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Energeticsof ion conduction
throughtheK" channel
SimonBerné&he & BendbRoux
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K" channelsaretransmembraneproteinsthat areessentiafor the
transmission of nerve impulses. The ability of theseproteins to
conduct K* ions atlevelsnearthe limit of diffusion is traditionally
descibedin termsof concerted mechanismsn which ion-channel
attraction and ionzion repulsion have compensating effects,as
severalions are moving simultaneouslyin single ®lethrough the
narrow pore'*4 The ef®ciencyof such a mechanism,howe\er,
relies on a delicate energy balaneb the strong ion-channel
attraction must be perfectly counterbalancel by the electrostatic
ionion repulsion. To elucidatethe mechanismof ion conduction
atthe atomiclevel, we performedmoleculardynamicsfreeenergy
simulations on the basisof the X-ray structure of the KcsA K*
channef. Here we ®ndthat ion conduction involvestransitions
betweentwo main states,with two and three K* ions occupying
the selectivty ®lter, respectiwely; this processis reminiscent of the
“knock-ori mechanism proposed by Hodgkin and Keynesin
1955. The largest free energy barrier is on the order of 2+
3kcalmol %, implying that the processof ion conduction is
limited by diffusion. lonztion repulsion, although essentialfor
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rapid conduction, is shown to act only at very short distances.
The calculations show also that the rapidly conducting pore is
selectiwe.

The crystallographicstructureof the KcsAK™ channelrevealed
thatthe porecomprisesawide, nonpolarcavity of 8 &radiuson the
intracellular side,leadingup on the extracdular sideto a narrow
pore of 12k that is lined exclusivelyby main chain cabonyl
oxygen& This region of the pore actsas a “selectiity ®lter' by
allowing only the passagef K* ions acossthe cellmembrané
wheraghewide cavity helpsovercomethedielectricharriercaused
by the cell membrané The translocationof K* ionsin sinde ®le
through the narrowestregionof the poreis expectedo betherate-
limiting stepin the conduction mechanism.This processcan be
representedschematically

in which the approachof oneion from one sideof the selectiity

®lteris coupledto the simultaneousexit of an other ion on the
oppositeside.Although sucha conerted mechanisiris consistent
with long-held viewsof ion conduction through K* channel§*,

how it takesplaceat the atomiclevelremainsunresohed.A simple
calculationshowsthat the directionzion repusion variesby tens
of kcalmol * whentwo or threeionsarein the pore.Somehowthe
K* channelis ableto exploit suchlargeenergiesn a productive
mannerto yielda ux of about1®ionss *. Thisimpliesthatthereis
no signi®cantctivationfreeenergy barrieropposingthe concerted
ion translocation How canthis be possible?

Although the available experimentaldata provide a wealth of
information about the structure and function of K* channels,
theorettal considerationsare necessy for understandingthe
energetic®f ion conductionat the atomiclevel.Oneapproah to
re®neour understandingf complexbiomolecularsystemssto use

Figurel MoleculaepreseatioroftheatomienodedftheKcsA channeimbedded
inanexplicibPP@hosphilipidembrangathedya 150mMKChqueousalt
solutior.
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molecular dynamics simulation$. Howevey straight molecular
dynamics trajectories of KcsA (although informative) remain
limited becausg¢he aweragetime required for the permeationof a
sinde ion is typically much longer than can be simulated cur-

rently’*™, To circumvent thesedif®cultiesand characterizethe
mechanismof ion conduction quantitatively, we hawe computed
the multi-ion freeenergypro®legowerningthe elementay micro-

scopicstepsof ion translocationin the pore. Thefreeenery pro®le
or potentialof meanforce (PMF)*2isthedominantfactorgoverning

the mechanisnof ion conductiort®. Thefreeenery surfaceor ion

conductionwascalculatedusingumbrellasamplingsimulations, a
powerfulcomputationalapproah to characterizeomplexbiomo-

lecularsystemgjuantitatively The simulation systemis shownin

Fig. 1. First,moleculardynamicssimulationsareperformedin the
presene of an arti®cialbiasingpotentialbetweertheionsandthe
selectiity ®lterto obtain a better samplingof the relevat con-
®guration®of the systemNext,thebiasintroducedbythis potential
isrigorouslyremovedafteranalysigo characterizéheunbiasedree
enery surfae of the system.

