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ABSTRACT The export of nutrients from source organs to parts of the body where they are required (e.g. sink organs) is

a fundamental biological process. Export of amino acids, one of themost abundant nitrogen species in plant long-distance

transport tissues (i.e. xylem and phloem), is an essential process for the proper distribution of nitrogen in the plant. Phys-

iological studies have detected the presence of multiple amino acid export systems in plant cell membranes. Yet, surpris-

ingly little is known about the molecular identity of amino acid exporters, partially due to the technical difficulties

hampering the identification of exporter proteins. In this short review, we will summarize our current knowledge about

amino acid export systems in plants. Several studies have described plant amino acid transporters capable of bi-directional,

facilitative transport, reminiscent of activities identified by earlier physiological studies.Moreover, recent expansion in the

number of available amino acid transporter sequences have revealed evolutionary relationships between amino acid

exporters from other organisms with a number of uncharacterized plant proteins, some of which might also function

as amino acid exporters. In addition, genes that may regulate export of amino acids have been discovered. Studies of

these putative transporter and regulator proteins may help in understanding the elusive molecular mechanisms of amino

acid export in plants.
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INTRODUCTION

Transfer of nutrients between organs is of fundamental impor-

tance in multi-cellular organisms for the proper supply of

nutrients and removal of unwanted products. In addition to

being central metabolites, amino acids are the most abundant

nitrogen species in animal serum and long-distance transport

systems of plants (i.e. xylem and phloem) and are hence con-

sidered the main nitrogen carriers in both kingdoms.

In plants, inorganic nitrogen (i.e. NO3
– and NH4

+) taken up

by roots is incorporated into glutamine and glutamate (pri-

mary nitrogen assimilation), which is used to synthesize other

amino acids and nitrogenous compounds by transamination.

This process happens either in root or shoot tissue, depending

on factors such as the molecular species of nitrogen taken up

and the carbon/nitrogen balance of the plant (Andrews, 1986;

Kruse et al., 2002; Marschner, 1995). Once synthesized, amino

acids are delivered to the so-called sink organs (developing

roots and leaves, flowers, and seeds) that are largely depen-

dent on reduced nitrogen supplied by the long-distance trans-

port systems of the plant (Pate, 1973; Pate et al., 1981).

Amino acid transfer between organs through xylem and

phloem is critical for optimizing nitrogen allocation in the

plant to the growth conditions or developmental stage

(Tegeder and Rentsch, 2010). In Ricinus, half of the amino acids

delivered to the roots via the phloem are eventually relocated

into the ascending xylem sap, indicating a significant amount

of phloem-to-xylem transport (Schobert and Komor, 1987).

Amino acids delivered to developing fruits are predominantly

supplied by the phloem, the content of which becomes

enriched in amino acids as it moves towards fruits, revealing

active xylem-to-phloem transfer (Jeschke and Hartung,

2000). Distribution and recycling of amino acids through the

xylem and phloem ensures optimal nitrogen allocation be-

tween organs (Figure 1). Amino acid transfer is also very active

at the cellular level. Many amino acids are synthesized in the

chloroplast and transported into the cytosol for protein syn-

thesis and secondary metabolite production, or transported

and stored in the vacuole. Distribution among the organelles
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is unequal: the highest amino acid content is found in the

cytosol and lowest in the vacuole, suggesting directional

amino acid transfer across the membrane rather than simple

equilibrative diffusion (Leidreiter et al., 1995; Riens et al.,

1991; Winter et al., 1993).

The proper distribution of amino acids as described above

requires amino acids be imported and exported in several

locations. Amino acids synthesized in roots or acquired from

the descending phloem are exported across the plasma

membrane of root cells to the xylem sap, which is part of

the apoplasm. Depending on the plant species, phloem

can be loaded with amino acids symplasmically or apo-

plasmically. In the latter case, no symplasmic connection be-

tween the leaf parenchyma cells and the phloem exists and

amino acids need to be first exported to the leaf apoplasm

before being imported into the phloem at the level of the

companion cell (Lalonde et al., 2003, 2004). In the reproduc-

tive organs, the embryo is symplasmically disconnected from

the maternal tissues of the seed coat. Here, again, amino

acids need to be exported from the seed coat cells to the

apoplasm and taken up by the embryo cells (deJong et al.,

1997; Zhang et al., 2007). Plant roots release a large variety

of compounds into the rhizosphere, including amino acids

(Bertin et al., 2003; Walker et al., 2003). Nodule-forming

symbiotic bacteria have recently been shown to depend

on plants for branched chain amino acids while supplying

other amino acids to their hosts (Lodwig et al., 2003; Prell

et al., 2009). The presence of the efflux of amino acids into

the rhizosphere or to the nodule shows that most root cells,

just like seed coat, or leaf xylem and phloem parenchyma,

are capable of amino acid export.

