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Ball and chain model of inactivation process of some of the io chan-
nels is resolved by means of di usion (hyperbolic and parablic operators).
Polypeptide ball a part of the channel's protein that is res ponsible for in-
activation, is treated as a Brownian particle tethered on pdypeptide chain.
First passage time of the ball is calculated and compared wh experimental
data. It is shown that di usion provides an insight into the m echanism of
inactivation process in agreement with experimental data.

PACS numbers: 87.15.\W, 87.16.Uv

1. lon channels permeability

lon channels play crucial role in the process of conductionfcelectrical
impulses (particularly, in nerve and muscle cells). They paneate selec-
tively sodium and potassium ions and allow to polarize/deptarize neuron's
membrane creating thus a traveling impulse.

Channels are integral proteins immersed in the cell's lipidbilayer, which
itself has usually poor ionic permeation. Channel's third oder structure
creates a transmembrane pore a passage for ions. Voltageclamp tech-
nique developed by Marmont, Hodgkin, Huxley and Katz in late forties,
allows to investigate channel's ionic permeabilities by masurement of ionic
currents through the membrane, when transmembrane potendl is held con-
stant [1,2]. Further introduction of, so called, patch clamp allows to per-
form measurements even on a single ionic channel [3].
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As comes out from experiments, permeability of channels utuates in
time and is determined by varying structure of the channel. Mbdulation
of permeability (modulation of ionic ux) is called gating. Gating may
be driven by di erent stimuli like chemical species, or varation of electric
eld [3].

Gating by electric eld is the basic phenomenon that allows he nerve
impulses to ow. It is widely accepted that voltage gated ion channels have
a voltage sensor located at their S4 segment. Part of the prein that builds
the sensor is usually rich with arginine and lysine, and is ale to move under
the external, electrostatic eld, changing the whole confomation of channel,
thus making it impermeable for ions. Interesting fact is, that even if channel
is subjected to the constant, positive transmembrane voltge that keeps it
open, its permeability decreases after short time (channahactivates). It is
than clear that the voltage gating is not the only one mecharsm of gating
present in ion channels [5].

2. Ball and chain model of inactivation

Explanation of inactivation phenomenon was given by Armstong and
Benzanilla, who proposed, so called,ball and chain model, con rmed by
experiments and measurements described in [4,6]. Accordjrto the model,
part of a channel's protein (in case of potassiunShaker channel which was
extensively investigated its rst twenty aminoacids) act s like a ball, teth-
ered on the polypeptide chain. When the channel is closed, Baemains in
ceaseless motion, limited by the length of the chain. When amnel opens,
ball may struck and bind to the active site of a channel block ing its
pore and causing inactivation. It is worthy to realize, that the opening and
closing of a voltage-gated channel is a voltage stimulatedrpcess. When
channel is open, the inactivation takes place due to the bdl random walk
of di usional nature.

In this approach to the formulation of the model, we have assmed:

reduction to one spatial dimension,

position of the ball, at the moment of opening of the channeljs given
betweenO and L, whereL is the length of the polypeptide chain,

every collision with the channel's inlet is e ective once t he ball
strikes the channel it blocks it,

length of the chain generates the length of the region at whitthe ball
may wander; chain has no any other in uence on the ball's movaent.

It may be therefore concluded, that the model does not desdse the quasi-
periodic behavior of the ionic channel, but the process of & inactivation.
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3. Diusional approach to the ball and chain model survival
probability and rst passage time

Application of di usion to the ball and chain concept becomes clear when
we realize, that ball which inactivates the channel behavetike the Brownian
particle. Its ceaseless motion originates from the frequercollisions with
comparatively small molecules of surroundings, and is lined by the chain
linking it to the channel. In our approach to the ball and chain model,
we do not attempt to track the trajectory of inactivating bal |. Instead,
we describe its position in terms of probabilities using fdbwing di erential
equations: (link between di erential equations we use, andhe random walk
of Brownian particle, is given in [10])

Parabolic equation of di usion

Although it implies the in nite speed of propagation, what i s hardly
acceptable from the physical view point, the parabolic equéon pro-
duces results, that are intuitive and easy to interpret. Forlong times,
its parabolic defect (i.e. in nite speed of density propagation) has
no signi cance.

