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Abstract The ability of eukaryotes to adapt to an extreme
range of temperatures is critically important for survival.
Although adaptation to extreme high temperatures is well un-
derstood, reflecting the action of molecular chaperones, it is
unclear whether these molecules play a role in survival at
extremely low temperatures. The recent genome sequencing
of the yeast Glaciozyma antarctica, isolated from Antarctic
sea ice near Casey Station, provides an opportunity to inves-
tigate the role of molecular chaperones in adaptation to cold
temperatures. We isolated aG. antarctica homologue of small
heat shock protein 20 (HSP20), GaSGT1, and observed that
the GaSGT1mRNA expression in G. antarctica was marked-
ly increased following culture exposure at low temperatures.
Additionally, we demonstrated that GaSGT1 overexpression
in Escherichia coli protected these bacteria from exposure to
both high and low temperatures, which are lethal for growth.
The recombinant GaSGT1 retained up to 60 % of its native
luciferase activity after exposure to luciferase-denaturing tem-
peratures. These results suggest that GaSGT1 promotes cell

thermotolerance and employs molecular chaperone-like activ-
ity toward temperature assaults.
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Introduction

Life in Antarctica is considered extreme due to several lethal
barriers that most organisms cannot tolerate, such as extreme-
ly low-energy environments, low nutrients, and high ultravi-
olet radiation (UV). Studies on cold adaptation and tolerance
to heat have been extensively conducted in bacteria compared
with eukaryotes, but knowledge of higher level organisms
remains limited. The most prominent finding in cold adapta-
tion is the presence of heat shock proteins (HSPs), which
primarily function as molecular chaperones that facilitate pro-
tein folding and prevent protein degradation and aggregation
upon thermal assault (Boshoff et al. 2004). Glaciozyma
antarctica, formerly known as Leucosporidium antarcticum,
is psychrophilic yeast first isolated from the surface of sea ice
in Antarctica (Fell et al. 1969). In 2011, Turchetti et al.
reclassified this yeast to G. antarctica based on phylogenic
analysis and the absence of lenticular bodies. G. antarctica
is classified as obligate psychrophilic based on its optimum
temperature, reported as 12 °C, and tolerance of temperatures
up to 20 °C (Boo et al. 2013). The Whole Genome
Sequencing Project on Extremophiles Malaysia has se-
quenced the genome of this organism. The size of the G.
antarctica genome is 20.03 Mb, with 7857 protein-coding
genes. The study of G. antarctica has revealed new platforms
and perspectives on the cold adaptation strategies of Antarctic
yeast via the characterization of novel proteins.
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In cells, ubiquitous small heat shock proteins (sHSP) play
important roles in balancing protein homeostasis upon expo-
sure to stress. With small monomeric masses ranging from 12
to 42 kDa, sHSPs are observed in nearly all organisms from
archaea, bacteria, and eukarya and have been implicated in
diverse cellular functions, such as stress tolerance, protein deg-
radation, protein folding, and apoptosis (Bakthisaran et al.
2015). All known sHSPs harbor a conserved α-crystallin do-
main of approximately 90 amino acids, flanked by variable
amino- and carboxyl-terminal extensions (Kriehuber et al.
2010) that form compact a barrel-like β-sheet sandwich fold
(Kim et al. 1998). Despite the divergence of organisms across
all domains, many structural features of sHSPs, such as the C-
terminal region, referred to as the α-crystalline domain, and
anti-parallel β-sandwich motifs, which form hollow ball-
shaped oligomers (Waters et al. 1996), are highly conserved.
In vitro, sHSPs function as shields that prevent the irreversible
aggregation of non-native proteins, while in vivo these mole-
cules are akin as the protein protector that maintain the protein
unfolding and disassembly (Van Montfort et al. 2001). sHSPs
ranging from 15 to 22 kDa are members of the HSP20 protein
family (Waters et al. 1996). The identification of an SGT1-like
protein from G. antarctica (GaSGT1) containing an HSP20-
like chaperone domain that mimics the function of HSPs has
revealed new findings in protein cold adaptation. The suppres-
sor of the G2 allele of SKP1 (SGT1) protein interacts with
HSP90 and is important for the G1/S and G2/M transitions in
the cell cycle (Kitagawa et al. 1999). The sequence analysis of
SGT1 proteins from yeast, human, barley, rice, and Arabidopsis
thaliana has revealed three conserved domains, tetratricopep-
tide repeats (TPRs), CHORD-containing proteins, and SGT1-
(CS) and SGT1-specific (SGS) proteins (Azevedo et al. 2002).
The N-terminal TPR domain, known as the heat shock protein-
binding domain, plays an important role as a mediator of
HSP90 interactions. The C-terminal SGS domain interacts with
S100 calcium-binding proteins (Nowotny et al. 2003). Similar
to HSP20 or the α-crystallin domain of the human p23 co-
chaperone family, the CS domain, the central motif, plays an
important role in HSP90 interaction, particularly as a co-
chaperone (Dubacq et al. 2002; Garcia-Ranea et al. 2002).
p23 and the HSP20/α-crystallin family of heat shock proteins
share the same three-dimensional folding function and exhibit a
pattern of conserved residues that suggest a common origin in
the evolution of both protein domains. The p23 and HSP20/α-
crystallin phylogenetic relationship and similar roles in chaper-
one activity suggest a common function for proteins containing
p23-like domains, such as SGT1 (Garcia-Ranea et al. 2002).
However, the precise function and structure of SGT1 remain
relatively unknown.

