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Recent research indicates that several sulfate transporters —
exhibiting different tissue specificities and modes of
expression — may play distinct roles in sulfate uptake within
specific tissues and in long-distance sulfate translocation.
The transcription levels of particular genes and feedback
inhibition of serine acetyltransferase play major roles in
regulating sulfur assimilation and cysteine synthesis.
O-acetylserine and glutathione presumably act within the
cysteine synthesis pathway as derepressor and repressor,
respectively. A unique autoregulatory mechanism that
stabilizes mRNA levels has recently been proposed for the
regulation of methionine synthesis. 
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Abbreviations
APS adenosine 5′-phosphosulfate
GSH glutathione
Km Michalis–Menten constant
OAS O-acetylserine
Sultr sulfate transporter

Introduction
Sulfur, a macronutrient that is essential for plant growth, is
found in two sulfur-containing amino acids, cysteine (Cys)
and methionine (Met). In addition, sulfur is contained in a
variety of cellular components and plays critical biochemi-
cal roles in a number of cellular processes, such as redox
cycles, detoxification of heavy metals and xenobiotics, and
metabolism of secondary products [1••,2••,3].

In the past few years, remarkable progress has been made
in understanding the mechanism and regulation of sulfate
transport, sulfate assimilation and the synthesis of sulfur-
containing amino acids.  This progress has been achieved
using molecular cloning and transgenic technology
[1••,2••,3,4]. In this review, I describe what is known about
the molecular regulation of the sulfur-assimilation system
with particular emphasis on recent progress.

Sulfate transport
Sulfur is taken up by plants in its inorganic sulfate form
(Figure 1). Sulfate transporters that are localized in the
root plasma membrane mediate uptake from external
environments (i.e. the soil or apoplasts) into the sym-
plastic system [5]. Plasma-membrane transport systems
for xylem loading in roots and unloading in leaves are

also necessary. Once inside plant cells, sulfate is trans-
ported by organelle-membrane transport systems within
the chloroplast envelopes and tonoplast membranes. In
each membrane system, transporters or channels that
mediate the movement of sulfate in both directions are
presumably needed [6]. 

The cDNA clones encoding plant plasma-membrane sulfate
transporters were first isolated from a tropical forage legume,
Stylosanthes hamata [7]. Three cDNAs were isolated from this
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Figure 1

Biosynthetic pathway for the sulfur-containing amino acids, Cys and
Met. The enzymes involved in the pathway are: (a) sulfate transporter;
(b) ATP sulfurylase; (c) APS reductase; (d) sulfite reductase;
(e) OAS(thiol)-lyase [cysteine synthase]; (f) Ser acetyltransferase;
(g) cystathione γ-synthase; (h) cystathione β-lyase; and (i) Met
synthase. O-PHS, O-phosphohomoserine. Arrow indicates induction
(derepression). Bar indicates inhibition (repression).
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legume each of which encoded a H+/sulfate symporter that
exhibited either high or low affinity for sulfate ions when
functionally expressed in yeast. The predicted secondary
structures of the sulfate transporter proteins encoded by these
cDNAs included 12 membrane-spanning domains, which are
typical of cation/solute symporters [7]. Seven cDNAs encod-
ing putative sulfate transporters have been isolated and
characterized from Arabidopsis thaliana [8–10,11•,12,13••].
Transgenic expression of three of these sulfate transporters
(Sultr) cDNAs, Sultr1;1 (AST101), Sultr2;1 (AST68) and
Sultr2;2 (AST56), was able to rescue the growth of a yeast
mutant that lacked sulfate transporters, suggesting that the
proteins encoded by these cDNAs function in the uptake of
sulfate. Like the sulfate transporters isolated from S. hamata,
these Arabidopsis transporters have variable affinity for sulfate:
Sultr1;1 exhibited a high affinity towards the sulfate ion
(Km = 3.6 µM; where Km is the Michalis–Menten constant,
i.e. the substrate concentration that allows the reaction to pro-
ceeed at one-half its maximum rate), whereas Sultr2;1 and
Sultr2;2 are low-affinity sulfate transporters (Km = 0.41 mM
and >1.2 mM, respectively) [13••].