Hyperbolic equation of di usion

This equation implies the nite speed of propagation itist he gen-
eralization on short times of parabolic di usion equation [8]. We pos-
tulate, that this equation should provide a reacher descrition for the
ball and chain problem than the parabolic one. This becomeslear
by realizing, that the movement of the inactivating ball shall indicate
a correlation in the certain directions of motion, and thus posses a
non-Markovian character. These correlations may have di eent con-
tributions. The most obvious is the inertia of the wandering ball, and
local electromagnetic elds. Another important source of the correla-
tion in the ball's motion is the relaxation of stresses in theaminoacid
chain that links the ball to the channel. This will facilitat e the ball's
movement in the direction that minimizes the overall chain dress.
Thus the non-Markovian, correlated random walk, that stays behind
the hyperbolic di usion, should resemble the nature of balls move-
ment more accurately. This approach also provides more chacter-
istic quantities describing the process (di usion constan D and the
average correlation time ).

To stay in agreement with model's assumptions the initial ad boundary
conditions have to be imposed as speci ed in Fig. 1:
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Fig. 1. Initial and boundary conditions for the ball and chain model.

Di usional approach to ball and chain model, allows to estimate the
probability density distribution of the ball's position as a function of time
and space. Based on that the following quantities, easily coparable with
electrophysiological data, may be derived:

Survival probability de ned as:

v
S(t)=  f(x;t)dx 1)
0

which indicates the probability that the ball is still in reg ion x 2 (O;L)
(where L is the length of the polypeptide chain), and therefore, that
the channel remains open (survives at its opened state); ploof S vs
time shows the shape of relation of average ionic trans-chael current
vs time, when the channel is open and inactivates;

First passage time de ned as:

d@@  s(t) _ d(s() @
dt dt

which is the probability density distribution for times of channel's
closure. The above formula my be justied by noting that 1  S(t)

indicates the probability if the time t was bigger or equal to the time
that ball needed to reach the channel's inlet. Thereforel S(t) is
the cumulative distribution for so called rst passage time.To get its
probability density distribution, 1 S(t) has to be di erentiated with

respect to time.

F(t) =

Important parameter in the di usional approach is the length of the chain,
denoted by L. Its value is estimated on the basis of aminoacid sequence of
the chain. According to [11] it is equal to2:1 10 & [m].
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4. Formulation of the problems, methods of solution

The ball and chain model was resolved by parabolic and hypeniic equa-
tions of di usion. As noted earlier, hyperbolicity shows its importance in
short times, as it implies the nite speed of propagation. Fa su ciently
long times, parabolic and hyperbolic approaches produce thsame results.

4.1. The parabolic di usion

The following I1BVs! problem was posed

p @t | @xt) _ .

a3 a1 ; x2(@OL); t2(0;+1); €)
f(x;t=0) = (X Xo); (4)
f(Xt)jix=o = 0; (5)
Yo =0 ®)

where f (x;t) is the probability density distribution of the ball's posit ion
in time, D is the diusion constant, L denotes the length of the chain.
De nition of absorbing and re ecting boundary is obvious, and does not
require comment.

The problem was solved by two methods: the separation of vaables
and by the method of re ection and superposition. Moreover,results were
con rmed by numerical solution (standard Crank Nicholson scheme), and
some simple random walk simulations (results from random wé& are also
presented in ( [11]).

Solution of equation (3) with conditions (4) (6) obtained by the separa-
tion of variables has the following form

1 » (x xg+2mL )2 ( x xp+2 m+2) L)?
f(x;t) = p— ( D"e o +( 1Me o
2° Dt
(x+xg+2 mL)2 ( x+xp+(2 m+2) L)2
+ ( 1)m+1 e 4Dt + ( 1)m+l e 4Dt (7)

1 IBVs stands for the initial-boundary values problem. This acronym is commonly used
in the theory of di erential equations, and means that for a s peci ¢ problem with the
di erential equation, initial and boundary conditions wer e speci ed.
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While the solution obtained through re ection and superpostion reads

n

R
f(xt) = Esin wx sin Mx

i oL ° 2L
n= n ) ##
(2n +1)
Dt 8

Series (7) shows fast convergence for short times (only a féarms are needed
to get satisfactory result), while series (8) shows exceli# convergence for
long times. As a matter of fact the solutions (7) and (8) can beobtained
following suggestions given by Crank, many years ago [7].