The present study is the first to explore the role of SGT1 in
adaptation to lower temperatures via the characterization of
SGT1 from G. antarctica. We analyzed the GaSGT1 gene
expression in cells exposed to different temperatures to

determine the induction of this gene and characterized the
molecular chaperone activity of GaSGT1. Parallel to the func-
tional analysis, a structural study was performed to determine
how this protein adapts to the low-energy environment.

Materials and methods

G. antarctica culture and exposure to different heat
and cold shock temperatures

G. antarctica cells were cultured in yeast peptone dextrose
broth (10 % (w/v) yeast extract, 20 % (w/v) peptone, and
20% (w/v) dextrose) at 12 °C until the OD600 reached approx-
imately 0.6–0.8. Subsequently, the cultures were exposed to
different temperatures:−12, 0, 5, 12, and 20 °C. The cells were
harvested after exposure to each temperature for 6 h.

RNA extraction

The following materials were treated overnight with
diethylpyrocarbonate (DEPC) 0.1 % (v/v) and subsequently
autoclaved: pestle and mortar, microcentrifuge tubes, pipette
tips, and spatula. The RNA extraction was performed using
TRIzol® reagent (Invitrogen, USA) according to Bharudin et
al. (2014). The concentration and purity of total RNA was
measured using a Nanodrop spectrophotometer at 260 nm
(ThermoScientific, USA). The RNA quality was determined
after running total RNA on a 1 % (w/v) agarose gel at 120 V
for 1 h. Total RNAwas stored at −80 °C.

Cloning and sequence analysis

GaSGT1 complementary DNA (cDNA) was amplified using
specific primers that promoted the ligation-independent clon-
ing of target genes into the pET30 Ek/LIC (Merck-Millipore,
Germany) vector (Table 1). The direct ligation of amplified
GaSGT1 cDNAwith the pET30 Ek/LIC vector was prepared
according to the manufacturer’s instructions. Moreover, the
annealed product was transformed into an E. coli BL21

Table 1 Primers used in this study

Primers Sequence (5′-3′)

