Chapter 1: Introduction to the Mechanosensitive Channel of
Large Conductance



1.1 Using Bacterial Ion Channels as Models for Eukaryotic Ion
Channels

Understanding how the human mind works remains a major challenge in many fields. At
the chemical and biological level it has been said that, “ The human brain is ... the most
complex structure, natural or artificial, on earth” (Green et al., 1998). Only in the past 50
years have we even begun to understand on the chemical level, what molecules are
involved in neurobiology. Currently, the forefront of molecular neurobiology is busy

mapping an enormous number of signaling and regulatory pathways.

As chemists, we look to understand the molecular mechanisms than underlie these
complex pathways. The proteins of neurobiology provide complex and interesting targets
to be understood at the chemical level. Understanding these molecules is an interesting
and important feat within itself; however, it also allows us opportunities to develop new

and specific pharmaceuticals.

Ion channels are one of the major classes of molecules involved in molecular
neurobiology. These molecules are capable of converting an external stimulus into an
electrochemical gradient. Ion channels open a pore in the cell membrane in response to
large variety of stimuli, including external or internal application of agonist molecules, an
electrical field, and mechanical stress. The pores that are opened are then capable of
selectively letting molecules or ions in or out of the cell and also distinguishing between

cations and anions.



Ion channels have received a great deal of attention over the past few years, since they
have been implicated to play critical roles in many genetic and neurodegenerative
diseases, including MS, epilepsy, Alzheimer’s, Parkinson’s, and schizophrenia (Barchi,
1998; Paterson and Nordberg, 2000). Much of the focus has been on finding

pharmaceuticals that modulate the behavior of these channels.

In the process of trying to understand ion channels, good experimental systems have been
developed to study ion channel proteins and many important ion channels have been
cloned. Today, even the most complex ion channels can be routinely expressed in model

systems, such as Xenopus oocytes, and their properties monitored electrophysiologically.

Understanding the structure and function of these channels is critical for developing an
understanding of neurobiology and for development effective drugs. Traditionally,
chemists have approached understanding structure-function relationships in these
channels by developing pharmacological models, and molecular neurobiologist have
approached understanding structure-function relationships in these channels through
detailed electrophysiological analysis and mutational analysis. Recently, the
Dougherty/Lester labs have developed more subtle ways to probe structure-function
relationships in ion-channels using in vivo unnatural amino acid mutagenesis (Dougherty,

2000).



Ion-channel structure-function is hindered by the lack of high-resolution structures for
these proteins. For many classes of proteins good atomic resolution structures exist,
which are invaluable for understanding how these proteins function at the molecular
level. However, for the ion-channels, which are important in mammalian neurobiology,
no complete atomic resolution structures exist. Recently several extracellular domains of
these channels and related proteins have been crystallized (Armstrong and Gouaux, 2000;
Armstrong et al., 1998; Brejc et al., 2001), which have both confirmed many of the
observations determined mutagenically and electophysiologically, and opened new doors

for structure-function analysis.

In 1998, the first atomic resolution structures of bacterial ion-channels were determined
(Chang et al., 1998; Doyle et al., 1998). Traditionally, these channels have received less
attention than their eukaryotic counterparts; however, they are capable of serving as
model systems for eukaryotic ion channels. In general, bacterial ion channels are
physically smaller and considerably less complicated than eukaryotic ion channels. This

makes them particularly amenable to biochemical and biophysical studies.

High-resolution structure of bacterial ion channels was possible because these channels
can be easily overexpressed and purified in milligram quantities. Since 1998, four
bacterial ion-channel crystal structures have been determined; three closed-state
structures and one open state structure. The closed-state structures are for a potassium
channel (Doyle et al., 1998), a chloride channel (Dutzler et al., 2002), and a

mechanosensitive channel (Chang et al., 1998), and the open state structure is for a



potassium channel (Jiang et al., 2002a; Jiang et al., 2002b). These structures have

provided new insights into how ion channels function.

