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Abstract
Aspartic proteases exhibit optimum enzyme activity under acidic conditions and have been extensively used in food, fermentation,
and leather industries. In this study, a novel aspartic protease precursor (proTlAPA1) from Talaromyces leycettanus was identified
and successfully expressed in Pichia pastoris. Subsequently, the auto-activation processing of the zymogen proTlAPA1was studied
by SDS-PAGE andN-terminal sequencing, under different processing conditions. TlAPA1 shared the highest identity of 70.3%with
the aspartic endopeptidase from Byssochlamys spectabilis (GAD91729) and was classified into a new subgroup of the aspartic
protease A1 family, based on evolutionary analysis. Mature TlAPA1 protein displayed an optimal activity at 60 °C and remained
stable at temperatures of 55 °C and below, indicating the thermostable nature of TlAPA1 aspartic protease. During the auto-
activation processing of proTlAPA1, a 45-kDa intermediate was identified that divided the processing mechanism into two steps:
formation of intermediates and activation of the mature protein (TlAPA1). The former step can be processed without proteolytic
activity, while the latter process depended on protease activity completely. The discovery of the novel aspartic protease TlAPA1 and
the study of its activation process will contribute to a better understanding of the mechanism of aspartic protease auto-activation.
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Introduction

Proteases (EC3.4.11-24) make up a large share of the total
global industrial enzymes (Raveendran et al. 2018). They
have extensive applications in the dairy, baking, beverages,

brewing, meat, and functional food industries (Raveendran
et al. 2018; Zhang et al. 2018). On the basis of the optimal
pH of hydrolysis, proteases have been grouped into three cat-
egories—acidic, neutral, and alkaline proteases. They can also
be classified into serine, cysteine, metallo, and aspartic prote-
ases, depending upon their catalytic residues. Aspartic prote-
ases (EC 3.4.23) have two aspartic residues at their catalytic
center, which are vital for hydrolytic cleavage of peptide
bonds (Yegin et al. 2011). The activity of aspartic proteases
can be specifically inhibited by pepstatin A. Molecular
weights of aspartic proteases commonly range between 30 to
50 kDa, while some can weigh up to 55 kDa. Aspartic prote-
ases are generally considered as acidic proteases, because they
have isoelectric points of 3.0–4.5 and show optimal activity at
pH 3.0–5.0. Most aspartic proteases have an optimal temper-
ature in the range of 30–50 °C, while some exhibit maximum
activity at 55 °C. Most aspartic proteases are also sensitive to
high temperatures and show poor thermostability, limiting
their applications to mesophilic conditions. Thus, the thermal
stability of aspartic proteases has been the subject of attention
in many recent studies (Silva et al. 2016). The discovery of
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novel thermostable enzymes, especially from extremophiles,
is a potential method to tackle the aforesaid problem (Zhang
et al. 2018; Kangwa et al. 2018).

Aspartic proteases are widespread in many organisms—
vertebrates, insects, plants, fungi, and even viruses have been
widely reported as sources of aspartic proteases (Mandujano-
González et al. 2016). The production of aspartic proteases
from fungi has several advantages including a short produc-
tive cycle, simple late purification, and low costs (Souza et al.
2015). Most commercial aspartic proteases used currently in
industrial production are derived from filamentous fungi.
Aspartic proteases from fungi are mainly categorized into
two groups—pepsin-like and rennin-like enzymes (Rao et al.
1998). The pepsin-like enzymes include aspergillopepsin
(Vishwanatha et al. 2009), penicillopepsin (Fraser et al.
1992), trichodermapepsin (Nascimento et al. 2008), and
rhizopuspepsin (Kumar et al. 2005), while the rennin-like en-
zymes are mainly produced by Mucor, Rhizomucor, and
Chryphonectria (Yegin et al. 2011). However, the yield of
fungal aspartic proteases by industrial fermentation is usually
low. An aspartic protease from Aspergillus foetiduswas extra-
cellularly produced with an activity of only 63.7 U/mL (Souza
et al. 2017). Pichia pastoris is an excellent expression system
that has been effectively used to solve the problems of low
yield of proteases. Many aspartic proteases have been hetero-
geneously expressed in P. pastoris (Yang et al. 2013; Yegin
and Fernandez-Lahore 2013; Gama Salgado et al. 2013). An
aspartic protease from Rhizomucor miehei was produced in
P. pastoriswith the activity of 3480.4 U/mL (Sun et al. 2018).

Typical aspartic proteases are initially synthesized in the
form of inactive precursors (zymogens), which protect host
cells from proteolysis (Mandujano-González et al. 2016).
The functions of the N-terminal prosegments of aspartic pro-
teases have been studied extensively and include facilitating
correct folding, blocking the active site, and stabilizing the
protein (Koelsch et al. 1994; Horimoto et al. 2009). It is gen-
erally accepted that the propeptides are autocatalytically
cleaved at acidic pH (Richter et al. 1998; Khan et al. 1999;
Dunn 2002), and their further processing by other peptidases
is important for the activation of aspartic proteases from
Candida parapsilosis (Dostal et al. 2005). Crystal structures
of some aspartic protease zymogens and their activation inter-
mediates have been reported (Richter et al. 1998; Khan et al.
1999; Morales et al. 2012; Lee et al. 1998; Ostermann et al.
2004), which contribute to the understanding of propeptide
interactions with catalytic proteins. Current studies on zymo-
gen activation have mainly concentrated on aspartic proteases
associated with diseases (Dunn 2002; Hanova et al. 2018), yet
little is known about this process among aspartic proteases
from fungi. There is evidence that the predicted zymogens
vary in length depending on each fungus, suggesting their
unique activation processes (Mandujano-González et al.
2016). Therefore, studying the activation processing of fungal

aspartic proteases is of great significance to understand the
mode of activation of the whole family.

