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Psychrophilic basidiomycete yeast, Glaciozyma antarctica strain PI12, was shown to be a protease-producer. Isolation of the PII2
protease gene from genomic and mRNA sequences allowed determination of 19 exons and 18 introns. Full-length cDNA of PI12
protease gene was amplified by rapid amplification of cDNA ends (RACE) strategy with an open reading frame (ORF) of 2892 bp,
coded for 963 amino acids. PI12 protease showed low homology with the subtilisin-like protease from fungus Rhodosporidium
toruloides (42% identity) and no homology to other psychrophilic proteases. The gene encoding mature PII12 protease was cloned
into Pichia pastoris expression vector, pPIC9, and positioned under the induction of methanol-alcohol oxidase (AOX) promoter.
The recombinant PI12 protease was efficiently secreted into the culture medium driven by the Saccharomyces cerevisiae «-factor
signal sequence. The highest protease production (28.3 U/ml) was obtained from P. pastoris GS115 host (GpPro2) at 20°C after 72
hours of postinduction time with 0.5% (v/v) of methanol inducer. The expressed protein was detected by SDS-PAGE and activity

staining with a molecular weight of 99 kDa.

1. Introduction

Eukaryotic as well as prokaryotic organisms can produce
enzymes adapted to cold. The majority of the cold-adapted
enzymes that have been characterized were originated from
bacteria living in the Polar Regions in Antarctic and Antarctic
seawaters [1, 2]. Other possible sources of cold enzymes
are offered by the psychrophiles that inhabit at ~5°C in
other permanently cold environments such as the deep
sea, glaciers and mountain regions, in soils, and fresh or
saline waters related with cold-blooded animals such as fish
or crustaceans and artificial sources such as refrigeration
appliances and equipments [2-6]. Although the studies of
cold adapted enzymes are focusing more on psychrophilic
and psychrotrophic bacteria; yeast, fungi, and unicellular

green algae that lived in cold environment are also listed
as impending sources of cold enzymes. The dominant taxa
are ascomycetous and basidiomycetous yeasts and melanized
fungi [2, 7].

The properties that characterized and distinguished cold
adapted enzymes from enzymes of higher temperature origin
are their increased turnover number (k.) and inherent
catalytic efficiency (k. /K,,) at low temperatures, which is
considered to be an adaptive strategy of the psychrophiles to
compensate for low metabolic fluxes and slow reaction rates
at their physiological temperatures [8]. Cold-active enzymes
are more thermolabile and sensitive to other denaturants
relative to their thermophilic and mesophilic counterparts
that confer the conformational flexibility to the active site [9].
As temperature decreases, enzymes demonstrate a declining
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catalytic rate owing to reduction of structural flexibility and
undergo cold denaturation [7].

Psychrophilic enzymes possess remarkable prospective
in a wide variety of industrial applications. Our interest
is focused on cold-adapted protease as a useful biocata-
lyst in industry such as low temperature clothes washing
and enzyme-added detergents to hydrolyze macromolecular
stains [10]. An example of commercially available cold-
active protease is from Novozyme (trade name Savinase)
which is sold as an encapsulated detergent [11]. Proteases
are degradative enzymes which catalyze the hydrolysis of
proteins and are commonly found among animal tissues,
plant, and microorganisms [I12]. Proteases execute a large
variety of functions and take part in numerous biochemical
reactions in living organisms, including formation of spore
and germination, coagulation, cascade reactions, posttransla-
tion reactions, modulation of gene expression, enzyme modi-
fication, and secretion of various protein enzymes biocatalyst.
Over one-third of all known proteolytic enzymes are serine
peptidases which constitute the largest group of peptidases
[13].

Glaciozyma antarctica (formerly known as Leucosporid-
ium antarcticum) is an obligate pyschrophilic yeast that
inhabit cold, marin, and terrestrial Antarctic ecosystems.
Glaciozyma antarctica strain PI12 has an optimum growth
temperature of 12°C [14] and can grow up to 18°C. The reclas-
sification of this yeast from L. antarcticum to G. antarctica
was proposed by Turchetti et al., 2011 [15]. Previous study
on this unique yeast has isolated several cold-active proteins,
namely, antifreeze protein, a-amylase, and chitinase [16-18].
In this work, we described the morphological characteristics
of G. antarctica through observation under scanning electron
microscope (SEM) and transmission electron microscope
(TEM), cloning of genomic DNA and c¢cDNA sequences
encoding the PII2 protease gene, phylogenetic study, and,
expression and optimization of the recombinant PI12 pro-
tease expression in Pichia pastoris expression system.

2. Materials and Methods

2.1. Culture and Isolation of Microorganism. Glaciozyma
antarctica strain PI12 was isolated from the Antarctic marine
water near Casey Station (66°21'25""S; 110°37'09"'E). The
stock culture was kept in 20% (v/v) glycerol and stored at
—80°C prior to experimentation.

2.2. Microorganism Identification. The isolated strain was
grown on different types of solid media (nutrient agar,
sabouroud dextrose agar, and potato dextrose agar) for 10
days at 4°C and the culture characteristics (colony colour,
shape, and texture) were determined. Simple and negative
staining were performed to identify the cell morphology,
arrangement, and size of the psychrophilic yeast. SEM and
TEM were conducted to study the surface features and the
internal ultrastructure in the thin sections of the G. antarctica
PI12 cells. Ribosomal RNA identification was performed
through ITS1/ITS2 region amplification. The sequence has
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been deposited in the GenBank database under accession
number JX896956 [14].

2.3. Nucleic Acid Isolation. A single colony of the yeast was
inoculated into 50 mL yeast peptone dextrose broth (YPD)
and incubated for 10 days at 4°C without shaking. The cell
pellets were frozen in liquid nitrogen and ground to a powder
in a ceramic mortar. Genomic DNA was extracted using
a phenol-chloroform method as described elsewhere [19].
Removal of RNA from genomic DNA was performed by the
addition of 15 uL RNase (10 mg/mL) and incubated at 37°C
for 45 min. Total RNA was extracted by the guanidium isoth-
iocyanate method using Trizol reagent (Invitrogen, USA)
according to the manufacturer’s instructions. Approximately
4 ug of total RNA was digested with 0.5 ug of RNAse-free
DNase in a 10 uL reaction mixture containing 1x reaction
buffer (20 mM Tris-HCl, pH 8.4; 50mM KCl and 2mM
MgCl,) prior to removal of DNA. The mixture was incubated
at 37°C for 15 min. DNasel was later heat-activated at 65°C
for 15 min. DNA and RNA were quantified using Ultraspec
2100 prospectrophotometer (Amersham Biosciences, USA).
The integrity of total RNA was assessed by running an aliquot
of the RNA sample on a denaturing agarose gel stained
with ethidium bromide (EtBr) and by spectrophotometric
analysis (Ultraspec 2100 pro Amersham Biosciences, USA).
Total RNA was reverse-transcribed with an oligo(dT),, and
SuperScript III Moloney Murine Leukemia Virus Reverse
Transcriptase (Invitrogen, USA) following the manufacturer’s
instructions.

