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Summary

Bacterial mechanosensitive (MS) channels represent the most primitive form of MS
channels gating solely in response to changes in bilayer tension. The two main
families of bacterial MS channels are MscS and MscL. In concert these channels are
imperative to obviate the effects of toxic downshocks in external osmolarity. While
osmoprotection is the best characterised physiological role for these channels the
genetic diversity of this family hints at as yet undiscovered physiological functions.
This thesis explores one such possibility, showing that MscS expression provides a
selective advantage in the presence of cell wall attack with knockout E. coli strains of
MscS having increased susceptibility to cell wall targeting antibiotics. This thesis also
shows, using the Ca** sensitive photoprotein aequorin, that on gating these channels
become not only a gateway for solute efflux but also a conduit for ion entry. In
particular, influx of Ca®* may represent a physiologically relevant signal but more
importantly this finding may pave the way for a high-throughput screen for novel MS
channel activators which would be of potential value as lead compounds for
antibiotics. Furthermore, this thesis demonstrates that in the presence of divalent
cations (Ca®* & Ba®") MscS exhibits increased anion selectivity, rectification and eight
distinct long-lived subconducting states at hyperpolarising membrane potentials. In
an attempt to identify the structural basis of these subconducting states the first
single residue MscS mutants that display altered anion selectivity are reported. This
selectivity, in contrast to voltage-gated K*, Na* and Ca** channels, is not determined
by residues in the pore region but rather by charged residues in the cytoplasmic

domain and is likely conserved throughout the MscS family.
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Chapter 1: General introduabin



Chapter 1

1 Generalintroduction

1.1 lon channel background
lon chamels are integral membran@roteins which, to date; have been

identified in all domains of life (archaea, bacteria and eukarya). Their role in
higher organisms includes gema#ion and propagation of action potentials in
neurons, muscular contraction, neurotransmitter and hormone release and a
plethora of other processes ranging fnoproliferation to fertilisation(Darszon

et al., 1999, Ashcroft, 2000, Jentseh al., 2004, A&Z E} (S TiioU =tZ v[IC]
al., 2011). Their functional roles in bacteria and archaea,aire the main,
much less well understood. Despite this fact a large proportion of the
information we now possess about ion channels comes from bacteria and
archaea. In fact the Nobel Prize in Chemistry in 2003 was awarded jointly to
Z} @&] | D [I]vorstructural am mechanistic studies of ion channels”
This work included determination of the specific architecture of thehi&nnel
selectivity filter and mode of 'Kon conduction and was exclusively carried out
using channels of bacterial origin (KscA fr8treptomyes lividans(Doyleet

al., 1998) Numerous scientists over recent years have pointed out how ironic
it is that most of our knowledge about ion channels comes from bacteria

where we have little to no idea what functional role(s) they play.

The utilisaton of bacterial systems for the electrophysiological study of ion
channels presents many advantages but also a number of problems. To

appreciate these advantages and disadvantages we first need to have an
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understanding of bacterial physiology and in part&r the makeup of the

bacterial cell wall.

1.2 Bacterial cell physiology
The following description centresound the physiology oEscherichiaoli a

motile, facultative anaerobe which is part of tiiEnterobacteriacead¢amily.
This bacterium will beised throughout this thesis as a model systenhal$ a
characteristic rodeZ %o U}E% Z}0}PC Vv ]e pep 00C i ...u |

«iX6A ...u Jv A] 8zZX

Figure 1.1 lllustration of theE. colicell wall. The illustration shows the inner and
outer membrane separated by a mesh work of peptidoglycan that affords the
bacterial cell wall such strength.

This bacterium has long since been used as a model system in research due to

the ease with which it can bgrown and molecularly manipulated. It is
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classified as a gram negative bacterium and as such contains both an outer
and inner membrane separated by a mesh work of peptidoglycan as
illustrated in Figure 1.1Peptidoglycan consists of alternating residued\ef
acetylmuramic acid (NAM) andactetylglucosamine (NAQ@)ypaset al.,2010,
Typaset al.,2012) These polyaccharide chains are then crelasked via short
peptides (3- 5 amino acids in length) between NAM moieties, a process
catalysed by transpeptidaa }E& % v] ]Joo]v ]Jv JvP % E}S Jve ~W
meshwork of peptidoglycan, anchored to the outer membrane through
attachment to lipoproteins, which affords such strength to the bacterial cell
wall. Incorporation of peptidoglycan and the consequent giovef the
peptidoglycan sacculus is a dynamic process under strict cqiilyphset al.,

2012) This tight control is imperative in order to maintain normal cellular
morphology. Disruption of peptidoglycan synthesis and normal cell wall
turnover is achieed by vpu E}pe v3] ]}S-Jactam$Xal eénzymes
(lysozyme) resulting in a complex chain of events (Discussed further in chapter
6) that ultimately leads to lytic and/or nelytic cell death(Kohanskiet al.

2010)

The outer membrane is aogbly more complex than the inner one. The lipids
o]Jv]JvP §Z Jvv &E o (08§ & U ]Jv §8Z wu]JvU ZE& Pupo E|
facing the external environment are lipopolyshaddes (LPS) made up of the

glycolipid lipid A, O antigen and a core polysaccleaicomponent (Figure
1.1)XDelcour, 2009) The LPS constituent of the outer membrane acts as an

endotoxin and is extremely antigenic generating a concerted immune
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response. The negatively charged chains are stabilised by the binding of the

divalent cation<C&*and Md"™.

The outer membrane is also peppered with proteins including braun
lipoproteins (a centre for peptidoglycan attachment) and porins such as OmpC
and OmpF(Basleet al., 2004) Porins are trimeric proteins that span the
entirety of the outermembrane and are important in allowing molecules and
ions to pass through the outer membrane unhinder@@bsleet al., 2006,

Delcour, 2009)

The focus in this thesis is the inner membrane whick.iwolis composed of
three major phosphoplipids: Phosphatidylethanolamine (PE: #®8D%),
Phosphatidylglycerol (PG: #26%),and cardiolipin (CL: 80%) [cho and
Raetz, 1983Miyazakiet al., 1985, Dowhan, 1997)The resting membrane
potential (M, of E. colihas been estimated to be betweef40 and-200 mV
depending on which stage in the cell cycle the bacterium igBat and
Prodan, 2010Q)lt is, in the main, this large,Mhat drives ATP production via
membrane bound HATPaseg¢Dimroth et al.,2000). This inner membrane is
also littered with numerous Z vv o v SE Vve%}ES Es v ]|S[e $Z
particular that are the main foci of this thesis. The next section explores
arguably the best characterised channels that have been identifiéfl coli;

mechanosensitive (MS) channels.
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1.3E. colimechanosensitive channels
Currently sevemmechanosensitive channels have been identifiei.iwoli The

best characterised are MscL rpechansensitive channel of large
conductance), MscSngechanaensitive channel ofsmall conductance), MscK
(mechancaensitive channel t kallium) and MscM rhechanaensitive channel

of mini conductance). In addition, recent evidence points towards the
presence of an extra MscSlike mechanosensitive channels k. coli
membranes(Edwards & Booth, 201 Edward<t al.,2012). The exact genetic

origin of these channels is discussed in the following sections.

1.3.1History
The first report of such channels i coliwas in 1987 (Martinat al.,1987).

The report highlighted the presence of mechanosensitive channel tyatiMe.
coli spheroplasts with a conductance of ~1 nS. The following sentence is

present in the discussion:

"tZ Vv E o0 E %o < o0U 83Z % @E «*uE <« ve]3]A]SC

§Z Z vv o @larsnacet-al.,1987).

This is consistent ih activity from both MscK and MscS. We now know that
MscK is dependentv % E]% 0 *u] %dPInM9 Jand thatHiMscS has a
higher pressure threshold of activation and inactivates. This likely explains the
differences reported between NaCl and KOisussed in more detail in 1.3.4

and 1.3.5.
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Much of the early work relating to bacterial mechanosensitive channels
JUE S JVSEIA E<C v ]85 A ev[§ pvs]o 8Z o}v]vP
existence was made totally irrefutable. In fact, a paper publishe8cience
actually denounced the existence of any mechanosensitive channels inferring
that oo & A e u E oC &ES3]( 8V ~dZ]e ]s E-% v C |
Z Vv ou Zv}e ve]38]A]S3C J* v ES3]((Mérris@artéHsdriy € }E
1991). A propositim which was later, partly through the cloning of MscL, seen

to be totally falsqSukhare\et al.,1994)

1.3.2 Main physiologicalunction of bacterial MS channels
Mechanosensitive channelsi coli § ¢« Z u EP v C & «f P SAvP

in responsdo hypoosmotic down shock resulting in the release of osmotically
active solutes and a corresponding diminution of cellular turgor in turn
preventing cellular lysif_evinaet al., 1999, reviewed in Bootlet al., 2007)

On reduction of external osmolarity,O floods into the cell causing a rapid
rise in cell turgor. Left unchecked this rise in cell turgor could potentially result
in cellular lysis. As the cell turgor rises membrane tension increases which in
turn can directly gate mechanosensitive chann€lsannel gating then allows
osmotically active solutes {Kbetaine, proline and glutamate) to flood out of
the cell relieving the built up pressure preventing cellular Iylsesvinaet al.,
1999) While the exact mechanisms of osmoprotection are many\aded it

is clear hat on acute exposure to a hypsmotic environment

mechanosensitive channels have an imperative role to play.
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Figure 1.2 lllustration of the physiological role of bacterial MS channkigesponse

to a reduction in external osmoldy H,O floods into bacterial cellévia bacterial
aquaporins)resulting in swelling and a corresponding rise in cellular turgor and
membrane tension. This rise in membrane tension gates MS channels relieving this
pressure preventing cellular lysis (lefinel). In the absence of MS channels this rise

in membrane tension is left unchecked and results in cell lysis (right panel).

Initial investigation showed that single MS channel gene deletions give rise to
no noticeable phenotype. However, double knocteoaf mscLand yggB,the

MscS gene, give rise to a clone highly susceptible to hypoosmotic shock




Chapter 1

(Levina,et al., 1999). This susceptibility can be ameliorated by the insertion
and expression ofggBor mscLcontaining plasmids but not kefA,the gene
encoding MscK.

In addition halophilic marine bacteria such &brio alginolyticugNakanaru

et al., 1999)and Salinispora tropicgBucareyet al., 2012)which are usually
susceptible to lysis in low osmolariénvironmentsare also protected by the
expression of Mschomologues Furthermore the MscMike activity ofybdG
can alsoprovide someprotection to E. coli cells devoid of MscL and MscS
aganst minor hypoosmotic shocks (-@Osmut not larger shock$> 500

mOsm)(Stiumannet al.,2010).

This role in osmoregulation is the main physiological role described for
mechanosensitive channels but due to their ubiquitous nature and genetic
diversity especially the seeming redundancy of certain channels (i.e. MscK)
seems likely that they serve lzr yet undiscovered roles. One of the aims of

this thesis is to address this very point by testing the hypothesis that:

‘Mechanosensitivechannel expression provides a selective advantege
bacteria in the presence otell wall attack mediated by antiiics and

viCu »_

Bacteria often come into contact with compounds which compromise the
Jvs PE]SC }( §8Z 00 A ooX dzZ]e ]v-lagameantibi}ick} 3] * -
and enzymes such as lysozyme. While the mechanism of action of these

compounds is amplex they culminate in lytic and ndgtic forms of cell death
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(Kohansket al.,2010) The reduction in cell wall integrity makes lysis of the
inner membrane as a result of normal cellular turgor pressure more likely.
This hypothesis suggests that as tbell wall integrity is compromised the
tension in the inner membrane increases resulting in MS channel activation
which works to ameliorate this rise in tension thus preventing lysis. If this
hypothesis were correct then MS channel knockout strains wahdw
increased susceptibility to cell wall targeted antibiotics and enzymbs is

fully discussed ichapter 6

1.3.3MscL Structure and biophysical characteristics
MscL was the first bacterial MS channel to be cloned (Suktetral,, 1994)

and is argably the best characterised MS channdl is a norselective
channel which exhibits a linear current voltage relationship and a unitary
conductance of ~3 nFhe exact tension required to gate MscL is high and lies
immediately below the lytic limit of t cell membrane (Sukharext al., 1999,
Liuet al.,2009).TheE. coliMscL homologue is 136 amino aciddengthand

is likely arranged as a homopentamg(Folgeringet al., 2005) with each
monomer consisting of two transmembrane helicesmed TM1 and TM2
with both N and @ermini located on the cytoplasmic sid€he Ctermini are
arranged in r-helical bundleswhich are a conserved feature of MscL
homologuesand are reported to stabilise the open state (Anishlen al.,

2003).

The TM1 Blix from MscL lines the pore of the channel and shows relatively

high similarity with the pordining TM3 helix of MscS (Pivedt al.,2003).A

10
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huge amount of information about this channlehs beengleaned from the
crystal structure of theMycobacterium tuberculosidiscL homologue which
was solved t®.5 A resolutior(Changet al.,1998)(Figure 1.3 his structure is
assigned as the closed state and again points towards a pentameric
arrangement for MscL (Chareg al., 1998).In contrast he structure @ the
Staphalycoccus aureudscL homologue has also been published and
illustrates a tetramer rather than a pentamer (latial.,2009). As pointed out

by Liuet al., 2009 it is not unprecedented that related multimeric proteins
show different oligomerictsuctures between species. However, subsequent
work has shown, throughthe use of numerous techniqueghat the
Staphalycoccus aureldscL homologue is in fact a pentaniarvivoand that
detergent solubilisation can affect the stochiometoy membrane proteins
such as MsclDorwartet al., 2010). This study confirms that the detergent
used to solubilise MscL for therXy crystallographic work reported in Lat

al.,, 2009 results in a tetrameric arrangement rather than a pentameric
arrangenent. There is no crystal structure available for the open
conformation of MscL however there is a huge amount of information
regarding the open state which has been gained using molecular dynamic
simulations, fluorescence resonance energy transfer (FRETpnjunction

with confocal microscopy and electron paramagnetic resonance spectroscopy.
The first model developed by Sukharev and Guy (Sukhateal., 2001)

suggests gating requires only marginal TM1 rotation. Other work using EPR

11
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spectroscopy adds to th and sheds further light on the gating mechanism of

MscL (Perozet al.,2002).

Figure 1.3 Structure of the MscL homologue frdvh tuberculosis.(A) The structure

as viewed laterally, visible are the periplasmic loops or rim. Interestingly loss of
function mutants have been identified in this area for tBe coliMscL homologue
(Yoshimuraet al., 2004). (B) lllustration of a monomer from the penatmeric MscL
homologue fromM. tuberculosisshowing the two TM helices TM1 and TM2. TM1
lines the pore and theesidues highlighted (L17 and V21) correspond to those found
to be important for the hydrophobic constriction B. coliMscL (L19 and V23). (C)
Periplasmic view of th#®l. tuberculosisviscL homologue.

In this study there was a much larger rotation of T{#110°). The gating cycle
put forward by Perozet al.,2002is characterised by large rearrangements of
TM1 and TM2 and a massive change in channel aeary et al., 2010
estimate a much smaller rotation in TM1 akin to that reported by Sukherev
al., 2001 usingin silicosimulations and FRET confocal microscopymaAdels

involvethe transition into at least one intermediate stand mowement of a

12
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constriction point neaiG26 (Isclat al.,2004) This hydrophobic constriction
point also involves L1&8nd V23 (Owt al.,1998). One hypothesis in fact is that
the change in hydrophobicity of residues lining one of the TM1 helices drives
gating (Birkneret al., 2012). This constriction at the cytoplasmic side
Juu ] $ 0C % E]}E S} S ZhelicglByiies ean berweakened by
the introduction of hydrophilic residues at position G22 resulting in channels
that gate a lower pressures and some which even exhibit spontaneous
activity (i.e. G22E) (Yoshimuea al., 1999). The gating mechanism has been
described as iridike with the resulting opempore estimated to be between 25
t40 A (Cruickshangt al., 1997, Perozet al.,2002). Amazingl\efflux studies
using fluorescence have shown that molecules up to the size of 6.5 kDa can

move through the Mscbpen channel (van den Bogaattal.,2007).

In the case of bacterial mechanosensitive channigece is directly passed
from the lipid bilayer to channel. This is in part proven by the reconstitution of
channels such as MscL into liposomes and thentéte of pressure activated
channel characteristicS his fact is further supported by the observation that
amphipaths such as chlorpromazine (CPZ) and local anaesthethics (i.e.
procaine) can reduce the pressure thresholds of activation and cause
spontaneas activation of MS channels (Martinat al., 1990). In addition,
lyophosphatidylcholine (LPC) also increases the open probability of MS
channels by insertion into the lipid bilay@Perozoet al., 2002, Corryet al.,

2010, Graget al.,2011, Nomureet al., 2012) Despite this understanding the

exact interactions that mediate tension sensing are unknoMmowever some

13
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important residues in this process have been recently identified by ésah,

2011.

1.3.4 MscS: Structure and biophysiadiaracteristics
MscS isa homoheptameric protein with each monomer consisting of 286

amino acids. This 210 kDa protein, along with MscL, is imperativi. fooli
survival in the event of hymsmotic shock as previously discussed. MscS is
encoded for by tke yggBgene (Levinat al., 1999) and isextremely widely
studied a fact aided by the abundancestfuctural dataavailable The initial
crystallographic structuref MscS (PDB: 1MX{Bas<t al.,2002)was refined

to give (PDB: 20A($teinbacheset al.,2007)a structure whichwas thought

to illustrate MscS in the open state however since then the general consensus
has become that this structure represents a rmnductive state with the
pore area largely dehydrate(Anishkin and Sukharev, 2004, Sotomagod
Schulten, 2004) A number of years later the open structure was also

published (PDB: 2VV5)(Waeal.,2008).

The basic structure of MscS consistghwee transmembrane regions termed
TM1-3 which aresat at ~30° to verticahnd a large water filledytoplasmic
domain which comprises more than 60% of the whole prot@asset al.,
2002, Wanget al., 2008)(Figte 1.4. TM1 and TM2 are involved in tension
sensing and enable force to be transmitted to be pore lining TM3 helix which
is split into twoparts, TM3a and bSimulation studies have shown thato
leucine residues at positian1l05 and109 in TM3aare responsible for the

formationof Z A %o } p Batfevéntshydration of the pore and thus ion

14
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conduction (Anishkin and Sukharev, 2004, Sotyor and Schulten, 2004)
These residues are shown to protrude into the pore in the closed/non
conductive pore (PDB: 20AU) and are largely removed from16efpore in

the open s$ructure (PDB: 2VV5) (Figure EHows these residues in hot pink).

In addiion to this, a gain of function MscS mutant where L109 is substituted
for a hydrophilic serine residue increases hydration of the pore and is

extremely toxiovhen expressed i&. col(Miller et al.,2003).

TheTM3 helix then kinks around G113 anddeanto TM3b which runs almost
parallel with the bacterial inner membrane. The large cytoplasmic domain
which follows is made of almost solelysheet This structure is split into
three distinct structural parts; the- }u ]v U-domain andt-barrel (Bas®t

al., 2002). Most interestingly of all, the cytoplasmic vestibule is perforated by
8 portals. Seven of these perforations line the lateral wdllhe domain with

the last beingaligned coaxially with the transmembrane poréhe seven
lateral portals are-13A in diameter with the final pore being 8 A in diameter.
The cytoplasmic domain seems to be a dynamic structure that plays an active
role in gating. It may also play a role in selectivity (Discussed fully in following
paragraphs also see chapter b (Gamini et al.,, 2011). Evidence from
electrophysiology and cysteine craésking suggests that the cytoplasmic
domain volume changes significantly on gating (Milletr al., 2003b,
Grajkowskiet al., 2005). It may also impaain inactivation kinetics (Nomura

et al.,, 2008). These effects are likely brought about &y electrostatic

15
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interaction between the TMITM2 linker ad charged residues in thet-

domain (Nomuraet al.,2008).

Figure 1.4Basic structure of MscSA) Stucture of MscS in theopen state(PDB:
2VV5) with each of the seven monomers displayed as a different colour. (B) Structure
of one monomer of MscS from the open structure illustrating the TM2 and TM3
which lines the poréTM3 is split into TM3hght blueand TM3bdark blug. The two

pink coloured residues are L105 and L109 which form a hydrophobic lock preventing
ionic movement in the closed state as shown in (C). In the open state these leucine
residuesare withdrawn from the pore allowing hydratiowf the pore and thus
forming a wateffilled pathway for ions as shown in (D).

The mechanosensitivity of MscS is complex and involves multiple separate
processes at the molecular level. Firstly tension needs to be transmitted from
the bilayer to the TMATM2 region through this region and finally to the pore
where a conformational change is required to gate the channel. Important
residues for MscS mechanosensation include those identified by Noetura
al., 2006 via asparagine scanning mutagenesis (includByy 137, 148, A5],

F68 L55 L85 and L8/ Figure 1.5)
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Figure 1.5Mechanosensing residues in MscBhis diagram illustrates where in the
open and closed structusnf MscS the mechanosensing residues are situated. The
red residues are those identifieby Malcolmet al., 2011 and are more lipid facing
thanthose identified by Nomurat al.,2006(blue).

These residues are likely involved in gating i.e transmission of mechanical

force but as described by Malcolet al.,2011 may not interactlirectly with

the lipid environment.Malcolm et al., also used site directed mutagenesis
(mutations to alanine) and identifiedumerous residues which may interact

A13Z 8Z 0]%] VA]E}vu v8 v 8Zue }ve3]3us 3z Z
(L35, 139, L42, 143, N50, 178 and L82) or at least regions which directly interact

with the lipid membrangMalcolmet al.,2011) The tensiorthen seems to be
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transmitted from the TM3 facing F6&entified by Nomureet al., 2006, of

TM2 via interactions with L111 and L115 as serine mutations at any of these
points greatly increasethe pressure threshold for activatio(Belyyet al.,
2010) These LOF mutantgF68$ L111S and L115Salso exhibit much

stronger, fasteinactivation than the WT channéBelyyet al.,2010)

MscS mdergoes a reversible partial aridtal loss of sensitivity to presire.
These procesgs havebeen termed desensitisein (Maksaev and Haswell,
2011),adaptation (Koprowsket al., 2011), inactivation Akitakeet al., 2007,
Belyyet al.,2010) and a combination of both inactivation and desensitisation
(Akitakeet al., 2007). Desensitisation an@ddaptation refer to a situation in
which the channel requires a larger pressure stimulus to gate whereas
inactivation refers to a process whereby the channel becomes completely
refractory to pressure application (Akitaket al., 2007). The data
documenting inactivation is very compelling although the physiological
relevance of MscS inactivation is debatable. The main question arises from:

~NYA Alpo  Jv 81A §]}v v (18 Z vv o AZ}e $]1A 8
dissipates the only relevant physiological stinili_

This refersspecificallyto the slow kinetics oMscSinactivation. h comparison

to the physiological response to hypoosmotic downshadkch is rapid on
the low millisecond timescalaactivation takes much longgAkitakeet al.,
2007, Boeret al.,2011) The suggestion is that the slow inactivation kinetics
exhibited by MscS are there to preverdntinualMscSactivation in response

to low level hypoosmotic shoakiding the recovery procegBoeret al.,2011)
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The slow time frame also ensuréisat some channels are still primed and
ready should the cell then be subjected to a larger down shift in external
osmolarity (Boeret al., 2011). As a result it does seem thanactivation is

relevant to the physiological function of MscS.

At the molecular leel inactivation seems to be centred round the TM3 kink
that occurs at G113. Replacement of G113 with an amino acid of higher helical
propensityabolishesnactivation(Akitakeet al.,2007) This kink prevents the
interaction documented above between FGEM2) and L111/L115 (TM3)
resulting in a state totally refractory to pressure application. An important
interaction also seems to be present, to allow the kink at G113, between the
TM3b helix and cytoplasmic domain (Koprowskial., 2011). (For further
discussion surrounding the molecular basis of MscS inactivagenchapter

5).

The MscS gatingycleinvolves the sliding of the tightly packed TM helices
across each other. This is supported by the fact that bulky substitutions in the
TM3 helix resultin an increased pressure thresholir channel activation
(G101A, G104A, A106L, G10&Ad removal of bulkier side chains results in
channelswhich gate at lower pressuregA106G) Edwardset al., 2005). The
currentgatingmodel is one in whiclon applicaion of pressuréeTM1and TM2
move almost as one rigid paddle and rotate asltickwise. This rotation and
sliht downward incline in TM1sitransmitted to the TM3 helix which rotates

substantiallyand straightens, around the kink at G113, moving away fom
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the pore(Belyyet al.,2010) This movement removes L105 and L109 from the
pore allowing hydration of the pore and subsequent ion permeation (Vasquez

et al.,2008).

MscS exhibits a weak level of anionic selectivity wighPR values ranging
from 1.2 t 3 (Martinacet al.,1987, Let al.,2002, Sukharev, 2002, Sotomayor
et al.,2007, Edwardst al.,2008) This weak level of selectivity is discussed in
more detail in chapter 3The structural basis of this low level selectivis
unknown but seems not to be inferred by residues in the pore lihielix as
mutations in this regio do not effect selectivity (Edwards al., 2008). Thus
selectivity apparatus must be housed in the large cytoplasmic domain. It has
been shown thathe cytoplasmic domain fulfils a filter function (Ganenal.,
2011). This structure is supposed to enable balanced efflux of osmolytes
which the authors suggest minimises the likelihood of MscS activation
affecting membrane potential which as mentionecepiously is imperative for

H'-ATPase activitgDimrothet al.,2000).

Theinitial report of MscSactivity suggested it was voltage sensitive channel
(Martinacet al.,1987)however thisseems not be the casdata presented in
Akitakeet al.,2005 showshat MscS activation is not affected by voltage but
that inactivation isvoltagedependent When Basst al., 2002 reported the
first crystal structure of MscS they pointed towards three important charged

residues that may be involved woltage sensitivityarginine 46, 74 and 88It
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is possible that these charged residues are important for volaemendent

inactivation (Akitakest al.,2005).

