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During the ripening of Gouda-type cheese, two kinds of endopeptidases were found to participate in the
degradation of asl-CN(fl-23), a specific product from asl-casein hydrolyzed by chymosin. One of the
endopeptidases, lactic acid bacteria endopeptidase (LEP-II), which can recognize the size of its substrates, has
already been purified and characterized (T. R. Yan, N. Azuma, S. Kaminogawa, and K. Yamauchi, Eur. J.
Biochem. 163:259-265, 1987). The other endopeptidase, LEP-I, was purified to homogeneity by conventional
chromatographic techniques from Streptococcus cremoris H61. The enzyme appeared to be monomeric, with an
apparent molecular weight of 98,000, and its isoelectric point was 5.1. For the hydrolysis of asl-CN(fl-23), the
enzyme had an optimum pH and temperature of 7.0 to 7.5 and 40°C, respectively. Its activity was inhibited by
such chelating agents as EDTA and 1,10-phenanthrolin, and it could be fully reactivated by Mn2 . Inhibitors
specific for serine and thiol proteases had no effect on the protease activity. The enzyme showed a high affinity
toward the Glu-Asn peptide bond of asl-CN(fl-23) and asl-CN(f91-100) but showed no hydrolysis activity
toward asl-CN(fl-52), asl-CN(61-122), asl-CN(136-196), asl-casein, 1-casein, K-casein, a-lactalbumin, and
B-lactoglobulin. The Km and Vm.. of LEP-I for asl-CN(fl-23) were 14.2 pM and 139 U, respectively.

The proteolytic enzymes of lactic streptococci used as a
cheese starter play a central role in cheese ripening. These
enzymes act synergistically with the coagulant, chymosin,
and the indigenous proteinases in milk to break down milk
caseins to achieve cheese ripening (8, 24, 27, 29, 34). Under
acidic conditions, chymosin (EC 3.4.23.4) rapidly and spe-
cifically cleaves the peptide bond (Phe-105-Met-106) of
K-casein to destroy the stable casein micelles, which induces
the milk to coagulate (7, 16). During the early stage of the
ripening process, chymosin also specifically cleaves the
Phe-23-Phe-24 bond of asl-casein to form 23 N-terminal
residues of asl-casein [asl-CN(fl-23); the other peptide
fragments derived from oasl-casein were designated in the
manner suggested by Eigle et al. (11)] and asl-CN(f24-199)
(4, 18). The latter constitutes the texture of mature cheese (5,
21), while the former is further hydrolyzed by the proteases
of starters into several kinds of low-molecular-weight pep-
tides (22), which are considered to be suitable substrates for
such exopeptidases as aminopeptidases (10, 12), dipepti-
dases (12, 19, 30), tripeptidases (25), and prolidases (20) of
the starters. Consequently, the flavor or the flavor precursor
compounds are developed in ripened cheese (1, 35).

In the previous study, we isolated three major peptides
from a water-soluble fraction of ripened Gouda-type cheese
and found that these peptides are derived from the hydroly-
sis of asl-CN(fl-23) by the endopeptidases of lactic strepto-
cocci (22). To illustrate the role of these endopeptidases
during cheese ripening, we used a specific substrate, asl-
CN(fl-23), and high-performance liquid chromatography
(HPLC) to monitor the hydrolyzing activity of the enzymes.
We found two novel endopeptidases which can specifically
hydrolyze asl-CN(fl-23) and which possess some unique
properties. One of these two endopeptidases, LEP-II, which
has been purified and determined to possess a substrate size
specificity, has already been described (37a). In the present
study, the purification and characterization of the other
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endopeptidase, lactic acid bacteria endopeptidase-I (LEP-I),
are described and the role of the enzyme in peptide degra-
dation during cheese ripening is discussed.

MATERIALS AND METHODS

Chemicals. DEAE-Sephacel, Chromatofocusing Polybuf-
fer 74, Polybuffer Exchanger PBE 94, and Sephacryl S-300
were purchased from Pharmacia, Uppsala, Sweden. Angio-
tensin, oxidized insulin B chain, glucagon, bradykinin,
neurotensin, substance P, and P-casomorphin were pur-
chased from the Peptide Institute Inc., Osaka, Japan. Pepsin
(EC 3.4.23.1) and trypsin (EC 3.4.21.4) were purchased from
Sigma Chemical Co., St. Louis, Mo., and all the other
materials used were of analytical grade when available.