2.4. Cloning of G. antarctica PII2 Protease Gene. Puta-
tive partial protease gene of 1321bp was derived through
a genome survey sequence library of G. antarctica. The
gene has 27% similarity to subtilisin-like protease from
Rhodosporidium toruloides (EMS20811). DNA walking of
partial putative protease gene was conducted using DNA
Walking SpeedUp Premix Kit (Seegene, Korea) accord-
ing to the manufacturer’s instructions. Three target spe-
cific primers (TSP) were designed from the upstream
region of known sequences with the following condi-
tions: 18-23 nucleotides long with 40% < GC content <
60% for TSP1 (5'-AGGGTCAAGACGTTGCAGT-3"), 55°C
< Tm < 60°C for TSP2 (5'-ATGCGAAGTCAGAAG-
CAGGATC-3') while 60°C < Tm < 65°C for TSP3 (5'-
GCAGCCAAATACCTGGAAGCAC-3'). RACE was per-
formed using the SMART RACE cDNA Amplification Kit
(Clontech, USA). Two gene-specific primers (GSPs) were
synthesized for the 5'- and 3'-RACE reactions based on
the sequence of the RT-PCR products as follows: GSP
I: 5'-ACCAGTGTCCAGCACCCCAATCTTAATCC-3' and
GSP 1II: 5'-TCATCAGTGGGACGAGCATGTCGT-3". Both
primers were paired with universal primers provided in
the kit to amplify the upstream and downstream region
of the gene of interest. The PCR products were subcloned
into pGEM-T vector (Promega, USA) and sequenced. Rapid
amplification of cDNA ends (RACE) produced two PCR
products (5'- RACE and 3'-RACE) which were cloned and
sequenced to capture the end-to-end sequence of both
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products. One set of primers was designed from the extreme
5 and 3’ ends of cDNA as follows: forward 5’ CAP: 5-
GCGGGGGCCGACAATAAAAAC-3 and reverse 3’ A-Tail:
5-TTTTTTTTTTTTTTTTTTTTTTTTTTGAGGTGGC-3';
the 5'-RACE-Ready cDNA served as a template to generate
full-length ¢cDNA through long distance PCR (LDPCR).
Amplification process was carried out in a reaction mixture
(50 uL) containing 5 uL of 50-100 ng cDNA template, 1L
(10 pmole/uL) of each forward and reverse primers, 1 uL of
50x dNTP mix, 1 4L of 1 U/uL 50x Advantage 2 polymerase
mix, 5uL of 10x Advantage 2 PCR bufter (Clontech, USA),
and 36 pL of distilled water. Predenaturation was performed
at 95°C for 1 min followed by 30 PCR cycles of denaturation
(95°C, 30 sec), annealing (61°C, 3 min), and extension (68°C,
3min). Final extension was conducted at 68°C for 3 min
and held at 4°C. The gene was amplified using thermocycler
(CGI1-96 Corbett Research, Australia). The amplification of
putative open reading frame (ORF) was conducted using
both genomic DNA and cDNA to locate the introns and exons
locations. The amplicons were examined by electrophoresis,
cloned into pJET1.2 blunt vector (Fermentas, USA), and sent
for sequencing. The sequence obtained was deposited in
GenBank under accession number FM178559.

2.5. Assembly and Analysis of PII2 Protease Sequences.
Sequences derived from DNA walking and RACE strat-
egy were assembled by conducting sequence alignment
in the Biology Workbench (http://workbench.sdsc.edu/).
Analysis and interpretation of nucleic acid sequences were
conducted using several publicly available web servers
and integrated software as listed in Table 1. The phylo-
genetic tree was constructed based on a comparison of
the PI12 protease protein sequence with the closest pro-
tease sequence that was extracted from GeneBank database
(http://www.ncbi.nlm.nih.gov). The protein sequences used
for phylogenetic analysis were aligned using ClustalW. Phy-
logenetic tree was constructed using Molecular Evolutionary
Genetics Analysis 6 (MEGA 6) package by neighbor-joining
method.

2.6. Cloning of PII2 Protease Gene in Pichia pastoris
Expression System. The gene encoding mature PI12 pro-
tease was amplified by PCR using recombinant pJET1.2/
FLcDNA of PII2 protease as a template. Sense primer,
5'-CAAGCCCTAGGCTACGCACGGAACGAGAA-3', and
antisense primer, 5 -CTGCCGAATTCTTCCTCAACCCA-
GTTACCAAC-3', were designed based on mature PII2 pro-
tease gene sequence (FM178559) for flanking the PCR prod-
uct at the 5'- and 3'- terminus, respectively. Amplification
process was carried out in a reaction mixture (50 uL) contain-
ing 5 uL of 50-100 ng DNA template, 1.5 uL (10 pmole/uL) of
each sense and antisense primer, 1 yL of 10 mM dNTP mix,
4 uL of 25 mM MgCl,, 1 uL of 1 U/uL Taq DNA polymerase,
5 uL of 10x PCR buffer (MBI, Fermentas, USA), and 31 L of
dH,O. PCR was commenced by predenaturation step at 94°C
for 4 min followed by 30 PCR cycles of denaturation (94°C,
1 min), annealing (65°C, 1 min), and extension (72°C, 2 min).

Final extension was conducted at 72°C for 7 min and held at
4°C.

The PCR product of the mature PI12 protease gene and the
vector pPIC9, (0.5-1 pug) were separately added to restriction
enzyme digestion mixtures containing 3 uL EcoRI (10 U/uL),
6 uL AvrlIl (10 U/uL), 6 uL Y Tango buffer (10x), and dH,O
to a final volume of 30 uL. The reactions were incubated
at 37°C for 1 hour. The digestion products were observed
through agarose gel electrophoresis and gel purified using
the QIAquick Gel Extraction Kit (Qiagen, Germany). The
construct was added to a ligation mixture with a ratio of
1:5 to pPICY vector. The ligation mixture was comprised of
1uL of 10x ligation buffer (MBI Fermentas, USA), 1uL T4
DNA ligase (5 U/uL; MBI Fermentas, USA), and dH,O to a
final volume of 10 yL. The reaction was incubated overnight
(14-16h) at 16°C. Ligation mixture was transformed into E
coli Topl0 competent cells. The procedures for preparation
of competent cells and heat-shock transformation were per-
formed according to the method described by Sambrook et
al., 1989 [19]. The transformation mixture was spread on LB
agar plates containing 100 yg/mL ampicillin and incubated
overnight at 37°C. The positive transformants were selected
for transformation into Pichia pastoris electrocompetent cell.

Prior to transformation into P. pastoris cell, the empty
pPICY and pPIC9 recombinant plasmids harbouring PII2
protease gene were linearized using Pmel (10 U/uL) restric-
tion enzyme digestion. The digestion mixtures consisted of
5uL buffer B (10x), 3 uL of Pmel, and 6 uL plasmids while
dH, O was added to a final volume of 60 L. The linearized
plasmids were purified using the QIAquick PCR purification
kit. The preparation of electrocompetent cells was done
according to Pichia expression kit manual (Invitrogen, USA).
Later, about 80-100 uL of the electrocompetent cells were
transferred into an overnight prechilled (kept in —20°C)
0.2cm electroporation cuvette (BioRad, USA) and mixed
with 10 L (1-5 ug) recombinant DNA. The transformation
mixtures (mixture of cells and plasmids) were incubated on
ice for 5 min in the electroporation cuvette and pulsed with an
electroporator (Gene Pulser, BioRad, USA) at the following
parameters: charging voltage of 1500 V, capacitance of 25 uF,
and resistance of 400 Q, which generated a pulse length of
~5-10 ms with a field strength of ~7500 V/cm. Iced-cold 1M
sorbitol (1mL) was added immediately after the pulse into
the cuvettes. The contents were transferred into sterile bijou
bottles and incubated at 30°C for 2 hours, without shaking.
Later, 10-200 L of the cells were spread on the MD agar
[Minimal dextrose medium; 1.34% (w/v) yeast nitrogen base
(YNB), 4 x 107°% (w/v) biotin, 2% (w/v) dextrose, 2% (w/v)
agar]. The plates were incubated at 30°C for 3-5 days until the
transformant colonies were formed.

2.7. Expression and Optimization of Recombinant pPICY/
Mature PII2 Protease. Single colonies of the recom-binant
Pichia pastoris carrying the pPIC9/PI12 protease were grown
in 3mL of BMGY [buffered glycerol-complex medium; 1%
(w/v yeast extract), 2% (w/v) peptone, 1.34% (w/v) yeast
nitrogen base (YNB), 4 x 107" (w/v) biotin, 1% (w/v)
glycerol, 100 mM potassium phosphate buffer, pH 6.0], at
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TABLE 1: List of web servers applied for full-length cDNA of PI12 protease analysis.

