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Electrophysiological Characterization of the Mechanosensitive Channel
MscCG in Corynebacterium glutamicum

Yoshitaka Nakayama,™ Kenjiro Yoshimura,* and Hidetoshi lida"™
TDepartment of Biology, Tokyo Gakugei University, Tokyo, Japan; and *Department of Biology, University of Maryland, College Park, Maryland

ABSTRACT Corynebacterium glutamicum MscCG, also referred to as NCgl1221, exports glutamate when biotin is limited in
the culture medium. MscCG is a homolog of Escherichia coli MscS, which serves as an osmotic safety valve in E. coli cells.
Patch-clamp experiments using heterogeneously expressed MscCG have shown that MscCG is a mechanosensitive channel
gated by membrane stretch. Although the association of glutamate secretion with the mechanosensitive gating has been sug-
gested, the electrophysiological characteristics of MscCG have not been well established. In this study, we analyzed the mecha-
nosensitive gating properties of MscCG by expressing it in E. coli spheroplasts. MscCG is permeable to glutamate, but is also
permeable to chloride and potassium. The tension at the midpoint of activation is 6.68 + 0.63 mN/m, which is close to that of
MscS. The opening rates at saturating tensions and closing rates at zero tension were at least one order of magnitude slower
than those observed for MscS. This slow kinetics produced strong opening-closing hysteresis in response to triangular pressure
ramps. Whereas MscS is inactivated under sustained stimulus, MscCG does not undergo inactivation. These results suggest
that the mechanosensitive gating properties of MscCG are not suitable for the response to abrupt and harmful changes,

such as osmotic downshock, but are tuned to execute slower processes, such as glutamate export.

INTRODUCTION

Escherichia coli cells possess three types of mechanosensi-
tive channels—MscL, MscS, and MscM—based on the
conductance. The channel activities are due to MscL and
six MscS-type proteins: MscS, MscK, YbdG, Ynal, YbiO,
and YjeP (1-3). These mechanosensitive channels have
different thresholds of membrane tension and channel
conductances, and release small intracellular molecules to
reduce osmotic pressure when the cells are challenged
with an osmotic downshock. Thus, they have been regarded
as osmotic safety valves (4). The gating at different mem-
brane tensions enables these channels to regulate osmolarity
over a wide range of osmotic stresses. Electrophysiological
experiments have shown that MscS opens at a moderate
tension (5-8 mN/m) (5,6), which is above the threshold of
MscM (7) but below that of MscL (1014 mN/m) (8). The
fast activation kinetics of MscS is probably advantageous
for responding to an abrupt tension change caused by me-
chanical stress, such as hypoosmotic shock. On the other
hand, adaptive behaviors of MscS, such as desensitization
and inactivation, may prevent excessive efflux of intracel-
lular molecules (9).

MscS homologs are found in various prokaryotes and
eukaryotes, and are classified into 15 subfamilies based on
the domain structures (10). E. coli MscS is a homoheptamer
composed of a subunit of 286 amino acid residues with three
transmembrane (TM) segments and a large carboxyl-terminal
domain (see Fig. 1, A and B). The carboxyl-terminal domain
constitutes a cage at the intracellular side. The third TM
segment (TM3) and the adjacent carboxyl-terminal domain
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(cage roof) display the best homology between MscS family
proteins as a conserved domain (11) (see Fig. 1, A and C).
MscCG (NCgl1221) of the Gram-positive bacteria Coryne-
bacterium glutamicum (533 aa) is larger than its E. coli
MscS homolog (286 aa) due to a 247-residue C-terminal
extension. Whereas MscS is primarily responsible for the
response to hypoosmotic stress, MscCG has been character-
ized as a mechanosensitive channel for the adaptation to
hyperosmotic stress. The osmolarity generated by a compat-
ible solute, betaine, is tuned by MscCG and the betaine trans-
porter BetP (12). A previous electrophysiological study
reported that MscCG has lower conductance than MscS and
slightly favors cations over anions (Pg/Pc~3.0), whereas
MscS shows anion selectivity (Pc/Pg~1.5-3.0) (6,12).
Besides being an osmoregulator, MscCG is also known as
a glutamate exporter. C. glutamicum cells secrete a large
amount of glutamate through MscCG when incubated under
biotin-limited conditions (13,14). Monosodium glutamate
(MSQG) elicits a taste known as umami and is widely used
as a flavor enhancer (15). Industrially, MSG is produced
by fermentation by C. glutamicum (16,17). Biotin limitation
inhibits fatty acid synthesis and decreases the availability of
phospholipids (18). Glutamate secretion can also be induced
by the addition of fatty acid ester surfactants, such as Tween
40 (19). Because these treatments affect the cell-surface
structure, changes in membrane tension are believed to be
a key factor in glutamate secretion (20). Patch-clamp exper-
iments using a Bacillus subtilis giant provacuole expressing
MscCG have shown that MscCG is activated by membrane
stretch (21) and releases glutamate from the cytoplasm by
passive diffusion (22). Disruption of the MscCG gene re-
sulted in the accumulation of glutamate (13), but a gain-
of-function mutation that decreased the tension threshold
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Structural features of MscS and MscCG. (A) Crystal structure (36) of the whole channel (/eff) and a single subunit (right) of the E. coli MscS.

