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Abstract: Microbes living in the polar regions have some common and unique strategies 
to respond to thermal stress. Nevertheless, the amount of information available, especially 
at the molecular level is lacking for some organisms such as Antarctic psychrophilic 
yeast. For instance, it is not known whether molecular chaperones in Antarctic yeasts 
play similar roles to those from mesophilic yeasts when they are exposed to heat stress. 
Therefore, this project aimed to determine the gene expression patterns and roles of 
molecular chaperones in Antarctic psychrophilic Glaciozyma antarctica PI12 that was 
exposed to heat stress. G. antarctica PI12 was grown at its optimal growth temperature 
of 12ºC and later exposed to heat stresses at 16ºC and 20ºC for 6 hours. Transcriptomes 
of those cells were extracted, sequenced and analyzed. Thirty-three molecular chaperone 
genes demonstrated differential expression of which 23 were up-regulated while 10 were 
down-regulated. Functions of up-regulated molecular chaperone genes were related to 
protein binding, response to a stimulus, chaperone binding, cellular response to stress, 
oxidation, and reduction, ATP binding, DNA-damage response and regulation for cellular 
protein metabolic process. On the other hand, functions of down-regulated molecular 
chaperone genes were related to chaperone-mediated protein complex assembly, tran-
scription, cellular macromolecule metabolic process, regulation of cell growth and ribo-
some biogenesis. The findings provided information on how molecular chaperones work 
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together in a complex network to protect the cells under heat stress. It also highlights 
the evolutionary conserved protective role of molecular chaperones in psychrophilic 
yeast, G. antarctica, and mesophilic yeast, Saccharomyces cerevisiae.

Key words: Antarctic, psychrophile, molecular chaperone, heat-stress, transcriptome. 

Introduction

The temperature rise in the polar region due to the continuous unabated 
emission of greenhouse gas has been reported to be the primary cause of sea 
level rising (DeConto and Pollard 2016). In facing the threat of global warming, 
we need to increase our knowledge on how the residents of polar regions, 
especially the eukaryotic organisms, response toward thermal stress. Various 
studies on adaptations of cold-adapted psychrophiles to extreme conditions 
such as extremely low temperature, low energy environment, limited water, 
and nutrient availability, high hydrostatic pressure, oxidative stress, and high 
solar irradiation, have been reported (D’Amico et al. 2003; Boo et al. 2013; 
Firdaus-Raih et al. 2018; Wong et al. 2019). Nevertheless, studies on how 
psychrophiles response to heat or elevated temperatures are limited. 

Heat or heat-shock is significant stress to many microorganisms, and it 
represents a significant barrier to their optimal growth and survival. There are 
numerous deleterious effects to the internal cell organization due to heat-shock 
such as cytoskeletal defects, aggregation of filaments, disruption of actin and 
tubulin network, loss of mitochondria and breakdown of dynamic processes such 
as translocation and transportation (Toivola et al. 2010; Szalay et al. 2007). Heat-
shock also hits cellular regulations causing aggregation to the ribosomal proteins, 
the formation of stress granules in the cytosol, increase in membrane fluidity, 
global decrease in translation initiation components with other proteins affecting 
mRNA function and many more (Piper et al. 2003; Vigh et al. 2007; Buchan and 
Parker 2009). Cells can grow best within their optimal range of temperatures and 
become thermotolerant with moderate temperature increments. When cells are 
exposed to thermal stress, induction of a set string of genes encoding heat-shock 
proteins is expressed to protect cells from death (Verghese et al. 2012). 

