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Abstract Pathways regulating threonine, methionine and
isoleucine metabolism are very efficiently interconnected
in plants. As both threonine and methionine serve as sub-
strates for isoleucine synthesis, their synthesis and catab-
olism under different developmental and environmental
conditions also influence isoleucine availability. Together,
methionine gamma-lyase and threonine deaminase main-
tain the isoleucine equilibrium in plants under varied sub-
strate availabilities. Isoleucine and the two other branched-
chain amino acids (BCAAs) (leucine and valine) share four
common enzymes in their biosynthesis pathways and thus
are coordinately regulated. Induction of free amino acids as
osmolytes in response to abiotic stress is thought to play a
role in plant stress tolerance. In particular, the accumula-
tion of BCAAs is induced many-fold during osmotic stress.
However, unlike in the case of proline, not much research
has been focused on understanding the function of the
response involving BCAAs. This review describes path-
ways influencing branched-chain amino acid metabolism
and what is known about the biological significance of their
accumulation under abiotic stress. A bioinformatics
approach to understanding the transcriptional regulation of
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the genes involved in amino acid metabolism under abiotic
stress is also presented.
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Introduction

Unlike plants, animals cannot synthesize all amino acids of
primary metabolism by themselves and must obtain the so-
called essential amino acids in their diets. For instance, in
many monocot grain crops, quantities of two essential
amino acids, threonine and methionine, are less abundant
than required for human diets and so have to be supple-
mented from other sources such as legumes, meat, or fish.
Poultry, swine, and other non-ruminant domestic animals
have specific requirements for each of the essential amino
acids, which are often fulfilled by supplementing grains
with commercially synthesized amino acids. Such enriched
diets, e.g., maize and soybean meal-based diets supple-
mented with lysine for mammals or methionine for
birds, also reduce animal nitrogen excretion by provid-
ing an improved balance of the essential amino acids
(Newell-McGloughlin 2008).

Targeted manipulation of biosynthetic pathways, plant
breeding, and mutant selection (Mertz et al. 1964; Munck
et al. 1970; Singh and Axtell 1973; Galili 1995; Imsande
2001) have been used to enhance the levels of either free
amino acids or storage proteins, with variable success rates.
Unfortunately, because several essential amino acids are
synthesized via common substrates and competing
enzymes, metabolic engineering attempts to enhance one
or more amino acids directly affect metabolism of non-
targeted amino acids. Due to the fact that branched-chain
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amino acids (BCAAs) are essential in human nutrition and
agriculture (Singh 1999; Binder et al. 2007), plant-based
biosynthesis of isoleucine, leucine, and valine has been the
subject of extensive research. Among the three BCAAs,
isoleucine belongs to aspartate-derived pathway, whereas
valine and leucine are derived from pyruvate. Pathways
involving BCAAs in plants are well-investigated because
they provide precursors for a number of plant secondary
metabolites (Lea and Ireland 1999) and some of the path-
way enzymes are herbicide targets (Wittenbach and Abell
1999). For instance, several classes of commercially suc-
cessful herbicides inhibit the enzyme acetolactate synthase,
which is required for the biosynthesis of all three BCAAs
(Saari et al. 1994; Singh and Shaner 1995). Recently, yet
another important aspect of BCAA metabolism was
explored when Prell et al. (2009) confirmed that the supply
of BCAAs by the plant is essential for the development of
bacteroids and ultimately for symbiotic nitrogen fixation in
peas, and possibly legumes generally.

In this review, we discuss the pathways involved in the
synthesis of BCAAs derived from threonine and methio-
nine, as well as the significance of their accumulation under
abiotic stress. We also propose a bioinformatic analysis
scheme based on publicly available microarray data from
experiments conducted with Arabidopsis thaliana (Arabid-
opsis) to elucidate the transcriptional regulation of meta-
bolic genes involved in the abiotic stress-induced amino acid
biosynthesis.

Threonine and methionine synthesis and catabolism
maintain isoleucine homeostasis in plants

Isoleucine is synthesized from threonine and methionine,
which are derived from aspartate via enzymes localized to
the plastids. The aspartate-derived amino acid pathway is
active during seed development (Galili 1995), and the
timing of expression of the threonine biosynthesis genes
occurs relatively late during seed development, similar to
the timing of storage protein gene expression (Karchi et al.
1993). This allows molecular manipulation of various
biosynthetic enzymes to enhance accumulation of precur-
sors such as threonine and/or methionine, and effectively
all of the BCAAs. Homoserine kinase (EC 2.7.1.39), which
catalyzes the formation of O-phosphohomoserine from
homoserine, leads to the formation of either threonine or
methionine. Experiments with pea and radish suggest that
this enzyme activity is subject to regulation by isoleucine
and valine (Thoen et al. 1978; Baum et al. 1983). However,
other research with cloned Arabidopsis homoserine kinase
did not show such allosteric regulation (Lee and Leustek
1999). Biosynthesis of threonine or methionine in plants is
determined by competitive affinities of threonine synthase
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(EC 4.2.3.1) and cystathionine y-synthase (EC 2.5.1.48) for
a common pool of O-phosphohomoserine. Under condi-
tions of excess methionine, threonine synthase activity is
up-regulated by methionine-derived S-adenosylmethionine
to help reestablish threonine and methionine equilibrium.
Compared to that of cystathionine y-synthase, the Km of
threonine synthase for O-phosphohomoserine drops by
250-500-fold in the presence of S-adenosylmethionine,
favoring carbon flow into threonine biosynthesis (Curien
et al. 1996; Laber et al. 1996, 1999; Amir et al. 2002). This
allosteric regulation mechanism has been confirmed in
vitro by independent studies using the crystal structure and
enzyme activities of threonine synthase, with and without
S-adenosylmethionine (Thomazeau et al. 2001; Curien
et al. 2003; Mas-Droux et al. 2006). These studies allowed
transgenic approaches for manipulation of threonine syn-
thase activity to enhance methionine levels in plants. Both
Arabidopsis threonine synthase point mutations (Bartlem
et al. 2000) and antisense constructs in potatoes (Zeh et al.
2001) reduce threonine synthase activity and elevate
methionine accumulation.