The red region shows the domain conserved among MscS family proteins. Gly-113 forms a kink in the inactivated state and separates TM3 into TM3a and
TM3b. (B) Hydropathy plot of MscS and MscCG. Gray boxes show predicted TM segments. The dashed box shows the domain conserved among MscS
family proteins. (C) The amino acid sequence alignment between MscS and MscCG in the domain conserved among MscS family proteins. Identical residues
are highlighted. A glycine residue at the kink and arginine residues that form a salt bridge with the cytoplasmic cage are shown as a circle and squares,

respectively.

caused constitutive glutamate secretion even in the presence
of biotin (23). These results suggest that glutamate secretion
in C. glutamicum is closely associated with the mechano-
sensitive gating of MscCG. However, the mechanosensitive
properties of MscCG have not been fully characterized.

In this study, we analyzed the gating kinetics and ion
permeability of MscCG in E. coli giant spheroplasts. We
found that MscCG has a threshold tension close to that of
MscS and shows remarkably slow gating kinetics in
response to changes in membrane tension. MscCG dis-
played more evident hysteretic gating behavior than MscS
because of this slow kinetics. Unexpectedly MscCG stayed
open under sustained tension, suggesting a lack of desensi-
tization and inactivation, as also shown previously (12).
These observations suggest functional differences between
C. glutamicum MscCG and E. coli MscS.

MATERIALS AND METHODS
Bacterial strains

The E. coli strains PB113 (AmscS and AmscK) (1) and MJF612 (AmscM,
AmscS, AmscK, and AmscL) (7) were used for electrophysiological exper-
iments, and the E. coli strain XL.10gold (Stratagene) was used for cloning.

Giant spheroplast preparation

Patch-clamp experiments were performed on E. coli giant spheroplasts as
described previously (24). The MscCG gene (also referred to as
NCgli221) was cloned from the C. glutamicum strain ATCC13869.
PB113 and MJF612 cells harboring an expression vector (pB10b-MscCG
or MscS) were grown for 2.5 h in the presence of cephalexin, and MscCG
expression was subsequently induced for 30 min by the addition of 1 mM
isopropyl-B-D-thiogalactoside (IPTG). The cells were harvested and
digested with lysozyme. Spheroplasts were collected by centrifugation.

Electrophysiological recording and data analysis

We recorded the channel activity by using the inside-out, excised patch-
clamp method with E. coli giant spheroplasts. The pipette solution con-
tained 200 mM K-glutamate and a base salt mix (90 mM MgCl,, 10 mM
CaCl,, and 5 mM HEPES-KOH, pH 7.2), and the bath solution contained
200 mM K-glutamate, the base salt mix, and 0.3 M sucrose to stabilize
the spheroplasts. The bulk conductivities of the solutions were measured
with a pH/conductivity meter (F-74; HORIBA, Japan). Currents were
amplified with an Axopatch 200B amplifier (Axon Instruments, Foster
City, CA) and filtered at 2 kHz. Current recordings were digitized at 5
kHz using a Digidata 1322A interface with pCLAMP9 software (Axon).
Pressure applied to the patch membrane was controlled by means of a
High-Speed Pressure Clamp-1 apparatus (HSPC-1; ALA Scientific Instru-
ments, Westbury, NY) (25).