Preparation of caseins and peptide fragments of atsl-casein.
asl-Casein, P-casein, and K-casein were prepared from
fresh, raw skim milk by the methods of Zittle et al. (38), Fox
and Guiney (15), and Doi et al. (9), respectively. a-
Lactalbumin and 3-lactoglobulin were prepared by the
method of Aschaffenburg and Drewry (2) and then purified
by DEAE-Sephacel chromatography. asl-CN(fl-23) was
prepared from the peptic hydrolysis of purified asl-casein
(31). asl-CN(f91-100) was prepared from the tryptic hydrol-
ysis of asl-casein as follows. Trypsin was added to a 2.0%
asl-casein solution in a 0.05 M Tris buffer (at pH 8.0) to give
an enzyme/substrate ratio of 1:500, and the reaction mixture
was incubated at 30°C for 2 h. The pH of the solution was
then adjusted to 4.6 with 0.1 N HCI, and the solution was
centrifuged at 1,480 x g for 10 min. The supernatant was
fractionated by HPLC (LC-6A; Shimadzu Corp., Kyoto,
Japan) by use of a large-pore-size (30 nm) C-4 column
(Senshu Pak, SSC-SC4; Senshu Kagaku, Tokyo, Japan) and
a UV detector at a wavelength of 230 nm. Elution was with
a linear gradient of acetonitrile (1.0%/min) in trifluoroacetic
acid at a flow rate of 1.0 ml/min. The identity of the purified
peptide as asl-CN(f91-100) was confirmed from its amino
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acid composition. asl-CN(fl-54), asl-CN(f61-123), and asl-
CN(fl36-196) were prepared by chemically cleaving asl-
casein with cyanogen bromide in 70% formic acid at 25°C for
24 h (17). This hydrolysate was purified by HPLC in the
manner described above, and the identity of each peptide
was confirmed by its amino acid composition.

Organism. The stock culture of Streptococcus cremoris
H61 was a kind gift from T. Morichi of the National Institute
of Animal Industry, Chiba, Japan.

Culture conditions. The culture was transferred in a 10%
skim milk medium three times and was then grown in a
tomato medium by the method of Ohmiya and Sato (26).
Cells were harvested after a 24-h static incubation at 30°C.

Cell harvesting. The cells were harvested by centrifugation
at 4,000 x g for 30 min at 4°C and were washed three times
with sterilized saline (0.85% NaCI). The washed cells were
suspended in 0.05 M sodium phosphate buffer at pH 6.0 and
were then lyophilized. The dry cells were stored at 4°C.

Preparation of a cell extract. The dried cells (1 g) were
suspended in 200 ml of 0.05 M sodium phosphate buffer at
pH 6.0 before being sonicated (100 W, 10 kV) for 60 min in
a sonicator (type N-50-6; Toyoriko Corp., Tokyo, Japan).
The temperature of the cell suspension solution was held
below 8°C. The disrupted cells were centrifuged at 35,000 x
g at 4°C for 20 min. After centrifugation, the supernatant
(cell extract) was collected by decantation and dialyzed
against the same buffer for 24 h. About 2.4 liters of the
dialysate was obtained by repeating this procedure 10 times,
and 590 ml was taken for fractionation of the endopeptidase.
Ammonium sulfate fractionation. The cell extract was first

fractionated with ammonium sulfate. The precipitate be-
tween 40 and 100% ammonium sulfate saturation was col-
lected, dissolved in a minimum amount of 0.05 M sodium
phosphate buffer (at pH 6.0), and dialyzed against the same
buffer at 4°C for 24 h.
Chromatography on DEAE-Sephacel. The ammonium sul-

fate-precipitated fraction was applied to a column of DEAE-
Sephacel (2.0 by 50.0 cm) preequilibrated with 0.05 M
sodium phosphate buffer (at pH 6.0). The column was
washed with 200 ml of the same buffer, and the enzyme
activity was eluted with a linear gradient of 0.0 to 0.6 M
NaCl in 0.05 M sodium phosphate buffer at pH 6.0 (700 ml).
The flow rate was 25 ml/h, and 7-ml fractions were collected.
The fractions containing the enzyme activity (80 ml) were
pooled and dialyzed against 0.01 M sodium phosphate buffer
(pH 6.0) at 4°C for 24 h.
Chromatography on chromatofocusing exchanger PBE 94.

The pooled and dialyzed fractions were then applied to a
chromatofocusing column (1.0 by 15 cm) preequilibrated
with 0.025 M histidine hydrochloride buffer (at pH 6.2). The
column was washed with 10 ml of the same buffer, and the
enzyme was eluted with Polybuffer 74 with the pH adjusted
to 4.0 with HCl. Elution was performed by the method
recommended by the manufacturer. The flow rate was 20
ml/h, and 2.0-ml fractions were collected. The fractions
containing the enzyme activity were pooled, and the
Polybuffer was removed by precipitating the enzyme pro-
teins with saturated ammonium sulfate solution. The pooled
solution was then dialyzed against 0.01 M sodium phosphate
buffer (at pH 6.0) for further purification.

