-
8
8
5
@
g
B
2
£
g
8
g
a
E
5
°
2
s
s
3
g
8
=
S
5
&
c
g
=
7
o2
S
&
]
s
3
3
S
B
3
a

Conformational state of the MscS mechanosensitive
channel in solution revealed by pulsed electron-
electron double resonance (PELDOR) spectroscopy
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The heptameric mechanosensitive channel of small conductance
(MscS) provides a critical function in Escherichia coli where it opens
in response to increased bilayer tension. Three approaches have
defined different closed and open structures of the channel, result-
ing in mutually incompatible models of gating. We have attached
spin labels to cysteine mutants on key secondary structural ele-
ments specifically chosen to discriminate between the competing
models. The resulting pulsed electron—electron double resonance
(PELDOR) spectra matched predicted distance distributions for the
open crystal structure of MscS. The fit for the predictions by struc-
tural models of MscS derived by other techniques was not convin-
cing. The assignment of MscS as open in detergent by PELDOR was
unexpected but is supported by two crystal structures of spin-
labeled MscS. PELDOR is therefore shown to be a powerful experi-
mental tool to interrogate the conformation of transmembrane
regions of integral membrane proteins.

DEER | electron paramagenetic resonance | ion channels | dipolar coupling

Membranes provide an impermeable barrier to the flow of
polar molecules and are a defining characteristic of cellular
organisms. All organisms must permit passage of polar molecules
into and out of the cell, and membrane proteins, such as channels
and transporters, achieve this. The opening and closing (gating)
of these proteins is often regulated. Mechanosensitive ion chan-
nels act as safety valves to protect bacterial cells against hypo-
osmotic shock by gating in response to increased tension in the
membrane bilayer that arise from increases in turgor pressure (1).
These channels have proved to be an excellent model to study
channel gating. The two major mechanosensitive channels,
mechanosensitive channel of small conductance (MscS) and
mechanosensitive channel of large conductance (MscL), are the
most well-studied.

Native MscS crystallized from Fos-14 detergent exists as a
heptamer (2) with each monomer consisting of three N-terminal
transmembrane helices (TM1, TM2, TM3 in which TM3 is split
by a kink at Q112-G113 into TM3a, and TM3b) and a large
cytoplasmic domain, which is composed of a p domain, a mixed
a/p domain, and a B strand (Fig. 14). The sevenfold symmetry
generates a central pore formed by TM3a, with TM3b arranged
orthogonally and pointing outward from the pore (Fig. 1B). The
central pore is the presumed route of entry and exit for polar
molecules and in the native structure is now considered closed
(diameter approximately 4 A) by two rings of L105 and L109, which
intrude into the channel (2-4). An A106V mutant (5) also crystal-
lized from Fos-14 gave a structure in which the central pore had
opened to approximately 13 A in a “camera iris”-like motion (6).
The C-terminus of TM3a had pivoted at G113 and as result L105
and L109 were withdrawn from the central pore. The pivot of
TM3a was accompanied by a rotation of TM1 and TM2 helices.
Combining the crystal structures with site directed mutagenesis,
a model was proposed in' which TM1 and' TM2 act as sensors

www.pnas.org/cgi/doi/10:1073/pnas.1202286 109

and rotate in response to changes in the membrane tension driving
change in TM3a(6).

Very different models for both the closed and open forms of
the channel, and thus gating, have been generated using extra-
polated motion dynamics (EMD) (7) and continuous wave elec-
tron paramagenetic resonance (cwEPR) (8, 9). As a result, the
validity of the channel gating model derived from crystallography
has been repeatedly challenged (10, 11). While genetic and bio-
chemical strategies have provided some insights into the validity
of the competing models, they have not been decisive (12). There
is in general paucity of new orthogonal methods to probe the
conformation of transmembrane helices in proteins.

