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Tryptophan (Trp) fluorescence spectroscopy has been used to characterise interactions 
between the mechanosensitive channel of large conductance (MscL) of Mycobacterium 
tuberculosis (Tb) and its surrounding lipid bilayer. MscL is a homopentamer, each 
monomer containing two transmembrane a-helices, one lipid-exposed (TM2) and one 
lining the pore (TMl). Native MscL contains no Trp residues. Trp residues were 
incorporated into TbMscL at lipid-facing and pore-facing sites. Results from Trp-mutants 
of pore-lining residues suggest that water is able to penetrate into the channel pore, in the 
closed channel, upto the pore constriction formed by Thr-25. Trp residues located below 
Thr-25 and incorporated at helix-helix contact positions resulted in gain-of-function 
(GOF) mutants causing the channel to adopt an open conformation at zero tension. 
Reconstitution of Trp mutants of TbMscL into lipids of different chain lengths and 
different head group structures resulted in no significant change in fluorescence emission 
maxima, suggesting that any changes in structure are small or result in no change in 
polarity for the Trp residue. Lipid-facing residues at the N-terminal end of TM 1 are 
buried below the transmembrane surface of the protein. Fluorescence emission maxima 
for lipid-facing Trp residues in TMI vary with position in the bilayer comparably to those 
for Trp residues in TM2, despite the fact that residues in TM2 are on the surface of the 
protein. Fluorescence emission spectra for most Trp residues on the periplasmic sides of 
TMI and TM2 fit well to a model proposing a trough-like variation of dielectric constant 
across the membrane but the relationship between location and fluorescence emission 
maximum on the cytoplasmic side of the membrane is more complex. The fluorescence 
of Trp residues in TMI is quenched efficiently by phospholipids with bromine-containing 
fatty acyl chains, showing that the lipid chains must be able to enter the Trp-containing 
cavities on the surface ofMscL, resulting in efficient solvation of the surface. 
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Chapter 1 - General Introduction 

1.1 Biological Membranes 

Biological membranes are physical barriers that fulfil vital functions as interfaces to the 

outside world, between cells, and as boundaries of intracellular compartments (Werten et 

at., 2002). The main components of biological membranes are lipids and proteins. 

Because of their amphipathic nature, lipids in membranes are arranged as bilayers, 

forming a hydrophobic core consisting of the fatty acyl chains from each monolayer and a 

hydrophilic surface consisting of the lipid headgroups interacting with the aqueous phase 

on both sides of the membrane. Interspersed within the bilayer lipids are numerous 

membrane proteins, the weight ratio of lipid to protein varying from 1:4 to 4: 1 (Stryer, 

1996). 

Membrane proteins carry out many basic cellular processes including respiration, 

photosynthesis, signal transduction and motility (Palsdottir and Hunte, 2004). Integral 

membrane proteins also playa pivotal role in the communication of cells with their 

environment (Bevers et at., 1999). Primary examples of such proteins are surface 

adhesion proteins such as integrins and cadherins which form binding sites on membranes 

for extracellular proteins or homophilic attachments with other cells respectively (Nelson 

and Cox, 2005). 

Lipid bilayers exhibit selective permeability, allowing the rapid diffusion of small non

polar molecules such O2 and CO2 and the slower diffusion of small uncharged polar 

molecules such as water and urea (Alberts et ai., 2002). Lipid bilayers are highly 

impermeable to charged molecules due to the hydrophobic nature of the hydrocarbon core 

of the bilayer. The movement of such molecules across the bilayer requires the presence 

of membrane proteins such as transporters and channels. 

The specific function of a cell membrane has been suggested to be modulated by a 

variety of physical properties, including membrane fluidity, bilayer thickness, 

interfacial polarity, charge, and curvature strain (Epand, 1998). The structure of a 

lipid bilayer with the different classes of associated proteins is shown in Figure 1.1. 
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Figure 1.1 Structure of a phospholipid bilayer. Lipid headgroups are represented by 

blue circles and membrane proteins are represented in purple. Inset shows how the 

hydrophobic and hydrophilic regions of the lipids arrange themselves in order to form 

a lipid bilayer and the main picture shows various peripheral and integral membrane 

proteins and glycolipids associated with the bilayer (taken from www.bergen.org). 

1.2 Lipids 

Lipids are amphipathic water-insoluble molecules that can be readily dissolved in 

organic solvents such as chloroform and methanol. Lipids have several biological 

roles aside from providing structural integrity, serving as fuel molecules, as energy 

stores and as signalling molecules. Lipids can be classified as phospholipids, 

glycolipids and sterols. The basic structures of the main classes of lipid are shown in 

Figure 1.2. 
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1.2.1 Phospholipids 

Phospholipids constitute the major class of lipids in mammalian membranes. 

Phospholipids derived from glycerol are known as glycerophospholipids, and those 

derived from sphingosine are known as sphingolipids. The components of the 

glycerophospholipids are two fatty acyl chains, a glycerol backbone and a 

phosphorylated alcohol. The two fatty acyl chains are esterified to the hydroxyl 

groups at the sn-l and sn-2 positions of the glycerol backbone. The hydrocarbon 

chains usually contain an even number of carbon atoms with 16 and IS-carbon chains 

being most common (Stryer, 1996). Most glycerophospholipids contain one saturated 

fatty acyl chain, usually at the sn-l position, and one unsaturated fatty acyl chain, 

usually at the sn-2 position. The double bonds in unsaturated fatty acyl chains are 

mostly in the cis configuration, producing a kink in the chain. The hydroxyl group at 

the sn-3 position of the glycerol backbone is esterified to a phosphate group resulting 

in phosphatidic acid, the simplest glycerophospholipid and the key intermediate in the 

biosynthesis of all other lipids (Stryer, 1996). All of the major glycerophospholipids 

are derived from phosphatidic acid via esterification of the phosphate group to the 

hydroxyl group of one of several alcohols. These are serine, ethanolamine, choline, 

glycerol and inositol, as shown in Figure 1.3. In the sphingomyelins the glycerol 

backbone is replaced by sphingosine, a long unsaturated hydrocarbon chain attached 

via its amino group to one fatty acyl chain. In sphingomyelin the headgroup is a 

phosphoryl choline group. 

1.2.2 Glycolipids 

Glycolipids are sugar-containing lipids that are found in the outer leaflet of the lipid 

bilayer although they may also be found in some intracellular membranes (Alberts et 

ai., 2002). Glycosphingolipids contain a sphingosine backbone, like sphingomyelin, 

but in this class of lipids, instead of being esterified to a phosphoryl choline 

headgroup, one or more sugars are attached to the primary hydroxyl group of the 

sphingosine backbone via a l3-glycosidic bond forming a glycosphingolipid. 

Sphingolipids are found in the outer leaflet of the membrane and tend to interact with 
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cholesterol to form separate micro-domains in the bilayer known as lipid rafts. Lipid 

rafts are hard to solubilise with detergents at lower temperatures, making them 

relatively easy to isolate from the surrounding glycerophospholipids. 

1.2.3 Sterols 

The structure of cholesterol is shown in Figure 1.2. It is the most abundant example of 

the sterols found in many eukaryotic membranes. The structure of cholesterol is 

markedly different to that of the phospholipids and glycolipids in that the hydrophobic 

moiety is composed of four fused rings attached to an aliphatic carbon chain. The 

hydrophilic moiety is considerably smaller than that of phosphoglycerides, consisting 

of a single hydroxyl group, which orientates itself in a membrane close to the polar 

headgroups of the surrounding phospholipids. The rigid structure and the positioning 

of cholesterol in-between the phospholipid molecules decreases mobility and 

interaction between acyl chains and in most eukaryotic membranes, where the 

concentration of cholesterol is high, it serves to inhibit phospholipid phase transitions. 

1.2.4 Prokaryotic Lipids 

Whereas the membranes of most eukaryotic cells are composed of several types of 

glycerophospholipid, prokaryotic membranes are markedly different (Alberts, 2002). 

The plasma membrane contains predominantly one main type of glycerophospholipid, 

the most common lipids being phosphatidylethanolamice (PE), phosphatidylglycerol 

(PG), and cardiolipin, a four chain phospho glyceride found only in the mitochondrial 

membranes in eukaryotes. Prokaryotes also contain a higher proportion of 

glycosphingolipids and phosphatidylinositol mannosides than eukaryotes and do not 

have cholesterol to maintain membrane fluidity like eukaryotic membranes, instead 

relying on the synthesis of short chain fatty acids and unsaturated lipid chains to 

increase fluidity when needed. 
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Figure 1.3 Lipid headgroup structures. The various lipids are formed by the esterification 

of the phosphate group of phosphatidic acid to the hydroxyl group of either A) choline B) 

ethanolamine C) serine D) glycerol or E) inositol. 
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1.3 Lipid Phases 

When lipids are dispersed in water, they adopt a variety of different structures known as 

lipid phases. The spontaneous assembly of these phases is driven by the hydrophobic 

effect, sequestering the hydrophobic acyl chains away from the aqueous phase. Lipid 

phase is highly dependent on the properties of the lipid such as head group size, charge, 

hydrocarbon chain length and the solution the lipid is dispersed in although a bilayer 

arrangement is the dominant structural motif for membrane lipids. Other phases can be 

formed, of which the most important are the hexagonal and cubic phases (Lee, 2000). 

Phospholipids such as phosphatidylcholine (PC) have a cylindrical shape, as shown in 

Figure 1.4, and therefore pack to form a bilayer. Phospholipids such as 

lysophosphatidylcholine (LPC) where the cross sectional area of the headgroup is greater 

than that of the acyl chains, form a micelle with the headgroups facing outwards towards 

the surrounding water molecules. Where the cross sectional area of the fatty acyl chains is 

greater than that of the headgroup, for example in phosphatidylethanolamine (PE), the 

structure formed is an hexagonal Hn phase with the hydrophilic moiety surrounding an 

aqueous pore with the acyl chains facing outward as shown in Figure 1.5 (Epand, 1998). 

The most complex phases formed by non-bilayer forming lipids are cubic phases which 

exist as two main types: the micellar phase and the bicontinuous phase. In the 

bicontinuous phase (Figure 1.5) numerous aqueous channels interconnect with each other 

with a typical diameter of 50 A (Epand, 1998). 
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Figure 1.4 Cartoon illustration of the geometric shape of the different classes of lipids 

and the corresponding structures or phases adopted in aqueous solution. The phase 

formed depends on the physiochemical properties of the lipid and the solvent in which the 

lipid is dispersed. 
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(B) 

Figure 1.5 (A) Hexagonal Ha phase. Lipids with acyl chains that have a larger cross 

sectional area than the headgroup region arrange to form cylindrical structures with water 

trapped within the cylinders. (B) Bicontinuous cubic phase (Epand, 1998). Lipids are 

arranged in a continuous network with interconnecting aqueous channels where the water 

is able to exchange with the bulk aqueous phase. 
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1.4 Phase Transition of the Lipid Bilayer 

At physiological temperatures the lipid bilayer components of biological membranes 

exist as fluid structures allowing rapid lateral movement of both lipids and proteins in 

the plane of the membrane. The fluidity of bilayer structures is dependant on lipid 

composition, temperature and length and saturation of the fatty acyl chains. Studies of 

synthetic lipids have shown that different lipids have different phase transition 

temperatures between the liquid crystalline and gel states (Figure 1.6). Phase 

transition temperatures increase with increasing fatty acyl chain length and decrease 

with increasing saturation of the chains. Phase transition temperatures also vary with 

lipid headgroup structure. In the gel phase lipid chains are ordered and rigid and 

fluidity is greatly reduced compared to the liquid crystalline phase (Figure 1.6). The 

fluidity of cell membranes is important for function and bacteria that encounter 

fluctuating temperatures have been shown to regulate the fluidity of their membranes 

by synthesising lipids with more cis double bonds as the temperature falls and vice 

versa (Alberts et ai., 2002). 

(A) 
(B) 

Figure 1.6 Cartoon diagram of a lipid bilayer. A) A lipid bilayer in the liquid 

crystalline phase. The lipids are disordered and fluid. B) A lipid bilayer in the gel 

phase with closely packed fatty acyl chains. 
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1.5 Lipid Composition 

The vanous membranes of a eukaryotic cell differ markedly in their lipid 

compositions. For example, plasma membranes are enriched in sphingolipids, 

phosphatidylserine and cholesterol whereas the endoplasmic reticulum is depleted of 

these lipids (Pomorski et aI., 2001). In addition to differences between membranes, 

the distribution of lipids across a bilayer is asymmetric. In the plasma membrane the 

external leaflet contains predominantly glycosphingolipids and phosphatidylcholine 

whereas the cytoplasmic leaflet contains predominantly phosphatidylserine (PS) and 

phosphatidylethanolamine (PE) (Pomorski et al., 2001). Anionic phospholipids such as 

phosphatidylserine and phosphatidic acid (PA) are thought to be involved in the 

membrane association of cytoplasmic proteins (Dowhan, 1997). 

1.6 Lateral Pressure Profile 

Nearly all cell membranes contain lipids that, when in isolation, adopt the hexagonal Hu 

phase at physiological temperatures. However, in the biological membrane these lipids 

are forced to adopt a bilayer structure by the presence of other lipid species that prefer a 

bilayer structure and by the presence of membrane proteins (Janes, 1996;Brink-van der 

Laan et al., 2004). Non-bilayer preferring lipids such as PE are therefore said to exist in a 

state of curvature frustration in a biological membrane. It is not yet clear whether or not 

this has physiological significance. 

1.7 Membrane Proteins 

Membrane proteins may be either attached to the surface of the membrane or they 

may fully traverse the bilayer and therefore can be classified as peripheral or integral 

membrane proteins respectively (Stryer, 1996). Peripheral membrane proteins are 

attached to the membrane principally through charge or hydrophobic interactions, 

interacting either with integral membrane proteins or with the polar head groups of 

the lipids in the membrane. Many peripheral membrane proteins may be removed 

relatively easily with agents that disrupt ionic interactions. 
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Integral membrane proteins may be partially inserted in the bilayer or they may fully 

traverse the hydrophobic core of the bilayer. The resulting hydrophobic interactions 

between membrane lipids and membrane proteins make the removal of these proteins 

harder than peripheral proteins, requiring detergents to remove them from the 

membrane. 

It is estimated that integral membrane proteins account for around 25-30% of all 

encoded proteins (Byrne and Iwata, 2002). The two structural motifs observed in the 

membrane spanning regions of integral membrane proteins are the a-helix and the p

pleated sheet, the former being the most predominant. The a-helix is a rod like 

structure with the main chain polypeptide backbone forming the inner core and the 

amino acid side chains extending outwards in a helical array. Formation and 

stabilisation of the a-helix is achieved through hydrogen bonding between a CO 

group and the NH groups of the fourth residue along in the structure. 

The p-pleated sheet forms structures known as p-barrels. Proteins adopting this 

structure are usually found in the outer membranes of bacteria, chloroplasts, and 

mitochondria (Schulz, 2000) and are not as common as a-helical membrane proteins. 

All p-barrel proteins are anti-parallel and are held together by hydrogen bonding 

between peptide bonds in different strands (Alberts et at., 2002). The number of p

strands in a p-barrel protein is always even with both the N and the C-termini on the 

periplasmic side of the membrane. In a manner similar to a-helical proteins aliphatic 

non-polar residues face the membrane interior and polar residues at every second 

position are sequestered in the inner pore of the p-barrel although some porins contain 

non-polar residues inside the p-barrel (Schulz, 2000). 

1.8 Membrane Protein Topology 

Membrane protein topology refers to the three-dimensional structure of the protein, 

the number of transmembrane segments, and how they orientate themselves in the 

membrane (Heijne, 1996). The thickness of the hydrophobic core of an average 

membrane is 30 A and the length of an a-helix is 1.5 A per residue therefore in order 
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for a transmembrane a-helix to span a bilayer more than 20 amino acids are needed 

and for ~-sheets more than 10 amino acids are needed as the length of a ~-sheet is 3.5 

A per residue (White and Wimley, 1999). For membrane proteins of unknown 

structure the use of hydropathy plots is a useful method for determining the topology 

of membrane proteins although knowing precisely where the ends of transmembrane 

helices are and how they interact with phospholipids is unclear. 

1.9 Protein lipid interactions. 

Membrane proteins and lipids must have co-evolved to allow membrane proteins to 

function in the environment which is provided by the lipid bilayer and to allow 

membrane proteins to be inserted into the bilayer without destroying it (Lee, 2003). 

As already discussed there are many interactions between phospholipids and proteins 

involved in maintaining a hydrophobic barrier between the inside and outside of the 

cell. Precisely how lipids interact with membrane proteins to ensure optimal 

functioning and where the lipid water interface is remains unclear as membrane 

proteins are normally crystallised in detergents and usually no lipids that are 

representative of the bulk phase are resolved in the x-ray structure of a membrane 

protein (Lee, 2003). 

Under physiological conditions the lipid bilayer exists in a liquid-crystalline phase and is 

therefore highly fluid, making accurate predictions of how a protein sits in the bilayer 

even more difficult. Figure 1.7 shows the structure of a bilayer of phosphatidylcholine at 

23°C and low hydration, as determined by x-ray crystallography. The positions of the 

peaks represent the locations of the various components of the lipid molecule and the 

width of the peak represents the degree of motion that each component is capable of. It 

can be seen that the acyl chains display the greatest motion and the glycerol backbone is 

the most rigid component. 
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Positive and negatively charged residues are often found at the extreme ends of 

transmembrane a-helices enabling ionic interactions between the protein and the lipids, 

further stabilising the protein within the lipid bilayer. Another feature of membrane 

proteins of known structure that allows us to predict how lipids interact with proteins 

is the presence of tryptophan and tyrosine residues at the lipid-water interface (Figure 

1.8) (Lee, 2003). Due to the ability of these two amino acids to interact with both the 

aqueous and lipid phase, it is thought that they act as a 'floats' anchoring the protein 

to the membrane. 

In a membrane, the integral membrane protein has to pack well with the lipid bilayer 

to prevent the formation of 'holes' at the protein-lipid interface which would prevent 

the lipid bilayer acting as a permeability barrier. Since the hydrophobic surface of a 

membrane protein is molecularly rough, lipid molecules in contact with the surface of 

a membrane protein would be expected to be disordered, with the chains distorted to 

pack closely with the protein surface. The presence of such disordered lipids was first 

detected using electron spin resonance (ESR) studying phospholipids with nitroxide spin 

labels at different positions on the acyl chains. Studies showed the presence of 

immobilised spin labelled lipids, corresponding to those lipids whose motion was 

impeded by interactions with the protein. (Lee, 2003) (Alberts et al., 2002); these were 

referred to as boundary or annular lipids, to distinguish them from the lipids that make up 

the bulk of the lipid bilayer. 

Lipid molecules have also been observed bound between transmembrane a-helices, 

either within a protein or at protein-protein interfaces in multi-subunit proteins, and 

have been termed non-annular lipid. The majority of non-annular lipids resolved in 

crystal structures are located between subunits of multi-subunit membrane proteins. 

One example of a membrane protein that contains non-annular lipids is the potassium 

channel KscA, where a phosphatidylglycerol (PG) lipid molecule is bound between 

transmembrane a-helices at monomer-monomer interfaces (Lee, 2004). These non

annular lipids are often required for activity of the membrane protein; they are 

therefore said to act as traditional co-factors (Lee, 2004). 
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Figure 1.7 The structure of a bilayer of phosphatidylcholine at 23°C and low hydration 

showing the projection onto the bilayer normal of each of the structural groups. The 

position of the peaks represents the position of each individual component. The width of 

the peak represents the degree of motion of each component. It can be seen that the 

hydrocarbon chains display the greatest degree of motional freedom and the glycerol 

backbone is the most rigid component of the bilayer. Vertical lines represent the 

hydrocarbon core (Lee, 2003). 
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Figure 1.8 The structures of KcsA (top) and Rhodopsin (bottom) showing the position of 

aromatic residues at the ends of transmembrane helices (Lee, 2003). Tryptophan and 

tyrosine, shown in spacefill format, are thought to act as ' floats' capable of interacting 

with both the lipid and the aqueous phase. 
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1.10 Ion Channels 

Ion channels are integral membrane proteins mediating the transmembrane passage of 

ions and small molecules into and out of the cell. Most ion channels are highly 

selective for certain ions, for example K+, Ca2+, Na+ and cr, although some channels 

such as mechanosensitive channels are non-selective (Booth, 2005). Almost all 

channels are regulated by conformational changes of protein structure between closed 

and open states in a process known as gating (Spencer and Rees, 2002;Booth et al., 

2003). Gating can be induced by the binding of a ligand, by voltage, and by 

membrane stretch (Koprowski and Kubalski, 2001;Kung and Blount, 2004). 

1.11 Prokaryotic osmoregulation 

Osmosis involves the movement of water across a semi-permeable barrier driven by 

osmotic pressure differences. Lipid bilayers are permeable to water so that if a 

bacterial cell enters a hypertonic environment (higher solute concentration) water 

flows out of the cell and into the surrounding medium, and conversely when placed in 

a hypotonic solution (lower solute concentration), water flows into the cell in order to 

dilute the concentration of intracellular osmolytes. In the absence of any 

osmoregulatory mechanism to counteract such stress, the influx of water under 

hypotonic conditions increases turgor pressure leading to cell expansion and eventual 

lysis (Poolman et al., 2002). 

In prokaryotic organisms the ability to regulate the balance of internal and external 

osmotic forces across the plasma membrane is vital, due to the differences in 

osmolarity, salinity, and temperature that they encounter (Wood et al., 2001). In order 

to accommodate this cells must have evolved mechanisms to allow them to either 

accumulate high concentrates of intracellular solutes when in an environment of high 

osmolarity, or rapidly expel them when in an environment of low osmolarity 

(Poolman et aI., 2002). 

The internal solute concentration can be increased by either pumping inorganic ions 

into the cell from the surrounding environment or by direct synthesis or concentration 
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of organic solutes. Common osmoprotectants which bacteria may accumulate when 

the extracellular osmolarity rises differ between species although the zwitterionic 

osmoprotectants that are compatible with cell physiology (termed compatible solutes) 

are preferred as they are able to be accumulated within the cell to high molar 

concentrations without compromising macromolecular structure and function due to 

their high water solubility (poolman et al., 2002). Such osmoprotectants include the 

amino-acids glycine betaine, proline, and the proline derivative ectoine (Wood et aI., 

2001), carbohydrates such as sucrose and trehalose, and alcohol-type solutes such as 

glycerol and mannitol (Madigan et al., 2000). Glycine-betaine is the most widely 

distributed compatible solute amongst bacteria as replacement of protons on the 

amino group by three methyl groups produces a permanent positive charge on the 

nitrogen making this amino acid derivative highly soluble (Madigan et aI., 2000). 

The concentration of compatible solutes within a cell is dependent on the extracellular 

solute concentration and different micro-organisms show diversity in the amounts of 

compatible solutes they are capable of accumulating, thus resulting in the various 

tolerance levels of micro-organisms for different ranges of water potential (Madigan 

et aI., 2000). For example, halophilic bacteria can inhabit salty environments, 

osmophiles can inhabit environments high in sugar, and xerophiles can grow in very 

dry environments (Madigan et aI., 2000). 

In response to a decrease in external osmolarity, in addition to the expulsion of 

osmoprotectants, some cytoplasmic proteins including elongation factor Tu, 

thioredoxin, and DnaK have also been found to be excreted from E. coli cells (Ajouz 

et aI., 1998). The trigger which allows the rapid and unselective expulsion of 

intracellular solutes has been linked to specific physical changes in the cell bilayer

most importantly membrane stretch. As membrane proteins are embedded in, and 

surrounded by phospholipids, such deformations of the bilayer allow direct 

transduction of this signal into a mechanosensory response, a process known as 

mechanotransduction. 
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Mechanosensation mediates a variety of sensory functions encompassmg both 

prokaryotes and eukaryotes, for examples touch and hearing in mammals. 

Mechanosensory responses have been found in more than 30 cell types including 

embryonic chick skeletal muscles and frog muscle and are ubiquitous amongst the 

bacterial kingdom (Moe et ai., 2000;Martinac, 2004). As well as providing a role as 

emergency release valves as a result of osmotic changes, mechanosensitive channels 

are also thought to act as sensors of turgor pressure to regulate cell division and cell 

growth as a slight outwardly directed turgor pressure of around 4 atm is required in 

order to for cell growth to occur (Wood et aI., 2001 ;Perozo and Rees, 2003). 

Mechanosensitive (MS) channels were first detected following the observation that 

bacterial cells lacking these particular proteins lysed upon dilution into a hypo

osmotic medium. There are three classes of mechanosensitive channels found in 

prokaryotes and these can be distinguished by order of decreasing conductances. The 

smallest, MscM (mini conductance) is activated at low membrane tensions, followed 

by MscS (small conductance) and finally MscL which opens at membrane tensions 

close to the lytic limit of the bilayer, which for many bilayers is thought to be 8-12 

dyne cm- l (Betanzos et aI., 2002) (Sukharev, 2000). MscS is also sensitive to changes 

in the transmembrane voltage (Martinac et aI., 1987;Biggin and Sansom, 1999). The 

conductances of MscM, MscS, and MscL are 100-200 pS, 1 nS and 3 nS respectively 

(Koprowski et ai., 2001); the tension sensitivities of the channels are thought to allow 

a graded response to osmotic pressure. The best studied of these MS channels is 

MscL, first identified, purified and cloned from E. coli in Kung's laboratory (Perozo 

et ai., 2003). 

Prokaryotic mechanosensitive channels were first studied by patch clamp methods 

using giant E. coli spheroplasts (Perozo et aI., 2003) and were found to playa vital 

role in transducing physical stress into an electrochemical response (Chang et ai., 

1998). Since the Mechanosensitive channel of large conductance (MscL) and its 

homologues are fully functional when reconstituted into lipid bilayers (Sukharev et 

ai., 1994), it is clear that their function does not require the association with 

cytoskeletal proteins, as in eukaryotic mechanosensitive channels. 
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1.12 TbMscL Structure 

The structure of the mechanosensitive channel of large conductance isolated from 

Mycobacterium tuberculosis (TbMscL) has been solved by x-ray diffraction to a 

resolution of3.5 A (Chang et ai., 1998;Moe et ai., 2000). It is a homopentamer, each 

monomer containing 151, mostly hydrophobic, amino acids with an approximate mass 

of 18 kDa. It exhibits approximately 37% sequence homology to E. coli MscL (Chang 

et al., 1998). 

MscL is organised as a homopentamer with each monomer comprised of two 

transmembrane (TM) helices and one cytoplasmic helix (Figure 1.9). The channel 

structure can be divided into two distinct domains: the transmembrane spanning 

domain and the cytoplasmic domain. Both the N and the C termini are co-localised 

within the cytoplasm. The inner ring of TMI helices run up through the centre of the 

channel and are tilted by approximately 30° with respect to the bilayer normal (Oakley 

et ai., 1999); (Chang et al., 1998). This tilting results in an inverted 'teepee' shape 

with a hydrophobic constriction of around 3 A at the cytoplasmic side formed by a 

ring of highly conserved valine residues and a further ring of highly conserved 

isoleucine residues (Figure 1.10). It is the TMI helices that form the permeation 

pathway for solutes across the membrane as they are lined with several polar or 

charged residues (Thr-25, Thr-28, Thr-32, Lys-33). Linking the two TM helices is a 

periplasmic loop which forms the periplasmic face of the channel (Oakley et ai., 

1999). The five TM2 helices form a peripheral skirt around the TMI helices and run 

back down through the bilayer providing direct physical contact with the surrounding 

shell of phospholipids in the bilayer (Bilston and Mylvaganam, 2002). 

The MscL channel is 85 A in length. The transmembrane region is roughly 50 A in 

length, including the head group regions on both sides of the membrane, and the 

cytoplasmic region is around 35 A in length. The hydrophobic length of the 

transmembrane helices is thought to be around 25 A which satisfies hydrophobic 

matching between the protein and the bilayer (powl et al., 2003). 
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Sequence alignments of some MscL homologues are shown in Figure 1.11. Higher 

sequence conservation can be seen in TMI than TM2, with cytoplasmic S3 helices, 

shown in pink, also showing a good degree of sequence conservation. The highly 

conserved residues of the N-terminal S 1 helical bundle can be seen between the S 1 

helices, shown in purple, and TMI helices, further supporting their critical role in 

channel gating. 

Analysis of helix-packing in membrane proteins shows that the most common 

packing angle is around 20° (Mall et ai., 2001;Lee, 2003) which would maximise the 

interfacial area between helices, as an angle of this degree gives almost parallel 

packing of helices. In MscL, however, each TMI helix contacts 4 helices, two 

neighbouring TMI helices and two TM2 helices, one from the same subunit with a 

crossing angle of 135 A, and one from a neighbouring subunit, with a crossing angle 

of 169 A. These steep packing angles minimise interfacial packing of helices which 

may help helix rearrangements during channel gating. The most extensive set of 

interactions occurs between TM 1 and TM2 helices of adjacent subunits (Figure 1.12). 

