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Introduction

Mechanosensitive (MS) ion channels have developed the capabil-
ity to undergo conformational changes to form aqueous pores 
in response to increases in membrane tension. They have been 
found in membranes of organisms in all three domains of life. 
As has been frequently noted, “the finding of MS channels in 
prokaryotes suggests that these membrane proteins were among 
the first macromolecules that evolved to facilitate transport of sol-
utes in membranes of protocells.”1 Thus, since MS channels are 
widespread and can be considered universal to cells, the osmotic 
adaptation probably started with the first microbes and this kind 
of regulation could have been one of the first mechanisms to 
evolve. The interaction of these proteins with the surrounding 
lipid matrix is crucial for the fulfillment of its important func-
tion. In general, interactions between proteins and lipids are 
considered specific in close proximity to the protein surface, but 
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Material properties of lipid bilayers, including thickness, 
intrinsic curvature and compressibility regulate the function of 
mechanosensitive (MS) channels. This regulation is dependent 
on phospholipid composition, lateral packing and organization 
within the membrane. Therefore, a more complete framework 
to understand the functioning of MS channels requires insights 
into bilayer structure, thermodynamics and phospholipid 
structure, as well as lipid-protein interactions. Phospholipids 
and MS channels interact with each other mainly through 
electrostatic forces and hydrophobic matching, which are also 
crucial for antimicrobial peptides. They are excellent models 
for studying the formation and stabilization of membrane 
pores. Importantly, they perform equivalent responses as MS 
channels: (1) tilting in response to tension and (2) dissipation 
of osmotic gradients. Lessons learned from pore forming 
peptides could enrich our knowledge of mechanisms of action 
and evolution of these channels. Here, the current state of the 
art is presented and general principles of membrane regulation 
of mechanosensitive function are discussed.
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indirect lipid-mediated forces are also particularly important 
for activating these proteins. Indeed, the direct activation of 
MscL and MscS channel homologs by membrane tension is well 
established.1-3 Hence, studying issues such as lipid composition, 
degree of unsaturation in lipid tails, headgroup structure, area 
per lipid, viscosity, lipid mobilities and tail order may also con-
tribute to uncovering important aspects regarding how the lipid 
environment influences the response of MS channels to increases 
in membrane tension. Therefore, the structural and mechani-
cal properties of membranes are expected to have a significant 
impact on the activities of these proteins. From this perspective, 
it is conceivable that biological membranes have evolved to main-
tain gradients and to establish potentials across them, while also 
preserving the important property of transducing a mechanical 
stimulus to the proteins embedded in them.

MS channels have been described in prokaryotes as well as in 
eukaryotic cells, showing a high molecular diversity.1,3 Bacterial 
channels MscL and MscS have been extensively studied since they 
represent proteins with a dual role: sensors of membrane perturba-
tions and effectors by forming aqueous pores that allow the release 
of osmolytes. This relieves potentially harmful osmotic stresses in 
prokaryotic cells.4,5 The MscL channel is a 3-nS homopentameric 
protein basically found in prokaryotes, whereas the small con-
ductance MscS channel is a 1-nS homoheptameric protein, first 
found in Escherichia coli and with homologs in walled organisms, 
including bacteria, protists, fungi and plants, but not animals.3 
Importantly, the MscL channel family comprises proteins that can 
exist also in different oligomeric states, ranging from tetramers to 
hexamers.6,7 However, these arrangements apparently result from 
a detergent-specific effect and have no physiological significance.7 
This intriguing finding is interesting from an evolutionary point 
of view since it could be indicative of some basic plasticity in this 
protein. Thus, an important question is how these proteins have 
evolved. To address this issue, comparative and structural biol-
ogy can be used as theoretical and experimental tools. The crys-
tal structure of a C-terminal truncated mutant of SaMscL, (from 
the facultative anaerobic Gram-positive bacterium Staphylococcus 
aureus), shows that the channel can be arranged as a tetramer, 
performing an activity comparable to EcoMscL (from E. coli).6 
This observation is very suggestive, given the apparent existence 
of naturally truncated homologs in Archaea in this region.8



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com Channels 221

REVIEW REVIEW

MS channels, membrane tension, has attracted an important 
research effort, but a more detailed quantification of their effects 
on membranes and embedded channels is beyond the scope of 
this review. Similarly, a more detailed quantification of material 
parameters, such as compressibility, bending, intrinsic curva-
ture and lateral pressure of bilayers, will not be included herein. 
On the other hand, the lipid-protein interactions in MscL and 
MscS channels have been well documented in excellent, recent 
reviews.23-26 In this work, a brief discussion of such interactions 
will be provided and some relevant aspects will be highlighted, 
but it is recommended that interested readers consult the afore-
mentioned references and their bibliographies. With this in mind, 
the present review aims to contribute to a better understanding of 
MS channel function and the design of future research.

Mechanical Properties of Lipid Bilayers

As a matrix, lipid bilayers exhibit several material properties 
depending on their chemical composition and their adaptation 
to physical variables, such as temperature, pressure, pH or intrin-
sic tension by differential packing. Importantly, upon heating, 
lipids undergo a main chain-melting energetic reorganization, a 
gel-to-liquid crystalline phase transition, which is accompanied 
by a large entropic change. As is well-known, in aqueous milieu, 
model and natural lipids tend to self-assemble and form several 
types of lipid bilayers. They are packed in dynamic three-dimen-
sional lattices and because of their chemical diversity each lipid 
mixture shows different thermotropic phase behaviors, as well as 
compressibility and intrinsic bending.27 Furthermore, as can be 
deduced from thermodynamics, an increase in surface tension 
reduces the temperature at which phase transition occurs. This 
reported behavior can be explained in terms of an increase in ten-
sion at constant pressure, which induces an increment in the area-
per-lipid ratio and consequently a lower temperature is required 
to achieve higher ordering of the lipid tails.28

Thermotropic phase behavior of phospholipids and their 
effect on MS channel activity. Dipalmitoyl-phosphatidylcholine 
(DPPC) is a saturated lipid that has been extensively studied as 
a model lipid because its thermotropic behavior shows several 
endothermic transitions and the corresponding phase changes 
have been deciphered.27 Up to three discernible transitions and 
four lamellar phases have been described and designated as L

c
 

(lamellar crystalline subgel or solid), L
o
 or L

β’
 (liquid-ordered 

or tilted gel), L
d
 or P

β’
 (liquid-disordered or ripple gel) and L

α
  

(liquid-crystalline or fluid) within the temperature range of 10°C 
to 50°C. For DPPC, the main transition is around + 41.5°C 
(~315 K); below this temperature, the headgroups are dynami-
cally disordered but acyl chains are packed together closely and 
tilted. However, as temperature rises toward the mid-point tran-
sition temperature (T

