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K+ channelsaretransmembraneproteinsthat areessentialfor the
transmissionof nerve impulses.The ability of theseproteins to
conduct K+ ionsat levelsnearthe limit of diffusion is traditionally
describedin termsof concertedmechanismsin which ion-channel
attraction and ion±ion repulsion have compensatingeffects,as
severalions aremoving simultaneouslyin single ®lethrough the
narrow pore1±4. The ef®ciencyof such a mechanism,however,
relies on a delicate energy balanceÐ the strong ion-channel
attraction must beperfectlycounterbalanced by the electrostatic
ion±ion repulsion.To elucidatethemechanismof ion conduction
at theatomic level, weperformedmoleculardynamicsfreeenergy
simulations on the basisof the X-ray structure of the KcsA K+

channel4. Here we ®nd that ion conduction involvestransitions
betweentwo main states,with two and three K+ ions occupying
theselectivity ®lter, respectively; this processis reminiscentof the
`knock-on' mechanism proposed by Hodgkin and Keynes in
19551. The largest free energy barrier is on the order of 2±
3kcalmol- 1, implying that the process of ion conduction is
limited by diffusion. Ion±ion repulsion, although essentialfor

rapid conduction, is shown to act only at very short distances.
The calculationsshow also that the rapidly conducting pore is
selective.

The crystallographicstructureof the KcsAK+ channelrevealed
that theporecomprisesawide,nonpolarcavity of 8AÊradiuson the
intracellular side,leadingup on the extracellular sideto a narrow
pore of 12AÊ that is lined exclusivelyby main chain carbonyl
oxygens4. This region of the pore actsas a `selectivity ®lter' by
allowing only the passageof K+ ions acrossthe cell membrane4,
whereasthewidecavity helpsovercomethedielectricbarriercaused
by the cell membrane5. The translocationof K+ ions in single ®le
through thenarrowestregionof theporeisexpectedto betherate-
limiting stepin the conduction mechanism.This processcan be
representedschematically:

in which the approachof one ion from onesideof the selectivity
®lter is coupledto the simultaneousexit of an other ion on the
oppositeside.Although sucha concerted mechanismis consistent
with long-held viewsof ion conduction through K+ channels1±4,
how it takesplaceat theatomiclevelremainsunresolved.A simple
calculationshowsthat the direct ion±ion repulsion variesby tens
of kcalmol- 1 whentwo or threeionsarein thepore.Somehow, the
K+ channelis ableto exploit suchlargeenergiesin a productive
mannerto yielda¯ux of about108 ionss- 1. Thisimpliesthat thereis
no signi®cantactivationfreeenergy barrieropposingtheconcerted
ion translocation.How canthis bepossible?

Although the availableexperimentaldata provide a wealth of
information about the structure and function of K+ channels,
theoretical considerationsare necessary for understandingthe
energeticsof ion conductionat the atomic level.Oneapproach to
re®neour understandingof complexbiomolecularsystemsis to use

��� ������� ������� ��� � �	�

Figure1MolecularrepresentationoftheatomicmodeloftheKcsAK+ channelembedded
inanexplicitDPPCphosphilipidmembranebathedbya 150mMKClaqueoussalt
solution11.
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molecular dynamics simulations6. However, straight molecular
dynamics trajectories of KcsA (although informative) remain
limited becausethe averagetime required for the permeationof a
single ion is typically much longer than can be simulatedcur-
rently7±11. To circumvent thesedif®cultiesand characterizethe
mechanismof ion conduction quantitatively, we have computed
the multi-ion freeenergypro®legoverningthe elementary micro-
scopicstepsof ion translocationin thepore.Thefreeenergy pro®le
or potentialof meanforce(PMF)12 isthedominantfactorgoverning
themechanismof ion conduction13. Thefreeenergy surfacefor ion
conductionwascalculatedusingumbrellasamplingsimulations14, a
powerfulcomputationalapproach to characterizecomplexbiomo-
lecularsystemsquantitatively. The simulation systemis shownin
Fig. 1. First,moleculardynamicssimulationsareperformedin the
presenceof an arti®cialbiasingpotentialbetweenthe ionsandthe
selectivity ®lter to obtain a better samplingof the relevant con-
®gurationsof thesystem.Next,thebiasintroducedbythispotential
isrigorouslyremovedafteranalysisto characterizetheunbiasedfree
energy surfaceof the system.

