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ABSTRACT 
 
Aims: Recent discoveries have revealed that Glaciozyma antarctica PI12 has been discovered to encode numerous 
protein-coding genes that are crucial for thermal adaptation. However, more than 35% of the protein-coding genes for 
this species were identified as hypothetical proteins (HP). Nevertheless, over 35% of the protein-coding genes for this 
species were classified as hypothetical proteins (HP). Previous studies have documented the role of these 
uncharacterized proteins in the physiological regulation and cold adaptation of psychrophilic microorganisms. Thus, we 
aim to identify the structural features of the conserved HPs that were ideal for their function in response to temperature 
stress. 
Methodology and results: Three conserved HPs of G. antarctica, designated GaHP2, GaHP3 and GaHP4, were 
cloned, expressed purified and their function and structure were evaluated. Functional analysis showed that these 
proteins maintained their activities at low temperatures below 25 °C, but at a lower reaction rate. Meanwhile, thermal 
unfolding assays revealed the stability of GaHP2 and GaHP4 at high temperatures (43 °C), suggesting their non-ATP-
binding chaperone activity. The comparative structural analysis demonstrated that the HPs exhibited cold-adapted traits, 
most notably increased flexibility in their 3D structures. For GaHP2, the aromatic residues can be linked to its heat 
stability. GaHP4's cold shock domain implies it regulates gene transcription and translation during temperature 
fluctuations. 
Conclusion, significance and impact of study: This study has established the structure-function relationships of the 
G. antarctica HPs and provided fundamental experimental data highlighting their importance in thermal stress response 
by maintaining a balance between molecular stability and structural flexibility. 
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INTRODUCTION 
 
The Antarctic Sea ice's constantly cold and often hostile 
conditions have shaped its biological diversity, resulting in 
one of the most exclusive environments on Earth (Convey 
and Peck, 2019). G. antarctica PI12 is an obligate 
psychrophilic yeast that lives in Antarctic marine waters 
that was reported to remain metabolically active at sub-
zero temperatures and exhibit tolerance to temperatures 
in a range of -12 °C to 20 °C (Boo et al., 2013; Soon et 
al., 2018). Despite this, the mechanism by which this 
psychrophilic yeast adjusts to temperature changes in its 
native environment, particularly the rapid cooling in 
Antarctica, remains unknown (Soon et al., 2018; Wong et 
al., 2019). To comprehend how G. antarctica adapts to 
cold, harsh environments, one must first grasp its 
physiology and biology in their entirety. However, the 
expressed sequence tag (EST) and RNAseq studies 
revealed 319 transcripts that are currently unique to G. 

antarctica, with 82 of these transcripts having unknown 
functions (Bharudin et al., 2018; Wong et al., 2019). A 
recent transcriptomic evaluation of G. antarctica PI12 
indicated that 49% of differentially expressed genes 
(DEGs) were uncharacterized (Wong et al., 2019). 

Therefore, more research is needed to determine the 
particular roles of these large proportions of poorly 
understood genes in enabling cells to adapt to extremely 
low temperatures. Numerous potential protein-coding 
genes remain poorly understood in terms of their 
presence and subsequent involvement in the survival 
mechanisms of G. antarctica (Firdaus-Raih et al., 2018). 
Previous reports indicated that 2920 (37%) of the protein-
coding genes in G. antarctica PI12 were designated as 
HPs (Firdaus-Raih et al., 2018). The genes are either 
homologous to genes with unknown functions and are 
referred to as conserved hypothetical genes, or they have 
no known homologs and are termed hypothetical, non-
characterized, or unknown since it is uncertain whether 
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they encode actual proteins. The term hypothetical 
proteins (HPs) refer to a group of proteins that are 
unrelated to any previously identified proteins (Eisenstein 
et al., 2000). Meanwhile, conserved HPs are those that 
have been conserved throughout several evolutionary 
lineages but have yet to be experimentally described 
(Galperin and Koonin, 2004).  

