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Abstract
Glutathione-S-transferase enzymes (GSTs) are essential components of the phase II detoxification system and protect organisms 
from oxidative stress induced by xenobiotics and harmful toxins such as 1-chloro-2,4-dinitrobenzene (CDNB). In Tetrahymena 
thermophila, the TtGSTm34 gene was previously reported to be one of the most responsive GST genes to CDNB treatment 
(LD50 = 0.079 mM). This study aimed to determine the kinetic features of recombinantly expressed and purified TtGSTm34 with 
CDNB and glutathione (GSH). TtGSTm34-8xHis was recombinantly produced in T. thermophila as a 25-kDa protein after the 
cloning of the 660-bp full-length ORF of TtGSTm34 into the pIGF-1 vector. A three-dimensional model of the TtGSTm34 protein 
constructed by the AlphaFold and PyMOL programs confirmed that it has structurally conserved and folded GST domains. The 
recombinant production of TtGSTm34-8xHis was confirmed by SDS‒PAGE and Western blot analysis. A dual-affinity chro-
matography strategy helped to purify TtGSTm34-8xHis approximately 3166-fold. The purified recombinant TtGSTm34-8xHis 
exhibited significantly high enzyme activity with CDNB (190 µmol/min/mg) as substrate. Enzyme kinetic analysis revealed Km 
values of 0.68 mM with GSH and 0.40 mM with CDNB as substrates, confirming its expected high affinity for CDNB. The opti-
mum pH and temperature were determined to be 7.0 and 25 °C, respectively. Ethacrynic acid inhibited fully TtGSTm34-8xHis 
enzyme activity. These results imply that TtGSTm34 of T. thermophila plays a major role in the detoxification of xenobiotics, 
such as CDNB, as a first line of defense in aquatic protists against oxidative damage.
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1 Introduction

Many xenobiotic substances, which are released into fresh-
water bodies, activate detoxifying enzyme systems in aquatic 
organisms. Hydrophobic-electrophilic xenobiotics easily pass 
through the cell membranes of aquatic organisms and bind to 
hydrophobic sites on macromolecules such as DNA, RNA, 
and proteins to cause irreversible damage [1]. Detoxifying 
enzymes, which are capable of transforming hydrophobic-
electrophilic regions of xenobiotics into hydrophilic regions 

that are less harmful, are widely recognized for their broad 
specificity among similar substrate structures [2]. Detoxifica-
tion of xenobiotics proceeds in three phases: modification, con-
jugation, and excretion [3]. In conjugation (phase II), GSTs 
catalyze the conjugation of one or more polar tripeptides (Glu-
Cys-Gly), known as glutathione (GSH), to the electrophilic 
sulfhydryl group in the hydrophobic sites of xenobiotics to 
transform them into nontoxic hydrophilic molecules.

GST isoenzymes are widely distributed in organisms as 
diverse as bacteria [4], insects [5], ciliated protists [6], plants 
[7], fish [8], birds [9], and mammals [10]. Organisms have dif-
ferent compositions of GST subfamilies with similar conserved 
functions and enzyme structures. GSTs have two substrate-
binding sites, the G site (which binds only to GSH) and the H 
site (which binds to groups of xenobiotics with similar struc-
tures). Cytosolic, microsomal, and mitochondrial GSTs are the 
three primary categories of GSTs, distinguished by their cel-
lular location. Based on their varied tertiary structures, protein 
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sequences, and active site configurations, cytosolic GSTs are 
further classified into beta, alpha, pi, mu, tau, sigma, delta, 
zeta, phi, epsilon, theta, and omega subfamilies [11].

Recently, there are numerous studies aimed at elucidating 
the roles of GST enzymes in detoxification of various agents. 
For example FcδGST, a novel delta class GST gene, was 
cloned from the marine invertebrate Fenneropenaeus chinensis 
(the chinese white shrimp), and was the significantly up-regu-
lated in hemocytes and hepatopancreas upon stimulation with 
Vibrio anguillarum or white spot syndrome virus (WSSV). 
This report indicated that FcδGST plays a critical role in the 
innate immune responses to F. chinensis [12]. In another study, 
the regulation of CpGST-Mu, a mu class GST from Cristaria 
plicata (the freshwater cockscomb pearl mussel), was studied 
to reveal its expression and resistance to microcystins (cyano-
toxins) generated hydrogen peroxide, which emphasizes the 
relationship of CpGST-Mu with the Nrf2/Keap1 signaling 
pathway [13]. In Panonychus citri, the omega-family gene 
PcGSTO1 has been cloned and characterized for its sig-
nificant upregulation in the cyetpyrafen-resistant Artropoda 
strains, in which cyetpyrafen works an insecticide and aca-
ricide [14]. However, in ciliated Protista, the role of GSTs in 
xenobiotic-induced oxidative stress is largely unknown despite 
their ecological importance in the food chain [15]. First cyto-
solic TtGST enzyme was purified and characterized from 
the ciliated protist T. thermophila as a functional monomeric 
GST without its gene sequence [16]. However, TtGSTzeta of 
T. thermophila has been succesfully expressed in E. coli as 
a recombinant TtGSTz-6xHis protein [17]. Recently, the 70 
members of T. thermophila GST enzyme family were divided 
into four cytoplasmic subfamilies: 49 in mu (TtGSTm), seven 
in omega (TtGSTo), five in theta (TtGSTt), two in zeta (TtG-
STz), in addition to four in MAPEG membrane-associated pro-
teins (TtMAPEG) and three in eukaryotic protein elongation 
factor (TtEF1G) subfamily [6].

