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Phenotypical analysis of the lipid interacting residues in the closed state of themechanosensitive channel of small
conductance (MscS) from Escherichia coli (E. coli) has previously shown that these residues are critical for channel
function. In the closed state,mutation of individual hydrophobic lipid lining residues to alanine, thus reducing the
hydrophobicity, resulted in phenotypic changes that were observable using in vivo assays. Here, in an analogous
set of experiments, we identify eleven residues in the first transmembrane domain of the open state ofMscS that
interact with the lipid bilayer. Each of these residues was mutated to alanine and leucine to modulate their hy-
drophobic interaction with the lipid tail-groups in the open state. The effects of these changes on channel func-
tionwere analyzedusing in vivobacterial assays and patch clampelectrophysiology.Mutant channelswere found
to be functionally indistinguishable from wildtype MscS. Thus, mutation of open-state lipid interacting residues
does not differentially stabilize or destabilize the open, closed, intermediate, or transition states ofMscS. Based on
these results and other data from the literature,we propose a new gating paradigm forMscSwhereMscS acts as a
“Jack-In-The-Box”with the intrinsic bilayer lateral pressure holding the channel in the closed state. In thismodel,
upon application of extrinsic tension the channel springs into the open state due to relief of the intrinsic lipid bi-
layer pressure.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The mechanosensitive channel of small conductance (MscS), from
Escherichia coli (E. coli), gates in direct response to membrane tension
[1–6]. Upon osmotic downshock, MscS is activated by tension in the
membrane and opens to relieve excess turgor generated by the
hypoosmotic shock [7,8]. The response of MscS to membrane tension
has been characterized by a variety of techniques andmolecular interac-
tions that alter channel gating have been identified throughmutagene-
sis [2,9–11].

E. coli MscS is an ideal system for studying tension transduction in
mechanosensitive ion channels, since structural models exist for the
open, closed, and desensitized states of this channel [1,2,10,12–14]. X-
ray crystal structures of MscS have been resolved for the desensitized
and open states of the channel [10,13,14]. While there is not a closed
state crystal structure of MscS, there are several models that have
been developed based on experimentally obtained constraints [1,2,12].
of small conductance; MscL,
in of function; LOF, Loss of func-
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Collectively, these structures make it possible to interpret functional
data from mutated channels at the molecular level.

Analysis of the effects of specific MscS mutations has provided a
powerful tool for understanding channel function in the context of a
wealth of structural data. This has led to the identification of molecular
interactions that play critical roles in gating transitions [2,5,9,11,15–17].
For example, the triad of residues, D62, R128, and R131, are predicted to
work, in concert, during the transition from the closed state of the chan-
nel to the open state with one salt-bridge between D62 and R128 stabi-
lizing the closed state and another between D62 and R131 stabilizing
the open state [9]. Mutational analysis has also been used to understand
the movement of the transmembrane domains away from the central
gating axis during the transition from the closed state to the open
state. In this case, interactions between I37 and L86, and A51 and F68
are thought to stabilize this transition [17]. Furthermore, mutations at
the interface of the third transmembrane domain and the β-domain
have been shown to inhibit wildtype MscS function [15]. Hydrophobic
substitutions at V65 and N167 promote the desensitization of MscS
under tension.

In the closed state of MscS, seven residues (L35, I39, L42, I43, N50,
I78, L82) have been identified as critical for tension sensation [2].
These residues form hydrophobic interactionswith the lipid tail groups,
thus stabilizing the closed state of the channel. The seven residues are
clustered near the periplasmic face of the channel in the first and second
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transmembrane domains and are analogous to hydrophobic residues
that stabilize the closed state of the mechanosensitive channel of large
conductance (MscL) [18]. These residues were identified through mo-
lecular dynamic studies of the closed state EPR based structure [12] em-
bedded within a lipid bilayer and then the ability of each residue to
interact with the lipid bilayer was determined [2]. To access the signifi-
cance of the energetic contributions of these lipid bilayer interacting
residues to channel function, individual hydrophobic residuesweremu-
tated to alanine to reduce the hydrophobic contact with the lipids. Os-
motically sensitive bacterial expressing MscS variants containing
single alanine pointmutations resulted in partial loss of function pheno-
types, presumably due to the reduction of hydrophobic interactions
with the lipid bilayer. Moreover, while these residues interact with
the lipid bilayer in the model for the closed state of the channel, with
the exception of I43, they are occluded from the lipid tails in both the
open and desensitized states of the channel (Fig. 1). This work and sim-
ilar studies on MscL suggest that the hydrophobic interactions between
membrane proteins and lipids are not “flexible” and the hydrophobic
B
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Desensitized

