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ABSTRACT Mechanosensitivity is a ubiquitous sensory mechanism found in living organisms. The simplest known
mechanotransducing mechanism is found in bacteria in the form of the mechanosensitive membrane channel of large
conductance, MscL. This channel has been studied extensively using a variety of methods at a functional and structural level.
The channel is gated by membrane tension in the lipid bilayer alone. It serves as a safety valve protecting bacterial cells against
hypoosmotic shock. MscL of Escherichia coli embedded in bilayers composed of asymmetric amounts of single-tailed and
double-tailed lipids has been shown to gate spontaneously, even in the absence of membrane tension. To gain insight into the
effect of the lipid membrane composition and geometry on MscL structure, a fully solvated, all-atom model of MscL in a stress-
free curved bilayer composed of double- and single-tailed lipids was studied using a 9.5-ns molecular dynamics simulation. The
bilayer was modeled as a domed structure accommodating the asymmetric composition of the monolayers. During the course
of the simulation a spontaneous restructuring of the periplasmic loops occurred, leading to interactions between one of the
loops and phospholipid headgroups. Previous experimental studies of the role of the loops agree with the observation that
opening starts with a restructuring of the periplasmic loop, suggesting an effect of the curved bilayer. Because of limited re-
sources, only one simulation of the large system was performed. However, the results obtained suggest that through the geo-
metry and composition of the bilayer the protein structure can be affected even on short timescales.

INTRODUCTION

Mechanosensitive (MS) channels are ubiquitous in most
known forms of life (1). They function in mechanotransduc-
tion for a wide variety of physiological responses, including
hearing and touch reception in mammals and turgor control
in bacteria. One of the simplest MS channels discovered is
MscL, which exists in the bacterial cytoplasmic membrane
and transduces pressure by interaction with the lipid bilayer
alone. It protects the bacterium from hypoosmotic shock by
allowing the efflux of solutes when the cell membrane is
stretched (2). The MscL homolog from Escherichia coli has
been studied extensively using the patch-clamp technique
(3,4) and mutational studies (5–8). With the publication of
the three-dimensional crystal structure of the MscL fromMy-
cobacterium tuberculosis (9), detailed structural studies and
modeling could be carried out (10–16).
Asymmetric addition of amphipaths, including lysophos-

pholipids, lipids with a single fatty acid, to a homogeneous
lipid bilayer opens bacterial MS channels even under zero
applied pressure (17). Recent electron paramagnetic reso-
nance (EPR) and fluorescent resonance energy transfer

(FRET) experiments investigated this effect on MscL in
more detail (14,18). It was shown that asymmetric addition
of amphipaths to the bilayer increased the opening proba-
bility of MscL, leading eventually to full channel opening. It
was also shown that short lipids, although they did not open
the channel fully, reduced the applied tension required to
gate the channel (14).
The asymmetric addition of amphipaths has been shown to

induce local curvature into the erythrocyte membrane (19). A
change in bilayer shape induced by addition of amphipaths
causing membrane curvature is thought to induce the opening
of the MS channels (17,20).
Radial forces previously used to accelerate opening of

MscL (10,12,16,21) bias all movement in unfortunate ways.
The large strength of forces applied accelerates radial move-
ments to a degree that may not allow enough time for move-
ments in other directions to take place before the channel
reaches an open state. Furthermore, radial forces could guide
the structure along a different opening pathway than that
chosen under native conditions. Even though rather con-
vincing suggestions have been advanced by Gullingsrud
and Schulten (10), it is not exactly known in what way the
protein–lipid interactions exert force on the protein, and the
forces assumed in past simulations may have resulted in a
nonnative final structure.
Accordingly, we employ in this study a molecular dynam-

ics simulation that does not apply external forces. Instead, we
modeled a bilayer of curved shape, incorporating nonbilayer-
forming lipids, to directly affect the embedded MscL through
the bilayer curvature.
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Because of the size of the system and limited resources,
only one simulation of one bilayer composition was per-
formed. Lacking controls, this ‘‘virtual experiment’’ is pre-
sented primarily as the first simulation of a curved lipid
bilayer, suggesting a geometry and setup that can be used for
more exhaustive investigations in the future. The results
show details of the MscL gating mechanism that have not
been investigated thoroughly before. Although they cannot
be regarded as true results, they provide incentive for further
experiments.

