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Effects of nonequilibrium fluctuations on ionic transport through biomembranes
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We investigate the effects of nonequilibrium flutuations on ionic transport through ion channels in mem-
branes using the concept of localized ratchet. Due to the localization, the ionic population in the binding site
can be enhanced or suppressed depending upon ionic potential and its fluctuations, affecting the gating kinetics
of the channel. The localized dichotomic fluctuations of ionic potential are shown to give rise to a current
reversal differing from the results of periodic ratchets. It is also found that strong correlations between binding
energy and membrane potential fluctuations induce resonancelike behaviors in ionic current as the fluctuating
rate varies[S1063-651X99)17010-7

PACS numbds): 87.16.Uv, 05.40-a, 05.10.Gg

It has been shown that oscillatory or stochastic electricslope[8]. The other case is the fluctuation of potential. When
fields may cause directional flow in biochemical cycle andthe potential barrier is fluctuating dichotomically for ex-
active transport through biomembrangls-4]. Using irre-  ample, the net flux is induced toward the side of higher slope
versible thermodynamics, enzymes have been shown to uti8]. In either limit of fast or slow fluctuation, the net flux is
lize free energy supplied by external time-dependent perturreduced to zero. This is due to the fact that for fast fluctua-
bations driving the chemical reactions they catalyze awayion the net current is the outcome of the average potential
from equilibrium[1]. The random fluctuations of an external and for slow fluctuation it is the average of the current of
electric field can stimulate the pumping mode of Na,each individual potential configuration allowed by the fluc-
K-ATPase, which has been theoretically shown to be a kinduation. But when the flippingfluctuation) occurs at optimal
of resonance between external field frequency and internghtes, maximum currents can occur.
frequency of the membrane proteins in a four-state electro- In the systems where the translational invariance is bro-
conformational couplingECC) model[2]. The same experi- ken, it has been shown that the nonequilibrium fluctuations
mental data can be interpreted in terms of much simplegan give rise to a high probability into a desired positiéh
Astumian-Robertson(AR) model for the active kinetics and frozen disorders strongly reduce the efficiency of ratch-
which takes into account two states of the protein only, buets [10,11. The ion channels in biological membranes
including internal fluctuation of membrane potenfial. should provide an example of the ratchetlike systems with

In the physics community, nonequilibrium fluctuation finite size as well as broken translational symmetry.
(noise-induced phenomena have recently attracted consider- lon channels are the macromolecular structures that play
able attention. The thermally driven escape of Brownian paran important role for ionic transport across biomembrane to
ticles over fluctuating potential is greatly enhanced if the rategive rise to neural signal transduction. In crossing the chan-
at which the potential fluctuates is commensurate with theel, the ions are subject to a potential given by the membrane
escape rate in the absence of the fluctuation, which is calle@nd other fluctuating background media of dielectric charac-
resonant activation [5,6]. Another novel phenomenon ter. Since, in addition, the ion channel has a large number of
brought by nonequlibrium flucutation, calledtochastic —conformational states undergoing transitions, the back-
ratchetis the occurrence of macroscopic current in a transgrounds give rise to nonequilibrium fluctuations with various
lationally symmetriqperiodig but locally asymmetric struc- time scales/12]. The binding sites located in the channel
ture even though no macroscopic force is acting on averagi@rm local potential minima where the ions reside for a while
[7]. There are a variety of fluctuations with a wide range ofto cross the membrane. Considering only one site of binding
time scales in biological systems due to their complex strucwith variable widths and depth@gnteracting ranges and en-
tures which are flexible and susceptible to external noisesrgies, we adopt for analytic simplicity the piecewise linear
With these fluctuations incorporated into potentials, resonarpotential as the ionic potentitl(x), defined for the position
activation and ratchet can be relevant phenomena behind<x<L as shown in Fig. @g). When the potential differ-
biological cooperativity. ence across the membrafmembrane potentiplU,, van-