The probability of channels being open was plotted against the negative
pressure (suction) applied to the patch membrane and fitted to a Boltzmann
distribution function of the form I = I;,,,,/[1 + exp & (Pyiq — P)], where I
is the current, I,,.x is the maximum current, P is the negative pressure
applied to the patch membrane, P4 is the activation midpoint, and « is
the channel sensitivity to pressure. The energetic and spatial parameters
of MscCG and MscS were determined by the formula of a two-state Boltz-
mann function, P, = 1/[1 + exp(AE — yAA)/kT], where P, is the probabil-
ity of being open, AE is the free energy for a closed-to-open state transition
in the absence of tension, v is membrane tension, AA is the in-plane expan-
sion, k is the Boltzmann constant, and 7 is the absolute temperature (8). The
partial area changes from the closed (C) or open (O) state to the nearest
transition barrier (B) were estimated from the tension dependencies
of the opening and closing rates, AAc_.gc = k7' x Aln(k,,)/Ay and
AAo - o = kT x Aln(ky)/A7y, respectively, where kg, is the rate constant
for channel opening and k¢ is the rate constant for channel closing (9,26).
BC and BO indicate the rate-limiting energy barrier closest to the closed
and open states, respectively, and thus AAc_,gc and AAp_,go do not
necessarily sum up to the total area change (AAc_, o).

RESULTS

To determine the electrophysiological characteristics of
MscCG as a mechanosensitive channel as well as a
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glutamate exporter, were performed the inside-out, excised
patch-clamp method in a symmetric glutamate solution
containing 200 mM K-glutamate and a base salt mix
(90 mM MgCl,, 10 mM CaCl,, and 5 mM HEPES-KOH,
pH 7.2). MscCG was expressed in the E. coli strain
MIJF612, which lacks four endogenous mechanosensitive
channels (YbdG, MscS, MscK, and MscL) (7). When a
ramp of negative pressure was applied to the patch mem-
brane, mechanosensitive currents of MscCG were triggered
at ~100 mmHg and saturated at ~250 mmHg (Fig. 2 A). The
unit channel currents of MscCG were 6 pA and —3 pA at
pipette potentials of +40 mV and —40 mV, respectively.
The I/V curve showed that the unitary conductance of
MscCG was larger at the positive pipette potential than
the negative potential, indicative of voltage-dependent recti-
fication, as reported previously (12). The unitary conduc-
tances calculated from the slopes at positive and negative
potentials were 155 = 14 pS and 80 =+ 8 pS (n =5), respec-
tively (Fig. 2 B).

Because MscCG functions as a glutamate exporter in
C. glutamicum cells, we examined whether MscCG has a
preference for glutamate. In an asymmetric solution con-
taining 200 mM/20 mM K-glutamate (bath/pipette) and
the base salt mix, the reversal potential of MscCG shifted
slightly to the negative potential, that is, in the direction
toward the equilibrium potential for glutamate (—58 mV)
rather than potassium (458 mV) (Fig. 2 B). Although the
shift was too small to determine the glutamate selectivity
of MscCG accurately, Px/Pg,, was estimated to be ~2.
The unitary conductances at positive and negative pipette
potentials in a symmetric KCI solution (200 mM KCI and
the base salt mix), with which most of the experiments on
MscS were conducted, were 340 = 24 pS and 145 = 9
pS, respectively (n = 5; Fig. 2 C; Table 1). The increase
in conductance with KCl concentration is consistent with
a previous study (12). The conductance of MscCG in this
symmetric KCI solution is significantly smaller than that
of MscS (~1 nS).

The conductance in a symmetric solution of the base salt
mix was 153 = 10 pS and 38 =+ 4 pS at positive and nega-
tive pipette potentials, respectively (n = 5) (Table 1). The
conductance at positive pipette potentials was comparable
to that in the K-glutamate solution, indicating that neither
potassium nor glutamate ions permeate at positive poten-
tials, although the larger conductance at negative potentials
in K-glutamate solution indicates permeation of these ions.
Considering that the base salt mix contains 200 mM CI~, the
doubling of conductance at positive potentials by addition of
200 mM KClI to the base salt mix is mostly attributable to
the chloride conductance (Table 1). The larger increase in
conductance at negative pipette potentials indicates the
permeation of potassium ions. Although glutamate poorly
permeates the pore from the cytoplasmic side, we conducted
the experiments described below at positive pipette poten-
tials because it is difficult to assume that continuous gluta-
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mate secretion occurs at negative pipette potentials (i.e.,
when the membrane potential is depolarized).

