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Abstract
In the industrial L-glutamate production established on the use
of Corynebacterium glutamicum, L-glutamate synthesized
intracellularly is exported through mechanosensitive trans-
membrane channel proteins (MscCG and MscCG2) activated
by the force-from-lipids. The involvement of MscCG2 in L-
glutamate export by C. glutamicum was demonstrated in 2018;
however, MscCG was previously found to be the major
exporter of L-glutamate. Recent advances in research
methods, such as development of the microbial patch clamp,
revealed unique characteristics of MscCG, including its
conductance, opening and closing thresholds, and gating
hysteresis, as well as the significant effect of membrane lipids
on the channel properties. In addition, the cryoelectron
microscopic structure of Escherichia coli MscS, the canonical
representative of the mechanosensitive channel family to
which MscCG and MscCG2 belong, revealed its new
membrane-interacting region, new position within the lipid
bilayer, and hook lipids in a newly defined cavity between
subunits. In this short review, the applications of bacterial
mechanosensitive channels in the development of effective
microbial cell factories, which will contribute to sustainable
development, are discussed.
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Introduction
Mechanosensitive channels
Cells sense mechanical stimuli acting on the cellular
membrane to survive. These stimuli are associated with
the functional expression of genes and affect biological
processes ranging from cellular osmoregulation in bac-
teria to hearing and touch in mammals, as well as
including cell proliferation and morphological changes.
In many cases, mechanosensitive channels function as
primary molecular transducers of mechanical stimuli to
intracellular signaling pathways [1e4]. Most mechano-
sensitive channels are inherently mechanosensitive
transmembrane proteins activated in response to the

force-from-lipids (Figure 1) [1e5].

In bacteria, mechanosensitive channel activity was re-
ported for the first time in 1987 [6]. Subsequent elec-
trophysiological studies of Escherichia coli revealed two
types of mechanosensitive channels, MscS and MscL
[7,8]. MscS is activated by weaker stimuli and has a
smaller pore size than MscL. These mechanosensitive
channels have been widely investigated as models of
cellular mechanotransduction in many studies [9]. Both
MscS andMscL are considered to function as osmotically

regulated safety valves which release intracellular solutes
to prevent cell lysis upon osmotic downshock [10e13].

Microbial L-glutamate production
Amino acids are building blocks of proteins and are
essential for living organisms. Currently, amino acids are
produced industrially and used globally in not only the
food industry but also in the livestock industry, pharma-
ceuticals, and cosmetics [14]. L-Glutamate has the
umami taste, which is one of the five basic tastes [15,16].
Therefore, L-glutamate is the most commonly produced
amino acid worldwide, resulting in an annual production
of 3.26 million tons as a monosodium salt in 2018 [17].

Although many methods are used for the industrial
production of amino acids, fermentation is also
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Figure 1
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Mechanosensitive channels are transmembrane proteins (left) and activated by membrane stretching symbolizing the ‘force-from-lipids’ (right). B:
transported (exported) compound. Arrows represent ‘force-from-lipids’.

78 Mechanistic biology
frequently used by using microorganisms as microbial
cell factories [14]. Fermentative production of L-
glutamate was the first case of industrial fermentative
production of amino acids and is considered as a
breakthrough invention in the history of biotechnology

[15]. The L-glutamateeproducing microorganism
Corynebacterium glutamicum was isolated in 1956 [18].
Production of L-glutamate by C. glutamicum is induced
by biotin limitation [19], addition of a fatty acid ester
detergent such as Tween 40 [20], or addition of b-
lactam antibiotics such as penicillin [21], while mutant
strains that overproduce L-glutamate without such in-
duction are used in the industry (see the section
belowSection 2). Although industrial fermentative
production of L-glutamate began in 1957 by using C.
glutamicum, most aspects of the molecular mechanism of

overproduction of L-glutamate, which is essential for
protein synthesis, and the mechanism of efflux of L-
glutamate synthesized intracellularly into the extra-
cellular culture media in particular, have remained un-
clear until recent years.
Mechanosensitive channels in L-glutamate
production
L-Glutamate exporters in C. glutamicum
The mechanism of L-glutamate excretion by C. gluta-
micum was recently determined. Studies showed that L-
glutamate synthesized intracellularly is exported
through an MscS-type mechanosensitive channel
encoded by NCgl1221 gene [22e24]. This MscS-like
channel can export L-glutamate without the need for
high-energy compounds such as ATP [24]. This channel

is widely conserved among corynebacteria [25] and was
recently named as MscCG [26]. All three conditions
that induce L-glutamate production by C. glutamicum
described earlier are thought to increase membrane
tension. Increased membrane tension activates MscCG,
Current Opinion in Chemical Biology 2020, 59:77–83
leading to export of L-glutamate that has been synthe-
sized intracellularly.

