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Abstract

A novel milk-clotting enzyme (MCE) produced by Bacillus amyloliquefaciens GSBa-1 was purified and identified to belong
to the peptidase M4 family, and the mature peptide with milk-clotting activity (MCA) was a neutral metalloproteinase with
molecular mass of about 38 kDa. The optimal pH and temperature were determined to be at 5.5 and 57 °C for MCA, and at
7.0 and 57 °C for the proteolytic activity, respectively. The MCE exhibited slight autolysis that could be inhibited by Ca**
and Na*. Hydrolysis of caseins revealed that k-casein exhibited higher sensitivity to the MCE action than a- and B-casein.
By in-gel tryptic digestion and LC-MS/MS analysis of the major peptide (about 13 kDa) generated from hydrolysis of
k-casein by the MCE, the cleavage site was identified to be at Lys 111-Lys 112, which was different from those of other
MCEs reported earlier. The MCE from B. amyloliquefaciens GSBa-1 could serve as a novel milk coagulant for potential
application in making cheese with desired proteolysis.
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Introduction

Due to worldwide increase in cheese consumption and more
demands for milk-clotting enzymes (MCEs), searching for
different sources of MCEs including those of microbial ori-
gin has been a focus of many studies [1-3]. Bacteria taken
as potential MCE producer candidates, including Bacillus
species [4, 5] and fungi such as Aspergillus oryzae have
been reported [6]. However, many microbial MCEs exhibit
broad hydrolytic activity on caseins that often causes low
cheese yields, loosen texture, and a bitter flavor of cheese.
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Therefore, efficient microbial MCEs must have the proper-
ties of high milk-clotting activity (MCA) but low unspecific
proteolytic activity (PA).

Bacillus species has been widely investigated as it is
known to produce various extracellular proteases for cru-
cial industrial applications [7]. Bacillus MCEs with more
production of MCA but lower PA compared with plant
MCE:s has attracted interest of researchers [3, 8]. The MCEs
from some non-pathogenic strains of Bacillus species were
applied in cheese making and resulted in yield reduction
and bitter taste of the ripened cheese [4, 9]. The MCE from
B. stearothermophilus had good thermal and pH stability,
but the soft cheese made with this MCE possessed unde-
sired organoleptic properties because of excessive proteoly-
sis when compared with the cheese made with commercial
coagulants [5]. Furthermore, the MCEs from B. amylolique-
faciens and Bacillus sp. P45 showed higher proteolysis in
cheese leading to more peptide formation and softer cheese
texture [10, 11]. Therefore, further understanding of the
enzymatic and structural properties of the microbial MCEs,
specially the proteolytic pattern and the mechanism involved
is crucial to maintain cheese quality.
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B. amyloliquefaciens GSBa-1 was isolated from the
traditional starter called jiugu, which contained a mixture
of yeasts, molds, and bacteria. The rice wine made by fer-
mentation of glutinous rice with jiugu was used as a milk-
clotting agent to make traditional Royal Cheese, a type of
fresh cheese originally made for royal families since early
Qing dynasty in China. B. amyloliquefaciens GSBa-1 iso-
lated from jiuqu was confirmed to produce MCE [12]. The
use of this MCE in making Mozzarella cheese was found
to promote formation of free amino acids and volatiles due
to its moderate proteolytic activity when compared with a
commercial rennet [12, 13]. In this study, the MCE from
B. amyloliquefaciens GSBa-1 was purified, identified, and
enzymatically characterized. The proteolytic activity of
the MCE, its hydrolytic pattern on milk proteins, and the
specific cleavage site of k-casein were studied. The present
study would provide further understanding on the structure
and properties of the microbial MCE, and its application in
making cheese with desired proteolysis.

Materials and methods
Materials

B. amyloliquefaciens GSBa-1 was stored in freeze-dried
form at — 80 °C, and it was activated consecutively for three
times in LB medium (tryptone 10 g/L, yeast extract 5 g/L,
sodium chloride 10 g/L; initial pH 7.2) at 37 °C for 24 h
before use for preparation of the MCE. The skim milk pow-
der, whey protein, and sodium caseinate were purchased
from Fonterra Co-operative Group (Auckland, New Zea-
land). The individual a-casein, B-casein, and k-casein were
purchased from Sigma Aldrich (CA, USA).

