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ABSTRACT The mechanosensitive channel of small conductance (MscS) is a bacterial mechanosensitive channel that opens in
response to rapid hypoosmotic stress. Since MscS can be opened solely by membrane stretch without help from any accessory
protein, the lipid-protein interface must play a crucial role in sensing membrane tension. In this study, the hydrophobic residues in
the lipid-protein interface were substituted one by one with a hydrophilic amino acid, asparagine, to modify the interaction between
the protein and the lipid. Function of the mutant MscSs was examined by patch-clamp and hypoosmotic shock experiments. An
increase in the gating threshold and a decrease in the viability on hypoosmotic shock were observed when the hydrophobic
residues near either end of the first or the second transmembrane helix (TM1 or TM2) were replaced with asparagine. This
observation indicates that the lipid-protein interaction at the ends of both helices (TM1 and TM2) is essential to MscS function.

INTRODUCTION

Eukaryotic and prokaryotic cells detect mechanical stimuli
such as touch, vibration, or swelling through the activation of
mechanosensitive (MS) channels (1-3). MS channels have
been found in virtually all cell types, probably because mon-
itoring the mechanical condition around and within the cell is
essential to the survival and the function of cells. MS channels
have also been referred as stretch-activated channels (or
stretch-inactivated channels) since the probability of opening
changes with the stretch of the cell membrane. How the ac-
tivities of MS channels are modulated by membrane stretch
is one of the fundamental questions in the study of cell
mechanosensation.

The bacterial MS channels, MscS and MscL (mechanosen-
sitive channel of small and large conductance, respectively),
cooperatively protect cells against cell lysis on hypoosmotic
shock (4-9). Escherichia coli MscS is a mechanosensitive
channel that has a conductance of ~1 nS and a slight pref-
erence to anions as the permeable ions (10). MscL is a non-
selective MS channel that has a conductance as large as 2.5 nS
(11). The threshold for MscS gating is 0.5-0.7 times that for
MscL when a negative pressure is applied to the excised
membrane in patch-clamp experiments. MscS shows sensi-
tivity to voltage in addition to membrane stretch (10,12).

MscS, which has been also known as YggB, is constituted
of a 31 kDa, 286 amino acid subunit (6). A crystal structure
of MscS resolved at 3.9 A resolution shows that MscS is a
homoheptamer of the subunit and that each subunit has three
transmembrane domains (13). The three transmembrane
domains have been designated TM1 (residues 29-57), TM2
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(residues 68-91), and TM3 (residues 96-127) (13). A
channel pore is located at the center of the transmembrane
domain and is lined by TM3.

The findings that MscS and MscL retain mechanosensi-
tivity when they are purified and reconstituted in liposomes
(11,14) indicate that the stretch of the membrane is directly
transmitted from the lipid bilayer to the channel proteins.
Further support for this conclusion is provided by the ob-
servation that reducing the thickness of the hydrophobic core
of the membrane dramatically increases the mechanosensi-
tivity of MscL (15). The finding that incorporation of conical
lipids to the lipid bilayer opens MscS and MscL (15,16) also
indicates that a change in the membrane tension or the lateral
pressure on the channel from the lipids is sufficient to open
MscS and MscL. Since MscL and MscS interact with mem-
brane only in the transmembrane domain, MscL and MscS are
likely to perceive the membrane tension through the lipid-
protein interface.

The key residues in the lipid-protein interface of MscL were
first identified by isolating loss-of-function mutants generated
by random mutagenesis (17). Several loss-of-function mutants
were found at the level of lipid headgroups on both the cyto-
plasmic and periplasmic side. Some of the second site sup-
pressors of leaky mutants also occurred close to the surface of
the bilayer (18). Since those mutants isolated in both studies
contained hydrophilic substitutions for hydrophobic residues,
whole interface was surveyed by scanning mutagenesis, in
which asparagine was used to substitute in turn for each residue
on the surface of the transmembrane domain and to modify the
interaction between the protein and the lipid (18). Single hy-
drophilic substitution of the residues near the periplasmic
surface of the membrane results in loss of function, whereas
substitution in the rest of the transmembrane domain did not
significantly affect the MscL function. This finding suggests
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that MscL senses the membrane tension through the lipid-
protein interaction close to the periplasmic ends of the
transmembrane domain (18). This idea is consistent with the
profile of the lateral pressure that lipids exert on membrane
protein. In general, the surface of the bilayer exerts contracting
force to prevent exposure of the lipid tails to solvent, whereas
the positive pressure by the lipid tails balances this negative
pressure (19-23). Therefore, the force that expands MscL is
expected to be present only near the surface of the membrane.
Decompression of the mid-bilayer may also give rise to the
conformational change. Given the general feature of the lateral
pressure profile, it is an interesting problem whether the
mechanosensitive channels that are directly activated by mem-
brane tension are in common activated through the lipid-
protein interaction near the surface of the lipid bilayer.

