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Summary

The sulfur amino acids cysteine and methionine function in many basic and essential processes of life. 
For cysteine this includes structural, catalytic, regulatory and metabolic functions. The special redox 
chemistry of sulfur and the thiol group in particular proved to be a versatile tool during evolution, not 
the least in electron transport processes in association with iron. Plants are primary producers and carry 
out assimilatory sulfate reduction to first synthesize cysteine that subsequently forms the backbone for 
methionine formation. This reaction sequence seems to be conserved in all phototrophic organisms. The 
position of cysteine biosynthesis between assimilation of inorganic sulfate and metabolization of organic 
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sulfide makes it a prime target for coordination of both complex processes. It is thus a mediator between 
supply and demand in sulfur metabolism of a cell.

Much attention has been paid to cysteine biosynthesis in plants, while less is known about the pathway 
in algae, cyanobacteria and purple bacteria. Recent evidence indicates that the two enzymes of cysteine 
synthesis, serine acetyltransferase and O-acetylserine-(thiol)-lyase are highly conserved between these 
groups and, at least in plants, form a reversible protein complex. This so-called cysteine synthase complex 
has been suggested to act as sensor for sulfide in cells and to be part of a regulatory loop that maintains 
cysteine homeostasis between sulfate reduction and cysteine consumption. Kinetic studies of the proper-
ties of the enzymes together with structural modelling of the proteins in the cysteine synthase complex as 
well studies using transgenic plants strongly support this unique regulatory system in plants.

The degradation of cysteine is still an under-investigated subject. Possible alternative routes of thiol 
transfer and sulfide release are compiled here and discussed with respect to their putative functions in 
S-transfer reactions, cysteine degradation, detoxification reactions and iron-sulfur cluster biosynthesis.

I. Introduction

Cysteine biosynthesis in phototrophic organisms 
represents the process of integration of reduced 
sulfur produced by assimilatory sulfate reduc-
tion into the organic form of an amino acid. In 
contrast, some organisms including mammals 
and some fungi, first assimilate reduced sulfur into 
methionine and then synthesize cysteine via trans-
sulfurylation (Hell, 1997; Wirtz and Droux, 2005; 
see chapter by Höfgen and Hesse, this book). 
Thus, primary producers in general first add 
reduced sulfur to activated serine, i.e. O-acetylser-
ine, as acceptor. In a second step sulfide replaces 
acetate and cysteine is released. From cysteine 
all downstream products including methionine, 
cofactors (coenzyme A, biotin, thiamine, lipoic 
acid), iron-sulfur clusters and many other com-
pounds are produced (Hell, 1997; Beinert, 2000). 
The importance of the fixation of reduced sulfur 
in phototrophic organisms is therefore compa-
rable to the assimilation of reduced nitrogen by 
the glutamine synthetase/glutamate-oxo-glutar-
ate-aminotransferase system. In plants, algae and 
most bacteria, as far as the latter have been inves-
tigated in this respect, the synthesis of cysteine 
occurs in a two-step reaction sequence catalyzed 
by two enzymes: Serine acetyltransferase (SAT; 
also termed serine transacetylase; EC 2.3.1.30) 
and O-acetylserine-(thiol)-lyase (OAS-TL; EC 
2.5.1.47; common synonyms are O-acetylserine 

sulfhydrylase and cysteine synthase). The bio-
chemical pathway of cysteine synthesis was first 
described in an enzymological sense by the land-
mark work of N. M. Kredich and coworkers using 
Salmonella typhimurium (Kredich and Tomkins, 
1966). They designated the SAT encoding gene 
as cysE and the OAS-TL encoding genes cysK 
and cysM and discovered the protein association 
between SAT and OAS-TL, the cysteine synthase 
complex (CSC; Kredich et al., 1969).

II. Cysteine Synthesis in Prokaryotes

Most prokaryotes use the two-step pathway 
encoded by cysE-like and cysK/M-like genes 
for cysteine biosynthesis according to genome 
databases, but exceptions exist, for instance in 
the genus Bacillus and probably also other Taxa. 
Even archaebacteria from habitats that are rich in 
reduced sulfur rely on these genes and have been 
shown to encode functional gene products similar 
to prokaryotes (Kitabatake et al., 2000).

A. The Enterobacteria Regulatory System

Cysteine synthesis is best investigated in S. typh-
imurium and E. coli with respect to structural 
components and regulation (Kredich, 1996) and 
forms the basis for investigation of the process 
in phototrophic organisms. Cysteine synthesis in 
enterobacteria is part of the cys-regulon that com-
prises structural genes for sulfate uptake, reduc-
tion and cysteine synthesis. Uptake of sulfate is 
mediated by a sulfate permease, which is also the 
case in cyanobacteria. It is a multisubunit ABC-
type transport system that differs structurally 

Abbreviations: CAS – β-cyanoalanine synthase; CDes – cysteine 
desulfhydrase; IC50 – 50% inhibition constant; NAS – N-
acetylserine, OAS – O-acetylserine; OAS-TL – O-acetylserine 
(thiol) lyase; PLP – pyridoxal 5¢-phosphate; SAT - serine acetyl-
transferase 
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completely from the sulfate/proton cotransporters 
found in plants (see chapter by Hawkesford in this 
book). Interestingly, sequence similarity suggests 
a relationship to the sulfate transport systems 
(SulP) in the chloroplast envelope of the green 
alga Chlamydomonas and the moss Marchantia 
(Chen et al., 2003; Melis and Chen, 2005). Such 
sequences are, however, missing in the genomes 
of vascular plants according to databases and seem 
to have been lost during evolution of higher pho-
toautotrophs. The assimilatory reduction pathway 
proceeds via 5′-adenosine-phosphosulfate (APS),
3′-phosphoadenosine-phosphosulfate (PAPS), sulfite 
and sulfide, most likely without any bound inter-
mediate despite the instability and potential tox-
icity of these intermediates. The biochemical 
functions and evolution of the central enzyme in 
this pathway, assimilatory (P)APS reductase are 
reviewed in this book (see chapter by Kopriva 
et al.). SAT activity requires acetyl-coenzyme A 
(acetyl-CoA) and serine to form O-acetylserine 
(OAS) as energetically activated form of serine. 
OAS-TL activity is typically encoded by two 
genes: cysK and cysM. The cysK gene product 
uses OAS and sulfide to form cysteine (type A 
OAS-TL), while the cysM product also accepts 
thiosulfate as substrate (type B OAS-TL). The 
reaction between O-acetylserine and thiosulfate 
produces S-sulfocysteine, which is converted into 
cysteine by a so far uncharacterized mechanism. 
It has been proposed that the cysM gene is only 
effectively operating under anaerobic growth 
conditions (Kredich, 1996).

Since enterobacteria are usually well supplied 
with reduced sulfur or even sulfur amino acids 
from their environment, it is just consequent that 
the sensing of free cysteine concentrations is at 
the center of the cys-regulon, taking care that 
the energy consuming uptake and reduction of 
inorganic sulfate is only activated in situations 
where the cellular demand for cysteine exceeds 
external availability. The regulation is based on 
cysE, the only gene with constitutive expression 
in the regulon. The encoded SAT protein has 
exclusively been found in association with OAS-
TL and is highly sensitive to feedback inhibition 
by cysteine (K

I
 = 1.1 µM; Kredich et al., 1969). 

Thus, in the presence of sufficient free cysteine 
in the cell SAT activity is shut down and hardly 
any OAS is produced. If cysteine or sulfide lev-
els drop SAT begins to form OAS, the substrate 

for OAS-TL. However, lack of sulfide results in 
accumulation and chemical disproportionation of 
OAS to N-acetylserine (NAS). NAS, in turn, is an 
activator for CysB, a transcriptional activator of 
promoters of the cys-regulon genes. Activation of 
sulfate uptake and reduction brings back sulfide 
into the cell that is consumed by OAS-TL to form 
cysteine. As soon as cysteine levels reach suffi-
cient concentrations, SAT is feedback inhibited 
and lack of OAS results in shut-down of the regulon. 
The cys-regulon represents a typical repressor/
operator mechanism of prokaryotic gene regu-
lation (reviewed by Kredich, 1996). It seems 
evident that phototrophic bacteria developed at 
least partly different regulatory mechanisms due 
to their lifestyle.

B. Phototrophic Bacteria

Cysteine synthesis in bacteria with oxygenic pho-
tosynthesis is much less investigated compared 
to enterobacteria. The cyanobacterium Synechoc-
occus sp. PCC 7942 (formerly Anacystis nidu-
lans) contains three genes involved in cysteine 
synthesis. Two are encoded on an endogenous 
plasmid and are transcriptionally regulated by 
sulfate availability. The gene srpG encodes a 
type A OAS-TL whereas srpH encodes SAT. 
Both genes show significant sequence homology 
to the corresponding E. coli genes and are able 
to functionally complement E. coli cysK cysM 
and cysE mutant strains that are auxotrophic for 
cysteine. DNA hybridization indicates a second 
copy of srpG in Synechococcus sp. PCC 7942, 
possibly encoding for a type B OAS-TL enzyme 
(Nicholson et al., 1995; Nicholson and Laudenbach, 
1995). Sulfate activation and reduction proceed by 
the same enzymes in cyanobacteria and entero-
bacteria (Niehaus et al., 1992). However, the only 
known regulatory protein in cyanobacterial sulfur 
metabolism, CysR, appears not be functionally 
equivalent to cysB in enterobacteria and thus its 
role in cysteine synthesis is much less defined. 
CysR expression itself is regulated by sulfur 
availability and the encoded protein is assumed 
to bind DNA due to a helix–loop–helix motif 
and similarity to other prokaryotic regulatory 
proteins. Inactivation of CysR results in loss of 
induction of numerous genes under sulfur limit-
ing conditions. This includes the sulfate permease 
system (see chapter by Hawkesford, this book), a 
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periplasmic protein of unknown function and the 
srpG and srpH genes. Since CysR is not required 
for growth when sulfate or thiosulfate are the only 
sulfur sources, it may be involved in regulating 
growth on other sulfur-containing compounds 
such thiocyanate (Laudenbach et al., 1991).

An important aspect of sulfur availability for 
microorganisms in general from a genetic as well 
as an ecological point of view is the reduction of 
growth yield under conditions of sulfur limitation. 
If methionine and cysteine could be replaced in 
the organism’s major proteins for sulfur-free 
amino acids, the saving in sulfur would poten-
tially increase nutrient use efficiency and compet-
itiveness. Sulfate permease, which is abundantly 
produced by sulfur-starved enterobacteria and 
cyanobacteria lacks Met and Cys residues. More-
over, the cyanobacterium Calothrix sp. PCC 
7601 harbours sulfur-depleted versions of the 
photosynthesis-related protein phycocyanin and 
its auxiliary polypeptides that are specifically 
expressed under conditions of sulfur limitation. 
The elevated synthesis of these proteins positively 
affects the sulfur budget of these cells (Mazel and 
Marliere, 1989).

III. Cysteine Synthesis in Plants 
and Algae

A. Subcellular Compartmentation 
and Functional Genomic Organisation

Similar to prokaryotes, the synthesis of cysteine 
in plants and algae can be divided into three steps: 
(1) assimilatory sulfate reduction to reduced 
sulfide, (2) provision of carbon and nitrogen con-
taining acceptor for sulfur, (3) fixation of reduced 
sulfur into the organic backbone to produce 
cysteine, the first stable form of bound reduced 
sulfur. In contrast to sulfide production and the 
synthesis of most amino acids in plants and algae, 
cysteine synthesis takes place not only in plastids 
but also in the cytosol and the mitochondria. Con-
sequently, small nuclear gene families encode 
SAT and OAS-TL proteins that are imported into 
these compartments (Fig. 1). Plants and at least 
green algae appear to be similarly organized in 
this respect. Euglena differs fundamentally in 
its subcellular organization with sulfate reduction 
being confined to mitochondria, while little is 

known about the locations of cysteine synthesis. 
Because Euglena is a taxonomically distant, 
facultative photosynthetic organism, the reader is 
conferred to specialized literature (Saidha et al., 
1988; Schiff et al., 1993).

