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Aspartate aminotransferase (AAT, EC 2.6.1.1) cata- 
lyses the transamination of L-aspartate to oxaloacet- 
ate. It has been reported that AAT from different 
plant sources can catalyse the transamination of 
other compounds structurally similar to the natural 
substrates. 

Specificity and kinetic studies were performed 
with two aspartate aminotransferase isoenzymes 
(AAT-1 and AAT-2) from leaves of Lupinus albus 
L. cv Estoril using different amino donors and accept- 
ors. Both isoenzymes showed residual activity for 
some of the substrates tested. Competitive inhibition 
was found with most of the structural analogues which 
is typical of a pingyong bi-bi kinetic mechanism. 

It was found that both isoenzymes can use 2-amino- 
4-methoq4oxobutanoic acid as amino donor. AAT- 
2 uses 2-amino-4-methoxy-4-oxobutanoic acid at a 
similar rate as L-aspartate but AAT-1 uses this sub- 
strate at a slower rate. The use of this amino donor 
by AAT isoenzymes has not been reported pre- 
viously, and our results indicate structural differ 
ences between both isoenzymes. 

Keywords: Aspartate aminotransferase, Iswnzymes, Kinetic, 
Inhibitors, Substrate specificity 

Abbreviations: AAT, aspartate aminotransferase; 
GS/GOGAT, glutamine synthetase/glutamate synthase; 

AMOB, L-2-amino-4-methoxy-4-oxobutanoic acid; AMOP, 
L-2-amino-5-methoxy-5-oxopentanoic acid 

INTRODUCTION 

Aspartate aminotransferase (AAT, EC 2.6.1.1) is 
a pyridoxal 5'-phosphate dependent enzyme 
that catalyses the reversible transfer of an amino 
group from aspartate to 2-oxoglutarate to form 
oxaloacetate and glutamate. In plants AAT plays an 
important role in numerous metabolic processes, 
namely protein synthesis, ammonia assimilation 
in the glutamine synthetasejglutamate synthase 
(GS/GOGAT) cycle, carbon shuttle in C4 plants 
and in the malate-aspartate hydrogen shuttle 
across membranes.' 

Plants contain multiple AAT isoenzymes 
which are associated with different organelles, 
and these have been studied in several plant 
 specie^?'^",^ 

*Corresponding author. Tel.: (351) 213653426. Fax: (351) 213637970. E - d .  luisalour&sa.utl.pt. 
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It is known that AAT from different plant 
sources can catalyse the transamination of some 
other compounds structurally similar to the nat- 
ural substrates. Turano et d5 and Reynolds et aI.6 
did not detect any AAT activity with other 
substrates for two isoenzymes from lupine root 
nodules. However, other authors have shown 
that some residual activity can be detected using 
other amino donors and amino acceptors from 
various plant so~rces .~ ’~  

Some earlier substrate specificity studies were 
also carried out with different  substance^.^*'^^^^ 
However, some of the reported activities may 
have been caused by the presence of other 
enzymes due to a low degree of purification. 

Moreover, inhibition studies of substrate 
analogues have not been reported in plants. 
However, such knowledge is important in gain- 
ing more complete information about how these 
substrate analogues affect AAT activity, and 
helps to clardy the way these substances affect 
enzyme activity. 

We present the results of studies on the sub- 
strate specificity of two AAT isoenzymes (desig- 
nated AAT-1 and AAT-2) from the leaves of 
white lupine (Lupinus albus L. cv Estoril). Several 
amino acids and structural analogues of both 
amino donors and acceptors were investigated. 
Some of the compounds used have not been 
reported in previous studies on substrate 
specificity. The h e t i c  constants and inhibition 
pattern of the isoenzymes using some of the 
structural analogues were also determined. The 
kinetics of the reaction of transamination with 
L-2-amino-4-methoxy4oxobutanoic acid (MOB) 
was also studied. 

MATERIAL AND METHODS 

Plant Material 

Leaves of white lupine plants (Lupinus albus 
L. cv Estoril) were collected after 4 weeks growth 
in nutrient solution, under controlled environ- 

ment conditions of 18°C and 55% humidity, 
with 14/10 h dark/light periods. 

