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K+ channels are transmembrane proteins that are essential for the
transmission of nerve impulses. The ability of these proteins to
conduct K+ ions at levels near the limit of diffusion is traditionally
described in terms of concerted mechanisms in which ion-channel
attraction and ion±ion repulsion have compensating effects, as
several ions are moving simultaneously in single ®le through the
narrow pore1±4. The ef®ciency of such a mechanism, however,
relies on a delicate energy balanceÐthe strong ion-channel
attraction must be perfectly counterbalanced by the electrostatic
ion±ion repulsion. To elucidate the mechanism of ion conduction
at the atomic level, we performed molecular dynamics free energy
simulations on the basis of the X-ray structure of the KcsA K+

channel4. Here we ®nd that ion conduction involves transitions
between two main states, with two and three K+ ions occupying
the selectivity ®lter, respectively; this process is reminiscent of the
`knock-on' mechanism proposed by Hodgkin and Keynes in
19551. The largest free energy barrier is on the order of 2±
3 kcal mol-1, implying that the process of ion conduction is
limited by diffusion. Ion±ion repulsion, although essential for

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

The crystallographic structure of the KcsA K+ channel revealed
that the pore comprises a wide, nonpolar cavity of 8 AÊ radius on the
intracellular side, leading up on the extracellular side to a narrow
pore of 12 AÊ that is lined exclusively by main chain carbonyl
oxygens4. This region of the pore acts as a `selectivity ®lter' by
allowing only the passage of K+ ions across the cell membrane4,
whereas the wide cavity helps overcome the dielectric barrier caused
by the cell membrane5. The translocation of K+ ions in single ®le
through the narrowest region of the pore is expected to be the rate-
limiting step in the conduction mechanism. This process can be
represented schematically:

in which the approach of one ion from one side of the selectivity
®lter is coupled to the simultaneous exit of an other ion on the
opposite side. Although such a concerted mechanism is consistent
with long-held views of ion conduction through K+ channels1±4,
how it takes place at the atomic level remains unresolved. A simple
calculation shows that the direct ion±ion repulsion varies by tens
of kcal mol-1 when two or three ions are in the pore. Somehow, the
K+ channel is able to exploit such large energies in a productive
manner to yield a ¯ux of about 108 ions s-1. This implies that there is
no signi®cant activation free energy barrier opposing the concerted
ion translocation. How can this be possible?

Although the available experimental data provide a wealth of
information about the structure and function of K+ channels,
theoretical considerations are necessary for understanding the
energetics of ion conduction at the atomic level. One approach to
re®ne our understanding of complex biomolecular systems is to use

K+ K+ K+ K+ K+ K+ (1)

Figure 1 Molecular representation of the atomic model of the KcsA K+ channel embedded

in an explicit DPPC phosphilipid membrane bathed by a 150 mM KCl aqueous salt

solution11.
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molecular dynamics simulations6. However, straight molecular
dynamics trajectories of KcsA (although informative) remain
limited because the average time required for the permeation of a
single ion is typically much longer than can be simulated cur-
rently7±11. To circumvent these dif®culties and characterize the
mechanism of ion conduction quantitatively, we have computed
the multi-ion free energy pro®le governing the elementary micro-
scopic steps of ion translocation in the pore. The free energy pro®le
or potential of mean force (PMF)12 is the dominant factor governing
the mechanism of ion conduction13. The free energy surface for ion
conduction was calculated using umbrella sampling simulations14, a
powerful computational approach to characterize complex biomo-
lecular systems quantitatively. The simulation system is shown in
Fig. 1. First, molecular dynamics simulations are performed in the
presence of an arti®cial biasing potential between the ions and the
selectivity ®lter to obtain a better sampling of the relevant con-
®gurations of the system. Next, the bias introduced by this potential
is rigorously removed after analysis to characterize the unbiased free
energy surface of the system.