The reasons for compartmentation of cysteine 
synthesis have been subject of speculation, but 
clear evidence as to its function is still missing. 
Lunn et al. (1990) suggested that endomembranes 
may be impermeable for cysteine transport, point-
ing out that each compartment with the capacity 
for protein biosynthesis would therefore require 
its own cysteine biosynthesis. While this hypoth-
esis is intriguing, it seems awkward to assume 
that all amino acid acids can be transported into 
and inside the cell by broad-spectrum amino acid 
transporters, but not cysteine. Specialized func-
tions in  sulfur metabolism, such as assimilation 
in plastids, regulation in the cytosol and degra-
dation in the mitochondria, have been suggested 
(Hell, 1997). However, mitochondria are the site 
of sulfur amino acid degradation in animals via 
sulfite oxidase, but this molybdoenzyme enzyme 
is located in the peroxisomes in plants (see chap-
ter by Hänsch and Mendel, this book). A different 
possibility is provided by the chemical properties 
of sulfide, the endproduct of assimilation. Sulfide 
always exists in equilibrium between HS− and 
H

2
S at around neutral pH values. H

2
S is believed 

to be membrane permeable and thus freely avail-
able to all compartments as substrate for OAS-
TL (Fig. 1). The volatility of H

2
S could require 

cysteine synthesis in the cytosol to capture this 
gas and avoid costly losses of reduced sulfur. In 
turn, mitochondria might need to be protected 
from H

2
S in order to avoid interference with the 

electron transport chain or even discharge of the 
proton gradient by the HS− equilibrium, similar 
to the toxicity of NH

3
/NH

4

+. On the other hand, 
it should not be overlooked that mitochondria as 
well as chloroplasts require substantial amounts 
of elemental S in iron-sulfur clusters of their 
electron transport chains. This partially reduced 
oxidation state of sulfur is believed to be derived 
from cysteine via carrier-mediated steps (see Pad-
mavathi et al., this book).

In contrast to such special functions the three 
subcellular locations could of course be the con-
sequence of sheer redundancy. However, the 
targeted overexpression of an enzymatically 
inactive SAT in the cytosol of tobacco cells 
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resulted in strong changes in cysteine and glu-
tathione  contents, suggesting an important and 
specific role of cysteine synthesis for each com-
partment (Wirtz and Hell, 2007). In addition, the 
nearly ubiquitous and constitutive expression of 
mRNAs encoding SAT and OAS-TL as revealed 
by Arabidopsis thaliana gene expression pro-
file databases (see https://www.genevestiga-
tor.ethz.ch/) supports a general requirement in 
all cell types under all conditions, rather than 
 redundancy.

Contradictory to these observations, the absence 
of functional OAS-TL activity has been reported 
for mitochondria of spinach (Spinacea oleracea 
L.). Warrilow and Hawkesford (2000) showed in 
enzymological experiments that OAS-TL activity 
from spinach mitochondria in fact is the result of 
a side activity of β-cyanoalanine synthase. This 
enzyme has been found in cytosolic and/or mito-
chondrial compartments in several plant species; 
it catalyzes a partial backward reaction of OAS-
TL (section V.E) and is, as OAS-TL, a structural 
member of the superfamily of β-substituting 
alanine synthases (bsas). Arabidopsis thaliana 
carries independent and true OAS-TL and β-
cyanoalanine synthase enzymes in its mitochon-
dria (Hatzfeld et al., 2000; Jost et al., 2000) and so 
far no other plant species has been reported with 
similar properties as spinach.  Further genome 

analyses will allow to fully  evaluate mitochon-
drial cysteine synthesis.

The role of the different compartments is further 
obscured by the relative distribution of enzymatic 
activities. These have been determined from cellu-
lar fractions for all three compartments of spinach 
and pea (Droux, 2003; Droux, 2004) and are com-
plemented by a number of localization studies on 
either SAT or OAS-TL with other species (Lunn et 
al., 1990; Rolland et al., 1992; Ruffet et al., 1995; 
Kuske et al., 1996). In general, it appears that 
about 45% of OAS-TL activity is associated with 
plastids, 45% with the cytosol, and the remainder 
with mitochondria. In contrast, 80% of total SAT 
activity is found in mitochondria, 10% in plastids 
and 10% in the cytosol (Fig. 1). Thus, measurable 
maximal activities of the two consecutive steps 
of cysteine synthesis differ substantially with 
respect to the three subcellular locations. Unless 
substrate availability or unknown factors strongly 
affect these activities, the exchange of OAS and 
probably also cysteine has to be assumed between 
cytosol and the organelles.

B. Gene Families and Features of Gene 
Products

The model plant Arabidopsis thaliana is by 
far the best investigated higher organism with 

SO4 S2−

S2−

S2−

OAS

OAS

OAS

OAS-TL
cysser

SATSAT
ser

cys
acetyl-CoA

SATSAT

AcCoA

OAS-TL
cys

S
A

T
S

A
T

S
A

T
S

A
T

ser

acetyl-CoA

cytoplasm

mitochondriaplastids

10% 45%

10%

80%
45%

10%

OAS-TL

OAS-TL

O
A

S
-T

L
O

A
S

-T
L
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respect to cysteine synthesis (Hell et al., 2002). 
The Arabidopsis SAT gene family consists of five 
members which have been named with respect 
to their location at the chromosomes as AtSAT1 
(At1g55920, L34076), AtSAT2 (At2g17640, 
L78444,), AtSAT3 (At3g13110, U22964), 
AtSAT4 (At4g35640, AF331847) and AtSAT5 
(At5g56760, U30298). Other nomenclatures 
from various descriptions of cDNAs confuse this 
organization. A unified nomenclature termed 
Serat for serine acetyltransferase has been sug-
gested (Kawashima et al., 2005), but currently 
does not comprise all available sequences in 
the public databases. AtSAT2 and 4 were added 
very recently to the SAT gene family based 
upon their sequence homology and their avail-
ability to complement cysteine-auxotrophy of 
E. coli mutants lacking endogenous SAT activ-
ity (Kawashima et al., 2005). However, AtSAT2 
and 4 are much less expressed than AtSAT1, 3 
and 5 with respect to mRNA levels. K

M
 values of 

purified recombinant or native plant SATs range 
from 1 to 3 mM for serine and 0.01 to 0.3 mM for 
acetyl-CoA, corresponding to the assumed cel-
lular concentrations of these molecules (Ruffet 
et al., 1994; Noji et al., 1998; Wirtz et al., 2000; 
Wirtz et al., 2001). To a very limited extent, also 
propionyl-CoA, but not buthionyl-CoA, may be 
accepted as a substrate (R. Hell, unpublished). In 
contrast, the affinities of AtSAT2 and AtSAT4 are 
10 to 100-fold lower for both substrates. These 
properties cast some doubts on a significant con-
tribution of these isoforms to cysteine synthesis 
(Kawashima et al., 2005).

The localization of all Arabidopsis SAT iso-
forms has been verified using SAT-GFP-fusion 
proteins. AtSAT2, 4 and 5 are located in the 
cytosol and AtSAT1 and AtSAT3 are targeted 
to plastids and mitochondria (Sun et al., 2004; 
Kawashima et al., 2005). The localization of 
AtSAT1 appears not entirely clear due to a report 
with variable development-dependent plastid or 
cytosolic localization (Noji et al., 1998). It should 
be mentioned that AtSAT1 protein was found in 
association with the nucleus, in nuclear proteome 
analysis (Bae et al., 2003). However, SAT proteins 
are of low abundance, as shown by biochemical 
purification of SAT from spinach chloroplasts 
(Ruffet et al., 1994). Therefore, immuno-locali-
sation with isoform-specific antibodies might be 
required to confirm the localization of AtSATs.

Activities and isoforms of SATs have been 
described for subcellular compartments of plants 
of different taxonomy. This refers to a plastid 
SAT isoform from spinach (SAT56; (Noji et al., 
2001b) as well as cDNAs encoding cytosolic 
(SAT7) and organelle-localized (SAT1) SATs 
from tobacco (Wirtz and Hell, 2003a). In pea and 
in spinach, cytosolic, chloroplastic and mitochon-
drial SAT activities were characterized (Droux, 
2003; Droux, 2004).

With respect to algae, only a plastid-localized 
SAT and OAS-TL have been reported for 
Chlamydomonas reinhardtii. Both genes are 
strongly upregulated in response to sulfur defi-
ciency (Ravina et al., 2002). The availability of 
complete genome sequences of algae of distant 
taxonomic origin including C. reinhardtii (gree-
nalgae), Thalassiosira pseudonana (a diatom) 
Cyanidioschyzon merolae (unicellular red algae) 
will allow detailed comparisons of the evolution-
ary origin and compartmental organization of 
genes of cysteine synthesis. C. reinhardtii prob-
ably carries three SAT and four OAS-TL encod-
ing genes. The effect of upregulation depends 
on the presence of an active Sac1 gene (Ravina 
et al., 2002). The sac mutants of C. reinhardtii 
are described in detail in this book (see chapter 
Shibagaki and Grossman). Sac1 shows similarity 
to a Na+/SO

4

2− cotransporters and may function 
as a sulfate sensor. Many, but not all transcripts 
related to sulfur assimilation depend on Sac1 for 
their expression (Zhang et al., 2004).

OAS-TL proteins are, in contrast to SATs, more 
variable in their enzymatic functions. OAS-TL 
has a considerable variability for the nucleophilic 
reactant (section IV.B) and may be involved in 
the synthesis of secondary products in some 
plant species (Murakoshi et al., 1986; Warrilow 
and Hawkesford, 2000; Maier, 2003). OAS-TLs 
belong to the pyridoxal-phosphate-dependent 
superfamily of β-substituting alanine synthases 
(bsas). This family also includes β-cyanoalanine 
synthase (CAS), based on high amino acid 
homology. CAS is believed to function in the 
detoxification of cyanide using cysteine as sub-
strate and releasing β-cyano alanine and sulfide 
(section V.E). The OAS-TL gene family of Ara-
bidopsis consists of 9 genes that encode for 8 
functionally transcribed OAS-TL-like proteins 
(Jost et al., 2000). OAS-TL A (At4g14880), B 
(At2g43750) and C (At3g59760) are the most 
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expressed authentic OAS-TLs in this family and 
the proteins have been localized in the cytosol, the 
plastid and the mitochondria, respectively (Hell 
et al., 1994; Hesse and Hoefgen, 1998; Hesse et 
al., 1999; Wirtz et al., 2004). The combination of 
subcelluar localisation and biochemical studies 
of recombinant AtcysD1 (At3g04940), AtcysD2 
(At5g28020) suggest that these gene products 
are authentic OAS-TL isoenzymes of low abun-
dance and cytosolic localization. In contrast, 
AtcysC1 (At3g61440) is predicted to be local-
ized in mitochondria and to act as a CAS in vivo 
(Hatzfeld et al., 2000; Yamaguchi et al., 2000). 
The functions of the remaining OAS-TL like pro-
teins (At3g03630 and At5g28030) in plant sulfur 
metabolism are currently unknown.

With respect to function the careful, enzyo-
mological analysis of the three major expressed 
OAS-TLs in Arabidopsis revealed that their 
affinities for sulfide are much higher than previ-
ously described (Wirtz and Hell, 2003b; Wirtz et 
al., 2004). The K

M
 values range from 3 to 6 µM 

and correspond to the assumed sulfide levels in 
plant and form the basis for the observed rates 
of cysteine synthesis in planta (Schmidt and 
Jäger, 1992). The true enzyme substrate is likely 
to be HS−, which constitutes about 50% of total 
sulfide at pH around pH 7 (Wirtz et al., 2004). 
Although sulfide concentrations have apparently 
never been quantified exactly in plant tissues, 
they are generally believed to be in the low µM 
range (Hell et al., 2002). If this assumption holds 
true, sulfide availability would not limit rates of 
cysteine synthesis under sufficient sulfur supply. 
In contrast, the affinity of OAS-TL for the second 
substrate, OAS, was confirmed to be rather low. 
The K

M
 values for OAS are approximately 10 to 

100 times higher than the concentrations found 
in whole leaf extracts from Arabidopsis and 
Brassica oleracea (Kim et al., 1999; Awazuhara 
et al., 2000; Wirtz et al., 2004). This strongly sug-
gests that OAS rather than sulfide limits cysteine 
synthesis at sulfur sufficient conditions, which 
is an important feature of the cysteine synthase 
complex model of regulation (section VI.B).

Total extractable OAS-TL activities determined 
under substrate saturating conditions will hardly 
ever constitute a bottleneck for plant growth. 
However, in vivo, lowered availability of sub-
strate concentrations or increased demand may 
well result in a shortage of cysteine production. 

It was suggested that OAS-TL activity can indeed 
limit rates of cysteine in various stress situation, 
when high amounts of cysteine are required, e.g. 
for synthesis phytochelatins in the presence of 
cadmium (Barroso et al., 1999; Dominguez-Solis 
et al., 2001; Romero et al., 2001; Dominguez-Solis 
et al., 2004). Accordingly, OAS-TL overexpression 
in plastids and cytosol supports the resistance 
to cadmium and sulfur containing pollutants, 
which are believed to act toxic via sulfide release 
(Harada et al., 2001; Noji et al., 2001a).