The limited knowledge regarding conserved HPs 
presents challenges in identifying crucial signalling and 
stress response mechanisms within a biological system. 
Analysing these HPs can provide valuable insights into 
their functional mechanisms, thereby enhancing their 
utility and unlocking their full potential for biotechnological 
applications (Naveed et al., 2018). The upregulation of 62 
unknown proteins at low temperatures in the Antarctic 
bacteria Cryobacterium sp. SO1 implies that these groups 
of unknown proteins are important for cold adaptation 
(Teoh et al., 2021). Previous research has indicated that 
HPs were crucial to the early response to cold and freeze 
stress in G. antarctica, but these findings have not been 
verified (Soon et al., 2018; Wong et al., 2019). Resolving 
the structures of proteins that are conserved among 
organisms will provide a basis for understanding their 
structural evolution, mechanistic features, and molecular 
functions (Hawkins and Kihara, 2007; Tomoike et al., 
2009). The information can then be validated with further 
experiments, which will eventually help in understanding 
the cells' mechanisms of survival and adaptation in the 
harsh Antarctic environment (Turner et al., 2014; Convey 
and Peck, 2019).  

The current work describes the elucidation of the 
function and structure of the HPs involved in thermal 
stress response in G. antarctica PI12, as well as 
determining the relationship between the protein 
molecular architecture and function. A series of 
bioinformatics and in vitro analyses of the HPs involved in 
thermal stress response were performed to demonstrate 
the proteins' cold-adapted activity at low temperatures (4 
°C) and moderate temperatures (25 °C), as well as their 
stability and chaperone function at high temperatures (43 
°C). 
 
MATERIALS AND METHODS 
 
Retrieval of sequence genome data 
 
The protein-coding genes were retrieved from the 
transcriptome analysis of the G. antarctica PI12 genome 
(Firdaus-Raih et al., 2018). The transcriptome analysis of 
the G. antarctica PI12 genome provides data from RT-
qPCR analysis of mRNA expression at optimal growth 
temperatures (15 °C) and those that simulate cold stress 
(0 °C and −12 °C). 
 
Physicochemical characterization 
 
The physicochemical properties of the HPs as raw 
sequence format were determined using the ProtParam 
tool (http://web.expasy.org/protparam/) of ExPASy 
(Gasteiger et al., 2005). The parameters include the 

composition of amino acids, their molecular masses and 
their theoretical isoelectric point (pI). 
 
Sub-cellular localization 
 
To assign the location of the HPs in the cell, the proteins 
of interest were checked for transmembrane helices via 
TMHMM server version 2.0 (Krogh et al., 2001; 
Sonnhammer and Krogh, 2008) and signal peptides via 
SignalP-5.0 Server (Almagro Armenteros et al., 2019).  
 
Sequence comparison 
 
A similarity search was performed using the Basic Local 
Alignment Search Tool (BLAST) against the NCBI non-
redundant (nr) database (Boeckmann et al., 2003) to find 
homologous proteins from related organisms that can be 
predicted to have the same function as the query protein 
(Johnson et al., 2008). 
 
Function prediction 
 
InterProScan 
(https://www.ebi.ac.uk/interpro/about/interproscan) was 
used to predict the presence of domains and important 
sites in any functional protein families (Quevillon et al., 
2005; Mitchell et al., 2019). Depending on what the 
constituent signatures represent, each InterPro entry is 
labelled with a type. A new entry type, homologous 
superfamily, has been added to the current list of types as 
part of InterPro's release 65.0. Proteins in a homologous 
superfamily have a shared evolutionary history, as 
evidenced by structural similarities (Mitchell et al., 2019). 
 
Determination and validation of three-dimensional 
structures  
 
The amino acid sequence of the selected HPs was 
converted from the original DNA sequence via ExPASy 
Translate Tool (https://web.expasy.org/translate/) and 
used as targets for homology modelling using the Phyre2 
server (www.sbg.bio.ic.ac.uk/phyre2) (Kelley et al., 2015). 
The generated 3D models were then subjected to 
structure refinement using ModRefiner webserver 
(https://zhanggroup.org/ModRefiner/). The energy 
minimized structures were assessed with PROCHECK 
Ramachandran plots, VERIFY3D and ANOLEA-web. All 
the homology modelled proteins were superimposed with 
the template using UCSF Chimera 1.10 (Pettersen et al., 
2004; Yang et al., 2012). 
 
