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Introduction

As differentiated multicellular organisms, plants require
ways to exchange signals and metabolites between indi-
vidual cells, tissues and organs. Plants have developed a
set of at least three transport routes for uptake or cell-
to-cell transport of solutes: (i) direct intercellular con-
nections such as plasmodesmata (ii) endo/exocytosis,
and (iii) plasma membrane transport proteins that medi-
ate controlled exchange of solutes into and out of cells.

This review will focus on the molecular biology and
structural and functional characteristics of plasma mem-
brane proteins responsible for the transport of sucrose,
amino acids and peptides, which represent major trans-
ported forms of assimilated carbon and nitrogen in
plants. Glucose transporters have been reviewed re-
cently and will thus not be covered here (Sauer et al.,
1994a,b). A detailed discussion on the physiological
role of sucrose or amino acid transport in plants has been
published elsewhere (Sauer et al., 1994a,b; Ward et al.,
1997; Frommer et al., 1994b; Rentsch & Frommer,
1996).

Like animals, plants have to transport metabolites
for long distances. Assimilates derived from photosyn-
thesis in leaves must be allocated to organs such as roots

or flowers that depend on external supplies. The two
vascular systems responsible for long distance transport
are the xylem and the phloem. Phloem cells remain alive
at maturity, forming living conduits, in contrast to xylem,
in which long distance transport can be considered as
extracellular. Within the phloem sap, the disaccharide
sucrose (or derivatives) serves as the major transport
metabolite, whereas animals use mainly glucose. The
second most abundant class of organic compounds found
in the phloem sap are amino acids, which are translo-
cated in high concentrations also in the xylem. Loading
of solutes into the phloem in many cases occurs against
a concentration gradient and is primarily driven by the
electrochemical gradient for protons generated by H+-
ATPases.

Biochemical studies using tissue slices and mem-
brane vesicles revealed the kinetic complexity of me-
tabolite transport. The interpretation of these studies was
mainly hampered by the multiplicity of cell types present
in one organ and the uncertainty of whether the different
transport activities derived from one or more cell types.
It was therefore essential to isolate individual carriers
and to study their properties, regulation and function be-
fore relating them back to the whole plant level.

The recent development of new molecular tools,
such as the complementation of uptake-deficient yeast
mutants with plant cDNA expression libraries, has cir-
cumvented the difficulties of biochemical approaches
and enabled the identification of many important trans-
port systems including sucrose, amino acid and oligo-
peptide transporter genes (reviewed by Frommer and
Ninnemann, 1995). To date over 40 genes belonging to
more than nine gene families have been functionally ex-
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pressed in yeast. They include H+/ATPases (Gjedde-
Palmgren & Christensen, 1994); K+ channels (Anderson
et al., 1992); Cl− channels (Hechenberger et al., 1996);
sulfate transporters (Smith et al., 1995); phosphate trans-
porters (Leggewie, Willmitzer & Riesmeier 1997); am-
monium transporters (Ninnemann et al., 1994); hexose
transporters (Sauer et al., 1990); sucrose transporters
(Riesmeier et al., 1992); amino acid transporters (From-
mer et al., 1993, 1995) and oligopeptide transporters
(Steiner et al., 1994). To our knowledge, at least 15
sucrose transporter genes from nine different plant spe-
cies and at least 25 amino acid transporters belonging to
two superfamilies from eight different plant species have
been identified. A combination of heterologous expres-
sion systems such as yeast andXenopushas allowed the
characterization of the intrinsic biochemical properties of
individual sucrose and amino acid transporters. For in-
stance, substrate specificity, proton-coupling and trans-
port mechanism have been demonstrated for more than
nine different plant plasma membrane metabolite carriers
to date. The nature of the approach for isolating carrier
genes, i.e., complementation of uptake-deficient yeast
mutants, could lead to a bias towards identification of
transporters for import of solutes into cells. Thermody-
namically, all carriers should function in a reversible
manner; howeverin vivo the proton cotransporters, in
particular, function as import systems. Whether these
identified transporters also function in metabolite export
(in an uncoupled mode) also remains to be tested. It is
possible that new classes of metabolite exporters remain
to be discovered.

Primary Sequence and Secondary Structure
of Transporters

SUCROSETRANSPORTERS

A unique feature of plants is that they use the disaccha-
ride sucrose or its derivatives as the major transported
form of assimilated carbon. Kinetic studies using leaf
discs and plasma membrane vesicles isolated from leaves
revealed at least two components of sucrose uptake: satu-
rable high affinity and linear low affinity components
(Maynard & Lucas, 1982; Delrot, 1989). Several at-
tempts were made to obtain molecular information about
proteins responsible for these sucrose transport activities.
Li et al. (1992) identified a 42 kDa plasma membrane
protein as a putative candidate for the high affinity su-
crose transporter. An antiserum directed against this
protein inhibited sucrose transport into plasma mem-
brane vesicles (Gallet et al., 1992). However, attempts
to isolate the gene encoding this protein by screening
cDNA expression libraries with the antiserum were un-
successful (W.B. Frommer, R. Lemoine and S. Delrot,
unpublished results).

As an alternative, complementation of transport mu-
tants was attempted as a means to circumvent the prob-
lems associated with biochemical approaches. Since
bacterial systems were problematic due to toxicity of
overexpressed membrane proteins, alternative expression
systems had to be developed. Yeast mutants turned out
to be perfect tools to clone sucrose transporters. How-
ever, at least at first sight, isolation of sucrose transporter
genes by complementation ofSaccharomyces cerevisiae
mutants deficient in sucrose uptake seemed impossible
due to the capability of budding yeast to metabolize su-
crose extracellularly. Therefore, a yeast strain was
modified in such a way that it was deficient in secreted
sucrose-hydrolyzing activities, but able to metabolize
imported sucrose due to ectopic expression of a sucrose-
cleaving activity in the cytosol. This manipulated strain
was complemented with plant cDNA expression libraries
from spinach and potato to isolate the first sucrose trans-
porter cDNAs (Riesmeier et al., 1992, 1993). Subse-
quently, these cDNAs were used as probes for isolating
corresponding genes from other species, e.g., tobacco,
tomato, arabidopsis, andPlantago(Gahrtz et al., 1994;
Sauer & Stolz, 1994; Weig & Komor, 1996; Ku¨hn et al.,
1997).