Mathematical modeling of the aspartate-derived amino
acid pathway suggests that threonine concentrations are
quite sensitive to perturbation (Curien et al. 2009).
Therefore, regulated threonine catabolism may play a
central role in the aspartate-derived amino acid pathway.
Unlike threonine synthesis, threonine catabolism in plants
is initiated by two competing pathways (Fig. 1), one
through threonine deaminase/dehydratase (EC 4.3.1.19)
and other through threonine aldolase (EC 4.1.2.5). Threo-
nine deaminase, which is localized to the plastids, produces
2-oxobutanoate, an intermediate required for isoleucine
synthesis. However, threonine aldolase converts threonine
to glycine and acetaldehyde. As neither of the two
Arabidopsis threonine aldolases has a predicted plastid-
targeting signal peptide, this reaction likely occurs outside
of the plastids. Mutations in one of the two Arabidopsis
threonine aldolases greatly increase seed threonine (Jander
et al. 2004) and cysteine (Lu et al. 2008; Ajjawi et al. 2009)
content, whereas knockout mutations in the other are lethal
(Joshi et al. 2006). Rescue of this lethal effect by over-
expression of feedback-insensitive threonine deaminase is
accompanied by excess isoleucine accumulation, suggest-
ing competing activities of these two enzymes. Although
most of the glycine required by plants is produced during
photorespiration or as a branch off the glycolysis pathway,
survival of an Arabidopsis double mutant lacking both
threonine aldolases (Joshi et al. 2006) likely underestimates
the metabolic need of threonine-derived glycine. The
reduced glycine content in the seedlings of a threonine
aldolase mutant and the observation that less glycine is
available for cell metabolism under high photorespiratory
rates (Bourguignon et al. 1998) suggest differential
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Fig. 1 Biosynthesis of
isoleucine in plants.
2-Ketobutyrate, a precursor of
isoleucine biosynthesis, can be
produced from either threonine
or methionine. Threonine
deaminase competes with
threonine aldolase for a
common substrate

Methanethiol

Methionine
gamma-lyase

2-ketobutyrate

tissue-specific and developmental needs for threonine-
derived glycine in plants. Tissue-specific expression pat-
terns of threonine aldolases in Arabidopsis (Joshi et al.
2006) suggest a broader role for these enzymes in main-
taining glycine equilibrium or detoxifying excess threo-
nine. Another as yet untested hypothesis is that threonine
aldolases could be critical for degrading excess, possibly
toxic amounts of threonine, for instance under the condi-
tions where elevated isoleucine feedback inhibits threonine
deaminase.

Threonine deaminase in plants is feedback-inhibited by
all three BCAAs. Repeat structures in the threonine
deaminase enzyme provide separate binding sites for each
BCAA (Wessel et al. 2000). Although inhibition of thre-
onine deaminase is herbicidal, deleterious effects can be
counteracted by supplementation with 2-ketobutyrate or
isoleucine (Szamosi et al. 1994; Mourad and King 1995).
Garcia and Mourad (2004) isolated Arabidopsis feedback-
insensitive threonine deaminase mutants by ethylme-
thanesulfonate and site-directed mutagenesis. These
mutants accumulated high free isoleucine in the whole
plant. However, increased accumulation of isoleucine in
the seeds was only observed when threonine aldolase
mutant plants were complemented by a feedback-insensi-
tive threonine deaminase mutant allele (Joshi et al. 2006),
suggesting that the seed-specific threonine deaminase
activity is dependent on substrate availability.

Methionine metabolism in plants is discussed in more
detail in another review in this issue (Amir 2010). How-
ever, it is particularly relevant to mention methionine
catabolism here due to its involvement in isoleucine
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synthesis. S-Adenosylmethionine synthase (EC 2.5.1.6)
directs about 80% of the metabolic flux of methionine to
S-adenosylmethionine, which is used to methylate nucleic
acids, proteins, lipids, and numerous other plant metabo-
lites. Like other enzymes involved in methionine catabo-
lism, methionine y-lyase (EC 4.4.1.11) is also not localized
to plastids and produces 2-ketobutyrate, methanethiol, and
ammonia from methionine in cytoplasm (Fig. 1). This
enzyme has been studied extensively in microbes and
protozoa (Inoue et al. 1995; Faleev et al. 1996; Hori et al.
1996; Dias and Weimer 1998; McKie et al. 1998; Tokoro
et al. 2003; Manukhov et al. 2005). Independent knockout
mutations in Arabidopsis methionine y-lyase increase S-
methylmethionine and methionine accumulation in leaves
under sulfate-limiting growth conditions (Goyer et al.
2007), as well as free methionine in flowers and seeds
under normal growth conditions (Joshi and Jander 2009).
Methanethiol produced by methionine y-lyase is emitted in
plants in response to the excess sulfur or methionine
accumulation (Schmidt et al. 1985; Boerjan et al. 1994;
Saini et al. 1995) and is also incorporated into cysteine
(Rebeille et al. 2006; Goyer et al. 2007).

