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ABSTRACT

Membrane tension perceived by mechanosensitive (MS) proteins mediates cellular responses to mechanical stimuli and

osmotic stresses, and it also guides multiple biological functions including cardiovascular control and development. In bacteria,

MS channels function as tension-activated pores limiting excessive turgor pressure, with MscL (MS channel of large conductance)

acting as an emergency release valve preventing cell lysis. Previous attempts to simulate gating transitions in MscL by either

directly applying steering forces to the protein or by increasing the whole system tension were not fully successful and often

disrupted the integrity of the system. We present a novel locally distributed tension molecular dynamics (LDT-MD) simulation

method that allows application of forces continuously distributed among lipids surrounding the channel using a specially

constructed collective variable. We report reproducible and reversible transitions of MscL to the open state with measured

parameters of lateral expansion and conductivity that exactly satisfy experimental values. The LDT-MD method enables exploration

of the MscL gating process with different pulling velocities and variable tension asymmetry between the inner and outer membrane

leaflets. We use LDT-MD in combination with well-tempered metadynamics to reconstruct the tension-dependent free energy

landscape for the opening transition in MscL. The flexible definition of the LDT collective variable allows general application of

our method to study mechanical activation of any membrane-embedded protein.

SIGNIFICANCE Membrane-embedded mechanosensitive (MS) proteins are essential for numerous biological functions

including cardiovascular control and development, osmotic regulation, touch and pain sensing. In this work, we present

a novel molecular dynamics simulation method that allows rapid and systematic exploration of structure, dynamics, and

energetics of the mechanical transduction process in MS proteins under tightly controlled local tension distributed in the

lipid rim around the protein. We provide a detailed description of the gating transition for the tension-activated bacterial

mechanosensitive channel of large conductance, MscL, which is the best characterized channel of this type. MscL functions

as a tension-activated emergency osmolyte release valve that limits excessive turgor pressure, prevents cell lysis and thus

imparts environmental stability to most free-living bacteria.

INTRODUCTION

Membrane-embedded mechanosensitive (MS) proteins respond to external mechanical stimuli such as pressure or tension and

are involved in numerous biological functions including cardiovascular control and development (1–3), osmotic regulation (4),

touch (5) and pain (6) sensing. In bacteria, MS channels such as MscS (MS channel of small conductance) and MscL (MS

channel of large conductance) act as emergency release valves to prevent cell lysis under hypo-osmotic shock (7, 8). Since the

initial discovery of these bacterial MS channels (9–11), numerous other membrane MS proteins have come to light including

Piezo1 and Piezo2 (3, 5, 12), two-pore domain potassium (K2P) (13–15), as well as transient receptor potential (16, 17) (TRP)

channels. Importantly, it is not only channels, but also G-protein coupled receptors such as angiotensin II type 1 receptors (18)

(AT1R) and the newly uncovered GPR68 (2), that are apparently activated directly by tension in the lipid bilayer. It is expected

that an increasing number of MS proteins will be revealed in coming years thanks to novel high throughput screening and

identification techniques (1, 2).

MscL has been extensively studied as a model system due to its high conductance, reproducible and essentially two-state

behavior, small size of the pentameric complex (94.67 kDa), stability and ease of reconstitution into in-vitro systems (19–22).
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The availability of high-resolution crystal structures (19, 20) prompted many attempts to model (23–29) and simulate (30–41)

the opening transition. However, despite the vast number of studies, the molecular mechanism of force transduction and the

transition pathway in MscL and other bacterial MS channels are not fully understood. The primary stimulus for gating in MscL

is membrane tension (42, 43), although externally added amphipaths, such as conically shaped lysolipids, can also induce

spontaneous channel opening in the absence of net tension in the bilayer (11, 44, 45). MscL’s high activation tension-threshold

(10-14 mN/m, near the membrane lytic limit) indicates a large energetic gap between the open and closed states and a substantial

barrier separating the two conformations (37).

The high-resolution crystal structure of M. tuberculosis MscL (TbMscL) revealed a pentameric complex of identical two-

transmembrane domain subunits (46). The short amphipathic N-terminal helix on the cytoplasmic side leads to transmembrane

helix 1 (TM1) that lines the channel pore. The 22-residue extracellular (periplasmic) loop connects TM1 to the lipid-facing

transmembrane helix 2 (TM2), which is connected through a flexible 5-residue linker with the C-terminal helix also on the

cytoplasmic side. All TM1 segments tightly associate near the five-fold axis of symmetry forming a hydrophobic gate near the

cytoplasmic side constricted by residues I14 and V21 in TbMscL (19–21). This hydrophobic pore is a major determinant of

gating as hydrophilic amino acid substitutions in the constricted region result in channels that open under significantly lower

tension or even open spontaneously (47, 48). It has been proposed that the hydrophobic pore forms a vapor-lock requiring a

large tension to overcome the high surface tension of water to wet the pore and trigger a concerted opening transition (26).

Disulfide cross-linking (49), FRET (50) (Förster resonance energy transfer) and EPR (37, 51) (electron paramagnetic resonance)

spectroscopy studies as well as molecular sieve experiments (52) indicate a large (2.5 � 3 nm) pore opening associated with

tilting of both TM helices. Beyond the pore, it is clear that gating in MscL depends on many lipid-protein and intra-protein

interactions. Local stress calculations have shown that the electronegative phosphate moieties in the lipid headgroups can

strongly bind positively charged residues on the N-terminal S1 domain (a highly conserved region among bacterial species (53))

that likely produces strong coupling between the membrane and protein (54). Several mutagenic studies have demonstrated the

importance of this interaction as replacement or deletion of amino acids in the S1 domain leads to partial or complete loss of

function (53, 55, 56). Similarly, mutations at the rim on the periplasmic side are also poorly tolerated (47, 57). This picture is

further complicated by a dependence on membrane thickness (44) and lipid composition, e.g., certain anionic lipids such as

phospatidyl-inositol facilitate gating in TbMscL, yet do not affect gating in the E. coli variant (EcMscL) (58).

