
Molecular and Physiological Analysis of Arabidopsis
Mutants Defective in Cytosolic or Chloroplastic
Aspartate Aminotransferase1

Barbara H. Miesak and Gloria M. Coruzzi*

Department of Biology, 100 Washington Square East, New York University, New York, New York 10003

Arabidopsis mutants deficient in cytosolic (AAT2) or chloroplastic (AAT3) aspartate (Asp) aminotransferase were charac-
terized at the molecular and physiological levels. All of the ethyl methane sulfonate- or nitrosomethylurea-generated
mutants are missense mutations, as determined by sequencing of the ASP2 gene from the cytosolic aat2 mutants (aat2-1,
aat2-2, aat2-4, and aat2-5) and the ASP5 gene from the chloroplastic aat3 mutants (aat3-1, aat3-2, and aat3-4). A T-DNA
insertion mutant in cytosolic AAT2 (aat2-T) was also identified. All the cytosolic aat2 and chloroplastic aat3 mutants have
less than 6% AAT2 and less than 3% AAT3 activity, respectively, as determined by the native gel assay; however, none are
nulls. The metabolic and physiological affect of these mutations in AAT isoenzymes was determined by measuring growth
and amino acid levels in the aat mutants. Two aat2 mutants (aat2-2 and aat2-T) show reduced root length on Murashige and
Skoog medium. For aat2-2, this growth defect is exaggerated by Asp supplementation, suggesting a defect in Asp
metabolism. Amino acid analysis of the aat mutants showed alterations in levels of Asp and/or Asp-derived amino acids in
several aat2 alleles. Two aat2 mutants show dramatic decreases in Asp and asparagine levels in leaves and/or siliques. As
such, the cytosolic AAT2 isoenzyme appears to serve a nonredundant function in plant nitrogen metabolism of Asp and
Asp-derived amino acids.

Nitrogen, often the rate-limiting element in plant
growth, is first assimilated into the amino acids Glu
and Gln by glutamine synthetase/glutamate syn-
thase, and later into Asp and Asn by aspartate ami-
notransferase (AAT) and asparagine synthetase (AS;
Lam et al., 1994, 1995; Stitt, 1999; Hirel and Lea,
2001). These four amino acids are used to transport
nitrogen throughout the plant and represent 70%
total free amino acids in Arabidopsis (Lam et al.,
1995). Asp is amidated to form Asn when carbon
skeletons are limiting, i.e. in the dark (Lam et al.,
1994, 1998; Schultz et al., 1998). Asn is used as a
nitrogen transport amino acid and to store nitrogen
due to its high nitrogen:carbon ratio (2:4), compared
with Gln (2:5; Urquhart and Joy, 1981; Lam et al.,
1995). Thus, Asp formed by AAT plays a significant
role in plant nitrogen assimilation and transport.

The AAT enzyme is a homodimer and binds the
cofactor, pyridoxal phosphate, which then catalyzes
the reversible reaction: oxaloacetate � Glu � � Asp �
�-ketoglutarate, ultimately regulating the synthesis
or catabolism of Asp. Each AAT subunit contains one
active site that functions independently of each other
(Kirsten et al., 1983). AAT is encoded by a small gene
family in Arabidopsis consisting of five genes, ASP1
through 5 (for ASP1-4, see Schultz and Coruzzi, 1995;

for ASP5, see Wilkie et al., 1995). The predicted sub-
cellular location for the AAT enzyme encoded by
each ASP gene is predicted based on sequence anal-
ysis, in vitro chloroplast uptake (for ASP5), and assay
of subcellular fractions on native gel followed by an
AAT activity staining (Schultz and Coruzzi, 1995;
Wilkie et al., 1995). The five ASP genes of Arabidop-
sis are predicted to encode isoenzymes for cytosolic
AAT2 (ASP2 and ASP4), chloroplastic AAT3 (ASP5),
and mitochondrial AAT1 (ASP1). ASP3 is believed to
encode either a peroxisomal AAT or a minor chloro-
plastic AAT. Non-denaturing protein gels stained
for AAT activity demonstrate there are three major
detectable isoenzyme activities for AAT expressed
in Arabidopsis, corresponding to mitochondrial
(AAT1), cytosolic (AAT2), and chloroplastic (AAT3)
isoenzymes (Schultz and Coruzzi, 1995).

The various AAT isoenzymes may play specific
roles in: (a) converting newly formed organic nitro-
gen to the nitrogen carriers, Glu and Asp; (b) the
formation of Asp used to generate several essential
amino acids such as Asn, Met, Thr, and Ile; (c) the
regeneration of carbon skeletons (�-ketoglutarate) for
further primary nitrogen assimilation; (d) the assim-
ilation of organic nitrogen compounds formed from
photorespiration; and (e) the shuttling of reducing
equivalents between cells (for review, see Given,
1980; Cooper and Meister, 1985).

Using a screen for loss-of-enzyme activity, Arabi-
dopsis mutants defective in either cytosolic AAT2
(aat2-1, aat2-2, aat2-4, and aat2-5) or chloroplastic
AAT3 (aat3-1, aat3-2, and aat3-4) were isolated, and
the mapping of ASP genes and aat mutants was
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carried out (Schultz et al., 1998). Mapping analysis
indicated that the aat mutants in cytosolic AAT2 are
linked to ASP2, whereas those in chloroplastic AAT3
are linked to the ASP5 gene. In this report, we char-
acterize the molecular and phenotypic defects in five
allelic aat2 mutants in cytosolic AAT2 and three al-
lelic aat3 mutants in chloroplastic AAT3. Although
all of the mutants are defective in AAT isoenzyme
activity, the mutants have varied phenotypic effects
with regard to growth, Asp metabolism, and amino
acid profiles, as described herein. Cytosolic AAT2
appears to play a nonredundant role because two
aat2 mutants show dramatic Asp-related defects in
amino acid profiles and growth.