1.3.5MscK Structure and biophysical characteristics
MscK is encoded for by the gekefAand was discovered during the search

for the genetic identity ofMscS channel conductance (Levieiaal., 1999).
MscK is made up of 1120 amino acids which makes it the largest MscS
paralogue found irkE. coli Previous work suggests that it has 11 TM domain
as opposed to the three seen in MscS (Mclaggaral., 2002). The major
extension in MscK is found in thetBrminal part with extra transmembrane
domains and a large region (~400 amino acids) purported to sit in the
periplasmic space (Mclaggeet al., 2002). It is the @erminal region that
shows the highest identity with MscS including the large cytoplasmic vestibule
(Levinaet al., 1999, Mclaggaret al., 2002). To complement this a truncated
version of MscK does infer protection to a double Msa® MscL mutant,
illustrating just how closely related thist€rminal portion is to MscS (Milleat

al., 2003b)

MscK exhibits almost identical conductance (~1 t@SMscS (Levinat al.,
1999), albeit slightly lower (Hurst al.,2009). However, despitiis similarity

in unitary conductance there are many features of its activity that distinguish
it from MscS. Firstly MscK gates at markedly lower membrane tensions than
MscS meaning that during electrophysiological inspection Eaf coli
spheroplasts theifst channel to gate in most cases is MscK (Martigiaal.,

1987, Hurskt al.,2009). In order for gating to be achieved MscK requires not
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only membrane tension but also large periplasmic concentrations of K i i
mM). This can be mimicked using NHDb" or C$ but not Li or Na (Liet al.,
2002). Furthermore, while MscK was initially suggested to be a cation specific
channel (Mclaggaet al.,2002) work has subsequently shown that it exhibits
very weak anion selectivity AP« = ~1.2)(Let al., 2002, even weaker than
MscS (B/Px = 1.2- 3)(Martinacet al., 1987, Liet al., 2002, Sotomayoet al.,
2007, Edwardst al., 2008). While MscK does exhibit some rectification at
negative pipette potentials it is much less marked than that demonstrated by

MscS (Lét al.,2002).

Physiologically it seems that MscK is not imperative for survival in acute
hypoosmotic shock. Exprasnm of thekefAgene alone cannot rescue a double
MS channel knockout mutant from hypoosmotic shock nor does ablation of
the kefA gene add to the susceptibility of a double knockout mutant to a
hypoosmotic shock (Leviret al., 1999). Instead MscK seemsyitay a role in
osmotic adaptation (Mclaggaet al., 2002). The reason for its potassium
dependenceandits structural basiss not at all understood and could well be

linked to its pimary function

MscKdoesNOTdisplayinactivation. The structural basiof this is purported

to be the replacement of a glutamate residue at the residue aligned with
G113 in MscS. The replacement of the glycine, which has low helical
propensity, fora glutamatein MscKis proposed to prevenany kink inthe

pore-lining helixmeaning that a tension insensitive configuration cannot be
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reached.This is supported by thedh of inactivation in MscS G113mutants

(Akitakeet al.,2007)

1.3.6MscM: Structure and biophysical characteristics
Relatively little is known about MscM comparison to its higher conducting

counterparts. In fact the genetic origin of thédectrophysiological activity is

still not completely known. Firstly a report in 2010 about a mutant product of
the geneybdG(V229A) was shown to have MsdlMe activty with a unitary
conductance of 35@00 pS (Schumaret al.,2010). Howeverother openings

in 4C mutants which were identical to that attributed tgbdGwere also
observed suggesting another similar channel or channels were present. This
resulted inthe conclusion thaybdGgave rise to MscMike activity but was

not the sole component ofthe MscM channel activity that had been
previously reported. This situation mirrors what was found on inspection of
MscS activity i.e. the isolation of two separagenes with similar unitary
conductance(yggBand kefA)(Levinaet al., 1999). More recently it has been
suggested that MscM activity is encoded for by the ggje®(Edwardset al.,
2012). This report shows an increase in MscM activity (=300 pS) in the
absence of all seven of the reporte@&. coliMS genes when a plasmid
containingyjeP was expressed. The two other characterised MscS channel

paralogues irk. colareybiO(~1 nSandynal (~100 pSjEdwardset al.,2012).

While MscL and MscS are two of theost widely studied mechanosensitive
channels MscM comparatively receives little research attention which is not

without reason. While MscL and MscS are, in concert, imperativé faroli
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survival in response to a reduction in external aganity (~600 n©Osm) MscM
is not (Levinaet al., 1999). Schumanet al., 2010 did however show a slight
(~30 %) increase in survival rate of double knockausdlL", yggB) E. coli
mutants on mild (~300nOsm) hypeosmotic shock (Schumaret al., 2010).
Furthermore MscMexhibits a relatively small conductance of XG0 pS and
its expression is low with only around-18% of spheroplasts giched
exhibiting MscM activity (Stokest al., 2003, Scumanet al.,2010) There is
also currently no crystal structure availabler fMscM and it exhibits low

sequence homology with MscS despite being part of the MscS super family.

1.3.7 Bacterial MS channel expression and distribution
Expression of MS channels seems to be, at least in part, under the control of

the stresssigma factor, RpoS (Stokes al, 2003). During the exponential
phase of growth MS channel expression is limitedwever on entry into
stationary phase MS channel expression increases (Stkak, 2003) This
enablesE. colicells to better repel anyoxic down shifts in environmental
osmolarity. In addition, growth in hyperosmotic media increases MS channel
expression through RpoS presumably in order that any reduction in external
osmolarity can be dealt with effectively. In agreement with this is the
observation that an 4 (E %#jdtant is more susceptible to hypoosmotic

downshock than WE. colicells (Stokest al.,2003).

There are various different reports for the exact number of MS channels
expressed in WE. colicells and as mentioned above thismber changes

depending on where in its life cycle the bacterium finds its self and also the
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media itp grown in. Electrophysiological estimation of channel numbers is
complicated by the necessary procedure to make bacteria amenable to
patching, i.e. gianspheroplast fomation (discussed in section },@and gives
rise to highly variable estimates from 5100 channels per cell for MscL and
much higher for MscS (Stokes al., 2003, Bialeck&ornalet al., 2012). A
radiolabelling study of MscL is in agreemeavith these estimates calculating
around 50 MscL channels per cell at any one time in stationary pBasdi
cells (Haset al.,1997). However quantitative western blots and fluorescence
microscopy measurements suggest that there may in fact be rmmaage
channels present than estimated from electrophysiological experiments
(BialeckaFornalet al.,2012). These experiments estimate there are between
300 t 1000 MscL channels per cell. This is a huge number of channels and
activation of a large cohort ofthis number, considering the unitary
conductance (~3 nS), would surely be extremely detrimental for the cell. This
raises an interesting question about the activity of all these channels. Recent
work suggests that MscL channels have an inherent abilitiprtian clusters
regardless of the membrane lipid composition (Gragfeal., 2011). This
opes EJvP ] §} E spo0S }( MOGHES UV ]]ES @Bo BE]EVE
seems not to be confined to MscL as clustering between MscS and MscL has
also recently ben shown (Nomuraet al., 2012). This process seems to
influence the mechanosensitive properties of MscS resulting in an increased
pressure threshold for activation (Nomue& al.,2012). Taking into account all

of this data there does seem to be a phys@gtal role and relevance for
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clustering of MS channels in bacteria, allowing large cohorts of channels to be
present (> 100) but preventing all channels from opening in concert. This
would mean physiologically that many channels are available to act ifatiee

of hypoosmotic downshock but that clustering prevents all of the channels

from opening at once.

Interestingly in addition to clustering it has also been shown, for both MscL
and MscS, that cellular distribution is not uniform and is highest at e

of the cell (Romantsoet al., 2010, Grageet al.,2011). In the case of MscS
this is driven in part by the phospholipid cardiolipin. The exact physiological

reason, if any, for this is to date unknown.

1.3.8 Bacterial MS channel homologues
MscL and MscS homologues are ubiquitously expressed throughout the three

domains of life. Interestingly no homologous proteins have been identified in
the human genome. The MscL family is not quite as large as the MscS family
but homologues can still be émd in fungj archaea and both Graipositive

and Gramnegative bacteria(Pivetti et al., 2003) This includes many
pathogenic microbes such ddycobacterium tuberculosisStaphylococcus
aureus Streptococcus pneumonia and Pseudomonas aerugif@isanget al.,

1998, Pivetti et al., 2003 Liuet al., 2009. The MscSsuperfamily is much
larger and can be broadly divided into the smaller MioS proteins and
larger MscKike proteins. These proteins can be found in archaea (Kloda and
Martinac, 2001), bacteai (Martinacet al., 1987, Borngeret al., 2010) plants

(Gensen and Haswell, 2012), yeast and protists (Nakagamla 2007). Again
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many of these organisms are pathogenic includingibrio cholera,
Pseudomonas aeruginosand Helicobacter pyloriThe ubiquitous expression

of these proteins in many pathogenic microbes and the lack of any kind of
human homologues makes these proteins attractive antibiotic targets. Their

utility in this setting is discussed in the following section.

1.3.9Bacterial MS channel utility
Bacterial MSchannels arein essencelarge waterfilled pores sensitive to

mechanical stimuli. Gating of bacterial MS channels imposes ar@tgbolic
strain on bacteriakcells In the case of MscL opening results in the loks
many precious intracellular solutes and likely impacts on membrane potential,
the major driver for ATP synthesiPimroth et al., 2000). While gating of
MscS is proposed not to impact on membrane potentahminiet al., 2011)

it still results in theloss of many intracellular solutes such dstlikat the
bacterium spends large amounts of energy collecting from its environment
Taking into account their ubiquitous expression and lack of human
homologues targeting MS channels seems like an attractive target for
antibiotic development. Any compound that could cause continual MS
channel activation would likely impair bacterial gith much in the same way
that MS channel GOF mutants do when expresseB. inoli examples being
the MscL mutant G22Bnd the MscS mutant L109& oshimura et al., 1999,

Miller et al.,2003b).
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Figure 1.4 Interesting uses of bacterial MS chann@iS chanels can be used as
basic models for mechanosensing. They also represent a novel antibiotic target and
can be utilised in sustained release drug delivesesys.

Some antimicrobials may already work in this fashion for example parabens
which are widelyused preservativesgre known to activate MS channels and
this may n part account for theiantimicrobial activity (Nguyeet al., 2005).

In addition to this, gating of a large pore like MscL which has the ability to
allow molecules up to and includingé size of insulif G.5 kDathrough may

also be beneficial in aiding entry of other antimicrobials that require access to
the bacterial intracellular compartmentsuch as tetracyclines(i.e.
oxytetracycline)or macrolides(i.e. erythromycin) (van demogaartet al.,
2007) The fact that MscL can allow large molecules to pass through has also
been looked at from the point of view of sustained drug delivery systanas

nano-devices (Koceet al., 2005,Koceret al., 2006, Yang and Blount, 2011)

28



Chapter 1

Incorpomation of MscL into liposomes containing drug molecules enables
sustained or prolonged release and protection of the drug molecule from the
harsh conditions in the stomach. The isgsben becomes what stimuli to use

to gate the channel to allow drug efflux@ne idea has been to modify the
channel so it gates in response to changes in pH (Kaical, 2006). Another

idea would be to use a spontaneously active MscL mutant such as G22E

(Yoshimureet al.,1999, Petrowt al.,2011).

So far the discussion hasnteed round solute efflux howeverhe fact that
these channels have pores with such wide diameters (MscL ~#MséS ~16
A) raises the question can ions or solutes permeate into the cell when they

are open and not just out?

1.4 C&* regulation bacteria
Cd"is a universal signalling messenger and regulator in eukaryotic systems. It

plays a central role in muscle contraction, exocytosis of neurotransmitters and
hence nerve conduction, fertilisation, proliferation and many other processes
(Campbell, 1983). dwvever microbiologists have found it more difficult to
pinpoint specific roles for Gain bacteria. The first majoimdicator of an
important role for C&' in bacteria came from the observatidghat bacteria,

like eukaryotes, keepntracellular C& A EC o}A ~G iii vDs~' vP}o
Rosen, 1987, Knigkt al.,1991, Watkingt al.,1995, Tisa and Adler, 1995). In
addition to keeping Glow in the cytosol evidence also points to differential
regulation in the periplasm (Jonex al., 2002).In fact Dbneset al., 2002

demonstrate using periplasmargeted expression of the photoprotein
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aequorinthat C&* was at least three fold higher in the periplasm than the
external environment (Jonest al., 2002). From this we can suggest that the
periplasm may acas a calcium stofsink with its own distinct C& regulation
mechanisms.In order to keep C4 this low Jv §Z ( }( ...D }E
periplasmic or external Gathere must be mechanisspresent that can
remove C& from the cytoplasm. These ATP driven tramsprs or
exchangers however are yet to be identifiebwo candidate genesnclude
chaA a putative C&-H'" exchanger andrbG a putative C&£*-Na" exchanger
although neither seemd to affect C&" efflux under the experimental
conditions used in Naseeet al., 2009. This is despite the fact thgiH and
monovalent cationsire knownto regulate intracellular Gain E. coliNaseem

et al.,2008) The only gene which was shown to definitively impaif*@&lux
wasatpDwhich forms part of the § ATPas€Naseenet al.,2009)leading to

the assumption that Caefflux is ATP dependent.

Just as lite is known about Cainflux mechanisms in bactetiduch interest
surrounded the discovery of a neroteinaceous channel made from
polyhydroxybutyrate and pgphosphate that showed selectivity for divalent
cations (~100 pS) however activity of this channelivoor a physiological
role have not been forthcoming (Das al.,1997). Despite information lacking
about specific G transport systems the number dfacterial proteins that
interact with C&" has grown(Zhouet al., 2006). ® too has the number of
Cd*-dependent physiological processeim bacteria One of the first

physiological processes associated witlf*@a live bacteriawas chemotaxis
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(Tisa andAdler, 1992). Other processes affected includeell division,
differentiation, sporulation andyene transcription with over 100 genes being
influenced by C# levels (Naseeret al.,2009YReviewed in Norriet al., 1996,
Dominguez, 2004)in summary althogh little is knownabout specific C&
transport mechanisms it seems clear that’Oa an important regulator and

signalling agent in bacteria.

The following section dtsisses how, if at all, bacterial MS channels rafégct

intracellular C&'.

1.4.1 Bacterial Mechanosensitive channels in €aegulation
While MscL has been implicated in’Cenovement in the cyanobacterium

Synechocystig seems unlikely thakE. coliMscLor any MS channel plays an
integral role in CH regulation in bactéa (Nazarenkoet al., 2003). In fact it
has been shown that Gaefflux isunaffected bysingle knockouts oE. coli
MscL, MscS and MsdKlaseemet al., 2009). This is unsurprising asder
normal conditions MS channels will be tightly closed to preventuamwanted
ionic movement that would impact on bacterial ionic homeostasis. However
in the event that an MS channel opens, which in the case of Mds& and
MscM is well below the lytic limit of bacterial cells, it becomes not only a
pathway for osmolytesfflux but alsgpotentiallya conduit for ion influxThis is
particularly relevant for G4 as not only the concentration but also the
membrane potential will drive Gainflux. The question then becomesn a
counter current of ions, especially €alue to the large electrochemical

gradient, enter the cell against ion efflux? And under what conditions can this
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occur? It would also thus be interesting to speculate that such a movement
however small may then provide a signal affecting gene expression t&impro
function. This thesis aims to look at the?Cpermeability of MS channels and
also to see whether Ghpermeates through MS channeits vivousing the
Cd"* sensitive photoprotein aequori@For further information about aequorin

see chapter B

1.5 Introduction to methods
Bacteria are themselves not amenable to gratlamp analysis. Both their size

and cell wall precludes the possibility of achieving a giga seal. So intorder
study bacterial MS channels electrophysiologicatind look at C#
permeability one of two techniqueswill be used. Either channelsvill be
expressed and purified then reconstituted in liposomes prior to patching or
bacterial cellswill be exposed to a protocol that results in the formation of
giant spheroplastsBoth have advantages and draw backs and both have been
used extensively to study this family of channels in particular MscL and MscS.
The first technique used to study these channels was giant spheroplast
formation (Martinac et al., 1987)X dZ]es uS]o] - lactadhZantibiotic

%Z o £]Jv S} (J&u o}vP § (Jo u vS}tpue S E] § CEu
enzyme lysozyme that cleaves the peptidoglycan rich cell wall. On clipping of
peptidoglycan bonds the bacteria swell as they lose cell wall integrity and
eventuallyall of the outer membrane and cell wall are stripped away leaving a
Zvp [Jvv E uu EvVv Vv Vv }i S lampaecallédafants Z

spheroplast.This thesis aims to employ both of these methods to look into
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whether C&" permeates through MS chaels and how, if at all, the
biophysical characteristics of these channels are affected in the presence of

C&"and other divalent cations (i.e. B

1.6 Thesis hypotheses and aims
The overarching aim of this thesis is to definitively sho# farmeation via

bacterial MS channelsThis includes investigating whether MS channel
biophysical characteristics and behaviour are affected by divalent cations such
as C4". In addition,the C&" sensitive photoprotein will be used to probe any
potential C&" movementin vivovia MS channels. And finally on top of these
biophysical questions this thesis aims to test whether MS channels have a
physiological role ding periods of cell wall stress for example as a result of

antibiotic exposureThe specific aimga as follows:

Definitively show C& permeation through mechanosensitive

channels

- Investigate MS channel behaviour in the presenc&€df and
other divalentcations

- Determine whether Cd can permeate through MS channéfs
vivousing the C# sensitive photoprotein aequorin

- Test the hypothesis that MS channel expression provides a

selective advantage td. coliin the presence of cell wall

targeting antibiotics and enzymes
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Chapter 2: Materials and methods
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2 Materials and Methods

2.1 Reagents
All reagents were analytical grade and purchased from Sigma Aldrich unless

otherwise stated.

2.2 Bacterial strains
The genotypic details of strains used within thiesis are shown in the

following tables (Table 2.1 & Table 2.2)

Strain Genotype details Reference

FRAGL F,lacZz8%Am), ., rha-4, thi-1, gal-33 (Epstein  and
Kim, 1971)

MJF453 FRAGL, 4nscL::m, &efA::kan (Levinaet al,
1999)

MJF465 FRAGL, &efA::kan,4nscL::m, 4/ggB (Levinaet al,
1999)

Table 2.1. Genotypic details of multiple MS channel knockouts and their
corresponding parent strain.

Strain Genotype details

BW25113 4araDaraB567, 4acz4787(:rrnBB), ,, rphil,
4rhaDrhaB)568, hsdR514

4/ggB BW25113,4/ggB::kan

4mscL BW25113,4nscL::kan

KefA BW25113,&efA::kan

Table 22. Genotypic details ofsingle MS channel knockoutsfrom the Keio
collectionand theircorrespondingparent strain.

Cm t ChloramphenicoKan t Kanamycir(Tocris)
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2.3 Bacterial culture
All E. colistrains were cultured with agitation at 37 °C in LysogBroth (LB)

media (1 % Tryptone (w/v); 0.5 % Yeast extract (w/v), 0.5 % NaCl (w/v)).
Bacterial culture ingredients (Tryptone & yeast extract) were purchased from

Oxoid via Fisher Scientific.

2.4 Bacterial transformation

2.4.1Production of competent cells
Competent cells were generated using the following protocol. One single

colony was selected and grown oveaght in LB medium at 37 °C addx g

The following day 300 ul of overnight culture was added to 15ml of LB in a
100 ml flask and grown to an @g= 0.4. The cells were theeft on ice for 5
minutes. e cells werghen centrifuged at 200x gfor 5 minutes a4 °C. The
supernatant wasliscarded and the pellet resuspended on ice in 3.75 ml of ice
cold 0.1 M MgGlI The resulting solution was thexentrifuged at 200 x gfor

10 minutes at 4 °C. The bacterial pellet was then resuspended on ice in 750 pl
of ice cold 0.1 M CaClAn additional 6.75 ml of ice cold 0.1 M Gais then
added and left on ice for 30 minutes. The cells were then centrigii@d 00 x

g for 10 minutes at 4 °C once agailhe resulting pellet wagsuspended in

50 pl of 0.085 M Caglh 15% glycerol and frozen on dry ice and storeeBat

°C.

2.4.2 Transformation

Competent cells were removed fror80 °C and put orce. 50 pl of cells were
added to a chilled 0.5 ml Eppendorf tube usinglleti pipette tips.2 ul of

plasmid was addedo the cellsand then tubes were placed on ice for 20
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minutes. Following this cells were heat shocked at exactly 42°C for 50 seconds
and returred to ice for a further 2 minutes. To this mixture 450 pl of SOC
(Super optimal broth with atabolite repressionjnedium was added and the
resultant mixture was inculiad for 1.5 hours at 37 °C and 100.xT¢en using

a sterile spreader50 pl was spread o LB agar plates containing the
relevant antibiotic. Inverted plates were incubated over night and then stored

in the fridge at 4 °C wrapped in parafilm.

2.4.3Plasmid Isolation and Purification
This procedure was undertaken in accordance with the guol set out by

Qiagen using the QIAprep Spin Maxiprep Kit (QiagEmg. same procedure
was used for all plasmids used in this thesis [Pmmbé&é&dtiorin (plasmid

map available in chapter 3) , pQE60_Lacl MscS, pQE60 Lacl MscS E187R,
PQE6O_Lacl MscS_E227A @QE60 Lacl_MscL (basic plasmid map shown in
section 2.6.1)]Individual colonies were inoculated into 10 ml of LB containing
100 pg.mt* of carbenicillin or kanamycin (depending on plasmid) and grown
overnight at 37 °C and00 x g Bacterial cells werghen harvesed by
centrifugation at 2500 x &pr 15 minutes. The supernatant was removed and
the pellet fully resuspended in 10 ml of buffer P1 (50 mM TSI, pH 8.0; 10

mM EDTA; 100 ug/ml RNase). The resultant mixture was lysed with 10ml of
buffer P2 0.2 M NaOH; 1% SDS) by gentle mixing and incubated at room
temperature for 5 minutes10 ml of chilled buffer P3 (3 M KAc, pH 5.5) was
gently mixed in and incubated on ice for 20 minutes. The resultaniuneixs

centrifuged at 15500 x tpr 30 minutes a¥4°C. The supernatant is removed
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and centrifuged again at 20000 x g for 15 minutes at 4 °C. A Qiggisrthen
equilibrated via the addition of 10 ml of buffer QBT (750 mM NaCl; 50 mM
MOPS, pH 7.0; 15% isopropanol (v/v); 0.15% Tritorl®0X(v/Vv)). The
supernatant was then removed from the centrifuge and added to the Qiagen
tip and allowed to enter the resin by gravity flow. After full elution of the
supernatant 2 x 30 ml of buffer QC (1 M NaCl; 50 mM MOPS, pH 7.0; 15%
isopropanol (v/v)) was added and agallowed to move through the tip via
gravity flow. The DNA was then eluted using 15 ml of buffer QF (1.25 M NaCl;
50 mM TrisHCI, pH 8.5; 15% isopropanol (v/v)) and collected in a 50 ml

propylene centrifuge tube.

The next step was precipitation of thBNA. This was achieved via the
addition of 10.5 ml ofisopropanol. Once mixed the soioh was centrifuged
at 13000 x gfor 30 minutes at 4 °C. The supernatantsxkecanted and the
pellet washed with 5 ml of room temperature 70 % atiol and centrifuged
again at 1900 x gfor 10 minutes. The supernatant was then carefully
decanted and the pellet was aiiried for 5- 10 minutes. Tie resulting DNA
sample wasesuspended in 200 pul of buffer TE (10 mM-H®I, pH 8.0; 1 mM

EDTA) and stored a20 °C.

2.5Formation of gant E. colispheroplasts
A single colony dE. coliwas inoculated into 10 ml of LB broth containing the

antibiotic corresponding to the relevant resistance gene in the inserted
plasmid (if present) and grown overnight at 37ifi@n orbital shker at 100 x

g. The next morning 100 ul of cells were transferred into 10 ml of LB broth
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and grown to mid log phase @@= 0.4. At this point 3 ml of the broth was
added to 27 ml of LB broth in a 250 ml flask and 180 pl of cephalexin (10
mg.mi*) was addd to obtain a final concentration of 60 pg.miThe bacteria
were then incubated for a period of bgeen 2- 3 hours at 37 °C and)@ x g

in order to form filaments between 50100 um in length. After incubation 1

ml of the solution was transferred to dppendorf tube andentrifuged forl

min at 1200 x gThe supernatant was then removed and replaced with 500 pl
of 0.8 M sucrose, the pellet was NOT resuspended and was incubated at room
temperature for 1 minute. The supernatant was removed and discaedet

the pellet resuspended with 500 pl of 0.8 M sucrose. The following solutions

were then added to the plasmolysed cells in a stepwise manner:

() ifAi ...o }( 1A -4IOL,pEEY KOH
(i) it ..o }( ftuyozyme (chicken egg white)
i) 11 ..o }( A'DRaselo

(v) 6 ..o }( TAT uD d U %, 6 <K,

Subsequently the cells were incubated at room temperature for between 5
10 minutes. A 5 pl sample was taken to monitor the process via phase
contrast microscopy. Finally the stop solution (10 mM Mg0d mM TRIS
HCI, 1 8; 800 mM Sucrose) was added and the final mixture incubated on ice
for 4 minutes. Spheroplasts were either used for immediate

electrophysiological study or stored &0 °C. Spheroplasts were stable-20
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°C for up to 2 months with no difference in cimel activity or seal formation

observed over this period as previously repor{dtartinacet al., 1987).

2.6 Reconstitution of bacterial MS channels into Liposomes

2.6.1 Protein expression and purification
The M15E. coliexpression strain astransformed with separate pQE@Gacl

vectors (plasmid map shown below) containing the relevantlémgth caling

sequence (}& De > v De ™ }v § C WE}( }E]s D ES]v
protein had a 6is tag to aid in purificationThis pQE6MscS plasmid was

used to carry out site directed mutagenesis (For further information see

chapter 5).