Analysis Web server/Software

Website

(1) Open reading frame (ORF)
(2) Amino acid translation
(3) Intron-exon boundaries

Augustus Web server

http://augustus.gobics.de/

(1) Amino acid composition

(2) Molecular mass ProtParam http://www.expasy.org/tool
(3) Isoelectric point
Homology search (1) NCBI BLASTX http://www.ncbi.nlm.nih.gov

(2) NCBI BLASTP
Phylogenetic tree (1) Molecular Evolutionary Genetics Analysis (MEGA 6)  http://www.megasoftware.net/

(2) CLUSTALW http://seqtool.sdsc.edu/CGI/BW.cgi
Propeptide ProP http://www.cbs.dtu.dk/services/ProP-1.0/
Open reading frame OREF Finder http://www.ncbi.nlm.nih.gov/projects/gorf
Signal peptide SignalP http://www.cbs.dtu.dk/services/SignalP
Hydrophobic profile ProtScale http://au.expasy.org/cgi-bin
Multiple sequence alignment Biology Workbench http://workbench.sdsc.edu/
Protein motifs ScanProsite http://prosite.expasy.org/scanprosite/
N-glycosylation NetNGlyc http://www.cbs.dtu.dk/services/NetNGlyc/

30°C in a shake incubator (250 rpm) overnight. The next
day, 1mL of the starter cultures was used as inoculum
and inoculated into 10 mL of BMGY in a 50 mL flask and
incubated in a condition as described to generate cell biomass
before induction. Cells were harvested by centrifugation at
1500 xg for 10 min.

The cells were resuspended in 50 mL BMMY medium
[buffered methanol-complex medium; 1% (w/v) yeast extract,
2% (w/v) peptone, 1.34% (w/v) yeast nitrogen base (YNB), 4 x
107" (w/v) biotin, methanol, 100 mM potassium phosphate
buffer, pH 6.0] and incubated with vigorous shaking at
30°C to induce expression. The expression control was done
by applying the same protein expression condition to the
recombinant Pichia bearing the empty vector (pPIC9). The
growth of Pichia pastoris harboring recombinant plasmid
GpPro2 was optimized in four different parameters in order
to enhance the protease enzyme yield. The yeast was grown
up to 5 days for postinduction study and the concentration
of methanol was varied from 0% to 1%. Assay temperature of
active enzyme was optimized ranging from 10°C until 35°C
with 5°C intervals. The last parameter was to find out the
capability of cell density in protease production at Agy)nm
from 1 to 10.

2.8. Protease Assay. The proteolytic activity was measured by
the modified method of Brock et al., 1982 [20] using azocasein
as substrate. Azocasein (0.5%) was dissolved in 0.1 M Tris-
HCI-2mM CaCl,, pH 7. The reaction was initiated by the
addition of 100 L of enzyme solution for 30 min at 20°C. An
equal volume of 10% (w/v) trichloroacetic acid (TCA) was
added to terminate the reaction. The absorbance was read at
450 nm using UV/Visible spectrophotometer Ultraspec 2100
pro (Amersham Biosciences, USA). One unit of azocaseinase
activity was defined as the rate of absorbance change of 0.001
per min at 20°C under the standard assay condition.

2.9. SDS-PAGE. Sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) was prepared according to
the Laemmli [21] method using 12% polyacrylamide gel in
the Mini PROTEAN 3 Cell apparatus (BioRad, USA). After
electrophoresis, gels were stained with Coomassie Brilliant
Blue R-250 (BioRad, USA).

2.10. Activity Staining and Cup Plate Assay. Activity staining
was performed as described elsewhere [22]. The supernatant
from recombinant Pichia clones were applied in this method
and loaded into SDS-PAGE [12% (w/v)]. After electrophore-
sis, the gel was immersed in 20% isopropanol to remove SDS
and washed with distilled water (2-3 times) and the gel was
transferred into 2% skim milk yeast peptone dextrose (YPD)
agar plate. Protease activity on Petri dish was also tested by the
activity ring staining or cup plate assay using 2% skim milk
YPD agar plate adapted from Poza et al., 2001 [23]. The plate
was incubated at 20°C for 5-6 hours.

3. Results and Discussion

3.1. Microorganism and Culture Condition. After 10 days
at 4°C, the growth of G. antarctica PI12 on nutrient agar,
sabouroud dextrose agar and potato dextrose agar was cream-
coloured, smooth, mucous, runny and glistening. The border
was entire, circular and convex while on skim milk agar, the
yeast produced hydrolytic colonies (Figure 1(a)). The cells
of G. antarctica PI12 occurred in oval, yeast-like shape with
the size of about 2-4 ym and present singly when observed
via simple and negative staining (Figures 1(b) and 1(c)). SEM
photograph showed budding yeast form of the G. antarctica
strain PI12 (Figure 1(d)). All cells clumped together and
possessed smooth and oval shape appearance.

Figure 2 shows TEM photographs of the thin-sectioned
of the basidiomycete yeast, G. antarctica strain PI12, which
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FIGURE 1: (a) Casein hydrolysis on skim milk agar plate. (b) Negative staining with enlargement of 10,000x, bar = 2 ym. (c) Simple staining
photograph. (d) Scanning electron microscopy (SEM) photograph with magnification 2500x. Bar = 10 ym.

reveals the intracellular organelles. Figures 2(a) and 2(b)
show budding yeast appearance of membrane-bounded
nucleus and easily recognized bud scar while Figure 2(c) illus-
trates ultrastructure comprising of a dark and thick cell wall,
a cell membrane, an irregular shape nucleus, mitochondria,
vacuoles, golgi, and bud scars.

3.2. Ribosomal RNA Identification. The ITS1/5.8S rDNA/
ITS2 region of PII2 was successfully amplified by Boo
et al., 2013 [14] with the predicted size of 646bp. The
ITS1/5.8S/ITS2 sequence of Glaciozyma antarctica strain
PI12 had been deposited in GenBank with the accession
number JX896956. Amplification of ITS region showed
100% identity to ITS1/5.85/ITS2 sequence of Antarctic yeast
CBS 8938 (AY040659) and Glaciozyma antarctica strain
CBS 8943 (AY033637). National Collection of Yeast Cul-
tures (NCYC) identified PI12 as an isolate of Glaciozyma
antarctica based on 26S rDNA D1/D2 sequencing result
where it displayed 99% sequence identity to Glaciozyma
antarctica strain CBS 5942 [formerly known as Leucosporid-
ium antarcticum strain CBS 5942 (AF444529)]. Phyloge-
netic tree analysis was created based on comparison of ITS
sequence of this strain with the closest strains that are
avaijlable in the database with reference to BLAST result

(Figure 3). Thirty-nine of ITS sequences from Glaciozyma
clade were compared. The phylogenetic tree constructed con-
sists of three main clusters: cluster I (JX896956 Glaciozyma
antarctica strain PI12, AY040659 Antarctic yeast CBS 8938,
AY 033637 Glaciozyma antarctica strain CBS 8943, EU149809
Glaciozyma antarctica strain CBS 10640, AB774460 Leu-
cosporidium sp. KGK-2, JQ857017 Glaciozyma antarctica
isolate T21Ga, EU149808 Glaciozyma antarctica strain CBS
10636, AY040663 Glaciozyma antarctica strain CBS 8939,
EU149806 Glaciozyma antarctica strain CBS 10639, EU149805
Glaciozyma antarctica strain CBS 10638, AY040657 Antarctic
yeast CBS 8927, AF444529 Glaciozyma antarctica strain
CBS 5942 and KF934487 Glaciozyma sp. KP7-5-2) is
the sequences from strains originally considered as L.
antarcticum, which was reclassified as Glaciozyma antarc-
tica [15]. Cluster II (GQ336996 Leucosporidium sp. AY30,
EU149804 Glaciozyma watsonii strain CBS 10641, AY040661
Antarctic yeast ML 4515, AY040660 Glaciozyma watsonii
strain CBS 8940, AY033638 Glaciozyma watsonii strain CBS
8944, AB774462 Leucosporidium sp. BSS-2, KC785578 Uncul-
tured Glaciozyma clone 180, AB774461 Leucosporidium sp.
BSS-1, EU149803 Glaciozyma watsonii strain CBS 10684,
HQ432823 Glaciozyma watsonii DBVPG:4802, HQ432818
Glaciozyma watsonii DBVPG:4726, HQ432820 Glaciozyma
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FIGURE 2: Transmission electron microscopy (TEM) photographs of Antarctic G. antarctica strain PI12. (a) 12,500x magnification, (b) 10,000x

magnification, (c) 27,500x magnification.The scale bars represent 2 ym for (a) and (b) and 1 um for (c).

