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Abstract

The essential amino acids lysine and threonine are synthesized in
higher plants via a pathway starting with aspartate that also leads to the
formation of methionine and isoleucine. Lysine is one of most limiting
amino acids in plants consumed by humans and livestock. Recent
genetic, molecular, and biochemical evidence suggests that lysine
synthesis and catabolism are regulated by complex mechanisms.
Early kinetic studies utilizing mutants and transgenic plants that over-
accumulate lysine have indicated that the major step for the regulation
of lysine biosynthesis is at the enzyme dihydrodipicolinate synthase.
Despite this tight regulation, recent strong evidence indicates that
lysine catabolism is also subject to control, particularly in cereal
seeds. The challenge of producing crops with a high-lysine concentra-
tion in the seeds appeared to be in sight a few years ago. However,
apart from the quality protein maize lines currently commercially
available, the release of high-lysine crops has not yet occurred. We are
left with the question, is the production of high-lysine crops still a
challenge?
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Hunger and malnutrition

Hunger and malnutrition are among the
most devastating problems affecting a large
part of the world’s population. Nearly 30%
of people in the developing world are suffer-
ing from one or more forms of malnutrition
(1). In fact, one billion people worldwide are
affected by nutritional deficiencies, 800 mil-
lion people are chronically undernourished,
more than 40% of women in the developing
world are underweight and/or anemic, and
one third of the world’s children are affected

by delayed growth and development caused
by malnutrition (2). Furthermore, vitamin A
deficiency worldwide on a yearly basis causes
blindness in around 500,000 children and
eye damage in more than 14 million people
2).

The tragic consequences of malnutrition
include disability, stunted mental and physi-
cal growth and death, affecting all age groups.
In the embryo and fetus, nutritional disor-
ders are responsible for low birth weight,
brain damage and neural tube defects (2).
Low birth weights are linked to malnutrition
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of the mothers before and during pregnancy,
while micronutrient deficiencies in mothers
have been shown to increase the mortality of
young children. Furthermore, malnourished
children are less able to fight infections (3).
In the infant and adolescent stages of life,
protein-energy malnutrition and vitamin A
deficiencies are linked to developmental and
growth retardation, increased risk of infec-
tion and higher risks of death and blindness
(1,2). In the elderly, protein-energy malnu-
trition is the most important deficiency re-
sulting in a higher risk of death, increased
risk of infection and a reduced quality of life
(1).

Overall, progress during the last twenty
years in reducing protein-energy malnour-
ishment among infants and young children
has been exceedingly slow, while micronu-
trient and vitamin deficiency have contrib-
uted to worsen the situation (1).

Protein deficiency

Protein quality is based on their amino
acid composition (particularly their relative
content of essential amino acids) and their
digestibility. Therefore, high quality pro-
teins are those that are easily digested and
contain the essential amino acids in quanti-
ties that correspond to human requirements
(1,2). Amino acid and protein requirements
are a function of the metabolic demands of
the organism and the efficiency with which
they can be utilized to meet these demands
4).

Early studies with animals have shown
that threonine, sulfur containing amino acids
and isoleucine are the most important amino
acids for young rats (5), whereas isoleucine
and tryptophan are important for adult rats
(6) and sulfur amino acids, threonine and
tryptophan are important for adult pigs (7).
Both leucine and lysine are the most abun-
dant amino acids in carcass proteins and in
the growth requirements for rats and pigs
(5,7).
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In humans, early reports suggested that
the human protein needs are around 180 g/
day. However, studies with lower protein
diets resulted in values of 50 g/day. The
latter value is similar to the one currently
accepted by FAO/WHO (4). However, El-
Khoury et al. (8) suggest that the FAO/
WHO/UNU lysine requirement value is not
sufficient to maintain lysine homeostasis in
healthy adults and, based on their results and
tracer studies done by others, the mean lysine
requirement of healthy adults was deter-
mined to be 30 mg kg! day-!. In addition, the
results of two-phase linear regression cross-
over analysis showed that the mean threo-
nine requirement was 19.0 mg kg! day!
with an upper safe intake of 26.2 mg kg!
day!' (9).

