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Summary
How ion channels are gated to regulate ion flux in and out of cells is the subject of intense interest.
The E. coli mechanosensitive channel, MscS, opens to allow rapid ion efflux, relieving the turgor
pressure that would otherwise destroy the cell. We present a 3.45 Å resolution structure for the
MscS channel in an open conformation. This structure has a pore diameter of ~13 Å created by
substantial rotational re-arrangement of the three transmembrane helices. The structure suggests a
molecular mechanism that underlies MscS gating and its decay of conductivity during prolonged
activation. Support for this mechanism is provided by single channel analysis of mutants with
altered gating characteristics.
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INTRODUCTION
Ion channels display two intrinsic properties: selectivity and gating in response to specific
stimuli. Despite extensive study, the structural changes that accompany the gating transition
from closed (non-conducting) to open (conducting) states are poorly understood for many
channels. Bacterial channels have proved to be excellent experimental systems for analysis
and have provided invaluable insights into all facets of channel biology(1-6). The bacterial
mechanosensitive (MS) channels, MscS and MscL, open in response to membrane tension
so that small osmotically-active ions and molecules can exit the cell (6, 7), allowing bacteria
to survive hypoosmotic shocks equivalent to transmembrane pressures ≥ 14 atm (8). The
free energy required to open these channels is relatively small, around 28 kJ/mole and 46 kJ/
mole for MscS and MscL, respectively (9, 10).
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1equal contribution

“Comparing an open structure of the E. coli mechanosensitive channel, MscS, with the closed structure reveals the molecular basis of
channel gating. Rotation of the transmembrane helices akin to a camera iris increases the diameter of the central pore by over 8 Å.”

JHN 2000 Pressure ratios were measured using patch clamp and experimental details are reported in Supporting Online Material and
in Fig. S1.
JHN 2001 Extensive details of the crystallography are given in Supporting Online Materials and in Fig. S5.
JHN 2002 Clockwise is defined when looking along the seven fold axis from the periplasm into the cytoplasm.
JHN 2004 The value for the free energy change reported for the mutants is calculated by proportionation, assuming a linear
relationship between the free energies of the closed to open transitions of MscS and of MscL. Our interpretation does not depend upon
this linearity.

Europe PMC Funders Group
Author Manuscript
Science. Author manuscript; available in PMC 2012 March 12.

Published in final edited form as:
Science. 2008 August 29; 321(5893): 1179–1183. doi:10.1126/science.1159262.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



MscS and MscL have been characterized in detail including three dimensional
crystallographic analysis (7, 11, 12). The crystal structure of MscL has been determined in a
non-conducting state (7, 11). The first crystal structure for MscS revealed the protein was a
heptamer with a seven-fold rotational axis parallel to the normal axis of the membrane (11).
Each monomer has three amino-terminal transmembrane helices, these are named as TM1
(residues 30 – 50), TM2 (residues 60 – 90) and TM3 (residues 95 – 126)(11, 13). A
pronounced kink centered at G113 separates TM3 into the pore-lining, TM3a helix (S95 to
L111), and the TM3b helix (G113 to M126) which connects to the carboxy-terminal
domain. Seven TM3a helices are arranged in a helical barrel, the central axis of which marks
out the presumed route of ions across the membrane. The seven TM3b helices point
outwards from the central barrel tangential to the pore axis. The cytoplasmic carboxy-
terminal domains from each monomer are assembled by the seven-fold symmetry into an
oval shaped compartment with a large central cavity that is contiguous with the TM3a
helical barrel (11). Entrance to the central cavity is through seven 10 Å × 8 Å portals
arranged around the side of the oval. The original crystal structure was assigned as an open
form (11). However, subsequent analysis, and modeling, established that the structure
represents a non-conducting state (14). In the closed form, the side chains of L105 and L109
are inserted into the pore lumen. These two rings of bulky hydrophobic side chains and the
hydrophobic nature of TM3a have been proposed to prevent wetting of the channel pore,
thus blocking passage of ions, including the hydronium ion; this has been termed a “vapor
lock” (14, 15).

