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ABSTRACT 
Glutathione transferases (GSTs) represent a ubiquitous large family of multifunctional 
enzymes which protect cellular macromolecules from reactive electrophiles. GSTs catalyse 
the nucleophilic addition of glutathione to electrophilic groups of a large variety of 
hydrophobic molecules, thereby increasing their solubility to facilitate their excretion from the 
cell. GSTs play a key role in detoxification, drug metabolism, and multiple-herbicide 
resistance in weed species. However, the structural basis for the activity of several classes of 
GSTs remains unknown. Multiple-herbicide resistance (MHR) is a global threat to weed 
control in cereal crops. MHR weeds express specific phi class glutathione transferases (MHR-
GSTF) that confer resistance against multiple herbicides. MHR-GSTFs, therefore, represent a 
promising target against MHR weeds. On the other hand, the mammalian GSTs, such as the 
mu-class GSTs, are linked to the development of resistance to a variety of anti-cancer drugs, 
resulting in the failure of the treatment. The mu-class GSTs are also associated with 
Parkinson´s disease as well as other illnesses related to oxidative stress. The present work 
investigates the structure of the MHR-GSTFs from different grass weeds and crops, in 
particular Alopecurus myosuroides and Lolium rigidum. The work also presents structural and 
functional insights into the mu-class GSTs from Camelus dromedarius and Homo sapiens. 

The crystal structures of MHR-GSTF from Alopecurus myosuroides (AmGSTF) and 
Lolium rigidum (LrGSTF) were determined by molecular replacement at 1.33 Å and 1.90 
Å resolution, respectively. The structure of AmGSTF was resolved with a bound 
glutathione sulfenic acid (GSOH) and succinic acid (SIN) at the enzyme´s active site 
whereas the LrGSTF structure was determined in complex with the inhibitor S-(4-
nitrobenzyl) glutathione. Both enzymes showed conserved structural features compared 
with other phi class glutathione transferases. However, differences were observed at the C-
terminal α8-helix and the H-site α4-helix that may affect the substrate specificity. 
Moreover, the structural analysis of GSTFs revealed an induced-fit mechanism and a 
decisive role of conserved Tyr118 and Phe122 in ligand binding. The results presented here 
provide new knowledge on the enzymology of phi class glutathione transferases and may 
be used to derive strategies to combat MHR weeds.  

The structures of a mu-class GST from Camelus dromedarius (CdGSTM1-1) with a 
bound substrate (GSH) or the reaction product, S-p-nitrobenzyl-glutathione (Nb-GSH) 
were determined by X-ray crystallography at 2.55 Å and 2.05 Å resolution respectively. 
The H-site of CdGSTM1-1 is variable and lined by Met35, Arg43, Tyr116, Phe209, Leu210, and 
Met212, which govern the recognition and binding of substrate in the active site. A 
noticeable 4 Å move of the β2-α2 loop region upon Nb-GSH binding presents snapshots of 
an induced-fit mechanism that facilitates the binding of various substrates. The studies will 
improve our understanding of camelid GSTs detoxification mechanisms and their 
contribution to abiotic stress adaptation in the desert environment. Besides, the structure of 
ligand-free Homo sapiens mu-class GST (hGSTM1-1) was determined at 1.59 Å 
resolution. The high-resolution hGSTM1-1 structure allowed the study of the induced-fit 
mechanism operated by hGSTM1-1 and the binding of Nb-GSH in detail.   
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TIIVISTELMÄ 
Glutationitransferaasit (GST:t) ovat tärkeä ryhmä entsyymejä, joilla on useita biokemiallisia 
funktioita ja ne suojaavat solun makromolekyylejä reaktiivisilta elektrofiileiltä. GST:t 
katalysoivat glutationin nukleofiilistä lisäystä useiden hydrofobisten molekyylien elektrofiilisiin 
ryhmiin, mikä lisää niiden liukoisuutta helpottaen niiden poistamista soluista. GST:eilla on 
keskeinen rooli rikkakasvilajien myrkkyjen poistamisessa, lääkeaineenvaihdunnassa ja useiden 
rikkakasvien torjunta-aineiden vastustuskyvyssä. Useiden GST-luokkien toiminnan 
rakenteellinen perusta on kuitenkin tuntematon. Moniherbisidiresistenssi (MHR) on 
maailmanlaajuinen uhka viljakasvien rikkakasvien torjumiselle. MHR-rikkakasvit ekspressoivat 
spesifisiä phi-luokan glutationitransferaaseja (MHR-GSTF), jotka antavat vastustuskyvyn useita 
herbisidejä vastaan. Siksi MHR-GSTF:t edustavat lupaavaa kohdetta MHR-rikkakasveja 
vastaan. Toisaalta nisäkkäiden GST:t, kuten mu-luokan GST:t, liittyvät resistenssin 
kehittymiseen useille syöpälääkkeille, mikä johtaa hoidon epäonnistumiseen. Mu-luokan GST:t 
liittyvät myös Parkinsonin tautiin sekä muihin oksidatiiviseen stressiin liittyviin sairauksiin. 
Tässä työssä tutkittiin eri ruohorikkakasvien ja -kasvien, erityisesti Alopecurus myosuroidesin ja 
Lolium rigidumin, MHR-GSTF:ien rakennetta. Tutkimuksessa käsiteltiin myös rakenteellisia ja 
toiminnallisia eroja Camelus dromedariuksen ja Homo sapiensin mu-luokan GST:ien välillä.  

Alopecurus myosuroidesin (AmGSTF) ja Lolium rigidumin (LrGSTF) MHR-GSTF:n kide-
rakenteet määritettiin templaattirakenteen avulla 1,33 Å:n ja 1,90 Å:n resoluutiolla. AmGSTF:n 
rakenteessa oli aktiiviseen kohtaan sitoutuneena glutationisulfeenihappo (GSOH) ja meripihka-
happo (SIN), kun taas LrGSTF:n rakenne määritettiin kompleksina inhibiittorin S-(4-nitroben-
tsyyli)glutationin kanssa. Molemmilla entsyymeillä oli konservoituneita rakenteellisia piirteitä 
verrattuna muihin phi-luokan glutationitransferaaseihin. Kuitenkin eroja havaittiin C-termi-
naalisessa α8-heliksissä ja H-alueen α4-heliksissä, jotka voivat vaikuttaa substraattispesifi-
syyteen. Lisäksi GSTF:n rakenneanalyysi paljasti indusoidun konformaatiomuutoksen ja konser-
voituneiden aminohappojen Tyr118:n ja Phe122:n ratkaisevan roolin ligandin sitoutumisessa. Tässä 
esitetyt tulokset tarjoavat uutta tietoa phi-luokan glutationitransferaasi-entsyymien toiminnasta, ja 
tuloksia voidaan hyödyntää uusien MHR-rikkakasvien torjunta-aineiden kehittämiksessä. 

Camelus dromedariuksen (CdGSTM1-1) mu-luokan GST:n rakenteet sidotun substraatin 
(GSH) tai reaktiotuotteen S-p-nitrobentsyyliglutationin (Nb-GSH) kanssa määritettiin 
röntgenkristallografialla 2,55 Å ja 2,05 Å resoluutiolla. CdGSTM1-1:n H-kohta on 
aminohapposekvenssiltään vaihteleva ja sitä reunustavat Met35, Arg43, Tyr116, Phe209, Leu210 ja 
Met212 säätelevät substraatin tunnistamista ja sitoutumista aktiivisessa kohdassa. Huomattava 
4 Å:n liike β2-α2-silmukka-alueella Nb-GSH:n sitoutumisen yhteydessä esittää tilannekuvia 
indusoiduista konformaatiomuutoksista, jotka vaikuttavat erilaisten substraattien 
sitoutumiskykyyn. Tutkimukset parantavat ymmärrystämme kamelien GST:n detoksifikaatio-
mekanismeista ja niiden vaikutuksesta abioottiseen stressiin sopeutumiseen aavikko-
ympäristössä. Lisäksi ligandittoman Homo sapiens mu-luokan GST:n (hGSTM1-1) rakenne 
määritettiin 1,59 Å:n resoluutiolla. Korkean resoluution hGSTM1-1-rakenne mahdollisti 
hGSTM1-1:n indusoidun konformaatiomuutoksen (engl. induced-fit mechanism) ja Nb-
GSH:n sitoutumisen yksityiskohtaisen tutkimuksen. 
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Abbreviations 

2, 4 –D 2, 4-Dichlorophenoxyacetic acid  
AmGSTF Phi class GST from Alopecurus myosuroides 
ABC ATP binding cassette  
CDNB 1-chloro-2, 4-dinitrobenzene 
CSO S-hydroxycysteine  
CdGSTM1 Mu class GST from Camelus dromedarius 
DESY Deutsches Elektronen-Synchrotron 
DDT Dichlorodiphenyltrichloroethane   
GSH Glutathione 
GST Glutathione transferase 
GSOH Glutathione sulfenic acid 
GSTU Tau class glutathione transferase 
GS8      S-Hydroxy-Glutathione 
LB        Luria-Bertani               
ROS Reactive oxygen species 
MAPEG Membrane-associated proteins in eicosanoid and glutathione 

metabolism 
MGST Microsomal glutathione transferase 
MHR Multiple herbicide resistance 
MDR Multiple drug resistance 
MR Molecular replacement 
Nb-GSH S-(p-nitrobenzyl)-glutathione 
DHAR Dehydroascorbate reductase 
LrGSTF Phi class GST from Lolium rigidum 
hGSTM1-1 Mu class GST from Homo sapiens 
PDB Protein Data Bank 
PAH Polyaromatic hydrocarbon 
RMSD Root mean square deviation 
SSE Secondary structure elements 
SIN Succinic acid 
Tm Melting temperature 
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Amino acids 

Ala Alanine A 
Arg Arginine R 
Asn Asparagine N 
Asp Aspartate D 
Cys Cysteine C 
Gln Glutamine Q 
Glu Glutamate E 
Gly Glycine G 
His Histidine H 
Ile Isoleucine I 
Leu Leucine L 
Lys Lysine K 
Met Methionine M 
Phe Phenylalanine F 
Pro Proline P 
Ser Serine S 
Thr Threonine T 
Trp Tryptophan W 
Tyr Tyrosine Y 
Val Valine V 
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1 Introduction 

1.1 Glutathione transferase overview 
Historically, glutathione transferases (E.C. 2.5.1.18) have been called glutathione S- 
transferases and, hence, they are known by the acronym GST. In 1961, the first GST-
catalyzed reaction, the addition of glutathione (GSH) to 1,2 dichloro-4-nitrobenzene 
in cytosolic extracts of the liver, was identified [1, 2]. The discovery triggered a new 
era of research in the genetics and enzymology of GSTs. The three-dimensional 
structures of several cytosolic GSTs were determined to understand the functional 
and structural diversity of the enzyme[3]. The first determined crystal structure was 
that of a porcine GST in 1991 [4]. The structural information of the GST enzymes 
was crucial in deciphering some of the caveats in the evolution of the characteristic 
structural fold in GST and the molecular basis of the detoxification reactions [3]. 

GSTs are multifunctional enzymes involved in the Phase II detoxification 
process. They catalyze the nucleophilic addition of glutathione (γ-glutamyl-L-
cysteinyl-glycine; GSH) to a range of endogenous and exogenous compounds 
consisting of an electrophilic carbon, nitrogen, or sulfur atom, thereby tagging the 
complexes for excretion from the cell (Fig. 1a, b). The non-polar exogenous 
compounds targeted by GSTs could include chemical carcinogens, environmental 
pollutants, and in some cases anti-tumor agents. Also, GSTs are involved in the 
inactivation of endogenous α, β- unsaturated aldehydes, hydroperoxides quinones, 
and epoxides formed as secondary metabolites during oxidative stress in a cell [5]. 
As a result, possible attacks on the cellular macromolecules from these electrophilic 
xenobiotics are prevented. The action of GSTs in these compounds yields more 
water-soluble products, hence facilitating their elimination from the cell. This 
detoxification mechanism is one of the vital defense armors and metabolic 
capabilities of living organisms [6]. The formation of reactive oxygen species (ROS) 
during oxidative stress is a potentially life-threatening condition, which, if left 
unchecked, could lead to lethal consequences like membrane dysfunction, DNA 
damage, and protein inactivation. Thus, to maintain a proper cellular balance against 
oxidative stress, GSTs work in an integrated fashion with glutathione biosynthesis, 
glutathione peroxidases, and glutathione S-conjugate efflux pumps [5]. 
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Shortly after their discovery in animals, GSTs were documented in plants in 
1970. The GST activity from maize was found to conjugate a potent herbicide, 
namely chloro-S-triazine atrazine, with GSH, thus protecting crops from herbicide 
damage [7]. Interestingly, GSTs are abundant in most of the living organisms. To 
add to their catalytic diversity, apart from GSH conjugation, GSTs possess multiple 
roles, such as biosynthesis of leukotrienes, prostaglandins, testosterone and 
progesterone, tyrosine catabolism, peroxide breakdown, dehydroascorbate 
reduction, apoptosis and other functions [8]. Recent advances have also outlined 
their role in the regulation of mitogen-activated protein kinases, as facilitators in S-
glutathionylation reactions in certain proteins, and as a participant in the process of 
cocaine addiction [9]. GSTs also exhibit a ligand binding (‘ligandin’) function [10]. 
The ligandin function facilitates the binding of numerous hydrophobic and 
amphipathic compounds, such as xenobiotics and hormones, in a non-substrate 
manner into a distinct ligand-binding site (L-site) for their efficient transport to other 
parts of the cell or disposal. Thus, apart from their involvement in these important 
biological processes, GSTs have in fact surpassed their classic role in metabolism to 
a more advanced role in drug resistance, as prodrugs in cancer and neurodegenerative 
diseases [11]. Consequently, the research interest in GSTs has increased in recent 
years.  
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a.

 

b. 

 
Figure 1.  a. General structure of glutathione (GSH). The γ-glutamate, cysteine, and glycine parts 

of the tripeptide GSH are denoted by arrows. The nucleophilic sulfhydryl/thiol group is 
colored yellow in the 3D structure. b. General conjugation reaction catalyzed by 
glutathione transferase resulting in the formation of a glutathione-S-conjugate. The 
figures were created in ChemDraw (PerkinElmer Informatics). 
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1.2 GST classification 
Three broad superfamilies of GSTs have been identified based on their sequence, 
structure similarities, cellular localizations, and immunological characteristics. 
These are i) the cytosolic GSTs, ii) the microsomal GSTs now designated as 
membrane-associated proteins in eicosanoid and glutathione metabolism 
(MAPEGs), and iii) the mitochondrial GSTs.  

1.2.1 Cytosolic GSTs 
Cytosolic GSTs comprise the largest superfamily. The currently recognized classes 
of cytosolic GSTs include alpha, beta, delta, epsilon, theta, mu, nu, pi, sigma, tau, 
phi, and omega. In humans, seven GST classes are present: α (alpha), ζ (zeta), θ 
(theta), µ (mu), π (pi), σ (sigma) and ω (omega) [12]. These classes are mostly 
abbreviated in Roman capitals A, Z, T, M, P, S, and O, respectively [13]. The GSTs 
within each class possess a sequence identity of more than 40% whereas between 
classes the sequence identity is below 25%. Several classes of currently recognized 
cytosolic GSTs in mammals, plants, fungi, bacteria, and insects are summarized in 
Table 1. 

