Plant Physiol. (1996) 110: 1159-1165

Molecular Basis of a-Methyltryptophan Resistance in amt-1,
a Mutant of Arabidopsis thaliana with Altered
Tryptophan Metabolism'
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A mutant of Arabidopsis thaliana, amt-1, was previously selected
for resistance to growth inhibition by the tryptophan analog
a-methyltryptophan. This mutant had elevated tryptophan levels
and exhibited higher anthranilate synthase (AS) activity that showed
increased resistance to feedback inhibition by tryptophan. In this
study, extracts of the mutant callus exhibited higher AS activity than
wild-type callus when assayed with either glutamine or ammonium
sulfate as amino donor, thus suggesting that elevated AS activity in
the mutant was due to an alteration in the a subunit of the enzyme.
The mutant also showed cross-resistance to 5-methylanthranilate
and 6-methylanthranilate and mapped to chromosome V at or close
to ASAT (a gene encoding the AS « subunit). ASAT mRNA and
protein levels were similar in mutant and wild-type leaf extracts.
Levels of ASA7 mRNA and protein were also similar in callus
cultures of mutant and wild type, although the levels in callus were
higher than in leaf tissue. Sequencing of the ASAT gene from amt-1
revealed a G to A transition relative to the wild-type gene that
would result in the substitution of an asparagine residue in place of
aspartic acid at position 341 in the predicted amino acid sequence
of the ASA1 protein. The mutant allele in strain amit-1 has been
renamed trp5-1.

AS is a key enzyme in the biosynthetic pathway for Trp,
the plant hormone [AA, and numerous secondary metab-
olites. AS converts chorismate to anthranilate in the first
committed step in the biosynthesis of Trp. Since chorismate
is also an intermediate in the biosynthesis of Phe, Tyr, and
several secondary products, it forms an important branch
point from which different classes of aromatic compounds
can be synthesized (reviewed by Poulsen and Verpoorte,
1991). In microbes, AS usually consists of two nonidentical
subunits, referred to as the o subunit (component I) and the
B subunit (component II). Component I can convert cho-
rismate to anthranilate in the presence of high levels of
ammonia (ammonia-dependent AS activity), whereas com-
ponent II is responsible for the use of Gln as the amino
donor (Hiitter et al., 1986). Both subunits are required for
the GIn-dependent reaction.

! Supported by U.S. Department of Agriculture National Re-
search Initiative Competitive Grants Program grant No. 92~-37304—
7872.

? Present address: Department of Biochemistry and Molecular
Biology, University of Massachusetts, Amherst, MA 01003.

* Corresponding author; e-mail cdt2@po.cwru.edy; fax 1-216-
368-4672.

1159

Recent studies have provided a better understanding of
the genetics and biochemistry of AS in higher plants. Two
genes, ASAI and ASA2, from Arabidopsis thaliana were iso-
lated that complemented mutations in the AS a subunit in
both yeast and bacteria (Niyogi and Fink, 1992). Genes for
the Arabidopsis AS B subunit were subsequently isolated
by complementation in yeast and Escherichia coli (Gudelsky
et al.,, 1993; Niyogi et al., 1993). Plant AS has recently been
purified from Catharanthus roseus (Poulsen et al., 1993) and
Ruta graveolens (Bohlmann et al., 1995). From these studies
it appears that plant AS is similar in organization to the
microbial enzyme. Plant AS also is similar to the microbial
AS in its sensitivity to feedback inhibition by Trp and the
ability to use Gln or ammonia as an amino donor for the
synthesis of anthranilate (Poulsen et al., 1993).

As a means to investigate regulation of the Trp pathway,
toxic analogs of Trp have been used in metabolic studies of
plant cell cultures and as a tool to select mutants. Many of
these studies have been conducted with the growth inhib-
itor 5-methyltryptophan. In a number of species including
Datura innoxia, C. roseus, and Solanum tuberosum, variant
cell lines resistant to inhibitory concentrations of 5-meth-
yltryptophan were found to have AS that was less sensitive
to feedback inhibition by Trp (Carlson and Widholm, 1978;
Scott et al., 1979; Ranch et al., 1983). Widholm (1977) de-
scribed 5-methyltryptophan-resistant carrot cell lines and a
potato cell line that were auxin autotrophic.

