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In plants, tetrapyrrole biosynthesis occurs in chloroplasts, the reactions being
catalysed by stromal and membrane-bound enzymes. The tetrapyrrole
moiety is a backbone for chlorophylls and cofactors such as sirohaems,
haems and phytochromobilins. Owing to this diversity, the potential cytotox-
icity of some precursors and the associated synthesis costs, a tight control
exists to adjust the demand and the fluxes for each molecule. After synthesis,
haems and phytochromobilins are incorporated into proteins found in other
subcellular compartments. However, there is only very limited information
about the chaperones and membrane transporters involved in the trafficking
of these molecules. After summarizing evidence indicating that glutathione
transferases (GST) may be part of the transport and/or degradation processes
of porphyrin derivatives, we provide experimental data indicating that tau
glutathione transferases (GSTU) bind protoporphyrin IX and haem moieties
and use structural modelling to identify possible residues responsible for
their binding in the active site hydrophobic pocket. Finally, we discuss the
possible roles associated with the binding, catalytic transformation (i.e. gluta-
thione conjugation) and/or transport of tetrapyrroles by GSTUs, considering
their subcellular localization and capacity to interact with ABC transporters.

This article is part of the theme issue ‘Retrograde signalling from
endosymbiotic organelles’.

1. Introduction

Tetrapyrrole-containing molecules (e.g. chlorophylls, haems, sirohaems and
bilins) have critical roles in plants. Indeed, these molecules or cofactors are
found attached to proteins involved in photosynthesis and respiration but
also in signalling, for instance, during light perception and photomorphogen-
esis [1]. For this latter aspect, phytochromes, which sense red/far-red light,
bind an open-chain tetrapyrrole (bilin), named phytochromobilin in higher
plants. Compared to non-photosynthetic organisms, plants have thus a larger
diversity of tetrapyrrole-containing molecules. They have also the peculiarity
that tetrapyrrole synthesis occurs in plastids (figure 1), whereas the correspond-
ing pathway in non-photosynthetic eukaryotes takes place in mitochondria,
with some steps in the cytosol [2]. Hence, given the specific redox reactions
occurring in plastids, this compartmentation implies the existence of very
specific and tightly regulated mechanisms. For instance, several enzymes are
subject to post-translational redox regulatory mechanisms, notably controlled
by the thioredoxin reducing systems [2,3]. Also, the presence of light may be
detrimental in some conditions as porphyrin derivatives such as protopor-
phyrin IX (PPIX), protochlorophyllide, free chlorophyll molecules themselves
or to a lesser extent their degradation products are harmful photosensitizers.
Whereas there is no need to export sirohaem (a prosthetic group only found
in the chloroplastic nitrite and sulfite reductases), phytochromobilin has to be
inserted into apo-phytochromes synthesized in the cytosol, possibly in an

© 2020 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1. Key steps of the tetrapyrrole biosynthesis pathway in plastids including the structures of some representative moieties. Enzymatic steps in this biosynthetic
pathway, starting from glutamate, are represented by arrows with the names of the enzymes indicated in bold. Only the names and structures of tetrapyrroles mentioned
in the text are shown. Abbreviations of the enzyme names are as follows: glutamyl-tRNA synthase (GIuRS), glutamyl-tRNA reductase (GIuTR), glutamate-1-semialdehyde
aminotransferase (GSAT), 5-aminolevulinate dehydratase (ALAD), porphobilinogen deaminase (HMBS), uroporphyrinogen Ill synthase (URQS), uroporphyrinogen Il dec-
arboxylase (UROD), coproporphyrinogen oxidase (CPOX), protoporphyrinogen oxidase (PPOX), sirohydrochlorin ferrochelatase (SirB), ferrochelatase (FC), haem oxygenase
(HO), phytochromobilin synthase (PS), Mg-protoporphyrin IX chelatase (MgCh), Mg-protoporphyrin IX methyltransferase (CHLM), Mg-Protoporphyrin IX monomethylester
cydase (Cyclase), protochlorophyllide oxidoreductase (POR), C8-vinyl-reductase (DVR), chlorophyll a synthase (CHLG), chlorophyll a oxygenase (CAQ).

autocatalytic reaction. Also, chlorophyll catabolites, referred
to as phyllobilins, are exported from the chloroplasts notably
during stress response, fruit ripening or senescence. These
linear tetrapyrroles are exported from plastids, further modi-
fied outside, i.e. at the endoplasmic reticulum (ER) or in the

cytosol, before reaching the vacuoles through ATP-dependent
transport [4]. Moreover, chlorophyll intermediates and haem
moieties were proposed to act in the plastid-to-nucleus retro-
grade signalling, controlling the expression of nuclear-
encoded photosynthetic genes [5,6]. The haem trafficking is
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even more complex as, in addition to a function in retrograde
signalling, haems are found in a number of proteins outside
chloroplasts, including the cytosol but also other organelles,
notably mitochondria and peroxisomes. This implies the
existence of haem transport systems across membranes for
intracellular, inter-organellar movements but also possibly
for intercellular exchanges as documented in non-photosyn-
thetic organisms. Unlike the process of haem synthesis and
degradation, which is relatively well documented, most
actors involved in haem transport and mobilization await
identification, but several lines of evidence suggest a role
for glutathione transferases (GSTs).

Haems are protein cofactors that are essential for several key
biological processes, including oxygen transport as part of
haemoglobins, but also of the respiratory and photosynthetic
electron transfer chains being present in cytochromes and in
reaction centres/complexes. They are also crucial for detoxifi-
cation processes, being present in ascorbate peroxidases and
catalases and in cytochrome P450 monooxygenases. The
latter proteins are required for Xxenobiotic detoxification
and/or secondary metabolism. After synthesis, haems must
be transferred to their final destination and client proteins.
This implies the existence of a labile cellular haem pool con-
sisting of haems associated with chaperones. Using a recently
developed genetically encoded fluorescent haem sensor, it
was deduced that the labile haem pool in the cytosol or mito-
chondria from yeast is in the nanomolar range [7]. However,
having free/labile haems may be deleterious to macromol-
ecules and the cells have to strictly regulate both synthesis
and degradation of haems, but also their transport and
delivery to client proteins.

