Structure

Monitoring the conformational ensemble and lipid
environment of a mechanosensitive channel under
cyclodextrin-induced membrane tension

Graphical abstract

1. CD addition 2. CD sequesters lipids

¥
3. Irreversible > 20
delipidation \4’ “4’

»
4. New Gaps
[ .)Z-?*A;
6. MscS opens 5. Lipid movement to fill gaps

Highlights
e Our approach allows the monitoring of tension-sensitive
states in membrane proteins

e MscS conformational ensemble was probed by EPR
spectroscopy under molecular tension

e The lipid environment within nanodiscs was monitored using
NMR spectroscopy

e Electrophysiology measurements with cyclodextrin revealed
MscS functional states

Lane et al., 2024, Structure 32, 1-12

June 6, 2024 © 2024 The Author(s). Published by Elsevier Ltd.

https://doi.org/10.1016/j.str.2024.02.020

Authors

Benjamin J. Lane, Yue Ma,
Nana Yan, ...,

Theodoros K. Karamanos,
Bela E. Bode, Christos Pliotas

Correspondence
christos.pliotas@manchester.ac.uk

In brief

Lane, Ma, Yan et al. demonstrate that the
conformational ensemble of the
mechanosensitive channel MscS can be
monitored by EPR spectroscopy, the
associated lipid environment by NMR,
and single-channel transitions can be
followed by electrophysiology under
cyclodextrin-induced membrane tension.

¢? CellPress


mailto:christos.pliotas@manchester.ac.�uk
https://doi.org/10.1016/j.str.2024.02.020

Please cite this article in press as: Lane et al., Monitoring the conformational ensemble and lipid environment of a mechanosensitive channel under
cyclodextrin-induced membrane tension, Structure (2024), https://doi.org/10.1016/j.str.2024.02.020

Structure ¢? CellP’ress

OPEN ACCESS

Monitoring the conformational ensemble and lipid
environment of a mechanosensitive channel under
cyclodextrin-induced membrane tension

Benjamin J. Lane, -6 Yue Ma,%¢ Nana Yan,-¢ Bolin Wang,? Katrin Ackermann,® Theodoros K. Karamanos,* Bela E. Bode,*
and Christos Pliotas’%57:*

1Astbury Centre for Structural Molecular Biology, School of Biomedical Sciences, University of Leeds, Leeds LS2 9JT, UK

2School of Biological Sciences, Faculty of Biology, Medicine and Health, Manchester Academic and Health Science Centre, The University of
Manchester, Manchester M13 9PT, UK

3EaStCHEM School of Chemistry, Biomedical Sciences Research Complex and Centre of Magnetic Resonance, University of St Andrews, St
Andrews KY16 9ST, UK

4Department of Life Sciences, Faculty of Natural Sciences, Imperial College London, London SW7 2AZ, UK

SManchester Institute of Biotechnology, The University of Manchester, Manchester M1 7DN, UK

8These authors contributed equally

7Lead contact

*Correspondence: christos.pliotas@manchester.ac.uk

https://doi.org/10.1016/j.str.2024.02.020

SUMMARY

Membrane forces shift the equilibria of mechanosensitive channels enabling them to convert mechanical
cues into electrical signals. Molecular tools to stabilize and methods to capture their highly dynamic states
are lacking. Cyclodextrins can mimic tension through the sequestering of lipids from membranes. Here we
probe the conformational ensemble of MscS by EPR spectroscopy, the lipid environment with NMR, and
function with electrophysiology under cyclodextrin-induced tension. We show the extent of MscS activation
depends on the cyclodextrin-to-lipid ratio, and that lipids are depleted slower when MscS is present. This has
implications in MscS’ activation kinetics when distinct membrane scaffolds such as nanodiscs or liposomes
are used. We find MscS transits from closed to sub-conducting state(s) before it desensitizes, due to the lack
of lipid availability in its vicinity required for closure. Our approach allows for monitoring tension-sensitive
states in membrane proteins and screening molecules capable of inducing molecular tension in bilayers.

INTRODUCTION

During their life cycle, cells must maintain osmotic balance while
facing a myriad of environmental challenges in order to survive.
During rainfall, bacteria accumulate water and experience
extreme osmotic challenges. Bacterial mechanosensitive (MS)
channels open in response to membrane tension and prevent
cell lysis by acting as pressure safety valves.'™ If these pores
remain open for prolonged periods of time, this leads to cell
toxicity. MS channel activation is dependent on membrane
physical properties such as tension, which relies on lipid move-
ment to facilitate force transduction,®® while molecular triggers
are scarce, so the trapping of functional states remains a chal-
lenge. Monitoring their transitions would require ensemble
methods that report on the state equilibria of large protein pop-
ulations and single-molecule methods to access individual chan-
nel responses. The MS channel of small conductance MscS has
served as a pivotal model system in understanding the function
of bacterial and eukaryotic MS channels.>°~'? Escherichia coli
MscS can adopt at least six conducting and three non-con-
ducting states, but only four have been structurally character-

ized.”>"® These intermediate state(s) are not only a unique
feature of MscS but also play a role in the regulation of structur-
ally diverse MS channels, such as the large-conductance MscL
channel?®?* as well as other MscS-like channels.?** The MscS
open state was first reported by Naismith, Booth et al.® and later
confirmed in the native-like environment by electron paramag-
netic resonance (EPR) spectroscopy.®**> Shortly after, a high-
resolution structure identified lipids in cytoplasm-facing
pockets, which act as negative allosteric modulators of MscS,
leading to the proposal of the “lipid-moves-first” model.° This
entropy-driven model'® provided a molecular platform for the
general force-from-lipid principle.” Lipids within similar pockets
have been observed in a plethora of MS channels having key
roles in their mechanical regulation.®4:16:17:20.21,26.28,52,33,36-38
Initially used to remove cholesterol from cell membranes,
B-cyclodextrin (CD) was able to stabilize MscS’ functional states
by mimicking membrane tension.’>*%4° CD is able to deplete
lipids, which induces movement of the remaining lipids, and
this leads to tension generation within membranes. CD-to-lipid
ratios spanning several orders of magnitude were used to acti-
vate MscS reconstituted in nanodiscs (NDs)'* and giant
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unilamellar vesicles (GUVs),'® resulting in different time scales
required for activation, between different techniques and lipid
scaffolds used. To probe such phenomena, ensemble methods,
such as pulse dipolar EPR and NMR spectroscopies, in which all
protein and lipid molecules present in a given sample could be
probed, are favored. Pulsed electron-electron double resonance
(PELDOR, also known as DEER for double electron-electron
resonance) spectroscopy has emerged as a powerful tool in
the study of structural dynamics of membrane protein com-
plexes.?"*>41750 This pulse dipolar EPR spectroscopy technique
is usually combined with nitroxide-based spin labels engineered
onto proteins to enable inter-spin distance measurements and
deduce information on their conformational and oligomeric
state(s).”" NMR spectroscopy on the other hand is a sensitive
and versatile tool, which can be used to monitor lipid changes,
as well as membrane protein dynamics in real time.>*>° Here,
we combine PELDOR distance measurements to monitor shifts
in the MscS conformational ensemble, with NMR spectroscopy
to follow lipid movement under CD-induced molecular tension.
We further employ single-channel electrophysiology to investi-
gate the extent of MscS activation and alter the CD-to-lipid ratio
to access intermediate sub-conducting states, essential to the
tension-mediated pathway of MscS. We confirm by PELDOR
that the MscS conformational ensemble shifts upon lipid deple-
tion and further quantifies the associated lipid movement in real
time by NMR. We further use similar conditions between our
ensemble PELDOR/NMR and single-channel electrophysiology
measurements in order to link channel structure with functional
channel responses. We report that lipid depletion rates are
dependent on MscS’ presence, and these vary substantially be-
tween lipid ND and GUV scaffolds used for membrane protein
reconstitution. Our integrative approach of ensemble magnetic
resonance and single-molecule electrophysiology methods can
be used to detect tension-sensitive states in membrane proteins
and screen molecules generating membrane tension.