C. Gene Expression

SAT isoforms in A. thaliana show a semi-consti-
tutive transcription pattern during development 
of the plant according to comprehensive micro-
array data (see https://www.genevestigator.ethz.
ch/ for public database). This is more or less con-
firmed by individual expression analyses from 
other plant species, although much less data are 
available (Saito et al., 1997; Urano et al., 2000). 
RNAs of cytosolic, mitochondrial and plastidial 
SAT isoforms have been detected in all analyzed 
tissues of A. thaliana, indicating that cysteine 
synthesis in all these compartments is required in 
all tissues during development of higher plants. 
This also applies to developing seeds, which are 
capable to assimilate sulfate provided by mater-
nal tissue into cysteine (Tabe and Droux, 2001; 
Tabe and Droux, 2002). While plastid AtSAT1 
has been described as the most prominently 
transcribed isoform in leaves (Kawashima et al., 
2005), this result is challenged by microarray 
and cell fractionation data. In Pisum sativum 
leaves, approximately 80% of total SAT activ-
ity was located in mitochondria and the residual 
SAT activity was distributed between cytosol 
and plastids (Ruffet et al., 1995). Species-spe-
cific differences in the localization of cysteine 
synthesis or the fact that the mRNA level of an 
expressed gene is not necessarily indicative for 
the amount of protein may be responsible for 
these discrepancies.

Transcriptional regulation in response to stress 
as indicated by mRNA contents of SAT isoforms 
in various species generally shows not more than 
threefold variation. Only the AtSAT4 gene is 
reported to be strongly up regulated during sul-
fur starvation and by treatment with cadmium in 
roots and leaves (Kawashima et al., 2005). Given 
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the uncertain enzymatic identity of the encoded 
gene product, it remains currently unclear whether 
AtSAT4 upregulation is related to cysteine defi-
ciency or is part of a more general response of the 
plant to cope with stress in general.

Genes encoding OAS-TL-like proteins appear 
to be more or less ubiquitously expressed in all 
plant cell types analyzed so far, with little varia-
tion in the content of RNA, protein and extractable 
enzyme activity in response to external factors 
(Brunold, 1990; Hell et al., 1994; Dominguez-
Solis et al., 2001). In fact, mRNA contents of 
an OAS-TL gene encoding OAS-TL A from 
Arabidopsis has been used as constitutive con-
trol in a gene expression study (Koprivova et al., 
2000). However, several experiments strongly 
suggest the OAS-TL A gene to respond specifi-
cally to cadmium or salt exposure with up to a 
sevenfold increase in mRNA level (Barroso et al., 
1999; Dominguez-Solis et al., 2001). Accord-
ingly, overexpression of the corresponding 
gene conferred enhanced cadmium tolerance 
(Dominguez-Solis et al., 2004). Remarkably, 
OAS-TL but also SAT gene expression is elevated 
in leaf trichomes of Arabidopsis and, accord-
ing to in situ hybridization data, responds to salt 
and cadmium treatments, presumably to support 
glutathione synthesis (Gutierrez-Alcala et al., 
2000; Howarth et al., 2003).

IV. Structure of Proteins of Cysteine 
Synthesis in Bacteria and Plants

In their groundbreaking and pioneering work 
Nicolas Kredich and coworkers revealed in 
the late 1960s the presence of the CSC in the 
pathogenic enterobacterium S. typhimurium. 
By using size-exclusion chromatography they 
determined a total molecular weight of 309 kDa 
for the hetero-oligomeric CSC, of 160 kDa for 
the SAT homomer and of 68 kDa for the OAS-
TL homomer (Becker et al., 1969; Kredich et 
al., 1969; Kredich and Becker, 1971). Although 
the CSC has been known for almost 40 years, 
the overall structure is still (2007) unresolved. 
Nonetheless, in the last decades progress has 
been made to understand the structure/func-
tion relationship inside the CSC by analysing 
separately the structure of the SAT and OAS-TL 
subunits by X-ray crystallography.

A. Serine Acetyltransferase

The first functional analysis of the SAT domain 
structure was performed using a eukaryotic 
SAT from the mitochondria of Arabidopsis. By 
using the yeast two hybrid system the N-termi-
nal α-helical domain of SAT was identified as the 
SAT–SAT interaction domain, while the C-ter-
minal domain was revealed to account for both, 
enzymatic activity and SAT-OAS-TL interac-
tion inside the complex (Bogdanova and Hell, 
1997). The idea of a bifunctional C-terminal SAT 
domain was further strengthened by the model-
ling of the C-terminus of plant SAT using bacte-
rial acyltransferase structures as templates. These 
posses an unusual left-handed parallel β-helix 
(Vuorio et al., 1991; Vaara, 1992). By computa-
tional modelling of the SAT C-terminus to these 
acyltransferases, the C-terminus of SAT could be 
split into two sections: a left-handed parallel β-
helix (LβH) domain, which carries the catalyti-
cally active site, and a C-terminal tail that could 
not be modelled due to low homology to the acyl-
transferases (Wirtz et al., 2001). Partial deletion 
of the C-terminal tail of prokaryotic SAT results 
in loss of interaction with OAS-TL, as shown by 
co-purification experiments using SAT and OAS-
TL of E. coli (Mino et al., 1999; Mino et al., 
2000b). In addition, several amino acids of the 
C-terminal tail of plant and bacterial SAT seem 
to be involved in the feedback inhibition of SAT 
by cysteine the end product of the pathway (Noji 
et al., 1998; Inoue et al., 1999; Wirtz and Hell, 
2001). Although most features of the C-terminal 
tail of prokaryotic and eukaryotic SAT seems to 
be identical, the last C-terminal amino acids are 
more divergent in prokaryotic and eukaryotic 
SATs than the LβH structure (Fig. 2). The latter 
contains an imperfect tandem repeat of a hexa-
peptide sequence described as [LIV]-[GAED]-
X2-[STAV]-X, which is responsible for the 
β-helical folding (Vaara, 1992). All analysed pro-
teins containing this motive, including SAT, are 
placed into the superfamily of acyltransferases, 
whose members are known to act in vivo as trim-
ers (Raetz and Roderick, 1995; Beaman et al., 
1997). Thus; it was not surprising that bacterial 
SAT was revealed to be a dimer of trimer in its 
native uncomplexed form (Fig. 2A, Hindson et al., 
2000). In 2004, the three-dimensional structure of 
SAT homomer from the prokaryotes E. coli (Pye 
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et al., 2004) and Hamophilus influenzea (Gorman 
and Shapiro, 2004) were resolved, whereby the 
predicted overall structural features of SAT could 
be unequivocally confirmed (Fig. 2B).

Consistently, in E. coli and H. influenzae, 
whose SATs share 71% identity at the amino 
acid sequence level, three SAT monomers form 
a trimer. The three clefts between the three subu-
nits form a catalytic center (Fig. 2C), which sug-
gests that active site residues from two subunits 
may contribute to form one joint catalytic center 
(Pye et al., 2004), see below. Two SAT trim-
ers are arranged in the quaternary structure of a 
dimer (dimer of trimers) so that the dimer inter-
face is constituted by parts of the N-terminal α-
helices of all subunits. The α-helical domain of 

each subunit is formed by residues 1–140 in the 
E. coli SAT protein and comprises eight α-heli-
ces. Helix α1 and α2 as well as α3 and α4 run in 
an anti-parallel fashion and are connected by 2 β-
turns; the residual α-helices are meandering with 
different angles. The repetition of helices α2–α4 
by the molecular threefold axis forms a surface 
that interacts loosely with the cognate structure 
in the opposing trimer and thereby stabilizes the 
dimerization of trimers (Olsen et al., 2004). All 
of the residues involved in dimerization are found 
within a N-terminal extension of approximately 
80 amino acids that is found only in a subset of 
SATs (13% of all SAT like proteins). This indi-
cates that SATs fall into two subgroups: Group 
A, whose members posses the extension and 

Fig. 2. Three-dimensional structures of prokaryotic SAT and OAS-TL. The figure depicts the overall homomeric quaternary 
structure of SAT (A) and OAS-TL (D). In both cases the monomers are shown in different colours in order to illustrate the steri-
cal position of the monomers. Each SAT monomer (B) consists of an α-helical domain (green), a β-sheet domain (golden) that 
included a random coil loop (red) and the C-terminal tail (dark blue), which is responsible for CSC formation. Please note that 
the last 11 amino acid residues of the C-terminal tail are missing in the structural presentation, since they were not solved by 
X-ray crystallography. (C) Top view on an SAT trimer, where α-helical domains are deleted for better overview. The active site 
of SAT lies in between the β-sheet domain of two monomers, thus a SAT ‘dimer of trimers’ (A) contains six independent active 
sites. The most important residues for binding of substrates and the enzymatic activity are named and shown in sticks. Each 
OAS-TL monomer (E) of the native OAS-TL dimer (B) contains one PLP (red) that is bound via an internal Schiff base by Lys41. 
The asparagine loop, which is important for substrate binding and induction of the global conformational change of OAS-TL 
during catalysis is shown in dark blue. The green colour indicates the β8a–β9a loop that seems to be important for interaction 
with SAT. Both structural elements are in close proximity to the active site of OAS-TL (F). Important residues for binding of 
substrates and the enzymatic activity are highlighted in F. The software UCSF Chimera V1.2422 (University of California, San 
Francisco) was used to visualize SAT (pdb: 1T3d) and OAS-TL (pdb: 1OAS) (See Color Plates).
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form hexameric SAT, and group B, whose mem-
bers lacks the extension and are likely to have a 
trimeric quaternary structure (Gorman and Sha-
piro, 2004). A proof for this hypothesis has not 
been provided.

Residues 141–262 of the E. coli SAT form the 
β-helical domain, which is a typical LβH com-
prising fourteen β-strands forming five coils of 
the helix. Apart form the final C-terminal tail, 
there is only one break from the β-helix; this is a 
loop from residue Gly184 to His193 that has a ran-
dom coil topology. The His193 of this loop, with 
His158 and three aspartic acid residues (Asp92, 
Asp143 and Asp157), forms the core of the catalyti-
cally active site (Fig. 2C). While Asp92 and Asp157 
stabilize the positive charge of the amino group of 
the substrate serine, the imidazole ring of His158 is 
supposed to form a classical ‘catalytic triad’ with 
the oxygen of the γ-hydroxyl group of serine and 
the Asp143 of the adjacent SAT subunit. Thus, six 
independent active sites exist in the hexameric 
SAT homomer (Olsen et al., 2004). In the ‘cata-
lytic triad’, His158 acts as a base to activate the 
hydroxyl group of serine for a nucleophilic attack 
on the carbonyl carbon of the acetyl group of 
acetyl-CoA. This attack would result in an oxy-
anion tetrahedral intermediate, whose negative 

charge would be stabilized by the imidazole of 
His193. The collapse of the oxyanion tetrahedral 
intermediate would result in the formation of the 
reaction products: OAS and CoA, whereby the 
same general base residue (His158) acts a general 
acid and donates a proton of the sulfur atom of 
CoA. This mechanism would be in good agree-
ment with reaction mechanisms of other acyl-
transferase, which belongs to the LβH subfamily 
of acyltransferases (Johnson et al., 2005). Elab-
orate solvent deuterium kinetic isotope effects 
measurements indicated that the rate limiting 
step of this reaction is the nucleophilic attack 
of the serine hydroxyl group on the thioester 
of acetyl-CoA (Johnson et al., 2004). Based on 
initial velocity studies and on the analysis of H. 
influenzae SAT structure in the presence of CoA 
(1SST) and cysteine, the kinetic mechanisms of 
SAT is supposed to be sequential equilibrium 
ordered (Fig. 3A), which would be in agreement 
with the kinetic mechanism revealed for all other 
LβH acyltransferases (Sugantino and Roderick, 
2002; Hindson and Shaw, 2003; Johnson et al., 
2004). The outcome of previous initial velocity 
studies using the S. typhimurium SAT suggested 
the occurrence of a bi bi ping pong – instead of a 
sequential – kinetic mechanism (Leu and Cook, 
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Fig. 3. Kinetics mechanism of serine acetyltransferase and O-acetylserine(thiol)lyase. The kinetic mechanisms for SAT (A) and 
OAS-TL (B) are sequential ordered and bi bi ping pong, respectively. (A) Acetyl-CoA (A

S
) binds to SAT (E
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) before serine (B

S
) 

is recruited. Afterwards the catalytic triad is formed, allowing a nucleophilic attack of serine on acetyl-CoA (E
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1994). While almost all results of Leu and Cook 
(1994) could be confirmed, only the burst kinetic 
experiment, which gives rise to the hypothesis of 
a ping pong mechanism for SAT, was not repro-
ducible (Johnson et al., 2004).