Numerous theoretical and computational approaches have been put forward to understand the kinetic, structural, and

thermodynamic properties of channel opening during mechanosensation. Early molecular dynamics (MD) simulations that

attempted to accelerate MscL opening by exerting biasing forces directly onto the protein residues (30, 31) did not produce

conformations matching the experimental data. Application of whole system tension to the bilayer in atomistic studies (32, 33)

was also ineffective at inducing the large open pore predicted by experiments and typically resulted in dramatic thinning of the

lipid bilayer under high tension, which questions the lateral force distribution that it transmits to the channel. Coarse-grained

(CG) MD simulations with the MARTINI force-field (34–36) have succeeded in producing tension-induced gating in MscL in

individual patches and pressurized liposomes, although the low-resolution model has provided limited structural information

without enforcing experimentally obtained distance constraints (37, 38). Alternative approaches include finite element methods

that incorporate molecular details from MD simulations into a continuum-mechanics framework to explore the mechanical

transduction process between external stimulus and protein movement (39–41). At a mesoscopic level, elastic deformation

models (27–29) can describe the mechanical state of the membrane-protein system and its energetics through simple terms that

characterize elements such as hydrophobic mismatch and geometry, yet they lack many important atomic-level interaction details

within the protein and at the membrane interface. As computational models continue to play an essential role in understanding

the function of MscL and other MS proteins, there is an urgent need for a systematic approach to explore the structural, kinetic,

and thermodynamic properties of MS proteins in simulation at the atomistic level.

Here, we present a novel locally distributed tension MD (LDT-MD) method that allows rapid and reversible gating of MscL

in atomistic simulations by applying a local, focused at the annular lipids near the channel, but continuous tension-mimicking

bias onto the membrane. Our method exploits the strong coupling at the lipid-protein interface to induce channel opening

without having to directly bias protein residues (30, 31) or apply unphysically high tensions to the whole system (32, 33).

LDT-MD is highly effective and achieves channel gating on the scale of a few nanoseconds without disrupting membrane

structure or protein-lipid contact. We show that structural parameters such as helical tilts, pore radius, area expansion, and

conductance of the LDT-MD-attained open state of MscL are in excellent agreement with experimental measurements. In

combination with enhanced-sampling methods such as metadynamics, we characterize the free energy landscape of opening

under tension. Furthermore, the flexibility of our method permits systematic exploration of asymmetric stimuli on the two

membrane leaflets analogous to the effect of single-sided addition of lysolipids. The LDT-MD method is generally applicable to

any membrane-embedded protein.
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METHODS

Molecular dynamics simulations were carried out using the GROMACS simulation package version 2016.3 (59). The MscL-

membrane system was simulated with a combination of the GROMOS 43A1-S3 (60) force-field (FF) for lipids, GROMOS 54A7

(61) FF for proteins, and the SPC/E water model (62). Newton’s equations of motion were computed using a classical leapfrog

integrator with a time step of 2 fs. Lennard-Jones interactions were calculated using a plain cutoff scheme up to a distance of 1.6

nm. Long-range electrostatic interactions were computed with the particle-mesh Ewald method using a real-space cutoff of 1.6

nm and Fourier grid spacing of 0.15 nm. Temperature was held constant at 37 �C with a Nose-Hoover thermostat and pressure

was held constant at 1 atm with a semi-isotropically coupled Parrinello-Rahman barostat. The Berendsen barostat was used

for constant tension simulations due to technical limitations within GROMACS. MscL from M. tuberculosis (PDBID 2OAR

(20)) was embedded into an equilibrated POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) membrane patch

composed of 480 lipids and sufficient water molecules to maintain a layer > 1.5 nm between the channel and its periodic image.

The initial simulation structure (equilibrated for 500 ns) was taken from Vanegas and Arroyo (54) and further equilibrated for

200 ns. For simulations under constant tension, the membrane-protein system was equilibrated for another 150 ns with an

additional number of water molecules added to maintain sufficient distance between the protein and its periodic image as the

lateral area of the box increased while its thickness decreased.

LDT simulations and free energy calculations

Conventional MD and enhanced sampling simulations with the LDT collective variable (b, Eq. 4) were conducted with a

PLUMED (63, 64) (v. 2.5) patched version of GROMACS 2016. For both symmetric and asymmetric LDT-MD simulations,

contributions to b from the periplasmic, bperi, and cytoplasmic, bcyto, leaflets were considered separately as detailed in Eq. 7.

The same values of the constants 0 = 1 nm, the scaling factor that determines how quickly the hyperbolic tangent function

approaches unity, and 3min = 1.1 nm, the minimum distance from the center of mass of the protein, were used to compute

both bperi and bcyto. Spring constants with values of ^ = 10,000 � 100,000 kJ · mol�1 · nm2 were used for constant velocity

simulations with linearly moving harmonic restraints (Eq. 6).

