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SIMPLIFIED STRUCTURE-BASED MODEL
OF THE POTASSIUM CHANNEL SELECTIVITY FILTER

Recent x-ray structures of bacterial Kcsa K+ channel revolutionized the ion channel science. A widely used
theoretical model, based on the conception of discrete binding sites in the channel, appears to be inconsistent
with the structural data. We developed a model of multiply occupied Kcsa-like selectivity filter based on the
best available data. The model explicitly considers ion-ion interactions. Parameters of the ion-ion interactions,
such as shielding constant, are determined. The model correctly describes barrierless knock-on conduction in
the filter and allows to study the influence of the large-scale filter motions on its properties. It is shown that the

concerted motion of multiple ions in the filter may be described as a motion of single "quasi-ion

”

in the

effective energy profile which is easily calculated numerically.

Introduction

lon channels are classical objects of biophysics
[20, 21, 22]. Their exceptional biological significance
for cell functionality, complex behavior and intrigu-
ing physical properties makes them very interesting
for both experimental and theoretical studies. How-
ever, theoretical investigation of ion channels was
long hampered by the lack of the detailed three-
dimensional structure of the channel forming pro-
teins. High-resolution crystal structures of bacterial
Kesa K* channel, first published in 1998, brought
new insights into the ion channels science [6]. It was
established that the most important feature in the
Kesa structure is a narrow (=3 tf\) selective filter. It is
responsible for selectivity [1-4], conduction [1-4]
and possibly for fast flickerry gating of the channels
[10, 11] and their C-type inactivation [13, 14, 16-18].

The filter has 5 more or less distinct binding sites
occupied by K* ions or water molecules, however
only 3K" ions may be accommodated in the filter due
to ion-ion repuision [1-4, 6, 12, 15]. Numerous mo-
lecular dynamics (MD) and Brownian dynamics (BD)
studies revealed barrierless «knock-on» conduction
mechanism in the filter and exceptional role of ion-
ion forces in energy balance of different ion configu-
rations on the conduction pathway [1-4].

MD data suggest some degree of local flexibility in
the filter. Recent x-ray structures of Kcsa-Fab complex
revealed dramatically different filter conformations in
the open and closed states of the channel [1]. Finaily,
experiments on the defunct Shaker channels and C-type
inactivation studies of related K’ channels suggest an
existence of large-scale concerted radial motions of the
filter walls which may have gating effect on ton conduc-
tion [12, 13, 19]. Although, the question of the filter
mobility and it's influence on conduction is of great
importance now, direct all-atom description of large
scale slow filter dynamics is unavailable, so the simpli-
fied models of the process may be especially useful,

Although selective filter of K™ channels is a multi-
ion pore, existing theoretical models fail to describe
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it. Conventional models of multiply occupied chan-
nels treat them as a system of binding sites which
may contain only one ion each. lon-ion interactions
are treated implicitly as kinetical interactions, or re-
strictions which allow one ion in each binding site [5,
23-26]. This model is absolutely inconsistent with the
real energy profile in the filter, which is rather ex-
tended and deep energy well containing several
strongly interacting ions [1-4, 6]. However existing
models allow to consider flexible structure of the
channel protein resulting in self-organization phe-
nomena leading to gating behavior [5, 23-26). So, it
seems to be promising to combine the vital ideas of
previously developed models with the modern strue-
tural data, This approach require the consistent model
of conduction in the selectivity filter able to operate
with different energy profiles and conformational
states of this structure.

In the present study we proposed a simplified
model of the Kesa-like selective filter based on realis-
tic fiiter design, energetics and explicit ion-ion inter-
actions. It gives a correct description of the conduc-
tion in the filter and allows to study the states with
different filter radius which is vital for understanding
the role of the radial filter motions.

Although we try to make the model as close to the
structure as possible, it is not limited to Kesa channel.
The model is formulated in terms of approximated
energy profiles rather than explicit atomic-resolution
potentials which makes it general enough to describe
the whole class of channels with the homologous
structure of selective filter.