Numerical solutions with Dirac delta as the initial conditi on, might have
stability troubles at early times, when delta’'s peak is sharp. To avoid this,
we initially used at early time stages analytical solution br corresponding
Cauchy problem (given in [7]), and once boundaries became portant, we
switched to pure numerical scheme.

4.2. The hyperbolic di usion
In this case the following IBVs problem is posed

@f (x;t) D@f(x;t) L @it _ .

x2 (@O;L); t2(0;+1);

@t @3 ot ¥
(=0 = (x xo 2o IRLTEC
2 @g;tt) =2 @g;xt) o (10)
Yo =0 (11)

where D stands for the di usion coe cient,  for the correlation time, v for
the mean speed of the inactivating ball, andL for the length of the chain.
It the case of hyperbolic equation, formulation of absorbilg and re ecting
boundary condition requires some comments.
At the re ecting boundary condition, we demand to have ux equal to
zero. In case of hyperbolic di usion the ux is given by the fdlowing relation:

@fxt)  @dp(xt)
@x @t

Since atx = L, J(L;t) = 0 for all t, its time derivative is also zero. Therefore
(12) reduces e ectively to the form given in the formulation of the problem.

Jnip(;t)= D

(12)
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The absorbing boundary condition for hyperbolic operator s totally dif-
ferent in comparison with that used in parabolic diusion. Posing
f (X;t)jx=0 =0 in hyperbolic case, causes the solution to take the negative
values, which is unacceptable, since probability density mst be positive
de nite. Correct formulation of absorbing boundary may be justi ed by
considering correlated random walk from which hyperbolic quation of dif-
fusion may be derived.

In this derivation, one usually considers a particle movingto the left or
right, for which, we may de ne the following probabilities:

(x;t) which is the probability that at time t and position x, we my
nd particle that arrived there from left;

(x;t) which is the probability that at time t and position x, we my
nd particle that arrived there from right;

Discretizing time and space, we make particle to move at jums (of length
and time T). After each jump, particle may change its direction of motion
(with probability q) or keep it (with probability p). Since particle may not
stand still, p+ g=1.

Evolution of (x;t) and (x;t) may be described by the following set of
equations:

(xt+T)=p (x ;t)+qg(x ;t); (13)
(t+T)=p (x+ ;t)+q (x+ ;t): (14)

In our boundary condition, there is no particle, that arrived there from
the left side (from position x ), therefore (x;t + T) is equal to zero.
Further, (x+ ;t) has to be also equal to zero, since at point+ there is
no particle that arrived there from the left (because partide can not escape
from absorbing boundary condition). Therefore the above deof equations
reduces to:

(Xt+T)=p (x+ ;t): (15)

Expanding (x;t+ T) and (x + ;t) into the Taylor series, with p =
1 T ,where is the rate of reversal of direction of particle's movement
we get:

@ (x;t) @ (x;1) @ (x;t)

. (x — oy _ (x
(x;t)+ ot T= (xjt)+ @x T (xt) T ax (16)
In the limit, when T! Oand ! 0, suchthat =T ! v, wherev is the
nite speed of a particle, (16) reduces to:
@) . @), (. 17)

ot @x
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Since, as mentioned previously, at the absorbing boundaryriy the particle
that travels to the left is present, we have (x;t) = f (X;t)jx=0. Moreover,
from the derivation of hyperbolic equation we have: = zl where is the
correlation time (the mean time after which particle will reverse its direction
of motion). Rewriting (17) we get:

@f(x t) Zoy @fx;t)
@t x=0 @X x=0

f(0;1) (18)

which is the absorbing boundary condition posed at the formiation of the
problem. It is worth to notice, that at the limit, when ! 0, which means
that all the correlation in the motion is lost, (18) tends, as it should, to (5).

