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I. OVERVIEW

The prokaryotic mechanosensitive channels of large (MscL) and small
(MscS) conductance respond directly to tension applied to the bacterial
membrane. Crystal structures of the Mycobacterium tuberculosis MscL and
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Escherichia coli MscS were initially reported at 3.5- and 3.9-A resolutions,
respectively. In subsequent refinements described in this chapter, sequence
register errors have been corrected to produce improved models for both
channels. The pentameric MscL and heptameric MscS are each organized
into transmembrane and cytoplasmic domains, although their detailed
architectures are distinct in terms of polypeptide folds and oligomeric states.
The basic structural framework of the MscL and MscS transmembrane
domains is provided by a-helices; each subunit of MscL has 2 helices for
a total of 10, whereas MscS has 3 helices per subunit for a total of 21.
In contrast to the common architectural theme of helix packing evident in
the transmembrane domains, the cytoplasmic domains of MscS and MscL
are markedly different in terms of both overall size and polypeptide fold. The
permeation pathways in both structures are formed by the right-handed
packing of helices that create funnel-shaped pores constricted near the
cytoplasmic side by the side chains of hydrophobic residues. From consid-
erations of the relationship between pore geometry and conductance, it is
likely that both channel structures represent closed states.

II. INTRODUCTION

Membrane integrity is vital to cellular growth and survival. Among the
insults that may be experienced by organisms are changes in external osmo-
larity; concentration differences of only 10 mM can generate osmotic pres-
sure differences of ~0.2 atm that may rupture membranes of radii ~3 um
(Hamill and Martinac, 2001). Cells immersed in environments that can
encounter even modest osmolarity changes must consequently be able to
respond on a sufficiently rapid timescale to prevent lysis. Osmotic down-
shock conditions, such as the sudden exposure of a bacteria to rain or other
source of freshwater, represent a particularly challenging situation (Booth
and Louis, 1999; Poolman et al., 2002). Without safety-value mechanisms to
release cellular contents (Britten and McClure, 1962), cells would not be able
to withstand the resultant turgor pressures of tens to hundreds of atmo-
spheres associated with the influx of water. Through the pioneering efforts
of C. Kung and coworkers (Martinac et al., 1987; Sukharev et al., 1994,
1997), the proteins in bacteria responsible for sensing the increase in mem-
brane tension accompanying osmotic downshock have been identified. These
proteins form high-conductance channels in the inner membrane that can
open and close in direct response to tension applied to the bilayer. Such
properties are consistent with a biological role for these channels in respond-
ing to sudden increases in turgor pressure to jettison water and other cellular
contents to prevent cell lysis during hypoosmotic shock. To date, two



1. Crystal Structures of MscL and MscS 3

general families of these channels have been identified, the mechanosensitive
channel of large conductance (MscL) (Sukharev et al., 1994) and of small
conductance (MscS) (Levina et al., 1999). Reviews of these channels have
appeared (Perozo and Rees, 2003; Strop et al., 2003; Sukharev and Corey,
2004; Blount et al., 2005; Booth et al., 2005; Sukharev et al., 2005) that
emphasize different aspects of these channels. Although they are relatively
simple, intrinsically stretch-activated systems, the basic principles of how
MscL and MscS sense forces applied to the lipid bilayer likely reflect the
mechanisms underlying such diverse cellular phenomena as touch, hearing,
gravity, and pressure (Kung, 2005).

From a structural perspective, MscL and MscS represent fascinating
targets as they provide an opportunity to explore the coupling between
protein conformation and the membrane environment responsible for chan-
nel gating. Tension and pressure sensitive systems, such as MscL and MscS,
have the added attraction that these environmental properties are energeti-
cally coupled to changes in protein area and volume, respectively, which may
be directly quantitated from structural models. The crystallographic ana-
lyses of the M. tuberculosis MscL (Chang et al., 1998) and the E. coli MscS
(Bass et al., 2002) described in this chapter were motivated by these con-
siderations to provide the structural frameworks essential for a mechanistic
understanding of mechanosensitive systems at the molecular level.

IIIl. CONDUCTANCES OF MscL AND MscS: GENERAL CONSIDERATIONS

The conductance of a channel, g, describes the coupling between the
current flow through the channel, 7, and the driving force across the mem-
brane, V, in the Ohm’s Law expression:

gV =1 (1)