The model of Kesa selective filter

Selective filter of the Kcsa may contain up to 3 ions
[1-4, 6-9]. The size of the extended energy well along the
pore axis is approximately L = 30 A [4]. Energy profile
for the ion in the channel consist of the interaction with
the pore walls and interaction with the other ions,

Interaction of the single ion with the pore walls
were calculated in MD simulations more or less



accurately. We used the data of the latest MD studies
of ]. Mashl et al [4]. It is necessary to say, that depth
of energy profiles obtained in brawnian dynamics
simulations (see for example [7]) may be quite
different from the used here due to large uncertainty
in the values of macroscopic constants used for
simulations. However, the shape of potential remains
the same. Our model may be made consistent with
any energy estimate by comesponding change of
parameters, Energy profile for single permeating
potassium ion may be quite accurately approximated
by the inverted Gaussian-like curve:

2
E(x) = —aexp[—x—Z],
5

where q is the lowest energy in the center of the well,
s is the characteristic well width. Comparison with
the MD data of [3-4] gives s =7 A.

Since we are interesied in the radial filter motions
(«breathing» of the filter) we should deduce the
changes in energy profile associated with the change
of the pore radius. MD simulations performed for
various pH values [4], which influence side-chain
effective charges, show, that the shape of energy well
in the filter is preserved but the maximal well depth is
changed. Motion of the filter walls may also be
interpreted as the change of effective charges of the
walls, so the Gaussian shape of the well should be
preserved, but parameter ¢ becomes radius-depen-
dent. We approximate this dependence as,

ar =1L, M

4ng, -r
where r is a filter radius, { is some effective charge of
the filter wall, ¢ is an electron charge, £,is vacuum

dielectric constant. Although, filter wall have distributed
charge rather than local one, our approximation is
accurate enough, because the amplitude of the filter wall
motions should be quite small (~1 A) and the effective
value of O can not change significantly on this scale.
The value of effective charge ( is calculated for the
average distance r = 3 A and a = 1547 observed in
short-run MD studies [4]

The influence of the membrane potential should
also be included into the single-ion part of the energy.
We separate the total electric flied in the pore into
two parts: the field caused by the membrane potential
and the filed of the other ions in the filter. It was
shown [1-4] that the membrane potential drops
linearly mainly in the region of the selective filter, so
the Goldman assumption of the linear voltage drop is
valid for the part of the filed caused by the membrane
potential. Ion-ion interactions are accounted explicitly
below. The energy profile felt by the ion in the
presence of membrane potential is

9@ o X aWl-0) o,
exp[ SZJ+ 5 (L —|x)+

11:60 r
+O(-L-x), (2)

E(x,r,¢)=—4

where ¢ is membrane potential, g is an electron charge.
@ (x) is & Heaviside step function: © (x) =0 forx <0,
® (x)=1 otherwise. Membrane potential is negative
consiant equal to g¢ inside the cell, linearly change to
zero in the filter region and is zero in the external
selution as it is adopted in electrophysiology.

Ion-ion interactions may be approximated as
shielded Coulomb repulsion of two equal charges

exp[]——xi ' |]
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where g is an electron charge, &, is vacuum dieleciric

constant, d is effective shielding constant which des-
cribe shielding by the pore wall and water molecules
situated between potassium ions. The value of 4 is
evaluated from the assumption of the barrierless
conduction (see below). We used the value =2 A

Occupancy states and equilibrium jon positions

Let us first calculate an equilibrium jon positions
x; and x; and the energy E; of the state with two ions
inside the filter,

It is clear that in the eguilibrivm when membrane
potential is zero the jons are situated symmetrically

around the energy minimum, so X, = —X,and the

energy of the system may be written as
Ey(x,r,0) =2E(x,r,0)+ E,, (2x},
where x — is the distance from the center of the well
to each of the ions (fig. 2). This equilibrium state is
referred as 2/ state below. Equilibrium ion positions
x; in the state 27 are given by
Ok, (x,r,0) _ 0
ox '

The same considerations for the state with three
ions in the filter lead to expressions
E(x,r,00=2E(x,r,0) + E0,r,00+ £, (2x)+ 25, (x),

OE, (x,7,0)
o
where %x; are the equilibrium positions of two ions,
while the third ion is situated in the center of the well
(fig. 1). This state is referred as 37 state below.