m
) value, the tilted acyl chains abruptly lose 

their tight packing and the main phospholipid gel-to-fluid ther-
motropic transition occurs. As a result, a conformational change 
takes place in the lipid acyl chains, due to a rotational trans-to-
gauche isomerization of methyl groups and the average orienta-
tion of the chains becomes almost perpendicular to the plane 
of the bilayer. Thus, at low temperatures (< T

m
), lipid bilayers 

MscL homologs have two transmembrane (TM) helices: 
TM1 and TM2, where TM1 forms a lumen and TM2 is in 
direct contact with lipids.9,10 In the crystal structure of TbMscL 
(from Mycobacterium tuberculosis), the main contact with the 
surrounding lipid bilayer is made by residues in TM2, but some 
TM1 residues also face outward toward the membrane.10 Thus, 
MscL channels form a well conserved family of MS channels, but 
homologs are frequently diverse regarding the length of the pro-
tein and the open probability (Po) in response to increases in lat-
eral tension.8,11 Clearly, the lipidic context in which these proteins 
are embedded clearly has an important effect on their activation. 
For example, when TbMscL is assayed in E. coli spheroplasts, 
the gating tension requirement to obtain a comparable Po is at 
least double in comparison to the same channel reconstituted in 
azolectin liposomes.12 It is reasonable to interpret this observation 
as an adaptation to the native lipid environment in Mycobacteria, 
where a significant portion of molecules form a chemically dense 
network of complex lipids and sugars existing at extremely low 
fluidity.13

In MscL, TM1 and TM2 are separated by a periplasmic loop 
(P-loop), which prevents excessive pore expansion and promotes 
its closure after opening. The cleavage of such a loop by enzy-
matic means preserves channel functionality with a substan-
tially lower gating threshold.14 Consistent with this, separate 
expression of the N-terminal segment including TM1 can form 
MS channels very sensitive to changes in membrane tension 
whereas the expression of the C-terminal portion including the 
TM2 shows no channel activity.15 Thus, at least for MscL, the 
role of the periplasmic loop appears to be to act as a molecular 
spring regulating the opening of the helix bundle.16 In contrast, 
not all the members of MscS-like superfamily have three TM 
domains, as in EcoMscS. This molecular diversity has led to the 
interesting proposal that they are members of a superfamily of 
ion channels with associated domains that gate the channels by 
different stimuli (e.g., cAMP) with an intrinsic mechanosensi-
tivity.17 Overall, these observations suggest that MS channels 
have evolved responding to a common stimulus at the level of 
membrane mechanical properties. In this context, the remark-
able in vitro chemical synthesis and oligomerization of bacte-
rial MscL proteins into functional channels18-20 opens attractive 
new research perspectives. In addition, the use of pore-forming 
peptides has provided important information for this approach. 
Antimicrobial peptides form aqueous pores in lipid bilayers when 
a critical molar peptide/lipid (P/L*) value has been reached and, 
under specific conditions, they can form stable pores instead of 
provoking membrane disruption.21,22

In an attempt to identify general principles on the intimate 
effect of lipid environment on MS channels and to investigate 
their primordial evolution, this article has been written with the 
aim of discussing three significant aspects concerning the func-
tion of MS channels in separate sections: (1) composition-depen-
dent material properties of lipid bilayers and the implications 
for MS channel activation, (2) lipid-protein interactions in con-
temporary bacterial MscL and MscS channels and (3) the use of 
pore-forming peptides as experimental tools to inquire into MS 
channel evolution. The essential gating stimulus for activating 
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of mechano-dependent membrane proteins. In MS channels, 
studies in relation to changes in the phase-transition of lipids 
are also scarce. However, the effect of Gd3+ on MS channels has 
been amply reported in the literature.1,37,38 The work of Sukharev  
et al. has shown that MscL channels are blocked by micromolar 
Gd3+ in a lipid-compositional manner (negatively charged phos-
phatidylserine, PS, at 30 mol% in phosphatidylcholine, PC). In 
these conditions, Gd3+ induces lipid compression and a solid-like 
phase of PS domains that avoid the expansion of the channel 
protein to form the open pore, even when a strong negative pres-
sure is applied (-200 mmHg). What’s more, these authors con-
firm, by isothermal titration calorimetry (ITC), that binding of 
Gd3+ to dimyristoil-phosphatidylserine (DMPS) liposomes in the 
gel phase is endothermic, whereas binding to liposomes in the 
liquid-crystalline phase is exothermic, which is consistent with 
the isothermal liquid-to-gel phase transition induced by this tri-
valent cation.37

Geometrical properties of phospholipids and their effect in 
lipid bilayers. The packing of lipids is directly related to their 
intrinsic shape. In general, phospholipids with two saturated acyl 
chains tend to be cylindrical, keeping a spatial relation between 
headgroup and hydrocarbon tail that induces null spontaneous 
curvature in membranes, favoring lamellar phases. If this rela-
tion changes and the headgroup is significantly smaller than 
the section area of the tail, a cone-shaped lipid results, forming 
membranes with negative curvature (hexagonal type II, H

II
). 

Lipids with unsaturated acyl chains favor these structures.33,34 
On the other hand, inverted cones result when the headgroup 
area is larger than its acyl chain section area. This is the case for 
lysolipids, whose packing in membranes induces positive curva-
ture (hexagonal type I, H

I
).33,34,39 The generation of local positive 

(convex) curvatures by lysophosphatidylcholine (LPC) addition 
into lamellar phases, is caused by its lipid-headgroup area (60Å2) 
and its structure factor (S

i
 = 0.78), indicating an inverted cone-

like shape39,40 (Fig. 1B). In parallel to their shape, lysolipids also 
affect thermotropic behavior of phospholipids through their mis-
cibility. It has been proven that LPC mixes homogeneously both 

formed with DPPC are rigid and extremely compact (L
β’
 phase) 

because lipids are arranged on a tilted lattice in the plane of the 
bilayer. In this configuration, the hydrocarbon chains are in an 
all-trans configuration and lateral diffusion is very low. When the 
temperature reaches 34–36°C a pretransition occurs, resulting in 
a change to the rippled phase in which headgroups are crowded, 
arranged in a periodic rippled bilayer, and probably some lipids 
are tilted, whereas others are melted, disordered and fully inter-
digitated.27,29 Then, at T

m
, the rippled phase melts into the L

α
 

phase (Fig. 1A).
Importantly, lipid bilayers in ripple and fluid phases are subject 

to an additional transition under tension, which induces thin-
ning and interleaflet interdigitation, whereas in the gel phase the 
two lamellae remain well separated, with no reduction in thick-
ness.30 Additionally, tension reduces lipid acyl chain packing 
order, as well as the electrostatic potential barrier of the bilayer.31 
Therefore, a critical concept in the study of MS channels is the 
physical state of the membrane that allows or restricts protein 
conformational changes. In this way, the fluid phase of lipids 
facilitates any molecular movement and protein-protein or lipid-
protein interactions. Other structural and material properties of 
lipid bilayers that are affected by the thermotropic behavior of 
phospholipids include the area compressibility (K