RESULTS

New alleles of mutants defective in cytosolic AAT2
or chloroplastic AAT3 were identified using a gel-
based activity stain. In wild-type Arabidopsis, the
predominant isoenzymes of AAT found in a crude
protein extract and assayed by native gel electro-
phoresis are cytosolic AAT2 and chloroplastic AAT3
(Fig. 1A, lane 1). Previously, it was shown that mu-
tants lacking these isoenzymes could be isolated us-
ing the gel-based assay to detect AAT activity
(Schultz et al., 1998). To identify potential null alleles
in the ASP genes encoding AAT isoenzymes, this
method was used to screen for additional individuals

defective in either cytosolic AAT2 or chloroplastic
AAT3 in ethyl methane sulfonate-/NMU-mutagen-
ized seeds. In this assay, cytosolic aat2 mutants are
detected by a reduction in the cytosolic AAT2 activity
band (Fig. 1A, lanes 2–5), whereas chloroplastic aat3
mutants have reduced levels of the AAT3 activity
band (Fig. 1A, lanes 6–8). Previous dilution studies
showed that the native gel assay can detect as low as
6% of wild-type activity for cytosolic AAT2 and 3%
of wild-type activity for chloroplastic AAT3 (Schultz
et al., 1998). None of the aat mutant lines contain any
detectable cytosolic AAT2 or chloroplastic AAT3 ac-
tivity, respectively (Fig. 1A). The faint band above
AAT2 in Figure 1A, lanes 2 through 5, represents
mitochondrial AAT1, which is a minor AAT compo-
nent only visible when gels are overloaded (Schultz
and Coruzzi, 1995).

Using this gel-based method, two new aat mutants
were isolated from separate pools of NMU-mutagen-
ized seed. One individual isolated was defective in
cytosolic AAT2 (aat2-5, Fig. 1A, lane 5), whereas the
other individual was defective in chloroplastic AAT3
(aat3-4, Fig. 1A, lane 8).

Identification of T-DNA-Inserted aat2 Mutant Using a
PCR-Based Screen

In an attempt to identify null mutations defective
in AAT2 or AAT3, 60,480 T-DNA inserted lines were
screened by PCR using gene-specific primers to the
corresponding ASP genes (ASP2 and ASP5) and left
border of the T-DNA insert (Krysan et al., 1999). A
mutant containing a T-DNA insertion in the ASP2
gene (aat2-T) was identified using primers specific to
cytosolic ASP2. The T-DNA was determined to be
located in intron 8 of the ASP2 gene. The hemizygote
(AAT2/aat2-T) segregates in a 3:1 ratio of resistance
to sensitivity on 100 mg mL�1 kanamycin, indicating
there is one locus of T-DNA insertion in the genome.
To determine whether the aat2-T mutant was defec-
tive in AAT activity, crude protein extracts from
aat2-T homozygotes and hemizygotes were run on
native gels and stained for AAT activity (Fig. 1B). The
AAT activity was compared with the AAT activity in
wild-type plants on the native gel as a positive con-
trol (Fig. 1B, lane 1). Homozygous aat2-T mutants
showed no detectable cytosolic AAT2 activity (Fig.
1B, lane 2), whereas the hemizygous aat2-T mutants
(AAT2/aat2-T) showed approximately one-half of
the wild-type AAT2 activity (Fig. 1B, lane 3). Thus,
the AAT gel-based assay shows a dose effect of hav-
ing one functional ASP2 gene, as shown previously
(Schultz et al., 1998).

Determination of ASP mRNA Levels in aat Mutants

The aat2-T mutant is deficient in AAT2 based on
native gels stained for AAT activity (Fig. 1B, lane 2).
AAT activity gels can detect down to 6% AAT2 ac-