The results of the calculationsare shown in Fig. 2. To aid
visualizationthe resultsare presentedas two-dimensionaltopo-
graphic maps of the free enery landscapegoverning the ion
conduction through the selectiity ®lter of the K channel.To
produce the two-dimensionalmaps,the full free enery function
W.Z,;Z,; Z;1, which dependson the position of the threeions
alongthe channebxis,hasbeenprojectedonto two differentplanes
with reducedreactioncoordinate® theionsare numberedfrom 1
to 3 stating from the extracdular side.In the ®rstfreeenery map
(Fig. 2, left), thereducedPMFis shownasafunction of the position

of theion in the cavity, Z;, andthe position of the centre-of-mas®of
the two ionsin the selectiity ®lter Z;,. In the seond freeenery
map (Fig. 2, right), the reducedPMF is shownasa function of the
positionof the outermostion nearthe extracélular endof the pore,
Z,, and the position of the centre-d-massof the two ions in the
selectiity ®lter Z,3 (seeMethodsfor further details).Using such
reducedreactioncoordinatess meaningfulbecausé¢he motions of
two ions located in the narrow selectiity ®Ilter are highly
correlated™. Typical con®gurationof the selectiity ®Iterwith the
threeK* permeatingonsandneabywatermoleculega+f) arealso
given in Fig 2 to showthe elementay stepsof ion conduction.
Figure 2, with the two-dimensioral maps and the associated
con®gurationgatf), providesessentiallyhe information connect-
ing the left andright sidesof Scheme. at the atomiclevel.

As seenin Fig. 2, the conduction processinvolvestransitions
betweertwo main stateswith two (&, ¢, g f) or three(b, d) K* ions,
respectiely, in the selectiity ®lter Theionsproceedalongthepore
axisin a sinde-®lefashionwith a sinde water moleculebetween
them, indicating that eachpermeatingk™ ion is acompaniedby
about one water moleculein acord with streaming potential
measuement$’. The pathway with the lowestfree energ barrier
followsthe sequencef con®gurationa+b+d+f (dotted line in the
two-dimensionalmaps).Although all the microsopic elementay
stepscanoccur reversibly we describeand discusghe elementay
stepdeadingto the outward movementof oneion for the sakeof
clarity. Along this optimal pathway, the ion in the cavily ®rst
approacheshe intracellularentranceto the selectiity ®lter(atb),
thenpusheghetwo ionsin the selectiity ®lter(b+d) leadingto the
exit of the outermostion on the extrac#lular side(dtetf). These

Figure2 Topograftfreeenergynapsfionconductiotalculateflomumbrella
samplingoleculatynamicsimulationgackcoloutevetorrespondsanenergpf
1kcamol?; theaxesarein & Thepositionftheions Z,; Z, andZ; (numberedd
successivadestartinfromtheoutermosbn)arede®nerklativéo thecentre-of-
masofthebackbonatomofresidue$hi75-Var6-Gly 7-Tyi8, whictconstitute
theKcsAcentratoreoftheselectivitplterThede®nitioof thereducedeaction
coordinate®,,; Z;) and(Z,; Z,,) is indicateth ¢ ande, withz; corresponditathe
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centenfmasofions andj. Thetwo-dimensiomadpsverecalculatefloma
projectioofthefullthree-dinmsiondPMFandadirectomparisarftheenerglevels
inthetwotwo-dimesionamapsds thusmeaningful hdowesenergpathway
(highlightealya dottedine followshecon®guraticasb+d+f (aspontaneous
transitioalonghispathwalgasheerobservepreviousguringnunbiaseaholecula
dynamicsimulatidf). A secondapathwaghighlighteaya thindasHine)ollowing
thecon®guraticasc+d+f is alsopossible.
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elementay stepsare reminiscentof the knock-on mechanisnthat
wasproposechearly50yearsagd. Thelargesfreeenergybarrierfor
this processis on the order of 243 kcalmol %, which is remarkable
giventhe vary largehydration energie®f K* ions. Onge the outer-
mostion hasexitedon theextracellulaside(Z, $ 12k Fig. 2, right
two-dimensionalmap) the two ions remainingin the selectiity
®ltercanmove backandforth in the selectiity ®lterwith a small
barrierof appraximatelyl kcalmol * (eandf), remveringrapidly a
productive con®guration for conduction. The absenceof ary
signi®cantactivation free energy barrier opposingthe concerted
ion translocatiorimpliesthation conductionis essentiallgiffusion
limited. A secondpathway characteristioof a “vacancy-diffusion
mechanisnf is also possible(sequencef con®gurationsatctd,
indicatedwith a thin, dashedine in Fig. 2). Thetwo ionsin the
selectiity ®lter move ®rst (atc), leavinga vacantbinding site
formed by the catbonyl oxygensof Thr 75, which is subsequently
occupiedby the incoming ion from the cavity (ctd). The largest
energ barriersfor this processare on the order of 3+4 kcalmol *.
The existenceof multiple pathwaysmay contribute to yielding a
high throughputasion translocationdoesnot haveto proceedin a
uniquefashion.