GaSGT1F-LIC GACGACGACAAGATGTCCTCCAAGA

GaSGT1R-LIC GAGGAGAAGCCCGGTCAAGCACCC

GaSGT1F-RT ATCGATTGCGCTGGAAAGGG

GaSGT1R-RT TTCCAATCCGTGCTCAAC

18S F-RT ACCAGGTCCAGACACAAT

18S R-RT TAACCAGACAAATCACTCC

LIC indicates ligation-independent cloning system primers, whereas RT
indicates real-time primers
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expression host. The positive transformants were identified
using sequencing analysis. The isoelectric point was deter-
mined using the ProtParam tool (Gasteiger et al. 2005). The
sequence domain was analyzed using the InterPro Scan
(Quevillon et al. 2005) and Pfam (Sonnhammer et al. 1997).
The sequence alignment was performed using the ClustalW
(Thompson et al. 1994). The GaSGT1 sequence was deposited
in GenBankTM under accession number KT220749.

Quantitative real-time PCR analysis

cDNA was synthesized from 10 ng of total RNA from each
sample using specific primers and the QuantiFast SYBR®
Green RT-PCR Kit (QIAGEN, USA) in a 20-μL reaction.
The GaSGT expression pattern was analyzed using a
Thermal cycler (Eppendorf, USA). Each reaction contained
12.5 μL of 1X Master Mix, 1 μM GaSGT1F-RT primer,
1 μM GaSGT1R-RT primer, 0.25 μL of Quantifast Mix, and
2 μL of template. A standard curve was constructed using
tenfold serial dilutions (100, 10, 1, 0.1, and 0.01 ng) of
RNA amplified using the 18S reference gene and GaSGT1
primers (Table 1). The analysis was performed in triplicate.
Statistical significance was assessed using a two-tailed paired
Student’s t test. The GaSGT1 expression profiles were nor-
malized to the 18S reference gene according to Hashim et al.
(2013) to compensate for any variation in the amount of
starting material between samples. A melting curve analysis
was performed to analyze the specificity of the PCR reaction.

Expression, purification, and detection of recombinant
GaSGT1

Expression was assessed in LB containing 50 μg/mL of kana-
mycin. Induction was performed using 0.5 mM isopropyl β-
D-thiogalactopyrosidase (IPTG) after reaching an OD600 of
∼0.8 and inducing for 16 h at 16 °C. Purification was per-
formed using prepacked Ni-NTA columns, followed by anion
exchange chromatography and gel filtration on a S200 16/60
column (GE Healthcare, USA) according to the manufac-
turer’s instructions. The purified GaSGT1 was analyzed for
purity using denatured and native gel electrophoresis. The
Western blot analysis was performed using the primary anti-
body, monoclonal anti-histidine (Novagen, USA), at a ratio of
1:10,000 and the secondary antibody, anti-goat IgG horse per-
oxidase antibody, at a ratio of 1:25,000, each for an hour with
agitation at room temperature, followed by detection with
Luminate Forte Western HRP (Merck, USA).

Thermotolerance experiments with transformed E. coli

For the thermotolerance experiments, E. coli MC4100
ΔibpA/B lacking the small heat shock proteins IbpA and
IbpB and its parent strain MC4100 (Kuczynska-Wisnik et al.

2002) were used. The expression plasmid was transformed
into E. coli MC4100 ΔibpA/B to generate E. coli ΔIbpA/
B_GaSGT1. The transformed E. coli cell cultures, E. coli
MC4100 ΔibpA/B, and E. coli MC4100 were grown as de-
scribed above. IPTG was added to mid-log phase cultures
(OD600=∼0.8) at a final concentration of 1 mM, and incuba-
tion was continued at 37 °C for 2 h. The cultures were trans-
ferred to 50 °C. Samples (100 μL) were obtained at 0, 15, 30,
45, 60, and 75 min after 50 °C treatment, diluted using serial
dilutions and plated onto LB supplemented with 50 μg/mL
kanamycin in triplicate. The plates were incubated overnight
at 37 °C prior to scoring colony formation to determine the
percentage of survivors. The same methods were used for
cells exposed to 0 °C, and the samples exposed to 0 °C were
analyzed on days 0, 2, 4, 6, and 8.

