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A new amino acid transporter was identified from the Arabidopsis expressed sequence tag cDNAs by expressing the cDNA
in a yeast amino acid transport mutant. Transport analysis of the expressed protein in yeast showed that it transports
aromatic and neutral amino acids, as well as arginine. This transporter (ANT1, aromatic and neutral transporter) also
transports indole-3-acetic acid and 2,4-dichlorophenoxyacetic acid. The cDNA is 1.6 kb in length with an open reading frame
that codes for a protein with 432 amino acids and a calculated molecular mass of 50 kD. Hydropathy analysis showed ANT1
is an integral membrane protein with 11 putative membrane-spanning domains. Southern analysis and a BLAST search of
the Arabidopsis genome database suggests that ANT1 is part of a small gene family containing at least five members.
Phylogenetic comparisons with other known amino acid transporters in plants suggests that ANT1 represents a new class
of amino acid transporter. RNA gel-blot analysis showed that this transporter is expressed in all organs with highest
abundance in flowers and cauline leaves.

Amino acids are the principal form of nitrogen
available to the heterotrophic tissues of the plant
(Bush, 1999). They are essential precursors not only
for protein biosynthesis, but also in such diverse
molecules as pigments, growth factors, lignin, nucleic
acids, phytohormones, and phytoalexins. Amino acids
are known as the “currency of nitrogen exchange”
(Bush, 1999) because they are transported from sites of
primary nitrogen assimilation to import-dependent
tissues and organs by way of the plants’ vascular
system. Transport into plant cells is generally medi-
ated by proton motive force coupled symporters
(Bush, 1993; Fischer et al., 1998; Ortiz-Lopez et al.,
2000).

Several amino acid transporters have been isolated
from Arabidopsis by functional complementation of
yeast amino acid transport mutants. AAP1 was the
first isolated by functional complementation (From-
mer et al., 1993; Hsu et al., 1993) and it was subse-
quently shown to be part of a small gene family of
related transporters that are differentiated by sub-
strate specificity and expression patterns (Fischer et
al., 1995, 1998). Additional amino acid transporters
have been isolated from Arabidopsis, including a
cationic amino acid transporter (CAT1; Frommer et
al., 1995), which is related to a previously described
animal amino acid transporter (Yoshimoto et al.,
1991; Christensen, 1992) and two Pro transporters
(ProT1 and ProT2; Rentsch et al., 1996). Chen and
Bush (1997) recently described a Lys and His trans-
porter (LHT1). Orthologs of these transporters have

been identified in other plants (Williams et al., 1992,
1996; Lalanne et al., 1995).

Amino acid transport activity is involved in all
processes associated with nitrogen allocation during
plant growth. Therefore, identifying novel amino
acid transporter genes that participate in resource
allocation is essential for understanding this funda-
mental process. One of the approaches that we have
used (Chen and Bush, 1997) to identify additional
amino acid transporters has been to survey the Ara-
bidopsis expressed sequence tags (ESTs) cDNA da-
tabase (Newman et al., 1994) for sequences that ex-
hibit some similarity to AAP1 using the BLAST
search protocol (Altschul et al., 1990). Several of the
ESTs identified using this strategy included previ-
ously described clones, whereas others represented
novel cDNAs that had small regions of sequence
similarity. We obtained the novel EST cDNAs and
tested them for amino acid transport activity by ex-
pressing them in yeast amino acid transport mutants.
In the results reported here we describe a new class
of amino acid transporter identified using this bioin-
formatic approach.

RESULTS

An EST cDNA Complements a Yeast Amino Acid
Transport Mutant

We selected several Arabidopsis EST cDNAs as
possible amino acid transporters based on their low
level of sequence similarity to AAP1. These ESTs
were first analyzed by restriction digestion for pat-
tern and length, and those that were sufficiently long
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to potentially contain a complete open reading frame
were subcloned into a yeast expression vector. We
expressed these in JT16 to test them for amino acid
transport activity and initially identified LHT1 based
on its ability to complement growth and mediate
active transport (Chen and Bush, 1997). The other
ESTs we screened did not complement growth in our
initial analysis. However, hydropathy analysis of the
partial amino acid sequences that were available sug-
gested one of the non-complementing ESTs (EST42)
contained several transmembrane domains that
would be consistent with a transport protein. If
EST42 encodes an amino acid transporter, we rea-
soned that its inability to complement JT16 may be
unrelated to its ability to transport His. We noted that
the high affinity transporter for Arg (CAN1: Ahmad
and Bussey, 1986) is also deleted in JT16, and conse-
quently the growth medium is supplemented with
high Arg (6 mm). We hypothesized that EST42 may
encode an Arg transporter that causes toxic levels of
Arg to accumulate or that Arg acts as a competitive
inhibitor of His transport under our growth condi-
tions. We tested this notion by reducing the Arg
concentration to 0.6 mm and found that EST42 then
allowed for growth on low His (Fig. 1). These results
suggested the expressed protein transports Arg and
His.

