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Abstract In this study, we detail the specificity of an
aspartic peptidase from Rhizomucor miehei and evaluate
the effects of this peptidase on clotting milk using the pep-
tide sequence of k-casein (Abz-LSFMAIQ-EDDnp) and
milk powder. Molecular mass of the peptidase was esti-
mated at 37 kDa, and optimum activity was achieved at pH
5.5 and 55 °C. The peptidase was stable at pH values rang-
ing from 3 to 5 and temperatures of up 45 °C for 60 min.
Dramatic reductions in proteolytic activity were observed
with exposure to sodium dodecyl sulfate, and aluminum
and copper (II) chloride. Peptidase was inhibited by pepsta-
tin A, and mass spectrometry analysis identified four pep-
tide fragments (TWSISYGDGSSASGILAK, ASNGGG-
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GEYIFGGYDSTK, GSLTTVPIDNSR, and GWWGITV
DRA), similar to rhizopuspepsin. The analysis of catalytic
specificity showed that the coagulant activity of the pepti-
dase was higher than the proteolytic activity and that there
was a preference for aromatic, basic, and nonpolar amino
acids, particularly methionine, with specific cleavage of
the peptide bond between phenylalanine and methionine.
Thus, this peptidase may function as an important alter-
native enzyme in milk clotting during the preparation of
cheese.

Keywords Aspartic protease - Biochemical
characterization - Intramolecularly quenched fluorogenic
substrate - Rhizomucor miehei - Specificity

Introduction

Peptidases constitute the most important subclass of hydro-
lases and have a variety of applications in numerous fields,
leading many researchers to study the production and puri-
fication of new proteolytic enzymes [8, 20, 23]. In this con-
text, catalytic specificity studies are important for active
site mapping and to determine the hydrolysis preference
and mode of action of peptidases [25].

Aspartic peptidase is an acid endopeptidase (E.C. 3.4.23)
with two aspartic acid residues at the active site, which
are essential for its catalytic performance. This enzyme is
employed in several industrial areas, such as cheese manu-
facturing, casein hydrolysates, peptide synthesis, and deg-
radation of turbidity in protein complexes from fruit juice
[29].

Microbial aspartic peptidases can be used as a substi-
tute for chymosin isolated from newborn ruminants. This
enzyme (chymosin) is essential for cheese manufacturing
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and is known to cleave the peptide bond between Phe'®

and Met'% on the polypeptide chain of k-casein, a crucial
step in milk clotting [14]. However, the extraction of chy-
mosin from young ruminants is associated with ethical
problems; thus, microbial production is an attractive, due to
the low cost and rapid alternative to support the demand for
this enzyme [12, 14].

Mucor spp. and Rhizomucor spp. are fungal producers
of aspartic peptidases. Rhizomucor miehei is a thermophilic
fungus and rennin-like producer that has a variety of indus-
trial applications [29]. Therefore, in the current study, we
purified the aspartic peptidase from R. miehei and charac-
terized its biochemical properties and catalytic specificity
using an intramolecularly quenched fluorogenic substrate
and analysis of clotting milk performance. Our work pro-
vides important insights into the catalytic specificity and
possibility applications of this aspartic peptidase, has been
for the first time, a comprehensive mapping of the catalytic
subsites of this enzyme.

Materials and methods
Microorganisms and maintenance medium

The fungus R. miehei was isolated from decaying wood
found in the soil and was cultivated and maintained on
potato-dextrose agar slants at 45 °C for 168 h to allow for
complete growth.

Submerged fermentation (SmF)

Peptidase production was carried out using SmF in
250 mL Erlenmeyer flasks containing 50 mL liquid
media with the follow components (w/v): 0.7 % KH,PO,,
0.2 % K,HPO,, 0.01 % MgSO,-7H,0, 0.05 % citrate
2H,0, 0.1 % yeast extract, 0.01 % CaCl,-2H,0, and
0.5 % casein [27]. The pH of the medium was adjusted to
5.0, and the flasks were autoclaved for 15 min at 121 °C.
Inoculation was performed using 1 mL of mycelial sus-
pension in synchronized growth. After 24 h of fermenta-
tion, the fermentation flasks were removed, and the mate-
rial was filtered with Whatman No. 1 and centrifuged at
8,000g for 20 min at 4 °C. The supernatant was then used
to quantify proteolytic activity and for subsequent chro-
matographic studies.