Free energy profiles of MscL gating under tension (10, 25, and 35 mN/m) and without tension were obtained using

well-tempered metadynamics (65) with multiple walkers (66). In this method, one biases the simulation with a time, C, dependent

potential of the form
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where , and f are the height and width of the added Gaussian hills respectively, and �) is a fictitious maximum increase in

temperature that ensures convergence by limiting the extent of the free energy exploration. In the long time limit, the unbiased

free energy, � (b), may be recovered from
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where C is an immaterial constant. The value of �) is adjusted by setting the ‘bias factor’ parameter, ⌫ =
) +�)

)
and the

frequency of addition of Gaussian hills is adjusted by a fixed deposition rate, l. The same values of f = 0.05, ⌫ = 12, , = 1.2

kJ/mol, and l = 10 ps were used for all free energy calculations. Two hundred independent replicas/walkers that simultaneously

contribute to the same metadynamics biasing potential were employed to accelerate sampling. Initial structures for each walker

were obtained from constant velocity LDT-MD simulations of pre-tensioned systems by choosing configurations at uniform

intervals along b. Each walker was first equilibrated for 5 ns with a fixed harmonic potential, centered at a given value of b,

followed by the 30 ns well-tempered metadynamics run. The combined simulation time to obtain each free energy profile was 6

`s (200 walkers ⇥ 0.030 `s). Convergence of the free energy profiles was monitored by computing the root-mean-squared

deviation of the estimated profiles in 2 ns intervals (per walker).

Data analysis

Pore radius at residue V21 was obtained from the subunit-averaged distance between the center of mass (COM) of each residue

to the combined COM of all five residues in the plane of the membrane (G � H)
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where AVdW
Val

= 0.29 nm is the effective radius of a single Val residue calculated from the VdW volume of 105 nm3. Projected

protein area was obtained by creating a 2-dimensional Voronoi tessellation of all the protein and lipid atoms according to their

G � H positions. The total protein area was computed by taking the sum of the individual areas of all protein atoms. Voronoi

tessellations were calculated using the gmx_LS voronoi utility (based on the Voro++ library (67)) part of the GROMACS-LS

package (68). Vectors to compute tilt and crossing angles of the TM helices were calculated from the positions of CU of N13

and I46 for TM1 and of L69 and R98 for TM2. Conductance of the channel is estimated using the continuum approximation

where the pore is considered a conductor of certain length and cross-sectional area profile taking into account the access

resistance on both sides of the pore determined from the effective radii of the cytoplasmic and periplasmic pore entrances

(69–71). Graphical representations of the MscL systems were created using UCSF Chimera and ChimeraX (72, 73).

RESULTS AND DISCUSSION

Locally Distributed Tension – rapid and reversible gating of MscL

Inspired by our earlier studies to gate MscL by directly applying forces on protein-bound lipids (54), we have developed a

general LDT-MD method that mimics tension yet does not require excessive strain on the membrane. This accelerated method

is based on a collective variable (CV) that weights lipids depending on their lateral proximity to the channel in the membrane

plane (G � H) through a smooth hyperbolic tangent stepping function,

b =

’

8=1

tanh

✓

38 � 3min

0

◆

, (4)

where 38 = |d8 | is the lateral distance between the centers of mass of any given lipid and the protein (d8 = X
COM,GH

8
� X

COM,GH
prot ),

3min is an effective minimum distance from the center of mass of the protein, and 0 is a scaling parameter that modulates how

quickly the hyperbolic tangent function approaches unity (schematically shown in Fig. 1a). Similarly defined CVs have been

used by others to study pore formation (74, 75), membrane bending (76), and hydrophobic peptide insertion (77).

Application of a CV-biasing potential, + (b), generates forces on all lipids,

f8 = �
m+ (b)

mb
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m38
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m+ (b)
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

1 � tanh2
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0

◆�
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that rapidly decrease as the distance from the protein increases (Fig. 1a). We term this bias ‘Locally Distributed Tension’ (LDT)

as it exerts a radially-varying distribution of lateral forces focused on the annulus of lipids that interact directly with the channel,

while minimally disturbing the membrane farther away. LDT allows application of localized pulling or pushing forces, driving

expansion or contraction respectively, that can rapidly gate the channel in a controlled and reversible manner as shown in Fig. 1b

through the pore radius (defined by the narrowest constriction in the hydrophobic core at residue V21) and in-plane projected

protein area (see Methods for precise definitions of both of these quantities). Our LDT-MD method gently drives MscL from

the closed state to a large open pore (Fig. 1b) with radius ⇠1.2 nm in a few ns without rupturing the membrane. Reversing the

biasing potential after the channel reaches an open state (C = 4 ns, Fig. 1b) produces an almost symmetric return to the closed

configuration. If we allow the open channel to spontaneously close after LDT steering in the absence of any biasing potential,

we observe a rapid contraction of the pore to an expanded state in a few hundred ps followed by a much slower return to the

fully closed state over ⇠ 50 ns (see Fig. S1 in the Supporting Material). A low root-mean-squared deviation (RMSD) value,

0.297 nm, of the ⇠U atoms of the TM helices of this re-closed state compared to the initial configuration indicates that the

channel can re-gain its native-like structure after the LDT-MD biasing. The absolute value of b in our simulations (Fig. 1b) is

immaterial and is simply a reflection of roughly the total number of lipids in each leaflet (240). We note that one could impose a

localized membrane tension similar to our LDT method by applying spatially defined forces such as done with the gridForce

module of NAMD (78, 79).

In comparison to the LDT-MD method, tension applied to the whole system by uniformly expanding the simulation cell

in the G � H plane, via the barostat, is not effective in gating MscL during timescales accessible to conventional atomistic

MD simulations as shown in Fig. 1c. Application of large tensions up to 40 mN/m (3⇥ the experimental midpoint), similarly

to previous simulations (32, 33), results in no observable differences in pore radius and minimal area expansion (Fig. 1c).

Increasing the tension beyond 40 mN/m appears to initiate expansion of the MscL pore, yet the very high tension destabilizes

and ruptures the membrane preventing continuation of the MD simulation (Fig. 1c). We see that far-field tension, effectively

pulling on the edges of the simulated membrane, produces not opening but a different ‘funneling’ transition when compared to

the effect of tension distributed locally around the protein. We presume that the relatively soft lipid bilayer limits transmission of

tension to the stiff protein, which possibly dampens productive fluctuations that would drive the outward motion of the helices.
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channel structures shows very similar configurations indicating a common gating path regardless of the pulling velocity (See

Fig. S3 in the Supporting Material).