Metabolic profiling experiments carried out using Ara-
bidopsis cells supplemented with labeled ['*C]methionine
identified labeled S-adenosylmethionine, S-methylmethio-
nine, and isoleucine (Rebeille et al. 2006), suggesting an
alternate route of threonine-independent isoleucine syn-
thesis (Fig. 1). Methionine y-lyase activity was verified in
vivo in wild-type Arabidopsis flowers and siliques when
labeled isoleucine was recovered from cut stems of plants
fed with labeled methionine (Joshi and Jander 2009).
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Spraying with formasulfuran dramatically increases plant
methionine content (Trenkamp et al. 2009) and spraying
with sulfonylurea abolishes isoleucine biosynthesis (Reb-
eille et al. 2006). Inhibition of the same enzyme, aceto-
lactate synthase, by both of these herbicides suggests a
direct role for methionine in isoleucine biosynthesis.
Additional indirect evidence that supports threonine-inde-
pendent isoleucine synthesis comes from research showing
increased isoleucine synthesis under the conditions that
enhance methionine accumulation. For example, increased
isoleucine accumulation is observed in potatoes expressing
antisense threonine synthase (Zeh et al. 2001), potatoes
over-expressing cystathionine y-synthase (Dancs et al.
2008), and tobacco expressing methionine-insensitive
cystathionine y-synthase genes from Arabidopsis (Hacham
et al. 2008).

Transcription of methionine y-lyase in plants is strongly
regulated by exogenous methionine (Rebeille et al. 2006),
low sulfate (Goyer et al. 2007), osmotic stress (Less and
Galili 2008; Joshi and Jander 2009), and availability of
threonine and/or isoleucine (Joshi and Jander 2009). Cor-
nah et al. (2004) found almost 50-fold induction in
methionine y-lyase, along with 8-fold induction in threo-
nine aldolase expression, in Arabidopsis seedlings defec-
tive in isocitrate lyase, an enzyme that is otherwise
required in the glyoxylate cycle. It is possible that the
increased need of glycine in the absence of glyoxylate
synthesis is fulfilled by induction of threonine aldolase,
leaving less substrate for threonine-dependent isoleucine
synthesis via threonine deaminase. Increased methionine
y-lyase transcription thus can fulfill the isoleucine needs
caused by limited threonine deaminase activity. Such
complementary functional roles of these two Arabidopsis
enzymes are confirmed by two observations (a) that

feedback-insensitive mutations in threonine deaminase
down-regulate methionine y-lyase transcription and (b) that
the isoleucine deficit in a threonine deaminase knock-down
mutant is rescued by methionine y-lyase overproduction
(Joshi and Jander 2009).

Biosynthesis of BCAAs in plants

Several detailed reviews that focus on BCAA metabolism
in plants have been published recently (Singh and Shaner
1995; Singh 1999; Binder et al. 2007; Jander and Joshi
2009). Biosynthesis of BCAAs occurs exclusively in
plastids (Schulze-Siebert et al. 1984) and many of the
genes involved in their metabolism are found to carry
plastid-targeting signal peptides. However, the catabolism
of BCAA, which requires f-oxidation, might occur in
mitochondria, peroxisomes, or both (Graham and East-
mond 2002). One unique feature of the BCAA metabolism
is that the four biosynthetic enzymes are common to all
three amino acids, even though the substrates are different
(Fig. 2). Coordinated regulation of BCAAs in plants has
been shown by identification of pathway quantitative trait
loci (QTL) in pericarp metabolites using a set of tomato
introgression lines (Schauer and Fernie 2006), in an
ethylmethanesulfonate-induced Arabidopsis mutant screen
for increased seed amino acids (Jander et al. 2004), and in
Arabidopsis crosses segregating for a mutation in BCAA
catabolism (Gu et al. 2009).

The first step in all BCAA syntheses is catalyzed by
acetohydroxyacid synthase/acetaolactate synthase (EC
4.1.3.18) (Chipman et al. 1998; Duggleby and Pang
2000). This enzyme catalyzes condensation of two pyru-
vate molecules to acetolactate, as well as the synthesis of

Fig. 2 Branched-chain amino 2-oxobutanoate pyruvate
acid synthesis in plants.
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2-acetohydroxybutyrate from pyruvate and 2-ketobutyrate
(Singh and Shaner 1995). Acetolactate synthase activity is
feedback-inhibited by leucine and valine (Singh et al.
1988; Durner and Boger 1990; Southan and Copeland
1996; Lee and Duggleby 2001), as well as with greater
efficiency by synergistic combinations of BCAAs (Durner
and Boger 1988). Such synergism in enzyme inhibition is
not observed in the corresponding bacterial and yeast
enzymes. Acetolactate synthase consists of large catalytic
subunits and small regulatory subunits (Tan et al. 2005).
Five commonly occurring mutations that render tolerance
to acetolactate synthase-inhibiting herbicides have been
found in the large subunit (Tranel and Wright 2002;
Jander et al. 2003; Tan et al. 2005). More than 100 weed
species have been observed to show resistance to aceto-
lactate synthase inhibitors due to one or more of these
mutations (Heap 2009). The herbicides inhibiting aceto-
lactate synthase have no resemblance to the natural sub-
strates and are not competitive inhibitors, suggesting that
they bind at a site that is distinct from the enzyme’s
active site (Chang and Duggleby 1998), either at the entry
site for the substrate or the substrate access channel (Ott
et al. 1996; Pang et al. 2003). Resistance mutations
reduce binding to the acetolactate synthase enzyme core
by some or all inhibitor classes without affecting enzyme
activity (Tranel and Wright 2002). The known herbicide
target sites in acetolactate synthase are also distinct from
those that provide feedback inhibition by BCAAs, and
mutant enzymes that are no longer subject to feedback
regulation are nevertheless sensitive to herbicides (Wu
et al. 1994).

