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Active Transport in Biological Membranes and Stochastic Resonances
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The role of intrinsic fluctuations of the membrane electric potential (barrier height) in the active
transport of ions through cell membranes is examined. Experimental data [D.-®t liu, J. Biol.
Chem.265, 7260 (1990)] on active transport of Nan human erythrocytes under the influence of ac
electric fields can be interpreted as the evidence of stochastic resonance between the external field and
the fluctuations of the membrane potential. The calculations show that in the considered system one
can expect also the appearance of aperiodic stochastic resonance. [S0031-9007(97)04653-X]

PACS numbers: 87.22.Fy, 05.40. +j, 82.20.Mj

The impact of intrinsic noise (spontaneous fluctuationsynembrane potential) to the enzymatic system. This result
on biophysical and biochemical processes has been wideban be interpreted [10] as the stochastic resonance (SR)
discussed in current literature (cf. [1-3], and referencebetween external periodic ac field of frequencyand the
therein). However, as Simonottet al. wrote in their intrinsic fluctuations (“noise”) of the membrane potential.
most recent paper [1(c)though tantalizing, this idea Figure 1 presents the ratio of the currgnto noise inten-
(that internal noise may serve a useful rol®@mains sity y; (signal-to-noise ratio, SNR) vg; for a few values
undemonstrated in any biological experiment. of w [12].

Most of the papers cited above discuss collective be- SR is the phenomenon of an increase of the response
havior of ensembles of neurons (brain, neuronal networks)f the system to the deterministic forcing by an increase
[1]. In turn, neuronal conductance is built of the or- of the noise. The most popular characteristic of this
chestrated action of a multitude of ionic channels andeffect commonly in use is the peak in SNR vs noise
ionic pumps. Internal noise in collective behavior of en-strength, although the physics of this phenomenon is the
sembles of ion channels is discussed in [2]. In this Let{ransfer of energy into some physical process from the
ter we are going to show how to link the intrinsic noise stochastic field foise with the assistance of the regular
with the measured behavior of ionic pumps. The aim idield (pumping, signdl. SR is currently one of the most
to supply an example of indirect evidence of the activepopular subjects in the theory of stochastic processes, and
presence of intrinsic fluctuations in biophysical processethe relevant literature is vast [15,16].
and to propose experimental verification of this effect [4]. The results shown in Fig. 1 look like typical SR.

Among various biophysical processes, of utmost vitaHowever, there are no experimental data which can be
importance is the trafficking of two cations: Nand K",  compared directly with these in Fig. 1. The intensity of
between the cell interior and the environment [5]. Lipidintrinsic noise at constant temperature is also constant,
bilayer, which forms the basic structure of all cellular so that adjusting the intrinsic noise directly seems to be
membranes, is impermeable for electrolytes, and gradientdifficult [1(a)]. On the other hand, the fluctuations of
across the plasma membrane are built and maintained
by the operation of ATP-driven ion pumping while their
dissipation proceeds via specific ion channels. 20.0f

Both these types of transport depend on—among other JI%i
factors—membrane electric potential (which plays the role @)
of barrier height), and can be stimulated by both dc and ac I
external fields. Channel currents under stimulation exhibit
strongly irregular character mostly of the dichotomous
type (open-closed channel, [5,6]). Active current under
stimulation by ac electric field exhibits distinct maximum
both as the function of frequency and of voltage [7,8].

Intrinsic fluctuations may also play some role in the
membrane enzymatic processes [3]. In our former pa-
per [9] we have shown that the existing experimental data == ! L
[7(a)] on active transport of Nain human erythrocytes 30 3 60
(catalyzed by Né_'K_+'ATP'ase) .under the I'nfluence of FIG. 1. Signal-to-noise ratio vs intrinsic noise intensity for
external ac electric fields can be interpreted in terms of théhe model of Ref. [9]; (1)o = 10°, (2) w = 10*, and (3)
transfer of energy from the stochastic field (fluctuations ofw = 10% Hz [11].

