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Abstract Corynebacterium glutamicum is used in micro-
bial biotechnology for the production of amino acids, e.g.,
glutamate and lysine. Excretion of glutamate into the sur-
rounding medium under production conditions is medi-
ated by MscCG, an MscS-type mechanosensitive channel.
In difference to most other MscS-type channel proteins,
MscCG carries, in addition to the N-terminal pore domain,
a long C-terminal domain that amounts to about half of the
size of the protein and harbors an additional transmem-
brane segment. Here we study the impact of the C-terminal
domain on both functions of MscCG as mechanosensitive
channel and as glutamate exporter. Sequential truncations
of the C-terminal domain were applied, as well as deletion
of particular subdomains, replacement of these segments
by other amino acid sequences, and sequence randomiza-
tion. Several parameters of cell physiology and bioener-
getics of the obtained mutants related to both glutamate
excretion and response to osmotic stress were quantified.
All three subdomains of the C-terminal domain, i.e., the
periplasmic loop, the fourth transmembrane segment, and
the cytoplasmic loop, proved to be of core significance for
MscCG function, in particular for glutamate excretion.
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Introduction

Corynebacterium glutamicum, a member of the Corynebac-
teriales order of actinomycetes, is a Gram-positive soil
bacterium and one of the model organisms in modern
microbial biotechnology relevant for the production of a
number of small metabolites (Becker and Wittmann 2012).
C. glutamicum is well known for its ability to excrete
amino acids, in particular L-glutamate and L-lysine. Both in
its normal habitat, the soil, and in the context of biotech-
nological production processes, it faces strong changes
in external osmolality. For this reason it is equipped with
effective defense mechanisms against both hypo- and
hyperosmotic stress.

One of the specific properties of C. glutamicum is
the peculiar structure of both its cell wall and its plasma
membrane. The cell wall of C. glutamicum is composed
of a peptidoglycan layer covalently linked to arabinoga-
lactan, which carries covalently bound mycolic acids, i.e.,
branched and hydroxylated long-chain fatty acids. They
form a semipermeable outer bilayer, an exceptional feature
of actinomycetes different from other Gram-positive bacte-
ria (Jarlier and Nikaido 1994). Also, the plasma membrane
of C. glutamicum is exceptional, being exclusively com-
posed of negatively charged phospholipids, i.e., phosphati-
dylglycerol (PG), phosphatidylinositol (PI), and cardiolipin
(DPG), respectively (Ozcan et al. 2007).

The first line of defense of bacterial cells against hypo-
osmotic stress is provided by mechanosensitive (MS) chan-
nels as emergency valves (Martinac 2001). Different types
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of MS channels have been characterized in detail by sev-
eral groups, the major components being MscL, MscS, and
MscM (Berrier et al. 1996). Besides their physiological
function and biochemical and mechanistic properties, the
three-dimensional structure of some of them has also been
studied in great depth in recent years (Bass et al. 2002;
Naismith and Booth 2012). For C. glutamicum, one mem-
ber each of MscL and MscS-type channels has been iden-
tified, both on the genomic, the electrophysiological, and
the functional level (Borngen et al. 2010; Nottebrock et al.
2003). The observation that C. glutamicum is not signifi-
cantly more sensitive to severe hypo-osmotic stress in the
absence of both channels argues for the fact that the plasma
membrane of this organism may harbor other MS channels
beyond the two identified, which are not recognized in the
genome because of a lack of sequence similarity to MS
channels of known structure from other bacteria.

The exceptional biotechnological significance of C.
glutamicum is closely related to its ability for efficient
amino acid excretion. Since 1988, a number of active and
regulated amino acid excretion systems (lysine, threo-
nine, methionine, and branched-chain amino acids) have
first been functionally described (Krimer 1994) and then
genetically defined (Eggeling and Sahm 2003). Export of
these amino acids follows a common physiologic pattern,
based on the fact that they are terminal products of anabolic
pathways (Krimer 1994). Glutamate, on the other hand, is
a metabolite of the central metabolism and its excretion is
correlated to a particular physiologic state of ‘metabolic
overflow’ (Teixeira de Mattos and Neijssel 1997). Moreo-
ver, glutamate excretion can be triggered by a number of
manipulations all related to alterations of the cell wall and/
or the plasma membrane (Krimer 1994; Laneelle et al.
2013; Sano 2009). Among these are additions of various
antibiotics, e.g., penicillin, which interfere with the syn-
thesis of cell wall components, as well as agents and con-
ditions, which alter the composition of the plasma mem-
brane, e.g., local anesthetics and fatty acid auxotrophy
(Kramer 1994). The mechanistic correlation of these differ-
ent manipulations with the common consequence of gluta-
mate excretion is still not well understood.

