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Highly specific membrane-spanning macromolecular struc- polar solvent is represented as a structureless dielectric
tures, “ion channels”, serve to facilitate and control the medium, can be particularly useful since they reveal the
passage of selected ions across the lipid bartleM{ithout dominant energetic factors related to ion permeation and,
such specialized proteins, the hydrocarbon region of the lipid thus, can serve to illustrate fundamental principles in a
membrane would present a prohibitively high energy barrier particularly clear fashion.
to the passage of any ior2)( Recent progress in the Such an approach has a long history. In 1920, Born
determination of the structure of biological ion channels by pioneered the application of continuum electrostatics for
X-ray crystallography gives a fresh impetus to efforts directed calculating the solvation free energy of spherical ia24).(
at understanding the fundamental principles governing ion The approach was later extended by Kirkwodb)(and
permeation in molecular term8-(6). Of particular interest ~ Onsager Z6) to treat arbitrary charge distributions inside a
was the determination of the structure of the KcsA K  spherical cavity. With the use of powerful computers, the
channel from Streptomyces didan (5). Because of its  treatment of macromolecules of arbitrary shape was made

structural similarity to eukaryotic K channelg)( investiga- possible by mapping the system onto a discrete grid and using
tions of KcsA are expected to help improve the understanding finite-difference relaxation numerical algorithms to solve the
of a large class of biologically important channels. Poissonr-Boltzmann (PB) equation2{, 28). As shown by

The complexity of ion channels is such that information comparisons to free energy simulations with explicit solvent,
extracted from computational models can contribute to the the approximation is remarkably successful in reproducing
refinement of our understanding of ion channels. In recent the electrostatic contribution to the solvation free energy of
years, molecular dynamics (MD) simulations with explicit small solutesZ9, 30) or amino acids32) (see ref32 for a
solvent and membranes have been used to examine ariecent review of applications to biophysical systems).
increasing number of ion channeB~(23). Such computer In the following, we will briefly review the Born model
simulations represent one of the most powerful approachesand its microscopic basis. Fundamental electrostatics prin-
to studying ion permeation at the microscopic level. None- ciples for ion permeation will then be described. Recent
theless, models at any level are approximations. To makeresults on the KcsA K channel obtained from the numerical
meaningful progress, it is important to choose computational solution to the PB equation will then be reviewegB)
approaches that incorporate the necessary amount of detaiFinally, some important limitations of continuum electrostat-
while avoiding superfluous complications. In this context, ics will be discussed and illustrated.

macroscopic continuum electrostatics models, in which the MICROSCOPIC VIEW OF THE BORN MODEL
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in which liquid water is represented as a structureless
continuum dielectric medium. According to this model, the
solvation free energy of an ion in water is

elec 2Rion €y

whereQ is the charge of the iorRq its radius, and, the

AG 1)

macroscopic dielectric constant of liquid water. The success
of the Born model demonstrates that the solvation free energy

of an ion in water is largely dominated by electrostatic
interactions arising from the polarization of the high-
dielectric solvent. However, to gain insight into the founda-
tion of the model, it is necessary to examine how it arises
from the microscopic level34—37).
The electrostatic free energy of an ioAGee, Can be

calculated as the reversible work for charging an ion in the
solvent according to Kirkwood’s thermodynamics integration

(39
AG‘elec = L/E)QdQ'g%QQ,) (2)

Such an integral can be calculated by varying the ionic charge

in MD free energy simulations (MD/FESB9, 40). Since
the ion interacts with all the charges in the solvent molecules,
the charging free energy can be written as

AGyee= [0Q [ dripelr Q)] (3)
where the quantitypeedr;Q")Cis the average charge distribu-
tion function of the solvent around the ion with chai@e

The solvent charge distribution function is sharply peaked
at some distance (=Ryn), which corresponds to the radius
of the ion, and nearly zero everywhere else. Examples of
the solvent charge distributions around &d CI~ calculated
from MD simulations are shown in Figure 1. A reasonable
approximation for deriving a closed form expression for
AGgiec in €q 3 is to substitute the slowly varying integrand
1/r with its value at the dominant peak of the solvent charge
distribution 1Ry, yielding

AG, o~ fonQ'R_i [ ool @)D (@)

The remaining integral over the solvent charge distribution
function can be evaluated in closed form. The total electro-
static potential at large distances @/e,r. By virtue of
Gauss’s theorem, this implies that the total charge enclose
by a spherical surface of radiuss Q'/¢,. This corresponds
to the charge of the ior®Y’, and the charge arising from the
solvent polarization(Q'(1/e,, — 1). It follows that the total
charge from the solvent obeys the sum rule

f rputr@)n=Q( 2~ 1) ©)
w

The Born model of ion solvation given in eq 1 is obtained
after substitution of this expression in eq 4 followed by an
integration over the charg®', yielding Q2.

At the atomic level, the solvent charge distribution function
is distributed over a microscopic region of space of finite
dimension (see Figure 1). This shows that the optimal value
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Ficure 1: Radial distribution of the solvent charge around & K
and a Cf in bulk water. Around K (—), the solvent charge
distribution is dominated by the large negative peak at2.6 A
arising from the electronegative oxygen of the surrounding water
molecules. Around CI (- - -), the solvent charge distribution is
dominated by the large positive peakrat 2.2 A arising from the
electropositive hydrogens of the surrounding water molecules; the
peak atr = 3.7 A arises from the second hydrogen in a water
molecule. Details of the MD simulations were given in 7&
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FIGURE 2: Solvation of K™ in a small spherical droplet of water.
The results from molecular dynamics free energy simulation (MD/
FES) are compared with the Born model of solvation for a finite
shell of high-dielectric materialAG = AGgom, — Q¥ (1ley, — 1)/
(2Rshel). The MD/FES data were obtained with 10 simulation
windows using the weighted histogram analysis method (WHAM)
(98) from 400 ps trajectories generated with the program CHARMM
(51). The parameters of the MD simulations and the Born radius
have been adjusted such that both approaches yield a solvation free
energy of—80 kcal/mol for an infinite bulk system.

