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Abstract Besides metabolic pathways and regulatory networks, transport reactions are
also pivotal for understanding amino acid metabolism and production in bacteria. Apart
from substrate uptake, this refers to product (amino acid) excretion as well as product
re-uptake. Both the mechanistic (kinetic and energetic) as well as structural properties
of these transport systems are relevant for understanding their significance and for pro-
viding a basis for rational metabolic design. Transport systems have been classified into
numerous different carrier families, according to their structural properties and their pu-
tative evolutionary relation. The diversity of amino acid uptake and excretion systems in
two biotechnologically relevant organisms, namely Escherichia coli K12 and Corynebac-
terium glutamicum ATCC 13032 is described in this review on the basis of their relation
to these different transporter families. Particular functional and molecular properties of
specific amino acid excretion systems in these two organisms, in particular those respon-
sible for efflux of lysine (and arginine), threonine, branched chain amino acids, cysteine
(and cysteine derivatives) and glutamate are described. A complete list of all secondary
and primary transport systems in C. glutamicum putatively related to amino acid trans-
port is provided.

1
Introduction

Cells exchange matter, energy and information with their surroundings and
membrane-bound solute transport systems are essential for these processes.
Bacteria are equipped with a broad variety of transport systems, with some
of them, e.g., phosphotransferase systems and binding protein dependent
ABC transporters, being exclusively present in prokaryotic organisms. Amino
acid transport systems, which are found in bacteria like in all other living
cells, include members of many different transporter families and are thus in
principle not distinct from other substrate categories of transport systems,
e.g., organic acids or carbohydrates. From a historic point of view, however,
they are remarkable in a sense that the significance of specific solute excre-
tion mechanisms was recognized earlier in the case of amino acids than for
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most other solutes except cytotoxic compounds. This refers both to the phys-
iological and biochemical description of export systems as well as to their
molecular definition, for reviews see: (Krämer 1994; Burkovski and Krämer
2002; Eggeling and Sahm 2003; Eggeling 2005). Beside amino acid uptake,
however, amino acid excretion was discovered already early in the history of
modern biotechnology (Kinoshita et al. 1957). At that time, solute transport
in general and solute export in particular was not acknowledged to be a cen-
tral step within the network of biochemical pathways. In the meantime it is
obvious that, besides the sum of metabolic and regulatory events within the
bacterial cell, transport reactions are also of core importance.

In this contribution, due to space restrictions, we will focus on a few cen-
tral aspects of this broad topic. Based on their importance in biotechnology
as well as on the availability of detailed knowledge of genomic and biochem-
ical data, amino acid transport systems of E. coli K12 and C. glutamicum
ATCC 13032 will be reviewed mainly. An inventory of amino acid transport
systems of these two organisms will be presented, organized in those being
proven by both genetic and biochemical data, and those being suggested only
on the basis of gene annotation and/or similarity screen. Where available,
they will be combined with physiological and biochemical data on amino acid
uptake and excretion.

2
Basic Properties of Bacterial Amino Acid Transport Systems

Before listing particular protein families of amino acid transport systems as
well as properties of individual transport systems, some basic characteristics
of transport systems in general and amino acid transport systems in particu-
lar will be summarized. This includes a brief outline of available structural
and functional data of this type of carrier systems and mechanisms.

2.1
Structure of Transport Systems

Most amino acid transporters belong to the class of secondary carriers
(see below) and are thus polytopic integral membrane proteins, comprising
one or several subunits with different numbers of α-helical transmem-
brane segments. Although still few in number, several high resolution 3D
structures are now available for a small number of integral membrane trans-
port proteins (www.tcdb.org, www.membranetransport.org, www.mpibp-
frankfurt.mpg.de/michel/public/memprotstruct) also including a few amino
acid transporters, e.g., the glutamate carrier of Pyrococcus horikoshii (Yernool
et al. 2004) or the leucine carrier from Aquifex aeolicus (Yamashita et al. 2005).
Several representatives of amino acid transport proteins belong to primary ac-
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tive ABC-type carriers (see below), where a number of structures (Chang and
Roth 2001; Locher et al. 2002; Dawson and Locher 2006) are available, however,
not from entire amino acid transporting ABC carrier systems.

2.2
Transport Mechanisms: Kinetics and Energetics

The formal treatment of transport kinetics follows the well-established for-
mulation of classical enzyme kinetics and will not be discussed here. In this
context, Vmax and Kt (equivalent to an apparent Km value for transport re-
actions) and Ki values are used to describe the biochemical properties of
transport systems with respect to activity, specificity and inhibitory action.
For practical considerations, transport energetics is of high significance for
the description of the diversity of amino acid transport systems in one single
organism in the presence of a multitude of systems for one particular sub-
strate (amino acid). In addition, knowledge on transport energetics is helpful
for a mechanistic description of efflux systems (see below and Fig. 1) as well
as for a combination of uptake and efflux mechanisms for the same substrate
(Sect. 2.3).

In bacteria, the majority of amino acid transport systems functions as sec-
ondary systems, i.e., their driving force is an electrochemical ion potential
across the plasma membrane, which, in general, means the electrochemical
H+ or Na+ potential (Fig. 1). Alternatively, bacterial amino acid uptake sys-
tems may follow a primary transport mechanism, i.e., depending on ATP
as the energy source and involving an external binding protein (ABC trans-
port systems). So far, with the exception of the CydDC system in E. coli
(Sect. 3.20), amino acid export systems exclusively follow secondary mechan-
isms. However, a first report on the involvement of a channel type of transport
mechanism in the case of glutamate export has appeared recently (Sect. 4.2.5).

2.3
Uptake versus Excretion

Besides the variety of sophisticated mechanisms for protein excretion, a sig-
nificant number of export systems for solutes has been described in bacteria,
mainly falling into the group of MDR (multidrug resistance) proteins. These
systems are in general responsible for the excretion of cytotoxic compounds
or waste products. C. glutamicum is the paradigm for which the simultan-
eous presence of both uptake and export systems specific for the same solute
(amino acid) has been described first, later also followed by similar com-
binations mainly in E. coli. Typical examples are the amino acids lysine,
leucine/isoleucine, threonine and glutamate, which will be described below in
more detail. It is obvious that the presence of both uptake and efflux systems
for the same amino acid poses an extra problem for the cell, both in terms
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of energetics and regulation, because of the possible occurrence of energy
wasting futile cycling (Krämer 1994, 1996; Krämer and Hoischen 1994).

3
Repertoire of Amino Acid Transporters in C. glutamicum and E. coli

Within this chapter we will present data illustrating the equipment of the
biotechnological important bacteria C. glutamicum and E. coli with carriers
for amino acids. We included known and characterized transport proteins
as well as predicted candidates for particular transport functions of different
transporter families.

3.1
Carrier Identification, Nomenclature and Occurrence

Although the unequivocal identification of a transport protein requires the
biochemical characterization of its transport function, carrier proteins are
frequently predicted based on sequence data. The overall amino acid se-
quence similarity, the occurrence of domains specific for a certain transporter
class, and the topology derived from the number and position of predicted
transmembrane helical segments (TMS) provide useful hints on the putative
carrier function of a membrane protein. The increasing number of known
bacterial genome sequences provides a large pool of putative transporters to
be used for development of prediction methods and identification of specific
domains or motif sequences. However, in view of the fact that the prediction
of substrate specificity from sequence data is not possible for the majority of
transport systems, a detailed characterization by biochemical methods is still
indispensable for the correct assignment of a carrier. Furthermore, only by
biochemical studies so far unknown carriers of new transporter classes can
be discovered.

