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Ion-selective channels enable the speci®c permeation of ions
through cell membranes and provide the basis of several impor-
tant biological functions; for example, electric signalling in the
nervous system1. Although a large amount of electrophysiological
data is available1,2, the molecular mechanisms by which these
channels can mediate ion transport remain a signi®cant unsolved
problem. With the recently determined crystal structure of the
representative K+ channel (KcsA) from Streptomyces lividans3, it
becomes possible to examine ion conduction pathways on a
microscopic level. K+ channels utilize multi-ion conduction
mechanisms1,2,4±6, and the three-dimensional structure also
shows several ions present in the channel. Here we report results
from molecular dynamics free energy perturbation calculations
that both establish the nature of the multiple ion conduction
mechanism and yield the correct ion selectivity of the channel. By
evaluating the energetics of all relevant occupancy states of the
selectivity ®lter, we ®nd that the favoured conduction pathway
involves transitions only between two main states with a free
difference of about 5 kcal mol-1. Other putative permeation
pathways can be excluded because they would involve states that
are too high in energy.

The KcsA channel is a membrane-spanning tetrameric assembly
with a narrow selectivity ®lter for permeating ions near its extra-
cellular side, as well as a relatively large water-®lled cavity near the
centre of the membrane3 (Fig. 1). These two structural features
provide a stabilizing environment for ions passing through the
channel that allows them to surpass the high energy barrier other-
wise imposed by the nonpolar membrane interior. The ®lter region,
which corresponds to the highly conserved signature sequence
(TVGYG), comprises four more-or-less distinct binding sites that
are occupied by ions or water molecules. These sites are separated by
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3.4 AÊ , 3.9 AÊ and 3.3 AÊ in the crystal structure (Protein Data Bank
(PDB) entry 1bl8)3 which sterically allows their simultaneous
occupation by four particles (K+ ions or water molecules, both
with a typical radius of 1.4 AÊ ). This four-site structure gives rise to
16 theoretically possible loading states of the ®lter (Fig. 2). The main
problem in determining the ion conduction mechanism is thus to
®nd the energetically most favourable pathway that connects a
subset of these states in a cyclic fashion, resulting in a net transloca-
tion of ions across the membrane. It may be seen from the
combinatorial scheme that there are several possible permeation
cycles of varying complexity, involving different number of loading
states. We consider here the inward ¯ux direction as observed in
typical patch-clamp experiments under hyperpolarized conditions7.
Figure 2 depicts only the pathways that result from `single-®le'
movement through the selectivity ®lter; that is, ions/waters occupy-
ing the four ®lter positions will then all be shifted inwards one step
as an ion or water molecule moves into the ®rst position, and the
species occupying the fourth position is released into the cavity
region.

Experimental current±voltage relationships for typical K+ chan-
nels (including KcsA), as well as gramicidin, yield conductance
values in the tens of picosiemens range2,7,8. When these results are
interpreted in terms of kinetic barrier models for ion permeation,
activation free energies of around 5±7 kcal mol-1 are predicted1,2,8±12.
Although the qualities of different models for ion permeation are
still under debate12,13, this type of estimate does establish an upper
limit for the energy barriers involved in the process. To ®nd the
operational translocation mechanism for K+ ions, we calculated
the relative free energies of different con®gurations in Fig. 2 with the
molecular dynamics (MD) free energy perturbation (FEP) tech-
nique14±16. This involves the evaluation of free energies of binding
ions from an external solution, as well as of permuting ion and water
positions inside the ®lter. In all simulations the channel tetramer

Figure 1 View of the solvated KcsA channel in which one of the four subunits has been

omitted from the picture to make the pore visible. The ®lter region near the extracellular

side is ,12 AÊ long with backbone carbonyl groups facing the pore, thereby providing

stabilization of ions through interaction with their dipoles. The central cavity below the

®lter can accommodate a number of water molecules (around 30), and the diffuse

electron density observed experimentally in this region shows the presence of a solvated

ion3. The depicted structure has two water molecules (red spheres) and two ions (blue) in

the selectivity ®lter and one in the central water-®lled cavity. The channel is embedded in a

cylindrical model membrane in all calculations.
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was embedded in a model membrane and solvated by a large sphere
of water molecules, which covers the channel openings and also ®lls
up the internal cavity with solvent (Fig. 1). The conclusions
presented here are the result of extensive MD/FEP calculations, in
which the sensitivity to initial conditions and simulation set-up has
been carefully gauged (see Methods).