watsonii DBVPG:4760, JX171176 Glaciozyma watsonii iso-
late LKF08-112, DQ402535 Leucosporidium sp. LC-03-120
isolate 03-120, JF900360 Glaciozyma watsonii strain CBS
7009, KC333171 Glaciozyma watsonii isolate AU CryS06,
HQ432821 Glaciozyma watsonii DBVPG:4799) is categorized
as G. watsonii while cluster III (AY040664 Glaciozyma mar-
tinii strain CBS 8929, AY033641 Glaciozyma martinii strain

CBS 8928, HQ432816 Glaciozyma martinii DBVPG:4841,
KF934486 Glaciozyma sp. KP7-5-1, FR682434 Uncultured
Basidiomycota, HF934010 Glaciozyma sp. K81b, JF900362
Glaciozyma martinii strain CBS 9639, JF900359 Glaciozyma
martinii strain CBS 6581, JF900361 Glaciozyma martinii
strain CBS 7054) is categorized as G. martini. Recognition
of the Glaciozyma species has been done by comparing



Enzyme Research

AY 040659 Antarctic yeast CBS 8938

AY033637 Glaciozyma antarctica strain CBS 8943
EU149809 Glaciozyma antarctica strain CBS 10640
AB774460 Leucosporidium sp. KGK-2

JQ857017 Glaciozyma antarctica isolate T21Ga
EU149808 Glaciozyma antarctica strain CBS 10636
AY040663 Glaciozyma antarctica strain CBS 8939
EU149806 Glaciozyma antarctica strain CBS 10639
EU149805 Glaciozyma antarctica strain CBS 10638

AY040657 Antarctic yeast CBS 8927

KF934487 Glaciozyma sp. KP7-5-2
GQ336996 Leucosporidium sp. AY30
EU149804 Glaciozyma watsonii strain CBS 10641
AY040661 Antarctic yeast ML 4515
AY040660 Glaciozyma watsonii strain CBS 8940
AY033638 Glaciozyma watsonii strain CBS 8944
EU149803 Glaciozyma watsonii strain CBS 10684
JX171176 Glaciozyma watsonii isolate LKF08-112

AB774462 Leucosporidium sp. BSS-2
KC785578 uncultured Glaciozyma clone 180

HQ432818 Glaciozyma watsonii DBVPG:4726

HQ432823 Glaciozyma watsonii DBVPG:4802

AB774461 Leucosporidium sp. BSS-1

_| HQ432820 Glaciozyma watsonii DBVPG:4760
KC333171 Glaciozyma watsonii isolate AU CryS06

- HQ432821 Glaciozyma watsonii DBVPG:4799
JE900360 Glaciozyma watsonii strain CBS 7009

AY040664 Glaciozyma martinii strain CBS 8929

AY033641 Glaciozyma martinii strain CBS 8928
HQ432816 Glaciozyma martinii DBVPG:4841

KF934486 Glaciozyma sp. KP7-5-1

—— FR682434 uncultured Basidiomycota

e |
0.01

FIGURE 3: Neighbor-joining phylogenetic analysis of internal transcribed spacer 1 (ITS1)/5.8S rRNA gene/internal transcribed spacer 2 (ITS2)
of Glaciozyma clade. Numbers indicate percentage bootstrap values calculated on 1000 repeats of the alignment. The tree was constructed
using MEGA 6 software [39]. The scale bar represents 0.01 substitutions per nucleotide position. GenBank accession numbers of the sequences
are indicated before strain name. ITS1/5.8S/ITS2 sequence of Glaciozyma antarctica strain PI12 had been deposited in GenBank with the

accession number JX896956 [14].

HF934010 Glaciozyma sp. K81b
JF900362 Glaciozyma martinii strain CBS 9639
JF900359 Glaciozyma martinii strain CBS 6581
JE900361 Glaciozyma martinii strain CBS 7054

AF444529 Glaciozyma antarctica strain CBS 5942

DQ402535 Leucosporidium sp. LC-03-120 isolate 03-120

Cluster 1

Cluster 2

Cluster 3

Glaciozyma antarctica

Glaciozyma watsonii

Glaciozyma martinii



their molecular phylogenetic data and physiological and
morphological characteristics [15]. Phylogenetic analysis of
ITS1/5.85/ITS2 sequence of strain PI12 showed that the
sequence was closely related to ITS1/5.85/ITS2 sequence
of Glaciozyma antarctica with high homology similarity to
Cluster I (99-100% identity). The ITS1/5.8S/ITS2 sequence
of G. antarctica strain PI12 was differed from G. watsonii
(Cluster II) by 2-3% gap in the sequence (93% identity)
and G. martinii by 4-5% gap in the sequence (90-92%
identity).

3.3. Sequence Analysis of PI12 Protease cDNA. In this study,
amplification of the PII2 protease gene sequence was con-
ducted using genomic DNA and cDNA as a template. Putative
partial PI12 protease gene with the size of 1321 bp was initially
acquired from the G. antarctica genome survey sequence
library (Supplementary Figure; see Supplementary Mate-
rial available online at http://dx.doi.org/10.1155/2014/197938).
However, the gene was discovered as an incomplete pro-
tease gene sequence. DNA walking strategy successfully
amplified 1500bp of the upstream region of partial PI12
protease. Both sequences of about 1500 bp (derived from
the DNA walking reaction) and 1321bp (partial PI12 pro-
tease) were assembled and made up a total length of
2687 bp protease sequence (Supplementary figure). The puta-
tive PI12 protease was predicted by Augustus webserver
(http://augustus.gobics.de/) having intervening sequences;
introns. Thus, reverse-transcriptase PCR (RT-PCR) and rapid
amplification of cDNA ends (RACE) were accomplished to
obtain the full-length cDNA. As a result, the ORF comprising
2892 bp encoding 963 amino acid residues were successfully
deduced.

Nucleotide and deduced amino acid sequences of
genomic DNA and cDNA fragment encoding PI12 protease
were shown in Figure 4. The size of the ORF of putative PI12
protease was 3867 bp with genomic DNA as the template
while the ORF comprised 2892 bp encoding 963 amino acid
residues were successfully deduced through RACE strategy
with cDNA as the template. The ORF was predicted using
ORF Finder (http://www.ncbinlm.nih.gov/projects/gort/)
while prediction using SignalP (http://www.cbs.dtu.dk/ser-
vices/SignalP/) webserver allowed the identification of the
putative PI12 protease prepeptide where it predicted the
presence of signal peptidase I cleavage sites [24]. The putative
N-terminal signal peptide (1 to 16; the underlined amino acid)
was identified as a secretion signal. There is no propeptide
predicted by ProP Webserver (http://www.cbs.dtu.dk/ser-
vices/ProP-1.0/). Comparison of cDNA and gene sequences
allowed determination of gene structure. Therefore, sequence
alignment was performed between the sequence of these two
templates and it was confirmed that the coding sequence
(consisted of 19 exons) was interrupted by 18 introns with
their length varying from 48 to 60 nucleotides. However, the
GT and AG rule for donor-acceptor sites was not obeyed.
Of 18 introns, 10 introns contained canonical GT and AG
dinucleotides at their 5" and 3’ ends while 8 introns hold
noncanonical splice site pairs with TT-GG (2 introns),
AG-TG, GC-GT, TG-GG, TC-GG, TA-GG, and TG-AG
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dinucleotides at the splice junction. Upper case letters in
blue colour represent introns while lower case letters in
black colour represent exons. Splice donor and acceptor were
highlighted in grey.