where g is the inverse of the channel resistance. When 7 and V are expressed
in amperes and volts, respectively, the units of g are siemens (S) which are
equivalent to reciprocal ohms. The conductances of MscL and MscS have
been reported as ~3 and 1 nS, respectively (Sukharev et al, 1997, 1999;
Levina et al., 1999), when measured in solutions containing 200-mM KCl
and 40- to 90-mM MgCl,. With a potential difference of 100 mV, a conduc-
tance of 1.6 nS equals 160 pA, which is equivalent to the flow of ~10° ions/
s across the membrane. These are quite high-conductance channels; for
comparison, K* channels and the acetylcholine receptor have conductances
that are ~100 times smaller than MscL (Hille, 2001). While these conduc-
tances reflect the properties of the fully open state, subconductance states
have been reported for both channels (Sukharev et al., 1999; Shapovalov and
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Lester, 2004; Akitake et al., 2005). An inactivated state of MscS has also been
described (Akitake et al, 2005). From conductance measurements in the
presence and absence of different size molecules, the pore radius in the open
state of MscL has been estimated in the range of 15-20 A (Cruickshank et al.,
1997; Sukharev et al., 1999, 2001b). As anticipated from the high conduc-
tances, both channels are essentially nonselective, although MscS does exhibit
a slight preference for anions (Martinac et al., 1987; Sukharev, 2002).

The conductance of a channel reflects, among other factors, the geometry
of the permeation pathway (Hille, 2001). Viewed as a continuum model, the
conductance of a channel will vary linearly with the cross-sectional area and
inversely with the length of the permeation pathway. The conductance of
real channels will, of course, depend on molecular details that cannot be
captured in a continuum model. One interesting example is the observation
in molecular dynamics simulations that hydrophobic pores of diameter
smaller than 4.5 or 6.5 A are closed to water and ions, respectively—that
is, nonconducting channels need not be geometrically closed (Beckstein and
Sansom, 2004). Consequently, even qualitative analyses of low conductance,
selective ion channels will likely require detailed calculations. For high
conductance, nonspecific ch%nnels, however, such as MscL with estimated
pore radii greater than 10 A in the open state, macroscopic, continuum
models may not be a bad approximation, at least for a qualitative under-
standing of the dependence of channel conductance on the geometry of the
permeation pathway. It is in this spirit that the following analysis is pre-
sented by way of background to help functionally interpret the MscL and
MscS structures.

In the simplest continuum model for the conductance of a cylindrical
channel of radius r and length /, the conductivity is given by (Edmonds,
2001; Nelson, 2004):

cDg? nr?
- - 2
=TTl 2)

where ¢, g, and D denote the concentration, electronic charge, and diffusion
coefficient for the univalent permeant ion, respectively; kg is the Boltzmann
constant and 7 is the temperature. When c¢ is expressed in molar concentra-
tion units, r and / in Angstroms, and taking D = 2 x 107> cm?%/s for KCI at
298 K (Robinson and Stokes, 1959), this expression reduces to

g= 2.46—;2 (nS) (3)

Macroscopic models of this type have been found to overpredict the
experimentally measured conductance of channels by factors of ~5-6 (Smart
et al., 1997), resulting in an empirical expression for geg:
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2
cr
getr ~ 0.4—-(nS) (4)
with r = 15A, /=30 A, and ¢ = 0.3 M, gerr ~ 0.9 nS.

Macroscopic models may also be used to estimate the volume of water and
other cellular contents flowing through an open mechanosensitive channel
driven by an osmotic pressure gradient. The volume per unit time, J, of a
fluid of viscosity n flowing through a macroscopic pipe of radius r and length
[, under a pressure differential AP is given by the Hagen—Poiseuille equation
(Denny, 1993):

nr4 AP
J=—— 5
sy 1 (5)

For a mechanosensitive channel, approximated as r = 15 A and /=30 A, ex-
periencing an osmotic pressure gradient of AP = 0.1 atm = 1.013 x 10°> dyne/cm?,
and given the viscosity of water as n = 0.01 g/cm s, the volume flow through
the pipe may be calculated from Eq. (5) as J = 6.7 x 107" ecm’/s, which
corresponds to 2.2 x 10® waters/s (from the average molecular volume for
water ~30 A% =3 x 1023 cm?®). For comparison, the permeation rate through
the aquaporin water channel is ~10° waters/s (Zeidel et al., 1992).

For a cell experiencing osmotic downshock, the volume flow of water per
unit time (Jy) across a membrane of surface area 4 in response to an osmotic
pressure gradient, AP, is given by (Weiss, 1996):

Jy = LyAAP (6)

where Ly is the hydraulic conductivity. An approximate value of Ly for
biological membranes is ~10~> cm/s atm. If an osmotic pressure gradient is
imposed across a membrane containing Nc channels that support a volume
flow given by the Hagen—Poiseuille equation, then the equilibrium condition
where the flow across the membrane [Eq. (6)] is balanced by the flow through
the channels [Eq. (5)] becomes:

nré
n
NC o 8Lv’r]l (7)
A

With the parameters defined as above, No/4 ~ 5 x 107 channels/cm”. For
a spherical cell of radius ~10~* cm (approximating E. coli), A ~ 10~ cm® or
N¢ ~ 5 channels per cell. Experimental estimates from electrophysiological
analyses suggest there are 4-5 MscL and 20-30 MscS channels per E. coli
(Stokes et al, 2003). An important conclusion from this analysis is that
mechanosensitive channels with  ~ 15 A in the open state are anticipated
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to have approximately nanoSiemens conductances and support volume
flows that are consistent with the observed biological properties of these
channels.

