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ABSTRACT Discrete fluctuations in conductance of lipid bilayer membranes 
may be observed during the initial stages of membrane interaction with EIM 
("excitability inducing material"), during destruction of the EIM conductance 
by proteolysis, and during the potential-dependent transitions between low 
and high conductance states in the "excitable" membranes. The discrete con- 
ductance steps observed during the initial reaction of EIM with the lipid mem- 
branes are remarkably uniform, even in membranes of widely varying lipid 
composition. They range only from 2 to 6 X 10 -1° ohm -1 and average 4 X 
10 -l° ohm -1. Steps found during destruction of the EIM conductance by pro- 
teolysis are somewhat smaller. The transition between high conductance and 
low conductance states may involve steps as small as 0.5 X 10 -1° ohm -I. These 
phenomena are consistent with the formation of a stable protein bridge across 
the lipid membrane to provide a polar channel for the transport of cations. 
The uniform conductance fluctuations observed during the formation of these 
macromolecular channels may indicate that the ions in a conductive channel, 
in its open state, are largely protected from the influence of the polar groups of 
the membrane lipids. Potential-dependent changes in conductance may be 
due to configurational or positional changes in the protein channel. Differ- 
ences in lipid-lipid and lipid-macromolecule interactions may account for the 
variations in switching kinetics in various membrane systems. 

I N T R O D U C T I O N  

M a n y  of the electrical characteristics of excitable cells can be reproduced in 
experimental lipid bilayer membranes when modified by  a bacterial sub- 
stance, called "excitability inducing material ,"  or E I M  (MueUer and Rudin,  
1963, 1967 a, 1968 a,b) or the cyclic peptide antibiotic, alamethicin 1 (MueUer 
and Rudin,  1968 a). A number  of substances, such as organic ions (Hopfer, 
Lehninger, and Thompson,  1967; Skulachev, Sharaf, and Liberman,  1967), 
cationic dyes (R. C. Bean, unpublished data)  and other organic cations 
(Bean, Shepherd, and Chan, 1968), and iodide ions (L~uger, Lesslauer, 

1 Upjohn Compound No. 22,234. 
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Marti ,  and Richter, 1967) may  alter the membrane  conductance in a manner  
suggesting a carrier mechanism. In other instances, as for the cyclic peptide 
antibiotics (Mueller and Rudin,  1967 b; Andreoli, Tieffenberg, and Tosteson, 
1967) the formation of stable channels (or pores) has been proposed but  dis- 
puted by  other investigators in favor of a carrier mechanism (Stein, 1968; 
Pressman et al., 1967). 

Several behavioral and kinetic characteristics of the E IM-membrane  sys- 
tem suggest consideration of a long-lived polar channel rather than a carrier 
mechanism. A major factor is the demonstration that the E I M  conductance 
may  be destroyed by proteolysis from either side of the membrane,  even 
though E I M  is added only on one side (Mueller and Rudin,  1968 b; Bean, 
Chan, and Eichner, 1968). Confirmation of the existence of a stable protein 
channel in the experimental lipid bilayers may  have a significant bearing 
upon concepts of the structure and action of biological membranes.  The  evi- 
dence offered in this report, showing the existence of long-lived, incremental 
changes in membrane  conductance during the interaction of E I M  with the 
membrane  as well as during the destruction of the E I M  conductance by  
proteolysis, provides further support  for the concept of a stable channel. In 
addition, the demonstration of smaller conductance steps in the potential- 
dependent  transition between high and low conductance states of the E I M  
membrane  suggests the existence of quantized conduction states within these 
channels which may  be due to progressive conformational changes in the 
protein channel. 

E X P E R I M E N T A L  

Methods and Materials 

MEMBRANE FORMATION The methods for membrane formation and the con- 
figurations of the supporting assemblies were similar to those used by Mueller, 
Rudin, Tien, and Wescott (1962, 1963, 1964) in their original studies. A poly- 
ethylene cup, with a small aperture (about I mm diameter) in a thinned area of the 
wall was supported inside a low glass or polymethacrylate cup. Medium was placed 
in both the inner and outer compartments, equilibrated at the experimental temper- 
ature, and a lipid solution was brushed across the aperture with a small, trimmed 
brush or thin, tapered Teflon spatula. Conductance measurements were carried out 
after spontaneous thinning of the films to the secondary black stage. EIM was gener- 
ally added on only one side of the membrane, while monitoring current, at constant 
potential, as indicated below. 

