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ABSTRACT: Lysine, threonine, methionine and isoleucine are synthesized from aspartate in a branched
pathway in higher plants. Aspartate kinase plays a key role in the control of the aspartate pathway. The
enzyme is very sensitive to manipulation and storage and the hydroxamate assay normally used to determine
aspartate kinase activity has to be altered according to the plant species and tissue to be analyzed. We have
optimized the assay for the determination of aspartate kinase in maize plants callus cell cultures. Among all
the assay parameters tested, the concentration of ATP/Mg and temperature were critical for enzyme activity.
In the case of temperature, 35°C was shown to be the optimum temperature for aspartate kinase activity.
Key words: aspartate pathway, maize, lysine, threonine, methionine

DETERMINACAO DA ATIVIDADE DE ASPARTATO
QUINASE EM TECIDOS DE MILHO

RESUMO: Lisina, treonina, metionina e isoleucina séo derivados do aspartato. Aspartato quinase tem um papel
chave no controle da via metabdlica do aspartato. A enzima é muito sensivel @ manipulagdo e armazenagem e 0
ensaio enzimatico do hidroxamato que é normalmente utilizado para determinar a atividade da aspartato quinase
deve ser alterado de acordo com a espécie de planta e tecido vegetal a ser analisado. N6s otimizamos o0 ensaio
para a determinacgdo da atividade da aspartato quinase em culturas celulares de calos de milho. Entre o0s varios
parametros testados do ensaio, a concentracao de ATP/Mg e temperatura foram criticos para atividade enzimatica.

No caso da temperatura, 35°C foi a temperatura 6tima para atividade da aspartato quinase.
Palavras-chave: via do aspartato, milho, lisina, treonina, metionina

INTRODUCTION

Nitrogen is essential for plant growth and devel-
opment, and is often a limiting factor for high produc-
tivity (Mauad et al., 2003; Medici et al., 2004). Amino
acids are the major nitrogen containing compounds of
plants and are the building-blocks of proteins (Helm et
al., 2004). The essential amino acids lysine, threonine,
methionine and isoleucine are derived from aspartic acid
in a strongly regulated metabolic pathway (Lefévre et
al., 2002; Toro et al., 2003).

Aspartate kinase (AK, EC 2.7.2.4) is the first en-
zyme of the aspartate family pathway and is required for
the synthesis of the amino acid end products (Azevedo
et al., 1997). AK catalyses the phosphorylation of as-
partate to form b-aspartyl phosphate, with the accom-
panying hydrolysis of ATP (Azevedo, 2002). AK has
been identified, isolated and partially purified from a
wide range of economically important crops, including
some high-lysine mutants (Azevedo et al., 2003; 2004a;

2000b; Ferreira et al., 2004). Several lines of evidence
have indicated that plants generally possess at least two
or three different isoenzymes of AK. The distribution
of the AK isoenzymes may vary among the plant spe-
cies. In general, the lysine-sensitive AK isoenzyme has
been shown to represent approximately 80% of the to-
tal AK activity in almost all plant species tested so far
(Azevedo & Lea, 2001). Homoserine dehydrogenase
(HSDH, EC 1.1.1.3) catalyzes the first reaction that is
unique for threonine, methionine, and isoleucine biosyn-
thesis, which converts aspartate semialdehyde into
homoserine in the presence of the coenzymes NADH or
NADPH (Azevedo et al., 1997). Two isoenzymes of
HSDH, one sensitive and the other resistant to threonine
inhibition have been detected in plants (Azevedo & Lea,
2001). The existence of a bifunctional AK-HSDH isoen-
zyme sensitive to feedback inhibition by threonine, has
been confirmed by the analysis of genes encoding the
enzymes from several plant species (Muehlbauer et al.,
1994).
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We have previously studied AK from a wide
range of plant species and noted a considerable variabil-
ity in its action and stability during isolation, purifica-
tion and characterization. Maize is one of the major crops
worldwide (Pinto et al., 2003) and in this report we have
analyzed AK from maize tissues callus cell cultures and
optimized the assay for the determination of AK activity
from maize. Due to the nature of such a study, the ex-
periments were carried out twice and the means of three
repetitions for each assay were taken into consideration.
As each optimal assay condition was established, it was
immediately adopted as standard in subsequent experi-
ments.

MATERIAL AND METHODS

Callus tissue culture of the Cat100-1 (cateto)
maize inbred line was used. Seeds of the Cat100-1 inbred
line were kindly donated by the Department of Genetics
and Evolution of the State University of Campinas, Bra-
zil, and used to produce the callus culture used in this
research.

