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In plants, exposure to temperature extremes, heavy metal-contaminated soils, drought, air
pollutants, and pathogens results in the generation of reactive oxygen species that alter the
intracellular redox environment, which in turn influences signaling pathways and cell fate. As
part of their response to these stresses, plants produce glutathione. Glutathione acts as an
anti-oxidant by quenching reactive oxygen species, and is involved in the ascorbate—glutathione
cycle that eliminates damaging peroxides. Plants also use glutathione for the detoxification of
xenobiotics, herbicides, air pollutants (sulfur dioxide and ozone), and toxic heavy metals. Two
enzymes catalyze glutathione synthesis: glutamate—cysteine ligase, and glutathione synthetase.
Glutathione is a ubiquitous protective compound in plants, but the structural and functional
details of the proteins that synthesize it, as well as the potential biochemical mechanisms
of their regulation, have only begun to be explored. As discussed here, the core reactions of
glutathione synthesis are conserved across various organisms, but plants have diversified both
the regulatory mechanisms that control its synthesis and the range of products derived from
this pathway. Understanding the molecular basis of glutathione biosynthesis and its regulation
will expand our knowledge of this component in the plant stress response network.
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INTRODUCTION

Plants respond to environmental stresses by regulating metabolic
pathways that function to counteract resulting cellular damage. In
plants exposed to temperature extremes, heavy metal-contaminated
soils, drought, or air pollutants, the generation of reactive oxygen
species and alterations in the intracellular redox environment per-
turb cellular physiology (Ogawa, 2005). As part of their response
to these environmental stresses, plants produce glutathione, which
acts as an anti-oxidant by quenching reactive oxygen species and
is involved in the ascorbate—glutathione cycle that eliminates per-
oxides (Noctor and Foyer, 1998; Rouhier et al., 2008). Plants use
glutathione for the metabolic detoxification of a range of xenobiot-
ics, herbicides, air pollutants (sulfur dioxide and ozone), and heavy
metals (Grill etal., 1985; Riiegsegger et al., 1990; Madamanchi and
Alscher, 1991; May et al., 1998a). Glutathione also plays critical roles
in plant disease resistance, cell proliferation, root development, salt
tolerance, and protection against chilling damage (Vernoux et al.,
2000; Mittova et al., 2003; Goémez et al., 2004; Parisy et al., 2007;
Vivancos et al., 2010).

The synthesis of this chemically versatile tripeptide occurs in two
ATP-dependent steps (Figure 1; Meister, 1995). In the first reaction,
glutamate—cysteine ligase (GCL; also known as y-glutamylcysteine
synthetase; EC 6.3.2.2) catalyzes formation of y-glutamylcysteine
from cysteine and glutamate. In the second step, glutathione
synthetase (GS; EC 6.3.2.3.) catalyzes the addition of glycine to
v-glutamylcysteine to yield glutathione. As synthesized, the reduced
form of glutathione provides a substrate for multiple cellular reac-
tions that yield oxidized glutathione, i.e., two glutathione molecules

linked by a disulfide bond. Dehydroascorbate reductase consumes
reduced glutathione to produce ascorbate, which is then used for
the detoxification of hydrogen peroxide. In this system, glutathione
reductase acts to maintain a pool of reduced glutathione. The bal-
ance between the reduced and oxidized forms of glutathione is a
central component in maintaining cellular redox state (Meister,
1995).

Although plants, like most other organisms, produce glutathione
through a conserved chemical pathway, investigations of the plant
GCL and GS reveal new insights on the biochemical regulatory
mechanisms that control synthesis of this critical molecule and the
structural basis for diversification of glutathione analogs in plants.