Many heat-shock proteins (HSPs) function as molecular chaperones to protect 
proteins in the cells from thermal-induced damage. Various molecular chaperones 
are referred to as HSPs because they are induced when cells are exposed to heat 
(Joplin et al. 1990). However, they are also produced when exposed to other 
forms of stresses, such as oxygen starvation and exposure to heavy metals, 
alcohol and low temperatures. Molecular chaperones can be classified into three 
subclasses based on their actions of functions. The first group is called the 
‘folding’ chaperones that rely on ATP-driven conformational changes to assist 
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the folding or unfolding of macromolecular structures that, in turn, affects their 
assembly and disassembly (Ellis 2007). The second subclass of the chaperone is 
the ‘holding’ chaperones that maintain partially folded proteins on their surface 
to await the availability of folding chaperones upon stress abatement. The third 
subclass of the chaperone is the disaggregating chaperone that promotes the 
solubilization of proteins that have become aggregated as a result of stress 
(Baneyx and Mujacic 2004). Therefore, besides assisting a large variety of 
folding activities, molecular chaperones also reduce polypeptide aggregation, 
assist refolding of non-native proteins and solubilize aggregates for refolding 
(Ben-Zvi and Goloubinol 2001; Tomoyasu et al. 2001; Mogk et al. 2003). Some 
chaperones are reported to mediate degradation of proteins that failed to fold 
correctly to minimize accumulation of aggregates in cells (Huang et al. 2001). 
Moreover, extensive studies have shown that molecular chaperones are vital 
not only in proper protein folding but also act as the primary defense against 
physiologically stressful conditions (Tomoyasu et al. 2001). However, there is 
limited information on the expression patterns of molecular chaperone genes 
and their roles in Antarctic psychrophilic yeast under heat stress.

A psychrophilic yeast, Glaciozyma antarctica PI12 was isolated from sea ice 
collected in the vicinity of Casey Station (66°21’25”S; 110°37’09”E), Antarctica 
(Boo et al. 2013). The genome of this psychrophilic yeast has 7857 putative 
genes, out of which 89 are putative molecular chaperones. Among them are those 
coding for sHSPs, TRiC/Cpn60 subunits, HSP90s, HSP70s, AAA proteins, HSP40s/J 
Domain proteins, HSFs, cold shock proteins, ubiquitin proteins and CS-domain 
proteins (Yusof et al. 2015; Firdaus-Raih et al. 2018). Parallel to these findings, the 
Saccharomyces cerevisiae genome contains at least 60 known chaperones, namely 
sHSPs, CCT/ TRiC, and prefoldin complexes, Hsp90s, Hsp70s, Hsp60, AAA+ 
ATPases (Hsp104), and Hsp40s (Gong et al. 2009). Much of what we have known 
regarding the molecular chaperones in eukaryotic cells has been revealed in the 
yeast model, S. cerevisiae. However, it is not clear how similar are the responses of 
G. antarctica PI12 and S. cerevisiae towards heat stress. Hence, the objectives 
of this project were to determine the gene expression patterns and the roles of 
molecular chaperones in G. antarctica PI12 in response to heat stress. 

Materials and methods

Strain and culture conditions. — Glaciozyma antarctica PI12 was isolated 
from a sea ice sample collected in the vicinity of Davis station, Antarctica. It 
was identified previously by researchers at the Universiti Sains Malaysia (USM) 
based on its 18S rDNA sequence (NCBI GenBank accession no. DQ525623.1). 
G. antarctica PI12 was routinely cultivated in yeast peptone dextrose (YPD) broth 
(Difco) medium at its optimal growth temperature of 12°C (Boo et al. 2013). 
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Exposure of yeast culture to heat stress. — G. antarctica PI12 was grown 
in YPD broth medium in conical flasks at 12°C until mid-log phase. Subsequently, 
these cultures (three replicates each) were rapidly exposed to heat shocks at 16°C 
and 20°C for 6 hours. After the exposure period, the cultures were snap-frozen 
in liquid nitrogen and stored at -80°C prior to RNA extraction.

RNA extraction and cDNA preparation. — Total RNA was extracted 
using TRIzol reagent (Invitrogen) according to the manufacturer’s instruction. 
Extracted RNA was treated with RNase-free DNase (Qiagen) to remove traces 
of genomic DNA. Subsequently, the sample was purified using the RNeasy 
Mini Kit (Qiagen) according to the manufacturer’s instructions. The oligo (dT) 
magnetic bead and magnet separator system in the Dynabeads mRNA purification 
kit (Invitrogen) was used to purify the mRNA. Purified mRNA was eluted 
with Tris-HCl buffer and subsequently, the mRNA fragmented under a heating 
condition. cDNA synthesis was carried out using the SuperScriptTM II reverse 
transcription kit (Invitrogen) according to the manufacturer’s instruction. The 
quantity and quality of the cDNA library were determined using the Agilent 2100 
Bioanalyzer and ABI StepOnePlus Real-Time PCR systems to ensure suitability 
for sequencing. Paired-ends high-throughput DNA sequencing was performed at 
the University of Hawaii using the Solexa Illumina DNA Sequencing platform.

