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Abstract 

Glutathione transferase enzymes help plants to cope with biotic and abiotic stress. They mainly 

catalyse the conjugation of glutathione (GSH) onto xenobiotics, and some act as glutathione 

peroxidase. With X-ray crystallography, kinetics and thermodynamics, we studied the impact of 

oxidation on Arabidopsis thaliana glutathione transferase Phi 9 (GSTF9). GSTF9 has no 

cysteine in its sequence, and it adopts a universal GST structural fold characterized by a typical 

conserved GSH-binding site (G-site) and a hydrophobic co-substrate-binding site (H-site). At 

elevated H2O2 concentrations, methionine sulfur oxidation decreases its transferase activity. This 

oxidation increases the flexibility of the H-site loop, which is reflected in lower activities for 

hydrophobic substrates. Determination of the transition state thermodynamic parameters shows 

that upon oxidation an increased enthalpic penalty is counterbalanced by a more favourable 

entropic contribution. All in all, to guarantee functionality under oxidative stress conditions, 

GSTF9 employs a thermodynamic and structural compensatory mechanism and becomes 

substrate of methionine sulfoxide reductases, making it a redox regulated enzyme.  

 
Keywords: redox, methionine sulfoxide, X-ray structure, methionine sulfoxide reductase, 

steady-state kinetics, thermodynamics 

 

 

 

 

 

 

Page 2 of 44

John Wiley & Sons

Protein Science

This article is protected by copyright. All rights reserved.



 

 3 

Word statement: We report the impact of oxidation on the structure and on the active site 

methionine residues of GSTF9 under hydrogen peroxide stress. Formation of methionine 

sulfoxide causes an increased flexibility of the active site loop inducing a decrease in its 

transferase activity, and a decrease of its glutathione peroxidase activity towards hydrophobic 

substrates. We also show redox regulation of GSTF9 by methionine sulfoxide reductase enzymes, 

which restores the GSTF9 activity.  

 

Abbreviations: GST, glutathione transferase; GSTU23, glutathione transferase Tau23; GSTF9, 

glutathione transferase Phi9; GSH, glutathione; GSOH, glutathione sulfenic acid; GSSG, 

glutathione disulfide; GSO3, glutathione sulfonate; ROS, reactive oxygen species; Met-SO, 

methionine sulfoxide; FOX assay, ferrous oxidation-xylenol orange assay; AU, asymmetric unit; 

CDNB, 2,4-Dinitrochlorobenzene; CuOOH, cumene hydroperoxide.  
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Introduction  

To understand the global effect of methionine oxidation in plants, we recently identified the 

sulfoxome (proteome of oxidized methionines) in A. thaliana leaves exposed to high light stress, 

and we mapped the modifications back to single amino acids, which is key for the understanding 

of the possible consequences of this post-translational modification on protein function.1 We 

found members of the Phi and Tau glutathione transferase (GST) families affected by methionine 

oxidation. 

GST enzymes detoxify electrophilic substrates by glutathione (GSH) conjugation and by 

peroxide scavenging.2,3 Particularly, they are involved in the detoxification of heavy metals4 and 

herbicides.5 Some GST members deglutathionylate their substrates,6 and others are involved in 

cell signaling by interacting with substrates that have an important signaling role.7 The A. 

thaliana genome encodes for 55 GST enzymes, which are differently expressed and regulated 

depending on the type of biotic and abiotic stress conditions.4 GST enzymes are subdivided into 

different classes depending on their amino-acid sequence, catalytic residues (Ser, Tyr or Cys), 

and their tertiary structure.8,9 Although members of the plant GST classes have low primary 

sequence identity, they share an over-all common structural fold.5,10,11 

Most cytosolic GST enzymes are homo-dimeric and have an N-terminal thioredoxin-like domain, 

which contains the glutathione (GSH) binding site (G-site) and a C-terminal alpha-helical 

domain, which contains the hydrophobic substrate-binding site (H-site).8 Upon GSH binding to 

the G-site, the catalytic residue (Ser, Tyr or Cys), which is Ser for Phi and Tau class GSTs, 

activates GSH (thiol) to GS- (thiolate), which is then conjugated to an electrophilic substrate 

located within the H-site via a thio-ether bond. 
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Some GST enzymes contain cysteines, located close to the active site, which are highly sensitive 

to oxidation. For example, we recently showed that A. thaliana GSTU23 forms a reversible 

disulfide that protects against oxidative damage.12 Other GST enzymes have no cysteines, like 

some of the Phi class members, where methionine residues play a role in redox regulating their 

transferase activity.13 

Here, we present the impact of oxidation on the structure and function of GSTF9, an enzyme 

with no cysteines. GSTF9 is constitutively expressed together with GSTF10, GSTU5 and 

GSTU13, indicating its importance as housekeeping enzyme.14 Further, Horvath et al. showed 

that an A. thaliana GSTF9 loss-of-function mutant has a decreased overall glutathione 

peroxidase activity.15 We found that the oxidation of methionines located near or within the G- 

and H-sites of GSTF9 lead to increased flexibility of the H-site loop, which results in a decrease 

in the affinity for the substrates, GSH and CDNB. Upon oxidation, GSTF9 glutathione 

peroxidase activity decreases for the more hydrophobic peroxides.  

Results 

GSTF9 has a universal GST structural fold  

 This study focuses on the impact of oxidation on the structure and function of A. thaliana 

glutathione transferase Phi 9 (GSTF9), which was identified within the list of the proteins with 

an oxidized methionine, the A. thaliana sulfoxome.1 Reduced GSTF9 (GSTF9red) was purified to 

homogeneity and crystallized using the hanging drop vapor diffusion method. We solved the 

structure to a resolution of 2.34 Å (PDB code 6EZY) (Table I). As observed for other GSTs, 

GSTF9red is a homodimer and forms trigonal crystals, with one GSTF9red dimer in the 

asymmetric unit. Each monomer contains a thioredoxin domain followed by an α-helical domain 
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(Fig. 1). The thioredoxin domain contains the glutathione (GSH) binding site (G-site), while the 

hydrophobic substrate binding site (H-site) is embedded within the C-terminal helical bundle 

domain. The G-site shows a high degree of structural conservation, while the conservation of the 

H-site is rather limited.16 The catalytic Ser12 within the G-site is responsible for GSH activation 

(Fig. 1). We observed a GSH molecule residing the G-site of the GSTF9red structure, while the 

H-site is occupied by glutathione sulfenic acid (GSOH) (Fig.1). The presence of two GSH 

molecules, or even a glutathione disulfide (GSSG) has been shown previously for the E. coli Nu 

class of GST enzymes.17,18 Overlay of these structures with the GSTF9red structure shows that the 

GSH molecules in YghU and YfcG are differently oriented. 