In addition to the commonly used 5-methyltryptophan,
which is a ring-substituted analog of Trp, another poten-
tially useful compound, which may have a different mode
of action and is more soluble, is aMT. To study regulation
of AS, we isolated an Arabidopsis mutant (amt-1) that is
resistant to aMT (Kreps and Town, 1992). We previously
demonstrated that this mutant has greater than 5-fold
higher levels of Trp and exhibits higher levels of AS activ-
ity than wild-type plants. Similarly, callus initiated from
amt-1 has higher AS activity in comparison with wild-type
callus. AS from the mutant was also found to have greater
resistance to feedback inhibition by Trp. In this paper, we
further characterize amt-1 at the genetic, biochemical, and
molecular levels. Mapping was carried out to determine
the genomic location of the mutation. At the biochemical
level, assays of ammonia-dependent AS activity were car-

Abbreviations: AS, anthranilate synthase; aMT, a-methyl-pr-
Trp; SMA, 5-methylanthranilic acid; 6MA, 6-methylanthranilic
acid; RFLP, restriction fragment length polymorphism.
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ried out. Molecular analyses were also performed to deter-
mine the level of ASA1 mRNA and protein expression in
mutant and wild-type tissue and to determine the sequence
basis of the mutation.

MATERIALS AND METHODS
Chemicals

Anthranilic acid (catalog No. A 1506), «MT (catalog No.
M 8377), and chorismate (catalog No. C 1259) were ob-
tained from Sigma; SMA (catalog No. 41,944-3) and 6MA
(catalog No. 23,053-7) were from Aldrich. Ammonium sul-
fate was purchased from ICN. Secondary antibody (*°S-
labeled anti-rabbit antibody raised in donkey) for western
blotting was from Amersham (catalog No. 5].434).

Plant Material and Growth Conditions

Isolation of amt-1 from Arabidopsis thaliana (Columbia)
was described previously (Kreps and Town, 1992). Soil-
grown plants were propagated on a mixture of perlite,
vermiculite, and peat moss (1:1:1 on a volume basis) and
irrigated with nutrient salts as described by Somerville and
Ogren (1982). The conditions for callus initiation from
seeds and for callus maintenance were as described previ-
ously (Kreps and Town, 1992). Growth inhibition was stud-
ied by placing surface-sterilized seeds (10 seeds/100- X
15-mm Petri dish) on Murashige-Skoog medium (Mura-
shige and Skoog, 1962) supplemented with 2% Suc, vita-
mins, and 0.7% TC agar (JRH Biosciences, Lenexa, KS).
Following overnight cold treatment (4°C) of the plated

seeds in the dark, Petri dishes were oriented vertically and -

placed at 24°C under constant illumination (35 pmol m ™2

s~ 1, cool-white fluorescent) with a Plexiglas screen (yellow
2208) to prevent possible degradation of medium compo-
nents due to light (Stasinopoulos and Hangarter, 1990).
Root lengths were measured 5 and 10 d after transfer to
24°C.

Plant material used for DNA isolation was obtained by
transferring surface-sterilized seeds to flasks containing
50 mL of Murashige-Skoog liquid medium with 2% Suc.
The flasks were shaken for 14 to 21 d at 24°C under
constant illumination (50 wmol m™% s™*). Tissue was har-
vested, rinsed with distilled water, blotted dry with tissue
paper, frozen in liquid nitrogen, and stored at —70°C until
extraction.

Enzyme Assays

AS activity was assayed essentially as described by Last
and Fink (1988). For the comparison of ammonia-depen-
dent and Gln-dependent AS activity, extracts were concen-
trated by precipitation with ammonium sulfate at 50%
saturation, resuspended in column buffer (10% glycerol,
0.1 mm DTT, 0.1 mm EDTA, and 0.1 M potassium phos-
phate, pH 8.0), desalted using Sephadex G-25, and assayed
by using ammonium sulfate (50 mm) or L-Gln in the reac-
tion mixture.
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Genetic Analysis

The amt-1 mutation was mapped by crossing the mutant
to MSU14 (ttg, vi, er). The F, population was evaluated
based on inhibition of seedling root growth on aMT-con-
taining medium, and ¢tg was simultaneously scored by the
absence of stress-induced anthocyanin production (which
occurs in wild-type seedlings grown in the presence of
aMT). The yi phenotype (yellow inflorescence) was scored
at the time of bolting. Recombination frequency was deter-
mined between amt-1 and ttg by using the program Link-
age 1 (Suiter et al., 1983) and was converted to map dis-
tances (Kosambi, 1944).