Ketol-acid reductoisomerase (EC 1.1.1.86) and dihy-
droxy-acid dehydratase (EC 4.2.1.9), which catalyze the
next two steps in the shared BCAA biosynthesis pathway
(Fig. 2), remain largely uncharacterized in plants (Binder
et al. 2007). Although Arabidopsis candidate genes have
been identified based on sequence similarities to micro-
bial enzymes, their enzymatic activities and regulatory
mechanisms have not been verified. However, spinach
(Dumas et al. 1992) and rice (Leung and Guddat 2009)
ketol-acid reductoisomerase enzymes have been crystal-
lized and offer potential targets for designing herbicide
resistance.

The final transamination step in the synthesis of BCAAs,
as well as the first step in the degradative pathways, is
catalyzed by BCAA transferases (EC 2.6.1.42) (Binder
et al. 2007). A small gene family of six transcribed mem-
bers in Arabidopsis has been identified by complementa-
tion of yeast knockout mutations (Diebold et al. 2002).
These are targeted to different sub-cellular locations in the
plant, one in the mitochondria, two in the cytosol, and three
in the plastids (Diebold et al. 2002). Based on its chloro-
plast localization, BCAT2 was predicted to be involved in

biosynthesis rather than in degradation (Schuster and
Binder 2005). This was confirmed recently through drought
stress effects on amino acid accumulation in an abscisic
acid (ABA)-defective Arabidopsis mutant: Urano et al.
(2009) reported that the dehydration-inducible accumula-
tion of BCAAs was correlated with induced expression of
BCAT2 gene, which is regulated by endogenous ABA.
Nicotiana benthamiana BCAT enzyme has been shown to
be involved in the regulation of endogenous hormones by
its effect on KNOTTED-like homeobox (KNOX) genes
(Gao et al. 2009).

As Binder et al. (2007) have published a thorough
review describing various enzymatic steps involved in the
catabolism of individual BCAAs in plants, we have opted
to leave out the details of this biochemical pathway. Even
though much progress has been made in understanding
these catabolic routes, the importance of BCAA degra-
dation in plants is still unclear. Excessive accumulation of
branched-chain a-keto acids is known to be cytotoxic and
can induce apoptosis in mammals (Chuang and Shih
1995; Eden and Benvenisty 1998), but no such observa-
tions have been reported in plants. Many-fold higher
accumulation of BCAAs during transient osmotic stress
followed by rapid depletion during the recovery process
clearly implies tight regulation of the BCAA catabolism
by environmental perturbation. Additionally, the break-
down products of BCAAs, which include acetyl-CoA,
propionyl-CoA, and acetoacetate, are potential energy
sources for plants. It has been suggested that, to avoid
excessive accumulation, BCAAs promote their own deg-
radation during seed germination, senescence, or under
sugar starvation, and thereby provide alternative carbon
sources for plants during stress conditions (Taylor et al.
2004). Recently, it was demonstrated that branched-chain
and aromatic amino acid catabolism leads to the synthesis
of unique aroma volatiles in melon, Cucumis melo
(Gonda et al. 2010).

Unlike synthesis, degradation of BCAAs has been sug-
gested to occur outside plastids, either in mitochondria
(Anderson et al. 1998) or peroxisomes (Gerbling and
Gerhardt 1989). This also explains the need of differential
sub-cellular localization of BCAA aminotransferases and,
in particular, the Arabidopsis mitochondrial BCAA ami-
notransferase has been suggested to initiate degradation
and perform a central regulatory role in the BCAA turn-
over (Diebold et al. 2002; Schuster and Binder 2005).
Knockout of Arabidopsis isovaleryl-CoA dehydrogenase
(At3g45300; E.C. 1.3.99.10), the third enzyme in the leu-
cine catabolic pathway, dramatically increases the accu-
mulation of all three BCAAs in seeds and, by as yet
unknown regulatory mechanisms, also increases accumu-
lation of homomethionine and several other amino acids
(Gu et al. 2009).
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Significance of BCAA accumulation under abiotic
stresses

The elevated accumulation of metabolites in response to
abiotic stress is an important aspect of plant amino acid
metabolism. Plants are subjected to various abiotic stresses,
e.g., drought, flooding, heat, and salt, throughout their
lives. Osmotic stress, in particular due to drought, salinity
and flooding, is considered the most serious problem that
limits agricultural crop productivity (Ceccarelli and Gran-
do 1996). As a general response to such stress, all plants,
even halophytes, accumulate amino acids, betaines, sugars,
organic acids, and other osmolytes in the cytoplasm (Del-
auney and Verma 1993; Parida and Das 2005). Although
this accumulation of osmolytes is ubiquitous in nature,
their concentration is dependent on the particular micro-
environment, cell or tissue types, developmental status, and
the nature and longevity of the particular abiotic stress. A
detailed review describing function and regulation of
osmolytes in different biological systems has been pub-
lished recently by Burg and Ferraris (2008).