IV. STRUCTURE DETERMINATION OF MscL AND MscS
A. General Considerations in Membrane Protein Crystallography

While the details vary, the basic steps in the structure determination of
MscL and MscS generally mirror those employed in the crystallographic
analysis of most membrane proteins, starting with the bacterial photo-
synthetic reaction center (Deisenhofer e al., 1985). These steps may be
somewhat arbitrarily classified as: (i) obtaining a suitable source for
the membrane protein of interest, (ii) solubilization from the membrane,
(iii) purification, (iv) crystallization, and (v) structure solution. A brief
overview of these steps, noting aspects relevant to MscL and MscS, follows.
A more detailed description of the MscL structural analysis can be found in
Spencer et al. (2003).

1. Source of Membrane Protein

It is no coincidence that the membrane proteins whose structures were first
determined occurred naturally at high abundance in appropriate sources.
Indeed, the first structures of recombinantly expressed membrane proteins,
the prokaryotic channels KcsA (Doyle ef al., 1998) and MscL (Chang et al.,
1998) were determined in 1998, some 13 years after the reaction center. Since
most membrane proteins are found in very low abundance, recombinant
methods are essential for their structure determination. Not only do recom-
binant methods allow overproduction in increased quantities, but they also
enable membrane proteins from many different species to be produced and
over-expressed. In addition, they can be prepared with different affinity tags
to facilitate rapid and efficient purification. A wide variety of over-
expression systems have been utilized or proposed for membrane proteins
(Grisshammer and Tate, 1995, 2003). However, the most successful expres-
sion system has been based on E. coli (Drew et al., 2003), which has been
almost exclusively utilized for crystal structure analyses of recombinant
prokaryotic membrane proteins, including MscL and MscS. Prokaryotic
systems enjoy a number of significant advantages for membrane protein
work; in particular, the cells can be easily grown on a large scale, and the
growth conditions and induction strategies can be manipulated to obtain
sufficient quantities of purified protein to facilitate screening and refinement
of crystallization conditions.
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2. Solubilization

Solubilization of integral membrane proteins from the phospholipid
bilayer for crystallization studies is typically achieved through detergent
extraction (Michel, 1991; Iwata, 2003). This results in the formation of
protein—detergent mixed micelles where the hydrophobic region of the pro-
tein is solvated by the nonpolar component of the detergent, while the polar
component interacts favorably with the aqueous solution. The choice of
detergent is crucial; some detergents are too vigorous and will either dissoci-
ate oligomeric proteins into subunits or, as in the case of sodium dodecyl
sulfate, denature the protein, while others are too mild to efficiently extract
the protein from the membrane. Although certain detergents have been used
repeatedly in structural analyses (such as dodecylmaltoside used with MscL),
identification of the “correct” detergent is still an empirical process involving
the screening of several dozen detergents and must be established for each
protein.

While detergents are extremely useful for the membrane extraction and
homogenous preparation of membrane proteins for structural studies, they
are not completely faithful mimics of the bilayer environment. In particular,
detergent micelles are typically spherical, in contrast to the planar structure
of the bilayer. Among other factors, these distinctions will perturb the lateral
pressure profile (Cantor, 1999) experienced by the protein in detergent or the
bilayer, which is reflected in a general destabilization of membrane proteins
in detergent solutions (Stowell and Rees, 1995; Bowie, 2001; Odahara, 2004;
Lee et al., 2005). In addition to these general effects, there can be specific
phospholipid—protein interactions that are important for protein stability
and function, that can also have a significant impact on crystallization
(Zhang et al., 2003; Long et al., 2005; Guan et al., 2006). This is an area
that will clearly benefit from more careful quantitative analysis of the lipid
content of membrane protein preparations.

3. Purification

The use of affinity tags has revolutionized the process of protein purifica-
tion, including membrane proteins (Kashino, 2003). Ideally, the detergent-
solubilized material can be adsorbed to column material with a high affinity
for the tag, which after washing can be eluted by an increased concentration
of the appropriate ligand. Most frequently, affinity tags composed of multi-
ple histidines, typically 6-12, have been employed for purification with
immobilized metal affinity columns and subsequent elution with imidazole;
in the cases of MscL and MscS, the tags contained 10 histidines. Other
affinity tag purification systems are also available (Terpe, 2003). Additional
purification steps such as ion exchange or gel filtration chromatography can
improve purity, although sometimes these steps have a negative effect on



8 Steinbacher et al.

crystallization, presumably due to loss of phospholipids. Gel filtration chro-
matography and light scattering can be very helpful in characterizing the
monodispersity of a sample. Detergent solubilized material can form a
variable extent of high-molecular-weight species (soluble aggregates) that
are not suited for crystallization; this was a particular problem with MscL
due to the apparent formation of MscL-MscL dimers (i.e., a species with a
total of 10 subunits).