In comparison to constant velocity, LDT-MD simulations under constant pulling force show behavior analogous to the

membrane tension simulations where at low LDT force there is minimal protein area expansion (Fig. 3a) and no visible change

in the pore radius (Fig. 3b), while at larger forces the channel expansion occurs very quickly to a force-dependent maximum.

As the pulling force increases, the protein area expansion where the pore radius steadily begins to grow is shifted to larger

values of �� (Fig. 3c) and so is wetting of the hydrophobic pore as shown in #V21
W

(Fig. 3d). Tilting of the TM helices is also

shifted to larger values of �� with increasing pulling force (Fig. 3e) although the pattern in the TM1-TM2 crossing angle

(Fig. 3f) appears to be largely unaffected and is similar to that observed in the constant velocity simulations. Together, these

results indicate a kinetically-dependent effect where a rapidly occurring gating transition in MscL favors lateral expansion of

the protein before the TM helices begin to noticeably tilt and the pore radius sufficiently expands to allow channel conduction.

While the timescale of the gating process under conventional experimental conditions is likely to be much longer, in the

order of microseconds (82), both the constant-velocity and constant-force simulations indicate that expansion of the pore,

preceded by helical tilting, can be a gradual process guided not only by the tension acting on the membrane but also by

intra-protein interactions that determine the motion of the TM helices. Pore wetting, however, is always a step-like and essentially

instantaneous process (Fig. 2f and Fig. 3d). It was suggested previously (26) that synchronization of the main gating transition

in WT MscL occurs through a single wetting event. Per-chain analysis shows uniform motion across all subunits during constant

velocity gating in agreement with a synchronized transition (see Fig. S4 in the Supporting Material). Gain-of-function mutants

with hydrophilic substitutions in the constriction are characterized by a permanently pre-wetted pore and exhibit a multitude of

subconducting states that may be the result of asynchronous action of individual subunits (80). Systematic characterization of

substates in MscL by LDT-MD is beyond the scope of this study and will be explored in future work.

Energetics of opening under tension

Beyond structural characterization of MscL during opening, the LDT CV may be combined with enhanced sampling methods

such as metadynamics (83, 84) or umbrella sampling (85) to estimate the energetics of gating. Membrane tension, W, provides the

energy needed for gating, in the form of �⇢ = W��, and therefore we explore the free energy landscape under various tensions

that stabilize the fully open state and potentially other substates. We combine the LDT CV with well-tempered metadynamics

(65) (WTMetaD) to compute the free energy profiles for the MscL membrane system under three different membrane tensions

of 10, 25, and 35 mN/m (below the 45 mN/m threshold where the membrane ruptures in our tests, see Fig. 1c) as well as under

no tension. Although some of these values may seem excessively large given that the tension threshold for MscL is 10 � 15

mN/m (near the membrane lytic tension), finite size effects make it difficult to compare simulation and experimental tension

values due to lack of long-range fluctuations in the orders of magnitude smaller simulation membrane patch (see Marsh for a

detailed discussion (86)). At each tension, the membrane-protein system was first equilibrated followed by a constant velocity

(E = 1.25 b/ns) LDT-MD simulation to generate the starting configurations of the multiple-walker WTMetaD calculation (200

walkers per tension) to obtain the estimated free energy as a function of the LDT CV, b (see Fig. S5 in the Supporting Material).

Each walker was run for 30 ns for a combined simulation time of 6 `s per tension (200 walkers ⇥ 0.030 `s).

As with the structural analysis in the previous section, we present the free energy profiles in Fig. 4a as a function of protein

area expansion, ��, rather than the LDT CV for ease of comparison with experiments (see Fig. S5 in the Supporting Material

for correspondence between the values of �� and b). The local energy minimum of the closed state at each tension is taken as

the zero reference value for every curve in Fig. 4a. Convergence of the free energy calculations is shown in Fig. 4b by means of

the root-mean-squared deviation as a function of the combined simulation time. In the absence of tension, the closed state sits

in a deep energy well that keeps the channel in a very narrow range of areas (Fig. 4a, black line). A metastable state is observed

at ⇠ �� = 4 nm2, likely due to rearrangement of the tightly packed TM helical bundle, but the energy continues to rapidly

increase as the protein expands to larger areas. Application of net tension on the membrane produces various stable expanded

MscL states in the range of �� = 5 � 20 nm2 (Fig. 4a). At the lowest tension tested, 10 mN/m, the energy rapidly grows to a

maximum of 15 :B) for a modest increase in area (⇠ 2 nm2), similarly to the no tension curve. This maximum is then followed

by a steady decrease in energy as the area continues to grow and multiple shallow local minima appear before the energy begins

to quickly rise around �� > 12 nm2, at which point the membrane tension is unable to overcome the increasingly unfavorable

energy of the expanding pore (Fig. 4a, red line).

The expanded configuration at �� = 11 nm2 observed for the 10 mN/m tension is not the fully open channel but likely

corresponds to one of the experimentally observed substates as conduction would be largely hindered by the C-terminal

bundle despite the relatively large pore radius, A = 1.0 nm (Fig. 4c). Increasing the tension to 25 mN/m stabilizes a fully open

configuration in a shallow energy minima, of roughly equal energy as the closed state, at an area expansion of �� = 17 nm2

and with a pore radius of A = 1.4 nm (Fig. 4a, blue line). Further increasing the tension to 35 mN/m brings this same open state
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the transduction process in mechanically activated membrane proteins such as MscL, while preserving the structure of the

bilayer and protein-lipid contacts, which are crucial for a realistic force transduction and protein’s mechanical response. The

excellent experimental agreement in the observed structural properties of MscL’s open state show that LDT-MD, in combination

with a detailed atomistic simulation model, can directly provide accurate and physically meaningful results without needing

to impose experimental constraints. Furthermore, it provides a flexible approach to investigate any MS membrane protein

through symmetric or asymmetric stimuli by means of conventional steered MD or enhanced sampling free energy methods.