The export system responsible for glutamate excretion
has long withstood identification. In a seminal publication,
Nakamura et al. (2007) correlated the ability to effectively
excrete glutamate with the presence of the MscS type MS
channel in C. glutamicum. Working with a different strain
(ATCC 13869), this protein was called NCgl1221 in the
original publication (Nakamura et al. 2007); in C. glutami-
cum ATCC 13032 it was named MscCG (Borngen et al.
2010). The presence of the NCgl1221 channel of C. glu-
tamicum was correlated to glutamate excretion (Nakamura
et al. 2007), however, not excluding a situation where this
membrane protein may have only a regulatory impact on

@ Springer

glutamate excretion. This complication is known, for exam-
ple, for sugar phosphate transport in E. coli (Island and
Kadner 1993). Also the observation that the rate of peni-
cillin-induced glutamate excretion is relatively constant and
not significantly influenced by a widely varying expression
level of MscCG and its mutant forms (Becker et al. 2013;
Borngen et al. 2010) argued for MscCG being a triggering
factor of excretion rather than the excretion pore itself. In
a later publication, by introducing loss-of-function (LOF)
mutations in the channel part of MscCG of C. glutamicum,
however, we were able to prove that the exported glutamate
in fact moves through the pore domain of MscCG (Becker
et al. 2013).

Thorough electrophysiological studies proved that
MscCG from C. glutamicum is in fact a classic MscS-
type channel, however, with some peculiarities (Becker
et al. 2013; Borngen et al. 2010; Nakayama et al. 2013).
Besides responding to hypo-osmotic stress like a typical
MS channel, it was shown to be also essential in fine-tuning
the cell’s response to hyperosmotic stress, which may be
a property of MS channels in other bacteria, too (Born-
gen et al. 2010). The conductance of MscCG is rectify-
ing and somewhat smaller than that of MscS from E. coli.
The MscCG channel has a slight preference for cations,
unlike MscS, which exhibits a slight preference for ani-
ons (Borngen et al. 2010; Sukharev 2002; Sukharev et al.
1993). On the other hand, it lacks the typical inactivation
and desensitization phenomenon as observed for MscS
from E. coli (Borngen et al. 2010; Nakayama et al. 2013).
The N-terminal part of MscCG from C. glutamicum rep-
resenting its pore domain has a significant sequence simi-
larity to E. coli MscS (Borngen et al. 2010). In addition,
MscCG harbors a long C-terminal extension, which was
found to lack sequence similarity to any other MS channel
and is specific for MscS-type channels from bacteria of the
genus Corynebacteriaceae (Becker et al. 2013). The func-
tional significance of the C-terminal domain of MscCG is
the main focus of this work.

Consequently, MscCG seems to provide two different
functions for the cell, i.e., being an MS channel, on the
one hand, and representing the exit pathway for glutamate
under conditions of overflow metabolism, on the other. The
simplest way to combine these two aspects, in particular in
view of a constantly high cytoplasmic glutamate concen-
tration observed in C. glutamicum (Gutmann et al. 1992),
is to assume MscCG being an MS channel strongly prefer-
ring glutamate as a substrate. The analysis of metabolites
exported from C. glutamicum upon a hypo-osmotic shift,
however, revealed that the major solutes excreted under
these conditions are the compatible solutes betaine, ectoine,
and proline (Nottebrock et al. 2003; Ruffert et al. 1997).
Moreover, electrophysiology did not indicate any speci-
ficity or preference of MscCG for glutamate as substrate
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(Becker et al. 2013; Nakayama et al. 2013), and conse-
quently, this explanation can be ruled out.

In the present analysis, the impact of a variety of genetic
manipulations of the C-terminal domain of MscCG is cor-
related with a broad range of putative consequences of
these manipulations for functional properties of this chan-
nel as well as for energetic parameters of C. glutami-
cum cells in which MscCG is embedded with the aim to
obtain information about the significance of the C-terminal
domain for the function of MscCG.

Materials and methods
Strains, media, and growth conditions

Escherichia coli strains DH5amcr (Grant et al. 1990) and
C. glutamicum wild-type strain ATCC13032 and its deriva-
tives (this work) were used (Tab. S1 in the supporting mate-
rial). E. coli was grown at 37 °C in Luria—Bertani medium,
C. glutamicum at 30 °C in brain heart infusion (BHI, Difco,
Detroit, USA) or in CgXII medium (pH 7.0) containing per
l: 20 g (NH,),SO,, 5 g urea, 1 g KH,PO,, 1.6 g K,HPO,,
42 g MOPS, 2.9 g NaCl, 4 % glucose, 0.25 g MgSO,,
0.01 g CaCl,, 0.2 mg biotin, 30 mg protocatechuate, 1 ml
of a solution of trace elements (Riibenhagen et al. 2000).
For growth under different osmolalities, MM1 medium (pH
7.0) was used containing per I: 5 g (NH,),SO,, 5 g urea,
2 g KH,PO,, 2 g K,HPO,, 3 g NaCl, 4 % glucose, 0.25 g
MgSO,, 0.01 g CaCl,, 0.2 mg biotin, 30 mg protocate-
chuate, 1 ml of a solution of trace elements and 0, 200, or
400 mM NaCl. Antibiotics were added in concentrations of
100 pg/ml for E. coli and 25 yug/ml for C. glutamicum.