During the experiments both inner and outer compartments were continuously 
stirred with stainless steel wire, magnetic stirring bars. The plastic cup (inner com- 
partment) was supported slightly above the floor of the outer compartment so that 
a single magnetic stirring motor could drive both stirring fleas, one above the other, 
in the two compartments. 

The experimental temperature was maintained either by circulating water from a 
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constant temperature bath through a jacketed outer compartment or by heating 
with a small DC heater under the outer compartment of the assembly. Temperature 
was monitored with a chromel-alumel thermocouple through a Hewlett-Packard 
microvoltammeter (Hewlett-Packard Co., Palo Alto, Calif.) 

The  medium used in the membrane assembly was 0.1 u NaCI, buffered at pH 7.0 
with 5 mM histidine, unless otherwise noted. 

CONDUCTANCE MEASUREMENTS Electrical contact with the membrane was 
maintained through agar-salt bridges to calomel electrodes. Measurements were all 
carried out under constant potential conditions (low resistance in series with the 
membranes) rather than at constant current. Potentials were generated from a 1.5 v 
cell through a potential divider circuit. Potentials across the membrane were moni- 
tored with a Keithley electrometer (Model 610 B) with a 101~ ohm input impedance. 
Currents were measured with a Hewlett-Packard mierovoltammeter (Model 610 B). 
Electrometer and ammeter outputs were recorded on an X-Y recorder, enabling 
direct recording of either current-voltage curves or current-time curves at constant 
potential. Noise factors generally limited reliable measurement of conductance or 
resistance changes to about 4- 0.2 X 10 -1° ohm (5 X 101° ohm). 

EIm PREPARATION The E IM was prepared by procedures adapted from Muel- 
ler and Rudin (personal communication) and Kushnir (1968). Enterobacter doacae 
(ATCC 961) was grown initially on a standard thioglycollate medium. An inoculum 
from 16 to 24 hr growth in this medium was transferred to a glucose-salt medium, 
containing 0.2% glucose, 0.1% ammonium sulfate, 0.3 % KH2PO4, 0.7 % K~HPO4, 
0.5% sodium ci t rate .3H20,  and 0.01% magnesium sulfate. TH20. Glucose and 
salts were autoclaved separately and mixed before inoculation. After 16 hr of aerobic 
growth at 37°C, the cells were harvested by centrifugation. The supernatant medium, 
under these growth conditions, contained little or no EIM activity, in contrast with 
other procedures (Kushnir, 1968) in which the supernatant medium contained most 
of the EIM activity. E IM was extracted from the harvested ceils by resuspending 
them in distilled water to one-tenth the volume of the growing medium, adjusting to 
pH 9.5-10.5 with NaOH,  and incubating with occasional shaking for 30 min. The 
cells were sedimented and treated once more by the same procedure, with similar 
volumes. 

During the incubations the pH usually fell to a point near neutrality once more. 
The second extract normally contained the most activity and was retained. After 
completing adjustment to pH 7 it was stored, frozen, to be used in the experiments 
presented here. Ultraviolet spectra of undialyzed extracts showed a 260 m~ absorp- 
tion peak corresponding to 1-3 mM nucleoside material which could be removed by 
dialysis without altering activity. After dialysis less than 20-50 /zg/ml of macro- 
molecular substances normally remained. An easily detectable change in membrane 
resistance could be induced in sensitive membranes by as little as 0. I ~1 of extract 
per ml of buffer. Thus, the crude material may be active at concentrations as low as 
2 X 10 -9 g per ml. The specific activity of the preparations could be doubled or 
tripled by passage through gel filtration columns having an exclusion volume of 
155,000 (BioGel 150, Bio-Rad Laboratories, Richmond, Calif.) in 0.2 m NaC1 solu- 
tion, retaining the frontal protein peak. However, a major part  of the activity was 
lost during such fractionation and the product was normally unstable upon storage. 
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Therefore, the original extracts, which were stable for at least a year of storage at 
freezing temperatures and several weeks at room temperature, were used experimen- 
:tally. The extracts appear to have some antibiotic activity. 