Gel chromatography on Sephacryl S-300. The enzyme
fraction obtained from the chromatofocusing procedure was
concentrated in a collodion bag (Ultra-Thimbles UH 100/25;
Schleicher & Schuell, Dassel, Federal Republic of Germany)
to a final volume of about 2.0 ml and then applied to a
Sephacryl S-300 column equilibrated with 0.01 M sodium

phosphate (at pH 6.0). Elution was carried out with the same
buffer at a flow rate of 20 ml/h, and 2.5-ml portions were
collected.

Assay of endopeptidase. The activity of the endopeptidase
was measured by using asl-CN(fl-23) as a substrate. The
reaction mixture contained 50 ,ul of the substrate solution
(0.1% [wt/vol] in 0.01 M sodium phosphate buffer at pH 8.0),
50 pul of the enzyme solution, and 400 ,ul of 0.05 M sodium
phosphate buffer (at pH 6.0). After incubation at 37°C for 60
min, 0.1 ml of 0.1 M acetic acid was added to the mixture to
stop the reaction. The hydrolysate was analyzed by HPLC
with a Zorbax ODS column (4.6 by 150 mm; Du Pont Co.,
Wilmington, Del.). The mobile phase was of 0.1% tri-
fluoroacetic acid and acetonitrile, which was increased
linearly from 0 to 40% in 40 min at a flow rate of 1.0 ml/min.
The effluent was monitored at 230 nm. The area of each
hydrolysate peak was calculated with a Chromatopac (C-
R3AX; Shimadzu). One unit of enzyme activity is defined as
the decreased unit area of the peak of asl-CN(fl-23) or the
increased unit area of the peak corresponding to asl-CN(fl-
18) per 60 min at 37°C. Specific activity is expressed as units
per milligram of protein.

Determination of protein concentration. Protein concentra-
tion was measured by the method of Bradford (3), with
bovine serum albumin as the standard. In each chromatog-
raphy procedure for enzyme purification, the protein con-
centration of each fraction was monitored by measuring its
A280.

Determination of molecular weight. The apparent molecu-
lar weight of the enzyme was determined by gel filtration on
a Sephacryl S-300 column in the manner described above, by
HPLC with a TSK-G3000SW column (Toyo Soda Manufac-
turing Co., Ltd., Tokyo, Japan) eluted with 0.1 M sodium
phosphate buffer at pH 6.0 with a flow rate of 0.5 ml/min, and
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). ,-Galactosidase (molecular weight,
138,000), phosphorylase a (molecular weight, 94,000), bo-
vine serum albumin (molecular weight, 68,000), and oval-
bumin (molecular weight, 43,000) were used as standards.

Electrophoresis. Disc polyacryamide gel electrophoresis
(disc-PAGE) was carried out by the procedure of Davis (6),
with 7.5% gel at pH 8.4 and 4°C. SDS-PAGE was performed
in 10% gel by the method of Weber and Osborn (37). The
standard proteins used in gel filtration on Sephacryl S-300
were also used in SDS-PAGE.
Amino acid analysis. The amino acid compositions of the

purified enzyme and of each peptide separated from the
hydrolysate of each substrate were estimated in an amino
acid analyzer (model 835; Hitachi, Ltd., Tokyo, Japan) after
the samples were hydrolyzed for 24 h in 6 N HCl at 110°C.

RESULTS

Enzyme purification. A summary of the purification pro-
cedure for the endopeptidase is given in Table 1. At the step
of DEAE-Sephacel column chromatography (Fig. 1), the
activity towardasl-CN(fl-23) was divided into two peaks;
one was eluted at 0.25 M NaCl, and one was eluted at 0.35 M
NaCl. The former was termed LEP-I, and the latter was
termed LEP-II. The purification and characterization of
LEP-II has been described elsewhere (37a). LEP-I was
further purified by chromatofocusing and gel filtration on
Sephacryl S-300. The activity of LEP-I was eluted during
chromatofocusing with Polybuffer 74 at pH 5.1 (Fig. 2) and
was eluted from the Sephacryl S-300 column at 108 ml (Fig.
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TABLE 1. Purification of LEP-I from S. cremoris H61

VlTtl Total Purifi-YilFractionation step Vol protein Sp acta activity cation Yi(ml mativty(fold)(%
Crude extract 590 370 1,080 400,000 1 100
Ammonium sulfate 30 111 3,060 340,000 2.8 85

(40-100%)
DEAE-Sephacel 75 17.7 13,300 236,000 12.3 58.9
Chromatofocusing 85 2.13 51,500 109,000 47.7 27.4
Sephacryl S-300 18.2 0.52 145,000 75,100 134 18.8

a The specific activity of LEP-I was calculated by the increased peak area
of asl-CN(fl-18) per 60 min per mg of enzyme protein.