To determine the tension needed to activate MscCG, we
compared the midpoints of the activation curves of MscCG
and MscL in the same patch membrane of PB113 cells,
which express endogenous mscL. The midpoint tension for
the activation of MscL is 11.8 mN/m (8) and was used as
an internal standard in this experiment. Note that the activa-
tion of mechanosensitive channels depends on membrane
tension rather than pressure applied to the membrane, and
thus mechanosensitive channels with known tension sensi-
tivity have been coexpressed as an internal standard for cali-
bration in a number of previous studies (27-29). A series of
4-s pulses with increasing pressure were applied to the patch
membrane expressing MscCG. Pulses, rather than a ramp,
were used to avoid the influence of possible time-dependent
adaptation and slow kinetics. Currents generated by MscCG
were first elicited at ~50 mmHg (trace 5 in Fig. 3 A) and
reached saturation at ~80 mmHg (trace 8). Currents gener-
ated by MscL started at ~110 mmHg (trace 11). The rela-
tionship between the applied pressure and the maximum
current depicted activation curves with different midpoints,
indicative of a biphasic current response from channel
populations of MscCG and MscL (Fig. 3 B). The activation
curves fitted well with the Boltzmann equation, and the
midpoints of activation (P,,;q), at which a current is half of
a saturated current, were 61 mmHg for MscCG and
118 mmHg for MscL. The ratio of P,;q of MscCG to that
of MscL obtained from four independent experiments was
0.56 = 0.05. Thus, the activation midpoint of MscCG
calculated wusing the activation midpoint of MscL
(11.8 mN/m) is estimated to be 6.7 = 0.6 mN/m. This result
shows that MscCG opens at a tension comparable to that
observed for MscS (5-8 mN/m) (5,6,30).

The E. coli MscS has been characterized by a quick
response to changes in membrane tension and subsequent
closure under sustained tension. To compare the gating
kinetics between MscCG and MscS, we applied 4-s pulses
to MscCG or MscS expressed in E. coli MJF612 cells. As
reported previously, the current of MscS rose almost simul-
taneously with pressure application, but declined gradually
when the pressure was held at a level around the activation
midpoint (trace 7 of MscS in Fig. 4 A). In contrast, the cur-
rent of MscCG rose slowly to a plateau and it took >1 s to
reach the plateau at a moderate pressure (trace 4 of MscCG
in Fig. 4 A). Moreover, the current of MscCG did not decline
at any pressure.

The relationship between maximum currents and the
applied pressure was plotted and fitted with the Boltzmann
distribution function. Assuming that the P4 values of
MscCG and MscS are 6.7 mN/m and 5.5 mN/m (30), respec-
tively, we calculated the energy gap between the open and
closed states (AE) and the in-plane area change (AA) of
MscCG (see Materials and Methods). AE and AA were
7.8 = 2.0 kT and 4.8 = 1.3 nm?, respectively, in MscCG
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FIGURE 2 Electrophysiological characteristics of MscCG. (A) Currents
of MscCG expressed in MJF612 strain in a symmetric solution of 200 mM
K-glutamate and a base salt mix (90 mM MgCl,, 10 mM CaCl,, 5 mM
HEPES-KOH, pH7.2). The pipette potential was held at +40 mV and
—40 mV. Traces at the bottom present an expanded view of the dashed
box in the traces at the top. (B) Current-voltage relationships in symmetric
solution (pipette 200 mM/bath 200 mM K-glutamate + base salt mix) (solid
circles) and asymmetric solution (pipette 20 mM/bath 200 mM K-
glutamate + base salt mix) (open circles). Conductances of MscCG calcu-
lated from the slope of the curve in the symmetric solution were 156 + 14
pS (positive pipette potential) and 80 *= 8 pS (negative pipette potential;
n = 5). Reversal potentials are calculated from the intercept of the curve
in the negative potential range. Equilibrium potentials for glutamate and
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(n = 8), whereas AE was 22.4 + 2.8 kTand AAwas 16.8 *+
2.0 nm? in MscS (n = 12; Fig. 4 B; Table 2). The values
for MscS are consistent with previous studies (4,31). This
result indicates that MscCG opening is accompanied by a
smaller in-plane expansion and requires less energy to
gate compared with MscS.

