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Lysine catabolism: a stress and development super-regulated

metabolic pathway

Gad Galili*, Guiliang Tang, Xiaohong Zhu and Bertrand Gakiere

Lysine is a nutritionally important essential amino acid whose
level in plants is largely regulated by the rate of its synthesis. In
some plant tissues and under some stress conditions, however,
lysine is also efficiently catabolized into glutamate and several
other stress-related metabolites by novel mechanisms of
metabolic regulation. Lysine catabolism is important for
mammalian brain function; it is possible that the generation of
glutamate regulates nerve transmission signals via glutamate
receptors. Plants also possess homologues of animal glutamate
receptors. It is thus likely that lysine catabolism also regulates
various plant processes via these receptors.
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Abbreviations

EST expressed sequence tag

LKR lysine ketoglutarate reductase
SDH saccharopine dehydrogenase

Introduction

Lysine is catabolized in plants via saccharopine into glu-
tamate, pipecolic acid and acetyl Co-A ([1,2]; Figure 1).
"Two enzymes linked on a single bifunctional polypeptide
catalyze the first two steps of this pathway [3-5]. Lysine
ketoglutarate reductase (LKR) first combines lysine and
o-ketoglutarate into saccharopine. Saccharopine dehy-
drogenase (SDH) then converts saccharopine into
o-aminoadipic semialdehyde and glutamate. The first
clue to the physiological function of lysine catabolism in
plants was the demonstration that LKR activity in tobacco
seeds is stimulated by lysine; the increased activity of
LKR is associated with reduced steady-state accumulation
of free lysine in mature seeds [6]. The lysine-mediated
stimulation of LKR activity in plant seeds is regulated by
Ca2+ and by the phosphorylation of LKR holoenzyme
[5,7°,8,9].

The biochemical properties of the bifunctional polypep-
tide LKR/SDH have been recently reviewed in detail [7°]
and are therefore not extensively discussed here. Instead,
we focus on recent observations regarding the regulation of
LKR/SDH gene expression. These results, taken together
with the biochemical properties of LKR/SDH, suggest
that lysine catabolism in plants is a super-regulated meta-
bolic pathway that has multiple developmental and
stress-associated functions.
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The lysine catabolism pathway of plants and metabolites derived from
it. Broken arrows represent non-specified enzymatic reactions.

LKR/SDH gene expression is under complex
regulatory control

The LKR/SDH gene is abundantly expressed in floral tissues
and developing seeds. 7 situ mRNA hybridization suggests
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Schematic representation of the LKR/SDH locus (bottom scheme), as
well as the autonomous monofunctional SDH gene that is an integral
part of this locus (top scheme). The promoter of the monofunctional
SDH gene (Psdh), which is located within the coding region of the
LKR/SDH locus, contains putative TATA and CAAAT sequences, as
well as consensus transcription factors binding sites, called the
Opaque2 (02), legumin (RY), and Endosperm (E) boxes. Black
rectangles indicate introns, whereas empty rectangles indicate exons
of the Arabidopsis LKR/SDH locus (bottom scheme). The regions
encoding the LKR domain, the intermediate domain (ID), and the SDH
domain of LKR/SDH are indicated below. ATG, translation initiation
codons; Plkr/sdh, the upstream promoter of the LKR/SDH gene; Ter,
transcription terminator; TGA, translation termination codon.

that the Arabidopsis LKR/SDH gene is upregulated in ovari-
an tissues, developing embryos, and the outer layers of the
endosperm [10]. In developing maize grains, LKR/SDH gene
expression is mediated by the Opaque?2 transcription factor
[11°°], which also controls the expression of some classes of
the zein storage-protein genes [12,13]. In situ analysis of SDH
activity shows that the maize LKR/SDH enzyme is localized
to the outer endosperm layers of the developing grain; there
is little detectable SDH activity in the embryo [11°°]. This
observation is puzzling as the Opaque2-regulated zein stor-
age-protein genes are specifically expressed in the inner part
of the starchy endosperm [14]. Moreover, the low level of
SDH activity in the embryo also contradicts the results of
other studies [15°] showing that embryo-specific overproduc-
tion of lysine in maize results in significant accumulation of
lysine catabolic products. It is possible that lysine may be
transported from the embryo to the outer endosperm layer
and be degraded there.

LKR/SDH gene expression is not restricted to reproductive
tissues. LKR/SDH mRNA was found by differential-display
analysis to be significantly upregulated in rapeseed leaves
upon osmotic stress [16]. Moreover, the analysis of expressed
sequence tags (ESTs) from a number of plant species sug-
gests that the LKR/SDH gene is abundantly expressed in
the dividing cells of various tissues, as well as in abscission
zones and in tissues treated with biotic elicitors [7°]. Taken
together, these results suggest that lysine catabolism may
play regulatory roles in different developmental and physio-
logical programs.