0 2 4 12

4or the Born radiusRon [which corresponds to the peak in

[eledr; Q) is not a property of the ion alone. lonic Born
radii are effective parameters depending on both the charge
of the ion and the atomic structure of the solvent molecules
(387). They must be empirically adjusted to yield accurate
solvation free energies.

One may question the ability of a continuum dielectric to
represent the solvation by a small number of water molecules
which is the typical condition of an ion in a molecular pore.
This can be easily tested using MD/FES9,(40). The
charging free energy of a'ion in a small spherical droplet
of 8, 20, 40, and 120 water molecules is shown in Figure 2.
Remarkably, the results from MD/FES are qualitatively
reproduced by the Born model. These calculations demon-
strate that the continuum representation yields reasonable
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results, even when the ion is solvated by a small number of
water molecules.

50

Low dielectric slab ——
Aqueous cylindrical pore -

40
ELECTROSTATICS AND ION PERMEATION

The Dielectric Barrier.Cell membranes are supramolecu-
lar sheetlike structures formed by lipid molecules possessing
long nonpolar hydrocarbon chains attached to a polar moiety
(41). The hydrocarbon chains of the lipid molecules form a
20—30 A nonpolar (low-dielectric) core at the center of the
bilayer. A pioneering study by Parsegia?) pielped reveal
many of the essential electrostatics principles governing the ok i . . . Ly ]
passage of ions across the cell membrane. He calculated the -2 - -0 -5 0 5 10 15 20
free energy of transfer of an ion to the center of a planar Z (Angs)
membrane using a continuum electrostatic approximation. Ficure 3: lllustration of the importance of the dielectric barrier.

In his model, the nonpolar core formed by the hydrocarbon The solid line is the electrostatic reaction field free energy ofa K
chains is approximated by a slab of featureless material ion going across a 30 A membrane represented by a structureless

. . . . . continuum medium with a dielectric constant of 2. The dashed line
having a dielectric constant of 2, while the aqueous solutions .. " o ctrostatic reaction field free energy of & Kn going

are represented by regions having a dielectric constant ofthrouch a 3 A diameter cylindrical aqueous pore with a dielectric
80. The main conclusion was that there is a large energy constant of 80. The finite-difference calculations were performed
barrier (the “dielectric barrier”) opposing the passage of an using the PBEQ module(, 49, 50) of the biomolecular simulation
ion across the membrane. program CHARMM §1). The numerical calculations were carried

: . . . . out using the standard relaxation algorith®7,(28). The complete
To illustrate the important concept of the dielectric barrier, gy srem was mapped onto a cubic grid, and the Poisson equation

we calculated the free energy profile of & kicross a low- was solved numerically. No electrolyte was included in the bulk
dielectric membrane. The electrostatic free energy of transfersolution. The total electrostatic potential was calculated at each point
of an ion of chargegon, at a given position is calculated as of the g_rld by solving the flI_‘\Ite dlfference_ Poisson equation. T_he
calculation was performed in two steps, first using a grid spacing
1 of 1.0 A (13@ points, with periodic boundary conditions in the
AGy .= éqiond) (6) membrane plane), followed by a focusing around the main region
with a grid spacing of 0.5 A.
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where¢(i) is the electrostatic potential at the position of the 1,0dels with more complex shapes have been carried@yt (
ion for a particular configuration of the system. One may 44). However, it is not possible to go much further without
note that the factor of; in eq 6, which is also presentin eq  stryctural information about ion channels at the atomic level.
1 for the Born model, is characteristic of a linear dielectric  The Transmembrane Potentidihe transmembrane po-
response theo_ry. The electrostatic potentigl is calcul_ated bYtential acts as a driving force on the translocation of
solving the PoissonBoltzmann (PB) equation numerically  permeating ions and on the opening and closing transitions
using finite-difference method2{, 28) of voltage-gated channels. At the microscopic level, it arises
- from a small charge imbalance distributed in the neighbor-
VIe(r)Ve(r)] — & (N[a(r)] = —dmpg(r)  (7) hood of the membranesolution interface. In the simplest
case of a perfectly planar membrane, the transmembrane
wheree(r) is the position-dependent dielectric const&it,  electric field acting on the permeating ions is expected to
(r) is the position-dependent ionic screening constant, andpe constant45). A constant field is, however, probably
psys(r) is the charge density in the system. The result is inaccurate in the case of wide aqueous pores with irregular
shown in Figure 3 (salt effects were ignored in these shapes. It is thus necessary to develop a more general
calculations, and the screening constant was set to zerogreatment of the membrane potential.
further computational details are given in the figure caption).  To make progress, it is useful to separate the microscopic
It is observed that the presence of the high-dielectric system into a pore region and two bulk regions. This formal
aqueous region decreases the transfer energy only by a smalleparation is illustrated in Figure 4. For the sake of simplicity,
amount; the free energy for transfer of an ion to the center e consider a situation withions at fixed positions; inside
of the membrane is about 38 kcal/mol, while the free energy a molecular pore and a transmembrane VonageThe jonic
for transfer to an infinite environment with a dielectric  solution on side | of the bulk region is in equilibrium with
constant of 2 is on the order of 40 kcal/mol according to eq an electrode at zero potential, and the solution on side Il of
1. The dielectric barrier is a fundamental impediment to ion  the bulk region is in equilibrium with an electrode at potential
permeation across cell membranes. Vmp- All the ions in the pore region are represented explicitly,
lon channels are specialized proteins whose primary role whereas it is assumed that they are represented implicitly in
is to help overcome the dielectric barrier presented by the the bulk regions. On the basis of this construct, it can be
cell membrane. As shown in Figure 3, even the presence ofshown that the total free energy has the forts)(
a featureless aqueous cylindrical @@ A in diameter can
help to reduce the dielectric barrier significantig2]. - AG = AGy(r, Ty ...)+ ZQi¢mp(ri) +.. (8
Although such a model cannot account for ionic selectivity, ,
it highlights the importance of (high dielectric) water
molecules along the permeation pathway. Since this earlywhereAG; is the intrinsic free energy in the absence of any
work, similar electrostatic calculations based on channel transmembrane potential atgly(r) is the contribution from



