-
tant humoral vasoconstrictor and vasodilator mechanisms
involved in blood pressure regulation. In this system,
angiotensinogen is first converted into a prehypertensive
hormone angiotensin I (DRVYIHPE-HL), through the
action of rennin, which is secreted by the kidneys. Angio-
tensin I is further converted to angiotensin II (DRVYI-
HPE), the active form of the hormone, by the action of
angiotensin I-converting enzyme (ACE). The ACE cata-
lyzes the production of the vasoconstrictor angiotensin I1
as well as the inactivation of the vasodilator bradykinin
(RPPGFSPFR) or encephalitis (Ariyoshi, 1993; Hazato
and Kase, 1986; Maruyama et al., 1985).

Inhibition of ACE is an established therapy for hyper-
tension (Vane, 1999). Bioactive peptides are most com-
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monly produced by enzymatic hydrolysis of whole mole-
cules. Peptides capable of inhibiting ACE have recently
been identified in the tryptic hydrolysates of bovine o.,-
casein (Tauzin et al., 2002) and bovine, ovine and caprine
K-casein macropeptides (Manso and Léopez-Fandino, 2003).
Different digestive enzyme combinations of proteinases
including alcalase, chymotrypsin, pancreatin, pepsin and
thermolysin as well as enzymes from bacterial and fungal
sources have been used to generate bioactive peptides
from various proteins (Kilara and Panyam, 2003; Kor-
honen and Pihlanto, 2003).

In this study, we examined the activity of peptides
derived from Hanwoo M. longissimuss that are capable of
inhibiting ACE under several enzymatic treatments and
storage conditions.

Materials and Methods

Praparation of crude peptide extracts from Han-

woo M. longissimus

M. longissimus from Hanwoo steers aged 28-30 mon
were collected from Gangwon Livestock Process Center
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(Gangwon LPC, Korea) after slaughter. A study by Jang
and Lee (2005) showed that thermolysin and protease
type XIII had high proteolytic activities on muscular sar-
coplasmic and myofibrillar proteins, therefore, on the
basis of this study, thermolysin (T7902, Sigma, USA) and
protease type XIII (P2143, Sigma, USA) were injected in
the beef separately or in combination. The beef was then
stored at 5°C (T1) or -1°C (T2) in chilling room for 9 d as
shown in Table 1. On the 3™, 6™ and 9" d of storage, the
sarcoplasmic and myofibrillar proteins were extracted
from the beef, and high molecular peptides of greater
than 10,000 Da were removed using an ultra-filtration
system at 4°C with a PM-10 membrane (MWCO, 10,000
Da; Amicon Co., USA). After filtration, the filtrates were
frozen in a deep freezer and then used to measure the
degree of hydrolysis, and ACE inhibitory activity. Subse-
quently, these filtrates were further purified by gel filtra-
tion.

Reagents

ACE (from rabbit lung) and hippuryl-L-histidyl-L-leu-
cine (HHL) were purchased from Sigma (USA) and all
other chemicals used were of analytical grade (Fisher,
USA).

Extraction of muscular protein hydrolyzates

Hanwoo muscular protein proteolysates were extracted
by the modified method described in the study by Jang
and Lee (2005). Beef samples were homogenized for 3
min in 50 mL of 20 mM phosphate buffer (pH 7.4). Then
homogenates were centrifuged at 4°C, 10,000 g for 20 min
and filter the supernatant with a 0.45 wm membrane filter,
and used as sarcoplasmic protein proteolysate extracts.
Myofibrillar protein proteolysate extracts were separated
from the pellets by further extraction. Fifty milliliters of
20 mM phosphate buffer (pH 7.4) and 50 mL of 0.1%
Triton X-100 were added to the pellets. The mixtures were

Table 1. Preparation of Hanwoo M. longissimus with various
enzymes and storage conditions

T1 T2

Con No enzyme No enzyme

El1 80 ppm protease type XIII 80 ppm protease type XIII
E2 100 ppm thermolysin 100 ppm thermolysin

E3 80 ppm protease type XIII 80 ppm protease type XIII

+ 100 ppm thermolysin + 100 ppm thermolysin
T1, 5°C chilling room; T2, -1°C chilling room
Con, no enzyme; El, protease type XIII 100 ppm/meat sample;
E2, thermolysin 80 ppm/meat sample; E3, protease type XIII 100
ppm/meat sample + thermolysin 80 ppm/meat sample

homogenized for 2 min and centrifuged at 4°C at 10,000
g for 20 min, and the pellets were mixed with 50 mL of
0.1 M phosphate buffer and 50 mL of 1.1 M KI and homo-
genized for 2 min. The homogenates were then centri-
fuged at 4°C at 10,000 g for 20 min. The supernatants were
filtered with a 0.45-um membrane filter to separate the
myofibrillar protein proteolysate extracts. Both the sarco-
plasmic and myofibrillar protein proteolysate extracts
were heated at 90°C in a water bath for 15 min to inacti-
vate the injected enzymes.

