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Cysteine is one of the most versatile molecules in biology, taking over such different functions as catalysis, structure, regula-
tion and electron transport during evolution. Research on Arabidopsis has contributed decisively to the understanding of cys-
teine synthesis and its role in the assimilatory pathways of S, N and C in plants. The multimeric cysteine synthase complex is
present in the cytosol, plastids and mitochondria and forms the centre of a unique metabolic sensing and signaling system. Its
association is reversible, rendering the first enzyme of cysteine synthesis active and the second one inactive, and vice-versa.
Complex formation is triggered by the reaction intermediates of cysteine synthesis in response to supply and demand and
gives rise to regulation of genes of sulfur metabolism to adjust cellular sulfur homeostasis. Combinations of biochemistry,
forward and reverse genetics, structural- and cell-biology approaches using Arabidopsis have revealed new enzyme functions
and the unique pattern of spatial distribution of cysteine metabolism in plant cells. These findings place the synthesis of cys-

teine in the centre of the network of primary metabolism.

INTRODUCTION

Cysteine has a multitude of functions in biology due to the chemi-
cal properties of reduced sulfur. Sulfide is a strong nucleophile,
making it a highly reactive mediator of redox reactions. These
include catalysis, activation of reactive groups (e.g. coenzyme A),
disulfide bonds with their structural and regulatory functions and,
in particular, electron transfer via iron-sulfur clusters. Complexes
of transition metals such as iron with sulfide might have acted as
catalysts of essential organosynthetic chemistry during the evolu-
tion of protolife (Martin et al., 2003; Wachtershauser, 2006). Today,
they are indispensable parts of the energy-generating processes
in mitochondria and chloroplasts. Cysteine is the donor of sulfide
for all of these compounds in all cells. Cysteine in the proteomes
of fully-sequenced genomes of members of the archea, eubacte-
ria and eukaryotes is underrepresented compared to other amino
acids (Pe’er et al., 2004), but its frequency in proteins correlates
positively with increasing complexity of organisms, reflecting the
risk of non-specific oxidation and an advantage of increased use
of cysteine residues (Miseta and Csutora, 2000). Indeed, the evo-
lution of life passed through geological times of largely anoxic and
highly sulfidic environments until today’s oxygenic atmosphere,
requiring adaptation and specialization of functions of sulfide resi-
dues in proteins and in metabolism.

The biosynthesis of cysteine and its central position in primary
sulfur metabolism has been extensively investigated in Arabi-
dopsis thaliana which has delivered insight into novel and un-
expected mechanisms of enzyme regulation, metabolite sensing
and spatial distribution of amino acid metabolism in plant cells.
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The integration of reduced sulfur from assimilatory sulfate reduc-
tion in plastids into cysteine is the exclusive point of entry into
downstream metabolism. The reaction is comparable in its im-
portance to ammonia fixation by glutamine synthetase and forms
an interface between sulfur, nitrogen and carbon metabolism. Ac-
cordingly, supply of sulfide for cysteine synthesis and demand
for cysteine itself for protein biosynthesis or anabolic processes
such as formation of methionine, glutathione, iron-sulfur clusters
and many others require regulatory coordination between sulfate
uptake, assimilatory reduction, cysteine synthesis and distribu-
tion of reduced sulfur into downstream metabolism. In addition,
intracellular transport and whole plant allocation of primary sulfur
compounds are components of this dynamic network. Analysis
of Arabidopsis in recent years has indeed revealed that the syn-
thesis of cysteine is a major regulator of the upstream reactions
in primary sulfur metabolism. Cysteine synthesis occurs almost
constitutively and ubiquitously in plant cells and occurs in the
plastids, the cytosol and the mitochondria. For a more compre-
hensive overview of the general sulfur metabolism in phototrophic
organisms, the reader is referred to Hell et al. (2008). In-depth re-
views of plant primary sulfur metabolism are provided by Schmidt
and Jager (1992), Leustek (2000) and Takahashi et al. (2011).

Pathways leading to cysteine: sulfate uptake and assimilation

The sulfur substrate for cysteine synthesis in plants is provided
by sulfate uptake and assimilatory sulfate reduction, while the
amino acid backbone comes from serine metabolism (Figure 1).
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Figure 1. Biochemical pathway of primary sulfur metabolism in Arabidopsis thaliana.

Co-substrates and products have been omitted. Endproducts are indicated in grey letters. Arrows can represent more than one reaction.

Sulfur in plants is generally taken up as sulfate by roots from the
soil. Sulfate transporters (Sultr) form a family of 14 proteins in
Arabidopsis (Hawkesford, 2003) and operate as cotransporters
with 2-3 H*/SO,> transported. High affinity Sultr proteins show
substrate affinities of app. K, = 10 uM and low affinity Sultr pro-
teins of app. K,,=100 uM when heterologously expressed in yeast
(Takahashi et al., 2000). The cell type-specific expression of Sultr
genes in the root epidermis, root cortex, root vasculature up to
shoot vasculature and leaf lamina is orchestrated in complex pat-
terns throughout the plant and driven by external supply and in-
ternal demand (see Takahashi et al., 2011, for review). Cysteine
itself and metabolites upstream and downstream in the pathway
are candidates for sensing or signaling of these conditions to-
wards gene regulation (Vidmar et al., 2000; Vauclare et al., 2002;
Rouached et al., 2008). In the root epidermis the response of
the genes Sultr1;1 and Sultr1;2 (Shibagaki et al., 2002) to sul-
fate deprivation results in enhanced uptake rates within hours in
Arabidopsis (Smith et al., 1997; Clarkson et al., 1999). Resupply
of sulfate to roots equally rapidly represses the uptake systems.
This response is archetypical in all plants and algae and is often
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used as a marker for conditions of sulfate deficiency and even for
screens for identifying regulatory factors (Takahashi et al., 2011).

The activity of sulfate uptake and reduction can be regulated
by supply and demand, i.e. genes are repressed at high sulfate
availability and low demand and become de-repressed by sul-
fate limitation and enhanced demand for reduced sulfur. These
mechanisms, however, depend on organ type, development and
environmental constraints and are interwoven with the primary
pathways of carbon and nitrogen (Davidian and Kopriva, 2010).
De-repression of sulfate uptake in the presence of external sul-
fate can be mimicked by feeding of O-acetylserine (OAS), the
activated form of serine and reaction intermediate of cysteine
synthesis. This leads to the induction of numerous genes, in par-
ticular Sultr genes, but also genes encoding enzymes of sulfate
reduction such as adenosine phosphosulfate reductase (APR)
and many others (Koprivova et al., 2000; Hirai et al., 2003) in-
cluding genes encoding enzymes for the breakdown of glucosino-
lates, i.e. secondary compounds with high sulfur content to regain
internally stored sulfur. In contrast, few genes encoding enzymes
of cysteine synthesis respond this way. Whether cellular contents



of sulfate, sulfide OAS, cysteine and glutathione are the true pri-
mary signals for controlling sulfate uptake and reduction or rather
act indirectly is still a matter of debate (Buchner et al., 2004; Hop-
kins et al., 2005; Davidian and Kopriva, 2010). A detailed dis-
cussion of the current status of sulfate transporter regulation in
Arabidopsis and crop plants can be found in Hawkesford, (2008)
and Takahashi et al., (2011).

Arabidopsis gene expression databases show, in agreement
with physiological studies from a number of researchers (see
Brunold, 1990; Schmidt and Jager, 1992; Leustek et al., 2000 for
review), that the genes and encoded enzymes of sulfate assimila-
tion are expressed not only in photosynthetic but also in heterotro-
phic organs. Thus, root, seed and specialized non-photosynthetic
cell types share a varying degree of autonomy with respect to
assimilation of sulfate into cysteine. In Arabidopsis, all enzymes
of this pathway including cysteine synthesis are encoded by at
least three gene copies except for sulfite reductase (SiR) which
is encoded by a single gene (Bork et al., 1998; Leustek, 2002). A
comparative overview on the orthologous and paralogous evolu-
tion of the genes families related to primary sulfur metabolism in
bacteria and eukaryotes with emphasis on Arabidopsis is avail-
able (Patron et al., 2008).

