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ABSTRACT

Isoleucic acid (ILA) was identified in human patients with maple syrup urine disease
(MSUD) half a century ago. MSUD patients, who are defective in the catabolism of
branched-chain amino acids (BCAAs), that is, isoleucine, leucine, and valine, have
urine with a unique maple syrup odour related to the accumulation of BCAA break-
down products, largely 2-keto acid derivatives and their reduced 2-hydroxy acids
including ILA. A decade ago, ILA was identified in Arabidopsis thaliana. Subsequent
studies in other plant species indicated that ILA is a ubiquitously present compound.
Since its identification in plants, several efforts have been made to understand the bio-
logical significance and metabolic pathway of ILA. ILA plays a positive role in plant
signalling for defence responses against bacterial pathogens by increasing the abun-
dance of salicylic acid aglycone through competitive inhibition of SA deactivation by
glucosylation. Here, we review recent progress in the characterization of ILA biosyn-
thesis and function in plants and discuss current knowledge gaps and future direc-
tions in ILA research.

doi:10.1111/plb.13771

INTRODUCTION

Small molecules play diverse roles in plants, including defence
against biotic and abiotic stresses, signalling, growth, and
development. They exhibit great structural diversity and are
based on a large variety of specific biosynthetic pathways, but
also directly related to branches of primary metabolism
(Palanivelu et al. 2003; Piasecka et al. 2015; Tian et al. 2024).
The development of advanced analytical techniques has
recently facilitated identification of several unknown
and/or low-abundance regulatory metabolites, such as the
2-hydroxy-carboxylic acid isoleucic acid (ILA, 2-hydroxy-3-
methylpentanoic acid). ILA was originally discovered in
humans in the context of maple syrup urine disease (MSUD),
which is caused by a genetic defect in the catabolic pathway of
the branched-chain amino acids (BCAAs) leucine, isoleucine,
and valine, leading to high levels of these amino acids and their
intermediary degradation products in the urine of patients
(Mamer & Reimer 1992; Podebrad et al. 1997). MSUD is a
metabolic disorder caused by a mutation in one or more of the
three subunits (E1, E2, and E3) of a multimeric enzyme com-
plex called the branched-chain 2-ketoacid (2-KA) dehydroge-
nase complex (BCKDH) (Treacy et al. 1992). The different
mutations in the BCKDH complex reduce the activity of the
enzyme to different degrees. The residual activity of the mutant
enzyme complex determines the severity of disease symptoms
and the accumulation of BCAA-related metabolites. Metabolic
characterization of MSUD patients with varying clinical symp-
toms revealed the presence of ILA (2-hydroxy-3-methylvaleric
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acid, HMVA) in urine samples (Lancaster et al. 1974; Jakobs
et al. 1977). In addition, these patients accumulate a larger
amount of BCAAs and related compounds, such as leucine
(Leu), isoleucine (Ile), valine (Val), their corresponding o-
ketoacids (BCKA), and 2-hydroxy acids (2-HAs) (Jakobs
et al. 1977; Mamer & Reimer 1992; Frazier et al. 2014). How-
ever, the ratio of ketoacids to hydroxy acids detected in the
blood samples of MSUD patients differs between the three
BCAA catabolic pathways. Ketoacids derived from Ile and Leu
metabolism, that is, KMVA (2-keto-3-methylvaleric acid) and
KICA (2-ketoisocaproic acid), are more abundant than the cor-
responding hydroxy acids, ILA and leucic acid, respectively
(Jakobs et al. 1977).