In the past two decades, multiple mechanisms of amino acid

import in plant have been discovered. The establishment of ef-

fective heterologous expression systems, notably Saccharomy-

ces cerevisiae mutants auxotrophic for amino acids as the sole

nitrogen source, enabled isolation of transporters that restore

amino acid import into the cells with an unprecedented effi-

ciency. Since most of these importers turned out to be electro-

genic H+-symporters, the mode of transport could be

characterized using voltage-clamp techniques in Xenopus

oocytes. In contrast, elucidation of the molecular mechanisms

responsible for cellular amino acid export (or solute export in

general) is lagging behind, primarily due to the lack of an ef-

ficient method for the identification of proteins with export

activity. Furthermore, both earlier physiological studies and re-

cent molecular evidence suggest that some plant amino acid

exporters mediate bi-directional, facilitated diffusions (see be-

low), which limits the use of voltage-clamp techniques, and

obscures the results from radio-tracer experiments.

The identification of amino acid exporters is essential in un-

derstanding how amino acid cycling is achieved in plants, and

how these processes are regulated. In addition, it has previ-

ously been demonstrated that the supply of amino acids has

fundamental effects on organs such as developing seeds

(Lohaus and Moellers, 2000; Lohaus et al., 1995; Riens et al.,

1991). Previous studies aiming at modifying amino acid con-

tent and composition in the consumed organs depended

largely on activations of metabolic enzymes with varying

degrees of success (Frankard et al., 1992; Shaul and Galili,

1992; Ufaz and Galili, 2008; Zhu and Galili, 2003). Manipula-

tions of transport activities might pose an alternative ap-

proach to achieve the same goal (Koch et al., 2003).

Therefore, a better understanding of the export process would

provide valuable target genes for manipulating and improving

the yield and quality of proteins in grains.

In this review, we will summarize our knowledge on amino

acid export in plants, obtained from physiological experiments

and computational analyses enabled by the major expansion

in sequences of amino acid transporter homologs in a myriad

of organisms. The combination of bioinformatics and techno-

logical advances in the detection of amino acids would cer-

tainly lead to the identification of the ‘missing link’ in

amino acid transport—cellular export mechanisms of these im-

portant compounds.

AMINO ACID EXPORT ACROSS THE
PLASMA MEMBRANE

Membrane transporters are often categorized as: importers

(catalyzing the transport into the cell or a sub-cellular com-

partment), exporters (catalyzing transport out of the cell or

a sub-cellular compartment), and bi-directional transporters

(mediating both export and import, usually a facilitator).

The terms ‘import’ and ‘export’ are somewhat arbitrary:

for example, the transport of solute from the vacuole into

the cytosol can be seen as either ‘export’ of solute from

Figure 1. Nitrogen Cycling between Root and Shoots.

Arrows represent the fluxes of nitrogen uptake, transport, and uti-
lization in whole plants of Ricinus communis. Part of the taken up
nitrate is reduced in the root as amino acids and is transported to
the leaves and shoot apex by the xylem (black arrow). The remain-
ing nitrate is reduced in the leaves, and exported to the root and
the shoot apex by the phloem (gray arrow). (A) Xylem to phoem
and (B) phloem to xylem transfers occur during the transport in
the root and the stem, leading to amino acid cycling. Adapted from
Jeschke and Hartung (Jeschke and Hartung 2000).
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the vacuole to the cytosol, or ‘import’ from the vacuole into

the cytosol. In this review, ‘export’ is defined as the move-

ment of solute from the cytosol to either the apoplasmic

space or into an intracellular organelle such as the vacuole,

and ‘import’ will be used to describe transport in the oppo-

site direction. To further avoid confusion, the direction of

the transport will be stated whenever appropriate. The

net transport of solutes across membranes results from

the summation of both import and export activities. Since

the terms used in the literature to define transport vary

greatly, import activity minus export will be defined in this

review as ‘uptake’ and export activity minus import as ‘ef-

flux’. Strictly speaking, determining individual contributions

of import and export to the net transport is nearly impossi-

ble. However, in experimental situations in which transport

activities in the other direction are expected to be minimal,

such as heterologous expression systems with limited en-

dogenous transport activities, it is reasonable to approxi-

mate import or export activities by measuring uptake or

efflux of a compound (Nasholm et al., 2009).

