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Summary. The charge-pulse technique is applied to a study of valinomycin-mediated
potassium transport across glycerol monooleate (GMO) bilayers. The theory, based on
the Lauger-Stark model, is developed for the steady-state domain. The voltage dependences
of the surface complexation reactions are also considered. The analysis of the data yields
the following values for the rate constants:

kr=2.6x 10% x exp [0.045 % V] cm? moles ~!sec1,

F
kp=2.6x10°xexp [_0'045ﬁ V] sec™,  k,=26x10*sec™! and kye/kp>4.

With the exception of this last ratio, all the values agree well with previously published data.
The implication of the exponential term, 0.045, is that the plane of reaction for the surface
complexation actually occurs a small distance within the membrane dielectric. If one presumes
that the reaction plane is about half way between the plane of adsorbed complex and the
membrane-water interface, one deduces that the complex “feels” only about 80% of the
applied voltage across the membrane.

Symbol Units Definition

Cyr moles/cm® Concentration of aqueous permanent ion.

NO, Ngs moles/cm? Membrane bound free carrier and carrier complex at
equilibrium with aqueous permeant ion concentration, ¢,.

N/, N/, moles/cm? Membrane bound free carrier and carrier complex on

Nags» Nugs left (') and right () sides of the membrane.

kigss ks sec™? Voltage dependent translocation rate constants for Ny
and Ny

kyrs sec™! Voltage independent translocation rate constant —

see Eqgs. (13), (14).
kg cm?® mole~!sec™! Voltage independent “on” rate constant.
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Symbol Units Definition

kp sec™! Voltage independent “off ” rate constant.

k., kx cm® mole~'sec™! Voltage dependent rate constants for

kp, kp sec™! left (") and right (") side “on-off” processes.

K,,K;, K; cm?®/mole Ratio kyp/kp, kp/kp, ki/kp, respectively.

ks sec! Translocation rate constant for N and N

A, cm? Membrane area.

q coulombs Charge injected during charge pulse.

q° coulombs/cm? Charge density injected during pulse.

F coulombs/mole  The Faraday.

RT joules/mole Gas constant-temperature product.

f volts ! f=F/RT

R, ohms External resistance.

Vo volts Vo=4¢°/C,,.

Vs Vg volts Steady state and nonsteady-state voltages in high
voltage region.

Vi o volts Zero time intercept of high voltage steady-state transient.

AV, & volts See Eq. (7).

V.o volts Low-voltage steady-state transient.

Vio volts Zero time intercept of low-voltage (steady-state)
transient.

AV, volt See Eq.(22).

Jus> s moles cm ~*sec ™! Steady-state and nonsteady-state fluxes.

r volts ! See Eq. (22).

b dimensionless Location of “on-off” reaction plane: fraction of distance
between plane of closest approach of the aqueous permeant
ion and the intra BLM residence plane of the ion complex.

u dimensionless Normalized voltage: u=fV.

A dimensionless See Eq. (17).

B dimensionless See Eq. (4).

T dimensionless See Eq. (18).

w dimensionless See Eq. (16).

z dimensionless See Eq. (47).

i dimensionless Fraction of membrane voltage between plane of closest

approach of aqueous ions and the intramembrane
residence plane of the ion complex.

Part I of this series (Feldberg & Kissel, 1975) dealt with the application
of the charge pulse method to the evaluation of steady-state carrier
phenomena in black lipid membranes (BLMs). In this paper we present
a more detailed and quantitative approach to the steady-state analysis.
The theory is based upon the kinetic analysis of Stark, Ketterer, Benz,
and Liuger (1971). For that reason we use their nomenclature. The theory
for time-dependent (presteady-state) behavior at high voltages is presented
here. The recent work of Benz and Lauger (1976) has demonstrated how
a single low-voltage transient may be analyzed to give the kinetic param-
eters if amplitudes and time constants for all relaxations are measurable.
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We shall show here how some simple considerations of high-voltage
and low-voltage data allow one to deduce the values of the same param-
cters —even if the time constants of the first and second relaxations are
too fast to be analyzed. To avoid confusion it should be pointed out
that Benz and Liduger (1976) discuss three relaxations for the carrier
model in the context of the charge-pulse method: the first two are the
relaxations usually associated with the model, while the third is the time
constant of the effective! capacitance as it is discharged through the
steady-state conduction mechanism.