METHODS

For our investigations, we employed the method of molecular dynamics
(MD) simulation (22). The starting point is a computer model of the atomic

structure of the protein and its chosen environment, water and lipids in this

case. The protein structure of MscL of E. coli was taken from the modeling

studies by Sukharev et al. (23,24). The cytoplasmic C-terminal region was
cut off after residue Ala-110 to reduce system size; it had been shown that

this has little effect on the MscL channel activity (8,25).

For the lipid we chose 1,2-dilauroyl-phosphatidylethanolamine (DLPE).
This lipid has two fatty acid tails that were chosen much shorter, each only

12 Cs long, than found in common bilayers; however, the chosen lipid

furnishes a feasible lipid environment that reduces the opening threshold of

MscL as demonstrated in observations (14). To stabilize a nonplanar mem-
brane, we introduced into the two monolayers a heterogeneous distribution

(see below) of a single-tail lipid 1-lauroyl-deoxylysophosphatidylcholine

(LLPC). The length of LLPC was chosen commensurate with DLPE as

12 Cs.
The scripting abilities of the software package VMD (26) were used to

construct first a pure curved (dome-shaped) bilayer as shown schematically

in Fig. 1 A. For this purpose we employed two sets of mathematical

functions for two separate segments describing the lipid dome, segment I
(convex) and segment II (concave), as defined in Fig. 1 A. The parametric

equations describing the bilayer geometry are, for the top layer of segment I,

x ¼ ðr1 tÞsinðqÞ; z ¼ ðr1 tÞcosðqÞ forq 2 ½0;u%

and for the bottom layer of segment I,

x ¼ rsinðqÞ; z ¼ rcosðqÞ forq 2 ½0;u%
for the top layer of segment II

x ¼ ð2r1 tÞsinðuÞ & rsinðqÞ;
z ¼ ð2r1 tÞcosðuÞ & rcosðqÞ forq 2 ½0;u%

and for the bottom layer of segment II

x ¼ ð2r1 tÞsinðuÞ & ðr1 tÞsinðqÞ;
z ¼ ð2r1 tÞcosðuÞ & ðr1 tÞcosðqÞ forq 2 ½0;u%

where r is the radius of curvature, t the thickness of the bilayer, and u the
angle of the circle segment. The curved bilayer for this study has r¼ 68 Å (1

Å ¼ 10&10 m), t ¼ 36 Å, and u¼ 44". The bilayer results from a rotation of

both segments around the z axis (dashed line in Fig. 1 A).
The dome shape of the curved bilayer was realized through a particular

distribution of the DLPE and LLPC lipids. In the convex segment, I, LLPC

was placed in the outer monolayer; in the concave segment, II, the LLPC

lipids were placed in the inner monolayer. Altogether we placed 424 DLPE

and 105 LLPC lipids in the top monolayer and 288 DLPE and 217 LLPC
lipids in the bottom monolayer. A 1:1 ratio of LLPC and DLPE lipids was

chosen, which is larger than the 1:3 ratio employed in the EPR experiments

(14). The reason for this choice is to cause a pronounced effect of the bilayer

on the inserted MscL to elicit an effect on the protein on the short (10-ns)
time scale of the simulations (see below).

The protein was placed into the center of the bilayer using VMD (26),

deleting all overlapping lipids. The method has been described numerous
times, e.g., inGullingsrud et al. (16). The protein lipid bilayer systemwas then

solvated in a bath of explicit water molecules, again following earlier

procedures (10). The boundary of the overall system was chosen to be a

hexagonal prismwith a side length of 109 Å and a height of 114 Å. The entire
system consisted of 276,167 atoms, 8745 protein atoms in five monomers of

110 residues each, the remaining atoms stemming from 1034 lipids and

58,588 water molecules. Fig. 1 C shows an overall view of the system, and

Fig. 1 B presents a cut through the system after 2 ns of equilibration.
Molecular dynamics simulations were performed using the program

NAMD2 (27) together with the CHARMM27 force field for lipids (28,29)

FIGURE 1 (A) Two-dimensional repre-

sentation of the curved bilayer. The curva-

ture is induced by a heterogeneous
distribution of single-tailed lipids (pink),
that form the upper (lower) monolayer in

regions I (II), and doubletailed lipids
(gray), that form the lower (upper) mono-

layer in regions I (II). The quantities shown,

r, t, u, are used to describe mathematically

the curved bilayer (see Methods). (B) A
slice through the center of the protein-lipid-

water system after 2 ns of simulation.