One single colon of transformed MI15E. coli (expression strain) was
ino no $ Jv3} ii uo > AJl%ampitillin.ai Hrown overnight at 37

°C and 100 x.drhe next morning the overnight culture was added to 1 L of
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(E <z > }v§ ]v]vP ampicilinPaXdiioubatedat 37 °C and 50 xig

an orbital shaker. The culture was grown to an OD of ~1 which took
approximatelythree hours. The culture was then removed from the incubator
and left at room temperature for 15 minutes while the incubator was set to
25 °C. © induce expression of the channels the culture was then
supplemented with IPTG to a final concentration of 0.8 mM and glycerol to
final concentration of 0.4%rlhis resulting culture wascubated at 25 °C for
four hoursat 50 x g The cells wergelletedat 8900 x dor 10 minutes at 4 °C

in a Beckman optima centrifuge (Beckman Coulter) and the supernatant
discarded. The pellets wergently resuspended in phosphate buffered saline
(PBS) pH 7.5 supplemented with 1 mM phenylmethanesulfdludride
(PMSF), a generic protease inhibitor, using a fine tipped paint brush. The
E spuos]vP 00 ep*% Ve]}v A ¢ ep% %0 u V3 Alsz
disrupted using a Thermo electron BA8AE French press (Thermo electron
Corp.). The resulting sample wen stored at-20 °C until the following day.
The samples were thawed the next morning using tepid tap water and the
resulting suspension was pelleted at 8900 fog 22 minutes. This step is to
pellet unbroken cells and inclusion bodies leaving membianotein
complexes in the supernatant. Next the membrgm®tein complexes were
pelleted in an Optima LE Beckman Coulter ultraciige (Beckman Coulter)

at 22500 x dor 170 minutes at 4 °C. The pellet was then resuspended in 5ml
solubilisation buffer cosisting of PBS pH 7.5 containing 10% glycerol, 1 mM

PMSF and 10 mM-dodecyl maltoside (DDM) and then topped up to 50 ml
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and placed on a rocker at 4 °C overnight. The next morningdneple was
centrifuged at 1900 x gfor 15 minutes at 4 °C. The superaat was then
mixed with Talon metal affinity resin (Clontech)(2 ml per 1 L supernatant) for
3 hours at 4 °C on a rockdre talon metal affinity resin is highly selective for
histagged proteins. In this thesis 6%s tags were used for WWMIscS, MscS
mutant channels and WAMscL.The incubated resin was then poured into-PD
10 desalting column (Amersham) and allowed to settle prior to removal of the
bottom cap.The column was washed through first with 20 ml of PBS pH 7.5
supplemented with 1 mM DDM and 10¢tycero| and then with 20 ml of PBS
pH 6 supplemented with 1 mM DDM, 10 % glycerol anehNd imidazole.
During this stage proteins not of interest are run through the coluEintion

of the target channel proteinwas carried out usingSml of PBS pH 6
suppemented 1 mm DDM, 10 % glycerol and 500 mM imidazolée
imidazole has higher affinity for the resin than the-tagged channel protein
and thus drives the protein from the column.The solution was then
concentrated to around 1 ml using a 100 kDa UltEacentrifugal filter device
(Millipore). This was carried ousing a bench top centrifuge at 1100 »agd

4 °C for 15 minutes. The final concentrated protein solution was kept at 4 °C
prior to use. The wild type MscS used in this thesis was donated éy th

Martinac laboratory.

2.6.2 Protein quantification
The Bicinchoninic acid (BCA) assay kit (Sigma) was used to quantify the

amount of purified MscS protein in each sample. The standard protein used in
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this protocol was bovine serum albumin (BSA)(steolution 10 mg.mt).

Dilution of this stock solution was carried out to give concentrations of 8, 4, 2,

fU IXAU IXTA v TXHeisalut®Xsueere placed in a 96 well plate in
SE]%o0] § ~ii ..o*X /v 181}v A ...o }( SB pla&xed" % E}S
into the same 96 well plate in triplicate. One part BCA protein assay reagent B
(Copper Il Sulphate pentahydrate 4 % solution) was added to 50 parts BCA

%o E}S Jv e« C E P vSs ~1]1v Z}v]v] ] *}ousS]}vU %o,
the resulting mxture was added to each well of the 96 well plate. The plate

was covered with aluminium foil and placed in a shallow water bath at 37 °C

for 30 minutes. The absorbance at 540 nm was then measured using an
microtitre (MT) plate reader. The corresponding absance of each
concentration of BSA solution was then used to construct a standard curve

and the equation of the line was used to calculate the concentration of

protein in each MscS protein sample.

2.6.3Protein incorporation into liposomes and liposom@ermation
Liposomes were formed by the dehydratioshydration method(Haseet al.,,

1995) Soyabeanazolectin was chosen as the lipid vehicle for channel
reconstitution as MS channels have been extensively studied in this system
and it is comparatively cheap\zolectin is comprised d?hosphatidylcholine
(PC: ~33%)yhosphatidylethanolamingPE: ~33%and Phosphatidylinositol

(PI: ~33%)While the lipid composition of azolectin is not identical to that of

the bacterial inner membrane (see chapter 3), this is not a huge problem in
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this study as the parameters being studied are largely lipid composition

independent.

A 20 ml glass test tube was washed thoroughly with double distilled water
and dried using continuous nitrogen flow and 20 mg of azolectin added. The
azolectin was thensuspendedin around 1 ml of chloroform. After full
dissolution the chlooform was blown off gently using a slow nitrogen flow
while rotating the glass test tuheesulting in an even coating of azolectin on
the bottom of the tube. The azolectin wadissolved in 2ml of dehydratien
rehydration (DR) buffer (200 mM KCI, 5 mM HEPE pH 7.4, KOH). The
azolectin DR buffer mix was then vortexed using a rotamixer Avixgex
(HTZ) and placed in a Branson 200 bath sonicator (Emerson Industrial
Automation) for 30 minutes. The resulting setransparent emulsion was

U Jv 111 iquats, to 15 ml plastic tubes. The re#nt amount of
protein wasadded and diluted to 3 ml using DR buffer. The resulting mixture
was incubated in a cold room at 2 8 °C for one hour. After this
approximately25 g of SM2 adsorbent Biobeads (BRad) wee added to
each plastic tube and incubated again in a cold room a82°C this time for
three hours.The Biobeads enable the removal of detergent, in this case DDM,
which can damage the protein and have other deleterious effects during
electrophysiologial experimentationFollowing this incubation the samples
were centrifuged in an Optima LE Beckman Coulter ultraifege (Beckman
Coulter) at 22500 x fpr 40 minutes at 4 °C. The pellet was then resuspended

Jv ii ...o }( *u% EV S vS Vveamndadss coderdip. Theocoverslips
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were placed into a glass dessicator and left for at least six hours but usually
JA Ev]PZ8X dZ v £5 u}EV]VP « u%o « A E E ZC E §

and left for at least 2 hours before patching.

2.7 Electrophysidogy

2.7.1Electrophysiological equipment
The electrophysiological experiments undertaken in this thesis were carried

out in both Cardiff University, Cardiff, UK and The Victor Chang Cardiac
Research Institute, Sydney, Australia.

Cardiff: An FV converteramplifying headstage (Axon instruments) mounted
on a three dimensional hydraulic micromanipulator (Narashige) was
connected to a silver chloride recording wire. Negative pressure applied via a
syringe to activate MS channels was monitored via a piezoalegtessure
transducer (Thermosense) linked to Dempster WinEDR software. An OX722
oscilloscope (ITT Instruments) was used to visualise electrical activity with
signals amplified by an Axopatch 1D amplifier (Axon instruments). Signals
were also filtered bya four pole Bessel filter and subsequently digitised by a
12-bit AD converter (Axon Instrumentahd sampled at 5 20 kHz Recording
electrodes were pulled from borosilicate glass capillaries (Harvard aparatu
with an inside diameter of 0.86 mm, usireg DMZUniversal puller (Zeitz
Instruments GmbH). The resulting microelectrodggically had resistances
ranging from 2t 6 D @hen filled with KCI recording solutionSingle

channel analysis was done using WIinEDR software (Strathclyde University).
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SYDNEYBorosilicate glass microelectrodes were formed from borosilicate
glass capillaries Dfummond Scientific C9., using a FlamirBrown
pipette puller (P-87, Sutter Instruments Co.,JThe resulting microelectrodes
typicallyhad resistances ranging frotnt 6 D ®hen filled with KCI recording
solutions MS channel activity subsequent to negative pressure application
monitored via a piezoelectric pressure transdu¢®mega Engineeringyas
recorded using an Axon 1D patclamp amplifier (Axon Instrumentgt a
sampling rate of 10 kHz and filtered akHz. Single channel analysis was done

using pPCLAMP10 software (Axon Instruments).

2.7.2Patchclamp method: Spheroplasts
A solution of spheroplasts was thawed prior to patching with 1 pl then being

added to 500 pl of recording solution inside a recording chamber. The
recording chamber was then transferred to the stage of a Nikon inverted
microscope (Nin). The spheroplasts weraspected at 400x magnification

to identify large enough specimens for patchi#grecording electrode was
backfilled with a suitable solution and placed over the silver chloride
recording wire and screwed into place. On insertion of the electrode tip into
the recording solution a large amount of positive pressure (~100 mmHg) was
applied to prevent debris (from lysed spheroplasts) occluding the electrode
tip. Also any junction potential that formed was negated manually using the
DC offset on the amplifier. The recording electrode tip was then advanced
towards the spheroplasts once thdeetrode tip was close enough to the

spheroplast and before the positive pressure resulted in any movement of the
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spheroplast the positive pressure was removed. The electrode tip was then
moved towards the membrane of the spheroplast and a mild negative
pressure was applied (~20 mmHg). In order for a seal to form prolonged
periods (up to 45 minutes) of mild negative pressure were required. In
addition, a holding potential of around + 30 mV also seemed to aid seal

formation. Giga ohm seal formation took beten 5 and 50 minutes.

2.7.3Patchclamp method: Liposomes
v 0]<pu}8 }( 3Z 0]%l}elu % E % E 3]}v ~i Roe A »

solution in the recording chamber. The resulting unilamellar blisters that
formed on the bottom of the recaling chamier were used to record

channels in the excised insideit configuration at room temperature.

2.8 Measuring bacterial growth using a Microtitre plate reader.
One single colony d&. coliwas inoculated into 10 ml of LB broth and grown

overnightat 37 °C ad 100 x gA 96 well plate was then covered with a plastic
coating and air holes were made for each corresponding well using a sterilised
needle tip. The coating was then removed and 190 pl LB was placed in each
well. Subsequently test compounds were added a triplicate of wells
including the addition of vehicle controls. Each well had 2 pl of test compound
added resulting in a 100 fold dilution to the concentration of interest. Once
this had been completedLO pl of cells were added to the relevant wedisd

the plastic coating was replaced. As a result each well had exactly the same

volume. The BeetLambert law states that the absorbance is proportional to
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the path length as shown below which is the reason for keeping the volumes

the same.

A - absorbance/ light scattering
X- molar absorptivity.
b - path length of the sample.

c - concentration of the compound in solution.

The Microtitre plate was then placed into the reader and the optical density
at 590 nm (OB, which is proportional to cell number) was measured and
recorded by the Microtitre plate reader software. The following program

cycle was used,;

1. 10 seconds shaking at 37 °C and 100 x g

2. OD reading at 590 nm.

3. 15 minutes incubation at 37 °C without agitation.
The protocol above is repeated up to a maximum of 33 times per run and
bacterial growth was measured over periods of between 4 and 24 hours.
After completion data was transferred to Microsoft Excel 200WaGraphpad

Prism for statistical analysis.

Generation times of the bacterlastrains were also calculated fiyst plotting

ODyg (Y-axis)against time(x-axis)and taking points within the linear portion
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(i.e. log phasedf the resulting graph. The Lapsorbanceg, of those points
wasthen plotted against time resulting in a liaeplot. The generation time

wasthen calculated via the following equation;

Where G is generation time and m is the slope of the line generated by
plotting log absrbanceg (y-axis) against time (h) {xxis).

2.9 Statistical analysis

Data are presented within this thesis as meansSEM unless otherwise
stated, with the number of replicates n indicated in respective figure legends.
Statistical significance was determined using either -aiay ANOVA or
student Ftest with statistical significance assumed witlvgues < 0.05P0ost

hoc tests were used in combinatiowith oneway ANOVA in order to

determine statistically significant differences between specific groups, the

postZ} & e3¢ U%O0}C A E 13Z E }v( EE}Vv][* ~PE}u%

(groups size > 4).
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Chapter 3: Divalent cation permeation
through bacterial MS channels
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3 Divalent cation permeation through bacterial MS channels

3.1Introduction
Since the first report of bacterial MS channels in 1987 (Martetaal., 1987)

almost every publication and report of their activity has been undertaken in
the presence of fairly large concentrations of divalent cations {Mmd
Cd")(Akitake et al, 2007, Edwardset al, 2008, Martinacet al, 1987,
Sukharev, 2002). For exafaghe first repat of MS channel activityMartinac

et al, 1987) was carried out in the presence of 90 mM M@dd 10 mM

CaCGl dZ u ]Jv GE <}v epPP 8§ (}E& 5Z]e ]» 8} 8 Jo]e 8z
of giantE. colispheroplastsenabling the formation of a giga seal. However,
despite these relatively high levels of divalent cations no reports are available
of MS channel activity in the presence of divalent cations alone and no
information is available regarding vivodivalent @tion movement through

MS channels. This chapter aims to address this by recording MS channels in
the presence of divalent cations alone and to investigate whether MS

channels permeate G&in viva

When we look at theelative pore sizes of MscL (~280 A) (Perozoet al.,
2002, Cruickshangt al, 1997)and MscS (~13 A) (Warg al., 2008) it seems
improbablethat divalent cations would ngbermeate. In various solutions of
slightly differing divalent ionicompositionreports showno differencein the
open probability or pressure sensitivity of MscL or MscS but differences are

seenin the unitary conductanceof these channels. This all likelihood is
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related to the diffemg bulk conductivities of the tesdolutions(Martinac et

al., 1987, Sukharer002, Edwardst al,, 2005) From this we can suggest that
divalent cationgpermeate throughboth MscS and Msdiut this by itself is not
definitive evidence. For example permeability ratios in MscS foadainst
Cd" or B&" have never been determined experimentally. The lack of ion
selectivity and large pore diameter means that MscL would almost certainly

allow C&*to permeate(Sukhareet al, 1993)

The situation is slightly different for MscK as ionic composition draailit
affects its activity. Without the presence of externdl KH ii uTeven in
the presence of applied pressure the channel does not gjh¢at al., 2002)
So while its pore size is purported to be similar to Mso® when open
would likely condut divalent cations studying MscK in the presence of
divalent cations alone is not possible étial, 2002).With respect to the
products ofybdG ybiQ, yjeP and ynal which are recently reported. coliMS
channels (Edwards and Booth, 2011, Edwadal, 2012, Schumanet al,
2010) we have no real structural information and no idea as to whether they
would be permeable to Ga As a result this chapter will look for any form of
mechanosensitive channel activity in natizecolmembranes in th@resence

of C&",

In addition to investigating divalent cation permeation work in this chapter

aims to look at whether MS channel behaviour changes in the presence of
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divalent cations alone, and whether divalent cations could play a regulatory
role for any of the MS channels. For example anechanosensitive channel
parameter that may be affectedy the presence of divalent cations is
selectivity. MscL shows absolutely no ionic preference. MscK exhibits
extremely weak anionic preference with a revdrgatential in a threefold

KCI gradient that very slight{y2 mV)approaches the reversal potential of ClI
(Liet al, 2002).So in the case of MscK and MscL, selectivity is unlikely to be
affected as little to none is exhibited by these respective clediMscSon

the other handdisplays weak but noticeable anion selectivity. The reported
values for R/Pk are shown in Table 3.1 and range from 1.3. Initially it
seemsas though there idittle correlation between the concentratioof
divalent cationsan the recording solutionsor the pH givernhe reported R/Px
values. However, on closer inspection the/Px values, with the exception of
that reported in Sotomayoret al.,, 2007, seem to increase as the

concentration of divalent cations increase.

Eev Po/Pk Bath Pipette  MgC}L/

pipette solution  solution Cad pH System Ref.
potential (mM) (mM) (mM)
(mV)
-2.2 1.2 KCI300 KCI100 90/10 6 Spheroplasts Sotomayoret
al., 2007
-5 15 KCI300 KCI100 40/n/a 6 Liposomes  (Sukharev,
2002)
-8 2.7 KCI400 KCI200 40/10 7.2 Spheroplasts (Martinacet
al., 1987)
-9.5 21 KCI600 KCI200 90/10 7.1 Spheroplasts (Edwardst
al., 2008)

-12 3.0 KCI6e00 KCI200 90/10 6 Spheroplasts Liet al.,1999

Table 3.1 Summary of published literatue MscS selectivity.
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The question thus arises do divalent cations impact on the selectivity ofMscS
Theputative structural basis of Msc&electivityis further discussed in chapter

5 but this chapter will investigate the difference in anioronovalent ation

and aniondivalent cation permeability ratios of MscS.

Another parameter that could be affected by the presence of divalent cations
Is rectification. Noticeable rectification is seen in MscS but not MscL or MscK.
MscS rectifies such that sitconductance at positive pipette potentials
(corresponding to hyperpolarising potentials) is larger than that at negative
pipette potentials (depolarising potentia(g) et al, 2002, Martinacet al.,
1987, Sukharev, 2002)

The current paradigm suggests that elestatic interactions are responsible

for this rectification in particular residues such as K166, but this is yet to be
definitively proven (Sukharev, 2002, Sotomagobral., 2006). The possibility
thus remains that ionic interactions with these MscS raeglcould result in
changes in the degree of rectification.

Whilein vitro experiments aimed at teasing out the effects of divalent cations
on mechanosensitive channels are interesting a major question that exists is
whether MS channels are permeable ta”Cin vivg and if so, under what

conditions?
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3.1.1C&* movement via MS channels vivo.
The question of Gamovement arises due to fact that:

@dz & ]- ZlPZ }v Vv8E §]}v R@M)farsC&o}A ..D
movement into the cell.
(b) There is a largmembrane potential driving Gaentry (~ 150 mV).
(c) Mscl, MscS and MscK halerge open pore diameters with the ability
to accommodate multiple ions.

YA A E pv & Zv}Eu o[ }v ]8]}ve DA Z vv o+ Aloo
prevent any cytoplasmic leakager C&" movement In this chapter MS
channel modulatorsuch as chlorpromazine (CPZ) and the local anaesthetic
procaine, in addition to a reduction in external osmolardye used to
investigate this questior(Martinac et al, 1990). The central tenet e
addition of MS channel activatgrer a reduction in external osmolarityill
causeMS channel activation. During the opening of MS channels they become
not only a mechanism for the efflux of intracellular osmolytes but also a
conduit for C&" influx be@use of this largelriving electrochemical gradient
for C&" entry. In this scenario GAA}po ¢+ v8] 0oC Z A 8} Z<AJu P
8] [ }( dglutamate and other intracellular osmolytes being jettisoned.
However i C&" were to move in this mannethen it throws open the door to
C&" as a signal to initiate downstream effts such as gene transcription.
Previous work suggests a rise in intracellulat @aes not directly affect the
transcription of MS channel genes (Naseetal., 2009), but it mg affect

other genes such as RpoS which have demonstrable importance in MS
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channel expression. As discussed in the general introductiocii @zes
influence the transcription of numerous bacterial genes (> 100)(Nasteah
2009).Whether this counter cuent of C&" would be possible, ocause any
noticeable depolarisabn, is unknown but what we can estimaite that only
aroundan extra500 ions wouldbe needed to increasethe intracellular C&

}v vSE S]}v (E}u iii \BD oaly brief.ddatnel @m times would
be required to provide enough &ao produce an intracellular G&transient.
In order to monitor these potential changes in intracellulaf ®eich may be
produced by MS channel activators, or reductions in external osmolarity, the

calcum sensitive photoprotein aequorin was utilised.

3.1.2Aequorin
The photoprotein Aequroin wasolated from the luminous jellyfisAequorea

victoria (Shimomuraet al., 1963) It consists of a 189 amino acid apmtein

and the imidazolopyrazingrosthetic group coelenterazin€Campbellet al.,
1994) Aequorin contains three Hfand domains where Gabinding can
occur, two of high affinity and one of lower affinity (Tone& al., 2005) The
binding of C& to these domains results in a conformatia change which
permits, with the use of & conversionof coelenterazine to coelenteramide
and the emission of GQand the subsequent release of light in the blue
spectrum (469 nm) Aequorin has been used for many years as a sensitive
probe for intracdlular free C&'". This is not onlpf valuefor eukaryotes but

also for bacterigJoneset al., 2002, Naseerat al,, 2007, Naseerat al., 2008)
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In this chapter aequorin is utilised to see whethef'@an permeate through
MS channel# vivoas described laove. The advantages of using aequorin are
that it has a high signal to noise ratio, it can be used over a wider&me

~fi1 vD §} fil ..Ds V ]% %l}es oo ¢ Z]PZ o0 Juu * 0o 3]A]3

3.1.3 Chapter aims
The overarching aim of this chapter is sbow definitively divalent cation

permeation through MS channels artd investigatehow divalent cations
affect MS channel behaviour with particular respect to MscS. The specific aims

of this chapter are as follows:

To set up protocols for the electrophysamical study of bacterial

ion channels in native membranes and azolectin liposomes.

- To identify whether anychannel activity can be seen . coli
spheroplast membranes in symmetrical 100 mM gaad BaGl

- To determine whether divalent cations like €and B&" pass
through MS channels.

- Tocharacterise MS channel behaviour in the presence of,Gagl
BaCl.

- Todetermine whether C4 permeates MS channels vivousing

the calcium sensitive photoprotein aequorin.
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3.2Methods
3.2.1 Electron Micrecopy

3.2.1.1 Fixation
All samples were fixedn situ (i.e. directly in culture) with 25% v/v

glutaraldehyde solution giving a final volume of 2.5% v/v glutaraldehyde.

Bacterial cultures were fixed at 3T for 2hrs.

3.2.1.2Scanning Electron Microscog$sEM)
All samples were harvested by filtration onto Millipore filters (5.5 mm

] ud EU iXdA ..U %}E <]l » %E]}E 3} %o E} +s]VvP (}(
the samplewas washed with double distilled water for 5 minutes then
washednumeroustimes with ethanolin order to dehydrate the sample (60%
ethanol for 15 minutes then 70% ethanol for 15 minutes then 90% ethanol for
15 minutes and finally 100% ethanol for 60 minutes). Finally the sample was
immersed in Hexamethyldisilazane for three 15 minute longhsas The
sampleswere then air dried and stucko an aluminium stub for SEM
observation using doublsided tape. The sample was then sputter coated
with gold for 2.5 minutes and observed in a JEOL 840A scanning electron
microscope (JEOL Ltd) operating @tkV. False colour SEM images were then

created in Photoshop Elements 9 (Adobe Systems Inc).

3.2.1.3 Transmission Electron Microscopy (TEM)
E. colicells were harvested from culture media by centrifugation at 1500 x g

for 5 minutes at room temperature wialE. colispheroplasts were harvested
in a similar manner at 100 x g for 4 minutes at room temperature. The

resulting pellets were resuspended in 4% agarose w/v (in,@jtffisher),
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allowed to solidify, and cut into small pieces roughly 1 inithe resulting
pieces were placed in distilled water for 5 minutes and then processed for EM
in the acrylic resin LR White. The sample was then dehydrated in a similar
manner to the SEM sample with numerous washes with ethanoltlyFirs

samples werewashed with the follaving solutions for the corresponding

amount of time:
- 50% ethanol for 15 minutes
- 70% ethanol for 15 minutes
- 90% ethanol for 15 minutes
- 100% ethanol for 60 minutes
- 1:1 LR White:100% ethanol for 30 minutes
- 1:0 LR White Three x 30 minutes
- 1:0 LRWhite overnight

The agarose pieces were then put into fm@oled LR White (0°C), which had
V ]*% ve ]Jv3} P o §]v Yoo O o ~e]I Zi[eX ~u e <p
was achieved by the cold catalytic method at 0°C for 24hr. After 24 hours the
capsules were transferrechtio a 50 °C oven for 2 hours. After this 2 hour
period the gelatine capsules were removed and the resin block was stored at
room temperature. Ultrathin sections were cut on a LKB IlI Ultramicrotome

(LKB) and stained firstly with 4% uranyl acetate for Buteis followed by
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D]oo}v]P[s 0O §8 (JE i1  }v eX "~ §]}ve A E
CM12 transmission electron microscope (Philips) operating at 80 kV with

images recorded on an SIS MegaView Il CCD digital camera.

3.2.2Intracellular C&' measuements

3.2.2.1 Bacterial transformation
FRAGL and MJF46%. coliwere cultured, made competent and transformed

with the pMMBG66EHplasmid[AmpR] as described in chapter 2

Previously it has been shown that apoaequorin is free ingig®li cellswhen
expressed in thiplasmidand not taken up into inclusion bodieSxpression is

controlled by a LacZ promoter and the addition of IPTG.

3.2.2.3 Expression of apoaequorin and reconstitution of functional aequorin
A single colony of transformed ce(BRAGL and MJF465) was inoculated into

10ml of LB brotrcontaining DO pg.mit ampicillin and grown overnight inmna
orbital shaker at 37 °C at 100 x Bhe following day 1 ml of the overnight

culture was transferred into a 250 ml flask containing 24 nitesh LB media
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and grown up to an Qg of ~0.25. Then IPTG was added to the flask at a final
concentration of 1 mM and the cells were incubated for two hourshe t
orbital shaker at 37 °C at 100 xThe resulting cells were centrifuged 500

x gfor 5 minutes and the resulting pellet was washed three times with buffer
AK (in mM: 125 NaCl, 1 MgCB KCI, HEPES 25; pH 7.4). This enables the
removal of any excess €aAfter this process the pellet was resuspended in
buffer KK }vS§ Jv]vP (Jv o }v vS& S]J}v }( A ..D } ovsS E
the dark for one hour. The cells wesgain centrifuged at 1400 x gnd
washed three times with buffer A this time to wash away excess
coelenterazine. The bacteria were then stored aCGAgtior to measurements

of [C&..