The presence of ILA in plants was first reported in a mutant
of the model species Arabidopsis thaliana lacking the glucosyl-
transferase AtUGT76B1 gene. AtUGT76B1 modifies ILA, sal-
icylic acid (SA), and N-hydroxypipecolic acid (NHP) by
conjugating activated glucose molecules (von Saint Paul
et al. 2011; Bauer et al. 2021). The glucosylated form of ILA
(ILA-G) is reduced in the loss-of-function mutant ugt76bl,
whereas ILA-G levels are significantly increased in lines consti-
tutively overexpressing UGT76B1. ILA was indeed a substrate
of UGT76B1 when tested in vitro, as suggested by these genetic
and metabolic studies (von Saint Paul et al. 2011). However,
the endogenous ILA aglycone was not determined in planta
until several years later. Maksym et al. (2018) developed a sen-
sitive method for the BCAA-related compounds, and they were
finally able to detect unconjugated ILA in shoots and roots of
Arabidopsis plants, as well as in leaves of different monocot and
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Isoleucic acid metabolism in plants

dicot plant species. Interestingly, ILA was detected in all plant
species studied, suggesting its widespread presence in plants
(Maksym et al. 2018). In 2-week-old Arabidopsis shoots,
approximately 750 ng g~' DW (~0.6 pM estimated on a uni-
form distribution in fresh material) of ILA was measured, and
this concentration almost halved as the age of the plant
increased to 4 weeks (Maksym et al. 2018). In contrast, valic
acid and leucic acid were detected in fewer species, but this
may also be related to the sensitivity of the instrumentation to
detect even less abundant molecules than ILA. In MSUD
patients, valic acid is the most abundant of the three hydroxy
acids derived from branched-chain amino acid metabolism,
whereas in Arabidopsis and some other plant species, valic acid
has not been detected (Jakobs et al. 1977; Maksym et al. 2018).
This probably indicates a divergence in the metabolism and
function of 2-HAs. In MSUD patients, 2-HAs may be mere cat-
abolic products of branched-chain amino acids, but in plants,
ILA appears to undergo regulated synthesis and shows specific
biological activity. Despite these intriguing findings, the bio-
synthetic pathway of ILA in plants remains elusive. The eluci-
dation of the ILA biosynthetic genes would significantly
contribute to elucidation of the role of ILA in plant growth,
development, and defence responses to biotic and abiotic
factors.

ILA BIOSYNTHESIS THROUGH IMPAIRED ILE
CATABOLISM

ILA biosynthesis is associated with defects in branched-chain
amino acid catabolism. The first three enzymes, that is,
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branched-chain aminotransferases (BCATs), branched-chain
ketoacid dehydrogenase (BCKDH) and isovaleryl-CoA dehy-
drogenase (IVD), are commonly involved in catabolism of the
three BCAAs (Binder 2010; Schertl et al. 2017). A defect in
BCKDH activity inhibits the catabolism of all three amino
acids. As a result, the structurally related 2-HAs, which are
formed by the reduction of the BCAA-related 2-KAs, accumu-
late in MSUD patients (Treacy et al. 1992). The catabolism of
Ile in the mitochondria of plant cells begins with removal
of the o amino group (Binder 2010; Schertl ef al. 2017). This is
catalysed by BCAT enzymes. The BCAT-catalysed transamina-
tion reaction produces KMVA, a potential precursor for ILA
synthesis (Fig. 1). There are two isoforms of BCAT enzymes in
mammals, BCAT1 and BCAT2. BCAT1 is cytosolic, whereas
BCAT?2 is mitochondrial. In plants, BCATs have been charac-
terized in several species including tobacco, potato, barley, and
spinach (Campbell et al. 2001; Malatrasi et al. 2006; Gao
et al. 2009). Six isoforms of BCAT genes (BCATI, BCAT2,
BCAT3, BCAT4, BCAT5 and BCAT6) have been identified
in A. thaliana. These isoforms show organelle specificity.
BCAT1 is localized in mitochondria, whereas BCAT2, BCAT3
and BCATS are localized in plastids. BCAT6 is localized in
the cytosol (Binder 2010; Fig. 2). The cytosolic BCAT4
has no activity towards Ile or vice versa towards its
corresponding KMVA in the opposite biosynthetic transamina-
tion (Schuster et al. 2006). In an intact Ile catabolic pathway,
BCAT-generated KMVA undergoes an oxidative decarboxyl-
ation reaction catalysed by BCKDH (Binder 2010; Blackburn
et al. 2017). BCKDH is a high molecular weight enzyme com-
plex consisting of three subunits E1, E2, and E3. It is located
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Fig. 1. Chemical structure of the branched-chain amino acid isoleucine and the related 2-oxo-methylvaleric acid (2-KMVA), being the first product of lle
catabolism and the immediate biosynthetic precursor of lle. 2-hydroxy-3-methylvaleric acid (ILA) is the reduced form of 2-KMVA.
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Fig. 2. Putative subcellular localization of ILA biosynthesis in plants. In the chloroplast, 2-KMVA is an immediate precursor for lle biosynthesis, and in the pres-
ence of a reductase, 2-KMVA could be reduced to ILA (dashed green lines). In the cytosol and in mitochondria, 2-KMVA is the first product in the catabolism
of Ile by transaminases. In the presence of appropriate reductases, 2-KMVA could be reduced to ILA (dashed green arrows). The dashed green lines are all