A
) and bending 

(K
C
) moduli, measurements of the cohesion between lipids and 

the elastic bending of the bilayer, respectively; the hydrophobic 
thickness (h), the lateral pressure profile (P), and the intrinsic 
curvature (c

0
), which relates the tendency of the type of lipid to 

form curved surfaces.32-34 
It has been demonstrated that many biophysical proper-

ties of K+ channels, including the unitary conductance, Po and 
dwell times of KcsA, are finely tuned by a change in the physi-
cal state of the lipid bilayer through the gel-to-fluid phase transi-
tion.35 Besides, the Kv1.2 channel with a voltage sensor paddle 
from Kv2.1 (the “paddle chimera”) and the Shaker channel 
also show mechanical sensitivity depending on the lipid com-
position and the physical state of the bilayer.36 These observa-
tions, per se, raise interesting questions and expand the group 

Figure 1. The effect of LPC on the phase transition (change in heat capacity) of DPPC MLVs as measured by differential scanning calorimetry (DSC). 
(A) DPPC thermograms in the absence (0%) or presence of 10, 20 or 25 mol% LPC at the indicated temperatures. Arrows show the displacement of 
the pretransition temperature (Tp) which defines the ripple phase (P

β’) in pure DPPC. A new pretransition appears at lower temperatures (probably 
indicating an interdigitated gel phase, L

β
I), then it vanishes at high doses of LPC. In (B), the structure factor for cylindrical DPPC (Si = 1.11) and inverted 

cone-shaped LPC (Si = 0.78) are schematized (Lipid structures taken from ref. 40).
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Asymmetric micromolar inclusion of lysolipids into the outer 
leaflet of the lipid bilayer strongly contributes to activating MscL 
channels,43 while their incorporation into the cytoplasmic (inner) 
monolayer produces a similar effect on MscS homologs.44,50 
Nevertheless, liposome co-reconstitution of MscL/MscS chan-
nels has proven that lipid tail length and LPC have differential 
effects on these channels, MscS being less sensitive to bilayer 
thinning than MscL, whereas relatively more sensitive to LPC.51 
Such subtle differences surely depend on the distinct topologies 
of both proteins. Indeed, the asymmetric incorporation of lyso-
lipids induces a high degree of compression in the leaflet where it 
is added and a concomitant dilation in the opposite monolayer. 
Therefore, a local stress is created leading to the redistribution 
of pressure profiles in the membrane, which can affect protein 
conformation.46,52 This rationale is also in accordance with the 
experimental observation that asymmetrical incorporation of 
LPC stabilizes intermediate conformational states and full open-
ing in MscL channels, whereas symmetrical addition of LPC 
equilibrates the pressure profiles, maintaining the channel in the 
closed state.43,53

Organization of lipids in domains and its implication in MS 
channel segregation. Membrane tension, spontaneous curvature 
and intrinsic bending, all can significantly contribute to the lipid 
domain energetics.54 Lipid phase-transition may also induce pro-
tein redistribution and clustering, at least for the KcsA channel.55 
In this case, in the context of the transition from an L

d
 phase 

(T > T
m
), in which the channels are homogeneously distributed, 

to a temperature at which a coexistence of L
d
 and L

o
/L

c
 phases 

takes place, KcsA channels get preferentially distributed into L
d
 

domains, tending to protein clustering. In addition to a marked 
preference for L

d
 (fluid) phases, clustering of membrane proteins 

and peptides is also dependent on the hydrophobic mismatch 
(HM), as shown for synthetic, Trp-flanked, α-helical model 
WALP peptides.56 In bacterial MS channels, a cooperative MscL 
gating induced by spatial clustering of proteins has been recently 
described.57 This behavior is explained in terms of the bilayer 
elasticity and the communication between proteins, where the 
conformational status of an embedded protein can be transmit-
ted to another protein through membrane deformations.58 In the 
case of the MscL channel, the substantial rearrangement of the 
TM helices upon gating induces changes in the protein solva-
tion by the surrounding lipids (the annular layers) that can be 
“sensed” by a neighboring protein. Considering the non-uniform 
distribution observed in the case of KcsA channels using lipo-
somes with lipid domains forming mixtures,55 and since MscL 
and MscS undergo important structural rearrangements upon an 
iris-like expansion,59-61 it remains important to be determined: 
(1) if MS channels change their location under a phase transi-
tion in model lipids and (2) if such phase transitions can affect 
in some way the gating of those channels. In addition, domains 
resulting from segregation of fluid-fluid phases are much more 
difficult to be established, but physiologically they are perhaps 
the most significant domains in biological membranes.49 Thus, 
the possible segregation of MS channels in mixtures of lipids 
with different degrees of fluidity also remains an open question. 
Moreover, since line tension is a key parameter determining the 

below and above the T
m
, but at concentrations beyond 40 mol% 

induces micellization, disrupting lipid bilayers. At LPC con-
centrations under this value, LPC liquefies synchronously with 
DPPC showing a high degree of miscibility.41,42

As will be discussed below, it is clear that LPC elicits an 
extremely subtle effect on bacterial MS channel activation at micro-
molar concentrations.43,44 LPC (at concentrations < 30 mol%) can 
induce some reduction in thickness of the lipid bilayers by forming 
an interdigitated gel phase (L

β
I). Indeed, X-ray diffraction experi-

ments show that the thickness of DPPC lipid bilayers diminishes 
from 7.30 nm to 6.75 and 5.52 nm when LPC is mixed at 14.1 
or 27.0 mol%, respectively.42 However, micromolar incorporation 
of LPC has no detectable effect on the thermotropic behavior of 
liposomes formed with DPPC. Figure 1 shows the thermotropic 
behavior of multilamellar vesicles (MLVs) formed with DPPC and 
mixed with different molar concentrations of LPC. At micromolar 
doses, thermograms are practically the same as the control without 
lysolipid, and negligible changes in T

m
 (+ 41.5°C) were observed 

(not shown). In contrast, LPC at > 10 mol% induces a broadening 
in the pretransition peak as well as a slight displacement in the 
main transition, reducing the T

m
 to 38–39°C at 25 mol% of LPC. 

The pretransition peak (T
p
) shifts to lower temperature values and 

completely disappears at 20 mol%, suggesting a new interdigitated 
phase. Moreover, if the LPC concentration reaches 50 mol%, sam-
ples became translucid, indicating disruption of the bilayer and 
formation of small aggregates (not shown). Thus, at high con-
centrations, LPC prevents the rotation of the polar headgroups of 
lipids, a kinetic interpretation of the pretransition in DPPC bilay-
ers.29 In conclusion, at high concentrations, lysolipids are highly 
miscible, change the thermotropic profile of DPPC and can even 
induce micellization of lipid bilayers. Since the observed behavior 
on pretransition in Figure 1 can also be attributed to an increase 
in surface tension,28 it becomes interesting to determine whether 
the effects observed in MS channels are, in some extent, related to 
a lipid interdigitation induced by LPC incorporation and/or to a 
change in the rotational kinetics of the headgroups. These ques-
tions deserve to be explored.