Because the above recordings suggest slow gating
kinetics of MscCG, we quantitatively measured the opening
and closing rates of MscCG. Pressure was controlled using
Phia as a reference so that data from different patch mem-
branes could be assembled for statistical analysis. Fig. 5 A
shows the response of MscCG and MscS to various pressure
levels followed by a supramaximal pulse (2xP;q). The
pressure at the beginning was increased by 0.2xP,;4. Obvi-
ously, MscCG opened gradually, whereas MscS opened
almost instantaneously. The red lines represent single-expo-
nential functions fitted to the traces, and the opening time
constant (7) is shown in Fig. 5 C. The opening time constant
of MscCG was on the order of hundreds of milliseconds. An
exponential fit to the opening of MscS has a time constant of
~10 ms, but this is likely to be defined by the rate of increase
in pressure, which took up to 10 ms to reach the maximum.
Thus, the rate close to 10 ms was excluded from further
analysis. Nevertheless, given that the time constant of the
opening of MscS is <10 ms, one can conclude that the
rate of opening of MscCG is slower than that of MscS by
one order of magnitude or more. We analyzed the closing
kinetics of MscCG and MscS by applying a supramaximal
pulse (2xP i), which opened the entire channel population
(>500 channels) in the patch membranes, and reducing the
pressure to various levels (Fig. 5 B). Again, the change in
currents was much faster in MscS than in MscCG. The clos-
ing time constants of MscCG was consistently larger than
MscS at stimulus levels from 0.6 X Pp;q to 1.0 X P4, Sug-
gesting that MscCG has slower closing kinetics than MscS
(Fig. 5 C). A large number of channels are likely due to
the strong promoter used for induction. Note also that the
number of MscL channels per cell expressed under native
promoter depends strongly on the culturing conditions and
stress factors (32).

The inverse of the time constant (7) for opening and
closing represents the rate constant for opening (k,,) and
closing (K.g). Using the correlation between these rate con-
stants and tension, we calculated the changes in the in-plane
area from the closed (C) to the energy barrier nearest to the
closest state (BC) (AAc_ pc) and that from the open (O)
state to the energy barrier nearest to the open state (BO)
(AAo—po). AAc_pc was 0.5 nm®> and AAo_po was
2.4 nm? in MscCG. AAo_.go was 3.8 nm? in MscS, which
is largely consistent with a previous report (9).

potassium by the Nernst equation in the asymmetric solution are shown
by arrowheads. (C) Current-voltage relationships in symmetric solutions
of the base salt mix (open squares; n = 4) and 200 mM KCl + the base
salt mix (solid square; n = 5). Bars show standard deviation (SD).
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TABLE 1 Bulk conductivity of solution and conductance of
MscCG in the symmetric solutions

Bulk Conductance
Solution conductivity Positive potential’ Negative potential®
Base salt mix” 19.4 mS/cm 153 = 10 pS 38 = 4 pS
Mix+200 K-Glu®  31.3 mS/cm 155 = 14 pS 80 = 8 pS
Mix+200 KCI°  40.1 mS/cm 340 = 24 pS 145 = 9pS

“Pipette potential.

°90 mM MgCl,, 10 mM CaCl, 5 mM HEPES-KOH pH 7.2.
€200 mM K-glutamate + base salt mix.

9200 mM KCl + base salt mix.

Because hysteresis gating has been reported in the Arabi-
dopsis and Chlamydomonas MscS homologs MSL10 and
MSCI as a characteristic of eukaryotic MscS homologs
(33,34), we analyzed whether MscCG shows hysteresis
gating. If the gating kinetics is too slow to follow changes
in stimulus intensity, or the gating mechanisms of opening
and closing differ, mechanosensitive channels may show
hysteretic behavior in response to ascending and descending

A MscCG + MscL

14
_1_|20 mmHg
s

MscL saturation

c MscCG saturation

'Pg(MscCG)  *Prg(Mscl)
T T

0 40 80 120
Pressure (mmHg)

FIGURE 3 Threshold of membrane tension in MscCG. (A) Currents of
MscCG in the PB113 strain (AmscS and AmscK). Four-second pressure
pulses with various amplitudes were applied to the patch membrane at a
pipette potential of +40 mV. Current generated by MscCG was elicited
at a low pressure, and current generated by MscL was activated at a higher
pressure. The numbers in the current and pressure traces correspond to each
other. (B) Relationship between pressure and the maximum current. P,;q of
MscCG and MscL was determined by fitting to Boltzmann functions. The
ratio of Pp,;q of MscCG to P,;q of MscL was 0.56 = 0.05 (n = 4).
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FIGURE 4 Activation curves of MscCG and MscS. (A) Currents gener-
ated by MscCG and MscS in the MJF612 strain when 4-s pressure pulses
were applied to the patch membrane in 200 mM K-glutamate and the
base salt mix at a pipette potential of +40 mV. The numbers in the current
and pressure traces correspond to each other. (B) Activation curve of
MscCG (circles) and MscS (squares). Pp;q of MscCG and MscS was deter-
mined by fitting to Boltzmann functions. The energy gap between the open
and closed states (AE) and the in-plane area change (AA) obtained from the
Boltzmann functions are listed in Table 2.