Figure 1. AAT activity gel of wild-type and mutant plants. Arabidop-
sis ecotype Columbia (Col; wild type) plant protein extracts run on
native gels stained for AAT activity show two major and one minor
AAT isoenzyme activity bands: mitochondrial AAT1, cytosolic AAT2,
and chloroplastic AAT3. A, Lane 1 represents AAT activity in wild-
type Arabidopsis, lanes 2 through 5 represent Arabidopsis mutants in
cytosolic AAT2, and lanes 6 through 8 represent Arabidopsis mutants
in chloroplastic AAT3. The additional new mutants, cytosolic aat2-5
and chloroplastic aat3-4, were isolated from individual pools of
nitrosomethylurea (NMU)-mutagenized seed. B, AAT activity gel of
an ASP2 T-DNA-inserted mutant (aat2-T) shows loss of cytosolic
isoenzyme activity (lane 2) compared with wild type (lane 1). The
mutant hemizygous for the ASP2 T-DNA insertion (lane 3) has one-
half of the WT AAT2 activity and reflects the dose effect of having
one wild-type ASP2 gene.
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tivity with potentially less than 6% AAT2 activity
remaining. The possibility that there is some AAT2
activity present in aat2-T below the sensitivity of
detection by native gels is supported by the finding
that there is residual ASP2 mRNA in the mutant.
However, in aat2-5, the T-DNA insertion is located in
an intron, leading to the possibility that a functional
mRNA could be formed if the T-DNA is spliced out.
Semiquantitative reverse transcriptase (RT)-PCR was
used to detect ASP2 mRNA because it is a more
sensitive method for determining whether there is
mRNA made, as compared with northern analysis.
To determine if splicing of the T-DNA out of the
ASP2 mRNA occurs, RT-PCR was performed on
mRNA from aat2-T (Fig. 2, lane 5). Primers designed
to span the region containing the T-DNA insertion in
the aat2-T mutant were used for RT-PCR. This anal-
ysis showed that some ASP2 transcript is properly
processed in aat2-T (ASP2 intron-containing T-DNA
is spliced out of the aat2-T mutant), as indicated by
the presence of a PCR product of wild-type size (Fig.
2, lane 5). However, the relative level of the ASP2
transcript is lower in aat2-T than in wild-type plants
(Fig. 2, lane 4). This could reflect a less efficient
processing or destabilization of ASP2 mRNA in
aat2-T compared with wild type. This difference in
transcript level between aat2-T and wild-type plants
can also be detected using semiquantitative RT-PCR
(Fig. 2, cycle 25, lanes 2 and 1, respectively) and
comparing to amplification of wild-type amplifica-
tion of an internal control gene (ASP5). RT-PCR, a
more sensitive mRNA detection than northern anal-
ysis, was performed on aat2-5, an allele shown to
have reduced mRNA levels by northern analysis
(data not shown). The RT-PCR amplification, corre-
sponding to the ASP2 transcript levels, is moderately
less intense in aat2-5 (Fig. 2, lanes 3 and 6) than in

wild type (Fig. 2, lanes 1 and 4, respectively). Ampli-
fication of ASP5 was utilized as an internal control
(Fig. 2). All other aat2 and aat3 alleles had normal
levels of ASP mRNA as determined by northern blot
(data not shown).

Identification of Molecular Lesions in aat Mutants

Previously, we showed that the cytosolic aat2 mu-
tants and the ASP2 gene are genetically linked
(Schultz et al., 1998). Here, we define the molecular
lesions in the ASP2 gene of the cytosolic aat2 mu-
tants. Similarly, we previously showed that the chlo-
roplastic aat3 mutants and the ASP5 gene for chloro-
plastic AAT3 are genetically linked (Schultz et al.,
1998). Here, we identify the molecular lesions in the
ASP5 gene of the mutants defective in chloroplastic
AAT3.

Sequencing of ASP2 and ASP5 structural genes
from the cytosolic aat2 or chloroplastic aat3 mutants
(Fig. 1A), respectively, showed that missense muta-
tions occur in each of these mutants. The location and
nature of the missense mutations are summarized in
Table I and shown schematically in Figure 3. Three of
the aat mutants have an amino acid change from Gly
to Arg (aat2-1 G254R), Glu (aat3-2 G342E), or Ser

Table I. Missense mutations in cytosolic ASP2 or chloroplastic
ASP5 genes of aat mutants

Isoenzyme
Mutant
Allele

Affected
Gene

Missense
Mutation

Cytosolic AAT2 aat2-1 ASP2 G254R
aat2-2 ASP2 P71L
aat2-4 ASP2 P46L
aat2-5 ASP2 S306N

Chloroplastic AAT3 aat3-1 ASP5 P118S
aat3-2 ASP5 G342E
aat3-4 ASP5 G156S

Figure 2. Semiquantitative RT-PCR of ASP2 mRNA in aat2 mutants.
A schematic drawing of the ASP2 gene including exons 3 through 9
(blue) and introns (pink) indicates where the T-DNA insertion is
located (red) and the oligonucleotide primers on the ASP2 gene used
in the RT-PCR (BM74 and BM37). PCR was performed for 25 cycles
(lanes 1–3) or for 30 cycles (lanes 4–6) on wild type (lanes 1 and 4),
aat2-T (lanes 2 and 5), and aat2-5 (lanes 3 and 6). Co-Amplification
of ASP5 was used as a positive control in the same PCR reaction tube.

Figure 3. Location of missense mutations in AAT enzyme of aat
mutants. A schematic drawing of an AAT subunit with �-helices
represented as barrels, �-sheets represented as white block arrows,
with small and large domains and the pyridoxal phosphate-binding
site indicated (adapted from Wilkie et al., 1996). Positions of altered
amino acids located in cytosolic aat2 and chloroplastic aat3 mis-
sense mutants are indicated by filled black arrows.

Miesak and Coruzzi

652 Plant Physiol. Vol. 129, 2002



(aat3-4 G156S). Three of the aat mutants have an
amino acid change from Pro to Leu (aat2-2 P71L and
aat2-4 P46L), or to Ser (aat3-1 P118S). aat2-5 (S306N)
has an amino acid change from Ser to Asn. In Figure
3, these missense mutations are mapped onto a sche-
matic diagram of AAT enzyme derived from Wilkie
et al. (1996).