ATP sulfurylase isoforms are present in the cytosol and plas-
tids and form activated sulfate as adenosine 5’-phosphosulfate
(APS). APS is located at the first branching point of the pathway
(Figure 1). A small amount of APS can be further activated to
3’-phosphoadenosine 5’-phosphosulphate (PAPS) by APS ki-
nase in both compartments (Mugford et al., 2009). Sulfotransfer-
ases use PAPS to form sulfate esters with hydroxylgroups of var-
ious substrates (glucosinolates, flavonoids, peptides, hormons;
Hernandez-Sebastia et al., 2008) but reside exclusively in the
cytosol. APS in plastids is reduced to sulfite by APS reductase
which accepts and transfers electrons from glutathione (Gutier-
rez-Marcos et al., 1996; Setya et al., 1996). APS reductase gene
expression responds even more strongly than that of APS kinase
genes to sulfate deficiency but also to daylight and other stress
conditions (reviewed in Kopriva, 2006). In addition, the APS re-
ductase protein is regulated post-translationally in response to
oxidative stress (Bick et al., 2001). Sulfite is positioned at the
second branching point of the reduction sequence (Figure 1).
Plastid-localized sulfolipid biosynthesis requires sulfite to form
sulfoquinovosyldiacylglycerol, a lipid which is exclusively found
in photoautotrophic organisms (Sanda et al., 2001; Benning et
al.,, 2008). The UDP-SQ enzyme (SQD1) competes with SiR
that reduces the bulk of sulfite to sulfide in chloroplasts using
electrons from ferredoxin and a siroheme as ligand (Yoneku-
ra-Sakakibara et al., 2000). In contrast to ATP sulfurylase and
APS reductase genes, the SiR gene shows little transcriptional
regulation. Nevertheless, the SiR single copy gene At5g04590
is not only essential for survival, the encoded SiR activity can
become limiting for the flux through the reduction pathway (Khan
et al., 2010). Sulfite and sulfide are chemically very reactive and
are assumed to be present in only small steady-state amounts.
Among the few measurements available are concentrations from
Arabidopsis leaf cytosol (55 uM sulfide) and chloroplast (125 yM
sulfide) (Krtiger et al., 2009) and from Arabidopsis whole leaf
extracts ranging from 5 pM (Tsakraklides et al., 2002) to 25 uM
(Khan et al., 2010) of sulfite.
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Pathways leading to cysteine: step 1 — synthesis of OAS by
serine acetyltransferase

The cysteine synthesis pathway in plants starts with serine acet-
yltransferase (SAT; Serat, EC 2.3.1.30) and activation of serine
by acetyl transfer from acetyl coenzyme A to form O-acetylserine
(OAS). OAS and sulfide are the substrates for direct sulfhydra-
tion by O-acetylserine (thiol) lyase (OAS-TL) (Figure 2). SAT
and OAS-TL form the hetero-oligmeric cysteine synthase (CS)
complex. In whole protein extracts the entire SAT activity is al-
ways associated with OAS-TL in the CS complex, but an excess
of free and active OAS-TL is always present (see section CS
complex below). This two-step pathway is conserved between
archea, eubacteria and plants (Hell and Wirtz, 2008). Fungi such
as Saccharomyces cerevisiae, Schizosaccharomyces pombe or
Neurospora crassa are taxonomically and physiologically very
heterogenous and can, depending on species and nutrient avail-
ability, use direct sulfhydration to form either cysteine or homo-
cysteine, the latter being synthesized from O-acetylhomoserine
and homoserine. Homocysteine is then either methylated to
methionine or transsulfurylated via cystathionine to cysteine.
While methionine and cysteine are interconvertible in fungi, the
key regulator of sulfate uptake and assimilation including sulfur
amino acid synthesis is methionine (Marzluf, 1997; Thomas and
Surdin-Kerjan, 1997). Animals cannot assimilate sulfate but need
to take up cysteine or methionine which are interconverted by
transsulfurylation via cystathionine. Methionine is the essential
amino acid for adult humans and excess dietary methionine can
entirely replace cysteine intake (Reeds, 2000). It is important to
stress that cysteine from plants is, directly or indirectly, by far
the major dominating source of reduced sulfur for the nutrition of
mammals and humans.

In Arabidopsis five genes (Serat) encode SAT enzymes for
OAS synthesis (Table 1). Analysis of the evolution of amino acid
sequences suggests that the ancestral Serat gene was of host
origin and was not derived of the cyanobacterial endosymbiont
(Kopriva et al., 2008). SAT1 and SAT3 are localized in plastids
and mitochondria respectively, while SAT2, SAT4 and SAT5 are
cytosolic (Table 1). SAT5 is most similar in sequence to SAT1 and
SAT3, notwithstanding their organellar transit peptides and less
related to SAT2 and SAT4 which have C-terminal extensions and
low affinities to serine and acetyl coenzymeA. The genes express-
ing SAT2 and SAT4 are transcribed 10-100-times less than the
other three. It is most likely that SAT2 and SAT4 are unable to bind
OAS-TLs in the CS complex and have therefore been suspected
of carrying out other or additional metabolic functions (Kawashima
et al., 2005). However, a comprehensive study with SAT (serat)
mutants lacking at least one isoenzyme showed that all quadruple
mutant combinations expressing only one of the five SATs are via-
ble, indicating that SAT2 and SAT4 are sufficient for survival. Qua-
druple mutants expressing only SAT1, SAT2 or SAT4 are strongly
retarded in growth at the seedling stage while those expressing
only SAT3 or SAT5 show only slight growth retardation (Watanabe
et al., 2008b). These phenotypes are consistent with the insig-
nificant reductions in total SAT activity in single mutants lacking
only SAT1 or SAT2 or SAT4 and the measurable reduction of total
SAT activity in the roots of the single mutant lacking only cytosolic
SAT5 (Watanabe et al., 2008b; Kriger et al., 2009). Remarkably,
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Figure 2. Chemical structures and biosynthesis of sulfur containing metabolites.

Arrows indicate reactions. Enzymes are shown as circles with numbers. 1, serine acetyltransferase, 2, O-acetylserine(thiol)lyase, 3, cystathionine-y-
synthase, 4, cystathionine-p-lyase, 5, methionine synthase, 6, glutamate cysteine ligase, 7, glutathione synthetase, 8, B-cyanoalanine synthase. Yellow

spheres highlight the reduced sulfur atom, which is fixed by cysteine synthesis.

complete loss of mitochondrial SAT3 due to insertional mutation
of the corresponding gene causes the loss of 70-80% of total SAT
activity but results in only slight growth retardation (Watanabe et
al., 2008b). In contrast, the down-regulation of SAT3 activity by
using a gene-specific artificial miRNA results in stunted growth.
The severity of this phenotype correlates strictly with the degree
of reduction in gene expression (Haas et al., 2008). The flux of %S-
sulfate into cysteine is strongly decreased in these plants (Haas et
al., 2008) but can be completely restored by genetic complemen-
tation of the amiRNAI effect by targeting a heterologous SAT from
tobacco to mitochondria (F. Haas, M. Wirtz, R. Hell, unpublished).
These contradictory findings for the complete absence versus low
abundance of mitochondrial SAT3 protein may be explained if it is
assumed that the CS complex has a regulatory function beyond
modulation of SAT enzyme activity. Genetic analysis of the contri-
butions of the predominant SAT enzymes, SAT1 in plastids, SAT3
in mitochondria and SATS5 in the cytosol, to cysteine synthesis in
leaf cells is confirmed by the only currently available biochemi-
cal measurement of compartment-specific SAT activities in leaves
of pea (Pisum sativum). It is estimated that about 80-90% of to-
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tal SAT activity resides in mitochondria and about 5-10% each is
present in the cytosol and chloroplasts (Figure 3A) (Ruffet et al.,
1995; Droux, 2003).

Serat genes are expressed throughout the entire life-cycle of
the plant, albeit with varying degrees of tissue-dependent and
developmental patterns. Changes in transcription in response to
environmental factors are generally minor. Remarkably, expres-
sion of the gene encoding SAT4 responds to sulfate depriva-
tion and to cadmium exposure despite presumably contributing
little SAT activity in vivo, pointing to a function in thiol-mediated
stress response (Kawashima et al, 2005). The abundance of
SAT1 and SAT3 transcript in root increases up to 10-fold after
treatment with the oxidizing reagent menadione (Lehmann et al.,
2009). Transcripts encoding SAT1 also increase 10-fold when a
catalase2-deficient mutant of Arabidopsis is transferred from high
CO, concentrations to ambient air, presumably to provide more
cysteine for glutathione synthesis to be used in the detoxification
of H,0, by the ascorbate/glutathione cycle (Queval et al., 2009).
In both cases, neither SAT1 protein level nor SAT activity were
determined, but in the latter case the increase in SAT1 mRNA is



Cysteine 50f 19

Table I. The SAT gene and protein family in Arabidopsis.

Name Gene AGI code Subcellular Localization I(r(]:r;::tlgﬁ\l) gg‘riﬁn;M) ﬁ(lt(;g)) A Reference

SAT5 Serat1;1 AT5G56760 Cytosol ++ 25 0.28 Noji (1998)

SAT1 Serat2;1 AT1G55920 Plastids - 1.6 0.16 Noji (1998)

SAT3 Serat2;2 AT3G13110 Mitochondria + ;Z g?g \';lv?ﬂi 1(282 )

SAT2 Serat3;1 AT2G17640 Cytosol - 1214 24.5 Kawashima et al. (2005)
SAT4 Serar3;2 AT4G35640 Cytosol ++ 39.5 451 Kawashima et al. (2005)

Protein and gene names from Hell et al. (2002) and Kawashima et al. (2005).

accompanied by an increase in total levels of cysteine and glu-
tathione. It seems therefore that the expression of gene encod-
ing plastidic SAT1 is triggered by oxidative stress even though
plastidic SAT activity contributes only about 10% to the total SAT
activity in non-stressed leaves, and that metabolic regulation of
the CS complexes in the three compartments is responsible for
increased production and contents of cysteine in response to en-
vironmental challenges. The concept of regulation of SAT activity
in plastids is further discussed in the CS complex section below.

The only known metabolic function of OAS in plants is in cys-
teine synthesis. But with respect to regulation, OAS has at least

A/~
SAT2 (1%)
SATA (1%)

\

SATS
(ca. 10%)

two more functions: it can induce genes of sulfur metabolism
and dissociate the cysteine synthase complex. OAS is a labile
compound that spontaneously converts into N-acetylserine in a
pH-dependent manner. The conversion rate is 1% min™' at pH
7.6 (Flavin and Slaughter, 1965). N-acetylserine has no known
function in plant metabolism, but is the inducer of the cysteine
regulon in bacteria (Kredich, 1996). OAS can be applied to Ara-
bidopsis leaves or roots and is readily taken up. Concentrations
of OAS in leaves of unstressed Arabidopsis plants show a wide
range from 0.5 to 15 nmol g' fresh weight'; Cysteine concentra-
tions show less variation and range from 7 to 22 nmol g fresh

B(
OASTL D1 (1%)

OASTL D2 (1%)
cS-like

~

OASTLA
(50%)
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Figure 3. Compartmentation of cysteine and glutathione synthesis in Arabidopsis thaliana.