In plants, the synthesis starts in the chloroplast with gluta-
mate that is converted through nine successive steps into PPIX
(figure 1). These steps are common with the chlorophyll syn-
thesis pathway and PPIX is the branch point where haem and
chlorophyll syntheses bifurcate. The insertion of Mg** by the
Mg-chelatase will generate the chlorophyll precursor Mg-proto-
porphyrin IX, whereas the insertion of Fe by ferrochelatases will
generate the protohaem giving rise to the formation of a, b- and c-
type haems. The haem oxygenases (HOs) catalyse the oxidative
degradation of haems into carbon monoxide (CO), biliverdin
(BV) and Fe®", which has to be recycled. Terrestrial plants use
BV for the synthesis of phytochromobilin in one reaction step
catalysed by the phytochromobilin synthase HY2, whereas in
animals, BV is converted into bilirubin by biliverdin reductase
[8]. In Arabidopsis, there are four genes coding for HOs (HO1/
HY1, HO2, HO3 and HO4) and a single gene coding for phyto-
chromobilin synthase, all proteins being located in chloroplasts
[8-10]. The activity of both enzyme families is dependent on fer-
redoxins in plants [8,11]. The absence of HO outside plastids
raises the question of whether and how haems present in non-
chloroplastic haemoproteins are recycled or degraded. Among
the four HOs, HO1 has a predominant role over HO3 and
HO4, whereas HO2 has no HO activity, i.e. it does not bind or
degrade haem [9,12]. This is consistent with the absence of a con-
served histidine residue that binds the central Fe atom of haem in
other HOs. However, HO2 binds PPIX quite strongly, maybe

explaining the existence of a phenotype which also suggested a [ 3 |

defect in phytochromobilin synthesis [9,13].

Two pools of haems are generally considered in cells, the
haems tightly bound within haemoproteins versus labile
haems required for signalling and transfer into proteins. This
theoretically requires soluble haem chaperones for holding
and delivering haems within and towards the different subcel-
lular compartments where haemoproteins are found, starting
from the chloroplastic site of synthesis. This also implies the
existence of several haem membrane transporters for inter-
organellar exchanges. A good candidate protein for intracellu-
lar haem trafficking should bind haem with a good but not too
high affinity to deliver haems successfully to haem transpor-
ters or target proteins. In animal systems, several proteins
have been proposed to serve in haem trafficking, including
the haem-binding proteins (HBPs) [14], some fatty acid-bind-
ing proteins [15], the glycolytic protein glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) [16] and also glutathione
S-transferases (see §3). In fact, the in-cell haem-binding
capacity of such candidate haem chaperones has not been
often demonstrated, but it was recently reported that human
GAPDH binds haem in cells and delivers it to downstream tar-
gets such as the inducible nitric-oxide synthase (iNOS) [16].
There are two cytosolic GAPDH in Arabidopsis thaliana
(GAPC1 and GAPC2). At this time, it is not known whether
they could also play a similar role, but they do possess the his-
tidine residue, which was shown to be crucial in the human
orthologue for haem binding and exchange. Five HBPs have
been so far characterized in A. thaliana, including two in the
chloroplasts (HBP3 and 5) and three in the cytosol [17,18].
The cytosolic HBP1 and HBP2 from A. thaliana were shown
to bind PPIX and haem [17], with HBP1, HBP2 and HBP5
but not HBP3 being able to bind to a haemin-agarose affinity
column, possibly indicating different functions for HBP3 and
HBP5 in chloroplasts [18]. In addition, Arabidopsis HBP5, but
not other HBPs, was found to interact with HY1, suggesting
that it might be specifically involved in the delivery of haem
to HY1 [18].

In fact, a strategy or adaptation to avoid implicating too
many intermediates in haem trafficking is via the formation of
complexes, notably those involving ferrochelatases. There are
two genes (FC1 and FC2) in A. thaliana, which have different
functions in accordance with their different expression patterns
and the phenotypic analysis of plant mutants, but both are
important for chloroplast development. The FC1 may more
specifically produce the haem portion used as a retrograde
signal to coordinate the expression of specific genes required
during chloroplast development [19]. The FC2 may be more
specifically important for the maturation of photosynthetic cyto-
chromes [20]. Both FC1 and FC2 are important for stress
responses [21,22]. These plant ferrochelatases may be located
in both the thylakoid and chloroplast envelope membranes
[23]. This might allow the release of haems within the chloro-
plasts without relying on a chaperone or the export of haems
to the cytosolic side, either alone or by making direct interactions
with some haem transporter(s), the identity of which remains,
however, enigmatic so far. In animals, several transporters
including ATP-binding cassette (ABC) transporters have been
proposed to serve for the transport of haems or haem inter-
mediates such as coproporphyrinogen III between the cytosol
and mitochondria (reviewed in [24]), suggesting that plant
ABC transporter orthologues may perform similar functions in
the chloroplast envelope and elsewhere. One possible candidate



for the translocation of haems and other tetrapyrrole intermedi-
ates across organelle membranes is the translocator protein
(TSPO). In Arabidopsis, there is a single gene coding for this
haem- and PPIX-binding, stress-responsive membrane protein
[25], which is virtually found in all subcellular compartments
(mitochondria, plastids, nuclear fractions, ER and Golgi vesicles)
where haem exchanges occur [26]. AtTSPO is regulated at the
transcriptional level in tetrapyrrole biosynthetic mutants and
in response to stresses, notably salt stress [26].

In conclusion, further work on all these potential haem
chaperones and transporters is needed in plants as in other
organisms to delineate a more complete model of haem
trafficking and signalling.

3. The glutathione transferases: versatile,
promiscuous proteins possessing both
catalytic and ligandin functions

Glutathione (GSH) S-transferases represent a widespread and
diversified protein family found in almost all organisms. In
non-photosynthetic organisms, the number of GSTs ranges
from 2 in Plasmodium falciparum to 44 in the fungus Postia pla-
centa [27]. The number of isoforms has greatly expanded in
photosynthetic organisms, resulting in the existence of 14
GST classes and up to 110 GST genes in Eucalyptus grandis
[28,29]. Overall, there are over 30 different classes with only
a few classes shared by all organisms (electronic supplemen-
tary material, table S1). GSTs catalyse two opposite reactions.
Those having a conserved serine (Ser-GSTs) or tyrosine (Tyr-
GSTs) perform GSH-conjugation reactions on electrophilic
molecules, whereas those having a conserved catalytic cysteine
(Cys-GSTs) catalyse deglutathionylation reactions, ie. the
removal of glutathione from small molecules [29,30]. For
these reactions, the (co)-substrates (i.e. either glutathionylated
substrates or both GSH and the electrophilic substrates) bind
to the active site, which is traditionally defined as formed by
a G-site for glutathione binding and by an H-site for hydro-
phobic substrate binding. The role of GSTs catalysing GSH-
conjugation reactions has been well documented in the context
of herbicide detoxification by crops, as part of the xenobiotic
detoxification system [31]. In this process, GSTs conjugate
GSH onto electrophilic molecules often pre-activated by reac-
tion with cytochromes P450, before ABC transporters target
the GSH-conjugated molecules to the vacuole or to the extra-
cellular compartment. In some other circumstances, GSTs
bind various types of molecules without catalysing GSH con-
jugation. Virtually all types of GSTs possess this so-called
ligandin property. The ligands can be either accommodated
in the active site or bound to ligandin (L) sites, which are
usually situated at the dimer interface in the case of dimeric
GSTs [32]. Thus, GSTs act as carrier/ transport proteins serving
for the storage or trafficking of various sorts of molecules,
often towards ABC transporters. Another function of the ligan-
din activity of GSTs may be to provide a labile pool of
molecules, in particular endogenous specialized metabolites.
Hence, GSTs are able to bind a plethora of structurally
unrelated compounds. While the in vitro biochemical charac-
terization of GSTs relies on a battery of model compounds
or inhibitors, the physiological substrates or ligands often
remain enigmatic. Concerning GSH-conjugated molecules,
only very few natural reaction products of GSTs have been