In our previous study, the most responsive GST genes were 
identified as TtGSTm19 and TtGSTm34 in CDNB-exposed 
T. thermophila using a combination of glutathione (GSH) 
affinity purification, 2D-SDS‒PAGE, and MALDI-TOF MS 
analysis. These genes exhibited significant transcriptional and 
posttranslational upregulation in response to nontoxic doses of 
CDNB (LD50 = 0.079 mM) [18]. The approach could reveal 
a GSTm enzyme, which may have better enzyme activity 
towards CDNB and affinity features to GSH compared to com-
mercial enzymes. Hypothetically, the ability of T. thermophila 
GST enzymes to react quickly to xenobiotics in the environ-
ment may enhance organismal survival. However, the enzy-
matic properties of the TtGSTm34 enzyme with the CDNB 
as substrate have not been studied. Therefore, in this study, 
TtGSTm34 was recombinantly expressed in T. thermophila, 

and the purified recombinant TtGSTm34 was subjected to 
enzymatic characterization.

2  Materials and Methods

2.1  Cloning of the TtGSTm34 Gene into the pIGF‑1 
Vector

The TtGSTm34 (Glutathione-S-transferase mu 34, GST34; 
GenBank Accession number: XP_001020129.1; Tet-
rahymena Genome Database gene prediction number: 
TTHERM_00661650) coding sequence has two ATG codons 
for translation initiation. However, the conserved “AAA ATG 
G” Kozak sequence [19] of TtGSTm34 is positioned only 
in the second methionine. Therefore, the second methionine 
was chosen as the start codon, and the 660 bp cDNA cod-
ing sequence was cloned and inserted into the pIGF-1 vector 
(Fig. 1B) without codon adaptation.

Total RNA was isolated from T. thermophila SB210 
(Tetrahymena Stock Center, Cornell University, USA) by 
using an RNeasy Mini Kit (Qiagen Cat No: 74104) and 
treated with DNase (Promega Cat No: M6101). cDNA 
synthesis kit was used to synthesize cDNAs from ~ 2.5 µg 
of total RNA(Fermentas Cat. No: K1621). Subsequently, 
the TtGSTm34 protein-coding cDNA sequence region was 
first amplified with the FGSTmu34pV2 (5′ CGC GTT TAA 
ACC TCGAG ATG ACA ACT CTT GGT TAC TGG GGC ATA 
G 3′) and R1GSTmu34pV2 (3′ CCT CAA AGA GCT ACC 
TGG TCT GGT CCT TAA GAC GAC GAC AAA  5′) primer 
sets. The amplified cDNA template was separated on an 
agarose gel, and the resulting DNA band was excised. The 
first PCR product from the gel was purified with a GeneJet 
Gel Extraction Kit (Thermo Cat No: K0691) and used as the 
template DNA sequence in the second PCR, in which the 
FGSTmu34pV2 and R2GSTmu34pV2 (3′GGT CCT  TAA 
GAC GAC GAC GAC AAA CAC CAC CAC CAC CAC CAC 
CAC TGA TGG CCC 5′) primers were used to add the 8xHis 
affinity tag. The amplified cDNA fragments were rerun on 
an agarose gel. The 725 bp DNA fragment was cut, purified 
and digested with the restriction enzymes PmeI (NEB, Cat 
No: R0560S) and ApaI (NEB, Cat No: R0114S) to obtain 
sticky ends. In parallel, the pIGF-1-sfGFP vector was also 
cut with PmeI and ApaI to obtain sticky ends by removing 
the sfGFP coding sequence from the cadmium-inducible 
MTT1-sfGFP-rpl29 gene cassette [20]. The digested and 
purified TtGSTm34 gene fragment and pIGF-1 vector were 
subjected to ligation with T4 DNA ligase (NEB, Cat No: 
M0202S) and transformed into E. coli XL1-Blue competent 
cells (Stratagene Cat. No: 200249) using the standard heat 
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shock protocol. Positive colonies were selected from the 
LB agar-Amp plates and scanned for insert sizes by using the 
colony PCR method with the FGSTmu34pV2 and R1GST-
mu34pV2 primer sets. Using PmeI and ApaI restriction 
enzyme digestion, the recovered plasmids were found to be 
present in the positive colonies. The constructed vector car-
rying the cadmium-inducible MTT1-TtGSTm34-8xHis-rpl29 
gene cassette was named pIGF-1-GSTm34 (16,369 bp).

2.2  Transformation of the pIGF‑1‑GSTm34 
Vector into Conjugative Tetrahymena Cells 
by Electroporation and Antibiotic Selection 
of Positive Transformants

Using the Bio-Rad Gene Pulser device, the pIGF-1-
GSTm34 vector, which has a high copy number (~ 9000), 
was transformed by biolistic gun transformation into con-
jugating T. thermophila B2086 and CU428 cells, which 
were freshly removed from liquid nitrogen, based on the 
methods of Gaertig and Gorovsky with minor modifica-
tions [21]. After transformation, the cells were transferred 
to SPP medium containing 5 ml of 250 μg/ml penicillin‒
streptomycin (pen-strep). After 12–24 h of incubation, the 
transformant cells were exposed to 60 μg/ml paromomycin 
on the first day, 100 μg/ml on the third day, and 120 μg/ml 
on the fifth day of conjugation. Positive transformant cells 
were selected and frozen in a liquid nitrogen tank.

2.3  Induction of Transformation and Total Protein 
Isolation

Transformant cells were induced with  CdCl2 (Sigma, 439800) 
to a final concentration of 5 µg/ml for 36 h. The samples were 
collected at different time intervals, and total protein isola-
tion was performed with modified T100B lysis buffer (25 mM 
Tris–HCl, 1% Triton X-100, 300 mM NaCl, pH 7.5, 2 mM 
PMSF, and protease inhibitor cocktail (ROCHE Cat no: 
04693159001)) [22, 23]. Protein isolation was performed by 
adding approximately 3 ml of T100B lysis buffer to approxi-
mately 25 million cells.