A, B. Data in % refer to approximate relative contributions of SAT (from Pisum sativum) and OASTL (from Arabidopsis) activities, respectively, in the
three compartments according to different experimental approaches (Droux, 2003; Ruffet et al., 1995; Heeg et al., 2008; Watanabe et al., 2008a). Other
enzymatic functions refer to CS-like (cysteine desulfhydrase, DES1; Alvarez et al., 2010), CS26 (S-sulfocysteine synthase; Bermudez et al., 2010), CAS
(B-cyanoalanine synthase, CysC1; Hatzfeld et al., 2000, Yamaguchi et al., 2000). C. Transport processes in cysteine synthesis as evidenced by knock-out
mutant analyses (Heeg et al., 2008; Watanabe et al., 2008) that have not yet been identified at the molecular level. D. Synthesis and degradation of glu-
tathione (GSH) and glutathione conjugates (GSX); y-glutamylcysteine (YEC), 5-oxoproline (50xoPro). y-Glutamyltransferase activities at the plasmalemma
and phytochelatin synthase activity in the cytosol are not shown. The predicted activity of y-glutamycyclotransferase is indicated by a question mark
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weight' (Hirai et al., 2004; Heeg et al., 2008; Watanabe et al.,
2008a; Watanabe et al., 2008b; Kruger et al., 2009; Khan et al.,
2010). The differences in OAS content may either reflect higher
biological responsiveness to environmental status or technical
deviations due to different HPLC methods used in comparison
to cysteine determinations. Upon sulfate deprivation, the level of
OAS increases as part of the typical sulfur deficiency response.
This long term increase is mostly viewed as a passive effect due
to the lack of sulfide for cysteine synthesis. Depending on the
experimental conditions the OAS levels begin to increase several
hours or even days after onset of external sulfate depletion, but
since the mRNA contents of Sultr genes encoding high affinity
transporters appear to increase earlier, the role of OAS as pri-
mary inducer of the sulfate deficiency response is questionable
(Hirai et al., 2003; Buchner et al., 2004; Wirtz et al., 2004; Hop-
kins et al., 2005; Rouached et al., 2008). However, a high resolu-
tion study with respect to time scale, perceiving root tissue and
co-determination of OAS and sulfide concentrations together with
Sultr gene expression profiles upon transfer of plants from high to
low sulfate containing medium has not yet been carried out. Appli-
cation of OAS to Arabidopsis roots orchestrates the expression of
a sulfate deficiency gene response in microarray analyses, sug-
gesting that OAS may be either a strictly cellular or a later, sec-
ondary signal (Hirai et al., 2003; Hesse et al., 2004). Currently,
the role of OAS is seen by several authors as a mediator that links
the assimilation pathways of sulfate with those of nitrogen and
carbon (Hawkesford and De Kok, 2006; Schachtman and Shin,
2007; Amtmann and Armengaud, 2009).

The enzymatic activity of SAT in Arabidopsis crude protein
extracts is in the low nmol mg™ protein min"' range (Haas et al.,
2008; Heeg et al., 2008). The in vivo activity first depends on
the availability of the two substrates. Serine can be assumed to
be less limiting for SAT1, SAT3 and SATS5, if at all, especially in
the light and in mitochondria due to photorespiration. Reports of
acetyl-coenzyme A concentrations are rare and in the order of
5 nmol g fresh weight (Roughan, 1997; Tumaney et al., 2004).
When compared to Km values of the major SATs 1, 3, and 5
(K,5e=1.6-2.7 mM; K, A°c*A=20-280uM; Kawashima et al., 2005),
it seems more likely that acetyl coenzyme A rather than serine
availability is limiting SAT activity. However, acetyl-coenzyme A
feeding experiments have not been carried out to date. Feedback
sensitivity of SAT to cysteine probably modulates the rate of cys-
teine synthesis at least in some subcellular compartments. In S.
typhimurium SAT is strictly feedback inhibited by cysteine (K| =
1 pM; Kredich, 1996) as part of the regulatory circuit of the Cys
regulon. Plants have higher cellular cysteine concentrations and
in Arabidopsis cytosolic SAT5 shows 50% inhibition (ICy,) at 1.8
MM cysteine. Free mitochondrial SAT3 is only inhibited at higher
cysteine concentrations (IC5;,=53 uM), while plastidic SAT1 does
not show any apparent inhibition by cysteine at all (Noji et al.,
1998; Kawashima et al., 2005; reviewed in Wirtz and Hell, 2006).
SAT2 and SAT4 have different kinetic constants with very high
Km values for serine and acetyl-coenzyme A (24 to 121 mM),
complete insensitivity to cysteine in the case of SAT2 and an ICs,
of 0.8 uM cysteine of SAT4 (Kawashima et al., 2005). Feedback
sensitivity of cytosolic SAT5 and low or no sensitivity of the or-
ganellar SAT3 and SAT1 would point to the cytosol as the major
regulatory site (Noji et al., 1998). However, this observation would
not explain how mitochondrial SAT3, which constitutes the bulk of
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cellular SAT activity, is efficiently controlled. The assumed sub-
cellular concentrations of cysteine in Arabidopsis leaves (Kriger
et al., 2009) suggest that the feedback-sensitive cytosolic SAT5
would be completely inhibited by high cysteine concentrations,
whereas the insensitive plastidic SAT1 would operate in an envi-
ronment with generally low cysteine concentrations. The cysteine
concentration in mitochondria carrying SAT3 with intermediate
feedback sensitivity is unknown. In pea leaves, the cytosolic SAT
fraction is not inhibited by cysteine, while the plastidic and mito-
chondrial fraction is inhibited strongly and weakly, respectively
(Droux, 2003). In spinach and tobacco, organelle-localized SAT
isoforms are inhibited by cysteine in a physiologically relevant
range. Thus, evolution may have developed species-specific
solutions for the feedback regulatory role of SATs (Droux, 2004;
Wirtz and Hell, 2006). It should be cautioned, however, that these
feedback analyses of the Arabidopsis SATs have been carried
out with recombinant proteins in the absence of OAS-TL and thus
the CS complex. The significance of feedback regulation of SAT
by cysteine is further discussed in the CS complex section below.

Pathways leading to cysteine: step 2 — integration of sulfide
by O-acetylserine (thiol) lyase

The second step of cysteine synthesis is catalyzed by OAS-TL
(EC 2.5.1.47). It belongs to the superfamily of pyridoxal phos-
phate-dependent enzymes and carries out a B-substitution of the
acetyl group of OAS by sulfide, hence the alternative name Bsas
for B-substituted alanine synthase and the older name cysteine
synthase (Figure 2; Hatzfeld et al., 2000; Watanabe et al., 2008a).
In bacteria and plants, the maximal specific activity of OAS-TL in
whole protein extracts is one to two orders of magnitude higher
than that of SAT. In Arabidopsis leaves, the ratio is approximately
60:1 on a per protein basis (ca. 600 nmol mg" min"* OAS-TL ac-
tivity compared to ca. 10 nmol mg" min' SAT activity; Heeg et
al., 2008). SAT activity is therefore generally considered as rate
limiting for cysteine synthesis. The ancestral Oast/ gene in chloro-
phytes and plants was derived from cyanobacteria (Kopriva et al.,
2008). In Arabidopsis, there are nine Oastl-like genes (Table 2)
including OastlA2 (Bsas1,;2; AT3G22460), a pseudogene which is
transcribed but encodes a truncated, non-functional protein (Jost
etal., 2000). Thus, the term OAS-TL A always refers to only OAS-
TL A1 in the subsequent text. The three most highly expressed
genes encode the major isoenzymes in the cytosol, plastids and
mitochondria: OAS-TL A (AT4G14880, Bsas1;1), B (AT3G22460,
Bsas2;1), C (AT2G43750, Bsas2;2), respectively. These three
proteins and the low abundant D1 (AT3G04940, Bsas4;2) and D2
(AT5G28020, Bsas4;1) proteins are enzymatically true OAS-TLs
(Yamaguchi et al., 2000; Wirtz et al., 2004; Heeg et al., 2008).
According to analyses of several T-DNA knock-out lines, the cy-
tosolic OAS-TL A contributes about 55% of enzyme activity and
most of the flux of labelled sulfur in non-stressed leaves. Chlo-
roplast OAS-TL B and mitochondrial OAS-TL C contributes ap-
proximately 45% and 5% of the total activity in leaves respectively
(Figure 3B; Heeg et al., 2008; Watanabe et al., 2008a). This dis-
tribution matches findings from cellular fractionation experiments
with other plant species (Lunn et al., 1990; Kuske et al., 1996).
The K,-values for OAS of OAS-TL A, B and C are in the range of
310-690 uM and thus 10-60-times higher than OAS concentra-
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Table Il. The OAS-TL gene and protein family in Arabidopsis.
Name Gene AGI code Subcellular Substrates Products Enzymatic reaction Interaction
Localization ¥ with SAT
. Sulfide + Cysteine + . )
OAS-TL A1 Bsas1;1 AT4G14880 Cytosol OAS acetate O-acetylserine (thiol) lyase Yes
OAS-TLA2* Bsas1;2 AT3G22460 Cytosol Not determined Not determined Not determined Not determined
OAS-TLB Bsas2;1 AT2G43750 Plastids Sulfide + Cysteine + O-acetylserine (thiol) lyase Yes
OAS acetate
OASTLC  Bsas22  AT3G59760  Mitochondria ~ Soide * Cysteine + O-acetylserine (thiol) lyase  Yes
OAS acetate
CysC1 Bsas3;1  AT3G61440  Mitochondria ~ ~Yamde+ Suffide + B-cyanoalanine synthase No
cysteine B-cyano-alanine (CAS)
. Sulfide + Cysteine + . .
CysD2 Bsas4;1 AT5G28020 Cytosol OAS acetate O-acetylserine (thiol) lyase Yes
. Sulfide + Cysteine + . .
CysD1 Bsas4;2 AT3G04940 Cytosol OAS acetate O-acetylserine (thiol) lyase Yes
CS-like Bsas4;3  AT5G28030  Cytosol Cysteine Sulfide +ammonia +  Cysteine desulfhydrase No
pyruvate (DES1)
CS26 Bsas5;1 AT3G03630 Plastids Thiosulfate + OAS S-sulfocysteine S-sulfocysteine synthase No