Protein content
The protein content was measured according to the

method of Bradford [3] using bovine serum albumin as a
standard.
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Determination of proteolytic activity and concentration
of crude enzymatic extract

Determination of proteolytic activity was performed
according to the protocol described by Sarath et al. [24]
with modifications. The reaction mixture was composed of
1 mL of 1 % (w/v) casein (Sigma, St. Louis, MO, USA) in
a 0.05 M monobasic sodium phosphate buffer at a pH 6.5
and 0.2 mL of the enzyme solution. The reaction was car-
ried out at 45 °C and stopped with the addition of 0.6 mL
of 10 % trichloroacetic acid (TCA) after 120 min. The reac-
tion tubes were then centrifuged at 10,000xg for 15 min
at 25 °C, and the absorbance of the supernatant was meas-
ured using a spectrophotometer at 280 nm. Each reaction
tube presented an appropriate control tube, in which TCA
was added before the enzymatic solution. One activity unit
(AU) was defined as the amount of enzyme required to lib-
erate 1 uM tyrosine/min under the assay conditions [18].

Milk-clotting activity (MCA) was determined using
10 % (w/v) milk powder in the presence of 0.01 M CaCl, at
40 °C [1, 16]. One milk clotting unit (MCU) was defined as
the amount of enzyme required to clot 1 mL of substrate in
40 min, according to the following equation:

U = 2400/T x DF

where T is the time of curd formation (s), and DF is the
dilution factor (milk volume/enzyme volume) [16, 22].

The total volume of the crude enzyme extract from SmF
was concentrated and partially purified using a Flex Stand
System (GE Healthcare), and the filtration of the fermenta-
tive extract was performed using a hollow fiber membrane
(10 kDa). During the concentration process, the sample
was maintained prechilled at 4 °C.

Chromatography

The crude enzyme extract from R. miehei was subjected
to size-exclusion chromatography using a Sephadex G-50
resin and a Sephacryl S-100 resin column (100 cm x 4 cm)
sequentially. The resins were equilibrated with a 1.5 col-
umn volume, and a flow rate of 0.6 mL/min was main-
tained. Initially, the crude enzyme was applied to Sepha-
dex G-50 resin using acetate buffer (0.05 M) with 0.05 M
NaCl at a pH of 5.0. Eluted enzyme fractions were exam-
ined according to protein content and proteolytic activ-
ity and were then evaluated on 12 % polyacrylamide gels
by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) [15]. Similar fractions were then
concentrated by ultrafiltration (Amicon ultrafiltration
units) using a 5 kDa membrane filter (Millipore, USA)
and applied to Sephacryl S-100 resin using acetate buffer
at a pH of 5.0 (0.05 M) with 0.15 M NaCl. The protein
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content and proteolytic activity were measured again, and
the eluted enzyme fractions were evaluated by SDS-PAGE
(12 %) [15]. Analyses of the protein band obtained from
SDS-PAGE were performed by staining with silver nitrate
according to the methods of See and Jackowski [26], and
molecular mass of the peptidase was estimated using the
Image Lab 3.0 software (BIO-RAD).

Mass spectrometry

Identification of the peptidase by mass spectrometry was car-
ried by excision of the band of the purified protein from the
SDS-PAGE gel staining with coomassie blue. After that, a
successive exchange of 50 % acetonitrile in 0.1 M of ammo-
nium bicarbonate at a pH of 7.8, followed by dehydration in
acetonitrile and drying using a Speed Vac (Savant, New York,
NY, USA). Tryptic digestion was performed using 0.5 g of
modified trypsin (Promega Corp., Madison, WI, USA) in
0.1 M ammonium bicarbonate for 18 h at 37 °C. The reac-
tion was stopped with the addition of 1 pL of formic acid.
Previously equilibrated in 0.2 % formic acid, the tryptic pep-
tides were then eluted and desalted using micro-tips filled
with reverse-phase resin (POROS R2; Perceptive Biosys-
tems, Foster City, CA, USA) [6]. The sample was desalted
after two 150 pL washes of 0.2 % formic acid and eluted in
30 pL of a 60 % methanol/5 % formic acid solution, con-
centrated in a Speed Vac, and resuspended in a-cyano-4-
hydroxycinnamic acid matrix solution (5 mg/mL).

