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ABSTRACT 
In order to eliminate limitations of existing experimental or computational methods (such as patch-clamp technique and 
molecular dynamics analysis, respectively) a finite element (FE) model for multi length-scale and time-scale 
investigation of the gating mechanism of mechanosensitive (MS) ion channels has been established. Gating force value 
(from typical patch clamping values) needed to activate prokaryotic MS ion channels was applied as tensional force to 
the FE model of the lipid bilayer. Making use of the FE results, we have discussed the effects of the geometrical and the 
material properties of the Escherichia coli MscL mechanosensitive ion channel in relation to the Young’s modulus of the 
lipid bilayer, which will vary depending on the properties of the cell membrane or cholesterol content in an artificial 
membrane surrounding the MscL channel. In this study, the FE model shows that when the cell membrane stiffens the 
required channel activation force considerably increases. This is in agreement with experimental results reported in the 
literature. In addition, the present study quantifies the relationship between the membrane stress distribution around a 
‘hole’ in the membrane for modeling purposes and the stress concentration in the places where transmembrane proteins 
are attached to the hole by applying an appropriate mesh refinement as well as defining contact condition in these areas. 
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1. INTRODUCTION 
Cells are continually stressed by a multitude of internal and external mechanical forces on a multi scale ranging from 
macro to nano forces. They must be resilient enough to deform reversibly without damage by still maintaining their 
function. These external and internal mechanical forces (stimuli) can cause conformational changes in mechanosensitive 
proteins (sensors) in the cell membrane such as cytoskeletal proteins or ion channels that results in activation of cellular 
signaling pathways (response). Stretch-sensitive channels provide the best-studied example of this behaviour [1]. These 
cellular signals can then regulate physiological processes such as sensing pressure, vibrations, touch sensation, hearing 
perception [2-6], and many other intracellular processes such as proliferation, and apoptosis [7-9]. The average human 
heart, beating at 72 beats per minute, will beat approximately 2.5 billion times during an average 66 year lifespan to 
produce the one-way blood flow to supply the human body [10]. Thus, the mechano-electric feedback in the heart is also 
a strong candidate for being influenced by MS channel activities due to the continual and repetitive rhythmic 
deformation of the heart [11]. MS channels can influence many patho-physiological conditions of the cardiac tissue such 
as arrhythmias and Commotio cordis- a condition which results in sudden cardiac arrest following a blunt, low-impact 
chest wall trauma [10]. At present, except for prokaryotic and a few eukaryotic MS channels, the mechanism of gating 
MS channels by mechanical force including mammalian stretch-activated ion channels (SACs), is still unclear.  
 
A number of researchers have introduced physical models for cell membrane deformations [12-15], which can describe the 
behaviour of cell membrane including lipid bilayer under mechanical stress on the micrometer scale of biological cell 
dimensions. In contrast, there are very limited analytical works on the nanometer scale of ion channels due to the structural 
complexity of the channel proteins. Markin and Sachs [16] proposed a model for thermodynamics of mechanotransduction, 
which relates the open probability of the channels to physical properties of cell membranes such as stiffness, thickness, and 
intrinsic curvature. Also, using gramicidin as a model channel, Martinac and Hamill showed the conversion from stretch-
activated to stretch-inactivated gating as a function of bilayer thickness [17]. Wiggins and Phillips [18] developed an 
analytical model to qualitatively describe the free energy of the protein-bilayer system and suggested that the competition of 
hydrophobic mismatch could be a physical mechanism that controls MS channel gating. This model was further improved 
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by adding triggers (besides the channel radius change) in the transition from the closed to the open state [18]. Turner and 
Sens [19] proposed a gating by a tilt model as an alternative to dilatational gating, where the gate opening is due to the 
swinging of the lipids near the channel zone. Tang et al. [20] studied the gating mechanism of mechanosensitive channels of 
large conductance (MscL) in two bacteria (Mycobacterium tuberculosis and Escherichia coli) using the finite element 
method. They concluded that both bacterial MscL homologues open fully upon in-plane tension in the membrane and the 
variation of pore diameter with membrane tension was found to be essentially linear. Also they claimed that upon 
membrane bending, neither of the two MscL homologues opens substantially, although there was notable and 
nonmonotonic variation in the pore radius. Their results emphasize that the crucial gating parameter is lateral tension in the 
membrane rather than the curvature of the membrane. Chen et al. and Tang et al. [21-22] improved the continuum-
mechanics model of Tang et al [20] and introduced an MD- modified FEM to study the gating mechanisms of the MscL in 
Escherichia coli embedded in a palmitoyloleoylphosphatidylethanolamine lipid bilayer. Their method can also be adapted 
to complex loadings and can include sufficient molecular details while maintaining some of the most important structural 
details and excluding redundant atomic details. In this paper, only problems pertaining finite element (FE) and molecular 
dynamics (MD) simulations and continuum mechanics approaches of MS channels are discussed in more detail. This brief 
overview provides an incomplete description of the MS channel workings. Interested readers can find additional 
information in the review articles by Hamill and Martinac [23], Kung et al. [24] and Martinac [25], which provide many 
references describing original research studies of MscL and MscS channels.  
 