The LKR/SDH composite locus encodes
three related but distinct enzymes in lysine
catabolism

Another interesting property of LKR/SDH is that its two
linked enzymes possess significantly different pH activity
optima. T'he maximal activity of LKR occurs at neutral
pH, whereas SDH has a pH optimum of pH 9 or above
[3-5]. Because LKR/SDH is localized in the cytosol
[11°°,17], where the pH is relatively neutral, it is likely that
the SDH activity of LKR/SDH is relatively inefficient
in vivo. 'This implies that plants may require an SDH activ-
ity in addition to that provided by LKR/SDH to maintain
efficient flux of lysine catabolism. One way to achieve this
would be for the plant to express more SDH protein than
LKR. Indeed, a monofunctional SDH mRNA and
polypeptide was detected in Arabidopsis [10]. This mono-
functional SDH is encoded by an autonomous gene, which
is an integral part of the LKR/SDH gene and utilizes a part
of the LKR/SDH coding region as an internal promoter to
express the SDH open reading frame (Figure 2, [compare
top and bottom schemes]) [18°°]. Such a gene structure
may enable the promoters of the LKR/SDH and mono-
functional SDH genes to have autonomous patterns of
expression as well as to interact with each other.

The complexity of the composite LKR/SDH locus of
plants is not restricted to its encoding a bifunctional
LKR/SDH and a monofunctional SDH. A complete
DNA-sequence analysis of three LKR/SDH-related ESTs
from a cotton boll abscission zone ¢cDNA library (URL
http://www.genome.clemson.edu/projects/cotton/)
showed that one EST encodes a bifunctional LKR/SDH
whereas the other two encode another novel enzymatic
form, a catabolic monofunctional LKR (G Tang, X Zhu,
B Gakiere, G Galili, unpublished data). The cotton mono-
functional LKR ¢DNAs possess identical DNA sequence
to the LKR domain of the LKR/SDH c¢DNA, suggesting
that they are also encoded by the composite LKR/SDH
locus. The cotton boll abscission zone database contains
only 1800 sequenced ESTs. Thus, the relatively high
frequency of monofunctional LKR ESTs in this library
suggests that production of monofunctional LKR mRNA
is upregulated in the abscission zone. Cotton is not the
only plant to possess a monofunctional LKR: we have
recently identified an Arabidopsis EST encoding this
novel enzymatic form (G Tang, X Zhu, B Gakiere,
G Galili, unpublished data). The mechanism(s) regulating
the production of the monofunctional LKR from the com-
posite LKR/SDH locus have yet to be elucidated.

Not all of the composite LKR/SDH loci of plants encode
three distinct polypeptides. DNA sequence analysis suggests
that although the composite LKR/SDH loci of Arabidopsis,
rapeseed, cotton and tomato possess autonomous monofunc-
tional SDH genes nested inside them, the loci of maize and
soybean do not [5,18°°] (G Tang, X Zhu, B Gakiere, G Galili,
unpublished data). Expression studies also failed to detect
any monofunctional SDH gene product in developing seeds
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of maize and soybean [5,7°,11°°]. Notably, the differential
production of monofunctional SDH in the various plant
species is associated with their differential accumulation
of lysine catabolic products [16,18°°]. The physiological
significance of these observations has still to be elucidated.
It is also not yet known whether the monofunctional LKR
is ubiquitous in all plant species.

The regulation and physiological implication
of metabolite flux via LKR and SDH

"The biochemical significance of the linkage between LKR
and SDH is not yet understood. Fusion of two consecutive
enzymes might enhance substrate channeling between
them, but biochemical studies do not support such a chan-
neling function for the bifunctional LKR/SDH [5]. An
alternative hypothesis is that the linkage between LKR
and SDH may enable the modulation of LKR activity by
intra-molecular protein—protein interaction with its linked
SDH domain. Such a mechanism, as illustrated in
Figure 3, may explain the modulation of LKR activity by
lysine and Ca2+ as well as by protein kinases and phos-
phatases. If such a mechanism operates #z vive, it is
expected that the putative association/dissociation
between the LKR and SDH domains could also be mimic-
ked iz wvitro by changing the ionic strength of the
incubation assay, a factor that modulates non-covalent
protein—protein interactions. Indeed, the iz virro LLKR
activities at excess substrate concentration (i.e. at V,,,) of
both maize LKR/SDH [19] and a recombinant Arabidopsis
LKR/SDH expressed in yeast cells (X Zhu, G Galili,
unpublished data) are significantly lower in NaCl-free
buffers than in buffers containing 100 mM NaCl. In
contrast, a recombinant Arabidopsis monofunctional LLKR,
which is encoded by a deletion construct lacking the linker
region and the SDH domain, is not affected by NaCl con-
centration and its activity buffer is similar to that of the
full-length LKR/SDH in the high-NaCl buffer (X Zhu,
G Galili, unpublished data). A recombinant LKR/SDH
enzyme lacking the linker region between the LLKR and
SDH domains possesses similar activity to that of the
monofunctional LKR. This suggests that the linker region
may play a significant role in the putative interaction
between the LKR and SDH domains (X Zhu, G Galili,
unpublished data). In contrast to the effect SDH has on
LKR, the linkage between LKR and SDH seems to have
no effect whatsoever on the biochemical properties of
SDH [17], including its non-optimal pH, supporting the
requirement for additional monofunctional SDH activity
to carry out efficient flux of lysine catabolism.