hypothetical enzymatic steps.
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on the inner membrane of mitochondria (Indo et al. 1987).
The E1 subunit, itself composed of the Ela and E1f subunits,
is a decarboxylase and catalyses the decarboxylation of 2-
KMVA. The E2 subunit acts as an acyltransferase to transfer
the acyl group from an intermediate lipoyl moiety to the
reduced co-enzyme A; finally, the E3 subunit has a dehydroge-
nase activity and re-oxidizes the reduced lipoyl sulfur residues
to produce NADH (Yeaman 1989). The catalytic activity of
BCKDH on KMVA produces 2-methylbutyryl CoA, which
undergoes a further catabolic reaction to the final product.
Alternatively, KMVA could be reduced to ILA by the activity of
an as yet unknown enzyme (Fig. 2).

ILA BIOSYNTHESIS IN PLANTS

ILA biosynthesis in plants is thought to originate from isoleu-
cine catabolism or from Ile biosynthesis, since both pathways
involve KMVA as a product or educt of the transamination
reaction (Fig. 2). A significant increase in Ile abundance in Ara-
bidopsis shoots following exogenous application of ILA sup-
ports the hypothesis that ILA is metabolically related to Ile
(Maksym et al. 2018). The degradation of Ile takes place in
mitochondria and therefore ILA might be produced in the
same organelle. Isoleucine biosynthesis is a unique feature of
photosynthetic organisms, such as plants, and takes place in
chloroplasts (Ellerstrom et al. 1992; Diebold et al. 2002). ILA
biosynthesis could therefore also take place in the chloroplast.
Alternatively, any other compartment could be involved in ILA
biosynthesis as long as KMVA is translocated to it. In humans,
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de novo biosynthesis of isoleucine is not possible and therefore
isoleucine is derived from the diet (Blackburn et al. 2017). A
putative ILA-synthesizing plant enzyme probably competes
with BCKDH in mitochondria and BCAT in chloroplasts for
the common substrate KMVA. Under normal conditions, the
catabolic reaction of KMVA by BCKDH in mitochondria and
the biosynthetic reaction by BCAT in chloroplasts appear to be
the favoured pathways. MSUD patients, who have severely
reduced BCKDH activity, accumulate higher levels of ILA.
Nevertheless, the accumulated ILA is still nine- to tenfold lower
than its precursor KMVA (Jakobs et al. 1977; Shigematsu
et al. 1983; Blackburn et al. 2017), suggesting that ILA synthesis
is a less preferred route of Ile catabolism in humans. Mamer &
Reimer (1992) proposed that a member of the r-lactate dehy-
drogenase enzyme family catalyses the reduction of KMVA to
synthesize ILA in humans. Although LDHs from various
sources can reduce other 2-KAs (Kim & Whitesides 1988), the
involvement of r-lactate dehydrogenase in ILA biosynthesis in
humans has not been demonstrated experimentally. In plants,
the Arabidopsis 1-lactate dehydrogenase mutant (I-Idh;
At4g17260) accumulates ~166 ng g~' DW ILA, which is simi-
lar to the amount measured in shoots of wild-type plants
(~137 ng ¢! DW) (Fig. 3a). The p-lactate dehydrogenase
mutant (d-ldh, AT5G06580) also accumulates a similar amount
of ILA (~159 ng gf1 DW) (Fig. 3a). The similar levels of ILA
in the I-Idh and d-ldh mutants compared to the wild type sug-
gests that these Arabidopsis 1-lactate and p-lactate dehydroge-
nases are unlikely to be involved in ILA biosynthesis. r-lactate
and Dp-lactate dehydrogenases are involved in the redox
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Fig. 3. (a) ILA content in 3-week-old shoots of various Arabidopsis mutant lines compared to the wild type. Leaf samples were collected from soil-grown
plants for ILA quantification. ILA content was measured in leaf extracts after anion-exchange solid-phase extraction (SPE) followed by silylation and GC-MS
analysis (Maksym et al. 2018). Values represent the average of three biological replicates; error bars indicate the standard error of means. Statistical difference
compared to wild type (Benjamini-Hochberg adj. P-values **, <0.01; *, <0.05; n.s., non-significant; ANOVA, Holm-Sidak post-hoc method). The experiment
was repeated independently and with comparable statistical results. Abbreviations: WT, wild type; /-/dh, t-lactate dehydrogenase mutant (Alonso et al. 2003);
d-Idh, p-lactate dehydrogenase mutant; gox7, glyoxylate oxidase 1; haox1, hydroxy acid oxidase 1; haox2, hydroxy acid oxidase 2; omr1, L-O-methythreonine
resistance 1, threonine deaminase gain of function mutant (Mourad & King 1995). (b) ILA content in shoots of 4-week-old soil-grown Arabidopsis plants irri-
gated once with 500 pM ILA. ILA was analysed 3 days after its application. Values are the average of four biological replicates. Error bars are standard error of
means (**P < 0.01, ANOVA).
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reaction of pyruvate interconversion to lactate and vice versa
(Engqvist et al. 2009; Maurino & Engqvist 2015). Thus, ILA
production in plants may be catalysed by another oxidoreduc-
tase as a side reaction involved in other processes, or by an
enzyme dedicated to ILA synthesis.