The sequential kinetic reaction mechanism of 
SAT is also consistent with the inhibition mecha-
nism by cysteine (section VI.A), which affects 
not only one but both substrates. SAT of E. coli 
(1T3D) and H. influenzae (1SSQ) were crystal-
lized in the presence of cysteine. In both crys-
tals the cysteine was found in the binding pocket 
of serine, providing an elegant explanation for 
the competitive inhibition of cysteine for serine 
(Olsen et al., 2004; Pye et al., 2004). That the 
cysteine and the serine binding pockets overlap is 
also supported by kinetic and microcalorimetric 
data obtained using serine analogous (Hindson 
and Shaw, 2003). These results confirm that the 
cysteine feedback inhibitor binds to the active site 
of SAT. Beside the direct competition with ser-
ine, cysteine also reduced the affinity of SAT for 
acetyl-CoA, after binding to the enzyme (Kredich 
and Tomkins, 1966; Leu and Cook, 1994; John-
son et al., 2004). The molecular basis for the 
reduction of acetyl-CoA affinity is a displace-
ment of the C-terminal tail of SAT in the presence 
of cysteine. Parts of the C-terminal tail compete 
with the pantentheinyl arm of acetyl-CoA for 
binding to the extended LbH loop in the cysteine 
bound SAT crystals. In the absence of cysteine, 
acetyl-CoA is able to displace the C-terminal tail 
in order to enter the binding pocket, while the 
C-terminal tail closed the acetyl-CoA binding 
site more efficiently when cysteine is bound to 
SAT (Olsen et al., 2004). The importance of the 
C-terminal tail for inhibition of SAT activity by 
cysteine was also confirmed by mutational analy-
sis of bacterial and plant SATs C-terminal tails 
(Denk and Böck, 1987; Nakamori et al., 1998; 
Inoue et al., 1999; Takagi et al., 1999; Wirtz and 
Hell, 2003a). These results indicate that specific 
features of SAT domains have the same function 
in prokaryotic and eukaryotic SAT. Although no 
eukaryotic SAT has been crystallized up to now, 
computational modelling of eukaryotic SAT to 
bacterial SAT suggest that the overall structure of 
pro- and eukaryotic SATs are identical (Wirtz and 
Hell, 2006). The basis for this homology model-
ling is the high sequence identity between the two 
types of SAT, which is in the order of 34–44%.

B. O-acetylserine(thiol)lyase

The structures of OAS-TL from the prokaryo-
tes H. influenzae and S. typhimurium have been 
determined with and without its substrates (Bur-
khard et al., 1998; Burkhard et al., 1999). The 
structure of the first plant OAS-TL was recently 
solved, demonstrating a high degree of conserva-
tion between plant and enterobacterial OAS-TL 
at the structural level (Bonner et al., 2005). The 
structure resolved from the plant OAS-TL crystal 
overall confirms the model of OAS-TL, which 
was derived from homology modelling of plant to 
bacterial OAS-TL. The sequence identity between 
the pro- and eukaryotic OAS-TL proteins is in the 
same range as for the respective SAT proteins. 
Taken together these results indicate that the 
same homology model approach is also suitable 
for plant SAT (Wirtz and Hell, 2006).

OAS-TL from plants and bacteria form stable 
homodimers with a molecular weight of 68 to 
75 kDa according to their amino acid sequences. 
Crystallization of OAS-TL from bacteria revealed 
that the dimers interact only at the dimer inter-
face and are oriented in such a way that the two 
active sites are facing each other (Fig. 2D). Each 
OAS-TL subunit carries a tightly bound pyri-
doxal 5′-phosphate (PLP) at the catalytic center. 
All active site residues are contributed from one 
subunit (Rabeh and Cook, 2004). The active site 
with the PLP is located within a cleft deep in the 
center of each monomer that is flanked by N- and 
C-terminal domains (Fig. 2E). This conformation 
may hamper the standard approach of expression 
of recombinant proteins with N- or C-terminal 
tags, resulting in less active or kinetically altered 
enzymes.

Lys41 of bacterial OAS-TL is responsible for 
the linkage to the PLP, whose presence is a prereq-
uisite for an enzymatically active enzyme (Bur-
khard et al., 1999). Asn71, which is located on the 
so-called asparagine loop, and Gln142 bind OAS 
and the resulting intermediates along the reaction 
pathway. Functional analysis of the plant OAS-
TL reveals Thr74 and Ser75 as important active site 
residues (Fig. 2F). Most likely both residues are 
involved in stabilizing the transition state of the 
second-half reaction (see below). The stabilisa-
tion of the transition state has direct impact on the 
affinity for the second substrate, sulfide (Bonner 
et al., 2005). The conservation of the active site 
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residues strongly supports the idea of the same 
kinetic mechanism for OAS-TLs from prokaryo-
tes and eukaryotes.

OAS-TL is one of the most extensively studied 
enzymes with respect to the reaction mechanism 
and the kinetic behaviour. The type of reaction 
kinetic of the enzyme is bi bi ping pong (Cook 
and Wedding, 1976; Tai et al., 1993): In this type 
of kinetic, after binding of the first substrate, 
OAS, the first product, acetate, is released, before 
the second substrate, sulfide, interacts with the 
reaction intermediate to give the second product, 
cysteine (Fig. 3B). Mechanistically, the overall 
β-substitution of the acetate group of OAS by 
sulfide can be subdivided into an elimination and 
an addition reaction, which represent the first-
half and the second-half of the reaction, respec-
tively. In short, the first-half reaction includes 
the binding of OAS and the formation of an 
α-aminoacrylate intermediate, whereby acetate 
is released. The second-half reaction is initiated 
by the attack of sulfide, in the form of HS−, to 
the Cβ of α-aminoacrylate intermediate to give 
a cysteine external Schiff base. Then transimina-
tion results in the release of cysteine (Tai et al., 
1995; Rabeh and Cook, 2004; Wirtz et al., 2004). 
The reaction is accompanied by a large confor-
mational change of the protein after the binding 
of OAS. The binding of OAS in the active site 
induced a local rearrangement of the asparagine 
loop (Fig. 2E, F) that shifted the enzyme from 
the so called ‘open’ to the ‘closed’ conformation. 
Formation of the ‘closed’ conformation results 
in expel of bulk solvent from the reaction room 
and the closure of the active site, which is neces-
sary for the second-half of the reaction, since the 
α-aminoacrylate is highly reactive (Burkhard et 
al., 1999). Although the sequence identity of the 
asparagine loop from prokaryotes and eukaryo-
tes is very high, the triggering function of the 
asparagine loop for the overall conformational 
change is doubted in plant OAS-TLs (Bonner et 
al., 2005). The methods used for identification 
of chemical mechanisms and different confor-
mational changes of OAS-TL during catalysis 
included fluorescence (Benci et al., 1997, 1999), 
phosphorescence (Strambini et al., 1996), and UV 
visible spectroscopy (Schnackerz et al., 1995) in com-
bination with mutageneic (Rege et al., 1996; Tai 
et al., 1998) and crystallographic approaches (Bur-
khard et al., 1998; Burkhard et al., 1999). Most 

of this tremendously intensive study is comprehen-
sively summarized by Rabeh and Cook (2004). 
In agreement with the high K

M
 of OAS-TL for 

OAS, the first-half reaction is limiting the overall 
β-substitution reaction (Woehl et al., 1996), while 
the second-half of reaction is irreversible (Tai et 
al., 1995). This biochemical phenotype of OAS-
TL is important for cysteine regulation in higher 
plants. In fact cysteine synthesis must be limited 
by OAS production for proper regulation of the 
sulfur assimilation pathway by CSC formation 
(section VI.C, D) and the transcriptional control 
of OAS regulated genes. While OAS production 
by SAT activity is inhibited by cysteine, OAS-TL 
seems not to be regulated at all. However, sulfide 
is a competitive substrate inhibitor of bacterial 
OAS-TL, with a K

I
 of 50 µM (Cook and Wed-

ding, 1976; Tai et al., 1993). The identification 
of an allosteric anion-binding site at the dimer 
interface, which can be occupied by sulfide, led 
to the hypothesis of an allosterically regulated 
OAS-TL, due to catabolism of cysteine in bacte-
ria (Burkhard et al., 2000).

C. Cysteine Synthase Complex

The 3D-structure of the CSC is not known. Crys-
tallography of free and complex associated plant 
SAT was attempted but not successful, due to 
instability of plant SAT protein (personal com-
munication J. Jez Danforth Center, St. Louis). 
Moreover, no precise analytical data are availa-
ble for the molecular weight of both bacterial and 
plant CSC. The stoichiometry of SAT and OAS-
TL subunits in the complex can thus be hypoth-
esized on a theoretical ground. The only estimate 
of the size of the complex arises from size exclu-
sion chromatography, which revealed a molecu-
lar weight of 300 kDa for CSCs from native 
protein extracts of spinach and tobacco (Droux et 
al., 1992; Wirtz and Hell, 2007). The size of the 
bacterial CSC is in the same range (Kredich et 
al., 1969), indicating an overall similar structure 
in prokaryotes and eukaryotes. The uncomplexed 
bacterial SAT is known to be a ‘dimer of trimers’, 
while OAS-TL from plants and bacteria form 
dimeric homomers (see above). On the basis of 
this knowledge, one hexameric SAT homomer 
(Fig. 2A) is supposed to form the core of the 
CSC, which is the completed by the recruitment of 
two OAS-TL dimers (Fig. 2D). As a consequence, 



Chapter 4 Cysteine Synthesis 71

SAT and OAS-TL subunits would exist in a 6: 4 
(1.5: 1) stoichiometric ratio in the CSC. Fluores-
cence titration assays of CSC yielded an experi-
mentally determined ratio of 1.43: 1 for SAT and 
OAS-TL, essentially supporting the theoretical 
stoichiometry (Campanini et al., 2005).

One interaction site of SAT with OAS-TL 
inside the complex is the C-terminal tail of SAT 
(Fig. 2B). This is proven by partial deletion of this 
tail in bacterial SATs, which resulted in the loss 
of SAT ability to interact with OAS-TL (Mino et 
al., 1999; Mino et al., 2000b). Co-crystallization 
of OAS-TL from H. influenzae and A. thaliana 
with the last 10 amino acid residues of the SAT 
C-terminal tail demonstrated that the binding site 
of this decapeptide is located at the active site of 
OAS-TL, where also OAS binds (Huang et al., 
2005; Francois et al., 2006). The key active site 
residues Thr74, Ser75 and Gln147 lock the decapep-
tide in the binding site via hydrogen bonds (num-
bering of residues according to AtOAS-TL A, 
section IV.B), which explains how complex for-
mation downregulates OAS-TL activity (Fran-
cois et al., 2006). OAS would compete with the 
SAT C-terminal tail for binding at the catalytic 
center of OAS-TL. Assuming this as the only 
OAS binding site in the complex, such a com-
petition provides also a mechanistic basis for the 
dissociation of the CSC by OAS. Kinetic charac-
terization of the association of bacterial OAS-TL 
with the C-terminal tail of SAT showed that the 
binding affinity of this decapeptide was 250-fold 
lower than full-length SAT (Mino et al., 2000b). 
However, the largest part, and thus other poten-
tial interaction sites, of SAT were missing in this 
experiment. Although the C-terminal decapep-
tide of H. influenzea and S. typhimurium are 
highly divergent, the affinity for the C-terminal 
decapeptide of H. influenzea and S. typhimurium 
(K

D
 ~ 0.6 to 1 µM) were in the same range for 

OAS-TL of H. influenzae, which indicates a gen-
eral binding mechanism in the γ-proteobacteria 
(Campanini et al., 2005). In contrast, the plant 
C-terminal decapeptide appeared to have high 
affinity for OAS-TL (K

D
 = 5–100 nM) (Kumaran 

and Jez, 2007), which is even more affine than 
reported for the full-length SAT from Arabidop-
sis cytosol and mitochondria. The K

D
 of both pro-

teins for OAS-TL were independently determined 
by initial velocity and surface plasmon resonance 
studies and are in the range of 25 to 40 nM (Droux 

et al., 1998; Berkowitz et al., 2002). The differ-
ent structural composition of pro- and eukaryotic 
decapeptides may be one reason for the variabil-
ity in their affinity for their respective interaction 
partner. The only conserved residue in plant and 
bacterial SAT decapeptides is the very final Ile 
residue, which, at least in plants, is responsible 
for the molecular recognition of the decapeptide 
by OAS-TL (Francois et al., 2006).

The lower affinity of the bacterial decapeptide 
for OAS-TL compared to the full-length SAT raises 
the question of whether additional sites for inter-
action or recognition exist in SAT and OAS-TL. 
Initial protein–protein interaction analyses using 
OAS-TL mutants that were genetically modified 
in the highly conserved β8A-β9A surface loop 
(Fig. 2E) point towards an involvement of this 
loop in CSC formation (Bonner et al., 2005). The 
corresponding interaction site of the SAT protein 
has not been located; its identification would allow 
a more detailed analysis of the assembly of SAT 
and OAS-TL subunits inside the CSC.

