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Membranes have long been known to
serve multiple critical roles for cells,
including acting as barriers and also
as gatekeepers, controlling the flow of
materials and information between
the cell and the exterior environment.
More recently, it has been realized
that membranes also act as sensors,
responding to mechanical stimuli
through modulation of the behavior
of a growing number of identified
membrane-embedded proteins in all
domains of life. Chief among these
proteins are so-called mechanosensi-
tive (MS) ion channels, some of which
can open under a change in membrane
tension. The existence of MS channels
was first recognized in auditory hair
cells (1) and in embryonic chick
skeletal muscle (2). They were later
discovered in bacteria as well (3),
where they allow these organisms to
avoid bursting under the sudden in-
creases in turgor pressure that might
occur during, e.g., rainfall by rapidly
(within milliseconds) releasing osmo-
lytes from the cell (4).

The first few structures of MS chan-
nels were determined in the late 1990s
and early 2000s, namely the mechano-
sensitive channel of large conductance
(MscL) and small conductance (MscS)
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(Fig. 1). Molecular dynamics (MD)
simulations were soon after carried
out by a number of groups in an
attempt to understand how the chan-
nels are affected by application of
tension, looking particularly for the
gating transitions between closed and
open states (5–8). The most common
computational approach to induce a
transition to the open state has been
the direct application of external forces
to the protein (6,9) or of tension to the
membrane (5,10). However, because
the simulation timescale (ns) was typi-
cally less than the timescale of gating
(ms–ms), large forces or tensions were
required, making the resulting confor-
mational changes of the proteins open
to interpretation.

In this issue of Biophysical Journal,
Vanegas and colleagues report on a
novel approach to generating realistic
gating transitions of MS channels in
MD simulations, overcoming the limi-
tations normally inherent to the dispa-
rate timescales (11). Called locally
distributed tension MD (LDT-MD),
the approach applies forces to the
lipids surrounding the protein; these
forces rapidly decay with increasing
radial distance from the center of the
protein. By applying forces primarily
to lipids near the protein, the authors
circumvent the inefficiency of force
transmission through the softer mem-
brane to the stiffer protein while still
capturing the interactions between the
two that facilitate gating. They apply
Biophys
LDT-MD to MscL, and within just a
few nanoseconds, they are able to
generate reversible opening of the
pore. In contrast, applying tension to
the entire membrane either did not
open the pore, ruptured the membrane,
or both. Structural properties of the
LDT-MD-generated open state of
MscL were found to agree with exper-
iments. Taking the method further, the
authors combine LDT-MD with meta-
dynamics, determining the free energy
as a function of the change in area at
different effective membrane tensions;
yet again, the open state of MscL
matches experimental expectations. In
a final example, they demonstrate that
LDT-MD can also be used to generate
asymmetric forces in the two leaflets,
mimicking, e.g., the addition of lysoli-
pids to one leaflet. Comparison with
distances measured in FRET experi-
ments reveals a counterintuitive result,
namely that adding lysolipids to one
side of the membrane causes expan-
sion rather than compression on that
side.

The ability to capture the effects of
mechanical stimuli on membranes
and membrane proteins in MD simula-
tions is needed as much now as it was
15–20 years ago. In addition to the
bacterial MS ion channels, eukaryotic
MS channels are now being character-
ized and simulated, e.g., vertebrate
Piezo channels (Fig. 1; (12,13)), plant
OSCA channels (14), and others (15).
The mechanical properties of other
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FIGURE 1 Structures of example MS channels against a lipid membrane background (gray spheres

for head groups and white sticks for aliphatic tails). (Left) The pentameric bacterial MscL (Protein Data

Bank, PDB: 2OAR) is shown. (Middle) The heptameric bacterial MscS (PDB: 2OAU) is shown. (Right)

The trimeric eukaryotic Piezo1 (PDB: 6BPZ). To see this figure in color, go online.

Gumbart

Please cite this article in press as: Gumbart, A Novel Approach to Simulating the Gating Transitions of Mechanosensitive Channels, Biophysical Journal
(2021), https://doi.org/10.1016/j.bpj.2020.12.004
membranes are also of significant in-
terest, such as the Gram-negative bac-
terial outer membrane (16–18).
Simulations of all of these systems
will benefit from novel approaches
such as LDT-MD.
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