Transport Properties of ANT1

We measured the uptake of several amino acids
into JT16-expressing EST42 to determine the sub-
strate specificity of this transporter (Fig. 2). The ex-
pressed protein was able to transport a variety of
amino acids with particularly high rates of flux for
aromatic and neutral amino acids. We named this
gene product ANT1, for aromatic and neutral amino

acid transporter. As predicted from the complemen-
tation experiments (Fig. 1), the transporter also ex-
hibited reasonable rates of His and Arg transport.
Leu and Tyr exhibited saturable uptake kinetics with
apparent Km values of 163 and 240 mm, respectively
(Fig. 3).

This is the first report of a plant amino acid trans-
porter with significant rates of aromatic amino acid
transport. That observation raised the possibility that
this carrier may also be capable of transporting auxin
because earlier biochemical and molecular investiga-

Figure 1. Arg levels altered the ability of ANT1 to complement JT16, a His auxotroph. The ANT1 cDNA was subcloned into
lYES, a yeast expression vector, and transformed into JT16 for functional complementation of His transport. ANT1 did not
complement JT16 under His-limiting conditions (130 mM His) in the presence of high Arg (6 mM). When the Arg
concentration was reduced to 0.6 mM (low Arg), ANT1 allowed for growth. The positive control for this experiment was
AAP1-expressing cells. AAP1 transports His, but not Arg (Frommer et al., 1993, Hsu et al., 1993). The negative control was
insert-free vector.

Figure 2. Transport in ANT1-expressing cells. Ten amino acids were
tested as potential substrates in ANT1 expressing JT16 (A). Each
amino acid was tested at 100 mM. The endogenous transport activity
was subtracted using transformed JT16 with insert-free vector to
measure background transport.
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tions provided evidence that auxin uptake may be
mediated by amino acid permeases (Jones, 1994; Ben-
nett et al., 1996). This hypothesis is not an untenable
idea given the structural similarity between indole-
3-acetic acid (IAA) and Trp. Preliminary experiments
examining this question showed that IAA was an
effective competitor of Tyr uptake (data not shown).
Therefore, we measured radiolabeled IAA and 2,4-
dichlorophenoxyacetic acid (2,4-D) accumulation in
NAT1 expressing cells and showed that both were
transported (Fig. 4).

ANT1 Belongs to a New Class of Transport Protein

The ANT1 cDNA contains 1,636 bp (accession no.
U39783) with an open reading frame that codes for a
protein of 432 amino acid residues and a predicted
molecular mass of 50 kD. The deduced amino acid
sequence is highly hydrophobic with 11 putative
transmembrane domains (Kyte and Doolittle, 1982;
Fig. 5). Gapped BLAST results with scores greater
than 100 (Altschul et al., 1997) from the current pro-
tein databases include a variety of putative amino
acid transporters and hypothetical proteins from

Arabidopsis, fruit fly, Saccharomyces cerevisiae, and
Caenorhabditis elegans (data not shown). ANT1 also
shares regions of similarity with a vesicular g-amino-
butyrate transporter associated with neurotransmission
in rats (McIntire et al., 1997: 43% similar). Sequence
alignments of the known families of plant amino acid
and auxin transporters using Clustal W suggests ANT1
belongs to a new class of amino acid transporter (Fig.
6A). ANT1 is 15% similar to any of the previously
described plant amino acid transporters and AUX1
(Fig. 6B), the putative auxin transporter (Bennett et al.,
1996). In contrast, amino acid transporters that are con-
sidered to be part of well-defined gene families, such as
the AAPs and ProTs, range from 52% to 87% similar.
Likewise, transporters from unrelated families of carri-
ers such as CAT1 (a basic amino acid transporter) and
AtSUC1 (a proton-Suc symporter) range from 11% to
14% similar (Fig. 6B). We conclude from these data that
ANT1 belongs to a new class of plant amino acid trans-
porter, but we cannot rule out evolutionary links to
other families of transporters.