The results of the calculationsare shown in Fig. 2. To aid
visualizationthe resultsare presentedas two-dimensionaltopo-
graphic maps of the free energy landscapegoverning the ion
conduction through the selectivity ®lter of the K+ channel.To
produce the two-dimensionalmaps,the full freeenergy function
W…Z1; Z2; Z3†, which dependson the position of the three ions
alongthechannelaxis,hasbeenprojectedonto two differentplanes
with reducedreactioncoordinatesÐ the ionsarenumberedfrom 1
to 3 starting from theextracellular side.In the®rstfreeenergy map
(Fig. 2, left), thereducedPMFisshownasafunctionof theposition

of theion in thecavity, Z3, andthepositionof thecentre-of-massof
the two ions in the selectivity ®lter, Z12. In the second freeenergy
map(Fig. 2, right), the reducedPMFis shownasa function of the
positionof theoutermostion neartheextracellular endof thepore,
Z1, and the position of the centre-of-massof the two ions in the
selectivity ®lter, Z23 (seeMethodsfor further details).Usingsuch
reducedreactioncoordinatesis meaningfulbecausethemotionsof
two ions located in the narrow selectivity ®lter are highly
correlated11. Typical con®gurationof the selectivity ®lterwith the
threeK+ permeatingionsandnearbywatermolecules(a±f) arealso
given in Fig. 2 to show the elementary stepsof ion conduction.
Figure 2, with the two-dimensional maps and the associated
con®gurations(a±f), providesessentiallytheinformation connect-
ing the left andright sidesof Scheme1 at the atomic level.

As seenin Fig. 2, the conduction processinvolvestransitions
betweentwo main stateswith two (a, c, e, f) or three(b, d) K+ ions,
respectively, in theselectivity ®lter. Theionsproceedalongthepore
axis in a single-®lefashionwith a single watermoleculebetween
them, indicating that eachpermeatingK+ ion is accompaniedby
about one water molecule in accord with streamingpotential
measurements15. The pathway with the lowestfreeenergy barrier
followsthesequenceof con®gurationsa±b±d±f (dotted line in the
two-dimensionalmaps).Although all the microscopic elementary
stepscanoccur reversibly, we describeand discussthe elementary
stepsleadingto the outwardmovementof oneion for the sakeof
clarity. Along this optimal pathway, the ion in the cavity ®rst
approachesthe intracellularentranceto the selectivity ®lter(a±b),
thenpushesthetwo ionsin theselectivity ®lter(b±d) leadingto the
exit of the outermostion on the extracellular side(d±e±f). These
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Figure2 Topographic freeenergymapsof ionconductioncalculatedfromumbrella
samplingmoleculardynamicssimulations.Eachcolourlevelcorrespondstoanenergyof
1kcalmol- 1; theaxesareinAÊ. Thepositionof theions,Z1; Z2 andZ3 (numberedin
successiveorderstartingfromtheoutermostion)arede®nedrelativetothecentre-of-
massofthebackboneatomsofresiduesThr75-Val76-Gly77-Tyr78,whichconstitute
theKcsAcentralcoreoftheselectivity®lter.Thede®nitionof thereducedreaction
coordinates(Z12; Z3) and(Z1; Z23) is indicatedinc ande, withZij correspondingtothe