Oxidation impacts transferase activity but not its H2O2 peroxidase activity  

GSTF9 belongs to the Phi class of glutathione transferases, for which both glutathione 

transferase and peroxidase activities have been described.14,19 To study the impact of oxidation 

on transferase and peroxidase activities (Fig. 2), GSTF9red was oxidized with H2O2 (1:100 molar 

ratio) to obtain GSTF9ox, followed by oxidant removal. The transferase activity of GSTF9 was 

measured by monitoring the increase of absorbance at 340 nm for the conjugation of the thiol 

group of GSH to the CDNB substrate in function of time. The initial velocities were plotted for 

several conditions [Fig. 2(A)]. As previously reported by Jacques et al,1 we observed a 30% 

decrease in initial velocity for GSTF9ox [Fig. 2(A)]. To study the influence of oxidation on the 

glutathione peroxidase activity of GSTF9, we used a FOX assay [Fig. 2(B)]. Progress curves 

[Fig. 2(B)] show that GSTF9red and GSTF9ox remove H2O2 with similar rates.  
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G- and H-site methionines form a sulfoxide  

In our previous study on GSTF9,1 we reported sulfur oxidation of Met35, which is located close 

to the G-site (Fig. 1). We decided to determine whether the methionines (Met35, Met118, 

Met123) located within or near the G- and H- sites of GSTF9 could influence its activity upon 

hydrogen peroxide treatment (Fig. 1). Therefore, both GSTF9red and GSTF9ox samples were 

trypsin or chymotrypsin digested, and the formation of methionine sulfoxide and sulfone was 

analyzed by mass spectrometry. We found sulfoxide and sulfone formation on Met35 (Fig. 3), 

which is located close to the G-site, and sulfoxide on Met118 and Met123, which are located 

close to the H-site (Fig. 1). Aside from the active site methionines, also Met184, which is surface 

exposed and located at the opposite side of the active site, was oxidized to methionine sulfoxide. 

Taken its location at distance of more than 18 Å away from the active site Ser12 (Fig. 1), it is 

highly unlikely that Met184 oxidation would directly influence the activity of GSTF9.  

Oxidized GSTF9 is a methionine sulfoxide substrate  

As methionine oxidation causes a decrease in the transferase activity of GSTF9 [Fig. 2(A)], we 

wondered whether the transferase activity could be recovered by methionine sulfoxide reductase. 

Therefore, we incubated 10 µM GSTF9ox with a 5 µM mixture of methionine sulfoxide reductase 

A (MsrA) and B (MsrB) for 1 h at 25°C, and measured the initial velocity in the CNDB-GSH 

conjugation assay. The drop in transferase activity seen for GSTF9ox was almost completely 

recovered [Fig. 2(A)], which indicates that Msr enzymes regulate the activity of GSTF9 under 

oxidative stress conditions. 
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Oxidation has only a marginal effect on the specificity constants  

Next, we wanted to understand the impact of oxidation on the kinetic parameters of GSTF9, and 

this for both the G-site binding GSH substrate and the H-site binding CDNB substrate (Table II, 

Fig. S1). From the Michaelis-Menten curves (Fig. S1) under respective substrate saturating 

conditions, we determined KM and kcat values. GSTF9 oxidation increased the KM for CDNB 

from 1.3 to 1.8 mM, but the kcat only slightly varies from 0.98 to 0.72 s-1. For GSH, the KM 

decreases 2-fold from 131 µM to 71 µM, while the kcat only slightly varies from 0.85 to 0.5 s-1. 

The overall effect of oxidation on kcat/KM is only marginal as the specificity constants are within 

the same range, ~102 M-1s-1 for CDNB and ~103 M-1s-1 for GSH (Table II). 

GSTF9 oxidation induces H-site flexibility  

To understand the impact of oxidation at the molecular level, we decided to solve the structure of 

oxidized GSTF9 crystals. First, crystals were grown using GSTF9ox (GSTF9 oxidized using a 

1:100 GSTF9:H2O2 ratio). The resulting GSTF9ox structure was solved to 2.2 Å resolution (Table 

I, PDB code 6F05). Second, we exposed the GSTF9red crystals to the extreme oxidation 

conditions of 0.5 M H2O2 and 1 mM NaOCl for 1 h (GSTF9H2O2+NaOCl, PDB code 6F01). While 

GSTF9red (Fig. 1) formed trigonal crystals, the GSTF9ox formed triclinic crystals (Table I), with 

10 copies of GSTF9 in the asymmetric unit (AU). Overlay of all the chains of GSTF9ox and 

GSTF9H2O2+NaOCl clearly shows mobility of the Met35, Met118 and M123 side chains, and also 

the electron density surrounding amino acids 120 to 127 is absent in all the 10 copies in the AU 

[Fig. 4(A)]. Unfortunately, within the crystal structures of the oxidized GSTF9, GSTF9ox and 

GSTF9H2O2+NaOCl, the side chain of Met35 was not always well defined, as it is localized on a 

highly mobile loop between the β2-strand and theα2-helix (amino acids 34-43). In the 
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structures of both oxidized GSTF9, GSTF9ox and GSTF9H2O2+NaOCl, the Met35, Met118, and 

Met123 sulfurs do not show any sulfoxide or sulfone formation under the applied oxidation 

conditions [Fig. 4(A)], which is different from what we observed in our mass spectrometric 

results.  

