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Pocket delipidation induced by membrane tension or
modification leads to a structurally analogous
mechanosensitive channel state
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In brief

Wang et al. demonstrate that delipidation
of the MscL channel pockets by either
membrane tension or modification
stabilizes a structurally analogous
expanded state. This is a crucial state in
the mechanical activation pathway,
hinting at direct links between tension-
mediated and molecular activation in
mechanosensitive ion channels.
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SUMMARY

The mechanosensitive ion channel of large conductance MscL gates in response to membrane tension
changes. Lipid removal from transmembrane pockets leads to a concerted structural and functional MscL
response, but it remains unknown whether there is a correlation between the tension-mediated state and
the state derived by pocket delipidation in the absence of tension. Here, we combined pulsed electron para-
magnetic resonance spectroscopy and hydrogen-deuterium exchange mass spectrometry, coupled with
molecular dynamics simulations under membrane tension, to investigate the structural changes associated
with the distinctively derived states. Whether it is tension- or modification-mediated pocket delipidation, we
find that MscL samples a similar expanded subconducting state. This is the final step of the delipidation
pathway, but only an intermediate stop on the tension-mediated path, with additional tension triggering
further channel opening. Our findings hint at synergistic modes of regulation by lipid molecules in membrane

tension-activated mechanosensitive channels.

INTRODUCTION

Specific lipid binding events and changes in transbilayer pressure
can modulate the structure of membrane proteins and regulate
their function (Brohawn, 2015; Cox et al., 2015; Kapsalis et al.,
2019; Laganowsky et al., 2014; Malcolm et al., 2015; Naismith
and Booth, 2012; Patrick et al., 2018; Pliotas et al., 2015; Pliotas
and Naismith, 2016; Ridone et al., 2018; Teng et al., 2015). Mecha-
nosensitive (MS) ion channels are integral membrane proteins that
sense and respond to tension changes in the membrane. Bacterial
MS channels are gated mainly by membrane tension,
whereas eukaryotic MS channels are multimodal and regulated
both by tension and molecular triggers. However, whether molec-
ular and tension activation present mechanistic similarities and
whether such mechanisms have evolved through the converged
structural plasticity of a common origin is largely unclear. Pres-
sure-sensitive domains, or pockets, formed within transmem-
brane (TM) regions of bacterial MS channels have been shown
to play a role in mechanical sensing and response (Kapsalis
et al.,, 2019; Pliotas et al., 2012, 2015; Pliotas and Naismith,
2016; Ward et al., 2014). These pockets were first identified on
the MS channel of small-conductance MscS, leading to the
lipids-move-first hypothesis, in which lipids accessing the

pockets physically inhibit (directly or allosterically) the movement
of pore helices to gate the channel (Pliotas et al., 2012, 2015; Plio-
tas and Naismith, 2016). The lipids-move-first model, which is
consistent with an entropy-driven model for the mechanical
sensing of ion channels (Kefauver et al., 2020), was
further supported by recent cryoelectron microscopy (cryo-EM)
studies on MscS (Flegler et al., 2021; Rasmussen et al., 2019;
Zhang et al., 2021) and was extended to the structurally unrelated
(to MscS) MscL channel, suggesting an applicability of the model
to structurally diverse MS channels (Kapsalis et al., 2019, 2020).
When a modification (L89W) was introduced at the entrance of
the tension-sensitive pockets in the MscL channel, steric lipid in-
teractions with the backside of the pore-lining helix TM1 were
significantly reduced, and as a consequence, MscL expanded,
adopting an intermediate state in the absence of tension (Kapsalis
et al., 2019, 2020). The mechanical response of MscL suggested
that pocket-targeting lipids could act as negative allosteric mod-
ulators for MS channels and that tension could be mimicked by
molecules or gain-of-function mutations (or modifications) target-
ing the pocket region, which could disrupt the lipid pathway be-
tween the bulk membrane and the pockets to gate the channel
(Anishkin et al., 2005; Iscla et al., 2015; Kapsalis et al., 2019; Plio-
tas and Naismith, 2016). The function of both MscL and MscS can
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be modulated by changes in molecule (including lipids) occu-
pancy within these pockets (Flegler et al., 2021; Kapsalis et al.,
2019; Pliotas et al., 2015; Wray et al., 2016, 2019; Zhang et al.,
2021), and even subtle structural differences within the
same regions could lead to functional differences in different
MscL proteins (Kapsalis et al., 2020). This suggests a common
regulatory mechanism, tailored to the unique structural landscape
of MS channels, which may guide ligand specificity.

Lipids residing within similar inner-leaflet pockets have also
been linked to mechanosensation in X-ray and cryo-EM struc-
tures of TRPV3 (Deng et al., 2020a), TRAAK (Brohawn et al.,
2014), TREK-2 (Dong et al., 2015), Ynal (Flegler et al., 2020),
MSL1 (Deng et al., 2020b), and MscS (Flegler et al., 2021; Pliotas
et al., 2015; Rasmussen et al., 2019; Zhang et al., 2021). The
unique parallel to membrane plane orientation of these pocket
lipids may be guided by an amphipathic helix that is important
in the mechanosensitivity of MscL (Bavi et al., 2016) and G pro-
tein-coupled receptors (GPCRs) (Erdogmus et al., 2019) and is
essential in forming the pockets.

Attempts to model MscL channel opening have been previ-
ously implemented via steered molecular dynamics (MD) simula-
tions, with added tensions to pull the channel open (Bavi et al.,
2017a; Gullingsrud and Schulten, 2003; Jeon and Voth, 2008;
Konijnenberg et al., 2014; Martinac et al., 2017), but the tension
used in this modeling is an order of magnitude higher than that
required to open MscL in giant unilamellar vesicles and sphero-
plasts (Herrera et al., 2018; Kapsalis et al., 2019; Mukherjee et al.,
2014). In other cases, MscL was subjected to extensive modifi-
cations or forces were applied for relatively short periods of
time (Katsuta et al., 2019; Martinac et al., 2017). MD simulations
on MS TREK-2 have shown that the pockets are occupied by
lipids only in the absence of membrane stretch (Aryal
et al., 2017).

Hydrogen-deuterium exchange mass spectrometry (HDX-MS)
and 3-pulse electron spin echo envelope modulation (3pESEEM)
spectroscopy are powerful tools in the investigation of mem-
brane protein structural dynamics. The former involves the ex-
change of protons on a protein with deuterium to generate
accessibility information and has been used to provide key in-
sights into the role(s) of lipids in modulating membrane protein
conformation (Ahdash et al., 2019; Konermann et al., 2011; Mar-
tens et al., 2019; Moller et al., 2019). The latter measures weak
hyperfine coupling between unpaired electrons and nuclear
spins to probe accessibility to the solvent (D,0) and has been
used to investigate the dynamics of membrane proteins (Cieslak
et al., 2010; Hartley et al., 2021; Kapsalis et al., 2019, 2020; Liu
et al., 2016; Matalon et al., 2013; Pliotas, 2017; Volkov et al.,
2009; Zhang et al., 2015).

Here, we endeavored to investigate whether there is a struc-
tural analogy between the physiologically relevant membrane
tension-activated (mechanical) state and the one stabilized by
modifications that result in pocket delipidation. Transitions be-
tween MS channel states may follow a similar pathway to cover
the available conformational space, but may not necessarily
sample the same discrete intermediates. To address this, we
have combined untargeted (HDX-MS) and single-residue (3pE-
SEEM) methods to probe the architecture of MscL upon pocket
delipidation and independently generate a tension-activated
MscL state by MD simulations. We find that these two different
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triggers lead to a structurally, and thus functionally analogous
state, suggesting a direct link between tension and pocket lipid
removal activation in MS channels. Furthermore, our data sug-
gest that upon tension activation, additional structural changes
can trigger substantial further opening of the channel pore, sug-
gesting that the structural plasticity of these MS ion channels en-
ables them to respond differently upon receipt of discrete stimuli.