Purification of the MCE

After growth of B. amyloliquefaciens GSBa-1 in LB medium
at 37 °C for 24 h, the culture was centrifuged (6000 rpm,
4 °C, 30 min). The supernatant was collected and cooled
ethanol was added making its volume up to 70%. The pre-
cipitate was collected by centrifugal separation (10,400xg,
30 min), dissolved in distilled water, and freeze dried with
a lyophilizer (OSTC, Beijing, China) to obtain the crude
MCE. The dissolved and filtered (0.45 pm pore size) crude
MCE in 50 mM Tris—HCI buffer (pH 6.8) was subjected to
a DEAE Sepharose Fast Flow column (50 cm X 2 cm) previ-
ously equilibrated with the same Tris—HCI buffer. Elution
was performed with a linear gradient of NaCl from 0 M,
02M,04M,0.6Mto0.8M at a flow rate of 2 mL/min in
50 mM Tris—HCI buffer (pH 6.8). The fractions containing
high MCA were pooled, then desalted, and concentrated by
ultrafiltration with molecular weight cutoff at 10 kDa. The
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purity of the purified MCE was confirmed by SDS-PAGE
(12.5% separation gel and 4.5% spacer gel). The Kjeldahl
method was used to determine the total protein content, and
then the recovery rate and other related parameters were
calculated.

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis

The SDS-PAGE was performed according to the method
of Laemmli [14]. It was performed at room temperature
in Mini-Protean short plates (Bio-Rad Laboratories, Her-
cules, California) with a stacking gel of 4.5% and a sepa-
rating gel of 12.5%. The step-voltage procedure was per-
formed as following: voltage was kept constant at 70 V till
the samples reached the junction between stacking gel and
separating gel, and then decreased to 50 V till the samples
reached the point of 1.5 cm away from the end. The pro-
tein on each gel was stained by 0.01% w/v Coomassie Bril-
liant Blue R250 (Sigma Chemical Co., St. Louis, MO) for
20 min and destained in a solvent of methanol:glacial acetic
acid:deionized water at a ratio of 250:70:680 (v:v:v). The
gel was digitally scanned and analyzed using Image Lab
Software (Bio-Rad Laboratories).

Identification of the MCE

The purified MCE displayed as a protein band on SDS-
PAGE was cut from the gel and diced to 1 mm?, transferred
to a 1.5 mL micro-tube, and digested by trypsin according
to the method from Zhao et al. [15]. Then the peptide seg-
ments of enzymolysis after decoloration and dehydration
were extracted, and identified by LC-MS-MS (Thermo
Fisher Scientific, Waltham, MA, USA). Samples (5 pL) were
injected onto Ultimate 3000 system (Thermo Fisher Scien-
tific, USA) for desalting prior to chromatographic separation
on a 100 pm X 10 cm in-house made column packed with a
reversed-phase ReproSil-Pur C18-AQ resin (3 pm, 120 A,
Dr. Maisch GmbH, Germany) using the following gradi-
ent at a flow rate of 300 nL/min: 0—5 min 5% solution B,
25 min 50% solution B, 30 min 90% solution B, 35 min 90%
solution B, 45 min 10% solution B, 35 min 10% solution B,
where solution A was 0.1% formic acid in water and solution
B was 0.1% formic acid in 80% acetonitrile. The column elu-
ate was ionized using Thermo Scientific Q Exactive Electro-
spray. MS parameters: resolution: 70,000, AGC target: 3e6,
maximum IT: 40 ms, scan range: 350-1800 m/z. MS/MS
parameters: resolution: 17,500, AGC target: 1e5, maximum
IT: 60 ms, TopN: 20, NCE/stepped NCE: 27. Finally, the
raw MS files were analyzed and searched against protein
database (UniProt) based on the species of the samples using
MaxQuant.
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Assay of MCA and PA

Milk-clotting activity was determined according to the
method of Arima et al. [16]. The method was based on the
determination of time for milk clot formation. One unit
was defined as the amount of enzyme that clotted 1 mL of
a solution containing 0.1 g skim milk powder in 40 min at
35 °C. Briefly, 5 mL of a 10% (w/v) suspension of skim
milk powder was used as the substrate and kept at 35 °C
for 5 min. Then 0.5 mL of milk-clotting enzyme solution
was added and mixed. The time between addition and
appearance of clots in the milk solution was recorded and
the clotting activity was calculated as follows:
MCA (SwmL) = 2400/ ino time (s) X dilution factor.