Amino acid metabolism may play an important role in
plant stress tolerance through the accumulation of com-
patible osmolytes (Campalans et al. 1999), by intracellular
pH regulation, and by detoxification of reactive oxygen
species, xenobiotics, and heavy metals (Nuccio et al. 1999;
Alia et al. 2001). During drought stress, protein residues
may be altered by chemical processes and some proteins
are degraded by proteases after being irreversibly damaged
by the effects of drought stress. In many plant species, most
amino acids have been observed to show a characteristic
linear increase with the induction of drought stress, fol-
lowed by a reduction in concentration upon rehydration
(Delauney and Verma 1993; Rhodes and Hanson 1993;
Good and Zaplachinski 1994). In addition to de novo
synthesis, these elevated amino acid pools could result
from reduced protein synthesis (Good and Zaplachinski
1994) or general protein breakdown during drought stress.
It has been suggested that proteases mobilize amino acids
from proteins for the synthesis of compatible osmolytes
(Campalans et al. 1999). Less and Galili (2008) studied the
expression of all annotated Arabidopsis proteases in
response to drought and other abiotic stress, and concluded
that increased protease production cannot account for the
observed increase in free amino acid accumulation. Nev-
ertheless, one cannot rule out the possibility of up-regu-
lated protein targeting to already existing protease
complexes, e.g., by the activity of E3 ubiquitin ligases, in
response to osmotic stress.

ABA plays an essential role in plant reactions to osmotic
stress, influencing stomatal closure, salt sequestration,
growth modifications, production of osmolytes, and other
responses. Reduced BCAA accumulation in an ABA-
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defective Arabidopsis mutant (aba2) and failure to enhance
BCAA accumulation by exogenous ABA treatment
(Nambara et al. 1998) suggested a role for endogenous
ABA in this response. Urano et al. (2009) showed that
dehydration stress induces endogenous ABA accumulation,
which could regulate global metabolic networks and
change the levels of amino acids. Among amino acids that
are induced by drought stress, proline has been studied the
most extensively (Stewart and Hanson 1980; Delauney and
Verma 1993; Rhodes et al. 1994). The accumulation of
proline has been observed not only in plants but also in
eubacteria, marine invertebrates, protozoa, and algae
(McCue and Hanson 1990; Delauney and Verma 1993). A
review of plant proline metabolism is included in this issue
(Lehmann et al. 2010), and hence a more detailed review of
proline accumulation under stress is excluded here. Nev-
ertheless, the inability to enhance drought tolerance with
proline overproduction, as well as associated toxic effects,
has made the practical application of proline as an osmo-
protective metabolite in plants difficult to achieve (Hare
and Cress 1997; Nanjo et al. 1999; Hellmann et al. 2000;
Srikrishnan et al. 2002; Nanjo et al. 2003; Deuschle et al.
2004).

Although proline has been studied most frequently, it is
certainly not the only plant amino acid that is overproduced
in response to osmotic stress. For instance, proline con-
tributed only 10% of the total free amino acids induced as a
response to drought and plant age in flatpea (Lathyrus
sylvestris L.), less than the valine, isoleucine, leucine,
phenylalanine, and methionine increases (Shen et al. 1989).
The relative increase of isoleucine (90-fold) and leucine
(150-fold) in drought-stressed Arabidopsis foliage is
greater than the 80-fold foliar proline increase (Nambara
et al. 1998). Similar results were observed in Arabidopsis
leaves under our growth conditions (Fig. 3a). BCAAs in
drought-stressed Arabidopsis flowers and siliques also
show high fold-increases (Fig. 3b, c). The absolute abun-
dance of free BCAAs in these two tissues under drought
stress is about half that of proline. The observed amino acid
increases are not limited to Arabidopsis; the fold-change
increases in BCAAs of drought-stressed tomato leaves are
also higher than that of proline (Fig. 3d). Expression of
BCAA aminotransferase, which functions in the last step of
the biosynthesis of BCAAs, is induced in response to
dehydration stress (Urano et al. 2009). Increases in valine
and leucine concentrations upon drought stress could also
result from the corresponding increase in the substrate
quantities, as was observed in case of pyruvate, which was
doubled after 4 days of drought stress (Good and Zapla-
chinski 1994).

It has been proposed that accumulation of free BCAAs
may serve as a substrate for the synthesis of stress-induced
proteins and that BCAAs may act as signaling molecules to
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regulate gene expression (Nambara et al. 1998). Applica-
tion of BCAAs alters gene expression patterns in plants
(De Veylder et al. 1997), yeast (Didion et al. 1996) and
other biological systems (Yoshizawa 2004). A set of genes
encoding proteins that are rich in BCAAs is induced in
response to low temperature or osmotic stress in barley,
wheat, and strawberry (Behl et al. 1991; Goddard et al.
1993). Because of their unsubstituted aliphatic side chains
with branched alkyl groups, the BCAAs are the most
hydrophobic among the standard 20 protein amino acids.
BCAAs are often located in the core of the proteins and
play a crucial role in determining the structures of globular
proteins and interaction of the transmembrane domains of
membrane proteins with phospholipid bilayers.