Mass spectrometry analysis, two to five microliters
of each sample was loaded in a matrix-assisted laser des-
orption ionization (MALDI) target and analyzed with a
MALDI time-of-flight (TOF)-TOF mass spectrometer
(Axima Performance; Kratos-Shimadzu, Manchester, UK).
The CID-MS/MS spectra from selected protein bands were
submitted for protein identification by searching the NCBI
database version 57.2 for fungi using MASCOT version
2.2.04. The database search parameters were as follows:
trypsin hydrolysis, one missing cleavage allowed, and
variable modification for methionine oxidation. The mass
tolerance for precursor ions was 1.2 Da, and the mass tol-
erance for fragment ions was set at 0.8 Da. Protein iden-
tification was supported by the MS/MS analysis of indi-
vidual ions using CID-MS/MS. Proteins were identified on
the basis of at least one peptide if its score was higher than
53 (p < 0.05) or the amino acid sequence was consistently
covered by a series of band y type ion fragments [21].

Synthesis of peptides and the determination of cleavage
site

Synthetic substrates were used in this study; fluorescence
resonance energy transfer (FRET) peptides were synthe-
sized by the solid phase synthesis method in an automatic

peptide synthesizer (Shimadzu Model PSSM-8) [11]. The
purification of the peptide series was performed in semi-
preparative  high-performance liquid chromatography
(HPLC), and the molecular mass and purity were verified
by amino acid analysis and determination of molecular
mass with MALDI-TOF mass spectrometry using a micro-
flex-LT mass spectrometer (Brucker-Daltonics, Billerica,
MA, USA). Stock solutions of peptides were prepared in
DMSO, and their concentrations were determined by a
spectrophotometer using the molar extinction coefficient
A36sam = 17,300 M~ em ™" [2, 11].

The scissile bond of hydrolyzed peptides was identified
by the isolation of fragments using analytical HPLC fol-
lowed by the determination of their molecular mass with
an LCMS-2020 instrument equipped with an electrospray
ionization (ESI) probe (Shimadzu, Tokyo, Japan).

Functional biochemical characterization

Biochemical characterization studies were performed
using the intramolecularly quenched fluorogenic substrate
Abz-KLRSSKQ-EDDnp. The enzymatic reaction was car-
ried out by monitoring of fluorescence emission from the
hydrolysis of the fluorogenic peptide substrate in a spec-
trofluorimeter model Lumina fluorescence spectrometer
(Thermo Scientific) at A, = 320 nm and A,,, = 420 nm.

Effects of pH and temperature on the activity
and stability of the peptidase

These studies were performed using Abz-KLRSSKQ-
EDDnp as the substrate. The determination of the optimum
pH for peptidase activity was completed at 50 °C using
the following buffers: acetate (pH 4.5 and 5.0), MES (pH
5.5, 6.0, and 6.5), HEPES (pH 7.0, 7.5, and 8.0), BICINE
(pH 8.5 and 9.0), and CAPS (pH 9.5, 10.0, and 10.5), all at
0.1 M and 40 °C. The pH stability was studied by incubat-
ing the peptidase for 1 h at 25 °C in different pH ranges
(4.5-10.5). The effects of temperature on peptidase activity
were investigated in the range of 35-70 °C, and the effects
of temperature on stability (for 5, 30, and 60 min) were
evaluated in the temperature in the range from 40 to 55 °C
in increments of 5 °C.

Effects of inhibitors and metallic ions on peptidase
activity

For the determination of the mechanism of action of pepti-
dase, according to the protocol described by Dunn [7] with
modifications, we used the following inhibitors: iodoacetic
acid (IAA), phenylmethylsulfonyl fluoride (PMSF), ethyl-
ene-diaminetetraacetic acid (EDTA) each at a final concen-
tration of 5 mM, and pepstatin A at a final concentration of

@ Springer
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Table 1 Summary of the purification of aspartic peptidase from R. miehei

Purification step Total activity (U) Total protein (mg) Specific activity (U/mg) Fold purification Yield (%)
Crude extract (SmF) 1620.0 2.60 623.0 1.0 100.0
Concentrated extract 1080.0 1.45 745.0 1.2 66.6
Sephadex G-50 215.0 0.21 1,024.0 1.6 13.0
Sephacryl S-100 74.0 0.07 1,057.0 1.7 4.5

0.2 mM. Peptidase activity was also evaluated using incu-
bation with the following metal ions at a final concentration
of 5 mM: KClI, CaCl,, MgCl,, CoCl,, MnCl,, BaCl,, and
AICl;. These experiments were performed at 50 °C with
an acetate buffer (0.1 M) at a pH of 5.5 and using Abz-
KLRSSKQ-EDDnp as the substrate.