The sucrose transporter (SUT) genes encode highly
hydrophobic proteins and belong to the class of metabo-
lite transporters consisting of two sets of six membrane-
spanning regions, separated by a large cytoplasmic loop.
Currently, the nomenclature seems confusing: genes
from different species have been named S21, P62, SUT,
SUC or SCR. The first sucrose transporter from potato
(designatedsucrosetransporter SUT1) is located at the
plasma membrane of sieve elements and plays an essen-
tial role in long distance transport, as shown by antisense
experiments (Riesmeier et al., 1993, 1994; Ku¨hn et al.,
1996). In several species, more than one gene has been
identified, but in no case was an exhaustive analysis
performed. In arabidopsis, two different genes were
characterized (Sauer & Stolz, 1994). An additional gene
found in the database of expressed sequence tags (acces-
sion number # F14112) demonstrates that at least one
additional gene is present in the genome of arabidopsis.
Similarly, in tomato three different genes have been
identified (W.B. Frommer et al.,unpublished results).
Since the SUC2 genes from arabidopsis andPlantago
seem to be the most highly expressed in the phloem of
leaves and since the respective proteins share similar
properties, they probably represent functional homo-
logues of SUT1, whereas the other genes probably serve
different functions in other cells or organs (Sauer &
Stolz, 1994; Gahrtz et al., 1994, 1996). The most distant
members of this family display a minimal identity of
40%. Figure 1 shows a phylogenetic analysis based on
sequence similarities.

Although no extensive sequence homologies were
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found to the prototype of sugar transporting proteins, the
lactose permease fromE. coli, both proteins have twelve
putative membrane-spanning regions separated by a
large central loop. However, a conserved [RK]X2−3[RK]
motif is located in the second and eighth loop of the
sucrose transporters, one of the characteristic features of
the MFS (major facilitatorsuperfamily) transporter fam-
ily (Marger & Saier, 1993; Prive & Kaback, 1996). A
structural model has been constructed on the basis of
hydropathy analyses and existing models of other trans-
porters, such as lactose and melibiose permeases and
mammalian facilitative glucose transporters (Ward et al.,
1997). Very little is known about the actual 3-di-
mensional structures since crystal structures have been
obtained for membrane proteins but not for metabolite
transporters (Deisenhofer et al., 1995; Ostermeier et al.,
1995). As an essential prerequisite for crystallization,
several groups have overproduced large quantities of
transport proteins.E. coli lactose permease or sucrose
transporters have been purified using histidine-tags and
biotinylation domains (Prive & Kaback, 1996; Sauer &
Stolz, 1994; Stolz et al., 1995). Certainly, high resolu-
tion structural data from any member of the MFS super-
family may help predict the structure of related trans-
porters. For correlating structure and function, detailed
mutagenesis studies have proven extremely valuable.
The best studied member of the MFS family regarding
structure/function is certainlyE. coli lactose permease
(Frillingos & Kaback, 1996). Based on these extensive
data, mutational studies of the sucrose transporters in
conjunction with selection in the yeast expression system

can be used to identify regions important for substrate
recognition and function as was done for plant hexose
transporters (Tanner & Caspari, 1996).

Regarding the low affinity component of sucrose
uptake, a potential candidate was identified recently.
Using photoaffinity labeling techniques, a sucrose bind-
ing protein (SBP) has been isolated from soybean coty-
ledons (Ripp et al., 1988; Warmbrodt et al., 1989;
Grimes et al. 1992). SBP is localized at the plasma
membrane of the phloem; thus the authors speculate that
SBP might be involved in sucrose transport. Further-
more, Harrington et al. (1997) showed that SBP also
colocalizes with sucrose/H+ cotransporters in the plasma
membrane ofVicia faba transfer cells in developing
seeds. A direct function of SBP in sucrose transport was
demonstrated using the yeast expression system de-
scribed above (Overvoorde et al., 1996). Biochemical
properties indicate that SBP encodes the linear compo-
nent of sucrose uptake observed in many transport stud-
ies. However, SBP is very hydrophilic and shares simi-
larities with storage proteins. SBP may have a regula-
tory role in phloem sucrose transport through interaction
with SUT1, a mechanism that has also been suggested
for the function of the mammalian rBAT protein that
seems to activate so far unknown endogenousXenopus
oocyte amino acid transporters (Malandro & Kilberg,
1996). Coexpression of SUT1 and SBP in yeast or in
oocytes might serve as a suitable approach to test the
hypothesis that SBP activates SUTs.

AMINO ACID TRANSPORTERS

The activity of amino acid transporters was first dem-
onstrated using biochemical approaches (Bush, 1993).
Again the yeast system has proven to be an efficient
system to isolate the respective transporter genes. Three
Saccharomyces cerevisiaemutants deficient in amino
acid uptake were used to identify plant amino acid trans-
porter genes: (i) strain 22574d carrying mutations in the
general amino acid, proline andg-aminobutyric acid per-
mease genes unable to grow on media containing proline,
citrulline or g-aminobutyric acid as the sole nitrogen
source (Jauniaux et al., 1987), (ii) strain JT16 lacking
functional histidine uptake and biosynthesis for selection
on complex media containing histidine (Tanaka & Fink,
1985) and (iii) strain PLAS23-4B carrying a mutation in
theSHR3 gene and thus defective in correct targeting of
yeast endogenous amino acid permeases to the plasma
membrane (Ljungdahl et al., 1992; Kuehn et al., 1996).