Gating of MscL through LDT-MD simulations with various ratios of periplasmic/cytoplasmic bias provides new insights

into the puzzling activation by addition of lysolipids, and suggests that a range of stimuli may actuate the channel albeit with

different structural outcomes. We conclude that the method we have presented here is flexible and widely applicable not only to

mechanosensitive channels but also to membrane-embedded proteins in general, including tension-activated metabotropic

receptors. The ability to rapidly apply localized membrane expansion or compression forces through the LDT collective variable

could also be exploited as a means to accelerate the relaxation/equilibration of slow modes in combination with techniques such

as replica-exchange (88).

SUPPORTING MATERIAL

Supporting Material can be found online at http://www.biophysj.org.

AUTHOR CONTRIBUTIONS

RRT and JMV setup and carried out MD simulations. RRT and JMV performed data analysis and created figures. AA provided

conductance analysis scripts. JMV conceived the project and designed simulation studies with input from RRT, AA, and SS.

RRT, AA, SS, and JMV contributed to writing of paper, reviewed, and approved it in its final form.

ACKNOWLEDGMENTS

JMV acknowledges the support of the National Science Foundation through Grant No. CHE-1944892. Computations were

performed, in part, on the Vermont Advanced Computing Core supported in part by NSF Award No. OAC-1827314.

REFERENCES

1. Lam, R. M., and A. T. Chesler, 2018. Shear elegance: A novel screen uncovers a mechanosensitive GPCR. J. Gen. Physiol.

150:907–910.

2. Xu, J., J. Mathur, E. Vessières, S. Hammack, K. Nonomura, J. Favre, L. Grimaud, M. Petrus, A. Francisco, J. Li, V. Lee,

F.-l. Xiang, J. K. Mainquist, S. M. Cahalan, A. P. Orth, J. R. Walker, S. Ma, V. Lukacs, L. Bordone, M. Bandell, B. Laffitte,

Y. Xu, S. Chien, D. Henrion, and A. Patapoutian, 2018. GPR68 senses flow and is essential for vascular physiology. Cell

173:762–775.

3. Ranade, S. S., Z. Qiu, S.-H. Woo, S. S. Hurd, S. E. Murthy, S. M. Cahalan, J. Xu, J. Mathur, M. Bandell, B. Coste, Y.-S. J.

Li, S. Chien, and A. Patapoutian, 2014. Piezo1, a mechanically activated ion channel, is required for vascular development

in mice. P. Natl. Acad. Sci. USA 111:10347–10352.

4. Ozu, M., R. A. Dorr, F. Gutiérrez, M. T. Politi, and R. Toriano, 2013. Human AQP1 is a constitutively open channel that

closes by a membrane-tension-mediated mechanism. Biophys. J. 104:85–95.

5. Ranade, S. S., S.-H. Woo, A. E. Dubin, R. A. Moshourab, C. Wetzel, M. Petrus, J. Mathur, V. Bègay, B. Coste, J. Mainquist,

A. J. Wilson, A. G. Francisco, K. Reddy, Z. Qiu, J. N. Wood, G. R. Lewin, and A. Patapoutian, 2014. Piezo2 is the major

transducer of mechanical forces for touch sensation in mice. Nature 516:121.

6. Kocer, A., 2015. Mechanisms of mechanosensing—mechanosensitive channels, function and re-engineering. Curr. Opin.

Chem. Biol. 29:120–127.

7. Booth, I. R., and P. Blount, 2012. The MscS and MscL families of mechanosensitive channels act as microbial emergency

release valves. J. Bacteriol. 194:4802–4809.

8. Haswell, E. S., R. Phillips, and D. C. Rees, 2011. Mechanosensitive channels: What can they do and how do they do it?

Structure 19:1356–1369.

Manuscript submitted to Biophysical Journal 11

http://www.biophysj.org


Rajeshwar T., Anishkin, Sukharev and Vanegas

9. Martinac, B., M. Buechner, A. H. Delcour, J. Adler, and C. Kung, 1987. Pressure-sensitive ion channel in Escherichia coli.

P. Natl. Acad. Sci. USA 84:2297–2301.

10. Sukharev, S. I., P. Blount, B. Martinac, F. R. Blattner, and C. Kung, 1994. A large-conductance mechanosensitive channel

in E. coli encoded by mscL alone. Nature 368:265.

11. Martinac, B., J. Adler, and C. Kung, 1990. Mechanosensitive ion channels of E. coli activated by amphipaths. Nature

348:261–263.

12. Syeda, R., M. N. Florendo, C. D. Cox, J. M. Kefauver, J. S. Santos, B. Martinac, and A. Patapoutian, 2016. Piezo1 channels

are inherently mechanosensitive. Cell Rep. 17:1739–1746.

13. Brohawn, S. G., J. del Mármol, and R. MacKinnon, 2012. Crystal structure of the human K2P TRAAK, a lipid-and

mechano-sensitive K+ ion channel. Science 335:436–441.

14. Brohawn, S. G., Z. Su, and R. MacKinnon, 2014. Mechanosensitivity is mediated directly by the lipid membrane in

TRAAK and TREK1 K+ channels. P. Natl. Acad. Sci. USA 111:3614–3619.

15. Brohawn, S. G., 2015. How ion channels sense mechanical force: Insights from mechanosensitive K2P channels TRAAK,

TREK1, and TREK2. Ann. NY Acad. Sci. 1352:20–32.