Luciferase heat-induced aggregation assay

Luciferase (Promega, USA) was diluted to 1 μg/μL using
stability buffer (25 mM Tris-HCl, pH 8, 8 mM MgSO4,
0.1 mM EDTA, 1 mg/mL bovine serum (BSA), 10 % glycer-
ol, and 1 % Triton X-100) and incubated with purified
10 μg/μL GaSGT1 in a tube. The samples were heated to
41 °C for 2 min, and reaction buffer (0.5 mM D-luciferin,
0.1 mM adenosine 5′-trisphosphate (ATP), 1 mM DTT,
10 % glycerol, and 10 % PEG 4 K) was added in a 200-μL
reaction. Unheated luciferase, incubated with and without pu-
rified GaSGT1, was used as a positive control, whereas heated
luciferase without any incubation with purified GaSGT1 was
used as a negative control. Luciferase aggregation was mea-
sured at 560 nm using a SynergyHT luminometer (Research
Instrument, USA) for 7 min.

Modeling GaSGT1 tertiary structures

The three-dimensional GaSGT1 structures were modeled to the
human CS domain (PDB: 1RL1) using the SWISS-MODEL
program (Guex and Peitsch 1997; Schwede et al. 2003). The
structure quality was evaluated using PROCHECK
(Laskowski et al. 1993), Verify3D (Eisenberg et al. 1997) and
ANOLEA (Melo et al. 1997). The superimposed GaSGT1
model and template and comparative analysis were performed
using sCHIMERA USCF (Pettersen et al. 2004).

Results

GaSGT1 sequence analysis

The GaSGT1 sequence analysis revealed that this protein is
related to SGT1 proteins from R. norvegicus (acc. no.
B0BN85.1), M. musculus (acc. no. Q9CX34.3), H. sapiens
( a cc . no . Q9Y2Z0 .3 ) , and B. taurus ( a cc . no .
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Q2KIK0.1) (Fig. 1). The size of the cDNAwas 639 bp, and no
signal peptide sequence was detected. The protein contains
two major domains: the central CHORD-SGT1 (CS) domain,
similar to the HSP20/α-crystallin domain of the human p23
co-chaperone family, and a C-terminal SGT1-specific (SGS)
domain, which is structurally less well defined, although high-
ly conserved relative to the other SGT1 domains (Dubacq et al.
2002; Garcia-Ranea et al. 2002). However, no TPR domain
was observed, suggesting that GaSGT1 might not interact with
HSP90 inG. antarctica. Additionally, high residue substitution
of charged side chains and bulky polar residues to alanine
(7.5 %) were observed in the GaSGT1 sequence, which might
be important for proper functioning at lower temperatures.

GaSGT1 mRNA expression levels at different
temperatures

The purity of the RNA was 1.9 to 2.0, indicating the high
purity of the RNA. The melting curve analysis showed the
single amplification of 18S and GaSGT1 genes. The PCR
efficiency of the primer sets used to amplify 18S and
GaSGT1 genes was acceptable, as the slopes were within −3

to −3.3. The R2 values ranged from 0.97 to 0.99, and the
E values for both primer sets were 110 %. Thus, the template
purity and PCR efficiency fulfilled the standard characteristics
for accurate and reliable PCR data according to the general
MIQE quantitative PCR guidelines (Bustin et al. 2009). The
gene expression results were normalized to 18S expression as
the reference gene (Fig. 2). GaSGT1 messenger RNA
(mRNA) expression in G. antarctica was measured at differ-
ent temperatures to determine the induction of GaSGT1.
GaSGT1 mRNA expression strongly increased in cells ex-
posed to temperatures far from the optimal growth of 12 °C,
i.e., −12 and 20 °C, showing 12.54- and 16.28-fold increases,
respectively. The increases inGaSGT1mRNA expression at 5
and 0 °C were 1.71- and 2.93-fold, respectively.