Asp-Supplemented Medium Shows an Asp-Induced
Growth Defect in the aat2-2 Mutant

Our previous studies showed that aat2-2, which is
defective in Asp accumulation, exhibits a growth
defect when grown on Murashige and Skoog me-
dium (Schultz et al., 1998). Here, we show a similar
growth defect for aat2-2 and a second allele aat2-T
(Fig. 4A). To determine whether the growth defect
observed in aat2-2 and aat2-T mutants is related to an
Asp deficiency, we tested whether this growth defect
could be rescued by exogenously supplied Asp. To
test this, aat2 mutants plants (aat2-2 and aat2-T) and
wild type were grown on Murashige and Skoog me-
dium supplemented with Asp (0 mm and 20 mm; Fig.
4, A and B). Growth of aat2 mutant plants was com-
pared with wild type by measuring root length. Root
length of aat2-2 and aat2-T was shorter than wild type
when grown on Murashige and Skoog medium, in
the absence of any Asp supplementation (Fig. 4A).
Surprisingly, when 20 mm Asp was added to the
growth medium, growth impairment in aat2-2 was
exaggerated, whereas wild-type growth was rela-
tively unimpaired (Fig. 4, A and B), indicating that
the aat2-2 mutant has an Asp-dependent growth de-
fect. The newly isolated T-DNA mutant in ASP2,
aat2-T, also displayed a significant growth impair-
ment indicated by the P value (P � 0.05) on Mura-
shige and Skoog growth medium, similar to the
growth defect shown in aat2-2 as compared with wild
type (Fig. 4A). However, this growth impairment
found in aat2-T was not exaggerated by the addition
of exogenous Asp. Surprisingly, wild-type plants
were mildly impaired on 20 mm Asp, whereas aat2-T
plants were unimpaired (Fig. 4A), suggesting that
either aat2-T may be mildly resistant to Asp treat-
ment or that a larger sampling of wild-type plants
would lead to less variability. No growth defects
were observed in the other aat2 and aat3 mutants
(data not shown).

Determination of Levels of Free Asp and Asp-Derived
Amino Acids in aat2 and aat3 Mutants

Amino acid analysis was performed to determine
whether a mutation in cytosolic AAT2 or chloroplas-
tic AAT3 affected levels of free Asp or Asp-derived
amino acids. Seedlings were grown on Murashige
and Skoog media for 7 d in continuous light or in
continuous dark (see “Materials and Methods”). Lev-

els of the transported amino acids Glu, Gln, Asp, and
Asn are shown in Figure 5, A and B.

Asp levels in wild-type plants are higher in the
light than in the dark (Fig. 5, A and B, lane 1). In
contrast, Asn levels are higher in the dark than in the
light of wild-type plants (Fig. 5, A and B, lane 11).
Only the aat2-2 mutation shows a reduction in the
levels of free Asp in light-grown plants (Fig. 5A, lane
2). Levels of Asp in etiolated plants are normal in
aat2-2 (Fig. 5B, lane 2). Levels of Asp are wild type in
all other aat2 and aat3 mutant alleles in plants grown
in the light or dark. The level of the Asp-derived
amino acid, Asn, is decreased in the dark-grown
aat2-2 plants (Fig. 5B, lane 12). This supports our
previous model that pools of Asp synthesized in the
light by AAT2 are utilized for the synthesis of Asn in
the dark (Schultz et al., 1998). Although aat2-T does
not show a decrease in Asp levels in light-grown
plants (Fig. 5A, lane 4), it does show a dramatic
decrease in Asn levels in dark-grown plants (Fig. 5B,
lane 14). The levels of Glu in the light are higher for
aat2-T (Fig. 5A, lane 9) compared with wild type (Fig.
5A, lane 6). The other aat2 and aat3 mutants showed
little change in Glu from wild type in light- or dark-
grown plants (Fig. 5A, lanes 7, 8, and 10). The level of
Gln is higher in all aat2 and aat3 mutants in both
light-grown (Fig. 5A, lanes 17–20) and etiolated
plants (Fig. 5B, lanes 17–20) compared with wild-
type light-grown (Fig. 5A, lane 16) or etiolated (Fig.
5B, lane 16) plants.

Siliques contain the pools of amino acids used in
the synthesis of seed proteins and Asp is an import
amino acid used to transport nitrogen from sources
to sinks. To determine if levels of Asp and Asp-
derived amino acids were affected in siliques, we
performed HPLC analysis of siliques for wild-type
and aat mutants. Siliques from two cytosolic aat2
mutants (aat2-2 and aat2-5) had significant reductions
in Asp (Fig. 6, lanes 2 and 3), Glu (Fig. 6, lanes 7 and
8), and Asn (Fig. 6, lanes 12 and 13), compared with
wild type (Fig. 6, lanes 1, 6, and 11). In contrast, Gln
levels were higher in siliques of all three aat2 mutants
(Fig. 6, lanes 17–19) compared with controls (Fig. 6,
lane 16). Surprisingly, Asp levels in siliques from
aat2-T (Fig. 6, lane 4) were not different from wild
type (Fig. 6, lane 1), whereas levels of Asn were
dramatically decreased (Fig. 6, lane 14). Chloroplastic
aat3 mutants (aat3-1, aat3-2, and aat3-4) showed no
changes in levels of the amino acids Asp and Asn
compared with wild type in whole-plant extracts of
leaves and siliques (Figs. 5 and 6) or in isolated
chloroplasts (data not shown).

