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Abstract: The mechanosensitive channels of large conductance (MscL) act as nanovalves releasing the pressure in
different type of cells. They have also been proposed to be used in the smart liposomal drug delivery in conjunction
with superparamagnetic particles, hence the thermal and structural stability of these mechanosensitive channles is of a
great importance to us. Due to the fact that local temperature rises in this method, a stiffer channel can serve as a better
candidate. In this study, the nanomechanical properties of an Archaeal MscL is investigated using constant force SMD
simulations. The Young’s modulus obtained for the TM1 of Archaeal MscL is 5.8 + 1 (GPa) and the previously
reported value for MtMscL is 3.2 + 0.9 (GPa). In other words, our simulation results indicate that the TM1 helix in the
Archaeal MscL is about 80% stiffer than its counterpart in M. tuberculosis which potentially makes it favourable for
the new smart liposomal drug delivery.
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Introduction

There are many proteins embedded in the cell
membrane enabling it to perform its desired functions. Of
a particular interest, mechanosensitive channels of large
conductance (MscL) are a group of integral proteins
which are believed to secure the membranes in bacteria in
the face of hypoosmotic conditions by acting as a safety
nanovalve which releases the turgor pressure [1-3]. The
gating mechanism of these channels is of a great
importance and there are evidences of bilayer-mediated
gating of these channels in which tension from the lipid
bilayer leads to a conformational change and channel
gating [4, 5].

In addition, recently a new prospect of liposomal drug
delivery has been envisioned in which mechanosensitive
channels of large conductance can act as a nanovalve
which can be triggered by superparamagnetic particles
that are attached to their N-terminus [6-8]. In this
particular application, one of the major concerns would
be the thermal and structural stability of the channel as
well as the membrane since increase in temperature is
inevitable. Archaea, one of the three domains of life
beside Bacteria and Eucarya, being able to live under
harsh environmental conditions, may provide us with a
reasonable solution. It has been shown that Archaeal
lipids (Fig. 1.) are more stable (due to tail branching and
ether linkage) than its other counterparts [9, 10]. So in
this study nano-mechanical properties of
mechanosensitive channel of large conductance of
Archaea is studied and the results are compared with its
bacterial counterpart (MtMscL) to figure out which
channel can be considered as a better candidate for the

discussed application.

In this study, steered molecular dynamics (SMD) is
used to study one of the a-helices (TM1) in an Archaeal
MscL homolog from Methanosarcina acetivorans (Fig.
1). Using SMD simulations with constant force, helix
behavior is investigated with an atomistic resolution.
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Fig. 1. Schematic of a the Archaeal MscL and the ether-linked
lipids found in Achaea.
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Materials and method

In all simulations GPU-accelerated Nanoscale
Molecular Dynamics (NAMD) 2.12 package [11-14] was
used and all-atom CHARMMS36 force field was
employed [15]. The coordinates for the TM1 helix of the
Archaeal MscL was extracted from its crystal structure
(4Y7K) in Protein Data Bank using VMD [16].

In this study, SMD is used to apply a constant
external force to one atom of the helix while keeping its
other end fixed. In this regard, the « carbons of the first
two residues are fixed and their counterpart in the last
residue is pulled with a constant force. Since the
maximum strain that MscL helices experience during
gating is around 6% , we chose our force range to be 0.3-
1 kcal/molA; which is also similar to previous studies
[17, 18]. For every force, 3 simulations are carried out
each of which is 10 ns long. In every simulation, the helix
is allowed to reach an equilibrium length and the strain is
calculated by knowing its initial length (AL/Ly X 100).

For the resultant stress of the helix, the applied
constant force is divided by the average cross-sectional
area of the helix which can be calculated by estimating its
radius of gyration (r,,). In calculation of the 7;,, the
formula used by Bavi et al. [18] is used and it is worth
noting that when the helix is solvated in water this value
may change and so here this radius is calculated after the
equilibration in the water to be 2.53 A.

In all simulations, Langevin dynamics was used to
maintain the temperature at 300 K and the pressure was
controlled through Langevin piston (at 1 bar). The TM1
helix was solvated with water (TIP3P) in a 34x 34x90 A
box using VMD. A 1.0 fs time step is used for the
numerical integration and electrostatics were included
through Lennard Jones interactions with 10 to 12 A
switch along with particle mesh Ewald (PME) for long-
range electrostatics. For the equilibration of the helix in
water the process used by Bavi et al. [18] was used and
the final coordinates of equilibration was taken as the
starting point for the production runs of constant force
SMD.

Results and Discussion

In this study, the nanomechanical properties of an
Archaeal MscL channel was investigated and compared
to previously studied MtMscL which can act as
nanovalves in smart liposomal drug delivery. The
constant force SMD simulations have been carried out

using force range of 0.3-1 (kcal/mol A°)' For every force

the simulation is conducted 3 times and the equilibrium
strain is calculated (Fig. 2).
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Fig. 2. The evolution of the helix length under
unidirectional force of 0.9 (kcal/mol Z\)' The simulation is
carried out 3 times.