For cellular import mechanisms, the amounts of solutes

taken up can be measured using isotope-labeled compounds,

which can be quantified using scintillation counting or mass

spectrometry. In this way, the functional properties of trans-

porters, such as apparent Km, Vmax, and mode of transport

can be determined (Gu et al., 2007; Kinraide, 1981; Kinraide

et al., 1984; Persson and Nasholm, 2001; Schobert and Komor,

1987). On the other hand, measurement of efflux has been

more challenging. Since plant cells exhibit generally a high

amino acid import activity, amino acid re-uptake needs to

be taken into account in the estimation of efflux. This problem

can at least be partially addressed by labeling either the plant

or external medium with an isotope (i.e. 15N) and following

the exchange of two isotopes between the plant and external

medium over the course of an experiment (Lesuffleur and Cli-

quet, 2010; Lesuffleur et al., 2007; Phillips et al., 2004). While

this method is effective in determining contributions of import

and export to the net uptake/efflux, only amino acids that are

excreted in relatively large amounts can be reliably detected.

Alternatively, plants cells can be pre-loaded with radio-labeled

amino acids and excretion into the medium can be estimated

by measuring the amount of released radioactivity (Pratelli

et al., 2010; Schobert and Komor, 1987). This method allows

the net amounts of excreted compound to be detected with

high sensitivity, but conclusions drawn from such data can

be erroneous if the radioisotope is released as another com-

pound due to intracellular metabolism. Because of such limi-

tations, export of amino acids remains less explored at the

physiological level than amino acid import (Nasholm et al.,

2009). A small number of physiological studies have been con-

ducted to characterize the nature of amino acid efflux from

plant cells. Although amino acid efflux is expected to occur

in multiple tissues such as leaf and root xylem parenchyma

(see above), seed coat and root have been the main focus

of such studies due to the ease of access.

Assimilates are continuously transferred from maternal tis-

sues (i.e. integuments, the future seed coat) to the endosperm

and embryo during seed development. Since embryonic tissues

and endosperm are symplasmically isolated from the maternal

tissues, assimilates are released from the seed coat to the apo-

plasmic compartment and actively taken up by the cells of the

developing seed (Zhang et al., 2007). The development of the

‘empty-seed-coat’ technique, in which the embryo from a de-

veloping seed is removed and replaced by an appropriate so-

lution, enabled studies of assimilate effluxes from the seed

coat (deJong et al., 1997; Lanfermeijer et al., 1992; Wolswinkel

and Deruiter, 1985). Analysis of the composition of the solu-

tion after several hours showed that glutamine, alanine,

and threonine accounted for about 55% of the amino acids

excreted from the seed coat of Vicia faba and Pisum sativum

(Lanfermeijer et al., 1992; Wolswinkel and Deruiter, 1985).

Amino acid flux from the seed coat was found to be four to

five orders of magnitude greater than simple diffusion

through the lipid bilayer (deJong et al., 1997), suggesting that

export is transporter-mediated. To determine the mechanism

of export, deJong et al. (1997) investigated the effect of the pH

gradient across the membrane and chemical inhibitors that ei-

ther modify extracellular sulfhydryl groups (p-chloromercuri-

benzenesulfonic acid, PCMBS) or dissipate the proton

gradients (cyanide-m-chlorophenylhydrazone, CCCP). The

authors found that amino acid export from the seed coat is de-

creased by the action of PCMBS, suggesting that amino acid

efflux is transporter-mediated. Insensitivity to pH changes or

CCCP suggests that export is not energized by the proton gra-

dient. Likewise, amino acid import into the seed coat was

found to be insensitive to the proton-gradient and driven only

by the amino acid gradient—characteristics reminiscent of the

export mechanism (deJong et al., 1997; van Dongen et al.,

2001). The combination of these results suggests that amino

acid export from the seed coat is mediated by a bi-directional

facilitator.

The root system of plants not only import water and

nutrients from the soil solution, but also releases low- and

high-molecular-weight compounds to the rhizosphere. Ex-

cretion of solutes from the root system would fulfill several

purposes, such as controlling the quantity and quality of the

microbial community, altering the physical and chemical

properties of the soil and inhibiting the growth of compet-

ing plants (Bertin et al., 2003; Walker et al., 2003). Amino

acids have been shown to be part of the numerous com-

pounds released by plant roots (Kraffczyk et al., 1984;

Phillips et al., 2004). At the same time, amino acid uptake

systems are expressed in roots and involved in the acquisi-

tion of external amino acids for nitrogen nutrition (Jones

et al., 2005; Nasholm et al., 2009). Consequently, the net

flux of amino acids is determined by the activities of both

export and import (Jones and Darrah, 1994; Jones et al., 2005;

Schobert and Komor, 1987). It has been shown that net amino

acid efflux occurs for some amino acids (e.g. glycine and ser-

ine (Lesuffleur et al., 2007)). Net efflux was observed when
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roots were treated with inhibitors targeting the proton gra-

dient, abolishing the activity of the proton-coupled import-

ers (Jones and Darrah, 1994; Rroco et al., 2002). Amino acid

release rate was also found to be enhanced by the applica-

tion of microbial products (e.g. zearalenone), suggesting

further that export is transporter-mediated (Phillips et al.,

2004).