Effects of surfactants, urea, dithiothreitol (DTT),
and guanidine on peptidase activity

The analysis of the effects of surfactants on proteo-
lytic activity was carried out at different concentrations
(0.02-1 %), using the following surfactants: Tween 20,
Triton X-100, cetyltrimethylammonium bromide (CTAB),
and sodium dodecyl sulfate (SDS). We also examined the
effects of urea, DTT, and guanidine at different concentra-
tions (10, 25, 50, 100, and 150 mM).

Determination of the molar concentration
and specificity of the peptidase

Using specific inhibitor, pepstatin A, the concentration
of the active peptidase (final concentration = 5 uM) was
quantified by active-site titration [13, 28]. Analyzing the
catalytic specificity, we used six series of FRET substrates,
i.e., Abz-XLRSSKQ-EDDnp, Abz-KXRSSKQ-EDDnp,
Abz-KLXSSKQ-EDDnp, Abz-KLRXSKQ-EDDnp, Abz-
KLRSXKQ-EDDnp, and Abz-KLRSSXQ-EDDnp, whose
combinatorial replacement of amino acids in different posi-
tions at X determined the specificity of each catalytic sub-
site (S5, Sy, Sy, S'4, S'5, and S'5) for the amino acids evalu-
ated in each peptide series. Kinetic assays were performed
using an acetate buffer (0.1 M) at pH 5.5 and 50 °C. Using
nonlinear regression hydrolysis data (GraphPad Prism ver-
sion 5.0 software), the kinetic parameters Ky; and V.
were obtained according to the Michaelis—Menten equation
and used to calculate the catalytic efficiency (k.,/Ky)-

Statistical analyses

Statistical analyses were performed by the GraphPad
Prism version 5.0 software using the analysis of variance
(ANOVA). Differences with p values of less than 0.05 were
considered significant.
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Results
Peptidase purification

All purification steps performed to obtain pure peptidase
are shown in Table 1. The final yield was 4.5 %, with a
purification factor of 1.7. Fractionation of crude extract,
without the use of saline solution or organic solvent,
resulted in a yield of 66.6 %.

Initially, the crude extract was subjected to size-
exclusion chromatography using Sephadex G-50, and
the chromatograms showed three defined protein peaks
(I, II, and III) for absorbance at 280 nm, with proteo-
lytic activity detected for peak II (Fig. 1a). All fractions
corresponding to peak II were selected and analyzed by
SDS-PAGE 12 %. The protein profile exhibited similari-
ties for fractions 68-74; these fractions were pooled and
concentrated.

In the second step of purification, the sample was
applied to Sephacryl S-100 resin, and the chromatogram
showed five protein peaks at 280 nm absorbance (Fig. 1b).
Enzymatic activity was detected in peak II, and SDS-PAGE
12 % showed the presence of the pure peptidase in frac-
tions 75-83; the peptidase had an estimated molecular
mass of 37 kDa (Fig. 1c).

Mass spectrometry

Mass spectrometry analysis was performed by tryptic
digestion of the band protein obtained from SDS-PAGE
and MALDI-TOF results revealed similarity with the
rhizopuspepsin aspartic protease. Fig. 1d showed the
amino acids sequence of the rhizopuspepsin precursor (EC
3.4.23.6) from Rhizopus microsporus var. chinensis (NCBI:
2il169740; GenBank: AAA33879.1), identified by gel band
mass spectrometry analysis. All b and y series ions from
1,799.9, 1,780.81, 1,259.67, and 1,089.51 m/z peptides
were used to identify the sequences TWSISYGDGSSAS-
GILAK, ASNGGGGEYIFGGYDSTK, GSLTTVPIDNSR,
and GWWGITVDRA, respectively. The protein identifica-
tion presented a MACOT score of 366 and the identified
peptides covering 16 % of protein sequence. The rhizopus-
pepsin calculated isoelectric point is 5.12, and the predicted
protein molecular mass is 37,102 Da.
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Fig. 1 Chromatographic profiles of the peptidase purified by gel fil-
tration on Sephadex G-50 resin (a) and Sephacryl S-100 resin (b).
SDS-PAGE (12 %) of the pure peptidase (c): /line I molecular weight