2.4  SDS‒PAGE and Western Blot Analyses 
of Glutathione Affinity‑Purified Proteins

The TtGSTm34-8xHis protein was purified based on the 
intrinsic glutathione affinity of TtGSTm34 using GSH-Sepha-
rose 4B beads (GE Healthcare Cat No: 52–2303-00 AK). The 
Bradford method was utilized to determine the protein concen-
trations (Pierce™ Coomassie Plus Bradford Assay Reagent, 
Cat no: 23238) using a standard curve constructed with bovine 
serum albumin. Unbound proteins, washed-off proteins, and 
the final eluate (40 µg of each) were separated via 12.5% SDS‒
PAGE and transferred to nitrocellulose membranes (Millipore, 
Billerica, MA) for Western blot analysis. After blocking with 
5% nonfat milk dissolved in PBS (pH 7.4) plus 0.1% Tween 
20, the membranes were incubated with a monoclonal primary 

Fig. 1  Structural elements of the pIGF-1-TtGSTm34 extrachromo-
somal protein expression vector of T. thermophila. A: Protein and 
nucleotide sequences of TtGSTm34, the Kozak sequence (bold and 
underlined), B: pIGF-1-TtGSTm34 vector. The construct was formed 
by replacing the GFP coding sequence in the pIGF-I-sfGFP vec-
tor with the TtGSTm34-8xHis coding sequence [20]. The promotor 

MTT1 is induced by cadmium. A terminating sequence for rpL29 
ends transcription. The rDNA gene locus with 3′ NTS and 5′ rDNA 
flanking sequences, including 5′ CBS1 and CBS2, is necessary for 
rDNA origin function and rDNA minichromosome construction dur-
ing conjugative transformation. The 17S RNA gene sequence carries 
a mutation to confer puromycin resistance
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mouse anti-6xHis antibody (Rockland Cat No: 200–301-382S) 
at 4 °C for overnight. The membranes were washed and incu-
bated with the polyclonal secondary goat anti-mouse IgG 
antibody HRP (GenScript Cat No: A00160) (Supplementary 
File 1). TMB colorimetric solution was used to visualize the 
protein bands (Sigma‒Aldrich T0565).

2.5  Dual‑Affinity Purification of TtGSTm34‑8xHis 
with Ni–NTA and GSH Beads

TtGSTm34-8xHis was first purified using Ni–NTA agarose 
beads to collect the recombinant proteins according to the 
manufacturer’s protocol (Protino Cat No: 745400.25). The 
beads were washed three times with 20 mM imidazole and 
eluted three times with 250 mM imidazole. The stepwise 
collected samples were subjected to SDS‒PAGE for confir-
mation. The presence of contaminating proteins other than 
recombinant TtGSTm34-8xHis proteins in the eluted samples 
necessitated a second purification with GSH beads (Fig. 2). 
The buffer of the pooled elutions (total of 60 ml) was replaced 
with PBS (pH 7.4) using ultrafiltration to remove the imidazole 
present in the elution buffer (Amicon® Ultra15 10 K, Milli-
pore Cat No: UFC901008). Since the ultrafiltration tubes had 
a 15 ml capacity, the centrifugation process was repeated four 
times. Thus, the inhibitory effect of imidazole on the binding 
of the recombinant protein to the GSH beads was eliminated 
for the next purification step.

Second, GSH affinity purification was carried out as 
described previously with purified concentrated TtGSTm34-
8xHis after the ultrafiltration step. The elution step was per-
formed twice. The dual-affinity recombinant TtGSTm34-
8xHis protein was purified with Ni–NTA and GSH beads and 
analyzed via 12.5% SDS‒PAGE. The recombinant protein was 
stored in 50% glycerol at − 80 °C. Every stage of purification 
was carried out at room temperature.

2.6  Enzyme Kinetics of the Purified Recombinant 
TtGSTm34‑8xHis Protein

The activity of dual-affinity purified TtGSTm34-8xHis was 
determined spectrophotometrically according to published 
methods [24], with minor modifications, using 1-chloro-
2,4-dinitrobenzene (CDNB) as a substrate. The reaction was 
set up by mixing 20 µl of the purified enzyme with 180 μl of 
assay cocktail (10 mM reduced glutathione, 10 mM CDNB 
in PBS, pH 6.5). The enzyme activities were measured with 
a BioTek Synergy ™ HT ELISA device using Gen-5 soft-
ware. The enzyme activities were calculated from OD values 
taken at 2-min intervals for 30 min at 340 nm using the 
kinetics program of the BioTek The Synergy™ HT ELISA 
Reader. The activity unit was defined as the amount of 
enzyme that catalyzed 1 μmol of substrate at 25 °C (CDNB 
extinction  coefficient340 nm = 9.6  mM−1  cm−1). The specific 
activity was expressed as micromoles of product per min 
per milligram of protein. The enzyme activity assays were 
repeated three times, and the mean values are shown in the 
graphs.

2.7  Determining Ionic Strength, Optimum pH 
and Temperature Of Enzyme Activity

To determine the optimum pH for the recombinant TtG-
STm34-8xHis enzyme, the enzyme activity was measured with 
0.1 M potassium phosphate buffer (pH 5.0–7.5) and 0.1 M 
Tris–HCl buffer (pH 8.0–10) at 25 °C. The final concentrations 
of 1 mM CDNB and 1 mM GSH were kept constant for the 
activity measurements.

To determine the ionic strength, at which the recombinant 
TtGSTm34-8xHis enzyme exhibited optimum activity, enzyme 
activity was measured with potassium phosphate buffer at pH 

Fig. 2  SDS‒PAGE analysis of TtGSTm34-8xHis production and Ni–
NTA purification. The transformant cells were induced with  CdCl2 
for 30 h. TP: total protein; FT: unbound proteins; W1 and W3: pro-
teins that were released after the wash steps; E1-E3: first, second 

and third elutions that contained purified TtGSTm34-8xHis; NegE: 
Ni–NTA elution of uninduced transformant cells harboring pIGF-
TtGSTm34; Control: Commercial GST enzyme as a positive control 
(Cayman Glutathione S-Transferase Assay Kit, Item No: 703302)
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7.0 and with different ionic strengths (0.00625 M, 0.0125 M, 
0.025 M, 0.05 M, 0.1 M, 0.15 M, 0.2 M, and 0.3 M) at 25 °C. 
The final concentrations of 1 mM CDNB and 1 mM GSH were 
kept constant for the activity measurements.

