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ABSTRACT The bacterial mechanosensitive channel MscS protects the bacteria from rupture on hypoosmotic shock. MscS is
composed of a transmembrane domain with an ion permeation pore and a large cytoplasmic vestibule that undergoes significant
conformational changes on gating. In this study, we investigated whether specific residues in the transmembrane and cytoplasmic
domains of MscS influence each other during gating. When Asp-62, a negatively charged residue located in the loop that connects
the first and second transmembrane helices, was replaced with either a neutral (Cys or Asn) or basic (Arg) amino acid, increases in
both the gating threshold and inactivation rate were observed. Similar effects were observed after neutralization or reversal of the
charge of either Arg-128 or Arg-131, which are both located near Asp-62 on the upper surface of the cytoplasmic domain. In-
terestingly, the effects of replacing Asp-62 with arginine were complemented by reversing the charge of Arg-131. Complementation
was not observed after simultaneous neutralization of the charge of these residues. These findings suggest that the cytoplasmic
domain of MscS affects both the mechanosensitive gating and the channel inactivation rate through the electrostatic interaction

between Asp-62 and Arg-131.

INTRODUCTION

Various types of mechanosensitive (MS) channels are pres-
ent in sensory cells that detect sound, touch, gravity, and
acceleration (1-4). Nonsensory cells also make use of MS
channels to monitor their own deformations caused by stretch
and osmotic stress. One of the best studied examples is the
bacterial MS channel, which opens on hypoosmotic shock to
prevent cell lysis (5—-10).

Two types of bacterial MS channels, MscS (mechanosen-
sitive channel of small conductance) and MscL (mechano-
sensitive channel of large conductance), are activated in
response to hypoosmotic shock and release small osmolytes
from the cell. MscS and MscL are both likely to perceive
membrane tensions directly from the lipid bilayer without the
need for any accessory proteins (11-13). Additionally, lipid-
protein interactions proximal to the surface of the lipid bilayer
are important for sensing membrane tensions (14,15). How-
ever, the conductance of Escherichia coli MscS is ~1 nS
(11,12), whereas the conductance of MscL is ~2.5 nS, and
MscL opens at membrane tensions almost twice as large as
that required to open MscS.

An x-ray crystal structure of MscS, resolved at 3.9 A,
revealed that MscS is a homoheptamer containing three trans-
membrane helices per subunit (TM1, residues 29-57; TM2,
68-91; and TM3, 96-127) (16,17) (Fig. 1). Each subunit has a
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molecular mass of ~30 kDa and consists of 286 amino acids
(7). The channel pore is formed by TM3 and has a diameter of
811 A (17). MscS has a weak permeability preference for
anions (11,12,18) and shows a pronounced rate of inactivation
when the cytoplasmic membrane potential is positive (19).
One of the major structural differences between MscS and
MscL is that MscS has a large (~17 kDa) carboxyl-terminal
cytoplasmic domain (17). It has been postulated that the
carboxyl-terminal domain acts as a molecular prefilter for ion
permeation and undergoes a significant conformational
change during the transition from the closed to the open
state (16,20,21). It is also possible that the carboxyl-terminal
domain forms a cytoplasmic gate for the MscS channel (21).
However, the mechanism by which the carboxyl-terminal
and transmembrane domains affect each other is unknown.
The interaction between the transmembrane and cyto-
plasmic domains is of general interest because many ion
channels are regulated by their cytoplasmic domains. Cyclic
nucleotide-gated channels bind intracellular cAMP or cGMP
at the cytoplasmic domain (22-24). There are potassium
and chloride channels whose activity is controlled by the
binding of calcium ions to the cytoplasmic regulatory
domain (25-27). The activation of cystic fibrosis transmem-
brane conductance regulator requires phosphorylation of
the cytoplasmic regulatory domain and the binding of ATP
to the nucleotide-binding domain (28,29). The availability
of structural information about MscS makes it an excellent
candidate for study. In fact, a molecular dynamic simulation
study by Sotomayor and Schulten (30) suggested that Asp-62,
which is located in the loop that connects TM1 and TM2,
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FIGURE 1 The crystal structure of MscS (17). Asp-62, Asp-67, Arg-128,
and Arg-131 are colored in blue, yellow, green, and red, respectively, and
depicted in a space-filling model. TM and CP represent the transmembrane
and cytoplasmic domains, respectively. B is expanded view of a part of A.
The structure is based on the data set of 20AU in the Protein Data Bank.

forms a salt bridge with Arg-128, a residue in the upper
surface of the cytoplasmic vestibule (Fig. 1 B).