RESULTS

Monitoring channel gating by pocket delipidation with
HDX-MS

The substitution of a tryptophan at position L89 in Mycobacte-
rium tuberculosis MscL (TbMscL) has been shown to restrict lipid
access to channel pockets and destabilize the closed state, lead-
ing to an expanded (subconducting) MscL state (Kapsalis et al.,
2019). To explore the structural transitions occurring between
the two states, we used HDX-MS to measure relative differences
in deuterium uptake between the wild-type (WT) (closed) and
L89W (expanded by pocket delipidation) channel proteins. We
succeeded in obtaining 95% peptide coverage of the entire
resolved MscL structure in which the gating occurs (i.e., residues
1-125), including the entire TM domain and the largest part of the
cytoplasmic helical bundle (83% overall coverage for the entire
construct, including the C-terminal 6xHis-tag) (Figure S1). Differ-
ences in uptake, detected at the peptide level, between the two
states allowed us to identify regions that became deprotected
from exchange (i.e., regions that were more solvent exposed or
less hydrogen bonded) in the subconducting L89W state (Fig-
ure 1). Three regions of MscL were identified and showed signif-
icant changes between the two states. Peptides in the regions
containing residues 37-53 (periplasmic loop), 58-69 (top of
TM2), and 97-111 (bottom of TM2, cytoplasmic loop, and top
of the cytoplasmic helical bundle) had a significantly higher up-
take of deuterium in L89W in comparison to WT TbMscL (Fig-
ure S1; Table S1). Residues 37-53 run from the top of TM1 and
end after the first B-sheet in the loop connecting TM1 to TM2.
Residues 58-69 correspond to the middle of the periplasmic
loop (peri-loop) up until TM2, and residues 97-111 cover the bot-
tom of TM2 to the top of the C-terminal helical bundle (CHB) (Fig-
ures 1 and S1). This is consistent with protein regions located at
the cytoplasmic and membrane inner-leaflet interface, which are
expected to undergo transitions and become exposed upon
channel opening (Anishkin et al., 2005; Bavi et al., 2016, 2017b;
Kapsalis et al., 2019; Yang et al., 2012). These HDX-MS data
have highlighted the regions important in MscL gating and pro-
vided us with the first glimpses into the mechanism of activation
of MscL by pocket lipid removal (triggered here by the L89W
modification at the pocket entrance).

Solvent accessibility mapping at single-residue
resolution by 3pESEEM

While our HDX-MS approach identified regions of change in MscL
in the L89W mutant, this approach suffers from several limitations,
including that the changes in deuterium uptake were measured at
peptide-level resolution, and that differences in deuterium uptake
can be ascribed to changes in solvent accessibility and/or changes
in hydrogen bonding. Therefore, we sought to investigate the feasi-
bility of 3pESEEM to study the structure of MscL (to identify sites
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Figure 1. Global changes on MscL induced by
pocket delipidation observed by HDX-MS

(A) Differences in the deuterium uptake of regions of
TbMscL (PDB: 20AR) when comparing the WT and
the L89W (pocket lipid removal) modified protein.
Regions highlighted in red are deprotected following
the L89W modification. Regions of the protein in
gray show no significant difference between the 2
conditions. L89W modification site is depicted as a
cyan sphere.

(B) Wood'’s plots showing the summed differences in
deuterium uptake in MscL over all 5 HDX time
points, comparing WT with L89W MscL (Wood’s
plots were generated using Deuteros (Lau et al.,
2019). Peptides colored in red are deprotected from
exchange in L89W MscL. No peptides were signifi-
cantly protected from exchange in L89W MscL
compared with wild-type MscL. Peptides with no
significant difference between conditions, deter-
mined using a 99% confidence interval (dotted line),
are shown in gray. Example deuterium uptake
curves and a map of the peptides detected are
shown in Figure S1. Note that only 5 residues from
residues 1-120 were not covered by peptides.
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beling efficiencies for individual sites. This
allowed us to obtain high-quality spectra
and quantify the solvent (D-,O) accessibility
for all 26 sites (Figures 2 and S4; Data S1).
Residues on S1 showed low accessibility,
which is consistent with previous reports
suggesting that this helix is buried within

the bilayer (Bavi et al., 2016). 123, V31, and

F34 on the same side of TM1 are intermedi-

Residue

that are potentially dynamic during gating and solvent accessible),
as this technology enables solvent accessibility to be probed at
single-residue resolution. To this end, we generated 26 single-
cysteine mutants, accounting for 20% of the total ToMscL length,
and spanning all channel protein domains (e.g. S1 [cytoplasmic-
facing short amphipathic helix], TM1, the peri-loop, TM2, the cyto-
plasmic loop, and the CHB in a Cys-free WT TbMscL background;
Figure 2). We subsequently expressed, purified, and spin labeled
each one of these mutants (S-(2,2,5,5-tetramethyl-2,5-dihydro-
1H-pyrrol-3-yl)methyl methanesulfonothioate [MTSSL] modifica-
tion is denoted as R1 hereafter) and performed 3pESEEM solvent
accessibility measurements (Figure S2; Data S1). Solvent accessi-
bility is based on the modulation depth of deuterium in the time
domain signal, which is proportional to its associated signal inten-
sity in the frequency domain. We used two independent analysis
methods to determine solvent accessibility, both yielding very
similar results (Figure S3). Unlike pulsed electron-electron double
resonance (PELDOR), which requires high spin-labeling efficiency
to obtain high-sensitivity data acquisition (Kapsalis et al., 2019;
Pliotas etal., 2012), 3pESEEM can be performed with no major los-
ses in sensitivity even if the sample of interest shows lower spin-la-
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ately solvent exposed (or relatively buried)

(Figures 2 and S4). This could be due to the

presence of native lipids, the detergent

used for membrane protein extraction,

and/or hinderance by the presence of TM2
on the TM1 interface. L42 and V48 are intermediately to highly
exposed, as they form part of the peri-loop connecting TM1 and
TM2. N70, V71, L72, L73, and S74 present the largest disparity
across our whole dataset. L72 is the most buried residue we
measured (~3% compared to the most solvent-exposed cyto-
plasmic-facing labeled residue K100R1), while N70 (~90%) and
V71 (~80%) are 2 of the most exposed sites (Figures 2 and S4;
Data S1). The remaining residues present intermediate accessibil-
ities to these 2 extremes, as expected for subsequent residues,
which form a helical turn, with each residue having a different
spatial orientation. Residues N70 and V71 are solvent exposed in
the closed MscL state, while residues L72 and L73 are buried. The
latter pair of residues is known to become exposed during open-
ing, due to an anticlockwise TM2 rotation (Kapsalis et al., 2019,
2020; Li et al., 2015). F79, F84, and A85 are relatively buried and
lie at the interface of TM helices between different MscL subunits.
Y87 has been identified as a lipid-binding site (Powl et al., 2005),
and along with F88 and L89 presented low to intermediate acces-
sibilities and form part of the pocket region (Kapsalis et al., 2019,
2020; Michou et al., 2019). Except for R98, which showed interme-
diate accessibility, K99 and K100 presented high accessibilities,
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Figure 2. Single-residue mapping of MscL by
3pESEEM

(A) Solvent accessibility of spin-labeled residues are
shown as red and pale yellow spheres for the most
and the least solvent accessible, respectively. Spin-
labeled residues are colored based on the quartile of
their relative accessibility, which has been normal-
ized on a scale of 0% and 100%, where the residue
with the highest accessibility corresponds to 100%.
(B) Background-corrected time-domain 3pESEEM
experimental spectra with fitting for representative
spin-labeled mutants. Residue F5R1 is found on the
S1 amphipathic helix, I23R1 and L42R1 on TM1, and
K100R1 and E102R1 are at the interface between
TM2 and the CHB.

