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Defining the Role of the Tension Sensor in the Mechanosensitive Channel
of Small Conductance
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ABSTRACT Mutations that alter the phenotypic behavior of the Escherichia coli mechanosensitive channel of small conduc-
tance (MscS) have been identified; however, most of these residues play critical roles in the transition between the closed and
open states of the channel and are not directly involved in lipid interactions that transduce the tension response. In this study, we
use molecular dynamic simulations to predict critical lipid interacting residues in the closed state of MscS. The physiological role
of these residues was then investigated by performing osmotic downshock assays on MscS mutants where the lipid interacting
residues were mutated to alanine. These experiments identified seven residues in the first and second transmembrane helices
as lipid-sensing residues. The majority of these residues are hydrophobic amino acids located near the extracellular interface of
the membrane. All of these residues interact strongly with the lipid bilayer in the closed state of MscS, but do not face the bilayer
directly in structures associated with the open and desensitized states of the channel. Thus, the position of these residues rela-
tive to the lipid membrane appears related to the ability of the channel to sense tension in its different physiological states.
INTRODUCTION
Bacterial mechanosensitive channels function as pressure re-
lief valves, alleviating the high intracellular pressure caused
by hypoosmotic shock and preventing bacterial lysis. In
Escherichia coli (E. coli), four mechanosensitive channels
have been identified, cloned, and characterized: themechano-
sensitive channel of large conductance (MscL), the mechano-
sensitive channel of small conductance (MscS), the
mechanosensitive channel of potassium-dependant small
conductance (MscK), and YbdG (1–4). MscS and MscL are
the best studied of the bacterial mechanosensitive channels
(5,6). These two channels are found in the plasmamembrane,
activated by mechanical tension on the lipid membrane, and
rescue bacteria from cell lysis under hypoosmotic conditions.
Hypoosmotic shock, or downshock, causes bacteria to swell
due to an influxofwater across the cellularmembrane in order
to equilibrate the osmotic strength of the internal and external
environments. This swelling results in membrane tension and
can induce cell lysis. Mechanosensitive channels in bacteria
gate in response to this tension and release small osmolytes
and even proteins to allow for rapid equilibration of the
internal and external osmotic strengths.

The response of MscS to membrane tension has been
characterized using osmotic downshock assays (2,7–9) and
patch-clamp electrophysiology (10–12). In addition, molec-
ular dynamic simulations of MscS under tension have been
carried out in an attempt to understand MscS’s tension
response (13,14). Previous work has identified nine residues
that are important for MscS gating: I37, A51, D62, F68,
L86, L111, L115, R128, and R131 (12,15–17). Three of
these residues, D62, R128, and R131, are postulated to
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work in concert to stabilize the open state conformation of
the channel under tension through electrostatic interactions
(16). Removal of one of these two positively charged argi-
nines decreases the stability of the open state conformation.
Based on the MscS crystal structures, this cluster of residues
is predicted to be located in the loop between the first and
second transmembrane domains (TM) and the cytoplasmic
vestibule at the protein-lipid-water interface (16,18).

The remaining residues are within the TM domains and
have been postulated to play important roles during the tran-
sition between closed and open states (12,15,16). Two pairs
of residues, I37/L86 and A51/F68, are postulated to be
involved with the displacement of TM1 and TM2 from the
central axis during gating (12) and are predicted not to
interact with the lipid bilayer based on the MscS crystal
structures (12,18). Mutation of F68, L111, and L115 to
serine has suggested that these residues are involved in the
desensitization or inactivation of MscS (17). These three
residues are thought to transduce mechanical stress to the
gate through hydrophobic interactions. The removal of these
hydrophobic interactions results in rapid desensitization
(17). Furthermore, these hydrophobic interactions are postu-
lated to be involved in the coupling of TM2 and TM3
because they come into contact with one another during
the transduction of the force to the gate. Although these
nine residues clearly play critical roles in MscS channel
function, they are not involved in tension sensation or
response from direct interaction with surrounding lipid.