3.2.2.4 [C&']ymeasurements using a homebuilt luminometer

Equipment

The luminometer used in this thesis was designed in Cardiff (Campbell, 1988).
The housing chamber consisted of a brass cylinder which rotated enaing
accommodation of LP3 plastic test tubes (Fisher). The PMT (Thorn EMI) was
connected to an adjustable high voltage supply and coolee2#5 °C using
FACT50 aicooled thermoelectric housing (Thorn EMI) to reduce thermal
noise. Test solutions were igeed through a port housed directly abovee
sampling chamber. Due to multiple additions during each experiment there
were light leaks which resulted from swapping syringes. These values were

removed during data analysis.
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3.2.2.5[C&"]ymeasurementsprocedure
/v]8] ooC @i ..o }( 8E ve(}EuU § E] o o0 A E

Counts were then measured for 60 seconds. These counts relate to basal
]JvSE oopo E o0 Juu o A oeX &}o0}AJvP §Z]e Aii ..o }
with 2 mM CaGlwas added, resulting in a final experimental concentration of

1 mM external C&. The counts were then recorded for a further 120 seconds
before the addition of either test compounds plus 1 mM Gattl control
buffer AK with supplemented 1 mM Ca@r conmparison. The subsequent
counts were recorded for 300 seconds and then buffer $upplemented

with 40% NP4@nonyphenoxypolyethoxylethanaolwhich is a detergent and
was added to lyse all bacterial cells. The counts after NP40 addition were
recorded for afurther 300 seconds. The NP40 allows the release of
unconsumed aequorin which enables the counts to be directly converted to
intracellular C& levels. The conversion of light emission to calcium

concentration was carried out using the following equation:

Range of pCa

pCa = 0.403lpg k) + 4.872 8.5t4.5

The equation above is only valid in the range of pCa indicated and is
documented in (Badmintoret al, 1996). In its basic form &abinding to
aequorin and corresponding light emission follows a power law with a

doubling of C#& concentration giving a fivéold increase in light emission. In

62



Chapter 3

order that the above equation can be solyéde following two points need to
be addressed:

- cdibration of aequorin in solutions of known €aoncentration

- light output is corrected for aequorin consumption.
The second point is achieved by converting the emission of light to a rate
constant (k). The rate constant is calculated by dividing themer of
counts by the remaining count§ his method allows the measurement of
]JvSE oopo E o Juu SA v §8Z @& vP e« }( iii vD v i

1988).

3.2.3Conductivity measurements
The bulk conductivities of recording solutions were measured using a Hanna

8633 conductivity meter (Hanna Instruments). Measurements were taken in
triplicate and carried out as per the manufacturers protocol at room
temperature (~22 °C). The conductivitetar probe was inserted into a tube
containing around 35 ml of the appropriate solution ensuring the probe
measuring holes were covered. The conductivity meter then measured the
temperature which was subsequently adjusted manually on the meter. The
conducitvity meter then gave a conductivity reading in mS.cm to one decimal
place. The probe was washed with room temperature double distilled water

between solution readings.
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3.2.4Liposomereconstitution
Purified MscS protein was reconstituted in azoledifposomes as described in

chapter 2. In this chapter MscS was reconstituted at a protein to lipid ratio of
1:10000. Dehydrated liposomes were stored at 4 °C in a glass desiccator until

required for use.

3.2.5 Electrophysiology
The electrophysiology sefp was as described in chapter 2. The resistance of

microelectrodes for patch clamping spheroplasts was betweend DO v

for liposomes was between 2 i D @IKrecordings were carried out in the
excised insideut configuration. In order to excise pbsomes the
microelectrode was gently moved away from the unilamellar blisters resulting
in rupture of the liposome and an inside out patch being formed. In
spheroplasts excised patches were more difficult to form. One of two
methods were used to form exsg@d patches. The first was to rapidly remove
the spheroplast from the bathing solution and return it to the bath during
which time the spheroplast would burst resulting in an excised inside
patch. The second method was to apply shear pressure to tkeosiectrode

by flicking the coarse manipulator to move the recording electrode which in
SUEV ZSZE A[ 8Z +%Z E}%o0 *3 }(( 5Z %o]% 35 X dZ
applied using a syringe, monitored using a pressure transducer and recorded

using WinEDRo$tware (Strathclyde University).
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3.2.5.1Electrophysiological recording solutions
All monovalent ionic solutions contained 40 mM Mg&id 5 mM HEPES (pH

7.4 adjusted with NaOH). All divalent ionic solutions contained 5 mM HEPES
(pH 7.4 adjusted with NaOH). Final concentrations ofdfter pH adjustment
did not exceed 1.1 mMFor giantE. colispheroplasts the bath solutions

contained ®0 mM sorbitol to prevent rupture.

3.2.5.2Liquid junction potentials(LJP)
LIJPs are potentials set up between the boundaries of two solutions of

differing compositions. In the following chapter during the measurements of
reversal potentials in differingolutions some large junction potentials were
created. In order to correct corresponding reversal potentials the magnitude

of said LJPs were estimated using JPCalc software (Barry, 1994). The measured

reversal potential was then adjusted accordingly.

3.2.5.4Calculating aniorcation permeability ratios
The anionrcation permeability ratios of MscS were calculated in this chapter

using the following versions of the GoldmblodgkirKatz equation.

Eg3.1

Eqg 3.2
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Where X is a monovalent cation andsYa divalent cationThe other terms
are; R- the universal gas constart8.314 K*mol?, F tthe Faraday constant
= 9.64853399(24)x10 Cmol™? and T is the temperature in Kelvin (295 K).

3.2.6 Hypoosmotic shock assay
One single colony of FRAGand MJF46%. coliwas inoculated into 10 ml

Hyperosmotic media (containing in mM: 60 R&, 5 KHPQ, 7 Citric acid,

75  (NH),SQ, 0.003  thiamine, 0.8  MgSOHO &
0.005(NH).SQ-FeS@6H0; pH7) supplemented with 0.2 gtucose and 500

mM NaCl ad grown overnight at 37 °C and 100 xXTde overnight cultures
were then grown to an Odg of 0.2 in fresh hyperosmotic media
supplemented with 0.4 % glucose and 500 mM NacCl. Both strains were then
diluted 1:20 into hyperosmoticH 500 mM NaCl) and hypoosmoticNaCl)
media. The bacteria were then exposed to the relevant conditions for a period
of either 5 or 30 minutes. Subsequewtthis serial dilution of 1:10 in ideidal
media wasundertakenin triplicate v 6fi ..o eas @haoed dut onto
agar plates. After overnight incubation at 37 °C colonies were enumerated
and the percentage cell survival was calculated. This was done by comparing
the number of colonies present on agar plates from each strain not exposed
to shock wih the agar plates from solutions containing strains exposed to

hypoosmotic shock.
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3.3 Results

3.3.1 Spheroplast formation
Giant E. colispheroplasts amenable to patch clamping were successfully

generated from the followinge. colistrains (for comprehensive genotypic

details see chapter 2):

BW25113 (Keio collection parent strain)

- <]} o}v Iv} 1}pusS umsSclU§egB,4kefA)

FRAGL (MJF parent strain)

D : & 8 0 mseldydgB, kefA

No measurable or noticeable morphologicalfeliénces, at any stage of the
spheroplast formation process, were observed between strainsEAIlEoli

«3E Jve A E E}uv T ...u ]Jv- OXVRSZ.uv]viXh] $zX (3§
SE 3u vS }( O}P %Z - oo« A]8Z") esngated &=]ls or 01 ... P X
Zev 4[ T8 ii1 ..u ]Jv o VP3Z A E % E} ME. colish@kesSu v3 }(
made from log phase cells with Lysozyme/EDTA resulted in the formation of
giantE. colis%eZ E}% 0 *3+ A]JS3Z ] u § E+ EX0lEZ+Viil s[uX he]

left over night at 4 °C resulted avery low subsequent yield of gialt coli
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Figure 31. Spheroplast formation procesgA) False colour SEM image of FRAG

coli (B) TEM image of FRACE. coli(C) False colour SEM imageEofcoliZev | o]

formed as a result of treatment with cephalexin (60 pg)D) TEM image &. coli

Zev | [ (}EuU e« (€ «pos }( SE 8Su vs AJEJFalse ZolourE]v ~0i
SEM image oE. colispheroplasts (F) TEM image Bf colispheroplasts with the

ar}A Jv] 8]vP  eu 0o u}pvs }( ZEJuy AJ&EZBZ Zvp [ Jvv
membrane.

spheroplasts (< 10 %). The gi&ntcolispheroplast population produced was

Z 3 E}P v }ue Al3Z 8Z u i}E]SC u epCietd apdba S} ii

*U 00 % E VvS P ~¢ii9e 0o EP E S$Z v il ...uJv ] u s &>
50:50 split of dark phase bright spheroplasts and light grey almost translucent

spheroplasts.
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Figure 32 Mechanosensitive channel activity imxcised insideout patches of
BW25113E. coli spheroplasts. (A) Curremvoltage plot for a mechanosensitive
channel in symmetrical 100 mM Ba@i=4) or 100 mM CagQn=3), both contained
HEPES 5 mM, pH 7.4. Error bars represent SEM. Raw records illustrating activity of
mecharosensitive channels at + 30 mV pipette potential in (B) symmetrical 100 mM
CaGland (C) symmetrical 100 mM Ba@ith corresponding pressure traces shown
beneath.

Samples from the three morphological stages of spheroplast formation were

fixed with 2.5 %glutaraldehyde and visualised using scanning electron
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microscopy (SEM) and transmission electron microscopy (TEM) (Figure 3.1).
Interestingly the spheroplasts viewed under SEM seem to have multiple
perforations in their membranes (Figure 3.1E). In addijt@ large amount of
debris is evident likely to be remnants of the outer membrane. The TEM
Ju P Jv &]PUE Xi& ]J*% 0 (b cOmerdlwane [andv sorie

ZE}uv EJe[ <} 18 Al§8Z 8Z JvEE oopo E ] }( 8

3.3.2 Patching giat E. colispheroplasts
Patching giantE. colispheroplasts was technically challenging and time

consuming with giga ohm seals taking up to 45 minutes to form in a large
percentage of cases (~70%). It seemed as though dark spheroplasts which
appeared phaséright were more amenable to patching (i.e. seals formed
quicker) than light grey translucent ones. Despite this fact no difference was
observed between MS channel activities in dark spheroplasts as opposed to
light grey translucent ones. The patch stability seemed to be a function of
time taken for the seal to be formed. The longer it took for seals to form the
longer lasting and more stable the patches were. Although this was only an

observation and was notugntified in anyway.

3.3.2.1Mechanosensitive channels in giai. colispheroplasts
Initial experiments were carried out using symmetrical 100 mM La®le

only difference in solutions was the addition of 300 mM sorbitol to the

bathing solution to prewvet rupture of spheroplasts due to osmotic pressure.
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On initial inspection one type of mechanosensitive channel activity was
identified in the presence of symmetrical 100 mM GaCin the manual
application of negative pressure via a syringe a single ptpalaf channels
opened. The number of channels that opened in each patch ranged from 2
channels to 10 channels. As shown in FigugB8nmediately on removal of
negative pressure the channels closed.

From the 4V plot shown in Figure 3.2 it is evidehat this channel rectifies
such that its conductance is larger at positive pipette potentiads negative
pipette potentials. At positive pipette potentials the conductance of this
channel in symmetrical 100 mM Ca@as545 + 26 pS {= 0.99) (n 3). At
negative pipette potentials its conductance was 330 + 199S (1.98) (n = 3)
Thusthe conductance at positive pipette potentials was some 1.65 times
higher. This is taking @ account only the linear portions of theM plot at
both negative ad positive potentials respectively.

In addition to symmetrical CaCsimilar activity was seen in symmetrical 100
mM Badl (Figure 3.2C). In 100 mM Ba@he conductance at positive
potentials wass59 + 22 pS {r= 0.98) (n = 4) and at negative potersiatas
363 + 14 pS {= 0.98) (n = 4). The same rectification noted in the presence of
CaCl was seen in the presence of Ba®@h the case of Bathe conductance

at positive potentials wa%.54 times higher.

3.3.2.2Pressure threshold
As shown in Figurg.3 the pressure threshold {Ro activate this channel was

unaffected by voltage over a range of + 50 &80 mV pipette potential. In the
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presence of Cagthe average Bvas 123.8 £ 22.9 mmHg (n = #he Rin the
presence of symmetrical Ba@las 18.7 + 20.5 mmHg (n = 4) and was also
unaffected by voltage. There was no statistically significant difference

between the Pof this channel in symmetrical Ca@hd BaGl

Figure 3.3Pressure threshold of activation of a mechanosensitive channel in the
presence of Baghnd CaGlin E. coli spheroplast membrane§\) Pressure threshold

of activation of the mechanosensitive channel in excised irgide patches
measured in mmHg at dédfent pipette voltages in the presence of symmetrical
100mM BaGland CaGl Errors bars represent + SE) Pressure threshold against
time at a constant pipette voltage of + 30 mV. Each point is made up of an intra
patch average of at least 6 openinggeeaged over n patches. In the case of the 60
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minute (n = 1)Errors bars represent + SEM in some cases the error bar is smaller
than the plotted point.

Interestingly the pressure threshold of this channel reduced over time. The
initial pressure thresholdas previously mentioned was 123.8 + 22.9 mmHg
(n=4). The initial drop over the first 10 minutes was quite noticeable and
rapid. By the 10 minute mark the Fad dropped to 48.9 + 10.5 mmHg (n = 4).
After 20 minutes the pressure threshold had dropped toamerage value of
39.5 £ 5.6 mmHg (n=4). Thetlren only reduced very slowly over the next 40
minutes. Only one patch managed to survive to the 60 minute time point. At
this point the threshold had reduced to 22.3 mmHg. Over this period there
was no notieable change in open channel characteristics.

iXiXi Zv}A o[ Z vv oM

In addition to this mechanosensitive channel activayother channel was
identified in symmetrical CaLl This channel was seen infrequently (3/17
patches) and required substantidepolarising steps (~65 mV) to gate. Once
open, the channel stayed in the open state only for brief periods with the
patch returning to a quiescent state after around 5 seconds. The channel
conductance in symmetrical 100 mM Ga@hs 89 + 14 pS{R 0.79). The
spheroplast membranes were very unstable at or above + 65 mV pipette
voltage and as a result the data becanifficult to analyse (i.e. lowignal to
noise ratio). Figure 3.4A shows a segment of raw record documenting this

Z v} Aaatiyity.
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Figure 3.4 Z E } Aclmhnelactivity identified in E. colispheroplast membranes(A)

Z A E }E Joou*3E 3]vP Zv}A o[ Z vv o 38]A]SC Jv 3Z %o
mM CaCl after a + 80 mV step in membrane voltag®) Currenvoltage plot

constructed fom Hovel[channel activity in the presencef symmetrical 100 mM

Cadl fitted with a linear regression line {R= 0.797)yielding a single channel
conductance of 89 + 14 pS. @) A &E }E JooueSE 3]vP Zv}A o[ Z vv o
presence of symmeital 100 mM M@} after a + 100 mV step in membrane voltage

D)Z A E }E Joous3E 3§]vP Zv}A ofes@ncewfeymmdgtAds QOv $Z %o
mM MgSQafter a + 100 mV step in membrane voltage
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To try to determine whether this acity was due to acation permeable
channel or Clpermeant channelrecording solutions containing MgCind
MgSQ were used. The reason CaSas not used was due to problems with
pH buffering and ionic dissociation. Similar activity as that documented above
was identifiedin the presence of symmetrical 100 mM Mg&hd MgSQ(2/7

and 2/9 patches respectively)(Figure 3.4C & D). Insufficient analysable records
were obtained to construct anV plot although the amplitude of openings at

+ 100 mV patch potential were in keepgiwith what was seen in symmetrical
CaCl(at + 90 mV patch potential the current amplitude was 4.5 = 0.2A1A).

100 mV patch potential in MgQ@he opening amplitude was ~4.7 pA and in
symmetrical 100 mM Mggit was ~5.2 pA (Figure 3.4C & Dye tothe low
signal to noise ratio and the relative small prevalence of this channel no

further characterisation was attempted.

3.3.4 Molecular identification of MS channel seen in symmetrical GaGt
BaC}
The next aim was to decipher what the mechanosewsitthannel activity

seen in spheroplasts membranes in symmetrical £a@ BaGlwas due to.
The small conductance in comparison to MscL and the inability of MscK to
open in he absence of periplasmic/external Kheant that the most likely
candidate chanel was MscS. So to test this purified MscS protein was
incorporated in azolectin liposomes and patched in the presence of

symmetrical Cagénd BaGl
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3.3.4.1Liposome formation
The process by which unilamellar liposomes form is complex and is to a large

extent unknown (Akashet al, 1996). In the presence of 100 mM Gaaid

Bad] it was difficult to form unilamellar blisteréshown in upper inset of
Figure 3.5) In general the unilamellar blisters that did form were much
smaller in size than those formem the presence of 200 mM KCihét
standard solution used when patching mechanosensitive channels in azolectin
liposomes(Sukharev, 2002)). These blisters tedd®t to be larger than 10

...u ]v ,«fHereas in standard solutions theyould be p% 3} ii ..u ]v
diameter. In addition the relative density of these blisters was also reduced in
comparison to the standard bathing solution. On multiple occasions only one

or two unilamellar blisters could be identified in the recording chamber

around 20- 30 minutes after addition.

3.3.4.2 MscS reconstituted in liposomes
In the presence of symmetrical 100 mM Ba&id CaGlthe conductance of

MscS at positive pipette pentials wa$55 + 24 pS (n = 12) and 547 + 35 pS (n

= 4) and at negative pipette potentials was 354 + 17 pS (n = 12) and 337 £+ 32
pS (n = 4) respectively. Channel activity in Ca®@id BaGl was
indistinguishable as shown in Figure 3.5. If we then comp#re
mechanosensitive activity seen in spheroplast membranes with that of MscS

reconstituted in liposomes we see they are identical (Figure 3.6).

Interestingly MscS rectifies in exactly the same direction in liposomes as in

spheroplast membranes i.e. tlnductance at negative pipette potentials

76



Chapter 3

Figure 3.5 Comparsion of MscS activity reconstituted in azolectin liposomes in
symmetrical CaGland BaGl Top panel is anV plot illustrating the current voltage
relationship in the presence ofsimetrical 100 mM Caglred) and BaG[(Blue). The
inset shows a phase contrast microscopy image of a liposomal blister patched durin
these experiments at x400 maification. The lower panel shows raw records of
channel activity in the symmetrical CaQied) and Bagl(blue) at various pipette
potentials.
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Figure 3.6 Comparison of mechanosensitive channel activity observed in
symmetrical CaGl100 mM in excised insideut patches from BW2511F. coli
spheroplasts and MscS reconstituted in azolectipdsomes (1:10000)(A) Current
voltage plot of MscS activity iazolectinliposomes(n=4) againstmechanosensitive
channel activity observed iBBW25113E. coli spheroplasts(n=2) recorded in
symmetrical Ca¢lL00 mM, HEPES 5 mM, pH 7.4. (B) Raw recokdso$ activity in
azolectin liposomes in CaCl00 mM, HEPES 5 mM, pH 7.4 at + 30 mV patch
potential. (C) Raw record of mechanosensitive channel activiBVii25113E. coli
spheroplastsn CaGl100 mM, HEPES 5 mM, pH 7.4 at + 30 mV pipette potential.

(depolarising potentials) is smaller than at positiyapette potentials
(hyperpolarising potentials). In addition to thihere seems to be a greater
degree of rectification in the presence of Ba&d CaGlin comparison to the

standard solutiorcontaining KCI (a comparison with Bai€lshown in Figure
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3.7). Theconductance ratio (i.e. conductance at positive pipette potentials
over the conductance at negative pipette potentials) in the presence of
symmetrical 100 mM Baglbeing 1.57 while in 200WM KCI it wa4..35. In fact
when the BaGlconcentration was increased to 200 mM the conductance
ratio increased to 1.75 Jg 1110 + 72 pS (n = 3),0634 + 72 pS (n = 3)]. The
conductance of MscS at positive pipette potentials in the presence of
symnetrical 200 mM Bagkxceeded that seen in the standard KCI solution [g

: 1078 £ 30 pS (n = 7)]. When the bulk conductivities of solutions were
measured it was found that the lower conductance of MscS in the presence of
CaCl and BaGlcould be explainegimply by the lower bulk conductivity (15
and 17 mS.cm respectively) in comparison to the standard KCI solution (24
mS.cm). The conductance of MscS at positive potentials increases with
increasing bulk conductivities of recording solutions although thatiedship
seems not to be totally linear when we compare divalent and monovalent

cations (Figure 3.7B).

The activity of Msc$ the presence of equimolar alkali metal chlorides is
shown in Figure 3.7C. This shows that the largest conductance at positive
pipette potentials is seen in KCl. Whereas MscS shows the lowest

conductance at positive pipette potentials in the presence of wilich also
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Figure 3.7 MscS rectification and conductancein the presence of different
monovalent and divalent catios. (A) Currervoltage plot for MscS in the presence
of symmetrical KCI 200 mM, Bafd0 mM and BagRP00 mM, HEPES 5 mM pH 7.4.
There is a larger degree of rectification at negative pipette potentials in the presence
of B&" than when K is the major pemeant cation. (B)Conductance at positive
pipette potentials against bulk solution conductivity, fitted with a linear regression
line (R = 0.644), to illustrathow MscSconductance increases with increasing bulk
solution conductivity (C)Current voltageplots for MscS in the presence of equimolar
alkali metal chlorides. An increase in rectification is se#nnegative pipette
potentialsas the hydrated ionic radii of the major permeant cation is incredSee
table 1.1 for full details)(D Conductanceatio of MscSlotted againsthe hydrated
ionic radii of the major permeant catioihis shows how the rectification increases
with increasing hydrated ionic radii.

Solution Conductance at positive Conductance at negative _Conductance ratio

LiCl 905 + 18 605 + 19 1.50
NaCl 960 + 36 635 + 15 151
KCI 1078 + 30 799 = 21 1.35
RbCI 1029 + 61 822 + 69 1.25
CsCl 1033 + 48 894 + 50 1.15

Table 32 Conductance of MscS in the presence of symmetrical alkali metal
chlorides. The corresponding conductance ratio, as an indicator of rectification, is
also shown.
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along with NaCl shows the largest degree of rectificatiorg(g 1.50 & 1.51
respectively).If we compare the hydrated ionic radii of the major permeant
cation with the degree of rectification we can see that as the hydrated ionic

radii increases so too does the degree of rectification (Figure 3.7D).

3.3.4.3 MscS subconducting states
During experimentation it was noticed that MscS exhibited a number

subconducting states (Figure 3.8A & B). These have previously been reported
however in the presence of symmetrical 100 mM Gabd BaGlthey are
very long lived. These subconducting states aqglaed further in chapter 4

of this thesis.

3.3.4.4 Anioncation permeability ratios
As previously mentionedMscS exhibits weak anion selectivity with reported

Pc/Pk values ranging from 1.2 3. The exact information pertaining to the
reported R/Px vaues are set out in Table 3.1 and 3.3. Firstly thPRwas
calculated by measuring the reversal potential in a thfeld KCI gradient of

200 mM to 600 mM. In this case with 600 mM KCl in the bath it was extremely
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Figure 38. Subconducting statesni MscS in the presence @ymmetricalBaC}. (A)

Raw recordbf MscS activity reconstituted in azotecliposomes at + 7V pipette
potential in insideout patches under symmetrical conditions (BkDI0 mM, HEPES 5

mM, pH 7.4).The record shows 3 longvéid subconductance states. (B) All points
distribution of current histogram from raw recordepicted in (A)illustrating the
presence of 3 subconducting states [C: Closed, FO: Fully open, SC: Subconductance
state].

difficult to form unilamellar blistes, so the gradient was reversed as shown in
the inset in Figure 3.9. This resulted in a reversal potential of + 12.22 + 1.07
mV (n = 4). The liquid junction potential (LJP) in this scenaric@ésnV as
calculated using JPCalc (Barry, 1994) giving aced reversal potential of +
11.82 £ 1.07 mV. Using the GoldmidadgkinKatz (GHK) equation this gives a
Pc/Pk= 2.7. The same was carried out for Bd@lthis case 200 mM Ba@las

placed in the recording electrode and 50 mM Bag@lthe bathing solution.
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Due to the low mobility of Bdions in comparison to Tbns this results in a
large LJP ofl1.1 mV. The resulting corrected reversal potential being +16.08
+ 0.87 mV (n = 3). Again using a modified version of the GHK eqys¢ien
materials and methods section chapter 3) thg®s,was calculated using the
corrected reversal potential and was 3@ much higher value than that of

Pc/P«.

Erev PofP«  Bath  Pipette  MgCh/

pipette solution  solution Cad pH System Ref.
potential (mM) (mM) (mM)
(mV)
-2.2 1.2 KCI300 KCI100 90/10 6 Spheroplasts Sotomayoret
al., 2007
-5 15 KCI300 KCI100 40/n/a 6 Liposomes  (Sukharev,
2002)
-8 2.7 KCI400 KCI200 40/10 7.2 Spheroplasts (Martinacet
al., 1987)
-95 21 KCI600 KCI200 90/10 7.1 Spheroplasts (Edwardst
al., 2008)

+11.8 2.7 KClI200 KCI600 40/n/a 7.4 Liposomes This thesis
-12 3.0 KCI6e00 KCI200 90/10 6 Spheroplasts Liet al.,1999

Table 3.3Reported relative permeabilites of MscS and corresponding experimental
conditions including the value reported in this thesis.