Given the importance of novel and thermostable aspartic
proteases in industrial processes, a gene coding for a novel
thermostable aspartic protease, Tlapa1, was found and cloned
from the thermophilic filamentous fungus Talaromyces
leycettanus. Phylogenetic analysis indicated that TlAPA1
belonged to a new subgroup of aspartic proteases A1 family.
Moreover, TlAPA1 was expressed in P. pastoris with a zymo-
gen form and its auto-activation was studied in detail. The
auto-activation process of TlAPA1 was affected by pH and
enzymatic activity and occurred in two stages distinguished
by the presence of a processing intermediate. The mature pro-
teases with activity were subsequently purified and character-
ized biochemically. In this study, a novel thermostable aspartic
protease was discovered and synthesized as a zymogen in
P. pastoris, and its autocatalytic activation was studied.

Materials and methods

Strains, vectors, and substrates

The gene donor strain Talaromyces leycettanus JCM12802
was purchased from Japan Collection of Microorganisms
RIKEN BioResource Center. Escherichia coli Trans1-T1
(TransGen) was used for gene cloning and sequencing. The
target gene was expressed in P. pastoris GS115 (Invitrogen).
Cloning and expression vectors used were pEASy-T3
(TransGen, Beijing, China) and pPIC9 (Invitrogen,
Carlsbad, CA), respectively. Casein sodium salt from bovine
milk (C8654, Sigma-Aldrich, St. Louis, MO) was used as a
substrate, and other chemicals of analytical grade were com-
mercially available.

Gene cloning and mutagenesis

Talaromyces leycettanus JCM12802, with optimal growth at
pH 5.0–6.0, was cultivated as described previously (Zhang
et al. 2017). DNA and total RNA were extracted from the
mycelia of T. leycettanus JCM12802 after 3 days of growth
at 40 °C, and the cDNAwas prepared according to the man-
ufacturer’s instructions (TOYOBO, Osaka, Japan). On the ba-
sis of the whole genome sequence of T. leycettanus
JCM12802 (Wang et al. 2017), the primer pairs used for am-
plification of Tlapa1 gene are designed and listed in Table 1.
The gene that encodes aspartic protease TlAPA1 was ampli-
fied from DNA and cDNA of Talaromyces leycettanus, re-
spectively, by the polymerase chain reaction (PCR) method.
The PCR reaction program was as follows: a predegeneration
at 94 °C for 3 min, followed by 34 cycles of 94 °C for 30 s,
55 °C for 30 s, 72 °C for 1 min, and a final step of 72 °C for
10 min. Finally, the purified PCR products were cloned into
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the pEASY-T3 and sequenced. A single-point mutation
D103N was used to study the effects of proteolytic activity
on auto-activation processing. Mutant D103N was performed
using the Fast Mutagenesis System Kit (TransGen).
Sequences of primer pairs used in these mutations are listed
in Table 1.

Bioinformatic analysis of Tlapa1 gene

The sequence results were assembled using DNA Star 7.1
software. The amino acid sequences obtained by the Vector
NTI Advance 10.0 software (Invitrogen) were searched with
BLASTp programs (http://www.ncbi.nlm.nih.gov/BLAST/)
to analyze the homologous sequences. The signal peptide
sequence of TlAPA1 was predicted with SignalP (http://
www.cbs.dtu.dk/services/SignalP/). The potential N-
glycosylation sites were predicted using NetNGlyc 1.0
Server (http://www.cbs.dtu.dk/services/NetNGlyc/).
Alignment of multiple protein sequences was accomplished
using Clustal W software (http://www.clustal.org/) and
rendered using the ESPript3.0 program (http://espript.ibcp.fr/
ESPript/cgi-bin/ESPriptcgi).

Phylogenetic analysis

The full amino acid sequence of TlAPA1 was used as the
query sequence in BLASTp searches in NCBI (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). In total, 22 sequences of A1
family aspartic proteases were obtained. Multiple sequence
alignments of TlAPA1 with other representative aspartic
protease enzymes, characterized enzymes, and enzymes with
determined three-dimensional (3D) structures, were per-
formed as described previously (Revuelta et al. 2014).
Sequence information for the A1 family of aspartic proteases
was obtained from the MEROPS database (https://www.ebi.
ac.uk/merops/cgi-bin/family_index?type=P#A). Phylogenetic
analyses of TlAPA1 and A1 family of aspartic proteases were
performed as described in previous studies (Revuelta et al.
2014). The distance matrix for nucleotides was calculated by
Kimura’s two-parameter model. The phylogenetic tree was
constructed with the neighbor-joining method using MEGA
7.0 and assessed using 1000 bootstrap replications (Kumar
et al. 2016).