The levels of mRNAs that encode the high-affinity sulfate
transporters from S. hamata [7], barley [14,15•], A. thaliana
[13••] and maize [16] increased in response to sulfate starva-
tion in roots. The low-affinity transporter mRNA levels were
also increased by sulfate deprivation [7,9]. The expression of
Sultr1;1 (a high-affinity transporter in A. thaliana) reached its
maximum earlier than that of Sultr2;1 (a low-affinity trans-
porter in A. thaliana), indicating that the responses of these
two transporters to sulfur deficiency are regulated different-
ly [13••]. The Sultr1;1 gene was expressed in the epidermal
and cortical cells of roots but not in above-ground tissues;
whereas the Sultr2;1 was found to be expressed in the stele
of roots and the vascular tissues of shoots and leaves [9,13••].
These results suggest that Sultr1;1 is primarily responsible
for the initial uptake of sulfate ions from the rhizosphere in
the outermost cell layers, and that its expression is sensitive
to the sulfate concentration outside and/or inside of cells.
The function of Sultr2;1 in roots is presumably to transport
apoplastic sulfate into symplasts in the stele, where sulfate
leaked from xylem vessels may accumulate. In shoot vascu-
lar bundle tissues, Sultr2;1 is probably involved in unloading
sulfate from xylem vessel into the symplastic system for
translocation to the mesophyll cells.

Besides the plasma membrane transporters that mediate
the uptake and long-distance transport of sulfate, an intra-
cellular transport system for sulfate is also thought to be
present. A system that transports sulfate into chloroplasts
is necessary because chloroplasts are the almost exclusive
sites for the reduction of sulfate into sulfide. The analysis
of the transient expression of a fusion protein made up of
Sultr4;1 (AST82) and jellyfish green fluorescent protein
revealed that Sultr4;1 is a chloroplast-localized protein
[11•]. In addition to the H+/sulfate symporter, a bacterial-
type ATP-dependent sulfate permease is also suspected
to be present in chloroplasts of higher plants. Although

the vacuole is presumed to be the major compartment for
sulfate storage within cells, little information is available
on sulfate transporters in tonoplasts [17]. Molecular infor-
mation on such intracellular sulfate-transport systems and
channels in the plasma membrane [18] is also limited.

Activation and reduction of sulfate
ATP sulfurylase activates sulfate by converting it to adeno-
sine 5′-phosphosulfate (APS) (Figure 1b). ATP-sulfurylase
activity has been detected in chloroplasts and the cytosol.
Indeed, two cDNAs encoding both a chloroplastic and a
cytosolic isoform of ATP sulfurylase have been isolated
from potato [19]. In A. thaliana, four cDNAs have been iso-
lated that all seem to encode chloroplastic forms of ATP
sulfurylase [20,21,22••]. The cytosolic isoform of ATP sul-
furylase is presumably produced from one of these four
genes by the use of a different translational start codon.

Two reports have described the over-expression of ATP
sulfurylase in plants [23•,24•]. Its over-expression in tobac-
co cells had no effect on sulfate influx and sulfate content,
although the ATP-sulfurylase activity in transgenic cells
was eight-times higher than that in the cells of wild-type
plants [23•]. In contrast, transgenic Brassica juncea that
over-expressed ATP sulfurylase accumulated more glu-
tathione (GSH) than normal and exhibited resistance to
selenate, which is a toxic analog of sulfate [24•].

The enzymatic step involved in the conversion of APS to
sulfite (Figure 1c) has been the subject of debate for a long
time. Recent data confirm that this reaction is catalyzed by
a single enzyme called APS reductase [25•]. This enzyme is
a GSH-dependent reductase [26•], which used to be called
APS sulfotransferase [27•]. In B. juncea, both ATP sulfury-
lase and APS reductase are known to be induced upon
exposure to cadmium [28]. The expression of APS reduc-
tase is also regulated by light and diurnal rhythm [29•]. In
maize, ATP-sulfurylase and APS-reductase activities take
place almost exclusively in the bundle-sheath cells [30].
Ferredoxin-dependent sulfite reductase catalyzes the six-
electron reduction of sulfite to sulfide [31,32] (Figure 1d).
Also in maize, distinct electron transfer systems using dif-
ferent isoforms of ferredoxin and ferredoxin-NADP+

reductase have been shown to operate in the leaves and
roots [33•]. It is interesting to note how the supply of elec-
trons from the photosystems or NADPH to sulfur or
nitrogen assimilation is regulated via feredoxin.