Open

Fig. 1. Lipid lining amino acids in MscS. A) The positions of the previously identified
closed state lipid interacting residues (red, L35, I39, L42, N50, I78, L82) and the
newly identified open state lipid lining residues are shown (blue, V29, V32, A36,
V40, I44, M47, A51, N53, L55, S58) on the closed [2], open (2VV5 [10]), and
desensitized (2OAU [13,14]), structures of MscS. I43, which is lipid exposed in both
the open and closed states of MscS, is shown in purple. B) A side view of the open
state crystal structure (2VV5 [10]) showing the lipid interacting residues. The ap-
proximate location of the lipid bilayer is shown as a dashed line.
contact area is critical for membrane coupling [18–20]. Additionally,
quantitative models of lipid–protein interactions have suggested the
importance of lipid–protein interactions to the free energy of gating
[21–24].

Single pointmutations to residues that interact with the lipids in the
closed state ofMscS showno additional changes to the phenotypewhen
adjacentmutations are combined [2]. Similar behavior has also been ob-
served in large mutational screens of MscL, where a phenotype can be
traced back to a single mutation when the phenotype is first observed
in a group of mutations [19,25]. This suggests that a single point muta-
tion is sufficient to enact a phenotype that can be observed in in vivo
assays.

Given that we were able to identify closed state stabilizing residues,
we now address the question of whether similar interactions are ener-
getically important for the open state of the channel. Thus, an analogous
set of experiments has been carried out for the open state of MscS, by
mutating the residues presented to the lipids in this state. Lipid
interacting residues have been mutated to both alanine and leucine.
Thesemutations decrease or increase the hydrophobic contact between
MscS and the lipid bilayer in the open state. If these interactions are en-
ergetically important, one would expect them to alter the amount of
time the channel resides in the open state or the ability of the channel
to access a fully open state. These changes in hydrophobic contact
with the lipid bilayer should not massively alter channel structure or
the conformational transition between states. As a result, these muta-
tions provide for a clear and interpretable analysis of the role hydropho-
bic contacts play in channel gating and tension transduction.

Both the open and closed states of an ion channel reflect thermody-
namicminima,with the closed state of the channel typically beingmore
stable than the open state in the resting configuration. Application of a
stimulus provides the kinetic energy for a channel to transition over
an activation barrier from the closed to the open state. ForMscS, lipid in-
teractions have been shown to play a critical role in the closed state of
the channel [2]; as a result, one might expect similar interactions, with
different residues, to be important for open state stability. In this
model of gating, the thermodynamic difference between lipid–protein
interactions in the open and closed states ofMscSwould at least partial-
ly account for the relative energetics of the open and closed states and,
thus, channel gating. An alternative model for channel gating is that
lipid interactions are only important for closed state stability and do
not impact the open state of the channel. In this model, the closed
state of MscSwould be stabilized by intrinsic bilayer pressure, thus hav-
ing important lipid interactions in the closed state, and upon application
of tension, relief of these interactions would give rise to channel open-
ing. In other words, MscS would function as a spring-loaded channel
that is compressed by intrinsic bilayer pressure, like a Jack-In-The-Box.
Application of extrinsic tension would then result in relief of the intrin-
sic lipid bilayer pressure, causing the channel to spring open. To differ-
entiate between these two gating models, we have identified the lipid
lining residues in the open state of the channel and made mutations
that would alter any important hydrophobic interactions to determine
if lipid interactions are critical for open state stability.
2. Methods