3). Total recovery of the enzyme activity was about 12%.
The enzyme was purified about 134-fold more than that from
the cell extract.
The homogeneity of LEP-I was determined by disc-PAGE

(Fig. 4) and further confirmed by HPLC filtration with a
TSK-G3000SW column (data not shown).
LEP-I had an apparent molecular weight of about 98,000

as estimated by Sephacryl S-300 (Fig. 3) and TSK-G3000SW
HPLC (data not shown). On SDS-PAGE, LEP-I gave only
one band, even in the presence of 2-mercaptoethanol, which
coincided with a molecular weight of 98,000 (Fig. 5). LEP-I
is therefore considered to be a monomer in its active state.
The amino acid composition of LEP-I is shown in Table 2.

The values are expressed as the nearest integer of residues
per molecule, assuming a molecular weight of 98,000 for
LEP-I. LEP-I was rich in Glu or Gln residues and deficient
in Tyr.

General properties of purified LEP-I. The effect of pH on
LEP-I activity was examined at pH values ranging from 4.5
to 10.0. The maximum activity was obtained at pH 7.0 to 7.5
(Fig. 6). The pH stability of LEP-I was also determined by
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FIG. 1. DEAE-Sephacel chromatography of LEP-I. The
desalted ammonium sulfate fraction was applied to a column of
DEAE-Sephacel (2.0 by 50 cm). LEP-I activity was eluted at a flow
rate of 25 mlI/h with a linear gradient of NaCl (0 to 0.6 M) in 10 mM
sodium phosphate buffer (at pH 6.0). Fractions of 7.0 ml were
collected. Protein ( ) was monitored at 280 nm. LEP-I activity
(0) was assayed as described in Materials and Methods. - -

NaCl gradient; A, activity of LEP-II.
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FIG. 2. Chromatofocusing of LEP-I. The pooled LEP-I activity
fractions, obtained from DEAE-Sephacel chromatography, were
applied to a column of PBE 94 (1 by 18 cm). LEP-I was eluted at a
flow rate of 30 ml/h by using a pH gradient (--- -) by 8 bed
volumes of Polybuffer 74 (pH 6.2 to 4.0). Fractions of 2.0 ml were
collected. Protein (-) was monitored at 280 nm. 0, Activity of
LEP-I.

preincubation of the enzyme at different pH values at 4°C.
The activity of LEP-I was irreversibly lost below pH 4.0 and
was fairly stable within pH 6.0 to 9.0 (Fig. 6).
The effect of temperature on LEP-I was measured at

several temperatures, the maximum activity being obtained
at 40°C (Fig. 7). The thermal stability of LEP-I was esti-
mated by preincubating the enzyme at different temperatures
for 10 min. LEP-I was stable below 50°C, and even after
being held at 55°C for 10 min, 50% of the activity remained.
The activity of LEP-I was not inhibited by inhibitors for
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FIG. 3. Sephacryl S-300 gel filtration of LEP-1. The pooled

LEP-I active fractions obtained from the chromatofocusing column
were applied to a Sephacryl S-300 column (1.5 by 90 cm). LEP-I
activity was eluted at a flow rate of 20 ml/h with 10 mM sodium
phosphate buffer (at pH 6.0). Fractions of 2.5 ml were collected.
Protein ( ) was monitored at 280 nm. 0, Activity of LEP-I. The
numbers indicate the eluted position of each standard protein: 1,
blue dextran; 2, f-galactosidase (molecular weight, 130,000); 3,
phosphorylase a (molecular weight, 94,000); 4, bovine serum albu-
min (molecular weight, 68,000); 5, ovalbumin (molecular weight,
43,000); 6, 2,4-dinitrophenol-alanine.
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FIG. 4. Disc-PAGE of LEP-I under nondenaturing conditions.
Purified LEP-I (15 F±g) was applied to the top of the gel, and
electrophoresis was carried out by the method of Davis (6). (A) One
gel was stained for protein. (B) A second gel was cut into 2-mm
slices, and each sliced gel was assayed for LEP-I activity.

serine and thiol protease (Table 3), which suggests that
seine and a sulfhydryl residue do not participate in the
active center of the enzyme, while the activity was inhibited
by such chelating agents as EDTA and 1,10-phenanthrolin.

- 138 kd

- 94 kd

- 68 kd

- 43 kd

TABLE 2. Amino acid composition of LEP-I

Amino acid Mole ratio (%) Nearest integer'

Asp/Asn 9.93 84
Thr 4.96 42
Ser 8.44 72
Glu/Gln 15.56 132
Pro 4.46 38
Gly 6.51 53
Ala 7.93 67
Cys 1.57 13
Val 4.29 37
Met 2.62 22
Ile 4.77 41
Leu 10.44 89
Tyr 0 0
Phe 3.40 29
Lys 8.55 73
His 2.19 19
Arg 2.96 25
Trp NDb
a The nearest integer is based on a molecular weight for LEP-I of 98,000.
bND, Not determined.

