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ABSTRACT

A novel conceptual model is introduced in which ion permeation is coupled to the protein wall vibration and the
later in turn modulates exponentially strongly the permeation via radial oscillations of the potential of mean
force. In the framework of this model of ion-wall-water interaction we discuss problems of selectivity between
alike ions, stress relaxation, energy dissipation,and energetics of gating.
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1. INTRODUCTION

Biological ion channels are natural conducting nanotubes in the membranes of cells and elementary building
blocks of autonomous and central nervous system. E.g. half the metabolic energy consumed by the human
brain is used by the ion pumps that move KT and Nat in and out of nerve cells. Understanding of the
channel structure and operation will not only help to control and cure a vast range of diseases, but may also
pave the way to building bio-electronics. Despite the impressive progress of international research on this
subject in the past years, it remains the case that some fundamental features of the conduction mechanism
are still eluding researchers. Indeed, over the last few years, the field of ion channel research has undergone
spectacular development (see e.g.!). The molecular structures of a number of channels have been determined
by crystallographic analysis, including the KcsA potassium channel? that discriminates between Nat and K+.
Furthermore, by detecting the size of structural fluctuations® and conformational changes,* it has become
possible to provide the experimental information needed for molecular modelling of the dynamical features of
the observed selectivity and gating.!:®

Substantial progress has also been achieved in modelling channel properties by use of molecular dynamics®

(MD), Brownian dynamics® (BD), and Monte Carlo” (MC) simulations and by numerical solutions of the Poisson
and Nernst-Planck®? (PNP) and reaction-rate (RR) equations. Note also that the MD is currently emerging
as a reliable tool for calculating the potential of the mean force (PMF), including its radial dependence at the
selectivity filter, that can be then used in the BD simulations.'® ! It is now well established that, in terms of
decreasing accuracy and level of detail, existing approaches can be listed in order as: MD — BD — 3D-PNP —
1D-PNP — RR. At each higher level, more and more degrees of freedom of the original many-body problem are
being averaged out and, accordingly, less and less computer time is needed to estimate the channel properties
in an increasingly approximate way an on increasingly coarse time scale.

Despite considerable progress, ion channel modelling can still be characterized as being at an initial stage:
intuitive and “hand-waving” explanations of the permeation and selectivity of ions are only beginning to be
replaced by quantitative statements based on rigorous physical laws.!? The main challenges faced in modelling
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channel permeation include e.g very large number of degrees of freedom, long range interaction, widely-varying
timescales, and fascinating diversity of properties and structures. No general methods exist at present that allow
for derivation of ion channel properties from first principles on either time scale. Instead multiple adjustment
procedures are used at every level (MD, BD, PNP, RR) to fit experimental results. Furthermore, averaging
procedures cannot be rigorously justified at present (see e.g.!?) and it seems very likely that degrees of freedom
that provide a key to the understanding of conductivity, selectivity, and gating of the channel can inadvertently
be lost in performing them. Even for MD simulations, many degrees of freedom have to be averaged out.
Additional approximations are made in the transition from MD to BD simulations when the protein walls are
assumed to be rigid, the water is treated as a continuous dielectric, and only thermal fluctuations are taken into
account, whereas it is known"® that, in reality, wall dynamics, water structure, and charge fluctuations play
important roles.

It was shown in our earlier work'# 1% that vibrational degrees of freedom can be easily incorporated into
the BD model of ion permeation and can lead to the strong modulation of the transition probabilities even in
the case of water modelled as continuous dielectric and ions are treated as point charges. A number of the MC
studies exists” '® where the effect of volume exclusion was investigated considering ions as hard spheres and
treating water as continuous dielectric. It is well known, however, that,!”'® in the bulk, the radial ion-ion
distribution is strongly modulated by the structure of the water molecules. It is also well understood that at
least in principle the ion permeation has to be coupled to the gating. However, there are only a few publications
(see e.g.!92%) dealing with coupling of gating to ion permeation. The question of fundamental importance is,
therefore, how the channel properties will be altered if the oversimplifying assumptions are lifted off.