The R/Pcawas also calculated as73from a corresponding corrected reversal
potential of + 15.41 + 1.05 m = 4). Interestingly increasing the anion size
using Ca(N§), increased the aniowmation permeability ratio markedly. The
PvodPca was calculated as 24.4 from a corresponding corrected reversal

potential of + 30.4 mV £ 2.35 (n = 5).
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Figure 39. Reversal potential of Msc$ asymmetric KCIRepresentative wrent-
voltage plot of MscS in the presence of assymetrical KC| 600 mM pipette/200 mM
bath (right inset).The mean reversal potential was calculated from the mean of four
determinations ¢ 12.22+ 1.07mV). The calculated reversal potentials for &d ClI

are indicated on the-axisfor clarityas the equivalent pipette voltage.

Up to this point it ispatently clear that both B& and C&' permeate MscS
from the anioncation permeabity ratios calculated in this chaptenn
addition to this MscS exhibits differing selectivity and rectification behaviour
in the presence of these divalent cations alone in comparison to monovalent
cations. The next section of this chapter aims to investigate whethéf Ca

permeation via MS channels occumsvivo.
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3.3.5 C& movement via MS channelis vivo
In order to investigate Gamovementin vivothe triple knockoutE. colistrain

MJF465 was used (Leviatal,, 1999). In order to confirm the absence of MS
channel (MscL, MscS and MscK) functionality in $kigin an hypoosmotic
shock assay was carried ownd spheroplasts of botkRRAGL and MJF465
strainswere patched (Figure 3.10).

The hypoosmotic assay resulted in a much lower survival rate in MJF465
against FRAG E. coliat both 5 and 30 minute exposel periods. The survival
rate of MJF465 after a 5 minute hypoosmotic shock exposure was 62 + 3.1 %
(n = 3) and was reduced even further down to 4.7 + 2.6 % after a 30 minute
exposure (n=3). This illustrates the inability of MJF465 to deal with large
reductions in external osmolarifya phenotype directly related to the absence

of MscL and MscS expression (Levetaal, 1999). Although there is a
reduction in survival rate in the FRAGstrain between the 5 minute (98 + 8.9

%: n = 3) and 30 (74 + 1.4 %: B)=minute exposure periodshis difference

was not as large as shown for the MJF465 straln addition to this
mechanosensitive channel activity characteristic of MscS and MscL was
identified in FRA@ E. colimembranes whereas no evidence of MS chdnne
activity was seen in NE365 membranes from 7 patcheSubsequently FRAG

1 and MJF465 (Triple knockouE) colistrains were transformed with an

aequorin containing plasmid WMB66EH (ApR})(Naseenet al, 2007).
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Figure 3.10. Confirming the lack of @ohanosensitive channel activity in MJF465
triple knockout E. colicells. (A) Histogram illustrating the percentage survival of
FRAGL and MJF46kE. colistrainsafter 5 and 30 minute exposure t0-4000 mOsm
downshock (n = 3). (B) Upper panel shows representative trace of
mechanosensitive channel activity in FRAGpheroplast membranes. Lower inset
shows trace of mechanosensitive channel activity in MJF465 spheroplast membranes.
No mechanosensitive channel activity was seen up to a pressure of 8&gin 7
patches. * represents statistical significance determined by avay ANOVA using

v( & E}vitec tast {8 < 0.05).
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A B

Figure 3.11 Growth of FRAA and MJF465 (Triple KO) in different®Ceonditions.
Growth of FRAG and MJF465 (Triple KO) over a 10 hour period in LB media
supplemented with (A) CaCl mM (B) Cagll0 mM and (C) EGTA 5 mM (pH 7.4,
KOH) Error bars represent £ SD (n = 3). (D) Histogram illustrating the absorbance at
590 nm at the end othe 10 hour period between the two strains (FRAGNd
MJF465) in the four experimental €aonditions. Error bars represent + SD (n = 3).
(E) Table of calculated generation times for both strains (FRa@& MJF465) in each

of the four C4' conditionsin minutes + SD (n = 3).

Initially experiments were carried to see if*®Chandling was modified in the
triple knock out. This was examined firstly by growing the FRA@ain and

the triple knockout in the presence of 1 mM“al0 mM C&' (as chlorile

salt) and 5 mM EGTA. The generation times were very similar for each strain
in each condition(Figure 3.11) However, the MJF465 grew consistently

slower, albeit marginally, than the FRAGstrain with consistently lower
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absorbencies at 10 hours [FRAGontrol 0.427 = 0.012 (n = 3) vs MJF465
control 0.393 = 0.009 (n = 3)] and a slightly longer, yet not statistically
significant, generation time [FRAIGcontrol generation time in minutes 38 +
3.5 (n = 3) vs MJF465 control generation time in minutes 4194n = 3)]
(Figure 3.11). Furthermore there was a trend towards the generation time
increasing in the presence of EGTA for both strains which was larger in
maghnitude for the FRAG strain (Figure 3.11). The lag and log phase seemed
consistent in length(~45 minutes and ~1 hour 30 minutes respectively) for

both strains over all of the conditions tested.

The intracellular calcium concentration (f¢(Jd was measured of transformed

FRAGL and MJF465trains The basal levels of [ERhfor FRAGL andMJF465

were not significantly different v. A & u <pE e iIX0i F iXiT1 ...D -
v IXid F iXi1 ..D ~v A 0+ E *% S]A oCX (§ & §z

resulting in an extracellular €xoncentration of 1 mM, the [G4; roseslowly

toapeakconcvSE& S]}v }( iXai F iXiA ...D ~v A 0« v iXid F

respectively (Fig 3.12). There was no statistically significant difference

between the two strains with respect to the basal levels of’{[;athe peak

[C&*] after the addition of 2 mM CAor the rate at which the [C4 rose.

The addition of 1 mM procaine had no effect on{{in the FRA@. strain (n

= 3 . However the addition of chlorpromazine (CPZ) caused a large rise in

[C&";. This [C&)i risewas significantly highein the FRAQ. strain rising to

372+011..D ~v A i* AZ]o ]v DBf&dyorésetd 281 + 0.24.. D
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.D ~v A isX /vE E +3]vPcaused bgEGRZ iswreldtively slow

taking at least 2 minutes to reach the peak concentration.

Figure 3.12 Comparison of [ER between FRAG and MJF465 strains on the
addition of 2 mM C&'. (A) illustration of [CH]; over time for both strains after the
addition of 2 mM C# after 60 secondswhich results in a final extracellular Ta
concentration of 1 mM

The addition of 1 mM procaine had no effect on{;in the FRAQ. strain(n

= 1) (Figure 3.13AHowever the addition of chlorpromazine (CPZ) caused a
large slowrise in [C&T;. This [C&]; risewas significantly highdn the FRAG

strain rising t0 3.72 £ 0.11..D ~v A i* AZ]o ]v DB &doris&®d €
281+024..D ..D ~v A i*X /v§ E «3fiRauGedlly CEZ]was]v €
relatively slow taking at leastOP seconddo reach the peak concentration
(Figue 3.13B)

A reduction in external osmolarity resulted in a large rise ifJCia the

FRAGL strainup to a peak 0f 9.39.. B2 1.12...D ~v A ddesserrise to a

maximum of 4.6% 0.11...D ~v A is ]vTlks&SDtfaXsients took ~20
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seconds to peak anfC&"] returned to baseline after ~100 seconds (Figure

3.14.

Figure 3.13Effect of two knavn mechanosensitive channel madators on [C&T..

(A) The effect of procaine 1 mM on the f{ieof FRAGL. The experimental protocol

is shown below for clarity. The NP40 is used to lyse bacteria and release all remaining
unconsumed aequorin and is not shown in these figures. (B) The effect of CPZ 100
...D }v §7 & FRAG and MJF465. The [thrises slowly and reaches a larger
peak in FRAG.
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Figure 3.14 Effect of reducing external osmolarity (~ 350 mOsm downshock) on
[C&"; in FRAGL and MJF465 strainsThe rise in[C&"]; in the MJF465 strain is
roughly half that of the WT FRAGstrain(n = 3).

3.4 Discussion
From the SEM images generated it seems as though the dtantoli

spheroplastsused in this chaptethave multiple membrane perfations.
Whether this is an artact of the imageor of the addtion of glutaraldehyde
fixation, or sample treatment protocois unknown. If this were the case it
would have implications for the utility of spheroplasts as a model system for
the electrophysiological study of ion channelhis could be investigated
further using dextran uptake assays lowk at the integrity of the spheroplast
membranes.

Initial patch clamp experimentation in gianE. coli spheroplasts in
symmetrical Caglrevealed activity of a mechanosensitive channel with a
conductance at positive pipette potentials of 547 + 35 pS 4 ¥he channel
pressure threshold was unaffected by voltage and followed a time dependent

reduction. This relationship of time with reduction in pressure threshold could
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M C %Z viu viv s Eu "% S & alB0O0% ThiSyu ZCv
phenomenon is reported to be driven by both voltage dependent and
independent mechanisms and has recently been suggested as the basis for a
similar effect seen in MscS and MscL reconstituted in liposomes (Noshura
al., 2012). The basis for this being thater time the patch creeps up the
microelectrode increasing the radius of curvature of the patch. As the gating
of the channel is dictated in simple terms by the law of Laplace, as this radius
increases, so too does the resting tension in the membranis. Mikans that a
lower amount of applied pressure (suction) is subsequently required to

increase membrane tension to a point where MS channels open.

&]PUE OXid /oopueSE §]}he}fredstreSeduiradtto YafeXMS channels
canberelat 8} §Z 3 ve]}v ]v 83Z u u E v p-TeERPR2%®mre [« > AW
T is the tension in the membrane, i the patch curvature as calculated by patch
radiusr and height of patch domé and P is the applied pressure via suction. Thus
the amount of presure required to increase membrane tension to a point where MS
channels gate is directly related to patch geometry. It has been proposed that
patches via voltage dependent and independent mechanisms can creep up
microelectrodes. As the patch creeps up timicroelectrode the radius increases
resulting in a lower pressure to open the channels which could explain the time
dependent effect reported in this chapter (This figure is adapted from (Suaktyaia
2009).
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The exact geneticorigin of this channelseen in symmetrical CagGhas to
begin with unknown The channel conductance was much smaller than
previously reported for MscL (~3 nQukharewet al., 1993)in addition this
channel exhibited a notfinear FV relationship which also pointed towards
this channelNOTbeing MscL(Sukharewet al, 1993, Hasest al, 1995) The
channel was also unlikely to be MscM as the conductance was larger than that
reported for MscM (0.2 0.4 nS)YSchumanret al,, 2010) The conductance in
symmetrical 100 mM CaQlas smaller than the reported values for that of
MscS and MscK (~1 nS) but the plot does show rectification at negative
pipette potertials as seen with MscSMscK activity is dependent on
extracellular K so the most likely origin for this mechanoséive channel

activity was MscS.

The proposition that this initial channel activity was due to MscS was
confirmed by incorporating purified MscS protein into 1088ybeanazolectin
liposomes. The activity seen in reconstituted liposomes was almost idéntic
with respect to both rectification at negative pipette potentialsnd

conductance in symmetrical Ca@hd BaGland the.
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Figure 3.15. Cartoon illustration representing MscS incorporation into liposomal
membranes. (A) lllustration of the how MscS I&kely to be incorporated with a
corresponding representative current voltage plot showing the rectification seen at
negative pipette potentials as seen in liposomes and spheroplasts. (B) lllustration of
unlikely mechanism of incorporation with putative roent voltage shown, the
opposite from what is seen in both spheroplasts and liposomes. (NB: more
pronounced rectification than that exhibited by MscS is illustrated for clarity.)

The fact that the rectification seen in spheroplasts and liposomes igiodd

i.e. that the conductance at positivpipette potentials is higher than at
negative pipette potentials is very interestingand has been noted before
(Sukharev, 2002From this we can suggest that the channel is incorporated
into the membranes irthe same orientationin a nosrandom manner To

date there is little evidence to unequivocally show tthhis is the case for
MscS, although some recently published work shows very similar results to
those set out in this chapter i.ethe same rectificabn as noted in
spheroplastds seenin all the recordings of MscS reconstituted in liposomes
(Nomuraet al,, 2012) There is currently no explanation for this effect. One
other possible explanation for this is that channels can be incorporated both
ways U3 }voC 8Z}e v IE%}IE § SZ ZE]IPZS A C pu%|

the mechanical stress induced during patdhmp experiments.
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/v 131}v 8} 8Z]s u Z v}e veJAl[ Z3VA]HC SEAQSC }(
pS was identified (3/17 patches). This wityi could be due the putative nen
proteinaceous polyphosphate polyhydroxybutyrate (PolyP/PHB) channel
demonstrated by Reusch and -emrkers (Daset al, 1997). While these
documented PolyP/PHB channels have a conductance of ~100 pS in
symmetrical 200 mM &C} and do not require substantial depolarising steps

8§} P& e« o v A]3Z §Z '} pu vs Zv}A o[ Z vv o $§]A]
chapter (Dat al, 1997). The fact that similar activity is seen in symmetrical
100 mM MgGland MgS@goes some way to shw this activity is not due to

CI movement and the PolyP/PHB channels do permeaté"Maother reason

why this channel could represent a PolyP/PHB channel. The lack of
mechanosensitivity displayed by this channel means it is unlikely to be due to
the Ybds, YbiO, Ynal or YjeP. Due to the instability of gEntcoli
spheroplasts at high potentials it was difficult to accrue sufficient data to fully

characterise the biophysical nature of this channel activity.

The behaviour of MscS in Band C4"is markedly different from that seen in
solutions whose major permeant cation is monovalent. These differences
involve a reduction in conductance, an increase in rectification, an increase in
anion-cation permeability ratio and an increase in the presencé
subconducting statesThe multiple subconducting states seen at positive
pipette potentials (equivalent to hyperpolarised membrane potentials) are
extremely interesing. The literature contains numerousportsregarding the

propensity of Msc$o resice in subconducting state§Shapovalov and Lester,
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2004, Sotomayoet al, 2007 Edward=t al., 2008) However in the presence

of 100 mM Caghnd BaGlthese forays into subconducting states seem to be
much longer lived.The following chapter aims to fullylissect these
subconducting states and to investigate to what extent they are affected by

divalent cations.

In the presence of symmetrical 100 mM Ga&id BaGlthe conductance of
MscS is lower compared with standard solutions used to monitor the activity
of MscS (Martinaet al,, 1987, Petroet al, 2011). This is in the main due to a
reduction of bulk conductivity between these solutions, but not solely. If we
look at the conductance of MscS in symmetrical 200 mM LiCl which had a
measured bulk conductivity of 16.8 mS.cm we see that the conductance at
positive potentials was much higher than that of symmetrical 100 mMCacCl
and BaGl despite their bulk conductities being 15.0 and 17.1 mS.cm
respectively. This suggests bulk conductivity is not the only factor influencing
the change in conductance. This chapter also shows that the am@ton
permeability ratios in MscS of divalent and monovalent cations arekeuty
different (R/Px = 2.7, R{Pga = 3.9, R/Pca = 3.7).From the aniorcation
permeabilty ratios quoted between 7 and @I ions permeate through MscS

for every 2 C& or B& ions.

One explanation for this occurrence that the anioncation permability is
directly affected by the hydrated ionic size of the countar asimilar story

as to what is seen in the glycine receptor (Sugihattal., 2008).An idea that
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is further supported by the large permeability ratio calculated for’Nad
Ca&" (PuodPca = 24.4). This change in anioation permeability could be
caused by cations binding to a site either within the pore of the channel or
somewhere within the cytoplasmic vestibule that could impact on the
permeability of anions. This idea and thteustural basis for it are discussed in

chapter 5 of this thesis.

To investigate whether Gamoved via MS channeis vivothe triple KO strain
MJF465 (MscL MscS and MscK was used (Levinat al, 1999).Both an
hypoosmotic shock assagnd patch clamping confirmed the lack of
functionality of MS channels in the M35 strain. The reduction of survival
rate of MJFE65 down to 4.7 + 2.8after a 30 minute exposure shows the lack
of ability of the cell to respond to acute reductions in extal osmolarity
(Levinaet al,, 1999) The fact that the survival rate did not reduce to 0 % is
something which other studies have identified and this case is likely due to
either MscM expression or ergssion of one of three otheMS channels

(Edwards ad Booth, 2011, Schumaret al,, 2010, Edwardst al., 2012)

Before measurements of [E% were taken the ability to grow in different
Cc&" conditions was assessed for both the WT parent strain FRAGd
MJF465 triple KO straimhere was no differencenithe growth of FRAG
E.coliand the triple KO in the three €aconditions a result which supports
what has been previously reported. Fre€Ga LB media has previously been

«$Ju & o fil ..D A]3%Z }\&&® }( il .. Bt al; PO03).
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Even assuming a concentration of freéCap o §} il ...D u ve §Z §
of EGTA would theoretically reduce free?Cdown to low nanomolar levels
(~10 nM) which from these experiments seems not to be detrimental to

growth.

Both strains demonstrate a gsin intracellular Cd as measured by aequorin
chemiluminescence as a result of the addition of 2 mM*@aa C&" free
medium. The rise and rate of rise are comparable for both. Reducing the
external osmolarity from ~1050 mOsm to ~700 mOsm caused a much larger
rise in intracellular CGain the FRAQ strain than in the MJF465 strain. From
this data the suggestion cahe made that on opening MS channeal®
become a conduit for Gaentry i.e. the reduction in external osmolarity gates
MS channels allowing €ato flood in down its electrochemical gradient.
However there are numerous questions surrounding this resulstlyF why
there is still a peak in intracellular €an MJF465? This could be due to a

portion of cells lysing althoughekinaet al.,1999 show that a shock of 0.2 M

n

u

E 0 ~+dii uKeue } ev[8 (( & suEAJAIOMJF463BAdE &7 '

Z v » Z} p@awgeslysis. This precludes the possibility that the rise in the
signal is due to aequorin being liberated from cells much akin to what
happens on the addition of the detergent NP40. However this dé@3mean

that MscS and MscL are not activated undezdé conditions as Levire al.,

1999 also show that there is substantidlefflux in FRA& with a downshock

of 0.2 M NaCl (~400 mOsm) and that MS channel knockouts retain a larger

amount of their cytoplasmic Kpool under the same conditions. This aside
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what could potentially be mediating this rise in fJain the MJF465 strain?
The MJF465 strain is not devoid of MscM nor of three other putative MS
channels (Edwards and Booth, 2011, Edwartdsl, 2012). These channels
could account for this rise ina& although alone are not sufficient to prevent
cellular lysis in the face of a large enough hypoosmotic shock (Schuebann

al.,, 2010, Levinat al., 1999).

In addition to external osmolarity causing a rise in’[fi was also identifid

that the phenothiazine antpsychotic CRA known MS channel activatatid
cause a significant rise in [(up to 3.72+ 0.11.. D ]v §Z -1&train This
rise was significantly larger than the rise seen in MJF465 (~.3@ 2ontrast

the other known MS chanel activator procaine (1 mM) did not cause a rise in
[C&"]i (Martinacet al., 1990)Procaine is much more hydrophilic th&Pz and
does not have any effect oB. coligrowth up to a concentration of 5thM
(Tisaet al., 2000) The fact that procaine isot antimicrobial like the lipophilic
local anaesthetic (LAfptracaine and does not cause a rise in {Gaould
possibly be linked to the fact that it does not partition as well into the
membrane. As shown in Martinat al., 1990 the more lipophilithe LA,the
more potent its activation of MS channels. the case of procaine it may not
be able to get to the inner membrane at sufficient quantity to cause MS
channel activation. In addition Martinat al.,1990 showed that the effect of
these amphipdts takes numerous minutes to occur (~20 minutes). As a result
procaine may actually have an effect f@&"]; but over the time period of

these particular experiments it was not detected.
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Taking into account the effects of CPZ and a reduction in external osmolarity
on [C&"]ithere does seem to be &amovement via MS channeits vivounder
these conditions. Which channel the’C&s moving through and whether this

C&" movement is physiolgically relevant is at present unknown.

3.5 Conclusions andifure work
The data contained within this chapter definitively shows that divalent cations

permeate MscSn vitro and that both C& and B&" affect the biophysical
behaviour of MscS. From thendings documented here the suggestion can
also be made that gating of MS channels may in fact allotiGfux under
certain conditionsin vivo. The data cordined within this chapter also raise
manyinteresting questions to be puugd, for example
- SBM of E. colispheroplasts seem to indicate humerous membrane
% E(}E S]}ve ]V *%Z E}%0 ¢S E&}uv il ...u ]v
spheroplasts >ii ...u Jv ¢]JI o | uu E v ]Jvsd PE]SCM
be investigated using dextran uptake assays with dextrans of
varying size.
- Is the reduction in Pover time a result of patch creep? If so is this
effect on Raffected by voltage, pH, membrane lipid coogtion
and or ionic composition? Patch fluorimetry could be used to
visualise the patch concomitantly to takingnReasurements to see
if the spheroplast membrane does indeed move further up the
patch ppette during experimentation. Although to a certantent

this has now been reported (Nomued al., 2012).
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- Is this ~90 pS channel reported in this chapter really v}A o _
channel.Further work could aim aéxtensive biophysical analysis
and investigation of pharmacology.

- How many subconducting stateoes MscS exhibit? What is the
structural basis of these subconducting stétes

- Probably most exciting of all is the possibility of & @aunter
current on opening of MS channels vivo and whether this
current could be a physiologically relevant signatis could be
further probed using other MS channel activators such as
lysophosphatidylcholine (LPC)(Gragfeal., 2011, Nomuraet al.,
2012, Birkeneet al., Tiiie v pe]vP §Z 46 SE ]Jv } MHu VS

Edwards and Booth, 2011.
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Chapter 4. Characterisation of MscS
subconducting states
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4 Characterisation of MscS subconducting states

4.1 Introduction
The most straightforward model for an ion channel is one in which the

channel can occupy just two states, the open state and the closed state.
However on detailed analysis of many ion channels, including MscS, it
becomes evident that the actual picturensuch more complex than this i.e.

the channel is able to conduct at numerous levels or substates. These

substates have a lower conductance than that of the main open state.

The first problem encountered when looking at subconducting states is what
actuallyconstitutes a substate. How do we know that the state seen is indeed

a substate?Firstly the substates seen should directly connect with other
conducting levels including the main state. Secondly these substates must

only be seen in the presence of the maopen state. The fundamental

principle beingS} S ¢S SZ ZC%}SZ ¢]e SZ SV ~"dZ <]Pv o0 ]* §Z
several independently gated channels, each with only two conducting

S §(Fox, 1987, Laver and Gage, 199M)is is becaus&entification of

current amplitudes identical to those of putative subconducting states in the
absence of the main open state indicates a number of discrete channels

rather than a subconducting state.

4.1.1The structural basis of subconducting states
There are four possie structural explanations for the occurrence of

subconducting states, as discussed in Laver & Gage 1997, which are;
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0] different conformations of one pore as in the case of alamethicin
channels Unipore hypothesi¥Sansom, 1993a, Sansom 1993b)

(i) the opening @ distinct ion permeating pathways within the same
protein as seen with porin channeldMyltipore hypothesig.
Incidentally the monomeric ion conducting pathways of these
porins can also exhibit subconducting levels to confuse matters
even further(Basleet al., 2004)

(i)  the strongly coupled gating of covalently linked channel multimers
as seen in the nicotinic acetylcholine receptor.

(iv)  the weakly coupled gating of chanselhereby ionic movement

through one channel impacts on that of another.

4.1.2The unipore hypothesis
This hypothesis states that subconducting states arise from altered

conformationsor electrostatic propertieof a single channel pore. The pore
may be érmed by one single protein or be a multimer comprised of several
monomers. This hypothesis purports that the subconducting states arise due
to differential recruitment or movement of channel residues or monomers

(Fox, 1987, Laver and Gage, 1997)

The ¢$rength of this hypothesis is based upon substate observations which
cannot easily be explained ngi the multipore approach. A ctinuum or
non-discrete distribution of subconductance states for example is not easily
explaired using a multipore model. Aaxampleof such adistribution is seen

in the ZA™induced substates ofcardiac Na, channels treated with
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batrachatoxin (Schild et al, 1991) In this particular case the ratio of
conductance between the main state and substates varies with volfEige.
BK channel also exhibits naliscrete subconductance statéStockbridgeet

al., 1991)

4.1.3 The multipore hypothesis
The multipore hypothesis states that discrete conducting levels are created by

distinct ionic pathwaysThisis demonstrated usually by theccurrence 6
multiple equally spaced subconducting statEs example in the trimeric
porins (Basleet al, 2004) In these cases each ion permeating pathviay
separate and eachusually has a distinct gate. As mentioned these
subconducting states can then also have their own subconducting states

brought about by the mechanisms described above.

4.1.4Unipore or multipore?
The multitude and variety of ion channels and subcondgcttates observed

means it is quite possible thdbr any channel both are equally as valid i.e.

both hypotheses may initially be possible before experimental evaluation.

4.1.5 MscSubconductancestates
There are a number of reports of subconductimghaviour in Msc$Akitake

et al, 2005, Shapovalov and Lester, 2004, Sotomagtoal, 2007) The
suggestion is that subconducting states are more prevalent at negative
pipette potentialsthe reason for whih is unknownThe literature notes that
subconducting states do arise at positive pipette potentials but very little

information is given (Sotomayet al.,2007).
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The current paradigm for MscS substates is a unipore hypothesis. Akitake
al., 2005 suggst that the MscS substates arise from differential recruitment
of MscS monomers. This differential recruitment or dyssynchrony of
inactivation results in corresponding changes in pore diameter and thus in
conductance.dZ]e Z *Z %}S[ u Z v]ewafifg r&suity i the
corresponding changes in the pore size which gives toséhe substates
observed. From this hypothesis we could suggest that this would result in a
maximum of 7 conducting states. No concerted effort has been made thus far
in the literature to investigate the number of MscS substates. Although
Shapovalov anddster, 2004, do encounter one predominant state at 2/3 of

unitary conductance.