Effects of pH and temperature on the activity
and stability of the peptidase

Optimization of reaction parameters showed that the
enzyme had optimal activity at pH 5.5 (Fig. 2a). The pepti-
dase exhibited the highest activity at an acid pH and pro-
gressive reduction of hydrolysis with increasing alkalinity.
Statistical data showed no differences in proteolytic activity
atpH 4.5, 5, and 6 (p = 0.43), with the enzyme maintaining
a catalytic performance around 80 %. As shown in Fig. 2a,
we also performed kinetic studies (catalytic efficiency) at
different pH using the clotting sequence peptide k-casein
(Abz-LSFMAIQ-EDDnp) at a temperature of 40 °C. The
results showed that the highest catalytic efficiency was
obtained at an acidic pH. We also noted a tendency for a
low k_, and high K),, resulting in the reduction of catalytic
performance under alkaline conditions.

As shown in Fig. 2b, the optimum temperature was
55 °C, and 90 and 80 % proteolytic activities were main-
tained at 60 and 65 °C. Statistical analysis showed that
there were no signification differences within the tempera-
ture range of 40-50 °C, at which the relative activity of the

markers; line 2 pure peptidase. Protein sequencing analysis (d) and
peptide fragment analysis of peptidase from R. miehei (in bold)

peptidase was maintained at around 80 % (p = 0.63). Thus,
the peptidase exhibited high proteolytic performance at a
range of temperatures.

Stability analysis revealed the highest tolerance for
acidic pH values (3-5), maintaining 80 % relative activity
at pH 5, with progressive reduction of enzyme activity dur-
ing incubation under alkaline conditions (for 1 h; Fig. 2c).
In addition, the peptidase exhibited the highest thermal sta-
bility (70 % residual activity) at temperatures up to 45 °C
after of 60 min incubation, with activity dropping to 40 %
of residual activity when incubated at 50 °C under the same
conditions (Fig. 2d).

Effects of metal ions and inhibitors on peptidase
activity

Metal ions are chemical agents that are often capable of
influencing the proteolytic activity of peptidases. In this
study, we noted reductions in enzymatic activity after incu-
bation with all ions except lithium chloride and sodium
chloride, for which enzyme activity was not significantly
altered (p = 0.26). For the other metal ions, the most
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Fig. 2 Effects of pH (a) and temperature (b) on the activity, pH stability (c), and thermal stability (d) of the enzyme

dramatic reductions in proteolytic activity were observed in
the presence of aluminum chloride (residual activity 16 %)
and copper (II) chloride (residual activity 0.3 %). During
incubation with cobalt, manganese, and magnesium chlo-
ride, the peptidase exhibited residual activity around 36 %
(p = 0.86), whereas for calcium chloride, potassium chlo-
ride, and barium chloride, activities of 44, 56, and 64 %
were observed.

For the determination of the mechanism of action of the
peptidase, we analyzed the effects of IAA, PMSF, EDTA,
and pepstatin A. Incubation of the peptidase in the presence
of these inhibitors resulted in varying levels of inhibition;
the greatest inhibition was observed in the presence of pep-
statin A, for which the residual enzyme activity was 40 %
at a final concentration of 0.2 mM pepstatin A, indicating
that the peptidase examined in our study was an aspartyl
(aspartic) or acid peptidase. This is consistent with the
known characteristics of R. miehei as a producer of aspartic
peptidase.
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Effects of surfactants, urea, DTT, and guanidine
on peptidase activity

In the presence of surfactants, the highest reduction of pro-
teolytic activity in the presence of ionic surfactants (SDS
and CTAB) was observed during incubation with SDS; the
peptidase maintained approximately 50 % of activity in the
presence of 0.02 % SDS, but lost nearly all activity dur-
ing incubation with 0.08 % SDS. In the presence of CTAB,
20 and 10 % relative activities were maintained at concen-
trations of 0.1 and 1 %, respectively. In contrast, nonionic
surfactants did not present the same intense reduction of
proteolytic activity, and the results showed approximately
60 % of relative activity after incubation with 0.2 % Triton
X-100 or Tween 20 (Fig. 3a).

