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unassigned. On the basis of growth defects, the gsl 
alleles were ranked in relative order of increasing sever- 
i ty and penetrance. For characterization experiments, 
the most severe allele was chosen (for example, gsl2-6 
or p lc lA,  gsllA, 9813-3, gle7-4). Exceptions include the 
synthetic lethal screen (gle7-2) and cloning of GSL 
genes (gll-4,gsiZ-2), in which cases the allele used was 
that most readily complemented by GLE7 in a colony 
sectoring assay. Allele-specific differences were noted in 
the IP profiles of 9813-7 and 9813-3, and likely represent 
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The electrostatic influence of the central cavity and pore alpha helices in the 
potassium ion channel from Streptomyces lividans (KcsA K t  channel) was 
analyzed by solving the finite difference Poisson equation. The cavity and 
helices overcome the destabilizing influence of the membrane and stabilize a 
cation at  the membrane center. The electrostatic effect of the pore helices is 
large compared t o  that described for water-soluble proteins because of the low 
dielectric membrane environment. The combined contributions of the ion self- 
energy and the helix electrostatic field give rise t o  selectivity for monovalent 
cations in the water-filled cavity. Thus, the K t  channel uses simple electrostatic 
principles t o  solve the fundamental problem of ion destabilization by the cell 
membrane lipid bilayer. 

The cell membrane presents a large energy 
barrier to ion permeation. Known as the di- 
electric barrier, this impediment to ion pas- 
sage is a fundamental property of the low 
electrical polarizability of the membrane hy- 
drocarbon (1).  The structure determination of 
the KcsA Kt  channel shows two unexpected 
features of its ion conduction pore (2). First. 
at the level of the bilayer center. the pore 
forms a cavity large enough to contain around 
50 water molecules (-5 A radius). and sec- 
ond, four a helices (pore helices) point their 
COOH-termini at the cavity center (Fig. 1). It 
has been proposed that the water-filled cavity 
and oriented pore helices are the structural 
basis by which the Kt  channel overcomes 
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the dielectric barrier (2). 
The Kt channel not only lowers the dielec- 

tric barrier, but it stabilizes a cation near the 
bilayer center. This conclusion is based on dif- 
ference Fourier analysis of ion-substituted crys- 
tals. !&%en Kt  was substituted with the more 
electron-dense Rbf. resulting difference maps 
showed a positive peak at the cavity center (Fig. 
1; red mesh). Further, if the less electron-dense 
Naf is used to substitute K t ,  a negative peak is 
observed (Fig. 1: green mesh). We thus con- 
clude that the cavity is occupied by a cation. In 
the present theoretical analysis, we investigated 
whether the cavity and pore helices are suffi- 
cient to overcome the dielectric barrier and 
account for the presence of a cation at the 
bilayer center. 

The electrostatic stabilization of an ion by 
a water-filled cavity at the membrane center 
can be understood through a calculation 
based on the Born theory of solvation (3). 
The free energy for transferring an ion from 
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bulk water into a cavity of radius R and 
dielectric constant cw embedded in a medium 
of low dielectric constant em is given by 

This equation yields a value of 16.2 kcal/mol 
for the transfer of Kt  from aqueous solution 
to a 5 A (radius) water-filled sphere (cw = 

80) surrounded by hydrocarbons (em = 2). 
Transferring the ion from water directly into 
hydrocarbon (no cavity) would have an ener- 
getic cost of more than 60 kcalimol, and so 
the cavity will stabilize the ion by more than 
40 kcal/mol. 

The remaining 16.2 kcalimol still repre- 
sents a large energy barrier that precludes the 
presence of an ion in the cavity. Can the pore 
helices account for the additional stabiliza- 
tion through the electrostatic field that they 
impose on their environment (2, 4)? Accord- 
ing to accepted principles, there are two ar- 
guments against this idea. First, the nearest 
carbonyl oxygen at the COOH-terminus of 
the helices (Thr74) is 8 A from the cavity 
center. whereas electrostatic effects due to a 
helices are thought to be very small and short 
range (5). Second, the cavity contains about 
50 water molecules that would be expected to 
shield the electric field of the a helix. An a 
helix in water barely interacts (--0.14 kcali 
mol) with a monovalent cation located 8 A 
from its COOH-terminus. 