In this study, we examined whether a disturbance of the
lipid-protein interface affects the tension dependence of
MscS, which has no amino acid sequence homology to
MscL. To identify the residues that impair the channel’s func-
tion on hydrophilic substitution, each residue in the lipid-
protein interface was replaced one by one with asparagine.
The asparagine substitution in the protein-lipid interface is
expected to allow the mutated residue to interact with lipid
headgroups or water and thus to redistribute the lipids and
the lateral pressure profile. The substituted asparagine may
also form an interaction with hydrophilic residues and pro-
tein backbones nearby. Asparagine was used here because:
asparagine replacement is effective to assess the interaction
between lipid and protein (18); asparagine substitution in the
lipid-protein interface does not affect the proper assembly of
MscL (18); asparagine is electrically neutral and does not
have strong electrostatic interaction with the charged head
group of lipid; and asparagine substitution of the residues in
the lipid-protein interface has been shown not to affect the
voltage-dependent gating of Shaker K™ channel, a stretch-
sensitive voltage-gated channel (24,25). The pressure needed
to open MscS in patch-clamp experiments and the survival
rate on hypoosmotic shock were used as measures of how
readily MscS opens. This result indicates that the interaction
between the membrane lipids and both ends of the trans-
membrane helices is important for the tension dependence of
MscS.

MATERIALS AND METHODS
Strains and plasmids

E. coli strains PB111 (AyggB, ArecA) and MJF455 (AmscL, AyggB::Cm)
were used to host MscS expression in patch-clamp experiments and in
hypoosmotic shock experiments, respectively (6,9). E. coli strain DH5a was
used for site-directed mutagenesis. Polyhistidine-tagged MscS was de-
scribed previously (9).

Site-directed mutagenesis

Asparagine mutations were made on the background of pB10b (26), which
has an ampicillin resistance gene and the lacUVS5 promoter. AAC or AAT
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was used to code asparagine. Site-directed mutagenesis was performed by
the megaprimer method (27) or the Dpnl-based method (QuickChange Site-
Directed Mutagenesis Kit, Stratagene, La Jolla, CA). Successful mutagen-
esis was confirmed by DNA sequencing with the CEQ 2000XL DNA
Analysis System (Beckman Coulter, Fullerton, CA). We failed to generate
178N MscS by these and other methods although introduction of the I78N
mutation into the MscS gene cloned in an antisense direction was successful.
We suspect that I78N is a lethal mutation.

Spheroplast preparation

E. coli spheroplasts were prepared essentially as described previously (28).
Chephalexin (final concentration 0.06 mg/ml) was added to log-phase cells
growing in a modified LB (Luria Bertani) medium that contained 0.5% NaCl
instead of 1% NaCl (10). After incubation for 1.5 h, IPTG (isopropyl-3-D-
thiogalactoside) was added (final concentration: 1 mM) to induce MscS
expression. The induction time was 10 min. The cells were then harvested,
lysed with lysozyme (0.02 mg/ml), and collected by centrifugation.

Electrophysiological recording

The channel activities of MscS were examined by the inside-out patch-
clamp method as described previously (27). The pipette solution contained
200 mM KCl, 90 mM MgCl,, 10 mM CaCl,, and 5 mM HEPES (pH 6.0),
whereas the bath solution contained additional 0.3 M sucrose to stabilize the
spheroplasts. Currents were amplified with an Axopatch 200B amplifier
(Axon Instruments, Foster City, CA) and filtered at 2 kHz. Current re-
cordings were digitized at 5 kHz with a Digidata 1322A interface using
pCLAMP 9 software (Axon). A negative pressure was applied by syringe-
generated suction through the patch-clamp pipette and measured with a
pressure gauge (PM 015R, World Precision Instruments, Sarasota, FL).