Expression and purification of zymogens

Recombinant proteins were expressed inP. pastorisGS115, as
described previously (Zhang et al. 2017). Briefly, the gene
fragment coding for the zymogen (proTlAPA1) without the
signal peptide was amplified using the PCR method. PCR
products were digested with EcoRI and NotI and ligated into
the pPIC9 plasmid using T4 DNA ligase (New England
Laboratory). The recombinant plasmid pPIC9-proTlapa1, lin-
earized by BglII, was transformed into P. pastoris GS115
competent cells by electroporation. Positive transformants
were screened based on the transparent zone on skim milk
plates as described below. The transformants showing the
largest transparent zones were inoculated into 30 mL YPD
and incubated at 30 °C. The seed medium containing the pos-
itive transformant was inoculated into 1-L conical flasks con-
taining 300 mL of BMGY for fermentation. Conical flasks
containing 200 mL of BMMYand 0.5% (v/v) methanol were
prepared.

The cells were harvested by centrifugation for 10 min at
12,000g and resuspended in BMMYmedium and for the next
subsequent fermentation at 30 °C. Methanol was added every
24 h to obtain a final concentration of 0.5% (v/v). After 48 h of
cultivation, cell-free cultures were centrifugated at 12,000g,
4 °C for 10min, and the fermentation broth was collected. The
crude pro-enzymes were concentrated using an ultrafiltration
membrane with a molecular weight cut-off of 10 kDa
(Vivascience, Hannover, Germany). A HiTrap Q Sepharose
XL 5 mL FPLC column (GE Healthcare, Sweden) was used
for purification. Protein binding and equilibration was per-
formed using buffer A (10 mM sodium phosphate, pH 6.0),
and a linear gradient of NaCl (0–1.0 M) was used to elute the
proteins.

Activation of purified zymogen proTlAPA1

To determine the processing of zymogen conversion, pH
values of the proTlAPA1 samples were adjusted to 3.0 using
0.5 M lactic acid-sodium lactate buffer. proTlAPA1 was auto-
catalytically activated at 37 °C for 0, 15, 30, 45, 60, 75, and
90min, respectively. Processed polypeptides were detected by
SDS-PAGE andN-terminal sequencing. To investigate wheth-
er the maturation of proTlAPA1 is protein concentration-

Table 1 Primers used in this
study Primers Sequences (5′→ 3′) a

Tlapa1-F GGGTACGTAGTCCCGGCTCCTTCGCGGCCT

Tlapa1-R GAGCCTAGGCTATGCAGGAGATGCAAAACCAAGAG
ATGGA

Tlapa1D103N-F TTGTGATGGACTTTAATACCGGCTCT

Tlapa1D103N-R TTAAAGTCCATCACAACCTTCTGGC

a The restriction sites are underlined
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dependent or not, zymogen proteins of wild-type and mutants
with two concentrations (0.1 mg/mL and 0.2 mg/mL) were
incubated at 37 °C for 5 and 10 min and analyzed with SDS-
PAGE. To study the effects of pepstatin A on the zymogen
conversion of proTlAPA1, 5 μM pepstatin A was added into
the conversion system before the autocatalytic processing and
incubated at 37 °C for 15, 30, 45, and 60 min, respectively.
Zymogen conversion systems were subjected to SDS-PAGE
analysis. Samples without pepstatin Awere also treated simi-
larly, as a control group. To determine the optimum pH of
zymogen conversion, the pH values of the proTlAPA1 sam-
ples were adjusted to 2.0, 3.0, 4.0, 5.0, and 6.0 using 0.5 M
lactic acid-sodium lactate buffer. The samples at different pH
conditions were incubated at 37 °C; and the proteolytic activ-
ities were analyzed with casein (1%, w/v) at different incuba-
tion times. Finally, the samples were analyzed using SDS-
PAGE.

Enzyme activity assay

The activity of aspartic proteases was assayed in a 1000 μl
reaction mixture containing 500 μl of 1% (w/v) casein sodium
salt and 500 μl enzyme sample in buffer at pH 3.0. After
incubation at 60 °C for 10 min, 1000 μl of 40% (w/v) trichlo-
roacetic acid (TCA) was added to terminate the reaction. A
total of 500 μL of the supernatant was obtained from the
mixture using centrifugation after 12,000g for 3 min. 2.5 mL
of 0.4 M sodium carbonate and 500 μL Folin-phenol was
added into supernatant in turn before incubating at 40 °C for
20 min. The amount of released tyrosine was measured at
680 nm. One unit of proteolytic activity was defined as the
amount of enzyme that released 1 μmol of tyrosine equivalent
per minute under the conditions described above (pH 3.5,
60 °C and 10 min).