The ratchet potentials have usually been considered to hishes, the potential (x) is symmetric with respect to the
of periodic sawtooth-type with two different slopes. A binding site, which is assumed to be located at the center,
Brownian particle first localized in a potential minimum re- x=x,=L/2 [Fig. 1(b)].
arranges itself in a changed potential induced by a nonequi- Because the nonequilibrium fluctuation in the systems
librium fluctuation. Due to asymmetry of the sawtooth po-with no translational symmetry can induce the localization of
tential, the subsequent distribution rearrangement gives ris8rownian particles as mentioned before, it can be inferred
to a directed motion. The two cases of nonequilibrium noiseshat the ionic population in binding sites of ion channel can
of dichotomic type have been considered. One is the fluctuade enhanced or suppressed by the fluctuations. It has been
tion of force, uniform at any time, which, upon acting on the shown that the ionic population in the binding sites can in-
particle, gives rise to a uniform flux toward the side of lowerfluence channel function by interacting with channel
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Here P;"(x,t) is the probability density at in regioni that
A the particle is at positior under the force with+ signs,fis
the flipping rate of the fluctuation.
It should be noted that in our situation, in general, the

()

(b) Ui Us usual rate kinetics adopted in ECC and AR models should
A\x4 not be applied since the nonequilibrium fluctuations and/or
*2 crossing dynamics can be fast so that the particle within the
X; X3 well is not in quasiequilibrium. The rate kinetics fails to give
a correct description if the flipping timef (1) is not much

longer than the ionic relaxation timey, comparable to
L2/D whereD =kgT/y (diffusion constant because the fast
FIG. 1. (a) Model potentialU(x) of ion with a binding site at  fluctuation drives the ions in the well away from quasiequi-
the center of channel. It is characterized by the barrier heightibrium [6]. If we take the values a$ =5 nm andD
U,,U; and binding depttJ, as well as the membrane potential =10 **~10"° m?/s, which is smaller than in the bulk be-
Un. (b) The U(x) is taken to be symmetric in the absence of cause of restricted space inside the pdi®], the rp is of
membrane potentiall(,,=0). order of 108~107° s. This suggests that the rate kinetics
has a limited validity for the ionic transport under the non-

structure[13—18. For example, the permeant ions preventequilibrium fluctuation with the flipping raté=10° Hz as-
the channel from closing by entropic interactiptd—1¢.  Sociated with stimulating the pumping mode of Na,
Therefore, there is a good possibility that the fluctuationd<-ATPase[2]. Moreover, it is not legitimate to use the rate
affect the gating kinetics of the channels via pumping ionskinetics for the case where the barrier height is not high
into or out of the binding site. enough for ions in the well to be equilibrated. The descrip-
In this paper, we study the changes of ionic concentratiohion of Fokker-Planck equation should have more general
at the binding site and current in ion channels induced byalidity for the wide range of flipping rate and in the low
nonequilibrium fluctuations. The equation of motion for anbarrier cases. . _ _
ion in the channel is the overdamped Langevin equation, ~ After converting to dimensionless units</L—x,
(kgT/yLH)t—t, (yL%kgT)f—f, and F;=AF;/kgTL)
—F,=AF,;, we get the following Fokker-Planck equation:

U:

U(x)
o TEDFFX, (1) . ; o +
St P = | (R AR+ |PF (1) = fPE (X 1)

yX="—

where(t) is the thermal noise, white and Gaussian, related + TP (x,1). 4
to the damping coefficieny via the fluctuation-dissipation

theorem, In terms of the new functiong®;(x,t) =P;" (x,t) + P, (x,t)
and Q;(x,t) =P;" (x,t) — P; (x,t), the equation can be writ-