Amino acids

Amino acids are the main nitrogen stor-
age compounds in plants and the basis for
the synthesis of proteins (10). Twenty differ-
ent amino acids are usually incorporated
into proteins (11), although they can be sub-
ject to post-translational modifications such
as phosphorylation, hydroxylation, methy-
lation, and acetylation. Besides those that
compose proteins, more than 300 additional
amino acids have been characterized in plants
(12). These non-protein amino acids can
play a vital role as metabolic pathway inter-
mediates, such as ornithine, homoserine and
cystathionine. In addition, they can also act
as nitrogen storage molecules, as in the case
of canavanine, or they can be synthesized in
response to stress, revealing the possibility
that some of them may act as insecticidal and
fungicidal agents (11).

Humans and monogastric animals are
not able to synthesize nine of the amino
acids that are found in proteins. These nine
amino acids (lysine, threonine, methionine,
phenylalanine, tryptophan, isoleucine, leu-
cine, valine, and histidine) are designated
essential amino acids and must be acquired
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through the diet (13). In addition, animals
are only able to synthesize tyrosine and cys-
teine by conversion from phenylalanine and
methionine, respectively. Plants and most of
the bacteria and fungi have the capacity to
synthesize all the twenty amino acids neces-
sary for protein synthesis (11), which can be
classified into “families” according to the
precursor of the biosynthetic pathway. These
pathways are subjected to complex regula-
tion so that there is limited waste of energy
and key carbon, nitrogen and sulfur sub-
strates. Early cell fractionation and more
recent gene sequencing studies have clearly
shown that the enzymes involved in the syn-
thesis of essential amino acids are located in
the chloroplasts of the leaves, or in the plas-
tids of non-photosynthetic organs, such as
seeds and roots (11).

Recent research has revealed that plant
proteins supply 65% of the total global in-
gested proteins, with cereal grains repre-
senting 47%. Plant proteins in developed
countries constitute a low proportion com-
pared with animal sources. However, in the
developing countries plant proteins are the
main and, in many cases, the only source of
protein (14). Despite their importance, cere-
als are usually deficient in lysine, threonine
and tryptophan, while legumes are deficient
in methionine. These nutritional deficien-
cies have given rise to a great deal of interest
in research into the metabolic pathway from
aspartate to lysine, threonine, methionine
and more recently the conversion of threo-
nine to isoleucine, which is a key target of a
number of potent herbicides (15).

The aspartate metabolic pathway

Aspartate is able to act as a precursor for
two main pathways. The first leads to the
synthesis of asparagine, which is one of the
main compounds utilized for the transport
and storage of nitrogen in plants. Aspar-
agine is synthesized by the transfer of the
nitrogen from the amide group of glutamine

to aspartate, catalyzed by asparagine synthe-
tase. The enzyme asparaginase carries out
the catabolism of asparagine forming am-
monia, which is reassimilated through the
glutamate synthase cycle (16).

Aspartate is also the precursor of the
aspartate “family” of amino acids, lysine,
threonine, methionine, and isoleucine (15,17,
18) (Figure 1). Due to the low lysine and
threonine concentrations in cereal seeds and
their importance as essential amino acids,
studies have been carried out in order to
obtain a better understanding of the regula-
tion of the pathway, with the ultimate aim of
constructing plants by genetic manipulation
that can overproduce and accumulate higher
amounts of lysine and threonine in the seeds
(15,19-24).