The K+ channel turns out to have a preference for accommodat-
ing altogether three ions, two in the selectivity ®lter and one in the
central water-®lled cavity. The most stable con®guration of the ®lter
is found to be that with the second and fourth positions (counting
from the extracellular side) occupied by ions, and the ®rst and third
positions by water molecules. We will refer to the different occu-
pancy states by a binary code, so that the most stable state is denoted
0101(1) where the last `(1)' simply states that the cavity ion is also
present. In fact, `binding' of the cavity ion is calculated to be
favourable for all two-ion states (referring to the occupancy of the
®lter) by 1±5 kcal mol-1. The ®nding that the lowest free energy is
obtained with two ions in the ®lter and one in the cavity is
completely in accord with experimental results1±6. Recent dielectric
continuum calculations17 also showed stabilization of the cavity ion
by several kilocalories per mole. The most stable single-occupancy
state of the ®lter, namely 0100(1), has a free energy of 2.4 kcal mol-1

above 0101(1); however, the other con®gurations with one ion in
the ®lter lie 10±15 kcal mol-1 above 0101(1). This implies that a
translocation mechanism with only one ion at a time moving
through the selectivity ®lter is energetically unfavourable, as the
corresponding activation energy would be at least 15 kcal mol-1 with
a very low resulting conductance. There are still a number of
possible mechanisms that do not involve any of the high-energy
singly occupied con®gurations (compare Fig. 2); however, our
calculations also show that the states with three ions in the ®lter
are all higher in energy than the resting state 0101(1). Among these
three-ion states only 1101(1) has a non-prohibitive free energy
relative to the resting state, which, in effect, excludes any mechanism
involving the three-ion states.

The energetic summary in Fig. 2 shows that the most favourable
pathway for ion translocation through the ®lter is the simple cycling
between states 1010(1) and 0101(1), where the latter con®guration
also was found to be the resting state of the channel. The free energy
difference between 1010(1) and 0101(1) is only about 5 kcal mol-1,
whereas the other possible two-ion mechanism 1100! 0110! 0011
! 1001! 1100¼ is associated with free energy barriers well over 10
kcal mol-1 relative to the resting state. Although collective single-®le
movement is usually considered to be the case in channel conduc-
tion, it is also possible that exchange could take place at the ®rst and
fourth ®lter position without any ®le movement. However, because
the singly and triply occupied states are in essence energetically
prohibited, ion/water exchange would have no in¯uence on the
mechanistic conclusions. In our calculations, we have considered
the case with no net free energy change associated with ion
translocation across the membrane, which refers to the absence of
an electrochemical driving force for ionic current through the
channel (similar to the equilibrium polarized state of the cell
membrane).

Although the 1010(1)$0101(1) mechanism remains the only
alternative that is thermodynamically compatible with a high ¯ux of
ions through the channel, there could, in principle, be high activa-
tion barriers associated with passage between the two states.
Calculation of the entire free energy pro®le, or potential of mean
force, for translocation of ions across the membrane would be
dif®cult owing to the presumably coupled movement of ions/waters
inside the ®lter and near its openings. This is particularly relevant to
the loading and release of ions from the selectivity ®lter, as calcu-
lation of statistically meaningful paths for ion movement in the
solvent near the ®lter presents a conceptually hard problem. But for
the restricted part of this process corresponding to the single-®le
movement from 1010(1) to 0101(1), including water entering and

