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THE SIZE OF MEMBRANE PORES:THE EFFECT OF NON-ELECTROLYTESON THE CONDUCTANCE OF GRAMICIDIN�Guy M.P. Coatesa, Glenn M. Alderb, Oliver S. Smartaand C. Lindsay BashfordbaShool of Biosienes, University of BirminghamEdgbaston, B15 2TT, UKbDepartment of Biohemistry and ImmunologySt George's Hospital Medial ShoolLondon, SW17 0RE, UK(Reeived Deember 3, 1999)The e�ets of neutral polymers on ion hannel ondutane have beenused in the past to estimate hannel radius. We have measured the e�et ofPolyethylene-glyol and dextrans on gramiidin-D, a peptide ion hannel.The availability of high resolution strutures of gramiidin-A allows us tomake a diret omparison between the harateristi radius obtained bythese experiments and the radius of the hannel obtained from the NMRstruture. The e�ets of PEG on gramiidin are signi�antly di�erent fromthose observed on other, wider hannels, and the experiment suggests thatthe operational size of the gramiidin hannel exeeds that seen in the NMRand rystal strutures. Our data using non-dehydrating polymers suh asdextrans, provide estimates of gramiidin hannel size smaller than thoseobtained with PEGs and loser to those predited by the NMR and rystalstrutures.PACS numbers: 87.14.Ee, 87.15.Aa, 87.15.By, 87.15.Vv1. IntrodutionMany of the properties of biologial membranes are onferred by proteinsembedded in the lipid milieu. In partiular, a number of membrane proteinsform pores aross membranes. Pores range in size from those whih permitmaromoleules to ross the membrane to those whih permit the passageof just one lass of ion. We use the word pore to indiate any struture thatallows water-soluble moleules to ross the membrane; by onvention pores� Presented at the XII Marian Smoluhowski Symposium on Statistial Physis,Zakopane, Poland, September 6�12, 1999.(1097)



1098 G.M.P. Coates et al.that allow only ions to ross the membrane are alled hannels [1℄. Suh ionhannels are an important lass of biologial moleules, involved in a widerange of ellular proesses. Due to the tehnial di�ulties in working withmembrane assoiated proteins, the number of ion-hannel strutures thathave been solved remain small ompared to the wealth of strutures avail-able for soluble proteins. Whilst the strutural information on ion hannelsmay be omparatively small, the eletrophysiologial properties of single ionhannels have been extensively investigated [2℄. These studies show thatmost of the properties of ion hannels an be explained in terms of the phys-ial hemistry of ion �ow in a narrow tube of water (the hannel) that rossesthe membrane.A number of approahes have been used to study features of ion hannelstruture based on single hannel ondutane tehniques. One approah isto probe the interior of a hannel with neutral polymers of varying size, suhas polyethylene glyol (PEG) or dextrans [3, 4℄.In a typial PEG ondutane experiment, hannels are introdued intolipid bilayer membranes whih are bathed in a solution ontaining a set on-entration of non-eletrolyte. Both PEG and dextrans lower the bulk on-dutivity of solutions in a manner that is independent of moleular weightbut proportional to the mass of dissolved polymer [3℄. The rationale be-hind the experiments is that when small polymers are added to the mediumsurrounding a hannel, they are able to penetrate the hannel lumen. Thepresene of polymer in the hannel dereases the ondutivity of the han-nel, just as it dereases the ondutivity of the surrounding bulk solution.As the size of polymer is inreased, it is inreasingly exluded from the inte-rior of the hannel, resulting in a restoration of the hannel's ondutivity.By observing the e�et of di�erent sized polymers on the ondutane ofthe hannel, a harateristi ut-o� radius an be obtained for the hannel.Unfortunately, there is no agreed protool for determining the ut-o� radiusand various experimental groups have used di�erent methods making diretomparisons di�ult [3, 4℄.Large PEGs, whih are exluded from the lumen of the hannel, ause aslight inrease in the observed hannel ondutane. PEGs inrease the ionativity in the surrounding solvent, an e�et that an be diretly observedwith a sodium eletrode [5℄. The inrease in ion ativity results in a similarinrease in hannel ondutane. Dextrans do not inrease ion ativity andhene no inrease in hannel ondutane is seen when large dextrans areadded to ion hannels. The inrease in hannel ondutane seen in thepresene of large PEGs an be used to alulate the aess resistane of thehannel and hene a value for the hannel radius [3℄. In the ase of non-symmetrial hannels, di�erent sized PEGs an be added simultaneously tothe is and trans faes of the hannel to obtain the radius of eah side [6℄.