13298 Biochemistry, Vol. 39, No. 44, 2000 Current Topics

I
@
®
® ®
A0 M A1 Y 72 (1L
o oEp §o o Ep g

FiIGurRe 4: Schematic representation of an ion charmeémbrane
system with asymmetrical solutions on sides | and Il. The “pore
region”, which corresponds to the ideally selective part of a channel,
is highlighted with a dashed line. The “bulk region” corresponds
to the remaining space in the system. The density of the permeable
ions, the excess chemical potential, and the average electrostatic
potential areo®), i), and¢®), respectively, on side S (I or 1) of

the membrane.

the potential difference across the membrane which is
calculated from the modified PB equatiof5)

v v —0 . Ficure 5: Schematic view of the KcsA channel based on the X-ray
[e(r) ¢mp(r)] = 0 (pore region) structure of Doyle et al.5). The extracellular side is at the top,
. . and the intracellular side is at the bottom. The main structural
VIe(r) V()] — /_<2(r)[¢mp(r)] = 0 (bulk region, side I) elements are the outer helix, the P-loop formed by the pore helix
residues 62 74) and the selectivity filter, and the inner helix. Three
)
D) K* ions, located at the outer and inner sites of the selectivity filter
V() V(] — €(N)[mp(r) — Vil =0 and at the center of the central cavity, are shown. The membrane-
(bulk region, side 1) bound channel is oriented to have the nonpolar residues in the lipid
! hydrocarbon core and the residues with aromatic side chains at the
aqueous interface which is a recurrent feature of several membrane

where ¢(r) and «(r) are the space-dependent dielectric proteins (see refs, 83, 96, and97). In this orientation, the outer
constant and DebyeHiickel screening factor, respectively, K+ hinding site is aZ = 17.2 A, the two inner sites are At= 9.9
and Vmp is the equilibrium electrode potential far away on A (upper or outermost) and = 6.6 A (lower or innermost), and
side Il. The transmembrane potentig, acting on the ions Lhedrcoeg;?t;c?rf\ t?g Vi\:)fﬂerc;;l”tehiczﬁy(Iasrzp(ric%e%n t?ﬁecer?;frro‘\),\fl the
in the pore region, arises from the long-range electrostatic h));drophobic reg?on of the pore a); the inner end of the teepee is
interactions with the mobile ions in the bulk solutions on |gcated betwee@ = —10.0 and—20.0 A.
each side of the membrane outside the pore regiéh (t
may be noted that there is no screening fagi@) in the three a-helices disposed symmetrically around a common
pore region because the ions are represented explicitly inaxis corresponding to the pore. The narrowest part of the
this region. WheVm, = 0, the modified PB equation (€q 9) pore, formed by the backbone carbonyl oxygens of the
is reduced to the standard PB equation (eq 7), the trans-TVGYG sequence, acts as a selectivity filter for §ons.
membrane field is zero, and the total transfer free energy is At the level of the bilayer center, the radius of the pore
equal toAGo. increases to fan a 5 Aradius water-filled cavity lined by
Interpretation of experimental ion-flux data is usually nonpolar residues. The size of the cavity is such that it could
based on the assumption that the apparent voltage depencontain 26-40 water moleculess{ 19—23). Foura-helices
dence arises from the rates of transition between discretesyrrounding the pore (the “pore helices”) are positioned
states of the systent). The probability of such states is  approximately at an angle of 25vith respect to the pore
determined by the voltage-dependent free en@gyin eq axis so that they point directly toward the center of the cavity.
8. The fraction of the membrane potential affecting the Analysis of X-ray diffraction data in the presence of electron-
probability of a given state is called the “electric distance”. dense rubidium shows that a cation occupies the center of
The spatial dependence ¢f,, cannot be observed experi-  the cavity, thus indicating that this is energetically favorable
mentally. To transform the electric distance into a position, in the crystal structure. On the intracellular side of the
itis traditionally assumed that the transmembrane potential channel end, the inner helices are joined together and the
is linear along the channel axis and that the voltage pore, lined by hydrophobic residues Thr107, Alalll, and
dependence arises from the movement of a single 1on ( val115, narrows down te<3 A in diameter.
We will see below that this assumption is incorrect in the  Tpe charging free energy of atiin the center of the cavity
case of the KcsA channel. was calculated using a continuum electrostatic approximation
KCSA CHANNEL (33).' The protein and the boqnd *Kwere represe_rjted
explicitly with associated atomic charges and radii. The
The general architecture of KcsA is shown in Figure 5. membrane was represented by a 24 A slab corresponding to
Briefly, the channel is made of four identical subunits of the width of the hydrocarbon core of the membradé).(
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calculations emphasize the energetic stabilization brought
about by the presence of the water-filled cavity.
Importance of Pore Helice§.he water-filled high dielec-

Table 1: Calculated Free Energy (in kcal/mol) for the Transfer of a
K* lon from Bulk Water to the Cavity Center of Kc8A

charges included

during transfer process membrane bulk water tI’IC CaV|ty Ioca“Zed at the Center Of the membrane he|p5
no other charges 63 o1 reduce the electr_ostatlc barrier for a permeating ion. Although
inner and outer ions 16.3 5.9 the free energy is much lower than the very high value for
inner and outer ions and pore helices  —4.5 -14 transferring an ion from water to hydrocarbon (on the order
inner and outer ions and all protein -85 —3.4 of 60 kcal/mol; see above), it is nevertheless still very high.