1007

4926 0031-9007797/79(24)/4926(4)$10.00  © 1997 The American Physical Society



VOLUME 79, NUMBER 24 PHYSICAL REVIEW LETTERS 15 BCEMBER 1997

S ¢ It is seen that the first two fit better than the third, which
seems to support the SR interpretation of these results.
To check the hypothesis stated above, we propose

Olrt ..
to perform further measurements similar to those of
E E*S Refs. [7], with stochastic external driving. To this aim,
o4y consider as previously [9] the Astumian and Robertson
(A-R) model [3,13,14] with inclusion of internal and
s; o0 external stochastic fields. TR model, constructed for

the description of the effect of an ac electric field on the

FIG. 2. Enzyme cycle of A-R model [3,13,14]. action and efficiency of the membrane proteins, describes
the collection of identical protein molecules (enzynis

the local membrane potential in the vicinity of an ionic in a planar bilayer membrane, each oriented in the same

pump are caused by, among other reasons, the stochasfigy, and each able to exist in two electrically distinct

activity of ionic channels nearby [17]. In turn, the randomconformational states. Protein-protein interactions are

opening/closing of passive ionic channels is stimulated bassumed to be negligible. The overall enzyme cycle

external electric fields, either ac or dc [5,6]. Thel’eforedescribing the whole catalyzed process is shown in Fig. 2,

the increase of the field intensity, should result in and its kinetic equation reads

the increase of the random currents from ionic channels, .

i.e., of the intrinsic noiset;. We shall now argue that £ = —ji1 — j» = — Z [(afeSs + arg)E — arq].
experimental data ofi(V.) [7(a)] can be interpreted along o=12 )
these lines. E, [E*S] are the probabilities for the enzyme to be in

The shape of/(w) can be fitted to an approximate i, stateE, [E*S], respectively,(E + [E*S] = 1), Si,

solution of a more involved, four-state model [8] without S, represent the concentrations of the substanfges
fluctuations. However, this model predicts monotonicS2 (e.g., Na* inside and outside the cell) and,
Y ’ O

dependence af vs intensityV, and therefore is not able (0 =1,2, ¢ = f, r) are the effective rate coefficients
to explain the experimental shapex.) [8(b)]. These i, gifferent pathwz';lys.

data can be reproduced by our model [9] (cf. [12]) under The most important feature of the chemical reactions of
one additional assumption: that the intensityof internal ;g type is the dependence of the rate coefficients on

noise is a function o¥/,, e.g., of the type the membrane potentiai:
i =70t (ac) 1
Y Yo + Yif (ac (1) g = as;ge_Dd’”l// Dyy = dyoAxy/RT, (3)

wherey, represents spontaneous intrinsic fluctuations,
represents induced ones, apg ~ V, [11]. Good fitis whereAx, is the effective charge transported across the
found fory; = 1 + 4.15\/¢),c. The result [11] is shown membrane in therth pathway is the electrical potential
in Fig. 3. Three types of dependence .bfon i,. are difference across membrane? are rate coefficients for
shown:R = J (o), R = J/y; (), andR = J/¢pac (X). 4 =0,d;; = 8,,d,, = —(1 — §,) are the apportion-
ment constants which split up the total effectsXof;

: between the forward and reverse process. In principle,
this model results from the reduction of several elemen-
tary processes (cf. [14]); therefore these quantities are to
be treated as effective parameters.