Reads mapping and transcript assembly. — The transcript was assembled 
using the Trinity RNA-Seq de novo transcriptome assembly method (Haas et 
al. 2013). It was further cluster-compressed to reduce multi-mapping low hits 
on putative isoforms using CD-HIT-EST (Li and Godzik 2006). TransDecoder 
was used to get probable CDS while differential expression test was done via 
the negative binomial model via the DESEQ2 R package (Love et al. 2014).

Differential gene expression analysis. — CLC Genomics Workbench 
software was used to identify differentially expressed genes. Genes with 
significant differential expression were identified using the direct indication of 
q-value with the alpha significance of 0.05.

Analysis of Gene ontology enrichment. — The transcripts from G. antarctica 
PI12 were retrieved from G. antarctica genome data (http://www.mgi-nibm.my/
glaciozyma_antarctica/) maintained by the Malaysia Genome Institute. The genes 
were imported into BLAST2GO for Gene Ontology analysis allowing gene functions 
to be determined. Protein identification and comparative analysis were done using 
BLASTP Saccharomyces cerevisiae public database (http://www.yeastgenome.org/). 
InterPro analysis was done to classify annotated genes into related families based 
on domains and important sites (https://www.ebi.ac.uk/interpro/). 

Gene alignment and the construction of the phylogenetic was performed 
using the ClustalW software. 
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Results and discussion

Transcriptome analysis in response to heat stress in G. antarctica. — 
A total of 33 annotated molecular chaperones fulfilled the alpha significance at 
alpha 0.05 on the false discovery rate. They were identified to show significant 
level expression in response to heat stress (Table 1). Several stress genes induced 
upon heat stress in G. antarctica PI12 were also found in S. cerevisiae, such 
as the HSP70, HSP90, HSF, and AAA ATPase protein genes. These indicated 
that G. antarctica PI12 heat stresses transcriptional response was likely to be 
qualitatively and quantitatively comparable to other yeasts. Several families of 
molecular chaperones designated according to their molecular mass were found 
in both mesophilic and psychrophilic yeasts upon heat stress response which was 
HSP90, HSP70, and HSP60 that made up the chaperonin complex, the TCP1-
Ring-Complex (TRiC). Figure 1 displays the comparison of gene expression using 
log2 fold change value between exposure at 16ºC/control and 20ºC/control after 
6 hours exposure. Several genes were differentially expressed which reflected 
their importance in cellular regulation after the heat-shock treatment such as the 
TRiC chaperonin genes. Besides that, several other genes were upregulated by 
2 to 4-fold upon exposure of the yeast cells to heat stress. HSP70 and HSP90 
genes showed a strong response as early as 6 hours when cells were exposed 
to 16ºC and 20ºC. The shift from the optimal temperature of 12ºC to 16ºC 
and 20ºC (lethal temperature) resulted in major alterations in the pattern of the 
production of HSP70 and HSP90 proteins. These responses might play a major 
role to protect the cells, from thermal injury and death. The slight increase 
of heat-shock factors (HSF) presence after exposure to thermal stress did not 
provide a strong and convincing outcome to conclude that the increase was due 
to heat stress tolerance attainment. 

The other interesting finding was seen in a group of molecular chaperones 
known as the J-domain protein or HSP40 chaperone. A total of 13 J-domain 
protein genes were identified to be expressed differentially when G. antarctica 
cells were exposed to heat stress. However, there was no distinct pattern in 
gene expression. Some of the J-domain protein genes showed an increase in 
expression, while some have reduced expression and a few were expressed 
constitutively. The difference in the gene expression levels showed the different 
role of each of the J-domain protein where the pattern of gene expression signified 
a distinct pathway in cells either for heat stress tolerance or cell regulation. 
These observations suggest that the presence of J-domain protein is crucial for 
heat stress tolerance. Another interesting finding was the AAA ATPases related 
genes. Their genes were found to be upregulated when cells were exposed to 
thermal stress. Their gene products were probably to protect the cells from 
injury caused by heat. 
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Gene ontology analysis of G. antarctica heat response. — The biological 
significance of the types of genes triggered by heat stress in G. antarctica has 
not been identified previously. Using Gene Ontology (GO) description, the details 
on the molecular function, biological process and cellular component were well-
described. Among the heat stress-induced proteins were GO termed proteins that 
were associated with protein binding, response to a stimulus, chaperone binding, 
cellular response to stress, oxidation and reduction, ATP binding, DNA damage 
response and regulation for cellular protein metabolic. 