Properties of recombinant aspartic protease TlAPA1

Optimal conditions for purified TlAPA1 activity were mea-
sured in lactic acid-sodium lactate buffer under the following
conditions–temperatures ranging from 30 to 80 °C (at a con-
stant pH 3.5); and pH ranging from 2.0 to 4.5 (at a constant
temperature of 60 °C). Thermostability of TlAPA1 was
assessed by preincubating the purified enzyme for 1 h in lactic
acid-sodium lactate buffer under varying temperature condi-
tions: 55 °C, 60 °C and 65 °C (at constant pH of 3.5). The pH
stability was tested after preincubating at a constant tempera-
ture of 37 °C and varying pH conditions: 100 mM glycine-
HCl for pH 1.0–3.0, 100 mM citric acid–Na2HPO4 for
pH 3.0–8.0, 100 mM Tris-HCl for pH 8.0–9.0, and 100 mM
glycine-NaOH for pH 9.0–10.0. And then the residual enzyme
activities were measured under optimum conditions (60 °C,
pH 3.5).

The proteolytic activities of TlAPA1 were measured under
standard conditions (pH 3.5, 60 °C, 10 min) with 0.5–10 mg/
mL casein sodium salt, and the constants were determined by
linear regression fitting using GraphPad Prism version 7.01.
All experiments were performed in three biological and tech-
nical replicates.

N-terminal sequencing

Purified proteins were separated by SDS-PAGE and electro
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane. Stained with Coomassie Brilliant Blue R-250, the target
protein bands were excised and subjected to N-terminal amino
acid sequence analysis using a PPSQ-33 automatic sequence
analysis system (Shimadzu, Kyoto, Japan).

Results

Gene cloning and sequence analysis

The gene encoding a novel aspartic protease zymogen was
identified from the genome of Talaromyces leycettanus and
named as proTlapa1. The DNA sequence (MK108371 in the
GenBank database) had 1396 bp consisting of 3 introns and 4
exons. proTlapa1 encodes a polypeptide of 424 amino acids
including a putative signal peptide of 19 residues and a
propeptide of 61 residues at the N-terminus. The molecular
mass and pI value were estimated to be 42.5 kDa and 4.7,
respectively. Three N-glycosylation sites (N144, N253, and
N357) were predicted using the NetNGlyc 1.0 Server. The
deduced amino acid sequence of proTlapa1 shared the highest
identity of 70.3% with the aspergillopepsin A-like aspartic
endopeptidase from Byssochlamys spectabilis (GAD91729,
Oka et al. 2014), and of only 41.4% with a functionally char-
acterized aspergillopepsin-1 from Aspergillus oryzae RIB40
(Q06902, Gomi et al. 1993). Among aspartic proteases with
determined three-dimensional structures, proTlapa1 (residues
86 to 405) showed the highest identity (41.7%) with the cor-
responding domain of the mature aspartic protease (PDB
1IZD) from Aspergillus oryzae (Kamitori et al. 2003).

Phylogenetic analysis of TlAPA1

The results of BLASTP analysis showed that TlAPA1
belonged to the A1 family of aspartic proteases. However, this
family of proteases comprises of many subgroups with com-
plex evolutionary relationships. To obtain a clear evolutionary
relationship between TlAPA1 and other homologs of the A1
family, a phylogenetic analysis based on the amino acid se-
quence alignment was performed using MEGA 7.0. These
results indicated that aspartic proteases from different micro-
organisms were separated from each other in the evolutionary
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tree (Fig. 1). Seven subgroups that had been reported in pre-
vious studies emerged in the process of evolution in the fol-
lowing order : aspergi l lopepsin, penici l lopepsin,
trichoderpepsin, podosporapepsin, endothiapepsin,
rhizopuspepsin, and murcorpepsin subgroups. However,
TlAPA1 did not belong to any of these subgroups. TlAPA1
along with Q4WZS3 from Aspergillus fumigates belonged to
a new clade in the evolutionary tree (Fig. 1). This clade
emerged after the formation of the rhizopuspepsin subgroup
in the evolutionary tree. The evolutionary position of TlAPA1
suggested that TlAPA1 might have unique characteristics dis-
tinct from other aspartic peptidases.

Heterologous expression and purification
of proenzyme

The zymogen proTlAPA1, consisting of the N-terminal
propeptide and the mature domain, was expressed in
P. pastoris GS115. Expression of the recombinant protein
was confirmed by electrophoresis. As shown by SDS-PAGE
(Fig. 2), a specific protein band corresponding to a molecular
mass of approximately 53 kDa was obtained, which was

higher than the calculated value (45 kDa) of proTlAPA1.
Upon treating the samples with Endo H, the target band ap-
peared at approximately 45 kDa. The first five residues of
purified proTlAPA1 were V-P-A-P-S, as identified by N-
terminal amino acid sequence analysis. These results indicated
that TlAPA1 was produced in the form of a zymogen in
P. pastoris GS115.

