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3.#Introduction#

!

Nicotinic! acetylcholine! receptors! (nAChR)! are! cation! permeable! ion! channels!

that! mediate! the! transmission! of! neuronal! signals! at! chemical! synapses! when!

binding!the!presynaptically!released!neurotransmitter!acetylcholine.!!The!muscle!

type!nAChR!in!particular!mediates!all!fast!synaptic!excitation!in!voluntary!muscle!

in! vertebrates.! !When!an!action!potential! reaches! the!presynaptic! ending!of! its!

motoneuron,! synaptic!vesicles!are! released! that!cause!high! local!concentrations!

of!acetylcholine!(~300!µM)!in!the!synaptic!cleft!(Katz!&!Miledi,!1973b;!Kuffler!&!

Yoshikami,! 1975).! ! ACh! diffuses! rapidly! through! the! synaptic! cleft,! transiently!

binds!to!postsynaptically!located!nAChR!and!causes!short!openings!of!the!cation!

selective! channel.! ! The! inflow! of! cations! leads! to! depolarization! of! the!

surrounding!membrane.! ! The! locally! altered! electric! field! causes! voltageQgated!

Na+Q! channels! to! open! and! thus! elicits! muscle! action! potentials! that! are!

conducted!along!the!muscle!membrane.!!Subsequent!steps!involve!the!activation!

of! calcium! permeable! voltage! dependent! dihydropyridine! receptors! and!

ryanodine! receptors! of! the! sarcoplasmic! reticulum.! ! The! massively! elevated!

calcium!level!finally!triggers!the!movement!of!motorQproteins!causing!the!muscle!

contraction.!!!

!

!

3.1.#The#nicotinic#acetylcholine#receptor#and#the#pLGIC#

superfamily#

#

nAChRs!are!part!of!the!pentameric!ligand!gated!ion!channel!family!(pLGIC)!that!

share!a!common!architecture!(Figure!1)!while!differing!in!agonist!specificity!and!

ion!selectivity,!as!well!as!conductance!characteristics.! !The!superfamily!consists!

of! cation! selective!nicotinic!ACh! receptors! and!5HT3! receptors! as!well! as! anion!

selective! GABAA,! GABAC! and! glycine! receptors! in! vertebrates! and! are! widely!

expressed!in!the!central!and!peripheral!nervous!system!regulating!excitability!and!

neurotransmitter!release!(Corringer!et!al.,!2000;!Lester!et!al.,!2004;!Sine!&!Engel,!
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2006;!Kalamida!et!al.,!2007;!Taly!et!al.,!2009).!!Also!in!Invertebrates!members!of!

this! family! are! found:! glutamate,! 5HT,! histidine! and! acetylcholine! gated! anion!

selective!channels!(Raymond!&!Sattelle,!2002).!

CysQloop!receptor!dysfunctions!are!thought!to!be!involved!in!a!variety!of!diseases!

and! disorders! including! Alzheimer’s! disease,! Parkinson’s! disease,! epilepsy,!

schizophrenia,!myasthenic!syndromes,!depression!and!substance!abuse!(Jackson,!

1999).!!As!a!result,!the!pLGICs!serve!as!molecular!targets!for!a!variety!of!clinically!

important! drugs,! such! as!muscle! relaxants,! tranquillizers,! antiQconvulsants! and!

antiQemetics.! !Hence,! these!receptors!are!critical! targets! for! the!development!of!

therapeutics!to!treat!a!variety!of!neurological!diseases!and!disorders.!

!

!
Figure! 1:! General! features! of! the! pentameric! ligand! gated! ion! channel! superfamily!
(pLGICs).! ! pLGICs! share! a! common! architecture.! ! They! are! built! of! 5! subunits!
arranged!around!a!central!ionQconducting!pore!(left!side).!!The!subunit!composition!
for!each!receptor!type!varies!depending!on!species!and!place!of!action.!!The!colourQ
code!of!the!subunits!matches!the!muscular!nicotinic!acetylcholine!receptors,!having!
2! similar! αQsubunits! (red).! ! Right! side:! pLGICQsubunits! exhibit! similar! molecular!
features:! a! large! NQterminal! extracellular! domain,! four! αQhelical! transmembrane!
domains! (1! to!4),!a!more!or! less!extensive! intracellular! loop!between! the! third!and!
fourth!transmembrane!domain,!and!a!extracellular!CQterminal!portion.!

!

The! nAChR! in! particular! is! involved! in! pathologies! such! as! congenital!

myasthenia,!autosomal!dominant!nocturnal!frontal!lobe!epilepsies,!sudden!infant!

death!syndrome,!attention!deficit!hyperactivity!disorder!and!nicotine!addiction.!!

Understanding! nAChR! structure! and! the! conformational! transitions,! linking!

binding!of!the!agonist!to!the!opening!mechanism!of!the!channel!pore,!is!essential!

for!understanding!these!disorders!and!will!help!to!design!novel!therapies.!!
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The!nicotinic!acetylcholine!receptor!has!been!subject!to!scientific!investigations!

for!over!one!century!now,!since!John!Newport!Langley!was!the!first!to!show!that!

nicotine!and!curare!directly!act!on!the!muscle!tissue!and!not!on!the!neural!side!of!

the!motor!endplate.! !He!concluded!that!“it! is!convenient!to!have!a!term!for!the!

especially! excitable! constituent,! and! I!have! called! it! the! receptive( substance.! ! It!

receives!the!stimulus!and!by!transmitting!it!causes!contraction”!(Langley,!1906).!!