RFLP mapping was performed following digestion of
plant genomic DNA with the restriction enzyme Dral and
electrophoresis of the digest on 0.8% agarose gels. DNA
was transferred to reinforced nitrocellulose (Micron Sepa-
rations, Westboro, MA) and probed with a genomic clone
of ASA1 (pKN212C, kindly provided by K.K. Niyogi,
Whitehead Institute, Cambridge, MA). Hybridizations
were done in Church buffer (Church and Gilbert, 1984) for
16 to 24 h at 60°C. Blots were then rinsed at room temper-
ature in a wash solution consisting of 0.1X SSC (1X SSC is
0.15 m Na(l, 15 mm sodium citrate), 0.1% SDS followed by
two 30-min incubations in wash solution at 60°C. These
conditions have been shown to yield gene-specific hybrid-
ization with the probes used (Niyogi and Fink, 1992).

RNA and DNA Analysis

DNA was isolated based on the method of Rogers and
Bendich (1988) for Southern blot analysis or by the
method of Keller and Bancroft (1991) for the purpose of
sequencing. Total RNA was isolated according to the
method of Rochester et al. (1986) from tissue frozen in
liquid nitrogen. Tissues used to study expression of ASA
RNA were rosette leaves of 3- to 4-week-old soil-grown
plants and callus harvested 3 to 4 weeks after transfer to
new medium. Poly(A)* RNA was isolated according to
the method of Maniatis et al. (1982). RNA gel blot anal-
ysis was performed by electrophoresis of denatured
samples on formaldehyde agarose gels, transfer to ny-
lon-reinforced nitrocellulose, and probing of the blot
with the gene-specific probes for ASA1 and ASA2? as
described for RFLP mapping (above). The amount of
bound probe was determined by a Phosphorlmager (Mo-
lecular Dynamics, Sunnyvale, CA). To correct for differ-
ences in loading, blots were also probed with a B-tubulin
gene, which under the conditions used hybridizes
equally to RNA from all tissues (D.P. Snustad, personal
communication).

For sequencing of ASAT from amt-1, genomic DNA was
amplified by PCR and sequenced with a set of intron-based
internal primers by cycle sequencing (Sequitherm cycle
sequencing kit; Epicentre Technologies, Madison, WI).

Immunoblot Analysis

Tissue (0.5 g) was ground under liquid nitrogen, ex-
tracted into 0.8 mL of AS-grinding buffer (200 mm Tris-
HCl, pH7.5,0.2 mM EDTA, 8 mm MgCl,, 0.2 mm DTT, 60%
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glycerol) plus 25 mg of pelyvinylpolypyrrolidone (Niyogi
et al.,, 1993) and centrifuged at 12,000g for 15 min at 4°C.
Protein concentrations of the supernatant were determined
by the method of Bradford (1976) with BSA as standard
(Bio-Rad protein assay). SDS-PAGE was conducted in 10%
acrylamide according to the method of Laemmli (1970)
after extracts were mixed with an equal volume of 2Xx
loading buffer and heated to 100°C for 5 min. Following
electrophoresis, the proteins were transferred to nitrocel-
lulose by electroblotting (Genie, Idea Scientific, Corvallis,
OR) at 24 V for 45 min with transfer buffer (3 g/L Tris base,
14.4 g/L Gly in 20% methanol). To examine the efficiency
of protein transfer, blots were stained in Ponceau S (0.1% in
1% acetic acid) for 3 min and then rinsed three times with
distilled water. Blots were blocked for 4 h in blocking
solution (5% nonfat dry milk in PBS). Primary antibody
(kindly provided by R. L. Last and J. Zhao, Boyce Thomp-
son Institute, Ithaca, NY) raised in rabbit against a gluta-
thione-S-transferase-ASA1 fusion protein was used in an
overnight incubation at room temperature at a 1:2000 di-
lution in blocking solution. The blots were then washed
three times with PBS , containing 0.05% Tween 20. Second-
ary antibody was diluted 1:1000 in antibody diluent (1%
BSA, 0.05% Tween 20 in PBS, pH 7.4) and incubation was
carried out for 1 h at room temperature. Blots were then
washed three times (PBS containing 0.05% Tween 20), and
immunoreactive protein was quantitated with a Phosphor-
Imager.