The results of the calculations are shown in Fig. 2. To aid
visualization the results are presented as two-dimensional topo-
graphic maps of the free energy landscape governing the ion
conduction through the selectivity ®lter of the K+ channel. To
produce the two-dimensional maps, the full free energy function
W�Z1;Z2;Z3�, which depends on the position of the three ions
along the channel axis, has been projected onto two different planes
with reduced reaction coordinatesÐthe ions are numbered from 1
to 3 starting from the extracellular side. In the ®rst free energy map
(Fig. 2, left), the reduced PMF is shown as a function of the position

of the ion in the cavity, Z3, and the position of the centre-of-mass of
the two ions in the selectivity ®lter, Z12. In the second free energy
map (Fig. 2, right), the reduced PMF is shown as a function of the
position of the outermost ion near the extracellular end of the pore,
Z1, and the position of the centre-of-mass of the two ions in the
selectivity ®lter, Z23 (see Methods for further details). Using such
reduced reaction coordinates is meaningful because the motions of
two ions located in the narrow selectivity ®lter are highly
correlated11. Typical con®guration of the selectivity ®lter with the
three K+ permeating ions and nearby water molecules (a±f) are also
given in Fig. 2 to show the elementary steps of ion conduction.
Figure 2, with the two-dimensional maps and the associated
con®gurations (a±f), provides essentially the information connect-
ing the left and right sides of Scheme 1 at the atomic level.

As seen in Fig. 2, the conduction process involves transitions
between two main states with two (a, c, e, f) or three (b, d) K+ ions,
respectively, in the selectivity ®lter. The ions proceed along the pore
axis in a single-®le fashion with a single water molecule between
them, indicating that each permeating K+ ion is accompanied by
about one water molecule in accord with streaming potential
measurements15. The pathway with the lowest free energy barrier
follows the sequence of con®gurations a±b±d±f (dotted line in the
two-dimensional maps). Although all the microscopic elementary
steps can occur reversibly, we describe and discuss the elementary
steps leading to the outward movement of one ion for the sake of
clarity. Along this optimal pathway, the ion in the cavity ®rst
approaches the intracellular entrance to the selectivity ®lter (a±b),
then pushes the two ions in the selectivity ®lter (b±d) leading to the
exit of the outermost ion on the extracellular side (d±e±f). These
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Figure 2 Topographic free energy maps of ion conduction calculated from umbrella

sampling molecular dynamics simulations. Each colour level corresponds to an energy of

1 kcal mol-1; the axes are in AÊ . The position of the ions, Z 1; Z 2 and Z3 (numbered in

successive order starting from the outermost ion) are de®ned relative to the centre-of-

mass of the backbone atoms of residues Thr 75-Val 76-Gly 77-Tyr 78, which constitute

the KcsA central core of the selectivity ®lter. The de®nition of the reduced reaction

coordinates (Z 12; Z 3) and (Z 1; Z 23) is indicated in c and e, with Zij corresponding to the

center of mass of ions i and j. The two-dimensional maps were calculated from a

projection of the full three-dimensional PMF and a direct comparison of the energy levels

in the two two-dimensional maps is thus meaningful. The lowest energy pathway

(highlighted by a dotted line) follows the con®gurations a±b±d±f (a spontaneous

transition along this pathway has been observed previously during an unbiased molecular

dynamics simulation11). A secondary pathway (highlighted by a thin dash line) following

the con®gurations a±c±d±f is also possible.
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elementary steps are reminiscent of the knock-on mechanism that
was proposed nearly 50 years ago1. The largest free energy barrier for
this process is on the order of 2±3 kcal mol-1, which is remarkable
given the very large hydration energies of K+ ions. Once the outer-
most ion has exited on the extracellular side (Z1 $ 12 ÊA; Fig. 2, right
two-dimensional map) the two ions remaining in the selectivity
®lter can move back and forth in the selectivity ®lter with a small
barrier of approximately 1 kcal mol-1 (e and f), recovering rapidly a
productive con®guration for conduction. The absence of any
signi®cant activation free energy barrier opposing the concerted
ion translocation implies that ion conduction is essentially diffusion
limited. A second pathway characteristic of a `vacancy-diffusion'
mechanism16 is also possible (sequence of con®gurations a±c±d,
indicated with a thin, dashed line in Fig. 2). The two ions in the
selectivity ®lter move ®rst (a±c), leaving a vacant binding site
formed by the carbonyl oxygens of Thr 75, which is subsequently
occupied by the incoming ion from the cavity (c±d). The largest
energy barriers for this process are on the order of 3±4 kcal mol-1.
The existence of multiple pathways may contribute to yielding a
high throughput as ion translocation does not have to proceed in a
unique fashion.