Thermotolerance in E. coli expressing GaSGT1

E. coli cells expressing the GaSGT1 protein demonstrated
more thermotolerance than cells without GaSGT1 expression.
As shown in Fig. 3, after exposing cells to 50 °C for 45 min,
the survival of mutant E. coli ΔIbpA/B_GaSGT1 cells was
48.5 %, whereas mutant E. coli ΔIbpA/B cell survival

Fig. 1 Sequence alignment of
GaSGT1 with the SGT1 from
R. norvegicus, M. musculus,
H. sapiens, and B. taurus. The
domain analysis revealed three
domains: TPR (blue box), CS
(red box), and SGS (green box).
GaSGT1 only contained two
conserved domains, the CS and
SGS domains. The amino acid
sequences of the GaSGT1 CS
domain were aligned relative to
human p23 and other CS
domain-containing proteins.
Highly conserved residues that
stabilized the β-sheets in the p23
and CS domain-containing
proteins are highlighted in red.
Alanine substitutions of charged
side chains and bulky polar
residues are indicated using steric.
Highly conserved residues are
highlighted in black, and partially
conserved residues are shown in
gray
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decreased to 40.5 %. After incubation at 50 °C for 75 min,
E. coliΔIbpA/B_GaSGT1 cells retained up to 23.5 % viabil-
ity, whereas E. coliΔIbpA/B cells showed a 13 % decrease in
viability. In addition, at 0 °C, E. coli ΔIbpA/B_GaSGT1
showed 20.7 % viability after incubation for 8 days compared
with E. coli ΔIbpA/B cells, which showed a total cell loss.
These results demonstrated that the survival rate of E. coli
ΔIbpA/B_GaSGT1 was higher than that of E. coli ΔIbpA/B
cells at 50 and 0 °C, with and without IPTG induction (data
not shown). Thus, these results did not reflect an effect of
IPTG, but they more likely reflected the presence of
GaSGT1 protein, which promotes thermotolerance in cells.

GaSGT1 protects luciferase from heat-induced
thermoinactivation

Another characteristic of molecular chaperones is the inhibi-
tion of non-native protein aggregation. To examine whether
GaSGT1 exhibits this chaperone activity, a quantitative chap-
erone assay was performed using luciferase as a substrate
(Fig. 4). The GaSGT1 purification has been previously de-
scribed (Yusof et al. 2013). The purified GaSGT1 effectively
protected luciferase against heat-induced thermoinactivation.
GaSGT1 reduced heat-induced thermoinactivation 60 % after
incubation at 41 °C, whereas the luciferase without any prior
incubation with GaSGT1 decreased activity 10 % compared
with the unheated native luciferase. These results demonstrate
that GaSGT1 displays chaperone activity in vitro.

3D structure analysis of GaSGT1

The CS domain of the GaSGT1 (GaSGT1_CS) model was
evaluated using PROCHECK, Verify3D and ANOLEA.
PROCHECK analysis demonstrated that the constructed