In!addition,!nAChRs!were!the!first!membrane!receptors!of!a!neurotransmitter!to!

be! isolated! and! chemically! identified! and! are! now! among! the! bestQknown!

membrane! proteins! involved! in! synaptic! signal! transduction! (Colquhoun! D,!

2003)!and!often!serve!as!model!for!other!receptors!(Colquhoun!&!Sivilotti,!2004).!

!

!

3.2.#Structure#of#nicotinic#acetylcholine#receptors#

!

The! muscleQtype! ACh! receptor! macromolecule! is! composed! of! five! subunits,!

point! symmetrically! arranged! around! a! central! membraneQspanning! pore!

(compare!Figure! 1!and!2)!with!a! total!molecular!weight!of!about!290!kDa.! !The!

subunits!are!similar!in!amino!acid!sequence!and!show!the!same!topology.!!Each!

subunit!has!a!large!extracellular!aminoQterminal!domain,!four!predicted!αQhelical!

membraneQspanning!segments,!M1!to!M4,!with!a!large!cytoplasmic!loop!between!

M3! and! M4! (Figure! 1)! of! strongly! varying! sequence! and! length! and! a! small!

extracellular! CQterminal! domain! (Miyazawa! et! al.,! 2003).! ! The! same!

characteristics! are! found! in! all!members! of! the! pLGIC! superfamily! of! receptor!

channels,!therefore!also!called!the!nicotinic!family.!

!

The!muscle! type! receptor! channel!has! the! subunit! composition! (α1)2,!β,! γ,!δ! in!

embryonic! or! denervated! muscle.! ! Some! of! the! embryonic! type! receptors!

aggregate!in!dense!small!clusters!(hot!spots)!that!are!randomly!distributed!over!

the!myotube! surface.! ! During! development,! the! distributed! embryonic!muscle!

type! receptors! will! be! reinternalized! on! activation! by! the! outgrowing!

motoneuron! reaching! its! target! cell;! adult! receptors! will! be! expressed! and!
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exposed! instead.! ! In!the!adult!muscleQtype!receptor,! the!γQsubunit! is!exchanged!

for!an!εQsubunit.!!These!adult!muscle!receptors!are!clustered!at!the!postsynaptic!

membrane,! exhibiting! higher! single! channel! conductivity! and! altered! kinetic!

characteristics!in!comparison!to!embryonic!type!receptors.!!!

!

Compared! to! the! neuronal! nicotinic! receptors,! far! more! is! known! about! the!

muscular!AChR.!!The!main!reason!is!that!a!very!similar!receptor!to!the!muscleQ

type!is!present!in!great!abundance!in!the!electric!organ!of!the!Torpedo!ray.!!The!

name! derives! from! the! Latin! word! torpere,! which! means! to! be! stiffened! or!

paralyzed.!!When!the!electric!organ!is!discharged!to!paralyse!a!potential!prey!the!

electric!shock!can!reach,!species!dependent,!up!to!220!Volts.!!To!accomplish!this!

very!special!task,!modified!muscle!cells!of!the!electric!organ!are!densely!packed!

with! embryonic! like! nAChRs,! partially! forming! crystalline! arrays! (Kistler! &!

Stroud,!1981).!!This!has!allowed!purification!of!the!receptor!subunits!and!cloning!

of!the!corresponding!genes.!!Since!then,!it!was!possible!to!study!the!properties!of!

defined!nAChR!subunits!and!their!interactions!necessary!for!binding!and!gating!

using! a! broad! spectra! of! techniques,! like! biochemics,! molecular! genetics! and!

electrophysiology!(Karlin,!2002;!Corringer!et!al.,!2000).!

!

For! structural! analysis! by! electron!microscopy! it! was! of! great! importance! that!

tubular! crystals! of!Torpedo( ray! receptors,! still! embedded! in! their! native! lipids,!

can!be!easily!grown!from!isolated!postsynaptic!membranes.!!These!are!the!basis!

of! almost! all! of! the!quantitative! structural! studies!of! the!whole!nAChR!and! for!

the!entire!nicotinic!superfamily!(Kistler!&!Stroud,!1981;!Miyazawa!et!al.,!1999).!!!

However,! two! major! discoveries! have! lately! increased! the! understanding! of!

structure!and!fuction!in!nAChRs!and!related!proteins.!!The!first!was!the!cloning!

and!characterization!of!the!molluscan!AChQbinding!protein!(AChBP,!Brejc!et!al.,!

