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ABSTRACT

Meyerozyma guilliermondii strain SO, a newly isolated yeast species from spoilt orange, 
has been used as a host to express the recombinant proteins using methylotrophic yeast 
promoters. However, as a novel yeast expression system, the vacuolar proteases of this yeast 
have not been determined, which may have contributed to the low level of heterologous 
protein secretions. Thus, this study aimed to determine intra- and extracellular proteolytic 
activity and identify the putative vacuolar proteases using bioinformatics techniques. A 
clear zone was observed from the nutrient agar skimmed milk screening plate. Proteolytic 

activity of 117.30 U/ml and 75 U/ml were 
obtained after 72 h of cultivation for both 
extracellular and intracellular proteins, 
respectively. Next, the Hidden Markov 
model (HMM) was used to detect the 
presence of the vacuolar proteases (PEP4 
and PRB1) from the strain SO proteome. 
Aspartyl protease (PEP4) with 97.55% 
identity to Meyerozyma sp. JA9 and a serine 
protease (PRB1) with 70.91% identity to 
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Candida albicans were revealed. The homology with other yeast vacuolar proteases was 
confirmed via evolutionary analysis. PROSPER tool prediction of cleavage sites postulated 
that PEP4 and PRB1 might have caused proteolysis of heterologous proteins in strain SO. In 
conclusion, two putative vacuolar proteases (PEP4 and PRB1) were successfully identified 
in strain SO. Further characterization can be done to understand their specific properties, 
and their effects on heterologous protein expression can be conducted via genome editing.

Keywords: Hidden Markov model, phylogenetic tree, secretion, vacuolar proteases, yeast expression system

INTRODUCTION

Proteases are proteolytic enzymes that can break long chain-like protein molecules into 
shorter fragments, peptides, and eventually into their component’s amino acids (Barrett 
et al., 1998). Yeast proteases are secreted into the extracellular space, and the majority of 
which are abound in the vacuolar, cell wall, plasma membrane, and Golgi apparatus (Delic 
et al., 2013; Feyder et al., 2015). A major limitation for efficient secretion of heterologous 
proteins is the undesired travel to the vacuoles where the proteins are degraded and 
recycled (Forgac, 2000; Li & Kane, 2009). Besides, descriptions of proteolytic degradation 
of recombinant proteins have been attributed to the release of vacuolar proteases to the 
exterior as a result of lysis of the cells as opposed to product mistargeting (Kobayashi et 
al., 2000; Sinha et al., 2005) and could mostly be averted by disruption of the two major 
vacuolar proteases PEP4 (aspartyl) and PRB1(serine) or yapsin-type proteases (Gleeson 
et al., 1998; Idiris et al., 2010; Silva et al.,  2011; Wu et al., 2013). Some studies have 
reported the reduced proteolysis of secreted heterologous proteins using yapsin (vacuolar 
protease) mutant strains of Pichia pastoris and Saccharomyces cerevisiae (Copley et al., 
1998; Kerry-Williams et al., 1998; Bourbonnais et al., 2000; Egel-Mitani et al., 2000; Yao 
et al., 2009; Werten & de Wolf, 2005).

In bioinformatics, hidden Markov models are feasibly the most common statistical 
models (Haussler et al., 1993), whose applications are increasingly popular in the statistical 
analysis of biological sequences with complex correlations. Some examples of such 
applications include gene prediction (Krogh et al., 2001), protein modeling (Krogh et 
al., 1994), copy number reconstruction (Wang et al., 2007), sequence alignment (Hughey 
& Krogh, 1996), functional segmentation of the genome (Ernst & Kellis, 2012) and 
identification of ancestral DNA segments (Falush et al., 2003; Tang et al., 2006; Li & 
Durbin, 2011). In addition, in some studies, it has been used to identify genomic regions 
that contain regulatory information, such as the cis-regulatory modules (CRMs) and 
transcription factor binding sites (TFBSs) (Crowley et al., 1997; Frith et al., 2001; Rajewsky 
et al., 2002; Bailey & Nobel, 2003; Sinha et al., 2003).