The proteolytic activity was determined following the
Folin—Lowry method as described by Zhao et al. [17].
Inactivation of the enzyme and precipitation of the non-
hydrolyzed protein were carried out by using trichloro-
acetic acid (TCA). One unit of proteolytic activity was
defined as the amount of enzyme to catalyze casein to
produce 1 pg of tyrosine in 1 min at 40 °C.

Optimum temperature and pH for enzymatic
activity

The influence of temperature and pH on the MCA and
PA of the MCE was studied following the forementioned
activity assay methods. The effect of different tempera-
tures (from 22 to 82 °C) at pH 6.8 of the original milk
and the effect of pH levels (from 5.5 to 11.0) at 37 °C
were evaluated. For each test, the enzyme was added to the
milk, which had already been heated to the set temperature
or adjusted to the set pH.

Assay of various factors influencing the MCE activity

The activity of the MCE in the presence of metallic salts
(KCl, NaCl, LiCl, ZnCl,, MgCl,, CaCl,, CuCl,, CdCl,, and
PdCl,), organic solvents (methanol, ethanol, isopropanol,
acetonitrile, and DMSO), denaturants (urea, GuHCI), deter-
gents (Triton-X100 and SDS), protease inhibitor (EDTA
and Pepstatin A) was studied. Prior to the assay, the MCE
was incubated for 2 h in the presence of these different fac-
tors at the concentrations shown in Table 3. The remaining
activity was calculated as a percentage of the activity of the
untreated enzyme taken as 100%.

Different concentration of EDTA inhibitor from 0 to
1 mM/L was employed to test the tolerance of the MCE. The
MCA and PA were determined after 30 min pre-incubation
of the MCE with EDTA. The activity of the MCE in the
absence of inhibitor was regarded as 100%.

Autolysis of the MCE in pure water with and without salt
of sodium chloride and calcium chloride at the same concen-
tration (0.05 mol/L) was determined. The MCE (0.01 mg/
mL) was incubated at room temperature (25 °C), and the
PA was measured after 0, 24, 48, 72, and 94 h of incubation
using casein 1% (w/v) as substrate. The remaining activity
was calculated as a percentage of activity of the MCE at 0 h.

Hydrolysis of caseins

For the hydrolysis of individual casein components by the
MCE, a-, f-, and k-casein were dissolved in 10 mM sodium
phosphate buffer (pH 6.5) to obtain a protein concentration
of 1 mg/mL. To evaluate the effect of the MCE concen-
tration, the MCE (10 pL) was added to 0.1 mL individual
casein solutions, and the reaction proceeded for 30 min at
each MCE concentration of 0.78125x 1072, 1.5625x 1072,
3.125x107%,6.25x 1072, 1.25x 107, 2.5x 107!, 5x 107",
and 1 mg/mL, respectively. To evaluate the effect of reac-
tion time on hydrolysis of individual casein components, the
individual aliquots of hydrolysates (the MCE at 3.125x 1072
mg/mL) were removed from the incubator at 10, 30, 60,
90, 180, 270, and 360 min, respectively. The hydrolysis was
stopped and analyzed by SDS-PAGE as described above.

Analysis of cleavage site of k-casein

The major peptide band obtained in the SDS-PAGE of the
hydrolyzed k-casein by the MCE was analyzed by in-gel
tryptic digestion and LC-MS/MS using the same method
referred in identification of the MCE.

Statistical analysis

All measurements in this study were performed with three
parallels. The results were presented as the mean + standard
deviation. Significant differences between treatments were
tested by ANOVA. Data analysis was performed using SPSS
version 17.0 (SPSS, Inc., Chicago, IL).