2001;! Smit! et! al.,! 2001).! ! Since! the! protein! was! found! to! be! analogous! to! the!

extracellular!domain!of!pLGICs!and!is!soluble,!it!allows!deeper!structure!analysis!

compared!to!membrane!bound!receptors.!!The!second!was!the!refined!structure!

of!Torpedo!nAChRs!by!4!Å!resolution!(Unwin,!2005),!which!provided!a!complete!

picture!of!the!receptor!in!nearQphysiological!conditions,!including!ligand!binding!
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domain,! the! aqueous! pore! and! the! intracellular! domain.! ! Most! recently! the!

discovery! of! bacterial! homologues! to! pLGICs,! the! soQcalled! ELIC! and! GLIC!

channels,! brought! the! possibility! to! provide! even! further! refined! structural!

insights!(Corringer!et!al.,!2010).!!!

!

The!electric!organs!of!Torpedo!contain!only!the!embryonic!γQform!of!the!receptor.!!

However,! all! subunits! share! a!high!degree!of!homology!of! about! 31! to!41%!pair!

wise! identity! to! the! α! subunits,! depending! on! species.! ! The! most! likely!

arrangement!around!the!pore,!viewed!from!the!extracellular!space!is!α,!γ,!α,!β,!δ!

in! clockwise!order.! !The! acetylcholine!molecules!bind! to!both!α! subunits! at! or!

close! to! the! neighbouring! γ! or!δ! subunit,! respectively! (Karlin,! 1993;! Sine! et! al.,!

1995;!Xie!&!Cohen,!2001).!!

!

3.2.1.#Overall#structure#

The!cylindrical!appearing!receptor!has!a!diameter!of!~70Å!and!measures!~160Å!

from!its!bottom!at!the!intracellular!space!to!its!extracellular!top!(Figure!2).!!The!5!

rodQshaped!subunits!that!constitute!the!receptor!are!arranged!in!a!nearly!5Qfold!

pointQsymmetric!manner,!thereby!forming!the!conducting!pore!in!the!core!of!the!

macromolecule.!!The!subunits!all!have!a!similar!size!and!the!same!3Qdimensional!

fold.! ! Essentially,! each! subunit! is! a! 3Qdomain! transmembrane! protein! and!

partitions! naturally! in! its! extracellular! domain! (ECD)! containing! the! ligand!

binding! sites,!membrane! spanning!domain!and! intracellular!part! (compare!also!

Figure!1!and!2).!

!

3.2.2.#Special#conformations#of#α?subunits#

The! subunits!of! the!closed!channel!have! two!alternative!conformations:! that!of!

the! two!α! subunits! and! the! other! for! the! three! nonQα! subunits! (Unwin! et! al.,!

2002),!that!mainly!involve!the!inner!sheets!of!the!βQsandwich!that!composes!the!

ECD!and!are!twisted!about!10°!relative!to!nonQα!subunits!(Unwin,!2005).!!Several!

interactions! have! been! identified,! stabilising! the! special! conformation! of! the!α!

subunits.!!These!intra!and!interQsubunit!interactions!are!similar!or!same!for!both!
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α!subunits!and!their!threeQdimensional!structures!are!therefore!deemed!to!be!the!

same,! except! for! differences! at! the! binding! site,! where! the! CQloop! of! αδ! is!

disordered! (Unwin,! 2005)! and! of! variations! in! sideQchain! conformations,! that!

could!not!be!resolved!so!far.!

!

!
Figure! 2:! ! Structure!of! the!nAChR.! ! Structural!data!based!on!data! from!N.!Unwin,!
2005.! !The! left!side!shows!the!top!view!of!the!nAChR!macromolecule!as!seen!from!
the! synaptic! cleft.! ! The! subunits! are! coloured! in! red! for! the! two! equivalent! αQ
subunits,!in!blue!for!the!γQsubunit,!green!for!βQsubunit!and!yellow!for!the!δQsubunit.!!
The! ligand!binding! sites!are! situated!at! the!αδQ!and!αγQinterfaces.! !Right! side:!The!
nAChR!is!rotated!90°!to!give!a!side!view.!!The!inner!sheet!(I)!and!the!external!sheet!
(E)!of!the!lipid!bilayer!are!shown!as!grey!bars.!!The!subunits!show!a!natural!spatial!
division! into! extracellular! domain! expanding! the! macromolecule! into! the!
extracellular! space! (top!part),! transmembrane!domain!mainly! located!between! the!
inner! and! outer! sheets! of! the! lipid! bilayer! (gray! bars)! and! intracellular! domain!
expanding! into! the!cell! lumen!(lower!part).!The! ligand!binding!sites!are! located! in!
the!upper!half!of!the!extracellular!domain.!

#

!

3.2.3.#Agonist#binding#and#the#conformational#wave#

The! special! conformation! of! the! two!α! subunits! can! also! be! called! “distorted”,!

since!the!α!subunits!convert!to!a!conformation!more!similar!to!the!nonQα! form!

upon!agonist!binding.! !This!conformation!resembles!very!much!the!form!of!the!

protomers! of! the!AChBP,!when! agonist! is! bound! to! all! subunits! (Unwin! et! al.,!

2002).!Accordingly! the!binding! is! thought! to!overcome!this!distorted!(or! tense)!

state,!by!triggering!a!conformational!wave!spreading!through!the!receptor.!!Loops!