The association of the SAT C-terminus with the 
catalytic site of OAS-TL would place the OAS-
TL dimers at the distal ends of the SAT ‘dimer 
of trimers’. If symmetry applies here, we may 
speculate that one of the three SAT C-termini of a 
trimer interacts with the active site of one subunit 
of an OAS-TL dimer. In principle, also two C-ter-
minal tails could bind into the two active sites of 
the OAS-TL homodimer. Both, plant and bacte-
rial C-terminal decapeptides bind to the OAS-TL 
dimer in a 2: 1 ratio. Nonetheless, one could not 
conclude from this experiment that two C-terminal 
tails of SAT bind one OAS-TL dimer, due to pos-
sible steric interferences of C-terminal tails in the 
SAT homohexamer. However, addition of a molar 
excess of the decapeptide to the CSC results in no 
detectable binding of the decapeptide, indicating 
that no active site of complex bound OAS-TL is 
available (Campanini et al., 2005). The latter fact 
could be the reason for the strong inactivation of 
OAS-TL inside the complex, which results in a 
more than 10-fold decrease of OAS-TL activity 
in bacterial and plant CSC (Kredich et al., 1969; 
Droux et al., 1998; Wirtz et al., 2001; Wirtz and 
Hell, 2006). The effective inactivation of OAS-
TL demonstrates the inability of the CSC to chan-
nel substrates and is the basis for the regulatory 
function of the complex in vivo (Hell and 
Hillebrand, 2001).
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Beside the effector driven dissociation of the 
CSC by OAS both plant and bacterial CSC are 
stabilized by sulfide (Kredich et al., 1969; Wirtz 
and Hell, 2006). The function of this stabilization 
in vivo could be the increase of OAS levels for 
enhanced cysteine and glutathione production. 
Enhanced glutathione production is needed dur-
ing certain stress conditions like pathogen attack 
or heavy metal stress, when enough sulfide is 
present. Without the stabilizing effect of sulfide, 
OAS would dissociate the CSC, thereby down-
regulating its own synthesis. A possible target for 
sulfide stabilization would be the active site of 
OAS-TL, where OAS and C-terminal tail of SAT 
bind. But no stable sulfide binding pocket was 
found in the active site of OAS-TL, which is con-
sistent with the irreversibility of the second-half 
reaction (Tai et al., 1995). The identification of 
an allosteric anion-binding site at the dimer inter-
face of bacterial OAS-TL provides an alternative 
target site for sulfide (Burkhard et al., 2000). The 
binding of sulfide to this site causes a conforma-
tional shift in the asparagine loop to a new ‘inhib-
ited’ state of OAS-TL that differs from the ‘open’ 
or ‘closed’ conformation of the enzyme (section 
IV.B). It is conceivable that the ‘inhibited’ con-
formation of OAS-TL stabilizes the C-terminal 
tail of SAT in the active site of OAS-TL and pro-
motes complex stability.

Due to the inactivity of OAS-TL inside the 
complex, the complex associated OAS-TL is 
believed to act as a regulatory subunit of SAT. In 
theory, association of SAT and OAS-TL activates 
SAT in order to produce OAS for cysteine syn-
thesis (section VI.E). A trimeric SAT homomer 
contains three independent active sites, which 
can all be used to synthesize cysteine. Most 
likely all active sites can act separately, since in 
the form III crystal of H. influenzae SAT (pbf 
file: 1SST) all possible binding sites for acetyl-
CoA are loaded with CoA in the presence of ser-
ine (Olsen et al., 2004). It is difficult to conceive 
how the binding of one OAS-TL dimer to one or 
two C-terminal tails at the distal end of a SAT 
trimer can result in an effective up-regulation of 
all active sites in the trimer. In agreement with 
this consideration, neither the affinity for acetyl-
CoA and serine nor the maximal activity (V

max
) of 

the bacterial SAT is altered by complex formation 
(Kredich et al., 1969; Cook and Wedding, 1978; 
Mino et al., 2000a). However, formation of CSC 

protects SAT from proteolysis and inactivation 
by low temperature in in vitro experiments (Mino 
et al., 2000a). Under in vivo conditions, both 
would result in higher SAT activity by CSC 
formation. Cytosolic SAT of A. thaliana was 
shown to be strongly upregulated by complex 
formation due to increase of maximal velocity 
(Bonner et al., 2005) and by increasing the affin-
ity for acetyl-CoA and serine (Droux et al., 1998). 
The mitochondrial SAT from A. thaliana was 
also characterized in respect to their activation 
by complex formation. In the latter study only a 
slight but significant activation of mitochondrial 
SAT by complex formation was observed. This 
activation was based on a higher affinity of com-
plex associated SAT for acetyl-CoA (Wirtz et al., 
2001). Whether the slight increase of SAT activ-
ity by complex formation is sufficient to regulate 
OAS production under in vivo conditions needs 
to be confirmed. A molecular explanation for the 
increased acetyl-CoA affinity could be provided 
by the rearrangement of the C-terminal tail of SAT 
during binding to OAS-TL. Parts of the same tail 
were also shown to cover the binding pocket for 
acetyl-Co after the binding of cysteine, causing 
a reduction of the affinity of H. influenzae SAT 
for acetyl-CoA (Olsen et al., 2004; Johnson et 
al., 2005). Taken together, these results put a note 
of caution to the generally accepted assumption 
that SAT is activated by complex formation, due 
to increased affinity or V

max
 of the enzyme in the 

complex. At least in bacteria, other factors like 
temperature or proteases are necessary to prevent 
decreased activity of SAT upon complex forma-
tion. The moderate activation of mitochondrial 
AtSAT upon complex formation in in vitro exper-
iments possibly suggests a similar scenario in the 
mitochondria of plants.

V. S-transfer Reactions 
and Degradation of Cysteine

Enzymatic degradation of cysteine was hypoth-
esized in the 1940s to take place in bacteria and 
animals (Fromageot et al., 1940; Smythe, 1945; 
Fromageot, 1951). Forty years later enzymatically 
catalyzed degradation of cysteine came to focus 
also in higher plants as a result of the pioneering 
work of several research groups (Harrington and 
Smith, 1980; Rennenberg, 1983; Rennenberg et al., 
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1987; Schmidt, 1987). Four major functions for 
cysteine catabolism in higher plants are discussed 
in the literature: (a) recycling of cysteine bound 
sulfur as a result of protein degradation, (b) depo-
sition of elemental sulfur and release of sulfide in 
response to pathogen defense, (c) transfer of sul-
fur from cysteine to iron-sulfur clusters and (d) 
detoxification of cyanide by using cysteine as an 
acceptor. In contrast to synthesis of cysteine the 
current knowledge about degradation of cysteine 
is scarce. Anabolism and catabolism of cysteine 
must be separated in order to achieve coordination 
between the two pathways. This separation can 
be achieved by localization of the two pathways 
in different subcellular compartments of the plant 
cell, temporal delimitation of respective protein 
activities, or the use of different enantiomers of 
cysteine specifically for degradation (D-cysteine) 
and synthesis (L-cysteine) (Wirtz and Droux, 
2005). Up to now it is unclear if the mandatory 
separation of cysteine synthesis and degradation 
is achieved by only one of these mechanisms, 
several or all of them.

The following reactions (Fig. 4) can be envis-
aged to occur in the catabolism of cysteine: (A) 
L-cysteine desulfhydrase reaction or L-cysteine 
lyase, (B) L-cystine lyase reaction, (C) cysteine 
desulfurase reaction, (D) D-cysteine desulfhy-
drase reaction, (E) β-cyanoalanine synthase reac-
tion, (F) decomposition of cysteine by OAS-TL, 
(G) conversion of cysteine to mercaptopyuvate 
by transaminases or (H) amino acid oxidases. 
Since the formation of β-mercaptopyruvate has 
not been shown in plants so far (Schmidt, 2005) 
and the kinetic properties of the most abundant 
OAS-TLs in Arabidopsis does not allow a signif-
icant backward reaction (Wirtz et al., 2004), the 
last three possible reaction mechanisms will not 
be discussed in this review. Nevertheless, sev-
eral candidate genes exist in higher plants that 
may be involved in the degradation of cysteine 
(Fig. 5).

A. L-cysteine Desulfhydrase or L-cysteine 
Lyase

Although other cysteine consuming activities 
have been shown in higher plants (see below), 
the enzymes that are the most likely candidate for 
the degradation of cysteine in higher plants are 
L-cysteine desulfhydrase (EC 4.4.1.15, L-CDes 

or L-cysteine lyase, Fig. 4A) or L-cystine lyases. 
By feeding 35S-labeled L-cysteine (which contains 
per se cystine) to cultured tobacco cells Harrington 
and Smith (1980) observed that the initial step in 
cysteine (or cystine) degradation yielded pyruvate 
and sulfide in a 1:1 ratio and possibly ammonium. 
The catabolic reaction was linear with respect to 
time and amount of protein and had a pH opti-
mum of 8 in crude extracts. A L-CDes with a pH 
optimum of 8 has also been shown in Streptococ-
cus anginosus (Yoshida et al., 2002). Preliminary 
kinetic data for the tobacco L-CDes indicated 
that the K

M
 is approximately 0.2 mM cysteine. 

Pre-incubation of the tobacco cells with cysteine 
results in 15–20-fold increase of the extractable 
degradative activity, while intracellular cysteine 
concentrations increases (Harrington and Smith, 
1980). In contrast, S fertilization of field grown 
Brassica napus also significantly increase the 
contents of total S, glutathione and cysteine, but 
decreases L-CDes activity. In the same study the 
activity of L-CDes in B. napus was found to be 
induced by infection with Pyrenopeziza brassicae 
that increased cysteine and glutathione contents as 
well (Bloem et al., 2004). The latter finding gives 
rises to the hypothesis that L-CDes are involved 
in defence against pathogens by releasing toxic 
sulfide. Taken together these results indicate that 
L-CDes activity is not only regulated by intracel-
lular cysteine levels, but also by unknown endog-
enous and environmental signals.

So far an enzyme with exclusive L-CDes activity 
has not been isolated from higher plants, although 
several candidate genes for L-cysteine desulfhy-
drases were identified in the genome of Arabi-
dopsis thaliana (Fig. 5). Like in higher plants the 
activity of the L-CDes in the enterobacterium Sal-
monella typhimurium is inducible by pre-incuba-
tion with cysteine. The L-CDes of S. typhimurium 
was purified to quasi homogeneity after induction 
with cysteine. The native protein has a molecular 
weight of 229 kDa, suggesting a hexa-homoli-
gomeric structure composed of 37 kDa subunits, 
which contain one PLP per subunit (Kredich et 
al., 1972). Substrate saturation experiments using 
the purified enzyme demonstrated positive coop-
erativity with a Hill-coefficient of 1.9 and a K

M
 

for L-cysteine of 0.17 and 0.21 mM (Kredich et 
al., 1973). Both the inducibility of the enzymatic 
activity by cysteine and the biochemical character-
istics of the enzyme were similar in S. typhimurium 



74 Rüdiger Hell and Markus Wirtz

R

SH
+

Enzyme-Cysteine Enzyme-S-SulfanylcysL-AlanineL-Cysteine

C) Cysteine desulfurase of NifS-type (EC 2.8.1.7)

NH2

H3C H

OHO

NH2

C H

OHO

HS

NH2

C H

OR

HS
+

NH2

C H

O

HS

OHO

OH3C

H NH3+H2O

L-Cysteine Pyruvate

H2S + +

+ +

+ +

+

NH2

C H

OHO

HS

A) L-Cysteine desulfhydrase  (EC 4.4.1.1, Cysteine lyase)

NH2

OH

C
HS

H

OHO

OH3C

H NH3H2O+

D-Cysteine Pyruvate

D) D-Cysteine desulfhydrase (EC 4.4.1.15)

HO

H2S

NH2

C H

OHO

SS
CH

NH2

OHO

L-Cystine

B) L-Cystine desulfhydrase  (EC 4.4.1.13, Cystine lyase)

NH3H2O+

NH2

C H

OHO

SHS
OHO

OH3C

PyruvateThio-L-cysteine

NH2

C H

OHO

HS
HC    N

NH2

C H

OHO

CN
H2S+ +

L-Cysteine β-Cyanoalanine

E) β-Cyanoalanine synthase (EC 4.4.1.9)

Cyanide

H

Fig. 4. Cysteine consuming reactions. The figure depicts the candidate reactions for degradation of cysteine. Note that L-
cysteine desulfhydrase (A), L-cystine desulfhydrase (B), Cysteine desulfurase (C) and β-cyanoalanine synthase (E) degrade 
the L-enantiomer of cysteine, while D-cysteine desulfhydrase (D) uses the D-enatiomer of cysteine as substrate. The chemical 
structures of substrate and products are shown according to IUPAC nomenclature.

and tobacco indicating a conserved regulation of 
cysteine degradation in pro- and eukaryotes.

