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Investigating the mechanism of proton transfer through the bacterial CIC transporter
M. O’ Mara, J. Yin, M. Hoyles and SH. Chung, Research School of Physical Sciences and Engineering,
Australian National University, Canberra, ACT 0200, Australia.

The CIC chloride channeammily is a ubiquitous, yet highly unique family of ion channelgolred in a
diverse range of physiological functions. Accardi & Miller (2004) showed that the bacterial CIC channel, CIC-
ecl, is not a simple chloride channel, but a chloride / proton exchange tranggoh@nging tw chloride ions
for every one proton. More recent experimental studieshhown that two eukaryotic members of thahnily,

CIC-4 and CIC-5, are also chloride / protoclegange transporters (Picollo & Pusch, 2005; Scétesdl, 2005).
Computational imestigations hae povided a detailed description of the mechanism of chloride permeation
through seeral CIC isoforms (Cohen & Schulten, 2004; Comrtyal., 2004). Havever, there is very little
information describing the transport of protons through CIC-ecl, or the location of the proton translocation
pathway It is known, havever, that Glu148, Serl107 and Tyr455 argdived in the translocation pathways of

both chloride and protons (Accardi & Mille2004).

Here we use computational techniques to probe CIC-ecl to determine the mgstieailyr favaurable
translocation pathway for protongirst we ran multiple searches using the HOLE program (Senalrt 1993)
to identify every continuous pathay through the protein with a radius greater than 0.6A. Our resulisrged
on four possible pathways through each protein dinvge then used a Poisson-Boltzmann calculation to
determine which of these pathways was energeticaligufable for protonsOur investigations reeal a narrav
fissure through each dimé:75 A in radius, close to the dimer intré. Theprotein surrounding these fissures
is relatively rich in polar and ionizable amino acids, creating an environnagatifable for protons. In support
of the experimental evidence, we find that Glu148, Serl107 wd®3 are pore-lining residues of our proposed
proton translocation pathwags well as the chloride translocation pathway.

Electrostatic calculations of the unoccupied CIC-ecl transportew shat our proposed proton
translocation pathay contains an electrostatic potential barrier to proton permeation, in the intracegjidar re
of the pathway, effectively barring proton permeationHowever, when two chloride ions occup the chloride
pathway the potential energy barrier in the proton translocation pathway igerbed to an electrostatic
potential energy well of approximately 18,kdeep enough to hold one proton in a stable configurafidiis
occupang pattern, confirmed by Brownian dynamics simulations, supports the experimentally predicted
exchange rate of one proton foreey two chloride ions (Accardi & Miller2004).
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An electrostatic basis for valence selectivity in cationic channels

T. Voral, B. Corry?, and SH. Chung?, 1The Department of Theoretical Physics, RSPhysSE, The Australian
National University, Canberra, ACT 0200, Australia and “Chemistry, School of Biomedical and Chemical
Science, The University of Western Australia, Crawley, WA 6009, Australia.

It is well known that the chge distribution surrounding the pore is responsible for ion selectivity in
cation channelsNegative chages lining the pore region present an energy well for cations and a barrier of a
similar magnitude for anions, thereby selecting one speciesxahdlieg the other Less well known is he
these channels select between cations wifbridify magnitudes of chge. Herewe hare awnstructed models of
the KcsA, sodium and calcium channels and compared the permeation ofalonand dialent ions to
understand the basis of this valence selectivity.

For both the KcsA and sodium channels, meaient ions readily pass through the chanrtéawever, as
soon as a daent ion enters the seledty filter it binds stronglyrarely leaving and thereby almost completely
preventing the permeation of momaent ions. This effect is equally important for iamd and outward currents
in the KcsA channel, but more pronounced for theaimacurrent in the sodium channel. In contrast, calcium
channels conduct mowaent ions in the absence ofyadivalent ions, but when a mixture of maratent and
divalent ions is present, tii@llow only the dvaent ions to pass.

This phenomenon of selectivity between maabent and dralent ions can be attributed to electrostatics.
We haveused simulations of Bmnian dynamics and electrostatic calculations tanstimat in all three channel
types, the distribution of charges in the protein creates an energy well that attraci®msanto the channel,
making conduction a three ion process for sodium and calcium channels and a four ion process for the KcsA
channel. Bufor the case of dalent ions, the energy well in the KcsA and sodium channels is very e
a dvalent ion has entered it finds it difficult to i@ even with the aid of a repulge kick from other ions in the
channel. Thuglivalent ion block of the channel causes the currents to plummet. On the other hand, for the
calcium channel a secondrdient ion entering the channel presents enough repulsion to push a resident di
ion out of the channel, but a moment ion does notThus, the calcium channel is able to seleetldit ions
in a dvalent-monwalent ion mixture.
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A current source and a cation conductance & components of an electrical circuit connected
across the plasma membrane of the malaria parasit®lasmodium falciparum

R.J. W. Allen, K.J. Saliba and K. Kirk, School of Biochemistry and Molecular Biology, Linnaeus Way, Australian
National University, Canberra, ACT 0200, Australia.