2The pore helix consists of residues Tyr6Phr74 in addition to Furthermore, the transfer energy rises from from 6.3 to 16.3
the main chain atoms of Thr75, but excluding its carbonyl group. The kcal/mol when the two ions in the selectivity filter are
side chain of Glu71 has been modeled in its protonated state. The atomiGn |, ded. Thus, the presence of an ion in the cavity would
charges were taken from the all-hydrogen parameters PARAM22 b ticall f bl ithout other int fi
program 5). The atomic radii used to define the protesolvent € energetcally unfavorablé without other intéractions.
dielectric boundary were derived from radial distribution functions ~ Most of the stabilization energy is provided by the four
calculated for the 20 standard amino acids from MD/FES with explicit pore helices oriented toward the center of the cavity (see
water molecules31). The PoissorrBotzmann equation was solved Figure 5). The transfer energy drops from 16.3-#.5 kcal/
numerically with the finite-difference relaxation method7( 28) mol when the atomic charges of the pore helices are turned
implemented in the PBEQ module8], 49) of the biomolecular . S .
simulation program CHARMM&1). The computational procedure is O (in the presence of the selectivity filter ions). The transfer
the same as that described in the legend of Figure 3. energy decreases t68.5 kcal/mol when the charge distribu-

tion of the entire protein is taken into account. Therefore,
The aqueous solution (including the water-filled cavity at 80% of the total energy of stabilization by the protein results
the center of the channel) was represented in terms of afrom the pore helices.
continuum media with a uniform dielectric constant of 80.  The magnitude of the contribution from the pore helices
A value of 2 was assumed for the dielectric constant of the is striking and contrasts with generally accepted ideas about
protein interior; a value between 2 and 5 incorporates the the influence of helix dipolesb@—54). Electrostatic effects
influence of induced electronic polarization and small- due to helix dipoles are commonly thought to be very small

amplitude librational atomic fluctuationg 7, 48).

and short-range. In the KcsA structure, the last carbonyl

The electrostatic contribution to the free energy of transfer oxygen at C-terminus of the pore helices8 A from the

of a K* to the center of the cavity is calculated 8&gjec =
(Gic — G: — Gy), whereG;; is the electrostatic energy of the
channel with a K ion in the cavity,G is the electrostatic
energy of the channel with no ion in the cavity, a@dis
the electrostatic energy of the*Kion in bulk water. The

cation occupying the center of the cavity. Furthermore, the
cavity is filled with high-dielectric water, which should shield
the stabilizing electric field of the helix dipole. As a rough
estimate, the energy for the interaction of a cation with one
of the pore helices in liquid water would be on the order of

G's are calculated as a sum over all the atomic charge of only —0.14 kcal/mol; i.e., it is virtually insignificant.

the protein and ions present in the system as in eq 6. The The calculations show that the electrostatic stabilization
electrostatic potential for a given situation is computed by due to the pore helices is magnified by the low-dielectric
solving the PB equation numerically using finite-difference  membrane environment. This is illustrated in Table 1 by
methods 27, 28). All the calculations were performed using setting the membrane dielectric constant to a value of 80

the PBEQ module3l, 49, 50) which is implemented into
the biomolecular simulation program CHARMMNY). In the

(as if the channel was a soluble protein). In this case, all the
energies are attenuated. The low-dielectric membrane is thus

following, we discuss the main results which are summarized the main reason the current results contrast with previous

in Table 1 33).
Water-Filled High-Dielectric Caity. To assess the influ-

conclusions about the importance of the helix dipole reached
on the basis of studies of water-soluble proteins. The

ence of the irregular shape of the protein and the presencecalculations in Table 1 were performed using a value of 24
of the membrane interface, the free energy of transfer of oneA for the membrane thickness. Interestingly, the stabilization
K* into the center of the cavity was calculated while all the energy of a cation in the cavity depends on the thickness of
charges in the system were turned off. The PB calculation the membrane. A detailed calculation shows that the stabi-
yields the charging free energy contribution arising from the lization decreases rapidly if the thickness of the membrane
interaction of the ion with its own reaction field (the self- is less than 15 A. The channel structure is optimal for a
energy), a quantity corresponding conceptually to a Born membrane with a thickness of 425 A.