Lipids and the MscL protein are color-

coded as in C, except that the periplasmic
loops are shown in orange. Water mole-

cules are presented in turquoise. (C) Stereo
view of the lipid bilayer and the MscL

protein before equilibration. Water mole-
cules are not shown. Single-tailed lipids are

presented in pink, double-tailed lipids in

gray. MscL is colored as in Fig. 3.
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and CHARMM22 for proteins (30,31). For all but the first 470 ps of

the simulation, the bonds to all hydrogen atoms were kept rigid using the

SHAKE algorithm (32). This permitted a time step of 2 fs to be used. The

simulation was performed with periodic boundary conditions accounting for
full electrostatics described by means of the particle mesh Ewald (PME)

method (33) with a grid spacing of 1 Å or less. The temperature was kept at

300 K using Langevin dynamics on all but the hydrogen atoms with a

damping coefficient of 5 ps&1. During the simulations the pressure was kept
constant at 1.013 bar, but the size of the simulation cell was allowed to

change.

Simulations started with a 3000-step minimization of the entire protein-
lipid water system that removed all unfavorable steric contacts. The system

was then heated for 6 ps at a time step of 1 fs up to 300 K using Langevin

dynamics (34). The Ca-atoms of the protein were constrained to their initial

position during heating. The system was equilibrated first for 228 ps with a
time step of 1 fs and Ca-atoms constrained. The next 231 ps were performed

without the constraints. For the remainder of the simulation, the SHAKE

(32) algorithm was used to constrain the bonds to hydrogen atoms, as

pointed out above. After the equilibration phase, the system was permitted
free dynamics for an extensive period of 9.5 ns and monitored for analysis

using VMD (26). The simulations were carried out on a 750 AlphaServer

ES45 node computer cluster at the Pittsburgh Supercomputer Center. On
512 processors 1-ns dynamics required 9 h.

RESULTS

The root mean-squared deviation (RMSD) from the initial
MscL structure is shown in Fig. 2. The periplasmic loops
(residues I-40 to Y-75) moved the most, whereas the gating
region (residues 20–28) moved the least. The pore of the
open channel has a minimum diameter of 25 Å (13), but
the pore diameter of the closed channel did not change sig-
nificantly during the 9.5-ns simulation. Calculations using
HOLE (35) showed that the minimum pore did not change
significantly in magnitude and position, remaining at ;1.4
Å. Hence, the channel did not reach an open or subconduct-
ing state during the simulation time.
Fig. 3 shows the side and top views of the protein at the

beginning and end of the simulation. The large movements

of the periplasmic loop are the most visible changes in the
protein’s structure.
For comparison with recent EPR experiments (13,14), the

rotation of helices was measured using a vector between
the center of mass of the backbone of the helix and the two
helices of opposing subunits. The helix in question was fixed,
and the movement of the other two helices was measured.
Fig. 4 A indicates a 20" rotation after 7 ns of the hydrophobic
gate part formed by the TM1 helix. This is accompanied by an
inverse rotation of the upper part (residues I-32 to I-40, not
shown) of the same helix.
This behavior is not repeated in the other subunits. Sub-

units 2 and 5 exhibit a rotation of 20" and 15", respectively,
of the lower part of TM1. The upper part of TM1 in subunit
2 rotates in the same way as the lower part.
The rotational movements of subunit 1 are related to the

breakdown of the a-helix backbone hydrogen bonding be-
tween residues A-28 and I-32. Fig. 4 B shows that at first the
TM1 helix kinks at this position and in the end straightens
again. A plot of the distance between the hydrogen-bonding
atoms of I-28 and I-32, shown in Fig. 4 C, reveals a possible
correlation with the rotational movements outlined above.
When the different parts of TM1 rotate after 7 ns, the hy-
drogen bond reforms. The TM2 helix of subunit 1 goes
through a bending motion simultaneously.
The helix structures of the other subunits stay intact