identified, possibly because (i) they are unstable and undergo
reversible glutathionylation, (ii) the conjugation products of
GSTs are very rapidly processed to derived metabolites, or
(iii) the use of inactive proteins is required for freezing inter-
actions which is often not achieved [33]. In plants, it was
described that GSTF6 participates in the synthesis of camalexin
by catalysing the conjugation of GSH onto the indole-3-aceto-
nitrile precursor [34] and GSTU13 in the metabolism of indole
glucosinolates [35]. Concerning the non-catalytic, ligandin
functions of GSTs, i.e. the transport or sequestration of special-
ized metabolites or some of their intermediates, one would
reasonably assume that interactions are more stable and
should allow for the isolation of these ligands. Still, fishing
experiments performed in bacterial or plant cells are not so tri-
vial and only a few GST ligands are known, considering the
high number of isoforms in plants. The best documented
example of a non-catalytic ligandin property of GSTs relates
to the accumulation of anthocyanins in vacuoles. In A. thaliana,
GSTF12, also referred to as TRANSPARENT TESTA 19 (TT19),
plays a key role in the control of anthocyanin and proanthocya-
nidin vacuolar accumulation [36], ensuring the transport
(without GSH conjugation) of these cytosolic flavonoids to a
tonoplastic ABC transporter named TT12 [37]. Other studies
have aimed at isolating and identifying substrates/ligands,
mostly for phi and tau GSTs, either from plants or eventually
Escherichia coli and using both in vitro and in vivo approaches
(recently summarized in [29]). To cite a few examples, both
GSTLs and GSTFs bind flavonoids [30,38-42], GSTFs and
GSTUs bind glutathionylated conjugates of oxylipins [38],
with GSTUs also binding stilbenes (trans-resveratrol) [39], fatty
acid derivatives [40] and porphyrin derivatives [38,41-43].
Together, this indicates that GSTs are generally promiscuous
proteins having a rather broad ligand/substrate spectrum,
although oriented towards heterocyclic molecules.

4. Evidence for the connection between
glutathione transferases and haem

metabolism in both non-plant and plant cells

In the 1970s and 1980s, several studies reported a tight con-
nection between GSTs and haem detoxification and/or
transport, notably in mammals, with numerous publications
describing interactions of GSTs of the alpha, pi and mu
classes with steroids, bile acids, haem and its degradation
product bilirubin [44-47]. Later on, studies using GSTs
from natural sources or using recombinant systems have ana-
lysed the capacity of these proteins to bind haematin, haemin
or bilirubin but also some precursors, such as PPIX and
coproporphyrin, essentially using inhibition kinetics and
intrinsic fluorescence quenching (table 1). Whereas some
effects/interactions have been observed for most tested pro-
teins, there is no unifying conclusion as competitive, non-
competitive and uncompetitive inhibitions have been
observed depending on the proteins considered. This
suggested that some GSTs bind porphyrins in their active
sites, whereas some others bind it elsewhere, very likely in
their ligandin sites. When analysed, only one binding site
was usually described. Inhibition studies using the cytosolic
GST from Plasmodium falciparum revealed an uncompetitive
inhibition mechanism towards GSH. It suggested also that
haem preferentially binds to a preformed enzyme-GSH
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Table 1. Summary table presenting affinity constants obtained from inhibition studies performed using GSTs from various sources and several tetrapyrroles. [}

GSH, glutathione; CDNB, 1-chloro-2,4-dinitrobenzene; ANS, 8-anilino-1-naphthalenesulfonic acid.

organisms

Plasmodium
falciparum

human

mouse

human

human

human

Taenia solium

GST names

PfGST

.E*pi e

(MAPEG-
like)
mPGES-2

GSTM1

GSTP

placenta

GSTP1

Ts26GST

tested ligands/
inhibitors

haemin

protoporphyrin X

ferriprotoporphyrin IX

‘ ferriprotqurphyrin IX

haemin

protoporphyrin 1X

haematin

haematin

haem

haemin

protoporphyrin IX

haemin

protoporphyrin X

haemin

haemin

haematin

mesoporphyrin

protoporphyrin

coproporphyrin

affinity
constants

Ki 6.5 uM,

ICsp 4 pM
K; 10 uM,

ICso 11 pM
Ky 0.03 uM

(+1 mM GSH)

fi3um

K 0.4 uM

K; 0.6 uM

K; 26 pM

K 29 uM
K017 M
Ky 0.25 pM

K 1.5 uM
K 0.6 uM
K 7.3 uM
K 35 uM
K 2.5 uM
K 3.8 uM
K> 50 M
K> 100 M-
Ky 20 and

400 nM
K 4 pM

i 0.3 uM

Ky 0.7 uM

K 0.5 uM

K 4 uM
Ky 2.7 uM

K 1 uM
Ky 2.6 uM

type of inhibition

uncompetitive (GSH)

mixed-type (GSH)

uncompetitive

uncompetitive

non-competitive (GSH)
competitive (CDNB)
non-competitive (GSH)
competitiv‘e‘ (CDNB)
GSH conjugation

- non—cqmpe’;itive GSH)

non-competitive (CDNB)

(

(
non-competitive (GSH)
- non-competitive (CDNB) ‘
)

competitive (GSH
(DNB)
GSH)
(DNB)

competitive
competitive

—_— =~ —

competitive

non-competitive
(CIPh(N02)2)
non-competitive (CDNB)

non-competitive (CDNB)

non-competitive (CDNB)

non-competitive (CDNB)

approaches
inhibition kinetics
inhibition kinetics
intrinsic fluorescence

quenching
inhibition kinetics

inhibition kinetics
inhibition kinetics
inhibition kinetics
inhibition kinetics

inhibition kinetics

mass spectrometry

intrinsic fluorescence
quenching

inhibition kinetics
inhibition kinetics
inhibition kinéﬁcs
inhibition kinetics
inhibition kinetics
inhibition kinetics

inhibition kinetics

intrinsic fluorescence
quenching
inhibition kinetics

inhibition kinetics,
intrinsic fluorescence
quenching (or with
ANS)

inhibition kinetics,
intrinsic fluorescence
quenching (or with
ANS)

inhibition kinetics,
intrinsic fluorescence
quenching (or with
ANS)

inhibition kinetics,
intrinsic fluorescence
quenching (or with
ANS)

references

148
148
14
4]
[50]

(50]
(50]

150]

(51]
(51]

(52]

150]

(50]
50]
(50]
501
(50]

150]

(50]
(53]

(53]

(54]

(54]

(54]

(54]

(Continued.)
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Table 1. (Continued.)