A conserved pattern of glycine and alanine residues in TM3a of MscS termed “knobs and
holes”, are important in gating and in forming the tightly packed, symmetrical TM3a
arrangement seen in the non-conducting form(16). As part of this investigation, we
identified A106V as one of a series of mutants with unique electrophysiological properties
in vitro that are sufficiently distinct from wild type to allow us to generate new
crystallographic insights. Crucially the mutant is fully functional in vivo(16). Here we report
the crystal structure of an open/conducting form of MscS and propose a structural model for
the transition from the closed to the open state. Crystal structures are necessarily static
structures and there may be additional open and or closed states in vivo. We have therefore
supported our model by testing its predictions with an analysis of mutants created by site
directed mutagenesis.

A106V structure
The A106V protein assembles in the membrane, protects in hypoosmotic shock assays and
gates at pressures intermediate between wild type MscS and MscL (Fig. S1) (16, 17). The
principal distinctions of the mutant are its increased resistance to pressure and its ability to
adopt a reduced conducting state at high pressures. Overall, therefore, the mutation by itself
does not grossly change protein activity in vivo. MscS A106V was crystallized following
the same protocol developed for wild type MscS(11) and the structure solved using
molecular replacement to 3.45 Å resolution. The transmembrane helices were removed from
the molecular replacement model and fitted to unbiased difference electron density (18).
A106V MscS is a heptamer and like the wild type structure is comprised of three
cytoplasmic domains and a transmembrane region of three helices (Fig. 1a,b). The
cytoplasmic portion is essentially unchanged from the wild type (7, 11) but there are major
changes in the transmembrane domain (Fig. 1b). Based on these differences we identify the
A106V structure as an open/conducting state of MscS, in contrast to a closed/non-
conducting form seen in the wild type protein crystal structure. In the wild type, non-
conducting structure A106 is packed against G108 from the neighboring subunit so that
structural re-arrangement would be required to accommodate a valine side chain (Fig. S2a).
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We suggest that it is the additional bulk of 106V that hinders formation of the state
previously observed in the wild type crystals (11).

Pronounced changes in transmembrane region
Relative to the closed structure, TM1 and TM2 rotate as a rigid unit by approximately 45°
clockwise (Fig. 1b and Fig. S3) (19). In addition to the rotation, TM1 and TM2 helices
increase their tilt by 15° with respect to the seven fold axis. This motion results in their
burying more volume in the membrane. The loop between TM1 and TM2 now interacts with
the surface of TM3b within the same monomer and with TM3a of the neighboring monomer
(Fig. S2b). We suggest that it is these new interactions that stabilize the state we observe.
Significantly, these interactions are all remote from the A106V mutation and 106V occupies
a large open pocket (Fig. S2b). Thus, while the A106V mutation has enabled an open form
to be trapped, we do not believe that the side chain has created an artefactual open state.

Accompanying the changes in TM1 and TM2, TM3a pivots around the Cα of G113 (Fig.
1c). TM3b which is attached to the cytoplasmic domain remains essentially unchanged. In
the mutant, the TM3a helices have moved outwards from the central axis and have rotated
around their axis by about 15° clockwise (Fig. 1c, 2a). At the amino-terminal end of TM3a,
the Cα of S95 shifts by over 9 Å and at the carboxy-terminal end, the Cα of L109 moves by
around 4 Å. In permitting this movement of TM3a, G113 does not adopt Ramachandran
angles forbidden to other amino acids, consistent with both its lack of conservation in other
MscS proteins and its insensitivity to mutation in E. coli (20, 21). It has been proposed that
during opening of the channel, TM3a lengthens and TM3b shortens, such that the junction
between TM3a and TM3b moves from G113 to G121 (20). The structural conservation of
the TM3a-TM3b junction in the mutant and wild type crystal structures does not support this
hypothesis.

