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Summary pentameric oligomers, with each sulit consisting of a
) large N-terminal ligand-binding domain, followed by a

_ 1. Cys-_loop receptors are an important class_ Qfansmembrane domain containing four transmembrane
ligand-gated ion channels.They mediate fast synaptic pejices34 The ligand-binding domain is mainly composed
neurotransmission,  are  implicated  in arwUs ot B gheets, connected by flexible loops. The agonist
“‘channelopathies” and are important pharmacologic@inging site is a poeit-like sructure at the interface of ow
targets. Recentprogress in x-ray crystallographand  gpnits. Itis formed by six domains: three loops from one
electron microscop has provided a great deal of insights h it form the principal binding site (domains A-C) and
into the structure of Cys-loop receptorslowever, data (yree B-sheets from the adjacent subunit form the
from _these experl_men_ts iny pide “shapshots” of_ the complementary binding site (domains D-F).
proteins under westigation. Thg cannot preide The ligand-binding domain is folleed by the first
information about the arious conformations the protein yansmembrane domain (M1), which is connected to the
adopts_gluring the transition from closed to open angi.ond transmembrane domain (M)ia a dort
desensitised states. intracellular loop. The M2 domain lines theatsr-filled

2. \Voltage-clamp fluorometry (VCF) helps 10pgre of the channel.importantly sructural studies by
ovecome this problem by simultaneously monitoringnyin and colleagudshave cnfirmed the presence of a
movements at the channel gate (through changes in curreglra) inward kink in the M2 helix that may form the
and conformational rearrangements in a domam_ of interg§tannel gte. Althougrthe eact location of the gate is still
(throu_gh changes in flgorescer}ce) in real t'mfé_he subject to debate, it is k#y to be located either centrally or
technique can thus prigle information on both transitional {qvards the intracellular end of M2How does the M2
and steady-state conformations and serves as a real tfhain mee © open the channel gate? Unwin and
correlate of the channel structure and its function. colleagues suggested a conformational rearrangement in the
- 3. VCF experiments on Cys-loop receptorsvéha |igand-binding domain triggers a rotational vement of
yielded a wide body of data concerning the mechanisms R}p  that ultimately opens the channelatg. This
which agonists, antagonists and modulators act on theg@chanism is currently under debate as another study
receptors. Thehaveshed ne light on the conformational strongly argued agnst such a rotation aneviurs a simple
mobility of both the lignd-binding and the transmembrangyigening of the poré.The third and fourth transmembrane
domain of Cys-loop receptors. domains (M3 and M4) are linked by an intracellular loop
that varies dramatically in size and amino acid sequence
identity from one subunit to the xte Thisdomain contains

