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Visualization of the mechanosensitive ion 
channel MscS under membrane tension

Yixiao Zhang1, Csaba Daday2, Ruo-Xu Gu2, Charles D. Cox3,4, Boris Martinac3,4,  
Bert L. de Groot2 & Thomas Walz1 ✉

Mechanosensitive channels sense mechanical forces in cell membranes and underlie 
many biological sensing processes1–3. However, how exactly they sense mechanical 
force remains under investigation4. The bacterial mechanosensitive channel of small 
conductance, MscS, is one of the most extensively studied mechanosensitive 
channels4–8, but how it is regulated by membrane tension remains unclear, even though 
the structures are known for its open and closed states9–11. Here we used cryo-electron 
microscopy to determine the structure of MscS in different membrane environments, 
including one that mimics a membrane under tension. We present the structures of 
MscS in the subconducting and desensitized states, and demonstrate that the 
conformation of MscS in a lipid bilayer in the open state is dynamic. Several associated 
lipids have distinct roles in MscS mechanosensation. Pore lipids are necessary to 
prevent ion conduction in the closed state. Gatekeeper lipids stabilize the closed 
conformation and dissociate with membrane tension, allowing the channel to open. 
Pocket lipids in a solvent-exposed pocket between subunits are pulled out under 
sustained tension, allowing the channel to transition to the subconducting state and 
then to the desensitized state. Our results provide a mechanistic underpinning and 
expand on the ‘force-from-lipids’ model for MscS mechanosensation4,11.

Bacterial mechanosensitive channels protect bacteria from osmotic 
lysis by opening upon a sudden drop in environmental osmolarity12–14. 
MscS is one of the most extensively studied mechanosensitive chan-
nels5–8. Membrane tension opens the channel, either fully or to a sub-
conducting state15,16, and if tension persists, MscS transitions into a 
non-conductive desensitized state6,15,17–19. The structure of MscS is 
known in the closed and open states9,10,20–23 (Extended Data Fig. 1a, b). 
It forms a homo-heptamer with a large cytoplasmic domain and each 
subunit contributes three transmembrane helices (TMs): TM3a, sepa-
rated from TM3b by a kink, lines the pore; and TM1 and TM2 form a heli-
cal hairpin (TM1–TM2) that faces the lipid bilayer. The closed-to-open 
transition is accompanied by an approximately 18° increase in the tilt 
angle of TM1–TM2 relative to the membrane normal and a 50° rotation 
about the symmetry axis, increasing the pore diameter from 5 to 14 Å 
(refs. 9,10). In addition, the size of the hydrophobic pockets formed by 
neighbouring TM1–TM2 domains and a TM3b decreases in the open 
conformation9,10.

Recent studies have focused attention on the role of lipids in mecha-
nosensation. In the TRAAK channel, membrane tension appears to 
remove a lipid acyl chain that blocks the pore in the closed state24, and 
changes in membrane curvature have a role in opening the PIEZO1 
channel25. For MscS, molecular dynamics simulations have shown that 
its hydrophobic pockets are filled by different numbers of lipids in the 
open and closed states, prompting the ‘lipids-move-first’ model22 in 
which membrane tension pulls lipids out of the hydrophobic pockets, 

causing TM1–TM2 to tilt and the channel to open—thus providing a 
molecular model for how the force-from-lipid principle may apply 
to MscS. Two recent structures of MscS in nanodiscs confirmed the 
structure of MscS in the closed conformation and resolved bound 
lipids11,26, but the role of the lipids and the mechanism underlying 
tension-induced channel opening remained unclear. Here we deter-
mined the structures of MscS in different membrane environments, 
including one that mimicked membrane tension, allowing us to com-
plete the conformational cycle of MscS (Supplementary Videos 1, 2) and 
to propose roles for the bound lipids in mechanosensation. Our struc-
tural data are supported by functional data obtained from patch-clamp 
recordings of MscS reconstituted into azolectin liposomes.

MscS in PC-18:1 lipids is closed
We first reconstituted MscS into nanodiscs with dioleyl phosphatidyl-
choline (PC-18:1), a lipid that has previously been used for functional 
studies of MscS22,27,28, and determined the cryo-electron microscopy 
(cryo-EM) structure of MscS–PC-18:1 at 3.2 Å resolution (Extended Data 
Figs. 1c–e, 2a, 5). MscS in a PC-18:1 bilayer adopts the closed conforma-
tion seen in crystal structures, but we observed additional density at 
the N terminus that we assigned to residues 15–27 and modelled as an 
amphipathic helix (Extended Data Fig. 2b–f, Supplementary Informa-
tion). As amphipathic helices are also present in other mechanosensi-
tive channels24,29,30, membrane-associated helices may contribute to 
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linking changes in membrane tension to conformational changes in 
these channels.

MscS in PC-10 lipids is partially open
Tension will cause membranes to become thinner1,31, creating a hydro-
phobic mismatch with the embedded membrane proteins. To test 
whether MscS would adapt to a thinner lipid bilayer by increasing 
the tilt of TM1–TM2, which could open the channel, we reconstituted 
MscS into nanodiscs with didecanoyl phosphatidylcholine (PC-10) and 
determined the structure of MscS–PC-10 at 3.4 Å resolution (Fig. 1a, 
Extended Data Figs. 3, 5). Measured as the angle between TM1 and the 
membrane normal, the tilt of TM1–TM2 in the very thin PC-10 bilayer 
was 56°, which was higher than in the closed (32°) and even in the open 
conformation (50°) (Fig. 1a). Even though residues 1–24 are not resolved 
in MscS–PC-10, the high tilt of TM1–TM2 clearly results in a contracted 
transmembrane domain (TMD).

TM1–TM2 was not only more tilted but was also rotated relative 
to the constant cytoplasmic domain (Fig. 1a, b). In the closed state, 
TM1–TM2 was aligned with TM3b of the neighbouring subunit (that 
is, domain-swapped) but in MscS–PC-10, TM1–TM2 was aligned with 
TM3b of the same subunit, which was also the case for MscS in the open 
conformation (Fig. 1a, b). The change in the TM1–TM2 arrangement also 
affected the pore-forming helix TM3a. In MscS–PC-10, residue Ser95 at 
the N-terminal end of TM3a swung out by approximately 4 Å into a posi-
tion in between those in the open and closed conformations (Fig. 1c). As 
a result, the narrowest pore diameter, at the height of residues Leu105 
and Leu109, was 10 Å, which was smaller than in the open conformation 
(14 Å) but was still wider than in the closed conformation (5 Å) and wide 
enough to allow ion conduction. On the basis of the greater similarity 
of the TM1–TM2 arrangement with that in the open conformation and 
the pore size being in between those of the open and closed states, 
MscS–PC-10 appeared to show the structure of a partially open channel, 
presumably representing MscS in a subconducting state. This notion is 
supported by the fact that MscS reconstituted into azolectin liposomes 
doped with 30% PC-10 exhibited spontaneous gating events that do not 
reach the unitary conductance of the fully open channel (1.21 ± 0.04 nS; 
n = 6) (Fig. 1d, e, Supplementary Information).

Hydrophobic mismatch does not open MscS
The MscS–PC-10 structure demonstrates that hydrophobic mismatch 
generated by a very thin membrane can induce channel opening, at 
least to some degree. However, the hydrophobic thickness of a bilayer 
formed by PC-10 is only about 15.8 Å (ref. 32) and a biological membrane 
will rupture before thinning to this degree. To determine at which mem-
brane thickness the channel would open, we reconstituted MscS into 
nanodiscs with lipids of different acyl-chain lengths.

Density maps obtained with dimyristoyl phosphatidylcholine (PC-
14) (Fig. 1f) and dilauroyl phosphatidylcholine (PC-12) (Fig. 1g) showed 
that, in these bilayers with calculated hydrophobic thicknesses of 22.8 Å 
and 19.3 Å, respectively, MscS adopted a closed conformation. Upon 
reconstitution into nanodiscs with diundecanoyl phosphatidylcholine 
(PC-11), which has a calculated hydrophobic thickness of 17.5 Å, the pre-
dominant class showed MscS in the closed conformation (Fig. 1h). In a 
minor class, TM1 was slightly more tilted (40°) but also less of the TM1 
helix was resolved, and the remainder of the TMD was still in the closed 
conformation (Fig. 1h). Thus, unless the membrane becomes unphysi-
ologically thin, hydrophobic mismatch alone does not open MscS.