Process of auto-activation

The inactive precursors of aspartic proteases were usually au-
tocatalytically activated under acidic conditions. In this study,
the processing of the zymogen conversion was determined by
SDS-PAGE and N-terminal amino acid sequencing. As shown
in Fig. 3, the activation process had been already initiated at
0 min of incubation at room temperature (about 25 °C), indi-
cating the rapidity of the process, potentially due to disinte-
gration of zymogens in the reaction whose pH had been ad-
justed to 3.5 before incubation. The appearance of two new
bands was accompanied by the weakening of the zymogen
band (50 kDa) before 30 min of incubation (Fig. 3). The mo-
lecular weights of the two new products were 45 kDa and

Fig. 1 Phylogenetic analysis of the subgroups of aspartic proteases A1
family. The amino acid sequences of A1 family were obtained by BLAST
analysis using the TlAPA1 protein (GenBank accession number
MK108371) as the query sequence. The evolutionary tree was
constructed by the neighbor-joining method. The sequences are labeled

with their GenBank accession numbers and host fungi. Numbers indicat-
ed in the tree branches are the bootstrap values (%) based on 1000 repli-
cations. The subgroups of A1 family are classified using gray shadow and
names are indicated in overstriking. TlAPA1 is shown in red which,
together with Q4WZS3, belonged to a new unknown clade
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40 kDa, and their first 5 residues were identified as L-D-F-E-P
and V-A-Q-P-A, respectively. After 90 min of incubation at
room temperature at pH 3.5, the proTlAPA1 was completely
converted to a 40-kDa band (Fig. 3).We suspected that the 45-
kDa product was an intermediate in the conversion process of
proTlAPA1 tomature TlAPA1, and the processing sites on this
45-kDa product were confirmed by N-terminal sequencing.
The above results indicated that the auto-activation processing
of proTlAPA1 proceeded in two stages, and two processing
sites (L67-L68, D85-V86) of proTlAPA1 auto-activation were
identified.

Effects of proteolytic activity on auto-activation
processing

As previous studies have illustrated, processing induced auto-
activation was related to its own proteolytic activity. The

relationship between auto-processing of proTlAPA1 and pro-
tein concentration was determined by SDS-PAGE after incu-
bation at 37 °C for 5 and 10 min. Although the auto-activation
processing of proTlAPA1 with two different concentrations
both occurs after the incubation at pH 3.5 for 5 and 10 min,
differences in activation rates were observed. Compared with
the 0.1 mg/mL concentration group, protein samples with a
concentration of 0.2 mg/mL have a faster activation rate
(Fig. 4a). This result indicates that the auto-processing of
proTlAPA1 is protein concentration-dependent, which means
the activation of TlAPA1 involves an intermolecular event.

Pepstatin A is a specific inhibitor of aspartic protease,
which can effectively inhibit its protease activity. Hence, the
effect of pepstatin A on the zymogen conversion of TlAPA1
was examined at a concentration of 5 μM of pepstatin A.
Electrophoretic analyses revealed that upon pepstatin A treat-
ment, the apparent molecular mass of the proTlAPA1 de-
creased from 50 to 45 kDa (Fig. 4b). The first 5 amino acid
residues of processed proteins (45 kDa) were determined as L-
D-F-E-P, which were identical to the cleavage intermediate of
proTlAPA1. Although the proTlAPA1 can be auto-processed
to intermediates (45-kDa products), the mature protein
(40 kDa) was not obtained even upon prolonged the incuba-
tion time up to 3 h in the presence of pepstatin A (Fig. 4b).
This demonstrated that the auto-processing from intermedi-
ates to mature proteins was inhibited by pepstatin A. Hence,
we conclude that the activation process from zymogen pro-
teins to 45-kDa intermediates could be completed when
aspartic protease PsAPA was inhibited by pepstatin A, while
the conversion of 45-kDa intermediates to mature proteases
was blocked by pepstatin A.

To further study the effects of proteolytic activity on
proTlAPA1 auto-activation processing, the catalytic Asp103
residue of TlAPA1 was replaced with Asn; and it was con-
firmed that the variant D103N lost its proteolytic activity
completely (Fig. S2). The variant D103N did not prevent pro-
cessing of the precursor into the 45 kD intermediates, while it
terminated the auto-activation of proTlAPA1 in the intermedi-
ate stage (Fig. 4c). This showed that the auto-processing of
proTlAPA1 into a 45-kDa intermediate still can be performed
after the catalytic residue Asp103 was mutated, and the

Fig. 3 Analysis of proTlAPA1 auto-activation for 90 min. The time
course of processing at room temperature (~ 20 °C) was analyzed using
12% SDS-PAGE. ProTlAPA1, recombinant precursor without the signal

peptide; Int-TlAPA1, intermediate produced during auto-activation pro-
cessing; Mat-TlAPA1, mature protein after auto-activation

Fig. 2 SDS-PAGE analysis of the recombinant proTlAPA1.Lane M,
molecular mass standard; Lane 1, crude zymogen proTlAPA1; Lane 2,
purified recombinant proTlAPA1; and Lane 3, deglycosylated zymogen
proTlAPA1 treated with Endo H
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process that turned intermediates into mature form failed to
proceed to the variant D103N. To further investigate whether
the 45-kD intermediates could be processed into mature form
in an intermolecular manner, the zymogen proteins of variant
D103N were treated with 0.2 μg/ml mature TlAPA1. In the
presence of active mature TlAPA1, the zymogen proteins of
variant D103N were processed into the mature forms after
incubation of 60 min (Fig. 4c). The above results show that
the auto-processing of proTlAPA1 is susceptible to active ma-
ture TlAPA1 and this process occurs in intermolecular
manners.