In 2018, another gene that encodes the MscS-type
mechanosensitive channel, the mscCG2 gene, was iden-

tified in a genome of the strain C. glutamicum Z188, which
has been used for industrial production of L-glutamate
in China [27]. The mscCG2 gene is conserved among
many strains of C. glutamicum but some strains including
type strain of C. glutamicum, namely C. glutamicum ATCC
13032, do not possess the mscCG2 gene [27]. The
MscCG2 is involved in L-glutamate export, whereas
MscCG is the major exporter in strains possessing both
MscCG and MscCG2 [27].

Structural features of L-glutamate exporters
MscCG is composed of 533 amino acid residues arranged
in 4 transmembrane domains [28], whereas MscS of E.
coli is composed of 286 amino acid residues organized in
3 transmembrane domains [29] (Figure 2). The amino-
terminal half of the MscCG sequence shows similarity
to that of E. coli MscS. Indeed, MscCG has been shown
to function as a mechanosensitive channel having similar
characteristics to MscS, as described in the following
paragraphs. The carboxy-terminal half of MscCG,
including the fourth transmembrane domain, which is
conserved among corynebacteria but not in E. coliMscS,
is not essential for its channel activity [30], although it
affects gating properties of the channel [31]. Therefore,

the carboxy-terminal half of MscCG plays an important
role under physiological conditions.

MscCG2 is composed of 334 amino acid residues and its
sequence shows low identity to that of MscCG (23%).
MscCG2 lacks most of the C-terminal extension
including the fourth transmembrane domain of MscCG
[27].
www.sciencedirect.com
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Figure 2
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Membrane topology of MscCG, MscCG2, and MscS. Membrane topology
of MscCG2 predicted by Wang et al. [27] is shown.
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Characterization of L-glutamate exporters by
electrophysiology approaches
The patch-clamp method measures the flow of ions
across the membrane in the form of ionic currents [32].
This method shows high time resolution and is highly
quantitative in nature. In addition, this method allows

for measuring quantitative changes in membrane ten-
sion, which is difficult to achieve using other methods.
Furthermore, it is possible to manipulate several aspects
of the experimental conditions, such as the membrane
potential and substance concentrations inside and
outside of the membrane. Hence, the patch-clamp
method is suitable for measuring ion transport across
membranes, particularly for determining the role of
mechanosensitive channels. Although the patch-clamp
method is a well-known biophysical technique, it has
not been widely applied to microorganisms.

In 2018, Nakayama et al. [25] analyzed all three
mechanosensitive channels of C. glutamicum, namely
MscCG, MscCG2, and CgMscL (MscL-like mechano-
sensitive channel of C. glutamicum), in the native mem-
brane by the patch-clamp method using giant
spheroplasts of this bacterium. This was the first time
that the patch-clamp method was applied to a native
membrane of C. glutamicum. The results revealed more
information about the channel properties under physi-
ological conditions compared with using the exogenous

membrane when heterologously overexpressing the
www.sciencedirect.com
mechanosensitive channel proteins in E. coli. The
conductance values calculated based on the data ob-
tained by the patch-clamp analysis of MscCG, MscCG2,
and CgMscL were 0.34 � 0.01, 1.00 � 0.11, and
3.70 � 0.27 nS, respectively. The conductance of
MscCG was smaller than that of E. coli MscS (w1 nS)
[7]. The membrane tension for half activation of
MscCG was w5.5 mN/m, which is much smaller than

that of E. coli MscS in the E. coli native membrane [33],
whereas those of both MscCG2 and MscL were
w12 mN/m [25]. MscCG is activated at the lowest
tension among the three types of mechanosensitive
channels present in C. glutamicum. This difference in the
activation threshold is one reason why MscCG functions
as a major L-glutamate exporter in the fermentative
production of L-glutamate by C. glutamicum among the
three types of mechanosensitive channels.

