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Abstract. In this work we compare the effect of glutathione (GSH) on the stability and dynamics of two different 
classes of glutathione transferases from Taenia solium, Ts26GST (α/µ class) and Ts24GST (σ class). The purpose 
was to explore why Ts24GST has low catalytic activity for the conjugation of glutathione (GSH) to hydrophobic 
substrates such as 1-chloro-2,4-dinitrobenzene (CDNB) compared to the very active Ts26GST but can instead use 
GSH to isomerize prostaglandin H2 to prostaglandin D2 by reducing its peroxide bond, a reaction described just 
for σ class of cytosolic GSTs. Using our recently deposited structure of Ts24GST in the Protein Data Bank, and a 
previous model for Ts26GST, we determined by molecular dynamics simulations that the presence of GSH 
decreased the number of intramolecular hydrogen bonds of Ts24GST and increased its radius of gyration, while 
in Ts26GST the effect was to increase its number of intramolecular hydrogen bonds without significantly changing 
its radius of gyration. Consistent with this, the experimental thermal stability of Ts26GST increased markedly 
while that of Ts24GST decreased in the presence of GSH, as determined by intrinsic fluorescence measurements. 
On the other hand, the binding site for the hydrophobic substrate (H site) of Ts24GST is wider than the H site of 
Ts26GST, with a 31 % greater solvent-accessible surface area.  
Keywords: Glutathione transferases; Taenia solium; molecular dynamics simulations; sigma class GST. 
 
Resumen. En este trabajo comparamos el efecto del glutatión (GSH) sobre la estabilidad y la dinámica de dos 
clases diferentes de glutatión transferasas de Taenia solium, la Ts26GST (clase α/µ) y la Ts24GST (clase σ). El 
propósito era explorar por qué la Ts24GST tiene una baja actividad catalítica para la conjugación del glutatión 
(GSH) con sustratos hidrofóbicos como el 1-cloro-2,4-dinitrobenceno (CDNB) en comparación con la muy activa 
Ts26GST, pero en cambio puede usar GSH para isomerizar la prostaglandina H2 a prostaglandina D2 reduciendo 
su enlace peróxido, una reacción descrita solo para las GST citosólicas de clase σ. Utilizando nuestra estructura 
recientemente depositada de la Ts24GST en el Protein Data Bank, y un modelo previo para la Ts26GST, 
determinamos mediante simulaciones de dinámica molecular que la presencia de GSH disminuyó el número de 
enlaces de hidrógeno intramoleculares de la Ts24GST y aumentó su radio de giro, mientras que en la Ts26GST el 
efecto fue aumentar su número de enlaces de hidrógeno intramoleculares sin cambiar significativamente su radio 
de giro. En consonancia con esto, la estabilidad térmica experimental de la Ts26GST aumentó notablemente 
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mientras que para la Ts24GST disminuyó en presencia de GSH, según lo determinado por mediciones de 
fluorescencia intrínseca. Por otro lado, el sitio de unión para el sustrato hidrofóbico (sitio H) de la Ts24GST es 
más ancho que el sitio H de la Ts26GST, con una superficie accesible al disolvente un 31 % mayor. 
Palabras clave: Glutatión transferasas; Taenia solium; simulaciones de dinámica molecular; GST clase sigma. 

 
 
Introduction 
 

Glutathione transferases (GSTs) are a family of multifunctional enzymes whose main activity is to 
catalyze the conjugation of the tripeptide glutathione (GSH) to toxic compounds or xenobiotics to facilitate 
their excretion or further metabolism. In Taenia solium, GSTs participate in immunomodulation, assisting in 
the establishment of the parasite within its host, as well as in the transport of non-substrate compounds at the 
so-called ligandin site, among other functions. In this parasite the subfamily of cytosolic GSTs (cGSTs) possibly 
constitutes its main detoxification system, since it lacks other enzymes such as catalase, and has low activities 
of cytochrome P450 and glutathione peroxidase [1]. This is why T. solium cGSTs have been proposed as 
possible pharmacological targets to combat diseases caused by this parasite [2,3]. Three cGSTs classes have 
been identified in T. solium according to the classification established for mammalian GSTs [1]: the most 
abundant µ/α-class GST called Ts26GST with a molecular mass of 25.9 kDa, the least abundant µ-class GST 
with a molecular mass of 25.5 kDa denoted as Ts25GST and a moderately abundant 24.3 kDa σ-class named 
Ts24GST; all of them are functional only in their dimeric form. The promoters of the mammalian and cestodes 
GST genes have xenobiotic regulatory elements and are induced by oxidative stress, infections, drugs, and 
xenobiotics such as H2O2 and proinflammatory agents [3-5]. 