2.1. Strains and plasmids

The E. coli strain, MJF465 (MscS, MscL, MscK null), was used for os-
motic downshock assays and expression experiments [6,26]. Patch
clamp electrophysiology was conducted in MJF429 (MscS and MscK
null) [6]. Mutational cloning was conducting using the Top10F` E. coli
strain (Invitrogen, Carlsbad, CA). All mutants were created in the
pB10b [25,27,28] vector with a C-terminal six-His tag and a LacUV5
promoter.
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2.2. Site-directed mutagenesis

Residues predicted to be involved in protein–lipid interactions were
mutated to alanine or leucine using Megaprimer mutagenesis [29]. 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. Prim-
er sequences are given in Table S1 in the SupportingMaterial.Mutations
were verified by enzymatic digestion and sequences confirmed using
automated sequencing (Big Dye v3.1, Applied Biosystems, Carlsbad,
CA).

2.3. Loss of function analysis

Downshock experimentswere conducted as previously described [2,
30,31]. A single colony was used to inoculate an overnight culture in
Luria–Bertani Broth (LB Broth, BD Biosciences, San Jose, CA) supple-
mented with ampicillin (100 μg/mL), the overnight culture was subse-
quently used to inoculate (1:20) a culture in LB Broth with 250 mM
NaCl and ampicillin. The resulting culture was grown to an OD600 of
approximately 0.5 and induced with 0.1 mM isopropyl-beta-D-
thiogalactopyranoside (IPTG) for 30min. Following 30min of induction,
the culture was diluted (1:40) into 1:1 LB Broth and deionized water or
isotonically into LB Broth with 250mMNaCl, and allowed to recover for
30min in a shaking incubator. After hypoosmotic downshock or isoton-
ic dilution, bacterial cultures were serially diluted and plated on LB
plates supplementedwith ampicillin (100 μg/mL). Plates containing be-
tween 25 and 250 colonies were used to determine the colony forming
units (CFU) per millimeter of media. Percent recovery was defined as
the CFU of the downshocked culture divided by the CFU of the isotonic
dilution. Six trials for each mutation were conducted.

2.4. Steady state analysis

A single colony was used to inoculate an overnight culture in LB
Broth supplementedwith ampicillin (100 μg/mL), the overnight culture
was subsequently used to inoculate (1:25) a culture in LB Broth with
ampicillin. The resulting culturewas grown to anOD600 of approximate-
ly 0.5 and induced with 0.1 mM IPTG for 8 h. After induction, the OD600

was measured. Four trials for each mutation were carried out.

2.5. Gain of function analysis

Gain of function analysis was carried out as previously described
[32]. A single colony was used to inoculate an overnight culture in LB
Broth supplementedwith ampicillin (100 μg/mL), the overnight culture
was subsequently used to inoculate (1:75) a culture in LB Broth with
ampicillin. The resulting culture was grown to an OD600 between 0.5
and 0.8 and diluted to an OD600 of 0.2 ± 0.02. This culture was serially
diluted into prewarmed LB with ampicillin, 5 μL of the 10−2, 10−3,
10−4, 10−5, 10−6, and 10−7 dilutions were plated onto LB agar plates
supplemented with ampicillin and LB agar plates supplemented with
ampicillin and IPTG to a final concentration of 1 mM. The resulting
plates were scored after 20 h of growth by giving a score of one for
each concentration containing growth (maximum score of 6). Four tri-
als for each mutation were carried out.