ANT1 May Be Part of a Small Gene Family in the
Arabidopsis Genome and It Is Preferentially
Expressed in Flowers and Cauline Leaves

Southern hybridization suggests that ANT1 is a
single copy gene in the Arabidopsis genome (Fig. 7).
However, a BLAST search (on August, 28, 2000; Alts-
chul et al., 1997) of the Arabidopsis nucleotide data-
base identified four other genomic sequences with
41% to 55% similarity, suggesting ANT1 is a member
of a small gene family. Tissue-specific northern anal-
ysis showed that ANT1 is transcribed as a 1.6-kb mes-
sage that is expressed in all tissues with maximum
abundance in flowers and cauline leaves (Fig. 8).

DISCUSSION

In the results presented here we have described a
new class of amino acid transporter based on sub-

Figure 4. IAA and 2,4-D transport into control and ANT1-expressing
cells. IAA and 2,4-D were tested at 100 mM. Control transport rep-
resents yeast cells transformed with insert-free vectors. ANT1 was
expressed using lYES.

Figure 3. Kinetics of amino acid transport in ANT1-expressing cells.
Transport of Tyr (A) and Leu (B) were measured at a range of 50 to
1,000 mM. Inset, Lineweaver-Burk plot of the same data. The Km

values for Tyr and Leu were 240 and 160 mM, respectively.
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strate specificity and phylogenetic comparisons.
ANT1 is the first plant amino acid transporter that
preferentially moves aromatic amino acids in addi-
tion to neutral amino acids and Arg. It is interesting
that ANT1 also transports auxin. BLAST searches of
the Arabidopsis genome suggest that ANT1 is part of
a small gene family and RNA-gel bot analysis
showed this transporter is expressed in the major
organs of the plant.

Analysis of ANT1 transport activity showed that it
translocates aromatic and neutral amino acids, as
well as Arg (Fig. 2). In yeast, two aromatic amino
acid transporters have been identified and one of
them, TAT1/VAP1, also transports neutral amino
acids (Andre, 1995). The ability of ANT1 to transport
Trp raised the possibility that it may also move auxin
and ANT1 expressing yeast exhibited IAA and 2,4-D
transport. It is important to note, however, that there
was significant accumulation of these molecules in
the insert-free vector controls (Fig. 4). This suggests a
native carrier in yeast is capable of significant IAA
and 2,4-D conductance or that these molecules also
exhibit substantial rates of simple diffusion cross the
plasma membrane. The latter hypothesis is consistent
with experiments using purified liposomes that are
capable of DpH-dependent IAA accumulation in the
absence of any protein conducting pathways (D.R.
Bush, unpublished data). Nonetheless, these results
show that ANT1 possess some auxin transport activ-

ity. Given the complexity of auxin action in plant
growth and development, and the broad substrate
specificity of ANT1, the physiological significance of
auxin transport activity will most easily be evaluated
in future experiments characterizing the physiology
of ANT1 knock-outs.

Hydropathy analysis of ANT1 suggests it has 11
putative transmembrane domains. Chang and Bush
(1997) recently determined the topology of AAP1 and
they showed that transporter has 11 transmembrane
domains with the N terminus in the cytoplasm and C
terminus facing outside the cell. Although ANT1 has
low similarity to AAP transporter family, it is in-
triguing that the hydropathy profile of ANT1 also
predicts 11 membrane-spanning domains.

The third putative transmembrane domains of
PheP and AroP, two aromatic amino acid transport-
ers in Escherichia coli, are rich in aromatic amino
acids, and mutations in some of these residues abol-
ish transport function (Pi et al., 1993). These non-
polar amino acid residues are most likely facing the
lipid phase of the bilayer and the charged residues in
this helix could be facing a hydrophilic channel, thus
participating in the transport reaction. This would be
consistent with the loss of function observed for mu-
tations in these residues (Pi et al., 1993). There are
four aromatic amino acids within the putative third
transmembrane domain of ANT1 (E, F, L, I, F, T, A,
Q, C, G, G, S, V, A, Y, L, V, F, I, G). Future experi-

Figure 5. Hydropathy profile of ANT1. Hydropathy analysis of ANT1 (accession no. U39783) using the Kyte and Doolittle
(1982) algorithm was performed by DNA Strider 1.1 (A) or Gunnar von Heijne’s algorithm performed by TopPred II (B). The
latter analysis used Kyte and Doolittle hydrophobicity values, as well as the positive inside rule and analysis of loop distances
on both sides of the membrane.
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ments exploring the role of these residues in the
transport reaction should be revealing.