These atomic resolution structures raise the question of whether structure is sufficient to
understand ion-channel function, especially for the case of potassium channels, where
both closed and open state structures are known. Clearly the answer to this is no, since
function is a dynamic process and the obtained structures are static pictures. These
structures, however, provide a platform from which biochemical and biophysical studies

can be used gain a complete picture of ion-channel function.

With some structures in hand, it may be possible to gain a complete picture of how
bacterial ion channels function. Although these channels are less complicated than their
eukaryotic homologues, it is clear that some functional aspects are conserved between
prokaryotic and eukaryotic ion channels. Understanding bacterial ion channel function
will lead to a better functional understanding of the ion channels involved in mammalian

neural biology.

In the remaining chapters of this section, detailed biochemical and biophysical studies on
the mechanosensitive channel of large conductance (MscL) will be described. The M.
tuberculosis homologue of this channel is one of the first bacterial ion channel high-
resolution structures to be determined, and the studies described here are based on that
structure. The remaining portion of this chapter provides a brief introduction to MscL.

and its structure.



1.2 The Mechanosensitive Channel of Large Conductance

1.2.1 Mechanosensation
Mechanosensation is a critical function of all organisms from single celled bacteria to

humans (Hamill and McBride, 1993; Hamill and McBride, 1994; Hamill and McBride,
1996). Clearly the purpose of mechanosensation varies from organism to organism;
however, some similarities exist in the mechanisms of mechanosensation.
Mechanosensitive ion channels in all organisms are capable of converting a mechanical
stimulus into an electrical signal. These channels work by sensing a force applied to a

cellular membrane.

The actual roles of mechanosensitive ion channels vary from organism to organism. In
humans, mechanosensitive ion channels play many critical roles. These channels are
responsible for such varied tasks as blood pressure regulation and pain sensation (Hamill
and McBride, 1994). Proprioception and gravitropism are major roles of
mechanosenstive ion channels in plants (Hamill and Martinac, 2001). Bacteria utilize
mechanosensitive channels to senses changes in their osmotic environments and prevent

bursting upon osmotic downshock (Wood, 1999).

A major breakthrough in the field of mechanosensation occurred in 1994 when the
bacterial mechanosensitive channel of large conductance was cloned (Sukharev et al.,
1994). Although mechanosensitive ion channels from a large number of organisms had

been observed by patch clamp analysis, no specific molecules of mechanosensation were



known. The first mammalian mechanosensitive ion-channel, TREK-1, was cloned in

1996 (Fink et al., 1996).

1.2.2  Pre-structural Analysis MscL
The mechanosensitive channel of large conductance is one of three mechanosensitive ion

channels that have been identified electrophysiologically in bacteria. These channels
were named according to their observed single channel conductances. Channels with a
conductance greater than 1 nS were termed mechanosensitive channels of large
conductance (MscL), channels with conductances between 0.3 nS and 0.5 nS were
termed mechanosenstive channels of small conductance (MscS), and channels with
conductances between 0.1 and 0.15 nS were termed mechanosenstive channels of mini
conductance (MscM) (Martinac et al., 1987). MscS (YggB) was cloned by the Booth

labs in 1999 and is the gene product of the yggb ORF in E. coli (Levina et al., 1999).

MscL was first identified by the Alder and Kung labs in 1987, using a modification of the
patch clamp technique that allowed them to patch clamp the periplasmic membrane of E.
coli (Martinac et al., 1987). The Kung labs subsequently cloned MscL by generating
enriched active membrane fractions and obtaining a partial protein sequence that was
then used to fish out the MscL gene (Sukharev et al., 1994). Since its initial cloning from
E. coli, eight MscL. homologues have been cloned and characterized by electrophysiology
(Moe et al., 1998; Moe et al., 2000). Additionally, over thirty other homologues have

been identified by sequence analysis (Maurer et al., 2000).