2.6. Bacterial expression analysis

To verify bacterial expression of the MscS mutants, cultures were
grown as described above for the loss of function analysis and pelleted
for 15 min at 16,000 ×g after 30 min of induction. The supernatant was
removed and the pellets resuspended in a buffer containing 50 mM
Tris, 75 mM NaCl, 0.1% Fos-Choline-14 (Affymetrix, Cleveland, OH) at
pH 7.5, and protease complete inhibitor (Roche, Basel, Switzerland) at
10 μL of buffer per 10 mg of bacteria. 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 expression levels. Proteins were transferred to
a 0.2 μm 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-terminally 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 anti-
body (Jackson ImunoResearch Laboratories, West Grove, PA).

2.7. Spheroplast preparation

E. coli spheroplasts of MJF429 cells containing the indicated pB10b
constructs were prepared as previously described [33]. Briefly, cells
were grown in LB containing ampicillin and 0.06 mg/mL Cephalexin at
37 °C with shaking until ‘snakes’ were approximately 50–150 μm.
Cells were induced with 1 mM IPTG for 5 min and then harvested at
2500 ×g. Pellets were resuspended in 2.5 mL 0.8 M sucrose prior to se-
quential addition of 125 μL 1 M Tris pH 8.0, 120 μL 5 mg/mL Lysozyme,
30 μL 5 mg/mLDNase, and 150 μL 125mMEDTAat pH 7.8. Lysozymedi-
gestion proceeded for 5 min prior to the addition of 1 mL stop solution
(0.67 M Sucrose, 19.4 mMMgCl2, 9.7 mM Tris at pH 8.0). The reaction
mixture was layered over 7 mL chilled dilution solution (0.8 M Sucrose,
10 mM MgCl2, 10 mM Tris at pH 8.0) in test tubes. Spheroplasts were
pelleted by spinning at 1600 ×g for 2 min at 4 °C and the pellets were
gently resuspended in the dilution solution and stored in aliquots at
−20 °C.

2.8. Patch clamp electrophysiology

Excised, inside out patches from E. coli giant spheroplasts were stud-
ied at room temperature as previously described [34,35]. Patch buffer
contained 200 mM KCl, 90 mM MgCl2, 10 mM CaCl2, 5 mM HEPES at
pH7.5. Datawere acquired using anAxoPatch 200B amplifier in conjunc-
tion with Clampex 10.3 (Molecular Devices) at−20 mV and a sampling
rate of 30,303 Hz, with a 5 kHz lowpass filter. The pressure applied to the
patch throughout the experiment was monitored with a piezoelectric
pressure transducer (WPI).Measurementswere analyzed using Clampfit
10.3 (Molecular Devices). The E. coli mechanosensitive channel of large
conductance (MscL) was used as the internal standard for determining
the pressure thresholds, as previously described [25,27,36]. Pressure
thresholds were obtained by dividing the pressure at which the second
MscS opens by the pressure at which the first MscL opens (PS/PL) [37].
PS/PL ratios were calculated from at least six patches from a minimum
of two independent spheroplast preparations for each mutation.

3. Results and discussion

3.1. Identification of lipid interactions

To determine the lipid lining residues in the open state of MscS, the
open state crystal structure of MscS (2VV5) [10] was embedded into a
palmitoyl oleoyl phosphatidylethanolamine (POPE) lipid bilayer as pre-
viously described [2]. Residues predicted to have significant lipid inter-
actions with the lipid bilayer were identified by assessing the ability of
an individual side chain to interact with the lipid tail groups. To identify
these residues, using the embedded 2VV5 structure (Figure S1), the
ability of each residue on the outer surface of the protein to interact
with the lipid tail groups of the bilayerwas determined by visual inspec-
tion. Each residue on the outer face of the protein was selected, as a
space-filling model, and residues that were within close proximity to
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the hydrophobic lipid tails (Van der Waals distance) were identified as
lipid-lining residues. While we previously used energetic constraints
form molecular dynamics simulations to identify lipid-lining residues
in the closed state of the channel (2), the results of visual inspection
for the closed state of the channel are consistentwith the results obtain-
ed using energetic constrains. Moreover, the use of molecular dynamic
simulations to identify lipid-lining residues in the open state of MscS
would suffer from potential simulation artifacts due to the need to
apply excessive tension or significant energetic restraints to the channel
in order to maintain the open state conformation. From our analysis we
determined that the lipid-lining residues are V29, V32, A36, V40, I43,
I44, M47, A51, N53, L55, and S58 (Fig. 1B and S1). These residues span
the entire outer face of the first transmembrane domain from the peri-
plasm to the cytoplasm. With the exception of I43, the predicted open
state lipid interacting residues do not interact with the lipids in the
closed state [2] and are predicted to be occluded from the hydrophobic
tails in thedesensitized state (Fig. 1). This distribution of residues sharp-
ly contrasts with the lipid lining residues in the closed state of the chan-
nel, where the lipid-interacting residues were found clustered toward
the periplasmic face of the channel in both the first and second trans-
membrane domains [2]. In the open state of the channel, all of the
residues in the second transmembrane domain are involved in pro-
tein–protein interactions and are excluded from the lipid bilayer.
Additionally, the predicted open state lipid interacting residues do
not interact with the lipids in the closed state [2] and are structurally
predicted to be occluded from the hydrophobic tails in the desensitized
state.