Suppression of the mutant phenotype enabled the
identification of two superfamilies of plant amino acid
transporters from cDNA expression libraries under con-
trol of yeast promoters. The first superfamily (ATF1;
amino acid transporterfamily 1) comprises AAPs
(amino acidpermease), ProTs (proline transporter) and

Fig. 1. Computer-aided analysis of the homologies between sucrose
transporters. The analysis was performed using the PHYLIP program
package (Felsenstein, 1993) with the aligned sequences of AtSUC1-2
(Sauer & Stolz, 1994), BvSUT1 (accession number #1076257),
LeSUT1-2,4 (WBF et al.,unpublished), NtSUT1 (accession number
#1076644), PmSUC1-2 (Gahrtz et al., 1994, 1996), RcSCR1 (Weig &
Komor, 1996), SoSUT1 (Riesmeier et al., 1992), and StSUT1 (Ries-
meier et al., 1993). The comparison was restricted to the region in
LeSUT1 from amino acid position 21 to 243. The numbers indicate the
occurrence of a given branch in 100 bootstrap replicates of the given
data set. LeSUT1 was used as outgroup.
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AUX1 (auxin resistance). The AAPs comprise both low
and high affinity systems and can be subdivided into two
subfamilies according to their substrate specificity into
general amino acid transporters and systems that recog-
nize preferentially neutral and acidic amino acids (see
below). AAP1 and NATII isolated by different groups
from different arabidopsis ecotypes are almost identical
(Frommer et al., 1993; Hsu et al., 1993). The gene fam-
ily from arabidopsis contains at least 7 members (Kwart
et al., 1993; Fischer et al., 1995; Rentsch et al., 1996;
D.R. Bush, unpublished). Related proteins were also
identified from other plant species such as potato, to-
bacco, rice,Ricinus communis, Brassica napusand
Lilium longiflorum (M. Kwart and W.B. Frommer,un-
published, accession numbers U31932, D23887,
D47073, D21983, 11121, Z68759, 267392, D21814).
The second subfamily encodes transporters that prefer
proline (ProTs; Rentsch et al., 1996) and the third group
is represented by a putative indole acetic acid transporter
(Bennett et al., 1996). The three subfamilies share a high
degree of similarity within a group but are only distantly
related to each other. A phylogenetic tree of the three
different subgroups is shown in Fig. 2. The ATF1s share
sequence homologies with the neutral amino acid per-
mease MTR fromNeurospora crassa(Koo & Stuart
1991), but share no significant homologies with any of
the yeast or mammalian superfamilies identified so far
(see below).

Based on hydropathy analyses of the aligned ATF1
members, a structure for an integral membrane protein
with 10 membrane-spanning domains was predicted
(Fig. 3). According to this model the characterized
AAPs contain a number of putative phosphorylation sites
on the cytosolic surface of the membrane whereas no
N-glycosylation sites were found on the external side.

Since the topology of related proteins have not been
determined, this model is tentative. Preliminary experi-
mental evidence indicates that AAPs have 11 membrane-
spanning domains (D.R. Bush,unpublished results).

By complementing the yeast strain deficient in his-
tidine transport, one member of a second superfamily of
plant amino acid transporters was identified (AtAAT1;
Frommer et al., 1995). Due to conflicts AtAAT1 has
been renamed AtCAT1 (cationicamino acidtransporter).
AtCAT1 shares significant structural and sequence ho-
mologies with the mammalian CAT family of amino acid
transporters (see below). Low, but significant sequence
homologies were also found to yeast YAAP amino acid
permeases (Andre´, 1995). In contrast, no significant ho-
mologies to the ATF1 family were detectable. These
data demonstrate that at least two evolutionarily distinct
protein families with at least 11 genes involved in amino
acid transport are present in a single plant genome (ara-
bidopsis).AtCat1 encodes a protein with a calculated
molecular mass of 58 kDa and is highly hydrophobic
with 14 predicted membrane spanning segments. The
structure is remarkably similar to that of the mammalian
cationic amino acid transporters (MCAT) for which also
14 membrane-spanning regions were predicted (Fig. 4;
Kim et al., 1991). Low and high affinity MCATs have
been identified that differ only in the sequence of the
eighth hydrophilic loop (Closs et al., 1993). Interchange
of domains between the two isoforms showed that this
loop is responsible for substrate affinity. Some residues
in this region are also conserved in AtCAT1. Thus, in-
terchange of domains by constructing chimeras between
different members of this family may allow us to pin-
point sequences involved in the recognition of amino
acids by AtCAT1. In contrast, the yeast YAAP amino
acid permeases contain only 12 distinct hydrophobic re-
gions. According to a tentative structural model for the
mammalian MCATs, both amino- and carboxy-termini
are cytosolic (Kim et al., 1991). The MCATs are N-
glycosylated in the third extracellular loop, supporting
the validity of the model. AtCAT1 contains a conserved
N-linked glycosylation sequence in a synonymous re-
gion; however glycosylation has not been shown experi-
mentally.

OLIGOPEPTIDE TRANSPORTERS

Under certain conditions, plants export oligopeptides de-
rived from proteolysis of storage proteins to increase the
transport efficiency of organic nitrogen. Such transport
activities were found in a variety of plant tissues and
respectiveoligopeptide transporter (OPT) genes have
been identified (Steiner et al., 1994; Frommer et al.,
1994a; Rentsch et al., 1995; Song et al., 1996). The
OPTs are highly related to the yeast PTR2 and the mam-
malian PepT H+-oligopeptide cotransporters (see below,
Perry et al., 1994; Fei et al., 1994). Surprisingly, the
OPTs are also highly homologous to the low affinity

Fig. 2. Computer-aided analysis of the homologies between ATF1
amino acid transporters. The analysis was performed using the PHYLIP
program package (Felsenstein, 1993) with the aligned sequences of
AtAAP1-6 (Frommer et al., 1993, Kwart et al., 1993, Fischer et al.,
1995, Rentsch et al., 1996), NsAAP1 (accession number #U31932),
AtProT1-2 (Rentsch et al., 1996), LeProT1-3 (R. Schwacke and D.
Rentsch,unpublished) and AtAUX1 (Bennett et al., 1996). The com-
parison was restricted to the region in AtAAP1 from amino acid po-
sition 41 to 480. The numbers indicate the occurrence of a given branch
in 100 bootstrap replicates of the given data set. AtAUX1 was used as
outgroup.
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nitrate transporters (Tsay et al., 1993; Lauter et al.,
1996). A dendrogram and a putative structural model of
OPT1 have been described previously (Rentsch et al.,
1995).