Data from Hell et al. (2002); Heeg et al. (2008); Watanabe et al. (2008a); Alvarez et al. (2010a); Bermudez et al. (2010). *Bsas1;2 is expressed but encodes for a

truncated, non functional protein (Jost et al., (2000)

tions in the cytosol and plastids (Wirtz et al., 2004; Kriger et al.,
2009). In contrast, K, -values for sulfide range from 3 to 6 uM
(Wirtz et al., 2004) and are thus 2-4-times lower compared to total
tissue sulfide concentrations under sufficient and limiting sulfur
supply (Krueger et al., 2010). Subcellular sulfide concentrations
have been reported to be even higher (Kruger et al., 2009). These
compartments differ in their average pH values. The preferred
substrate form of OAS-TL is HS™ that shows the least changes in
abundance of the H,S <-> HS- <-> S? equilibrium between pH 7
and 8 in a dissociation graph (Wirtz et al., 2004). These kinetic
data indicate that OAS but not sulfide is rate-limiting for cysteine
synthesis, at least under sufficient sulfur supply.

In contrast to these OAS-TL isoforms, AtCysC1 (AT3G61440,
Bsas3;1) is a B-cyanoalanine synthase. The gene is strongly
expressed and the encoded protein preferentially catalyzes the
formation of -cyanoalanine and sulfide from the substrates cy-
anide and cysteine in mitochondria (Hatzfeld et al., 2000; Jost et
al., 2000). Cyanide may be stored as y-glutamyl-B-cyanoalanine
or degraded by nitrilase activity to asparagines (Watanabe et
al., 2008a). This detoxification process is assumed to play an
important role in protecting complex IV of the respiratory chain
from cyanide inhibition. OAS-TL and CAS can only be distin-
guished by their reaction kinetics and substrate preferences,
since they are able to catalyse both reactions in vitro (Warrilow
and Hawkesford, 2000). Infact, an in-gel staining method for
OAS-TLs is based on the CAS reaction of cysteine and KCN-
Pb reagent to B-cyanoalanine and insoluble PbS (Warrilow and
Hawkesford, 1998). Considering the biochemical characteristics
of the Arabidopsis proteins it appears unlikely that OAS-TLs and
CAS can operate in the respective reverse directions in vivo
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(Jost et al., 2000). Kinetic analyses based on these biochemical
observations suggest that spinach leaves possess only a mito-
chondrial CAS but no OAS-TL protein (Warrilow and Hawkes-
ford, 2000). Whether cytosolic OAS-TLs D1 and D2 contribute
to cysteine synthesis in Arabidopsis at all is disputable, but a
detailed analysis is missing to date. Both are only weakly ex-
pressed and OAS-TL D1 shows 10-times higher Km values for
sulfide and OAS at lower v,,, rates when compared to OAS-TLs
A, B and C, at least when expressed as fusion proteins (Yama-
guchi et al., 2000). Although low OAS-TL activity was reported
for OAS-TL D2 at saturating substrate conditions, it is unlikely to
function as an efficient OAS-TL in vivo. OAS-TL D2 has a sub-
stitution of Ser at position 88 in the Asn loop in the OAS-TL cata-
lytic centre (Rabeh and Cook, 2004). Mutation of this residue in
OAS-TL A eliminated catalytic activity (Bonner et al., 2005), sug-
gesting that the observed OAS-TL activity of OAS-TL D2 may
be residual or a side activity of another enzymatic function. On
the other hand, OAS-TL D1 and D2 were purified by SAT affinity
chromatography, indicating their ability to form a CS complex,
a feature that is regarded as hallmark of OAS-TLs (Heeg et al.,
2008). Thus, OAS-TL D1 and D2 must be considered as true
OAS-TL enzymes in a biochemical sense but have no currently
known functions in vivo. The OAS-TL-like protein family further
comprises cytosolic CS-like (Bsas4,3, AT5G28030) and plastidic
CS26 (Bsas5;1, AT3G03630; Table 2). In both enzymes the Ser
at position 88 is also substituted. As expected from the serine
exchange in the catalytic center, CS-like protein has no OAS-TL
activity but is able to cleave cysteine to form sulfide, ammonia
and pyruvate (Hatzfeld et al., 2000; Alvarez et al., 2010a). It rep-
resents a cysteine desulfhydrase (termed DES1) and therefore
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a reaction that leads away from cysteine. The CS26 isoform can
act as a S-sulfocysteine synthase accepting thiosulfate instead
of sulphide as a donor of reduced sulfur for incorporation into
OAS (Bermudez et al., 2010).

All true OAS-TL proteins are assumed to associate with SAT
in the CS complex, but not AtCysC1, CS26 and CS-like. This is
shown by affinity purification of the OAS-TL proteins from Ara-
bidopsis leaves using cytosolic SAT as an immobilized anchor
(Heeg et al., 2008). Only OAS-TL A, B, C, D1 and D2 have been
isolated. Their relative abundance corresponded to the loss of
OAS-TL activity in single T-DNA insertion mutants lacking either
oastlA, oastIB or oastIC. This indicates no compensatory changes
in the abundance of isoforms and a remarkable similarity of the
OAS-TL patterns between the loss-of-functions mutants, in other
plant tissues and under stress and is in line with nearly unchanged
gene expression profiles in publicly available microarray databas-
es (Heeg et al., 2008; Wirtz et al., 2010a). The intensities of OAS-
TL proteins in 2-dimensional gels also correlate with transcription
patterns reported in Genevestigator (Zimmermann et al., 2004).
Expression and translation of the major OAS-TLs in different tis-
sues appear to be in a linear relationship. According to databases
and numerous reports, OAS-TL genes are semi-constitutively ex-
pressed during development from seedling to silique (Wirtz et al.,
2010a), i.e. they are ubiquitously expressed with varying abun-
dance in different cells types. The only reported significant change
of expression is the induction of Oast/A gene on exposure to cad-
mium which is consistent with the cadmium sensitivity of oast/A
mutants (Dominguez-Solis et al., 2001). Overexpression of OastlA
is reported to enhance resistance to cadmium (Dominguez-Solis
et al., 2004). The microarray-based gene expression databases
(AtGenExpress, Genevestigator) report no increase of OastlA
mRNA during cadmium stress but those experiments may have
been carried out using different experimental conditions with re-
spect to metal chelators present in the growth media.

The abundance of the major OAS-TL isoforms in leaves is
further confirmed by determination of absolute protein levels.
Using calibration by recombinant antigens and polyclonal anti-
sera the following concentrations were determined: OAS-TL A
at 3.2 ng ug’ soluble protein, OAS-TL B at 1.0 ng ug™' soluble
protein and OAS-TL C at 0.38 ng ug™ soluble protein (Wirtz et
al., 2010a). Interestingly, these isoforms are represented by up
to seven different protein species in two-dimensional gels. Mass
spectrometry indicates that OAS-TL A, B and probably also
C are amino-terminally acetylated and have other unresolved
modifications (Wirtz et al., 2010a). N-terminal acetylation is
a frequent modification in eukaryotic cells and has been con-
nected to protein stability in yeast (Hwang et al., 2010). When
the kinetic properties of acetylated native and non-acetylated
recombinant OAS-TL A are compared, this modification appears
to have no detectable influence, leaving its function in cysteine
synthesis open (Wirtz et al., 2010a). Post-translational modifica-
tions of OAS-TL A may have regulatory functions, especially with
respect to interaction with SAT. However, there is so far no direct
evidence suggesting that a moderate increase or decrease of
the already high cytosolic activity can have an impact on cys-
teine synthesis. OAS-TL A was shown to be S-nitrosylated via
transnitrosylation from naturally-occurring substrates such as S-
nitrosoglutathione (Lindermayr et al., 2005). However, the activ-
ity of recombinant OAS-TL was not affected by S-nitrosylation
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but was highly sensitive to heavy metals (Wirtz et al., 2005).
OAS-TL A was reported to be particularly sensitive to treatment
with peroxynitrite, resulting in 90% inhibition of the activity of re-
combinant enzyme. The modified enzyme carries a 3-nitroTyr,,,
residue near the OAS binding site (Alvarez et al., 2010b). This
mechanism may represent a way of coupling OAS-TL activity to
oxidative stress by nitric oxide, although this physiological func-
tion still needs to be verified in vivo.