DISCUSSION

Eight mutants in cytosolic AAT2 or chloroplastic
AAT3, deficient in the major AAT isoenzymes in
Arabidopsis, were used to study the role of these
enzymes in plant nitrogen metabolism. Seven of the
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aat mutants identified from separate pools of ethyl
methane sulfonate-/NMU-mutagenized seed repre-
sented two complementation groups: cytosolic AAT2
(aat2-1, aat2-2, aat2-4, and aat2-5) and chloroplastic
AAT3 (aat3-1, aat3-2, and aat3-4). Four aat mutants

are missense mutations in the ASP2 gene for cytosolic
AAT2 and three aat mutants are missense mutations
in the ASP5 gene for chloroplastic AAT3 (Table I).
The eighth mutant, aat2-T, isolated from T-DNA in-
serted lines, has a T-DNA insertion in intron 8 of

Figure 4. Asp-related growth defect in cytosolic aat2 mutants. A, aat2-T mutant plants were grown on Murashige and Skoog
medium supplemented with 0 and 20 mM Asp and the root lengths were measured and compared with aat2-2 mutant and
wild-type plants. A two-way ANOVA is shown (P � 0.05; n � 7). B, aat2-2 mutants and wild-type plants were grown on
medium without supplemented Asp and medium supplemented with 20 mM Asp.
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ASP2. This was determined to be a leaky mutant
based on RT-PCR analysis. Although the missense
mutations in the ASP genes of the missense mutants
are not in residues previously described to be impor-
tant for function by mutational analyses on AAT in
other organisms, they do represent nonconservative
substitutions of amino acids positioned near these
conserved regions of functional significance (Mehta
et al., 1989; Smith et al., 1989; Kamitori et al., 1990;
Goldberg et al., 1991; Udvardi and Kahn, 1991; Inoue
et al., 1991; Pan et al., 1993; Ziak et al., 1993; Okamoto
et al., 1994; Kohler et al., 1994; Wilkie et al., 1996). To
locate the domains of AAT affected by the aat mis-
sense mutations, the location of each missense muta-
tion was mapped onto a schematic representation of

a subunit of the AAT homodimer from Arabidopsis
(Fig. 3). The numbering of the amino acid residues in
aat3 begins with the chloroplastic transit peptide con-
sisting of 47 residues.

The AAT subunit, in Arabidopsis, contains a small
domain made from two regions of the polypeptide
(N terminus to Pro-94 and Arg-369 to the C termi-
nus), a large domain (the remaining polypeptide), an
�-helix connecting the two domains (Val-351 to Ser-
383), and a pyridoxal phosphate cofactor-binding site
at Lys-298 (Wilkie et al., 1996). Both the small and the
large domains are involved in the function of the
AAT enzyme, where binding of the cofactor, pyri-
doxal phosphate, is involved in both the forward and
the reverse reactions. The active site of each subunit

Figure 5. HPLC analysis of Asp, Asn, Glu, and
Gln levels in aat mutants. The levels of free
amino acids were measured in cytosolic aat2
(blue bars) and chloroplastic aat3 (green bars)
mutants and wild-type plants (white bars) using
HPLC analysis. Plants were grown on Murashige
and Skoog plates in continuous light or contin-
uous dark for 7 d (n � 3). Each data point
represents an extract from whole seedlings col-
lected from different plates and is a biological
replicate (n � 3). All error bars in the HPLC
analyses represent SDs of biological replicates.
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consists of the small and large domains and the large
domain of the second subunit contributing to one
wall of the active site (McPhalen et al., 1992). Resi-
dues in both the small and large domain contribute to
substrate binding and stability of the cofactor
(McPhalen et al., 1992). Each AAT subunit contains
one active site and their activities of substrate bind-
ing and catalysis occur independently of each other
(Kirsten et al., 1983). A conformational change occurs
in the small domain on substrate binding to the co-
factor in the large domain, binding the substrate
snugly in the active site (McPhalen et al., 1992). The
subunit interface, consisting of the subunit interface
residues that stabilize the enzyme in its active
dimeric form, is unusually large, indicating a stable
dimer (McPhalen et al., 1992). The three-dimensional
structure of an enzyme defines the substrate specific-
ity and its function (Hrmova and Fincher, 2001).

In the Arabidopsis aat2 and aat3 mutants described
herein, small domain mutations occur in aat2-4
(P46L), and large domain mutations are located in
aat2-1 (G254R), aat2-2 (P71L), aat3-1 (P118S), aat3-2
(G342E), and aat3-4 (G156S). The mutation in aat2-5
(S306N) is located in the region joining the small and
large domains. aat2-1 (G254R) is located three resi-
dues from the Lys residue that binds the cofactor
pyridoxal phosphate (Fig. 3). Mutations in these res-
idues are either required for the activity of the AAT
enzyme or affect protein stability because each of
these mutations result in reduction in levels of cyto-
solic AAT2 activity in the aat2 mutants and the re-
duction in levels of chloroplastic AAT3 activity in the
aat3 mutants (Fig. 1A). The AAT activity gels indicate
that all the mutants contain less than 6% cytosolic
AAT2 activity in the aat2 mutants and less than 3%
chloroplastic AAT3 activity in the aat3 mutants. The

variable growth results and amino acid levels in
these aat mutants may reflect differences in AAT
activity levels below these lower limits of detection,
or differences in penetrance of the distinct missense
mutations occurring in different regions of the ASP2
or ASP5 genes. The aat2-2 mutant affected in the
major gene encoding cytosolic AAT2 seems to be the
most severely affected aat mutant allele. aat2-2 exhib-
its an impaired growth phenotype as seen by short
roots compared with wild-type plants (Fig. 4A). This
growth defect is exaggerated when aat2-2 is grown
on medium supplemented with Asp, suggesting that
the enhanced growth defect is related to Asp metab-
olism (Fig. 4, A and B).