Basic Premises

Several simplifying assumptions are made for the Lauger-Stark carrier
model (Lduger & Stark, 1970; Stark & Benz, 1971), i.e.:

1. All species are membrane bound.

2. All membrane bound species are located in two planes at each
membrane surface. Implicit in the kinetic analysis of Stark et al. (1971)
is the assumption that these two planes also define the boundaries of
the membrane dielectric. In other words, the charged species “feels” the
entire potential drop as it moves from one side of the membrane to the
other. This is not precisely true and has been considered and demon-
strated by a number of workers (Stark & Benz, 1971; Markin, Grigot’ev
& Yermishkin, 1971; Hladky, 1972; Andersen & Fuchs, 1975; Hladky,
1975; Eisenman, Krasne & Ciani, 1975; Andersen et al., 1976 2).

3. The membrane capacitance is constant over the voltage range of
interest. Recent work of Requena, Haydon and Hladky (1975), Benz,
Frohlich, Liuger and Montal (1975), and Bamberg and Benz (1976),
indicates that voltage-induced capacitance changes of GMO/n-decane and
GMO/n-hexadecane BLMs have a time constant of ~3x 10~%sec and
that at times shorter than 1073 sec there is virtually no change in capaci-
tance. Furthermore, the amplitude of these changes is considerably less
(approximately one-third) if the BLM i1s formed with n-hexadecane rather
than with n-decane (Bamberg et al.,, 1976).

1 The effective capacitance may be larger than the bare membrane capacitance because
the distribution of complex within the BLM is a function of voltage. This point will be
clarified in subsequent discussion and in the Appendix.

2 O.S. Andersen, S. Feldberg, H. Nakadomari, H. Levy, S. McLaughlin (1976). A new type

of electrostatic boundary potential in lipid bilayers. (Presented at: 20 Annual Meeting
of the Biophysical Society.)
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Theory
Behavior in the High-Voltage Limit

When the voltage is sufficient to establish the following conditions:

Kirs — ks
Kurs —Kons (1)
Kyrs + Kas
k/ + k/l
Ms T Kus 1. . )
s

If we assume that the complex feels all the voltage across the membrane,
it 1s straightforward to derive the following time dependent equation:

0
q F
* -
W=Te, e,
2
NSO{( B ) (st (1+B)t_(e_(2ks+chlu)[_1))_l__thM}’ (3)
1+B B .
where
k
B="RM (@)

2k

8

The simplifying assumption in obtaining this equation is that at high
voltage all of the charged complex (Njs=Kjcy N°) moves across the
membrane instantaneously. At steady state (i.e., when the exponential
term in Eq. (3) goes to zero)

—LNSO (( B )2(2ks(1+3)t—|—1)—|—thM). (5)

qo
Viow="c" B
’ c, C, 1+B B

Eq. (5) predicts a linear voltage-time decay for a system at high voltage
and at steady state. Extrapolation of the linear decay curve back to
zero time gives the intercept voltage

qO F]VSO B 2 ]
b0 =G T ((m) +KhCM)- (6)
The intercept discrepancy is defined
(¢} FNO B 2
W=t Vo=V V=" [y o) +Enew). )
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It is clear that AV, is the sum of two relaxation amplitudes

AV, =4V, o+ 4V, , ®)
where
F 0
AV1,oo=‘C—KhCMNs )
and
F B \2
AV, .= N° (—) 10
2o c " \1+B (10)

Eq.(9) derives directly from Eq.(3) with the condition t=0. Another
useful equation is the time derivative of Eq. (5)

dV, ., F 2kBN? F kgcy N

_ S — R M7s 11
dt ~ C, (1+B) C, (1+ch“) (11)
2k,
Since

C,dv, kp cy N°

J __ m t,ao: RYM +¥
MS Fdt krcy’ (12)

T3k

Eq. (11) is simply a manifestation of the well-known steady-state expression
for the Liuger-Stark Model in the high-voltage limit.

Behavior at Low Voltages

The following approximations are valid at low voltages:
ks + ks =2kys; (13)
ms—Kus=kysu. (14)

Unlike the high-voltage situation where the charge distribution on the
membrane surfaces does not change once the steady-state condition is
achieved, there is a constant readjustment of those concentrations as
the voltage changes. Thus, as the voltage decays, one can envision two
fluxes: (1) the flux due to the voltage driving ions from the aqueous
phase on the left of the membrane to the aqueous phase on the right,
and (2) a counter flux due to the adsorbed ions piled up on the right
surface of the membrane drifting back to the left surface as the voltage
decays to zero.
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The steady-state expression for this low-voltage behavior is easily
(albeit, tediously) derived from the kinetic equations of Stark et al. (1971)
(see Appendix for details). One obtains:

F2  kgey NOW
dinV,,  RTC, 144

dt 1+T (15)
where
k
W = kMS, (16)
D
2k k
A=2W(1 4 B)= 08 (1+ ;;M), (17)
D S
and
1 F2N° / A4 \2 B \2
T=— s . 18
3 RTC, (1+A> [(1+B> +K"CM] (18)

Thus, a plot of In V, 4 vs. time will be linear. Only in the limit when T—0,
does

dinV,, _ F?  kpey NOW (19)
dt T°° RTC, 1+A4
Then, since
F? kpcy N°W
G= : 20
RT 1+44 °~ (20)
one can write
dinV, , G
& 0T, 2!

Eq. (15) 1s valid even when the transient began in the high-voltage region,
and some useful relationships may be derived relating high and low
voltage data from the same transient.

dlnV,, 1 F

dt _ 2RT
dV, o  (1+AA+T)
dr

(22)

=

Combining with Egs. (7) and (18) gives

(23)

I F A2 :
1+4A4A4+—— ———— AV,
HAYTRT (x4 (e
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For the limiting condition ¢y, —»0: B—0, A—»2W and 4V, , —0. Thus,
from Eq.(23)

F w

RT

(24)

In the other limit, when 4> 1, which can occur as a result of large values
of W and/or B, one obtains

(25)

A>1 1 F .
14+——— A4V,
ty RT A

If the low-voltage condition obtains from the beginning of the transient
once can determine the low-voltage intercept

(26)

and the intercept discrepancy

TV,

AV o=Vo— i,ozm-

(27)

Here, V, , is the zero-time intercept of the linear In V] ; vs. ¢ plot. Eq. (15)
may be rewritten substituting from Eq. (7)

FZ
- k 0
dln v, , RTC, reu N W
0 _ _ ; , (28)
dt lpdp i B A 4y
2 RT (1+4)°

or substituting from Eqgs. (20) and (26)

dan;,o_ Vo F? kRCMNsW_ Vio G (29)
dt ~  V, RTC, (1+4) ~ V, C,

Thus, one has a direct, testable correlation between the low-voltage
decay and the low-voltage conductance, G.

Effect of Voltage Dependence of kg and kj,

The theory thus far has dealt only with an ideal and unrealistic limita-
tion, i.e., assumption 2, that the carrier complexes “feel ” the entire voltage
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across the BLM. If we presume that N, and N, lie in a plane within
the membrane it is clear that one necessarily introduces a voltage depen-
dence of the surface rate processes since the reactions

‘

kiz ,
= Nis (30)

[3

cp+ Ny

k

5 Nits (31)

CM + A}'S//

move charge through a dielectric. As Hladky (1974) has shown, the equa-
tions for all rate constants except k are redefined:

Kp=kg eIV, (32)
kpy=kpe® =BV, (33)
ks = ks e PV, (34)
ky=kge "PIV, (35)
kiy=kpet M8V and (36)
Kyps=kyps e DIV, (37)

Implicit in these equations is the presumption that the charge absorbed
within the membrane will not significantly modify the electric field. The
term f is the fraction of the membrane voltage ¥ between the plane of
closest approach of aqueous ions B, and the intramembrane residence
plane, B, of the ion complex. The term b is the fraction of the voltage drop
(0=b=1) between planes K and P, felt by the reaction plane. In the
limiting case where c,; -0, Hladky (1974) has shown that the steady-state
flux equation becomes

11 "
kR kMS . kR kMS

k/ k/l
Jrs = Ny Dk, k/I,) (38)
1 MS + MS
kp kp
Substituting from Egs. (32)-(37) gives
K. NkooedlV —g=25V
Jys= nCu Nekprs(e € ) (39)

kMS 1 1
1+ T (e(i—bﬁ)fv_l_e(‘i-fbﬂ)fV)
D
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At low voltage this reduces to

Kyem Nekys fVio _ kreu Ns WiV, o

ks 1+2w 7
kp

(40)

JMS =

1+2

which is independent of the location parameters, b and . At high voltage
Eq. (39) simplifies to become

Js=kg ey Ny P70 (41)
s

The parameter b f is the fraction of the membrane voltage modifying the
rate constant, kg. Rearranging and integrating gives

et Jg’ LIPS YRS 43)

m

By guessing an appropriate value for the parameter b and plotting the
LHS of Eq.(43) vs.t, a straight line is obtained. One can then estimate

t, oo

kg ¢y N2 and deduce the corresponding that would be observed if kg

were truly voltage independent. Combining with the low-voltage value for

dinV, ,
dt

[see Eq. (24)]