Cys synthesis
The final step in cysteine synthesis is the reaction that
incorporates a sulfide moiety into the β-position of ala-
nine [1••] (Figure 1e). The carbon skeleton is derived
from serine (Ser) via O-acetylserine (OAS) (Figure 1f).
Two enzymes, Ser acetyltransferase and OAS(thiol)-lyase
[Cys synthase], are involved in this step [1••]. Although
the reduction of sulfate into sulfide takes place almost
exclusively in chloroplasts, Ser acetyltransferase 
and OAS(thiol)-lyase are localized in three major 



compartments of plant cells, that is the cytosol, chloro-
plasts and mitochondria [34–36,37••,38]. In mitochondria,
there is an additional β-cyanoalanine synthase that
exhibits similar catalytic activity to that of OAS(thiol)-
lyase [39,40••], although cytosolic β-cyanoalanine
synthase activity is subscribed to side activity of
OAS(thiol)-lyase (Cys synthase) [41•]. Mitochondrial
β-cyanoalanine synthase was previously identified as the
mitochondrial form of OAS(thiol)-lyase [35,40••,42].

It has been shown that cytosolic Ser acetyltransferase is
feedback inhibited by Cys at a physiological concentration
(2–10 µM), but the plastidic and mitochondrial forms are
not subject to this regulation [37••]. These results suggest
that feedback inhibition is an important regulatory mecha-
nism for OAS levels in the cytosol. Because OAS is
presumably a positive regulatory factor that derepresses the
genes that encode enzymes involved in sulfur assimilation
(see below), the feedback regulation of cytosolic Ser acetyl-
transferase by Cys is especially important. The specific
residues of Ser acetyltransferase that are responsible for
feedback regulation have been identified recently [43•].

Ser acetyltransferase and OAS(thiol)-lyase [44,45] form a
bienzyme complex in the chloroplast. OAS(thiol)-lyase con-
centrations in the chloroplast are, however, far in excess of
Ser-acetyltransferase concentrations indicating that only a
fraction of OAS(thiol)-lyase associates with Ser acetyltrans-
ferase [46••]. A large amount of OAS(thiol)-lyase is therefore
present in a free form. The bound form of OAS(thiol)-lyase,
which has dramatically reduced catalytic activity, seems to
modulate the activity of Ser acetyltransferase in the enzyme
complex. The free form of OAS(thiol)-lyase is presumably
responsible for the actual catalytic function of this enzyme.
This is a special mechanism that is responsible for main-
taining Cys biosynthesis at full capacity [46••]. In
A. thaliana, the expression of cytosolic OAS(thiol)-lyase is
induced by exposure to salt and heavy-metal stress, via a
mechanism that probably involves mediation by abscisic
acid [47•]. Under these stress conditions, cytosolic
OAS(thiol)-lyase is expressed in the leaf trichomes, suggest-
ing a possible connection between this enzyme and
detoxification of heavy metals in trichomes [48].

Overexpression of OAS(thiol)-lyase or Ser acetyltrans-
ferase in transgenic tobacco conferred increased
tolerance of oxidative stress caused by sulfite [49],
paraquat (M Noji et al., personal communication) or
hydrogen peroxide [50•]. These results suggest that it
may become possible to engineer stress-resistant plants
by manipulating Cys synthesis.

Regulatory circuit for sulfate transport,
assimilation and Cys synthesis
It is well known that sulfate uptake and assimilation activ-
ities are derepressed under sulfur-deficient conditions. In
Arabidopsis, this derepression is correlated with the
inducible expression of a particular set of genes that

encode sulfate transporter isoforms, Sultr1;1 and Sultr2;1,
and APS reductase [9,13••]. As yet, we do not know which
signals are involved in the induction of these genes and
how they operate.