Controversies and competing models can rarely be resolved
by continued application of the same techniques. Thus, we have
sought to apply new strategies for understanding MscS structure
and function. Pulsed electron—electron double resonance (PEL-
DOR; also called DEER) (13) is established for soluble proteins
and has been applied to many proteins from monomers to
octamers (14, 15), to solvent exposed termini of transmembrane
helices or loops that are embedded in lipid bilayers (16-19), to
transmembrane helices (20, 21), and to 15 amino acid hydropho-
bic peptides in various lipid environments (22). Here we report the
application of PELDOR to measure the separation of transmem-
brane structural elements in MscS in an attempt to experimentally
resolve current disputes and thereby demonstrate the wider utility
of PELDOR. Residues were chosen for their ability to act either
as controls (all models agree on position) or to discriminate be-
tween competing models (i.e., are proposed to have different dis-
tances in the separate models). We now report measurements
from spin labels attached to cysteine mutants placed within the
membrane embedded regions of TM1, TM2, and TM3b in MscS
(Fig. 1C). We demonstrate that carefully performed PELDOR
experiments can obtain high-quality data that can be used to de-
termine the separation of transmembrane helices even in a com-
plex system. New crystal structures of two spin-labeled mutants
of MscS are in complete agreement with the PELDOR data.
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Fig. 1. MscS and PELDOR. (A) A monomer of MscS showing where spin labels
have been attached (blue spheres). (B) The heptameric arrangement of MscS,
one monomer is highlighted. (C) In principle a heptamer gives rises to three
distances, which are shown as vectors. We expect to see only the D;_, and
D,_3 vectors in our PELDOR experiments, with the D,_, vector being the most
reliable. (D) The difference between the D;_, vector measured from the Cj
atom in the open crystal structure (PDB ID code 2VV5) and the EMD structure
(red) or cwEPR (blue). Similar plots are shown in Fig. S1A (closed crystal struc-
ture vs. EMD or cwEPR) and Fig. S1B (closed vs. open crystal structure).

Results

Selection, Assessment, and Isolation of MscS Mutants. Labeled sites
were selected on the basis of their predicted distance distribution
change between competing models, on their likelihood of causing
minimal perturbation to the MscS function and their predicted
accessibility to labeling. The variation of the separation between
individual residues within helices is complex. A graph showing
how the separation changes at each position is shown in Fig. 1D
and Fig. S14. This led us to select the following mutants: V32C,
M47C, S58C on TM1, D67C, V89C on TM2 and L124C, and
R128C on TM3b (Fig. S1B). In addition to the membrane em-
bedded residues we selected two residues S147 and S196 in the
cytosolic domain to act as controls because this domain is gener-
ally accepted (only one report has suggested movement) and
predicted from crystal structures to undergo no major changes
during the closed to open transition. For each MscS mutant,
whole cell Western blots showed that each mutant was expressed
and was incorporated into the membrane to a level indistinguish-
able from wild-type MscS. The whole cell survival assay revealed
that each cysteine mutant was sufficiently functional to protect
cells against osmotic downshock (Fig. S24). Critically, the protec-
tion afforded by the uninduced constructs, which most accurately
reflects the activity of the channels (23, 24), indicates that the
mutants are similar in their physiological activity to native. Each
mutant was assessed by electrophysiological analysis, and here
differences were observed, consistent with some perturbation
of gating (Fig. S2B). The pressure threshold required for gating
the mutant channels was increased for S58C, D67C, 1L.124C, and
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R128C, indicating an approximately 20% decrease in tension sen-
sitivity. Both D67C and L124C exhibited some instability in the
open state (Fig. S2B). For other mutants (M47C, V89C, S147C,
and S196C), the channel properties were similar to wild type sug-
gesting that these mutants do not significantly affect protein func-
tion. The V32C mutant exhibited a small gain of function—i.e.,
increased sensitivity to tension (Fig. S2B). Thus, while none of the
mutants is wild type, the mutants’ overall character suggests that
they retain channel function and gate in response to changes in
bilayer tension and thus can be used as faithful reporters.

All MscS mutants were expressed and purified to homogeneity
as previously reported (6) but with DDM rather than Fos-14 as
detergent (Fig. 24 and Fig. S3). The mutants were labeled by
incubation with MTSSL. We achieved close to 100% labeling for
most of the mutants (Fig. S4), with the exception of L124C and
M47C, which are situated in more inaccessible, buried regions of
MscS and display a labeling efficiency of about 60-80%. Each
labeled mutant behaved as a heptamer by gel filtration analysis
(Fig. S3) before and after PELDOR measurements and purity
was monitored in each individual step of the sample preparation
(Fig. 24). Mutant proteins with a spin label attached to an
introduced cysteine are denoted D67R1 or S196R1 etc. cwEPR
spectra were recorded, and fitting of the spectra revealed inter-
mediate mobility with correlation times varying from 3 to 70 ns
(Fig. 2B and Table S1 and Fig. S54). V32R1 had the highest
mobility and L124R1 the least.