Even though no large free energy barrier opposing ion conduc-
tion is observed in the free energy maps, some positions along the
permeation pathway are preferably occupied by K+ ions. These
`binding sites' are illustrated in Fig. 3 by showing a superposition of
a few dynamical con®gurations associated with the free energy
minima in the two dimensional maps. Five speci®c sites in the
selectivity ®lter are revealed by the superposition. As expected, the
sites (S1±S4), which were detected in the X-ray structure of KcsA, are
observed4. Moreover, the calculations reveal the presence of two
additional K+-binding sites, located on the extracellular side of the

channel, S0 and Sext. The K+ ion in site S0 is hydrated by 3±4 water
molecules and makes some contacts with the carbonyl of Tyr 78,
whereas the ion in the outermost site, Sext, is almost fully hydrated.
These two binding sites were not detected in the crystallographic
structure of KcsA4, but are now observed in recent diffraction data at
higher resolution (R. MacKinnon and J. Cabral, personal commu-
nication). Sites S0, S2 and S4 can be occupied simultaneously by K+

with a single water molecule located between each ion pair, for a
total of three K+ ions in the selectivity ®lter (Fig. 2d). According to
the free energy map shown in Fig. 2, such a con®guration K-W-K-
W-K corresponds to a shallow free energy well and does not oppose
rapid conduction. Recent calculations have 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 details of the process of ion conduction challenge a naive
view of repulsive forces in multi-ion transport systems. A particu-
larly notable example is provided by con®guration b in Fig. 2, in
which one ion occupies the inner site S4 while the other ion occupies
the adjacent site S3. The two ions, which are only 4 AÊ away from each
other, appear to be stabilized by interacting simultaneously with the
carbonyl groups of Thr 75. At such a distance the electrostatic
energy is +83 kcal mol-1, and the mutual repulsive coulombic
force between the two K+ ions corresponds to an electric ®eld of
9 3 109 V m21, which is equivalent to the ®eld produced by a
transmembrane potential of 27 V. However, the free energy of this
con®guration is only approximately 1 kcal mol-1 higher than the
reference con®guration a according to the two-dimensional map in
Fig. 2. Nonetheless, further analysis reveals that repulsive forces are
absolutely essential for rapid conduction. Figure 4 shows the free
energy pro®le as a function of the position of the outermost ion
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initial X-ray structure are shown4. Furthermore, K+ can occupy the site where a

crystallographic water was previously detected (S2), as well as two additional sites termed

S0 and Sext. The ions in S1, S2 and S3 are in contact with the main chain carbonyl oxygens
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molecules, whereas the ion in S4 is hydrated by 2±3 water molecules and makes

intermittent contacts with the carbonyl oxygens and the side chain of Thr 75. The ion in S0

is in contact with Tyr 78 and is hydrated by 3±4 water molecules. The ion in Sext is almost

fully hydrated.
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Figure 4 Importance of ion±ion repulsion on the elementary steps of ion conduction.

The total free energy of the three-ion system is plotted as a function of the outermost K+

ion while the two other K+ ions are ®xed at different position in the pore. The

corresponding ion con®gurations of the system are shown schematically on the right. The

pro®les were extracted from the full three-dimensional free energy W �Z 1; Z 2; Z 3� and the

absolute energy scale was preserved (a direct comparison of the pro®les is meaningful).

a, A large free energy barrier prevents the exit of the outer K+ ion towards the extracellular

side as the two other ions are in the cavity and in the inner site (S3). b, c, The barrier

towards the extracellular side is progressively reduced and site S0 is slightly stabilized

as the cavity ion approaches site S4 and the other ion initiates a transition from site S3 to

S2. d, Once two ions occupy sites S4 and S2, the energy well at site S1 disappears and

the outer ion transits to site S0.
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while the two other ions are ®xed at different locations in the pore.
Initially, while the two other ions are in the cavity and in the inner
site S3, the outer K+ ion is located in a deep well and cannot exit
towards the extracellular side (Fig. 4a). As the ion in the cavity
approaches the inner site S4 and the second ion initiates a transition
from site S3 to S2, the bottom of the free energy well is lifted up,
thereby decreasing the barrier between sites S1 and S0 progressively
to 1 kcal mol-1 (Fig. 4b, c). Ultimately, the site S1 becomes unstable
and the exit of the ion towards the extracellular side becomes
barrierless (Fig. 4d). This series of free energy pro®les demonstrates
that without the repulsion from the other two incoming ions, the
outer ion would be trapped in the site S1 and its exit towards the
extracellular side would require a signi®cant activation free energy.