Eventhough no largefreeenergy barrier opposingion conduc-
tion is observedn the freeenery maps,somepositionsalongthe
permeationpathway are preferablyoccupied by K* ions. These
“bindingsites areillustratedin Fig. 3 by showingasuperpositiorof
a few dynamical con®gurationsassociatedvith the free energy
minima in the two dimensionalmaps. Five speci®csitesin the
selectiity ®lterare revealedby the superposition As expectedthe
siteS;+ S), whichweredetectedn the X-raystructureof KcsAare
obseved. Moreover, the calculationsreveal the presene of two
additional K*-binding sites locatedon the extracellulaisideof the

Figure3 Superpositiofinstantaneodgnamicabn®guratist®winthedominant
ionpositionassociatesiththefreeenergyniniman Fig.2. Theoutersite(S), the
uppeinnesite(S), theloweinnersite(S) andthediffuseavitysitedetected the
initialX-raystructurareshowh FurthermeyK™ canoccupyhesitewhere
crystallograpkiatewasprevioustietecte(h), aswellastwoadditionaitegdermed
SandS,; ThdondnS,, S andS; areincontacotviththemairchaircarbonyixygens
(S, Glyr7andTyr78;S,, Valr6andGlyr 7;S;, Thi75andvalr6)andonlyl+2 water
moleculesyhereatheionin S, is hydratetly2+3 watemoleculesndmakes
intermitteicbntactwiththecarbonylxygersndhesidechairofThi75. ThaoninS,
isincontaawithTyi78andshydratedy3+4 watemoleculeFheaoninS,isalmost
fullyhydrated.
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channel, S, and S, TheK" ion in site S, is hydratedby 3+4 water
moleculesand makessomecontactswith the cambonyl of Tyr 78,
wheragheion in the outermostsite, S, is almostfully hydrated.
Thesetwo binding siteswerenot detectedn the crystallographic
structureof KcsA, but arenowobsewvedin re@ntdiffraction dataat
higher resolution(R. Mackinnon and J Cabral,personalcommu-
nication). SitesS,, $ and S, canbe occupiedsimultaneoushyy K*
with a sinde watermoleculelocatedbetweeneachion pair, for a
total of threeK™ ionsin the selectiity ®lter(Fig. 2d). According to
the freeenery map shownin Fig 2, sucha con®guratiork-W-K-
W-K correspondgo ashallowfreeenergy wellanddoesnot oppose
rapid conduction. Recentcalculationshawe indicated that tetra-
ethylammonium (TEA), a well known external blocker of K*
channel§, binds fawurably in site § in a K-W-K-W-TEA
con®guratior.