The contact between TMI and TM2 of the same subunit are less extensive (Sukharev 

et ai., 2001 b). Packing of TMI helices with each other is described as 4-4 ridges into 

grooves, a feature also observed in the potassium channel KcsA (LeMasurier et al., 

2001). During gating of the MscL channel, residues are thought to slide over each 

other to achieve the open state (Sukharev et ai., 2001b). Most of the residues on TMI 

are hydrophobic therefore preventing the need to break hydrogen bonds during the 

gating process (Sukharev et ai., 2001b). 
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Figure 1.9 Structure of TbMscL. Transmembrane view (top) showing one monomer 

.highlighted in green and periplasmic view (bottom) showing TMI lining the 

permeation pathway and TM 2 forming a peripheral skirt around the TMI helices. 
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-Figure 1.10 Schematic representation of TbMscL transmembrane helices. The inner 

TMI helices form a constriction at the cytoplasmic side of the channel formed by a 

-ring of-five Valines (Val-21 shown in Cory-Pauling-Koltun (CPK) format) that form 
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LDFSNYFTPLSKAVTATNLADAKKQGAVLAWGS FLTLTI NFlIIAFVLFLVl RAl NTLKRK- 120 
VDFAKEWSFWG----------------- I KYGLFI QSVl DFlIIAFALFIFVKlANTLM KK- 93 
VDFSNLYI NLSGQQFNSLQEAQAAGAATI NYGLFLNNLI NFLIIAFSIFIVl KQl NKLKNF- 110 
ANVENI TQLSWN---------------GVKYGS FLGAVl NFLIlGTSLFFVVKAAEKAMP-- 95 
GKVAGT- FAVNG-------------- l TFDWGT FVSTLI NFLLTAAVLYFFVVMPMNAATE- 96 
SDVGILRI GI GGG-------------QT I DLNVLLSAAI NFFLIAFAVYFLVVLPYNTLRK- 97 
AKVERlAQLSWH----------- - ---GVGYGN FLSAII NFlFVGTALFFIl KGl EKAQKL- 96 
AGVSQLQDLPLG------------------LGELVIAIl NFLIIAFVIFLll KAI EKMQRKK 104 
TNI SPLRI DI GGD-------------QAI DLNlVLSAAI NFLLIALVVYFLVVLPYTT I RK- 99 

---K---EE PAAAPAPTKEEVLLTEI RDLLKEQNNRS------------------------- 136 
- --KA- - EE PAAPPAPSKEEVLLGEI RDLLKEQNN RS---- - - ------------ - - ,- - - - - 137 
- - - QE--DTPAAPP KPSAEEKLLAEI RDLLKEQQTRQ--------- - --------------- 137 
---KAE- EEPATPPAPTTEEILLAEI RDLLKAQHTK------------------- ------- 137 
---EA--VAPSEPPVPSAEETLLTEI RDLLKAQQNKS------------------------- 137 
---EPK- VEEPAEPKLSNEEVLLTEI RDLL KK------------------------------ 133 
---EE- - EAPKAPPAPTKDQELLSEI RDLLKAQQDK--------------------- - ---- 136 
---EEK- KTAP------KAETLLTEI RDLLKNK----------------------------- 128 
---EA--VAPSEPPVPSAEETLLTEl RDLLKAQQNKS------------------------- 13 6 
---EE- AVEEAKIPEI SREEELLGEI RDLLKEKNK--------------------------- 133 
--- DAAEPAPAAPPAPTAEETLLTEl RDLLAKKG---------------------------- 139 
---KE- AEEEAAEEAVDAQEELLKEI RDLLKQQAKSPE------------------------ 130 
---EE- AAP- AAPPKPSAEVELLTEI RDLLKKSCTRTLRPNC--------------- ---- - 157 
- - - EE----AEEEAVVEENVVLLTEI RDLLREKK---------------------------- 120 
---TK- KKEEVKVEATEKDCPYCYTKI DI KATRCPHCTSVLEEATN---------------- 152 
-- - ---- KKEK- EAAAPTQEELLTEl RDLLAQK----------------------------- 120 
---RLKRSEKAAEAEPSN EEKLLAEI RDAVRSR---------------PL------------ 128 
---KGE- VEQPG----DTQVVLLTEI RDLLAQTNGDSPGRHGGRG--TPSPTDGPRASTESQ 151 
---TG- I KEEKTDE KK PTELEVLQEl KALLEKK----------------------------- 125 
AVEEE IVAEAQPDPVLEAQTNLTDSI NRLITTLENQQSSSQ--------------------- 145 
---HGE- VEQFDTDLI GNQVVLLAEI RDLLAQSNGAPSGRHVDTADLTPTPNHEPRADT--- 154 

Figure 1.11 Sequence alignment of MscL homologues. Coloured cylinders represent 
S1 helices (purple), TMI helices (yellow), TM2 helices (blue) and S3 helices (Pink). 
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TM1 

TM2 

Figure 1.12 Representation of helix-helix interactions between TMI and TM2 of an 

adjacent subunit. Modelled using WebLabViewer software and shown in CPK format. 

Relative position of TMI and TM2 helices are thought to remain unchanged 

throughout the gating process. 
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1.13 Gating mechanism of TbMscL 

The gating of mechanosensitive channels is a response to mechanical forces along the 

plane of the bilayer and not to hydrostatic pressure perpendicular to it (Martinac, 

2004). The tension within a membrane is related to the pressure across the membrane 

and the radius of curvature, as defined by LaPlace's law (Tension = Pressure x 

radius/2). Experiments by Moe and Blount showing that the pressure required to open 

MscL increases with increasing radius for the membrane led to the conclusion that 

MscL responds to membrane tension alone rather than the pressure across the 

membrane (Moe and Blount, 2005). The fact that purified MscL when reconstituted 

into lipid vesicles was found to be fully functional and to retain its mechanosensitivity 

(Yoshimura et al., 2004) shows that MscL itself is the only protein required for 

function. Lipid-protein interactions therefore must play a significant role in 

transducing this mechanical signal. 

Significant efforts have made by many groups to understand and define the 

mechanisms of channel gating and how the TM helices interact with each other in the 

transition from closed to open states, but due to the absence of a crystal structure of 

the channel in an open state, current models for the open state are hypothetical. By 

combining the crystal structure of TbMscL with sequence alignments of both TbMscL 

and E. coli MscL (EcoMscL), several experimental modelling studies have been 

published (Sukharev et aI., 2001b;Kong et aI., 2002). Due to the 'stiffness' of the 

TbMscL channel in comparison to the EcoMscL channel (TbMscL gates at tensions 

over twice as high than EcoMscL), many research groups have used EcoMscL in 

order to relate structural information to structural data (Betanzos et al., 2002). 

The large 3 nS conductance of MscL, which is roughly 100-fold greater than most 

eukaryotic channel conductances, and molecular sieving experiments (Cruickshank et 

aI., 1997;Ajouz et al., 1998) suggest an open pore diameter of 30-40 A for MscL. In 

order to achieve such dimensions there must be a large degree of structural 

rearrangement of the TM helices in order to accommodate such large effluxes of non

selective osmolytes upon osmotic downshock. 

The limited points of contact between TMI and TM2 helices may facilitate the large 

structural rearrangements that are required for channel gating. One other feature that 
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may have a role in allowing such extensive helix rearrangements is the positioning of 

aromatic residues on MscL. The general consensus is that aromatic residues 

commonly found at the ends of transmembrane a-helices are thought to anchor, and 

therefore stabilise, the protein in the membrane due to the preference of tyrosine (Tyr) 

and tryptophan (Trp) residues for the lipid bilayer interface (White et aI., 1999). 

Unusually for a membrane protein, MscL contains no Trp residues. Sequence 

alignments of mechanosensitive channels have shown that the positions of aromatic 

residues are highly conserved with phenylalanines found predominantly on TM2, and 

tyrosines in TbMscL and EcoMscL only at one end of transmembrane a-helices. 

Current opinion is that absence of 'anchoring' aromatic residues that are so 

characteristic of other membrane proteins may also play a role in facilitating such 

extensive helix tilting. Loss-of-function (LOF) mutations result in loss of channel 

activity and require greater tensions than wild type to open the channel. Recent 

studies by Chiang et al. have shown that 'capping' TM2 helices at both ends slows the 

gating kinetics and results in a partial loss-of-function (LOF) phenotype, while 

'capping' of TMI results in a totalloss-of-function phenotype (Chiang et ai., 2005), 

leading to the conclusion that the presence of an aromatic 'belt' imposes restraints of 

transmembrane helix movements and severely compromises channel function. 

The crystal structure of TbMscL shows the hydrophobic constriction narrowing to a 

pore of around 3 A. This is formed by a ring of five valines and isoleucines (Val-21 

and Ile-14) which are highly conserved (Figure 1.10). Separation of these tightly 

packed TMI helices lining the channel pore is thought to be the initial step in channel 

opening (Anishkin et al., 2005) so that this region is thought to be the primary gate. 

Random mutations in this region lead to two distinct phenotypes: LOF phenotypes, as 

already described (Yoshimura et aI., 2004), and hydrophilic substitutions which lead 

to gain-of-function (GOF) phenotypes that spontaneously open or open at lower 

tensions than the wild type (Ou et aI., 1998;Yoshimura et ai., 1999). The latter 

phenotype can be identified by a simple in vivo growth assay. Although GOF 

mutations dramatically altered the gating kinetics of MscL, the channel was still able 

to open and close completely suggesting the presence of a secondary gate that 

occludes the channel pore (Sukharev et aI., 2001a). 
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It is believed that gating is not an all or none response and it is currently proposed that 

there are at least five sub-conductance states for the MscL channel during the closed 

to open transition, although recent studies indicate the presence of several more 

intermediate states (Chiang et aI., 2004). Kinetic analysis of EcoMscL suggested that 

the kinetic barrier between the closed and open states occurs when the transmembrane 

in-plane area of the channel is two thirds that of the open state implying a 

considerable amount of protein expansion during the conformational changes prior to 

channel opening (Sukharev et at., 1999). The following sequence of gating transitions 

has been proposed (Sukharev et al., 2001 b) based upon studies of EcoMscL, 

suggesting the presence of three defined transient sub-conductance states between the 

closed and open states. 

CBS 1 B S2 B S3 B 0 

The knowledge that MscL undergoes such radical in-plane expansion and the 

movement through transient sub-conducting states before achieving the fully open 

state, along with the results of random mutagenesis studies, as previously mentioned, 

strongly implicates the involvement of a secondary gate which is possibly broken 

between the last sub-conducting state and the fully open state; this been postulated to 

be the N-terminal Sl helical bundle (Sukharev et at., 2001a). The Sl-Ml linker that 

joins the Sl helices to the TM1 helices is highly conserved in sequence alignments for 

nearly all MscL homologues (Figure 1.11) and has been found to contain three highly 

conserved residues (Arg-13, Gly-14 and Asn-15 in TbMscL) (Kong et aZ., 2002) 

indicating that it serves a critical role. Unfortunately this region was unresolved in the 

crystal structure for TbMscL but it has been reconstructed by modelling, supported by 

cross-linking and mutational studies (Sukharev et aZ., 2001a;Anishkin et aZ., 2005). 
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Cross-linking of cysteine residues on the S 1 helices that are close to each other in the 

closed state (Ile-3, Phe-7 and Phe-IO in EcoMscL) prevented channel opening 

(Sukharev et ai., 200la). When the channel is in an open state, the model proposed by 

Sukharev predicts that SI helices dock next to TMI and TM2 helices. Cross-linking 

of residues on SI and TM2 (Ile-3 and Ile-96 respectively) prevented channel closure 

(Sukharev et ai., 200Ia). These findings confirm that the amino-terminal SI helices 

form a secondary gate which occlude the channel pore when closed and that they 

move into the transmembrane region upon sensing tension from the Sl-MI linker to 

compensate for shortening ofTMl and TM2 helices in the open state 

Although several models have been suggested for the channel opening, the model in 

current favour is the 'tilting 5-helix pore' model (Sukharev et ai., 2001b). Upon 

expansion of the entire transmembrane complex, tension is conveyed through the S 1-

Ml linker causing it to stretch. Upon full stretching of the linker, the secondary gate 

formed by the S 1 helical bundle senses the tension and completes the full transition 

from an intermediate substate to the fully open state (Sukharev et ai., 200la). The 

'tilting 5-helix pore' model is illustrated in Figure 1.13 showing how the S 1 element 

may be involved in the transition from a closed state to an open state and how this 

may contribute to the formation of a second hydrophobic barrier at the cytoplasmic 

side of the channel. The 'tilting 5-helix pore' model relies on the assumption that 

TMI and TM2 helices move together during channel gating and that the position of 

TM2 helices relative to TMI helices remain the same in the closed and open states 

and that the open pore dimensions are achieved by extensive helix tilting of both TMI 

and TM2 helices in unison. This model has also been supported by EPR studies 

(Betanzos et ai., 2002). 
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Closed Intermediate 5 Intermediate 9 
View from outside 

View from inside 

View from side 

Open 11 

Color code: 51 M1 5 loop M2 53 loop S3 helix 

Figure 1.13 Ribbon representation of models of TbMscL in a closed, intermediate 5, 

intermediate 9, and an open conformation shown as viewed from outside the cell (top 

row), inside the cell (middle), and from the side (bottom). (Sukharev et aI. , 2001b) 

They are currently thought to be nine sub-conducting states of MscL during channel 

gating which can be divided into the four main structures represented above (Chiang 

eta!.,2004). 
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Chapter 2. General Materials and methods 

2.1 Materials 

All chemicals were supplied by Sigma or BDH with the following exceptions 

Amersham 

1 ml Nickel chelating HisTrap affinity columns 

Bachem 

n-octyl-l3-D-gi ucopyranoside (octylglucoside) 

Calbiochem 

Hepes (Vltrol Grade) 

Imidazole (Vltrol Grade) 

Tris 

Difco 

Bacto-yeast agar 

Bacto-agar 

National Diagnostics 

Protogel (30 % (w/v) acrylamide: 0.8 % (w/v) bis-acrylamide) 
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New England Biolabs 

BamHl 

Ndel 

Pharmacia 

Agarose (NA Grade) 

Prom ega 

Dpnl 

Pfu DNA polymerase 

Wizard® Plus Minipreps D~A purification system 

Sartorius 

Sterile disposable 0.22 J..lI11 filters 

,- ~ T 
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2.2 General Methods 

Microbiological Techniques 

2.2.1 Sterilisation 

Luria-broth (LB) growth medium, distilled water, pipette tips, and eppendorf tubes 

were sterilised by autoclaving at 121°C, 15 lbs.sq.inch for 15 minutes. 

2.2.2 Antibiotic stocks 

Ampicillin at 100 mg mrl and kanamycin 25 mg mrl were prepared in sterile water. 

Chloramphenicol 25 mg mrl was prepared in ethanol. Stocks were stored at -20°C in 

1 ml aliquots until use. 

2.2.3 Luria Broth 

Luria broth was made by adding 20.6 g EZ mix (Sigma) to 1 L distilled water and 

then autoclaved as described. When ready for use, antibiotic was added at the 

appropriate concentration and the pH adjusted to pH 7.2. Final concentrations of 

antibiotics were 100 )..Lg mrl ampicillin, 25 )..Lg mrl chloramphenicol and 25 )..Lg ml-l 

kanamycin. 

2.2.4 LB agar 

4.5 g of Bacto-agar was added to 300 ml of luria broth and autoclaved as described. 

The appropriate antibiotic was added upon cooling to below 50°C. 
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2.2.5 SOB Medium 

Reagents Used 

5 g Bacto Yeast Extract 

20 g Bactotryptone 

10mMMgCb 

10mMMgS04 

10mMNaCl 

10 ml of 250 mM KCI was added to 950 mI of analytical grade water and adjusted to 

pH 6.8. Water was added to a final volume of 1 L followed by autoclaving as 

previously described. 

2.2.6 SOC Medium 

Following autoclaving of SOB medium, 20 mls of 1 M sterile-filtered glucose was 

added and SOC medium was ali quoted and frozen at -20°C until use. 

2.2.7 Transformation Buffer 

100 mM CaCb 

The solution was made to a final volume of 50 mIs and then autoclaved as previously 

described. 
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2.2.8 Escherichia Coli Strains 

Strain Genotype Source 

BL21 (DE3)pLysS F ompT hsdS (rB-, mB-) gal dcm Novagen 

A(DE3) [PLysS Camf
] 

XL-1 Blue recAl endAl gyrA96 thi-l hsdRl7 Novagen 

supE33 relAl lac [F'proAB lacq L1M15 

TnlO(Tetj] 

Escherichia coli strain BL21(DE3)pLysS was used for high level protein expression 

of TbMscL. 

XL-1 Blue cells were transformed with dpnl digested PCR products carrying the 

desired mutation of TbMscL and used to repair and replicate TbMscL prior to 

sequencing of DNA. 

2.2.9 Glycerol Stocks 

10 m1 overnight cultures containing the appropriate antibiotic were grown at 37°C for 

16 hours. 1 m1 of culture was added to 500 ~l of autoclaved glycerol in a 1.5 m1 

cryovial. Samples were mixed and stored at -80°C. 
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DNA Techniques 

2.2.10 Purification of Plasmid DNA 

Reagents Used 

Resuspension Buffer 

50 mM Tris-HCI, pH 7.5 

lOmMEDTA 

100 !J.g/ml RNase A 

Cell Lysis Buffer 

0.2M NaOH 

l%SDS 

Column Wash 

80 mM potassium acetate pH 4.8 

8.3 mM Tris-HCI 

40llMEDTA 

55% ethanol (prior to use) 

Neutralising Buffer 

1.32 M potassium acetate 

.1.' 
,;!-1 

TbMscL DNA was obtained from XL-1 blue cells carrying the desired construct. A 

single colony of the wild type or mutant TbMscL was inoculated into 5 mls LB 

medium containing the appropriate antibiotic and incubated overnight in an orbital 

shaker at 37°C at 220 rpm. The culture was centrifuged at maximum speed to pellet 

the cells. Cells were then resuspended in 300 !J.I resuspension buffer and transferred to 

a 1.5 m1 eppendorf micro-centrifuge tube. 300 !J.I of cell lysis buffer was added and 

samples mixed by inversion until the solution cleared. 300 !J.I of neutralisation buffer 

was added and the samples mixed as previously described. Samples were spun at 13 

000 rpm in a bench top centrifuge for 5 minutes and the supernatant transferred to a 
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new 1.5 ml eppendorf micro-centrifuge tube. To completely eliminate cell debris, 

samples were re-spun for 3 minutes at maximum speed and the supernatants 

transferred to new 1.9 ml eppendorf tubes. 1 ml of pre-warmed DNA purification 

resin was added to each sample and left at room temperature for at least 5 minutes 

with gentle inversion. The resinlDNA mixes were applied to assembled syringe 

barrels connected to a vacuum manifold and samples were pulled through by applying 

a vacuum. 2 mls of column wash solution were then applied to each sample to wash 

the resin and the vacuum was removed. The syringe barrel was removed and the 

minicolumn was transferred to a clean 1.5 ml eppendorf tube and centrifuged at 

maximum speed as before for 1 minute to remove any residual column wash solution. 

The minicolumn was transferred to a clean 1.5 ml eppendorf tube and the DNA eluted 

with 50 III sterile water, pre-warmed to 70°C. Samples were left for 1 minute and 

then DNA eluted by centrifuging at maximum speed as previously detailed for 1 

minute. 

2.2.11 Restriction digests for linearization of DNA and for digestion of 

methylated DNA 

In order to linearise and visualise the eluted DNA, restriction endonuclease BarnHl 

was used to carry out a single digest. The appropriate volume of DNA (~5 Ill) was 

added to 3 III of sterile water and 1 III of enzyme buffer 2. 1 III BarnHl was added to 

the eppendorf, the sample was briefly vortexed, centrifuged for 5 seconds and 

incubated at 37°C for 1 hour to digest the DNA. Digested DNA was visualised on a 1 

% agarose gel to check for size. For dpn 1 digests of PCR products, 1 III of dpn J was 

added to 50 III PCR product and left to digest at 37°C for 1 hour. 
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2.2.12 Agarose Gel Electrophoresis 

Reagents Used 

Agarose 

100 g (Pharmacia) 

50XTAE 

242 g Tris 

57.1 ml glacial acetic acid 

1.9 gNaEDTA 

Sterile water to 1 L pH 8.0 

Stock Ethidium Bromide 

100 mg ethidium bromide 

10 mls sterile water 

Gel Loading Buffer 

3 ml glycerol 

30 mg bromophenol blue 

1 mIlO X TAE buffer 

Sterile water up to 10 ml 

.1 ... 

1 % agarose in 1 X Tris acetate EDTA (TAE) buffer was melted and ethidium 

bromide was added at a final concentration of 0.4 Ilg mrl. Gels were poured and 

allowed to set before running in 1 X (T AE) buffer diluted from a 50 X stock solution. 

Gel loading buffer was added to the DNA samples and run on the agarose gel 

alongside a 1 Kb DNA ladder at 120 volts for 50 minutes. DNA was visualised using 

a Syngene imaging system. 
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2.2.13 Quick Change Site-directed mutagenesis of TbMscL 

Reagents Used 

41.4 j.ll sterile water 

5 j.ll wild type template TbMscL DNA at 50 ng/j.ll 

1 j.ll lOx pfu DNA polymerase reaction buffer 

1 j.ll deoxynuc1eotide triphosphates (dNTPs) 

0.3 j.ll each of forward and reverse primers 

1 j.ll pfu DNA polymerase (3U/j.lI) 

To generate mutants of interest for study, wild type MscL DNA obtained from a 

DNA mini-prep was used as the template to carry out site-directed mutagenesis 

according to the QuikChange® site-directed mutagenesis protocol. Forward and 

reverse primers were designed incorporating the desired mutations. Reactions were 

carried out in thick-walled 0.5 j.ll eppendorfs with a final volume of 50 ,.ll. Reagents 

were mixed and placed in a Peltier Thermal Cycler PTC-200. peR products were then 

analysed on a 1 % agarose gel. 

2.2.14 Ethanol precipitation of DNA for sequencing by MWG-Biotech 

Around 7 j.lg of plasmid DNA, obtained from mini-preps of overnight cultures, was 

added to a 1.5 ml eppendorf tube and precipitation was carried out by addition of 10 

j.ll of 3 M NaAc pH 5.1. 200 j.ll of ice cold ethanol was added and DNA samples were 

left on ice for 30 minutes. Samples were centrifuged at maximum speed in a bench 

top centrifuge and the supernatant was discarded. 1 ml of 70 % ethanol was added and 

the samples were then centrifuged at maximum speed in a bench top centrifuge for 10 

minutes. Supernatants were discarded and samples were left to air dry before being 

sent to MWG for sequencing (section 2.2.15). 
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2.2.15 DNA Sequencing 

Following TbMscL mutagenesis usmg the quick change PCR method and 

visualisation of the PCR product on an agarose gel, mutations were verified by DNA 

sequencing carried out by MWG Biotech. Plasmid DNA was precipitated as described 

in the ethanol precipitation section. 

2.2.16 Sequence Analysis 

Using the Blast program, sequences were checked against the wild type sequence to 

ensure the correct mutation had been generated. 

Molecular Biology Techniques 

2.2.17 Preparation of Ultra-competent cells 

Competent cells were prepared fresh as required. The desired cell strain was 

inoculated from a glycerol stock into 10 ml of LB broth containing the appropriate 

antibiotic and grown at 37°C overnight at 220 rpm in an orbital shaker. Cells were 

centrifuged at 3,000 rpm in a benchtop centrifuge for 10 minutes and the supernatant 

was powed off. Cells were resuspended in 5 ml ice cold sterile 100 mM CaCh and 

left on ice for 30 minutes. Cells were centrifuged as before and resuspended in 1 ml 

ice cold CaCho Aliquots of 200 ~l were prepared and used for heat shock of DNA. 
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2.2.18 Transformation of DNA into ultra-competent cells 

DNA was transformed into XL-l blue ultra-competent cells for sequencmg or 

BL21(DE3)pLysS cells for expression as required. 2 ~l of DNA was added to 200 ~l 

competent cells and incubated on ice for 30 minutes. Cells were heat shocked at 42°C 

for 45 seconds and then placed on ice for 3 minutes. 500 ~l of SOC media was 

immediately added and cells were recovered by incubating at 37°C at 200 rpm for 1 

hour. Cells were then spread onto LB plates supplemented with ampicillin at a final 

concentration of 100 ~l ml-1
• Plates were then incubated at 37°C overnight. 

Expression and Purification of Tb MscL 

2.2.19 Expression of TbMscL 

Following sequencing, the pET -19b plasmid carrying the MscL gene, with the wild 

type or desired mutation, was transformed into BL21(DE3)pLysS expression cells, 

streaked onto LB amp plates and incubated overnight at 37°C. A single colony was 

picked and inoculated into 10 mls Luria-Bertani (LB) media containing 100 ~g/ml 

ampicillin and incubated at 37°C in an orbital shaker at 220 rpm overnight. The 10 ml 

overnight culture was inoculated into 1 L LB amp medium and grown to an OD600 of 

0.6. A 1 ml pre-induction sample was taken and expression of the protein was induced 

by the addition of 1 mM isopropyl ~,D-thiogalactopyranoside (lPTG). Cells were left 

for an additional 4 hours, a 1 ml post-induction sample was taken and cells were 

pelleted by centrifugation at 7,000g for 20 minutes in a Beckman A vanti J-20 XPI at 4 

DC. The cell pellet was stored at -20°C until use. 
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2.2.20 Purification of TbMscL 

Reagents Used 

PBS 

140mMNaCI 

2.7mMKCI 

10 mM Na2HP04 

pH7.2KOH 

Made to 1 L with sterile distilled water 

To purify the protein, cell pellets were thawed and resuspended in 60 mIs 1 x PBS and 

lysed by sonication on ice for 5 minutes (20 seconds on, 15 seconds off for 15 cycles) 

using an XL-2020 Misonix sonicator. Cells were then spun at 100,000 g for 40 

minutes at 4 DC in a Beckman L 7 Ultracentrifuge. The supernatant was discarded and 

the pellet was resuspended in 120 mIs of PBS with the addition of 40 mM n-octyl-P

D-glucopyranoside (00) (Bachem). The protein was left stirring at room temperature 

to solubilise for 1 hour. The insoluble material was collected by centrifugation at 

8,000g for 20 minutes in a Beckman J2-HS at 4 DC. The supernatant was filtered 

through a 0.22 !-lm filter and 30 mM imidazole (Calbiochem) was added to prevent 

non-specific binding of proteins to the nickel-agarose. Supernatant was loaded onto a 

1 ml HisTrap nickel-chelating column (Amersham) pre-equilibrated with 5 column 

volumes of buffer A (PBS supplemented with 40 mM 00 and 30 mM imidazole, pH 

7.2). Protein was washed with 5 column volumes of buffer A and eluted from the 

column in 1 ml fractions with 2.5 column volumes of Buffer B (PBS supplemented 

with 40 mM 00 and 400 mM imidazole). Fractions were analysed by SDS-PAGE 

and fractions containing the protein were pooled, aliquoted and stored at - 80°C 

following flash-freezing in liquid nitrogen. Protein concentrations of aliquots were 

determined upon thawing by the Bradford Assay (Section 2.2.22). 
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2.2.21 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Reagents Used 

Running Gel 

3.5 mIs Proto gel 

2.4 mIs 1.5 M Tris pH 8.8 

60 III 10 % SDS 

30 III 25 % ammonium persulphate (APS) 

10 III temed 

3.13 mIs sterile water 

Stacking Gel 

1.7 mIs sterile water 

600 III Proto gel 

1.6 mIs 3.6 M Tris pH 9.3 

20 III 25 % APS 

40 III 10 % SDS 

4 III temed 

SDS sample buffer 

1 ml 0.625 M Tris pH 6.8 

2mIIO% SDS 

1 mI glycerol 

bromophenol blue 

0.5 mI sterile water 
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SDS Running Buffer 

75.75 g Tris 

360.25 g Glycine 

25 g SDS 

Distilled water was added to 5 L and buffer was diluted 1:5 with distilled water prior 

to use. 

Coomassie Blue 

250 mg coomassie brilliant blue 

450 ml methanol 

460 ml water 

90 ml acetic acid 

Destain solution 

1 L methanol 

375 ml acetic acid 

3.625 L distilled water 

SDS-PAGE was carried out according to the method of Laemmli. As the MscL 

protein is only 18 kDa, 17.5 % gels were used. These were set and run using a BioRad 

mini-gel system. Samples were prepared and run in 1 x SDS running buffer diluted 

from stock at a constant current of 50 mAmps. Bromophenol blue was used a dye 

front marker. Low range molecular weight markers were used to approximate the size 

of protein samples. The gels were stained with Coomassie blue and then destained in 

de stain solution until bands became visible. Gels were then scanned using a Syngene 

gel imaging system. 
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2.2.22 Determination of Protein Concentration using Bradford Assay 

The concentration of MscL protein was determined following affinity purification on 

a 1ml HisTrap column. Bovine serum albumin (BSA) standards ranging from 2 - 10 

Ilg ml-1 were prepared from a stock solution in sterile analytical grade water. 750 III 

water was added to a cuvette in duplicate and 50 III of the BSA standards were added. 

The volume was made up to 1 ml with 200 III of Bio-rad dye. Samples were mixed 

and left for 5 minutes at room temperature. Absorbance was recorded at 595 run using 

a U-2001 Spectrophotometer (Hitachi) at a constant temperature of 25°C. A blank 

sample was prepared by adding 200 III ofBiorad dye to 800 III sterile water. 

",.j 
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Chapter 3: Mutagenesis of TbMscL 

3.1 Introduction 

Although progress has been made in recent years in understanding the conformational 

changes that occur in gating of MscL, the crystal structure of MscL has only been 

determined in the closed state and the structure of the open state is unknown. Each 

monomer of ThMscL contains 151, mostly hydrophobic, amino acids. A series of 

hydrophilic residues along TM1, mostly threonines, form the channel pore creating a 

distinct polar region of the protein (Chang et al., 1998). Among the MscL proteins 

the TM1 helix is the most highly conserved region with mutations in this region 

significantly altering channel gating (Ou et al., 1998;Anishkin et al., 2005). Wild type 

TbMscL lacks Trp residues. Here, single Trp residues were introduced into TM1 of 

TbMscL both to study functional effects and to allow the use of fluorescence 

spectroscopy to study lipid-protein interactions. 

Figure 3.1.1 shows the wild type amino acid sequence of TbMscL with TM1 and 

TM2 highlighted in red and blue respectively. Residues along TM1 that were chosen 

for tryptophan substitution, seen in Figure 3.1.1, are underlined in red. Figure 3.1.2 

shows the nucleotide sequence of TbMscL with the forward and backwards reading 

frames shown above and below respectively, and Figure 3.1.3 shows one monomer of 

ThMscL with the positions of the residues chosen for Trp substitution marked along 

TM1. 

M L K G F K E F L A R G N I V D L A V A V V I G T A E' T A - - - - - -
L V T K F T D S I I T P L I N R I G V N A Q s D V G I L R - - - - - - - -
I G I G G G Q T I D L N V L L S A A I N F F L I A F A V Y 
F L V V L P Y N T L R K K G E V E Q p G D T Q V V L L T E 
I R D L L A Q T N G D S P G R H G G R G T P S P T D G P R 
A S T E S Q 

Figure 3.1.1 Wild type amino acid sequence of TbMscL. Transmembrane helix 1 is 

highlighted in red and transmembrane helix 2 is highlighted in blue. 
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Met leu lys gly phe lys glu phe lys ala arg gly asn ile val sp leu 1 
atg e t c aaa gga t te a ag gag ttt e t c geg egg ggt aat ate gte gae etg get 
tae gag ttt eet aag tte etc aaa gag ege gee eea tta tag eag etg 9 e eg 

val ala val val ile gly thr ala phe thr ala leu val thr lys phe thr asp 
gte geg gtg gta ate gge aea geg tte a eg geg ttg gte a ce aag tte ace gae 
eag ege cae cat tag eeg tgt ege aag tge ege aae eag tgg tte aag tgg etg 

ser ile ile thr pro leu ile asn arg ile gly val asn ala gln ser asp val 
age ate att aeg eeg etg ate aae egg a te gge gte aae gea eag tee gae gte 
teg tag taa tge gge gae tag ttg gee tag eeg eag ttg egt gte agg etg eag 

gly ile leu arg ile gly ile gly gly gly gIn the ile asp leu asn val leu 
gge ate ttg egg ate ggt ate gge ggt ggt e a g ace att gae ttg aae gte ttg 
eeg tag aae gee tag eea tag eeg eea eea gte tgg taa etg aae ttg eag e 

leu ser ala ala ile asn phe phe leu ile ala phe ala val tyr phe leu val 
ttg teg gea geg ate aae ttt tte etg ate geg t te g e g g t g tae tte eta gte 
aae age egt ege tag ttg aaa aag gae tag ege aag ege cae atg aag 9 t eag 

val leu pro tyr asn thr leu arg lys lys gly glu val glu gln pro gly asp 
gtg etg eee tae aae aea eta ege aag aag ggg gag g t e gag eag eeg g g e gae 
cae gae ggg atg ttg tgt gat geg tte tte eee etc eag etc gte gge eeg etg 

thr gln val val leu leu thr glu ile arg asp leu leu ala gln Lhr asn gly 
ace eaa gte gtg etg etc ace gaa ate ege gat e t g e tc g e g e a a aeg aae ggg 
tgg gtt eag cae gae gag tgg ett tag geg eta gae gag ege gtt tge ttg eee 

asp ser pro gly arg his gly gly arg gly thr pro ser pro ser asp gly pro 
gae teg eeg ggg agg cae gge gge egt ggg a ea eea t eg eea ace g a e ggg eet 
etg age gge eee tee gtg eeg eeg gea eee tgt ggt age ggt tgg etg eee gga 

arg ala ser thr glu ser gIn 
ege geg age aea gaa teg eaa 
geg ege teg tgt ett age gtt 

Figure 3.1.2 Wild type nucleotide sequence of TbMscL. The forward reading frame 

of TbMscL is shown in black with the corresponding complementary DNA sequence 

shown in red. Amino acids are written above the nucleotide sequence in blue. 
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TMI 

L30 

TM2 

Figure 3.1.3 A monomer of ThMscL showing a-carbons of residues on TMI that 

were mutated to Trp. Residues that face directly towards the lipid bilayer are coloured 

in green and residues that are buried within the protein structure or face the channel 

pore are coloured in yellow. 
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3.2 Methods 

Molecular biological methods were carried out as detailed in the general methods 

section (Chapter Two). 