B! and! C! of! the! ECD! close! in! around! the! agonist! molecule! on! binding,! which!

results! in!a! local! reorganization,!mainly! involving! rigid!body!movements!of! the!

!"#

$

%
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inner!and!outer!parts!of!the!βQsandwich.!The!rearrangement!reduces!the!stability!

of! the! tense! form! of! the! α! subunit! in! favour! for! the! relaxed! form.! A! more!

extended! conformational! change!of! the!α! subunits! takes!place,!when! the!β1Qβ2!

loop!rotates!and!therefore! is!displaced!next! to! the!pore! lining!M2!αQhelix.! !The!

unlocking! of! M2! helices,! allows! their! rotation,! thereby! destabilizes! the! weak!

hydrophobic!interactions!that!keep!the!channel!gate!closed!and!finally!opens!the!

pore.!

!

The! gating! itself! appears! to! occur! by! fast! cooperative! movements! of! the! pore!

lining!helices,!while! the! ligand–binding!domain!may!act!as!a!controlling!device!

that! blocks! or! facilitates! these! structure! changes.! In! this! respect! a! clear!

distinction! can! be! made! between! ligand! binding! at! the! α! subunits! and! the!

movements! in! the! membraneQspanning! domain,! where! a! more! symmetrical!

conformational!change!occurs!and!the!subunits!contribute!equally!to!the!opening!

sensitivity!of!the!gate!(Labarca!et!al.,!1995).!!

!

3.2.4.#The#ion#conducting#pathway#

The! transmembrane!domain! (TM)! is! formed!by!αQhelical! segments! (M1! to!M4)!

and! the! functional! important!M1QM2! and!M2QM3! loops.! ! The! TM! is! covalently!

connected! to! the! ECD! at! the! end! of!M1! and! additionally! interacts! through! the!

M2QM3! loop!with! the!β1Qβ2! and!CysQloops.! ! The! central! ionQconducting!pore! is!

lined! by! the! M2! segments! of! each! subunit.! ! The! constriction! zone! is! the!

narrowest!part!of!the!open!channel!and!located!near!the!cytoplasmic!membrane!

surface! (Miyazawa! et! al.,! 2003).! ! The! constriction! zone! is! critical! for! selectivity!

and! permeation! of! the! channel! (Galzi! et! al.,! 1992;! Corringer! et! al.,! 1999;!

Gunthorpe!&!Lummis,!2001).!

!

Furthermore,! the! central! tube! is! constituted! of! a! ~20Å! wide! outer! vestibule,!

reaching!about!65Å!deep,!narrowing!down!to! the!smaller! transmembrane!pore.!!

The!end!of!the!tube!is!formed!by!the!cytoplasmic!parts!of!the!subunits,!forming!

an! inverted! pentagonal! cone,! shaping! a! spherical! inner! vestibule! of! ~20Å!
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diameter.!!The!cavity!connects!the!tube!to!the!intracellular!space!via!~8Q9Å!wide!

windows!between! subunits,! located!directly!under! the! inner!membrane! surface!

(Unwin,!2005).!

The!most! likely!physiological! role!of! the!vestibules! is! to! serve!as!preQselectivity!

filters!for!ions,!exposing!charged!groups!at!the!vestibule!entrances!and!the!inner!

walls!of!the!vestibules.!!By!concentrating!cations!close!to!the!narrow!membrane!

spanning!pore! the! efficiency! of! transport!may!be! amplified! (Kelley! et! al.,! 2003;!

Hansen! et! al.,! 2008).! ! In! analogy! to! the!molecular! design! of! the! AChQesterase!

enzyme,!the!protein!surface!may!play!a!crucial!role!in!producing!an!electrostatic!

field,!guiding!the!positively!charged!ACh!molecules!towards!the!enzymatic!active!

site!(Ripoll!et!al.,!1993).!!!

In! comparison! to! the! extracellular! one,! the! cytoplasmic! vestibule! is! differently!

designed.! !Negatively! charged! groups! that! are! arranged! at! the!window!borders!

exert! strong! local! ion!selectivity.! !The!windows!are!not!significantly!wider! than!

the!diameter!of!an!ion!with!its!first!hydration!shell.!!Thus,!the!lateral!windows!are!

equally,! or! more! constricting! than! the! narrowest! part! of! the! transmembrane!

domain!and!therefore!may!even!restrict!the!ion!flux!through!the!channel,!like!it!

was!shown!for!5QHT3!receptors!(Kelley!et!al.,!2003).!

!

!

3.3.#Electrophysiology#

!

3.3.1.#Historical#development#

As! mentioned! above,! the! general! idea! of! postsynaptically! located! “receptive!

substance”!was!first!described!by!Langley!in!1906.!!In!1936!Dale!and!his!colleagues!

then! accomplished! the! subsequent! identification! of! acetylcholine! as! the!

transmitter! acting! on! the! muscular! receptors! in! detail.! ! Many! important!

discoveries! followed! with! short! delay,! e.g.:! in! 1938! Göpfert! &! Schäfer!

accomplished! the! first! recordings! of! neuromuscular! postsynaptic! potentials,!

using! extracellular! electrodes,! and! Feldberg! and! colleagues! were! able! to! show!

electrochemical! transduction! at! the! electrical! organ! of! Torpedo( marmorata! by!
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applying! ACh! and! measuring! the! response! (Feldberg! et! al.,! 1940).! ! Further!

important! steps! were! the! recording! of! postsynaptic! currents! by! means! of!

intracellular!electrodes!(Eccles!et!al.,! 1941;!Fatt!&!Katz,! 1950,! 1951,! 1952)!and!the!

controlled! iontophoretic! stimulation! of! the! receptors! (Nastuk! W,! 1953;! del!