lon channels are ingeal components of most cell @ Variety of sites that mediate channel anchoring and
membranes and play a particularly important role in th@odulation.
nenous system.They can respond to wide range of both All Cys-loop receptors are bound by their resjvecti
chemical (neurotransmitter sescond messenger) andagonists within microseconds after their release into the
physical (membrane potential, mechanical forceSynaptic cleft. The agonists then trigger channel opening
temperature) stimuli. There is currently much interest inand, depending on the ionic seleityi, excite or inhibit the
understanding the structural mechanisms of ion chanrstsynaptic cell. The interplay between theittory and
activation and drug modulationThis review will focus on inhibitory stimuli must be precisely orchestrated to
channels from the Cys-loop receptariily, a sibfamily of ~ coordinate complesynaptic &ents. For example, if Cys-
the ligand-gated ion channel (LGIC)afily2 Cys-loop loop receptors open or close toovelor dose too &st,
receptors mediate fast neurotransmission in theomerv Synaptic gents can be strongly impaired. This is typical of
system. Somemembers of the amily, including the the type of receptor dysfunction that causes so-called
nicotinic acetylcholine receptors (NAChRs) and serotoniighannelopathies”, which are diseases caused by hereditary
type-3 receptors (5-HRs), conduct cations and thusmutations resulting in improper functioning (or reduced
mediate  excitatory  neurotransmission. Gamma- Surface expression) of ion channel. number of such
aminohutyric acid type-A and type-C receptors (GAERs diseases are well characteriseldor example, hereditary
and GABA_Rs) and glycine receptors (GlyRs) conducthutations in the GAB,R y, gene can ge fise to
anions, thereby mediating inhibitory neurotransmissiopilepsy;’ mutations in the gene for the GAR a subunit
Cys-loop receptors may comprise either homo- or heteréan cause a myasthenic syndrémile mutations in the
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GlyR a, gene can lead toyperekplaia, also known as reactve goup, typically a methanethiosulfonate (MTS) or
“startle disease®10 maleimide moiety In the past, Alga Fluor dyes,
Moreover, most Cys-loop receptors are importanthodamine or fluorescein deastives and recently also
drug tagets. GAB\,Rs hae long been important clinical smaller fluorophores such as bimaneeheen successfully
tamgets for therapies directed at muscle relaxation, epilepsssed in VCF gperiments. Fluorophorselection is lagely
anxiolysis, sedation and anaesthesia, and are currerdlyratter of trial and errorlt is advisable to test diérent
under consideration for indications including depressionlyes at a gen sSte to optimise the fluorescence signal,
drug addiction, psychosis and cogréti impairment! giving particular consideration to lisk moieties which
5-HT,R antagonists are used clinically as anti-emeticsiary considerably in size and reactivity (MTS lerk
nAChRs play a role in nicotine addiction and areisually react an order of magnitude faster than maleimide
therapeutic targets for Alzheimsrtisease and durette’s linkers).  Furthermore, depending on the chemical
syndrome, as well as for schizophreliaGlyRs are microervironment of a gien labelling site, minor structural
emeping targets for chronic inflammatory pathGiven differences in the fluorophore can lead to fundamentally
their pathological and pharmacological importance it idifferent fluorescence read-outs. As a result, some sites
highly desirable to @in a better understanding of thewill only produce fluorescence changes with one specific
structure and function of Cys-loop receptorRecent dye, while a neighbouring site may yield fluorescence
crystallographic and electron microsgapudies hae made changes only with a different dye. As both the spectral
invaluable contrilotions to our understanding of theewall  properties and the quantum yield of these fluorophores are
structure of these channél&1® The first high-resolution highly dependent on their microenvironment, ythean
data was obtained from acetylcholine binding proteiprovide a read-out of protein mements. Cowveniently,
(AChBP), a molluscan homologue of a Cys-loop recepttiney may also offer a wide dynamic range. Because the
ligand-binding domaif? Most importantlyit confirmed the lifetime of the fluorophores xeited-state is on the
overall topology and the location of the ligand binding sitesanosecond scafebut the dynamics of ion channels occur
at the subunit intesices as predicted by decades obn the microsecond timescafRyCF can provide real-time
functional studies.Two years later Unwin and colleaguesinformation on protein motions (Figure 1). In fact, it has
presented electron-microsgoplata dened from Torpedo been demonstrated that VCF can resofiie fast and
marmorata nAChRs that provided detailed structuralcomplex kinetics of the voltage sensor (S4 domain)
information on both the land-binding and the movements of potassium channéfs!
transmembrane domains, including the channel $ore.
Again, the data correlated well with data from vioes A
functional studies andagerise to the previously mentioned
gaing mechanism. More recentlg aystal structure of the

nAChR a1l subunit ligand-binding domain provided crucial
insights into the domains interacting with canpdtate
chains and protein toxirt8. Thus, most of the structural

data &ailable to date stems from 1@KRs, with very little
information &ailable on the other members of the Cys-loop
family. Also, these structures only pide still images,
typically representing a closed, open or desensitised state of
the channel. In other avds, thg present single frames of
what ideally would be a molecular movie.

Consequentlythe precise mechanism by which the
binding of one or more land molecules is translated into * *
the structural rearrangements that trigger channel opening is
still not well understood® The voltage clamp fluorometry
(VCF) technique presented here is a valuable tool to
address this question in the futurEhe aim of this réew
is to 1) introduce VCF as a technique to conduct real time
structure-function studies, and 2) pide an @erview about  Figure 1. Site-specific fluorescent labelling allows moni-
the recent acances in the field of Cys-loop receptors madgying of protein dynamics.A. Cartoon showing a closed
available by VCF experiments. channel in a lipid bilayer with a fluorescent label (indicated