RESULTS
Genetic Analysis

To determine the genomic location of the am#-1 mutation,
a cross was performed between the mutant and the map-
ping strain MSU14 (ttg, yi, er). Analysis of the F, population
showed that amt-1 is linked to ttg but not to yi (Table 1),
placing amt-1 at the top of chromosome V. To better local-
ize amt-1, we also conducted RFLP mapping to determine
the recombination frequency between ami-1 and ASAI,
which also maps to chromosome V (Niyogi and Fink, 1992).
The genomic clone of ASA1 (pKN212C) detects a polymor-
phism between the Columbia and Landsberg er/er ecotypes
(the two parents). Thirty-four F; families from the cross
between amt-1 and MSU14 were subjected to RFLP map-
ping. No recombination was detected in the 68 chromatids
analyzed, which represents a recombination frequency of
1.47% or less and is equivalent to a distance of 1.5 centi-
morgans (with confidence intervals of 0-6 centimorgans).

Table I. Genetic mapping of amt-1 to chromosome V

Crosses were performed with amt-7 as the male parent and
MSU14 (ttg, yi, er) as the female parent. The F, seeds were tested for
resistance to oMT and scored for the visible markers ttg and yi.
Recombination frequency * st is presented.

Loci Tested Recombination Frequency
amt-1/ttg 0.16 + 0.04
amt-1/yi 0.49 + 0.09

Table I1. AS enzyme activity in mutant and wild-type callus ex-
tracts assayed in the presence of 1-Gln or (NH,),50,

. amt-1, Wild Type, wild Type,
Experiment amt-1, Gln (NH,),50, Gln (NH),50.,
nmol anthranilate mg™" protein h™'
| 10.7 3.3 8.1 2.2
Il 23.7 7.6 18.7 4.9
Hl 21.5 5.0 14.8 3.2

Assay of AS Activity

The amt-1 mutation mapped close to the ASAI gene,
which encodes the o subunit of AS. Since the a subunit is
capable of converting chorismate to anthranijlate with am-
monia as the amino group donor (Hutter et al., 1986), we
measured ammonia-dependent AS activity in extracts from
mutant and wild-type tissue. These determinations were
performed on callus because callus extracts exhibited
higher AS activity than leaf extracts (Kreps and Town,
1992). Although enzyme activity was reduced in both mu-
tant and wild-type extracts when ammonium sulfate rather
than GIn was used as the amino donor, mutant extracts
consistently exhibited higher AS activity than wild-type
extracts (Table II). The ratio of AS activity between mutant
and wild type was 1.32 = 0.08 in the Gln-dependent assay
and 1.54 = 0.02 in the ammonium sulfate assay. The ob-
servation of higher AS activity in the mutant in both assays
suggested that the elevated enzyme activity may be due to
a change in the « subunit (encoded by ASAI) of the AS
holoenzyme.

Expression of ASA1

Poly(A)" RNA was isolated, electrophoresed on a dena-
turing gel, blotted to nitrocellulose, and probed with a
fragment of ASA1 (Fig. 1). Upon correction for differences
in loading by re-probing the blot with B-tubulin, similar
levels of ASAT mRNA were observed in mutant and wild-
type leaves (Table III). Extracts of the mutant and wild-type
callus also exhibited similar levels of ASAI mRNA. How-
ever, ASAl mRNA is up-regulated in callus when com-
pared with leaf tissue for both amt-1 and wild type. We also
tested the possibility that the mutant and wild type may
differ in expression of ASA2, an « subunit gene of AS that
is similar to ASAI but whose mRNA is approximately 10
times less abundant than that of ASAI in Arabidopsis
(Niyogi and Fink, 1992). Our results revealed no difference
in levels of ASA2 mRNA between mutant and wild-type
(plant or callus) tissue (data not shown).