Patch-clamp analysis using the native membrane of C.
glutamicum also revealed a large difference between the
opening and closing pressure threshold of the MscCG
channel, that is, the opening and closing thresholds
represented by the negative pressure applied to a patch
pipette at the pipette voltage of þ40 mV were �34
and �14 mmHg, respectively. In contrast, in the E. coli
membrane, where MscCG is heterologously expressed,
the values were much larger, that is, �51
and �64 mmHg, respectively [25]. This difference be-
tween the opening and closing pressure thresholds, that
is, gating hysteresis, is voltage dependent in the native

C. glutamicum membrane; however, voltage-dependent
gating hysteresis was not observed in the E. coli mem-
brane. Although the opening threshold of MscCG was
not affected by voltage, the closing threshold strikingly
decreased at high pipette voltages. Unexpectedly, a
pipette voltage of þ100 mV, which corresponds to a
membrane potential of �100 mV comparable with the
physiological state of the C. glutamicum resting mem-
brane potential under L-glutamate-producing conditions
[34], most MscCG remained open when the pipette
pressure was completely released. This strongly sug-
gests that in L-glutamateeproducing C. glutamicum, once
MscCG is open, it remains open for some time. This
property of MscCG contributes to L-glutamate
overproduction.

The rectification property of the MscCG ion current is
observed in the native C. glutamicummembrane; currents
at positive pipette voltages are markedly larger than
those at negative pipette voltages, as previously re-
ported for the MscCG channels in E. coli cell membrane,
in which MscCG was heterologously expressed [35].

During patch-clamp analysis using the native sphero-
plast membrane of C. glutamicum, remarkable difference
in mechanical properties between C. glutamicum and E.
coli membranes was revealed. Particularly, the C. gluta-
micum membrane was found to be very soft compared
Current Opinion in Chemical Biology 2020, 59:77–83
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with the E. coli membrane. This softness of the C.
glutamicum membrane is considered to result from the
abundance of negatively charged lipid components, such
as phosphatidylglycerol and cardiolipin, in its cyto-
plasmic membrane [36,37]. This experimental result
was supported by molecular dynamics simulations
comparing mechanical properties of the C. glutamicum
with mechanical properties of the E. coli membrane

[25]. Because it was recently reported that membrane
stiffness is a critical factor in the mechanosensitivity of
E. coli MscS [38], determining mechanical properties of
the membrane lipid bilayer is important for under-
standing the details of the gating mechanisms of
mechanosensitive channels.
3D structure of MscS
Unfortunately, the 3D structure of MscCG has not been
determined. 3D structures of both MscS of E. coli and
MscL ofMycobacterium tuberculosiswere determined by X-
ray crystallography [29,39]. As the amino-terminal half
of the MscCG sequence is similar to that of E. coliMscS
and only this region retains mechanosensitive channel
activity [30], it is considered to have a similar 3D
Figure 3

a

b

Structure of E. coli MscS and its proposed gating mechanism. (a) Cryo-EM s
represented by a pair of dashed lines. Arrows indicate the three helices menti
gating mechanism hypothesis involving hook lipid.
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structure to E. coli MscS. Based on the crystallographic
structure, E. coli MscS is a homoheptamer with three
transmembrane helices in each subunit [29].

In 2019, the cryo-electron microscopy (EM) structure
of E. coli MscS in nanodiscs was reported [40]. The
structure revealed new membrane-interacting regions
at the amino-terminal end and an additional w3 turns

in the helix-1, the first helix from amino terminus
(Figure 3a). This newly defined N-terminal domain
binds to the membrane and is important for the
interaction between MscS and the outer leaflet of the
lipid bilayer. The second important result determined
from the cryo-EM structure of E. coli MscS is alter-
ation of its position in the lipid bilayer compared with
the previous consensus placement estimated from the
X-ray crystal structure. The position of the lipid
bilayer in the cryo-EM structure of E. coli MscS is
shifted upward by w14 Å from the previous consensus

placement, where a large portion of helix-1 and helix-
2, and nearly all of helix-3, which were estimated to be
bilayer embedded previously, exist outside of the
membrane, particularly in the cytoplasm (Figure 3a).
Current Opinion in Chemical Biology

tructure of MscS (PDB: 6PWP). Estimated location of the lipid bilayer is
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Because inherently mechanosensitive channels,
including MscS, are gated by sensing the force-from-
lipids, understanding the details of the interactions
between protein and lipids is extremely important for
determining their gating mechanism. The third
striking result observed from the cryo-EM structure of
E. coli MscS was the ‘hook’ lipids, which appear to
hook onto the top of helix-2 and helix-3 loops, in a

newly defined cavity between subunits (Figure 3b).
Here, ‘hook’ lipids bind to a region where large
conformational rearrangements occur during gating.
Therefore, ‘hook’ lipids are considered to participate
in the transduction of forces. One of the attractive
hypotheses of the role of the hook lipids in trans-
ducing bilayer forces can be summarized as follows.
Pulling on the helix-1 by stretching the membrane
bilayer in the early stage of the channel gating de-
stabilizes the hook lipid binding, which leads to
release of the hook lipids. This release of hook lipids

triggers conformational rearrangements, leading to the
channel opening (Figure 3b) [40].