Glutathione sulfonate (GSO3) inhibits the transferase activity  

In addition to the high loop mobility close to the active site in both oxidized GSTF9 structures, 

GSTF9H2O2+NaOCl and GSTF9ox, we observed GSH oxidized to glutathione sulfonate (GSO3) 

within the G-site. GSO3 is bound in exactly the same orientation as GSH in the G-site [Fig. 4(B), 

4(C)]. Both the GSH and GSO3 γ-Glu moieties hydrogen bond to Glu65 and Ser66. The glycyl 

moieties hydrogen bond to His39 and via a water molecule to Lys40. Where the GSH Cys sulfur 

interacts with the Ser12 OH group [Fig. 1(B), 4(B)], the SO3 group of GSO3 makes hydrogen 

bonds with the Ser12 OH group, as well as with the Ser12 backbone. Via a water molecule it also 

interacts with the side chain of Tyr174 [Fig. 4(C)]. The GSH and GSO3 seem to be strongly 

bound to the G-site as all the size exclusion chromatography attempts to remove the GSH from 

GSTF9 were unsuccessful. 

As a molecule of glutathione sulfonate (GSO3) resides in the active site of GSTF9ox and 

GSTF9H2O2+NaOCl, we decided to test the effect of GSO3 on GSTF9 transferase activity. GSTF9 

was incubated with increasing concentrations of GSO3 (0 to 300 µM), and the transferase activity 

was measured. The increase in GSO3 concentration led to a decrease of the transferase activity 

with an inhibition constant (Ki) of 34 µM [Fig. 5(A)]. Hence, formation of GSO3 during the 

oxidation of GSTF9 could be another reason for the decrease in transferase and peroxidase 

activity [Fig. 5(B)].  
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GSTF9ox reduces hydrophobic peroxides less efficiently  

Next, we decided to test whether increased H-site flexibility observed within GSTF9ox might be 

the reason for the decreased transferase activity. Loss of a structured H-site under oxidative 

stress [Fig. 4(A)] might affect the binding of hydrophobic substrates in the H-site of GSTF9. The 

CDNB molecule used in the transferase assay is a hydrophobic molecule as it contains a benzene 

ring that needs to be correctly oriented in the H-site for GSH transfer. Therefore, we decided to 

test the GSTF9red and GSTF9ox peroxidase activity with two hydrophobic peroxides: cumene 

hydroperoxide (with a benzene ring) and tert-butyl hydroperoxide (with a more extended carbon 

chain) (Fig. 6, Table III, SI). The results show a similar glutathione peroxidase activity for 

GSTF9red and GSTF9ox towards H2O2 after 30 min (Fig. 6, Table SI). On the other hand, when 

comparing the GSTF9red and GSTF9ox peroxide reduction after 30 min incubation with tert-butyl 

peroxide and cumene hydroperoxide, it became apparent that less peroxide is being consumed 

for these more hydrophobic peroxides by GSTF9ox (Table III, SI). A clear trend was observed, 

peroxidase activity towards more hydrophobic peroxides decreases for GSTF9ox compared to 

GSTF9red (Fig. 6). The correlation between the concentration of peroxide consumed by GSTF9red 

versus the hydrophobicity index (ALogP) of the peroxides corroborates the hypothesis that 

GSTF9 oxidation impairs its activity towards hydrophobic substrates (Fig. 6).  

 

GSTF9ox employs a thermodynamic compensatory system  

To further understand the source of the increased structural flexibility observed upon GSTF9 

oxidation, we decided to compare the thermodynamic activation parameters (ΔH#, ΔS# andΔ

G#) and the energy of activation (Ea) of oxidized and reduced GSTF9. Therefore, we determined 
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the initial velocities of the transferase activity with CDNB at different temperatures. We derived 

the thermodynamic parameters of the CDNB glutathione transferase reaction from the linear 

Eyring and Ahrrenius plots and the respective equations (Table VI, Fig. 7). We observed an 

enthalpy-entropy compensatory system where changes in enthalpy are balanced by changes in 

entropy, leading to similar ΔG# values for GSTF9red and GSTF9ox.
20 The energy of activation 

(Ea) and enthalpy (ΔH#) values indicate a larger energetic barrier to be overcome by oxidized 

GSTF9 compared to reduced GSTF9. The increased energy barrier is accompanied by a less 

pronounced conformational change of GSTF9ox in order to reach the activated complex, leading 

to an enthalpy-entropy compensatory mechanism. 

 

Discussion 

Glutathione transferase (GST) enzymes have an important role in the protection of plants against 

different stress conditions including xenobiotic and peroxide stress.3,21 Understanding how these 

enzymes function and how their activities are influenced under stress conditions is important to 

understand how they survive extreme conditions. Prior to this study, two members of the GST 

family, GSTU23 and GSTF9, were found present in the sulfoxome of A. thaliana leafs exposed 

to high light stress,1 and as such sensitive to methionine oxidation. In a recent study, we have 

investigated how the activity of GSTU23 is influenced under hydrogen peroxide stress.12 We 

found that at lower H2O2 levels (100 µM), MetSO formation is the major post-translational 

modification on GSTU23, which is recycled by methionine sulfoxide reductases (Msr). Here, we 

focus on the impact of oxidation on GSTF9, an enzyme with no cysteines. 