4. Crystallization

The strategy for production of three-dimensional crystals of membrane
proteins closely mirrors that for water-soluble proteins; sets of conditions
with varying concentrations and types of precipitants, salts, and buffers (pH)
are screened, typically by vapor diffusion methods, for initial leads that are
then optimized. An informative analysis of membrane protein crystallization
is presented in Iwata (2003).

With a few notable exceptions, crystals of integral membrane proteins are
typically of modest diffraction quality. This is likely a consequence of two
factors: the generally high solvent content of membrane protein crystals and
the destabilization of membrane proteins in detergent solutions. The high
solvent content reflects the presence of the detergent micelle surrounding
the apolar regions of the protein surface, which inhibits participation of
this region in lattice contacts. For the membrane protein data presented
in Fig. 1, the average Matthews coefficient (V},) (Matthews, 1968) for a
membrane protein is ~4 A%/Da, which corresponds to ~70% solvent; this
may be compared to the average of 2.6 A*/Da for water-soluble proteins
(Kantardjieff and Rupp, 2004), which corresponds to ~50% solvent. In both
cases, there is a trend that the diffraction resolution is correlated with V. Of
particular note, both MscL. and MscS have V, ~ 6 A3/Da, which indicates
these crystals have high solvent contents, even for membrane proteins, and
this may be correlated with the observed “modest’ diffraction quality of the
crystals.

5. Structure Determination

The crystal structure determination of membrane proteins involves the same
general considerations as for any other sample. Other than data collection,
the main barrier is phase determination; for MscL, this involved preparation
of suitable heavy atom derivatives for the method of multiple isomorphous
replacement, while it was possible to incorporate selenomethionine into MscS
which permitted phase determination using the multiple wavelength anomalous
diffraction phasing method. The main technical issues in the crystallographic
analyses of membrane proteins reflect their typically (but not exclusively)
modest resolution and associated high B factors (see Section IV.B). Advances
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FIGURE 1 Distribution of the Matthews coefficient (V,,) and the crystallographic resolu-
tion for integral membrane proteins of known structure. Entries were taken from the database
of S. White (http://blanco.biomol.uci.edu/membrane_proteins_xtal.html; White, 2004). A gen-
eral trend is evident that structures with higher ¥, (greater solvent content) tend to diffract more
poorly than structures with lower V;, and consequently a lower solvent content. The points
corresponding to the MscL and MscS structures are indicated.

in synchrotron beam lines, including automated sample handling and data
collection, and refinement algorithms have significantly enhanced the ability
to extract useful data from weakly diffracting crystals.

B. Crystallographic Analysis of MscL and MscS

The M. tuberculosis MscL and E. coli MscS structures were originally
reported in 1998 and 2002 (Chang et al., 1998; Bass et al., 2002), and
deposited in the Protein Data Bank (http://www.rcsb.org/pdb; Berman
et al., 2000) as entries IMSL and IMXM, respectively. The diffraction data
for both structures were characterized by a rapid decrease in intensity with
resolution, associated with large values for the overall temperature factors of
~100 A% As a result, while the diffraction data were very strong at low
resolution, the average intensity quickly decreased with increasing resolution
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as reflected in the limiting resolutions of 3.5 and 3.9 A for MscL and MscS,
respectively. While the experimentally phased electron density maps fortu-
nately appeared to be of much better quality than would be expected for this
overall temperature factor, it was difficult to obtain well-refined models.
In the case of MscL, we initially were unable to refine any single model to
values of R and Ry, below ~0.40 and 0.42, respectively, and consequently a
“multiple structures” strategy was implemented where nine copies of the
structure were refined again the native data to final R and R values of 0.26
and 0.35. The refinement of MscS was better behaved in that a single
structure could be refined against the native data to R and Rp. values
of 0.33 and 0.36, respectively, although these values are still higher than
desirable.

Despite extensive efforts, we have been unable to improve the diffraction
quality of MscL and MscS crystals beyond those originally described. Con-
sequently, we decided to reanalyze the original data to see if improved
structural models could be produced. Following reprocessing of the diffraction
data to 3.5- and 3.7-A resolution for MscL and MscS, respectively, electron
density maps for model building and refinement were generated by calcu-
lating phases from the PDB coordinates to ~16-A resolution. Using non-
crystallographic symmetry averaging (five- and sevenfold for MscL and
MscS, respectively) and solvent flattening, the phases were refined and
incrementally extended over 200 steps to their limiting resolutions. As a
consequence of the high degree of noncrystallographic symmetry and high
solvent content, this procedure led to a significant improvement in the
quality of the final electron density maps that facilitated rebuilding of the
models. While the overall folds of the polypeptide chains were unchanged,
register errors were detected and corrected in both MscL and MscS. A
critical aspect in the refinement was the parameterization of the bulk solvent
correction that is crucial for the proper scaling between observed and
calculated structure factors at very low resolution. As these reflections are
quite strong, small differences in scaling can significantly influence the
resulting electron density maps, particularly in regions of the protein surface.
The revised models have been refined to final values of R and Rg... of 0.319
and 0.338 for MscL, and 0.293 and 0.321 for MscS; while still high, they do
represent a significant improvement over the original models and are a
reasonable reflection of the quality of structural models at these resolutions.
The Protein Data Bank entries for the revised coordinates of MscL and
MscS are 20AR and 20AU, respectively.