Enzyme Extraction 

Leaves (7g) were macerated in 10mL of 1 O m M  
Tris-HC1 buffer (pH 8.0), containing 0.2mM 
pyridoxal 5’-phosphate (PLP) and 5mM 2- 
mercaptoethanol, in the presence of 2% (w/w) 
insoluble polyvinylpolypyrollidone (PVP). The 
homogenate was centrifuged for 30min at 
20 000 Xg and filtered through 0.2 p membranes. 
All procedures were carried out at a temperature 
below 4 “C. The enzyme extract obtained was sub- 
jected to a temperature fractionation (4min at 
45°C) and salt fractionation with ammonium 
sulphate (25430%) followed by centrifugation 
(20000Xg for 15min) and filtration through 
0.2 pm membranes. 

Separation and Purification of AAT-1 
And AAT-2 

The volume of the enzyme extract was reduced 
to 7mL by ultra-filtration using a Diaflo concen- 
trator (with YMlO Millipore membranes), and 
loaded on a gel exclusion chromatography 
column (Sephacryl S200 HR, Phrnzacia, 
86 x 2.6cm) equilibrated in 20mM Tris-HC1 
(pH 8.0) containing 2 mM 2-mercaptoethanol. 
The peak fractions containing AAT activity were 
pooled, desalinised and the volume reduced to 
8mL and applied to an anion exchange chrom- 
atography column (Mono-Q 5/5, P h m c i a )  equi- 
librated in 20mM Tris-HC1 (pH 8.0) containing 
2 mM 2-mercaptoethanol. AAT isoenzymes were 
eluted using a linear salt gradient, 100 to 300 mM 
NaCl in 20mM Tris-HC1 (pH 8.0) containing 
2mh4 2-mercaptoethanol. AAT-1 and AAT-2 
were separately eluted at 200 and 150 mM NaCl, 
respectively. Fractions containing either iso- 
enzyme were pooled and desalinised with an 
Amicon membrane (microcon-10). The separa- 
tion and purification of AAT isoenzymes was 
confirmed by SDSPAGE.” 
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During the purification process, protein con- 
tent was evaluated by measuring the absorbance 
at 280 run. 

Enzyme Assay 

AAT activity in the reverse reaction, was meas- 
ured by the decrease in absorbance at 260 nm as 
oxaloacetate was consumed13 and varying the 
amino donor at a fixed concentration of oxaloa- 
cetate. One International Unit is defined as the 
amount of enzyme that catalyses the utilisation 
of 1 p o l  of oxaloacetate per min, at 25°C 
( E  = 1.2 x 10' L mol-I an-'). AAT activity was 
also assayed by the coupled glutamate dehydro- 
genase method5 varying the amino acceptor at a 
fixed concentration of L-glutamate. One Interna- 
tional Unit is defined as the amount of enzyme 
that catalyses the oxidation of 1 pmol NADH per 
min, at 25 "C ( 6  = 6.3 x lo2 L mol-' mm-l). In the 
forward reaction, AAT activity was assayed by 
monitoring the disappearance of NADH spec- 
trophotometrically at 34Onm in the coupled 
malate dehydrogenase reaction'* and varying 
the amino acceptor at a fixed concentration of 
L-aspartate. One International Unit is defined as 
the amount of enzyme that catalyses the oxida- 
tion of 1 pmol NADH per min, at 25 "C. This 
method was also used to measure the AAT 
activity with AMOB as alternative substrate to 
L-aspartate. 

AAT activity was also assayed by the coupled 
glutamate dehydrogenase method, by varying 
the amino donor at a fixed concentration of 
2-oxoglutarate. One International Unit is defined 
as the amount of enzyme that catalyses the 
reduction of 1 pmol NADf per min, at 25 "C. 

Soluble protein was determined by the Lowry 
method15 with bovine serum albumin as the 
standard. 

