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The domains in the Na channel hee ecific functions
Francisco Bezanilla and Baron Chanda, Departments of Physiology and Anesthesiology. University of
California at Los Angeles, Los Angeles, CA, U.SA.

The classical voltage-dependent sodium channel is responsible for the elp$tiekaction potentiallts
pore forming subunit is a single polypeptide that has four homologous domains. Although each one of these
domains is similar to a single subunit of the voltage gated potassium channel, the struéturamdiig each
other For example, the number of basic residues in §Mseats, responsible for voltage-sensing, is different in
each domain.We have probed the function of each domain in theerall operation of the channel using
fluorescent tags becauseyttvan detect local conformational changes. The results indicate that thgrédnse
of domains I, Il and lll hee faster kinetics than the S4 segment of domain TWe kinetics and altage
dependence as reported by the fluorescent probe in the first three domains agree well with thatsbf the f
component of theaing currents. On the other hand, the kinetics of the fluorescence probe attached in S4 of
domain IV matches the kinetics of thewgloomponent of the gating current. In addition, the turn-on of the
fluorescence of domain IV exhibits a lag that is not oleskim the fluorescence of the first three domains,
indicating that the ma@ment of S4-DIV does not start until one of the other three 184 maed. Thekinetics
of S4-DIV (or the slav component of the gating current) is toovglto account for the actetion of the
conductance but is faster that the time course of waticin. In fact, the ionic current delops before the
fluorescence change in S4-DIVaken togetherthese results indicate that the first three domains are responsible
for the actvation of the conductance and suggest that S4-DIV does not participate in channel ogeharg.
correlations of the fluorescence of S4-DIV with the kinetics and steady-state properties wdtioadtidicate
that the function of S4-DIV is related to the voltage dependence ofvistamti that is ultimately produced by
the IFM motif that blocks ion conduction.

The local detection of conformation by the fluorescent probe can also be used to test possible interactions
between domains during the operation of the channel. Thus, by introducing a mutation in one domain that
affects the voltage dependence of theveneent of that domain, one can ask whether that mutation hatean ef
in the maement of another domainWe have found that in fact all domains interact with each other with
positive @operativity It can be demonstrated that pogitimoperatvity among voltage sensors increases the
oveall kinetics of channel opening. These resultsvigl® at least a partial explanation as toywdedium
channels are so much faster than potassium channels, a requirement to generate the action potential.

Supported by NIH grant GM30376 and American Heart Association.
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Modulation of potassium channel conformation and function by permeating ions
Sephen J. Korn, Department of Physiology and Neurobiology, University of Connecticut, Sorrs, Connecticut
06269, USA.

The Kv2.1 potassium channel is a very slowly inatithg delayed rectifiewith widespread distrilttion
in brain, peripheral neurons anxicgable cells such as heart and pancreas. In hippocampal neurons, where its
function has been best studied, it appears to be profoundly important under conditions of highyfrigdgugnc
or elevated extracellular [K]. For example, with physiologically relant elevation of extracellular [K'], action
potential duration is increaséd 0 fold in the absence of Kv2.1 function, yet is @eetbd in the presence of
normal Kv2.1 function (Dwt al., 2000). Incontrast, Kv2.1 appears tovealittle importance to the integrity of
single action potentials under ys#ological conditions.We have studied the molecular mechanism by which
this seemingly standard delayed rectifier performs this very specific function. Kv2.1 channels open into one of
two conformations. Thisconformational difference influences aetion rate, inactiation rate, current
magnitude and channel pharmacologyl of the functional effects of this ddrence in conformation are
related to the orientation of a single outestitule lysine. In one conformation, currents are bigger andvaieti
faster whereas in the othecurrents are smaller and aectie more slaly. Which conformation the channel
opens into appears to be determined by the occypdracparticular K binding site in the channsl®lectivity
filter. Thus, with elgation of [K*], occupang of this site is greateend channels open into a conformation that
produces a larger current. In addition,otwuter \estitule lysines dramatically reduce current magnitude
variation associated with changes iff #riving force that accompsirchanges in xracellular [K]. Together,
these tvo mechanisms produce the unique phenotype of the Kv2.1 channel. Upatioael®f external [K],
current density through Kv2.1 is increased at all membrane potentials, whereas in all*othanitels, it is
reduced. W propose that this increase in outward current density acts to maintain action potemfiay iime
the face of elested extracellular [K], which occurs during high frequendiring. From a kiophysical
perspectie, the Kv2.1 channel displays another apparently unique mechanism. One of the fundamental
mysteries in ion channel biophysics, which has potentially significant clinical importance;, $s\gte channel
conductance is controlledRecent experimental and theoretical studies suggest that, in iKfanhannels,
single channel conductance is determined by inmstilule characteristics. In contrast, our data demonstrate
that single channel conductance in Kv2.1 can be modulated by reorientation of theestitieley Thusjt may
be that targets of conductance modulation will be different in differéchnnels.