4.1.6The physiological relevance of subconducting states
There are many reports of subconducting states in various channels however

these reports simply point towarddem as biophysical phenomenon rather
than physiologically relevant. It is hard to envisage when such a biophysical
phenomenon could become physiologically relevant. So currently the utility of
studying and reporting subconductance states is limited to puogential

structural information they can provide

4.1.7Aims
The main aim of this chapter is to explore the MscS subconductance states

initially documented in chapter 8t high positive pipette potentialsThis will

be achieved by incorporating ptied MscS protein into azolectin liposomes
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and patching channels in an excised insidé configuration.Thischapter will

investigate

- How many substates are exhibited by MscS?

- How the substates vary in the presence of differing major permeant
cations.With particular reference to differences between monovalent
and divalent cations.

- How the substates are affected by voltage.
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4.2 Materials andVethods

4.2.1 Electrophysiology
The electrophysiology set up wamyain as described in chapter 2. The

resistance of microelectrodef®r patch clamping liposomes in standard KCI
«lous]}ve A « .InfithiD Ehapter slightly higher resistance electrodes
were used in order to reduce the area of each patch which in turn redluce
the number of channels per patcihe sampling rate used throughout was 10

kHz.

4.2.2 Protein purification andiposomeformation
Purified MscS proteinas described in chapter &as reconstituted ifl00 %

azolectin liposomeslso asdescribed in chapter 2. In this chapter MscS was
reconstituted ata protein to lipid ratio of 1:2000. This higher ratio was to
reduce the number of channels in each patch. This ratio gave a minimum of 1
and maximum 12 channels per patdhehydrated liposmes were stored at 4

°C in a glass desiccator until required for taeno longer than 7 days

4.2.3Electrophysiological recording solutions
All monovalent ionic solutions contained 40 mM Mg&id 5 mM HEPES (pH

7.4 adjusted with NaOH). All divaleinic solutions contained 5 mM HEPES
(pH 7.4 adjusted with NaOH). Final concentrations ofafter pH adjustment

did not exceed 1.2nM.
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4.2 .4 Statistical methods
The all points distribution of current amplitude histograms from raw records

of MscS channel activity were fitted with Gaussian curves, the means from
which were taken as the fully open channel current or subconductance level

current. This was achieved ogi Clampfit 10.0.
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4.3 Results

4.3.1 MscS substates in different ionic conditions
As mentioned in the previous chapter and discussed in the introduction to

this chapter MscS exhibits subconducting states in both liposomes and
spheroplasts. Forays into these subconducting stadespositive pipette
potentials when MscS is incorporated into azolectin liposomes in the
presence of symmetric&00 mMNaCl and KCI are infrequent and short lived

(Figure 4.1)

Figure 4.1MscS actiwly in symmetrical 200 mM KCI (left panepurple) and 200
mM NaCl (right panel yellow). Raw records of MscS activity reconstituted in
azolectin liposomes ahe pipette voltage shown in the centrdhe subconducting
states becore more noticeable aand atove+ 70 mV.

The subconductingtates that arise begin to be seen more frequently when

the pipette voltage exceeds + 70 mV (Figure 4.1). The subconducting states
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are more distinct at positive pipette potentials at and above + 70 mV pipette
potential than at equivalent negative pipette potentials where openings

become very flickery and transitions between substates become very rapid
(Figure 4.2). This is similar wchat has been previously reported (Akitake

al., 2005, Maksaev and Haswell, 2011). The difference in current amplitude
between positive and negative pipette potentials is due to the rectification

exhibited by MscSsgechapter 3.

Figure 4.2ZExampé of MscS subconducting behaviour &t0 mV pipette potential in
the presence of 200 mM KCExample of a raw record illustrating characteristic

flicker MscS behaviour at negative pipette potentigdguivalent to depolarising
membrane potentials.

Over ab second time period at + 70 npipette potentialin the presence of

either symmetrical200 mM NaCl oKCIMscS exhibited a maximum of 3
subconducting states, the average number betj7 £ 0.31n = 5) andL.50

+ 0.28(n = 5) respectively (Figure 4.3A} this pipdte voltage MscS spent
75.76 £ 4.17 % (n = 4) and 87.93 = 2.72 % (n = 5) of thedspectively in

the fully open stateneasured over a 5 second time frarffégure 4.3B)
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Figure 4.3 Thaffect of ionic conditions on MscS subconducting statés)

Histogram representing the average number of subconducting states seen at + 70
mV pipette potential with each major permeant cation. (B) Histogram representing
the average percentage of time M8apent in the fully open state in the presence of
each major permeant cation over a 5 second period. The results represent means +
SD.

The number ofsubconductingstates exhibited by MscSvas lowest in

symmetrical 200 mM Cs(1.20 + 0.2qn = 4)]and hghestin symmetrical 100
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mM C&Cb [4.25 + 1.8 (n = 4] and BaCL [4.75 £ 1.25n = 4)] (Figure 4.3A).
The number of subconducting states seen at + 70 mV in the different ionic
conditions showed the following order: Cs < K < Rb < Na < Li < Ca < Ba (Figure

4.3A & Table 4.1).

Solution No. of subconducting % time spent in
states fully open state
cs 1.20 £ 0.20 (n = 4) 89.9+1.91 (n=4)
Rb 1.67 £ 0.33 (n=3) 91.57 + 2.17 (n = 3)
K 1.50 + 0.28 (n =5) 87.93+2.74 (n =5)
Na’ 217+0.31(n=4) 75.76+ 4.17 (n = 4)

Li 2.62+ 022 (n=3) 57.65 + 22 (n = 4)
ca’ 4.25+1.25 (n = 4) 8.63+2.87 (n=4)
B&" 475+1.25(n=4) 6.38 + 3.88 (n = 4)

Table 4.1 Effect of major permeant catisron MscS subconducting states.
This tabledocuments the number of subconducting states and time spent in
the fully open state as shown in figure 4.3A & B respectively.

In addition to the number of subconducting states changing in different ionic
conditions the time spent in the subconducting tets also changed (Figure
4.3B). Representative traces are shown in Figure 4.4. A particularly marked
difference is seen between subconducting states when divalent cations are
the major permeant cation as opposed to monovalent cations. In the
presence of gmmetrical 100 mM Cag£land BaGl numerous long lived
subconducting states can be seen at +70 mV pipette potential. For example in

the presence of symmetrical 200 CsClI, MscS spent 89.93 £ 1.91 % (n = 4) of
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the time in the fully open state over a 5 secopériod under constant
pressure application. In the presence of symmetrical 100 mM,@ag|BaCl

MscS spent 8.63 + 2.87 % (n = 4) and 6.38 + 3.88 (n = 4) of the time
respectively in the fully open state. Interesting in the presence of symmetrical
LiCl thenumber of subconducting states observed at + 70 mV was higher than
that in CsCl and KCI but not as high as in,Gaf@ BaGl Furthermore the

time spent in the open state in the presence of LiCl [57.65 £ 3.22 % (n = 5)]
was reduced in comparison to C$89.93 = 1.91 % (n = 4)] and KCI [87.93 %
2.72 % (n = 5)]In addition to this no examples of closed state to
subconducting state transitisn were observed throughout all

experimentations under all conditions.

114



Chapter 4

Figure 4.4 Raw records of MscS in different ionic conditions at + 70 mV
pipette potential. Either symmetrical 200 mM XCI or symmetrical 100 mM
YCJ where X is a monovalent cation and Y is a divalent cation.

4.3.2 MscS subconducting states in the presené€aCland BaGl
In the presence of symmetrical 100 mM GaGl previously mentioned MscS

exhibits numerous subconducting states that are long lived. These
subconducting states were only seen in the presence of the fully open state

with no closed to subconducting state transitions identified. Interestingly as
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the pipette voltage increased so too did the number of subconducting states
(Figure 4.5). The number increased up to a maximum number of 7
subconducting states or a total number of 8 conducting states if we include
the fully open state. These 8 distinct condugistates are seen at and above
+80 mV pipette potential. In additigronly 8 conducting states are seen up to
+140 mV pipette potential (no experiments were carried out above this
potential due to liposomal patchnstability). The 8 conducting states are
approximately equally spaced at around-14 % of unitary conductance
(Figure 4.5)ldentical behaviour is observed in the presence of symmetrical

BaCl (Figure 4.6)
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Figure 4.5 MscS subconducting states in the presence of symmetrical 100 mM CacCl
(A) Raw records of MscS activity reconstituted in azolectin liposomes at + 80, 90, 100
and 110 mV pipette potential in insieg®ut patches under symmetrical conditions
(CaGl 100 mM, HEPES 5 mM, pH 7.4). (B) Distribution of current histograms from
raw records depicted in (A) illustrating the rise in the number of subconducting
states with increasing pipette voltage to a maximum of 8 conducting states as seen
with BaCl. (C) Table illustrating mean percentage of unitary conductance of each
subconducting statat four different voltages (80110 mV) * standard deviatiofC

t closed, FQ Fully open, S@ Subconducting state].
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Figure. 4.6 Subconducting states in MscS in the presencesginmetrical 100 mM
B&". (A)Raw records of MsaShannelactivity reconstituted in azolectin liposomes at
+ 70, 80 and 90 mV pipette potential in insidet patches under symmetrical
conditions (BaGl 100 mM, HEBS 5 mM, pH 7.4). Numerous ldhgd
subconducting stas were observedB)Distribution of current histognas from raw
records depicted irfA)illustrating arise in the number of subconducting states with
increasing pipette voltage to a maximum of 8 conducting staieslar to what is
seen with C&. The dashed lines represent the lowest subconducting st@te S

4.3.3 Effect of voltage on subconducting states
Asdescribed in the previous section an increaseipette voltageresulted in

an increase in the maximum number of subconducting states seen in all
solutions. Thisvas the case in all solutions not jus those whose major
permeant cation was divalent. This illustrated for symmetrical BaCind
Cadlin Figures 4.5, 4.6 and data are plotted in Figure As7a result of this,

the time MscS spent in the fully open state decreased as the pipettegelta
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increased. The relative magnitude of the subconducting states expressed as
percentage of unitary conductance however was not affected by the pipette

voltage as illustrateth Figure 4.8 (data in symmetrical CaCl

Figure 4.7 lllustration of howpipette voltage affects the number of subconducting
states exhibited by MscS in symmetrical 100 mM Ga@id BaGl

Figure 4.8llustration of howthe magnitude of MscS subconducting states (SC),
presented as percentage of unitary conductance, is affettsy pipette voltagein
symmetrical 100 mM Cagl

The magnitude of the subconducting states presented as percentage of
unitary conductance also does not differ significantly in the presence of
different major permeant cationsrThis is shown in tables 4ghd 4.3. One

thing that is very noticeable is, as the voltage rises beyond + 90 mV in the
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presence of symmetrical 100 mM CaG@nd BaGl MscS continues to

fluctuate

Figure 4.9 lllustration of MscS activity after pressure removd&taw record
illustrating MscS activity in an excised insilgt patch in symmetrical 1700 mM CaCl
After the pressure is removed MscS continues to fluctuate between lower
subconducting levels, in this particular case not closing until the applied pipette
voltage was removed.

between subcaductance states long aftepressure has been removed
(Figure 4.9)In certain caseshe channel would continue fluctuatingetween
conducting states many minutes (> 5 mins) after pressure had been removed.
In these cases the only way to causéd closure was to remove the applied

potential.

Cad BaC) MgC}
% UC % UC % UC
+90 mV + 100 mV +90 mV + 100 mV +90 mV + 100 mV

SC7 855(n=3) 829(n=3) 87.7(n=3) 87.4(n=3) 85.0(n=1) 85.88(n=2)
SC6 67.8(n=3) 69.1(n=3) 745(n=3) 744(n=3) 66.7(n=1) 68.14 (n=2)
SC5 51.7(n=3) 55.2(M=3) 60.8(n=3) 60.8(n=3) 535(n=1) 54.04(n=2)
SC4 41.0(n=3) 428(Mn=3) 489(n=3) 495(M=3) 454(n=1) 40.73(n=2)
SC3 305(n=3) 315M=3) 384(=3) 370(M=3) 333(n=1) 30.28(n=2)
SC2 214 n=3) 223(n=3) 28.1(n=3) 27.0(n=3) 228(n=1) 22.10(n=2)
SC1 140 (n=3) 146((=3) 182 (n=3) 17.2(n=3) - 15.78 (n=2)
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Table 4.2 Percentage of unitary conductance (UC) of subconducting statesASC1
in the presence of thee different divalent cations (gmmetrical 100 mM) at +90 mV

and +100 mV pipette potential.

NaCl KCI RbClI
% UC % UC % UC
+ 100 mV + 100 mV + 100 mV

SC7 80.31(n=1) | 84.80(n=2)| 82.94 (n=4)
SC6 65.14(n=1) | 67.14(n=2) | 68.26 (n=4)
SC5 51.90(n=1) | 54.95(n=2) | 53.93 (n=4)
SC4 47.21(n=1) | 4257(n=2) | 41.58 (n=23)
SC3 35.70(n=1) | 33.20(n =2) -
SC2 24.62(n=1) -
SC1 -

Table 4.3 Percentage of unitary conductance (UC) of subconducting s{&€47)
in the presence of thredifferent monovalent cations (gmmetrical 200 mM) at
+100 mV pipette potential.

4.3.4 An alternative structural mechanism for subconducting states in MscS
As mentioned the current proposed structural mechanism for thespnee of

MscS subconducting is one in which asynchronous recruitfimagtivation of

the 7 MscS monomers brings about a change in the MscS channel pore
diameter with corresponding changes umitary conductance(Akitakeet al,,
2005) Usirg this structural hypothesis it is not immediately atos how to
account for the 8 equally spacembnducting states observed in this thedis.
suggest an alternative explanation which involvetermittent occlusion of

the cytoplasmic vestibular portalsiaking into consideration the 7 lateral
vestibular portals and the pore aligned coaxially to the transmembrane pore
this would thus account for the 8 conducting states described in this chapter.
Figure 4.10 provides an illustration of how structurally Mge&h each

monomer as a different colour) could exhibit 8 conducting states.
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Figure 4.10 lllustration of MscS subconducting statélustrations showing how
three of the purported 8 conducting states of MscS ar{gg.In the fully open state

ion trarsit occurs through all 8 cytoplasmic perforations. (B) SC7 arising from the
occlusion of one of the lateral vestibular portals and (C) SC1 arising from
simultaneous occlusion of all 7 lateral vestibular portals leaving only the opening
perforating the floa of the cytoplasmic domain to conduct ion§D) Raw record of
MscS activity clearly showing the 8 conducting levels at + 90 mV pipette potential in
symmetrical 100 mM CaC(FO: Fully open, SC: Subconductance s@Gt€losed

4.3.5Estimating porediameter of the smallest subconductance state (SC1)
If the hypothesis regarding vestibular portal occlusion were correct then the

lowest subconducting state would be a result of ion permeation via the pore
aligned coaxially to the transmemdne pore aloneIn order to estimate
whether the smallest subconducting statéSC1l)was indeed due to
permeation via the pore aligned coaxially with the transmembrane pore a

u} 1(1 ,Joo [+ «<u 81}v A+ pSJo]s W
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where , the bulk resstivity of the solutionswas measured a8.58 and 0.66
O X Mdor BaGl and CaG] respectively. The conductancén BaGland CaGl

was estimated from the slope of anVl plot constructed from current
amplitudes of the smallest subconducting states @irfpotentials (242 + 63

pS and 250 + 83 pS respectivéhigure 4.11)

Figure 4.11 Currentoltage plot for the lowest subconducting state SG1MscS in
the presence of symmetrical 100 mM CaGind BaGl The current voltage
relationships showrare fitted with linear regression lines and give conductances of

242 + 63 pS in CaQf = 0.651) and 250 + 83 pS in B&EE 0.785)

In this case we estimatedwhich represents bilayer thicknesgas estimated

to be 35 A (Cruickshanlet al, 1997)which resulted in an estimated in
CaGlof 9.2 A andin BaC] of 9.4A. Whereas the diameter of the vestibular
portals is ~13 A, the diameter of the pore aligned coaxially with the
transmembranepore is ~8 A. Consequently, thisdicates that the lowest
subconducting statemay originatefrom permeation via the pore aligned

coaxially with thetransmembrane porealone This data fits with the
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suggeston that the other subconducting stateray arise as a result of lateral

vestibular portal occlusion.

4.4 Discussion
This chapter aimed to investigate the subconducting states exhibited by MscS

at positive pipette potentials (documented in chapter 3). The subconductance
states viewed in liposomes were much more distinct at high positive pipette
potentials (> +70 mV) thaat negative potentials. Above 40 mV pipette
potential openings become very flickery with numerous transitions difficult to
delineate (Akitakeet al., 2005, Sotomayoet al., 2007) This is in agreement
with previous reports(Akitake et al., 2005)which suggest in spheroplasts
from -30 mV to +80 mV pipette potential very few examples of subconducting
behaviour are seen. In addition to this the fact that substaidsntified
becane more evident and visible around +70 mV pipette potential is hence
also in agreement with published datAkitakeet al., 2005) There have been
very few previousreports about subconductance states at positive pipette
potentials (Sotomayoret al., 2007) Current work in spheroplasts has only
identified one subconducting statéShapovalov and Lester, 20@4hich is 2/3

of unitary conductance.

The number of subconducting states exhibitégre at positive pipette
potentials was higher in the presence of divalent cations(®aB&") than
monovalent catins (C§ Rb, K, Na and Li). In a similar patternto
rectification (see chapter)3the number of subconducting states increased

with hydrated ionic radii. This resulted in a reduction in the time MscS spent
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in the fully open state which in both Baand C&" was less than 10% over a

five second period immediately following activation.

As pipette voltage increasedo too did the number of subconducting states
exhibited. This increased to a maximum of 8 conducting states at and above
+80 mV pipette ptential in C&" and B&". This number of conducting states
was not exceeded up to a maximum experimental pipette voltage of +140
mV. In addition to thisthe subconductance states were equally spaced with
each being around 1Q 14 % of unitary conductancgvhich was unaffected

by voltage.

The current paradigm suggested for subconducting states in MscS cannot
easily explain 8anducting states. As a resudt novel structural explanation

for these subconducting statewas proposed The cytoplasmic donma of
MscS is perforated by 8 openings. These openings include 7 lateral vestibular
portals (~13 A) and one opening aligned coaxially to the transmembrane pore
(~8 AYWanget al., 2008) Thesuggesibn isthat sequential occlusion of these
lateral vestibular portals gives rise to these subconducting states. In the event
of all 7 of the lateralestibular portals becoming occludethis leaves the
pore perforating the floor of the cytoplasmic domain to continue to conduct
ions. This provides a simple explanation of the 8 conducting states observed.
To try to provide evidence for such a hypothears attempt was made to
estimate the pore diameter that would give rise to an opening of equivalent

current amplitude to thatof the lowest subconducting state termed SC1. If
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this hypothesis regarding vestibular portal occlusion were corren the

pore diameter calculated should match that of the opening on the floor of the
cytoplasmic domain. The calculated pore diameters ifi &ad B&" were 9.2

A and 9.4 A. This is close to the diameter of the pore aligned coaxially to the
transmembrane and while th estimation is not exact this does give some

credence to this hypothesis.

It has been suggested for" Kons that occlusion of the lateral vestibular
portals is unlikely or would be short livé@Gaminiet al, 2011) This might
reflect the short lived subconducting states seen in this chapter. As the
pipette voltage increases so too do themhber of subconducting states seen
which may well be a result of the increased ion transitowever in addition

S} *UPP ¢SJVP % }ES 0 } ope]l}etds2@yi\atsdlsuggdst thal v ]
in their simulations the pore aligned coaxially to the transmembrane pore is
largely unhydrated and unable to conduct ions. This final point does not fit
with this hypothesis but it has not been proveaxperimentally However

some sipport for this hypothesis can be found in Ganghal.,2011.

If vestibular portal occlusion does give rise to these states,question then
becomes what structural determinants would allofer vestibular portal
occlusion? And furthermore why do thatéral vestibular portals become
occluded but not the narrower pore aligned coaxially with the
transmembrane pore? The next chapter aims to look at the structure of MscS

and 6 electrophysiological homologues in search of insights into these
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guestions. In ddition it will look for structural determinants of ion selectivity
within these homologues to provide further hints towards the structural basis

of MscS selectivity which was also investigated in chapter 3.

The most interesting point about these subconting states is that they are
likely to occur in a physiological setting. The resting membrane potenttal. of
colivaries depending on where in the cell cycle the bacteriyrusis around

t 150 mV(Bot and Prodan, 2010Yhe substatedocumented in this chapter

are seen at +70 mV pipette potential and abpwhich equates to membrane
potentials of-70 mV and above. If these subconducting states were to occur it
would greatly reduce the conductance of MscS. This may be a protective
mechanism of regulation preventing both the excessive efflux of internal
osmolytes but also, as eluded to in chaptertie excessive influx of &a
Along with the pressure sensitivity and inactivation this could add another

intricate layer to the regulationf this highly tuned channel.

4.5 Conclusions and future work
The work contained within this chapter illustrates that in the presence of

divalent cations (Caand B&") alone MscS exhibits numeroagually spaced,
long-lived subconducting stateat positive pipette potentialsThe maximum
number of subconducting states identified was 7 which is not easily explained
using the current paradigrfAkitakeet al,, 2005) Thereforea new structural
explanation was proposedfor these substates based on the intermittent
occlusion of the seven lateral vestibular portals of MsERus he lowest

subconducting state would bedue to ionic permeation through the pore

127



Chapter 4

aligned coaxially to the transmembrane poia. addition the work in this
chapter also raises numerous questions that need to be addressed:

- Does MscS exhibit these 8 conducting states in nattie coli
membranes? This could be addressed by patching MscS in the
presence of Cagbr BaCGlin giantE. colispheroplastslf so, do these
subconducting states have a physiological role in reducing internal
osmolyte efflux and/or Gainflux?

- Does the membrane composition affect MscS subconducting states?
The possibility remains that the fiect of C&" and B&" on the
electrophysiological behaviour of MscS is mediated by effects on the
membrane. This could be investigated by modifying the lipid
composition of the liposomes MscS is reconstituted in and seeing
whether MscS subconducting activity is altered.

- Are the MscS subcondticg states due to vestibular portal occlusion?
This could be tested by changing the charge distribution around the
vestibular portals and investigating whether these mutant MscS

channels display different subconducting behaviour.
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Chapter 5: Structural comparison of six
electrophysiologically characterised MscS
homologues
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5 Structural comparison of six electrophysiologically
characterised MscS homologues

5.1 Introduction
The previous two chapters have examined the effects of divalent cations on

MscS behviour. In particular investigatinglifferences in aion-cation
permeability andsubconducting statesMscS is a homoheptameric ~210 kDa
protein with a vast array of homologues currently identified in protists
(Nakayameet al., 2007), bacteria (Martinaet al., 1987), archaea (Kloda and
Martinac, 2001pnd plants(Haswell and Meyerowitz, 2006 his chapter aims

to interrogate the structure of 6 electrophysiologically characterised MscS
homologues paying particular attention to potential discriminators of
selectivity or cation binding sites with a view to creatsiggle residue MscS
mutants that can shed light on the structural basis of the subconducting states
seen and/or the channelanion selectivity. The structural similarity between
these MscS homologues and previous description of their biophysical
properties means it is useful to make comparisons between these
homologues. The main aim is to identify sites particularly in the cytoplasmic
domain which could be involved in ionic interactions. These interactions may
bring about the 7 distinct subconducting statidentified in chapter 4, give
some insight into the slight anion selectivity observed with MscS and also the
increase in anion selectivity seen in the presence of divalent cations such as

C&"and B&".
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The 6 electrophysiologically characterised hongoles that will be looked at
are; MscK fronk. coliMscCG fronCorynebacterium glutamicunMSC1 from
Chlamydomonas reinharditiMscSP fronSilicibacter pomeroyand MscMJ
and MscMJLR fronMethanococcus jannaschiAs previously discussed two
crystal strutures of Msc@ire availablethus from an amalgamation of protein
sequence and electrophysiological data we can begin to look at structural
determinants of biophysical behaviour. The following is an introduction to the

homologues discussed in this chapter.

5.1.1 MscK
A number of bacteria possess MS channel paralogues a case in poinbeing

coli which has 6 electrophysiologically characterised Mdd& proteins
(Edwards and Booth, 2011, Edwastsal, 2012).0One of these paralogues is
MscK which is full discussed in the general introductioA particularly
important point to note is that MscK is very slightly anion selective even in

comparison to MscS.

5.1.2MscCG
MscCG is a mechanosensitive channel foun@anynebacteum glutamicum

It plays an esmtial role in osmoprotection and its involvement in the
jettisoning of intracellular glutamate is utilised commercially in the global
production of glutamate(Nakamaruet al, 2007) MscCG has a similar
conductance to MscM of around ~400 pS (symmetri€zl 200 mM, Mggh0
mM, HEPES 5 mMpH 7.4)and exhibits weak cation selectivity WPc) =

~3)(Borngeret al., 2010) Similarly to MscS this channels exhibits rectification
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where the unitary conductance at positive potentials is markedly larger
(roughly 3times) than at negative pipette potentials1scCG is interestinger

se for a number of reasons particularly structurally. It possesses 4 putative
transmembrane segments one of which is purported to be at the C terminal

tail following its cytoplasmic doma{Borngenret al,, 2010)

5.1.3MSC1
The MSC1 channel was isolated from the prdflstamydomonas reinharditii

It has been shown to be a mechanosensitive channel with a conductance of
400 pS (symmetrical KCI 200 mM, Mg@@ mM HEPES 5 mM pH 7ahd
displaysa higher anioncation permeability ratio than MscSdPx = ~5). This
channelis expressed in the chloroplasts and cytoplasm and seems to have a
role in chloroplast organisation, as knocking it out results in abnormal

chlorophyll distribution (Nkayamaet al., 2007).