For growth cycle analysis in solid medium, 50 mg
of callus grown for 30 days on M09-2 solid medium
(Prioli & Sondahl, 1989) were transferred to Petri dishes
containing 25 mL of fresh M09-2 medium. The cultures
were incubated in the dark at 31 + 1°C (standard condi-
tions) and callus from ten Petri dishes were harvested and
combined at two days intervals for 35 days of culture. The
fresh weights were recorded and the callus stored at -80°C
for future AK assays. The experiment was repeated three
times under identical conditions.

The growth cycle analysis for callus growing in
liquid medium was carried out using the same source of
cells. Cat100-1 calli, grown for 30 days on solid M09-2
medium, were transferred to conical flasks (0.7 g of cal-
lus/ 125 mL conical flasks) containing 50 mL of freshly
prepared M09-2 medium. The cultures were placed on an
orbital shaker at 150 rpm for 20 days under standard con-
ditions. The growth of the cultures was measured by har-
vesting callus from three flasks together at two days in-
tervals. The fresh weight of the suspension was deter-
mined by the collection of small and large cell aggregates
on pre-weighted filter paper (Whatman GFA-n°1 filter, 9
cm), draining under a slight vacuum and weighing again.
The cells were stored frozen at -80°C for further AK as-
say. The experiment was repeated twice.

All procedures were carried out at 4°C unless
stated otherwise. Samples, fresh or frozen at -80°C, were
ground with liquid nitrogen in a pestle and mortar with
5:1 (v/w) extraction buffer (50 mmol L™ Tris/HCI pH 7.4
with 50 mmol L™ KCI, 2 mmol L™ L-lysine, 2 mmol L™
L-threonine, 1 mmol L* DTT, 0.1 mmol L™
phenylmethylsulphonyl fluoride (PMSF), 0.1 mmol L*
EDTA, 0.1 mmol L™ N-ethylmaleimide, 20% (v/v)

ethanediol, 5% (w/v) PVP) and the extract filtered
through several layers of gauze. The filtered extracts
were centrifuged at 16,000 rpm for 30 min. to remove
cell debris. The supernatants were collected and brought
to 60% saturation with ammonium sulphate by stirring
for 1 h. The protein pellets were collected by centrifu-
gation at 16,000 rpm for 30 min. and resuspended with
0.1-1 mL of 100 mmol L™ Tris/HCI (pH 7.4) buffer con-
taining 50 mmol L™* KCI, 0.1 mmol L™* L-lysine, 0.1
mmol L™ L-threonine, 1 mmol L™ DTT and 10% (v/v)
ethanediol. The extracts were desalted on Sephadex G25
columns (variable sizes: 1-5 mL) equilibrated with the
same buffer.

AK activity was assayed routinely in a final vol-
ume of 500 mL as described by Bonner & Lea (1990)
with modifications according to the results obtained in
this investigation. The assay mixture comprised 100 uL
100 mmol L™ Tris - HCI (pH 7.4) containing 1 mmol L™
DTT and 20% (v/v) ethanediol, 100 uL 500 mmol L™ as-
partic acid (pH 7.4), 50 uL 125 mmol L™ magnesium sul-
phate, 50 uL 200 mmol L™ ATP (pH 7.4), 50 uL 4 mol
L™ hydroxylamine (pH 7.4), 100 pL H,0 and 50 pL of
enzyme extract. The assay was started by the addition of
50 uL ATP and incubated at 35°C for 30 min. The assay
was terminated by the addition of 500 uL of FeCl, re-
agent [670 mmol L™ FeCl,, 370 mmol L™ HCI and 20%
(w/v) TCA]. After centrifugation for 10 min at 10,000
rpm, to remove precipitated protein, the absorbance of the
supernatant was measured at 505 nm. Controls contain-
ing 10 uL 10 mmol L™ lysine, 10 uL 10 mmol L™ threo-
nine and 10 pL 10 mmol L™ lysine plus 10 mmol L*
threonine were normally included to ensure that the ac-
tivity measured was due to AK and to identify the isoen-
zymes sensitive to lysine and threonine. Three replica-
tions (different extracts) were carried out for each assay.

The components of the assay were examined to
determine the optimum conditions for the measurement
of AK activity from Cat 100-1 cell suspension cultures.
The experiments were carried out twice and the mean of
three repetitions for each assay considered. As each op-
timal assay condition was determined, it was immediately
adopted as standard in subsequent experiments.