Using the initial MscS crystal structure solved by Bass
et al. (18) (1MXM/2OAU) as a starting point, Nomura
et al. (12) employed asparagine scanning mutagenesis of
the lipid-facing amino-acid side chains in an attempt to iden-
tify the residues critical for tension sensation. This study re-
vealed a number of amino acids that phenotypically alter
doi: 10.1016/j.bpj.2011.05.058
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FIGURE 1 Closed state MscS model at the end of the MD simulation, as

seen from the side (A) and with lipids, chloride ions, sodium ions, and water

included in the simulation (B). The residues highlighted as a space-filling

model in panel A correspond to (red) predicted lipid-interacting residues

in TM1 (L35, I39, L42, I43, R46, N50, R54); (blue) predicted lipid interact-

ing residues in TM2 (R74, I78, L82); and (yellow) noninteracting residues

used as controls in this study (I44, I48, F68).
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MscS channel function, including I37, A51, F68, and L86.
The study of these mutations revealed that these residues
take part in important intermolecular interactions that are
involved in the open-to-closed transition state (12). These
four residues interact as two pairs, I37/L86 and A51/F68,
which work in concert to open the channel under mechanical
stress. However, few if any of the residues identified in this
study seem to be involved in tension sensation through the
lipid bilayer. This may not be surprising because 1MXM
(2OAU), the initial MscS crystal structure, is thought to
represent a desensitized or inactivated state of MscS
(13,19,20). In the desensitized state, the MscS channel is
insensitive to tension. This insensitivity is potentially due
to occlusion of the tension-sensing or tension-responsive
residues in the desensitized state, leading to decreased inter-
actions with the membrane. This is consistent with the asser-
tion that changes to the lipid membrane can alter the
desensitization behavior ofMscS as observed upon lysophos-
phatidylcholine application, MscS reconstitution by the
‘‘sucrose method,’’ and in lipid exchange (13,21,22).

We have previously used a combination of extensive
random mutagenesis and molecular dynamic simulations to
show that many MscL residues important for sensing bilayer
tension interact strongly with the lipid tail groups (23,24). A
large library ofMscLmutations, created by randommutagen-
esis, was used to identify critical residues involved in tension
sensation (24). This analysis showed that mutations to the
lipid lining residues of MscL had a high propensity of being
phenotypically loss of function (LOF) (24).ALOFphenotype
has been demonstrated to correspond to an increase in gating
tension for bacterial mechanosensitive channels (25). In a
subsequent study, we conducted molecular dynamic (MD)
simulations on the closed state structure of MscL and
analyzed the protein-lipid interaction energies. This analysis
indicated that the majority of lipid-lining LOF mutations
identified in our random mutagenesis study corresponded to
residues with significant lipid interactions. Together, these
observations implied that channel residues that interact with
lipid are critical in tension sensation (23,24).

Unfortunately, a crystal structure of the closed state of
MscS has yet to be determined to allow an analysis of the
lipid-lining residues in the closed state similar to that carried
out for the desensitized state (12). However, an experimen-
tally derived electron paramagnetic resonance structure for
the carbon-alpha (Ca) chain of MscS has been developed
by Vásquez et al. (26). This structure cannot be directly
analyzed for lipid bilayer interactions, because it is missing
the amino-acid side chains. Nonetheless, this structure does
provide an excellent starting point for the type of analysis
that we have previously carried out on MscL (23).

Here, we explore the residues critical for tension sensation
in MscS and evaluate how these residues move through the
closed, open, and desensitized states. Starting from a compu-
tational analysis, we identified potentially critical residues in
MscS tension sensation basedon the closed state ofMscS.The
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central role of these residues for tension sensation was then
confirmed using in vivo downshock assays of alanine muta-
tions (Fig. 1).Moreover, we note that the seven residues iden-
tified here aremostly distinct from those previously identified
byNomura et al. (12). By considering these residues and their
relative location in the closed, open, and desensitized states of
MscS, we gain significant insight into how MscS channels
sense and respond to membrane tension.
MATERIALS AND METHODS

Molecular dynamics simulations

MODELLER 9.1 (27,28) was used to construct an all-atom structure of

MscS based on the three-dimensional Ca model of the channel in its closed
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state developed by Vásquez et al. (26). Because the model does not repre-

sent the entire MscS protein, sequence alignments for modeling were

produced using the ALIGN feature of MODELLER and the Vásquez struc-

ture was used as the modeling template. Three-hundred models were

produced, and the model with the lowest DOPE energy was used as a start-

ing structure for MD simulations.