Similar way of deriving the absorbing boundary for hyperboic di usion
equation is given in [13] and in [14].

The hyperbolic ball and chain problem, such as formulated abve, was
solved with application of two auxiliary problems (19) and (20), that are
shown below, and some rules of symmetry illustrated in Fig. 2

% @fl(Xt) D@fl(Xt)+ @fl(Xt)—O; x2 (0;2L); t2(0:+1);

(X Xo); 7@%;{0 o =05

(X'[) @ﬁ(Xt) ct -
@fl(X'() @h(xt) CEY .
N =2 VTax x=2 L faeLit);

(19)

fait=0)= (x 2L+x)); @ =o0;

fix;t =0)= (X Xo); @1i(x:t) -0:

@fz(x;t) — @b (xt) ChY -
@t %=0 - 2 \ @X fZ(Ol t) ]
@b(xt) =2 y @kxt) fo(2L:1)
@ty V" ex x=2 L 2(2L1);

8 @fa(xt) @fa(xt) . @b(xt)
% ég D ég + =t =0; x2(@©;2L); t2(0;+1);

(20)
where the detailed analytical form of f 1(t;x) and f(x;t) is given in [14].
Fig. (2a) shows the evolution of solutionf1(x;t), i.e. problem (19), while
(2b) shows the same fof »(x; 1), i.e. problem (20). In both cases, the domain
of spatial variable x belongs to the region(0;2L). It may be noticed, that
problems (19) and (20) are symmetric with respect to the linepositioned at
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Fig.2. An idea of the construction of solution (22) for hyperolic ball and chain
problem.

x = L. Because of this symmetry, the following equality holds:

If we de ne the function f (x;t) as
f(xt) = fo(xt)+ fa(x;t) (22)
we may notice, that
@ixt)  _,. (23)
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Thus the f (x;t) reads:

is the solution of a linear hyperbolic di usion equation, for it is the
sum of two solutions of that equation,

reproduces the initial condition of the ball and chain probkem, because
the second Dirac delta peak from (20)is outside the regiorf0; L) at
t=0,

keeps the absorbing boundary condition atx = 0, since bothf1(x;t)
and f»(x;t) also keep it,

keeps the re ecting boundary condition atx = L, as shown above.

Therefore, f (x;t), dened in (22), is the solution of the hyperbolic ball
and chain problem, resulting from equations (19) and (20), espectively.
Details concerning the derivation off 1(x;t) and f 2(x;t) together with their
analytical formulas may be found in [14].

5. Comparison with experimental data

Our theoretical results can be compared with electrophysiogical date?.
Experimental data were sampled with the time resolution eqal to 0:1 [ms]
and the whole experiment was 25 [s] long. During whole measement chan-
nel was activated and deactivated many times, thus we were db to nd
mean experimental rst passage time of inactivating ball.

Based on solution of parabolic equation, with aid of de nitions (1), (2),
theoretical rst passage time was found. Fig. 3 shows the r$ passage
time calculated from experiment, with the corresponding rst passage time
obtained theoretically, from the parabolic di usion equation. For initial
position xo = 0:4L (84 10 1 [m]) with diusion coecient D = 1:2
10 ° [ecm?/s] theoretical curve was best tted to experimental data.

In Fig. 4 the experimental rst passage time is compared withthe one
calculated from the hyperbolic di usion approach. Theoreical curve was
tted to experimental data, for the same initial position of the ball (xo =
0:4L) as in the case of parabolic tting. For di usion coe cient D =1:3
10 ° [c?/s] and the e ective correlation time =2 10 ° [s] we get the
best agreement. Please note, that and D were estimated from experimental
data based on nonlinear regression. This is de nitely an namique way of
getting the numerical values of these parameters.

2 Thanks to the courtesy of Peter N.R. Usherwood, University o f Nothingam, UK.
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Fig. 3. Experimental (adult locust muscle K * channels) and theoretical (parabolic
di usion) rst passage time.