The membrane potential is composed of static gart
intrinsic fluctuationss;(¢), and external stochastic ac field
&.(r) of dichotomous character:

(1) = o + yi&i(t) + yele(t), 4)
&1(1) € {Ay, — A}, (E1OER()) = 81 e M1,
1 Y, 2
ac
I 1 N 1 5
200 Ve (VIcm) 40.0 ©)
FIG. 3. Comparison of experimental data [7(a)] diV,) Ay = Ay = Ao, Ay + Ay =Dy, 6
with the model [9] (cf. text for details). Dashed lineg; = AuAr = A2 (6)
5.15; full lines: y; =1 + 4.15\/,. (similar results have =2 ’
been obtained fory; = 3.15 + 2¢,.). Bars denote standard
deviation. To enable better comparison of variants, the curves (&1(1)) = 0, g%(t) = A12 + A1),
are normalized at the peak and shifted upwards with respect to (7)
each other [11]. L,m=e,i,
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with 1/A; being the noise correlation time. The intrinsic
noise is assumed to be the same as that fitted above [9];

therefore it is symmetricaldy; = 0.
Because of relations (7), any function gfs) can be
evaluated in a simple way:

gk =lag + éMag Jag i + E(Day (],
LB - LB
Aok = Qg k exqzo,klpe)fzr,k s
B=csas, =a,, a5;5= a(’;’fS(,, (8)

s — =1, YizokAu _ = YiZox Ay
fo‘,k Dl (6 e )’
fé:j{ — DI—I(AZIeY/ZmA]/ + Alle_')/Ier.kAzl).

Asin[9], Eq. (2) is averaged ovei; and/oré,, and the

of the resulting equations for correlation functions:

W=-A-W+y ©)
Aee Aes Ase Ags
dcs Ai t acc Ags Ase
A= Adse Ass Ae + dec Aes
Ass Ase acs Ai + Ae + acc
(10)
B0 e
_ E(t)&;(t _ bes
WO=1 Eoémy | YT b |
(E()€i(1)é.(1)) bys
(11)
ok e v

o __ o,k _
agy = Zbﬁv , bgy, = @ ko ks
k

agy = a};,, + a%,,,
bﬁ,j = b'lBrV + bér,,, acﬁ = dcg — acsAoe
B,v =c¢,s.

In the absence of external periodic ac field the station-

ary solution of the kinetic equation (9) reads
W.=A"""y,
and the stationary current is
J = lim{ (o)

(12)

=al Wi + al Wae + al Wae + al Wyoo — b7
(13)

In numerical calculations the values of the parameters
of the model found in [9] have been used. These are

C~¥f1 = 270, &fz = 5.4, &rl = 4.0, &r2 = 0.11, Axl/
RT = 348, Axy/RT = 5.24, §; = 0.499, 5, = 0.500,

6001
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40
Shapiro-Loginov theorem [18] is used for the evaluationFIG. 4. Equivalence of periodic (dashed line) and stochastic

logeo 8.0

00 logA 80

(full lines) driving. o: experimental data [7(a),8]; bars denote
standard deviation.y; = 5.15, A; = 1300; (1) v. = 0.9, (2)

v. = 0.8. The scalingA = 0.4w is chosen in order to obtain
the coincidence of peaks [11].

ac field of variable frequency, to experimental data
(circles) [7(a)]. Curves 1 and 2 show the behavior of
the same model driven by random external field (in this
case the symmetric dichotomous random sighalwith
variableA,.

The use of stochastic driving in the place of periodic
one also leads to the appearance of distinct maxima in
the plots of R = J/y., with I = v, (Fig. 5). These
maxima can be interpreted as tlaperiodic stochastic
resonancgASR) [16], being here the resonance between
intrinsic and externally induced random fluctuations of the
membrane potential.

The results presented in Figs. 3 and 4 give the indirect
evidence of the constructive role of intrinsic noise in
one of fundamental biophysical processes, viz. active
ionic transport. This evidence can be verified by further
measurements along the lines suggested in Figs. 1 and

100.0

FIG. 5. Aperiodic stochastic resonance. Dashed lings=
5.15; full lines: y; = 1 + 4.15./¢,.. Differences between full

€ind dashed lines may serve for experimental verification of

riodic driving: dashed curve presents the fit [9] of thejnduction of intrinsic noise. A; = 1300; (1) A, = 400, (2)

model including intrinsic fluctuations driven by periodic
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A. = 4000, and (3)A, = 400 000 [11].
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