The amino acid composition (upper case letters) within
the ORF amino acid residues was determined by the
ProtParam tool of the Expasy molecular biology server
(http://www.expasy.org/tool). Translation starts at a nucle-
otide position 1 and translation stop is marked with an
asterisk. The nucleotide sequences ATG (1 to 3) and TAG
(3865 to 3867) indicate the initiation codon and termi-
nal codon, respectively. The presumed putative sequences
of promoter CAAT (-101 to —98) and TATA-box (-92
to —88) were identified in the 5 -untranslated (UTR)
region. The search was achieved via Neural Network Pro-
moter Prediction (Berkeley Drosophila Genome Project)
(http://www.fruitfly.org/seq_tools/promoter.html). In the 3'-
untranslated (UTR) region, there was a putative polyadeny-
lation signal, attaa (3889 to 3893) detected from the TAG
stop codon to the poly (A) tail. The predicted molecular
mass and pl of PII2 serine protease were 100.99 kDa and
6.41, respectively. Out of 963 amino acid residues in the
deduced sequence of the PI12 protease, 70 are negatively
charged residues (Asp + Glu), while 66 are positively charged
residues (Arg + Lys) at neutral pH (Table 2). The total charged
residues (Arg, Asp, Glu, His, and Lys) are 150 amino acids
in the open reading frame of PI12 protease corresponded to
15.6%, while hydrophobic residues (Ala, Phe, Ile, Leu, Met,
Pro, Val, and Trp) are 441 amino acids which corresponded
to 45.8% of the total amino acids discovered. The total
uncharged residues (Asp, Cys, Gln, Gly, Ser, Thr, and Tyr) are
consisted of 372 amino acids, which corresponded to 38.6%
of the total amino acids of the open reading frame of PI12
protease. The aliphatic index is 92.90 and the grand average
of hydropathicity (GRAVY) is 0.141. The instability index (II)
of PI12 protease was computed to be 34.14 which classify the
protein as stable.

N-glycosylation sites were predicted using NetNGlyc
1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc). There
were five putative N-glycosylation sites for the PI12 protease
gene predicted using the server. For N-glycosylation, the
sequence motif Asn-Xaa-Ser/Thr (Xaa any amino acid, but
not Pro) has been defined as a prerequisite for glycosylation.
The sequence motifs in PI12 protease occurred in the position
170 NETH, 365 NATYV, 576 NLTP, 634 NDTA, and 833 NSSP.
Among five predicted sites, only three (except positions 576
and 833) showed a high potential score (averaged output of
nine neural networks) which support the prediction. The
putative N-glycosylation sites were demonstrated in boxes
in Figure 4. The comparison of amino acid composition of
this cold-adapted protease from G. antarctica strain PI12 with
nine other subtilisin serine proteases from different families is
shown in Table 2. Analysis of this comparison depicts that the
percentage of each amino acids in PI12 protease is almost the
same with other proteases while Gly (G) is the most abundant,
accounting for up to 10.4% of the total amino acid in PI12 pro-
tease. PI12 protease also contained the highest percentage of
Leu (L) with 9.9% of the total amino acids compared to other
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gegeegeeeegegtety
ctagcgcgaatcgagaaaacacaaaagaacctcccgacttggegttgettctgetettct

ccttctcccaaccgeccgacaataaaaactataacacacacacaccccatctcgacgectg
cagacttcacgactctcctcacgctctttaccgecccacgggtcccacccacgagecacg
atgctcttecctccecgtectectectectecttcccggegtcactgecttecctcaaccca
ML FLPVLLVLTLILPGVTATFTILNTFP
gttaccaaccgcgcgaccaacgeccatctectcgactcaatacctctctaacgectatatce
VT NRATNATISSTQYULSNAYI
ctcgaattggacctctccaccceccggectcgtcaaacgggatagecacgeccgactctGTG
L ELDLSTZ®PGLVKRDTST?®PDS
CGTCCCGCGTTCCTCCCTCGCTGTCGAAGACGAGCTAACAATGACGTGGTAGatcctaga
I L E
ggacgtactcacgtccgtaggeccgcaacggtatcaagtaccaactccgecaccgetttat
DVLTSVGRNGTII KYAQLRHIREI
ctccecgactcetgttccacggegettcgatcactgtccccectggaatcteccgetecca
S PTLFHGASTTVPPGTISURSAQ
aatcgcctctctececgeggtatcaaaGTCCGTCCCTCTCTCTCCCCTACTCCCTCCGTGCT
I AS L RGTIK
AACCCTGCACGCAACAGcgcgtctggeccgttcgaaagttctcccgacccagegeagtag
R VWPV RKTEFESIRPS AV
tggacgccgatggaggaggaagegggttctcagggtcgectatcaaggeggegetcatgg
VDADGGGSGEFSGSPII KAALM
gggtgaaagagectcgggaagegegegaacgettatgetggagatacgtttggaccgeatg
GVKELGKRANAYAGDTEFEGZPH

tcatgacgggggttaatgagacgcatgaggegggettgttgggagetgggattaagGTGT
VMTGVINETHEAGLTLGAGTIK
GTTTTCGTCTTTGTTTGGGGGAGGGGGGAGGGAGGAGCTGATTAATGGGTGCAGattggg
I G
gtgctggacactggtgAGAAGCGGTTTGGAGGGAGGAGAGGATGGAGCTGATGAGTGTGC
VLDTG
AGGTGtté;ttatttgaacccgattctgggaggctgctttggacctgggtgccatatgtc
VDYLNZPTIULGGC CFGPGCHMS
gtttgggtacgacttggttggecgatgattacgatggagataacgectectgtgecggatgt
FGYDLVGDDYDGDNAPVPDV
ggatccttGIGCGTCCTTCCCTCCGCGATGGGCTGGAATCTGAGCTGACGGCGTTGTTGA
D P
TCAGttgcgagctgegatcctcatggTTCGTCTCGCTTTCCGCTCCTCTGATGCGCTCGC
FASCDZPHG
TGATGCACTTGGCAATAGGaactcacgttacgggaatcattggagecgectcccgaatgegt
THVTGITITGALTPNA
ttggatttactggegtcgcaccecgecgetactctgggecactaccgagtGCGCTCCCTCT
FGFTGVAPAATILGHYRYV
ATCCGTTCTTCCTCGCAGCTCCCACTCACTCGTGCTTCCAGGTatttggctgcactgget
F GCTG
tcgtcggagaagatatcGTTCGTCCTCTCTCCAGTCCCGGCTAGCGATCCTGCTTCTGAC
FVGEDI
TTCGCATCTCCCTCTGAGattctcgectggactcatgegaggagtcgaggacaactgeaac
I LAGLMRGYV EDNCN
gtcttgaccctctctcteggaggtccaggagggtgggtcaagggecacgecggegtccatce
VLTLSLGGPGGWYVIKGT?PASI
cttatcgaccagatcgaagcgcaaggcattctcgtcaccgtcgecactggecaactcggga
LI DQI EAQGTIULVTVATGNSG
gctgagggTGAGCTCCTCGCTACTTGCGCGTCGAGACCAGTACTAACAGGGGCGTGGACG
A E G
CAGGcatgttcttctccgagtctcccgectcgacgatcaacggectttccatcgeateca
MFFSESPASTTINGLSTIAS
cgTCCGTCTCTCCCTTCCTTCGCACGCCACTCGCTCACACTCTCTCGCAGGgacgttacc
T DV T
gacctcatcgcctacaacgccaccgtctcaggeccaacctgegatcecttaccteteegec