In studies using reducing agents, the peptidase showed
residual activities of 50 and 40 % following incubation with
100 or 150 mM DTT, respectively. After incubation with
the chaotropic agent guanidine, the enzyme maintained
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Fig. 3 Effects of surfactants (a) and denaturing agents (b) on the activity of the peptidase

approximately 70 and 60 % of proteolytic activity at the
same molar concentrations (100 and 150 mM, respec-
tively). In addition, we did not observe interference of urea
on proteolytic activity under the different concentrations
assayed (Fig. 3b) that this compound had only very minor
effects on cleavage of the hydrogen bond during protein
folding. Statistical analysis demonstrated that there were no
differences among all concentrations of urea (p = 0.86).

Determination of the specificity of the peptidase

Next, we analyzed the effects of the replacement of amino
acids at specific positions in the substrate. For the primed
side (S';, S’,, and S’5 subsites), we noted high hydrolysis
with methionine (M) and alanine (A) at all subsites and
moderate catalysis to glutamine (Q) and valine (V) when
evaluated at S’ and S’; subsites. High catalytic efficiency
values were observed by replacement with aromatic amino
acids: S’ subsite (W and Y); S/, subsite (W and Y); and S'5
subsite (F and W), as shown in Table 2.

According to Table 2, basic amino acids were well
accepted: S’; (R), S/, (K and R), and §’; (K and R). In addi-
tion, the peptidase did not have high catalytic efficiency
values for D and E (except D at S’;) and P and G (except
G at §’; and P at S’,) when evaluated on the primed side.
However, in comparative analysis, despite low values of
catalytic efficiency, it was possible to observed minor
specificity at the S’; subsite, at which we observed moder-
ate and high proteolytic activity for nonpolar, neutral polar,
acidic, and basic amino acids.

At the unprimed side (S;, S,, and S; subsites), we noted
greater catalytic efficiency with basic amino acids, i.e.,
R (700 mM~" s7!) and K (400 mM~! s~!), and nonpolar

aromatic amino acids, i.e., phenylalanine (640 mM ! s’l)
at S; (Table 3). According to the determination of the
cleavage site, it was possible detected a hydrolysis point
position offset when R was replaced at the S, subsite;
the displacement of R revealed the higher preference
for hydrolysis between R and R. We also observed sub-
site cooperativity, enabling a better enzyme—substrate
interaction.

At the S, subsite, we noted the highest preference for G,
L, and M (amino acids with nonpolar side chains) as well
as the neutral amino acids N and T. At S,, high catalytic
efficiency (k.,/Ky;) was not observed, but a preference was
noted for the basic amino acids K (700 mM~' s7!) and R
(350 mM~! s71), followed by I (333.5 mM~! s~!) (Table 3).

Thus, the highest values for catalytic efficiency (k_,/Ky)
and subsequent selectivity for enzymatic catalysis at the
primed subsites were as follows: M (1250 mM~! s71) at
S, K (1294 mM~! s, W (1091 mM~!s7) at §’,, and M
(1000 mM ! s71) at subsite S5

As shown in Table 3, we also noted that among the
various substrates evaluated in the study of subsite
specificity, the enzyme showed high catalytic efficiency
values when F and M were evaluated at P, and P/,
respectively. Kinetic studies with the clotting sequence
of k-casein using the fluorogenic substrate Abz-LSF-
MAIQ-EDDnp showed a high affinity for the peptidase
(Ky = 0.036), and the highest obtained value of cata-
lytic efficiency (4722 £ 100 mM~! s!) was found for
the specific hydrolysis of the peptide bond between F and
M (Table 3). In addition, we also performed the clotting
analysis using milk powder (10 % w/v) and found that
the specific activity of the aspartic peptidase was 5.5 U/
ug of enzyme.