An open structure for MscS
In the open structure, the helical axes of the seven TM3a helices are parallel to each other, to
the seven-fold axis and to the membrane normal (Fig. 1c). This is quite distinct from the
arrangement seen in the closed structure, where TM3a helices are diagonal to the seven-fold
axis. The interior of the pore remains predominantly hydrophobic, as the main chain atoms
are all involved in helical interactions and do not present a polar surface. However, we
cannot experimentally determine the extent of TM3a solvation. As a result of these changes
in TM3a, the side chains of L105 and L109 have moved out from the centre of the pore in
the A106V mutant structure, in a manner reminiscent to the plates of a mechanical camera
iris (Fig. 2b). This breaks the “vapor lock” by expansion of the pore, a mechanism suggested
from modeling of nanotubes (15). We expect that this represents an open channel rather than
a sub-conducting state because the A106V mutant channel only forms sub-conducting states
when subjected to high tension close to that required to open MscL. Such conditions are
unlikely to prevail in protein crystals.

The program HOLE(22) estimates that the pore in the open structure has a diameter of just
under 13 Å compared to 4.8 Å for the closed structure (7, 11) (Fig. 2c). At 13 Å this is very
clearly conducting and would allow passage of solvated ions and small solutes. The outer
membrane protein Wza, which allows passage of complex oligosaccharides, has a helical
barrel with a comparable internal diameter of 17 Å (23). The increase in diameter of 8 Å is
similar to that previously predicted (9). The central pore in the A106V structure is now
wider than the lateral cytoplasmic portals and suggests that it is the flow into the
cytoplasmic central cavity through the portals, not out through the TM3a pore, which limits
observed conductivity to 1200 pS (9, 10). This is consistent with the increased conductivity
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observed for a deletion mutant lacking the base of MscS, consequently creating a larger
opening into the central cytoplasmic cavity (Fig. 1a) (21).

The A110-L115 “switch”
The change in position of TM3a with respect to TM3b is accompanied by a shift of A110
(TM3a) from one side of the L115 side chain (TM3b) of a neighboring monomer to the
other side (Fig. 3a). Analogous to a switch, we believe this interaction defines an open and
closed state of the channel. Since the open state is higher in energy, this switch will stabilize
the open form by creating a kinetic barrier. To test this hypothesis, mutations were
introduced: A110 to G and V and L115 to G, I and V. All of the mutant proteins were
inserted into the membrane at levels comparable to the wild type (Fig. S4). An A110V
mutant is extremely difficult to open (PL:PS ~1.08 ± 0.04; ~42 kJ/mole (24) cf. PL:PS of
~1.59; 28.4 kJ/mole for wild type MscS), exhibits reduced conductance (16) and does not
protect against osmotic downshock (Fig. S1). The A110G mutant protects against
downshock but opens at lower pressure than wild type (PL:PS ~2.2; ~20 kJ/mole) and is
unstable in the open state (Fig. 4 and S1). L115V protects against downshock and opens at
lower pressures than wild type (PL:PS ratio ~2.1; ~22 kJ/mole) although its behavior was
complex (Fig. 4b and S1). These observations are consistent with our model which suggests
that the bulkier A110V would require more structural distortion to go past L115. In contrast,
the A110G and L115V mutants having smaller side chains at these positions, would allow
easier interconversion between closed and open states and thus open at a lower pressure and
creating flickery channel behavior (Fig. 4).