In addition, several tools are utilized for the recognition of sorting signals as well 
as the prediction of subcellular localization of proteins from their amino acid sequences 
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(Imai & Nakai, 2020). For predicting signal peptides and their cleavage sites, many 
prediction methods, such as SPEPlip (Fariselli et al., 2003), SignalP 4.0 (Petersen et al., 
2011), Phobius (Krogh et al., 2007), and DeepSig (Savojardo et al., 2018), have been 
developed. Moreover, SignalP has been further elevated as a deep neural network-based 
method that combines conditional random field classification and optimized transfer 
learning (SignalP-5.0; Armenteros et al., 2019). Other online tools that are used to predict 
possible protease cleavage for recombinant proteins include PROSPER (Song et al., 2012), 
MEROPS peptidase database (Rawlings et al., 2018), and ExPASy PeptideCutter tool 
(Gasteiger et al., 2005). 

In recent times, yeasts have served as an alternative expression system in recombinant 
gene technology than the insect-baculovirus, bacterial and mammalian hosts (Gellissen 
et al., 2005). Unlike the prokaryotic expression system, yeasts are easily modified 
genetically and present a simple large-scale fermentation profile (Mattanovich et al., 2012). 
Additionally, the secret large amount of glycosylated proteins (Gellissen et al., 2005; 
Boer et al., 2007; Johanna et al., 2017). Recombinant protein production in yeasts can be 
targeted for food and non-food industries (Hensing et al., 1995). Furthermore, yeast cells 
act as an advantageous host for several productions of recombinant proteins in that they 
are considered as GRAS (Generally Recognized as Safe) by the American Food and Drug 
Administration (FDA) (Kim et al., 2014; Martinez et al., 2012; Nevoigt, 2008; Ahmad et 
al., 2014; Gellissen et al., 2005; Madzak et al., 2004; Van Ooyen et al., 2006). 

A novel yeast expression system M. guilliermondii strain SO, which was isolated 
from spoiled orange (Oslan et al., 2012), had been reported to be an expression host for 
thermostable T1 lipase from Geobacillus zalihae under the regulation of alcohol oxidase 
promoter (pAOX1) with 14 (U/ml) in comparison to the commercial expression system, P. 
pastoris, with 81 (U/ml) (Oslan et al., 2014; Oslan et al., 2015). Interestingly, the T1 lipase 
could also be expressed without methanol induction (Abu et al., 2017). Nevertheless, strain 
SO had been used to express thermostable α-amylase using formaldehyde dehydrogenase 
promoter (pFLD) with a yield of 26 (U/mL) after 24 h of cultivation without induction 
(Nasir et al., 2020). Furthermore, W200R protease and diamine oxidase had been expressed 
in strain SO (Mahyon, 2017). Several optimization strategies had been carried out, yet a 
low expression level of these enzymes was recorded. This limitation has deterred the strain 
SO from being used widely as the expression host. This occurrence may be due to the 
proteolytic activity of the native vacuolar protease(s) of strain SO regarding the secretory 
pathway of heterologous proteins in yeast expression systems. Thus, it is imperative to 
identify the vacuolar protease(s) gene to enable future genomic disruption that might give 
a better yield of secreted heterologous proteins in strain SO as an expression host. 

Recently, the genome/proteome of strain SO has been deposited in the Genbank 
(BioProject: PRJNA547962). With the availability of various bioinformatics tools, this 



780 Pertanika J. Sci. & Technol. 30 (1): 777 - 797 (2022)

Okojie Eseoghene Lorrine, Raja Noor Zaliha Raja Abd. Rahman, Joo Shun Tan, 
Raja Farhana Raja Khairuddin, Abu Bakar Salleh and Siti Nurbaya Oslan

study aimed to determine the proteolytic level of strain SO and identify the putative vacuolar 
protease(s) of M. guilliermondii strain SO.

MATERIALS AND METHODS 

Strain

M. guilliermondii strain SO was used during this study obtained from the previous study 
(Oslan et al., 2012) preserved in 80% glycerol stock solution.

Inoculum and Production Media Composition

Strain was grown for biomass production on YPD medium containing 1% (w/v) yeast 
extract, 2% (w/v) peptone, and 2% (v/v) dextrose; for expressed protease in the culture 
supernatant and pellet fractions, YPT medium containing 1% (w/v) yeast extract, 2% (w/v) 
peptone and 0.2% (w/v) tryptic soya broth and 4 × 10–5% (w/v) biotin were used (Oslan 
et al., 2015). 