In this paper we address this question directly by introducing a novel conceptual model that takes into
account molecular structure of the water, size of the ions, and coupling of the ion’s motion to the protein
vibrations, largely neglected in the earlier research. We then discuss what alterations in the ion channels
selectivity, conductivity, and gating can be expected within this model.

We report work in progress and begin by including a vibrational degree of freedom into the known BD model
of channel permeation® 2! and focus on the boundary conditions and properties of ion-ion distribution in the
bulk. Next a novel conceptual model that takes into account the molecular structure of water and the size of
ions at the selectivity filter is formulated. An extension of this model that takes into account coupling of ion
permeation to the gating dynamics is discussed. In conclusion we discuss the properties of the ion channel;
conductivity, selectivity, and gating that can be simulated using this type of models.

2. MODEL

In this section we consider step-by-step essential effects that have to be included into the novel conceptual
model to take into account molecular structure of the water, size of the ions, coupling of the ion’s motion to the
protein vibrations, charge fluctuations at the channel mouth, and amplification of the electrostatic interaction
in the channel.

2.1. Adding vibrational modes to the model of permeation

Our first step is to extend the known® 2! BD model of permeation based on the self-consistent solution of the

coupled Poisson and equations of Brownian dynamics of ions. The model is extended by coupling Poisson and
Langevin equations of ion dynamics to the equation describing the protein vibration at the selectivity filter.
The resulting equations take the form
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and charge of the i-th ion. In the Brownian dynamics simulations, water molecules are not taken into account
explicitly and are represented by an average frictional force with a friction coefficient m;7y; and a stochastic
force / Qmi'yikBT_;(t) arising from random collisions. The long range Coulomb interaction is represented by
the 1/r potential. The addition of the pairwise repulsive 1/r° soft-core interaction potential insures that ions
of opposite charge, attracted by the inter-ion Coulomb force, do not collide and neutralize each other. 7j; is the
distance between ions ¢ and j. Uy and R, are respectively the overall strength of the potential and the contact
distance between ions pairs. The oscillating part is added to the potential and takes explicitly into account the
internuclear separation for the two solvents, where a,, is the oscillation length, a. the exponential drop parameter
and R;; is the origin of the hydration force which is slightly shifted from R. by 4-0.2 Angstrom for like ions and
-0.2 otherwise.?? F,;, is the dielectric force in the channel obtained by solving Poisson equation numerically
using finite volume methods (FVM).23 We use the Langevin equation to model the collective motion of the
atoms forming the channel protein charged ring located at the selectivity filter. In this way, our analysis is based
on the assumption that the movement of structural domains of the channel protein may be described as the
motions of independent, elastically bound Brownian particles.?* We have included the damping term M I6R
and the corresponding random force v/2MTkpTv(t), whose amplitude is related to the damping constant via
the fluctuation-dissipation theorem. The function v(t) is a Gaussian white noise. @ is the total fixed charge
on the flexible ring interacting with an ion of charge ¢; on the channel axis z. R is the channel radius, éR is a
small variation of the channel radius and K is the elastic constant of the channel’s protein. In the particular
case of the Gramicidin A (GA) channel, the value of the elastic constant is estimated by calculating the root
mean square deviation (RMSD) of the backbone forming its central part, together with the single ion potential
of a KT ion as it traverses the channel. Using the data from,?> we obtain an elastic constant of ~ 1.6577 N/m
for a maximum RMSD of 1 A. The GA channel molecular weight M is about 4kDa = 6.64 x 10~2* kg.?0 The
diffusion constant of the protein in the membrane is between 10714 to 10716 m2/s.27

Here 7;; = & — &, rij = |Tij], A= (/1 + (52)2, o = arctan(z22-). Where m;, &; and ¢; are the mass, position

Note that this model includes the effect of hydration on the ion-ion distribution in the bulk, which turns
out to be crucial for an understanding of the effect of hydration at the selectivity filter. It also allows us
to analyze other important properties of the permeation mechanism including e.g. charge fluctuations at the
channel mouth, amplification of the electrostatic interaction in the channel, and the modulation of the axial
potential of the mean force by the moving wall. We now consider briefly these effects.