The aat2-2 mutant allele also has Asp-related de-
fects in its amino acid profile. Previously, we showed
the aat2-2 mutant has reduced levels of Asp in
4-week-old 24-h light-adapted plants, indicating a
role for cytosolic AAT2, in the synthesis of the bulk of
Asp in the light (Schultz et al., 1998). Here, we show
aat2-2 has reduced levels of Asp in 7-d light-grown
plants, as well as reduced levels of Asn in 7-d etio-
lated mutants compared with wild-type controls
(Fig. 5). This supports the previous model in which
cytosolic AAT2 is predicted to be responsible for
synthesizing the bulk of Asp in the light, which sup-
plies the precursor for Asn synthesis in the dark
(Schultz et al., 1998). In addition, we have shown that
aat2-2 has dramatic decreases in levels of Asp and
Asn in siliques (Fig. 6), indicating a new role for
cytosolic AAT2 for the synthesis of Asp/Asn for seed
storage. Levels of the AAT2 holoenzyme are high in
siliques of wild-type plants, and reduced in siliques
of aat2 mutants (aat2-2, aat2-5, and aat2-T, data not
shown). Thus, it is likely that cytosolic AAT2 may
serve to synthesize Asp in situ in siliques. However,
this does not preclude the possibility that AAT2 ac-
tivity in leaves also provides Asp that is transported
to siliques (Fig. 7).

A second mutant in cytosolic AAT2, aat2-5, has
reduced levels of ASP2 transcript at the level of
northern analysis and RT-PCR (Fig. 2). It is unclear
how a missense mutation might result in reduced
mRNA levels. Other studies have shown decreased
mRNA levels in Trp synthase beta subunit as a result
of a missense mutation (trp2-5; Barczak et al., 1995).
Although levels of Asp in aat2-5 are not decreased in
light-grown plants, levels of free Asp in siliques are
decreased compared with wild type (Fig. 7), support-
ing a role for cytosolic AAT2 in the synthesis of Asp
used for seed storage in developing siliques. This
suggests that the Asp defect in siliques is due to a
defect in Asp synthesis in situ, and not to Asp trans-
ported from leaves because levels of Asp are normal
in leaves of the aat2-5 plants (Fig. 5A, lane 3).

A T-DNA-inserted allele of aat2 (aat2-T) was iso-
lated with the intention of obtaining a null allele of
aat2. The T-DNA in aat2-T is located in intron 8 of
ASP2. However, some aat2-T transcript is properly

Figure 6. HPLC analysis of Asp, Asn, Glu, and Gln in the siliques of
aat mutants. The levels of free amino acids in cytosolic aat2 (blue
bars) and chloroplastic aat3 (green bars) and wild-type plants (white
bars) were analyzed in siliques using HPLC (n � 3). Each individual
represents a biological replicate. All errors in the HPLC analyses
represent biological replicates.

Miesak and Coruzzi

656 Plant Physiol. Vol. 129, 2002



processed as judged by RT-PCR (Fig. 2). Semiquan-
titative RT-PCR performed at two cycling times
shows reduced transcript for both aat2-T and aat2-5
mutants compared with wild type, indicating this
difference is not due to saturation of the PCR com-
ponents. aat2-T exhibits an impaired growth pheno-
type as measured by short root length compared with
wild-type plants on Murashige and Skoog plates.
However, unlike the aat2-2 mutant, the growth defect
in aat2-T is not enhanced by Asp supplementation
(Fig. 4A). Although levels of Asp are not defective in
seedlings of aat2-T, there is a reduction in Asn in
etiolated plants (Fig. 5). Unlike aat2-2 and aat2-5,
levels of Asp are not decreased in siliques of aat2-T.
However, levels of Asn are decreased in siliques of
aat2-T, as they are in aat2-2 and aat2-5.

In summary, three independent mutants in cytoso-
lic AAT2 (aat2-2, aat2-5, and aat2-T) are each defective
in AAT2 activity in leaves and siliques. Siliques from
two cytosolic aat2 mutants (aat2-2 and aat2-5) also
show a reduction in free Asp, Glu, and increased
levels of Gln compared with wild-type plants. The
Gln “buildup” in the aat2-2 and aat2-5 mutants cor-
relates with Asn decreases, suggesting that the mu-
tants are impaired in converting Gln to Asp required
for Asn synthesis. Levels of Asp-derived Asn are also
decreased in siliques of all three aat2 alleles, suggest-
ing a role for Asp derived from cytosolic AAT2 in
Asn synthesis in siliques. It is possible that the defect
in levels of Asp-derived Asn is more observable be-
cause Asn is more metabolically inert than Asp. In
addition, Asp levels detected in aat2-T, a mutant with
decreased transcript compared with controls, may be
synthesized by other aminotransferases. Our results
suggest, however, that Asn synthesis is dependent on
Asp synthesized by cytosolic AAT2 and that other
pools of Asp cannot replace the defect caused by
AAT2. This observation suggests that there is either

compartmentation of amino acid pools in plants, or
that the AAT2 enzyme and the AS enzyme are part of
a super complex to allow metabolic flux between this
enzyme pair (for review, see Hrazdina and Jensen,
1992; Huang et al., 2001). Also, functional compart-
mentation where the enzymes are not physically as-
sociated has been implicated in the exchange of ox-
aloacetate between AAT and malate dehydrogenase
(Salerno et al., 1985).

Although the mutants in cytosolic AAT2 showed
Asp-related defects in HPLC and growth analyses,
aat3-4, a mutant in chloroplastic AAT3, did not show
defects in Asp synthesis in seedlings or siliques. Iso-
lated chloroplasts and total plant extract from chlo-
roplasts of a series of AAT3 mutant alleles (aat3-1,
aat3-2, and aat3-4) are also unaltered in Asp and Asn
levels compared with wild-type plants (data not
shown). However, these aat3 mutants are all mis-
sense mutants and not null mutants; therefore, at
present we cannot conclude about the role of chloro-
plastic AAT3 in plant nitrogen metabolism.

