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L-Glutamate Efflux with Corynebacterium glutamicum:
Why Is Penicillin Treatment or Tween Addition Doing the
Same?
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Corynebacterium glutamicum is known for its ability to
massively excrete cellularly synthesized L-glutamate.
Together with Mycobacteria and Nocardia this bacterium
belongs to the CMN group of the Gram-positive eubacteria.
The capacity of C. glutamicum to excrete glutamate has
been used for more than 40 years to produce this amino
acid in ever increasing quantities of currently about 106

tonnes/year (Hodgson, 1994). The wild type does not
usually excrete glutamate. However, in practical exercises,
any student can achieve the impressive concentration of
about 100 mM glutamate from 220 mM glucose by simply
adding 1.5% Tween 60 to wild-type C. glutamicum.
Moreover, glutamate excretion can be stimulated by a
surprisingly diverse array of treatments. In addition to
theTween treatment (treatment i), these include: (ii) addition
of local anaesthetics, (iii) incubation of the biotin-
auxotrophic wild type under biotin limitation, (iv) use of oleic
acid auxotrophic mutants, (v) use of glycerol minus
mutants, (vi) addition of penicillin, or (vii) use of lysozyme-
sensitive mutants. Although there have long been
indications that fatty acid synthesis influences glutamate
efflux in some way or another, molecular knowledge is very
limited, and altered fatty acid synthesis does not explain
all the treatments; for example, having peptidoglycan as a
target. There is neither an explanation of why penicillin
treatment results in glutamate efflux, nor is there a model
unifying the variety of treatments. Only recently have two
genes been shown to be implicated in the glutamate efflux
properties of C. glutamicum (Kimura et al., 1999, Hirasawa
et al., 2000). However, the functions of these genes are
unknown. The general absence of a model unifying the
different treatments is probably best reflected by a title in a
recent textbook “Puzzle of Membrane Permeability”
summarizing what is known on glutamate efflux concerning
C. glutamicum (Nikaido, 1995).

We now propose that at least one common feature of
the various treatments noted above deals with the special
structure of the cell envelope of C. glutamicum. Our
hypothesis takes advantage of recently obtained
knowledge concerning the mycobacterial cell wall structure
and its role in the control of solute movement. Characteristic
of Gram-positive bacteria in the CMN group, including C.
glutamicum and Mycobacteria, is the existence of two lipid
layers as part of their envelope. The first is the ubiquitous
inner cytoplasmic membrane which contains the

glycerophospholipids found in most other biological
membranes. This might contain the glutamate exporter.
Obviously, carrier-mediated export is required since
glutamate is exported against a concentration gradient
(Hoischen and Krämer, 1990). This special exporter has
not yet been found although functionally and structurally
novel transporters have recently been identified in C.
glutamicum and E. coli which export the amino acids L-
lysine and L-threonine (Vrljić   et al., 1996; Vrljić   et al., 1999;
Aleshin et al., 1999). The second lipid layer, present
exclusively in the CMN-bacteria, contains mycolic acids,
which are α-hydroxy, β-branched fatty acid derivatives
(Christensen et al., 1999). This unique outer lipid layer is
thought to contribute significantly to providing access to
the mycobacterial cell for drugs and solutes (Brennan and
Nikaido, 1995). This outer mycolic acid layer has a highly
ordered structure. Its low fluidity and permeability plays a
crucial role in the flux of solutes (Liu et al., 1996).
Inactivation of antigen 85C of M. tuberculosis, which
encodes a mycolyltransferase involved in the final stages
of cell envelope assembly (Belisle et al., 1997), reduces
the mycolic acid content by 40%, and diffusion of glycerol
through the cell envelope occurs much faster than in the
parent strain (Jackson et al., 1999). Importantly, mycolic
acids of the outer lipid layer are covalently linked to
arabinogalactan, which in turn is covalently linked to the
underlying peptidoglycan. This structure thus represents
one large macromolecule, the mycolyl-arabinogalactan-
peptidoglycan complex.