Protein-protein interaction analysis  
 
As the detection of structural similarities in proteins can 
give elucidation of the biochemical functions, the 
homology modelled hypothetical proteins were subjected 
to analysis of protein-protein interactions using the 
Protein Interactions Calculator (PIC) server 
(http://pic.mbu.iisc.ernet.in/) (Tina et al., 2007). The PIC 
server uses the coordinate set of a protein or assembly to 
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Table 1: Primer design for PCR amplification of selected G. antarctica genes. 
 

Transcript Primer % GC 
content 

Melting 
temperature(°C) 

gahp2 F 5'-GGT GAT GAT GAT GAC AAG ATG AAC CGC C-3' 50.0 61.2 
R 5'-GGA GAT GGG AAG TCA TTA CTA GCA CCA CC-3' 51.7 61.6 

gahp3 F 5'-GGT GAT GAT GAT GAC AAG ATG GCA CCT CAG-3' 50.0 62.1 
R 5'-GGA GAT GGG AAG TCA TTA TCA CAT CCC AGC-3' 50.0 61.7 

gahp4 F 5'-GGT GAT GAT GAT GAC AAG ATG GCT ACA TCA G-3' 45.2 60.2 
R 5'-GGA GAT GGG AAG TCA TTA TCA AGA GAA GTC G-3' 45.2 59.6 

 
compute disulphide bonds, interactions between 
hydrophobic residues, ionic interactions and aromatic-
aromatic interactions within the protein. 
 
Cloning of the genes coding for the selected HPs 
 
To verify the accuracy of the predicted functions for the 
HPs from the G. antarctica PI12 genome, gene cloning 
was conducted to prepare a system for heterologous 
expression of the selected HPs in E. coli BL21 (DE3). The 
G. antarctica PI12 cells were obtained from the 
Biotechnology Research Institute, Universiti Malaysia 
Sabah, Sabah, Malaysia. Briefly, a single colony of G. 
antarctica PI12 was inoculated in a starter culture of 5 mL 
yeast peptone dextrose broth (Sigma-Aldrich, USA) on a 
rotary incubator shaker at 200 rpm and 12 °C temperature 
until its mid-log phase (OD600 nm=1.5). Subsequently, 
the cells were harvested for total RNA extraction using 
GENEzolTM Reagent (Geneaid, Taiwan) according to the 
protocols outlined by (Bharudin et al., 2014). The 
extracted RNA was directly used for the first strand 
complementary deoxyribonucleic acid (cDNA) synthesis 
using the SuperScriptTM IV First-Strand Synthesis System 
(Invitrogen, USA). The cDNA was then used for gene 
amplification and subsequent recombinant DNA 
construction. Genes coding for the selected HPs of G. 
antarctica PI12 HPs were identified and amplified using 
MyTaqTM Red Mix DNA Polymerase (Bioline, Singapore) 
with a specific primer design for each of the selected 
genes (Table 1). The amplified genes were verified using 
LIC sequencing forward (5'-
TAATACGACTCACTATAGGG-3') and reverse (5'-
GAGCGGATAACAATTTCACAGG-3') primers.  
 