A recent study focused on the specificity and mechanism

of root exudation of amino acids. For this purpose, Lesuffleur

and Cliquet (2010) incubated plant roots in a medium con-

taining 15N-labeled amino acid and measured the variation

in the 14N/15N ratio in the roots and the medium to assess

both efflux and uptake. While application of 10 lM CCCP

and vanadate, an inhibitor of ATP hydrolysis, led to re-

ductions in Gly uptake, efflux was hardly affected by the

same treatments (Lesuffleur and Cliquet, 2010). These

experiments suggest that, similarly to export from seed

coat, amino acid export from root cells is transporter-

mediated and not energized by the proton gradient across

the membrane.

Comparison of the amino acid composition of the seed

coat and root tissues with their respective exudates showed

that the composition of amino acids in cells does not match

the composition of the exported amino acids (Lesuffleur and

Cliquet, 2010; Lesuffleur et al., 2007; Wolswinkel and Deruiter,

1985). These differences suggest that the amino acid export

systems in seed coat and root are capable of exporting a broad

range of amino acids but show some selectivity for certain

amino acids, analogous to the amino acid import systems

characterized so far (Rentsch et al., 2007; Tegeder and Rentsch,

2010). On the other hand, the composition of the leaf apo-

plasm was found to be very similar to the composition of

the cytosolic compartment, suggesting that the amino acid

export mechanism of the leaf parenchyma cells might be

non-selective (Lohaus et al., 1995) or mediated by transporters

displaying different selectivity.

In summary, studies of amino acid efflux from seed coat,

root, and leaf cells suggest that export is mediated by trans-

porters with limited selectivity. The transport systems

expressed in seed coats and roots require no proton gradient,

allowing transfer of substrate downstream of the electro-

chemical gradient, and at least in seed coat, the system also

seems to allow bi-directional transport.

EXPORT OF AMINO ACIDS FROM THE
CYTOSOL TO THE VACUOLE

Many transporter families include members that are tar-

geted to the vacuolar membrane as well as the plasma mem-

brane: for example, aquaporins (Maurel et al., 2008), Ca2+-

ATPases (Kabala and Klobus, 2005), potassium channels

(Dunkel et al., 2008), Na+/H+ exchangers (NHXs) (Apse and

Blumwald, 2007), and sucrose transporters (Endler et al.,

2006; Reinders et al., 2008). The presence of transporters

with the same transport mechanism on both plasma and vac-

uolar membranes would mean that the substrate for export-

ers can either be excreted into the apoplasm or transported

into the vacuole (i.e. ‘internal excretion’, Martinoia et al.,

1993). Amino acid transporters mediating transport into

the vacuole are most likely evolutionally related to plasma

membrane exporters. Therefore, considering transport pro-

cesses into the vacuole is relevant in investigating the mech-

anisms of cellular solute export. Transporters isolated so far

that mediate amino acid flux across the membranes of mito-

chondria and chloroplasts are phylogenetically different

from plasma membrane or vacuolar membrane transporters

(Jack et al., 2000; Pudelski et al., 2010), and therefore will

not be discussed in this review.

Plant vacuoles fulfill essential roles in cell expansion, stor-

age of proteins, nutrients and defense compounds, degrada-

tion of proteins and compounds, regulation of turgor

pressure, and are involved in metabolite partitioning with

the cytosol (Martinoia et al., 2007; Mueller et al., 2007). Anal-

ysis of the composition of isolated vacuoles (Dietz et al., 1990)

