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The hydrolysis of milk proteins by the recombinant AprX-SK37 protease and the changes in the rhe-
ological properties of the milk gel generated with AprX-SK37 and glucono-d-lactone (GDL) were
investigated. The AprX-SK37 and rennet selectively hydrolysed j-casein to yield a 16-kDa band,
while subtilisin hydrolysed all of the casein components. Milk treated only with AprX-SK37 formed
softer gel. Storage modulus (G0) values of the combined gels increased with GDL concentrations up
to 7 g/L. High tan d was observed in the combined gel at 8.75 g/L GDL alongside syneresis. AprX-
SK37 is a promising milk-clotting enzyme when combined with an optimal GDL concentration.
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INTRODUCTION

Gelation of milk protein is the crucial step dur-
ing the manufacture of cheese, yoghurt and
other dairy products. Milk gels can generally be
formed through enzyme-catalysed reactions,
acidification, heat treatment or combinations of
these methods (Lucey 2001). Calf chymosin
(EC 3.4.23.4) modifies the electrostatic and
hydrophobic balance to stabilise casein micelles
(Horne 1998); it cleaves the peptide bond at
Phe105-Met106 of j-casein selectively, which
causes a reduction of net negative charge and
steric repulsion. Consequently, the aggregation
of casein micelles is initiated (Rao et al. 1998).
Because the production of calf chymosin is lim-
ited, recombinant chymosins have been
expressed in Aspergillus niger var. awamori,
Kluveromyces marxianus var. lactis, Pichia pas-
toris or Bacillus subtilis var. natto and have
been widely used for cheese production in many
countries (Kappeler et al. 2006; Vallejo et al.
2008; Chen et al. 2010).
Microbial milk-clotting enzymes are an alter-

native to expensive calf rennet and its recombi-
nant counterparts. Sources of fungal enzymes
include Penicillium citrinum (Abdel-Fattah et al.
1972), Mucor pusillus (Nouani et al. 2009),

Myxococcus xanthus 422 (Poza et al. 2004) and
others. The chestnut blight fungus (Cryphonec-
tria parasitica) cleaves the Ser104-Phe105 bond
(Jacob et al. 2011), while the Rhizomucor prote-
ase hydrolysed mostly the b-casein (Broome
et al. 2006). These proteases exhibit broad spec-
ificity towards j –casein, which lead to the for-
mation of more bitter peptides (Agboola et al.
2004). Reports also indicate that bacterial prote-
ases have milk-clotting abilities. Proteases from
various species of Bacillus have been reported
to have this activity, including Bacillus licheni-
formis 5A1 (Esawy and Combet-Blanc 2006),
Bacillus sphaericus (El-Bendary et al. 2007),
B. licheniformis USC13 (Ageitos et al. 2007)
and B. subtilis, which is isolated from fermented
red bean (natto-red bean) (Chang et al. 2012).
Several bacilli-derived enzymes exhibit draw-
backs, such as high levels of nonspecific ther-
mostable hydrolysis, which might lead to a low
yield and a bitter product after storage.
Recently, a serine protease from the subtilase

superfamily, AprX-SK37, was isolated from the
genomic library of Virgibacillus sp. SK37, which
is a moderately halophilic bacterium isolated from
Thai fish sauce (Phrommao et al. 2011). The
enzyme has been cloned and successfully over-
produced in an Escherichia coli system. AprX-