1.2.2 Microsomal GSTs 
This class of GSTs comprises integral membrane proteins that are not related to other 
major classes of GSTs. The eukaryotic MAPEG members are represented by six 
families corresponding to the microsomal glutathione transferases (MGST) 1, 2, and 
3, leukotriene C4 synthase (LTC4), 5-lipoxygenase activating protein (FLAP), and 
prostaglandin E synthase. MGST1 was the first MAPEG structure to be solved at 3.2 
Å by electron crystallography [14]. The MGST 1-3 families have roles in drug 
metabolism whereas the other three families are involved in the leukotrienes and 
prostaglandin E synthesis [15]. 

1.2.3 Mitochondrial GSTs 
This class of GSTs is known as the kappa class. It is one of the most ancient protein 
families with orthologues in the bacteria and eukaryotes [16]. The kappa class GST 
was originally isolated from the mitochondrial matrix of the rat liver [17]. Kappa 
class GSTs have some substrate specificities that are similar to the cytosolic GSTs 
but have different evolutionary pathways than other soluble GSTs. Thus, the kappa 
class GSTs are structurally and functionally different from the cytosolic and MAPEG 
GST classes. 
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Table 1.  Classification of cytosolic GSTs in different organisms and their associated functions 
[18]. The asterisk (*) mark above certain classes indicate organism-specific class. 

ORGANISM CLASS FUNCTION 

Mammalian Alpha* Isomerase activities, drug metabolism, peroxidase 
activity, detoxification 

Mu* Drug metabolism 

Pi* Drug metabolism 

Theta Prevention of hepatocarcinogenesis, metabolism 
of industrial compounds 

Zeta α–halo acids catalysis 

Omega Oxidative stress 

Sigma Prostaglandin synthesis 

Bacteria  Beta Organic compounds catabolism 

Chi  

Plants Phi*  
Detoxification, oxidative stress, signaling, ligandin 
functions, intermediary metabolism Tau* 

Theta 

Zeta 

Lambda*  

DHAR 

Fungi  Alpha  

Mu 

Gamma 

Insects Delta* Detoxification of environmental xenobiotics 

Epsilon* Detoxification of insecticides, peroxidase activity, 
oxidative stress 

Theta Unknown 

Sigma Probably against oxidative stress products 

Zeta Tyrosine degradation 

Omega Probably against oxidative stress 
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1.3 Plant GST classes - The phi and tau class of 
GSTs 

Plant GSTs are extensively studied due to their role in herbicide detoxification[19]. 
The plant GST family comprises six members namely the phi, tau, theta, zeta, 
lambda, and dehydroascorbate reductase (DHAR). The phi (GSTF) and tau (GSTU) 
classes are both unique to plants and are involved in some key roles in plants such 
as stress tolerance, secondary metabolism, herbicide resistance in weeds, and 
herbicide tolerance in crops [20]. GSTFs were previously placed in the theta class 
and were known as Type I GSTs whereas the tau class GSTs were formerly called 
Type III GSTs. That is because the theta class mostly displayed lower sequence 
identities than other classes, thus many plant’s GSTs were initially allocated to this 
class [21]. 

Both the tau and phi GSTs have a wide range of substrate specificities that align 
well with their function in abiotic stress tolerance. They are highly active toward 
several electrophilic molecules that include organic thiocyanates, halides and 
hydroperoxides, and α and β- unsaturated compounds [22]. Further, a few examples of 
herbicides detoxified by these two GSTs classes include triazines, thio-carbamates, 
chloroacetanilides, diphenyl-ethers, and aryloxyphenoxypropionates [18]. Both phi 
and tau classes of GSTs demonstrate the glutathione transferases class specificity in 
substrate preference. For example, GSTFs favor the binding of chloroacetanilide and 
thiocarbamate herbicides [23] whereas GSTUs are more preferential towards the 
diphenyl ethers and aryloxyphenoxypropionates herbicide detoxification [20]. These 
herbicides are typically used in agricultural fields co-formulated with herbicide 
safeners. Herbicide safeners can be defined as agrochemicals that promote herbicide 
tolerance in cereal crops by activating detoxification pathways [24] but without 
compromising weed control efficacy. The herbicide safeners have also been found to 
induce both the phi and tau class GSTs [25, 26] 

In addition, the tau class GSTs are implicated in the transportation of 
anthocyanins, flavonoids, phenolics, and hormones such as auxin and cytokinin, 
suggesting a possible role in cell signaling [19]. On the other hand, the phi and tau 
classes along with the theta classes show GSH-dependent peroxidase activity (GPx, 
EC 1.11.1.9); it reduces organic hydroperoxides to monohydroxyalchols [19, 27]. 
The peroxides are usually created in plants during photosynthesis, pathogen 
invasion, or toxin detoxification and are harmful [28]. Illustrations of different 
reactions catalyzed by GSTs are shown in Fig. 2.  

Interestingly, the generic peroxide and herbicide detoxification ability of plant 
GSTs has been used to design stress and herbicide-tolerant transgenic crops [18]. For 
example, a transgenic tobacco plant expressing ZmGSTU1 and GST I gene from 
maize displayed significantly higher resistance and tolerance, respectively, to certain 
herbicides that are otherwise inhibitory to the wild-type GSTs [29, 30].   
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Figure 2.  Examples of GST-catalyzed reactions. (a). Nucleophilic aromatic substitution reaction 

with 1-chloro-2,4-dinitrobenzene (CDNB). CDNB is widely used as a model substrate to 
elucidate GST activity [31] (b). Michael-type addition reaction with ethacrynic acid (c). 
Isomerization of the double bond of ∆5-androstene-3,17-dione into ∆4-androstene-3,17-
dione, a testosterone precursor (d). Nucleophilic addition reaction between cinnamic 
acid and GSH (e). Peroxidase activity of GST in the reduction of fatty acid 
hydroperoxides to hydroxy derivatives. 

1.4 Mammalian GSTs – The alpha, mu, and pi 
class of GSTs 

The mammalian GSTs are intensively studied due to their clinical relevance in 
cancer, toxicology, and drug metabolism. There is evidence that certain polymorphic 
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changes in GST genes have been linked with the increased susceptibility to cancer 
development and anticancer drug resistance in humans [32]. On the other hand, 
mammals are also exposed to many lethal agents like environmental contaminants, 
xenobiotics, and reactive oxygen species (ROS) in their lifetime. These exposures 
have consequences on the genomic and proteome stability of mammals [33]. Thus, 
effective detoxification is important for natural selection. The human GST family is 
classified into seven families of catalytically active enzymes termed as alpha 
(GSTA), mu (GSTM), pi (GSTP), sigma (GSTS), theta (GSTT), zeta (GSTZ), and 
omega (GSTO). Alpha, mu, and pi GST classes are unique to mammals. 

1.4.1 The alpha class 
The Alpha class was one of the first GSTs classes to be biochemically 

characterized and comprises enzymes that were initially termed “ligandins” based 
on their ability to bind hydrophobic ligands [34]. The alpha class GSTs are dimers 
that are expressed in several tissues in varying amounts. The human short arm 
chromosome 6 comprises a cluster of five alpha class genes. The alpha class GSTs 
are named GSTA1-1, GSTA2-2, GSTA3-3, GSTA4-4, and GSTA5-5 [35]. It has 
been shown that the Alpha class plays a significant role in hydrophobic ligand-
binding, such as bilirubin and steroid hormones, and is involved in isomerization 
reactions in the synthesis of testosterone and progesterone [36]. 

1.4.2 The mu class 
There are a total of five mu class GST genes in humans located in the short arm of 
chromosome 1. The mu-class GSTs are dimeric proteins and are mostly tissue-
specific in their expression [37]. For example, GSTM1-1 is more strongly expressed 
in the liver than in other tissues [38], GSTM2-2 is predominantly expressed in 
muscle, and GSTM3-3 is expressed mostly in the testis and the brain [39]. In one 
study it was shown that deficiency of GSTM1-1 contributes drastically to survival 
after chemotherapy for leukemia in children [40, 41] 

1.4.3 The pi class 
Humans possess only one functional pi class GST gene, namely GSTP1, which is 
present in chromosome locus 11q13 [42]. The GSTP1-1 enzyme has been the subject 
of intensive investigation due to its potential role in drug metabolism and cancer 
susceptibility. GSTP1-1 is also found expressed in many forms of tumors and is 
involved in the drug resistance process in cancer [43]. Polymorphisms in genes that 
encode GSTP1 alter susceptibility to chemotherapy-induced carcinogenesis. It was 
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found that GSTP1 poses an increased risk of acute myeloid leukemia (AML) after 
cytotoxic chemotherapy but not after the radiotherapy [44].  

1.4.4 The theta and omega class 
The mammalian theta class GSTs are also found responsible for cancer susceptibility 
[45], organ transplant rejection, and autoimmune hepatitis [46]. While the sigma 
class and zeta class have a single GST class and are known as hemopoietic 
prostaglandin D synthase (HPGDS) and maleylacetoacetate isomerase (MAAI), 
respectively [47]. Lastly, the mammalian omega class is unique in the sense that the 
GSTO class has cysteine as catalytic residues unlike tyrosine and serine in other 
mammalian GSTs. Thus, this class is capable of catalyzing reduction reactions that 
are not substrates for other GSTs. The GSTO1 is determined to be a factor in 
Alzheimer’s, Parkinson´s, and amyotrophic lateral sclerosis diseases [48]. Other 
research has also shown that GSTO1 polymorphism is linked to vascular dementia 
and stroke [49]. Thus, it is reasonable to conclude that mammalian GSTs possess a 
plethora of potential targets for medical research.  

Representatives of each human GST class and respective chromosome locus are 
summarized in Table 2 below [36].  

Table 2. Representative human GSTs and their respective chromosome locus.  

GSTs CHROMOSOME REFERENCES 
CLASS ALPHA 6p12.2  
GSTA1-1 
GSTA2-2 
GSTA3-3 
GSTA4-4 

[50] 
[51] 
[51] 
[52] 

CLASS MU 1p13.3  
GSTM1-1 
GSTM2-2 

[53] 
[54, 55] 

CLASS PI 11q13.3  
GSTP1-1 [56] 
CLASS THETA 22q11.23  
GSTT1-1 
GSTT2-2 

[57] 
[58] 

CLASS SIGMA 4q22.3  
GSTS1-1 [59] 
CLASS ZETA 14q24.3  
GSTZ1-1 [60] 
CLASS OMEGA 10q25.1  
GSTO1-1 
GSTO2-2 

[61] 
[62] 
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1.5 GST nomenclature 
The large size of the GST family outlines the necessity of an unambiguous system 
of protein nomenclature. Many forms of soluble GSTs do exist and the 
inconsistencies in the GST nomenclatures confuse the interpretation of any research. 
To simplify future assignments in GSTs research and correlate the GSTs naming to 
their evolutionary background, a new gene and enzyme nomenclature for GSTs was 
proposed already in the year 2000 [19]. Such a classification system already exists 
in naming mammalian GSTs and the same has been extended to the plant GSTs [13]. 
Thus, in the new method, e.g., XyGSTM1-1 would indicate a homodimer that is 
encoded by the XyGstM1 gene whereas XyGSTM1-2 would indicate a heterodimer 
encoded by XyGstM1 and XyGstM2 genes (Fig. 3).  

 
Figure 3.  A representative plant GST nomenclature system [19]. 

1.6 Role of GSTs in detoxification 
One of the prerequisites for cellular survival is the robust mechanism to manage 
reactive oxygen species (ROS), endogenous phytochemicals, and exogenous toxins. 
The exogenous toxins include environmental additives, which range from several 
insecticides and pesticides used in agriculture to improve the yield to polyaromatic 
hydrocarbons (PAHs) and other herbicides. GSH is the most abundant form of organic 
sulfur in plants apart from those incorporated into the proteins [63]. It has been 
estimated that the concentration of GSH in plants just exceeds 1mM in the cytoplasm. 
GSH is used not only by GSTs but also by many other enzymes, such as formaldehyde 
dehydrogenases, glyoxalases, and glutathione peroxidases, in living organisms [63]. 
However, the most noticeable use of GSH is in glutathione transferases with a 
collective constitution of over 1% of the soluble protein in maize leaves [64]. The key 
role of plant GSTs in herbicide detoxification is one of the reasons for their extensive 
studies. Thus, several plant GSTs that contribute to the herbicide tolerance in major 
crops have been well characterized [64] because of their agronomic values. 
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1.6.1 The detoxification process 
The detoxification of xenobiotics in plants generally proceeds in three phases, known 
as transformation (Phase I), conjugation (Phase II), and compartmentation and storage 
(Phase III). A further possibility of degradation in the vacuole is characterized as the 
phase IV step. In addition, there are further three possible tracks in phase III to 
determine the fate of conjugated xenobiotics. The xenobiotics could be either exported 
into cell vacuoles in a process called vacuolar sequestration or they could be exported 
into the extracellular space or even deposited into lignin or other cell-wall components 
[65]. The detoxification process is superficially similar in animals where xenobiotics 
metabolism occurs in the liver and instead of compartmentation there is an active 
excretion process in phase III via urine and feces. Thus, the term “green livers” is 
coined for plants acting as a global sink for environmental pollutants [66] in parallel 
with the functionality of an animal´s liver. The schematic representation of the four-
stage detoxification reaction is shown below (Fig. 4). 

 
Figure 4.  Simplified four-phase detoxification mechanism, namely the P450 monooxygenase 

activity (I), the GST-conjugation reaction (II), the ATP-dependent transport (III), followed 
by (IV), the breakdown in the vacuole. 

1.6.1.1 Phase I detoxification 

In this phase, the xenobiotics are activated by the introduction of certain reactive 
centers or functional groups so that they could more easily be acted upon by phase 
II enzymes. For example, oxidations reactions are the most common phase I 
reactions carried out by cytochrome P450 monooxygenases (P450s) or other mixed-
function oxidases [67]. The phase I activation reactions are also catalyzed by other 
enzymes, such as esterases and amidases, but the majority are catalyzed by the 
cytochrome P450 system. The P450 proteins contain heme as a cofactor, possess 
several isoforms, and are found in the endoplasmic reticulum. More than 60 genes 
of P450 proteins have been identified in Arabidopsis, thus the P450s can recognize 
a wide array of the substrate and catalyze diverse reactions [68]. In cases where 
xenobiotics already possess reactive centers essential for phase II reactions, the 
detoxification process could proceed without the phase I stage. Some of the other 
categories of reactions catalyzed by P450s include hydroxylations, isomerizations, 
dealkylations, epoxidations, deaminations, and decarboxylations [69, 70]. The 
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reactions yield oxygenated products which are generally more reactive, thus 
appropriate for downstream detoxification phases [71]. The role of P450s in non-
target site resistance alone and in coordination with phase II detoxifying enzymes, 
such as GSTs, has been well-established [72].  

1.6.1.2 Phase II detoxification 

This stage involves the conjugation of a hydrophilic molecule such as glucose, 
malonate, or glutathione to the activated xenobiotics from phase I using thiols or 
sugars to form water-soluble conjugates [73]. The reaction may be catalyzed by 
respective glucosyl-, malonyl- or glutathione transferases. The latter, however, is the 
most common phase II conjugation enzyme.  The conjugation reaction leads to the 
formation of inactive R-SH products (Fig. 5), which are then exported from the 
cytosol into the vacuole by ABC transporters in Phase III [7]. In contrast to the 
phototoxic compound generated by phase I reaction, the product of phase II is either 
not toxic or less toxic than its parent compound [73]. The over-expression or 
increased catalytic activity of GSTs involved in the phase II detoxification process 
could lead to multi-herbicide resistance which is even more complicated and diverse 
than those mediated by P450s [29, 74]. Some cases of herbicide resistance mediated 
by P450s and GSTs are mentioned in Table 3. 

