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ABSTRACT
This addendum discusses the compartmentation of g-aminobutyrate (GABA) metabolism, highlighting
recent progress with Arabidopsis thaliana and raising new questions about the roles of mitochondria,
plastids and peroxisomes in abiotic stress tolerance.

KEYWORDS
Aldehyde dehydrogenase
family 10; Four-
Aminobutyrate; GABA
biosynthesis; subcellular
localization

Four-Aminobutyrate (GABA) is a ubiquitous, 4-carbon, non-
proteinogenic amino acid that has been linked to stress, signal-
ing and storage in plants.1-3 Previously, we proposed a model
for the compartmentation of GABA metabolism, based on the
known distribution and biochemical function of specific
enzymes and transporters.4 Here, we briefly review new evi-
dence for multiple pathways involved in GABA metabolism,
and propose an updated model for its compartmentation in
Arabidopsis thaliana.

Subcellular fractionation of protoplasts from developing
soybean cotyledons has demonstrated that GABA is synthe-
sized in the cytosol via the glutamate decarboxylase reaction
(GAD),5 and to our knowledge, there is no evidence for the
presence of an organelle-targeting domain in Arabidopsis
GADs. While GAD activity is greatest at a slightly acidic pH of
pH 5.8, Arabidopsis GAD1/2/4 possess a C-terminal calmodu-
lin (CaM)-binding domain, which allows in vitro GAD activity
to be activated at neutral pH by Ca2C/CaM.1 In silico analysis
suggests that GAD3 and GAD5 proteins are CaM independent.
The CaM-binding domain in GAD is responsible for at least
part of GABA accumulation which occurs in response to ele-
vated cytosolic Ca2C during stress.1,6 There is some preliminary
evidence of a plasma membrane location for GAD in Arabidop-
sis leaves and petioles and tobacco pollen tubes,7,8 but further
research is required to substantiate these findings. Recent evi-
dence indicates that a atgad1/2 double mutant accumulates
much less GABA, is oversensitive to prolonged drought, and
displays salinity-induced increases in GAD4 expression, sug-
gesting that the pathway from glutamate to GABA plays an
important role in the stress response.9,10

While the biosynthesis of GABA from glutamate is generally
considered to be the primary source of GABA, there is also

evidence for its synthesis from the polyamine putrescine (Put).
In the October issue of Scientific Reports we reported that per-
oxisomal aldehyde dehydrogenase 10A9 (ALDH10A9) cata-
lyzes the final step of Put oxidation in Arabidopsis by
converting 4-aminobutanal (ABAL) to GABA, and suggested
that a protein with similar biochemical function, ALDH10A8,
is translocated from the cytosol to the plastid, perhaps in
response to stress-induced post-translational modification
(Fig. 1).11 The conversion of Put to ABAL is catalyzed by cop-
per-containing amine oxidase (CuAO). Arabidopsis possesses
10 putative CuAOs, 4 of which (AO1, CuAO1, CuAO2 and
CuAO3) have been characterized to date.12 Two of these,
CuAO2 and CuAO3, are peroxisomal.13 Five Arabidopsis
FAD-dependent polyamine oxidases (PAO1–5) have been
reported to be involved in the back conversion of spermidine
and spermine to Put; however, only PAO2–4 are peroxisomal.14

In silico analysis predicts that 3 putative CuAOs (At1g31670,
At1g31710 and At4g12290) could be plastidial (Fig. 1).11 We
have proposed that arginine would be an appropriate source of
Put in plastids, but localization of agmatine imidohydrolase
and N-carbamoylputrescine amidohydrolase needs to be estab-
lished.11 Notably, the carbon flux through the CuAOs and
ALDH10As could be regulated by a combination of O2 avail-
ability and redox balance.15 Recently, we demonstrated that
GABA accumulates in shoots of single ataldh10A8 and
ataldh10A9 mutants and root growth is oversensitive to salin-
ity, suggesting that the pathway from polyamines to GABA
plays a role in the stress response.11

Regardless of the source of GABA, it appears to be catabo-
lized to succinic semialdehyde (SSA) in Arabidopsis via a single
mitochondrial pyruvate/glyoxylate-dependent GABA transam-
inase (GABA-T) (Fig. 1).16 Notably, the atgaba-t mutant has
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elevated GABA, impaired central carbon metabolism, and
increased sensitivity to salinity.17,18 These findings are consis-
tent with the oxidation of SSA to succinate via a mitochondrial
NAD-dependent SSA dehydrogenase in mitochondria.19