(E(1)E(0))=2ykgT8(1). (2 tenas

J J
With this noise only, the system approaches the equilibrium Epi(x’t):&( B FiPi_AFiQ”L&Pi)’ (5)
at long times. By the additional nonequilibrium fluctuation,
F(x,t), however, the system is driven out of the equilibrium. J J
We consider the nonequilibrium fluctuation to be modeled as  —Q,(x,t)=—
dichotomic noise which flips between two states with rfate ot IX
One case we study is the fluctuation of the membrane poten-
tial (U, i.e., the uniform force acting on the ion in the  The stationary solution oP;(x,t), the total probability
region, 0<x<L. The other case is the local potential fluc- density, is of interest. Below we obtain stationary solutions
tuations which are manifested in the barrier heightg,and  satisfying @/dt)P;=0 and @/dt)Q;=0, and thus
U,, and the binding deptb,, due to the local fluctuations of
electric fields on the ion induced by the backgrounds.

In both cases, the force on ions in each region fluctuates —FiPi—AFQi+ —Pi=—J, (7)
betweenF;+AF; andF;—AF; wherei denotes each linear
region X;_1,X;), i=1,...,4. One can set up theokker-
Planck equations equivalent to the Langevin equations in
each region as follows:

J
_FiQi_AFiPi"'&Qi) —2fQ;. (8

J 14
| ~FiQi—AFiPi+ -2 Q1 —2fQ;=0, ®
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where J is the stationary current which is defined as 14 — T T
(alat)P=—(adl9x)J. After eliminating Q;(x) in the above ,
equations, we obtain the following linear ordinary differen- b
tial equation forP;(x): wzk
& 7 LF
— —2F— +(F/—AF{ - 2f)—+2fF Pi(x)=2fJ. Z
ax3 x> Z 0k
9
09
We write the solution of the form L)
+
3 08 bbb /\/\$ I
P(X)= > Cije”iJX+J/Fi (10 07 T
=1 10 10 10
Flipping Rate, f

and, by Eq(7),
FIG. 2. Enhancement and suppression of ionic population by
1 3 membrane potential fluctuations with slow flippin¢g) is for
Qi(x)= E (—F; +)\”)C,]e (11 X1 /X5=0.9 (narrow binding sitg and (b) is for x; /x,=0.1 (wide
AF; (%4 binding sitd; Uy=0, Cin=Cqu, U;=U3=8, U,=0, x,=0.5,
Xo—X1=X3— X, AU,=2, AU;=AU,=AU;=0.
where \;; is the jth root of the characteristic equation in
regioni that follows from Eq.(9). the ratio of the number of ions in the binding in the presence
To maintain the stationary state of constant but nonuniof the fluctuation to that without it an§l the normalized
form concentrations, we impose the boundary conditions agyrrent,
both sides of membrane locatedxat 0 andx=1,

P1(0)=Ai,Cin /Nyt (12) f dx oz(X)+f dx c5(x)
N/Ng= , (19
P4(1)=AouCout/Neot. (13 f dx &(x)+ f dx &(x)
X X
whereC;, andC,; are ionic concentration in bulks,,, and ' ’
A, denote the cross-sectional area of the channel inside and Niord
outside of membrane, ad,, is the total number of ions in i= (20

the system including the bulk. Moreover, since the bulk con- AinCin

centrations do not depend on the configuratienor —) of
the fluctuation,P; (0)=P; (0) andP; (1)=P, (1), which
gives us

where the superscript 0 indicates no fluctuation. The ratio
N/N, is expected to go to unity as flipping rate of any fluc-

tuationis goes to infinity because ions feel only average po-
tential, which is exactly the potential in the absence of fluc-

Qu(0)=0, (14 tuation. For the same reason, a fast nonequilibrium
1)=0 15 fluctuation around an equilibrium yields no net current.
Q4(1)=0. (15 First consider the fluctuation of membrane potential,

AU, around the equilibrium stateJ,,=0 with C;,
=C,ut,» Where the potential barriers are symmetric about the
position of the binding sitex, . In Fig. 2, it is shown that the

If we further note thaP;(x) andQ;(x) have to be continu-
ous at anyx, we obtain the following boundary conditions:

P.(x:)=P. ) 16 localized potential with broken translational symmetry can

(X)) =Pi+1(Xi) (16) L , e :
alter the ionic population under nonequilibrium fluctuations.