Our estimated average correlation time may be compared with data
presented in [16] and [17], where the correlation times foions that crosses
the channel where found to be of the order of femtosecond4@ * [s]). Tak-
ing into account the di erences in masses between a singlendsay potassium
or sodium ion) and the inactivating ball, it appears that the approximate
correlation time for the ball should be at the scale of10 2 [s] (since the
ball is about one hundred times heavier), what seems to standgainst our
results. This discrepancy may be explained by stating that here have to
be some other factors, di erent than inertia, that increasethe tendency of
conserving the direction of ball's motioni.e. creating, so called, e ective
mass . One of the most prominent factor is the chain that links the ball to
the channel. It not just increases the inertia of the whole meing system, but
also adds the e ect of the chain relaxation to its preferableconformations
promoting thus the conservation of movement at certain diretion. We also
think, that the electrostatic forces that drives the chain relaxation, together
with the interactions between ball and the crowded surroundhgs in which
it is di using, might be strong enough to make the e ective correlation time

of the estimated order.

To sum up, the value of =2 10 ° [s] results not only from the inertia
of the aminoacid ball, but also from all the external in uences, mainly the
electrostatic elds, that supports the correlated ball's movement. As may be
seen for the long times, the hyperbolic rst passage time bedves similarly
to parabolic one. Noticeable di erence is observed for shotimes.
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Fig. 4. Experimental (adult locust muscle K * channels) and theoretical (hyperbolic
di usion) rst passage time.

Hyperbolic rst passage time Br@s that the probability of blocking
the channel at the timet 2 (0;xo= D= ), is equal to zero due to the nite
speed of the ball which is de ned asvy = D= . As may be seen in Fig. 4,
too low resolution of experimental data gave no possibilityto verify if such

a lag appears also in the measurements (experimental pds were denoted
with circles).

6. Calculation of the di usion coe cient of the ball

Knowing the di usion coe cient for a single aminoacid in wat er, we are
able to estimate value of di usion coe cient for inactivati ng ball, taking the
corrections due to size and mass of the ball.

Diusion coe cient for a single aminoacid rest is of the order of
10 5 [cm?/s] (as given in [11]). An inactivating ball is characterized by
di erent di usion coe cient, since it has larger mass (what in uences aver-
age velocity) and di erent area (and thus di erent collisio ns frequency with
the molecules of surroundings) comparing to aminoacid rest

Microscopically, di usion coe cient for an inactivating b all, is equal to:

D=v ; (24)

where is mean free path, andv is the average velocity of the ball. Mean
free path may be de ned as:

V .
P (25)
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where k is the frequency of collisions with the molecules of surroudings.
Therefore, reformulating (24) we get:

2

v

D=—: 26

. (26)
Frequency of collisionsk is linearly proportional to the surface area of the
ball, that scales with ball's mass as follows:

k/ area/ mas$=: (27)
Average velocity of the ball, denoted asv, scales with ball's mass as:
v/ m 2 (28)

(providing that the kinetic energy does not change). Conclding, we have
the di usion coe cient, that scales with the mass of the ball as:

D/ m 53 (29)

Having the diusion coe cient for aminoacid rest and knowin g that ball
consists of 20 aminoacids, we get the estimated di usion codent of inac-
tivating ball:

Dpat = Do 20 °2=6:7 10 8[cm?=s]: (30)

The value of calculated di usion coe cient however close to those obtained
on the basis of parabolic and hyperbolic models, diers fronthem in the
noticeable extent (about twice). The reasons for that couldbe as follows:

In the calculations of di usion coe cient, perfect, spheri cal shape of
the inactivating ball was assumed. Dierences in molar masss of
aminoacids constituting the ball were neglected.

Value of diusion coe cient for which the parabolic and hype rbolic
rst passage time was tted to experimental data is only approximate,
because of rough shape of experimental curve (insu cient arount of
experimental data).