Results and discussion
Purification and identification of the MCE

The culture filtrate (6 L) from B. amyloliquefaciens GSBa-1
with total MCA of 7660.74 SU and specific activity of
1.45 SU mg~! protein was subjected to purification by addi-
tion of cold ethanol till 70% to precipitate the MCE, and
66.21-fold of purification with 87.72% of recovery of the
MCE was obtained (Table 1). Further purification by DEAE
Sepharose FF by stepwise increasing gradient elution with
NaCl from 0, 0.2, 0.4, 0.6 to 0.8 M revealed four protein
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Table 1 Purification of the MCE from B. amyloliquefaciens GSBa-1

Purification steps Total protein (mg) Total activity (SU) Specific activity  C/P Recovery (%) Fold
(SU/mg)
Culture filtrate 5268.46 7660.74 1.45 85.45 100 1
70% Ethanol precipitation 70 6720 96 206.16 87.72 66.21
DEAE Sepharose FF 6.02 3934.19 653.52 305.21 51.35 450.70
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Fig. 1 a Purification of milk-clotting enzyme (GSBa-1 protease) from
B. amyloliquefaciens GSBa-1 by DEAE Sepharose Fast Flow chro-
matography; b purity and molecular weight determination of GSBa-1
protease by SDS-PAGE, M: marker, lane 1: crude enzyme precipi-

peaks (Fig. 1a). The first peak was tested with high MCA
and low PA, and this purification step resulted in 450.70-
fold purification with 51.35% recovery of the total activity,
indicating a rather high degree of purification. SDS-PAGE
of the purified fraction confirmed high purity of the MCE as
shown by a single protein band with a molecular mass about
38 kDa (Fig. 1b).
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tated by 70% ethnol, lane 2: purified enzyme by DEAE Sepharose
Fast Flow chromatography; ¢ mass spectrum of the peptide segment
corresponding to the enzyme from B. amyloliquefaciens GSBa-1; d
amino acid sequence of GSBa-1 protease

Identification of the MCE by LC-MS-MS of the
digested MCE sample with trypsin showed that it
belonged to peptidase M4 (WP_032874795.1) since
there were 5 peptide fragments (Table 2) detected to be
homologous sequences from peptidase M4, a neutral
metalloproteinase with 521 amino acids and a molecu-
lar mass of 56.831 kDa (Fig. 1c). This peptidase M4
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Table 2 Ionization fragments obtained from in-gel trypsin digestion
of the purified MCE produced by B. amyloliquefaciens GSBa-1

Sequence Length Mass Start position End position
TVSLNISSESGK 12 1220.625 235 246
AAVDAHYN- 11 1157.583 291 301
LGK
NLPNTDAG- 22 2240.046 436 457
DYGGVHTNS-
GIPNK
AAYNTITK 8 880.4654 458 465
AALIQSAR 8 828.4818 494 501

(WP_032874795.1) was demonstrated to contain five
domains: the signal peptide (1-27 amino acid resi-
dues), fungalysin/thermolysin propeptides motif (FTP)
(78-126 amino acid residues), peptidase propeptides-
YPEB domain (PepSY) (139-215 amino acid residues),
M4 domain (225-372 amino acid residues), and M4-C
domain (375-520 amino acid residues). Then the mature
structure of the MCE from B. amyloliquefaciens GSBa-1
containing M4 and M4-C domains from peptidase M4,
with a molecular mass around 38 kDa and milk-clotting
activity, was formed from shear action by proteases
or auto-digestion. Similarly, the MCE from B. subtilis
was identified to belong to another peptidase M4 (WP-
069149540.1), and the mature peptide with a molecu-
lar mass of 42 kDa and milk-clotting activity was also
formed probably due to autodigestion [18]. Other MCEs
from Bacillus sp. P45 and B. amyloliquefaciens D4 had
molecular mass of 27 kDa and 58.2 kDa, respectively [19,
20]. A serine protease with milk-clotting activity from B.
licheniformis USC13 had a molecular mass of 62 kDa and
the processed mature form of 34 kDa [21].
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Temperature and pH optima of the MCE

The pH and temperature dependence of both the MCA and
PA of the MCE from B. amyloliquefaciens GSBa-1 were
studied as shown in Fig. 2. The MCA of the MCE decreased
with increasing pH from 5.5, and it completely lost the activ-
ity at pH 8.5, while the maximal PA of the MCE was at pH
7.0 with decreased activity under both acidic and alkaline
conditions (Fig. 2a). Therefore, slightly acidic condition
would be favorable for the MCE to be applied in cheese
making to obtain more efficient milk coagulation but less
proteolysis of cheese. Acidification of milk, e.g., to pH 5.5
or pH 6.0, was known to cause a certain degree of demin-
eralization of casein micelles and decrease of electrostatic
repulsion between micelles that created more favorable
condition for milk coagulation [22]. The decreased PA of
the MCE at acidic pHs could be due to change of the ionic
microenvironment surrounding the enzyme that led to bind-
ing of the enzyme with proteins or partial irreversible inac-
tivation of the enzyme caused by destruction of the spatial
structure or changes in the active sites of the enzyme. Fig-
ure 2b indicated that the MCE was relatively heat resistant
with both its maximal MCA and PA at 57 °C, and decreased
MCA and PA were observed at 62 °C. Further increase from
62 °C up to 82 °C caused milk coagulation mainly because
the heat induced denaturation of milk protein, but not the
activity of the MCE. In addition, the MCE could also be
denatured or partially denatured at the temperatures higher
than 62 °C, and thus further evaluation of the MCE activities
at the higher temperatures was not performed.