, one can estimate r and therefore W since for these conditions

r

(7r2)

At high concentrations the equations become considerably more
complex. Hladky (1972) has presented a very useful generalized form of
the steady-state equation. Substituting into his Eq. (87) the definitions for
kx, kg, kp, and kp,, assuming k, =k, =k, gives for low voltages

_ kg CMNsoth, 0

J 45

Thus, the expression for the steady-state low-voltage flux, even at high
concentrations, is independent of the location parameters, b and f, and is
identical (as it should be) to the expression derived by Liuger and Stark
(1970). Unfortunately, the expression for the steady-state high-voltage
flux does not simplify. Nevertheless, even without a detailed analysis we
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find that a plot of the same form as that used for the low concentration
limit [based on Eq.(43)] will also give a linear plot albeit with different
values for the exponential parameter. Thus we have an empirical method
for establishing the value of dV, ,/dt corresponding to a voltage in-
dependent kp and k,. We cannot ascribe a physical interpretation to the
value of the exponential parameter (b ), but we can demonstrate that the
theoretical values of r [Egs. (22) and (23)] are consistent with this tech-
nique. For large values of ¢,, and low carrier concentrations, one estimates
that r will limit
1 F

w2 RT o

Such an equation is easily tested.

Experimental

Materials and Methods

The concept of the charge-pulse technique has been discussed in PartI. A Chronetics
Pulse Generator Model P32A produces a voltage pulse of adjustable height (<25 volts)
and width (as small as 2x 1077 sec). An adjustable resistance (0-5x 10* ohms) in series
controls the current and a 2N4416 FET transistor with the drain and source shorted prevents
the voltage across the membrane from discharging back into the pulser. A precision capacitor
(C,=2.000x 1078 F) in series with the cell allows accurate measurement of the charge
injected in each transient.®> The voltage follower employs a 46 Analog Devices FET opera-
tional amplifier. Data is acquired with a Nicolet Model 1090 digital scope with 12-bit
resolution and a maximum acquisition rate of one point per 0.5u sec. The total system response
is such that only data at times longer than 2psec are acceptable. The charge-pulse technique
can be much faster as has been recently demonstrated by Benz and Liuger (1976) who were
able to produce acceptable data after 0.2psec. The Chronetics Pulse Generator and the
Nicolet were triggered by single or multiple pulses from a Wavetec Pulse Generator, Model 116.
Trigger levels were adjusted so that the Nicolet was triggered first.

Membrane capacitance in the absence of ionic transport (bare membrane, or membrane
with carrier but no permeant ion) is casily measured by shorting the electrodes with a
5000 ohm precision resistor, R,. Since the capacitance is about 5x 10~ ° F (arca=0.01 cm?)
the time constant for the decay will be about 2.5x 107> sec. Thus the transient is com-
plete before voltage dependent capacitance changes are effected. Furthermore, because the
membrane is exposed to a given voltage for a very short time, a larger charge pulse (and
therefore higher initial voltage) may be used, thus giving capacitance information over a

3 By triggering the digital scope with a separate pulse generator (Wavetec Pulse Generator,
Model 116) before the charge pulse a pre-baseline is obtained. The transient will decay to
a post-baseline. The voltage difference between these two baselines is proportional to the
charge injected and
qg=4V,/C,.

The capacitor must be momentarily shorted prior to each experiment.
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greater voltage range. The membrane capacitance may be evaluated from the slope of the
In V vs. t plot and/or from the zero-time intercept of that plot (V).
1 [d InVv
m Cm =
R dt

-1

] or A4,C,=q/Vi, where ¢ is the charge injected.
Classical steady-state data were obtained using a 9V battery in series with an appropriately
large precision resistor connected to two silver-silver-chloride electrodes. The current is
“turned on” simply by dipping the electrodes into the cell solutions (negative electrode
on the ground side of the membrane), thus effecting a four electrode measuring system.
The change in voltage (~ 10 mV) is observed with the Nicolet digital scope in a slow sweep
mode. The exact voltage of the battery is also measured using the scope.

For certain experiments a series of pulses were injected. By inserting a small capacitor
in series with the cell (and precision capacitor) the charge injected during each succeeding
pulse decreases.

