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Corynebacterium glutamicum is used in microbial biotechnology for the production of amino acids, in partic-
ular glutamate. The mechanism of glutamate excretion, however, is not yet fully understood. Recently,
evidence was provided that the NCgl1221 gene product from C. glutamicum ATCC 13869, a MscS-type
mechanosensitive efflux channel, is responsible for glutamate efflux [1]. The major difference of
NCgl1221 and the homologous protein MscCG of C. glutamicum ATCC 13032 from Escherichia coli MscS
andmost other MscS-type proteins is the presence of an additional, 247 amino acid long C-terminal domain.
By topology analysis, we show that this domain in MscCG carries a transmembrane segment. We have
generated selected C-terminal truncations of MscCG, gain-of-function and loss-of-function constructs of
both E. coli MscS and C. glutamicum MscCG, as well as fusion constructs of the two proteins. These mutant
proteins were investigated for mechanosensitive efflux, MS channel activity, glutamate excretion and
their impact on membrane potential. We provide evidence that the channel domain of MscCGmediates glu-
tamate efflux in response to penicillin treatment, and that the E. coliMscS channel is to some extent able to
function in a similar manner.We further show that the C-terminal domain of MscCG has a significant impact
for function and/or regulation of MscCG. Significantly, a positive effect on glutamate efflux of the C-terminal
extension of MscCG from C. glutamicum was also observed when fused to the E. coli MscS channel.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Specific transport systems responsible for the excretion of various
amino acids by Corynebacterium glutamicum have been characterized
and identified in the last two decades [2–4], but a system responsible
for the well-known glutamate excretion activity of C. glutamicum was
missing for a long time. This situation changed upon the experimental
correlation of glutamate efflux in C. glutamicumwith the presence of a
protein related to MscS from Escherichia coli [1]. This pioneering work
provided evidence for the NCgl1221 gene product, a homolog of
MscCG described here, being responsible for glutamate efflux in
C. glutamicum. A basic problem, however, related with strategies to
identify transport systems by inactivation and complementation,
was not solved. It is inherently difficult to decide between the function
of a candidate protein as a transporter or as a regulator of another,
possibly not yet identified transport system. A well-known example
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of this kind of scenario is the glucose-6-phosphate transport system
UhpT and the structurally closely related regulator UhpC in E. coli [5].

The gene product NCgl1221, studied by Nakamura et al. [1] and
others [6,7], as well as MscCG [8,9], are members of the protein family
of MscS-type mechanosensitive channels with respect to their
N-terminal part which represents the channel domain. In addition,
and in difference to E. coli MscS-type channels, NCgl1221 and MscCG,
respectively, carry a long C-terminal extension of so far unknown func-
tion. The basic physiological function of mechanosensitive channels is
to open in cases of emergency, thus avoiding the adverse effects ofmas-
sive water influx in response to hypo-osmotic stress by causing fast re-
lease of small internal solutes [10]. By studyingMscCG of C. glutamicum,
we recently showed that this type of protein, besides being a typical
mechanosensitive channel [9], is required, in addition, for fine-tuning
the osmotic balance also under hyperosmotic conditions [8].

In this study we were interested in two important aspects of the
MscCG protein, first, to convincingly assign the channel function of
MscCG to glutamate efflux and second, to learn more about a putative
specific function of the unique C-terminal extension. The latter seems
to be an individual feature of MscCG and closely related proteins. For
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this purpose we constructed a repertoire of tools including truncated
versions of MscCG altered in the size of their C-terminal domain, both
gain of function and loss of function mutants of MscCG and of E. coli
MscS heterologously expressed in C. glutamicum, as well as appropri-
ate fusion constructs between MscCG and MscS. Using these tools in
biochemical, physiological and electrophysiological experiments,
we provide clear evidence for glutamate flux under conditions of
triggered glutamate excretion being mediated by the channel part
of MscCG, on the one hand, and for the C-terminal domain of
MscCG being of significant impact for function and/or regulation of
MscCG, on the other.

2. Materials and methods

2.1. Strains, media and growth conditions

E. coli strains DH5αmcr [11] and C. glutamicum wild-type strain
ATCC13032 and its derivatives (this work) were used (Table S1 in the
supporting material). E. coliwas grown at 37 °C in Luria–Bertani medi-
um, 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 (NH4)2SO4,
5 g urea, 1 g KH2PO4, 1.6 g K2HPO4, 42 g MOPS, 2.9 g NaCl, 4% glucose,
0.25 gMgSO4, 0.01 g CaCl2, 0.2 mg biotin, 30 mg protocatechuate, 1 ml
of a solution of trace elements [12]. For growth under different osmolal-
ities MM1medium (pH 7.0) was used containing per l: 5 g (NH4)2SO4,
5 g urea, 2 g KH2PO4, 2 g K2HPO4, 3 g NaCl, 4% glucose, 0.25 g MgSO4,
0.01 g CaCl2, 0.2 mg biotin, 30 mg protocatechuate, 1 ml of a solution
of trace elements and 0, 200 or 400 mM NaCl. Antibiotics were added
in concentrations of 100 μg/ml for E. coli and 25 μg/ml for C. glutamicum.

2.2. Strain construction

Deletion of themscCG gene (NCgl1221) was performed by cross over
PCR [13] and double homologous recombination using the suicide
vector pK19mobsacB_ΔmscCG [8], and was verified by PCR analysis.
For complementation the mscCG gene was amplified by PCR using
C. glutamicum ATCC 13032 chromosomal DNA as template. The ampli-
fied fragment was cleaved by BamHI and SalI and ligated into BamHI/
SalI-cleaved pEKex2, resulting in pEKex2_mscCG or pEKex2_mscCG-His,
respectively. Truncations of mscCG were subcloned from pET29b into
the E. coli–C. glutamicum shuttle vector pEKex2. For this purpose, frag-
ments were cleaved by B1pI and XbaI. Upon refill of 3'-end overhangs,
fragments were ligated into pEKex2 cleaved by Ecl136II. Similar to
this procedure E. coli mscS was amplified via PCR using MG1655 chro-
mosomal DNA as template. The amplified fragment was cleaved by
BamHI and NotI and ligated into BamHI/NotI-cleaved pEKex2, resulting
in pEKex2_mscS-His. The fusion of the E. coli mscS gene with the
C-terminal domain of C. glutamicum mscCG was accomplished by PCR
using the corresponding template DNAs as described previously [14].
The amplified fragments were cleaved by BamHI and NotI and ligated
into the BamHI/NotI-cleaved pEKex2, resulting in pEKex2_mscS_C_
MscCG-his. These plasmids were introduced into ATCC 13032 ΔmscCG
by electroporation. All strains and plasmids are listed in Table S1.