OXIDATIVE STRESSES AND GLUTATHIONE SYNTHESIS
Environmental and cellular conditions that cause oxidative stress
increase glutathione levels in plants (May and Leaver, 1993; May
etal., 1998a). Interestingly, different stresses exert different effects
on the genes encoding the enzymes responsible for glutathione
production in plants. For example, in response to jasmonic acid
and heavy metals, transcription of GCL and GS and the levels of
glutathione increase; however, expression of each gene is unaf-
fected by treatment with either glutathione or hydrogen perox-
ide, even though elevated glutathione synthesis occurs (Schifer
et al., 1997, 1998; Xiang and Oliver, 1998). Similarly, exposure to
cadmium increases the levels of GCL mRNA in Brassica juncea
(Indian mustard) and activates transcription of both GCL and GS
in Arabidopsis thaliana (thale cress; Schifer et al., 1997, 1998; Xiang
and Oliver, 1998).
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FIGURE 1 | Glutathione biosynthesis. Substrates and products of the reactions catalyzed by glutamate-cysteine ligase (GCL) and glutathione synthetase (GS) are
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Early efforts to understand the regulation of glutathione bio-
synthesis in plants focused on substrate availability, feedback
inhibition, and transcriptional control with more recent studies
investigating post-translational modifications (Yi et al., 2010a,b).
Multiple experiments indicate that GCL is the rate-limiting enzyme
in the plant glutathione biosynthesis (Foyer et al., 1995, 1997;
Strohm et al., 1995; Noctor et al., 1996, 1997, 1998; Arisi et al.,
1997). Generally, overexpression of GCL, not GS, in plants raises
glutathione content by increasing flux through the pathway. Studies
showing that addition of cysteine, glutamate, or glycine does not
enhance glutathione synthesis also support the role of GCL as a
metabolic control point in the pathway (Meyer and Fricker, 2002).
Metabolic studies suggest that feedback inhibition may not be a
major control feature (Meyer et al.,2001), even though glutathione
inhibits both GCL and GS (Jez and Cahoon, 2004; Jez et al., 2004).
Several studies describe transcriptional regulation of the pathway
and report increased expression of the genes encoding GCL and GS
under different stress conditions (May et al., 1998b; Schifer et al.,
1998; Xiang and Oliver, 1998). Interestingly, in Arabidopsis sus-
pension cells transcriptional up-regulation of GCL in response to
various oxidative stresses was not observed, even though both GCL
activity and cellular glutathione levels increased (May et al., 1998b).

LOCALIZATION OF GLUTATHIONE SYNTHESIS IN PLANTS
The localization of GCL and GS plays a major role in the biosyn-
thesis of glutathione. Previous studies suggest that GCL is local-
ized to the chloroplasts and GS is localized both to chloroplasts
and cytosol in plant cells (Hell and Bergmann, 1988, 1990). Recent
work in Arabidopsis suggests that GCL and GS are each encoded
by a single gene with alternate transcription start sites leading to
either plastid-targeted or cytosolic protein (Wachter et al., 2005).
Immuno-electron microscopy of Arabidopsis leaf tissue shows
that GCL is localized to the chloroplast and that GS is found
within chloroplasts and the cytosol (Figure 2). Likewise, assays of
GCL and GS activity in the cytosol and chloroplast fractions of
Arabidopsis leaf tissue show specific activities as follows: GCL_
—2.2+0.3 nmol min™ mg total protein™ (18% total activity) and
GCL gpopias — 100 £ 0.6 nmol min™' mg total protein™ (82% total
activity); GS_ - 12.4 = 0.3 nmol min™ mg total protein™ (69%
total activity) and GS, - —5.6£0.7 nmol min™ mg total protein™
(319% total activity). Assays of stroma and thylakoid fractions showed
no detectable GCL and GS activity in the lumen (unpublished data).
Compartmentalization of glutathione biosynthesis is unique to
plants (Noctor et al., 2002). The cellular localization of GCL and
GS supports the need to metabolically integrate maintenance of

glutathione pools in both the cytosol and plastid. Although glu-
tathione production is regulated by GCL in the chloroplast (May
etal., 1998b; Hicks et al., 2007), cytosolic pathways involved in vari-
ous biotic and abiotic stress responses require glutathione. Synthesis
of y-glutamylcysteine in the chloroplast by GCL directly supports
production of glutathione by plastid GS, but requires transport of
the dipeptide to the cytosol for the cytosolic GS and movement of
glutathione between organelles and the cytosol (Pasternak et al.,
2008; Maughan et al., 2010).