RESULTS

MscS activation extent depends on the CD-to-lipid ratio

Under naturally occurring tension, MscS could possess at least
nine distinct states, namely three non-conducting: closed (C),
desensitized (DS), and inactivated (IC), and six conducting (in
an increasing based on their ion conductance order): sub-con-
ducting one (S1), two (S2), three (S3), four (S4), five (S5), and a
fully open (FO) state. While S1-S5 and FO states present different
single-channel conductances, reflected by different conforma-
tions, it is debated whether the IC and DS non-conducting states
adopt distinctive structural architectures.'® To investigate the
effect of molecular tension on individual MscS channels, we
performed single-channel patch-clamp electrophysiology
under increasing CD-to-lipid ratios. We implemented these
measurements on the MscS D67R1 variant (D67C modified
with MTSSL, (1-Oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl)
methanethiosulfonate), since PELDOR requires the engineering
of spin labels on MscS to obtain an EPR signal. Previously,
patch-clamp electrophysiology recordings on MscS D67C per-
formed in E. coli spheroplasts showed this variant is functional
and with tension sensitivity and gating kinetics similar to wild-
type (WT) MscS.>> We first tested whether spin label modifica-
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tion has any effect on MscS function. To this end, we expressed,
spin labeled, and reconstituted MscS D67R1 into Soy-PC GUVs
and performed single-channel recordings under controlled
membrane tension (n = 14) (Figure S1, where “n” is the number
of independent patches tested hereafter). MscS channels
opened with a mean unitary channel conductance of 0.78 =
0.15 nS (n = 8) recorded at negative and 1.0 + 0.1 nS (n = 6) at
positive voltages. These activities were recorded at pressures
ranging between —40 and —60 mmHg and are in agreement
with WT MscS conductance, threshold, and dwell times we re-
corded in GUVs (n =7, Table S1; Figure S1), as well as with pre-
vious reports on WT MscS.*%°” Our control experiments on WT
MscS performed under identical conditions to MscS D67R1
along with previous recordings on the WT channel conclude
that neither the spin label modification nor the mutation on this
site affects MscS function. After ensuring that our excised
patches contain active MscS channels, we incubated them
with CD and performed recordings at four CD-to-lipid ratios,
20:1, 600:1, 6,000:1, and 30,000:1. The range of ratios was
selected to be consistent with previous high CD-to-lipid ratios
reported for single-channel recordings in GUVs'® and low ratios
combined with shorter incubation times used to capture MscS
structures in NDs by cryoelectron microscopy (cryo-EM)."
Initially, all individual patches showed large multiple MscS chan-
nel activities following pressure application (n = 6) (Figure 1A).
However, after incubation with CD (20:1 CD-to-lipid ratio), in
three patches, we observed no activities while for the rest we re-
corded conductances ranging between (0.15 and 0.56) nS, with
first openings observed after 10-15 min of CD addition. These
activities are consistent with low S3-S5 MscS sub-conducting
states (Figure 1E). After ~3 h of CD incubation (Figure 1A), in
half of our patches, and out of the initial fourteen open channels
recorded, only three opened after tension reapplication, while
channels in the rest of the patches showed no activity. In combi-
nation, electrophysiology data for this ratio suggest that the vast
majority of channels become desensitized after opening to low-
level sub-conducting states (S3-S5). At 600:1 CD-to-lipid ratio,
we observed channel openings within 4-5 min of CD incubation,
with a conductance of 0.2 + 0.04 nS, at +30 mV (Figures 1B and
1E), and 0of 0.19 £ 0.06 nS, at —30 mV (Figure S2) (n = 6). Our find-
ings are consistent with CD being able to generate molecular
tension and activate MscS. However, as in our lowest (20:1) ra-
tio, also for 600:1, we did not observe any full or high conduc-
tance openings; instead, we saw low sub-conducting state(s)
which mostly resemble the S5 state'® (Figures 1 and S2). The
latter appears at pressure thresholds similar to those seen for
the other MscS states, though with lower open probability, and
it is yet to be structurally resolved. After ~30 min incubation, ten-
sion beyond the MscS’ pressure threshold was reapplied. For all
our active channel containing patches, we observed no or minor
MscS activity, suggesting the channel(s) entered a desensitized
(or inactivated) state'*'%'" (Figures 1 and S2). In some cases,
we recorded no channel activities following incubation with
CD, and when we reapplied pressure to the patches, no activities
were elicited, suggesting MscS transitioned from the closed to
the desensitized state, without entering any of its conducting
states (n = 7) (Figure S2). At an order of magnitude higher CD-
to-lipid ratio (6,000:1), we observed multiple single-channel
openings after 2-5 min of CD addition, consistent with a large
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range of MscS activities between 0.22-0.88 nS at +30 mV
(Figures 1C and 1E) and 0.15-0.71 nS at —30 mV (Figure S2)
(n = 8), in agreement with S1-S5 states. This time patches
were fragile and ruptured after few minutes of CD incubation.
An order of magnitude increase in the CD-to-lipid ratio has there-
fore heavily impacted MscS’ range of activities and conducting
states. Finally, we used the highest CD-to-lipid ratio (30,000:1),
imposed by CD’s inherent limited solubility. Although at this ratio
the GUVs presented a high tendency for rupturing, we were suc-
cessful in obtaining stable excised patches containing active
MscS. This time we recorded a narrower range (compared to
6,000:1), but observed higher MscS conductances ranging be-
tween (0.43-1.08) nS at +30 mV (Figures 1D and 1E) and 0.48-
0.81 nS at —30 mV (Figure S2) (n = 6), consistent with the high
S1-S3 and FO MscS states. These openings appeared only
within a couple of minutes of CD incubation and at an earlier
time than in patches where lower ratios were used. Now
patches ruptured after 10-15 min of CD incubation, not allowing
for ~ hours of single-channel recordings. Given that under these
conditions and the CD-to-lipid ratio used, full opening(s) of MscS
could be achieved, the molecular tension generated within the
GUVs should be at least 7 mN/m required for MscS to reach
full conductance.® For the lower CD-to-lipid ratios used for which
we did not observe full openings, rather sub-openings of MscS,
generated molecular tension should range between lipid-glass
adhesion tension (0.5-4 mN/m)°® and MscS pressure threshold,
namely ~4-7 mN/m. Taken together, our electrophysiology data
indicate the extent of MscS activation depends on the CD-to-
lipid ratio and MscS desensitizes after prolonged incubation
with CD. Both MscS’ transition pathways and gating kinetics
depend on the CD-to-lipid ratio used, leading to MscS experi-
encing different lipid depletion rates (Figure 1F). We summarized
the transitions MscS undergoes and the relative activation times
for the different CD-to-lipid ratios in Figure 1F.