DLI AYNATV|]SGQPATIPYTLSA
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acgcccctcaacgtcgtcgecaacagettccgegtccacttcacctctaccgaccccaac
T PLNVVANST FRVHEFTSTDZPN
aaccccgtcecgacgectgetectectetteccggetggagegeccgacttegecaactatgtt
NPVDACSZPLZPAGAPDT FANYYV
acggtcgttcagecgtgggacttgtacgttcgttaccaagtaccagaacgttctcaatget
T VVQRGTO CTT EVTI KYAQNVLNA
ggaggGTGCGTCGGCTTCTTCTCTCCCGACTGGATTGGGCGGAGACTGACCTTCTGAGCA
G G
Gaaagatcgtattgttgtacaactcggagggagectgggaacctceccttacctcacgecca
KI1IVLLYNSEGAGNTLUPYTLT?P
acggtgtcggecatcgacgecgttgecaggtcttegtegttccgacggactcaagGTTCGTC
NGVGIDAVAGLI RRSDSGTLK
TACGCTCTTCGGTGCTGAGGCCCTTCTCTGATCTCGCTCCGACAGcttctctcgtactat
LLSYY
cagaatgccaacaagcgtctcactctgegettccccaagggecaagatecgtcgecaggettg
QNANKRLTLREPIKGIKTIVAGL
accgataccatcaccggecggactcatctcgTICGTTCCTCTCCGCCTCCCTCGCTGGCCG
TDTTITGGTL LTI S
ATGAGCTGACGCGGTCTTTGCAGGggttactcgacgtttggtccgacgaatgacctctac
GY ST FGPTNDTLY
ggtcagcctaccctctetgeccctggtggecaacatecctttcgacctteccctetetecgag
GQPTULSAPGGNTITLSTEZ®PTLSE
ggaggagtggcggtcatcagtgggacgageatgtegtgeccctttgtcgGTTCGTCCTTC
GGVAVISGTSMSCPFEFYV
TCCTCGTTCGTTCGCTGAGCGTCGACTGATCTTGCACGATCGCAGctggatctgeggegg
A G S A A
tcctcatggecgetcgegettcggagaacctcacgecgettgagatcaggagtctectta
VLMAARASENTLTU®PLETIRSTILTL
ctaccactgcgaagcttacgeccggtctcgetecttgggatcgacgectttggtgagegtga
T TTAKZLT®PVSLVLGSTU®PLVSYV
ttcgtcaaggaggaggTACGTTCCTTTCTCGCTGCTTTGAGGATCGAGGCTGATTAGCGA
I RQ GGG
GCTTCGCAGGactcgttcaggttgccaaggegetcgeggeccaagacgetaatctetecte
LVQVAKALAAKTTLTISP
acgagctcctgctcaacgacactgecgaacgecgaactacgtccagactatcaagatcaaga
HELTLTLIINDTANANYVQTTIIKTIK
acaccaactcgtgggcgatgaagtacaccttctcctecggecgtcgeccaaggactcggaa
NTN SWAMKYTT FSS AV AQGTLG
ctttcgacgcttcgggcgatatcctecctaccctcgacccagtegecgtetectggegeac
T FDASGDTIULPTTULDZPVAV S GA
aggctaccgtcgegttcaacactcggatcctcagegtegegeccggegegacggggtcecg
QATVAFNTRTIILSVAPGATSGS
tcgtggegactatcacgecgecggttcttcccgtageggacgetgegaggttcectatcet
VVATTITZ®PZPVLPVADAARTEPI
tctctgggtggatcagggtgaatgggcaaggegegagggatagcagtaggaacgaggegt
F SGWIRVNGQGARDS S S RNEA
acactgGTGCGTTTGGCTCGCTTTTTGGGAGGTGCCGAGCTAATCGTTTCTCGTAGtccc
Y T vV P
gtactttgggcttgeggegaagatgatcgatatgcaagGTGCGTCCGATGGTTCTCTCGCT
Y FGLAAKMTIDMNAQ
TCTCTCTCGGTTGCTCACTTCAAAGTGCAGtcctcgacaccaccgagaccatttacggtc
VLIDTTETTIYG
cgggctacgcctaccccttegtgatcgacgacgegattggagacatccaatccaccacaa
PGYAYPFVIDDAIGDTIQSTT
cgtcgtactccaggaacctcgggeccaccgtcttegetecgetttgecalGCGTCGACCGT
T SY SR RNLGPTVFARTFEFA
CCTCATTTCCTGCGGCAGAGCGAGAGCTGATTCCGACCTCGAACAGctggaacccttcac
T G T L H
tacagcctcgatctcgtectagecgacatcgectttacccccacctaccccaactectec
Y SLDLVLADTIATFTZPTYZ?PNSS
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cccgecactcgtttcegtcaagegetccctcacgeageacacctctgecgettegeacctce
PATREFVKRSLTQHTSAASHTL
gccaagcecgccgegtctccatcgecactatcaaccccaaagecaccctegtegecgatega
A KRRV S ITATTINPI KATTILVADR
cagctccactcggacgtccctatcgagggcaacatcttcacccaaccctttactggaagg

QLHSDV?PIEGNTITEFETOQPTFTGR
gattacctcgtcgacgcagccccgacgggatccaccgatcgtaccgtcacttttaacggg

DYLVDAAPTSGSTDIRTVTTENG
cagtacgccgagaacggcctcgtgaggacggctgtgacggggacttcgtaccgettecte
QYAENGLVRTAVTGTSYRFL
cttcgggecgttgaagatctcgggagacgegatgtacgaggatcagtatgagagetggetce
LRALKTISGDAMYEDAOQYESWL

tcgctaccgttctegttccgtgegtaggettgttgtggacaccactgecattaagttatga
S L P F S F R A %

ttttgeccacctcaaaaaaaaaaaaaaaaaaaaaaaaaa
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FIGURE 4: Nucleotide and deduced amino acid sequences of genomic DNA and cDNA encoding protease from G. antarctica strain PI12. The
nucleotides are numbered from the 5’ end of the cDNA. A putative CAAT, TATA box, and polyadenylation signal are bold italic. The putative
N-terminal signal peptide is underlined. The initiation codon is boldfaced, and termination codon is represented by an asterisk (), boxed
peptide sequences showed N-glycosylated asparagines residues. The amino acid residues that form the catalytic triad are double underlined

and bold while introns are represented in blue font. Highlighted in grey are the intron donor-acceptor splice sites.

proteases. Hydrophobic profile of PI12 amino acid protease
was performed by ProtScale tools with Kyte and Doolittle
method at http://au.expasy.org/cgi-bin. The hydrophobicity
profile elucidation of PI12 protease amino acid was carried
out from amino acid 1 to 963. The amino acid residues
from1to 16 (M-L-F-L-P-V-L-L-L-L-L-P-G-V-T-A) and 548 to
562 (V-A-V-1-S) were hydrophobic grooves. The first region
which consisted of 16 amino acids was very hydrophobic and
was predicted to be the signal peptide by SignalP and ProP
webserver.

The bold and double-underlined amino acids showed
residues of catalytic triad, aspartic acid (D), histidine (H), and
serine (8) active site, respectively. NCBI Conserved Domains

Database (CDD) identified the presence of subtilase, protease
and subtilisin-like serine protease domains in the amino acid
sequence. The predicted PII2 protease amino acid sequence
was found sharing significant homology to the subtilisin
family of protease. The highest similarity of PI12 protease
was observed with 42% identity to subtilisin-like protease
of Rhodosporidium toruloides (EMS20793), 37% identity to
subtilisin-like protease of Pleurotus ostreatus (CAG25549),
and 35% identity to subtilisin-like protease of Gloeophyllum
trabeum ATCC 11539 (EPQ55564). The nucleotide sequence
of G. antarctica strain PI12 showed low homology to the
fungus subtilisin protease family and none to other psy-
chrophilic proteases. The multiple sequence alignment was
illustrated in Figure 5. The consensus sequence around the
catalytic triad, aspartic acid (D), histidine (H), and serine
(S) of PII2 protease showed high conservation with other
subtilisin (showed in black boxes). Glycine residues G,
G', G”!, G*2, and G*¥ that were highly conserved in
most of subtilases were conserved in PII2 protease [25].
Therefore, PI12 protease belongs to the subtilisin subgroup of
the subtilase serine protease superfamily. This serine protease

of G. antarctica PI12 has been deposited into GenBank with
accession number CAQ76821.

3.4. Phylogenetic Relationship of PI12 Protease. The phylo-
genetic tree was constructed to demonstrate the similarities
and relationship of protein sequence between different
species or organisms. Figure 6 illustrates the phylogenetic
dendrogram indicating the relationship of PI12 protease
with another 25 translated amino acid sequences of
serine protease. The bar scale signifies the branch length
to approximate variance along each branch. Basically,
this tree comprises two main clusters: cluster I was sub-
divided into subcluster a (CAG25549, EPQ55564, ETW-
80907, XP_007381302, XP_001877576, CAG38357, XP_
007341385, CCA68627, EJU04161, XP_007369624, EIW-
62675, CC0O37249, XP_001830835, XP_007342189) and sub-
cluster b (XP_007589863, XP_003711175, EFQ32840, XP_
006694395, ENH74885, EON99722); cluster II was sub-
divided into subcluster ¢ (CBQ73425, GAC97617, CCF52619)
and subcluster d [CAQ76821 (PI12 protease), EMS20793].