The cell and membrane formation technique are similar to that described in Part L
The membrane forming material was 1.8% by weight glycerol monooleate (Matheson,
Coleman, and Bell) in n-hexadecane (Eastman). Valinomycin, obtained from Calbiochem,
was dissolved in the lipid phase. The KCI, CsCl and LiCl are reagent grade. All chemicals
were used without further purification. Triply distilled water was used for all preparations.

The membrane forming material was pre-equilibrated with the agqueous phase by
prolonged (24 hr) vigorous agitation of 0.2ml of the membrane forming material with
250 ml of LiCl (3.0 x 103 moles/em?) or 25 ml KCI (3.0 x 10~2 moles/cm®). Solutions were
filtered prior to use to remove undissolved organics. The hydrocarbon-aqueous partition
coefficient of valinomycin is about 2x 10% Assuming a formation constant of 10° for the
aqueous valinomycin-potassium complex, we estimate that the concentration of valinomycin
in the hydrocarbon phase is diminished by about 249 with KCl and by about 69 with
LiCl. The virtues of pre-equilibration have been discussed in detail by Hladky (1973) and
by Benz, Stark, Janko and LAuger (1973). Except where noted, experiments were carried
out with the aqueous ionic strength maintained at 3.0 x 10~3 moles/cm®. In spite of changes
in the activity coefficients as KCl is substituted for LiCl, we presume that the aqueous
concentrations of the carrier and carrier-complex adequately approximate the concentration
that would result from pre-equilibrating that KCI-LiCl mixture.

All experiments were carried out at 2540.5 °C.

Results and Conclusions

The validity of the interpretation of charge pulse data will depend in
part on the voltage independence of the membrane capacitance. The decay
of charge through an external resistance should be a classical RC decay.
This is demonstrated by the data in Fig. 1. Both the slope and the zero-
time intercept correspond to a capacitance of 6.3 x 10~7 F/cm?. Note that
the time constant was kept less than 1073 sec to avoid time-dependent
éhanges as described by Requena et al. (1975), Benz et al. (1975), or Bam-
berg and Benz (1976). The capacitance of the BLM with no valinomycin
is the same within experimental error.
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T I l f f f
GMO/n-HEXADECANE

[Licl]=3.0x10°3 M/cm3
[VAL]=3.16 x 107 M/cm3

EXTERNAL R= 5000 Q
q, = 2.58 x 107 C/em?

-2
-3
>
o
= -4
-5
_6.__ —
! 1 1 f ! |
0 20 40 60 80 100 120

pLsec

Fig. 1. Ln V' us. t plot for membrane charge decaying through an external resistance. Intercept
and slope each correspond to C,,=6.3x 10~7 F/cm?

Eq. (43) is directly tested by carrying out the charge pulse experiment
at as low a concentration of KCl as possible while keeping the decay
time constant less than a msec. Some typical data are shown in Fig. 2.
The optimum value of the parameter z where

z=bf = 0.045 47)

CM‘*O

was computed using a least squares fit of the data for V, ,>02V. The
presumption that bx3% (implying that the reaction plane for the com-
plexation is approximately half way between the B, and P, planes) implies
that f~0.09. This suggests that the adsorbed valinomycin-potassium
complex “feels” about 809 of the applied voltage—a number that
agrees well with Andersen’s recent experiments with pro-valinomycin
(O. Andersen, 1976, private communication; see also Ting-Beall et al., 1974).
From the slope of this plot we obtain an estimate of the “limiting” value
of dV/dt that would exist at high voltage if the complexation rate were not
voltage assisted. Similar plots are obtained for higher concentrations of
KCl (see Fig. 3, for example) and even though the theoretical basis is not
well founded, the limiting values of dV/dt are deduced in a similar manner.
Over a wide range of valinomycin concentrations the values of z appear
to depend only upon the concentration of KCl. With a constant valino-
mycin concentration in the membrane-forming material (and with the
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T I T T I { T T
1.o0f-
0.9f
0.8F
0.7+
, 061
= GMO/n- HEXADECANE
N o5k [vaL] =3.16x1076 #/cm3 4
@
[kct] =2.23 x10°5 M/cm3
0.4 [Licl] + [ker] = 3.0 x 1073 mrem3 .
(PRE -EQUILIBRATED WITH VAL)
0.3 = 2.47x 107 C/em@ -
z= 0.045
0.2 i
o.if .
L4[ L 1 1 | I 1 J
o 200 400 600 800
psec

Fig. 2. Example of linearization of high voltage, low concentration data as predicted by
Eq. (43). Limiting dV/dt=4.37 x 10* Vsec™?