2.2. Effect of hydration

As we have mentioned in the introduction one of the most strong assumptions made in modelling channel
permeation is that water in the channel is considered as continuous dielectric. This assumption is not very
realistic because the channel diameter at the selectivity filter is of the order of 10A. At the same time it is
well known'” 18 that, in the bulk, the radial ion-ion distribution is strongly modulated by the structure of the
water molecules. As a result the distribution has a few sharp peaks on a spatial scale of ~12A with separations
proportional to the ionic diameter.

To see how the hydration effect can be taken into account at the selectivity filter we consider first the effect
of hydration in the bulk following the simplified description adopted in.%2! The parameters of the ion-ion
interaction used in the calculations are presented in Table. 1.



Tons UolkpT] | RJ[A] | RIA] || aw[A] | ac[A]
Na-Na 0.5 3.50 3.7

Na-Cl 8.5 2.76 | 2.53 || 2.76 1.4
CIl-Cl1 1.4 5.22 | 5.42

Table 1: Parameters used in the calculation of the short range ion-ion interaction with hydration

The following parameters are used for the simulations:

Dielectric constants: e = 80, 1 = 2;

Masses (in kg): myq = 3.8 x 10726, m¢g; = 5.9 x 10726,

Diffusion coefficients (in m2s™!): Dy, = 1.33 x 1079, D¢y = 2.03 x 1072,
(Note that D is related to the friction coefficient via D = %),

Ton radii (in A) rNe = 0.95, ro; = 1.81;

Temperature: T' = 298 K.

In the absence of the hydration forces the radial distribution of the ions are smooth as shown in the Fig. 1(left).
The overlap of the electron clouds induces a strong modulation of the radial probability distribution of ions as
can be observed in the Fig. 1(right). Because the channels are filled with water molecules it is natural to assume
that the effect of dipole of the water molecules will play an important role in the radial ion distribution at the
selectivity site. The shape of this distribution will depend strongly on the size of the ions and on the parameters
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Figure 1. (left)number of ions as a function of the distance between ions of different type: C=400 mMol; Box size:
40 A. Forces included into the simulations: (i) Coulomb interaction; (ii) short range repulsion. (Right) The number of
ions as a function of the distance between ins of different type: C=400 mMol; Box size: 40 A. Forces included into the
simulations: (i) Coulomb interaction; (ii) short range repulsion; (iii) hydration.

of the ion-wall interaction that are specific for each ion species. The effect of the dielectric self-energy in the
channel will further modulate this distribution in such a way that the probability to find ion near the channel
wall will be exponentially small. It is clear that taking into account the molecular structure of the water and
the effect of overlapping of the electronic clouds will result in a complex spatially distributed potential profile
near the selectivity filter with high ion specific potential barriers. Therefore, at many physiological conditions,
this factor may play and important, even a dominating role in the selectivity of the ionic channels. It is also
clear that fluctuations of the position of the protein at the selectivity site will induce a strong modulation of
the height of the potential barrier enhancing probabilities of the transition of the ions through the channel.



2.3. Effect of moving wall

We now turn to the discussion of the effect of the wall vibrations on the protein permeation. The system
considered (see Fig. 2) is made of three compartments of equal size. The middle block constitutes the protein
through which there is a cylindrical hole approximating the open channel. To model ion coupling to the vibration
modes of the channel we introduce a moving segment of the protein wall elastically bind to the wall. The moving
segment is charged and represents the selectivity site. Dynamics of the moving segment and of the ions in the
bath and channel are modeled using Brownian Dynamics (BD) simulations, see egs. (2)-(4). At this stage we
still keep the assumption that the water in the channel is a continuous dielectric and consider the modulation of
the axial potential faced by ions in the channel by the moving selectivity filter. The corresponding in the axial
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Figure 2. (left) Sketch of the model with the middle block representing the protein through which there is a cylindrical
hole approximating the open channel. To moving charged segment of the protein wall elastically bind to the wall is
shown by the filled squares. Negative ions are shown by the blue circles, positive ions are shown by the red circles.
(Right) axial potential faced by a Na' ion for channel with regular contour (flat), channel with a rectangular bump at
the middle (bump) and a channel with a rectangular hole at its middle (deep).