Strain construction

Deletion of the mscCG gene (NCgl1221) was performed
by crossover PCR (Jakoby et al. 1999) and double homolo-
gous recombination using the suicide vector pK19mobsacB_
AmscCG (Borngen et al. 2010), and was verified by PCR
analysis. For complementation the mscCG gene was ampli-
fied by PCR using C. glutamicum ATCC 13032 chromo-
somal DNA as template. The amplified fragment was cleaved
by BamHI and Sall and ligated into BamHI/Sall-cleaved
pEKex2, resulting in pEKex2_mscCG or pEKex2_mscCG-
his, respectively. Truncations of mscCG (mscCGA110_his,
mscCGA132_his mscCGA247_his) were subcloned from
pET29b into the E. coli-C. glutamicum shuttle vector pEKex2
(Becker et al. 2013). For this purpose, fragments were cleaved
by BlplI and Xbal. Upon refill of 3’-end overhangs, fragments
were ligated into pEKex2 cleaved by Ecl136I1.

The other truncations of mscCG as listed in Tab Sl
were cloned by amplification of the truncated gene with

customized primer pairs, containing a Notl restriction site
for ligating the cleaved fragments (BamHI/Notl) into the
pre-cleaved plasmid pEKEx2_mscCG_his. Site-directed
mutagenesis for generating GOF and LOF mutations in
pEKex2_mscCG_his was performed using the Stratagene
Quickchange Site-Directed Mutagenesis protocol to intro-
duce amino acid replacements by using mutagenic primer
pairs. Subsequent to the PCR, the methylated initial tem-
plate DNA was digested by the addition of 1 pl Dpnl and
the residual DNA was transformed into E. coli DH5amecr-
competent cells.

Deletion of the fourth transmembrane segment
(pEKex2_A406-423_his) or conserved sequences
(pEKex2_mscCGA392-405_his) were performed by three
consecutive PCRs. At first, two fragments with overlapping
ends by omitting the DNA sequence of the fourth transmem-
brane segment or the desired sequence were generated. In a
third reaction, both DNA fragments were fused and finally
ligated into the pre-cleaved vector pEKEx2_mscCG_his,
after digestion with BamHI/NotI. The replacement by a poly-
alanine (polyA) sequence (pEKex2_mscCG_polyA406-432_
his, pEKex2_mscCG_polyA394-405_his) was performed in
a similar way applying three consecutive PCRs.

Changing or randomizing the sequence of the cyto-
plasmic loop was performed by subsequent PCR, fusing
the generated DNA template with primers of a length of
about 100 nucleotides with overlapping ends. The origi-
nal amino acid sequence was shuffled and translated into
a DNA sequence, taking the codon usage of C. glutamicum
ATCC 13032 into account. Amplified fragments were sub-
cloned into the pJET1.2 vector and were used as template
for the next, overlapping PCR. The final fused fragment
was cleaved by BamHI/Notl and ligated into the BamHI/
Notl-cleaved pEKex2. The artificial transmembrane
helix (pEKEx2_A406-423_tmX_his) was constructed by
replacement and insertion of a sequence coding for the
transmembrane segment of a nondimerizing mutant of
human glycophorin A ITLILFGVMALVIGTILLY) (Nasie
et al. 2013), using customized primers. Amplified and fused
DNA fragments were cleaved by BamHI and Notl and
ligated into the BamHI/Notl-cleaved pEKex2. Constructs
with combinations of LOF/GOF mutations, truncations,
replaced or randomized sequences were generated by pro-
cessing intermediate DNA fragments using PCR, cloning
in the pEKEx2-vector and using the generated intermediate
plasmids as template for further PCRs. The plasmids were
introduced into ATCC 13032 AmscCG by electroporation.
All strains and plasmids are listed in Tab. S1.

Uptake and efflux of glycine betaine and glutamate

Synthesis of [“C]-labeled glycine betaine was performed
as described previously (Landfald and Strom 1986). For

@ Springer



580

Eur Biophys J (2015) 44:577-588

measurement of betaine efflux in response to hypo-osmotic
stress, C. glutamicum strains were grown aerobically at
30 °C at 125 rpm overnight in BHI medium containing
500 mM NaCl. Cells were harvested by centrifugation and
washed twice under hypo-osmotic conditions in 100 mM
MES/Tris, pH 8.0, 4 °C, containing 5 mM Na,HPO, and
5 mM K,HPO,. This hypo-osmotic washing step results in
efflux of the majority of compatible solutes, which were
taken up or synthesized during the growth period. Uptake
of the labeled betaine was performed by incubating the cells
at an ODg, of 4 for 80 min at 30 °C in a hyper-osmotic
buffer (100 mM MES/Tris pH 8.0) containing 0.9 M NaCl,
30 mM glucose, 30 mM urea, and 30 mM KCI. Shortly
after transfer into the uptake buffer, ['*C]-glycine betaine at
a final concentration of 1 mM (25,000 cpm/ml) was added.
After loading of the cells with labeled betaine, they were
stored on ice until being used. To measure the efflux, cells
were centrifuged and resuspended in 100 mM MES/Tris
pH 8.0 containing various concentrations of NaCl to obtain
appropriate osmolalities. After 15 s, 200-ul samples were
withdrawn and cells were rapidly separated from the sur-
rounding medium by silicone oil centrifugation (oil density
of 1.09 kg/l for osmolalities >1.2 osmol/kg and 1.03 kg/l
for osmolalities <1.2 omol/kg) and counted.

