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Glutathione transferases (GSTs) belong to a ubiquitous multigenic family of enzymes
involved in diverse biological processes including xenobiotic detoxification and
secondary metabolism. A canonical GST is formed by two domains, the N-terminal
one adopting a thioredoxin (TRX) fold and the C-terminal one an all-helical structure.
The most recent genomic and phylogenetic analysis based on this domain organization
allowed the classification of the GST family into 14 classes in terrestrial plants. These
GSTs are further distinguished based on the presence of the ancestral cysteine (Cys-
GSTs) present in TRX family proteins or on its substitution by a serine (Ser-GSTs).
Cys-GSTs catalyze the reduction of dehydroascorbate and deglutathionylation reactions
whereas Ser-GSTs catalyze glutathione conjugation reactions and eventually have
peroxidase activity, both activities being important for stress tolerance or herbicide
detoxification. Through non-catalytic, so-called ligandin properties, numerous plant
GSTs also participate in the binding and transport of small heterocyclic ligands such as
flavonoids including anthocyanins, and polyphenols. So far, this function has likely been
underestimated compared to the other documented roles of GSTs. In this review, we
compiled data concerning the known enzymatic and structural properties as well as the
biochemical and physiological functions associated to plant GSTs having a conserved
serine in their active site.

Keywords: photosynthetic organisms, phylogeny, structure, glutathione transferases, ligandin property,
secondary metabolism, xenobiotic detoxification

INTRODUCTION

Glutathione transferases (GSTs), formerly glutathione S-transferases, constitute a ubiquitous
multigenic superfamily of enzymes that conjugate the tripeptide glutathione (y-Glu-Cys-Gly)
on a broad range of molecules. They catalyze the nucleophilic attack of reduced glutathione
(GSH) on the electrophilic centers of these molecules. The omnipresence of these enzymes in
all types of organisms highlights an ancient origin as well as fundamental functions preserved
during evolution. GSTs were discovered in the early 1960s through their GSH-conjugating activity
in cellular extracts from rat liver incubated with sulfobromophthalein, chloronitrobenzenes or
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halogenated aromatic molecules (Booth et al., 1961; Combes and
Stakelum, 1961). Later on, this conjugating activity was identified
from plant extracts (sorghum and corn) using herbicides like
atrazine or triazine derivatives (Frear and Swanson, 1970;
Lamoureux et al., 1970). The interest for these GSH-conjugation
reactions in plants was high in the 1980s, particularly concerning
the enzymatic properties of cereal GSTs in connection with
the detoxification of herbicides (Shah et al., 1986; Wiegand
et al., 1986). Accordingly, GSTs are generally strongly induced
in response to biotic and abiotic stresses, which coincides with
cellular roles in primary and secondary metabolisms, in stress
tolerance or cell signaling, and in xenobiotic detoxification
by acting as phase II enzymes (Jakoby, 1978; Wiegand et al.,
1986; Gonzalez et al., 2018). During the detoxification process,
GSTs, which represent the most important classes of conjugating
enzymes, conjugate phase I-activated molecules (or toxic
molecules that are already activated) with GSH. Conjugation
reactions are only performed by specific GST members, i.e., those
having usually a conserved serine or a tyrosine (in mammals)
in their active site. Those having notably a cysteine residue lack
this property. The conjugation step has several benefits in the
detoxification process, including a decrease of the reactivity and
toxicity of the molecules, as well as an increase of their solubility.
Likewise, the addition of large anionic groups such as GSH
detoxifies reactive electrophiles and produces polar molecules
that cannot diffuse across membranes. These molecules are
then recognized and actively transported by ATP-binding
cassette transporters (ABC-transporters), also known as phase III
proteins (Keppler, 1999). ABC transporters carry out the ATP-
dependent transport of a large variety of hydrophobic molecules
and thus participate in exocytosis (animals) or sequestration in
the vacuole and/or in the cell wall (plants and fungi) of phase II
products (Coleman et al., 1997).

Even though most of the studies published over the past years
focused on GSTs catalyzing the addition of glutathione, other
catalytic activities have been described. For instance, numerous
GSTs act as GSH-dependent peroxidases by reducing organic
hydroperoxides (Tang and Tu, 1994; Marrs, 1996; Hurst et al.,
1998) whereas others perform isomerisation reactions. The zeta
GSTs catalyze the cis-trans isomerisation of maleylacetoacetate
into fumarylacetoacetate, as part of the tyrosine degradation
pathway (Thom et al,, 2001; Fernandez-Canon et al.,, 2002).
In addition to their involvement in GSH-conjugation, several
GSTs also catalyze the opposite reaction, ie., the removal
of glutathione from small molecules. This reaction will be
referred to as deglutathionylation. Note that this term is also
used for the reduction of glutathione adducts on protein
cysteine residues, as catalyzed by another family of GSH-
dependent proteins called glutaredoxins (GRXs) (Rouhier et al.,
2008). Although human GSTO1-1 was shown to catalyze the
deglutathionylation of peptides/proteins such as glutathionylated
B-actin (Menon and Board, 2013), this has been rarely observed
among GSTs. The capacity of catalyzing deglutathionylation
reactions is linked to the existence of a catalytic cysteinyl
residue instead of the active site serine or tyrosine residues.
This residue is notably present in the bacterial-specific Beta
GSTs (GSTBs); in Omega GSTs (GSTOs) found in mammals,

insects, and fungi (Board et al., 2000; Kim et al., 2006; Yamamoto
et al., 2009; Meux et al., 2013); in the plant-specific Lambda
GSTs (GSTLs); and in glutathionyl-hydroquinone reductases
(GHRs), also known as Xi GSTs (GSTX), which are found in
bacteria, fungi, archaea, and plants (Xun et al,, 2010; Meux
et al., 2011; Lallement et al.,, 2015; Schwartz et al., 2016).
However, with a few exceptions, the physiological role of these
enzymes is poorly documented. In addition to being involved
in deglutathionylation, as mentioned above, human GSTOs may
be involved in arsenic biotransformation, reducing methyl and
dimethyl arsenate forms (Zakharyan et al., 2001; Burmeister
et al.,, 2008). Plant GSTLs may be involved in the metabolism
or trafficking of flavonoids (Dixon and Edwards, 2010b). GHRs
are involved in the catabolism of chlorinated quinones and in
lignin degradation through the deglutathionylation of metabolic
intermediates (Reddy and Gold, 2001; Masai et al., 2003; Huang
et al., 2008; Meux et al., 2011).

In addition to these catalytic properties, some GSTs possess the
property to bind ligands also referred to as ligandin properties.
It consists of the binding of small hydrophobic molecules either
at the catalytic site or in a specific ligandin site (L-site) for
their transport or storage. This non-catalytic property has been
documented in plants for the transport/binding of hydrophobic
xenobiotic molecules, of endogenous compounds such as
oxylipins and flavonoids (anthocyanins, proanthocyanidins) as
well as of phytohormones such as auxin and cytokinin (Zettl et al.,
1994; Gonneau et al., 1998), suggesting a possible role of GSTs
in cell signaling and/or in plant growth and development (Smith
et al,, 2003; Kitamura et al., 2004; Gong et al., 2005; Moons, 2005;
Ahmad et al., 2017).

Overall, although the biochemical (catalytic and ligandin)
properties of representative members from almost all GST classes
have been studied, sometimes extensively, the physiological role
of most of them remains to be identified, essentially because
the existence of several close isoforms in given classes may have
hampered their characterization by reverse-genetic approaches.
Therefore, having focused recently on the biochemical and
structural properties of Cys-GSTs (Lallement et al., 2014), the
objective of this review is to inventory the known properties and
functions of Ser-GSTs in photosynthetic organisms.