Analysis of protein content and the degree of hydro-

lysis

The total amount of protein in the extracts was mea-
sured using a protein assay kit (Sigma Co., USA) and
bovine serum albumin was used as the standard. The
degree of hydrolysis was analyzed by measuring the
amount of nitrogen dissolved in 10% trichloroacetic acid.
Peptide extracts were mixed with an equal volume of
20% trichloroacetic acid, reacted for 30 min at room tem-
perature, and then centrifuged at 1,750 g for 10 min. Sol-
uble nitrogen was measured using protein assay kit
(Sigma Co., USA). The degree of hydrolysis was calcu-
lated as follows:

% DH = (10% TCA-soluble protein/total protein) % 100

ACE inhibitory activity

The ACE inhibitory activity was determined using the
spectrophotometric method described by Cushman and
Cheung (1971). For each assay, 100 uL. of HHL (12.5
mM in 0.05 M sodium borate buffer) were incubated at
37°C for 5 min. After incubation, 50 uL of bovine peptide
extracts and 150 ulL of ACE (peptidyldipeptide hydro-
lase, from rabbit lung acetone extract) were added, and
the mixture incubated for 1 h. The enzymatic reaction
was stopped by adding 250 uL of 0.5 N HCI. The hippu-
ric acid formed by the action of the ACE on HHL was
extracted from the acidified solution into 1 mL ethyl ace-
tate by vortex mixing for 15 s. This mixture then was
centrifuged at 3,290 g for 10 min at 4°C, and a 0.7 mL
aliquot of each ethyl acetate layer was transferred to clean
tubes and evaporated by heating at 95°C for 20 min in a
water bath. The hippuric acid was dissolved again in 3
mL of 1 M NacCl, and the amount formed was determined
by measuring the absorbance at 228 nm. The IC;, value,
defined as the concentration of a peptide that inhibits
50% of the ACE activity, was determined by measuring
the ACE inhibitory activity and peptide contents of each
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extract after regression analysis.

. C S-S.C.
ACE inhibitory activity = (1 BBC C.) x100
S, OD value of sample; S.C., OD value of sample control;

B, OD value of blank; B.C., OD value of blank control

Separation of the active fraction inhibiting ACE

Peptide extracts that showed high ACE inhibitory activ-
ity were selected. Molecules greater than 10,000 Da were
removed by ultra filtration at 4°C by using a PM-10
membrane, and the ACE inhibitory activity was mea-
sured. The filtrate was refiltered using a 0.45-um Milli-
pore membrane filter and loaded on the XK 2.6 mmx1 m
(Amersham Pharmacia Biotech., UK) gel-filtration col-
umn filled with Sephadex® G-25 resins (GE Healthcare
Biosciences, USA). Phosphate buffer (20 mM, pH 7.0)
containing 0.05% (w/v) sodium azide was used for the
mobile phase, and the flow rate was 5.0 mL/min. Each
fraction was collected and measured for ACE inhibitory
activity.

Statistical analysis

All analyses were performed in triplicate. Statistical
analysis was performed with the SAS program for Win-
dows V9.1 (SAS Institute, USA). Two-way ANOVA was
carried out with Duncan's multiple range test to analyze
the significant differences among the treatments (p<0.05).

Results and Discussion

Degrees of proteolysis

The degrees of proteolysis of the sarcoplasmic protein
proteolysate (SPP) and myofibrillar protein proteolysate
(MPP) extracted from samples stored at 5°C or -1°C dur-
ing the storage period are shown in Tables 2 and 3. Enzy-
matically proteolyzed E2 and E3 samples stored at both
temperature (T1 and T2) showed significantly higher degree
of proteolysis in sarcoplasmic and myofibrillar protein
proteolysate extracts than others (Con and E1) (p<0.05).
Furthermore, the degree of proteolysis of extracts stored
at 5°C in a chilling room was higher than those of sam-
ples stored at -1°C. On the 9™ day of storage, the degree
of proteolysis of E3, injected with both thermolysin and
protease type XIII, was high.