Can monofunctional SDH also interact with monofunc-
tional LKR and thereby modulate the LKR activity?
Arruda and colleagues [19] dissected the maize LKR/SDH
by limited proteolysis and partially purified the different
peptides. They found that peptides derived from the SDH
or intermediate domain can inhibit the /# vitro activity of
dissected polypeptides containing only LKR activity. The
molar concentration of the SDH or intermediate domain
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A hypothesis suggesting a conformational modulation of LKR/SDH.
Our hypothesis suggests that LKR/SDH may be shuttled in vivo
between at least two conformational states. In one (left), the SDH
enzyme functionally interacts with its linked LKR enzyme and negatively
regulates its activity. In the second (right), the SDH and LKR enzymes
dissociate from each other, resulting in increased LKR activity.
Shuttling between two such confirmations may be regulated in vivo by
lysine or Ca2+, as well as by protein kinases and phosphatases. (+)
and (-) signs indicate factors that are predicted to affect the
dissociation or association of the LKR and SDH enzymes, respectively.
Similar conformational alterations may explain the variations in the in
vitro LKR activity of LKR/SDH upon incubation in buffers lacking NaCl
(resulting in less active LKR) or containing 100 mM NacCl (resulting in
more active LKR). The LKR active site is represented by a black dot.

peptides was, however, significantly higher than that of the
dissected LLKR polypeptide. It is possible that the
monofunctional SDH can inhibit the activity of the mono-
functional LKR. Being diffusion and concentration
dependent, however, this inhibition is much less efficient
than that occurring in the bifunctional LKR/SDH in which
the LKR and SDH enzymes are forced to be proximal to
each other by their linkage.

Taken together, the molecular and biochemical data sug-
gest that there are two different fluxes of lysine catabolism
in plants. In some tissues, such as seeds, in which
LKR/SDH is apparently the major contributor to the total
LKR activity, the flux of lysine catabolism is highly regu-
lated via the modulation of LKR activity by its linked
SDH. This regulatory process may control lysine home-
ostasis through a lysine-dependent stimulation of the LKR
activity of the bifunctional LKR/SDH ([6,8]; Figure 3). A
transient dominant production of monofunctional SDH
and LKR enzymes during abscission and stress conditions
may enable a temporary super-efficient flux of lysine
catabolism into glutamate. Such a super-efficient flux is
expected to be transient because extended catabolism may
deplete lysine from the free amino-acid pool. The change
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Pathways for conversion of glutamate into various stress-related
metabolites. Conversion of glutamate into the strong osmolyte proline
occurs primarily via a stress-mediated increase in the activity of
p-pyrroline-5-carboxilate synthase [21,22]. Conversion of glutamate
into the signaling molecule y-amino butyric acid (GABA) is carried out
by a Ca2*/calmodulin-stimulated glutamate decarboxylase [23].
Conversion of glutamate into the signaling molecule nitric oxide occurs
via arginine [24]. Glutamate also acts as a stimulator of glutamate
receptors [29,30]. CaM, calmodulin.

in LKR and SDH activities in rapeseed leaves in response
to osmotic stress provides experimental support for this
hypothesis [20°]. Before the stress response, LKR and
SDH activities in rapeseed leaves are relatively low and
approximately equal; they are apparently performed by
basal levels of bifunctional LKR/SDH. The initial
response to osmotic stress includes increased SDH but not
LKR activity, which is apparently due to excess production
of monofunctional SDH. This increase in SDH activity
may allow a slight increase in the flux of lysine catabolism.
When the osmotic stress becomes more severe, there is a
significant differential increase in LKR activity [20°]. This
increase is apparently due to differential production of
monofunctional LKR and/or stimulation of LKR activity
by phosphorylation. Upon recovery from the stress, LKR
activity decreases much faster than that of SDH.

Why do plant need a transient super-efficient flux of lysine
catabolism? A plausible explanation is that glutamate, a
major product of lysine catabolism, serves as a primary pre-
cursor for three important stress-related metabolites.
These are proline, a strong osmolyte [21,22]; y-amino
butyric acid, a stress-related signaling molecule [23]; and
arginine, which is the potential precursor of the stress-
related compounds, polyamines and nitric oxide ([24];
Figure 4). In addition, pipecolic acid, another product of
lysine catabolism (Figure 1), is also a strong osmolyte.