COMPARISON WITH TRANSPORTERS FROM

OTHER EUKARYOTES

In recent years, genes encoding several amino acid and
peptide transporters have been isolated from yeast and
animal systems. For comparison, we will briefly sum-
marize the known gene families from these organisms
(Table 1).

In yeast, the transporters identified so far fall into
two gene families: (i) the YAAP family with 18 related
sequences present in the yeast genome, of which ten
were shown to transport amino acids and (ii) the yeast
CAT (YCAT) family with 6 members which are related
to the plant PCAT and animal CAT family and which
comprises two methionine permeases, but also GABA
and choline transporters (Andre´, 1995 andpersonal com-
munication). Furthermore, the yeast genome contains a

single copy genePTR2responsible for high affinity up-
take of a large spectrum of oligopeptides (Perry et al.
1994). PTR2 shares significant homologies with the
plant oligopeptide transporters.

In animal systems, a large spectrum of amino acid
transport systems has been described on the basis of
biochemical analyses (e.g., A, L, N, ASC, b0,+, y+L).
Recently, some of the respective genes have been iden-
tified mainly through oocyte expression cloning, how-
ever in no case by yeast complementation (Malandro &
Kilberg, 1996). Thecationic amino acid transporter
(CAT) family contains integral membrane proteins me-
diating low- and high-affinity Na+-independent transport
of cationic amino acids at the plasma membrane of many
tissues. The arabidopsis AtCAT1 is highly similar to this
CAT family. In contrast, none of the plant genes iden-
tified so far is related to the following gene families.
The glutamate transporter family contains members me-
diating Na+-dependent glutamate/aspartate uptake and
members with specificity for neutral amino acids. Glu-
tamate transporters are mainly expressed in the central
nervous system. The Na+/Cl−-dependentproline trans-
porter (PROT) subfamily belongs to a large superfamily

Fig. 3. Structural model of the ATF1 amino acid permeases. The model is based on the aligned sequences of AtAAP1-6 (Frommer et al., 1993,
Kwart et al., 1993, Fischer et al., 1995, Rentsch et al., 1996), NsAATP1 (U31932), AtProT1-2 (Rentsch et al., 1996), and LeProT1-3 (R. Schwacke
& D. Rentsch,unpublished;DNASTAR, London, UK; tmap, Milpetz & Argos, 1995). Conserved residues found in at least 11 or 12 sequences are
indicated at corresponding positions in AtAAP1. 14 I,L,V; 2 4 G,A; 3 4 F,Y; 4 4 S,T; + 4 K,R,H; − 4 D,E
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Fig. 4. Structural model of CAT cationic amino acid permeases. The model is based on the aligned sequences of AtAAT1, mCAT1 (Albritton et
al., 1989), mCAT2A (Closs et al., 1993) and mCAT3 (accession number #U70859; UWGCG, Devreux et al., 1984; tmap, Milpetz & Argos, 1995).
Conserved residues found in all four sequences are indicated at corresponding positions in AtAAT1. 14 I,L,V; 2 4 G,A; 3 4 F,Y; 4 4 S,T; +
4 K,R,H; − 4 D,E

Table 1. Homologous plasma membrane transport proteins from plants, yeast and animals

Plant Yeast Animal

Sucrose H+/sucrose symporters SUT*
(sucrose binding protein SBP)

Glucose H+/glucose symporters STP* HXT hexose transporters Fac. glucose transporters GLUT*
Na+-glucose symporter SGLT*

Amino acids PCAT amino acid transporters YCAT CAT amino acid transporters*
YAAP

H+/amino acid symporters ATF I
(AAPs*, ProTs,Aux1)

Na+-amino acid symporters GLU/ASPT,
GLYT, PROT*

rBAT amino acid transporter family*

Oligopeptides H+/oligopeptide symporters(OPT) PTR2 PEPT H+/oligopeptide transporters*

Other substrates ABC type transporters ABC type transporters ABC type transporters*
Sulfate transporters Sulfate transporters Sulfate transporters*
Phosphate transporters Phosphate transporters Phosphate transporters*
Ammonium transporter AMT MEP ammonium transporters
K+ channels(AKT, KAT*) K+-channels (shaker-type)*
Na+/K+ symporter(HKT1)*
CLC chloride channel(CLCd) CLC CLC chloride channels*
Water channels* Water channels (ORFs) Water channels*
P-type ATPases(H+) P-type ATPases(H+) P-type ATPases(Na+/K+)

(Italicised are genes that werefunctionally expressed in yeast mutants;asterisks indicate functional expression in oocytes*; Aldrich, 1993; Amasheh
et al., 1997; Anderson et al., 1992; Andre´, 1995; Bennett et al., 1996; Bissig et al., 1994; Boorer et al., 1994; Boorer et al., 1996a; Boorer et al.,
1996b; Chrispeels & Agre, 1994; DeWitt et al., 1991; Frommer et al., 1993; Frommer et al., 1995; Hastbacka et al., 1994; Hechenberger et al., 1996;
Higgins et al., 1990; Kim et al., 1991; Jentsch, 1996; Leggewie et al., 1997; Malandro & Kilberg, 1996; Murer & Biber, 1996; Ninnemann et al.,
1994; Overvoorde et al., 1996; Rentsch et al., 1996; Riesmeier et al., 1992; Rubio et al., 1995; Sauer et al., 1990; Sentenac et al., 1992; Smith et
al., 1995; Steiner et al., 1994; Thorens, 1996; Wright et al., 1994).
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of neurotransmitter transporters and is expressed in the
brain. The family also includes theglycine transporter
(GLYT) subfamily expressed in the central nervous sys-
tem. The rBAT/4F2hc family are type II membrane pro-
teins inducing both neutral (including cystine) and cat-
ionic amino acid uptake when expressed inXenopus lae-
vis oocytes. There has been only a single report on the
use of yeast as a complementation system for amino acid
transporters from human cells; however no transporter
gene could be identified (Segel et al., 1992). Mamma-
lian glucose transporters have bene successfully ex-
pressed in yeast; however they are generally not cor-
rectly targeted to the plasma membrane (Kasahara &
Kasahara, 1996). This is reminiscent of the retention of
some plant H+/ATPases in the endoplasmic reticulum of
yeast (Gjedde-Palmgren & Christensen, 1994).