Relative to the IMSL coordinate set, the most significant changes in the
revised MscL structure are the modeling of the first 12 residues (missing in
the original model) as an a-helix, the complete rebuilding of the periplasmic
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loop, and correction of a six-residue register error in the cytoplasmic helix.
When structurally equivalent residues are compared between the original
and revised models, the overall root mean square (rms) deviation in Ca
positions is 1.5 A. If the sequence register corrections are not taken into
account, the rms deviation increases to 8.7 A for all residues (10-118) in the
initial model (primarily due to the 6-residue register shift in the cytoplasmic
helix), with an rms deviation of 1.8 A for residues in the membrane-spanning
helices (15-43 and 69-89). Relative to the IMXM model, the most signifi-
cant changes in the revised MscS structure are adjustment for the deviations
from exact noncrystallographic symmetry in the membrane-spanning region,
including rebuilding of the loop between TM2 and TM3, and correction of
the sequence register for residues 160-195 and 226-244. One consequence of
the deviations from sevenfold symmetry in the membrane-spanning domain
of MscS is that the permeation pathway more closely resembles a pinched
tube. When all structurally equivalent residues in the two MscS models are
superimposed, the overall rms deviation in Ca positions is 1.4 A; without
correcting for the register errors, the rms deviation increases to 3.4 A for all
residues (27-280) in the model, and is 2.2 A for residues in the second and
third transmembrane helices. There is relatively little change between the
original and revised models in the permeation pathways of both MscL and
MscS.

V. MscL AND MscS STRUCTURES

MscL and MscS exist as pentamers and heptamers, respectively, with the
permeation pathway surrounding the axis of rotational symmetry in the
center of each channel. Although they share a common organization of an
N-terminal transmembrane domain and a C-terminal cytoplasmic domain,
the overall arrangements of the polypeptide folds are distinct, indicating that
they do not share a common evolutionary ancestor. In the subsequent discus-
sion, unless otherwise specified, residue numbers refer to the M. tuberculosis
MscL or E. coli MscS sequences as appropriate.

The polypeptide fold of an MscL subunit (Fig. 2A) exhibits a simple
topology containing two membrane-spanning helices (TM1 and TM2) and
a cytoplasmic a-helix near the C-terminus. Starting from the conserved cyto-
plasmic N-terminus, residues 1-12 of each subunit adopt an a-helical confor-
mation that would likely be positioned at the cytoplasmic surface of the
membrane. TM1 (residues 13-47) crosses the membrane toward the peri-
plasm and creates the permeation pathway through formation of a right-
handed helix bundle with the symmetry related TM1s from the other
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FIGURE 2 Ribbons diagram representations of the MscL channel. (A) The polypeptide
fold of an individual MscL subunit viewed from the plane of the membrane, with the positions
of the two membrane-spanning helices, TM 1 and TM2, indicated. The termini of the channel are
designated by “N”” and “C,” respectively. (B) The MscL pentamer viewed in the same orienta-
tion as (A). (C) The membrane-spanning region of MscL viewed down the membrane normal
from the periplasm. The side chains of Leul7 and Val21 that constrict the permeation pathway
are shown as black CPK models. The subunit illustrated in (A) is shaded dark, while the
remaining subunits are light in these panels. Ribbons representations in this chapter were
prepared with MOLSCRIPT (Kraulis, 1991).