=0’

Pl

«2”

Fig. 1. Equilibrium positions of the ions in 27 (double oc-

cupancy} and 37 {triple occupancy) states. Solid lines corre-

spond to zero membrane potential, dashed lines to some
small positive potential
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Fig. 2. Equilibrium positions of the ions in the filter for
zero membrane potential as a function of the pore radius. In
the case of double occupancy (state 2/ the ions are placed
symmetrically on the distance x from zero. In the state 3/
one ion is located at x = 0, and two other are placed
symmetrically at the distance x

Equilibrium positions x, and x; and their depen-
dencies on the pore radius can be easily calculated
numerically and are presented in the fig, 2.

With the increase of the pore radius the depth of the
energy well decreases and the ion-ion repulsion become
more and more important, so the equilibrium distances
between the ions increase. In the case of double
occupancy these changes are very small, however for
triple occupancy they reach more than 1 A, It means that
the state with triple occupancy is much more sensitive
for the changes of the energy profile.

Let us consider the ion which is escaping the
pore. In this case escaping ion have to surmount an
energy barrier which is a difference between its
energy in solution and emergy in equilibrium
position inside the filter. Escape energies may be
evaluated under assumptions that the escape
process is much faster than relaxations inside the
pore, so the positions of the remaining ions are
approximately fixed:

Uy = E0,r,0)
. UP() = E(x,r, 00+ B (2x)) *
[f(3}(r) = E(X3,i"’, 0) + Enl(zxﬁ) + Em(.)%),

where U/ is a height of the escape energy for the
occupancy state with # ions in the channel. The va-
lues of escape batriers are easily calculated nume-
rically. The dependence of the escape energies on the
pore radius is presented in the fig. 3.

Escape energy for the single ion is simply a
dependence of the well depth on the pore radius given
formula (3). With the increase of the pore radius the
depth of the well decreases which [ead to decrease of
the escape energies. In the native conditions, cor-
responding to r = 3 A, the depth of the energy well is
15 kpT. The ion-ion repulsion reduces the escape
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Fig. 3. Escape energies in different occupancy states
for zero membrane potential as a function of the
pore radius

energies significantly to 9 45T in the state 2/ and to
3 k5T in the state 37.

Barrierless conduction

It was shown in recent MD studies of Kcsa channel
[1-4] that conductance trough the selective filter is es-
sentially barrierless. The incoming ions are pushing the
ions and water molecules, residing in the filter, along
rather than waiting for the vacancy in the adjacent filter
site. This «knock-on» collective motion provide simul-
taneous substitution of the outgoing ion by the incoming
one which eliminates large free energy changes associ-
ated with the single-ion transitions. Estimated barriers
on this conduction pathway are less than 2-3 kT [3-4],
so the process has diffusion-limited rather than activa-
tional kinetics. To investigate the possibility of knock-on
conduction in our model we have constructed total en-
ergy function in the following form:

E,(x,y,2) = E(x) + E(y) + E(2) + By, (Jx - 3]} +
+ Ege |y = 2[) + By (} - ), )

where x, y, z are positions of three ions, x <y <z In
the absence of membrane potential, if x = -0, y=0,
z =+ we have an equilibrium state with the single
occupancy; x=-x,, y=+x;, Z = +00 corresponds
to equilibrium double occupancy, and finally x=-x,,
y=0, to equilibrium triple occupancy.
Membrane potential breaks the symmetry of the en-
ergy profile given by eq. (4), thus equilibrium posi-
tions of the ions become asymmetric,

Let us consider the state with double occupancy when
the third ion is approaching from +co . For each given
position of the third ion we equilibrate two ions in the
filter. If total energy E, will not change significantly dur-
ing this process up to the equilibrium state with triple oc-
cupancy, than knock-on barrierless conduction is possible.