*Author for
correspondence. E-mail:
jirawat@sut.ac.th

© 2014 Society of
Dairy Technology

Vol 67, No 4 November 2014 International Journal of Dairy Technology 547

doi: 10.1111/1471-0307.12145



SK37 demonstrated its potential as a milk-clotting enzyme,
especially in conjunction with a small quantity (1.75 g/L) of
glucono-d-lactone (GDL); the amount of added GDL is ~10
times less than the dose used in acid-induced gels. A number
of studies have investigated the properties of combined gels
induced by the synergistic actions of rennet and GDL (Lucey
et al. 2000, 2001) or rennet and a starter bacteria (Tranchant
et al. 2001). Milk clotting enacted under decreased pH condi-
tions was induced by neutralising the negative charges to
decrease the electrostatic repulsion and steric stabilisation
(Lucey and Singh 1997). A good balance between enzymatic
action and the rate of acidification was critical for governing
the rheological properties and microstructure of the gel (Veith
et al. 2004). Because the ability of milk-clotting enzymes to
destabilise casein micelles seems source-dependent, it is
important to understand the gelation phenomenon induced by
a combination of recombinant AprX-SK37 and GDL. The
aim of this study was to elucidate the milk-clotting ability and
proteolytic activity of recombinant AprX-SK37. In addition,
the combined effects of the AprX-SK37 and GDL on the
hydrolysis and rheological changes of the milk proteins were
systematically investigated.

MATERIALS AND METHODS

Materials
Recombinant AprX-SK37 from Virgibacillus sp. SK37 was
expressed by E. coli BL21, as previously described (Phrom-
mao et al. 2011). The enzyme was purified to homogeneity
with a Ni-NTA resin (Qiagen, D€usseldorf, Germany). Sub-
tilisin A, chymosin, bovine j-casein and GDL were pur-
chased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Commercially available low-fat (LF) milk (skim milk
powder-free, 2% (w/w) fat) was obtained from the Surana-
ree University of Technology (SUT) Dairy Farm. The pas-
teurisation conditions were >75 °C for 16 s and were
carried out with a commercial plate heat exchanger (Sondex
Inc., Louisville, KY, USA).

Enzyme activity assay
The protein content of LF milk and the three enzymes (AprX-
SK37, subtilisin and chymosin) were determined with a Brad-
ford assay (Bradford 1976) that used bovine serum albumin
as a standard. The protein content of LF milk from different
production lots was routinely measured. The pH of commer-
cial LF milk in all lots was 6.7 � 0.1. Ten microlitre of
enzyme solution was added to a 190 lL reaction mixture that
also contained 0.2% (w/v) azocasein, 100 mM Tris-HCl (pH
6.7) and 10 mM CaCl2. The reaction was incubated at 37, 55,
or 60 °C for chymosin, AprX-SK37 or subtilisin, respec-
tively. The reaction was halted by adding 60 lL of 20% tri-
chloroacetic acid (TCA). The supernatant was collected via
centrifugation at 10 000 g and the addition of an equal vol-
ume of 2.5 N NaOH. Subsequently, the absorbance of solu-

tion was measured at 405 nm. The unit activity was defined
as the amount of enzyme necessary to effect an increase 0.01
OD405 in 1 min.

Effect of temperature on milk proteolysis by AprX-
SK37
To commercially acquired LF milk was added 0.26 U
AprX-SK37 and 3.5 g/L GDL. The mixture was incubated
at temperatures ranging from 30 to 65 °C for either 30 min
or 2 h. Subsequently, the reactions were stopped by heating
at 100 °C for 5 min. Small aliquots were taken to investi-
gate the extent of the hydrolysis of the milk proteins with
SDS-PAGE.

Hydrolysis patterns generated in milk proteins by
various enzymes
The hydrolysis of LF milk proteins (20 � 3 mg/mL) with
chymosin, AprX-SK37 and subtilisin at 0.26 U was carried
out under the optimum conditions for each enzyme as fol-
lows: 37 °C, pH 6.0; 55 °C, pH 5.8; and 60 °C, pH 8.5, for
rennet, AprX-SK37 and subtilisin, respectively. Aliquots
were withdrawn every 2 h and were immediately heated to
100 °C for 5 min to inactivate the enzyme. The hydrolytic
patterns of the milk proteins were analysed by SDS-PAGE.
Another set of aliquots was also removed to determine

the oligopeptide content. The aliquot was combined with
cold 20% TCA and incubated on ice for 30 min. Subse-
quently, the mixture was centrifuged at 12 000 g for
15 min. The TCA-soluble oligopeptide content was deter-
mined as reported by Lowry et al. (1951) with tyrosine as a
standard.