Serine protease constructed by the phylogenetic tree
comprised large size of protein with about 801 to 1032 amino
acids. The majority of the translated protease sequences
were obtained from fungus. All serine proteases from cluster
1 subcluster a are derived from Agaricomycetes except for
EJUO04161, which belongs to Dacrymycetes whereby all serine
proteases from cluster 1 subcluster b are from Sordari-
omycetes. Cluster II subcluster ¢ consisted of serine protease
from fungus belonging to Ustilaginomycetes. PI12 protease
was categorized under cluster II subcluster d. It possessed
homology similarity with the subtilisin-like protease from
Rhodosporidium toruloides (EMS20793) (formerly known as
Rhodotorula glutinis or Rhodotorula gracilis), which is a
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MKG-YSWSLLQLAFTGAALATVPLSDVKRISSAS--VVPNKFVVEVESASEIPGKR--SL
MKGVLVWSILS---AGCALAVTPLSSVKRVTNLP--IVANKFIVEVDSTSDIPTKR--S-
MKLPLLSLALT---AVSVGATVPLSSVQRTTTSPNNALAGEYIVEMNNVQGLGGKR--AY
—---MAHGSLASLLLLLAASAQGAAAFGGKSATGGRSVVPNSYILQVNASAPALTKRGVSV

—---MLFLPVLLLLLPGVTAFLNPVTNRATNAISSTQYLSNAYILELDLSTPGLVKRDSTP
...... ok

YTPHELFYRSLSARGVSYEVNKEYNS-EGLFVGAVVTVSDANDVKALAETPGVKAIRPVR
-NPHDALYESLRKRAIGFKVDREFNT-QGLFVGAALTLSDAQDVGQIQSTTGVKSIRPVR
ASTHDTLYRSLRKRGISFDVKKEYNQ-PGIMVGAALKVASPQDVQQIATMAEVKAIRPVI
FEALDHTLAAVKQNGVKYTVRQRFDAIPEAFQAVSIQVEDGASMAELAQIPGVQRVWPVS
DSILEDVLTSVGRNGIKYQLRHRFIS-PTLFHGASITVPPGISRSQIASLRGIKRVWPVR

Dok

TIKSPKPVKVHVVTGKDDPEIPA DTESTHIMTGVN
AFDRPKPVKVQVVKGPDDPALPP DSESTHVITGVD
AVPAPERINQFTVSSPNDSRITA DSETTHIMTGVD
LIPRPVEPTVSDFTPVSSSSSSTKSKRD-THTLEKRGTNFPPASAYLNDTFYPHVQTGID
KFSRPSAVVDADGGGSGFSGSPIKAALMGVKELGKR-—---- ANAYAGDTFGPHVMTGVN

* L. 1 Lk k¥l
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ETW80907 TGDPTKEADFETWLSPIVGITVA
CAG25549 TGDPTNEADFESFLSPIIGVNAP
EPQ55564 TGNPAEEGDYETWLSPSFSVVPA
EMS20793 TADPTYTSSYESWLSPSFTFTA-
PI12_protease SGDAMYEDQYESWLSLPFSFRA-
Ll LUk DRk

Conserved

Similar
*  All match

(c)

FIGURE 5: Multiple sequence alignment between amino acid sequence of PI12 protease with other subtilisin. The serine protease sequences
were obtained from the GenBank database. Their accession numbers are: EMS20793 (subtilisin-like protease of Rhodosporidium toruloides
NPI11), CAG25549 (subtilisin-like protease of Pleurotus ostreatus), EPQ55564 (subtilisin-like protease of Gloeophyllum trabeum ATCC 11539),

and ETW80907 (serine protease S8 of Heterobasidion irregulare TC 32-1). Putative ORF of serine protease from G. antarctica PI12 was labeled
as PI12 protease.

CAG38357 Phanerochaete chrysosporium
EIW62675 Trametes versicolor FP-101664 SS1
XP 007369624 Dichomitus squalens LYAD-421 SS1
XP 007381302 Punctularia strigosozonata HHB-11173 SS5
CAG25549 Pleurotus ostreatus
ETW80907 Heterobasidion irregulare TC 32-1
XP 001877576 Laccaria bicolor S238N-H82

EPQ55564 Gloeophyllum trabeum ATCC 11539

XP 001830835 Coprinopsis cinerea okayama7130

XP 007341385 Auricularia delicata TFB-10046 SS5

CCAG68627 Piriformospora indica DSM 11827

Cluster 1

CCO037249 Rhizoctonia solani AG-1 1B

XP 007342189 Auricularia delicata TFB-10046 SS5

EJU04161 Dacryopinax sp. DJM-731 SS1

{P 007589863 Colletotrichum fioriniae P]7

F EFQ32840 Colletotrichum graminicola M1.001

ENH74885 Fusarium oxysporum f. sp. cubense race 1

XP 003711175 Magnaporthe oryzae 70-15

XP 006694395 Chaetomium thermophilum DSM 1495
EON99722 Togninia minima UCRPA7 s
CBQ73425 Sporisorium reilianum SRZ2

—C GAC97617 Pseudozyma hubeiensis SY62 c
L] CCF52619 Ustilago hordei

EMS20793 Rhodosporidium toruloides NP11 }d
[ ]

Cluster 2

|
0.1

FIGURE 6: Phylogenetic dendrogram among 25 translated amino acid sequences of serine protease. The tree was constructed using a neighbor-
joining algorithm with 1000 bootstrappings by MEGA 6 software [39]. The scale bar represents 0.1 substitutions per amino acid position. The
serine protease sequences were obtained from the GenBank database. GenBank accession numbers of the sequences were indicated before
the strain name. The putative serine protease of G. antarctica strain PI12 has been deposited in GenBank with accession number CAQ76821.
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FIGURE 7: Effect of postinduction time towards protease activity. The highest activity was detected at 72 hours after 110 hours of incubation,
with 9 U/mL activity followed by 48, 24 and 96 hours. The substrate (azocasein) was dissolved in Tris HCL buffer and incubated for 30 min at
20°C. The absorbance was measured at 450 nm after 15 min incubation. A one-way ANOVA was used to test for preference differences among
six different postinduction times. The statistical value (P value <0.05) between hours is 0.003.

pink-coloured nonpathogenic oleaginous yeast (42% iden-
tity). Both G. antarctica P112 and Rhodosporidium toruloides
NP11 belong to Microbotryomycetes class. PI12 protease did
not show any homology similarity to other psychrophilic
proteases; however, it showed 37% identity to hypothetical
protein from Pseudozyma antarctica T-34 which was isolated
from Japan (GAC76005) (not listed in the phylogenetic tree).

3.5. Cloning and Expression of Cold-Adapted PII12 Protease in
the Yeast Expression System. The PCR product harbouring
the mature PI12 protease with two flanking restriction sites
(EcoRI and AvrII) was cloned into pPIC9 expression vector.
The recombinant plasmid harbouring PI12 protease was used
to transform both GS115 and KM71 intended to produce both
His" Mut” and His* Mut®. Two recombinant clones from
GS115 (His" Mut") strain (GpProl and GpPro2) and one from
KM71 (His* Mut®) strain (KpProl) were successfully obtained
which were further analyzed for protein expression study.

3.6. Expression and Enzyme Assay of PI12 Protease in Pichia
pastoris. All positive recombinants were grown in small scale
cultures and assayed for the cold-adapted protease activity
in the culture supernatants. The clones were first grown in
BMGY medium with glycerol as the sole carbon source.
For induction of AOXI promoter and protein production,
the growth medium was transferred to the same medium
except with 0.5% methanol in place with glycerol as the
carbon source [26]. The supernatant of the recombinant P
pastoris expression cultures after 48 h of incubation time was
analyzed to determine the recombinant protease activity by
the modified method of Brock et al. (1982) [20]. All tested
clones secreted protease into the supernatant in different
expression levels. This might be due to the variability of
the strength of the promoter and copy number in each cell
to secrete and express the recombinant product. The clone
with the highest yield was GpPro2 with 6.3 U/mL activity
followed by KpProl and GpProl with 2.5 U/mL and 3.7 U/mL
activities, respectively (data not shown). It is perceptible that
expression system of Pichia pastoris is the ideal system for this
protein. The preliminary assay has fruitfully produced high

protease expression at 20°C. Yet, further optimization of the
recombinant PI12 protease production need to be conducted
in order to examine the optimum condition of this protein.
Reported cold-adapted proteases showed optimum activity at
a range of 15°C-60"C [27-30]. This difference was possibly
related to the respective genetic and physiological adaptation
of the strains. There are several factors that influenced the
different rate of expression. It includes different site of inte-
gration between interest gene and Pichia genome, variability
of different expression host cell to secrete and express the
recombinant enzyme, and different sites in the polylinker for
inserting foreign genes [31].