The optimum pH (5.5, 7.0) and temperature (57 °C) for
the MCA and PA of the MCE from B. amyloliquefaciens
GSBa-1 were different from those of other microbial MCEs
reported earlier. The MCE from B. licheniformis SA1 had
optimum pH at 5.5, but with higher optimum temperature
(70 °C) for MCA [23]. The MCE from B. subtilis natto had
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Fig.2 Effect of pH (a) and temperature (b) on the milk-clotting activity and proteolytic activity of the MCE from B. amyloliquefaciens GSBa-1
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optimum pH at 6.0 and temperature of 60 °C for MCA [7].
The MCE from Enterococcus faecalis TUA 2495 L showed
an increase of MCA with a decrease of pH from 7.8 to 5.8,
but the PA was optimal at pH 8.0-9.0, and the optimum tem-
perature was 70 °C for MCA and 50 °C for PA [24]. Other
MCEs from Aspergillus oryzae MTCC 5341 and Nocardiop-
sis sp. exhibited maximal MCA at pH 6.3, 7.5, and at 55 °C,
respectively [6, 25]. Whereas, the optimum temperature for
Mucor miehei protease was higher than 63 °C and the opti-
mum pH was 4.7 [26], and the MCA of the enzyme from
Penicillium oxalicum was maximal at pH 4.0-5.0 and 65 °C
[27]. Therefore, MCEs from various microbes achieved their
maximal MCA generally under acidic pH and different tem-
perature conditions.

Activity of the MCE as influenced by various factors

The MCA and PA of the MCE from B. amyloliquefaciens
GSBa-1 as influenced by various factors were studied,
including EDTA, pepstatin A, various metal ions, organic
solvents, and protease inhibitors. As shown in Table 3, both
the MCA and PA were inactivated by EDTA but not affected
by pepstatin A, indicating that the MCE was probably a met-
alloprotease. The PA of the MCE was also not obviously
inhibited by the monovalent cations (K*, Na*, and Li*) and
divalent cations (Zn>*, Mg?*, and Ca**), but the MCA of the
MCE was improved by these cations, especially Ca>* that
increased the MCA by 120%. However, both the MCA and
PA were potentially decreased by heavy metal ions such as
Cu?* and Pb?* and partially by Cd**, suggesting that these
heavy metal ions might damage the active conformation of
the enzyme. Similarly, El-Tanboly et al. [28] also reported
the inactivation of the microbial MCE by Cu?*. No obvious
inhibitory effect on MCA and PA was found with 50% (v/v)
methanol, ethanol, isopropanol, acetonitrile, and DMSO
with the remaining activities over 90%, indicating that the

active center of the enzyme was not located in the sensitive
area to these organic solvents. The inhibitory effect of the
organic solvents on the catalytic activity of protease was
reported earlier mainly due to their impact on assimilating
the essential water molecules, thus destroying the water
structure around the protein [29]. The denaturants such as
urea and GuHCI did not affect the PA of the MCE, but both
urea and GuHCI decreased the MCA with the remaining
activity of 80.06% and 96.24%, respectively. However, treat-
ment of the MCE with Triton X-100 increased the MCA by
5% and decreased the PA by about 6%, while complete loss
of the MCA and only 11.27% of PA remained after treatment
with SDS, probably due to changes of the protein conforma-
tion or interfacial properties of the MCE upon treatment by
the denaturants that affected the catalytic properties of the
enzyme [30].