Glutamate excretion was induced during the exponential
growth phase by the addition of 0.15 % Tween 60 or 6 U/
ml Penicillin G. For the biotin-limited conditions, a 24-h
pre-culture in CgXII minimal medium containing 0.5 pg/l
biotin was necessary (Gutmann et al. 1992). Concentrations
of external glutamate were determined by HPLC analysis.

Determination of membrane potential

The membrane potential was determined as described ear-
lier (Kramer and Lambert 1990). The membrane potential
was calculated from the distribution of the permeant cat-
ion ['“C]-tetraphenylphosphonium bromide (5 pM final
concentration, specific radioactivity 0.995 Ci/mol). Rapid
separation of extra- and intracellular fluids was performed
by using silicone oil centrifugation with perchloric acid in
the bottom layer (Rottenberg 1979). The obtained values
of membrane potential were corrected for unspecific probe
binding by the addition of a mixture of 20 uM valinomycin
and 5 uM nigericin.

Protein synthesis and Western-blot analysis

To control the expression of mscCG mutants, cells were
disrupted using a Ribolyser (Thermo Co.) three times at
maximum speed of 6.5 for 45 s. After separation of cell
debris, membranes were isolated by centrifugation and
resuspended in PBS buffer, pH 7.5. Protein concentration
was measured by the Bradford technique (Bradford 1976).
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Western-blot analysis was performed as described (Riiben-
hagen et al. 2000) using antibodies raised against 6xHis-tag
(Qiagen, Hilden, Germany) and against MscCG (Eurogen-
tec, Cologne, Germany). As secondary antibodies, anti-
mouse-(AP) and anti-rabbit-(AP) (Sigma) antibodies were
used.

Results

The pore domain of MscCG (aa 1-286) harbors three trans-
membrane segments, identical to other MscS-type chan-
nels (Becker et al. 2013; Wilson et al. 2013). The additional
and specific C-terminal domain of MscCG carries a fourth
transmembrane segment (Borngen et al. 2010), and can
thus, based on topologic considerations, be separated into
three subdomains (Fig. 1a), namely the terminal periplas-
mic subdomain (aa 423-533, 111 amino acid residues), the
transmembrane segment (aa 406422, 17 residues), and the
cytoplasmic loop (aa 287-405, 119 residues). The signifi-
cance of these three subdomains for MscCG function was
investigated by several types of manipulations, such as (1)
sequential truncations, (2) deletion of parts of these sub-
domains, (3) replacement of parts of the subdomains by
segments with similar or different properties, (4) sequence
randomization of individual subdomains, and (5) combina-
tion of some of these mutations with loss of function (LOF)
mutations of the pore domain of MscCG. The mutational
strategy also took into account that some regions showed
significant sequence similarity amongst homologous MscS-
type proteins with the Corynebacteriaceae family (Figs. 1b,
2,3,4,5).

The functional properties of the obtained mutant forms
of MscCG that were studied here included aspects of
general physiology (cell growth, expression strength),
parameters directly related to MS channel function (elec-
trophysiological properties, membrane potential, and
betaine accumulation), as well as aspects of the ability of
MscCG to function as glutamate excretion system (both
spontaneous and penicillin-induced glutamate excretion).
Most of these parameters are indirectly related to MscCG
function, since they were quantified in intact cells. A
significant change in steady-state membrane potential
upon (over)expression of recombinant forms of MscCG,
for example, indicates a change in ion permeability as a
consequence of channel activity. Similarly, a change in
the ability of the cell to accumulate the compatible sol-
ute betaine under conditions of hyper-osmotic stress is
an indirect measure of the contribution of MscCG to the
steady state of cytoplasmic betaine concentration as a
consequence of betaine influx via the BetP active uptake
system and the passive efflux via MscCG (Borngen et al.
2010).
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Fig. 1 Topology of MscCG and location of three representative
truncation mutants. a Individual domains of MscCG are defined by
numbers of amino acid residues (underlined), whereas selected trun-
cation constructs are indicated by arrows. The N-terminal domain
(amino acid residues 1-286) resembles the pore domain, aa 287405
the cytoplasmic loop, aa 406-422 the fourth transmembrane domain,
and aa 423-533 the periplasmic C-terminal loop. The segment from
N to A247 equals MscS from E. coli, whereas the MscCG-specific
C-terminal domain covers the segment from A247 to C. The trans-

In all these studies and analyses, a particular caveat has
to be taken into account. It has been shown that massive
overexpression of MscCG may directly lead to an increase
in glutamate excretion, without any further manipulations
of the protein itself (Becker et al. 2013; Nakamura et al.
2007). For this reason, expression strength had to be quan-
tified and was modulated by varying the concentration of
the inductor IPTG. The former helps to recognize possible
overexpression effects (Fig. S1); the latter provides proper
conditions for a meaningful comparison of various recom-
binant forms of MscCG. Table 1 summarizes all parameters
measured for the various mutant forms of MscCG under
study.