The Size of Membrane Pores: The E�et of : : : 1099The HOLE [7℄ program an be used to predit the e�ets of non-eletro-lytes on the ondutane of a hannel, based solely on the atomi strutureof the hannel. The method allows a set of experimentally testable predi-tions to be produed for any hannel struture. Suh preditions an beused to hek the validity of model strutures, or to relate di�erent hannelstrutures to di�erent onduting states of the hannel [8℄. So far, most poly-mer addition experiments have been arried out on hannels for whih wehave limited strutural information, suh as alamethiin [3℄, or on hannelswhere there is an ambiguity between the rystal struture and the strutureof the hannel in lipid bilayers [9℄, suh as �-toxin [4, 10℄. A omparisonhas been made between the experimental and HOLE predited results forholera-toxin �5, with an enouraging degree of agreement [7℄.Similarly, the lak of both PEG ondutane data and a relevant hannelstruture has made it di�ult to validate the preditions HOLE provides ofhannel ondutane. One way to overome these problems is to apply thePEG addition methodology to hannels of known struture. Here we reportour initial results of both polymer addition experiments and HOLE ondu-tane preditions on gramiidin, a peptide ion hannel. The properties ofgramiidin have been extensively studied, (for reviews see [11℄ and [12℄). Wealso have a number of high resolution strutures of gramiidin in its ative,onduting form in lipid bilayers [13, 14℄.2. Materials and method2.1. Single hannel reordingsA diphytanoylphosphatidylholine (DPhP, Avanti Polar Lipids) bilayerwas formed aross a 10�20�m hole in a Te�on sheet, separating two Te�onhambers. 2ml of bu�er was added to eah hamber, and a solution ofDPhP dissolved in pentane was added to eah hamber. The lipid solutionwas prepared by evaporating a 25mgml�1 solution of DPhP in hloroformunder nitrogen, whih was then re-dissolved in pentane. A bilayer formedaross the hole by lowering and raising the level of the bu�er solution oneah side of the sheet past the hole. Gramiidin D (ICN) was inorporatedinto the bilayer. The bu�er solution onsisted of 1M KCl, 0.005 M Hepes(pH 7.4), to whih was added 20% w/v of non-eletrolyte. Channel urrentwas measured using Ag/AgCl eletrodes in voltage/lamp mode, at appliedvoltages of 50, 75, 100 and 125 mV. The urrent was reorded onto both apaper hart reorder and 4mm Digital Audio Tape at a 48.8 KHz samplingrate.



1100 G.M.P. Coates et al.2.2. HOLE ondutane preditionThe HOLE ondutane predition proedure was run on the solid stateNMR gramiidin A struture [13℄ (PDB ode 1MAG). The simpli�edAMBER [15℄ united-atom Van der Waals radii were used for the alula-tions, and preditions were made for 20% PEG and 20% dextran solutions.For 20% w/w PEG, �peg = 1:18 and �non = 0:54 [16℄ and for 20% w/wdextran �peg = 1:00 and �non = 0:57 [3℄.2.3. Single hannel data analysisSingle hannel amplitudes were extrated from the urrent reord byomputer or by measuring transitions diretly from the hart reord. Thesingle hannel data was down sampled from 48.8 KHz to 200 Hz, and runthrough a software 5 Hz low pass digital �lter. Single hannel events wereidenti�ed using a modi�ed version of the Van Dongen [17℄ algorithm, de-sribed below.The modi�ed Van Dongen algorithm uses three detetion riterion todistinguish between transitions, levels and bakground noise. Firstly, thewhole reord is di�erentiated using the entral di�erenes method (Eq.(1)).dampidt = �ampi+1 � ampi�1�2�t : (1)Transition regions (i.e. hannel opening or losure events) in the reordwere de�ned as regions where damp/dt exeeded 3�(damp=dt) noise : Regionswhere damp/dt was lower than this threshold value were de�ned as levels.One this initial assignment was made, the trae was idealised by averag-ing the amplitude of eah level along its length. The original Van Dongenalgorithm used both forward and entral di�erenes to alulate damp/dtHowever, as the average lifetime of gramiidin hannel events (typially1�2 seonds) is muh larger than �t (0.005 seonds), the entral di�erenemethod alone is su�iently aurate to determine damp/dt.At this stage the idealised trae ontains a number of artifats due tosignal noise. Suh artifats an be distinguished from true hannel eventsby examining both the size of the transition and the duration of the �ankinglevels. Transitions whose amplitude was smaller than 3�noisewere interpretedas being due to noise. The transition was removed from the reord and thetwo �anking levels were onatenated into a new level. The amplitude ofthe new level was alulated by taking a duration-weighted average of theprevious two levels. The transitions were removed in an iterative fashion,starting with the smallest transition.One the small transition had been removed, short duration levels werethen examined. Levels with a duration shorter than 0.1 seonds were re-



