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Abstract
The pep4um gene (um04926) of Ustilago maydis encodes a protein related to either vacuolar or lysosomal aspartic pro-
teases. Bioinformatic analysis of the Pep4um protein revealed that it is a soluble protein with a signal peptide suggesting 
that it likely passes through the secretory pathway, and it has two probable self-activation sites, which are similar to those 
in Saccharomyces cerevisiae PrA. Moreover, the active site of the Pep4um has the two characteristic aspartic acid residues 
of aspartyl proteases. The pep4um gene was cloned, expressed in Pichia pastoris and a 54 kDa recombinant protein was 
observed. Pep4um-rec was confirmed to be an aspartic protease by specifically inhibiting its enzymatic activity with pepstatin 
A. Pep4um-rec enzymatic activity on acidic hemoglobin was optimal at pH 4.0 and at 40 °C. To the best of our knowledge 
this is the first report about the heterologous expression of an aspartic protease from a basidiomycete. An in-depth in silico 
analysis suggests that Pep4um is homolog of the human cathepsin D protein. Thus, the Pep4um-rec protein may be used to 
test inhibitors of human cathepsin D, an important breast cancer therapeutic target.

Keywords Pep4um recombinat protein · Aspartyl acid endoprotease · Pepstatin A · Cathepsin D homolog · Ustilago 
maydis · Pichia pastoris

Introduction

Aspartic proteases, otherwise known as aspartyl proteases 
(E.C.3.4.23.X), are enzymes from the pepsin family (A1 
family) that usually function in acidic conditions, either 
outside of the cell or in the lysosome/vacuole compart-
ment. Aspartic proteases are monomeric enzymes with two 
domains, each one containing an aspartic residue essen-
tial for enzymatic activity. These proteases are widely 

distributed in retroviruses and eukaryotic cells, including 
mammals, plants, nematodes and fungi [1].

Filamentous fungi and yeast produce two varieties of 
aspartyl proteases: extracellular and intracellular. Proteins 
in the secreted aspartyl proteases (SAPs) family, produced 
by the opportunistic pathogen Candida spp, are a type of 
phylogenetically related extracellular aspartic proteases that 
have been studied in-depth. Besides providing nutrition to 
the cell, SAPs are considered virulence factors [2, 3]. A 
similar function has been proposed for extracellular aspartic 
proteases of filamentous fungi such as the phytopathogenic 
Sclerotinia sclerotiourum, the human opportunistic pathogen 
Cryptococcus neoformans and the mychophagous Tricho-
derma harzianum [4–7].

Yapsins (YAPs) are a second type of extracellular aspartyl 
proteases that contain a GPI moiety in the C-terminal region. 
Through this moiety, YAPs bind to the plasma membrane 
in the fungal cell, apparently implicated in assembly and/or 
remodeling of the cell wall. Additionally, some of them are 
virulence factors [8–10].
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Vacuolar aspartyl protease A (PrA) (E.C.3.4.23.25) is 
encoded by the PEP4 gene in Saccharomyces cerevisiae. 
It is synthesized as a preproenzyme and its maturation pro-
ceeds in a three-step process. First, a 22-amino-acid signal 
peptide is removed in the endoplasmic reticulum to form 
proPrA. Once in the vacuole, 45 amino acids in the pro-
PrA N-terminal section are removed auto-catalytically in a 
pH-dependent manner, producing an active pseudoPrA that 
activates proPrB, a vacuolar serine endoprotease. Finally, 
mature PrB removes 54 amino acid residues from the pro-
PrA N-terminal region yielding matured PrA [11]. Moreo-
ver, pseudoPrA triggers a cascade-like activation that drives 
also carboxypeptidase proCPY and other enzymes [12, 13]. 
These mature vacuolar enzymes play a pivotal role in cell 
survival during nitrogen starvation and sporulation process 
[14].

Like the PrA protease of  S. cerevisiae, human lysosomal 
endoprotease cathepsin D (cath-D) (E.C.3.4.23.5) is syn-
thesized as an inactive preproenzyme, which is maturated 
through the secretory pathway until it reaches the lysosome. 
The mature cath-D protein is an essential player in protein 
turnover. Elevated cath-D levels correlate with tumor malig-
nancy and cancer cell survival [15, 16].