tested ligands/ affinity
organisms GST names inhibitors constants type of inhibition approaches references
Zea mays I-I protoporphyrin IX ICsp 1-5 pM non-competitive inhibition kinetics [42]
(CDNB),
competitive (GSH)
coproporphyrin Ky 0.89 pM non-competitive porphyrin fluorescence [42]
(CDNB), competitive emission changes
-l protoporphyrin X (GSH) inhibition kinetics [42]
-l protbporphyrin IX I(50‘ 10-25 uM non-competitive inhibition kinetics [42]
coproporphyrin Ky 0.51 uM (CDNB), competitive porphyrin fluorescence [42]
(GSH) emission changes
-1 protoporphyrin IX IG5 5-10 uM inhibition kinetics [42]
coproporphyrin Ky 0.27 uM porphyrin fluorescence [42]
emission changes
mesoporphyrin Ky 1.93 uM porphyrin fluorescence [42]

complex and that a high-affinity binding site with a dis-
sociation constant (Kg) value of 30nM was present
[48,49,55]. To the contrary, a study performed with a placenta
pi GST suggested the existence of two binding sites with affi-
nities of 20 and 400 nM, which are modulated by GSH [53].
While there is no exhaustive comparative study, this is clearly
complicated by the existence of as many as 30 different GST
classes (all organisms considered) exhibiting different cataly-
tic and structural properties (electronic supplementary
material, table S1) [56]. In most studies, Kg constants, inhibi-
tor binding affinity (K;) constants or half maximal inhibitory
concentration (ICs;) values ranging from the nanomolar to
the micromolar range have been measured (table 1).
Although we consider that values above 10-15 pM obtained
in these in vitro studies are less relevant, many factors, such
as the presence of GSH or the nature of the bound porphyr-
ins, might modulate the affinities of GSTs for porphyrins in
cellulo. On a physiological note, the binding of porphyrins
was often perceived as a detoxification mechanism, removing
or recycling degradation products, but a haem chaperone
function has been suggested for a cytosolic liver GST from
rat as early as in the 1980s because it facilitated the haem
reconstitution into an apocytochrome b5 from a mitochon-
drial fraction [57].

During their life cycle, haematophagous insects or para-
sites that affect humans encounter massive amounts of
haems, which act as prooxidant molecules once liberated
from the hydrolysis of host haemoglobin. In the kissing bug
Rhodnius prolixus, a vector of Chagas disease, haem degra-
dation proceeds via the formation of thioether bonds
between a cysteine and the vinyl side chains of biliverdin
[58]. Whereas only species with one or two cysteinyl-glycine
residues bound to biliverdin have been detected by mass
spectrometry, it is very likely that these dipeptides derive
from glutathione molecules from which the glutamate was
removed. Whether this step of haem digestion is spontaneous

emission changes

or catalysed by some GSTs present notably in insect heart will
have to be explored. In parasites such as P. falciparum, an
alternative detoxification strategy to haem polymerization is
to degrade it despite the absence of an HO activity. In fact,
GSH spontaneously disrupts haems at neutral pH in the pres-
ence of oxygen [59]. The presence of iron seems mandatory as
there is no reaction with Zn-protoporphyrin or an iron-free
protoporphyrin. A role for GSH and GSTs in haem degra-
dation in this organism is supported by the observation
that GSH levels and GST activity are significantly increased
in parasites resistant to the anti-malarial drug chloroquine,
that promotes intracellular haemin accumulation [60]. There
are two GSTs in P. falciparum. The soluble PfGST is uncompe-
titively inhibited by haemin (K; around 6.5 pM), indicating
that free haemin can be bound by the enzyme [48]. The essen-
tial microsomal MAPEG-type GST, EXP1, has proven to
degrade haematin efficiently in the presence of GSH [51],
suggesting a physiological role in coping with the cytotoxic
effects of haems. The affinity of EXP1 for haem is likely
much better than that of the soluble PfGST as the GST activity
of EXP1 is competitively inhibited by haematin with a K; of
170 nM [51]. Interestingly, this activity towards haematin
was not observed for a human microsomal GST (MGST1).
On another note, a recombinant form of the soluble domain
of the human mitochondrial prostaglandin E synthase
(mPGES2) was purified with a bound haem and displays a
Kq of 0.54pM [52]. A GSH molecule also binds to the
active site and forms an S-Fe coordination bond with the
haem iron atom.

The first report of an interaction of tetrapyrroles with GSTs
from photosynthetic organisms was published in 1988. The GST
activity of a crude extract of etiolated oat seedlings was inhibited
by chlorophyllin and haemin and to a lesser extent by bilirubin
and biliverdin [61] and this was later confirmed by using a pur-
ified GST heterodimer [62]. In 2003, it was reported that maize
GST isoforms, comprising GSTF and GSTU homodimers or
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GSTF/U heterodimers, were able to bind PPIX but also other
porphyrin precursors such as coproporphyrin, uroporphyrin
and Mg-protoporphyrin with K4 values in the low micromolar
range (table 1) [42]. Haemin had no significant inhibitory effect.
As there was no evidence for the formation of glutathionylated
products, it was suggested that porphyrin binding relies on the
ligandin properties of GSTs [42,43]. In fact, these GSTs were
reported as preventing the non-enzymatic autoxidation of pro-
toporphyrinogen and reducing the oxidative degradation of
haemin. The observed competitive and non-competitive inhi-
bitions with GSH and CDNB, respectively, suggested that
porphyrins were bound to the G-site. In following studies, it
was noted that the overexpression in E. coli of two maize
GSTUs, ZmGSTU1 and ZmGSTU2 to a lesser extent, but not
of ZmGSTU3, ZmGSTF1 and ZmGSTEF3, perturbed tetrapyrrole
metabolism causing a reduction in haem B levels and an
accumulation of porphyrin precursors (uroporphyrin, pentacar-
boxyl porphyrin, coproporphyrin and glutathionylated
harderoporphyrin) [41]. Similarly, the expression of AtGSTU7
and AtGSTU19 in E. coli allowed their purification with proto-
porphyrin- and harderoporphyrin-glutathione conjugates,
respectively [38]. Expression of strep-tagged proteins in planta
(Arabidopsis or tobacco) neither perturbed the tetrapyrrole
metabolism nor allowed for fishing of porphyrin molecules,
likely because of their cytosolic localization [38,41]. However,
expression of a ZmGSTU1-ZmGSTU2 chimeric protein in
tobacco chloroplasts resulted in the accumulation of hardero-
porphyrin(ogen)—glutathione conjugates. In in vitro assays,
both ZmGSTU1 and ZmGSTU2 catalysed the GSH
conjugation of reduced protoporphyrinogen, used as a sub-
strate instead of the related harderoporphyrin(ogen) [41].
However, they could not conjugate GSH on an oxidized PPIX
form. This suggests that GSH conjugation occurs only on
reduced porphyrins and might explain why it was not observed
in former studies [42]. However, the enzymes were rapidly inac-
tivated presumably because the GSH-conjugated products
formed a stable complex with them. As porphyrin synthesis
in chloroplasts proceeds via reduced porphyrinogen intermedi-
ates, it may be that some GSTUs or other GSTs present in this
compartment catalyse their conjugation to GSH. Altogether,
although the biological significance of these interactions is not
yet clear, these observations suggest a role of GSTU in por-
phyrin binding, transport and/or scavenging in plants.