GSTF9 has no cysteines, but six methionines, three of which (Met35, Met118 and Met123) are 
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located within or close to the G- and H-sites (Fig. 1), and which could interfere with GSH or 

hydrophobic substrate binding. We showed with mass spectrometry sulfoxidation of these three 

methionines and how they influence the GSTF9 glutathione transferase activity [Fig. 2(A)] and 

the glutathione peroxidase activity [Fig. 2(B), 6]. A similar case is observed in a study performed 

by Lee et al.,13 where oxidation of methionines in A. thaliana GSTF2 and GSTF3 causes a 

decrease in the GST transferase activity, and this activity could be recovered with methionine 

sulfoxide reductase B7 (MsrB7). Important to note is that similar to GSTF9, both GSTF2 and 

GSTF3 also contain no Cys residues.13 Similarly, we showed a decrease in glutathione 

transferase activity of A. thaliana GSTU23 upon methionine oxidation, which is restored when 

treated with MsrA and MsrB.12 Here, we show the importance of MsrA and MsrB in restoring 

GSTF9 transferase activity [Fig 2(A)]. Treatment with the Msr enzymes recovers the transferase 

activity of GSTF9ox up to 94%; however, 6% remains unrecovered. This might be due to the 

presence of a methionine sulfone, as observed in the MS analysis, or the presence of GSO3, 

which was observed in the active site of GSTF9ox structure [Fig. 4(C)].   

The active site of GST enzymes consists of a highly conserved GSH binding site, also known as 

the G-site, and a less conserved hydrophobic H-site, which coordinates the binding of the 

hydrophobic co-substrates to which GSH is transferred.22 Mechanistically, H-bonding of GSH 

with a catalytic Ser residue in the G-site results in a drop of the sulfur pKa,
23-25 stabilizing it as a 

thiolate for a nucleophilic attack on an electrophilic co-substrate in the H-site.26 To study how 

such oxidative modifications could interfere with the binding of the substrates to the two active 

sites, we studied the steady-state kinetics by varying both substrates concentrations (GSH and 

CDNB) (Table II, Fig. S1). The results show especially an increase in the KM for CDNB, and a 
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decrease of the KM for GSH, with less variation in the kcat values (Table II). GSTF9 does not use 

a KM-kcat compensatory mechanism to deal with increased H2O2 concentrations as observed for A. 

thaliana GSTU23,12 or for cytosolic malate dehydrogenase 1 (MDH1).27 

We clearly observed increased flexibility of the loop carrying Met35 (between β2 and α2) [Fig. 

4(A)], located close to the G-site, and the loop carrying Met118 and Met123 (between α4 and 

α5), located at the H-site [Fig. 4(A)]. Although methionine oxidation was observed with mass 

spectrometry and we showed activity recovery with methionine sulfoxide reductases, methionine 

sulfoxide formation was not observed in the structures, as electron density for the α4-α5 loop is 

missing in the oxidized structures. Oxidation of protein methionines, which lead to local 

unfolding and impact the protein activity, have been reported in several other studies.28,29 For 

example, the chaperone-like activity of A. thaliana chloroplast Hsp21 is influenced due to the 

oxidation of its N-terminal methionines (Met49, Met52, Met55 and Met59). Here, methionine 

sulfoxide formation causes partial unfolding due to the local loss of the helical structure.28 For 

GSTF9, it looks that methionine oxidation induces local flexibility of the loops between β2-α2 

and between α4-α5, which could make these loops more accessible to the A. thaliana MsrA or 

MsrB, and thus facilitating sulfoxide reduction.  

Numerous glutathione transferase enzymes can also act as hydroxyl peroxidases but with rate 

constants much lower30,31 than those for established glutathione peroxidases and 

peroxiredoxins.32,33 While oxidation has been shown to decrease the H2O2 peroxidase activity of 

GSTU23,12 our results show that the GSTF9 glutathione peroxidase activity is resistant to 

oxidation. However, the glutathione peroxidase activity of GSTF9ox is here more impaired for 
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hydrophobic peroxides (Table III, SI, Fig. 6). This suggests that the loss of a structured 

hydrophobic H-site upon oxidation of GSTF9 forms the basis for the loss in peroxidase activity 

towards more hydrophobic peroxides.  

To further understand the observed changes in kinetic efficiency of GSTF9, we studied the 

transition state thermodynamic parameters of reduced and oxidized GSTF9 (Fig. 7, Table VI). 

To study the transition state of GSTF9red and GSTF9ox, thermodynamic parameters were 

calculated and the data of the activated complex show a compensatory system with different 

enthalpy and entropy values for oxidized and reduced GSTF9 (Table VI). Generally, when 

comparing both forms, the overall spontaneity of the E:S# formation is similar (reflected by 

similar ΔG# values), but a different intermediate transition state along the reaction coordinates 

might get temporally populated. The Ea and ΔH# are a result of the sum of interatomic 

interactions that undergo rearrangement during the E:S activation step. These interatomic 

interactions are hydrogen bonds and van der Waals interactions between enzyme and 

substrates.34 A positive difference of 2.3 kcal/mol was found when the absolute value of ΔH# of 

the oxidized GSTF9 was subtracted from the ΔH# value obtained for its reduced counterpart. 

The less pronounced energetic barrier for GSTF9red indicates that the number of interactions that 

needs to be rearranged in the reduced form is smaller than in the oxidized form (Table VI), 

leading to the observed energetic difference. Subsequently, the E:S complex formed by the 

reduced form seems to be less pronounced and more prone to rearrangement in order to achieve 

the transition state. Entropy is the measure of the number of microstates available for a specific 

species and is more widely described as the degree of disorder. The generation of disorder when 
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E:S is converting to E:S# comes from bond rearrangement and changes in solvation.35 The value 

obtained for Δ(TΔS#)ox-red indicates that GSTF9red undergoes a larger conformational change in 

order to reach the transition state when compared with GSTF9ox.
36 The more positive TΔS# and 

positive ΔH# indicates that the increased flexibility of the loops between β2-α2 and between 

α4-α5 is a positive feature, and to achieve the transition state a larger number of interatomic 

interactions need to be rearranged. Accordingly, in order to maintain its enzymatic activity under 

oxidative stress, GSTF9 seems to follow a structural compensatory system. The best scenario is 

composed by an increase in flexibility in the regions directly involved in catalysis and an 

increase in rigidity in all the other areas, however, GSTF9 oxidation increased the flexibility 

globally, leading to a neglectable Δ(ΔG#)ox-red value.36  

In conclusion, we showed that methionine oxidation near the two active sites causes local loop-

flexibility. As a consequence, oxidized GSTF9 becomes substrate for methionine sulfoxide 

reductases. By thermodynamic and structural compensatory mechanisms, GSTF9 has evolved to 

become an enzyme that is able to catalyze detoxification reactions under oxidative conditions.  