Geometrical properties of phospholipids and their effect on 
MscL and MscS activities. Inverted cone-shape LPC incorpo-
ration into lamellar phases generates tension/stress, known as 
curvature “frustration”.45 This reduces the positive pressure gen-
erated by the thermal motion of acyl chains and increases the 
tension in the inserted leaflet, which favors changes in protein 
conformation.32,45,46 In this way, asymmetrical incorporation of 
lysolipids would perturb the energetic profile of the lipid pack-
ing surrounding membrane proteins. Additionally, the fluidizing 
effect on bilayers induced by LPC or polyunsaturated fatty acids 
(PUFA) on membrane proteins can also be understood in terms 
of a relaxation in compressibility between lipid molecules by a 
reduction of the attractions resulting from the formation of inter-
molecular H-bonds at the polar headgroups.47 Likewise, PUFA 
induce great fluidity/elasticity in membranes because of their 
high degree of conformational flexibility.48 Importantly, sur-
face flow properties of lipids, including their visco-elasticity, are 
directly related to the high lateral fluidity and structural rigidity 
of membranes, which is key for their biological function.49
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shape) and Tyr (a 4-hydroxyphenylalanine) reside at the level of 
the electronegative lipid carbonyls, at the membrane interface. 
They both form aromatic belts in TM segments of membrane 
proteins,75 which result in a strong electrostatic interaction that 
confers some rigidity to the whole protein. In opposition, Lys, 
which also flanks TM segments of embedded proteins, has a long 
and flexible side chain, which facilitates its interaction with a 
broader interfacial zone. This feature enables changes in tilting/
conformation of α-helices and allows Lys residues to perform the 
role of a flexible anchor.73,76 In this way, the “snorkeling” behavior 
of Lys side chains, where the aliphatic part of the residue can 
get immersed into the hydrophobic core of lipid bilayer, while 
the charged -NH

3
+ group lies at the surface of the membrane, 

makes possible a fine adaptation to membrane thickness because 
the whole residue does not move in the interface.76

The relevance of this behavior could be revealed by mutagen-
esis of the MscL channel. The P-loop (Figs. 2 and 3) is poorly 
conserved between homologs and it has been predicted to form 
a short amphipathic α-helix (so-called S2 segment) attached to 
a distorted β-hairpin.77 Upon opening, hydrophobic residues 
from periplasmic S2 can interact with lipid chains at the external 
monolayer, whereas its hydrophilic residues can form salt bridges 
inside the pore. In the closed state, the S2 and the β-hairpin 
interact through their hydrophobic residues forming a compact 
core. Remarkably, Gln65 in EcoMscL forms part of S2 and its 
hydrophilicity is important for the proper function of the chan-
nel. When this residue is changed to a hydrophobic Leu (Q65L 
mutant) a loss of function (LOF) phenotype is acquired and the 
channel requires more negative pressure to open, so the tension 
threshold rises. However, if Q65 is mutated to a snorkeling Arg, 
a gain of function (GOF) phenotype is obtained and the chan-
nel opens more easily, indicating that the threshold was signifi-
cantly reduced.16 Like Lys, Arg residues also favorably interact 
with the oxygen atoms of lipid headgroups and the snorkeling 
property of their side chains allows a better coupling to relieve 
HMs.74,76 In parallel, if Q65 is mutated to a Tyr (Q65Y), chan-
nels showing GOF phenotypes with an increased mechanosensi-
tivity are suppressed, and normal function is recovered.78 Thus, 
it is conceivable that Tyr at position 65 in EcoMscL contributes 
to the stability of TM2 by strong hydrophobic interactions at the 
external monolayer, which makes difficult the tension-induced 
tilting when the channel is activated. However, if a positively 
charged Arg occupies such a position in the S2 within the P-loop, 
the effect is the contrary and tilting is favored by the snorkeling 
effect.

In MscL homologs, a persistent consensus is observed in 
flanking lipid-facing residues of TM2: Tyr75 (E. coli number-
ing) is conserved in > 70% and Lys97 is present in 55% of 230 
putative MscL homologs.8 However, in ~10% of them, a rigid Trp 
residue takes the corresponding place of Tyr75 (Fig. 2). If these 
channels are functional, the significance of this sequence pecu-
liarity could be a tempting issue to be explored. It has been shown 
that capping the TM2 on both sides with Trp or Tyr at position 
93 (a highly conserved Phe immersed into the hydrophobic core 
of the bilayer), slows the kinetics of gating with an increment in 
the activation threshold and a decrease in cell viability in osmotic 

distribution and properties of L
o
 domains,62 it becomes interest-

ing to ask whether MS channels are capable of segregating in 
mixtures of lipids with a low degree(s) of fluidity (i.e., in two 
different solid phases).

To study the phase behavior of lipid mixtures, a widespread 
method is to use well-defined model membrane systems, such 
as large- and giant-unilamellar vesicles (LUVs and GUVs, 
respectively), which can be obtained from controlled lipid com-
positions. GUVs are an important tool to study lipid-lipid and 
lipid-protein interactions, lipid asymmetry, control on contents 
and the attachment of His-tagged proteins to solid phases.63-65 
One of the most important advantages of using GUV method-
ology lies in the reconstitution of membrane proteins (proteo-
GUVs) as suitable systems for patch-clamp recordings and 
experiments of liberation of solutes. This has been demonstrated 
for several transport proteins, including VDAC channels, porins, 
and the MscL channel itself.66-68 Indeed, since the MscS chan-
nel shows a slow inactivation in azolectin liposomes,69 the use 
of proteo-GUVs becomes an interesting experimental alterna-
tive to study controlled lipid compositions, with or without the 
presence of solid lipid domains, in addition to the successful use 
of Xenopus oocytes.70 Importantly, the use of liposomes for co-
reconstitution of MscL/MscS is an interesting approach to finely 
discern the effects of HM and material properties of lipid bilayers 
on these channels.51

Lipid-Protein Interactions 
in the MS Channels MscL and MscS

In contrast to water-soluble proteins, membrane embedded pro-
teins interact simultaneously with two drastically different envi-
ronments. The structural requirements as well as the functional 
consequences of this circumstance, necessarily derive from the 
interactions at the edge where the lipids surround the protein71,72 
and in the lipid-water interface.73