Sequence comparisons among the known amino
acid transporters in plants suggest that ANT1 is not
part of a previously described family of carriers (Fig.
6). Thus, ANT1 represents a new class of amino acid
transporter in plants. A recent search of the Arabi-
dopsis genome (August 28, 2000) identified four ad-
ditional sequences with 41% to 55% similarity, sug-
gesting ANT1 is a member of a small gene family in
Arabidopsis. Moreover, sequence comparisons with
the current protein databases identified a variety of
putative transporters and hypothetical proteins from

Arabidopsis, fruit fly, Rattus norvegicus, C. elegans,
and S. cerevisiae that exhibit at least 45% similarity
with ANT1, suggesting it is part of a eukaryotic gene
family. It is noteworthy that no prokaryotic se-
quences were identified in this search.

Amino acids are the currency of nitrogen exchange
in plants and their transporters play key roles in all
aspects of amino acid allocation (Bush, 1999). Given
the diverse pathways of nitrogen assimilation and
the different tissues involved in amino acid partition-
ing, it isn’t surprising that several gene families that
code for a variety of amino acid transporters have
been identified. These genes are differentiated by

Figure 6. Phylogenetic comparison of ANT1 with other amino acid transporters. A phylogenetic analysis of ANT1 with other
plant transporters was generated with the Clustal W method of sequence alignments using a PAM250 residue weight table
(Higgins and Sharp, 1989). A, An unrooted tree comparing ANT1 with other plant amino acid transporters. B, Sequence pair
distances using the same method. Accession numbers: AAP1, L16240; AAP2, X71787; AAP3, X77499; AAP4, X77500;
AAP5, X77501; AAP6, X95736; ProT1, X995737; ProT2, X995738; LHT1, U39782; ANT1, U39783; AUX1, X98772; CAT1,
X77502; and AtSUC1, X75365.
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tissue-specific expression patterns that may also be
influenced by developmental and/or environmental
signals (Ortiz-Lopez et al., 2000). ANT1 is expressed
in every organ of the plant (Fig. 8), suggesting a
possible role in the systemic distribution of amino
acids. This pattern would also be consistent with a
role in auxin transport, perhaps through the plant
vascular system. Future experiments determining the
cell-specific expression pattern of ANT1 and the phe-
notype of ANT1 knockouts should provide addi-
tional insight into its role in nitrogen metabolism and
auxin function.

MATERIALS AND METHODS

Growth Conditions

Arabidopsis ecotype Columbia plants were grown
on soil in growth chambers with 12 h of light at 150
to 250 mE m22 s21 at 20°C, 70% relative humidity, and
a 12-h dark period at 18°C, 70% relative humidity for
3 to 4 weeks. Tissues were harvested, frozen in liquid
nitrogen, and stored at 280°C until further use.

Cloning Strategy for EST cDNA

EST cDNAs were obtained from the Arabidopsis
Stock Center. Each EST was analyzed by restriction
digestion and those with sufficiently long inserts

were subcloned into lYES (Elledge et al., 1991) and
pYES2 (Invitrogen, Carlsbad, CA). All digestions, li-
gations, and transformation were as described by
Sambrook et al. (1989).

Yeast Transformation and Complementation

The Saccharomyces cerevisiae strain used in this
study was JT16 (MATa hip1-614 his4-401 ura3-52 ino1
can1; Tanaka and Fink 1985). JT16 was maintained in
the S1 medium (Hsu et al., 1993) supplemented with
0.2% (w/v) Ura. Electroporation was used to intro-
duce plasmids into JT16 (Gietz et al., 1992) and Ura1

transformants were selected on S1 medium contain-
ing 1 m sorbitol (Hsu et al., 1993). Positive transfor-
mants were maintained in S1 medium. Complemen-
tation of JT16 was tested with His-limiting medium
as described, except that the Arg content was low-
ered to 0.01% (w/v; Hsu et al., 1993). Insert-free
vectors were run as negative controls in all relevant
experiments.