History and Classification of the GSTs

Over the past years, the GST classification has constantly evolved
concomitantly to the increase of the genomic resources available,
and to the identification and characterization of new isoforms
and classes. First discovered in rat, GSTs were characterized
initially in mammals and subsequently in insects, plants, fungi,
and bacteria. In mammals, GSTs were originally classified as
cytosolic, mitochondrial and membrane-associated GSTs, the
latter being subdivided into microsomal GSTs and leukotriene
Cy synthetases (Kraus, 1980; Hayes and Pulford, 1995). The
same three subfamilies were renamed later as soluble GSTs,
kappa GSTs and membrane-associated proteins in eicosanoids
and glutathione metabolism (MAPEG), respectively (Jakobsson
et al, 1999). However, on the basis of their immunological
cross-reactivity and sequence relatedness, mammalian GSTs
were also classified into the alpha, mu, pi, sigma, theta, and
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zeta classes (Mannervik et al., 1985; Dixon et al., 1998; Hayes
and McLellan, 1999). At the time, most non-mammalian GSTs
were placed in the heterogeneous theta class (Buetler and Eaton,
1992). For plant GSTs, the first classification introduced was
based on sequence analogy and on the intron-exon structure
of the genes. Subsequently, three and then four distinct types
of plant GSTs were recognized including type I (GSTs with
herbicide-detoxifying activity), type II (GSTs close to the
mammalian zeta GSTs), type III (consisted mainly of auxin-
induced GSTs), and type IV (GSTs similar to classical mammalian
theta enzymes) isoforms (Droog et al., 1995; Droog, 1997). In
fact, with the accumulation of biochemically characterized
plant GSTs in the late 1990s, it appeared that some plant GSTs
clearly grouped with specific mammalian GSTs, whereas others
seemed plant-specific. Together with the release of the genome
of Arabidopsis thaliana, this contributed to the establishment of a
refined phylogenetic classification in plants using the principle of
Greek-letter designations, which was widely used for non-plant
GSTs (Dixon et al,, 1998). GSTs are designated by using a 2
letter-code corresponding to the species (At for A. thaliana)
followed by the 3 letters “GST;” a Greek or Latin letter designating
the class, and a number distinguishing members of the same
class. Thus, in A. thaliana, isoform 1 of the Phi (F) class is
designated by “AtGSTF1”. This classification introduced in
plants the Phi (replacing former Type I), Zeta (replacing former
Type II), Tau (replacing former Type III), and Theta (replacing
former Type IV) classes as well as two groups more distantly
related to other known plant GSTs forming the Lambda (L)
and dehydroascorbate reductase (DHAR) classes (Dixon et al.,
2002). The last phylogenetic study performed a few years ago
using well-annotated genomes of terrestrial plants (A. thaliana,
Hordeum vulgare, Oryza sativa, Physcomitrella patens, Pinus
tabulaeformis, Populus trichocarpa, and Solanum lycopersicum)
and selecting only proteins possessing the two regular N- and
C-terminal domains (see below), led to the identification of 14
GST classes: phi (F), tau (U), theta (T), zeta (Z), lambda (L),
hemerythrin (H), iota (I), ure2p, glutathionyl-hydroquinone
reductase (GHR), elongation factor 1B gamma (EF1By), DHAR,
tetrachlorohydroquinone dehalogenase (TCHQD), metaxin,
and microsomal prostaglandin E synthase type-2 (mPGES-2)
(Lallement et al., 2014). Some of these classes are found among
different kingdoms, such as Zeta or Theta classes whereas
Lambda, Tau and DHAR classes are specific to plants. The Phi
class is sometimes presented in the literature as specific to the
plant kingdom but similar sequences have been identified in some
fungi, bacteria, and protists (Morel et al., 2013; Munyampundu
et al., 2016). Although it has some limitations, the primary
sequence remains to date the most convenient criterion for
classifying these proteins.

The evolutionary history of GSTs seems relatively complex and
several scenarios have been proposed. Because Theta class GSTs
were present in bacteria, the first model of evolution, dating from
the early 1990s, proposed that canonical (soluble) GSTs of plants,
animals, and fungi have evolved from this ancestral gene as a
result of duplications followed by divergent evolution (Pemble
and Taylor, 1992). In subsequent years, this model was discarded
by taking into account the biochemical properties including the

nature of the catalytic residue, but also the oligomeric state of the
proteins, and their tridimensional structure when solved (Frova,
2006; Mashiyama et al., 2014). The structural data notably showed
that the N-terminal domain of soluble GSTs adopted a TRX
fold, suggesting that the evolutionary history of soluble GSTs is
linked to one of the TRX superfamily members. In this model,
soluble GSTs were proposed to have evolved from a TRX/GRX
ancestor to which a C-terminal helical domain has been added.
Subsequent major transitions are the result of the dimerization
of some GSTs, the replacement of the ancestral catalytic cysteine
by a serine, and finally the change of this residue by a tyrosine
in many mammalian GST classes. Although these major steps
likely remain true, the current model is still incomplete, as it does
not include the most recently identified classes such as mPGES2,
GHR, Metaxin, Hemerythrin, Iota, and Ure2p, just to cite classes
present in plants.

Gene Organization and Distribution of
Ser-GSTs in Eukaryote Photosynthetic

Organisms

Among the 14 classes previously identified in terrestrial plants
(Lallement et al., 2014), only five classes (Tau, Phi, Zeta, Theta,
and TCHQD) clearly contain members possessing a conserved
serine in their active site, even though this serine is absent in
some isoforms. The DHAR, Hemerythrin, Iota, Lambda, GHR,
mPGES2, and metaxin classes belong to the Cys-GSTs, as they
primarily contain members possessing a conserved cysteine in
their active site. For the EF1By and Ure2p classes, the nature
of the residue promoting GSH activation remains uncertain.
Although this classification is based on the primary sequences,
the recent release of several plant genomes allowed for its
correlation with the intron-exon structure of GST-encoding
genes as analyzed in P. trichocarpa (Lan et al., 2009), P. patens
(Liuetal., 2013), Capsella rubella (He et al., 2016), S. lycopersicum
(Islam et al., 2017), Ipomoea batatas (Ding et al., 2017), and
Brassica rapa (Khan et al., 2018). Indeed, the number of exons
is generally conserved for genes belonging to the same class, e.g.,
1 or 2 for genes encoding GSTUs, 3 for GSTFs, 9 or 10 for GSTZs,
7 for GSTTs, and 2 for TCHQDs.

Hence, combining the gene structure analysis with protein
motifs specific to GST classes, sequence alignments and
phylogenetic trees provide a robust view of the Ser-GST gene
copy number present in a given organism. A comparative
genomic analysis was carried out using 39 sequenced
photosynthetic organisms available in Phytozome database
[version 12 (Goodstein et al., 2012)] including 3 chlorophytes, 1
bryophyte, 1 lycophyte, and 34 angiosperms; clearly extending
previous genomic surveys (Table 1; Ding et al., 2017; Monticolo
et al, 2017; Plomion et al., 2018). 1859 sequences were
retrieved by BLASTp (Basic Local Alignment Search Tool)
using A. thaliana GST sequences as queries and standard
parameters. It is worth noting that chlorophytes but not
terrestrial plants contain Tyr-GST isoforms (respectively, 6,
4, and 7 in Chlamydomonas reinhardtii, Micromonas pusilla,
and Volvox carteri) also shared by animals. The presence of
such isoforms likely compensates the absence or low number of
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TABLE 1 | Ser-GST gene content in sequenced chlorophytes and embryophytes.

TABLE 1 | Continued

GSTU GSTF GSTT GSTZ TCHQD GSTU GSTF GSTT GSTZ TCHQD
Chlorophyte Boechera stricta v1.2 27 12 1 1 1
Chlamydomonas 0 0 1 0 0 Brassica rapa FPsc 38 20 2 2 1
reinhardtii v5.5 v1.3
Volvox carteri v2.1 0 0 1 0 0 Capsella grandiflora 21 10 1 2 1
Micromonas pusilla 0 0 0™ 0 0 Vi1
CCMP1545 v3.0 Capsella rubella v1.0 26 12 1 1 1
Embryophyte Eutrema salsugineum 24 11 1 2 1
Physcomitrella patens 0® 9 2 1 5 &) v1.0
v3.3 Fabidae
Tracheophyte Nitrogen-fixing
Selaginella 38 1 3 2 1 Cucumis sativus v1.0 24 3 1 2 1
moellendorffii v1.0 Fragaria vesca v1.1 28 5 1 2 1
Angiosperm Glycine max 50 10 3 3 2
Amborella trichopoda 22 4 1 2 1 Wm82.a2.v1
v1.0 Malus domestica v1.0 34 10 1 4 1
Grass Mediicago truncatula 47 10 2 2 1
Brachypodium 40 21 1 3 1 Mt4.0v1
distachyon v3.1 Phaseolus vulgaris v2.1 24 12 2 2 2
Oryza sativa v7_JCl 45 16 1 4 1 Prunus persica v2.1 47 9 1 2 1
Panicoideae
o Sequences have been retrieved from Phytozome v12.1, a Joint Genome Institute
Setaria ftalica v2.2 48 16 1 5 1 database. *) Unusually high/divergent gene copy number or absence of a given
Sorghum bicolor v3.1.1 53 17 2 4 1 gene for a few specific organisms must be regarded with cautious as this may
Zea mays Ensembl-18 34 10 2 2 1 originate from bad genome assemblies or annotation problems or from remaining
Eudicot pseudogenes or gene alleles.
Aquilegia coerulea v3.1 24 29 3 2 1
Pentapetalae Ser-GSTs in these organisms (1 isoform for both C. reinhardtii
Asterid and V. carteri, 0 for M. pusilla). In the following paragraphs, we
Mimulus guttatus v2.0 17 5 2 0® L emphasize the major features of the different Ser-GST classes,
Sofanum lycopersicum 45 4 3 2 | i.e., gene content and protein sequence characteristics.
iTAG2.4
Solanum tuberosum 50 4 1 2 1
403 GSTs Theta (GSTTs)
Rosid In addition to plants, GSTTs are also found in animals, insects,
Eucalyptus grandis v2.0 62 19 | 5 _e fungi, and bacteria; suggesting that this class appeared early
Vitis vinifera 36 8 ] 3 1 during evolution (Coggan et al, 2002; Bryant et al., 2006;
Genoscope.12X Skopelitou et al., 2012; Han et al., 2016; Shao et al,, 2017). In
Quercus robur 62 12 1 2 1 photosynthetic organisms, the number of GSTT genes ranges
Poplar-Malvidae from 1 to 4 (Table 1). According to its early appearance, this is
Malpighiales the only Ser-GST class present in the chlorophytes (green algae)
Linum usitatissimum 30 11 4 3 2 analyzed. Its absence in M. pusilla might be due to a gene loss
vi.0 event during evolution, unless there are annotation problems. In
Manihot esculenta v6.1 44 8 4 2 1 organisms having 2 or more GSTT genes, the genes are often
Populus trichocarpa 54 8 2 2 1 organized in cluster such as in A. thaliana (Dixon et al., 2002),
va.0 Linum usitatissimum, Manihot esculenta or Ricinus communis
Ricinus communis v0.1 31 4 3 2 | suggesting that tandem duplication(s) occurred during evolution
SBM from an ancestral gene. Whether the resulting proteins have
Citrus diverged in function remains to be explored. The GSTT proteins
Citrus sinensis v1.1 25 6 ! 2 | are generally about 250 amino acids long. The conserved serine
Citrus clemerttina v1.0 42 8 2 3 | is found around position 10 in a conserved SQPS active site
Brassicales-Malvales signature, which (with a few exceptions) is conserved among
Theobroma cacao v1.1 36 9 1 2 1 mammals (SQPC) and insects (S[Q/A]PC). At the subcellular
Brassicaceae level, these proteins have a peroxisomal localization, which is
Arabidopsis lyrata v2.1 29 18 ! 2 ! consistent with the presence of C-terminal SK[I/M] targeting
Arabidopsis thaliana 28 13 3 2 | motif (Dixon et al., 2009). Peroxisomes are multifunctional
TAIR10 . . . . .
organelles involved notably in the B-oxidation of fatty acids
(Continued)  in plants, a catabolic pathway contributing in particular to
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the production of acetyl-CoA, NADH, and FADH,, but also
many lipid peroxides from polyunsaturated fatty acids that
are the likely physiological substrates of GSTTs. In vitro,
these enzymes exhibit a weak GSH-conjugation activity against
conventional model substrates but they have a high GSH-
dependent peroxidase activity toward linoleic acid peroxides
(Dixon and Edwards, 2009).