ILA DEGRADATION

ILA can be degraded or transformed into other products. Exog-
enous application of ILA increased endogenous levels of Ile,
suggesting its degradation via oxidation to KMVA and subse-
quent transamination (Maksym et al. 2018). Oxidases that use
molecular oxygen as an electron acceptor produce a low ratio
of 2-HA to 2-KA when the reaction is at equilibrium (Maurino
& Engqvist 2015). The Arabidopsis recombinant hydroxy acid
oxidase proteins, HAOX1, HAOX2, and GOX1, showed slight
activity towards ILA in in vitro experiments (Engqvist
et al. 2015). However, this activity was observed at 5 mM ILA,
which is a non-physiological concentration. Shoot extracts
from 3-week-old Arabidopsis haoxl (At3gl4130) and haox2
(At3g14150) single T-DNA insertion mutants contain about
190 ng g~ ' DW ILA, which is significantly higher than the wild
type (Fig. 3a). This observation suggests that both HAOX1 and
HAOX2 may play an oxidative role in ILA degradation in vivo.
HAOX1 and HAOX2 have different substrate specificities;
HAOX1 shows the highest preference for 2-hydroxydodecanoic
acid followed by r-lactate, whereas HAOX2 shows the highest
preference for leucic acid (Esser et al. 2014). Similarly, the Ara-
bidopsis gox1 single mutant contains significantly higher ILA
than the wild type, suggesting the presence of another possible
oxidation of ILA in vivo (Fig. 3a). GOX1 mainly catalyses the
oxidation of the 2-HA compound glycolate to glyoxylate in
peroxisomes (Maurino & Engqvist 2015). Since GOXI1 is local-
ized in the peroxisome, the oxidative reaction of GOX1 on ILA
requires the transport of ILA into the peroxisome or its synthe-
sis in the peroxisome. The reduction of glyoxylate back to gly-
colate is catalysed by glyoxylate reductases in the cytosol and
plastid after glyoxylate export from the peroxisomes (Hoover
et al. 2007; Simpson et al. 2008; Maurino & Engqvist 2015).
Similar to the glycolate—glyoxylate interconversions, the inter-
conversion between KMVA and ILA may also involve two or
more distinct enzymes and different organelles. Significant
change in the ILA content of haoxl, haox2, and goxI single
mutants confirms the results of the in vitro assay with the
recombinant proteins. The involvement of HAOX and GOX
proteins in the oxidation of ILA needs to be validated through
the generation of higher order mutants.