Despite advances in the all-atom MD simulations, this approach cannot be applied to real conditions since complex 
membrane deformations can only be introduced on nanometer scales in addition that all-atom MD simulations tend to be 
computationally intensive [20-22]. Compared to popular all-atom-based techniques such as targeted or steered 
molecular-dynamics simulations, the finite element method-based continuum-mechanics framework offers a unique 
alternative to bridge detailed intermolecular interactions and biological processes occurring at large spatial scales and 
long timescales [20]. Therefore, the scope of the present work focuses on stress distribution around MS channels by 
using the bilayer mechanism as the dominant mechanism of the MS channel gating. Since our problem is highly complex 
and includes non-linearity, large deformations and transient coupled phenomenon, a 3D FE model of MscL, it was 
necessary to use ABAQUS commercial software [26] for our calculations. Although our model is similar to the ones 
previously considered in [20-22], it is different from those in the following aspects: 
a. Lipid bilayer undergoes moderately-large deformations and moderately-large strains (MscL) and thus hybrid element 

has also been employed to avoid volume locking of the results as well as to increase the reliability of the results. 
b. Study of the role of adding cholesterol to the lipid bilayer, which results in changing of bilayer thickness as well as 

its elasticity, is included in our modelling. 
c. Obtaining more reliable results by using adaptive mesh option and mesh refinement around stress singularities in 

the channel wall area as well as properly defining the contact conditions in the FE model. 
d. More focus is given to stress variation due to the changes in the channel thickness as well as due to stress 

concentration around the channel area.  
 

2. FINITE ELEMENT (FE) MODEL 
Lipid bilayer surrounding MS channels exhibit an elastic resistance to deformation and changes in curvature. This 
resistance depends both on the intrinsic stiffness of the constituent monolayers, temperature and compression of the 
monolayers relative to each other. The monolayers are constrained by hydrophobic forces to remain in contact, although 
they are capable of independent lateral redistribution to minimize the relative expansion or compression of each leaflet 
[13]. A 3-D structure of the E. coli-MscL homologue from M. tuberculosis in a closed state shows the protein to be a 
homopentameric channel [27], with each subunit containing two membrane-spanning  helices TM1 and TM2 as well as 
C- and N-terminal domains (see Fig. 1). The crystallographic analyses of the M. tuberculosis MscL [27] and the E. coli 
MscS [28] provide basis for a mechanistic understanding of mechanosensitive systems at the molecular level. The 
permeation pathways in both structures are formed by the right-handed packing of helices that create funnel-shaped 
pores constricted near the cytoplasmic end by the side chains of hydrophobic residues [29]. For modelling purposes, we 
need to know the orientation and the angle between the transmembrane helices. Tb-MscL crystal structure, the M1 and 
M2 helices of adjacent subunits have a very large contact area, they are stabilized by van der Waals interactions, and 
their crossing angle is slightly positive (~10°) [30]. The contacts in the channel area involve the TM1 helices of the two 
adjacent subunits (crossing angle =~–43°) and two TM2 helices: one within the same subunit (crossing angle =~135°) 
and the second from an adjacent subunit (crossing angle =~169°). The TM2 helices of neighbouring subunits do not 
directly contact each other, but rather are separated by ~20 Å [27].  
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Results of patch clamp experiments indicate both viscous and hyper elastic properties of the lipid bilayer that are time-
dependent and typically display nonlinear stress–strain relationship. However, nonlinear functions do not necessarily define 
a material as viscoelastic [31]. Thus, lipid membranes are not perfectly elastic materials or homogeneous. For perfectly 
elastic materials a single Young’s modulus and Poisson’s ratio value defines the response of material to deformation. 
Therefore, for the sake of simplicity as well as to be able to compare the simulation result with those from the literature [20- 
22], lipid membrane is typically assumed to behave as a sandwich plate having linear elastic behaviour. Also the integral 
membrane proteins such as ion channels are treated as elastic rods. Young’s moduli of head groups and tails are 0.124 GPa 
and 0.064 GPa, respectively. Poisson’s ratio for both head and tails are assumed to be 0.5. These values were introduced and 
also used in some previous papers [21, 22]. Constraints were defined in the assembly module [26] for the initial positions of 
distances. The type of constraint created for this model was a “tie constraint”, which allows the user to fuse together two 
regions even though the meshes created for sectors may be dissimilar. For the current model, ten tie constraints were created 
between all the parts being in contact. 3D nonlinear finite element simulations of the sandwich panel under equi-biaxial 
tension have been able to capture the phenomenological details of the bilayer deformation during suction (see Fig. 2). Given 
that applying a pressure on the liposome (in patch-clamping experiment) is transient due to a ramp or step pressure pulse 
applied over a period of time, we performed a dynamic explicit simulation to be able to compare our results obtained using 
FE simulations with experimental data. The compared results are those of quasi-static and static simulations. One advantage 
of the explicit procedure over the implicit procedure is the greater ease with which it resolves complicated contact problems 
(which is a crucial issue in this paper too). In addition, as models become very large, the explicit procedure requires fewer 
system resources than the implicit procedure (for more details, see the instructions for the ABAQUS software [26]). The FE 
results properly show the stress variation by changes in thickness of the bilayer sandwich due to the application of tension to 
the sandwich plate (See figures in the following section).  
 