To obtain the Young’s modulus of the helix, the
stress-strain diagram is plotted and a line is fitted through
the points (Fig. 3). The slope of the fitted line indicates
that Young’s modulus for TM1 helix of the Archaeal
Mscl is 5.8 + 1(GPa).
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Fig. 3. Archaeal MscL unidirectional traction, stress-strain
i 1 (kcal .
curve corresponding to 0.3-1 ( /mo I A) force range. Each

point represents the averaged value of the 3 simulations and
Young’s modulus is estimated to be 5.8 + 1 (GPa).
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Conclusions

With the newly introduced horizons for the smart
liposomal drug delivery using MscL channels as a
nanovalve which undergoes a local temperature rise, the
nanomechanical properties of these channels are of great
importance to us. In this study the nanomechanical
properties of an Archaeal MscL was obtained in order to
be compared with that of the previously published
MtMscL. Due to the inevitable increase in temperature in
the aforementioned application of the MscL, the channel
with a higher stiffness can be a favorable alternative.
Moreover, the derived parameters from atomistic
simulations can be used for mesoscopic bead-spring and
hybrid continuum-atomistic models for capturing
phenomena occurring in larger length and time scales
[19]. The Young’s modulus for MtMscl is previously
reported to be 3.2 + 0.9 (GPa) [18]. Our results indicate
that the TM1 helix of the Archaeal MscL is around 80%
stiffer than the MtMscL. In other words, Archaeal MscL
has a higher structural stability and can potentially
provide us with a better alternative for liposomal drug
delivery.

References

1. Meyer, G.R., et al., Molecular dynamics study of
MscL interactions with a curved lipid bilayer.
Biophysical journal, 2006. 91(5): p. 1630-1637.

2. Sukharev, S.I., et al.,, A large-conductance
mechanosensitive channel in E. coli encoded by
mscL alone. Nature, 1994. 368(6468): p. 265-
268.

3. Berrier, C., et al., Multiple mechanosensitive ion
channels from Escherichia coli, activated at
different thresholds of applied pressure. The
Journal of membrane biology, 1996. 151(2): p.
175-187.

4, Phillips, R., et al., Emerging roles for lipids in
shaping membrane-protein function. Nature,
2009. 459(7245): p. 379.

5. Kung, C., A possible unifying principle for
mechanosensation. Nature, 2005. 436(7051): p.
647.

6. Nakayama, Y., et al., Magnetic nanoparticles for
“smart liposomes”. European Biophysics
Journal, 2015. 44(8): p. 647-654.

7. Bavi, N, et al., The role of MscL amphipathic N
terminus indicates a blueprint for bilayer-
mediated gating of mechanosensitive channels.
Nature communications, 2016. 7.

8. Martinac, A.D., et al., Pulling MscL open via N-
terminal and TM1 helices: A computational
study towards engineering an MscL nanovalve.
PloS one, 2017. 12(8): p. e0183822.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Proceedings of the 7" International Conference on Nanostructures (ICNS7)

Elferink, M.G., et al., Stability and proton-
permeability of liposomes composed of archaeal
tetraether lipids. Biochimica et Biophysica Acta
(BBA)-Biomembranes, 1994. 1193(2): p. 247-
254.

Bartucci, R., et al., Bipolar tetraether lipids:
chain flexibility and membrane polarity
gradients from spin-label electron spin
resonance. Biochemistry, 2005. 44(45): p.
15017-15023.

Stone, J.E., et al., Accelerating molecular
modeling applications with graphics processors.
Journal of computational chemistry, 2007.
28(16): p. 2618-2640.

Hamelberg, D., J. Mongan, and J.A.
McCammon, Accelerated molecular dynamics:
a promising and efficient simulation method for
biomolecules. The Journal of chemical physics,
2004. 120(24): p. 11919-11929.

Wang, Y., et al., Implementation of accelerated
molecular dynamics in NAMD. Computational
science & discovery, 2011. 4(1): p. 015002.
Phillips, J.C., et al., Scalable molecular
dynamics with NAMD. Journal of computational
chemistry, 2005. 26(16): p. 1781-1802.

Klauda, J.B., et al., Update of the CHARMM all-
atom additive force field for lipids: validation on
six lipid types. The journal of physical chemistry
B, 2010. 114(23): p. 7830-7843.

Humphrey, W., A. Dalke, and K. Schulten,
VMD: visual molecular dynamics. Journal of
molecular graphics, 1996. 14(1): p. 33-38.
Lorenzo, A.C. and E.R. Caffarena, Elastic
properties, Young's modulus determination and
structural  stability of the tropocollagen
molecule: a computational study by steered
molecular dynamics. Journal of biomechanics,
2005. 38(7): p. 1527-1533.

Bavi, N., et al., Nanomechanical properties of
MscL o helices: A steered molecular dynamics
study. Channels, 2017. 11(3): p. 209-223.

Bavi, O., et al., The effect of local bending on
gating of MscL using a representative volume
element and finite element simulation. Channels,
2014. 8(4): p. 344-349.