are enabling residue-level uptake datato be
realized. However, it remains challenging to
resolve changes in deuterium uptake that
occur at different residues within the same
peptide. Here, we have already shown
that the solvent accessibility of individual
residues of MscL can be probed using 3pE-
SEEM. Therefore, we used this approach to
generate higher (single-residue) resolution
information about the regions of structural
change identified by HDX-MS, as well as
to the hydrophobic gate (or vapor lock) of
the channel, which restricts water molecule
access through its pore and controls chan-
nel conductance (Figures 2A and 3B). In
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indicating that these residues are solvent exposed in the closed
state. R98, K99, and K100 form a positively charged cluster for at-
tracting negatively charged lipids (Powl et al., 2005), and our data
suggest that the non-ionic N-dodecyl-b-b-maltopyranoside (DDM)
binds either differently or at a different site. Substitution of these
residues with the neutral Gin did not affect the conformation of
MscL, suggesting that specific lipid head group binding on this
particular site does not influence MscL gating, demonstrated pre-
viously using PELDOR measurements (Kapsalis et al., 2019). E102
and V112, which are located in the cytoplasmic loop and the upper
portion of CHB, respectively, and are expected to move apart upon
MscL opening (Bavi et al., 2017b), presented high solvent accessi-
bilities. This has enabled us to validate 3pESEEM as a suitable tool
to map the structure of MscL and provides evidence that HDX-MS
and 3pESEEM can afford complementary information on solvent
accessibility and dynamics for integrative structural studies.

Monitoring channel gating with single-residue

resolution by 3pESEEM

Typical HDX-MS experiments are limited to peptide-level resolu-
tion, although advances in MS fragmentation technologies (e.g.,
electrontransfer dissociation) and data deconvolution algorithms

each of these regions, we introduced 8

distinct single-cysteine substitutions in an

L89W MscL background for comparison

with identical sites in the background of

the WT protein, specifically, N13 and V21

(pore), L42 in the peri-loop, N70, V71, L72,
L73 (top of TM2), and K100 (bottom of TM2 and cytoplasmic
loop) (Figures 3, S5, and S6; Data S2). V21 forms the vapor lock
(along with L17) that controls the channel gate, and N13 sits 1
turn of a helix below. No significant change in this region was
highlighted via HDX-MS, while due to the proximity of spin labels
pointing toward the pore, distances are out of the distance mea-
surement range (<19 A) of PELDOR (Figures 1 and 3B). However,
3pESEEM is highly sensitive to the local spin label environment,
does not need a reference state (as is the case for HDX-MS),
and is not subject to distance restriction between sites as for
PELDOR. Differences in the vapor-lock region may not have
been detected by HDX-MS as structural changes may have re-
sulted in complex changes to hydrogen bonding networks,
whereby some residues were deprotected from exchange and
others became protected, resulting in only minor or no changes
in deuterium uptake at the peptide level (Figures 1 and S1). To
resolve this, we labeled the V21 and N13 sites crucial for forming
the pore vapor lock and 6 other sites within the regions identified
by HDX-MS, which undergo conformational changes when the
L89W modification is present (Figures 3, S5, and S6; Data S2).
Overall, the motivation behind this was to confirm the peptide-
level HDX-MS data and complement this with single-residue
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Figure 3. Effect of pocket delipidation on
MscL structure investigated by 3pESEEM
and HDX-MS

(A) Background-corrected time-domain 3pESEEM
experimental spectra (orange) of the single mutants
N13R1, V21R1, L42R1, N70R1, L72R1, L73R1, and
K100R1 in DDM overlaid with their associated L89W
double-mutant spectra (purple).

(B) Differences in solvent accessibility for ToMscL
(PDB: 20AR) following L89W modification. Spin-
labeled mutation sites used for 3pESEEM accessi-
bility measurements are represented by spheres,
and peptides that demonstrate a change in acces-
sibility in HDX-MS following the L89W modification
are represented as highlighted helices. Red regions
or spheres highlight areas that are deprotected,
while blue spheres and regions show areas that are
protected following the L89W modification. There
was no significant difference in the solvent acces-
sibility of N13R1, L42R1, and N70R1 compared to
their 89W double-mutant counterpart. Solvent
accessibility increased for V21R1 and L72R1 and
decreased for L71R1 and K100R1 following the
L89W modification. The associated column bar
representation including errors are described in
Figure S6.

tween the WT and the L89W states. For N13,
which points toward the cytoplasm and is
already solvent exposed in the closed state,
we observed similar exposure in the
expanded L89W MscL state (Figures 3, S6,
and S7; Data S2). In L89W MsclL, the solvent
accessibility increased for V21, which is
consistent with channel pore hydration, as
its side chain sits within the TM domain in
the closed state (Figure S7). A >10-fold in-
crease in solvent accessibility was observed
for L72, while a significant decrease was
observed for K100, which sits at the C-termi-
nal end of TM2 (Figures 3 and S6). Although
N70A showed no change, a significant
decrease in solvent accessibility (~19%)
was observed for V71 in an L89W MscL
background. Despite being consecutive
residues, 70-73 show distinct changes in
solvent accessibility in 3pESEEM, unlike
HDX-MS, which reported an average differ-
ence in deuterium uptake at the peptide
level. A significant and smaller increase in
accessibility isseenfor L72 and L73, respec-
tively, which is the opposite of the effect
observed for N70 and V71, while the bottom
of TM2 (K100) becomes less accessible to
solvent in the L89W background (Figures 3

resolution 3pESEEM data for crucial sites where changes may and S6). This result is consistent with a rotation of the top of
have not been detected due to limitations associated with pep-  TM2, which occurs during mechanical activation and agrees with
tide-level analysis in HDX-MS. PELDOR distance measurements and X-ray structures (Kapsalis

3pESEEM measurements at position L42, located in the peri- et al., 2019, 2020; Li et al., 2015). HDX-MS experiments showed
loop, showed no significant differences in solvent accessibility be-  deprotection on peptides inclusive of these residues and are

612 Structure 30, 608-622, April 7, 2022
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consistent with a dramatic increase in the accessibility of residue
L72 upon pocket lipid removal activation (i.e., when the L8OW mu-
tation is present) in 3pESEEM measurements (Figures 3 and S6).
V21 forms the vapor lock for ToMscL and shows anincrease in sol-
ventaccessibility inan L8OW background, consistent with the pore
gate hydration and the channel entering an expanded (and inter-
mediate for full opening) state. HDX-MS measurements show a
deprotection of the TM2 bottom for L89W versus WT, suggesting
an overall solvent exposure of this region (Figures 1 and 3). The
MscL cytoplasmic loop has been shown to participate in gating
and provide access to streptomycin entering the cell, while short-
ening of the loop influences the function of MscL by irreversibly
decreasing its conductance (Wray et al., 2016; Yang et al., 2012).
Combined, HDX-MS and 3pESSEM allowed us to identify entire
regions and individual residues on MscL, which undergo substan-
tial conformational changes upon pocket delipidation (L89W
background).

Membrane stretching promotes pore hydration in the
WT channel

To mimic the naturally occurring activation of MscL by mem-
brane tension, we implemented MD simulations on the WT
TbMscL in lipids, with and without tension applied to the lipid
bilayer. We performed all simulations with the same lipid compo-
sition to compare the pore properties and overall channel archi-
tecture between the states. Our simulations were initiated from
the TbMscL X-ray structure (PDB: 20AR) (Chang et al., 1998)
carrying no modifications. Previously, significantly higher bilayer
tension was required to open MscL in MD simulations over short
periods of simulation time (Bavi et al., 2017a; Gullingsrud and
Schulten, 2003; Martinac et al., 2017), in comparison to the lower
tension (~67.5 mN/m) and longer simulation times (300 ns) used
in this study, allowing us to capture intermediate states.