Ltem SOLtrrioNs Specific compositions of membrane solutions are indicated, 
as required, in the text, figure legends, and tables. Membranes were usually formed 
from solutions containing a phospholipid component and a plasticizing solvent, such 
as a-tocopherol, decane, or a fatty acid ester, in chloroform-methanol (2:1). Cho- 
lesterol, cholesterol butyrate, or cholestane was frequently added as a stabilizing 
factor. Hydrocarbon plasticizing solvents for phospholipids, such as decane, inhibited 
the reaction of EIM with the membranes greatly so that a modified membrane- 
forming procedure was required, where such systems were used, in order to obtain 
any significant reaction with the ElM.  In these cases, a chloroform-methanol solu- 
tion of the phospholipid, or phospholipid plus cholesterol, was brushed across the 
aperture. After waiting a suitable interval for loss of solvent to the medium, pure 
decane or decane in chloroform-methanol was brushed across the aperture. This 
resulted in the formation of membranes which reacted readily with the EIM. In 
contrast, no special procedures were required to obtain EIM reaction with mem- 
branes formed from oxidized cholesterol (Tien, Carbone, and Dawidowicz, 1966) in 
decane. 

The mixed brain lipids were extracted from fresh beef brain white matter and par- 
titioned with water for 2 days according to the procedure of Folch and Lees (1951) 
to remove proteolipids. Where formulations specify "brain lipids" this crude mixture 
was used. Brain phospholipid fractions were prepared from these extracts by adsorp- 
tion on activated silicic acid, washing with 2 % methanol in chloroform, and retain- 
ing fractions eluted by 80 % methanol in chloroform. The lipids were stored at -- 10°C 
in chloroform. 

Sphingomyelin (Nutritional Biochemicals Corp., Cleveland, Ohio) was used as 
received. Phosphatidylethanolamine (Mann Research Laboratories, Inc., N.Y.) was 
reprocessed to remove colored contaminants by precipitating from chloroform solu- 
tion with acetone and fractionating on silicic acid columns, retaining the fractions 
eluted by 20 % methanol in chloroform. Soy bean lecithin (A. E. Staley Manufactur- 
ing Co., Decatur, Ill.) was similarly fractionated, retaining a fraction eluted at 50 % 
methanol in chloroform. 

Cholesterol, from various commercial sources, was recrystallized from ethanol to 
remove oxidation products. Other  steroids, cholesterol butyrate and cholestane 
(Mann Research Laboratories), were used as received. 

a-Tocopherol was a gift of the Roche Division of Hoffman-LaRoche Laboratories 
(Nutley, N.J.). We are indebted to Dr. J. W. Mason and Mr. R. J. Salisbury for 
synthesis of the cyclohexyltetradecanoate (CHDT).  

E X P E R I M E N T A L  R E S U L T S  

T h e  black membranes ,  as fo rmed  initially, have  a h igh specific resistance, 
10L108 o h m  cm ~, which  decreases significantly wi th  increasing polar iz ing  
potent ia ls  across the membranes ,  as i l lustrated in Fig. 1 A. U p o n  addi t ion  of  a 
ve ry  small quan t i t y  of  E I M  to the  m e d i u m  on  one  side of the m e m b r a n e ,  the 
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membrane conductance (at low potentials) increases rapidly after a short in- 
duction period, as indicated in Fig. 1 B. The  conductance may increase by a 
factor of 10L105, bringing the specific resistances as low as 100-1000 ohm 
cm 2, well within ranges of resistance for biological membranes. In addition, 
the membrane develops a variable, potential-dependent conductance, fre- 
quently displaying a steep negative differential resistance region (Fig. 1 C) 
similar to that  found for membranes of excitable cells. 