While Ts26GST exhibits the highest specific GSH conjugation activity of the three enzymes, the 
corresponding activity of Ts24GST is the lowest and only a small fraction of the other two. This difference 
directly impacts how both proteins are purified from cell extracts, while Ts26GST is purified 
chromatographically with a glutathione Sepharose-4B affinity column, Ts24GST does not bind to this resin and 
must be purified by ion and filtration chromatographies. These two classes of GSTs differ quite a bit in their 
amino acid sequence as can be seen in Fig. 1. The percentage of identity is 25.3 %. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Amino 
acid sequence alignment of Ts24GST (σ class) and Ts26GST (α/µ class) classes. The alignment was performed 
with Clustal Omega [6]. Amino acid residues that contact the GSH molecule (3.5 Å or less away) are highlighted 
in blue (G site). 
 
 
 

On the other hand, it has been reported that sigma class GSTs from different helminths also present 
prostaglandin synthetase activity. These enzymes catalyze the reduction of the peroxide bond of prostaglandin 
PGH2 with GSH to produce prostaglandin PGD2 [7]; this prostaglandin not only impact the reproduction and 
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growth of the parasite, but also manipulates the host's immune system to its advantage. We have previously 
obtained the modeled atomic structure of Ts26GST show in Fig. 2(A), which was successfully used to find 
inhibitors by virtual screening [2]. The crystallographic structure of Ts24GST recently deposited by our group 
(PDB ID 9C0A), is also shown in Fig. 2(B). Even though both structures show the same folding pattern, 
conserving the G and H sites that bind GSH and the hydrophobic substrate to be conjugated, respectively, the 
superposition of both proteins (Fig. 2(C)) yields an RMSD of 7.4 Å considering only the Ca, which indicates 
that the arrangement of the similar secondary structures is some different in these GSTs. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Structures of Ts26GST and Ts24GST. (A) Modeled structure of Ts26GST previously used to find 
inhibitors by virtual screening [2]. (B) Crystallographic structure of Ts24GST. Glutathione molecules are 
shown in stick representation. 

 
 
 
In this work we compared these two structures, particularly their H sites, and analyzed the effect of 

GSH binding on the stability and mobility of both enzymes through MD simulations. We also determined the 
thermal denaturation profiles of both GSTs in the absence and presence of GSH by monitoring their intrinsic 
fluorescence and compared their parameters of enzymatic conjugation kinetics in order to try to explain the 
different activities of these two T. solium GSTs. 
 
 
Materials and methods 

 
Expression and purification of rTs24GST 

Recombinant Ts24GST (rTs24GST) was expressed in E. coli and purified in two chromatographic steps, 
a cationic exchange followed by molecular exclusion, as previously reported [3]. rTs26GST was also expressed 
in E. coli and purified in one step using a GSH-Sepharose affinity column [2]. 