Although the degree of proteolysis of the Hanwoo mus-
cular protein was lower than that previously reported by
of Jang et al. (2003), who carried out proteolysis at the
optimum temperature of enzyme and reported almost 70%

Table 2. The degree of proteolysis of sarcoplasmic proteins
with several proteases during storage

3d 6d 9d

T1Con  2.98+1.44¢ 2.58+1.96° 4.58+2.27%
TI1E1 5.60+0.31°4B 5.27+1.27° 7.98+1.314
TIE2 9.71+0.46"B 16.46+5.36™A 15.69+1.26°48
TIE3  12.08+0.83%8 12.87+3.65%8 19.91+0.19*A
T2Con  3.49+0.93% 2.794+0.39° 3.85+1.384
T2E1 7.90+6.32°<4 6.10+0.93¢ 5.36+0.42%
T2E2  15.40+1.60° 16.90+2.80° 15.84+3.28°

T2E3  12.60+2.40™8 11.84+0.96"8 17.85+3.23%4

Values are expressed as mean+SD.

T1, 5°C chilling room; T2, -1°C chilling room.

Con, no enzyme; E1, protease type XIII 100 ppm/meat sample;

E2, thermolysin 80 ppm/meat sample; E3, protease type XIII 100

ppm/meat sample + thermolysin 80 ppm/meat sample.

**Means in the same column with different letters are signifi-
cantly different (p< 0.05).

ABMeans in the same row with different letters are significantly
different (p < 0.05).

Table 3. The degree of proteolysis of myofibrillar proteins
with several proteases during storage

3d 6d 9d
T1Con 2.30£0.65%4  0.80+0.148 2.96+0.33%
T1E1 3.59+0.30% 2.56+1.20% 3.56+0.96%
T1E2 4224091 4.01+0.04° 3.99+1.04%
T1E3 3.89+1.80% 3.00+£0.79% 426+0.21%
T2Con 1.14+0.13" 3.93+2.16° 4.7743.13%
T2E1 3.14+2.50% 2.16+0.25% 5.04+1.3%

T2E2 4.75+0.95 4.81+1.72° 6.59+0.02%
T2E3 4.36+3.12° 4.9343.40° 6.98+3.89°

Values are expressed as mean+SD.

T1, 5°C chilling room; T2, -1°C chilling room.

Con, no enzyme; El, protease type XIII 100 ppm/meat sample;

E2, thermolysin 80 ppm/meat sample; E3, protease type XIII 100

ppm/meat sample + thermolysin 80 ppm/meat sample.

“®Means in the same column with different letters are signifi-
cantly different (p < 0.05).

ABMeans in the same row with different letters are significantly
different (p < 0.05).

after 24 h of reaction, it gradually increased during the
storage period. These results are similar to those of Lee et
al. (2005), which showed that the degree of proteolysis of
every treated enzyme increases during storage. These
results also correspond with those of Jang er al. (2003),
which showed that the degree of proteolysis was higher in
the samples injected thermolysin + protease type II1, ther-
molysin, and protease type XIII, with the degree increas-
ing in that order.

ACE inhibitory activity
Fig. 1 and 2 show the ACE inhibitory activities of SPP
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Fig. 1. The ACE inhibitory activities of sarcoplasmic protein
proteolysates derived from Hanwoo M. longissimus
with several proteases during storage at -1 and 5°C.
T1, 5°C chilling room; T2, -1°C chilling room; Con, no
enzyme; El, protease type XIII 100 ppm/meat sample;
E2, thermolysin 80 ppm/meat sample; E3, protease type
XIII 100 ppm/meat sample + thermolysin 80 ppm/meat
sample.
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Fig. 2. The ACE inhibitory activities of myofibrillar protein
proteolysates derived from Hanwoo M. longissimus
with several proteases during storage at -1 and 5°C.
T1, 5°C chilling room; T2, -1°C chilling room; Con, no
enzyme; El, protease type XIII 100 ppm/meat sample;
E2, thermolysin 80 ppm/meat sample; E3, protease type
XIII 100 ppm/meat sample + thermolysin 80 ppm/meat
sample.