Hypoosmotic shock assay

Survival rate after hypoosmotic shock was examined by the method de-
scribed previously (6,18). Expression was induced by adding IPTG (1 mM)
to cells grown to ODggp = 0.14 in minimal medium added with 500 mM
NaCl and 200 pg/ml ampicillin. After incubation for 1 h, the cells were
diluted 1:20 in the prewarmed minimal medium with or without 500 mM
NaCl. A downshock of 500 mM NaCl was applied to the cells for 5 min. The
ratio of the number of colony forming units of the cells that experienced
osmotic downshock (7gywn) to those that did not (72.oniro1) Was used to cal-
culate the survival rate (Mgown/fconto)- The osmotic shock experiment was
carried out three times on each mutant.

Membrane protein preparation and Western blots

Western blots were conducted on membrane preparations from cells induced
by IPTG (1 mM, 2 h) as described previously (18). Samples were separated
on a 12% sodium dodecyl sulfate polyacrylamide gel (Bis-Tris Gel, Invitrogen,
Carlsbad, CA). An antibody that recognizes the Hisg-tag was used to detect
histidine-tagged MscS.

RESULTS

Asparagine substitutions in the lipid-protein
interface impede MscS function

Candidates for the hydrophobic residues that interact with
membrane lipid (Fig. 1) were evaluated using the crystal
structure of E. coli MscS (13). The residues that are partially
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buried in the protein were also included because MscS is
estimated to show strong fluctuation and flexibility (29).
Each of these residues was substituted, one by one, with
asparagine. The channel activity of the MscS mutants was
examined by applying a negative pressure through a patch
pipette to the inside-out membrane patch from the giant
spheroplasts expressing MscS. When an increasingly nega-
tive pressure was applied to the spheroplast membrane of the
cell expressing wild-type MscS, current with steps of ~15
PA appeared first (arrowhead in Fig. 2 A; at +15 mV pipette
potential). This current was judged to be due to MscS by the
amplitude of the unit current and by the threshold relative to
MscL (see below). MscL, which has a unit amplitude of ~45
PA, opened at pressure almost twice that needed to open
MscS (arrow in Fig. 2 A). Here, we use the threshold of
MscL to normalize the threshold of MscS: then the threshold
of MscS was consistently ~0.5 (0.52 £ 0.06, n = 8).

Some mutant MscSs opened only when higher pressure
was applied. I48N MscS, for instance, had a threshold of
0.72 £ 0.04 (Fig. 2 B). Furthermore, L55N MscS began to
open almost simultaneously with MscL (threshold = 0.92 =
0.03, Fig. 2 C). Eleven out of 31 mutants were found to have
thresholds significantly higher than that of the wild-type
MscS (Fig. 2 D). Five of them (A34N, L55N, F68N, A85N,
L86N) had thresholds close to MscL ranging from 0.92 to
1.09 (shaded bars in Fig. 2 D). On the other hand, two mu-
tants, I39N (threshold = 0.37 = 0.03) and 143N (threshold =
0.36 = 0.01), had significantly smaller thresholds than that
of the wild-type (Fig. 2 D). Therefore, MscS changes the
sensitivity to membrane stretch upon asparagine substitution
depending on the site of the substitution.

When E. coli cells are subjected to hypoosmotic shock,
they avoid cell lysis by opening MscS and MscL. In fact,
most of the AmscL AmscS cells harboring an empty vector
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FIGURE 1 The residues used for asparagine substitution displayed on the