While the majority of the residues identified as interacting with the
lipid bilayer in the closed state of the channel were large hydrophobic
amino acids (leucine or isoleucine), the lipid lining residues in the
open state are a mixture of large hydrophobic residues (leucine, isoleu-
cine, and methionine) and small hydrophobic amino acids (valine and
alanine). This mixture of small and large hydrophobic amino acids fits
a gating model in which the thermodynamic interchange of the open
and closed states of MscS is driven by an equilibrium of hydrophobic in-
teractions between lipid lining residues and the lipid tail groups of the
bilayer. The hydrophobic stabilization resulting from a mixture of
small and large hydrophobic amino acidswould be smaller than the hy-
drophobic stabilization resulting fromonly larger hydrophobic residues.
This in turn would give rise to stronger protein–lipid interactions in the
closed state of the channel when compared to the open state. Thus, a
thermodynamic interchange between the protein and the hydrophobic
core of the lipid bilayer is set up inwhich the closed state of the channel
is more stable than the open state. Since in vivo MscS is found in its
closed state, except during application of hypoosmotic stress, the closed
state must be lower in energy than the open state, which fits with the
observation of more significant hydrophobic interaction in the closed
state of the channel compared to the open state of the channel. Themix-
ture of small and large hydrophobic amino acids would have a smaller
energetic contribution than the larger hydrophobic residues that stabi-
lize the closed state of the channel. As required by such amodel, the pro-
tein–lipid interactions would be stronger in the closed state than in the
open state, since the closed state is more stable. We have previously
demonstrated that the stability of the closed state is achieved by inter-
actions of large hydrophobic residues on the surface of the channel
with the lipid bilayer [2]. While the predicted lipid interactions for the
open statewould suggest that the closed statewould be lower in energy
than the open state, the presence of some large hydrophobic lipid-
interacting amino acids in the open state would provide the needed
stability for the open state of the channel.

3.2. Analysis of lipid interactions

To determine the role of open state lipid lining residues on channel
function, each residue was mutated to leucine and alanine (unless the
residues were leucine or alanine in the wildtype channel). Based on
previous mutagenic analyses, we anticipated that if lipid interactions
were important for stabilizing the open state of the channel, then al-
tered function would be observed for the mutated channels. If a careful
balance of hydrophobic lipid interactions is critical for channel gating,
then increasing the hydrophobicity of the lipid lining residues in the
open state should stabilize the open state of the channel. Conversely,
decreasing the hydrophobicity of the lipid lining residues in the open
state should destabilize the open state of the channel. However, if hy-
drophobic interactions are not important in the open state of the chan-
nel, and instead channel gating is driven by a reduction in intrinsic
bilayer tension, then mutation of putative open state lipid interacting
residues should yield channels that are functionally analogous to
wildtype MscS.