leaving the ®lter, the calculation is straightforward to do, by just
considering local displacements within the ®lter. Figure 3 shows the
resulting free energy pro®le; it may be seen that, in agreement with
the thermodynamic perturbation results above, the 0101(1) state is
a rather wide and stable minimum on the free energy surface. The
con®guration 1010(1), on the other hand, corresponds to a high-
energy region. The estimated activation barrier for passage from
1010(1) to 0101(1) is around 6 kcal mol-1, and the free energy
pro®le is also in reasonable agreement with the independent FEP
results for the free energy difference between these states. Although
the calculation in Fig. 3 only provides part of the reaction pro®le for
the two-state translocation mechanism, it is still informative in that
it shows that the higher energy state is energetically close to the
barrier along this part of the pro®le. The release of ions from the
interior cavity to the intracellular side will presumably be coupled to
the cycling of ions through the channel ®lter. This latter process is
not likely to be associated with large energy barriers as there is no
narrow ®lter that must be surpassed and because the calculated
solvation energies of ions in the cavity are close to those in bulk
solution.

An essential feature of ion-selective channels is their ability to
discriminate between different ion species; K+ channels are known
to have a conductivity for Na+ that is several orders of magnitude
lower than for K+, whereas Rb+ permeation rates are usually
comparable to those for K+ (refs 1, 2). To examine the selectivity
of KcsA, we performed FEP calculations on the 0101(1) (low

Figure 2 The different possible loading states of the four-site selectivity ®lter. A given site

is occupied either by an ion (circle with a cross) or a water molecule (circle). The arrows

denote ion translocation pathways resulting from single-®le movement inwards when an

additional ion or water molecular enters the ®lter from the outside. This directionality of

permeation corresponds to an inward current7. The calculated energetics is given (in kcal

mol-1) relative to the most stable state, and all free energies refer to the case with the

experimentally observed cavity ion present. The insets show schematically the position of

ion-binding sites within the (tetrameric) signature motif.
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energy) and 1010(1) (high energy/barrier) con®gurations, where
the two ions in the ®lter were simultaneously mutated from K+ to
Na+ and Rb+, respectively. Among other effects, this approach
accounts for the essential role of protein relaxation in selectivity.
The results show that both of these states are selective for K+, with
relative binding free energies of DDGbind(K+!Na+) = +4.5 kcal mol-1

and DDGbind(K+!Rb+) = +2.6 kcal mol-1 for state 1010, and
DDGbind(K+!Na+) = +1.0 kcal mol-1 and DDGbind(K+!Rb+) =
+0.9 kcal mol-1 for state 0101. A reasonable estimate for the
difference in activation free energy should thus be provided by
subtracting the relative binding energies in the low-energy state
from those in the high-energy state. This yields DDG³(K+!Na+) =
+3.5 kcal mol-1 and DDG³(K+!Rb+) = +1.7 kcal mol-1 (the typical
error bars for these calculations are 6 0.5 kcal mol-1). Therefore, the
calculations predict, in terms of transition-state theory, a perme-
ability ratio for K+ over Na+ of 100±1,000 whereas that over Rb+ is
only around 20. These predictions appear to agree well with typical
experimental values for K+ channels2, although selectivity measure-
ments often involve mixed ionic solutions. Furthermore, the result
that the high-energy state is more strongly selective for K+ over Na+

than the resting state is very reasonable. That is, the con®guration
corresponding to the barrier or transition-state region should be
most discriminatory against such ions, while the low-energy state
should be less sensitive10.

With regard to structural factors controlling the energetics of the
selectivity ®lter, it appears that the two interior ®lter sites (sites two
and three) have a key role as they are not in direct contact with bulk
solvent on either side of the ®lter. Here, it is clear that site two
provides the strongest ion stabilization of all sites, while the third
site is considerably less favourable. The reason for this is both that
the cavity formed by the carbonyl groups is smaller at the second site
and that the orientations of the eight surrounding carbonyls are
more favourable. Single-ion perturbation calculations in the state
1010(1) also show that it is at the third position where the main part
of the selectivity against Na+ is exerted. However, other factorsÐ
such as the ion±ion repulsion and water±protein interactions inside
the ®lter, as well as the helix dipoles directed towards the interior
cavityÐcontribute to the subtle energetic balance of the structure.
Unfortunately, the crystal structure of the Streptomyces lividans
channel at 3.2 AÊ resolution3 does not provide conclusive informa-
tion regarding the stable positions of K+ ions in the channel in its
physiological environment. However, the difference maps with Rb+