or estimation of the composition of leaf compartments using

non-aqueous partitioning (Leidreiter et al., 1995; Riens et al.,

1991; Winter et al., 1993) has shown that amino acid compo-

sition in the vacuole differs significantly from that in the cy-

tosol, indicating that tonoplast transporters are selective and

directional. Study of amino acid transport across the tono-

plast using isolated vacuoles suggested that multiple mecha-

nisms are responsible for amino acid transport. Transport of

neutral amino acids (Ala, Leu, Gln, Gly) was found to be in-

sensitive to the proton gradient (Dietz et al., 1990; Goerlach

and Willmshoff, 1992; Martinoia et al., 1991). Transport of

these amino acids was stimulated by the application of ATP

and its non-hydrolysable analog, but not MgATP, indicating

that the transport is stimulated, but not energized, by ATP

(Dietz et al., 1990; Goerlach and Willmshoff, 1992). Interest-

ingly, transport of amino acids from the vacuole to the cytosol

was also stimulated by ATP and its non-hydrolysable analog,

suggesting that tonoplastic amino acid transport is mediated

by bi-directional transporters (Dietz et al., 1989; Thume and

Dietz, 1991). Transport analysis of reconstituted amino acid

transporters into liposomes recapitulated ATP dependence,

inhibition by amino acids, and the bi-directionality of the

transport (Thume and Dietz, 1991). On the other hand, trans-

port of phenylalanine into the vacuole was found to be de-

pendent on the proton gradient, and inhibited by other

aromatic amino acids but not alanine or valine, suggesting

the existence of an independent transport system for aro-

matic amino acids (Homeyer et al., 1989). Likewise, the exis-

tence of a permease specific for positively charged amino

acids (Arg and Lys) has been proposed (Martinoia et al.,

1991). From these studies, it was concluded at least three

independent transport systems for neutral, aromatic, and

basic amino acids are present in plant vacuolar membranes

(Homeyer et al., 1989; Homeyer and Schultz, 1988; Martinoia

et al., 1991), but the molecular identity of the corresponding

proteins is still unknown.
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MOLECULAR MECHANISMS OF AMINO
ACID EXPORT

Currently, over two dozen transporter families are known to

include transporters for amino acids and their derivatives

(Saier, 2000; Saier et al., 2009), and the number of family mem-

bers continues to grow as the number of sequenced genomes

expands. Phylogenetic analyses have revealed that while some

amino acid transporter families are specific to a single domain

or even a single kingdom, many are conserved between more

evolutionally distant organisms (Supplemental Table 1 and

Supplemental Figures 1–3). Also, even though the members

of one family can have diverse substrates, these substrates

rarely correspond to structurally divergent compounds (i.e.

sugars versus amino acids). Therefore, it is likely that unchar-

acterized plant proteins evolutionally related to amino acid

exporters from other kingdoms would share functional simi-

larities with these proteins. Here, we will summarize our

knowledge on superfamilies and families that include plant

members and contain amino acid exporters characterized in

other organisms. For a more comprehensive review of amino

acid transporters in all kingdoms, readers are referred to other

excellent reviews (Burkovski and Kramer, 2002; Saier, 2000;

Wipf et al., 2002). Although there is little information about

amino acid exporters in plants, proteins from the families listed

below can be considered candidates for amino acid exporter

mechanisms in plants.

Plant transporters that mediate energy-coupled amino acid

uptake into the cytosol have been reviewed extensively

(Rentsch et al., 2007; Tegeder and Rentsch, 2010; Wipf

et al., 2002), and therefore will not be covered by this review.

Likewise, there has been a marked progress in the identifi-

cation and characterization of exporters for the important

phytohormone auxin, which can be considered an amino

acid derivative. Transporters that mediate export of auxin

have been reviewed recently, and will not be covered in this

review (Geisler and Murphy, 2006; Grunewald and Friml,

2010; Zazimalova et al., 2010).

THE AMINO ACID-POLYAMINE-
ORGANOCATION (APC) SUPERFAMILY

Members of the APC superfamily are ubiquitous, found in all

three domains of life (Supplemental Figures 1 and 3B). Accord-

ing to the transporter classification (TC) system developed by

Saier and collaborators, the APC superfamily includes five fam-

ilies, four of which mediate amino acid transport (Chang et al.,

2004): the Amino acid-Polyamine-Organocation (APC) family;

the Amino Acid/Auxin Permease (AAAP) family; the Alanine or

Glycine: Cation Symporter (AGCS) family; the Cation-Chloride

Cotransporter (CCC) family; and the Hydroxy/Aromatic Amino

Acid Permease (HAAAP) family.

The APC family, the founding member of the APC superfam-

ily, is of particular interest in terms of amino acid export. Most

of the members of the APC family mediate transport of amino

acids and their derivatives, with a few notable exceptions

(Saier, 2000). Transporters belonging to the APC family charac-

terized so far mediate solute–cation symport, solute–solute

antiport, or facilitated diffusion (Jack et al., 2000; Verrey

et al., 2004). Plants have known homologs in three subfamilies

belonging to the APC family: the Cationic Amino Acid Trans-

porters (CATs), the Amino Acid/Choline Transporters (ACTs),

and the Polyamine H+-Symporters (PHSs).