The activity of metal-depleted LEP-I was fully reactivated
by the addition of Mn2' after EDTA had been removed by
dialysis (Table 4). However, the addition of several kinds of
divalent cations, including Mn2+, to the intact LEP-I had no
effect on its proteolytic activity (Table 4).

Substrate specificity of LEP-I. The HPLC profiles of the
hydrolysates of asl-CN(fl-23) and asl-CN(f91-100), which
were hydrolyzed by LEP-I, are shown in Fig. 8A and B,
respectively. Both peptides were cleaved only at the Glu-
Asn peptide bond, which was confirmed by an amino acid
analysis of each peptide. However, the peptides that con-
tained the same subsite sequence as asl-CN(fl-23) or asl-
CN(f91-100), such as asl-CN(fl-54), asl-CN(f61-123), and

;~0
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1ane a b

FIG. 5. SDS-PAGE of LEP-I. Purified LEP-I (7.6 ,g) was dena-
tured by 1.0% SDS with (lane a) and without (lane b) 2-mer-
captoethanol and then applied to a 10% SDS-polyacrylamide gel.
Electrophoresis was performed as described in Materials and Meth-
ods. The marker proteins and bromophenol blue (BPB) are shown
(sizes are in kilodaltons).
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FIG. 6. Effect of pH on the activity and stability of LEP-I. The
optimal pH of LEP-I (0) was measured with the following buffer
systems: pH 4.5 to 6.5, 50 mM sodium citrate-citric acid; pH 6.0 to
8.0, 50 mM sodium phosphate buffer; and pH 8.0 to 10.0, 50 mM
boric acid-NaOH. The stability of LEP-I (-) was measured by
preincubating the enzyme at the pH range at 4'C for 30 min, after
adjusting each solution to pH 6.0, and then adding the substrate
asl-CN(fl-23) to assay the remaining activity as described in
Materials and Methods.
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FIG. 7. Effect of temperature on the activity and stability of
LEP-I. The optimal temperature of LEP-I (0) was measured by
incubating the enzyme at the temperature range. The stability of
LEP-I (0) was measured by preincubating the enzyme at the
temperature range for 10 min, before the substrate asl-CN(fl-23)
was added to assay the remaining activity as described in Materials
and Methods.

atsl-casein itself, were not hydrolyzed. The enzyme showed
no activity toward such larger peptides or proteins as asl-
CN(fl36-196), ,-casein, K-casein, a-lactalbumin, and -
lactoglobulin (Table 5).
However, some lower-molecular-weight peptide hor-

mones were hydrolyzed by LEP-I, and the cleavage point of
each hormone peptide was found to be other than Glu-Asn
(Table 5).
The Michaelis-Menten constant (Kin) and maximum veloc-

ity (Vmax; expressed in units per milligram of proteins) of
LEP-I for the hydrolysis of asl-CN(fl-23) at pH 6.0 and 37°C
were estimated to be 14.2 pM and 139, respectively (Fig. 9).

DISCUSSION
The proteolytic enzyme system of lactic streptococci

plays an important role not only in the physiological func-
tions of the cell itself but also in the breakdown of milk
casein during the ripening of fermented dairy products. The
cell-wall-bound proteases are considered to degrade milk
proteins to provide the bacteria with indispensable peptides
and amino acids which are not present in milk (23, 24, 34).
The products also contribute to the development of cheese

TABLE 3. Effect of various reagents on the activity of LEP-Ia

Reagent Concn (mM Relative
or %) activity (%)

Control 100
EDTA 1.0 0
1,10-Phenanthrolin 1.0 37
Monoiodoacetic acid 1.0 88
N-Ethylmaleimide 1.0 84
Phenylmethanesulfonyl fluoride 0.1 100
Diisopropyl fluorophosphate 1% 100
2-Mercaptoethanol 1% 112
Cysteine 1.0 100
Glutathione 1.0 93

a Reaction mixtures lacking a substrate were incubated with inhibitors for
30 min at pH 6.0 and 4°C prior to the addition of the substrate asl-CN(fl-23).