Based on the unique cell envelope of CMN-bacteria
and the fact that permeation is not merely a single vectorial
process, we hypothesize that altered physicochemical
properties of the mycolic acid layer of C. glutamicum will
contribute significantly to glutamate efflux. Furthermore,
this explains for the first time why the addition of penicillin
or use of lysozyme-sensitive mutants also results in
glutamate efflux: the addition of Tween 60 (i), a detergent,
interacts as such with the mycolic acid layer altering its
fluidity, and (ii) treatment with local anaesthetics might act
in a similar way although their effects on membranes (and
membrane proteins) have to date only been studied for
bilayers (Butterworth et al., 1990). Biotin limitation (iii) will
reduce acyl CoA synthase activity which provides the fatty
acid building blocks for the mycolic acids. Use of oleic acid
auxotrophic mutants (iv) will directly interfere with the
availability of a specific fatty acid. Glycerol minus mutants
(v) also fit into the picture since glycerophospholipids
containing the glycerol backbone are not only present in
the inner cytoplasmic membrane but are covalently linked
to lipoarabinomannan although it is not certain in which
part of the cell wall the lipid anchor lies (Parish et al., 1997).
Glycerophospholipids might also be present in the mycolic
acid layer (Brennan and Nikaido, 1995). Treatments (vi)
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and (vii), i.e. the addition of penicillin and the use of
lysozyme-sensitive mutants, respectively, also have the
mycolic acid layer as their target. The reason is that these
latter treatments influence the structure of peptidoglycan
which together with arabinogalactan provides the anchor
for the mycolic acids in the mycolyl-arabinogalactan-
peptidoglycan macromolecule thus enabling their dense
packing. Thus, a weakening of the peptidoglycan will be
expected to have consequences with respect to the
structural characteristics of the mycolic acid layer.

We carried out a molecular experiment to reinforce
this view. For this purpose we cloned alr of C. glutamicum
encoding D-alanine racemase, the enzyme that generates
D-alanine, a key constituent of peptidoglycan. An internal
fragment of alr was ligated with the mobilizable, non-
replicative vector pK18mob. This was transferred to the
wild type of C. glutamicum to result in 13032::alr with alr
disrupted. As expected, this mutant required D-alanine for
growth. When we transferred pregrown cells of this strain
into new medium with limiting D-alanine concentrations,
L-glutamate accumulation occurred and exhibited a dose-
response relationship (Table 1). Since peptidoglycan is
considered as a coarse meshwork which appears to offer
little resistance to the diffusion of small molecules, the result
of this experiment provides molecular evidence that the
structure of the mycolic acid layer and its physicochemical
properties are influenced by the large mycolyl-
arabinogalactan-peptidoglycan macromolecule. The recent
identification of ltsA, a gene of unknown function, whose
inactivation affects both cell morphology and glutamate
accumulation, points in the same direction (Hirasawa et
al., 2000).

The biological and physical treatments affecting the
outer mycolic acid layer might also be expected to influence
the inner lipid bilayer. One treatment, biotin limitation,
caused a dramatic 53% decrease in the total phospholipid
content, together with changes in the relative fraction of
phospholipids (Hoischen and Krämer, 1990). However,
whereas efflux properties across the outer lipid layer might
determine the cell permeability, this is not true of the inner
lipid bilayer. Damage or even leakage through the
cytoplasmic membrane is unlikely since in the presence of
Tween 60 sugar is still converted to glutamate by C.
glutamicum. This requires an intact metabolic system and
the retention of small molecules such as precursors and
coenzymes. It may well be the case, however, that the
presumed exporter is influenced by the lipid environment
of the cytoplasmic membrane. It is thought that the ratio of
bilayer and nonbilayer lipids in the membrane gives rise to
specific packing properties of the bilayer required for the
optimal function of an embedded protein. For instance, the

structure and function of the lactose permease of E. coli is
strongly dependent on the order and integrity of the lipid
bilayer (Le Coutre et al., 1997).

In summary, glutamate efflux represents the interplay
of several components including exporter, cytoplasmic
membrane, peptidoglycan and mycolic acid layer. Due to
this interaction of a variety of cell wall components, it can
be expected that different treatments lead to different
degrees of glutamate accumulation. For example, the
addition of penicillin leads to the accumulation of about
one third as much glutamate in comparison to the use of
biotin limitation (Kimura et al., 1999). It can also be
expected that in addition to the known treatments, other
treatments, such as the discussed alr inactivation, will be
discovered. The finding of this further piece of the puzzle
and its integration with the other pieces might provide a
framework to solve the entire “Puzzle of glutamate efflux
with C. glutamicum”.
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Table 1. Inactivation of the D-alanine racemase gene effects L-glutamate
accumulation.

Strain D-Alanine added L-Glutamate formed
mg/L mmol/(g dw)

13032 0 0.06
13032:alr 0 1.45
13032:alr 10 0.68
13032:alr 100 0.39

L-Glutamate accumulation was determined after 24 hours.