Probing the conformational ensemble of MscS by
PELDOR spectroscopy

To probe the structural ensemble of MscS under molecular
tension, we reconstituted channels into NDs and employed

(A) CD (20:1 CD-to-lipid molar ratio). Multiple channels were initially activated
by —40 mmHg, then no channel activities were observed within 3 h of CD in-
cubation, and finally, pressure was reapplied eliciting suppressed activities
(after activation by CD, MscS desensitizes, i.e., becomes insensitive to applied
negative pressure).

(B) CD (600:1 CD-to-lipid molar ratio). Channels were activated by —60 mmHg,
followed by perfusion with CD, and then identical pressure protocols were
applied with no MscS activity being elicited.

(C) CD (6,000:1 CD-to-lipid molar ratio). Channels were activated by
—40 mmHg, followed by perfusion with CD, with multiple-channel openings
observed prior to patch rupture.

(D) CD (30,000:1 CD-to-lipid molar ratio). Channels were activated by
—40 mmHg with large single-channel openings observed prior to patch rupture.
(E) Distributions of resulting conductances of sub-states induced by CD with
different CD-to-lipid molar ratios. Data represent unitary activities, and hori-
zontal lines their mean values. Dash lines represent full openings (FO) and sub-
states (S1-S5). The p values with unpaired t test comparison are indicated.
n = 3 for each condition.

(F) Transitions observed in our electrophysiology setup under molecular ten-
sion using available MscS structures (side and top views). Closed, sub-con-
ducting, desensitized (PDB: 6VYK/6VYL/6VYM),'* and open (PDB: 5AJI).°

Structure 32, 1-12, June 6, 2024 3




Please cite this article in press as: Lane et al., Monitoring the conformational ensemble and lipid environment of a mechanosensitive channel under
cyclodextrin-induced membrane tension, Structure (2024), https://doi.org/10.1016/j.str.2024.02.020

¢? CellPress

OPEN ACCESS

Structure

D1 o
900 S\PR
AR
D67R1 closed (C) £y
D67R1 open (FO)
G
50 %os
a ____— G—
b H—
c ——/’/_\_\
d ’/—_\ \
e __/ ! _\_
DS . i ‘
FO _/.\‘\_/—
C I—‘/|- \. :
2 3 4 5

0.90

0.85+

Normalised PELDOR intensity

0.80

1.0

0.8

0.6
-0.50.0 0.5 1.0 1.5 2.0 2.5
t[us]

——Control (No CD)
——2:1 CD:lipid & 4 hrs
——2:1 CD:lipid & 16 hrs
——6:1 CD:lipid & 16 hrs
———12:1 CD:lipid & 16 hrs

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

Vin(ra

t[us]

— D67 100% closed
D67 25% subconducting
D67 50% subconducting
—— D67 75% subconducting

4 Structure 32, 1-12, June

.0 0.5

10 15

t[us]

2.0

6, 2024

Normalised PELDOR intensity

vin(ra

M47R1 closed (C)
M47R1 open (FO)

0.64 -
0.62
0.60
0.58
0.56
0.54 A
0.52

0.50

DS

1.0
08
0.6
0.4

-0.50.0 0.5 1.0 1.5 2.0 25

tlus]

——Control (No CD)
——2:1 CD:lipid & 4 hrs
——2:1 CD:lipid & 16 hrs

——6:1 CD:lipid & 16 hrs
——12:1 CD:lipid & 16 hrs

0.

4 05 06 07 08 09
t[us]

——— M47 100% closed
M47 25% subconducting
M47 50% subconducting
——— M47 75% subconducting

15

05

1.0
t{us]

2.0

(legend on next page)



Please cite this article in press as: Lane et al., Monitoring the conformational ensemble and lipid environment of a mechanosensitive channel under
cyclodextrin-induced membrane tension, Structure (2024), https://doi.org/10.1016/j.str.2024.02.020

Structure

PELDOR in the presence of CD. We engineered two distinct spin
reporters and measured distances to inform on changes in the
equilibrium of MscS conformational states. Both MscS D67C
and M47C form functional channels.®® These sites are located
in the transmembrane domain helices TM2 and TM1, respec-
tively, and are able to discriminate between open/sub-con-
ducting and closed/desensitized states (Figures 2A-2D). In
MscS D67R1, distances shorten, while in contrast, MscS
M47R1 distances increase when MscS transits from the closed
toward the open state, due to an anti-clockwise rotation around
channel z axis'® (Figures 2E and 2F). We specifically selected
these two reporting sites in order to account for any systematic
errors.*** For D67R1, a MscS structure with all seven spin la-
bels resolved has been reported,’ allowing for an accurate com-
parison with the PELDOR distances and complementing in silico
distance modeling.

We expressed, spin labeled and reconstituted MscS D67R1
and M47R1 in 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) NDs. We selected membrane scaffold proteins (MSP)-
formed NDs,*° as they are well-established scaffolds for recon-
stituting membrane proteins to study in a lipid environment.
DOPC was our lipid of choice to allow for direct comparison of
our PELDOR data with modeled distances on MscS cryo-EM
structures obtained in DOPC NDs.'* Phosphatidylcholine (PC)
lipids, also used in our electrophysiology experiments, are not
native to E. coli but they are closely related to phosphatidyleth-
anolamine (PE), the major component of E. coli membranes. Pre-
viously, MscS reconstituted in PC-containing NDs presented no
functional differences to native E. coli lipid NDs, '®'"%37 or PE-
containing GUVs®®® and our system could act as a model to
investigate MscS’ transitions under molecular tension.