In addition to degradation, ILA can also be glucosylated by a
UGT (UDP-glucosyltransferase). In Arabidopsis, this reaction is
catalysed by UGT76B1, which inactivates ILA as part of patho-
gen defence signalling (von Saint Paul et al. 2011; Bauer
etal. 2021).

ROLE OF ILA IN PLANTA

The 2-HAs play a central role in various plant metabolic path-
ways, such as the glyoxylate cycle and the TCA cycle (Maurino
& Engqvist 2015). Although detailed characterization is
required, the 2-HA ILA appears to have regulated production
and function in plants, rather than being a mere byproduct of
Ile biosynthesis or degradation. First, the abundance of ILA is
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negatively correlated with plant age, that is, its level in shoots is
reduced in older Arabidopsis plants, whereas the level of Ile
remains unchanged (Maksym et al. 2018). Second, ILA levels
are poorly correlated with the increased endogenous Ile
levels of the omrl mutant. The EMS-derived Arabidopsis omrl
mutant accumulates 20-fold more Ile in shoots than the wild
type (Mourad & King 1995). However, ILA of 3- and 4-week-
old omr] mutant plants only increased by 10%—-30% compared
to the wild type (Fig. 3a). The fact that ILA abundance is less
affected by endogenous Ile levels suggests that ILA abundance
is independently regulated.

Current knowledge of the role of ILA in plants comes from
studies involving its exogenous application to Arabidopsis plant-
lets. Incubation with 500 uM ILA increased the endogenous ILA
level up to 7300 ng g~' DW (~5.6 uM) (Fig. 3b). As the genes
involved in ILA biosynthesis have not yet been identified, it has
not been possible to manipulate ILA biosynthesis and study its
effect in planta. ILA treatment inhibited root growth of Arabi-
dopsis (Bauer et al. 2020). The ILA-induced inhibition of root
growth is not related to its putative precursor Ile, since the same
concentration of Ile caused less inhibition. Thus, ILA itself or
possibly other compounds derived from ILA are responsible for
the inhibition (von Saint Paul ef al. 2011; Bauer et al. 2021). One
possible product derived from exogenous ILA is oxidized
KMVA. The effect of KMVA on plant growth has not yet been
characterized; however, this compound inhibited growth of
Escherichia coli strains, such as DH5a (Lorenz et al. 2013). The
ILA-induced inhibition of root growth is also not mediated by
the major phytohormones, such as abscisic acid (ABA), jasmonic
acid (JA), and ethylene, since single mutant lines defective in the
biosynthesis of these hormones behave similarly to the wild type
after ILA treatment (Bauer et al. 2020). The ILA-induced inhibi-
tion of root growth does not require an intact SA signalling path-
way. The root growth of an SA-depleted Arabidopsis NahG sid2
plant was inhibited to the same extent as the wild type after exog-
enous ILA application. This suggests that ILA has a unique sig-
nalling pathway, independent of the major hormonal pathways,
to regulate plant growth.

ILA-induced inhibition of root growth involves a defect in
cell elongation at the root meristem and in the differentiation
zone. Cells in the elongation zone of ILA-treated plants are
deformed compared to control plants. In addition, the devel-
opment of root cap columella cells is either delayed or inhib-
ited, which may be related to the observed loss of root
gravitropic response (Bauer et al. 2020). There is an induction
of reactive oxygen species (ROS) in roots following ILA treat-
ment. However, genetic and pharmacological studies excluded
the involvement of O, and H,O, in the growth inhibition by
ILA (Bauer et al. 2020). Nevertheless, other forms of reactive
species cannot be excluded as mediators of ILA-induced
growth inhibition. The effect of ILA is not limited to root
growth. Shoot growth of ILA-treated seedlings was also
reduced, although this was not characterized in detail (von
Saint Paul et al. 2011). The decrease in shoot ILA content with
increasing age of Arabidopsis plants (Maksym et al. 2018) may
contribute to alleviation of the inhibitory effect of ILA on plant
growth.