Alternatively, SSA can be metabolized to 4-hydroxybutyrate via
2 NADPH-dependent glyoxylate/succinate semialdehyde
reductases (GLYR1 and GLYR2). Recently, we confirmed that
GLYR1 is localized to the cytosol and demonstrated that
GLYR2 is localized to both plastids and mitochondria of Arabi-
dopsis cells (Fig. 1).20 The operation of this path for SSA
metabolism would be facilitated by elevated NADH/NADC and
NADPH/NADPC ratios that accompany many abiotic stress
conditions.1 For example, the growth of plantlets of various
Arabidopsis lines with altered GLYR activity respond differen-
tially to succinic semialdehyde and glyoxylate under chilling
conditions (Zarei A and Shelp BJ, unpublished), highlighting
their potential regulation by NADPH/NADPC ratios in planta,
and their roles in the reduction of toxic aldehydes within
distinct subcellular compartments.20 Interestingly, glycolate,
which is also formed by the SSA metabolizing enzyme when it
utilizes glyoxylate, accumulates in response to hypoxia.21

Together, these findings suggest that cytosolic GABA is at
least in part, derived from polyamine catabolism in the peroxi-
some, polyamine anabolism in the plastid, and glutamate in the
cytosol, although the relative importance of these different
routes could depend on the specific stress and developmental
stage. If so, they suggest the existence of outward-flowing
GABA transporters in peroxisomal and plastid membranes

(Fig. 1). High-affinity proton-coupled GABA transporters have
been localized to plasma and mitochondrial membranes of
Arabidopsis, and while these are very important for
carbon-nitrogen interactions, the potential involvement of
other GABA transporters such as AtProT2 has not been
excluded.22-26 There is evidence for GABA uptake via SlCAT9
(cationic amino acid transporter) into tomato vacuoles in
exchange for glutamate or aspartate, but further research is
required to establish which, if any, of the tonoplast-localized
members of the CAT family transport GABA in Arabidopsis.27

Notably, AtCAT9 is 68% identical to SlCAT9 at the amino acid
level, whereas AtCAT2/4/8 are 27–32% identical, suggesting
that AtCAT9 is the most promising candidate, thereby contrib-
uting to the regulation of GABA storage in the vacuole.
Cytosolic GABA also crosses the plasma membrane,28 but the
transporter has not yet been identified. All these transport
activities would contribute to the status of GABA both in the
cytosol and the apoplast, and contribute to control of the
aluminum-activated malate transporter and export of carbon
from the cell.3,29,30 Finally, multiple locations for GLYR activity
suggest the existence of outward- and inward-flowing trans-
porters for SSA in mitochondria and plastids, respectively.

In summary, recent research, much of it involving the
characterization of recombinant proteins and Arabidopsis
knockout mutants, has demonstrated the existence of multiple
pathways which could influence the status of GABA in plant
cells. It raises new issues regarding the roles of mitochondria,
plastids and peroxisomes in abiotic stress tolerance.

Figure 1. Subcellular compartmentation of GABA metabolism.Enzymes are shown in blue letters, with biochemically characterized enzymes indicated by bold lettering.
Dashed arrows and question marks indicate enzymes and transporters which have not been studied. The dotted line with a red bar represents negative regulation. Abbre-
viations: ABAL, 4-aminobutanal; ADC, arginine decarboxylase; ALDH, aldehyde dehydrogenase; Agm, agmatine; AIH, agmatine iminohydrolase; ALMT, aluminum-acticated
malate transporter; Arg, arginine; CT, cationic amino acid transporter; N-Carbamoyl-Put, N-Carbamoylputrescine; CPAH, N-Carbamoylputrescine amidohydrolase; CuAO,
copper amine oxidase; GABA, 4-aminobutyrate; GAD, glutamate decarboxylase; GABP, GABA permease; GABA-T, GABA transaminase; GAT, GABA transporter; GHB,
4-hydroxybutyrate; GLYR, glyoxylate/succinic semialdehyde reductase; PAO, polyamine oxidase; ProT, proline transporter; Put, putrescine; SSA, succinate semialdehyde;
SSADH, succinate semialdehyde dehydrogenase; Spd, spermidine; Spm, spermine; TCA, tricarboxylic acid (adapted from refs. 4, 11 and 20).
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