Kinetic Studies 

The kinetic parameters K, and V,, for 
both isoenzymes and the apparent inhibition 

constants were calculated using the direct linear 
plot methodology applied to the ping-pong bi-bi 
kinetic mechanism.16 In the inhibition studies 
the inhibition pattern was deduced from Line- 
weaver-Burk p10ts.l~ 

RESULTS AND DISCUSSION 

Substrate Specificity 

Substrate specificity studies were performed for 
the two separated AAT isoenzymes in both the 
forward and reverse reaction, using several 
different amino donors and amino acceptors 
(Table I). As expected, both isoenzymes showed 
high specificity towards the amino acceptors 
oxaloacetate and 2-oxoglutarate, when the amino 
donor was L-glutamate and L-aspartate, respect- 
ively. Residual activity values were detected for 
some of the alternative substrates used. This 
means that they can undergo a transformation 
by both AAT isoenzymes. 

Low activity levels were detected with L-aspar- 
agine and L-glutamine (in the forward reaction 
only), with L-glycine (in the reverse reaction) 
and with L-alanine (in the reverse reaction, but 
only for AAT-1). 

Yagi et a2.' also detected residual activities for 
AAT isoenzymes, extracted from rice bran, with 
some of the amino donor and acceptors studied. 
They showed that with L-cysteine sulfinate 
as amino donor, AAT had high activity levels. 
Residual activity levels were found with L-phenyl- 
alanine, L-leucine and L-valine as amino donors 
and with p-hydroxyphenylpyruvate, phenyl- 
pyruvate and pyruvate as amino acceptors. 