To address the basis of ion stabilization at 
the center of the KcsA Kt channel, it is neces- 
sary to account for the dielectric shielding in the 
complex membrane environment. We calculat- 
ed the electrostatic free energy of a Kt ion in 
the center of the cavity, using a macroscopic 
continuum model of the environment surround- 
ing the KcsA Kt channel protein. The channel 
was represented in full atomic detail with all 
explicit partial charges, whereas the membrane 
was assigned a dielectric constant of 2 and the 
water. including the pore and cavity, was as- 
signed a value of 80 (6) .  
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To assess the importance of induced elec- 
tronic polarization and small amplitude libra- 
tional atomic fluctuations, we carried out the 
calculation with the internal dielectric con- 
stant of the protein ranging between 1 and 5. 
A dielectric constant of 1 for the interior of 
the protein provides a direct correspondence 
with the force field in which the atomic par- 
tial charges are present explicitly; values of 2 
to 5 examine the importance of induced elec- 
tronic polarization and small-amplitude libra- 
tional atomic fluctuations (7). 

To first assess the influence of the irregular 
shape of the protein and the presence of the 
membrane interface, we calculated the free en- 
ergy of transfer of one Kf ion into the center of 
the cavity while all the charges in the system 
were turned off (Fig. 2, circles). This calcula- 
tion yielded the charging free energy contribu- 
tion arising from the interaction of the ion with 
its own reaction field (the self-energy), a quan- 
tity corresponding conceptually to a Born 

Fig. 1. Picture of the KcsA K+ 
channel structure showing the 
main-chain trace from two sub- 
units (cyan) and the pore helices 
from all four subunits (white cyl- 
inders). The pore helices are di- 
rected with their COOH-termi- 
nus pointed at the membrane 
center where a water-filled cav- 
ity is located. The extracellular 
and intracellular sides of the 
channel are on the top and bot- 
tom, respectively. Positive elec- 
tron density is present at the 
cavity center on difference Fou- 
rier maps when K+ in the native 
crystal is substituted with Rb+ 
(red mesh). A negative peak in 
the cavity is observed when less 
electron-dense Na+ is the re- 
placement ion (green mesh; su- 
perposition of red and green 
gives yellow). The difference 
maps were calculated using Fou- 
rier coefficients F(soak) - F(na- 
tive) and multiple isomorphous 
replacement, solvent-flattened, 
averaged phases and contoured 
at 7.0 a (root mean square devi- 
ation) and -6.0 a for the Rb+ 
and Na' difference maps, re- 
spectively (73). 

charging energy, as given in Eq. 1, but taking 
into account the detailed molecular shape of the 
membrane channel system. Because of the un- 
certainty of the protein dielectric constant, the 
calculation was carried out for values from 1 to 
5. For a protein dielectric constant of 2, the 
calculated free energy of transfer is 6.3 kcaV 
mol. This energy is smaller than predicted by 
Eq. 1 (16.2 kcaVmo1) because the true shape of 
the cavity is not a sphere and because the bulk 
water interfaces are not infinitely far away. The 
square symbols (Fig. 2) show the much larger 
energies that would result if the cavity were 
absent (that is, if it were filled with weakly 
polar material of dielectric constant = 2), em- 
phasizing the energetic stabilization brought 
about by the presence of the water-filled cavity. 

We then restricted the calculations to the 
case where the protein dielectric constant is set 
at a value of 2, although fiuther calculations 
have shown that the conclusions reached are 
not affected qualitatively by this choice. To 

Table 1. Calculated free energy (in kilocalories per mole) for the transfer of a single K+ ion from bulk 
water to the cavity center is shown for a variety of conditions. Kf1 refers to the ion being transferred into 
the cavity, whereas K+, and K+, refer to the ions in the selectivity filter. The pore helix consists of 
residues Tyr6, to Thr74 in addition to the main-chain atoms of Thr75, but excluding its carbonyl group. 
The side chain of Clu71 has been modeled in its protonated state. "All protein" and "pore helices only" 
refer to the part of the protein where charges have been turned on. . 