The phytopathogenic fungus Ustilago maydis, the causal 
agent of corn smut, has a complex life cycle in which the 
mating of two haploid yeasts leads the formation of a dikary-
otic infective mycelium [17]. The yeast-mycelium transi-
tion can be generated in vitro when haploid cells growing 
at pH 7.0 are transferred to pH 3.0 [18]. The addition of 
pepstatin A, a specific inhibitor of aspartic proteases, inhib-
its the intracellular aspartic protease activity and the yeast-
mycelium transition induced at pH 3.0 [19]. Moreover, the 
protein encoded by ORF um04926 is up-regulated after the 
transition of yeast to the filamentous form, induced by the 
over-expression of the bE2/bW1 heterodimer, a major tran-
scriptional factor in U. maydis [20]. Recently, it has been 
shown that this putative aspartic protease is involved in the 
pathogenesis and dimorphism of U. maydis [21]. In the cur-
rent study, the protein encoded by the pep4um gene, related 
to  S. cerevisiae PrA and to human cath-D, was expressed 
in Pichia pastoris and biochemically characterized. Even 
though other proteases from Basidiomycete fungi has been 
successfully expressed in recombinant systems [22]. To our 
knowledge this is the firsts vacuolar aspartic protease from 
Basidiomycete heterologously expressed.

Materials and methods

Strains and plasmids

The U. maydis FB1 (a1b1) strain used herein was kindly pro-
vided by Dr. Flora Banuett (UCSF). The Escherichia coli–P. 

pastoris shuttle vector pPICZA (Easy Select Pichia Expres-
sion Kit, Invitrogen, CA, USA) was employed for cloning 
and expression of the pep4um gene in P. pastoris X-33. The 
E. coli strain DH10b was used for plasmid construct and 
propagation.

Bioinformatic analysis

The pep4um (um04926) nucleotide sequence was identi-
fied by BLASTp analysis in the database of the U. may-
dis genome project, available at http://mips.gsf.de/genre /
proj/ustil ago. Deduced amino acidic sequences from genes 
encoding for vacuolar aspartyl proteases in other yeasts 
and filamentous fungi were used. [ID protein numbers;  
S. cerevisiae PEP4 (YPL154C), Candida albicans APR1 
(orf19.1891) and Neurospora crassa PEP4 (AAA79878)]. 
The structural analyses of the gene and the translated pro-
tein were carried out on the software programs: isoelectric 
point (pI), helical membranous regions, molecular signa-
tures and subcellular location were predicted by utilizing 
the ScanProsite database and PSORTII, respectively (http://
www.expas y.org). Multiple alignments of nucleotide and 
deduced protein sequences, and dendrogram were performed 
on MEGA 6.0 [23] by using Neighbor-Joining algorithms 
computed with the Poisson correction and Bootstrap analysis 
(1000 replicates).

Prediction of the tertiary structure of the Pep4um 
protein

The three-dimensional structure of U. maydis Pep4um and 
human cath-D were deduced by homology modeling with 
the SWISS-MODEL Workspace (http://www.expas y.org). 
Amino acid sequences of these organisms used to search 
templates were XP_011391245 and NP_001900, respec-
tively. The best templates were selected based on sequence 
identity and coverage probability. The crystal structures of  
S. cerevisiae PrA (PDB ID: 1 fmx.1.A) [24], and human 
complex cath-D-pepstatin A (PDB ID: 1lyb.1.B and .C) [25] 
were used to model Pep4um and cath-D, respectively. Struc-
ture alignment, superposition and root-mean-square (rms) 
deviation were performed with SuperPose V 1.0 (http://
wisha rt.biolo gy.ualbe rta.ca/Super Pose/). Superposition was 
edited on UCSF Chimera software [26].