PLANT GLUTAMATE-CYSTEINE LIGASE: STRUCTURE,
FUNCTION, AND REGULATION

Glutamate—cysteine ligase catalyzes the ATP-dependent formation
of a peptide bond between glutamate and cysteine in the first reac-
tion of glutathione synthesis. Cloning of GCL from Arabidopsis,
Medicago truncatula, B. juncea, and Chorispora bungeana, revealed
that the plant enzyme was unrelated by sequence to the mamma-
lian, yeast, or bacterial enzymes (May and Leaver, 1994; Frendo
et al., 1999; Hothorn et al., 2006; Wu et al., 2009). Arabidopsis
mutant phenotypes for cadmium tolerance (cad2), plant disease
resistance (pad2), and post-embryonic root development (rmlI)
are linked to the GCL gene (Cobbett et al., 1998; Vernoux et al.,
20005 Parisy et al., 2007). Sequence analysis of the GCL from mul-
tiple species indicates that these enzymes group into three distinct
families (Figure 3A), as follows: non-plant eukaryotes (mammals,
yeast, and trypanosomes), y-proteobacteria (Escherichia coli), and
plants (Arabidopsis) and oi-proteobacteria (Rhizobium; Copley and
Dhillon, 2002). Comparisons within each family reveal sequence
similarity, but pairwise comparisons between groups display no
statistically significant relationships. Later crystallographic studies
revealed that the GCL from yeast, E. coli, and plants share a com-
mon three-dimensional fold (Hibi et al., 2004; Hothorn et al., 2006;
Biterova and Barycki, 2009).

The best-studied GCL are those from non-plant eukaryotes and
consist of a catalytic heavy subunit (M ~70 kDa) and a regulatory
light subunit (M ~30 kDa; Seelig et al., 1984; Fraser et al.,2002). The
heavy subunit catalyzes formation of y-glutamylcysteine, whereas
the light subunit increases affinity for glutamate and decreases the
inhibition by glutathione (Seelig et al., 1984; Huang et al., 1993;
Fraser et al., 2002). Formation of intermolecular disulfide bonds
mediates association of the two subunits (Seelig et al., 1984; Fraser
et al., 2002, 2003). Thus, these GCL respond to changes in cellu-
lar redox environment to control y-glutamylcysteine production;
however, this model does not extend to all non-plant eukaryotes.
The GCL from Trypanosoma brucei and the mammalian catalytic
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FIGURE 2 | Localization of glutathione biosynthesis enzymes in
Arabidopsis leaf cells. (A) Localization of GCL. Immunocytochemical labeling
with a-GCL and gold-labeled secondary antibody is shown. Labeled GCL
within the chloroplast (CP) is indicated by black arrows. Cell wall (CW) is also

indicated. (B) Localization of GS. Immunocytochemical labeling with a-GS and
gold-labeled secondary antibody is shown. Labeled GS within the chloroplast
(CP) is indicated by black arrows and localization in the cytosol by white
arrows.
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FIGURE 3 | Overview of glutamate—cysteine ligase. (A) Oligomeric
organization and redox regulation of the three types of GCL are shown. (B)
Structure of the B. juncea GCL showing the positions of the two disulfide
bonds (gold space-filling models). Secondary structure elements are colored
as follows: a-helices in blue and B-strands in rose.

subunit share 45% amino acid identity, but the T. brucei GCL func-
tions as a monomer (Lueder and Phillips, 1996). Similarly, the E.
coli GCL also functions as a monomeric protein (Hibi et al., 2004).

Biochemical studies of the GCL from plants revealed that these
proteins are regulated by redox environment through a mecha-
nism that differs from the heterodimeric enzymes (Jez et al., 2004;
Hothorn et al., 2006; Hicks et al., 2007; Gromes et al., 2008). Kinetic
analysis of Arabidopsis GCL showed that the enzyme was inactivated
by buthionine sulfoximine, a potent inhibitor of mammalian GCL,
and used a random ter-reactant kinetic mechanism with a pre-
ferred order of binding for catalysis (Jez et al., 2004). Although no
studies examining the chemical mechanism have been published,
structural similarity between the plant and yeast GCL suggests a
shared reaction (Biterova and Barycki, 2009). In the yeast enzyme,