. by star flash) attached near the channel galke binding

VCF —The technique site is unoccupied and the fl@scence level emittedofn

In principle, VCF is a logical extension of thethe fluoophoe is low. B. Cartoon of a ligand-boundhan-
scanning gsteine accessibility method (SCAM) nel with an alternative conformation near theacnel gate
technique!’ First, a gsteine is engineered into an otherwisdhat allows ion flux (indicated by arrows) and shows
cysteine-free protein. The protein is subsequently reactggeater fluorescence (indicated by ¢egstar flash).
with a fluorescent reporter incorporating a syifityl-
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The choice of the fluorescent light source depena®nstant perfusion an@ast solution changes. This requires
mainly on the spectral properties of the dye in usg, ba nore rigid positioning of the oocyte to minimise aaieif
generally mercuryxenon and halogen lamps provide goodnducing maements of the ogaes and the realisation of a
results for a range of dye$:or most VCF applications a reliable and dst solution rchange. Haever, VCF
standard epifluorescence microscope, fitted with aperiments with lignd-gated ion channels still ia a
appropriate filter set and a powerful objeetiwill be much laver time resolution than those witloltage-gated
sufficient. Photodiodesphotomultiplier tubes (PMTs) or ion channels as voltage can be changed in the microsecond
fast charge-coupled dies (CCDs) can be used fortime frame whereas complete solution exchange to an
fluorescence detection (Figure 2\ key mnsideration in oocgyte is difficult to achiee in less than a fe hundred
VCF experiments is the minimisation of background lighmilliseconds. ThusyCF has yet to be successfully used to
levels. Theexperimental set up should thus béeefively give real time information about domain mements in
shielded from light. More importantly background ligand-gated ion channels. Typically, Xenopus la@s
fluorescence should bept to a minimum. As fluorophore oogytes hae been used in VCFxperiments. The offer a
molecules can attach to other (mati membrane large surface area, easy handling, generatg little auto-
components present in the cell membrane or nofluorescence and prile high expression \Vels.
specifically incorporate into the membrane itself, th@erforming VCF gperiments in mammalian cells is more
labelling procedure has to be carefully optimiseddénywmg desirable bt significantly more difficult as the much
dye concentration (typically 5-50 mM), labelling timesmaller surface area of mammalian cells leads to reduced
(around 30 s for MTS-linked fluorophores and 30-60 migsignal-to-noise and signal-to-background ratios. Only one
for maleimide-liled fluorophores) and temperaturestudy has accomplished this goal to ddteysing a
(4-20°C). Insome cases it may be necessary to react ttechnically sophisticated set up including a laser and a total
cells with a non-fluorescent sujftiryl-reactve compound internal  reflection  fluorescence or  semiconfocal
12-24 hours before the experiment to ensure that mastcroscopy.23 24
endogenous cysteines are bledkand that only mdy A valuable &tension of the VCF approach is the
synthesised protein isvalable for labelling. For this combined use of spectrophotometers and CCD cameras.
purpose, N-ethylmaleimide (NEM) or compounds typicallyrhis allows real time monitoring of the spectral emission of
used for SCAM studies, such as MTSET or MTSES can Ilee fluorophore in use. This can bery useful, because

used. mary organic fluorophores change their spectral properties
depending on the hydrophobicity of theirvennment. In
@_ case of rhodamine desdtives, the emission peak is blue-

shifted when exposed to a morgdhophobic ewironment.

The use of spectrophotometers thus vedloto discern
Valve driver |—ooaesocs between (de)quenchingvemts caused by changes in
position of nearby quenching groups and changes in the
hydrophobicity of the microenvironment of the
fluorophore?® 26In other words, measuring spectra\ide
additional information about the structural basis of the
conformational change.

VCF offers a range of advantagewep existing
techniques as it canwg information about 1) the temporal
resolution of domain me@ments during gating 2) whether
all subunits beha in a smilar way 3) whether dferent
ligands produce different conformational changes, and 4) it
can preide information about conformational changes that
] ) ) _are electrophysiologically silent.

Figure 2. Typical experimental set upof VCF experi- Zagotta and colleagues\eacevdoped an etension
ments on ligand-gated ion hannels. The perfusion is {4 this technique known as patch-clamp fluorometry (PCF)
opemted by an automatic valve driver that constantly-per, gain insight into the structural rearrangementsyofic
fuses the oocyte in thbamber as indicated by the aws. nucleotide-gted channel&.28 PCF uses

A xenon lamp povides the gcitation light that illuminates  gjectroplysiological recordings from excised inside-out
the animal pole of the oocytehe photodiode detects the y5iches. Thisnethod permits the fluorescent labelling of
fluorescence and feeds data into the computer that simuligsracellular  domains and offers the adtage that
neously receives input from the amplifier performing thgiectroplysiological and fluorescence recordings come
tW(_)'eLEiCthe voltge damp. Modifiedfrom Chang & fom the same population of receptors. PCF has been
Wass: reviewed extensely elsewhere?®