,[A l . . . . . . .  1P 

I°' -l---I It-,' 
~1 -I-~o, I ,,o,_/ . . . .  / / I 

I . . . .  l v t-, 
POTENTIAL T I M E  POTENTIAl 

FIGUI~ l. General conductance characteristics of the lipid bilayer membrane and the 
EIM-lipid bilayer membrane. A, current-voltage characteristics of the simple lipid 
membrane. Membrane composition, phosphatidylethanolamine-cholesterol-tocopherol. 
B, change in membrane conductance after addition of EIM. Crude EIM, 10 X 10 -9 
g/re_l, was added to the inner (reference) compartment of the membrane cell at the point 
indicated while maintaining a - I0  my polarizing potential (current is negative with 
cations flowing out of EIM compartment). Following a short induction period, which 
varies with EIM concentration, lipid composition, and compartment geometry factors 
affecting EIM diffusion, the conductance initially increases proportionally to t x where 
x may vary from 2 to 4. Subsequently a linear relation develops. C, current-voltage 
characteristics of the EIM-lipid membrane. A positive potential and current indicate 
flow of cations into the compartment containing EIM. The EIM membrane is entirely 
selective for cations under these conditions. The asymmetry is characteristic of most 
phospholipid membranes. 

However, the conductance of the membrane does not change as smoothly 
as represented by the logarithmically compressed curve of Fig. 1 B. Instead, 
as shown by the direct tracing of the current-time recording in Fig. 2, as soon 
as the E I M  reaction starts, the current, at constant 10 mv polarizing potential, 
may  fluctuate gready. Recorder at tenuation in this figure tends to mask the 
increasing fluctuation in the intermediate stages of reaction but the ampli tude 
of the oscillations may continue to increase until a statistical blanking occurs 
at the higher levels of reaction. 

I f  the E I M  concentration is reduced, or temperature lowered, or a more 
refractory membrane is used to lower the rate of reaction, the current-time 
curves may take on a different character, as shown in Fig. 3. In  this case, the 
initial reaction is characterized by several distinct conductance steps of a 
fairly uniform character. The  step-like character may still be observed in the 
later portions of this curve, although steps are irregular in size and numerous 
reversals appear. 
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Under  selected conditions of E I M  concentration, temperature, and lipid 
composition, remarkably uniform step recordings, represented by the tracing 
in Fig. 4, may be obtained. In this case, it appears that  all conductance 
changes occur in discrete jumps with each conductance change in an integral 
multiple of a common conductance increment. In other cases, as shown in 
Fig. 5, a large number  of individual steps may  be distinguished, almost all 
conforming to an integral multiple of a common increment. The basis for the 
few exceptions will be discussed in a later section of this report. 

I / 
[ -  
,z., i 

IT 4°.-°~. r 
Om~" ~'lOmv . . . . .  

0 5 
~ME-mi~ 

Fmums 2. Recorder tracing of current, at constant potential, during membrane inter- 
action with EIM. Membrane composition, phosphatidylethanolamine, 2%; cholesterol, 
2%; toeopherol, 20%; in chloroform-methanol. Polarizing potential, -10 my. Current 
is negative, although represented as positive to indicate increasing conductance. Tem- 
perature, 45°C. Chart speed, 50 see per inch. After constant conductance was attained, 
5 #1 of crude EIM (about 20 X 10 -9 g protein) added, at the point indicated, to 2 ml 
of medium in the inner (reference) compartment. Before addition of EIM only a low 
noise fluctuation appears in the current. Just prior to and during EIM addition, large 
fluctuations occur due to pipet contact and manual stirring. Current spikes also occur 
at each change of polarizing potential due to capacitive currents. 

As indicated above, the observation of steps may be greatly affected by 
membrane composition, temperature, and E I M  concentrations. Certain 
systems, such as sphingomyelin-tocopherol membranes, may show a much 
greater tendency than others toward rapid fluctuations, which mask the 
incremental jumps. However, it has been possible to observe and measure 
conductance steps in all membrane systems which show any tendency to 
react with EIM.  A partial summary of these observations is given in Table I. 
I t  is immediately apparent  that there is only a very slight difference in the 
conductance increments observed in various membranes, regardless of lipid 
composition. Whether  the amphiphilic agent is mainly sphingomyelin, 
phosphatidylethanolamine, phosphatidylcholine, a complex mixture of brain 
lipids, or oxidized cholesterol; or whether the plasticizing solvent is a straight 
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Fmu~ 3. Current fluctuations during membrane reaction ~ t h  ]b~ted EIM. Mem- 
brane composition, brain phospholipid, 2%; cholesterol, 2%; toeopherol, 15%. Polar- 
izing potential, - 10  mv. Temperature, 37°C. Chart speed, 50 sec per inch. At the 
point indicated, EIM, about 90 X 10 -9 g per ml, was added to the inner (reference) 
compartment. Although the concentration of EIM used here was greater than that for 
the membrane in Fig. 2, the lipids in this membrane were more refractory toward inter- 
action with the EIM and a much greater concentration was required to obtain equiva- 
lent rates of interaction. 