Two CD molecules are required to remove one cholesterol or
lipid molecule,®**° setting our minimum ratio tested here. For
our PELDOR distance measurements, we incubated each of
D67R1 and M47R1 for 4 and 16 h intervals at increasing CD-
to-lipid ratios (2:1, 6:1, and 12:1), similar to the ones previously
used to obtain cryo-EM structures.'* We applied molecular ten-
sion by CD-induced lipid depletion and measured distances
among the seven spins engineered onto our channels (one per
monomer, assuming quantitative labeling) to obtain information
on their conformation. Multi-spin effects in the PELDOR data
were suppressed by reducing the inversion probability of the
PELDOR pump pulse as described before.®:°? In the absence
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of membrane tension, the obtained distance distributions show
probabilities that cover all MscS states considered, although
the distributions are consistent with a dominant contribution
from the closed state, consistent with previous PELDOR and
cryo-EM reports.'73457 Following incubation of MscS with
different CD ratios, the reaction was stopped, samples were
collected, and then passed through size-exclusion chromatog-
raphy to remove the excess of CD, empty NDs, and aggregates
induced by CD interactions, prior to snap-freezing in liquid N,.
The predicted distance difference between the open and sub-
conducting MscS is negligible for D67R1 and only a couple of
,&ngstroms for M47R1, thus we could not discriminate robustly
between these two states from the distance distributions as dif-
ferences are within the experimental uncertainties (Figures 2G
and 2H) despite an excellent signal-to-noise ratio. However,
the primary PELDOR data show an increased echo decay with
increasing CD-to-lipid ratio for D67R1 and a decreased decay
for M47R1. This is characteristic of a change in average distance.
As the average distance increases, the dipolar coupling fre-
quency reduces leading to a slower decay and vice versa. Our
experimental data report a change in opposite directions for
D67R1 and M47R1, with the average D67R1 distance reduced
and the average M47R1 distance increased upon opening, in
perfect agreement with predictions and previous studies.®*>°
This is also reproduced by exploratory simulations (Figures 2
and S3). It is important to note that in silico modeling is rarely
exactly matching experiments but trends are often reproduced
very well.®® Thus, we refrain from fitting the distance distributions
to a combination of states, given that also the number of states
conceivable makes this likely underdetermined. Predicted dis-
tance differences between the closed and desensitized states
are negligible for D67R1 but increase for M47R1, thus we
conclude that no significant desensitization occurs under our
PELDOR conditions as this would lead to larger changes in
M47R1 and these are not observed (Figure S3). Note that the
shift in distance distributions for conformational changes of a
small fraction of channels within the entire ensemble was ex-
pected and we indeed found it to be very small (Figures 2G
and 2H). If only small fractions of channels open, this will not
be identifiable, due to uncertainty in the distance distributions,
and all experimental distance distributions show distance
probabilities reflecting all states considered (i.e., states for
which high-resolution structures to model on are available).

Figure 2. Monitoring the conformational ensemble of MscS under molecular tension by PELDOR
(A) D67R1 (cyan spheres, TM2) and M47R1 (purple spheres, TM1) spin labeled reporters on MscS.

(B) Seven spin labels per single mutant site, owing to MscS’ heptameric form. D67R1 (C) and M47R1 (D) side and top view in which all respective distances are
shown (cyan and purple lines). (D) D4, D5, and Dj distances due to MscS’ heptameric symmetry are shown for clarity. Open (gray surface, PDB: 5AJl)° and
(E) closed (cyan surface, PDB: 6VYK)'* MscS showing the expected distance changes (gray and cyan lines) for D67R1 and (F) closed (purple surface, PDB: 6VYK)
MscS showing the expected distance changes (gray and purple) for M47R1, including all possible distances for the two states. D67R1 distances reduce and
M47R1 distances increase as MscS transits from the closed (cyan or purple surface) to the open state (gray surface), accounting for any systematic errors. MscS
(G) D67R1 and (H) M47R1 PELDOR distance distributions under different CD conditions. D67R1 and M47R1 top five PELDOR data distributions and bottom four
distributions showing the modeled distances for the closed (“C”, dark red), sub-conducting (“S”, green), fully open (“FO”, cyan), and desensitized (“DS”, gold)
states with respective colored dash lines indicating the most probable distances based on our in silico modeling. CD-to-lipid ratios and incubation times used are:
a) 12:1, 16 h, b) 6:1, 16 h, c) 2:1, 16 h, d) 2:1, 4 h, and e) initial state (control, no CD). Experimental traces (zoom) and modeled traces scaled with experimental
modulation depth from control for different percentages of MscS sub-conducting state (PDB: 6VYL) populations within the ensemble for D67R1 (G column) and
M47 (H column). PELDOR raw traces show similar trends to the simulated distributions. CD-to-lipid ratios for each sample are given in the respective figure
legends. For PELDOR, the mean distance distributions (colored line) and + 2o confidence estimates (respective shaded colored areas) are shown calculated
using the validation tool in DeerAnalysis. Traffic light indicates the reliability of PELDOR distribution: (green, shape reliable; yellow, mean and width reliable;
orange, mean reliable). Y axis for distance distributions indicates the probability density P(r).
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Figure 3. Probing the lipid environment of
MscS in nanodiscs in the presence of cyclo-
dextrin by NMR

A schematic of a DOPC lipid with highlighted boxes
showing assigned resonances (A). The highlighted
boxes on the DOPC lipid follow the same color
coding as that of Figure S4A. Plots of proton
chemical shift (B) or peak intensity changes (C) over
time after the addition of CD for various DOPC
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NDs (open symbols) or loaded (+MscS) NDs (filled
symbols). The calculated rates from fits to the 'H
chemical shift or intensity changes are shown as
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Nevertheless, the trends in the primary data for both MscS re-
porters reproduce the in silico predictions for conformational
changes in a small fraction of channels (Figures 2 and S3). There-
fore, the two most obvious lessons are that these changes can
be traced in an ensemble of MscS channels and that EPR is a
method to detect this, even if only a few percent in an ensemble
change conformation.

Monitoring lipid movement under molecular tension by
NMR spectroscopy

In order to link lipid motions to MscS changes monitored by
PELDOR and electrophysiology, we next probed lipid move-
ment, under molecular tension by NMR. Under prolonged CD in-
cubation, NDs reduce their lipid density and eventually lose their
structural integrity and aggregate. However, it is unknown
whether the channel’s presence affects the lipid depletion rate,
which is linked to the kinetics of molecular tension generation.
Monitoring CD-induced lipid (including different domains within
the lipid) depletion that proceeds in parallel with ND aggregation
and quantifying such a process is a challenging task, which we
addressed by employing real-time NMR spectroscopy. CD
was added to the NMR sample and was present for the duration
of the NMR experiments, as was done in patch-clamp electro-
physiology experiments which differed only in the lipid scaffold
used (NDs vs. GUVs). For consistency with our PELDOR, NMR
experiments were carried out using functional MscS D67R1
channels reconstituted in DOPC NDs. 'H-'3C SOFAST-HMQC
spectra were recorded in real time, following the addition of

6 Structure 32, 1-12, June 6, 2024

observed, even at natural abundance,
owing to the large number of lipids present
in the sample (Figures 3A and S4A). NMR
chemical shifts are highly sensitive re-
porters of the local electronic environment
and could therefore probe the transition of a lipid from being
embedded in an ND to being bound to CD. On the other hand,
a uniform across all resonances, time-dependent reduction in
NMR peak intensities is a characteristic hallmark of aggrega-
tion.®* To test the effect of CD, we first incubated empty DOPC
NDs with CD at different CD-to-lipid ratios and collected
"H-"3C SOFAST-HMQC spectra in real time at 2:1 CD-to-lipid ra-
tio (Figure 3). "®C chemical shifts were largely unaffected (Fig-
ure S4); however, 'H shifts gradually reduced their values over
time. The rate of chemical shift change was similar for all
DOPC resonances and was dependent on the CD-to-lipid ratio
(2:1, 6:1, 12:1) used (Figures S4 and S5), further supporting the
notion that "H shifts report on CD-induced lipid depletion. Note
that despite the differences in lipid depletion rates, the final
ppm equilibrium that was reached for all the CD-to-lipid ratios
used was the same. This indicates that after initial CD interac-
tions with ND lipids, the latter become inaccessible to CD. On
the other hand, the rate of loss of NMR intensities over time
was not affected by increasing the CD-to-lipid ratio (Figure S5),
a fact that could suggest that lipid depletion and ND aggregation
proceed through distinct pathways, hinting the presence of
different molecular mechanisms. NMR intensities seem to
plateau at ~50% of their initial value after ~12 h suggesting
that half of the NDs in solution preserve their structural integrity
and withstand aggregation even after prolonged CD incubation.
Chemical shifts also reach a plateau after ~240 min, indicative of
the establishment of a new equilibrium. We then performed the
same real-time NMR experiments at 2:1 CD-to-lipid ratio, using