Du, J., L.L. Haak, E. Phillips-Tangel T. Russell & C.J. McBain (200Q)ournal of Physiology 522: 19-31.
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The gating of mechanosensite ion channels
Boris Martinac, School of Biomedical Sciences, The University of Queensland, Brisbane, QLD 4072, Australia.

Mechanosensite (MS) ion channels are a special type of gnéé membrane proteins adied by
membrane deformation caused by mechanical stimuli experienced by living Tedg.convert mechanical
stimuli into electrical and/or chemical intracellular signals. There is a gnessitly of these channels in terms
of ionic conductance, selectivity or voltage dependence. These chanwelddem found in all types of
prokaryotic and eukaryotic cells. In animals and humang jitey a role in hearing, touch, proprioception or
regulation of blood pressure. In plantsyhmay function as graty sensors in gravitropism, whereas in bacteria
they constitute a mechanism that peats excessive water inflav and build-up of ®cessve turgor pressure by
acting as mechano-electrical switches, which open in response to cell membrane deformations caused b
osmotic forces under hypotonic conditions. Among the MS channels studied to date the best characterised ar
bacterial MscL and MscS channels, the MS channels g Ir) and small (S) conductance (Martinac, 2004).
Their 3D structure was determined by X-ray crystallogyapliowing for in-depth studies of theating
mechanism in these channela.particular the structure, function and structural dynamics of MscL channel has
been well characterized by a number of techniques including the patch-clamp technique, electronparamagneti
resonance (EPR) spectrosgopolecular dynamics simulations and most recently FRET spectypsddgclL
and other prokaryotic MS channels are gated by bilayer deformation forces indicating that mechanism of
mechanotransduction in these channels is defined by both local and global asymmetries in the transbilayel
pressure profile and/or bilayer curvature at the lipid protein interface (Petralzp2002a, 2002b).Moreover,
eukaryotic MS ion channels found in non-specialized mechanotransducer cells, such as TREKel 4P,
2001) and TRPC1 (Marotat al., 2005), hae dso been shown to be gated by membrane tension purely
developed in the lipid bilayer The implication of these findings is that the lipid bilayer is much more than a
neutral solvent by astely modulating the specificity and fidelity of signalling by membrane proteins.

Maroto, R., Raso, A., ¥bd, T.G., Kirosky, A., Martinac, B. & Hamill, O.P(2005) Nature Cell Biology 7(2):
179-185.

Pael, A.J., Honoré, E. & Lazdunski, M. (200Current Opinionsin Cell Biology 13: 422-428.

Martinac, B. (2004yournal of Cell Science 117: 2449-2460.

Perozo, E., Kloda, A., Cortes, D.M. & Martinac, B. (200Rajure Sructural Biology 9: 696-703.

Perozo, E., Cortes, D.M., SompornpisutK®da, A. & Martinac, B. (2002b)ature 418: 942-948.
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The mechanism of fast gating in CIC chloride channels

B. Corry?, D. Bisset? and SH. Chung?, 1Chemistry. School of Biomedical, Biomolecular and Chemical Science,
The University of Western Australia, Crawley, WA 6009, Australia and “Research School of Physical Sciences
and Engineering, The Australian National University Canberra, ACT 0200, Australia.

CIC proteins are a ubiquitous family of chloride channels and transporters that pexferse @inctions
such as the stabilisation of membrane potentials and giodation of cell wlumes. Themost widely studied
member of this family is CIC-0 from thBEorpedo electric ray that has been shown to contaio imdependent
ion conductre pores and hae wo dstinct voltage gating mechanisms. The ‘slow’ or ingtidbn gate operates
on both pores in the dimer simultaneousifiereas the ‘fast’ gate acts on each pore individually and opens and
closes at a much faster raté/e have investigated the hypothesis that the side chainaofingle glutamate
residue acts as the fast gate in these channels using molecular dynamics simiitimd.that the motion of
this side chain can indeed gate the channel, and furthermore demonstrate that this mechanism explains th
dependence of channel gating on extracellulac@icentration, membrane potential and pH.