Effect of pH on auto-activation processing

The auto-activation processing of aspartic proteases is often
triggered by low pH. To determine the optimum pH of zymo-
gen conversion, this processing was executed in the range of
pH 3.0–6.0, and the proteolytic activities of treated samples
were detected using casein (1%, w/v) as a substrate, during the
processing of the aspartic protease zymogen. During
prolonged incubation at pH 3.0, the proteolytic activities were
increased and the enzyme activity peaked after 60 min
(Fig. 5a). We speculated that the precursor was almost
completely processed after 60 min of incubation at pH 3.0,
which was confirmed by SDS-PAGE (Fig. 5b, pH 3.0). The
processing induced auto-activation at pH 4.0 and pH 3.0 were
comparable, although complete activation at pH 4.0 required
longer incubation time (about 90 min). As shown in Fig. 5a,
the increase in proteolytic activities was absent at pH 6.0, and
no differences in protein bands were observed (Fig. 5b,
pH 6.0). This indicated that zymogen proTlAPA1 was not
converted at pH 6.0. Interestingly, the precursor band was
cleaved at pH 5.0 (Fig. 5b), although the final activity was
dramatically lower than at pH 3.0 and pH 4.0. In order to

understand the reason for the lowered activity at pH 5.0, the
N-terminal amino acid sequences of mature proteins at pH 3.0
and pH 5.0 were determined and found to be V-A-Q-P-A and
A-V-Q-G-G. This demonstrated that a degradation product
M2-TlAPA1 was generated at pH 5.0 because its activity
was not detected at any aforementioned temperature and pH
conditions. In conclusion, precursors of aspartic proteases
could be activated at the range of pH 3.0–4.0, while auto-
activation occurred most efficiently at pH 3.0, which is closest
to the optimum pH of mature aspartic protease.

Biochemical characterization of TlAPA1

The enzymatic characteristics of mature aspartic protease
TlAPA1 were assessed using casein (1%, w/v) as a sub-
strate. TlAPA1 showed the highest activity at pH 3.5
(Fig. 6a), similar to that that seen in most fungal aspartic
proteases. As shown in Fig. 6b, TlAPA1 had an optimal
temperature of 60 °C, which was higher than aspartic pro-
teases obtained from most other fungi. We further mea-
sured stabilities of aspartic protease TlAPA1 under differ-
ent pH and temperature conditions. TlAPA1 retained great-
er than 80% of its initial activity after 60 min of incubation
at 37 °C over a range of pH 2.0–6.0 (Fig. 6c). The stability
at acidic pH makes TlAPA1 favorable for applications in
food, beverages, and brewing industries. Figure 6d shows
that TlAPA1 was extremely stable below 55 °C, retaining
almost all of its initial activity after 1 h of incubation. At
higher temperatures, half-life of TlAPA1 was 30 min at
60 °C and 5 min at 65 °C. The thermostability of
TlAPA1 was higher than that of highly homologous
aspartic proteases from other fungi. Purified recombinant
TlAPA1 had a specific activity of 2187.4 ± 67.3 U·mg−1,
while the Km, Vmax, kcat, and kcat/Km values were

Fig. 4 SDS-PAGE analysis of auto-activation processing of proTlAPA1
and its variant D103N. a Effect of the protein concentration on
proTlAPA1 auto-processing. b Effect of the inhibitor pepstain A on
proTlAPA1 auto-processing. CK, the auto-activation processing of re-
combinant zymogens without pepstain A; + pepstain A, the auto-
activation processing of recombinant zymogens with pepstatin A. c

Effect of active mature TlAPA1 on variant D103N zymogens processing.
D103N, the auto-activation processing of variant D103N zymogens;
D103N+TlAPA1, the auto-activation processing of variant D103N zymo-
gens with 0.2 μg/ml active TlAPA1. M, molecular mass standard; Pro,
purified zymogens before auto-activation; 5, 10, 15, 30, 45, and 60, the
processing time of the auto-activation
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determined as 1.9 mg mL−1, 2321 μmoL min−1 mg−1,
1410 s−1, and 723.5 mL s−1 mg−1, respectively.

Discussion

Talaromyces leycettanus JCM12802, a thermophilic fungus
that has an optimal growth temperature of 42 °C, is the source

of various thermostable hydrolases including β-mannanase
(Wang et al. 2015), xylanase (Wang et al. 2017), β-glucanase
(You et al. 2016), and α-Amylase (Zhang et al. 2017). In this
study, a novel aspartic protease precursor comprising of 424
amino acid residues was identified from Talaromyces
leycettanus JCM12802 and expressed in Pichia pastoris suc-
cessfully. Another aspartic protease named TlAP has been
detailedly characterized from the same strain in our previous

Fig. 5 Analysis of proTlAPA1
auto-activation at varying
pH 3.0–6.0. a Proteolytic activi-
ties measured at different times
with the range of pH 3.0–6.0 at
60 °C. b SDS-PAGE analysis of
auto-activation processing at
37 °C with pH 3.0, 5.0, and 6.0