Protein adaptations to hydrophobic mismatch in MscL 
channels. As could be anticipated, membrane proteins and lip-
ids are entities with an intrinsic capability for adaptation to each 
other since neither are rigid entities. Unlike lipids, in general, 
membrane proteins have a higher compressibility modulus. As 
a consequence of this situation, any HM between the bilayer 
and the protein causes lipid adaptation to the surface of the 
protein.33,34 Many studies with model lipids, well-characterized 
model peptides and transmembrane segments of proteins, have 
shown that lipids influence protein structure/organization and 
vice versa. Positive HM (when the TM segment of a peptide or a 
protein is longer than the membrane thickness) can be alleviated 
often by peptide tilting, in order to achieve a better adjustment to 
the thinner membrane with a low energy cost. Other adaptations 
to this circumstance are bilayer distortion and peptide aggrega-
tion but, in addition, the α-helix can reduce its apolar length 
by becoming a less compact π-helix.74 On the contrary, if the 
mismatch is negative (TM segments shorter than the bilayer) the 
observed consequences are a combination of local bilayer bend-
ing and snorkeling of flanking Lys/Arg residues.74 In general, 
the Trp functional group (an aromatic indole with a flat rigid 
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that although TM1 is hydrophobic and 
larger than TM2 by at least five resi-
dues, TM2 has a stronger hydrophobic 
character. In an attempt to compare 
their properties and interactions with 
lipids, Figure 3 shows a hydrophobic-
ity plot of some MscL homologs aligned 
with selected α-PFPs discussed below 
(based in ref. 82). The slightly attenu-
ated hydrophobicity seen for TM1 is 
in accordance with its function during 
gating, which forms a large water-filled 
pore lined almost exclusively by these 
segments; although residues from TM2 
are also implicated.60 The N-terminus 
of the protein (so-called S1 domain) 
is amphipathic and has the potential 
to form a short α-helix attached to the 
inner side of the membrane.77,83 Thus, 
under tension TM1 also tilts and rotates 
but the angle of tilting for such a seg-
ment is more pronounced in comparison 
with their TM2 counterpart.80,81 Indeed, 
the tilt angles observed for TM seg-
ments from EcoMscL embedded in two 
membranes differing by their hydropho-
bic tail lengths are also different. In a 
simulated bilayer under tension, formed 
by 1,2-dimyristoyl-sn-glycero-3-phos-
phoethanolamine (DMPE, C14:0), 
the tilt angle increases from 35° to 50° 
for TM1, whereas for TM2 it changes 
from 35° to 45°, compared with a bilayer 
of 1-Palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE, C16:0–C18:1) which simulates 
a relaxed membrane.84 The large tilting change experienced by 
TM1 also reveals the helix adaptation to achieve optimal lipid 
interactions. This effect probably is because TM1 is longer and 
has no rigid structure anchors, like Trp or Tyr residues, but rather 
it recurrently has snorkeling residues, such as Arg (53%) or Lys 
(46%), facing to the cytoplasmic side at position 13 (E. coli num-
bering).8 Indeed, the change of Arg13 to Cys has been described 
as a GOF mutant85 whereas the R13L mutant confers a LOF 
phenotype.86 This is consistent with the important snorkeling 
role proposed for Arg at that position. Furthermore, considering 
subhelix S1, TM1 is potentially extensible, acting as a single gate 
that stabilizes the open structure.83,87 Thus, hydrophobic match-
ing has been constantly evoked as the theoretical explanation to 
understand the nature of this class of interactions.72-75,88

Beyond interactions to adapt to HMs, the lipid-water interface 
provides electrostatically another potential source for interaction 
with embedded proteins. One consistent observation is the effect 
that the presence of anionic lipids like phosphatidylserine(PS) has 
on membrane channels. Even at acidic pH, the Po of the KcsA 
channel is very low but in the presence of at least 50% anionic 
lipids it increases significantly in planar bilayer experiments.89 

downshock assays.79 Interestingly, as the distance between aro-
matic belts increases, channel function is partially restored, pre-
sumably by facilitation of TM2 tilting.

In order to understand better the functioning of MS chan-
nels and contribute to the discovery of new insights regarding 
their tension-induced gating, the roles of different domains in 
MscL have been studied. The cooperativity between two or 
more MscL channels, has been integrated into a more simplis-
tic “loopless” model of MscL, which has proved to promote a 
wider open pore.80 Importantly, this model lacking the P-loop 
connecting TM1 and TM2 shows a channel with a high elasticity 
and flexibility, confirming the restrictive role of such a domain 
in the MscL gating.81 According to this model, under equilateral 
tension, the ring formed by the TM2 bundle in direct contact 
with the lipids, opens and expands simultaneously, reducing the 
tilt angle in order to adapt the TM segments to the membrane 
compression that the lipid bilayer suffers (i.e., thinning). This 
compression is critical at the edge of the lipid pore formed (sur-
rounded by the lipid-exposed TM2 domains), whereas the TM1 
bundle is partially immersed in the center of the TM2 bundle 
and their contacts with the lipids are expected to be less numer-
ous. In agreement with this model, hydropathy analyses show 

Figure 2. Multiple alignments between homologs of MscL channel from Bacteria, Archaea and 
Eukaryotes. Bold letters represent residues forming the lipid-exposed TM2, which is important for 
mechanosensitivity. Thin letters represent poor conserved residues in the periplasmic loop (P-loop) 
and into the first part of the C-terminal domain. Red letters show hydrophobic residues whereas 
black letters show hydrophilic ones. Brown bold letters are flanking Tyr or Trp residues at the peri-
plasmic face of the membrane. Blue bold letters represent flanking Lys or Arg residues facing to the 
cytosol. Snorkeling side chains attached to the TM2 are shown also in blue with a positive charge. 
Residues showing a high degree of conservation are highlighted in yellow. Trp (W) is highlighted in 
orange and represents a poor conservation of this residue at this place (~10%).
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be achieved by the flexible lipid tails in external adjacent layers, 
which are not in the first shell of annular lipids.71

Protein adaptations to hydrophobic mismatch in MscS 
channels. The general principles described for MscL can also be 
applied to MscS, although compared with MscL, HM seems to 
have less influential on MscS gating.51 It has been shown that 
MscL reconstituted into liposomes mimicking the native com-
position of E. coli membranes, DOPE:DOPG:CL (14:5:1), 
channel activity is three times lower than in liposomes formed 
with DOPC:DOPG:CL (14:5:1).95 Similarly, MscS expressed in 
Xenopus oocytes requires at least three times less negative pressure 
to be activated in comparison with channels reconstituted in giant 
bacterial spheroplasts.70 However, although pipette tip geometry 
contributes to MscS adaptation (i.e., the complex behavior shown 
by MscS including inactivation or desensitization in response to a 
sustained mechanical stimulus),96 a contribution of lipid compo-
sition in both systems should not be ruled out. Indeed, X. laevis 
membranes have 65% PC, 19% PE and 10% of polyunsaturated 
phosphatidylinositol (PI), whereas E. coli has 70–80% PE and 
15–20% phosphatidyglycerol (PG).97 PE is a reverse hexagonal 
(H

II
)-forming lipid, which has been shown to be densely packed 

with the highly ordered acyl chains. Moreover, the presence of 
PG in mixed membranes increases acyl chain ordering and makes 
them more compact (a high K