A large variety of transport systems was classified by several systematic
approaches. The most common classification system, the TC nomenclature,
developed by the Saier group, is similar to the enzyme nomenclature (Busch
and Saier 2004). The system is accessible online at http://www.tcdb.org (Saier
et al. 2006) and was applied for the genome-wide prediction of transporter
repertoires of prokaryotic and eukaryotic organisms (Ren and Paulsen 2005)
accessible at http://www.membranetransport.org. In this chapter functionally
characterized as well as predicted amino acid carriers from C. glutamicum and
E. coli are presented. Detailed information for E. coli K12 is available online
in public databases like EchoBase (http://www.biolws1.york.ac.uk/echobase),
ecogene (http://www.ecogene.org) or NCBI (http://www.ncbi.nlm.nih.gov).
For C. glutamicum, however, open data sources of this quality are missing.
A general comparison of the transporter equipment of C. glutamicum and
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Fig. 1 Membrane topology as well as transport mechanism of secondary carriers (puta-
tively) involved in amino acid transport. (ex: external, in: internal, aa: amino acid, TMS:
transmembrane segments)
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C. efficiens is available (Winnen et al. 2005). We provide for C. glutamicum de-
tailed information on members of all transporter classes putatively involved in
amino acid transport plus information on protein structure and function as
well as experimental evidence for carrier function (see electronic supplemen-
tary material online Table S1 and S2).

The genome of E. coli comprises more than 4,200 protein encoding genes.
For more than 1,000 of the respective gene products, the localization within
the cytoplasmic membrane is predicted thus making the function as a car-
rier (-subunit) possible. Using bioinformatic tools, researchers identified 66
different transporter classes (Ren and Paulsen 2005). They comprise 52 differ-
ent secondary transporter families, more than 68 ABC-type transporters and
six PTS-type carriers. In total, more than 530 genes are predicted to encode
for components of transport systems. In E. coli K12, members of 16 different
transporter classes are shown or are predicted to be involved in amino acid
transport (Table 1). At least one carrier system was found or predicted for the
uptake of each amino acid, whereby the import of a number of amino acids
is accomplished by several carriers. Beside a few systems involved in the ex-
change of amino acids, several systems have been found capable for the export
of cysteine (and derivatives), threonine, homoserine, leucine, and arginine.

The genome of C. glutamicum carries more than 2,900 protein encoding
genes. For more than 750 proteins, a membrane localization and function as
a transporter (-subunit) is possible. Up to now 57 different transporter fami-
lies have been predicted to exist. Among them are more than 130 secondary
transporter (units), at least 57 primary transport systems of the ABC-type
and four PTS-type carriers. The components of these carrier systems are
encoded by 344 genes. Members of 17 transporter classes are shown or pre-
dicted to be involved in amino acid transport (Table 2). As in E. coli, the
import of a number of amino acids is accomplished be several carriers of dif-
ferent transporter types. For some amino acids, the presence of carriers has
only been derived from biochemical data, but until now the proteins are un-
known. In particular, uptake carriers for glycine, cysteine, serine, threonine
and other polar amino acids are not (yet) identified. In contrast to E. coli,
C. glutamicum is characterized by a limited catabolism of several amino acids
e.g., lysine (Nakayama 1985), isoleucine (Kennerknecht et al. 2002), threonine
(Simic et al. 2001) or methionine (Trötschel et al. 2005), which may be related
to a more pronounced capacity for amino acid export (see below).

In the following the variety of transporter families putatively comprising
amino acid carriers are described and functionally characterized or predicted
members of these families in C. glutamicum and E. coli are mentioned, using
the TC nomenclature. For each carrier family, the general topology of TMS
and a scheme of the transport reaction mechanism are listed in Figs. 1 and 2.
For genes in E. coli, gene names as well as the locus tag (b number) for the
MG1655 genome (Blattner et al. 1997) are listed. For genes in C. glutamicum,
the cg nomenclature is used (Kalinowski et al. 2003). As supplementary mate-
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rial a listing of all genes of C. glutamicum encoding known or putative, amino
acid transporters is given according to the transport mechanism (secondary
transporters in supplementary Table S1, primary transporters in supplemen-
tary Table S2) according to the particular transporter class. The tables are
accessible at: http://www.springer.com.

3.2
The Major Facilitator Superfamily (MFS) (TC 2.A.1)

The MFS is a large and diverse superfamily including more than 6,900 se-
quenced members found in all kingdoms of live. They catalyze uniport, so-
lute:cation (H+ or Na+) symport and/or solute:H+ or solute:solute antiport
and possess either 12, 14 or 24 TMS, whereby the proteins with 24 TMS
are most likely fusion proteins of two homologous but distinct MFS perme-
ases (Fig. 1). MFS permeases transport sugars, polyols, drugs, neurotransmit-
ters, Krebs cycle metabolites, phosphorylated glycolytic intermediates, amino
acids, peptides, osmolytes, siderophores (efflux), iron-siderophores (uptake),
nucleosides, organic anions, inorganic anions, etc. (Busch and Saier 2004).
For the MFS carriers GlpT, LacY (E. coli) and OxlT (Oxalobacter formigenes)
high resolution structures are available (Abramson et al. 2003; Hirai et al.
2003; Huang et al. 2003). As the only amino acid substrate of an MFS uptake
carrier proline was found (Culham et al. 1993; Peter et al. 1998). In add-
ition, the Bcr protein was shown to be involved in efflux of cysteine and other
amino acids or derivatives (Yamada et al. 2006).

In C. glutamicum, 49 MFS systems are predicted to exist. Among them, the
ProP protein encoded by cg3395 was shown to be capable of proline uptake
(Peter et al. 1998). The gene cg3403 encodes a carrier of high similarity but
smaller size and proline was proposed as substrate (Ren and Paulsen 2005). In
E. coli, 71 MFS systems are found, among them are the proline uptake carrier
ProP, encoded by the gene b4111 (Culham et al. 1993), as well as the proteins
YhjE and YdfJ encoded by the genes b3523 and b1543, respectively, for which
proline was proposed as putative substrate. The efflux carrier Bcr (b2182) has
already been mentioned above. Because of the variety of substrates known for
MFS transporters in E. coli and C. glutamicum, the potential participation in
uptake as well as export of further amino acids has to be considered.

3.3
The Amino Acid-Polyamine-Organocation (APC) Superfamily (TC 2.A.3)

The APC superfamily of transport proteins currently includes more than 1400
members, which occur in bacteria, archaea, and eukaryotes. They function
as solute:cation symporters and solute:solute antiporters and vary in length
and topology (Saier 2000), (Fig. 1). Some members possess only 10 TMS and
rather function as amino acid receptors (Jack et al. 2000; Cabrera–Martinez
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et al. 2003). Some animal homologs associate with a small membrane chap-
erone, which is essential for insertion and/or activity of the permease and
linked by a disulfide bridge. In general, APC carriers were found or proposed
to be involved in the transport of a variety of amino acids, namely glycine,
alanine, leucine, isoleucine, valine, tyrosine, tryptophan, histidine, S-methyl-
methionine, phenylalanine, proline, serine, lysine and asparagine.