 
Enzymatic transferase activity 

The activity of rTs24GST was determined spectroscopically according to the method of Habig et al., 
1974 [8], using 7.0 mM 1-chloro-2,4-dinitrobenzene (CDNB) dissolved in pure DMSO as the hydrophobic 
substrate with 5.0 mM reduced GSH in 100 mM Tris-HCl buffer, pH 7.4, in the standard assay. The reaction 
was carried out in a final volume of 1.0 ml at 25 °C, adding 5.0 µg of rTs24GST to initiate it. The increase in 
absorbance at 340 nm were monitored for three minutes, but just the first 20 second were used to determine the 
initial velocities. The reference cell was filled with the reaction mixture without enzyme, which allows to 
remove the contribution of the intrinsic CDNB-GSH conjugation. To measure the kinetic parameters for CDNB 
substrate, GSH was maintained at 5.0 mM while CDNB was varied in the range of 0.50 mM to 7.5 mM. 
Similarly, the parameters for GSH were obtained fixing the CDNB concentration at 7.0 mM and varying GSH 
concentration in the range of 0.5 to 8 mM. Changes in absorbance per minute were converted to µmoles of 
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conjugated substrate min-1 mg enzyme-1 using the molar extinction coefficient for CDNB ε340 = 9.6 mM−1 cm−1. 
Activity measurements were performed in triplicate. 

 
Molecular dynamics simulations 

3D structural model of the complex Ts24GST-GSH was obtained by superimposing the Ts24GST 
structure with the binary complex GST-GSH of the sigma class Bombyx mori GST (PDB ID 3VPQ) and removing 
the orthologous protein. Molecular dynamic simulations were performed using Gromacs 2023 version [9] with the 
OPLS-AA force field. The topology file for GSH ligand was generated using LigParGen Tool [10] and the charges 
were computed with MOE 2014 [11]. Previously, free Ts24GST and bound Ts24GST-GSH systems were 
analyzed with PropKa algorithm [12] to assign protonation states of protein ionizable residues considering a pH 
value of 7.4. The free and bound systems were solvated with Tip4p-ε water model [13], Na+ and Cl- ions were 
added to neutralize the system and achieve a 0.15 M concentration. The energy of the systems was minimized for 
10 steps using the steeper and descent gradient conjugate algorithm. Subsequently, the solvent and ions were 
equilibrated for 500 ps and 310 K at constant volume (NVT ensemble), and then 500 ps at a constant pressure of 
1 bar (NPT ensemble), while the protein substrate was harmonically restrained using a force constant of 1000 kJ 
mol−1 nm−2. Electrostatic interactions were computed using the particle mesh Ewald (PME) [14] simulation 
method with a 1 nm short-range electrostatic cutoff. This same short-range cutoff was used for van der Waals 
interactions. For the temperature coupling, the solvated structure was divided into two groups (protein and non-
protein) using velocity rescaling with a stochastic term. The isotropic pressure coupling was employed in the MD 
simulations by using the Parrinello–Rahman method [15] with a compressibility of 4.5 × 10−5 bar−1. During the 
simulation, constraints were deployed in all bonds using the LINear Constraint Solver (LINCS) algorithm [16], 
with parameters LINC-order of four. Each system was subjected to three independent 300 ns MD simulations. 
Solvent Accessible Surface Area (SASA) was determined with the GetArea server [17]. 

 
Thermal unfolding assays 

Intrinsic fluorescence of both rTs26GST and rTs24GST at 2.0 µg mL-1 in Tris-HCl 50 mM, pH 7.4 
were obtained at various temperatures in the 20 to 80 °C range in the absence and presence of 10 mM GSH. 
The emission spectra were recorded from 300 to 360 nm in a K2 ISS spectrofluorometer (Illinois, USA) using 
a bandwidth of 2.0 nm and a 280 nm excitation wavelength. The spectral center of mass (SCM) for each 
spectrum was calculated with the expression: 
 

𝑆𝑆𝑆𝑆𝑆𝑆 =
∑𝐹𝐹𝐹𝐹 ⋅ 𝜆𝜆
∑𝐹𝐹𝐹𝐹

 
 
where λ is the wavelength at which the fluorescence intensity (FI) was determined. For better data comparison, 
SCM changes were expressed as the fraction of change with respect to the maximum shift observed in each system. 
 