Osmotic downshock analysis of the mutant channels in an osmoti-
cally sensitive strain of E. coli (MscL, MscS, and MscK null; MJF465)
was used to assay for changes in bacterial survival under osmotic stress.
Previous studies have shown that deletion ofMscL,MscS, and the potas-
sium efflux system (MscK or KefA) results in an osmotically sensitive
strain of E. coli that exhibits reduced survival upon osmotic downshock
[6]. Reintroduction of the MscS gene on a plasmid under the control of
the LacUV5 promoter allows for the production of MscS upon induction
with IPTG. In the case of MscS, the resulting bacteria display an analo-
gous phenotype in downshock assays to native E. coli. Mutations to
MscS that also rescue the deletion strain of E. coli are considered func-
tionally wildtype in this assay, while mutations that either fail to rescue
the deletion strain of E. coli or only partially rescue it are for historical
reasons termed functionally “loss of function” (LOF) or functionally par-
tial LOF, respectively [38–40]. For eachmutated channel, six trials of the
osmotic downshock assay were conducted and the percent recovery
values were compared using a Student's T-test (Fig. 2A). The function
of most of the mutated proteins was not statistically different from
wildtype MscS, with only I43A being functionally a partial LOF mutant
because it significantly differed from both wildtype MscS and vector
only control (Table S2). This is not surprising as I43 also interacts with
the lipid bilayer in the closed state of the channel and has previously
been shown to be functionally a partial LOF mutant [2]. Additionally,
all MscS mutants expressed at levels comparable to wildtype MscS
(Fig. 2B).

MscS mutations that produce “leaky” channels upon reintroduction
of the gene on an inducible plasmid have been shown to reduce the bac-
terial growth rate and are known as functionally “gain of function”
(GOF) mutations [25]. To determine if our mutations to MscS produced
channels thatwere functionally GOF, two different growth based assays
were carried out for eachmutation: steady state optical density analysis
[2,41,42] and a plate-based gain of function assay [39]. None of the data
derived from the mutated MscS channels were found to be statistically
different fromwildtypeMscS controls in the steady state optical density
measurements (Figure S2). To further confirm that these mutated pro-
teins were functionally wildtype, a plate based assay was conducted
comparing bacteria grown on normal LB plates with bacteria grown
on plates supplemented with IPTG. Serial dilutions of bacterial cultures
were plated onto the different growthmedia and plates were scored by
counting the number of dilutions that showed bacterial growth. The
ratio of the induced and uninduced scores was determined for wildtype
MscS and each mutant (Fig. 3, Figure S2). All of the mutated proteins
were found to be functionally indistinguishable from wildtype MscS
using a Student's T-test.

Patch clamp electrophysiologywas carried out on a subset of themu-
tated channels to confirm that they displayed similar gating characteris-
tics to wildtype MscS. Non-adjacent mutations that spanned the entire
face of the lipid exposed helix were chosen to provide full coverage of
the open state lipid-interacting residues. Gating thresholds relative to
the native MscL were determined for each mutation using at least six
patches from a minimum of two independent spheroplast preparations.
The thresholds of V32A, V32L, I43L, M47A, M47L, N53A, and N53L were
indistinguishable from wildtype MscS, and, as anticipated, an altered
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phenotype was observed for I43A (Fig. 4). This mutation would be his-
torically considered partial GOF based on its electrophysiology, since it
exhibits a reduced gating threshold relative to wildtype MscS. However,
it exhibits partial LOF behavior in osmotic downshock assays and is func-
tionally wildtype in growth assay. The apparent disconnect between the
electrophysiology and the in vivo assay is unclear, but could be due to a
number of factors including very subtle differences in channel activity
that are difficult to quantify or differences in themembrane potential ap-
plied in the patch (−21 mV) and in vivo (circa−165 mV, which cannot
MscS