HSP70 is one of the ubiquitous class of proteins in the chaperone system 
and the workhorse chaperone of eukaryotic cells compared to bacterial cells that 
greatly depend on GroEL/ES chaperonin for cell regulation (Frydman 2001). In 
eukaryotic cells, HSP70 involves in a large variety of cellular processes such 
as de novo protein folding, assembly of newly synthesized proteins, refolding 
of stress-denatured proteins, degradation of unstable proteins, protein transport 
and membrane translocation (Bukau et al. 2000; Hartl and Hayer-Hartl 2002; 
Young et al. 2003). HSP70s were found in the mitochondria, cytosol, ribosome, 
and membrane in G. antarctica PI12 (Table 1). By using log2 fold change value, 
it was obvious that the expression of all HSP70 genes increased between 1 to 
3-fold when cells were exposed to heat stress at 16ºC and 20ºC for 6 hours 
(Table 1 and Figure 1). The upregulation of HSP70 genes was probably to 
protect the cells from thermal-caused injury, while the exposure to a much 
higher temperature of 20ºC triggered cells to further upregulate the expression 
of HSP70 genes to protect cells from death. 

Comparative analysis between psychrophilic yeast, G. antarctica, and 
mesophilic yeast, S. cerevisiae revealed some interesting findings. In S. cerevisiae, 
the SSA HSP70s encode four genes; SSA1, SSA2, SS3 and SS4 where all of 
these genes play different, significant roles in S. cerevisiae response towards 
heat stress (Table 2). SSA1 and SSA2 are well known to be important for 
a wide range of protein homeostatic functions in cells such as protein folding, 
translocation, and degradation where these can be seen from their expression 
level which are constitutively expressed and induced under stress conditions 
(Sharma et al. 2009). In contrast, SSA3 and SSA4 are expressed only under 
stress conditions, induced upon heat-shock, high express in strains deleted for 
SSA1/2 and are transcriptionally derepressed in the absence of the constitutive 
HSP70s (Nelson et al. 1992). Functions of HSP70 in G. antarctica were  
parallel to HSP70 in S. cerevisiae whereby their gene expression levels towards 
thermal assault reflected their possible functions as molecular chaperones. In 
G. antarctica, several HSP70 protein-coding genes with high homology to those 
from S. cerevisiae were found to be significantly upregulated after exposure to 
thermal stress. In S. cerevisiae, SSC1 has been found to be one of the distinct 
HSP70s within the mitochondria serving two primary functions, to assist protein 
translocation and protein folding (Baumann et al. 2000). Extensive studies on 
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HSP70 have indicated the importance of SSC1 in promoting proper protein 
folding. A study using wild type yeast cells showed an enzyme dihydrofolate 
reductase folded properly into its mature form and therefore is resistant to 
proteolysis. In contrast, the dihydrofolate reductase in SSC1-mutant cell was 
almost completely sensitive to proteinase K (Kang et al. 1990). In addition, 
studies on protein folding showed that denatured luciferase refolded to its 
functional state in the presence of SSC1, confirming its role as a molecular 
chaperone which assists proper protein folding (Liu et al. 2001). SSC1 is vital 
to stabilize and maintain unfolded or partially folded proteins in a soluble state 
until the non-native proteins are properly folded in a correct manner (Wagner 
et al. 1994). In G. antarctica, the expression level of a gene homolog to yeast 
SSC1 (Transcript-2) was upregulated 2.6-fold when cells were exposed to heat 
stress at 16ºC and increased to 2.8-fold when cells were exposed to a higher 
temperature (Tables 1 and 2). This observation suggests that the presence of 
SSC1 for non-native proteins binding is critical for recovery during thermal 
stress. The SSE1 is a member of HSP110, a divergent of HSP70 chaperone 
class where both HSP110 and HSP70 shared similar domain architecture of 
an amino-terminal ATPase domain and a substrate binding domain (Yasuda 
et al. 1995; Ishihara et al. 1999; Oh et al. 1999). In yeast, the SSE1 acquire 

Table 2
Homology of transcript-1 to 5 from G. antarctica to proteins in S. cerevisiae. 