Qi(x) =0, 1(x) 17) We can see for this case that slow fluctuatiésmall f) in

membrane potential increase the ionic population for narrow
. P . . o binding site(a), decrease it for wide binding sité). The
ﬁl?rﬁgr;?sg Jthedch)ir;tér:jug); ?/13%())83'—(?39/ ;(r;c\i] tf:etg rcE)za?él;,ty slow membrane potenti@brce) fluctuation induqes directeq _
we can fin% additional boundalry conditions? current and thus enhancement and suppression of the ionic
' population at the binding site. Whether the ionic population
/ N A v (E  —ENO.(v. increases or not is determined by the direction of the current,
Q200 = QI W) ={(Fi 1= FQi(x) which depends on the local shape of asymmetric potential.
+(AF; 1—AF{)Pi(x)}, (18  As can be inferred from the result of a ratchet with fluctuat-
ing force, the binding site narrowvide) enough to produce
where the prime denotes position derivative. the potential well of high(low) slope in the range;<x
What remains to be done is to solve the linear equations<x; induces the nonstationary current it of) it.
with 13 unknowns using the above 13 boundary conditions, Figure 3 concerns the situation where the two barriers
for ionic population c;(x) =NPi(X) and currentN;,J,  fluctuate simultaneously. The enhancement or suppression of
with the parameters relevant to the real channel. We definthe population is observed depending upon the width of the
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FIG. 3. Enhancement and suppression of ionic population by FIG. 5. Enhancement and suppression of ionic population by
two barrier fluctuations(a) is for x; /x,=0.1 (wide binding sit¢ one barrier fluctuation; the situation is the same as the previous
and (b) is for x,/x;=0.9 (narrow binding sitg U,=0, C,,  [dure.
=Cout, U1=U3=8, U,=0, AU,=0, AU;=AU,=2, AU . . .
:001;2=0.15 x23—x1=x32—x2. m ! z z of the barrier. Because of this reversal current, the increase

’ ' of ionic population in binding site takes place in FigbB
- . . . I : Although we have considered two cases of fluctuations
binding site and time scale of fluctuations, which is ent'rewseparatelg/ in real situation, however, they occur in corre-
different from the above result of membrane potential ﬂuc—Iated manners. As the conformation of the voltage-gated ion

tuation. The results of periodic ratchet potentidd$ explain channel depends upon the direction of applied field, so does
that the moderately fast potential fluctuations make the ionitfhe shape of ionic potential. This asymmetric field’ depen-
population increase for wide binding site and decrease fo&ency does bring the local fluctuations of the potential in

narrow binding site. But, a difference lies in that in our ©aSSstrong correlation with the fluctuation of the membrane po-
there exists a range of small flipping rate where the ion

I(‘Tential, U, . In the case of periodic ratchet, the correlated

Eg{)uur?tcl)?r;ofaltiazneh da?ocr?ig fz:eilttig?:/vﬁﬁss’b:giglr?rt]%r]:rs?t?;ntgﬁlucmation between force and potential tops cannot be distin-
P guished from the correlation with potential bottoms. How-