MscS in the desensitized conformation
As a more direct way to visualize how membrane tension affects MscS, 
we used β-cyclodextrin (βCD) to remove lipids from the nanodiscs. We 
reasoned that the remaining bilayer would then have to ‘stretch’ to cover 

the surface area encompassed by the membrane scaffold proteins, thus 
exerting tension on the embedded MscS (Fig. 2a). After establishing 
that βCD can extract PC-18:1 from nanodiscs (Extended Data Fig. 4a), 
we incubated MscS-containing PC-18:1 nanodiscs with βCD and used 
gel filtration to isolate intact MscS-containing nanodiscs for cryo-EM 
analysis (Extended Data Fig. 4b).

The 2D averages showed that the TMD of MscS in βCD-treated PC-18:1 
nanodiscs was much thinner than that of MscS in untreated PC-18:1 
nanodiscs (Fig. 2b); thus, we determined a structure at an overall reso-
lution of 3.7 Å (the local resolution of the TM1–TM2 is approximately 
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Fig. 1 | Conformation of MscS in a PC-10 bilayer (MscS–PC-10). a, Cryo-EM 
maps of MscS in a PC-10 nanodisc (left) and surface representations of the 
crystal structures of MscS in the closed (middle; Protein Data Bank (PDB): 
2OAU) and open (right; PDB: 2VV5) conformations. The lines illustrate the tilt of 
TM1–TM2 and whether TM3b of one subunit (lower pink line) aligns with the 
TM1–TM2 of its own subunit (upper pink line) or the neighbouring subunit 
(upper purple line). b, c, Comparison of the transmembrane helical 
arrangement (b) and the pore (c) in MscS–PC-10 (yellow) with those of MscS in 
the closed (red) and open (green) conformations. In b, the structures are 
aligned on the basis of the cytoplasmic domain. One subunit is shown in colour. 
In c, MscS–PC-10 is overlaid with both crystal structures in the bottom three 
subunits and only with the crystal structure of the closed state in the top left 
two subunits and the crystal structure of the open state in the top right two 
subunits. The side chains of the gating residues Leu105 and Leu109 are shown 
as sticks. d, Representative traces of MscS reconstituted into azolectin (Azo) 
liposomes (left), azolectin liposomes doped with 30% PC-10 with no applied 
hydrostatic pressure (middle) and azolectin liposomes doped with 30% PC-10 
with applied pressure (black traces: current, red traces: pressure). FO, fully 
open. e, Open probability of MscS in azolectin liposomes (n = 7) and azolectin 
liposomes doped with 30% PC-10 (n = 5) without applied pressure (0 mmHg). 
The box and whiskers plot shows the minimum to maximum values with the 
median as the midline. The P value was determined using unpaired t-test.  
f–h, Cryo-EM maps of MscS in bilayers formed by PC-14 (f), PC-12 (g) and PC-11 
(h). For comparison, all four maps were low-pass-filtered to 6 Å resolution. 
Although class 2 of MscS in a PC-11 bilayer shows a shorter TM1, the remainder 
of the density map represents the same closed conformation as all the other 
density maps.
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5 Å) (Fig. 2c, Extended Data Figs. 4c–e, 5). In MscS–PC-18:1–βCD, the 
tilt angle of TM1 was 67°, which was even higher than in MscS–PC-10 
(56°). However, unlike in MscS–PC-10, in which TM1–TM2 was aligned 
with TM3b of the same subunit, as in the open conformation, in MscS–
PC-18:1–βCD, TM1–TM2 was domain-swapped, as in the closed con-
formation (Fig. 2c, d). The pore helix TM3a adopted a position similar 
to the one in the closed conformation, resulting in a pore diameter 
of 6 Å, which was only slightly wider than in the closed conformation 
(5 Å) (Fig. 2e). Pore opening is thus not defined by the tilt of TM1–TM2, 
but depends on whether it interacts with the TM3b of the same sub-
unit or that of the neighbouring subunit, as supported by previous 
results33. The distance between TM1–TM2 and the cytoplasmic domain 
in MscS–PC-18:1–βCD was about 6.3 Å shorter than that in the open 
conformation (Extended Data Fig. 6a), almost completely eliminating 
the hydrophobic pocket. In summary, lipid removal appears to have 
generated tension in the nanodisc, but as it did not dissipate upon 
channel opening, MscS transitioned to the desensitized state.

We tested our conclusion that MscS–PC-18:1–βCD reflects the desen-
sitized state in two ways. First, we reconstituted MscS into azolectin 
liposomes and perfused excised patches with βCD (Fig. 2f, g, Extended 
Data Fig. 6b, c). Within about 60 s, βCD (10 mM) generated MscS activ-
ity without application of negative pressure. In patches that did not 
rupture, the MscS current subsequently declined to baseline, and no 
further channel activity could be elicited (Fig. 2f), demonstrating that 
prolonged incubations of membranes with βCD do push embedded 
MscS channels into the desensitized state. Second, we purified the 
Gly113Ala MscS mutant, which under membrane tension opens but does 
not desensitize18, reconstituted it into nanodiscs and subjected these 
to the same βCD treatment that was used for wild-type MscS. Cryo-EM 
analysis of the MscS(Gly113Ala)–PC-18:1–βCD sample did not reveal 
any classes with a highly tilted TM1–TM2 as seen in MscS–PC-18:1–βCD 
(Extended Data Fig. 7a, b), supporting the notion that the structure of 
MscS–PC-18:1–βCD indeed reflects the desensitized state.

The open conformation of MscS is dynamic
Cryo-EM analysis of the MscS(Gly113Ala)–PC-18:1–βCD did not yield 
the expected structure of MscS in the open conformation seen by 
X-ray crystallography10. Furthermore, most 2D averages showed a 
smeared-out TMD (Extended Data Fig. 7a), suggesting that the TMD is 
highly dynamic in the open state. To test this idea, we reconstituted the 
MscS Ala106Val mutant, which was used to determine the X-ray struc-
ture of the open conformation, into PC-18:1 nanodiscs and analysed 
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Fig. 2 | Conformation of MscS in a PC-18:1 bilayer after treatment with βCD 
(MscS–PC-18:1–βCD). a, The principle of creating membrane tension by 
extracting lipids from a nanodisc with βCD. b, The 2D class averages of MscS in 
a PC-18:1 nanodisc before (−βCD) and after incubation with βCD (+βCD). Side 
length of individual averages, 20.8 nm. c, Cryo-EM maps of MscS in a 
βCD-treated PC-18:1 nanodisc (left) and surface representations of the crystal 
structure of MscS in the closed (middle; PDB: 2OAU) and open (right; PDB: 
2VV5) conformations. The lines illustrate the tilt of TM1–TM2 and whether 
TM3b of one subunit (lower pink line) aligns with the TM1–TM2 of its own 
subunit (upper pink line) or the neighbouring subunit (upper purple line).  
d, e, Comparison of the transmembrane helical arrangement (d) and the pore 
(e) in MscS–PC-18:1–βCD (purple) with those of MscS in the closed (red) and 
open (green) conformations. In d, the structures are aligned on the basis of the 
cytoplasmic domain. One subunit is shown in colour. In e, MscS–PC-18:1–βCD is 
overlaid with both crystal structures in the bottom three subunits and only 
with the crystal structure of the closed state in the top left two subunits and the 
crystal structure of the open state in the top right two subunits. The side chains 
of the gating residues Leu105 and Leu109 are shown as sticks. f, Representative 
recordings (+30 mV) of MscS reconstituted into liposomes showing a 
comparison between a control with no pressure applied (top), during perfusion 
of 10 mM βCD (middle) and after the addition of βCD when a pressure ramp of 
up to −40 mmHg was applied (bottom; black trace: current, red trace: 
pressure). g, The peak currents of MscS measured in the absence of applied 
pressure (control; n = 4), after perfusion of 50 mM sucrose (as a control for a 
change in osmolarity; n = 3) and after perfusion of 1 mM (n = 5) and 10 mM (n = 7) 
βCD. The box and whiskers plot shows the minimum to maximum values with 
the median shown as the midline.
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Fig. 3 | Conformations of MscS with the open-state-stabilizing Ala106Val 
mutation in nanodiscs and detergent. a, The 2D averages (left) and a typical 
3D class (right) of the Ala106Val mutant reconstituted into nanodiscs with  
PC-18:1. The TMD is smeared out, suggesting that it does not adopt a single 
defined conformation. See Extended Data Fig. 7c, d for more 2D and 3D 
classes. Side length of individual averages, 20.8 nm. b, The 2D averages (left) 
and a refined 3D class (right) of the Ala106Val mutant in the detergent dodecyl 
maltoside (DDM). The refined map (transparent surface) is very similar to the 
docked crystal structure of the Ala106Val mutant that shows the channel in the 
open conformation (PDB: 2VV5; dark green). See Extended Data Fig. 7e, f for 
more 2D and 3D classes. Side length of individual averages, 19.7 nm.
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the sample by cryo-EM. The 2D averages showed channels with variable 
TMD thickness (Extended Data Fig. 7c). The averages that showed a 
thick TMD also displayed clear secondary structure and represented 
MscS in the closed conformation, which can also be seen in the 3D maps 
(Extended Data Fig. 7d). However, in averages that showed a thinner 
TMD, which may represent MscS in the open conformation, the TMD 
was smeared out and in some classes also asymmetric. None of the 3D 
maps with a well-defined TMD showed MscS in the open conforma-
tion (Fig. 3a, Extended Data Fig. 7c, d). By contrast, cryo-EM analysis 
of this mutant in the detergent dodecyl maltoside revealed the same 
open conformation seen in the X-ray structure (Fig. 3b, Extended Data 
Fig. 7e–g). Finally, to test whether unmodified, wild-type MscS would 
adopt a defined open conformation in a lipid bilayer, we treated MscS 
in PC-18:1 nanodiscs with βCD for shorter times. After incubations 
of 30 min and 4 h, not one of the resulting classes showed MscS in a 
defined open conformation (Extended Data Fig. 8). Together, these 
results suggest that, in the context of a lipid bilayer, the conformation 
of the TMD of MscS in the open state is dynamic.