For topology analysisMscCG gene variants encoding the full length
protein as well as different truncated forms were fused to an alkaline
phosphatase-β-galactosidase reporter cassette [15] and transformed
in E. coli BL21 (DE3) cells using the E. coli C. glutamicum shuttle vector
pMS3. With the resulting strains β-galactosidase as well as alkaline
phosphatase activity assays were performed.

To obtain GOF mutants, the 3D structure of MscCG was modeled
by the SWISS-MODEL workspace [16] based on the known structure
of MscS from E. coli [17]. As likely candidates, A106 and L109 at highly
similar locations (both residues are identical in the two proteins)
compared to MscS were identified. Both amino acids are located in
the 3rd transmembrane domain, which is highly conserved in pro-
teins of the MscS-family building the pore of the MscS-type channel.
Small polar substitutions (L111S and L115S) in the gate-forming
TM3 of MscS resulted in a loss-of-function (LOF) phenotype after os-
motic shocks [18]. In a first step, we aligned the amino acid sequences
of the closed form of MscS lacking the first N-terminal 26 amino using
“Jalview” and “T-COFFEE” [19,20]. Finally, modeling with Modeller
[21] revealed 20 putative structures of MscCG. The most probable
model based on the consistency of coordinates was used for deter-
mining equivalent amino acids for a LOF mutation in MscCG. Site-
directed mutagenesis for generating GOF and LOF mutations in
pEKex2_mscS_C_mscCG-his and pEKex2_mscCG-his was performed
using the Stratagene Quickchange Site-Directed Mutagenesis protocol
to introduce single amino acid replacements by using mutagenic
primer pairs. Subsequent to the PCR, the methylated initial template
DNA was digested by addition of 1 μl DpnI and the residual DNA
was transformed into E. coli DH5α competent cells.

2.3. Preparation of giant spheroplasts

E. coli strain MJF612 lacking MscL, MscS, MscK, and MscM express-
ing the plasmid encodedmscCG of C. glutamicumwas used for prepara-
tion of giant spheroplasts [22]. Since the MJF612 strain harbors
kanamycin, apramycin and chloramphenicol resistance a new vector
was constructed. The pQE60 vector (ampicillin resistance) was fused
to the lacI gene normally encoded on a second plasmid. The mscCG
gene was amplified via PCR using ATCC 13032 chromosomal DNA as
template. The amplified fragment and the fragments of the truncated
mscCG constructs were cleaved by NcoI and BamHI and ligated into
NcoI/BamHI-cleaved pQE60-lacI. The procedure used for the prepara-
tion of giant spheroplasts from the new E. coli strain expressing
MscCG protein was as described previously [8]. E. coliMJF465 [23] lack-
ingMscS, MscL, andMscKwas used for the preparation of giant sphero-
plasts when expressing MscS and MscS-C-MscCG.

2.4. Electrical recording

Single-channel analysis was performed on giant E. coli spheroplasts
[24]. Spheroplasts (1.5–3 μl) were placed in a bath containing, unless
otherwise stated, 250 mM KCl, 90 mM MgCl2, and 5 mM HEPES
(pH 7.2). Borosilicate glass pipettes (Drummond Scientific Co., Broomall,
PA) were pulled using a Flaming/Brown pipette puller (P-87, Sutter In-
strument Co., Novato, CA) to a diameter that corresponded to a pipette
resistance between 3.0 and 6.0 MΩ. The pipettes were filled with
200 mM KCl, 90 mM MgCl2, and 5 mM HEPES (pH 7.2). All recordings
were made at room temperature (19–23 °C) by applying negative pres-
sure (suction) recorded in mm Hg to patch pipettes by using a syringe
and were monitored using a piezoelectric pressure transducer (Omega
Engineering, Stamford, USA). Ion currents arising from activation of
the proteins using suction were recorded using an Axopatch 1D
patch-clamp amplifier (Axon Instruments), filtered at 2 kHz and digi-
tized at 5 kHz. Single channel analysis was done using pCLAMP10 soft-
ware (Axon Instruments). Furthermore, MscCG activity was compared
to that of MscS by determining its threshold of activation relative to
the MscL activation threshold, which has served as a standard [25].

2.5. Enzyme assays

For alkaline phosphatase and β-galactosidase activity determina-
tions, LB overnight cultures of E. coli BL21 cells harboring the pMS3 plas-
mid with different mscCG truncations were diluted to an OD600 of 1.
Cells were permeabilized by addition of 70 μl 0.1% sodiumdeoxycholate
and 70 μl toluene. After incubation for 30 min at 37 °C, 1 ml assay buff-
er was added (10 mM Tris, 10 mM MgSO4, pH 8 for alkaline phospha-
tase and 37 mM NaH2PO4, 63 mM Na2HPO4, 1 mM MgSO4, 0.2 mM
MnSO4 for β-galactosidase). Alkaline phosphatase activity was assayed
essentially as described by Brickman and Beckwith [26], except
using an extinction coefficient of ε405nm=1.85×10-4 M−1 cm−1 with



Table 1
Membrane topology of C. glutamicumMscCG analyzed by fusion
constructs.