Castillo!&!Katz,!1955a,!1955b,!1957a,!1957b;!Kuffler!&!Yoshikami,!1975).!

!

The!first!single!channel!recording!of!nicotinic!receptor!currents!using!the!patch!

clamp! technique! was! accomplished! in! 1976! by! Neher! &! Sakmann! and!

revolutionized! electrophysiology.! ! The! patch! clamp! technique! brought!

electrophysiology! to! the!molecular! level! and!provided! the!possibility! to!expand!

electrophysiological!studies!to!most!cells.!!The!combination!of!electrophysiology!

and!molecular!biology!brought!the!possibility!of!structureQfunction!analysis.!!The!

currents! of! the! nicotinic! receptor! appeared! as! several! ms! events,! invariable! in!

amplitude!and!of!the!same!average!duration!over!a!wide!concentration!range.!!!

!

The! development! of! the! gigaseal! (Sigworth! &! Neher,! 1980)! by! applying! slight!

suction!to!the!recording!pipette!allowed!recordings!with!less!noise.!!This!method!

improved! current! resolution! and! finer! details! in! the! kinetics! of! channel! gating!

were! revealed.! !The!establishment!of! the!various! recording!configurations:! cellQ

attached/insideQout/outsideQout/wholeQcell! (Hamill! et! al.,! 1981)! further!

broadened! the! spectra! of! applications! and! allows! for! experiments! to! be!

undertaken!with!a!controlled!environment!on!both!sides!of!the!membrane!patch.!!

!

With!the!higher!resolution!of!gigaseal!patch!clamp,!it!became!clear!that!channel!

opening! events! are! truly! bursts! of! openings,! separated! by! very! short! closings!

(Colquhoun! &! Sakmann,! 1981).! ! While! performing! a! broadly! organized!

characterization! of! nAChR! kinetics,! using! agonists! with! different! binding!

properties,! David! Colquhoun! and! Bert! Sakmann! delivered! a! very! detailed!

description! of! the! electrophysiological! features! that! were! interpreted! in! the!

background!of!structural!knowledge!in!1985.!!Compared!to!today,!only!little!was!

known!about!the!detailed!structure!of! the!nicotinic!receptors!and!their!binding!

sites.!!Using!a!cutQoff!frequency!(fc)!of!4Q9kHz!a!consistent!resolution!of!40µs!for!
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shut! times! and! 60µs! for! openings! could! be! achieved! (Colquhoun! &! Sakmann,!

1985).!!At!this!resolution!they!found!individual!channel!activations!(bursts)!to!be!

interrupted! by! gaps! of! short! and! intermediate! duration! and! showed! that! the!

shorter! gaps! appear! to! be! of! agonist! dependent! duration,! varying! from! 71µs! to!

13µs,!but!do!not!depend!on!agonist!concentration.!!Furthermore!they!were!able!to!

discern! the! distribution! of! bursts! that! revealed! to! have! two! components:! a!

shorter! component! that!mainly! consists! of! single! openings,!whereas! the! longer!

burst!component!contains!sequences!of!longer!openings.!!The!gap!frequency!and!

the!mean!number!of!gaps!in!bursts!were!shown!to!be!dependent!on!the!nature!of!

the! agonist,! but! only! little! dependence! on! agonist! concentration! was! found.!!

They!further!concluded!that!brief!openings!do!not!originate!from!singly!liganded!

receptors! only,! since! the! persistence! of! a! small! portion! at! high! concentrations!

provided!a!contraindication!to!this!presumption.!!!

!

The! models! shown! in! Figure! 3! were! fitted! to! the! experimental! data! using! a!

maximum!likelihood!approach,!so!that!the!rate!constants!of!the!kinetic!scheme!

were! varied! to! maximise! the! probability! of! observing! the! data! previously!

recorded.! ! The! two! mechanisms! gave! comparable! good! result,! when! the!

association! and! dissociation! rates! of! the! Model! 1! mechanism! were! not!

constrained!to!each!other.!!At!this!time!there!were!mainly!biochemical!evidences!

that! the! 2! binding! sites! might! differ! (Sine! &! Taylor,! 1981).! ! Assuming! for!

simplicity! that! the! rate! constants! for! binding! are! independent! from!each!other!