7. Concluding remarks

Application of di usion in ball and chain model is well justi ed. Di usion
arises from the physical and statistical properties of thenactivating ball and
gives results, that stay in agreement with measurements. Mae of di usion
coe cients calculated in (30) is in reasonable agreement wh that obtained
from the hyperbolic and parabolic models.
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To provide more accurate results, longer measurement sesevould be
of great value. It would result in smoother experimental rst passage time,
that would give more accurate di usion coe cient for the bal .

Based just on the currently available, experimental data, itis not possible
to decide whether the parabolic or hyperbolic approach is me appropriate
in the modeling of the behavior of an inactivating ball. Time scale at which
the parabolic and hyperbolic approaches produces di erentesults is still
beyond the capability of experiment. It might be however posible to extract
the shorter time scales from the currently available data, lsing on their
self-similar nature [18]. Adjusting the hyperbolic model b the data with
higher time resolution, will surely bring some correctionsto the average
correlation time , allowing thus for more precise justi cation of the sources
of correlation in the motion of the inactivating ball.

Yet, basing on another properties of the measured ionic cuent, we may
attempt to choose the hyperbolic approach as the better one.As it was
stated in [19] current produced by the adult locust muscleK * channels
has the non-Markovian character. Since the hyperbolic di wsion is the non-
Markovian process, it seems right to choose it as a proper tdan this situ-
ation.

Of course, the hyperbolic equation is not the only possiblelmice to de-
scribe the correlated, non-Markovian motion of the aminoa ball. One may
employee the standard di usion or Smoluchowski equations ith functional
coe cients as well. If successful, this will only proof that the phenomenon of
inactivation could have a couple of nonunique analytical dscriptions equally
good, and being able to enlight the process from di erent viev points, not
only from the tting data one.

This work was partially supported by grant BK-233/RCH4/2006 , and by
the O ce of Vice-Rector for Education of the Silesian University of Tech-
nology.

REFERENCES

[1] A.L. Hodgkin, A.F. Huxley, B. Katz, Physiol. Lond. 128, 28 (1952).
[2] G. Marmont, J. Cell. Comp. Physiol. 34, 351 (1949).

[3] B. Hille, lon Channels of Excitable Membranes Sinauer Associates, Mas-
sachusetts 2001.

[4] C.M. Armstrong, F. Benzanilla, Physiol. Rev. 61, 644 (1981).
[5] Ch. Antz, B. Fakler, News Physiol. Sci.13, 177 (1998).
[6] W.N. Zagotta, T. Hosi, R.W. Aldrich, Science 250, 533 (1990).



On the Ball and Chain Model by Simple and Hyperbolic Di usion::: 1879

[7] J. Crank, The Mathematics of Di usion, Clarendon Press, Oxford 1975.

[8] E. Zauderer, Partial Dierential Equations of Applied Mathematics , Wiley-
Interscience, 1998.

[9] S. Goldstein, Quart. Journ. Mech. and Applied. Math. IV , 129 (1951).
[10] Z.J. Grzywna, J. Stolarczyk, Acta Phys. Pol. B 36, 1595 (2005).

[11] L.S. Liebovitch, L.Y. Selector, R.P. Kline, Biophys. J. 63, 1579 (1992).
[12] G.H. Weiss,J. Stat. Phys. 37, 325 (1948).

[13] J. Masoliver, J.M. Porra, G.H. Weiss, Phys. Rev. E48, 939 (1993).

[14] J. Masoliver, J.M. Porra, G.H. Weiss, Phys. Rev.A45, 2222 (1991).
[15] D.J. Bicout, A. Szabo, J. Stat. Phys. 91, 1047 (1998)

[16] S. Kuyucak, O.S. Andersen, S. ChungRep. Prog. Phys.64, 1427 (2001)
[17] G. Moy, B. Corry, S. Kuyucak, S. Chung, Biophys. J. 78, 2349 (2000)

[18] L. Bassingthwaighte, L.S. Liebovitch, B.J. West Fractal Physiology, Oxford
University Press, 1994.

[19] A. Fulicski, Z.J. Grzywna, I. Mellor, Z. Siwy, P.N.R. Us herwood, Phys. Rev.
E58, 37 (1998).