Protein expression and purification 
 
Following the successful cloning of all the selected 
recombinant proteins from G. antarctica PI12 into the E. 
coli BL21 (DE3) host, the starter culture of the positive 
transformant was grown in 500 mL LB broth 
supplemented with 100 µg/mL ampicillin. The culture was 
grown in 37 °C with shaking at 200 rpm to an OD600 of 
~0.5-0.6. Subsequently, the cultures were induced by 
adding 0.1 mM isopropyl-β-D-thiogalactsidase (IPTG) 
(Sigma-Aldrich, USA) and were incubated at 16 °C for 18 
h with shaking at 200 rpm. Cells were then harvested by 
centrifugation at 4,000× g for 20 min and resuspended in 
20 mM Tris-HCl (pH 8), 150 mM NaCl and disrupted by 
sonication. After sonication, the cells were centrifuged at 

10,000× g for 20 min and then purified from the 
supernatant (soluble fractions) via nickel-NTA affinity 
chromatography. The binding buffer comprised of 50 mM 
Tris-HCl and 150 mM sodium chloride at pH 8.0, whereas 
the elution buffer comprised of 50 mM Tris-HCl, 150 mM 
sodium chloride and 500 mM imidazole at pH 8.0. The 
purified proteins were further purified by gel filtration 
chromatography via Superdex® HiLoad 10/300 GL gel 
filtration column (GE Healthcare, USA) with 20 mM Tris-
HCl pH 8.0, 300 mM NaCl, 2 mM EDTA as the 
equilibration buffer. The purified proteins were analyzed 
for purity using 15% SDS-PAGE. The protein bands were 
visualized by Coomassie brilliant blue R250 staining 
(Nacalai, Japan). 
 
Functional determination 
 
Enzymatic ATP hydrolysis 
 
The ATPase activity was evaluated by using malachite 
green reagent (Sigma-Aldrich, USA) according to the 
manufacturer’s instruction. The assay reaction mixture 
was composed of 10 µg recombinant protein incubated in 
a 30 µL reaction volume containing 20 µL 40 mM Tris, 80 
mM NaCl, 8 mM MgAc2, 1 mM EDTA at pH 7.5 and 10 µL 
4 mM ATP (Sigma-Aldrich, USA). The ATPase reaction 
mixture was incubated at room temperature or 4 °C for 30 
min. After incubation, the reaction was stopped by adding 
200 µL of malachite green reagent and incubated for an 
additional 30 min at room temperature to generate the 
colorimetric product. The product mixtures were loaded 
onto a 96-well plate and the absorbance values of 
colorimetric products were read using a SpectraMax 
spectrophotometer (Molecular Devices, San Jose, CA, 
USA) at 620 nm. All the samples were run in triplicate. 
Phosphate standard values for colorimetric detection 
were prepared according to the manufacturer’s 
instructions. 
 
Inhibition of citrate synthase thermal aggregation 
 
Citrate synthase, a model substrate was used to test for 
chaperone function of proteins in vitro. Citrate synthase 
(Sigma, USA) was diluted with 40 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) KOH 
buffer at pH 7.5 to a final concentration of 150 nM in 1.0 
mL cuvettes and heated at 43 °C with 300 nM of the 
purified recombinant proteins. Aggregation of citrate 
synthase was monitored by measuring turbidity at 320 nm 
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Figure 1: Agarose gel electrophoresis analysis of G. antarctica genes amplification at 60 °C annealing temperature. The 
PCR products of gahp2 (Lane 1) genes were indicated by a single band at an approximate size of 765 bp. The PCR 
product of gahp3 (Lane 2) and gahp4 (Lane 3) were indicated by a single band at an approximate size of 942 bp and 
1338 bp respectively.  
 
Table 2: Transcriptomic analysis for the conserved HPs related to thermal stress response in Glaciozyma antarctica 
PI12. 
 

Transcript LAN ID Length (bp) Fold change (log2)  
12 °C vs 0 °C 

Description 

gahp2 LAN_16_492 765 1.63 Predicted uncharacterized protein, 
conserved 

gahp3 LAN_01_092 942 2.05 Predicted uncharacterized protein, 
conserved 

gahp4 LAN_16_676 1338 1.45 Predicted uncharacterized protein, 
conserved 

 
with a SPECTRA Max PLUS spectrophotometer every 5 
and 10 min for 1 h. Bovine serum albumin (BSA) was 
used at 150 nM to evaluate the non-specific protection of 
citrate synthase (Chen et al., 2007). 
 