(no!coQoperativity)!the!improvement!over!the!simpler!Model!1!was!restricted!to!a!

better!match!for!the!occurrence!of!the!intermediate!gap!component.!!In!addition!

their!rate!constants!turned!out!to!give!a!zero!opening!rate!for!one!of!the!binding!

sites,! referring! to! the! inability! to! resolve! a! third! intermediate! opening!

component,!that!could!be!observed!for!the!first!time,!when!in!1998!Parzefall!and!

colleagues! presented! the! first! electrophysiological! data! derived! by! highQ

resolution! patch! clamp! records! (Parzefall! et! al.,! 1998).! ! Using! this! improved!

method!Parzefall!and!colleagues!were!able!to!push!the!physical!resolution!barrier!

so! that!events!down!to!6µs! length!could!be! reliably!detected! for!mouse!muscle!

nAChRs.!
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!

Model!1!according!to!Karlin!(1967)!

!
!

Model!2!according!to!Colquhoun!&!Sakmann!(1985)!

!
Figure! 3:! Kinetic! models! distinguishing! binding! and! gating! for! the! nAChR.! ! R!
denotes!the!shut!receptor!molecule!(Rn!depicts!the!discrimination!of!the!2!binding!
sites),!A!denotes!the!agonist!molecules!bound!to!the!receptor!and!asterisks!(*)!label!
the! open! states! (additionally! depicted! in! greenish).! !Model! 1! presumes! that! the! 2!
binding! sites! are! indistinguishable! or! show! coQoperativity! (depending! on! rateQ
constraints!in!the!mechanism)!and!that!only!one!distinct!open!state!can!be!detected!
from! singly! liganded! receptors,! whereas! the! second! model! presumes! that! the! 2!
subunits! are! nonQequivalent! in! binding! and! dissociation! behaviour! and!may! allow!
for!different!kinds!of!openings!from!the!two!singly!liganded!receptor!states.!

!

The! improved! method! of! highQresolution! patch! clamp! recording! was! mainly!

based! on! the! use! of! a! low! noise! amplifier! that! was! additionally! optimised! by!

incorporation!of!an!alternative!pipette!holder!made!of!Teflon!and!the!application!

of! thickQwalled! quartz! glass! pipettes! (Parzefall! et! al.,! 1998;! Dudel! et! al.! 2000).!!

The!sophisticated!setup!allowed!the!exposure!of!at! least!3!different!open!states,!

when!ACh!was!used!to!activate!the!channel:!single!openings!with!mean!durations!

of!1.2!and!25µs!and!bursts!of!10ms!mean!duration,!composed!of!on!average!800µs!

openings!intervened!by!16µs!gaps!(Parzefall!et!al.,!1998).!

Subsequent! work! of! Hallermann! and! colleagues! (2005)! employing! the! highQ

resolution! technique! and! fitting! the! mechanistic! receptor! Model! 2! (Figure! 3)!

using! the! maximum! likelihood! approach! accurately! predicted! the! main!

physiological! properties! of! the! nAChR! for! one! concentration! of! the! agonist.!!

Trying! the! same! approach! simultaneously! for! a! range! of! Suberyldicholine!
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concentrations!revealed!the!frequency!of!short!and!intermediate!openings!to!be!

poorly! predicted! by! this! mechanism! and! therefore! unlikely! to! arise! from!

monoliganded!states!solely.!!!

!

3.3.2.#Recent#findings#

One! recent! example! for! the! interconnection! of! these! two! research! fields! is! the!

work! of! Auerbach! &! colleagues! on! muscle! receptors! that! provided! an! overall!

picture!of! the!sequential!nature!of!receptor!gating!upon!binding!of! the!agonist.!!

By! measuring! the! rateQequilibrium! free! energy! relationships! referring! to! point!

mutations! in! ligandQbinding!and!pore!domains,! that!were!deemed!to!be!crucial!

for! binding! to! gating! conformational! changes! or! the! gate! opening! (Zhou! et! al.!

2005),! they! have! been! able! to! describe! blocks! of! coordinated! motion.! ! The!

cascaded! movement! starts! with! the! β4Qβ5! linker! and! the! CQloop! (increasing!

agonist! affinity),! followed! by! the! transition! zone! (the! β1Qβ2! linker)! and!

subsequent! movement! of! the! pore! region! (M2Qdomains)! finally! resulting! in!

gating! of! the! channel! (Grosman! et! al.,! 2000,! Chakrapani! et! al.,! 2004).! ! The!

propagational! wave,! excluding! the! activationQbarrier! of! agonist! binding,!moves!

through! the! receptor! protein! via! Brownian!motion! and! is! thought! to! take! not!

more! than! ~1µs! and! thus! reflects! the! minimal! unit! time! needed! for! receptor!

opening!isomerisation!(Chakrapani!&!Auerbach,!2005).!!!

The!movement!of!the!poreQlining!M2!domains!was!refined!(Purohit!et!al.,!2007)!

to! be! further! divided! into! a! 3Qstep! mechanism! of! gate! activation.! ! The! early!

movement! of!most! of! the!M2! residues! is! followed! by! delayed! repositioning! of!

residues! restricted! to! the!mid!section!of!M2.! !Purohit!and!colleagues! suggested!

that! the! pore! conductance! does! not! increase! dramatically! until! the! late!

rearrangements!of!mid!section!residues!of!the!M2!transmembrane!domain.!!

!