Z=+4x,
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Fig. 4. Total energy as a
function of the incoming ion
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The existence of barrierless conduction in real
channel was used in the present study to estimate the
value of the shielding constant & for ion-ion interac-
tions. We constructed a series of energy profiles ad-
Jjusting this parameter to obtain approximately the
same energy values for the states 2/ and 3/, which is
necessary for barrierless conduction. The value d =
2A used in all calculations gives the energies
Ey(xy) = Ey(x3) = 21 kgT.

We will consider the case with no membrane poten-
tial applied and with the pore radius » =3 A first. In this
case, as it is seen from fig. 2, the distances between ions
in the states 2/ and 3/ are almost the same (~3 A)‘ Let us
introduce new coordinates p and ¢ such as

x+y
2
k-1
2 ]
then 2-q =~ 3 A = const, and p is a center of masses
of the ions in the filter. Total energy is rewritten as

E(p, 2)=E(p+q)+E(p—q)+E(z)+ Ey, (29)+

+E ([P~ g =2+ By (| + g 2]). )

A contour plot of the function (8) is presented in fig. 4.
Broad energy minimum connecting the states 2/ and
31 is observed. The motion of the incoming ion does not
change the total energy of the system due to the rear-
rangement of the ions in the pore. When the system en-
ters the area around 3/ state, the first ion may move out.
If we will change x and z in (8) the graph above will
show the outward motion of the first ion as well. So, our
model really allows knock-on mechanism of conduction.

P:

Conduction as a motion of quasi-ion

Used parameterization is not valid in the case of
membrane potential applied because the equilibrium
placement of the ions become asymmetric and the
distances between them become variable. In addition,
occupancy state 3/ may become unstable for large
voltages as it is shown below.

strong repulsive forces, are
not shown for clarity

We performed numerical simulations of the qua-
sistatical ion conduction through the channel to inves-
tigate the conduction in general case. We considered
the case when the third ion is approaching the doubly
occupied channel from right and push the first ion out
to the left. On each step of this process the i-th ion is
chosen as a leading ion, i=1, 2, 3. Leading ion is
assumed to move from the right to the left in small
discrete steps Ax separated by equal time intervals
At ., On each step leading ion is fixed while two re-
maining ions are set free. They relax to the equilib-
rium positions x ., and x,.,, which correspond to mi-
nimal possible energy of the system with the fixed lead-
ing ion. Second index in parenthesis shows the number
of the leading ion used for equilibration, The time step
of the leading ion motion is assumed to be much larger
than the relaxation time of the free ions; & >> .., s0
free ions are fully equilibrated at the end of each step.
The whole process may be treated as a slow quasistatical
motion of the leading ion accompanied by the fast re-
laxation of the free ions. The leading ion is chosen on
each step according to the following rule:

1. Current positions of the ions, achieved on the itera-
tion n, are x,"”, x,"”, x;", which correspond to the

energy E® = E(x) x,™ x™).

2. The first ion is moved one step to the left and then
fixed in a new position xl“’} — Ax. Two other ions
are equilibrated and the energy cost of transition
"™ - x" — Ax is calculated as AE, = E(x™ -

)
—AX, Xy(13, X30) — E™-

3. The procedure is repeated with the fixation of the
second and third ions and the energy costs
EZ = E(x,u}.xl(n) —Ax,x3(2)) - E(n) and
E; = E(x3), X3, %3 —Ax)— E™ are calculated.

4, The ion i, which provide the minimal energy cost is
chosen as a leading ion and the ion positions on the
next iteration are calculated as x*" =x® —Ax,

(n+l) _ (n+l) _
X; =Xy s Xu = Xk(iy



Free ions are allowed move according to the
forces acting on them as described by the Langevien
equations in the overdamped case:

X __aErg)| By (%) OBy ()

X ax ey -, & vy, 5
B aEx )| iy () _ﬁ?mm{

* & IF‘& & gy X X

where Ais a friction coefficient. We are interested
only in the equilibrium positions of the free ions, so
the value of A may be adjusted to achieve the fastest
convergence toward the equilibrium state.

The system (9) is solved numerically by the standard
finite-difference Euler method. Simulation continue
until the energy minimum is reached with the given ac-
curacy or one of the ions cross the boundary |xi= 30 A.
Simulation was performed for the position of the leading
jon from X =15 Ato X =-15 A with the step 0.2 A.