crystal structure of MscS. The residues in TM1 and TM2 are shown in space
fill model and the loop connecting TM1 and TM2 is shown in ribbon model.
The residues in a single subunit are colored arbitrarily except for hydrophilic
residues, which are displayed in blue. The residues that are not visible from
the outside are in brackets.
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FIGURE 2 Characterization of the wild-type and mutant MscS. (A-C)
Channel current through the wild-type (A), I48N (B), and L55N MscS (C). In
each panel, the membrane current (fop) and the negative pressure applied
through patch pipette (bottom) are shown. The first opening of MscS and
MscL upon continuously increasing suction is indicated by arrowheads and
arrows, respectively. Pipette potential was +15 mV. (D) Threshold for MscS
gating as determined by the patch-clamp (mean = SE). The asterisks in D
and FE indicate that the threshold is significantly different from wild-type
(p < 0.05 by t-test). ND, not determined. (E) Effects of hypoosmotic shock
on cells expressing mutant MscS (mean = SE).
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(pB10b) did not survive upon hypoosmotic shock from 500
mM NaCl down to 0 mM NaCl (Fig. 2 E). To evaluate how
easily MscS opens in vivo, the cells expressing MscS mutant
were challenged with hypoosmotic shock. Cells expressing
MscS with high threshold (A34N, L55N, F68N, A85N,
L86N) showed significantly lower survival rate than that of
wild-type MscS (shaded bars in Fig. 2 E).
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Most of the mutations that did not affect the gating thresh-
old or the ones that decreased the threshold had no significant
effect on survival (Fig. 3 A). Exceptions were V89N and
177N, which had a reduced survival rate with little change in
the threshold. The five mutations that raised the threshold
close to the threshold for MscL significantly declined the sur-
vival rate (Fig. 3 A, red symbols; colors represent the gating
threshold relative to the wild-type). Those mutants were due to
substitutions for alanine, phenylalanine, and leucine (Fig. 3 B).

The residues responsible for the mutants with high thresh-
old and low survival rate (red) were present near the ends of
the transmembrane domain but were absent in the middle
(Fig. 3 €). In contrast, the residues responsible for low thresh-
old mutants (blue) were mostly located in the middle of the
helix. In the crystal structure, the positions of the ‘ ‘tight’” muta-
tions (red) were located in close proximity to the ends of TM 1
and TM2 (Fig. 3 D).

In this and previous studies, we have assumed that the as-
paragine substitution affects the function of MscS and MscL.
through the change in hydrophobicity of the amino acid (18).
To verify this assumption, we substituted Leu-86 with a posi-
tively charged amino acid (lysine), a negatively charged
amino acid (aspartic acid), or a smaller hydrophobic amino
acid (valine). Leu-86 was chosen because L86N is one of the
most pronounced loss-of-function mutants (Fig. 3 A) and
Leu-86 is exposed to lipid at least in part (Fig. 3 D). The
survival rate on hypoosmotic shock was significantly de-
creased in the cells expressing L86K MscS (25 = 13%) and
L86D MscS (59 = 8%). The cells expressing L86V MscS
showed smaller decrease in the survival rate (72 = 11%). The
threshold examined by patch-clamp was significantly in-
creased in L86K MscS (0.89 = 0.06) as in L86N MscS (1.02 +
0.05). The threshold of L86V MscS (0.49 £ 0.09), on the
other hand, was similar to that of the wild-type MscS
(0.52 £ 0.06). This observation supports the idea that the
change in the gating threshold is mostly affected by the
change in the hydrophobicity of the residue subjected to
mutation.

Double mutations on the same side of the
membrane result in total loss of function

The result above shows that a single asparagine substitution
is not enough to completely abolish the function of MscS
(Fig. 2, D and E). This result contrasts with that of MscL,
whose single asparagine substitution at the ends of trans-
membrane domain results in total disruption of the channel
activity (18). To assess whether a combination of two aspara-
gine substitutions can further impair the mechanosensitivity
of MscS, we constructed double mutants of the asparagines
substitution. The residues for the double mutations are chosen
on the bases of the severity of the mutation and the exposure to
membrane lipid (Fig. 3, C and D).