Aspartate kinase (AK, EC 2.7.2.4), the
first enzyme of the pathway, can be present
as several isoenzymes, which are feedback
inhibited either by lysine or by threonine.
AK catalyzes the phosphorylation of aspar-
tate to B-aspartyl phosphate, which is then
converted to B-aspartyl semialdehyde (ASA)
in a reaction catalyzed by the enzyme aspar-
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Figure 1. Enzyme reactions important in the assimilation of ammonia. GS = glutamine
synthetase; GOGAT = glutamate synthase; AS = asparagine synthetase; AAT = aspartate
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tate semialdehyde dehydrogenase (EC 1.2.1.
11). At this point, the pathway is divided into
two branches, one leading to lysine forma-
tion, whereas the other branch is subsequently
divided to form two sub-branches, with one
leading to the synthesis of threonine and the
other to the synthesis of methionine (15).
The amino acid lysine is synthesized from
ASA by seven consecutive enzymatic reac-
tions initiated by the action of dihydrodi-
picolinate synthase (DHDPS, EC 4.2.1.52),
which s strongly feedback inhibited by lysine
(15). In the other branch, ASA is reduced to
homoserine by a reaction catalyzed by
homoserine dehydrogenase (HSDH, EC
1.1.1.3), the first enzyme committed to the
synthesis of threonine and methionine, which
also exists as separate isoenzymes, resistant
and sensitive to threonine feedback inhibi-
tion (21). Homoserine is phosphorylated to
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Figure 2. The aspartate metabolic pathway of higher plants. AK = aspartate kinase; HSDH =
homoserine dehydrogenase; DHDPS = dihydrodipicolinate synthase; TS = threonine syn-
thase; CS = cystathionine-y-synthase; TDH = threonine dehydratase; LOR = lysine-2-
oxoglutarate reductase; SDH = saccharopine dehydrogenase; AASA = o-aminoadipic acid;
a-KG = a-ketoglutarate.
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O-phosphohomoserine by the action of the
enzyme homoserine kinase (EC 2.7.1.39)
and converted to threonine by threonine syn-
thase (EC 4.2.99.2) (25). Isoleucine is syn-
thesized directly from threonine by a series
of five enzymatic steps (15). The synthesis
of the amino acid methionine follows a sepa-
rate branch of the pathway, which is initiated
from O-phosphohomoserine and follows
three enzymatic reactions involving the en-
zymes cystathionine y-synthase (EC
4.2.99.9), cystathionine B-lyase (EC 4.4.1.8)
and methionine synthase (EC 2.1.1.13) (21).
S-adenosylmethionine, which is one of the
main methyl group donors in plants, is syn-
thesized from methionine in an enzymatic
reaction catalyzed by the enzyme S-adenos-
ylmethionine synthase (EC2.5.1.6) (26) (Fig-
ure 2). For a full detailed review of the
aspartate metabolic pathway, see Ref. 15.

The key enzymes involved in lysine
metabolism

AK was initially studied in bacteria and
later characterized in detail in several plant
species. At least two distinct AK isoenzymes
have normally been observed in plants, threo-
nine-sensitive and lysine-sensitive isoen-
zymes (15). The lysine-sensitive AK isoen-
zyme is a monofunctional polypeptide,
whereas the threonine-sensitive AK isoen-
zyme is a bifunctional polypeptide contain-
ing a threonine-sensitive HSDH domain
(15,27). The distribution of the AK isoen-
zymes may vary depending on the tissue and
developmental stage; however, the lysine-
sensitive AK isoenzyme normally accounts
for the majority of AK activity (15). A con-
troversial regulation of AK activity by cal-
cium, a modulator of the activity of several
enzymes and an important messenger in sig-
nal transduction in plants, and by calmodu-
lin, a key component of a complex cascade
system of protein kinases, has also been
reported in the literature (15). The threo-
nine-resistant and threonine-sensitive HSDH
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isoenzymes have also been studied in detail
and purified from plant species (17). Purifi-
cation of AK and HSDH isoenzymes by ion-
exchange and gel filtration chromatography
has produced the best results and the molec-
ular mass of the isoenzymes has been shown
to vary from 104 to 250 kDa for AK and
from 70 to 190 kDa for HSDH (15). The
activity of the threonine-sensitive HSDH
isoenzyme can be easily altered by KCl and
the isoenzyme is involved in the biosynthe-
sis of amino acids in the plastids, while the
physiological function of the cytoplasmic
threonine-resistant HSDH isoenzyme is still
unknown (15).

DHDPS, the first enzyme directly in-
volved in lysine biosynthesis, is strongly
regulated by feedback inhibition by low con-
centrations of this amino acid and conse-
quently plays the most important role in the
regulation of lysine biosynthesis (17,28,29).
DHDPS catalyzes the condensation of pyru-
vate and aspartate semialdehyde to dihydro-
dipicolinic acid, and has been purified and
characterized in plants, exhibiting a molecu-
lar mass of 115 to 167 kDa (15,17).

