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Summary. A charge pulse technique has been applied to studies of transport phenom- 
ena in bilayer membranes. The membrane capacitance can be rapidly charged (in less 
than a microsecond). The charge then decays through the membrane's conductive 
mechanism-no current flows through the solution or external circuitry. The resulting 
voltage decay is thus a manifestation of membrane and boundary layer phenomena only. 
There are a number of advantages to this approach over conventional voltage or current- 
clamp techniques: the rise-time of the voltage perturbation is not limited by the time 
constant deriving from the membrane capacitance and solution resistance, thus per- 
mitting study of extremely rapid rate processes; the membrane is exposed to high voltage 
for relatively short times and thus can be subjected to higher voltages without breakdown; 
the steady-state current-voltage behavior of the membrane can be deduced from a single 
charge pulse experiment; the charge (and therefore the integral of the ion flux through 
the membrane) is monitored allowing detection of rate processes too rapid to follow 
directly. In this paper we present what is primarily a steady-state analysis of actin (non-, 
mon-, din-, trin-)-mediated transport of ammonium ion and valinomycin-mediated 
transport of cesium and potassium ions through glycerol monooleate bilayers. We 
introduce the concept of the "intercept discrepancy", a method for measuring charge 
lost through extremely rapid rate processes. Directly observable pre-steady-state phe- 
nomena are also discussed but will be the main subject of part II. 

Symbol Units 

~/~m Farads/cm2 
Jfe Farads/cm2 
A m cm 2 
A e cm 2 
R~ ohms 

18 J. Membrane  Biol. 20 

Glossary of Symbols 

Definition 

Specific membrane capacitance 
Specific capacitance of electrode 
Membrane area 
Electrode area 
Effective resistance of solution between mem- 
brane and each electrode 
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Symbol 

Re 
a ( v , t )  

V 

v; ,v; '  
lg 

F 

R T  

v, 
v .  v2, v3 
qO 

Fr 
C i 

e~ 

kl 

k_ 1 

K, 

ks 

kL, k'/s 

k~ 

(•)• (~m 

n 

J~s 
J,~(V, t=oo)  } 

Ji~ (V, t) 

a 

co  

Units 

ohms 
ohm-1 cm-2 

volts 

volts 

dimensionless 

coul/mole 

volt coul/mole 

volts 

volts 

coul/cm z 

mole/cm 2 

mole/cm? 

mole/cm? 

mole/cm a 

cm a mole -1 sec-1 

s e c  - 1  

cma/mole 

mole/cm 2 

sec -1 

s e c  - 1  

s e c  - 1 

dimensionless 

dimensionless 

moles sec -1 cm -2 

moles sec -1 cm -2 

(cm3/mole)~ sec- i 

dimensionless 

Definition 

Electrode resistance 

Specific conductance of membrane (function of 
voltage and time) 

Voltage across membrane 

Potential of left and right electrode vs. solution 

FV/(RT) 

Faraday = 9.65 x 104 coul/mole 

Gas constant x temp (at 26 ~ x 103 volt 
coul/mole 

Intercept voltage 

Specific intercept voltages-see Theory section 

Magnitude of charge pulse per unit area of 
membrane 

Surface concentration of free carrier and ion- 
carrier complex at equilibrium 

cT=r~+ ~s 
Concentration of permeant ion in aqueous phase 

Concentration of carrier in bulk lipid/hydro- 
carbon mixture 

Heterogeneous rate constant for formation of Fis 
[see Eq. (7)] 

Heterogeneous rate constant for dissociation of 
Fis [see Eq. (7)] 

Equilibrium constant [see Eq. (8)] 

See Eqs. (5) and (6) 

Rate constant for transport of free carrier across 
the membrane 

Voltage-dependent rate constants for transport 
of ion carrier complex across membrane from 
left to right and from right to left, respectively 

Standard rate constant (voltage independent) for 
transport of ion complex halfway across the 
membrane [see Eqs. (9) and (10) and footnote 4] 

Height of Eyring barrier at peaks and at mid- 
point (see Fig. 2) 

Position parameter for peaks of Eyring barrier 
(see Fig. 2) 

Steady-state flux of ions across the membrane 

Flux of ions across the membrane as a function 
of voltage and time 

See Eqs. (14) and (15) 

Relative chemical capacitance [see Eq. (17)] 
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The purpose of this paper is to demonstrate the applicability of a charge 
pulse technique for measuring the electrical manifestations of ion transport 
across bilayer lipid membranes. The technique is ideally suited to measuring 
both steady-state and relaxation phenomena. 

In this paper we evaluate steady-state behavior of antibiotic-mediated 
alkali ion transport. In addition, we will demonstrate how to measure 
quantitatively the amount of free carrier and carrier-ion complex within 
the membrane, and thereby, in certain cases, evaluate the kinetic parameters. 

A bilayer lipid membrane (BLM) separating a pair of electrodes in two 
conducting media can present a variety of problems to an investigator 
attempting to ascertain its electrical properties. Most obvious, of course, 
are problems relating to the stability and reversibility of the measuring 
electrodes. These are easily overcome by careful electrode selection and 
construction. With highly conducting membranes a problem arises when 
the solution and membrane conductances are of comparable magnitude, 
and in relaxation studies there is the added difficulty of rapidly charging the 
membrane capacitance to the desired potential through the solution resist- 
ance and through any other resistance that may be present in the system 
[e.g. a resistor for measuring the current flowing during a voltage clamp 
experiment (Benz, Stark, Janko & LS.uger, 1973)]. 

A charge pulse technique has been used previously in membrane studies 
(e.g. Hodgkin, Huxley &Katz, 1952) but we follow more closely the 
electrochemical approach described by several authors whose primary 
interest was electrode kinetics and adsorption at electrode-solution inter- 
faces (Delahay, 1962; Reinmuth, 1962; Weir & Enke, 1967; Daum & Enke, 
1969; Kudirka, Daum &Enke,  1972; Kudirka & Enke, 1972). The prin- 
ciples of application of the method to membrane studies are straightforward. 
The membrane (Fig. 1) may be considered as a capacitive element X,, in 
parallel with a conductive element (G(V, t)). The ideal charge pulse con- 
tains a precisely known charge which is injected in an infinitely small time. 
At all times other than the instant of charge injection the pulse generator 
must present an effectively infinite impedance to the system. 2 A voltage is 
instantaneously developed across capacitive element which then decays 
through the conductive element. There is virtually no current in the external 
circuit and thus error due to voltage drop 2i Rs is eliminated. The details of 

1 A commercial pulsing device (e.g. Chronetics, Inc.) has a 20 nsec rise-time to maximum 
current of 400 mamps. 
2 A commercial pulser may need to be modified to increase its open circuit impedance 
by inserting a back-biased diode in the output circuit (C. G. Enke, personal communica- 
tion). 
18" 
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Fig. 1. Electrical analog for BLM separating two electrically similar solution-electrode 
pairs. Charge injection and voltage monitoring occur at points A and B. See Glossary 

of Symbols for definitions 

this voltage decay are a manifestation of the rate processes associated with 
the membrane conductance. If these processes are rapid relative to the 
time constant of decay, they may be assumed to be at steady state and 

G(v) 
- -  = d I n  V/d t. (1) 

The assumption that the membrane capacitance is voltage independent shall 
be proved valid, and this of course simplified interpretation of the data. 
For this reason we believe that the charge pulse technique is more ideally 
suited to studies of membrane phenomena than to electrode phenomena 
where the double-layer capacitance can vary significantly with small changes 
in potential (see, for example, review by Mohilner, 1966). 

The advantages that accrue to this method are the following: 

(1) The entire conductance-voltage relationship can be deduced from 
data obtained by a single pulse on a single membrane and in a time short 
enough to minimize changes in membrane area and composition. 