Transport Measurements

Yeast transport activity was measured as described
by Hsu et al. (1993). In brief, cells were grown to
midlogarithmic phase, collected by centrifugation,
and suspended at 200 to 300 mg cells per milliliter in
transport buffer that contained His-limiting medium
minus His and Arg (pH adjusted to 5.0 with KOH).
Ten microliters of cells was used in a 400-mL trans-
port reaction that contained 0.2 to 1.0 mCi of 14C-
labeled amino acid and unlabeled amino acid to the
desired final concentration. At predetermined time
points, 180 mL was removed from the reaction buffer
and the cells were collected and washed on a micro-
pore filter. JT16 cells transformed with insert-free
vectors were used to measure background transport

Figure 8. RNA gel-blot analysis of ANT1 expression. A, A single
band at 1.6 kb hybridized with the ANT1 probe. B, Equal loading of
total RNA (40 mg) was demonstrated for root, stem, cauline leaf, and
leaf RNA using ethidium bromide staining. Inflorescence RNA was
slightly more abundant.

Figure 7. Southern analysis of ANT1. Arabidopsis genomic DNA was
digested with BamHI (lane 1), EcoRI (lane 2), and HindIII (lane 3).
The ANT1 cDNA has an internal EcoRI and HindIII site.
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activity in all transport experiments and results are
reported as net transport (i.e. ANT1-expressing cell
accumulation minus accumulation by insert-free vec-
tor controls). Each experiment was repeated at least
three times and the se never exceeded 14% of the
averaged results.

Sequencing

Dideoxynucleotide sequencing (Sanger et al., 1977)
was adapted from the Sequenase booklet using Se-
quenase 2.0 version (Amersham, Buckinghamshire,
UK) and double-strand DNA as templates. Plasmids
for sequencing were isolated using QIAprep column
(Qiagen, Valencia, CA). Sequencing reactions were
performed according to the manufacturer’s description.

Southern Hybridization

Arabidopsis DNA was isolated according to Della-
porta et al. (1983). The DNA was digested with dif-
ferent restriction enzymes, resolved in 0.8% (w/v)
agarose gel in Tris-acetate EDTA buffer, and depuri-
nated with 25 n HCl. DNA was transferred onto
Hybond N1 membrane (Amersham) using 0.4 n
NaOH, and UV cross-linked (Stratagene, La Jolla,
CA). The probe was radiolabeled by random primer
(Megaprimed System, Amersham) and purified with
either Bio-Spin column (Bio-Rad, Hercules, CA) or
Qiaquick nucleotide removal kit (Qiagen). The
hybridization and wash conditions followed the sug-
gestions of the membrane manufacturer (Amer-
sham). Low stringency washes consisted of two
10-min washes with 23 SSPE (Sambrook et al., 1989)
and 0.1% (w/v) SDS at room temperature. The high
stringency wash included an additional wash with
13 SSPE and 0.1% (w/v) SDS at 65°C for 15 min and
two washes of 0.13 SSPE and 0.1% (w/v) SDS at
65°C for 30 min.

RNA Gel Blot

Total RNA was isolated with TriZol following the
manufacturer’s instructions (Gibco-BRL, Cleveland).
Forty micrograms of total RNA was size fractionated
in a formaldehyde gel (Zielinski, 1987), transferred to
a nylon membrane (Nytran, Schleicher & Schuell,
Keene, NH), UV-cross linked, and prehybridized in
buffer (7% [w/v] SDS, 0.25 m Na2HPO4, pH 7.4, 1 mm
EDTA, pH 8, and 1% [w/v] bovine serum albumin)
for 2 h at 65°C. The denatured radiolabeled probe
was diluted into the buffer (50 ng DNA/mL) and
hybridized overnight. The filters were washed twice
for 15 min at room temperature in 23 SSC, 0.1%
(w/v) SDS and was then washed for 15 min at room
temperature in 0.13 SSC, 0.1% (w/v) SDS. The a32P-
labeled probe was generated using random primers
(Megaprimed System, Amersham). The specific ac-
tivity of the DNA probe was routinely 107 cpm/mg.

The filters were exposed for 7 d with enhancing
screens. Staining with ethidium bromide showed ap-
proximately equal amounts of total RNA in each lane.
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