Lysine catabolic pathway

Due to the need of obtaining cereal seeds
with a higher lysine concentration, the lysine
catabolic pathway (Figure 2) has also been
studied recently in considerable detail. Ini-
tial studies of lysine catabolism in plants
were carried out using “C-labeled lysine,
with radioactivity being incorporated into
glutamate and o-aminoadipic acid (30).
Lysine degradation has been shown to be
catalyzed by two main enzymes, lysine 2-
oxoglutarate reductase (LOR), also known
as lysine o-ketoglutarate reductase, which
catalyzes the formation of saccharopine, and
saccharopine dehydrogenase (SDH), which
hydrolyzes saccharopine to glutamate and
o-aminoadipic acid (31). Most of the LOR-
SDH activities are present in a single bifunc-
tional polypeptide (31,32), although mono-

functional forms of both enzymes have also
been detected (33). Recent studies have in-
dicated that LOR-SDH-encoding genes are
expressed in several tissues, particularly dur-
ing osmotic stress (34). The biochemical
characterization of the bifunctional enzyme
LOR-SDH has revealed that LOR activity is
stimulated by lysine via a complex cascade
of calcium-dependent phosphorylation (35).

Perhaps the most significant finding con-
cerning lysine catabolism has been that re-
lated to the opaque-2 maize mutant. This
mutant is characterized by a high-lysine con-
centration when compared to wild-type maize
seeds, a property due to altered storage pro-
tein distribution and higher accumulation of
lysine in the soluble form (36). Biochemical
and molecular analyses have revealed that
the 02 gene, which encodes a transcriptional
activator factor, regulates the LOR activity
in the maize endosperm. In the opaque-2
mutant, the LOR enzymatic activity, protein
content and mRNAs have been shown to be
reduced according to changes in expression
pattern during the development of the grain
(37,38). In addition, elevated lysine concen-
trations were detected in mature seeds in a
knockout mutant of Arabidopsis thaliana
which eliminated expression of the gene
encoding the bifunctional LOR-SDH enzyme
(24).

High-lysine mutants and transgenic
plants

The need to increase the nutritional con-
tent of cultivated plant has been recognized
for a long time. Perhaps one of the most
important advances in recent years was the
development of “golden rice”, a transgenic
line produced by expressing in the rice en-
dosperm the synthesis pathway of B-caro-
tene, the precursor of vitamin A in the hu-
man body (39). Such B-carotene-rich seeds
may be able to alleviate vitamin A defi-
ciency and elite lines of rice should soon be
available to farmers in the developing coun-
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tries at a low cost (40).

For the production of plants with high
lysine concentrations, several strategies have
been implemented. The conventional long-
term plant breeding programs, although lim-
ited, have been used to select plants with
improved protein quality (41). Naturally oc-
curring high-lysine mutants such as the
opaque-2 and floury maize mutant varia-
tions are excellent examples of the success
of such a simple and traditional, but effec-
tive approach. Unfortunately the high-lysine
mutants exhibited undesirable agronomic
characteristics (36), which only more re-
cently have been partially overcome with
the development of quality protein maize
(QPM) (36). Biochemical mutants have been
isolated that exhibit altered regulatory pat-
terns for the specific targeted enzymes, such
as AK and DHDPS, which were less sensi-
tive or insensitive to feedback inhibition by
their end product amino acids or their ana-
logues (18). Finally, in the 1990’s, a range of
transgenic plants were produced, in which
key enzymes had been genetically manipu-
lated with the aim of producing high-lysine
plants (28,42,43).

The last two strategies described were
essential for the understanding of the regula-
tion of the amino acids synthesized through
the aspartate metabolic pathway. The knowl-
edge accumulated from the initial work on
microorganisms, later associated with stud-
ies conducted on legume crops, were also
critical for the determination of the funda-
mental aspects of lysine metabolism. It has
been proposed that lysine overproduction
can be obtained by the alteration of the sen-
sitivity of DHDPS to this amino acid, which
would result in an increased rate of lysine
synthesis. Nonetheless, it may also be im-
portant to reduce the lysine-feedback inhibi-
tion of the lysine-sensitive AK isoenzyme.
However, the manipulation of lysine bio-
synthesis did not ensure lysine accumula-
tion in the cereal seeds, but did so in the
leaves (17). Therefore, the accumulation of
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lysine in the seeds appears to be dependent
on the manipulation of the rate of catabo-
lism. This statement is further supported by
the fact that LOR and SDH activities are
very high in the endosperm of cereal seeds,
but are hardly detectable in other tissues. In
addition, the high-lysine maize opaque-2
mutant was shown to contain very low LOR
and SDH activities, which reduced the deg-
radation of lysine and allowed a higher
amount of the amino acid to be incorporated
into the storage proteins, with the excess
lysine being accumulated in the soluble form
in the endosperm. The decrease in the LOR
and SDH activities is due to a reduction in
the transcription of the ZLKRSDH gene and
thus in the amount of LOR-SDH protein
(37).