The magnesium sulphate and ATP components of
the assay were tested by varying their concentration and
testing them separately and some in combination. Mag-
nesium sulphate was tested at 5, 10, 12.5, 20, 25 and
50 mmol L™ while ATP was tested at 10, 20, 40 and 80
mmol L. The effect of changing hydroxylamine concen-
trations in the assay was determined by incubating 100
uL of the AK samples in the presence of 50, 100, 200,
300, 400, 500 and 600 mmol L™ hydroxylamine at 30°C.
Identical assay mixtures containing 100 uL of the AK
sample were incubated in different water baths each set
to a different temperature: 25, 28, 30, 35, 40 and 50°C
for a 60 min incubation time. The effect of pH on the AK
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activity was tested. For this experiment, new stock solu-
tions with the pH adjusted were prepared with the excep-
tion of the magnesium sulphate stock solution. The as-
say was run with 100 pL of the AK sample for 60 min at
35°C. Variations on the pH of 6.8, 7.1, 7.4, 7.7 and 8.0
were tested. Variations of the concentration of the sub-
strate (25, 50, 100 and 200 mmol L™ aspartic acid) for
AK were tested. KCI concentration (0, 100, 200, 300, 400
and 500 mmol L™) in the assay mixture was tested. Con-
centration of plant extract (25, 50, 75, 100, 125 and 150
uL) and time of incubation (15 min to 180 min) were also
tested on AK activity. Lysine and threonine were added
at 1,2, 5 and 10 mmol L™ to the assay mixture replacing
the water fraction (50 pL), to test their inhibitory effect
on AK activity.

The protein concentrations of all samples em-
ployed in this study were determined by the method of
Bradford (1976), using bovine serum albumin as a stan-
dard. The data analysis was carried out as a descriptive
statistics of means and standard errors of means to indi-
cated data dispersion.
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RESULTS AND DISCUSSION

Lysine and threonine, which are in low concen-
trations in cereal seeds are derived from aspartate
(Lefevre et al., 2002; Toro et al., 2003). The in vitro ma-
nipulation of AK has proved to be difficult and in order
to isolate and characterize the enzyme from different plant
tissues, the assay used to determine enzyme activity has
to be efficient. Cell suspension cultures have proved to
be the best source for the purification of AK from maize,
as they exhibit high levels of activity. Since AK is nor-
mally present in low activity in higher plant tissues
(Azevedo et al., 1997), the choice of the method to as-
say AK activity is critical.

Figure 1A presents the growth curve of Cat100-
1 callus grown in solid medium for 30 days. During the
early stages of growth there was a peak of AK activity
that reached a maximum after 13 days in culture (Figure
1B), however, the AK activity was not high (0.0063 nkat
mg™ protein). AK activity was significantly inhibited by
2 mmol L™ L-lysine, whereas L-threonine did not pro-
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Figure 1 - Growth cycle analysis of Cat100-1 callus tissue culture in solid (A and B) and liquid (C and D) M09-2 medium. A) Growth of
the culture (fresh weight) during a 30 days period. B) AK control activity (O) and in the presence of 2 mmol L threonine (M),
2 mmol L lysine (A) and 2 mmol L lysine plus threonine (O). C) Growth of the culture (fresh weight) during a 25 days
period. D) AK control activity (O) and in the presence of 2 mmol L* threonine (M) and 2 mmol L lysine (A).
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duce any inhibitory effect on AK activity at 2 mmol L™.
These results characterised the peak of AK activity as
sensitive to lysine, however the addition of lysine and
threonine (2 mmol L™ each) resulted in a stronger inhi-
bition of activity than lysine alone. All these results are
also true for the second stage of fast growth, although the
AK activity was lower (0.0024 nkat mg™ protein).

AK activity was also studied in Cat100-1 callus
grown in M09-2 liquid medium (Figure 1C, D). The re-
sult clearly showed that the AK activity was much higher
than in callus grown in solid medium (0.053 as compared
to 0.0063 nkat mg™ protein) (Figure 1D). The stage of
fast growth of the culture started on the fourth day with
maximum growth around the ninth day. This period of
growth produced a peak of AK activity which reached a
maximum after six days of culture. This AK peak was
also inhibited by lysine (2 mmol L), but not by threo-
nine at the same concentration, indicating that the activ-
ity was due to a lysine-sensitive AK isoenzyme. The pro-
duction of tissue in comparison with the system using
solid medium was twice as effective and there was also
a considerable reduction in time (six days for liquid cul-
tures to 13 days for solid cultures) to reach the maximum
AK activity. Furthermore, in one single flask a much
higher volume of cells could be grown. The main tech-
nical advance of this system was that cells were in con-
tact with the medium, growing at approximately the same
rate. The liquid culture system can be much more effi-
cient for producing tissue and higher AK activity. There-
fore Cat100-1 callus grown in liquid medium was used
for the partial purification of AK.

Two assays have been used to measure AK ac-
tivity; the coupled assay and the hydroxamate assay. The
coupled assay has been used particularly when Kinetic
analyses of AK were being carried out (Dotson et al.,
1990), whereas the hydroxamate assay has been used
commonly during purification procedures or for quick de-
terminations (Dotson et al., 1989). Both methods are sus-
ceptible to interference from other enzyme activities that
may be present in the tissue extracts (Davies & Miflin,
1977). Therefore, to ensure that the absorbance produced
(or what proportion of the absorbance measured) is due
to AK activity, controls must be added to the assay
(Bonner & Lea, 1990). Lysine and threonine can be used

to inhibit the lysine and threonine sensitive forms of AK,
respectively, and a blank containing all components of the
assay mixture minus aspartic acid must be used. These,
plus a very good analysis of the components included in
the assay mixture must be considered when designing an
accurate, sensitive and specific assay for AK.