 
Results and discussion 
 
Enzymatic characterization 

Both transferases, rTs24GST and rTs26GST were expressed and purified to homogeneity as verified 
by single bands in SDS-PAGE. The enzymatic parameters Km and Vmax for both substrates 1-chloro-2,4-
dinitrobenzene (CDNB) and GSH in the conjugation reaction catalyzed by rTs24GST and rTs26GST [2] were 
determined from the data shown in Fig. 3. Hill´s equation was fitted to the CDNB data when the enzyme was 
rTs24GST in panel A, to obtain the kinetics parameters. For the rest of the kinetics, the Michaelis-Menten 
equation was used. Values obtained from these non-linear regressions are shown in Table 1. 
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Fig. 3. Determination of the kinetic parameters of rTs24GST and rTs26GST by spectrophotometric assays at pH 7.4 
and 25 °C. (A) Using 5.0 mM GSH and 0-7.5 mM CDNB. (B) Using 7.0 mM CDNB and 0-8.0 mM GSH. In all 
assays the concentration of rTs24GST or rTs26GST was 5.0 µg mL-1. Nonlinear regression analysis was fit to the 
mean values of three independent measurements, using the Hill equation for data corresponding to rTs24GST in 
panel (A) and the Michaelis-Menten equation for the rest of kinetics. The bars represent the corresponding standard 
deviations. 
 
 
 
Table 1. Enzymatic parameters of glutathione transferases rTs24GST and rTs26GST at pH 7.4 and 25 °C. 

 Vmax(CDNB) 
(µmol min-1 mg-1) 

Km(CDNB) 
(mM) n* Vmax(GSH) 

(µmol min-1 mg-1) 
Km(GSH) 

(mM) 

rTs24GST 3.13 ± 0.26 4.27 ± 0.27 3.1 ± 0.8 4.86 ± 0.15 2.05 ± 0.21 

rTs26GST† 30.3 ± 2.9 9.4 ± 1.2  18.1 ± 0.63 0.80 ± 0.10 
*Hill coefficient for the CDNB data fitting. All other regressions were done using the Michaelis-Menten equation. 
† Data taken from Garcia-Gutiérrez et al. [2]. 
 
 

Comparing the kinetic parameters of rTs24GST and rTs26GST, it is evident how this last transferase 
is much more active than the rTs24GST for the conjugation of CDNB and binds GSH with more affinity. On 
the other hand, while the most active transferase shows a Michaelian kinetic behavior with both substrates [2], 
the kinetics of the less active GST presents a sigmoidal behavior (Fig. 3(A)) with the hydrophobic substrate 
CDNB in accordance with an homotropic activation. Given the low transferase activity of Ts24GST, its most 
relevant biological role may be another such as synthesizing prostaglandin D2, and when the detoxifying 
capacity of the other cytosolic GSTs is exceeded and its activity is required, it may be more efficient to activate 
it cooperatively through allosteric regulation. 
 
Thermal unfolding 

The results of intrinsic fluorescence measurements of both rTsGSTs at different temperatures, in the 
absence and presence of excess GSH ([GSH]/[TsGST] = 120) are presented in Fig. 4. 
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Fig. 4. Thermal unfolding profiles of recombinant T. solium GSTs in the absence and presence of 10 mM GSH. 
Both enzymes (A) rTs26GST and (B) rTs24GST were used at 2.0 µg mL-1. Intrinsic fluorescence spectra were 
obtained at the different temperatures and their Spectral Center of Mass (SCM) were determined. Fractional 
shifts of the SCM were calculated at each temperature considering the maximum shift, observed at 80 °C, as 
the total change for each system. 
 
 
 

Ts24GST has only one Trp, W45, which is hidden from the solvent with an exposed area of only 
11.9 % in the crystallographic structure. On the other hand, Ts26GST has 4 Trp (W9, W42, W202 and W207) 
which are also hidden inside the protein with an average exposure of 8.2 % in our structural model. In both 
proteins the intrinsic fluorescence emission shifted towards longer wavelengths (redshift) with increasing 
temperature, consistent with greater exposure of the fluorophores to the aqueous solvent caused by denaturation. 
It can be observed in Fig. 4(A) how the presence of GSH shifts the thermal unfolding profile of Ts26GST in 
more than 10 °C to higher temperatures, in an apparently two-state transition. On the other hand, the unfolding 
profiles of Ts24GST shown in Fig. 4(B) indicate that the presence of GSH facilitates the redshift of the protein's 
emission spectrum with temperature, making it less stable. It is not clear whether the unfolding process of 
Ts24GST in the absence of GSH is two-state or if there is some intermediate, but it is evident that the thermal 
transition becomes more cooperative with GSH binding. 
 