 

Materials and methods 

GSTF9 purification and oxidation – Protein expression, purification and oxidation were 

performed as described by Jacques et al.4 Prior to oxidation, GSTF9 was reduced with 10 mM 

DTT at RT for 30 min followed by gel filtration using a Superdex75 HR 10/30 size exclusion 

chromatography (SEC) column equilibrated in 1xPBS. The collected sample was incubated with 

1:100 molar ratio of protein to H2O2 for 135 min at 10°C, as performed by Jacques et al.4 Micro 
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Bio-Spin® Chromatography Column (BIO-RAD) equilibrated with 1xPBS was used to remove 

excess of H2O2.  

Glutathione transferase activity assay – The assay was performed as described by Habig et 

al.37 Briefly, a UV-visible Varian Cary 100 spectrophotometer was used to measure the GSTF9 

catalysed conjugation of GSH onto CDNB at A340. The reaction mixture was composed of 0.5 

mM GSH and 0.2 µM GSTF9 in 250 mM MOPS pH 6.5 and 150 mM NaCl buffer. The assay 

was initiated by the addition of 3.8 mM CDNB to a final reaction volume of 500 µL.  

To determine the influence of Msr incubation on the GSTF9ox transferase activity, a 2:1 molar 

ratio of GSTF9ox (10 µM) was incubated with Corynebacterium diphtheriae MsrA38 or MsrB12 

(5 µM) for 1 h at 25°C in a 1xPBS buffer containing 0.5 mM DTT. As a control, GSTF9red was 

also incubated with MsrA, MsrB and DTT. The samples were diluted and 10 µL was transferred 

to the assay mixture (500 µL), where the final concentrations were: 0.2 µM GSTF9, 0.1 µM Msr 

and 10 µM DTT. A sample with only GSTF9ox and DTT was included as a control. Prior to the 

incubation of GSTF9 with Msr enzymes, both MsrA and MsrB were incubated with 20 mM DTT 

for 30 min at room temperature. Following reduction, DTT was removed on a Micro Bio-Spin® 

Chromatography Column (BIO-RAD) equilibrated with 1xPBS.  

To determine the kinetic parameters of GSTF9, at varying concentrations of GSH (0 to 750 µM) 

or CDNB (0 to 4.5 mM) the initial velocities were measured and the Michaelis-Menten equation 

1 was used to fit these data and obtain the kinetic parameters kcat and KM. For varying [GSH], the 

CDNB concentration used was 3.8 mM and for varying [CDNB], 0.5 mM GSH was used. Two 

independent replicates were measured for each substrate concentration. In equation 1, v 
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represents the initial velocity, Vmax the maximum velocity, KM the Michaelis constant and [S] the 

substrate concentration. 

� = ������	

����		

                                             equation 1 

GSTF9 FOX assay with GSH and GSO3 – Ferrous oxidation-xylenol orange (FOX) assay was 

used to monitor the peroxidase activity of GSTF9.39 The assay was performed as described by 

Tossounian et al.12 Briefly, the reaction mixture included 50 µM GSTF9red or GSTF9ox, 1 mM 

GSH and 150 µM H2O2 in 100 mM potassium phosphate buffer at pH 6.4, which was incubated 

at room temperature (RT). At three time points (0, 15 and 30 min), 10 µL of the sample was 

mixed with 490 µL of the FOX assay mixture and incubated in the dark. After 30 min, 

SpectraMax340PC spectrophotometer (Molecular Devices) was used to measure the absorption 

at 560 nm. In order to determine the effect of GSO3 on the glutathione peroxidase activity of 

GSTF9, the same procedure was followed with the addition of 0.5 mM GSO3. As background, 

the reaction mixture without enzyme was used. A reaction mixture containing 1 mM GSO3 was 

also used as a control. Glutathione peroxidase activity of GSTF9 was also tested by replacing 

H2O2 (200 µM) with two hydrophobic peroxides, cumene (200 µM) or tert-butyl hydroperoxide 

(200 µM). Three independent measurements were performed and the data representing the 

∆[peroxide]ox-red versus ALogP value of H2O2 (-0.18), tert-butyl hydroperoxide (0.79) and 

CuOOH (2.02) was plotted using GraphPad prism7. The AlogP values were obtained from 

ChEMBL.  

GSTF9-GSO3 inhibition assays - To determine the GSTF9 inhibition by GSO3, the 

SpectraMax340PC spectrophotometer (Molecular Devices) was used, where increasing 
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concentrations of GSO3 (0, 25, 50, 100, 200, 300, 400 and 500 µM) were added to the reaction 

mixture containing 0.4 µM reduced GSTF9, 0.5 mM GSH and 3.8 mM CDNB in 250 mM 

MOPS pH 6.5 and 150 mM NaCl buffer. The reaction started by the addition of CDNB. As 

background, the reaction mixture without enzyme was used. The inhibition constant for the 

inactivation of GSTF9 by GSO3 was determined from the plot of the initial velocities versus the 

GSO3 concentration (equation 2). For all data, two independent measurements were performed 

and GraphPad prism7 was used to plot the data. In equation 2, vi represents the initial velocity, Ki 

the inhibition constant, V the maximum velocity and [GSO3], the concentration of inhibitor. 

v� = 
�∗�

�������		

+ A                                   equation 2 

GSTF9 thermodynamic parameter determination - GSTF9 thermodynamic parameters were 

assessed by measuring the initial velocity variation in function of temperature. The reactions 

were carried out at 17°C, 20°C, 25°C, 30°C and 37°C in quartz cuvettes using a UV-visible 

Varian Cary 100 spectrophotometer and were monitored for 180 s with GSTF9 (reduced or 

oxidized) final concentration 0.2 µM, 0.5 mM GSH and 3.8 mM CDNB in 250 mM MOPS pH 