Construct ß-gal/AP activity

MscCG 1.31±0.59
MscCG-Δ110 1.17±0.58
MscCG-Δ132 10.7±3.3
MscCG-Δ247 14.7±6.9

The indicated fusion constructs of ß-galactosidase and alkaline
phosphatase were expressed in E. coli BL21 (DE3) and the
respective enzyme activities were measured. Mean values and
standard deviation of at least three experiments are given.
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5-bromo-4-chloro-3-indolyl phosphate disodium salt as a substrate,
whereas β-galactosidase was assayed according to Miller [27] with
nitrophenyl-b-galactoside using an extinction coefficient of ε420nm=
2.13×10−4 M−1 cm−1.

2.6. Uptake and efflux of glycine betaine and glutamate

Synthesis of [14C]-labeled glycine betaine was performed as de-
scribed previously [28]. Formeasurement of betaine efflux in response
to hypoosmotic stress, C. glutamicum strainswere grown aerobically at
30 °C at 125 rpm overnight in BHI medium containing 500 mM NaCl.
Cells were harvested by centrifugation andwashed twice under hypo-
osmotic conditions in 100 mM MES/Tris, pH 8.0, 4 °C, containing
5 mM Na2HPO4 and 5 mM K2HPO4. 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 la-
beled betaine was performed by incubating the cells at an OD600 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 KCl. Shortly after transfer into the uptake buffer [14C]-glycine
betaine at a final concentration of 1 mM (25,000 cpm/ml) was
added. After loading of the cells with labeled betaine, theywere stored
on ice until used. To measure the efflux, cells were centrifuged and
resuspended in 100 mM MES/Tris pH 8.0, containing various concen-
trations of NaCl to obtain appropriate osmolalities. After 15 s 200 μl
samples were withdrawn and cells were rapidly separated from the
surrounding 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
b1.2 osmol/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 me-
dium containing 0.5 μg/l biotin was necessary [29]. Concentrations of
external glutamate were determined by HPLC analysis.

2.7. Determination of membrane potential

The membrane potential was determined as described earlier [30].
The membrane potential was calculated from the distribution of the
permeant cation [14C]-tetraphenylphosphonium bromide (5 μM final
concentration, specific radioactivity 0.995 Ci/mol). Rapid separation of
extra- and intracellular fluids was performed by using silicone oil cen-
trifugation with perchloric acid in the bottom layer [31]. The obtained
values ofmembrane potentialwere corrected for unspecific probe bind-
ing by addition of a mixture of 20 μM valinomycin and 5 μM nigericin.

2.8. 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 debrismembraneswere isolated by cen-
trifugation and resuspended in PBSbuffer, pH 7.5. Protein concentration
was measured by the Bradford technique [32]. Western blot analysis
was performed as described [12] using antibodies raised against
6×His-tag (Qiagen, Hilden) and againstMscCG (Eurogentech, Cologne).
As secondary antibodies anti-mouse-(AP) and anti-rabbit-(AP) (Sigma)
antibodies were used.

3. Results

3.1. The C-terminal domain of MscCG: truncation constructs and their
phenotype

C. glutamicum MscCG consists of 533 amino acids, including an
N-terminal part (286 residues, NCgl1221 gene), which is similar to
other MscS-type proteins present in a variety of bacteria, the best
known being MscS of E. coli. These proteins have a size of up to 350
amino acids and do not contain sequences related to the 247 residues
long C-terminal part of MscCG. Protein sequences similar to the
C-terminal domain of MscCG are exclusively found in predicted MS
channel proteins of other Corynebacteriaceae (Fig. S1). Even closely
related Mycobacteria lack this C-terminal extension. The observed se-
quence similarity is most significant in a region predicted to represent
a fourth transmembrane domain (topology analysis see below). We
thus conclude that the C-terminal domain is a characteristic and
exclusive feature of MscCG and its close relatives in the group of
Corynebacteriaceae.

In a recently published study on the NCgl1221 gene product,
an MscCG homolog in C. glutamicum ATCC 13869 [1], which is closely
related to C. glutamicumATCC 13032 used in thiswork, a number of glu-
tamate excreting strains were found to harbor mutations in the
C-terminal domain of the MscCG protein. Based on these results, and
to study structure/function relations in MscCG, we generated strategi-
cally positioned truncations in the C-terminal domain. As a prerequisite
for this strategy we analyzed the topology of MscCG, which has only
been suggested based on computer prediction [1,33]. The N-terminal
part of MscCG is similar to MscS from E. coli, thus an identical topology
was assumed. Depending on the kind of computer program used, the
presence or absence of an additional transmembrane segment in the
C-terminal domain of MscCG is predicted [33]. By using lacZ and phoA
fusions of mscCG, we determined the topology of MscCG, revealing the
presence of a fourth transmembrane segment, in addition to the three
conserved segments in the N-terminal part (Table 1), matching the
previously proposed topology [1]. Based on this result, we constructed
several truncation mutants, i.e. His-tagged truncations missing
the C-terminal 110 (MscCG-Δ110-His), 141 (MscCG-Δ141-His), and
247 (MscCG-Δ247-His) amino acids, respectively (Fig. 1A). MscCG-
Δ110-His misses the terminal hydrophilic part of the C-terminal
domain exposed to the periplasm, whereas MscCG-Δ141, in addition,
lacks the fourth transmembrane segment. At first, instead of MscCG-
Δ141-His, we used the mutant MscCG-Δ132-His (Table 1), which
might be more precisely lacking the transmembrane segment. In the
biochemical experiments, however, the expression of this recombinant
form was not efficient enough (not shown). MscCG-Δ247-His is trun-
cated to exactly the size ofMscS thus consisting of the channel part only.