and Cs+ were interpreted in terms of two ions separated by about 7.5
AÊ occupying the ®lter. Such a con®guration would presumably be
compatible with either of the two states involved in our mechanism.
On the other hand, it is important to realize that the crystal

structure corresponds to a head-to-head packing of channels in
which the extracellular faces are stacked onto each other3, and that
the protein tetramers are surrounded by a polar solution rather than
a low-dielectric membrane medium. These types of differences in
the local environment around the protein, compared with the
physiological situation, may well shift the ®ne energy balance
enough for any of the lowest lying occupancy states to be observed.

The main principles of ion stabilization in the KcsA K+ channel
selectivity ®lter are similar to those in several other systems (for
example, the gramicidin A channel, certain ionophores and ion-
binding sites in icosahedral viruses), although the architecture of
the selectivity ®lter gives rise to considerable mechanistic
complexity. We have shown how a number of different ion permea-
tion mechanisms can result from such a structure (Fig. 2). However,
when evaluating the energetics of all relevant loading states of
the channel, one such mechanism emerges as the most likely
candidate. M

Methods
The molecular model used in all simulations consists of the channel tetramer embedded in
a cylindrical slab of hydrocarbon-like atoms representing the membrane and solvated by a
sphere of water; the latter has a radius of about 33 AÊ , and is centred near the middle of the
selectivity ®lter (Fig. 1). The crystallographic structure of the KcsA channel (PDB entry
1bl8)3, both with and without the missing sidechains (Arg 27, Ile 60, Arg 64, Glu 71 and
Arg 177) built in, was used as the starting point for MD calculations. The sensitivity of the
computational model, both to the inclusion of these sidechains and to the size of the
membrane slab and water sphere, was carefully checked, and very similar results were
obtained with a number of different set-ups (for example, the thickness of the membrane
slab was varied between 30 AÊ and 34 AÊ , and water spheres with radii between 25 AÊ and 34 AÊ

were examined). Four different types of free energy calculation schemes were used. (1) For
binding of an additional K+to a given loading state (that is, moving downwards in Fig. 2),
the forward and reverse free energy of transformation between an ion and a water molecule
at the given site was calculated and compared with the corresponding result in a 33 AÊ

sphere of pure water. (2) For calculating relative energies between states with the same
overall ion occupancy (that is, moving horizontally in Fig. 2), multiple transformations of
this kind were carried out simultaneously in the channel. (3) Selectivity calculations were
done in the standard way by transformation between different ion species inside the
channel ®lter and in water. In all of the above types of simulations, ions and waters in the
®lter were restrained to planes perpendicular to the channel axis to ensure the integrity of
different loading states. In the selectivity calculations, only one (ion) position was
restrained to allow relaxation along the axis. Most calculations were repeated with
several different harmonic force constants for the restraints (0.5, 3.0, 5.0, 10.0 and
100.0 kcal mol-1 AÊ -2) and no severe dependencies on these were found. (4) The free energy
pro®le for motion between states 1010(1) and 0101(1) was carried out in a standard
manner by successive restraining of the two ®lter ions to different planes along the pore
axis11. In the binding calculations, the system was made overall neutral before insertion of
the additional ion to avoid the dielectric artefacts of using a ®nite system18. Both binding
and selectivity calculations were repeated with several different distributions of net charges
on ionizable groups to examine possible dependencies on such choices. Furthermore, the
network connecting the different states (Fig. 2) allows for a critical estimation of errors by
evaluating the closure of many thermodynamic cycles in the network. The error range
emerging from the considerations above is typically #1 kcal mol-1 for the low energy states
of Fig. 2, and #2±3 kcal mol-1 for the high-energy states.