K+ 1 K+,, K+,, 
K+l. K+,' K+,, K+,, 

only K+, and K+, only K+, and pore 
all protein helices only 

KcsA embedded in membrane 6.3 16.3 -8.5 -4.5 
KcsA in bulk water solution 2.1 5.9 -3.4 -1.4 

assess individual contributions to ion stabiliza- 
tion in the cavity, we calculated the free energy 
of ion transfer while turning on various charges 
in the system. The presence of two K+ ions in 
the selectivity filter increases the transfer ener- 
gy of an ion (from water to the cavity) from 6.3 
kcaVmol to 16.3 kcdmol as a result of ion 
repulsion (Table 1). However, the transfer en- 
ergy drops to -8.5 kcdmol when all the atomic 
charges of the protein are turned on (in the 
presence of the selectivity filter ions). Eighty 
percent of the stabilization by the protein results 
from the pore helices, consisting of only 13 
amino acids per subunit, and therefore their 
precise orientation with respect to the cavity 
center is crucial. The remaining stabilization 
due to the protein results mainly from the car- 
bony1 of l"I~r'~. Although the carbonyl (one 
from each subunit) is involved in the coordina- 
tion of one K+ ion in the selectivity filter, it is 
roughly 8 A from the cavity center and contrib- 
utes about -5 kcaVmo1. 

The origin of the electrostatic stabilization 
due to the pore helix is shown in Fig. 3. If one 
imagines building the helix starting at its 
COOH-terminal extent and working back- 
ward one residue at a time, most of its effect 
results from the amide-carbonyl dipoles of 
the first five amino acids. However, residues 
even further away contribute to some extent 
(circles). Why-in contrast to conclusions 
reached on the basis of studies of water- 
soluble proteins-do the pore helices have 
such a large electrostatic effect? Because 
electric fields are less shielded in the low 
dielectric membrane environment. This can 
be seen by setting the membrane dielectric 
constant to a value of 80 as if the channel 
were a soluble protein: In this case, all the 
energies are attenuated (Table 1). Thus, the 
low dielectric membrane environment con- 

0 4  Water-Filled Cavity 

W 
20 . 

2 3 4 
Protein Dielectric Constant 

Fig. 2. Born free energy of K+ ion transfer from 
bulk water to the center of the cavity in the 
KcsA K+ channel. Full finite difference Poisson 
calculation for the KcsA K+ channel with the 
dielectric constant of bulk water assigned for 
the interior of the cavity (circles) or when the 
cavity is assigned the same dielectric constant 
as the remainder of the protein (squares). En- 
ergy is plotted as a function of protein dielec- 
tric constant for values from 1 to  5. All charges 
other than the K+ in the center of the cavity 
are turned off. 
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tributes significantly to amplifying the mag- 
nitude of cation stabilization by the pore he- 
lices. Our calculations were made using a 
value of 25 A for the membrane thickness. 
The relative stabilization confell-ed by the 
pore helices would increase even further in 
the case of a thicker membrane. 

The water-filled cavity does not complete- 
ly shield the field of the pore helix. By com- 
paring the helix effect on the ion transfer 
energy in the case of the channel (Fig. 3, 
circles) versus a uniform dielectric constant 
of 2 (squares), we see that the water outside 
the membrane and in the cavity adds an offset 
to the energy curve. However. the remaining 
effect due to the helix is still large compared 
to the case of a unifo~m dielectric of 80 
(triangles). The "energy well" produced by 
the combination of the water-filled cavity and 
pore helices is quite uniform over much of 
the axial length of the cavity. That is. the 
energy for transfell-iag a K' ion from water 
to different locations along the pore axis be- 
tween 4 A and 4 A; relative to zero at the 
cavity center. is similar. In contrast, only 
off-axis lateral displacements on the order of 
2 A are energetically allowed. This suggests 
that; despite the stabilizing electrostatic ener- 
gy, the structure of the K' channel is de- 
signed to keep the ion focused in the ceater of 
the cavity without preventing rapid transport. 