Like nost cells, the intraerythrocytic malaria paragitasmodium falciparum requires a high intracellular
concentration of K ((11.35 mM) for normal deslopment. Using®Rb" and the potential-sensié mmpound®H-
TPP", we haveshawvn that the parasite’mechanism of K uptale is dectrophoretic, mediated by a pathway with
characteristics of a Kchannel. Thalriving force, the parasite’'membrane potentialdy, originates from the
extrusion of H by a (V-type) H-ATPase on the plasma membranewedeer, we havealso shown thaf\y is
modulated (partially offset) by extracellulat Kndicating an interdependence betweérirflux andAy.

Investigations into the kinetics of Kuptale haveshavn that between 5 mM — 130 mM"Kthe influx of
K* remains constant, despite there being a reductifginith increasing concentrations of extracelluldr K

These phenomena may be reconciled by considering A Pase as an ‘ideal’ current source, and the
K* channel as a ‘variable’ conductance, the latter a function ofkthacellular concentration of K(see figure).
In this electrical model, the iravd current carried by Kinflux through the K channel, rin’, is equal to the
outward current carried by theef) export of H" via the H-ATPase, I/ (i.e. 1, =1, ). As the K conductance
of the membrane is varied by altering the extracellular concentratiofy tieoffset taAy caused by the influx
of K™ also varies, so that the equality= 1 remains satisfied.
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During its growth phase, the accumulation 6fby the parasite is achied in the context of a >10-fold
decrease in the concentration of §rom (1140 mM) within the host red cell (itself a result of the parasite
manipulating the permeability of the host cell membrane). The mechanism we describe is aplainahe
parasites aility to generate a stable influx of *Kneither owerwhelmed by nor starved of, K, as he
concentration of Kwithin the red cell undergoes a dramatic reduction.

Largely on the basis of sequence homology to the canonical selectivity filter of homotetrameric K
channels, tw putative K* channel genes ka keen identified in thélasmodium falciparum genome database.
Hydropatly profiles suggest that both channelsyéalditional transmembrane domaingeoand abee the 6
characteristic of @ltage-gited K channels, a feature shared byesal members of the ‘slo’ Kchannel &mily.

The function of these domains is uniuto Bothchannels are unusual for their great size (the larger2G&0
residues per subunit), andvealarge tydrophilic domains which are predicted to resigeosolically the
functions of which are also unkwa. Thelarger protein has an ‘S4’ segment containing @ulaxly spaced
arginines, in a pattern consistent with a (perhaps degenerate?) voltage sensoitajeagted K channel.
Immunofluorescence studies demonstrate localisation of this protein to be predominantly at the host cell
membrane, suggesting that it is not thé uptalke pathway in the parasite membrane discussedvablaut

perhaps plays a role in the alteration of the ionic makeup of the hostytedblcby the parasite. No data
currently aists for the location of the smaller protein. These prgati* channels are the subject of continuing
investigations.
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Role of protein flexibility in gramicidin A channel permeability
Turgut Bastug, School of Physics, University of Sydney, NSW 2006, Australia.

Proteins hee a fexible structure, and their atomshgbit considerable fluctuations under normal operating
conditions. Havever, goart from some enzyme reactionsalving ligand binding, our understanding of the role
of flexibility in protein function remains mostly incomplete. Here weestigate this question in the realm of
membrane proteins that form ion channe®pecifically we wnsider ion permeation in the gramicidin A
channel (GA), and study hwothe energetics of ion conduction changes as the channel structure is prelgressi
changed from fixed NMR structure to a completelxifiie one as obtained from molecular dynamics (MD)
simulations. Br each channel structure, the potential of mean force for a permeating potassium ion is
determined from MD simulationsUsing the same MD data for completely flexible gramicidin A, we also
calculate thegerage densities and fluctuations of the GA atoms avebtigate the correlations between these
fluctuations and the motion of a permeating ion. Our results sboclusvely that peptide flexibility plays an
important role in ion permeation in the gramicidin A channel, and hence it cannot be modeled using continuum
electrostatics with arvarage, fixed structure.
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Ca?* influx through store-operated C&* channel in mouse sinoatrial node
YK. Jut, H. Chaulet?, RM. Graham? and D.G. Allen?, 1School of Medical Sciences, University of Sydney, NSW
2006, Auatralia and 2Victor Chang Cardiac Research Institute, NSW 2010, Australia.

In both excitable and non-excitable cells, the depletion of intracellufirsBares causes a flux of €a
into the cells and refills the €astore to its original keel. Theinward C&* flux resulting from depletion of
C&" store is through the store-operated cation channels (SOCCs). Theraiisggevidence that SOCCs play
an important role in muscle cell signalling (for ravisee Gailly 2002).