All MD calculations were performed with the program Q (ref. 19) using the Gromos87
force ®eld20 together with ion parameters that reproduce experimental solvation
energies21. Protein±protein, protein±water and water±water long-range electrostatics
were treated with a third-order multipole expansion method22, whereas all interactions
involving the ions were explicitly calculated. Water bonds and angles, as well as all protein
bondlengths, were constrained using the SHAKE procedure23. The simulations were
carried out at 300 K using an MD time step of 2 fs. Each FEP transformation involved
50±70 ps of equilibration followed by 100 ps of data sampling, where 50 different values of
the FEP coupling parameter14±16 were used. Each such transformation was run indepen-
dently in both the forward and reverse direction. The energetics in Fig. 2 are the result of
evaluating 60±70 different transformation legs between loading states, and each such
calculation was repeated for several set-ups as discussed above.
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The discovery of the CD1 antigen presentation pathway has
expanded the spectrum of T-cell antigens to include lipids1±4,
but the range of natural lipid antigens and functions of CD1-
restricted T cells in vivo remain poorly understood. Here we show
that the T-cell antigen receptor and the CD1c protein mediate

² Present Address: Department of Microbiology and Immunology, Albert Einstein College of Medicine,

Room 416 Forchheimer Building, 1300 Morris Park Avenue, Bronx, New York 10461, USA.

recognition of an evolutionarily conserved family of isoprenoid
glycolipids whose members include essential components of
protein glycosylation and cell-wall synthesis pathways. A CD1c-
restricted, mycobacteria-speci®c T-cell line recognized two pre-
viously unknown mycobacterial hexosyl-1-phosphoisoprenoids and
structurally related mannosyl-b1-phosphodolichols. Responses
to mannosyl-b1-phosphodolichols were common among CD1c-
restricted T-cell lines and peripheral blood T lymphocytes of
human subjects recently infected with M. tuberculosis, but were
not seen in naive control subjects. These results de®ne a new class
of broadly distributed lipid antigens presented by the CD1 system
during infection in vivo and suggest an immune mechanism for
recognition of senescent or transformed cells that are known to
have altered dolichol lipids.

CD1a, CD1b and CD1c, three members of the human CD1 family
of major histocompatibility complex (MHC) class I-like cell-surface
glycoproteins, present bacterial lipid antigens for recognition by T
cells4±8. A small number of mycobacterial lipid antigens presented by
CD1b have been puri®ed to homogeneity and identi®ed4±6, and
structural studies of these antigens and of the CD1 proteins have led
to the proposal of a general molecular mechanism for lipid antigen
presentation by CD1 (refs 9, 10). This involves the binding of the
alkyl components of the antigens within a hydrophobic groove in

Figure 1 Molecular requirements for T-cell recognition of a hexosyl phospholipid (HPL)

antigen. a, CD8-1 T cells and irradiated monocyte-derived dendritic cells were cultured

for 3 d with the HPL antigen (0.5 mg ml-1) and the monoclonal antibody speci®c for the

indicated CD1 isoform (20 mg ml-1); T-cell proliferation was determined by 3H-thymidine

incorporation7,8. b, The TCR a- and b-chains from T-cell line CD8-1 (TCRAV1S3J17C1,

TCRBV2S1J2S7C2) were cloned into the pREP7 and pREP9 expression vectors and

transfected into CD3- J.RT3 T lymphoblastoid cells13. J.RT3 transfectants were cultured

with irradiated monocyte-derived dendritic cells, antigen (mycolate 50 mg ml-1, HPL

0.5 mg ml-1), blocking antibody (20 mg ml-1) and phorbol myristate acetate (10 ng ml-1;

Sigma). Levels of IL-2 released were determined by measuring 3H-thymidine incor-

poration by HT-2 cells13. JRT.3 cells similarly transfected with TCR a- and b-chains from

the CD1b-restricted line LDN5 and the CD1a-restricted line CD8-2 did not respond to the

M. avium HPL (data not shown)6,7.
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