In summary, cytosolic aat2 and chloroplastic aat3
mutants have various missense mutations in the en-
zyme, resulting in a spectrum of altered enzyme
function that may be due to enzyme inactivation or
enzyme instability. Asp-related phenotypes associ-
ated with mutants in cytosolic AAT2 (aat2-2, aat2-5,
and aat2-T) indicate that this AAT isoenzyme plays a
nonredundant role in Asp synthesis and metabolism
in the cytosol of leaves and siliques, compared with
other isoenzymes. Our studies suggest that cytosolic
AAT2 is responsible for the bulk of Asp synthesis in
the light and these Asp pools are utilized for the
synthesis of Asn in the dark, and for Asp and the Asn
levels in the siliques. These results demonstrate a
nonredundant role for cytosolic AAT2 in the assim-
ilation of nitrogen into Asp in the cytosol of leaves
and siliques.

Figure 7. Cytosolic AAT2 activity in leaves and
siliques. Cytosolic AAT2 activity occurs in both
leaves and siliques in situ. Levels of Asp and
Asp-related amino acids in siliques represent
those made by AAT2 in siliques and possibly
transported amino acids from leaves. Cytosolic
AAT2, in the forward direction, utilizes Glu and
oxaloacetate (OAA), leading to the synthesis of
Asp, the precursor for Asn synthesis by AS, and
alpha-ketoglutarate (�-KG).
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MATERIALS AND METHODS

Plant Material

Arabidopsis ecotype Col were used for all wild-type and
mutant background tissue experiments except for the
T-DNA-inserted ASP2 mutant, which was isolated from a
Wassilewskija background. Both of the new aat2 and aat3
mutants were backcrossed to Col at least once to reduce
background mutations.

All seeds were first sterilized in commercial bleach and
1% (v/v) Tween 20 for 2 min, washed three times, and
imbibed in the dark at 4°C, before plating on Murashige
and Skoog (Murashige and Skoog, 1962) plant medium
supplemented with 1% (w/v) Suc and 0.9% (w/v) agar and
grown in environmental growth chambers (EGC, Chagrin,
OH) set on a 16-h-light (65 �E m�2 s�1)/8-h-dark cycle
unless otherwise stated. Plant material used for the AAT
enzyme activity gels (Fig. 1, A and B) and northerns was
first grown on Murashige and Skoog plates supplemented
with 3% (w/v) Suc and 0.9% (w/v) agar. After 1 week, the
plants for the AAT activity gel assay were transferred to
soil for an additional 2 weeks before assaying for plant
protein extract. For Asp supplementation plates, medium
was supplemented with 0 and 20 mm Asp (Fig. 4, A and B).

Nomenclature

AAT genes are named ASP, and the isoenzymes are
named AAT to distinguish them from the ASP genes. There
are five ASP genes (ASP1–5) and three AAT isoenzymes
(AAT1–3) in Arabidopsis named according to their mobil-
ity through native gels. The major isoenzymes on AAT
native gels are AAT2 and AAT3. AAT1, representing the
mitochondrial AAT, is a minor component. Mutants in the
ASP genes that result in defective isoenzyme activity are
referred to as aat to distinguish them from the wild-type
AAT isoenzymes not defective in AAT isoenzyme activity.

AAT Activity Gel Analysis

Crude protein was extracted from the plants by grinding
one leaf in grinding buffer (50 mm Tris, pH 8.0, and
�-mercaptoethanol) and sand. After centrifugation, the su-
pernatant was electrophoresed under non-denaturing con-
ditions through a discontinuous PAGE minigel (mini pro-
tean II, Bio-Rad, Richmond, CA) for 2 h and stained for
AAT activity at room temperature with mild shaking for 15
min. The AAT activity stain was made fresh each time by
adding 0.05 g of Fast Blue (F0250, Sigma, St. Louis) to 50
mL of AAT substrate solution (Wendel and Weeden, 1989).
AAT substrate solution, pH 7.4, is made of 2.2 mm
�-ketoglutarate (K1875, Sigma), 8.6 mm l-Asp (A6683, Sig-
ma), 0.5% (w/v) polyvinyl pyrrolidine-40 (PVP-40, Sigma),
1.7 mm EDTA (S311-500, Fisher Scientific, Pittsburgh), and
100 mm dibasic sodium phosphate (S-0876, Sigma). Native
gels stained for AAT enzyme activity can detect down to
6% of wild-type AAT2 enzyme activity and down to 3% of
wild-type AAT3 enzyme activity (Schultz et al., 1998).

Isolation of T-DNA Mutant

DNA pools of T-DNA representing 60,480 inserted lines
from Wisconsin were screened using PCR and primers to
the non-coding region of the ASP2 gene, BM118 AAGAC-
GACTTCTCTTTTAACTTATTCCT, and to the T-DNA left
border, JL-202 CATTTTATAATAACGCTGCGGACATC-
TAC. The putative T-DNA mutant was amplified using
PCR, cleaned using QIAquick (QIAGEN, Valencia, CA),
and sent for sequencing (North Shore University Hospital,
Manhasset, NY). The insertion site of the T-DNA was de-
termined to be in the eighth intron of the ASP2 gene.
Hemizygosity (Fig. 1B, lane 2) was determined by PCR
using primers BM118 and BM119 CTTAGAAACGGTA-
GATCTCAATGTCAC located outside the T-DNA insertion
site and in the non-coding region of the ASP2 gene. Am-
plification of the wild-type gene product was verification
of heterozygosity. To test whether there was a single
T-DNA insertion in the genome, seed from the aat2-T hemi-
zygous mutant (AAT2/aat2-T) was sown on Murashige
and Skoog plates supplemented with 100 mg mL�1 kana-
mycin and the ratio of plants resistant to kanamycin:plants
sensitive to kanamycin were scored as 3:1 representing a
single T-DNA insertion. Kanamycin is an antibiotic for
which the T-DNA has a resistance marker.