throughout the whole simulation. However, subunit 3 ex-
hibits TM1 helix bending, which resembles the bending and
breakdown of structure seen in subunit 1 (data not shown),
suggesting a common mechanism.
In the initially modeled structure, residues M-42 to Y-75

form a ring with 4.9-Å radius around the top. During the
simulation all of the five subunits’ loops changed signifi-
cantly from their initial conformations. As can be seen from
an RMSD analysis (Fig. 2), none of the loops have reached
a stable conformation by the end of the simulation. One of the
loops exhibits an interesting behavior involving interaction
with the lipid headgroups after ;9 ns.
Fig. 5 A shows the hydrogen-bonding interactions of

periplasmic residues with lipid headgroups. In the equili-
brated protein in its closed form, residues 39 to 43 and 78,
79, 82, and 83, but not the loop in between, are interacting
with the lipid headgroups. Glutamine residue Q-65 of sub-
unit 1 is a notable exception to that set of interacting
residues, as it is located at the tip of the loop, which sits on
top of the channel. Due to the interactions the lipid molecules
involved rose slightly above the level of the neighboring
lipids.
Three of the other subunits, subunits 2, 3, and 4, unfold in

a similar manner to subunit 1, but not as fast, and move more
upward than outward. No unusual lipid interactions devel-
oped during the 9.5 ns. Subunit 5 unfolds inward, occluding
the pore further. This is why the pore diameter at the
periplasmic loop stays nearly constant from the beginning to
the end (data not shown).

FIGURE 2 Time development of the RMSD of MscL. The RMSD values

shown were determined for the Ca-atoms only and correspond to the whole

protein (solid line), the periplasmic loops (dashed line), the transmembrane
helices (dotted line), the gating region, i.e., residues A-20 to A-28 (dash-
dash-dotted line), and the N-terminal (S1) helices (dash-dotted line).
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Thebilayer thicknesswasmeasuredbetween thephosphorus
atoms of the lipid headgroups, as shown in Fig. 5 B. The native
thickness of the bilayer used in the simulation is much thinner,
,30 Å. The lipids near the protein first come together, closer to
the native thickness, as they had not yet interacted with the
proteinmuch (seeFig. 4A).As these interactions increase, from
3.2 ns onward, the bilayer thickness near the protein expands
to almost 35 Å thickness, matching the protein’s hydrophobic
region, whereas the overall bilayer retains its initial low
thickness of slightly ,30 Å. The increase in protein–lipid
contacts after 3.2 ns is also visible in Fig. 5 A.
The bilayer remains stable throughout the whole simula-

tion time. However, the bilayer does not keep its initial ideal
dome shape. The amount of curvature is slightly reduced,
and the beginning of slow undulations is apparent around the
perimeter of the dome.
The total surface tension is small, and the system stays

stress-free during all but the initial few steps of the simula-
tion, as shown by the near constant area and height of the
simulationbox(Fig.1, supplementarymaterial).Previoussim-
ulations suggest that a rapid change in area would be seen if
the tension were far from zero (36).
To confirm that the biologically relevant liquid crystal

phase prevails in our DLPE/LLPC bilayer, we calculated the

lipid order parameter for DLPE and LLPC separately, at
several time points in the simulation, using the standard
expression SCD ¼ Æ3/2 cos2u & 1/2æ, where u is the angle be-
tween each C-H bond and the bilayer normal. This parameter
is directly comparable to the deuterium order parameter,
which is experimentally measurable through quadrupole
splittings (37). The curvature of the bilayer was taken into
account at each lipid position by defining the local bilayer
normal as a vector from a given lipid to its nearest neighbor
in the opposite leaflet. We tested this algorithm on flat
bilayers and found that it produced results within 5% of what
one would obtain using an idealized normal aligned with a
Cartesian axis.
The order parameters for the DLPE acyl chains were

found to stabilize within 2 ns, whereas the corresponding
values for the single LLPC chain increased by;15% during
the entire simulation. Average order parameters averaged
over the final 5 ns are shown in Fig. 5 C. The DLPE param-
eters compare very well to previous simulations of flat DLPE
bilayers in the liquid crystalline state (38, Fig. 3). Compared
to experimental values for DLPC (39), our order parameters
for DLPE are slightly higher, as might be expected from the
smaller headgroup of DLPE (38). The LLPC chains are seen
to be slightly more ordered than those of DLPE, possibly