In C. glutamicum, four genes code for members of the APC family, in-
cluding the LysI system (cg1105), which catalyzes exchange of lysine against
lysine, alanine, valine, or leucine with very low activity (Bröer and Krämer
1991a; Seep-Feldhaus et al. 1991). The gene cg1257 encodes AroP, the only
known uptake system for aromatic amino acids in C. glutamicum (Wehrmann
et al. 1995) and the genes cg0555 and cg1305 code for carriers of unknown
substrates. In E. coli, 22 members of the APC family were found. The AroP
(b0112) system is capable of phenylalanine and tyrosine uptake (Chye et al.
1986), the PheP (b0576) protein represents an uptake system for phenyl-
alanine (Pi et al. 1991), the CycA (b4208) system is the main alanine car-
rier in E. coli but also competent for serine and glycine uptake (Lee et al.
1975; Schneider et al. 2004) and the LysP (b2156) protein acts as a lysine
importer (Steffes et al. 1992). Moreover, three systems involved in pH regu-
lation, the GabP (b2663) transporter responsible for exchange of glutamate
and γ -aminobutyrate (Metzer and Halpern 1990), the CadB (b4132) system
exchanging cadaverine and lysine (Meng and Bennett 1992), and the argi-
nine agmatine antiporter AdiC (YjdE, b4115) (Gong et al. 2003) belong to this
class. As transporters for amino acid derivatives, PotE (b0692) exchanging
putrescine and ornithine (Kashiwagi et al. 1992) and MmuP (b0260) taking up
S-methylmethionine (Thanbichler et al. 1999) are present. Further APC trans-
porter of E. coli are YeeF (b2014), YifK (b3795), YjeH (b4141), YjeM (b4156),
YhfM (b3370), YgjI (b3078), XasA (b1492), ProY (b0402), YbaT (b0486), YcaM
(b0899), AnsP (b1453), YdgI (b1605) and YcjJ (b1296), including the putative
proline carrier ProY and the possible asparagine uptake system AnsP (Ren
and Paulsen 2005). These data indicate that members of this family are capa-
ble of transporting a large variety of substrates and further members may be
supposed to represent still missing amino acids carriers.

3.4
The Drug/Metabolite Transporter (DMT) Superfamily (TC 2.A.7)

The DMT Superfamily currently consists of more than 1,800 members ordered
in 18 recognized families, each with a characteristic function, size and top-
ology. Within these subfamilies amino acid carriers are identified only for the
drug/metabolite exporter subgroup (2.A.7.3, DME). Proteins of the DME fam-
ily range from 287 to 310 amino acyl residues and carry 8–10 putative α-helical
TMS (Busch and Saier 2004). In C. glutamicum, four members of the DME sub-
family are predicted to be encoded by the genes cg0168, cg0701, cg2339 and
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cg2356. None of them was functionally characterized but they are supposed to
be involved in amino acid export. In E. coli, 16 members of the DME subfamily
were identified, among them, the YddG (b1473) carrier is supposed to be in-
volved in tryptophan export (see below). The YdeD carrier (b1533, EamD) was
shown to represent an exporter of cysteine and cysteine derivatives (Dassler
et al. 2000). The RhtA (YbiF, b0813) protein has been related to efflux of thre-
onine and homoserine based on an increased resistance against these amino
acids after overexpression of the rhtA gene (Livshits et al. 2003).

3.5
The C4-Dicarboxylate Uptake (Dcu) Family (TC 2.A.13)

More than 100 members of the Dcu family are found. They consist of ap-
prox. 440 amino acyl residues in length and possess 10–12 TMS. In E. coli,
the DcuA (b4138) and DcuB (b4123) proteins are known as exchangers of as-
partate, malate, fumarate and succinate under anaerobic growth conditions
(Engel et al. 1994). Two additional genes encoding the dicarboxylate trans-
porters DcuC (b0621) and DcuD (b3227) are present showing weak sequence
similarity to DcuA and DcuB and they were, therefore, assigned to a distinct
family (TC 2.A.61). While in C. diphtheriae DcuA and DcuB homologs are
found, no member of the Dcu family is known in C. glutamicum.

3.6
The Betaine/Carnitine/Choline Transporter (BCCT) Family (TC 2.A.15)

More than 140 proteins of the BCCT family are found in bacteria and
archaea. In general, they transport solutes with a quaternary ammonium
group [R – N+(CH3)3] (Busch and Saier 2004). The only amino acid sub-
strate of BCCT carriers is proline. Some of these transporters exhibit inherent
osmosensory and osmoregulatory properties (Rübenhagen et al. 2000). In
C. glutamicum, BetP encoded by cg1016, EctP encoded by cg2539 and LcoP
encoded cg2563 were characterized (Peter et al. 1998; Steger et al. 2004). All
three are capable of uptake of the amino acid derivatives glycine betaine and
ectoine, but only EctP and LcoP accept proline. In E. coli, three BCCT trans-
porters, BetT, CaiT and YeaV that are encoded by b0314, b0040, and b1801,
respectively, are present. None of these systems seems to be competent for the
transport of proline or another amino acid (Andresen et al. 1988; Jung et al.
2002).

3.7
The Solute:Sodium Symporter (SSS) Family (TC 2.A.21)

More than 420 members of the SSS family have been identified in bacteria, ar-
chaea and animals possessing 12-15 TMS and catalyzing solute: Na+ symport
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(Fig. 1). A variety of solutes such as sugars, amino acids, organic cations (e.g.,
choline), nucleosides, inositols, vitamins, urea or anions are transported. For
some members regulatory domains are found homologous to histidine ki-
nases (Jung 2001; Busch and Saier 2004). In E. coli, four members of the SSS
family are present. Besides the PutP (b1015) system catalyzing proline uptake
(Jung 1998), the PanF protein, encoded by b3258, involved in pantothenate
uptake, the acetate uptake system ActP (b4067), as well as the putative myo-
inositol transporter YidK (b3679) are members of this family (Jackowski and
Alix 1990; Gimenez et al. 2003; Ren and Paulsen 2005). In C. glutamicum, two
SSS-type carriers are found including a PutP protein (cg1314) as the main
proline uptake system at low external osmolality (Peter et al. 1997). The gene
cg0953 encodes an additional SSS transporter with high sequence similarity
to the acetate transporter ActP of E. coli, but the substrate is still unknown.

3.8
The Neurotransmitter:Sodium Symporter (NSS) Family (TC 2.A.22)

Members of the NSS family catalyze uptake of a variety of neurotransmitters,
amino acids, osmolytes and related nitrogenous substances by a solute:Na+

symport mechanism (Fig. 1). More than 190 members are mostly found in an-
imals, but bacterial and archaeal homologues have also been identified. TnaT
of Symbiobacterium thermophilum has been shown to be a Na+-dependent
tryptophan uptake permease (Androutsellis-Theotokis et al. 2003). For the
LeuT protein from Aquifex aeolicus facilitating leucine sodium co-transport,
the crystal structure has been determined (Yamashita et al. 2005). Glycine
and tyrosine were shown or proposed as additional substrates of eukary-
otic NSS carriers (Morrow et al. 1998; Ren and Paulsen 2005). Whereas for
C. glutamicum one member of the NSS family with unknown substrate speci-
ficity encoded by cg1169 was found, in E. coli no transporter of this family is
present.

3.9
The Dicarboxylate/Amino Acid : Cation (Na+ or H+) Symporter (DAACS) Family
(TC 2.A.23)

The more than 340 members of the DAACS family catalyze Na+ and/or H+

symport together with a Krebs cycle dicarboxylate or with an amino acid
as indicated in Fig. 1. The 3D structure of a member of the DAACS family,
the glutamate carrier from Pyrococcus horikoshi, has been determined (Yer-
nool et al. 2004). DAACS carriers were found or proposed to be involved in
the transport of acidic, small zwitterionic, as well as basic amino acids. In
C. glutamicum, three members were predicted to be encoded by the genes
cg2810, cg2870 and cg3356. The gene cg2870 encodes a DctA homolog, mak-
ing a function as dicarboxylate transporter likely. Furthermore, all three
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proteins display a weak similarity to the serine uptake system SstT of E. coli.
In E. coli, three members of the DAACS family were found, the dicarboxylate
transporter DctA (Lo and Bewick 1978), the glutamate carrier GltP (Deguchi
et al. 1989) and the serine and threonine transporter SstT (YgjU) (Ogawa et al.
1997; Kim et al. 2002) encoded by b3528, b4077 and b3089, respectively.