This is the second extracellular protease reported to be
synthesized by this obligate psychrophilic yeast, G. antarctica.
The first cold-adapted extracellular subtilase from this yeast
has been purified and characterized previously [32, 33]. The
extracellular serine proteinase (LAP2) from this Antarctic
yeast, formerly known as Leucosporidium antarcticum strain
171, is specific towards synthetic substrates of chymotrypsin
and subtilisin. The subtilase of L. antarcticum strain 171,
showed specific activity of 40.43 U/mg when utilized N-
SucAAPFpNA as a substrate [33].

3.7 Optimization of Protease Production. GpPro2 was chosen
for further optimization due to its highest protease activity
at the preliminary expression stage. High protease activity
was detected after 72 hours of incubation (Figure 7) by
using the standard protocol method as recommended for
Pichia pastoris expression system (Pichia Expression Kit,
Invitrogen USA). The expression decreased after 72 hours
and no activity was detected at 110 hours. The prolonged
incubation may result in the decrease of biomass production
and will subsequently reduce the expression of recombinant
protein. In addition, oxygen and nutrient depletion during
prolonged incubation will trigger the stress responses in order
to survive in such harsh environment [34].

Methanol was used as a sole carbon by P. pastoris. The
methanol was oxidized to formaldehyde with the aid of oxy-
gen as electron acceptor by an alcohol oxidase enzyme (AOX
gene) [35]. The optimal methanol concentration is at 0.5%
(v/v) with 14 U/mL activity. The addition of more than 0.5%
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F1GURE 8: Effect of methanol concentration towards protease activity. The recombinant was cultivated for 72 hours at 30°C in BMMY medium.
0.5% methanol gives the highest activity with 14 U/mL. The substrate (azocasein) was dissolved in Tris HCL buffer and incubated for 30 min
at 20°C. The mixture was left for 15 min and absorbance was taken at 450 nm. A one-way ANOVA was used to test for preference differences
among six different concentrations. The statistical value (P value <0.05) between concentration is 0.02.
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FIGURE 9: Effect of temperature towards protease activity. The reaction was carried out in temperature ranging from 10°C to 35°C at pH 7 for
30 min. A one-way ANOVA was used to test for preference differences among six different temperatures. The statistical value (P value <0.05)

between temperature is 0.067.

(v/v) methanol resulted in tremendous decrease of protease
activity (Figure 8). Production of PI12 protease was decreased
when the methanol concentration increased. This might be
due to the toxic effect of methanol concentration on DNA
replication and membrane synthesis. Basically, methanol is
used to increase the permeability of the cell membrane to
help the secretion of foreign protein [26]. However, if the
permeability of cell membrane is too high, low molecular size
metabolites would leak from the cell and such leakage will
seriously damage cell activities. Such condition would abuse
the cellular system and might reduce the yield of protein
expression [36].

Psychrophilic microorganism dominated in low temper-
ature habitat which most other microorganism are inca-
pable of withstanding due to their inability to produce
enzyme that can tolerate the extreme environment con-
dition. Psychrophilic enzymes are always associated with
high catalytic efficiency at low and moderate temperature
(0°C to 30°C) compared to the mesophilic counterpart that
are generally unable to catalyze efficiently under extremely

low temperature [2]. The recombinant protein assay was
done at various temperatures ranging from 10°C to 35°C
using 0.5% azocasein as a substrate dissolved in 50 mM
Tris HCI in presence of 2mM CaCl,, pH 7. In the activity
assays, expressed protease showed a highest activity at 20°C
(20U/mL) and decreased tremendously once it exceeded
maximum temperature due to the denatured state of the
enzyme (Figure 9). The active site of an enzyme is easily
altered when the high temperature is introduced during
incubation or activity assay, resulting in a low reaction rate
[37].

The recombinant construct was transferred into BMMY
media at different Agy,,, ranging from 1 to 10. The high-
est activity of active enzyme was detected at Ay, 6.0
(28.3U/mL) and above (Figure 10). The slope during expo-
nential phase was much higher compared to other phases
indicating an increase in the doubling time. At exponential
phase, the cells are adapted to the growth condition and
other processes like cell growth cycle and synthesis of RNA.
The yield of active enzyme during expression of P. pastoris
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FIGURE 10: Effect of inoculums size towards protease activity. The recombinant was cultivated for 72 hours at 30°C in BMMY medium
with 0.5% methanol concentration. A one-way ANOVA was used to test for preference differences among six different optical densities.
The statistical value (P value <0.05) between optical density value is 0.03.
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FIGURE 11: (a) Coomassie-stained SDS-PAGE of recombinant P. pastoris clone. 1 mL supernatants collected from the third-day culture
were concentrated 10-fold using trichloroacetic acid, and 10 yL resultant products were applied to SDS-PAGE analysis. Lane 1: molecular
weight marker (Fermentas); Lane 2: GS115 (Control); Lane 3: GS115/pPIC9 empty (Control); Lane 4: GS115/pPIC9/PI12prot (GpPro2).
The arrow indicates the secreted recombinant PI12 protease. (b) Plate activity staining of different recombinant P. pastoris clones. G:
GS115; GP: GS115/pPIC9; GRI: GS115/pPIC9/PI12protl (GpProl); GRIL: GS115/pPIC9/PI12prot2 (GpPro2); K: KM71; KP: KM71/pPICY; KR:
KM71/pPIC9/PI12prot (KpPro). (c) Gel activity staining of recombinant PI12 protease in P. pastoris GpPro2 clone. Lane 1: prestained molecular
weight marker (Fermentas); Lane 2: GS115/pPIC9 empty (Control); Lane 3: GS115/pPIC9/PI12protl (GpPro2). The arrow indicates the secreted

recombinant PI12 protease.

dropped after 28 hours of incubation, which is at stationary
or death phase [38].

3.8. Detection of Recombinant Protein by SDS-PAGE and
Activity Staining. The SDS-PAGE gel of the GpPro2 recombi-
nant clones’ supernatant showed a putative expression band
at around 99.3kDa. Plate staining and gel activity staining
were executed to examine if the recombinant PI12 protease
expressed in P. pastoris was functionally active. In the plate
staining, the transformants showed strong proteolytic activity
(Figure 11(a)). In gel staining, proteolytic activity was also
detected around 99.3kDa after incubation at 20°C. This is

evidence of protease secretion into the surrounding media
whereby it catalyzed the breakdown of casein, thus, formed
clearing zones around the activity ring and band (Figures
11(b) and 11(c)). As a conclusion, the cold-adapted PII2
protease was functionally expressed in P pastoris GS115
(GpPro2 clone) with the size of 99.3 kDa.

4. Conclusions

Psychrophilic yeast, which was originated from marine water
in Casey Station, Antarctica, was identified as Glaciozyma
antarctica strain PI12. A serine protease with an open reading
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frame of 2892bp encoded for 963 amino acids from this
Antarctic yeast has been cloned and expressed in Pichia
expression system. This is the second extracellular pro-
tease reported being synthesized by this psychrophilic yeast.
Sequence analysis through bioinformatics studies revealed
few homology identities of this protein with other ser-
ine proteases. The mature PII2 protease was successfully
expressed and secreted into the culture medium driven by
the Saccharomyces cerevisiae a-factor signal sequence in P,
pastoris. The protease production in P pastoris was best
obtained from strain GS115 (GpPro2) with 28.3 U/mL after 72
hours of induction time with 0.5% (v/v) of methanol inducer.
The starting optical density at 600 nm (OD600) was 6.0 and
the optimum assay temperature was 20°C. The expressed
protein was detected by SDS-PAGE and activity staining with
a molecular weight of 99 kDa. This cold-active enzyme might
offer an opportunity for biotechnological exploitation based
on its high catalytic activity at low temperatures and low
thermostability. Structural and functional study of this cold-
adapted enzyme would give insight into its adaptation to an
extreme cold environment.
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