All constructs were expressed in themscCG deletion strain. Some of
the constructs resulted in lack of growth at IPTG concentrations gener-
ally used for expression (0.1 to 1 mM), but we succeededwith addition
of 25 μM IPTG only. The mutant strains were cultivated at different os-
molalities of 0.45, 0.75, 0.93, 1.10, and 1.29 osmol/kg. Growth was
slightly affected in the strains MscCG-Δ141-His and MscCG-Δ247-His
(not shown), whereas strain MscCG-Δ110-His showed an increased
lag phase, in particular at increased osmolality (Fig. 1B and C). Expres-
sion of all constructs was quantified (Fig. 1D). It has previously been
documented that expression of plasmid-encoded wild type mscCG is
low and that of the genomic copy is not detectable [8]. The mscCG-
Δ141-His and mscCG-Δ247-His constructs were strongly expressed in



Fig. 1. Truncation constructs of MscCG and their properties. (A) Schematic representation of MscCG truncation constructs used in this work. (B) Growth of C. glutamicum wild type
at different values of external osmolality (0.45 (solid squares), 0.75 (open squares), 0.93 (solid circles), 1.10 (open circles), and 1.29 osmol/kg (triangles)). The growth mediumwas
supplemented with appropriate amounts of NaCl. (C) Growth of the C. glutamicum mscCG deletion strain expressing mscCG-Δ110-His, conditions and symbols as in (B). (D) West-
ern blot analysis of mscCG and mscCG truncation constructs expressed in C. glutamicum ΔmscCG. His-tagged constructs of mscCG and its truncated versions were analyzed. 20 μg
(MscCG-His, MscCGΔ141-His, MscCG_Q112L_V115S-His), 40 μg (MscCGΔ110-His, MscCGΔ247-His) and 10 μg (MscCG_A106V-His) of membrane extract were loaded to each gel,
the blot was developed using anti-His antibody. The lanes are as follows: marker (M), MscCG-His, 25 μM IPTG (1, 5, 8), MscCGΔ110-His, 25 μM IPTG (2), MscCGΔ141-His, 25 μM
IPTG (3, 10), MscCGΔ247-His, 50 μM IPTG (4), MscCG-Q112L/V115S-His (LOF), 25 μM IPTG (6), MscCG_A106V-His (GOF), 25 μM IPTG (7), MscCG-His, no IPTG (9), MscCG
Δ141-His, no IPTG (11). In order to make the low level of MscCG proteins in lanes 9 and 11 detectable, the two gels with lanes 9 to 11 were developed much longer than the
gels with lanes 1 to 7.
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C. glutamicum, mscCG-Δ110-His expression was low. In spite of its low
expression,mscCG-Δ110-His had a very strong influence on physiolog-
ical properties and glutamate excretion (see below), thus proving its
significance.
3.2. Solute flux in C. glutamicum harboring truncated versions of MscCG

The properties of MscCG as a mechanosensitive channel have been
described previously in physiological and electrophysiological terms
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[6–9]. We expressed various forms of mscCG in C. glutamicum grown at
elevated osmolality, exposed the cells to a cycle of hypo- and
hyperosmotic shocks for effective betaine loading, and finally tested
for betaine efflux at decreasing osmolality as a functional measure of
channel activity (Fig. 2A). Efflux in the mscCG complementation strain
and the strains carrying themscCG-Δ141-His andmscCG-Δ247-His con-
structs were identical, resp. similar to the wild type. In contrast, the
strain harboringmscCG-Δ110-His deviated from thebasic efflux pattern.

We also investigated the electrophysiological properties of the mu-
tants. In patch-clamp experiments, the conductance was determined
using I/V plots obtained in KCl/MgCl2 containing buffers (Fig. 3 and
Table 2). The experiments were carried out in the quadruple deletion
strain E. coli MJF612, lacking MscL, MscS, MscK, and MscM, thus
avoiding any interference by endogeneous mechanosensitive channels,
in particular by those of similar conductance, e.g. MscM.We found rec-
tifying behavior also for the truncation constructs, as previously de-
scribed for the intact MscCG channel [8]. Notably, the conductance
A

B

Fig. 2. Betaine uptake and efflux upon hypo-osmotic shock. (A) Betaine efflux was
measured in cells after loading with labeled betaine and exposure to hypo-osmotic
stress of different extent (see Materials and methods section). The strains used were
as follows: wild type (open squares), mscCG deletion strain (open circles) expressing
the following constructs: mscCG (stars), mscCG-Δ110-His (downward triangles,
dashed line), mscCG-Δ247-His (upward triangles, dashed line). (B) Uptake of labeled
betaine in the same strains, symbols as in (A). dm=dry mass.
was more or less unchanged in all truncation constructs compared to
thewild type. The results further indicate a similar lack of ion selectivity
for anions and cations. Conductance of MscCG-Δ110-His could only be
measured in the presence of 50 μM GdCl3 because no appropriate seal
was obtained in the absence of the channel blocker. In a control exper-
iment we measured the conductance of the MscCG wild type protein
upon addition of the same concentration of GdCl3 and found, besides
strong reduction of the number of channels, no significant change in
electrical conductance (similar to Fig. 3A, data not shown).

For a functional comparison, relative values of betaine efflux had
been plotted in Fig. 2A, which to some extent conceals the true situa-
tion. Analysis of betaine efflux requires the previous loading of cells
with labeled betaine via the transporter BetP [34,35]. Since we ob-
served a different effectiveness of loading in the strains tested, we
analyzed the loading procedure in more detail (Fig. 2B). Wild
type, deletion and complementation strains were identical in their
behavior. A decreased loading was observed for strains harboring
mscCG-Δ247-His and mscCG-Δ110-His, the latter being nearly fully
impaired. This indicates that MscCG and its variants are responsible
for this difference.

