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Mechanosensitive channels 

•  Bacteria experience rapid changes in osmotic 
pressure 

•  Without the release of ions from inside 
cytoplasm, they would explode 
– Transfer to water creates pressures of > 14 atm 

•  Mechanosensitive channels open, allowing rapid 
efflux of ions and small solutes 

•  Need tight seal normally 
•  Relatively small free energy between states 



A priori 
•  Structures came from the Rees lab : 

–  MscL 3.5 Å structure (G. Chang, et al, Science 282, 2220 (1998)) 
new structure Liu et al., 2009, Nature, 461, 120-4) 

–  MscS 3.95 Å, (R. Bass et al, Science 298, 1582 (2002) 

•  Open to close transitions 
–  Model: Sukharev et al., Nature 409, 720 (2000) 

–  EPR: Perozo, Nature 418, 942 (2002) 

–  FRET: Corry, Biophys 91, 1032 (2006); Martinac, B.,  

•  Lipids  

–  Blount, P.; Perozo, E. and Lee, A.  



Mechanosensitive channels 

Taken from Naismith & Booth, 2012 



How does MscS feel pressure? 

Lyso-PC simulates pressure 







Closed book? 
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RESULTS
Modeling and extrapolated-motion analysis of transitions
Molecular dynamics simulations offer mechanistic insights to channel
function; however, they typically represent events shorter than the
timescales necessary to observe gating. To overcome this limitation, we
developed a novel extrapolated-motion technique for the prediction of
conformational transitions in proteins. We used this iterative techni-
que, which involves cycles of extrapolated atomic displacements and
minimizations, to generate pseudo continuous low-energy trajectories
for conformational transitions in MscS (see Supplementary Methods
online and ref. 22 for technical details). Experimentally determined
spatial parameters for MscS conductance1,5,6 and in-plane expan-
sion6,9 served as the basis for selection of plausible end-state con-
formations. From these simulations, we generated two new structures
representing the closed (resting) and open states of the channel
(Fig. 1). These structures were tested for stability, water occupancy
and conductance in the lipid bilayer under extended all-atom molec-
ular dynamics simulations.
Generation of the resting conformation from the crystal structure

(Fig. 1a) started with packing of the splayed peripheral TM1 and TM2
helices closer to the central TM3 shaft (Fig. 1c). In previous attempts
to simulate MscS in the bilayer, packing conflicts with these splayed
lipid-facing helices were observed, and the TM3 barrel collapsed
asymmetrically15,17. Tighter packing reestablished contacts between
the peripheral helices and the gate region, additionally stabilizing the
symmetric barrel and the ‘vapor-locked’ state of the gate (Fig. 1c). The
unresolved N-terminal domain (26 residues) was reconstructed using
the Rosetta structure-prediction algorithm (Fig. 1c, red helices)23–25.
Adding the N termini filled nicks in the outer rim of the barrel and
adjusted the hydrophobic thickness of the transmembrane domain26,
making it more compatible with the thickness and hydrophobicity
profile of the lipid bilayer22.
From the compact conformation, the transmembrane barrel was

expanded using extrapolated motion until the radius of the pore

satisfied the experimentally determined pore conductance and in-
plane expansion. The TM3 helices gradually straightened, and once
the inner pore diameter reached 18 Å, corresponding to B1.6 nS
conductance, the kink at Gly113 had completely disappeared (Fig. 1e).
Adding the estimated resistance of the cage domain resulted in 1.2 nS
conductance for the entire channel, reproducing the experimental
values1,5,6. Analysis of pore electrostatics and occupancy with ions in
all-atom molecular dynamics simulations revealed that this open
conformation produces very low anionic selectivity, also consistent
with experimental data1,5. Upon opening, the effective radius of the
outer boundary of the transmembrane domain increased from 26 to
32 Å, producing an in-plane area change ofB1,200 Å2, comparable to
the values estimated from the slopes of MscS dose-response curves on
tension6,9. The same tendency of the Gly113 kink to straighten has
previously been observed in all-atom molecular dynamics simulations
of a pre-expanded MscS barrel15,17,18.
From our hypothetical open state, we attempted to construct a