WT TbMscL was inserted in a 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC) bilayer, and simulations for
300 ns were performed in which the x- and y-pressure of the
box was set at —50 bar, creating constant bilayer tension. During
the simulations, the bilayer could expand to adapt to the expan-
sion occurring in the membrane plane. As a result, the bilayer
thickness decreased ~1.2 nm compared with the POPC bilayer
without tension (Figures 4B and 5; Videos S1 and S2).
The channel underwent large conformational changes, reaching
an overall root-mean-square deviation (RMSD) of ~14 A
compared with the initial closed structure to adapt to the
changes in the bilayer by tilting its TM helices toward the mem-
brane plane (Figures 4A and S8A; Video S3). In particular, TM1
and TM2 gradually tilted by 30° and 15°, respectively, toward
the end of the simulations, while the pressure-sensitive pocket
surface and the area exposed to the bilayer decreased dramat-
ically (Figures 4, S8B, and S8C). Increasing the timescales of the
simulations was outside the scope of this study, as our main in-
terest was to trap and investigate in detail this intermediately
open state and was the first stop on the tension-mediated acti-
vation pathway of MscL. This has enabled us to compare this
model of a tension-activated state with our experimentally
derived state obtained by pocket lipid removal, in the absence
of membrane tension (Kapsalis et al., 2019).

Analysis of pore hydration profiles using the Channel Annota-
tion Package (CHAP) (Klesse et al., 2019) showed opening and
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hydration of the WT channel pore under tension in all of our sim-
ulations (Figure 5A). While the higher (compared to biologically
relevant) membrane tension does not allow us to provide infor-
mation about the timescales of the channel transition from the
closed to the hydrated state, it enables us to obtain structural
data for a key intermediate state, which has a hydrated partially
open pore, essential in the gating process of MscL. For these
pore hydration events, we monitored the annular lipids, which
make direct contact with or reside close to the channel and
simultaneously interrogated the pore radius profile using HOLE
(Smart et al., 1993) (Figures 5B, 5C, and S8D). For WT, we
observed that following constant tension application for
~200 ns, the pore becomes hydrated, and the channel un-
dergoes major structural rearrangements (Figure 5A). Although
a significant membrane thinning (~1.2 nm) occurs, the pore of
L89W cannot open to allow water molecules to flow through,
and the pore radius is still restricted to ~1 A, despite global
structure changes similar to those of the WT channel (Figures
5B, 5C, and S8; Table S2). Following bilayer stretching, the total
pocket surface area decreases and limits access and availability
to bilayer lipids throughout our simulations (Figure 5B). Overall,
the under-tension WT MscL MD data agree well with the HDX-
MS and 3pESEEM accessibility data obtained for L8OW (pocket
delipidation by modification). In both cases, similar channel re-
gions become accessible to the solvent, suggesting a high sim-
ilarity between the obtained expanded states (Figure 7A).

Safety pin-acting trapped lipids in the pockets do not
allow MscL pore hydration

A direct consequence of the lipids-move-first model is that if
lipids are trapped within the pockets, then the channel pore
will not be able to open under membrane tension application.
To test this hypothesis, we performed MD simulations with
L89W TbMscL under bilayer tension and the same conditions
we used for the WT protein (POPC lipid bilayer, pressure value,
and simulation time). We tested whether L89W modification
causes any distortion on the secondary structure of TbMscL.
To this end, we calculated an overall RMSD of 1.8 A between
the L89W and WT TbMscL following equilibration in lipids (and
in the absence of applied tension), suggesting that there is a
negligible impact on the structure of MscL imposed by the
L89W mutation. We observed that under bilayer tension, L8OW
undergoes similar global structural changes as the WT TbMscL.
In all of our simulations, the modified pore of MscL does not
become hydrated, even under the tension conditions that previ-
ously promoted WT pore hydration (Figures 5A, 7B, and S8; Ta-
ble S2).

We observed that during the equilibration of our simulations,
lipids intercalated into the pockets and occupied them.
Following tension application, lipids were pulled toward the
membrane, but the bulky tryptophan modification at the
entrance disrupted the lipid exit path, despite that tension appli-
cation sufficient to open the WT channel was applied (Figure 5).
Interestingly, in the tension-activated state, F79 and L89 from
adjacent subunits come very close to forming two new smaller
pockets in the inner and outer leaflets of the now substantially
thinner membrane (Figures 6A and 6B). This spatial “refinement”
may facilitate the next stage in the activation of MscL, which fol-
lows this subconducting state and requires additional and highly
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Figure 4. Tension-mediated expanded MscL state
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(A) TM comparison between closed TbMscL (tan, PDB: 20AR) and open state WT MscLs generated by MD simulations (cyan, under tension)—side, top, and
single subunit views. The latter shows a substantial tilting of TM1 and TM2 toward the membrane plane. These conformational changes occurring under tension

are more evident in Videos S1, S2, and S3.

(B) The pocket’s surface dramatically decreases upon tension application, limiting lipid access. Uniform membrane thinning of 1.2 nm (3.8-2.6 nm) also occurs

during channel expansion, due to tension application.

localized pressure for a full pore opening of 3 nS and ~30A (Kap-
salis et al., 2019). This suggests that the expanded MscL state is
an intermediate stop on the tension-mediated activation path
and not the final destination (e.g., as in activation caused by
pocket lipid removal of MsclL). Asymmetry in bilayer tension
sensitivity has been observed for MsclL, MscS, and other
mammalian MS channels (Belyy et al., 2010; Perozo et al,
2002), and we observed that inner-leaflet lipids previously occu-
pying the pockets of MscL to keep the channel closed could sub-
sequently penetrate either of the two newly created subpockets
(Figures 5B, 6A, and 6B). This change restricts the access of new
lipids from the bulk membrane to the pockets and immobilizes
trapped lipids within the pockets that entered initially during
equilibration. In such a case, these lipids should interact more
strongly with residue 89 in the modified (W89) than in the WT
(L89) channel. To test this hypothesis, we calculated the pairwise
energy forces between all lipids and residue 89, L and W, for the
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WT and modified channels, respectively (Table 1). We found that
the lipid interaction (Lennard-Jones) with residue 89 is twice as
strong in the modified channel compared with the WT channel
(Table 1). This suggests that lipids are stuck by the modification
in the pockets, reducing their ability to exchange with the bulk
bilayer during tension application (Figures 6A and 6B). Despite
the substantial global structural rearrangements, we observed
that in L8B9W MscL under tension, when lipids remain tightly
associated with the pockets, its pore cannot hydrate (Figures 5
and S8D).

Lipid order and accessibility during tension application

To assess the lipid contact profile with the MscL TM domain, we
calculated the relative difference of lipid contacts between the
with tension and no tension TbMscL states (Figures 6 and S9).
We found that the relative lipid contacts within the bilayer-facing
residues on the TM domain were reduced over the course of the
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Figure 5. MscL pore hydration investigation under applied bilayer tension

WT under no tension (left column), WT under bilayer tension (right column), and L89W under bilayer tension (right column).

(A) Solvent density profile of the MD simulations using the CHAP (Klesse et al., 2019) software, with the vapor-lock position of MscL marked with blue arrows.
(B) Membrane becomes thinner when tension is applied, but only the WT TbMscL pore is hydrated (blue spheres), in contrast to LB9W channel. Lipid (olive sticks)
availability is larger in the closed state, and lipids have easier access within the pockets to provide force on the back of the vapor lock, keeping the MscL pore
closed. This is in contrast to WT MscL under tension (center column), where the pockets become smaller, while lipid availability decreases, and the pore becomes
hydrated. However, when lipids are trapped in the pockets of the LB9W modified channel, the pore does not become hydrated, despite structural rearrangements

occurring (right column).

(C) Surface visualization of the pore pathway using the program HOLE (Smart et al.