First, asparagine substitution of Phe-68, which is located
at the cytoplasmic end of TM2, was combined with a second
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FIGURE 3 Summary of the impact (severity of function loss) of aspara-
gine substitution. (A) Survival rate plotted against the gating thresholds. The
density of blue and red increases with the decrease and increase in the gating
threshold from the wild-type MscS, respectively. (B) Changes in the side
chain of the ‘“‘tight”” mutation sites. (C, D) The impact of asparagine sub-
stitution shown on net diagram (C) and structural model (D) of TM1 and
TM2. (C) Gain-of-function (GOF) mutants are shown in black (V40D is from
Okada etal. (9) and I78N is from this experiment). The residues that were not
subjected to mutagenesis are in gray. Thick circles indicate that the residues
are conserved among MscS from various origins. Parts of each helix facing
the lipid in the crystal structure are shown in orange.
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mutation in TM1. Introduction of the second mutation at the
periplasmic end of TM1 did not result in further decrease in
the survival rate (I37N/F68N, Fig. 4 A), whereas that at the
cytoplasmic end showed an additional decrease (A51N/
F68N). On the other hand, substitution at Leu-86, a residue at
the periplasmic end of TM2, showed a significant decrease
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FIGURE 4 Effect of combining the mutations that alter MscS stiffer than
the wild-type MscS. (A) Survival rate of the double mutants (mean *+ SE).
The asterisks indicate that the survival rate is significantly different from the
corresponding single mutants (p < 0.05). (B) Western blot against the
histidine tag attached to the carboxy terminus of MscS. (C, D) Patch clamp
experiment on the cells expressing ASIN/F68N (C) and I37N/L86N MscS
(D). The insets show the magnification of the MscL traces indicated by
arrows. Pipette potential was +15 mV.
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with a mutation at the periplasmic end of TM1 (I37N/L86N)
but not with a mutation at the cytoplasmic end of TM1
(AS51N/L86N, Fig. 4 A).

Second, double mutations were generated in the same
transmembrane helix. AS1IN MscS, which has a mutation at
the cytoplasmic end of TM1, showed only a small decrease
in the survival rate when a second site mutation was gen-
erated at the opposite (periplasmic) end (A34N) of the same
helix, TM1. However, a large decrease was observed when
the second site mutation was placed at the same (cytoplas-
mic) end (L55N, Fig. 4 A).

All of the observations above indicate that the asparagine
substitutions have additive effect only when they are intro-
duced on the same side of the membrane. The decrease in the
survival rate was not due to low expression level, since
Western blot shows that the expression was not significantly
decreased in the mutants (Fig. 4 B).

When the most pronounced loss-of-function double
mutants (ASTN/F68N and I37N/L86N) were examined by
patch clamp, channel openings of MscS were not observed
(Fig. 4, C and D). The current observed in Fig. 4, C and D, is
solely due to MscL judging by the unit amplitude (~45 pA)
and the fast kinetics. Application of a high pressure up to
membrane lysis, which occurred at pressure 1.6-2.3X the
threshold of the wild-type MscL, did not open these mutant
MscS. This observation confirms that the decrease in the
survival rate is due to the loss of the function of MscS.

DISCUSSION

Because MscS is activated directly by membrane tension, the
lipid-protein interaction must be involved critically in its func-
tion. In this study, we attempted to modify the distribution of
the lipid-derived force on the channel boundary by aspar-
agine substitutions of the hydrophobic residues. Since the
residues that are not fully exposed to lipid are also subjected
to mutagenesis, it is also possible that some substitutions
affected intramolecular interactions. Interestingly, introduc-
tion of asparagine into the most hydrophobic environment,
i.e., the middle of the transmembrane helices, where protein
interacts with lipid tails, did not obstruct the mechanosensi-
tivity (Fig. 3, C and D). This finding indicates that the effec-
tiveness of the mutations is not directly related to the
absolute hydrophobicity and the strength of the hydrophobic
interaction. Instead, mutations that rise the gating threshold
and decrease the survival rate on hypoosmotic shock (*‘tight’’
mutations) were present only at the ends of the transmem-
brane helices (Fig. 3, C and D). The position of the trans-
membrane domain suggested by the crystal structure (13) has
been supported by activities of alkaline phosphatase in fusion
with MscS (30) and also by simulating the MscS position in
lipid bilayer with molecular dynamics (29). Note, however,
that the predicted transmembrane domain in the crystal
structure may be distorted due to nonnative crystallization
conditions and disordered state of the N-terminus. Together
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with these data this finding indicates that the residues for
“‘tight’” mutation are located near the polar-apolar boundary.
These results highlight the residues close to the surface of the
lipid bilayer as essential parts for MscS function.

Various types of molecular simulation studies indicate that
lipids generate contracting force at polar-apolar boundary of
the lipid bilayer, whereas lipid tails generate repulsive pres-
sure at the core of the membrane (19-23). Especially, the
lateral pressure is highest at the level of glycerols (23). Thus,
membrane proteins are subject to a negative lateral pressure
from the lipid just beneath the surface of the membrane.
Since an increase in the cross-sectional area occurs during
MscS gating (14), MscS should receive tension that expands
the closed structure. This pressure is most likely to occur
close to the surface of the membrane according to the lateral
pressure profile. Thus, this result suggests that the function of
MscS is impaired most severely when asparagine substitu-
tion is placed close to the sites where the negative tension
component acts on MscS to open the channel.