The optimum temperature of the recombinant TtGSTm34-
8xHis enzyme was determined at the optimum ionic strength 
and pH, which were 0.2 M potassium phosphate and pH 7.0. 
For measuring the enzyme activity, the reaction mixture was 
incubated for five min in a well that helped to maintain the 
enzymes at the desired temperature (5 °C, 15 °C, 20 °C, 25 °C, 
30 °C, 35 °C, 40 °C, 50 °C, and 60 °C). A final concentration 
of 1 mM CDNB and 1 mM GSH was used for the activity 
measurements.

2.8  kcat, Vmax, kcat, and Specificity Constant (kcat/Km) 
of GSH and CDNB

Kinetic parameters were obtained from the Lineweaver‒Burk 
plot and then recalculated by nonlinear regression using 
Excel Solver software [25, 26]. The initial velocity param-
eters (Km and Vmax) of the recombinant TtGSTm34-8xHis 
enzyme were analyzed by varying the concentrations of GSH 
(0.1125 mM, 0.225 mM, 0.45 mM, 0.9 mM, 1.8 mM, 2.7 mM 
and 3.6 mM) or those of CDNB (0.1125 mM, 0.225 mM, 
0.45 mM, 0.9 mM, 1.8 mM, 2.7 mM and 3.6 mM), whereas 
the concentrations of the other components of the reaction 
mixture were held constant, such as CDNB at 0.9 mM and 
GSH at 0.9 mM, respectively. Activity measurements were 
performed in 0.2 M potassium phosphate buffer (pH 7.0) at 
25 °C.

The kcat value, which reflects the enzyme turnover number, 
was calculated using the kcat = Vmax/Et formula after the total 
enzyme amount  (Et) was determined by a quantitative Bradford 
protein assay. One way of comparing the catalytic effects of 
enzymes encoded by paralogous or orthologous genes from 
different species or by the conversion of different substrates 
to a product with the same enzyme is to determine the speci-
ficity constant (V0), which was calculated by the V0 = kcat/Km 
formula.

2.9  Effects of Inhibitors

In vitro inhibition experiments of the TtGSTm34-8xHis 
enzyme were carried out by making minor changes to the 
method used by Trute et al. (2007) [27]. First, the enzyme 
(20 μl) was incubated with different concentrations of the 
inhibitor in 0.2 M potassium phosphate buffer (pH 7.0) for 
15 min at 25 °C in 96-well plates. After the incubation, the 
reactions were initiated by adding 80 µl of 0.2 M potassium 
phosphate buffer (pH 7.0) containing 1 mM CDNB and 1 mM 
GSH. The initial rates of GST-CDNB activity were measured 
as described above.

2.10  Enzyme Stability Test

Changes in the activity of the TtGSTm34-8xHis enzyme stored 
at different temperatures (25 °C, 4 °C, and –20 °C in a deep 
freezer) for different durations (2 days, 10 days, 6 months, and 
12 months) were determined under optimum enzyme reaction 
conditions (25 °C, 0.2 M potassium phosphate buffer, pH 7.0) 
with 1 mM CDNB and 1 mM GSH.

2.11  3D Modeling of the TtGSTm34 Protein

Molecular structural modeling was performed with the auto-
mated SWISS-MODEL homology modeling program [28]. 
The peptide sequence of TtGSTm34 was submitted to the 
SWISS-MODEL server to identify structures with sufficient 
similarity for homology modeling. Mus musculus GSTmu7 
(Protein Data Bank Code: 2dc5), which has significant homol-
ogy to TtGSTm34 (36.4% sequence identity), was used to con-
struct the protein model. The model was drawn using BIO-
VIA’s Discovery Studio 2021 software. We also performed 
protein structure prediction via the AlphaFold machine learn-
ing program [29]. A ribbon diagram was generated using 
PyMol molecular graphics software.

3  Results

Previously, TtGSTm19 and TtGSTm34 were reported to be 
highly responsive genes after sublethal CDNB dose treatment 
of T. thermophila based on the results of the MTT test, GST 
activity, and real-time PCR analyses [18]. These enzymes seem 
to be major players in T. thermophila cell survival because 
they detoxify sublethal CDNB doses. Therefore, the enzymatic 
kinetics of TtGSTmu34 were studied with the CDNB sub-
strate to determine how TtGSTmu34 could contribute to T. 
thermophila survival.

3.1  Recombinant Protein Expression, Affinity 
Purification, and Activity Analysis

The TtGSTm34 gene has a 660-bp long open reading frame, 
starting from ATG having Kozak sequence (Fig. 1), and 
encoding a polypeptide of 219 amino acids with a calculated 
molecular weight of 25 kDa and a theoretical pI of 7.7. The 
presence of rare codons in the open reading frame of the gene 
was examined according to the methods of Salim et al., (2008) 
[30], and no rare codons were found. Therefore, the sequence 
was not codon optimized for recombinant protein expression.

The constructed pIGF-1-TtGSTm34-8xHis vector was 
transformed into conjugative Tetrahymena cells by electropo-
ration. Isolated positive transformants under antibiotic selec-
tion were induced with  CdCl2 for 36 h, and total protein was 
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isolated from the cells collected at different time intervals. The 
protein isolates were loaded into an SDS‒PAGE gel (Supple-
mentary File 1). The amount of the expected 25 kDa protein 
band gradually increased from 6 to 36 h.

The soluble TtGSTm34-8xHis enzyme was first purified 
by using glutathione (GSH) affinity chromatography. This 
approach could help to purify recombinant TtGSTm34-8xHis 
along with all native GST proteins from transformant cells, 
but an anti-His antibody would detect only the 8xHis-tagged 
recombinant TtGSTm34. The transformant cells produced the 
25 kDa recombinant TtGSTm34-8xHis protein, which was 
successfully purified by glutathione (GSH) affinity chroma-
tography, according to Western blot analysis performed with 
anti-His antibodies (Supplementary File 2).