6.5 and 150 mM NaCl buffer. The values presented correspond to two replicates. Subsequently, 

the thermodynamic parameters were obtained fitting the data to Ahrrenius (equation 3) and 

Eyring (equation 4) approaches. The Gibbs free energy of activation (ΔG#) was calculated using 

equation 5. In equation 3, Ea represents the reaction activation energy, R, the gas constant (8.314 

J.mol-1K-1) and A, the product of the collision frequency (Z). For equation 4, kB represents the 

Boltzmann constant (1.3805x10-23 J.K-1), h, the Planck’s constant (6.6256x10-34 J.s). For 

equation 5, ΔH# and ΔS# represent the enthalpy and entropy variation of activation.  
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ln� = 	−	���
�
 + 	lnA															                equation 3 

 

ln !" # = 	−	
∆%#

�
�
 +	

∆�#
� + ln !"'( #        equation 4 

 

ΔG# = ΔH# - TΔS#                             equation 5 

Mass spectrometric analysis of Met oxidation - For the identification of oxidized Met residues 

(methionine sulfoxide and methionine sulfone), GSTF9red and GSTF9ox, were analyzed by mass 

spectrometry as described by Tossounian et al.12  
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Figure legends 

Figure 1. Crystal structure of reduced GSTF9. (A) The X-ray crystal structure of reduced 

GSTF9red shows a typical GST-fold. The crystal structure of GSTF9red is shown in a gray cartoon 

representation with the alpha helices and beta sheets labeled. The glutathione (GSH) binding site 

(G-site) and the hydrophobic substrate-binding site (H-site) are indicated with arrows. A 

glutathione molecule is observed in the G-site, and sulfenylated GSH (GSOH) in the H-site. The 

catalytic serine (S12), the Met residues (M35, M70, M118, M123 and M184), and the N- and C-

terminus are indicated. An omit map contouring the GSH and GSOH at 3σ is shown in green. 

(B) A closer view of the three methionines (M35, M118 and M123) located close to the G- and 

H-site. Surface representation is shown for atoms within 4 Å of H-GSOH. The H-bond between 

the catalytic S12 and the sulfur of GSH is 3.3 Å (black dotted line).  

Figure 2. GSTF9 oxidation has a different impact on the transferase and glutathione peroxidase 

activity. (A) Bar graphs show the percentage of transferase activity measured in rate constants 

(k) of GSTF9red and GSTF9ox (0.2 µM), where the GST catalysed conjugation of GSH (0.5 mM) 

onto CDNB (3.8 mM) is followed at 340 nm. When oxidized, GSTF9ox activity significantly 

(P<0.001) decreases from 100% (0.54 s-1) to 70% (0.38 s-1). MsrA and MsrB treatment causes 

activity increase from 70% to 94% (0.51 s-1), indicating that Msr enzymes are capable of 

recovering GSTF9ox activity. Two control samples were used: GSTF9ox incubated with DTT and 

GSTF9red incubated with MsrA, MsrB and DTT. The data from at least 3 independent 

experiments are presented as a mean ± SD. (B) FOX assay was used to compare the peroxidase 

activity of GSTF9red and GSTF9ox in the presence of 150 µM H2O2. Remained H2O2 

concentrations were determined for samples taken after 15 and 30 min. Upon treatment of 
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GSTF9 with hydrogen peroxide (GSTF9ox), glutathione peroxidase activity is not influenced. As 

a control, the influence of GSH on H2O2 reduction was also recorded. The data from 3 

independent experiments were normalized and presented as a mean ± SD. 

Figure 3. Identification of Met35 of GSTF9 as a methionine sulfoxide. Identification of 

oxidation on Met35 of GSTF9 under H2O2 exposure. The LC-MS spectrum shows MS2 data 

obtained from a +2 parent ion with m/z 718.3. The y- and b- series of ions allow exact 

localization of the methionine sulfoxide. A neutral loss of 64 Da is observed from the y6 

daughter ion and corresponds to the release of methane sulfenic acid (CH3SOH) from the side 

chain of methionine sulfoxide. 

Figure 4. Oxidation leads to GSTF9 H-site disorder and oxidized glutathione (GSO3) formation 

in the G-site. (A) Overlay of the 10 copies of GSTF9 in the AU of GSTF9ox (shown in gold 

cartoon) and the two chains present in the AUs of both the GSTF9red (chain A and B in gray 

cartoon) and GSTF9_H2O2+NaOCl structures (chain A in pink, chain B in green) shows a high 

mobility for the α2-β2 and especially the α4-α5 loops. Residues 120-127 in the latter loop 

become entirely disordered in the GSTF9ox structure, as well as in chain A of the GSTF9_ 

H2O2+NaOCl structure. The side chains of Met35, Met118 and Met123 shown in sticks are highly 

mobile. (B-C) The active site H-bond network of GSFT9red (gray cartoon) has a GSH molecule 

(B), which is oxidized to GSO3 (C) within the GSTF9ox G-site (gold cartoon). The residues (gold 

for GSTF9ox and gray for GSTF9red) interacting with GSH and GSO3 are shown in stick 

representation. Leu34 and Phe10 delineate the G-site. Hydrogen bonds are in gray or black 

dashed lines. Water molecules H-bonded to GSH or GSO3 are in red spheres. An omit map 

contouring the ligands, GSH and GSO3, at 3σ is shown in green. 
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Figure 5. Glutathione sulfonate (GSO3) inhibits GSTF9 glutathione transferase and peroxidase 

activity. Increasing concentrations of GSO3 results in a decrease of the initial velocity of (A) the 

GSTF9 glutathione transferase and (B) the peroxidase activity. The inhibition constant (Ki) for 

the transferase activity is 34 µM. The data represent the mean ± SD of 2 independent 

experiments.  

Figure 6. Oxidized GSTF9 reduces hydrophobic peroxides less efficiently. A difference plot of 

the peroxide concentration (µM) (H2O2, t-butyl peroxide, CuOOH) reduced after 30 min with 

GSTF9ox and GSTF9red versus the hydrophobicity index (ALogP) of the peroxides is presented. 