GSTs Zeta (GSTZs)

In addition to plants, GSTZs are also present in bacteria, fungi,
and animals, even though this is often as a reduced number
of isoforms. A possible reason is their specific involvement
in a general process, the tyrosine catabolism (Edwards et al.,
2011). In photosynthetic organisms used for the present analysis
(Table 1), the number of GSTZ genes ranges from 1 to 5
but we could not find them in chlorophytes. They are often
found as tandem duplicates in genomes such as in A. thaliana,
C. rubella, or O. sativa.

At the protein level, GSTZs are about 225 amino acids long.
The serine is located around position 20 and is included in a
conserved SSC(S/A) active site signature, the first serine being the
residue necessary for the GSH-conjugation reaction. The catalytic
mechanism of GSTZs differs from other GSTs in that GSH is
initially conjugated to the cis double bond of maleylacetoacetate
allowing the isomerisation reaction, before being eliminated in
a second step allowing the formation of fumarylacetoacetate
(Thom et al., 2001). Thus, it is assumed that the conserved
cysteine performs the deglutathionylation of the intermediate
product at the manner of Cys-GSTs or as proposed also for
TCHQDs (see below). However, bacterial GSTZs lacking this
cysteine catalyze the same reaction.

Tetrachlorohydroquinone Dehalogenases (TCHQDs)

TCHQDs have been identified in animals, fungi and plants. Plant
genomes usually contain a single gene but 2, 5, and 7 TCHQD-
encoding genes were identified in Glycine max, P. patens,
and Eucalyptus grandis, respectively (Table 1). At the protein
level, TCHQDs are on average 265 amino acids long. These
proteins were first discovered in the soil bacterium Sphingobium
chlorophenolicum, that is able to use pentachlorophenol, a
fungicide used in wood preservation, as a carbon source.
During the enzymatic degradation of pentachlorophenol, this
bacterial TCHQD (PcpC) catalyzes the reductive dehalogenation
of tetrachlorohydroquinone to trichlorohydroquinone and then
to dichlorohydroquinone (Xun et al., 1992). PcpC possesses
a peculiar SCIS signature containing both a serine and a
cysteine. Accordingly, it reduces chloroquinones in two steps.
The first step requires the serine in the GSH-conjugation of
the quinone causing the departure of a chloride ion. The
second step is the removal of the glutathione moiety from
the quinone, a reaction performed by a nucleophilic attack
of the cysteine (Willett and Copley, 1996; Kiefer and Copley,
2002). In plant proteins, there is no cysteine in the signature
(often SLDS) (Lallement et al., 2014). They should therefore
not be able to carry out deglutathionylation steps and may
have different substrates or reaction mechanisms. Another
possibility is that other GST isoforms such as GHRs substitute to

TCHQDs as they are able to catalyze quinone deglutathionylation
(Lallement et al., 2015).

GSTs Phi (GSTFs)

The GSTF genes are found in all terrestrial non-vascular or
vascular plants that have been analyzed, but are absent in green
algae/chlorophytes, suggesting important functions for terrestrial
life. The gene content is very variable between species as it
ranges from 1 in Selaginella moellendorffii to 29 in Aquilegia
coerulea (Table 1). In almost all genomes, a large part of these
genes is organized as clusters indicating repetitive, species-
specific duplications.

At the protein level, GSTFs are about 215 amino acids long
and the serine is located around position 12. Given the higher
number of isoforms compared to the above-described classes, the
four residue signature (reminiscent of the TRX/GRX family) is
more variable. Most isoforms have the conserved serine but a
few, exemplified by PtGSTF8 (AVCP), AtGSTF11 (AANP), or
AtGSTF12/TT19 (AACP) are lacking it. In fact, the presence of
the serine is not mandatory for the GSH-conjugation reaction
as shown in vitro using poplar GSTFs (Pégeot et al., 2017).
Several subgroups have been distinguished previously, according
notably to this signature but also depending on the presence of
N- or C-terminal extensions (Pégeot et al., 2014). Also, it was
observed that some isoforms containing a cysteine exhibit a more
diversified activity profile, as they possess deglutathionylation
activity in addition to the peroxidase and GSH-conjugation
activities (Pégeot et al., 2017).

GSTs Tau (GSTUs)
In light of current genomic resources, GSTUs form a plant
specific class as is also the case for DHARs and GSTLs; two
Cys-GST classes. Except in rare instances, such as in Triticum
aestivum and A. coerulea, which contains respectively 38 and 29
GSTFs vs 26 and 24 GSTUs (Gallé et al., 2009), the GSTU class
represents the largest GST class. From the absence of GSTU in
green algae and in the mosses P. patens and Sphagnum fallax,
the presence of only 2 GSTUs in another moss: Marchantia
polymorpha, but the presence of 38 GSTUs in the bryophyte
S. moellendorffii, we conclude that these genes have rapidly
and dramatically expanded between bryophytes and lycophytes.
They became predominant in vascular plants, being supposedly
required for novel functions associated to the lifestyle of these
plants. In angiosperms, the GSTU gene content is variable
and range from 21 (C. grandiflora) to 62 (Quercus robur and
E. grandis) (Table 1). The phylogenetic analysis of this family
indicates that large clades are formed by proteins from the
same species pointing to the fact that species-specific expansions
occurred (Plomion et al, 2018). They normally correspond
to genomic clusters produced by several successive tandem
duplication events as exemplified in poplar, A. thaliana or
O. sativa (Wagner et al., 2002; Soranzo et al.,, 2004; Lan et al.,
2009). Accordingly, it is difficult to define strict orthologs for a
given isoform among the different species and to determine what
is the set of GSTU ancestors shared by angiosperms.

Overall, the GSTU and GSTF classes represent around
75% of all GST genes as in Q. robur (62 out of 88 genes)
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(Plomion et al, 2018) or A. thaliana (41 out of 55 genes)
(Dixon and Edwards, 2010a). For both classes, the expansion,
specific genomic organization and high sequence similarity
among duplicated members have important implications. One
consequence may be the existence of functional redundancy
between isoforms making it difficult to study the biological
functions of a particular gene using reverse-genetic approaches.
However, another consequence may be that upon duplication,
some of the new gene copies, which have been less subject to
evolutionary pressure and have accumulated mutations, have
likely acquired structural and functional diversity. The truth
is certainly in between and this remains to be experimentally
addressed in a more exhaustive manner.

Biochemical Properties and Catalytic
Activities of Ser-GSTs

GSTs are versatile enzymes, accommodating diverse
substrates/ligands in the active site or L-sites (Table 2), and
catalyzing diverse enzymatic reactions as a function of the active
site signature (Chronopoulou et al., 2017a). Besides the so-called
ligandin function, Ser-GSTs catalyze GSH-conjugation reactions
on numerous types of substrates, the reduction of organic
hydroperoxides or substrate isomerisation whereas Cys-GSTs
rather catalyze opposite reactions including the reduction of
glutathione conjugates. For the latter aspect, we invite the reader
to refer to the recent review describing Cys-GST properties
(Lallement et al., 2014). For all the catalytic activities, the high
reactivity of a cysteine residue (either from GSH or from the
polypeptide) plays a central role in the biochemical properties
carried out by GSTs. Noteworthy, some Ser-GSTs belonging to
the GSTZ, TCHQD, or GSTF classes possess a cysteine residue in
the catalytic center, which confers them dual activity profile.