A
) and less fluid.47,98 This is oppo-

site to the decreasing effect in lipid order and the rise in fluidity 
induced by tension in DPPC membranes.30,31 As in MscL, impor-
tant residues implicated in sensitivity to mechanical changes 

Studies in MscL have also shown this effect; in this channel, a 
conserved cluster of positive charges (EcoMscL: Arg104, Lys105, 
Lys106) on the cytoplasmic side of the protein is predicted to 
strongly interact with negatively charged lipid headgroups at 
the inner leaflet. This interplay increases the rate of solute flux 
through the open channel.90 Such requirement is only for the 
internal leaflet of the bilayer because there is no selectivity for 
anionic lipids on the periplasmic side of the channel. Indeed, a 
characterizing preference for dioleoyl-PS (DOPS) and dioleoyl-
phosphatidic acid (DOPA) has been established for the inner 
part of the protein.91 These effects have been explained in terms 
of the ability to form H-bonds between the phospholipid head-
groups and the lateral chains of the residues on the protein.90,91 
However, it has been demonstrated that the tension threshold is 
not affected in DOPS or dioleoyl-phosphatidylglycerol (DOPG) 
bilayers, whereas the tension required to gate the channel is ~50% 
larger in DOPE:DOPC (1:1) than in DOPC bilayers.92 These 
apparently contradictory results have been explained in terms of 
a major contribution of hydrophobic interactions in the surface 
cavities of the protein with fatty acyl chains for tension transmis-
sion in comparison with the electrostatic interactions for chan-
nel function.10,93 Rather, the electropositive cluster of the protein 
binds to negatively charged lipids once the channel opens by ten-
sion. In consequence, tension is transmitted mainly by hydropho-
bic interactions and then the cluster transiently acts as an anchor 
during gating, modulating TM tilting as if it were a pivot.94 
Therefore, important contacts with membrane proteins can also 

Figure 3. Hydrophobicity plot for MscL channel homologs from E. coli (EcoMscL), Mycobacterium tuberculosis (TbMscL), the archaeon Methanosarcina 
barkeri (MthMscL), MscS encompassing TM1 (residues 22–61 from EcoMscS), as well as the α-PFPs: melittin, fragment α6 from Bid and α5 from Bax pro-
teins (see text). The hydrophobicity plots were developed by the algorithm of Kyte and Doolittle (ref. 82) using a window of nine and aligning residues 
according to the lipid-exposed EcoMscL-TM2 profile. The topology of EcoMscL protein is included indicating only TM segments and the P-loop. As in 
Figure 2, snorkeling side chains attached to the TM1 and TM2 are shown in blue with a positive charge. Position 75 (E. coli numbering) is occupied by 
a Tyr or, less frequently, a Trp and are shown as a rigid brown lateral chain. The inserted 3D helix shown corresponds to a monomer of melittin (PDB: 
2MLT).
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channels.1,4 Thus, α-PFPs create perturbations at the surface of 
the monolayer where they are added, which is equivalent to the 
membrane tension required to open lipidic pores.101 The tension 
is then relieved through expansion and incorporation of more 
peptides that stabilize the formed pores, although with a precari-
ous control on membrane tension.22,110-112

Studies with Alamethicin and Melittin and their responses 
to membrane tension. Alm has long been considered as a para-
digm for channel formation and, along with melittin, is one of the 
two α-PFPs where adaptation to HMs by tilting has been studied 
both theoretically and experimentally.113-115 Alm is a hydrophobic 
peptaibol (20-residues) that adopts predominantly helical con-
formations, whose degree of helicity and conformational flexibil-
ity depends on several biophysical factors such as temperature, 
lipid composition, physical state of lipids, membrane hydration, 
salt content, pH, and the peptide-to-lipid (P/L) molar ratio.103,114-

116 Channel formation by Alm has been explained through paral-
lel “TM helical bundles” or “barrel staves” composed of several 
membrane spanning peptides that aggregate to line an aqueous 
pore,103,104 although it has been proposed that Alm inserts into 
bilayers using also a “toroidal” mechanism when it is exposed 
to ether-linked phospholipids.116 Nevertheless, folding and oligo-
merization of Alm are seriously affected if ether lipids are used 
instead of ester-linked lipids.117 

Alm can form dimers, trimers, tetramers and large aggre-
gates stabilizated by interhelical H-bonding which determines a 
multiplicity of conductances. Indeed, hexameric Alm channels 
are more stable than other assemblages.103 This can be done by 
the integration of the internal tension that is associated with the 
membrane thinning derived from the creation of a lipidic pore. 
Depending on lipid composition, at this specific value, peptides 
start to change their orientation with respect to the membrane 
plane from a parallel-to-perpendicular arrangement.21 In con-
trast, melittin has a stretch of positively charged amino acids at 
the C-terminus and only forms toroidal pores (wormholes).104 
These structures are characterized by a bending of the lipid 
bilayer at the edge of the pore, with intercalation of lipid head-
groups forming an integral part of it118 (see Fig. 4D) .Thus, Alm 
and analogs on the one hand and melittin and their derivatives 
(v gr magainins) on the other hand are different regarding pore 
size, being toroidal pores significantly larger than barrel-staves 
induced by Alm.119 Depending on lipid composition, melittin 
also increases membrane permeability at determined P/L* molar 
ratios, internal membrane tension, temperature and pH.21,22 
Likewise, their channel-like activity in planar bilayers, in addi-
tion to micellization and induction of membrane fusion, has been 
well documented.120

Studies with Alm and melittin provide important informa-
tion about their structural properties and energetics, the mecha-
nisms and kinetics of induced pores as well as their stabilization 
in lipid bilayers under tension. In Alm channels, membrane ten-
sion directly couples changes associated with membrane expan-
sion and the conductance state of the formed channel,107 whereas 
melittin pores couple permeability changes with the osmoti-
cally induced tension when transmembrane gradients are estab-
lished.111 Thus, Alm and melittin both create local stresses at the 

in the membrane have been mainly located at the periplasmic 
interface of MscS.99 Thus, the tension sensor for both channels is 
predicted to be located at this place, involving residues interact-
ing with lipids through both electrostatic as well as hydrophobic 
interactions.

Nevertheless, the situation is somewhat different in the hep-
tameric MscS superfamily because each protein monomer spans 
the membrane three times and the large cytoplasmic domain 
(CD

MscS
) surrounds a water-filled chamber with a molecular sieve 

function.9,100 Even so, both MscL and MscS channels show a 
similar basic behavior in their responses to the force transmission 
from lipids through their lipid-exposed TMs. A great number 
of MscS-like homologs have additional N-terminal TM seg-
ments.17,26 Such diversity implies a more complex mechanism for 
tension sensing and transmission. In order to circumscribe our 
discussion to simple models, in the next, final section, a close re-
examination of the interactions between lipids and TM segments 
of MS channels will be expose from the perspective of membrane 
active peptides. Likewise, their responses to membrane tension 
by deformation, rotation, tilting and the formation of stable pores 
will be treated. The information contained there could contrib-
ute to the discussion about the evolution of these proteins, as well 
as stimulate the design of synthetic MS channels.