Even prior to a high-resolution structure, detailed electrophysiology and biochemical
analysis provided useful information about the structure and function of MscL.
Electrophysiology on isolated protein that was purified and reconstituted into lipid
vesicles showed that MscL is necessary and sufficient to achieve channel activity in
response to bilayer tension (Figure 1.1) (Sukharev et al., 1994). The tension required to
open MscL has been quantitatively determined, and electrophysiology has predicted that

there are several discreet steps on the opening pathway (Sukharev et al., 1999b).

Tension
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Figure 1.1: The mechanosensitive channel of lager conductance gates in response to bilayer tension.

The single channel conductance of MscL predicted the open pore of the channel to be
around 40A (Sukharev et al., 1997). This large pore was confirmed by molecular sieving
experiments that suggested that molecules on the order of 30A in diameter could pass
through the pore of MscL, while molecules of on the order of 37A in diameter were
excluded (Cruickshank et al., 1997). Further evidence for this enormous open state
comes from experiments in which small proteins, such as GFP and thioredoxin, have
been shown to efflux through MscL upon osmotic downshock (Ajouz et al., 1998; Jones

et al., 2000).



The ability of MscL alone to rescue bacteria from osmotic downshock was initially
confirmed by introduction of E. coli MscL into V. alginolyticus, an osmotically sensitive
bacterial strain (Nakamaru et al., 1999). This was later confirmed in E. coli, after the
cloning of MscS and the production of MscS knockout E. coli strains (Levina et al.,
1999). These experiments provided further evidence that the physiological role of MscLL
is to prevent bacteria from bursting upon osmotic downshock. This is a desirable
attribute for bacteria, since it is likely that they will experience a variety of different

osmotic conditions over their life cycle.

Mutagenesis of MscL produced channels with altered gating tensions (Blount et al., 1997;
Blount et al., 1996b; Ou et al., 1998; Yoshimura et al., 2001; Yoshimura et al., 1999).
Mutations that made MscL easier to gate than wild type MscL were termed gain of
function mutations (GOF), while mutations that made MscL harder to gate than wild type
MscL. were termed loss of function mutations (LOF). Random mutagenesis of E. coli
MscL revealed a series of gain of function mutations along one face of the helix making
up the first transmembrane domain and identified the plug of the closed channel (Ou et

al., 1998).

Initial biochemical analysis and two-dimensional crystallographical analysis suggested
that MscL. was a homohexamer (Blount et al., 1996a; Hase et al., 1997; Saint et al.,
1998). The high-resolution crystal structure of MscL revealed the actual multimerization
of the channel to pentameric (Chang et al., 1998). The multimerization state of MscL

observed in the crystal structure was confirmed by subsequent biochemical analysis
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(Maurer et al., 2000; Sukharev et al., 1999a). The multimerization state of the channel is
the only biochemical or biophysical analysis of MscL that was proven to be inaccurate by

the high-resolution structure.

1.2.3 The Crystal Structure of MscL
In late 1998, the Rees lab obtained a high-resolution crystal structure of the M.

tuberculosis homologue of MscL (Tb-MscL) (Chang et al., 1998). Crystalization of Tb-
MscL. was obtained under acidic conditions (pH 3.0) and in dodecylmaltoside (DDM).
The structure was refined to 3.5 A by soaking the crystals in Na,Au(S,0,),. Figure 1.2

shows side, top, and bottom views of the Tb-MscL crystal structure.
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Figure 1.2: The Tb-MscL crystal structure viewed from side, top, and bottom.

As predicted, MscL consists of two transmembrane domains and a long carboxyl

terminus. The proteib is 85 A in length with hydrophobic membrane spanning region of
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approximately 35 A. The two transmembrane helices are tilted approximately 28° with
respect to the membrane, and the cytoplasmic helix is tilted approximately 15° with
respect to the membrane. The pore of the channel ranges in diameter from approximately

2 A to 18 A with a plug formed by V21.

Despite providing an impressive view of the MscL structure, significant portions of the
structure could not be resolved. As a result the crystal structure is missing the first nine
residues and the last thirty-three residues of Tb-MscL. Additionally there was
insufficient electron density to build in the side chains for residues 156, L57, R58, 159,

L97, K100, Q105, and R118.