aqueous phases pre-equilibrated) Eq. (12) predicts that a plot of (dV, ./
dt)t vs. (cy) ! (Fig. 4) should give a linear plot with

slope = Fh NO sec cm? volt ~! mole ! (48)
and
intercept =— Co sec volt 1, (49)
PE= 2 Kk, ND CYO L
. : cm
On the basis of this plot we deduce 2;; =53x10° % , kg N? =

S

1.45x10"*cmsec™ and k,N°=1.36 x 10~® moles sec'cm~2. Another
variable that is easily measured is AV, ,—the difference between the
“expected” and observed zero-time voltage intercept [see Eq.(7)]. The
plot of AV, , vs. ¢y (Fig. 5) can be fit by a theoretical curve based on
Eq.(7). In order to optimize the fit, we use the previously determined
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T T T I I I T
I.0F N
0.91 i
0.8F i
0.7+ -
¢ 0-67 -
>
3 0.5 -
[ker] =1.0x1073  mrom3
0.41 [kei]+[Lici]=3x1073 m/em3 -
(PRE-EQUILIBRATED WITH VAL)
0.3f 4= 3.57 x 1077 C/em? -
z2 0,072
0.2~ |
0. _
1 1 I | I i | |
O 10 20 30 40 50 60 70 80 90
fsec

Fig. 3. Example of linearization of high voltage, high concentration data. Limiting dV/dt=
3.28 x 10% Vsec™?

[ I f

GMO/n-HEXADECANE
3403 (VAL]=3.16 x 106 M/cm?
[ket]+[Licl]=3.0x 103 M/cm®
(PRE-EQUILIBRATED WITH VAL)

P
Bio
~—

1/

L I 1
0 I 2 3

1/Cy
Fig. 4. Plot of limiting (dV/dt)~! vs. ¢3!
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I I

GMO/n- HEXADECANE
[VAL] =3.16 x [0°6 M/cm3

0.15 [KCI]+[LiCI]=3.0 x 1073 M/cm3 .
(PRE-EQUILIBRATED WITH VAL)

0.10- -

AV,

0.05— =

| 1
0 5x10-4 10-3
Cm
Fig. 5. Plot of AV, , vs. ¢y Solid line calculated according to Eq. (7) for C,,=6.4 x 10~7 F/cm?,
K,=10% cm® moles™, kg/k,=1.08 x 10* cm® moles ™%, N =5.5 x 10~*3 moles/cm?

values C,,=6.4x 10" Fcm 2, kg/(2k;)=5.3 x 10% cm® mole ~?, and assume
K,=1x10*>cm®mole~! and N?=5.5x10"**molescm~2 From these
parameters, it is possible to estimate the values of all the rate constants
except kys. These are given in Table 1 along with values recently obtained
by Benz and Liuger (1976) and Laprade, Ciani, Eisenman, and Szabo
(1974) for valinomycin-mediated potassium transport across GMO/n-
decane bilayers.

An estimate of kg requires a determination of W. We attempted this
by evaluating the parameter r [Eq. (22)] as a function of concentration of
KCI (Fig. 6). Using the rate constants in Table 1, it is possible to evaluate
the concentration dependence of r from Eq. (22) for various values of W.
These theoretical curves are also shown in Fig. 6. It would seem that

Table 1. Rate parameters for the valinomycin-mediated potassium transport

Units This work Benz & Lauger Laprade ez al.
kg cm?® moles—* sec™! 2.6 x 108 2.9x 108 7.4 %107
kp sec™! 2.6 x 107 2.7 x 10° 7.4 x 10*

k, sec! 26x10* 38x 10 9.0 x 10*
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T | ] 1 i
VAL=3.16 x 1078 M/cm3
[Li ct]+[K cl]=3.0x103 M/cm3
201 -
- 4
o 2
S [
- 10f _
Q o
| | ] 1 1
— -4 -3
3
Iog|0 CM moles/cm

Fig. 6. Plot of r vs. ). Error bars indicate range of 3-5 measurements, and point indicates

average. Absence of error bar indicates a range smaller than the “point”. Solid lines are

computed from Eq. (22) using our values of constants given in Table 1 and indicated values
of W