potential for three different positions of the selectivity filter are shown in the Fig. 2(Right). A very interesting
phenomenon of pumping ions in and out of the channel can be noticed from this figure. Indeed, when the
selectivity filter moves deeper inside the channel (dotted line) the potential barrier for the ion to enter the
channel is lowered. When, on the other hand, the selectivity filter moves away from the channel axis (dashed
line) the potential barrier for the ion to exit the channel is lowered, while the potential barrier for the ion to
return to the original location becomes higher.

It is clear from the present consideration that for this effect to have considerable influence on the ion
permeation the frequencies of the protein wall vibration must be of the order of the inverse time of the ion
permeation (i.e. of the order of 107-10% Hz). Indeed, for the effect to be most pronounced the selectivity filter
should be in its lowest position at the time ion enters the channel and in its highest position at the time ion
exits the channel. The frequency of the wall vibration is taken to be the same as the one of the local motion
of proteins. It is known from the literature that this correspond to atomic fluctuation whose frequencies are of
the order of 10'2-10'® Hz and with amplitudes less than 1 A. We will show later in this paper that the protein
vibration can have an exponentially strong effect both on the transition rates and on the selectivity of the ion
channels when the structure of the water molecules at the selectivity filter is taken into account.

2.4. Amplification of the electrostatic interaction in the channel

To build a realistic low-dimension BD model of ion permeation it is also very important to take into account
the effect of the channel walls on the strength of the electrostatic interaction between the ions in the aqueous
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Figure 3. (a) The potential energy profiles in a cylindrical channel of radius r = 4 A when an electric field of 107 V/m
is applied in the z direction. The solid (blue) and dashed (red) lines correspond to the channels with and without fixed
charges, respectively. The profile of a passive channel (€protein = 80) is indicated by the dotted (black) line. The channel
is situated between 30 and 60 A. (b) Total energy of the channel as a function of the position of the ion when: the first
ion is located at the channel mouth on the left | (dashed line); the channel is empty (solid line); no channel (dotted line).
Vertical dashed-dotted lines show channel entrance. The height of the potential barrier for the ions at the selectivity site
and no ion at the channel mouth is denoted A FEy. In the presence of the second ion in the channel mouth this barrier is
reduced to AFE1.

solution. We will show in this section that ion channels can be viewed as an amplifiers of such an electrostatic
interaction. To see this we, first, analyze the energy profile faced by one ion moving through the channel.

The total electrostatic energy required to move one ion from the bulk solution to a bare channel that is
30 Along and 4 Ain radius as a function of the position of the ion is calculated as shown in the Fig. 3(a).
The potential drop across the channel is A® = 90 mV, the charge at the selectivity site (at the middle of the
channel) is -1le. Note that the value of the potential barrier for the ion at the selectivity site to exit the channel
is AEy as shown in the Fig. 3 (b).

We now consider the reduction of this potential barrier induced by the second ion situated at the channel
mouth. The total energy of the channel as a function of the position of the first ion moving along the channel
when the second ion is located at the channel mouth is shown in the Fig. 3(b) by dashed line. It can be seen
that the presence of a second ion at the channel entrance decreases the energy barrier to AFE;. We note the
reduction of the potential barrier from AFy to AFE; is much stronger in the channel with low dielectric constant.
Le. the effect of charge fluctuation is strongly enhanced by the protein low dielectric constant compared to

water. In the absence of the protein walls the interaction between two ions will be purely due to the Coulomb
2
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T m—— will be much smaller then the
TEEQT 12

forces and the corresponding reduction of the potential barrier AEs =
effect induced by the channel AEy — AFE;.