Gene ID
Protein hits 

with 
S. cerevisiae

Score 
(bits) E-value Description

Transcript-1 SSA4 401.1 4.00E-216

highly induced HSPs upon stress 
plays a role in SRP-dependent 
cotranslational protein-membrane 
targeting and translocation

Transcript-2 SSC1 781.6 1.10E-228 involved in protein translocation 
and folding

Transcript-3 SSE1 419 1.50E-119
component of the heat shock protein 
Hsp90 chaperone complex; binds 
unfolded proteins

Transcript-4 SSZ1 210.6 8.00E-57

binds ATP, interacts with Zuo1p 
(a DnaJ homolog) to form a ribosome-
-associated complex, also involved 
in pleiotropic drug resistance 

Transcript-5 KAR2 755.2 9.30E-221

mediate protein folding in the ER 
and may play a role in ER export 
of soluble proteins; regulates 
the unfolded protein response
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“holdase” activity where it has the capability to hold the non-native proteins 
and stabilize them for proper protein folding preventing the accumulation of 
aggregates (Brodsky et al. 1999; Oh et al. 1999). SSE1 was reported to be weakly 
associated with the HSP90 where studies reported the absence of SSE1 caused 
a decline of HSP90 activity (Liu et al. 1999). In G. antarctica, a gene homolog 
(Transcript-3) of SSE1 was upregulated 3-fold and increase fairly to 3.1-fold 
when cells were exposed to 16ºC and 20ºC. This finding supports the function 
of SSE1 plausibly as one of the vital components in cells in maintaining cell 
homeostasis preventing the formation of aggregates or non-native proteins that 
could cause toxicity and cell lethality during thermal stress. In S. cerevisiae, the 
SSZ1 is the atypical cytosolic HSP70 superfamily that has been shown to activate 
transcription factors associated with induction of genes related to the stress 
response, lipid metabolism, the ER-associated degradation pathway (ERAD) and 
dismissal of cytotoxic compounds (Bosis et al. 2009). Recently, a proteomic study 
on S. cerevisiae reported that SSZ1 gene is differentially expressed in response 
to heat-shock with a median fold change of 3.3 (Mackenzie et al. 2016). From 
our G. antarctica transcriptome data, the expression of SSZ1 gene homolog 
(Transcript-4) was upregulated 3.1-fold when cells were exposed to 16ºC and 
remained relatively constant around 3.0-fold change at 20ºC (Tables 1 and 2). 
The exact biological function of SSZ1 towards thermal stress is vague, however, 
its importance in cells is indispensable. Mutagenesis studies have shown that 
KAR2 carries a primary function in preventing aggregation of partially folded 
proteins where the absence of it would cause an accumulation of aggregates in 
the endoplasmic reticulum (Simon et al. 1995). In G. antarctica, the expression 
of KAR2 gene homolog (Transcript-5) was upregulated 1 to 1.7-fold when cells 
were exposed to temperatures higher than growth optimal temperature, 12ºC. It 
is likely that KAR2 homolog from G. antarctica interacts with partially folded 
proteins upon proteotoxic stress and possibly many other substrates as part of 
cell regulation. Hence, the upregulation of all HSP70 genes in G. antarctica 
correlated well with the functions of HSP70 genes in S. cerevisiae in response 
to thermal stress.