The detailsof the proces=f ion conduction challengea naive
view of repulsive forcesin multi-ion transpot systemsA particu-
larly notableexampleis provided by con®gurationb in Fig. 2, in
whichoneion occupiesgheinnersiteS, whiletheotherion occupies
theadjacensiteS;. Thetwoions,whichareonly 4 Aawayfrom each
other, appeato bestabilizedoy interactingsimultaneouslyvith the
cambonyl groups of Thr75. At such a distane the electrostatic
energy is +83kcalmol !, and the mutual repulsive coulombic
force betweenthe two K* ions correspondgo an electric®eldof
93 1V m??!, which is equivalentto the ®eld produced by a
transmembrangotential of 27V. However the freeenergy of this
con®gurationis only appraimately 1kcalmol™* higher than the
refeencecon®guratiora acording to thetwo-dimensionalmapin
Fig 2. Nonethelesdurther analysisewealsthat repusiveforcesare
absolutelyessentiafor rapid conduction. Figure4 showsthe free
energy pro®leasa function of the position of the outermostion
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Figure4 Importanagfiontionrepulsioontheelementastepofionconduction
Thetotafreeenergpfthethree-iosystenis plottecsafunctiomftheoutermost
ionwhilethetwoothelK” ionsare®xeditdifferenpositioin thepore The
correspondifgncon®guratiarfthesysterareshowischematicatiptheright The
pro®lesereextracteflonthefullthree-dimensioftakenergW.Z,; Z,; Z,tandhe
absolutenerggcalevaspresenga direccomparisafthepro®leis meaningiul
a, AlargdreeenergparriepreventhieexibftheouteK’ iontowardtheextracelia
sideasthetwootheiionsarein thecavityandintheinnersite(S). b, ¢, Thebarrier
towardsheextracellulaideis progressivelyducedndsiteS, is slightlstabilized
asthecavityonapproacheiteS, andtheotheioninitiatea transitiofronsiteS; to
S. d, OncdwoionsoccupgitesS, andS,, theenergyvellatsiteS, disappeaend
theouteiontransit$o siteS,.
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while the two otherions are ®ed at differentlocationsin the pore.
Initially, while the two otherionsarein the cavity andin theinner
site S;, the outer K™ ion is locatedin a deepwell and cannotexit
towards the extracellularside (Fig. 4a). As the ion in the cavity
approachetheinnersiteS, andtheseond ion initiatesatransition
from site §; to S, the bottom of the freeenery well is lifted up,
therely decreaingthe barrier betweersitesS, and S, progressiely
to 1kcalmol * (Fig. 4b, c). Ultimately, the site S, becomesinstable
and the exit of the ion towards the extracellularside becomes
barrierless(Fig. 4d). Thisserieof freeenery pro®leslemonstrates
that without the repusion from the other two incomingions, the
outer ion would be trappedin the site S and its exit towards the
extracellulasidewould require a signi®cangactivationfreeenergy.
Thecalculationshowthatthe conductionof K* ionsisessentially
barrierless. We next soudit to determine whether the channel
remains selectivefor K™ ion. Selectiity arisesprimarily from
differenesbetweerthe freeenery of the ion in the channeland
in the bulk solution'®. To addressjuestionsabout selectiity, we
performedmoleculardynamicsfreeenery simulations(MD/FES)
in which oneK" is alchemicalljtransformedinto a Na“ at speci®c
locations along the pore axi€® (see Methods for details). The
calculatedexcessfree enery differencereldive to the aqueous
solution for the outer site (S;) near the extracellularsurface
is about +2.8kcalmol'>. Moving deeperinto the pore, the
calculatedree enery of the subsequenbinding site (S,) risesto
+6.6kcalmol !, indicatingthat thereis anincreaein the selectiity
of the channel.Therelative selectiity of the ‘externallock-in site
detectedin B&" blockadeexperimentshasbeenestimatedto be
around+5.5kcalmol™* in one particular mammalianK* channel.
The calculationsshow that KcsA hasboth the ability to rapidly
conduct K* ions and to discriminate againstNa'. It should be
emphasizethatthe magnitudeof thedynamical uctuationsof the
cambonyl oxygenatomsthat form the selectiity ®lter(visiblein the
superpodion of con®gurationshownin Fig. 3) ismuchlargerthan
thedifferencen theradiusof Na” andK*. Thisshowghat selectiity
doesnot arisefrom simple geometricconsiderationsbasedon a
rigid pore.
Furthercomputationalexperimentsndicatethatthe uctuations
of theproteinstructurecanhawaconsiderablen uenceonthefree
enery pro®lesand on the selectiity of the channel.Simulations
with an arti®cial restraint distanceof 4 & imposedbetweenthe
Tyr 78 side chain (from the GYG signature sequence)and its
hydrogen-bondingneichbour Trp68 exhibit a reductian in the
“uctuations of the channel, giving rise to a destabilizationof
the two-ion staterelaive to the intermediatethree-ion state by
2+3 kcalmol . The relaive stability of the two statesis affected
becausehe entropic contribution from the protein to the free
energy pro®le(arti®ciallyreducedby the restiaints) is largerwhen
two ionsarelocatedn the selectiity ®lter Moreover, thereduction
in “uctuations also modi®esthe selectiity of the channel by
increasinghe excesdreeenerg of Na“ over K* in the selectiity
®lter Thus, important propertiesof the pore are coupled to the
“uctuations of the hydrogen bond betweenTyr 78 and Trp 68,
nearlyl2&away Thismayexplainhowewenrelativelyconsewative
mutationsat positionsdistantfrom the porecanmarkedlyaffectthe
conductane of K* channel$. It ispossiblethat similar, long-range
couplingmechanism# whichthefreeenery surfacegoverningthe
translocationof ionsis modi®edin resporseto aperturbationat a
large distance(for example,the binding of ATP), may hawe an
important role in the function of ion pumps2 M