VCF experiments with lignd-gated ion channels VCF of ligand-gated ion channels

impose additional technical challenges, asy thequire The technique was first used to gain insights into the
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Figure 3. Rhodamine-methanethiosydhate (MTSR)-labeled GlyR(1R?71C oocytes shw an increased quantum yield
and changes in their spectral properties when activated by glyckeGlycine-evokd curent (upper panel) and flues-
cence (lower panelecodings from MTSR-labeled GlyRIR?"*Coocytes. Blak bar indicates duation of glycine applica-
tion. B. Spectal emission from MTSR-labeled GlgRR?"*Coocytes befar (dashed line) and during (solid line) the appli-
cation of 30 mM glycine (speataveraged from 5 @lls). Insetshows normalised ddrence emission speatfrom MTSR-
labeled GlyRa1R?71C gocytes ecoded befoe and during application of glycine Spectra recoded in the absence of
glycine wee aubtracted from specir recoded in the presence of glycine to obtairfedénce emission speatr Modified
from Plesset al?®

structural rearrangements dbhaker K* voltage-gated pocket upon agonist binding that is thought to trigger
channels by the Isaddfaboratory? It has since prdded a channel opening'®3 The idea of a poak-like binding site
wealth of information on potassium channels, especially dhat contracts upon agonist binding has also been proposed
movements of the voltage sensor and its neighbouring a crystallographic study of an AMFsensitve gutamate
domains?%.21.30-37 |t was subsequently applied t@rious receptoy a member of the lignd-gated ion channel
other membrane proteins, includingyperpolarisation- superfamily but not the Cys-loopamily.>* Interestingly,
actvated cyclic nucleotide-gated chann&s? sodium competitve antagonists alone were found to induce distinct
channelg?40-42 Na'/K*-ATPasg!344 Na'Pi  conformational changes on theiwmin loop A and E.This
co-transportéP*¢and glutamate transportes!¥The work  is likely to reflect a mechanism by which competiti
on \ltage-gited ion channels has beerxtemsvely antagonists do not merely ocguthe ligand-binding site
reviewed elsahere?®*° Together these studies ka siown but induce a discrete conformation, thereby ‘ay’
that VCF can prade real time information on protein stabilising the closed state of the channel. Loop C,
movements at single amino acid resolufidand, owing to however, was found to respond with similar structural
its wide dynamic range, shows greagrsatility in the changes to both agonists and antagonists in A—?@B?’l
investigation of extracellular and transmembrangmsents This apparent lack of discrimination between agonists and
of ion channels. antagonists is surprising as loop C is thought to beya k
More recentlyVCF has been also used todstigate element in triggering channel agiion (reviewed in Sine
ion channels from the Cys-loogrhily. The initial study on & EngeP). Taken togetherthese results shoa previously
the GABA R was followed by studies on the @hR?>%?  unexpected conformational flexibility in the response to the
GABAAR5 and GlyR?® Most of the iwestigations to date binding of agonist and antagonist molecules in thanl
have mncentrated on the Bad-binding domain of these binding domain of Cys-loop receptors.
receptors. Thesstudies hee established that residues in The transmembrane domains of Cys-loop receptors
loops A, E and C of the ligand-binding domain ugder have receved much less attention with only twVCF
agonist-induced maments that lead to increases instudies wailable to date€>?6 Both studies focus on the
fluorescenc&'>® The results from one of these studites extracellular end of M2 and sholamge, agonist-induced
seems to indicate a small fdifence in the size of the fluorescence changes of 10 - 20%s shown in Figure 3
fluorescence response in loop E, depending on the agotie considerable magnitude in fluorescence change at the
used. Thiscould indicate that loop E adopts agonistGlyR al R271C (or R19'C) position enabled a detailed
specific conformations. Loops A-F are thought to bsepectral analysi€ The (110 nm blue-shift in the emission
crucial elements for agonist binding.he authors of the peak clearly demonstrates that the fluorophorgesito a
studies concluded that the waments in loops A, E and C more hydrophobic efronment in the channel open state.
are likely to represent the closure of the agonist-bindings expected, the competid GyR antagonist strychnine
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did reverse agonist-induced conformational changes but ditd incorporate the fluorescent reporter group at almgst an

not induce a distinct structural change on ienacat this position throughout the protein. It will undoubtedly kerw

site. interesting to follaw the future deelopments of this
The extracellular end of M2 is located migygvalong powerful combination of electropisiology and

the agonist-induced “conformationalawe’ that etends fluorescence, as it nicely complements the information

from the ligand-binding site to the channedtef® It is ganed from decades of functional studies and ther e

hence an ideal starting point to address the questioniritreasing number of crystal structuresilable.

different agonists (with the same or at leastrlapping

binding sites) open the channel by the same mechanightknowledgements
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