charging energy, as given in eq 1, but taking into account Electrostatic Stabilization of Mon@lent CationsSo far,

the irregular molecular shape of the membrane channelwe have only considered the transfer of a monovalent cation
system. The free energy of transfer calculated by solving representing K to the cavity center. What about the
the finite-difference PB equation is 6.3 kcal/mol. A simple stabilization of other ions? The electrostatic free energy of
estimate of the electrostatic solvation energy based on thean ion in the cavity can be decomposed into reaction field
Born model for the transfer of Kfrom aqueous solution to  and static field contributions. The general solution for the
a 5 A radius water-filled cavity surrounded by hydrocarbons electrostatic free energy for transferring an ion of cha@ge

is 16.2 kcal/mol. The result from the numerical calculation into an inhomogeneous medium with dielectric boundaries
is smaller because the true shape of the cavity is not a spherand static charges may be expressed ASqe.= AQY2 +

and because the ion interacts favorably with the bulk water BQ + C, whereA is the reaction field termB is the static
regions. The transfer energy would be on the order of 20 field term, andC is a constant term due to the influence of
kcal/mol if the cavity was not filled by water but instead by the dielectric constant of the ion on the protein charges (
some material having a dielectric constant of38)( These is very small and can be neglected). The constesiépends
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on the geometry and the size of the cavity. The condant repulsion to achieve a high throughput. The determination
depends on the channel charge distribution, which is of the structure of the KcsA Kchannel with X-ray showed
dominated by the pore helices. The reaction field is always that the pore contains multiple permeant iorf. (In
destabilizing, whereas the static field is cation-attractive particular, the ion at the center of the cavity is less than 7 A
because of the pore helices. Our calculations allow us to away from the ion in the (innermost) inner binding site. How
evaluate the following constant valuegs = 12.5,B = is its free energy affected by the presence of the other ions
—14.9, andC = 0.1. in the pore? In liquid water, the energy for the interaction

In the case of a divalent catio@(= 2), the transfer free  between two K ions at this distance would lg/e,r (=0.59
energy is—4.6 kcal/mol, significantly less favorable than kcal/mol), i.e., on the order &&T, the thermal energy. Such
for a monovalent cation. The optimal charge for which the a simple Coulombic law is inappropriate in the present case.
transfer is most favorable is obtained by differentiating the In a complex environment with irregular dielectric bound-
free energy with respect to the ion charge, yieldirlg/A = aries, the magnitude of iefion repulsion is determined by
1.2 unit charge. Thus, the KcsA*Kchannel is tuned to  the interaction of the ions with the reaction fields. Continuum
preferably stabilize a monovalent cation at the center of the electrostatic calculations based on the PB equation can be
membrane. The specificity for monovalent cations results used to answer such a question.
from the size and shape of the high-dielectric cavity (constant In the presence of two Kions in the selectivity filter,
A) as well as the magnitude of the field provided by the the free energy of transfer to the center of the cavity 85
pore helices (constars). kcal/mol. In their absence, the free energy decreased &0

The biological function of such tuning is clear. The K  kcal/mol; hence, the repulsion is on the order of 10 kcal/
selectivity filter is located at the extracellular end of the pore mol. It may be noted that the effective repulsion is the same
(5). Cations other than Kcould enter from the cytoplasm, with all protein charges turned off; the energy of transfer
penetrate two-thirds of the way across the membrane, andfrom ion increases from 6.3 to 16.3 kcal/mol (see Table 1)
block the pore at the selectivity filter. The valence selectivity because the same three-dimensional conformation is used
of the cavity favors monovalent cations over intracellular for all the states of occupancy in the electrostatic calculations.
polyvalent cations. The abundance of Kompared to Na Although the repulsion between a'Kon in the cavity and
inside the cell ensures that the monovalent cation in the cavitythe two K" ions in the selectivity filter is significant, the net
is predominantly K. Inward rectifying K channels are  transfer free energy of an ion in the cavity in the presence
susceptible to blocking by cytoplasmic polyvalent cations of two ions in the selectivity filter remains highly favorable
such as Mg" (55, 56) and polyamines7). Consequently,  due to the influence of the pore helices. In fact, a free energy
when the electrochemical driving force for"Kavors flow of —8.5 kcal/mol may seem somewhat inconsistent with the
outward across the cell membrane, the pore of these channelkigh throughput of K channels 1). In a multi-ion pore, the
becomes occluded. This property is central to the operationlarge favorable iofrchannel interaction is expected to be
of inward-rectifier Kt channels. It turns out that these" K = compensated by icrion repulsion. Recent results from MD
channels have a polar residue (Asn or Asp) at the position simulations of the KcsA channel provide some clues. During
of an amino acid that lines the wall of the cavity5( 56). the trajectory, a concerted transition leading to a state with
In other words, the inward-rectifier Kchannels have a  noion in the cavity and three'Kions in the selectivity filter
modified static field (constanB) to permit blocks by occurred spontaneouslg23). What would be the probability
multivalent cations. of having a fourth ion entering from the intracellular side

To further illustrate the mechanism of inward rectification, into the cavity in this configuration? The calculated free
we calculated the free energy for transfer of monovalent and energy for transfer of a fourth Kion from the bulk solution
divalent cations to the central cavity of KcsA in which this to the center of the cavity with threetons in the selectivity
residue was substituted with an Asn or an Asp. Alignment filter is on the order of 0.0 kcal/mol. This implies that the
of the amino acid sequence of inward rectifiers with respect entry of a fourth ion into a pore occupied by three ions is
to that of KcsA is not straightforward due to the very low not hindered by a large free energy. Therefore, the calcula-
degree of similarity, though it suggests that the polar residuetions suggest that the repulsion from a fourth ion might be
Asn or Asp is located along the inner helix, facing the cavity necessary to compensate for the high affinity for the channel
(58). In KcsA, this position may reasonably correspond to and to achieve a high throughput.
Gly104 (though alternatives are possible). Results from lon Entry from the Inner Sid&.he KcsA channel is mostly
preliminary calculations show that the cavity is increasingly closed at neutral pH, but it can be stabilized in the open
favorable for a divalent cation to a monovalent cation when state at low intracellular pH6R—64). Data from electron
a polar residue is present, though the actual transfer freeparamagnetic spectroscopy (EPR) suggests that the opening
energy is very large with four unprotonated Asp residues and closing of the channel involve the movements of the
(i.e., on the order of-100 kcal/mol). Despite the significant  inner helices which presumably would result in a change in
uncertainty about the assumed structural similarity betweenthe diameter of the narrow pore lined by hydrophobic
KcsA and inward rectifiers 59), this unphysically large  residues §3). MD simulations of KcsA in a lipid bilayer
energy might indicate that not all the Asp side chains from indicate that the packing of the inner helices is very stable
the four monomers can be ionized simultaneously in the (23).