Empty m
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MscS D67R1-loaded DOPC NDs under the same conditions.
Although the rate of signal loss was largely the same in compar-
ison to that of empty NDs at the same CD-to-lipid ratio (~0.0063/
0.0076 min~" respectively), the rate of chemical shift changes
has drastically slowed down for resonances arising from both
the middle and end of the acyl chain (0.0017/0.0009 min~",
respectively) (Figure 3). As judged by the 'H shifts at the end of
the reaction, the final equilibrium reached following prolonged in-
cubation with CD is similar in both empty and NDs loaded with
MscS. Indeed, we found the equilibrium is reached approxi-
mately 7x times slower in the presence of MscS. We note that
in MscS’ presence, the CD-to-lipid ratio we quote is likely an un-
derestimation, as MscS is expected to displace a substantial
number of lipids when mixed with NDs. Therefore, lipid depletion
of the bulk ND lipids is expected to occur even faster than the
rates we measured by NMR.

We then calculated the loss in the number of lipids being dis-
placed by MscS during reconstitution. We assembled (using the
Charmm-gui®® membrane builder tool®®) empty (i.e., devoid of
MscS) MSP1D1E3 NDs with DOPC lipids (Figure 4C), and found
that these contain a total of 274 DOPC lipids, i.e., 137 inner- and
137 outer-leaflet. We then assembled the same NDs loaded with
MscS, which now contained a total of 220 DOPC lipids, i.e., 94
inner- and 113 outer-leaflet (Figure 4A). This comparison sug-
gests that MscS displaces approximately 54 DOPC lipids (asym-
metrically between the two leaflets) upon reconstitution, which

| to fill space
_>
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Figure 4. Model for the generation of CD-
induced molecular tension and the activation
of MscS
(A) Charmm-gui®® representation of MscS recon-
stituted in NDs, in agreement with molecular dy-
namic simulations on and structures of MscS.>%°
130 lipids are within 15 Aof MscS (MscS-interacting
lipids, mauve spheres) and the remaining 90 lipids
(bulk bilayer, cyan spheres). Belt proteins
(MSP1D1E3) and MscS are represented as car-
toons, in pink and gray, respectively (side and top
periplasmic views).
(B) As in (A), but MscS and belt proteins are not
depicted for clarity. DOPC lipids are represented by
their P head group atoms (side and top views). ~21
pocket lipids, which according to the lipid-moves-
first model®° act as negative allosteric modulators
for MscS, are indicated with arrows (side and top
® views). (C) Top view of ND filled with lipids (empty
° NDs - devoid of MscS) composed of bulk lipids (274
in total, outer- and inner-leaflet, cyan spheres).
(D) Model of molecular tension. 1. CD is added to
NDs loaded with MscS (gray cartoon). MscS initially
adopts a closed conformation. 2. CD first seques-
ters the bulk lipids, which are located mostly in the
ND periphery and are depleted two orders of
magnitude faster than the MscS-interacting lipids.
3. CD causes irreversible delipidation as depleted
lipids are permanently removed. 4. This generates
gaps within the ND and a short-lived transient state
during which MscS opening is initiated (5). 6. Re-
maining lipids, which in their majority consist of
MscS-interacting lipids move to fill these gaps. 7.
This lipid movement induces a membrane tension
build-up, creating conditions of molecular tension,
which activate MscS (open state, PDB: 5AJI°).

7. Molecular tension
opens MscS

accounts for ~20% of the initial ND lipid population. Therefore,
even 20% faster depletion rates occur in empty, compared to
NDs loaded with MscS. This is remarkable given that upon
reconstitution the lipid population is reduced, and one would
expect MscS’ presence to accelerate rather than slow down lipid
depletion rates. Nevertheless, these differences may well explain
the time differences observed in MscS activation, when NDs
(PELDOR or cryo-EM) or GUVs (electrophysiology) are used.

DISCUSSION

Prolonged openings of MscS under sustained tension would
lead to cell toxicity. To avoid irreversible effects and ensure
cell survival under stress conditions, MscS becomes temporarily
insensitive to membrane tension. After we recorded single-chan-
nel activities for a wide range of CD-to-lipid ratios, tension re-
application led to either membrane rupture (n = 14) or channel
inactivity (n = 13), suggesting MscS enters a desensitized (or
inactivated)'® state, similar to the effect conferred by naturally
applied tension. This included cases in which no MscS activation
following CD incubation was observed. Such irreversible chan-
nel behavior, though, is in contrast to naturally occurring ten-
sion-induced desensitization, where channels are able to return
to a closed state after a short period of inactivity.®”

Our real-time NMR showed the same equilibrium was reached
independent of the CD-to-lipid ratio used. The higher the
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CD-to-lipid ratio, the faster the depletion rate, but we recorded
no increase between 6:1 and 12:1 ratio. These observations
are consistent with CD interacting with lipids and irreversibly
altering their state in a way that lipids become inaccessible
and cannot be sequestered by CD anymore. The difference be-
tween CD-induced and naturally occurring tension is that in the
latter case, there is lipid availability to allow MscS closure, in
contrast to the former case where lipids are permanently
removed from membranes. Our observations lend further sup-
port to the entropy-driven lipid-moves-first model according to
which there must be lipid re-availability in the vicinity of MscS’ in-
ner-leaflet pockets, for lipids to re-enter, apply pressure to the
gate, and close the channel.®® The range of the observed states
and the timing of their activation varies when different CD-to-lipid
ratios are used. MscS openings lasted for up to several hours un-
til desensitization dominated the active channel population
within our patches. This is consistent with previous studies
where the extent of lipid availability within pockets led to distinct
conducting states in MscS, with pocket lipid density being the
lowest in the desensitized, compared to closed, open, and
sub-conducting states.'* 67

Here, we specifically included the same order of magnitude
CD-to-lipid ratio in both our ensemble (12:1) and single-channel
experiments (20:1) to link structural changes (PELDOR) and lipid
movement (NMR) to the functional behavior (electrophysiology)
of MscS. Our combination of ensemble and single-molecule
methods yields a consistent picture which shows that CD leads
to structural rearrangements in MscS and lipid depletion is re-
produced in all three kinds of experiments, though observed at
different time scales (i.e., hours in PELDOR/NMR vs. minutes
in electrophysiology). Our PELDOR experiments show unambig-
uous conformational changes, toward MscS opening(s), given
that all intermediate S1-S5 sub-conducting states would give
rise to distances that are in-between the C and FO states. Sin-
gle-channel recordings at similar CD-to-lipid ratios resulted in
sub-openings followed by desensitization, which was only
observed after a few hours of CD addition. Notably, to form
GUVs, we used a much lower MscS to lipid (1-6000) ratio than
the one we used for reconstitution in NDs for PELDOR (1-31).
This made the presence of MscS within our GUV excised mem-
brane patches of ~3 x 10° nm? area (glass pipette diameter of
~2 pm) very rare, with a maximum of 30X active MscS channels
we were able to detect within a single patch. This number of
MscS channels could occupy ~1.5 x 102 nm?, accounting for
0.05% of the total membrane patch area. Therefore, diluted
MscS has a negligible effect in slowing down lipid depletion
from the GUV patches and depletion is expected with similar
rates as measured for empty, rather than dense NDs loaded
with MscS. In PELDOR, all processes were thus delayed by at
least an order of magnitude (as in previous cryo-EM studies'?),
with MscS opening(s) occurring within hours of CD incubation,
compared to minutes in electrophysiology.