Role of lipids in MscS mechanosensation
As with two recent structures of MscS in nanodiscs11,26, our MscS–PC-18:1 
map showed several densities that represent bound lipids, which we 
named ‘pore’, ‘gatekeeper’ and ‘pocket’ lipids (Fig. 4a).

Eight rod-shaped densities inside the MscS pore ran from the 
entrance of the periplasmic pore to close to the gating residue Leu105 
(Extended Data Fig. 9a, b). We modelled these densities as four pore 
lipids. We then performed molecular dynamics simulations of MscS 
in the different conformations (Fig. 4b, c, Supplementary Informa-
tion). In the closed conformation, the pore lipids were not only stable 
(Fig. 4c) but also appeared to be required for MscS to be completely 
impermeable to ions (Fig. 4b, compare the empty and filled red circles). 
In molecular dynamics simulations of MscS in the open conformation, 
the pore lipids rapidly moved to the periphery of the pore (Fig. 4c, Sup-
plementary Video 3) and thus allowed some ion conduction, whereas 
simulations without the pore lipids showed appreciably higher ion 
conduction (Fig. 4b).
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inside the MscS channel in molecular dynamics simulations. The densities 
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one simulation trajectory for each conformation. The black lines indicate the 
densities for the TM3a helices. d, The density for the gatekeeper lipid (green) in 
MscS–PC-18:1 (left) is not seen after a 30-min incubation with βCD (right). The 
density for TM1 also becomes weaker. e, The density in the hydrophobic pocket 
that represents the mobile pocket lipids (dark green) is largest in the closed 
state of MscS, smaller in the subconducting state and least in the desensitized 
state. The density of the nanodisc is shown as a transparent green surface.  
f, The model for the mechanosensation of MscS. In the resting state, the 
conductance pathway (black circle, top left) is blocked by the pore lipids (red 
circles). At onset of membrane tension, gatekeeper lipids (light green) are the 
first to dissociate, allowing MscS to adopt the open conformation. The pore 
lipids move to the pore periphery, allowing some ion conduction. Sustained 
membrane tension causes the pore lipids to leave the channel and increasing 
amounts of pocket lipids (dark green) to leave the hydrophobic pockets (yellow 
dashed line), which eventually almost completely disappear. The increasing 
loss of pocket lipids allows the TMD to transition from the open to the 
subconducting and finally to the desensitized state.
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During the 100–200-ns molecular dynamics simulations without 
field and the subsequent 500-ns simulations with field, all lipids 
remained inside the channel (Fig. 4c) and we never observed pore lipids 
leaving the inside of the channel. Although this may simply require 
longer simulation times and/or conformational dynamics of MscS 
in the open conformation (see above) that was not captured in the 
simulations, we cannot conclusively rule out the possibility that the 
pore lipids remain in the channel during the entire conformational 
cycle. However, as molecular dynamics simulations showed that in the 
open conformation the pore lipids substantially reduced ion conduc-
tion and completely prevented it in the subconducting conformation 
(Fig. 4b), and as we did not observe density for the pore lipids in the 
maps of MscS in the subconducting and desensitized states, we favour 
a model in which sustained membrane tension causes the pore lipids 
to leave the channel, facilitated by the dynamic nature of the TMD of 
MscS in the open conformation.

The best-resolved lipid was located in between the hydrophobic 
regions of the TM1–TM2 of two neighbouring subunits (Extended Data 
Fig. 9a–d). While this lipid was located in the cytoplasmic leaflet, it was 
inverted, so that the headgroup was in the hydrophobic centre of the 
bilayer (Fig. 4a). This energetically unfavourable headgroup position 
was stabilized by the hydrophilic environment created by conserved 
residues Tyr27 and Asn30 on TM1 and Arg88 on TM2 of the neighbour-
ing subunit, where it was shielded from the lipid bilayer (Extended Data 
Fig. 9c, d). The acyl chains of this lipid are wedged in between the TM1 
and TM2 domains and probably stabilize the closed conformation of 
MscS by making it more difficult for the loosely packed neighbouring 
TM1–TM2 domains to slide against each other. This idea is supported 
by our analysis of MscS in PC-18:1 nanodiscs after incubation with βCD 
for 30 min, in which one class showed MscS in the closed conformation 
but with this lipid missing and a weaker density for TM1 (Fig. 4d). After 
incubation with βCD for 4 h, one class showed TM1–TM2 to have a higher 
tilt, but the channel was still closed (Extended Data Fig. 8e). We named 
the inverted lipid the gatekeeper lipid, because its dissociation from 
MscS with membrane tension seems likely to increase the mobility of 
TM1–TM2 and thus to destabilize the closed conformation. In addition, 
once the gatekeeper lipid leaves its binding pocket, it has to flip and 
can no longer reassociate with MscS in the same way, committing the 
channel to conformational change. Thus, the gatekeeper lipid seems 
to be a critical element of MscS mechanosensation.

The gatekeeper lipid sits in a hydrophobic pocket between neigh-
bouring subunits that extends into the solvent-exposed region of 
MscS (Extended Data Fig. 2c). In the map of the closed conformation, 
this pocket is occupied by density (Fig. 4a). Although not sufficiently 
well-defined for model building, the size and features of the density 
are consistent with two lipid molecules, which we named pocket lipids. 
Our and previous molecular dynamics simulations of MscS in the closed 
conformation22 showed that lipids can diffuse into these pockets from 
the cytoplasmic membrane leaflet (Supplementary Video 4). We found 
that the pockets in our maps of the closed, subconducting and desen-
sitized conformations contained increasingly less density (Fig. 4e) and 
became increasingly smaller (Fig. 4f). This finding is corroborated by 
our molecular dynamics simulations, which showed that lipids often 
diffused from the cytoplasmic leaflet into the pockets in the closed 
and open states, but only occasionally in the subconducting state, and 
never in the desensitized state. On average, each pocket held 3.3 ± 0.2 
PC-18:1 lipids in the closed conformation, 1.5 ± 0.1 PC-10 lipids in the 
open state, 0.6 ± 0.1 PC-10 lipid in the subconducting state and no lipids 
in the desensitized state (Extended Data Fig. 9e). These results suggest 
that under sustained membrane tension, increasing amounts of lipid 
are extracted from the pockets, allowing for the tension-induced suc-
cessive conformational transitions and lending experimental support 
to the lipids-move-first molecular model of mechanosensitive channel 
gating (Supplementary Information). Notably, in the molecular dynam-
ics simulations of the subconducting state, the structural integrity of 

MscS increased when we placed a PC-10 lipid into each pocket (the 
root-mean-square deviations over the molecular dynamics simula-
tions decreased from 4.7 to 4.0 Å for the entire protein and from 3.1 
to 2.2 Å for TM3a), suggesting that dissociation of the last lipid due to 
sustained membrane tension will probably induce the transition to the 
desensitized conformation.