smooth transition back to the resting state. Cycles of expansion and
contraction were repeated 50 times, and the expansions consistently
resulted in straightening of TM3. The closing transitions, however,
had several different outcomes, with B60% of simulations showing
helical buckling at an alternative site near Gly121 (Fig. 1d). In the
initial, steered compaction of the barrel, visible bending of the
TM1-TM2 loops (Fig. 1c, yellow) resulted from steric clashes with
the TM3b helices. Formation of the Gly121 kink two helical turns
below Gly113 seems to alleviate these conflicts, permitting more
compact packing of the TM1-TM2 pairs. In another set of extra-
polated closures, the kink at Gly113 was observed to re-form, resulting
in a state of the TM3 helices that resembled the crystal conformation.
The model in Figure 1f is an example of such a conformation,
featuring partially detached peripheral helices. Detachment of TM1-
TM2 from TM3 seems to be the way to avoid major distortions of the
helices and loops while still maintaining the kinks at Gly113. Other
outcomes of extrapolated closure produced less pronounced helical
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b c Figure 1 Analysis of the MscS crystal structure
and modeling of its different functional states.
(a) The crystal structure of MscS (PDB 1MXM)13.
(b) Close-up view of the transmembrane domain,
with TM3 colored according to helical propensity
on the apolar (n-butanol) and aqueous-medium
scales33. (c) Compacted conformation with TM1
(orange) and TM2 (green) helices aligned along
TM3 (blue) and a Rosetta-predicted N terminus
(red). (d,e) Gradual expansion of the compact
structure using the extrapolated-motion protocol
produced a conformation with straight TM3s
satisfying the criteria of the open state. Repeated
inwardly directed transitions from the open state
produced compact states with a closed gate
(yellow) and kinks at the alternative Gly121 site
(d). The models in d and e are not the original
extrapolated frames, but structures obtained
after extended all-atom molecular dynamics
simulations (see Supplementary Methods).
(f) Conformation with helical buckling at Gly113
in which steric clashes between the TM1-TM2
loops and TM3b were resolved by relaxation of
the lipid-facing helices toward the crystal-like
conformation. Experimental data presented in
the following figures allows us to relate the two
principal nonconductive models, d and f, to the
resting and inactivated states, respectively.
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3.1 Å D67R1 structure 

Figure&X1.&A.&Surface&of&MscS&D67R1&new&structure&&with&the&acyl&chains&depicted&in&black&spheres.&B.&Zoom&in&of&one&of&
the&subunits&where&acyl&chains&were&found.&C.&&Two&parallel&acyl&chains&posi7oned&horizontally&to&membrane&plane,&
within&two&adjacent&MscS&subunits&and&are&buried&between&TM2&and&TM3&helices&(annular).&

A& B&

C&





PE lipids are bound to MscS 

 -EMS: 53 MCA scans from Sample 1 (20120413 EMMA E.COLI 37C -VE SURVEY HIGH) of 20120413 EMMA E.COLI 37C.wiff (Nanospray) Max. 1.6e9 cps.
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 -EMS: 70 MCA scans from Sample 1 (20120425 CHRISTOS ECOLI LIPID -VE SURVEY) of 20120425 CHRISTOS ECOLI LIPID.wiff (Nanospray) Max. 3.2e7 cps.
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Figure&X2.&Lipidomics&analysis&of&purified&MscS&D67R1&and&expression&background&strain&

PEPG



Molecular model of pressure 
sensing 

Sensing pressure  Pliotas et al., 

!20!

 

Fig 5: Pressure sensing model.  

A: Lipids partition in the pockets made by the transmembrane helices and the lipid 

bilayer. As pressure is applied, the lateral tension increases and as a result the lipids 

repartition from the protein pockets to the bilayer destabilizing the structure. The 

structure responds by undergoing a conformational change to the open form.  

B LPC enters first the bilayer then the pockets from the cytoplasmic side and as result 

the lipid content (alkyl chain) falls inside the protein pockets destabilizing the closed 

structure. The protein undergoes a conformational change to the open state.  
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•  Our model based on differential lipidation; different but 
related to Schmidt & Mackinnon PNAS 2013. Looking 
again at Kv, shows it too has very different lipid 
interacting regions in the open from the closed structure 