Due to the small PELDOR model distance differences and the
lack of available MscS sub-conducting state structures (only one
has been reported to date), we could not discriminate between
the resolved sub-conducting state (PDB 6VYL),'* with a ~10 A
pore diameter and predicted conductance of 600-800 pS,®®
consistent to the intermediate S1 or S2 state (Figure S6) and
the other MscS intermediates (S3-S5). Our PELDOR data are
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consistent with sub-openings based on model distances for
the FO and the resolved sub-conducting state. Notably, for
increasing CD-to-lipid ratios, we obtained different ranges
of sub-conducting states, with higher conductance states (FO,
S1-S3) only appearing at the highest CD-to-lipid ratios
(80,000:1) (Figures 1 and S2). These MscS state ensembles
generated by CD-induced membrane tension are not sufficiently
monodisperse to enable high-resolution structure determination
for neither the FO, nor the S1 (or S2) state. Indeed, structure
acquisition of the latter was only made possible by using thinner
PC:10 bilayers to force a single monodisperse MscS substate'*
(i.e., S1 or S2, Figure S6). However, longer incubation times with
CD and higher ratios led to a desensitized state, which domi-
nated the MscS conformational state ensemble (consistent
with our observations in electrophysiology), enabling structure
acquisition by cryo-EM. It is quite intriguing that a range of
sub-conducting openings appeared under the same CD-to-lipid
ratios, suggesting that molecular tension has a differential effect
on individual channels. Channel opening events in electrophysi-
ology could occur in the presence of closed, desensitized, and/
or other non-conducting channels while in PELDOR and NMR
the entire ensemble of channels (and their states) is monitored.
The number of openings within our ensemble did not increase
following longer incubation times under same ratios and a
slightly higher number of openings were observed for higher
6:1 and 12:1 ratio and 16 h of CD incubation. However, high-res-
olution structures for each one of these intermediate states are
required to verify this. A similar ratio (20:1) was used in our sin-
gle-channel recordings with MscS opening to low sub-con-
ducting state(s) (S3-S5) of its tension-mediated pathway. A low
sub-conducting state was shown to be crucial in the gating of
the structurally diverse MS channel of large conductance
MscL, obtained by either applying tension or disrupting lipid ac-
cess to TM pockets.”® 23

Lipid disengagement from NDs by CD was dependent on
MscS’ presence and although changes after 4 h continued to
occur, these were small, due to MscS dramatically slowing this
process down. This is surprising since one would expect that
depletion would be faster for a lower amount of lipids, given
that MscS displaces ~20% of ND lipids upon reconstitution (Fig-
ures 3 and 4). The hypothesis of MscS-interacting lipids
(including the pocket lipids) being spatially restricted for CD to
access and sequester is consistent with our NMR findings in
which lipids become inaccessible to CD after initial interaction.
In contrast, bulk bilayer lipids should be readily accessible to
CD and mostly reside within the periphery of NDs loaded with
MscS (Figures 4A-4C). A plausible model that could explain
the observed data is that bulk lipids are depleted much faster
than the MscS-interacting lipids (Figure 4D). We calculated
that from the initial 274 DOPC bulk lipids of an “empty”
MSP1D1E3 ND, 130 lipids interact with MscS. Within these
MscS-interacting lipids, approximately half are annular lipids,
forming tighter interactions with MscS. This number is consistent
with a MscS structure in complex with 63 (9 per MscS subunit)
lipid-like molecules,'® one-third of which form the cytoplasmic-
leaflet pocket lipids, crucial to MscS’ gating (Figures 4A and
4B). With 54 ND lipids being displaced by MscS during reconsti-
tution, the remaining 90 lipids do not interact with MscS (termed
as bulk lipids, Figures 4A-4C). The depletion rate is dependent
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on lipid availability and CD accessibility and these in turn depend
on the ND size (determined by the MSP belt-protein length), the
lipid composition (CD has differential lipid head group prefer-
ence'®), and the reconstituted membrane protein cross-
sectional area (with respect to ND size).

So far, MscS structures solved by either X-ray crystallography
or cryo-EM have been reported for the C, DS (or IC), FO, and a
sub-conducting state bearing properties consistent with the S1
or S2 state. Yet at least four sub- and a non-conducting state(s)
have not been characterized, hindering efforts to elucidate the
gating mechanism of MscS. By varying the CD-to-lipid ratio,
we hereby identified molecular conditions for accessing distinct
functional MscS sub-state(s) and showed that PELDOR can
detect minute changes within its conformational ensemble,
complemented by the NMR-informed associated lipid motions,
which occur under molecular tension.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Bacterial and virus strains

MJF612 E. coli strain

Levina et al.* Edwards et al

N/A

Chemicals, peptides, and recombinant proteins

N-Dodecyl-b-D-Maltopyranoside (DDM), anagrade
1-Oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-
methyl)methanethiosulfonate (MTSSL)

dioleoyl-sn-glycero-3-phosphocholine (DOPC)
B-cyclodextrin

Anatrace or Glycon

Santa Cruz or Toronto
Research Chemicals

Anatrace
Thermo Scientific

Cat# D310 or D97002
Cat# 81213-52-7 or 0875000

Cat# 850375
Cat# 406001000

Critical commercial assays

Ni-NTA Agarose Resin Invitrogen Cat# R901-15
Superdex 200 Increase 10/300 GL column Cytiva Cat# 28-9909-44
Deposited data

EPR data This Paper Database: https://doi.org/10.5518/1267
NMR data This Paper Database: https://doi.org/10.5518/1267
Atomic coordinates and structural Pliotas et al.’ PDB: 5AJI
factors: open MscS

Atomic coordinates and structural Zhang et al.™* PDB: 6VYL
factors: subconducting MscS

Atomic coordinates and structural Zhang et al.™* PDB: 6VYK
factors: closed MscS

Atomic coordinates and structural Zhang et al.™ PDB: 6VYM
factors: desensitized MscS

Oligonucleotides

Primer: MscS D67C Forward This Paper N/A

TG CTTTCTGCATTAGTCCGTTACG

Primer: MscS D67C Reverse This Paper N/A
AAGAAAACAAGCAACAGTGGCATCGA ACG

Primer: MscS M47C Forward This Paper N/A
TGCATTTCCAACGCGGTGAATCGC

Primer MscS M47C Reverse This Paper N/A
TTGGAAATGCACCGCGCGATAATCAAACCAAC

Recombinant DNA

Plasmid: pTRCMscSLE6xHis Levina et al.* N/A

Software and algorithms

DeerAnalysis
ComparativeDEERAnNalyzer (CDA) version 2.0

mtsslSuite
nmrPipe
Clampfit 10.7

Origin 2018b

CHARMM-GUI
Code to analyze NMR data

Jeschke et al.””