Fig. 6 Characterization of
purified mature enzymeTlAPA1.
a pH-activity profile. b
Temperature-activity profile. c pH
stability profile after 1 h-
incubation at 37 °C at different
pH values. d Temperature-
stability profile after incubation at
pH 3.0 and different temperatures
for various durations
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study (Guo et al. 2019). By comparing the homology between
TlAPA1 and TlAP, we observed that there was only 37.6%
identity in terms of the amino acid sequence. The molecular
mass of TlAPA1 without the signal peptide (mature protease)
was predicted to be 42.5 kDa, which was larger than that of
TlAP (39.2 kDa). The predicted pI values of the two putative
proteins from Talaromyces leycettanus JCM12802 were 4.7
and 4.1, which were in line with what has been reported in the
literature. In addition, the properties of aspartic protease
TlAPA1 were analyzed in detail. Purified TlAPA1 showed a
peak activity at pH 3.5, which was higher than that of TlAP
(pH 3.0). Similar to the reported aspartic protease TlAP,
TlAPA1 was stable over the pH range of 3.0 to 6.0. These
characteristics were similar to the homologs from other fungi,
including Monascus pilosus (Lakshman et al. 2010),
Trichoderma asperellum (Yang et al. 2013), and A. foetidus
(Souza et al. 2017). The acidic adaptation of TlAPA1 makes it
a promising candidate in many industries including cheese
manufacturing, juice clarification, and leather softening.
TlAPA1 also hydrolyzed proteins at higher temperatures. Its
optimal activity was recorded at 60 °C and greater than 80%
of the maximal activity remained at 65 °C. The temperature
optimum of TlAPA1 is higher than most reported homologs
including the TlAP (Table 2). TlAPA1 retains greater than
80% of its original activity after incubation at 55 °C for
30 min, indicating superior thermostability of TlAPA1 com-
pared with most other aspartic proteases that are commonly
stable at 50 °C and below (Guo et al. 2019; Takenaka et al.
2017; Rao et al. 2011). The thermostability of TlAPA1 is a
favorable characteristic for its potential application in many
areas. For example, during proteolysis, most substrate proteins
are resistant to proteases because of their structural stability at
moderate temperatures. At higher temperatures, substrate pro-
teins become unfold and their cleavage sites become exposed
and accessible to the catalytic enzyme. This suggests a more
efficient hydrolysis of TlAPA1 substrates at high tempera-
tures, due to the thermostable nature of TlAPA1.

The properties of enzymes are ultimately determined by the
sequence of amino acids, so we performed a phylogenetic
analysis of aspartic protease TlAPA1. Pfam protein family
prediction indicated TlAPA1 belongs to the A1 family of
aspartic proteases, and these aspartic proteases have under-
gone large sequence diversification leading to their evolution-
ary complexity (Revuelta et al. 2014; Rawlings et al. 2018).
When full sequences of the A1 family proteins were used for
phylogenetic analysis, the phylogenetic tree indicated TlAPA1
as a sister to an uncharacterized aspartic protease Q4WZS3
from Aspergillus fumigates, whose clade has not yet been
discovered. These results suggested that TlAPA1 was a poten-
tial evolutionary intermediate linking rhizopuspepsins and
other subgroups. A1 family of aspartic proteases contains
many biochemically-characterized enzymes including pepsin,
chymosin, rennin, and cathepsin D (Revuelta et al. 2014;

Rawlings and Barrett 2013). Phylogenetic analysis has con-
tributed to an in-depth understanding of aspartic protease evo-
lution. The phylogenetic tree showed that TlAPA1 largely
differed with other homologs in terms of the amino acid se-
quence, indicating that TlAPA1 potentially had distinct en-
zyme characteristics and special applications like the
mucorpepsin subgroup, a unique clade in the evolutionary
process and an important class of proteases, widely used as
milk-coagulating agents (Yegin and Dekker 2013). Our anal-
ysis suggested that phylogenetic analysis is able to provide
deeper insights into the evolution of a new clade and it has
contributed to an in-depth understanding of fungal aspartic
protease evolution.

It is well known that all aspartic proteases are synthesized
in forms of zymogens, and they are processed into the mature
aspartic proteases with proteolytic activity. At present, there
have been many researches about the activation processing of
aspartic protease zymogens, and some mechanisms have been
studied in depth (Richter et al. 1998; Dunn 2002).
Interestingly, the auto-activation processing of proTlAPA1
proceeded in two stages: formation of intermediates and acti-
vation of the mature protein (TlAPA1). This varies from other
aspartic proteases, such as the cathepsins D and E (Ostermann
et al. 2004), HIV protease (Lee et al. 1998), yeast proteinase A
(Dostal et al. 2005), aspergillopepsinogen I (Dunn 2002), and
rhizopuspepsin (Chen et al. 1991).