1.6.1.3 Phase III detoxification 

The accumulation of GSH-conjugates in the cytosol is potentially harmful, for example, 
the GST activity could be hampered, or the conjugates may be converted into other toxic 
metabolites. Thus, the GSH-conjugates need to be exported from the cytosol. In the 
phase III detoxification stage, the inactivated and conjugated molecule is transported into 
the vacuole or the apoplast. The most common group of transporters used in the stage 
are the ABC transporters [75], which facilitate the transport across the plasma membrane 
or tonoplast. The ABC transporters have one or two ATP binding cassettes for the active 
transport using ATP hydrolysis. In plants, the first ABC transporter was identified in the 
transportation of GSH conjugated chemicals in 1993 [76]. Interestingly, there are also 
some studies suggesting ABC transporter-mediated herbicide resistance [77, 78]. 
Besides, there have been instances where ABC transporters were found upregulated 
upon herbicide safener application in crops. The result was the synchronized 
overexpression of GSH-conjugates, ABC transporters, and GST enzymes [79]. 

1.6.1.4 Phase IV detoxification 

The last step of the detoxification step involves the further degradation of the 
conjugated molecules in the vacuole or extracellular space. The overall 
detoxification process is shown in Fig. 5. 
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Figure 5.  Schematic representation of phase I, II, III, and IV in xenobiotic (R) detoxification in plant 

cells. The detoxification phases occur in different organelles and compartments in plants. 
Phase I involves the functionalization of xenobiotics, phase II is the conjugation step to 
glutathione via GSTs activity, phase III is the elimination or compartmentation of the 
conjugated products from the cell and in the final phase IV, the further degradation of the 
conjugated product occurs. Abbreviations: CT, glutathione conjugate transporter; GSH, 
glutathione; VP1, VP2, vacuolar peptidases including the vacuolar dipeptidase and 
carboxypeptidase. The diagram was created in ChemDraw (PerkinElmer Informatics).  

1.7 Multiple herbicide resistance (MHR) in plants 
The feeding of 7.9 billion people in the world today is a great challenge and 
agriculture is one of the main food providers for the world’s population. One of the 
major threats that agriculture faces today is the growth of grass weeds, which 
compete with crops for water and nutrients. Thus, herbicides together with 
insecticides used in farmland make a major contribution to global food production. 
However, the application of herbicides over a prolonged time in an extensive area 
not only triggers herbicide resistance in the weed species but also poses a negative 
impact on the local ecology. Thus, it seems very likely that herbicides cannot ever 
fully succeed to eliminate the weeds, just as the antibiotics are not able to eliminate 
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the bacteria or the insecticides to eradicate the pests [80]. However, their 
effectiveness could be customized to obtain optimal weed control.  

Herbicide resistance is an evolutionary process that is governed by several 
factors such as the dose and frequency of use, the mechanism of herbicide action, 
the biology of weed species (e.g., cross-pollination or self-pollution), and 
dominance, frequency, and several resistance genes in the weed species [80]. 
Interestingly, the first reported case of herbicide resistance was not against the most 
widely used herbicide 2,4-Dichlorophenoxyacetic acid ( 2, 4-D) but against two 
relatively new herbicides called atrazine and simazine [81]. The reason for this 
pattern of resistance was later addressed by modeling studies [82]. But these early 
cases of resistance were not taken seriously and were circumvented with blame on 
bad farming practices. Also, in those early studies, any research and laboratory data 
about the potential resistance or new strains were kept secret to avoid mass panic. 
Thus, valuable early scientific evidence on the herbicide resistance materials was 
eventually destroyed [82]. It is now argued that with a suitable quarantine or 
confinement practice in those early days when herbicide resistance first appeared, 
the problem would not have been so widespread and deadly now.  

Although the research on herbicide resistance has an immense agricultural value, 
it has also contributed to other areas of science, such as enzymology, pharmacology, 
ecology, and sustainability. Notably, the work on the X-ray crystallography 
structures of atrazine-resistant and atrazine-susceptible target proteins was awarded 
the Nobel prize in medicine with inferences in the drug binding [83]. The extent of 
the herbicide resistance problem can be observed in a continuously updated and 
dedicated “international herbicide-resistant weed database” website [84]. Many 
weed species are resistant to a particular herbicide and each weed species in turn is 
resistant to several herbicidal modes of action (Fig. 6a and b). 

 
Figure 6.  a. Top fifteen weed species resistant to multiple herbicides site of action. 

b. Representative resistant species to top fifteen individual active herbicides. The 
diagram has been adapted from www.weedscience.org (accessed 31st Aug 2021) [84]. 

http://www.weedscience.org/
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1.7.1 Modes of herbicide resistance 
Most herbicides act by inhibiting certain plant enzymes at the target site which are vital 
for metabolism. As herbicides enter the plants, they are translocated and reach their 
destination at a lethal dose [80]. Thus, the herbicide resistance achieved by a plant can 
be classified either as target-site resistance or non-target site resistance. Prior studies 
also have highlighted that the type of resistance achieved depends upon the dose of 
herbicide used. For example, a high-dose herbicide triggers target-site resistance 
whereas a low dose application promotes non-target site resistance [85, 86]. 

1.7.1.1 Target-site resistance 

The target-site resistance (TSR) is a process in which a herbicide reaches its target 
in the cell in a sufficient quantity but certain modifications or mutations in the target 
site diminish the herbicide´s effectiveness. Such modifications could be done by 
gene mutations concerning one of the amino acids in the active site, thereby 
preventing the herbicide to bind its target. One example of target-site resistance is 
the resistance to Photosystem II (PSII) Inhibiting herbicide, triazine. The use of 
triazine flourished since the early 1950s and its wide uncontrolled application led to 
the herbicide resistance evolution. Triazine competes with other molecules in the cell 
to bind with PSII and its incapability to bind to the preferred location leads to 
carbohydrate starvation and oxidative stress [87]. The most remarkable feature of 
the PSII triazine target-site resistance is the global evolution of a single resistance 
mutation leading to the herbicide resistance [88]. 

1.7.1.2 Non-target site resistance 

In the non-target site resistance, the amount of active herbicide reaching the target is 
minimal. Such decreased delivery may be due to the reduced penetration of herbicides 
in the plants in the prior steps, lower herbicide translocation rates, or increased rates of 
herbicide sequestration and metabolism [80]. Some common examples of non-target 
site resistance include mutations in Phase I, II, and III enzymes and transporters gene 
families, namely, P450, GSTs, and ABC transporters respectively. P450s are also 
involved in the hydroxylation or dealkylation of herbicides, the process commonly 
called transformation or activation of herbicides for the following conjugation stages 
and ultimately excretion from the active cell [69]. The resistance caused by P450s-
catalyzed enhanced rates of herbicide metabolism was first identified in the 1980s in 
Alopecurus myosuroides (black-grass) and Lolium rigidum (ryegrass). The resistance 
was observed across herbicides with wide modes of action and surprisingly across the 
herbicide groups used for the very first time [89, 90]. 

Finally, it can be concluded that even for strong herbicides for which the 
resistance evolution is difficult, if the selection pressure is extensive, insistent, and 
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powerful, then resistance mechanisms will evolve in large weed populations sooner 
or later [80]. 

1.7.2 Role of GSTs in MHR  
Multiple herbicide resistance (MHR) is a global problem that poses risk to 
sustainable agricultural practice. MHR was first spotted in A. myosuroides in Essex, 
England in 1982 which was soon followed by a series of independent outbreaks 
across the European continent [91]. MHR in plants aligns with that of multiple-drug 
resistance (MDR) in animals. Specifically, MDR in humans is associated with 
overexpression of pi class glutathione transferase (GSTP1) whereas MHR with the 
overexpression of phi class GSTs (GSTF1) [92]. In contrast to the TSR, MHR weeds 
utilize a central defense mechanism that metabolizes herbicides with different modes 
of action and poses a greater threat to agriculture. MHR is peculiar with its enhanced 
ability to detoxify an array of herbicides and is also termed as the metabolism-based 
resistance. Also, the non-target site resistance such as the MHR is achieved by the 
chemical modifications of the herbicide and/or the excretion or compartmentation of 
the herbicide [93]. Once the resistance is established in a weed population, it 
vigorously spreads to other populations via pollen and might also get transmitted to 
other species via hybridization [94, 95]. Some examples of non-target site herbicide 
resistance mediated by GSTs and P450s are summarized in Table 3.  

Table 3.   Non-target site herbicide resistance governed by P450s and GSTs in different weed 
species. 

GENE 
FAMILY 

SCIENTIFIC 
NAME 

COMMON 
NAME 

HERBICIDE REFERENCES 

P450 Lolium rigidum Rigid ryegrass Atrazine, simazine, diuron [96] 
P450 Alopecurus 

myosuroides 
Blackgrass Chlorotoluron [97] 

P450 Lolium rigidum Rigid ryegrass Diclofop-methyl [98] 
P450 Lolium rigidum Rigid ryegrass Chlorsulfuron [99] 
GST Alopecurus 

myosuroides 
Blackgrass Clodinafop, haloxyfop, 

Aryloxyphenoxypropionates 
(fops), flupyrsulfuron, ureas 

[72] 

GST Alopecurus 
myosuroides 

Blackgrass Fenoxaprop-ethyl and 
slightly resistant to 
cholorotoluron. 

[91, 100] 

GST Lolium multiflorum Italian ryegrass Isoproturon, cycloxydim, 
Diclofop-methyl, tralkoxydim, 
fluazifop-P-butyl and 
tralkoxydim 

[101] 

GST Abutilon 
theopharasti 

Velvetleaf Atrazine [102–104] 
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Data suggest that Alopecurus myosuroides and Lolium rigidum are the most 
challenging weeds for Europe while Australia and the USA lead the race for the 
presence of the highest number of herbicide-resistant weeds [84]. More specifically, 
A. myosuroides and L. rigidum are found to be resistant to seven and fourteen modes 
of action of herbicides, respectively (Fig.6a). Both of these weeds develop resistance 
that has been correlated with their gene expression [105, 106], more specifically, 
GSTF associated genes [100, 107]. In grass weeds, MHR is associated with the 
increased levels of herbicide-detoxifying enzymes, including cytochrome P450 
mixed-function oxidases (CYPs), UDP-glucose dependent glycosyltransferases 
(UGTs), GSTs, and membrane-associated ABC proteins [108–115]. More 
conveniently, the xenobiotics detoxifying enzymes and transporters are termed 
collectively as “xenome” [28]. Thus, in A.myosuroides, the upregulation of the 
xenome is correlated with the resistance to several herbicides [100, 107]. Previous 
studies have also revealed a higher expression phi class GSTs (GSTF1) in 
independent MHR black-grass population [100, 107] and named as AmGSTF1 [28].  

Recent results have also demonstrated that not only has AmGSTF1 a pivotal role 
in MHR in black-grass but also another orthologous, LrGSTF1, has enhanced 
activity under herbicide incorporation. The studies also imply that other weeds might 
possess similar functions under stress conditions. Also, the key role of AmGSTF1 
has been demonstrated in a study that showed that the GSTP1- and MDR-inhibiting 
pharmacophore compound (e.g., 4-chloro-7-nitro-benoxadiazole) inhibited 
AmGSTF1 activity and helped reinstate the herbicide control in MHR blackgrass 
[92]. The results suggested the need for further research in the GSTF family to 
identify potential targets for chemical intervention in resistant weed management.  

On the other hand, with the limited influx of new herbicide compounds, the 
identification of co-active compounds, especially GST inhibitors that could be used 
conjointly with currently available herbicides may certainly alleviate the MHR-
GSTF challenge in the fields today. Interestingly, such combinatorial compounds 
have already been used in the fields. For example, piperonyl butoxide, which inhibits 
the detoxification enzymes cytochrome P450 monooxygenases  and esterases, is 
used to counteract metabolic-based insecticide resistance in Trialeurodes 
vaporariorum (glasshouse whitefly) [116]. Another example is the AmGSTF 
inhibiting compound 4-chloro-nitro-benoxadiazole as discussed in the earlier 
paragraph. Thus, the urgency posed by MHR weeds could be minimized with the 
application of GST inhibitors alongside herbicides in the agricultural fields. Some 
examples of GST-mediated herbicide conjugation reactions are given in Fig. 7.  
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Figure 7.  Plant GSTs act on some common herbicides, such as alachlor (chloroacetanilide), 

atrazine (chlorotriazine), and fluorodifen (diphenylether). Alachlor and atrazine 
detoxifications are examples of halide substitution reactions whereas fluorodifen 
detoxification is a GST-mediated substitution reaction resulting in herbicide cleavage. 
All three herbicides are widely used to control several weeds in maize and legume plants 
[117–119]. 

1.8 General structure of GSTs 
Glutathione transferases are dimeric enzymes. They are either homodimers of a 
single gene product or heterodimers of subunits encoded by different genes. Each 
soluble GST dimer consists of two subunits, each approximately 26 kDa. The 
subunits that make up the dimer are related by a two-fold symmetry. The X-ray 
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crystallography has shown similar structures for three phi-class GSTs from maize 
[120, 121] and Arabidopsis [122] which only share 20% sequence identity.   

Each GST monomer consists of two domains, a α/β domain that includes helices 
α1-α3 and a largely α-helical domain comprising helices α4-α9. The former is called 
the N-terminal thioredoxin-like domain and it houses a highly conserved region. The 
glutathione-binding site named as G-site is located towards the top of the α/β-
domain. The N-terminal thioredoxin-like domain consists of β1α1β2 (α2) β3β4α3 
secondary structural elements (SSE). The SSEs are arranged in such a way that the 
four β-strands lie in the center flanked by two α1 and α3 helices, while the irregular 
α2 helical segment orients itself away from the β-sheets to the outside (Fig.8 a, b, 
and c). This N-terminal domain constitutes roughly one-third of the protein. The 
second domain is termed the C-terminal domain and houses the binding site for 
hydrophobic co-substrates (H-site). The H-site in the cytosolic GSTs is in the cleft 
between the N and C-terminal domains and residues from either domain contribute 
to the interaction with the bound substrate. The H-site is a highly variable region 
between GST classes and is responsible for hydrophobic substrate specificity. The 
H-site in plant GSTs has a larger cleft than mammalian GSTs, thus enabling the 
binding of much larger and more diverse substrates [27, 123] . Some of the substrates 
that bind to the mammalian H-site include organic halides, arene oxides, epoxides, 
organic thiocyanates, organic nitrate esters, and several drugs [124]. The H-site was 
first identified in the crystal structure of a human pi-class GST, hGSTP1-1, which 
was co-crystallized with S-hexyl glutathione at 2.8 Å [125]. 

 
a. 
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b. 

 
c. 