Schiemann et al.”®
Fabregas et al.”®

Hagelueken et al.®°
Delaglio et al.??
Molecular Devices

OriginLab Corporation

Joetal.®®

This Paper

https://epr.ethz.ch/software.html
https://epr.ethz.ch/software.html

http://www.mtsslsuite.isb.ukbonn.de/
https://www.ibbr.umd.edu/nmrpipe/index.html

https://support.moleculardevices.com/
s/article/Axon-pCLAMP-10-Electrophysiology-
Data-Acquisition-Analysis-Software-Download-Page

https://www.originlab.com/
index.aspx?go=PRODUCTS/Origin

https://www.charmm-gui.org/
Database: https://doi.org/10.5518/1267

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

Vivaspin-2 (100 kDa MWCO) Concentrator Sartorius Cat# VS0241
Bio-Beads SM-2 Adsorbents Bio-Rad Cat# 1523920

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Christos
Pliotas (christos.pliotas@manchester.ac.uk).

Material availability
All unique reagents generated in this study are available from the lead contact upon reasonable request.

Data and code availability
o Datasets are publicly accessible and are available through the following link: https://doi.org/10.5518/1267.
o Code used to analyze the NMR data is publicly accessible and available through the following link: https://doi.org/10.
5518/1267.
® Any additional information required to reanalyze the data reported is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plasmid propagation was performed using DH50a competent E. coli cells plated on Luria Broth (LB) agar (37°C) or inoculated in LB
liquid media (37°C, 200 RPM); both grown overnight in the presence of a selective antibiotic. Recombinant MscS and associated
mutants were produced in E. coli MJF612,*2° cultured in LB Broth supplemented with selective antibiotic for 4 h (25°C, 200 RPM)
following IPTG induction (final concentration 1 mM) at an OD600 ~0.8. Full details are available in the STAR Methods text.

METHOD DETAILS

Expression, purification, and spin labeling of MscS

MscS constructs (WT or Cys variants) were transformed into the Escherichia coli strain MJF612%?° (AyggB, AmscL, AmscK, and
AybdG). Cells were grown in 500 mL of LB medium at 37°C to an OD600 nm = 0.8. The cultures were cooled to 25°C and induced
with 1 mM IPTG for 4 h. The cell pellet was resuspended in PBS buffer (phosphate-buffered saline buffer, pH 7.5: containing 8 g of
NaCl, 0.2 g of KCI, 1.15 g of Na,HPO,4-7H,0, and 0.2 g of KH,PO, per liter), supplemented with 0.2 mM freshly prepared phenylme-
thylsulfonylfluoride (PMSF). After cell disruption, the suspension was centrifuged at 4,000 x g for 30 min to remove cell debris. The
supernatant was then centrifuged at 100,000 x g for 1 h. The membrane pellet was resuspended in solubilization buffer containing
1.5% DDM (n-dodecyl-beta-D-maltoside), 50 mM sodium phosphate pH 7.5, 300 mM NaCl, 10% glycerol, 50 mM imidazole, 0.2 mM
PMSF (phenylmethylsulfonyl fluoride), and complete EDTA-free protease inhibitor (Merck) and incubated at 4°C. Non-solubilized
membrane proteins were removed by centrifugation at 4,000 x g for 30 min, and the supernatant was passed through a 15-mL col-
umn containing 0.5 mL of nickel-nitrilotriacetic acid (Ni-NTA) agarose. The column was washed with 10 mL of wash buffer (0.05%
DDM, 50 mM sodium phosphate pH 7.5, 300 mM NaCl, 10% glycerol, 50 mM imidazole) to remove non-specifically bound proteins.
Spin labeling was performed and efficiency was assessed as previously described.®""°~"? Briefly, TCEP (Tris-(2-carboxyethyl)-phos-
phine) dissolved in wash buffer was then added to briefly reduce MscS cysteines and subsequently MTSSL (1-Oxyl-2,2,5,5-tetra-
methyl-3-pyrroline-3-methyl)methanethiosulfonate) dissolved in wash buffer was added at a concentration 10X in excess of the ex-
pected protein concentration and left to react o/night at 4°C. The next morning freshly made MTSSL solution of the same
concentration dissolved in wash buffer was added to the column and left to react for another 1 h. Finally, the protein was eluted
with 10 mL of elution buffer (0.05% DDM, 50 mM sodium phosphate pH 7.5, 300 mM NaCl, 10% glycerol, 300 mM imidazole),
and 1 mL fractions were collected. The eluted protein was concentrated to 0.8 ml and subjected to size exclusion chromatography
(SEC) using a Superdex 200 Increase column (Cytiva) with the SEC buffer (50 mM sodium phosphate at pH 7.5, 300 mM NaCl and
0.05% w/v DDM). Following SEC, the MscS protein sample was ready for reconstitution into NDs.

MscS reconstitution into nanodics

MSP1D1ES3 was the membrane scaffold belt protein used for reconstitution with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
lipids. Prior to reconstitution, DOPC was solubilized in 50 mM sodium phosphate at pH 7.5, 300 mM NaCl, 1% w/v DDM using son-
ication. MscS, MSP1D1E3, and DOPC were then mixed at the molar ratio of 1:10:1000 and incubated on a roller for 30 mins. The
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detergent was then extracted using Bio-Beads (Bio-Rad) and left overnight on a roller at room temperature (RT). The following day, a
Hamilton syringe was used to remove the sample from the Bio-Beads.

Treatment of MscS-containing NDs with CD

To create a stock concentration of ~200 mM, CD was dissolved in 50 mM sodium phosphate solution pH 7.5, 300 mM sodium chlo-
ride. The MscS reconstituted NDs were treated with 10 mM CD for 4 h and 16 h, 30 mM and 60 mM CD for 16 h at RT. The final con-
centration of the DOPC in NDs was ~4.52 mM. After incubation, the empty lipid NDs and aggregated species were separated from
the CD MscS-ND using SEC on a Superdex 200 Increase (Cytiva) column. For subsequent PELDOR analysis, the fractions of MscS
reconstituted NDs were gathered and concentrated to ~40 pl.