Methods

Simulationsandparameters

All simulationswerecarriedout usingthe programCHARMM?. The total numberof
atomsin the simulation systemis slightly abowe 40,000(KcsA,112dipalmitoyl
phosphatidylcholing DPPC),6,532watermolecuks,3 K* in the pore,and 12 K* and
23CI in thebulk solution). Thesidechain of Glu 71 wasconstructedn aprotonatedstate
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forming a hydrogenbond with Asp80. The channelaxisis orientedalongthe Z axis;the
cente of themembranesat Z = 0. The simulationmethodology hasbeendescribed
previously™. Brie'y, the electrostatiénteractionswerecomputedwith no truncation
usingthe particle meshEwald (PME) algorithn?®, Thetrajecbriesweregeneratd with a
time stepof 0.2fs at constantpressue (1 atm) and temperaturg(330K)?*. We usedthe
PARAM?22 potential function for proteing®, lipids*” andthe TIP3 waterpotentiaf®,

The potential function of the ionswascalibratedto yield an accuratedescriptionof
solvationin bulk waterandthroughoutthe selectiity @lter of the K* chanrel, which is
lined by backboneoxygensThe Lenrard+JonegLJ) parameter®f the K* andNa' ions
wereadjustedto yield the experimentafreeenergy in liquid water(that is, - 80and
- 101kcalmol ), respectivelyin addition, the LJparametergor the cation-cabony!
oxygenpairswerere®nedo yield solvationfreeenergiesn liquid N-methylacetamide
identicalto thosein bulk wate. The parameerswerere®nedusingthe sphericakolvent
boundary potential,which incorporateshe long-rangeelectrostaticgeaction®eld®.,

UmbrellassamplingPMFandselectivitycalculations

For the umbrellasamping PMF calculatiors, a total of 308 independensimulationsof
100pswith abiasingharmonic potentialcentied®rston Z;, andZ; (varying sucessively
from Oto 5.0and- 10.0to - 3.5evey 0.5A), andthenon Z, and Z,; (varying sucaessively
from 6.0to 12.5and- 3.0to 2.0evey 0.54) weregeneragdwith a force constantof
20kcalmol * &2, The centre-of-massbiasing potentialswereimplementedusingthe
MMFP option of CHARMM?®. The entire simulationtime includedin the PMF calcula-
tionsisnearly38ns.Theumbrellasamping simulaionswereunbiasedogetterusingthe
weighted histogramanalysisnethod (WHAM) * to calculatehe full PMFW .Z,; Z,; Z,t
This wasthen projectedonto the reducd reactioncoordinates .Z,,; Z;tand .Z,; Z,;tto
yield two-dimensionalfreeenegy maps.The projectionmaintainsthe relative energy
levelsshownin the two two-dimensionaimaps

For the selectity calcuations,eachalchemealfreeenery differencebetweerk” and
Na" wasobtainedfrom forward and backwardMD/FEStrajectoriesgeneratd with the
thermodyname couplingparametermethod®, for atotal of 440ps. Thetotal freeenergy
differencevasthen calculatedusingWHAM. Smilar calculatiors havebeenperformed
previouslyusingreducedmodelsof the KcsA channef°.
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Maintenanceof an unfolded
polypeptideby a cognatechaperone
in bacterialtypelll secretion
C.ErecStebbing & Jorge E.Galén