Functional Analysis of Plant Transporters in Yeast

As well as serving as an efficient tool for cloning plant
transporter genes, the yeast expression system has also
enabled investigations into the biochemical properties of
individual transporters. For example, the affinity of
SUT1 for sucrose, its substrate specificity and inhibitor
sensitivity, when expressed in yeast, are similar to char-
acteristics of high affinity sucrose transporters in leaves
of a variety of plants (Riesmeier et al., 1992, 1993;
Lemoine et al., 1996). Furthermore, the sensitivity of
SUT1 mediated sucrose transport in yeast to protono-
phores indicated a proton-coupled transport mechanism.
The oocyte work described below support this finding.
Since the MFS superfamily comprises both uniporters
and proton-coupled transporters it was presumed that
proton binding sites could be derived from sequence
comparisons between sym- and uniporters. However, no
conserved motifs or charge distribution patterns con-
served among cation cotransporters have been identified.
Although the MFS family encompasses many different
transporters covering a large spectrum of different sub-
strates, it was not possible to derive the substrate recog-
nition domains from the comparisons (Marger & Saier,
1993; Tanner & Caspari, 1996).

The affinity, substrate specificity and inhibitor sen-
sitivity for the ATF1 and PCAT amino acid transporters
were determined in yeast. Yeast cells expressing the
AAPs actively accumulated amino acids against concen-
tration gradients. The active accumulation was sensitive
to protonophores. No amino acid efflux was observed
when transport was inhibited by protonophores (Fischer
et al., 1995). Regarding substrate specificity of members
of the ATF1 family, the ProTs are selective for proline
(Rentsch et al., 1996), whereas the AAPs can be catego-
rized into two groups, (i) one for neutral and acidic
amino acids and (ii) one also transporting basic amino
acids (Fischer et al., 1995). The AAP family contains

both low (AAP1-5) and high affinity systems (AAP6).
AtCAT1 represents a high affinity system for basic
amino acids, but also recognizes neutral and acidic
amino acids with lower affinity (Frommer et al., 1995).
Substrate specificity and affinity of AtCAT1 are similar
to the mammalian homologue MCAT-2B, a high affinity
form of the mammalian cationic amino acid transporters
(Closs et al., 1993). Transport against a concentration
gradient and sensitivity to ATPase inhibitors and proto-
nophores indicate that AtCAT1 may function as a proton
symporter. In contrast, MCATs mediate both influx and
efflux and seem to function as uniporters (Closs et al.,
1993). Detailed electrophysiological and radiotracer ex-
periments usingXenopusoocytes should help in solving
this putative discrepancy between plant and mammalian
CAT transporters.

The numerous amino acid transporter genes that
have been identified are compatible with the observation
of complex kinetics in plasma membrane vesicles of
leaves (Li & Bush, 1990, 1991, 1992). These were origi-
nally interpreted as the presence of four defined systems,
one for acidic, two for neutral and one for basic amino
acids. As the molecular studies show, the situation is
much more complex in that plants contain a spectrum of
transporters with overlapping specificities. An analysis
of the expression pattern of the transporter genes in the
plant indicates that the genes identified so far are ex-
pressed differentially in the plant (Fischer et al., 1995;
Hirner et al., 1997).

When expressed in yeast, the plant oligopeptide
transporters (OPT) function as high affinity transporters
displaying low selectivity towards amino acid side
chains by mediating the transport of di- and tripeptides
(Steiner et al., 1994; Rentsch et al., 1995). As was
shown for plant amino acid transport systems, the trans-
port of oligopeptides is sensitive to protonophores. The
properties found are thus similar to observations from
plants and for their mammalian counterparts (Higgins &
Payne, 1978; Sopanen 1979; Amasheh et al., 1997). One
might assume that OPTs are involved in transferring pro-
teolysis products from areas with high levels of protein
degradation, e.g., in germinating seedlings mobilizing
storage proteins, during mobilization of vegetative stor-
age proteins in leaves for subsequent pod filling, in mo-
bilization of proteins for export during leaf senescence,
or in nutrition in the gut.

Electrophysiological Analysis of Plant Transporters
in XenopusOocytes

As shown above, yeast transport mutants have proven
invaluable for the isolation and characterization of plant
transport proteins. However, functional analysis of
transporters expressed in yeast cells is limited. Growth
assays and competition experiments provide information
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on substrate specificity but do not allow a distinction
between substrates which are transported and those
which are inhibitors of transport. Kinetic studies in yeast
require the use of radiolabeled substrates and, depending
on the apparent affinity of the transporter, are limited by
the specific activity of the labeled substrate. H+-coupled
transporters are electrogenic i.e., the transport of sub-
strates is accompanied by a net movement of charge.
Thus, substrate-induced changes in membrane potential
and substrate-induced currents can be measured using
electrophysiological methods. Although difficult to per-
form, electrophysiological methods have been applied
successfully to determine the properties of cloned plant
K+-channels expressed in yeast (Bertl et al., 1995).