In previous studies, we found that intracellula? Gstores are wolved in cardiac pacemaking (forview
see Ju & Allen, 2001)To examine if store—operated &aentry is present in cardiac pacemaker tissue and its
possible role in mulating heart rate, sinoatrial node (SAN) tissue was dissected from mouse right atria of the
heart and loaded with the €aindicator indo-1 AM. In the presence okteacellular C&" ([C&*], ),
cyclopiazonic acid (CPA), a seleai sarcoplasmic reticulum C&ATPase (SERCA) inhibitgrsignificantly
increased resting [éi‘;]i and gradually reduced the amplitude ofzmletransients. Incubatin§AN in C&* free
solution caused a substantial decline in restind'*]]q:and stopped pacemakactvity. Reintroduction of C&

(1.8 mM) to the perfusate in the presence oA @rked a griking increase in resting [éi‘:ii, a dharacteristic of
SOCC actiity. The C&* influx in response to reintroduction of [@]ao was 7.1 = 3.2 fold greater in the
presence ofCPA than in its absence (p < 0.03, n = 11), which suggested that thenflax was dependent on
the SR store depletion. It is kmo that the N&Ca* exchanger exists in cardiac pacemaker tissue. After a
period of incubation in zero &asolution, the reintroduction of €acould also actiate the reerse mode of
Na'-C&* exchanger and increase €anflux. To test this possibilitywe gpplied N&-Ca* exchanger inhibitor
KBR -7943. W& found that in the presence of KBR -7943, there was still a significant risezcﬁ]‘i [Gaesponse

to the depletion of SR the &€astore. Morewer, gadolinium (100uM), a known SOCC inhibitgsignificantly
inhibited 72+ 8% of C&* influx in the present of GP(P< 0.01, n = 4).

Recent studies lhia siggested that SOCCs might be related to the transient receptor potential canonical
(TRPC) genedmily. We examined SAN mRIN expression of the sen knovn mammalian TRPC isoforms by
RT-PCR. mRM for TRPCL1, 2, 3, 4, 6 and 7 was detected in SAN, whereas that for the TRB@BWThese
results suggest that cardiac pacemaker tissue exhibits store-operdtedc®ity which may be due to
expression of TRPCs in these cells.

Gailly P. (2002)Biochimica et Biophysica Acta 160Q 38-44.
Ju, Y.K. & Allen, D.G. (2001)Clinical and Experimental Pharmacology and Physiology 28, 703-8.
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A hydrogen peroxide insult causes sustained alteration in the sensitivity of the L-type €a
channel tof3-adrenergic receptor stimulation in ventricular myocytes

L.C. Hool, H.M. Viola and P.G. Arthur, School of Biomedical, Biomolecular and Chemical Sciences, The
University of Western Australia, Crawley, WA 6009, Australia.

We haveshavn previously that mitochondrial-deed hydrogen peroxide (5D,) regulates the function of
the L-type C&" channel. Adecrease in mitochondrial-deed H,O, is associated with an increase in the
sensitvity of the channel to the beta-adrenergic receptor agonist isoproterenol (IsQypasthg myocytes to
H,O, attenuates the responsdere we examine the effect of a hydrogen peroxide insult on the function of the
L-type C&* channel. ¥ntricular myoygtes were isolated from hearts excised from anaesthetised guinea-pigs as
approved by the Animal Ethics Committee of The Weisity of Western Australia and in accordance with the
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (NHMRC). The cells were
exposed to 3QuM H,0O, for 5 min followed by 10U/ml catalase for 5 min to degrade th®,Hand then the
response of the channel to Iso waamined. Inthe absence of a peroxide insult, 10 nM Iso elicited a current
that was 72.1+£8.0% of the current elicited byM Iso (a maximally stimulating concentration of the agonist)
within the same cell (n=6)However, dter exposure of cells to peroxide 10 nM Iso elicited a current that w
just 18.6 + 10.0 % of the response elicited gyM Iso within the same cell (n=6<0.05) suggesting that the
peroxide insult significantly decreased the sensitivity of the channel to Iso. More importantlyfebts ef
persisted for seeral hours after the peroxide insuliVe examined whether the effect was a result of enhanced
production of reactie axygen species by the celCellular production of superoxide was measured using the
fluorescent indicator dyroethidium. Exposingells to 30 uM HO, for 5 min followed by 10U/ml catalase
for 5 min caused a 61.1£14.0% increase in superoxide production (A<Q85) compared to controlsmosed
to catalase only (n=8). The increase in superoxide was completely attenuated when cells were exposed to th
mitochondrial inhibitor myxothiazol (6-10 nM; n=1B<0.05). TheNAD(P)H oxidase inhibitor apocynin (300
MM, n=5) did not alter the increase in superoxide associated with a peroxide insult nor iyl T8Ghe
xanthine oxidase inhibitp@lopurinol (n=5). We propose that a hydrogen peroxide insult causes a further
increase in hydrogen peroxide production from the mitochondria and the increase in peroxide results in a
sustained decrease in sensitivity of the chann@ladrenergic receptor stimulation.
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