(2) Because the voltage across the membrane decays rapidly it is possible 
to determine membrane capacitance and conductance at high voltages that 
would, if sustained, break the membrane. 

(3) Because the perturbation is predetermined it is possible to inject 
charge and change the membrane potential without the 2Rs ~mA,, (Fig. 1) 
limiting time constant of a voltage-clamp technique. 

(4) The decay of the voltage across the membrane capacitance through 
the membrane conductance does not pass current through the external 
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circuit. Thus, the solution resistance between the membrane and the elec- 
trodes does not introduce an extraneous voltage drop. 

(5) The time course of the voltage decay depends on the ratio J{,,,/G(V, t) 
which is independent of membrane area. 

(6) By using large electrodes with a large double-layer capacitance 
relative to the membrane capacitance (see Fig. 1, XeAe/(a~,nAm)>> 1) the 
electrodes will present virtually zero impedance during the charging process. 
In fact, unless accurate measurements of the equilibrium potentials are 
desired, platinum electrodes will work as well as a reversible silver or 
calomel electrode. 

(7) Because of the short time and the small amount of charge passed, 
concentration polarization in the unstirred boundary layer adjacent to the 
membrane is minimized. 

(8) Because the membrane capacitance and the quantity of charge in- 
jected can be accurately determined, the voltage across the membrane at 
any time after injection allows one to measure precisely how much charge 
has been moved through the conductive path. The extrapolation of the 
voltage vs. time curve back to zero time should intercept the voltage axis 
at a potential corresponding exactly to 

v, = q~ (2) 
Any discrepancy, e.g. 

q~ m-  V i > 0 (3) 

is indicative of a fast, short-lived conduction path whose time constant may 
be too short to be resolved but whose amplitude is clearly manifested. 

The primary disadvantage of the technique is that the relaxation occurs 
over a broad potential range and the voltage dependencies as well as the 
time dependencies must be determined. Furthermore, small amplitude 
relaxations will be difficult to observe and analyze. Unlike the voltage- 
clamp technique where any deviation of the current time curve from a flat 
response is the manifestation of a relaxation process, there is always the 

c/f,, time constant decay in the charge pulse technique, and fundamental G(V, t) 

deviations are less obvious. 

Theory 

Steady-State 

The equations we present here for the steady-state carrier-mediated 
transport are based on Hladky's presentation (Hladky, 1972) of L/iuger and 
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Stark's model (L/iuger & Stark, 1970; Stark & Benz, 1971). In this paper 
we concern ourselves only with the symmetrical case where the compositions 
of the salt solutions on each side of the membrane are identical. We have 
modified the notation, using the symbol F to denote concentrations of 
species on or near each membrane surface in moles/cm 2. We feel that this 
notation is more consistent with the evidence that carrier and carrier-ion 
complex are concentrated in a planar region located just inside the polar 
head group on each side of the bilayer (Hsu & Chan, 1973), a fact that had 
long been assumed primarily for the sake of mathematical simplification. 
We also assume that all carrier molecules (complexed or uncomplexed) 
are membrane bound in the time scale of the experiments and that a given 
carrier concentration in the bulk lipid/n-decane mixture establishes a given 
concentration of free carrier in the BLM. We also use concentration c~ 
rather than activity at. The reader will note that concentrations are expressed 
in moles/cm 3. Thus the constants we report are the formal constants for the 

particular ionic medium being used. We do maintain constant ionic strength 
(3.0 x 10 -3 moles/cm 3) for all our experiments. The L/iuger-Stark-Hladky 

equation, then, with modified notation is 

where 

dis - (4) 
[ k;s+k'i; (1 k lc~\]  

k_l 

/~ =rs (5) 

when free carrier in the BLM is buffered, o r  

r~ 
fl = - -  (6) l + Kic~ 

when total carrier in BLM is maintained constant. The pertinent surface 
reactions are 

kl 

ci + rs ~ ris (7) 
k-1 

and 
I;1 -= k dl:-  1. (8) 

The prime (') and double prime (") denote rate processes moving molecules 
across the membrane from left to right and right to left, respectively. We 
tacitly assume that the surface rates, kl and k_ 1, are potential independent 
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Aqueous 
phase 

Membrane phase 

I l 
0 n 1 - n  

Aqueous 
phase 

Fig. 2. Symmetrical double Eyring barrier. Numbers 0, n, 1 -n ,  and 1, are values of 
x/(5 (3 = thickness of membrane) at the left membrane-water interface, the first barrier 
peak, the second barrier peak, and the right membrane-water interface, respectively 

and at present  we have no  data  to counte r  this. It  is clear f r o m  Eq. (4), 

however,  tha t  the potent ia l  dependence  of k_ 1 is int imately coupled to that  

of k~, and k~'s. Only direct re laxat ion measurements  to determine values of 

k;s and k;; could  separate these dependencies (Stark, Ket terer ,  Benz & Lfiu- 

ger, 1971 ; Benz et  al., 1973). 

The voltage dependence for  k~ and k~; which best explains our  data  

can be derived assuming a double  Eyring barr ier  (Fig. 2). 3 The resulting 

expressions for  steady state are 

eU/2 
k '  - •  

, ~ -  2 "~is cosh (( �89 n) u) (9) 

e-U~2 
k" - • 1~* (10) i s -  2,-is cosh (( �89 n) u)" 

The s tandard  rate constant  k*,, 4 includes the exponential  e -+. The height 

of the barr ier  at the midpoin t  of the membrane  0,,, cancels out  of the mathe-  

matical  expressions. We assume a reasonably  high value of q~,, since a small 

4m would favor  en t rapment  of a significant f ract ion of the carrier  complex 

in the central  region. Benz et  al. (1973) suggest such an en t rapment  f o r  f r e e  

val inomycin in a neutra l  phosphol ip id  BLM.  

3 Seelig and Niederberger (1974) and McConnell (1974) have shown that the lipid 
hydrocarbon tails exhibit maximum fluidity in the innermost region of the membrane. 
This suggests that resistance to translocation might be highest near the polar head groups 
and is consistent with a double Eyring barrier model or a Nernst-Planck diffusion model 
with a trapezoidal barrier (Hall, Mead & Szabo, 1973). 
4 The constant k*~ is really the standard rate constant for crossing each of the Eyring 
barriers (Fig. 2). In other words, it is the rate constant for an ion complex to move 
halfway across the membrane. Thus, it will be double the value of the corresponding rate 
constant for a jump across a single Eyring barrier. 
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Combining Eqs. (6), (9) and 
expression: 

(10) gives a generalized steady-state flux 

ks c, sinh (u/2) 
f l ~ _ ~  .k* cosh ((�89 - n) u) (11) 

J"-  k*s cosh(u/2) (1 k sci~] 
[1+ k s  cosh ((�89 - n) u) 

When n =�89 and with cognizance of footnote 4, Eq. (11)becomes identical 
to the expression derived for a single Eyring barrier model  (L/iuger & Stark, 
1970; Stark &Benz,  1971; Ciani, Eisenman, Laprade &Szabo,  1973). A 
virtually congruent set of current-voltage curves can be obtained assuming 
Nernst-Planck diffusion across a membrane with a trapezoidal barrier (Hall 
et al., 1973) where n corresponds approximately to the position of the cor- 
ners of the trapezoid. 