V32A

I43A

M47A

0.8

0.7

0.6

0.5

0.4

M
s
c
S

V
3
2
A

V
3
2
L

I4
3
A

I4
3
L

M
4
7
A

M
4
7
L

N
5
3
A

N
5
3
L

P
S
/P
L

*

A

B

2 s

200 pA

150 mmHg

*

*

*

*

Fig. 4. Patch clamp analysis of wildtype and mutated MscS channels at +20 mV.
A) Pressure threshold values for a selection of mutants. Error bars represent the standard
error of themean for 6 patches from aminimumof two independent preps. The dark gray
bar indicates the construct that is statistically different fromwild-typeMscS as determined
using a Student's T-test (* = p b 0.05). B) Representative traces are shown for wildtype
MscS and three additional mutants, showing wildtype behavior. For simplicity in patch
traces channel openings are shown as upward inflections, MscS openings are indicated
by ▲ and MscL openings are indicated with *. Scale bars represent 2 s on the X-axis and
200 pA and 150 mm Hg on the Y-axis.



Closed

Open

Closed

Open

Intrinsic Pressure

Extrinsic Tension

A

B

164 H.R. Malcolm et al. / Biochimica et Biophysica Acta 1848 (2015) 159–166
be applied to the patch with the required gating tension without losing
the patch integrity) [43–45].

To further classify themutations electrophysiologically, single chan-
nel conductances were measured. None of the mutants had a single
channel conductance or conductance ratio (MscL/MscS) that was out-
side of the published values for wildtype (Table 1) [6]. The similarity
of the single channel conductances suggests that the pore shape and
size of the mutant channels are not measurably different. The single
channel electrophysiology confirms that with the exception of I43A,
which is presented to the lipids in both the closed and open states,
there is no difference from thewildtype channel function. No significant
changes in channels kinetics were observed for any of the mutants.

Taken together, the results of the in vivo analysis and the patch
clamp electrophysiology indicate that residues that are lipid exposed
only in the open state of MscS can be readily mutatedwithout function-
al alteration. This suggests that these mutations do not differentially
stabilize or destabilizeMscS in the closed state, open state, any interme-
diate states, or any transition states, since no phenotypic alterations are
observed. Therefore open state lipid-interactions are not critical for open
state stabilization and, thus, this rules out a gatingmechanism that is driv-
en by an equilibrium of molecular interactions between the lipid-lining
residues in the open and closed states, and the lipid tail groups of the bi-
layer. Instead, gating in MscS appears to be driven by relief of intrinsic
lipid bilayer pressure, which is a mechanism that does not require ener-
getically significant lipid interactions in the open state of the channel.
Extrinsic

Tension
3.3. The Jack-In-The-Box model of MscS gating

The data suggest a model in which intrinsic pressure from the lipid
bilayer stabilizes the closed state of MscS by pushing in on the channel.
As a result, under normal conditions the closed state of MscS lies ener-
getically below the open state of the channel. Upon application of ex-
trinsic tension to the membrane, the intrinsic lipid bilayer pressure is
relieved resulting in reversal of the energetics of the open and closed
states (Fig. 5A). The relief of intrinsic tension upon application of extrin-
sic tension is a result of the force vectors, relative to the channel, being
in opposite direction for intrinsic and extrinsic tension. This leads to a
Jack-In-The-Box type gating mechanism for MscS, where the intrinsic
lipid bilayer pressure serves as the box that compresses the channel.
Upon relief of this strain, the channel springs open allowing ions to
pass (Fig. 5B). A Jack-In-The-Box model of channel gating is consistent
with quantitative mathematical models that have described protein
free energy changes due to changes in bilayer properties [21–24].

This model is supported by observed structural differences in the
open state and closed states of MscS. In the closed state of the channel,
the transmembrane helices are tightly packed into a small footprint.
However, upon transition to the open state, the helices expand and be-
come further apart. Fig. 5B shows the changes in helical packing of the
transmembrane domains along the top face of the channel, which
Table 1
Single channel conductance for MscS mutants and MscL/MscS conductance ratio. Unitary
conductancewas measured using single channel patch-clamp electrophysiology on sphe-
roplasts at +20 mV under symmetric conditions, error is standard deviation.