Three mechanistic explanations for this observation can be
proposed: (i) recombinant forms of MscCG inhibit BetP to a different
extent, (ii) betaine taken up by BetP is exported again via the various
forms of MscCG to a different extent, and (iii) various forms of MscCG
compromise the electrochemical Na+ potential, the driving force of
betaine uptake, to a different extent. Explanation (i) is very unlikely;
consequently, we analyzed the second alternative using a previously
developed pulse-chase technique for quantification of betaine influx
and efflux [34]. We found enhanced betaine efflux in strain MscCG-
Δ247-His (results not shown); because of inefficient betaine uptake,
strain MscCG-Δ110-His could not be analyzed. To test the third
hypothesis, we measured the membrane potential. For the analysis
of betaine uptake upon osmotic shock, cells are first washed in
hypoosmotic medium for depletion of solutes, before being exposed
to hyperosmotic conditions for activating BetP. This procedure is not
required for analyzing the driving force. Consequently we measured
the membrane potential at three different conditions, (i) in washed
cells without osmotic shock, (ii) in cells exposed to hyperosmotic
conditions without prior downshock (control), and (iii) in cells
after the usual cycle of hypo-osmotic washing and hyperosmotic
shock (Table 3). All cells maintained a high electrical potential
under basic conditions. This changed upon exposure to the washing
cycle. The wild type kept a high potential, which was lower in
MscCG-Δ247-His cells, and significantly reduced in cells harboring
MscCG-Δ110-His. The relatively high standard deviation of the values
for MscCG-Δ247-His cells is due to the fact that the membrane poten-
tial slightly increased during the measurement (15–45 min after
osmotic shock). Taken together, the reason for the decreased betaine
accumulation turned out to be a combination of models 2 (increased
efflux) and 3 (decreased driving force), thus indicating the contribu-
tion of MscCG and its derivatives to the observed phenotype.

3.3. Glutamate excretion in C. glutamicum cells harboring truncated
versions of MscCG

Glutamate export of the wild type, the deletion mutant, and the
mscCG complementation strain was tested (Fig. 4A and Table 4).
Glutamate excretion is shown as a result of penicillin addition; similar
results were obtained using alternative methods to trigger glutamate
export, e.g. biotin limitation or addition of Tween 60 [36–38] (results
not shown). Deletion of mscCG led to a loss of about 70% of glutamate
export, similar as reported previously [1,8]. Plasmid-borne expression
of mscCG fully complemented glutamate excretion. Although the
expression of individual constructs varied strongly, the efflux rate
upon addition of penicillin did not vary strongly, as shown for
mscCG-His and all truncation constructs in the absence and presence

image of Fig.�2


Fig. 3. Current/voltage relationship of MscCG in E. coli spheroplasts under asymmetrical conditions (pipette solution: 200 mM KCl, 40 mM MgCl2, 5 mM HEPES; bath solution:
250 mM KCl, 90 mM MgCl2, 5 mM HEPES). Straight lines are linear regressions in the voltage range of 0 to 70 mV (positive) and 0 to −70 mV (negative), crossing the origin
and the current obtained at 70 mV and −70 mV, respectively. The slope of the linear regression results in the chord conductance. The following mscCG constructs were expressed
in E. coli MJF612 (A) wild type mscCG, (B) mscCG-Δ110-His, (C) mscCG-Δ141-His, and (D) mscCG-Δ247-His.
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of IPTG (Table 4, Fig. 1D). The recombinant strains behaved differ-
ently in the absence of added penicillin. Strain MscCG-Δ110-His ex-
creted glutamate independently of any specific treatment, and low
Table 2
Electrophysiological characterization of MscCG, MscG truncation mutants, and fusion
constructs with MscS, expressed in E. coli MJF612.

Construct expressed Conductance (pS) at voltage polarity

Negative Positive

mscCG 110 328
mscCG-Δ110a 111 299
mscCG-Δ141 99 302
mscCG-Δ247 112 328
mscS 87 1360
mscS-(C-MscCG)b 1310

The values for electrical conductance derived from I/V plots of the respective mutants
at negative and positive voltage, respectively, are shown (see Fig. 3). The I/V plots for
the MscS-fusion constructs are not shown, conductances were derived as in Fig. 3.

a This value was measured in the presence of 50 μM GdCl3, added 15 min prior to
the electrophysiological measurement (see text). The values are derived from I/V
plots where corresponding standard deviation of each value is given.

b In the case of the MscS-(C-MscCG) construct, strong flickering in the negative volt-
age range occurred which prevented reliable calculation of conductance.
excretion was observed in the strain overexpressing the His-tagged
version of MscCG (Fig. 4B and Table 4). Upon addition of penicillin,
strain MscCG-Δ247-His and MscCG-Δ141-His resembled the wild
type with respect to glutamate excretion (Table 4). Glutamate
Table 3
Membrane potential of C. glutamicum strains harboring different truncated constructs
of MscCG.

Conditions I II III

Construct expressed Membrane potential (mV)

No (wild type) 185 199 196±5
mscCG-Δ247-His 186 195 171±8
mscCG-Δ110-His 182 178 138±1

The indicated constructs were expressed in the mscCG deletion strain of C. glutamicum,
except for the first line, where the wild type was used. For induction 25 μM IPTG was
added. The membrane potential was determined under the following conditions:
(I) incubation in buffer at 1.3 osmol/kg, no further treatment (uptake buffer, see
Materials and methods section), (II) transfer to hyperosmotic conditions at 1.8 osmol/kg
(hyperosmotic buffer, see Materials and methods section), and (III) cycle of hypoosmotic
washing and hyperosmotic incubation (see Materials and methods section). The values
listed for condition (III), which is most relevant because it represents the experimental
conditions used in the glutamate efflux analysis, are means of at least three experiments.
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Fig. 4. Glutamate excretion upon addition of penicillin in C. glutamicum in dependence
of the presence ofmscCG and mutant forms of it. (A) Penicillin-triggered glutamate ex-
cretion in C. glutamicumwild type (squares),mscCG deletion mutant (circles) and com-
plementation strain (triangles). (B) Glutamate excretion in the absence of penicillin by
C. glutamicum wt (solid squares) and mscCG deletion strain expressing the following
constructs: mscCG-His (open squares), mscCG-Δ110-His (solid circles), mscCG-His
(A106V, GOF) (open circles). (C) Glutamate excretion of the same strains as in panel
(B) upon addition of penicillin (3 h after start of the experiment). Panel (C) represents
the same experiment and the same time scale as panel (B), the results of
penicillin-triggered excretion are separated from panel (B) only for the sake of clarity.
For expression, 25 μM IPTG was used. The values for the glutamate excretion rates are
listed in Table 4. The time point when penicillin was added is indicated by an arrow.
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excretion in strain MscCG-Δ110-His was not faster than that of the
wild type, however, due to excretion already prior to penicillin addi-
tion, cells started at an increased level of external glutamate.