The expression for the decay of the voltage across the membrane capaci- 
tance through the conductive path is 

iv_=]. F (12) 
dt '~ Jl,. 

d in V _  J~sF 2 (13) 
dt RTJg'mu 

Combining Eqsl (11) and (13) and numerically integrating gives the desired 
voltage-time transient. The shape of the curve is determined by the values 

kj c~ 
of n, ki*s/k-s, and 1 + ~ 7 - q  }" The scale is determined by the parameter 
/~ks 
k-s  ci k*s F 2 t/(RTagm). If Eq. (6) obtains, Ks e~ and thus Ks can be eval- 

uated under certain conditions as will be demonstrated. To evaluate n we 
invoke what may well be two dangerous assumptions: (1) for a given carrier 
the value of n will be independent of the particular alkali ion transported, 
and (2) the reaction coordinate for reaction (7) does not  change greatly as 
the alkali ion is changed. The shift in the free energy curves of the reactants 
and products, corresponding to a change in the value of Ks, will change the 
activation energy of the forward and reverse reactions so that the following 
is approximately true: 5 

k s ~ a  I/K1 (14) 

a/VK. Os) 
5 This is a highly simplified variation of Marcus' theory relating rates of a homogeneous 
electron transfer to the equilibrium constant for the reaction (see Marcus, 1963). 
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Thus, the smaller the value of K~, the more likely it is that Eq. (11) is operat- 
ing in the equilibrium domain (i.e. k*s/k-~ is sufficiently small that the 
second term in the denominator of Eq. (11) will be effectively zero at all 
potentials). 

The values of the remaining parameters are determined for a particular 
alkali ion by fitting the integrated form of Eq. (11) to the voltage-time curve. 

Determination of Fis and FT : The Intercept Discrepancy Method 

Under certain conditions the charge pulse method allows a direct meas- 
urement of Fis and FT. Immediately after charge pulse injection across a 
membrane in equilibrium, there is a shift in the surface concentrations of 
the carrier and carrier complex as the system moves from equilibrium to 
steady state. A quantity of charge is consumed in excess of that predicted 
solely on the basis of the steady-state current. With adequately fast pulsing 
and data acquisition systems the resulting voltage decay transient could be 
directly observed. In any case, the amplitude of this transient can be ob- 
served. The extrapolation of the steady-state voltage decay back to zero 
time gives a voltage intercept that is lower than the zero-time voltage pre- 
dicted on the basis of membrane capacitance and the quantity of injected 
charge [Eq. (3)]. This difference between the two voltages (the intercept 
discrepancy) is directly related to F~s and Ft. 

Under conditions of adequately high voltage we can consider the rate 
process k~s to be effectively infinite, and k;'s to be zero. Eq. (11) becomes 
voltage independent and thus the steady-state voltage decay will be linear. 
The intercept discrepancy will reflect not only the carrier complex F~ that 
will have moved virtually instantaneously from one side of the membrane 
to the other, but also some F~ which converts to F~ through reaction (7). 

t 

We have calculated the normalized flux integral j" J ~ ( V =  ~ ,  t) dt/Fr as a 
o 

function of normalized time k_ 1 t for the following conditions: k;~ = ~ ,  
k~s=0, and Klc~=I.0.  The variable parameter is the term kick/ks. The 
graph of these relationships is shown in Fig. 3. The solid lines must all have 
the same zero-time intercept of 0.5 corresponding to the F~s instantaneously 
moved across the membrane (F~/Fr= 0.5 when Klci= 1.0). The dashed 
lines are the extrapolations of the straight line (steady state) portions of 
the curves to zero time. In principle then, with perfect electronics, and large 
values of the parameter k~ c~/k~, one ought to be able to determine three 
voltage intercepts, and deduce both F~ and Ft. The first voltage intercept, 
V~ = q~ corresponding to the beginning of the very rapid transport 
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2.0 

1.0 

[ 
Time dependence of flux integral 

~OO 
k _ l  

t !  

k~ =0 
k _ l  

_ ~ 0.50 

~ 1~ 

k_l t 5.0 10.0 

t 
Fig. 3. Time dependence of flux integral. Integral S Ji~(V= o% t) dt/F T as a function of 

o 
normalized time, k i t, for the condition Kick= 1.0. Number to the right of each curve 
is value of parameter klei/ks for that curve. Dashed line is extrapolation of steady-state 

portion of a given curve to t = 0 

of/ ' i~ across the membrane,  may be impossible to see even under the best 
of circumstances. This will of course depend on the membrane lipid used 
as well as the speed of the electronic equipment. Nevertheless, 1/1 can be 
calculated from qO and ~m. The second intercept, V2, corresponds to the 
completion of the F~s transport  (zero-time intercept of solid curves in Fig. 3) 
and the onset of F~ conversion to /'i~. The third intercept, V3, corresponds 
to the extrapolation of the steady-state voltage decay back to zero-time. 

The voltage discrepancy, 1/i - V2, corresponds directly to F~. Thus, it is 
clear that  with improved electronics or membranes with slower rate pro- 
cesses (than those obtaining in glycerol monooleate) that both F~ and /'~ 
can be measured in a single pulse experiment. 

In practice, it is most  likely that  only V3 can be measured experimentally 
and V~ calculated from q0 and Xm. We can see f rom Fig. 3 that there are 
two well-defined limiting cases: (1) when k~ c~/k~ is small the intercept cor- 
responds to F~s alone (0.5 in this case), and (2) when klei/k~ is large the 
intercept corresponds to F r. 
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The experimental intercept discrepancy depends on these same phe- 

nomena and relates to F~= and Fr in the following general way: 

F~=< AVYg,, 
= F ~FT" (16) 

Implicit in this equation is the assumption that the carrier complex moves 

across the entire bilayer when in fact it probably moves only across an 

inner region between the polar head groups. Thus the effective capacitance 

may be somewhat larger than S,, and the true values of Fi= and Fr pro- 

portionately larger. 

There is a final practical consideration: the experimental visibility of the 

intercept discrepancy. With perfect electronics or with adequately slow rate 

processes, 111 and V2 and/or V3 can be determined in a single charge pulse 

experiment. Then, we might anticipate that discrepancies of a few millivolts 

(e.g. 10 mV) could be measured with reasonable precision. If, on the other 

hand, we are dependent upon a calculated value of V1, other experimental 

variables must be considered (e.g. A= or qO) and a larger intercept dis- 

crepancy is required for reasonable precision (e.g. 50 mV). The magnitude 

of the intercept discrepancy will depend approximately on the following 

ratio 
['is F2 F 

co = = a V. - -  (17) 
S ~ R T  RT  

relating the chemical and electrical capacitance of the membrane. For a 

minimum 50 mV response, co > 2. Interestingly, a value of co that is too 

large leads to experimental difficulties. Enough charge is dissipated during 

the initial transient so that the voltage drops too low to maintain k~s = oe. 

Materials and Methods 

The bulk membrane material used throughout this study comprised 5 % (by volume) 
glycerol monooleate (GMO) in n-decane (both materials were obtained from Matheson, 
Coleman and Bell and used without further purification). In one experiment 5 % ethyl 
acetate (reagent-grade) was added. Valinomycin was purchased from Calbiochem. Non- 
actin was a gift from the Squibb Institute for Medical Research, Princeton, New Jersey. 
The CIBA Pharmaceutical Company provided us with nonactin, monactin, dinactin and 
trinactin. The antibiotics were used as received. 

Salt solutions were prepared from reagent-grade chemicals (used without further 
purification) and doubly distilled water. Solutions were filtered through a Whatman 
42 filter to remove dust and particulates. 

The antibiotics were dissolved directly in the bulk membrane material on a weight/ 
volume basis, following the suggestion of Stark and Benz (1971). The aqueous phases 
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Fig. 4. Three piece cell. Components: B, 10-mil teflon barrier; C, clamps; E, silver coil 
electrodes; G, inset O-ring; L, electrode leads; O, orifice for BLM formation; P, black 

plug; W, optical window. Overall length approximately 9 cm 

were not stirred during these experiments in order to minimize extraction of carrier from 
the BLM into the aqueous phases or from the torus into the BLM. This technique, we 
feel, avoids the long waiting time required for a membrane to " a b s o r b "  the antibiotic 
from the aqueous phase, and avoids as well the problem of removal of the antibiotic 
from BLM by the torus (Benz et al., 1973; Hladky, 1973). 