I.e. channel can be viewed as an amplifier of the electrostatic interaction in aqueous solutions. This effect
can be readily understood by noticing that the Coulomb interaction between two changes in the dielectric media
is inversely proportional to the dielectric constant of the media. I.e. for the same distance between the ions the
interaction in the protein (€protein = 2) is 40 times stronger then in water (€yqter = 80). Clearly in the protein
channel filled with water the strength of the interaction is somewhere in between of these two extreme values.
And the smaller radius of the channel the closer the strength of the interaction to its upper value in protein.

2.5. Effect of charge fluctuations

As we have shown in the previous section due to the effect of amplification the modulation of the potential
barrier by the charge at the channel mouth is much stronger then the effect of thermal fluctuations. Therefore,
the fluctuation of the charge at the channel mouth, which were largely neglected in the earlier work, may have



a dominating (as compared to the thermal fluctuations) contribution to the transition probabilities. To take
this effect into account we have estimated the distributions of the charge fluctuations from the simulations by
recording continuously (during a few microseconds) the total positive and negative charge in the channel mouth
with volume vy; = 773, where r = 6A. The arrival time was estimated by recording the interval of times between
the subsequent events of ion arrival to the channel mouth. The results of the simulations are summarized in
Fig. 4. It can be seen from the figure that the arrival time distribution follows an exponential distribution with
mean arrival time 7., ~ 3.6 x 1072 sec for Nat and 7, ~ 4.7 x 10~ sec for Cl—.

-- -1 =471ps, e
80} —1_=365ps, e ||
ar

p(r_)

|
o
o
| oY

0.5 1 15 2 25 3
t, ns

Figure 4. (Left) Fluctuations of the charge at the mouth entrance. (Right) The arrival time distributions for positive
(solid line) and negative (dashed line) ions for cylindrical channel of radius r = 6A.

2.6. Adding effects of hydration and charge fluctuations at the selectivity filter

In the previous sections we have described a number of phenomena that have a leading order contribution to
the selectivity and gating of ion channels including protein vibration and hydration effects at the selectivity
filter and effect of the amplification of the charge fluctuations at the channel mouth. We now introduce a lowest
order BD model of channel permeation that takes these effects into account. To do so we consider a singly
occupied channel, notice that all the forces acting on the ion and the selectivity filter are additive, and write
Langevin equations describing ion’s axial and selectivity filter radial dynamics in the form

=V (e(MV(r) = p(7) ()
N
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Here the first equation describes coupling of the ion and protein dynamics to the electrostatic potential in the
channel and 7 = {z;, R, z1,...,xx}, where R is the location of the moving selectivity filter, z1, ...,z are axial
coordinates of N ions at the channel mouth at the left and right entrances (note that to a good approximation
N < 4). The position of the ion in the channel its mass and charge are x;, m;, and ¢; respectively.

The channel force Fep(z;) is the same as in the original model (1)-(4). It corresponds to the energy profile
faced by one ion moving through the channel and is shown e.g. in the Fig. 3(left) by the solid line.

Coupling to the protein vibration. The term that describes coupling of the ion permeation to the protein
vibration is taken in the simplest form of the Coulomb interaction between the ion and the charge at the
selectivity filter

Qq;
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Fy(z;,R) and Fy (R, z;) differ by the sign. Note that the corrections to this simple Coulomb interaction due
to the induced charge in the protein dielectric are included into the F.h term for the ion axial motion, but are
neglected for the protein motion.