Some residues for the “‘tight’” mutation (Ala-34 and Ala-
85) do not face the lipids in the crystal structure (Fig. 3 D).
These mutations are likely to affect the interhelical interac-
tion rather than the protein-lipid interaction. Since all trans-
membrane helices are predicted to move in harmony during
the gating of MscS, perturbation of the interhelical interac-
tion is possible to affect the function. We infer that proper
intramolecular interactions at the level of water-lipid inter-
face are important for the MscS function. We, however, sus-
pect that these residues are still possible to interact with
lipids in the closed or the open state since the crystal struc-
ture is suggested to represent neither the closed nor the open
state (12,29,31).

Shortening of the hydrophobic region of MscS occurs
when asparagine replaces hydrophobic residues at the end of
the transmembrane helices. In general, when the hydropho-
bic region of a membrane protein is shorter than the hydro-
phobic core of lipid bilayers, hydrophobic matching occurs
either through deformation of the lipid bilayer or alteration of
the protein conformation (32). These rearrangements take
place because exposing hydrophilic residues to hydrophobic
lipid tails requires high energy cost. Normally, thinning of
the lipid bilayer is more likely to occur than changing the
protein structure since the former requires less energy than
the latter (33). If MscS also cancels the hydrophobic mis-
match through the same mechanisms, we can assume that
thinning of the bilayer, or shifting of polar-apolar boundary
of the lipids, occurs on asparagine substitution. The intro-
duced asparagine is also likely to attract headgroups or water
since molecular dynamic simulation shows that charged and
polar residues at the cytoplasmic ends of the TM1 and TM2
helices interact with the headgroups of phosphatidylcholine
(29). Similarity in the phenotype of L86N, L86K, and L86D
MscS suggests that the strength of this interaction does not
differ among asparagine, lysine, and aspartic acid. Because
transmembrane helices are likely to behave like a lever arm
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during gating (13,34), it is possible that the application of the
negative pressure at the wrong place reduces the tension
sensitivity.

Alternatively, the consequence of the asparagine substi-
tution could be a structural change in MscS. This situation is
similar to the one in which an intact channel is embedded in a
membrane composed of lipid with longer acyl chains. There
are data on the action of mechanosensitive channels under
these circumstances: when MscL is incorporated into a thicker
membrane, the gating threshold is increased (35); when MscLL
is incorporated into a thinner membrane the gating threshold
is decreased because of tilting of transmembrane helices (36).
If we assume that MscS adjusts the height of the hydrophobic
surface in the same way, TM1 and TM2 move to a direction
more perpendicular to the membrane; however, this is not
probable because TM1 and TM2 are thought to be already
almost perpendicular to the membrane in the closed state
(13,34,37). This explanation that shorter hydrophobic do-
mains straighten up the transmembrane helices is also not
consistent with the observation that the double mutants placed
at both ends of the transmembrane domain did not have more
severe defect than the single mutants (Fig. 4). In addition, this
account is not in accord with the result on MscL because
severe mutants of MscL were found only at one end of trans-
membrane helices (18) although the mechanism for tension
sensing in MscS may be different from that in MscL.

Still another explanation for the outcome of the asparagine
substitution should be considered, at least for the F6SN mu-
tant: the deletion of phenylalanine may obscure the location
of the transmembrane domain relative to the lipid bilayer. In
fact, mutation at Phe-85 or Phe-93 of MscL impairs the
function in vitro (38). This rationalization, however, is not
applicable to the other ‘‘tight’’ mutation sites since phenyl-
alanine is not located nearby.