TABLE 4. Effect of bivalent cations on the activity of LEP-Ia

Relative activity (%)
Metal ion (1 mM)

Intact EDTA inactivated

None 100
16

Ca2+ 100 30
Co2+ 100 56
Cu2+ 100 22
Mg2+ 105 25
Mn2+ 98 100
Zn2+ 90 26

a Reaction mixtures containing the intact LEP-I and the EDTA-inactivated
LEP-1 (inactivated by 1.0 mM EDTA and then dialyzed to deplete EDTA)
were incubated with metal ions for 30 min at pH 6.0 and 4°C prior to the
addition of the substrate asl-CN(fl-23).

flavor during maturation. The existence of the cell-wall-
bound proteases has long been acknowledged (13, 14, 32, 33,
36), and many investigators have studied these kinds of
proteases and confirmed that they are metalloproteases,
since they are inhibited by chelating agents (14, 32). How-
ever, there have been no recent studies on the purification of
the cell-wall-bound proteases. This may be due to the
difficulty of detecting the weak activity of the enzymes by
the usual assay method. Therefore, in this study, we chose a
proper substrate, oasl-CN(fl-23), and used high-sensitivity
HPLC to survey and monitor cell-wall-bound LEP-I (most of
the LEP-I activity was identified in the cell wall fraction of S.
cremoris H61 [data not shown]) from S. cremoris H61.
LEP-I was shown to have apparent homogeneity by disc-
PAGE and TSK-G3000SW HPLC filtration.
The characteristics of LEP-I suggest classification of this

enzyme as a neutral microbial metalloendopeptidase. This is

B

E
c
0

(C4

A

0 , I To I320 -16
0 16 32 0 16 32

Retention Time( min)
FIG. 8. HPLC elution profiles of asl-CN(fl-23) (A) and asl-

CN(f91-100) (B) digested by LEP-I. Each substrate (50 ,ug) was
incubated for 30 min with LEP-I (3.8 ,ug) in 500 ,ul of the assay
buffer. The hydrolysates were analyzed by reverse-phase HPLC as
described in the text. Each peak fraction was isolated and hydro-
lyzed for amino acid analysis. Peaks 1 and 2 in panel A show
asl-CN(fl-18) and asl-CN(fl-23). Peaks 1, 2, and 3 in panel B show
oasl-CN(t97-100), asl-CN(t91-96), and asl-CN(f91-100), respec-
tively.
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TABLE 5. Substrate specificity of LEP-Ia

Substrate Structure and cleavage site Identified
fragment(s)

asl-Casein hydrolysate
asl-CN(fl-23) Rl-P-K-H-P-I-K-H--Q-GL-P-E--Q-V-L-N-E-N-L-L-R-F23 R'-E18

oas1-CN(f91-100) Y91 L-GY -L-E-N-L-L-R'00 y91 E9%

asl-CN(fl-54) NH
asl-CN(f61-123) NH
asl-CN(fl36-196) NH

Hormone peptides
Bradykinin R'-P-P-G-F-S-P-F-R9 R1-F5, S6-R9

Angiotensin I D'-R-V-Y-I-H-P-F-H-L'0 D-P7

Substance P R'-P-K-P--Q--Q-F-F--G-L-M"1 R1-F8

Neurotensin Pyr1-L-Y-E-N-K-P-R-R-P-Y-I-L13 Pyr'-R8 R9-L13

P-Casomorphin yl-p-F-P-4-GP-17 NH
Glugacon NH
Oxidized insulin B chain NH

Milk proteins
asl-Casein NH
P-Casein NH
K-Casein NH
a-Lactalbumin NH
P-Lactoglobulin NH

a Each substrate (1.0 mM in the reaction mixture) was hydrolyzed by the purified LEP-I (3.8 F±g/0.5 ml of reaction mixture) as described in Materials and
Methods. The hydrolysate of each substrate was fractionated by HPLC and identified by its amino acid composition. The arrows show the cleft point of each
substrate by LEP-I. NH, Not hydrolyzed.

coincident with the metal ion dependence of the cell-wall-
bound proteinase which has been previously reported (14,
32). However, LEP-I was reactivated more effectively by
Mn2+ than by Ca2+, and this reactivation was achieved only
with ion-depleted LEP-I, the enzyme showing no detectable
hydrolyzing activity for milk caseins. These properties re-
veal that LEP-I is significantly different from the previously
reported cell-wall-bound proteinase.
LEP-I showed a high affinity toward the peptide bond of

Glu-Asn of oasl-CN(fl-23) and asl-CN(f91-100) but showed
no hydrolysis activity for oasl-CN(fl-54), asl-CN(61-123),
and asl-casein, which have the same splitting bond as

X-o3

116

8

24 16 8 °
I

8 16

FIG. 9. Lineweaver-Burk plots for the hydrolysis of otsl-CN(fl-
23) by LEP-I. The activity of LEP-I was calculated as the decreased
peak area of asl-CN(fl-23) as described in Materials and Methods.