3.2.1 Cloning of TbMscL 

The TbMscL gene was cloned by using the pET-19b plasmid, shown in Figure 3.2.1 

harbouring the wild type gene as a template for mutagenesis. This was the very 

generous gift of Professor D.C Rees. 

Sea 1(5202) 

Pvu 1(5002) 

8sa 1(4783) 

Eam1105 I(4722) 

A lw N 1(4245} 

Sap 1(3713) 
8st1107 1(3600) 

Acc 1(3599) 
BsaA 1(3581) 

Tth111 1(3574) 

pET-1gb 
(S71 7bp) 

III 48) 

BsaX 1{1884) 

Figure 3.2.1 Vector map ofpET-19b plasmid used to express TbMscL for cloning. 

The pET-19b vector carries an N-terminal His-Tag sequence which makes the end 

protein product suitable for purification by affinity chromatography. Expression of the 

gene is under the control of a T7 inducible promoter. 
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3.2.2 Generation of Trp mutants of MscL 

To generate MscL mutants expressing tryptophan in the region of interest for tudy 

oligonucleotide primers incorporating the desired Trp mutation, complementary to 

opposite strands of the vector, were designed using the DNAStar software. Prinlers 

were ca. 36 bps in length with the Trp mutation in the middle. Primers used to 

generate tryptophan-mutated MscL species are shown in Tables 3.2.1. - 3.2.3. Trp 

mutations are underlined in red and silent mutations, incorporated to avoid hairpin 

formations, are shown in blue. 

Once primers had been designed, mutant species of MscL were generated by using the 

Quikchange® site-directed mutagenesis kit, as described in Section 3.2.3. 

Mutant Primers 
A20W 5'~3' CTG GCG GTC TGG GTG GT A A TC GGC ACA GCG 

3'~5' CGC TGT GCC GAT T AC CAC CCA GAC CGC CAG 

I23W 5'~3' GCT GTC GCG GTG GT A TGG GGC ACA GCG TTC ACG GCG 

3'~5' CGT GAA CGC TGT GCC CCA T AC CAC CGC GAC AGC CAG 

F27W 5'~3' G GT A A TC GGC ACA GCG TGG ACG GCG TTG GTC ACC 

3'~5' GGT GAC CAA CGC CGT CCA CGC TGT GCC GAT TAC C 

L30W 5'~3' CG TTC ACT GCG TGG GTC ACC AAG TTC ACC GAC AGC ATC 

3'~5' . GGT GAA CTT GGT GAC CCA CGC CGT GAA CGC TGT GCC G/\ T TAC C 

V31W 5'~3' C ACG GCG TTG TGG ACC AAG TTC ACC 

3'~5' GGT GAACTTGGT CCA CAACGCCGTG 

F34W 5'~3 ' GCG TTG GTG ACC AAG TGG ACC GAC AGC A TC A TT ACG 

3 '~5 ' GCT GTC GGT CCA CTT GGT CAC CAA CGC CGT GAA CGC 

S37W 5'~3' G GTC ACC AAG TTC ACC GAC TGG A TC A TT ACG CCG C 

3'~5 ' G CGG CGT AA T GA T CCA GTC GGT GAA crr GGT GAC C 

Table 3.2.1 Oligonucleotides designed to generate lipid exposed tryptophan mutants 

of TbMscL. 
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Mutant Primers 
V22W 5'-t3' CT GTC GCG GTT TGG ATC GGC ACA GCG TIC ACG GCG ITG 

3'-t5' GT GAA CGC TGT GCC GAT CCA AAC CGC GAC AGC CAG GTC 

G24W 5'-t3' GCG GTG GTA ATC TGG ACA GCG TTC ACG GCG TTG GTC 

3'-t5' GT GAC CAA CGC CGT GAA CGC TGT CCA GAT TAC CAC C 

T25W 5'-t3' GCG GTG GTA ATC GGC TGG GCG TTC ACG GCG TTG G 

3'-t5' C CAA CGC CGT GAA CGC CCA GCC GAT T AC CAC CGC 

A29W 5'-t3' C GGC ACA GCG TTC ACG TGG TTG GTC ACC 

3'-t5' GGT GAC CAA CCA CGT GAA CGC TGT GCC G 

T32W 5'-t3' GCG TTG GTC TGG AAG TTC ACC GAC AGC A TC A TT ACG 

3'-t5' CGT AAT GAT GCT GTC GGT GAA CTT CCA GAC CAA CGC 

T35W 5'-t3' G GTC ACC AAG TTC TGG GAC AGC A TC A TT ACG etG 
3'-t5' CGG CGT AAT GAT GCT GTC CCA GAA CTT GGT GAC C 

D36W 5'-t3' ACC AAG TTC ACC TGG AGC A TC A TT ACG CCGCTG A TC 
3'-t5' GA T CAG CGG CGT AA T GAT GCT CCA GGT GAA CTT GGT GAC C 

Table 3.2.2 Oligonucleotides designed to generate pore lining tryptophan mutants of 

TbMscL. 

Mutant Primers 
V21K 5'-t3' CCTG GCTGTCGCG AAG GTA ATCGGCACAG 

(mutant 
templates) 3'-t5' GT GCC GA T T AC CTT CGC GAC AGC CAG 

Table 3.2.3 Oligonucleotides designed to generate open channel tryptophan mutants 

of TbMscL Primers were used with tryptophan mutated templates. 
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3.2.3 Quik-change® site-directed Mutagenesis 

The use of the polymerase chain reaction to generate mutated forms of a chosen 

protein is a very powerful technique utilising small synthetic oligonucleotides 

containing the desired genetic mutation. The oligonucleotides anneal to the wild type 

template DNA and are extended by pfu turbo DNA polymerase. Successive rounds of 

DNA replication by thermal cycling produce mutated plasmid with staggered nicks. 

Using the Quik-change® site-directed mutagenesis method allows direct mutagenesis 

of double stranded plasmid making it a relatively simple procedure requiring only the 

chosen plasmid carrying the gene of interest acquired from a plasmid mini-prep. A 

brief overview of the process is shown in Figure 3.2.2. pET -19b plasmid carrying the 

wild type template DNA was fIrst obtained using the Promega-wizard® plus 

minipreps DNA purifIcation system. Thermal cycling was carried out as described in 

Section 2.2.13. Cycle conditions used involved denaturation at 95°C for 30 seconds, 

annealing at 55°C for 1 minute and extension at 68 °c for 6 mins (1 minlKb of 

plasmid length). Each cycle was repeated 16 times as suggested by the Stratagene 

Quik-change® manual. The fInal cycle was held at 4°C. 
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Step 1 
Plasmid Preparation 

Step 2 
Temperature Cycling 

Step 3 
Digestion 

Step 4 
T ransfonnation 

@ 

Mutogenic. 
primers 

Mutotad plmmid 
(contains nicked 
cirwlcr lifmnds) 

Gena In plaBmrd with 
1crget site (®) for mutation 

Denotul'8 the plasmid ond onn801 the 
oligonucleotide primel'l (.I') CXH'ltaining 
the desi red m utotion (x} 

Using -the nonstrand-<lispladng 
odion of P£u Turbo DNA polymeml8/ 
BXl9nd and inoorpomte the 
mutogenic primers t\!lsulting 
in nkked circular rtrands 

Digellt the methylated, non mutated 
poremol DNA femplote with Dpn I 

Tmnsform the circular, nkksd dsDNA 
into XL l-Blue lIupercompaten1 cell. 

After 1ransformation, -the XL l-Blu8 
lupercompetent cells repair tha 
nicks in -the mutofed plosmid 

LEGEND 

Parental DNA plasmid 

ell Mutageni\: primllr 

Mutatad DNA plaamid 

Figure 3.2.2 Overview of the QuikChange® site-directed mutagenesis method. Taken 

from the Stratagene manual 
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Following PCR, the product was treated with dpnl endonuclease as outlined in 

Section 2.2.11; the endonuclease is specific for methylated parental DNA. Nearly all 

E. coli DNA is dam-methylated so that parental DNA is susceptible to dpn 1 digestion, 

leaving the mutated unmethylated plasmid DNA. The resultant vector DNA was then 

transformed into XL I-blue supercompetent cells as outlined in Section 2.2.18 in order 

to repair the nicked DNA. Prior to transformation of the mutated MscL gene product 

into expression cell lines for protein expression, DNA from XLI-blue cells was 

harvested by using the wizard plasmid purification kit and ethanol precipitated as 

outlined in Section 2 and sequenced by MWG to confirm the desired Trp mutation. 

3.2.4 Expression and purification of TbMscL 

Following successful generation and sequencing of Trp-mutated ThMscL, DNA 

obtained from minipreps of XL I-blues harbouring the mutated DNA was transformed 

into BL2I (DE3) pLysS cells ready for large scale protein expression. This cell line 

was chosen for its suitability for production of proteins from target genes cloned in 

pET vectors and other T7-driven expression vectors (refer to vector map in section 

3.2.1). pLysS is an additional chloramphenicol resistant plasmid encoding T7 

lysozyme which is a natural inhibitor of T7 RNA polymerase. This serves to block 

basal levels of T7 RNA polymerase prior to induction by IPTG, stabilising such pET 

recombinants where the resultant protein product may affect cell growth and viability 

of the host cell line. Following transformation into this cell line, cells were grown as 

outlined in Chapter 2 and induced for 4 hours depending on the type of mutation 

engineered. As the pET I9b vector contains 9 histidines in the T7 expression region, 

the resultant protein can be purified using affinity chromatography. Following initial 

solubilisation steps, the protein supernatant was loaded onto a 1 ml nickel HisTrap 

column (Amersham). Flow through material containing non-bound and unspecific 

host cell proteins was removed prior to elution of pure MscL protein. Protein was 

eluted with addition of 400 mM imidazole and collected in·I ml fractions so that the 

purity of small fractions could be ascertained prior to pooling and freezing of pure 

MscL protein. Purity was assessed by loading samples of eluted fractions on a 15 % 

SDS-polyacrylamide geL 
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3.3 Results 

3.3.1 Restriction Digests of TbMscL 

Prior to generation of Trp mutants by peR a single and double digest of the wild type 

construct was performed to check the plasmid and the gene are of the correct size (see 

methods in section 2.2.11). The DNA gel shown in Figure 3.3.1 shows a single digest 

in lane A and a double digest in lane B with the gene coding for MscL visible at 500 

bp in lane B. 
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Figure 3.3.1 Agarose gel of TbMscL DNA. A single and a double digest of wild type 

DNA. Lane A shows a single digest with BamHl producing linearised DNA. Lane B 

shows a double digest with BamHl and Ndel producing plasmid DNA and the 500 bp 

gene encoding MscL. The markers are: (left), lKb DNA ladder; (right), 100 bp DNA 

ladder. 
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3.3.2 Quik-change® site directed mutagenesis 

Using the oligonucleotide primers listed in Tables 3.2.1-3.2.3, single tryptophan 

mutants were produced by Quik-change® site-directed mutagenesis. Following PCR 

amplification of the product 'was checked by electrophoresis of 5 ~ of the product on 

a 1 % agarose gel. Figure 3.3.2 shows the PCRproducts ofV22W and F27W. 

10 

6 

3 

2 

1.5 

1 

0.5 

M A B 

Figure 3.3.2 Agarose gel ofPCR products following Quik-change® mutagenesis. 

Lane A shows the PCR product for V22W and lane B shows the PCR product for 

.F27W. Both are at the expected position for TbMscL. The marker, M, is a 1 Kb DNA 

ladder. 
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3.3.3 Sequencing of TbMscL Trp constructs 

Following Quik-change® mutagenesis and puritication of plasmid DNA, samples 

were sent to MWG to confirm the correct mutation. Figure 3.3.3 shows an 

electroferragraph of V22W DNA. The nine His tag and the Met start codon are 

highlighted. The Val to Trp substitution is also shown. Partial electroferragraphs for 

the Val-22, Ile-23, Thr-25, Phe-27, Phe-34 and Ser-37 mutants are shown in Figure 

3.3.4 highlighting the substitution to Trp. Electroferragraphs for all mutants shows 

that replacement of the original residue with Trp had been successful. 

\ .. 
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Gaca ~aQ T ' Q A . ~ A G CC QaG C Q A C A tCC AA C T c e a O T Ge CAtC G AAA T CC l< c e A T C lO t r CGC GGAA"C O A" CGI:!,Q AC T CG CC GGI< Q AGO C Ac aa OQO C 

~ IItl ra W Ire. 
C G GGG AC " .CC A T t G CC "A CO O A C 'G OO ( C T C G C O O O AG CAC I\ Il A,u C ", OAA 

Figure 3.3.3 Electroferragraph of V22W TbMscL. DNA obtained from a roiniprep 

was ethanol precipitated and sequenced by MWG to ensure that the incorporation of 

Trp had taken place. 
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Figure 3.3.4 Electroferragraphs of TbMscL mutants showing amino acid changes to 

Trp. (A) Val-22, (B) lle-23, (C) Thr-25, (D) Phe-27, (E) Phe-34, and (F) Ser-37. 
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3.3.4 Expression and Purification of TbMscL 

Following affinity purification of TbMscL (as described in Section 2.2.20) using a 1 

ml HiTrap Nickel-chelating column,S III samples of each of the 1 ml eluted samples 

were run on 15 % polyacrylamide gels to determine which fractions contained 

purified TbMscL. Figure 3.3.5 shows SDS-PAGE gels ofV22W and F27W showing 

the protein at the expected molecular weight of 18.6 kDa. Most of the protein was 

eluted in fractions two and three. 

. ,~) 
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Figure 3.3.5 15 % SDS-polyacrylamide gel of (A) F27W and (B) the gain-of-function 

mutant V22W. Lane 1 contains Sigma low molecular weight markers (10~1) Lanes 2-

8 show purified TbMscL monomer corresponding to different eluted fractions. 
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3.4 Discussion 

Trp mutants of TbMscL on TMI were generated using the Quick-change® 

mutagenesis kit. Only three mutants required silent mutations of one nucleotide to 

avoid hairpin formation during the PCR process. Several residues that line TMI 

which were highlighted for Trp mutation, (Ala-26, Thr-28, Lys-33), were unable to be 

produced due to problems with PCR, even after the addition of DMSO to prevent 

hairpin formation. Sequencing of DNA confirmed that Trp substitution had been 

successful for all mutants. Expression and purification of all mutants was successful 

with the observation that some mutants produced a small protein pellet, compared to 

wild type TbMscL, with low levels of protein expression. These mutants were grown 

over a longer time scale prior to protein induction and induced for one hour only (see 

Chapter five). All mutants showed the expected tryptophan fluorescence upon 

reconstitution into lipid bilayers . 

• > ),' 

,'/ 

''''''\'' 

, -,.- . ~' 

62 



Chapter 4: Fluorescence Properties of Lipid Exposed mutants on TMI 

4.1 Introduction 

For clarity, results on the fluorescence properties of Trp mutants of TbMscL have 

been separated into different chapters based on whether the Trp residues face towards 

the centre of the channel, are involved in helix-helix contacts, or face outwards 

towards the lipid bilayer. The aim of the work in this chapter is to determine the 

accessibility of the inner ring ofTMl helices in TbMscL to the fatty acyl chains of the 

lipid molecules immediately surrounding the protein. The TM a-helices of TbMscL 

are arranged with the five TMI helices lining the central pore within a ring of five 

TM2 helices. The major contacts with the surrounding lipid bilayer will be made by 

residues in TM2 (refer to Figure 1.9 in the general introduction) but several residues 

in TMI also face directly towards the lipid bilayer. Figure 4.1.1 shows the 

transmembrane surface of TbMscL showing that some of the lipid-facing residues in 

TMI are located within a cleft between TM2 helices. The figure also shows that, in 

general, lipid facing residues in TM2 are closer to the protein surface than those 

residues in TMI. Further, the way that the TM1 helices are tilted with respect to the 

bilayer normal means that lipid-facing residues towards the C-terminal end of TMI 

are relatively close to the protein surface whereas those at the N-terminal end ofTM1 

are buried in crevices between the TM2 helices. 

To determine differences between the fluorescence properties of tryptophan residues 

on TMI and TM2, single Trp mutants of lipid facing residues were generated along 

TMI and the emission maxima of residues were used to report changes in the local 

environment. Brominated lipids were used to assess differences in the accessibility of 

residues to the lipid phase and the water soluble quenchers acrylamide and iodide 

were used to assess accessibility of residues from the aqueous phase. Quenching of 

Trp fluorescence by phospholipids containing brominated fatty acyl chains provides a 

powerful technique for probing lipid-protein interactions (O'Keefe et al., 2000;Alvis 

et aI., 2003;Williamson et aI., 2003;Lee, 2005;Powl et aI., 2005b). Quenching ofTrp 

fluorescence by brominated phospholipids shows a sixth power dependence on 

distance between the bromine and Trp moieties with 50% quenching at a distance of 
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ca 8 A (Bolen and Holloway, 1990). Thus efficient quenching of the fluorescence of a 

Trp residue located within a cavity by a brominated phospholipid would indicate that 

a phospholipid chain was able to penetrate into the cavity. 

Figure 4.1.1 Surface representation of TbMscL with lipid facing residues on TMI 

and TM2 shown in CPK format. A number of residues on TM1 face outwards towards 

the lipid bilayer. TM1 helices are tilted with respect to the bilayer normal so that lipid 

facing residues towards the C-terminal end of TMI are relatively close to the protein 

surface whereas those at the N-terminal end are buried in crevices between the TM2 

helices. The van der Waals surface of the protein is shown. 
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4.2 Fluorescence 

The use of fluorescence as a tool for studying protein conformation and relating 

protein structure to function is an invaluable and widely used technique. The 

fluorescence of proteins can be attributed to the presence of several naturally 

occurring, or intrinsic, fluorophores and these are the aromatic amino acids 

tryptophan, tyrosine, and phenylalanine. Tryptophan normally dominates the 

fluorescence emission of proteins (Ladokhin, 2000). 

OH 

OH 

OH 

Figure 4.2.1 Structures of the three aromatic amino acids that contribute to the 

intrinsic fluorescence of proteins. A) Phenylalanine. B) Tyrosine and C) Tryptophan . 

. t" 
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Fluorescence refers to the emission oflight following excitation of electrons from of a 

ground state to an excited state following absorption of light. The process of 

absorption and emission of light is illustrated in the Jablonski diagram (Figure 4.2.2) 

where ground, first and second electronic states are depicted by So, Sl and S2 

respectively. The process of light absorption is almost instantaneous and takes 

approximately 10-15 seconds (Lakowicz, 1983). Almost all molecules occupy the 

lowest vibrational level of the ground electronic state at room temperature and during 

the excitation process electrons may occupy anyone of the higher vibrational levels 

of the excited state, labelled 0, 1, and 2 in the diagram. Excitation is followed by 

relaxation of the molecule to the lowest vibrational level of Sl in a process known as 

internal conversion, which takes around 10-12 seconds (Lakowicz, 1983). The 

molecule returns to the ground state from SI either by emitting heat or by emitting 

light, the latter being fluorescence. The light emitted from fluorescent molecules is at 

a longer wavelength than the exciting light due to the loss of energy during internal 

conversion, a phenomenon known as Stokes' shift. 
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Figure 4.2.2 Jablonski diagram (Lakowicz, 1983). Illustration of the absorption and 

emission of light. So Sl and S2 represent the ground state and the first and second 

excited states respectively. Each electronic state has several different vibrational 

energy levels, depicted by the thinner lines. 
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4.2.1 Tryptophan Fluorescence 

Absorbance of light by tryptophan is due to 7t ~ 7t* transitions in the indole ring 

(Ladokhin, 2000). Due to the sensitivity of tryptophan emission to polarity and 

mobility of the surrounding environment, tryptophan is an important tool in looking at 

protein structure and conformation (Lakowicz, 1983). In aqueous solutions tryptophan 

displays a wide emission spectrum with a A,max centred around 350 nm with a peak 

width at half height of around 50 nm. In contrast, a Trp in a hydrophobic environment 

emits at around 320 nm thus tryptophan-scanning mutagenesis combined with 

fluorescence spectroscopy can provide information on the precise location of a Trp 

residue within a protein and its accessibility to the aqueous phase. Figure 4.2.3 shows 

the fluorescence emission spectra for free tryptophan in water and a Trp residue in 

MscL located in a hydrophobic environment. 
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Figure 4.2.3 Fluorescence emission spectra of tryptophan indicating sensitivity to 

environment. The fluorescence emission spectrum, centred at 321 nm is shown for the 

TbMscL Trp-mutant F27W reconstituted into bilayers of di(C18:1)PC, indicating a 

very hydrophobic environment for the Trp (black line), and for free tryptophan in 

Hepes buffer with an emission spectrum centred at 352 nm (dotted line). 
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4.2.2 Quenching of Tryptophan Fluorescence 

Fluorescence quenching refers to any process that decreases the fluorescence intensity 

of a given substance (Lakowicz, 1983). Quenchers of tryptophan fluorescence are 

used to assess the accessibility of tryptophan residues from either the aqueous or the 

lipid phase with different quenchers displaying particular sensitivities. Examples of 

quenchers include oxygen, iodide, bromide, and acrylamide. Brominated lipids can be 

used to assess the accessibility of a Trp residue to the lipid phase whereas molecules 

such as acrylamide or iodide can be used to assess the accessibility of a Trp residue 

from the aqueous phase. 

Fluorescence quenching processes include collisional quenching, otherwise known as 

dynamic quenching, static quenching, and energy transfer. In collisional quenching 

the quencher must be able to diffuse to the fluorophore during the lifetime of the 

excited state in order to quench fluorescence. Collisional quenching of fluorescence 

may be described by the Stem-Volmer equation 4.1 (Lakowicz, 1983). 

FrlF= 1+kqTo[Q] = 1 + Ksv[Q] Equation 4.1 

Here Fo and F represent the fluorescence intensities in the absence and presence of 

quencher respectively, kq is the bimolecular quenching constant, TO is the lifetime of 

the fluorophore in the absence of quencher, and [Q] is the quencher concentration. 

Ksv is the Stem-Volmer quenching constant. 

In contrast to collisional quenching which is dependent on diffusion of the quencher, 

static quenching results from the formation of a complex between the quencher and 

the fluorophore when occupying a non-fluorescent ground state (Lakowicz, 1983). On 

absorption of light, the complex immediately returns to the ground state without 

photon emission. 
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Fluorescence energy transfer involves transfer of energy from the excited state of a 

donor fluorophore to an acceptor molecule. The extent of energy transfer is dependent 

upon several variables. These are the degree of overlap between the emission 

spectrum of the donor and the absorption spectrum of the acceptor, known as the 

overlap integral (J), the distance between the acceptor and donor, the relative 

orientation of the acceptor and donor dipoles, and the quantum yield of the 

fluorophore (Lakowicz, 1983). It is generally assumed that the dependence on 

orientation is averaged out by rapid thermal motion of the donor and acceptor so that 

the efficiency of energy transfer can then be used to calculate the distance between the 

donor and acceptor. The efficiency of energy transfer can be calculated simply from 

the intensity of fluorescence in the presence of acceptor (Fda) compared to that in the 

absence of acceptor (Fd) as given by Equation 4.2 (Ladokhin, 2000) 

Equation 4.2 

Efficiency of energy transfer can be related directly to the distance between the 

acceptor and donor according to Forster theory, as shown by Equation 4.3 (Lakowicz, 

1983) (Ladokhin, 2000) 

Equation 4.3 

where r is the distance between donor and acceptor, and Ro is the distance at which 

the efficiency of transfer is 50 %. 
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4.3 Materials and methods 

4.3.1 Materials 

All chemicals were obtained from Sigma or BDH unless otherwise stated. 

Avanti Polar Lipids 

di(C 18: 1 )PC 1,2 dioleoyl-sn-glycero-3-phosphatidylcholine 

Bachem 

n-octyl ~-D-glucopyranoside (OG) 

.. 

,,",;.,.-
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4.3.2 Methods 

4.3.2.1 In vivo cell viability assay for gain-of-function mutants 

Gain of function mutants were identified usmg a liquid growth assay. E. coli 

BL21(DE3)pLyS transformants carrying the pET-19b plasmid with the Trp-mutated 

TbMscL gene were grown overnight at 37°C in 10 mls LB containing ampicillin at 

100 ~g ml-l for 16 hours at 220 rpm. Overnight cultures (100 ~l) were used to seed 

fresh LB (50 mL). Cultures were induced with 1 mM IPTG upon reaching an OD600 

of 0.2. Absorbance measurements were recorded every 30 minutes at 600 nm. 

BL21(DE3)pLyS carrying the pET 19b vector with no MscL gene inserted were used 

as controls. 

4.3.2.2 Preparation of lipid stocks 

The appropriate lipid was dissolved in chloroform at a concentration of20 mg ml-l. 

4.3.2.3 Preparation of brominated lipid stocks 

A solution of lipid in chloroform was made at 20 mg mrl and brominated by 

dropwise addition of bromine until a pale yellow colour could be seen. Excess 

bromine was removed by vacuum on a rotary evaporator and the dried lipid was 

dissolved in chloroform at 20 mg ml-l, sealed under nitrogen and stored at -20°C until 

use. 

4.3.2.4 Hepes Buffer 

Hepes buffer was prepared by making a solution of 20 mM Hepes, 100 mM KCl and 

1 mM EGTA in distilled water. The pH was adjusted to pH 7.2 with KOH. 

4.3.2.5 Preparation of Potassium Cholate 

48.9 mmoles of cholic acid was dissolved in a minimal volume of methanol at 35°C. 

Equimolar amounts of KOH were added to the cholic acid in methanol and incubation 
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was continued. The potassium cholate was precipitated from the methanol by the 

addition of an excess of diethyl ether. Solvent was filtered off using a Buchner funnel 

and the solid potassium cholate product was dried down under vacuum for at least 16 

hours to ensure complete removal of diethyl ether. 

To make cholate buffer 15 mM potassium cholate was dissolved in Hepes Buffer. 

4.3.2.6 Reconstitution of TbMscL into lipid bilayers by dilution 

Following purification of TbMscL, reconstitution into phospholipid bilayers was 

achieved by mixing lipid, in cholate, with protein already in Octyl Glucoside (OG) in 

the desired concentrations. This was followed by rapid dilution into buffer below the 

critical micelle concentration (CMC) of the detergent to reform membranes. 

0.47 ~moles of lipid was dried down onto walls of a scintillation vial and 400 ~l of 

cholate buffer was added. This was sealed under nitrogen, warmed, vortexed and 

sonicated to clarity in a bath sonicator (Ultrawave). 4.7 nmoles of TbMscL was added 

to the lipid solution resulting in a 100:1 molar ratio of lipid: protein monomer. The 

sample was then incubated at 25°C for 15 minutes. 250 ~l of the sample was then 

diluted into 2.75 mIs Hepes buffer and incubated at 25°C. Fluorescence 

measurements were recorded using the SLM-8000C fluorimeter. 

4.3.2.7 Fluorescence Quenching of TbMscL by Acrylamide 

Samples were prepared as detailed in section 4.3.2.6. AIM stock of acrylamide was 

prepared in Hepes buffer and added to the sample at a final concentration of 300 mM. 

The inner filter effect was minimised by exciting fluorescence at 295 nm. Corrections 

for the inner filter effect were made by applying the correction factor 10o.see where E 

is the molar extinction coefficient at 295 nm (0.070 M- l cm-\ and c is the 

concentration of quencher. 
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4.3.2.8 Fluorescence Quenching of TbMscL by Iodide 

Samples were prepared as detailed in section 4.3.2.6. AIM stock of iodide (1 M 

iodide and 100 mM potassium thiosulphate) was prepared in Hepes buffer and added 

to the sample at a final concentration 0.45 Musing Hepes buffer containing 1 M KCI 

and 100 mM potassium thiosulphate to maintain a constant ionic strength for both F 

(KJ) and Fo (KCI) measurements of 0.91 M. The inner filter effect was minimised by 

exciting the fluorescence at 295 nm. Corrections for the inner filter effect were made 

by applying the correction factor 10°.5c
E where E is the molar extinction coefficient at 

295 nm (0.032 M-1 cm-\ and c is the concentration of quencher. 

4.3.2.9 Fluorescence Measurements 

Tryptophan fluorescence intensities were measured at 330 nm with an excitation 

wavelength of 280 nm, for 0.98 )lM TbMscL in Hepes buffer at 25°C, using an SLM

Aminco 8000C fluorimeter. 4 nm slit widths were used in all experiments with the 

emission slit at 8 nm. Fluorescence intensities were corrected for light scatter by the 

subtraction of a suitable phospholipid blank. 

Fluorescence emission spectra were recorded between 300 nm and 400 nm. Spectra 

were then fitted to a skewed Gaussian using equation 4.4 

Equation 4.4 

where F and Fmax are the fluorescence intensities at /.., and ~ax respectively, b is the 

skew parameter, and W'A is the peak width at half height. 

4.3.2.10 Statistical Analysis 

Data were analysed, where appropriate, using the Kruskal-Wallis using a Dunn's 

multiple comparison test. Results were considered significant when p < 0.05 (*). 
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4.3 Results 

In the studies reported here lipid-facing residues in TM1 were mutated to Trp. To see 

to what extent these residues were buried, Trp residues were introduced into the three 

dimensional structure of TbMscL using the MSI viewer programme and the Trp 

residues were rotated to remove any contacts between atoms that were within 70% of 

the sum of the covalent radii (Figure 4.4.1). Some mutants such as 123W are located 

within a cleft in the protein surface whereas others, such as that in the mutant F34W, 

are surface exposed, like the Trp residue in TM2 in the mutant Y87W. 