5. Further observations that tau glutathione
transferases have the capacity to bind haem
and protoporphyrin IX

(a) Arabidopsis thaliana GSTU8 binds a haem b upon

expression in Escherichia coli
A C-terminal Hise-tagged version of AtGSTUS was expressed in
E. coli and purified by affinity chromatography. Immediately
upon loading the bacterial lysate, a pink coloration was visible
on the resin. The UV-visible absorption spectrum of the puri-
fied protein exhibited a particular absorption band at 410 nm
(Soret band) and two smaller absorption bands around 550
and 650 nm (Q bands), which are characteristic of tetrapyr-
role-containing molecules (figure 24). To determine the nature
of the metabolite co-purifying with the protein, mass spec-
trometry analyses in denaturing conditions were carried out.

In addition to the AtGSTUS8 polypeptide detected at the [ 7 |

expected theoretical molecular mass of 26 777.2 Da, an isotopic
massif with an m/z of 616.182 Da was also detected, which cor-
responded to the mass of a haem b as found in myoglobin for
instance (figure 2b). In order to test whether AtGSTUS is able
to bind PPIX, we have incubated the apo-protein, that was
obtained by expressing it in minimal medium and extensive
dialysis, with an excess of PPIX. Analytical gel filtration exper-
iments performed using both the apo-protein and the PPIX-
incubated protein showed the presence of a major peak eluted
at around 14 ml, a volume corresponding to an apparent mol-
ecular mass of ca44kDa that we interpreted as dimers
(figure 2c). The fact that AtGSTUS and PPIX co-eluted at the
same volume indicated that PPIX was bound to the protein.
Then, we sought to determine the dissociation constant (Ky)
of AtGSTU8 towards PPIX but also haematin and haemin
(iron-hydroxylated and iron-chloride forms of haem b, respect-
ively) using tryptophan fluorescence quenching titrations. We
included two additional proteins, the GSTU1 from maize and
GSTU19 from A. thaliana, for which an interaction with por-
phyrin derivatives was already reported [3841]. The
fluorescence of these proteins was quenched by adding increas-
ing concentrations of porphyrin derivatives as shown for
haematin and AtGSTUS (figure 2d). By fitting the different
curves obtained to the equation of a hyperbola, we determined
the maximum number of binding sites (Bmax) and Ky values
(figure 2d). The B, values were comprised between 1.05
and 1.1 site per protein meaning that there should be only one
binding site. Using AtGSTUS, the dissociation constants
measured for haematin and haemin were around 2-3 pM,
whereas a value of 11 utM was found for PPIX (figure 2d).
Values in the same range have been measured for ZmGSTU1
and AtGSTU19. The fact that the dissociation constants and
thus affinities are better with Fe-bound haems as compared
with an Fe-free protoporphyrin suggests that the presence of
the Fe atom has some influence on ligand binding. Altogether,
these results allowed us to conclude that AtGSTUS was co-pur-
ified from E. coli cells with a haem b and has an affinity that
would be favourable for haems exchange reactions.

Using a culture medium supplemented with FeCl; and
aminolevulinic acid, we then sought to determine whether
preparations containing more holoproteins can be obtained.
Moreover, to assess how specific is this observation, we addition-
ally expressed in E. coli: AtGSTU16 that belongs to the third
major clade of A. thaliana GSTUs (electronic supplementary
material, figure S1), AtGSTU22 that is close to AtGSTU19 and
AtGAPC1 based on the assumption that it could bind similar
prosthetic groups (see above). After purification using a single
affinity chromatography step and dialysis, a UV—visible absorp-
tion spectrum was recorded for each protein (electronic
supplementary material, figure S2) and the presence of por-
phyrin moieties analysed by LC-MS analysis (electronic
supplementary material, figure S3). The results are summarized
in table 2. No sign for the presence of porphyrin(s) was visible for
AtGAPC1 in these conditions. Based on the sample coloration
observed during IMAC and the ratio of absorbance at 280 and
412nm, we concluded that all expressed GSTUs except
AtGSTU22 were able to bind porphyrins. Accordingly, we
could detect the presence of haem b in AtGSTUS and
AtGSTU16 and of harderoporphyrin and/or glutathionylated
harderoporphyrin in AtGSTU19 and ZmGSTU1, as described
previously [41]. All these data point to the existence of a certain
specificity among GSTUs, with one isoform being apparently
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Figure 2. Arabidopsis GSTU8 binds a haem b. (a) Absorbance spectrum of as-purified AtGSTU8 showing an absorption band centred at 410 nm (Soret band) and several
weaker absorption bands around 550 and 650 nm (Q bands). (b) Electrospray ionization (ESI) mass-to-charge ratio (m/z) spectra of AtGSTU8 and its co-purified metabolite
(inset) obtained using a Bruker microTOF-Q spectrometer in denaturing conditions. From the multiply charged ion spectra initially obtained, we focused on the peak with 26
charges on the ion. The deconvolution of the ESI spectra of denatured AtGSTUS indicated that the ion with an m/z of 1030.933 atomic mass units (amu) corresponded to a
molecular mass of 26 777.2 Da. A molecule with a molecular mass of 616.182 Da corresponding to a haem b was also detected (inset). The intensity of the signal is
represented as arbitrary units (AU). (c) Analytical gel filtration chromatogram of AtGSTU8. One hundred micrograms of AtGSTUS at 3 M were incubated in the absence
(i) or presence (ii) of PPIX (100 pM) and then loaded on analytical gel filtration (Sephadex 5200 10/300 connected to an AKTA purifier system) chromatography. Protein
absorption was followed at 280 nm (solid line), and PPIX absorption was followed at 412 nm (dashed line). It is noteworthy that most unbound PPIX was retained on a
filter that was added before the gel filtration column. V, means void volume. The calibration curve was obtained with the indicated standards. (d) Quenching of tryptophan
intrinsic fluorescence (Aexc = 290 nm) of AtGSTUS (solid line) by PPIX (2.5 pM dashed line or 6.25 uM dotted line) (i). Data were fitted to an equation describing binding to
a single binding site (ji). Results are means £ s.d. (n = 3). By Value represents the maximum number of binding site. The apparent dissociation constant (K;) values of
AtGSTUS, AtGSTUT9 and ZmGSTU1 for haematin, haemin and PPIX have been calculated from tryptophan fluorescence quenching experiments (iii).