The calculations show that the conduction of K+ ions is essentially
barrierless. We next sought to determine whether the channel
remains selective for K+ ion. Selectivity arises primarily from
differences between the free energy of the ion in the channel and
in the bulk solution19. To address questions about selectivity, we
performed molecular dynamics free energy simulations (MD/FES)
in which one K+ is alchemically transformed into a Na+ at speci®c
locations along the pore axis20 (see Methods for details). The
calculated excess free energy difference relative to the aqueous
solution for the outer site (S1) near the extracellular surface
is about +2.8 kcal mol-1. Moving deeper into the pore, the
calculated free energy of the subsequent binding site (S2) rises to
+6.6 kcal mol-1, indicating that there is an increase in the selectivity
of the channel. The relative selectivity of the `external lock-in site'
detected in Ba2+ blockade experiments has been estimated to be
around +5.5 kcal mol-1 in one particular mammalian K+ channel3.
The calculations show that KcsA has both the ability to rapidly
conduct K+ ions and to discriminate against Na+. It should be
emphasized that the magnitude of the dynamical ¯uctuations of the
carbonyl oxygen atoms that form the selectivity ®lter (visible in the
superposition of con®gurations shown in Fig. 3) is much larger than
the difference in the radius of Na+ and K+. This shows that selectivity
does not arise from simple geometric considerations based on a
rigid pore.

Further computational experiments indicate that the ¯uctuations
of the protein structure can have a considerable in¯uence on the free
energy pro®les and on the selectivity of the channel. Simulations
with an arti®cial restraint distance of 4 AÊ imposed between the
Tyr 78 side chain (from the GYG signature sequence) and its
hydrogen-bonding neighbour Trp 68 exhibit a reduction in the
¯uctuations of the channel, giving rise to a destabilization of
the two-ion state relative to the intermediate three-ion state by
2±3 kcal mol-1. The relative stability of the two states is affected
because the entropic contribution from the protein to the free
energy pro®le (arti®cially reduced by the restraints) is larger when
two ions are located in the selectivity ®lter. Moreover, the reduction
in ¯uctuations also modi®es the selectivity of the channel by
increasing the excess free energy of Na+ over K+ in the selectivity
®lter. Thus, important properties of the pore are coupled to the
¯uctuations of the hydrogen bond between Tyr 78 and Trp 68,
nearly 12 AÊ away. This may explain how even relatively conservative
mutations at positions distant from the pore can markedly affect the
conductance of K+ channels21. It is possible that similar, long-range
coupling mechanisms in which the free energy surface governing the
translocation of ions is modi®ed in response to a perturbation at a
large distance (for example, the binding of ATP), may have an
important role in the function of ion pumps22. M

Methods
Simulations and parameters

All simulations were carried out using the program CHARMM23. The total number of
atoms in the simulation system is slightly above 40,000 (KcsA, 112 dipalmitoyl
phosphatidylcholine (DPPC), 6,532 water molecules, 3 K+ in the pore, and 12 K+ and
23 Cl- in the bulk solution). The side chain of Glu 71 was constructed in a protonated state

forming a hydrogen bond with Asp 80. The channel axis is oriented along the Z axis; the
centre of the membrane is at Z = 0. The simulation methodology has been described
previously11. Brie¯y, the electrostatic interactions were computed with no truncation
using the particle mesh Ewald (PME) algorithm24. The trajectories were generated with a
time step of 0.2 fs at constant pressure (1 atm) and temperature (330 K)25. We used the
PARAM22 potential function for proteins26, lipids27 and the TIP3 water potential28.

The potential function of the ions was calibrated to yield an accurate description of
solvation in bulk water and throughout the selectivity ®lter of the K+ channel, which is
lined by backbone oxygens. The Lennard±Jones (LJ) parameters of the K+ and Na+ ions
were adjusted to yield the experimental free energy in liquid water (that is, -80 and
-101 kcal mol-1), respectively. In addition, the LJ parameters for the cation-carbonyl
oxygen pairs were re®ned to yield solvation free energies in liquid N-methylacetamide
identical to those in bulk water. The parameters were re®ned using the spherical solvent
boundary potential, which incorporates the long-range electrostatic reaction ®eld29.