16. Lin, S.-Y., and D. P. Corey, 2005. TRP channels in mechanosensation. Curr. Opin. Neurobiol. 15:350–357.

17. Gregorio-Teruel, L., P. Valente, B. Liu, G. Fernández-Ballester, F. Qin, and A. Ferrer-Montiel, 2015. The integrity of the

TRP domain is pivotal for correct TRPV1 channel gating. Biophys. J. 109:529–541.

18. Zou, Y., H. Akazawa, Y. Qin, M. Sano, H. Takano, T. Minamino, N. Makita, K. Iwanaga, W. Zhu, S. Kudoh, N. Makita,

K. Iwanaga, W. Zhu, S. Kudoh, H. Toko, K. Tamura, M. Kihara, T. Nagai, A. Fukamizu, S. Umemura, T. Iiri, T. Fujita, and

I. Komuro, 2004. Mechanical stress activates angiotensin II type 1 receptor without the involvement of angiotensin II. Nat.

Cell Biol. 6:499.

19. Chang, G., R. H. Spencer, a. T. Lee, M. T. Barclay, and D. C. Rees, 1998. Structure of the MscL homolog from

Mycobacterium tuberculosis: A gated mechanosensitive ion channel. Science 282:2220–2226.

20. Steinbacher, S., R. Bass, P. Strop, and D. C. Rees, 2007. Structures of the prokaryotic mechanosensitive channels MscL

and MscS. Curr. Top. Membr. 58:1–24.

21. Iscla, I., and P. Blount, 2012. Sensing and responding to membrane tension: The bacterial MscL channel as a model system.

Biophys. J. 103:169–174.

22. Iscla, I., R. Wray, C. Eaton, and P. Blount, 2015. Scanning MscL channels with targeted post-translational modifications

for functional alterations. PloS one 10:e0137994.

23. Sukharev, S., M. Betanzos, C.-S. Chiang, and H. R. Guy, 2001. The gating mechanism of the large mechanosensitive

channel MscL. Nature 409:720.

24. Sukharev, S., S. R. Durell, and H. R. Guy, 2001. Structural models of the MscL gating mechanism. Biophys. J. 81:917–936.

25. Chiang, C.-S., A. Anishkin, and S. Sukharev, 2004. Gating of the large mechanosensitive channel in situ: estimation of the

spatial scale of the transition from channel population responses. Biophys. J. 86:2846–2861.

26. Anishkin, A., B. Akitake, K. Kamaraju, C.-S. Chiang, and S. Sukharev, 2010. Hydration properties of mechanosensitive

channel pores define the energetics of gating. J. Phys. Condens. Mat. 22:454120.

27. Wiggins, P., and R. Phillips, 2004. Analytic models for mechanotransduction: Gating a mechanosensitive channel. Proc.

Natl. Acad. Sci. USA 101:4071–4076.

28. Wiggins, P., and R. Phillips, 2005. Membrane-protein interactions in mechanosensitive channels. Biophys. J. 88:880–902.

29. Reeves, D., T. Ursell, P. Sens, J. Kondev, and R. Phillips, 2008. Membrane mechanics as a probe of ion-channel gating

mechanisms. Phys. Rev. E 78:1–11.

12 Manuscript submitted to Biophysical Journal



MscL activation by local distributed tension

30. Gullingsrud, J., and K. Schulten, 2003. Gating of MscL studied by steered molecular dynamics. Biophys. J. 85:2087–2099.

31. Jeon, J., and G. a. Voth, 2008. Gating of the mechanosensitive channel protein MscL: The interplay of membrane and

protein. Biophys. J. 94:3497–3511.

32. Colombo, G., S. J. Marrink, and A. E. Mark, 2003. Simulation of MscL gating in a bilayer under stress. Biophys. J.

84:2331–2337.

33. Yefimov, S., E. Van der Giessen, P. R. Onck, and S. J. Marrink, 2008. Mechanosensitive membrane channels in action.

Biophys. J. 94:2994–3002.

34. Ollila, O. H. S., M. Louhivuori, S. J. Marrink, and I. Vattulainen, 2011. Protein shape change has a major effect on the

gating energy of a mechanosensitive channel. Biophys. J. 100:1651–1659.

35. Louhivuori, M., H. J. Risselada, E. van der Giessen, and S. J. Marrink, 2010. Release of content through mechano-sensitive

gates in pressurized liposomes. Proc. Natl. Acad. Sci. USA 107:7208–7213.

36. Melo, M. N., C. Arnarez, H. Sikkema, N. Kumar, M. Walko, H. J. Berendsen, A. Kocer, S. J. Marrink, and H. I. Ingolfsson,

2017. High-throughput simulations reveal membrane-mediated effects of alcohols on MscL gating. J. Am. Chem. Soc.

139:2664–2671.

37. Corry, B., A. C. Hurst, P. Pal, T. Nomura, P. Rigby, and B. Martinac, 2010. An improved open-channel structure of MscL

determined from FRET confocal microscopy and simulation. J. Gen. Physiol. 136:483–494.

38. Deplazes, E., M. Louhivuori, D. Jayatilaka, S. J. Marrink, and B. Corry, 2012. Structural investigation of MscL gating

using experimental data and coarse grained MD simulations. PLoS Comput. Biol. 8:e1002683.

39. Chen, X., Q. Cui, Y. Tang, J. Yoo, and A. Yethiraj, 2008. Gating mechanisms of mechanosensitive channels of large

conductance, I: A continuum mechanics-based hierarchical framework. Biophys. J. 95:563–580.

40. Tang, Y., J. Yoo, A. Yethiraj, Q. Cui, and X. Chen, 2008. Gating mechanisms of mechanosensitive channels of large

conductance, II: Systematic study of conformational transitions. Biophys. J. 95:581–596.

41. Martinac, A. D., N. Bavi, O. Bavi, and B. Martinac, 2017. Pulling MscL open via N-terminal and TM1 helices: A

computational study towards engineering an MscL nanovalve. PloS one 12:e0183822.