centerofmassof ionsi andj. Thetwo-dimensionalmapswerecalculatedfroma
projectionofthefullthree-dimensionalPMFandadirectcomparisonoftheenergylevels
in thetwotwo-dimensionalmapsis thusmeaningful. Thelowestenergypathway
(highlightedbya dottedline)followsthecon®gurationsa±b±d±f (aspontaneous
transitionalongthispathwayhasbeenobservedpreviouslyduringanunbiasedmolecular
dynamicssimulation11).Asecondarypathway(highlightedbya thindashline)following
thecon®gurationsa±c±d±f isalsopossible.
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elementary stepsare reminiscentof the knock-onmechanismthat
wasproposednearly50yearsago1. Thelargestfreeenergybarrierfor
this processis on the order of 2±3 kcalmol- 1, which is remarkable
giventhevery largehydration energiesof K+ ions.Oncethe outer-
mostion hasexitedon theextracellularside(Z1 $ 12 ÊA;Fig. 2, right
two-dimensionalmap) the two ions remaining in the selectivity
®ltercanmove backand forth in the selectivity ®lterwith a small
barrierof approximately1kcalmol- 1 (eandf), recoveringrapidlya
productive con®guration for conduction. The absenceof any
signi®cantactivation free energy barrier opposingthe concerted
ion translocationimpliesthat ion conductionisessentiallydiffusion
limited. A secondpathway characteristicof a `vacancy-diffusion'
mechanism16 is alsopossible(sequenceof con®gurationsa±c±d,
indicatedwith a thin, dashedline in Fig. 2). The two ions in the
selectivity ®lter move ®rst (a±c), leaving a vacant binding site
formed by the carbonyl oxygensof Thr 75, which is subsequently
occupiedby the incoming ion from the cavity (c±d). The largest
energy barriersfor this processare on the orderof 3±4 kcalmol- 1.
The existenceof multiple pathwaysmay contribute to yielding a
high throughputasion translocationdoesnot haveto proceedin a
uniquefashion.

Eventhough no largefreeenergy barrieropposingion conduc-
tion is observedin the freeenergy maps,somepositionsalongthe
permeationpathway are preferablyoccupied by K+ ions. These
`bindingsites' areillustratedin Fig. 3byshowingasuperpositionof
a few dynamicalcon®gurationsassociatedwith the free energy
minima in the two dimensionalmaps.Five speci®csitesin the
selectivity ®lterare revealedby the superposition.Asexpected,the
sites(S1±S4), whichweredetectedin theX-raystructureof KcsA,are
observed4. Moreover, the calculationsreveal the presence of two
additionalK+-binding sites,locatedon theextracellularsideof the

channel,S0 andSext. TheK+ ion in siteS0 is hydratedby 3±4 water
moleculesand makessomecontactswith the carbonyl of Tyr 78,
whereasthe ion in theoutermostsite,Sext, is almostfully hydrated.
Thesetwo binding siteswerenot detectedin the crystallographic
structureof KcsA4, but arenowobservedin recentdiffractiondataat
higher resolution(R. MacKinnon andJ. Cabral,personalcommu-
nication).SitesS0, S2 andS4 canbeoccupiedsimultaneouslyby K+

with a single watermoleculelocatedbetweeneachion pair, for a
total of threeK+ ionsin theselectivity ®lter(Fig. 2d). According to
the freeenergy mapshownin Fig. 2, sucha con®gurationK-W-K-
W-K correspondsto ashallowfreeenergy wellanddoesnot oppose
rapid conduction. Recentcalculationshave indicated that tetra-
ethylammonium (TEA), a well known external blocker of K+

channels17, binds favourably in site S0 in a K-W-K-W-TEA
con®guration18.