membrane segments are indicated. Both N- and C-termini face the
periplasm. b Schematic drawing of the amino acid sequence of the
C-terminal domain of MscCG. The three subdomains, cytoplasmic
loop, transmembrane segment (TMS), and periplasmic terminal loop
are indicated on the top of the sequence bar, which is tagged with
the corresponding amino acid residue numbers of MscCG. The region
showing a significant sequence similarity to the C-terminal domains
of MscS-type proteins in Corynebacteriaceae is indicated below the
bar

Spontaneous glutamate efflux is an indicator
for MscCG functionality

In the first report on this channel being a glutamate efflux
protein, a mutant was obtained using an unbiased approach,
which caused spontaneous glutamate excretion already
without the addition of the inducing agent penicillin (Naka-
mura et al. 2007). This mutant was found to be truncated
in the C-terminal domain due to the presence of an inser-
tion element in the original gene. We have studied effects
of stepwise truncation of the C-terminal domain, which
led to significant functional changes of MscCG (Becker
et al. 2013). In the present work, this analysis was broadly
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Fig. 2 Graphic representation
of constructs used in this chap-
ter. Numbers at the left-hand
side of the construct symbols
refer to the same numbers in
Table 1 where the characteristic
data are provided, as well as

to the numbers in the text in
square brackets

Fig. 3 Graphic representation
of constructs used in this chap-
ter. Numbers at the left-hand
side of the construct symbols
refer to the same numbers in
Table 1 where the characteristic
data are provided, as well as

to the numbers in the text in
square brackets

Fig. 4 Graphic representation
of constructs used in this chap-
ter. Numbers at the left-hand
side of the construct symbols
refer to the same numbers in
Table 1 where the characteristic
data are provided, as well as

to the numbers in the text in
square brackets
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Fig. 5 Graphic representation
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extended both with respect to the constructs studied as well
as concerning the type of functional consequences (Fig. 2;
Table 1). Truncation by 21 (construct No. 6 in Table 1) and
53 amino acid residues [7], respectively, did not cause a
significant phenotype. The loss of 97 [8] amino acid resi-
dues reduced the membrane potential of the cell and the
capability for betaine accumulation, and the truncation of
110 [9] amino acid residues creates, as described before
(Becker et al. 2013), a form of MscCG with drastically
changed properties. The presence of the AC110 mutant of
MscCG [9], although hardly expressed, strongly inhibits
growth, significantly lowers the membrane potential, and
abolishes betaine accumulation. Moreover, it leads to spon-
taneous glutamate excretion, similar to that reported previ-
ously for the comparable mutant NCgl1221(V419::1S1207)
(Nakamura et al. 2007). The broad comparison of results
in Table 1 in fact demonstrates that MscCG AC110 [9] is
the only mutant form that leads to spontaneous glutamate
excretion at a low expression level, except the introduc-
tion of a GOF mutation [5]. Table 1 furthermore shows
that introduction of a LOF mutation by double amino acid
replacement (Q112L and V115S [4]), which is effective in
the wild-type background, is not able to block spontane-
ous glutamate excretion by the MscCG AC110 mutant [21]
(Becker et al. 2013).

The reason for the exceptional properties of MscCG
A110 [9] are not fully understood at the moment. It may
be suggested, on the one hand, that this is a consequence of
the absence of the periplasmic domain. There are a number
of arguments, however, which rule out this simple expla-
nation (Table 1). C-terminal truncation by 128 [10] or 141
amino acid residues [12], respectively, does not lead to
such a phenotype, although the periplasmic subdomain is
also missing. Moreover, mutant MscCG AC110_rd287-401
[24], which carries the same truncation and, in addition, a
cytoplasmic loop with randomized sequence, does not lead

to spontaneous glutamate excretion, although being signifi-
cantly higher expressed than the MscCG ACI110 form of
the protein [9]. It has to be pointed out, on the other hand,
that MscCG ACI110 [9] ends at its C-terminal side right at
the end of the transmembrane subdomain lacking any peri-
plasmic extension. It may be envisaged that this creates a
structural problem for proper insertion of the C-terminal
domain of the protein. The properties of MscCG AC110_
rd287-401 [24] mentioned above, however, which carries
the same C-terminal end and lacks spontaneous glutamate
excretion, argues against this hypothesis. Finally, it should
be noted that mutations being located directly at either end
of the fourth transmembrane segment of MscCG seem to
be critical. Truncation at the C-terminal end leads to the
MscCG_AC110 mutant [9] with its deleterious properties
for the cell, and results in a situation where survival of C.
glutamicum is only possible at an extremely low expres-
sion level of this mutant form. A mutant where the C-ter-
minal domain is truncated directly at the N-terminal end
(MscCG_ACI132 [11]) could, in spite of intense efforts,
never be expressed.