To confirm the MCE from B. amyloliquefaciens GSBa-1
to be a metalloprotease, the effect of EDTA at different
concentrations on the MCA and PA of the MCE was fur-
ther investigated (Fig. 3a). Increase in the concentration of
EDTA caused apparent decrease in both the MCA and PA,
which was totally lost at 0.25 mM or higher concentration of
EDTA. Previously, the MCE from Termitomyces clypeatus
MTCC 5091 was also inhibited by EDTA, confirming the
enzyme to be a metalloprotease [31].

Most proteases undergo autodigestion which is depend-
ent on the enzyme concentration and temperature, and the
autolysis is mostly prominent at low concentration of the
enzyme [32, 33]. Therefore, to further investigate the storage
stability of the MCE, the autolytic property of the MCE was
studied with addition of Ca** or Na* at ambient temperature
(about 25 °C) at a concentration of 0.01 mg/mL. As shown
in Fig. 3b, the PA of the MCE showed a clear decrease,
and over half of the activity lost after 96 h. However, in the
presence of Na*, the autolysis process was much slower,
and about 80% of the PA remained after 96 h. Addition of

Table 3 Stability of the MCE from B. amyloliquefaciens GSBa-1 in the presence of different factors (metallic salts/organic solvents/denaturant/

detergents/inhibitor)

Condition Concentra- Residual MCA  Residual PA (%)  Condition Concentration  Residual MCA (%)  Residual PA (%)
tion (mM)
EDTA 20 0+0.00 6.85+0.89 Pb** 2 mM 0+0.00 1.37+2.10
Pepstatin A 20 98.16+0.31 98.64+1.26 Methanol 50% 95.35+1.56 99.86+0.47
K* 20 109.12+0.54 96.78+2.44 Ethanol 50% 98.33+2.45 100.34+0.90
Na* 20 111.16+1.79 99.17+0.37 Isopropanol 50% 99.26+1.26 92.25+4.86
Lit 20 110.63+1.65 99.63+1.79 Acetonitrile 50% 95.12+3.12 99.62+0.98
Zn>* 20 105.03+0.71 88.72+0.42 DMSO 50% 90.21+2.43 100.41+0.92
Mgt 20 103.15+1.18 100.03+1.03 Urea 3 mM 80.06+1.25 100.88+1.08
Ca’* 20 120.89+2.46 100.19+1.79 GuHCl 1 mM 96.24+2.41 99.62+1.55
Cu?* 2 14.57+0.82 24.67+3.86 Triton-X100 6% 105+4.32 93.99+4.88
Ccd** 2 26.9+0.68 59.9+2.61 SDS 0.5% 0+0.00 11.27+0.64
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Fig.3 Concentration-dependent effect of EDTA on the milk-clotting activity and proteolytic activity of the MCE from B. amyloliquefaciens
GSBa-1 (a), and autolysis of the MCE in the presence of NaCl and CaCl, (0.05 mol/L) (b)

Ca”" increased resistance of the MCE to autolysis, and the
PA was maintained without decrease during 96 h of storage.
Previously, the MCE from B. licheniformis 5A5 was found
to decrease to about half of its activity after 3 days of stor-
age at room temperature (25-30 °C) [4]. The MCE from B.
sphaericus NRC 24 retained about 82% of its activity in the
first 10 days, but totally lost activity after 30 days of stor-
age at room temperature [34]. The protective effect of Ca®*
against autolysis of protease during storage as observed in
this study was not reported earlier.

Hydrolysis of caseins by the MCE

To understand the proteolytic action of the MCE on casein,
hydrolysis of the casein components, namely a-, -, and
k-casein, with different concentrations of the MCE was
investigated, revealing different hydrolysis patterns among
the three casein components (Fig. 4a—c). The hydrolysis
degree of the casein components increased with the increase
of the MCE up to 1 mg/mL. Obvious hydrolysis of k-casein
and f-casein with clear bands of the degraded products, but
only slight degradation of a-casein was observed at low
concentration (0.78125 x 1072 mg/mL) of the MCE (lane
2 in Fig. 4a—c). Complete hydrolysis of the casein compo-
nents with disappearance of the corresponding bands was
observed at 2.5x 10~! mg/mL of the MCE for a-casein
(lane 7, Fig. 4a), and 1.25 X 107! mg/mL for k-casein (lane
6, Fig. 4c). Two distinct bands (10-15 kDa) of the hydrol-
ysis products from p-casein, and one distinct band (about
13 kDa) from k-casein appeared, indicating more specific
hydrolysis toward these two casein components by the MCE.
However, higher concentration of the MCE (0.5 mg/mL and
more) could totally degrade caseins including their hydro-
lytic products, but not p-casein since faint bands from this
component were still visible (lane 8, 9, Fig. 4b).