Plant members of CATs were initially identified through

their ability to mediate amino acid uptake in a heterologous

expression system (Frommer et al., 1995). Amino acid uptake

by AtCAT1, AtCAT5, and AtCAT6 were shown to be proton-

gradient-dependent, suggestive of proton-coupled transport

(Frommer et al., 1995; Hammes et al., 2006; Rentsch et al.,

2007; Su et al., 2004). In contrast, AtCAT8 might mediate pro-

ton-independent, non-energized transport of amino acids

(Yang et al., 2010), possibly mediating efflux through facili-

tated diffusion. Interestingly, proteomics studies identified

four members of the AtCAT group (AtCAT2, 4, 8, and 9) on

the tonoplast (Jaquinod et al., 2007), and localization of AtCAT2

and AtCAT8 on the tonoplast has been experimentally con-

firmed (Su et al., 2004; Yang et al., 2010). AtCAT8 is thus a good

candidate for the previously observed amino acid transport

across the tonoplast, but whether it mediates bi-directional

transport has still to be demonstrated.

Transporters that belong to the Amino Acid/Choline Trans-

porters (ACTs) are found in bacteria, fungi, yeasts, and plants.

Only one member of this family has been characterized so

far in plants: Bidirectional Amino acid Transport (BAT)1 from

Arabidopsis increased the accumulation of Arg and Ala, but

decreased the accumulation of Lys and Glu. From these results,

it was suggested that BAT1 is a bi-directional amino acid trans-

porter, possibly an exporter for certain amino acids (Dundar

and Bush, 2009). Here, again, the transport mechanism of

BAT1 still remains to be investigated.

Transporters that belong to the PHS family are not well char-

acterized. A transporter belonging to this family, LmPOT1 from

Leishmania major, is a proton–polyamine symporter localized

on the plasma membrane. Neither the substrates nor transport

mechanism have been characterized for plant members (LATs)

of the PHS family (Wipf et al., 2002).

The AAAP family, which includes many previously character-

ized proton-symporters for amino acids, contains sub-families

whose members mediate transport of amino acids into the vac-

uole (Rentsch et al., 2007; Tegeder and Rentsch, 2010; Wipf

et al., 2002). Plant proteins responsible for amino acid export

have not yet been identified in this family. Saccharomyces cer-

evisiae Amino Acid Vacuolar Transporters (AVTs) of the AAAP

family encode proteins targeted to the tonoplast and

involved in amino acid transport (Chahomchuen et al., 2009;

Chardwiriyapreecha et al., 2008; Russnak et al., 2001; Shimazu

et al., 2005). The AVTs are of particular interest since many

plant transporters belong to the same sub-family, including Ar-

omatic and Neutral Transporters (ANTs). From these groups,

only ANT1 has been functionally characterized, and shown
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to import neutral, aromatic amino acids and arginine into

yeast (Chen et al., 2001). Unfortunately, neither the sub-

cellular localization of ANT1, nor its functional properties

have been experimentally determined. Proteomics approaches

have found three VAATs (see Supplemental Table 2) and two

presently uncharacterized putative amino acid transporters

(AT2G40420 and AT3G30390; T1 and T3, Supplemental Table

2) on the Arabidopsis tonoplast (SUBA database: http://suba.

plantenergy.uwa.edu.au/ (Heazlewood et al., 2007)), suggest-

ing that some of these transporters could be the long-sought

amino acid transporter of the tonoplast, but it remains to

be shown if they mediate bi-directional transport across

the tonoplast.

THE DRUG/METABOLITE TRANSPORTER
(DMT) SUPERFAMILY

The Drug/Metabolite Transporter (DMT) superfamily consists

of multiple families (currently the number of families recog-

nized by the TC in this superfamily is 28, www.tcdb.org) that

transport a variety of solutes including sugars, nucleobases,

nucleotide-sugars, and amino acids (Jack et al., 2001). Trans-

port mechanisms of this superfamily include solute–solute

antiport, solute–cation symport, and solute–cation antiport.

Among the families that belong to the DMT superfamily,

nine families include plant members: the Plant Drug/metabo-

lite exporters (P-DMEs), triose phosphate transporters (TPTs),

the CMP-Sialate:CMP Antiporters (CSAs), the UDP-glucose

transporters (UGAs), the GDP-mannose:GMP antiporters

(GMAs), the plant organocation permeases (POPs), the Nucle-

obase Uptake Transporters (NBUTs), the Thiamine Pyrophos-

phate Transporters (TPPTs), and the NIPA Mg2+ Uptake

Permeases (NIPAs). The P-DMEs are of particular interest as po-

tential amino acid transport systems, since they are more

closely related to the Drug/metabolite exporter (DMEs) family

than any other family. The DME family includes bacterial and

archaeal proteins that mediate the efflux of amino acids and

amines (Dassler et al., 2000; Livshits et al., 2003; Paul et al.,

2000). Members of the P-DME family are poorly characterized.