MD simulations of MscS were performed using the GROMACS MD

simulations suite and the GROMOS force field (29). The channel model

was embedded in a preequilibrated palmitoyloleoyl-phosphatidylethanol-

amine (POPE) membrane using the method of Kandt et al. (30). The

all-atom MscS structure obtained from MODELLER was superimposed

onto a preequilibrated POPE bilayer with the desired orientation relative

to the membrane, such that the structure overlapped with lipids. The bilayer

was then expanded by translating lipid molecules and scaling the lateral

dimensions of the box size by a factor of four, and the protein was centered

in the new bilayer plane. A series of compression steps were performed

using a scaling factor of 0.95 to slowly reequilibrate the lipid density and

properly embed the channel in the bilayer. During this process, the protein

was constrained and the system energy was minimized after each scaling

step. The area per lipid was calculated at each step with scaling and minimi-

zation steps performed until the area per lipid reached 0.4990 nm2/lipid, the

reference value of a POPE membrane (31). After reequilibration of the

membrane, the system was hydrated, sufficient chloride ions were added

to neutralize the net charge on the protein, sodium and chloride ions were

added to yield an ionic strength of 100 mM, and the system was minimized

using 50 steps of steepest-descents minimization. Any lipids that had signif-

icant overlap with the channel after the steepest-descents minimization were

removed. The final system was composed of the protein, 451 POPE lipids,

40,205 water molecules, 127 sodium ions, and 148 chloride ions (Fig. 1).

Two MD simulations were carried out starting from the minimized

system, using different initial random velocities. In both cases, the systems

were initially heated to 310 K over 20 ps with the (a)-carbons of the protein

restrained with a force constant of 1000 kJ/mol � nm2. These restraints

were maintained for an additional 480 ps, at which time the restraints

were removed and the trajectories were extended for a total of 50 ns.

Simulations were carried out using a 2-fs timestep with water geometries

constrained using SETTLE (32) and all other bonds constrained using

LINCS (33). Temperature was held constant using a time constant (tt) of

0.1 ps for three groups: protein, lipid, and water/ions. Pressure was main-

tained at 1.0 atm using a time constant (tp) of 1.0 ps with anisotropic

coupling. Short-range electrostatics and Lennard-Jones interactions were

cut off at 1.0 nm and long-range electrostatics were calculated with

particle-mesh Ewald (34), using a grid spacing of 0.10 nm and cubic inter-

polation. The force-field parameters from Berger et al. (35) for POPE lipids

were used with GROMOS parameters for the oleoyl double bond, and

GROMACS parameters were used for the protein, ions, and water. Fluctu-

ations and lipid interaction energies were obtained as an average of the last

10 ns of the simulations, and protein-lipid interaction energies were

calculated as described previously for MscL by Elmore and Dougherty

(23). Analyses were performed using tools in the GROMACS suite, and

figures were made using PyMol (36).
Strains and plasmids

The E. coli strain, MJF465 (MscS, MscL, MscK null), was used for osmotic

downshock assays and expression experiments (2,37). Mutational cloning

was conducted using the Top10F0 E. coli strain (Invitrogen, Carlsbad,

CA). All mutants were created in the pB10b vector with a C-terminal

six-His tag (4,37,38) under the control of the LacUV5 promoter.
Site-directed mutagenesis

Residues predicted to be involved in protein-lipid interactions as well as

several controls were mutated to alanine using either Megaprimer mutagen-
esis (39) or QuikChange mutagenesis (Agilent, Santa Clara, CA). All muta-