Conductance (pS) MscL/MscS conductance
ratio (pS)

Number of patches

MscS 1.5 ± 0.3 2.8 ± 0.3 6
V32A 1.7 ± 0.2 3.0 ± 0.6 6
V32L 1.7 ± 0.2 2.7 ± 0.5 6
I43A 1.6 ± 0.5 2.7 ± 0.4 6
I43L 1.2 ± 0.1 3.3 ± 0.2 6
M47A 1.9 ± 0.3 3.1 ± 0.4 6
M47L 1.7 ± 0.2 3.1 ± 0.2 6
N53A 1.6 ± 0.2 3.1 ± 0.6 6
N53L 1.6 ± 0.3 3.2 ± 0.5 6

Fig. 5. The Jack-In-A-Box model of MscS gating. A) Differences in the thermodynamic gat-
ing profile for MscS in the presence of intrinsic membrane pressure and extrinsic mem-
brane tension. B) Schematic representation of the Jack-In-A-Box model of MscS gating
with helix positions based on the experimentally derived closed and open state structures
of MscS [2,10].
occur upon gating. The relative positions of the transmembrane helices
were derived from the open state crystal structure and our closed state
model [2,10]. It should be noted that the exact helix positions vary de-
pending on which closed state model is used and some have argued
that first and second transmembrane domains move as a unit [46].
While these domains do not appear to move as a unit in Fig. 5, this
lack of concertedmotion is in part because of reorientations of the trans-
membrane helices in the open state structure relative to the membrane
normal.
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While crystal structures have been obtained for both the open and
desensitized states of the channel, a closed state crystal structure has
thus far been elusive. This may be because removal of MscS from the
lipid bilayer into detergent micelles relieves the intrinsic lipid pressure
resulting in stabilization of either the open state or desensitized state
of the channel. The original MscS crystal structure is a snap shot of
MscS in an inactive or desensitized state [14]. To obtain the initial
open state structure an A106V mutant of MscS that exhibited a gating
threshold greater than wildtypeMscS was used [10]. The crystallization
of a mutant that gates with a higher gating threshold than wildtype
MscS into an open state structure, seems counterintuitive upon first
glance. However, it is possible that this mutation simply reduced the
probability of the channel to enter the desensitized state upon insertion
of the channel into detergent micelles. If the mutation prevents desen-
sitization, the “Jack-In-The-Box” gating model would predict that this
mutation should give rise to an open state structure, which is the ob-
served structure for thismutant. Ourmodel is further supported by a re-
cent report of wildtype MscS crystallizing in the open state under
different crystallization conditions than employed for the initial struc-
ture [47]. Pliotas and co-workers have determined two unique crystal
structures of wildtype MscS in detergent micelles that are consistent
with the previously published open state structure of an MscS mutant.

When the gatingmechanisms ofMscL andMscSwere compared sig-
nificant differences were observed, which further suggest that the two
channels may function by different mechanisms [48–50]. Recently
Martinac and co-workers demonstrated that addition of cholesterol to
lipid bilayers greatly alters the activation threshold for MscS, but does
not affect MscL activation [51]. These data fit within the Jack-In-The-
Box gatingmodel because introduction of cholesterol significantly alters
the intrinsic lipid bilayer pressure [52].

4. Conclusions

Our analyses indicate that open-state lipid interactions are not criti-
cal for MscS channel gating. Mutation of open state lipid lining residues
to residues that would enhance or reduce these interactions gave func-
tionally wildtype channels. The complete lack of phenotypic changes
upon extensive mutagenesis is rare for bacterial mechanosensitive
channels and similar mutations to lipid interacting residues in the
closed state of MscS gave rise to partial loss of function phenotypes.
This has led us to propose a “Jack-In-The-Box” model of gating for
MscS, in which intrinsic lipid bilayer pressure holds the channel in the
closed state. Upon relief of the intrinsic bilayer pressure by application
of opposing extrinsic tension, MscS springs into the open state.
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