Hydrolysis of j-casein
j-Casein was dissolved in deionised water to attain a con-
centration of 2 mg/mL, and the protein content was con-
firmed with a Bradford assay. The reaction mixture
contained 20 lg of j-casein, 50 mM Tris-HCl (pH 6.7),
10 mM CaCl2 and 0.013 U of either AprX-SK37 or rennet.
The reactions were incubated at 37 or 55 °C for chymosin
or AprX-SK37, respectively. Aliquots were removed at
intervals of 5, 10, 20, 30, 60 and 120 min and were treated
at 100 °C for 5 min to stop the hydrolytic reaction. The
hydrolysis of j-casein was monitored with SDS-PAGE.

SDS-PAGE
The samples were mixed with an equal volume of 29 treat-
ment buffer (0.125 M Tris-HCl, 4% (w/v) sodium dodecyl
sulphate (SDS), 20% (v/v) glycerol, 0.2 M dithiothreitol
(DTT) and 0.02% (w/v) bromophenol blue) and boiled at
100 °C for 5 min; subsequently, the samples were subjected
to electrophoresis with 15% and 4.5% acrylamide in the sep-
arating and stacking gel, respectively, according to procedure
detailed by Sambrook and Russel (2001). The electrophore-
sis was performed under a constant 15 mA current for
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45 min, followed by 30 mA for 1.5 h in a tank buffer
(25 mM Tris-HCl, 196 mM glycine, pH 8.3 and 0.1% (w/v)
SDS). After the electrophoresis, the gels were stained with
Coomassie Brilliant Blue R-250 and destained in a destain-
ing solution (25% (v/v) methanol and 10% (v/v) acetic acid).
Protein molecular weight markers (Fisher Scientific, Pitts-
burgh, PA, USA) were b-galactosidase (116 kDa), bovine
serum albumin (66.2 kDa), ovalbumin (45.0 kDa), lactate
dehydrogenase (35.0 kDa), REase Bsp98I (25.0 kDa), b-lac-
toglobulin (18.4 kDa) and lysozyme (14.4 kDa).

Dynamic rheological measurement
Dynamic oscillatory measurements were performed with an
AR-G2 2000-ex (TA Instruments, New castle, DE, USA)
rheometer equipped with a parallel plate (60 mm diameter)
and a Peltier temperature control system. Changes in the
storage (G0) and loss (G00) moduli, as well as the loss tan-
gent (tan d) during gelation, were recorded.
The samples were prepared on ice. GDL was added to the

LF milk to attain final concentrations of 0.45, 1.75, 3.5,
4.81, 5.25, 7 and 8.75 g/L, followed by the immediate addi-
tion of the recombinant AprX-SK37 at 0.26 U. The mixture
was vigorously shaken with a vortex mixer for at least 20 s
and transferred to the rheometer. A metallic cover with min-
eral oil filling its buffer trap was placed on the system to
minimise evaporation. The samples were measured at
55 °C, a frequency of 1 Hz and an applied strain of 0.08,
which were determined to be within the linear viscoelastic
range. The measurements were recorded at every 60 s over
40 min. Subsequently, the samples were cooled to 4 °C,
and a frequency sweep at 0.01–5 Hz was carried out at the
same applied strain.

Changes in the pH of the milk/GDL mixture during
gelation
Changes in the pH during the enzyme/acid-induced gelation
were monitored. The LF milk/GDL mixtures, which con-
tained various concentrations of GDL, were incubated in a
55 °C water bath; aliquots were collected at varied time
intervals. Each aliquot was immediately immersed in an ice
water bath. The pH was measured with a pH meter (UB-10
Denver Instrument Co., Arvada, Colorado, USA) when tem-
perature of the sample reached 26 � 1 °C.

Statistical analyses
All experiments were carried out independently twice using
milk from two different lots. The chemical analyses were
conducted in duplicate for each replication. Analysis of the
variance (ANOVA) was performed with P ≤ 0.05 as the sig-
nificance level. Significant differences between the mean
values were measured with Duncan’s multiple range test
(DMRT). Statistical analysis was performed by using
the SPSS package (SPSS 17.0 for windows; SPSS Inc.,
Chicago, IL, USA).