Hydration. One of the main results of the present research is modeling of the hydration effect at the selectivity
site and an understanding of how this effect can modify exponentially the selectivity and permeation of ion,
once the ions motion is coupled to the protein vibration. As a first order of approximation one can try to model
these forces using results obtained for the hydration forces of ion-ion interaction in the bulk'” and applying
further simplification alone the lines suggested in.%2! To this end we introduce the model of hydration forces
at teh selectivity filter in the form

9 _ _ .
Fu(z;,R) = QUW%(?WC + Aw U exp <RWT> sin <27rRWT - aw)] C,
r AW e aQw w T

where parameters have the same meaning as in the bulk (see Sec. 2.1 but may have different values. In
particular, we denote all the parameters of hydration forces at the selectivity filter with an additional subscript

W and assume that r is the distance between ion and the selectivity filter, Aw = /14 (575%-)? and aw =

arctan( 2‘;2‘/;6 ). As before Uy and Ry . are respectively the overall strength of the potential and the contact
distance between ions pairs, ayw,, is the oscillation length, ayy. is the exponential drop parameter, and Ry is
the origin of the hydration force which is slightly shifted from Ryy.. At this stage, however, all these parameters
become fitting experimental parameters, whose values are to be compared with the first principle calculations
based e.g on the methods described in'%: ! if the assumption of the cylindrical symmetry will be lifted off and
more realistic models of the water molecules (see e.g.!”) will be adopted. As above Fy(z;, R) and Fy (R, z;)
differ by the sign. Note also that in principle an additional important common multiplier has to be used for
the hydration forces to reflect the radial dependence of this force due to the presence of the dielectric channel
walls. However, in our model the ions are restricted to move alone the channel axis, where the contribution due

to the dielectric channel walls can be neglected.

Charge fluctuations. Another important contribution to the channel permeation, and more specifically cou-
pling of the permeation to the bathing compositions, is described by the term Zﬁ\;o Fam(xj,2;). It corresponds
to the large changes in the energy profile faced by an ion in the channel induced by the presence of other ions
at the channel mouth. Note that this term is taken into account implicitly in the earlier BD simulations.® The
results of the present research, described briefly in Secs. 2.4 and 2.5 and in more details in,2® allow one to
include this effect in the analytical RR calculations. Indeed, taking into account the fact that the charge fluctu-
ations at the channel mouth occur at the sub-nanosecond time scale with exponential distribution of the arrival
times, one can approximate this term (as will be described in more details elsewhere) by a Poisson random
force with some experimentally determined distribution of the modulation amplitudes. In this way both the BD
simulations of the channel permeation and selectivity for the complex bath compositions can be substantially
simplified. And most importantly, the corresponding RR calculations can be substantially improved since the
charge fluctuations induced contribution into the transition rate at the selectivity site can dominate over the
contribution induced by thermal fluctuations under many physiologically relevant conditions.

2.7. Coupling ion permeation to the gating

Explanation of the mechanisms of channel gating in response to an applied voltage (see e.g.,?? external and
internal ligand binding,3° stresses®! and other perturbations is one of the most challenging problem in channel
research. The main focus so far, however, has been on RR theories and MD modelling, with only a few
publications'® 2% dealing with coupling of gating to the ion motion or calculations of the potential barriers
imposed on the ions by gating. At the same time, the energy of the ion-wall interaction is comparable with the
energy barrier separating closed and open states of the ion channels.?? Furthermore, in their open conducting
state, channels still fluctuate between short-lived closed and open states, which has apparently no physiological
significance. These fluctuations often occur as bursts. It is of particular interest to investigate if and how
the protein vibration affects the energetics of gating, how the potential profiles experienced by ions during



permeation are built in the various conformational states, and how known features of the dwell-time distribution
can be incorporated into this physical picture.

The conceptual model (5) allows us to include the coupling of the ion permeation to the gating in the form
of bistable potential for the wall vibrations. Importantly, this model suggest how to calculate the shape of the
gating potential experienced by an ion at the selectivity site from the first principles using MD simulations.
Furthermore, it becomes possible to relate the sensitivity of gating to external conditions by considering a
combination of two (or more) double-well potentials: one with a deep long-lived closed state, and one with two
almost equally deep short-lived open and closed states. The transition rate between the two shapes of potential
is determined in each case by the external conditions.