The more hydrophobic the peroxide, the larger the difference between GSTF9red and GSTF9ox 

peroxide reduction (∆[peroxide]). The data represent the mean ± SD of 3 independent 

experiments. The reduction scheme for peroxides (X) with the release of oxidized glutathione  

(GSSG) and a water molecule is shown. The structures of the three peroxides (H2O2, t-butyl 

peroxide, CuOOH) are generated using ChemBioDraw 14.0. 

Figure 7. Arrhenius (A) and Eyring (B) plot of GSTF9red and GSTF9ox. Temperature 

dependence of lnk and ln (k/T) of the glutathione transferase catalyzed reaction by reduced and 

oxidized GSTF9 at pH 6.4 in a temperature range from 17°C to 37°C is shown. The linearity of 

the plots suggests that there is no change in the rate-limiting step or protein inactivation within 

this temperature range. 

 

Page 28 of 44

John Wiley & Sons

Protein Science

This article is protected by copyright. All rights reserved.



TABLES 

 
Table I. GSTF9 X-ray data collection and refinement statistics.  
 

 (a) Values between brackets are for the highest resolution shell; (b) Rcryst = Σ||Fobs|–|Fcalc||/Σ|Fobs|, Fobs and Fcalc are 
observed and calculated structure factor amplitudes; (c) Rfree is the same as Rcryst, but using a random subset of 5% 
of the data excluded from the refinement; $Diamond Light Source (DLS) 

 
  

Dataset GSTF9red GSTF9H2O2+NaOCl GSTF9ox 

PDB code 6EZY  6F01  6F05  

Data collection    
Beamline IO4@DLS$ IO4@DLS$ IO4@DLS$ 
Wavelength 0.9795 0.9795 0.9795 
    

Processing    

Space group P31 2 1 P31 2 1 P1 
Cell parameters (Å/°) 61.43 93.97 107.71 93.19 101.57 

101.97 
114.76 114.76 
90.31 

90 90 120 

61.43 93.97 
107.71 

93.19 101.57 
101.97 

Resolution, Å (outer 
shell)(a) 

48.13-2.34 (2.48-2.34) 66.84-2.5 (2.57-
2.5) 

62.7-2.2 (2.26-2.2) 

Total reflections 282989 (43703) 158033(11796) 268584 (19908) 
Unique reflections 2880 (4594) 24179 (1781) 116579 (8561) 
Completeness (%) 98.7 (96.8) 99.8 (99.9) 97.8 (97.1) 
Multiplicity 9.9 (9.5) 6.5 (6.6) 2.3 (2.3) 
CC1/2 (%) 99.9 (55.9) 99.5 (71.1) 99.7 (73.3) 
Rmeas (%)  11.2 (137.9) 17.7 (124.8) 7.4 (60.4) 
<I/σ(I)> 18.3 (1.64) 11.56 (2.09) 10.67 (2.08) 
     
Refinement    

Resolution range (Å) 49.41-2.35 66.84-2.3 65.73-2.06 
Percentage observed (%)        98.79 99.84 97.66 
Rcryst (%)(b) 15.63 16.43 16.15 
Rfree (%)(c) 19.66 20.89 20.93 
RMS    
  Bonds (Å) 0.012 0.010 0.008 
  Angles (°) 1.267 1.268 1.18 
     
Ramachandran Plot    
Most favored (%) 97.83 97.31 97.76 
Additionally allowed (%) 1.69 2.2 1.68 
Disallowed (%) 0.48 0.49 0.56 
    
Bound Ligand GSH (G-site) and  

GSOH (H-site) 
GSO3  (G-site) and  

GSOH (H-site) 
GSO3 (G-site) 
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Table II. Steady-state kinetics parameters of GSTF9 under reducing and oxidizing 

conditions. Kinetic parameters were determined using varying concentrations of GSH or 
CDNB and the values were plotted using the Michaelis-Menten equation. 
 

 

 

 

 

 

 

 

 

 

 

  

[GSH] 
 

[CDNB] 

F9red F9ox  
F9red F9ox 

KM 131 ± 9 µM 71 ± 7 µM 
 

1.3 ± 0.1 mM 1.8 ± 0.2 mM 

kcat (s
-1) 0.85 ± 0.02  0.50 ± 0.01 

 
0.98 ± 0.02 0.72 ± 0.04 

kcat/KM (M-1s-1) 6.5 x 103 7.0 x 103 
 

7.5 x 102 4.0 x 102 
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Table III. Glutathione peroxidase activity of GSTF9red and GSTF9ox using different 

peroxides. The concentration of peroxide present within the sample containing GSTF9red and 
GSTF9ox with 1 mM GSH at time 0, 15 and 30 min is shown.  
 
 

 
time (min) [H2O2] (µM) [t-butyl peroxide] (µM) [CuOOH] (µM) 

F9red 0 200 ± 0 200 ± 0 200 ± 0 

15 171 ± 1 180 ± 4 117 ± 4 

 

30 161 ± 2 162 ± 7 84 ± 9 

   
F9ox 0 200 ± 0 200 ± 0 200 ± 0 

15 163 ± 0 191 ± 4 147 ± 7 

 

30 162 ± 1 174 ± 0 106 ± 7 
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Table IV. Thermodynamic activation parameters for CDNB glutathione transferase 

activity with reduced and oxidized GSTF9. ∆(∆H#)ox-red and ∆(T∆S#)ox-red represent the 
variation of the thermodynamic parameters between GSTF9ox and GSTF9red. 
 

*∆G# was calculated at 25 ºC. 