In this study, we examined the role of the electrostatic inter-
action between the upper surface of the cytoplasmic vestibule
and the loop that connects the transmembrane helices. The
channel functions of various mutants were assessed through
electrophysiology and hypoosmotic shock experiments. In
addition to the predicted salt bridge between Asp-62 and Arg-
128, the involvement of the neighboring residues (Arg-59, Lys-
60, Asp-67, and Arg-131) in the bridge formation was
examined. The results indicate the presence of an electrostatic
interaction between Asp-62 and Arg-131 that controls the
gating sensitivity and the inactivation rate of MscS.

MATERIALS AND METHODS
Bacterial strains

E. coli strains PB111 (AyggB, ArecA) and MJF455 (AmscL, AyggB::Cm)
were used to host MscS expression vectors in patch-clamp and hypoosmotic
shock experiments, respectively (7,10). E. coli strain DH5a was used for
site-directed mutagenesis.

DNA manipulations

Polyhistidine-tagged MscS was cloned into pB10b as described previously
(16). Site-directed mutagenesis was performed by the Mega-primer method.
Successful mutagenesis was verified by DNA sequencing on both strands
using the CEQ 2000XL DNA Analysis System (Beckman Coulter, Fullerton,
CA). Constructs were transformed into PB111 or MJF455 by electroporation.

Spheroplast preparation

Patch-clamp experiments were performed on E. coli giant spheroplasts as
described previously (31). PB111 cells were grown for 1.5 h in the presence

1639

of cephalexin (final concentration 0.06 mg/ml), and MscS expression was
subsequently induced for 10 min by the addition of 1 mM IPTG (isopropyl-
B-p-thiogalactoside). The cells were harvested and digested by lysozyme
(0.2 mg/ml). Spheroplasts were collected by centrifugation.

Electrophysiological recording and data analysis

The channel activity of MscS was examined by the inside-out patch-clamp
method as described previously (32). Pipette solutions contained 200 mM
KCI, 90 mM MgCl,, 10 mM CacCl,, and 5 mM HEPES (pH 6.0), whereas the
bath solution additionally contained 0.3 M sucrose to stabilize the sphero-
plasts. Currents were amplified using an Axopatch 200B amplifier (Axon
Instruments, Foster City, CA) and filtered at 2 kHz. Current recordings were
digitized at 5 kHz using a Digidata 1322 A interface with pPCLAMP 9 software
(Axon). Negative pressure was applied by syringe-generated suction through
the patch-clamp pipette and measured with a pressure gauge (PM O15R,
World Precision Instruments, Sarasota, FL). For the assessment of the
inactivation process, pressure was controlled using a High-Speed Pressure
Clamp-1 apparatus (HSPC-1; ALA Scientific Instruments, Westbury, NY)
(33) following the method of Akitake et al. (19). The pressure was held
constant at the lowest pressure at which full activation occurred.

The gating threshold of MscS was determined by fitting a Boltzmann
function to the activation curve. The Boltzmann function gives the midpoint
of pressure at which half of the MscS are open. The gating threshold of
MscL is the pressure at which the first channel opening was observed. The
midpoint pressure of MscS activation was normalized by the threshold of
MscL and presented as the ‘threshold’ of MscS.

Viability assays

Survival rates after hypoosmotic shock were examined by a method
described previously (7,14,15). Expression was induced by the addition of
IPTG (1 mM) to MJF455 cells grown to ODggp = 0.15 in minimal medium
supplemented with 500 mM NacCl and 50 wg/ml ampicillin. The minimal
medium has an osmolarity of 220 mOsm and contains 8.58 g Na,HPOy,,
0.87 g K,HPOy,, 1.34 g citric acid, 1.0 g (NH,4),SO4, 1 mg thiamine, 48 mg
MgSOy, and 2 mg Fe(NH,4),(SO4),-6H,0 per liter. After a 1-h incubation,
the cells were diluted 1/20 in prewarmed minimal medium with or without
500 mM NaCl. After a 5-min shock, each sample was spread on a plate and
cultured at 37°C overnight. The ratio of the number of colony-forming units
of cells that experienced osmotic shock (Ngown) to those that did not (Neongror)
was used to calculate the survival rate (Ngown/Neontrol)- The osmotic shock
experiment was carried out three times per mutant.