The Size of Membrane Pores: The E�et of : : : 1101moved from the reord, as they were likely to be noise rather than the longerlived gramiidin hannels. The artifat removal proess was repeated untilno further artifats were deteted. The magnitude of eah hannel transi-tion was then alulated by measuring the di�erene between adjaent levels.Only hannel opening events were measured; the losures were disarded toprevent the same event being measured twie. Condutane histograms werealulated for gramiidin in the presene of eah non-eletrolyte. Mean sin-gle hannel ondutanes were alulated by �tting a gaussian urve to themain peak in eah histogram. 3. ResultsA typial setion of single hannel reording is shown in �gure 1.A ondutane histogram for gramiidin in 20% PEG 300 is shown in �g-ure 2. Although the main population of hannels have ondutanes ofaround 17 pS, there is a broad band of hannels that have ondutaneswhih fall below the main distribution whih have ondutanes in the4�12 pS range. The low ondutane band is likely to have two auses.
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Fig. 1. Current reord reord for gramiidin in 1M KCl. The applied voltage was100mV. The idealised trae is superposed in blak. The two events highlighted bythe arrows are ignored in the idealised trae and have been attributed to noise.
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Fig. 2. Condutane histogram for gramiidin D in 20% PEG 300. Two gaussianurves were �tted to the data and the single hannel ondutane alulated fromthe main peak. The blak dashed line is the sum of the urves.Firstly, the ondutane experiments were arried out with gramiidin D, thenaturally ourring gramiidin mixture produed by Baillus brevis. Themixture ontains approximately 80% gramiidin A and minor amounts ofgramiidins B and C [11℄. Gramiidins B and C, although similar in stru-ture to gramiidin A, have ondutanes that are respetively 38% and 10%lower than that of gramiidin A [18℄. Seondly, even highly puri�ed gram-iidin an form hannels whih possess a wide range of lower than normalondutanes [19℄. These �mini hannels� are thought to be aused by gram-iidin adopting either an alternative side-hain onformation [20℄, or a porestruture [12℄. It is likely that both of the presene of gramiidins B and Cand the formation of �mini hannels� aount for the presene of the seondpeak in the ondutane histograms.The low ondutane band in the experimental data was ignored in ourdata analysis. Only the mean ondutane of the main peak in the hannelpopulation was used to alulate the e�et of polymer addition. The hangein hannel ondutane in response to the addition of non-eletrolytes issummarised in Table I. The experimental values and the HOLE preditionare shown in �gure 3.
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Fig. 3. Comparison of the experimental ondutane data with the HOLE predi-tions. The dextran predition is shown as a dashed line and the PEG preditionas a blak line. The experimental PEG points are shown as blak diamonds andthe dextran results as blak irles. Error bars are 1 standard deviation. TABLE IThe e�et of non-eletrolytes on PEG ondutaneSubstane Hydrodynami Condutane Errorradius ratioKCl � 1.0 �Peg 300 4.9 0.85 0.09Peg 600 6.9 0.76 0.08Peg 1000 8.9 0.95 0.07Peg 1500 1.09 0.96 0.075Peg 2000 1.26 1.12 0.075Peg 4000 1.78 1.04 0.9Peg 10000 2.81 1.14 0.105Xylitol 3.5 0.84 0.085Sorbitol 3.8 0.67 0.095Gluose 4.0 0.87 0.095