GSH-Conjugating Activity

Most Ser-GSTs catalyze the conjugation of GSH onto
electrophilic compounds including aromatic, aliphatic or
heterocyclic compounds (Deponte, 2013). This conjugation
requires the binding of a GSH molecule in the glutathione
binding site (G-site). In most cases, the presence of a specific
residue, most often a cysteine, serine, or tyrosine at the vicinity
of the cysteine of the bound GSH, induces a decrease in the
thiol pKa (Board and Menon, 2013; Deponte, 2013). This pKa,
usually around 9, is lowered to approximately 6.5 or even less,
promoting the formation of a nucleophilic (reactive) thiolate
group in vivo, which is able to perform a nucleophilic attack on
a nearby electrophilic substrate. In other words, the conserved
serine in the active site of Ser-GSTs does not play the role of
the catalytic residue; rather, this is carried out by the thiolate
group of GSH. The nucleophilic attack initiated by GSH occurs
either by a substitution (e.g., on a chlorine atom) or by the
reduction of an electron acceptor via a Michael’s addition
(Deponte, 2013). Several model substrates are used to measure
GSH-conjugation activity, the most common being the 1-chloro-
2,4-dinitrobenzene (CDNB). The detoxification of herbicides
(e.g., atrazine and fluorodifen) and pesticides (e.g., alachlor and
metolachlor) through GSH-conjugation has been extensively

studied over the years, notably using GSTs from crops (Gronwald
and Plaisance, 1998; Cummins et al., 2003; Cho et al., 2007).

Peroxidase Activity

In the cells, hydroperoxides are reduced by several families
of enzymes, in particular thiol peroxidases including the
peroxiredoxin (PRX) and glutathione peroxidase-like protein
(GPXL) families (Rouhier and Jacquot, 2005). Some GSTs
also exhibit peroxidase activity, as they are able to reduce
(hydro)peroxides into alcohols concomitant to the oxidation of
GSH into GSSG. In this reaction, deprotonated GSH bound to
the G-site of the enzyme induces a nucleophilic substitution of
the bond between the two oxygen atoms of the hydroperoxyl
group (R-OOH), leading to the release of GSOR and an OH
group that is protonated into H,O. GSOR is then cleaved
into GSSG and ROH by a second nucleophilic substitution
by the GSH molecule according to a mechanism that is not
yet fully elucidated (Deponte, 2013). The GSTs performing
this reaction have catalytic efficiencies (10% to 10* M~ 1.s71)
measured in steady-state conditions in the range of those of
TRX- and GRX-dependent thiol peroxidases (Pégeot et al.,
2017). A major difference is, however, the rate of the first
step (i.e., peroxide reduction) that occurs at turnover numbers
up to 107 s~! for some thiol peroxidases. The contribution
of GSTs in the reduction of cellular hydroperoxides remains
poorly described but it might be important because these
are almost the only GSH-dependent peroxidases, most thiol
peroxidases being dependent on GRXs or TRXs, including
GPXLs (Rouhier and Jacquot, 2005; Navrot et al., 2006). Also,
their contribution appears to be different depending on the
organisms and the subcellular compartments considered. Among
Ser-GSTs, only those belonging to the Phi, Tau, and Theta
classes are able to catalyze such reactions, peroxisomal GSTTs
being likely specialized in the reduction of fatty acid peroxides
(Dixon et al., 2009).

Isomerase Activity

Some GSTs, in particular from the Zeta class, catalyze
the GSH-dependent isomerisation of specific metabolites,
such as the cis-trans isomerisation of maleylacetoacetate into
fumarylacetoacetate occurring during the penultimate step
of tyrosine catabolism in eukaryotes (Ferndndez-Canoén and
Penalva, 1998; Thom et al., 2001; Fernandez-Canon et al., 2002;
Edwards et al,, 2011). In some bacteria, GSTZs function as
maleylpyruvate isomerases (Marsh et al., 2008) and catalyze the
isomerisation of maleylpyruvate into fumarylpyruvate through
the third committed step in the degradation of salicylate to
the metabolites pyruvate and fumarate via gentisate. Contrary
to other activities described above, GSH is not considered as a
substrate but as a cofactor because it is not consumed during the
reaction (Litwack et al., 1971; Marsh et al., 2008).

Non-enzymatic Binding and Intracellular Transport

In addition to their catalytic function, GSTs also serve as non-
enzymatic carrier proteins or ligandins (Habig et al, 1974;
Mannervik and Danielson, 1988). The term “ligandin” was
historically associated to proteins characterized in animals,
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which were able to bind a wide range of hydrophobic ligands,
such as steroids, heme and its degradation product bilirubin,
carcinogens, and bile salts. These proteins turned out to be GSTs
from the Alpha and Mu classes (Levi and Arias, 1969; Ketley et al.,
1975). Since then, plant GSTUs and GSTFs were found to bind
several tetrapyrroles, e.g., protoporphyrin IX (Proto IX), Mg-
protoporphyrin but also bacterial porphyrin derivatives identified
upon expression of recombinant maize GSTUs (Lederer and
Boger, 2005; Dixon et al., 2008). However, it is not clear whether
this is strictly a ligandin function as Zea mays GSTUI is able
to catalyze the conjugation of GSH on protoporphyrinogen
IX and harderoporphyrinogen (Dixon et al., 2008). Another
example, likely the best described, concerns anthocyanins, which
are phenolic antioxidant compounds conferring the colors we

commonly associate with fruits and flowers. These molecules
are transiently bound/transported by GSTs before their release
to ABC-type transporters for vacuolar sequestration. This is
documented for both Tau and Phi class members, ie., Bz2
(GSTU) from maize, AN9, TT19, and VvGST4 (GSTFs) from
Petunia hybrida, A. thaliana and Vitis vinifera, respectively
(Marrs, 1996; Alfenito, 1998; Mueller et al., 2000; Kitamura et al.,
2004; Conn et al,, 2008; Gomez et al., 2011; Momose et al,
2013; Zhao, 2015). Other molecules were isolated using ligand
fishing approaches (Table 2). GSTU2 from V. vinifera binds
trans-resveratrol, a polyphenol transported from the cells into
extracellular medium and conferring antimicrobial properties
(Martinez-Marquez et al, 2017). GSTF2 and GSTF3 from
A. thaliana were described in vitro to bind various ligands

TABLE 2 | Ligands of plant Ser-GSTs identified.

Isoform Organism Ligands References
Bronze-2 or Bz2 Zea mays Cyanidin-3-glucoside Marrs et al., 1995
(GSTU)
ZmGSTI-I, ZmGSTI-Il, Zea mays Protoporphyrin IX, mesoporphyrin, Lederer and Boger, 2003
ZmGST II-Il, ZmGST coproporphyrin, uroporphyrin,
Il (GSTU et GSTF) Mg-protoporphyrin
ZmGSTU1 Zea mays Uroporphyrin, pentacarboxyl porphyrin, Dixon et al., 2008
harderoporphyrin-SG, coproporphyrin, heme B
ZmGSTFA Zea mays Gibberellic acid, indole-3-butyric acid, Axarli et al., 2004
2-naphtoxyacetic acid,
2,4-dichlorophenoxyacetic acid, kinetin,
quercetin, luteolin
AtGSTU7 Arabidopsis thaliana Protoporphyrin-SG, myristoyl-glutathione Dixon and Edwards, 2009, 2018
AtGSTU19 Arabidopsis thaliana Harderoporphyrin-SG, chlorogenic acid, Dixon and Edwards, 2009, 2018

Transparent testa 19 or
TT19 (GSTF)

AtGSTF2, AtGSTF3

AtGSTF2

AtGSTF2

Anthocyanin9 or An9
(GSTF)

Anthocyanin9 or An9
(GSTF)

GST
CkmGST3 (GSTF)

WGST1 (GSTU),
WGST4 (GSTF)

WGSTU2

Flavonoid3 or FI3
PfGST1 (GSTF)
AtGSTU9, AtGSTU10
AtGSTU25, AtGSTU28
AtGSTF6

AtGSTU13

Arabidopsis thaliana

Arabidopsis thaliana

Arabidopsis thaliana

Arabidopsis thaliana

Petunia hybrida

Petunia hybrida

Hyoscyamus muticus

Cyclamen persicum x Cyclamen purpurascens

Vitis vinifera

Vitis vinifera

Dianthus caryophyllus
Perilla frutescens
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana

10-S-glutathionyl-12-oxo-phytodienoic acid,
oxylipin-SG, 3-methylindolyl glutathiony!
disulfide, 12-oxo-phytodienoic acid (OPDA)
Anthocyanin

Norharmane, harmane, lumichrome,
indole-3-aldehyde, quercetin-3-O-rhamnoside

Indole-3-aldehyde, camalexin, quercetrin,
quercetin

Grossamide K-SG, cannabisin,
10-S-glutathionyl-12-oxo-phytodienoic acid,
kaempferol-3,7,4’-trimethylether,
quercetin-3,7,3' 4’ -tetramethylether

Anthocyanin

Isoquercitrin, quercetin, cyanidin, luteolin

Indole-3-acetic acid
Anthocyanin
Anthocyanin

Trans-resveratrol

Anthocyanin

Anthocyanin

fatty acyl (C14,C16,C17, C18)

fatty acyl (C6,C8,C10,C12,C14)
Indole-3-acetonitrile

Indole-3-ylmethyl-ITC (indole glucosinolate)

Kitamura et al., 2004

Dixon et al., 2011a

Ahmad et al., 2017

Dixon and Edwards, 2018

Alfenito, 1998

Mueller et al., 2000

Bilang et al., 1993
Kitamura et al., 2012
Conn et al., 2008

Martinez-Marquez et al., 2017

Larsen et al., 2003
Yamazaki et al., 2008

Dixon and Edwards, 2009
Dixon and Edwards, 2009

Suetal., 2011

Pislewska-Bednarek et al., 2018
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such as lumichrome, harmane, norharmane, indole-3-aldehyde,
camalexin, and quercetin-3-O-rhamnoside (Dixon et al., 2011a)
but the physiological significance remains unknown. In addition
to a carrier function, it may be that the non-enzymatic binding
of molecules prevents their oxidative damage, thus ensuring a
protective effect (Mueller et al., 2000).