an active site Mg?', orients the glutamate y-carboxylate for attack
on the y-phosphate of ATP, which is positioned by a second Mg*
and an active site lysine. The resulting acyl-phosphate intermediate
undergoes nucleophilic attack by the o-amino group of cysteine,
which may be activated by an active site glutamate. Stabilization
of the transition state in each reaction step may be provided by a
conserved arginine that facilitates peptide bond formation.
Mechanistic studies of the plant GCL demonstrated that revers-
ible disulfide bond formation alters catalytic activity with the
oxidized protein more active than the reduced protein (Jez et al,,
2004). Control of GCL by redox state offers a simple post-trans-
lational control mechanism of glutathione biosynthesis in plants.
Glutathione maintains intracellular redox balance, and the redox
regulation of GCL provides a control switch for glutathione pro-
duction. Under oxidizing conditions, the demand for glutathione
increases and GCL is activated. As the concentration of glutathione
increases, cellular environment shifts to a more reduced poten-
tial and GCL activity decreases. Direct control of the rate-limiting
enzyme in glutathione production provides a post-translational
switch for responding to intracellular oxidative signals.
Subsequent crystallographic and functional studies established
the molecular basis for this thiol-based redox-switch. Although
regulation by redox environment occurs in the heterodimeric
non-plant eukaryotic GCL, the plant GCL function as homodi-
meric enzymes with two intermolecular (not intramolecular)
disulfide bonds (Hothorn et al., 2006; Hicks et al., 2007). The
three-dimensional structure of the B. juncea GCL shows the loca-
tions of these two disulfide bonds (Figure 3B): one disulfide bond
(Cys178—Cys398) is located at the interface between monomers in
the dimer and the second disulfide bond (Cys341-Cys356) anchors
a B-hairpin at the active site entrance (Hothorn et al., 2006). Active
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oxidized plant GCL functions as a dimer, but reducing conditions
disrupt Cys178—Cys398 to alter the dimer interface and shift the
protein to the less active monomeric form (Hothorn et al., 2006).
Site-directed mutagenesis of the first disulfide bond (Cys186—
Cys406 in A. thaliana GCL and Cys178-Cys398 in B. juncea GCL)
abolishes the redox response and locks GCL into a monomeric form
(Hothorn et al., 2006; Hicks et al., 2007). The regulatory disulfide
bond of the plant GCL has a midpoint potential comparable with
other known redox-responsive plant proteins (Hicks et al., 2007).

The in vitro change in GCL structure also occurs in vivo.
Treatment of Arabidopsis seedlings with 5 mM H,O, increased GCL
activity and resulted in a shift from the less active reduced form to
the more active oxidized form, as determined by activity assays and
immunoblot analysis (Hicks et al., 2007). Similar changes in oxida-
tion state of GCL were also observed with other oxidative stress
treatments, including cadmium exposure, inhibition of glutathione
synthesis by buthionine sulfoximine, or the generation of reaction
oxygen species via menadione (Hicks et al., 2007).

Conservation of the disulfide linkage that mediates the mono-
mer/dimer transition of GCL occurs across the plant kingdom
(Gromes et al., 2008). Interestingly, a disulfide bond is also found
in the GCL from o.-proteobacteria (Hibi et al., 2004; Gromes et al.,
2008). Analysis of the redox response of the GCL from tobacco
(Nicotiana tabacum), Agrobacterium tumefaciens (a-proteobacte-
ria), and Xanthomonas campestris (y-proteobacteria) showed that
the two proteobacterial GCL remain monomeric during redox
changes, even though the disulfide is retained. Although redox
changes did not alter enzyme activity in vitro, it is possible that
formation of the disulfide in the GCL from proteobacteria may
alter the stability and/or half-life of the protein in vivo; however,
this requires further investigation. Examination of the GCL from
these different organisms suggests that the interplay between the
redox-sensitive thiol-switch and dimerization of the plant enzymes
occurred later in evolution and may be related to compartmentali-
zation of glutathione synthesis in the chloroplast (Gromes et al.,
2008).

The sub-organellar localization of GCL raises questions about
redox regulation of glutathione biosynthesis in plants. In vitro and
in vivo experiments indicate that GCL is redox-regulated and is
more active as the oxidized dimer (Jez et al., 2004; Hothorn et al.,
2006; Hicks et al., 2007; Gromes et al., 2008). Within the chloroplast,
GCL activity appears localized to the stroma, which is typically
considered a reducing environment, not to the lumen, which is
oxidizing (Rouhier et al., 2008; Meyer et al.,2009). Many metabolic
enzymes in the stroma are active as reduced proteins and less active
as oxidized (Rouhier et al., 2008; Meyer et al., 2009); however, the
opposite situation occurs with GCL.

The molecular mechanism involved in maintaining the redox
state of GCL is currently unclear. Although the thioredoxin and
glutaredoxin systems are both found in the chloroplast stroma
(Rouhier et al., 2008; Meyer et al., 2009), the physical properties
of GCL suggest that the glutaredoxin system may be important for
modulating activity. The in vitro redox-midpoint of GCL (Hicks
etal.,2007) is comparable to the redox potential of glutathione pair
and to the cellular redox potential observed in plant cells (Meyer
etal.,2001). The redox behavior of GCL suggests a possible link to
glutaredoxins as a mechanism for maintaining a reduced pool of

less active protein; however, additional work is required to establish
this mechanism. Alternatively, oxidation and activation of GCL
may not require additional molecular systems, but may occur by
direct interaction with glutathione to mediate redox changes that
modulate activity.