tions in MscS were made in the pB10B vector. For Megaprimer

mutagenesis, forward and reverse primers located in the vector were used

as the exterior primers and primers for mutagenesis were designed using

Stratagene’s QuikChange Primer design tool. Primer sequences are given

in Table S1 in the Supporting Material. Mutations were verified by enzy-

matic digestion and sequences confirmed using automated sequencing

(Big Dye v3.1; Applied Biosystems, Carlsbad, CA).
Osmotic downshock experiments

Downshock experiments were conducted as previously described in Booth

et al. (40) and Caldwell et al. (41), with the following modifications. A

single colony was used to inoculate an overnight culture in Luria Broth

(LB Broth; BD Biosciences, San Jose, CA) supplemented with ampicillin

(100 mg/mL), with the overnight culture subsequently used to inoculate

(1:20) a culture in LB Broth with 250 mM NaCl and ampicillin. The result-

ing culture was grown to an OD600 of ~0.5 and induced with 0.1 mM iso-

propyl-b-D-thiogalactopyranoside for 30 min. After 30 min of induction,

the culture was diluted (1:40) into 1:1 LB Broth and deionized water or

isotonically into LB Broth with 250 mM NaCl, and allowed to recover

for 30 min in a shaking incubator. After hypoosmotic downshock or

isotonic dilution, bacterial cultures were serially diluted and plated on

LB plates supplemented with ampicillin (100 mg/mL). Plates containing

between 25 and 250 colonies were used to determine the colony-forming

units (CFU) per milliliter of media. Percent recovery was defined as the

CFU of the downshocked culture divided by the CFU of the isotonic dilu-

tion. Six trials for each mutation were conducted.
Bacterial expression analysis

To verify bacterial expression of MscS mutants, cultures were grown as

described above and pelleted for 15 min at 16,000�g after 30 min of induc-

tion. The supernatant was removed and the pellets resuspended in an equal

volume of a buffer containing 50 mM Tris, 75 mM NaCl, 0.1%

Fos-Choline-14 (Anatrace, Maumee, OH), and protease complete inhibitor

(Roche, Basel, Switzerland). Samples were detergent-solubilized using

a probe sonicator for three cycles of 15 s on and 45 s off. After lysis and

solubilization, insoluble material was removed by pelleting for 30 min at

16,000�g. The supernatant was combined with sodium dodecyl sulfate

polyacrylamide-gel electrophoresis (SDS-PAGE) loading dye, and the

samples were boiled for 5 min. Samples were then run on a 12.5% poly-

acrylamide gel using a TRIS-glycine running buffer. Equivalent volumes

of the supernatant were loaded to allow for comparisons of protein expres-

sion levels. Proteins were transferred to a 0.2-mm nitrocellulose membrane

using a semidry transfer system and Cashini’s Buffer (0.1 M Tris, 0.02%

SDS, 0.2 M glycine, 5% methanol). The protein expression of the C-termi-

nally 6-His-tagged MscS mutants was probed using a primary mouse-anti-

His monoclonal IgG (Covance, Emeryville, CA) and a secondary HRP-

conjugated goat anti-mouse antibody (Jackson ImunoResearch Laborato-

ries, West Grove, PA).
RESULTS AND DISCUSSION

Computational analysis

MD simulations were conducted starting with the closed
state model of MscS developed by Vásquez et al. (26)
from distance constraints obtained by electron paramagnetic
resonance. This particular model was selected because it
was directly based on experimentally obtained constraints
(26,42). However, this closed state model contains only
Biophysical Journal 101(2) 345–352
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Ca atoms for MscS, which does not allow it to be used
directly for the identification of side chain-lipid bilayer
interactions. To circumvent this problem, we built side
chains into the model using the MODELLER suite (27,28)
and allowed these side chains to equilibrate into a native
closed state conformation using MD simulations with an
explicit POPE lipid bilayer, water, and ions.

Two 50-ns simulations of MscS embedded in an explicit
POPE membrane were performed (Fig. 1). POPE lipid was
chosen for the membrane because of the prevalence of phos-
phatidylethanolamine lipids in bacterial membranes (43)
and its use in previous simulations considering the lipid
interactions of MscL (23). Both simulations gave similar
results and showed structural equilibration within the first
half of the trajectories (Fig. 2). As well, the residues in
the lipid-exposed TM1 and TM2 domains were relatively
stable during the final 10 ns of the trajectories, as shown
by their low root mean-square (RMS) Ca fluctuations
(Fig. 3).

The total protein-lipid interaction energy for each residue
was calculated over the last 10 ns of each simulation
(Fig. 4). A similar analysis previously conducted for
MscL identified eight residues as having significant
protein-lipid interactions (23). A comparison with random
mutagenesis data showed that mutations to these residues
were more likely to cause phenotypic changes in MscL
than mutations to other residues, including residues with
significant intersubunit interactions (23,24). Thus, in this
study the protein-lipid interaction energy for TM1 and
TM2 residues of MscS were analyzed to predict residues
involved in tension sensation.