Preparation of Inoculum

Wild type strain SO was streaked on YPD plate (1% (w/v) yeast extract, 2% (w/v) peptone, 
2% (w/v) Bacteriological agar, and 2% (w/v) dextrose). A 10 mL YPD broth was inoculated 
using a single colony and incubated at 30°C overnight with an agitation of 250 rpm.

Preparation of Skim Milk agar for Qualitative Assay

The enzyme activity was also screened qualitatively on a skim milk agar plate prepared by 
dissolving 2.5 g of skim milk into 50 ml distilled water and autoclaved at 115oC for 5 min. 
Furthermore, 2 g of nutrient agar was dissolved in 50 ml of distilled water and autoclaved 
at 121oC for 15 min. Finally, the solutions were mixed in sterile conditions and poured 
into sterile petri-dishes (Rahman et al., 1994).

Determination of Protease Activity

For sample analysis, a prepared inoculum was incubated overnight at 30°C at 250 rpm. 
Subsequently, 1% (v/v) of the inoculum was transferred into a 100 mL YPD medium in a 
conical flask for biomass production. First, the culture media were grown for 24 h in an 
incubator shaker at 30°C with a shaking speed of 250 rpm. Then, the cells were centrifuged 
at 3000 × g at room temperature for 10 min and resuspended in 100 ml of YPT. Next, the 
cell was incubated at 30°C in a shaker at 250 rpm for three days. 5 ml yeast culture from 
the flask was harvested at 4000 x g for 10 min at 4oC every 24 h until three days. 5 ml 
of assay buffer (0.1 M Tris-HCl-2 mM CaCl2 at pH 7.0) was used to resuspend the pellet 
obtained from the initial harvested culture and sonicated for 6 min with pause interval of 
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10 sec. Next, the sample was centrifuged at 10 000 × g for 7 min at 4oC. Then, a protease 
assay for extracellular and intracellular activity was undertaken. 

Qualitative Protease Activity

For screenings, filtered crude extracellular and intracellular enzymes using cellulose acetate 
membrane filter with a pore size of 0.22 µm were obtained in sterile micro-centrifuge tubes. 
Furthermore, wells were bored on the skimmed milk agar plate using a sterile wire loop. 
Subsequently, 100 µl of enzymes was pipetted into the holes and incubated overnight at 
30oC (Rahman et al., 1994).

Quantitative Protease Assay

The proteolytic activities were determined based on the method described by Rahman et 
al. (1994) using azocasein as the protein substrate with slight modification. The substrate 
mixture was freshly prepared by mixing 0.5% (w/v) azocasein in 0.1 M Tris-HCl-2 mM 
CaCl2 at pH 7.0. A reaction mixture (100 µl of enzyme solution-supernatant and 1 ml of 
substrate mixture) was shaken in a horizontal water bath shaker for 30 min at 30oC. A 
1.1 ml of 10% (w/v) TCA was used, and the sample was incubated at 25oC for 30 min to 
terminate the reaction. Subsequently, 1ml of the sample was transferred into a 1.5 ml tube 
and were later centrifuged at 10 000 × g for 7 min. Subsequently, 700 µl supernatant was 
transferred into a 1.5 ml tube and mixed with 700 µl of 1 M NaOH, and the absorbance 
of the mixture was measured at 450 nm where one unit (U) of protease activity is defined 
as the rate of the reaction that gives an increase of 0.001 absorbance unit at 450 nm per 
minute under the assay condition. 

Statistical Analysis

The experimental data were further analyzed statistically using a t-test for paired two 
samples for means of expression level. SPSS version 2.0 was used to compute and evaluate 
the experimental results. P<0.05 was considered to indicate a statistically significant 
difference (Kirkwood & Sterne, 2003).

Bioinformatics Tools (Hardware and Software Used)

The hypothetical protease search was conducted on Windows 7, and the comparative 
genomic analysis was performed on iMac with MacOs Sierra with 10.12.1 version as the 
operating system.

National Center for Biotechnology Information (NCBI). The reference vacuolar 
proteases model sequence used for this study were P. pastoris aspartyl protease (PEP4) and 
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serine protease (PRB1) sequences retrieved from NCBI. The sequences were downloaded 
from http://www.ncbi.nlm.nih.gov/.