, 1993). Red color indicates a pore radius smaller than 1.15 A (water molecules

cannot go through such an opening), blue represents a radius larger than 2.3 A, and green represents a radius between 1.15 and 2.3 A.

simulation. In contrast, the lipid contacts of hydrophobic resi-
dues that were not lipid exposed in the closed state increased
substantially (Figures 6 and S9). This is consistent with TM2 rota-
tion occurring during MscL opening (Kapsalis et al., 2019) and
with pockets decreasing their surface contact area and
becoming less accessible to lipids (Figure 4B). To understand

lipid rearrangement occurring upon tension application, we
calculated the lipid order before and after bilayer tension appli-
cation and found that all of the lipids (particularly the end of the
lipid chains) orient substantially more horizontally in the pres-
ence of tension (Figures S10A and S10C). However, the pocket
lipids specifically orient marginally more horizontal compared
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Figure 6. The effect of membrane tension to MscL protein-lipid contact interactions

(A and B) F79 and L89W form a molecular bridge in the L89W under tension state and consequently trap the lipids within the pockets (right column). F79 and L89
come into greater proximity under bilayer tension in the WT channel (expanded MscL, center column) compared to the closed state. However, they do not prevent
the lipids from exchanging with the bulk bilayer during tension application. The L89W mutation locks lipids in the pockets, preventing the channel from transiting
to a hydrated state.

(C) Relative changes in the number of lipid contacts following stimulated tension application in the membrane during MD. The blue regions show a decrease in
lipid contacts, while the red regions show an increase in lipid contacts. From left to right: surface view, single subunit illustration representation, and internal MscL
surface view. Internal channel regions become more exposed to lipids, while initially, membrane-exposed regions (closed state) become less exposed to lipids,
suggesting a MscL TM helical rotation upon tension application and channel expansion or opening.
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Table 1. Pairwise force energy calculations between TbMscL 89 (L or W) and lipids in the WT (L) and pocket-entrance-modified (W)

channels under tension

Coulomb SD coulomb Lennard-Jones SD Lennard-Jones Total energy SD total energy
89- POPC (KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol) (KJ/mol)
WT —14.50 1.76 —101.39 27.43 —-115.89 29.19
L89W —-14.77 3.90 —192.48 3.39 —207.25 7.29

with the bulk bilayer lipids, in the presence of tension (Fig-
ure S10B). These findings suggest that although tension applica-
tion results in a more horizontal lipid reorientation, with respect to
the membrane plane, additional horizontal tilting other than that
caused by membrane stretching is not required to favor lipid
pocket preference or specificity (Kapsalis et al., 2019; Laganow-
sky et al., 2014).

DISCUSSION

According to the lipids-move-first model (Pliotas et al., 2015),
MS channels respond and open their pore when under mem-
brane tension or when lipid occupancy within the pockets is
reduced. Equally the pore of the channel will not open if lipids
are trapped within the pockets. It was not previously known
whether the functional subconducting intermediate states adop-
ted by MscL upon either membrane tension or pocket delipida-
tion were analogous in MscL. Transitions between functional
states of MscL may follow a similar path to cover the available
conformational space between these states, but they may not
necessarily sample the exact same discrete stable intermedi-
ates. Here, we find that both activation mechanisms (mechanical
or pocket lipid removal) result in MscLs adopting a well-defined,
expanded state.

Our accumulative data suggest that this could be the final
destination of the pocket delipidation path, but only an interme-
diate stop on the tension-mediated activation path. Therefore,
pocket lipid removal constitutes a major component of the initial
stages (to open or not to open) of tension-mediated mechanical
activation in MscL, consistent with pocket lipids acting akin to
safety pins in a grenade (Kapsalis et al., 2019). Following bilayer
tension application to WT and L89W channels, we observe
similar global structural rearrangements (Figures 5 and 7).
Despite this, only the WT channel pore increased in diameter
enough for pore hydration. The pore of the L89W channel was
significantly smaller in volume and diameter (Figure 5C and
S8). Other previously reported loss-of-function or gain-of-func-
tion mutations at or in proximity to the lipid-binding pockets
interfere with MscL protein-lipid interactions and may stabilize
MscL states by restricting lipid access to the pockets (Anishkin
et al., 2005; Iscla et al., 2015). Previously, when lipids were ste-
rically blocked from entering the pockets, the probability of pore
opening increased and the activation threshold significantly
decreased (Kapsalis et al., 2019). Equivalently, in our present
MD simulations, the L8B9W mutation locks the exit door and traps
the lipids in the pockets by restricting the space available for
lipids to move out. Consequently, this disallows channel pore hy-
dration under applied tension, which we observe in our simula-
tions of L89W TbMscL (under membrane tension) (Figures 6A
and 6B; Table 1). Lipids are loosely associated with the pockets
in the hydrated WT MscL, following tension activation, but these

low pairwise force contacts are not sufficient to close the chan-
nel (Figures 5B and 6B; Table 1). We find that the pockets
become substantially smaller under tension and consequently
less accessible to lipids (Figures 4B, 5B, and 6). A similar activa-
tion mechanism has been suggested for the small-conductance
MS channel MscS, where inner-leaflet lipids residing within the
pockets are required to move before outer-leaflet lipids can
disengage to allow gating, and the degree of their occupancy
within the pockets was linked with distinct MscS states (Pliotas
et al., 2015; Flegler et al., 2021; Zhang et al., 2021). This agrees
with our entropy-driven lipids-move-first model and with pocket
lipids being able to exchange with the bulk bilayer despite its
distant positioning away from the pockets (Anishkin et al,
2008; Flegler et al., 2021; Kefauver et al., 2020; Pliotas et al.,
2015; Rasmussen et al., 2019; Reddy et al., 2019; Zhang et al.,
2021). Here, we have chosen to study pocket delipidation by mu-
tation. In the future, we will exploit advances in both EPR and
HDX-MS methods for the study of MS channels reconstituted
in lipid nanodiscs of a defined composition, as previously imple-
mented for integral membrane proteins (Hartley et al., 2021; Mar-
tens et al., 2019). This will enable us to explore the effect of the
controlled depletion of specific lipids from channel pockets on
MS channel structure and function (Cox et al., 2021; Zhang
et al., 2021).

In the modified L89W MscL, F79 and W89 form a molecular
bridge, resulting in a 2-compartment repartitioning of the smaller
pockets (Figures 6A and 6B). The WT (under tension) expanded
state is substantially different from the closed state X-ray struc-
ture used (PDB: 20AR) (Figures 4 and S8; Videos S1, S2, and
S8). Importantly, TM2 movement (translation and expansion
due to anticlockwise TM2 rotation) is consistent with the
archaeal X-ray structure of expanded MscL (Li et al., 2015),
and the expanded (and subconducting) state revealed by PEL-
DOR (Kapsalis et al., 2019, 2020) (Figure 7A).

Previously, cross-sectional expansions not associated with a
conducting pore have been proposed for the initial stages of
MscL activation (Betanzos et al., 2002; Konijnenberg et al.,
2014), suggesting that MscL could act as a membrane tension
dampener and undergo several transitions with the pore closed
(Boucher et al., 2009). Our data support the notion that there are
structural transitions that occur before channel opening and
agree with these models. We observed transitions that are part
of the closed-closed expansion gating process, since the overall
RMSD between the L89W and WT structures following tension
application was small, but they were both significantly different
from the closed state (PDB: 20AR) (Figures 4, 7B, and S8).
This is substantiated by the fact that the channel is unable to
reach the intermediate state under applied tension after the lipids
are trapped within the pockets via the L89W modification, pre-
venting pore hydration and stabilizing a closed (non-hydrated
pore) state (Figures 3, 5, and 7).
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Figure 7. Comparison between tension- and modification-induced pocket delipidation MscL states and proposed model

(A and B) TM1 and TM2 tilt and rotate to initiate MscL opening. Comparison between expanded MaMscL (orchid, PDB: 4Y7J) and the open state WT TbMscL
generated by MD (cyan, under tension) (A) and the open WT TbMscL state generated by MD (cyan, under tension) and L89W TbMscL (green, under tension) (B).
(C) Proposed gating model for pocket lipid removal and tension-activated modes. Closed (vertical TM helices, large pockets, tightly associated annular lipids, and
non-hydrated pore) and expanded (tilted TM helices, smaller pockets, loosely associated annular lipids, and hydrated pore). Extra membrane tension is required

to fully open MscL.