Sectiorof MicrobialPathogeasisBoyelCerier for MoleculaMedidne,
Yale Schoobf Medidéne, New Haven,CannecticuD6536 USA

Many bacteiial pathogensuseatypelll protein secretionsystem
to deliver virul enceeffector proteins directly into the host cell
cytosol, wherethey modulate cellular procesgs? A requirement
for the effective translocation of severalsucheffector proteins is
the binding of speci®ccytosolic chaperones,which typically
interact with discrete domains in the_virulence factors*5 We
report herethe crystalstructure at 1.9&resolution of the chaper

one-binding domain of the Salmonellaeffector protein SptPwith

its cognatechaperoneSicP The structure revealsthat this domain
is maintained in an extended, unfolded conformation that is
wound around three sucessie chaperonemolecules.Short seg-
ments from two different SptP moleculesare juxtaposedby the
chaperoneswherethey dimerize acrossa hydrophobic interface.
Theseresultsimply that the chaperonesassociatedvith the type
Ill secretion system maintain their substratesin a secretion-
compeent statethat is capableof engagng the secretionmachin-
ery to travel through the type Il apparatusin an unfolded or

partially folded manner.

Comprising more than 20 proteins and closelyrelatedto the
“agellarassemblgpparatustypelll systemstandamongthe most
complex protein secretbn systemsknown% A distinguishing
essentiafeatureof thesesystemss the requirementof a family of
customized cytoplasmic chapermes for the secretionof their
cognatesubstrateeffector proteins*S Eachchaperme is speci®c
in most casedor one or, in a few casesiwo secretedoroteins.
Therefor,absencef agivenchaperonaffectdhesecretioronly of
its cognatesecretegrotein, which prematuely degrade®r accu-
mulateswithin the bacterialcytoplasm. Although there is little

* Preseniaddresst.aboratoy of Sructural Microbiology, The RoclefellerUniversity Box52,1230York
Avenue New York, New York 10021 USA.
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amino-acidsequencsimilarity amongthesechaperonegheyshare
severhfeaturessuchasa comparativelysmall relative molecular
mass(, 20,000M,, 20K), a generallylow isoelectricpoint and a
seondaty structure predictedto be predominantly helical. The
actualfunction of thesechapermesis poorly understood SptPis a
tyrosire phosphataseand GTPaseactivating protein (GAP) for
Cdc42andRad®thatreversethechangesducedoy Salmonellan
entryinto hostcell$. SicPisanacidicproteinof M, 14Krequiredfor
the stability of SptPwithin the bacteriumandits secretin through
thetypelll secrethn syster'f. Previousdeletionanalysigstablished
that SptP residues15+100 were suf®cientto bind SicP°, but
proteagfootprinting indicateghat adifferentpolypeptidesegmet
is protectedby the chaperme (Fig. laandb). Thestructureof this
protectedcomplexwasdeterminedoy multiple-waelengthanoma-
lous dispersion(MAD) from the scatteringof 31 bromine ions

Figurel Proteasmotprintindelineatethechaperonardingequencef SptP.

a, Puri®@eflicRSptP*'*®wasincubatednicefor30minwithincreasing
concentrationftheproteassubtilisinA fragmerif SptRasteriskyasprotectety
SicPanddetermidbyN-terminaequencirandmasspectroscopysparSptP
residue85+139.b, Domaischematiof SptPTheprotectedhaperonertaling
domaiiis showrin red,andtheenzymatieffectodomaini blue(fortheGAPand
purpleforthetyrosinphosphatasiomain)lheamino-acidumberthatmarkhe
beginningndendofeactdomaiarelabelledt, Electrodensitfromamapcalculated
withMADsolvent-"ahedhasetn 2. 2Aresolutioandcontouredt1.0s . Residues
fromthe®nake®nenhodelsfSptRandSicRareshownvithatom®foxygemitrogen
andcarborin red,blueandyellowrespectivelgomemino-acisidechainground
W52of SptRarelabelleih green(SicPyrred(SptP).
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