Hidden Markov Model. This installation was used to investigate the sequence obtained 
from the database for sequence homologies. It was downloaded from http://hmmer.org/
download.html and installed in iMac. Xcode was also installed as a dependency for 
HMMER.

Molecular Evolutionary Genetic Analysis 7(MEGA7). It was downloaded and installed 
in Windows 7 from http://www.megasoftware.net/. Reported to be suited for analyzing 
protein and DNA sequence data from different living sources (Kumar et al., 2016). The 
retrieved proteases sequences from different yeast species from the database, NCBI, were 
aligned using the MUSCLE tool of MEGA 7.  

Identification of the Vacuolar Protease(s) Sequence in M. guilliermondii Strain SO

Bioinformatics analysis of M. guilliermondii strain SO genome/proteome was performed 
using the nucleotide sequences deposited at the NCBI database (https://www.ncbi.nlm.nih.
gov) BioProject: PRJNA547962. In addition, the P. pastoris sequence for PEP4 (accession 
number: CCA39046) and PRB1 (accession number: CCA36690) obtained from NCBI 
(Küberl et al., 2011; Valli et al., 2016) were taken as reference vacuolar protease model 
sequences because they had been well characterized and have been found similar to the 
aspartyl and serine proteases sequence of S. cerevisiae (Van Den Hazel et al., 1996). 
The position-specific iterated blast PSI-BLAST algorithm was selected using a cut-off 
E-value=0.01 using the Basic Local Alignment Search Tool (BLAST) with the reference 
proteins (refseq_protein) to search the database. From the third iteration values of the blast 
results, selection of closely related protease sequences of other yeast species was carried 
out based on percentage identity and alignment coverage ranging from 49%–99%.  A total 
of 27 sequences of serine proteases and 24 sequences of aspartyl proteases were selected. 
Therefore, multiple sequence alignment (MSA) of the selected sequences for each model 
was created using MEGA7 software by MUSCLE tool, and the aligned files were saved 
in a FASTA format as PEP4_proteinaseA.fas and PRB1_proteinaseB.fas, respectively. 

Identification of Homologous Vacuolar Proteases Sequence using Hidden Markov 
Model Software

The whole proteome of M. guilliermondii strain SO was obtained from GenBank, 
BioProject: PRJNA547962. Vacuolar aspartyl and serine protease models were assigned 
as PEP_ProteinaseA.hmm and PRB1_proteinaseB.hmm, respectively, to build the models. 
Primarily, the models were searched against M. guilliermondii strain, SO proteome as the 
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directory contained the targeted proteome of strain SO. The models were built using a set 
command with an E-value of 0.01. Subsequently, the search results (hits) were observed 
using ATOM software.

Analysis of the Hits Output

The hits output results for both vacuolar protease groups were further analyzed to identify 
the protein names and species homology. Hence, pairwise sequence alignment was carried 
out to determine the percentage similarities of the output of the hits with the reference 
model of P. pastoris vacuolar aspartyl and serine proteases, respectively. First, the hits 
output sequences were searched against the GenBank database NCBI (National Center for 
Biotechnology Information, National Library of Medicine) to identify similarities using 
the BLASTp search program. Next, multiple sequence alignment was carried out with the 
reference sequence used to build the HMM models using MEGA7 software. Subsequently, 
evolutionary analysis was inferred by constructing a phylogenetic tree using the maximum-
likelihood method (Jones et al., 1992).

Furthermore, the molecular weight and theoretical pI of strain SO vacuolar aspartyl 
and serine proteases were predicted using ExPASy software tools (http://web.expasy.org/
protparam/). The presence of signal peptide was inferred by using SignalP [http://www.
cbs.dtu.gk/services/SignalP/]. An in-silico prediction of the cleavage sites on thermostable 
T1 lipase integrated with the identified vacuolar proteases model was also inferred using 
PROSPER, an online software (http://lightning.med.monash.edu.au/PROSPER/).

RESULTS 

Determination of Native Protease(s) Activities of M. guilliermondii Strain SO

The quantitative and qualitative activity of strain SO native protease(s) were determined 
using azocasein and skimmed milk as the protein substrate. Qualitatively, the proteolysis 
zones could be directly observed by the presence of the clear halos around the wells for 
both extracellular and intracellular enzymes of M. guilliermondii strain SO native protease 
after 24 h of incubation time at 30oC (Figure 1a).