Our data suggest that for MscL to reach the intermediate hydrat-
ed state, triggered either by tension or molecules, the lipids will
have to substantially loosen their contacts with the pockets (Fig-
ure 5; Table 1). Lipids could move under tension and adopt a
more horizontal orientation with respect to the membrane plane
in the WT channel (Figure S10). The addition of molecules that
could compete for the pockets may support or disrupt lipids acting
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as negative allosteric modulators within the pocket sites (Fig-
ure 7C). Following similar modifications in MscL that restrict lipid
access to the pockets, or when molecules that specifically bind
these pockets (and compete with lipids) were introduced, there
was a reduction in the activation threshold of MscL, prolonged
channel openings, and an increase in the open channel probability
(Iscla et al., 2014; Kapsalis et al., 2019; Wray et al., 2019).



Structure

Disruption of lipid access into the pockets of TbMscL pro-
moted a mechanical response in the absence of applied tension,
while subtle structural differences between these pockets in
MscL orthologs dramatically altered their function (Kapsalis
et al., 2019, 2020). This pocket region in TbMscL is important
for lipid binding (Powl et al., 2005) and binds specific molecules
in Escherichia coli MscL (EcMscL), which could modulate its ac-
tivity (Wray et al., 2016, 2019).

Our model is consistent with the notion that other modifica-
tions or sites near or within the pocket region could be stabilizing
the MS state(s) by disrupting lipid access to the pockets even
more effectively than the L89W modification. ToMscL L89 is
located at the entrance of the pockets and is structurally aligned
to EcMscL M94 and in close proximity to 192, F93, 196, and K97,
modifications of which influence the activation of MscL by ultra-
sound pulses (Ye et al., 2018) and decrease its tension threshold
for use in a multicompartmental lipid vesicle framework (Hindley
et al., 2019). Molecules specific to MscL are expected to act
through the disruption of lipid-protein interactions (Bavi et al.,
2016) within these pockets. These did not fully open the channel,
but caused a structural rearrangement of the cytoplasmic side of
TM2 accompanied by stretching of the cytoplasmic loop (Wray
et al.,, 2016, 2019). This is in agreement with the structural
changes observed here by HDX and ESEEM and previously
shown by PELDOR (Ackermann et al., 2017; Kapsalis et al.,
2019, 2020) for the modified L8B9W TbMscL channel (or the struc-
turally equivalent M94 EcMscL) and the tension-activated WT
channel (Figures 1, 3, 4, 7, and S8).

Transition to the intermediate state increased solvent accessi-
bility on the upper TM1 and TM2, the cytoplasmic loops, and the
top portion of the cytoplasmic helical bundle (Figures 1 and 2),
which is consistent with the stretching of the cytoplasmic loops,
the shortening of which influences the gating properties, pore
conductance, and oligomeric assembly of MscL (Herrera et al.,
2018; Reading et al., 2015; Wray et al., 2016; Yang et al., 2012).

The top of TM1 (residues 36-41) partially unfolds within a sin-
gle subunit of the MscL pentamer, while the remaining 4 subunits
bend without fully converting into a loop. This finding was consis-
tently observed across all 3 MD simulation repeats following the
symmetric application of tension along the membrane plane and
suggests the presence of subunit asymmetry during MscL open-
ing (Birkner et al., 2012; Konijnenberg et al., 2014; Mika et al.,
2013). In contrast to the WT channel, all 5 TM1 helices bend
without a break in helical symmetry or conversion into a loop in
the L89W channel (Figure 4). For the top of the TM1 helix to
partially unfold, lipids should become loosely associated with
the pockets before asymmetric opening can occur and eventu-
ally lead to full channel opening. Whether the lipids are sequen-
tially released (or loosen their contact) following single subunit
disengagement remains to be elucidated. Shifting of the equilib-
rium occurs to destabilize the closed state and initiate symmetric
(simultaneous) or asymmetric (sequential) pocket lipid removal
from the 5 MscL subunits. Our data are compatible with such
an asymmetry in opening, and this structural effect may be the
consequence of lipids moving out from the 5 pockets of MscL
sequentially (Mika et al., 2013). Subsequently, following initial
expansion and conversion into loops, these loops could then
provide membrane handles for MscL to transit to its full opening
state (Videos S1 and S2).
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Despite a significant membrane thinning (~1.2 nm), the pore of
L89W does not allow water molecules to flow through (Figures 4
and 5). Membrane thickness and hydrophobic mismatch ener-
getically contribute to the gating of MscL, but our data suggest
that they are not the sole driving force, and pocket lipids must
be released first to destabilize the closed state of MscL. Howev-
er, it should be noted that while tension application and channel
gating occur within the 300 ns that our simulations run, this may
be faster compared to the timescale of MscL opening transitions
in situ.

Lipids must adopt certain angles in regard to the membrane
plane to enter (or exit) the pockets, and these angles should be
consistent with lipids oriented horizontally, contrary to the bulk
bilayer lipids. Such lipids have been resolved in multiple X-ray
and cryo-EM structures of MscS (Pliotas et al., 2015; Rasmussen
etal., 2019; Zhang et al., 2021), Ynal (Flegler et al., 2020), MSLA1
(Deng et al., 2020b), TRAAK (Brohawn et al., 2014), TREK-2
(Dong et al., 2015), and TRPV3 (Deng et al., 2020a) channels.
When we calculated the lipid order parameters for our MD sim-
ulations, we found that under tension application, the lipids
adopt a substantially more horizontal orientation (Figure S10).
This is consistent with significantly lower pulling forces required
to remove single lipids from the pockets of TbMscL when they
are applied at 45° with respect to the membrane plane (Vanegas
and Arroyo, 2014).

In conclusion, here, we have generated tension- and modifica-
tion-activated MscL states, and interrogated their pore hydration
properties and lipid-protein interactions, and monitored their
structural dynamics by experimental (HDX-MS and 3pESEEM
solvent accessibility measurements) and computational (MD
simulations) tools. Accumulatively, our data demonstrate that
the intermediate expanded MscL state derived by pocket delipi-
dation (L89W) is structurally analogous to the tension-activated
MscL state (mechanical) (Figure 7C). Our data further suggest
that the expanded MscL state is the final destination of the
pocket lipid removal activation path of MscL, but only an inter-
mediate stop on the tension-mediated activation path, which
leads to a fully open MscL state. It is quite intriguing that whether
pocket lipid depletion is caused by tension application or modi-
fication, we find that MscL is sampling similar distinctive states,
as is also the case for the structurally unrelated MscS, whose
states are also guided by pocket lipid availability (Flegler et al.,
2021; Zhang et al., 2021).

The structural similarities of these two differently derived
states suggest that lipids could act as molecular triggers on
pressure-sensitive domains and mimic the naturally occurring
tension activation in MS channels, with implications for MS
channel evolution and multimodality.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains
BL21 (DE3) competent cells ThermoFisher Cat# EC0114

Chemicals, peptides, and recombinant proteins

N-Dodecyl-b-D-Maltopyranoside (DDM),
anagrade
S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-
pyrrol-3-yl)methyl
methanesulfonothioate (MTSSL)

Anatrace or Glycon

Santa Cruz or Toronto Research Chemicals

Cat# D310 or D97002

Cat# 81213-52-7 or 0875000

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

MscL and MscL L89W HDX mass This Paper ProteomeXchange PXD021983

spectrometry data

MscL and MscL L89W MD simulation data This Paper http://archive.researchdata.leeds.ac.
uk/777/

MscL (various) mutants ESEEM data This Paper http://archive.researchdata.leeds.ac.
uk/777/

Atomic coordinates and structural factors Chang et al., 1998 PDB: 20AR

(MtMscL)

Atomic coordinates and structural factors Li et al. (2015) PDB: 4Y7J

(MaMscl)