Heterologous expression of the U. maydis pep4um 
gene in P. pastoris

The pep4um coding region was amplified by PCR with 
the following primers: Pep4UMfwd2 5′-CGCGC GAA TTC 
ATG AAG CTC AAC CTC TCC CTCAC-3′ and Pep4UMrev2 
5′-CGCGC GAA TTC CTT GGC AGT CGC GAGAC-3′ (EcoRI 
restriction sites were introduced and are shown in italics). 

http://mips.gsf.de/genre/proj/ustilago
http://mips.gsf.de/genre/proj/ustilago
http://www.expasy.org
http://www.expasy.org
http://www.expasy.org
http://wishart.biology.ualberta.ca/SuperPose/
http://wishart.biology.ualberta.ca/SuperPose/
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The PCR product was digested with the EcoRI restriction 
enzyme and purified with QIAquick Gel Extraction (Qia-
gen, USA), according to the manufacturer’s instructions. 
The purified product was cloned into the EcoRI site of 
the pPICZA multiple cloning site to generate the plasmid 
pPICZA-Pep4um. Construct orientation in frame with the 
AOX promoter was verified by both PCR and sequencing. 
Once a clone was selected, P. pastoris was transformed 
using 10 µg of pPICZA-Pep4um DNA previously linearized 
with PmeI. Transformant clones were selected according to 
the manufacturer’s instructions on YPDS zeocin medium 
(YPD, 100 µg/mL zeocin and 1 M sorbitol). Zeocin-resist-
ant clones were confirmed for construct integration by PCR 
amplifying of two specific sequences, the first one employ-
ing the same primers used for cloning of the pep4um gene, 
and the second one with the AOX1 5′ forward and 3′ reverse 
primers supplied in the kit. The wild type P. pastoris X-33 
and Cɑ (transformed with the empty plasmid) genomic DNA 
were utilized as negative controls.

Expression and identification of recombinant 
Pep4um‑rec

Wild type and transformant P. pastoris strains were grown in 
50 mL of glycerol-based yeast medium (1.34% YNB without 
amino acids, 4 × 10−5 % biotin, 10 mM potassium phosphate 
buffer and 2% glycerol, pH 6.0) at 28 °C until a  DO600 = 2.0 
was reached. The cells were harvested and resuspended 
in 100 mL of the same medium supplemented with 0.5% 
methanol (v/v) instead of glycerol and incubated for 48 h, 
adding methanol every 24 h. The cells were harvested and 
washed twice with cold sterile distilled water and disrupted 
by using glass beads (0.5 mm in diameter) and lysis buffer 
(50 mM  NaH2PO4, 300 mM NaCl and 10 mM imidazole, 
pH 8). The cell-free extract (CFE) was obtained by cen-
trifugation at 10,000×g for 20 min. Then the extract was 
ultracentrifuged at 100,000×g for 90 min and the soluble 
fraction was recovered.

The soluble fraction of the strain expressing the recom-
binant protein was loaded in a  ProBondTMNickel-Chelatin 
Resin (Invitrogen, CA, USA). The elution was performed 
accordingly to the manufacturer’s instructions using elution 
buffer supplemented with 250 mM imidazole. However, no 
recombinant protein was recovered (data not shown). The 
recombinant Pep4um-rec protein was partially characterized 
by using the P. pastoris CA1 (pPICZA-Pep4um) soluble 
fraction, and the activity of a soluble fraction of the Cɑ 
strain (pPICZA) was subtracted in order to consider back-
ground activity. Protein extracts were examined in 10% 
SDS–PAGE. The protein concentration was estimated by a 
modified Lowry method (1% SDS).

In order to identify the recombinant protein, the sam-
ple was subjected to electrophoresis as aforementioned and 

a band of the expected size of Pep4um was excised from 
the SDS–PAGE, treated with trypsin and sent for protein 
sequence determination by liquid chromatography and 
nanoelectrospray ionization mass spectrometry (LC–MS) 
(Thermo-Fischer Co., San Jose, CA, USA) at the Instituto 
de Biotecnología UNAM proteomics facility.

For the Western blot assay, proteins were transferred from 
SDS–PAGE to a PVDF membrane (Millipore), blotted with 
anti-6x His (C-term)-HRP tag antibody (Invitrogen CA, 
USA), and revealed with diaminobenzidine (Sigma) and 
30% hydrogen peroxide.

Endoprotease activity assay

The activity of endoprotease A was evaluated by the acid 
hemoglobin method [27]. One unit of specific activity was 
defined as 1 µg of tyrosine-containing peptides released into 
the supernatant per minute per milligram of protein at 37 °C.