The double mutants at the ends of TM1 and TM2 indicate
that the effects of mutations are additive only when the two
mutations are introduced to the same side of the membrane
(Fig. 4 A). The mutations of ASIN(TM1)/F68N(TM2) and
I37N(TM1)/L86N(TM2) MscSs are located at the cytoplas-
mic and periplasmic ends, respectively; they impair the MscS
function almost entirely. Introduction of two mutations at the
same end of TM1 yielded a similar result [ASIN(TM1)/
L55N(TM1)]. This observation indicates that a similar
degree of lipid-protein interaction at both ends of TM1 and
TM2 is important for proper MscS function (Fig. 5, A and
B). Unbalanced interactions at the two ends result in severe
loss of function (Fig. 5, C and D). We suspect that, when
two mutations are placed at opposite ends, the effect of the
introduction of second mutation is cancelled by restoring
the balance of protein-lipid interactions at the two ends. If
we assume that the ends of TM1 and TM2 are drawn away
from the channel axis through the lipid-protein interaction,
the channel opening is brought about by equal displace-
ment of TM1 and TM2 from the axis (Fig. 5, A and B).
This suggestion contrasts to the hypothesis that the
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FIGURE 5 Diagram of the proposed movement of transmembrane heli-
ces. Two subunits, each consisting of TM1, TM2, and the membrane embed-
ded part of TM3 (boxes), are shown. Semicircles in the boxes represent the
residues for the ‘‘tight’” mutations in TM1 and TM2. The semicircles are
shown as open when a residue within the site is substituted with asparagine.
Thin lines at the top and the bottom are the periplasmic and cytoplasmic
surface of the membrane, respectively. (A) Closed structure of MscS. (B)
Channel opening is brought about by parallel movement of TM1 and TM2.
(C, D) When two asparagine substitutions were set to cytoplasmic ends of
TMI and TM2 (C; e.g., ASIN/F68N) or to the periplasmic ends (D; e.g.,
137N/186N) tilting of TM1 and TM2 occurs by an unbalanced expansion at
both ends. In this case, channel opening does not occur.

A
C
<
-
51
68

cytoplasmic ends of TM1 and TM2 are pulled apart from
the central axis on gating, whereas the periplasmic ends
serve as a pivot (13, 37). However, in support of our idea, a
recent molecular dynamic simulation on MscS has shown
that the opening of the pore does not correlate with the co-
ordinated tilting of all subunits in the same direction (29).
In addition, expansion of the periplasmic pore was ob-
served in that simulation. Taken together with our results,
we infer that the ends of TM1 and TM2 are displaced away
from the central axis in a similar magnitude (Fig. 5, A and
B). It is possible that tilting and pivoting occurs mainly in
the circumferential direction but not in the radial direction.

V89N and I77N were out of the linear relationship be-
tween the survival rate and the gating threshold (Fig. 3 A).
Thus, the low survival rate of these two mutants is possibly
irrelevant to the decreased tension sensitivity. An MscL
mutant with similar phenotype (I41W MscL) was found and
its low survival rate was attributed to a change in the dwell
time in the open or subopen state (39). V8N and I77N
MscS, however, did not show obvious change in the gating
kinetics (data not shown). Since neither residue is exposed to
the lipid in the crystal structure (Fig. 1), it is possible that the
change in the internal structure and the loss of function
occurred in a large fraction of the mutant channel population.
Patch clamp experiments may have detected a small number
of functional channels that were present in the membrane.
Alternatively, the threshold of these two mutants may in-
crease only in vivo where the membrane potential, the ionic
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condition, and the lipid metabolism are different from the
patch-clamp experiment.

Because we used spheroplasts rather than the liposomes
made of synthetic phosphatidylcholine, further fine modeling
or simulation of the lipid-protein interaction may be difficult.
However, we believe that characterization of the native mem-
brane, abundant in phosphatidylethanolamine, is as important
as that in liposomal membrane usually made of phosphati-
dylcholine, which is not present in E. coli membrane. How the
position of the residues sensitive to asparagine substitution
changes with the length of the acyl chain remains to be
elucidated.

In this study, we have shown that the asparagine sub-
stitution of the residues near both ends of the transmembrane
helices impaired the function of MscS. MscS shares the same
characteristics with MscL in that the interaction with lipid
near the polar-apolar boundary is essential to the function.
However, both cytoplasmic and periplasmic ends of trans-
membrane helices were involved in the tension sensitivity of
MscS, whereas asparagine substitution at the cytoplasmic ends
did not affect the MscL function (18). Stretching the corre-
sponding residues computationally by molecular simulation
or actually by nano-manipulation may provide more informa-
tion on how increasing the negative pressure at these sites
causes a conformational change in mechanosensitive channels.
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