Figure 8.  a. A ribbon representation of a tau class GST monomer from Glycine max, GmGSTU4-
4 (PDB id 2vo4). The N-terminal domain and C-terminal domain are denoted by lines 
below the structure. The α-helix, β-strands, and loops are colored in yellow, purple, and 
cyan, respectively. A single molecule of Nb-GSH bound to the active site of the enzyme 
is shown in stick representation (orange). The active site is signified with a circle and 
the interaction of Nb-GSH with residues in the active site is highlighted in a box. Also, 
the G- and H-sites, the linker region, and SSEs are labeled. b. Dimeric structure of the 
enzyme is shown in ribbon representation, each chain is colored differently, and bound 
Nb-GSH is colored yellow. c. A molecular surface representation of the two subunits 
and the surface colored according to the electrostatic potential. The positive and 
negative potentials are generated in blue and red colors respectively. The bound ligand, 
Nb-GSH, is shown in the active-site cavity in yellow.  
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Furthermore, the C-terminal domain and the N-terminal domain are connected 
by a short connector sequence of approximately ten residues. Comparative analysis 
of all the 3D representative plant GST structures reveals that all classes of plant GSTs 
exhibit a similar protein fold (Fig.9). Major differences, however, occur in the 
connector region between the N-terminal and the C-terminal domain, the α2-β2 loop 
region, the bend region in α4 and α6 helix, and the length of helix α9 (Fig. 8). Also, 
the inter-subunit hydrophobic interface is mostly conserved. The active site of GSTF 
and GSTU have a more conserved architecture with a common purpose of activating 
the sulfur atom of GSH to form a reactive thiolate species. Also, the hydrophobic 
substrate is oriented in such a way that its electrophilic center is accessible for the 
nucleophilic substitution/addition reaction. Some of the known crystal structures of 
phi and tau plant GSTs are given in Table 4.  

Table 4.  Some plant GST crystal structures in PDB from Arabidopsis thaliana (At), Zea mays 
(Zm), and Glycine max (Gm). 

GSTs CLASS PDB ID LIGAND RESOLUTION REFERENCES 

AtGSTF2-2 Phi 1gnw 2 S-hexyl GSH 2.2 Å [122] 

ZmGSTF1-1 Phi 1axd Lactoyl GSH 2.5 Å [120] 

ZmGSTF1-1 Phi 1bye Atrazine GSH 2.8 Å [126] 

GmGSTU4-4 Tau 2vo4 S-(p-nitro-benzyl)- GSH 1.75 Å [27] 

GmGSTU4-4 Tau 3fhs GSH 2.7 Å [123] 
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Figure 9.  An overview of different enzyme folds in several classes of the GST superfamily. To 

facilitate a comparative view, the monomers were superimposed onto the Phi class 
enzyme ZmGSTF3-3 (PDB id 1aw9) with UCSF Chimera [127]. 

In the active site, a conserved Tyr residue is present in the mammalian alpha, mu, 
and pi classes GSTs, a conserved active site Ser residue is identified in the case of 
plant tau, phi, theta, and zeta classes, and a conserved Cys residue in the case of 
lambda GSTs and the DHARs [128]. The role of a conserved Ser residue in the active 
site is to activate GSH by acting as a hydrogen bond donor to the thiol group of the 
GSH [123] while the Cys-containing GSTs participate in deglutathionylation 
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activity. The catalytic Cys, then, performs a nucleophilic attack on glutathionylated 
molecules resulting in protein-glutathione adducts [128]. 

On the other hand, the dimer interface is large, and the buried surface area (BSA) 
of the interface is between 2700 Å2 and 3400 Å2  [7]. The dimer interface can take 
different shapes depending upon the organism and class, for example in phi, alpha, 
mu, and pi class it is a hydrophobic ball-and- socket interface while in theta, sigma, 
and beta class the interface is hydrophilic [3]. The interaction between the residues 
of both subunits is important for the dimer stability [27]. The interaction between 
each adjacent monomer is also minimal [120, 121]. Thus, the reason for dimerization 
remains unclear when each of the monomers can function independently [7]. Only 
subunits from the same class can dimerize and not from different GST classes owing 
to incompatibility of the interfacial residues [129]. 

Despite the traditional view that enzymes are supposed to be highly substrate-
specific, GSTs are amongst the most promiscuous enzymes. Such promiscuous 
catalytic activity is one of the prerequisites for board substrate acceptance as in the 
case of the cellular detoxification process [130].  The functional promiscuity of GSTs 
is allied with their structural flexibility and heterogeneity. A comparison of several 
plant GSTs with substrate-bound and unbound forms have also demonstrated an 
induced substrate fitting mechanism in GSTs. For example, the crystal structure of 
GST-I from Zea mays has been determined at 2.5 Å resolution. The ligand-bound 
GST-I when compared with the apo structure of maize GST-III demonstrated a 
movement of a ten-residue loop upon binding of the ligand to the active site. [120, 
123]. It has also been shown that heterodimer formation increases GST´s ability to 
uniquely recognize special phytochemicals and exhibit vital kinetic properties for 
the metabolite management [19]. Therefore, by understanding the structure-function 
relationship between GSTs and their substrates, it is possible to design new 
molecules that are more stable, specific, effective, and eco-friendly.  

1.9 Catalytic mechanism 
To interpret the role of GSTs in xenobiotics detoxification, it is essential to fully 
understand the catalytic mechanism and the influence of the enzymes’ 3D structure 
on substrate selectivity. There are possibly three points to consider in understanding 
the catalytic mechanism of GSTs. First, the interaction of the enzyme with GSH and 
the chemical alternations thereafter. Second, the residues involved in binding and 
catalysis, and third, the binding of specific substrates in the active H-site.  

The nucleophilic addition reaction catalyzed by GSTs can be divided into two 
stages. In the first stage, the substrate binds to the active site and triggers the 
activation of GSH by deprotonation to form a nucleophilic thiolate anion. The second 
stage involves a thiolate anion mediated nucleophilic attack at the substrate 
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electrophilic center [19]. The addition of thiols to the electrophile occurs via the 
activation of thiols to the thiolate anion. The thiolate anion is 109 times more reactive 
than its conjugate acid [131]. Thus, the first role of the enzyme is to remove a proton 
from the thiol of GSH and generate a strong nucleophile GS-. This is achieved by 
considerably lowering the pKa of the bound thiol group of GSH so that its majority 
fraction is ionized at physiological pH. For this reason, the enzyme active site has 
the positive electrostatic potential with an objective to reduce the pKa value or to 
destabilize the thiol group [131]. The pKa value of the sulfhydryl group of GSH is 
reduced from 9.0 in an aqueous solution to approximately 6.5 when it is bound to 
the active site to promote the proton dissociation [132]. 

On the other hand, the active site residues involved in the catalysis vary amongst 
the GST classes. In the alpha, mu, pi, and sigma classes the active site residue is a 
Tyr (involved in the deprotonation of the bound thiol group of GSH). In the delta, 
epsilon, theta, phi, tau, and zeta GSTs, the active site residue is Ser, and in omega 
and beta class GSTs, the residue is Cys [18]. The Tyr also plays an additional role in 
correctly orientating the GSH in the active site and facilitating the safe passage of 
the departing thiol proton out of the enzyme active site [133]. In Zea mays, five 
residues located in the G-site (Ser11, His40, Lys41, Gln53, and Ser67) were identified to 
contribute to the GSH binding and its activation. Similarly, hydrophobic residues in 
the H-site (Met10, Trp12, Phe35, and Ile118) are held responsible to maintain the active 
site architecture to contribute to the catalytic efficacy [132]. The specificity of GSH 
binding to the G-site is extremely high; only GSH and some closely related 
molecules can serve as substrates contrary to the broad specificities for the 
electrophilic substrates in the H-site [64].  

1.10 The “ligandin” function of GSTs 
In addition to their catalytic roles, GSTs are also involved in binding many lipophilic 
molecules (MW> 400 Da), such as bile acids, fatty acids, bilirubin, haemin, and 
certain drugs in animals. Also, in plants, GSTs bind several hydrophobic molecules 
to a ligand-binding site known as the L-site [130, 134]. Because of this property, 
GSTs were also originally termed “ligandins”. The localization of the L-site varies 
highly. For example, in phi class GSTs it is found located next to the G-site whereas 
in the tau-class the L-site is located in the hydrophobic surface pocket [122, 123]. In 
contrast, in the case of human pi-class glutathione transferases GST P1-1, the L-site 
is located in the electrophilic substrate-binding side [56]. The ligandin GSTs 
function is exploited in the transportation of anthocyanins, flavonoids, oxylipins, 
phenolics, and even hormones such as auxin and cytokinin with implications in cell 
signaling [123]. While the ligand binding to the L-site is non-competitive with the 
substrate binding to H-site but recently it has interestingly been shown that the ligand 
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binding promotes the glutathione-conjugating activity of Arabidopsis thaliana 
GSTF2 (AtGSTF2) [135]. The same study also pointed out that, AtGSTs are involved 
in more instances of signaling and transport rather than in GSH mediated conjugation 
reactions. Some of the identified ligands for AtGSTF2 are camalexin, 1-acetyl-β-
carboline, indole-3-aldehyde, lumichrome, harmane, norharmane and quercetin-3-
O-rhamnoside [135]. Also, these observations highlight that plant GSTs have 
continuously evolved regulatory non-catalytic functions in addition to their ability 
to selectively bind the biologically active ligands. In some more examples as such, 
tau class GSTs from Arabidopsis (AtGSTUs) and Zea mays (ZmGSTUs) have been 
shown to bind selectively to fatty acids and porphyrins respectively [136]. But it is 
surprising to note that to this date far less enthusiasm has been put into understanding 
the GSTs ligand binding properties, rather the effort has been converged to 
understand the GSH-dependent catalytic activities [137]. Thus, addressing the ligand 
binding properties of plant GSTs could not only provide additional information on 
diversification of the GST families and future agronomic values but also provide the 
basis for the design of new engineered GSTs with altered ligandin properties [138]. 

1.11 Applications of GSTs 
Because of their role in xenobiotics detoxification and protection from oxidative 
stress, GSTs have found various applications in medicine, environment protection, 
and sustainable livelihood practice. Some of their applications are discussed below. 

1.11.1 Role of GSTs in cancer and chemotherapeutics 
Cancer as complex is the disease, the treatment is even more complicated by several 
factors. Some factors include the limited capability of chemotherapeutic agents to 
selectively target cancer cells and avoid side effects, chemoresistance attained by 
tumors, metastasis, and relapse. Glutathione transferases are responsible to detoxify 
several traditional anti-cancer drugs and are involved in cell signaling pathways that 
govern cell division. Unfortunately, cancer cells exploit the detoxifying power of 
GSTs to acquire drug resistance and avoid cell death. As a result, several GSTs 
members are found overexpressed in varieties of cancers. The overexpression of 
GSTs has been correlated with the increased detoxification of antineoplastic drugs 
[139], thus contributing to multi-drug resistance (MDR). Some of the common 
traditional chemotherapeutic drugs such as chlorambucil, cyclophosphamide, 
melphalan, thiotepa, cisplatin, and carmustine are directly conjugated with GSH and 
inactivated by GSTs [140].  

Recently, GST isoenzyme’s involvement in modulating cell signaling pathways 
that control cell proliferation and apoptosis has been shown [141].GSTs are involved 
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in promoting the MDR by the inhibition of c-Jun N-terminal kinase (JNK) signaling 
pathways. JNK is one of the key signaling cassettes of the mitogen-activated protein 
kinase (MAPK) signaling pathway. The module plays an important role in apoptosis, 
inflammation, cytokine production, and metabolism. Thus, inhibition of JNK 
pathways particularly by GSTP1 helps tumor cells evade apoptosis and metastasize 
[142]. The GSTP1:JNK1 protein-protein interaction is also one of the first 
discoveries in the GST-mediated MAPK regulation [141]. The human 
GSTM1/GSTP1 also has been continuously explored as a possible molecular target 
for chemotherapy as a plausible means to sensitize drug-resistance tumors that 
overexpress GSTs [43]. However, much needs to be explored regarding the role of  
GSTM1 isoenzymes in chemoresistance but some are already found to take part in 
the anti-cancer drugs detoxification [143]. In addition, the high expression of GSTP1 
in cancer cells supplemented by its role as an enzyme detoxifying anti-cancer drugs 
and an inhibitor of apoptosis, GSTP1 is a promising cancer therapeutic target. While 
still much remains to be explored about these interactions in detail, GSTP1 inhibitors 
are certainly important therapeutic agents for cancer and other diseases associated 
with abnormal cell proliferation (Table 5). 

Table 5.  Examples of different classes of GST inhibitors. GSH analogs compete with GSH for 
binding to the enzyme. Natural products and small molecules directly bind to the active 
site of GSTs and inhibit their function. 

Inhibitor class Examples 

Natural products Aloe emodin and Benastatin A 

Small molecules Ethacrynic acid (EA), NBDHEX, Nitazoxanide (NTZ) and 
Haloenol lactone (HEL) 

GSH analogs  TLK117, TLK 119 

1.11.2 GSTs as prodrugs in cancer therapy 
The GSH-conjugation function of GSTs can also be exploited in the activation of 
certain prodrugs used in the cancer therapy [144]. GSTs overexpression in cancer-
specific cells is the key to the prodrugs bioactivation [145]. Prodrugs are not 
pharmacologically active in vitro, while their introduction in vivo followed by certain 
enzymatical modifications convert them into active drug molecules. The main 
advantage of prodrugs is that they minimize the damage to non-cancerous cells while 
maximizing their effect on the target cells. Several inactive cytotoxic agents are 
available which can be converted into active drugs. Examples include canfosfamide 
(TLK286), nitric oxide (NO) prodrugs, metformin analogs, and doxorubicin analogs 
(DOX). Thus, effective drug activity is ensured in the prodrug activated cancer cells 
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with overexpressed GSTs. The active drug concentration will be much lower in 
normal cells with normal GSTs levels, posing less damage [144, 146]. An example 
of prodrug activation by GST is shown below (Fig. 10).  

Figure 10.  GSH conjugation reaction with nitric oxide releasing agent. Two molecules of nitric oxide 
are subsequently released along with the diazeniumdiolate anion. A high level of nitric 
oxide in cancer cells can induce apoptosis [147]. 

1.11.3 GSTs as biosensors 
The ability of GSTs to catalyze GSH-conjugation reactions has been explored for 
the determination of biosensors for direct monitoring of environmental pollutants, 
such as herbicides and insecticides [148–151]. Studies in GSTs mostly relate to their 
biological relevance,  but the enzyme can also be developed as an analytical probe 
[149]. Biosensors can offer a cheap, fast, and easy assessment of environmental 
pollutants. Biosensors can provide real-time qualitative and quantitative information 
with minimum sample preparation and generate data of superior accuracy [18]. Early 
detection of toxic compounds is critical to avoid their circulation in the ecosystems 
that pose threats to human health through food chains. With the developments in 
enzyme engineering, new mutants of GSTs with altered xenobiotic-binding 
properties can be studied and screened for bio-sensing and bio-scavenging [152]. 
The enzymatic biosensors cannot only be used in agriculture for sensing the 
contaminants in the soil but they can also be used in direct monitoring of 
chemotherapeutic drug concentration in humans.  

Different GST isoenzymes have already been used as electrochemical or 
potentiometric biosensors to detect several herbicides, such as atrazine [149], 
malathion [148], molinate [153], α-endosulfan [108], insecticides DDT [154], 
dieldrin, and spiromesifen. In fact, due to the high usage of certain herbicides like 
alachlor, there is a significant deposition of the remnants of the toxic chemicals in 
food and water, which pose serious effects to human health worldwide [155]. To 
deal with this problem, efficient GST-based optic biosensors have been developed. 
The method utilized an engineered GST enzyme (GmGSTsf) which was 
immobilized on a polyvinylidenefluoride membrane [156]. 