RESULTS AND DISCUSSION 
 
Analysis of the conserved hypothetical proteins from 
the G. antarctica PI12 
 
Genome data mining of the transcriptomic analysis of G. 
antarctica PI12 revealed three coding sequences 
annotated to conserved HPs associated with temperature 
stress response (Table 2). All coding sequences reported 
a level of expression at low temperature (0 °C) of more 
than 1.5-fold (significant p-value <10-5). The selection of 
these proteins was mostly based on the lack of 
information currently available, thereby presenting an 
opportunity for novel discoveries. The gahp2, gahp3 and 
gahp4 genes were amplified at the target sites of 1149 
bp, 765 bp, 942 bp and 1338 bp respectively (Figure 1), 
followed by cloning and verification through DNA 
sequencing. The range of sequences considered for 
selection was limited to those with a length of 500 to 1500 
bp. This limitation was imposed due to the tendency of 
shorter sequences to produce peptides of small size and 

longer sequences to give rise to proteins with multiple 
domains, which complicates the characterization 
procedures (Bertone, 2001; Gupta et al., 2016).  
 
Prediction of physicochemical properties and 
subcellular localization 
 
The physicochemical analysis in Table 3 shows that the 
GaH2, GaHP3 and GaHP4 proteins had molecular weight 
values of about 29 kDa, 35 kDa and 45 kDa, respectively. 
The isoelectric point (pI) values calculated vary from 4.89 
to 8.84. This parameter is important in protein purification 
because it indicates the point at which the protein’s 
mobility is zero in an electro-focusing device, and hence 
the point at which the protein will be eluted (Gasteiger et 
al., 2005; Novák and Havlíček, 2016).  

The TMHMM 2.0 and SignalP 5.0 servers predicted 
no transmembrane helices or signal peptides for the 
GaH2, GaHP3 and GaHP4. As a result, it was expected 
that these conserved HPs would be located in the 
cytoplasm. Proteins in this cellular localization are 
involved in functional processes such as biosynthesis and 
transport, which contribute to the secretion of substrates 
or even other proteins (Nakashima and Nishikawa, 1994). 
The physicochemical characterization and subcellular 
localization analysis play an important role in the
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Table 3: The physicochemical properties of P. cryoconitis and G. antarctica HPs retrieved by the Protparam tool. 
 

Protein ID Physicochemical properties 

No. of amino acid Molecular weight (Da) Isoelectric point (pI) 

GaHP2 254 28609.73 5.46 
GaHP3 313 35444.18 6.08 
GaHP4 445 44889.36 8.84 

 
Table 4: The BLAST search results for the selected HPs from G. antarctica against the NCBI non-redundant 
UniProtKB/SwissProt sequences database. 
 

Protein ID Sequence 
identity 

e-value Description 

GaHP2 57% 7.00E-86 ORY79343.1 
Protoglobin-domain-containing protein [Leucosporidium creatinivorum] 

GaHP3 37% 1.00E-07 EGU12204.1 
putative Microtubule-associated protein [Rhodotorula toruloides ATCC 
204091] 

GaHP4 42% 1e-64 XP_016275913.1 
cold-shock DNA-binding domain containing protein [Rhodotorula toruloides 
NP11] 

 
elucidation of proteins predicted with unknown function 
(Hawkins and Kihara, 2007). Identifying a protein’s 
localization in the cellular space contributes to the 
protein’s functional characterization, primarily because 
protein function is normally linked to its location (Dönnes 
and Höglund, 2004; Naqvi et al., 2015; Shen et al., 2019). 
 
Predicted proteins with adaptational functions in 
response to temperature stress 
 
The selected HPs were annotated for homologous 
proteins from related organisms using the BLASTp tool 
against the NCBI nonredundant UniProtKB/SwissProt 
sequences database. Table 4 showed low similarity to the 
protein in the database, where GaHP3 has the lowest 
percentage of sequence identity, reaching as low as 37%. 
As a result, this suggested that the selected HPs were still 
incompletely characterized (Altschul et al., 1997; Gazi et 
al., 2020). 