RT-PCR

Total RNA was extracted as previously mentioned and
the procedure for RT-PCR was performed as described by
the suppliers (Superscript II, 18064-022, Life Technologies/
Gibco-BRL, Cleveland).

To determine whether the ASP2 transcript was properly
processed, primers BM74 AGGGAAGCCTCTTGTTCTTG
and BM37 TGGCTCTCAACCTTACTAGC to the ASP2
gene in the coding sequence around the T-DNA insertion
site in intron 8 were used to amplify the cDNA product
from the RT-PCR reaction. Co-amplification of ASP5 in the
same PCR reaction was used as a positive control. The
negative control consisted of all the components of the PCR
reaction minus the template. Semiquantitative RT-PCR was
accomplished by removing aliquots of the PCR reaction at
25 and 30 cycling times.

Determination of Missense Mutations in aat Mutants

Gene-specific primers were designed to PCR amplify
500-bp regions of the cytosolic ASP2 and chloroplastic
ASP5 genes from the cytosolic aat2 and chloroplastic aat3
mutants’ genomic DNA, respectively, with 50-bp overlap-
ping regions. The amplified regions were cleaned as de-
scribed (QIAquick, QIAGEN) and sequenced (North Shore
University Hospital). Each region was amplified and se-
quenced four to eight times to ensure the base change was
real and not a result of a PCR artifact. Sequences of these
ASP genes from the aat mutants were compared with
those from wild type to identify the molecular lesions and
their location using GeneWorks software (Oxford Molec-
ular Group, Oxford). DNA sequences were converted to
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amino acid sequences and the missense mutations were
determined.

DNA and RNA Analyses

Genomic DNA was extracted as previously described
(Ausubel et al., 1987). Shoot tissue and root tissues from the
aat2 and aat3 mutants were frozen separately in liquid
nitrogen and total RNA was extracted using a phenol/
chloroform extraction protocol (Jackson and Larkins, 1976).
Single-stranded digoxigenin (DIG)-labeled DNA probes
were generated according to the manufacturer’s specifica-
tions (Boehringer Mannheim Biochemicals, Indianapolis).
DIG-labeled probes specific to ASP1-4 were made as pre-
viously described (Schultz and Coruzzi, 1995). The ASP5
DIG-labeled probe was generated using PCR and primers
M13R AACAGCTATGACCATG and BM1 TTGCTCCAGG-
GAAATAACGC. Northern-blot analyses were performed
as described (Sambrook et al., 1989) and hybridization of
the DIG-labeled probes was performed at 42°C in ULTRA-
hyb solution (8670, Ambion, Austin, TX) for at least 16 h.
Post-hybridization washes at 65°C and chemiluminescent
detection were conducted according to the manufacture’s
specifications (Boehringer Mannheim Genius System Us-
er’s Guide).

Amino Acid Analysis of aat Mutants Using HPLC

The levels of amino acids in wild-type plants and new
additional mutant plants in AAT (aat2-5, aat3-4, and aat2-T)
were determined using HPLC. All of the error bars in the
HPLC analyses represent sd between three biological rep-
licates. First, the plants were light grown or dark grown for
7 d, unless otherwise noted, harvested, weighed, and fro-
zen in liquid nitrogen. The amino acids were extracted with
methanol and chloroform, spiked with nor-Val as a control
for the loss of amino acids during extraction, the aqueous
phase was vacuum evaporated, and the pellet was resus-
pended in a volume of water and filtered before HPLC
analysis as previously described (Schultz et al., 1998). Sam-
ples were derivatized with O-phthaldialdehyde at 4°C im-
mediately before injection by an autosampler and sepa-
rated by reverse-phase HPLC (SCL-10A, Shimadzu, Tokyo)
on a C18 column (Supelcosil LC-18, 25 cm � 4.6 mm, 5 �m,
Supelco, Bellefonte, PA) at room temperature. The amino
acids were separated using the following gradient of buffer
B (72% [v/v] methanol) to buffer A (phosphate buffer, pH
6.86), beginning with 27.5% (v/v) buffer B and finishing
with 100% (v/v) buffer B. The gradient used was as follows
(time, buffer B [%]): 0.01 min, 27.5% (v/v) B; 38.00 min,
27.5% (v/v) B; 39.00 min, 33% (v/v) B; 63.00 min, 53% (v/v)
B; 70.00 min, 59% (v/v) B; 130.00 min, 60% (v/v) B; 135.00
min, 65% (v/v) B; 145.00 min, 100% (v/v) B; 155.00 min,
100% (v/v) B; 160.00 min, 27.5% (v/v) B; 165.00 min, 27.5%
(v/v) B; and 165.01 min, stop. The flow rate was 1 mL
min�1. Derivatized and separated amino acids were de-
tected using an LS30 fluorometer (excitation 340 and emis-
sion wavelength 455, Perkin-Elmer Applied Biosystems,
Foster City, CA). Amino acid standards (Sigma, LAA-21)

were used to determine the response of each amino acid
present at 1,000, 500, 250, 125, and 62.5 pmol. All of the
amino acid standards gave a linear correlation of peak area
to concentration as determined by linear regression.
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