Research involving the purification of AK re-
quires quick identification of AK activity. The
hydroxamate assay is very simple, quick and reproduc-
ible, therefore this assay was chosen and used in all ex-
periments. The hydroxamate assay described by Bonner
& Lea (1990) was used initially to measure AK activity
in the experiments carried out. The components and as-
say conditions were tested and some important variations
were observed (Figure 2), such as those related to the as-
say temperature and the ATP/magnesium sulphate con-
centrations (Figure 2B, E, F), whereas for all other pa-
rameters tested the commonly used concentrations appear
to be at adequate levels for AK activity measurements.

The presence of ATPases in the plant extract could
transform ATP into ADP consequently reducing the avail-
ability of this component in the assay mixture for AK, with
possible underestimation of enzyme activity, especially
when the activity of ATPase is high. Higher concentrations
of ATP could be added, however the cost would be con-
siderably higher. Moreover, the ATP/magnesium ratio
would have to be reconsidered for each extract.

Figure 2D shows the results obtained by varying
the ATP concentration in the assay. It would appear that
with the maize extracts employed, that there is little in-
terference from ATPase on AK activity, since the sample
in which the concentration of ATP was doubled, showed
practically the same absorbance as the assay mixture con-
taining the initial concentration of ATP. This result is im-
portant, since this partially purified sample represents the
first step of purification. Concentrations of magnesium
and ATP in the assay have been tested in many higher
plants (Aarnes & Rognes, 1974; Davies & Miflin, 1977
Bonner & Lea, 1990). Figure 2E shows the effect of
different concentrations of magnesium sulphate with a
constant 20 mmol L™ ATP concentration, while Figure
2F presents the effect of the varying the concentration
of ATP with a constant 25 mmol L™ magnesium sulphate
concentration. The results show that a decrease from

Table 1- Effect of different concentrations of magnesium sulphate and ATP on AK activity from callus cell cultures.

AK 0.D. (505 nm)

?Amfnsocl)i’l) ATP (mmol L)

10 12.5 20 25
10 0.145 + 0.011 0.148 £ 0.006 0.157 + 0.005 0.141 + 0.009
12.5 0.154 £ 0.008 0.160 £ 0.010 0.183 £ 0.007 0.170 + 0.008
20 0.142 + 0.009 0.150 + 0.008 0.154 + 0.007 0.150 £ 0.012
25 0.131 £ 0.006 0.138 £ 0.008 0.138 £ 0.009 0.133 £ 0.010
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Figure 2 - The effect of (A) hydroxylamine concentration, (B) temperature of incubation, (C) aspartate concentration, (D) incubation time,
(E) MgSO, concentration, (F) ATP concentration, (G) pH and (H) KCI concentration on AK activity from callus cell cultures.
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25 mmol L™ to 12.5 mmol L™ magnesium sulphate con-
siderably increased the AK activity. Such a result was not
observed following variation of the ATP concentration
(Figure 2F). Both components were further tested varying
their concentrations (Table 1). The differences noted when
changing the magnesium sulphate concentration was once
more critical and a combination of 12.5 mmol L™ magne-
sium sulphate and 20 mmol L™ ATP produced the highest
increase (38%) in AK activity in relation to the standard
20 mmol L™ magnesium sulphate and 20 mmol L™ ATP
suggested in the literature. These results contrast with the
data described previously for barley (Shewry & Miflin,
1977) and pea seedlings (Aarnes & Rognes, 1974), in
which a small excess of magnesium in relation to ATP was
required for higher AK activity. In carrot cell suspension
cultures (Davies & Miflin, 1977) and maize seedlings
(Cheshire & Miflin, 1975) equimolar levels were required.
Bonner & Lea (1990) reported an optimum concentration
of 25 mmol L™ magnesium sulphate and 20 mmol L™ ATP
for carrot cell suspension culture. However, since a clear
increase in AK activity was observed by decreasing the
magnesium sulphate concentration to 12.5 mmol L™, this
was adopted for the new optimized assay for maize AK.
The new optimized hydroxamate assay for AK
determination was carried out by combining the stock so-
lutions to a final volume of 500 uL and incubating at
35°C for a standard period of 60 min, that could be re-
duced to a minimum of 45 min and a maximum of 120
min. The reaction was stopped with 500 pL ferric chlo-
ride reagent, mixed and centrifuged for 5 min and the ab-
sorbance of the supernatant read at 505 nm after using a
blank lacking aspartic acid, however, absorbance values
lower than 0.05 should be considered with caution.
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