The GST-based biosensors also have applications in quantifying anticancer 
drugs in patients [157]. To optimize cancer therapy and minimize the risks associated 
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with drug overdose or underdose, it is essential to monitor the concentration of active 
cancer medications in patients. There are currently several HPLC-detector based and 
probe-based techniques available but these methods have their limitations [157]. For 
example, the HPLC-based techniques are more expensive, and the probe-based 
technique is not suitable for broad varieties of anti-cancer drugs. In that light, GST-
based biosensors are more effective, they can bind a wide array of cancer drugs 
efficiently and provide a strong signal. Thus, it is important in the future to explore 
the structural and catalytic promiscuity of GSTs for the design of engineered and 
robust GST variants for developing biosensors that have wide applications from 
agriculture and environment to precision medicine. 

1.11.4 Applications of GSTs in agriculture 
In agriculture, GSTs have been studied in the development of transgenic plants with 
increased resistance to biotic and abiotic stresses [158–160]. Specific phi class 
glutathione transferases (GSTF) are overexpressed in multiple-herbicide resistant 
(MHR) weeds e.g. Alopecurus myosuroides GSTF (AmGSTF) and Lolium rigidum 
(LrGSTF) and thus the GSTFs represent a promising target against the MHR weeds 
[92]. Furthermore, the ubiquitous nature of the enzyme and its ability to detoxify a 
wide range of pesticides, herbicides, and pollutants contribute to the development of 
herbicide-tolerant crops. For example, the overexpression of GSTs from maize and 
soybeans in wheat and tobacco to detoxify chloroacetanilides and diphenyl ether 
herbicides respectively [161, 162] ensured enhanced plant survival. Similar work has 
also been performed in other GSTs classes such as the lambda and zeta. Such as 
overexpression of zeta class GST has been performed to develop low-temperature 
tolerant rice species [163]. Also, the overexpression of lambda class GSTs could be 
a good strategy for increased stress tolerance in several crops [164]. Thus, the ability 
of GSTs to maintain tolerance to various stress conditions, for example cold, salinity, 
and drought, by detoxification of xenobiotic compounds and reactive oxygen species 
(ROS) could be exploited further in the development of new crop protection agents 
and tools to counteract herbicide resistance. 
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2 Aims of the thesis 

The thesis aimed to provide structural and functional insights into i) plant phi class 
GSTs (GSTF) from Alopecurus myosuroides (blackgrass) and Lolium rigidum 
(ryegrass) ii) mammalian mu class GSTs (GSTM) from Camelus dromedarius 
(camel) and Homo sapiens (human). 

The specific aims are given below: 

I. To obtain structural and functional information of the plant phi class 
GSTs AmGSTF and LrGSTF involved in herbicide resistance. 

II. To obtain structural and functional information about the mammalian 
mu class GSTs, CdGSTM1 and hGSTM1-1. 

III. To explore the active sites of different GST enzyme classes and 
understand the recognition and binding mechanism of various substrates 
and inhibitors into the active site. 

IV. To compare the structures of AmGSTF, LrGSTF, CdGSTM1, and 
hGSTM1-1 with other GSTs within the same class to better understand 
the catalysis and specificity of the enzymes. 
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3 Materials and Methods 

The Materials and Methods are divided into five sections: expression and 
purification, crystallization, data collection and processing, structure determination, 
and analysis. 

3.1 Expression and purification 
AmGSTF and LrGSTF were cloned and expressed in E.coli and purified by affinity 
chromatography [165]. In brief, E. coli transformants harboring the recombinant 
plasmid were plated on LB agar medium. The expression was induced by isopropyl-
1-thio-β-galactopyranoside (IPTG) in appropriate medium for 24 h at 37 °C. The 
culture was then centrifuged, resuspended in lysis buffer, and sonicated. The 
resultant cell lysate was centrifuged and the enzyme supernatant was loaded on a 
Ni2+-IDA-Sepharose affinity chromatography adsorbent for purification [132]. The 
enzymes were eluted with buffer containing imidazole. The enzyme purity was 
evaluated by 12% SDS-PAGE. All purification steps were carried out at 4 °C. 

The recombinant CdGSTM1-1 was expressed as described by Pouliou et al., 
2017 [166]. E. coli BL21 (DE3) cells harboring recombinant plasmid were grown at 
37 °C in LB medium containing ampicillin. The expression was induced by IPTG. 
The culture was then centrifuged, resuspended in potassium phosphate buffer, 
sonicated, and centrifuged. The protein supernatant was used for affinity 
chromatography using GSH-Sepharose matrix. The protein purity was determined 
by 12% (w/w) SDS-PAGE. 

hGSTM1-1 was expressed and purified as described by Georgakis et al., 2017 
[165]. Recombinant E. coli cells were grown in LB medium containing kanamycin. 
Affinity chromatography using glutathione immobilized on agarose was employed 
for purification. Protein purity was >98% as determined by 12% SDS-PAGE. Protein 
concentrations for all enzymes were determined with the Bradford method [167] 
using BSA as standard.  
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3.2 Crystallization 

3.2.1 AmGSTF crystallization 
Before setting up crystallization trials, the purified AmGSTF was concentrated to ~ 
6mg/mL in 10 mM HEPES and 100 mM NaCl (pH 7.0) buffer solution. 
Crystallization trials were set up in commercial screens with 96-well plates using the 
sitting-drop vapor diffusion method at 20 ℃. The plates were inspected in an 
automated fashion at regular time intervals with a Formulatrix RockImager. Crystals 
were found in the PACT crystallization screen. The PACT suite consists of 96 
solutions with different salt, buffer, and precipitant formulations [168]. Crystals of 
AmGSTF were found in conditions 2 and 38 of the PACT crystallization screen. 
Although data were collected from both the crystal conditions, only crystals 
(Fig.11a) from condition 2 (25% w/v PEG 1500, 0.1 M SPG, pH 5) gave good 
diffraction data that could be processed. 

3.2.2  LrGSTF crystallization 
Before crystallization, LrGSTF was concentrated to approximately 15 mg/mL in 10 
mM HEPES buffer, 100 mM NaCl, pH 7.0. The crystallization trials were set up in 
five commercially available crystallization screens in 96-well plates at 20 ºC and 
inspected with a Formulatrix RockImager. Crystals in the presence of 10 mM S-(4-
nitrobenzyl)glutathione (Nb-GSH) were found in the MIDASplus screen (Molecular 
Dimensions), condition 21 (20% w/v Sokalan PA 25CL, 0.1 M HEPES buffer pH 
7.0, 0.1 M Sodium tartrate) (Fig.11b). The MIDASplus screen consists of new 
precipitants, such as Sokalan PA 25 CL, PPGBA 230, or Sokalan CP45 as 
alternatives to polyethylene glycols (PEGs) based screens [169]  

3.2.3 CdGSTM1 crystallization 
Purified CdGSTM1 protein was concentrated to 10 mg/mL in a buffer containing 10 
mM HEPES and 150 mM NaCl (pH 7.0). Crystallization trials were set up with the 
hanging drop vapor diffusion method. Each drop consisted of 2.0 µL of protein 
solution mixed with 2 µL of the reservoir (Tris-HCl 100 mM, PEG 4000 24% (w/v), 
sodium formate 0.2 M, pH 8.6). The plates were left for equilibrium at 16 ℃. N-
nitrobenzyl-glutathione (Nb-GSH) was used to a final concentration of 2.5 mM from 
a stock solution (100 mM in 0.1 M KNa phosphate buffer, pH 7.0). Similarly, under 
the same conditions, the crystallization of free CdGSTM1 was carried out (Fig.11c). 
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3.2.4 hGSTM1-1 crystallization 
Prior to crystallization, hGSTM1 protein was concentrated to 10mg/mL in buffer 
solution containing 10 mM HEPES (pH 7.5), 150 mM NaCl, NaN3 0.002% w/v. 
Crystals were produced with the hanging-drop vapor diffusion method using a 
reservoir solution of HEPES 0.1 M (pH 7.2), PEG 6000 18% (w/v) and ammonium 
chloride 0.2 M (Fig.11d).  

                 
           a.                                      b.                                  c.                                     d. 

Figure 11.    Crystals of the GST enzymes used in the thesis (a) AmGSTF (b) LrGSTF (c) 
CdGSTM1 (d) hGSTM1-1. 

3.3 Data collection and processing 

3.3.1 AmGSTF data collection and processing 
Data were collected on the P14 beamline (PETRA III, DESY, Hamburg) with an 
EIGER 16 M detector at cryogenic temperatures. Glycerol 5% v/v was added to the 
crystallization solution for cryoprotection. The total exposure time was 20s and 2500 
diffraction frames were collected at 0.9762 Å wavelength (exposure time per frame 
0.008 s) to 1.33 Å resolution. The data processing was carried out with EDNA [170] 
and scaling with AIMLESS [171]. The crystal was found to belong to the P1 space 
group with two molecules in the crystallographic asymmetric unit as judged by the 
Matthews coefficient [172].  

3.3.2 LrGSTF data collection and processing 
Data were collected on the P14 beamline (PETRA III, c/o DESY, Hamburg, Germany) 
with an EIGER 16M detector. Data were collected to 1.90 Å resolution with a total 
exposure time of 28s at 0.9762 Å wavelength and an exposure time per frame of 0.021s 
(total number of frames 1333) under cryogenic temperatures with 20% glycerol as 
cryoprotectant. Data processing was carried out with XDS [173] followed by merging 
and scaling with AIMLESS [171] through the EDNA pipeline [170]. 
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3.3.3 CdGSTM1 data collection and processing 
X-ray data collection was carried out on the P13 beamline at PETRA III (DESY, 
Hamburg) at cryogenic temperature (100K) from crystals frozen with liquid N2 under 
cryogenic temperatures in the presence of 20 % v/v glycerol as cryoprotectant.  

3.3.4 hGSTM1-1 data collection and processing 
X-ray diffraction data were collected on the P13 beamline at PETRA III (DESY, 
Hamburg) at cryogenic temperature (100K) from flash cooled crystals with liquid N2 
in the presence of 20% (v/v) glycerol as cryoprotectant. A Dectris Pilatus 6M 
detector was used and the total exposure time was 120s for 3000 frames (0.04 s per 
frame). The data were processed with XDS and AIMLESS. 

3.4 Structure determination 

3.4.1 AmGSTF structure determination 
The CCP4i2 suite [174] was used for the structure determination of AmGSTF. An 
automated search model was generated and automated molecular replacement (MR) 
was performed with MrBUMP [175] incorporated within the CCP4i2 suite. 
MrBUMP is an automated scheme for MR, which requires a proper input of 
sequence files and reflection data related to the structure. The program automatically 
searches for homologous structures, creates suitable search models from template 
structures, and performs molecular replacement. MrBUMP can also test the structure 
solution with some rounds of restrained refinement. Although automated MrBUMP 
uses several existing programs to iterate different steps, MR itself is performed in 
PHASER or MOLREP [176] and sequence alignment is performed in ClustalW. A 
total of six search models were generated and the best solution was derived from 
GST-III from Zea mays (PDB id 1aw9) template (sequence identity 48%). The best 
solution was used for automated model building with Buccaneer [177] in the CCP4i2 
suite. The output from Buccaneer is a coordinate (PDB) file of the model which is 
visualized in COOT [178] for further manual building and refinement. Each step of 
model building was followed by manual inspection of 2|Fo|-|Fc| and |Fo|-|Fc| electron 
density maps and refinement via REFMAC [179]. The final refined structure has 
Rwork/Rfree value of 0.131/0.163 (5% of the reflections set aside for Rfree calculations). 
Manual building to the model included fixing the incorrect rotamers, sidechain flips 
in Asn and Gln residues, and addition of ligands and waters carried out in COOT. 
The addition of GSH to the structure was carried out based on |Fo|-|Fc| electron 
density difference maps. Furthermore, an additional density was seen near GSH at 
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the active site and was subsequently modeled as succinic acid (SIN) from the SPG 
(succinic acid, sodium dihydrogen phosphate, and glycine) buffer solution. Cys120 
was found in the oxidized state and modeled as S-hydroxycysteine. In addition, a 
globular density was observed next to the sulfur atom of GSH which was ultimately 
modeled as glutathione sulfenic acid (GSOH) (GS8 in PDB 3-letter code) in both the 
subunits. The summary of crystallographic data collection and final refinement 
statistics are shown in Table 6. 

3.4.2 LrGSTF structure determination 
The structure was determined with molecular replacement using PHASER [180] as 
implemented in PHENIX v.1.17.1-3660 [181]. A homologous structure search was 
performed manually and a search model was constructed from Zea mays GST (PDB 
id 1bye, 62.4% seq. identity) with SCULPTOR [182]. SCULPTOR is used to 
truncate the search models and it typically operates by trimming loops and side 
chains from the search model with poor sequence alignment to the target sequence. 
According to the solvent content calculations, six molecules were expected in the 
asymmetric unit. All six molecules of LrGSTF were located and the resulting 
solution was set for automated building followed by manual rebuilding in COOT 
and refinement in PHENIX. Among all the molecules, molecule C displayed electron 
density for all the residues, including the six His residues from the purification tag 
at the C-terminal. The final Rwork/Rfree of 0.165/0.203 was achieved with the iterative 
refinement process and rebuilding (Table 6). Based on the |Fo|-|Fc| electron density 

difference map, a molecule of S-(p-nitrobenzyl)-glutathione (Nb-GSH) was added 
to five of the LrGSTF subunits while in the sixth subunit (subunit D), a molecule of 
GSH was added. 

3.4.3 CdGSTM1 structure determination 
The CdGSTM1 structure was solved with molecular replacement using the ligand-
free human glutathione transferase M1a-1a (PDB id 1gtu) as a search model. 
MrBUMP was employed resulting in an initial solution with Rwork/Rfree of 0.29/0.33 
after 30 cycles of restrained refinement in REFMAC. The refinement was finally 
carried out in PHENIX using simulated annealing at 1000 K and maximum 
likelihood as a target function. Refinement was alternated with model building and 
validation steps. The protocol yielded final structures with Rwork/Rfree of 0.195/0.252 
for CdGSTM1- Nb-GSH and 0.206/0.273 for the CdGSTM1-GSH complex (Table 
6).  
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3.4.4 hGSTM1-1 structure determination 
The structure was determined by molecular replacement using the structure of ligand 
free hGSTM1-1 (PDB id 1gtu) as a search model in PHASER [180]. Refinement 
was carried out with PHENIX v. 1.17.1-3660 [181] using simulated annealing and 
maximum likelihood as a target function. Structure visualization and rebuilding were 
carried out with COOT [178]. Structure validation was performed using COOT and 
PHENIX validation tools (Table 6). 

3.5 Structure validation and analysis 
Structure validation was initially carried out with validation tools in COOT [178]. 
The MolProbity package [183] implemented in the PHENIX suite was also used to 
identify and resolve problematic regions such as steric clashes, basic geometry, and 
phi/chi angles in peptide bonds. In addition, the MolProbity web server 
(http://molprobity.biochem.duke.edu/) for structural deposition was used in the final 
steps to analyze the structure quality and refinement statistics.   

Furthermore, the PDBePISA web server (https://www.ebi.ac.uk/pdbe/pisa/) was 
used to analyze enzyme interfaces and assemblies [184]. The PDBeFold 
(https://www.ebi.ac.uk/msd-srv/ssm/) webserver was used in the investigation of 
new GST structures for similarity against the entire PDB archive and to generate a 
3D structure alignment [185]. The PDBsum [186] webserver was used to examine 
the topology of the proteins, particularly the secondary structure elements (SSEs) 
and the contributing residues, protein-substrate interactions, and cavities and 
grooves in the protein structure. Multiple sequence alignment was performed in 
ClustalW [187]. Structure-based superpositions and structure-based multiple 
sequence alignment were performed in UCSF Chimera [127] with the embedded 
MatchMaker tool. The sequence alignment outputs were formatted and colored using 
ESPript (https://espript.ibcp.fr/) for the visualization [188]. All the final structures 
were manually analyzed and figures were generated in UCSF Chimera [127], 
PyMOL [189], and Discovery Studio (BIOVIA, Dassault Systèmes).  

http://molprobity.biochem.duke.edu/
https://www.ebi.ac.uk/pdbe/pisa/
https://www.ebi.ac.uk/msd-srv/ssm/
https://espript.ibcp.fr/
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Table 6. Data collection and refinement statistics. 