Effect of AMOB 

Both isoenzymes showed high enzymatic activ- 
ity with AMOB as amino donor substrate. This 
meant that AMOB not only had a greater affinity 
for the enzyme binding-site than the other 
analogues studied but also that it could be an 
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TABLE I Substrate specificity of AAT-1 and AAT-2 isoenzymes 
~~~ ~ ~ ~~ ~ ~ ~ ~ 

Amino acceptor Relative activity ("A)+ 
(2 and 0.2mM) AAT-1 AAT-2 

L-Aspartate L-Glutamate L-Aspartate L-Glutamate 
(20 mM) (20 mM) (20 mM) (20 mM) 

Oxaloacetate 
2-Oxoglutarate 
Hydroxypyruvic acid 
Glyoxylic acid 
Pyruvic acid 
Succinic acid 
Fumaric acid 
Maleic acid 
Glutaric acid 
L-Cysteic acid 

- 
100.0 

0.0 
0.0 
0.0 
0.2 
0.0 
0.0 
0.0 
0.0 

100.0 

0.0 
1.6 
0.1 
0.0 
0.0 
0.3 
0.0 
0.0 

- 
- 

100.0 
0.0 
0.0 
0.0 
0.2 
0.0 
0.0 
0.0 
0.0 

100.0 

0.0 
0.0 
0.3 
0.0 
0.0 
0.0 
0.0 
0.0 

- 

Amino donor 
(20 mM) 
L-Aspartate 
L-Glutamate 
L- Asparagine 
L-Glutamine 
L-Alanine 
L-Glycine 
L-Proline 
L-Arginine 
L-Lisyne 
AMOB 
M O P  

Z-Oxoglutarate 

100.0 

3.5 
2.5 
0.9 
0.0 
0.0 
0.0 
0.0 

63.5 
0.0 

(2 mM) 

- 

Oxaloacetate 
(0.2 mM) 

- 
100.0 

0.0 
0.0 
2.0 
8.6 
0.0 
0.0 
0.0 
2.8 
0.0 

2-Oxoglutarate 

100.0 

5.1 
5.4 
0.0 
0.0 
0.0 
0.0 
0.0 

84.3 
0.0 

(2 mM) 

- 

Oxaloacetate 
(0.2 mM) 

100.0 
0.0 
0.0 
0.0 
1 .o 
0.0 
0.0 
0.0 
4.2 
0.0 

- 

*Mean of 3 determinations. 

alternative amino donor to L-aspartate. Kinetic 
studies were performed by measuring the isoen- 
zyme activity at fixed concentrations of AMOB 
(between 3 and 20mM), and with varying con- 
centrations of the other substrate, 2-oxoglutarate 
(Figure 1). The kinetic mechanism of transam- 
ination with AMOB as amino donor was also of 
the ping-pong bi-bi type for both isoenzymes 
since the primary plots obtained exhibited a 
parallel line pattern. The possibility of any inter- 
ference by AMOB in the coupled assay condi- 
tions was ruled out by the use of a different 
enzyme activity method (coupled glutamate 
dehydrogenase method in forward direction). 
Based on the structure of AMOB it is predicted 
that the product of the transamination will be 
4-methoxy-2,4-dioxobutanoic acid (structurally 
similar to oxaloacetate). 

As was suggested from the use of L-cysteic 
acid, it is likely that the carboxylic group bonded 
to C, is a major determinate of the binding of the 
substrate to the enzyme. 

The kinetic constants obtained with AMOB as 
amino donor substrate and 2-oxoglutarate as 
amino acceptor are presented in TableII. The 
K, values suggest that AAT-2 has a greater 
affinity for AMOB than AAT-1. These values 
can be the result of the differences between the 
structures of the two isoenzymes at the primary 
structure level, which are characteristic of isoen- 
zymes. A comparison of the kinetic constants for 
AMOB with those obtained for L-aspartate, 
under identical experimental conditions 
(K, = 2.26 mM and V,,, = 2.97U mg-' for AAT- 
1 and K, =3.33mM and V,,, =0.15Umg-' for 
AAT-2)I2 showed that AAT-2 uses AMOB at a 
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FIGURE 1 Primary plots obtained with AMOB as amino 
donor substrate and Z-oxoglutarate as amino acceptor (for 
AAT-1 and AAT-2 isoenzymes). 

TABLE II Kinetic parameters for AAT-1 and AAT-2 ism 
enzymes, obtained with AMOB as amino donor substrate 
and Z-oxoglutarate as amino acceptor 

%YOB ( d l  v2TB (Umg-') 

AAT-1 20.31 f 2.20 1.26 f 0.12 
AAT-2 4.09 f 0.33 0.28 f 0.01 

rate similar to that for L-aspartate. Although 
AAT-1 can also use AMOB as an amino donor, 
it does so at a much slower rate. The use of AMOB 
as an amino donor substrate of transamination 
by AAT has not been previously reported. 

Inhibition Studies 

A number of the structural analogues used here 
in the substrate-specificity studies were tested 
for their ability to inhibit AAT activity (Table Ill). 
The corresponding apparent kinetic constants 
of inhibition, Kb were determined (Table IV). 
A competitive-type inhibition was found for five 
of the analogues studied. This inhibition pattern 
was in agreement with a ping-pong bi-bi 
kinetic mechanism, characteristic of aminotrans- 
ferases.17 Competitive inhibition behaviour is in- 
dicative of the affinity of the inhibitor for the 
enzyme binding-site and the different degree of 
inhibition can be explained by the degree of 
structural similarity between the substrate ana- 
logues. Kick and Cook?8 with pig-heart AAT, 
referred to the stereospecificity and the distance 
between carboxylic groups as important struc- 