subunits (Fig. 2B and C). Residues 48-68 form an extended loop with poor
density in the periplasm that approximates two antiparallel f-strands. TM2
(residues 69-101) then returns to the cytoplasm along the exterior of the
channel to complete the membrane-spanning domain of MscL. Within the
transmembrane domain, each TMI1 helix interacts with four surround-
ing helices: two TMI1 helices from adjacent subunits (helix crossing angle
~—42°) and two TM2 helices, one from the same subunit (crossing angle
~134°) that contacts the periplasmic half of TM1 and the other from an
adjacent subunit (crossing angle ~ —175°) that contacts the more cytoplas-
mic half of TMI1. Although there are no contacts between pairs of TM2
helices, the subunits are further interconnected in the transmembrane do-
main by the threading of the N-terminal helix of one subunit between the
TM1 and TM2 helices of a neighboring subunit. The membrane and cyto-
plasmic domains are connected by a short linker leading to a cytoplasmic
helix (106-125) in each subunit that associates with the symmetry related
mates to form a left-handed (crossing angle ~ +20°), five-helix bundle. Of
particular note, the periplasmic loop and the cytoplasmic helix in the revised
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crystal structure now more closely resemble the model proposed by Guy and
Sukharev in their analysis of MscL gating (Sukharev ez al., 2001a,b).
While the helix packing arrangement in the membrane-spanning domain
of MscS is also relatively simple, the overall topology of the polypeptide fold
in the cytoplasmic domain is considerably more complex than observed for
MscL (Fig. 3A and B). Each subunit of MscS contains three membrane-
spanning helices. In contrast to MscL, the N-terminus of MscS is periplas-
mic, with TM1 (residues 27-60) crossing the bilayer on the exterior of the
channel, TM2 (residues 63-90) forming a central layer, and TM3 (93-128)
returning to the cytoplasm through the channel interior. The TM1 and TM2
helices within one subunit are packed together in an antiparallel fashion
(crossing angle ~165°) that buries an extensive interface, but makes few
contacts with other helices in the membrane-spanning domain and has
relatively weak density. The permeation pathway (Fig. 3C) is formed by
the packing of adjacent TM3 helices to form a right-handed helix bundle
(packing angle ~ —22°). A pronounced kink is present in the TM3 helix near
Gly113 which results in the axis of the C-terminal end of this helix being

A
N
TM2
™1
T™M3
Middle B
COOH-
terminal
Cc

FIGURE 3 Ribbons diagram representations of the MscS channel. (A) The polypeptide fold
of an individual MscS subunit viewed from the plane of the membrane, with the positions of the
three membrane-spanning helices, TM 1, TM2, and TM3, indicated. The termini of the channel
are designated by “N”” and “C,” respectively, as are the “middle ” and “COOH-terminal”
domains of the cytoplasmic region of MscS. (B) The MscS heptamer viewed in the same
orientation as (A). (C) The membrane-spanning region of MscS viewed down the membrane
normal from the periplasm. The side chains of Leul05 and Leul09 that constrict the permeation
pathway are shown as black CPK models. The oval shape of the pore reflects deviations from
exact sevenfold symmetry in this region. The subunit illustrated in (A) is shaded dark, while the
remaining subunits are light in these panels.
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MscL MscS

Periplasm

Cytoplasm

FIGURE 4 The permeation pathways of MscL (left) and MscS (right), defined by the
N-terminal helix and TM1 of MscL and TM3 of MscS, as viewed from the membrane. One
subunit is depicted in ribbons representation for each structure, while the symmetry-related
structures are shown as Ca traces. This figure illustrates how the pore-forming helix in both
structures connects directly to a helix likely positioned in the cytoplasmic surface of the
membrane. The locations of Arg88 that may contribute to the anionic preference of MscS are
shown as gray ball-and-stick models on the periplasmic surface.

oriented nearly perpendicular to the membrane normal. It is likely that this
region of TM3 extends out of the membrane and is positioned at the
headgroup-aqueous interface. Intriguingly, although the polarity of the
polypeptide chain is reversed, this feature resembles the N-terminal and
TM1 helices of MscL in that a helix positioned at the cytoplasmic membrane
surface is directly connected to the helix lining the permeation pathway
(Fig. 4).

The minimal interaction between the TM1-TM2 helical hairpin and the
rest of MscS, particularly the permeation pathway formed by TM3, is
somewhat surprising, and suggests the possibility that this more loosely
packed state may be stabilized by detergent (foscholine-14). As a conse-
quence of the lateral pressure profile in the bilayer, a reasonable expectation
for when MscS is embedded in a membrane is that the TM1-TM2 helices
would be tightly packed against the permeation pathway, which is not
observed. This situation is reminiscent of the behavior of the voltage sensor
in the KvAP K" channel structure (Jiang et al., 2003; Lee et al., 2005);
indeed, there are intriguing similarities between these two elements of MscS
and K channels (Bass et al., 2003), including the presence of multiple
arginine residues in a membrane embedded helical hairpin. In view of the
initial report that MscS was voltage sensitive (Martinac et al., 1987), it was
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suggested that the arginine residues present in TM1 and TM2 might be
responsible for this dependence (Bass et al., 2002). Subsequent studies have
indicated that the voltage dependence of MscS is considerably more complex
than originally envisioned and likely has little effect on the closed to open
transition (Akitake et al., 2005). Nevertheless, these common features be-
tween the K™ channel voltage sensor and the TM1-TM2 hairpin of MscS are
suggestive that arginine-rich helices are conformationally sensitive elements
that are energetically poised to move relative to the membrane in response to
environmental changes (Hessa et al., 2005).