Threonine deaminase and methionine y-lyase maintain
the isoleucine needs of plants under stress

Threonine deaminase and methionine y-lyase transcription,
as well as isoleucine accumulation, are induced in response
to osmotic stress (Nambara et al. 1998; Less and Galili 2008;
Jander and Joshi 2009; Joshi and Jander 2009). Overlapping
but dissimilar expression patterns of Arabidopsis methionine
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y-lyase and threonine deaminase in the reproductive tissue
(Rebeille et al. 2006) and during vegetative growth
(Joshi and Jander 2009) (Supplemental Fig. 2), respectively,
suggest different functions in fulfilling isoleucine needs
during the course of plant development and in response to
stress.

Although reduced threonine deaminase causes severe
growth defects in Nicotiana species (Colau et al. 1987,
Kang et al. 2006) and Arabidopsis (Joshi and Jander 2009),
no such defects are observed in the absence of methionine
y-lyase (Goyer et al. 2007; Joshi and Jander 2009). This
suggests that threonine deaminase plays a predominant role
in isoleucine synthesis. However, under drought conditions
and in reproductive tissue, methionine y-lyase might play
significant role as an alternate route to fulfill increased
demand for isoleucine (Less and Galili 2008; Joshi and
Jander 2009). Even though the synthesis of BCAAs occurs
in all plant parts, based on the transcript abundance of
related genes, enzyme activities and carbon flux Singh and
Shaner (1995) concluded that this synthesis predominantly
takes place in the young tissues in each plant part. Due to
species-specific, physiological and environmental differ-
ences, it is difficult to monitor quantitative distribution of
the tissue-specific synthesis or transport of the BCAAs
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during the growth of plants. Nevertheless, it is apparent
that the reproductive tissues such as flowers, siliques and
mature seeds in Arabidopsis accumulate significantly
higher levels of BCAAs than rosette leaves (Supplemental
Fig. 1), either as a result of tissue-specific biosynthesis or
due to transport from vegetative tissue. Transcript abun-
dance of methionine y-lyase was found to be 5-10 times
higher in stems and siliques than in leaves of Arabidopsis
(Goyer et al. 2007). In tomato, it has been shown that
threonine deaminase transcript accumulation is at least 500
times higher in flowers than in leaves or roots (Samach
et al. 1991, 1995). Flowers of potato (Hildmann et al. 1992)
and Nicotiana attenuata (Hermsmeier et al. 2001) have
also been shown to express threonine deaminase constitu-
tively, implying an enhanced requirement for isoleucine
synthesis during reproduction.

Although both methionine and threonine serve as pre-
cursors for isoleucine biosynthesis in plants in response to
osmotic stress, alternative plant metabolic pathways cannot
be ruled out. Precursors for threonine and methionine-
independent isoleucine biosynthesis in microorganisms
include glutamate, 2-methylbutyrate, propionate, homo-
lanthionine, and citramalate (Phillips et al. 1972; Kisumi
et al. 1977; Monticello et al. 1984; Hochuli et al. 1999; Xu
et al. 2004; Kromer et al. 2006; Risso et al. 2008; Wu et al.
2009). Metabolite profiling experiments have shown the
presence of citramalate in Arabidopsis (Fiehn et al. 2000;
Roessner-Tunali et al. 2003), and it has, therefore, been
proposed that citramalate may also serve as a precursor for
isoleucine biosynthesis in plants (de Kraker et al. 2007)
(Fig. 1). However, there is as yet no direct evidence to
support the hypothesis that this pathway functions in
response to osmotic stress or under other physiological
conditions.

Transcriptional regulation of amino acid synthesis
during osmotic stress: a case study

Although extensive allosteric regulation of amino acid
biosynthesis has been identified, very little is known about
transcriptional regulation of this process. In the case of
proline accumulation, a promoter region of proline dehy-
drogenase (ProDH) was shown to carry a 9-bp sequence
(ACTCATCCT) that is a hypo-osmolarity- or proline-
responsive element required for the efficient expression of
ProDH in response to hypo-osmolarity (Satoh et al. 2002).
Another cis element (ACTCAT), a typical binding site of
basic leucine zipper (bZIP) transcription factors was
identified for hypo-osmolarity-mediated activation of
ProDH (Weltmeier et al. 2006).

Recently, a metabolic network analysis done by Urano
et al. (2009) revealed that dehydration-increased amino
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acids contribute more significantly to the dehydration stress
responses when they have a global correlation with one
another. We extended such research using a bioinformatics
approach for identifying regulatory programs of amino acid
genes in response to different abiotic stresses. Three
microarray gene expression datasets, drought, osmotic, and
salt, were downloaded from the Nottingham Arabidopsis
Stock Centre (http://arabidopsis.org.uk/) (Craigon et al.
2004) and used for expression correlation and regulatory
motif analysis. All data were generated using the
Affymetrix ATH1 genome array, which contains ~ 22,800
probe sets. The CEL files were processed and normalized at
the probe level using the GC content-based Robust Multi-
array Algorithm (GCRMA) (Wu et al. 2004), and the
expression datasets were processed by taking the log ratio
between the expression level of treatments and that of the
corresponding normal tissues.