B. L-cystine Desulfhydrase or L-cystine 
Lyase

L-cystine is the oxidized form of cysteine in which 
two L-cysteine molecules are linked together via 

a disulfide bridge. L-cystine was identified in all 
analyzed higher plants, but the exact degree of 
oxidized cysteine is hard to quantify, due to oxida-
tion of cysteine during extraction. The L-cysteine 
pool is kept usually in a reduced state by the 
reduction/oxidation buffer glutathione, which is 
present in high excess of L-cysteine. Nevertheless 
L-cystine can accumulate during oxidative stress 
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conditions like high light, cold stress or pathogen 
attack. Recently, Jones and coworkers revealed 
that CORI3, which is annotated as a tyrosine 
aminotransferase-like protein, acts in vitro as a L-
cystine lyase (EC 4.4.1.13, Fig. 4B, Jones et al., 
2003). Interestingly CORI3 is jasmonic acid and 
salt stress-inducible, which may indicate regula-
tion of cysteine/cystine degradation by stress and 
hormone signalling (Gong et al., 2001; Sasaki et 
al., 2001). In animals and bacteria cystathionine 
γ-lyase is known to act as a L-CDes and L-cystine 
lyase (Smacchi and Gobbetti, 1998). Usually, 
cystathionine γ-lyase catalyses the cleavage of 
cystathionine, which results in the production 
of cysteine and the byproducts ammonium and α-
ketobutyrate. Nevertheless, the enzyme can also 
use L-cysteine and L-cystine as substrates. For 
a detailed description of all possible substrates 
and reaction mechanisms of this multifunctional 

enzyme look up the enzyme-database BRENDA 
(http://www.brenda.uni-koeln.de/). Biochemical 
characterization of the plant cystathionine β-lyase 
indicates that it have not this wide substrate 
specificity (Staton and Mazelis, 1991).

C. Cysteine Desulfurase of NifS-type

The cysteine desulfurases of the NifS-type (EC 
2.8.1.7, Fig. 4C) identified in Arabidopsis dif-
fer in their subcellular localization and develop-
mental expression patterns. At1g16540 (Aba3) 
is located in the cytosol (Heidenreich et al., 
2005), while At5g65720 (MtNifS, AtNFS1) and 
At1g08490 (CpNifS, AtNFS2) are transported to 
mitochondria and plastids, respectively. MtNifS 
and CpNifC provide elemental sulfur for iron-sulfur 
cluster formation in the respective organelle, 
while Aba3 acts as a molybdenum cofactor sulfurase. 
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Fig. 5. Sequence relationships of cysteine degrading enzymes. The phylogenetic tree was created with Vector NTI 9 (Invitrogen, 
Darmstadt) using the full length proteins. Annotation of enzymes is according to their description in the respective GenBank™ 
accession: AtCpNifS: Q93WX6, AtMtNifS: O49543, NifS H. sapiens: Q9Y697, NifS S. cerevisiae: NP_009912, selenocysteine 
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desulfurases than with L-cysteine desulfhydrases (grey).



76 Rüdiger Hell and Markus Wirtz

Plants with reduced CpNifS expression exhibited 
chlorosis, a disorganized chloroplast structure, 
stunted growth and eventually became necrotic 
and died before seed set (Van Hoewyk et al., 
2007), demonstrating that cysteine desulfurase 
activity in plastids is essential for iron-sulfur 
cluster formation and optimal plant growth (Ye et 
al., 2005; Ye et al., 2006). MtNifS is responsible 
for desulfuration of cysteine in order to provide 
elemental sulfur for iron-sulfur cluster formation 
in mitochondria (Frazzon et al., 2007), which 
is believed to provide iron-sulfur clusters for 
cytosolic and nuclear iron-sulfur proteins (Balk 
and Lobreaux, 2005). Very recently the AtSufE 
protein was resolved to be an essential activator 
of both plastidic and mitochondrial desulfurases 
in Arabidopsis (Xu and Moller, 2006). The strin-
gent regulation of MtNifS and CpNifS activity 
by the presence AtSufE allows an optimal coor-
dination between cysteine degradation for iron-
sulfur cluster formation and cysteine synthesis by 
OAS-TL in mitochondria and plastids. So far it is 
unknown how the coordination between cysteine 
degradation for molybdenium cofactor synthesis 
and cysteine synthesis in the cytosol is achieved. 
An elegant way would be allosteric inhibition of 
Aba3 activity by the molybdenum cofactor itself, 
but a detailed biochemical analysis of Aba3 in 
this respect is missing to date.

D. D-cysteine Desulfhydrase

In contrast to the former described cysteine 
degrading activities the D-cysteine desulfhydrase 
(D-CDes, EC 4.4.1.15, Fig. 4D) uses D-cysteine 
instead of L-cysteine, which provides an elegant 
explanation for the presence of cysteine produc-
ing and degrading activities in the same sub-cel-
lular compartment. The authors are not aware of 
any report that unequivocally demonstrate the 
presence of D-cysteine as a natural occurring 
metabolite of higher plants. A racemase that con-
verts L-cysteine to D-cysteine has also not been 
isolated from higher plants (Schmidt, 1986), but 
protein bound L-cysteine could be converted to 
D-cysteine non enzymatically by the base-cata-
lysed racemization reaction (Friedman, 1999). 
In addition, higher plants are suggested to take 
up D-amino acids from the soil, where they are 
secreted by microorganisms (Aldag et al., 1971). 
Although D-cysteine was not isolated from plants 

so far, D-amino acids in general are believed to 
be principle components of gymnosperms as 
well as of monocotyledonous and dicotyledonous 
angiosperms (Bruckner and Westhauser, 2003). 
Green plants and algae are capable of degrad-
ing D-cysteine specifically by D-CDes activity 
(reviewed in Schmidt, 1986). The L-CDes and 
D-CDes activities were easily distinguishable 
in cucurbit and tobacco, since the enzymes cata-
lysing both reactions differ in their response to 
inhibitors, their subcellular localization and had 
different pH optima. In both plants species the 
extractable D-CDes activity was more than one 
order of magnitude higher than the L-CDES 
activity (Rennenberg et al., 1987).

Recently, two proteins catalysing the D-CDes 
reaction in vitro were identified in Arabidopsis 
due to their similarity with the D-CDes of E. coli 
(YedO, Fig. 5). Expression analysis on transcript 
level suggests that D-CDes1 (At1g48420) and 
D-CDes2 (At3g26115) might have specific roles 
during development of Arabidopsis. While D-
CDes1 catalyses specifically the desulfuration of 
D-cysteine, D-CDes2 accepts L-cysteine beside 
D-cysteine as substrate (Riemenschneider et al., 
2005a; Riemenschneider et al., 2005b). In silico 
analysis of transit peptides from both proteins 
indicate a mitochondrial localization, which was 
proven for D-CDes1 independently by immu-
nological detection and GFP-fusion constructs. 
Consistent with its sulfur remobilizing func-
tion D-CDes activity was identified to be high-
est in senescent plant leaves. Neither D-CDes1 
nor D-CDes2 transcript levels could explain 
the significant increase of C-Des activity during 
senescence (Riemenschneider et al., 2005a). The 
latter results indicate a post-translational control 
of the D-CDes proteins or the existence of further 
D-CDes enzymes, which are not identified.

E. b-cyanoalanine Synthase

β-Cyanoalanine synthase (CAS; EC 4.4.1.9, Fig. 4E) 
catalyzes the formation of the non-protein amino 
acid β-cyanoalanine from cysteine and cyanide, 
thereby playing a pivotal role in cyanide detoxi-
fication (Floss et al., 1965; Meyers and Ahmad, 
1991). CAS activity has been detected in bacte-
ria (Dunnill and Fowden, 1965), insects (Meyers 
and Ahmad, 1991) and plants (Blumenthal et al., 
1968; Hendrickson and Conn, 1969). In plants, 



Chapter 4 Cysteine Synthesis 77

ethylene synthesis by 1-aminocyclopropane-1-
carboxylic acid oxidase results in the production 
of cyanide (Peiser et al., 1984). Inhibition of CAS 
activity by 2-aminoxyacetic acid revealed that 
detoxification of cyanide is dependant on CAS 
activity in higher plants. However, several-hun-
dred fold increases of cyanide production dur-
ing ripening of apple and avocado fruits are not 
accomplished by a severe induction of extract-
able CAS activity (Yip and Yang, 1988). Cyanide 
toxicity is caused by binding of cyanide to the 
iron atom of the enzyme cytochrome c oxidase 
in the fourth complex in the mitochondrial mem-
brane. This denatures the enzyme, and the final 
transport of electrons from cytochrome c oxidase 
to oxygen cannot be completed. As a result, the 
electron transport chain is disrupted, meaning 
that the cell can no longer aerobically produce 
ATP for energy. Consequently CAS activity is 
located exclusively in mitochondria of insects 
(Meyers and Ahmad, 1991). Several lines of evi-
dence indicate that in higher plants CAS is also 
exclusively localized in mitochondria. Firstly, 
CAS activity was purified to homogeneity for 
the first time from mitochondrial fractions of 
blue lupine (Hendrickson and Conn, 1969), sec-
ondly, the identified CAS proteins of spinach and 
Arabidopsis are both located in the mitochon-
drial lumen (Warrilow and Hawkesford, 1998; 
Hatzfeld et al., 2000). Thirdly, the background 
activity of CAS that was identified in the cytosol 
of cocklebur (Xanthium pennsylvanicum) seeds is 
attributed to cytosolic OAS-TL (Maruyama et al., 
1998). CAS and OAS-TL are structurally very 
similar proteins, which are able to catalyse both: 
β-cyanoalanine and cysteine synthesis to a certain 
extend. For that reason it is hard to distinguish if 
a protein acts in vivo as a CAS or an OAS-TL. 
Only a careful biochemical characterisation of 
kinetic constants for both reactions allows a cat-
egorization of a certain enzyme to act as CAS or 
OAS-TL under in vivo conditions (Warrilow and 
Hawkesford, 2000; Yamaguchi et al., 2000). By 
using these careful biochemical characterization 
in combination with immunological detection, 
the putative isoforms of OAS-TL from spinach 
and potato were identified as CAS (Warrilow 
and Hawkesford, 1998; Maruyama et al., 2000). 
Most likely a feature that specifies an authentic 
OASTL is the ability to interact physically with 
SAT protein in the CSC. While two-hybrid system 

and co-purification experiments show the associ-
ated SAT and OAS-TL enzymes (Bogdanova and 
Hell, 1997; Droux et al., 1998; Wirtz et al., 2001; 
Hell et al., 2002; Droux, 2003), such an interac-
tion makes no sense for a CAS.

However, in A. thaliana both proteins are 
present in mitochondria (Hatzfeld et al., 2000; 
Jost et al., 2000; Wirtz et al., 2004). The presence 
of both enzymatic activities in the mitochondria 
would allow an efficient detoxification of cyanide 
via cysteine by consumption of serine, which is 
produced in mitochondria in high amounts by 
photorespiration (Fig. 6). In contrast to potato and 
spinach, Arabidopsis produces cyanogenic glu-
cosinolates, which are part of the defence system 
against herbivores in all Brassicaceae. It is con-
ceivable that the enhanced cyanide metabolism in 
the Brassicaceae requires a more efficient mito-
chondrial cyanide detoxification system consist-
ing of CAS and OAS-TL in mitochondria itself.

In Arabidopsis CAS is 37 kDa protein (trivial 
name: AtCysC1), which is encoded by the gene 
At3g61440. The transcript levels of At3g61440 
are almost constant in seeds, rosettes, roots and the 
inflorescence, with the exception that in pollen 
only small amounts of transcript could be detected 
(data from https://www.genevestigator.ethz.ch). 
In agreement with the finding that enhanced 
ethylene formation does not induce extractable 
CAS activity, the transcript level of At3g61440 is 
kept constant in senescent leaves. Recombinant 
AtCysC1 has a specific activity of 62 µmol sulfide 
min−1 mg−1 protein and K

M
 values of 2,5 mM and 

60 µM for cysteine and cyanide, respectively 
(Hatzfeld et al., 2000). The spinach CAS has 
similar biochemical properties (Warrilow and 
Hawkesford, 2000). It seems doubtful that the 
low affinities of the recombinant CAS proteins 
for cyanide allows keeping the cyanide concen-
tration at cellular levels around 0.2 µM, which is 
far below the K

i
 of cyanide (10–20 µM) to inhibit 

respiration (Yip and Yang, 1988).

VI. Regulation of Cysteine Flux 
in Plants

Regulation in any metabolic pathway is a mecha-
nism to adjust supply and demand. Major triggers 
for regulation are plant development, environ-
mental factors like stress and nutrient supply. 
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The spatial component includes root-to-shoot 
and source-sink communication, i.e. the supply 
of sulfate to roots, its transport along the plant 
axis, the demand by developing seeds or locally 
stressed organs and transport of reduced sulfur as 
nutrient or signal within the plant. In all cases the 
cell, independent of its position in the plant body, 
has to be able to sense supply and demand of 
metabolites and to respond adequately. Searches 
for long-distance signals as well as cellular sig-
nal transduction have been in the focus of plant 
sulfur research. Green algae and in particular 
Chlamydomonas have been and still are model 
organisms in the latter respect (see chapter by 
Shibagaki and Grossman, this book). Work on 
Arabidopsis suggested that cysteine synthesis 
plays an integral role in the regulation of primary 
sulfur metabolism. In particular the properties of 
the cysteine synthase protein complex gave rise 
to theories about a new metabolite sensing mech-
anism (Hell and Hillebrand, 2001; Droux, 2003). 
Moreover, the reaction intermediate of cysteine 
synthesis, OAS, forms a direct connection of 
sulfate assimilation with nitrate assimilation and 
carbon metabolism (Kopriva et al., 2002; Hesse 
et al., 2004). Network analyses using microarrays 
confirm these assumptions (see Takahashi and 
Saito, this book). The regulation of flux into and 
through cysteine synthesis therefore is of central 
importance for growth and fitness of the plant. It 
is noteworthy that this position of cysteine syn-

thesis, although based on totally different regu-
lation, parallels the early regulatory system in 
enterobacteria.