FIGURE 3 MscL at the beginning (left) and end (right)
of the 9.5-ns simulation. Shown are the N-terminal helices

S1 (blue), the transmembrane helices TM1 (red), the
periplasmic helices S2 (orange), the periplasmic loops

S2 (yellow), and the transmembrane helices TM2 (green).
The C-terminus (S3) has been cut off in our simulation
and is not shown.
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reflecting the increased area available to the DLPE chains
imparted by the glycerol chain.

DISCUSSION

The molecular dynamics (MD) simulation presented here
used a new strategy to affect the MscL structure differing
in this regard from previous studies (10–12,16,21,38).

FIGURE 4 (A) Rotation of the gating region of subunit 1 (residues A-20
to A-28). The gating region is seen to rotate during the simulation relative to

the remaining MscL. The dots represent snapshots from the simulation; the

line represents a running average (over a 100-ps window). (B) Conforma-

tional dynamics of subunit 1. Shown are conformations of the subunit
(helices TM1 and TM2) at the beginning of the simulation, at 3.3 ns, and

at the end of the simulation. (C) Time development of the distance between

hydrogen-bonding atoms of A-28 and I-32. FIGURE 5 (A) Time development of lipid-protein interaction. For each

event in which lipid headgroups and protein side groups approach each other
to ,3 Å, a symbol is shown for the respective side group. Colors

differentiate side groups of subunit 1 (black circle), 2 (red square), 3 (green
diamond), 4 (blue cross), and 5 (orange triangle). (B) Thickness of the lipid
bilayer. The thickness is measured as the distance between the phosphorus

atoms. Shown are averages encompassing the phosphorus atoms at radii 10

Å (solid), 20 Å (dotted), 30 Å (dashed), and 40 Å (dash-dotted) from the

protein, and all phosphorus atoms (dash-dash-dotted). (C) Deuterium order
parameter SCD ¼ Æ3/2 cos2 u – 1/2æ, where u is the angle between each C-H

bond and the bilayer normal. Shown are the order parameters at each acyl

chain carbon for the DLPE (double-tailed) and LLPC (single-tailed) lipids.
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Although the application of external forces in previous
simulations allowed a greater range of the gating process to
be investigated, the results from such simulations may have a
bias that is difficult to discern. Experimentally, intrinsic
forces between an asymmetric bilayer and the protein induce
an opening of the MscL channel (14,18). The curved mem-
brane employed in the current study, although nearly stress-
free, may be closer to the actual experimental geometry than
a perfectly planar bilayer and in any case afforded us the
opportunity to study the stability of simulated lipid bilayers
in this novel arrangement and its possible effects on gating of
the embedded MscL. Because of the limitations of current
computer power, only the very early (9.5 ns) stages of gating
could be covered in our 276,000-atom simulation, the large
simulation volume being necessary to accommodate the
domed bilayer. Control and repeat simulations were also
beyond the resources available. However, to properly eval-
uate the role played by the bilayer shape and composition
and estimate its stability over time, control simulations and
longer simulations would need to be performed. Hence, the
presented interpretations are to be seen not as facts but as
suggestions for further studies of bilayers, proteins, and cur-
vature using the novel method of a dome-shaped bilayer.
The RMSD values show that the only parts of the structure

that undergo major rearrangements in our simulations are the
periplasmic loops and extracellular helices. There are two
possible reasons for these rearrangements. One is that the
model may be incorrect in that region. Uncertainties in
the model have been acknowledged by Sukharev et al. (24).
The other reason, which is founded on experimental obser-
vations, may be that the curved bilayer environment guides
the channel toward the open state. Naturally, we permit
ourselves to believe that the second possibility is actually
reflecting a native response of MscL. We learn then from
our simulations that the rearrangement of some of the
MscL loops could play an important role in MscL’s gating
mechanism. As explained in the Introduction, previous sim-
ulations could not resolve this step because they emphasized,
through the application of strong radial forces, large-scale
rearrangements of the TM helices (10,12,16,21) or targeted
an assumed final structure for the protein (15).
The periplasmic loop of MscL has been shown to play a