3.10
The Alanine or Glycine:Cation Symporter (AGCS) Family (TC 2.A.25)

Members of the AGCS family in general transport alanine and/or glycine in
symport with Na+ and or H+ and comprise 8–12 TMS (Fig. 1). They are found
in bacteria and archaea and similarity with the APC family (TC 2.A.3) has
been established (Busch and Saier 2004). Three members of the AGCS fam-
ily have been functionally characterized as alanine uptake systems in different
organisms (MacLeod and MacLeod 1992; Kanamori et al. 1999; Moore and
Leigh 2005). The single member of this family in C. glutamicum is encoded by
cg0254 and alanine was proposed as substrate. In E. coli, also a single mem-
ber of the AGCS family is present, the YaaJ protein encoded by b0007. Also
in this case, alanine was proposed as substrate; however, CycA (DagA, b4208),
a member of the APC carrier family, has been identified as the main alanine
uptake system (see above).

3.11
The Branched Chain Amino Acid:Cation Symporter (LIVCS) Family
(TC 2.A.26)

Characterized members of this family import all three branched chain amino
acids. More than 110 members were found in bacteria; they function by a Na+

or H+ symport mechanism. In E. coli as well as in C. glutamicum, a single
LIVCS system was found named BrnQ encoded by b0401 and cg3537, respec-
tively (Guardiola et al. 1974; Tauch et al. 1998).

3.12
The Glutamate : Na+ Symporter (ESS) Family (TC 2.A.27)

This family comprises more than 50 members only known in bacteria and
proteins from E. coli, Salmonella, and C. glutamicum have been function-
ally characterized (Essenberg 1984; Alvarez-Jacobs et al. 1986; Trötschel et al.
2005). In C. glutamicum, the GltS system is encoded by cg3080 and was charac-
terized at the molecular and biochemical level (Burkovski and Krämer 1995;
Trötschel et al. 2005). In E. coli, the single member of this family was also
named GltS and is encoded by b3653 (Marcus and Halpern 1969). In both or-
ganisms, other glutamate uptake systems are present besides the GltS permease
and belong to the ABC or DAACS family, respectively (see Sects. 3.20 and 3.9).
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3.13
The Hydroxy/Aromatic Amino Acid Permease (HAAAP) Family (TC 2.A.42)

More than 150 homologues are present in bacteria and most of them were
found or proposed to be involved in the transport of tyrosine, tryptophan,
serine and threonine. In E. coli, the HAAAP family comprises eight pro-
teins including the high affinity tryptophan permease, Mtr (b3161), the low
affinity tryptophan carrier TnaB (b3709), the tyrosine-specific permease TyrP
(b1907), the serine permease SdaC (b2796) as well as the threonine perme-
ase TdcC (b3116) (Whipp et al. 1980; Sumantran et al. 1990; Heatwole and
Somerville 1991; Sarsero et al. 1991; Kayahara et al. 1992). Further mem-
bers are encoded by b3539 (YhjV), b3110 (YhaO) and b2845 (YgeG), but their
transport substrates are unknown. In C. glutamicum, a single member of the
HAAAP family is encoded by cg0568. Based on sequence similarity, aromatic
amino acids are supposed as substrates of this carrier.

3.14
The Tripartite ATP-Independent Periplasmic (TRAP-T) Transporter
Family (TC 2.A.56)

TRAP-T family carrier consists of three components, two integral membrane
proteins of 12 and four TMS, respectively, as well as a periplasmic substrate
binding protein, therefore representing the only known binding protein de-
pendent secondary carriers. The substrate binding protein can be anchored in
the membrane in gram negative and gram positive bacteria. As observed for
ABC-type transporters, subunit/domain fusions and splicing occurred dur-
ing evolution (Busch and Saier 2004). More than 300 members of this family
are known in bacteria and archaea. The only report on amino acid transport
by a TRAP-T carrier concerns glutamate uptake in Rhodobacter sphaeroides
(Jacobs et al. 1996). In E. coli, a single TRAP-T-type carrier is known compris-
ing the membrane bound subunits YiaM (b3577) and YiaN (b3578) as well as
the substrate binding component YiaO (b3579). In C. glutamicum, the genes
cg2568 and cg2569 encode the large and small membrane bound subunits,
respectively and cg2570 the substrate binding protein of a TRAP-T system
of unknown function. Additionally, the orphan gene cg2546 encodes a large
membrane component.

3.15
The Lysine Exporter (LysE) Family (TC 2.A.75)

More than 70 LysE family members are found widely distributed in bacteria.
Together with the cadmium resistance family (CadC) and the resistance to
homoserine/threonine family (RhtB) the LysE family forms the LysE super-
family. The energy source for transport is proton motive force (H+ antiport
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or OH– symport, (Bröer and Krämer 1991b). Two members of the LysE fam-
ily were functionally characterized, LysE of C. glutamicum encoded by cg1424
and ArgO of E. coli encoded by the gene b2923 (Vrljic et al. 1996; Nandineni
and Gowrishankar 2004). Whereas for LysE of C. glutamicum, the specific ex-
port of lysine and arginine was demonstrated experimentally (Bellmann et al.
2001), for ArgO (YggA) of E. coli the specific efflux of arginine was proposed
(Nandineni and Gowrishankar 2004), (Sect. 4.2.1). In C. glutamicum, an addi-
tional LysE-type carrier is encoded by cg0183, which is annotated as putative
threonine carrier, but probably responsible for the export of so far unknown
substrates.

3.16
The Resistance to Homoserine/Threonine (RhtB) Family (TC 2.A.76)

More than 420 proteins, derived from bacteria and archaea, comprise the
RhtB family as subfamily of the LysE superfamily. The characterization of
a few of them revealed a topology and function as amino acid exporters
(Fig. 1). E. coli possesses five paralogues of about the same size and apparent
topology. The genes b3823, b3824, b1798, b0328, and b2578 encode the RhtC,
RhtB, YeaS, YahN, and YfiK proteins, respectively. The overexpression of yeaS,
yfiK, rhtC and rhtB provides resistance to threonine whereas an additional
resistance to homoserine and homoserine lactone was observed by overex-
pression of yeaS and rhtB (Zakataeva et al. 1999; Eggeling and Sahm 2003).
The overexpression of yahN had no positive effect on growth of E. coli cells
exposed to higher concentrations of threonine, homoserine, and homoser-
ine lactone. For the YfiK protein, the export of cysteine, O-acetylserine and
azaserine was demonstrated as well (Franke et al. 2003), whereas YeaS was re-
cently identified as leucine exporter and consequently named LeuE (Kutukova
et al. 2005). In C. glutamicum, three members of the RhtB family are encoded
by the genes cg0183, cg2574 and cg2941, respectively, but for none of them
a transport substrate could be identified and ThrE of the threonine/serine ex-
porter family was found as the major threonine export system (Sect. 3.18).
Based on sequence similarity, the cg0183 and cg2574 gene products could be
assigned to homoserine export while cg2941 might encode a leucine exporter.

3.17
The Branched Chain Amino Acid Exporter (LIV-E) Family (TC 2.A.78)

The LIV-E family consists of more than 104 members in a diverse group of
bacteria and archaea. Pairs of integral membrane proteins comprise an efflux
pump for branched chain amino acids. In C. glutamicum, two homologous
systems are found. The BrnFE system (cg0315, cg0314) has been functionally
characterized to catalyze export of methionine, isoleucine, leucine and va-
line (Kennerknecht et al. 2002; Trötschel et al. 2005). The second system was
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named AzlCD (cg3412 and cg3413), but the substrate specificity is unknown.
In E. coli, a similarity to the large subunits of LIV-E systems was found for
YgaZ encoded by b2682; however, no counterpart of a small subunit is known
until now. It remains unclear, therefore, whether a complete LIV-E system is
present in E. coli, since efflux of leucine and other amino acids can probably
be accomplished by the LeuE system (Sect. 3.16).