Alternatively, the soluble TtGSTm34-8xHis enzyme 
was purified from 40 ml of total protein lysate using 10 ml 
of Ni–NTA resin. SDS‒PAGE analyses also showed that 
Ni‒NTA affinity chromatography successfully purified the 
TtGSTm34-8xHis protein (Fig. 2, lanes 5, 6, and 7). Most of 
the TtGSTm34-8xHis protein was bound to the resins accord-
ing to the flow-through data, whereas during the first wash 
step, some proteins were removed due to weak binding (Fig. 2, 
lanes 3 and 4). TtGSTm34-8xHis (25 kDa) was purified after 
elution in three steps with 20 ml of elution buffer containing 
250 mM imidazole (Fig. 2; lanes 5, 6, and 7). As expected, 
Ni–NTA elution from uninduced T. thermophila transformant 
cells harboring the pIGF-TtGSTm34 vector did not produce 
25 kDa protein bands, revealing no leaky recombinant protein 
production in the negative control (Fig. 2, lane 8).

The results suggest that the TtGSTm34-8xHis protein can 
be purified using either Ni–NTA or GSH affinity chroma-
tography. However, TtGSTm34-8xHis was also dual-affinity 

purified with much higher purity (up to 95%) by sequential 
Ni–NTA and GSH bead purification. In this approach, it is 
important to note that the 250 mM imidazole in the Ni–NTA 
elution buffer could prevent the binding of TtGSTm34-8xHis 
to GSH resins, which might lead a decrease not only in the 
purified enzyme amount but also in its activity [31]. Therefore, 
it is crucial to remove the imidazole from the elution buffer in 
the end of Ni–NTA purification. The dual-affinity purifica-
tion started with purified total soluble protein from transfor-
mant cells and continued with Ni–NTA bead purification to 
exclude native GST enzymes. The Ni–NTA elution buffer was 
replaced with a GSH binding buffer during the concentration 
of the eluted proteins by ultrafiltration. In the second affinity 
purification step, TtGSTm34-8xHis eluent in the GSH binding 
buffer was further purified with GSH beads. At the end of this 
sequential Ni–NTA and GSH (dual) affinity purification strat-
egy, the purified proteins from each step were analyzed with 
SDS-PAGE (Fig. 3). TtGSTm34-8xHis elution protein was 
purified from Ni–NTA beads (Fig. 3, lane 2), while the flow-
through of ultrafiltration contained a very low amount of the 
nonspecific ~ 60 kDa protein band (Fig. 3, lanes 3 and 4). The 
soluble part of the TtGSTm34-8xHis elute was retained, and 
some precipitated proteins in the ultrafiltration membrane were 
redissolved in GSH binding buffer. However, the concentrated 
TtGSTm34-8xHis protein eluate still contained a low amount 
of contaminating background proteins (Fig. 3, lane 5). The 
flowthrough from the GSH affinity column showed that there 
were some unbound TtGSTm34-8xHis proteins plus 30 kDa 
and 70 kDa nonspecific contaminating proteins (Fig. 3, lane 6). 
The GSH affinity column showed a major band corresponding 
to the 25 kDa TtGSTm34-8xHis protein with approximately 
95% purity and very low contamination (Fig. 3, lanes 7 and 8). 

Fig. 3  Coomassie-stained SDS‒PAGE gel of purified TtGSTMu34-
8xHis protein after dual-affinity purification with ultrafiltration. 
pIGF-TtGSTm34-expressing transformant cells were induced with 
 CdCl2. 1: Marker (Bio-Rad Cat No: 1610363); 2: first elution after 
purification with Ni–NTA beads; 3 and 4: soluble proteins that passed 

through the filter after the first and second centrifugation during 
ultrafiltration; 5: proteins that were concentrated by the ultrafiltration 
filter, 6: proteins that were not bound to GSH affinity beads (flow-
through); 7 and 8: first and second elutions of proteins that were puri-
fied using GSH affinity beads
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Table 1 lists the results of each step of the dual-affinity puri-
fication of recombinant TtGSTm34. The enzyme activity of 
TtGSTm34 was determined under nonoptimized reaction con-
ditions, namely, PBS buffer (pH 7.3), room temperature, 1 mM 
GSH, and 1 mM CDNB. The yield, purification fold change, 
and specific activity of the dual-affinity-purified TtGSTm34-
8xHis enzyme from 40 ml of total protein lysate were deter-
mined to be 24.78%, 3166-fold, and 190 U/mg, respectively.

3.2  Enzyme Kinetics Assays

Using CDNB and GSH substrates, the enzymatic characteris-
tics of the dual-affinity-purified TtGSTm34-8xHis were deter-
mined. In the studied pH range of 5.0 to 10.0, the optimum pH 
was found to be 7.0 (Fig. 4A). Following the determination of 
the optimum pH, the optimum ionic strength of the enzyme 
was determined by analyzing its activity at different phosphate 
buffer concentrations ranging from 6.25 mM to 300 mM at pH 
7. The specific activity results indicated that the enzyme exhib-
ited the highest activity at an ionic strength of 200 mM potas-
sium phosphate buffer (Fig. 4B). On the other hand, the opti-
mum temperature for the enzyme was found to be 25 °C when 
5-min enzyme assays ranging from 5 °C to 60 °C were used 
(Fig. 4C). Incubating the enzyme at 5 °C and 60 °C resulted in 
a loss of activity of approximately 66% and 94%, respectively.

The Km values of TtGSTm34-8xHis for CDNB and GSH   
(0.47 and 0.54 mM, respectively) were first obtained by utiliz-
ing the Michaelis–Menten model, and these values were latter 
recalculated using the Lineweaver–Burk approach (Fig. 5) via 
the Solver tool of Microsoft Excel software. These recalculated 
values for GSH were Km = 0.68 mM and Vmax = 493 U/mg. For 
CDNB, the recalculated values were as Km = 0.40 mM and 
Vmax = 443 U/mg. Lineweaver–Burk plots for CDNB and GSH 
are shown in Fig. 5, and the calculated finalized values of Km, 
Vmax, kcat (catalytic constant), and kcat/Km (catalytic efficiency) 
for the CDNB and GSH substrates are given in Table 2.

kcat values for GSH and CDNB, known as the turnover num-
ber/rate and defined as the amount of substrate converted into 
a product by a single active site of an enzyme per unit time,   
were determined to be 186.9 and 195.4, respectively (Table 2). 
The kcat/Km ratios for TtGSTm34-8xHis were found to be 274, 
8 and 488.5 for GSH and CDNB, respectively.