�

 Ea  
(kcal mol-1) 

∆H# 
 (kcal mol-1) 

T∆S#  
(kcal mol-1) 

*∆G# 
 (kcal mol-1) 

∆ (∆H#)ox-red 
 (kcal mol-1) 

∆(T∆S#)ox-red 
 (kcal mol-1) 

∆(∆G#)ox-red 
 (kcal mol-1) 

GSTF9red  9.4 (±0.5)  8.8 (±0.5)  -9.0 (±0.9) 17.9 (±1)  
2.3 

 
2 

 
0.3 

GSTF9ox 11.7 (±0.6) 11.1 (±0.6)  -7.0 (± 0.6)  18.2(±1) 
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Figure 1. Crystal structure of reduced GSTF9. (A) The X-ray crystal structure of reduced GSTF9red shows a 
typical GST-fold. The crystal structure of GSTF9red is shown in a gray cartoon representation with the alpha 
helices and beta sheets labeled. The glutathione (GSH) binding site (G-site) and the hydrophobic substrate-

binding site (H-site) are indicated with arrows. A glutathione molecule is observed in the G-site, and 
sulfenylated GSH (GSOH) in the H-site. The catalytic serine (S12), the Met residues (M35, M70, M118, M123 
and M184), and the N- and C-terminus are indicated. An omit map contouring the GSH and GSOH at 3  is 
shown in green. (B) A closer view of the three methionines (M35, M118 and M123) located close to the G- 
and H-site. Surface representation is shown for atoms within 4 Å of H-GSOH. The H-bond between the 

catalytic S12 and the sulfur of GSH is 3.3 Å (black dotted line).  
 

160x66mm (300 x 300 DPI)  
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Figure 2. GSTF9 oxidation has a different impact on the transferase and glutathione peroxidase activity. (A) 
Bar graphs show the percentage of transferase activity measured in rate constants (k) of GSTF9red and 

GSTF9ox (0.2 µM), where the GST catalysed conjugation of GSH (0.5 mM) onto CDNB (3.8 mM) is followed 

at 340 nm. When oxidized, GSTF9ox activity significantly (P<0.001) decreases from 100% (0.54 s-1) to 
70% (0.38 s-1). MsrA and MsrB treatment causes activity increase from 70% to 94% (0.51 s-1), indicating 

that Msr enzymes are capable of recovering GSTF9ox activity. Two control samples were used: GSTF9ox 
incubated with DTT and GSTF9red incubated with MsrA, MsrB and DTT. The data from at least 3 independent 
experiments are presented as a mean ± SD. (B) FOX assay was used to compare the peroxidase activity of 
GSTF9red and GSTF9ox in the presence of 150 µM H2O2. Remained H2O2 concentrations were determined 

for samples taken after 15 and 30 min. Upon treatment of GSTF9 with hydrogen peroxide (GSTF9ox), 
glutathione peroxidase activity is not influenced. As a control, the influence of GSH on H2O2 reduction was 
also recorded. The data from 3 independent experiments were normalized and presented as a mean ± SD.  
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Figure 3. Identification of Met35 of GSTF9 as a methionine sulfoxide. Identification of oxidation on Met35 of 
GSTF9 under H2O2 exposure. The LC-MS spectrum shows MS2 data obtained from a +2 parent ion with m/z 
718.3. The y- and b- series of ions allow exact localization of the methionine sulfoxide. A neutral loss of 64 
Da is observed from the y6 daughter ion and corresponds to the release of methane sulfenic acid (CH3SOH) 

from the side chain of methionine sulfoxide.  
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Figure 4. Oxidation leads to GSTF9 H-site disorder and oxidized glutathione (GSO3) formation in the G-site. 
(A) Overlay of the 10 copies of GSTF9 in the AU of GSTF9ox (shown in gold cartoon) and the two chains 

present in the AUs of both the GSTF9red (chain A and B in gray cartoon) and GSTF9_H2O2+NaOCl 
structures (chain A in pink, chain B in green) shows a high mobility for the α2-β2 and especially the α4-α5 
loops. Residues 120-127 in the latter loop become entirely disordered in the GSTF9ox structure, as well as 
in chain A of the GSTF9_ H2O2+NaOCl structure. The side chains of Met35, Met118 and Met123 shown in 

sticks are highly mobile. (B-C) The active site H-bond network of GSFT9red (gray cartoon) has a GSH 
molecule (B), which is oxidized to GSO3 (C) within the GSTF9ox G-site (gold cartoon). The residues (gold for 

GSTF9ox and gray for GSTF9red) interacting with GSH and GSO3 are shown in stick representation. Leu34 
and Phe10 delineate the G-site. Hydrogen bonds are in gray or black dashed lines. Water molecules H-

bonded to GSH or GSO3 are in red spheres. An omit map contouring the ligands, GSH and GSO3, at 3  is 
shown in green.  
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Figure 5. Glutathione sulfonate (GSO3) inhibits GSTF9 glutathione transferase and peroxidase activity. 
Increasing concentrations of GSO3 results in a decrease of the initial velocity of (A) the GSTF9 glutathione 

transferase and (B) the peroxidase activity. The inhibition constant (Ki) for the transferase activity is 34 µM. 
The data represent the mean ± SD of 2 independent experiments.  
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Figure 6. Oxidized GSTF9 reduces hydrophobic peroxides less efficiently. A difference plot of the peroxide 
concentration (µM) (H2O2, t-butyl peroxide, CuOOH) reduced after 30 min with GSTF9ox and GSTF9red 

versus the hydrophobicity index (ALogP) of the peroxides is presented. The more hydrophobic the peroxide, 

the larger the difference between GSTF9red and GSTF9ox peroxide reduction (∆[peroxide]). The data 
represent the mean ± SD of 3 independent experiments. The reduction scheme for peroxides (X) with the 

release of oxidized glutathione  (GSSG) and a water molecule is shown. The structures of the three 
peroxides (H2O2, t-butyl peroxide, CuOOH) are generated using ChemBioDraw 14.0.  
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Figure 7. Arrhenius (A) and Eyring (B) plot of GSTF9red and GSTF9ox. Temperature dependence of lnk and 
ln (k/T) of the glutathione transferase catalyzed reaction by reduced and oxidized GSTF9 at pH 6.4 in a 

temperature range from 17°C to 37°C is shown. The linearity of the plots suggests that there is no change 
in the rate-limiting step or protein inactivation within this temperature range.  
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