Data Collection AmGSTF LrGSTF CdGSTM1-
NbGSH 

CdGSTM1-
GSH 

hGSTM1-1 

Resolution range (Å) 41.3–1.33 
(1.37–1.33) 

66.68–1.90 
(1.93–1.90) 

66.68–2.05 
(2.11–2.05) 

95.9–2.55 
(2.64–2.55) 

52.8–1.59  
(1.65–1.59) 

Space group P1 P21 P21 P212121 P21 
Unit cell dimensions 
a, b, c (Å) 

50.3, 50.7, 
51.6 

92.6,98.5, 
95.9 

50.4, 177.4, 
59.4 

50.8, 150.2, 
191.8 

49.1, 211.2, 
49.4 

α, β, γ (°) 97.7,110.2,1
10.9 

90,109.1,90 90, 115.0, 
90 

90,90,90 90,116.2,90 

No. of measurements 631790 
(4413) 

486200 
(18253) 

192763 
(11609) 

323629 
(30311) 

310250 
(18421) 

Unique reflections 93011 
(1536) 

126068 
(5801) 

55058 
(4146) 

49030 
(4404) 

112127 (8772) 

Completeness (%) 94.9 (45.8) 98.6 (91.5) 93.5 (90.5) 100 (100) 93.36 (73.05) 
Mean I/sigma (I) 17.3 (1.7) 7.4 (1.4) 5.0 (1.4) 10.3 (0.9) 10.6 (2.0) 
Wilson B-factor (Å2) 16.0 21.15 33.18 49.03 20.74 
Rmeas 0.054 (0.69) 0.113 

(0.862) 
0.175 
(1.593) 

0.188 
(2.369) 

0.064 (0.466) 

CC1/2 1.0 (0.70) 0.997 
(0.843) 

0.984 
(0.305) 

0.997 
(0.348) 

1.0 (0.78) 

Refinement      
Reflections 
(work/test) 

88547/4463 125811/182
9 

54874/2627 48915/2393 112117/5544 

Rwork/Rfree 0.131/0.163 0.165/0.203 0.195/0.252 0.206/0.273 0.1983/0.2358 
No. of non H-atoms 4008 11820 7762 7564 8454 
Macromolecules 3486 10508 7232 7232 7258 
Ligands 70 239 127 81 7 
Solvent 438 1073 403 251 1149 
RMS in bonds (Å) 0.012 0.006 0.008 0.008 0.007 
RMS in angles (°) 1.53 0.81 0.92 0.96 0.90 
Ramachandran 
favored (%)   

97.4 96.84 96.1 95.9 98.50 

outliers (%) 0.5 0.39 0.5 0.7 0.12 
Average B-factor (Å2) 22.1 36.28 55.6 59.1 25.39 
PDB Ids 6riv 6zb6 7opy 7opz 7beu 

Statistics for highest-resolution shell are shown in parenthesis. 
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4 Results and Discussion 

4.1 Structural studies of Alopecurus myosuroides 
GSTF 

4.1.1 Crystal structure of AmGSTF 
The quaternary structure of the enzyme is a homodimer. The homodimer assembly 
consists of two identical subunits, namely A and B, which are related by a 2-fold 
symmetry (Fig.12a and b). Each subunit comprises 217 amino acids and the root 
mean square deviation (RMSD) between the subunits is 0.22 Å. The RMSD value 
suggests that the A and B subunits are almost similar though subtle differences exist. 
The AmGSTF structure displays the characteristic canonical GST fold, which 
consists of two distinct domains: a small N-terminal domain (residues 1-79) and a 
larger C-terminal domain (residues 91-214). The N-terminal domain adopts a typical 
thioredoxin fold, in which four-stranded β-sheets (β1, β2, β3, β4) are flanked by two 
large α-helices, α1 (residues 12-26) and α3 (residues 67-79). The N-terminal domain 
also consists of a much smaller and irregular α2-helix (residues 44-47) which runs 
slightly outside and above the four β-strands. The β-strands are arranged in the order 
β1 (residues 4-8), β2 (residues 28-38), β3 (residues 56-60), and β4 (residues 63-66) 
with the β3 strand oriented antiparallel to other strands. On the other hand, the C-
terminal domain is an exclusive α-helical domain and comprises six α- helices, 
namely α4 (residues 92-128), α5 (residues 133-156), α6 (residues 167-181), α6´ 
(residues 185- 190), α7 (residues 192- 202) and α8 (residues 204-214). Helix α4 is 
the longest helix that runs across the entire enzyme monomer and displays a 
distinctive kink in middle, possibly an evolutionary feature to cover the active site 
of the enzyme. In addition, the α4 helix almost runs parallel with the α5 helix. All 
helices are arranged in a right-hand spiral architecture. The C-terminal domain is 
connected to the N-terminal domain between the α3 and α4 helices with a short linker 
sequence (residues 80-91). The molecular surface view of the AmGSTF structure 
revealed that the C- and N-terminal domains form a cleft in the middle of the 
molecule that serves as the active site (Fig. 12c). The active site can accommodate 
glutathione and various xenobiotic substrates. 
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                           a.                                                                                    b. 

  
c. 

Figure 12. a. Ribbon representation of subunits A and B of the AmGSTF dimer. Subunits A and B 
are colored light blue and olive, respectively. b. Subunit A of the dimer. The subunit is 
colored according to the secondary structure elements. The α-helices are colored light 
blue, β-strands are colored green, and the loops are shown in grey color. Bound GS8 
and SIN molecules are shown in stick representation, in the active site, and colored by 
elements. c. The molecular surface of an AmGSTF dimer is colored according to 
electrostatic potential (blue = positive and red = negative). The close-up view of the 
active site cleft with bound ligands (ball and stick representation) is shown on the right. 

4.1.2 Subunit-subunit interface analysis 
The enzyme interface analysis revealed that, of the total 217 residues in each subunit, 
194 residues from subunit A and 191 residues from subunit B are present at the 
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enzyme´s surface. Out of the total number of residues on the surface, only 32 residues 
from subunit A and 33 residues from subunit B are involved in interface interactions, 
which is 15% of the total number of residues in the enzyme assembly. The AmGSTF 
interface area is 1407.5 Å2 and the solvation free energy gained upon the interface 
formation is -20.9 kcal/M, suggesting good enzyme stability. The interface area is 
slightly bigger than other Phi class GSTs (1axd, 1371.6 Å2; 6f01, 1297.8 Å2 ; 5ey, 
1320 Å2 ; 5f06, 1377.0 Å2 ; 5f07, 1334.5 Å2). There are predominantly two types of 
interactions identified in the subunit interface: salt bridges and hydrogen bonds. Both 
types of these interactions are responsible for the stabilization of the protein-protein 
interface. A total of 10 salt bridges and 5 hydrogen bonds are identified between the 
AmGSTF subunits. The most prominent salt bridge interaction at the interface occurs 
between Asp99 and Arg77. This interaction probably administers the stability, 
structural communication, and synergism observed in the kinetic studies of AmGSTF 
(PAPER I).  

4.1.3 The glutathione (GSH) binding site (G-site) 
The AmGSTF structure was solved with a bound glutathione sulfenic acid (GSOH; 
GS8 in PDB 3-letter identification code) and succinic acid (SIN) in each of the 
subunits. Their presence in the structure allowed the delineation of G- and H-site 
residues that constitute the active site cavity. GSOH is assumed to be a probable 
intermediate of the GST´s glutathione peroxidase catalytic activity and it was 
possibly formed during crystallization following the oxidation of the -SH group of 
GSH. The GSOH corresponds to an intermediate that is formed between the reaction 
of GSH and hydroperoxides [190]. In the G-site, the glutamate portion of GS8 
interacts with the Glu67 and Ser68 as in other GST structures. The main chain amide 
and hydroxyl groups of Ser68

 are located 2.89Å and 2.63Å from the γ-Glu moiety 
and are involved in hydrogen-bond interactions. The complete conservation of Glu67 
and Ser68 signifies their critical role in GSH binding. Pro56 and Asn14 are also 
involved in weak van der Waals interactions with the glutamate group of GS8. 
Similarly, Arg19 and Arg69, which are highly conserved, also interact with the γ-Glu 
moiety and possibly play a role in the correct orientation of GSH in the active site. 
The cysteinyl moiety of the bound GSOH forms a hydrogen bond with Ile55 and the 
-SOH group is in the H-bonding distance (3.18 Å) with the hydroxyl group of Tyr118. 
On the other hand, the catalytic residue Ser12 is positioned close to the GSOH moiety 
in the α1-helix. Similarly, the glycyl moiety of the bound GSOH forms an H-bond 
with Lys42 and Gln54. The glycyl portion also interacts via weak van der Waals forces 
with Gly53, located in the α2-β3 region (Fig. 13a and b). Most of the residues 
involved in G-site binding are highly conserved, implying the importance of accurate 
orientation of glutathione in the enzyme cleft.  
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Figure 13. a. GS8 and SIN (colored in grey) in the AmGSTF active site. The active site residues 

are colored in light blue. b. Details of GS8 interacting residues in the G-site c. SIN 
interacting residues in the H-site.  

4.1.4 The substrate-binding site (H-site) 
The H-site of AmGSTF is located next to the G-site and formed by residues from 
three regions, namely, Met11-Asn14 located at the end of the β1-α1 loop and the 
beginning of α1 helix in the N-terminal domain, residues Asp35-Glu40 from the β2-
α2 loop, and residues Tyr118-Arg12 located at the C-terminal end of α4-helix. A 
molecule of succinic acid (SIN) from the crystallization buffer was found bound at 
the H-site. In fact, this is the first time that a negatively charged molecule is found 
in the H-site, suggesting that AmGSTF may participate in additional regulatory roles 
and function in primary and secondary metabolism. The H-site is a strict 
hydrophobic pocket created by residues Met126, Phe122, Tyr118, Tyr178, Tyr175, and an 
STN motif formed by Ser12, Thr13

, and Asn14 residues. The STN motif is part of a 
conserved STNV catalytic motif located in the α1 helix of the G-site. All these 
residues are orientated towards the center of the H-site cavity. These hydrophobic 
pocket residues are mostly not conserved, which probably modulates the H-site 
shape, size, and specificity depending upon the variability of the hydrophobic 
substrates. The carboxylate group of SIN at one end was found to participate in H-
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bonding interactions with -OH and the main chain -NH group of Thr13 located at 2.7 
Å and 2.8 Å distance respectively (Fig.13a and c). However, at the other carboxylate 
end of SIN, the interaction is weak with the hydroxyl group of Tyr118 (distance 3.3Å). 
The SIN molecule was also found in hydrogen bonding distance with the -SOH 
group of the bound GS8 (distance 2.7Å). The binding residues and localization of 
SIN in the H-site cleft are shown in Fig. 14.         

 
Figure 14. a. Molecular surface view of AmGSTF monomer. The surface is colored according to 

the electrostatic potential (blue=positive, red=negative). b. close-up view of the G- and 
H-sites. SIN and GS8 are depicted with mesh surface and neighboring active-site 
residues are labeled.   

4.1.5 Comparison of AmGSTF with PtGSTF1 
The AmGSTF structure is superimposed and aligned with Populus trichocarpa phi 
class GST (PtGSTF1) with an RMSD value of 1.62 Å (37% sequence identity for 
201 aligned residues). The most significant differences were observed in three 
structural zones. First, the linker loop region between N- and C-terminal domains 
(α3-α4); Second, the α4 helix and third the β2-α2 region (Fig. 15a, b). Importantly, 
the upper part of the α4-helix is involved in the formation of the H-site cavity. In 
general, it adopts different conformations that may have an impact on the H-site 
properties of ligand binding. For example, the AmGSTF α4-helix is longer by three 
residues (Pro124-Met126) than its PtGSTF1 counterpart while in PtGSTF8 it moves 
away from the H-site. Furthermore, comparative studies of the α4-helix 
conformation with tau class GSTs [191] revealed that the AmGSTF α4-helix 
occupies the C-terminal H9 helix of tau class GSTs and provides a lid-like 
architecture over the H-site (Fig.16a). To complement the length and `lid-like´ 
design of the AmGSTF α4 helix, the α8-helix points away from the H-site, and thus 
clashes between the α4 and α8-helices are not possible (Fig. 16a).  
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Furthermore, as discussed earlier, the sharp kink displayed by the α4- helix at its 
middle results in a slight curvature of its second half over the active site. A 
moderately conserved Pro111 is spotted in the proximity of the kink (Fig. 16b). 
However, it is substituted by an Ala and Asp in other GSTFs with similar kinks, thus 
Pro111 might not solely be responsible for the kink. Nevertheless, GSTF structures 
with conserved Pro at this location displayed more prominent bending towards the 
active site. For example, in PtGSTF8, which has an Asp instead of Pro at this 
location, the α4-helix has moved away from the H-site.  

 
Figure 15.  a. A ribbon representation of superimposed AmGSTF monomer (light blue) onto 

PtGSTF1 (olive). The G- and H-sites are designated with mesh surfaces and labeled. 
The GS8 and GSH binding in the G-site is omitted for visual clarity of the active site. 
MES and SIN bound in the respective H-sites of PtGSTF1 and AmGSTF are displayed 
in sticks and colored according to the parent monomer. b. A licorice representation of 
the aligned enzymes for good visual. 

On the other hand, the SIN position in the H-site of AmGSTF is also found similar 
to 2-(N-morpholino)-ethanesulfonic acid (MES) binding in the PtGSTF1 structure 
[192]. However, the SIN was refined with full occupancy in the AmGSTF structure 
unlike the reduced occupancy assigned to MES in the PtGSTF1 structure. This 
suggests that SIN can occupy the active site at the same time with GSH. However, 
the contact between SIN and GS8 is largely via weak interactions with no covalent 
bonds found. MES participates in hydrogen bonding with PtGSTF1 His119, which is 
structurally equivalent to Tyr118 residue in AmGSTF but is not highly conserved in 
phi class GSTs. In other phi class GSTs, the Tyr118 in AmGSTF is found substituted 
by other residues namely Phe118 (aromatic), His (charged residue), or Leu (non-polar 
residue), suggesting that it may play a vital role in ligand specificity, recognition, 
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and binding. In addition, Phe122 involved in van der Waals interaction with SIN and 
MES molecules is replaced by other non-polar/hydrophobic residues in other GSTFs 
(Fig. 17), emphasizing the role of Phe122 in substrate recognition and binding. 

 
a. 

 
b. 