In the desensitized conformation, the contracted TMD does not 
match the hydrophobic thickness of the surrounding membrane, 
which, as membrane tension subsides, provides a driving force for MscS 
to return to the closed conformation, simply by tilting back TM1–TM2 
to its resting position. During this process, as the TMD expands, new 
lipids could associate with MscS, and the system would be fully reset 
when new gatekeeper lipids stabilize the resting closed conformation.

In summary, we have shown that nanodiscs can be used to create 
different membrane environments and we have introduced a generally 
applicable method to mimic membrane tension (Extended Data Fig. 10, 
Supplementary Information). This approach allowed us to visualize 
the entire conformational cycle of MscS during mechanosensation, 
revealing that MscS-associated lipids have critical roles in this process 
(Supplementary Videos 5, 6).
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Methods

Protein expression and purification
Wild-type, Gly113Ala and Ala106Val mutant Escherichia coli MscS were 
cloned into the pet28-b vector with an N-terminal 6×His tag. The plas-
mids were used to transform E. coli BL21(DE3) cells, which were grown at 
37 °C in lysogeny broth medium containing 50 μg/ml kanamycin. When 
the culture reached an OD600 of approximately 0.6, protein expression 
was induced by adding isopropyl β-d-1-thiogalactopyranoside to a final 
concentration of 1 mM. After another 4 h at 37 °C, cells were collected 
by centrifugation at 5,000g for 10 min at 4 °C. Cells were resuspended 
and lysed by sonication in buffer containing 30 mM Tris-HCl, pH 7.5, 
250 mM NaCl and 1% Triton-X100, supplemented with one tablet of 
cOmplete protease inhibitor cocktail (Sigma-Aldrich). The lysate was 
clarified by centrifugation at 16,000g for 30 min at 4 °C, incubated with 
2 ml nickel-affinity resin (Qiagen) and washed with 40 bead volumes of 
40 mM imidazole in 30 mM Tris-HCl, pH 7.5, 250 mM NaCl and 0.02% 
dodecyl maltoside (DDM). Protein was eluted with 250 mM imidazole 
in 30 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.02% DDM, concentrated 
using Amicon Ultra 15-ml 50-kDa cut-off centrifugal filters (Millipore 
Sigma) and loaded onto a Superdex200 column (GE Healthcare) in  
30 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.02% DDM. Fractions  
containing MscS were pooled and used immediately for reconstitution 
into nanodiscs.

The membrane scaffold protein (MSP) used in this study was 
MSP1E3D1, which assembles nanodiscs of 13 nm in diameter. MSP1E3D1 
with a tobacco etch virus (TEV) protease-cleavable N-terminal 6×His tag 
was expressed in E. coli BL21(DE3) cells as described for MscS. The cells 
were lysed by sonication in 30 mM Tris-HCl, pH 7.5, 500 mM NaCl and 1% 
Triton-X100, supplemented with one tablet of cOmplete protease inhibi-
tor cocktail (Sigma-Aldrich). After centrifugation at 16,000g for 30 min 
at 4 °C, the supernatant was loaded onto a nickel-affinity column, and 
the beads were washed with 20 column volumes of 40 mM imidazole in  
30 mM Tris-HCl, pH 7.5, 500 mM NaCl and 1% sodium cholate, followed 
by 20 column volumes of the same buffer without sodium cholate.  
Protein was eluted with 250 mM imidazole in 30 mM Tris-HCl, pH 7.5, and  
150 mM NaCl. The His tag was removed by incubation with TEV protease 
at a molar MSP1E3D1:TEV protease ratio of 30:1. After dialysis overnight at 
4 °C against 400 ml 30 mM Tris-HCl, pH 7.5, and 150 mM NaCl, the sample 
was loaded onto a nickel-affinity column to remove the cleaved-off His 
tag and the His-tagged TEV protease. The flow-through was concentrated 
using Amicon Ultra 15-ml 10-kDa cut-off centrifugal filters (Millipore 
Sigma) and loaded onto a Superdex200 column equilibrated with 30 mM 
Tris-HCl, pH 7.5, and 150 mM NaCl. The MSP1E3D1-containing fractions 
were pooled and concentrated to 4.2 mg/ml using Amicon Ultra 15-ml 
10-kDa cut-off centrifugal filters (Millipore Sigma).

Reconstitution of MscS into nanodiscs
All lipids were purchased from Avanti Polar Lipids and solubilized with 
20 mM sodium cholate in 30 mM Tris-HCl, pH 7.5, and 150 mM NaCl 
with sonication. MscS and MSP1E3D1 were mixed with the desired 
detergent-solubilized lipid at a molar ratio of 1:10:1,000 in 12 ml of 
30 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.02% DDM. After 10 min, 
1.5 ml of Bio-Beads SM-2 slurry (Bio-Rad) was added to remove the 
detergents. After overnight incubation with constant rotation, the 
Bio-Beads were allowed to settle by gravity. The supernatant was loaded 
onto a nickel-affinity column to remove the empty nanodiscs. The 
column was washed with 20 column volumes of 40 mM imidazole in 
30 mM Tris-HCl, pH 7.5, and 150 mM NaCl, and MscS reconstituted 
into nanodiscs was eluted with 250 mM imidazole in 30 mM Tris-HCl,  
pH 7.5, and 150 mM NaCl. Samples were concentrated using Amicon 
Ultra 15-ml 50-kDa cut-off centrifugal filters (Millipore Sigma) and 
loaded onto a Superdex200 column equilibrated with 30 mM Tris-HCl, 
pH 7.5, and 150 mM NaCl. Peak fractions containing MscS in nanodiscs 
were pooled and used to prepare vitrified samples for cryo-EM.

Treatment of MscS-containing nanodiscs with βCD
To test whether βCD (332615, Sigma-Aldrich) can extract lipids from 
nanodiscs, empty PC-18:1 nanodiscs were incubated with 0 mM, 
10 mM and 100 mM βCD for 2 h and 16 h. Whereas nanodiscs that 
were incubated for 16 h without βCD remained intact, no nanodiscs 
remained after incubation with 100 mM βCD. This concentration was 
thus used to incubate PC-18:1 nanodiscs containing MscS with βCD. 
After 16 h, the sample showed substantial aggregation, but intact 
nanodiscs could be isolated by size-exclusion chromatography on 
a Supderdex200 column equilibrated with 30 mM Tris-HCl, pH 7.5, 
and 150 mM NaCl (Extended Data Fig. 4b). The peak fractions were 
pooled, concentrated using Amicon Ultra 4-ml 50-kDa cut-off cen-
trifugal filters (Millipore Sigma) and used immediately for cryo-EM 
sample preparation. The same procedure was also used for βCD 
treatment of PC-18:1 nanodiscs containing MscS for 30 min and  
4 h, as well as PC-18:1 nanodiscs containing Gly113Ala mutant MscS 
for 16 h.

EM specimen preparation and data collection
The homogeneity of all samples was first examined by negative-stain 
EM with 0.7% (w/v) uranyl formate as previously described34.

For cryo-EM, the protein concentration was measured with a  
NanoDrop spectrophotometer (Thermo Fisher Scientific) and adjusted 
to 0.05 mg/ml. A thin layer of homemade continuous carbon film was 
deposited onto 300 mesh R1.2/1.3 Cu grids (Quantifoil) to minimize pre-
ferred orientations. Aliquots of 4 μl were applied to glowed-discharged 
grids using a Vitrobot Mark VI (Thermo Fisher Scientific) set at 4 °C and 
100% humidity. After 20 s, grids were blotted for 0.5 s with a blot force 
of −2 and plunged into liquid nitrogen-cooled ethane.

Cryo-EM imaging was performed in the Cryo-EM Resource Center at 
the Rockefeller University using SerialEM35. Data collection parameters 
are summarized in Extended Data Table 1.