unable to bind porphyrins, and some other binding different (b) Mode”mg Of protoporphyrm/haem bmdmg by tau
types (at least preferentially) of porphyrins (haem b versus )

harderoporphyrin). In the absence of structural information, glutathlone transfera;es ) .

structural modelling and sequence comparisons have been Most GSTs are homodimeric assemblies constituted by two

initiated to understand these differences. domains at the monomer scale (figure 3). The N-terminal
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Table 2. Ligands bound to E. coli expressed recombinant GSTUs. All these
proteins were expressed in £ coli using a medium supplemented with FeCl;
and aminolevulinic acid, purified in a single IMAC step and dialysed before
recording a UV-visible absorption spectrum (electronic supplementary material,
figure S2) and performing an LC-MS analysis (electronic supplementary
material, figure S3), as described in the electronic supplementary material. The
Asgo nm/As12 nm  COlumn  corresponds to the ratio between the recorded
absorbance values at these specific wavelengths. The identification of haem b
in AtGSTUs was confirmed by analysing a myoglobin sample in the same
conditions. The assignment of the compounds found to co-purify with
AtGSTUT9 and ZmGSTUT as harderoporphyrin derivatives is based on previous
results obtained with ZmGSTU1 [41].

AZSO nm/
protein Aa12 nm ligand(s) detected
AtGSTU8 10 haem b 616.1780
AtGSTU16 9 haem b 616.1865
AtGSTU19 7 harderoporphyrin 609.2541
AtGSTU22 29 none
ImGSTU1 5 harderoporphyrin; GS- 609.2816; 916.3718

harderoporphyrin

domain exhibits the TRX-fold (04 B,05B3B403), whereas the C-
terminal domain is mainly helical (0,40506070500). Concerning
the tau class, 10 different GSTU crystal structures (not consid-
ering the structures corresponding to the same protein bound
with different ligands) have been elucidated so far [29]. Over-
all, GSTUs exhibit a V-shaped, open dimer configuration with
only 2200 A? of accessible surface area buried at the dimer
interface, a value lower than most other GST classes. Notably,
conserved salt bridges are found around the twofold axis at
the solvent-exposed side of the dimer interface.

Structural features of GSTUs include specificities for the
active site region. As for most other canonical GSTs, the GSTU
catalytic region includes a glutathione binding site (G-site) at
the N-terminal domain and a hydrophobic site (H-site) made
of residues from both the N-terminal and the C-terminal
domains. GSTUs exhibit a conserved serine residue at the N-
terminal end of helix o;. This residue interacts with the S,
atom of glutathione through hydrogen bonding. Other polar
contacts with the tripeptide include residues K42 (loop B—oy),
156 (loop ax—B3), E68 and S69 (helix o5) (PDB 10Y], OsGSTU1
numbering). Concerning the H-site, studies have pointed to resi-
dues located in the vicinity of the conserved serine, in loop B1—oy,
helix a4, helix o, and helix oy [64-68]. A third site called the ligan-
din site was reported for Glycine max GSTU4-4 which binds one
(4-nitrophenyl)methanethiol molecule in a hydrophobic region
made of residues from helix o, strand B, and helix og [66].

In 2008, Dixon et al. [41] identified two regions in which
mutations potentially affected protoporphyrin binding using
chimeric maize enzymes. These regions, located in the active
site, were (i) the C-terminal part of helix oy with an aromatic resi-
due (Y112 in ZmGSTU]1) putatively involved in ligandin activity
and (ii) the loop B0, that notably bears the K42 residue of the G-
site. Furthermore, molecular modelling studies suggested hydro-
phobic contributions of residues located in helix o and os.

Our biochemical data indicate that AtGSTUS, AtGSTU16
and AtGSTU19 bind PPIX and/or haem. In the absence of struc-
tural information for these proteins, we used molecular docking

Figure 3. Crystal structure of OsGSTU1 dimer in complex with glutathione
(PDB 10YJ). Oryza sativa GSTUT crystal structure [63] in complex with gluta-
thione (green sticks). The N-terminal domain is coloured cyan and the C-
terminal domain is coloured violet. Secondary structures and binding sites
(for glutathione and for hydrophobic molecules) are labelled.

to predict whether and how PPIX is accommodated in the active
site of the recently solved AtGSTU23-GSH structure (PDB 6EP7)
[69]. This isoform shares 68% sequence identity and high conser-
vation of the active site residues with AtGSTU19. The best
position predicted by Vina (affinity of —8.8 kcal mol) suggests
PPIX binding at the H-site, in close vicinity of the G-site
(figure 4). A hydrophobic cleft is provided by the side chains
of the aromatic residues Y10 and Y15 (loop B1—oy), Y107 and
W114 (helix o), W163 (helix o) and H212 (helix o), whereas
an electropositive entry (K40 and K53 from helix o, region,
K111 from helix o4) putatively stabilizes the negatively charged
carboxylic groups of PPIX. Such an exposed and amphiphilic
site was reported in the crystal structure of the protopor-
phyrin-binding protein GUN4 (PDB 4XKB) [71] with a
putative role in transport. Interestingly, W114 was previously
found as interacting with a glycerol molecule bound at the H-
site of AtGSTU23-GSH (PDB 6EP7), whereas the side chain of
Y107 showed flexibility upon GSH binding in the same Protein
Data Bank entry [69]. Three residues, namely K40, Y107 and
W114 (AtGSTU23 numbering for clarity), were previously ident-
ified from the docking of PPIX in the OsGSTUT1 active site [41].
Thus, our docking study suggests the binding of PPIX mainly
at the H-site and very close to the G-site, which is consistent
with the substrate competition observed during enzymatic
measurements reported in many studies.

We compared the PPIX-bound AtGSTU23 model with the
sole structure of a GST in complex with a porphyrin ligand,
i.e. the one of human mPGES2 where a haem molecule in inter-
action with GSH is bound in the active site [52]. One
coordination bond is found between the haem Fe atom and
GSH S, atom. Additional contacts include one H-bond with
the side chain of H244 and hydrophobic contributions of
Y107, F112, V243 and 1246. Although the C-terminal domains
of AtGSTU23 and mPGES2 show significant structural differ-
ences, they both bear an H-site, particularly large and
solvent-exposed with a hydrophobic bottom and electroposi-
tive residues that line the entry of the pocket. Furthermore,
conformations of the PPIX ring in both structures are similar,
which indicates that PPIX binding in the AtGSTU23 active
site is sterically possible. However, our structural analysis
failed to identify a conserved residue that could assure
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Figure 4. Comparison of the active sites from mPGES2 bound to haem and AtGSTU23 docked with protoporphyrin IX. (a) Crystal structure of human mPGES2 bound
to GSH and haem (PDB code 2PBJ). (b) Docking of PPIX onto AtGSTU23 crystal structure (PDB code 6EP7). Molecular surfaces coloured according to the electrostatic
potential were calculated with APBS software [70] and are shown in transparency. PPIX and haem are represented as white sticks. Residues that line the active sites
are shown as green sticks. Putative H-bonds are shown as yellow dashed lines. Coordination bond between haem and GSH is shown as pink dashed line. GSH is

shown as green lines.

coordination of the metal atom in the case of metalloporphyrins
such as haems (usually a Cys, His, Asn or GIn residue).
Whether a contribution of glutathione in the stabilization or
GSH conjugation of tetrapyrroles exists in AtGSTU23, through
an Fe-S coordination bond or via a covalent bonding at the
vinyl groups, remains to be determined. Interestingly, previous
crystallographic results obtained on fungal GST omega (which
are close structural homologues of plant GSTUs) showed that
the binding of both GSH and one polyphenol at the active
site occurs without reaction between both molecules [72],
suggesting that co-transport is also possible.