Electrophysiological studies on cloned channels and
carriers inXenopusoocytes or insect cells have proven to
be the most effective tool to study their function (Ward,
1997). Due to their large size (∼1.2 mm in diameter)
oocytes are amenable to a variety of electrophysiological
techniques including the 2-electrode voltage clamp, cut-
open oocyte vaseline gap (Taglialatella et al., 1992) and
patch clamp methods (Lu et al., 1995; Hilgemann, 1996).
Measurement of transport kinetics as a function of mem-
brane voltage and ligand concentrations can be achieved
in a single cell with extremely fast temporal resolution
(50 microseconds). Provided the 38-untranslated region
of the cDNA encoding the transporter is polyadenylated,
high levels of transporter activity can be achieved with
little or no interference from endogenous transporter ac-
tivities. Oocytes are the major expression system for
studying transport mechanisms of H+-coupled sucrose
and amino acid cotransporters, mainly due to the absence
of endogenous proton-coupled solute transport systems.
Oocytes can also tolerate [H+]o of at least 10 micromolar
(pH 5.0), thus providing a downhill H+ gradient across
the plasma membrane, which is necessary for optimal
transport activity of H+-coupled transporters. The potato
H+/sucrose transporter StSUT1 and two arabidopsis AAP
H+/amino acid cotransporters were characterized by ex-
pression in oocytes (Boorer et al., 1996a,b; Boorer &
Fischer, 1997).

Expression of the potato StSUT1 H+/sucrose trans-
porter in Xenopusoocytes and measurement of trans-
porter using the two-electrode voltage-clamp method has
enabled the determination of the transport mechanism of
StSUT1 (Boorer et al., 1996b). The apparent affinity
constant for sucrose (0.5–1 mM at 10 mM Ho

+ and −150
mV) was similar to that obtained for StSUT1 expressed
in yeast, indicating that transporter function is indepen-
dent of its membrane environment (Riesmeier et al.,
1993). TheK0.5

suc increased (0.5 to 20 mM at −150 mV)
when [H+]o was decreased from 10 to 0.032 mM. Like-
wise, the apparent affinity constant for protonsKH

0.5 in-
creased (0.1 to 2mM) when [sucrose]o decreased from
20 to 5 mM. This positive cooperativity between sucrose

and protons has important implications for the transport
mechanism of StSUT1 and, based on the arguments of
Jauch and Luger (1986), suggests that StSUT1 operates
via a simultaneous mechanism: both ligands bind to the
carrier to form a H+-substrate-carrier complex which
crosses the membrane and releases the substrates at the
cytoplasmic surface. A simultaneous binding mecha-
nism was also proposed for the H+/amino acid cotrans-
porter AAP1 (Boorer et al., 1996a; see below). In con-
trast, the H+/hexose STP1 cotransporter was shown to
operate via a sequential mechanism (Boorer et al., 1994):
one ligand (H+ or sugar) binds to the carrier on the out-
side, the loaded carrier crosses the membrane, the ligand
dissociates and the carrier reorientates in the membrane
to repeat the transport cycle with a second substrate. The
transport mechanism was also determined by the effect
of ligand concentrations on maximal currents. Boorer et
al. (1996b) showed that a large increase in [H+]o (300-
fold) gave rise to a small increase (1.4-fold) in the maxi-
mal current for sucrose, whereas a 4-fold increase in
[sucrose]o produced an equivalent increase in the maxi-
mal current for H+. Thus protons seem to act as essential
activators and bind to StSUT1 before sucrose. The ap-
parent kinetic parameters for StSUT1 were also voltage-
dependent.KH

0.5 and K0.5
suc were relatively voltage-

independent when the concentration of the cotransported
ligand was saturating, whereas at subsaturating cosub-
strate concentrationsKH

0.5 andK0.5
suc increased at depolar-

ized potentials. However, as the membrane potential
was hyperpolarized these values decreased and ap-
proached those obtained under saturating conditions.
These results suggest that StSUT1 is negatively charged
and voltage drives the protons into the binding site. Pro-
tons bind to StSUT1 before sucrose, and thus, the volt-
age-dependence ofKH

0.5 influences the voltage-
dependence ofK0.5

suc.
The transport model for StSUT1 was verified by

determining rate constants for the partial reaction steps
which predicted the effect of ligand concentration and
voltage on the experimental data. A further advantage of
the oocyte expression system is the opportunity to deter-
mine transport stoichiometry directly rather than relying
on Hill coefficients obtained from substrate activation
curves. The stoichiometry of H+/sucrose cotransport by
simultaneously measuring the amount of charge and ra-
diolabelled sucrose transported into individual, voltage-
clamped oocytes was determined to be∼1:1, confirming
earlier measurements from plasma membrane vesicles of
leaves (Boorer et al., 1996b; Bush, 1990; Slone & Buck-
hout, 1991).

The transport mechanism of the H+/amino acid co-
transporter AAP1 was also studied by expression in oo-
cytes (Boorer et al., 1996a). Like StSUT1, transport of
amino acids by AAP1 was strictly dependent upon H+.
Neither Na+ nor Li+ can be utilized by AAP1 and
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StSUT1 to drive substrate transport unlike SGLT1 which
can use H+ and Li+ to drive sugar transport (Hirayama et
al., 1994, 1997). Similar to sucrose transport through
StSUT1, amino acid transport by AAP1 was voltage-
dependent and the effect of ligand concentration on the
kinetic parameters suggested that AAP1 operates via a
simultaneous mechanism. However, based on the effect
of ligand concentration on maximal currents, it was con-
cluded that protons and amino acids bind randomly to
AAP1.

A combination of electrophysiology and freeze frac-
ture electron microscopy was used to determine the uni-
tary functional capacity of AAP1 (Boorer et al., 1996a).
Expression of AAP1 in oocytes increased the density of
particles in the protoplasmic face of the oocyte plasma
membrane, which corresponded to an increase in the sub-
strate-induced current. The turnover number of AAP1
i.e., the number of substrate molecules transported per
second was >350 sec−1, which is one order of magnitude
faster than that of the H+/hexose transporter STP1 (59
sec−1; Boorer et al., 1994) and SGLT1 (25 sec−1, Pan-
ayotova-Heiermann et al., 1994).