For the prediction of a homologous protein family and 
functional domains via InterProScan, the three G. 
antarctica PI12 HPs were assigned to a distinct 
homologous superfamily, but only GaHP3 and GaHP4 
consisted of domains and putative functions that could be 
attributed. GaHP2 was described as part of the Globin or 
protoglobin homologous superfamily, as well as two GO 
terms for biological processes, heme binding and oxygen 
binding. This suggests that this protein, like haemoglobin 
in humans, is involved in oxygen transport. Recent 
research discovered that when oxygen levels were low, 
G. antarctica PI12 used nitrite as an alternative electron 
terminal acceptor and coupled with several other common 
mechanisms, these processes enabled G. antarctica PI12 
to successfully adapt to the cold (Wong et al., 2019). 
GaHP3 has a Zn(2)-C6 fungal-type DNA-binding domain 
and three different GO terms, including DNA-binding 
transcription factor activity for biological processes and 
zinc ion binding and transcription control for molecular 

functions. This implies that this protein has a role in gene 
transcription regulation in the cell. GaHP4 has two 
domains, the cold shock domain and the cold shock 
protein DNA-binding domain. GaHP4's cold shock domain 
hinted at the protein's role in the cell's response to 
temperature fluctuations through regulating gene 
transcription and translation (Raymond-Bouchard et al., 
2018). Similar to GaHP3, a nucleic acid binding GO term 
for the molecular function was also discovered. This 
points to the protein's functions in cell response to low 
temperatures as well as gene transcription and translation 
regulation. The proteins in this class are known to operate 
as transcription factors or RNA chaperones and often 
feature a conserved cold shock domain containing RNA 
recognition motifs (Hébraud and Potier, 1999; Anderson 
et al., 2006). Transcription regulation is critical for all living 
species, as it enables the cell to respond to intra- and 
extracellular signals, such as environmental stressors or 
food scarcity (Suvorova et al., 2015).  
 
Three-dimensional structures analysis 
 
Figure 2 and Figure 3 show the predicted structure of 
GaHP2 and GaHP4 proteins modelled by the Phyre2 
server. The computational method for protein structure 
determination has advanced to the point that it can predict 
protein structures with atomic precision regularly, even in 
cases where no similar structure exists (Jumper et al., 
2021). This provides a reliable and cost-effective 
alternative to the months to years of laborious effort 
required to determine the structure of a single protein. In 
the current study, the generated GaHP2 and GaHP4 3D 
model has a high confidence score despite a sequence 
identity of less than 44% similar to PDB structures, 
indicating that the folds were possibly correct and 
accurate in the core (2-4 Å). PROCHECK analysis 
showed that each model had 100% amino acids in 
favoured and allowed regions. Furthermore, model
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Figure 2: The three-dimensional structure analysis of GaHP2. (a) The structural model of GaHP2 was constructed 
using the Phyre2 server with 14% sequence identity to the structures of 3jzh as templates (Pesce et al., 2013). (b) 
Comparative structural analysis between GaHP2 model and Methanosarcina acetivorans Protoglobin (PDB ID: 3jzh). 
 

 
 
Figure 3: The three-dimensional structure analysis of GaHP4. (a) The structural model of GaHP4 was constructed 
using the Phyre2 server with 50% sequence identity to the structures of 2mo0 as templates (Madej et al., 2014). (b) 
Comparative structural analysis between GaHP4 model and Thermus aquaticus Y51MC23 cold shock DNA binding 
domain (PDB ID: 2mo0). 
 
verification using Verify3D showed that the constructed 
models obtained a positive score of more than 92%. 
Analysis using ANOLEA showed acceptable energy 
calculations at the atomic level in the protein model 
structure. 