Based on our previous work with MscL, residues that are
involved in tension sensation produce local minima in the
protein-lipid interaction analysis (23). Local minima in
this analysis correspond to strong-protein lipid interactions.
These local minima are important in predicting tension
sensation because channel opening involves a global struc-
tural rearrangement in which entire helices twist. Thus,
these global structural rearrangements would require an
entire lipid-exposed face of the protein to sense the tension
on the lipid membrane. Based on our total protein-lipid
interaction energy analysis (Fig. 4), we predicted residues
in TM1 and TM2 to be involved in tension sensation. In
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TM1, residues that gave local minima in the analysis are
L35, I39, L42, I43, R46, N50, and R54 (red residues in
Fig. 1 a) and in TM2, residues that gave local minima are
R74, I78, and L82 (blue residues in Fig. 1 a). As predicted,
these residues lie on the outer face of the MscS channel in
the closed state of the structure.
Functional analysis

To determine whether the predicted protein-lipid interact-
ing residues were important for tension sensation, we
FIGURE 2 Structural deviations during the MD

simulation. (A) RMS deviation of the MscS struc-

ture over the course of the MD simulation; Simula-

tion 1 is shown in solid and Simulation 2 is shown

in shaded representation. (B) Initial closed state all-

atom MscS model generated with MODELLER.

(C) MscS all-atom closed state model from Simu-

lation 1 after 50 ns.
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individually mutated each of the residues identified by our
protein-lipid interaction energy analysis (Fig. 4) to alanine.
For hydrophobic residues, which could potentially interact
with the lipid tails groups via the hydrophobic effect, muta-
tion to alanine should greatly reduce the extent of interac-
tion due to the small size of the alanine side chain. For
charged residues, mutation to alanine both decreases the
size of the residue and eliminates the possibility of electro-
static interaction (either hydrogen-bonding or ion pairs).
Thus, alanine mutations were prepared by site-directed
mutagenesis for each of the residues identified using our
protein-lipid interactions energy analysis.

The function of the mutant channels was then tested using
an osmotic downshock assay (Fig. 5). For each mutation six
trials were conducted, and percent recovery values were
compared using the t-test. A partial LOF phenotype was
observed for L35A, I39A, L42A, I43A, N50A, I78A, and
L82A, and R46A, R54A, and R74A were phenotypically
wild-type. Mutants were defined as having a partial LOF
phenotype if they were statistically different from wild-
type MscS at >95%, as determined using the Student’s
t-test. In Fig. 5 a, phenotypically partial LOF mutants are
light-shaded and phenotypically wild-type mutants are
dark-shaded. Additionally, all mutations were confirmed
not to be gain-of-function by measuring their stationary
phase optical densities (see Table S2). The partial LOF
phenotypic differences were not due to decreased channel
expression levels, because all mutants and controls were
expressed at levels comparable to wild-type MscS
(Fig. 5 b). Thus, an observed partial LOF phenotype corre-
sponds to the inability of a site-directed MscS mutant to gate
in response to tension with a comparable gating threshold to
wild-type MscS.

Similar trends are observed in the MscS and MscL resi-
dues that are necessary for tension sensing. In this study
of MscS, six of the seven alanine mutations that produced
a partial LOF phenotype were very hydrophobic residues,
and the three charged residues with significant protein-lipid
interactions in MD simulations were insensitive to mutation
(R46, R54, and R74). This trend is similar to that observed
in MscL (44). In the analogous series of studies on MscL
comparing MD simulations with random mutagenesis
data, we also identified several LOF mutations upon substi-
tutions of hydrophobic amino acids (23,24). Moreover, anal-
yses of the effects of lipid composition on MscL have
implied that specific electrostatic interactions, such as
Biophysical Journal 101(2) 345–352
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hydrogen-bonding, with lipid headgroups is generally less
important for MscL mechanosensation than hydrophobic
interactions with lipid tail groups (45). As well, almost all
mutations that led to a significant reduction in channel func-
tion for MscS were clustered near the periplasmic interface
of the channel as observed for MscL (23). This suggests that
the tension sensor for both channels is located in hydro-
phobic lipid-interacting residues at the periplasmic inter-
face. These regions of TM1 and TM2 also had lower
RMS fluctuations than the cytoplasmic sides of the helices
(Fig. 3), implying that these important lipid interactions
lead to increased structural stability in this region of the
channel.