3. RESULTS AND DISCUSSION 
MscL opens at membrane tension close to the bilayer lytic tensions [23]. If one applies suction (or pressure) to a membrane 
patch, the tension will be according to Laplace’s law: T = P(r/2t); where T is the membrane tension (stress), P is the 
pressure drop across the patch, t is the bilayer thickness and r is the radius of membrane patch curvature. The equi-biaxial 
tension stress which is required to fully open E. coli-MscL is estimated to be 31MPa [21]. The large magnitudes of 
stretching strain observed here at the site of the channel are consistent with previous observations [21-23]. The applied 
tension enlarged the pore radius in our FE model by ∼23 A° for full gating, which means the channel radius is increased by 
16 A° (see Fig. 3). This result is completely in agreement with the MD result of Ref. [3] and close to MDeFEM result in 
Refs. [21, 22]. As it can be seen in this Figure, the TM1 and TM2 helices almost maintain their relationship to one another, 
but both move outward in a radial direction and also tilt toward the plane of the membrane, which is consistent with the 
results of Corry et al. [3] and Tang et al. [21]. The helical axes for TM1 within each subunit were tilted by less than ∼15° 
with respect to the central fivefold axis, whereas the TM2 helices are tilted by more than 21° (see Fig. 3). The tilting angle 
of TM2 is somewhat different from the results obtained from MD simulation by Corry et al. [3], where a tilting angle of ∼28° for both TM1 and TM2 was reported. This difference is mainly because of molecular interactions during the 
conformational change as well as the presence of C- and N- terminals, which were not taken into consideration in the 
present FE simulation. Based on the molecular structure of the MscL channel, the contact area of TM2 and the lipid 
membrane is much larger than that of TM1 and the lipid bilayer.  
 

 
Figure 3. Superposition of open and closed states of the FE model of MscL 
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as indicated in the stress distribution diagram in Fig. 5, the membrane critical areas shift from head group layer to the 
mid-layer (tails) region as the amount of cholesterol increases. 
 

4. CONCLUSION 
The FE models presented in this paper were motivated by the above mentioned considerations in order to provide a 
structural framework for a mechanistic understanding of the gating mechanism of MS channels at the molecular level. 
Using the nonlinear FEA of a membrane patch under suction, stress distribution in all parts of the channel area was 
simulated. In many aspects, the FE results are in a very good agreement with reported results obtained from other 
approaches. The results of this study provide a more accurate model for investigation of the role of the lipid bilayer plays 
in transmitting membrane tension to the transmembrane helices of the channel leading to its activation. E. coli-MscL was 
used in this study as a model system to illustrate the usefulness of the FE model. However, we make no claim that these 
FE models are an accurate depiction of the channel gating at the atomic scale; rather, the models are intended to illustrate 
continuum features of the gating mechanism of MscL. A mesh sensitivity study, in terms of increasing the complexity of 
the mesh (h method) as well as increasing the order of polynomials of the element type (h method), was carried out to 
ensure the independence of the results from the computational mesh (result convergence). According to the presented 
model, results are in a better agreement with when the channel activation results from the change in the radius of the 
channel pore rather than from the tilt of transmembrane helices. It was shown that stress concentration happened in the 
contact area of TM2 and the head groups in the lipid membrane. Also a minimum stress concentration ratio (Maximum 
Von Misses stress/Applied tensional load) of 5 was observed in this area, which is crucial in the estimation of rupture 
force within the cells. Furthermore, another critical area was the site where TM1 helices were connected to the head 
groups of the lipid bilayer, where the minimum stress concentration of 4 was indicated. Cholesterol incorporation in the 
lipid bilayer was shown to increase the Young’s modulus of tail groups region in the bilayer. Thus, a significant decrease 
in the channel opening occurred as a result of adding cholesterol to the lipid bilayer. This means that higher membrane 
tension is required to activate MscL in the presence of cholesterol, which is in a complete agreement with the 
experimental results reported in the literature. Future directions include modelling the channel in more detail and use the 
current framework to study the channel behaviour under the effect of other types of mechanical stimuli such as 
mechanical waves and/or cyclic loading. 
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