At the moderate concentration (3.125x 1072 mg/mL) of
the MCE, the hydrolysis pattern of the casein components
dependent on the hydrolysis time up to 360 min was further
studied (Fig. 4d—f). As expected, more proteins were hydro-
lyzed with increasing hydrolysis time, and similar bands
(10-15 kDa) which resulted from hydrolysis of B-casein
and k-casein as described above were also observed. After
hydrolysis for 180 min, complete hydrolysis of k-casein was
observed as indicated by disappearance of the correspond-
ing band (lane 6-8 in Fig. 4f), and most a- and p-casein
were also hydrolyzed as shown by the residue faint bands
(lane 6-8 in Fig. 4d, e), suggesting that o- and p-casein were
more resistant than k-casein to hydrolysis by the MCE. In
addition, compared with a- and pB-casein, k-casein was more
easily hydrolyzed in the first 10 min since the hydrolyzed
product with a specific band at about 13 kDa was rapidly
generated, and this band was still discernible till 360 min
(Fig. 4f).

The results described above indicated that compared with
a- and B-casein, k-casein exhibited higher sensitivity to the
MCE action, and the enzyme also demonstrated specificity
on k-casein to obtain a peptide product about 13 kDa. This
was of significance in terms of possible mechanism of the
MCE action through initial specific hydrolysis on k-casein
to destabilize casein micelles to induce milk coagulation.
In cheese industry, the specific degradation of k-casein by
rennet was considered the main factor that affected milk clot-
ting, and slower hydrolysis of a- and p-casein, as shown
in this study, facilitated the formation of firm curds. Pre-
viously, other microbial rennet-like enzymes from Termi-
tomyces clypeatus MTCC 5091 and Enterococcus faecalis
TUA2495L were also shown to be preferentially active
toward k-casein, and the degradation of «- and f-casein pro-
ceeded slowly [24, 31], whereas a metalloproteinase with
milk-clotting activity from Bacillus subtilis exhibited high
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Fig.4 SDS-PAGE of the hydrolysates of a-casein (a), f-casein (b),
and x-casein (¢) by the MCE from B. amyloliquefaciens GSBa-1
with increasing concentration (M: marker, 1-9: concentration of the
MCE of 0, 0.78125x 1072, 1.5625x 1072, 3.125x 1072, 6.25x107%,

specificity to the substrate f-casein [2]. The MCE separated
from glutinous rice wine demonstrated different degradation
degrees for a-CN, B-CN, and x-CN [35].

Main cleavage site of k-casein by the MCE

To determine the main cleavage site of k-casein, the main
peptide band (about 13 kDa in Fig. 4c) derived from
hydrolysis of k-casein by the MCE from B. amylolique-
faciens GSBa-1 was digested by trypsin, and the peptide
fragments were analyzed by peptide mass fingerprinting
using LC-MS-MS. The peptide fragments generated from
in-gel trypsin treatment are listed in Table 4 according to
the sequence of k-casein. It obviously displayed that most
peptide fragments ended with a lysine or arginine because of
the trypsin digestion. As shown in Fig. 5, the main cleaved
peptide from k-casein started from the N-terminal end of
the k-casein to the 111th amino acid residue, and no peptide
fragments from 112 Lys to the C-terminal were observed,
proving the cleavage site of k-casein at Lys 111-Lys 112.

@ Springer

1.25%1071,2.5% 107!, 5% 107!, 1 mg/mL); SDS-PAGE of the hydro-
lysates of a-casein (d), f-casein (e), and k-casein (f) by the MCE with
increasing hydrolysis time (M: marker, 1-8: 0,10, 30, 60, 90, 180,
270, and 360 min)

The molecular weight of this main peptide from x-casein
containing 111 amino acids was 12.922 kDa, which was
consistent with the size (13 kDa) of the band observed in
the SDS-PAGE analysis (Fig. 4c).