Figure 16. a. Superposition of AmGSTF (light blue) and tau class Glycine max GSTU4 (GmGSTU4) 
(dark green; PDB id 4top). The magnified view of C-terminal helices of AmGSTF and 
GmGSTU4 are shown at the right and labeled α8 and H9 respectively; the α4 helix is 
also labeled. b. Structure-based alignment of AmGSTF (light blue) with PtGSTF1 (olive); 
PtGSTF2 (magenta); ZmGST-I (cyan); AtGSTF9 (yellow); PtGSTF7 (gray); PtGSTF8 
(red). On the right, is the closeup view of an upper α4-helix region of the superimposed 
GSTF structures.  
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4.1.6 Comparison with phi class GST enzymes 
The secondary structure matching showed that a 40-50% sequence identity and 
almost 70-90% conservation in secondary structural elements (SSEs) in AmGSTF 
with other phi class GSTs. The lowest RMSD value of 0.88Å was found with Zea 
mays GST-I (PDB id 1axd). The corresponding sequence identity and SSEs 
similarities were 65% and 80% respectively for the alignment. The RMSD of 
AmGSTF chain A for the chosen superimposed structures was found less than 2 Å. 
The structural motif 67ESR, which is involved in stabilizing the γ-glutamyl moiety 
of GSH via hydrogen bonding and Columbic interactions, is located at the N-
terminal end of α3-helix is conserved in all the structures. This again emphasizes the 
critically important orientation of GSH in the active site for enzyme function. The 
conservation of core residues is linked to the same set of catalytic properties on the 
same xenobiotic and thiol substrates observed in the substrate specificity studies 
(PAPER I). Also, another structural motif, 160LGAD, a linker sequence between the 
α5 and α6 helices, is conserved in every structure and may play an important role in 
maintaining structural integrity and GST´s conserved enzyme fold (Fig. 17). 
Pro51and Gly53 located at the end of α2-helix and Pro56 at the beginning of the β3 
strand are strictly conserved in all structures and are responsible for the tight turn 
essential for the formation of a cleft like structure for GSH binding in the active site.  
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Figure 17.  Structure-based sequence alignment of members of the GST phi family. The secondary 

structure elements of AmGSTF are displayed on top. The AmGSTF residue numbering 
is shown above the alignment and conserved areas are shaded. A column is framed if 
more than 70% of its residues are similar according to physio-chemical properties. 
Residues involved in GSH-binding (G-site) are shown with triangles. The residues 
involved in SIN binding (H-site) are in circles and those that make hydrogen bonds at 
the dimer interface (cut-off distance 3.6 Å) in stars. Zea mays GST-I, PDB id 1axd; 
Populus trichocarpa GSTF7, 5f06; Arabidopsis thaliana GSTF9, 6f01; PtGSTF2, 5ey6; 
PtGSTF8, 5f07; PtGSTF1, 4ri6. 

4.2 Structural studies of Lolium rigidum GSTF 

4.2.1 Crystal structure of LrGSTF 
The crystal structure of LrGSTF was determined with six molecules in the 
asymmetric unit, namely chains A, B, C, D, E, and F. Each of these six molecules of 
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LrGSTF has 222, 215, 227, 215, 215, and 215 amino acids respectively. The 
variability in the residue numbers built into the structure is due to the flexibility at 
the C-terminal and the inadequate electron density. Of the six molecules, molecule 
C possesses the lowest flexibility, which resulted in the position of the entire C-
terminal 6xHis-tag. The typical LrGSTF dimers are formed by molecules A and E, 
F and C, and B and D. The LrGSTF monomer consists of a conserved N-terminal 
thioredoxin-like domain (β1α1β2α2β3β4α3) and a variable all-helical C-terminal 
domain (α4α5α6 α6’α7α8). The G-site responsible for GSH binding and the H-site 
responsible for hydrophobic substrate binding are located in the N- and C-terminal, 
respectively (Fig 18a and b). Both the G-site and the H-site together comprise a large 
open active site cavity located in between the N- and C-terminal domains.  

Apart from molecule D, all the active sites of the five molecules consist of a 
bound S-(p-nitrobenzyl)-glutathione (Nb-GSH) whereas molecule D has a bound 
GSH moiety instead. Similarly, a glycerol molecule is located in the G-site of all the 
molecules. A second glycerol molecule is spotted near the nitro group of Nb-GSH 
in molecule A but not in other molecules. Enzyme interface analysis shows that the 
largest interface exists between A−E, C–F, and B–D dimers at about 1407 Å2. Apart 
from this, other interfaces are significantly smaller (A–D ~569.3 Å2, A–C ~612.5 Å2, 
and B–F ~469.8 Å2). In addition, between molecules A–E, C–F, B–D, A–C, A–D, 
C–E, and B–F 9, 8, 9, 7, 2, 2, and 1 salt bridges are spotted while the number of 
hydrogen bonds between the subunits is 2, 1, 2, 7, 3, 1 and 3, respectively.  

4.2.2 Structural comparison of LrGSTF with its homologue 
AmGSTF 

Comparative structural studies involved the superposition and alignment of the 
LrGSTF monomer with the AmGSTF structure. The RMSD value of the alignment 
is 0.722 Å, the sequence identity being 89.4% with 214 residues aligned. The RMSD 
value suggests a close structural similarity between the enzymes (Fig. 18a and b). 
The alignment with AmGSTF showed that a total of 20 amino acids substitution are 
present in LrGSTF. Most of the residue substitutions are at the variable C-terminal 
domain with 11 substitutions versus 9 substitutions at the N-terminal domain (Fig. 
19). The analysis showed that the 12STNV structural motif harboring the catalytic 
residues is well conserved in the α1-helix at the G-site. All the residues involved in 
substrate interaction at the H-site are identical as well. The most significant 
difference between the two structures is observed towards the end of the α4-helix, 
which bends slightly towards the H-site of the enzyme (Fig. 20). Also, a subtle 
difference is present in the connecting loop between the α3- and α4-helix. Most of 
the residues in this loop region are conserved except for Gly82 and Gly90 which are 
substituted by polar residues Asp82 and Ser90 in AmGSTF.  
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Figure 18.  a. Superposition of LrGSTF (red) with AmGSTF monomer (blue) in solid ribbon diagram. 

The active G- and H-sites are denoted with bound GSH/Nb-GSH and SIN respectively. 
b. Line ribbon diagram of (a) for visual clarity. 

 
Figure 19. Structure-based sequence alignment of LrGSTF and AmGSTF monomer. The LrGSTF 

numbering is shown above the alignment. The conserved areas are shaded red. 
Residues involved in Nb-GSH binding are denoted with triangles. The red triangles 
represent the residues interacting with the N-nitro benzyl moiety of Nb-GSH in LrGSTF. 
These residues also correspond with residues interacting with SIN in AmGSTF. The 
blue stars depict residues that participate in hydrogen bonds at the dimer interface.  

The active site of the enzyme in both the LrGSTF and AmGSTF structures is located 
in a cleft between the N- and C-terminal domains. The GSH moiety is bound at the 
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active site in the same conformation and similar position in both structures (Fig. 20). 
In LrGSTF, the nitrobenzyl group in Nb-GSH occupies the H-site hydrophobic 
pocket where the hydrophobic electrophiles usually bind, thus acting as an enzyme 
inhibitor. The structural superposition between LrGSTF and AmGSTF allowed the 
inspection of conformational changes upon substrate binding. The residue Arg127 
present at the end of the α4-helix forms an H-bonding interaction with the 
nitrobenzyl group of Nb-GSH. In the case of the AmGSTF structure, the 
corresponding Arg residue points away from the enzyme cavity, almost like an open 
cap (Fig. 20). Similarly, Met126 is oriented away from the active site cavity upon the 
binding of bulky nitrobenzyl group in LrGSTF which otherwise is pointed towards 
the active site cavity in AmGSTF. Also, Met126 is actively involved in van der Waals 
interactions with succinic acid (SIN) molecule in AmGSTF and the corresponding 
nitrobenzyl ring of Nb-GSH in LrGSTF (Fig. 20). However, the orientation of Met126 
and Arg127 residues were also found similar in LrGSTF molecule D which only has 
GSH in the active site, thus these residue arrangements cannot be attributed solely 
to the inhibitor binding. 

 
Figure 20. Close up view of the α4 and α2 helices comparison in LrGSTF (red) and AmGSTF (blue) 

structures. The ligands bound in the active sites are colored according to the parent 
molecule. The H-site of LrGSTF is occupied by the nitro-benzyl ring of Nb-GSH and is 
bordered by residues in the α4-helix, which is comparatively shorter in LrGSTF than in 
AmGSTF. The conformational changes in the α4-helix in AmGSTF are shown to 
accommodate succinic acid (SIN) in the active site.  

Furthermore, the nitrobenzyl ring of Nb-GSH in LrGSTF is involved in the 
formation of two π-π interactions with Phe122 and Tyr118 residues of the enzyme. The 
orientation of Phe122 was found similar in both enzymes, probably owing to the 
bound SIN in AmGSTF. In molecule D of LrGSTF, Phe122 points towards the H-site 
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but upon Nb-GSH binding, the side chain of Phe122 swings away from the active site 
cavity to provide space for the nitro-benzyl group of Nb-GSH. Tyr118 has a similar 
position in all molecules of LrGSTF apart from molecule C, suggesting some 
flexibility. Thus, both the residues Phe122 and Tyr118 may play important roles in 
ligand specificity and binding (PAPER II). Besides, other residues, such as Lys42, 
Gln54, Ile55, Glu67

, and Ser68, also participate in H-bonding interactions with Nb-GSH. 
Residues Ser12, Thr13, Asn14, Phe36, His41, Gly53, and Arg69 are involved in van der 
Waals interactions with Nb-GSH (Fig. 21). These interacting residues are found 
strictly conserved in AmGSTF as well. 

  
                                              a.                                                                                        b. 

Figure 21.  The active site residues comparison between LrGSTF and AmGSTF structures. a. 
LrGSTF active site cleft. The active site residues are shown (orange) and the position 
of bound ligand Nb-GSH is shown (grey). b. The AmGSTF active site cavity with 
interacting residues (blue). The bound ligands GS8 and SIN are shown in grey color.  

Molecules C and D of LrGSTF along with the bound Nb-GSH and GSH were 
superimposed with an RMSD value of 0.41 Å. Subsequently, AmGSTF chain A with 
bound GSH was also superimposed into the LrGSTF molecules (Fig. 22a, b). The 
structural superposition showed that the binding of inhibitor Nb-GSH into the active 
site narrows the active site opening, thus limiting the accessibility of the substrate to 
the active site. The accessibility is limited by the slight movement (~ 2.0 Å) of the 
beginning of the α2 and the end of the α4 helix towards each other. On the contrary, 
molecule D with bound GSH possesses a comparatively wider gateway for substrate 
binding in the H-site (Fig. 22a). Besides, in AmGSTF with SIN bound at the H-site, 
the α2 and α4-helix movement narrows the active site opening but to a lesser extent 
than that of inhibitor bound molecule C of LrGSTF (Fig. 22b). Based on structural 
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alignment results and RMSD values it can be concluded that the ligand binding is 
not accompanied by extensive conformational changes in the GSTF enzymes. 
However, conformational changes in individual residues appear necessary for 
efficient binding.  

 
a.                                                                      b. 

Figure 22.  a. The comparison between LrGSTF molecule C (red) and molecule D (green) is shown. 
b. LrGSTF molecule C (red) and AmGSTF chain C (blue). The enzyme backbone is 
shown in the molecule trace diagram. Nb-GSH and GSH bound in the active sites are 
colored according to the parent molecule. 

4.3 Structural studies of Camelus Dromedarius 
GSTs 

4.3.1 Crystal structure of CdGSTM1-1 
The three-dimensional enzyme structure is similar to other GST classes discussed 
earlier. The enzyme crystallized with four molecules in the asymmetric unit, namely 
A, B, C, and F. The typical CdGSTM1-1 dimer is formed by molecules A and C, B 
and F. Each of the CdGSTM1-1 molecules comprises 217 amino acid residues. The 
crystal structure of CdGSTM1-1 was determined with bound substrate GSH or a 
substrate analogue Nb-GSH in the active site (Fig. 23).  
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a.                                                b.                                            c. 

Figure 23. a. Ribbon representation of chain A of CdGSTM1 dimer; molecular surface for the 
monomer is shown in gray. The monomer is colored according to the secondary 
structural elements (α-helices in magenta, β-strands in green, and loops in dark gray). 
CSO and the active site ligands, Nb-GSH and FMT are shown as sticks and colored 
according to atom type. b. Cylindrical representation of Nb-GSH bound CdGSTM1 
monomer. c. GSH bound to the CdGSTM1 monomer.  

4.3.2 Interface analysis and comparisons 
The interface comparison of CdGSTM1-1 with other mu-class GSTs from Homo 
sapiens (PDB id 1xw6, 1ab6, 4gtu), Mus musculus (2dc5), Gallus gallus (1gsu), 
Litopenaeus vannamei (5an1) and Rattus rattus (6gst) revealed similar interface area 
of 1249.2 Å2, 1383.6 Å2, 1353.6 Å2, 1358.8 Å2, 1212.1 Å2, 1157.5 Å2, and 1328.5 
Å2 respectively. The interface area of CdGSTM1-1 was found almost similar at 
1379.5 Å2. In the A–C dimer, 203 residues from subunit A and 201 from subunit C 
are present at the surface. Of the surface residues, 36 and 35 residues from subunits 
A and C (approximately 16% of total residues) are involved in interactions at the 
dimer interface. The solvation free energy gain upon the formation of the A–C 
interface is -85 kcal/M. Similarly, at the B–F dimer interface, 203 residues each from 
B and F monomers are present at the surface. Of the surface exposed residues, 39 
and 34 residues from chains B and F (approximately 16 of the total residues) take 
part in the interface interactions. The solvation free energy gain from the B-F 
interface formation is -7.8 kcal/M. On the other hand, 22 salt bridges and 18 
hydrogen bonds are spotted at the A–C interface while 20 salt bridges and 17 
hydrogen bonds are marked in the B–F interface.  
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4.3.3 Structure comparison with human GSTM1 and other 
GSTs 

The CdGSTM1-1 sequence identity with other mu-class GSTs ranges from 50-80% 
but with a high level of secondary structure elements similarity (90-100%) resulting 
in root mean square deviations (RMSDs) between 0.44-0.85 Å (Table 7). 

Table 7. CdGSTM1-1 comparison statistics with other mu-class GSTs.  

µ-GSTs Organisms PDB entries RMSD values (Å) 
hGSTM1 Homo sapiens 1xw6 0.44 
hGSTM2 Homo sapiens 2ab6 0.53 
hGSTM4 Homo sapiens 4gtu 0.73 
Mu(GSTM7) Mus musculus 2dc5 0.79 
cGSTM1-1 Gallus gallus 1gsu 0.72 
LvGSTM Litopenaeus vannamei 5an1 0.85 
RrGSTM Rattus rattus 6gst 0.50 

 
The CdGSTM1-1 monomer consists of two domains. Domain I (residues 1-81) is 
located at the N-terminal and has an α/β topology while domain II (89-217) is located 
at the C-terminal and adopts an all α-helical topology. The N-terminal domain adopts 
a typical thioredoxin fold which is highly conserved through all GST classes. 
Domain I and domain II consist of GSH binding site (G-site) and the hydrophobic 
substrate binding site (H-site) respectively. The G-site topology appears to be highly 
conserved among the whole mu-class GSTs whereas the H-site is a more variable 
region. The G- and H-site of CdGSTM1-1 together comprise the active site cleft. 
Each of the CdGSTM1-1 monomers consists of an independent and separate active 
site. The ligands, Nb-GSH and formic acid (FMT) were found bound to the catalytic 
G-site and H-site, respectively (Fig. 23). 