Different concentrations of  CuSO4,  CdCl2, and ethacrynic 
acid (ECA) were investigated to determine whether they had 
effects on the ability of the TtGSTm34-8xHis enzyme to con-
jugate GSH to CDNB, and the results are shown in Fig. 6. Even 
at the maximum dose of 15 µM,  CdCl2 caused an activity loss 
of approximately 23% compared to the control group. How-
ever,  CuSO4 exhibited a greater percentage of dose-dependent 
inhibition; the three highest concentrations of  CuSO4 inhibited 
TtGSTm34-8xHis activity, lowering the initial activity to 62%. 
The highest used, 1 mM, concentration of ECA completely 
inhibited the enzyme activity.

The shelf life or stability of the TtGSTm34-8xHis enzyme 
was also tested under different storage/usage conditions at 
the time points defined within the scope of the experiments 
(Table 3). When the enzyme was stored in glycerol and phos-
phate buffer at -20 °C, the lost enzyme activity was approxi-
mately 23% after six months and 39% after twelve months. 
Furthermore, the enzyme retained 67% of its activity even after 
being kept in a + 4 °C freezer for 10 days. After incubating for 
2 days at room temperature, the TtGSTm34-8xHis enzyme was 
able to retain approximately 82% of its activity.

3.3  Homology‑Based 3D Modeling of the TtGSTm34 
Protein

Homology modeling by SWISS-MODEL based upon the 
crystal structure of Mus musculus GSTMu7 (PDB ID: 
2dc5) was used to predict the protein structure of TtG-
STm34. The homology model of TtGSTm34 includes a 
thioredoxin fold β1-α1-β2-α2-β3-β4-α3 in the N-termi-
nal domain and a six-alpha helix fold in the C-terminal 
domain, similar to the predicted 3D structures of other 
Tetrahymena GSTs (Fig. 7A) [6]. The alignment of TtG-
STm34 and Mus musculus GSTMu7 amino acid sequences 
revealed 36.4% identity and 49% similarity (Fig. 7B). The 
introduced gaps were in the loop regions of GSTMu7, so  
they are unlikely of affect the secondary structure forma-
tion. In TtGSTm34, the * marked amino acids, which are  
locating in the active sites and GSH substrate binding 
sites, are also well conserved. The beta sheets and alpha 
helixes were also positioned correctly in the GSH bind-
ing domain in the N-terminal. However, the identity (red 

Table 1  Relationship between the purification and GST activity of the TtGSTm34 enzyme

Volume (ml) Total Protein (mg) Total Activity 
(Unit)

Specific Activity 
(µmolmin-1 mg protein -1)

Purification Fold Yield

Soluble lysate 40.0 137.37 9.20 0.06 1.00 100.00
Ni–NTA 60.00 2.34 5.40 2.30 38.33 58.69
Ultrafiltration 0.25 0.08 3.42 42.75 712.50 37.17
GSH Affinity 0.10 0.01 2.28 190.00 3166.66 24.78
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boxes) and similarity (yellow boxes) were decreasing in 
the substrate binding domain of the C-terminal because 
of the expected differentiation on the substrate selectiv-
ity (amino acids marked with + and #) (Fig. 7B). We also 
constructed the three-dimensional structure of TtGSTm34 

using AlphaFold, which has remarkable similarities to 
the homology model made by SWISS-MODEL (Fig. 7C), 
indicating that the overall protein’s tertiary structure was 
consistent and reliably predicted.

Fig. 4  Determination of the 
optimum parameters for TtG-
STm34-8xHis enzyme activity. 
A: The pH, B: ionic strength, 
and C: temperature. The reac-
tion buffer contained 100 mM 
CDNB and 100 mM reduced 
glutathione. Specific activities 
were calculated from ODs at 
340 nm with 2-min intervals for 
30 min at 25 °C
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4  Discussion

In this study, the TtGSTm34 gene was cloned and expressed 
in T. thermophila, and the protein was affinity purified. The 
dual affinity method was chosen for the purification of recom-
binant enzyme with the aim of eliminating endogenous GST 

Fig. 5  Lineweaver‒Burk double-reciprocal plots of substrate con-
centration versus GST activity. A: Effect of different concentrations 
of CDNB (0.1125  mM–3.6  mM) as a substrate in the presence of 
0.9 mM GSH in the final volume of 200 mM potassium phosphate. 

B: Effect of different concentrations of GSH (0.1125 mM–3.6 mM) 
in the presence of 0.9 CDNB as a substrate in the final volume of 
200 mM potassium phosphate

Table 2  The enzyme kinetics of TtGSTm34-8xHis with CDNB and 
GSH substrates under the determined optimum enzyme parameters

Substrate Km (mM) Vmax (U/mg) kcat  (s−1) kcat/ Km (V0)

GSH 0.68 ± 0.02 493 ± 50.3 186.4 ± 4.3 345.3
CDNB 0.40 ± 0.004 453 ± 15.1 191.6 ± 5.2 407.7

Fig. 6  Effects of various inhibitors on TtGSTm34-8xHis enzyme 
activity. Enzymatic activity was measured in the presence of various 
concentrations of  CuSO4,  CdCl2 and ethacrynic acid. The results are 

presented as the means ± standard deviations of 3 independent experi-
mental replicates
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enzymes. In this method, initially, all proteins bound to the 
column via the histidine tag were purified using Ni–NTA 
affinity. While non-specifically bound proteins to nickel were 
also collected in the elution, in the second glutathione affin-
ity purification step, only the recombinant enzyme remained 
bound to the column. In our previous study, gel images, which 
obtained after the purification of endogenous GST enzymes 
from Tetrahymena thermophila, showed approximately 23 kDa 
protein bands [6]. The length and size of TtGSTm34 were 
similar to those of other GST genes, such as those of Hya-
lomma rufipes (233 a.a., 25.62 kDa) [32], Hemaphysalis lon-
gicornis (223 a.a., 25.7 kDa) [33] and Litopenaeus vannamei 
(215 a.a., 25.18 kDa) [34]. In this study, the expected size of 
TtGSTm34 is 23 kDa but reaching 25.5 kDa with the approxi-
mately 2.5 kDa 8 × histidine tag attachment in the recombi-
nant TtGSTm34-8xHis protein, as observed after the column 
purification (Fig. 3). The enzymatic properties of recombinant 
TtGSTm34 were subsequently characterized with CDNB and 
GSH, which are universal GST substrates.