stimuli, and different thresholds for opening and closing. We
compared the hysteretic characteristics of MscCG and MscS
by applying ascending and descending pressures at various
ramp rates. The currents of MscCG and MscS expressed
in E. coli MJF612 cells were recorded under a trapezoidal
pressure protocol at ramp rates of 2 x P,; mmHg/1 s to
2 x Ppig mmHg/8 s, and the activation curves of opening
and closing were fitted by the Boltzmann equation
(Fig. 6 A). At a high ramp rate (2 x P,;g mmHg/1 s),
MscCG opened and closed during the latter half of the
ramp; the midpoint of opening (~230 mmHg) was signifi-
cantly higher than that of closing (~100 mmHg; Fig. 6 A,
top). MscS also showed some hysteretic characteristics,
but to a much smaller extent than MscCG. The midpoints
for opening and closing approached each other when the
ramp rate was decreased, and the curves for opening and
closing almost coincided at the lowest ramp rate examined
(2 X Ppijg mmHg/8 s; Fig. 6 A, bottom). The midpoints for
opening and closing were normalized by P,,;4 as determined

TABLE 2 Energetic and spatial parameters of MscCG and
MscS

Ppia (mmHg) 1/ (mmHg™ ') AE (k)  AA (nm?)

78 20 48 £13
224 =28 168 £ 2.0

MscCG (n = 8)
MsceS (n = 12)

107 + 35
94 + 12

13.8 = 42
42 £ 05
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FIGURE 5 Opening and closing rates of MscCG and MscS. (A) Rate of
opening at various pressures. Pressure with various magnitudes was applied
first and was followed by a supramaximal pulse. Pressure was changed in
steps of 0.2 X Pp,q, Where P4 is the midpoint of the activation curve.
Red lines show single-exponential fitting. (B) Rate of closing at various
pressures. A supramaximal pulse was applied first to activate all channels,
followed by pressure with various magnitudes. (C) Time constants (7) for
opening (black) and closing (red) in MscCG (left) and MscS (right) were
plotted (n = 3). All data were taken in the MJF612 strain in 200 mM
K-glutamate and the base salt mix at a pipette potential of +40 mV. Bars
show SD.

by a pulse protocol and were plotted against the ramp rate
(Fig. 6 B). At the ramp rate of 2 x P,;s mmHg/1 s, normal-
ized midpoints for the opening and closing of MscCG were
1.66 = 0.21 and 0.69 = 0.12 (n = 3), whereas those of
MscS were 1.16 + 0.03 and 0.91 = 0.08 (n = 3), respec-
tively. The dissociation of the midpoints of opening and
closing largely disappeared when the ramp rate was reduced
to 2 x P; mmHg/8 s. The midpoint of opening was also
greater than that of closing in MscS, but the difference
was smaller than that of MscCG. These findings suggest
that MscCG has stronger hysteretic characteristics than
MscS.

Currents due to MscS are known to decay at sustained
pressure in excised patches, and the decay has been attrib-
uted to inactivation (channels do not open even at supramax-
imal pressure) and desensitization (channels reopen when
supramaximal pressure is applied). Desensitization occurs

1371

only in the excised patch and is absent in the whole-cell
configuration, suggesting that desensitization is due to
relaxation of tension in one of the membrane monolayers
(5). These processes occur in a tension-dependent manner
(35). We examined whether MscCG also has such adaptive
mechanisms. After the first saturating pulse at 2 x P4, we
kept the pressure at various levels for 30 s to examine the
pressure dependence of the current decay. The second satu-
rating pulse at 2 x P,;q was applied at the end to test
whether the channels were inactivated. Regardless of the
pressure between the two pulses, full activation was induced
by the second pulse in MscCG, indicating that MscCG was
not inactivated at any pressure (Fig. 7 A). In contrast, the
response to the second pulse was greatly reduced in MscS
at the intervening pressure of 1 x P4 or higher (traces 6
and 7 of MscS in Fig. 7 A). The inactivation rates of MscCG
and MscS were evaluated by the ratio of currents evoked by
the second pulse to those by the first pulse (Fig. 7 B). The
inactivation rate of MscCG was ~1 at any intervening pres-
sure, confirming full activation by the second pulse. How-
ever, more than half of the MscS was inactivated at an
intervening pressure of 1 x P.;q or higher, indicative of
pressure-dependent inactivation. These observations sug-
gest that MscCG does not have a mechanism of inactivation,
which is an important characteristic of MscS as an osmotic
safety valve (9).