Structural Characteristics of Plant
Ser-GSTs

Considering the high number of Ser-GSTs in plants, only a few
structures have been solved so far: 27 for GSTUs, 15 for GSTFs,
1 for GSTZ, and none for TCHQD and GSTT (Table 3). All
these plant Ser-GSTs are homodimeric enzymes in which each
protomer of approximately 23-30 kDa contains two domains
with a catalytic center at the interface. The N-terminal domain
adopts the typical TRX-fold (with Blalf2a2p3B4a3 topology)
and the C-terminal domain is a bundle of at least five helices
(04 to a8) (Figure 1). GSTUs have an additional a9 helix that is

oriented toward the active site without occluding it (Thom et al,,
2002). In GSTFs, the a6-a7 connection systematically includes
a small helix (a6’) (Reinemer et al., 1996; Pégeot et al., 2014,
2017). The atomic model of the only GSTZ crystal structure,
that of A. thaliana GSTZ1, is incomplete between helices a4
and a5, which hinders the accurate determination of the active
site (Thom et al., 2001). Within a class, the variable regions
are often close to the active site and involved in the binding
of the electrophilic substrate. In GSTUs, these regions include
helix 9 and the segment from roughly the C-terminal end of
a4 to the N-terminal end of a5 (Valenzuela-Chavira et al., 2017).
In GSTFs, they include this segment and the connection $2-p3,
which, in maize GSTF3, was supposed to move upon binding
of the substrate in the active site (Neuefeind et al., 1997a). This
connection is also involved in the dimer stabilization (see below).

Concerning dimerization, the GSTU dimer has an open
V-shaped configuration with 2200 A2 of the accessible surface
that is buried at the interface, comparable with that of GSTOs
(2000 A?), but smaller than that of GSTFs (2700 A2) and

TABLE 3 | Crystal structures of Ser-GSTs from plants.

Class Organism Name Ligand PDB Entry References
Arabidopsis thaliana AtGSTF2 GTX® (1GNW)°, FOE®? 1GNW, 1BX9, 5A8K, Reinemer et al., 1996;
(1BX9)P, 7WB? B5A4V, 5A4U, 5AAW Prade et al., 1998;
(5ABK)P, QUE2 Ahmad et al., 2017
(BA4VP, I3A2 (BA4U)P,
QCT? (5A4W)°
Phi Populus trichocarpa PtGSTF1 GSH? (4RI6)°, GSHa 4Rle, 4RI7¢ Pégeot et al., 2014
(4RI7)°
PtGSTF2 5EY6 Pégeot et al., 2017
PtGSTF5 GSH? 5F05
PtGSTF7 GSHa 5F06
PtGSTF8 GSH? 5F07
Zea mays ZmGSTF1 CYW2 (1AXD)P, ATA2 1AXD, 1BYE Neuefeind et al., 19973;
(1BYEP Prade et al., 1998
ZmGSTF3 1AW9 Neuefeind et al., 1997b
Triticum aestivum TaGSTU4-4 GTX® 1GWC Thom et al., 2002
Arabidopsis thaliana AtGSTU20/ FIP1 GSH? B5ECS, 5ECR, 5ECQ, Chen et al., 2017
5ECP, 5ECO, 5ECN,
5ECM, 5ECL, 5ECK,
5ECI, 5ECH
AtGSTU23 GSHa (6EP7)° 6EPSG, 6EP7, 5084 Tossounian et al., 2018
AtGSTU25 GSSG 5G5A d
Tau Glycine max GmGSTU4 GTB? (2V04, 5AGY)°, 2V04, 4TOP, BAGY® Axarli et al., 2009a,b;
GSHa2 (4TOP)P Burmeister et al., 2008
GmGSTU10-10 GSs8g? 4CHS Skopelitou et al., 2015
Mangifera indica MIGSTU GSH? (5G5F), GTX? 5G5E, 5G5F, 5KEJ Valenzuela-Chavira
(BKEJ) etal., 2017
Oryza sativa subsp. japonica OsGSTU1 GSH? 10YJ Dixon et al., 2003
Populus trichocarpa PtGSTU30 GSH?2 5J4U, 5J5Nf Yang et al., 2019
Ricinus communis EFI-501866 4J2F d
Zeta Arabidopsis thaliana GSTZ1 1E6B Thom et al., 2001

4PDB ligand codes: GSH, Glutathione; GTX, S-hexylglutathione; FOE, FOE-4053-glutathione conjugate; 7WB, Camalexin;, QUE, Quercetin; I3A, Indole-3-aldehyde;
QCT, Quercetrin; CYW, Lactoylglutathione; ATA, Atrazine glutathione conjugate; GTB, S-(P-Nitrobenzyl)glutathione;, GS8, S-Hydroxy-glutathione. bpPpB, entry where the
ligand is present. °4RI7: crystal structure of an isoform of PtGSTF1, which contains mutation of S13 to C. 9crystal structures only available in the PDB. ®5AGY: crystal
structure of an isoform of GmGSTU4, which contains mutations of 1183 to V, Q46 to K, R38 to Q, and W114 to C. '5J5N: crystal structure of an isoform of PtGSTU30,

which contains mutation of R39 to W.
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L1 sites

FIGURE 1 | Structures of Ser-GSTs from plants highlighting the location of ligand-binding sites. (A-D) schematic structure of the GmGSTU4 and AtGSTF2 dimers,
respectively. (C,D) illustrate the complexes formed between AtGSTF2 and FOE (1BX9) or QCT (5A4W). The secondary structures and the location of the
ligand-binding sites are labeled. The TRX domain is in cyan and the C-terminal domain is in magenta. The labeled ligands are: GTB, S-(P-Nitrobenzyl)glutathione;
4NM, 4-Nitrophenyl methanethiol; FOE, FOE-4053-glutathione conjugate; QCT, Quercetrin.

most other classes of GSTs (2800-3400 A?) (Axarli et al,
2010). The monomers are related by a two-fold symmetry
where the N-terminal domain of one subunit cross-interacts
with the C-terminal domain of the second one, and vice
versa. The contact regions are the loop «2-p2, the strand
B3 and the helix a3 of one monomer and the helices a4
and o5 of the other. The dimerization interface involves
hydrophobic surface patches and a particular lock-and-key
motif in which the side-chain of an aliphatic or aromatic
residue extends across the dimer interface (Val52 in TaGSTU4
and Phe53 in PtGSTF1, Table 3). In GSTUs, conserved
salt bridges close to the dyad axis bind both subunits. In
GSTFs, the number and the nature of the polar interactions
vary significantly from one isoform to another. Indeed, a
single hydrogen bond connects the two subunits of AtGSTF2

(Reinemer et al.,, 1996) whereas nine are found in PtGSTF1
(Pégeot et al., 2014).