PELDOR Measurement. In the PELDOR experiment distances
between labels are measured via the dipolar coupling, which man-
ifests itself as a modulation of the signal. The dipolar interaction
between labels on randomly distributed MscS heptamers gives
rise to an exponential decay, which is fitted and removed from
the time trace. Transformation of the modulated time trace into
a distance distribution is done via Tikhonov regularization as
implemented in DeerAnalysis 2010 (25). We excluded V32R1
and V89R1 from further analyses because they do not show clear
modulations (Fig. 34). Where no oscillations are visible in the
raw data, the resulting distance distribution for multimeric pro-
tein systems can be biased by the operator (13). (Traces without
oscillations may be sufficient for a reliable analysis of model
systems (26). For multimeric proteins such as MscS this is not
the case.) One explanation is that at these positions the protein
structure is mobile, consistent with the observed mobility of the
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Fig. 2. Analysis of spin labeled mutants of MscS. (A) Gel filtration (left inset)
shows the spin labeled material elutes as a single peak, corresponding to
a detergent solubilized heptamer: () D67R1 prior to PELDOR experiment;
(i) D67R1 after having been used for PELDOR measurements; and (iii) WT
MscS. SDS/PAGE (right inset) shows no contaminating protein, only monomer
and disulfide linked dimer monitored on several preparation stages. The data
for D67R1 are shown, the other mutants are identical (Fig. S3). (B) cwEPR
spectra of the spin labeled MscS proteins. Fitting of the spectra (Fig. S5A
and Table S1) suggests that for the L124R1 mutant, the spin label is less
mobile than the other mutants.
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spin label revealed by their cwEPR spectra (Fig. 2B). The other
seven mutants yielded time traces of several microseconds
(Table S2), with good signal-to-noise ratios, clearly visible oscilla-
tions prior to background correction (Fig. 34), and therefore dis-
tance distributions could be determined (Fig. 3 B and C). In

theory each mutant should give rise to a multimodal distribution
corresponding to the 1-2, 1-3, and 1-4 vectors (Fig. 1C). In
agreement with previous work (14) the experimental error in
1-2 distance (spin to spin) is estimated to +0.5 A, the 1-3 dis-
tance is subject to greater error, and the 1—4 distance is too long
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to be measured (discussed in more detail in Materials and Meth-
ods). Our interpretation thus relies only on the modal distance
and distance distribution for the D;_, vector. These experimental
data were compared with modeled distance distributions (27)
based on the various competing structural models for the
arrangement of the transmembrane helices (2, 3, 6-9, 28; Fig. 4).
D67R1 was repurified in Fos-14 detergent and as expected gave a
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Fig. 4. Comparison of experimental and model derived distance distribu-
tions. (A) Tikhonov derived distance distributions, for the two control mu-
tants compared with the simulated distance distributions obtained from the
higher resolution open crystal structure (PDB ID code 2VV5) (the closed crystal
structure is identical in this region), closed or open structures obtained from
cwWEPR measurements. All models are shown for all mutants in Fig. S8. Our
interpretation relies only on the D,_, vector (first peak). (B) Tikhonov derived
distance distributions for the three mutants designed to test the competing
models compared with the simulated distance distributions open crystal
structure (the closed crystal structure is identical in this region), closed and
open EMD structures; closed and open structures obtained from cwEPR mea-
surements. Our interpretation relies only on the D;_, vector (first peak).
(C) Tikhonov derived distance distributions, for the two mutants designed
to interrogate the conformational state of MscS compared with the closed
and open EMD structures and with the closed and open structures obtained
from cwEPR measurements. Our interpretation relies only on the D;_, vector
(first peak). (D) Tikhonov derived distance distributions, for the two mutants
designed to identify the conformational state of MscS compared with the
closed crystal structure (PDB ID code 20AU) and with the open crystal struc-
ture (PDB ID code 2VV5). Our interpretation relies only on the D, vector
(first peak).
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different cwEPR spectrum reflecting change in environment (29),
but PELDOR data were identical (Fig. 54).

Structural Biology. We have attempted to crystallize all mutants in
this study and have obtained crystals for D67R1 and L124R1
grown from DDM that diffract to 4.8 and 4.7 A resolution,
respectively. Both structures were solved with molecular replace-
ment using only the cytoplasmic domain as a search model (i.e.,
excluding all transmembrane helices). The resulting unbiased
difference electron density for D67R1 (Fig. 5B) and L124R1
(Fig. 5C) for the transmembrane helices was used to position
the helices.