Although RNA gel blot analysis of ASAT mRNA indi-
cated no differences between wild type and mutant, we
tested the possibility that elevated AS activity in the
mutant may be caused by increased levels of ASA1 pro-
tein. Inmunoblot analysis of protein extracts from am¢-1
and wild-type plants revealed no difference in the
amount of ASA1 protein (Fig. 2). Callus extracts had
higher levels of ASA1 protein than plant extracts, but
there was no apparent difference in the amount of ASA1
protein between mutant and wild-type callus extracts.
Callus extracts also exhibited a second band of lower
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Figure 1. RNA gel blot analysis of ASAT in amt-1 and wild-type
tissue. Poly(A)"™ RNA was isolated from mutant and wild-type
tissues, electrophoresed on a formaldehyde agarose gel, blotted
onto nitrocellulose, and probed with a gene-specific fragment
from ASAT. The amount of bound probe was visualized with the
help of a Phosphorlmager. To correct for loading differences, blots
were re-probed with an Arabidopsis B-tubulin gene. Lane 1 cor-
responds to a loading of 10 pg of total RNA from wild-type plants.
Lanes 2-5 were loaded with 2 ug each of poly(A)”™ RNA isolated
from mutant callus (lane 2), wild-type callus (lane 3), mutant leaf
(lane 4), and wild-type leaf (lane 5).

molecular weight. A similar protein band of lower mo-
lecular weight than the ASA1 protein is also visible in
immunoblots of Arabidopsis leaf extracts (Zhao and
Last, 1995).

Molecular Basis for the amt-1 Mutation

Our data (summarized below) collectively suggested
that the amt-1 mutation resides in the structural gene for
ASA1: (a) the mutation was closely linked to ASAI; (b)
mutant extracts exhibited elevated activity of AS, and mu-
tant AS had reduced sensitivity to feedback inhibition by
Trp (Kreps and Town, 1992); and (c) the levels of ASAT

Table 11l. Comparison of AS enzyme activity, and levels of ASAT
mRNA and protein in wild-type and mutant extracts

Values are presented in relation to the value for wild-type
(Columbia) leaf, which was assigned a value of 1.00 in each of the
assays. AS activity was expressed on a nmol mg™' protein h™'
basis (Kreps and Town, 1992), and mRNA and protein levels were
determined by scanning both RNA blots and immunoblots with a
Phosphorimager.

Tissue AS Enzyme Activity ASA1 mRNA ASA1 Protein
Wild-type 1.00 1.00 1.00
leaves
amt-1 leaves 2.39 0.86 0.89
Wild-type 5.92 2,52 2.13
callus
amt-1 callus 8.85 277 1.96
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Figure 2. ASAT protein in amt-1 and wild-type tissue. Extracts were
subjected to SDS-PAGE, blotted onto nitrocellulose, and incubated
with a 1:2000 dilution of primary antibody (raised in rabbit against a
glutathione-S-transferase-ASA1 fusion protein). Blots were then incu-
bated with **S-labeled (anti-rabbit) secondary antibody and visual-
ized with the help of a Phosphorlmager. Lane 1, Mutant callus (5 pg
of protein); lane 2, wild-type callus (5 ug of protein); lanes 3 and 5,
mutant leaf (5 ug of protein); lanes 4 and 6, wild-type leaf (5 ug of
protein); lane 7, mutant leaf (10 pg of protein); lane 8, wild-type leaf
(10 ug of protein).

mRNA and protein were similar in mutant and wild-type
extracts. We therefore sequenced the coding regions of
ASA1 from amt-1. Sequence analysis revealed a single base-
pair change in the mutant relative to the wild-type se-
quence of ASA1 (GenBank accession No. M92354). This
mutation results in the change of G to A at position 4430 of
ASAT and would result in the substitution of an Asn resi-
due in place of Asp at position 341 of the predicted amino
acid sequence of the ASA1 protein (Fig. 3).

Alignment of the predicted ASA1 amino acid sequence
with the related sequences of plant, yeast, and bacteria
indicates that the Asp at position 341 of the ASA1 protein
is conserved in Arabidopsis ASA2, R. graveolens AS ol and
AS a2, Bacillus subtilis TrpE, and E. coli PabB, although not
in Salmonella typhimurium (Band et al., 1984; Goncharoff
and Nichols, 1984; Caligiuri and Bauerle, 1991; Niyogi and
Fink, 1992; Bohlmann et al., 1995).