PLANT GLUTATHIONE SYNTHETASES: STRUCTURE,
FUNCTION, AND PRODUCT DIVERSITY

In the second step of glutathione synthesis, GS catalyzes the ATP-
dependent addition of glycine to y-glutamylcysteine (Figure 1).
GS from bacteria and eukaryotes form two distinct families that
share no amino acid sequence homology. Structural and functional
characterization of GS from bacteria demonstrates that this enzyme
functions as a tetramer (Yamaguchietal., 1993), whereas the mam-
malian, yeast, and plant GS are active as dimers (Polekhina et al.,
1999; Gogos and Shapiro, 2002; Jez and Cahoon, 2004). The GS
from Arabidopsis, wheat (Triticum aestivum), maize (Zea mays), and
various legumes share ~40% amino acid sequence identity with the
human and yeast homologs (Rawlins et al., 1995; Ullmann et al.,
1996; Wang and Oliver, 1996; Moran et al., 2000; Matamoros et al.,
2003; Skipsey et al., 2005).

Early mutagenesis studies of the Arabidopsis GS identified a puta-
tive glycine-rich loop as important for activity (Wang and Oliver,
1997a,b), which was identified in later structural studies as form-
ing part of the active site (Galant et al., 2009). Steady-state kinetic
analysis showed that Arabidopsis GS uses a random Ter-reactant
mechanism with binding of either ATP or y-glutamylcysteine pre-
ferred first and addition of glycine last (Jez and Cahoon, 2004).
Extensive site-directed mutagenesis, ligand binding analysis, deter-
mination of pH-rate profiles, and solvent deuterium isotope effects
established the reaction mechanism for Arabidopsis GS and for the
eukaryotic homologs (Herrera et al., 2007). In the first part of the
reaction, formation of an electrophilic acyl-phosphate intermediate
occurs by transfer of the y-phosphate of ATP to y-glutamylcysteine.
A group of acidic residues coordinates two Mg** to AT'P and orient-
ing the y-phosphate group in the active site. The guanidyl group of
Arg132 helps stabilize the pentavalent transition state that yields
the acyl-phosphate intermediate. Next, the amino group of glycine
acts as a nucleophile to attack this intermediate. The side-chain
guanidyl group of Arg454 interacts with the carboxylate moiety
of glycine to orient the substrate for attack on the acyl-phosphate
intermediate (Herrera et al., 2007). Although these mechanistic
studies elucidate the catalytic role of key active site residues, the
basis of substrate specificity for the nucleophilic amino acid in the
plant GS is less well understood.

Unlike other organisms, some plants synthesize glutathione
analogs in which B-alanine, serine, or glutamate replaces glycine
in the tripeptide (Figure 4A). Multiple legumes use [-alanine
instead of glycine to synthesize homoglutathione (Klapheck et al.,
1995; Matamoros et al., 1999; Moran et al., 2000). Hydroxymethyl—
glutathione (R = serine) has been isolated from rice and Agrostis
(a grass species; Klapheck et al., 1994). In maize, the synthesis of
glutathione-like peptides with glutamate replacing glycine is exclu-
sively induced by exposure to cadmium (Meuwly et al., 1995).

Of these alternate glutathione analogs, the most is known about
homoglutathione. To date, homoglutathione is found in fourteen
different legumes (pea, alfalfa, soybean, bean, mungbean, lentil,
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FIGURE 4 | Diversity in plant glutathione synthetases. (A) The chemical
structures of glutathione analogs synthesized by various plants are shown. All
share the core y-glutamylcysteine structure with modifications to the third
amino acid position as indicated. (B) Ribbon diagram of the homoglutathione
(hGS) dimer (Galant et al., 2009). Monomers are colored gold and blue,
respectively. The lid domain (dark blue), glycine-rich loop (cyan), and the
alanine-rich loop (red) are highlighted in the gold monomer. Positions of bound
ADR sulfate, and homoglutathione are highlighted in the blue monomer with
corresponding ligands colored gray in the gold monomer.