A. Allosteric Regulation of Cysteine 
Synthesis by Feedback Inhibition

Feedback inhibition of SAT by cysteine is an 
important feature for the enterobacteria regula-
tory system and is also found in several SATs from 
plants. Unfortunately, no information on feedback 
sensitivity of SAT from phototrophic bacteria is 
available. For higher plants an elegant model of 
flux control of cysteine synthesis was suggested 
(Saito, 2000), based on the observation that in A. 
thaliana the cytosolic SAT isoform is strongly 
feedback inhibited by cysteine, whereas the plas-
tid and mitochondrial SAT isoforms are mostly 
insensitive (Noji et al., 1998). 50% (IC

50
) inhibi-

tion of maximal activity was determined for the 
cytosolic SATs from watermelon (Citrullus vul-
garis) at 1.8 µM and from A. thaliana at 2.9 µM 
cysteine (Saito et al., 1995; Noji et al., 1998). In 
this model cytosolic SAT activity is considered 
to particularly important for the control of OAS 
concentrations, since is potentially involved in the 
expression control of sulfur metabolism genes in 
response to sulfate availability. In the organelles 
feedback-insensitive SAT isoforms would reside 
to allow independent cysteine formation and this 
has indeed been reported (Noji et al., 1998; Saito, 

Fig. 6. Detoxification of cyanide in mitochondria of Arabidopsis thaliana. Serine acetyltransferase (1) and O-acetylserine
(thiol)lyase (2) catalyze the synthesis of cysteine in a two step process. The fate of the acetyl-moiety during catalysis is shown 
in grey. In mitochondria β-cyanoalanine synthase (3) uses cysteine as an acceptor to detoxify cyanide. During the detoxification 
of cyanide sulfide is released, which can be fixed by OAS-TL to reconstitute the acceptor for cyanide.
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2000). An independent analysis of recombinant 
SAT3 from Arabidopsis mitochondria however, 
reported an intermediate sensitivity for IC

50
 of 

50–70 µM cysteine (Wirtz and Hell, 2003a).
Furthermore, the degree of SAT feedback-sen-

sitivity varies considerably between plant spe-
cies and subcellular compartment. A plastid SAT 
from spinach (SAT56) showed an IC

50
 of 7.6 µM 

cysteine (Noji et al., 2001b). One organelle-
localized (SAT1) SAT from tobacco (Nicotiana 
tabacum) showed an IC

50
 value of about 50 µM 

cysteine and another organelle-localized SAT was 
not inhibited at all at cysteine concentrations up 
to 600 µM (SAT4; Wirtz and Hell, 2003a). In con-
trast, a tobacco cytosolic SAT (SAT7) was indeed 
inhibited by 50% at about 50 µM cysteine. In pea 
(Pisum sativum) the protein fraction with cytosolic 
SAT activity was not inhibited by cysteine at all, 
whereas the SAT activities in isolated chloroplasts 
and mitochondria displayed IC

50
 values of 33 and 

283 µM, respectively (Droux, 2003). A note of cau-
tion is added to these data: they were mostly deter-
mined using non-purified or recombinant enzymes 
with N-terminal fusions. Furthermore, these inhi-
bition assays were obviously performed with SAT 
proteins in the absence of OAS-TL. Whether the 
degree of feedback inhibition by cysteine changes 
with the association or dissocitation of the cysteine 
synthase complex is not known.

Allosteric regulation of cytosolic SAT as pri-
mary mechanism of flux control is difficult to 
interpret in view of a number of in vivo experi-
ments. The abiotic defense response of plants 
that is induced by heavy metals or xenobiotics in 
order to form glutathione in the cytosol results in 
an increased flux and accumulation of cysteine 
which would inhibit SAT (Rüegsegger and Bru-
nold, 1992; Farago and Brunold, 1994). Simi-
larly, fumigation of plants with H

2
S results in 

enhanced levels of cysteine and is even sufficient 
to cover the sulfur demand of the plant (De Kok 
et al., 2002). Over-expression of feedback-sensi-
tive SAT from E. coli and A. thaliana in trans-
genic plants promotes elevated cysteine levels 
(Blaszczyk et al., 1999; Harms et al., 2000; Noji 
and Saito, 2002; Wirtz and Hell, 2003a). Any 
accumulation of cysteine in a compartment with 
feedback-sensitive SAT could only be explained, 
if the subcellular cysteine pools were separated, 
but the distribution of cysteine within cells is evi-
dently not known to date.

B. Application of Transgenic Plants

Transcriptional regulation of the sulfate assimila-
tion pathway is most pronounced at the level of 
sulfate transporter gene expression (Maruyama-
Nakashita et al., 2003; Maruyama-Nakashita 
et al., 2004; Maruyama-Nakashita et al., 2006). 
Deficiency of sulfate rapidly induces the expres-
sion of genes encoding sulfate transporter proteins 
of the plasmalemma. The genes encoding activa-
tion and reduction steps are expressed in most 
cells at a basal level, but can also be modulated by 
sulfate supply and demand. However, the mRNA 
changes are smaller and often even less effected 
at the protein and activity levels is observed when 
they are compared to sulfate transport (Logan et 
al., 1996; Takahashi et al., 1997; Bork and Hell, 
2000; Koprivova et al., 2000). As stated above, 
the response of genes related to cysteine synthe-
sis to sulfate limitation and their corresponding 
enzyme activity changes are rather small (Hell 
et al., 1994; Hesse et al., 1999). Thus, at least with 
respect to sulfate supply, the classical parameter 
for sulfur research, the importance of transcrip-
tional control seems to decrease from expression 
of sulfate transporter genes to cysteine synthesis 
(Hell, 2003). It should be cautioned that other 
environmental factors such as light and nitrogen 
nutrition or stress may act differently on the tran-
scription of these genes.

This observation nevertheless suggests that 
cysteine synthesis is a flux control point for primary 
sulfur metabolism. If cysteine synthesis is enhanced, 
a feedback to sulfate uptake and activation would 
be expected that provides sufficient sulfide and 
OAS for cysteine synthesis. Understanding of 
regulation of cysteine synthesis itself is therefore 
the potential key to the control of assimilatory 
sulfur metabolism in general.

Modification of the activities of SAT and OAS-
TL in the cytosol, plastid and mitochondria are 
one way to test the regulatory function of cysteine 
synthesis. Mutants with decreased activities of 
one of the protein isoforms due to insertional 
inactivation have not been reported so far. Over-
expression approaches in Arabidopsis, tobacco 
and potato using both proteins basically confirm 
the limiting role of SAT (Sirko et al., 2004). The 
expectation of such an approach is an enhanced 
formation of OAS as far as the substrates serine 
and acetyl-CoA are available. Total measurable 
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SAT activity in leaf extracts of wildtype plants of 
many tested species is about 400 times lower than 
OAS-TL activity (Droux, 2003). OAS will there-
fore even in overexpressor lines accumulate only 
to a moderate extent as long as sufficient sulfide 
is available, but cysteine and glutathione will 
show increased steady-state levels. Consequently, 
the over-expression of OAS-TL in plastids or the 
cytosol had only minor effects on the contents 
of cysteine and glutathione, although remark-
able effects on stress tolerance were reported 
(Dominguez-Solis et al., 2001; Harada et al., 
2001; Noji et al., 2001a; Youssefian et al., 2001; 
Kawashima et al., 2004). In line with the above 
observations isolated chloroplasts from wildtype 
and transgenic lines with OAS-TL overexpres-
sion in this compartment, when supplied with 
external OAS, showed enhanced cysteine and 
glutathione formation (Saito et al., 1994). How-
ever, assuming strongly increased consumption 
of cysteine and particularly glutathione under 
the stress conditions applied in these reports, the 
improved tolerance of transgenic lines suggests 
a successfully increased flux rate in vivo, even 
so OAS-TL was already present in the wildtype 
plants at high activity.

According to the expectation, expression 
of either bacterial or plant SAT in the cytosol 
or plastids achieved significantly higher steady-
state concentrations of cysteine and glutathione, 
depending on whether cysteine feedback-sensi-
tive or insensitive SAT proteins were applied. 
Where determined, OAS contents accumulated 
too much lower extent than thiols. Unfortunately, 
these transgenics plants were less intensively 
tested for their stress tolerance properties (Sirko 
et al., 2004; Wawrzynski et al., 2006). No reports 
have included cysteine degrading activity in SAT 
overexpressors. SAT overexpression studies 
all indicate that the substrates for OAS-TL, the 
final step of cysteine synthesis, are rate limiting 
(Blaszczyk et al., 1999; Harms et al., 2000; Noji 
and Saito, 2002; Wirtz and Hell, 2003a, 2007).

In addition to these data, an independent exper-
iment using an SAT protein that had been mutated 
and enzymatically inactivated in its catalytic 
center, provided astonishing changes in the sulfur 
composition of the transformed plants (Wirtz and 
Hell, 2007). This SAT protein from Arabidopsis 
was still able to interact with OAS-TL, includ-
ing endogenous OAS-TL, when expressed in 

the cytosol of tobacco leaves. The tobacco SAT 
was apparently at least partially out-competed by 
strongly accumulating mutated SAT, presumably 
resulting in down-regulation of cysteine synthesis 
in the cytosol and up-regulation in the chloro-
plasts and mitochondria. This conclusion by the 
authors of the study was supported by up to 25 
times enhanced cysteine steady-state levels com-
pared to wildtype, twofold increased OAS con-
centrations and a significant overall accumulation 
of total sulfur content in the transgenic lines. This 
was the largest reported enhancement of flux into 
cysteine so far that strongly suggests that the for-
mation of the CSC together with exchange mech-
anisms between cellular compartments or lack 
thereof are of great importance for the regulation 
of cysteine synthesis (Wirtz and Hell, 2007).

C. Effectors and Properties of the Cysteine 
Synthase Complex

The availability of substrates is of general impor-
tance for any rate of product formation, if the 
concentrations run below binding constants and 
Michaelis-Menten constants of the respective 
protein. In case of cysteine synthesis serine is 
unlikely to limit, but acetyl-CoA may, at least 
in some compartments or metabolic situations, 
become critical for maximal activity of SAT in 
the CSC (Wirtz and Droux, 2005). As outlined 
before, the K

M
 values of OAS-TL for OAS are 

rather high, giving rise to the assumption that 
OAS prevents free OAS-TL from maximal rates 
of cysteine formation under most circumstances. 
While substrate affinities of bacterial and at least 
Arabidopsis OAS-TL proteins for sulfide are in 
the low micromolar range (Wirtz et al., 2004), 
the true cellular sulfide concentrations are neither 
known under sufficient nor limiting sulfate sup-
ply. Since the integration of sulfide is the decisive 
step of the entire assimilatory pathway, it seems 
reasonable to assume that its availability is critical 
to maintain cysteine synthesis and thus growth. 
The product cysteine, as discussed before, may 
control the rate of its formation by feedback inhi-
bition of SAT, but depending on the compartment 
and the properties of the present SAT isoform.

These considerations suggest OAS and sulfide 
as potentially most important factors for the flux 
rate of cysteine synthesis. In fact, both metabo-
lites are not only intermediates of the pathway 
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but have additional functions: OAS seems to 
be involved in the control of sulfur-related gene 
expression and OAS as well as sulfide exert allos-
teric properties on the association of SAT and 
OAS-TL in the CSC. OAS has long been known 
to destabilize the CSC in enterobacteria and plants 
(Kredich et al., 1969; Droux et al., 1998), but only 
recently its cellular concentrations could be reli-
ably determined. Data from several authors using 
different tissues from Arabidopsis (leaf, silique, 
cell culture), soybean (cotyledon) and potato (in 
vitro shoots) revealed overall concentrations of 
0.3 to 6 µM after extraction of whole samples, 
if cells were supplied with sufficient sulfate. 
Independent of the large differences in the time 
courses monitored, the typical response to sulfate 
limitation consisted in an increase of OAS levels 
to values between 4 and 60 µM. Unfortunately, 
virtually nothing is known about subcellular dif-
ferences and possible transport of OAS between 
subcellular compartments in higher plants (Kim 
et al., 1999; Awazuhara et al., 2000; Wirtz and 
Hell, 2003a; Hopkins et al., 2005).