1.2.4 Post-Structure Analysis of MscL
The high-resolution structure of Tb-MscL has opened up new and exciting opportunities

to examine structure-function relationships using the crystal structure as a starting point.
With the crystal structure in hand, a variety of techniques, which previously would have
provided only minimal information or would not have been possible, are now applicable.

These techniques are starting to explain the molecular function of MscL.

Computer modeling has been employed to gain insight into the molecular motions
associated with channel function. Molecular dynamics has been applied to the Tb-MscL
crystal structure (Bilston and Mylvaganam, 2002; Elmore and Dougherty, 2001;

Gullingsrud et al., 2001; Kong et al., 2002). These simulations have provide some
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interesting results; however, at present it is not possible to run molecular dynamics

simulations long enough to see the transition from the closed to the open state.
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Figure 1.3: The de novo gating model for E. coli MscL developed by Sukharev, Guy, and co-workers.

Since the open state structure of MscL is unknown, de novo construction of molecular
models for the open state and various intermediates on the opening pathway has been
attempted (Sukharev et al., 2001a; Sukharev et al., 2001b). Figure 1.3 shows the atomic

level gating model developed by Sukharev, Guy, and co-workers for the E. coli
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homologue of MscL. Although the crystal structure is of the M. tuberculosis homologue
of MscL, Sukharev, Guy, and co-workers chose to model the E. coli homologue so that
they could make use of the large collection of experimental data that exists for E. coli

MscL.

Recently, Perozo, Martinac, and co-workers have applied cysteine mutatagenesis and site
specific spin labeling coupled with electron paramagnetic resonance spectroscopy to E.
coli MscL (Perozo et al., 2002a; Perozo et al., 2001; Perozo et al., 2002b). Using these
techniques, Perozo and co-workers have confirmed that the E. coli MscL. homologue is
structurally similar to the M. tuberculosis homologue. Additionally, they have developed
a technique to image the open state and an intermediate state of E. coli MscL on the EPR
time scale. Using this technique, they have been able to obtain a limited number of
constraints for the open state of E. coli MscL. From these constraints they have
developed a computational model for the transmembrane domains of E. coli MscL in the

closed, intermediate, open state. Their model is shown if Figure 1.4.

Chapter 2 provides verification of the Tb-MscL crystal structure and a comparison of the
E. coli and M. tuberculosis homologues of MscL.. Here we show that the Tb-MscL
crystal structure can be used as a starting point for structural design and that Tb-MscL is
pentameric under physiological conditions. Additionally, we show that there are
significant differences between the E. coli and M. tuberculosis homologues of MscL.
These differences are shown by sequence analysis, circular dichroism studies, and

mutational profiling.
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Figure 1.4: Computational model for the transmembrane domains of E. coli MscL developed by Perozo,
Martinac, and co-workers using EPR constraints.

In Chapter 3, a high throughput fluorescent screen for mutagenic analysis of E. coli MscL
is developed. This screen allows for rapid mutational phenotyping of mutant MscL
channels. Application of this screen, in Chapter 4, to a large library of random MscL
mutations provides data to evaluate the de novo E. coli MscL. gating model. Although it
is difficult to use point mutations to comment on the general mechanism of gating
proposed by the model, these mutations highlight some regions of the model that need

modification. Additionally, the clustering of loss of function mutations observed in the
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library suggests that the tension sensor for MscL. may be located in the transmembrane

domains near the lipid headgroups.

Chapter 5 analyses the carboxyl terminal region of MscL. Once again significant
differences are observed between M. tuberculosis and E. coli homologues of MscL. The
carboxyl terminus of Tb-MscL has a significant function role, while the carboxyl
terminus of E. coli MscL has no functional role. Strikingly, the thirty-three amino acid
residues that could not be resolved in the Tb-MscL crystal structure dramatically affect
channel function. Even a charge neutralization two residues from the end of the Tb-

MscL protein is observed to have afunctional effect on the channel.
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