For MscS–PC-14, MscS–PC-12 and MscS–PC-11, data were collected 
on a 200-kV Talos Arctica electron microscope (Thermo Fisher Sci-
entific) at a nominal magnification of ×22,500, corresponding to 
a calibrated pixel size of 1.5 Å on the specimen level. Images were 
collected using a defocus range from −1.5 to −3 μm with a K2 Sum-
mit direct electron detector (Gatan) in super-resolution counting 
mode. Exposures of 10 s were dose-fractionated into 40 frames  
(250 ms per frame) with a dose rate of 8 electrons/pixel/s (approxi-
mately 0.89 electrons per Å2 per frame), resulting in a total dose of 
35 electrons per Å2.

For MscS in PC-10 nanodiscs and DDM-solubilized Ala106Val mutant 
MscS, data were collected on a 300-kV Titan Krios electron microscope 
(Thermo Fisher Scientific) at a nominal magnification of ×22,500, cor-
responding to a calibrated pixel size of 1.3 Å on the specimen level. 
Images were recorded using a defocus range from −1.2 to −2.5 μm 
with a K2 Summit direct electron detector in super-resolution count-
ing mode. Exposures of 10 s were dose-fractionated into 40 frames  
(250 ms per frame) with a dose rate of 8 electrons per pixel per s  
(approximately 1.18 electrons per Å2 per frame), resulting in a total 
dose of 47 electrons per Å2.

For wild-type and Ala106Val mutant MscS in PC-18:1 nanodiscs and 
nanodisc samples treated with βCD, data were collected on a 300-kV 
Titan Krios electron microscope at a nominal magnification of ×28,000, 
corresponding to a calibrated pixel size of 1.0 Å on the specimen level. 
Images were collected using a defocus range of −1.2 to −2.5 μm with 
a K2 Summit direct electron detector in super-resolution counting 
mode. The ‘superfast mode’ in SerialEM was used, in which 3 × 3 holes 
are exposed using beam tilt and image shift before moving the stage to 
the next position36. Exposures of 10 s were dose-fractionated into 40 
frames (250 ms per frame) with a dose rate of 6 electrons per pixel per s  
(approximately 1.38 electrons per Å2 per frame), resulting in a total 
dose of 55 electrons per Å2.
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Image processing
For all samples, the collected movie stacks were gain-normalized, 
motion-corrected, dose-weighted and binned over 2 × 2 pixels in 
Motioncorr237. The contrast transfer function (CTF) parameters were 
determined with CTFFIND438 implemented in RELION-339. Particles 
were automatically picked with Gautomatch (http://www.mrc-lmb.cam.
ac.uk/kzhang/Gautomatch/), extracted into individual images, normal-
ized and subjected to 2D classification in RELION-3, which was used for 
all further processing steps. Particles from 2D classes that showed clear 
secondary structural features were combined and subjected to 3D clas-
sification. Particles in 3D classes that showed well-defined TMDs were 
combined and subjected to another round of 3D classification (this step 
was omitted for the datasets of MscS(Gly113Ala)–PC-18:1–βCD, MscS–
PC-18:1–βCD(30 min), MscS–PC-18:1–βCD(4 h), MscS(Ala106Val)–
PC-18:1 and Ala106Val mutant MscS in DDM). Particles from classes that 
showed well-defined and similar TMDs were combined and centred by 
re-extraction. The orientation parameters of the re-extracted particles 
were further refined, and the resulting density maps were sharpened by 
post-processing. For the datasets collected on the Titan Krios, namely, 
MscS–PC-18:1 (Extended Data Fig. 1c–e), MscS–PC-10 (Extended Data 
Fig. 3) and MscS–PC-18:1–βCD (Extended Data Fig. 4c–e), CTF refine-
ment and Bayesian polishing were performed40. Fourier shell correla-
tion (FSC) curves, local resolution maps and resolution-filtered maps 
were calculated in RELION-3 (Extended Data Fig. 5).

Model building and refinement
Atomic models were built into the three high-resolution maps of 
MscS–PC-18:1, MscS–PC-10 and MscS–PC-18:1–βCD using, as starting 
models, the crystal structures of MscS in the closed state (PDB: 2OAU) 
and the open state (PDB: 2VV5), and the model of residues 15–27 gen-
erated with I-TASSER41. The model for the PC-18:1 lipid was taken from 
PDB: 6CCH, with restraints generated in Phenix42. The cytoplasmic 
domains and TMDs were placed separately into the cryo-EM maps by 
rigid-body fitting in UCSF Chimera43. The residues in all models except 
for TM1–TM2 of MscS–PC-18:1–βCD were fit manually and adjusted in 
Coot44. The models were improved by iterative cycles of refinement with 
phenix.real_space_refine and manual adjustment in Coot. The models 
were refined against half map 1, and FSC curves were then calculated 
between the refined model and half map 1 (work), half map 2 (free) and 
the combined map (Extended Data Fig. 5b).

Molecular dynamics simulations
We conducted molecular dynamics simulations of MscS in the 
closed, open, subconducting and desensitized states using the 
GROMACS2019 software package45 and the CHARMM36m force field46. 
The CHARMM-GUI web server47 was used to assemble the simulation 
systems, which contained one MscS channel, approximately 300 lipids, 
about 20,000–25,000 water molecules and roughly 800–1,000 potas-
sium and chloride ions. We used PC-18:1 lipids for simulations of MscS 
in the closed conformation and PC-10 lipids for simulations of MscS in 
the open, subconducting and desensitized conformations, owing to 
the different thickness of the hydrophobic region of MscS in the differ-
ent conformations. Only the TMD of MscS was used in the molecular 
dynamics simulations. The potassium concentration was 1 mol/l for 
all systems. Each system was first equilibrated for 100–200 ns during 
which time restraints on the water molecules, lipids and protein were 
gradually removed. Ten parallel simulations without any restraints 
were then conducted for 100–200 ns without any external field. An 
integration timestep of 2 fs was used, and the LINCS algorithm48 was 
applied to constrain all the hydrogen-containing bonds. We used the 
Particle Mesh Ewald method49,50 to calculate the long-range electrostatic 
interactions, with a Fourier grid spacing of 0.12 nm, an interpolation 
order of 4 for the Ewald mesh, and a cut-off value of 1.2 nm. The van der 
Waals interactions were turned off from 1.0 to 1.2 nm using the force 

switch method51. The semi-isotropic Parrinello–Rahman barostat52,53 
and the Nosé–Hoover thermostat54,55 were used to maintain the pres-
sure and temperature at 1 bar and 303 K, respectively.

We studied the behaviour of the lipids associated with MscS. The 
gatekeeper lipids were included in our simulations of MscS in the closed 
conformation and stayed stably in position for the duration of the 
simulations.

To study the behaviour of the pore lipids inside the channel, four 
PC-18:1 lipids were placed close to the extracellular entrance of the MscS 
channel in the different conformations with the acyl chains pointing 
to the channel pore. An external force was applied on the lipid acyl 
chains for 10 ps to pull them towards the channel pore. The systems 
were subjected to the above protocol for equilibrium and production 
simulations. The density maps describing the distribution of the lipid 
acyl chains integrated over the course of one production simulation for 
each of the MscS conformations were calculated by using the densmap 
tool of the GROMACS2019 package. The trajectories were first superim-
posed on the basis of the backbone atoms of the TM3a helices, and the 
probability distributions of the positions of the atoms of the lipid tails 
were then averaged over the duration of the simulations. The results 
were normalized relative to the maximum distribution probability 
(that is, the probability values were divided by the maximum value).

During the equilibration phase of all molecular dynamics simula-
tions of MscS in the closed and open conformation and occasionally 
also for MscS in the subconducting conformation, lipids spontane-
ously diffused into the solvent-exposed regions of the hydrophobic 
pockets between adjacent subunits and stayed there for the duration 
of the production runs. To count the number of lipids that occupy 
these pockets, we calculated the distance between the centres of mass 
(COMs) of the lipid acyl chains in the cytoplasmic leaflet and the COMs 
of the TM3a helices. A lipid acyl chain was considered to be located in 
a hydrophobic pocket if the distance of its COM from the COM of the 
closest TM3a helix was smaller than a cut-off value, which was defined 
as the average of the distances between the COMs of the cytoplasmic 
half of each TM1 helix and the COMs of the TM3a helices projected onto 
the membrane plane. Each lipid acyl chain was counted as half a lipid. 
This analysis was performed with in-house written Python scripts and 
using the MDAnalysis library56.