To determine whether the effects observed for mutation of
hydrophobic residues were specific to lipid-interacting resi-
dues, we also studied three additional MscS alanine muta-
tions (I44A, I48A, and F68A) (Fig. 5). For these control
mutations, we selected residues I44 and I48 in TM1 and
F68 in TM2 (yellow residues in Fig. 1 a). All of these resi-
dues are very hydrophobic, akin to many of the residues that
were identified as important lipid-interacting residues, but
these residues are not predicted by our computational anal-
ysis of lipid interactions to be important in tension sensation
(Fig. 4). None of these mutations led to a significant effect
on channel function, as they were phenotypically wild-
type (Fig. 5 a). These observations provide further evidence
that lipid-interacting residues are particularly central to
tension sensation in MscS and that, in order to interact
with the lipids, the amino-acid side chains must be on the
exterior side of the transmembrane helix. The nontension-
sensing hydrophobic residues in the transmembrane helices
are rotated slightly outward in the open and desensitized
crystal structures, and therefore likely play a role in
stabilizing these states through hydrophobic interactions
with the lipid tail groups. This is reflected in the physiolog-
ical differences observed for I48N and F68N by Nomura
et al. (12).

One pair of lipid-interacting residues, L42 and I43, is
particularly interesting because they are adjacent in the
structure. Alanine mutations at both sites are statistically
different from MscS (Fig. 5 a). A double-mutant of L42A/
I43A was created to determine whether the removal of
two adjacent lipid-interacting residues would create a unique
phenotypic mutant with different properties from the single
mutation. Interestingly, the double-mutation showed
behavior similar to that of the two single mutations,
implying that a disruption of one of these interactions is
sufficient to disrupt channel function.
Desensitized

FIGURE 6 Positions of the tension-sensing residues are shown in the

closed (50-ns simulation), open (2VV5 (46)), and desensitized (2OAU

(18,47)) states of MscS.
Role of lipid-interacting residues in tension
sensation

The data presented above demonstrates that a series of
hydrophobic residues lying along the outer face of MscS
interact with the lipid tail groups of the bilayer in the closed
Biophysical Journal 101(2) 345–352
state and are essential for effective tension sensation. Inter-
estingly, these residues do not maintain their full lipid inter-
actions throughout the channel’s gating transition (Fig. 6).
In the closed state model of the channel and in our simula-
tions, these residues face directly toward the surrounding
lipid membrane. However, in the open state of the channel,
as observed in the crystal structure of A106V MscS from
Wang et al. (46), these residues have turned such that they
no longer face the membrane directly. The rotation of these
residues during the transition from the closed state to the
open state is likely driven by these residues finding new in-
traprotein hydrophobic contacts, as tension on the bilayer
pulls the membrane away from these residues, breaking
up their hydrophobic interactions with the lipid tail groups.
Intriguingly, these residues also do not directly face the lipid
in the MscS structure from Bass et al. (18) that has been
interpreted as the desensitized state of the channel (18,47).
The fact that these residues have lost their direct lipid
contact in this structure likely leads to its insensitivity to
gating by tension. Moreover, these observations also show
that future studies attempting to identify the tension sensor
of a mechanosensitive channel should perform the analysis
of protein-lipid interactions on the closed state of the
channel.
CONCLUSIONS

Here, we have identified the critical residues that compose
the region of MscS involved with directly sensing
membrane tension through lipid interactions. This tension
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sensor is composed of lipid-facing hydrophobic resides
within the first and second transmembrane domains of
MscS. In the closed state of the channel, these residues
interact with the lipid tail groups. Upon transition from
the closed state to the open state of the channel, these resi-
dues turn inward to form intraprotein hydrophobic interac-
tions. Finally, when MscS undergoes desensitization, the
pore of the channel becomes occluded while these residues
remain in intraprotein hydrophobic interactions.
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