Syrﬁﬂﬁgyébove case there is no net current due to inversioever’ in our situation, the correlation between force and po-
svmmetry of the svstem. However if we allow onlv one tential barriergtops and binding energybottom give rise
y ry Y ' ' y to quite distinct features in ionic population and current. Fig-

barrier to fluctuate while keeping the other to be fixed, we . S >
find that a net current of different direction does occur de- o 6 and 7 represent the behaviors of the ionic population

pending upon the flipping raiig. 4). The ionic population and current for the case where the membrane potential fluc-

has nearly the same featufiig. 5 as found in the case of tuates aroundl ,=0 synchronously with the barrier heights

two barrier fluctuations. While the current peak induced byUl andUs. We.fmd that _the lonic pqpulatlon gets the maxi
- . - mum at an optimal flipping rate while the current decreases

fast flipping can be observed as in periodic ratchets, the cur- : I .
S monotonically as the flipping rate decreases. The maximum

rent reversal by slow flipping is a novel pheonomenon due tq

broken-translational symmetry, which gives rise to ionic im_population is a kind of resonance explained as follows: while
balance between binding site and bulk, and local fluctuation 4
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Flipping Rate, f FIG. 6. Change of ionic population in the binding site induced

by fluctuating barrier heights correlated with fluctuating membrane
FIG. 4. Induced currents by one barrier fluctuation; the situationpotential; x, /x,=0.5, U,,=0, C;,=C,y, U;=U3=8, U,=0,
is the same as Fig. 3 except fatJ,=0. AU,=2, AU;=AU,=2, AU,=0, X,=0.5, X, —X;=X3— X».



PRE 60 EFFECTS OF NONEQUILIBRIUM FLUCTUATIONS ON.. .. 4685

0 ¢ 0.001 —
0.002 . 0.0005 -
-0.004 i ok
-0.006 . -0.0005 -
- 0008 . — 0001
-0.01 . -0.0015 X
0012 . -0.002 Moecec?®
0014 i 0.0025 - /W ]
0,016 ot B
10 10 10 10 10 10

Flipping Rate, f Flipping Rate, f

FIG. 7. Change of ionic current induced by fluctuating barrier  F1G- 9. Change of ionic current vs flipping rate induced by
heights correlated with fluctuating membrane potential; the situafluctuating binding energy correlated with fluctuating membrane
tion is the same as the previous figure. potential; the situation is the same as the previous figure.

ping is optimal, however, there exist the resonancelike be-
r?aviors in current as well as in ionic population where the

lipping of electric field becomes efficient in pumping ions
gut of shallow binding site. This novel phenomenon takes
étgace by the cooperative activity of the localization of poten-
al, thermal noise, and the membrane potential and binding
nergy fluctuations.

The above mentioned maximum current for some range of
g_]e flipping rate features also in some theoretical models us-
ing chemical kinetics. The ECC model, which considers four
conformational states, exhibits the current resonance be-
fween the flipping rate and the internal frequency of the pro-

a low flipping rate, there is an optimal flipping rate that mini- tein [2]. This r_esult, howgyer, is attibutable to macromol_ecu.-
mizes the ionic population and at the same time maximize r conformational transitions the model assumes, which is

the current in the direction opposite to current attained at |Ov\§|gnlflcantly dn‘ferent from our situation. The AR model of
frequencies. The reason for the maximal population for a lowWo conformational states mtgrpr_ets_ the resglts of ECC
flipping rate is argued as follows: when the binding energ)/m)deI for the_ case where th_e intrinsic fluctuation of mem-
changes due to the fluctuatioU, , it incurs the popula- brane potential existE3]. In this model, however, the fluc-

tional change in accordance with the Arrhenius factor, Whicr{[u.?rt]'otﬂ OT ?xter_nalll el<tactrt|_c f|elg |sthstat|ts;|calLy ugc?rr]related
yields overall enhancement beyond, by the factor wi € Intnnsic fluctuation. ©n the other hand, the non-

1, AU ZAU S . . monotonic dependence of current on the flipping rate pre-
2(&772+e 772), which is larger than unity. When the flip- sented in this Fr;aper is brought by strong corrgleﬂi(g)n betV\F/)een
the fluctuations from external electric field and internal bind-
ing energy. This suggests another new mechanism by which
the enhancement of ionic current takes place in the presence
of the membrane potential with a fluctuation of suitable time
scale.