Discussion

For MscS the closed and open crystal structures have been
complemented by data from other groups using two alternative
approaches—cwEPR and EMD. Of crucial importance is that
three competing approaches crystallography, cwEPR and EMD
have given biologists three mutually incompatible models of
gating, to the detriment of the field (11, 12). In the EMD structure
the kink at G113 between TM3a and TM3b seen in crystal struc-
tures (2, 3, 6) is absent; instead TM3a is a continuous helix to G121
where a new kink appears, creating a shorter TM3b (G121-R128)
(7). Gating occurs by a change in packing of TM1-TM2 with TM3
in response to membrane tension, this removes the new (G121)
kink, such that TM3a is now a single helix to R128 (30). This un-
kinking and consequent repacking of helices shifts the position of
TM3a, opening the channel. In the crystal structures TM1/TM2
do not pack closely with TM3a, leaving a “wedge”-shaped void
above TM3b (2, 3, 6). However, in both EMD structures a close
packing arrangement of TM3a and TM1/TM2 is seen (7, 30). The
existence of this wedge is adduced as evidence of the artifactual
nature of both crystal structures that arises due to packing in a lat-
tice (10, 11).

The cwEPR models were generated from spin labels attached
to cysteines introduced to all transmembrane residues of MscS
and measurement of O, exposure (a reporter for lipid burial),
Ni2* exposure (a reporter of solvent accessibility), and mobility.
The parameters derived from mobility, solvent, and lipid expo-
sure were used to restrain molecular dynamics simulations. An
advantage of cwEPR (31) and spectroscopic techniques in gen-
eral is that they, unlike crystallography, can be performed on the
protein embedded in liposomes, thus mimicking the natural en-
vironment more closely. For mechanosensitive channels adjusting
lipid composition in the liposome prior to measurement has al-
lowed experimental assessment of open and closed conformers
(8,9, 32, 33). cwEPR, which had the original closed crystal struc-
ture as a starting model, produced a closed structure (9) similar to
the crystal structure (2) but different to the EMD closed confor-
mer (7). On the other hand, the cwEPR open structure (8), which
appeared simultaneously with the open crystal structure (thus did
not use the open structure as a starting point), predicts a very
different arrangement of helices to both the open crystal struc-
ture (6) and the open EMD structure (7). In the cwEPR gating
model, TM3a rotates and translates around its own axis, remov-
ing L105 and L109 from the pore. TM1 and TM2 change their
position but by a radically different rotation to that seen to the
open crystal structure (6).

We evaluated the accuracy of the PELDOR technique for
MscS by assessing as a control two spin-labeled positions attached
to the soluble portion of MscS. S196R1 lies at the end of an
a-helix in the aff domain that is only described in the crystal struc-
tures and would be expected to be relatively inflexible. The pre-
dicted modal distance and distribution for the D,_, vector, based
on the crystal structures and the observed PELDOR data, are in
excellent agreement (Fig. 44). We do not consider our treatment
of the experimental data to give robust measurements for the 1-3
and 1-4 vector, a point more fully discussed in Materials and
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Fig. 5. MscS is open in solution. (A) PELDOR and ¢wEPR of D67R1 in DDM and in Fos-14. The spectra show profound differences in cwEPR but very similar
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brane helices of D67R1. The helices are shown from the open structure (orange) and closed structure (pink). Only the open structure is consistent with the

red at 1o difference electron density map (blue chicken wire) for the transmem-

BIOPHYSICS AND

density. (C) The same result is obtained for L124R1. The helices are shown in the open structure (orange) and closed structure (pink).