Functional analysis of the gating transitions
In the gating transition, the methyl group of A102 has to slide across the protein surface of
TM3a from the neighboring subunit (Fig. 3b). This would represent an obstacle to closure
which could stabilize the open form. We created single mutants at A102 to test this and to
extend our analysis of TM3a (16) (Fig. S1). An A102G mutant opened at a similar pressure
to wild type (PL:PS ~1.54 ± 0.11; ~29 kJ/mole) but was unable to sustain the fully open state
(Fig. 5a). The A102G mutant exhibited a flickery channel phenotype that undergoes rapid
adaptation (Fig. 5b). This is consistent with a model in which the loss of the methyl group
reduces the barrier between the states and allows very rapid cycling between them once
sufficient pressure is applied to gate the channel. An A102V mutation significantly
increased the pressure to gate the channel (PL:PS ~1.26 ± 0.04; ~36 kJ/mole) (Fig. S1),
presumably because the bulkier valine side chain cannot easily slide across the surface.

Single mutant analysis can prove misleading, as changing one residue may modify a number
of interactions and this may have the consequence of potentiating kinetic pathways that are
cryptic in the wild type protein (25). To further test our model, we sought to identify
residues that couple with A102G using mutant cycle analysis, which has proved invaluable
in both enzymology and the study of ion channels (25-29). A second mutation was
introduced either at G104, a position the model suggests should be coupled, or at G101
which the model predicts is not coupled. The A102G/G104A double mutant exhibited both a
wild type gating pressure (PL:PS ~1.50 ± 0.02; ~30 kJ/mole) and a stable open state (Fig. 5c
and S1). Pressure difference calculations for this mutant cycle were greater than zero (0.38)
indicating coupling between the two residues (Fig. 5d) (25, 28-30). The double mutant
A102G/G104A re-introduces a methyl group (in TM3a from the neighboring subunit)
opposite A102G (Fig. 3b). Our model had suggested this would recreate the kinetic barrier
of a methyl group moving across a protein surface (Fig. 5) and this appears to be the case. In
contrast, the G101A/A102G double mutant exhibited stable channel openings but the
pressure required for opening was the same as for the G101A single mutant alone (1.37 ±
0.05; ~33 kJ/mole) (Fig. 5c and S1). The calculated pressure difference for the mutant cycle
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was close to zero (0.02; Fig. 5d), supporting our structural model which suggests the
independence of these two residues (29, 30).

A molecular model for adaptation
During sustained application of sub-saturating pressures to membrane patches, E. coli MscS
channels will decay to a non-conducting state, this is termed “adaptation” (1, 8, 20, 21, 31).
Adaptation has two contributory processes: inactivation and desensitisation. Inactivated
channels can be reactivated after resting in the absence of pressure(20), whereas desensitized
channels can be reactivated by increasing the pressure. These processes are common in
many channels and receptors(32), yet structural understanding is sparse. In this open form of
MscS the seven TM3a helices are no longer close-packed but are physically separated (Fig.
2d). In returning to the closed form, the very specific pattern of “knobs and holes” of TM3a
must be re-established. There is the possibility that during this “re-packing” the protein
molecule could become conformationally-trapped by mismatching the “knobs and holes”.
The rate of adaptation would then be proportional to rate of cycling between open and
closed states. This is indeed the case, at pressures high above the gating threshold, where the
channel is open with no cycling between states, no decay is observed. The mutant A102G
which rapidly flickers between open and closed states exhibits very rapid adaptation (Fig
5b). Changes that increase the separation between TM3a helices are predicted by our model
to lead to more rapid adaptation. In both structures Q112 points into the pore and in the
closed form makes contacts with several other residues. The Q112G mutant which would
remove this “guiding hand”, shows an extremely rapid decay of conductivity(20). Since
MscK, an E. coli homologue of MscS, has much bulkier side chains in TM3a one might
predict a more constrained pathway to the closed state. Indeed, MscK does not exhibit any
decay of conductivity(8). Rapidly adapting MscS mutants have been described with changes
that are located in TM3b and in the loop between TM1 and TM2(20, 33). Our model would
suggest these mutations perturb protein-protein interactions, as TM1 - TM2 crosses the face
of TM3b (Fig. 1b) during the transition between states.