OAS is thought to be a positive regulator (i.e. derepressor or
inducer) of gene expression in sulfate-starved plants, as it is
in bacteria [51]. In fact, OAS has also been shown to induce
the expression of genes encoding a high-affinity sulfate
transporter in barley, thereby overriding the repressive effect
of sulfur-rich nutritional conditions [14]. Similar results have
been obtained using Arabidopsis, in which only Sultr1;1 and
Sultr2;1 of seven sulfate-transporter genes were induced by
the addition of OAS (Y Hatzfeld et al., personal communica-
tion). The expression of mRNA encoding APS-reductase
was also induced by OAS in Arabidopsis [52]. In the cotyle-
dons of Arabidopsis and soybean, cellular OAS concentration
increases under sulfur-starved conditions. The application of
OAS to immature soybean cotyledons resulted in the elevat-
ed expression of mRNA encoding a sulfur-poor seed storage
protein; this response is similar to that caused by sulfur star-
vation [53•]. In maize cells, addition of OAS resulted in
increased sulfate uptake and ATP-sulfurylase activity [54].
In contrast to the role of OAS as a positive regulator, GSH
and Cys are thought to be negative regulators (i.e. repressors)
of genes whose expression is regulated by sulfur status
[16,55]. Using ‘split-root’ experiments, it was shown that
GSH is a phloem-translocated signal molecule that represses
the expression of the genes that encode the sulfate trans-
porter Sultr2;1 and ATP sulfurylase [56,57••].

The role of OAS in regulating the entire sulfur assimilation
pathway takes us back to the its role in the control of Ser
acetyltransferase activity. Given the fact that cytosolic Ser
acetyltransferase is regulated by Cys  feedback inhibition,
this feedback inhibition may be controlled further by
cytosolic signal(s) that are induced by a change of sulfur sta-
tus. Recent investigations have clearly demonstrated that
transient increases in cytosolic Ca2+ concentration are
caused by sulfate-deprivation in Arabidopsis (K Inoue et al.,
personal communication). In addition, Ca2+ can partially
increase the activity of cytosolic Ser acetyltransferase even
in the presence of inhibitory cysteine concentrations.
These results suggest a previously unknown role for Ca2+ in
desensitizing Ser acetyltransferase to cysteine inhibition.
They suggest that cytosolic Ca2+ finely modulates the feed-
back regulation of Ser acetyltransferase and ultimately
controls cytosolic OAS levels. In soybean, Ca2+-dependent
protein kinase phosphorylates a putative cytosolic Ser
acetyltransferase, which is a feedback-inhibited isoform
[58]. The resulting phosphorylated enzyme is still active
but no longer subject to feedback inhibition by Cys. 

Taking all this information together, it is possible to form a
hypothetical model of signal transduction and the regulato-
ry circuit for sulfate transport and assimilation (Figure 2).
Under sulfur-sufficient conditions, steady-state levels of Cys
inhibit the activity of Ser acetyltransferase; thus, the OAS
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levels are kept low, resulting in the repression of the expres-
sion of the genes that encode sulfate transporters and APS
reducatse. External or internal stimuli such as sulfate defi-
ciency or decreasing GSH levels trigger Ca2+ mobilization
into the cytosol. Ca2+ partially desensitizes cytosolic Ser
acetyltransferase to Cys inhibition, and Ca2+-dependent
protein kinase phosphorylates this isoform; both of these
changes result in increased Ser-acetyltransferase activity and
subsequently OAS production. The elevated OAS concen-
tration activates the expression of the repressed genes that
encode proteins involved in sulfate transport and assmila-
tion. This hypothetical mechanism explains the fine
modulation of sulfate transport and assimilation that ensures
that Cys levels remain constant even prior to a decrease in
Cys level caused by sulfate starvation. The molecules that
are known to be involved in early signal perception and
transduction have been isolated from the unicellualar green
algae Chlamydomonas reinhardtii by mutant analysis [59,60•];
these molecules might also be involved in sulfate sensing in
higher plants.