Biochemical analysis

The level of protein expression was examined by Western blot as described
previously (15). Protein expression was induced with 1 mM IPTG for 2 h. The
proteins were separated by 12% sodium dodecyl sulfate polyacrylamide gel and
transferred to a nitrocellulose membrane. An antibody against polyhistidine was
used to detect the Hisg-tag at the carboxyl terminus of MscS. In the analysis of
the multimer formation of D62C/R128C and D62C/R131C, I, (1 mM final
concentration) was added to all solutions used for sample preparation and
hypoosmotic shock; DTT was omitted when I, was added.

RESULTS

Modification of the charge at residue 62 and the
residues nearby

The channel activities of wild-type and mutant MscS were
examined by the application of negative pressure through a
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patch pipette to the inside-out membrane patch of giant
spheroplasts expressing MscS. When wild-type MscS was
expressed, a channel current with an amplitude of ~20 pA
opened on increasing the negative pressure applied to the
patch membrane (arrowhead in Fig. 2, A and B; at —20 mV
cytoplasmic potential). From the size of its conductance
(~1 nS), the channel was judged to be MscS. Further in-
creases in the negative pressure opened MscL, which has a
conductance of ~2.5 nS (arrow in Fig. 2, A and C). MscS
remained open as long as the pressure was above the threshold.
The threshold of MscS is represented by the pressure at which
half of the MscS channels in the patch membrane are activated.
The midpoint of MscS activation is normalized using the
threshold of MscL to compensate for variation resulting from
the geometry of the membrane (15). The threshold of wild-type
MscS was ~0.6 (Fig. 2 H).

When the negative charge of Asp-62, which is located in
the loop that connects the transmembrane helices, was
neutralized by substitution with either asparagine or cysteine,
the threshold increased to ~0.7 (D62N and D62C; Fig. 2, D,
E, and H). The D62N and D62C mutant channels closed
while the pressure was still above the gating threshold. The
introduction of a positive charge by substitution with arginine
increased the threshold to 0.94, close to the threshold of
MscL (D62R; Fig. 2, F and H). D62R MscS was inactivated

Nomura et al.

even faster and showed only a small number of channel
events. On the other hand, when Asp-62 was replaced with a
negatively charged amino acid (D62E), the threshold was
nearly the same as that of wild-type MscS (Fig. 2 H), and the
channel was not inactivated by continuous pressure.

To ensure that the threshold change also occurs in vivo,
E. coli cells expressing wild-type and mutant MscS were
exposed to hypoosmotic shock. A previous study showed
that an increase in the threshold correlates with a decrease
in viability (15). Most of the AmscLAmscS cells (MJF455)
that harbored an empty vector (pB10b) did not survive on
hypoosmotic shock from 500 to 0 mM NaCl, but cells
expressing wild-type MscS showed greater viability (Fig. 2 7).
The survival rate of cells expressing MscS with a neutral
amino acid at position 62 (D62N and D62C) decreased by
~20%, whereas that of cells expressing MscS with a positive
amino acid (D62R) showed a larger decrease. Cells express-
ing D62E MscS had a survival rate that was not statistically
different from that of wild-type MscS. Western blot analysis
did not reveal a decrease in protein expression in the mutant
forms of MscS (Fig. 2 G). Therefore, it is unlikely that the
low survival rate of cells expressing neutral or positive amino
acids results from a low level of protein expression.

Wild-type MscS exhibits a strong rate of voltage-depen-
dent inactivation under depolarizing conditions (19,34). At
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FIGURE 2 Characterization of wild-type MscS (WT) and D62X MscS expressed in AmscS cells. (A) The membrane current (fop) and the negative pressure
applied to the inside-out patch through the patch pipette (bottom). The first opening of the expressed wild-type MscS and endogenous MscL on continuously
increasing suction is indicated by arrowheads and arrows, respectively. Cytoplasmic potential was —20 mV. (B and C) Expanded view of the opening of MscS
(B) and MscL (C) boxed in panel A. (D—F) Records from the spheroplasts expressing D62N (D), D62C (E), and D62R (F) MscS. (G) Expression of MscS in the
membrane. The Western blot against the His-tag at the carboxyl terminus of MscS is shown. (/) Threshold for MscS gating as determined by patch clamp
(mean = SE, n =5). (/) Effect of hypoosmotic shock on cells expressing MscS or harboring an empty vector (pB10b) (mean * SE, n = 9). The survival rate
was normalized to that of the cells expressing wild-type MscS. The asterisks hereafter indicate that the value is significantly different from that of wild-type