Now suppose that the nonequilibrium fluctuations occur
around the Nernst equilibrium, with

the lowering of the barrier heightX,) due to the fluctuation
facilitates the ion to cross, but the subsequent raising of a
other barrier heighty;) can forbid the ion to escape from
the binding site if the flipping rate happens to be comparabl
with the escape rate. The current increases monotonically
the flipping rate decreases because for low flipping rate bot
barrier heights can remain lower for the duration longer tharf
the crossing time.

Figures 8 and 9 depict the case where the membrane p
tential fluctuation, same as above, is accompanied with th
binding depth U,) fluctuation. In contrast to the preceding
results, while the ionic population becomes the maximum fo

S—_—7—————

34

2.5

2

N/N,

1.5
AinCin

Uy,=—In——"— (22)
! m Aoutcout

0.5

and no net current. Figure 10 shows that more currents in the
010.5 —_— 1'05 direction of higher potentialcurrent reversalare generated
Fﬁ;gngm . asU,, increases. Figure 16) depicts the case with) ,=3
’ (equivalent to 75 mV approximatelya value close to the

FIG. 8. Change of ionic population in the binding site induced'ést membrane potential typical of biomembranes. It is
by fluctuating binding energy correlated with fluctuating membraneworthwhile to investigate how the fluctuation of binding can
potential; U,=0, Cin=Cou, AUn=2, AU;=AU;=0, AU,= be correlated with the mechanism of ion pumps of generating
—2,U;=U3=8,U,=0, X;/X,=0.5, X,=0.5, X,— X, =X3— X». the uphill current in real biomembranes.
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~10" Hz). In particular, the current induced by the fluctua-
tion in Figs. 9 and 10 occurs in the range of#00° Hz,
which covers the optimal frequency, ®.Hz for the pump-
ing mode of Na, K-ATPasg2].

In summary, we have investigated the behaviors of ion
channels subject to nonequilibrium fluctuations using the
idea of the localized ratchet systems. It has been shown that
the fluctuations facilitate the increase or decrease of ions in
the binding site due to the localization, depending upon the
shape of ionic potential, membrane potential, as well as their
fluctuations, and the time scales. These effects appear to be
relevant to the real situations where the permeant ions affect
strongly the gating kinetics of ion channels by interacting
with channel structure. Because of broken translational sym-
metry, the local barrier fluctuations for the case of narrow

FIG. 10. Behaviors of ionic current induced by the fluctuating Pinding site give rise to the increase of ionic population and
binding site strongly correlated with the fluctuating membrane poihe current in a direction opposite to what is expected from

tential in various Nernst equilibrium conditions. Tt& is the same

as in Fig. 9. The situation is the same exceptUigy=1 (b), 2 (c),
3 (d), andAi,Cin /Aoy Cou=0""m.

The relevant parameters for biological transport are

=5 nm (thickness of biomembrangsU;;=5~10kgT
(barrier height, U,,=10~100 mV (membrane potentigl
andD=10 ~10"° m?s (diffusion constant The dimen-

the theory of periodic ratchets. Among many features, we
mention that the strong correlation between the fluctuations
of membrane potential and binding energy cooperates with
thermal noise and localized ionic potential to induce the be-
haviors including the maximum current reversals for optimal
flippings. For the full description of the nonequilibrium
fluctuation-induced effects on ion transport, the interaction
between the ion and the channel structure, which has been
developed in our previous worKkl6] and other references

sionless parameters employed in this papgf=U;=8, . . L L
U,=0~3, andAU, =2 are in the above range. The range[.17’18|’ has to be incorporated into our theoretical investiga

of the flipping rate where the fluctuation-driven phenomena

occur in our results is 6-10' Hz, which is obtained by The authors acknowledge the support of the Korea Re-

multiplying the dimensionless flipping rate Hy/L? (10°

search Foundatioi1997).
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