One member from Medicago truncatula, Nodulin 21, has been

identified as a nodulation-specific protein (Delauney et al.,

1990), but no function has been assigned to this gene. Re-

cently, a member of this family, named Walls Are Thin

(WAT1), was isolated as an Arabidopsis homolog of a gene

expressed at the onset of secondary cell wall formation in

Zinnia elegans tracheary element cultures (Ranocha et al.,

2010). T-DNA insertion mutants in WAT1 led to a pleiotropic

phenotype, including reduced deposition of secondary cell

walls and changes in the content of aromatic amino acids.

The mutants showed increased sensitivity to a toxic analog

of tryptophan, 5-Methyltryptophan (5-Me-Trp), which could

be explained by a modification in the activity of the aromatic

biosynthesis pathway (Ranocha et al., 2010). Alternatively,

since WAT1 localizes to the tonoplast, this result could suggest

that WAT1 sequesters 5-Me-Trp through transporting it from

the cytosol into the vacuole. Since vacuolar transport is often

mediated by H+-solute antiporters, a plasma membrane pro-

tein with a similar mechanism can be expected to mediate sol-

ute export from the cell (see above). Therefore, it is possible

that some members of P-DMEs function as plasma membrane

exporters.

OTHER SUPERFAMILIES OF AMINO ACID
EXPORTERS

Other superfamilies of transporters that (1) include amino acid

exporters from other organisms and (2) include plant members

are summarized below. A large part of plant members belong-

ing to these superfamilies remains uncharacterized, and

whether some of them also mediate amino acid export

remains to be seen.

ATP Binding Cassette (ABC) Transporter Superfamily

All ABC transporters possess a monophyletic ATP-hydrolyzing

constituent that energizes the vectorial transport of substrates.

Forty-eight families of ABC transporters, including both prokary-

otic and eukaryotic uptake and efflux systems, have been anno-

tated so far (Saier, 2000). The substrate of ABC transporters

are diverse, including sugars, amino acids, peptides, nucleotides,

lipids, alkaloids, xenobioticdrugs, andglucans (Saier,2000; Wang

et al., 2009). ABCC family (also known as the Drug Conjugate

Transporters) can transport amino acid derivatives in eukaryotes.

Plant members of the ABCC family include transporters that

recognize diverse substrates including glutathione-conjugates,

chlorophyll catabolites, inositol phosphate, and folate (reviewed

inRea,2007;WankeandKolukisaoglu,2010). Interestingly,T-DNA

insertion in AtMRP2, a gene encoding a vacuolar transporter of

glutathione conjugates and possibly chlorophyll catabolites,

causes alternation in amino acids secreted from roots (Badri

etal.,2008).Similarly,expressionofCysticFibrosisTransmembrane

Conductance Regulator (CFTR), an ABCC transporter from

mammals, has been documented to have an effect on amino

acid efflux (Rotoli et al., 1996). In neither case is the exact mech-

anism that leads to the change in amino acid efflux known.

The Major Facilitator Superfamily (MFS)

The major facilitator superfamily (MFS) is the largest family of

transporters that includes members from bacteria, archaea,

and eukarya. In bacteria, MFS transporters are one of the ma-

jor mechanisms for the extrusion of diverse cytotoxic chemicals

such as antibiotics (Fluman and Bibi, 2009). Substrates of MFS

members include sugars, polyols, drugs, neurotransmitters,

peptides, and inorganic anions and amino acids (Fluman

and Bibi, 2009). MFS members that transport amino acids

include the yeast Vacuolar Basic Amino Acid Transporters

(V-BAAT) (Chardwiriyapreecha et al., 2008; Shimazu et al.,

2005), the low affinity aromatic amino acid (Tyr, Trp, Phe)

transporter, TAT1 (Kim et al., 2001), the human L-Amino Acid

Transporters LAT3 and 4 (Babu et al., 2003; Bodoy et al., 2005),

Proteobacterial Intraphagosomal Amino Acid Transporters

458 | Okumoto & Pilot d Amino Acid Export in Plants

http://suba.plantenergy.uwa.edu.au/
http://suba.plantenergy.uwa.edu.au/
www.tcdb.org


(Pht) (Sauer et al., 2005), and Acids and Quinidine Resistant

1(AQR1) in yeasts (Velasco et al., 2003, 2004). Among these

transporters, LAT3, LAT4, and TAT1 mediate facilitated diffu-

sion and therefore can function as amino acid exporters.