Model for channel gating
The re-arrangement of the three transmembrane helices between the closed and open
conformations of MscS presents a structural basis upon which we can now propose a
molecular model for channel gating. Under excessive outwardly-directed turgor pressure the
density of lipids in the cytoplasmic membrane is decreased. TM1 and TM2 respond to this
decrease in density by adjusting their conformation to increase their buried volume. We
suggest that the rotation and tilting movement of TM1 and TM2 act as a lever upon TM3a.
This rigid body movement of TM1 - TM2 is conceptually similar to the movement of the
“voltage sensing paddle” in the voltage dependent potassium channel KvAP (34-37). TM3a
then pivots around Q112-G113 while the remainder of the structure remains essentially
unchanged. This movement of TM3a withdraws the side chains of L105 and L109 from the
central pore breaking the vapor lock and allowing solvated ion transport (Fig. 2). Leucine
rings are a central motif in many channels and mutational analysis has shown similar roles to
those proposed for MscS(38-40). The tight packing of these Leucine residues in the closed
form is important for protein stability and function. Single mutants of L105 or L109 to
smaller amino acids affect the assembly of the channel in the membrane(41). Significantly,
the channels that do form, still gate but at lower pressures, suggesting one Leucine ring
alone can block conduction. This is analogous to mutants affecting the Leucine rings in the
Acetylcholine receptor that lower the concentration of agonist required to gate the
channel(39, 40).

The opening and closing of channels is central to biology, yet is still poorly understood at a
molecular level. The use of mutants with modified gating kinetics may prove a widely
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applicable approach to crystallize different channel conformations. By combining functional
data with an open structure of the MscS channel, we have described the transitions between
closed and open forms that involve tilting and separation of the transmembrane helices
reminiscent of a camera iris.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Conformation changes between the A106V and wild type structures
(a) The structures are orientated such that the seven fold axis is parallel to the membrane
normal. For the A106V structure, one monomer (subunit A) is colored orange, the remaining
six subunits gold. The site of the A106V mutation is highlighted. For the wild type structure
the A subunit is colored purple, the remaining six subunits B to G are colored lilac. One of
the seven portals through which ions are presumed to enter from the cytoplasm is marked.
The cytoplasmic domain is essentially unchanged from the wild type structure, there are
however profound changes in the transmembrane helices, which are boxed. An orthogonal
view is shown in Fig. S3. The environments of A106 and 106V in their respective structures
are shown in more detail in Fig. S2.
(b) An expanded view of the boxed transmembrane helices of the A subunit. The helices are
colored and oriented as above. The blue arrow represents the motion from the closed to the
open state. The helices are labeled TM1, 2, 3a and 3b according to the text. In the A106V

Wang et al. Page 8

Science. Author manuscript; available in PMC 2012 March 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