Correlation analysis between transcription factors
and amino acid metabolism genes

A total of 2,620 transcription factors were obtained from
the recent collection of four representative Arabidopsis
transcription factor databases: RARTF (http://rarge.gsc.
riken.jp/rartf/), AGRIS (http://arabidopsis.med.ohio-state.
edu/), DATF (http://datf.cbi.pku.edu.cn/), and PInTFDB
(http://plntfdb.bio.uni-potsdam.de/v3.0/) (Mitsuda and
Ohme-Takagi 2009). In order to observe the expression
relationships of transcription factors and amino acid genes,
we computed the Pearson’s correlation coefficient between
the expression profiles of all transcription factors and those
of an amino acid biosynthetic gene set. Then, the correla-
tion coefficient matrix of only highly correlated transcrip-
tion factors and amino acids was clustered using an
agglomerative hierarchical clustering algorithm in R. The
genes involved in threonine, lysine and methionine
metabolism were grouped separately from those involved
in BCAA synthesis (Fig. 4). Each group of identified
amino acid metabolism-related genes shows either positive
or negative correlation with mostly independent stress
(drought, osmotic, salt)-induced transcription factors.
Positive correlation suggests either direct activation of the
amino acid metabolism related genes by the specific tran-
scription factor or through recruitment of other transcrip-
tion factors. For example, methionine y-lyase shows strong
positive correlation with 12 and 9 independent transcrip-
tion factors under drought and osmotic stresses, respec-
tively. Interestingly, the same set of transcription factors is
co-regulated with S-adenosylmethionine synthase I
(At1g02500). Although both of these competitive
enzymes are known to be induced under abiotic stress, they
compete for a common methionine pool. It is possible
that, with the increased need of isoleucine due to stress,
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Fig. 4 Heatmaps of amino acid-related genes and highly correlated
transcription factors identified based on gene expression profiles. A
subset of amino acid genes in two groups (lysine, methionine and
threonine biosynthesis; isoleucine, valine and leucine biosynthesis;
shown on horizontal axis) is highly correlated with specific

S-adenosylmethionine (SAM) produced by this enzyme can
activate threonine synthase to increase substrate availabil-
ity for threonine deaminase. Similarly, a set of four genes
involved in the BCAA metabolism, Atlg10070 (branched-
chain amino acid transferase 2, BCAT2), Atlgl0060
(branched-chain amino acid transferase 1, BCATI),
At4g11640 (serine racemase, catalyzing dehydration of
serine to pyruvate), and Atlg18500 (isopropylmalate syn-
thase IPMS1, involved in leucine biosynthesis) are co-
regulated with same set of transcription factors under salt
stress.

Identification of regulatory motifs associated
with amino acid metabolism genes

Here, we present an approach for identifying regulatory
motifs associated with amino acid gene expression based
on the gene expression coherence and promoter analysis of
these genes (Fig. 5). First, expression profiles of these
genes were clustered by the hierarchical clustering in order
to group co-regulated amino acid genes. Then, the
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transcription factors (shown on vertical axis). In the figure, transcrip-
tion factors and amino acid metabolism-related genes are clustered
hierarchically, as indicated by the dendrograms at the top and left of
each heatmap respectively

over-represented motifs were screened in the upstream
sequences of genes in each cluster using the Athena pro-
moter database (O’Connor et al. 2005). We identified
conserved motifs from the amino acid metabolism-related
genes that were significantly over-represented in drought
and osmotic stress treatments (P value < 0.001). The genes
containing the motif-binding sites are also significantly
correlated with the corresponding transcription factors in
the gene expression profile of a specific biological process.
Microarray analysis confirmed that, among 121 rehydra-
tion-inducible genes, 48% harbor the ACTCAT motif in
their promoters (Oono et al. 2003). ACTCAT is a cis-
acting element involved in rehydration-, proline- and low
osmolarity-inducible gene expression, and genes contain-
ing the ACTCAT cis-acting element in their promoter
regions were regarded as responding to low osmolarity as
well as to proline treatment (Satoh et al. 2002). The
ACTCAT sequence is similar to the yeast GCN4 motif
[ATGA(C/G)TCAT], which is recognized by ATB2 sub-
group bZIP transcription factors (Satoh et al. 2004). We
carried out similar analysis of promoters of other genes
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Fig. 5 Identification of
regulatory motifs associated
with the amino acid gene

(=)

"Drought

s - Al5g14780

expression. Significant
regulatory motifs were
identified in upstream sequences

Expression profiles of
AA genes

o AGL15
2 -y Al5g13790,
At1g64660
Positive Correlation

of co-regulated amino acid 1
genes. Expression of the

corresponding transcription
factors is highly correlated with
their putative targets under a

Hierarchical clustering
between AA genes

specific biological process.
[Genes in cluster 2 (drought)

and 4 (osmotic) are listed in

Supplemental Table 2] .
in each cluster

Regulatory motif identification

Osmaotic

}

Expression correlation

and AA genes in cluster

between corresponding TFs

involved in amino acid metabolism (Supplemental
Table 1). Many of the amino acid transporters carry this
conserved motif, suggesting their need and active
involvement during the osmotic stress recovery processes.
Furthermore, the presence of this conserved motif in
both Arabidopsis threonine aldolases (Atlg08630 and
At3g04520) indicates reduced need of isoleucine synthesis
from threonine upon rehydration.