The data obtained from legume plants,
which normally contain much higher lysine
concentrations in the grain, are also particu-
larly relevant and add further support to the
important role played by LOR and SDH in
lysine degradation. Intermediate compounds
of lysine catabolism accumulated in the seeds
of soybean and canola plants (43), suggest-
ing a reduced activity of LOR and SDH in
these species which naturally exhibit much
higher lysine contents when compared to
those of the cereal crops (43). Similarly, the
LOR and SDH activities of Phaseolus vul-
garis seeds and even some other tissues
were also shown to be drastically reduced
compared to cereals (44,45). Even among
cereal crops, rice exhibits a very different
storage protein profile and a naturally higher
soluble lysine and protein concentration,
suggesting a different rate of lysine metabo-
lism as confirmed by the lower LOR-SDH
activities observed in the grain (32).

Unlike lysine, overproduction and accu-
mulation of threonine have been frequently
obtained following the alteration of the feed-
back inhibition of the lysine-sensitive AK
(18,46). Threonine accumulates in all tis-
sues, including seeds, suggesting that en-
zymes of threonine catabolism are not active
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in plants, as compared to those of lysine
catabolism (18).

Another aspect concerning the accumu-
lation of lysine is the participation of amino
acid transporters, since a significant concen-
tration of amino acids is transported from
distant plant tissues to the developing seeds
through the phloem. Phloem unloading in
the seed coats is considered to be symplasmic.
The symplasmic discontinuity between ma-
ternal and filial tissues in seeds necessitates
membrane efflux from the maternal tissues
and subsequent uptake by filial tissues such
as the endosperm or embryo.

More than 50 distinct amino acid trans-
porter genes have been identified in the ge-
nome of Arabidopsis thaliana, indicating
that transport of amino acids across mem-
branes is a highly complex feature in plants
(47,48). Lysine has been shown to be trans-
ported by two members of a family of broad
specificity transporters (AAP). AAP 5 was
expressed in mature leaves and stems, indi-
cating a possible role in phloem loading
(49), while AAP 3 was expressed only in the
roots. More recently a family of nine cat-
ionic amino acid transporters (CAT) has
been characterized from A. thaliana, with
CAT I and CAT 5 exhibiting a high affinity
for arginine and lysine (48). CAT I was
specifically expressed in the major veins of
leaves and roots, in various floral tissues and
the developing seed (50), while CAT 5 was
expressed in cotyledons during early seed-
ling development and at the edges of leaves
(48).

Thus, there still is little information about
lysine transport to the seeds. Analysis of
amino acid composition of the vascular sap
of the opaque-2 high-lysine maize mutant
was determined during kernel development
revealing that glutamine was the major amino
acid transported to the endosperm (51). Per-
haps the first clear evidence that the rate of
lysine breakdown appeared to be an impor-
tant mechanism by which the opaque-2 maize
high-lysine mutant controls lysine level in

maize endosperm was obtained when the
lysine content in the sap was compared with
the lysine stored in both wild-type and sug-
ary opaque-2 maize endosperm during ker-
nel filling (52). The lysine content of the ear
peduncle sap could account for all the lysine
found in both endosperms. Preformed lysine
was shown to be highly catabolized in the
wild-type endosperm, but not in the high-
lysine sugary opaque-2 endosperm (52).