significant role in the channel gating. Ajouz et al. (40)
demonstrated that cutting of the loops by proteases increased
dramatically MscL pressure sensitivity, which led to a
proposal that the periplasmic loop functions as a spring
resisting the movement of the transmembrane helices that
underlie the critical event in mechanical gating of MscL. This
proposal received support from a recent study showing that
coreconstitution of the N- and C-terminal halves ofMscL into
liposomes yielded mechanosensitive channels exhibiting
increased sensitivity to bilayer tension (41). Together, both
studies seem to support our assumption that the unfolding of
the loopmay present the initial step in the opening ofMscL. A
cut in the loopmakes it easier for both ends tomove freely and

to unfold or refold. If it were necessary for the channel
opening that the loops unfold, the cut would make this step
easier. Experimental studies of the periplasmic loop residue
Q-65 have further confirmed the important role of the peri-
plasmic loop in the gating process (42).
A less visible feature, the rotation of some of the TM

helices, could possibly be related to previous experimental
findings in which closed intermediate states of MscL (13)
showed similar movements. Models based on EPR mea-
surements of a closed intermediate conformation predict 30"
rotation (per subunit on average) from the closed initial state
to a (yet) closed intermediate state (13). In the simulation, we
see a 20" rotation for one subunit, less for the others.
At least in one subunit, the rotation is linked to a break-

down of secondary structure in the TM1 helix and bending in
TM2. Bending or kinking of the TM helices has been
suggested to be important in the mechanism of ion-channel
gating as well as for the functional control of other proteins
(43,44) and has been observed in an MD simulation (15) as
well as by normal-mode analysis (45). The kink in the first
TM helix occurs in a region of well-conserved residues of the
gating region. In a new MD simulation of the mechano-
sensitive channel of small conductance, MscS, embedded in
a lipid bilayer (46), similar kinks in the homologous region
of conserved residues in the inner TM helix were observed.
The agreement with experimental results for the MscL gating
mechanisms supports our assumption that the curved bilayer
affects the structure of the embedded MscL and leads it
toward opening.
The interaction between the protein and lipids is also in

agreement with experiments. Hydrophobic matching was to
beexpectedandagreeswithwhathasbeenpostulated formem-
brane proteins previously (2,47–52). Fig. 5 B clearly shows
that matching of the bilayer thickness to the protein’s hydro-
phobic region occurred over time. The correlation with the
increase of lipid-protein interactions is visible in Fig. 5 A.
Although we did not apply global tension, and the system

is overall stress-free, we are aware that this might not be true
locally. The local pressure profiles of the curved bilayer
would deserve further investigation similar to what has been
done for planar bilayers (38). We were already at the limit of
available computer power for this 280,000-atom, 10-ns
simulation, and the bilayer is still undergoing adjustments to
its curvature. An even longer simulation would be necessary
to gather good statistics on the lateral pressure, especially if it
is desired to find the local pressure near the protein. Fortu-
nately, NAMD has been updated recently to permit pressure
profile analysis with partitions by atom type (53); this
new feature will serve future analysis of curved membrane
simulations.

CONCLUSION

The results of the single molecular dynamics simulation
that is presented in this study cannot change our current
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schematic view of MscL gating, an irislike expansion of the
TM helices. They suggest, however, that some of the detailed
conformational transitions involved in the gating mecha-
nism, including kinked TM helices as well as the role of the
periplasmic loops, have yet to be determined experimentally
to arrive at a complete model of MscL gating. For this
purpose, experimental investigations of the extracellular
domain are needed: its part in the opening mechanism begs
to be determined. Furthermore, the work presented here also
demonstrates that curved bilayers are stable in simulation and
lays the groundwork for more in-depth stressed and curved
bilayer simulations. The results suggest that the desired effect
of the bilayer on protein structure was achieved. To take the
curved bilayer method further, different MD simulations
need to be undertaken. A statistically representative number
of simulations of the bilayer without protein, of a planar
heterogenic bilayer, and of a curved homogenic bilayer, all
over longer times, are necessary.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.
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