asl-CN(fl-23) and asl-CN(f91-100). Furthermore, the larger
proteins, such as ,-casein, K-casein, a-lactalbumin, and
P-lactoglobulin, were not hydrolyzed by the enzyme, al-
though some of the lower-molecular-weight peptide hor-
mones were cleaved at peptide bonds other than the Glu-Asn
bond. These results show that the substrate specificity of
LEP-I was dependent not only on the subsite sequence of
substrates, but also on the spatial construction of substrates.
In this respect, the substrate-size-recognizing specificity of
LEP-I was similar to that of LEP-IT. However, the maxi-
mum substrate size which could be hydrolyzed by LEP-I
was asl-CN(fl-23), that is, smaller than oxidized insulin B
chain, which was the largest substrate that could be hydro-
lyzed by LEP-1I. This result shows that LEP-I possesses a
much greater small-size-recognizing specificity than LEP-II
does.
LEP-I could specifically hydrolyze asl-CN(fl-23) into

asl-CN(fl-18) and asl-CN(fl9-23). These two products are
not major components of the water-soluble fraction of rip-
ened Gouda-type cheese (22). This means that these two
peptides were further hydrolyzed by the actions of the other
endopeptidases and exopeptidases from the starters to de-
velop the flavor compounds of the ripened cheese.
Although the physiological function of LEP-I in the lactic

streptococci is not precisely understood, the enzyme is
significantly different from the cell-wall-bound proteinases
(14, 32). It is reasonable to believe that LEP-I may play a
nutritional role by synergistically hydrolyzing milk caseins
with the other extracellular proteinases to amino acids or
peptides that are small enough to enter the cell (28). These
peptides would then be further hydrolyzed by the intracel-

VOL. 53, 1987



APPL. ENVIRON. MICROBIOL.

lular peptidases to release their constituent amino acids,
permitting bacteria to utilize the milk proteins for growth.

LITERATURE CITED
1. Adda, J., J. C. Gripon, and L. Vassal. 1982. The chemistry of

flavour and texture generation in cheese. Food Chem. 9:115-
129.

2. Aschaffenburg, R., and J. Drewry. 1957. Improved method for
the preparation of crystalline P-lactoglobulin and a-lactalbumin
from cow's milk. Biochem. J. 65:273-277.

3. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein ultilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-254.

4. Carles, C., and B. Ribadeau-Dumas. 1985. Kinetics of the action
of chymosin (rennin) on a peptide bond of bovine asl-casein:
comparison of the behaviour of this substrate with that of ,- and
K-caseins. FEBS Lett. 185:282-286.

5. Creamer, L. K., H. F. Zaerb, N. F. Olson, and T. Richardson.
1982. Surface hydrophobicity of asl-casein I, aosl-casein and its
implications in cheese structure. J. Dairy Sci. 65:902-906.

6. Davis, B. J. 1964. Disc electrophoresis. II. Method and applica-
tion to human serum proteins. Ann. N.Y. Acad. Sci. 121:404-
427.

7. Delfour, A., J. Jolles, C. Alais, and P. Jolle. 1965. Caseino-
glycopeptides: characterization of a methionine residue and of
the N-terminal sequence. Biochem. Biophys. Res. Commun.
19:452-455.

8. Desmazeaud, M., and J. C. Gripon. 1977. General mechanism of
protein breakdown during cheese ripening. Milchwissenschaft
32:731-734.

9. Doi, H., F. Ibuki, and M. Kanamori. 1979. Heterogeneity of
reduced bovine K-casein. J. Dairy Sci. 62:195-203.

10. Eggimann, B., and M. Bachmann. 1980. Purification and partial
characterization of an aminopeptidase from Lactobacillus
lactis. Appl. Environ. Microbiol. 40:876-882.

11. Eigle, W. N., J. E. Butler, C. A. Ernstrom, H. M. Farrell, Jr.,
V. R. Harwalkar, R. Jenness, and R. M. Whitney. 1984. Nomen-
clature of proteins of cow's milk: fifth revision. J. Dairy Sci.
67:1599-1631.

12. El Soda, M., M. J. Desmazeaud, and J.-L. Bergere. 1978.
Peptide hydrolases of Lactobacillus casei: isolation and general
properties of various peptidase activities. J. Dairy Res. 45:
445-455.

13. Exterkate, F. A. 1975. An introductory study of the proteolytic
system of Streptococcus cremoris strain HP. Neth. Milk Dairy
J. 29:303-318.

14. Exterkate, F. A., and G. J. C. M. de Veer. 1985. Partial isolation
and degradation of caseins by cell wall proteinase(s) of Strep-
tococcus cremoris HP. Appl. Environ. Microbiol. 49:328-332.

15. Fox, P. F., and J. Guiney. 1972. A procedure for the partial
fractionation of the as-casein complex. J. Dairy Res. 39:49-53.

16. Green, M. 1977. Milk coagulants. J. Dairy Res. 44:159-188.
17. Gross, E., and B. Whitkop. 1962. Nonenzymatic cleavage of

peptide bonds: the methionine residues in bovine pancreatic
ribonuclease. J. Biol. Chem. 237:1856-1860.