HSP90. — HSP90 is a dimeric molecular chaperone which is evolutionarily 
conserved and highly abundant in cells that is important in the regulation of 
many fundamental cellular processes including cell cycle control, cell survival, 
hormone signaling and response to cellular stress (Zhao et al. 2005; Wandinger 
et al. 2008; Richter et al. 2010). HSP90 is found in the eukaryotic cell cytosol, 
nucleus and organelles and some studies reported that HSP90 could also be 
found on the cell surface of various cell types, suggesting a distinct extracellular 
chaperoning activity (Eustace et al. 2004; Sidera et al. 2008; Trepel et al. 
2010). The importance of HSP90 has been reported in yeast whereby two of its 
genes, HSC82 and HSP82 that encoded HSP90 were expressed constitutively 
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and inducible upon exposure to heat-shock (Morano et al. 1999). It was reported 
that HSP90 regulates the formation of the correct conformation and activation 
of hundreds of proteins referred to as HSP90 client proteins (Zhao et al. 
2005; McClellan et al. 2007). Unlike the HSP70 which recognize non-native 
proteins indiscriminately including unfolded and misfolded proteins, HSP90 
plays a primary role in the final step of protein maturation by collaborating 
with HSP70, a myriad of co-chaperones and client proteins by forming complex 
macromolecular structures (Pratt and Toft 2003). In contrast to HSP70 which 
binds to the nascent polypeptide chain, the association with HSP90 occurs at 
a later stage of the client folding process (Li et al. 2012). In G. antarctica, 
the HSP90 gene (Transcript-6) was differentially expressed with the highest 
fold-of-change of more than four compared to other genes. Exposure to heat 
stress indeed triggered the HSP90 gene expression level for specific purposes 
presumably for thermal stress response. Interestingly, the gene expression level 
remained high when cells were exposed to a higher temperature which was 
lethal to cells. This finding supports the idea that HSP90 plays significant roles 
not only for cell regulation and other fundamental cellular processes but it may 
be one of the vital components of the cells as a shield to protect from thermal 
injury and possibly cell death.

Heat-shock factor (HSF). — HSFs are transcriptional activators of heat-
shock genes in eukaryotes. In the absence of cellular stress, HSF is repressed by 
the association with heat-shock proteins and therefore not active. Cellular stress 
such as temperature increase causes proteins in the cell to misfold. As a response, 
the heat-shock proteins will bind to the misfolded proteins and dissociate from 
HSF (Parsell and Lindquist 1993; Zou et al. 1998). S. cerevisiae possesses 
a single essential HSF gene known as HSF1, while distinct HSF isoforms have 
been identified in humans (Liu et al. 1997). The expression of HSF genes in 
G. antarctica was intriguing whereby some were seen upregulated while others 
were downregulated when cells were exposed to heat (Figure 1). Although half 
of the HSF genes were identified with unknown function (Table 1), the HSFs 
(Transcript-11 and 12) related to transcription coactivator were down-regulated. 
Under the permissive condition, the eukaryotic heat-shock transcription factor 
such as HSF1 is kept in a complex with HSP90, HSP70 and HSP40 proteins. 
The HSF1 is primed for degradation by these chaperones, thereby reducing its 
cellular level and keeping the heat-shock genes untranscribed (Zou et al. 1998; 
Rodriguez et al. 2008; Richter et al. 2010). In cells, the regulation of HSF1 
is complex where it involves phosphorylation, posttranslational modifications, 
and oligomerization of complex proteins (Prahlad and Morimoto 2009; Akerfelt 
et al. 2010). The induction of HSF1 gene expression is due to the disturbance 
of protein homeostasis in cells under thermal stress whereby the HSFs are the 
critical components for HSPs regulation (Voellmy and Boellmann 2007). As 
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cells were subjected to thermal stress, the expression profile of HSF genes in 
G. antarctica splendidly explained the roles of HSFs where their gene expression 
was induced by the presence of non-native proteins for HSP genes regulation. 
The downregulation of HSF genes was probably due to the presence of other 
unemployed molecular chaperones where transcription of certain genes was 
repressed due to thermal stress to cells. 

Interestingly in G. antarctica, genome annotation identified several genes that 
were related to the HSF family proteins. The importance of HSFs is undeniable 
where they mediate gene expression of HSP genes in response to heat-shock. 
It was possible that G. antarctica acquired more than one HSF and possible 
isoforms to cope with environmental-induced stress, promote rapid response at 
the transcription level and coordinate cell defense in this context, the thermal 
stress. Phylogenetic tree analysis showed that these genes were evolutionary 
related and possibly share similarities in functions and architecture (Figure 2). 
These genes that encoded the HSF family proteins contain highly conserved 
motifs which were i) the winged helix DNA-binding proteins consists of two 
wings, three alpha helices, and three beta-sheets and ii) heat-shock factor DNA 
binding transcriptional activator which binds specifically to heat-shock promoter 
elements (Liu et al. 1997).