P. pastoris strain X-33 was used as a positive control. The yeasts were grown in a 
YPD medium providing the yeast cells with a carbon source for biomass production. After 
generating mass, the cells were resuspended into a YPT medium (Clare et al., 1991). The 
cell culture was incubated at 30oC for three days, and protease activity was determined 
along with the growth incubation time. The fermentation time course in shake flask for 
protease production by M. guilliermondii strain SO using 100μl (2mg) of the crude enzymes 
showed that the maximum protease activity (117.30 U/ml and 75 U/ml) were obtained 
after 72 h of cultivation for both extracellular and intracellular samples (Figure 1b). This 
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study showed that the native protease of M. guilliermondii strain SO exhibited a substrate 
specificity for azocasein and skim milk (Rahman et al., 1994). Suryawanshi and Pandya 
(2017) reported on the efficacy of screening of proteolytic activity using skimmed milk 
agar plates for screening and identification of alkaline proteases producing fungi.

Figure 1. Total protease activity of M. guilliermondii strain SO: (a) Qualitative assay showing the clear 
zones of proteolysis due to the hydrolysis of the peptide bonds of the substrate by the enzymes; and (b) 
Quantitative native protease activity with standard deviation calculated. 
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Identification of the Vacuolar Protease(s) Sequence in M. guilliermondii Strain SO 
Using HMM Strategy

HMM strategy was used to determine and identify the protease(s) sequence in M. 
guilliermondii strain SO proteome deposited in the GenBank with accession number: 
PRJNA547962. A total of 14 hits were observed from the aspartyl model built, and 
three hits were observed from the serine model built to detect protease sequence from 
M. guilliermondii proteome. The first hit observed from the results for each group was 
significantly matched to the multiple sequences aligned file because the E-value was chosen 
within the cut-off value of 0.01.

Analysis of the Hidden Markov Model Hits Output

The amino acid sequence of both vacuolar aspartyl and serine proteases were aligned with 
corresponding amino acids of P. pastoris vacuolar aspartic and serine proteases, respectively 
(Appendix - Tables S2a & S2b). Based on the pairwise alignment tools, the output of the 
first hit of serine protease and aspartyl protease of strain SO showed that it had 770 and 
408 amino acid residues, respectively, and were 40.90% and 68.3% identical to P. pastoris 
PRB1 serine protease and PEP4 aspartyl protease respectively.
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The protein BLAST results revealed that the serine protease sequence of strain SO 
had 70.91% identity with C. albicans (accession number: XP7152441). While aspartyl 
protease sequence of strain SO had 97.55% identity with Meyerozyma sp. JA9 (accession 
number: RLV83957.1). Furthermore, the protein sequences of the two groups of proteases 
were used to construct a phylogenetic tree with other yeasts vacuolar serine and aspartyl 
proteases selected from the reference protein sequence database. A query coverage of 80% 
above, e-value of 1e-15, and types of yeast family, which include Saccharomyceteceae, 
Debaryomyceteceae, Metschnokowiaceae, Aspergilleceae, Phaffomycetaceae, and 
Pichiaceae, were used. The phylogenetic trees drawn to scale using the maximum likelihood 
method (Jones, 1991) (Figures 2a & 2b) showed the nearness of the respective identified 
vacuolar protease of strain SO (aspartyl 4807t (PEP4) and serine 4089t (PRB1)) to 
Debaryomyceteceae yeast family.

Figure 2. Phylogenetic tree construction: (a) Dendrogram showing the closeness of M. guilliermondii strain 
SO aspartyl protease (4807t gene) with the Debryomyceteceae family; and (b) Dendrogram showing the 
closeness of M. guilliermondii strain SO serine protease (4089t gene) with the Debryomyceteceae family.
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XP 024715968.1 Vacuolar aspartic protease Candida pseudohaemulonis
XP 025338451.1 Vacuolar aspartic protease Candida duobushaemulonis

XP 025341112.1 Vacuolar aspartic protease Candida haemuloni
Xp 028889890.1 Vacuolar aspartic protease Candida auris

XP 003867779.1 Vacuolar aspartic proteinase Candida orthopsilosis Co 90-125
XP 713148.1 Proteinase A Candida albicans SC5314