More!recently!Lape!et!al.!(2008)!proposed!the!existence!of!a!new!functional!state!

in!kinetic!models!of!nAChRs!and!glycine! receptors,! the! soQcalled! “flip”! state,! to!

help! explain! partial! agonism! of! these! receptors.! ! The! flip! state! (see! Figure! 4,!

denoted!as!F!in!Model!3)!is!one!of!a!number!of!brief!intermediate!closed!states,!

immediately! preceding! the! channel! opening! state,! with! a! higher! affinity! for!
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agonist!than!the!closed!states.! !According!to!their!model,!partial!agonism!is!the!

result! of! the! reduced! ability! to! reach! the! flipped! state! (Lape! et! al.,! 2008)! in!

contrast! to! activation! by! full! agonists,! without! having! any! agonist! or!

concentration!dependent! effect! on! the! rate! of! channel! opening! (β)! and! closing!

(α).! !Using!partial! agonists! the! group!was! able! to! improve! the! agonistQinduced!

discrepancy! on! entering! the! flipped! state! compared! to! full! agonists.! ! Based! on!

phiQvalue! analysis,! they! suggested! the! additional! brief! shut! state! to! reflect! an!

early!conformational!state!after!binding!of! the!agonist!molecule,!most!probably!

the!closing!in!of!the!CQloop!around!the!bound!agonist.!!!

!

Another!recent!study!of!Mukhtasimova!and!colleagues!provided!an!even!further!

extended! gating! scheme! by! introduction! of! soQcalled! primed! states.! ! Using!

mutational! studies! they!detected! 2! transient! closed! states,! called! singly!primed!

and!doubly!primed!state,!that!immediately!precede!brief!and!longQlived!channel!

openings! respectively,!which! they! suggest! to! reflect! the! closings!of! the!CQloops!

(Mukhtasimova! et! al.,! 2009).! ! They! found! the! singly! primed! state! to! have!

intermediate! duration! while! triggering! short! openings,! and! the! doubly! primed!

state!to!have!brief!duration!whilst!allowing!longQlived!openings.!!!

!

Model!3!according!to!Lape!and!colleagues!(2008)!

!
!

Model!4!according!to!Mukhtasimova!and!colleagues!(2009)!
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!
!

Figure! 4:! ! Recently! published! models! of! channel! kinetics! distinguishing! different!
conformational! states! of! the! channel.! ! Both!models! exhibit! additional! shut! states!
directly!preceding!the!open!states!of! the!channel.! !Both!models!do!not!discern!the!
structurally!differing!binding!sites.!!In!Model!3!proposed!by!R.!Lape!and!colleagues,!a!
soQcalled! “flip! state”! was! introduced! that! directly! precedes! channel! opening.!!
Channel! opening! and! closing! rates! from! the! flipped! states! were! shown! to! be!
independent!of!the!nature!of!the!agonist.!!Mukhtasimova!and!colleagues!proposed!a!
model!with!2! transient! closed! states!directly!preceding! the!open! states!on!basis!of!
mutational! receptor! studies.! ! The! singly! primed! state! is! of! intermediate! duration,!
triggering! short! openings,! while! the! doubly! primed! state! is! of! brief! duration! and!
allows!for!long!openings.!!

!

!

3.4.#Agonists#for#analysis#of#binding#site#diversity#

!

The! nAChR!has! two!main! functional!modules:! the! extracellular! portion,!which!

recognizes!and!binds!the!neurotransmitters!at!specific!subunit!interfaces,!and!the!

transmembrane!module,! forming! a! gated! ion! selective! channel.! ! The! question,!

how!the!binding!of!the!transmitter!to!the!extracellular!compartment!controls!the!

opening!and!closing!of! the! channels! gate!has!been!a! longQstanding!question! in!

the!field.!!A!variety!of!diverse!advanced!allosteric!mechanisms!has!been!proposed!

in! the! last! ten! years! (Grosman! et! al.,! 2000;!Chakrapani! et! al.,! 2004;!Gao! et! al.,!

2005;!Taly!et!al.,!2005;!Sine!&!Engel,!2006;!Lape!et!al.,!2008;!Mukhtasimova!et!al.,!

2009).!!!

!

Although!the!nAChR!subunits!have!been!explored!in!the!most!sophisticated!ways!

the!relationship!between!binding!site!diversity!and!gating!kinetics!has!not!been!
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resolvable! to! a! satisfying! level! (most! likely)! due! to! hardly! resolvable! short!

opening! events.! ! Despite! the! availability! of! the! highQresolution! patchQclamp!

technique! for! some! years,! this! advanced! method! has! been! ignored! for! the!

generation!of!data!as!basis!for!development!of!advanced!kinetic!mechanisms.!!It!

is!still!not!clear!whether!agonists!with!different!preferences!for!the!two!binding!

sites!show!altered!gating!properties!in!respect!to!short!and!intermediate!openings!

that! can! only! be! observed! using! high! resolution! single! channel! recording!

techniques.! ! Even! the! observation! of! residual! short! openings! at! high! agonist!

concentrations!remains!a!long!standing!question!in!the!field!of!electrophysiology!

and!demands!to!be!solved.!!!