structure, TM1 and TM2 have undergone a rigid body clockwise rotation relative to their
position in the closed structure (labeled TM1cl and TM2cl). TM3a also adjusts its position
relative to the closed form (TM3acl). There is only a small change in TM3b. G113 the pivot
point is labeled.
(c) The central pore showing only TM3a colored and oriented as Fig. 1a. Comparing the
wild type and A106V channel structures, TM3a has pivoted around G113. The blue arrow
denotes the movement from closed to open states. As a result of this motion, the helical axis
of TM3a in the A106V structure is parallel to the membrane normal, rather than as in the
wild type structure at an angle.
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Fig. 2.
A106V represents an open structure.
(a) Superposition of the helical pore (helix TM3a) in MscS. The color scheme is as Fig. 1a.
The subunits are labeled; the labels for those in the closed structure are on the inside. The
TM3a helices in the A106V MscS structure move out from the centre and align parallel to
the 7 fold axis. The blue arrows denote the motion from the closed to the open state. The
helical pore is oriented such that one is looking from the periplasm into the cytoplasm.
(b) The L105 and L109 side chains, which fill the central pore in closed structure, have
moved out of the pore in the A106V structure, creating the open channel by breaking the
vapor lock. This motion is akin to the opening of camera iris. The color scheme is the same
as Fig. 1a and the orientation as Fig. 2a.
(c) The pore formed by the seven TM3a helices in the A106V MscS (left) has a diameter of
around 13 Å and is assigned as an open (conducting) state of MscS. The wild type channel
has a diameter of 4.8 Å (right) and is thought to represent a closed (non-conducting)
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channel. The TM3a helices are shown in space filling representation with the same color
scheme as Fig. 1a and the same orientation as Fig. 2a. Only residues T93 to N117 are
shown.
(d) The TM3a helices in the conducting A106V structure are not tightly packed (left), these
“spaces” are not wide enough to allow molecules passage but may interact with the lipids. In
the non-conducting structure the TM3a helices are tightly packed (right). The open and
closed structures are colored and oriented as Fig. 1a. 106V is shown in green for the open
structure and A106 in green for the closed structure. Only residues T93 to N117 are shown.
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Fig. 3.
Structural features of the channel transition
(a) In the closed structure, the side chain of A110 (shown as red sphere) sits in a pocket on
one side of the L115 side chain in TM3b from the neighboring G subunit. In the open
A106V structure A110 (shown as a yellow sphere) sits in another pocket on the opposite
side of the L115 side chain. These different positions of A110, akin to a switch, define the
closed and open states. The remainder of the molecule is colored as Figure 1a. The blue
arrow defines the motion from closed to open.
(b) The methyl group of A102 from the A subunit must cross the face of TM3a from the G
subunit, creating a guide to the opening and closing. The A102G mutant opens and closes
more easily than the wild type channel, consistent with the removal of this guide. The
double mutant A102G/G104A re-introduces a methyl group recreating the guide and is
indeed essentially wild type. The molecules are colored as the same as in Figure 1a.
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Fig. 4.
Mutations at A110 and L115 affect MscS channel opening. Patch-clamp analysis of excised
protoplast membrane patches expressing wild type or mutant MscS protein. (a) Wild type
(WT) channels show step-like opening and closing events. Substitution of A110 to glycine
produces channels that are unstable in the open state, thus openings are rapidly followed by
closures giving channel activity of a flickery appearance. Substitution to valine leads to a
channel that does not open fully; its open state is stable but exhibits a decreased
conductance. (b) Exchange of L115 for a smaller valine residue disrupts the ability of the
channel to open fully and/or remain open. Vertical scale bar, 50 pA; horizontal scale bar,
200 ms.
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Fig. 5.
Alanine at position 102 is important to maintain the open state of MscS. (a)-(c) Patch clamp
recordings of wild type (WT) and A102G mutant MscS channels. (a) A102G mutation
renders the channels unstable in the open state. Vertical scale bar, 50 pA; horizontal scale
bar, 200 ms. (b) Prolonged application of pressure (shown in lower panel of both traces)
causes open wild type (WT) channels to adapt and become non-conducting. Thus the current
trace (upper panel in each recording) returns to baseline in the presence of applied pressure.
A102G mutant channels rapidly adapt to sustained pressure. Vertical scale bar, 200 pA and
340 mm Hg; horizontal scale bar, 10 s. (c) Reciprocal double mutations at positions 102/101
or 102/104 return the stable fully open conformation. Vertical scale bar, 50 pA; horizontal
scale bar, 200 ms. (d) Mutant cycle analysis(25) of the gating pressures (derived from patch
clamp analysis) for each single and double mutant. The PL:PS ratio for each single and
double mutant was measured as described in methods(17). The PL:PS ratio difference
between the single mutants and wild type, and double mutants and single mutants, was
calculated to measure the change associated with the introduction of the indicated mutation.
Summation across the diagram (i.e. comparing the effect of introducing a specific mutation
into either wild type or mutant channel) indicates that whilst residue G101 does not couple
to A102 (difference value of 0.02 is close to zero), G104 and A102 appear to energetically
interact (difference value of 0.38 is greater than zero) (25-30)
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