GaSGT1_CS model fulfilled the Ramachandran plot, with
97.8 % in the favored region and 2.2 % in the allowed regions.
In addition, model verification using Verify3D demonstrated
that the constructed GaSGT1_CS model had a perfect score
of 100 %. The third evaluation involved the energy calculation
of a protein chain using ANOLEA. A low amino acid content
of 7.45 % with high energy was observed. The GaSGT1_CS
model was acceptable for tertiary structure analysis. The pro-
posed model comprised seven β-sheets in an anti-parallel con-
figuration. When the backbone atoms of the CS domains of
GaSGT1 and human SGT1 were superimposed, the RMSD
was 0.371 Å. The CS domain in GaSGT1 and human SGT1
were structurally compared according to the tertiary structures
of these proteins. The superimposed CS domains from
GaSGT1 and human SGT1 (PDB: 1RL1) exhibited alanine
substitutions in the Bconnector^ regions. Alanine substitutions
are criteria for psychrophilic enzymes, and these substitutions
primarily occur at exposed sites (Gianese et al. 2001). Figure 5
shows the amino acid sequence changes in the three-
dimensional structure of GaSGT1_CS, which has been
modeled on the human CS domain. For the model analysis,
the CS domain of GaSGT1 was further analyzed because the
CS domain is the main binding domain mediating the interac-
tions between SGT1 and HSP90. Based on the structure of the
human CS domain, the K25A, E63A, and T72A (human CS
domain residues/position/substitution residue) substitutions
were located in the twist region, enabling a 90° turn of the
adjacent β-sheet, whereas the H57A and E88A substitutions
were located in the loop regions connecting theβ-sheets. These
substitutions reduced the hydrogen bonds and ionic and aro-
matic interactions, resulting in a net increase in molecular flex-
ibility. The substitution of lysine with alanine at residue 25 in
GaSGT1 (in human SGT1, the position was 162) hindered the
lysine-162 hydrogen and aromatic interactions with residues in

Fig. 2 GaSGT1 mRNA
expression in G. antarctica.
GaSGT1 levels were measured in
cells exposed to the indicated
temperatures for 6 h and
normalized to 18S (reference
gene) levels. mRNA expression at
12 °C was set to 1, and other
values were normalized against
this value. The data are
representative of three trials with
standard deviations of the mean,
and statistical significance was
assessed using a two-tailed t test
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Fig. 3 E. coli thermotolerance
experiments. The experiments
were performed at a lethal E. coli
heat shock at a 50 °C and cold
shock at b 0 °C. E. coli MC4100
(WT) and mutated E. coliΔibpA/
B cells harboring GaSGT1
(ΔIbpA/B_GaSGT1) and without
GaSGT1 (ΔIbpA/B) were
cultured and subjected to
incubation at 50 °C for 75 min
and 0 °C for 8 days. After heat
and cold shock treatments, the
samples were collected at the
indicated times, diluted, and
plated on LB plates supplemented
with kanamycin. Statistical
significance is expressed using a
two-tailed t test where P< 0.01

Fig. 4 Luciferase aggregation
assay. For these experiments,
native luciferase was exposed to
41 °C with and without prior
incubation with purified
GaSGT1. GaSGT1 prevented the
total aggregation of luciferase
exposed to heat, whereas heated
luciferase without any prior
incubation with GaSGT1
exhibited an excessive loss
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a distant region of the polypeptide, including phenylalanine-
203, lysine-204, and valine-205. The lysine-162 side chains
also interacted with glutamic acid-161, asparagine-163, and
valine-165 via hydrogen bonds. The substitution of lysine with
alanine at position 25 in GaSgt_CS only enabled a hydrogen
bond between adjacent residues of alanine-25 and glutamic
acid-26. The other alanine substitution occurred at position 57
of the GaSGT1_CS structure (position 194 in the human CS
domain) in the loop region between β-sheet 5 and β-sheet 6,
which could also introduce modest changes that enhance struc-
tural flexibility, likely facilitating conformational adjustments
associated with protein binding and decreasing the strength of
the inter-protein association. A comparative analysis of the in-
teractions resulting from the alanine substitutions in the CS
domain of GaSGT1 was performed through comparisons with
the human CS domain (PDB: 1RL1) homologue (Table 2).