α-Helical Pore-Forming Peptides (α-PFPs) 
as Experimental Tools to Understand 

MS Channel Evolution

Antimicrobial peptides are α-PFPs that have been extensively used 
to study peptide-lipid interactions and they represent simplified 
models for studies on peptide-induced pore formation in lipid 
bilayers.101 In general, they bind to microbial membranes, form-
ing lipid pores and can elicit cell lysis at high concentrations.102-104 
Alamethicin, melittin, MG-H2 (a magainin analog) and piscidin 
bind strongly and stabilize preformed lipidic pores.105 Thus, it 
is reasonable to assume that inclusion of these kind of peptides 
alleviates tension by adsorbing to the high-curved edges of lipidic 
pores. This has been described, for example, for protregrin-
1(PG-1), which preferentially adsorbs to the rim of preformed 
lipid pores, and significantly reduces the line energy and tension 
of the system.106 This observation is not exclusive for PG-1. By 
different methods, two of the best-studied peptides are alamethi-
cin (Alm) from Trichoderma viridae and melittin, the main toxic 
peptide (26-residues) from honeybee venom. Several studies on 
these α-PFPs have provided valuable information regarding the 
relationship between tension-induced lipid pores, their close cou-
pling with peptide-induced pores and their stabilization.21,22,107-109 
Importantly, the pore formation coupled to internal tension 
observed in both Alm and melittin, has also been reported in 
synthetic lytic peptides such as the class L amphipathic α-helix 
18L (a model peptide with the sequence: GIK KFL GSI WKF 
IKA FVG). Once inserted in the membrane, 18L derivative pep-
tides disturb the bilayer and create a potential site to form a pore 
by nucleation, which strongly responds to osmotic swelling.110 
This modulates permeabilization in liposomes, facilitating the 
release of osmolytes, a similar attribute that is well known for MS 
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fragments are positively charged by the presence of snorkeling 
residues Lys and/or Arg, as in magainin and melittin. Bax-α5 
also induces a decrease of the line tension between two coexisting 
lipidic phases by releasing curvature stress and it has been shown 
to affect the energetics at the edge of the pore through its stabili-
zation.128 Furthermore, Bid-α6 (23-residues), a peptide contain-
ing only the fragment α6 of Bid, another proapoptotic protein, 
forms pores presumably by a bundle of helices such as in Alm, 
which is consistent with the barrel-stave model.126 Colicin E1, a 
cytotoxic bacteriocin (522-residues) produced by some strains of 
E. coli but lethal for related strains of this species, has also a chan-
nel-forming activity, with a strong dependence on membrane 
thickness and curvature, also showing activation by LPC.129,130 
These proteins induce toroidal pores in membranes but, unfor-
tunately, their pore-forming TM α-helices have not been tested 
separately, and their activity has not yet been compared with the 
complete protein.

α-PFPs as models of TM segments of MS channels and 
the design of an osmotic nanovalve. The gating of the MscL 
and MscS channels have been persistently explained in terms of 
“barrel-staves.”59,77,131 However, although this gating model does 
not fit well for the MscL channel, according to solvent accessibil-
ity experiments with a Ni2+ chelate complex (NiEdda),60 toroi-
dal pores are favored in thick membranes,119,130 in contrast to the 
thinning effect that tension exerts on lipid bilayers.30,31,80,84 Ion 
channels formed by a “barrel-stave” mode of aggregation show 
reproducible multiple discrete states.107,132-134 In addition, such 
as the TM segments of MscL and MscS channels, α-PFPs are 
amphipathic, exposing both hydrophilic as well as hydrophobic 
residues in opposite faces of the α-helix77 (Fig. 4B). The tendency 

surface of the bilayer, which cause membrane perturbations and, 
under specific conditions, they can stabilize pores at constant 
membrane tensions.21,22,109 Indeed, in molecular dynamics stud-
ies, Alm helices become more stable and compact under surface 
tension than in tension-free stages, because H-bonding reinforces 
Alm bundles by their anchorage to lipids.109 Interestingly, the 
MscL channel has also been modeled as being stable in closed 
state at low tension and highly stable under tension (i.e., open).121 
In comparison, membrane tension controls electrostatic interac-
tions between several melittin peptides and their contacts with 
the lipid interface determine their insertion rate and pore size.108 
Moreover, the change in tilting observed in the TM segments of 
MS channels as a response to an increase in the lateral tension 
has also been described and simulated for Alm and melittin as a 
function of the equivalent bilayer hydrophobic thickness.113,122-124 
As was anticipated, the main trend observed is that the tilt angles 
of these peptides increase with a reduction in lipid tail length in 
order to compensate positive HMs between the peptide length 
and bilayer thickness.73,74,88

Studies with TM segments of proteins showing channel 
activity. Notably, the responses observed to membrane tension 
by aggregates of Alm or melittin are not exclusive for antimi-
crobial peptides. For example, cell-death inducers of the Bcl-2 
family, like Bax/Bid proteins facilitate the release of apoptotic 
factors through pore formation in the outer membranes of the 
mitochondria.125 Indeed, the chemically synthesized peptides 
encompassing the colicin-like hydrophobic hairpin (helix-5 or 
Bax-α5) or the helix-6 (Bax-α6) from the hydrosoluble Bax 
protein, emulate the permeation activity of the parental protein 
by forming toroidal pores.126,127 In both cases, the amphipatic 

Figure 4. (A) Structure of the mechanosensitive channel MscL (PDB 2OAR, taken from ref. 9). (B) Helical wheel representation for the TM fragments of 
MscL and a monomer of melittin. Melittin and TM2 were modeled in α-helical wheel representations; since TM1 is larger, it was modeled as a π-helix, 
which promotes a better lipid exposing face. Hydrophobicity factors (H) obtained are: 0.817 (TM1); 0.959 (TM2) and melittin (0.511). Net charge (z): –1 
(TM1); 0 (TM2); + 5 (melittin). Residues with hydrophobic side chains are shown in yellow. Small residues Gly and Ala are represented in gray and posi-
tively charged snorkeling residues, in blue. N- and C-ends are shown. Arrows show the hydrophobic moment. (C) Osmotically induced inflow of NH4

+ 
through melittin pores in MLVs of DOPC:DPPC (2:1). MLVs were concentrated at 30 mM in choline chloride. Melittin was added to a P/L ratio of 1/40 in 
the presence and absence of a hypoosmotic downshock. For the osmotic shock, the sample was diluted 1:70 into an ammonium solution (100 mM). 
Permeability was determined by the swelling rate for a period of time, measuring the change in turbidity at Abs = 450nm. All flux measurements were 
performed at 25°C. (D) Schematic drawing of a toroidal pore in a lipid bilayer, taken from ref. 118.
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of an imposed osmotic pressure across membranes results in 
enhanced pore-formation by melittin, which facilitates ammo-
nium permeation. This seems to indicate that melittin forms 
pores coupled to the membrane expansion associated to down-
shock. Through these pores, [NH

4
+] ions are internalized in the 

vesicles, while this cation per se has a significantly low intrinsic 
permeability under the same conditions. Similar results were 
also found for glycine betaine, a common osmolyte in bacteria 
(not shown). Thus, it becomes imaginable to achieve improve-
ments in functional peptide design with minimal sequence 
requirements, as models of protobiologic MS channels. Further 
advances in studying the molecular events that lead to establish-
ing stable proteinaceous pores in vesicles, with the concomitant 
property to sense osmotic swelling, will surely contribute to a 
better understanding of how these proteins have been selected 
through evolution.