Spontaneous glutamate excretion as a result of mscCG
overexpression

It has been shown before that strong overexpression of
MscCG and its mutant forms may lead to spontaneous glu-
tamate excretion (Becker et al. 2013). This observation is
fully in line with the fact that introducing gain-of-function
(GOF) mutations into the pore domain of MscCG [5] simi-
larly leads to enhanced glutamate excretion (Becker et al.
2013; Nakamura et al. 2007; Nakayama et al. 2012) (Fig. 3;
Table 1). As a matter of fact, this consequence was also
observed for many of the mutant forms of MscCG studied
here (Table 1). In this context, it is interesting to consider
which of the mutant proteins do not give rise to this effect
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(Table 1). Besides a trivial case, i.e., overexpression of the
LOF mutant [5], the three truncated forms MscCG AC128
[10], AC141 [12], and AC247 [13], all lacking the fourth
transmembrane segment located within the C-terminal
domain, belong to this class. Besides those forms, selective
deletion of the transmembrane segment (MscCG A406-423
[14]) or replacement of it by a poly-alanine stretch of amino
acids (MscCG polyA406-423 [15]) has the same conse-
quence. Spontaneous efflux, however, is observed when the
original transmembrane segment is replaced by an artificial
transmembrane domain taken from glycophorin, an eukary-
otic membrane protein (MscCG A406-423_tmX [16]). Of
similar interest in this context is the fact that randomization
of the cytoplasmic loop completely blocks spontaneous
glutamate excretion even upon strong overexpression of the
mutant MscCG rd287-401 [19].

It is interesting to note that the presence or lack of
the fourth transmembrane domain leads to similar con-
sequences even in the case of the strongly compro-
mised mutant form MscCG A110 [9]. Replacement of
this domain with a stretch of alanine residues (MscCG
A110_polyA406-423 [22]) abolishes spontaneous gluta-
mate excretion in the MscCG A110 background, whereas
replacement by the glycophorin transmembrane domain
does not [23].

We also studied the possible significance of the con-
served stretch of amino acid residues 392-405. We found
that deletion of this segment (MscCG A392-405 [17]) also
blocks spontaneous glutamate excretion upon overexpres-
sion of the construct. We believe, however, that this result
is due to an effect on the adjacent transmembrane seg-
ment, because of several reasons. First, by comparing the
wild-type protein, a mutant protein in which this particular
stretch of amino acid residues has been replaced by ala-
nine (MscCG polyA392-405 [18]), and the mutant MscCG
rd287-401 [19], we observed spontaneous glutamate excre-
tion in the case of the first two proteins but not with the
latter, although all three are lacking this particular motif.
Second, when comparing MscCG ACI128 [10], MscCG
AC141 [12], and MscCG A392-405 [13], only the latter
two mutant forms lack this particular motif, whereas gluta-
mate excretion is blocked in all three of them.

The significance of the cytoplasmic loop for MscCG
function

The integrity of the cytoplasmic loop was found to be of
core significance for the functional properties of MscCG
(Fig. 4; Table 1). In the previous sections, it was already
demonstrated that randomizing the amino acid sequence
of the cytoplasmic loop resulted in loss of spontaneous
glutamate efflux both in the MscCG AC110 mutant [24]
and as a consequence of MscCG overexpression [19]. The

properties of the MscCG rd287-401 mutant [19] show that
randomization in fact leads to another interesting conse-
quence, namely the inhibition of penicillin-induced glu-
tamate efflux mediated by MscCG. The only other muta-
tion having this effect was found to be the LOF mutation
[4]. Furthermore, the inhibitory strength of randomizing
the cytoplasmic loop is weakened in the MscCG AC110
mutant [9, 24], which per se is strongly biased towards
efflux. In this mutant, cytoplasmic loop randomization is
still able to block the spontaneous efflux but fails to inhibit
the penicillin-induced glutamate efflux.

The gating behavior of MscCG mutant forms is altered

We already previously suggested that the gating behavior
of some of the studied MscCG mutants may be altered,
although their ion conductance as determined in patch-
clamp experiments was found to be essentially unchanged
(Becker et al. 2013). We observed that the membrane
potential in C. glutamicum cells expressing various mutant
forms of MscCG differed in dependence whether the deter-
mination was carried out before or after application of a
hypo-osmotic downshift (Table 1). It should be noted that
the established procedure to measure betaine accumulation
includes a washing step under hypo-osmotic conditions
before the stimulatory hyperosmotic shock is applied, in
order to remove previously accumulated compatible solutes
from the cytoplasm (Becker et al. 2014).

An instructive set of data is provided by the sequence of
C-terminally truncated mutant forms of MscCG also when
combined with an LOF mutation [4, 6-10, 12] (Fig. 5;
Table 1). Interestingly, the capability of betaine accumula-
tion turns out to be the most sensitive parameter, followed
by membrane potential after application of a hypo-osmotic
downshift, whereas the measured membrane potential in
cells which did not experience hypo-osmotic challenge was
unchanged with the single exception of the MscCG AC110
mutant [9]. In the wild-type form as well as the first trun-
cation mutant MscCG AC21 [3, 6], no difference depend-
ing on application of a hypo-osmotic shock was observed.
All other mutants were found to be compromised in betaine
accumulation and membrane potential after shock applica-
tion to various extents. As in the case of other properties,
the MscCG ACI110 mutant [9] showed the most extreme
phenotype. Not surprisingly, growth without application of
hypo-osmotic stress follows the values measured for mem-
brane potential under the same conditions. The differentia-
tion in dependence of the history of previously experienced
hypo-osmotic challenge can be fully abolished again by
introducing an LOF mutation in the case of the MscCG
AC141 [20]. A partial reversion is observed in case of the
MscCG ACI110 mutant [21]. In spite of the observed dif-
ferences of these mutant forms described above, essentially

@ Springer



586

Eur Biophys J (2015) 44:577-588

the same conductance was measured for all of them
(Becker et al. 2013).