To investigate ion conduction of MscS in different conformations, 
production simulations were continued for another 500 ns with a 
constant electrostatic field57 applied to mimic a transmembrane  
voltage of approximately 340 mV. Pore radii were calculated for these 
simulations by extracting 100 equidistant frames and determining the 
minimal pore radii using the program HOLE58 and a grid spacing of  
0.25 Å. The reported value for each simulation is the average over the 
100 individual measurements from the analysed trajectory. To count 
ion permeation events, a buffer region was defined that approximately 
corresponded to the thickness of the membrane. An ion permeation 
event was defined as the transfer of a potassium or chloride ion from 
one side of the buffer region to the other (not counting ion transfers 
across the periodic boundaries). MscS in the subconducting state with-
out any pocket lipids did not conduct ions (not shown) and the protein 
conformation was not stable (the root-mean-square deviations of the 
backbone atoms over the course of the simulation were 4.7 Å for the 
entire protein and 3.1 Å for TM3a helices). We found that the presence 
of a pocket lipid stabilized the conformation. To accomplish this, we 
selected a lipid in the vicinity of the pocket and applied an external 
force on the lipid tails until the lipid entered the pocket, which took no 
more than 20 ps. The presence of a PC-10 lipid in the solvent-exposed 
region of each of the hydrophobic pockets stabilized the protein (the 
root-mean-square deviations were 4.0 Å for the entire protein and  
2.2 Å for TM3a helices), allowing us to measure the values for ion con-
duction of the subconducting state given in Fig. 4b.

In 8 of the 80 single trajectories, we observed spontaneous formation 
of a pore in the membrane, which we consider to be a computational 
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artefact, possibly caused by the short lipid tails of only 10 carbon atoms 
(pore formation was never observed in simulations using PC-18:1 lipids). 
For these eight trajectories, we only analysed the portion of the trajec-
tories before pore formation occurred. As a proxy for pore formation, 
we used phosphorus–phosphorus contacts between lipid headgroups 
and a cut-off of 0.8 nm. Pore formation was deemed to have started 
once the moving average over 10 ns dropped below the equilibrium 
value minus one standard deviation. The membrane was intact in 92.2% 
of our trajectories (amounting to 36.9 μs). Of note, the conclusions 
drawn from our simulations remained qualitatively unchanged if we 
discarded the entire trajectories in which pore formation occurred.

To assess how removing lipids from a bilayer affects membrane 
tension, we conducted molecular dynamics simulations of a bilayer 
containing 200 PC-18:1 lipids. In these simulations, we fixed the x and 
y dimensions of the membrane (that is, the area of the bilayer) at the 
equilibrium value of the initial system and gradually removed lipids 
from the bilayer. Specifically, we removed two lipids from each leaflet 
at a time, which was followed by 5-ns equilibrium simulations, during 
which time the membrane tension was assessed, before removing the 
next four lipids. Simulations of some of the systems (the percentage of 
removed lipids ranged from 2% to 40%) were extended to 1.0 μs, and the 
last 0.5 μs trajectories were used to calculate the membrane tension.

MscS channel reconstitution and patch-clamp 
electrophysiology
MscS was reconstituted into soy polar azolectin (Avanti) liposomes, 
a lipid mixture that was found to be most suitable for electrophysi-
ological studies on MscS, at a protein-to-lipid ratio of 1:200 using the 
dehydration–rehydration (D/R) method59. Soy polar azolectin was 
dissolved in chloroform and dried under nitrogen flow. The lipid film 
was then suspended in D/R buffer (5 mM HEPES, pH 7.2 (adjusted with 
KOH), and 200 mM KCl) and vortexed, followed by sonication in a water 
bath for 20 min. MscS was added into the lipid mixture at a ratio of  
1:200 (w:w) and incubated for 3 h at room temperature with agitation. 
Then, 300 mg of Bio-Beads SM2 (Bio-Rad) was added. After 3 h, the  
mixture was centrifuged at 40,000 rpm for 40 min at room temperature,  
and the lipid mixture was desiccated overnight.

For patch-clamp measurements, the proteoliposomes were rehy-
drated in D/R buffer for 6 h or overnight before use. The bath and pipette 
recording solutions used for patch-clamp experiments were the same, 
consisting of 5 mM HEPES, pH 7.2 (adjusted with KOH), 200 mM KCl 
and 40 mM MgCl2. The current was amplified with an Axopatch 200B 
amplifier (Molecular Devices), filtered at 2 kHz and the data acquired 
at 10 kHz with a Digidata 1440A interface using pCLAMP 10 acquisi-
tion software (Molecular Devices). Negative hydrostatic pressure was 
applied to the patch pipette using a high-speed pressure clamp (HSPC-1; 
ALA Scientific Instruments). The open probability (Po) was determined 
as the number of open channels over the total number of channels in 
the patch determined at saturating pressure.

Measuring the diameter of MscS-containing nanodiscs
After 2D classification of the MscS–PC-18:1 and MscS–PC-18:1–βCD 
datasets in RELION-3, classes showing side views of MscS in nanodiscs 
were combined, yielding 73,646 and 74,499 particles, respectively. The 
particles were re-centred and the particle images were phase-flipped, 
rescaled to 64 × 64 pixels, and subjected to 2D classification with the 
iterative stable alignment and clustering (ISAC) algorithm60 specifying 
500 images per group and a pixel error threshold of 0.7. After 4 and 
3 generations, 175 and 166 averages were generated for the samples 
before and after βCD treatment, respectively. We wrote scripts in SPI-
DER61 to measure the diameter of the nanodiscs in the class averages in 
an unbiased manner. In brief, the averages were first oriented so that the 
symmetry axis of MscS was aligned with the y axis. A density threshold 
was then chosen to select mostly background pixels, which were set to 
zero. Some remaining background regions were identified based on 

the number of connected pixels, which were then also set to zero. The 
top half of the particle images, which contained the nanodiscs, were 
windowed out and projected onto the x axis, resulting in each particle 
image being represented by a single line. The distances between the 
first and last non-zero pixels in each line were read out as the diameters 
of the nanodiscs. The results were confirmed by visual inspection.

Measuring the removal of lipids from nanodiscs by βCD using 
Cy5-labelled lipids
Unlabelled PC-18:1 and Cy5-labelled PC-18:1 (Avanti Polar Lipids) in 
chloroform were mixed at a molar ratio of 17:1. The lipid mixture was 
dried under argon gas and kept under vacuum overnight. The lipid 
mixture was then used to reconstitute MscS into nanodiscs and the 
nanodiscs were treated with βCD as described. Gel-filtration peak 
fractions before and after βCD treatment were adjusted to a similar 
protein concentration (0.7–1 mg/ml), and light absorptions at 280 and  
650 nm were measured with a NanoDrop spectrophotometer (Thermo 
Fisher Scientific). Each sample was measured five times and the  
averaged A650:A280 ratio was used as the Cy5-lipid-to-protein ratio. 
Three independent experiments were performed.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The cryo-EM maps have been deposited in the Electron Microscopy Data 
Bank under accession codes EMD-21462 (MscS–PC-18:1), EMD-21463 
(MscS–PC-10), EMD-21464 (MscS–PC-18:1–βCD), EMD-21465 (MscS–
PC-18:1–βCD-30 min) and EMD-21466 (MscS(Ala106Val)–DDM). The 
atomic coordinates have been deposited in the PDB under accession 
codes 6VYK (MscS–PC-18:1), 6VYL (MscS–PC-10) and 6VYM (MscS–
PC-18:1–βCD).