MscS (p < 0.05 by r-test).
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cytoplasmic potentials larger than 40 mV, a rapid decrease in
current was observed in wild-type MscS (Fig. 3, A and C),
consistent with the results from a previous study (19). We
examined whether this voltage-dependent inactivation rate
was altered in Asp-62 mutants. D62N MscS showed a fast
inactivation rate even at negative potentials (Fig. 3, B and C).
The inactivation rate at positive potentials was also accel-
erated. D62C MscS showed a similar rapid inactivation rate
(Fig. 3 C). D62R had a threshold close to that of MscL (Fig.
2, F and H) but was inactivated much faster. A quantitative
evaluation of the time constant was not possible because of
the small number of active channels and the high pressure
required to open D62R MscS. On the other hand, the
inactivation rate of D62E MscS was approximately the same
as wild-type MscS (Fig. 3 C). Inactivation was not caused by
an irreversible loss of channel activity, as the number of
functional channels did not decrease after each experiment.
These observations indicate that modification of the negative
charge at position 62 alters both the threshold and inactiva-
tion rate of MscS.

To examine whether the observed effect is specific to residue
62, we modified the charge of the nearby residues. Neutralizing
(K60N, K60Q) or reversing (K60E) the positive charge of Lys-
60 did not change the gating threshold (Fig. 4 A), the
inactivation rate (Fig. 4 C), or the survival rate (Fig. 4 B; except
for K60E). Neutralizing the positive charge of Arg-59 (R59N)
decreased the gating threshold, whereas reversing the charge
(R59D) increased it. Neither the survival rate nor the inactiva-
tion rate showed a significant change (Fig. 4). Charge
neutralization of Asp-67 (D67N) did not alter the channel
characteristics. In contrast, reversal of the negative charge
(D67R) increased the gating threshold, decreased the survival
rate, and enhanced inactivation (Fig. 4). Shifting the position of
the negative charge from residue 62 to residue 60 with the
K60D/D62K mutation resulted in a phenotype similar to D62R
MscS (Fig. 4, A and B), suggesting that a negative charge at
residue 62 cannot be replaced by a negative charge at residue 60.

Modification of the positive charges at residues
128 and 131

In the simulation study by Sotomayor and Schulten (30),
Asp-62 was found to form an electrostatic interaction with
Arg-128 of the neighboring subunit, which is located in the
upper surface of the cytoplasmic vestibule. It is also possible
that Arg-131, which is located a single helix turn away,
interacts with Asp-62 (Fig. 1 B). If the defects in channel
function of the Asp-62 mutants are caused by the loss of
interaction with Arg-128 or Arg-131, changes in the charge
of Arg-128 or Arg-131 would be expected to affect the
channel in a similar way.

When the positive charge of Arg-128 and/or Arg-131 was
replaced with a negative charge (R128D, R131D, or R128D/
R131D), the threshold increased to 0.7-0.8 (Fig. 5, A, B, and
D). The mutants with a neutral charge at these sites (R128C,
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FIGURE 3 Inactivation of wild-type and D62X MscS expressed in
AmscSAmscL cells. (A) Current (top) evoked by suction (bortom) at a
cytoplasmic potential ranging from —60 to +80 mV (middle). A rapid
decrease in current was observed only in the voltage range from +40 to +80
mV in wild-type MscS. (B) Response of D62N MscS to the same protocol as
in A. Rapid inactivation occurred at all voltages examined. (C) The relation
between the voltage and the time constant of the inactivation rate obtained
by fitting a single exponential function to the current recordings.
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R131C, and R128C/R131C) also had elevated thresholds
(Fig. 5 D). Of note, R128C/R131C MscS had a threshold as
high as that of MscL as in the D62R mutant (Fig. 5, C and
D). Consistent with the high threshold, the survival rate on
hypoosmotic shock was lower than that of wild-type MscS
(Fig. 5 E). However, the inactivation rate was accelerated
only in R131D MscS (Fig. 5 F).
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Complementation of the mutation at residue 62
and residues 128/131

If the defects caused by the Asp-62, Arg-128, and Arg-131
mutations are caused by the loss of the electrostatic
interactions between the positive and negative charges, the
double mutations, D62R/R128D and D62R/R131D, in
which the charges are interchanged, should complement
such a deficiency. Indeed, the gating threshold, the survival
rate, and the inactivation rate resumed wild-type values in
D62R/R131D MscS (Fig. 6, A, C, E, F, and G). D62R/
R128D exhibited a survival rate similar to that of wild-type
MscS (Fig. 6 F), but the threshold and the inactivation rate
were larger than for wild-type MscS (Fig. 6, B, D, E, and G).
Mutant D67R MscS also had an increased threshold and
inactivation rate. However, these effects were not negated by
the addition of R128D or R131D substitutions (Fig. 6, E and
F). Thus, complementation seems to occur completely
between residues 62 and 131, partially between residues 62
and 128, and not at all between residues 67 and 131 or 128.