The teflon cell is a simple modification of the type used by most workers (Fig. 4). 
A 10-mil teflon barrier with a 1.5 mm orifice is sandwiched between the two solution 
chambers. 6 The ~ s~ s inch hole in the sandwiching face of each chamber is flared so that 
air  bubbles cannot be trapped in the chamber around the orifice. The face of the rear 

6 The primary viltue of the removable barrier is that it allows replacement of the orifice 
without rebuilding the entire cell system. 
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chamber has an O-ring, inset with a 5-mil protrusion, which exerts enough pressure on 
the barrier to prevent leaking. An optical window in the front chamber is large enough 
(1 inch diameter) to permit illumination of the membrane with an American Optical fiber 
optics light source and viewing with a Bausch and Lomb stereoscope. The black plug 
(fiberbase plastic - Franklin Fiber Lametex Corp.) in the rear chamber minimizes light 
reflection from the rear chamber and improves membrane visibility. Teflon tape or teflon 
gaskets are used to prevent leaking around the window and plug. The barrier orifice is 
drilled with a new drill while the barrier is sandwiched between two pieces of plexiglass 
or lucite. A silver wire coil electrode is permanently attached to each chamber. 

Membranes are made using a Pasteur pipette as described by Szabo, Eisenman and 
Ciani (1969). Membrane size is determined using the microscope reticule. The tip of the 
pipette was fire polished prior to use-primarily to avoid damaging the orifice. Data 
reported here were obtained on "freshly thinned membranes" from �89 to 3 min after 
going black. All experiments were carried out at 26 • 1 ~ 

The charge pulse generator was designed and built by the Instrumentation Division, 
Brookhaven National Laboratory, and included a high impedance voltage follower. A 
Biomation 802 transient recorder was interfaced to a Kennedy incremental tape transport 
(Model 1600). Magnetic tape reading and data print-out were obtained with a CDC 6600 
computer. The Biomation 802 also operates as a data storage buffer and continuously 
displays the transient on a Tektronix oscilloscope. Thus, transients can be viewed before 
dumping the information onto the tape. 

Results 

Membrane Capacitance 

Capaci tance of the B L M  was determined in two ways: (1) f rom the 

initial voltage change fol lowing the charge pulse and (2) f rom the rate of 

voltage decay across the membrane  th rough  an external  resistor. This 

approach  permits  measurement  of the capaci tance over a large voltage 

range that  is greatly extended by minimizing the t ime of exposure to high 

voltage. 

The measurements  were made  on membranes  with and without  anti- 

biotic. The values obta ined in 3.0 x 10 -3 moles /cm 3 LiC1 and 1.0 x 10 -~ 

mole /cm 2 CaC1 were the same: 4.5 x 10-7 Fa rads /cm 2. A slightly higher value 

4.8 x 10 -7 Farads /cm 2, was obta ined for  3~ x 10 -3 moles /cm 3 KC1. Sample 

results are shown in Fig. 5. The intercept  voltage and the time constant  for  

decay bo th  give the value 4.5 x 10 -7 Farads /cm 2. There  is a slight convex 

curvature  of the In V - t  decay which suggests that  the capaci tance of the 

m e mbra ne  is slightly greater  at the higher  voltages (see White,  1974). This 

deviat ion f rom linearity was ignored and the value 4.5 x 10 .7 Farads /cm 2 

was assumed to be the vol tage- independent  capaci tance of the membrane .  

Steady-State Measurements of Actin-Mediated Ammonium Ion Transport: 
Nonactin, Monactin, Dinactin and Trinactin 

The steady-state kinetic parameters  for  the t ranspor t  of a m m o n i u m  ion 

across a 5 % GMO/n-decane  B L M  were deduced f rom charge pulse data. 
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_= 

- 3  

1.0 x 10 .3 moles/cm 3 CaCI 2 
5 ~o GMO/n-decane 
External R = 1.00 x 10 s f~ 

Area=0.0151 cm z 
q= 2.72 x 10 -9 coul 

~f~aope =4.5 x 10 -7 Farads/cm 2 

r I - 
0 10 -3 sec 

Fig. 5. Plot of In Vvs. time for the decay of charge on a GMO BLM through an external 
resistance (1.00 x l0 s ohms) 

3.00 x 10 -3 moles/cm 3 LiC1 
1.33 x 10 .6 moles/cm 3 Nonactin 
5 ~o GMO/5 ~ Ethylacetate/n-decane 
n=0o33 
d=0  
m = 3.54 

- l  

_= 
- 3  

lO/m 
I 

t (sec) 0.05 

Fig. 6. Plot of in Vvs. time for decay of charge through a nonactin-mediated Li + trans- 
port mechanism. Open circles are experimental points and solid line is theoretical curve 
calculated from integration of Eq. (11) with: n = 0.33, d=  k*jk_ 1 = 0, and 10/m= 2.82= 

FZflKlk*sclt/(RTJ{'m), when t=0.05 sec 

T o  o b t a i n  the  va lue  of n, Eq.  (11), charge  pulse  da t a  were o b t a i n e d  for  

L iCI  (3 x 10 -3  m o l e s / c m  3) a n d  a m i x t u r e  of NaC1 (1 x 10 -3 m o l e / c m  3) a n d  

LiC1 (2 x 10 -3 m o l e s / c m  3) wi th  n o n a c t i n  (1.33 x 10 -6 m o l e s / c m  a in  5 %  

G M O / 5  % ethyl  ace ta te /n -decane) .  The  decay  curves  are v i r tua l ly  c o n g r u e n t  
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-1 

-2  

-3 

-4  

1.0 X 10 -3 moles/cm 3 NaC1 
1.33 x 10 - 6  moles/cm 3 Nonactin 
5 ~ GMO/5 ~o Ethyl acetate/n-decane 
n=0.33 

- d = 0.004 

t (sec) 2 x 10 -3 

Fig. 7. Plot of In Vvs. time for decay of charge through a nonactin-mediated Na + trans- 
port mechanism. Open circles are experimental points and solid line is theoretical 
curve calculated from integration of Eq. (11) with: n=0.33, d=k*/k_1=0.004, and 
lO/m=2.92=F2flKlk*scd/(RT~'~m), when t=2.0xl0 -3 sec. Aqueous medium is 

1.0 x 10 .3 mole/cm 3 NaC1 and 2.0 x 10 .3 moles/cm 3 LiC1 

(Figs. 6 and 7), consistent with the assumption that k_ 1 is large enough to 

make the denominator of Eq. (11) equal to unity. The value of n is 0.33. 