The GST catalytic center is usually divided in two distinct
functional regions, a hydrophilic G-site for binding glutathione,
and an adjacent hydrophobic H-site for accommodating
electrophilic substrates. The anchoring residues of the G-site
are well conserved among all GSTs probably because of their
high specificity for glutathione. These residues are highlighted
in the structural alignments (Figure 2). In Ser-GSTs, the GSH
thiol group is normally hydrogen bonded to the hydroxyl group
of the catalytic serine (Ser13 in PtGSTF1) (Pégeot et al., 2014).
However, this serine is important but not mandatory for GSH-
conjugating reactions as concluded from mutagenesis studies
or its absence in some GSTFs (Pégeot et al., 2014). In poplar
GSTFs, nearby hydroxylated residues present in the active site
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TaGSTU4
AtGSTU20
AtGSTU23
AtGSTU25
GmGSTU4
GmGSTU10
MiGSTU1
0sGSTUL
PtGSTU30
RcGSTU1

TaGSTU4
AtGSTU20
AtGSTU23
AtGSTU25
GmGSTU4
GmGSTU10
MiGSTU1
0sGSTU1
PEtGSTU30
RcGSTUL

TaGSTU4
AtGSTU20
AtGSTU23
AtGSTU25
GmGSTU4
GmGSTU10
MiGSTU1
0sGSTUL
PtGSTU30
RcGSTU1

AtGSTF2
PtGSTF1
PtGSTF2
PtGSTF5
PtGSTF7
PtGSTF8
ZmGSTF1
ZmGSTF3

AtGSTF2
PtGSTF1
PtGSTF2
PtGSTFS
PtGSTF7
PtGSTF8
ZmGSTF1
ZmGSTF3

AtGSTF2
PtGSTF1
PtGSTF2
PLGSTF5
PtGSTF7
PtGSTF8
ZmGSTF1
ZmGSTF3

FIGURE 2 | Structure-based sequence alignments of Tau class (A) and Phi class (B) GSTs from plants. The sequence alignment was generated with Chimera
(Pettersen et al., 2004) and manually adjusted. Crystal structures and sequences are available at the Protein Data Bank (http://www.rcsb.org): 1GWC for TaGSTU4,
5ECS for AtGSTU20, 6EBP for AtGSTU23, 5G5A for AtGSTU25, 2V04 for GmGSTU4, 4CHS for GmGSTU10, 5G5E for MIGSTU1, 10YJ for OsGSTU1, 5J4U for
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FIGURE 2| Continued

PtGSTUB0, 4J2F for ReGSTU1, 1GNW for AtGSTF2, 4RI6 for PtGSTF1, 5EY6 for PtGSTF2, 5F05 for PtGSTF5, 5F06 for PtGSTF7, 5F07 for PtGSTF8, 1AXD for
ZmGSTF1, and 1AW9 for ZmGSTF3. Secondary structures are labeled and shown using arrows (B-strands) and squiggles (helices). The active site serine, the
invariant proline and the quasi-invariant aspartic acid are in bold type, colored white, highlighted black, and marked with @. Residues that participate in dimer
stabilization via strong polar interactions are in bold and marked with *. Residues involved in binding glutathione (G-site) are in bold type, highlighted yellow, and

. Residues of the characterized H-sites are in bold type, highlighted green, and marked with A. Residues of the L1-site (GmGSTU4, 2VO4) are in bold
type, highlighted red, and marked with A. Residues of the L2-site (AtGSTF2, 5A4U, 5A4V, and 5A4W) are in bold type, highlighted blue, and marked with A.
Residues of the L3-site (AtGSTF2, 5A4K, 5A4U, and 5A4W) are in bold type, highlighted pink, and marked with

marked with

signature (often STXT) could be involved in GSH activation
(Pégeot et al, 2017). Generally speaking, the H-site is built
from elements from both the N- and C-terminal domains.
The observed variations reflect the broad electrophilic-substrate
specificities of the different GST isoforms/classes. Only AtGSTF2
and ZmGSTF1 crystal structures were obtained in the presence of
herbicidal-glutathione conjugates (Figure 1; Prade et al., 1998).
In other cases, the H-sites have been defined from the presence
of inhibitors such as S-hexylglutathione or molecules from the
crystallization medium. In the large majority of cases, the putative
H-site residues are hydrophobic in nature. In GSTFs, the H-site
involves residues located around the catalytic serine (N-terminal
end of helix al), in the loop f2-02 and in the C-terminal end
of helix a4. In GSTUs, residues from two additional regions
are concerned, namely the helix a6 and the additional helix 9.
A conserved tryptophan is present in the helix a6 of GSTUs
(Trpl71 in TaGSTU4) (Thom et al., 2002). In GSTFs, aromatic
residues identified by mutagenesis studies have been clearly
demonstrated as participating in the affinity toward electrophilic
substrates (Axarli et al., 2004; Dixon et al., 2011a).

The structures of GSTs include other important regions that
are associated with non-catalytic functions. AtGSTU20, also
named FIP1 (FIN219-interacting protein 1) because it interacts
with the jasmonate-amido synthetase FIN219, participates in
the jasmonate signaling response under far-red light conditions
(Chen et al,, 2007, 2017). In a crystallographic study, it was
shown that the formation of the FIP1-FIN219 complex results
in the reorientation of the FIN219 C-terminal domain, which
appears crucial for improving jasmonoyl-isoleucine biosynthesis.
However, the overall conformation of AtGSTU20 is not altered
and the FIN219-binding region includes the C-terminal a6 to a8
helices. Interestingly, the authors noted that some of the contact
residues are well conserved in GSTUs and GSTs of other species
(Figure 2; Chen et al., 2017). For their ligandin function, GSTs
bind a wide range of compounds in a non-catalytic manner at so-
called L-sites, which are often distinct from the active site. Three
different L-sites were described in GSTs from plants (Figure 1).
The structural analysis of GmGSTU4-4 revealed the presence of
one molecule of (4-nitrophenyl)methanethiol in each subunit in
a hydrophobic surface pocket (L1-site) (Axarli et al., 2016). The
bottom and walls of the L1-site are lined with residues from
al, B2, and 8. The main binding residues are conserved in
GSTUs. The crystal structures of AtGSTF2 in complex with two
indole derivatives and two flavonoids revealed two other ligand-
binding sites (L2 and L3) (Ahmad et al.,, 2017) extending the
observation of tight protein-ligand interactions (Kq < 1 wM) by
isothermal titration calorimetry (Dixon et al., 2011a). The L2 site
is situated between helices 04 and a7 in each monomer whereas

the L3 site is located at the base of the dimer interface involving
helices a3 of one subunit and o4 of its neighbor (Figure 1). All
ligands are stabilized mainly through hydrophobic interactions
(Ahmad et al,, 2017). Coupled to biochemical evidence, the
presence of these non-catalytic L-sites in GSTUs and GSTFs
suggest that at least some of them should function in the transport
of endogenous metabolites (Dixon et al., 2011a). However, the
residues forming these L-sites are difficult to identify because they
are not well-conserved among plant GSTs (Ahmad et al., 2017).

Gene Expression of Ser-GSTs in
A. thaliana

Analyzing the transcript abundance of these GSTs could
be helpful to understand the possible redundancy between
close/duplicated isoforms as well as to give clues about their
functions in the absence of molecular and genetic information.
In fact, it is quite well documented in many species that
the expression of GSTF and GSTU genes is often induced in
response to environmental constraints. This includes heavy-
metal exposure (Moons, 2003; Ahsan et al., 2008; Reid et al., 2013;
Tripathi et al., 2014), salinity, heat, cold, drought (Jha et al., 2011;
Tiwari et al., 2016; Yang et al., 2016; Xu et al., 2018; Srivastava
etal., 2019), or biotic interactions such as pathogenic interaction
(Rinaldi et al., 2007; Skopelitou et al., 2015; Kao et al., 2016). The
expression of several GSTF and GSTU genes is also enhanced
in response to phytohormones including abscisic acid, auxin,
ethylene, methyl jasmonate and salicylic acid, to herbicides and to
herbicide safeners, and more generally to treatments leading to an
oxidative stress (DeRidder, 2002; Wagner et al., 2002; Lieberherr
et al., 2003; Smith et al., 2003, 2004; Sappl et al., 2004, 2009; Chen
etal., 2012; Chronopoulou et al., 2017b). Thus, using A. thaliana
as a representative organism, the transcript abundance of 44 out
of the 47 Ser-GST genes was retrieved from the AtGenExpress
datasets. The expression profiles of GSTF2 (At4g02520), GSTF7
(At1g02920), and TCHQD (At1g77290) were not available and
are therefore not present in this gene expression analysis.

First, we examined the expression profiles of Ser-GST genes
in the context of a developmental time-course in Arabidopsis
(Figure 3), using the AtGenExpress Developmental Set (Schmid
et al, 2005). In this case, the transcript abundance of each
gene was standardized using z-score transformation (a form of
normalization that is particularly useful when comparing samples
from diverse treatments/tissue backgrounds), and arranged by
classes. One can clearly see that most GSTFs and GSTUs, as
well as the two GSTZs, have their highest expression in roots.
However, for the three GSTTs, the highest expression is found in
samples spanning seed development (siliques/seeds), particularly
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in those containing isolated maturing seeds. In addition, these
GSTTs also exhibited increased transcript abundance during
developmental leaf senescence (DLS), however, this cannot be
relied upon too strongly as only one time point is included in
this dataset. Interestingly, within the GSTF family, GSTF5 is only
highly expressed at the two first stages of siliques/seeds (siliques
bearing developing seeds), a specificity that is also found for
GSTF12, albeit the transcript abundance also peaks during DLS.
The GSTF3, 6, 8, 9, 10, and 11 genes are also expressed in leaves
and in whole plant stages, but to a much lower level than in
roots. As already said, most of the GSTUs display their highest
expression levels in roots, however, GSTU4, 9, 15, and 16 are
exclusively and strongly expressed at the siliques/seeds stages.
An exception is GSTU23, which exhibits its highest transcript
abundance in both roots and siliques/seeds stages. Finally, many
Ser-GSTs appear to have transient expression during whole plant,
leaf, flower, and stem development, which could suggest very
specific functions in response to developmental cues.