42. Moe, P., and P. Blount, 2005. Assessment of potential stimuli for mechano-dependent gating of MscL: Effects of pressure,

tension, and lipid headgroups. Biochemistry-US 44:12239–12244.

43. Booth, I. R., T. Rasmussen, M. D. Edwards, S. Black, A. Rasmussen, W. Bartlett, and S. Miller, 2011. Sensing bilayer

tension: Bacterial mechanosensitive channels and their gating mechanisms. Biochem. Soc. T. 39:733–740.

44. Perozo, E., A. Kloda, D. M. Cortes, and B. Martinac, 2002. Physical principles underlying the transduction of bilayer

deformation forces during mechanosensitive channel gating. Nat. Struct. Mol. Biol. 9:696–703.

45. Nomura, T., C. G. Cranfield, E. Deplazes, D. M. Owen, A. Macmillan, A. R. Battle, M. Constantine, M. Sokabe, and

B. Martinac, 2012. Differential effects of lipids and lyso-lipids on the mechanosensitivity of the mechanosensitive channels

MscL and MscS. P. Natl. Acad. Sci. USA 109:8770–8775.

46. Steinbacher, S., R. Bass, P. Strop, and D. C. Rees, 2007. Structures of the prokaryotic mechanosensitive channels MscL

and MscS. Curr. Top. Membr. 58:1–24.

47. Yoshimura, K., T. Nomura, and M. Sokabe, 2004. Loss-of-function mutations at the rim of the funnel of mechanosensitive

channel MscL. Biophys. J. 86:2113–2120.

48. Maurer, J. a., and D. a. Dougherty, 2003. Generation and evaluation of a large mutational library from the Escherichia coli

mechanosensitive channel of large conductance, MscL: implications for channel gating and evolutionary design. J. Biol.

Chem. 278:21076–21082.

49. Betanzos, M., C.-S. Chiang, H. R. Guy, and S. Sukharev, 2002. A large iris-like expansion of a mechanosensitive channel

protein induced by membrane tension. Nat Struct. Mol. Biol. 9:704–710.

Manuscript submitted to Biophysical Journal 13



Rajeshwar T., Anishkin, Sukharev and Vanegas

50. Perozo, E., D. M. Cortes, P. Sompornpisut, A. Kloda, and B. Martinac, 2002. Open channel structure of MscL and the

gating mechanism of mechanosensitive channels. Nature 418:942–948.

51. Wang, Y., Y. Liu, H. A. DeBerg, T. Nomura, M. T. Hoffman, P. R. Rohde, K. Schulten, B. Martinac, and P. R. Selvin, 2014.

Single molecule FRET reveals pore size and opening mechanism of a mechano-sensitive ion channel. Elife 3:e01834.

52. Cruickshank, C. C., R. F. Minchin, A. C. Le Dain, and B. Martinac, 1997. Estimation of the pore size of the large-conductance

mechanosensitive ion channel of Escherichia coli. Biophys. J. 73:1925–1931.

53. Iscla, I., R. Wray, and P. Blount, 2008. On the structure of the N-terminal domain of the MscL channel: Helical bundle or

membrane interface. Biophys. J. 95:2283–2291.

54. Vanegas, J. M., and M. Arroyo, 2014. Force transduction and lipid binding in MscL: A continuum-molecular approach.

PLoS ONE 9:e113947.

55. Blount, P., S. Sukharev, M. J. Schroeder, S. K. Nagle, and C. Kung, 1996. Single residue substitutions that change the

gating properties of a mechanosensitive channel in Escherichia coli. Proc. Natl. Acad. Sci. USA 93:11652–11657.

56. Hase, C. C., A. C. L. Dain, and B. Martinac, 1997. Molecular dissection of the large mechanosensitive ion channel (MscL)

of E. coli: Mutants with altered channel gating and pressure sensitivity. J. Membr. Biol. 157:17–25.

57. Yang, L.-M., D. Zhong, and P. Blount, 2013. Chimeras reveal a single lipid-interface residue that controls MscL channel

kinetics as well as mechanosensitivity. Cell Rep. 3:520–527.

58. Zhong, D., and P. Blount, 2013. Phosphatidylinositol is crucial for the mechanosensitivity of Mycobacterium tuberculosis

MscL. Biochemistry 52:5415–5420.

59. Abraham, M. J., T. Murtola, R. Schulz, S. Páll, J. C. Smith, B. Hess, and E. Lindahl, 2015. GROMACS: High performance

molecular simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 1:19–25.

60. Chiu, S.-W., S. A. Pandit, H. Scott, and E. Jakobsson, 2009. An improved united atom force field for simulation of mixed

lipid bilayers. J. Phys. Chem. B 113:2748–2763.

61. Schmid, N., A. P. Eichenberger, A. Choutko, S. Riniker, M. Winger, A. E. Mark, and W. F. van Gunsteren, 2011. Definition

and testing of the GROMOS force-field versions 54A7 and 54B7. Eur. Biophys. J. 40:843–856.

62. Berendsen, H. J. C., J. R. Grigera, and T. P. Straatsma, 1987. The missing term in effective pair potentials. J. Phys. Chem.

91:6269–6271.

63. Bonomi, M., D. Branduardi, G. Bussi, C. Camilloni, D. Provasi, P. Raiteri, D. Donadio, F. Marinelli, F. Pietrucci, R. a.

Broglia, and M. Parrinello, 2009. PLUMED: A portable plugin for free-energy calculations with molecular dynamics.

Comput. Phys. Commun. 180:1961–1972.

64. Tribello, G. A., M. Bonomi, D. Branduardi, C. Camilloni, and G. Bussi, 2014. PLUMED 2: New feathers for an old bird.

Comput. Phys. Commun. 185:604–613.