The best-studied effect of ILA is its defence-stimulating
action. ILA promotes plant resistance to pathogens by enhanc-
ing the SA-mediated defence response. This beneficial effect
was demonstrated using the SA-depleted NahG sid2 mutant,
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which is unable to induce a defence response following exoge-
nous ILA application. The enhancement of the ILA-triggered
defence response is facilitated by competitive inhibition of SA
glucosylation, which inactivates the bioactive phytohormone
SA. NHP is another substrate of UGT76B1 that competes with
ILA and SA for glucosylation and is critical for defence activa-
tion (Bauer ef al. 2021; Holmes et al. 2021). NHP is a lysine-
derived compound that is required to induce systemic acquired
resistance (SAR) of plants in response to a primary pathogen
infection (Hartmann et al. 2018). Indeed, Arabidopsis seedlings
grown in liquid culture and treated with ILA accumulated
more SA and NHP and exhibited increased expression of their
biosynthetic genes compared to untreated seedlings (von Saint
Paul et al. 2011; Bauer et al. 2021). SA and NHP trigger local
and SAR defence signalling cascades against biotrophic patho-
gens. In the absence of pathogen infection and to attenuate
defence responses, SA is inactivated to SA-o-glucoside by
UGT76B1. In parallel, NHP is glucosylated and inactivated to
its o-glucoside by UGT76B1 after its initial rise in response
to pathogen infection (Bauer et al. 2021; Cai et al. 2021;
Holmes et al. 2021; Mohnike et al. 2021). Finally, ILA is
another substrate that competes with NHP and SA conjugation
and therefore enhances the defence response when applied
exogenously (Bauer et al. 2020). In vitro studies suggest that
UGT?76B1 has a higher preference for NHP than for ILA and
SA (Holmes et al. 2021). When comparing SA and ILA,
UGT76B1 has a lower K,,, for SA than ILA, but also a lower k.
Thus, the enzymatic efficiency is almost the same for both sub-
strates, SA (ky/K,,, = 2.2) and ILA (k,/K,,, = 1.9) (Maksym
et al. 2018; Holmes ef al. 2021). Endogenous SA levels in Arabi-
dopsis shoots range from 250 to 1000 ng g~ ' FW (Vicente &

25

20

15

10

Peak intensity [x107]

m/z 293.1242

Isoleucic acid metabolism in plants

Plasencia 2011). A slight local increase in ILA concentration
may be sufficient to compete effectively with SA glucosylation.
Unexpectedly, endogenous ILA aglycone levels were also
reduced in ugt76b1 mutants after infection, suggesting an addi-
tional regulation of endogenous ILA levels independent of its
UGT76B1-dependent glucosylation. The ILA-enhanced defence
response of Arabidopsis plants requires the functioning of
UGT76BL. In the ugt76b1 mutant, the stimulatory effect of ILA
on the SA-mediated defence response is abolished, confirming
the importance of UGT76B1 (Bauer et al. 2020). In summary,
ILA promotes plant defence indirectly by competitively inhibit-
ing the attenuating effect of UGT76B1 on SA and NHP. So far,
this could only be studied by exogenous application of ILA, so
the real in planta scenario is still not fully understood.