cavity. The passage of a dehydrated cation through this narrow
lon—lon Repulsionlon—ion repulsion plays an important  hydrophobic channel is sterically possible. However, it would
role in the conduction mechanism of K channed§, (61). require a nearly complete dehydration and should be

The high affinity of the ions for the channel, which is energetically prohibited (though such event has been ob-
responsible for the selectivity, is balanced by -toon served once during a MD trajectory; see®€j. To illustrate
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N
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tonated states of ionizable side chains in the complex
dielectric environmentg6, 67). The method for estimating
the K, of the residue is based on calculating, for both the
protonated (p) and unprotonated (u) state of a residue, the
difference between its electrostatic free energy when itis in
the protein environment and its electrostatic free energy when
it is isolated in solution. Thelf, shift (relative to the intrinsic

pK, of the same amino acid isolated in solution) is given by

KcsA (Xray) 7
KcsA (open) - :

—_
4]
T

(4]
T

L Apk, = — AAG

Electrostatic Solvation Energy (kcal/mol)
I

10
0 bt ] a 2.%KgT (10)
30 25 20 -15 -10 5 0 5 10
Z (Angs) where
FiGURE 6: Electrostatic energy profile through the inner mouth of — _ _
KcsA. All charges other than that of K1 have been turned off for AAG [AGproteir(p) AGproteir{u) AGigoiaedP) T
the sake of illustrating the dominant reaction field contribution. AGigaedW)] (11)

The result for the X-ray structure-) and an atomic model of the

open state are shown. The diameter of the pore on the inner side, . . -
of the open state model is increasgd®A relative to that in the In particular, such methods have been applied to ionizable

X-ray structure. The computational procedure is described in the résidues of bacterial poriné§), models of the pore-forming
legend of Figure 3. region of the nicotinic acetylcholine recept@9, and the

influence of pH on the cation versus anion selectivity of

the influence of the diameter of the intracellular entrance, alamethicin channels7().
the energy profile along the axis of the crystallographic  The ionization state of Glu71 in KcsA was examined using
structure of KcsA and a model of the open state was the PB equation (all computational details are the same as
determined using continuum electrostatics. Although there described above). According to the calculations, the proto-
is no detailed three-dimensional atomic resolution structure nated state of Glu71 in KcsA is stabilized byl4.6 kcal/
of the KcsA channel in the open state, it is possible to mol relative to the unprotonated state. This implieska p
construct a crude model in accord with the current observa- shift of nearly 10.5, indicating that the glutamic acid side
tions. The model was refined using MD and energy chain should be protonated under normal conditions at pH
minimization in the presence of artificial harmonic energy 7. This value was obtained by assuming that the three other
restraints designed to increase the diameter of the pore onGlu71 residues are protonated and that ions are present in
the inner side by ol 3 A relative to the X-ray structure. the channel. A |, shift of 14.9 is obtained when the Glu71
The results are shown in Figure 6 (all other charges haveside chains of the three other monomers are in an ionized
been turned off or the sake of illustrating the dominant state. The K, of Glu71 is slightly perturbed by the presence
reaction field contribution). of ions in the channel; thely shift increases to 16.1 if no

It is observed that an ion going through the narrow inner ions are present in the channel (assuming that the three other
entrance of the X-ray structure is experiencing an energy Glu71 residues are neutral). In all cases, the results presented
barrier of almost 20 kcal/mol due to the electrostatic reaction here suggest that the side chain of Glu71 should be
field. This demonstrates that the pore in the crystallographic protonated. Combined efforts from experimental and com-
structure of KcsA is effectively closed at the intracellular putational studies will be required to resolve detailed
end of the channel. Remarkably, increasing the diameter ofquestions concerning the ionization state(s) of the channel.
the inner entrance by onB A is enough to reduce the large Transmembrane Potentiallhe transmembrane potential
energy barrier from 20 te-3—4 kcal/mol. Therefore, even  profile along the axis of the KcsA channel was calculated
very small movements of the inner helices can affect the using the modified PB theory based on eq 9. To further
free energy landscape for ion entrance significantly, ef- examine the influence of a conformational change in the
fectively closing or opening the channel. channel, the transmembrane potential profile was calculated

lonization State of Glu71The side chain of Glu7l, a for the X-ray structure and for the structural model of the
residue which is near the selectivity filter, could not be open state that was described above. The results are shown
detected in the electron density, and its atomic coordinatesin Figure 7. The values of the potential at functionally
were not determinedb]. It has been suggested that it is in important sites along the channel axis are summarized in
a protonated (neutral) state, forming a diacid hydrogen bond Table 2.
with the carboxylate group of Asp8®3J). Clearly, the The calculated profile of the transmembrane electric
presence of four negatively charged side chains near thepotential can be compared with experimental estimates based
selectivity filter can alter significantly the stability of cations on single-channel recordings by Neyton and Millét,(66).
in the channel. For example, the free energy of theith They analyzed the membrane voltage dependence of the
in the outer site is further stabilized by6 kcal/mol when effects exerted by Kon B&" blockade to obtain an estimate
the Glu71 side chains of the four monomers are unprotonated.of the distance that an ion must travel through the trans-
Determining the correct ionization state of Glu71 is thus membrane electric potential to reach a specific binding site.
essential for meaningful MD simulations of the ion conduc- It was concluded that there is a first binding site external to
tion mechanismi9—23). B&?" near the extracellular solution (the external lock-in site)

Continuum electrostatic calculations can be used to which is highly selective for K and that there is a second
estimate the relative stability of the protonated and unpro- binding site, again external to Babut deeper in the pore
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KosA (Xray) —— - ' fashipn (L9—23)_. Neverthele_ss, itis enC(_)uraging to find such
0.0 1 KcsA (open) - ) consistency with the experimental estimates.