The cysteine synthase complex

The CS complex was first discovered in S. typhimurium (Kredich
et al., 1969; Kredich, 1996). It shares a number of features with
the plant CS complexes: upon extraction of protein from cells,
all SAT activity is associated with OAS-TL activity; the complex
spontaneously forms in vitro, and is stabilized by sulfide and dis-
sociated by OAS; OAS-TL is almost inactive in the complex but
becomes re-activated when released; the intermediate, OAS, is
not channeled but freely leaves the CS complex; a molar excess
of OAS-TL to SAT protein is required to achieve optimal cysteine
production (reviewed in Kredich, 1996; Droux, 2003; Wirtz and
Hell, 2006; Hell and Wirtz, 2008). The molecular properties of
bacterial and plant CS complexes are presented in the section on
structure-function relations below. The bacterial CS complex has
not been connected to regulation of cysteine synthesis, whereas
the CS complex is in the center of regulating cellular sulfur ho-
moeostasis in plants. Enterobacteria rely on a classical nutrient-
controlled regulon with a DNA binding protein (CysB) as activa-
tor. When cysteine is absent in the surrounding environment, the
feedback-inhibition of SAT encoded by the CysE gene is relieved
and the bacterial cell begins to produce OAS. OAS converts to
NAS which binds to CysB and activates transcription of the Cys
regulon. All genes of primary sulfur metabolism are regulated by
this activator except CysE. This guarantees sufficient OAS is al-
ways produced, providing a mechanism for sensing the availabil-
ity of cysteine (Kredich, 1996).

Work with Arabidopsis CS complexes in recent years has re-
vealed a metabolic sensing system for cellular sulfur homeostasis
(Figure 4). Since SAT is more active when associated with OAS-
TL, the amount of SAT inside the complex determines the rate
of OAS production and cysteine synthesis (Droux et al., 1998).
SATs in the cytosol, plastid and mitochondrion interact with
OAS-TL via its C-terminus (Bogdanova and Hell, 1997; Jost et
al., 2000). Modulation of SAT activity inside and outside the CS
complex may be achieved in different ways: (1) excess OAS-TL
is required to stabilize SAT similar to a chaperon function (Droux
et al., 1998); (2) modification of substrate affinities or v,,, of SAT
upon complex formation (no significant changes observed yet);
(3) protection of SAT by OAS-TL from targeted degradation (not
analyzed yet); (4) decreased feedback sensitivity of SAT to cyste-
ine inside the complex (Kumaran et al., 2009; Wirtz et al., 2010b).
Indeed, cytosolic SAT5 and mitochondrial SAT3 are less sensitive
to feedback inhibition when associated with their respective OAS-
TL partners compared to their free form (Wirtz et al., 2010b). A
cytosolic SAT from soybean (AF452452.1) shows similar proper-
ties in this respect (Kumaran et al., 2009). Another soybean SAT
with dual cytosolic/plastidic localization becomes less feedback
sensitive to cysteine after phosphorylation by a calcium-depen-
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Figure 4. Model for regulation of cysteine synthesis by the CS complex

The simplified regulatory model illustrates the processes in the cytosol. Sulfate is transported from the extracellular space via the cytosol into the plastids
(green oval), where it is reduced to sulfide. Sulfide can leave the plastids to serve in the cytosol as substrate for cysteine synthesis by free OAS-TL dimers
(orange spheres). The carbon- and nitrogen-containing backbone of cysteine, OAS, is synthesized by SAT within the CS complex (dark blue ellipses).
OAS leaves the complex because OAS-TL dimers within the CS complex (yellow spheres) are catalytically inactive. Limitation of sulfate results in the
decrease of sulfide and increase of OAS concentrations, resulting in dissociation of the CS complex. SAT activity is down-regulated upon dissociation
of the CS complex, because free SAT hexamers (light blue ellipses) are sensitive to inhibition by cysteine. The dissociation of the CS complex and the
effectors, OAS and sulfide, may act as signals (dotted arrows), which trigger transcription of genes involved in sulfate transport and reduction, allowing

the resupply of sulfide.

dent protein kinase (Li et al., 2006). Modification of feedback-
sensitivity, albeit by different mechanisms, therefore seems to be
a common feature to control SAT activity and the flux of reduced
sulfur into cysteine.

Further evidence for a regulatory role of the CS complex is de-
rived from the effectors sulfide and OAS. Sulfide stabilizes the CS
complex (Wirtz and Hell, 2006). Dissociation of SAT and OAS-TL
in vitro in the presence of sulfide requires OAS concentrations
in the millimolar range which can probably never be reached in
vivo (Wirtz et al., 2004). In contrast, in the absence of sulfide,
i.e. during sulfate deprivation, OAS effectively dissociates the CS
complex. The dissociation of 50% of the complex is achieved in
the presence of 50 to 70 yM OAS and exhibits positive coopera-
tivity: below the 50 to 70 uM OAS threshold, the CS complex is
fully associated; above the OAS threshold, it is fully dissociated
(Berkowitz et al., 2002). Since OAS concentrations in the cytosol
in non-starved plants are in the range of the threshold (Krlger et
al., 2009) and are known to increase while sulfide levels decrease
during sulfate deprivation, the system provides a perfect molecu-
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lar switch to modify SAT activity and adjust it to the metabolic
situation of the cell via CS complex association and dissociation
(Hell and Hillebrand, 2001). The inactivation of OAS-TL in the CS
complex (Droux et al., 1998; Berkowitz et al., 2002) is the reason
why OAS is not channeled but is released into the surrounding
solution. The role of OAS as a potential signal for induction of
genes of sulfate uptake and reduction has been discussed in the
sections above. OAS would therefore not only serve as a sub-
strate for cysteine synthesis but act as an effector for CS complex
dissociation and a signal for gene expression, at least after pro-
longed sulfate deprivation, to recover cellular sulfur homeostasis.

Evidence for the metabolic regulation by the CS complex is
indirectly provided by the analysis of T-DNA mutants (Heeg et
al., 2008). An oast/AB double mutant that has only about 5% of
wildtype OAS-TL activity (provided by mitochondrial OAS-TL C)
shows only slight growth reduction and has even higher cysteine
and glutathione levels at elevated OAS contents. These observa-
tions suggest that more sulfide from chloroplasts reaches the mi-
tochondria compared to wildtype plants, where it stabilizes the mi-
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tochondrial CS complex to provide cysteine for the requirements
of the rest of the cell. Increased sulfide concentrations in mito-
chondria of oast/AB plants would promote enhanced SAT activity
and more OAS is produced, resulting in a flux of *¥S-sulfate into
cysteine that is comparable to wildtype (Heeg et al., 2008). Further
proof of the CS complex function is derived from de-regulation
of cysteine synthesis by overexpression of a dominant negative
mutant of SAT in the cytosol of tobacco (Wirtz and Hell, 2007).
Mitochondrial SAT3 can be completely inactivated by mutation of
a histidine residue in the catalytic center but still retains its ability
to interact with OAS-TL proteins from Arabidopsis (Wirtz et al.,
2001). When expressed in the cytosol of transgenic tobacco, the
inactive SAT interacts with endogenous OAS-TL and outcompetes
tobacco SAT. The dramatic increase in total cysteine and glutathi-
one in these tobacco plants is interpreted as over-compensation
of mitochondrial and/or plastidic CS complexes for the down-reg-
ulated cysteine formation in the cytosol (Wirtz and Hell, 2007).

In summary, the CS complex acts as a sensor for the availabil-
ity of sulfide which reflects the sulfate supply of the cell (Figure 4).
Sufficient level of sulfide stabilizes the CS complex in which SAT
is active and produces OAS. Since OAS-TL in the CS complex is
inactive, OAS is released from the complex and is used by free
OAS-TL for cysteine synthesis. Decreased sulfide concentration
due to sulfur deprivation allows OAS to accumulate because lim-
ited sulfide is available for cysteine formation. The accumulation
of OAS above its cellular threshold level causes the CS complex
to dissociate. SAT activity stalls and produces OAS at a lower rate
to sustain acetyl coenzyme A until OAS triggers the de-repression
of genes controlling sulfate transport and reduction. When the
level of sulfide is restored, the CS complex can re-associate and
SAT activity resumes. Since this regulatory model was first fully
outlined (Hell and Hillebrand, 2001; Wirtz and Hell, 2006), it has
not been contradicted by any published experiments investigat-
ing the regulation of cysteine synthesis. However, it should be
cautioned that several aspects need further investigation. The
mechanisms of SAT inactivation are not fully understood, the
experimentally determined structure of the CS complex with its
effector binding sites is unknown and the link between the CS
complex as a fast sulfide sensor for sulfur homoeostasis and the
comparatively slow trigger function of OAS on gene expression
needs to be further explored.