Code availability
The custom-written SPIDER scripts used to measure the nanodisc size 
and the Python codes used to analyse molecular dynamics trajectories 
are available from the corresponding author on request.
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Extended Data Fig. 1 | Architecture of MscS in the closed and open states 
and image processing of MscS in PC-18:1 nanodiscs. a, b, Crystal structures 
of MscS in the closed conformation (PDB: 2OAU) (a) and in the open 
conformation (PDB: 2VV5) (b). Left panels: ribbon representation of the 
channel with each subunit shown in a different colour. Right panels: a single 
subunit with domains labelled. Opening of the channel is accompanied by an 

increase in the tilt of TM1–TM2 and a rotation about the symmetry axis. c, Area 
of an image of a vitrified sample. Some particles are circled. Scale bar, 50 nm.  
d, Selected 2D-class averages obtained with RELION-3. Side length of individual 
averages, 21.6 nm. e, Image-processing workflow for 3D classification and 
refinement in RELION-3 that resulted in a density map at 3.2 Å resolution. 
See Methods and Extended Data Table 1 for details.
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Cryo-EM structure of nanodisc-embedded MscS in 
the closed conformation. a, Cryo-EM map of MscS in a nanodisc formed with 
PC-18:1. Subunits are coloured as in Extended Data Fig. 1a and nanodisc density 
is shown as transparent green surface. b, Density representing one subunit of 
MscS–PC-18:1 filtered to 5-Å resolution (transparent red surface) with the 
atomic model built into it (cyan) and the crystal structure of MscS in the closed 
conformation (PDB: 2OAU; red). c, Hydrophobicity surface map of MscS–PC-
18:1 with the model displayed as ribbon. TM1–TM2 and TM3b form a 
hydrophobic pocket that consists of membrane-buried and solvent-exposed 
regions (yellow dashed box). d, Secondary structure probabilities for MscS 
residues 1–89 as predicted by PSIPRED62. Residues with a high propensity to 
form α-helical secondary structure are labelled with ‘H’ and a pink bar on top. 
The grey level of the bar above indicates the confidence level of the prediction. 
e, Helical wheel for N-terminal MscS residues 5–20 calculated with Helixator 
(http://www.tcdb.org/progs/helical_wheel.php). Most hydrophobic residues 
locate to the upper half of the wheel, while most hydrophilic residues locate to 

its lower half. f, The density in the MscS–PC-18:1 map representing the 
N-terminal segment and the model built into the map. Residue Gln21 forms a 
break between the end of the amphipathic helix and the beginning of TM1.  
g, The nanodisc density (green transparent surface) shown at different 
contouring levels. The MscS structure is shown in ribbon representation and is 
coloured according to hydrophobicity. At a high contouring threshold (0.013), 
the nanodisc density is reduced to a thin belt at the cytoplasmic bilayer 
boundary. No such belt is seen at the periplasmic bilayer boundary. 
Furthermore, the cytoplasmic bilayer boundary remains largely stationary 
with decreasing threshold levels, whereas the periplasmic bilayer boundary 
moves further out as more density is included. These observations suggest 
that the positively charged residues Arg46 and Arg74 may interact with the 
lipid headgroups of the cytoplasmic leaflet and define/stabilize the position of 
this leaflet. h, Close-up view of the location of Arg46 and Arg74 with respect to 
the nanodisc density contoured at 0.013. The side chains of Arg46 and Arg74 
are shown in stick representation.

http://www.tcdb.org/progs/helical_wheel.php
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Extended Data Fig. 3 | Image processing of MscS in PC-10 nanodiscs. a, Area 
of an image of a vitrified sample. Some particles are circled. Scale bar, 50 nm.  
b, Selected 2D-class averages obtained with RELION-3. Side length of individual 

averages, 20.8 nm. c, Image-processing workflow for 3D classification and 
refinement in RELION-3 that resulted in a density map at 3.4 Å resolution. 
See Methods and Extended Data Table 1 for details.



Extended Data Fig. 4 | Treatment of nanodiscs with βCD and image 
processing of MscS in PC-18:1 nanodiscs after incubation with βCD for 16 h. 
a, Negative-stain EM images of empty nanodiscs incubated with βCD at the 
conditions denoted, indicating that βCD can extract lipids from nanodiscs. 
Scale bar, 100 nm. Five to ten images were collected for each condition.  
b, Size-exclusion chromatogram of an MscS–PC-18:1 sample after incubation 
with 100 mM βCD for 16 h. The insets show negative-stain EM images of the two 

peak fractions. Scale bar, 50 nm. Five images were collected for each peak 
fraction. c, Area of an image of a vitrified sample. Some particles are circled. 
Scale bar, 50 nm. d, Selected 2D-class averages obtained with RELION-3. Side 
length of individual averages, 21.6 nm. e, Image-processing workflow for 3D 
classification and refinement in RELION-3 that resulted in a density map  
at 3.7 Å resolution. See Methods and Extended Data Table 1 for details.
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Extended Data Fig. 5 | FSC curves, local-resolution maps and local 
densities. a, FSC curves calculated between independently refined half maps 
for the MscS–PC-18:1 map (red), the MscS–PC-10 map (green), and the MscS–
PC-18:1–βCD map (purple). b, Cross-validation FSC curves: purple, refined 
model versus half map 1 used for refinement (work map); green, refined model 

versus half map 2 not used for refinement (free map); red, refined model versus 
the combined final map. The similarity of the ‘work’ and ‘free’ curves suggests 
no substantial over-fitting. c, Local-resolution maps for MscS–PC-18:1, MscS–
PC-10, and MscS–PC-18:1–βCD. d, Local cryo-EM densities for MscS–PC-18:1, 
MscS–PC-10, and MscS–PC-18:1–βCD.



Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Distance between the cytoplasmic domain and  
TM1–TM2 in different MscS structures and βCD perfusion activates 
reconstituted MscS. a, The numbers denote the distances between the plane 
of Leu146 (grey) in the middle β domain and the plane of Asp62 (coloured) at 
the start of TM2. TM1–TM2 and TM3a are shown as coloured cylinders, and 
TM3b and the middle β domain as grey ribbons. The trapezoids represent the 
overall shape of the TMD in the different conformations. The trapezoid shape is 
defined by the plane connecting Ser58 and Ala28 on TM1. Trapezoids with 
larger angles would fit better in flatter membranes. b, Set up of excised 
azolectin proteoliposomes and perfusion of βCD (brown). c, Exemplar trace 

(black line) showing an initial application of a square wave negative pressure 
pulse of −45 mmHg (red line) with a high-speed pressure clamp that activates a 
population of MscS channels at +30 mV pipette potential, followed by the 
perfusion of 10 mM βCD and the subsequent activation of MscS with no further 
applied hydrostatic pressure. βCD alone without applied pressure activates the 
whole cohort of MscS channels in the excised patch with a prolonged plateau 
indicative of current saturation. Activation is followed by transition of the 
channel population towards a closed state and the experiment ends with the 
rupture of the membrane patch.



Extended Data Fig. 7 | Two-dimensional class averages and 3D maps of MscS 
mutant proteins. a, Two-dimensional class averages of the Gly113Ala MscS 
mutant in PC-18:1 nanodiscs after incubation with βCD for 16 h obtained with 
RELION-3. Side length of individual averages, 23.4 nm. While some classes show 
an extended and defined TMD as seen in 2D averages of MscS in the closed 
conformation or a compressed and smeared-out TMD or a compressed and 
asymmetric TMD, none of the classes shows a defined TMD architecture as the 
one seen in MscS–PC-18:1–βCD. b, Three-dimensional maps of the Gly113Ala 
MscS mutant in PC-18:1 nanodiscs after incubation with βCD for 16 h obtained 
from 3D classification in RELION-3. None of the maps shows a TMD architecture 
similar to the one seen in MscS–PC-18:1–βCD. c, Two-dimensional class 
averages of the Ala106Val MscS mutant in PC-18:1 nanodiscs obtained with 
RELION-3. Side length of individual averages, 21.6 nm. While some classes show 
an extended and defined TMD as seen in 2D averages of MscS in the closed 