It may be argued that the values measured for the increase of
external glutamate concentration do not correctly reflect excretion be-
cause of a possible concomitant glutamate uptake masking excretion
activity to some extent. Consequently, we quantified glutamate uptake
in separate experiments using cells treated identically to Fig. 4B. Gluta-
mate uptakewas below2 μmol·g dm−1·min−1 in all strains tested and
thus did not significantly interfere with our measurements (results not
shown). It has previously been shown that glutamate uptake activity is
down-regulated under glutamate excretion conditions [39].

3.4. Correlation of channel activity and glutamate excretion

These experiments are still not sufficient to unequivocally decide
whether the channel domain of MscCG is responsible for glutamate
export. As a further tool to study this we used E. coli MscS besides
MscCG. The properties of MscS are known in detail and both
gain-of-function (GOF) and loss-of-function (LOF) mutants were
generated, in which particular amino acids involved in gating were
altered [40–42]. Moreover, this approach offers an independent strat-
egy to test the impact of the MscCG C-terminal domain on channel
function when fused to the E. coli MscS protein. The constructs used
for this analysis were tested for expression (Fig. 5).

We used a modeling approach to identify amino acid positions in
MscCG resembling positions in MscS described to lead to LOF or GOF
phenotypes. The sequence comparison of MscS and MscCG as well as
structure modeling used is explained in detail in Fig. S2. We generated
two GOF constructs (A106V and L109C), resulting in an increase in glu-
tamate excretion compared to thewild type (Fig. 4C and Table 4). Nota-
bly, the A106V GOF mutant of MscCG effectively excreted glutamate
already prior to the penicillin addition (Fig. 4B, expression in Fig. 1D),
which had previously been demonstrated also for the GOF mutant
MscCG A111V [1,6]. Whereas spontaneous glutamate excretion was
only transient in theMscCG-Δ110-His strain, the GOFmutant was char-
acterized by continuous export during 7 h (Fig. 4B). Construction of LOF
mutants by structure modeling turned out to be difficult, because of the
low similarity of TM segment 1 in MscCG and MscS. Finally, we
succeeded in generating a double mutant MscCG Q112L,V115S,
which, upon expression (Fig. 1D), showed low glutamate excretion in
the presence of penicillin, similar to the value of the deletion mutant
(Table 4). This LOF mutant of MscCG was proven in patch clamp
measurements to be characterized by a significantly increased gating
threshold (see below, Fig. 6). Interestingly, a truncation of the
C-terminal 110 amino acids, which was shown above to lead to consti-
tutive glutamate efflux activity ofMscCG, was able to overcome the LOF
phenotype and forced the LOF-type pore domain to effective glutamate
excretion.

As an alternative approach, we expressed different mscS con-
structs in the C. glutamicum mscCG deletion strain. Besides MscS-His,
we generated two LOF mutants, A51N/F68N and I37N/L86N [42],
and two GOF mutants, L109S and A106V [40,41]. Expression of LOF
mutants did not result in a growth phenotype, whereas GOF mutants
affected growth even without added IPTG (results not shown). In
Table 4, glutamate excretion by several of these mutant strains is
listed. Surprisingly, penicillin addition triggered glutamate excretion
in a strain expressing mscS-His to a level significantly exceeding the
background of the deletion strain, although less effective than in
C. glutamicumwild type harboring MscCG. Introduction of an LOF mu-
tation (A51N/F68N) into the mscS-His construct reduced glutamate
excretion to the level of the mscCG deletion strain.

We furthermore investigated a possible impact of the C-terminal do-
main of C. glutamicum MscCG on E. coli MscS. Unexpectedly, the fusion
construct MscS-(C-MscCG)-His, i.e. a protein of the size of MscCG har-
boring the channel domain of MscS, was capable of effective glutamate
excretion, nearly equaling that of MscCG (Table 4). Fusion of the trun-
cated version of the MscCG C-terminal domain (Δ110), however,
which leads to high and constitutive glutamate efflux in MscCG, did
not increase efflux above the activity of MscS when fused to the wild
type form of theMscCG C-terminal domain. Introduction of a LOFmuta-
tion (A51N/F86N) in the MscS channel of the MscS-(C-MscCG)-His
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Table 4
Glutamate excretion rates in C. glutamicum strains harboring MscCG- and MscS-derived constructs triggered by addition of penicillin.

Strain Expressed construct Glutamate excretion rate (μmol g dm−1 min−1)

No IPTG + IPTG

No Penicillin + Penicillin No penicillin + Penicillin

Wild type No 0.0 16.6±2.1
mscCG deletion No 0.0 3.4±0.1

mscCG -His 0.0 19.1±3.0 (16.5±1.6) 19.2±3.2
mscCG-Δ110-His (15.2±0.6) 15.0±1.9
mscCG-Δ141-His 0.0 17.5±0.9 0.0 18.6±0.6
mscCG-Δ247-His 0.0 19.0±1.9
mscCG-His (A106V, GOF) 20.3±2.5 22.0±3.0
mscCG-His (Q112L,V115S, LOF) 0.0 3.7±0.2
mscCG-Δ110-His (Q112L, V115S, LOF) (13.9±1.1) 20.1±0.4
mscS-His 0.0 9.8±0.7
mscS-His (A51N, F68N, LOF) 5.8±1.7
mscS-(C-MscCG)-His 0.0 14.0±0.8
mscS-(C-MscCG)-His (A51N, F68N, LOF) 4.7±1.2
mscS-(C-MscCG-Δ110)-His 0.0 15.4±0.8

For expression 25 μM IPTG was used except when indicated. For triggering glutamate excretion, 6 U/ml of penicillin was added. Values are listed with standard deviation. Glutamate
excretion rates in the absence of penicillin were estimated based on the initial phase of excretion (see Fig. 3B). All results are means of at least three experiments. The value of
0.0 μmol·g dm−1·min−1 reflects the absence of any external glutamate in the measurement. Underlined values indicate constructs for which high expression was observed,
whereas values in italics represent data from constructs expressed at very low levels. Values in brackets indicate transient efflux activity during the first hours after addition of cul-
tivation only (see Fig. 4B and text).
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construct inactivated glutamate excretion proving also in the case of the
E. coliMscS that glutamate export by the MscS-(C-MscCG)-His fusion is
specific. As a control, we analyzed glutamate efflux in C. glutamicum
cells expressing both mscS and mscS-(C-MscCG) constructs without a
His-tag, and found values of excretion closely similar to those of the
His-tagged versions (results not shown).