and MPP extracted from enzyme-injected Hanwoo mus-
cles. Although, the extract at day 0 showed ACE inhibi-
tory activity of less than 20%, most extracts showed
increased ACE inhibitory activities as storage period
increased. However, some extracts showed decreased
activity at day 9. Among the SPP extracts, those obtained
from thermolysin-injected beef stored for 6 d at 5°C (S-
T1-E2-6) showed the highest ACE inhibitory activity
(74.39+6.88%). On the contrary, among the MPP extracts,
protease type XIII- and thermolysin-injected beef stored
for 9 d at 5°C (M-T1-E3-9) showed the highest ACE in-
hibitory activities (78.89+3.79%). The ACE inhibitory
activity of MPP extracted from beef stored at 5°C (T1)
was slightly higher than that of proteolysates extracted

from beef stored at -1°C (T2), and this result corre-
sponded with the degree of hydrolysis, indicating that the
ACE inhibitory activity depends on the degree of hydrol-
ysis. Most extracts derived from enzyme-injected beef
showed similar or higher ACE inhibitory activities than
extracts obtained from control beef; this shows that enzy-
matic hydrolysis of muscular proteins may generate pep-
tides capable of inhibiting ACE inhibitory in beef.

Previous studies (Jang et al., 2003; Lee et al., 2005)
showed that the ACE inhibitory activity of peptides pro-
duced by enzymatic hydrolysis was decreased after a spe-
cific reaction time. Although a relationship exists between
the degree of hydrolysis and ACE inhibitory activity, it
does not always increase. A specific amino acid sequence
that can bind to the ACE active site may exist, but if this
peptide is degraded too much, it would lose its inhibitory
activity (Lee et al., 2005).

ACE inhibitory activities of ultra-filtrated and gel-

filtrated fractions

Extracts S-T1-E2-6 of SPP and M-T1-E3-9 of MPP,
which showed the highest ACE inhibitory activity in each
protein proteolysate group, were fractionated by morecu-
lar weight using ultra filtration with a PM-10 membrane
filter. The filtered peptide fractions of less than 10,000 Da
were lyophilized and analyzed for ACE inhibitory activ-
ity again (Table 4), and then they were used for further
isolation using gel filtration. The ACE inhibitory activi-
ties of S-T1-E2-6 and M-T1-E3-9 were 77.12+0.27% and
80.19+0.95%, respectively, and slightly higher than the
activities before ultra filtration. This shows that ACE
inhibitory activity was considerably contributed by small
peptides; this result corresponds to that of previous study
by Jang and Lee (2005) and other studies (Astawan ef al.,
1995; Gomez-Ruiz et al., 2002) that reported highest
inhibitory activity at around 3,000 Da. By using gel filtra-
tion, S-T1-E2-6 and M-T1-E3-9 were separated into 5

Table 4. The ACE inhibitory activities of ultra-filtrated frac-
tions of W-T1-E2-6 and S-T1-E3-9

S-T1-E2-6
77.12+0.27°

M-T1-E3-9
80.19+0.95*

ACE inhibition activity (%)

Values are expressed as mean+SD.

S, sarcoplasmic protein proteolysate; M, myofibrillar protein pro-
teolysate

T1, 5°C refrigerator; E2, thermolysin 80 ppm/meat sample, E3,
protease type XIII 100 ppm/meat sample + thermolysin 80 ppm/
meat sample

®Means in the same column with different letters are significantly
different (p<0.05).
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Table S. The ACE inhibitory activities of gel-filtrated frac-
tions from W-T1-E2-6 and S-T1-E3-9

Extract Fraction No. W-T1-E2-6 S-T1-E3-9
1 4.15+£2.79 52.57+1.53
2 34.39+0.28 28.86+3.64
3 44.07+3.35 30.89+2.68
4 61.96+7.41 -
5 43.08+1.68 -

Values are expressed as mean+SD.

S, sarcoplasmic protein proteolysate; M, myofibrillar protein pro-
teolysate

T1, 5°C refrigerator; E2, thermolysin 80 ppm/meat sample; E3,
protease type XIII 100 ppm/meat sample + thermolysin 80 ppm/
meat sample

and 3 fractions, respectively (data not shown). The ACE
inhibitory activities of those fractions are shown in Table
5. The 4" fraction at S-T1-E2-6 showed the highest ACE
inhibitory activity of 61.96+7.41%, and the 1* fraction of
M-T1-E3-9 showed 52.57+1.53%. In this study, we did
not analyze the concentration of these fractions, and sep-
arated peptides need to be identified in future studies.

The enzymatic hydrolysis of Hanwoo muscular protein
may generate antihypertensive peptides. Although we did
not identify the active peptides in this study, the existence
of active fractions was confirmed. If significant amounts
of these peptides could be generated during meat aging or
manufacturing of meat products, this research would be a
scientific basis for a novel industrial technology. How-
ever, further studies are needed to identify the antihyper-
tensive peptides and other bioactive peptides derived from
Hanwoo beef.
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