Interestingly, the calculations show that a conformational
change with no displacement of the ions can be coupled to
the transmembrane potential. According to our calculation,
a transition from the open to the closed state occurring while
the channel is occupied by three ions (cavity and inner and
outer sites) would correspond electrically to the movement
of one ion over 30% of the potential difference across the
membrane. Yet, no ions are displaced. The variation arises
‘ , , , , solely from a modification of the dielectric boundaries in

30 20 -10 0 10 20 30 the system. Furthermore, this implies that the open state is

Z (Angs) stabilized by a transmembrane potential. It may be possible

FIGURE 7: Fraction of the transmembrane potential (relative to the that the opening and closing transitions of voltage-gated
extracellular solution) along the axis of KcsA. The modified PB channels reflect similar effects with permeant ions captured

equation (eq 9) was implemented in the PBEQ modgtg 50, in the interior of the closed channéld).
49) of the biomolecular simulation program CHARMNY) and

was solved numerically using the procedure described ind®f (

and in the |egend of Figure 3. LIMITATIONS OF A CONTINUUM

REPRESENTATION

02 |

04|

06

08

Fraction of Transmembrane Potential

Table 2: Calculated Fraction of the Transmembrane Potential along  In the previous sections, we have described the micro-

the Channel Axi& scopic basis of the Born model and discussed applications
X-ray structure of continuum electrostatics to ion permeation and the KcsA
position along the channel axis(closed state) model of open state Kt channel. Clearly, the Born model can capture the
outer site 0.04 0.05 dominant features of the energetics of ion solvation even in
upper inner site 0.32 0.49 the case of finite droplets of water molecules (see Figure
lower inner site 0.50 0.62 2). However, ion selectivity is exquisitely sensitive to small
cavity 0.54 0.68

energetic factorsl). Therefore, one has to be careful in

aA” coqditi_ons are t_he same as those described |n Table 1 With an app|y|ng continuum electrostatics to ion permeation since
additional ionic screening from 150 mM salt; the positions of the sites this may very well take the approximation beyond its range
along the channel axis are taken from the legend of Figure 5. 7 . . -

of validity. For example, MD simulations indicate that the
configurational freedom of water molecules is reduced in

(the enhancement site) which is also highly selective far K the confined environment of a narrow pofé(73—75). This
The external lock-in and enhancement sites were highly has been shown to strongly affect the dielectric response in
selective for K and appeared to reside 15 and 50%, aqueous poreg6, 77) as well as ior-channel and iorion
respectively, of the way across the membrane electric interactions 78—81).
potential difference relative to the external Solution, while The well-characterized gramicidin A (GA) channel offers
an internal lock-in site exhibited little ion SeleCtiVity and a unique mode| System for try|ng to address questions
appeared to reside approximately 70% of the way across thegoncerning the energetics of ion permeation at the molecular
membrane. Recently, Jiang and MacKinnon showed that|eve| and examine the limitations of a continuum representa-
B&** binds at the innermost of the inner sites of KcsA using tion (for a review of the GA channel, see r8®). In the
X-ray crystallography71). On the basis of this result, they  following, we will try to illustrate some of the limitations
argued that the outer binding site and the large cavity of continuum electrostatics and review briefly the results of
correspond to the external and internal lock-in sites of Neyton wwo MD/FES studies based on atomic models of the GA
and Miller, respectively. channel 78, 79).

The agreement of the calculated membrane potential given Cation versus Anion Specificity of the GA Chann@he
in Table 2 with the estimates from Neyton and Mill&0( of the simplest forms of ion selectivity is the valence
61) is remarkable. This is particularly true for the calculations specificity of the GA channel. The GA channel is ideally
based on the open state model. According to the currentselective for cations, while it is virtually impermeable to
calculations, the calculated fraction of the potential at the anions (, 82). Since all the side chains of the GA channel
outer site (external lock-in site) is 0.05 relative to the external are nonpolar, no obvious mechanism for charge discrimina-
solution. The fraction of the potential in the upper inner site tion is suggested on the basis of its three-dimensional
(enhancement site) is 0.32 for the X-ray structure and 0.49 structure 83).
for the open state model. The fraction of the potential in the  The free energy difference of‘Kand CI for the interior
cavity center (internal lock-in site) is 0.54 for the X-ray of the channel was calculated using MD/FES based on atomic
structure and 0.68 for the open state model. The fraction of models of bulk water and of a GA-like channélgf (K*
the potential at the lower inner site, where the#Bhinds, and CI were chosen for the sake of simplicity because their
is 0.50 for the X-ray structure (closed state) and 0.62 for solvation free energies are both on the order@&0 kcal/
the open state model. It may be noted that this interpretationmol in liquid water; see re80). The result of the calculation
of the data is based on the assumption that the apparenshows that the environment of the pore interior is particularly
voltage dependence arises from a single ion while the ionsunfavorable for anions relative to cations. The relative free
in the pore presumably move in a somewhat concerted energy, Go(GA) — Gei(water) — Gy(GA) + Gg(water),
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0.15 Ke in GA chanmel — Table 3: Relative Free Energy of Double Occupancy in the GA
K+ in bulk water - Channel (kcal/mof
é 0101 | contribution from contribution from
é 0.05 | | ion AAG single-file water GA carbonyl oxygens
z j Li+ 0.0 0.0 0.0
2 0.00 Na* 2.4 -19 0.1
s K+ -3.8 —4.9 1.4
S 505t Rb* -3.3 —5.6 25
s Cst -3.6 -5.9 3.2
€ .010} 2 All free energies are given relative to'LiDetails of the MD/FES
simulations were given in ref9.
-0.15 ;
0o 1 2 3 4 5 6 7 8
r (Angs) Interpretation of these experimental observations has led to
0.15 , : , , the view that although double occupancy of the GA channel
OFn G channel —— is less favorable than single occupancy for all cations, it is
g 010} 1 relatively more favorable for the large cations'(kkb*, and
E P Cs") than for the small ones (i and Na&). Simple
g 0057 considerations based on continuum electrostatics cannot
e 0.00 account for the observed trend because the two cation binding
g sites are separated by almost 20 8487).
S 05| The relative single-to-double occupancy free energy was
% calculated using MD/FES for the five cations'|.Na", K*,
T .00 1 Rb*, and C¢ (79). The results are given in Table 3. The
calculations revealed, in agreement with experimental ob-