A slightly better fit to the NaCI data could be obtained assuming that 

k*s/k-~ = 0.004. The estimated contribution of background LiC1 to the 

NaC1 conductance is less than 2 % and was ignored. Ethyl acetate (5 %) was 

added to the membrane-forming mixture to improve the solubility of non- 

actin. Data for monactin (7.0 x 10 -7 moles/cm 3 in 5 % GMO/n-decane) in 

LiC1 (3 x 10-3 moles/cm 3) are also consistent with n = 0.33. The remaining 

data that we report for the actins were obtained on membranes with no 

ethyl acetate. The background salt is CaC12 (1.0x 10 -3 mole/cm 3 -~r 

[NH4C1]). CaC12 has a nearly linear In V vs. t decay curve corresponding to 

ohmic behavior. This behavior may be the manifestation of impurities in 

the CaC12. Nevertheless, the conductance of the BLM in CaClz at high 

voltage (~0 .4  volts) is at least a factor of 10 lower than for LiC1, making it 

an ideal background electrolyte. 
Typical data for the decay curves with the actins are shown in Figs. 8 

through 11. Low concentrations of the actins (6 to 7 x 10 -s moles/cm 3) are 

used to slow the voltage decay and ensure that the rate processes are at 
k lc i ,  ~ l 

steady state. Only the shape parameter k~s 1 + - ~ - ) / k - 1  and the scaling 
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- 1  

- 1  

- 1  

- 1  

Nonactin (7.14 x 10 -s moles/cm 3) 
[NH4C1 ] + 3 [CaC12] = 3 x 10 -s moles/cm 3 
5 ~ GMO/n-decane 

10/m 
I 

t (sec) 

Fig. 8. Plot of In V vs. time for decay of charge through a nonactin-mediated NH~- trans- 
port mechanism. Open circles are experimental points and solid lines are theoretical 
curves calculated from integration of Eq. (11). For all curves: n=0.33. For individual 
curves: 

Curve c i (moles/cm 3) k~s/k_ 1 FeflKlk~scit/(RT4f~m) t (sec) 

1 3.0 x 10 -6 0.25 4.69 2.0x 10 -2 
2 1.34x 10 -5 0.28 4.50 5.0x 10 -3 
3 5.74 x 10- s 0.28 3.50 1.0 x 10 -3 
4 2.59 x 10 -4 0.28 4.27 5.0 • 10 -4 

t e r m  Klk*s  fi were  ad jus ted  in f i t t ing the  data .  T w o  in teres t ing po in t s  are  

immed ia t e ly  obse rvab l e :  (1) except  fo r  the lowest  a m m o n i u m  ion  c o n c e n t r a -  

t ions  wi th  t r inac t in  the  va lue  of  the shape  p a r a m e t e r  fo r  a g iven ac t in  re- 

ma ins  c o n s t a n t  wi th  increas ing  a m m o n i u m  ion  c o n c e n t r a t i o n ;  and  (2) the  

scal ing t e r m  K1 k*sfi diminishes  wi th  increas ing  c o n c e n t r a t i o n  of  a m m o n i u m  

ion.  I n  the  con tex t  of  the  m o d e l  t ha t  is the  basis  of  Eq .  (11), one  is f o r ced  
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- 1  

- 1  

Monactin (7.06 x 10 -8 moles/cm 3) 
[NH4C1] + 3 [CaC12I = 3 x 10 -3 moles/cm 3 
5 ~ GMO/n-decane 

2 

0/m 
..] 

t (sec) 

Fig. 9. Plot of In Vvs. time for decay of charge through a monactin-mediated NH~- trans- 
port  mechanism. Open circles are experimental points and solid lines are theoretical 
curves calculated from integration of Eq. (11). For  all curves: n =  0.33 and ki*Jk_ l = 0.6. 
For  individual curves: 

Curve c i (moles/cm 3) F2~Klk*sclt/(RTOffm) t (sec) 

1 3.75 • 10- 6 7.14 2.0 • 10-z 
2 1.42x 10 - s  6.94 5.0• 10 -3 
3 2.60 x 10 -4 9.35 1.0 • 10 -3 

to  c o n c l u d e  t h a t  kl cdk~ r e m a i n s  s m a l l  c o m p a r e d  to  u n i t y  a n d  t h a t  fl is 

d e f i n e d  a c c o r d i n g  to  Eq.  (6). T h e  e x p a n s i o n  of  t he  i nve r se  of  t he  sca l ing-  

t e r m  is 

1 1 c, 
) (18) 

K, k?~ K~ kLrT k*srT " 
19 J. Membrane  Biol. 20 



Dinactin (6.13 x 10 -s moles/cm 3) 
[NH4CI] + 3 [CaC12] = 3 x 10- 3 moles/cm a 
5 ~ GMO/n-decane 

n=0.33 I 
- 1  

- 1  

_= 
- !  

- 1  

286 S.W. Feldberg and G. Kissel 

t (sec) 

Fig. 10. Plot of In V vs. time for decay of charge through a dinactin-mediated NH + trans- 
port mechanism. Open circles are experimental points and solid lines are theoretical 
curves calculated from integration of Eq. (11). For all curves: n= 0.33 and k~s/k_ 1 = 0.8. 
For individual curves: 

Curve c i (moles/cm 3) FZ fl Klk*scit/(RTo~rm) t (sec) 

1 4.5 )<10 -6 11.1 2.0x 10 -2 
2 2.48 )< 10 -4 8.9 1.0 x 10 -3 
3 1.15 )< 10 -4 13.0 2.0 )< 10 -3 
4 3.68 x 10 -4 9.0 1.0x 10 -3 

Thus,  a p lo t  of the lef t -hand side of Eq. (18) vs. cl should be  linear, with the 

slope and  intercept  yielding the values of K1 and  k*~ IT. A sample  plot  for  

dinact in is shown in Fig. 12. I t  is typical  of the results for  all the act ins 

except nonac t in  which  exhibits a slight superl inear  (concave upward)  

behavior .  The  steady-state  da ta  for  the actins are compi led  in Table  1 A. 

We  are somewha t  surpr ised tha t  the to ta l  carr ier  concent ra t ion  in the  

BLM,  I'r, remains  cons tan t  with increasing c~(NH+).  We  had  expected  t ha t  
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- 1  

- 1  

- 1  

- 1  

Trinactin (6.20 x 10 -8) 
[NH4CI] + 3 [CaClz] = 3 x 10- 3 moles/cm 3 
5 % GMO/n-decane 

_ 

lO/m 
1 

t (sec) 

Fig. 11. Plot of In Vvs. time for decay of charge through a trinactin-mediated N H  + trans- 
port  mechanism. Open circles are experimental points and solid lines are theoretical 
curves calculated from Eq. (11). For  all curves: n =  0.33. For  individual curves: 

Curve ci (moles/cm 3) k*Jk_ 1 F2[3K~k*sc~t/(RTOUm) t (sec) 

1 5.9 x 10 - 6  1.4 20.4 2.0• 10 -2 
2 1.34• 10 - s  1.4 22.0 1.Ox 10 -2 
3 1.28 x 10 -4 1.0 10.9 2.0x 10 -3 
4 2.19 x 10 - 4  1.0 14.1 1.0 • 10 -3 
5 4.88 X 10 -4 1.0 16.4 1.0 X 10 -3 

a r a p i d  e q u i l i b r i u m  w o u l d  b e  e s t a b l i s h e d  a t  t he  b o u n d a r y  b e t w e e n  a 

b l a c k e n e d  a n d  as  y e t  u n b l a c k e n e d  r e g i o n  of  t he  m e m b r a n e  a n d  t h a t  /'s 

w o u l d  b e  e f fec t ive ly  bu f f e r ed .  T h e  d a t a  c l e a r l y  c o n t r a d i c t  th i s  e x p e c t a t i o n  - 

f o r  t h e  ac t ins .  A s  we  wil l  d e m o n s t r a t e  v a l i n o m y c i n  does b e h a v e  a c c o r d i n g  

to  e x p e c t a t i o n .  