GaHP2 model revealed a prominent α-helices pattern, 
as determined by structural comparison. By contrast, a 
3D structural comparison of GaHP4 to the cold shock 

DNA-binding domain homolog from Thermus aquaticus 
indicated a prominent β-sheet. Despite this, each model 
was shown to have a large number of random loops 
secondary structures in the area between the α-helices 
and β-sheet. The predominance of looped regions shows 
that the protein structure is highly conserved (Neelamathi 
et al., 2009). In the GaHP2 and GaHP4 models, each was 
shown to have multiple additional loops, therefore
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Figure 4: ATPase hydrolysis activity of GaHP2 and GaHP3 recombinant proteins at 4 °C and 25 °C. Data were 
representative of three biological replicates and were expressed as the mean ± SD. 
 
indicating the cold-adapted features of the proteins 
(Kulakova et al., 2004; DasSarma et al., 2013; Michetti et 
al., 2017). 

The superimposed GaHP2 model and its template 
gave a significant RMSD value of 0.5 Å (Figure 2b). 
Similarly, the superimposed GaHP4 model resulted in a 
significant RMSD value of 0.9 Å (Figure 3b). The 3D 
model of GaHP3 did not receive any structural homologs 
for comparative structure analysis. The intraprotein 
interactions analysis revealed that all models had lower 
hydrophobic interactions than their respective homologs. 
This suggested their structural flexibility, which enabled 
them to function at low temperatures (Siddiqui et al., 
2013). Increased structural flexibility of specific residues, 
mainly in the active region, or the entire protein structure 
enables adaptation of psychrophilic enzymes by lowering 
the activation energy required for metabolism (Arnold et 
al., 2001). The findings are corroborated by a study of a 
cold-adapted protein, chitobiase from Arthrobacter sp. 
TAD20, in which increased structural flexibility resulted in 
increased activity at low temperatures, particularly those 
that significantly impede molecular motions (Lonhienne et 
al., 2001). A previous study on cold-adapted β-d-
galactosidases from Arthrobacter sp. 32cB demonstrated 
that the environment's lack of free energy, caused by low 
temperature and high viscosity of water, can be 
compensated for by a higher efficiency of energy gain due 
to their high structural flexibility (Rutkiewicz et al., 2019). 

Interestingly, GaHP2 showed higher aromatic-
aromatic interaction than their mesophilic homologs, 
indicating unusual rigidity for a psychrophilic protein. 
Further inspection showed that the aromatic-aromatic 
interaction in GaHP2 was located at the heme-binding 
site. This suggested that the aromatic-aromatic interaction 
contributes to the stability of binding sites. This finding, in 
conjunction with a previous study comparing the cold-

adapted citrate synthase from an Arthrobacter strain to 
the homologous enzyme from the hyperthermophile 
Pyrococcus furiosus, indicates that part of the cold-
adapted enzyme's adaptation to low temperature may be 
due to increased accessibility of the active site (Gerike et 
al., 2001). Due to the high degree of conservation and 
relative rigidity of the catalytic site across homologous 
enzymes, the GaHP2 binding efficiency is consistent with 
the capacity of the M. acetivorans protoglobin (3zjh) 
homolog to reshape their haem distal site structure. By 
changing the conformation of another aromatic residue, 
Trp60, the aromatic residues Phe93 operate as ligand 
sensors and control access to the haem through the 
tunnel system (Klinger et al., 2003).  

Similarly, GaHP4 showed more aromatic-aromatic 
interaction than the thermophilic cold shock protein 
(2mo0). However, the aromatic-aromatic interaction in 
GaHP4 involved Phe and Tyr residues as compared to 
Phe and Trp in the thermophiles 2mo0. Tyr has been 
previously described to bind strongly to both DNA and 
RNA, indicating a higher level of activity in GaHP4 
compared to the other homologs (Anjana et al., 2012). It 
has been demonstrated that cold-adapted enzymes' high 
specific activity at low temperatures is a critical adaptation 
for compensating for the exponential reduction in 
chemical reaction rates when the temperature is low 
(Feller, 2013; Siddiqui et al., 2013). 
 
