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Abstract

Phenotypical analysis of the lipid interacting residues in the closed state of the mechanosensitive 

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 of 

MscS that interact with the lipid bilayer. Each of these residues was mutated to alanine and leucine 

to modulate their hydrophobic interaction with the lipid tail-groups in the open state. The effects 

of these changes on channel function were analyzed using in vivo bacterial assays and patch clamp 

electrophysiology. Mutant channels were 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 of MscS. Based on these results and 

other data from the literature, we propose a new gating paradigm for MscS where MscS acts as a 

“Jack-In-The-Box” with the intrinsic bilayer lateral pressure holding the channel in the closed 

state. In this model, upon application of extrinsic tension the channel springs into the open state 

due to relief of the intrinsic lipid bilayer pressure.
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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 
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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 and molecular interactions that alter channel gating 

have been identified through mutagenesis [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 state 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]. 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 channel to the open state 

with one salt-bridge between D62 and R128 stabilizing 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 A51and F68 are thought to stabilize this transition [17]. Furthermore, 

mutations at the interface of 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 sensing [2]. These residues form hydrophobic interactions 

with 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 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 molecular dynamic studies of the closed state EPR based structure [12] embedded 

within a lipid bilayer and then the ability of each residue to interact with the lipid bilayer 

was determined [2]. To access the significance of the energetic contributions of these lipid 

bilayer interacting residues to channel function, individual hydrophobic residues were 

mutated to alanine to reduce the hydrophobic contact with the lipids. Osmotically sensitive 

bacterial expressing MscS variants containing single alanine point mutations resulted in 

partial loss of function phenotypes, 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 (Figure 

1). This work and similar studies on MscL suggest that the hydrophobic interactions 

between membrane proteins and lipids are not “flexible” and hydrophobic contact area is 

critical for membrane coupling [18–20]. Additionally, quantitative models of lipid-protein 
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interactions have suggested the importance of lipid-protein interactions to the free energy of 

gating [21–24].

Single point mutations to residues that interact with the lipids in the closed state of MscS 

show no additional changes to the phenotype when adjacent mutations are combined [2]. 

Similar behavior has also been observed 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 mutation 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 energetically important for the open state of the 

channel. Thus, an analogous set of experiments have 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. These mutations decrease or increase the 

hydrophobic contact between MscS and the lipid bilayer in the open state. If these 

interactions are energetically important, one would expect them to altering 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 

mutations provide for a clear and interpretable analysis of the role hydrophobic contacts play 

in channel gating and tension transduction.

Both the open and closed states of an ion channel reflect thermodynamic minima, with the 

closed state of the channel typically being more 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. For MscS, lipid 

interactions 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 of MscS would at least partially 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 MscS 

would be stabilized by intrinsic bilayer pressure, thus having important lipid interactions in 

the closed state, and upon application of tension, relief of these interactions would give rise 

to channel opening. 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 intrinsic lipid bilayer pressure, causing the channel 

to spring open. To differentiate 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.
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2. Methods

2.1 Strains and Plasmids

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

2.2 Site-Directed Mutagenesis

Residues predicted to be involved in protein-lipid interactions were mutated to alanine or 

leucine using Megaprimer mutagenesis [29]. All mutations in MscS were cloned into the 

pB10b vector [27]. 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 enzymatic digestion and sequences 

confirmed using automated sequencing (Big Dye v3.1, Applied Biosystems, Carlsbad, CA).

2.3 Loss of Function Analysis

Downshock experiments were 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) supplemented with ampicillin (100µg/mL), the overnight culture 

was subsequently 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 30 min. Following 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 m in a shaking 

incubator. After hypoosmotic downshock or isotonic dilution, bacterial cultures were 

serially diluted and plated on LB plates supplemented with ampicillin (100µg/mL). Plates 

containing between 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 supplemented with 

ampicillin (100µg/mL), the overnight culture was subsequently used to inoculate (1:25) a 

culture in LB Broth with ampicillin. The resulting culture was grown to an OD600 of 

approximately 0.5 and induced with 0.1 mM IPTG for 8 hours. 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 supplemented with ampicillin (100µg/
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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, 5µL 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 1mM. 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 trials 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 10µL 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 m 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 m. 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 antibody (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 1mM IPTG for 5 minutes and then harvested at 2500 × g. 