@ Springer
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Table 2 Kinetic parameters for the hydrolysis of the series of FRET peptides (S',, S’, and S’; subsites)

X  Abz-KLRXSKQ-EDDnp (P/))

Abz-KLRSXKQ-EDDnp (P',)

Abz-KLRSSXQ-EDDnp (P'5)

keat (1) Ky (uM) - ke Ky kear (1) Ky (M) ke Ky ke 67D Ky (WM ko /Ky

(mM~ s mM~1s™h mM~1s™h

A 0.67+0.002 1.15£0.06 582.5+29 0.4 £+ 0.006 0.5+0.01 800+ 33 0.085+ 6.7 0.14+£0.08 607 £ 36

D 0.04+0.002 13+005 345+1.6 0.17 £0.007 09+0.06 189+ 15 0.04+1.6 0.1 £0.002 400+ 46

E 025+0.005 284006 89+2 0.15+£0.002 1.7+0.2 88 +£5 0.0154+0.1 0.1 £0.003 150+ 14

F 0.17+0.001 054003 340+29 0.085 £ 0.005 1+£0.08 85+ 6.8 0.026+1 0.04+0 650 £ 15

G 0.066 £0.002 2.5+0.1 26.5 £+ 0.6 0.1 + 0.007 1.5+0.12 665+5 0.065 £ 6.8 0.08 =0 8125+5

H 0.85+0.07 234+0.06 369.5+ 36 0.4 +0.011 1.5+ 0.01 266.5+25 No determined

I 0.1+0.007 02£0.02 50016 0.03 £0.0006 0.1 £0.001 300+ 16 005+14 03+£0.01 166.5+27

K No determined 1.1 £0.07 0.85+0.05 1,294 + 37 0.035+0 05+£0.01 7005

L No determined 1 £0.08 1.7£0.08 588 +28.5 No hydrolysis

M 0.540.03 04+£0.04 1250+72 0.28 £+ 0.01 0.3+£0.02 933.5+064 0.045+25 0.045+0 1,000 £ 47

N No determined 0.45+0.004 1.5+0.15 300=+26 No determined

P 0.040+£0.003 1.74+0.15 235+£1 0.28 £0.002 0.7+0.05 400+ 29 0.025+2 1+£0.03 25+£3

Q 027+0.003 054001 540417 0.027 £0.002 0.1 +£0.002 270 + 23 0.03£12 0.06+0 500 + 14

R 1.240.08 1.5+ 0.15 800+ 27 0.9 +0.08 1£0.004 900+ 28 0.15+£2 0.3 £ 0.007 500 + 45

S 0354+0.002 054001 700+5 0.35+£0.002 0.5+0.01 700+5 0.13£17 044003 325421

V 0.1 £0.005 0.2 +0.003 500 + 8 0.04 £0.003 04+0.01 100+7 0.035+2 0.07+0 500 £ 66

W 0.15+0.006 0.15+£0.06 1000 =+ 65 0.12+0.002 0.11 +£0.08 1091 £76 0.02+1 0.03+0 666.5 + 43

Y 1.14+0.04 2 4+0.07 550 + 20 0.6 £ 0.04 14+0.006 600+ 3.5 0.05+1 0.154+0.01 333.5 + 31

Hydrolysis conditions: 100 mM acetate buffer pH 5.5 at 50 °C. Values are the average of three independent experiments + standard deviations.
All peptides present only one cleaved point, have been at R} S or R{X (100 %), except Abz-KL|R|R|SKQ-EDDnp, in whose preference on

hydrolisys point was at L{R (16 %); R{R (32 %) and R{ S (52 %)

Taken together, our results confirmed the relevance of
this peptidase for the clotting of milk, with greater coagu-
lant activity than proteolytic activity.

Discussion

R. miehei is a thermophilic filamentous fungus that is
known for its ability to produce aspartic peptidase with
suitable biochemical properties for industrial applications,
e.g., in cheese manufacturing (milk-clotting activity), pep-
tide synthesis, decolorization of fish meat (Katsuobushi),
and degradation of the turbidity of proteins in juices and
alcoholic liquors [1, 29]. In this study, we purified and
characterized the aspartic peptidase from R. miehei to facil-
itate the industrial application of peptidases with relevant
biochemical properties, particularly for cheese manufactur-
ing. Our results provided important insights into the opti-
mal purification methods and reaction conditions for the
aspartic peptidase from this fungus.