015 servations, that the doubly occupied state is relatively more

favorable for the larger ions. According to MD/FES, the

FicurE 8: Radial distribution of the solvent charge around & K re_pu_I5|on_ energy between twq Ndons occupying the
(top) and a Ct (bottom) in bulk water) and in a GA-like channel binding sites in the QA channgl is nearly 1.5 kc_al/mol Igrger
(- - -). The details of the MD simulations are given in 8. than the corresponding repulsion between twaidhs. This

is remarkable given the fact that the cations in a doubly

obtained from MD/FES calculations is on the order of almost occupied GA channel are separated by a distance on the order
+60 kcal/mol 78). Thus, Ct has a much lower affinity for ~ of 20 A. In liquid water, the ior-ion interaction would be
the interior of the channel than*Keven though they the  well-approximated by a shielded Coulombic lagg/e,r
same solvation free energy in bulk water. (independent of the ionic radius), at such a distance.

The large free energy difference can be understood by However, the situation is very different in the case of the
considering the average charge radial distribution around thenarrow GA channel. Analysis of the simulations indicates
ions. The charge distribution function of'kand CI in bulk that the difference in free energy arises from the properties
water and in the GA channel is shown in Figure 8 (the results of the six water molecules disposed in single file inside the
for the ion solvation in bulk water were also shown in Figure narrow channel. Small cations such as land N& are
1). In bulk water, the K ion is surrounded by approximately relatively better solvated in the singly occupied state than
7.4 water molecules in the first solvation shell; the oxygen in the doubly occupied state, while bigger cations such as
of the water molecules points toward the ion, causing a K+, Rb", and C$ are solvated almost as well in both the
negative peak at a contact distance of 2.6 A which provides singly and doubly occupied states. The calculations show
a favorable electrostatic interaction energy. In the channel, that ion—ion interactions are affected, in a nontrivial way,
the solvation is provided primarily by the oxygen of the by the environment of a narrow molecular pore.
backbone carbonyl group. Although the two environments
are significantly different, the resulting charge distributions symMMARY
around K are remarkably similar. In contrast, the radial
charge distribution is markedly different in bulk water and  There is no doubt that MD simulations in which water
in the channel in the case of adbn. In bulk solution, the and lipid molecules are treated explicitly represent the most
water molecules provide a favorable electrostatic interaction detailed method for studying ion channels. Nevertheless, this
energy by forming hydrogen bonds with the anion. In the computationally intensive methodology often suffers from
channel, similar hydrogen bonds with the NH amide back- statistical uncertainties due to finite sampling. From this
bone group are not easily formed. Thus, although the channelperspective, a continuum model can be very useful for
is electrically neutral, the strong asymmetry in the permanent examining various energetic factors arising from long-range
charge distribution of the peptide backbone results in a electrostatic effects involved in the function of an ion
significant reduction of favorable interaction energy in the channel. This review shows that relatively simple numerical
channel for negatively charged ions. calculations based on continuum electrostatic models can be

lon—lon Interactions and a Doubly Occupied GA Channel. used to characterize ierchannel interactions, ierion
Several lines of evidence indicate that the GA channel canrepulsion, and the transmembrane potential profile, thus,
be occupied simultaneously by two ions, one ion in each providing very valuable insight into the function of the KcsA
binding site near the channel’'s end (see#@for a review). channel.

r (Angs)
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Nonetheless, it is also important to recognize the limita-
tions of the continuum approximation and use it only within
its range of validity. Those were illustrated with MD/FES
calculations applied to the GA channel. The results indicate
that a continuum approximation cannot realistically account
for ion—channel and iortion interaction in the confined
environment of a narrow selectivity filter. Atomic models
are and will remain necessary for addressing such detailed
questions.

Our focus in the current review has been exclusively on
equilibrium energetics. lon fluxes are, of course, observed
under nonequilibrium conditions. In the future, it will be
important to take thoses aspects of the problem into
consideration. It is likely that a combination of approaches,
including continuum electrostatics based on the PB equation,
MD and MD/FES calculations (see re8s-23, 87, 88), and
Brownian dynamics simulation89—92), as well as con-
tinuum theories of electrodiffusior®8, 94) will contribute
to refining our understanding of ion permeation in the future.
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