Opaque-2 and quality protein maize

The opaque-2 maize mutant exhibits a
high seed lysine content, but a small amount
when compared to wild-type maize plants
(36). This mutation confers an opaque phe-
notype to the maize grain and a floury en-
dosperm (36). In addition to the high-lysine
and high-tryptophan traits, several other char-
acteristics have also been shown to be al-
tered in the opaque-2 mutant, including the
activity of RNase and of enzymes of carbon
and nitrogen metabolism (36), a reduction in
protandry, and the differences in photosyn-
thetic activity of young seedlings (53). A
range of genes belonging to several distinct
metabolic pathways, such as glycolysis,
amino acid biosynthesis and storage pro-
teins, were shown to be direct or indirect
targets of the 02 gene product (31). Molecu-
lar and biochemical analyses also confirmed
that the 02 gene regulates LOR activity in
the maize endosperm (31). An opaque-2 box
was found in the 5' regulatory region, which
confirmed the transcriptional regulation of
the LOR-SDH-encoding gene by the 02 gene
product (31). Proteome and transcriptome
analyses of the regulatory role of the 02 gene
found one restriction site on the 3' side of the
02 gene, which is associated with the amount
of LOR-SDH mRNAs (31).

Despite the modification in seed struc-
ture and nutritional quality, the opaque-2
plants exhibited a reduced productivity and
a higher susceptibility to pathogens, which
was a major commercial drawback. The cor-
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relation between nutritional quality and yield
has been a serious issue over the years, since
the two factors appear to be negatively cor-
related. This problem appears now to have
been overcome since the introduction of
modifier genes (o2 genes) that changed the
opaque-2 phenotype of the seed, thus allow-
ing wild-type-like seed characteristics to be
maintained, resulting in normal yield but
conserving the high lysine and high tryp-
tophan concentrations (36). These new maize
lines have been designated QPM and several
hybrids were produced and introduced into
the market. However, the widespread use of
these varieties has not been as fast as initially
expected. QPM varieties have also exhibited
lower seed LOR and SDH activities when
compared to the wild type, as would be
expected considering their opaque-2 origin
(36). The effect of the 02 gene is not re-
stricted to lysine catabolism, but also ap-
pears to regulate the biosynthesis of this
amino acid, since the analysis of a maize
double mutant opaque-2/ask1 (gene encod-
ing the lysine-sensitive AK), indicated alter-
ations in total and soluble amino acids, stor-
age proteins and enzymatic activity, sug-
gesting that the ask/ gene may be regulated
by 02 (54). In addition, genetic mapping
analyses have linked the ask/ gene to the 02
gene (46). Other evidence of the regulatory
role of 02 regarding the AK isoenzymes was
later obtained from quantitative trait loci
analysis (55).

While the value of the opaque-2 maize
mutant in improving our understanding of
lysine metabolism is clear, several other re-
cessive and semi-dominant high-lysine maize
mutations have been available for some time,
but only recently have some of them been
investigated concerning lysine metabolism
and storage proteins (56-58). Transcriptomic
and proteomic approaches are now available
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and are powerful tools that can be used in the
study of these mutants, which should allow
further insights to be gained into the com-
plex regulatory network of the 02 gene and
product. Will these mutants (e.g. opaque and
floury maize mutants) behave like the
opaque-2 mutant? Are there alternative mu-
tants that could be more useful than the
opaque-2 mutant in terms of commercial
use?

These questions are also valid for other
cereal crops such as rice, barley and sor-
ghum, for which high-lysine mutants (e.g.,
high-lysine sorghum mutants, hiproly bar-
ley mutant, high-lysine rice mutants) have
been available for some time (18,59,60).
Very little is known about the aspartate meta-
bolic pathway and, more specifically, lysine
metabolism in the mutants of crops other
than maize. Initial results with a range of
high-lysine maize mutants have already re-
vealed important differences among the
mutants in relation to the wild types and the
maize opaque-2 mutant (56-58). Interest-
ingly, some high-lysine mutants have shown
similar rates of lysine catabolism when com-
pared to their wild-type lines, suggesting
that a reduced lysine catabolic rate does not
explain the increase in the levels of soluble
lysine in the endosperm of these mutants
(56-58).

In 1997 Azevedo et al. (15), when re-
viewing the aspartate metabolic pathway,
hoped that in five years high-lysine trans-
genic crop plants would be available to farm-
ers. Apart from the QPM lines, it would
appear that very little else in the way of high-
lysine crops is available. Perhaps recent leg-
islation and general concern about the use of
modified genetic organisms have been the
major setback regarding the release of such
Crops.
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