From the motif analysis of the osmotic and drought
stress experiments, we identified two clusters having con-
served motifs recognized by two independent transcription
factors. Selected genes from both the clusters are shown in
Fig. 5 and the remaining genes in each cluster are listed
separately in Supplemental Table 2. The osmotic cluster
C4 (Fig. 5) has a conserved motif (TACACTTTTGG),
which is a binding site for the Dof zinc finger protein OBP4
(Singh et al. 2002). Two of the genes carrying this motif
are involved in methionine biosynthesis and catabolism,
and are thus most likely required to enhance isoleucine
accumulation. Serine O-acetyltransferase (AT1G55920),
which is involved in sulfur assimilation and methionine
biosynthesis, and methionine y-lyase (Atlg64660) are
known to be highly up-regulated upon drought stress (Less
and Galili 2008). The other three genes carrying this motif
are known to be up-regulated upon salt-stress (tyrosine
transaminase, At5g53970, Roosens et al. 1998), induced
under stress (proline dehydrogenase, At5g38710, Hollander-
Czytko et al. 2005), or are involved in serine and homo-
serine biosynthetic process (AT1G72190, which is a part of
phosphorylation pathway that is up-regulated upon high
salinity, flood and cold, Ho and Saito 2001). Motif analysis
of data from drought stress experiments identified a cluster
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of genes (drought cluster C2 in Fig. 5; Supplemental
Table 2) carrying a conserved motif which is a binding site
for MADS box transcription factor AGL15 protein (Heck
et al. 1995). Among the genes that carry this motif,
At5g14780 (formate dehydrogenase) and At1G64660
(methionine y-lyase) were highly correlated with AGL15
expression. Two other genes from this cluster with APS
kinase activities (At2g14750 and At4g39940) carry a
binding site for the abiotic stress-induced TEIL (AP2/
EREBP family) transcription factor, but were negatively
correlated with its expression. These two genes are
involved in sulfur activation for the production of sulfo-
nated compounds such as glucosinolates. The negative
correlation with drought stressed-induced TEIL transcrip-
tion factors most likely implies that they down-regulate
genes involved in sulfonation reactions, thereby making the
substrate adenosine 5'-phosphosulfate available for sulfate
reduction (assimilation) by APS reductase (EC 1.8.4.9) for
the synthesis of methionine.

Conclusion and future prospects

New evidence suggests that threonine and methionine
together regulate isoleucine homeostasis under certain
physiological and growth conditions. Despite complex
regulation of the enzymes responsible for their synthesis,
these three amino acids are maintained in equilibrium. In
view of crop improvement, this makes it complicated to
manipulate the synthesis of aspartate-derived amino acids,
as many of the enzymes regulating their metabolism are in
shared pathways or compete for common substrates.
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However, knocking out the catabolic pathway enzymes
may offer opportunities to enhance particular substrates,
e.g., threonine by knocking out threonine aldolases (Joshi
et al. 2006) or methionine by knocking out methionine
y-lyase (Joshi and Jander 2009) without affecting plant
fitness.

In spite of the large relative increase in BCAA accu-
mulation in response to abiotic stress, not much research
has been directed toward their role as protective osmolytes.
Isoleucine is produced from threonine and methionine,
with threonine deaminase and methionine y-lyase as the
committing enzymes, respectively. Expression patterns and
tissue specificities of these two enzymes are non-overlap-
ping, implying that they have different functions based on
plant isoleucine requirements. Methionine, threonine, and
isoleucine biosynthesis is regulated in a network that is
linked to physiological and growth requirements. We have
used abiotic stress-induced production of BCAAs as a
method for identifying transcription factors that may be
involved in regulating drought-induced amino acid bio-
synthesis. Future experiments can be designed with selec-
ted transcription factors that are strongly co-regulated with
BCAA metabolism. It will be possible to analyze stress-
induced amino acid content in the mutant Arabidopsis lines
where expression of selected transcription factors is
knocked out or reduced. If any of the identified transcrip-
tion factor mutations results in altered BCAA biosynthesis,
subsequent over-expression of particular transcription fac-
tors in plants might elevate BCAA biosynthesis and
enhance abiotic stress tolerance in plants. The same genes
could also be used to increase the nutritive value of crop
plants by up-regulating amino acid biosynthesis in a more
targeted manner. For instance, expression of particular
transcription factors from the patatin promoter in potatoes
(Jefferson et al. 1990; Liu et al. 1990) or the seed-specific
phaseolin promoter (Karchi et al. 1993) in grain crops
might allow up-regulation of BCAA accumulation in a
tissue-specific manner.

Some studies suggest that additional as yet unknown
regulatory mechanisms can contribute to the control of
amino acid accumulation and more general plant responses
to osmotic stress. For instance, Arabidopsis protein kinases
KIN10 (At3g01090) and KIN11 (At3g29160) have been
shown to control convergent reprogramming of transcrip-
tion in response to stress conditions (Baena-Gonzalez et al.
2007). Transgenic KIN10 over-expression that enhanced
starvation tolerance also caused almost sixfold increase in
methionine y-lyase expression (Baena-Gonzalez and Sheen
2008). It will be interesting to determine whether this
regulation of methionine y-lyase is a direct effect of protein
kinase or involves less direct regulation of gene expression.
Future research will determine how the established mech-
anisms of allosteric regulation, the transcription factors

described in this article, and other, as yet unidentified
regulatory mechanisms are integrated to control the
osmotic stress-induced accumulation of amino acids in
plants. A better understanding of this process will provide
new opportunities for regulating plant amino acid biosyn-
thesis pathways in a targeted manner.
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