Methods. S147R1 is located in the p domain and described by
both cwEPR and crystal structures. The PELDOR modal (i.e.,
1-2) distance and distribution is in close agreement with both
crystal structures and the closed cwEPR structure, but there is
no convincing fit to the open cwEPR structure (Fig. 44). The
EMD structures (7) were calculated without this domain and thus
direct comparison is impossible. However, the “long” TM3 helix
requires compensating adjustment in the f domain to avoid van
der Waal clashes. PELDOR data indicate that any such pertur-
bation does not change either the modal distance or distribution
of S147R1. The excellent correspondence between the observed
modal distance and distribution for both these “control” mutants
s of the crystal
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R128, L124 (both located on TM3b), and S58 (on TM1) were
chosen because their modal distance and distributions are iden-
tical in both the open and closed crystal structures but are clearly
different from predictions from the cwEPR and EMD models
(Fig. 1D). Thus these three mutants provide an orthogonal test
of the competing models. PELDOR analysis of each of these
three mutants gives modal distances and distributions in excellent
agreement with the crystal structures (Fig. 4B). For R128R1 the
modal distance and distribution matches the closed and open
EMD model. The measured modal distance but not distribution
matches the closed cwEPR model. The open cwEPR model is
inconsistent with the PELDOR data at this site. For L124R1 the
modal distance and distributions of the open and closed EMD
and open cwEPR models are inconsistent with PELDOR data.
The closed cwEPR model does, however, match the data for

PNAS | Published online September 10, 2012 |
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L124R1 (Fig. 4B). For S58R1 the modal distance and distribution
observed in PELDOR has no correspondence with any model
from EMD or ¢cwEPR (Fig. 4B).

D67R1 on TM2 and M47R1 on TM1 were chosen because
these residues exhibit among the largest changes in modal
distance and distribution between the open and closed crystal
structures (Fig. 1B) and reside on different helices (Fig. 14).
In addition, these sites provide further assessment of the cwEPR
and EMD models. Both open and closed cwEPR models are in-
consistent with observed data for M47R1, with only the closed
cwEPR having any match to the observed D67R1 spectra.
Neither EMD model is consistent with the D67R1 data, and only
the open EMD structure matches the M47R1 data (Fig. 4C).
Combining our data (Fig. 4 A-C) we conclude that neither the
cw-EPR nor the EMD derived models (closed or open) of MscS
correspond to that which exists in solution. A further advantage
of the D67R1 M47R1 pairing is that D67R1 gives rise to a de-
creased separation of the spin labels upon opening of MscS while
M47R1 gives a longer separation (Fig. 1D), thus we should have
detected any systematic over or under estimation of distance.
Both mutants gave rise to modal distances and distributions that
unambiguously match the open crystal structure (Fig. 4D). From
these data, we conclude that, in solution, MscS has a helical ar-
rangement matching that observed in the open crystal structure.
D67R1 and M47R1 PELDOR data show a slightly broader dis-
tance distribution than is predicted for the open crystal structure,
one possible interpretation of this is the presence of the closed
form (minor contribution) as well as the open form (major con-
tribution). Modeled distance distributions assuming various pro-
portions of open and closed conformations indicate the closed
conformation if present is at a maximum 15% for D67R1 and
a maximum of 35% for M47R1 (Fig. S5B).

That PELDOR so clearly assigned MscS to the open state
in DDM solution was unexpected. The first structure of MscS
obtained by crystallization from Fos-14 detergent at pH 7.2 was
in the closed form (2, 3), and we had assumed that this was the
predominant species in detergent solution. We performed two
further analyses to validate our finding. Firstly, measurement of
D67R1 repurified in Fos-14 detergent (chemically very different
to DDM) showed an identical PELDOR spectrum and distance
distribution (Fig. 54). The open structure in solution is not a
simple consequence of the detergent used to extract the protein.
Despite the identical structure, cwEPR gave profoundly different
spectra (Fig. 54). This would caution against simplistic structural
interpretations of cwEPR line shape. Secondly, crystallographic
analysis of two mutants were performed. Unbiased difference
electron density for the transmembrane helices in the D67R1
structure match the arrangement of the open crystal (A106V)
structure (Fig. 5B), validating the PELDOR measurement. A
second mutant L124R1 also gives excellent agreement between
the crystal structure and PELDOR data. The modal distance and
distribution for L124R1 are identical in open and closed crystal
structures; importantly the crystal structure of L124R1 is also
clearly open. Because these crystals were obtained at pH 4.5, we
investigated the sensitivity of MscS to pH by recording PELDOR
spectra in DDM, and in Fos-14 at both low and neutral pH—no
substantive differences were observed (Fig. S6). That both these
new crystal structures are open we take as strongly supporting the
conclusions of our PELDOR study.

A106V, L124R1, and D67R1 have all crystallized in the same
open form [despite different detergents, pH, crystal packing,
presence or absence of spin labels, and mutant location (TM2,
TM3a, TM3b)]. PELDOR analysis of two key mutants, D67R1
and M47R1 show that in solution the arrangement of helices
is unambiguously consistent with the open crystal structure; we
conclude that crystal packing itself does not introduce notable
distortions in the helical arrangement. Rather| we conclude the
open structure, first visualized in crystals, is in fact the predomi-
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nant detergent solubilized form of MscS, perhaps reflecting the
absence of the lateral pressure of the lipid bilayer.