These results obtained from the cryo-EM structure ofE.
coli MscS will result in modifying our understanding of
the force-from-lipid gating of the MscS-like family of
mechanosensitive channels.
Engineering of mechanosensitive channels
Many gene clusters for secondary metabolite biosyn-
thetic genes contain the gene that encodes the trans-
porter [41e45], whereas in some cases, extracellular
production of secondary metabolites is only minimally
affected by knockout of this gene within the cluster
[46]. The functions of numerous transporter-encoding
genes within the cluster remain unknown; revealing
this information, as well as the functions of biosynthetic

genes, is important from the perspective of chemical
biology and for efficient production of secondary me-
tabolites. Indeed, some reports have described im-
provements in the yield of secondary metabolites via
Figure 4

Efficient export of target compounds will lead to improved production of the tar
target compound and/or its intermediates. Downstream processes, such as re
nontarget compound, small squares represent decomposed target compound
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transporter engineering [47,48], although the number of
cases is limited.

To achieve sustainable production of valuable com-
pounds, cell factories using renewable resources such as
plant biomass or directly using CO2 are becoming
increasingly important [49]. Production methods using
microbial cell factories have recently attracted attention

as a means for achieving sustainable materials produc-
tion [49,50]. Recent advances in chemical biology have
expanded the chemical diversity of compounds pro-
duced by microbial cell factories and possibilities of
designing novel biosynthetic pathways. To generate
efficient microbial cell factories, exporter engineering is
pivotal, as efficient export of target compounds will lead
to their improved production by escaping feedback in-
hibition and degradation of the target compound and/or
intermediates (Figure 4). In addition, improved extra-
cellular processing of the target compounds simplifies

their downstream handling, particularly the recovery
and purification of compounds. However, exporter en-
gineering has been less advanced compared with meta-
bolic engineering or biosynthetic pathway engineering
because the understanding of exporters remains limited
[51,52].

MscCG was suggested to export L-aspartate in addition
to L-glutamate in a study using an mscCG gene deletion
mutant of C. glutamicum [22]. The export of L-aspartate
was demonstrated by the patch-clamp analysis using

giant spheroplasts of Bacillus subtilis, in which the mscCG
gene was heterologously expressed [24]. Furthermore,
introduction of the mscCG gene into E. coli modified to
produce L-phenylalanine increased L-phenylalanine
production, suggesting that MscCG can export L-
phenylalanine [24]. Therefore, mechanosensitive
channels including MscCG have a great potential as
versatile exporters and will contribute to the develop-
ment of efficient microbial cell factories, including those
that overproduce secondary metabolites. In the use of
Current Opinion in Chemical Biology

get compound (-) by escaping feedback inhibition and degradation of the
covery and purification of the target compound, are also simplified. B, △;
.
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mechanosensitive channels as exporters, mechano-
sensitive channels with gain-of-function mutations
should be effective because mechanosensitive channels
without such mutations would not be activated in
normal conditions. Indeed, C. glutamicum strains with a
gain-of-function mutation in mscCG or mscCG2 have been
shown to export L-glutamate without the treatments
that induce L-glutamate production described in section

1.2 [22,53].

Further studies for the identification, characterization,
and structure determination of exporters, as well as
determination of their molecular mechanisms and mo-
lecular dynamics simulations of their structural dy-
namics, will be essential for successful exporter
engineering. Because exporters function in the lipid
bilayer, further studies of the interactions between
protein and lipids and properties of the lipids will also be
equally important.
Conclusions
The mechanosensitive channel, MscCG, exports L-
glutamate during fermentation culture of C. glutamicum.
Recent remarkable advances in research methods such

as genome sequencing, genome analysis, microbial patch
clamp, cryoelectron microscopy, and molecular dynamics
simulations have greatly improved the understanding of
exporters. This has led to improved exporter engineer-
ing including the design of effective exporters. Further
studies will contribute to sustainable development
using efficient microbial cell factories.
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