The cytoplasmic domain of MscS is quite extensive relative to MscL, with
the most notable structural feature being the large interior chamber of ~40-A
diameter that connects to the cytoplasm through multiple openings. The
protein framework that encloses this chamber is generated by two domains
of each subunit, termed middle-f and COOH-terminal. The middle- domain
is organized around a f-sheet that connects with those from other subunits to
form a continuous f-sheet structure that extends around the entire protein. As
noted by Mura et al. (2003), this arrangement exhibits a striking resemblance
to the heptameric Sm proteins involved in mRNA processing in terms of both
the subunit fold and oligomeric organization. The f-sheet in this domain is
twisted 180°; as a consequence of the odd number of subunits in MscS, the
continuous sheet forms the equivalent of a molecular Mobius strip since it
twists 3.5 times in one complete cycle around the cytoplasmic domain of MscS.
The cytoplasmic domain is completed by the COOH-terminal domain that
exhibits a mixed a/f-structure assigned to the ferredoxin fold family in the
SCOP database (Murzin et al., 1995). The entire heptameric assembly is linked
at the C-terminus by a seven-stranded parallel f-barrel that contains one strand
from each subunit.

VI. THE PERMEATION PATHWAY IN MscL AND MscS

The permeation pathway across the membrane is dominated by the pack-
ing of symmetry related helices, either TM1 in MscL (Fig. 2C) or TM3 in
MscS (Fig. 3C), into a right-handed bundle. The striking pattern of con-
served Gly and Ala noted in MscL and MscS (Levina et al., 1999) corre-
sponds to residues localized at these helix—helix packing interfaces. The
lining of the pore with a right-handed helical arrangement is not a unique
feature of mechanosensitive channels and a similar organization has been
observed in other systems, including members of the K* channel (Doyle
et al., 1998) and aquaporin families (Fu et al., 2000; Murata et al., 2000). The
general shape and size of the helical framework surrounding the permeation
pathway reflects the molecular symmetry, the helix—helix crossing angle ()
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and the tilt of the helix axis (1) with respect to the membrane normal (taken
to coincide with the symmetry axis). With ideal helices and exact N-fold
rotational symmetry, these parameters are not all independent but are
related by the expression (Spencer and Rees, 2002)

cos o = cos? 7+ sin” 7 cos 0 (8)

where 6 = 2n/N. Values of these parameters for the helices surrounding the
pores in MscL, MscS, and KcsA are provided in Table I, and it may be seen
that the helix—helix crossing angles calculated from this equation are in good
agreement with the values observed in these structures. An interesting ques-
tion concerns how the oligomeric state is specified; for example, the crossing
angles of MscL and KcsA agree to within 3°, and the tilt angles within 4°,
yet the former is a pentamer while the latter is a tetramer. Presumably this
behavior reflects the pattern of residues, particularly Gly and Ala, along the
helix packing interface, although this code cannot yet be deciphered.

The permeation pathways of both MscL and MscS are roughly funnel
shaped with the larger opening facing the periplasmic surface of the mem-
brane and the narrowest point near the cytoplasm. A more quantitative
analysis of the pore geometry by the program HOLE (Smart ez al., 1996)
reveals that the pore in MscL varies from a radii of ~15 A at the periplasm,
to the narrowest point of <1 A at the hydrophobic plug; the corresponding
values in MscS are ~14 and ~2.5 A. The latter distance is smaller than the

TABLE I

Packing Geometries of Helices Lining the Permeation Pathways of MscL,
MscS, and KscA“

Crossing angle

Crossing « calculated Packing
Channel N Tilt angle n angle o [Eq. (8)] distance
MscL 5 36.8° —41.5° +41.2° 7.5 A
(36.1-37.5°) (—40.7 to —42.3°) (7.2-7.7 A)
MscS 7 26.0° ~23.7° £21.9° 8.2 A
(24.4-27.2°) (=21.6 to —27.3°) (8.0-8.4 A)
KscA 4 33.0° —44.5° +45.3° 7.6 A

“The relevant helices are defined by residues 13-36, 95-110, and 86-121 of MscL, MscS, and KcsA,
respectively. The revised coordinates described in this chapter were used for the structures of MscL and
MscS, while PDB entry 1K4C was used for KcsA (Zhou er al., 2001). The crossing angle and packing
distances were calculated by the program PROMOTIF (Hutchinson and Thornton, 1996), while the tilt angle
was defined as the angle between the helix axis and the symmetry axis of the channel, assumed to coincide
with the membrane normal.
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minimum radius of 5.5 A originally reported for MscS and reflects the
deviations from noncrystallographic symmetry observed in the pore region
which resembles a pinched hose. Consequently, it is likely that the structure of
MscS corresponds to the closed state as proposed by Sukharev and coworkers
(Anishkin and Sukharev, 2004). At their narrowest point, the pores are con-
stricted by the side chains of symmetry-related residues: Leul7 and Val21 in
MscL, and Leul05 and Leul09 in MscS. Hydrophobic plugs have been simi-
larly noted in the acetylcholine receptor (Miyazawa et al., 2003) and K™
channels (Doyle ef al., 1998; Kuo et al., 2003), and may allow the channel to
maintain a closed state without being completely shut geometrically (Beckstein
and Sansom, 2004).