TRiC — The chaperonin containing t-complex polypeptide-1 ring complex, 
which is also known as TRiC plays a central role in cellular homeostasis by 
assisting the folding of ~10% of newly synthesised proteins which includes 

Fig. 2. Phylogenetic tree of all G. antarctica genes encoded for HSFs family proteins inferred by 
the neighbor-joining method based on the amino acid sequences. 100 bootstraps were used to infer 
the reliability of branching points. The scale bar indicated the number of amino acid substitution 
in every site. All HSFs gene found in the transcriptome data were labeled as transcript-7 to 12. 
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tubulins, actins, luciferin, Von Hippel-Lindau disease tumor suppressor (VHL), 
histone deacetylase 3 and other client proteins (Frydman et al. 1994; Feldman 
et al. 1999; Guenther et al. 2002; Valpuesta et al. 2002). TRiC complex has 
been known to be the gatekeeper of cellular protein homeostasis especially in 
assisting a large number of protein folding of multiple structural classes and 
complex topology (Thulasiraman et al. 1999; Dekker et al. 2008; Yam et al. 
2008). Hence, the cells’ metabolic systems could have gone haywire if the TRiC 
complex is structurally prone to be compromised by temperature fluctuation. 
Our data show that the G. antarctica TRiC subunits were easily identified by 
the high similarities of the amino acids with other mesophilic TRiC which were 
the S. cerevisiae (PDB ID: 4V81) and the mammalian TRiC of Bos taurus (PDB 
ID: 3IYG) with significant E-value of 0 for all TRiC proteins. All identified 
TRiC genes of G. antarctica were upregulated one to 2-fold when cells were 
exposed to thermal stress. The upregulation of G. antarctica TRiC genes in both 
temperatures 16ºC and 20ºC (lethal) shows that the chaperonin is important for 
cell regulations at elevated growth temperatures. 

J-domain containing proteins. — The J-domain containing proteins or 
J-proteins are also known as the HSP40s (Kampinga and Craig 2010) due to 
their molecular mass in yeast and mammalian cells are the largest class of 
cofactor for HSP70s. Their primary functions in cells are to bind to non-native 
proteins, deliver them to the HSP70s, interact with the HSP70s ATPase domain 
and stimulate the ATP hydrolysis for protein folding. In S. cerevisiae, a total of 22 
J-domain proteins have been identified which display highly conserved signature 
(Kampinga and Craig 2010). Besides, J-proteins are localized in most cellular 
locations such as mitochondria, ER lumen and ER membrane where this possibly 
increases the efficiency in HSP70 activities in promoting cellular processes. All of 
the J-proteins play significant roles where the major cytoplasmic J-proteins bind 
vast client proteins and accelerate ATP hydrolysis in HSP70, some bind to only 
specific clients while others not at all (Morano et al. 1999). Recent studies on G. 
antarctica genome revealed some 30 J-Domain where 13 genes were identified 
with significant expression in the transcriptome data. Some of the G. antarctica 
J-Domain protein genes were upregulated and some were downregulated when 
cells were exposed to heat stress (Table 1 and Figure 1). In both S. cerevisiae and 
Caenorhabditis elegans, the J-proteins were found to support disaggregation by 
efficiently extract substrate from aggregates and assist protein folding to native 
state (Goloubinoff et al. 1999). Several J-protein genes expression were upregulated 
when G. antarctica cells were exposed to thermal stress. These J-proteins most 
probably delivered the misfolded proteins to the HSP70 to stimulate ATP hydrolysis 
for protein folding. However, our data also suggested that some of the J-protein 
genes were down-regulated when cells were subjected to thermal stress. As 
J-proteins serve as sensors for protein folding linking the HSP70 systems for 
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stress response and normal cellular growth, it may be proposed that the down-
regulation of certain J-protein genes can be due to their functions as growth 
regulator which was repressed during cell stress. This can be seen from the yeast 
ortholog, Mas5 where its expression as growth rate sensor regulating G/S entry 
was indeed repressed when cells were subjected to stress (Ferrezuelo et al. 2012). 
This mechanism is probably one of the adaptive approaches to provide efficient 
and highly sensitive adjustment in energy consumption means for cells to adapt 
to stress by temporary lowering or inhibiting cell growth.