The properties of the CS complex may be further extended
by interaction with additional partners. A yeast-two-hybrid screen
described the interaction of plastid SAT1 with the cyclophilin,
CYP20-3 (Dominguez-Solis et al., 2008). This protein family has
peptidyl-prolyl-cis-trans-isomerase activity and may assist the
association of SAT in the CS complex. Lack of CYP20-3 appar-
ently results in decreased synthesis of cysteine and glutathione in
chloroplasts under light and oxidative stress and consequently in
a severe stress phenotype in Arabidopsis thaliana (Dominguez-
Solis et al., 2008). Since SAT and OAS-TL associate very effi-
ciently in vitro (Droux et al., 1998; Berkowitz et al., 2002) and
plastidic SAT contributes to cellular OAS formation only to a minor
extent (Figure 3), the role of CYP20-3 needs further investiga-
tion. If SAT1 activation is required for enhanced thiol production
to achieve resistance to oxidative stress, the serat2;1 mutant
lacking SAT1 (Watanabe et al., 2008b) should be more sensi-
tive under such stress conditions. This, however, seems not to
be the case (A. Speiser, M. Wirtz, R. Hell, unpublished data).
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Another observation describes the interaction of OAS-TL A with
the C-terminal STAS domain of sulfate transporter, Sultr1;2, in
the yeast-two-hybrid system (Shibagaki and Grossman, 2010).
The analysis of sulfate transport in yeast cells expressing Sul-
tr1;2 and OAS-TL A together suggests that the interaction has
a negative impact on transporter activity, whereas the activity of
OAS-TL measured in vitro was enhanced by co-incubation with
the STAS domain. This finding would provide an elegant link be-
tween cysteine synthesis in the cytosol and regulation of sulfate
uptake at the plasmalemma (Shibagaki and Grossman, 2010). It
is currently unclear how the abundant, highly active and almost
constitutively expressed OAS-TL A can mediate such changes in
the physiological context. However, these initial reports point to
possible additional regulatory functions that depend on the pres-
ence of SAT and OAS-TL proteins or the CS complex.

Compartmentation of cysteine metabolism

An important consequence of the extensive analysis of knock-out
mutants of the Sat (Serat) and Oastl genes and some of their
combinations is the intracellular exchange of metabolites in the
cysteine metabolic pathway. Comparison of the serat and oast/
mutants has led to the hypothesis that serine, sulfide, OAS and
cysteine may also cross organellar membranes (Figure 3C). For
instance, mutants lacking cytosolic OAS-TL A are fully viable, indi-
cating that plastids and possibly mitochondria are able to provide
cysteine for the requirements of the cytosol (Heeg et al., 2008;
Lopez-Martin et al., 2008; Watanabe et al., 2008a). Furthermore,
the viability of a mutant lacking plastidic OAS-TL B suggests sul-
fide is able to exit the plastid to the cytosol and, as evidenced by
an oastlAB double mutant, to enter mitochondria (Heeg et al.,
2008). Since mitochondria are the only site of cysteine production
in this double mutant, cysteine must be able to reach the cyto-
sol and plastids. Likewise, different mutant combinations lacking
SATs provide evidence for the transport of OAS into and out of the
organelles (Watanabe et al., 2008b; Kriger et al., 2009). To date,
mechanisms for transporting other intermediates necessary for
cysteine metabolism are yet to be identified. With sulfide in equi-
librium with H,S, it is generally assumed that this uncharged form
is able to penetrate lipid membranes in a way similar to water
(Jacques, 1936). Indeed, in the context of analysis of aquaporin
substrate specificities, it becomes evident that H,S can pass bio-
logical membranes more readily than water without the require-
ment of any facilitator (Mathai et al., 2009).

It should be noted that possibly not all plant species are able
to freely exchange OAS and cysteine between sub-cellular com-
partments. The strong accumulation of cysteine and glutathione
in tobacco with dominant-negative overexpression of an enzy-
matically inactive SAT in the cytosol has been interpreted as in-
activation of the cytosolic CS complex by competition between
endogenous and transgenic SAT. The strong accumulation of thi-
ols in the transgenic tobacco lines has been suggested to result
from insufficient exchange of OAS or cysteine between the cyto-
sol and organelles where the respective CS complexes react by
over-compensatory cysteine production (Wirtz and Hell, 2007).

The consideration of glutathione biosynthesis and degrada-
tion in Arabidopsis adds complexity to this subcellular exchange
of pathway intermediates but is particularly important with respect



to cysteine demand and recycling (Figure 3D). The first enzyme
of glutathione biosynthesis, glutamate cysteine ligase (GCL;
GSH1, AT4G23100), forms y-glutamylcysteine (y-EC) and is ex-
clusively localized in plastids. The second enzyme, glutathione
synthetase (GS; GSH2, AT5G27380), is concluded to be present
in plastids but preferentially in the cytosol from the abundance of
mRNA splice variants (Wachter et al., 2005). GS null mutants are
seedling lethal but can be complemented by expression of GS
only in the cytosol (Pasternak et al., 2008). The identification of a
gene family encoding CLT transporters in the plastid inner mem-
brane that are related to chloroquine resistance proteins from the
malaria parasite, Plasmodium falciparum, revealed transport of
y-glutamylcysteine and glutathione between the plastid and the
cytosol (Maughan et al., 2010). In the oast/AB double mutant
(Heeg et al., 2008) that lacks cysteine synthesis in the cytosol
and the plastids, the following scenario may be envisaged: Sul-
fide is generated from sulfate in the plastid, diffuses through the
cytosol to the mitochondrion where it is integrated into cysteine.
Transport of cysteine from the mitochondrion to the plastid allows
its integration into y-glutamylcysteine which may then be trans-
ported to the cytosol as the substrate for glutathione biosynthe-
sis. This example of metabolite shuffling illustrates how complex
the seemingly simple cysteine to glutathione pathway can be and
presumably how important intracellular communication is.

Structure-function relations of the cysteine synthase complex

The reversible association and dissociation with concomitant ac-
tivation and deactivation of the subunits of the cysteine synthase
complex must be based on its structural properties. At present
crystal structures of SAT (Gorman and Shapiro, 2004; Olsen et
al., 2004; Pye et al., 2004) and OAS-TL (Burkhard et al., 1998;
Burkhard et al., 1999) from bacteria and of cytosolic OAS-TL A
from Arabidopsis (Bonner et al., 2005) are known. Amino acid
sequence similarities between enterobacterial and plant SAT are
in the order of 34% to 44 %. They are sufficient for reliable pro-
tein modeling of the plant orthologues that predicts a pronounced
domain structure of plant SATs: (1) transit peptide in case of or-
ganellar isoforms; (2) N-terminal a-helix cluster of mature protein;
(3) central B-sheet cluster; (4) C-terminus (Bogdanova and Hell,
1997; Noji et al., 1998). The B-sheet cluster shows the highest
homology between plants and bacteria and places SATs in a fam-
ily of acyltransferases with an unusual left-handed parallel B-helix
which carries the catalytically active domain (Vuorio et al., 1991,
Vaara, 1992). Computational modeling of this domain shows a
prism-like structure that is composed of B-sheets of a hexapep-
tide described as [LIV]-[GAED]-X2-[STAV]-X (Vaara, 1992; Raetz
and Roderick, 1995) and arranged in a left-handed helix of four
complete rounds. Site-directed mutagenesis of Arabidopsis mito-
chondrial SAT3 showed a histidine on a loop that protrudes from
the prism-like structure is involved in catalysis, presumably by
binding acetyl-coenzyme A (Wirtz et al., 2001). By analogy to E.
coli SAT (Olsen et al., 2004), the modeled SAT3 B-helix domain is
arranged as a trimer with three catalytic sites located in the clefts
between each subunit (Feldman-Salit et al., 2009). In bacteria,
two SAT trimers form a hexamer (Hindson et al., 2000; Gorman
and Shapiro, 2004; Pye et al., 2004) and, indeed, the a-helical
cluster in SAT3 is responsible for SAT-SAT interaction in yeast
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two-hybrid assays (Bogdanova and Hell, 1997). The C-terminus
consists of a region close to the B-sheet domain that is involved
in feedback-inhibition by cysteine in both E. coli and plant SATs
(Noji et al., 1998; Inoue et al., 1999) and a flexible end of about
10 amino acids with a terminal isoleucine. The structure of E.
coli SAT shows that cysteine binds in the same pocket as serine,
explaining the competitive inhibition mechanism of SAT (Olsen et
al., 2004). Deletion analysis shows that the C-terminus is respon-
sible for interaction with OAS-TL (Bogdanova and Hell, 1997;
Mino et al., 1999). Although the final 10 amino acids are highly di-
vergent between bacterial and plant SAT, the interaction is largely
dependent on the C-terminal isoleucine in both cases (Campa-
nini et al., 2005; Francois et al., 2006). Detailed comparisons of
structure and reaction mechanism of Arabidopsis and bacterial
SAT and OAS-TLs are available (Wirtz and Droux, 2005; Hell and
Wirtz, 2008; Yi et al., 2010).

Arabidopsis OAS-TL A and S. typhimurium and H. influenza
OAS-TLs also share 30 to 40 % amino acid sequence identity and
are structurally very similar (Burkhard et al., 1998; Burkhard et al.,
1999; Bonner et al., 2005). OAS-TLs form stable homodimers of
predicted molecular masses of 68 to 75 kD. In crystal structures,
the two active sites of the dimer face each other, each carrying
a tightly bound pyridoxal phosphate as cofactor. The active site
is placed in a cleft deep in the center of each monomer (Rabeh
and Cook, 2004), a feature that is important for understanding the
inhibition of OAS-TL by SAT (see below). The B-replacement reac-
tion of the acetyl group of OAS by elimination and substitution by
sulfide is one of the best described enzyme reactions in general.
OAS binds first with a very low dissociation constant (<1uM OAS),
but the low affinity (>300uM OAS) limits the overall reaction but
not the irreversible substitution by sulfide. These kinetic properties
form the basis for the regulatory function of the CS complex (Wirtz
et al., 2004). The mechanism of enzymatic inhibition of OAS-TL
upon association of the CS complex is based on the binding of
the flexible C-terminal end of SAT to the catalytic center of OAS-
TL. Evidence for this elegant explanation comes from co-crystal-
lization of OAS-TLs from H. influenza and Arabidopsis OAS-TL A
with decapeptides of the corresponding SATs (Huang et al., 2005;
Francois et al., 2006). Association and dissociation of the CS com-
plex is based on competition of OAS with the C-terminal end of
SAT for the substrate binding site of OAS-TL.