To ascertain whether the complementation between the
mutations at residues 62 and 128/131 occurs through an
electrostatic interaction, we tested whether double substitu-
tions with a neutral amino acid would complement each other.
D62C, R128C, and R131C have high thresholds and low
survival rates, and neither D62C/R128C nor D62C/R131C
resumed a wild-type threshold or survival rate (Fig. 7, A and B).
There was no difference in the gating threshold measured under
ambient, oxidizing, or reducing conditions. Thus, a simple
combination of the defects at residues 62 and 128/131 is not
sufficient for complementation.
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FIGURE 5 Characterization of MscS with mutations at Arg-128 and Arg-131. (A—C) Current recorded from an inside-out membrane patch from AmscS cells
expressing R128D (A), R131D (B), or R128C/R131C MscS (C). The arrowheads and arrows indicate the beginning of the opening of MscS and MscL,
respectively. (D) Relative threshold of the single and double mutants (mean = SE). (E) Survival rates of cells expressing MscS or harboring an empty vector
(pB10b) when cells were challenged by osmotic shock (mean = SE). (F) Time constant of the inactivation rate of the Arg-128 and Arg-131 mutants.
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FIGURE 6 Effects of combining the D62R mutation with a mutation at residue 131 or 128. (A and B) Channel activity of D62R/R131D (A) and D62R/
R128D MscS (B) in response to negative pressure. MscS was expressed in AmscS cells. Cytoplasmic potential was —20 mV. (C and D) Macroscopic currents
of D62R/R131D (C) and D62R/R128D MscS (D) obtained at cytoplasmic voltages ranging from —60 to +80 mV under constant pressure. The protocol is
identical to that in Fig. 3 A. (E) The gating threshold, (F) the survival rates after hypoosmotic shock, and (G) the inactivation rates of wild-type, D62R/R131D,
and D62R/R128D MscS. The gating threshold and the survival rate of D67R/R131D and D67R/R128D are also shown in E and F.

Although the patch-clamp experiment did not detect the
formation of a disulfide bond between Cys-62 and Cys-128/
131, it is possible that distance or steric hindrance prevented
the efficient formation of a bond. Therefore, we used
electrophoresis to analyze disulfide bond formation under
oxidizing conditions. A faint band for the dimer was detected
in the absence of hypoosmotic shock (Fig. 7 C). The amount
of the dimer increased, and the band for the trimer appeared,
when the cells were subjected to hypoosmotic shock. Under
both conditions, D62C/R131C is cross-linked more effec-
tively than D62C/R128C. Only the monomer was present in
wild-type MscS or under reducing conditions.

DISCUSSION

In this study, we investigated the gating mechanism of MscS
channels, concentrating on the interaction between the
cytoplasmic vestibule and the loop that connects the TM1
and TM2 transmembrane helices. We examined the channel
properties of various mutants using electrophysiological and
cell biological experiments.

Neutralization of the negative charge of Asp-62 increased
the gating threshold and the inactivation rate of the channel.
Substitution with a positive charge resulted in an even larger
increase. The replacement of Asp-62 by a negatively charged
amino acid did not change either the threshold or the
inactivation rate. Therefore, it seems that a negative charge at
residue 62 is required for complete mechanosensitivity and a
normal rate of inactivation.

The elevated threshold and the shortened duration of
channel activity probably account for the decrease in
survival rate of neutral and positively charged mutants after
hypoosmotic shock (15). Even under conditions of over-
expression, a relatively small increase in the gating threshold
seems to directly influence cell survival. Several factors may
give reasons for this. MscS gating requires high membrane
tension (close to lytic tension) and may be particularly
susceptible to the increased threshold. Also, the changes in
channel kinetics are measured at room temperature (25°C)
and —60 to +80 mV holding potential, whereas hypoos-
motic shock is carried out at 37°C and less than —150 mV
resting potential, which may lead to a greater effect on cell
physiology.