The structural-based sequence alignment revealed several conserved structural 
elements in CdGSTM1-1 (Fig. 24). A strictly conserved structural motif 58PNLP 
lining the active site cavity at the beginning of the β3 strand is present in all compared 
structures. While residues Pro58 and Pro61 are responsible to give a characteristic turn 
to the loop, Asn59 and Leu60 are involved in interactions with various polar groups 
of Nb-GSH. Also, Leu60 forms a conventional H-bond with Nb-GSH. Another 
conserved structural motif 72QSN is present at the end of β4 and the beginning of the 
α3 region, which also lines the active site cavity of the enzyme. The carbonyl oxygen 
of Gln72 and the carboxyl group of a conserved Asp106 are likely to form an H-bond 
with the γ-Glu amino moiety of Nb-GSH. The Ser73 hydroxyl and amide groups are 
located at 2.6 Å and 2.8 Å, respectively, from the α-carboxyl group of Nb-GSH and 
are actively involved in H-bonding.  
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Figure 24.  The structure-based sequence alignment of different members of mu-class GST 

families. The secondary structure elements and CdGSTM1 numbering are shown above 
the alignment. The conserved areas are shaded, and a column is framed if more than 
70% of physiological properties are similar. Residues involved in Nb-GSH binding (the 
G-site) are represented with triangles and residues involved in FMT binding (the H-site) 
are denoted in circles. Homo sapiens hGSTM1, PDB id 1xw6; Rattus norvegicus 
RnGSTM1, PDB id 4gst; Mus musculus MmGSTM7, PDB id 2dc5; Gallus gallus 
GgCGSTM1, PDB id 1gsu; Litopenaeus vannamei LvGSTM, PDB id 5an1. 

Furthermore, a Pro39 residue located in the connecting loop between β2 and α2 region 
is highly conserved in all mu-class GSTs and is responsible to provide a 
characteristic extended loop conformation in the connector region. The β2-α2 region 
also lines the active site activity, Arg43 and Lys50 in the region are located at 3.09 Å 
and 3.52 Å respectively from the carboxylate glycine end of Nb-GSH and are 
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involved in the formation of a salt bridge and thus contribute to the stability of Nb-
GSH in the active site. A conserved Tyr7 is in the active site β1 strand and acts as the 
catalytic residue for GSH activation. Similarly, Trp8 and Leu13 are conserved in all 
compared structures, and they contribute to Nb-GSH stabilization in the active site 
via H-bonding interaction with the cysteinyl moiety of Nb-GSH and pi-alkyl 
interactions with the nitrobenzyl ring, respectively. In addition, an active site residue, 
His107 (hGSTM1 numbering) in the α4-helix, which is present in hGSTM1-1 and has 
a marked influence in the catalysis of nucleophilic aromatic substitution reactions 
[193] is substituted by Arg108 in all compared rodent and avian mu-GSTs except 
Litopenaeus vannamei GST (LvGSTM1). The guanidinium group of Arg108 is 
oriented away from the active site cavity and the nitrobenzyl ring of Nb-GSH. Thus, 
only weak van der Waals interactions are possible between the Arg108 residue and 
the bound substrate (Fig. 25 b).  

The G-site for each of the compared structures are shown in Fig. 26. Although, 
residues that interact with GSH are strictly conserved throughout the compared 
structures, some differences are observed in the N- and C- terminal region of bound 
GSH analogs. Nevertheless, the overall distribution of charge and the van der Walls 
interaction of the G-site is strictly conserved throughout the compared structures, 
allowing for the formation of a cavity with strictly conserved polar/ hydrophobic 
features. 

 
Figure 25. a. The superposition of Nb-GSH and GSH bound CdGSTM1 (colored magenta and gold 

respectively) with hGSTM1 (orange red), GgCGSTM1 (green), MmGSTM7 (gray) and 
LvGSTM1 (blue). b. Magnified view of hGSTM1 His107 (orange) and LvGSTM1 His 107 
(blue) residues substituted with Arg108 (gold) in CdGSTM1. Nb-GSH is displayed in 
magenta. 
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Figure 26. The active site cleft comparison in different mu-class GSTs with a bound ligand. a. Nb-

GSH bound to CdGSTM1. b. GSH bound to CdGSTM1. c. GSH bound to hGSTM1 
(PDB id 1xw6) [53] . d. GTD bound to RnGSTM1-1(PDB id 4gst) [194]. e. GTX bound 
to GgCGSTM1-1 (PDB id 1gsu) [195]. f. GSH bound to LvGSTM (PDB id 5an1) [196]. 
The analysis indicates a similar binding mode and only a subtle difference in the active 
site architecture among the class. 

On the other hand, the H-site of the enzyme is near to the G-site and comprises 
residues from the C-terminal region. The H-site in all the structures analyzed is lined 
mostly by hydrophobic residues such as Met35, Arg43, Tyr116, Phe209, Leu210, and 
Met212

. Tyr116 is strictly conserved in all the mu-class GSTs compared and Phe209 is 
mostly conserved, substituted by a Cys residue in LvGSTM at the same location. 
Leu210 and Met212 are two highly variable residues in the H-site, which probably are 
responsible for wide substrate recognition and binding at the H-site. For example, 
Leu210 is replaced by a Ser, Thr, and Trp residues at equivalent positions in hGSTM1, 
MmGSTM7, and GgGSTM1 respectively. Similarly, Met212 is replaced by a Tyr, 
Thr, or Leu residue at the equivalent positions in LvGSTM, GgGSTM1, and 
RnGSTM1, respectively (Fig. 24). In addition, to its role in stabilizing the Nb-GSH 
moiety in the G-site, Arg43 also interacts via weak van der Waals forces with the 
formic acid (FMT) molecule in the H-site. However, Arg43 is not highly conserved 
in the aligned mu-class GSTs, it is substituted by a Gln, Pro, and Lys residues in 
MmGSTM7, GgGSTM1, and LvGSTM respectively. The FMT molecule in the H-
site is also found to interact weakly with the Nb-GSH molecule in the G-site with 
van der Waals forces.  

Furthermore, the superposition of Nb-GSH and GSH bound CdGSTM1 showed 
the active site cavity is almost a rigid part of the protein. The RMSD value of the 
alignment is 0.41 Å. Notably, a movement of the β2-α2 loop region was observed 
upon binding of Nb-GSH (~4 Å) which may suggest an induced-fit mechanism to 
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facilitate the binding of various substrates. The loop movement may favorably 
contribute to the overall structural stability of the enzyme−Nb-GSH complex. The 
induced fit mechanism operated by CdGSTM1-1 probably explains the substrate 
concentration-dependent shift in Tm value in thermal stability studies (PAPER III). 
On the other hand, side chains of amino acid residues lining the cavity retain their 
orientations upon binding of either of the glutathione ligands except for Arg43

 and 
the overall enzyme structure essentially remains unchanged (Fig. 27).  

 
Figure 27.  The active site cavity of CdGSTM1. Superposition of active site residues of GSH-bound 

(gold) and Nb-GSH-bound (magenta) CdGSTM1 structures. The aligned Nb-GSH and 
GSH moieties are shown as sticks (olive). The position of bound ligands is highlighted 
by a mesh surface. The G-and H-sites are denoted in the active site.  

4.4 Structural studies of human glutathione 
transferase M1-1 

4.4.1 Crystal structure of hGSTM1-1 
The crystal structure of free hGSTM1 was solved at 1.59 Å resolution. Previously, a 
ligand-free crystal structure of hGSTM1 was only reported at 2.68 Å (PDB id 1gtu) 
[193]. The high-resolution structure reported here provides better atomic positions 
as well as detailed information on the induced-fit mechanism of ligand binding and 
catalysis (PAPER IV). The 1.59 Å structure comprises 1149 water molecules 
compared to only 64 in the low-resolution structure. The enzyme was crystallized in 
the P21 space group with four molecules (A, B, C, D) in the crystallographic 
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asymmetric unit. An earlier, low-resolution structure, 1gtu, was crystallized in the 
P212121 space group but with the identical four molecules in the asymmetric unit 
[193]. Each of the four molecules consists of 218 amino acid residues whereas the 
low-resolution structure has 217 residues in each molecule.  

4.4.2  Interface analysis and comparisons 
The hGSTM1-1 forms a typical GSTs homodimer structure with D–A and C–B 
subunits. There are 36 and 34 residues from chains D and A, respectively, in the D–
A interface region. The D–A interface area corresponds to 1341.9 Å2. In the C–B 
contact region, 35 and 36 amino acids from chains C and B participate. The C–B 
interface area is 1313.1Å2. Both dimers also have a significant number of H-bonds 
and salt bridges between them. The D–A interface has 13 H-bonds and 11 salt 
bridges while the C–B interface consists of 12 H-bonds and 13 salt bridges. On the 
other hand, in the low-resolution structure (1gtu), the dimer interface is like the high 
resolution one, however, the number of H-bonds and salt bridges is lower, possibly 
owing to the low resolution that affects the accurate positioning of the atoms. In 
addition, the interface areas between B–D and C–A subunits are much lower at 375 
Å2 and 350 Å2 respectively with only two salt bridges in both the interfaces and 7 
and 6 H-bonds between them. Also, the interaction between the dimers is mediated 
via helix α7 (residues 178-189).  

4.4.3 Comparison of the human GSTM1-1 crystal structures 
The structural alignment between the low and high-resolution hGSTM1-1 enzymes 
showed some subtle changes between the structures. Some differences are observed 
in the β2-α2 extended loop and the connector region between the α3-α4 helix (Fig. 
28a). The RMSD value of the β2-α2 region is 1.36 Å which is higher than the RMSD 
of the overall alignment (0.65 Å). Besides, these two discrepancies in the loop 
regions, the Arg42 residue located at the beginning of the α2-helix adopts a different 
orientation in the high-resolution structure. Arg42 points closely towards the active 
site cavity than its low-resolution structure (Fig. 28b). This Arg42 is involved in 
electrostatic interactions with bound ligands like glutathione. Other residues such as 
Ser72 located at the top of the α3-helix, and His107 and Met104 located in the α4 helix 
and lining the active site cavity, also display noticeable conformational differences 
(Fig. 28c). Apart from these differences, other secondary structural elements and 
active site residues display identical conformation (Fig. 28). Other major differences 
between previously solved hGSTM1-1 structures and the current structure are found 
between the occupied and free active site cavities. Previous structures are mostly 
occupied by GSH (PDB id: 1xw6), Nb-GSH (PDB id: 1xwk) and GTD (1-(S-
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glutathionyl)-2, 4, 6-trinitrocyclohexa-2, 5-diene) (PDB id: 2f3m) at 1.9 Å, 2.3 Å 
and 2.7 Å, respectively. The RMSD values upon a comparison of the high-resolution 
hGSTM1-1 with the ligand bound 1xw6, 1xwk, and 2f3m, are found similar 
(~0.36Å), suggesting a close resemblance.  

 
Figure 28.  a. Structure superposition of high resolution (orange) and low resolution hGSTM1-1 

(light purple) (PDB id: 1gtu). The area inside the red rectangle and the blue circle 
indicates the active site and β2-α2 loop regions, respectively. b. Close-up view of the 
loop region connecting β2-strand and α2-helix. The orientation of Arg42 is shown (in stick 
representation). c. Superposition of active site residues in the high (1.59 Å) and low 
resolution (2.68 Å) hGSTM1-1 structures. The active site location is indicated with a 
mesh surface created for GTD.  
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5 Conclusions and Future 
Perspectives 

Work in this thesis has led to the crystal structure determination of: 
• two GSTF enzymes, AmGSTF (PDB id 6riv) and LrGSTF (PDB id 6zb6) at 

1.33 Å and 1.90 Å resolution, respectively.  
• the mu-class glutathione transferases (GSTM1) from camel (Camelus 

dromedarius) with bound glutathione and nitrobenzyl glutathione 
(CdGSTM1-GSH and CdGSTM1- Nb-GSH) at 2.55 Å and 2.05 Å with PDB 
ids 7opz and 7opy, respectively.  

• the human mu-class GST (hGSTM1) at high resolution (1.59 Å) with PDB 
id 7beu.  

 
Together with molecular modeling tools, these solved structures have provided 
structural and functional insights into different GST classes.  

The main conclusions of this study are as follows: 
1. AmGSTF – GS8 complex 
 
 The crystal structure of AmGSTF revealed the presence of two distinct 

domains.  
 Ser12 residue in AmGSTF acts as the catalytic residue and was found 

close to the sulfur atom of GS8.  
 The H-site is lined by hydrophobic residues Met11, Phe36, Tyr118, Phe122, 

Met126, Tyr178, and Tyr175, which are mostly not conserved and therefore 
play a role in modulating the shape, size, and specificity of the H-site.  

 The binding of the hydrophilic and negatively charged SIN molecule in 
the active site probably suggests the participation and function of the 
enzyme in primary or secondary metabolism.  

 The α4- helix provides a lid-like architecture over the H-site. The upper 
part of the α4-helix adopts different conformations in different GSTFs 
that may affect the ligand binding at the H-site.  
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2. LrGSTF – Nb-GSH complex 
 
 The crystal structure of LrGSTF in complex with the inhibitor S-(4-

nitrobenzyl) glutathione was determined at 1.90 Å.  
 Close similarities with AmGSTF were revealed.  
 The nitrobenzyl group of Nb-GSH occupies the H-site of LrGSTF and 

bends the end of the α4-helix. 
 The binding of Nb-GSH into the active site appears to narrow the active 

site opening, thus, displaying an induced-fit mechanism upon ligand 
binding. 

 Residues Tyr118 and Phe122 were found to play a vital role in ligand 
specificity. 
 

3. CdGSTM1-1 – GSH and CdGSTM1-1 – Nb-GSH complex  
 
 The crystal structure of CdGSTM1-1 in complex with GSH or Nb-GSH 

was resolved by X-ray crystallography at 2.55 Å and 2.05 Å resolution, 
respectively. 

 Tyr7 residue is conserved in all the compared mu-class GSTs, 
underlying its catalytic role for GSH activation.  

 Leu210 and Met212 are highly variable residues at the H-site and may 
contribute to wide substrate specificity and binding at the H-site.  

 The H-site is mostly formed by non-conserved residues which imply that 
the diversification in the evolution of these genes is primarily in the 
substrate-binding regions. This allows the adaptation of Camelus 
dromedarius to harsh climatic conditions.  

 Movement in β2-α2 loop (approx. 4Å) upon Nb-GSH binding suggests 
an induced-fit mechanism to facilitate the binding of various substrates.  

 
4. hGSTM1-1  
 
 The crystal structure of ligand-free hGSTM1-1 was determined at 1.59 

Å resolution. The high-resolution structure provided better information 
regarding the atomic positions, detailed structural features, and induced 
fit mechanism upon ligand binding. 

 The comparative studies of the present high-resolution structure with the 
previously solved low-resolution structure 1gtu allowed the better 
mapping of the interactions at the dimer interface. 
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 Differences in the β2-α2 and α3-α4 loop regions between the high and 
low-resolution structures were identified. Ser72, Met104, and His107 
residues displayed subtle conformation differences. The most noticeable 
difference is identified in Arg42.   

 
The results reported here could pave the way to a better understanding of the cellular 
detoxification process to facilitate the design of better GST enzymes and more 
efficient inhibitors for use in biomedical and biotechnological applications. Future 
work on GSTs will also be expected to lead to better diagnostics tools (e.g., 
biosensors) for the detection of toxic compounds present in environmental samples 
and to monitoring the concentration of anticancer drugs in cancer chemotherapy for 
dosage optimization. GSTs are a highly promising candidate for protein engineering 
that can potentially be altered for novel functions, such as bioremediation. Hence, 
the study and understanding of GST enzymatic functions and their structures could 
guide future protein engineering experiments so that GSTs can be employed 
efficiently in biotechnological and biomedical applications.  
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