The AAPs are peculiar because of their ability to
transport anionic, cationic and neutral amino acids
(Fischer et al., 1995). Boorer and Fischer (1997) inves-
tigated the effect of substrate charge and geometry on the
substrate recognition and H+:amino acid stoichiometry of
AAP5. The apparent affinity of AAP5 for amino acids
was high for linear, unbranched amino acids such as
lysine (0.45 mM), arginine (0.14 mM) and methionine
(0.27 mM) and was significantly reduced for substrates
with branching at theb-carbon position such as proline
(21 mM), valine (33 mM) and isoleucine (42 mM). De-
tailed kinetic analysis and stoichiometry measurements
using lysine, alanine, glutamate and histidine revealed
that irrespective of their net charge, one amino acid was
cotransported with one proton. Interestingly, lysine was
transported in its cationic form whereas histidine and
glutamate were transported as neutral species. In addi-
tion, the position of the charge in the amino acid side
chain was also important for substrate-recognition. So
far six amino acid transporters belonging to the AAP
gene family have been functionally characterized, all of
which differ with respect to their transport kinetics and
substrate-specificity (Boorer et al., 1996a; Boorer &
Fischer, 1997; W.N. Fischer et al.,unpublished data).
Sequence alignments will be used to target amino acid
residues for mutagenesis. Kinetic analysis of mutant
transporters should then enable identification of amino
acid residues involved in substrate recognition, voltage
sensing and, in the long term, the correlation between
transporter structure and function. The oocyte expres-
sion system may also prove useful to study the regulation
of plant transporters by protein kinases. The regulation
of the SGLT1 (Hirsch et al., 1996) and the Na+, Cl−

taurine TAUT cotransporter (Loo et al., 1996) was stud-
ied by expression in oocytes using the two-electrode
voltage clamp method.

Regulation of Transport Activity at Different Levels

Transporters can be regulated at five different levels: (i)
gene activity, (ii) mRNA stability, (iii) translatability of
the mRNA, (iv) targeting of the protein, and (v) post-
translational modification. It is obvious from physi-
ological studies that both sucrose and amino acid trans-
port are regulated by endogenous and environmental sig-
nals (Frommer et al., 1994b).

Both sucrose and amino acid transporter genes are
regulated in a tissue or cell specific manner. For ex-
ample, the sucrose transporter SUT1 is phloem-as-
sociated and the AAPs are expressed differentially in the
plant (Riesmeier et al., 1993; Truernit et al., 1995;
Fischer et al., 1995). AlthoughAAP1and2 are found in
the same organ, the are expressed in different cell types
(Hirner et al., 1997). Thus developmental, hormonal and
metabolic signals seem to be involved in controlling ex-
pression of the genes. Furthermore, the steady state level
of SUT1mRNA is under developmental and hormonal
control (Lemoine et al., 1992; Riesmeier et al., 1993;
Harms et al., 1994; Truernit & Sauer 1995). The expres-
sion of SUT1 is regulated diurnally at the mRNA level
indicating that both mRNA and protein turnover (see
below) are regulated and play a role in determining su-
crose transport activity. Besides studying regulation at
the mRNA and protein levelin planta, expression in
yeast mutants defective in regulation of membrane pro-
teins or expression in oocytes in conjunction with signal
transduction intermediates or inhibitors may help eluci-
dating the mechanisms of transporter regulation.

Subcellular Localization and Targeting of Carriers
to Plasma Membrane

Plant transporters that complement yeast mutants defi-
cient in nutrient uptake must be located in the plasma
membrane. Thus the proteins must either be recognized
correctly by the yeast and oocyte targeting machinery or
they reach their destination via unspecific mechanisms
(Frommer & Ninnemann, 1995). Possibly, only a frac-
tion of the protein reaching the plasma membrane is
sufficient for function. Therefore direct proof of a pre-
dominant localization at the plasma membrane of yeast,
oocytes and most importantly in the plant is necessary.
Freeze fracture studies have shown that at least AAP1 is
localized at the plasma membrane ofXenopusoocytes
(Boorer et al., 1996a). Immunolocalization allowed us
to show that the sucrose transporter SUT1 is localized
specifically at the plasma membrane of sieve elements
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(Kühn et al., 1997). Plant amino acid or peptide trans-
porters have not been localized. We can thus only specu-
late that the amino acid and peptide transporters which
functionally complement the yeast plasma membrane
transport mutants are also targeted to the plasma mem-
branein planta. Immunogold labeling and fusions with
markers such as thegreen fluorescent proteinin combi-
nation with yeast mutants defective in targeting may help
in answering these questions. For some proteins, spe-
cific receptors are present at the ER that are involved in
correct targeting, e.g., SHR3 for amino acid permeases in
yeast. The plant ATF1s that at the sequence level are
unrelated to yeast YAAPs, are able to suppress theshr3
phenotype (Rentsch et al., 1996). Interestingly there are
no reports on functional complementation of yeast mu-
tants by mammalian transporters. An explanation could
be that some proteins are incompatible with the yeast
targeting machinery as observed in the case of the ex-
pression of mammalian glucose transporters in yeast
(Kasahara & Kasahara, 1996).

For a number of mammalian carriers such as glucose
transporters of the intestine or kidney, an asymmetric
distribution within a single cell was observed (Thorens,
1996). So far only very few plant transporters have been
localized at the subcellular level in plant cells, and asym-
metric targeting has not been reported. Despite differ-
ences in cell biology, i.e., the lack of tight junctions, it is
expected that plant cells also exhibit asymmetric distri-
bution of carriers, especially since many plant cells are
polarized e.g., transfer cells in cotyledons and phloem,
root hairs or pollen tubes. Transfer cells are especially
good candidates for asymmetric carrier distribution since
besides being involved in high levels of sucrose and
amino acid transport they display an asymmetrically am-
plified plasma membrane surface similar to microvillar
membranes (Offler & Patrick, 1993). Polarized transport
processes have also been described in plant cells that
must be due to asymmetric distribution of carriers within
single cells such as the polar transport of auxins (Lomax
et al., 1995).