Pep4um‑rec activity against other substrates

The denatured hemoglobin used in the standard assay was 
replaced by albumin, casein and Hide Powder Azure (HPA), 
a collagen-type substrate. All the substrates were tested at 
pH 3.5 and 7.0.

Effects of pH and temperature on recombinant 
Pep4um‑rec activity

The optimal pH for protease activity was examined at 37 °C 
with different buffers sets at the desired pH value. For the 
pH ranges of 3.0–8.0, 8.0–10.0, and 10.0–11.0, McIlvaine, 
Tris–HCl and glycine-NaOH 50 mM buffers were used, 
respectively. pH stability was assessed by overnight prein-
cubation of the enzyme extracts in the appropriate buffer at 
4 °C and at different pH values ranging from 2.0 to 10.0, 
followed in each case by a standard enzyme assay. The opti-
mal temperature for enzyme activity was explored between 
5 and 80 °C by a standard enzyme assay. Thermal stability 
was evaluated by incubating the enzyme solution at 5, 25, 
30, 35, 40, 50, 60, 70 and 80 °C for 60 min, and then con-
ducting the standard enzyme assay. The actual activity was 
always expressed as a percentage of the maximum activity 
(considered as 100%) obtained at either the optimal pH or 
temperature.

Effects of protease inhibitors on recombinant 
Pep4um‑rec activity

Potential inhibitors such as pepstatin, leupeptin, Pefabloc, 
E-64, 1–10 phenanthroline and EDTA-Na2 (Sigma-Aldrich 
and Roche, Switzerland) were tested at two different con-
centrations (Table 2). The P. pastoris CA1 soluble extract 



1158 Molecular Biology Reports (2018) 45:1155–1163

1 3

was preincubated with each potential inhibitor for 30 min 
at 37 °C, followed by a standard enzyme assay. The actual 
activity was expressed as a percentage of the enzymatic 
activity obtained without the inhibitor (considered as 100%). 
All determinations were performed at least three times.

Results

Identification of aspartic proteases genes of U. 
maydis

Eight sequences with two aspartic acid residues in the char-
acteristic consensus sites for aspartic proteases were iden-
tified in the genome of U. maydis. These were compared 
to sequences of different aspartic proteases from multiple 
fungi. Seven of the eight U. maydis predicted proteins are 
putative extracellular proteases related to both GPI-anchored 
and soluble types. On the other hand, the predicted protein 
from the um04926 gene (pep4um) is the only one related to 
the yeast and filamentous fungi vacuolar aspartic endopro-
teases, and also to the human lysosomal cathepsin-D (cath-
D) (Fig. 1a).

Characteristics of the vacuolar Pep4um protein of U. 
maydis

The pep4um gene encodes for a putative protein of 418 
amino acids, with a calculated molecular weight of 
45.6 kDa and a pI = 4.8. The examination of the Pep4um 
predicted protein indicated that it contains the two charac-
teristic aspartic protease motifs,  VILD125TGSSNLWV and 
 AAID307TGTSLIAM, which are essential for enzymatic 
activity. As in the  S. cerevisiae PrA, Pep4um has: (i) two 
characteristic N-glycosylation sites  (Asn160 and  Asn301), 
(ii) a group of cysteine residues involved in disulfide bond 
formation  (Cys138–Cys143 and  Cys341–Cys374), and (iii) a 
22-amino acid putative N-terminal signal peptide (Fig. 1b), 
suggesting that it is a zymogen that transits through the 
secretory pathway towards the vacuole. In contrast to  S. 
cerevisiae PrA, Pep4um predicted sequence does not con-
tain a PrB-like processing site (Fig. 1b), however it contains 
two probable auto-maturation sites similar to those found in 
PrA (Fig. 1b), as well as amino acid regions whose role in 
its structural stability has been suggested (Fig. 1b). Addi-
tionally, amino acid sequences of  S. cerevisiae PrA and 
U. maydis Pep4um are similar to human lysosomal cath-D 
(with an identity of 40.0 and 36.6%, respectively). However, 
the Ser80 amino acid in the S3 pocket, which is part of the β 
hairpin loop (called the “flap”) and plays a role in inhibitor 
binding, is present in both cath-D and Pep4um proteases.