Using the crystal structure of a bacterial CIC protein as a template we first createve jpp&ati state
configuration of the CIC-0 channelUsing this open state model we then conduct molecular dynamics
simulations to study the motion of the central glutamate side cNeénfind that when the side chairtends
towards the extracellular end of the channel it presents an electrostatic barriercamdiction. Hwever,
external Cl can push the side chain into a more central position where, pressed against the channel wall, it does
not impede the motion of Gbns. Alternatvely, the barrier to ion conduction can be resgbby a poton from
a low pH external solution binding to the side chain and neutralising itsgehaFinallywe use Branian
dynamics simulations to demonstrate the influence of membrane potentiatenmaleC! concentration on the
open probability of the channel.
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Conformational changes associated with glycine receptor agétion
JW. Lynch and R.L. Hawthorne, School of Biomedical Sciences, University of Queensland, Brisbane, QLD
4072, Australia.

The glycine receptor Clchannel (GlyR) mediates inhibitory neurotransmission in the centrabueerv
system. Lile aher members of the lod-gated ion channelaimily, functional GlyRs comprise 5 suhits
arranged symmetrically around an ion-conducting pore. Each subunit consists of a large exdeadiniding
domain and 4x-helical transmembrane domains (M1-M4)he external M2-M3 linker domain is crucial for
transmitting the agonist-induced conformational change to the chaateel @onsistenwith this role, a
substituted cystine accessibility study on the M2-M3 linker ofith€&lyR showed that the swarfe accessibility
of 6 contiguous cysteine-substituted residues (R271C to K276C) was increased in the opeynstagt 4L,

2001). Thusthe conformation of the M2-M3 domain depends on tlgreseto which the GlyR is actited by

agonist. Thisstudy irvestigated whether the closure of the channels by picrotoxin pesséne relationship
between domain conformation and fractional peak current magnitude that is seen in its absence. If this
relationship is not presesd, it may be concluded that picrotoxin closes the channel by inducingeh no
conformational change in this domain.

HEK293 cells were transfected with WT and mutant GlyR ADWking the calcium phosphate
precipitation method.Transfection solution was rewe dter 24 h and glycinedjed currents were recorded
using whole-cell patch clamp techniquegerothe following 24-72 h. The surface accessibility of the
introduced gsteines was assessed via their reaction rate with the sulfhydryl modifying agent,
methanethiosulfonate ethyltrimethylammonium (MTSET) as previously described (&yaic2001).

Picrotoxin significantly slowed the reaction rate of MTSET with A272C, S273C and L274C, although it
had no measurable effect on R271C, P275C or K2®&ore interpreting this result as a picrotoxin-specific
conformational change, it was necessary to eliminate the possibility of steric competition between picrotoxin
and MTSET One way of achieng this is to identify the location of the picrotoxin binding sifecordingly,
we sheved that picrotoxin and the structurally-unrelated pore ldpdiilobalide, were both trapped in the
R271C GIlyR in the closed state and that a point mutation to the pore-lining T6’ residue abolished inhibition by
both compoundsWe dso demonstrated that the picrotoxin dissociation rate was linearly related to the channel
open probability These observations constitute a strong case for picrotoxin binding in the pore.

By binding in the pore, picrotoxin cannot sterically hinder MTSET from reacting with M2-M3 domain
cysteines. W therefore conclude that picrotoxin changes the MTSET reaction rate by changing the intrinsic
reactvity rates of the introducedysteines. Becaus®TX changes the relationship between ‘egant
concentration and cysteine reaitti, we mnclude that it alters the conformation of the GlyR M2-M3 domain in
a way that cannot be achial by dmply varying the glycine concentration alone. This result implies that the
M2-M3 domain integrates information from multiple categories of binding sites and sends a net signal to the
activation gate. Thisreveals a hitherto unexpected complexity in the role of the M2-M3 domain.

Lynch, J.W., Han, N.-L. R., Haddrill, J.L., Pierce K.D. &PSchofield. (2001Journal of Neuroscience, 21,
2589-2599.
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