These changes of OAS concentrations in 
response to sulfate limitation suggest a func-
tion in signal transduction that is corroborated 
by feeding studies. Addition of OAS to barley 
roots (Smith et al., 1997), Zea mays cell cultures 
(Clarkson et al., 1999) and Arabidopsis plants 
(Koprivova et al., 2000; Kopriva et al., 2002) 
resulted in the increase of mRNA levels and 
activities of sulfate transporters, ATP sulfurylase 
and APS reduktase. External concentrations of 
1 mM OAS over-ruled the repressing effect of 
sufficient sulfate in the growth medium. It may 
be concluded from these findings that OAS is 
directly or indirectly involved in the control of 
sulfate uptake and assimilation. This role applies 
to a large number of genes and not just primary 
reactions. OAS feeding induced the expression 
of the nitrilase gene 3 that is involved in glu-
cosinolate degradation in Arabidopsis (Kutz et 
al., 2002). DNA microarray analysis comparing 
sulfate deficiency and OAS feeding in Arabidop-
sis plants revealed more than hundred up-regu-
lated mRNAs of which about 40% were identical 
between the sulfate deficiency response and the 
effect of OAS feeding (Hirai et al., 2003, Takahashi 
and Saito, this book).

Interesting evidence for the contribution of 
OAS to sulfur deficiency signalling is provided 

by identification of a promoter fragment present 
in the Arabidopsis Nit3 gene (Kutz et al., 2002) 
and the soybean β-conglycinin gene (Kim et al., 
1999; Ohkama et al., 2002). This element alone 
in combination with activation elements was 
sufficient to confer sulfate deficiency and OAS 
responsiveness to reporter genes. This strongly 
suggests that OAS is an intermediate in cysteine 
synthesis and in addition a potential element of 
signal transduction to regulate sulfur homeosta-
sis in a plant cell. However, detailed analysis of 
the promoter of sulfate transporter 1;1 (Sultr1;1) 
from Arabidopsis identified a 16 basepair ele-
ment (‘SURE’) that was alone sufficient to con-
fer sulfate deficiency response and repression by 
cysteine and glutathione, but not activation by 
OAS (Maruyama-Nakashita et al., 2005).

D. Biochemical and Allosteric Properties 
of the Cysteine Synthase Complex

The CSC is very unusual for a metabolic protein 
complex because its function in bacteria and plants 
is obviously different from substrate channeling 
of OAS (Cook and Wedding, 1978; Droux et al., 
1998). It seems now evident that the docking of the 
C-terminus of SAT to the catalytic cleft of OAS-TL 
strongly hinders access of OAS and thus results in 
diffusion of the intermediate into the surrounding 
solution (Huang et al., 2005; Francois et al., 2006, 
section III.B). This finding elegantly explains why 
OAS can dissociate the CSC (via competition with 
the C-terminus for the catalytic cleft) and why free 
OAS-TL dimers are required (to catch released 
OAS and free sulfide). The function of OAS-TL in 
the CSC was explained as regulatory subunit that 
acts by stabilisation and activation of SAT (Droux 
et al., 1998, Fig. 7).

It is indeed remarkable that SAT activity seems 
to rely on the association with OAS-TL. SAT activ-
ity has never been detected in plant or bacterial 
protein preparations without associated OAS-TL 
protein. Release of SAT from the complex in vitro 
results in rapid loss of activity (Droux et al., 1998; 
Wirtz et al., 2001) and to achieve maximal SAT 
activity for cysteine production a 400-fold excess 
of OAS-TL activity is required (Ruffet et al., 1994; 
Droux et al., 1998). This correlates well with the 
reported 354-fold and 306-fold excess of OAS-TL 
to SAT activity in chloroplasts of spinach and pea 
(Ruffet et al., 1994; Ruffet et al., 1995). However, 
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since the CSC self-assembles even in vitro from 
its constituents in the absence of OAS, it may be 
suspected that any protein extraction from living 
cells goes along with a dilution and thus strongly 
decreases OAS concentrations. This could result 
in assembly of the CSC from SAT and OAS-TL 
proteins that under native in vivo conditions might 
have been unbound.

The relevance of OAS-promoted dissociation 
is supported by precise concentration-dependent 
dissociation kinetics. While the dissociation of 
the S. typhimurium complex and a plant complex 

mixed from Arabidopsis and spinach subunits 
by millimolar concentrations of OAS had long 
been known (Kredich et al., 1969; Droux et al., 
1998), the CSC from Arabidopsis mitochondria 
was quantitatively analyzed using special protein 
interaction techniques (Berkowitz et al., 2002). 
An equilibrium dissociation constant of 57 µM 
OAS was observed as well as a dissociation rate 
constant of 77 µM OAS with a cooperative Hill-
constant. These findings suggest that the equi-
librium of CSC association/dissociation can be 
effectively shifted almost like a switch (Berkowitz 
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Fig. 7. Hypothesis for the function of the cysteine synthase complex in planta. The figure depicts the theoretical model for 
the sensor and regulatory function of the cytosolic CSC by O-acetylserine (OAS) dependant dissociation of the CSC. Under 
normal sulfur supply (left panel) sulfate (SO

4

2−) enters the cell and is reduced to sulfide (S2−) in the plastids (light grey circles). 
Sulfide leaks as H

2
S out or is actively transported across the plastid membranes (dashed arrows) into the cytoplasm. In the cyto-

plasm sulfide is used by free O-acetylserine(thiol)lyase dimers (OAS-TL, dark circles) to synthesize cysteine. The precursor of 
cysteine is OAS, which is produced by serine acetyltransferase (SAT, light grey circles). Under these conditions SAT is active, 
since it is associated with OAS-TL in the CSC. OAS releases the CSC since OAS-TL inside the complex (dashed circles) is 
inactive. At sulfur deficient conditions OAS accumulates, since sulfide is not available for conversion of OAS to cysteine by 
free OAS-TL (upper panel). Prolonged sulfur deficiency raises OAS levels above a certain threshold and causes the CSC to 
dissociate (right panel). Dissociation of the CSC results in inactivation of SAT (dented circles) to prevent consumption of acetyl-
CoA (acCoA). The high OAS level, the dissociated CSC or a combination of those is the trigger for transcriptional activation 
of sulfur metabolism related genes in the nucleus (dashed dark circle). The activation of the sulfate transporting and reducing 
system makes sulfide become available (lower panel). As a result the OAS concentration decreases, since OAS is converted to 
cysteine by OAS-TL. When the OAS level falls below the threshold for dissociation the CSC, SAT and OAS- TL reassociate to 
form the CSC. SAT is activated and synthesizes OAS with a rate adapted to the current sulfate supply (left panel).
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et al., 2002). Since fluctuations of cellular OAS 
concentrations in this range have been observed 
(see above) in response to sulfate limitation, the 
equilibrium of CSC formation could control the 
rate of cysteine synthesis due to the complex-
dependent activity of SAT.

Moreover, stabilization of the complex has 
already been reported, when 1 mM sulfide was 
added to the CSC from S. typhimurium. This 
treatment completely prevented the dissociation 
caused by OAS (Kredich et al., 1969). Again 
this effect was corroborated for a plant CSC. In 
the presence of 1 mM OAS and completely dis-
sociated recombinant CSC from Arabidopsis 
mitochondria, the addition of increasing concen-
trations of sulfide resulted in association of SAT 
and OAS-TL with about 30 µM sulfide causing 
50% decrease of OAS-TL activity due to com-
plex association (Wirtz and Hell, 2006). Although 
the quantification of sulfide stabilization needs 
refinement, these in vitro data strongly suggest a 
physiological relevance for the regulation of CSC 
association and flux control of cysteine synthesis.

E. Metabolite Sensing and Regulation 
by the Cysteine Synthase Complex

The described evidence was integrated into a 
model that positions the CSC as a sensor in 
the regulation of cellular cysteine homeostasis 
(Droux et al., 1998; Hell, 1998; Hell and Hill-
ebrand, 2001; Hell et al., 2002). The roots are the 
actual sites of nutrient perception, but decrease 
of external followed by internal availability of 
sulfate is important for growth and viability of 
all cells. Therefore, a basic cellular model might 
apply to source as well as sink cell. Sulfate defi-
ciency will first result in lack of sulfide and then 
of cysteine and glutathione until protein biosyn-
thesis stalls. Sulfide is a robust, fully reduced 
sulfur compound with little toxicity potential due 
to its very low concentrations. APS and sulfite 
seem less likely as sensing metabolites because 
of the lability of APS and high reduction poten-
tial of sulfite. In analogy to sulfate assimilation, a 
reduced nitrogen compound such as ammonia or 
glutamine has been suspected as sensing metabo-
lite (Crawford and Forde, 2002). This regula-
tory model is based on the fully associated CSC 
during sufficient sulfate supply, meaning that all 
available SAT is bound to OAS-TL but leaving 

an excess of free and active OAS-TL dimers (Fig. 7). 
SAT is active and produces OAS that diffuses into 
the solution because of blocked catalytic cleft of 
bound OAS-TL. Instead, free OAS-TL dimers 
catalyze the formation of cysteine from OAS and 
sulfide. Under this condition OAS concentrations, 
including the cytosol, are below the dissociation 
threshold for complex dissociation. Accordingly, 
sulfide may stabilize the complex to sustain OAS 
formation and sulfate transport and assimilation 
genes are partially repressed.

If sulfate limitation in the environment of the 
cell results in a limitation of sulfide, OAS con-
centrations will start to increase, because a criti-
cal substrate for cysteine synthesis in missing. 
The first consequence is OAS accumulation above 
the dissociation threshold concentration of about 
50–80 µM and dissociation of the CSC in the 
absence of sulfide. Free SAT rapidly loses activ-
ity and avoids further consumption of acetyl-CoA. 
Second, increased OAS concentrations may trig-
ger the de-repression of genes of sulfate transport, 
ATP sufurylase and APS reductase. The affinity 
and capacity for sulfate uptake at the plasmalemma 
increases and helps to import sulfate if at all avail-
able. Sulfide is produced by assimilation and can 
immediately react with OAS catalyzed by active 
OAS-TL dimers. When OAS concentrations fall 
again below the dissociation threshold, the com-
plex can re-assemble including active SAT. The 
production of OAS starts again at a rate that corre-
sponds to the sulfide status of the cell. Re-adjusted 
cysteine or glutathione concentrations may repress 
the uptake and assimilation genes. It should be 
noted that this model describes the CSC as part of 
a sensor system that regulates the flux of primary 
sulfur metabolism in a cell, whereas cysteine is 
synthesized by free OAS-TL dimers (Fig. 7).

This working model places the CSC in the signal 
transduction line of sulfate as a macronutrient. 
Very little is known so far about the upstream 
events the mediate between sulfate deficiency and 
transcriptional and growth responses (Schacht-
man and Shin, 2007). Microarray analyses have 
revealed numerous downstream events includ-
ing interaction with nitrogen assimilation (Hirai 
et al., 2003; Nikiforova et al., 2004; Nikiforova 
et al., 2005), but only recently the first transcrip-
tion factor (SLIM1) has been described that seems 
to control at least part of the genes of the typical 
sulfate deficiency response (Maruyama-Nakashita 
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et al., 2006). If the CSC model proves to be cor-
rect, this excludes by no means the possibility of 
additional sensors, e.g. for sulfate or glutathione. 
However, no sensor for any plant nutrient has been 
described so far (Schachtman and Shin, 2007).

However, a number of open questions put a 
note of caution to the model. The mechanism of 
SAT inactivation outside the complex is entirely 
unknown (section IV.C). So far no post-transla-
tional modification has been reported that might 
account for activity changes, although the phos-
phorylation of a soybean cytosolic SAT was 
shown to result in decreased feedback sensitivity 
for cysteine (Liu et al., 2006). Particularly criti-
cal is the lack of correlation between OAS fluc-
tuations, sulfate transport capacity and sulfate 
transporter kinetics (Hopkins et al., 2005). While 
OAS concentrations increase early on after trans-
fer of single cells to sulfate deficient medium and 
approximately in parallel to the expression of a 
sulfate transporter (Wirtz et al., 2004), the induc-
tion of sulfate transporter genes precedes OAS 
accumulation in long-term experiments (Buchner 
et al., 2004; Hopkins et al., 2005). The apparently 
continuous accumulation of OAS can at present 
only be explained by subcellular compartmenta-
tion that removes OAS from the CSC complexes 
in cytosol, plastids and mitochondria.

On the other hand, the cysteine synthase model 
agrees with many physiological situations of 
sulfur metabolism. Optimal sulfur nutrition via 
H

2
S would stabilize the complex to maximize 

OAS production for cysteine synthesis. This was 
indeed observed in whole plant experiments (De 
Kok et al., 2002). Long-term feeding of OAS 
potentially results in partial complex dissocia-
tion, but at the same time the induced sulfate 
assimilation genes generate more sulfide that 
stabilizes the complex, allowing for elevated 
cysteine levels (Neuenschwander et al., 1991). 
The over-expression of SAT in transgenic plants 
would produce more complex-bound SAT and 
consequently more OAS and cysteine formation 
as was observed (Blaszczyk et al., 1999; Harms 
et al., 2000; Noji and Saito, 2002; Wirtz and Hell, 
2003a). The model is compatible with allosteric 
regulation by cysteine feedback inhibition of SAT 
as well (Saito, 2000). This mechanism would act 
downstream of sulfide and OAS, while the sens-
ing mechanism serves as a trigger for upstream 
regulation.
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