W ~4. The data are most sensitive at low ¢,, where we see r=17+1 while
a value of W=0.7 as determined by Benz and Liuger (1976) and Laprade
et al. (1974) predicts that r~11 V-!. We have done the analogous ex-
periment with GMO/n-decane bilayers; there, too, we obtain high values
of r, so the difference is not caused by the solvent. We are concerned that
our estimate of W could be off considerably if our analysis of V, ,, were
only slightly incorrect. An experiment carried out using high KCl con-
centration (=3 x 107> moles cm~3) while varying the valinomycin con-
centration fulfilled the prerequisite condition for Eq. (25). The values of z
were consistently between 0.07 and 0.08 and a plot of 1/r vs. 4V, , (Fig.7)
gives an experimenta] intercept ~0.05 V~' and a slope of 0.75. Agreement
with theory seems acceptable. The theoretically predicted intercept is
2RT/F or 0.051 V and the expected slope is clearly 1.0. Both high and low
voltage fluxes exhibit an anomalous increase of about a factor of two as
the valinomycin is increased in concentration from 1.1 x 10~7 moles/cm?
10 1.74 x 10~° moles/cm? in GMO/n-hexadecane. We have no explanation
for this.

The relationship expressed in Eq.(29) allows one to correlate low-
voltage charge pulse data and low-voltage clamp data. Values of low
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Fig. 7. Plot of 1/r vs. 4V, , (see Eq.(25))

voltage conductance G, measured using both techniques are presented
in Table 2.

The basic presumption in the derivation of the equations and conse-
quently in the interpretation of the data is that the rate processes are ef-
fectively at steady-state within the accessible time domain (> 2 psec).
From the argument of the exponential of Eq. (3) and from the values of the
rate constants (Table 2) we can estimate the time constant for relaxation #
as a function of concentration. The amplitude of the relaxation may also
be estimated. The “instantaneous” dV/dt (after the first relaxation —see
footnote) may be related to the steady-state value [see Eq. (3)]

th,qboo/dt —14B=1+ krcy

AV, cojar 2k,
None of the high voltage transients exhibits a relaxation having anywhere
near the predicted time dependence. In an experiment with 1.43 x 10~4
moles/cm® KCl and 3.16 x 10~° moles/cm® valinomycin in GMO/n-

4 This is really the second relaxation. The first, which is simply the movement of the mem-
brane bound valinomycin-potassium complex, is virtually infinitely fast at high voltage.
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Table 2. Correlation of low-voltage charge-pulse and steady-state measurement

Y q° Vio dIn V/de G steady-state G
(molescm™3) (coulem™2)  (volts) (sec™) {mhoem~%)  (mhocm~2)

1.43x10~* 1.85x 102 0.0191 240 % 104 232x 1072 2211072
391x107* 2.06x1078 0.0140 2.58 x 10% 3.80x10~% 3.66 x 1072
778 x 10* 349 %1078 0.0162 242 % 10* 521 x 1072 4.64x 1072
1.00x 103 3.08x 1078 0.0137 2.09 x 10* 4.69 %102 4.35x 1072

[KCI]+[LiCl]=3.00 x 10~ 3 moles cm 2.
Valinomycin = 3.07 x 10~% moles cm =3 in GMO/n-hexadecane (no pre-equilibration).

hexadecane repetitive multiple charges were injected —each charge being
somewhat smaller than the preceding one and spaced by a time somewhat
longer than the time required for a transient to decay to baseline. If there
is a relaxation at the beginning of each transient, it should be easily
observed. According to Eq. (3) and the data in Table 2, the time constant
for the rate processes to reach steady-state is about 10~° sec and the ratio
of the “instantaneous™ dV/dt to the steady state dV/dt is about 1.7. Thus,
the relaxation ought to be clearly observed —it is not. Several factors may
contribute to this: the effective value of kp will be increased at higher
voltages, although probably no more than a factor of 2 at 0.4 V or about
a factor of 1.4 at 0.2 V. If the correct value of k; were a factor of two larger,
this would have the double effect of decreasing both the time constant
and the amplitude of the relaxation making it more difficult to measure
with our instrumentation.

Time-dependent low-voltage transients (resulting from small charge
pulses) are of the expected magnitude and clearly observed. Our analyses
(Table 2) only consider the steady-state region, the criterion for this being
a linear In Vvs.t plot. A detailed analysis of the low-voltage transient has
been carried out by Benz and Lauger (1976).

We conclude that the Liduger-Stark model effectively characterizes
valinomycin-mediated potassium transport across GMO/n-hexadecane
bilayers. The single modification would be the introduction of a voltage
dependence for the heterogeneous rate constants kg and kj. High-voltage
behavior is consistent with the following formulation:

kk=k1{ 60'045 SV, 0
ki =kg e 0045 Ve
le:kDe—O.O45 Ve, o

K=k, 0045 [Vt o
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The value of 0.045 is also consistent with Hladky’s (1975) estimate of
~0.05 for trinactin-mediated potassium or ammonium ion transport, and
with Eisenman, Krasne and Ciani (1975) who find ~0.05 for actin type
carriers and 0.04 for valinomycin-type carriers.