In order to determine whether these characteristics are 
structurally conserved in a 3D model, the Pep4um (93–418 

region) was deduced by using the uninhibited  S. cerevi-
siae PrA as template. The Pep4um protein structure dis-
played the characteristic two lobes spaced by a deep cleft 
of peptidases of the A1 family. In each of these lobes were 
found the two catalytic aspartic resides. A similar orienta-
tion of these residues and the glycosylation site  Asn62cathD 
is shown by the superimposition of the predicted structure 
of the U. maydis Pep4um on the cath-D structure, modeled 
using the complex cath-D-pepstatin A, with a rms devia-
tion of 3.55 for 330 Cα (Fig. 2a). Torsion of the  Tyr78cathD 
at the tip of the flap is similar in both cath-D and Pep4um 
protein structures. Moreover, a structural region similar to 
the Pro-rich of cath-D is superimposed in the modeling of 
Pep4um, although these two proteins do not have similar 
sequences in that region (Fig. 2b). These results show the 
structural similarity of cath-D and Pep4um and suggest a 
comparable enzymatic activity.

Recombinant Pep4um

In order to test whether pep4um gene encodes for an aspar-
tic protease, this gene was cloned into the pPICZA vec-
tor to generate the pPICZA-Pep4um vector and used to 
transform P. pastoris X-33 (Fig. 3a). The insertion of the 
recombinant pep4um gene in the genome of the P. pas-
toris was confirmed by PCR amplification as indicated 
in the previous section. After confirming gene insertion, 
the strain was utilized for further characterization of the 
recombinant Pep4um-rec protein.

Pichia pastoris strains transformed with plasmids 
pPICZA and pPICZA-Pep4um, were grown in medium 
containing methanol as the sole carbon source to elicit 
recombinant protein expression. The cells were harvested 
and then disrupted to obtain the CFE, from which the solu-
ble and the membrane fractions were separated, as before 
mentioned. The P. pastoris transformant CA1 soluble frac-
tion presented nearly a fourfold higher activity after 48 h 
of induction when compared to P. pastoris Cɑ (carrying 
empty plasmid pPICZA) (Fig. 3b).

The soluble fractions from the CA1 and the control 
Cɑ strains were subjected to SDS–PAGE and a band of 
approximately 54 kDa was evident in the CA1 but not in 
the Cɑ soluble extract (Fig. 3c). This band was excised and 
sequenced by LC–MS. Two sequenced peptides matched 
the predicted protein sequence of the Pep4um gene. One 
of them corresponded to the first motif of the aspartic pro-
tease and the other was part of the last amino acid region 
of the sequence (Fig. 1b). A Western blot analysis with an 
anti-His antibody also revealed a band of 54 kDa in the 
CA1 clone soluble fraction (Fig. 3d).
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Pep4um‑rec is an endoprotease, with optimal 
activity at pH 4.0 and 40 °C

Pichia pastoris CA1 and Cɑ soluble fractions were tested 
in neutral and acidic conditions to determine their activ-
ity towards four different substrates hemoglobin, albu-
min, casein and HPA, as indicated in previously. Then the 
activity of the Cɑ strain was subtracted from that of CA1, 
the highest Pep4um-rec specific activity was obtained in 
acidic conditions using hemoglobin as substrate. In neutral 
conditions, no recombinant activity was detected towards 
albumin or HPA (Table 1). The recombinant enzyme was 
stable in an acidic pH ranging from 4.0 to 6.0. Optimal 

activity was found at pH 4.0 with hemoglobin as substrate 
(Fig. 4a). Moreover, Pep4um-rec was stable for 60 min in 
a range of 25–35 °C, the optimal temperature being 40 °C 
(Fig. 4b).

Additionally, the effect of six protease inhibitors on 
Pep4um-rec activity was evaluated. Whereas enzyme 
activity was inhibited by pepstatin A, a specific aspar-
tic protease inhibitor, no inhibitory effects were observed 
with the cysteine (leupeptin), serine (E64), or metallopro-
tease (pefabloc, EDTA or 1–10 phenanthroline) protease 
inhibitors (Table 2). Overall, these evidences show that 
Pep4um is an aspartic protease.