3.5. Patch-clamp characterization of MscCG and MscS derivatives

Finally we analyzed the electrophysiological properties of proteins
used in these experiments. As shown before, truncated versions of
MscCG did not differ in their conductance from the wild type protein
(Table 2). The same was true for MscS compared with MscS-
(C-MscCG). In spite of increasing glutamate excretion, fusion of the
C-terminal domain of MscCG did not alter the conductance of MscS
(Table 2, Fig. S3). Since we realized basic differences in the gating be-
havior of the two MscS-type proteins used in this study, MscS and
MscCG, we analyzed the threshold of channel opening of the con-
structs in an appropriate E. coli strain (MFJ431, lacking MscS and
MscK but not MscL) where it can be directly compared to the
well-studied MscL channel (Fig. 6). The results clearly indicate that
the extent of hypo-osmotic stress required to open MscCG is lower
Fig. 5. Western blot analysis of mscS and mscCG constructs expressed in C. glutamicum
ΔmscCG. Experimental conditions as described in Fig. 1D. 25 μg of the following proteins
was applied: MscS-His (1), MscS-His (A51N, F68N) (LOF) (2), MscS-His (A106V) (GOF)
(3), MscS-(C-MscCG)-His (4), and MscS-(C-MscCG)-His (A51N, F86N) (LOF) (5).
than that necessary for MscS gating. Besides not changing its conduc-
tance, fusion of the C-terminal domain of MscCG to MscS does also
not significantly alter its threshold for channel opening, as proven
by a detailed gating analysis (Fig. S4). Very interestingly, truncation
of MscCG to the size of MscS (MscCG-Δ247) leads to an increase in
the threshold ratio to values higher than that measured for MscS. As
already mentioned above, the introduction of a Q112L,V115S amino
acid replacement leading to a LOF phenotype is reflected by a signifi-
cantly increased gating threshold (Fig. 6).
Fig. 6. Threshold ratio of various MscS and MscCG proteins and fusion constructs in
E. coli MJF431. In the figure, the threshold ratio of all tested constructs in relation to
MscL is given. Thresholds for gating were determined by patch-clamp measurements
(mean±SE, n≥5).
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4. Discussion

In this work, we addressed functional and/or regulatory properties
of the unique C-terminal domain of MscCG and the direct assignment
of channel function to glutamate efflux. For this purpose, we generated
various recombinant forms of MscCG from C. glutamicum and MscS
from E. coli, aswell as fusion constructs of theMscCGC-terminal domain
with the MscS channel. This led to a number of important and partially
unexpected results. Heterologous expression of MscS in C. glutamicum
devoid of MscCG, upon penicillin addition, led to glutamate efflux. In-
troduction of a LOF mutation in MscCG, which, to our knowledge is
the first LOF mutant of this channel, abolished excretion proving its
dependence on a functional channel domain. Correspondingly, this mu-
tant showed an increased threshold of gating in patch clamp measure-
ments. Its relative threshold ratio compared to MscL [25] is 0.89
indicating that this mutant requires more pressure for activation than
MscL. The increased threshold ratio compares favorably with the de-
crease in the glutamate excretion ratio observed in this mutant
(Table 4). Similarly, an engineered MscS LOF mutant lost its capability
to excrete glutamate. The introduction of a GOF mutation in MscCG
resulted in glutamate excretion in the absence of the penicillin trigger.
The fact that the rate of glutamate excretion upon penicillin addition
was not significantly increased in this GOF mutant compared to the
wild type may be due to a partially compromised physiology of these
strains, which is directly reflected in a severe growth phenotype. It
should be pointed out that some of the mutations previously identified
in NCgl1221 from C. glutamicum ATCC13869 leading to increased gluta-
mate efflux, e.g. A100T and A111V, most probably also represent GOF
mutants, as has been mentioned by the authors [1].

Some aspects of these results are of particular interest. Beyond the
finding that deletion and complementation ofmscCG leads to a decrease
and restoration, respectively, of penicillin triggered glutamate excretion
in C. glutamicum, as shown previously [1], the assignment of amino acid
flux to the function of the channel part by exploring LOF and GOF
mutants of both MscS and MscCG strongly argues for glutamate, during
triggered glutamate excretion, passing through the channel of MscCG.
It is important to note the functional equivalence of E. coli and
C. glutamicumMS channels. MscS is not only able to mediate glutamate
excretion in C. glutamicum, albeit to a reduced extent, but glutamate ef-
flux is surprisingly also triggered by penicillin, as previously only known
for C. glutamicum. This is of core interest since themechanism of trigger-
ing glutamate excretion in C. glutamicum by various stimuli is still far
from being understood [36–38]. Notably, the cell wall of C. glutamicum
is very different from that of E. coli, which is also reflected by differences
in the action of penicillin [43]. Our results point towards a rather
unspecific explanation for the penicillin-dependent trigger mechanism
probably based on changes in general properties of the cell wall.

We used fusion constructs to investigate the impact of the MscCG
C-terminal domain. Fusion of this domain to MscS results in a protein
of the size of MscCG harboring the MscS channel. MscS expressed in C.
glutamicum responded to penicillin treatment with low level gluta-
mate excretion, but excretion was increased when the MscCG
C-terminal domain was hooked up to the MscS channel. This argues
for a regulatory role of the C-terminal peptide on the channel domain,
even when originating from a heterologous source. Notably, sequence
analysis shows a rather distant relationship of the MscCG and MscS
channel (18% identical and 43% similar amino acids in the channel do-
mains), which does not prevent MscS from being regulated by the
MscCG C-terminal domain similar to MscCG.