1104 G.M.P. Coates et al.Our present data is rather noisy and further experiments are requiredto fully haraterise the hannel. However our data does ontain some sur-prising features. Both PEG 300 and PEG 600 derease the ondutaneof gramiidin, even though their hydrodynami radius is too large to allowthem to �t inside the hannel. The anomalous results for the smaller PEGsresults in a large over-estimation for the radius of the hannel. The ut-o�radius alulated using the Krasilnikov method [10℄ yields a value of 10.3Å,whilst the Bezrukov [3℄ method gives a radius of 8Å. However, the poreradius of the NMR gramiidin struture is only 1.15�1.5Å [21℄.The e�ets of dextran addition on gramiidin ondutane resemble thoseof PEG addition. The non-penetrating dextrans, suh as gluose, have lit-tle e�et on ondutane and the smaller penetrating sugars lower hannelondutane. Although the dextran data is inomplete, the present val-ues suggest a ut-o� radius of around 4Å(both Krasilnikov and Bezrukovmethods), a value whih is muh greater than the radius of the hannelshown in the NMR struture, but whih is loser than the value preditedby the PEG addition experiments.4. DisussionThe e�ets non-eletrolytes on gramiidin ondutane are very di�er-ent to those whih we would expet. Both PEGs and dextrans whih areapparently too large to penetrate the hannel were still able to lower theondutane of gramiidin, resulting in an overestimation of hannel size. Itis not possible to say whether the sizes of other hannels measured usingPEG have been overestimated, as in most ases we do not have experimen-tal strutures with whih to ompare the results. However, in the ase ofalamethiin [3℄, both PEG and dextrans were used to probe the hannel, andboth sets of experiments yielded the same value for the hannel radius. Inthis light it may be that the disparity between the PEG and dextran resultsis peuliar to very narrow hannels suh as gramiidin.The results of PEG addition experiments on a larger hannel, holeratoxin �5, are shown in �gure 4. For omparison the experimental data forgramiidin is overlaid on the holera toxin data, whih it losely resembles.This omparison ould lead to the onlusion that the dimensions of bothhannel are idential. However, as is lear from �gure 5, the radius of holeratoxin is muh greater than that of gramiidin.How do small PEGs and dextrans alter the ability of ions to permeatethrough gramiidin if they are unable to �t inside the hannel? The obviousexplanation is that other e�ets, in addition to steri ones, a�et gramiidinondutane.
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Fig. 4. A omparison of the holera toxin �5 experimental data (irles) and HOLEpredition (Blak line) with the gramiidin data (diamonds) and predition (dashedline).

Fig. 5. A HOLE diagram of the pores in holera toxin (top) and gramiidin (bot-tom). Both moleules are drawn to the same sale. The protein bakbone is shownas a ribbon and the hannel is shown as a solid surfae. The hannel radius ofholera toxin is learly greater than that of gramiidin. This �gure was generatedusing MOLSCRIPT [25℄.



1106 G.M.P. Coates et al.One possibility is that PEG interferes with the ion binding site of gram-iidin [22℄. Prior to transport down the lumen of gramiidin, permeant ionsare de-solvated. This proess ours at an ion binding site at the mouth ofthe hannel, where water ligands are exhanged for arbonyl groups from thegramiidin bakbone. Suh a mehanism ould explain how non-penetratingPEGs ould lower hannel ondutane. In order to test this hypothesis, weare endeavouring to repeat PEG addition experiments in the presene ofions with a larger de-solvation energy than K+, suh as Li+or Na+.Our experiments also bring into question the suitability of gramiidin asa model ion hannel. Ideally, we expet small hannels to behave in a similarfashion to larger hannels. It is possible that PEG lowers the ondutaneof all ion hannels by its non-steri mehanism, but that the e�et is smallompared to the hange in ondutane aused by PEGs steri interationwith the hannel. Thus the non-steri PEG interation may only beomesigni�ant when experiments are performed on hannels whih have verylow ondutanes, suh as gramiidin. The use of non-permeant moleulesto failitate losure of gated ion hannel by an osmoti mehanism [23℄ alsoseem more lear ut with larger hannels than smaller ones [24℄.In summary our experiments suggest that determining size of hannelswith ut o� radii > 10Å using non eletrolytes is reliable and preditablefrom the published struture using the omputational approah of the HOLEprogram. In the limit of very narrow hannels, suh as gramiidin, we an-not be on�dent that this approah remains appliable. It may be moreappropriate to use large hannels of known struture, suh as the porins, astest systems for our methodology.We are grateful to the Cell Surfae Researh Fund, UK MRC (grant64600017) and The Wellome Trust for �nanial support.REFERENCES[1℄ C.L. Bashford, C.A. Pasternak, Advanes in Strutural Biology, vol. 6, JAIPress In., Stanford, CT 1999, p. 303.[2℄ B. Hille, Ioni Channels of Exitable Membranes (2nd ed.), Sinauer, 1991.[3℄ S.M. Bezrukov, I. Vodyanoy, Biophys. J. 64, 16 (1993).[4℄ Y.E. Korhev, C.L. Bashford, G.M. Alder, J.J. Kasianowiz, C.A. Pasternak,J. Membr. Biol. 147, 233 (1995).[5℄ I. Vodyanoy, S.M. Bezrukov, V.A. Parsegian, Biophys. J. 65, 2097 (1993).[6℄ O.V. Krasilnikov, J.B. Da Cruz, L.N. Yuldasheva, W.A. Varanda,R.A. Nogueira, J. Membr. Biol. 161, 83 (1998).
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