Met synthesis
As shown in Figure 1, Met is synthesized in three steps from
Cys and O-phosphohomoserine (which is derived from
aspartic acid) [61,62•]. Cystathione γ-synthase catalyzes the
first step (Figure 1g) that involves the β-replacement of the
phosphate group of O-phosphohomoserine with Cys to form
cystathione. The second enzyme in the pathway is cys-
tathione β-lyase (Figure 1h), which catalyzes the cleavage of
a β-C-S bond to produce homocysteine. The final step
(Figure 1i) is catalyzed by Met synthase, which transfers the
methyl group from methyltetrahydrofolate to homocysteine.
This reaction is important not only in de novo Met synthesis
but also in the recycling of S-adenosylmethionine, which is

a key compound serving as a methyl donor in a variety of
methy-transfer reactions.

Plastids contain all of the enzymes involved in the conver-
sion of aspartate to homocysteine. Nevertheless, the steps
from homocysteine to Met and the recycling of S-adenosyl-
methionine are localized in the cytosol. Cystathione
γ-synthase has been shown to be localized in the plastids of
spinach leaves [63] and A. thaliana [64•]. The predicted cys-
tathione γ-synthase structures deduced from its cDNAs
from A. thaliana [65] and potato [66•] also suggest that this
enzyme is localized in the plastids. In spinach, there are two
distinct forms of cystathione β-lyase, one localized in the
plastids and one in the cytosol [67]. The cytosolic isoform
catalyzes the β-cleavage of cystine more efficiently than that
of cystathione, indicating that the proper substrate for the
cytosolic cystathione β-lyase is cystine rather than cys-
tathione [68••]. In contrast, the plastidic isoform efficiently
catalyzes the β-cleavage of cystathione. These findings were
confirmed in A. thaliana [69] and Echinochloa colonum [70], in
which cystathione β-lyase is only detected in the plastids. A
cDNA encoding cystathione β-lyase was cloned from
A. thaliana [69]. The predicted polypeptide encoded by this
cDNA contained a putative plastid-transit peptide. The
plant Met synthase is localized in the cytosol, and its cDNAs
have been cloned from several plant species [68••,71,72].

Multiple regulatory mechanisms control the synthesis of
amino acids from the aspartate family (i.e. Met, lysine and
threonine). The control of cystathione γ-synthase activity
primarily regulates the Met-biosynthetic enzymes. The
cellular activity of cystathione γ-synthase is regulated nega-
tively by the presence of Met, and positively by lysine and
threonine [62•]. A recent analysis of a Met over-producing
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Figure 2
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A. thaliana mutant revealed that the stability of the mRNA
that encodes cystathione γ-synthase is negatively auto-reg-
ulated by an amino-acid stretch in its own translational
product (i.e. cystathione γ-synthase) that takes place when
Met or its metabolites are present [73••]. This amino-acid
stretch is highly conserved amongst several cystathione γ-
synthases from different species, and hence, this unique
regulatory mechanism is likely to be functionally conserved
in plant cells. The antisense suppression of the cystathione
γ-synthase encoding gene resulted in severe growth reduc-
tion, which is restored by the exogenous addition of Met
[68••,74]. This finding suggests an essential role for cys-
tathione γ-synthase in controlling plant growth.

Conclusions
Although events in the sulfur assimilation pathway in plants
have been confirmed only in the past few years, progress in
understanding the mechanism and molecular regulation of
this pathway has been remarkably rapid. Nevertheless, the
available information on sulfur allocation [30,75•] and signal
transduction is still limited. We can expect that further mol-
ecular analysis of sulfur transport and assimilation will
provide significant insights into the pathways involved in
the biosynthesis of sulfur-containing amino acids and will
ultimatley lead to the molecular engineering of these path-
ways. The biosynthesis pathways for sulfur-containing
amino acids are of particular interest because of a variety of
cellular functions (e.g. redox cycling, detoxification etc.) are
ascribed to sulfur-containing compounds.

Note added in proof
Detailed functional characterisation and tissue localization
of three distinct sulfate transporters from A. thaliana has
recently been provided [13••]. A fourth ATP sulfurylase
has been isolated from A. thaliana [22••]. Evidence is pro-
vided for the identity of β-cyanoalanine synthase with a
mitochondrial OAS(thiol)-lyase (cysteine synthase) in
spinach and A. thaliana [40••].
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