Rennet-induced milk coagulation generally involves
initial destabilization of casein micelles by the enzymatic
cleavage of certain peptide bonds on k-casein, and the cleav-
age sites vary with the source of the enzyme. Cleavage of
Phe105-Met106 of bovine k-casein was involved in milk
coagulation by several commercial MCEs such as bovine
chymosin, and the microbial MCEs from Rhizomucor mie-
hei and Rhizomucor pusillus [36, 37]. The metalloprotein-
ase from Paenibacillus spp. BD3526 cleaved k-casein at
the Met106—Alal07 bond [9]. The milk-clotting protease
extracted from glutinous rice wine had preferred cleav-
age site on bovine k-casein at Thr94-Met95 [35]. The
main cleavage site on k-casein by other microbial MCEs
from Cryphonectria parasitica and Endothia parasitica
was found to be at Ser104-Phe105 [37, 38]. In this study,
the Lys111-Lys112 peptide bond on bovine k-casein was
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Table 4 Tonization fragments obtained from in-gel trypsin digestion of the main cleaved peptide from k-casein by the MCE from B. amylolique-

faciens GSBa-1

Sequence Length Mass Start position End position
QEQPIRCEKDER 16 2011.8975 1 16
FFSDKIAK 8 954.5175 17 24
YIPIQYVLSR 10 1250.702 25 34
YIPIQYVLSRYPSYGLNYYQQK 22 2755.401 25 46
YPSYGLNYYQQK 12 1522.709 35 46
YPSYGLNYYQQKPVALINNQFLPYPYYAK 29 3514.76 35 63
YPSYGLNYYQQKPVALINNQFLPYPYYAKPAAVR 34 4009.057 35 68
PVALINNQFLPYPYYAK 17 2010.062 47 63
PVALINNQFLPYPYYAKPAAVR 22 2504.358 47 68
PAAVRSPAQILQWQVLSNTVPAK 23 2473.381 64 86
PAAVRSPAQILQWQVLSNTVPAKSCQAQPTTMAR 34 3704.924 64 97
SPAQILQWQVLSNTVPAK 18 1979.084 69 86
SPAQILQWQVLSNTVPAKSCQAQPTTMAR 29 1249.554 69 97
SCQAQPTTMAR 11 1249.554 87 97
HPHPHLSFMAIPPK 14 1607.84 98 111

Fig.5 Analysis of the main 10 20 30 40 50

cleavage site of k-casein by the
MCE from B. amyloliquefaciens

QEQNQEQPIR CEKDERFFSD KIAKYIPIQY VLSRYPSYGL NYYQQKPVAL

as determined by in-gel tryptic 60 70 80 90 100
digestion and LC-MS/MS. The INNQFLPYPY YAKPAAVRSP AQILQWQVLS NTVPAKSCQA QPTTMARHPH
major peptide fragment identi- —
fied was in bold 110 ys“,i ys 120 130 140 150
PHLSFMAIPP KKNQDKTEIP TINTIASGEP TSTPTTEAVE STVATLEDSP
160 170
EVIESPPEIN TVQVTSTAV

susceptible to be attacked by the MCE from B. amyloliquefa-
ciens GSBa-1. This preferable cleavage site of peptide bonds
containing lysine on k-casein was not reported earlier for
microbial rennet-like proteases, confirming that the MCE
from B. amyloliquefaciens GSBa-1 was a new milk-clotting
enzyme.

Conclusions

In the present study, a novel MCE from B. amyloliquefa-
ciens GSBa-1 was purified and identified to belong to pepti-
dase M4 (WP_032874795.1), and the mature peptide with
MCA formed from this protein had molecular mass of about
38 kDa. The optimal pH and temperature of the MCE were
5.5 and 57 °C for MCA, and 7.0 and 57 °C for PA, respec-
tively. The activity of the MCE was not significantly affected
by various metallic salts, organic solvents, denaturants, and
detergents tested, but heavy metal ions and SDS destroyed
the activity. The MCE was confirmed to be a metalloprotease
as indicated by the concentration-dependent inhibition with

EDTA. The MCE showed certain degree of autolysis that
could be inhibited by Ca*>* and Na*. The MCE could hydro-
lyze casein with k-casein to be more susceptive to the MCE
action, which was advantageous for application of the MCE
in cheese making to effectively induce milk coagulation. The
main cleavage site on k-casein by the MCE was identified
to be at Lys 111-Lys 112, which was not reported earlier.
The MCE could be an effective choice of milk coagulant in
cheese making.
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