chickpea, sweet pea, cowpea, Italian clover, red clover, blue fenu-
greek, sweet clover, and runner bean); however, two additional leg-
umes (broad bean and lupine) appear to lack this glutathione analog
in all assayed tissue types (Matamoros et al., 1999). Additionally,
cowpea and pea have homoglutathione in roots and nodules, but
not in leaves (Moran et al., 2000). In soybean, leaves and seeds
contain 50- to 200-fold and 135-fold more homoglutathione than
glutathione, respectively (Matamoros et al., 1999). Soybean nodules
contain ~4-fold more homoglutathione than glutathione, while the
roots contain nearly 80-fold more homoglutathione (Matamoros
et al., 1999). Physiologically, the exact role of homoglutathione is
unclear. A likely possibility is that homoglutathione replaces glu-
tathione as the dominant cellular redox-buffer in tissues associated
with nitrogen fixation, as homoglutathione is required for proper
development of nodules (Frendo et al., 2005).

For biosynthesis of glutathione and homoglutathione share a
common first reaction, i.e., the synthesis of y-glutamylcysteine,
but the chemical diversity results from altered specificity for the
nucleophilic amino acid in the second reaction of the pathway. The
soybean homoglutathione synthetase (hGS) is related by ~70%
sequence identity to the soybean GS. Because the soybean genome
appears to have undergone two rounds of genome duplication, hGS
likely arose from GS by divergent evolution after the first duplica-
tion event (Frendo et.al, 2001). In Arabidopsis, there is a single gene
encoding for GS, whereas, the soybean genome contains two GS
and two hGS genes, with each pair sharing 87 and 93% identity,
respectively.

Recent crystallographic studies of soybean hGS demonstrate
the critical role of an active site loop in determining the glycine
versus B-alanine substrate specificity of GS and hGS (Figure 4;
Galant et al., 2009). Overall, the three-dimensional structure of
hGS resembles that of the eukaryotic GS (Polekhina et al., 1999;
Gogos and Shapiro, 2002). Likewise, the amino acids forming
the ATP, Mg*, and y-glutamylcysteine binding sites of hGS are
nearly invariant with those of human, yeast, and Arabidopsis GS.
Three structural features —a lid domain, a glycine-rich loop, and
an alanine-rich loop — define the active site of hGS (Figure 4B).
The lid domain and glycine-rich loop are critical for ATP bind-
ing, which triggers major shifts in their conformations (Galant
et al., 2009). The alanine-rich loop contacts either the termi-
nal glycine of glutathione in the GS structures or the terminal
B-alanine in the hGS structure (Polekhina et al., 1999; Gogos
and Shapiro, 2002; Galant et al., 2009). Interestingly, compari-
son of the GS and hGS structures revealed differences in the
sequence of this loop.

In the structures of human and yeast GS, two alanine residues
form van der Waals contacts with the glycine moiety of glutathione
(Polekhina et al., 1999; Gogos and Shapiro, 2002). The correspond-
ing residues in soybean hGS are a leucine and a proline. In the
known GS, the AA-motif is conserved, whereas, the LP-motif is
found in the known hGS from various legumes. Mutagenesis of
the LP-motif of soybean hGS to the AA-motif reduced catalytic
efficiency with B-alanine by 10-fold, but improved specificity for
glycine by ~1,000-fold (Galant et al., 2009).

These structure/function studies established the basis of
glutathione versus homoglutathione specificity, but it remains
unclear how other glutathione analogs are formed in different
plants. Skipsey et al. (2005) cloned and characterized five GS-like
proteins from soybean, wheat, and corn noting that the soybean
enzyme was an hGS and that all the other enzymes functioned
as GS. Interestingly, their analysis demonstrated that different
GS-like enzymes accepted various alternate nucleophiles, includ-
ing p-serine, non-natural amino acids, and alpha-amino alcohols,
to yield a range of glutathione variants, but did not produce either
serine- or glutamate-substituted analogs. Although altered speci-
ficity in the GS reaction mechanism offers a direct route to analog
synthesis, it is possible that other enzymes catalyze additional reac-
tions that modify glutathione into the specialized peptides, like
hydroxymethyl—glutathione.

SUMMARY

Glutathione biosynthesis plays a key role in maintaining redox
balance and homeostasis in plants. The core reactions of glu-
tathione synthesis are conserved across various organisms, but
plants have diversified both the regulatory mechanisms that con-
trol its synthesis and the range of products derived from this
pathway.
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