cha in  h y d r o c a r b o n  (decane) ,  or  a b u l k y - h e a d e d  molecu le  (cyc lohexyl te t ra -  

decanoa t e ) ,  or  a n  a m p h i p h i l e  itself ( tocophero l ) ;  or  w h e t h e r  the  s teroid c o m -  
p o n e n t  is cholesterol ,  choles teryl  bu ty ra t e ,  or  choles tane,  or  absen t  en t i re ly ;  
all  c o n d u c t a n c e  steps obse rved  d u r i n g  the  reac t ion  a p p e a r  to a v e r a g e  close to 
4 X 10 -1° mhos.  F o r  a n y  single m e m b r a n e ,  all the  steps a re  e x t r e m e l y  con-  

sistent, w i th in  the  l imits  of  the  e x p e r i m e n t a l  system. Va r i ab i l i t y  m a y  be  as 

g r ea t  be tween  two  m e m b r a n e s  fo rmed  f r o m  ident ica l  solut ions as be tween  
m e m b r a n e s  of  en t i re ly  d i f ferent  composi t ion .  Thus ,  the  size of  the  c o n d u c t a n c e  
i n c r e m e n t  a p p e a r s  to d e p e n d  m o r e  u p o n  a c o m m o n  factor,  the  E I M ,  t h a n  it 

does  u p o n  the  n a t u r e  of  the  l ipid in the  m e m b r a n e .  

2oor 

~ 100 

o 

" T I M E - r a i n  

FIGURE 4. Long-lived conductance steps during membrane interaction with EIM. 
Membrane composition, brain phospholipid, 1.5 %; tocopherol, 15 %. Polarizing poten- 
tial, - 15  my. Temperature, 36°C. Chart speed, 3 inches per rain. EIM, to about 20 
X 10 -9 g per ml, was added to the reference compartment at the two points indicated. 
The recording was made on an X-Y recorder, necessitating the overlapping, sequential 
scans. This particular batch of brain lipids consistently gave remarkably uniform and 
distinct step reactions similar to those shown here. 
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The steps cannot be considered as an artifact of the observational system 
since the same instrumentation applied to other reactions consistently shows 
different types of conductance-time relations. An increase in membrane con- 
ductance caused by the cationic triphenylmethane dye, brilliant green, pro- 
ceeds perfectly smoothly, with no evidence of fluctuations or steps above the 
normal background noise level (Fig. 6). Similar curves are found for a number 
of other dyes (e.g., methylene blue, acridine orange) and iodine. On the other 
hand, the cyclic peptide antibiotic, tyrocidin, causes rapid current fluctua- 

. ..." 

~a 

, I 
TIME-ink1 

FIOURE 5. Extended conductance step sequence during the E IM interaction. Mem- 
brane composition, brain phospholipid, 2%; cholesterol, 3 %; tocopherol, 15 %. Polar- 
izing potential, - 1 0  my. Temperature, 36°C. Chart speed, 3 inches per rain. Manual 
stirring immediately following addition of EIM caused violent current fluctuations so 
the trace is omitted at that point. More than 40 uniform steps may be distinguished, 
as indicated by the markings on the right side of the chart. A few steps appear to be 
considerably smaller than normal for this system. Such variations may be accounted 
for in the transitional mechanism as outlined in the text. 

tions (Fig. 7), which increase in magnitude with increasing conductance, but 
no steps may be distinguished under a variety of conditions of temperature, 
tyrocidin concentration, or electrolyte or membrane composition. 