Umbrella sampling PMF and selectivity calculations

For the umbrella sampling PMF calculations, a total of 308 independent simulations of
100 ps with a biasing harmonic potential centred ®rst on Z12 and Z3 (varying successively
from 0 to 5.0 and -10.0 to -3.5 every 0.5 AÊ ), and then on Z1 and Z23 (varying successively
from 6.0 to 12.5 and -3.0 to 2.0 every 0.5 AÊ ) were generated with a force constant of
20 kcal mol-1 AÊ -2. The centre-of-mass biasing potentials were implemented using the
MMFP option of CHARMM23. The entire simulation time included in the PMF calcula-
tions is nearly 38 ns. The umbrella sampling simulations were unbiased together using the
weighted histogram analysis method (WHAM)30 to calculate the full PMF W�Z1;Z2;Z3�.
This was then projected onto the reduced reaction coordinates �Z12 ;Z3� and �Z1 ;Z23� to
yield two-dimensional, free energy maps. The projection maintains the relative energy
levels shown in the two two-dimensional maps.

For the selectivity calculations, each alchemical free energy difference between K+ and
Na+ was obtained from forward and backward MD/FES trajectories, generated with the
thermodynamic coupling parameter method20, for a total of 440 ps. The total free energy
difference was then calculated using WHAM30. Similar calculations have been performed
previously using reduced models of the KcsA channel9,10.
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Many bacterial pathogens use a type III protein secretion system
to deliver virulence effector proteins directly into the host cell
cytosol, where they modulate cellular processes1,2. A requirement
for the effective translocation of several such effector proteins is
the binding of speci®c cytosolic chaperones, which typically
interact with discrete domains in the virulence factors3,4,5. We
report here the crystal structure at 1.9 AÊ resolution of the chaper-
one-binding domain of the Salmonella effector protein SptP with
its cognate chaperone SicP. The structure reveals that this domain
is maintained in an extended, unfolded conformation that is
wound around three successive chaperone molecules. Short seg-
ments from two different SptP molecules are juxtaposed by the
chaperones, where they dimerize across a hydrophobic interface.
These results imply that the chaperones associated with the type
III secretion system maintain their substrates in a secretion-
competent state that is capable of engaging the secretion machin-
ery to travel through the type III apparatus in an unfolded or
partially folded manner.

Comprising more than 20 proteins and closely related to the
¯agellar assembly apparatus, type III systems stand among the most
complex protein secretion systems known1,2. A distinguishing
essential feature of these systems is the requirement of a family of
customized cytoplasmic chaperones for the secretion of their
cognate substrate effector proteins3,4,5. Each chaperone is speci®c
in most cases for one or, in a few cases, two secreted proteins.
Therefore, absence of a given chaperone affects the secretion only of
its cognate secreted protein, which prematurely degrades or accu-
mulates within the bacterial cytoplasm. Although there is little

* Present address: Laboratory of Structural Microbiology, The Rockefeller University, Box 52, 1230 York

Avenue, New York, New York 10021, USA.

amino-acid sequence similarity among these chaperones, they share
several features such as a comparatively small relative molecular
mass (,20,000; Mr ,20K), a generally low isoelectric point and a
secondary structure predicted to be predominantly helical. The
actual function of these chaperones is poorly understood. SptP is a
tyrosine phosphatase6 and GTPase activating protein (GAP) for
Cdc42 and Rac7,8 that reverses the changes induced by Salmonella on
entry into host cells9. SicP is an acidic protein of Mr 14K required for
the stability of SptP within the bacterium and its secretion through
the type III secretion system10. Previous deletion analysis established
that SptP residues 15±100 were suf®cient to bind SicP10, but
protease footprinting indicates that a different polypeptide segment
is protected by the chaperone (Fig. 1a and b). The structure of this
protected complex was determined by multiple-wavelength anoma-
lous dispersion (MAD) from the scattering of 31 bromine ions
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Figure 1 Protease footprinting delineates the chaperone-binding sequence of SptP.

a, Puri®ed SicP±SptP1±158 was incubated on ice for 30 min with increasing

concentrations of the protease subtilisin. A fragment of SptP (asterisk) was protected by

SicP, and determined by N-terminal sequencing and mass spectroscopy to span SptP

residues 35±139. b, Domain schematic of SptP. The protected, chaperone-binding

domain is shown in red, and the enzymatic effector domains in blue (for the GAP) and

purple (for the tyrosine phosphatase domain). The amino-acid numbers that mark the

beginning and end of each domain are labelled. c, Electron density from a map calculated

with MAD solvent-¯attened phases to 2.2 AÊ resolution and contoured at 1.0s. Residues

from the ®nal, re®ned models of SptP and SicP are shown with atoms of oxygen, nitrogen

and carbon in red, blue and yellow, respectively. Some amino-acid side chains around

W52 of SptP are labelled in green (SicP) or red (SptP).
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