AQR1, which shares the highest sequence similarity with H+

antiporters, is likely to mediate amino acid excretion by either

H+–amino acid exchanger activity or vesicular loading and sub-

sequent exocytosis (Velasco et al., 2004).

REGULATION OF AMINO ACID EXPORT

Since amino acids are the major form of nitrogen transported

between organs, it is not surprising that the quantity and

composition of extracellular amino acids are subject to environ-

mental and developmental changes such as light intensity (Lam

et al., 1995), seasonal changes (Couturier et al., 2010; Sagisaka,

1974), and plant–microbe interaction (Phillips et al., 2004; Rico

and Preston, 2008). Most likely, these changes involve regula-

tions of multiple enzymes and transporters. Enzymes involved

in nitrogen assimilation and amino acid biosynthesis are regu-

lated by environmental conditions such as nitrogen availability,

biotic and abiotic stresses, and carbon/nitrogen balance (Hsieh

et al., 1996; Lam et al., 1995; Nunes-Nesi et al., 2010; Oliveira

et al., 2001; Scheible et al., 2004; Tzin and Galili, 2010). Likewise,

some amino acid importers are regulated by addition of

external nitrate (Hirner et al., 2006; Liu and Bush, 2006).

Because the molecular identities of amino acid exporters are

largely unknown, the regulation of amino acid export is simi-

larly obscure. However, a mutant that might be deficient in

the regulation of amino acid export has been discovered.

The gdu1-1D mutant that overexpresses GDU1, a single trans-

membrane protein with no similarity to previously character-

ized proteins, secretes large amounts of Gln from the

hydathodes (Pilot et al., 2004). This mutant displays a large in-

crease of free amino acids, especially glutamine, in the xylem

sap and apoplasmic fluid, suggesting that GDU1 is involved

in the regulation of amino acid export. These results corrobo-

rate previous studies that found over-representation of Gln se-

creted in the xylem sap and seed coat exudates (Lanfermeijer

et al., 1992; Pilot et al., 2004; Wolswinkel and Deruiter, 1985).

Moreover, the export process stimulated in gdu1-1D is passive,

specific for amino acids, and shows a weak preference for Gln

over the other amino acids (Pratelli et al., 2010)—characteristics

that were observed for amino acid export systems in previous

physiological studies (deJong et al., 1997; Lanfermeijer et al.,

1992; Wolswinkel and Deruiter, 1985).

The mechanism of how GDU1 regulates the export of amino

acids is currently unknown. Because GDU1 is a single trans-

membrane protein, it is unlikely that the GDU1 itself consti-

tutes an amino acid exporter (Pilot et al., 2004). Similarly to

the small subunit of the heteromeric amino acid exchanger

(4F2hc or rBAT) from mammals (Chillaron et al., 2001),

GDU1 might be a part of a transporter complex. Alternatively,

GDU1 might be a chaperone that is necessary for the correct

localization and/or function of an amino acid exporter. In a cu-

rious analogy, mutation in a single transmembrane protein,

Tie-dyed 1, results in defective sucrose export from the source

leaves in maize (Ma et al., 2009). The search for interacting

partners for membrane proteins (Lalonde et al., 2008, 2010;

Obrdlik et al., 2004) may help in discovering the mechanisms

through which GDU1 controls the amino acid export process.

CONCLUSION

Export of solutes from cells is one of the least studied areas in

transport physiology. Although cellular export of amino acids

is essential for the proper distribution of nitrogen in plants,

surprisingly little is known at the molecular level. Yet, physio-

logical studies clearly indicate that amino acid export is a pro-

cess mediated by multiple transporters, some of which are

predicted to be previously uncharacterized bi-directional facil-

itators. Deep phylogenetic analysis between transporter pro-

teins from all domains of life, enabled by the rapid

expansion in the number of sequenced genomes, suggests that

plant genomes encode multiple proteins that share homology

to amino acid exporter proteins from other organisms. These

proteins, most of which are uncharacterized, are likely candi-

dates of amino acid exporters in plants. Novel methods that

can detect metabolite export with higher throughput might

help the discovery of amino acid exporters in plants (Okumoto

et al., 2008). Another exciting area is the regulation of amino

acid export. In addition to further studies of mechanisms

through which GDU1 controls amino acid export, efforts such

as the high-throughput metabolite analysis of large number of

T-DNA mutants (Ajjawi et al., 2010; Chen et al., 2010) may lead

to the identification of additional players in the regulation of

amino acid export processes.
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