~:..-----:;r F34 W 

Y87W 

Figure 4.4 View of the lipid-exposed surface of TbMscL with Trp residues at 

positions 23 and 34 in TM1 and position 87 in TM2 shown in space-fill format. The 

surface is coloured according to electrostatic potentiaL 123 is located towards the N

terminus of TbMscL and is buried within a cleft in the protein surface between TM2 

. helices. F34 is located at the C-terminus of TbMscL and is at a position that is 

relatively close to the protein surface, similar to Y87. The solvent accessible surface 

is shown, with a solvent of radius 3A 
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4.4.1 Functional Analysis of Trp-mutants of TbMscL 

Mutation of TbMscL can lead to two phenotypes. Mutations that result in the channel 

opening at lower tensions are termed Gain-of-Function mutations (GOFs) and 

mutations that result in a loss of function or that need higher tension to cause opening 

are termed Loss-of-Function mutations. To ascertain whether substituting lipid 

exposed residues on TMI with Trp resulted in GOF mutations, an in vivo cell viability 

assay for this phenotype was carried out as outlined in Section 4.3.2. In this assay, a 

GOF phenotype is recognised by a decrease in growth rate for E. coli expressing the 

mutant protein, the decreased growth rate reflecting the fact that the channel will 

remain open in the E. coli membrane. 

The results shown in Figure 4.4.1 show that of the seven TbMscL mutants assayed 

only A20W displays a reduction in cell growth rate, compared to wild type, upon 

expression of protein. This suggests that, as expected for lipid-exposed mutants, all of 

the mutated channels, with the exception of A20W, remain in the closed state. 

Growth of this mutant appears to be impaired, only reaching an optical density of 

around 0.5, compared to an average optical density of around 0.7 for the other Trp 

mutants. This suggests that substituting alanine for tryptophan at this position causes 

the protein to adopt a conformation that can open at lower than normal tension. 

However, the effect of the A20W mutation is less marked than that seen on 

introduction of a Trp residue at a point of helix-helix contact (see Figure 6.3.1). 

A20W is not a full gain of function mutant and is likely to be closed at zero tension in 

the membrane so that the fluorescence properties reported here will probably refer to 

the closed state of the channel. Statistical analysis shows that A20W is significantly 

different to 123 W but not the other mutants assayed. As 123 W only has a slightly 

higher OD than the wild type absorbance at 300 minutes, this implies that there is no 

real difference and so it can therefore be concluded that A20W is probably in the 

closed state. The observation that all mutants, displayed a normal phenotype allowed 

further analysis and characterisation by fluorescence spectroscopy and fluorescence 

quenching. 
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Figure 4.4.1 In Vivo assay for Gain of Function mutants. E. coli BL21CDE3)pLysS 

transformants carrying the pET-19b plasmid with the Trp-mutated TbMscL gene were 

grown in Luria both containing ampicillin CI00 ~g mrl) to an optical density ofOD6oo 

of 0.2 and expression was induced by addition of 1 mM IPTG. The optical density 

was measured every 30 minutes to determine which mutants produced a Gain-of

function CGOF) phenotype. TbMscL mutants expressed were: wild type, Co); A20W, 

C ... ); I23W, C.6.); F27W, C-); L30W, CD); V31W, C+); and F34W, Co); S37W, CA.). 

BL21CDE3)pLysS cells with the pET 19b vector and with no MscL gene inserted 

were grown as a control C.). Error bars are standard deviations obtained from the 

average of three determinations. 
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4.4.2 Fluorescence emission spectra for Trp-mutants of TbMscL 

Residues on TMI that face outwards towards the lipid bilayer were mutated to Trp by 

site-directed mutagenesis. Mutants were then reconstituted into bilayers of 

di(C 18: 1 )PC at a molar ratio of lipid: protein monomer of 100: 1. The fluorescence 

emission spectra shown in Figure 4.4.2 were fitted to the equation for a skewed 

Gaussian (equation 4.4) to obtain accurate values for the wavelength of maximum 

fluorescence emission (Table 4.4.1). The emission width at half height varied from 

50.4 for F27W to ca 66 nm for F34 W (Table 4.4.1). These results are largely 

consistent with the relationship between fluorescence emission maxima and peak 

width established by Ladokhin et al. (Ladokhin, 2000) which showed that peak width 

increased with increasing fluorescence emission maximum. The fluorescence 

intensity varies markedly between the mutants shown in Figure 4.4.2. Various groups 

present in a protein are capable of quenching Trp fluorescence so that Trp 

fluorescence intensity is highly variable (Lakowicz, 1983). 

The fluorescence emission maximum for tryptophan in water is 351 nm, whereas the 

fluorescence emission maximum for a Trp residue in a very hydrophobic environment 

is ca 320 nm, as shown in Figure 4.2.3. Experiments with KcsA, where the Trp 

residues are located at the ends of the transmembrane helices, show that a Trp residue 

located in the glycerol backbone region of the lipid bilayer has a fluorescence 

emission maximum at 332 nm (Alvis et ai., 2003). Results by Pow I et al. showed the 

region of TM2, the outer lipid-facing helix, that spans the hydrocarbon core of the 

bilayer when reconstituted into bilayers of di(C18:1)PC runs from L69, with a 

fluorescence emission maximum of 332.8 nm, to L91, with a fluorescence emission 

maximum of331.7 nm (Powl et ai., 2005b). A Trp residue in the middle of the helix, 

F80W, gave an emission maximum of 320 nm. The fluorescence emission maximum 

for F27W (321 nm) is blue shifted, consistent with a hydrophobic location towards the 

centre of the bilayer, similar to F80W, whereas the fluorescence emission maximum 

for A20W, which is located towards the cytoplasmic interface, is ca. 329 nm, similar 

to L91 on TM2. S37W has a red shifted emission spectrum of 336 nm, consistent with 

its location in the headgroup region, similar to that of L69. 
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Figure 4.4.2 Fluorescence emission spectra of lipid exposed Trp-mutants of TbMscL. 

Purified TbMscL was reconstituted in di(C18:1)PC and fluorescence was excited at 

280 nm. Samples were as follows: A20W, (-); 123W, (- ); F27W (- ); L30W ( ); 

V31W, (- ); F34W, (- ); and S37W, (- ). The concentration of TbMscL was 0.98 /-lM 

and the molar ratio of lipid to protein monomer was 100:1. 

Mutant A. max (nm) in di(C18:1)PC ro (nm) 
A20W 329.3 ± 0.3 58.4 ± 0.3 
123W 325.2 ± 0.1 50.9 ± 0.2 
F27W 321.0 ± 0.2 50.4 ± 0.4 
L30W 327.6 ± 0.1 57.8 ± 0.2 
V31W 323.1 ± 0.3 61.5 ± 0.7 
F34W 326.2 ± 0.4 66.6 ± 0.9 
S37W 335.9 ± 0.1 58.4 ± 0.2 

Table 4.4.1 Fluorescence properties of lipid-exposed Trp-mutants of TbMscL 

reconstituted into bilayers of di(C18:1)PC and excited at 280 nm. The molar ratio of 

lipid to protein monomer was 100:1 and the concentration of TbMscL was 0.98 /-lM. 
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4.4.3 Polarity profile of lipid exposed residues in TbMscL 

The fluorescence emission spectrum oftryptophan is highly polarity dependent so that 

this parameter can be used to study the position of a Trp residue in TbMscL relative to 

the position of the lipid bilayer. Figure 4.4.3 shows one monomer of TbMscL with a

carbons of lipid exposed residues on TMI and TM2 highlighted in yellow and green 

respectively. Residues in TbMscL located at the position of the glycerol backbone in a 

bilayer of di(C18:1)PC have been identified as L69 and L92 on the periplasmic and 

cytoplasmic side of the bilayer respectively (Powl, 2005b). Distances along the 

bilayer normal between the a-carbons of residues mutated to Trp and the a-carbon of 

L69 were calculated from the crystal structure and these are given in Table 4.4.2. 

Values for the wavelengths of maximum fluorescence emission for lipid-exposed Trp 

residues in TMI and TM2 in TbMscL were plotted as a function of the distances of 

the a-carbons from the a-carbon of L69 and are shown in Figure 4.4.4. The plot 

shows a trough like distribution of emission maxima in relation to bilayer depth, with 

the exception of residues 177W and L30W. The fluorescence of residues located 

towards the centre of the bilayer is blue shifted relative to that of residues located 

towards either the periplasmic or cytoplasmic interfaces. It can be seen that the 

position of F27W in the bilayer is comparable to that for F80W with a fluorescence 

emission maximum of 321 nm. Finally, S37W has a relatively long wavelength 

emission, consistent with a location for S37 in the lipid headgroup region of the 

bilayer, as previously suggested for residues L69 in TM2. 
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Figure 4.4.3 TbMscL monomer showing a-carbons of lipid facing residues on TMI 

and TM2 in yellow and green respectively. Residues L69 and L92 are Located at the 

periplasmic and cytoplasmic interfaces respectively. The direction of the bilayer 

nonnal is shown. 
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TMI TM2 
Residue A. max (nm) Distance (A) Residue A.max (nm) Distance (A) 
Number from L69 Number from L69 

S37 335.9 ± 0.1 2.9 173 - 5.0 
F34 326.2 ± 0.4 7.1 177 330.2 ± 0.1 9.9 
V31 323.1 ± 0.3 11.6 F80 321.0 ± 0.0 14.3 
L30 327.6 ± 0.1 11.6 F84 323.5 ± 0.0 19.0 
F27 321.0 ± 0.2 16.3 Y87 326.8 ± 0.1 23.5 
123 325.2 ± 0.1 20.1 L91 - 28.5 
A20 329.3 ± 0.3 24.3 - - -

Table 4.4.2 Positions of lipid facing residues on TMI and TM2 of TbMscL. 

Distances along the bilayer normal for the a-carbons of residues on TM1 and Tm2 

were measured from the a-carbon of L69 on the periplasmic side of TbMscL. 
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Figure 4.4.4 Polarity profile of lipid facing residues on TMI and TM2 of TbMscL. 

Circles represent Trp residues on TMI and triangles represent Trp residues on TM2. 

Emission maxima for residues on TM2 were obtained from previously published data 

(Powl et al., 2005b). The dashed line denotes the centre of the bilayer. Wavelengths 

of maximum emission (nm) are plotted as a function of the distance (A) along the 

bilayer normal of the a-carbon of the residue from that ofL69. The filled symbols ( ... ; 

e) are the results for 177W and L30W respectively. 
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4.4.4 Fluorescence quenching of TbMscL by brominated phospholipids 

Fluorescence quenching by brominated phospholipids was used as a tool to assess the 

accessibility of Trp residues from the lipid phase. Purified TbMscL was reconstituted 

as described in Section 4.3.2.6 into bilayers of di(C18:1)PC and di(Br2C18:0)PC at a 

100:1 molar ratio of phospholipid to TbMscL monomer. Generation of large unsealed 

membrane fragments was achieved by a 12-fold dilution from cholate buffer into 

Hepes buffer to drop the concentration of cholate below its critical micelle 

concentration. The Trp fluorescence emission intensity was recorded at 330 nm and 

results were expressed as FIFo (Table 4.4.3) where F is the fluorescence intensity of 

TbMscL in brominated lipid and Fa is the fluorescence intensity of TbMscL in non

brominated lipid. Figure 4.4.5 shows fluorescence quenching plotted as a function of 

the distance of the Trp residue from L69. It is clear from the results that residue 

L30W which is positioned towards the centre of the bilayer is quenched the most by 

brominated phospholipids and 123W, F34W, and S37W, which are located further 

away from the centre of the bilayer, are quenched by a lesser extent. A20W is 

quenched more than expected given its position towards the N-terminus of TbMscL 

and buried deep with the cavity between TM2 helices. 

Mutant Distance (A) from FIFo in di(Br2C18:0)PC 
L69 

S37W 2.9 0.54 ± 0.02 
F34W 7.1 0.51 ± 0.02 
V31W 11.6 0.63 ± 0.03 
L30W 11.6 0.41 ± 0.04 
F27W 16.3 0.45 ± 0.01 
123W 20.1 0.50 ± 0.01 
A20W 24.3 0.42 ± 0.02 

Table 4.4.3 Quenching of Trp fluorescence by brominated phospholipids. Mutants 

were reconstituted into bilayers of di(CI8:1)PC and di(Br2C18:0)PC. Fluorescence 

intensities were recorded at 330 nm and are expressed as FIFo where F and Fo are 

fluorescence intensities for TbMscL reconstituted into di(CI8:1)PC and 

di(Br2C18:0)PC respectively. Values and standard deviations were obtained from the 

average of three determinations in duplicate. 
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Figure 4.4.5 Fluorescence quenching of lipid facing residues on TMI by brominated 

phospholipids. The fluorescence intensity was recorded at 330 nm and the results are 

expressed as FIFo plotted against distance of the Trp residue from L69 . 
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4.4.5 Fluorescence quenching of TbMscL by acrylamide 

Fluorescence quenching of lipid facing residues on TMI by acrylamide was used to 

assess the accessibility of Trp residues in TbMscL from the aqueous phase in bilayers 

of di(C18:l)PC. TbMscL was reconstituted into bilayers of di(C18:1)PC at a 100:1 

molar ratio of phospholipid to TbMscL monomer as previously described. To 

establish whether quenching by acrylamide fits to the Stem-Volmer equation 

fluorescence intensities were plotted as a function of acrylamide concentration. As 

shown in Figure 4.4.6 a plot of fluorescence intensity versus acrylamide concentration 

was linear up to 300 mM for both I23W on TMI and F80W on TM2, showing that the 

data fit to the Stem-Volmer equation. 
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Figure 4.4.6 Stem-Volmer plots for quenching of the Trp fluorescence of TbMscL by 

acrylamide. Trp mutants were reconstituted into bilayers of di(C18:1)PC. 

Fluorescence intensities are expressed as a ratio of Fr/F where Fo and F are the 

intensities in the absence and presence of acrylamide, respectively. Trp mutants are 

F80W (.) and I23W (. ). 
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Values of FIFo for the Trp mutants in di(C18:1)PC in the presence of 300 mM 

acrylamide are shown in Table 4.4.4. The results show a similar level of quenching 

for all mutants with the exception of V31 W which shows a slightly reduced level of 

quenching. These results are surprising. Powl et al. (Powl et al., 2005b) showed that 

levels of quenching for Trp mutants in TM2 varied between FIFo values of 0.75 and 

0.45 for F80W and EI03W respectively, for 250 mM acrylamide, a result repeated 

here for F80W (Table 4.4.4). The comparison with the results for Trp mutants in TM2 

suggests that residues in TMI are generally more accessible to acrylamide than those 

on TM2. 

Mutant FIFo in di(C18:1)PC 

A20W 0.62± 0.03 

123W 0.61 ± 0.02 

F27W 0.63 ± 0.05 

L30W 0.63 ± 0.01 

V31W 0.68 ± 0.02 

F34W 0.61 ± 0.04 

S37W 0.61 ± 0.03 

F80W 0.72± 0.02 

Table 4.4.4 Fluorescence quenching of lipid facing residues on TMI by acrylamide. 

Results are expressed as FIFo where F and Fo are fluorescence intensities for TbMscL 

reconstituted into di(CI8:1)PC in the presence and absence of acrylamide 

respectively. Values and standard deviations were obtained from the average of three 

determinations in duplicate. 
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4.4.6 Fluorescence quenching of TbMscL by Iodide 

The results obtained for fluorescence quenching by acrylamide show a similar level of 

quenching for all mutants. Whereas acrylarnide is a neutral quencher, iodide is 

charged and so may show larger differences in accessibility. Values of FIFo for Trp 

mutants reconstituted into bilayers of di(C18:1)PC in the presence of 450 mM iodide 

are shown in Figure 4.4.7. The results show some differences in quenching between 

mutants with the Trp residues in A20W, 123W and S37W quenching the most. This is 

consistent with a location for these residues at the bilayer interface. Residues F27W 

and V31 W are quenched the least by iodide suggesting that these residues are not as 

accessible to the aqueous phase. In this case, L30W, surprisingly, appears to be 

quenched by iodide to the same extent as residues located at the bilayer interface. 
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Figure 4.4.7 Fluorescence quenching of lipid facing residues on TMI by iodide. 

Results are expressed as FIFo where F and Fo are fluorescence intensities for TbMscL 

reconstituted into di(C18:1)PC in the presence and absence of iodide respectively. 

The ionic strength was kept constant at 0.91M. Bar charts show the average of three 

determinations and standard deviations in duplicate. 
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4.5 Discussion 

4.5.1 Effects of Trp mutants of TbMscL on channel function 

Residues on TMI that were lipid facing were mutated to tryptophan usmg site

directed mutagenesis. In order to establish whether the insertion of a Trp residue 

affected function of TbMscL, an in vivo cell viability assay was carried out in order to 

screen for any gain-of function mutants. Gain-of-function mutations are characterised 

by decreased growth rates, presumably as a consequence of the open channel 

compromising membrane integrity. The results (Figure 4.4.1) show that the host cell, 

in the absence of the plasmid encoding TbMscL gene, grows to a high optical density 

and that expression of wild type TbMscL reduces the growth rate. The results with the 

lipid facing mutants of TbMscL show that all but one of the mutants, A20W, resulted 

in the same effects on growth as wild type TbMscL, indicating that function of the 

Trp mutants were unaffected by the Trp mutation. In contrast, A20W showed a 

slightly reduced growth rate following induction of TbMscL expression indicating 

that this mutant produces a slight GOF phenotype, possibly opening at lower tensions 

that the other Trp mutants. Nethertheless, it is likely to be in the closed state upon 

reconstitution. 

The x-ray crystal structure of TbMscL does not show any resolved lipid molecules 

therefore it is not known how MscL sits in the lipid bilayer. Tryptophan is 

environmentally sensitive and can therefore be used to probe the structure of TbMscL 

in the closed state. Changes in conformation as a result of changing the lipid can also 

be detected by fluorescence spectroscopy. As TbMscL is thought to undergo a large 

conformational change during channel gating, insertion of tryptophans into key 

regions, thought to move between the closed and open states, can be used to detect 

any conformational changes of TbMscL as a result of movement of transmembrane u

helices. Upon channel opening, models show rotation of helices, resulting in thinning 

of the lipid bilayer surrounding TbMscL (Perozo et al., 2002a) and movement of 

residues in and out of the bilayer. Rotation of helices during channel gating is thought 

to create a large pore with more pore-lining residues than in the closed state. To 

understand how the Trp fluorescence data is related to channel structure, it is 

important to understand what determines Trp fluorescence characteristics. Powl et al. 
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studied lipid-exposed Trp mutants in TM2 (powl et al. 2005b). The results showed 

that shifts in ')..., max were consistent with the crystal structure of TbMscL. This po s th 

question as to whether lipid-exposed Trp mutants in TM1 show the same consistency 

and whether buried residues share the same characteristics as lipid exposed residues. 

This may lead to an understanding of the solvation properties of TbMscL and whether 

lipid fatty acyl chains can penetrate into clefts present on the surface of TbMscL. 

The Trp mutants of TbMscL were reconstituted into bilayers of di(C18:1)PC and their 

fluorescence emission maxima were determined. These are listed in Table 4.4.1. Most 

noticeable from this data is that F27W is the most blue shifted of the lipid facing 

mutants suggesting that F27 is located in the centre of the bilayer. As shown in 

Figures 4.4.3 and 4.5.1, residue 27 in TM1 is located at a similar distance from L69 

along the bilayer normal to residue 80 in TM2. The Trp fluorescence emission 

maximum for F80W is also at 321 nm, suggesting that the Trp residues in F27W and 

F80W experience similar environments despite the fact that the Trp in F80W is 

surface exposed whereas that in F27W is buried below the protein surface (Figure 

4.5.1). 

Periplasmic ide 

F80 

Cytoplasmic Side 

Figure 4.5.1 Surface representation of TbMscL with lipid facing residues on TM1 

and TM2 'shown in space-fill format. F27W and F80W (coloured in blue) are located 

in the centre of the bilayer on TM1 and TM2 respectively. 
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Moving in either direction from position 27 results in shifts in fluorescence emission 

maxima to longer wavelength, consistent with an increasingly polar environment for 

the Trp. From the crystal structure of TbMscL, the separation distance along the 

bilayer normal between the a-carbons of residues 69 and 92 is 31.8 A which therefore 

defines the bilayer centre as 15.9 A from L69. Table 4.4.2 lists and Figure 4.4.4 plots 

the fluorescence emission maxima as a distance of the separation from L69 along the 

bilayer normal for Trp residues in TMI and TM2. Residues F27W and F80W have 

the most blue shifted emission maxima of321 nm and are at the centre of the bilayer. 

Residues to the left of the plot represent residues on the periplasmic side of the 

membrane and residues on the right representing residues on the cytoplasmic side of 

the membrane. Immediately noticeable is the asymmetric distribution of fluorescence 

emission maxima with corresponding distance away from the centre of the bilayer on 

either side. The shape profile for the relationship between Trp fluorescence emission 

maxima and depth in the bilayer can be compared to models of how the dielectric 

constant is expected to change across a bilayer. 

The dielectric constant of an aliphatic hydrocarbon is ca. 2 whereas that of water is ca. 

78. Since the hydrophobic core of the bilayer consists mainly of hydrocarbon chains, 

the dielectric constant must vary markedly over the lipid headgroup region from the 

water molecules on one side of the bilayer to the hydrocarbons just below the glycerol 

backbone region. It has therefore been suggested that the dielectric constant varies in 

a smooth and continuous fashion over this interfacial region, giving a trough-like 

profile, as shown in Figure 4.5.2, that is described by equation 4.5 

Equation 4.5 

where 8 is the dielectric constant at a distance d from the bilayer centre, and 8 1 and 82 

are the dielectric constants in the bilayer centre (2) and in water (78) respectively. do 

is the value of d at the point of maximum gradient, corresponding to the point where 8 

= (81 + 82)/2.0, and a is an exponential decay constant which reflects the width of the 

transition region (Flewelling and Hubbell, 1986). Figure 4.5.2 shows the dielectric 

constant profile calculated from the above equation with values for do and a of 12 and 

2 A, respectively, with values of 81 and 82 of2 and 78 respectively. 
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Figure 4.5.2 Dielectric profile of a bilayer. It is assumed that the dielectric constant 

varies in a smooth and continuous way over the interface, described by a sigmoidal 

dependence of dielectric constant over position in the interface region, giving a 

trough-like distribution across the membrane. 

The shape of the polarity profile has been shown to be consistent with experimental 

data on ESR spectra obtained using spin-labelled phospholipids in lipid bilayers 

(Marsh, 2001). As Trp fluorescence emission is dependent on solvent polarity and the 

relationship between fluorescence emission maxima and solvent polarity is close to 

linear, Equation 4.5 can be used to describe the dependence of fluorescence emission 

maxima on position within a bilayer by substituting the dielectric constants in the 

bilayer centre and in water for the emission maxima of a Trp residue in the bilayer 

centre and in water (Equation 4.6). 

Equation 4.6 
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Figure 4.5.3 shows how changing the values of do and (J" affect the calculated profile 

of fluorescence emission maxima. Increasing do increases the length of the 'flat' 

central portion of the trough, increasing the separation between the regions where the 

dielectric constant increases steeply with distance. Increasing a increases the width of 

the transition region and so decreases the steepness of the change in the dielectric 

constant in the interface region. As already described, the separation distances 

between the a-carbons of residues L69 and L92 in TbMscL is 31.8 A, the centre of 

the bilayer being 15.9 A from L69 (Figure 4.3.4). The wavelengths of maximum 

fluorescence emission for the lipid exposed residues on TM 1 and TM2, plotted in 

Figure 4.3.4, were fitted to equation 4.6, for residues on the cytoplasmic and 

periplasmic sides of the protein, respectively. In Figure 4.5.4 wavelengths of 

fluorescence emission maxima are plotted for Trp residues between positions 27 to 37 

and 69 to 80, and for residues between positions 20 to 27 and 80 to 91, as a function 

of distance from the centre of the bilayer, giving the parameters listed in Table 4.5.1. 

01 alues were taken from the data in Table 4.4.1 and data previously published by 

Powl). (Powl et aI., 2005b) The data for residues on the periplasmic side of TbMscL 

fit well to Equation 4.6, falling on a smooth curve and giving the expected trough-like 

profile for solvent polarity as a function of distance. That residues L30W and 177W 

do not fit to this curve can be attributed to the free space surrounding these residues, 

allowing them a high degree of movement, and thus giving an inaccurate 

representation of their location in respect to the other residues on the periplasmic side 

of the membrane. In contrast the data for residues on the cytoplasmic side of TbMscL 

do not fit meaningfully to Equation 4.6 giving negative values for do and large 

standard errors. Equation 4.6, therefore, provides a good model for the variation of 

emission maxima with distance from the centre of the bilayer on the periplasmic side 

but not on the cytoplasmic side. To achieve a trough-like profile on the cytoplasmic 

side of the membrane, lower values of fluorescence emission maximum would be 

needed for residues Y87W and 123 W. One explanation for the lack of a trough-like 

profile on the cytoplasmic side could then be that these residues are free to move and 

have 'snorkelled' towards the interface so that their position is not well defined in 

terms of the a-carbon position. In fact the crystal structure shows that these residues 

are located in a region with free space surrounding them, in contrast to residues on the 

periplasmic side where Trp residues have less free space to move. In conclusion, if 

91 



Trp residues are buried within the structure of TbMscL then the data presented are in 

good agreement with the theory presented by Marsh (Marsh, 2001) but ifTrp residues 

are free to move, then 'snorkelling' can distort the polarity profile. 

The ESR measurements obtained by Marsh gave a value for do in a bilayer of 

di(CI8:1)PC of 13 A giving a width of the region between the two points of 

maximum gradient of 26 A, which is in agreement with the hydrophobic thickness of 

a bilayer of di(CI8:1)PC which is 27 A. The region of the bilayer defined by the 

values of do corresponds, therefore, to the hydrophobic core of the bilayer. The value 

of do obtained from fitting the data for the periplasmic side of TbMscL of 11.8 A 
translates to a hydrophobic thickness for TbMscL of 23.6 ± 5.2 A which is in good 

agreement with a previous estimate by Powl et al. of 25 A (Powl et al., 2005b). The 

value obtained for the width of the transition region (0') is also in good agreement 

with the previous estimate by Marsh of 1-2 A obtained from analysis of spin labelled 

phospholipids (Marsh, 2001). 

Periplasmic side Cytoplasmic side 

Al 321.7 ± 0.9 A\ 278.9 ± 888.6 

A2 344 ± 0.3 A2 334.1 ± 22.8 

do 11.8 ± 2.6 A do -9.4 ± 214.9 A 

0' 2.2± 1.2 A 0' 8.37 ±45.6 A 

Table 4.5.1 Calculated parameters obtained by fitting values of wavelengths for 

maximum fluorescence for lipid-exposed residues (Figure 4.3.4) to equation 4.6 for 

residues on the periplasmic and cytoplasmic sides of TbMscL (Figure 4.5.5). 
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Figure 4.5.3 Dependence of fluorescence emission m,axima on position within a 

bilayer. The simulations above demonstrate how changing the parameters in equation 

4.6 affect the polarity profile. (A) shows how changing the bilayer thickness (do) 

affects the calculated polarity profile of emission maxima. Values of do were 5, 12, 

and 20 A with a fixed value for cr of 20. (B) shows how varying the width of the 

transition region (a) affects the calculated profile of emission maxima Values of u 

were 0.5, 1,2, and 5 A with a fixed value for do of 12 A. 
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Figure 4.5.4 Fits of fluorescence emission maxima for Trp residues in TMI and TM2 

of TbMscL to Equation 406o Wavelengths of maximum emission were fitted to 

Equation 4.6, for residues on the cytoplasmic (_) and periplasmic (e) sides 

respectively. The data for residues on the periplasmic side of TbMscL fit well to 

equation 4.6, whereas residues on the cytoplasmic side do not. The parameters for the 

best fit are listed in Table 4.5.1. 
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4.5.2 Accessibility of Trp residues to acrylamide and iodide 

In order to assess the accessibility of lipid facing Trp residues from the aqueous 

phase, effects of acrylamide and iodide were studied as quenchers of fluorescence. 

Acrylamide is a neutral molecule, and therefore is able to quench charged and 

uncharged amino acids with equal efficacy. Acrylamide is also known to be more 

sensitive to details of protein structure than other aqueous quenchers, acting as a 

'ruler' to report the degree of exposure of particular tryptophan residues to solvent 

(Calhoun et aI., 1983). Previous studies by Powl et al. (Powl et aI., 2005b) revealed 

that the level of fluorescence quenching of lipid facing Trp residues on TM2 by 

acrylamide was almost the inverse of the level of fluorescence quenching observed 

with brominated phospholipids (Powl et al., 2005b) with very low levels of quenching 

observed for residues in the middle of the bilayer. The results shown in Table 4.4.4 

are unexpected as they do not follow this previously observed trend. A possible 

explanation for the similar levels of fluorescence quenching observed for all the 

residues in TMI could be due to the fact that all Trp-residues chosen for study in TMI 

are located at, or very close to the channel pore Residues in TM2 depend on the extent 

of acrylamide penetration into the lipid bilayer, whereas quenching of Trp residues in 

TMI could depend on penetration of acrylamide into the protein from the pore of the 

channeL In order to better establish any differences in the accessibility ofTrp residues 

from the aqueous phase, the experiment was repeated using iodide as a quencher of 

fluorescence. Iodide is a charged quencher so the quenching profile would be 

expected to be different from that of acrylamide. The results shown in Figure 4.4.7 

show that quenching by iodide is not the same for all the Trp residues, with residues 

located towards the centre of the bilayer generally quenching less than those located 

more towards either the periplasmic or the cytoplasmic interface. Figure 4.5.5 shows a 

plot of the levels of quenching of lipid facing Trp residues in TMI and TM2 of 

TbMscL plotted as a function of the distance along the bilayer normal from L69. 

Fluorescence intensities for Trp residues in TM2 are taken from previously published 

data from Powl et aI. {Powl et al., 2005b). There does is a general trend for residues 

in the middle of the bilayer in both TMI and TM2 to show lower levels of quenching 

than those at the interface. Further, levels of fluorescence quenching are higher for 

residues in TMI than TM2 with smoother curves on the periplasmic side than the 

cytoplasmic side for both TMI and TM2. The explanation for this could be the same 
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as for quenching by acrylamide, in that residues in TMI are simply closer to, and 

therefore more accessible to, the channel pore of TbMscL, with iodide ions gaining 

access to the Trp residues via the pore. 
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Figure 4.5.5 Fluorescence quenching of TbMscL by iodide. Fluorescence intensities 

for Trp residues in TMI (0) and TM2 (0), for TbMscL reconstituted into 

di(C18:1)PC, are plotted as a function of the distance (A) of the a.-carbon of the 

residue from that of Leu-69, measured along the bilayer normal. Results are expressed 

as FIFo where F and Fo are fluorescence intensities in the presence and absence of 

iodide respectively. 