All the above discussed studies have been performed using
the model plant A. thaliana. However, it is likely that similar
metabolic and regulatory scenarios are conserved in other plant
species. Apart from the fact that ILA itself has been detected in
a wide variety of plants (see above; Maksym et al. 2018), the
detection of putative ILA glucoside (m/z 293.1242) by ultra-
high resolution mass spectrometry in extracts of leaves from
Brassicaceae, Solanaceae, wheat, barley, and poplar may be
more instructive (Fig. 4). The responsible glucosyltransferases
may be homologues of AtUGT76B1, at least in the closely
related Brassicaceae, e.g., the Brassica napus genome harbours
two putative orthologs, encoded by BnaA05¢27700D and
BnaC05¢41870D, with 94% similar amino acids compared to
AtUGT76BL1. Less sequence homology may not be a stringent
criterion to identify ILA (and SA and NHP) conjugating UGT
enzymes (Vogt & Jones 2000; Bowles et al. 2006). For example,
wheat harbours numerous homologues of AtUGT76B1;

8 Arabidopsis lyrata

U Brassica oleracea subsp. oleracea
8 Solanum lycopersicum ‘Micro-Tom’
B Nicotiana tabacum

B Hordeum vulgare

B Zea mays

8 Populus spp.

Y Brassica napus

Fig. 4. Qualitative assessment of putative ILA glucoside (m/z 293.1242, C4,H,10g, negative mode) by ultrahigh-resolution Fourier transform ion cyclotron res-
onance mass spectrometry. Arabidopsis lyrata, Brassica oleracea subsp. oleracea, Brassica napus, Solanum lycopersicum cv. ‘Micro-Tom’, Nicotiana tabacum,
Hordeum vulgare L. cv. Barke, Zea mays, and Populus spp. were grown in a greenhouse with 10 h light at 24°C and at 18°C during the dark period with 60%
relative humidity. Leaf samples (n = 5; mean + SD) were collected at young seedling stage, extracted and analysed as described previously (von Saint Paul

etal. 2011).
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ILA

PLANTS

* Potentially synthesized from Ile
precursor or catabolite

o2
3]
=
-
3
=
jas)

* Regulation of biosynthesis
probable, but elusive

* Inactivation via glucosylation by
AtUGT76B1

Regulation

* Immune-modulatory role
enhancing SA-mediated defense

* Inhibition of root growth

* Induction of ROS

MAMMALS

* Originates from Ile catabolic
intermediate

* Unregulated side-reaction of
diminished Ile degradation due to
MSUD genetic disorder

* Final biosynthetic reductase not yet
known

* Accumulation associated with
and causative for the detrimental
developmental defects of MSUD
disorder

Fig. 5. Summary of the differences in ILA biosynthesis, regulation, and functional roles in plants and mammals.

however, all are more distant than other family 76 UGTs found
in A. thaliana. Thus, these genes evolved and diversified after
the evolutionary split of monocots and dicots, excluding a sim-
ple homology-based relationship.

CONCLUSIONS

The 2-HA ILA has divergent impacts affecting development,
stress responses, and plant defence of A. thaliana. In particular,
metabolic data suggest that ILA and its interplay with ILA glu-
coside also play a role in other plant species. Although the bio-
synthetic steps in plants (and in mammals) are not yet (fully)
elucidated, the analogy with the human genetic disorder
MSUD strongly implies that ILA originates from Ile biosyn-
thetic or catabolic reactions (Fig. 5). Identification of the bio-
synthetic components in plants would be decisive and
instructive to initiate genetic approaches with mutants manip-
ulating endogenous ILA levels rather than relying on exoge-
nous application of ILA; yet the putatively close link to the
amino acid metabolism may jeopardize such a strategy.
Genome-wide association studies (GWAS) based on ILA ana-
Iytics using collections of Arabidopsis accessions may serve as
an alternative strategy to identify loci that control ILA levels in
plant cells. In contrast to MSUD, ILA levels in plants (A. thali-
ana) appear to be regulated by yet unknown mechanisms, since
ILA concentrations do not correlate with altered Ile levels. Fur-
thermore, A. thaliana has evolved a means of inactivating ILA
by glucosylation, a reaction which is intrinsically linked with
the inactivation of the immune-modulatory key players SA and

200

NHP, since a single glucosyltransferase, AtUGT76B1, accepts
all three substrates in a competitive manner. Thus, ILA itself
impacts immune responses. The molecular actions of ILA
related to its other independent roles in stress response and
development remain elusive (Fig. 5).
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