Electrostatic stabilization of an ion can be 
decomposed into reaction field and static 
field contributions. The general solution for 
the electrostatic Gibbs free energy for traas- 
ferring an ion of charge Q into an inhomoge- 
aeous medium with dielectric boundaries and 
static charges may,be expressed as 

T u FUII Calculation I 
.-. Uniform E = 2 
A+ Uniform E = 80 

I 
74 72 70 68 66 64 62 

Residue Number 

Fig. 3. Stabilization of a K' ion in the center of 
the cavity as a result of the electric field of the 
pore helix backbone. The first point (residue 74) 
indicates the initial energy wi th zero helix contri- 
bution and subsequent points correspond t o  ad- 
dition of sequential amide-carbonyl groups from 
the pore helix residues. The contribution due t o  
the C=O group of TyrbZ through the C=O group 
of Thr74 (and the N-H of Thr75) corresponds t o  
the full finite difference Poisson calculation (cir- 
cles). The result for a simple coulomb law calcu- 
lation, assuming a uniform dielectric constant of E 

= 2 (squares) and E = 80 (triangles), is shown for 
comparison. 

where 4 is the reaction field term. B is the static 
field term. and C is a constant telnl due to the 
influence of the dielectric constant of the ion on 
the protein charges (C is negligibly small). The 
reaction field is always destabilizing, whereas 
the static field is cation-attractive because of the 
pore helices. Our calculations allow us to eval- 
uate the constants A = 12.5, B = -14.9, and 
C = 0.1. In the case of a divalent cation (Q = 

2) the transfer free energy is -4.6 kcal/mol, 
significantly less favorable than for a monova- 
lent cation. The optimal charge for which the 
transfer is most favorable is -BlA4 = + 1.2 unit 
charge. Thus; the KcsA Kt cl~almel is tuned to 
preferably stabilize a nlonovalent cation at the 
ceater of the membrane. The biological utility 
of such tuning is evident. The K' selectivity 
filter is located at the extracellular third of the 
pore. and therefore. catioas other than K+ 
should be able to enter from the cytoplasm. 
penekate hvo-thirds of the way across the 
membrane, and clog the pore at the selectivity 
filter. The valence selectivity of the cavity will 
favor monovalent cations over iakacellular 
polyvalent cations such as Mg2' and poly- 
anlines. The abundance of K' compared to 
Na' inside the cell will ensure that the mono- 
valent cation in the cavity is predominantly Kt .  

One class of Kt channels. known as inward 
rectifiers. is. susceptible to blocking by cyto- 
plasmic polyvalent cations; consequently, when 
the electrochemical dliving force for Kt favors 
flow outward across the cell membrane, the 
pore of these channels becomes occluded. This 
property is central to the operation of inward- 
rectifier Kt chalnlels. It Runs out that these Kf 
channels have a polar residue (Asn or Asp) at 
the position of an amino acid that lines the wall 
of the cavity (8). In other words, the inward- 
rectifier Kt cl~aimels have a modified static 
field-they are tuned for multivalent cations. 
Likewise, we anticipate that Ca2+ channels will 
have pores that are related architecturally to Kt 
channels and wait to see if they nill be electro- 
statically optimized to stabilize a Ca2+ ion in 
the membrane ceater. beneath their selectivity 
filter. 

A complete desc~iptioa of ion conduction 
and selectivity in a Kt  channel. a multi-ion 
pore, will require a detailed account of ion-ion 
and ion-protein energetics and dynamics. It has 
been long recog~ized that a p~imar)~ role of any 
ion channel is to overcorne the dielectric bail-ier 
presented by the cell membrane (1). We show 
that the KcsA Kf channel makes use of simple 
electrostatic ~ i i a c i ~ l e s  to overcome the barrier. 

A A 

and anticipate that these plinciples nill apply to 
other biological transport systems. Om conclu- 
sions are sumnalized as follows: (i) A water- 
filled cavity at the center of the membrane 
contributes significantly to the stabilization of 
ions. (ii) A static field attributed largely to 
specifically oliented a helices stabilizes a pos- 
itive ion. (iii) The electrostatic effect of the 
helices is large compared to that described for 

water-soluble proteins because of the low di- 
electr~c membrane enblronment (I\) The Ion IS 

focused along the pole axls. but the "energy 
well" is broad. These properties favor a high ion 
throughput. (v) The combined contributions of 
the reaction and static fields result in monova- 
lent cation selectivity. 
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