Concluding Remarks and Outlook

The interesting perspective to use model peptides correspond-
ing to TM segments to mimic the complex functional properties 
of ion channels has been proposed elsewhere.140,141 Indeed, the 
design of a Gly repeat peptide (24-residues) has revealed the for-
mation of multimeric porin-like channels, which exhibit a similar 
complex conductance, poor selectivity and voltage dependence in 
lipid bilayers.142 Synthetic peptides mimicking the M2 channel-
lining segment from the Gly receptor and the nicotinic acetyl-
choline receptor (AChR) have also been achieved.143 Of equal 
importance is the use of ion-channel engineering to produce, for 
instance, pH-sensitive channels, reversibly light-activated MscL 
channels, osmotic tension-modulated channels, as well as the 
de novo design of molecular nanovalves to allow the controlled 
release of molecules with biotechnological ends.110,144,145

As a final point, the ultimate goal will be the design of “pre-
biotic peptides” with a desirable osmo-valve activity in a pre-
cell context. Considering that oligomerization was found to be 
inherent to the primary sequence of MscL for its in vitro syn-
thesis,18 and since chemically synthesized MscL proteins can be 
directly reconstituted in liposomes with high efficiency,19,20 it 
becomes tempting to study alternative “prebiotic” sequences146 
in the context of model protocells. Indeed, the role of ancient 
peptides responding to membrane tension has been claimed as 
a determining factor allowing protocells to gain volume-control 
and osmoregulation.147 In a plausible prebiotic scenario on the 
early Earth, a precursor osmo-valve embedded into a phospho-
lipid vesicle would be able to sense sudden severe environmental 
changes with the consequent mechanical stress generation on the 
membrane. After that shock, they will become active to coun-
terbalance this potential harm. The envisaged result will be an 
autocatalytically closed system capable of sustaining a protome-
tabolism.148,149 To this end, it becomes promising, for instance, 
to use fluorescent burst tools in order to monitor the release of 
specific molecules through MscL or α-PFPs reconstituted in lipo-
somes, which has been achieved for melittin with a comparable 
performance.67 Alternatively, the use of molecular simulation has 
reinforced the principle that MS channels act as safety valves in 

to expose hydrophobic residues to the lipid bilayer on one side, 
and hydrophilic residues facing an open pore on the other side, 
is crucial to sense tension in both types of channels. In conse-
quence, hydrophobic interactions with lipid tails and H-bonding 
with headgroups are key.90,92,135 Likewise, as in MS channels in 
general, natural α-PFPs lack Trp, which are flanking residues 
that restrict the tilting and rotational angles of TM α-helices in 
membrane proteins.75

Therefore, some relevant parallelisms appear between 
α-PFPs and bacterial MS channels (particularly in MscL 
homologs) if one considers their TM segments separately. 
Besides, studies in extramembranous domains of the protein 
are also important. Indeed, mutations in the P-loop facilitate 
channel opening by means of a reduction in its constraining 
effect, which contributes to channel’s gating,16,136 and studies 
on the cytoplasmic domain (CD or S3) of MscL indicate that 
it is quite stable upon gating and it remains associated as a 
bundle during channel opening, regulating the pore size.5,137 
This is in accordance with the observation of the cytoplasmic 
bundle as a dispensable element of the protein, since an S3 
deletion of EcoMscL (Δ110–136) or SaMscL (Δ95–119) does 
not abolish gating, albeit it induces a great variability of con-
ductances.137,138 Together, these data suggest that TM-bundles 
in both MscL and MscS are essential elements to obtain the 
basic function of an MS channel. Thus, the concept of a “mini-
mal channel” with dispensable regulatory components and still 
showing mechanosensitivity, opens interesting new questions 
in relation to the evolution of these proteins. How TM seg-
ments of these proteins interact with the lipids in a stretched 
membrane is one of the first questions to address in order to get 
some new insights.

Considering all this evidence, the similarities between α-PFPs 
and the TM segments of MS channels should be taken, how-
ever, with caution. α-PFPs only adopt helical conformations in 
membranes and the great majority form toroidal pores, disrupt-
ing membranes at high concentrations. The use of simulated 
“loopless” MscL models,80,81 as well as the studies on the role of 
the HM on mobile TM helices,73-75,88 make it possible to con-
template the use of attractive new molecular tools. Thus, it is 
reasonable to anticipate that the study of mechanisms of pore 
formation induced by natural or designed α-PFPs can provide 
key details for the design of specific nanovalves. From this per-
spective, the evolution of MS channels can also be experimentally 
addressed. Nevertheless, the design of an alternative functional 
channel, formed by a barrel-stave aggregate of α-PFPs, should 
necessarily consider new levels of complexity. For example, the 
role of regulating elements such as the linking loops between TM 
segments or the inclusion of extramembranous domains can also 
be approached.

As an example, in Figure 4C, ammonium permeation 
through melittin pores into liposomes was induced under a 
sudden osmotic downshock. Melittin was added at a peptide/
lipid ratio of 1/40 to preformed MLVs of DOPC:DPPC (2:1). 
Close to these conditions, it has been demonstrated that melit-
tin forms stable transmembrane pores.139 Here, at this P/L ratio 
and a specific lipid concentration of 500 μM, the presence 
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(3) The responses to tension and the adaptation to hydro-
phobic mismatch shown by α-PFPs indicate that they perform 
similar, simpler behaviors, like prokaryotic MS channels do. This 
raises interesting perspectives for the design of specific osmotic 
nanovalves.
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prokaryotic cells, opening a large pore to release pressure during 
hypo-osmotic challenges.150 By using these approaches, one can 
imagine the design/modeling of a prebiotic osmo-nanovalve with 
such specific functions.

In summary:
(1) The mechanical properties of lipid bilayers, such as hydro-

phobic thickness, intrinsic curvature, and compressibility are key 
factors in the activity of the MS channels MscL and MscS. They 
also influence the spatial segregation of these proteins.

(2) Hydrophobic mismatch is a critical factor which determines 
how these proteins interact with their contiguous lipid environ-
ment. In MS channels, important adaptations to alleviate such 
situations are TM tilting, membrane snorkeling of specific residues 
(Lys/Arg) and electrostatic interactions at the lipid-water interface.
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