Molecular dynamics simulations 

The mean Root Mean Square Deviation (RMSD) of three independent MD simulations in explicit 
solvent of free Ts26GST and bound to GSH at 310 K, as well as the corresponding histogram are presented in 
Fig. 5(A) and 5(C), respectively. As can be seen, both systems were equilibrated in the first tens of nanoseconds 
and behaved similarly throughout the simulation. On the other hand, the effect produced by bound GSH on the 
conformational dynamics of Ts24GST was much different (Fig. 5(B) and 5(D)). Simulations of the free enzyme 
showed greater variability than those performed with bound GSH. However, the final conformations of the 
complex presented a higher RMSD than that of the free protein, indicating that the presence of GSH causes a 
greater change in the structure of the protein. This change may be due to an expansion given the simultaneous 
loss of intramolecular hydrogen bonds (see Fig. 6(B)) and an increase in the radius of gyration of the 
macromolecule, as can be seen in Fig. 6(D). This result is consistent with the lower thermal stability of the 
complex rTs24GST-GSH observed in Fig. 4(B). 
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Fig. 5. Root mean-square deviations (RMSD) of atomic position of Cα in the trajectory of MD simulations 
performed using OPLS force field at 310 K. (A) Ts26GST in its free and bound state with GSH. (B) Ts24GST 
free and complexed with GSH. (C) and (D) show the histograms associated with (A) and (B), respectively. 
 
 
 

For the Ts26GST system, the presence of GSH in its binding site resulted in a small increase in the number 
of intramolecular hydrogen bonds, as shown in Fig. 6(A), which is consistent with its higher thermal stability (see 
Fig. 4(A)). The radius of gyration of the complex did not show significant changes compared with free Ts26GST 
(Fig. 6(C)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Histograms of intramolecular hydrogen bonds present during the trajectory of the MD simulations of 
the free and bound enzyme (A-B) shown in Fig. 5. Histograms of the radius of gyration (C-D) for the same 
trajectories. (A and C) Ts26GST, (B and D) Ts24GST. 
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The difference observed in the Ca positions of the structures of Ts26GST and Ts24GST with an RMSD 
of 7.4 Å, (Fig. 2(C)) reflects the different way in which the secondary structures of these proteins are assembled 
to form the substrate binding sites. The hydrophobic substrate binding pocket (H site) of Ts24GST is wider and 
deeper than the corresponding site of Ts26GST. During the MD simulation, the solvent accessible surface area 
(SASA) of the H site of Ts24GST ranged around 46 nm2, while for the H site of Ts26GST the SASA changed 
around 35 nm2, which is 31 % more than binding surface in the Ts24GST (see Fig. 7). This agrees with the report 
on the comparative structural analysis of human α-, µ-, and σ-GST classes, where the H site for the latter is also 
the largest [18]. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Variation of the solvent accessible surface area of the H sites of Ts26GST (A) and Ts24GST (B) during 
the MD simulations referenced in Fig. 5. 
 
 

 
Conclusion 

 
The binding of GSH to Ts26GST has effects on its structural dynamics, such as an increase in the 

number of intramolecular hydrogen bonds and a decrease in the radius of gyration observed by MD simulations, 
and on its thermal stability reflected in an increase of almost 10 °C in its Tm; while the binding of GSH to 
Ts24GST causes a decrease in the number of intramolecular hydrogen bonds, an increase in the radius of 
gyration and a decrease in its thermal stability. Furthermore, the low relative transferase activity and the larger 
size of the H site of Ts24GST suggest that the conjugation activity could be a secondary function and that there 
are other larger substrates that can be modified by GSH. 
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