4.5.3 Penetration of lipid chains into the surface of TbMscL 

To probe the accessibility of lipid facing residues on TMI to the phospholipids in the 

surrounding lipid bilayer, Trp mutants were reconstituted into bilayers of 

di(Br2C18:0)PC to obtain levels of fluorescence quenching. The levels of 

fluorescence quenching shown in Figure 4.4.5 indicate that residues in the centre of 

the bilayer are generally quenched more than those located away from the centre of 
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the bilayer. However, this is rather misleading as residues located towards the centre 

of the bilayer will be quenched by brominated lipid molecules in both halves of the 

bilayer, leading to an increased level of quenching. Figure 4.5.6 shows the efficiencies 

of fluorescence quenching for lipid exposed Trp residues in TM 1 and TM2 as a 

function of distance from L69, leaving out the data for the Trp residues that can be 

quenched from both mono layers. Data for residues on TM2 are taken from previously 

published data by Powl et al. {Powl, 2005 150 lid}. The plot shows that levels of 

quenching for Trp residues in TMI are similar to those for residues in TM2 at an 

equivalent depth in the bilayer. For example efficiencies of quenching for the Trp 

residues in A20W and 123W on the cytoplasmic side of the membrane are comparable 

to those for the Trp residues in 177W and L 73 W in TM2 at comparable depths in the 

membrane on the periplasmic side of TbMscL. This is important because whereas the 

Trp residues in I77W and L 73 W in TM2 are surface exposed, the Trp residues in 

A20Wand I23W are quite deeply buried (Figure 4.5.7). This suggests that residues 

that are buried deep within the cleft between TM2 helices (Figure 4.1.2) are equally 

accessible to lipid fatty acyl chains as surface exposed residues on TM2, so that the 

lipid fatty acyl chains must be able to penetrate into the clefts on the protein surface. 
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Figure 4.5.6 Quenching of Trp fluorescence in TbMscL by di(Br2CI8:0)PC. 

Efficiencies of fluorescence quenching are plotted for Trp residues in TMI (0) and 

TM2 (0) as a function of the distance (A) of the a-carbon of the residue from that of 

L69, measured along the bilayer normal. Efficiencies of quenching were calculated as 

I-FIFo where F and Fo are fluorescence intensities in the di(Br2C18:0)PC and 

di(C18:1)PC respectively. Data points labelled 1, 2, 3 and 4 correspond to I23W and 

A20W on TMI and I77W and L73W on TM2 respectively. 

In order to analyse the results in more quantitative terms fluorescence quenching was 

calculated in theoretical terms from calculated distances between Trp residues and Br 

atoms in the fatty acyl chains. Equation 4.3 shows how the effect of energy transfer 

between a donor and a single acceptor varies with the distance between them. The 

equation can be modified to give the efficiency E of energy transfer from Trp to x 

brominated fatty acyl chains all at the same distance r from the Trp: 

Equation 4.7 
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The average number of lipid binding sites for residues on TMI of TbMscL from 

which the fluorescence of a Trp residue can be quenched is 2.5 (see Chapter six) and 

given that there are two fatty acyl chains per lipid molecule, the value of x in Equation 

4.7 is 5. The value ofRo has been calculated to be 8 A (Powl, 2003). Thus if distance r 

is known, then the efficiency of energy transfer can be calculated. Figure 4.5.9 shows 

hoe r can be calculated (r corresponds to d( in Figure 4.5.9). This requires a 

knowledge of the depth between the Trp residue and the bromine atoms along the 

bilayer normal (d2) and the distances between the Trp residue and the bromine atom 

along the perpendicular to the bilayer normal (d3). To calculate distances between Trp 

and bromine chains, Trp residues were first modelled into the crystal structure of 

TbMscL and positioned to remove any contacts between atoms that were within 70 % 

of the sum of the covalent radii. The depth of a Trp residue below the protein surface 

was then determined by docking a molecule of lipid with all trans fatty acyl chains 

onto the protein surface, with the lipid headgroups adjacent to the hydrophobic 

membrane-spanning region of TbMscL, defmed by Leu-69 and Leu-92 on the 

periplasmic and cytoplasmic sides of the membrane, respectively. The lipid chosen, 

dilauroylphosphatidylethanolamine, seen in Figure 4.5.7, gives a bilayer with a 

hydrophobic thickness in the gel phase similar to that of TbMscL. The lipid molecule 

was located to minimise the distance between the outer edge of the Trp ring and the 

carbon backbone of a lipid fatty acyl chain, avoiding clashes between the protein and 

lipid molecules. These minimum contact distances are listed in Tables 4.5.2 and 4.5.3. 
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Figure 4.5.7 A Trp residue at position 20 is shown in blue in space-fill format with a 

dilauroylphosphatidylethanolamine molecule modelled on to the surface of TbMscL. 

The lipid molecule was located to minimise the distance between the outer edge ofthe 

Trp ring and the carbon backbone of the lipid molecule, avoiding clashes between the 

protein and lipid molecules. 

The distance along the bilayer normal between the a-carbon of a residue and the 

bromine atoms of di(Br2C18:O)PC was calculated assuming a symmetric location for 

TbMscL within the lipid bilayer, with a hydrophobic for TbMscL of 25 A and a 

hydrophobic thickness for a bilayer of di(C18:1)PC of 27 A with the two bromine 

atoms per chain, located between carbons 9 and 10, being located at an average 

distance of ca. 7.2 A from the glycerol backbone region as seen in Figure 4.5.8. 
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Figure 4.5.8 Diagram of the location of TbMscL in a bilayer of di(C18:1)PC. 

TbMscL was positioned symmetrically in the bilayer. The middle of the bilayer is 

shown by the dotted line with the bromine atoms located ca. 7.2 A from the glycerol 

backbone region on the periplasmic and cytoplasmic sides of the membrane. 

Knowing the distances along the bilayer normal between the a-carbon of a residue 

and L69 from the crystal structure (Table 4.3.3), the distance along the bilayer normal 

between the a-carbon and the nearest bromines (Figure 4.5.9) can then be calculated 

(d2 in Tables 4.5.2 and 4.5.3). The remaining distance to be calculated is d3 (see 

Figure 4.5.9) which is related, in a way to be defined, to the distance between the edge 

of the Trp residue and the backbone of the nearest fatty acyl chain. The value of d3 

was determined experimentally, as follows. It was assumed that in the three surface

exposed mutants L73W, 177W, and Y87W in TM2, the Trp residues were in van der 

Waals contact with the neighbouring lipid fatty acyl chains. For the three Trp mutants, 

values of r (dt in Figure 4.5.9) were calculated from the experimentally determined 

value for FIFo in di(Br2C18:O)PC using Equation 4.7 (Table 4.5.2). From r, together 

with the estimated values for the Trp-Br separations long the bilayer normal (d2), the 

values for the Trp-Br separations parallel to the bilayer surface (d3) can be calculated. 

As shown in Table 4.5.2, the values obtained are very similar for all three mutants, 

with an average value of 9.6 A. This is very similar to the van der Waals contact 
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distance between the edge of a Trp ring and a bromine-containing alkyl chain (Figure 

4.5.10). Assuming a value of 9.6 A for the Trp-Br separation parallel to the bilayer 

surface for a surface-exposed residue then allows the calculation of the corresponding 

Trp-Br separations for buried Trp residues from the distances between a Trp residue 

and a surface located lipid molecule given in Table 4.5.3. From the calculated Trp-Br 

separation the expected efficiencies of quenching were calculated using Equation 4.7 

(Table 4.5.3) in the absence of chain penetration. 

Figure 4.5.9 Parameters required to calculate expected efficiencies of quenching. 

Distance between quencher and Trp molecule (D l ), vertical distance of Trp residue 

from bromines (D2), and depth ofTrp residue from the surface of the protein (D3). 

Mutant rCA) Trp-Br separation along Trp-Br separation parallel to 

bilayer normal (d2) bilayer surface (d3) 

L73W lOA 4.5 904 

177W 9.9 004 9.9 

Y87W 904 1.2 9.3 

Table 4.5.2 Quenching data for Trp mutants in TM2. The value of r was calculated 

from experimental values of FIFo using equation 4.7 and the value of the Trp-Br 

separation distance along the bilayer normal was calculated as described from the 

structural data for TbMscL and for the lipid bilayer. 
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Trp 

Figure 4.5.10 Minimum Trp to Br distance. The figure shows a Trp residue and a 

bromine-containing alkane with van der Waals contact between the edge of the Trp 

ring and the alkyl chain. The a -carbon to Br distance is marked. 

For the two buried residues, A20W and 123W, the calclllated efficiencies of 

fluorescence quenching assuming no chain penetration are very much smaller than the 

efficiencies of quenching observed experimentally, confirming that the observed 

levels of quenching must require penetration of the lipid fatty acyl chains into cavities 

in the protein surface. Modelling shows that the cavity around the buried Trp residues 

in A20W and I23W is large enough to accommodate small sections of alkyl chain 

with the chain being in van der Waals contact with the Trp residues. For example, 

Figure 4.5.11 shows 123W buried in the cavity, in van der Waals contact with hexane 

in the cavity, and F34W, a surface exposed residue, in contact with a molecule of PE 

modelled onto the protein surface. 
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Mutant Distance between d1 d2 d3 Calculated Experimental 

Trp edge and efficiency of efficiency of 

chain on sutface quenching with no quenching 

(A) chain penetration 

A20W 7.2 13.4 2.0 13.3 0.16 0:58 

123W 7.0 13.3 2.2 13.1 0.21 0.50 

L30W 4.8 11.1 2.1 10.9 0.41 0.59 

V31W 5.2 11.5 2.1 11.3 0.36 0.44 

F34W 4.6 11.0 2.4 10.7 0.45 0.49 

L73W 3.5 10.6 4.5 9.6 0.49 0.51 

177W 3.5 9.6 0.4 9.6 0.63 0.57 

Y87W 3.5 9.7 1.2 9.6 0.61 0.66 

Table 4.5.3 Distances of Trp residues from a lipid molecule docked onto the surface 

of the protein were calculated as described. The corresponding values of the 

efficiency of quenching in di(Br2C18:0)PC in the absence of chain penetration were 

calculated. 

(A) (B) 

Figure 4.5.11 (A) A Trp residue at position 23 (yellow CPK format) is shown in van 

der Waals contact with hexane (green; ball-and-stick format) modelled into the cavity 

in the protein surface around position 23. (B) A Trp residue at position 34 (yellow) is 

shown with a molecule of Phosphatidylethanolamine modelled onto the protein 

surface (green) in close contact with the surface exposed Trp residue. 

104 



4.5.4 Conclusions 

The results presented in this chapter give a greater insight into how TbMscL sits in 

the lipid bilayer and how it interacts with the surrounding phospholipids in the 

membrane. The fluorescence emission maxima for Trp residues in TMI that are lipid 

facing give a polarity profile that is in good agreement with the fluorescence emission 

values previously obtained for lipid facing residues in TM2 (Powl et al., 2005b), with 

residues at the two bilayer interfaces showing fluorescence emission at longer 

wavelengths than those residues located towards the centre of the bilayer. The levels 

of iodide quenching for Trp residues in TMI also gave a profile that is comparable to 

levels of quenching for Trp residues in TM2, although levels of quenching were 

slightly increased probably due to the entry of iodide into the protein from the channel 

pore. Levels of fluorescence quenching for lipid-exposed residues in TM 1 by 

brominated phospholipids were significantly higher than expected if the phospholipid 

chains could not penetrate into the protein surface, leading to the proposal that the 

fatty acyl chains are able to penetrate into the surface of TbMscL bringing the 

bromine atoms in close proximity to the Trp residues. Solvation of buried residues by 

lipid chains requires flexibility in the fatty acyl chains so that the phospholipids need 

to be in the liquid crystalline state to provide good solvation of the surface. This is 

important as interactions between TbMscL and the surrounding lipid bilayer are 

important in linking channel opening with an increase in lateral membrane tension, 

ultimately leading to structural rearrangements of the transmembrane a-helices 

(Perozo et aI., 2002a). During channel gating, the helices are thought to tilt 

significantly and changes in solvation by the lipid molecules are inevitable. The 

solvation of buried residues by lipid chains has a great biological consequence on the 

function of membrane proteins. Many membrane proteins are excluded from gel 

phase lipid due to the rigid nature of the fatty acyl chains leading to poor solvation of 

buried residues within the protein structure. For example, binding of gel phase lipid to 

the calciurn-ATPase is a factor of 25 times weaker than binding of lipids in the liquid

crystalline phase {Lee, 2003) an effect which would greatly hinder optimal 

functioning of the Calcium ATPase. 
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Chapter 5: Fluorescence Properties of pore exposed residues on TMI 

5.1 Introduction 

Since the crystal structure of TbMscL was resolved to 3.5 A resolution by Chang et 

al. (Chang et at., 1998), mutagenesis studies and molecular dynamics simulations 

have provided a greater insight into how the transmembrane regions of 

mechanosensitive channels alter during channel gating. The results presented in 

Chapter four show how the polarity profile of lipid exposed residues on TM 1 is 

similar to that of residues in TM2 and that fatty acyl chains of lipid molecules are able 

to penetrate the surface of TbMscL to provide full solvation of buried residues in 

TMI. The Trp residues in the mutants discussed in this chapter line the channel pore 

of TbMscL. Several Trp mutants that line the pore at the N-terminal end of TMI 

resulted in gain-of-function mutants and these will be discussed in Chapter six. In the 

crystal structure of TbMscL residues Ile-14 and Val-21 form the pore constriction at 

the N-terminal end of TMI and as the pore radius in this region is around 2 A, the 

crystal structure of TbMscL is thought to be in the closed or nearly closed form. The 

channel pore is lined by a series of hydrophilic residues, (Thr-25, Thr-28, Thr-32, 

Lys-33, and Asp-36), making the interior surface very polar in nature. The crystal 

structure shows the central pore, with a radius of between ca. 2 A at the constriction 

and ca. 18 A at the periplasm, partially occluded at the cytoplasmic surface by Thr-25 

(Chang et at., 1998). In contrast to the crystal structure of MscL, the crystal structure 

of MscS, resolved to 3.9 A resolution, is thought to be in a partially open state (Bass 

et aI., 2002). It was suggested by Bass et al. that MscS could have been crystallised in 

the open state because of the absence of the lipid bilayer, the lipid bilayer being 

required to keep the channel in the closed state. Since the crystal structure of TbMscL 

was also obtained in the absence of a lipid bilayer the question arises as to whether the 

crystal structure of MscL is representative of the fully closed form in a lipid bilayer. 

The aim of this chapter is therefore to characterise the environment of pore lining 

residues in TMI for TbMscL in a lipid bilayer and to assess the accessibility of 

residues both from the aqueous and lipid phases in the closed channel. Figure 5.1 

shows a periplasmic view of TbMscL with pore lining residues chosen for Trp 

substitution shown in CPK format. 
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50A 

Figure 5.1 Periplasmic view of TbMscL showing pore lining residues chosen for Trp 

substitution in TMI in CPK format. TMI helices are shown in red and TM2 helices 

are shown in green. 
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5.2 Methods and Materials 

5.2.1 Materials 

All chemicals were obtained from Sigma or BDH unless otherwise stated. 

5.2.2 Methods 

Reconstitution of TbMscL was performed as described in Chapter Four. 

, ~. 
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5.3 Results 

5.3.1 Functional Analysis of Trp-mutants of TbMscL 

To ascertain whether substituting pore exposed residues on TMI with Trp resulted in 

GOF mutations, an in vivo cell viability assay for this phenotype was carried out as 

outlined in Section 4.3.2. 

The results shown in Figure 5.3.1 show that three of the four MscL mutants assayed 

(T25W, T32W, and D36W) had growth curves the same as wild type TbMscL. 

However, A29W has a slightly impaired growth rate when compared to the other Trp 

mutants, reaching an optical density after five hours of ca. 0.5. Thus none of the Trp 

mutants resulted in a full gain of function phenotype, unlike the severe gain of 

function mutant V21K, discussed in Chapter six. The reduced growth rate of A29W 

suggests that this mutant could open at lower tensions than wild type TbMscL but, 

nethertheless, is likely to be closed in reconstituted lipid bilayers at zero tension. 

Statistical analysis shows that this mutants is significantly different to wild type but 

none of the other mutants. As the optical density reached by wild type TbMscL is 

only very slightly above the other pore lining mutants, and the presence of protein on 

a coomassie stained SDS-PAGE gel indicates levels of protein expression comparable 

to wild type, it can be assumed this difference is not enough for the mutant A29W to 

be considered open. 

\, 
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Figure 5.3.1 In Vivo assay for Gain of Function mutants. E.coli BL21(DE3)pLysS 

transformants carrying the pET -19b plasmid with the Trp-mutated mscL gene were 

grown in Luria both containing ampicillin (100 j.!g mr)) to an optical density ofOD6oo 

of 0.2 and expression was induced by addition of 1 mM IPTG. The optical density 

was measured every 30 minutes to determine which mutants produced a Gain-of

function (GOF) phenotype. TbMscL mutants expressed were: wild type, (.); T25W, 

(l:\.); A29W, (_); T32W, (D); and D36W, (<> ).Error bars are standard deviations 

obtained from the average of three determinations. 
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5.3.2 Fluorescence emission spectra of Trp-mutated TbMscL 

Mutants were reconstituted into bilayers of di(C 18: l)PC at a molar ratio of lipid: 

protein monomer of 100:1. The fluorescence emission spectra shown in Figure 5.3.2 

were fitted to the equation for a skewed Gaussian (Equation 4.4) to obtain accurate 

values for the wavelength of maximum fluorescence emission (Table 5.3.1). 

The fluorescence intensities of all the Trp mutants were similar, with fluorescence 

intensities similar to free Trp. Noticeable are the larger values obtained for the peak 

widths at half height (ill) than for lipid-exposed residues. As mentioned in Chapter 

Four, this in agreement with the relationship between fluorescence emission maxima 

and peak width established by Ladokhin et al. (Ladokhin, 2000). Fluorescence 

emission maxima were greater than for lipid-exposed residues in TMI at comparable 

depths in the bilayer. For example, the lipid-exposed residue F80W, located 14 A 
from Leu-69 has an emission maximum of 321 run showing that whereas the pore

exposed mutant T25W has an emission maximum of 331 nm (Table 5.3.1), the pore 

lining residues are in a more hydrophobic environment, as expected. Nethertheless, 

emission maxima for the pore lining residues are less than that for Trp in water 

(Figure 5.3.2) suggesting that the pore lining residues are not located in a totally 

water-exposed environment. Further, T32W and D36W, at the periplasmic end of 

TbMscL, show longer values for wavelengths of fluorescence emission than A29W 

and T25W, suggesting that residues towards the periplasmic end of TbMscL are in a 

more hydrophilic environment than those residues located towards the cytoplasmic 

end of the channel pore. 
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Figure 5.3.2 Fluorescence emission spectra of pore exposed Trp-mutants of MscL. 

Purified MscL was reconstituted in di(C18:1)PC and fluorescence was excited at 280 

run. Samples were as follows: T25W, (- ); A29W, ( ); T32W, (- ) D36W, (- ) and free 

Trp, (- ). The concentration of MscL was 0.98 /-lM and the molar ratio of lipid to 

protein monomer was 100: 1. The concentration of free Trp was 1 J-LM. 

Mutant Iv max (nm) in di(CI8:1)PC 0) (nm) 
T25W 331.2 ± 0.1 59.5 ± 0.2 
A29W 331.2 ± 0.2 63.0 ± 0.3 
T32W 337.2 ± 0.1 64.5 ± 0.2 
D36W 335.2 ± 0.1 62.5 ± 0.2 

Table 5.3.1 Fluorescence emission maxima for pore-exposed Trp-mutants of TbMscL 

reconstituted into bilayers of di(C18:1)PC and excited at 280 nm. The molar ratio of 

lipid to protein monomer was 100:1 and the concentration ofMscL was 0.98 /-lM. 
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5.3.3 Fluorescence quenching of TbMscL by brominated phospholipids 

Purified TbMscL was reconstituted into bilayers ofdi(C18:1)PC and di(Br2C18:0)PC 

at a 100: 1 molar ratio of phospholipid to TbMscL monomer as previously described 

in Section 4.3.2.6. The Trp fluorescence emission intensity was recorded at 330 nm 

and results were expressed as FIFo (Table 5.3.2) where F is the fluorescence intensity 

of TbMscL in brominated lipid and Fo is the fluorescence intensity of TbMscL in non

brominated lipid. The results shown in Table 5.3.2 indicate that A29W and T32W are 

quenched the least by brominated lipids and that T25W and D36W are quenched the 

most. 

Mutant FIFo in 

di(Br2C18:0)PC 

T25W 0.57 ± 0.03 

A29W 0.60 ± 0.01 

T32W 0.70 ± 0.02 

D36W 0.54 ± 0.04 

Table 5.3.2 Quenching of Trp fluorescence by brominated phospholipids. Mutants 

were reconstituted into bilayers of di(C18:1)PC and di(Br2C18:0)PC. Fluorescence 

intensities were recorded at 330 nm and are expressed as FIFo where F and Fo are 

fluorescence intensities for TbMscL reconstituted into di(C18:1)PC and 

di(Br2C18:0)PC respectively. Values and standard deviations were obtained from the 

average of three determinations in duplicate. 
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5.3.4 Fluorescence quenching of TbMscL by acrylamide 

Fluorescence quenching of lipid facing residues on TM 1 by acrylamide was used to 

assess the accessibility ofTrp residues in TbMscL from the aqueous phase in bilayers 

of di(C18:1)PC. TbMscL was reconstituted into bilayers of di(C18:1)PC at a 100:1 

molar ratio of phospholipid to TbMscL monomer as previously described. As 

observed for the lipid-exposed residues in Chapter 4 (Table 4.4.4) which also had an 

average value for FIFo of 0.6, the levels of fluorescence quenching listed in Table 

5.3.3 are all the same, with an average value for FIFo of ca. 0.6 at 300 mM 

acrylarnide. This suggests no difference in the accessibility of Trp residues to 

acrylarnide regardless of a location facing towards the lipids or facing the channel 

pore. 

Mutant FIFo in di(C18:1)PC 

T25W 0.61 ± 0.05 

A29W 0.60± 0.04 

T32W 0.58 ± 0.03 

D36W 0.60 ± 0.03 

Table 5.3.3 Fluorescence quenching of pore facing residues on TM1 byacrylamide. 

Results are expressed as FIFo where F and Fo are fluorescence intensities for TbMscL 

reconstituted into di(C18:1)PC in the presence and absence of 300 mM acrylamide 

respectively. Values and standard deviations were obtained from the average of three 

determinations in duplicate. 
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5.3.5 Fluorescence quenching of TbMscL by Iodide 

Values of FIFo for pore-lining Trp mutants of TbMscL reconstituted into bilayers of 

di(CI8:I)PC in the presence of 450 mM KI are shown in Figure 5.3.3. Although the 

observed levels of fluorescence quenching are still fairly low, given the location ofth 

Trp residues, the average value for FIFo ca. 0.7, is slightly higher than the average 

level of quenching observed for the lipid-facing residues in Chapter 4 (Figure 4.4.7) 

which was ca. 0.8. As the Trp mutants studied in this chapter face the pore and 

residues D36 and T32 are located more towards the lipid headgroup region in 

TbMscL, it is a little surprising that these two residues appear to be quenched less 

than residues T25 and A29. Statistical analysis shows that A29W is significantly 

different to T25W and T32W, although the change in the level of fluorescence 

quenching is very small. 
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Figure 5.3.3 Fluorescence quenching of pore lining residues on TMI by KI. Results 

are expressed as FIFo where F and Fo are fluorescence intensities for TbMscL 

reconstituted into di(CI8:I)PC in the presence and absence of iodide respectively. 

The ionic strength was kept constant at O.91M Bar charts show the average of three 

determinations and standard deviations in duplicate 
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5.4 Discussion 

5.4.1 Properties of pore lining Trp mutants of TbMscL 

Residues on TM1 that line the channel pore were mutated to tryptophan using site

directed mutagenesis. In order to establish whether the insertion of a Trp residue 

affected function of TbMscL, an in vivo cell viability assay was carried out in order to 

screen for any gain-of function mutants as in Chapter Four. The results (Figure 5.3.1) 

with pore lining Trp mutants of TbMscL show that all but one of the mutants, A29W, 

resulted in the same effects on growth as wild type TbMscL, indicating that function 

of the mutants was unaffected by insertion of the Trp residue. Similar to the lipid

exposed residue A20W (see Figure 4.3.1 in Chapter four) A29W showed a slightly 

reduced growth rate following induction of TbMscL expression indicating that this 

mutant also produces a slight GOF phenotype. Studies by Ou et al. (Ou et aI., 1998) 

and Blount et al. (Blount et aI., 1997) also found that substitutions of both 022 and 

K31 in E. coli, which map to A20 and A29 in TbMscL, resulted in severe and mild 

gain-of-function mutations respectively. That substitution of residue A29 only 

resulted in a mild gain-of-function phenotype can possibly be attributed to the 

location of this residue away from the highly conserved pore constriction, unlike 

A20W located immediately below the pore constriction formed by residue Val-21. 

The fluorescence emission maxima for all mutants are shifted to longer wavelengths 

in relation to the lipid-exposed residues studied in Chapter Four. This is expected 

given the location of these residues lining the channel pore. Interestingly, the two 

residues located towards the periplasmic side of TbMscL, T32W and D36W, both 

have red-shifted emission maxima in relation to T25W and A29W located closer 

towards the hydrophobic pore constriction. The fluorescence emission maximum of 

T25W (Table 5.3.1), which is on the opposite side of the helix to F27W at an 

equivalent depth in the bilayer (see Table 4.4.1 in Chapter Four), shows a red-shifted 

value of 331.2 nm, in comparison to a value of 321 nm for F27W, indicating a 

hydrophilic environment for this residue even though it is located towards the middle 

of the membrane. The crystal structure of TbMscL shows that this residue is fully 

exposed to the channel pore, as shown in Figure 5.4.1. That the fluorescence of this 

residue is blue shifted in comparison to that of T32W and D36W is consistent with 
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the greater exposure of residues T32 and D36 to the aqueous phase both in relation to 

the channel pore and position in the lipid headgroup region. The central pore narrows 

from D36 at the periplasmic side to V21 at the pore constriction. Thus T32 and D36 

are more exposed to water than residue T25. Therefore, the fluorescence emission of 

T32W and D36W are consistent with the x-ray structure of TbMscL. D36 at the 

periplasmic end of the pore is close to 837, a lipid exposed residue which is locat d at 

the periplasmic interface. That the fluorescence emission spectra are very similar is 

consistent with the location of these residues being more exposed to water. The shift 

in A max from 335 nm to 331 nm suggests that environmental polarity decreases from 

the surface to the central constriction at V21. In summary, the fluorescence emission 

spectra for TbMscL in a lipid bilayer are consistent with the x-ray structure 

crystallised from detergent micelles. 

(A) (B) 

Figure 5.4.1 The inside surface of the MscL pentamer. The front two monomers 

have been removed to reveal the inside surface of the remaining three monomers. 

T25W is highlighted in green. This residue lines the pore of TbMscL and is in the 

middle of the membrane. (A) Transmembrane view and (B) Periplasmic view. 
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5.4.2 Accessibility of Trp residues from the lipid and aqueous phases. 

Mutants of TbMscL with Trp mutants lining the pore were reconstituted into bilayers 

of di(Br2C18:0)PC to probe their accessibility to the lipid phase. The results observed 

for quenching by brominated lipids are shown in Table 5.3.2. As expected, levels of 

fluorescence quenching are lower than those observed for lipid-exposed residues 

(Table 4.3.3). As T25 is located in the middle of the bilayer (Figure 5.4.1), as already 

mentioned, at an equivalent depth in the bilayer to that of F80W, the Trp residue in 

T25W can be quenched by brominated molecules in both halves of the bilayer, 

resulting in higher than expected values for the level of fluorescence quenching. 

Interestingly, the observed level of quenching for residue D36 is the same as for the 

lipid-exposed residue S37 (Figure 4.3.3). Due to the tilt angle ofTMl, residues at the 

periplasmic side of TbMscL are closer to the fatty acyl chains than those residues on 

the cytoplasmic side of TbMscL, perhaps providing a plausible explanation for the 

levels of fluorescence quenching observed for these residues. 

In order to assess the accessibility of pore lining Trp residues from the aqueous phase, 

effects of acrylamide and iodide were studied as quenchers of fluorescence. Results 

presented in Chapter Four revealed the insensitivity of fluorescence quenching by 

acrylarnide to position in TMI with all residues quenching to the same extent. The 

results of fluorescence quenching by acrylarnide for pore lining residues (Table 5.3.3) 

show a similar insensitivity to position, with an average value for FIFo of ca. 0.6, the 

same as that for lipid-exposed residues in TMI (Table 4.4.4). As the Trp mutants 

discussed in this chapter are located in a more hydrophilic environment than the lipid

exposed residues discussed in Chapter four, this would indeed suggest that acrylamide 

is able to partition into the protein from the aqueous phase to quench all residues in 

TMI with equal efficacy. The results shown in Figure 5.3.3 for quenching by iodide 

show a slight increase in the levels of fluorescence quenching for the pore-exposed 

Trp residues compared to the lipid-exposed residues discussed in Chapter Four. The 

lower levels of quenching for Trp residues at positions 32 and 36 than positions 25 

and 29 are rather surprising given their location at the widest part of the channel pore, 

where they would be expected to be more accessible to the aqueous phase. The 

differences in the levels of fluorescence quenching are, however, very small. 
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5.4.3 Conclusions 

The results presented in this chapter focus on the channel pore and the question of 

how far water can penetrate into the pore. The TbMscL crystal structure indicates that 

a constriction in the cytoplasmic half of the TM 1 pore poses a major hydrophobic 

barrier to ion permeation (Chang et ai., 1998;Spencer et aI., 1999). Pore lining 

residues below T25 were mutated to Trp (Val-22 and Gly-24) but these mutations 

resulted in severe gain-of-functions mutations and are thus discussed in Chapter Six. 

The crystal structure shows how T25 occludes the channel, possibly with ions only 

able to permeate into the pore as far as this residue. The more blue shifted 

fluorescence emission maximum obtained for a Trp residue at this position, in 

comparison to Trp residues located towards the periplasmic end of the pore, and the 

fact that mutations below this residue result on GOF phenotypes, is in good agreement 

with the idea that water molecules are able to penetrate down to T25, just above the 

pore constriction formed by residues Ile-14 and Val-21 (see Figure 1.10). Results in 

Chapter seven will show that the environment of the pore lining residues does not 

change on changing bilayer thickness. Thus any helix tilting involved in hydrophobic 

matching does not lead to any disruption of the pore. 
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Chapter 6: Gain-of-function mutants 

6.1 Introduction 

During channel opening, MscL moves from a closed conformation, through a series of 

closed intermediate states, to an open form. The proposed gating mechanism, 

outlining the predicted conformational changes, is discussed in Section 1.12. A key 

feature of the gating mechanism is the presence of closed-intermediate states, where 

the transmembrane region of MscL is involved in an iris-like expansion of helices 

away from the central pore, a process which occurs before the S 1 helices (thought to 

comprise the secondary gate) pull apart to form the fully open form of the channel. 