Discussion

In the present study, we described the thermotolerance and
molecular chaperone properties of an SGT1-like protein from
G. antarctica against thermal assaults. GaSGT1 mRNA ex-
pression was markedly increased following culture at temper-
atures far from the G. antarctica optimal growth temperature
of 12 °C, suggesting thatGaSGT1mRNA expression is stress-
induced and might play a protective role in G. antarctica
against heat and cold shock stress. Previous studies on the
E. coli small heat shock proteins IbpA and IbpB have shown
that these proteins play important roles in the protection of
heat-denatured proteins against irreversible aggregation
(Kuczynska-Wisnik et al. 2002). The results of the analysis
conducted in the present study showed that GaSGT1 expres-
sion in mutant E. coliΔibpA/B enhances cell thermotolerance

to heat and cold shock assaults, suggesting that GaSGT1
might play a vital role in protecting cells from thermal killing
and adopting the properties of HSPs to prevent protein aggre-
gation. Moreover, GaSGT1 prevents luciferase from total
thermoinactivation and retains functional activity after ther-
mal assault. Interestingly, GaSGT1 exhibits functional fea-
tures similar to the E. coli small heat shock proteins IbpA
and IbpB, members of the ATP-independent sHSP chaperone
family, which protect proteins from thermoinactivation and
decrease the efficacy of aggregation in response to

Fig. 5 Tertiary structures and
residue substitutions of the
GaSGT1_CS domain.
Substitutions in the GaSGT1_CS
are labeled in green. The
GaSGT1_CS model is colored in
blue, whereas the human CS
template is shown in red. The
dotted boxes represent alanine
substitutions in the GaSGT1_CS
model and the corresponding
residues in the human CS
template. This figure was
prepared using UCSF Chimera

Table 2 Alanine substitution and residue interaction comparison
between GaSGT1_CS and the human CS domain (PDB: 1RL1). The
standard amino acid abbreviations are labeled (amino acid/position/
residue substitution)

Substitution Interaction

GaSGT1-CS Human SGT-CS

K25A A25-E26 K162-Q161

K162-N163

K162-V165

K162-F203

K162-K204

K162-V205

H57A A57-L56 H194-L193

H194-P195

E63A A63-G64 E199-I197

T72A A72-K73 T208-K158

T208-L206

T208-S207

T208-K209

E88A A88-K89 E223-R221

E223-K224
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temperature assault. However, unlike IbpA/B chaperones,
GaSGT1 prevents protein aggregation during temperature as-
saults as low as 0 °C. GaSGT1 also shows the upregulation of
gene expression in cell cultures exposed to 0 °C and negative
temperatures. These results might reflect the fact that GaSGT1
possesses molecular chaperone activity and likely plays the
same role as HSPs, which recognize and bind unfolded pro-
teins, thus preventing aggregation and functional loss at high
and low temperature assaults. Moreover, the amino acid se-
quences of GaSGT1 lacked the TPR domain, which is highly
conserved among nearly all eukaryotic organisms. However,
human SGT1 binds to HSP90 and client proteins via the CS
domain (Lee et al. 2004), suggesting functional SGT1 without
the presence of a TPR domain. Because the TPR domain
comprises 3 to 16 tandem repeats of 34 amino acid residues
that mediate protein-protein interactions and multiprotein
complex assembly (D’Andrea and Regan 2003), the absence
of a TPR domain might contribute to structural flexibility by
enabling the efficient protein binding and folding of client
proteins in a low-energy environment. The sequence align-
ment of GaSGT1 and SGT1 from other organisms indicated
high alanine substitutions, replacing bulky polar residues and
charged amino acids. Previous studies have shown that ala-
nine substitutions primarily occur within loops or turns and
favor the flexibility of the chain connecting adjacent second-
ary structures (Feller et al. 2006). In GaSGT1, the alanine
substitutions primarily occurred in the loop segments linking
the β-sheets or in the twist region, where the adjacent β-sheet
turns 90°. These regions act as hinge regions or Bconnectors^
between the two anti-parallel β-sheets, which likely enhance
the flexibility of the chains connecting adjacent secondary
structures, thereby increasing the protein-binding efficiency
and folding of substrates. The results of these analyses indi-
cate that the structure and function of the GaSGT1_CS do-
main involved in substrate binding might acquire cold adap-
tation criteria, and this knowledge is beneficial for the rational
design of mutations for engineering mesophilic proteins to
function optimally in cold temperatures and vice versa.
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