Chromatography is an important methodology for the
study of peptidases under homogeneous conditions and
is often used to evaluate the biochemical properties of a
protein. In this study, we carried out peptidase purifica-
tion using a quick and easy chromatographic method. In

@ Springer

addition, we achieved high yields after concentration of
crude extract obtained to chromatography; this process
is thought to be more feasible than precipitation using
organic solvents or a saline gradient, as described by other
researchers in fungal peptidases [10, 17].

Notably, the aspartic peptidase described in this study
showed more thermal stability than that of a similar pepti-
dase (rhizopuspepsin) reported by Hsiao et al. [12] pro-
duced by Rhizopus oryzae, whose maximum activity was
observed at 75 °C, with substantially reduced relative activ-
ity (approximately 50 %) after 30 min at 45 °C.

We also noted negative modulation by metal ions, par-
ticularly aluminum chloride and copper (II) chloride.
Interestingly, the aspartic peptidase described in this work
showed decreased activity in the presence of copper (II)
ions, in contrast to the results of other studies of aspartic
peptidases, for which Cu?* has been shown to promote
enzyme activation [29]. Negative modulation of proteolytic
activity by aluminum chloride [5, 9] and copper (II) ions
[19] has also been reported by other researchers in different
fungal peptidases.

Similarly, we found that surfactants, DTT, urea, and
guanidine also affected proteolytic activity. Negative
modulation of the enzymatic reaction can be induced
by: surfactants, due to the interference of hydrophobic
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interactions; DTT is a reducing agent that reduces the
disulfide bond (S—S) between two cysteine residues on a
polypeptide chain, whereas urea and guanidine are chao-
tropic agents that affect hydrogen bonds. All of these chem-
ical agents alter the intramolecular forces that function to
maintain the molecular arrangement. Thus, the action of
these chemical compounds can modify the protein structure
(denaturation) and result in reduction or loss of proteolytic
activity.

Our results suggested that the hydrophobic interactions
and disulfide bonds within the molecular structure of the
peptidase were dramatically affected, particularly by SDS
and DTT, which greatly reduced catalytic performance.
Similar results for SDS were reported in a previous study
[5, 9]. Notably, while urea did not affect proteolytic activ-
ity, guanidine appeared to have greater effects on the dis-
ruption of hydrogen bonds, resulting in more extensive
denaturation. This result may be explained by the differ-
ences in charges between these chemical compounds;
guanidine is a strong cationic chaotropic agent, and urea is
a chaotropic agent that is not charged.

From our characterization of the catalytic efficiency of
the peptidase, we found that this aspartic peptidase exhib-
ited strong hydrolysis of nonpolar amino acids, particularly
M; basic amino acids, i.e., H, K, and R; and aromatic resi-
dues, i.e., F, W, and Y. The peptidase had low preference for
the acidic amino acids D and E, except for D at the S'; sub-
site. These results are generally consistent with the results
of other studies of human [4] and fungal aspartic peptidases
[22]. Moreover, our results also showed the capacity of
the peptidase to promote milk clotting using milk powder,
with specific hydrolysis between amino acids F and M and
a high affinity for the peptide k-casein substrate. Interest-
ingly, this peptidase exhibited higher coagulant activ-
ity than proteolytic activity, and the observed specificity
for cleavage of the peptide bond between Phe!®-Met!'%,
which is a key step in the coagulation of milk during the
preparation of cheese, would facilitate the use of the puri-
fied enzyme in this industrial process. Further studies are
needed to examine the mode of action of this peptidase for
different protein substrates, which will be crucial for the
application of this enzyme in industrial processes.

In summary, we have purified a fungal aspartic pepti-
dase that could be easily purified and exhibited optimal
biochemical properties for industrial applications. We also
provided a comprehensive mapping of the catalytic sub-
sites of this aspartic peptidase, for the first time. Using
various substrates with a series of FRET peptides (Abz-
P;P,P,P’ P/,P';Q-EDDnp) and clotting k-casein (Abz-
LSFMAIQ-EDDnp) as the substrate, we found that the
peptidase exhibited a clear specificity for cleaving certain
peptide bonds and that the coagulant activity of this enzyme
was higher than its proteolytic activity, demonstrating its

@ Springer

potential for industrial applications, such as peptide synthe-
sis, casein hydrolysates, and specially to cheese production.
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