RESULTS AND DISCUSSION

Hydrolysis of milk proteins
AprX-SK37, which is an intracellular serine protease, was iso-
lated from the genomic library screening of Virgibacillus sp.
SK37 and constructed in E. coli DH10B (Phrommao et al.
2011). This bacterium was originally isolated from fermented
Thai fish sauce and was found to produce several extracellular
proteases with high activity. Unlike the AprX-SK37, those
extracellular proteases did not display any milk-clotting activ-
ity. When the LF milk was hydrolysed by the recombinant
AprX-SK37, the degradation of protein presumably to be j-
casein (j-CN) was noticed first; this process provided a pro-
tein that was approximately 16 kDa (called 16-kDa CN, Fig-
ure 1a). This 16-kDa CN appeared at temperatures greater
than 40 °C after a 30 min of hydrolysis reaction. After 2 h of
hydrolysis, the 16 kDa CN band had a higher intensity when
observed at temperatures from 30 to 55 °C (Figure 1b). In all
cases, the most intense 16-kDa CN band was observed at
55 °C, based on visual examination. This temperature was
considered optimal for the milk-clotting activity of the AprX-
SK37 and was used in later experiments. The enzyme exhib-
ited optimal azocaseinolytic activity at pH 9.5 and 55 °C, indi-
cating an alkaliphilic enzyme (Phrommao et al. 2011). The
isolation of milk-clotting proteases has not been reported

(a)

(b)

Figure 1 SDS-PAGE analysis of the temperature-dependent hydrolysis
of milk proteins by AprX-SK37 (holoenzyme) activity. All reactions con-
tained 3.5 g/L of GDL. Reactions were incubated at the given tempera-
tures for (a) 30 min and (b) 2 h. Mr, molecular weight marker; SLF,
SUT low-fat milk. The three major casein (CN) subunits (a-, b- and j-
CN) are marked. The 16 kDa-CN bands generated during digestion are
arrowed.

© 2014 Society of Dairy Technology 549

Vol 67, No 4 November 2014



previously with Virgibacillus. However, milk-clotting
enzymes have been isolated from Bacillus sp., which is the
genus most similar to Virgibacillus sp., and have been classi-
fied as either neutral or alkaline serine proteases. The sources
of these enzymes include B. licheniformis 5A1 (Esawy and
Combet-Blanc 2006), B. sphaericus (El-Bendary et al. 2007)
and B. licheniformis USC13 (Ageitos et al. 2007).
Chymosin is known to selectively hydrolyse j-CN, yield-

ing para j-CN with molecular mass of 16 kDa and glycomac-
ropeptide (GMP) (Trujillo et al. 1997). Degradation of a
protein band with apparent molecular mass of approximately
24 kDa commenced after 1 min of rennet addition and
increased with prolonged reaction time in concomitant with
an increase in band intensity of a 16-kDa protein (Figure 2a).
Thus, a 24-kDa protein was likely to be j-CN and its proteol-
ysis induced by rennet resulted in formation of para j-CN
with apparent molecular mass of 16 kDa. Although molecular
mass of bovine j-CN is reported to be 19 kDa, its SDS-
PAGE pattern typically showed higher molecular mass due to
its glycoprotein nature (Farrell et al. 2004; Egito et al. 2007).
Sugar moieties associated with j-CN reduced the SDS bind-
ing, leading to lower electrophoretic mobility.
The recombinant AprX-SK37 also selectively hydrolysed

j-CN to produce a 16-kDa protein after 5 min of reaction,
and the intensity of the protein band reached its maximum
after 20 min (Figure 2b). Coincidentally, the 16-kDa CN
was the same size as the para-j-CN obtained from the reac-
tion with chymosin (Figures 2a,b). The formation of milk
gels mediated by chymosin and AprX-SK37 were also visu-