Effect of Trp Analogs on Root Growth

While our sequencing work was in progress, we exam-
ined the effects of the structurally related inhibitors aMT,
5MA, and 6MA on root growth on both our isolate, amt-1,
and on LIA2, one of the 6MA-resistant mutants isolated by
the Last group that had a phenotype similar to amt-1. Our
results indicated that amt-1 and LIA2 showed a similar
degree of resistance to aMT compared to sensitive wild-
type (Columbia) seedlings (Table IV). We found that 6MA
and 5MA were considerably more toxic to all genotypes
tested than aMT. However, both of the mutants tested
were more resistant to 6MA and 5MA than the wild type.
Our previous report that amt-1 was as sensitive as wild
type to 5SMA, with 50% inhibitory concentrations of 7 and
8 uMm, respectively (Kreps and Town, 1992), was misleading
because we did not use a range of concentrations low
enough to distinguish between the responses of wild type
and mutant. The use of yellow Plexiglas light screens in the
present study to prevent possible photodegradation of me-
dia components may also have contributed to the observed
differences in analog sensitivity in the two studies. Li and
Last (1996) reported that their 6MA-resistant mutants
LIA1-3 were resistant to 300 um 6MA. In our hands, both
our mutant (amt-1) and theirs (LIA2) showed 97 to 98%
inhibition of root growth after 10 d on 100 um 6MA but had
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4 ASAT (A1) TERYSHVMHISSTVT GELODGLTCWDVLRA ALPVGTVSGAPKVKA MELIDELEPTRRGPY SGGFGGVSFTGDMDI ALSLRTIVFPTACQY 536
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e}
1 TrpE (8.t}  ------mmooooos IATVOAGAGIVLDSY POSEADETRNKARAV LRATATAHHAQETF - ---—=--=--=---m —ommem oo 520
2 ASA2 (A.t)  DTLYSYKHPORRREW IAHIQAGAGIVADSN PDDEHRECENKAAAL ARAI---DLAESSFL EAPEFTTITPHINNI -=---------o--- 621
3 ASa2 (R.g)  DOTMYSYKDVOKRREW IAHLQAGAGIVADSD PADEQRECENKAAAL ARAI---DLAESSFI 608
4 ASAT (A.t)  NTMYSYKDANKRREW YAYLOAGAGVVADSD PQDEHCECONKAAGL ARAI---DLAESAFY 595
5 Asal (R.g)  DTMYSYKNATKRRQW VAYLQAGAGIVADSD PDDEHRECONKAAGL ARAI---DLAESAFV NKSSS-==-=--m== ===u--mmooomeo 813
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Figure 3. Alignment of predicted amino acid sequences of ASAT and ASA2 proteins from Arabidopsis (A.t.} (Niyogi and Fink,
1992) with AS a subunit sequences of R. graveolens (R.g.) (Bohimann et al., 1995) and S. typhimurium (S.t.) TrpE. The G to
A mutation in the ASAT gene of amt-7 would cause a change of Asp at position 341( ) in the wild-type protein to Asn. The
amino acid residues affected in mutants of the Salmonella enzyme (Caligiuri and Bauerle, 1991) are indicated by filled
circles (@) for strongly feedback-resistant mutants and by open circles (O) for feedback-resistant mutations having more

subtle effects.

much greener and healthier cotyledons than wild-type
seedlings in which root growth was totally inhibited. The
apparent discrepancy between our characterization of 6MA
resistance and that of Li and Last is thus due partly to the
end points used to evaluate growth (measured root length
versus “growth”). Differences in the growth conditions
used in the two studies (light intensity and quality, culture
medium, etc.), which could affect both plant physiology
and inhibitor stability, may also be involved.

DISCUSSION

In a previous report, ami-1, a mutant of A. thaliana that is
resistant to the Trp analog aMT was isolated and partially

characterized (Kreps and Town, 1992). This mutant is sim-
ilar to some Trp-analog-resistant variants in other species
(Scott et al., 1979; Ranch et al., 1983) because it contains
high levels of Trp and exhibits a higher specific activity of
AS that is more resistant to feedback inhibition by Trp. Cell
cultures of the mutant also showed higher AS activity and
Trp levels than callus initiated from wild-type seed. It is
interesting that the respective callus cultures of mutant and
wild type had higher AS activity and Trp levels than whole
plants (Kreps and Town, 1992).

In this study, the mutation in amt-1 was mapped to a
position on chromosome V at or close to ASAI, a gene
encoding the « subunit of AS. Since mutant extracts exhib-
ited higher AS (holoenzyme) activity than wild-type ex-
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Table IV. Effect of Trp analogs on root growth of various Arabi-
dopsis genotypes

The values presented indicate concentrations of compound re-
quired to inhibit growth of the respective genotypes by 50% (ICsp)
and are the means * sk for two or more experiments.