By inserting tryptophans into the transmembrane domain, in regions thought to be 

critical in the gating process, it may be possible to detect changes in conformation that 

are not seen in electrophysiology studies. Gain-of-function (GOF) mutants open at 

lower tension than wild type MscL and they may be closed in the lipid bilayer or, as 

in the case of severe GOF mutants, may open at zero tension and will therefore be 

open in the lipid bilayer. GOF mutations were first isolated in random mutagenesis 

studies and were localised to the cytoplasmic half of TM 1 at the hydrophobic pore 

constriction (Ou et aI., 1998), postulated to be the primary gate. Leftward shifts in 

dose response curves, compared to wild type channels, were observed for hydrophilic 

substitutions of residues in this region indicating that channel gating occurred at lower 

membrane tensions(Y oshimura et aI., 1999). Further analysis of GOF mutants 

revealed the existence of prominent low-conducting substates at zero tensions, with 

further tension required to achieve the fully open state. The analysis of GOF mutants 

of different severity by Anishkin et al. revealed that closed conformations of GOF 

mutants are physically pre-expanded and that the most severe mutants are fully open 

(Anishkin et aI., 2005). Data obtained with GOF mutants adds weight to the two gate 

mechanism outlined in Section 1.12 which involves a primary gate formed by the 

hydrophobic pore constriction and a second gate formed by the Sl helices (see Figure 

1.13). The first transition in channel gating is separation of TMI helices resulting in a 

water-filled expanded conformation with transition to the fully open conformation 

requiring opening ofthe Sl helical bundle (Sukharev et al., 2001 a;Kong et aI., 2002; 
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Anishkin et ai., 2005). In the 'tilting five-helix pore' model proposed by Sukharev 

(Sukharev et aI., 2001b) the inner portion of the pore is lined by the five TMI helices 

in all intermediate substates so that changes in environment remain small. Residues 

that form the hydrophobic pore constriction would experience the greatest change in 

environment, moving from a hydrophobic environment when closed to a hydrophilic 

environment upon hydration of the channel pore and subsequent channel opening. 

Residues discussed in Chapter Five line the channel pore of TbMscL and upon 

substitution with a Trp residue, display a normal phenotype, as determined by growth 

curves. Residues discussed in this chapter also line the channel pore in the native 

structure. However, upon substitution with Trp, these residues show a gain-of

function phenotype, detectable by reduced cell growth. These GOF mutants are 

located in narrow regions of the channel, where introduction of a Trp residue would 

be expected to change the conformational structure of TbMscL. However, do these 

GOF mutants produce a modified conformation that is a distorted closed channel or 

an open form of the channel like that seen upon insertion of a positive charge at the 

pore constriction. In this chapter GOF mutants have been reconstituted into bilayers 

of di(CI8:1)PC and their accessibility to both the lipid and aqueous phases assessed to 

try and determine whether these mutants occupy an open form of the channel of one 

of the closed intermediate substates . 
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6.2 Materials and methods 

6.2.1 Materials 

All chemicals were obtained from Sigma or BDH unless oth~rwise stated. 

6.2.2 Methods 

Reconstitution of TbMscL was performed as described in Chapter Four. 

6.2.2.1 Small scale expression of TbMscL. 

BL21(DE3)pLysS expression cells, containing the pET-19b plasmid harbouring the 

Trp-mutated TbMscL gene, were streaked onto LB amp plates and incubated 

overnight at 37°C. A single colony was picked and inoculated into 10 mls Luria

Bertani (LB) media containing 100 Ilglml ampicillin and incubated at 37°C in an 

orbital shaker at 220 rpm overnight. 500 III of overnight culture was inoculated into 

fresh 10 mls LB and grown to an OD600 of 0.6. A 1 ml pre-induction sample was 

taken and expression of the protein was induced by the addition of 1 mM isopropyl 

B,D-thiogalactopyranoside (IPTG). Cells were left for an additional 4 hours with 1 ml 

post-induction samples taken every hour. Samples were pelleted by centrifugation in a 

bench top centrifuge at maximum speed for 5 minutes and resuspended in 60 III 1 X 

sample buffer. To prepare samples for SDS-PAGE 7 III of resuspended sample were 

added to 3 III dH20 and 5 III 3 X SDS buffer and samples were boiled for 5 minutes 

prior to gel loading. 
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6.2.2.2 Expression of TbMscL GOF mutants 

The pET -19b plasmid carrying the TbMscL gene, with the desired mutation, was 

transformed into BL21(DE3)pLysS expression cells as detailed in Section 2.2.19. 

Overnight cultures were prepared as listed in Section 2.2.19. 10 mls of overnight 

culture was inoculated into 1 L LB amp medium and grown to an OD6oo of 1.0. 

Expression of protein was induced by addition of 1 mM IPTG and cells were left for 

one hour. Cells were pelleted by centrifugation as detailed in Section 2.2.19. 12 L of 

growth medium was typically used for expression of GOF mutants. 

6.2.2.3 Production of cbarge mutants of TbMscL 

Quickchange mutagenesis of TbMscL was performed as detailed in Section 3.2.2. For 

charge mutants of TbMscL, primers incorporating a lysine residue at position 21 were 

designed using DNAStar and are listed in Table 3.2.3. DNA from minipreps was 

obtained for Trp mutants chosen for study and used as template DNA in the PCR 

process. 
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6.3 Results 

6.3.1 Functional Analysis of Trp-mutated TbMscL 

Some pore-exposed residues in TM1 of TbMscL were non gain-of-function mutants 

and are discussed in Chapter Five. Some residues, which were also pore lining 

residues, produced strong GOF phenotypes as shown in the growth curves in Figure 

6.3.1. 

The results (Figure 6.3.1) show that cell growth was severely impaired for all three 

mutants (V22W, G24W, and T35W) with a maximum optical density of ca. 0.4 after 

three hours post induction. This is presumably a result of leakage of intracellular 

osmolytes from the E.coli cells. Statistical analysis shows that T35W and V22W are 

significantly different to wild type but G24W is not. That G24W does not yield large 

amounts of protein upon induction (comparable to wild type and non-GOF mutants), 

and the optical density reached is only slightly higher than the other two GOF 

mutants, however, it can be concluded that this mutant may not be as severe a GOF 

mutants as V22W and T35W but can still be considered to be in an open state. This 

indicates that all three Trp mutants open at lower than normal tensions and are, 

possibly, in the open state in the absence of membrane tension, comparable to the 

charge mutant V21K (Powl et al, 2005). 
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Figure 6.3.1 In Vivo assay for Gain of Function mutants. E.coli BL21(DE3)pLysS 

transformants carrying the pET -19b plasmid with the Trp-mutated mscL gene were 

grown in Luria both containing ampicillin (100 l-lg mr) to an optical density ofOD6oo 

of 0.2 and expression was induced by addition of 1 mM IPTG. The optical density 

was measured every 30 minutes to determine which mutants produced a Gain-of

function (GOF) phenotype. TbMscL mutants expressed were: wild type, (.); V22W, 

(0); G24W, (T); and T35W, (.6.).Error bars are standard deviations obtained from the 

average of three determinations. 
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6.3.2 Fluorescence emission spectra of Trp-mutated TbMscL. 

The Trp-containing GOF mutants were reconstituted into bilayers ofdi(C18:1)PC at a 

molar ratio of lipid: protein monomer of 100: 1. The fluorescence emission spectra 

shown in Figure 6.3.2 were fitted to the equation for a skewed Gaussian (Equation 

4.4) to obtain accurate values for the wavelength of maximum fluorescence emission 

(Table 6.3.1). Similar to the pore-exposed mutants in Chapter five, the values 

obtained for the peak widths at half height (co) are fairly large, consistent with the 

relationship between fluorescence emission maxima and peak width established by 

Ladokhin et al. (Ladokhin, 2000). The values for wavelengths of fluorescence 

emission maxima indicate a hydrophilic environment for all three residues, centred at 

ca. 330 nm. This is a surprising result given the location of V22 and G24 at the 

hydrophobic pore constriction in the closed channel. In the GOF mutants, therefore, 

the environment is likely to have changed so that residues at positions 22 and 24 are 

exposed to a more hydrophilic environment, with the channels being open at zero 

tension. The fluorescence emission spectrum for T35W is also characteristic of a 

hydrophilic environment for the Trp residue, but in this case this could be simply 

because residue 35 is located closer to the channel pore at the periplasmic side of 

TbMscL even in the closed channel. 

Together with the results obtained from the growth curves (Figure 6.3.1), the data 

suggest that replacement of residues at positions 22, 24, and 35 with Trp results in a 

structure of TbMscL that is not the closed form of the channel. 
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Figure 6.3.2 Fluorescence emission spectra of pore exposed GOF Trp-mutants of 

TbMscL. Purified TbMscL was reconstituted in di(C18:1)PC and fluorescence was 

excited at 280 nm. Samples were as follows: V22W, (-); G24W, (- ); T35W, (- ) and 

free Trp, ( ). The concentration of MscL was 0.98 /-LM and the molar ratio of lipid to 

protein monomer was 100: 1. 

Mutant 'A. max (nm) in di(C18:1)PC ro (nm) 
V22W 329.2 ± 0.1 56.2 ± 0.2 
G24W 327.5 ± 0.3 66.6 ± 0.6 
T35W 330.6 ± 0.4 66.6 ± 0.4 

Table 6.3.1 Fluorescence emission maxima for pore-exposed GOF Trp-mutants of 

TbMscL reconstituted into bilayers of di(C18:1)PC and excited at 280 nm. The molar 

ratio of lipid to protein monomer was 100:1 and the concentration of TbMscL was 

0.98 /-LM. 
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6.3.3 Fluorescence quenching of TbMscL by brominated phospholipids 

Purified TbMscL was reconstituted as described in Section 4.3.2.6 into bilayers of 

di(C18:1)PC and di(Br2C18:O)PC at a 100:1 molar ratio of phospholipid to TbMscL 

monomer. The Trp fluorescence emission intensity was recorded at 330 nm and 

results were expressed as FIFo (Table 6.3.2) where F is the fluorescence intensity of 

TbMscL in brominated lipid and Fo is the fluorescence intensity of TbMscL in non

brominated lipid. 

The results shown in Table 6.3.2 indicate that levels of fluorescence quenching by 

brominated lipids are similar for all three mutants with an average value for FIFo of 

0.6. This is surprising as all three residues are located at different distances from the 

bromine atoms in the fatty acyl chains. The levels of quenching observed are 

comparable to the levels of quenching obtained for the pore lining residues in Chapter 

five, with the exception of T32W, which showed an average level of quenching of 

0.70. 

Mutant FIFo in 

di(Br2C18:0)PC 

V22W 0.56 ± 0.02 

G24W 0.62 ± 0.04 

T35W 0.62 ± 0.03 

Table 6.3.2 Quenching of Trp fluorescence by brominated phospholipids. Mutants 

were reconstituted into bilayers of di(C18:1)PC and di(Br2C18:0)PC. Fluorescence 

intensities were recorded at 330 nm and are expressed as FIFo. Values and standard 

deviations were obtained from the average of three determinations in duplicate. 
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6.3.4 Fluorescence quenching of TbMscL by acrylamide and iodide 

Fluorescence quenching of lipid facing residues on TM1 by acrylamide and iodide 

was used to assess the accessibility of Trp residues in TbMscL from the aqueous 

phase in bilayers of di(C18:1)PC. TbMscL was reconstituted into bilayers of 

di(C18:1)PC at a 100:1 molar ratio of phospholipid to TbMscL monomer as 

previously described. 

Values of FIFo for Trp mutants reconstituted into bilayers of di(C18:1)PC in the 

presence of 300 mM acrylarnide or 450 mM iodide are shown in Table 6.3.3. As 

previously observed for all Trp mutants, the levels of fluorescence quenching 

observed with acrylarnide are very similar, with an average value for FIFo of 0.6. 

Although only two mutants were assessed for their accessibility to iodide, due to the 

inability to purify more protein for T35W, the levels of fluorescence quenching 

observed are quite different for the two mutants assayed. The level of quenching 

observed for G24 W is considerably lower than levels of quenching observed for the 

pore-exposed residues in Chapter five, indicating that the Trp residue in this GOF 

mutant is not as accessible to the channel pore as the other pore exposed residues and 

may be facing towards a more buried environment. The level of quenching observed 

for V22W is similar to the levels of quenching seen for the pore lining residues in 

Chapter five. 

Acrylamide Iodide 

Mutant FIFo in di(C18:1)PC FIFo in di(C18:1)PC 

V22W 0.62 ± 0.03 0.71 ± 0.03 

G24W 0.63 ± 0.03 0.83 ± 0.02 

T35W 0.58 ± 0.03 -

Table 6.3.3 Fluorescence quenching of pore facing GOF mutants on TMI by the 

aqueous quenchers acrylarnide and iodide. Results are expressed as FIFo where F and 

Fo are fluorescence intensities for TbMscL reconstituted into di(C18:1)PC in the 

presence and absence of 300 mM acrylarnide and 450 mM iodide respectively. Bar 

charts show the average of three determinations and standard deviations in duplicate. 
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6.3.5 V21K mutants of TbMscL 

In the previous section Trp mutants were made which resulted in OOF phenotypes. A 

limitation of this approach is that the Trp residue both triggers a change underlying 

the OOF phenotype and acts as the reporter group. It is not therefore possible to 

compare the Trp fluorescence spectrum in an open state with that for the Trp residue 

in a closed state. In this section, an alternative procedure was adopted, in which the 

Trp residue served as a reporter group alone, with a separate mutation resulting in the 

OOF phenotype. Oly-22 in EcoMscL forms the narrowest part of the channel at the 

hydrophobic constriction. Val-21 in TbMscL is equivalent to Oly-22 in EcoMsci. By 

substituting Val-21 at the pore constriction of TbMscL with a lysine residue, Powl et 

a!. found that the insertion of a positive charge resulted in a severe OOF phenotype, 

and that there was a significant shift in Trp fluorescence emission to longer 

wavelength, from 321 nm for F80W to 331 nm, for the double mutant V21K:F80W 

(powl et a!., 2005a). This indicates that residue F80 moves from a hydrophobic 

environment to a hydrophilic environment on introducing a lysine residue at position 

21, presumably upon moving from a closed form of the channel to an open form of 

the channel in the OOF phenotype. This suggests that the OOF phenotype is 

associated with a major change in conformation, affecting the location of the Trp 

residue. In order to determine how TMI helices change during channel opening, 

mutants that display a normal phenotype upon Trp substitution were chosen for study 

with the addition of the lysine mutation at position 21. Trp emission spectra could 

then be compared for TbMscL in the closed and open states. Trp residues chosen for 

study were the lipid-exposed mutants L30W, V31 W, and F34 W, discussed in Chapter 

four, and the pore-exposed mutant T32W, discussed in Chapter five. An in vivo cell 

viability assay was carried out to ensure the addition of a lysine residue at position 21 

did result in a OOF phenotype. The results shown in Figure 6.3.3 show that growth 

was severely impaired for all four V21K mutants reaching an optical density of ca. 0.4 

after three hours post induction, a result seen by Powl et al. for V21 K:F80W (Powl et 

al., 2005a). 

Unfortunately, with these OOF mutants, amounts of TbMscL that could be purified 

were very small, with levels that were undetectable on a coornassie stained SDS gel. 

In an attempt to increase the amount of protein, growth was tried in the presence of 
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gadolinium since at submillimolar concentrations, gadolinium ions have been shown 

to prevent release of intracellular metabolites by inhibiting stretch-activated channels 

(Ewis and Lu, 2005). Studies by Ewis also revealed that gadolinium was able to block 

the release of cytoplasmic proteins such as Elongation factor Tu (EF-Tu) and 

carboxylesterase (Est55) as a result of osmotic shock (Ewis et ai., 2005) in EcoMscL. 

To see whether gadolinium could increase the amount of TbMscL expressed from 

BL21 cells, by blocking the channel, small scale expression assays were carried out 

using 0.3 mM and 3 mM gadolinium over a four hour period. The results shown in 

Figure 6.3.4 show a normal level of protein expression for wild type TbMscL but no 

detectable expression for V21K:F34W in the presence of gadolinium, although it must 

be being expressed at least at a lower level as it produces a GOF phenotype . 
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Figure 6.3.3 In Vivo assay for V21K Gain of Function mutants. E.coli 

BL21(DE3)pLysS transformants carrying the pET-19b plasmid with the Trp-mutated 

mscL gene were grown in Luria both containing ampicillin (100 /-lg ml- l
) to an optical 

density of OD600 of 0.2 and expression was induced by addition of 1 mM IPTG. The 

optical density was measured every 30 minutes to determine which mutants produced 

a Gain-of-function (GOF) phenotype. TbMscL mutants expressed were: wild type, 

(e); V21K:L30W, (0); V21K:V31W, (T); and V21K:T32W; (c.), and V21K:F34W; 

(.).Error bars are standard deviations obtained from the average of three 

determinations. 
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Figure 6.3.4 Effects of gadolinium on expression of TbMscL. . Small scale expression 

of wild type TbMscL and V21K:F34 W was assayed in the absence and presence of 

(A) 0.3 mM and (B) 3 mM gadolinium. Molecular weight markers are shown (M), 

and sample pre-induction (-), and one to four hours post induction (+ 1, +2, +3, and 

+4). The position ofthe TbMscL monomer is shown. 
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6.4 Discussion 

All three Trp mutants of TbMscL discussed in this chapter showed a distinct 

reduction in growth rate following induction of MscL expression indicating that these 

mutations produce a GOF phenotype that opens at very low or zero tension (Figure 

6.3.1). Both V22W and G24W have fluorescence emission maxima of ca. 330 nm, a 

relatively long wavelength considering the location of these Trp residues below the 

hydrophobic pore constriction (Figure 6.3.2). It is interesting that the GOF mutant 

V21K:F80W, studied by Powl et al. (Powl et al., 2005a), also had a fluorescence 

emission maxima that was shifted to a much longer wavelength (331 nm) than that in 

F80W (321 nm). The mutant V21K:F80W is also characterised by a distinct reduction 

in growth rate. These results suggest that all three GOF mutants (V22W, G24W, and 

T35W) could exist in the bilayer in an open form with the Trp residues exposed to the 

central pore, in a location similar to that of the Trp residue in V21K:F80W. The 

results shown in Figure 6.3.1 are in agreement with previous mutagenesis studies of 

EcoMscL which showed that GOF mutations are concentrated on TM1, mostly 

between residues 13-30 (equivalent to residues 11-28 in TbMscL as shown in the 

sequence alignment in Chapter one), which are located at the rim of the pore 

constriction, with the most severe GOF mutation being substitutions of small amino 

acids (Ou et al., 1998). 

The crystal structure of TbMscL shows several glycines and valines on TM1 near the 

pore constriction such as Val-21 , Val-22, and Gly-24. That substitution of these 

residues to larger or charged amino acids lead to GOF mutations, identified by 

bacterial growth assays, highlights the importance of these small polar amino acids 

for the gating process (Ou et al., 1998). Results with EcoMscL have also shown that 

when G22 (equivalent to V21 in TbMscL) on TM1 was substituted with all other 19 

amino acids, LOF and GOF phenotypes were observed depending on the 

hydrophilicity of the substituted residue, with substitutions for hydrophilic residues 

resulting in GOF phenotypes showing a decrease in the threshold pressure required to 

open the channel, whereas substitutions for hydrophobic residues increased the 

threshold pressure to open the channel (Yoshimura et al., 1999). 

The results obtained for fluorescence quenching by brominated lipids (Table 6.3.2) 

shows an appreciable level of fluorescence quenching still occurs with these GOF 
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mutants. The charge mutant V21K:FSOW gave an FIFo value of 0.52 for fluorescence 

quenching in bilayers of di(Br2C1S:0)PC (Powl et aI., 2005a), (the Trp residue in this 

mutant being thought to face inwards towards the channel pore similar to the GOF 

mutants shown in Table 6.3.2). The Trp residue in the mutant FSOW is a lipid

exposed residue in TM2, as shown by its fluorescence emission maxima of 321 nm 

and the high level of quenching by di(Br2C1S:0)PC observed for this mutant. The 

fluorescence emission maximum observed for the charge mutant of FSOW 

(V21K:FSOW) shows a more polar environment for the Trp residue of 331 nm, along 

with a lower level of fluorescence quenching with di(Br2C1S:0)PC. This suggests that 

a large change in conformation is observed upon channel opening with FSOW upon 

moving from a hydrophobic environment when closed to a more hydrophilic 

environment when open. In Chapter five, the pore exposed Trp residues had 

fluorescence emission maxima centred at around 330 nm with values for FIFo in 

di(Br2C1S:0)PC of ca. 0.52. The values for FIFo for GOF mutants in this chapter were 

compared with values for FIFo obtained for lipid-exposed residues at similar depths in 

the lipid bilayer. 

Mutant Distance (A) FIFo Mutant Distance (A) FIFo 

fromL69 from L69 

F84W 19.0 0.13 V22W 19.0 0.56 ± 0.02 

FS4W 19.0 0.13 G24W 19.0 0.62 ± 0.04 

S37W 2.9 0.54 T35W 2.6 0.62 ± 0.03 

Table 6.4.1 Fluorescence quenching by brominated phospholipids for lipid-exposed 

residues and GOF mutants at equivalent depths in the bilayer. Results are expressed as 

FIFo where F and Fo are fluorescence intensities for TbMscL reconstituted into 

di(Br2C18:0)PC and di(C1S:1)PC respectively. Values and standard deviations were 

obtained from the average of three determinations in duplicate. 
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As can be seen in Table 6.4.1, fluorescence emission maxima and FIFo values were 

different to those obtained for lipid-exposed residues, suggesting that Trp residues in 

the GOF mutants V22W, G24W, and T35W are pore exposed. That the level of 

quenching is slightly higher in V21K:FSOW than the GOF mutants on TMI (Table 

6.3.2) could simply be due to the location of FSOW on TM2, closer to the lipids and 

located in the centre of the bilayer, so that the Trp residue can be quenched by 

bromine atoms on both sides of the membrane. 

The results obtained for quenching by acrylamide are, again, very similar to those 

observed in previous chapters for lipid-exposed and pore-exposed mutants with values 

for FIFo of ca. 0.60 at 300 mM acrylamide (Table 6.3.3). The results obtained for 

quenching by iodide are interesting with a value for FIFo for G24W of 0.S3 at 450 

mM iodide (Table 6.3.3) compared to a value of 0.71 for V22W. This suggests that 

G24 W could be located away from the channel pore, inaccessible to the aqueous 

phase. G24W also has the most blue-shifted spectrum of the GOF mutants, with a 

fluorescence emission maximum of327 nm. The value of FIFo obtained for V22W in 

450 mM iodide, of 0.71 (Table 6.3.3) is consistent with a location for this residue 

facing into the channel pore. 

That the GOF mutants obtained from Trp mutation alone were expressed with a close 

to normal protein yield suggest that these channels are not in the fully open state but 

may simply be in one of the intermediate substates. The 'tilting five-helix pore model' 

suggests that TMI and TM2 helices retain their relative positions during channel 

gating and that pore lining residues remain facing the pore in all conformations 

(Sukharev et al., 2001b). The longer wavelengths observed for these mutants can be 

attributed to hydration of the channel pore during the first conformational change in 

channel gating leading to the fust closed intermediate substate. 

By modelling Trp residues into the crystal structure of TbMscL, steric clashes were 

observed for all three GOF mutants. Figure 6.4.1 shows G24 and V22 in direct 

contact. Modelling a Trp residue into position 24 results in extreme clashes, as 

expected. G24 can be rotated to minimise clashes, which results in a location for 

G24W pointing away from the pore towards the lipid bilayer (Figure 6.4.1). However, 

the structure of TbMscL in 6.4.1b is in the closed form. If the Trp residue in G24W is 
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displaced, then this would be the expected position. The alternative, however. is for 

the Trp residue to force the channel open to create more space. The fluorescence 

emission maximum obtained for G24W is rather more polar than expected if the Trp 

residue was simply displaced, therefore the channel is more likely to be in the open 

form. 

The Trp residue in T35W on TMl, located on the periplasmic side of MscL, is located 

at the periplasmic side of TbMscL where the tilt angle of TMI helices is greatest but 

also where TMI is closest to TM2. It has been proposed that TMI and TM2 helices of 

adjacent subunits stay together and change their tilt together during expansion of the 

transmembrane region during the gating process (Sukharev et aI., 2001 b) and adjacent 

TMI helices exhibit 4-4 ridges-into-grooves packing, a feature also seen in the 

potassium channel KcsA (valiyaveetil et ai., 2002). Insertion of a bulky Trp residue at 

position 35 could therefore interfere with helix packing requirements. What is 

interesting is that this particular mutation results in a GO F channel rather than a 

distorted version of the closed channel. 

The growth curves for all three Trp mutants discussed in this chapter strongly suggest 

that these mutants cause TbMscL to adopt an open form of the channel. As these 

mutants are located below the pore constriction in the closed state, the fluorescence 

emission maxima for these residues would perhaps be expected to be quite blue

shifted. That the values of fluorescence emission maxima obtained are rather different 

to those obtained for lipid-exposed resides at equivalent depths in the bilayer, and are 

quite red-shifted with values similar to the Trp mutant in the charge mutant 

V21K:F80W, it can be concluded that these residues are indicative of TbMscL in the 

open form. V22W and G24W, in particular, quench a lot less than the equivalent 

lipid-exposed residue (Table 6.4.1), indicating that these residues may face inwards 

towards the channel pore. 
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Figure 6.4.1 Schematic representation of TbMscL showing contacts between Gly-24 

and Val-22 on neighbouring TMl helices. (A) shows Gly-24 (green) in direct contact 

with Val-22 in a ring of residues facing into the core of the protein structure. (B) 

shows a Trp residue modelled into the crystal structure at position 24 and shown in 

stick formaL The residue is facing outwards towards TM2 and the lipid bilayer. 
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Fluorescence properties of the V21 K:F80W charge mutant suggests that the mutation 

results in a conformational change, leading to the open state of TbMscL. Introduction 

of a positive charge into the narrowest region of the channel results in a GOF mutant, 

as in V21 K. A lysine residue was incorporated at position 21 into Trp mutants that 

displayed a normal phenotype in order to obtain data in both the closed and open 

forms. Growth curves show that the insertion of a lysine residue did result in a severe 

GOF phenotype for all four mutants assayed (Figure 6.3.3). Unfortunately it was not 

possible to obtain protein from these mutants. Small scale experiments, where 

TbMscL was grown in the presence of gadolinium, also proved unsuccessful m 

attempts to express these severe GOF mutants. 
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Chapter 7: Effects of lipid headgroup and chain length on TbMscL 

7.1 Introduction 

Although there are many questions that still need answering regarding protein-lipid 

interactions one important feature of the interaction is hydrophobic matching between 

the hydrophobic regions of the membrane protein and the lipid bilayer. During 

channel gating of TbMscL, the entire transmembrane complex expands dramatically, 

believed to result in extensive tilting and rotation of helices. Although several 

experiments have reported on the effects of lipid chain length on MscL gating (Hamill 

and Martinac, 2001;Kloda and Martinac, 2001), studies by Perozo et al. (Perozo et aI., 

2002a) showed that reconstitution of EcMscL into short chain length lipids lowered 

the gating threshold required for opening and conversely, reconstitution into longer 

chain length lipids increased the gating threshold required to open the channel (Perozo 

et aI., 2002a;Perozo et al., 2002b). By changing the lipid chain length conformational 

changes were seen upon changing from long chain to short chain lipid, in particular 

narrowing of the channel pore. Also, lipids immediately surrounding the protein were 

observed to be thinner than the bulk lipid upon reconstitution into short chain lipid, 

indicating the importance of hydrophobic matching between lipids and proteins 

(Elmore and Dougherty, 2003). This suggests that in short chain length lipids, 

EcMscL is likely to occupy one of the several sub-conducting states, in which the 

transmembrane a-helices have undergone some degree of tilting and rotation to 

achieve a thinner cross section, matching better a thin lipid bilayer. The predicted 

movements of transmembrane a-helices are shown in Figure 7.1.1. 

In addition to lipid chain length, lipid headgroups have been shown to be important 

for protein function. As gating of MscL is driven by an increase in lateral tension in 

the lipid bilayer, interactions between MscL and surrounding lipids are paramount to 

the gating process. Changes in lipid composition are therefore, likely to have an effect 

on the gating process. Previous molecular dynamics simulations have shown how 

different lipid head groups effect MscL structure and dynamics on the molecular level 

using molecular dynamics simulations, (Elmore and Dougherty, 2001;Gullingsrud, 

2001). However previous MD simulations only considered one type of lipid with no 
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direct comparisons between structures in different lipids. As a result Elmore and 

Dougherty directly compared the effects of lipid chain length and lipid headgroup on 

the structure of TbMscL embedded in bilayers of PC and PE. The most noticeable 

changes upon changing headgroup from bilayers of PE to PC were seen in the C

terminal region of TbMscL, with a significant conformational change bringing the 

upper portion of this region closer to the membrane, and in the extracellular loop 

region. This result has been attributed to the decrease in protein-lipid hydrogen 

bonding interactions moving from PC to PE (Elmore et aI., 2003). The presence of 

nonbilayer forming lipids such as PE have been shown to have a direct effect on 

function by for many proteins, (Brink-van der Laan et al., 2004) by either causing 

curvature stress in the membrane or by having a direct effect as a result of differences 

in hydrogen bonding and solvation properties of the protein, in particular peripheral 

proteins such as protein kinase C (Stubbs and Slater, 1996) and phospholipase A2 

(Cornell and Arnold, 1996). Conformational changes at the ends of a.-helices can also 

be observed as a consequence of hydrogen bonding interactions as hydrogen bonding 

partners can be found in the glycerol backbone and headgroup regions of bilayer (Lee, 

2004), different interactions being achieved with different lipid headgroups. Specific 

species of lipids can also have a direct influence on membrane protein function and 

are often co-crystallised with the protein. These lipids are termed co-factor lipids or 

non-annular lipids, since they interact with much greater specificity with the protein 

than annular lipids (Lee, 2004). An example of a lipid of this type is the 

phosphatidylglycerol (PG) molecule bound between a.-helices at monomer-monomer 

interfaces in KcsA. PG or other anionic lipids are required for function of KcsA, 

acting as a co-factor for the protein (Heginbotham et al., 1998;valiyaveetil et aI., 

2002). 

Changing lipids can often lead to conformational changes in protein structure and this 

can be detected by Trp fluorescence spectroscopy. For example, if helices in MscL 

rotate during conformational changes, a Trp residue exposed to the pore, in a 

hydrophilic environment, could change its position to be located facing the 

surrounding lipids, in a hydrophobic environment, hence resulting in a large change in 

tryptophan fluorescence. In this chapter, the effects of changing lipid headgroup and 

lipid chain length are studied for all the Trp mutants studied in previous chapters. 