Discussion

The analysis described here should answer the following
questions on the role of the C-terminal domain of MscCG
in glutamate excretion and/or mechanosensitive solute
efflux. (1) Can we identify specific alterations in the C-ter-
minal domain of MscCG that lead to a higher or a lower
activity of glutamate efflux, respectively? This would help
to assign specific functions to particular subdomains. (2) Is
the effect of these manipulations additive and/or subtrac-
tive? This question addresses cooperative effects of subdo-
mains. (3) Do these alterations only affect glutamate excre-
tion or do they also have an impact on solute efflux? This
refers to the question of whether and how close the two dif-
ferent functions of MscCG are mechanistically related.

Elaborate studies using X-ray crystallography and
molecular modeling have fundamentally contributed to
our understanding of the mechanics and the functional sig-
nificance of MS channels (Bass et al. 2002; Naismith and
Booth 2012; Sukharev and Sachs 2012). Because a 3D
structure of MscCG is not available, we used biochemi-
cal and genetic approaches to unravel specific features of
this membrane protein. Since MscCG from C. glutamicum
differs from ‘normal’ MS channels in certain aspects, the
question arose as to whether it also has structural properties
different from those of other known bacterial MS proteins.
The obvious structural peculiarity of MscCG is its specific
C-terminal domain (Becker et al. 2013). Previous studies
indicated that this C-terminal domain critically influences
in particular its function as a specific glutamate exporter
in C. glutamicum. Specific mutations in this domain have
been shown to lead to a significantly enhanced capacity
of glutamate excretion (Becker et al. 2013; Borngen et al.
2010; Nakamura et al. 2007). Even more surprising was
the finding that the C-terminal domain of MscCG from C.
glutamicum, when fused to the C-terminal end of E. coli
MscS, is able to significantly increase the basically very
low capacity of MscS for glutamate excretion, too (Becker
et al. 2013).

An equally interesting argument in favor of this dual
function of MscCG is based on the fact that glutamate
excretion is a regulated process and can be triggered by a
number of specific stimuli. There is an enormous amount
of work in the biotechnological literature dealing with
methods to trigger glutamate efflux from C. glutamicum
(Kramer 1994; Sano 2009), which are all linked to com-
promising the integrity of the cell wall and/or plasma mem-
brane. It should be noted that unspecific membrane leakage
being the explanation for glutamate efflux has been ruled
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out long ago (Gutmann et al. 1992; Hoischen and Kriamer
1990). In view of the complex and heterogeneous nature of
manipulations triggering glutamate efflux, it is difficult to
suggest a common mechanistic explanation. An appropri-
ate biochemical approach for solving this question would
be functional reconstitution in proteoliposomes. Although
MscCG can be isolated and purified in sufficient quanti-
ties, we did not succeed in reconstituting it in functionally
active form even when using a phospholipid composition
similar to that of C. glutamicum (unpublished results).

In the present work, we demonstrated that in fact all
three subdomains of the C-terminal domain of MscCG,
namely the terminal periplasmic loop, the transmembrane
segment, and the cytoplasmic loop proved to be important
for various functional aspects of MscCG. As a possible
explanation for the functional contribution of the periplas-
mic loop comprising about 110 amino acid residues, inter-
action of this stretch of amino acids with the interior side
of the cell wall could be imagined. This, however, is not
very likely since it needs more than 50 amino acid residues
to be removed before a significant phenotype is observed.
On the other hand, stepwise truncation of the periplas-
mic end further down to its complete removal revealed a
gradual decrease of gating efficiency of the pore domain of
MscCQG, thus indicating a physical interaction of this part
of the periplasmic loop with the N-terminal pore domain of
MscCG.

The presence of the fourth transmembrane segment of
MscCG within the C-terminal domain also proved to be
of core functional significance. Without this subdomain,
spontaneous glutamate excretion was never observed, even
upon strong overexpression of MscCG constructs and even
in the background of the strongly compromised mutant
MscCG A110. It is interesting to note that this require-
ment is not sequence specific, since the replacement of
the original transmembrane domain (amino acid residues
406-424) by the a-helical transmembrane segment of the
eukaryotic membrane protein glycophorin could function-
ally fully replace this subdomain of MscCG. Replacement
with a stretch of alanine residues of the same size, on the
other hand, closely resembles the properties of the mutant
in which the original transmembrane segment was deleted.
It may be envisaged that this membrane stretch of amino
acids is required for a correct placement of the hydrophilic
parts of the C-terminal subdomain, i.e. both the cytoplas-
mic and the periplasmic loop, with respect to the N-termi-
nal pore domain of MscCG.