XP 002418645.1 Vacuolar aspartic proteinase putative Candida dubliniensis CD36
4807 t gene strain SO

XP 015469741.1 Vacuolar aspartic protease Debaryomyces fabryi
ONH72963.1 Vacuolar aspartic protease Pichia kudriavzevii

BAE91900.1 Proteinase A Ogataea minuta
XP 013935327.1 Vacuolar aspartic protease Ogataea parapolymorpha DL-1
XP 018210545.1 Proteinase A Ogataea polymorpha

XP 002493333.1 Vacuolar aspartyl protease (proteinase A) Komagataella phaffii GS115
CCA39046.1 Vacuolar aspartyl protease (proteinase A) Komagataella phaffii CBS 7435

GCF00541.1 Vacuolar protease A Zygosaccharomyces mellis
NP 015171.1 Preteinase A Saccharomyces cerevisiae S288C

XP 033769616.1 Pep4 Saccharomycse paradoxus

4089 t gene strain SO

XP 020064239.1 Vacuolar protease B Suhomyces tanzawaensis NRRL Y-17324
XP 715244.1 Proteinase B Candida albicans SC5314

XP 001385945.1 Vacuolar protease B Scheffersomyces stipitis CBS 6054

XP 022678087.1 Proteinase YSCB Kluyveromyces marxianus DMKU3-1042

XP 033765758.1 Prb1 Saccharomyces paradoxus
NP 010854.1 Proteinase B Saccharomyces cerevisiae S288C

XP 002489876.1 Vacuolar proteinase B (YSCB) a serine protease of the subtilisin family Komagataella phaffii GSC115
XP 025520863.1 Serine proteinase Aspergillus piperis CBS 112811

XP 025573228.1 Serine proteinase Aspergillus ibericus CBS 121593

XP 025473169.1 Serine proteinase Aspergillus sclerotioniger CBS 115572
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Determination of Signal Peptide of Vacuolar Proteases of Strain SO

The Signal peptide (Sec/SPI) was predicted with the cleavage site for aspartyl protease 
of strain SO between positions 21 and 22 of the amino acid sequence ADA-AV (Alanine, 
Aspartic acid, Alanine–Alanine, Valine) with a probability of 0.7896. Furthermore, it 
showed that the protein was secreted extracellularly with an approximate molecular weight 
and theoretical pI of 44.2kDa and 4.57, respectively (Gasteiger et al., 2005) (Figure 3a). 
Likewise, for serine protease, the signal peptide was predicted with the cleavage site 
between positions 19 and 20 of the amino acid sequence ANA-LV (Alanine, Asparagine, 
Alanine–Leucine, Valine) with a probability of 0.8258. This result revealed that the protein 
was secreted extracellularly with approximate molecular weight and theoretical pI of 
83.3kDa and 5.50, respectively (Gasteiger et al., 2005) (Figure 3b).

Figure 3. Assessment of the signal-peptides (SPs) of M. guilliermondii strain SO vacuolar proteases using 
SignalP software: (a) The signal peptide of aspartyl protease of M. guilliermondii strain SO predicted graph; 
and (b) Signal peptide of serine protease of M. guilliermondii strain SO predicted graph

(a)

(b)

SignalP-5.0 prediction (Eukarya): Aspartyl

SignalP-5.0 prediction (Eukarya): Serine
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More so, with PROSPER online protease cleave prediction tool, three and five cleavage 
sites respectively on recombinant protein T1 lipase from G. zalihae (Leow et al., 2004) as 
a substrate used for the integration (Appendix - Tables S3a & S3b) was predicted using 
model(s) enzymes. The prediction infers the possibility of degradation of the recombinant 
protein (T1 lipase) into peptides that would invariably reduce the expressed protein.

DISCUSSION

The native protease(s) activity over time was examined in the wild-type M. guilliermondii 
strain SO. Protease activity was observed to increase as the incubation time increased.