In a second stage of analysis, we examined the expression
profile of these same 44 Ser-GSTs in response to a number of
abiotic stresses [AtGenExpress Stress Set; (Kilian et al., 2007)].
Data are presented as a log2 fold-change of the stress treatment
(at a given time point) versus its respective control sample,
and the entire dataset is hierarchically clustered using Euclidean
distance (Figure 4). This analysis clearly demonstrates that
most Ser-GSTs strongly respond to stresses applied to the roots
and thus, substantiates the high expression profiles observed
in roots from the developmental stage analysis (Figure 3).
Interestingly, GSTs present in clusters 3, 4, 5, 6, and 7
exhibit high transcript abundance in response to temperature
changes in roots (cold and heat). That said, the five GSTs
comprising clusters 3, 4, and 5 additionally exhibit high transcript
abundance in response to almost all stresses, in both aerial
and subterranean tissues. Also of note here, whereas the 2
GSTs of cluster 1, (GSTFI1 and GSTU20) have an overall
low fold-change of their transcript abundance in response to
all stresses as compared to most of the other GSTs, the 6
GSTs included in cluster 2 seem to consistently respond to
osmotic changes, salt and drought stresses in both root and
aerial parts. Altogether, this clearly indicates that Ser-GSTs are
involved in the molecular responses to several environmental
cues, both biotic and abiotic, a fact that is discussed further in
the next chapter.

Physiological Roles of Ser-GSTs in

A. thaliana

As highlighted above, Ser-GSTs constitute the largest group of
GSTs in plants. Although several molecular and biochemical
studies have shed light on their tridimensional structures,
biochemical properties, and enzymatic activities, very little is
known about the actual roles that these proteins play in planta.
This lack of knowledge might reflect the functional redundancy
that most probably exists between these GSTs (Sappl et al,
2009; Rahantaniaina et al.,, 2017). Nevertheless, the use of the
model plant A. thaliana has aided in deciphering the role
played by some of the 47 Ser-GSTs (13 GSTFs, 28 GSTUs, 1

TCHQD, 2 GSTZs, and 3 GSTTs) (Table 4; Wagner et al., 2002;
Dixon and Edwards, 2010a).

GSTUs were first associated with plant xenobiotic
detoxification, in particular the detoxification of herbicides. It
was proposed that high GSTU activity, due to a high endogenous
level of expression, was at the center of the observed differential
sensitivity to herbicides between cereals (e.g., maize, wheat,
and rice) and weeds (Cummins et al., 2011). In A. thaliana,
it was proposed that AtGSTU26, whose expression is induced
in response to chloroacetanilide herbicide treatments, could
participate in the detoxification of these harmful chemicals by
catalyzing their glutathionylation (Nutricati et al., 2006). The
xenobiotic detoxification activity of GSTU extends to other
chemicals. For instance, a recent study focusing on a major
worldwide military pollutant, namely the 2,4,6-trinitrotoluene
(TNT), highlighted the role played by GSTUs in detoxifying
this harmful and highly persistent pollutant by catalyzing its
GSH-conjugation (Gunning et al, 2014). In this study, the
authors showed that overexpressing AtGSTU24 and AtGSTU25,
two genes whose expression is induced by TNT, was sufficient
to enhance the ability of A. thaliana plants to withstand
and detoxify TNT.

In addition to their role in detoxifying xenobiotic compounds,
A. thaliana GSTUs were associated with the response to
environmental cues. One of the best examples is the response
to light signals. This was first demonstrated with GSTU20, a
gene whose expression is induced under far-red irradiation
and inhibited by phytochrome A (phyA) mutation (Chen et al,,
2007). The characterization of gain- and loss-of-function mutant
lines suggested the key role that GSTU20 plays in regulating
cell elongation and flowering time in response to light (Chen
et al., 2007). Similarly, GSTU17, whose expression is regulated
by different photoreceptors (especially phyA), participates in
the modulation of several aspects of seedling development
(e.g., hypocotyl elongation, root development, anthocyanin
accumulation) (Jiang et al., 2010). Two other GSTUs were also
associated with the A. thaliana response to light stress, namely
GSTUS5 and GSTU14 (Liu and Li, 2002; Lv et al., 2015).

GSTU17 also plays a role in the response to drought and salt
stresses (Chen et al., 2012). The gstul7 mutation confers a higher
tolerance to drought and salt stresses when compared to wild-
type plants that could be attributed to an increased accumulation
of GSH and ABA within the plant tissues. In this process,
GSTU17 acts as a negative component of the stress-mediated
signal transduction pathways. Conversely, the overexpression of
GSTU19 in A. thaliana plants confers tolerance to drought and
salt stresses (Xu et al., 2016). The fact that the overexpression of
GSTU19 also confers an increased tolerance to methyl viologen
(a pro-oxidant compound) together with increased activity of
antioxidant enzymes indicates that GSTU19 may be involved in
counteracting the oxidative damages associated with drought or
salt stresses. Additionally, the A. thaliana response to drought
and salt stresses, mediated by the AtRGGA RNA-binding protein,
involves GSTU9 (Ambrosone et al., 2015).

GSTUs are also involved in plant response to biotic
stresses. A recent example is the observation that gstul3
mutants display an enhanced susceptibility, when compared
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TABLE 4 | Diversity of Ser-GST functions.

GST Gene ID Acronym Known role Mutant characterized References

GSTU1 At2g29490  GST19 None

GSTU2 At2g29480  GST20 None

GSTU3 At2g29470  GST21 None

GSTU4 At2g29460  GST22 None

GSTUS At2g29450  GSTU1, AT103-1A UV radiation acclimation GSTU5-0OE Liu and Li, 2002
Excess light acclimation response None Lvetal., 2015

GSTUB At2g29440  GST24 None

GSTU7 At2g29420  GST25 Part of the lipid stress response None Stotz et al., 2013

GSTU8 At39g09270 None

GSTU9 At5g62480  GST14, GST14B Salt and drought stress response None Ambrosone et al., 2015

GSTU10  At1g74590 None

GSTU11  At1g69930 None

GSTU12  At1g69920 None

GSTU13  At1g27130  GST12 Indole glucosinolate biosynthesis / gstu13 Pislewska-Bednarek et al., 2018
Response to fungal pathogens
(E. pisi, C. gloeosporioides and
P, cucumerin)

GSTU14  At1g27140  GST13 Part of the excess light acclimation None Lvetal., 2015
response

GSTU15  At1g59670 None

GSTU16  At1g59700 Part of the plant response to fungal None Pantelides et al., 2010
pathogens (V. dahliae)

GSTU17  At1g10370  ERD9, GST30, GST30B  Drought and salt stress response GSTU17-OE and gstu17 Chen et al., 2012
Light response / Seedling GSTU17-OE and gstu17 Jiang et al., 2010
development / Root elongation

GSTU18  At1g10360  GST29 Part of the lipid stress response None Mueller et al., 2008

GSTU19  At1g78380  GST8 Drought, salt and methyl viologen GSTU19-OE Xu et al., 2016
stress response

GSTU20  At1g78370  FIP1 Light response / Seedling GSTU20-0E and gstu20 Chen et al., 2007
development / Flowering time

GSTU21  At1g78360 None

GSTU22  At1g78340 None

GSTU23  At1g78320 None

GSTU24  At1g17170  GST Lipid stress response None Mueller et al., 2008
Xenobiotic detoxification (TNT, GSTU24-0OE Gunning et al., 2014
2,4,6-trinitrotoluene)

GSTU25  At1g17180 Xenobiotic detoxification (TNT, GSTU25-OE Gunning et al., 2014
2,4,6-trinitrotoluene)

GSTU26  At1g17190 Xenobiotic detoxification (herbicides) None Nutricati et al., 2006

GSTU27  At3g43800 None

GSTU28  At1g53680 None

GSTF2 At4g02520  ATPM24, GST2 Response to bacterial inoculation None Lieberherr et al., 2003
(R, syringae)

Response to bacterial volatiles None Kwon et al., 2010
(B. subtilis)

GSTF3 At2g02930  GST16 None

GSTF4 At1g02950  GST31 None

GSTF5 At1g02940 None

GSTF6 At1g02930 ERD11, GST1, GSTF3 Response to bacterial inoculation None Lieberherr et al., 2003
(P, syringae)

Modulation of plant metabolism in gstf6 gstf7 gstfd gstf10 RNAi lines  Sappl et al., 2009
response to oxidative stress
Camalexin biosynthesis (conjugation GSTF6-0E and gstfé Suetal.,, 2011
of GSH with IAN)
GSTF7 At1g02920  GST11, GSTF8 Modulation of plant metabolism in gstf6 gstf7 gstfo gstf10 RNAi lines  Sappl et al., 2009

response to oxidative stress

(Continued)
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TABLE 4 | Continued

GST* Gene ID Acronym Known role Mutant characterized References

GSTF8 At2g47730  GST6, GSTF5, GSTF6  Part of the lipid stress response None Mueller et al., 2008
Response to fungal (R. solani) and None Gleason et al., 2011
bacterial (P. syringae) pathogens
Response to fungal pathogens None Thatcher et al., 2015
(F. oxysporum)

GSTF9 At2g30860  GLUTTR, GSTF7 Xenobiotic detoxification (CDNB, None Nutricati et al., 2006
1-chloro-2,4-dinitrobenzene)
Indole glucosinolate biosynthesis None Wentzell et al., 2007
Modulation of plant metabolism in gstf6 gstf7 gstfo gstf10 RNAi lines  Sappl et al., 2009
response to oxidative stress
Salt stress response gstfo Horvath et al., 2015