19" 
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4 x 10  5 

3 x 10 s 

I [ 1 I 

6.13 x 10 -s moles/cm 3 Dinactin J 
[NH,C1] + 3_[CAC121 = 3 x 10-3 moles/cm 3 

l0 s 

0 I I .I I 
10 .4 2 x 10-* 3 x 10-4 4 x 10-* 

[NH~] moles/cm a 

Fig. 12. Plot of 1/(K 1 k* fl) vs. c~ for dinactin-mediated NH + transport 

Measurement of  Fr for  the Aetins 

The fact that F r is maintained constant, in addition to yielding informa- 

tion about K1 and k*~ Fr, allows us to measure F~ easily using the principles 
outlined in the Theory section. Five different concentrations of trinactin in 
5% GMO/n-decane were prepared: 0, 1.55 • 10 -7, 3.1 • 10 -7 ,  4.65 • 10 -7, 
and 6.1 x 10 -7  moles/era 3. The electrolyte for this experiment was a mixture 
of NH4C1 (5 x 10-*moles/cm 3) and CaC12 (8.3 x 10-*moles/cm3). The 

capacitance of a membrane with no trinactin was measured using the charge 
pulse technique and noting the voltage decay through a 2000-ohm resistor 
across the electrodes. This permitted us to charge the membrane up to about 
0.4 volts. Both the intercept and slope of the In V vs. t plot were consistent 
with a membrane capacitance of 4.5 • 10 -7 Farads/era 2. The resistor was 
removed and the charge pulse experiments were carried out on the membranes 
containing trinactin. About 5 to 10 I~sec after the charge pulse there begins 
a well defined linear decay of the voltage vs. time. The extrapolated zero- 
time intercept of this linear region gives a voltage measurably lower than 
that predicted on the basis of the magnitude of the charge pulse, membrane 



Charge Pulse Studies on Bilayers 

Table 1. A. Steady-state parameters for actin-mediated transport of NH + 

289 

Actin 
k;'s 

c s K ~ k S l "  T k _  1 K1 k S [ '  T k l F  T 

Nonactin 7.1 • 10 -8 9 x 1 0  -6  0.28 4 .8x 103 1.9• 10 -9 3.2•  .5  
Monactin 7.1 x 10 -8 1 .3x10 - s  0.6 7.5• 103 1.7• 10 -9  2.2• 10 -5 
Dinactin 6.1 •  -8  1.6• .5  0.8 1.2• 1.3• -9  2.1 • 10 -5 
Trinactin 6.2• 10 -8 1.2• 10 - s  1.0 1.0• 104 1.2 • 10 .9  1.2• 10 -5 

B. Evaluation of F r for actins [NH + ]=  5.0 x 10 -4 moles/cm 3 

Actin c s Fi s Fr Fr/c s exptl, calc. a 
d V/dt d V/dt 

Nonactin 7.1 • 10 -7 1.2• 10 -az 1.7 • 10 .22 2.5 x 10 .6  1.0• 10 4b 1.0• 10 4b 

Monactin 7.1•  -7 9 .9x10 -13 1.3• -12 1.8• -6  4.2• 5 .0x10 a 
Dinactin 6.1•  -7  8 .6x10  -13 9.9•  - l a  1.6• -6  3.0x103 3.2• 
Trinactin 6 .2•  -7  7.8•  -13 9 .5x10  -13 1.5• -6 1.8x103 2.1• 

Calculated from data in Table 1A. (Note cs's and .'. Fr ' s  are a factor of 10 different.) 
b Straight line portion for nonactin only is poorly defined; calculated value was used 
to help define line. 

C. Estimated rate parameters for actins (from data in Tables A and B) 

Actin k*s kl  k_ 1 ks a 

Nonactin 1.1 x 104 1.8 x 10 s 4.3 x 104 > 3 x 10 s 
Monactin 1.3 x 104 1.7 x l0 s 2.2 x 104 > 2 x 105 
Dinactin 1.3 x 104 2.1 x 10 s 1.6 • 10 4 > 3 X 10 s 
Trinactin 1.3 x 104 1.2 x 10 s 1.3 X 10 4 > 1.5 • l0 s 

a Assume that klc/2ks<0.2 and .'. ks>2.5 x klci, max. 

a r e a  a n d  m e m b r a n e  c a p a c i t a n c e .  W e  c a l c u l a t e / ' i ~  a s s u m i n g  t h a t  i t  a l o n e  is 

r e s p o n s i b l e  f o r  t h e  i n t e r c e p t  d i s c r e p a n c y .  Th i s  is c o n s i s t e n t  w i th  t he  p r e -  

v i o u s l y  d e d u c e d  s m a l l  v a l u e  of  k l  cJks  (see Fig .  3). T h e n  

(1 + Ks q)  
FT = F ~  (19) 

K1 ci 

A p l o t  o f  F,s v a l u e  vs. t he  b u l k  c o n c e n t r a t i o n ,  cs, of  t r i n a c t i n  is s a t i s f y i n g l y  

l i n e a r  (F ig .  13). C o r r e s p o n d i n g  va lues  f o r  t he  o t h e r  a c t i n s  were  m e a s u r e d ,  

b u t  o n l y  a t  a s ingle  c o n c e n t r a t i o n .  T h e  r e su l t s  a r e  p r e s e n t e d  in  T a b l e  1 B. 

T h e  c a l c u l a t e d  v a l u e s  f o r  t he  l i n e a r  v o l t a g e  d e c a y  a re  c a l c u l a t e d  f r o m  t h e  
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,-~ 10 -12  

I I I 

Trinactin 
[NH4C1 ] = 5 x 10-4 moles/cm 3 
[CaCl2] =0.83 x 10 -3 moles/crn 3 
in 5 ~ GMO/n-decane 

O 

0 2 4 6 • I 0  - 7  moles/crn 3 
[Trinactin] 

Fig. 13. Plot of I"~ vs. Cs for trinactin-mediated NH + transport 

high voltage limiting form of Eq. (11): 

d m =  Jis F _ f klFTC i (20) 
dt 2U m Jr",, ( l + K l c i ) "  

The calculated value of d V/dt  in the linear voltage decay region is based 

on the steady-state data in Table 1 A. The agreement is quite good. In the 
case of nonactin, however, the linear decay is so poorly defined that we used 
the calculated value to locate the region of linear decay and the appropriate 
intercept. The problem is due in part to the relatively high concentration of 
nonactin in the BLM and the fact that once the carrier complex had moved 
across the membrane the voltage had dropped too low for Eq. (20) to be 
valid over a large enough voltage range. A lower value of c~ for the nonactin 
would have improved the analysis. Analysis of the data for c~ = 7.1 x 10 .8 
gave nearly the same result. 

The value of K1 permits us to estimate the change in the value of r~  
with c,. Assuming a constant value of FT, the value of Fi~ for any of the actins 
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increases only slightly at higher concentrations of ammonium ion. The 

prediction was tested and verified for nonactin and ammonium ion (K1 = 
4.8 x 103 moles/cm 3 and 4 x 10 -4 moles/cm 3 < c i<  1.25 x 10 -3 moles/cm3). 

This is direct evidence that Fr does remain constant. 

The measured values of the ratio _rr/cs (Table 1 B) agree with Hladky's 

(1973) estimate of 3 x 10  . 6  moles/cm 3 for nonactin in GMO. 

On the basis of the data presented in Tables 1A and 1B we can calculate 
values for rate constants k's, k~, and k_ ~ (Table 1 C). 7 Only a lower limit 

for k~ can be estimated. We assume that a 20 % variation in the parameter 
1 + k~ cd(2ks) would measurably affect the shape of the voltage decay curve 8 

and we see no such changes. Thus we can write: 

k s > 2.5 k~ c i . . . .  (21) 

where ci . . . .  is the highest value of ci used. 