Oligonucleotides

Primer: MscL N13C forward This Paper NA

CGCGGTTGTATTGTTGACTTGGCGGT

Primer: MscL N13C reverse This Paper N/A

CAACAATACAACCGCGAGCCAGGAATTC

Primer: MscL L17C forward This Paper N/A

TGACTGCGCGGTTGCGGTTGTCATTGG

Primer: MscL L17C reverse This Paper N/A

CCGCGCAGTCAACAATATTA

CCGCGAGC

Primer: MscL V21C forward This Paper N/A

TTGCGTGTGTCATTGGTAC

CGCGTTTACCG

Primer: MscL V21C reverse This Paper N/A

CAATGACACACGCAACC

GCCAAGTCAACAAT

Primer: MscL V71C forward This Paper N/A

GATTTGAATTGCCTGCTG

AGCGCCGCTATTAAC

Primer: MscL V71C reverse This Paper N/A

GCAGGCAATTCAAATCG

ATGGTCTGACCACC

Primer: MscL S74C forward This Paper N/A

CTGCTGTGCGCCGCTATTAACTTC

Primer: MscL S74C reverse This Paper N/A

GGCGCACAGCAGGACATTCAAATC

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Primers: Remaining primers have been Kapsalis et al. (2019) N/A
reported

Recombinant DNA

Plasmid: pJ411:140126-TbMscL Kapsalis et al. (2019) N/A

Software and algorithms

PLGS (v3.0.2)

DynamX (v3.0.0)

PAVED
Deuteros

Pymol

UCSF chimera

VMD

CHAP

HOLE

CHARMM-GUI
GROMACS_2016.4

MATLAB curve fitting toolbox

Waters

Waters

Cornwell et al. (2018)
Lau et al. (2019)

(Delano, 2002)
(Pettersen et al., 2004)
(Humphrey et al., 1996)
Klesse et al. (2019)
Smart et al. (1993)

Jo et al. (2008)
Abraham et al., (2015)
NA

https://www.waters.com/waters/en_GB/
ProteinLynx-Global-SERVER-(PLGS)/nav.
htm?locale=en_GB&cid=513821

https://www.waters.com/waters/library.
htm?locale=en_US&Ilid=134832928

N/A

https://github.com/andymlau/
Deuteros_2.0

https://pymol.org/
https://www.cgl.ucsf.edu/chimera/
https://www.ks.uiuc.edu/Research/vmd/
https://www.channotation.org/
http://www.holeprogram.org/
https://www.charmm-gui.org/
http://www.gromacs.org/

https://uk.mathworks.com/products/
curvefitting.html

Xepr software Bruker https://www.bruker.com/en/products-and-
solutions/mr/epr-instruments/epr-
software.html

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 (c.pliotas@leeds.ac.uk).

Materials availability

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

HDX mass spectrometry

HDX-MS data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier

PXD021983.

SpESEEM and MD

Data are available within the following link: http://archive.researchdata.leeds.ac.uk/777/
This paper does not report original code. Any additional information required to reanalyze the data reported is available from the
lead contact upon request.

Data and code availability
HDX mass spectrometry: HDX-MS data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repos-
itory with the dataset identifier PXD021983.

3pESEEM and MD: Data are available within the following link: http://archive.researchdata.leeds.ac.uk/777/ and via the DOI:
https://doi.org/10.5518/914.
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This paper does not report original code. Any additional information required to reanalyze the data reported is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT

Plasmid propagation was performed using DH5a 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 MscL and associated
mutants were produced in E. coli BL21(DE3) cells (Thermo Fisher), cultured in LB Broth supplemented with kanamycin (50 ng
mL—1) for 4 hrs (25°C, 200 RPM) following IPTG induction (final concentration 1 mM) at an OD600 ~0.8.

METHOD DETAILS

Mutagenesis and protein expression

Mutagenesis of TbMscL with a C-terminal 6xHis-tag in a pJ411:140126 vector allowed the generation of single and double mutants.
Primers were used for site-directed mutagenesis reactions to introduce the point mutations. The wild type and mutant plasmids were
transformed into BL21(DE3) (ThermoFisher) E. coli cells. Cells were grown in 550 m LB medium in a 2L flask at 37°C until they reached
an OD600 ~0.8 and subsequently cooled down to 25°C and induced with 1 mM IPTG for 3.5 hrs. Cells were harvested by centrifu-
gation at 4000 x g and stored at - 80°C, until further use.

Protein purification and spin labeling

The protocols followed in this study were similar to the ones previously described (Kapsalis et al., 2019, 2020; Pliotas, 2017). In brief,
following protein expression, cell pellets were resuspended in phosphate-buffered saline and subjected to lysis using a cell disrupter
at 30 kpsi. To remove cell debris the suspension was centrifuged at 4000 x g for 20 min and the resulting supernatant was centri-
fuged again at 100,000 x g for 1 h. The membrane pellet was resuspended and solubilized in buffer containing 50 mM sodium phos-
phate at pH 7.5, 300 mM NaCl, 10% v/v glycerol, 50 mM imidazole and 1.5% w/v DDM (solubilization buffer) and incubated at 4°C for
1 h. The sample was then centrifuged at 4000 x g for 20 min and the supernatant was passed through a *>Ni-NTA column containing
0.75 mL of *>Ni-NTA beads. The column was then washed with 10 mL buffer containing 50 mM sodium phosphate of pH 7.5, 300 mM
NaCl, 10% v/v glycerol and 0.05% w/v DDM (wash buffer) and then with 5 mL wash buffer supplemented with 3 mM TCEP, for reduc-
tion of the cysteines. Afterward, MTSSL dissolved in wash buffer at a 10-fold excess of the expected protein concentration was
added to the column and left to react for 2 h at 4°C. The protein was then eluted from the column with 5 mL of wash buffer supple-
mented with 300 mM imidazole. Finally, the protein was subjected to SEC using a Superdex 200 column (GE Healthcare) equilibrated
with buffer containing 50 mM sodium phosphate of pH 7.5, 300 mM NaCl and 0.05% w/v DDM. Collected fractions of TboMscL were
then concentrated to ~800 uM monomer concentration, which is suitable for the EPR samples preparation.

3pESEEM sample preparation

Purified TbMscL detergent samples were diluted by 50% with deuterated ethylene glycol as cryoprotectant to a final monomer con-
centration of ~400 pM and a volume of 70 uL of the mixture was then transferred into a 3 mm (OD) quartz tubes and flash-frozen in
liquid Na.

3pESEEM spectroscopy

X-band three pulse ESEEM measurements were performed on a Bruker ELEXSYS E580 spectrometer with a4 mm dielectric resonator
(MD4). Measurements were conducted at 80 K. The 3-pulse sequence used for the experiments is 7t/2-1-7t/2-T-71t/2-stimulated echo
with a pulse length t,.,» = 16 ns and inter-pulse delay T that was adjusted to match either the blind spots of the proton or deuterium. The
delay T was incremented from 400ns in 12 ns steps. A four-step phase cycling was used to eliminate the unwanted echoes. All the
measurements were performed at the maximum of the field sweep spectrum of the nitroxide. For solvent accessibility determination,
only -3pESEEM data recorded with 7 that corresponds to the proton blind spot were used. The obtained time-domain traces were
background-corrected, apodized with a hamming window and zero-filled prior to Fourier transformation. The solvent accessibility
can be determined by different analysis methods from the deuterium 3pESEEM. In the present study, we used a model developed
by Jeschke and co-workers and it is based on deuterium modulation depth (Volkov et al., 2009). The primary ESEEM data were back-
ground corrected in such a way to obtain a deconvoluted and normalized nuclear modulation function. We used two approaches to
determine the solvent accessibility; the first one by fitting the obtained nuclear modulation function for each mutant by a damped har-
monic oscillation function and the outcome from the fitting was used to estimate the solvent accessibility (Volkov et al., 2009), the sec-
ond approach by Fourier transformation of the nuclear modulation function and in this case the water accessibility was determined
directly form the intensities of the deuterium peaks in the magnitude ESEEM spectra. The solvent accessibility parameters derived
from both methods are in good agreement within the error bars as shown in Figure S3. Although the standard deviations for the fitted
parameters were less than 2% for all the mutants, we additionally accounted for errors that might emanate from differences in relax-
ation behavior or in contribution from no-water protons between the different mutants and use an error of 5%, which has been shown to
exceed all the associated experimental and fitting errors (Volkov et al., 2009). All raw ESEEM data for this study are within the following
link: http://archive.researchdata.leeds.ac.uk/777/.
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HDX-MS sample preparation

For HDX WT or L89W mutant MscL were not spin-labelled. The cell disruption, membrane preparation, solubilization, and application
of the solubilized membranes to the *Ni-NTA column occurred as previously. The column was washed, as previously, with 10 mL
buffer containing 50 mM sodium phosphate of pH 7.5, 300 mM NaCl, 10% v/v glycerol and 0.05% w/v DDM (wash buffer). Following
this step, the protein was eluted with 5 mL of wash buffer containing 300 mM imidazole. The protein was not treated with TCEP or
MTSL supplemented wash buffer as the protein was not spin-labelled. The protein was then subjected to SEC using a Superdex 200
column as previously described. The fractions were collected, and the protein samples were concentrated to achieve 350 ulL of pro-
tein at 16 pM.