ATPase assay analysis 
 
The rate of ATP hydrolysis was determined by the 
amount of free phosphate produced by the proteins 
following a 30 min incubation at 4 °C and 25 °C (room 
temperature) in the presence of ATP and malachite green 
reagent (Figure 4). The results indicated that ATP activity 
values of G. antarctica PI12 recombinant proteins;
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Figure 5: Heat-induced denaturation of citrate synthase. A total of 300 nM recombinant proteins of G. antarctica PI12 
were purified and incubated at 43 °C with 150 nM citrate synthase and turbidity was measured at 320 nm. Data were 
representative of three biological replicates and were expressed as the mean ± SD. BSA at 300 nM was a control 
sample for citrate synthase non-specific protection. 
 
GaHP2 and GaHP3 are considerably greater at room 
temperature than at lower temperatures (4 °C). This 
suggests that both proteins have an ideal operating 
temperature greater than 12 °C, the temperature at which 
they grow optimally. Similar results were reported with 
another cold-adapted protein from G. antarctica PI12, the 
novel recombinant chitinase, which has an optimal activity 
temperature of 15 °C but retains activity at temperatures 
ranging from 5 °C to 25 °C (Ramli et al., 2011). This 
finding is consistent with the functional annotation of 
GaHP3 and GaHP4, which suggests that these proteins 
are involved in regulating gene transcription in response 
to thermal stress (Raymond-Bouchard et al., 2018).   
 
Thermal unfolding assay analysis 
 
Purified GaHP2 and GaHP3 recombinant proteins were 
further evaluated for chaperone-like activity by measuring 
heat-induced aggregation of a non-native protein, citrate 
synthase, at 43 °C for 60 min (Figure 5). The results 
indicated that the addition of GaHP2 was found to reduce 
citrate synthase thermal unfolding. GaHP3 exhibited a 
significant reduction in heat aggregation during the first 40 
min, but thereafter decreased significantly.  

This indicated that GaHP2 and GaHP3 (for up to 40 
min) have the ability to protect citrate synthase from heat-
induced aggregation. This corresponded with the 
presence of aromatic-aromatic interactions, as 
demonstrated by the analysis of the 3D models for 
GaHP2 and GaHP4. The reversibility of some cold-
adapted enzymes' thermal unfolding has been attributed 
to the fact that when they are unfolded, a smaller number 
of hydrophobic groups are exposed to the aqueous 
solvent, thereby preventing or limiting the irreversible 
aggregation process typical of more stable proteins (Marx 
et al., 2007). This indicates the chaperone activity of the 

proteins and their ability to recognise and bind unfolded 
proteins in vitro, hence avoiding aggregation (Maikova et 
al., 2016). A comparison of psychrophilic, mesophilic and 
thermophilic NAD+ dependent DNA ligases shows that 
psychrophilic enzymes have higher catalytic efficiency 
due to enhanced flexibility of appropriate parts of the 
molecular structure (Georlette et al., 2003). Thermal 
denaturation appears to be reversible in certain cases, 
such as the α-amylase from Pseudoalteromonas 
haloplanktis (Feller, 2003; Siddiqui et al., 2005). 
Interestingly, it has been discovered that heat inactivation 
of cold-adapted enzymes frequently occurs prior to the 
structure unfolding (Collins et al., 2002). 
 
CONCLUSION 
 
The functional analysis of the three G. antarctica PI12 
HPs (GaHP2, GaHP3 and GaHP4) indicated cold-
adapted traits, most notably increased flexibility in 
comparison to their mesophilic or thermophilic 
counterparts. This is mostly owing to their lower 
hydrophobic interactions and extra loop attributes, which 
have been related to increased flexibility for cold-adapted 
activities. The structural dynamics of the HPs were 
corroborated by the functional experiments, which 
revealed that all HPs exhibited ATPase activity at low and 
moderate temperatures, demonstrating their cold-adapted 
property. However, GaHP2 demonstrated increased 
stability and protection against the thermal unfolding of 
citrate synthase at a high temperature of 43 °C. The 
existence of aromatic clusters in GaHP2 has been linked 
to this remarkable stability. Thus, it is perfectly feasible to 
elucidate that the HPs examined in this work adopt 
strategies to maintain a balance between molecular 
stability and structural flexibility.  
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