Several interesting facts emerge from the data in Table 1 C. First is the 
constancy of the rate parameter k*~ for all the actins. This suggests that the 

membrane energy barrier for the four different ammonium-actin complexes 
is essentially the same. 9 Second is the observation that ks is much greater 

than k*,. Laprade, Ciani, Eisenman and Szabo (1974) made a similar ob- 

servation in studies of actin-mediated transport in glycerol dioleate mem- 

branes (GDO) (see Table 3) and rationalize it by pointing out that the 
carrier complex must overcome the dielectric energy barrier as discussed by 

Neumcke and L/iuger (1970). Laprade etal. (1974) also noted that the 

values of the instantaneous current (for high concentrations of NH~- with 

trinactin in GDO)  predicted from steady-state data were much higher than 

the values directly measured using voltage-clamp techniques. If ks is as 
large ( >  3 x l0 s sec-1) in G D O  as in GMO, then the instantaneous current 

should be greater than the steady-state current by a constant factor inde- 
pendent of the ammonium-ion concentration. This may be deduced mathe- 

matically as follows for the zero voltage condition (u ~ 0): 

Ji~(V=0, t=0) - �89 k*~K~ c, fl (22) 
u 

7 The reader is reminded that rate constant k 1 cm 3 moles -1 sec -1 will be 1000 times 
larger than the equivalent constant expressed in units liter moles -1 sec -1. 

8 This presumes k~s(1 + klCi/(2ks))/k-1 < 1.5. Changes in larger values of this parameter 
have a diminished effect on shape changes in the voltage decay curve. 
9 This supports the conclusion of Szabo, Eisenman and Ciani (1969) that the overall size 
and shape of the actin antibiotics are independent of the degree of methylation. 
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and from Eq. (11) for ks~oc and u--*0 

and .'. 

J~s(V=0, t=  or) _ �89 c~fl 

k-1 

(23) 

G(V=O, t=O) = Jis(V=0, t=O) k* (24) 
G(V=O,t=~)~ Ji~(V=O,t=~) =1+ k_----(" 

This ratio ought to be valid regardless of how the carrier is introduced into 
the membrane. For trinactin-mediated transport of ammonium ion in GMO 
this ratio is about 2 (see Table 1A) and this concurs with the experimental 
observations of Laprade et al. (1974) albeit for GDO. We agree with them 
that this discrepancy may well reflect an inadequacy in the model. With the 
exception of the value of ks, however, their data and ours agree well (see 
Table 3). 

G(v, t= ~) 
The calculated values of the steady-state conductance ratio G (V= 0, t = oo)  

as a function of voltage for the four actins are shown in Fig. 14. These 

are calculated from the following equation: 

G(V, t= oo) (Jis/u)v 
G(V=0, t= oo) (Jis/u)v=o 

(25) 

where Ji ,  is calculated from Eq. (11) using the appropriate data in Table 1A. 
The data of Laprade et al. (1974) for trinactin-NH~- transport is plotted 
for comparison (solid dots) using their version of a modified single barrier 
model. Our data predict virtually no effect of increasing ci. Their lower 
values of ks, on the other hand, predict a change in the shape of the curves 

in Fig. 14 with increasing ci. 

Steady-State Data for Valinomycin 

To establish the value of n in Eq. (11) the charge-pulse experiment 
was carried out on a 5% GMO/n-decane membrane containing 3.68 x 
10- 6 moles/cm 3 valinomycin with 3 = 10- 3 moles/cm 3 NaC1 in both chambers. 
A good fit was obtained for n = 0.26 (Fig. 15). We felt that the conductance of 
the membrane in 3 x 10 -3 moles/cm a LiC1 was too close to background (i.e. 
the conductance level of a membrane with no valinomycin) for a valid 
determination of n. Thus, unlike the case for the actins, where we obtained 
identical values of n for NaC1 and LiC1, we have no real assurance that we 
are observing behavior in the equilibrium domain. 
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in~l~iM?~/~5~dog/goU~E)~hny!; OfcetOtnact_dinecWith Li + and Na+/ /Li+_ 

n =0.33 / 
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Voltage dependence of conductance 
for actins with NH~- (c i ~ 0) 

Non- 

Mo- 
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Fig. 14. Steady-state conductance ratios (G(V, t=oo)/G(V=O, t=oo)) for the actins. 
Curves are calculated from Eq. (25) and data in Table 1 A. Points are calculated from 
data of Laprade, Ciani, Eisenman and Szabo (1974) using k*Jk_ 1 = 1.8 for trinactin-NH + 
transport on GDO membranes and the equation: 

G(V, t=oo) (l+k*s/k_ 0 sinh(bu) 
G(V=0, t=oo) bu(l+k*scosh(bu)/kl) 

where b=0.36. This equation differs slightly from theirs because of the redefinition of 
k*s/k- 1 (see footnote 4) 

In experiments with CsCI and  KC1 (ionic strength maintained at 

3 x 10 -3 moles/cm 3 with LiC1) we used a lower concentrat ion of valino- 

mycin (8.85 x 10 -8 moles/cm 3) to ensure that  the voltage decay time con- 

stants are long enough for the rate processes to be at steady state. The 
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I [ 

3.0 x 10 -3 moles/cm 3 NaC1 
3.68 x 10 -6 moles/cm 3 Valinomycin 
5 ~o GMO/n-decane 
n=0.26; d=O 

- 1 - m = 2.29 

-2  

_= 

-I 
lO/m 

I I 
t (see) 0.1 

Fig. 15. Plot of In V vs. time for decay of charge through a valinomycin-mediated Na + 
transport mechanism. Open circles are experimental points and solid line is theoretical 
curve calculated from integration of Eq. (11) with: n= 0.26, d= k*=/k_ 1= 0, and 10/m= 

4.37----FZflKlk*=c~t/(RTS,,), when t=0.1 sec 

change in curve shape with increasing KC1 or CsC1 concentration (Figs. 16 
and 17) is indicative of the increasing value of the ratio kl  ci/(2k=) in Eq. (11). 

ki*= ( k lc i \  
A plot of the parameter ~ 1 + 2-~c='~ vs. ci allows us to estimate both 

k*=/k_ 1 and kl/k~. The value of K~k*=fl remains constant, consistent with 
fl = F= (see Eqs. (5) and (6) and accompanying text). The steady-state data 
for CsC1 and KC1 are collected in Table 2. 

It is particularly interesting to us that it is F= which appears to be buffered 
during the membrane formation (unlike the case for the actins where it is Fr 
that seems to be maintained constant). In the case of the Cs + transport we 
are confident this is the case. The potassium data presents a problem in 
that once 

k*= [1 kl ci k_, [ +--~-= ) >2 (26) 
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Valinomycin (8.85 x 10 -s moles/cm 3) 
[KC1] + [LiCl] = 3.0 x 10 -3 moles/cm 3 
5 ~ GMO/n-decane 
n =0.26 

1 

>. - 1  1 ~  

~ - 1  2 

K + 

II~ 
10/m 

I 
t (sec) 

Fig. 16. Plot of In V vs. time for decay of charge through a valinomycin-mediated K + 
transport mechanism. Open circles are experimental points and solid lines are theoretical 
curves calculated from Eq. (11). For all curves n= 0.26. For individual curves: 

Curve ei (moles/cm 3) k- lk~S ( l + ~ s q )  F2 fl Kxk~,cit/(RTJ{',,) t (sec) 

1 7.5 • -6 1.6 12.5 5.0• -2 
2 4.7 X 10 -s 2.10 15.6 1.0• 10 -2  
3 1.85X 10 -4 3.15 30.8 5.0X 10 -3 

Table 2. Steady-state parameters for valinomycin-mediated transport 
cs= 8.85 x 10-s moles/cm 3 

Ion Kxlc*fl; k*dk- 1 kdG ks~ 
cm sec 

Cs + 1.8• -6 0.4 1.6• 2.4• -I~ 
K + 4.0x 10 -6 1.6 1.06• 2.8x 10 -1~ 

the effect of the shape of the voltage decay is negligible and one effectively 

only  changes the scaling. Thus,  in fitting the potass ium data,  we assumed 

that  the scaling parameter ,  K~ kTsI's remains constant .  The  assumption is 

suppor ted  by  the compara t ive  values of term ks/'s for  Cs + and  K + transport .  