3.18
The Threonine/Serine Exporter (ThrE) Family (TC 2.A.79)

Around 60 members of the ThrE family are diverse in sequence and are ubiq-
uitous in bacteria, archaea and eukaryotes. It is interesting to note that most
of these transporters carry an extended N-terminal domain showing a weak
sequence similarity to hydrolases, which has been supposed to be respon-
sible for additional functions of this type of carriers (Eggeling and Sahm
2003). In C. glutamicum, ThrE (cg2905), the only member of this family, has
been functionally characterized as proton motive force-dependent exporter
of threonine and serine (Simic et al. 2001). In E. coli, the gene b4363 was pre-
dicted to encode a small ThrE carrier, the YjjP protein, for which the substrate
is still unknown.

3.19
The Aspartate:Alanine Exchanger (AAE) Family (TC 2.A.81)

A single functionally characterized protein, the aspartate:alanine exchanger
AspT of the Gram-positive lactic acid bacterium Tetragenococcus halophila
D10 served to define the AAE family (Abe et al. 2002; Busch and Saier 2004).
Until now at least 40 further members of the AAE family have been predicted
in many bacteria. In C. glutamicum, the genes cg0683 and cg2425 encode pro-
teins that display similarity to the AspT protein sequence, whereas in E. coli
the proteins encoded by b3685 and b0847 belong to the AAE family. In both
organisms, however, the proteins have not been functionally characterized.

3.20
The ATP-binding Cassette (ABC) Superfamily (TC 3.A.1)

The ABC superfamily contains both uptake and efflux transport systems, and
genes for subunits of individual members of these two groups frequently
form gene clusters. According to their substrate specificity, numerous fam-
ilies within the ABC superfamily were classified. The members of the ABC
superfamily consist of two integral membrane domains/proteins and two cy-
toplasmic domains/proteins that constitute a homo- or heterodimer each. In
addition, the uptake systems possess extracytoplasmic solute-binding recep-
tors (one or more per system), which in Gram-negative bacteria are found
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in the periplasm, whereas in Gram-positive bacteria they are in general teth-
ered to the external surface of the cytoplasmic membrane by lipid anchors
(Fig. 2). Some members possess receptor domains fused to either the N- or
C-terminus of the translocating membrane protein (van der Heide and Pool-
man 2002). ABC-type uptake systems have not been identified in eukaryotes,
but ABC-type efflux systems are widely found both in pro- and eukary-
otes. Efflux systems frequently have four domains (two cytoplasmic and two
membrane domains) fused into either one or two polypeptide chains. The
three-dimensional structures of several entire bacterial drug export proteins
(MsbA, BtuCD, and Sav1866) were solved (Chang and Roth 2001; Locher et al.
2002; Dawson and Locher 2006). Moreover, several substrate binding pro-
teins were crystallized, see Table 3. According to the transporter classification
system by Saier (Busch and Saier 2002), amino acid transporter subfamilies
are the polar amino acid uptake transporter (PAAT, TC 3.A.1.3) family, the
hydrophobic amino acid uptake transporter (HAAT, TC 3.A.1.4) family, the
quaternary amine uptake transporter (QAT, TC 3.A.1.12) family, the methio-
nine uptake transporter (MUT, TC 3.A.1.24) family and the cydDC cysteine
exporter (CydDC-E, TC 3.A.1.129.1) family. In general, ABC-type carriers
have been shown or proposed to be involved in the transport of glycine, va-
line, leucine, isoleucine, cysteine, methionine, proline, asparagine, glutamine,
aspartate, glutamate, histidine, lysine, and arginine.

In E. coli, more than 68 ABC-type transport systems are present. Among
them are 13 supposed to be involved in amino acid transport (Table 3). Mem-
bers of the PAAT family are the lysine, arginine and ornithine uptake sys-
tem ArgTHisPQM (Wissenbach et al. 1995) and the histidine uptake system
HisJMPQ, which comprise the same permease and ATP binding proteins, but
a different substrate binding protein (Liu and Ames 1997). ArtIMPQ catalyzes
uptake of arginine (Wissenbach et al. 1993, 1995), GlnHPQ of glutamine
(Nohno et al. 1986), GltIJKL is responsible for the uptake of glutamate and as-
partate (Willis and Furlong 1975; Deguchi et al. 1989) and CysXYZ catalyzes

Fig. 2 Membrane topology as well as transport mechanism of primary active carriers (pu-
tatively) involved in amino acid transport (ex: external, in: internal, aa: amino acid, TMS:
transmembrane segments)
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Table 3 Known ABC-type amino acid transporters in E. coli a

ABC-system TC class Permease Substrate ATP binding Substrate Refs.
subunits binding proteins

protein

ArgTHisPQM 3.A.1.3.1 HisM (b2307) ArgT (b2310) S HisP (b2306) lysine 1
HisQ (b2308) arginine

ornithine
HisJMPQ 3.A.1.3.1 HisM (b2307) HisJ (b2309) S HisP (b2306) histidine 2

HisQ (b2308)

GlnHPQ 3.A.1.3.2 GlnP (b0810) GlnH (b0811) S GlnQ (b0809) glutamine 3
ArtIMPQ 3.A.1.3.3 ArtM (b0861) ArtI (b0863) ArtP (b0864) arginine 4

ArtQ (b0862)
GltIJKL 3.A.1.3.4 GltJ (b0654) GltI (b0655) GltL (b0652) glutamate 5

GltK (b0653) aspartate
CysXYZ 3.A.1.3.10 YecS (b1917) FliY (b1920) YecC (b1918) cystine 6

diamino-
pimelic
acid

LivFGHJM 3.A.1.4.1 LivM (b3456) LivJ (b3460) S LivF (b3454) leucine 7
LivH (b3457) LivG (b3455) iso-leucine

valine
ProU 3.A.1.12.1 ProW (b2678) ProX (b2679) ProV (b2677) glycine 8

betaine
proline

YehWXYZ 3.A.1.12.? YehW (b2128) YehZ (b2131) YehX (b2129) proline? 9
YehY (b2130)

TauABC 3.A.1.17.1 TauC (b0367) TauA (b0365) TauB (b0366) taurine 10
MetD 3.A.1.24.1 MetI (b0198) MetQ (b0197) MetN (b0199) D-methio- 11

nine
CydDC 3.A.1.129.1 CydD (b0887) cysteine 12

CydC (b0886) glutathione
YhdWXYZ 3.A.1.? YhdY (b3270) YhdW (b3268) YhdZ (b3271) amino acid? 13

YhdX (b3269)

a ABC-type carriers and the particular subunits as well as identified substrates in E. coli.
The 3D structure of several binding proteins was solved (S). The particular references
are: [1] (Wissenbach et al. 1995), (Oh et al. 1993); [2]; (Liu and Ames 1997), (Yao et al.
1994); [3] (Nohno et al. 1986), (Sun et al. 1998); [4] (Wissenbach et al. 1993), (Wissenbach
et al. 1995); [5] (Willis and Furlong 1975), (Deguchi et al. 1989); [6] (Berger and Heppel
1972), (Leive and Davis 1965); [7] (Oxender et al. 1980), (Ovchinnikov et al. 1977), (Adams
et al. 1990), (Sack et al. 1989); [8] (May et al. 1986), (Dattananda and Gowrishankar 1989);
[9] (Checroun and Gutierrez 2004); [10] (van der Ploeg et al. 1996); [11] (Merlin et al.
2002); [12] (Pittman et al. 2002); [13] (Ren and Paulsen 2005).
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uptake of cystine and diaminopimelic acid (Leive and Davis 1965; Berger and
Heppel 1972). The LivFGHJM system was described as an importer for hy-
drophobic amino acids (Ovchinnikov et al. 1977; Oxender et al. 1980; Adams
et al. 1990). The QAT family consists of three members in E. coli, the ProU
system, which is a proline carrier and a component of the osmotic stress re-
sponse, (May et al. 1986, Dattananda and Gowrishankar 1989), the TauABC
transporter as taurine uptake system (van der Ploeg et al. 1996) and the pu-
tative proline transporter YehWXYZ (Checroun and Gutierrez 2004). Uptake
of D-methionine in E. coli is catalyzed by the MetD (MetINQ) system (Mer-
lin et al. 2002), and YhdWXYZ was proposed as a further transporter for
amino acids (Ren and Paulsen 2005). The only known primary active export
system for amino acids in E. coli is the CydDC transporter, an ABC-type cys-
teine and glutathione exporter required for cytochrome assembly (Pittman
et al. 2002). The dimeric protein is comprised of two subunits with a fused
permease and ATP binding domain each. In this family of transporters, the
structure of four substrate binding proteins of amino acid carriers (ArgT,
HisJ, GlnH and LivJ) was solved (Sack et al. 1989; Oh et al. 1993; Yao et al.
1994; Sun et al. 1998).