Therefore, it appears that the discrete, uniform conductance steps occur- 
ring during the reaction of EIM with the membranes may be uniquely at- 
tributed to the changes which EIM induces in the membrane structure. It is 
further apparent that the structural alterations have a very long life, in 
molecular terms, although some portion of the changes may be rapidly 
reversible. 

Proteolytic Destruction of E I M  Conductance Mueller and Rudin (1968 b) 
state, without further experimental amplification, that various endopepti- 
dases may destroy the EIM conductance, including the variable resistance 
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characteristics, and that the proteolytic action is effective from either side of 
the membrane,  except in the case of chymotrypsin. Experiments in our 
laboratory with proteolytic enzymes supported similar conclusions with the 
exception that chymotrypsin was effective from both sides of the membranes 
under appropriate conditions. In  addition, proteolysis always appeared to 

T A B L E  I 

INCREMENTAL CONDUCTANCE CHANGES IN LIPID BILAYER 
MEMBRANES D U R I N G  RE A CT IO N  W I T H  EIM 

Membrane Composifion~ 

No. of Conductance increment* 
steps 

observed Average Minimum Maximum 

oh m-I X 1010 

BL-TOCO 2:20 73 3.2 2.7 5.0 
BL-TOCO-CHOL 1.5:20:2 251 3.8 3.0 6.0 
BPL-TOCO-CHOL 2:15:2 120 4.1 3.0 6.0 
SM-TOCO 6:40 113 3.4 2.2 5.2 
SM-TOCO-CB 3:20:3 71 3.5 2.2 4.2 
SM-TOCO-CHOL 3:20:3 10 4.0 (4.0) (4.0) 
PE-TOCO-CHOL 1:20:2 55 4 . 1  3.4 4.4 
PC-TOCO-CB 1:20:2 8 4.0 (4.0) (4.0) 
BPL-CHTD-CHOL 1:10:2 35 3.4 2.8 4.2 
BPL-CHTD-CHOLESTANE 1 : 10:3 31 4.3 2.8 
BPL-DECANE 15 3.6 3.4 3.8 
BPL-DECANE-CHOL 10 3.9 3.6 4.2 
O X I D I Z E D  CHOL-DECANE 1:99 25 3.6 2.2 5.0 

* Measurements carried out at 10 mv, constant potential.  Conductances were calculated by 
dividing total current  change for a series of single steps by the number  of steps. Average is 
calculated from total of all observations made. Maximum and minimum values represent 
largest and smallest average values for a series of steps in a single membrane.  Individual steps 
could only be measured with an accuracy of 4- 0.2 p-amp at 10 my or a conductance change of 
-4- 2 X 10 - u  ohm-L 

Abbreviat ions:  BL, brain lipid (including phospholipid plus neutral  lipids); BPL, brain 
phospholipid;  SM, sphingomyelin; PE, phosphatidylethanolamine;  PC, phosphatidyl  choline; 
TOCO,  tocopherol;  CHTD, cyclohexyl te tradecanoate;  CHOL, cholesterol; CB, cholesteryl 
butyrate.  

leave a residual membrane conductance, somewhat higher than that of the 
original, protein-free membrane,  after destruction of the variable conductance 
properties. These observations suggested that the E IM conductance was due 
to the formation of polar channels through the lipids in which the conduct- 
ance was dependent  upon certain configurations of the protein which could 
be destroyed by endopeptidases. The  residual conductance, without the 
variable resistance behavior, was taken to indicate that some portion of the 
protein might  remain associated with, or trapped in the lipid membrane 
after destruction of the high conductance configuration, still creating a path 
of less resistance than the surrounding lipids. 
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FIGURE 6. Conductance change in lipid bilayer membranes due to interaction with 
brilliant green. Membrane composition, sphingomyelin, 3 %; cholesteryl butyrate, 3 %; 
tocopherol, 15 %. Polarizing potential, - 10 my. Temperature, 34°C. Chart speed, 50 
see per inch. Brilliant green dye was initially added, as indicated, to give 5 X 10-TM 
concentration in the reference compartment. Conductance changed rapidly, but  
smoothly (except for normal noise) in contrast with the fluctuating behavior with EIM. 
A second addition caused a similar change indicating that conductance is directly pro- 
portional to brilliant green concentration. A salt gradient did not produce a diffusion 
potential suggesting that conductance is probably due to migration of the cationic form 
of the brilliant green. I(V) curves for the brilliant green system show a transition be- 
tween two conductance states, as for the RIM system, but  not a negative resistance. 