5.1.4MscMJand MscMJLR
Methanococcus jannaschs a mesophilic coccoid methanogen which to date

has two electrophysiologically characterised MS channels: MscMJ
(Methanococcus jannaschiand MscMJLRMegthanococcus jannaschliarge

and rectifyingjKloda and Martinac, 2001)hey are both cation selective
(RdPci = ~5 & ~6, respectively) mechanosensitive channels. MscMJ has a
conductance in the region of 270 pS whereas MscMJLR has a much larger
conductance (2.2 nS)(Kloda and mitaac, 2001). As the name suggests,

MscMJLR displays marked rectification whereas MscMJ does not.
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5.1.5 MscSP
There are no publications currently relating to the MscS homologue MscSP

isolated from the sulphur degradingarine bacteriumSilicabactepomeroyi
Information regarding the biophysical activity of this channel is from personal
communication with Prof Blartinac (Petrowet al.,unpublished) This channel
gates in response to increasing membrane tension with a conductance that
rectifies suchthat its conductance at positive potentials is 1/3 greater than at
negative pipette potentials. MscSP has a smaller conductance than MscS (~20
% less) but exhibits similarly weak anion selectivity (PCI/PK = ~1.4). There are
no data to suggest whether thighannel can protect cells against an

hypoosmotic shock.

5.1.6Chapter hypothesis and aims
This chapter aimgo identify putative regions that could be involved in

selectivity and/or subconductance state generation, and then to test this
using site directednutagenesis Firstly, to identify these potential regions,
sequence alignment of MscS with six electrophysiological characterised MscS
homologues with vastly different selectivity profiles will be carried out. Once
residues for mutations have been idemtif, channel proteins will be
expressed, purified and reconstituted in azolectin liposomes for

electrophysiological characterisation. The specific aims are as follows:

- Align the full length MscS sequence with other MscS homologues.

133



Chapter 5

- Align the MscS TM3egion and cytoplasmic domain with putative
regions of the six channels described in the introduction using pairwise

alignment.

- Identify any difference between the channels that could be important
for describing their biophysical behaviour, in particuldéineir

selectivity.

- Identify regions in the cytoplasmic domains that could bind ions

through electrostatic interactions.

- Create, purify and reconstitute MscS mutants in 100 % azolectin

liposomes for electrophysiological characterisation.
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5.2 Methods

5.2.1Protein Sequene alignment
Multiple sequence alignment of MsdiBe proteins was carried out using

Clustal W (Thompsoet al., 1994) freely available software:

http://www.ebi.ac.uk/Tools/msa/clustalw?2/

Pairwise alignments were carried out using the Needleiamsch algorithm
subsequent to multiple sequence alignment to decipher levels of sequence
identity and similarity of full length proteins and specific prataiegions
(cytoplasmic domain and poiferming helix). Sequence identity is defined as
the percentage of residues in an aligned sequence that are identical.
Sequence similarity is defined as the percentage of residuesn aligned

sequencehat have simar properties as set out by the algorithm.

5.2.2Molecular modelling
Homologymodels of channels in this chapter were created using the SWISS

model server (Arnoldet al., 2006) They were created using both the open
structure (PDB: 2VV5) and closed/intexdiate structure of MscS (PDB:

20AU).

http://swissmodel.expasy.org/

5.2.3Computation of putativeTrangnembrane spanning segments
Putative membrane spanning regions were determined using the membrane

protein idertification without explicit use of hydropathy profiles and

alignments (Minnou) software (Ca al., 2006).
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5.2.4 Hydropathy plots
Hydropathy plots for MSC1, MscS, MscK, Msd@seMJLRnd MscMJ were

calculated using laser gene software with a@ow sizeof 19 using the Kyte
Doolittle scalePeaks above + 1.6 indicate the possibility of a transmembrane
spanning region.

5.2.5Site directed mutagenesis

Site directed mutagenesis was carried out on khecSgene yggB housed in

a Lacl containing p@& vector using theQuickchange Il mutagenesis kit
(Stratagene). The associated protocol available online was used with some

minor amendments as follows.

The mutagenic primers were designed using the following website:

https://www.genomics.agilent.com/CollectionSubpage.aspx?PageType=Tool&SubPage
Type=ToolQCPD&PagelD=15

Primers were ordered from Sigma all had GC content above 40% (E&87R

%; R27A 161 %), the particulars are shown below:

dZ 3A} § «§ E 3]}ve AE (JEu C ]JvP f#60..0 }( D
%0 su] S} A ..o }( ii&E & S]}v pu(( ®X d} }v }( 8z 8§
both the forward and reverse primers for the E187R amitwere added and

to the other test reaction 150 ng of the forward and reverse primers for the

136



Chapter 5

T60 ups vs A E X d} 8z }( 8z & S8]}ve i
v 8Z v }3Z A E §}% % H%,B} il ...0 pe]vP
d} oo & §]}ve fulfra high fldelity DNA polymerase (2.5 U)o

was then added. All reactions were then placed on a heating block using the

following cycle:

Step No.of Cycles | Temperature (°C) Time (seconds)
Denaturing 1 95 30
Annealing 16 95 30

55 60
68 360

Once the Thermocycler (Thermoscientific) had finished the samples were
placed on ice for 2 minutes. The temperature had to be reduced low enough
v} 8} Vv SUE 38Z %Vi & *3E] 5]}v VvICu X Kv §Z]e
% vi ~iihias. added to eacheaction. This enzyme breaks down the

parent methylated template DNA. The Dpnl was mixed with each reaction
gently and incubated in an incubator at 3Z for one hour.*u *» <gp vSoC T ...0
}(83Z (Jvo E 3]}v A . $lcompetent Xk bg %o cali
cells. The XL blue cells were then transformed with mutant DNA in identical
fashion to that documented in the material and methods section of this thesis
(i.e. using heat shock). The transformed cells were then plated onagaB

plates contav]vP i1 ‘ampicillinand 1mM IPTG. They were incubated

137



Chapter 5

at 37 °Cover night. Minipreps of each plasmid (Sematerials and methods
chapter 3 were done in order to send samples for sequencing. All sequencing
was carried out by the Garvin Instituteydhey, New South Wales, Australia.

Sequencing results were visualised using the DNAstar Lasergene suite.

5.2.6Protein purification and incorporation in liposomes
The mutants were expressed and purified as set out in the materials and

methods section othis thesis. Again the dehydratieehydration method
was used to incorporate the purified channels into azolectin liposomes. The

electrophysiology set up was exactly as set out in chapter 2.

5.2.7 SD®age gel
d} 0 ...o }( %o @E}S ]v * u% oLDOXsgample buffér @Envikogen) was

v J}v]e ASE A. 3Zv §} i1 ...oX dZ]e-
subsequently heated at 70 °C for 10 minutes using a -thé@noblock
(Biometra). After placement of a Novex NUPAGETBs 10% gel (Invitrogen)
into an Xcell surelock mintcell rig (Invitrogen) the upper and outer chambers
A E (Joo A]J83Z EpW ' D * u(( & ~/VA]SEIP veX ~pu
e U%o0 A « 0} }vd} 8Z P o o}vP A]3Z -s$thinedo E}A [
standard (Invitrogen). The gel wasethset to run for 45 minutes at 15®00

V. Images of stained gels were taken using a digital camera.

5.3 Results

5.3.1 Full length proteins
As previously reported by Pivetét al., 2003 the MscS family is broadly

divided into two categories of smallproteins (such as MscS circa 300 amino

138



Chapter 5

acids) and larger proteins (such as MscK circa 900 amino acids)(Figure 5.1).

These differences are made up from inserts and/or deletions in either the
cytoplasmic domain or transmembrane regions. For example MssKLh
putative TM helices wheees MscS has only(Bivettiet al., 2003, McLaggaet

al., 2002)(Figure 5.1)in this chapter most of the 6 electrophysiologically
characterised MscS homologues described belong to the former. They are
relatively small in sizeanging from 268t 533 amino acids long with 35
putative transmembrane regions as determined using hydropathy plots and
the Minnou transmembrane predictor programme. Allied to thihe
sequence similarity with each of these homologues is higher wittS80.4t

70.8 %) than MscK (1223 %jFigure 1.2).

The transmembrane regions are highlighted in Figure 5.1 with horizontal grey
boxes labelled with the corresponding TM regidn.the hydropathy plots
shown in Figure 5.1 using the Kybeolittle scalea peak of above + 1.6
signifies sufficient hydrophobicity, with a window size of 19 (the window size
being the number of amino acid residues looked at), to indicate a TM region.
Incidentally the peak circled in red (+1.94) in Figure 5.felated to the
transmembrane domain of MscCG which comes after the cytoplasmic domain
and may play an extra role in tension sensing/glutamate selectiVhis is a

point which makes MscCG structurally unique.

MSC1 the protist M homologue also has an interesting feature. The

hydropathy plot shows a large-N GEu]v o E P]}v ~eifi [« §Z §
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form any TM helices. It is thistdrminal region that is removed in Nakayama

et al.,2007 in order to gain channel functionality.ede authors surmise that

this is a signal sequence requiring cleavage before the channel can become
functional. This is the only channel in this chapter with such a sequence. They
also suggest there may be a helical structure in this region which the
hydropathy plot in Figure 5.1 does not corroborate as there are no peaks

above +1.6 in this region.
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Figure 5.1 Hydropathy plots of MscS and 6 electrophysiologically characerised Msw8logues.Channels ararranged with the most anion selective (MSC1) at

the top and most cation selective at the bottom (MscMJ)(Kytmlittle scale). Grey shaded area illustrates the conserved cytoplasmic domain of all seven
homologues. In the case of 9dCG the cytoplasmic domain extends markedly outside the shaded area. Putative transmembrane regions are also shown for
grey bars as deciphered from hydropathy plots and the online ™ segment predictor Minnou.
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Figure 5.2Percentage identity and similarity of MscS with homologues studied in
this thesis. Top table shows percentage identity (red values read vertically) and
percentage similarity (blue values read horizontally) from -page alignments
(EMBOSS NeedlbleedlemanWunsch alignment; EMBEBI) of full length proteins.
Bottom table shows percentage identity and percentage similarity from-\isie
alignments (EMBOSS Needle, Needlemamsch alignment algorithm;EMEBI) of
putative cytoplasmic domains subaemnt to alignment using ClustalWw.
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5.3.2Pore alignment
The first region inspected was the pei@ming helix An alignment was

carried out of the sielectrophysiologically characterised Mdd& proteins
with the pore lining TM3 helix of MscS whichiends from V96 F127(Basst
al., 2002) In the mainthe TM3 helix of MscS is hydrophol§kigure 5.3and

Is characterised by multiple glycirglanine repeat¢Edward<t al., 2005)

Figure 5.3 Comparison of MscS TM3 helix hydrophobicity with byelrophobicity
of putative poreforming helices of six homologuesHistogram illustrating the
percentage of residues of the putative pefi@ming helices that are hydrophobic
compared with MscS.

There are no areas which could give insight into the sligibraselectivity
exhibited by MscS as previously described (Edwatas., 2008)(Figure 5.4)

In fact even mutations in the pore helix of MscS do not modify selectivity.
When you align the other Msdi&e proteins there is quite high sequence
similarity without the major differences you may expect from the observed
selectivity (Figure 5.5)Only two residues are conserved throughout every
homologue Q112 and G121. The conserved resi@tgl is proposed to be
important in both desensitisatiorto pressureand channelgating (Akitakeet

al., 2010) /& ]* %opE%}IES 3§} & + ZZ]vP [X &E}u

suggestion can be made that the gating mechanisms of these channels may,
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at least in part, be similar. The role of Q112 is less well documented lsut thi
conservation intimates an integral role. In the first crystal structure to be
published of MscS by Bass al., 2002 they make note of the kink formed
around G113 and the importance of the glutamine residue preceding it to
form the kink. Thus the preseamf Q112 may well be a structural feature of

this family of channels.

Figure 5.4 Comparison of the putative poferming residues of six
electrophysiologically characterised MscS homologués) MscS TM3 poftarming
residues aligned withputative poreforming residues ofsix electrophysiologically
characterised MscShomologues with channelsrranged with the most don
selective (MSC1) at the top. (B) Histogram illustrating % conservation of consensus
residues at each position, the consensus sequesicertained within the histogram.

Interestingly G113 (important for inactivation) is only conserved in one of the
six homologues (MscSP) suggesting thakeast within this small dwort of

channels inactivation mayot be wide spread (discussed later in this chapter).

L109 which forms the hydrophobic lock in MscS is conserved in all
homologues apart from MscK where it is replaced by a phenylalanine. The

increased volume of phenylalanine may play a role in the reduced
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conductance exhibited by MscK. L105 also important for formation of the

ZA % }uE o} I[ ]J*+ 0o =« A oo }ve EA ~0 }us }( 38z 6

Figure 5.5 Knobs and holes of MscS TM3 helix compared with aligned residues in
other homologues.(A) lllustration of alanine glycine packing in MscS (PDB: 20AU,
non-conductive) TM3 with alanines (red) and glycines (yellow) shown from 3 of the 7
monomers. (B) Alignment of alanigdycine pairs in MscS TM3 with other
homologues.

Previously it has been suggted that the tight packing of the TM3 helices
seen in MscS (PDB: 20AU) was enabled through a conserved sequence of

glycinealanine repeats.
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Where knobs (alanines) fitted into holes (glycines) to enable tight packing
(Edwardset al., 2005). Some of thesepeats can be seen in the homologues
examined in this chapter, although conservation is moderate, one example
being A106 fitting with G108 of a neighbouring helix. Both show moderate
conservation throughout these homologues. Another pair showing moderate
conservation is A98 and G101 (Figure 5.4 and Figure 5.5). Interestingly MscK
possesses a glycispair at positions equivalent to A106 and G108 in MscS.
Edwardset al., 2005 show that creating glycine pairs lowers activation

threshold and MscK has a lowgressure threshold of activation than MscS.

Also not shown in Figure 5But of note, is that a prolie at position 129 in
MscS is almost completelgonseved throughout thesehomologues the
exception being MscCG where the proline aligns at position. P28line
residues exhibit a very low helical propensity and it is this residue in MscS that
marks the end of th&M3 helix and the start of the cytoplasmic domérace

and Scoltz, 1998)This residue was used to mark the beginning of the C
terminal domainwhen creating pairwise alignments of the channels for
sequence identity and similarity of the cytoplasmic domains shown in Figure

5.2.

The sequence similarity between the MscS pfmening helix and the
putative pore forming helices of the 6 MscS homolegus high ranging from
59.4 1 96.9 %. The highest level of similarity (96.9 %) is seémele®@ MscS

and MscSP (Figure %.6Figure 5.7 shows a homology model of MscSP
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(created using the open structure of MscS PDB: 2VV5) compared to the open
structure of MscS. Many of the reported residues important for gating and

mechanosensing are very similar.

Figure 5.6Sequence identity and similarity between MscS homologu@sis table
illustratespercentage identity (blue values read vertically) and percentdigarity
(red values read horizontally) from pauise alignments (EMBOSS Needle,
NeedlemanrWunsch alignment; EMBEEBI) of putative poréorming residues of all
MscS homologues investigated in this chapter.

Interestingly the helices present in the homglomodels createdy SWISS
model (for example of MscSP) closely match those predicted by the
transmembrane predictor programme Minno8ome examples are shown in
Figure 5.8 where the helices predicted by Minnou are coloured for

comparison.
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Figure 5. 7Canparison between MscSP and Msd®ft panel shows three TM helices
of MscS with important residues for gating, desensitisation, inactivation and
mechanosensing shown. Right paskbws a homology model based on MscS crystal
structure (PDB: 2VV5) createding SWIS$odel software. Putative important
residues are illustrated for comparison.

Figure 5.8Comparison of TM regionsThis diagram shows an MscS monomer (PDB:
2VV5) with three homology models of channels investigated in this chapter. The
transmembrae regions predicted to be helices by the Minnou programme are
coloured red (aligned to TM1 of MscS), blue (Aligned to TM2 of MscS) and green
(aligned to TM3 of MscS).

148



Chapter 5

5.3.3 Inactivation
G113 which is purported tbe the centre of inactivation (Akitaket al., 2007,

Belyyet al,, 2010, Kamarajet al., 2011) is not conserved in 5 of the BscS

like proteins investigated in this chaptelt is however conserved in MscSP.
This is interesting for two reasons. Firstly MSC1 has been reported to display
voltage-dependent inactivation but does not have a glycine at the
corresponding position (in fact it has a glutamine which has much higher
helical propensity)(Nakayamat al, 2007). Secondly MscSP seems not to
display any noticeable inactivation despite consgion of the G113 residue
(Petrovet al., unpublished). In the other channels MscK, MscMJ, MscCG and
MscMJLR the equivalent residue to G113 has much higher helical propensity
(glutamate, aspartate, serine, glutamin@spectively) and none of these

channels exhibit inactivation.

The low helical propensity of G113 allows a kink to form in the TM3 helix and
prevents interaction between F68 of TM2 and L111 and L115 of TM3 (Akitake
et al, 2007, Belyet al, 2010, Arkiret al,, 1998). This prevents tension being
transmitted from TMITM2 to the pore. In addition to this an interaction
between TM3 and the cytoplasmic domain is also important for inactivation
(Koprowskiet al, 2011). This interaction is centred around NXdfich is
highly conserved in MscS homologues. In this chapter it is conservedfin 5 o
the seven channels (Figure k.4 his interaction involves hydrogen bonding

A v Eii6 v 'iod6 AzZ] Z v SuEv o00}A. 5Z ZI|vI[ 3

Koprowskiet al., 2011 showed that an introduction of a positive charge at
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either position inhibits inactivation whereas replacement of these residues
with opposite charges restores the channels ability to inactivate. A
diagrammatic illustration of this is shown in Figure %5968 is replaced for a

serine in MscMJ and MscMJLR which can form hydrogen bonds but may not

Z A eu((]]1vs ]l 8 E] P 3Z P % SAdoma®:mdf dDi Z o

the cytoplasmic cage.

Figure 5.9 Diagrammatidlustration of MscS inactivation.(A) Representation of

MscS inactivated state with a kink at G113 in TM3 preventing F68 interacting with
L1211 and L115 (not shown) thus inhibiting the transmission of tension to the [{@&)re
MSC1 which also inactivatesd has a conserved interaction betwedine putative
pore-forming helix and the cytoplasmic domain. (C) MscK (D) MscCG and (E) MscSP
do not inactivate and they follow what is observed in the mutants reported by
Koprowskiet al., 2011 i.e.that N117K and G168do not inactivateand double
mutantssuch asN117K,G168[do exhibitinactivation.
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In addition there is no glycine at the equivalent position to 113 in MscMJ and
MscMJLR which may explain the lack of inactivation shown by these channels

(D and N replacements respectively see Figure 5.4).

From this sequence alignment data th&iggesbn can be madehat while
G113 is important for inactivation in MscS and other Mi#aS channelsit is

not the only structural determinant. Inactivation in MscS and other members
of its family also hinges upanteractions between the pororming helix and
cytoplasmic domainThe fact that MscSP shows such high sequence similarity
and a conserved residue at position G113 of MscS but does not exhibit
inactivation illustrates how important other mechanisms/mises must be in

the inactivation process of this family of channels. As reported by Koprowski

et al.the N117/G168 interaction seems to be a big part of the process.

5.3.4Cytoplasmic domain conservation between Mstikse proteins
As pointed out by numeus previous publication®ne area of conservation

between different Mscdike proteins is the large cytoplasmic cage. This
domain, while possessing lower sequence similarity than the pore lining
helices(similarity with MscS ranges from 30.9 to 70.4 8égms tdbe present

in all MscSike proteins(Grey shaded area Figure 5.Ih) the hydropathy plots

in Figure 5.1 the largely negative values in the grey shaded box indicate a
hydrophilic region which is water accessible. The fact that the MscS pattern in
the hydropathy plot is mirrored in all these six channels indicates a
conservation of this region. However eannumber of Msc8ke proteins such

as MscCG there are quite large iam acid sequence insertions (i.e. 43[ ¢
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which modify the size of the ayplasmic domainThe greatest degree of
sequence similarity in the cytoplasmic domains, perhaps unsurprisingly, is
between MscMJ and MscMJLR (83.9 %) both of which come from
Methanococcus jannaschiThe degree of sequence similarity between the

cytoplasme regions of MscSP and MscS is also very high at 70.4 % (Figure 5.2).

One similarity between a number of the homologues discussed is the
conservation of a potential electrostatic interaction between the loop
connecting TMATM2 with the top of the cytoplamic cage (Nomurat al.,
2008). In MscS D62 is proposed to interact with R128 and R131 and be
involved in not only gating, but also channel inactivation. This conservation is
confined to the channels which show the highest sequence similarity with
MscS (MeSP: 70.8 %, MscMJ: 51.1 % and MscMJLR: 52.8 %) (Figure 5.2 and
Figure 56). The fact that D62 and R128/131 come within close proximity in
the open stucture of MscS (~6 A; Figure 5 1#nd none of the channels
where these residues are conserved exhib#dtivation, may hint towards the

fact that this electrostatic interaction between the TM linker and the
cytoplasmic domain is a conserved part of gating in thesechMinels. As
shown in Figure 5.1@hese residues come within close proximity in the same
monomer in the open structure, but in the closed/intermediate state they

become close between monomers.
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Figure 5.10Interaction between TMXTM2 linker and the cytoplasmic domair{A)

MscS in the closed/intermediate state (PDB: 20AU) shows close proximity of D62
(orange) from one monomer (dark greyjth R128 and R131 of another monomer
(light grey). This interaction may stabilise the closed/intermediate sate. (B) In the
MscS opentate (PDB: 2VV5) D62 of one monomer (dark grey) comes within close
proximity of R128 and R131 within the same monomer. This interaction may be
necessary for gating as mutations in these areas increase pressure threshold for
activation (Nomuraet al., 2008) (C) lllustration of the alignment of D62, R128 and
R131 of MscS with the six electrophysiologically characterised homologues discussed
in this chapter.
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This may signify an important interaction firstly in gating where the
electrostatic interaction helpsoordinate movement between the TM regions
and the cytoplasmic domain. It may also mean that the electrostatic
interaction also stabilises the closed state (Sotomayor and Schulten, 2004).
The former is more likely to be important as reversal of chargiede sites
increases the threshold for activation i.e. impairs gating (Nonetira., 2008).

This all fits with other data suggesting that the cytoplasmic domain swells or
expands during MscS gating (Machiyaataal., 2009). This assumption does
not meanthat this interaction is not involved in inactivation, because Nomura
et al., 2008 definitively show that mutations in these residues (especially
R131) do affect inactivation. It merely serves to suggest that its role in gating
Is just as important and mawell be conserved throughout other closely

related MscS homologues.

5.3.5Vestibular portals of MscS
On initial inspection of theateral vestibular portals of MscS there are very

few distinguishing features. The seven cytoplasmic portals are vaguely ho
glass shaped and are around ~A3in diameter. They are surrounded by
positively chargedi.g. R184,R185,R238), negatively chargesl E22), polar

(i.e. S234) and apolaii.¢. A158, W251) residues. Coulombic charge maps of
the region generated usinGhimera UCSF v1.&gsdard histidine protonation

pH 7.4) illustrate this with few electronegative or positive regions near the

portals (Figure 5.1A). However looking from inside the vestibule a strong
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area ofelectronegativity centred orE227 and E187 idearly visible. While
E187 is withirclose proximity to the portal (68 A) E227 is much more distal

(> 128). The region of electronegativity they produce does represent a
potential area in which cations could bidd dZ]e A}po Z+ E v[ }((
negative charge in turn giving rise to a mildly more thermodynamically
favourable route for anionsThis potential binding of cations is indirectly
supported by Gaminet al.,2011. The molecular dynamic simulations shown
in this paper demonstrate that'Hons spen longer inside the vestibule than
the negatively charged glutamate ions. In contrast to inactivation about which
much has been mentioned in this chapter (Akitakeal., 2007, Belyyet al.,
2010, Kamarajwet al, 2011) less is known about MscS selectivity. These
regions could represent the basis of MscS selectivity. In addition if cations do
bind in to these regions they may also facilitate the occlusion of vestibular
portals which in chapter 4 was proposed to thee structural basisof MscS

subconducting states.

If this were the mechanism for MscS selectivity then we would expect larger
cations to produce higher anieration permeability ratios. This is supported
by the data preented in chapter 3. Figure 5.1&mmarises the data
presented in chapter 3 and illustrates how this selectivity mechanism may
work. These aniowation permeability ratios could also be explained by ions
wanting to permeate as neutral pairs such as in the glycine receptor

something also elded to in Gaminet al.,2011 (Sugihartet al., 2008).
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Figure 5.11Coulombic charge map of MscS vestibular postafA) A Coulombic
charge map of an MscS vestibular portal as viewed from the cytopléBmA
Coulombic charge map of MscS vestibule as seen from inside showing a highly
electronegative region centred around E187 and E227. This may also be influenced
by E220. Red colouration signifies electronegativity while blue signifies
electropositivity.
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Figure 5.12llustration of proposed mechanism of MscS selectiviag viewed from

the cytoplasm (A) K bound near the portal increases tlamionselectivity (B) In the
presence of larger cations the anion selectivity increases. (C) In the presidacger
anions the aniorcation permeability increases even further. This scheme is
supported by the experimental data set out in chapter &FR< R{Pca< RiodPcj.

In order to further explore the hypothesis thtdtese residues malge involved

in processes such as selectiyityr subconducting statealignment of the
portal residues was looked at with respect to six other electrophysiologically
characterised MscS homologuesThere are no detailed reports of

subconducting states in these channbig their selectivity is known.