In C. glutamicum, at least 57 ABC-type uptake systems are present and sev-
eral orphan genes encoding single components of ABC-carriers are found.
Until now, only one ABC-type uptake system for amino acids has been char-
acterized, the GluABCD transporter (Kronemeyer et al. 1995), catalyzing up-
take of glutamate. The substrate binding protein GluB shows similarity to the
GltI protein of the Glt system in E. coli. An uptake system for polar amino
acids is supposed to be encoded by the gene cluster cg1502-04 because of
the high sequence similarity of the binding protein (cg1504) to the GlnH,
ArgT and HisJ proteins of E. coli. A high degree of sequence similarity also
exists between the components MetI, MetN, and MetQ of the methionine up-
take system MetD in E. coli and the corresponding C. glutamicum proteins
encoded by the genes cg0735, cg0736, and cg0737. Furthermore, sequence
similarity also suggests a taurine transporter binding protein, encoded by
cg1441, however, a permease gene is not found in the adjacent gene cluster
cg1438 and cg1440. Because of sequence similarity, the protein encoded by
the orphan gene cg3045 was proposed to function as permease of an uptake
system for glutamine or arginine (Ren and Paulsen 2005). A high sequence
similarity to the CydDC system of E. coli is found for the proteins encoded by
the genes cg1298 and cg1299 of C. glutamicum, indicating that these proteins
may constitute an efflux carrier for cysteine and glutathione. As transport
system for branched chain amino acids the ABC-type system encoded by
the genes cg1061-66 (Ren and Paulsen 2005) was proposed. It was recently
shown, however, that these components constitute the urea uptake system of
C. glutamicum (Beckers et al. 2004). Interestingly, no primary uptake system
for proline is present in C. glutamicum, since proline uptake is facilitated by
BCCT transporters (Sect. 3.6) only (Morbach and Krämer 2003).
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3.21
So far Unidentified Carrier Systems

As a result of current efforts both on C. glutamicum and E. coli by using
bioinformatics as well as molecular, biochemical and physiological tools the
identification and functional characterization of still missing or even un-
known carrier systems is expected. These proteins may belong to known
transporter families or to new classes of transporters. For a number of sub-
strates the presence of carrier systems can be predicted based on biochemical
and physiological results combined with the fact that for many of the re-
lated putative substrates a limited rate of diffusion was proven. Recently, the
3D structure of the Campylobacter jejuni CjaA periplasmic substrate binding
protein with a bound cysteine was solved, indicating the existence of ABC-
type carriers for this particular amino acid (Müller et al. 2005). Examples for
further expected carrier systems of this kind are mentioned in the chapters
on specific amino acid uptake and excretion systems.

4
Particular Amino Acid Transport Systems in C. glutamicum and E. coli

For the same reasons as described above, we will restrict ourselves to the two
biotechnologically highly relevant bacteria E. coli K12 and C. glutamicum in
this chapter. This seems a bit arbitrary in the case of uptake systems; how-
ever, it is fully appropriate for amino acid export systems, since they have only
been explored in these two organisms to a significant extent.

4.1
Amino Acid Uptake Systems

A list of amino acid uptake systems in C. glutamicum and E. coli K12 is shown
in Table 1, and the corresponding mechanisms are listed in Fig. 1. A multi-
plicity of transport systems are observed for several amino acids both in
the case of E. coli and C. glutamicum, at least when also predicted trans-
port systems are included, and an even higher degree of multiplicity may
turn out to be true if further putative carriers will be assigned in the fu-
ture. Frequently, the observed multiplicity has a particular meaning in terms
of regulation. This is true, for example, for proline in both organisms or for
aromatic, as well as branched chain amino acids in E. coli. “Housekeeping
systems” are constitutively expressed and frequently show a broad speci-
ficity and low affinity. On the other hand, additional transport systems with
confined specificity and higher affinity are regulated on the level of tran-
scription and are only synthesized, when a particular amino acid substrate
is present extracellularly, or in case of special needs, e.g., under hyperos-
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motic conditions, where proline and amino acid derivatives are required for
osmoprotection.

As mentioned in the first part of this review, the majority of amino acid
uptake carriers function according to a secondary mechanism, i.e., they are
driven by electrochemical ion potentials; however, in particular for E. coli,
also a significant number of primary ABC-type systems that depend on ATP
as driving force were found. The transport affinities are in general in the µm
range for specific substrates and up to mM for the uptake of alternative sub-
strates, the definition of which is of course subject to interpretation.

Because of the opposing direction of substrate flux, amino acid uptake sys-
tems may be of significance for amino acid production by bacteria, too. At
least in the case of tryptophan and threonine production it has been shown
that modification of the respective amino acid uptake activity by deletion or
overexpression of genes coding for uptake systems may affect amino acid pro-
duction (Ikeda and Katsumata 1995; Okamoto et al. 1997). Overexpression of
the aroP gene, coding for an aromatic amino acid uptake system resulted in
a drastic decrease of tryptophan production, whereas mutants impaired in
tryptophan uptake were shown to be more effective in tryptophan production
than the corresponding parent strains (Ikeda and Katsumata 1995).

Interestingly, a number of amino acid transport systems are still missing,
at least with respect to their molecular definition, although many of them
have been shown to be present by functional tests such as growth dependence
or biochemical uptake measurements. This is true in C. glutamicum for ala-
nine, for glutamine and asparagine, for the basic amino acids histidine and
arginine, as well as for the polar amino acids serine, threonine, and cysteine.
Uptake of glycine seems to be absent in C. glutamicum (Krämer, unpublished
observation). For E. coli, the list of carrier systems seems to be much more
complete and only uptake system(s) for cysteine have not yet been assigned
to particular gene products.

4.2
Amino Acid Excretion Systems

In contrast to amino acid uptake, which is well studied in many bacterial
species and for which numerous examples of uptake systems are described in
terms of physiology, biochemistry and molecular biology, this is not true for
amino acid excretion. There are a number of reviews available on this particu-
lar topic (Krämer 1994; Burkovski and Krämer 2002; Eggeling and Sahm 2003;
Eggeling 2005), but these reviews only refer to the biotechnologically relevant
organisms E. coli and C. glutamicum. It is an interesting and yet unsolved
question, both in terms of basic microbial physiology as well as in terms of
biotechnological application, whether amino acid excretion systems are wide
spread among bacterial organisms or whether they are more restricted to par-
ticular species, like E. coli and C. glutamicum. Basically, the occurrence of
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members of carrier families, which are known to function as amino acid ex-
cretion systems in many organisms (e.g., members of the LysE, ThrE, and
RhtB family are found in genomes of 72, 50, and 104 different species, re-
spectively), clearly argues for a broad distribution. Moreover, the fact that
for the production of other amino acids, e.g., glutamine, serine and alanine,
besides the major “work horses” C. glutamicum and E. coli, also other bacte-
ria are used, e.g., Serratia marcescens and Bacillus subtilis, indeed argues for
a broader distribution of this kind of systems.