Fig. 1  The protein encoded by the U. maydis pep4um gene is an 
aspartic protease, related to vacuolar and lysosomal proteases. a 
Neighbor-Joining phylogenetic tree of fungal aspartic proteases; 
bootstrap values are on branches and protein access numbers are in 
parenthesis. b Alignment of the predicted amino acid sequences of 
the U. maydis pep4um gene (Um_um04926) with the  S. cerevisiae 
PrA (Sc_PEP4) and the human cat-D (Hs_CathD). The aspartic resi-
dues of the active site and the disulfide bonds are indicated by dia-
monds and bridges, respectively. The  S. cerevisiae PrA has two sites 
of N-glycosylation, a processing site by the vacuolar serine protease 
B (PrB), and a self-processing site (shown by asterisks, arrow and 
arrowhead, respectively). Additionally, grey arrowheads show two 

probable self-maturation sites in the U. maydis sequence, while the 
dotted line in N-terminal region denotes its predicted signal peptide 
and the two probable N-glycosilation sites by asteriks. Two peptides, 
identified by the sequence of a 54  kDa band from P. pastoris CA1 
soluble fraction are designated by a continuous line, underneath the 
peptide sequence. Residues marked with crosses are involved in the 
structure maintenance of PrA. Ca—C. albicans, Sc— S. cerevisiae, 
Bc—B. cinerea, Um—U. maydis, An—A. niger, Ta—T. asperellum, 
Th—T. harzianum, Cn—C. neoformans, Cb—C. boidinii, Af—A. 
fumigatus, Nc—N. crassa, Hs—H. sapiens. Sap secreted aspartic pro-
tease, Yps yapsins
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Discussion

Ustilago maydis genome has at least eight genes encoding 
for putative aspartyl proteases, seven of them are grouped 
with extracellular aspartyl proteases of other yeasts and 
filamentous fungi. Meanwhile, the Pep4um (um04926) is 
the only one grouped with vacuolar and lysosomal aspartyl 
proteases. The vacuolar/lysosomal location of the Pep4um 
protein has been demonstrated by our group [21], sug-
gesting a phylogenetic relation of Pep4um with the  S. 
cerevisiae PrA and human lysosomal cath-D.

Like PrA and cath-D, the Pep4um vacuolar protease 
could be synthesized as a zymogen, since it displays two 
putative auto activation sites as  S. cerevisiae PrA, how-
ever no PrB-like processing site was found in Pep4um 
sequence. It is known that  S. cerevisiae strain mutant lack-
ing PrB protease, is capable to produce an active pseudo-
PrA by self-activation [13]. On the other hand, it has been 
suggested that C. glabrata PrA might has a role in the 
autophagy process [28, 29].

The overexpression of pep4um in P. pastoris allowed us 
to get an intracellular recombinant protein of 54 kDa, con-
firmed as a Pep4um protein by peptide sequencing. This 
is in agreement with the molecular masses described for 
vacuolar intracellular aspartic proteases from other fungi 
such as  S. cerevisiae PrA, H. polymorpha and N. crassa 
PEP4 (41.7, 45.4 and 40 kDa, respectively) [30–32].

Both the CFE and the soluble fraction obtained from 
the CA1 strain expressing Pep4um-rec digest preferentially 
hemoglobin in acidic conditions. A similar effect has been 
shown for S. cerevisie PrA, C. boidinii PEP4, N. crassa 
PEP4 and the previously purified intracellular aspartic pro-
tease PumAi from U. maydis. Also, human cath-D that is 
more active on denatured hemoglobin than on native pro-
teins [30–34]. Pep4um-rec is stable at a pH between 4 and 
6 and at temperatures ranging from 25 to 35 °C, having an 
optimum activity at pH 4.0 and at 40 °C. This is similar to 
what has been found for PrA and PumAi [30, 34]. Contrary 
to the activity observed with the soluble fraction and CFE, 
which are also able to digest casein, albumin and collagen, 
no protease activity was exhibited in the membrane fraction, 
suggesting that Pep4um-rec is a soluble protein. In addi-
tion, the endoprotease activity of the P. pastoris CA1 soluble 
fraction towards acid hemoglobin was completely inhibited 
by adding 25 µM pepstatin A, while no effect was detected 
in general with the other inhibitors tested, except with EDTA 
and 1–10 phenantroline, thus Pep4um-rec could be affected 
by metal ions such as other aspartic proteases [35]. Thus, our 
prediction that the product of the pep4um gene is an aspartic 
protease was confirmed.