Figure 5.13Sequence alignment of residues forming MscS vestibular portals with
six electrophysiologically characterised homologueslthough E187 and E227 do
not form part of the portal they are added for comparison beaawd the highly
electronegative region they create within the vestibydeoximal to the portals in
MscS

If we look at the anion selective homologues we can see that in MscSP, which

exhibits lower anion selectivity than MscS, there is conservation of @licac
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residue at position 187but not at position 227.MSC1 which conversely
displays much higher anion selectivity does have a conserved glutamic acid
residue at an equivalent position to E227 but lacks an acidic residue at 187.
MSC1 does however instedtave a glutamic acid residue in place of Q247
which in MscS forms part of the lower portion of the vestibular portals (Figure
5.10). Inspection of the most cation selective channels MscMJLR and MscMJ
reveals that both have an acidic residue aligned witB7/E&hich seems not to

sit well with this hypothesis. They do have an acidic residue at the equivalent
position to R238 which faces directly into the portal in MscS. In fact all the
cation selective channels shown (MscCG, MscMJLR & MscMJ) have this acidic
residue aligned with R238, and all anion selective channels (MscS, MscSP &
MscK) with the exception of MSC1 have a positively charged arginine at this
position. Obviously whether the six electrophysiologically characterised
channels in this chapter displagstibular portalsor how many they possess

is not known. However if the homology models described in FiglBaai®
placed side by side,naexample is shown in Figure 5A4then lateral
vestibular portals begin to appear akin to those seen in M$b& may well

be an artfact introduced by the alignment procedure and the very basic
homology model created by the SWi®8del. However the diameter of the
portal in MscMJ is similar to that calculated by Kledal.,2003(~9 A) This
diameter is assued to be the pore diameter but it could be the portal
diameter, which acts as the bottle neck for ion permeation, even though there

are multiple portals.
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Figure 5.14Vestibular portals in other Msc8ke channels.(A) Spacefill homology

model of twoMscMJ monomers side by side (based on PDB: 2VV5). The dashed circle

illustrates a ~9 A perforation that looks very reminiscent of the vestibular portals

seen in MscS. (B) Plot illustrating how conductance changes with respect to average

amino acid volumeof 10 residues that form the vestibular portal in MscS. These

residues are taken from the alignment shown in Figure 5.12 (not including E187 or
116 «3SZ C }Vv[S (JEU % ES }( SZ %}ES o+X

This homology model alignment was not carried out for each channel
however a test was carried out to see whether the average volumeOof 1
residues (shown in Figure 5)13hat form the portals in MscS has any
correlation with conductance in the MscS homologues, the assumption being
that the lower the volume of these residg, the larger the portal, and thus

the higher the conductance. The results of thisalysis are shown in Figure
5.14. There is a correlation between the most sequence similar homologues
(MscS MscK MscSP MscMJ and MscMJLR). For these channels, as tiee avera
volume increases, the conductance decreases. The other two channels do not
fit this correlation. This may mean that these two less similar homologues do

not have vestibular portals similar to that seen in MscS.
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5.3.6 Site directed mutagenesis
In order to see if these electronegative regions based around E187 and E227

are involved in selectivity, and also the basis for vestibular portal occlusion,
site directed mutagenesis was usedlthough E220 is within close proximity

to the vestibular portalsthere is no conservation of this residue in the other
anion selectiveMscSlike proteins studied. As a resuhie decision was made

to mutate E187 and replace it with oppositely charged arginine, and to mutate
E227 and replace it for an alanine, to mimic gdgnment seen with the very
weakly anion selective MscK. Thus the two mutants created were E187R and
E227A. These were created using the primers set out in the methods section
of this chapter. The sequencing data from these plasmids are showgureFi
5.15. After successful sequencing the amount of protein in each sample was
calculated using the BCA method as described in chapter 2 materials and
methods. Furthermore, to check the monomeric size of the product an SDS
page gel was run of the sampleltained (Figure 5.16 The size of the band is
~29 KDa which is in agreement with previously reported data, despite running
slightly lower than the expected 31 KDa (Malcodtnal, 2011, Sukharev,

2002).
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Figure 5.15Confirming identities of MscS mutants(A) SD$¢age gel of MscS
mutants E187R and E227A. Bands are clear at just below 30 kDa and 60 kDa which
match the band size for an MscS monomer and dimer. The presence of the dimer is
likely explained by excessive sample loading. (B) Sequencing datal&smigs used

to express MscS mutants E187R and E227A. The boxed nucleotides match the specific
residues being mutated (GAAGlu, AGAt Arg, GCAt Ala). (C) There is a silent
mutation in the E227A mutant plasmid shown in the dashed box (GV&, GTAt

vd).
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5.3.7 E187R and E227A MscS mutants
The two MscS mutants created did not exhibit any difference in pressure

threshold of activationin BaGl [WT-MscS: 128.7 + 20.5 mmHg (n = 4), E187R:
137.9 £ 36.3 mmHg (n = 3) and E227A: 104.7 £ 45.9 mmHg (nThexé
mutants also showed no differences in subconducting behaJyMrMscS (n
= 4), E187R (n = 3) and E227A (n =MNiltiple longlived substates were

visible at +70 mV pipette potential in symmetrical 100 mM B@&dure 5.15

Figure 5.16Comparson ofthe activity of wildtype MscS and mutant channelkeft

hand panel shows raw records of activity in the presence of symmetrical 100 mM
BaCl, pH 7.4. The right hand panel shows the corresponding Coulombic charge map
of the inside of the vestibulgrortal.
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However differences in aniecation permeability were s for both mutants
(Figure 5.1Y. Currentvoltage relationships for the mutant$E187R and

E227A)n asymmetric Baghre not shown due to the largesymmetric Ba¢l

Figure 5.17Selectivity of MscS and two MscS mutants E187R and E2Z&A.
Representative current voltage plots of WikcS and E187R with ionic composition
as shown in the left inset. The equilibrium potentials of K and Cl are marked on the
graph as the correspondingipette potential along with the reversal potentidB)
Anion-cation permeability ratios of WiMscS, E187R and E227A as determined by the
reversal potential in asymmetric K@&f{ hand side) (600 mM pipette / 200 mM bath)
and asymmetric Bag({right hand side) (200 mM pipette 50 mM bath).The table
illustrates the reversal potential as the corresponding pipette potential.

E v}$ «Z}Av pu 8} §Z o EP s as@EisEussefl}in chp@erss: W [
In WEMscS the reversal potential in Bafloves further towards the reversal

potential for Clthan in KCI (see also chapter 3). This means that ¢fiésRis
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larger than the B/Px meaning that in WAMscS more Kions move than B3

ions compared to Cions in the respective experimental conditions. Whba
reversal potentials for both E187R and E227A were measured in asymmetrical
KCI they moved less towards the revérpatential for Gl (Figure 5.1Y. Thus
these mutant channels exhibit weaker anion sélaty than WFMscS (Figure
5.17). The R/Px values are still above one, so there is still some anion
selectivity but it is significantly lower. In additiomet R/Px values are higher

for both E187R and E227A than the correspondiglP#2 values. This pattern

is the oppositeof that seen for WiMscS. However due to the SD of the
reversal potentials measuredhere is no statistical significance between the

calculatedPc/Px and Pc/PgVvalues for E1L87R or E227A.

5.4 Discussion
This chapteexaminedsix electrophysiologically characterised homgies of

MscS. The sequence alignment data set out in this chapter provides a hint
about the structural basis of certain biophysical characteristics such as
selectivity. Without the aid of-xay crystallographic data from all the channels
studied it is hardto make any concrete conclusions. However due to the
similarity in function and sequence of these homologues, these speculations

can give useful insight and are a useful place to start.

As has been previously reported the TM3 ptireng helix of MscSsimainly
hydrophobic, a characteristic shared by the other six homologues
investigated. The MscS TM3 helix possesses numerous algigiriee pairs

which are purported to be involved in gating, aiding the tight packing of the
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TM3 helices (Edwards al.,2005). These pairs are moderately conserved and

may well be a universal feature of Mslii& channels.

The leucine at position 109 in MscS which is involved in forming a
hydrophobic lock preventing ion permeation is also well conserved. The
leucine at posibn 105 is less well conserved. This suggests that the formation

H( ZA %}pE o} I[ uC A oo Adik€&Echann@g.«EHe }( D ’
larger channels such as MscK and also the product of the geiE. col)

have phenylalanines in this position.

Interestingly G113 which has been reported as the centre of inactivation is not
well conserved in this cohort of Msdi®e channels. Only MscSP shows
conservation of this residue. In addition to this MscSP does not exhibit
inactivation (Petrovet al., unpublished). From this the suggestion can be
made that other interactions are also important for inactivation in these
Z vv 0° V}S ipes ZIlvl[ ]Jv §Z dDi1 Z o]J]AEX Kv }( §7Z
between the TM3 helix and the roof of the cytoplasmic domairMstS this is
mediated via N117 which binds to the peptide backbone around G168. This
interaction facilitates kinking at G113 and introduction of charged residues at
any of these sites prevents inactivation (Koprowskial., 2011). In MscSP
there is an asprtate residue instead of N117, and it is this potential lack of
interaction between the TM3 helix and cytoplasmic domain that may prevent
MscSP from inactivating. This T@&oplasmic domain interaction was absent

in every channel examined that does no#activate. In the case of MscMJ and
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MscMJLR which also do not inactivate N117 is replaced with a smaller serine
residue. From this, and mutagenesis using the crystal structure of MscS the
suggestion can be made that this residue is too small to make duessary

interaction even though it is capable of forming hydrogen bonds.

One interaction which is conserved in 4/7 of the channels is an electrostatic
interaction between the charged TM linker and the cytoplasmic domain. This
reaction is likely to be imgrtant in gating. Nomurat al.,2008 show that it is
important in determining the kinetics of inactivation in MscS but its presence
in other channels that do not inactivate suggests a more integral role in
channel gating. Many previous reports suggestt ttiee cytoplasmic domain

*A 00 }V }% V]VP v §Z]e 0 SE}s &H] P Gua]lv }E
conserved mechanism in Ms&iBe channels that allows crosalk between

the tension sensing TM helices and the cytoplasmic domain. This is only
consaved in channels with the most sequence similarity (MscS, MscSP,
MscMJ and MscMJLR). Although in MscK and MSC1 there are numerous
residues that do not align exactly with D62 and R128/131 which could take on
this role. ,\}A A & §Z]+ ]v§ E t 5démto presgnt in MscCG and
taking into account its unique structure it would not be a surprise if its gating

mechanism were completely different from the other channels mentioned.

Alignment failed to identify any kind of distinguishing feature in the TM3
region which could underpin the selectivity of these channels, which is

supported by the fact that mutations in this region do not affect the

166



Chapter 5

selectivity of MscS (Edwarddt al, 2008). Thus as has been suggested for
MscS previously, the selectivity must iliethe cytoplasmic domain (Sukharev,
2002; Gaminet al.,2011). The large cytoplasmic domain is a feature shared
by members of the MscS family and the six electrophysiologically
characterised homologues in this chapter are no different. Whether each of
the six channels investigated possess seven lateral portals in their cytoplasmic
domain is unknown. But due to the sequence similarity and similar function of
the channels it seems more than likely that they may possess similar
perforations, with the numbedependent on their multimeric structure. This
chapter has endeavoured to provide some evidence to support this by using
crude alignment of an homology model of MscMJ. When two monomers are
aligned side by side a perforation of similar characteristics & th MscS is
seen of around 9 A in diameter. This interestingly matches perfectly the pore
diameter which Kloda & Martinac (2001) calculated for this channel. While
this is not definitive evidence, and could be coincidental, it does provide some

support or this assumption.

A highly electronegative region was identified inside the MscS cytoplasmic
domain centred on E187 and E227. The hypothesis was thus formed that
cationic interactions with this electronegative area gives rise to the anion
selectivity ekibited by MscS. Mutation of these residues gave rise to two
mutants (E187R and E227A) with reduced anion selectivity. This means that,
at least in part, these residues account for anion selectivity displayed by MscS.

Mutation of these residues however dnbt affect substates. From this the
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suggestion can be made that although ion binding may occur here (for
selectivity purposes), due to the regions distal nature to the portal, binding is
not sufficient to cause portal occlusion. This leads to the assomptiat
there is another site for binding more proximal to the portals that facilitates
ion binding and results in occlusion or that as suggested by Ganiail.,
Tiiiu } ope]}v ] Zpvo]l oC[ v SZpue vv}s tuvs (}E §
5.4 Conclumns and future work

In summary the results in this chapter point towards a significant functional
role of the cytoplasmic domain not only in MscS but also in other NMkeS
channels. This chapter in particular documents the first single residue mutants
of MscS that display altered selectivity and puts forward a novel explanation,
as opposed to the entropic filtering ability of the cytoplasmic domain (Gamini
et al., 2011), for how this selectivity is brought about. The data within this

chapter also raisa number of interesting questions;

- E187R and E227A mutants do not display altered substate behaviour.
Are there other sites which may bind ions allowing vestibular portal
occlusion or are these substates brought about by another mechanism
for example as set out in Akitalet al.,2005.

- Is there a role for the electrostatic interaction between the
cytoplasmic domain and THhker in the gating of other Mseike
channels i.e. MscMJ? This could be investigated using site directed
mutagenesis of MscMJ, MscSP and MscMJLR all of which hadweses

which could mirror this interaction.
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Is the equivalent position of R238 in MscS an important residue for
selectivity in Msc3ke channels? Due to the correlation between
charge at this site and the selectivity of the channels studied in this
chapter, this position may represent an interesting target for future
investigations.

Do E187R and/or E227A mutations have any effect on physiological
function of the channel? This could be tested using the hypoosmotic
shock assay described in the third chapter.

Are both G113 and a TM3 cytoplasmic domain interaction important
for inactivation in Msc3lke channels? This could be tested using the
very close MscS relative MscSP. If this hypothesis were correct, we
would expect to see a mutant of MscSP where we odtice an
asparagine at the equivalent position to N117 (which in MscSP is an

aspartate residue) in MscS to display inactivation.
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Chapter6: MS channels in defence
against lysis subsequent to cell wall
attack
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6 MSchannels in defencagainstlysis subsequent taell wall
attack

6.1 Introduction
The previous chapters have centred on structural and biophysical questions

mainly relating to MscS. In this chapter the focus is more towards the
physiological role oMS channels.BacterialMS channels play an important
role in osmoprotection as outlineh the general introductionHowevertheir
diversity inE. colisuggests they may in fact possess alternative physiological
functions that go beyond osmoprotectiom this chapter the possikii that

MS channel expression provides a selective advantagihe presence of
agents that weaken the cell wall is explored.

As discussed in the general introductidmetmesh work of peptidoglycan in
the cell wallmaintains cellular morphology arnutotects the inner membrane
from lysis due to the intradkilar turgor pressure Weakening othe cell wall

by antibiotics(i. X-lactams) or enzymes (i.g/Slozyme)ausesan increase in
membrane tension in the inner membrane due to internal turgor pressure
and can result in cellular lysi$he aim of this chapter i¢o investigatethe
hypothesisthat MS channels gate in response to this increase in inner
membrane tension and work to reduce this pressure by releasing internal
osmolytes and thus working to reduce the potential for cellular ly$ithis
hypothesis were awmect then MS channel expression would provide a
selective advantage in situations of cell wall attack or strddsus the

expectation would be that MS channel knockout strains of bacteria suéh as
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coliwould show increased susceptibility to cell wahiliting antibiotics and

enzymes such as lysozyme.

Figure 6.1 Graphic representation of the hypothesis being tested in this chapter.
Antibiotics and enzymes can weaken the cell wall of bacteria. This reduction in cell
wall integrity can potentially lead to lysis as a result of normal cellular turgor
pressure. This chapter aims to look at whether MS channels can work to combat this
lysis by relieving pressure through osmolyte efflux.

6.1.7 tlactamantibiotics
t-lactam antibiotics are widely used clinically to treat numerous infections

including tonsillitis, endocarditis and cellulitis. They have a broad spectrum of
activity and are safen pregnancy.d Z -lactamantibiotic group iscomprisel

H( o EP vpu & }( *SEM SPHE 00C CE o0 S JUu%otuv o
lactamring at the heart of their structureHHowever since their advent more

than 60 years ago we still do not have awraet idea of their precise
mechanism of action.t-lactam antibioticsare known toinhibit cell wall

synthesis by impeding peptidoglycan crdéis&ing in the cell wall. As

discussed earlier peptidoglycan is a complex interlocking network of -cross
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linked glgan chains composed of alternatibhbAM and NAG residué€¥ollmer
et al., 2008) The crosdinking occurs at points on the NAM residues where
short peptides are attached usually comprised of thteefive amino acids.
The crosdinking of glycarthains occurs though transpeptidation catalysed by

transpeptidases, also known as PBHRacheboeutet al.,2006)

&IPUCE OXT &£ u%o0 ¢ }( SZ -lactafk pardipicice. Apfpicillin,
carbenicillin and cephalexin are used in this chapter tottlesthypothesis.

This crosdinking provides the structural rigidity required by the cell wail.
lactam antibiotics inhibit this transpeptidase activity reducing the structural
integrity of the cell wall resulting in cell deathAlthough the exact eventhat

follow PBP inhibition are less well understood we do however know that PBP
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inhibition may result in lytic or notytic forms of cell deati{fKohansket al.,

2010)

dZ e<uPP «3]Hacimadtibiotics activate MShannels is supported by
the fad that penicillin treatment ofCorynebacteriunglutamicumresults in

the jettison of osmotically active solutes in particular glutamate. This means
that penicillin treatment weakens the cell wall increases the tension in the
inner membrane created througmormal cellular turgor resulting in MS
channel activation. In the case Gbrynebacteum glutamicumthis results in

the activation of MscCG&B€e chapter )Nakamarwet al.,2007, Borngeret al.,

2010)

6.1.3Lysozyme
Lysozyme is a glycoside hydrolaséiich catalyses the kalkdown of

glycosidic bonds between alternating NAM and NAG residues in
peptidoglycan chainsesuling ina much weakened cell wadhd subsequent
cell lysigEllison and Giehl, 1991, Davies and Henrissat, 1d8Sschalck and
Michiels, 2003) Broadly speaking most Grapositive bacteria are susceptible

to lysozyme whereas Granegative bacteria are not. The reason for this is
the outer membrane ofGramnegative bacteria such as.coli(Beveridge,
1999, Delcour, 2009, Typast al., 2010). The negatively charged
lipopolysaccharide chairns the outer membraneare crosdinked via divalent
cations such as &zand Md". It is this barriethat prevents themovement of

compounds such agdozyme into the periplasmic spade.orderto increase
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outer membrane permeability making Gramegative bacteria susceptible to

Lysozymethe C&*and Md"* chelator EDTA is required.

The idea that MS channel opening may represent an advantage in the
presence of lysozyme is strengthened by work donehigih hydrostatic
pressure. At high hydrostatic pressures MS channels favour the closed state
(Mcdonald and Martinac, 2005, Petrceat al., 2011) In addition, at high
hydrostatic pressures Gramegative bacteria such ds. colibecome more
susceptible toysozymegMasschalck and Michiels, 2003he fact that at high
hydrostatic pressures MS channels are forced into the closed state is not likely
to be the only mechanism here but does fit with the central hypothesis of this

chapter.

6.1.4 MS chanel activators as antimicrobials
While MS channel activation can be beneficial in periods of hypoosmotic

downshock or potentially during periods of cell wall sttddS channel gating
comes at a high metabolic price. If we consider the large open paraaters

and the large conductances only small open times are required in order to
lose large amounts of important intracellular solutes. As a result, excessive
MS channel activation can be toxic as discussed in the general introduction
(Section 1.3.9). Thichapter aims to see whether MS channel knockout strains
show different sensitivity compared with WT strains to two amphipathic
compounds, CPZ armknzalkonium chlorideBAQG, with antimicrobial activity
(Amaral and Lorian, 199McDonnell and Russell, 29, Moen et al., 2012,

Sheridaret al.,2012) CPZ is known to activate MS channels (Martetaal.,
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1990, Kubalskiet al., 1993 probably through changes in bilayer curvature
(Dymondet al.,2008).This has also been reported for other channels such as
the large conductance &zactivated K channel (BK) channel éDal., 2005)

and transient receptor potential channel ankyrin 1 (TRPAL)(Hill and Schaefer,
2007).In comparisona date there is no evidenaaf any association between
BAC and bacterial MS af@els. It is conceivable that both of these
compounds, at least in part, bring about their antibacterial activity by
activation of MS channelsr viva So inaddition to testing whetherMS
channel activation is protective in periods of cell wall stress thiapter aims

to test whether excessive activation induceyg BAC and or CPZ account for

their toxicbacterialeffects.

6.1.5Chapteraims
This main aim of this chapter is to investigate whetherokking out MS

channels resultsn altered E .colisusceptibility to widelyused antbacterial
agents that target the bacterial cell wallhis will involve monitoring growth

of MS channel knockout strains iiZ %0 E e« \lactdfh type antibiotics
(carbenicillin, ampicillin andephalexinand lysozyra and the determination

of the minimum inhibitory concentration MlIQ of betalactam antibiotics
against MS channel knkout strains (MJF46%nd wild type (FRAG) E. coli
strains.In addition this chapter aims to investigate whether the antibacterial
effects of two amphipathic compounds, CPZ and BAC, are affected by MS

channel expression.

The specific aims of this chapter are as follows
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0] investigate the rate of growth of MS channel knockouts in
comparison WTE. coli

(i) investigatewhether MSchannel knokout strainshave different
sensitivity to penicillingampicillin, carbenicillin) than WT strains

(i)  investigatewhether MSchannel knockout strainbave different
sensitivity to cephalosporingephalexin) than WT strains

(iv)  investigatewhether MSchannel knockout strainbave different
sensitivity tolysozyme than WT strains.

(V) investigate whether MS channel knockout strains have different

sensitivity to benzalkonium chloride and chlorpromazine.
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6.2 Methods

6.2.1Bacterial strains
In any growth experiments using single knockoutsEofcolifrom the Keio

collection the WT parent strain BW25113 was usedthe contral In any
growth experiment using multiple knockouts of MS channekls. MJF465
(MscL, MscS and MscK) and MJF453 (MadLMscK)the WT E. coliparent
strain FRAG. was used as the contrdtor full genotypic detailsee chapter 2

materials and methods

6.2.2Bacterial growth
E.colistrainswere grown in M9 minimal medién g.L': 2 NaHPQ, 1 KHPQ,

1 NHCI, 0.2 NaGbkupplemented with 0.1 %glucose pH 7.2 at 37 °Bacterial
growth was monitored using a ierotitre plate reader as set out in chapter 2
materials and methods. Growth was monitored over periods front 20

hours with absorbance readings at 590 nm beirkgtaevery 15 minutes.

6.2.3MIC evaluation
The MIC of ampicillin (0.167fi 0 mI®¥as determined against WT FRAG

E. coliand MJF465 (MsGLMscS & MscK) strains using MIC evaluator strips

(Oxoid). The OxoidMIC evaluator strips were used as set out in the
manufacturers protocol. Firstly singke colicolonies were inoculated into 10

ml of LB media and grown 200 rpmand 37 °C overnight. Subsequently 1 ml

of overnight culture was added to 10 ml of fresh LB media and each strain

A+« PE}Av 8} v K }( £ 3%0C IiXiXf ..o} §Z]sopuosSuE

of LB media then spread over an LB agar plate. An Oxoid MlGa&wr test
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strip was then placed onto the agar plate with the weakest antibiotic
containing end of the strip placed down first. The bacteria were then grown

for 16 hours and the MIC measured against values on the strip.

6.2.4 Electrophysiology

The electrophysiology set up was as described in chapter 2 materials and
methods. The effect of BAC was tested on azolectin liposomes containing
MscS aloneand co-reconstituted MscS and Mscht protein lipid ratios of
1:10000.MscL and MscS fdiéngth sequenes housed in pQEEQOacl vectors
with 6x-His tags were expressed and purified as set out in chaptér@.
electrophysiological recordgs were carried out in symmetrical solutions
containing in mM: 200 KCI, 40 Mg6IHEPES, pH 7.4; KOH. Microelectrodes
had typical resistances of betweent3fi D i@ these recording solutions and

all experiments were carried out at +30 mV pipette potential.

6.2.5Statistical analysis
Statistical analysis was carried out using Graphpad prism 5wWapeANOVA

was used to detemine statistical significance between growth Bt coli
strains atindividual points in time. Depelirag on the number of groups either
Bonferonis or Tukeys post hoc tests were used to determine significant
differences between specific strairStatisticalsignificance was assumed at p

values < 0.05.
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6.3 Results

6.3.1 WTE.coliBW25113 in the presence of ampicillin
Growth of E. coliin the presence of ampicillin only became affected from

v VEE 8]}ve }( u%] Joo]v $1 At corcntrationsPoX Lo
... PXand 100 ... P Xthere wasno growth after six hour¢Figure 6.3)As a
result concentrations ofi ... PYnd3 ... P Xware used to compare growth

of WT and single MS channel knockout Keio cl¢kr&gire 6.3)

Figure 63 Effect of ampicillin on WE. coli (A) Absorbance dE. colisamples grown
in the presence of ampicillin at concentrations from @1iii ... P’X@o= 3) (B)
Dose response curve of ampicillin on WT BW25&18oligrowth. The response is
plotted asthe absorbance relative to control at the 6 hour poiltror bars repr
esent + SEM n =3.
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6.3.2Growth of sngle MS channel knockouts
The growth of three Keio clones containing single MS channel knockouts

(MscL, MscS and MscK were compared to the wildype BW25113 strain.
There was very little difference seen between growth rates in single MS
channel kockauts as illustrated in Figure 6.&4he generation times were
calculated for each mutant and ranged between 117 and 125 minutes which
Is in agreementvith previously calculate&. coligeneration times in minimal
media(Bernsteinet al.,2002) On slowing of growth and entry into stationary
phase at around 6 hours after initial growth there was a trend towards MscS
mutants growing slower although thisifierence was not statistically

significant.

6.3.3Growth of sngle MS channel knockouts ampicillin
Iv 8Z % @& + v }( itasingle.kifoxkoot of MscS showed reduced

absorbance at 4 hours. This reduction in absorbance was statistically
signifi v3X /v §Z % E e« v afjqorbancePaX 4 dours for the WT
strain was 0.253 = 0.003 (n = 3) whereas the single MscS knockout strain
absorbance was 0.190 + 0.006 (n = 3). The same effect was seen in the
% CE e+ v }( Tofampiailm where Wabsorbance was 0.092 + 0.003 (n

= 3) and the single MscS knockout strain absorbance was 0.038 = 0.002 (n =

3)(Figure 6.5)
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