ally observed after 1 and 20 min, respectively, in the pres-
ence of 3.5 g/L GDL. Unlike the rennet-catalysed reaction,
small fragments with masses less than 14 kDa were detected
after 40 min during the AprX-SK37-catalysed reaction (Fig-
ure 2b). This result indicates that the nonspecific digestion
of CN by the recombinant AprX-SK37 occurs after pro-
longed reaction times. Interestingly, there was no evidence
indicating that the recombinant AprX-SK37 caused the
extensive hydrolysis of milk proteins other than j-CN, even
after 120 min. Therefore, the recombinant AprX-SK37
selectively hydrolysed j-CN in the presence of other milk
protein components, and the enzyme seemed to cleave the
renneting macropeptide spitting site (Phe105-Met106), in
addition to other peptide bonds. In contrast, a nonspecific
hydrolytic pattern was detected when using subtilisin (Fig-
ure 2c). Subtilisin randomly hydrolysed the milk proteins
into small fragments very rapidly; most of CN subunits dis-
appeared within 1 min of digestion.
To confirm the limited activity of AprX-SK37 towards

j-CN, commercially purified j-CN was used as a substrate
for both AprX-SK37 and rennet. The j-CN was susceptible
to hydrolysis by the recombinant AprX-SK37 to yield a
para-j-CN-like protein with a size comparable to that of the
renneting-produced para-j-CN (Figures 3a,b). However, the
rate of the j-CN hydrolysis by AprX-SK37 was slower than
with chymosin. Therefore, the 16-kDa CN produced from
the AprX-SK37-mediated hydrolysis of j-CN is called the
‘16-kDa-para-j-CN-like protein’. GMP and aglyco-macro-

Mr SLF 0 1 2 3 4 5 7 10 20  30   40 60 90  120

116.0
66.2
45.0
35.0
25.0
18.4
14.4

kDa

α
β

para-K-CN
(16 kDa)

16 kDa-CN

Hydrolysis time (min) 

(a)

(b)

(c)

K

Figure 2 SDS-PAGE analysis of the patterns of milk protein hydroly-
sis with (a) chymosin at 37 °C, (b) AprX-SK37 (holoenzyme) at
55 °C and (c) subtilisin at 60 °C as a function of time. All enzymes
were used with 0.26 U. Acronyms were as indicated in Figure 1a.
The presence of rennet-produced para-j-CN at 16 kDa is marked with
an arrow.

Mr  -CN 0 5 10 20 30 60 120
116.0

66.2
45.0
35.0
25.0

18.4
14.4

kDa
Hydrolysis time (min)

para- -CN
(16 kDa)

16 kDa-para- -
like CN

aGMP/GMP

aGMP/GMP

(b)

(a)

Figure 3 SDS-PAGE hydrolytic patterns of commercial bovine j-casein
promoted by (a) chymosin at 37 °C and (b) AprX-SK37 (holoenzyme) at
55 °C as a function of time. Mr, molecular weight marker; j-CN, intact
j-CN. The para-j-CN and para-j-like CN are marked with an arrow.
The presence of glycol-macropeptides (GMP) and aglyco-macropeptides
(aGMP) is highlighted.
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peptide (aGMP) fragments are also products from a specific
cleavage of j-CN at Phe105-Met106. Theoretical average
molecular mass of GMP and aGMP is 7.5 kDa (Moll�e and
L�eonil 2005). But higher molecular masses of 14–28 kDa
are typically observed on SDS-PAGE due to self-association
of GMP (Farı0as et al. 2010). These bands normally appear
with high broadness and irregular shape on SDS-PAGE
because GMP containing negative-charged sialic acid, a car-
bohydrate moiety, has low affinity to negatively charged
Coomassie Brilliant Blue dye. Therefore, smear bands
around 18 kDa observed in both AprX-SK37- and rennet-
catalysed reactions are assumed to be GMP and aGMP (Fig-
ures 3a,b). Band intensity of GMP/aGMP increased with
reaction time in rennet-catalysed sample (Figure 3a), but
was not obvious in the reaction catalysed by the AprX-
SK37 (Figure 3b). This observation indicates the common
cleavage site of j-CN between these two enzymes, but the
extent of j-CN hydrolysis by rennet appears to be greater.
Gallagher et al. (1994) reported that most of the B. subtilis
proteases hydrolysed b-CN and a-CN to yield small peptide
fragments with molecular masses under 10 kDa. In addition,
B. subtilis var (natto) proteases extensively hydrolyse b-CN
and a-CN, generating 15 kDa and sub-10 kDa peptides,
respectively (Chen et al. 2010). The complete digestion of
milk proteins by subtilisin was observed in this study.
Because AprX-SK37 is a subtilisin-like enzyme in subtilase
superfamily, this result may indicate that there is a marked
difference between the substrate specificity of AprX-SK37
towards milk proteins and the specificity of the other mem-
bers in this superfamily.