The putative residues identified via the docking study were
mapped onto a multiple alignment performed with the
sequences of all A. thaliazna GSTUs and of the PPIX-binding
ZmGSTUT1 (electronic supplementary material, figure 54). Two
residues (K40 and K52) that contribute to the electropositive
environment are conserved in nearly all isoforms because they
are also part of the highly conserved G-site. A contribution of
aromatic or hydrophobic residues from helix oy was suggested
in the present work (H212) as well as a previous docking
study (F213 and M217 in ZmGSTU]1) [41]. The observed general
trend for this helix is to bear hydrophobic residues at these pos-
itions. Importantly, it was previously shown that the
conformation of helix oy varies from one GSTU isoform to
another, which putatively confers different binding properties
to GSTUs [67]. However, such variations are not predictable on
the sole sequence information. In one group of Arabidopsis iso-
forms (from AtGSTU19 to AtGSTU28), as well as in
ZmGSTU]1, aromatic residues are conserved at the positions of
residues Y107, W114 and W163, suggesting that their H-site is
adapted for tetrapyrrole binding. However, the fact that
AtGSTUS does not have these specific residues indicates differ-
ences in PPIX-binding mode from one isoform to another, as
well as the existence of other structural determinants.

6. Hypotheses about the role(s) of glutathione
transferases in relation to tetrapyrrole

metabolism

As already mentioned, the GST family has expanded in plants
with members of the overrepresented GSTU class (28

members in A. thaliana) having been reported as binding por-
phyrin moieties, but the potential associated physiological
role(s) have never been discussed in detail [29]. The absence
of genetic evidence may be due to redundancies existing
among these multiple isoforms. Except for A. thaliana
GSTU12, which has an N-terminal extension containing a
nuclear localization signal (KKRKK) (electronic supplemen-
tary material, figure S4) and is therefore found in the
nucleus [73], GSTUs are mostly predicted as cytosolic proteins.
However, both GSTU19 and GSTU20 have been found in
chloroplast proteomes (chloroKB database), suggesting
either their presence in the stroma or at least an external associ-
ation with the envelope [74]. Moreover, GSTU2 from Vitis
vinifera was detected at the plasma membrane and its inter-
action with the plasma membrane-bound HIR protein serves
for the export of trans-resveratrol [39]. Hence, the proposed
roles for GSTUs have to be discussed taking into account
these localizations and their documented functional connex-
ion with ABC transporters, notably of the MRP/ABCC
family. It is noteworthy that other GSTs may play additional
roles in specific compartments because GSTs have usually
quite similar ligandin or substrate-binding sites that should
also allow the accommodation of tetrapyrroles. In such a
coupled chaperone-transport system and considering that
GSTUs represent general stress-response factors, are quite
abundant and are able to bind and/or to conjugate porphyrin
moieties to GSH, they could exert several possible roles that
are discussed in the following sections (figure 5).

(a) Functions in detoxification

GSTUs have well-documented roles in xenobiotic detoxifica-
tion or sequestration of specialized metabolites and their
expression is often strongly regulated during stress con-
ditions [29]. For instance, the TT19/TT12 (GST/ABC
transporter) couple is involved in anthocyanin vacuolar
sequestration in A. thaliana [36]. A similar system may operate
in V. vinifera where ABCC1 ensures the co-transport of glyco-
sylated anthocyanidin and GSH, confirming that GSH
conjugation is not an essential prerequisite for anthocyanin
transport [75]. In other respects, these ABCC/MRP transpor-
ters are defined as GS-X pumps, being responsible for a large
number of transport processes, including the transport of
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Figure 5. Hypothetical model for the involvement of GSTUs in the intracellular trafficking of tetrapyrroles. Unlike sirohaems and chlorophylls that remain in the
chloroplastic site of synthesis, other tetrapyrroles translocated from the chloroplasts may react with GSTUs for their detoxification ( phyllobilins (PB) and chlorophyll
derivatives (Mg-PPIX, Pchlide)), for their trafficking to other subcellular compartments (phytochromobilins (PC) and haems) or for signalling functions (haems).
Required transporter proteins are represented, but their identities are so far unknown. Other abbreviations are as follows: Glu, glutamate; UROgen |ll, uroporphyr-

inogen IlI; PPIX, protoporphyrin IX; Chl, chlorophylls; PhyA—E, phytochromes A-E.

glutathione and glucuronide conjugates as well as bile acids
in humans. For instance, human MRP1 and MRP2 act syner-
gistically with GSTP1-1 in the detoxification of cytotoxic or
genotoxic agents [76,77]. Some tonoplastic A. thaliana ortholo-
gues (MRP2/ABCC2 and MRP3/ABCC3) transport
glutathione conjugates, notably glutathionylated herbicides,
but also chlorophyll catabolites, notably a non-fluorescent
chlorophyll catabolite (NCC) when expressed in yeast
[78,79]. Thus, it is tempting to hypothesize that GSTUs, in
association with yet to be identified chloroplastic envelope
and tonoplastic transporters, are required as a soluble trans-
port system for the detoxification or vacuolar sequestration
of phyllobilins for their subsequent recycling (figure 5).
Another possible role of GSTUs associated with por-
phyrin binding is to detoxify and thus prevent the action of

some reactive porphyrins. First, although tetrapyrrole syn-
thesis and degradation are usually carefully adjusted to the
cellular requirements and the potentially toxic intermediates
of tetrapyrrole synthesis are usually maintained at low
levels in chloroplasts, it may be that some GSTs, either
uncharacterized chloroplastic GSTUs or other GSTs, prevent
their reactivity via their ligandin function. On the other
hand, the concentration threshold of some photosensitizing
porphyrins (PPIX and its Mg”* derivatives, including proto-
chlorophyllide) under environmental constraints may
overload the antioxidant systems that normally maintain
these metabolites in their reduced, non-toxic forms. In such
a situation, these reactive porphyrins are released from the
chloroplasts and GSTUs may be part of a protective mechan-
ism preventing subsequent oxidative damage by binding or
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targeting these molecules to the vacuoles via enzymatic (GSH
conjugation) or non-enzymatic (ligandin) reactions.