GSTF10  At2g30870 Indole glucosinolate biosynthesis None Wentzell et al., 2007
Drought and salt stress response GSTF10-OE and gstf70 RNA lines  Ryu et al., 2009
Modulation of plant metabolism in gstf6 gstf7 gstfo gstf10 RNAi lines  Sappl et al., 2009
response to oxidative stress

GSTF11 At3g03190  GSTF6 Aliphatic glucosinolate biosynthesis None Wentzell et al., 2007

GSTF12  At5g17220  TT19 Flavonoid storage (anthocyanins and gstfi12/tt19 Kitamura et al., 2004; Sun et al., 2012
proanthocyanidins)
Response to fungal pathogens None Pantelides et al., 2010
(V. dahliae)

GSTF13  At3g62760 None

GSTF14  At1g49860 Response to virus infection (BSCTV, None Yang et al., 2013
beet severe curly top virus)

GSTT1 At5g41210 GST10 None

GSTT2 At5g41240  GST10B Systemic acquired resistance gstt2 Banday and Nandi, 2018

GSTT3 At5g41220  GST10C None

GSTZ1 At2g02390  GST18, GSTZ1, MAAI Tyrosine catabolism None Edwards and Dixon, 2000

GSTZ2 At2g02380 None

TCHQD  At1g77290 None

to wild-type plants, toward the fungal pathogens Erysiphe pisi,
Colletotrichum gloeosporioides, and Plectosphaerella cucumerina
(Pislewska-Bednarek et al., 2018). It was demonstrated that this
phenotype is essentially due to a decrease in the biosynthesis of
indole glucosinolates (IG; defense-related compounds found in
Brassicaceae), where GSTU13 plays a catalytic role in conjugating
GSH to IG precursors, affecting the innate immune system
of A. thaliana plants. GSTUI6 is another member that was
proposed to be part of the plant response to fungal pathogens
(e.g., Verticillium dahliae) (Pantelides et al., 2010). However, the
mechanism by which GSTU16 participates in this response still
needs to be addressed.

Both biotic and abiotic stresses lead to the formation of
non-enzymatically formed oxylipins, such as phytoprostanes,
resulting from the oxidation of several types of lipids (most
probably in response to the accumulation of stress-mediated free
radicals and reactive oxygen species). These compounds serve as
signaling molecules to adapt the plant response to environmental
constraints, but may also enhance oxidative stress damages. Thus,
their homeostasis should be tightly regulated. Interestingly, it has
been shown that GSH-conjugation participates in this process,
in particular in response to a Pseudomonas syringae infection
(Mueller et al., 2008). In addition, the expression of several
GSTU genes was shown to be responsive to phytoprostanes

(i.e., GSTU7, GSTUI8, and GSTU24) indicating that they may
regulate phytoprostane homeostasis or be involved in the general
detoxification pathways (Mueller et al., 2008; Stotz et al., 2013).

GSTFs constitute the second largest class of Ser-GSTs in plants,
with 13 members in A. thaliana (Wagner et al., 2002). The GSTF1
sequence that was initially described (Bartling et al., 1993) is no
longer present in the final reference genome of this plant.

As GSTUs, GSTFs are associated with the plant response
to various abiotic and biotic stresses. For instance, A. thaliana
gstf9 and gstf10 mutants are more sensitive to a salt stress than
wild-type plants (Ryu et al, 2009; Horvath et al, 2015). In
contrast, overexpression of GSTFI0 confers higher tolerance to
salt. Together these data indicate that the A. thaliana GSTF9
and GSTF10 play a positive role in the plant response to a
salt stress. However, several reports indicate that the role of
GSTF9 and GSTFI10 extends beyond. GSTFI0 was proposed
to play a role in modulating developmental processes, such
as the brassinosteroid-independent spontaneous cell death, a
mechanism that is mediated by the production of reactive oxygen
species (Ryu et al., 2009). GSTF9 and GSTF10, as well as GSTF11,
are also involved in the biosynthesis of glucosinolates (Wentzell
etal., 2007). Whether GSTF9, GSTF10 and GSTF11 act in concert
with GSTU13 in this process (Pislewska-Bednarek et al., 2018)
remains to be investigated. GSTF9 and GSTF10, together with
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GSTF6 and GSTF7, also play a role in limiting the metabolic
changes that arise during oxidative stress (Sappl et al., 2009).

Additionally, GSTF6 activity is required for the biosynthesis of
camalexin, the main phytoalexin (i.e., secondary metabolite with
antimicrobial activity) present in A. thaliana (Su et al., 2011).
The proposed role of GSTF6 in this process is to catalyze the
conjugation of GSH on indole-3-acetonitrile (IAN), leading to
the formation of GSH-IAN, the main precursor of camalexin
biosynthesis. The above-mentioned functional roles of GSTF6 are
in agreement with its first proposed biological function, which
was to participate in defense mechanisms against pathogens
(e.g., P. syringae), together with GSTF2 (Lieberherr et al., 2003;
Kwon et al., 2010). GSTF8, GSTF12, and GSTF14 activities are
associated with the A. thaliana response to various pathogens,
including viruses (Pantelides et al., 2010; Gleason et al., 2011;
Yang et al., 2013; Thatcher et al., 2015). GSTF8 and GSTF9 have
been identified as potential actors of the lipid stress response and
xenobiotic detoxification machinery, respectively (Nutricati et al.,
2006; Mueller et al., 2008).

GSTF12 is another member of the phi class whose function
has been extensively studies. GSTF12 is also known as
TRANSPARENT TESTA 19 (TT19) and plays a key role in
the control of anthocyanin and proanthocyanidin vacuolar
accumulation in A. thaliana vegetative tissues and seed testa,
respectively (Kitamura et al.,, 2004). In this process, TT19 acts
as a carrier to convey these cytosolic flavonoids to the tonoplasts
(Sun et al., 2012).

No more physiological information is available for other Ser-
GST classes, namely GSTT, GSTZ, and TCHQD (3, 2, and 1
members in A. thaliana, respectively). A. thaliana GSTT2 seems
involved in the modulation of systemic acquired resistance by
altering the expression of key genes involved in this process
through epigenetic modifications (Banday and Nandi, 2018).
According to its capacity to catalyze the isomerisation of
maleylacetoacetate into fumarylacetoacetate in vitro, AtGSTZ1
is likely involved in tyrosine catabolism, as demonstrated in
animals (Edwards and Dixon, 2000). However, there is no mutant
described so far and there is a second gene in A. thaliana,
the biochemical properties of the protein having not yet been
explored. Moreover, AtGSTZ1 was also able to catalyze the GSH-
dependent dehalogenation of dichloroacetic acid to glyoxylic
acid, suggesting other possible functions in planta. Finally, there
is to date no clear function attributed to the sole member
of the TCHQD class, either in A. thaliana or in another
photosynthetic organisms.

CONCLUSION

The GST gene family was subject to a huge genetic expansion
in terrestrial plants, with an average number of GSTs around
58 but also in some particular fungi (up to 45 isoforms) (Morel
et al., 2013) compared to the 6-17 genes found in bacteria,
yeast or mammals. This is linked to expansion within one
or several classes as GSTU in plants. Genomic organization
and phylogenetic analyses indicate that most duplication events
responsible for the expansion of the GSTF and GSTU classes

are species-specific. Among Ser-GSTs in plants, the GSTFs and
GSTUs are highly represented, and have more diversified primary
sequences and catalytic signatures compared to GSTs from the
theta, zeta and TCHQD classes. This is likely at the origin
of their broader range of activities and set of accommodated
substrates/ligands.

According to their stress-inducible expression, it is
documented that many GSTFs and GSTUs have functions
connected to secondary metabolism, as exemplified by their
implication in the vacuolar sequestration of anthocyanin, in the
biosynthesis of camalexin, and/or in the binding of biosynthesis
intermediates (porphyrin derivatives) or cellular by-products
(oxylipins). Their implication in xenobiotic detoxification,
such as herbicides, has likely little to do with their ancestral
functions, that still remain to be delineated in many cases.
However, this has led to the development of biotechnological
applications in agriculture and environmental sciences [see
the review in this research topic by Perperopoulou et al
(2018)]. The GSTs being targeted for the development of
transgenic plants are linked to conferring tolerances against
biotic and abiotic stresses or expressing engineered xenobiotic
metabolizing enzymes for the bioremediation and detoxification
of agrochemicals and pollutants.

To reveal the functions of Ser-GSTs, future studies will have
to take into account the redundancy that most probably exists
within and between the different classes of Ser-GSTs, which has
limited the otherwise powerful reverse-genetic strategy. In order
to inventory molecules able to bind GSTs, in vivo and in vitro
ligand-fishing approaches have been used successfully in several
cases (Dixon et al., 2011b; Dixon and Edwards, 2018). However,
determining the nature of the identified molecules and whether,
when and how they are conjugated with GSH or just bound
to GSTs is a technically challenging and time-consuming task.
For instance, out of the 43 structures of Ser-GSTs available to
date in the Protein Data Bank, only 6 are solved with bound
ligands. Hence, the validation of the physiological relevance of
the detected interactions remains a major challenge.
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