65. Barducci, A., G. Bussi, and M. Parrinello, 2008. Well-tempered metadynamics: a smoothly converging and tunable

free-energy method. Phys. Rev. Lett. 100:020603.

66. Raiteri, P., A. Laio, F. L. Gervasio, C. Micheletti, and M. Parrinello, 2006. Efficient reconstruction of complex free energy

landscapes by multiple walkers. J. Phys. Chem. B 110:3533–3539.

67. Rycroft, C. H., 2009. VORO++: a three-dimensional voronoi cell library in C++. Chaos 19:041111.

68. Vanegas, J. M., A. Torres-Sánchez, and M. Arroyo, (accessed July 14, 2020). MDStress: Computational Tools for Local

Stress Calculations From Molecular Simulations. http://mdstress.org.

69. Hall, J. E., 1975. Access resistance of a small circular pore. J. Gen. Physiol. 66:531–532.

70. Hille, B., 1992. Ionic channels of excitable membranes. Sinauer Asssociates Inc., Sunderland, MA., 3rd edition.

71. Anishkin, A., K. Kamaraju, and S. Sukharev, 2008. Mechanosensitive channel MscS in the open state: Modeling of the

transition, explicit simulations, and experimental measurements of conductance. J. Gen. Physiol. 132:67–83.

14 Manuscript submitted to Biophysical Journal

http://mdstress.org


MscL activation by local distributed tension

72. Pettersen, E. F., T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng, and T. E. Ferrin, 2004. UCSF

Chimera–a visualization system for exploratory research and analysis. J. Comput. Chem. 25:1605–1612.

73. Goddard, T. D., C. C. Huang, E. C. Meng, E. F. Pettersen, G. S. Couch, J. H. Morris, and T. E. Ferrin, 2017. UCSF

ChimeraX: Meeting modern challenges in visualization and analysis. Prot. Sci. 27:14–25.

74. Tolpekina, T. V., W. K. den Otter, and W. J. Briels, 2004. Nucleation free energy of pore formation in an amphiphilic

bilayer studied by molecular dynamics simulations. J. Chem. Phys. 121:12060–12066.

75. Hu, Y., S. K. Sinha, and S. Patel, 2015. Investigating hydrophilic pores in model lipid bilayers using molecular simulations:

correlating bilayer properties with pore-formation thermodynamics. Langmuir 31:6615–6631.

76. Masone, D., M. Uhart, and D. M. Bustos, 2018. Bending lipid bilayers: A closed-form collective variable for effective

free-energy landscapes in quantitative biology. J. Chem. Theory Comput. 14:2240–2245.

77. Miyazaki, Y., S. Okazaki, and W. Shinoda, 2019. Free energy analysis of membrane pore formation process in the presence

of multiple melittin peptides. Biochim. Biophys. Acta 1861:1409–1419.

78. Wells, D. B., V. Abramkina, and A. Aksimentiev, 2007. Exploring transmembrane transport through U-hemolysin with

grid-steered molecular dynamics. J. Chem. Phys. 127:125101–11.

79. Phillips, J. C., D. J. Hardy, J. D. C. Maia, J. E. Stone, J. V. Ribeiro, R. C. Bernardi, R. Buch, G. Fiorin, J. Hénin,

W. Jiang, R. McGreevy, M. C. R. Melo, B. K. Radak, R. D. Skeel, A. Singharoy, Y. Wang, B. Roux, A. Aksimentiev,

Z. Luthey-Schulten, L. V. Kalé, K. Schulten, C. Chipot, and E. Tajkhorshid, 2020. Scalable molecular dynamics on CPU

and GPU architectures with NAMD. J. Chem. Phys. 1–34.

80. Anishkin, A., C.-S. Chiang, and S. Sukharev, 2005. Gain-of-function mutations reveal expanded intermediate states and a

sequential action of two gates in MscL. J. Gen. Physio. 125:155–170.

81. Sukharev, S. I., W. J. Sigurdson, C. Kung, and F. Sachs, 1999. Energetic and spatial parameters for gating of the bacterial

large conductance mechanosensitive channel, MscL. J. Gen. Physiol. 113:525–540.

82. Shapovalov, G., and H. A. Lester, 2004. Gating transitions in bacterial ion channels measured at 3 `s resolution. J. Gen.

Physiol. 124:151–161.

83. Laio, A., and M. Parrinello, 2002. Escaping free-energy minima. Proc. Natl. Acad. Sci. USA 99:12562–12566.

84. Barducci, A., M. Bonomi, and M. Parrinello, 2011. Metadynamics. WIREs Comput Mol Sci 1:826–843.

85. Kästner, J., 2011. Umbrella sampling. WIREs Comput Mol Sci 1:932–942.

86. Marsh, D., 1997. Renormalization of the tension and area expansion modulus in fluid membranes. Biophys. J. 73:865–869.

87. Yoo, J., and Q. Cui, 2009. Curvature generation and pressure profile modulation in membrane by lysolipids: Insights from

coarse-grained simulations. Biophys. J. 97:2267–2276.

88. Mori, T., J. Jung, and Y. Sugita, 2013. Surface-Tension Replica-Exchange Molecular Dynamics Method for Enhanced

Sampling of Biological Membrane Systems. J. Chem. Theory Comput. 9:5629–5640.

Manuscript submitted to Biophysical Journal 15













2.3 Projected Protein Area, �

Projected protein area was obtained by creating a 2-dimensional Voronoi tessellation of all the protein and lipid atoms according

to their G − H positions. The total protein area was computed by taking the sum of the individual areas of all protein atoms.

2.4 Conductance, ⌧

Conductance, ⌧, of the channel is estimated using the continuum approximation where the pore is considered a conductor of

certain length and cross-sectional area profile taking into account the access resistance on both sides of the pore determined

from the effective radii of the cytoplasmic and periplasmic pore entrances.