In addition to its role as a donor for stress-related metabo-
lites, glutamate may itself act as a signaling molecule. In
animals, glutamate is an important component of brain signal
transmission, interacting with glutamate receptors on the
surfaces of nerve cells [25]. Indeed, lysine catabolism via the
a-amino-adipic-acid pathway (Figure 1) also takes place in
animal cells and is significantly upregulated in brain tissues
[26]. Moreover, defects in LKR or SDH activities in humans
are associated with a severe genetic disorder called familial
hyperlysinemias [27], which can cause mental retardation
[28]. Plants also possess homologues of the animal glutamate
receptors, which apparently regulate various developmental
and physiological processes [29,30]. Notably, many plant
species possess various compounds that act as agonsits and
anatogonists of animal glutamate receptors. It has been
hypothesized that these compounds may protect plants from
herbivores, but they may in fact function via glutamate
receptors in regulating plant growth [29,30].

Functional evolution of LKR and SDH

The 0-amino-adipic-acid pathway functions in opposite
biochemical directions in different organisms. In animals
and plants, this pathway is used to catabolize lysine but, in
yeast and other fungi, it is used to synthesize lysine [31].
The fungal LKR and SDH (as opposed to those in animals
and plants) are monofunctional enzymes encoded by two
distinct genes. The fungal anabolic LKR enzymes have
much more divergent amino-acid sequences than do the
catabolic LKR enzymes of plants and animals, suggesting
differential evolution of LKR in fungi compared to that in
plants and animals. In contrast to LKR, the SDH enzymes
of all species are relatively highly conserved. How are the
opposite functions (i.e. catabolism in plants and biosynthe-
sis in fungi) of the a-amino-adipic-acid pathway regulated
in these two different groups of organisms? The fungal
SDH and LKR enzymes can operate iz vitro in both ana-
bolic and catabolic directions. The 7z vivo anabolic function
of this pathway in fungi is regulated by complex transcrip-
tional and posttranscriptional mechanisms [31], which
apparently result in the differential accumulation of precur-
sors favoring the anabolic function of these two enzymes. In
plants (and probably in animals too), the catabolic function
is apparently regulated by the unidirectional biochemical
nature of LKR, for which no anabolic activity could be
demonstrated [32°].

Conclusions

Lysine catabolism is emerging as one of the most highly
regulated metabolic pathways in plants. Different fluxes of
lysine catabolism can apparently be achieved under differ-
ent developmental and physiological programs via
complex transcriptional and posttranscriptional regulation
of the composite LKR/SDH locus. Lysine catabolism may
serve to regulate lysine homeostasis in some tissues, while
efficiently converting lysine to glutamate and then to other
stress-related metabolites in response to stress and in cer-
tain developmental programs. LKR/SDH-mediated lysine
catabolism provides an example in which knowledge from
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plant research is far more advanced than that from animals,
even though this pathway appears to be important for brain
function. Future utilization of LKR/SDH knockout
mutants is expected to play a key role in clarifying the
physiological significance of lysine catabolism in plants.
Moreover, detailed structure—function analysis of the
bifunctional LKR/SDH will yield fundamental informa-
tion about the regulation of lysine catabolism specifically,
and the functional significance of bifunctional enzymes
generally. The linker region between LLKR and SDH,
which plays a multi-significant role in the regulation of the
bifunctional LKR/SDH enzymes of plants, exists neither
in the bifunctional LKR/SDH genes of animals [11°°] nor
in the separate fungal LKR and SDH genes. This linker
region has apparently evolved specifically in plants to reg-
ulate plant-specific processes. The elucidation of a
possible physiological connection between lysine catabo-
lism and glutamate receptors is also needed. Finally, the
molecular mechanisms by which monofunctional LKR and
monofunctional SDH mRNAs are produced from the com-
posite LKR/SDH loci of different plant species should be
elucidated. It will be interesting to test whether these reg-
ulatory mechanisms are specific to LKR/SDH or whether
similar mechanisms also exist for bifunctional enzymes in
other metabolic processes.

Update

Recent work has demonstrated that lysine is an important
precursor for the de novo synthesis of glutamate in the
mammalian central nervous system [33]. This process is
likely catalyzed by LKR/SDH, whose gene is highly
expressed in various tissues of the mammalian central ner-
vous system [33]. In addition, Kim e7 4/. [34] have shown
that overexpression of an Arabidopsis homologue of the
mammalian glutamate receptor in transgenic Arabidopsis
alters the CaZ* balance and causes hypersensitivity to ionic
stresses. This provides direct proof of the functional role of
the newly discovered plant glutamate receptor homo-
logues in plant growth and development.
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