Peptidase activity
Subtilisin demonstrated the highest peptidase activity
towards LF milk proteins (P ≤ 0.05, Table 1). This result
was validated by the severely degraded milk proteins
observed during SDS-PAGE (Figure 2c). However, rennet
and AprX-SK37 displayed lower peptidase activities
(P ≤ 0.05). These enzymes’ peptidase activity towards LF
was approximately 2–3 times lower than with subtilisin.
The activity of the recombinant AprX-SK37 at pH 6.5–7,

which is the physiological pH of cows’ milk, was limited;
less than 5% of its maximal activity was observed when
azocasein was used as the substrate (Phrommao et al.
2011). This result agreed with limited amount of milk prote-
olysis promoted by this enzyme (Table 1). High proteolytic
activity in a milk-clotting enzyme is generally not accept-
able because it catalyses the cleavage of peptide bonds and
produces high content of bitter peptides.

Dynamic rheological properties of combined gels
At concentrations of 0 and 0.45 g/L GDL, milk gels were
not formed in the presence of the recombinant AprX-SK37,
corresponding to the low G0 values or the high tan d over
the course of the incubation (Figures 4a,b). The G0 values
increased and tan d decreased when the concentration of
GDL increased (Figures 4a,b). Changes in the G0 values
during the 55 °C incubation exhibited three different pro-
files, depending on the GDL concentration. Profile I, which
was at 1.75–4.81 g/L GDL, illustrated an exponential trend
with a maximal G0 < 1 Pa; profile II exhibited a sigmoidal
curve with a maximal G0 > 1 Pa at 5.25–7.00 g/L GDL;

Table 1 Peptidase activity of various proteases towards milk pro-
teins at 0.26 U*

Enzyme
TCA-soluble
oligopeptide (mM)

AprX-SK37 1.73b

Chymosin 2.82b

Subtilisin 8.21a

Different superscripts indicate the significant difference (P ≤ 0.05),

n = 4.

*Milk hydrolysis was carried out at 37, 55 and 60 °C, as well as pH

6.0, 5.8 and 8.5 for rennet, AprX-SK37 and subtilisin, respectively.

(a)

(b)

Figure 4 Effect of the recombinant AprX-SK37 and 0–8.75 g/L GDL
addition on (a) storage modulus (G0) and (b) the loss tangent (tan d) of
combined gels at 55 °C. Each value represents mean of two independent
samples.

© 2014 Society of Dairy Technology 551

Vol 67, No 4 November 2014



and profile III revealed a sharp exponential curve with a
maximal G0 > 1 Pa at 8.75 g/L GDL. In profile I and III,
the G0 values increased sharply and reached a plateau after
approximately 10 min, while in profile II, the G0 values
gradually increased during the first 15 min of incubation
and abruptly increased thereafter to reach the maximum G0

value after 30 min of incubation. Similar changes in G0

were also reported during the coagulation of acidifying
milk, which were reported by Tranchant et al. (2001).
The pH of the samples decreased with an increased concen-