No crystal structure of the CS complex from any organism
is currently available which is mainly due to the lability of SAT
proteins. However, biochemical analyses reveal the mechanisms
of SAT and OAS-TL interaction. Binding constants of C-terminal
SAT decapeptides from H. influenza and S. typhimurium to OAS-
TL from H. influenza are in the same range, suggesting a general
binding mechanism in bacteria. However, with K, = 0.6 to 1 pM,
they are 250-times lower compared to the affinity of full-length
bacterial SAT (Mino et al., 2000; Campanini et al., 2005). The de-
capeptide of Arabidopsis cytosolic SAT5 shows much higher af-
finity to OAS-TL A (Kp=5-100 nM; Kumaran and Jez, 2007) and is
in the same range of affinities of the full-length SATs from the cy-
tosol and mitochondria of Arabidopsis to OAS-TLs (K,=25-40nM;
Droux et al., 1998; Berkowitz et al., 2002; Wirtz et al., 2010b). The
different binding constants of y-proteobacterial and Arabidopsis
CS complexes may support the regulatory function of the plant
complex which requires dissociation by OAS. It should be cau-
tioned that these data rely on the existence of only one binding
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site between SAT and OAS-TL that is identical with the binding
site for OAS. At present, the binding site(s) of sulfide leading to
complex stabilization is unknown.

The quaternary composition of the CS complex is therefore
important for understanding its function. The pioneering work
of Nicholas Kredich with S. typhimurium describes a molecular
mass of 309 kD for the hetero-oligomeric CS complex: 160 kD for
the SAT hexamer and 68 kD for the OAS-TL dimer. A 6:4 ratio of
SAT to OAS-TL subunits in the assembled complex is deduced
from these data (Kredich et al., 1969; Kredich, 1996). The core of
this complex is formed by the dimer of trimers (hexamer; Hindson
et al., 2000) of SAT which would recruit two OAS-TL dimers. This
stoichiometry is supported by data from fluorescence titration
(Campanini et al., 2005). The molecular masses of CS complex-
es from spinach, tobacco, Arabidopsis (Droux et al., 1992; Wirtz
and Hell, 2007; Wirtz et al., 2010b) and also soybean (Gycine
max; Wirtz et al., 2010b) are in the same range which initially
suggests a similar composition as in bacteria. Since the C-termini
of SAT subunits in one trimer point to the same direction, they all
potentially can bind an OAS-TL dimer at one catalytic site next
to each other and possibly in a sequential manner. The same
arrangement would be possible on the second trimer of the SAT
hexamer. However, the presence of only two OAS-TL dimers in
the CS complex points to binding of only one dimer at each of
the two distal ends of the SAT hexamer. This organization would
fulfill a sense for symmetry but still leaves open the question of
binding by one or two SAT C-termini (Campanini et al., 2005;
Wirtz and Hell, 2006) (Figure 5). Indeed, plant and bacterial SAT
decapeptides bind to OAS-TL dimers in a 2:1 ratio, but full SAT
trimers rather than decapeptides could exert steric hindrance and
prevent more than one OAS-TL dimer from binding. Addition of
excess decapeptides to the assembled bacterial CS complex
results in no detectable binding of the decapeptide (Campanini
et al., 2005). This suggests that complex-bound OAS-TL has no
accessible catalytic center and would be consistent with the al-
most complete inactivation of the enzyme in plant and bacterial
CS complexes (Kredich et al., 1969; Droux et al., 1998; Wirtz et
al., 2001). The resulting absence of substrate channeling of OAS
is another cornerstone of the metabolic regulatory model of the
plant CS complex (Hell and Hillebrand, 2001). The experimen-
tal data are corroborated by modeling the mitochondrial SAT3/
OAS-TL C complex of Arabidopsis (Feldman-Salit et al., 2009).
When the so far elusive and not crystallized C-terminal tail of SAT
is modeled and included in docking studies based on diffusional
encounter complexes of SAT and OAS-TL that are generated by
Brownian dynamics simulation, a stoichiometric ratio of six OAS-
TL dimers to one SAT hexamer in the CS complex is geometri-
cally possible. However, binding energy calculations suggest that
a ratio of only two OAS-TL dimers to one SAT hexamer is more
likely (Feldman-Salit et al., 2009).

The comparable quaternary composition of bacterial and both
cytosolic and mitochondrial Arabidopsis CS complexes is con-
firmed by several biochemical methods that all indicate a 6:4 ra-
tio of SAT:OAS-TL monomer composition. These studies include
the OAS-triggered dissociation of the Arabidopsis cytosolic CS
complex in native leaf extracts (Wirtz et al., 2010b). Moreover,
compared to bacterial CS complexes, the Arabidopsis SAT-OAS-
TL binding constant of K;=30 uM is ten times higher and the cal-
culated binding energies are generally lower, pointing to an en-
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ergetically easier dissociation than association process, as would
be expected for a regulatory function (Wirtz et al., 2010b). How-
ever, the spontaneous formation of the Arabidopsis CS complex-
es is well supported by a negative Gibbs free energy (AG = -33
kcal mol) with negative values of AS and AH. The organization
of a CS complex from the cytosol of soybean has been reported
to be an exception consisting of a single SAT homotrimer with
each subunit binding one OAS-TL dimer in sequentially decreas-
ing affinity (Kumaran et al., 2009). The 3:6 ratio of monomeric
subunits would result in a total molecular mass in the same range
as the Arabidopsis CS complexes with a 6:4 ratio (Kumaran et al.,
2009). However, this study used a cDNA sequence (AF452452.1)
that does not correspond to the available soybean genomic DNA
database. A subsequent investigation using a soybean SAT
cDNA that matches the genomic database showed a hexameric
SAT and likely 6:4 ratio of subunits (Wirtz et al., 2010b).

The most important feature for the regulatory function of the
plant CS complex known at present is the modification or acti-
vation of SAT activity in the complex compared to free SAT. The
cytosolic soybean CS complex reported by Kumaran et al., (2009)
exhibits a two-fold increase in SAT activity and a decreased feed-
back sensitivity from 2 to 70 uM cysteine compared to free SAT.
SAT activity remains unchanged in the Arabidopsis cytosolic and
mitochondrial CS complexes but feedback sensitivity to cysteine is
significantly reduced in both complexes, although to a much lower
extent compared to soybean (Wirtz et al., 2010b). The release of
feedback inhibition of another soybean SAT isoform with cytosolic
and plastid localization is achieved by a calcium-dependent pro-
tein kinase (Liu et al., 2006). The corresponding phosphorylation
site is not conserved in Arabidopsis SATs. Taken together, these
results point to an important role of the modification of SAT feed-
back sensitivity to cysteine, either by CS complex formation or
phosphorylation, to control the rate of cysteine synthesis.

Pathways downstream of cysteine: methionine synthesis,
glutathione relations, and cysteine degradation

Cysteine is the direct or indirect donor for all reduced sulfur in a
plant cell. The most important ones in Arabidopsis include me-
thionine, glutathione, iron-sulfur cluster, molybdenum cofactor, vi-
tamins (coenzyme A, lipoic acid, thiamine, biotin) and secondary
compounds such as camalexin and glucosinolates. The biosyn-
thesis and metabolism of these compounds have been discussed
in other chapters of The Arabidopsis Book or special review ar-
ticles (Balk and Lobreaux, 2005; Schwarz and Mendel, 2006; Hell
et al., 2008; Rouhier et al., 2008; Noctor et al., 2011; Takahashi
et al., 2011). Only the most nearby reactions of cysteine in this
network will be presented here. A substantial fraction of cellular
cysteine delivers reduced sulfur for methionine synthesis. To im-
prove the content of the essential amino acid methionine in the di-
ets of humans and non-ruminant animals is one important reason
why plant biotechnology attempts to enhance cysteine synthesis
in Arabidopsis and subsequently in crop plants (Galili et al., 2005;
Khan and Hell, 2008). Cystathionine-y-synthase in the plastids cat-
alyzes the first committed step of cystathionine synthesis (Figure
2). Its activity is rate-limiting and feedback-regulated by S-adeno-
sylmethionine (SAM) at the level of mMRNA stability in Arabidopsis
(Ravanel et al., 1998; Chiba et al., 2003). Cystathionine-p-lyase
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Figure 5. Three-dimensional model structures of components of the mitochondrial CS complex from A. thaliana.