The failure of the other approaches to correctly identify the
solution conformation of MscS could be explained by postulating
that the arrangement of the helices in the membrane are unique
and different from those that exist in detergent micelle or in
crystals. This could be tested by repeating EMD or cwEPR on
detergent solubilized MscS, benchmarking these techniques. If
detergent extraction, per se results in such dramatic helical rear-
rangement, then this would call into question the validity of all
crystal structures and other biophysical approaches that rely on
detergent extraction of protein. Alternatively the molecular
models produced solely by EMD and cwEPR may require greater
caution to avoid overinterpretation, and their reliability could be
significantly improved by incorporation of metric data derived
from PELDOR or other spectroscopic approaches.

MscS with its seven monomers, 21 transmembrane helices, and
tightly regulated gating has served as a paradigm and experimen-
tal test bed for other ion channels. PELDOR has been utilized to
study membrane proteins (16-18, 20, 21). By applying PELDOR
to MscS we have now shown that it is possible to measure trans-
membrane helix separation at multiple sites within transmem-
brane helices themselves in a homoheptameric ion channel, an
important anticipated development (34). Symmetric multimeric
membrane proteins are often difficult to crystallize in all func-
tionally relevant conformational states and other techniques must
be employed to develop models. We have demonstrated that
PELDOR is reliable in just such a complex system, and thus it
provides both a crucial check of and restraint to other commonly
used techniques allowing greater progress in membrane protein
structural biology.

Materials and Methods

n-Dodecyl-B-p-maltopyranoside (DDM), anagrade was obtained from
Anatrace, Inc. (isopropyl-p-p-thiogalactoside (IPTG) was obtained from For-
medium and (tris(2-carboxyethyl)phosphine (TCEP) from Thermo Scientific,
Ltd. S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfo-
nothioate) (MTSSL) spin label was obtained from Toronto Research Chemicals,
and (7-diethylamino-3-((4’-(iodoacetyl)-amino)phenyl)-4-methlycoumarin)
(DCIA) was obtained from Invitrogen. All other chemicals, unless otherwise
stated, were obtained from Sigma. Mutants were made with the Stratagene
QuikChange™ protocol using pTrcYHg as template. Primer sequences of MscS
S58C have been described previously, and others are available on request. All
mutants were sequenced on both strands.

Cell Viability Assays and Electrophysiological Studies. \WWestern blot analysis
of whole-cell samples with Penta-His antibody (Qiagen) was carried out to
examine the expression of mutants. For mutants MscS S58C, the survival assay
of osmotic downshock has been published (23). For others, the assay was
essentially the same as described previously with minor alteration. All survival
experiments were performed using transformants of MJF641 (AyggB, AmscL,
AmscK AybdG, Aynal, AybiO, AyjeP). Cells were grown at 37°C in Luria—
Bertani (LB) medium, and both induced (0.3 mM IPTG added when
ODgs0nm =~ 0.2) and uninduced cultures were studied. The culture was
adapted to high osmolarity by growth to an ODgsg ,, Of 0.3 in the presence
of 0.3 M NaCl, and an osmotic downshock was then applied by a 1:20 dilution
into LB medium (shock) or the medium containing 0.3 M NaCl (control). After
10 min incubation at 37 °C, 5-pL serial dilutions of these cultures were spread
onto LB-agar plates in the presence (control) or absence (shock) of 0.3 M
NaCl. The survival rates were then assessed by counting the number
of colonies after incubation overnight at 37°C. Data are reported as
means =+ standard deviation.

Patch clamp recordings were conducted on membrane patches derived
from giant protoplasts using the strain MJF429 (AyggB, AmscK) transformed
with MscS plasmids as described previously (35). Gene expression was induced
with 1 mM IPTG for 10 min before protoplast generation. Excised, inside-out
patches were analyzed at a membrane potential of —20 mV with pipette and
bath solutions containing 200 mM KCI, 90 mM MgCl,, 10 mM CaCl,, and
5 mM HEPES buffer at pH 7. All data were acquired at a sampling rate of
50 kHz with 5-kHz filtration using an AxoPatch 200B amplifier and pClamp
software (Molecular Devices). The pressure threshold for activation of the
MscS channels was referenced against the activation threshold of MscL
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(P :Ps) to determine the pressure ratio for gating as previously (36). Measure-
ments have been conducted on patches derived from a minimum of two pro-
toplast preparations. Pressure ratios are given as mean =+ S.E.