Previous studies by Powl et al. reported the presence of hot spots for binding of 
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anionic phospholipids on the cytoplasmic side of the membrane. Binding constants for 

phospholipids to MscL from determined by the levels of Trp fluorescence quenching 

caused by brominated phospholipids will be used to assess whether residues on TMl 

report any selectivity in binding of phospholipids and whether there are binding sites 

on the periplasmic side of MscL for a particular class of phospholipids. 

(B) r 90° 
TM1 

• Closed 
PC14 

Cytoplas 

Figure 7.1.1 Ribbon diagram of EcoMscL showing predicted positions of TMI 

helices in the closed-intermediate state (red; di(14:1)PC) and the closed state (green) 

as modelled in the crystal structure (Perozo et al., 2002a). Helices are seen to rotate 

clockwise about the central helical axis by about 30° with a slight tilt towards the 

plane of the bilayer. (A) periplasmic view and (B) lateral view. 
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7.2 Methods and Materials 

7.2.1 Materials 

All chemicals were obtained from Sigma or BDH unless otherwise stated. 

Avanti Polar Lipids 

di(C 14: 1 )PC 1,2 dimyristoleoyl-sn-glycero-3-phosphatidylcholine 

di(CI8:1)PC 1,2 dioleoyl-sn-glycero-3-phosphatidylcholine 

di(C 18: 1 )PE 1,2 dioleoyl-sn-glycero-3-phosphatidylethanolamine 

di(CI8:1)PG 1,2 dioleoyl-sn-glycero-3-phosphatidylglycerol 

di(CI8:1)PA 1,2 dioleoyl-sn-glycero-3-phosphatidic acid 

di(CI8:1)PS 1,2 dioleoyl-sn-glycero-3-phosphatidylserine 

di(C22: 1 )PC 1,2 dierucoyl-sn-glycero-3-phosphatidylcholine 

Bachem 

n-octyl P-D-glucopyranoside 

,,' 
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7.2.2 Methods 

7.2.2.1 Reconstitution into mixed lipid BHayers 

Reconstitution into lipid bilayers was performed as described in Chapter Four. 

For reconstitution of TbMscL into bilayers composed of two different phospholipids, 

separate lipid stocks were dried down and re-hydrated in cholate buffer as described 

in Section 4.3.2.6. Aliquots of the two lipid stocks in cholate were then mixed to 

achieve the desired mole ratios and incubated for 30 minutes at 70°C to ensure 

mixing of lipids. TbMscL was added once the lipid mixtures had cooled to below 37 

°c. Further steps were carried out as detailed above. 

7.2.2.2 Reconstitution ofTrp analogue into mixed bilayers 

The Trp analogue NPTH (N-palmityl-Trp-Hexyl) was made upto 1 mg/ml in 

methanol. The appropriate mixtures of lipid and NPTH were dried down in sonication 

vials to give a mole ratio of lipid to NPTH of 100: 1. The lipid and NPTH mixtures 

were resuspended in Hepes buffer and the sample was diluted into Hepes buffer to 

give a final concentration of NPTH of 1 f..lM. 

7.2.2.3 Analysis of Fluorescence Measurements 

Quenching of Trp fluorescence by brominated phospholipids in mixtures of 

brominated phospholipid and the equivalent non-brominated phospholipid was fitted 

to a lattice model of quenching (Equation 7.1) 

Equation 7.1 

where Fo and F min are the fluorescence intensities in non-brominated and brominated 

lipid respectively, F is the fluorescence intensity in the phospholipid mixture when 

the mole fraction of brominated lipid is XBr, and n is the number of lipid binding sites 
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from which the fluorescence of the tryptophan residue can be quenched (Powl et ai., 

2005a). 

Reconstitution of TbMscL into mixtures of non-brominated lipid A and brominated 

lipid B allows the determination of the binding constant of A relative to B. An 

equilibrium between the lipids at each lattice site, as shown in Figure 7.2.1, will be 

reached, described by the following equation. 

P A + B +-? PB + A 

where P A and PB are protein bound to lipid A and lipid B respectively. The relative 

association constant (K) of lipid B relative to lipid A is given by equation 7.2 where 

square brackets denote the concentrations of various lipid species 

K= ([PB][AD/([PA][BD Equation 7.2 

The fraction of annular sites on TbMscL occupied by lipid B (brominated lipid,fsr) is 

given by Equation 7.3 

fsr = [PB]/([PB] + [PAD Equation 7.3 

which can be expanded from Equation 4.7 to give Equation 7.4. 

fBr = KxBr/(KxBr+ [1 - xBd) Equation 7.4 

Fluorescence quenching in the lipid mixtures is then given by an equation analogous 

to equation 7.1: 

F= Fmin + (Fo - Fmin)(I:fBrt Equation 7.5 
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Figure 7.2.1 Cartoon showing lipid binding sites on the transmembrane surface of a 

membrane protein. The exchange of two phospholipids, A and B, at one site on the 

surface of the protein is shown. The exchange of lipid A and B is described by the 

relative binding constant K (modified from Lee, 2003). 
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7.3 Results 

7.3.1 Effects of lipid chain length on emission maxima 

The open form of TbMscL is predicted to have a hydrophobic thickness less than that 

of the closed form (Perozo et aI., 2002a) and Perozo et al. showed that the tension 

required to open the channel was less in a thin bilayer than in a thicker bilayer. These 

results suggested that MscL might adopt a different conformation in short or long 

chain lipids that, in turn, might be detected through changes in Trp fluorescence 

emission. TbMscL was therefore reconstituted into phosphatidylcholines of different 

chain lengths and fluorescence emission spectra were recorded. The results (Table 

'7.3.1) show changes ofless than 2 nm on changing from di(C18:1)PC to di(C22:1)PC 

for all mutants. Similarly, changes in fluorescence emission maxima on changing 

from di(CI8:1)PC to di(CI4:1)PC are small for all mutants. The very small changes 

in emission spectra observed for all Trp mutants suggests that any changes in the tilt 

or rotation of a-helices upon reconstitution into long or short chain lipids are likely to 

be smalL 
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di(C14:1)PC di(C18:1)PC die C22: 1 )PC 

Mutant 'Amax Peak width (00) 'Amax Peak width (00) 'Amax Peak width (00) 

A20W 330.1 ± 0.2 58.1 ± 0.3 329.3 ± 0.2 58.4 ± 0.3 329.4 ± 0.2 61.3 ± 0.3 

V22W 328.7 ± 0.1 55.5 ± 0.2 329.2 ± 0.1 56.2 ± 0.2 330.7 ± 0.1 56.6 ± 0.2 

I23W 325.0 ± 0.1 50.6 ± 0.2 325.2 ± 0.1 50.9 ± 0.2 326.5 ± 0.1 51.9 ± 0.2 

G24W 326.9 ± 0.3 65.7 ± 0.6 327.5 ± 0.3 66.6 ± 0.6 328.8 ± 0.3 66.6 ± 0.6 

T25W 331.9 ± 0.1 59.0 ± 0.2 331.2 ± 0.1 59.5 ± 0.2 332.5 ± 0.1 59.7 ± 0.2 

F27W 321.7 ± 0.2 49.8 ± 0.4 321.0 ± 0.2 50.4 ± 0.4 322.4 ± 0.2 52.4 ± 0.4 

A29W 330.7 ± 0.2 63.0 ± 0.3 331.2 ± 0.2 63.0 ± 0.3 331.3 ± 0.2 62.0 ± 0.3 

L30W 327.7 ± 0.1 55.3 ± 0.2 327.6 ± 0.1 57.8 ± 0.2 329.1 ± 0.1 57.0 ± 0.2 

V31W 322.0 ± 0.1 53.8 ± 0.3 323.9 ± 0.1 53.3 ± 0.3 324.7±0.1 54.1 ± 0.2 

T32W 335.9 ± 0.1 62.2 ± 0.2 337.2 ± 0.1 64.5 ± 0.2 338.0 ± 0.1 65.0 ± 0.2 

F34W 325.3 ± 0.2 58.5 ± 0.5 326.2 ± 0.4 66.6 ± 0.9 326.9 ± 0.1 65.8 ± 0.7 

T35W 330.6 ± 0.2 64.9 ± 0.4 330.6 ± 0.4 66.0 ± 0.4 331.4 ± 0.2 64.5 ± 0.4 

D36W 335.3 ± 0.1 62.9 ± 0.2 335.2 ± 0.1 62.5 ± 0.2 335.8 ± 0.1 65.4 ± 0.2 

S37W 335.6 ± 0.0 58.0 ± 0.1 335.9 ± 0.1 58.4 ± 0.2 336.3 ± 0.1 58.5 ± 0.1 
-- ---- - -

Table 7.3.1 Fluorescence emission maxima for Trp mutants of TbMscL as a function of phospholipid chain length. Mutants were 

reconstituted into bilayers ofdi(C14:1)PC. di(C18:1)PC, and di(C22:1)PC. Fluorescence emission spectra were recorded between 300 

nm and 400 nm. Emission spectra were fitted to a skewed Gaussian using Equation 4.4 (Chapter 4). 



7.3.2 Fluorescence Quenching of TbMscL by brominated phospholipids 

Fluorescence quenching by brominated phospholipids was used as a tool to assess the 

accessibility ofTrp residues from the lipid phase. 

Purified TbMscL was reconstituted as described in Section 4.2.2.5 into bilayers of 

di(C14:l)PC, di(C18:l)PC, di(C22:1)PC and the corresponding brominated 

phospholipid at a 100:1 molar ratio of phospholipid to TbMscL monomer. Generation 

of large un-sealed membrane fragments was achieved by a 12-fold dilution from 

cholate solution into Hepes buffer to drop the concentration of cholate below its 

critical micelle concentration. The Trp fluorescence emission intensity was recorded 

at 330 nm and results are expressed as FIFo (Figure 7.3.1) where F is the fluorescence 

intensity of TbMscL in brominated lipid and Fo is the fluorescence intensity of 

TbMscL in non-brominated lipid. The results shown in Figure 7.3.1 show that for all 

the mutants, the level of quenching decreases with increasing fatty acyl chain length. 

The interpretation of this observation is not obvious. The positions of the cis double 

bonds in di(C14:l)PC and di(C18:1)PC are the same (Table 7.3.2) so that the two 

bromines per chain will be located at similar distances from the glycerol backbone 

region in bilayers of di(Br2C14:1)PC and di(Br2C18:1)PC, although the distance from 

the bilayer centre to the two bromines per chain will be less in bilayers of 

di(Br2C14:l)PC than in bilayers of di(Br2C18:I)PC. However, the cis double bond is 

located at the 13-14 position in di(C22:l)PC, whereas it is at the 9-10 position in 

di(C14:l)PC and di(C18:l)PC (Table 7.3.2). Analysis of the data is complicated by 

possible tilting of the helices which would result in shorter distances between a 

particular residue and the glycerol backbone region in bilayers of di(Br2C14:I)PC 

than in bilayers of di(Br2C18:l)PC. The lower levels of quenching in long chain lipids 

could also simply reflect the lower density of bromine atoms in the longer chain lipids 

than in the short chain lipids. 
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Figure 7.3.1 Quenching of Trp fluorescence by brominated phospholipids. Mutants 

were reconstituted into di(CI4:1)PC and di(Br2CI4:O)PC (-), di(C18:1)PC and 

di(Br2C18:0)PC ( ) and di(C22:1)PC and di(Br2C22:0)PC ( - ) at a lipid to protein 

ratio of 100:1. Fluorescence intensities of Trp-mutants excited at 280 run in 

brominated phospholipids (F) were compared to the fluorescence intensities in non

brominated lipid (Fo). Bar charts show the average of three determinations and 

standard deviations in duplicate for: (A) lipid exposed mutants and (B) pore exposed 

mutants. 
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Fatty Acyl Chain length Position of the cis double bond 

C14:1 9-10 

C17:1 9-10 

CIS:l 9-10 

C20:1 11-12 

C22:1 13-14 

C24:1 15-17 

Table 7.3.2 Positions of the cis double bond in phosphatidylcholines of different 

chain lengths. 

7.3.3 Effects of lipid chain length on fluorescence quenching of TbMscL by 

acrylamide 

To establish whether differences in fluorescence quenching are attributable to changes 

in helix rearrangements of TM1, fluorescence quenching by acrylamide was used to 

assess the accessibility of Trp residues in TbMscL from the aqueous phase in bilayers 

of different thickness. 

TbMscL was reconstituted into bilayers of di(C14:1)PC, di(C18:1)PC, and 

di(C22:1)PC at a 100:1 molar ratio of phospholipid to TbMscL monomer as 

previously described. The previous results, shown in Figure 4.3.7, show that 

quenching by acrylamide fits to the Stem-Volmer equation. Values of FIFo for the Trp 

mutants in di(CI4:1)PC, di(CI8:1)PC, and di(C22:1)PC in the presence of 300 mM 

acrylamide are shown in Figure 7.3.2. Graph A shows the results for lipid exposed 

residues and graph B shows results for pore exposed residues. The results show a 

similar level of quenching for all mutants and for all three fatty acyl chain lengths 

with the largest difference in the levels of fluorescence quenching between 

di(CI8:1)PC and di(C22:1)PC observed for F27W . This suggests that no large 

changes in environment are experienced by any of the Trp residues in TMI on 

changing lipid fatty acyl chain length from C 14 to C22. 

151 



(A) 0.8 -,------,----,----.-----,----,----,-------,-- --, 

0.6 

o 

~ 0.4 

0.2 

A20W 123W F27W L30W V31W F34W S37W 

(B) 0.8 -,------,----,----.-----,----,---,-------,----, 

0.6 

!.L
0 

LE 0.4 

0.2 

V22W G24W T25W A29W T32W T35W D36W 

TbMscL mutants 

Figure 7.3.2. Quenching ofTrp fluorescence by acrylamide. Trp-mutants ofTbMscL 

were reconstituted into di(C14:1)PC, (-); di(C18:1)PC, ( ); and di(C22:1)PC, ( - ) 

at a lipid to protein ratio of 100: 1. Fluorescence intensities in the presence of 300 mM 

acrylamide (F) were compared to fluorescence intensities in the absence of 

acrylamide (Fa). The data shown are the average and standard deviation of three 

determinations in duplicate for: (A) lipid exposed mutants and (B) pore exposed 

mutants. 
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7.3.4 Effects of lipid chain length on fluorescence quenching of TbMscL by 

Iodide 

Fluorescence quenching by iodide was also used to assess the accessibility of Trp 

residues in TbMscL from the aqueous phase in bilayers of different thickness. 

TbMscL was reconstituted into bilayers of di(C14:1)PC, di(C18:1)PC, and 

di(C22:1)PC at a 100:1 molar ratio of phospholipid to TbMscL monomer as 

previously described. 

Values of FIFo for the Trp mutants in di(C14:1)PC, di(C18:1)PC, and di(C22:1)PC in 

the presence of 450 mM iodide are shown in Figure 7.3.3. Graph A shows the results 

for lipid exposed residues and graph B shows results for pore exposed residues. 

Whilst clear differences in levels of quenching by iodide are observed between Trp 

residues, effects of lipid chain length are generally small. In three of the mutants 

(L30W, S37W, and V22W) levels of quenching in di(C14:1)PC are greater than in 

di(C22:1)PC. 
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Figure 7.3.3. Quenching of Trp fluorescence by iodide. Trp-mutants of TbMscL 

were reconstituted into di(C14:1)PC, (-); di(C18:1)PC, ( ); and di(C22:l)PC, ( - ) 

at a lipid to protein ratio of 100: 1. Fluorescence intensities in the presence of 450 roM 

iodide (F) were compared to fluorescence intensities in the absence of iodide (Fa) . 

The data shown are the average and standard deviation of three determinations in 

duplicate for: (A) lipid exposed mutants and (B) pore exposed mutants. 
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7.3.5 Fluorescence quenching of TbMscL as a function of lipid headgroup 

Previous studies by Powl et al. (Powl et aI., 200Sa) have shown, as reported by a Trp 

residue at position 80 towards the centre of the second transmembrane a-helix TM2, 

that TbMscL preferentially binds the anionic phospholipid phosphatidic acid (PA) 

over zwitterionic lipids, with the affinity for di(C18:l)PA being about four times that 

for di(C18:1)PC. The structure of TbMscL shows a cluster ofthree positively charged 

residues on the cytoplasmic side of the membrane. The position of these residues 

would allow favourable interaction with anionic phospholipids. Further studies by 

Powl et al. showed that the marked selectivity observed for anionic lipid was 

attributable to this charge cluster (Powl et ai., 200Sa) since mutation of each of the 

positively charged residues to glutamine resulted in reduced affinity for phosphatidic 

acid. The crystal structure for TbMscL shows that Ile-23 and Phe-27 on TMI are 

accessible from the lipid phase and are positioned within the cytoplasmic half of 

TbMscL above the positive charge cluster (Figure 7.3.4). Fluorescence quenching 

with mixtures of BrPC and anionic lipid in DOPC and brominated anionic lipid were 

used to study selectivity of lipid binding as reported by Trp residues in TM 1 at 

positions 23 and 27. Obtaining relative binding constants requires fitting the data to 

Equation 7.S in which the unknowns are n and K. n is the number of binding sites 

from which a Trp residue can be quenched. The value of n is obtained by analysis of 

quenching in mixtures of a chosen phospholipid with the corresponding brominated 

phospholipid using Equation 7.1. Figure 7.3.S is a simulation showing how quench 

curves vary with the value of n. Having obtained a value for n, analysis of quenching 

in mixtures of phospholipids, with different lipid headgroups, gives a value for the 

relative binding constant K. Figure 7.3.6 shows the effect of K on fluorescence quench 

. curves for a fixed value of n of 2. 
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(A) (B) 

Figure 7.3.4 The structure of TbMscL. (A) One monomer is highlighted showing the 

positions of the two lipid exposed residues lle-23 and Phe-27 relative to the positive 

charge cluster of Lys-98, Lys-99 and Arg-100. (B) Surface representation of TbMscL 

showing how lle-23 and Phe-27 are accessible to the lipid phase, positioned above the 

positive charge cluster on the cytoplasmic side of the membrane. 
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Figure 7.3.5 Effect of n, the number of lipid binding sites on a protein from which a 

bound BrPC molecule can quench the fluorescence of a given Trp residue in a protein. 

The figure shows a set of quench curves for a membrane protein reconstituted into 

bilayers containing mixtures of DOPC and BrPC showing values of FIFo calculated 

from Equation 7.1 with the given values of n, for a value of FIFo in BrPC of 0.2. 
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Figure 7.3.6 Effect of K. The level of fluorescence quenching of a Trp residue is 

dependent on the relative lipid binding constant (K) of the protein for the non

brominated lipid. The figure shows a set of quench curves for a membrane protein 

reconstituted into bilayers containing mixtures of lipid x and BrPC showing values of 

FIFo calculated from equation 7.5 with the given values of K, for a value of FIFo in 

BrPC of 0.2. The value of n was 2. 
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Fluorescence quenching curves of 123 W and F27W reconstituted into mixtures of PC. 

PE, PS, PG and PA with the corresponding brominated lipids are shown in Figure 

7.3.7. Fluorescence intensities are expressed as FIFo where F represents the 

fluorescence intensity at intennediate fractions of brominated phospholipid and Fo is 

the fluorescence intensity where the mole fraction of non-brominated phospholipid is 

1. The data were fitted to Equation 7.1 using the non-linear least-squares program in 

SigmaPlot to give the values of n listed in Table 7.3.3. The n values obtained for all 

phospholipid headgroups are very similar for both TbMscL mutants. Noticeable, 

however, is the fact that whereas the level of quenching by the brominated 

zwitterionic phospholipids PC and PE are the same, the level of quenching caused by 

brominated anionic lipid is greater than that of the zwitterionic lipids for both 123 W 

andF27W. 
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Figure 7.3.7 Quenching of Trp fluorescence of 123W and F27W by brominated 

phospholipids. 123W (A) and F27W (B) were reconstituted into bilayers containing 

mixtures of brominated lipid and the corresponding non-brominated lipid. 

Fluorescence intensities are expressed as a fraction of the fluorescence for TbMscL 

reconstituted in mixtures of non-brominated lipid. Lipid headgroups were as follows: 

di(C18:1)PC, ( ... ); diCC18:1)PE, CA); diCC18:1)PS, CO); diCC18:1)PG. C.) and 

diCC18:1)PA, ce). Error bars are standard deviations obtained from the average of 

three determinations. The solid lines show fits to Equation 7.1 giving the values of n 

listed in Table 7.3.3. 
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Phospholipid FIFo n 

123W 

di(Br2CI8:O)PC 0.50 ± 0.01 2.65 ± 0.1 

di(Br2C I8:0)PE 0.49 ± 0.02 2.75 ± 0.4 

di(Br2CI8:O)PG 0.24 ± 0.01 2.33 ± 0.1 

di(Br2C I8:0)PS 0.33 ± 0.02 2.73 ± 0.2 

di(Br2CI8:O)PA 0.27 ± 0.02 2.88 ± 0.3 

F27W 

di(Br2CI8:O)PC 0.45 ± 0.01 2.30 ± 0.1 

di(Br2C 18: O)PE 0.48 ± 0.07 2.35 ± 0.2 

di(Br2CI8:0)PG 0.25 ± 0.02 2.27 ± 0.2 

di(Br2CI8:0)PS 0.27 ± 0.01 2.98 ± 0.1 

di(Br2C 18 :O)P A 0.18 ± 0.01 2.44 ± 0.1 

Table 7.3.3 Fluorescence quenching ofI23W and F27W in brominated phospholipids 

as a function of lipid headgroup. F and Fo are fluorescence intensities for TbMscL 

reconstituted into brominated phospholipid and non-brominated phospholipid 

respectively, measured in Hepes buffer at pH 7.2. The value ofn is the value obtained 

from fitting the data in Figure 7.3.7 to Equation 7.1. 
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In order to ascertain whether these residues report any selective binding of anionic 

phospholipi~ 123W and F27W were reconstituted into mixtures of di(Br2C18:0)PC 

and phosphatidylethanolamine or anionic lipi~ or di(C18:1)PC and brominated 

phosphatidylethanolamine or brominated anionic lipid. Figures 7.3.8 - 7.3.11 show 

fluorescence intensities in these mixtures as a function of the mole fraction of 

brominated lipid. Relative phospholipid binding constants listed in Table 7.3.4 were 

obtained by fitting the data to Equation 7.5. Fluorescence quench curves for 123W 

and F27W in mixtures of phosphatidylcholine and phosphatidylethanolamine are 

shown in Figure 7.3.8. Relative binding constants obtained using di(Br2C18:0)PC or 

di(Br2C18:0)PE agree within experimental error, and are all close to 1, suggesting 

simple competitive binding of PC and PE to TbMscL, with no specificity. For PO 

relative binding constants for F27W obtained with BrPC or BrPO are equal, 

suggesting simple competitive binding to MscL, with an affinity for PO slightly 

greater than that for PC. For PO, the relative binding constant observed with 123W 

and BrPO is equal to that obtained with F27W. However, that obtained for 123W with 

BrPC is greater than that observed with BrPO, but this difference is probably not real. 

Figure 7.3.12 compares fluorescence quenching plots for I23W and F27W in BrPC 

and PO mixtures and it is clear that the data points are the same for the two mutants 

except at 40 % BrPC. Thus it is likely that PO binds with a slightly higher affinity 

than PC to MscL, as detected by TIp residues at positions 23 and 27. For phosphatidic 

acid 123 W detects a slightly higher affinity for P A than PC, with identical binding 

constants determined with either BrPC or BrP A. For F27W a slightly higher binding 

constant is observed with BrP A than with BrPe. The difference here is somewhat 

greater than that observed with 123W and PO, and so could be real. The difference 

could be attributed to the presence of two binding sites close to the quenched residue, 

at one of which PA binds with higher affinity than PC, explaining the high relative 

binding constant obtained from experiments with di(Br2C18:0)PA, the other site 

showing little selectivity between P A and PC, explaining the relative binding constant 

of ca 1 obtained from experiments with di(Br2C18:0)PC. The binding site of high 

affinity observed here from the experiments with F27W presumably corresponds to 

that detected by Powl et aZ. using Y87W and F80W. The higher levels of quenching 

obtained when 123 W and F27W are reconstituted into brominated anionic lipids 

compared to brominated zwitterionic lipids will be discussed in Section 7.3.6. 
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Phospholipid Relative binding constant Relative binding constant 

measured using measured using 

di(C18:1)PC di(Br2C18:0)PC 

123W 

di(CI8:1)PE 0.79± 0.2 0.94 ± 0.1 

di(CI8:1)PA 1.70 ± 0.3 1.79±0.3 

di(C 18: 1 )PS 0.97 ± 0.1 0.92 ± 0.1 

di(CI8:1)PG 1.42 ± 0.1 2.33 ± 0.1 

F27W 

di(CI8:1)PE 1.00±0.1 1.03 ± 0.2 

di(CI8:1)PA 2.37 ± 0.2 1.07 ± 0.2 

di(CI8:1)PS 1.29 ± 0.1 1.23 ± 0.1 

di(CI8:1)PG 1.53 ± 0.1 1.49 ± 0.2 

Table 7.3.4 Relative lipid binding constants of TbMscL mutants as a function of lipid 

head group. Binding constants relative to PC were obtained by fitting the quenching 

data for Trp mutants of TbMscL mutants reconstituted into mixtures of 

di(Br2CI8:0)PC with non-brominated lipid or di(CI8:1)PC with brominated lipid to 

Equation 7.5 using the values of n listed in Table 7.3.3. 
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Figure 7.3.8 Fluorescence quenching of 123W and F27W in mixtures of zwitterionic 

phospholipids. I23W (A) and F27W (B) were reconstituted into mixtures of 

di(C18:1)PC with di(Br2C18:0)PE, (_); or di(Br2C18:0)PC with di(C18:1)PE, (0). 

Error bars are standard deviations obtained from the average of three determinations 

in duplicate. The solid lines show fits to Equation 7.5 giving the binding constants 

listed in Table 7.3.4. 
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Figure 7.3.9. Fluorescence quenching of 123W and F27W in mixtures of anionic 

phospholipids. I23W (A) and F27W (B) were reconstituted into mixtures of 

di(C18:1)PC with di(Br2C18:0)PA, (_); or di(Br2C18:0)PC with di(C18:1)PA, (0). 

Error bars are standard deviations obtained from the average of three determinations 

in duplicate. The solid lines show fits to Equation 7.5 giving the binding constants 

listed in Table 7.3.4. 
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Figure 7.3.10 Fluorescence quenching of I23W and F27W in mixtures of anionic 

phospholipids. I23W (A) and F27W (B) were reconstituted into mixtures of 

di(CI8:1)PC with di(Br2CI8:0)PS, (.); or di(Br2CI8:0)PC with di(CI8:1)PS, (0). 

Error bars are standard deviations obtained from the average of three determinations 

in duplicate. The solid lines show fits to Equation 7.5 giving the binding constants 

listed in Table 7.3.4. 
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Figure 7.3.11 Fluorescence quenching of 123W and F27W in mixtures of anionic 

phospholipid. I23W (A) and F27W (B) were reconstituted into mixtures of 

di(C18:1)PC with di(Br2C18:0)PG, (_); or di(Br2C18:0)PC with di(C18:l)PG, (0). 

Error bars are standard deviations obtained from the average of three determinations 

in duplicate. The solid lines show fits to Equation 7.5 giving the binding constants 

listed in Table 7.3.4. 
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Figure 7.3.12 Fluorescence quenching of 123W and F27W in mixtures of anionic 

phospholipids. I23W (.) and F27W (l::.) were reconstituted into mixtures of 

di(Br2C18:0)PC and di(C18:0)PG. Error bars are standard deviations obtained from 

the average of three determinations. Data points for both 123W and F27W are the 

same with the exception of that at 40% BrPC. 
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7.3.6 Fluorescence quenching for Trp residues on the periplasmic side of 

TbMscL 

Residue 27 is in the middle ofthe membrane and so could be quenched by brominated 

lipids on either the cytoplasmic or periplasmic side of the membrane. Residue 23 is, 

however, on the cytoplasmic side of the membrane and so will only be affected by 

lipid binding on the cytoplasmic side of MscL (Figure 7.3.13). Leu-30 and Phe-34 on 

TMI are accessible from the lipid phase and are positioned within the periplasmic 

half of TbMscL (Figure 7.3.13). Fluorescence quenching curves for L30W and F34W 

reconstituted into mixtures of PC or PA with the corresponding brominated lipid are 

shown in Figure 7.3.14. Fluorescence intensities are expressed as FIFo where F 

represents the fluorescence intensity at intermediate fractions of brominated 

phospholipid and Fa is the fluorescence intensity when the mole fraction of non

brominated phospholipid is 1. The data were fitted to Equation 7.1 using the non

linear least-squares program in SigmaPlot to give the values of n listed in Table 7.3.5. 

The n values obtained for both phospholipid headgroups are similar for both TbMscL 

mutants. As previously observed with 123W and F27W the level of fluorescence 

quenching by the brominated anionic phospholipid PAis noticeably greater than the 

level of fluorescence quenching caused by the brominated zwitterionic phospholipid 

PC, for both L30W and F34W. This would then suggest that the higher levels of 

fluorescence quenching observed with brominated anionic lipids is a property of the 

anionic lipids themselves and does not reflect a different mode of binding to the 

protein. As described later, it has been observed that anionic lipid headgroups can 

themselves result in some quenching ofTrp fluorescence (Figure 7.3.16). 
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(A) (B) 

Figure 7.3.13 This diagram is the same as that shown in Figure 7.3.4. In this diagram, 

however, the positions of L30 (blue) and F34 (turquoise) are shown on the 

periplasmic side of the membrane. 
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Figure 7.3.14 Quenching of Trp fluorescence of L30W and F34W by brominated 

phospholipids. L30W (A) and F34W (B) were reconstituted into bilayers containing 

mixtures of brominated lipid and the corresponding non-brominated lipid. 

Fluorescence intensities are expressed as a fraction of the fluorescence for TbMscL 

reconstituted in mixtures of non-brominated lipid. Lipid headgroups were as follows: 

PC, (.); and P A, (0). Error bars are standard deviations obtained from the average of 

three determinations in duplicate. The solid lines show fits to Equation 7.1 giving the 

values ofn listed in Table 7.3.5. 
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Phospholipid FIFo n 

L30W 

di(Br2C 18 :O)PC 0.45 ± 0.02 2.03 ± 0.3 

di(Br2CI8:0)PA 0.31 ± 0.02 2.54± 0.2 

F34W 

di(Br2CI8:0)PC 0.54 ± 0.01 2.20 ± 0.2 

di(Br2CI8:O)PA 0.19 ± 0.01 2.54 ± 0.1 

Table 7.3.5 Fluorescence quenching of L30W and F34W in brominated 

phospholipids as a function of lipid headgroup. F and Fa are fluorescence intensities 

for TbMscL reconstituted into brominated phospholipid and non-brominated 

phospholipid respectively, measured in Hepes buffer at pH 7.2. The values of n are 

the values obtained from fitting the data in Figure 7.3 .13 to Equation 7.1. 
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Binding constants for P A on the periplasmic side of MscL were detemlined by 

reconstituting L30W and F34 W into mixtures of brominated phosphatidylcholine and 

phosphatidic acid or brominated phosphatidic acid and phosphatidylcholine. Figure 

7.3.15 shows fluorescence intensities in these mixtures as a function of the mole 

fraction of brominated lipid. Relative phospholipid binding constants listed in Table 

7.3.6 were obtained by fitting the data to Equation 7.5. 