2.8. Coupling ion permeation to the gating

Explanation of the mechanisms of channel gating in response to an applied voltage (see e.g.,?? external and
internal ligand binding,® stresses®! and other perturbations is one of the most challenging problem in channel
research. The main focus so far, however, has been on RR theories and MD modelling, with only a few
publications'® 2% dealing with coupling of gating to the ion motion or calculations of the potential barriers
imposed on the ions by gating. At the same time, the energy of the ion-wall interaction is comparable with the
energy barrier separating closed and open states of the ion channels.?? Furthermore, in their open conducting
state, channels still fluctuate between short-lived closed and open states, which has apparently no physiological
significance. These fluctuations often occur as bursts. It is of particular interest to investigate if and how
the protein vibration affects the energetics of gating, how the potential profiles experienced by ions during
permeation are built in the various conformational states, and how known features of the dwell-time distribution
can be incorporated into this physical picture.

The conceptual model (5) allows us to include the coupling of the ion permeation to the gating in the form
of bistable potential for the wall vibrations. Importantly, this model suggest how to calculate the shape of the
gating potential experienced by an ion at the selectivity site from the first principles using MD simulations.
Furthermore, it becomes possible to relate the sensitivity of gating to external conditions by considering a
combination of two (or more) double-well potentials: one with a deep long-lived closed state, and one with two
almost equally deep short-lived open and closed states. The transition rate between the two shapes of potential
is determined in each case by the external conditions.

3. SUMMARY AND CONCLUSIONS

In this work we consider the following problem: How molecular structure of the water and coupling of the
ion’s motion to the protein vibrations can affect selectivity and permeation of the ionic channels. We begin
by revising BD model of the ion-ion interaction in the bulk which shows that the ion-ion distribution in the
bulk at the distance between ions of the order of 10 Ais dominated by the hydration effect. It is important
to note that these results are confirmed by the experimental observations. We then proceed by showing that
the protein vibration at the selectivity filter can modify substantially the axial potential for the ion and lead
to the effect of pumping ions in and out of the channel. Next we consider the effect of the amplification of the
charge fluctuations at the channel mouth by the channel walls and show that the effect of charge fluctuations
can dominate the rate of ion transition through the channel as compared to the effect of thermal fluctuations.
Finally, we introduce a conceptual model that takes into account both the effect of hydration at the selectivity
filter and the coupling of permeation to the protein wall vibrations. We also show how the effect of the charge
fluctuations can be incorporated into this model and discuss briefly the coupling of ion permeation to the gating
mechanism within this model.

One of the central results is the modelling of the hydration at the selectivity filter and its coupling to the
protein vibration. Within this model it becomes possible to explain in a self-consistent way the strong selectivity
of the channel between alike ions (such as e.g. selectivity between Nat and K in the KcsA channel) that coexists
with very high transition rates of ions through the channel. To see this we note (see Fig. 1(Right)) that the
ion-ion distribution for alike ions is sharply peaked at periodic locations determined mainly by the ion diameter.
Furthermore, the law dielectric constant of the channel walls will force ions to occupy predominantly the narrow



region along the channel axis. As a result it will be the part of the hydration potential situated approximately
at one channel radius distance from the selectivity filter wall that affect mostly the ions permeation. It can
be seen from the Fig. 1(Right) that exactly at this distances the hydration potential can discriminate 1000:1
(and more) between different species (notice the difference in the probability to find Na™ next to Nat at this
distance as compared to the corresponding probability for Cl-Cl distribution). In practice, this will correspond
to the deeper potential well for the preferable species at the selectivity site, i.e. the channel will pump in mainly
this species of ions. However, a small change (of the order of 1Aor less) in the radial location of the selectivity
filter may result in the dramatic changes in the distributions. And, in particular, the potential well for Na®
ions will change to a potential barrier, thus pumping Na¥t ions out of the channel. I.e. we see that coupling of
the hydration potential at the selectivity filter to the protein vibration can amplify exponentially strongly the
pumping effect described in the Sec. 2.3.

It is interesting to note that within the same conceptual model other important effects such as stress
relaxation, energy dissipation, and coupling of the ion permeation to the gating mechanism can also be addressed
in a self-consistent way. The corresponding work is currently underway and will be reported elsewhere.
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