Pellets were resuspended in 2.5 mL 0.8 M sucrose prior to sequential addition of 125µL 1 M 

Tris pH 8.0, 120 µL 5 mg/mL Lysozyme, 30 µL 5 mg/mL DNase, and 150 µL 125 mM 

EDTA at pH 7.8. Lysozyme digestion proceeded for 5 minutes prior to the addition of 1 mL 

stop solution (0.67 M Sucrose, 19.4 mM MgCl2, 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 

minutes at 4°C and the pellets were gently resuspended in the dilution solution and stored in 

aliquots at −20°C.
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2.8 Patch Clamp Electrophysiology

Excised, inside out patches from E. coli giant spheroplasts were studied at room temperature 

as previously described [34, 35]. Patch buffer contained 200 mM KCl, 90 mM MgCl2, 10 

mM CaCl2, 5 mM HEPES at pH 7.5. Data was acquired using an AxoPatch 200B amplifier 

in conjunction with Clampex 10.3 (Molecular Devices) at −20mV and a sampling rate of 

30303 Hz, with a 5 kHz lowpass filter. The pressure applied to the patch throughout the 

experiment was monitored with a piezoelectric pressure transducer (WPI). Measurements 

were analyzed using Clampfit 10.3 (Molecular Devices). 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 previously described [2]. Residues 

predicted to have significant lipid interactions 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 bilayer 

was determined by visual inspection. Each residue on the outer face of the protein was 

selected, as a space-filling model, and residues that were within close proximity to 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 consistent with the results obtained 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 lipid-

lining residues are V29, V32, A36, V40, I43, I44, M47, A51, N53, L55, and S58 (Figure 1B 

and S1). These residues span the entire outer face of the first transmembrane domain from 

the periplasm 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 the desensitized state (Figure 1). This distribution 

of residues sharply contrasts with the lipid lining residues in the closed state of the channel, 

where the lipid-interacting residues were found clustered toward the periplasmic face of the 

channel in both the first and second transmembrane domains [2]. In the open state of the 

channel, all of the residues in the second transmembrane domain are involved in protein-

protein interactions and are excluded from the lipid bilayer. Additionally, the predicted open 
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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, 

isoleucine, 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 interactions 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 acids would be smaller than the hydrophobic stabilization resulting 

from only larger hydrophobic residues. This in turn would gives 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 in which 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. The mixture of small and large hydrophobic 

amino acids would have a smaller energetic contribution than the larger hydrophobic 

residues that stabilize the closed state of the channel. As required by such a model, the 

protein-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 interactions of large hydrophobic residues on the surface of the 

channel with the lipid bilayer [2]. While the predicted lipid interactions for the open state 

would suggest that the closed state would 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 altered 

function would be observed for the mutated channels. Since for bacterial mechanosensitive 

channels, single point mutations are typically responsible for altered channel function [19, 

25]. 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 

hydrophobic interactions are not important in the open state of the channel, 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.
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Osmotic downshock analysis of the mutant channels in an osmotically 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 of MscL, MscS, 

and the potassium 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 analogous phenotype in downshock assays to native E. coli. Mutations to MscS 

that also rescue the deletion strain of E. coli are considered functionally 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 partial LOF, respectively [38–40]. For each mutated channel, six trials of the 

osmotic downshock assay were conducted and the percent recovery values were compared 

using a Student’s T-test (Figure 2A). The function of most of the mutated proteins was not 

statistically different from wildtype MscS, with only I43A being functionally a partial LOF 

because it significantly differed from both wildtype MscS and vector only controls (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 [2]. Additionally, 

all MscS mutants expressed at levels comparable to wildtype MscS (Figure 2B).

MscS mutations that produce “leaky” channels upon reintroduction of the gene on an 

inducible plasmid have been shown to reduce the bacterial growth rate and are known as 

functionally “gain of function” (GOF) mutations [25]. To determine if our mutations to 

MscS produced channels that were functionally GOF, two different growth based assays 

were carried out for each mutation: 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 from wildtype MscS controls in the steady 

state optical density measurements (Figure S2). To further confirm that these mutated 

proteins 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 growth media 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 (Figure 

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 electrophysiology was carried out on a subset of the mutated channels to 

confirm that they displayed similar gating characteristics 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 

phenotype was observed for I43A (Figure 4). This mutation would be historically considered 

partial GOF based its electrophysiology, since it exhibits a reduced gating threshold relative 
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to wildtype MscS. However, it exhibits partial LOF behavior in osmotic downshock assays 

and is functionally 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 the membrane potential applied in the patch (-21mV) and in vivo (circa 

−165mv, which cannot be applied to the patch with the required gating tension without 

losing the patch integrity) [43–45].