For F34W, comparable binding constants for PA were obtained using BrPC and BrPA 

suggesting simple competitive binding with a higher affinity for P A than for PC. 

Binding constants are very similar to those observed using 123 W on the cytoplasmic 

side of the membrane. For L30W a higher relative binding constant was observed 

using BrP A than using BrPC, as for F27W. As previously described this would be 

consistent with the presence of two sites, one with a slightly higher affinity for P A 

than for PC and one with an equal affinity for P A and PC. 
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Phospholipid Relative binding Relative binding constant 

constant measured measured using 

using di(C18:1)PC di(Br2C18:0)PC 

Cytoplasmic side 

123W 1.70 ± 0.3 1.79±0.3 

Middle of membrane 

F27W 2.37 ± 0.2 1.07 ± 0.2 

Periplasmic side 

L30W 1.77 ± 0.2 1.08 ± 0.1 

F34W 1.71 ± 0.3 2.01 ± 0.3 

Table 7.3.6 Relative lipid binding constants of TbMscL mutants on the cytoplasmic 

and periplasmic sides of TbMscL as a function of lipid head group. Binding constants 

relative to PC for L30W and F34 W were obtained by fitting the quenching data for 

Trp mutants of TbMscL reconstituted into mixtures of di(Br2CI8:0)PC with non

brominated anionic lipid or di(CI8:1)PC with brominated anionic lipid to Equation 

7.5 using the values ofn listed in Table 7.3.5. 
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Figure 7.3.15 Fluorescence quenching of L30W and F34W in mixtures of 

phosphatidic acid and phosphatidy1choline. L30W (A) and F34W (B) were 

reconstituted into mixtures of di(CI8:1)PC with di(Br2C18:0)PA, (.); or 

di(Br2C18:O)PC wit~ di(C18:1)PA, (0). Error bars are standard deviations obtained 

from the average of three determinations in duplicate. The solid lines show fits to 

Equation 7.5 giving the binding constants listed in Table 7.3.7. 
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7.3.7 Effects of lipid beadgroup on fluorescence emission maxima 

Trp mutants of TbMscL were reconstituted into bilayers of di(C18:1)PE, 

di(C18:1)PA, di(C18:1)PS and di(C18:1)PG and fluorescence emission spectra were 

recorded and fitted to a skewed Gaussian peak using Equation 4.4 (see Chapter 4). 

I23W displays blue-shifts of2 nm from 325 nm in di(C18:1)PC (Table 7.3.1) to 322 

nm in di(C18:1)PA (Table 7.3.7). F34W also displays a blue shift similar to 123W of 

326.2 nm in di(C18:1)PC (Table 7.3.7) to 321 nm in di(C18:1)PA and V31 W displays 

shifts to shorter wavelengths of ca. 5 nm when reconstituted into all anionic 

phospholipids. This would suggest that the three lipid-exposed residues 123, V31, and 

F34 experience changes in environment in going from zwitterionic to anionic lipid 

headgroups. The pore lining residues G24W, which is a gain-of-function mutant, and 

A29W, a pore lining residue, also display shifts of ca. 3 nm when reconstituted into 

the anionic phospholipid PA. Interestingly, G24W displays a shift of3 nm to a longer 

wavelength whereas A29W displays a shift of 3 nm to shorter wavelengths. One 

observation upon reconstituting TbMscL into anionic phospholipids is the noticeable 

decrease in fluorescence intensity for all mutants. Figure 7.3.16 shows the 

fluorescence intensities of TbMscL mutants at a concentration of 1 ~M. Lipid

exposed residues located near to the centre of the bilayer also show a marked decrease 

in fluorescence intensity in relation to those residues located at the lipid headgroup 

region on both sides of the membrane, a result not observed for pore-lining residues 

(Figure 7.3.16 B) which all have around the same fluorescence intensity in the 

zwitterionic phospholipids PC and PE. 

Figures 7.3 .17 and 7.3.18 show the effects of the anionic phospholipids P A and PS 

on the fluorescence intensity of the Trp analogue NPTH (N-palmityl-Trp-hexyl). This 

molecule is thought to partition into the membrane with the Trp residue at the glycerol 

backbone region with the pa1mityl and hexyl groups traversing the hydrophobic 

region of the membrane. It is clear to see how fluorescence intensity decreases as the 

mole fraction of anionic lipid is increased in bilayers of phosphatidylcholine. 
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di(C18:1)PE di(C18:1)PA di(C18:1)PS di(C18:1)PG 

Mutant 'Amax (nm) ro (nm) 'Amax (nm) ro (nm) 'Amax (nm) ro (nm) 'Amax (nm) ro (nm) 

A20W 328.5 ± 0.2 57.3 ± 0.4 328.9 ± 0.3 60.3 ± 0.4 328.7 ± 0.3 60.3 ± 0.4 328.8 ± 0.2 60.2 ± 0.4 

V22W 329.8 ± 0.1 57.3 ± 0.2 331.9 ± 0.1 60.0 ± 0.2 330.9 ± 0.1 60.3 ± 0.2 331.5 ± 0.1 62.9 ± 0.2 

I23W 324.2 ± 0.1 49.6 ± 0.2 322.2 ± 0.1 47.3 ± 0.2 323.5 ± 0.1 50.0 ± 0.2 323.3 ± 0.1 50.6 ± 0.2 

G24W 327.9 ± 0.3 63.9 ± 0.6 330.5 ± 0.4 77.7 ± 0.7 326.4 ± 0.4 71.3 ± 0.8 327.7 ± 0.5 73.9 ± 0.9 

T25W 331.2 ± 0.1 59.1 ± 0.2 329.4 ± 0.2 59.7 ± 0.2 330.6 ± 0.2 62.0 ± 0.3 330.4 ± 0.1 62.8 ± 0.2 

F27W 321.6 ± 0.2 51.2 ± 0.4 321.0 ± 0.2 49.7 ± 0.5 319.7 ± 0.2 49.7 ± 0.5 318.8 ±0.2 50.3 ± 0.5 

A29W 329.9 ± 0.2 60.5 ± 0.3 322.2 ± 0.2 52.1 ± 0.4 326.7 ± 0.2 62.3 ± 0.4 328.8 ± 0.2 66.9 ± 0.4 

L30W 327.7 ± 0.1 55.2 ± 0.2 328.7 ± 0.1 56.7 ± 0.2 327.6 ± 0.1 57.1±0.2 327.3 ± 0.1 57.5 ± 0.2 

V31W 323.8 ± 0.1 54.7 ± 0.3 318.2±0.1 51.2 ± 0.4 319.8±0.1 55.6 ± 0.3 318.9±0.8 54.5 ± 0.3 

T32W 335.4 ± 0.1 62.6 ± 0.2 335.9 ± 0.2 65.3 ± 0.2 336.5 ± 0.2 66.7 ± 0.2 335.8 ± 0.1 71.0 ± 0.2 

F34W 326.2 ± 0.2 58.1 ± 0.4 321.0 ± 0.2 50.1 ± 0.5 324.5 ± 0.2 55.6 ± 0.4 323.0 ± 0.2 56.1 ± 0.5 

T35W 330.8 ± 0.2 65.4 ± 0.4 330.9 ± 0.3 68.8 ± 0.4 329.9 ± 0.3 69.4 ± 0.5 329.5 ± 0.3 69.3 ± 0.5 
I 

D36W 334.5 ± 0.1 60.4 ± 0.2 337.8 ± 0.1 63.5 ± 0.2 334.8 ± 0.1 65.7 ± 0.2 334.2 ± 0.1 67.5 ± 0.2 ! 

S37W 335.7 ± 0.1 58.7±0.1 335.4 ± 0.1 63.8 ± 0.2 334.1 ± 0.1 61.4 ± 0.2 334.0 ± 0.1 63.1 ± 0.2 I 

---- --

Table 7.3.7 Fluorescence emission maxima for Trp mutants of TbMscL as a function of phospholipid headgroup. Mutants were reconstituted 

into bilayers of di(CI8:1)PE. di(CI8:1)PA, di(CI8:1)PS, or di(CI8:1)PG and fluorescence emission spectra were recorded between 300 run and 

400 run. Emission spectra were fitted to a skewed Gaussian using Equation 4.4 (Chapter 4). 
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Figure 7.3.16 Relative fluorescence intensity for Trp mutants of TbMscL as a 

function of phospholipid headgroup. Mutants were reconstituted into bilayers of 

di(C18:l)PC, (_); di(C18:1)PE, (_); di(C18:1)PA, (_); di(C18:1)PS, ( ); or 

di(C18:1)PG, (_) and fluorescence intensities were plotted as a function of lipid 

headgroup for (A) lipid-exposed residues and (B) pore-lining residues. The 

concentration of TbMscL was 0.98 ~M and the ratio of lipid to protein monomer was 

100:1. 
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Figure 7.3.17 Effect of P A on fluorescence intensity of the Trp analogue NPTH (N

palmitoyl-Trp-hexyl). (A) Fluorescence emission spectra of NPTH showing decrease 

in fluorescence intensity with increasing mole fractions of P A. (B) Graphical 

representation showing the linear relationship between fluorescence intensity and the 

mole fraction of P A. The concentration ofNPTH was 111M. 
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Figure 7.3.18 Effect of PS on fluorescence intensity of the Trp analogue NPTH (N

palmitoyl-Trp-hexyl). (A) Fluorescence emission spectra of NPTH showing decrease 

in fluorescence intensity with increasing mole fractions of PS. (B) Graphical 

representation showing the linear relationship between fluorescence intensity and the 

mole fraction of PS. The concentration ofNPTH was 1 ~M. 
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7.4 Discussion 

That TbMscL remains fully functional when reconstituted into lipid bilayers provides 

clear evidence that this channel is capable of sensing lateral tension directly without 

the need for other proteins (Rase et al., 1995), thus protein-lipid interactions for MscL 

must surely play an important role in sensing tension in the membrane, as recent 

studies have shown that pressure perpendicular to the membrane shows no 

appreciable role as a stimulus for channel gating (Moe et al., 2005). 

7.4.1 Effects of fatty acyl chain length 

Hydrophobic matching between membrane proteins and lipids is very efficient due to 

the high cost of exposing either fatty acyl chains or hydrophobic regions of the protein 

to water. To compensate for mismatch between a protein and the lipid bilayer, either 

the lipids may distort or the protein may distort, or both (Lee, 2005). Experiments 

with the potassium channel KcsA, for example, have shown that Trp residues at the 

ends of a-helices maintain their interfacial positions upon changing fatty acyl chain 

lengths been ClO and C24. This suggests highly efficient matching of the 

hydrophobic thickness of the protein to that of the surrounding lipid bilayer 

(Williamson et a!., 2003). Equations presented by Fattal and Ben-Shaul can be used to 

calculate binding constants for a lipid that has to distort to bind to a rigid membrane 

protein (Fattal and Ben-Shaul, 1993). This model, however, predicts a much steeper 

dependence of relative binding constant on chain length for a-helical membrane 

proteins than the relative binding constants observed experimentally by Powl et al. for 

TbMscL (Powl et a!., 2003). Studies showed that relative binding constants of 

TbMscL for phosphatidylcholines with chain lengths between di(C 12:0)PC and 

di(C24:1)PC vary only by a factor of l.5, with the greatest affinity being for 

di(CI6:1)PC (Powl et al., 2003), with weaker binding observed for 

phosphatidylcholines with shorter or longer fatty acyl chains. This suggests that 

hydrophobic matching is not achieved just by distorting the lipid, but could also 

involve distorting the protein. One possibility is tilting of the transmembrane helices, 

consistent with the observation that the activities of many a-helical membrane 

proteins change with changing bilayer thickness (East and Lee, 1982;Pilot et al., 

2001). For TbMscL tilting of the transmembrane a-helices could be involved in the 
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channel opening process. Figure 7.1.1 shows the suggested changes in structure for 

TbMscL from the closed state to a closed-intermediate state, as modelled by Perozo et 

al. (perozo et aI., 2002a). Most noticeable is the larger degree of movement of 

residues at both the cytoplasmic and periplasmic ends of TM1 a-helices than residues 

at the centre of the bilayer with little or no movement seen in this region of the helix. 

Table 7.3.1 shows only a very small change in fluorescence emission maxima for all 

mutants on changing from di(C18:1)PC to di(C14:1)PC. Tryptophans close to the 

interface show no change in emission maxima therefore exposed residues above the 

glycerol backbone are not being buried in long chain lipids and buried residues below 

the glycerol backbone are not being exposed in short chain lipids; this provides a 

further example of the efficiency of hydrophobic matching. For residues towards the 

centre of TM1, lack of any change in emission maxima suggests that any tilting of 

helices is not associated with a large rotation, as a rotation of the helix would move a 

pore lining residue into the hydrophobic core of the bilayer, resulting in a blue-shift 

which is not seen for any of these mutants. Similarly, a rotation of a lipid-exposed 

residue to a pore-lining location would result in a red-shift in emission maxima, again, 

a result not seen for these residues. Hydrophobic matching, therefore, does not 

involve a large rotation of TM1 unlike the model proposed by Perozo et al. for 

channel opening (Perozo et aI., 2002a). Small rotations not involving a large 

environmental change would not be detected by changes in fluorescence emission 

spectra. 

The accessibility of Trp residues for all mutants in di(C18:1)PC to brominated lipid 

and to aqueous quenchers was assessed in the respective chapters for each class of 

TbMscL mutants. Changes in accessibility of Trp residues from both the lipid phase 

and aqueous phase were monitored for mutants reconstituted into lipids with chains of 

different lengths. The level of quenching by brominated lipid is difficult to interpret in 

detail due to the different position of the cis double bonds in di(C22:1)PC compared 

to di(C14:1)PC and di(C18:1)PC (Table 7.3.2). The results shown in Figure 7.3.1 

show that all Trp mutants are quenched the most in di(C14:1)PC and the least in 

di(C22:1)PC. This might simply reflect the fact that the proportion of atoms that are 

bromine is greater in a bilayer of di(Br2C14:0)PC than the proportion of atoms that 

182 



are bromine in a bilayer of di(Br2C22:0)PC The results also show that the lipid 

exposed mutants were quenched the most by brominated phospholipids, a result not 

unexpected given the accessibility of these residues from the lipid bilayer, shown in 

Figure 4.1.1 (Chapter 4). That all pore exposed mutants were quenched the least by 

brominated phospholipids in all fatty acyl chain lengths is consistent with positions 

for these residues exposed to the channel pore rather than to the lipid bilayer. The 

results obtained for both acrylamide and iodide quenching for all mutants are as 

expected with pore exposed mutants showing a higher level of quenching than lipid 

exposed mutants (Figures 7.3.2 and 7.3.3). The lack of any significant change in the 

level of fluorescence quenching by acrylamide or iodide for all mutants upon 

reconstitution into different chain length lipids also suggests that no large scale tilt or 

rotation of a-helices has occurred, suggesting that TbMscL remains in the closed state 

in all three chain length lipids. 

7.4.2 Effects of lipid headgroup 

In membrane proteins, charged residues are normally located at the ends of 

transmembrane a-helices. In TbMscL, positive charges are found at both ends of 

TMI and TM2, predominantly at the cytoplasmic side of the protein. Therefore, some 

interaction with anionic phospholipids would be expected to be observed. Interactions 

with anionic phospholipids could be due to either a general 'smeared-out' effect over 

the whole surface of the protein or due to the presence of distinct binding sites on the 

protein. The cationic charge cluster on the cytoplasmic side of TbMscL could make 

up a site for such interactions with anionic lipids. Previous experiments by Powl used 

Y87W, at the cytoplasmic side, and observed strong lipid binding to this cationic 

cluster (Powl et al., 2005a). Using the average width of a lipid molecule and the 

dimensions of TbMscL, calculations show that there are around 3 lipid binding sites 

per monomer of TbMscL on each side of the membrane. The observation of 'hot

spots' for anionic lipids on the cytoplasmic side of MscL poses the questions as to 

whether there are distinct binding sites for anionic lipids on the periplasmic side of 

TbMscL and do all three cytoplasmic sites show high affinity for anionic lipids. As 

reported by I23W on the cytoplasmic side (Figure 7.3.4), higher affinities for PA and 

PG were observed, but not for PS. For PA at least, evidence suggests simple 
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competitive binding to the 2.S sites from which fluorescence can be quenched. (n 

number, see Table 7.3.3). As reported by F27W, in the middle of the bilayer, again 

PG binds better than PS but binding of PAis more complex. The data obtained with 

F27W suggests the presence of one site with higher affinity for PA than PC and one 

site where the affinity for PAis equal to that of PC. On the periplasmic side of 

TbMscL, similar affinities for P A over PC were observed. Thus relative to the high 

binding constants detected by studies with Y87W, effects seen here are rather modest, 

pointing to a more generalised interaction with anionic lipids. 

Figure 7.3.4 shows how residues I23W and F27W are positioned above a positive 

charge cluster on the cytoplasmic side of TbMscL. Previous studies show that some 

sites on TbMscL preferentially bind anionic phospholipid over zwitterionic 

phospholipids (powl et al., 200Sa). The crystal structure of TbMscL highlights a 

distinct groove on the surface of the protein (Figure 7.3.4b) which would allow the 

close interaction of fatty acyl chains with I23W and F27W. Table 7.3.3 lists the 

values of n, the number of lipid sites from which the fluorescence of a Trp residue can 

be quenched. That the n numbers listed in Table 7.3.3 are very similar indicates that 

both I23W and F27W are equally accessible to all phospholipids. 

The relative binding constants listed in Table 7.3.4 show no selectivity between PC 

and PE for either I23W or F27W. Similar results were seen for F80W (Powl et aI., 

2003). Given that PE is a non-bilayer forming lipid (Dowhan, 1997), with 

significantly different physiochemical properties to PC, it is surprising that TbMscL 

binds PE and PC with equal affinity. Molecular dynamics simulations by Elmore and 

Dougherty (Elmore et al., 2003) suggested that the structures of TbMscL in PE and 

PC were significantly different. The structure in PE was suggested to be very similar 

tD the crystal structure but that in PC the number of protein-lipid hydrogen bonds was 

reduced, resulting in structural changes in the C-terminal domain of TbMscL (Elmore 

et al., 2003). However, no changes in fluorescence emission maxima were observed 

for any of the Trp mutants when reconstituted into PC and PE (see Tables 7.3.1 and 

7.3.8) suggesting that any changes in conformational between PC and PE are likely to 

be small. 
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To establish whether anionic lipid headgroups have any effect on the conformation of 

TbMscL, Trp mutants were reconstituted into bilayers of di(CI8:1)PA, di(CI8:1)PS 

and di(C18:1)PG and fluorescence emission maxima were recorded. The results 

shown in Table 7.3.7 indicate no significant changes in Trp emission spectra for many 

of the mutants, but with some showing small changes, particularly in P A. Largest 

fluorescence changes in PA are seen for the lipid exposed residues 123W, V31 W, and 

F34 W with blue shifts of 3 nm and 5 nm respectively and the pore exposed residues 

G24 W and A29W. Although this might suggest a conformational change in P A, Moe 

et al. (Moe et al., 2005) found that the membrane tension required to gate the channel 

was unchanged by the presence of anionic lipid, and therefore proposed that anionic 

lipids play no detectable role in the ability of TbMscL to sense membrane tension, or 

as a stimulus for channel gating~ 

- ''',' 
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Chapter 8-General Discussion 

The selective permeability of lipid bilayers allows the continual passage of water and 

small hydrophobic molecules into a cell but requires the presence of specialised 

classes of membrane proteins, such as transporters and channels, to allow the passage 

of hydrophilic molecules such as ions and sugars. The passage of water across the 

membrane is driven by osmotic pressure differences and is therefore dependent on the 

intra and extracellular solute concentration of the surrounding medium. In the absence 

of any osmoregulatory mechanism to counteract osmotic stress, the influx of water 

under hypotonic conditions increases turgor pressure leading to cell expansion and 

eventual cell lysis (Poolman et aI., 2002). In bacteria, the ability to protect themselves 

against osmotic down shock (the influx of water) comes from the presence of 

mechanosensitive channels (MS) present in the inner membrane, which work as 

pressure release valves. Of the three types of MS channels present in bacteria, (MscM, 

MscS, and MscL), MscL has been the most extensively studied. Since MscL and its 

homologues are fully functional when reconstituted into lipid bilayers (Sukharev et 

at., 1994), it is clear that their function does not require any association with 

cytoskeletal proteins, as in eukaryotic mechanosensitive channels. 

Molecular modelling studies have predicted large structural changes during 

mechanosensitive channel gating (Sukharev et at., 2001 b;Bilston et at., 

2002;Betanzos et at., 2002;Perozo et aI., 2002a) and mutagenesis studies have 

revealed residues that are critical in channel gating, producing either a loss-of

function phenotype or a gain-of-function phenotype (Ou et at., 1998;Yoshimura et at., 

1999;Yoshimura et at., 2004;Anishkin et at., 2005). 

TbMscL has no Trp residues allowing the introduction of single Trp residues into 

defined positions in TbMscL. Tryptophan scanning mutagenesis has been used to 

characterise the environment of residues in TM1 of TbMscL. Tryptophan 

fluorescence has the characteristic of being sensitive to the polarity of the surrounding 

environment and fluorescence emission maxima report on whether Trp residues are 

located in a hydrophilic or a hydrophobic environment. 
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Primers were designed to generate Trp mutants of TbMscL for pore lining residues 

and lipid exposed residues (see Tables 3.2.1 and 3.2.2). Residues in TM1 that are 

thought to form the permeation pathway for solutes consist of a series of threonines, a 

lysine and an aspartate, however, due to problems with primer design such as hairpin 

formations, not all Trp mutants of these polar residues were able to be produced. 

Chapter four reports on lipid-exposed residues in TM1, and growth curves showed 

that insertion of Trp residues into lipid-binding sites on TMI did not result in GOF 

mutants, although the mutant A20W showed a slightly reduced growth rate (Figure 

4.4.1) upon expression of protein. The crystal structure of the closed channel shows 

lipid-exposed residues in TM1 to be buried in the surface of TbMscL (Figure 4.1.1) 

and so values for fluorescence emission maxima were obtained to determine whether 

buried residues in TM1 share the same fluorescence characteristics as lipid exposed 

residues in TM2. Previous work by Powl (powl et aI., 2005b) in which TbMscL was 

reconstituted into bilayers of di(C18:1)PC gave a hydrophobic thickness of ca. 25 A 
for TbMscL with the region of TM2 that spans the hydrophobic core of the bilayer 

running from Leu-69 at the periplasmic side, to Leu-92 on the cytoplasmic side. 

Fluorescence emission maxima for lipid-exposed residues in TMI were obtained by 

reconstituting Trp mutants of TbMscL into bilayers of di(C18:1)PC and the values 

obtained were compared to those obtained for Trp residues in TM2 (Table 4.4.1 and 

Figure 4.4.4) and plotted as a function of the distances along the bilayer normal of the 

a-carbons of residues from the a-carbon ofL69 (Figure 4.4.4). With the exception of 

Leu-30 in TM1 and Ile-77 in TM2, a trough-like profile was observed for 

fluorescence emission maxima as a function of distance from Leu-69 on the 

periplasmic side of the membrane. This trough-like profile was not observed for 

fluorescence emission maxima obtained for residues on the cytoplasmic side of 

TbMscL as a function of distance from Leu-69 (Figure 4.4.4). An equation describing 

how tP-e dielectric constant varies across a bilayer was used to describe the 

dependence of fluorescence emission maxima on position within the bilayer. The data 

for residues on the periplasmic side of TbMscL fit well to this mode~ falling on a 

smooth curve and giving the expected trough-like profile for solvent polarity as a 

function of distance. In contrast the data for residues on the cytoplasmic side of 

TbMscL do not fit meaningfully to this model. It was suggested that residues on the 
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cytoplasmic side of TbMscL are less constrained than those on the periplasmic side 

and have 'snorkelled' towards the interface so that their position is not well defined in 

terms of the a-carbon position. The value obtained for the hydrophobic thickness of 

TbMscL of 23.6 ± 5.2 A is in good agreement with the previous estimate given by 

Powl et al. of25 A (Powl et al., 2005b). 

The extent of lipid penetration into the MscL surface was determined. Trp residues 

were modelled into the structure. The surface of the transmembrane region of MscL 

was determined by locating a lipid with all trans chains onto the surface. From the 

calculated distances between the Trp residues and bromines in the fatty acyl chains 

the efficiencies of fluorescence quenching were calculated if the lipid molecule could 

not penetrate into the protein surface (Figure 4.5.7 and Table 4.5.3). Experimental 

levels of fluorescence quenching of lipid-exposed residues by brominated 

phospholipids were significantly higher than calculated using the model, leading to 

the proposal that the lipid fatty acyl chains are able to penetrate into the surface of 

TbMscL, bringing the chains into close proximity to the Trp residues. Thus the lipid 

fatty acyl chains of phospholipids can penetrate into the surface of TbMscL to provide 

full solvation of residues in TMI. As TbMscL senses tension directly from the lipids 

in the bilayer, such protein-lipid interactions are vital for channel function. Helices are 

thought to tilt significantly during the gating process, and the resulting changes in 

helix packing will lead to changes in solvation by the lipid molecules; these changes 

in solvation will be part of the energetics of channel opening. 

Having characterised residues that were exposed to the lipid phase, the results 

presented in Chapter five characterise the pore lining residues. The crystal structure of 

the closed channel shows that a hydrophobic constriction is formed by residue Val-21 

at the cytoplasmic side of TbMscL and that Thr-25 forms a partial occlusion (Chang 

et al., 1998). The fluorescence emission maxima for all mutants were shifted to longer 

wavelengths in relation to the lipid-exposed residues (Table 5.3.1) and so are assumed 

to line the pore, as in the crystal structure. This suggests that the structure of TbMscL 

in the crystal is the same as that in a lipid bilayer. MscS is partially open in the crystal 

structure (Bass et aI., 2002) thought to be a result of the crystals being in detergent, 

with lipids no longer present to keep the channel closed. This is therefore not the case 
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with TbMscL, the presence of lipids not being required to keep the channel in a closed 

state. 

Due to the tilt angle of TM1, pore-lining residues at the periplasmic side of TbMscL 

are closer to the fatty acyl chains than those residues on the cytoplasmic side of 

TbMscL and were quenched by brominated phospholipids to a greater extent than 

cytoplasmic residues, although overall levels were less than those observed for lipid 

exposed residues, as expected. The levels of quenching obtained for acrylarnide for all 

residues in TMI were not very informative as acrylamide appeared to be able to 

partition into the membrane, quenching residues with equal efficacy whether they 

were pore lining or lipid exposed. That the levels of fluorescence quenching by iodide 

observed for pore lining residues were slightly higher than those observed for the lipid 

exposed residues (Figure 5.3.3) suggests that water does penetrate down to T25W and 

that the channel of pore ofTbMscL must be quite hydrated even in the closed state. 

That mutation of pore lining residues located beneath T25 (A20, V22) to Trp resulted 

in gain-of-function mutants is consistent with previous observations (Anishkin et al., 

2005) that GOF mutations are centred at the pore constriction and that small amino 

acids are important in channel gating and maintaining close helix-helix contacts in 

this region of the protein. All three Trp mutants of TbMscL discussed in Chapter 6 

showed a distinct reduction in growth rate following induction of MscL expression 

indicating that those mutations produce a GOF phenotype that opens at very low or 

zero tension (Figure 6.3.1). Values for fluorescence emission maxima obtained (Table 

6.3.1) indicated that the Trp residues in all three GOF mutants were probably in a 

hydrophilic environment, in a location facing the channel pore. The levels of 

fluorescence quenching obtained for these mutants were very similar to the values 

obtained for the GOF mutant V21K:F80W, studied by Powl (Powl et aI., 2005a) 

adding weight to this suggestion. That T35W, at the periplasmic side of TbMscL, 

resulted in a GOF mutation can be attributed to alterations in helix-helix packing in 

this region of the protein, this mutation being located at the point where TMI and 

TM2 come together. 

The positive charge mutation V21K produces an open form of TbMscL (Powl et al., 

2005a). Trp mutants that displayed a normal phenotype were chosen to try to produce 
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Trp mutants of V21K to study properties of the open channel. However the protein 

failed to express at levels sufficient for purification. Small scale expression studies 

using gadolinium as a channel blocker were also tried (Figure 6.3.4) without success. 

The results presented in Chapter 7 look at the effects of changing lipid headgroup and 

lipid chain length on the fluorescence properties of TbMscL, previous studies 

suggesting significant changes in structure when the lipid headgroup structure was 

changed (Perozo et aI., 2002a;Elmore et al., 2003). Molecular dynamics simulations 

predicted changes in the conformation of TbMscL in PE compared to that in PC. It 

has also been shown that in thin bilayers, MscL is easier to open therefore 

conformational changes will be detected upon moving from a closed or intermediate 

state to an open state (Perozo et al., 2002a; Elmore et al., 2003). Fluorescence 

spectroscopy was used to detect any changes for TbMscL in bilayers of different lipid 

chain lengths and different lipid headgroups. The results presented indicated no 

significant change in structure when reconstituted into different fatty acyl chain length 

lipids or different headgroups (Tables 7.3.1 and 7.3.7). Explanations for this could be 

that conformational changes are restricted to small areas of the protein, in regions that 

were not chosen for Trp-scanning mutagenesis, or that changes were such that no 

change in Trp fluorescence could be detected. For example, rotation of a helix as in 

the model of Perozo et al. for channel opening (Perozo et al., 2002a), would only 

result in a change in Trp fluorescence if the rotation resulted in a large change in 

environmental polarity for the Trp residue. 

Membrane proteins, such as KcsA and rhodopsin, usually contain charged residues at 

the ends of transmembrane helices, anchoring the protein within the lipid bilayer and 

enabling charge interactions between the protein and lipids in the membrane. Previous 

experiments by Powl showed that strong binding of anionic phospholipids was 

observed on the cytoplasmic side of TbMscL, attributable to a cationic charge cluster 

(powl et al., 2005a). Results presented in Chapter 7 reported on whether there are 

distinct binding sites for anionic lipids on the periplasmic side of TbMscL (Table 

7.3.4). Results suggested that there was no specificity for binding of anionic lipids on 

the periplasmic side of TbMscL and that the selectivity for anionic lipids on the 
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cytoplasmic side of TbMscL, determined using I23W and F27W as reporters, were 

rather modest in comparison to the studies by Powl. 
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