Results obtained for the case r = 3 A, G=0 are
shown on the fig. 5.

It is clearly seen that one ion is entering the
channel pushing the other one out in a «knock-on»
manner. The process is almost isoenergetic — the
energy changes are much less than kzT.

The conduction through the channel can not
be presented as a motion of the single ion, since the
incoming and outcoming ion are different. The
process can be described as a motion of the center of
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Fig. 5. Equilibrium ion positions (a) and total energy (b) as

a function of the model time. Black parts of the curves in (a)

correspond to the motion of the leading ion. Small displace-

ments are consequences of the numerical errors. Dashed lines

show the equilibrium positions of 2 ions in the filter in the
occupancy state 2/

masses of all three ions instead. If we introduce the
coordinate of the center of masses as

x=%(x| +X3 +X3)

the conduction may be described as the motion of
some quasiparticle with the mass of three ion masses
along the coordinate x. Each position of this «guasi-
ionm» correspond to unique arrangement of three real
ions in the channel.

Energy profiles obtained in numerical simulations may
be easily presented as a functions of x. Profiles for different
values of membrane potential are shown in the fig. 6.
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For zero membrane potential the energy profile is
symmetrical. The depth of the energy well, which
corresponds to the equilibrium occupancy state 2/ is only
0.1 kTin comparison with the energy in the state "2/plus
the ion in solution", so the conduction is essentially
barrierless. With the decrease of the membrane potential
the energy of the ions in internal and external solutions
become different and the shape of the energy profile
become asymmetric. If the membrane potential is smaller
than -20-25 mV the minimum on the potential profile
disappears, so the state 3lunstable.

The formalism of quaiparticles allow to solve the prob-
lem of multi-ion conduction through the channel easily. It
is not necessary to consider the motion of all the ions in the
pore explicitly. The motion of the single «quasi-ion» in the
effective potential may be considered instead.

Conclusion

We develop a simplified model of the multiply-
occupied selective filter of potassium Kcsa channel
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C. O. €cunescovkuii, B. M. Xapx ‘sanen

CITPOIIEHA MOJEJIb CEJIEKTHUBHOI'O ®IJIIbTPY
KAJIIEBOTI'O IOHHOTI'O KAHAJTY, IO BA3YETbHCA
HA CTPYKTYPHUX JAHUX

Busnauenns kpucmanoepagiunoi cmpykmypu 6akmepianvHozo Kaniesoeo kanany Kcesa cmano peeoarouyiii-
HUM emanom y 6ue4eHHi IOHHUX Kauanie. Ycmaneni meopemuyni mooeni IOHHUX Kauanaie, w0 0a3ylomoecs HA
KOHUenuyii duckpemuux micub 36 13Y6aHHs [0OHIG, BUSBUAUCA HECYMICHUMU i3 CIMPYKMYPHUMU Oanumu. Y Oawiii
npaui po3pobnreno Hogy modeav Kcsa-nodibnoeo ceaekmueHoz2o hinbmpa 3 MHOJNCUHHOI 3aceneHicmio, uwo 0a-
3YEMbCA HA HAUHOBIWUX eKCNePUMEHMANbHUX 0anux. Y mooeni s16HO po3easiHymo MidcioHHi 83aemo0ii ma 6u-
3HAYEHO KOHCMAHMY eKpaHyeauHs noas ioHie. Modeab npaeunvHo onucye 6e30ap'e€pHuil 8UUIMOBXYEANbHULL
MexaHizm npogionocmiy @inempi ii dae 3moey susuamu GNAUE GEAUKOMACUMAOHUX PYXi6 ceaeKmueHo2o hinb-
mpa Ha tioeo éracmusocmi. Bbyro nokazamo, w0 npogionicme 30iliCHIOEMbCA 34 PAXYHOK KOAEKMUBHUX PYXi6
ioHig, AKI MOJCHA NPedCcCMagumu K pyx «Keasiiona» 6 epeKmusHoMy nomenyiani, AKUil n1eeko niodaemocs Mo-
0enr8anHio.