In other studies, the current strategies implemented to considerably reduce the effects of 
the native protease(s) in yeasts cells for recombinant protein secretion is by identifying the 
genes of the vacuolar proteases based on the secretory pathway of yeasts expression system 
and after that developing protease-deficient mutants (Copley et al., 1998; Gonzalez-Lopez 
et al., 2002; Jonson & Rehfeld 2004; Kang et al., 1998; Chung & Park, 1998). Presently, the 
proteolytic activities detected in both the extracted crude intra- and extracellular enzymes 
of M. guilliermondii strain SO were the total protease activity. The specific aspartyl and 
serine protease activities could only be detected once these two proteases are purified and 
characterized accordingly. Hence in this study, we report on the approach used to identify 
the two potential vascular proteases using genome/proteomic data of M. guilliermondii 
strain SO (BioProject: PRJNA547962).

Investigation and evaluation of the significant difference between the two variables 
obtained from the extracellular and intracellular protease activities of strain SO over time 
were reported. Statistically, according to Kirkwood and Sterne (2003), the null hypothesis 
is accepted because there is no significant difference between extracellular protease activity 
and intracellular protease activity as the alpha value of 0.05 is less than the t-value of 0.27 
(Appendix - Table S1). HMM has been reviewed by various studies as an efficient and 
popular statistical tool, which utilizes mathematical principles to analyze data (Singh et al., 
2012; Yoon, 2009; Gales & Young, 2007). It is an analytical approach with hidden states 
(Gomez-lopera et al., 2017). The vacuolar proteases hits from the HMM search yielded 
results contributing to the construction of vacuolar aspartyl and serine null mutant strain(s) 
in our future study. Several studies have reported on the identification of the vacuolar 
proteases (PEP4 and PRB1), which are mainly the bottlenecks of secretory heterologous 
proteins in a yeast expression system (Gleeson et al., 1998; Van den Hazel et al., 1996), 
which this study had identified in the novel yeast expression host M. guilliermondii strain 
SO proteome. The phylogenetic trees construction further revealed that the respective 
identified vacuolar protease of strain SO (aspartyl 4807t and serine 4089t) showed more 
nearness to the Debaryomyceteceae yeast family. 
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Signal peptides are short peptides located at the N-terminal of secretory proteins. 
In several industrial and scientific fields, disease diagnosis, and laboratory techniques, 
signal peptides have attracted great interest, particularly in producing recombinant protein, 
which determines efficient translocation from heterologous species (Zamani et al., 2015; 
Negahdaripour et al., 2017; Mousavi et al., 2017). The presence of the signal peptide in 
the native vacuolar protease(s) of strain SO has increased the secretion of these proteins 
in the medium. This finding might have explained why the proteolytic activity was higher 
in crude extracellular proteins environment as compared to intracellular. Furthermore, 
other studies have reported that the signal peptides have increased the secretion of the 
heterologous proteins at significant levels (Low et al., 2013; Mergulhao et al., 2005; 
Ohmuro-Matsuyama & Yamaji, 2017).

The signal-peptide was assessed by calculating the D-scores of Signal Peptides (SPs) 
using SignalP 5.0. The software predicts likely cleavage sites in ORF and signals peptides 
sequences. The web-based software uses an HMM algorithm and a neural network to 
compute a D-score to the input polypeptide sequence, using an average of the mean and 
the maximum score, which infers the possibility of a cleavage site.

Furthermore, PROSPER, a tool used for predicting protease substrate cleavage sites 
(Song et al., 2012), also predicted the possible cleavage sites of the enzyme model(s) for 
thermostable T1 lipase. Based on the analysis conducted in this study, M. guilliermondii 
strain SO vacuolar proteases have been identified as aspartyl protease and serine protease 
showing homology with other yeasts vacuolar aspartyl and serine proteases, respectively 
as inferred by the comparative sequence study, bioinformatics analysis, and evolutionary 
analysis conducted by the construction of the phylogenetic tree. 

CONCLUSION

This study successfully determined and identified two vacuolar proteases, PEP4 (4807t) and 
PRB1 (4089t) of M. guilliermondiii strain SO employing activity assays and bioinformatics 
analysis approaches. The observed relationship with other yeasts’ vacuolar proteases 
was indicated as the respective identified putative vacuolar proteases of strain SO were 
clustered among other yeasts’ PEP4 and PRB1 proteases, respectively. PROSPER tool 
detected both PEP4 and PRB1 cleavage sites of the T1 lipase sequence. Signal peptides 
were also present in these proteases, thus confirming their secretory features. However, for 
the explicit understanding of their specific properties, the further characterization needs to 
be conducted in future research. 