Purification, Spin Labeling, and Structural Biology of MscS Single-Cysteine
Mutants. Different MscS single-cysteine constructs 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 ODggg nm = 0.9. The cul-
tures 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 KCl, 1.15 g of Na,HPO4e7H,0, and 0.2 g
of KH,PO, per liter), supplemented with 0.2 mM freshly prepared phenyl-
methylsulfonylfluoride (PMSF). After disruption of the cells with a French
press at 18,000 psi, the suspension was centrifuged at 4,000 x g for 20 min
to remove cell debris. The supernatant was then centrifuged at 100,000 x g
for 1 h. The membrane pellet was resuspended in buffer A (1.5% DDM,
50 mM sodium phosphate pH 7.5, 300 mM NacCl, 10% glycerol, 50 mM imi-
dazole, 0.2 mM PMSF, and complete EDTA-free protease inhibitor) and incu-
bated at 4°C. Non-solubilized membrane proteins were removed by
centrifugation at 4,000 x g for 10 min, and the supernatant was passed
through a 15-mL column containing 0.5 mL of nickel-nitrilotriacetic acid
(Ni2*-NTA) agarose. The column was washed with 10 mL of degassed buffer
B (0.05% DDM, 50 mM sodium phosphate pH 7.5, 300 mM NacCl, 10%
glycerol, 50 mM imidazole) to remove nonspecifically bound proteins. TCEP
dissolved in buffer B was then added to reduce MscS cysteines and subse-
quently MTSSL dissolved in buffer B was added at a concentration 10 x in
excess of the expected protein concentration and left to react o/night at
4°C. Next morning freshly made MTSSL dissolved in buffer B 10 xin excess
of protein concentration was added to the column and left to react for
another 2 h. Labelling efficiency was carefully monitored for each mutant
(Fig. S4A). The elution followed with 10 mL of buffer C (as buffer B but with
300 mM imidazole), and 1 mL fractions were collected. The fractions were
analyzed by SDS/PAGE and UV/vis absorption spectroscopy.

Size Exclusion Chromatography. Fractions with the highest labeled protein
content from the NiZ*-NTA column were applied to a 120-mL Superose 6 col-
umn (General Electrics Healthcare) equilibrated with buffer D (0.05% DDM,
50 mM sodium phosphate pH 7.5, 300 mM NaCl) to completely remove any
excess of the spin label present. Labeled protein was eluted in the same
buffer at 1 mL/ min. Protein concentration was monitored by absorption
at 280 nm. The column was calibrated with the Biorad standard. Prior to PEL-
DOR measurements protein buffer was exchanged to D,0 buffer E (100 mM
TES, pH 7.4, 100 mM Nacl, 0.05% DDM), and protein was concentrated to
around 400 pM. Samples were diluted to 50% by the addition of ethylene
glycol as cryoprotectant. Aliquots of 120 pl were transferred into quartz
EPR tubes and quickly frozen as described earlier (14).

Mutants were purified and stored at 9-12 mgml~' in buffer D. Crystal
trials were set up by hanging drop at 20°C and involved mixing 1:1 and
2:1 volume of protein solution: precipitant equilibrated against a large
volume of precipitant. Crystals grew to full size in two days for MscS D67R1
and eight days for MscS L124R1, respectively. The best crystals (visual inspec-
tion) were obtained using 0.07 M sodium citrate pH 4.5, 0.07 M NaCl, 22% v/v
PEG 400 for MscS D67R1 and 0.07 M sodium citrate pH 4.5, 0.07 M NacCl, 25%
v/v PEG 400 for MscS L124R1 as precipitant. Prior to data collection, crystals
of both labeled MscS mutants were transferred into a solution containing
0.07 M sodium citrate pH 4.5, 0.07 M NaCl and 30% v/v PEG 400. Data for
MscS D67R1 were collected at 100 K on a single crystal, which diffracted to a
resolution of around 4.8 A on 104-1 at Diamond (Oxford, UK). Data for MscS
L124R1 were collected at 100 K on a single crystal, which diffracted to a re-
solution of around 4.7 A on ID14-4 at the European Synchrotron Radiation
Facility (ESRF). Data were indexed, integrated and merged using MOSFLM/
SCALA (37) as implemented in CCP4 (38). The resolution limits were deter-
mined by the data statistics and the Wilson plot. The CCP4 program POINT-
LESS was used to assign space groups for both labeled MscS mutants as
P2,2,2,. Data collection statistics are shown in Table S2. Both structures were
solved using molecular replacement with the program PHASER using a model
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voltage-modulated and mechanosensitive channel. Science 298:1582-1587.
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4. Anishkin A, Sukharev S (2004) Water dynamics and dewetting transitions in the small
mechanosensitive channel MscS. Biophys J 86:2883-2895.
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containing residues 118-280 (omitting TM1, TM2, TM3a, and part of TM3b)
of the MscS A106V structure (PDB ID code 2VV5). Difference electron density
maps were calculated based on this raw molecular replacement solution.