The autocatalytic activation of zymogens is a complex pro-
cess, involving a dramatic conformational rearrangement and
the proteolytic cleavage of the prosegment (Richter et al.
1998). The auto-activation of most aspartic protease zymo-
gens depended on the decrease of pH values (Khan et al.
1999). At low pH, the protonated acidic residues (the two
catalytic aspartic residues) disrupt the electrostatic interactions
between the prosegment and the mature enzyme, initiating the
activation reaction through the conformational changes
(Dunn, 2002). We further studied the conversion processing
of proTlAPA1 at different pH conditions and determined that
the optimum pH of conversion was similar to that of its peak
activity, suggesting that the auto-activation process was relat-
ed to aspartic protease activity. Interestingly, when we activat-
ed the zymogens at pH 5.0, a minor protein band was gener-
ated in SDS-PAGE. This auto-processing site (S98-A99) was
also confirmed by N-terminal sequencing and was located at
13 residues downstream of the mature site. However, a deg-
radation product was generated at pH 5.0 because of the acti-
vation with mistakes (Fig. 7). In the N-terminal propeptide,
the segment around the processing site underwent inaccurate
conformational changes at pH 5.0 and the S98-A99 site be-
came sensitive to proteolysis. Similar results also have been
reported for other zymogens such as phytepsin, cardosin, and
rhizopuspepsin (Chen et al. 1991).

The prosegment cleavage often occurs by either an intra-
molecular or intermolecular reaction (Dunn 2002). Three
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models of activation were proposed: complete self-process-
ing, self-processing assisted with protease, and fully assisted
processing (Richter et al. 1998). In order to understand better
the autocatalytic activation mechanism of proTlAPA1, a few
experiments were carried out in vitro. Our result indicates that
the auto-processing of proTlAPA1 is positively correlated
with protein concentration, which is in agreement with gastric
aspartic proteases (Richter et al. 1998), and this means that the
prosegment can be auto-processed intermolecularly.
Generally, the activation of aspartic protease zymogens was
prevented by pepstatin A (Glathe et al. 1998; Domingos et al.
2000), while proTlAPA1 still can be auto-processed to a 45-
kDa intermediate at the presence of 5 μM pepstatin A. We
predicted that the formation of 45-kDa intermediates maybe
occur independent of catalytic residues and this hypothesis
has been confirmed by the activation process of mutant
D103N. However, the conversion of 45-kDa intermediates
to mature TlAPA1 was dependent on the catalytic residues
of TlAPA1. As for the zymogen proteins of mutant D103N,
the auto-activation processing terminated in the intermediate
stage without activated TlAPA1. After the addition of the ac-
tivated mature TlAPA1, zymogen proteins of mutant D103N

can be processed into mature forms. These showed that the
conversion of 45-kDa intermediates occurs in an intermolec-
ular manner. The above results show that there are quite dif-
ferences from other aspartic proteases for the auto-activation
mechanism, but the activation mechanisms still remain to be
proven in future work based on the tertiary structure.

This large difference in the processing mechanism of
proTlAPA1 appears to be attributable to its primary structure
of the prosegment. Compared the N-terminal propeptide of
TlAPA1 precursor to other homologs, the N-terminal
propeptide of TlAPA1 precursor showed low sequence iden-
tity (< 30%) to other known aspartic proteases (Fig. S1). In
addition, the N-terminal propeptide of TlAPA1 precursor pos-
sessed an additional 61 residues with a greater abundance of
arginine residues, compared with other homologs (Fig. S1).
We thus speculated that the sequence peculiarity of N-terminal
prosegment lead to the special auto-activation processing of
the TlAPA1 precursor.

In summary, a novel aspartic protease, TlAPA1, was iden-
tified, that belonged to a new clade in the phylogenetic tree.
The sequence analysis of the propeptide region showed that
proTlAPA1 could have a unique mechanism of auto-

Table 2 Optimal temperature and
thermostability of several aspartic
proteases

Source Products
name

Optimal temperature
(°C)

Thermostability a

(%)
Reference

T. leycettanus TlAPA1 60 84% (55 °C,
30 min)

This study

T. leycettanus TlAP 55 64% (50 °C,
30 min)

Guo et al. 2019

M. circinelloides MCAP 60 40% (55 °C,
30 min)

Kangwa et al. 2018

R. miehei RmproA 55 60% (55 °C,
30 min)

Sun et al. 2018

Aspergillus
foetidus

AfAP 55 ND Souza et al. 2017

A. repens PepA_MK82 60 80% (50 °C,
20 min)

Takenaka et al.
2017

T. asperellum TAASP 40 ND Yang et al. 2013

Cryptococcus sp. Cap1 30 80% (50 °C,
60 min)

Rao et al. 2011

M. pilosus MpiAP1 55 80% (55 °C,
30 min)

Lakshman et al.
2010

a The values in the brackets indicate the incubation time at temperature (°C), and the percentages in front of the
brackets indicate the residual activity

Fig. 7 Schematic representation of the signal peptide, the propeptide
region and the mature protein in TlAPA1. ProTlAPA1, the recombinant
precursor without the signal peptide; Int-TlAPA1, the intermediate

produced during auto-activation processing; TlAPA1,mature protein after
auto-activation at pH 3.0; M2-TlAPA1, mature protein after auto-
activation at pH 5.0
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activation processing. The results indicated that there are two
steps in the processing of auto-activation, and a 45-kDa inter-
mediate was confirmed. Moreover, the characteristics of ma-
ture protein TlAPA1 demonstrated that it is excellent in terms
of specific activity and thermostability.
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