(b) Functions as haem/phytochromobilin chaperones
The current knowledge about the mechanisms of intracellular
phytochromobilin and haem trafficking in plants remains
very limited, as in most eukaryotes. This contrasts with the
more extensively characterized bacterial haem transport sys-
tems [80]. Conceptually, these tetrapyrrole entities, which
are synthesized in plastids, have to be translocated outside
this organelle and distributed to cytosolic phytochromes
(PHYA-E) in the case of phytochromobilin or to a large
number of proteins found in diverse compartments, e.g.
mitochondrial matrix, mitochondrial inter-membrane space,
nucleus, ER surface, peroxisomes and cytosol in the case of
haems (figure 5). As free haem is hydrophobic and cytotoxic,
specific molecules and pathways must ensure the efficient
targeting of these cofactors to final client haemoproteins.
Thinking more specifically about the evolutionary conserva-
tion of the haem chaperones and trafficking pathways in
eukaryotes, it is expected that the actors are somehow con-
served. Indeed, most chaperones and transporters proposed
as being involved (HBPs, GAPDH, GSTs, MRP/ABC trans-
porters) are ubiquitous. In plants, considering their capacity
to bind haems and to interact with ABC transporters, mem-
bers of the large GSTU class might well be involved in the
cytosolic trafficking of haems, but also phytochromobilins,
to final client proteins. Given their abundance, they may
serve as reservoir or transient haem storage pools that can
become rapidly available in specific physiological circum-
stances. An extension of this chaperone function would
be an involvement in haem signalling functions and notably
in the plastid-to-nucleus retrograde signalling in plants
(discussed below).

(¢) Functions in plastid-to-nucleus retrograde signalling
The exchange of signals between cellular compartments
allows the coordination of development and differentiation,
the modulation of metabolic pathways and triggers responses
to environmental conditions [5]. For changes occurring in
plastids, communication with the nucleus is essential
and so-called plastid-to-nucleus retrograde signals operate.
A difference is made between a biogenic control that consists
of signals associated with chloroplast biogenesis and an
operational control that consists of signals originating
from developed chloroplasts in mature organs in response
to environmental changes. This retrograde signalling is a
complex and multi-layered process involving a number of
components, i.e. metabolites, reactive oxygen species, pro-
teins or tetrapyrroles, that ultimately regulate nuclear gene
expression, notably photosynthesis-associated nuclear genes
[5]. The mutant screens developed to understand plastid-
to-nucleus signalling mechanisms in Arabidopsis notably
made use of norflurazon, a herbicide, inhibitor of carotenoid
biosynthesis, that blocks chloroplast biogenesis [81]. This led
to the isolation of so-called genomes uncoupled (gun) mutants
in which the expression of the Lhch nuclear gene is main-
tained. Most proteins encoded by the defective genes in the
selected loss-of-function mutants are involved in tetrapyrrole
metabolism. The gun2 mutant is modified for the HO1/HY1
gene, gun3 for HY2 and gunb for the gene encoding the H
subunit of the Mg chelatase (CHLH) [81,82]. The gun4

mutant is affected for a regulator of Mg chelatase activity
[83]. An additional gain-of-function mutant overexpressing
FC1 (gun6-1D) also exhibited a gun phenotype [19]. Different
forms of tetrapyrroles (Mg-PPIX, bilin, haem) have been
described as signalling molecules in either terrestrial plants
or algae, but a role of Mg-PPIX has then been refuted
(reviewed in [84,85]). Recent investigations in Chlamydomonas
using the hmox1 mutant for the HO pointed to a possible role
of bilin as a biogenic retrograde signal that would be essential
for photoacclimation and functional chloroplast maintenance
during dark-to-light transition. Two mechanisms may oper-
ate: a bilin-based, blue-light-sensing system and a bilin-
based retrograde signalling pathway [86,87]. The literature
in the field is extremely abundant and we refer the readers
to recent reviews for more details [5,84,85].

In brief, the current model, at least for the biogenic con-
trol, is that there is a positive haem-related signal that is
exported from chloroplasts reflecting their developmental
status [84]. Among the two ferrochelatases present in A. thali-
ana, only FC1 seems implicated in this signalling pathway
[19]. Because FC1 is anchored to the chloroplast envelope
and free haem is toxic, we speculate that other proteins par-
ticipate in the signalling process, i.e. transporter(s) and
cytoplasmic and/or nuclear factors/chaperones. In fact, the
human mitochondrial ferrochelatase interacts with ABC
transporters [88]. Hence, a similar trafficking towards an
ABC transporter present in the chloroplast envelope is poss-
ible but remains to be characterized. There is also an urgent
need to identify whether and which protein(s) would serve
as soluble haem or haem-derivative receptors in plastids,
cytosol or nucleus for further trafficking. As these factors
may be similar to those involved in the trafficking of haems
towards haemoproteins (haem chaperone function), proteins
belonging to the HBP or GST families are obvious candidates
(figure 5). In addition to this positive haem-dependent signal,
other signals are produced by chloroplasts in response to
environmental variations, and it is proposed that singlet
oxygen (‘O,), which can be produced from Mg-porphyrins
under specific conditions, initiates a second inhibitory light-
dependent signal, repressing both photosynthesis and tetra-
pyrrole synthesis genes [89]. As for the haem-dependent
signal, it is not clear whether 10, itself or a derived molecule
comes into play. Indeed, 'O, will react in particular with
carotenoids present in PSII, forming degradation products
such as B-cyclocitral (B-CC), and with lipids leading to their
peroxidation that can further generate toxic reactive carbonyl
species. Both types of molecules have signalling functions
and a recent study highlighted that B-CC induced the
expression of genes encoding proteins implicated in the xeno-
biotic detoxification response, including many GSTs [90].
Hence, GSTs may also participate in this signalling pathway,
independently of their interaction with tetrapyrroles, owing
to the binding or GSH conjugation of B-CC or other caroten-
oid derivatives, to their GSH-dependent peroxidase activity
towards peroxidized lipids or to their capacity to conjugate
GSH onto reactive carbonyl species to prevent their reactivity.

7. Conclusion

Among eukaryotes, plants are unique in having the whole
tetrapyrrole synthesis pathway in chloroplasts. Some of
the synthesized tetrapyrrole-containing cofactors are required
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outside this compartment, but information about their
trafficking (binding, transport) is almost nonexistent. By
providing experimental data and structural models indicat-
ing that GSTUs bind PPIX and haem moieties in
their substrate-binding sites, we have speculated about the
possible roles played by GSTUs particularly as haem chaper-
ones and as actors of the plastid-to-nucleus retrograde
signalling, the topic of this special theme issue. There is
now an urgent need to accumulate more biochemical and
structural data on diverse GST isoforms, to identify
transporters for haems, phytochromobilins or other
important intermediates and their connection with GSTs, if
any. Even more essential will be to obtain genetic and
physiological evidence for the contribution of GSTUs in

tetrapyrrole metabolism, despite the drawback of having a [ 13 |

multigene family.

Data will be publicly available. The material and
methods used are described in the electronic supplementary files.
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