A crystal structure (36) of MscS has a kink at Gly-113
located in the pore-forming helix TM3 (Fig. I, A and C).
Substitution of this residue with an amino acid with a large
side chain, which should reduce the flexibility of the TM3
helix at this residue, results in a remarkable loss of inactiva-
tion (37). For example, the G113A mutant does not undergo
inactivation, and the viability of cells with the mutation is
decreased significantly upon a long hypoosmotic shock
(9.37). MscCG has serine at this position (Fig. 1 C), suggest-
ing that loss of inactivation may be due to a decrease in flex-
ibility at this position. To test whether an absence of glycine
at this position prevents the gating transition to inactivation,
we introduced two glycine residues at this and adjacent res-
idues. However, this mutant, Q112G S113G, was not inacti-
vated as with the wild-type MscCG, indicating that the lack
of inactivation should be attributable to another region

(Fig. 7 O).

DISCUSSION

MscCG has a dual function of glutamate secretion and
osmoregulation in C. glutamicum cells. In this study, we
characterized electrophysiologically the mechanosensitive
gating kinetics of MscCG expressed in E. coli giant sphero-
plasts. MscCG was a mechanosensitive channel with an
activation midpoint of 6.7 = 0.6 mN/m and was permeable
to glutamate. MscCG had remarkably slower gating kinetics
than MscS and displayed strong hysteretic gating properties.
MscCG did not have a mechanism of inactivation, whereas
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FIGURE 6 Hysteretic gating behaviors of MscCG and MscS. (A) Current and pressure (left) in the response to pressure ramps at 2 X Ppa/1 s t0 2 X Pia/
8 s. Pressure was changed from 0 to 2 x P4 or vice versa over 1- to 8-s ramps. The pressure versus open probability relationships in opening (red) and
closing (blue) transitions were fitted with the Boltzmann functions, and the activation midpoint (P,,;q) was determined (right). Red and blue arrows show
the kinetics of opening and closing, respectively. (B) Ramp-rate dependence of gating midpoints. P,,;4 values determined in ramp experiments were normal-
ized by Pp,;q values determined in pulse experiments and were plotted against the ramp rate. The midpoints for opening (red) and closing (blue) are shown
(n =3). All data were taken in the MJF612 strain in 200 mM K-glutamate and the base salt mix at a pipette potential of +40 mV. Data were acquired at <90-s
intervals to ensure recovery from the inactivated state to the resting state. Bars show SD.

MscS’s adaptation enabled it to avoid constant flickering
under sustained stimuli.

Fast gating kinetics enables MscS to respond to sudden
osmotic challenges. Whereas osmotic pressure rises in
E. coli cells within 30-50 ms after an abrupt hypoosmotic
shock, MscS opens within 20 ms, as shown by stopped-
flow and patch-clamp analyses (9). In contrast, the opening
time constant of MscCG determined in this study was on the
order of hundreds of milliseconds, which is at least 10 times
slower than that of MscS. Thus, MscCG probably cannot
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open before osmotic pressure builds up to a lytic level
when an abrupt osmotic downshock is applied. Considering
this slow kinetics, MscCG would be a poor safety valve.
C. glutamicum has a single MscL. homolog (NCgl0843),
but cells devoid of this MscL homolog and MscCG still sur-
vive hypoosmotic shock (38), indicating that osmotic regu-
lators other than MscCG and MscL. homolog may exist.

In E. coli cells, inactivation of MscS is required for sur-
vival upon hypoosmotic shock to prevent excessive efflux
of small molecules and to facilitate recovery (9). The lack
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(solid circles) and MscS (open circles; n = 5). (C) Current response of
Q112G S113G mutant of MscCG to the paired-pulse protocol. All data
were taken in the MJF612 strain in 200 mM K-glutamate and the base
salt mix at a pipette potential of +40 mV. Bars show SD.

of inactivation in MscCG implies that cytoplasmic solutes
will be lost as long as the hypoosmotic shock persists.
Thus, it is possible that, in contrast to the opening of
MscS, opening of MscCG could be fatal upon hypoosmotic
shock. However, the fact that C. glutamicum cells lacking
MscCG do not die upon hypoosmotic shock implies that
MscCG would not be a safety valve. A recent study revealed
that MscSP, an MscS homolog of the sulfur-compound-
decomposing, Gram-negative marine bacterium Silicibacter
pomeroyi, also does not inactivate when it is expressed in
E. coli cells and reconstituted in liposomes (39). MscSP
may have a physiological role unrelated to osmotic
response, as is the case with MscCG. Note, however, that
the absence of inactivation in a heterogeneous expression
system does not totally exclude the occurrence of inactiva-
tion in vivo.