The reversal or neutralization of the positive charge of
Arg-128 and/or Arg-131 also increased the gating threshold
and decreased the survival rate after hypoosmotic shock. The
increase in inactivation rate was evident only in R131D
MscS. Although both R131D and D62R MscS displayed fast
inactivation rates, low survival rates, and high thresholds, the
double mutant D62R/R131D MscS, in which the charge was
exchanged, displayed characteristics similar to those of wild-
type MscS. This finding is consistent with the hypothesis that
an electrostatic interaction is present between residues 62
and 131 and is important for both normal inactivation rate
and threshold. This hypothesis is further supported by the
observation that cysteine mutations of residues 62 and 131
did not suppress these defects. Although dimers and trimers
were formed in response to hypoosmotic shock, indicating
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FIGURE 7 Examination of the formation of the disulfide bond in D62C/
R128C and D62C/R131C MscS. (A) Gating threshold under ambient (Con),
oxidizing (I), and reducing conditions (DTT). (B) Survival rate on
hypoosmotic shock. (C) MscS of the cells subjected to isosmotic or
hypoosmotic dilution, under reducing (DTT) or oxidizing (I) conditions.
MscS was detected by Western blot using an anti-His antibody.

that residues 62 and 131 approach each other during gating
transitions, the failure to detect their influence in the patch
clamp experiment suggests that the distance or steric relation
between Cys-62 and Cys-131 is not optimal for disulfide
bond formation. We suspect that the bulkier Arg-131 is able
to be involved in an electrostatic interaction.

In contrast to the interaction between residues 62 and 131,
the interaction between residues 62 and 128 appears to be
more restricted. The introduction of the R128D mutation into
D62R MscS yielded a wild-type survival rate but did not
mitigate the high threshold or the fast inactivation rate. Both
R128D and R128C MscS displayed a normal rate of
inactivation, suggesting that an interaction between residues
62 and 128 is not necessary for inactivation. In addition, the
dimer and trimer were produced less efficiently in D62C/
R128C MscS than in D62C/R131C, supporting the idea that
the interaction between residues 62 and 128 is less significant.

The crystal structure of MscS shows that Asp-62 is located
closer to Arg-128 than to Arg-131. Therefore, the interaction
between Asp-62 and Arg-131 is likely to be formed in a state
that is unresolved by the crystal structure. What state the
crystal structure represents is still not established; there are
simulation studies that indicate that the crystal structure
represents a closed or intermediate state (19,35), a closed
conducting state (36), or a not fully open state (30). Because
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FIGURE 8 A model for the gating mechanism of MscS. Only two
subunits, each consisting of TM1, TM2, TM3 (boxes), and cytoplasmic
domain, are shown for simplicity. Asp-62 is located in the loop that connects
TM1 and TM2. Arg-128 and Arg-131 are located in the upper surface of the
cytoplasmic vestibule (A). When the channel opens, Asp-62 forms an
electrostatic interaction with Arg-128 and Arg-131 (B). When the cytoplas-
mic potential is positive compared with the periplasmic potential, the
electrostatic interaction is dissociated by the positive surface potential (C).
The resulting shrinkage of the cytoplasmic vestibule brings about channel
inactivation.

Inactivated

the loss of the interaction between residues 62 and 131
increased the gating threshold and the inactivation rate, it is
likely that the interaction stabilizes the open state. Thus, we
suspect that Asp-62 approaches Arg-131 during gating by
the expansion of the transmembrane domain (17).

Based on our results, we constructed a model for the in-
teraction between the transmembrane domain and the cyto-
plasmic vestibule (Fig. 8). During the transition from the
closed state to the open state, Asp-62 interacts with Arg-128
as suggested in the simulation study (30). In the open state,
Asp-62 interacts with Arg-131, and the electrostatic interac-
tion stabilizes the open state (Fig. 8 B). This exchange of
the partner of Asp-62 may be brought about by the expansion
of the transmembrane domain and the cytoplasmic vestibule
(17,37). The interaction between Asp-62 and Arg-131 is lost
when MscS becomes inactivated and the cytoplasmic
vestibule shrinks (37) (Fig. 8 C). The disruption of the inter-
action on channel inactivation is enhanced when the negative
charge is canceled by the positive intracellular membrane
potential (19).

The data suggest that the interaction between the surface
of the transmembrane domain and the cytoplasmic vestibule
changes dynamically on gating. This idea is consistent with
previous reports in which the transmembrane domain and the
cytoplasmic vestibule showed significant conformational
changes on gating (17,19,21,30,34,35,37,38). Further de-
tailed studies on this interaction will reveal the function of
the cytoplasmic vestibule, a distinctive and prominent
structure of MscS.
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