Another valid argument for this view is based on the physiological ex-
planation for most of the observed amino acid excretion processes (Krämer
1994; Burkovski and Krämer 2002). Besides glutamate (see below), the pres-
ence of bacterial amino acid export systems can, in general, be explained by
a putative function as emergency valves for situations of metabolic imbal-
ance. An example is the uptake of peptides as sole or at least major source
of carbon and energy and possibly also nitrogen. Since in C. glutamicum,
pathways of amino acid catabolism are relatively limited (Nakayama 1985),
a fact which is also the basis for application of the peptide feeding method
for inducing amino acid efflux (Bröer and Krämer 1991a,b; Simic et al. 2001),
particular amino acids may accumulate in the cytoplasm and are excreted in
order to guarantee a high overall metabolic flux under these conditions. Al-
though E. coli is better equipped with amino acid degradation pathways, they
may still be kinetically limiting under particular metabolic conditions thus
creating an evolutionary advantage of the presence of excretion systems.

All transporters that are known to catalyze amino acid export in E. coli and
C. glutamicum are included in Tables 1–3. The first amino acid excretion sys-
tems have been described in physiological and biochemical terms about 15
years ago (Hoischen and Krämer 1989; Bröer and Krämer 1991a), at least in
C. glutamicum, and the majority of them has been defined in molecular terms
to a large extent by the work of L. Eggeling and his group (Eggeling and Sahm
2003; Eggeling 2005). Since a number of instructive reviews (see above) are
available for the transport systems known so far, besides a general overview,
details on these systems will not be given here.

4.2.1
Lysine and Arginine Export (LysE of C. glutamicum and ArgO of E. coli)

Lysine is the amino acid with the second largest biotechnological production
capacity (Kelle et al. 2005). Furthermore, lysine export in C. glutamicum was
the first amino acid excretion system to be described in mechanistic terms
(Bröer and Krämer 1991b) and to be identified on the molecular level (Vrljic
et al. 1996). In view of the impermeability of this amino acid by passive dif-
fusion through the plasma membrane, on the one hand, and because of the
energetically unfavorable charge movement (a cation would be moved to the
positive side of the membrane), on the other, the requirement of a regulated
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and energy driven extrusion system for this amino acid seems to be obvious.
The lysine export carrier is an integral membrane protein with five (Vrljic
et al. 1996) to six (Haier and Krämer, unpublished) transmembrane segments,
which most probably functions in the membrane as a dimer. Besides lysine,
it also accepts arginine as a substrate, and it is energetically driven by an-
tiport with hydroxyl ions, or cotransport with protons, respectively (Bröer
and Krämer 1991b). Expression of the lysE gene is under the control of the
LysR-type transcription factor LysG which, in the presence of the co-inducers
lysine or arginine (or citrulline or histidine), increases expression of lysE
(Bellmann et al. 2001). The ArgO transporter of E. coli, which has a rela-
tively high similarity to LysE of C. glutamicum, accepts arginine as a substrate
and the expression of argO is under control of the LysR-type transcriptional
activator ArgP (Nandineni and Gowrishankar 2004).

It has been shown convincingly that loss of the lysine export carrier cre-
ates a serious problem in C. glutamicum by accumulation of excessive internal
lysine concentrations when growing on peptide substrates (Vrljic et al. 1996).
The direct consequence of this observation, namely that overexpression of the
lysE gene should lead to enhanced excretion of lysine, has in fact been shown
(Vrljic et al. 1996; Kelle et al. 2005), however, a successful application to lysine
producing C. glutamicum strains is not known. It may, thus, be assumed that
in these lysine production strains lysine export, although being carrier medi-
ated, is most probably not rate limiting in the overall process. On the other
hand, the presence of LysE may increase lysine production in other organisms
(Gunji and Yasueda 2006).

4.2.2
Threonine and Homoserine Export (ThrE of C. glutamicum
and the RhtB Family Transporter of E. coli)

Threonine export was biochemically characterized in C. glutamicum (Pal-
mieri et al. 1996) and the prototypical ThrE exporter was identified in the
same organism (Simic et al. 2001). At elevated internal threonine concentra-
tions, ThrE was shown to be responsible for the majority of threonine efflux.
The remaining export activity is due to other, yet unidentified excretion sys-
tems as well as to passive diffusion (Simic et al. 2001). For threonine export,
it has been shown that overexpression of the thrE gene in fact may lead to
a significantly increased external threonine accumulation (Simic et al. 2002).

For biotechnological threonine production, however, E. coli rather than
C. glutamicum strains are used (Leuchtenberger et al. 2005), but the situation
concerning threonine export systems is not as clear. Carriers of the RhtB fam-
ily of transporters, comprising five members in E. coli, namely yahN, yeaS,
yfiK, rhtB, and rhtC, have been made responsible for export of this amino
acid (Aleshin et al. 1999; Zakataeva et al. 1999). Later on, a major contribu-
tion of RhtB and RhtC to threonine efflux has been excluded (Kruse et al.
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2002), although an influence of these proteins on resistance to threonine,
homoserine, and homoserine lactone has been shown (Eggeling and Sahm
2003). Moreover, RhtA, a transporter belonging to the DME family (DMT su-
perfamily, see Sect. 3.4) has recently been made responsible for increasing the
resistance to inhibitory concentrations of threonine and homoserine, which
was taken as an indication for being involved in threonine efflux (Livshits
et al. 2003).

4.2.3
Export of Branched Chain Amino Acids and Methionine
(BrnFE of C. glutamicum)

Isoleucine was one of the first amino acids for which active export has been
demonstrated in C. glutamicum, in addition to a basic flux due to passive
diffusion (Zittrich and Krämer 1994; Hermann and Krämer 1996). When
the exporter was identified, it turned out to be a novel two-component car-
rier encoded by the brnFE genes (Kennerknecht et al. 2002). Previously,
a similar transport system has been found in B. subtilis to be related to
4-azaleucine resistance (Belitsky et al. 1997). The originally identified sub-
strates for this proton motive force-driven secondary system were the three
branched-chain amino acids. Recently, however, methionine was identified
to be most probably the major export substrate of BrnFE in C. glutamicum
(Trötschel et al. 2005). In this publication, it was also shown that C. glutam-
icum carries at least one further methionine export system in addition to
BrnFE. In E. coli, the existence of an entire LIV-E system is unclear, but the
yeaS gene product has recently been related to the efflux of leucine (Kutukova
et al. 2005).

4.2.4
Export of Cysteine and Cysteine Derivatives in E. coli

In E. coli, three proteins from very different transporter families have pre-
viously been identified to catalyze export of cysteine or cysteine derivatives,
YdeD from the DME family (Dassler et al. 2000), YfiK from the RhtB family
(Franke et al. 2003), as well as the ABC-type system CydDC (Pittman et al.
2002). Additionally, a recent systematic study on the effect of transporter gene
overexpression revealed altogether eight different transporters as putative cys-
teine exporters (Yamada et al. 2006). The sensitivity of an E. coli strain carrying
a disrupted cysteine desulfhydrase gene, which leads to a block of cysteine
degradation, was reversed by overexpression of these genes. Further trans-
port assays indicated a major contribution of the Bcr protein, a member of
the MFS family. One of the reasons for the difficulty in unequivocally assign-
ing the correct export system in this case may be due to the fact that it is not
yet clear whether cysteine itself or derivatives of it are transported across the
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plasma membrane, such as cystine or the condensation product with pyruvate,
2-methyl-2,4-thiazolidinecarboxylic acid (Dassler et al. 2000; Yamada et al.
2006).