HDX and LC-MS/MS

HDX-MS experiments were carried out using an automated HDX robot (LEAP Technologies, Fort Lauderdale, FL, USA) coupled
to an M-Class Acquity LC and HDX manager (Waters Ltd., Wilmslow, Manchester, UK). All samples were diluted to 16 uM in
equilibration buffer (50 mM potassium phosphate, 300 mM NaCl, pH 7.4, 0.05% DDM) prior to analysis. 5 uL sample was added
to 95 ulL deuterated buffer (50 mM potassium phosphate, 300 mM NaCl pD 7.4, 0.05% DDM) and incubated at 4°C for 0.5, 1, 2,
10 or 60 min. Following the labelling reaction, samples were quenched by adding 50 pL of the labelled solution to 100 pL quench
buffer (50 mM potassium phosphate, 300 mM NaCl, 0.1% DDM pH 2.2) giving a final quench pH ~2.5. 50 uL of quenched sam-
ple was injected onto the HDX Manger and passed through immobilized pepsin and aspergillopepsin columns connected in se-
ries (AffiPro, Czech Republic) at 115 pL min-1 (20°C) and loaded onto a VanGuard Pre-column Acquity UPLC BEH C18 (1.7 pm,
2.1 mm x 5 mm, Waters Ltd., Wilmslow, Manchester, UK) for 3 mins in 0.3% formic acid in water. The resulting peptides were
transferred to a C18 column (75 um x 150 mm, Waters Ltd., Wilmslow, Manchester, UK) and separated by gradient elution of
0-40% MeCN (0.1% v/v formic acid) in H20 (0.3% v/v formic acid) over 7 min at 40 pL.min~". Trapping and gradient elution of
peptides was performed at 0°C to reduce back exchange. The HDX system was interfaced with a Synapt G2Si mass spectrom-
eter (Waters Ltd., Wilmslow, Manchester, UK). HDMSE and dynamic range extension modes (Data Independent Analysis (DIA)
coupled with IMS separation) were used to separate peptides prior to CID fragmentation in the transfer cell (Cryar et al., 2017).
HDX data were analyzed using PLGS (v3.0.2) and DynamX (v3.0.0) software supplied with the mass spectrometer. Restrictions
for identified peptides in DynamX were as follows: minimum intensity: 1000, minimum products per MS/MS spectrum: 5, min-
imum products per amino acid: 0.3, maximum sequence length: 25, maximum ppm error: 5, file threshold: 3/3. Following
manual curation of the data, PAVED (Cornwell et al., 2018) and Deuteros (Lau et al., 2019) were used to identify peptides
with statistically significant increases/decreases in deuterium uptake (applying 99% or 95% confidence intervals) and to pre-
pare Wood’s plots. The raw HDX-MS data have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD021983. A summary of the HDX-MS data, as recommended by reporting guidelines,
is shown in Table S1. All data is available via ProteomeXchange with identifier PXD021983. Project Name: Mechanical and mo-
lecular activation lead to structurally analogous MscL states. Project accession: PXD021983 Username: reviewer_pxd021983@
ebi.ac.uk, Password: InAkk2H3.

Atomistic molecular dynamics simulations under no tension

The set up and parameters of MD simulations without tension were as previously described (Kapsalis et al., 2019). In brief, CHARMM-
GUI was used to insert the TbMscL structure (20AR) into a pre-equilibrated patch of POPC bilayer containing approximately 387
lipids and occupying an area of 120 x 120 A2. The protein and membrane bilayer were solvated with TIP3P water and 150 mM
NaCl. The simulations were performed in an NPT ensemble at 303.15 K and 1bar pressure on all xyz axes using GROMACS_2016.4
with CHARMMS36 force field. The particle mesh Ewald (PME) method was applied to calculate electrostatic forces, and the van der
Waals interactions were smoothly switched off at 10-12 A by the force-switch manner. The time step was set to 2 fs in conjunction
with the LINCS algorithm. After the standard minimization and equilibration steps using the GROMACS input scripts generated by
CHARMM-GUI, 100 ns dynamic simulation was calculated.

Atomistic molecular dynamics simulations under bilayer tension

These MD simulations were also set up using CHARMM-GUI (Jo et al., 2008). The MscL structure (PDB 20AR) in the wild type and ina
mutated form (L89W) were inserted in a symmetric bilayer containing 514 POPC lipids. Systems were neutralized with 150 mM con-
centration of NaCl. The obtained system was energy minimised and subsequently equilibrated in 6 steps following CHARMM-GUIs
equilibration. Stretch-induced conformational changes in both the wild-type and mutant MscL were investigated by unrestrained
simulations of 300 ns (3 simulation repeats for the WT and 2 for the L89W channel) where the bilayer plane (xy plane) pressure
was changed semiisotropically to —50 bars (which corresponds to a tension of ~67.5 mN/m). The pressure in the bilayer normal
(z-direction) was kept at +1 bar and the temperature at 310 K. All the atomistic systems were simulated using GROMACS 2016
(Abraham et al., 2015) with CHARMMS36 force field (Lee et al., 2014) and a 2 fs time step. The Nose-Hoover thermostat (Evans
and Holian, 1985) and the Parrinello-Rahman barostat (Parrinello and Rahman, 1981) were used for the stretch-induced simulations.
Long-range electrostatics were managed using the particle-mesh Ewald method (Darden et al., 1993) and the LINCS algorithm was
used to constrain bond lengths (Hess et al., 1997). All MD trajectories and data for this study is within the following link: http://archive.
researchdata.leeds.ac.uk/777/.
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QUANTIFICATION AND STATISTICAL ANALYSIS

ESEEM time-domain traces were background-corrected, apodized with a hamming window and zero-filled before Fourier transfor-
mation using the Xepr software. Fitting of ESEEM time traces was done using the MATLAB Curve Fitting Toolbox.
Standard deviations for the fitted parameters were calculated and were less than 2% for all the mutants. We accounted for errors
that might emanate from differences in relaxation behaviour or contribution from no-water protons between the different mutants
and used an error of 5%, which has been shown to exceed all the associated experimental and fitting errors (Volkov et al., 2009).
A full description can be found in the ‘Method details’ sections. HDX data were analyzed using PLGS (v3.0.2) and DynamX
(v3.0.0) software. DynamX restriction parameters are described in the ‘Method details’ section. Following manual curation of the
data, PAVED and Deuteros were used to identify peptides with statistically significant increases/decreases in deuterium uptake
(applying 99% or 95% confidence intervals) and to prepare Wood’s plots. See Table S1 for summary of HDX data. The pairwise force
energy between TbMscL residue 89 and lipids (Table 1) was calculated using Gromacs’ built-in command energy, in which the last
20 ns of the 300 ns simulations was specified to extract data. Standard deviation was calculated from the simulation repetitions,
including the error bars presented in Figure S9B.
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