conformation, the TMD in classes with a compressed TMD is smeared out and/
or asymmetric. d, Three-dimensional maps of the Ala106Val MscS mutant in 
PC-18:1 nanodiscs obtained from 3D classification in RELION-3. The only two 
maps with a defined TMD show MscS in the closed conformation (grey and 
yellow maps). None of the other maps has a well-defined TMD. Therefore, none 
of the maps shows MscS in the open conformation seen in the crystal structure 
of the Ala106Val mutant. e, Two-dimensional class averages of the Ala106Val 
MscS mutant in DDM obtained with RELION-3. Side length of individual 
averages, 20.8 nm. f, Three-dimensional maps of the Ala106Val MscS mutant in 
DDM obtained from 3D classification in RELION-3. The map with the best 
defined TMD (red) shows MscS in the same open conformation seen in the 
crystal structure of the Ala106Val mutant. g, Final map at 3.6 Å resolution after 
refining the map with the best defined TMD (red map in b).
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Extended Data Fig. 8 | Two-dimensional class averages and 3D maps of MscS 
in PC-18:1 nanodiscs after incubation with βCD for 30 min and 4 h.  
a, Two-dimensional class averages obtained with RELION-3 for MscS in PC-18:1 
nanodiscs after a 30-min incubation with βCD. Side length of individual 
averages, 21.6 nm. Most classes show an extended and defined TMD as seen for 
MscS in the closed conformation. b, Three-dimensional maps for the MscS in 
PC-18:1 nanodiscs incubated for 30 min with βCD obtained from 3D 
classification in RELION-3. The map with the best defined TMD (purple) shows 
MscS in the closed conformation but with weaker density for TM1. None of the 
maps shows MscS in the open conformation seen in the crystal structure of the 
Ala106Val mutant. c, Final map at 3.5 Å resolution after refining the map with 

the best defined TMD (purple map in b). d, Two-dimensional class averages 
obtained with RELION-3 for MscS in PC-18:1 nanodiscs after a 4-h incubation 
with βCD. Side length of individual averages, 21.6 nm. The class averages show 
different thicknesses for the TMD. e, Three-dimensional maps for the MscS in 
PC-18:1 nanodiscs incubated for 4 h with βCD obtained from 3D classification in 
RELION-3. The map with the best defined TMD (purple) shows MscS in the 
closed conformation but with weaker density for TM1. Another map with a well-
defined TMD (grey) shows MscS in the closed conformation with slightly tilted 
TM1–TM2. None of the maps shows MscS in the open conformation seen in the 
crystal structure of the Ala106Val mutant.



Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Lipid densities in the map of MscS in PC-18:1 
nanodiscs and snapshots of MD simulations. a, Cut-away side view of MscS–
PC-18:1 colour-coded as in Fig. 4a. The side chains of gating residues Leu105 and 
Leu109 are shown as purple sticks. Densities for the pore lipids and the inverted 
gatekeeper lipids are shown in red and light green, respectively. b, Top view of 
MscS–PC-18:1 showing that the headgroups of the gatekeeper lipids (shown as 
green sticks in transparent green surface) are shielded from the membrane.  
c, d, Side view (c) and top view (d) of the area indicated by the dashed box in b, 
showing the residues interacting with the acyl chains (c) and headgroup (d) of 

the gatekeeper lipid. The protein residues are coloured by hydrophobicity as in 
Extended Data Fig. 2c. e, The protein is shown as transparent white ribbon with 
two subunits forming a hydrophobic pocket shown in solid white and orange. 
For lipids other than those in the pockets, only the phosphorous atoms are 
shown as olive-green spheres. The lipids occupying the pocket formed by the 
orange subunits are shown in cyan stick representation with the phosphorous 
atoms as olive-green spheres. On average, each pocket holds 3.3 ± 0.2 PC-18:1 
lipids in the closed conformation, 1.5 ± 0.1 PC-10 lipids in the open state, and 
0.6 ± 0.1 PC-10 lipid in the subconducting state.



Extended Data Fig. 10 | Estimating the membrane tension in 
MscS-containing nanodiscs induced by βCD treatment. a, The 2D-class 
averages of MscS in PC-18:1 nanodiscs before (upper panel) and after (lower 
panel) incubation with βCD obtained with the iterative stable alignment and 
clustering algorithm. Side length of individual averages, 22 nm. b, Distribution 
of nanodisc diameters measured from the averages shown in a. The average 
diameter of the MscS-containing nanodiscs is 93.6 ± 5.9 Å before incubation 
with βCD and 90.4 ± 6.2 Å after incubation with βCD. c, Surface areas occupied 
by MscS and PC-18:1 lipids in nanodiscs before (top) and after (bottom) 
incubation with βCD. On the basis of the measured diameters of 
MscS-containing nanodiscs before and after incubation with βCD, their surface 
areas (black circles) are 6,877 Å2 [(46.8 Å)2 × 3.14] and 6,415 Å2 [(45.2 Å)2 × 3.14], 
respectively. The areas occupied by the TMD of MscS (blue areas) in the closed 
and desensitized states (estimated on the basis of the position of Leu35 in the 
middle of the transmembrane region of TM1) are very different, namely  
2,238 Å2 [(26.7 Å)2 × 3.14] for MscS in the closed conformation and 3,337 Å2 
[(32.6 Å)2 × 3.14] for MscS in the desensitized conformation. Therefore, the 
areas occupied by lipids (brown areas) in nanodiscs containing MscS in the 

closed conformation are 4,639 Å2 [6,877 Å2 – 2,238 Å2] and 3,078 Å2  
[6,415 Å2 – 3,337 Å2] in nanodiscs containing MscS in the desensitized 
conformation. In summary, incubation with βCD reduces the total area of the 
nanodiscs (black circles) by only 6.7%, but because the area occupied by  
MscS increases by 49.1%, the area occupied by the lipids shrinks by 33.6%.  
d, Representative NanoDrop spectra recorded for MscS-containing nanodiscs 
with Cy5-labelled PC-18:1 before (blue trace) and after (red trace) incubation 
with βCD. The ratio of absorbance at 280 nm (MscS) and at 650 nm 
(Cy5-labelled PC-18:1) was measured to estimate lipid removal. e, Changes in 
the Cy5-lipid:protein ratio upon incubation of MscS-containing nanodiscs with 
βCD in three independent experiments. The five individual measurements are 
shown as green dots. The columns show the averages and the error bars 
represent the standard deviations. f, Graph of the membrane tension as a 
function of the percentage of removed lipids determined by MD simulations. 
Trajectories were divided into blocks of 0.1 μs to evaluate the average and the 
standard error of the mean (s.e.m.). The s.e.m. in the plot is smaller than the size of 
the dots. g, Selected 2D-class averages of MscL-containing nanodiscs before (top) 
and after (bottom) βCD treatment. Side length of individual averages, 20.8 nm.
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Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection SerialEM, pCLAMP 10

Data analysis Relion 3.0, Gautomatch 0.56, Ctffind 1.08, Chimera 1.12, ChimeraX 0.9, I-Tasser, Coot 0.8.9, Phenix 1.17.1, GROMACS2019, 
CHARMM36m, HOLE 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The cryo-EM maps have been deposited in the Electron Microscopy Data Bank under accession codes EMD-21462 (MscS–PC-18:1), EMD-21463 (MscS–PC-10), 
EMD-21464 (MscS–PC-18:1–βCD), EMD-21465 (MscS–PC-18:1–βCD-30min), and EMD-21466 (MscS(Ala106Val)–DDM).  Atomic coordinates have been deposited in 
the Protein Data Bank under accession codes 6VYK (MscS–PC-18:1), 6VYL (MscS–PC-10), and 6VYM (MscS–PC-18:1–βCD).
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes for the Cryo-EM datasets were determined by the need to obtain meaningful structures and the availability of cryo-EM time.  For 
the MscS–PC-18:1 dataset, 1870 movie stacks were collected and 98,111 particles were used for the final reconstruction, which was sufficient 
to yield a 3.17-Å resolution structure. For the MscS–PC-10 dataset, 3794 movie stacks were collected and 86,609 particles were used for the 
final reconstruction, which was sufficient to yield a 3.4-Å resolution structure. For the MscS–PC-18:1–βCD dataset, 2178 movie stacks were 
collected and 51,333 particles were used for the final reconstruction, which was sufficient to yield a 3.66-Å resolution structure.

Data exclusions Micrographs clearly suffering from astigmatism, image drift, ice contamination and/or cubic ice formation were excluded from the datasets. 
Particles in 2D classes showing no secondary structural features and in 3D classes showing unsatisfactory structural features were excluded 
from the final reconstructions.

Replication For the high-resolution structures obtained in this study, small datasets were first collected on a 200-kV Talos Arctica electron microscope. 
The structures were then confirmed and improved by data collection on a 300-kV Titan Krios electron microscope.

Randomization In the 3D refinement, particle images were randomly split into two half groups.

Blinding Blinding is not applicable to structure determination by single-particle cryo-EM.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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