The function of the C-terminal domain was studied using truncated
versions, i. e. MscCG-Δ110-His, missing the periplasmic hydrophilic
stretch of amino acids, MscCG-Δ141-His, lacking in addition the fourth
transmembrane segment, and MscCG-Δ247-His, being truncated to ex-
actly the size of E. coli MscS. The presence of MscCG-Δ110-His led to
spontaneous glutamate excretion. This is in line with previous results
obtained in a closely related species [1], where deletion of the terminal
part of the C-terminal domain of NCgl1221 in C. glutamicumATCC13869
downstream valine at position 419 also resulted in constitutive gluta-
mate efflux. MscCG-Δ247-His and MscCG-Δ141-His led to inducible
glutamate excretion upon addition of penicillin with rates similar to
those of the wild type. The impact of the C-terminal domain, however,
can be recognized by the fact that high level expression of MscCG
with the full length C-terminal domain leads to spontaneous glutamate
excretion, whereas similar expression of mscCG-Δ141-His and mscCG-
Δ247-His did not (Table 4).

These results matched the energetic situation. Cells harboring
these constructs had normal values of the membrane potential
when not stressed. This situation changed upon exposure to osmotic
shock, and, in particular, the MscCG-Δ110 strain was compromised in
maintaining a high electrical potential. This is obviously not a direct
reaction to osmotic stress but a long term functional change of this
protein. A mechanosensitive channel, when opening to equilibrate
osmotic gradients, immediately closes again after equilibrium is
reached. The MscCG constructs, after exposure to osmotic stress,
seem to remain partially open for indefinite time.

In patch clamp experiments the conductance of the constructs was
unaltered, indicating an unchanged pore size. This was also true for
the MscS-(C-MscCG) fusion construct resembling MscS in its conduc-
tance, and thus argues for the C-terminal domain of MscG interacting
with the channel in gating but not changing its pore structure. This is
in line with a further interesting observation. When we compared the
threshold of MscS and MscCG for channel opening, we found that
MscCG needs less membrane tension for gating. This, however, was
changed to values resembling or even exceeding those of MscS
when the C-terminal domain of MscCG was removed resulting in a
protein of the size of MscS.

The different expression levels of individual constructs did not sig-
nificantly change their efflux behavior in the presence of penicillin, as
shown, for example, by comparing the values for MscCG-His and
MscCG-Δ141-His in the absence and presence of IPTG (Fig. 1D,
Table 4). For so far unknown reasons, it seems that a maximum
value of the rate of glutamate efflux exists, which cannot be exceeded
even upon massive overexpression and introduction of a GOF muta-
tion, respectively (Table 4).

Inhibition of glutamate efflux could be achieved by modifying the
channel in either MscS or MscCG (LOF mutants). Vice versa, glutamate
efflux, even in the absence of the penicillin trigger, may result from
either channel mutations (GOF mutants of MscCG), the additional
presence of the MscCG C-terminal domain (MscS-(C-MscCG), or from
changes in this domain (MscCG-Δ110-His). The electrophysiological
properties of the truncationmutants again argue for the observed differ-
ences being not due to changes in the channel conformation (pore size),
but rather to a changed gating (open probability). Of particular interest
is the result of the fusion construct combining an MscCG LOF mutation
with the Δ110-His truncated C-terminal domain (MscCG-Δ110-His
(Q112L, V115S)). The strong functional impact of the truncated domain
can be recognized by the fact that in this recombinant form, the LOF
phenotype is completely overcome by the strong tendency of Δ110
truncated constructs to excrete glutamate (Table 4).

Mechanistic explanations for a changed open probability in GOF or
LOF mutants of MscS have been put forward [40,44]. Most probably,
this is also true for MscCG, but the current lack of structural informa-
tion prevents a mechanistic interpretation of the action of the
C-terminal domain on MscCG function, discriminating MscCG from
other MscS-like proteins. We suggest that this domain structurally in-
terferes with gating of the channel in changing its open probability
and its function in glutamate efflux. The surprising observation of
the MscCG C-terminal domain forcing E. coli MscS to increased gluta-
mate efflux argues for a general mechanism by which this domain
may affect MscS-like proteins. A mechanistic description of MS chan-
nels of the MscCG type should thus include a functional model for
both the channel and the C-terminal domain, and should also provide
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an idea for the penicillin trigger leading to glutamate excretion. Our
results indicate that excretion is mainly a matter of gating properties
of the channel. We speculate that the 4th TM segment of MscCG inter-
acts with the large cytoplasmic domain of MscS-type channels lead-
ing to conformational changes which may modulate the flow of
solutes through the channel.

Taken together, an increased tendency to trigger glutamate excre-
tion under particular conditions may be based on the construction of
the channel, as indicated by the comparison of E. coli MscS and
C. glutamicum MscCG-Δ247-His, which share the same size but differ
in their efficiency of excretion. Glutamate excretion may also be
caused by a specific function of the C-terminal domain of MscCG, as
indicated by fusing it to MscS. Moreover, the strong impact of a mod-
ified version of this channel (Δ110) on the functional properties of
MscCG but not MscS, demonstrates, on the one hand, the mechanistic
significance of interaction. On the other hand, it also indicates that
this interaction may, to some extent, be structurally specific, although
the full length C-terminal domain of MscCG is in fact able to trigger
glutamate excretion in the wild type form of MscS. Surprisingly, the
penicillin trigger seems to work in both cases, irrespective whether
the channel pore domain originates from MscS or MscCG, and
irrespective whether a C-terminal domain is present or not. The dif-
ferent effectiveness of penicillin, however, being dependent on the
type of channel used, argues for a direct impact of this trigger on
the gating process of the channels.
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