Introduction of glycine residues at the kink-forming posi-
tion in MscS did not give rise to inactivation, indicating that
the lack of inactivation is not due to the absence of glycine,
or flexibility, at this position. Besides the kink at TM3, an
electrostatic interaction between the carboxyl end of TM3
(Arg-128 and Arg-131) and Asp-62 in the loop between
TMI1 and TM2 (Fig. 1 C) is also known to affect inactivation
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critically (40). Loss of this electrostatic interaction results in
an increased rate of inactivation, indicating that a salt bridge
is present in the open state but is dissociated in the inacti-
vated state. Loss of this connection also reduces swelling
of the cytoplasmic cage, which occurs upon opening (41).
Curiously, this electrostatic interaction is probably absent
in MscCG because Asp-62 and Arg-131 in MscS are re-
placed by phenylalanine and glycine residues, respectively.
The absence of inactivation, despite the absence of the elec-
trostatic interaction between the TM domain and the cyto-
plasmic cage, suggests that coordinated motion of the TM
domain and the cytoplasmic cage of MscCG is achieved
through a mechanism different from that of MscS.

C. glutamicum responds to hypoosmotic shock by an
efflux of compatible solutes, in particular glycine betaine
(42). Consequently, the export of amino acids such as gluta-
mate and lysine is restricted. On the other hand, incubation
of C. glutamicum cells under biotin limitation results in
excretion of a large amount of glutamate. Biotin limitation
causes reduced fatty acid synthesis, resulting in reduction
of the amount of mycolic acid and continuous alteration
of membrane tension (19). Given that MscCG is not selec-
tive for glutamate, constitutive opening of MscCG should
cause excessive efflux of cytoplasmic solutes during gluta-
mate production. C. glutamicum may have an auxiliary reg-
ulatory system for the prevention of excessive efflux of
cytoplasmic solutes. However, further studies are needed
to elucidate this possibility.

The conductances of MscCG at positive and negative
potentials were 155 and 80 pS, respectively, which are
significantly smaller than those of MscS (~1 nS; Table I).
Consistent with the reduced conductance, the in-plane
area change upon gating (AA) was reduced from 16.8 nm?
(MscS) to 4.8 nm? (MscCQ), indicative of a smaller confor-
mational change in MscCG. The in-plane area changes from
the closed state to the nearest barrier (AAc_pc) were
almost comparable (2.1 nm? for MscCG and 2.9 nm? for
MscS). The change from the open state to the nearest barrier
(AAo - o) observed in this study (0.5 nm? for MscCG) was
also close to the value reported previously for MscS
(0.5 nm?) (9). The similarities of these transition parameters
suggest that critical steps for gating transition are conserved
between MscS and MscCG.

The similarity of AAg_,go between MscCG and MscS
reflects the similarity of the slope of the closing rate (or
time constant) when plotted against pressure (or tension;
Fig. 5 C). Thus, the slow closing rate of MscCG is likely
due to a parallel shift of the closing rate curve rather than
a change in tension dependence (slope). The intercept of
the regression line at pressure = 0 indicates that the closing
rates at pressure = O are 0.037 ms ' in MscCG and
1.09 ms™" in MscS, suggesting a 30-fold increase in the
intrinsic closing rate. Thus, one of the characteristics of
MscCG is an intrinsically slow rate of conformational
change.
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The slow rate of opening and closing should make it diffi-
cult for channels to follow rapid changes in stimulus inten-
sity, which is a likely reason for hysteresis. Marked
hysteresis has also been reported in eukaryotic MscS homo-
logs of Arabidopsis thaliana (MSL10) (33) and Chlamydo-
monas reinhardtii (MSC1) (34). Although the functions of
MSCI1 and MSL10 are not fully understood, it is unlikely
that they are activated directly by osmotic downshock,
because MSCI1 is localized in the intracellular membranes
and MSL10 is expressed in the root cells. Thus, hysteresis
and leisurely kinetics may be advantageous for executing
slow processes such as metabolism and glutamate secretion
by MscCG.

To summarize, slow kinetics and the absence of inactiva-
tion in MscCG are not suitable for a response to rapid
osmotic downshock. The absence of inactivation in MscCG
should be essential for sustained activities such as glutamate
excretion. We suggest that MscCG has the properties of a
sustainable metabolic valve rather than an osmotic safety
valve.
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