The detailsof the processof ion conductionchallengea naive
viewof repulsive forcesin multi-ion transport systems.A particu-
larly notableexampleis providedby con®gurationb in Fig. 2, in
whichoneion occupiestheinnersiteS4 whiletheotherion occupies
theadjacent siteS3. Thetwo ions,whichareonly4AÊawayfrom each
other, appearto bestabilizedby interactingsimultaneouslywith the
carbonyl groups of Thr 75. At such a distance the electrostatic
energy is +83kcalmol- 1, and the mutual repulsive coulombic
force betweenthe two K+ ions correspondsto an electric®eldof
9 3 109 V m2 1, which is equivalent to the ®eld produced by a
transmembranepotentialof 27V. However, the freeenergy of this
con®gurationis only approximately 1kcalmol- 1 higher than the
referencecon®gurationa according to thetwo-dimensionalmapin
Fig. 2. Nonetheless,further analysisrevealsthat repulsiveforcesare
absolutelyessentialfor rapid conduction. Figure4 showsthe free
energy pro®leasa function of the position of the outermostion
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theouteriontransitstositeS0.
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while thetwo other ionsare®xed at differentlocationsin thepore.
Initially, while the two other ionsarein thecavity andin the inner
siteS3, the outer K+ ion is locatedin a deepwell and cannotexit
towards the extracellularside (Fig. 4a). As the ion in the cavity
approachestheinnersiteS4 andthesecond ion initiatesatransition
from siteS3 to S2, the bottom of the freeenergy well is lifted up,
thereby decreasingthebarrierbetweensitesS1 andS0 progressively
to 1kcalmol- 1 (Fig. 4b, c). Ultimately, thesiteS1 becomesunstable
and the exit of the ion towards the extracellularside becomes
barrierless(Fig. 4d).Thisseriesof freeenergy pro®lesdemonstrates
that without the repulsion from the other two incoming ions, the
outer ion would be trappedin the siteS1 and its exit towards the
extracellularsidewould require asigni®cantactivationfreeenergy.

Thecalculationsshowthattheconductionof K+ ionsisessentially
barrierless. We next sought to determine whether the channel
remains selectivefor K+ ion. Selectivity arisesprimarily from
differencesbetweenthe freeenergy of the ion in the channeland
in the bulk solution19. To addressquestionsabout selectivity, we
performedmoleculardynamicsfreeenergy simulations(MD/FES)
in which oneK+ is alchemicallytransformedinto a Na+ at speci®c
locations along the pore axis20 (see Methods for details). The
calculatedexcessfree energy differencerelative to the aqueous
solution for the outer site (S1) near the extracellularsurface
is about +2.8kcalmol- 1. Moving deeper into the pore, the
calculatedfreeenergy of the subsequentbinding site (S2) risesto
+6.6kcalmol- 1, indicatingthat thereisanincreasein theselectivity
of the channel.Therelative selectivity of the èxternallock-in site'
detectedin Ba2+ blockadeexperimentshasbeenestimatedto be
around+5.5kcalmol- 1 in oneparticular mammalianK+ channel3.
The calculationsshow that KcsA hasboth the ability to rapidly
conduct K+ ions and to discriminateagainstNa+. It should be
emphasizedthat themagnitudeof thedynamical̄ uctuationsof the
carbonyl oxygenatomsthat form theselectivity ®lter(visiblein the
superposition of con®gurationsshownin Fig.3) ismuchlargerthan
thedifferencein theradiusof Na+ andK+.Thisshowsthatselectivity
doesnot arisefrom simple geometricconsiderationsbasedon a
rigid pore.

Furthercomputationalexperimentsindicatethat the¯uctuations
of theproteinstructurecanhaveaconsiderablein¯uenceon thefree
energy pro®lesand on the selectivity of the channel.Simulations
with an arti®cial restraint distanceof 4AÊ imposedbetweenthe
Tyr 78 side chain (from the GYG signaturesequence)and its
hydrogen-bondingneighbour Trp68 exhibit a reduction in the
¯uctuations of the channel,giving rise to a destabilizationof
the two-ion staterelative to the intermediatethree-ion stateby
2±3 kcalmol- 1. The relative stability of the two statesis affected
becausethe entropic contribution from the protein to the free
energy pro®le(arti®ciallyreducedby the restraints) is largerwhen
two ionsarelocatedin theselectivity ®lter. Moreover, thereduction
in ¯uctuations also modi®esthe selectivity of the channel by
increasingthe excessfreeenergy of Na+ over K+ in the selectivity
®lter. Thus, important propertiesof the pore are coupled to the
¯uctuations of the hydrogen bond betweenTyr 78 and Trp68,
nearly12AÊaway. Thismayexplainhowevenrelativelyconservative
mutationsatpositionsdistantfrom theporecanmarkedlyaffectthe
conductanceof K+ channels21. It ispossiblethat similar, long-range
couplingmechanismsin whichthefreeenergysurfacegoverningthe
translocationof ions is modi®edin responseto aperturbationat a
large distance(for example,the binding of ATP), may have an
important role in the function of ion pumps22. M