Continuous Wave EPR and PELDOR Spectroscopy. Purified MscS labeled mu-
tants in buffer £ were concentrated to a concentration of 100 uM. Thirty
ul was loaded in glass capillaries and RT CW EPR spectra of a 20-mW power
and 9.5-G modulation amplitude were recorded. Spectra were averaged for
10 scans. CW EPR spectra were individually fitted using easyspin 4.0.0 (39).
PELDOR experiments were performed using a Bruker ELEXSYS E580 spectro-
meter operating at X-band with a dielectric ring resonator and a Bruker 400U
second microwave source unit. All measurements were made at 50 K with an
overcoupled resonator. The video bandwidth was set to 20 MHz. The four-
pulse, dead-time free, PELDOR sequence was used (40), with the pump pulse
frequency positioned at the center of the nitroxide spectrum; the frequency
of the observer pulses was increased by 80 MHz. The observer sequence used
a 32 ns p-pulse; the pump n-pulse was typically 16 ns. The experiment repeti-
tion time was 3 ms, and the number of scans used was sufficient to obtain a
suitable signal (typically >100 scans) with 50 shots at each time point. Proton
nuclear modulation averaging was used, which meant varying the first inter-
pulse delay eight times and by 8 ns each time. Total experiment time varied
according to the intensity of the observed echo but was typically 24-48 h. Full
details in Table S3. The experimentally obtained time domain trace was pro-
cessed so as to remove any unwanted intermolecular couplings, which is
called the background decay. Tikhonov regularization (25, 41) was then used
to simulate time trace data that give rise to distance distributions, P(r), of
different peak width depending on the regularization factor, o. The a-term
used was judged by reference to a calculated L curve. The most appropriate
a-term to be used is at the inflection of the L curve, because this provides the
best compromise between smoothness (artifact suppression) and fit to the
experimental data. PELDOR data were analyzed using the DeerAnalysis 2010
software package (25). The dipolar coupling evolution data were corrected
for background echo decay using a homogeneous 3D spin distribution. The
starting time for the background fit was optimized to give the best fit Pake
pattern in the Fourier transformed data and the lowest rmsd background fit.

The spin-spin interaction in a multispin system is the product of the pair
interactions. DeerAnalysis 2010 (25) treats such multiple interactions in the
form of their sums (not products) leading to artifacts (42). On a multimeric
model systems such artifacts did not significantly affect the data or interpre-
tation of the D;_, vector (43). Similarly crystallography showed that PELDOR
of the octameric spin labeled Wza gave reliable D;_, vector information.
Using DeerAnalysis on both Wza and model systems showed broadening, de-
creased intensity and shifting of the modal distance for the 1-3 and 1-4 dis-
tances, consistent with the limitations of current approaches for multimeric
systems. In this work we rely only on the D,_, vector.

Prediction of Distance Distributions for the Different Models. In silico spin
labeling, rotamer conformation searching, and distance measurements were
all carried out within the software package Pymol (www.pymol.org) using the
MTSSLwizard plugin (27). MTSSLwizard has been extensively benchmarked
against test data and produces excellent results. Rotamer conformations that
were allowed according to suggested defaults. Distance distributions were
obtained by binning the data into 1-A bins. The atomic coordinates of MscS
used for this modeling procedure were as follows: crystal structures 20AU (2),
2VV5 (6), the closed and open structures generated by molecular dynamics
simulations (7, 30) and the EPR closed (9, 28) and open (8) structures.
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