The identified vacuolar proteases PEP4 and PRB1 can be targeted for gene knockout 
to develop protease-deficient strains of M. guilliermondii strain SO and optimization of 
the cultivation parameters that may contribute to the numbers of protease mutant strains 
used to enhance secretion of heterologous proteins in yeast expression systems.
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APPENDIX
Table S1
Summary of statistical analysis of native protease activity assay of  M. guilliermondii strain SO

 Extracellular Intracellular 
Mean 68.16666667 51.91666667
Variance 2604.481481 751.3611111
Observations 4 4
Pearson Correlation 0.994528638
Hypothesized Mean Difference 0
df 3
t Stat 1.357279359
P(T<=t) one-tail 0.133888423
t Critical one-tail 2.353363435
P(T<=t) two-tail 0.267776845
t Critical two-tail 3.182446305  

Statistical analysis of the two variables obtained from the extracellular and intracellular protease activities of 
M. guilliermondii strain SO over time, shows that the t-value is greater than alpha value of 0.05

Table S2a
Pairwise sequence alignment of aspartyl protease hits from the HMM strategy with reference P. pastoris 
aspartyl protease (PEP4)

Hit(s) Amino acid count % identity % similarity Gaps Score
4807 408 68.3% 79.8% 3.4 1510.0
4057 434 18.3% 31.7% 37.4 230
4064 388 20.8% 36.1% 28.3 246
1971 402 23.8% 38.4% 28.2 255
999 393 22.7% 35.8% 32.4 217
4978 414 25.2% 36.7% 26.5 296
4979 384 26.4% 38.6% 28.7 298
4980 446 24.3% 39.9% 19.1 244.5
4707 390 22.9% 41.6% 26.0 307
341 399 19.7% 29.8% 38.3 219
1972 504 23.8% 39.6% 18.1 280
70 549 22.3% 36.6% 28.1 264
57 334 23.7% 40.3% 23.9 259
2 344 19.6% 32.0% 37.8 177.5

Pairwise sequence alignment. (a) Showing aspartyl protease sequence hit output. Each hit (14) outputs were 
pairwise aligned with reference sequence using the EMBL-EBI search and sequence analysis tools. The first 
hits output from the HMM analysis with the lowest E-value shows the closest similarity with the reference 
model and has the highest score value. (b) Showing serine protease sequence hit output. Each hit (3) outputs 
were pairwise aligned with reference sequence using the EMBL-EBI search and sequence analysis tools. The 
first hits output from the HMM analysis with the lowest E-value shows the closest similarity with the reference 
model and has the highest score value.
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Table S2b
Pairwise sequence alignment of serine protease hits from the HMM strategy with reference P. pastoris serine 
protease (PRB1)

Hit(s) Amino acid count % identity % similarity Gaps Score
4089 770 40.9% 53.5% 30.7 1574.5
5205 1048 20.3% 27.5% 59.0 987
3337 381 26.3% 37.7% 35.1 542

Table S3a
Predicted potential cleavage sites (red) on thermostable T1 lipase using PROSPER aspartyl protease model

Position Segment N-fragment C-fragment Score
172 TLVNIMVDF 21.40 kDa 26.16 kDa 1.14
156 HFVLISVTT 19.68 kDa 27.89 kDa 1.11
124 MLVSILLEN 15.74 kDa 31.82 kDa 1.06

Predicted cleavage sites using PROSPER online tool. (a) Showing three (3) predicted potential cleavage sites 
on thermostable T1 lipase using PROSPER aspartyl protease model. (b) Showing five (5) predicted potential 
cleavage sites on thermostable T1 lipase using PROSPER serine protease model.

Table S3b
Shows five (5) predicted potential cleavage sites (red) on thermostable T1 lipase using PROSPER serine 
protease model

Position Segment N-fragment C-fragment Score
360 DHLEIIIGV 44.33 kDa 3.24 kDa 1.27
127 SLLEINGSQ 16.10 kDa 31.47kDa 1.02
149 PLFEIGGHH 18.70 kDa 28.86 kDa 1.02
189 AVLEIAAAV 23.46 kDa 24.11 kDa 1.00
315 RWLEINDGI 38.70 kDa 8.86 kDa 0.98