Methods
Simulationsandparameters
All simulationswerecarriedout usingtheprogramCHARMM23. Thetotal numberof
atomsin thesimulationsystemis slightly above40,000(KcsA,112dipalmitoyl
phosphatidylcholine(DPPC),6,532watermolecules,3 K+ in the pore,and12 K+ and
23Cl- in thebulk solution). Thesidechainof Glu71wasconstructedin aprotonatedstate

forming a hydrogenbond with Asp80.Thechannelaxisis orientedalongthe Z axis;the
centreof themembraneisat Z = 0. Thesimulationmethodology hasbeendescribed
previously11. Brie¯y, the electrostaticinteractionswerecomputedwith no truncation
usingtheparticlemeshEwald (PME) algorithm24. Thetrajectoriesweregenerated with a
time stepof 0.2fs at constantpressure (1atm) and temperature(330K)25. Weusedthe
PARAM22potentialfunction for proteins26, lipids27 andtheTIP3 waterpotential28.

Thepotential function of the ionswascalibratedto yield an accuratedescriptionof
solvationin bulk waterandthroughoutthe selectivity ®lter of theK+ channel,which is
lined by backboneoxygens.TheLennard±Jones(LJ) parametersof theK+ andNa+ ions
wereadjustedto yield the experimentalfreeenergy in liquid water(that is, - 80and
- 101kcalmol- 1), respectively. In addition, theLJparametersfor thecation-carbonyl
oxygenpairswerere®nedto yieldsolvationfreeenergiesin liquid N-methylacetamide
identicalto thosein bulk water. Theparameterswerere®nedusingthesphericalsolvent
boundary potential,which incorporatesthe long-rangeelectrostaticreaction®eld29.

UmbrellasamplingPMFandselectivitycalculations
For theumbrellasampling PMFcalculations, a total of 308 independentsimulationsof
100pswith abiasingharmonic potentialcentred®rston Z12 andZ3 (varying successively
from 0 to 5.0and- 10.0to - 3.5every 0.5AÊ), andthenon Z1 andZ23 (varyingsuccessively
from 6.0to 12.5and- 3.0to 2.0every 0.5AÊ) weregeneratedwith a forceconstantof
20kcalmol- 1AÊ- 2. Thecentre-of-massbiasingpotentialswereimplementedusingthe
MMFP option of CHARMM23. Theentiresimulationtime includedin thePMFcalcula-
tionsisnearly38ns.Theumbrellasampling simulationswereunbiasedtogetherusingthe
weightedhistogramanalysismethod (WHAM) 30 to calculatethe full PMFW…Z1; Z2; Z3†.
This wasthenprojectedonto the reduced reactioncoordinates…Z12; Z3†and…Z1; Z23†to
yield two-dimensional,freeenergymaps.Theprojectionmaintainstherelativeenergy
levelsshownin thetwo two-dimensionalmaps.