Intercellular Targeting of Solute Transporters

The phloem consists of several cell types, namely living
enucleate sieve elements that function as the actual con-
duits for sugars and amino acids, neighboring companion
cells that are tightly connected with sieve elements via
special deltoid plasmodesmata called PPUs (pore plas-
modesmal units) and phloem parenchyma cells. The su-
crose transporter SUT1 was detected in plasma mem-
branes of enucleate sieve elements of tobacco, potato and
tomato (Kühn et al., 1997).In situ hybridization at the
TEM level showed thatSUT1mRNA is also localized in
sieve elements and is preferentially associated with the
orifices of the plasmodesmata. Antisense inhibition of

SUT1expression in companion cells leads to an inhibi-
tion of sucrose export from leaves, indicating that tran-
scription ofSUT1occurs in companion cells (Ku¨hn et al.,
1996). Together with the observed turnover of mRNA
and protein (see below), this provides strong evidence for
the targeting of plant endogenous mRNA and potentially
SUT1 protein through phloem plasmodesmata. There
are two hypotheses for the intercellular targeting of
SUT1: (i) SUT1mRNA is guided along the cytoskeleton
through PPUs and is translated in sieve elements or (ii)
translation occurs in companion cells: the protein is in-
serted into the ER or plasma membrane and since ER and
plasma membrane are continuous through plasmodes-
mata, SUT1 is transported through the PPUs into sieve
elements (Overall & Blackman, 1996). As described
above the sucrose binding protein SBP was also found
mainly in the plasma membrane of sieve elements
(Warmbrodt et al., 1989). This may indicate that SBP is
targeted through PPUs to the sieve elements as well.
Since translocation of amino acids and oligopeptides is
assumed to follow the same route as sucrose, an obvious
question arises as to where amino acid and peptide trans-
porters are localized. The analysis of promoter-GUS fu-
sions for the amino acid transporters AAP2 and AtCAT1
demonstrated expression in the vascular system of leaves
(Frommer et al., 1995; Hirner et al., 1997).

Regulation of Plant Transport Proteins by Turnover

Inhibition studies using cycloheximide showed that
within the plant the turnover of SUT1 protein is in the
range of a few hours (Ku¨hn et al., 1997). Similar mecha-
nisms may also be involved in regulating other mem-
brane proteins. Previous studies in maize have shown
that the plasma membrane H+/ATPase turns over in the
range of 12 minutes after treatment of the tissue with
auxin (Hager et al., 1991). Turnover of amino acid trans-
porters has not yet been tested in plants. The high turn-
over rate of SUT1 and H+/ATPases may point to specific
mechanisms involved in controlling the number of active
carriers in the plasma membrane such as ubiquitination
and endocytosis, as was found in case of mammalian
glucose transporters or yeast sugar and amino acid per-
meases (Hein et al., 1995; Thorens, 1996; Medintz et al.,
1996). This degradation pathway involves tagging and
ubiqitination of the protein, subsequent internalization
and degradation. Alternate pathways involve recycling
of the internalized proteins to the plasma membrane or
degradation without apparent involvement of endocyto-
sis (Hare, 1990; Ooi et al., 1996).

Yeast serves as a model system for studying the
turnover of membrane proteins. Posttranslational modi-
fication as a trigger for degradation was found in case of
the yeast general amino acid permease GAP1 that is
inactivated innpr1 mutants lacking a protein kinase
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(Vandenbol et al., 1990). Evidence for a role of ubiquitin
was obtained innpi1 mutants lacking functional ubiqui-
tin protein ligase in which GAP1 is protected from deg-
radation (Hein et al., 1995). Since SUT1 turns over at a
high rate, one may speculate that similar regulatory
mechanisms are operating. Some of the necessary play-
ers have been detected in phloem sap: (i) phosphorylated
proteins suggesting the activity of protein kinases in
sieve tubes and (ii) ubiquitin which represents one of the
major proteinaceous components (Nakamura et al., 1993;
Schobert et al., 1995).

Summary and Outlook

Several gene families involved in transport of sugars and
amino acids have been identified from fungi, plants and
animals. The currently known spectrum of systems is
summarized in Table 1. The advanced knowledge in the
plant field, i.e., the large number of carrier genes isolated
in recent years and the availability of efficient expression
systems might be relevant for identifying novel mamma-
lian transporters that have been postulated from bio-
chemical analyses, e.g., systems A and L. Homology
searches using plant transporter families that have not yet
been found in animals might be the simplest way to
proceed (seegaps in Table 1). So far no homologues of
the Na+-coupled mammalian transport systems have
been found in plants. However the yeast genome con-
tains a few ORFs that share significant homologies with
such systems (Andre´, personal communication). The
comparatively low abundance of Na+-coupled transport
systems in yeast and plants is mainly due to the fact that
while animals preferentially use Na+-gradients for ener-
gization (Na+/K+-ATPase), fungi and plants couple sec-
ondary active transport mainly to proton gradients (H+-
ATPase). An exception is the mammalian oligopeptide
transporter that uses proton gradients for energization
(Fei et al., 1994). However, homology searches are not
necessarily the best tool to identify the mode of energi-
zation since in other systems several carriers have been
described that can function both as Na+- or H+-
cotransporters, such as theE. coli melibiose transporters
and the mammalian glucose transporter SGLT1 (Hender-
son, 1990; Hirayama et al., 1994).

The access to transport proteins for sucrose, amino
acids and oligopeptides at the molecular level provides a
new view of physiology. Multiple sucrose transporters
were found, one of them being essential for long distance
transport; the function of the others still remains un-
known. At least two superfamilies of amino acid trans-
porters with overlapping specificities were identified.
The complexity might reflect the need for differential
regulation, as was nicely demonstrated in the case of salt
stress, where AAPs were downregulated in favor of spe-
cific proline transporters (Rentsch et al., 1996). More

detailed reviews of the physiological aspects of metabo-
lite transporters has been given elsewhere (Ward et al.,
1997; Frommer et al., 1994b; Rentsch & Frommer,
1996). This wealth of new information should lead to a
better understanding of basic questions regarding struc-
ture/function relationships and the control of metabolite
trafficking within plants.
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