tural factors that affect the inhibition behaviour. 

Maleic and fumaric acid (cis and trans buten- 
dioic acid respectively) showed very different 
effects on the AAT isoenzymes activity. 
Although competitive-type inhibition was 
observed, maleic acid caused a much greater 
inhibition (lower Ki values) than fumaric acid. 
This is probably due to the fact that the double 
bond between C, and Cp did not allow the rota- 
tion necessary to achieve a more favourable 
position for a better approach of fumaric acid 
to the binding site. Christen and Metzler" came 
to a similar conclusion for mammalian AAT iso- 
enzymes. This difference was smaller for AAT-2 
than for AAT-1, showing that the influence of 
the stereochemical orientation is more important 
for AAT-1 although the carboxylic groups of 
fumaric acid (trans-butendioic acid) were not in 
a favourable position to be attached to the bind- 
ing site, in both isoenzymes. 

The distance between carboxylic groups could 
explain the greater inhibition effect of succinic 
acid (C,) and glutaric acid (C,) with respect to 
2-oxoglutarate (lower Ki values). Ki values for 
L-cysteic acid seems to indicate that the a-car- 
boxylic group is crucial for the affinity of the 
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TABLE ID Inhibition pattern obtained with structural analogues at a constant and non-saturating 
concentration of L-aspartate and Z-oxoglutarate 

AAT-1 AAT-2 
L-Aspartate Z-Oxoglutarate 

(2 mM) (0.2 mh4) 
L-Aspartate 2-Oxoglutarate 

(2 mM) (0.2 mM) 
___ ~ 

Hydroxypyruvic acid 
Glyoxylic acid 
Pyruvic acid 
Succinic acid 
Fumaric acid 
Maleic acid 
Glutaric acid 
L-Cysteic acid 
AMOP 

NI* NI 
NI NI 
NI NI 
C' C 
C C 
C C 
C C 
C C 
NI NI 

NI NI 
NI NI 
NI NI 
C C 
C C 
C C 
NI NI 
C C 
C NI 

"I - No inhibition; C - Competitive inhibition. 

TABLE IV Inhibition constants obtained with structural analogues at a constant and non-saturating 
concentration of L-aspartate and 2-oxoglutarate 

structural 
analogues 

Succinic acid 
Fumaric acid 
Maleic acid 
Glutaric acid 
L-Cysteic acid 
AMOP 

AAT-1 AAT-2 
Ki with respect to 

Z-oxoglutarate 
(mM) 

10.66 f 1.75 
24.59 f 1.25 
1.40 f 0.04 
15.05 f 0.15 
16.29 f 1.45 

- 

Ki with respect to 
L-aspartate 

(mM) 
36.89 f 1.11 
44.12f 11.12 
10.58 f 0.35 
26.55 f 8.36 
97.63 f 13.67 

- 

Ki with respect to 
2-oxoglutarate 

(mM) 
8.86 f 0.76 
6.78 f 0.38 
1.21 f 0.01 

20.73 f 2.86 
25.85 f 0.93 

- 

Ki with respect to 
L-aspartate 
(d) 

16.84 6 0.29 
33.72 f5.16 
8.48 f 0.06 

150.79 f 36.49 
- 

- 

analogue to the binding-site. Differences in the 
structures of the two isoenzymes can justify the 
different inhibition behaviour observed with 
glutaric acid and L-2-amino-5-methoxy-5-oxo- 
pentanoic acid (AMOP). 

CONCLUSIONS 

Both aspartate aminotransferase isoenzymes 
showed residual activity values with some of the 
alternative substrates used and higher activity 
values were obtained with AMOB (structurally 
similar to L-aspartate). 

A competitive-type inhibition was found for 
some of the structural analogues studied, in 
agreement with the ping-pong bi-bi kinetic mech- 
anism of aminotransferases. This was related 

to a structural similarity between the substrate 
analogues that determines a different affinity of 
the inhibitor molecule for the enzyme binding- 
site. 

Competitive-type inhibition was observed 
with all structural analogues studied. The differ- 
ent degree of inhibition can be explained by the 
existence of a double bond in cis (maleic acid) 
and trans (fumaric acid) butendioic acid. The 
distance between carboxylic groups can also 
explain the greater inhibition effect of succinic 
acid (C,) and glutaric acid (C,) with respect to 
2-oxoglutarate (lower Ki values). Moreover, it 
appears that the carboxylic group bounded to 
C, is a strong determinant of the binding of the 
substrate to the enzyme. 

For AAT-1 and AAT-2 some differences were 
found in the affinity of the inhibitors to the 
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binding site and this can be a consequence of 
the structural differences in the amino acid 
sequence, characteristic of isoenzymes. AMOB 
can be used as an amino donor substrate by both 
isoemymes, following a ping-pong bi-bi kinetic 
mechanism. The K, values suggest that AAT-2 
had a greater affinity for AMOB than AAT-1. 
AAT-2 uses AMOB at a rate similar to that for 
L-aspartate although AAT-1 can also use M O B  
as an amino donor but at a much slower rate. 
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