The hypothetical origin of the GST superfamily was 
ancient, and the superfamily evolved from a thioredoxin-like 
ancestor, which is also supported by the predicted TtGSTm34 
structure [35]. In GST enzymes, the C-terminal region par-
ticipates in substrate recognition, the N-terminal domain has 
the GSH binding activity [36]. In TtGSTm34, the GSTm 
subfamily specific motif 2, which has FPNLPY(L/I)I(D/H)
GD consensus sequence, was also present as FPNIPYLIDGD 
in the β3 sheet (Fig. 7B) [37]. In higher eukaryotes, the mu 
loop between β2 strand and α2 helix with GDAPDYDRSQ 
sequence increases substrate affinity and localization [38]. 
However, the absence of mu loop in the TtGSTm34 caused a 
prediction about the lower enzyme’s affinity against CDNB or 
other xenobiotic substrates but the results in this study showed 
that it is otherwise.

The Ni–NTA purification step of the double-affinity puri-
fication protocol was highly successful, with 38-fold greater 
purification of the TtGSTm34 protein than 4.8-fold greater 
purification of the recombinant Thais clavigera GSTmu gene 
from E. coli [39]. TtGSTm34 also has much greater specific 
activity than GSTs from the other species listed in Table 4. 

However, the high amount of recombinant TtGSTm34 pro-
tein was lost due to precipitation under a low volume of water 
during the ultrafiltration step between the Ni–NTA and glu-
tathione affinity purification. Therefore, this step needs to be 
replaced with dialysis to increase the yield. These findings sug-
gest that in aquatic environments, TtGSTm34 may be crucial 
in protecting Tetrahymena cells from oxidative stress caused 
by xenobiotic substances like CDNB [18].

In enzyme kinetics studies, the Km values provide basic 
information about the affinity of an enzyme for a substrate. 
For example, the Km of the recombinant GSTpi enzyme with 
CDNB in the blue mussel Mytilus edulis has been reported to 
be 0.68 mM, with a Vmax of 103 μmol  min−1 mg  protein−1 [44]. 
The Km values of recombinant Ruditapes philippinarum GSTμ 
with glutathione and CDNB were determined to be 1.03 mM 
and 0.56 mM, respectively [45]. For GSH and CDNB, the 
kcat/Km ratios for TtGSTm34-8xHis were found to be 345.3 
and 407.7, respectively. The lower Km values (0.68 mM and 
0.40 mM) of the recombinant TtGSTm34 enzyme signify high 
substrate affinity with GSH and CDNB substrates compared to 
other GST enzymes in aquatic organisms (Table 4).

The optimum temperature, pH, and ionic strength of the 
TtGSTm34 protein were determined to be approximately 
25 °C, pH 7.0, and 0.15–0.2 M potassium phosphate buffer, 
respectively. The optimum pH values of the GST enzymes 
obtained from Schistosoma japonicum, Plasmodium vivax, and 
Sus scrofa were 7.0, 7.0–7.5, and 8.0, respectively [46–48]. 
These temperature and pH values revealed that the stability 
and capability of GSTs evolved to function more closely to 
the extracellular and intracellular conditions of the studied 
organisms.

Metal cations are generally not necessary for the catalytic 
activity of GSTs. On the other hand, it has been demonstrated 
that  Cu2+ and  Cd2+ can reduce the catalytic activity of cer-
tain cytosolic GSTs, such as human GSTP [49]. An inhibition 
assay of TtGSTm34 activity by  CuSO4 and  CdCl2 showed that 
recombinant TtGSTm34 activity is significantly inhibited by 
divalent metal cations, such as  Cu2+. This inhibition could 
occur through sulfhydryl oxidation, which is catalyzed by 
 Cu2+. In the present study, 12.5 µM, 25 µM, and 50 µM  CuSO4 
decreased the TtGSTm34 enzyme activity by approximately 
32%, 36%, and 38%, respectively. Similarly, the enzyme activ-
ity of the Locusta migratoria-African locust GST was highly 
sensitive and inhibited by 50 µM  CuSO4 by approximately 
80% [50]. Copper also significantly reduced the affinity of 
GST for GSH (Vmax ↓, Km ↑), while the substrate affinity for 
xenobiotics remained unchanged [51]. Thus, the decrease in 
the Vmax and catalytic efficiency of TtGSTm34 following the 
addition of  CuSO4 could be explained by the decrease in the 
affinity of TtGSTm34 for GSH. Moreover, the highest dose of 
 CdCl2 (15 µM) inhibited TtGSTm34 about 27%, whereas the 
much higher dose of 200 µM  CdCl2 inhibited GST activity by 
approximately 37% in the rat liver [52]. It was already reported 

Table 3  Effects of storage conditions on the activity of the TtG-
STm34-8xHis enzyme. Tests were performed under optimum GST 
reaction conditions at 25 °C and 200 mM potassium phosphate buffer 
(pH 7.0)