18. Hill, R. D., E. Lahav, and D. Givol. 1974. A rennin-sensitive
bond in asl-B casein. J. Dairy Res. 41:147-153.

19. Hwang, I.-K., S. Kaminogawa, and K. Yamauchi. 1981. Purifi-
cation and properties of a dipeptidase from Streptococcus
cremoris. Agric. Biol. Chem. 45:159-165.

20. Kaminogawa, S., N. Azuma, I.-K. Hwang, Y. Suzuki, and K.
Yamauchi. 1984. Isolation and properties of a prolidase from

Streptococcus cremoris H61. Agric. Biol. Chem. 48:3035-3040.
21. Kaminogawa, S., K. Yamauchi, and C.-H. Yoon. 1980. Calcium

insensitivity and other properties of asl-I casein. J. Dairy Sci.
63:223-227.

22. Kaminogawa, S., T. R. Yan, N. Azuma, and K. Yamauchi. 1986.
Identification of low molecular weight peptides in Gouda-type
cheese and evidence for formation of these peptides from 23
N-terminal residues of asl-casein by proteinases of Streptococ-
cus cremoris H61. J. Food Sci. 51:1253-1256.

23. Law, B. A., and J. Klostad. 1983. Proteolytic systems in lactic
acid bacteria. Antonie van Leeuwenhoek J. Microbiol.
49:225-245.

24. Lowrence, R. C., T. D. Thomas, and B. E. Terzaghi. 1976.
Cheese starters. J. Dairy Res. 43:141-193.

25. Mou, L., J. J. Sullivan, and G. R. Jago. 1975. Peptidase
activities in group N streptococci. J. Dairy Sci. 42:147-155.

26. Ohmiya, K., and Y. Sato. 1975. Purification and properties of
intracellular proteinase from Streptococcus cremoris. Appl.
Microbiol. 30:738-745.

27. O'Keeffe, R. B., P. F. Fox, and C. Daly. 1976. Contribution of
rennet and starter proteases to proteolysis in cheddar cheese. J.
Dairy Res. 43:97-107.

28. Payne, J. W., and C. Gilvarg. 1976. Peptide transport. Adv.
Enzymol. 35:187-244.

29. Schmidt, R. H., H. A. Morris, H. B. Costberg, and L. L. McKay.
1976. Hydrolysis of milk proteins by bacteria used in cheese
making. J. Agric. Food Chem. 24:1106-1113.

30. Schmidt, R. H., H. A. Morris, and L. L. McKay. 1977. Cellular
location and characteristics of peptidase enzymes in lactic
streptococci. J. Dairy Sci. 60:710-717.

31. Shimizu, M., S.-W. Lee, S. Kaminogawa, and K. Yamauchi.
1986. Functional properties of a peptide of 23 residues purified
from the peptic hydrolyzate of asl-casein: changes in the
emulsifying activity during purification of the peptide. J. Food
Sci. 51:1248-1252.

32. Thomas, T. D., B. D. W. Jarvis, and N. A. Skipper. 1974.
Localization of proteinase(s) near the cell surface of Strepto-
coccus lactis. J. Bacteriol. 118:329-333.

33. Thomas, T. D., and 0. E. Mills. 1981. Proteolytic enzymes of
starter bacteria. Neth. Milk Dairy J. 35:255-273.

34. Visser, F. M. W. 1977. Contribution of enzymes from rennet,
starter bacteria and milk to proteolysis and flavor development
in Gouda cheese. 3. Protein breakdown: analysis of the soluble
nitrogen and nitrogen fractions. Neth. Milk Dairy J. 31:210-239.

35. Visser, S., K. L. Slangen, G. Hup, and J. Stadhouders. 1983.
Bitter flavor in cheese. 3. Comparative gel-chromatographic
analysis of hydrophobic peptide fractions from twelve Gouda-
type cheeses and identification of bitter peptides isolated from a
cheese made with Streptococcus cremoris strain HP. Neth.
Milk Dairy J. 37:181-192.

36. Wallace, D. L., and L. G. Harmon. 1964. Intracellular protease
from Streptococcus duran. J. Dairy Sci. 53:394-402.

37. Weber, K., and M. Osborn. 1969. The reliability of molecular
weight determinations of dodecyl sulfate-polyacrylamide gel
electrophoresis. J. Biol. Chem. 224:4406-4412.

37a.Yan, T.-R., N. Azuma, S. Kaminogawa, and K. Yamauchi. 1987.
Purification and characterization of a novel metalloendo-
peptidase from Streptococcus cremoris H61. A metalloendo-
peptidase that recognizes the size of its substrate. Eur. J.
Biochem. 163:259-265.

38. Zittle, C. A., J. Cerbulis, L. Pepper, and E. S. Della Monica.
1959. Preparation of calcium-sensitive a-casein. J. Dairy Sci.
42:1897-1959.

2302 YAN ET AL.