It  is clear, of course, tha t  these values must  be identical. 
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Valinomycin (8.85 x I0 -s mo!es/cm a) 
[CsC1] + [LiC1] = 3.0 x 10 -a moles/cm 3 

. 5 ~o GMO/n-decane 
- l ~~a"c~"e'~- ̂  n ='0.26 

- = - 1  

_ 1 C s +  _ 

lO/m 

t (sec) 

Fig. 17. Plot of In V vs. time for decay of charge through a valinomycin-mediated Cs + 
transport mechanism. Open circles are experimental points and solid lines are theoretical 
curves calculated from Eq. (11). For all curves n=0.26. For individual curves: 

Curve ci(m~ k-lk*s (1+ k2@n Q) F2flKlk~sclt/(RT~rn) t (sec) 

1 7.5 • 10  - 6  0.5 5.46 5.0X 10 -2 
2 5.2 x l0  -s 0.5 8.5 1.0X 10 -z 
3 2.09 X 10 -4 1.0 14.5 5.0 X 10 .3 
4 3.33 • 10  - 4  t.5 24.8 5.0 x 10 .3 

Measurement of Fis and Frfor Valinomycin 

Measurement  of the intercept discrepancy is not  as straightforward for 

valinomycin as for the actins. This is due, in part,  to the larger values of 

kick[ks that  obtain. It appears that  we can discern two intercepts corre- 
sponding to VE and Va as discussed in the Theory section. The analysis is 
further complicated, however, because the voltage diminishes below the 

value necessary to maintain  the conditions k~s= oo. We cannot  simply 
increase qO since the initial voltage would be high enough to break the 

membrane.  Thus, proper analysis of this data  will require the complete 
t ime-dependent analysis of the sort indicated in Fig. 3, perhaps with con- 
sideration of the addit ional  variables k*~, u, and n. 

The buffering of Fs rather than  FT precludes the simple experiments 
where c~ is increased and K1 deduced as was done with the actins. Experi- 
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Intrinsic conductance for valinomycin with Na + 
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Fig. 18. Steady-state conductance ratios (G(V, t=  oo)/G(V=O, t=  oo)) for valinomycin- 
mediated transport of Na +, Cs +, and K + as c~--. 0. Curves are calculated from Eq. (25) 
and data in Table 2. Points are calculated from data of Laprade, Ciani, Eisenman and 
Szabo (1974) using their value k*s/kl=l.3 for valinomycin-K + transport on GDO 

membranes. The equation given in the caption for Fig. 14 was used with b= 0.5 

mental modification can, in principal, circumvent some of these difficulties 
(see final section). 

On the basis of our present data we can tentatively estimate that Fs/c~ 
for valinomycin is about 2 x 10 -8 cm, approximately two orders of magni- 
tude smaller than our calculated values of FT/Cs for the actins (note that as 
c,--, 0, F T ~ Is). If this estimate is correct, the difference in the nature of the 
buffering for valinomycin and the actins may be simply explained by a 
difference in "buffer capacity", i.e., the concentration of carrier in the 
blackened membrane relative to that in the unblackened membrane (which 
we assume to be identical to the bulk lipid-hydrocarbon-carrier mixture) 
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Table 3. Comparison of our data with that of Laprade, Ciani, Eisenman and Szabo (1974) 

Constant Trinactin-NH + Valinomycin-K + 

Laprade et al. This work Laprade et aL This work a 
(GDO) (GMO) (GDO) (GMO) 

k*~ b 1.7 x 104 1.3 • 104 9.8 • 104 7.5 x 105 
k s 4.4 • 104 ~- 1.5 X 105 9.0 x 104 1.6 x 105 
k 1 6.6x 107 1.2• 108 7.4x 107 1.7x 109 
k_ 1 9.2 x 103 1.2 x 104 7.4 • 104 4.7 x 105 
K 1 7.2x 103 1.0x 104 1.0x 103 3 x 103 
kl/k s 1.5 x 103 <8 x 102 8.2 x 10 z 1.1 x 104 
k*Jk_ 1 b 1.80 1.0 1.3 1.6 

a These constants derived on the basis of tentative estimates of F J c ~ 2 x  10 -8 and 
KI~ 3 x 10 a deduced using the intercept discrepancy method. 
b The value obtained by Laprade et al. (1974) must be doubled (see footnote 4). 

is much smaller for valinomycin than for the actins. Thus, carrier transport 

across the boundary between the black and unblackened membrane areas 

may be limiting in one case (the actins) and not in the other (valinomycin). 

Plots of G(V,  t = oo ) /G(V= 0, t = oo) as a function of voltage for valino- 

mycin with Cs + and K + are shown in Fig. 18. 

The comparison of our valinomycin-K § data with that of Laprade et al. 

(1974) (Table 3) does not exhibit nearly as good agreement as the trin- 

actin-NH4 + data. Only the values of ks and K1 are in reasonable agreement. 

Nevertheless the voltage dependency of G(V,  t = o o ) / G ( V =  0, t = oo) in the 

limit as c i~  0 is quite similar for their system and ours (Fig. 18). Because of 

the tentativeness of our numbers we are reluctant to overanalyze the dis- 

crepancies between the two sets of data. 

Prognosis for the Charge Pulse Technique 
and Some Experimental Modifications 

The data we have presented here demonstrate many of the stated virtues 
of the charge pulse technique. Because of the extremely fast kinetics involved 

in the particular systems that we studied, our instrumentation was not fast 

enough for precise analysis of the time-dependent portion of the voltage 

decay curve. A faster pulser (see footnotes 1 and 2) and faster data acquisi- 
tion will facilitate that aspect of study. 

A simple modification of the technique described in the present work 

is the use of multiple charge pulses. This will allow one to boost the decay- 
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ing voltage back to a level where the condit ion k~s = oo obtains and thereby 

minimize theoretical complexities. Fur thermore ,  by using multiple charge 

pulses rather than  a single large charge pulse, one can stay below the mem- 

brane breakdown voltage. For  carriers such as valinomycin where / ' s  is 

buffered a nd / ' i s  builds up in propor t ion to the K1 and ci of the complexed 

ion it may  be advantageous to allow the membrane  to form under  conditions 

where ei = 0, and then increase c~ to the desired value af ter  the B L M  has 

formed. The difficulty is simultaneously to homogenize the aqueous phases 

and  minimize agitation of the membrane  (and thereby minimize equilibra- 

tion of the B L M  with the torus). 

A major  task ahead of us is the development of the t ime-dependent  

theory describing the manifestations of various t ransport  mechanisms in the 

charge pulse experiment. We anticipate that  most  of these calculations will 

be numerical  requiring graphical presentation similar to Fig. 3. 

We are particularly grateful to a number of investigators whose help has been in- 
valuable to us in initiating and carrying out these studies: George Eisenman, Sally Krasne, 
Raynald Laprade, Stuart McLaughlin, and Gabor Szabo. We would also like to thank 
Timothy Brumleve, Robert Doering and Marc Fajer whose efforts in the early stages of 
this work were most useful. Miss Barbara Stearns of  the Squibb Institute for Medical 
Research and Dr. Hans Bickel of the CIBA Pharmaceutical Company are thanked for 
their generous gifts of the actin homologues. 

This work was performed under the auspices of the United States Atomic Energy 
Commission. 

Note Added in 1u Dr. S.B. Hladky has kindly informed us of the results of his 
recent studies of nonactin- and trinactin-mediated transport of alkali ions in GMO 
bilayers (Biochim. Biophys. Acta, in press). His values for the rate constants describing 
ammonium-ion transport (deduced from steady-state and voltage-clamp data) and ours 
agree reasonably well with the exception of the values of k s for which he obtains nearly 
the same values as Laprade et aL (1974). 
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