A. Surface presentation of SAT consisting of a dimer of two trimers. Every subunit has a different color, one SAT subunit (orange) is shown as ribbon
model. B. SAT trimer viewed from top. Red, o -helices clustered at the bottom of each SAT subunit form the interaction sites with the a—helices of the sec-
ond SAT trimer in the CS complex. Blue and grey, domain of B-sheets and turns forming a prism-like shape in each SAT subunit. A loop extends from the
prism of each subunit into the space towards the clockwise following subunit as part of the catalytic centre formed by both neighboring subunits. C, OAS-
TL dimer is shown as surface (blue) and ribbon (gold) model with the pyridoxal phosphate cofactor (green) inside. The cleft in the centre of the surface
model of one subunit shows the catalytic centre and binding site of the SAT carboxy terminus. D, CS complex model of a SAT (golden) hexamer with two
OAS-TL dimers (blue, purple) at distal ends binding to one of the carboxy termini of a SAT trimer. Acetyl Coenzyme A (cyan) is positioned at each of the six
possible catalytic sites. Figures were generated using Chimera by courtesy of A. Feldman-Salit and R. Wade as described in Feldman-Salit et al. (2009).
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then catalyzes the release of homocysteine which is subsequently
methylated to methionine by methionine synthase. Methionine be-
longs to the aspartate family of amino acids and is co-regulated
with the biosynthesis of the other essential amino acids threonine,
branched chain amino acids and lysine but not with sulfate as-
similation or cysteine synthesis (Wirtz and Droux, 2005; Jander
and Joshi, 2009). That the regulation of methionine biosynthesis is
separated from cysteine synthesis causes considerable problems
for the biotechnological improvement of crops (Galili et al., 2005).
As for cysteine the steady-state content of methionine is rather low
(about 1 nmol g fresh weight; Ranocha et al., 2001), and the turn-
over must be assumed to be high to meet the demands for protein
synthesis. Most of the free methionine is actually bound in SAM
and the methionine transport form S-methylmethionine (Ranocha
et al., 2001). The Yang cycle regenerates methionine and SAM
for ethylene synthesis. In fact it is mostly the sulfur group (as thio-
ketobutyric acid) that is recycled, stressing the requirement for
reduced sulfur in this process. As a consequence severe sulfate
starvation can negatively affect the efficiency of the Yang cycle in
Arabidopsis (Burstenbinder et al., 2007).

The tripeptide y-glutamylcysteinylglycine (glutathione) can be
regarded as a chemically modified cysteine molecule. The flank-
ing amino acids (glutamate and glycine) result in a shift in redox
potential for the cysteine residue and protect the sulfhydryl group
against oxidation (Meyer and Hell, 2005; Meyer, 2008), while the
y-peptide bond prevents proteolysis (Figure 2). It is tempting to
speculate that during evolution glutathione became necessary to
stabilize when the oxygen concentration on the earth increased
due to photosynthesis. Alternatively, the stabilization of cysteine
in glutathione may have been necessary in early life, since all
organisms synthesize glutathione in the same way or carry glu-
tathione-related reductants (Meyer and Hell, 2005; Meyer, 2008).
It is therefore not surprising that the entry reaction catalyzed by
GCL is highly regulated by transcriptional and post-translational
mechanisms and thus rate-liming for glutathione synthesis (Yi et
al., 2010). Throughout the life cycle of modern land plants, glu-
tathione functions in scavenging and detoxifying reactive oxygen
species (ROS), heavy metals and xenobiotics, in redox signal-
ing, glutathionylation, electron transfer in catalytic processes (e.g.
APS reduction by APR) (Foyer and Noctor, 2009; Noctor et al.,
2011), and in other more specialized tasks such as cofactor in
glucosinolate synthesis (Geu-Flores et al., 2009). Most of these
tasks are mediated by glutathione reductase, y-glutamyltransfer-
ase, glutathione-S-transferase and glutaredoxin. The glutathione
redox functions in protection and ROS signaling seem to be so
vital that cytosol and mitochondria of Arabidopsis have a glutare-
doxin-based complementary system in case of insufficient glu-
tathione reduction (Marty et al., 2009). Another example for the
role of glutathione-mediated redox homeostasis is the prevention
of cotranslational proteolytic processing defects (Frottin et al.,
2009). In Arabidopsis, glutathione operates as reservoir for cyste-
ine. When cells are supplied with OAS or cysteine, the intracellu-
lar excess of cysteine is transiently saved as glutathione. If plants
are sulfate-starved, levels of glutathione decrease before those
of cysteine (Koprivova et al., 2000; Tsakraklides et al., 2002; Hirai
et al., 2003). Breakdown of glutathione is initiated in four pos-
sible ways: First, y-glutamlytransferases (GGT1, AT1G23310 and
GGT2, AT1G70580) associated with the outer side of the plasma-
lemma catalyse the degradation of oxidized glutathione to free
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cysteine and glutamate in the apoplast, possibly as part of a ex-
tracellular glutathione retrieval system e.g. during long distance
transport (Martin et al., 2007; Ohkama-Ohtsu et al., 2007b; Destro
et al., 2010). Second, an unidentified y-glutamylcyclotransferase
activity releases cysteine and 5-oxo-proline which is converted
to glutamate by 5-oxoprolinase. According to this hypothesis -
glutamlytransferases are hardly involved in degradation of free
glutathione in the cell (Ohkama-Ohtsu et al., 2008). Third, gluta-
thione-S-transferase activities conjugate the cysteine moiety to
endogenous or xenobiotic substrates (Dixon and Edwards, 2011).
The conjugates are rapidly transported by multidrug resistance
protein transporters of the ABC-type family (Sanchez-Fernandez
et al., 2001) to the vacuole where GGT4 (AT4G39650) initiates
the degradation via y-EC to cysteine (Grzam et al., 2007; Mar-
tin et al., 2007; Ohkama-Ohtsu et al., 2007a). Whether cysteine
can be recovered from the vacuole is currently unknown. Finally,
breakdown of glutathione conjugates may be initiated through the
removal of the carboxyterminal glycine residue by a side activity
of phytochelatin synthase to form a y-EC conjugate (Grzam et al.,
2006; Blum et al., 2007).

The direct pathway leading to the degradation of cysteine
has been well investigated in animals, where cysteine is de-
graded and the sulfhydryl group oxidised to sulfite and sulfate
in mitochondria (Kisker et al., 1997). Although sulfite oxidase
is present in Arabidopsis, it is exclusively localized in peroxi-
somes and appears not to function in cysteine degradation but
acts as a salvage enzyme (Hansch et al., 2007). So far no clear
degradation pathway of cysteine has been identified in plants.
At least three groups of cysteine desulfurylases can cleave the
sulfhydryl group and thus potentially contribute to cysteine ho-
meostasis (Papenbrock et al., 2007; Hell and Wirtz, 2008). Cy-
tosolic OAS-TL isoform CS-like catalyzes the desulfhydration of
L-cysteine to sulfide, ammonia and pyruvate and is therefore a
L-cysteine desulfhydrase. CS-like null mutants exhibit decreased
total cysteine desulfhydrase activity, indicating the presence of
additional enzymes with similar activities (Alvarez et al., 2010a).
Next, D-Cys desulfhydrases (EC 4.4.1.15) with high specificity for
this enantionmer have been identified (Riemenschneider et al.,
2005; Papenbrock et al., 2007). This reaction would be impor-
tant in combination with a cysteine amino-acid racemase which
still needs to be demonstrated (Gordes et al., 2010), leaving the
role of D-cysteine unclear (Papenbrock et al., 2010). However,
both desulfhydrase reactions result in the release of sulfide. Free
sulfide could potentially be recycled by an OAS-TL or released
to the atmosphere as H,S. The third option is the desulfuration
reaction of cysteine to alanine and elemental sulfur or sulfide. The
catalyzing enzymes belong to the NifS-like proteins and provide
sulfur for the biosynthesis of iron-sulfur clusters (Balk and Lo-
breaux, 2005), molybdenum cofactor (Bittner and Mendel, 2010)
and may also be involved in biosynthesis of other sulfur com-
pounds in plastids such as thiamine (Van Hoewyk et al., 2007).
Another degradation pathway could begin with the deamination of
cysteine by an aminotransferase to yield mercaptopyruvate. The
reduced sulfur moiety could then be transferred to nucleophilic
acceptors by members of the sulfurtransferase/rhodanese family
which has yet to be characterized extensively in plants (Papen-
brock et al., 2010). Finally, reduced sulfur could be generated
from the degradation of cysteine. This is possibly carried out by
a cystine lyase which catalyzes the cleavage of the p-carbon-sul-
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fide link of L-cystine and releases thiocysteine, pyruvate and am-
monia. Thiocysteine might be further metabolized to thiocyanate
or hydrogen sulfide or channeled into other pathways. In contrast
to animals (Cooper, 1983), such degradation pathway still needs
to be identified in plants. Cystine lyase has been identified from
Brassica oleracea and Arabidopsis (Jones et al., 2003) where it
may contribute to cysteine degradation, secondary metabolism or
pathogen defense.

Concluding Remarks

The synthesis of cysteine connects the assimilatory pathways of
carbon, nitrogen and sulfur. The cysteine synthase complex of
SAT and OAS-TL resides in the cytosol, plastids and mitochon-
dria where independent protein biosynthesis takes place. The
pathway intermediates are produced in a compartment-specific
manner in leaves, producing sulfide in the plastid, the bulk of OAS
in the mitochondrion and the majority of cysteine in the cytosol, at
least under non-stressed conditions. These intermediates appear
to be freely exchangeable between compartments as evidenced
by the analysis of insertion mutants. Cysteine synthesis in the
three compartments may have additional functions in response
to stress and developmental cues. The cysteine synthase com-
plex is a sensor for OAS and sulfide and regulates the activity of
SAT in response to the actual cysteine supply. Its dynamic dis-
sociation contributes to the regulation of cysteine homeostasis
in the different compartments with respect to synthesis of pro-
teins, methionine, glutathione, iron-sulfur clusters and many oth-
er compounds. If the cysteine synthase complex has additional
functions, besides regulation of SAT activity, e.g. in regulation of
OAS inducible genes needs further exploration. The role of cys-
teine degradation in higher plants is currently unclear. Research
in Arabidopsis is expected to contribute most to answer these
questions.
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