The functional significance of the cytoplasmic loop
qualitatively differs from that of the other two subdomains.
It is in fact the correct sequence of this stretch of about
120 amino acid residues which matters, since a loop with
identical length and amino acid composition whose amino
acid sequence was randomized changed the functional
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properties of MscCG. By introducing this modification, the
tendency for glutamate excretion of MscCG was found to
be strongly decreased, leading to a complete loss of excre-
tion by the full-length MscCG upon penicillin induction,
and to a significant reduction of activity of the particular
MscCG AC110 mutant.

Besides the general pattern, a number of specific situ-
ations have to be considered, too. Functional interaction
between the N-terminal pore domain and the C-terminal
domain of MscCG is further indicated by the impact of
LOF mutations. Inhibition of MscCG function was found
to be complete by introducing a LOF mutation into both
the wild-type and the MscCG AC141 mutant, both being
strongly expressed, whereas it was only partially effec-
tive in blocking efflux in the MscCG ACI110 mutant,
which is particularly prone to solute excretion. It should be
noted that introduction of the LOF mutation significantly
improves the viability of the C. glutamicum cells harbor-
ing these mutants forms, as indicated by both membrane
potential and betaine accumulation. As a matter of fact,
the MscCG AC110 mutant form of MscCG causes a very
strong phenotype and results in significant alterations of
biochemical properties of MscCG. It obviously abolishes
proper gating, compromises cellular energetics and is con-
sequently very toxic for the cell even at an extremely low
expression level. Besides a partial reversion of its strong
phenotype by introducing a LOF mutation, its properties
can be fully amended by changing the sequence of the cyto-
plasmic loop (randomization). The latter construct, as well
as other combinations of mutations, also indicates a coop-
erative behavior of some of these alterations, or, in other
words, a cooperative behavior or the three subdomains in
their action on the N-terminal pore domain of MscCG.

The functional properties of the MscCG AC247 mutant
remains difficult to explain in the framework of the other
results. This mutant, in which MscCG from C. glutami-
cum is truncated down to the size of E. coli MscS thus
lacking the complete C-terminal domain is still capable
of penicillin-induced glutamate excretion with high activ-
ity. Its properties are definitely different from the wild-type
MscCG, as shown by a reduced ability of gating and by
the lack of spontaneous glutamate excretion after strong
expression; however, a significant extent of functionality
is retained without the presence of the original C-terminal
domain. We would like to point out that this is in line with
our previous findings studying fusion constructs of E. coli
MscS with the C-terminal domain of MscCG (Becker et al.
2013). The corresponding MscS channel from E. coli was
shown to be capable of penicillin-induced glutamate efflux
at a very low level, but this activity could be significantly
enhanced upon fusion of the C-terminal domain of MscCG.
Again, the pore domain of the MscS channel harboring the
solute channel is in principle able to function as inducible

glutamate efflux system, the effectivity of which can be
enhanced by the presence of and by the interaction with the
particular C-terminal domain.

It has to be pointed out that the basic electrophysiologi-
cal properties of a number of mutant forms of MscCG,
which have been determined in detail in previous publi-
cations (Becker et al. 2013; Borngen et al. 2010; Nakay-
ama et al. 2013), were not found to be significantly altered
by the introduced structural changes. In other words, the
basic structural coordinates of the pore domain should be
retained in all the mutant forms studied. This obviously
does not hold for other functional aspects, e.g., gating prob-
ability. As a consequence of the experiments reported here,
we conclude that structural alterations in the C-terminal
domain of MscCG have a significant and direct impact on
the function of this channel as a glutamate exporter. Since
the pore conductance of various mutants in the C-terminal
domain was not found to be changed, its impact on the pore
domain of MscCG has to be on the regulatory level. Struc-
tural alterations of the C-terminal domain of MscCG thus
do not directly change the geometry and thus the conduct-
ance of the channel, but may have a strong impact on its
gating probability. It should be noted at this point, how-
ever, that for electrophysiological measurements, MscCG
and mutant forms of it are expressed in E. coli spheroplasts
(Becker et al. 2013; Borngen et al. 2010), whereas in the
experiments reported here, MscCG is embedded in the C.
glutamicum plasma membrane. As mentioned above, these
two membranes fundamentally differ in their lipid compo-
sition, which may give rise to differences in function, too.

How can these results be combined into a mechanistic
explanation? Undoubtedly, the C-terminal domain physi-
cally interacts with the N-terminal pore domain of MscCG
being able to regulate its function to some extent. The spec-
ificity, and possibly the strength of this interaction, criti-
cally depend on the structural integrity of the C-terminal
domain. A hot spot for interaction seems to be the addi-
tional transmembrane segment of the C-terminal domain,
although the specificity of this interaction has to be pro-
vided not by the hydrophobic stretch of amino acids but
both by regions of the periplasmic domain adjacent to the
transmembrane segment, and, in particular by the cytoplas-
mic domain. One of the most interesting results obtained in
this work indicates that this putative interaction of the cyto-
plasmic domain is sequence specific. This could in princi-
ple be explained either by the presence of specific binding
motifs or by the requirement of covalent modifications,
e.g., phosphorylation, at sequence specific sites within
the loop. Both suggestions need further experimentation
for elucidation. Undoubtedly, the availability of a three-
dimensional structure of MscCG would strongly facilitate
the mechanistic understanding of this interesting channel
protein.
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