tration of GDL. In the absence of and at 0.45 g/L GDL, the
pH values of the milk samples were 6.48–6.5 during heating.
The aggregation of the casein micelles in these samples was
mainly caused by the destabilisation of the
j-CN by the recombinant AprX-SK37 protease, as well as the
heat treatment. The cleavage of j-CN at pH 6.5 occurred to a
lesser extent to limit the coagulation of the milk protein. The
limited cleavage also corresponded to the predominant vis-
cous component, which had higher tan d (>1) values (Fig-
ure 4b). As the GDL concentration increased to 4.81 g/L, the
pH of the milk gel decreased from 6.67 to 5.86 over the first
5 min and gradually decreased to pH 5.54 within 40 min.
Horne (1998) reported that the dissolution of the colloidal cal-
cium phosphate at low pHs induced the destabilisation of
casein micelles and promoted coagulation. This demineralisa-
tion, in conjunction with the dissociation of the casein
micelles induced by AprX-SK37, led to a reduction of the
electrostatic repulsion and steric stabilisation, which caused
coagulation, and the increase in the G0 values observed at
4.81 g/L GDL (Figure 4a,b).
When the GDL content increased to 5.25–7 g/L, a sig-

moidal change in G0 was observed. The pHs of these sam-
ples decreased to 5.6 within 5 min and reached 5.3 in
40 min. The extent of demineralisation and charge neutrali-
sation of the hydrolysed para-CN was more prominent due
to the lower pH. The AprX-SK37-promoted hydrolysis of
j-CN and the low pH caused by the GDL at 5.25–7 g/L
synergistically promoted coagulation, resulting in a sharp
increase in G’; the highest G’ was attained at 40 min for
the sample with 7 g/L GDL. At 8.75 g/L GDL, changes in
the dynamic rheological parameters of the combined gel
resembled those of the sample with only 8.75 g/L GDL
(data not shown). This result implied that the rheological
changes were mainly induced by GDL with only minimal
action by the AprX-SK37. At this concentration of GDL,
the pH of the system decreased to 5.4 within 5 min and the
final pH after 40 min was 5.0. This low pH range destabi-
lised structure and activity of the AprX-SK37. In addition,
this pH approached the isoelectric region for caseins and
whey proteins, which is near pH 5.3–4.6 (Tranchant et al.
2001). The predominant acidification and the minimal j-CN
hydrolysis generated more protein–protein interactions,
which ultimately resulted in syneresis. The highest tan d
values were also observed over the course of the incubation

of the gel with 8.75 g/L GDL (P ≤ 0.05, Figure 4b). The
GDL concentration and rate of acidification (pH decrease)
played an important role in the rheological changes of the
combined gel, as described by Tranchant et al. (2001).
The elasticity of the combined gels was measured by using

frequency sweep mode. A linear change in the G0 values
within a selected frequency range for all of the samples sug-
gested that the samples would display elastic behaviour. The
G0 values of both the combined gel and the GDL-induced gels
increased with the GDL concentration (P ≤ 0.05, Figure 5).
The G0 values of the combined gels with 1.75–7.00 g/L GDL
were higher than the analogous GDL-induced gels
(P ≤ 0.05). The use of AprX-SK37 in combination with
GDL-induced better milk coagulation than the application of
GDL alone. The combined gels generated from rennet and
GDL also demonstrated higher elasticity than those induced
by the acids alone (Lucey et al. 2000; Li and Dalgleish 2006).

CONCLUSIONS

The recombinant AprX-SK37, which is an intracellular ser-
ine protease, was isolated from the genomic library screen-
ing of Virgibacillus sp. SK37 and constructed in E. coli
DH10B. This enzyme selectively hydrolysed j-CN and pro-
duced a 16-kDa CN protein that exhibited the same mass as
the para-j-CN obtained from the renneting reaction. The gel
made from AprX-SK37 (without acidification by GDL) pre-
sented as a liquid-like material with a tan d greater than 1,
while gels containing an additional 1.75–4.81 g/L of GDL
generated a solid-like material. Combined gels made with
AprX-SK37 and GDL exhibited higher G0 values than the
GDL-induced gels. Our results suggested that AprX-SK37
could be a promising milk-clotting agent when combined
with GDL.

Figure 5 Storage moduli (G0) of the gels at various GDL
concentrations measured at 5 Hz, 4 °C. Each value represents mean
of two independent samples.
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