PELDOR (or DEER) spectroscopy

For PELDOR measurements, MscS samples were diluted 1:1 with deuterated ethylene glycol, and 70 uL of the mixture was loaded in
3 mm (OD) quartz tubes and snap-frozen in liquid No. PELDOR experiments were performed at Q-band frequency (34 GHz) operating
on a Bruker ELEXSYS E580 spectrometer with a 3 mm cylindrical resonator (ER 5106QT-2w). Pulses were amplified by a pulse trav-
eling wave tube (TWT) amplifier (Applied Systems Engineering) with a nominal output of 150 W. The temperature was controlled via a
cryogen-free variable temperature cryostat (Cryogenic Ltd) operating in the 3.5 to 300 K temperature range. PELDOR experiments
were performed with the 4-pulse DEER"® pulse sequence (1t/2(up) — 71 — (ua) — (71 + t) — T(Ug) — (T2 - t) — T(ua) — 72 — echo) at 50 K as
described previously,”* with a frequency offset (pump — detection frequency) of +80 MHz (~3 mT) and two step phase cycling of the
first pulse. Shot repetition times (SRT) were set to 1.5 or 2 ms; t; was set to 380 ns, and t, was set to 2200 ns for the D67R1 mutant and
to 2400 ns for the M47R1 mutant of MscS. Pulse lengths were 16 and 32 ns for 1t/2 and = detection. Measurements were performed
with a reduced inversion efficiency’® of 2/3  (probability of pumping spins) to minimize multispin effects.®"*> For D67R1, an ELDOR
7 pump pulse of 20 ns was determined to achieve 2/3 | at 0 dB ELDOR attenuation; for M47R1 measurements were performed using
rectangular pulses from an arbitrary waveform generator (AWG, Bruker) instead of the 2"® frequency ELDOR source, here a 12 ns
pump pulse ELDOR pulse width was chosen to correspond to 2/3 % and a 16-step phase cycle’® was used. The pump pulse was
placed on the resonance frequency of the resonator and applied to the maximum of the nitroxide field-swept spectrum. A
16-step nuclear modulation averaging (At = 8 ns) cycle was used for all experiments. Experiments ran typically 16 to 24 hrs.

As the challenging phase memory time and broad distance distribution make full resolution of the distance distribution very costly,
we opted to record time domain data to excellent signal-to-noise ratio and correlate experimental trends in the primary data with
predictions. For semi-quantitative analysis of primary PELDOR data, experimental traces for each mutant were rescaled using the
modulation depth scaling tool (compare_modnorm) within DeerAnalysis,”” with the control (no B-CD added) as the reference trace.
Resulting scaled traces were processed using the ComparativeDEERAnalyzer (CDA) version 2.0°%"° within DeerAnalysis2022
assuming a 7-spin system. The CDA reports containing further details on modulation depth, signal-to-noise ratio etc. can be ac-
cessed with the raw data. Distance distributions for the different MscS states (open: PDB 5AJI,° subconducting: PDB 6VYL, closed:
PDB 6VYK,'* desensitized: PDB 6VYM'“) were modeled using mtssISuite®® and used to simulate time traces (not taking multi-spin
effects into account) which were further scaled using the experimental modulation depth of the control sample for each mutant.
These simulated scaled traces were compared with the experimental scaled primary PELDOR data for estimating the relative amount
of open vs. closed; in addition, experimental and simulated difference traces were calculated to demonstrate a similar trend. Raw
PELDOR traces are available at https://doi.org/10.5518/1267.

Sample preparation for NMR spectroscopy

Following the reconstitution of MscS D67C into MSP1D1E3 NDs, the sample was subjected to SEC with a Superdex 200 Increase
column to separate MscS-ND from aggregation and empty NDs. MscS NDs were then concentrated to ~200 pl, using a 100 kDa cut-
off, D,O was added so that it was 5% of the final sample, and just before the NMR measurements, the sample was mixed with the 2:1
CD to lipid ratio. Immediately following the addition of CD, the sample was inserted into the NMR spectrometer and data acquisition
was started. For empty (without MscS) NDs, following the reconstitution of DOPC into MSP1D1E3, samples were subjected to SEC
using a Superdex 200 Increase column to separate the empty NDs from aggregated species. The sample was concentrated to
~200 pl and incubated with CD to lipid at 2:1, 6:1 and 12:1 ratios, equivalent to the PELDOR experiments. Immediately after the addi-
tion of CD, the sample was inserted into the NMR spectrometer and data acquisition was started as described below.

NMR spectroscopy

For real-time NMR, following the addition of CD series of SOFAST "H-"3C HMQC spectra®' were recorded at 25°C, with acquisition
times of 14 and 50 ms in t1 and t2 respectively and 16 or 32 scans per increment, resulting in an acquisition time of 15 or 30 min per
spectrum. All data were collected on a Bruker Avance lll spectrometer performing at a 'H frequency of 950 MHz, equipped with a
3 mm TCl or 5 mm TXO probe. Data were processed and peak picked using nmrPipe.®* Peak positions and intensities were fitted
to a three-parameter exponential:

y=ae +c (Equation 1)
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where f is the exponential rate, a is the amplitude and c is the post-transition baseline, using custom scripts written in Python avail-
able at https://doi.org/10.5518/1267.

MscS reconstitution into proteoliposomes

Protocols followed were previously described here.?" In brief, 200 uL of 10 mg/mL 20% Soy PC (Avanti) stock dissolved in chloroform
was dried in a small glass vial under nitrogen flow. While drying the lipids, the vial was slowly rotated until a thin lipid layer film was
formed. 500 pL of lipids buffer (containing 50 mM sodium phosphate buffer of pH 7.5 and 300 mM NaCl) were added into the vial, and
the mixture was sonicated for 30 min until the solution was transparent. After the addition of DDM at a final concentration of 0.02%,
purified protein samples and liposome solutions were mixed in a weight ratio (1:150) at RT for 1 h. Lipid buffer was left incubating
with 300 mg of prewetted Bio-beads (Bio-Rad) at 4°C overnight. After the removal of Bio-beads, the mixture was centrifuged
at 100,000 x g for 1 h. The resulting proteoliposome pellets were resuspended in 80 uL of lipid buffer, flash frozen in liquid-N, in
10-pL aliquots and stored at —80°C for future use.

GUVs formation and electrophysiology

Detailed protocols have been previously described here.?’ Briefly, pellet aliquots were thawed at RT, one day before the recordings,
dehydrated overnight in a desiccator at 4°C and then rehydrated for 2 h at RT in rehydration buffer (50 mM sodium phosphate buffer
pH 7.5, 300 mM NaCl, and 400 mM sucrose). 5 uL of the buffer containing GUVs were added to the center of a small petri dish (con-
taining 2.5 ml of working solution: 5 mM HEPES pH 7.2, adjusted with KOH, 200 mM KClI, and 40 mM MgCl.). Proteoliposomes were
subsequently collapsed in the working solution and formed new giant blisters. Symmetrical ionic solutions were used in all record-
ings. Patch pipettes were pulled from thick-walled borosilicate glass capillaries (World Precision Instruments), which when filled with
working solution had resistances of 3-6 MQ. Single-channel currents were amplified using an Axopatch 200B amplifier (Molecular
Devices). The currents were filtered at 1 kHz and sampled at 10 kHz with a Digidata 1440A using pClamp 10 software. Negative pres-
sures were applied using a high-speed pressure clamp (HSPC-1, ALA Sciences).

Treatment of MscS-containing GUVs with CD

400 mM and 700 mM of B-cyclodextrin (CD) (Thermo Fisher Scientific) stocks were prepared by dissolving the powder into the work-
ing solution. Following multiple MscS channel openings elicited by negative pressure application, the protocol was immediately
stopped and CD was added at respective ratios. Finally, a constant voltage was only applied (—30 or +30 mV) without any application
of pressure.

QUANTIFICATION AND STATISTICAL ANALYSIS
For electrophysiology, amplitude histogram with Gaussian fit enabled the calculation of single-channel conductance in Clampfit 10.7.

The p values are from comparison in an unpaired t-test and are indicated in figures; n represents individual patches; figures were
made in Origin 2018b.
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