AAA ATPases. — The AAA ATPases proteins form diverse superfamily found 
in all organisms which extract energy from ATP hydrolysis for diverse cellular 
processes such as protein unfolding and degradation, peroxisome biogenesis, 
biosynthesis, DNA recombination, replication and repair (Snider et al. 2008). 
The AAA ATPase proteins are responsible for repairing and refolding damaged 
proteins that form non-functional aggregates. Destroying and synthesizing new 
proteins consume more energy compared to protein refolding and repairing hence, 
the AAA ATPase proteins play a major role as the protein proteolytic machinery 
as part of the stress response (Richter et al. 2010). These AAA ATPase proteins 
are remarkable as they exhibit either chaperone or protease function based on 
the cell surrounding. When cells are subjected to heat-shock, these proteins 
will either refold the non-native proteins or degrade the proteins if they were 
severely damaged (Spiess et al. 1999). In yeast, its proteolytic system is the most 
highly induced genes involving proteosomal degradations as part of heat-shock 
response (Richter et al. 2010). Additionally, the expression of AAA ATPase 
protein gene (Transcript-33) in G. antarctica was found to be upregulated one-
fold higher in cells, which were exposed to 20ºC when compared to 16ºC. The 
induction of AAA ATPase related protein-coding genes in G. antarctica probably 
played an essential role in activating protein proteolytic activity or degradation 
depending on the stress that the cells endured. There was one gene related to 
AAA ATPase proteins that were down-regulated (Transcript-30), possibly because 
it was involved in cellular processes that were not feasible during thermal stress 
conditions and therefore was repressed as part of thermal adaptation strategy.

Conclusions

In general, the thermal heat response studies carried out on bacterial and 
eukaryotic systems provide an insight into the strategies they employ. They are found 
to use one or more similar strategies. However, the survival programs of each organism 
may trigger different regulation levels of heat-shock response, promoting unique stress 
management systems. Temperature is the major barrier to life for all organisms where 
each organism has its way of sensing heat functioning like a thermometer before 
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sending a message to cells for regulation of adaptation strategies. In yeast, a small 
heat-shock protein, HSP26 acts as the temperature-regulated molecular chaperone, 
where its dissociation induced by heat is essential for other chaperones activities 
(Haslbeck et al. 1999). Interestingly, we have discovered the homolog of HSP26 
in S. cerevisiae that plays a vital role in promoting thermotolerance in cells and 
showed significant up-regulation due to thermal stress in G. antarctica PI12 (Yusof 
et al. 2016). Furthermore, the fluidity or rigidity of membranes seems to act as the 
monitor or “thermometer” for cells to orchestrate heat-shock and even cold shock 
responses (Los et al. 2013). Another temperature sensing mechanism is through 
the accumulation of degraded proteins or aggregates in cells due to heat-shock. 
When cells started to accumulate non-native disfunctional proteins, cells will send 
feedback to induce expression of related genes that play major roles in thermal 
adaptations before the heat-shock disrupt the cellular homeostasis causing cell death 
(Klinkert and Narberhaus 2009). The present study identified differentially expressed 
genes in G. antarctica under chronic heat stress. From the transcriptome data, we 
identified several common genes shared between G. antarctica and S. cerevisiae 
which suggest that these chaperones might play similar roles as a defense mechanism 
towards heat-shock. Interestingly, some of the findings reflect the diversity of adaptive 
mechanism acquire by this psychrophilic yeast such as the regulation levels of 
the identified molecular chaperones and the presence of certain genes such as the 
presence of HSFs that need further studies to elucidate their functions. Information 
on the expression of genes under heat-shock is valuable for us to understand the 
network of molecular chaperones and more importantly in the context of protein 
folding related to thermal adaptation in psychrophilic yeast.
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