4.2.5
Glutamate Export in C. glutamicum

Glutamate was the first amino acid to be produced by bacteria (Kinoshita
et al. 1957), and it is by far the amino acid with the highest production cap-
acity (Kimura 2005). It was also one of the first amino acids for which carrier-
mediated export was demonstrated (Hoischen and Krämer 1989, 1990; Gut-
mann et al. 1992). Nevertheless, significant progress in defining the molecular
basis for glutamate excretion has been achieved only very recently. In con-
trast to the excretion of other amino acids, such as lysine or isoleucine,
glutamate excretion always seemed to be connected with a particular physi-
ological situation called “overflow metabolism” (Tempest and Neijssel 1992),
which describes surplus of energy, carbon and nitrogen in the presence of
a particular limiting factor, leading in general to cessation of growth. A num-
ber of treatments have been developed in the course of the years, which
ultimately lead to massive export of glutamate. It has to be taken into ac-
count that, even under normal physiological conditions, the cytoplasm of
C. glutamicum shows a high steady-state concentration of glutamate, in the
range of up to several 100 mM (Gutmann et al. 1992). Nevertheless, under
these conditions, glutamate transport functions only in one direction, namely
uptake, with extremely high efficiency of accumulation (Krämer and Lam-
bert 1990), due to the presence of the GluABC uptake system (Kronemeyer
et al. 1995).

The original concept explaining the physiological basis of glutamate ex-
cretion was the combination of two major aspects. On one hand, a strongly
decreased or even missing activity of the Krebs cycle enzyme oxoglutarate de-
hydrogenase (OGDH) was assumed and the significance of this enzyme for
glutamate production was shown by inactivation (Shiio et al. 1961; Kawahara
et al. 1997). Later on, it turned out that this enzyme activity is rather dif-
ficult to measure in vitro because of its inherent instability (Kimura 2005).
Nevertheless, in production strains it was found that in fact the OGDH was
severely impaired (Shingu and Terui 1972). The second aspect obviously re-
lated to glutamate excretion was an altered state of the cell envelope. Upon
application of different, highly diverse kinds of treatment, which include,
among others, (1) biotin limitation, (2) addition of particular detergents,
(3) addition of antibiotic substances with different modes of action, such
as penicillin, ethambutol and cerulenin, and (4) use of fatty acid or glyc-
erol auxotrophs, changed metabolic conditions in C. glutamicum cause con-
tinuous and efficient efflux of glutamate without a loss of basic viability
(Kimura 2005).
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Obviously, all these treatments are, in one way or the other, connected
to the integrity of the cell envelope, either affecting directly the state of the
plasma membrane and/or that of the cell wall. This has led to the suggestion
that primarily the permeability properties of the cell wall may be responsible
for glutamate efflux (Eggeling et al. 2001; reviewed in Kimura 2005), which, in
the case of Corynebacteria, in fact, represents a second permeability barrier
in addition to that of the plasma membrane. This concept, however, was chal-
lenged by the observation that at the same time, uptake of glutamate, which
has to cross the same permeability barrier, is not increased after treatments
leading to an increased efflux (Burkovski and Krämer 2002).

Interestingly, in a recent publication, the first hint to the molecular basis
of a possible connection between OGDH activity and glutamate excretion was
found (Niebisch et al. 2006). A novel mechanism for the regulation of this
enzyme was identified, including a 15 kDa protein OdhI, which inhibits the
OGDH when it is present in its unphosphorylated form, as well as the action
of a soluble Ser/Thr protein kinase PknG on the OdhI protein. Thus, OdhI
and PknG are interesting putative candidates for a regulatory linkage between
treatments leading to glutamate excretion and metabolic responses.

According to results described in a recently published patent, it seems that
the central question on the mechanism of glutamate excretion in C. glutam-
icum has been solved (Nakamura et al. 2006; Nakamura et al., submitted for
publication). Based on the observation that glutamate producing strains of
C. glutamicum in general carry a defective OGDH, it has been demonstrated
that strains in which solely this enzyme was mutated did in fact excrete glu-
tamate, however, at relatively low level. These strains now turned out to be
genetically unstable, and secondary mutations were found triggering much
higher glutamate excretion. When these mutations were analyzed, repeat-
edly a mutated yggB gene was identified, which could be interpreted in terms
of an altered activity regulation or an altered specificity. The YggB protein
in C. glutamicum has previously been described as a putative mechanosen-
sitive channel (Nottebrock et al. 2003), similar to the E. coli MscS system
(Levina et al. 1999). It was shown that point mutations in the yggB gene
for modification of particular domains as well as overexpression led, even
in the absence of an altered OGDH, to significantly enhanced glutamate ex-
cretion, which could further be stimulated by the well known membrane
triggers, e.g., addition of tween or biotin limitation. Deletion of the yggB
gene, on the other hand, reduced glutamate efflux both in the presence
and absence of the triggers mentioned above. A connection between os-
motic stress and glutamate excretion has in fact been noted earlier (Lambert
et al. 1995). It has to be elucidated in the future (1) whether the main func-
tion of the C. glutamicum YggB protein is, in fact, glutamate excretion or
rather unspecific solute export in case of hypoosmotic stress, and (2) how
the known mechanisms triggering glutamate excretion are related to YggB
function.
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4.2.6
Further Amino Acid Excretion Systems

On the one hand, it is known that those amino acids, which are currently
produced in C. glutamicum, can in general be produced in E. coli, too, and
the other way round. Threonine, for example, is currently produced in E. coli
strains, and methionine can also be produced in the same organism, (Bestel–
Core et al. 2005), but, in contrast to C. glutamicum, the responsible export
carriers are not clearly defined (threonine) or not known (methionine). E. coli
is also able to excrete glutamate under particular conditions (Broda 1968),
however, a glutamate export system has not been identified so far. Trypto-
phan can be produced by both organisms (Berry 1996; Ikeda 2005), but there
is no clear evidence for a carrier-mediated export so far, although the yddG
gene product has been related to tryptophan excretion in E. coli (Ryback et al.
2006). Whereas it seems plausible that phenylalanine may cross the mem-
brane barrier effectively by passive diffusion, due to its hydrophobic nature,
this is not very probable for the more polar tyrosine and tryptophan thus
asking for the presence of efflux systems in these cases.

There are further observations of amino acid efflux, which are not re-
lated to known amino acid export systems. A general observation under
a number of metabolic conditions is export of alanine, which is frequently
found in significant concentrations in the medium, and the same is true for
glycine. At least the former amino acid is supposed to have a significant rate
of passive, diffusion-controlled permeability (Ruhrmann et al. 1994). Another
example is proline, which is found to be excreted in C. glutamicum under sit-
uations when mechanosensitive efflux channels are not supposed to be active
(Krämer, unpublished observations). Finally, in view of the rather unexpected
mechanism suggested to be valid for glutamate efflux in C. glutamicum and in
view of a significant residual efflux activity even in the absence of YggB, fur-
ther mechanisms and/or carriers responsible for this glutamate efflux may be
present.

5
Conclusions and Perspectives

Bacterial amino acid transport is a potentially important factor in biotech-
nological amino acid production. At least three different transport reactions,
namely carbon and nitrogen substrate uptake, product excretion and prod-
uct re-uptake, contribute to the overall net flux starting with the substrate
removed from the surrounding medium by the production organism and
ending with the product accumulating in the external medium. Even in the
best studied bacterial organisms of biotechnological relevance, namely E. coli
and C. glutamicum, a significant part of putative amino acid transport sys-
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tems has not yet been identified and characterized. Detailed biochemical
characterization is of particular significance in the case of transport sys-
tems because of the notoriously unreliable assignment of transport substrate
specificity based on sequence similarity. These tasks, e.g., identification of
substrate specificity, transport mechanism, as well as integration into reg-
ulatory networks, will still require extensive effort in terms of biochemical
analysis in the future. The final goal for biotechnological application will be
the availability of various kinds of transport systems with various kinds of
mechanisms (e.g., energy dependence) and specificity (e.g., discrimination
of major and minor substrates), in order to improve the number of valuable
tools for rational strain design.
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