Time Temperature Specific 
Activity

Loss %

0 days Room Temperature (25 °C) 453 -
2 days Room Temperature (25 °C) 78 82
10 days Fridge (4 °C) 302 33
6 months Deep-freeze (-20 °C) 348 23
12 months Deep-freeze (-20 °C) 275 39
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Fig. 7  Structural modeling of 
TtGSTm34. A: Ribbon repre-
sentation of structural 3D model 
of TtGSTm34 was constructed 
based on the Mus musculus 
GSTmu7 (pdb ID: 2dc5) protein 
using SWISS-MODEL protein 
modeling program. In the TtG-
STm34 protein, the N-terminal 
domain is the glutathione bind-
ing site, while the C-terminal 
domain has xenobiotics binding. 
Proteins function as homodi-
meric structures, but only 
monomeric structures are given 
in the figure. B: The amino acid 
sequences of the M. muscu-
lus GSTmu7 and TtGSTm34 
were aligned using ClustalW, 
outcome of which was evalu-
ated with ESPript 3 program 
using the GSTm7 3D structure 
information. Alpha helices and 
beta strands are represented as 
helices and arrows, respectively, 
and strict beta turns are marked 
with TT. The catalytic Tyr7 (Y) 
residue in the active site of Mu 
class GSTs was also conserved 
as Tyr6 in TtGSTm34, marked 
with a red asterisk. Periods 
indicate the introduced gaps to 
optimize the alignment. Identi-
ties (in red boxes) and similari-
ties (in yellow boxes) between 
the TtGSTm34 and GSTm7 
sequences are shown by colored 
shadowing. The GSH-binding 
amino acid residues (G-site) in 
the N-terminal domain marked 
with “*”. The substrate binding 
amino acid residues (H-site) 
in the C-terminal domain were 
shown with “#”. The interact-
ing interface residues of the 
N-terminal domain with the 
C-terminal domain are marked 
with “ + ”. C: Ribbon 3D 
structural models of TtGSTm34 
and Mus musculus GSTmu7 
were constructed based on the 
Alphafold program. The beta-
sheets are shown in green, and 
the alpha-helices are shown in 
red or pink
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that cadmium depletes GSH levels through the formation of 
the Cd–glutathione complex and/or oxidation of GSH to its 
oxidized form [53]. These observed and reported differences 
in inhibition could be explained by the experimental conditions 
(substrate concentrations, source, concentration of GSTs, and 
GST isoforms), species-specific GST enzyme differentiation, 
and the GSTs usage from different GST subfamilies.

Recombinant TtGSTm34 was found to be very sensitive to 
ECA, which is a common GST inhibitor. A statistically sig-
nificant inhibitory effect was observed at 0.01 mM, 0.1 mM, 
and 1 mM ECA, which resulted in 76%, 92%, and 98% inhibi-
tion, respectively. The potency of ECA as a GST inhibitor on 
CDNB has been observed in rat and human GSTs [54]. How-
ever, the inhibitory effect of ECA on the activity of TtGSTm34 
is probably attributed to its direct binding to the SH group of 
two cysteines on the enzyme. Additionally, ECA has a ketone 
moiety that can also bind to glutathione [55]. Thermodynami-
cally, the conjugation of ECA to GSH is highly preferred over 
the enzymatic conjugation of GSH to CDNB. Therefore, ECA 
likely acts not only as a depleting agent for GSH but also as a 
direct inhibitor of TtGSTm34, resulting in total inhibition of 
TtGSTm34 enzyme activity.

In our previous study, TtGSTm34 was the gene with 
the highest responsiveness at the transcriptional and 

posttranscriptional levels when T. thermophila cells were 
exposed to CDNB [18]. The low Km value and high turnover 
rate of the TtGSTm34-8xHis enzyme also supported our pre-
vious published results. The defined enzymatic characteristics 
of recombinant TtGSTm34 provide evidence that this enzyme 
might indeed contribute to the cell’s first defense mechanism 
against oxidative stress driven by xenobiotics. Moreover, the 
high affinity of TtGSTm34 for GSH revealed that this protein 
could be used as a native GST tag in biotechnological studies 
of recombinant protein production to increase purification effi-
ciency. Additionally, the high GST activity obtained from the 
TtGSTm34 protein has revealed its potential use in commercial 
GST Enzyme Assay kit when the activities of commercially 
available enzymes was compared with TtGSTm34-8xHis 
(Table 5). We concluded that the TtGSTm34-8xHis enzyme 
could have a commercial value with its high enzyme activity 
and affinitic feature.
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Acknowledgements This work was funded by the Anadolu University 
Scientific Research Projects Commission (AUBAP) with grant number 
1001F45, which was given to Muhittin Arslanyolu. This project was 
awarded a European Cooperation in Science and Technology (COST) 

Table 4  Comparisons of the kinetic constants of GSTs from various organisms

Organism Km (GSH)
(mM)

Km (CDNB)
(mM)

kcat
(S−1)

kcat/Km (CDNB) Specific Activity
(µmolmin−1 mg 
protein −1)

Reference

Tetrahymena thermophila 0.54 0.47 191.6 407.7 453.0 This study
Litopenaeus vannamei 0.33 0.39 250.9 642.9 602.0 [34]
Macrobrachium vollenhovenii 1.31 2.03 2.0 1.0 0.8 [40]
Homo sapiens - 5.80 45.8 7.9 7.5 [41]
Ruditapes decussatus 1.75 2.88 234.2 81.3 361.0 [42]
Bombyx mori 0.52 0.48 128.6 268.0 5.0 [43]

Table 5  Activity comparison of commercially available GST enzymes and TtGSTm34-8xHis recombinant enzyme

GST (Company name) Specific Activities 
(µmolmin−1 mg pro-
tein −1)

Schistosoma japonicum GST (LSBio, Cat no: LS-G627) 2.8 – 3.3
Schistosoma japonicum GST (MyBioSource, Cat no: MBS203158)  > 20
Recombinant human Glutathione S Transferase alpha 1 protein (Abcam, Cat no: ab167981) 5 – 8
Glutathione S-Transferase, 218 a.a. Recombinant, (Prospec, Cat No: ENZ-1079)  > 30
GSTM1 glutathione S-transferase (Creative Biomart, Cat no: GSTM1-2473H) 68.9
Recombinant Human Glutathione S-transferase Mu 5 Protein (Novusbio, Cat no: NBP2-52,145)  > 90
Recombinant TtGSTm34-8xHis 453
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