To further classify the mutations electrophysiologically, single channel conductances were 

measured. None of the mutants had a single channel conductance or conductance ratio 

(MscL/MscS) that was outside 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 the wildtype 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 

mutated without functional alteration. This suggests that these mutations do not 

differentially stabilize or destabilize MscS in the closed state, open state, any intermediate 

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 

gating mechanism that is driven by an equilibrium of molecular interactions between the 

lipid-lining residues in the open and closed sates, and the lipid tail groups of the bilayer. 

Instead, gating in MscS appears to be driven by relief of intrinsic lipid bilayer pressure, 

which is a mechanism that does not require energetically significant lipid interactions in the 

open state of the channel.

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 energetically below the open state of the channel. Upon application 

of extrinsic tension to the membrane, the intrinsic lipid bilayer pressure is relieved resulting 

in reversal of the energetics of the open and closed states (Figure 5A). The relief of intrinsic 

tension upon application of extrinsic 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 (Figure 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 
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and become further apart. Figure 5B shows the changes in helical packing of the 

transmembrane domains along the top face of the channel, which 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 depending 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 Figure 5, this lack of concerted motion is in part because of reorientations 

of the transmembrane helices in the open state structure relative to the membrane normal.

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 wildtype MscS 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 desensitization, the “Jack-In-The-

Box” gating model would predict that this mutation should give rise to an open state 

structure, which is the observed structure for this mutant. Our model is further supported by 

a recent report of wildtype MscS crystalizing in the open state under different crystallization 

conditions than employed for the initial structure [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 gating mechanism of the MscL and MscS were compared significant 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 gating model because 

introduction of cholesterol significantly alters the intrinsic lipid bilayer pressure [52].

4. Conclusions

Our analyses indicate that open-state lipid interactions are not critical for MscS channel 

gating. Mutation of open state lipid lining residues to residues that would enhance or reduce 

these interactions gave functionally 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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Highlights

The open state of MscS is not stabilized by lipid interactions.

MscS opens in response to a relief of intrinsic lipid bilayer pressure.

MscS functions as a Jack-In-The-Box.

MscS and MscL exhibit contrasting gating mechanisms.
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Figure 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 state of MscS, is shown in 

purple. B) A side view of the open state crystal structure (2VV5, [10]) showing the lipid 

interacting residues. The approximate location of the lipid bilayer is shown as a dashed line.
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Figure 2. 
Loss of function analysis and Western blots of mutated MscS channels. A) Results from 

osmotic downshock analysis of wildtype MscS and MscS harboring mutations of lipid lining 

residues mutated to either alanine or leucine. Error bars represent the standard error of the 

mean for 6 independent trials. The dark gray bar indicates the construct that is statistically 

different from wild-type MscS as determined using a Student’s T-test (* = p < 0.05). B) 

Western blot analysis for wildtype and mutated MscS proteins under conditions identical to 

those used for the osmotic downshock assay.
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Figure 3. 
Gain of function analysis of MscS mutations. Plates were scored by counting the number of 

dilutions with bacterial growth. The ratio of induced to uninduced was determined by 

dividing the induced score by the uninduced score. Representative plates for each mutated 

protein can be found in Figure S2. Error bars reflect the standard deviation of four 

independent trials.
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Figure 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 the 

mean for 6 patches from a minimum of two independent preps. The dark gray bar indicates 

the construct that is statistically different from wild-type MscS as determined using a 

Student’s T-test (* = p < 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 
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openings are indicated with *. Scale bars represent 2 seconds on the X-axis and 200 pA and 

150 mmHg on the Y-axis.
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Figure 5. 
The Jack-In-A-Box model of MscS gating. A) Differences in the thermodynamic gating 

profile for MscS in the presence of intrinsic membrane pressure and extrinsic membrane 

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].
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Table 1

Single channel conductance for MscS mutants and MscL/MscS conductance ratio. Unitary conductance was 

measured using single channel patch-clamp electrophysiology on spheroplasts 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
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