For theselectivity calculations,eachalchemicalfreeenergy differencebetweenK+ and
Na+ wasobtainedfrom forward andbackwardMD/FEStrajectories,generated with the
thermodynamic couplingparametermethod20, for a total of 440ps. Thetotal freeenergy
differencewasthencalculatedusingWHAM30. Similar calculationshavebeenperformed
previouslyusingreducedmodelsof theKcsA channel9,10.
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Many bacterial pathogensusea type III protein secretionsystem
to deliver virul enceeffector proteins directly into the host cell
cytosol, wherethey modulatecellular processes1,2. A requirement
for the effective translocationof severalsucheffector proteins is
the binding of speci®ccytosolic chaperones,which typically
interact with discrete domains in the virulence factors3,4,5. We
report herethe crystalstructure at 1.9AÊresolution of the chaper-
one-bindingdomain of the Salmonellaeffectorprotein SptPwith
its cognatechaperoneSicP. Thestructure revealsthat this domain
is maintained in an extended,unfolded conformation that is
wound around three successive chaperonemolecules.Short seg-
ments from two different SptPmoleculesare juxtaposedby the
chaperones,wherethey dimerize acrossa hydrophobic interface.
Theseresults imply that the chaperonesassociatedwith the type
III secretion system maintain their substratesin a secretion-
competent statethat is capableof engaging the secretionmachin-
ery to travel through the type III apparatusin an unfolded or
partially folded manner.

Comprising more than 20 proteins and closelyrelatedto the
¯agellarassemblyapparatus,typeIII systemsstandamongthemost
complex protein secretion systemsknown1,2. A distinguishing
essentialfeatureof thesesystemsis the requirementof a family of
customizedcytoplasmic chaperones for the secretionof their
cognatesubstrateeffectorproteins3,4,5. Eachchaperone is speci®c
in most casesfor one or, in a few cases,two secretedproteins.
Therefore,absenceof agivenchaperoneaffectsthesecretiononlyof
its cognatesecretedprotein, which prematurelydegradesor accu-
mulateswithin the bacterialcytoplasm. Although there is little

* Presentaddress:Laboratory of Structural Microbiology, TheRockefellerUniversity, Box52,1230York
Avenue,NewYork, NewYork 10021,USA.

amino-acidsequencesimilarity amongthesechaperones,theyshare
several featuressuchasa comparativelysmall relative molecular
mass(, 20,000;Mr , 20K), a generallylow isoelectricpoint and a
secondary structure predicted to be predominantly helical. The
actualfunction of thesechaperonesis poorly understood.SptPis a
tyrosine phosphatase6 and GTPaseactivatingprotein (GAP) for
Cdc42andRac7,8thatreversesthechangesinducedbySalmonellaon
entry into hostcells9. SicPisanacidicproteinof Mr 14Krequiredfor
thestability of SptPwithin thebacteriumandits secretion through
thetypeIII secretionsystem10. Previousdeletionanalysisestablished
that SptP residues15±100 were suf®cientto bind SicP10, but
proteasefootprinting indicatesthatadifferentpolypeptidesegment
is protectedby thechaperone(Fig. 1a andb). Thestructureof this
protectedcomplexwasdeterminedbymultiple-wavelengthanoma-
lous dispersion(MAD) from the scatteringof 31 bromine ions
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Figure1 Proteasefootprintingdelineatesthechaperone-bindingsequenceofSptP.
a, Puri®edSicP±SptP1±158wasincubatedonicefor30minwithincreasing
concentrationsoftheproteasesubtilisin.AfragmentofSptP(asterisk)wasprotectedby
SicP,anddeterminedbyN-terminalsequencingandmassspectroscopytospanSptP
residues35±139.b, Domainschematic of SptP.Theprotected,chaperone-binding
domainisshownin red,andtheenzymaticeffectordomainsinblue(fortheGAP)and
purple(forthetyrosinephosphatase domain).Theamino-acidnumbersthatmarkthe
beginningandendofeachdomainarelabelled.c, Electrondensityfromamapcalculated
withMADsolvent-¯attenedphasesto2.2AÊresolutionandcontouredat1.0s. Residues
fromthe®nal,re®nedmodelsofSptPandSicPareshownwithatomsofoxygen,nitrogen
andcarbonin red,blueandyellow,respectively.Someamino-acidsidechainsaround
W52ofSptParelabelledingreen(SicP)orred(SptP).
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