There appear to be a few deviations from the simple model: an anoma-
lously high increase in both high- and low-voltage conductance with in-
creasing valinomycin concentration (1.1 x 1077 —1.7 x 10 ~® moles cm ~3)
at constant KCl concentration (3.0 x 1072 moles cm~?); high-voltage
time dependent transients with less than the expected magnitude; and an
anomalously high value of k,,5/kp, (a value of approximately 4 as compared
to 0.7 as determined by Benz et al. (1976) and Laprade et al. (1974). These
last two discrepancies have in common that they could both be mani-
festations of an anomalously low high-voltage flux. We emphasize,
however, that although a value of W ~4 might seem to be a spectacular
disagreement with the accepted value of ~0.7, the measured value of r
(from which W is deduced) is less than a factor of two too large. Con-
sidering that our evaluation of W is based on high-voltage data while the
literature values have been determined using low-voltage relaxation
techniques, the agreement is surprisingly good.

Comparison of our present results with those obtained in Part]
(Feldberg & Kissel, 1975) will show some discrepancies. The earlier work
was carried out using GMO/n-decane BLMs (which our recent work
indicates is not a critical difference) and a somewhat lower valinomycin
concentration. The earlier value of W=0.8 (the reported value must be
divided by 2 in order to be compared to the W in the present paper)
seems in better agreement with the accepted value. The earlier analysis of
the high-voltage data did not consider a possible voltage dependency of
kg and k; or the effect of charge redistribution during low-voltage decay
(somewhat reduced because of the low valinomycin concentration). Both
these omissions would tend to lower the value of r and thus of W. The
ratios kg/kp and kg/k, are virtually the same as that obtained in the present
work, although the individual rates kg, kp, and k, were somewhat higher.
This is due to a more precise evaluation of N° in the present work.

This work was supported by the Office of Molecular Sciences, Division of Physical
Research, U.S. Energy Research and Development Administration, Washington, D.C.,
under Contract No. E(30-1)-16.

Appendix

The time-dependent equations of Stark et al. (1971) lead directly to a
general expression [Egs. (15), (29)~(32)] describing low-voltage steady-
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state decay and intercepts. During a low-voltage decay one must consider
not only the steady-state flux, but the contribution to the apparent flux
by the redistribution of charged species. The following derivation presumes
that kg, kp, and kg are voltage independent.

Thus

av F ( dN](;S) F ( av dNI(;S)
MS :

_er_r s\ _ “r Al
it C. i )\t Ty @)

m

For a given constant voltage applied to the membrane the charge required
to reach a new steady-state is

4 w0
[Jiisdt=Jys [ 1+o e " o, e "2 dz. (A2)
0 0

The portion of this charge movement due to redistribution of Ny is

ANys=Jys [ o e oy e dt =y Loy 1y + o, 75]. (A.3)
0

Since
i " Q
AN}\Ilsz NMS - NMS

d Ny d
d;\;s = (Ius Loy Ty +05 T5]). (A4)
Rewriting (A.1) gives =
e Jus
C
_du _ . RTC,, (A.5)
by B Tt )
RTcm du MS 1%1 2 %2
On the basis of the equations of Stark et al. (1971) one obtains
k/ kl/
(Kues +Kurs) MS; us) {B*+ K, cy(1+B)?}
O61 T + OCZ T,= 2 (kr + " ) - (A6)
ko {M(HB)H}
D _
Since
ks +kius=2kys (A7)
and
A=2W(1+B) (A.8)
it is clear that (A.6) is voltage independent and
BZ
A? {('1‘—+B)2 + K, cM}
061 ‘Cl + az ’52 = —. (A.9)

2Whkg ey (A+1)
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Since
ke o Nsoﬁ‘%m)
Jys= P b (A.10)
1+ MS MS (1+B)
kp
and
Kais— Khrs = ks us (A.11)
dJ, 0
MS :M (A.12)
du 1+4
.. Eq. (A.5) becomes
F?  kpey N2W
dinu RTC, (1+4)
Codt F* NJA* [ B? - A
1+ 5 >+ Ky Cy
2RTC,, (1+4)* | (1+B)

This equation leads directly to Eq. (15).

We thank Drs. Roland Benz and Peter Liuger for making data available to us prior
to publication (Benz & Liuger, 1976).
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