The predicted tertiary structure of U. maydis Pep4um, 
using as the search model a non-ligated PrA protease, is 
similar to that of other acid aspartic proteases. When it is 
superimposed on cath-D-pepstatin A complex, they share 
important similarities such as the “flap” structure at the Tyr 

Fig. 2  Predicted tertiary structure of U. maydis Pep4um is similar to 
the acid aspartic proteases of family A1. a Superimposition of ribbon 
representations of the predicted Pep4um structure (green) and cath-
D (blue). Aspartic catalytic residues are indicated in red, asparagine 
glycosylation sites in pink, the “flap” region with tyrosine residues in 

brown and the Cat-D proline loop in yellow. b Schematic representa-
tion of the flap region and part of the catalytic site of Pep4um and 
cath-D. Residues numbers according the modeled sequences are indi-
cated. Pep4um and cath-D 3D structures were modeled as indicated 
in methods. (Color figure online)



1161Molecular Biology Reports (2018) 45:1155–1163 

1 3

78, Gly 79 and Ser 80 residues located at the tip, that have an 
important function in substrate and inhibitor specificity [25]. 
In contrast, for  S. cerevisiae PrA the rotation of the Tyr 75 
of the “flap” is different, occupying the S1 binding pocket of 
the non-inhibited protein [24]. Also Ser 80 residue is absent. 
Despite these structural differences, a phylogenetic analy-
sis demonstrated that PrA is more related to cath-D than to 
other mammalian and fungal aspartic endoproteases [36]. 
However, U. maydis was proposed as a model for under-
standing what happens in mammalian cellular processes, 
since U. maydis and humans share disease-related proteins 
not observed in  S. cerevisiae [37].

Aditionally U. maydis is proposed a suitable model for 
heterologous expression of proteins [38] and the knowl-
edge of the characteristics of proteases whose main role is 
the post-translational modification is important to get high 
efficiencies of the recombinant proteins [39]. In conclu-
sion, we found that Pep4um is an aspartic endoprotease 
active and stable under acidic conditions and a homolog 

Fig. 3  The recombinant Pep4um-rec encoded by the U. maydis 
pep4um gene is an intracellular soluble endoprotease. a Cartoon of 
the pPICZA-Pep4um plasmid and its recombination in P. pastoris 
AOX1 gene. b Specific activity against denatured hemoglobin of the 
cell-free extract (CFE), soluble (Sol) and membrane (Mem) frac-
tions from the transformants CA1 (carrying the pPICZA-Pep4um 
plasmid) and Cɑ carrying the empty plasmid (pPICZA), which were 

grown in methanol during 48 h. Error bars show ± SD. c Molecular 
weight determination of the Pep4um-rec recombinant protein. CA1 
and Cɑ soluble fractions were examined by SDS–PAGE. A 54 kDa 
band (arrow) in the CA1extract was sequenced by LC–MS and corre-
sponded to the deduced amino acid sequence of Pep4um. d A unique 
band of 54 kDa (arrow) was evidenced in the CA1 soluble fraction by 
Western blot analysis by using an anti-His tag antibody

Table 1  Relative activities of the recombinant Pep4um-rec against 
non-specific substrates

CFE cell free extract, SOL soluble fraction, MEM membranous frac-
tion
a Expressed as a percentage of the degree of hydrolysis of acid hemo-
globin at pH 4.0 (considered 100%)

Substrate pH Relative  activitya

CFE SOL MEM

Hemoglobin 7.0 7 11 18
3.5 100 100 100

Albumin 7.0 0 0 0
3.5 56 58 0

Casein 7.0 43 41 0
3.5 52 73 0

HPA 7.0 6 0 0
3.5 29 55 0
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of PrA and lysosomal cath-D. We propose that this ver-
sion of recombinant Pep4um can serve as an alternative 
model for screening and testing human cath-D inhibitors 
and chemotherapeutic agents, and for studying processes 
such as autophagy, protein turnover and programmed cell 
death in the basidiomycete U. maydis.
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