1Csq
Strain
aMT 6MA 5MA
IC50 um
Wild type 15 +1 0.5 £ 0.1 1.2 = 0.1
amt-1 96 = 16 2.8 = 0.1 29*+04
LIA2 97 = 30 23+07 23*05

tracts and showed increased resistance to feedback inhibj-
tion and the mutation mapped to ASA1, enzyme activity of
the a subunit was measured in an assay in which ammonia
was used as the amino donor for the AS enzyme reaction.
Mutant extracts exhibited higher ammonia-dependent AS
activity compared to the corresponding wild-type extracts,
again suggesting that there may be an alteration in the «
subunit protein of the mutant. An alternative explanation
for elevated AS activity in the mutant could involve greater
amounts of ASAI transcript and/or ASA1 protein in the
mutant. RNA gel blot analysis showed that mutant and
wild-type leaf tissue accumulated similar amounts of ASA1
transcript. Similarly, mutant and wild-type callus cultures
exhibited no difference in the amount of ASAI transcript,
although both mutant and wild-type callus had approxi-
mately 2.5 times more ASAI transcript than did leaf tissue.
Immunoblot analysis revealed that the respective tissues
(callus or leaf) of mutant and wild type had similar levels
of ASA1 protein. However, consistent with the increased
RNA, callus extracts contained higher amounts of ASA1
protein than leaf extracts. Increased amounts of ASAI
mRNA and protein may at least partially account for in-
creased AS activity (both Gln and ammonia dependent) in
callus compared with plants. This increase in ASAI exptres-
sion in callus may be analogous to wound or pathogen
response in Arabidopsis, which is known to cause an in-
crease in ASA1 mRNA levels (Niyogi and Fink, 1992).
Since our data from enzyme analysis, genetic mapping,
and gene expression studies indicated that the basis for the
mutant phenotype was likely caused by a change in the
ASA1 structural gene, sequencing of ASAI from amt-1 was
undertaken. Consistent with this prediction, a single base-
pair change was detected that would be expected to cause
a single amino acid substitution at position 341 (Asp to
Asn) in the mutant protein. Separately and independently,
Li and Last (1996) identified the identical substitution in
three independently isolated 6MA-resistant mutants. This
mutation in the ASA1 gene is now designated trp5-1 in all
four mutant isolates to indicate the identity of the base
change and to conform to Arabidopsis nomenclature.
Our observation that amt-1 and LIA2 both possess ele-
vated levels of free Trp, have AS activity with increased
resistance to feedback inhibition, and show a similar
spectrum of Trp analog resistance is not surprising in
view of the identity of the mutant alleles in these two
strains. The differences between levels of free Trp and
the degree of Trp analog resistance reported between
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amt-1 and the LIA mutants is most likely due to differ-
ences in plant physiology (e.g. light conditions) as well
as to the way in which “resistance” was evaluated in the
two studies.

The Asp residue at position 341 of the wild-type ASAI
protein sequence is conserved in the only other plant en-
zymes sequenced to date, Arabidopsis ASA2 and R. graveo-
lens AS al and AS «2, as well as in some bacteria (Band et
al., 1984; Goncharoff and Nichols, 1984; Niyogi and Fink,
1992; Bohlmann et al., 1995). However, this alteration does
not correspond to any of the amino acids identified by
Caligiuri and Bauerle (1991) as affecting feedback sensitiv-
ity in the Salmonellas enzyme, and in fact the aspartate
residue is not conserved in this enzyme.

In a recent report, aMT-resistant lines of Lemna gibba
were isolated that appear to be similar to this group of
Arabidopsis trp5—1 mutants in terms of the elevated levels
of Trp and AS activity and the resistance of mutant AS to
feedback inhibition by Trp (Tam et al, 1995). Like the
trp5-1 mutants (Kreps and Town, 1992; Li and Last, 1996),
these Lemna lines, MTR-1 and MTR-2, exhibit cross-resis-
tance to the Trp analog 5-methyltryptophan. However, the
molecular basis for the mutations in these lines has not
been reported. It is interesting that these Lemna lines also
show elevated IAA turnover.

In summary, we have characterized a Trp-analog-resis-
tant mutant of Arabidopsis at the physiological, biochem-
ical, and molecular levels. This mutant has altered Trp
metabolism that appears to be due to a single base-pair
change in a gene encoding the a subunit of the predomi-
nant form of AS. These studies of AS along with investi-
gations of other mutants in the Trp pathway could further
our understanding of the regulation of the metabolism of
Trp, IAA, and secondary products in plants.
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