The interior of the permeation pathway in MscL is predominantly lined
by the side chains of polar residues in TM1: Thr25, Thr28, Ala29, Thr32,
Lys33, Thr35, Asp36, and Thr40. In contrast to the TM1 residues involved
in helix-helix contacts, these residues are not so highly conserved. While
TM1 residues provide the major surface area contribution to the lining of the
pore, residues from TM2, in particular Asp68, Val71, Ser75, and Asn78, also
contribute to the pore lining. While these residues are not highly conserved,
they do tend to be polar. In contrast to MscL, residues from TM3 lining the
permeation pathway in MscS have a more apolar character. Of these resi-
dues, GIn92, Ala94, Leu97, Ala98, Leul05, Leul09, and GInl112, only the
two glutamines are polar, a characteristic that tends to be conserved in MscS
homologues. Adjacent to this region, at the C-terminal end of TM2, Arg88
residues are positioned with their positively charged side chains surrounding
the permeation pathway (Fig. 4). Although there is no direct experimental
evidence for this yet, it is plausible that this residue contributes to the
preference of MscS for anion conductance.

VII. DISULFIDE BOND FORMATION IN MscL

As exemplified by studies on MscL (Sukharev et al., 2001a; Betanzos
et al, 2002; Levin and Blount, 2004), chemotaxis receptors (Pakula and
Simon, 1992; Bass and Falke, 1999) and LacY (Wu and Kaback, 1996),
disulfide trapping provides an important approach for the analysis of struc-
ture and dynamics in membrane protein systems. With the availability of the
M. tuberculosis MscL structure, we prepared a series of MscL variants
having single cysteines substituted at every position in TM1 and TM2 to
directly assess disulfide bond formation in a structurally characterized
membrane protein system. (The wild-type protein lacks cysteine residues.)
Following purification of MscL via solubilization with dodecylmaltoside
and purification by nickel-affinity chromatography, each variant was
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subjected to mild oxidation with 1-mM Cu(II)-1,10 phenanthroline for
20-30 min at 37°C, followed by quenching of unreacted thiols with N-
ethylmaleimide. For each position, monomer and disulfide-linked dimers
were quantitated following electrophoresis in nonreducing SDS polyacryl-
amide gels. From the ratio of dimer to monomer in the presence and absence
of the Cu(1I)-1,10 phenanthroline oxidant, the fraction of cysteines forming
disulfide bridges could be determined. Since MscL is a pentamer, at most
only 4/5 = 0.80 of the cysteines can be cross-linked within a given molecule.

As seen from Fig. 5, there is considerable variation in the extent of
disulfide bond formation observed for residues in TM1 and TM2. Several
observations can be made from these results: disulfide bond formation is
observed at every position, including membrane (detergent) exposed resi-
dues; disulfide bond formation tends to increase toward the ends of each
helix that are closest to the aqueous environment; and within a set of
adjacent residues, disulfide bond formation tends to be greater for residues
closer to their symmetry mates and lower for residues that are more distant.
This latter feature is particularly evident in the absence of added oxidant;
under these conditions, there is a distinct preference for disulfide bond
formation to occur in the membrane-spanning region only for residues on
the side of the helix closest to their symmetry mates. It is also striking that
residues separated by over 20 A in the crystal structure can be cross-linked,
which parallels earlier observations on water-soluble proteins (Careaga and
Falke, 1992; Butler and Falke, 1996). This behavior emphasizes that dis-
ulfide trapping is an effectively irreversible trapping technique, and disulfides
will form and accumulate between pairs of distant cysteines if they are
brought into proximity by even infrequently occurring conformational
fluctuations. Electrophysiological characterization of the variant with Cys
substituted at position 15 indicates that these fluctuations occur in an
asymmetric form of the open state (Shapovalov et al., 2003).

VIII. CONCLUDING REMARKS

A critical challenge for future structural studies of MscL and MscS is to
trap and stabilize these channels in specific functional states, particularly the
fully open state. Approaches for achieving this objective are heavily influ-
enced by the pioneering studies of the groups of Sukharev and Guy (Sukharev
et al., 2001a,b; Betanzos et al., 2002) and Perozo (Perozo et al., 2002a,b)
who have developed an iris-type model for the opening of MscL. Studies on
MscS from Booth’s group (Edwards et al., 2005) have highlighted rearrange-
ments in the packing interface between TM3 helices that are coupled to
channel opening and closing in this system, while a role for the C-terminal
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residues has been detailed by Koprowski and Kubalski (2003). Analytical
models (Wiggins and Phillips, 2004) describing the contributions of protein-
membrane and bilayer deformation to channel gating provide a crucial
energetic framework for characterizing these conformational transitions.
Together, these studies provide invaluable guidance for the engineering of
stable forms of the MscL and MscS open states that will be essential for future
progress in the crystallographic analysis of these fundamental mechanosensi-
tive systems.
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