!

To!address!this!topic!I!combined!the!technique!for!highQresolution!single!channel!

recording!and!the!application!of!agonists!differing! in!affinities! for!both!binding!

sites! to! dissect! the! contribution! of! unequal! binding! on! channel! opening!

behaviour.! ! The! use! of! highQresolution! single! channel! data! allows! a! detailed!

evaluation! of! gating! events! below! the! physical! resolution! barrier! of! 6µs! by!

interpretation! of! dwell! time! distributions! and! accordingly! fitted! probability!

density! functions! as! described! before! (Parzefall! et! al.,! 1998;! Hallermann! et! al.,!

2005).! !The!observed!gating!characteristics!will!be!interpreted!in!the!framework!

of!several!kinetic!gating!schemes.!

!

To!address!the!influence!of!binding!site!diversity,!agonists!with!unequal!affinities!

for!the!αγ!and!αδ!binding!pockets!of!nAChRs!will!be!applied.!!Differing!binding!

properties! lead! to! diverse! efficacies! in! channel! gating! of! the! heterogeneous!

macromolecule! and! the! influence! on! openings! from! the! singly! liganded! states!

may! only! be! detected! by! the! application! of! ultra! high! resolution! patch! clamp!

recording!techniques!as!described!by!Parzefall!and!colleagues!in!1998.!!!

!

Site!selectivity!depends!on!the!species!of!the!animal!and!the!subtype!of!the!nonQα!

subunits.! ! Adult! receptors! from! human! or! mouse! show! either! little! or!

undetectable! site! selectivity! (Ohno! et! al.,! 1996;! Akk! et! al.,! 1996;! Wang! et! al.,!
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1997).!!However,!the!embryonic!type!nAChRs!of!mouse!muscle!present!some!site!

specifity!in!activation!and!will!be!used!in!this!study.!!!

Three! agonists!were! employed! to! activate! such!nACHR! channels:! acetylcholine!

(ACh)!the!natural!occurring!transmitter;!carbamylcholine!(CCh)!that!happens!to!

be! a! weaker! agonist! then! ACh,! and! epibatidine! (Ebd)! that! differs! greatly! in!

binding!site!preference!and!exhibits!enhanced!efficacy!as!compared!to!ACh.!!!

!

!
Figure! 5:! ! Agonists! with! diverse! binding! affinities! at! the!mouse!musle! embryonic!
type! nAChR.! ! Left! side:! The! nAChR! is! shown! as! surface! view! as! seen! from! the!
synaptic! cleft! and! the! arrangement! of! subunits! is! depicted.! ! The! location! of! the!
binding!sites!at!the!αδQ!and!αγQinterfaces!are!roughly!labelled!by!dotted!lines.! !The!
abbreviations! for! the! agonists! used! in! this! study! visualize! the! relative! binding!
properties! of! the! molecules! in! that! way,! that! larger! letters! mean! depict! a! higher!
affinity! for! the! binding! site! they! are! located! next! to.! ! Right! side:! ! 3QD! atomic!
structure!of!the!selected!agonists!as!stick!model!and!spacefillQrepresentation.!!Atoms!
and! bonds! are! coloured! according! to! their! nature:! turquoise:! carbon,! white:!
hydrogen,!red:!dioxygen,!blue:!nitrogen,!green:!chlorine.!!For!better!comparison!the!
front!most!part!of!the!agonists!is!always!directed!to!the!central!axis!of!the!receptor!
molecule,!when!the!agonist!is!bound.!!!

!

ACH!activates!the!mouse!muscle!nAChRs!of!the!embryonic!type!with!30!fold!site!

selectivity!for!the!αδQbinding!site!compared!to!the!αγQbinding!site!(Zhang!et!al.,!

1995).!!CCh!activates!the!embryonic!type!receptor!with!similar!site!selectivity!but!

less!efficient!compared!to!the!naturally!occurring!transmitter!ACh.!!Ebd!activates!

the!embryonic!muscle!receptors!quite!differently!from!ACh!(Zhang!et!al.,! 1995).!!

The!αδQbinding!site!forms!the!low!affinity!bindingQsite,!whereas!the!αγQinterface!
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is! the! high! affinity! site.! ! The!αγQsite! is! selected! 75! fold! over! the!αδQsite! in! the!

embryonic!type!of!the!receptor!(Prince!&!Sine,!1998a,!1998b).!

!
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Hiermit! erkläre! ich,! die! vorgelegte! Dissertation! selbstständig! angefertigt! zu!

haben!und!keine!anderen!als!die!von!mir!angegebenen!Quellen!und!Hilfsmittel!

benutzt! zu! haben.! Alle! aus! der! Literatur! entnommen! Stellen! sind! als! solche!

kenntlich!gemacht.!Des!Weiteren!erkläre!ich,!dass!die!vorliegende!Arbeit!weder!

in! gleicher! noch! ähnlicher! Form! bereits! in! einem! anderen! Prüfungsverfahren!

vorgelegen! hat.! Zuvor! habe! ich! keine! akademischen! Grade! erworben! oder! zu!

erwerben!versucht.!!
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