A further examination of the proteolysis phenomenon was made under con- 
ditions similar to those used for detection of conductance steps during the 
EIM reaction. EIM, at a relatively low concentration, was allowed to react 
with the membrane, to a limited degree, and then chymotrypsin was added to 
the medium (together with sufficient magnesium ion for enzyme activation). 
As shown in Fig. 8, the increase in EIM conductance is soon reversed after 
the addition of the enzyme. Under the conditions of this experiment, steps 

75 

0 I 2 3 
TIME-rain 

Fzoul~s 7. Conductance fluctuations during membrane interaction with tyrocidin. 
Membrane composition as in Fig. 6. Tyrocidin (Nutritional Biochemicals Corp.) was 
added at the points indicated to give 10-sM tyrocidin in the reference compartment. 
This may include some gramicidin, normally present in commercial tyrocidin. Current 
fluctuations increased above normal noise level almost immediately after the addition 
and continued to increase as total conductance increased. Membranes were highly 
specific for cations and showed about a 10-fold discrimination for potassium over sodium 
ion. I(V) characteristics are similar to those illustrated for the bare lipid membrane 
(Fig. 1) even though conductance may approach that of the medium. 
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m a y  be observed du r ing  the reversal  as well as in the  forward  react ion.  T h e  
reversal  increments ,  however ,  are  smaller  t han  those of the fo rward  react ion.  
I n  some cases, as for tha t  i l lustrated,  the  degree  of  reversal  u l t imate ly  at- 
ta ined  appears  to be rough ly  p ropor t iona l  to the size ra t ion  of  reversal  to 
fo rward  steps. Th is  would  be expec ted  if the  proteolysis destroys the  s t ruc ture  
of  the  E I M  channe l  sufficiently to r educe  the m a x i m u m  conduc t ance  per  
channel ,  bu t  leaves sufficient p ro te in  pene t ra t ing  the lipid to m a i n t a i n  a sig- 
nif icant ly  g rea te r  c o n d u c t a n c e  t han  tha t  of the simple lipid m e m b r a n e .  

o ~, 8 
TIME-m~, 

Fmum~ 8. Discrete conductance fluctuations during proteolytic destruction of EIM 
conductance. Membrane composition, phosphatidylethanolamine, 1%; cholesterol, 
1%; tocopherol, 20%. Polarizing potential, -10  inv. Temperature, 34°C. Chart speed, 
50 sec per inch. At the indicated point, EIM, to 2 X 10 -9 g/m1 was added to the 
reference compartment. After a partial reaction had occurred, magnesium chloride, 1 raM, 
was added and then chymotrypsin, 50/~g/ml (two times crystallized) was added to the 
same compartment as the EIM. The enzyme-activating magnesium ion generally caused 
a slight, but temporary inhibition of the EIM interaction. Shortly after addition of the 
enzyme, a reversal was initiated. Conductance increments during reversal appear to 
average about 2 × 10 -t~ amp while the forward steps average about 3 X 10 -~ amp. 
After 30 min of incubation, conductance was constant again with about 75 % of the 
EIM conductance destroyed. No variable conductance characteristics remained. 

T h e  possibility tha t  the reversal  was ac tua l ly  due  to causes o the r  t han  pro-  
teolyt ic  des t ruc t ion  of  the  E I M  channe l  (e.g., in ter ference  and  blocking of  
the  channe l  by  prote ins  or  d i sp lacement  of the  E I M  by  o the r  proteins)  was 
invest igated by  examin ing  the act ion of  a n u m b e r  of  o the r  nonpro teo ly t i c  
enzymes  and  proteins  on  the E I M  m e m b r a n e .  A l though  several caused 
specific a l terat ions in the E I M  conductances ,  none,  aside f rom the  endopep t i -  
dases, caused a significant reversal.  

Discrete Conductance Fluctuations in Potential-Dependent Conductance Transi- 
tions T h e  most  striking p r o p e r t y  of the  E I M  conduc t ance  is its response to 
changes  in polar iz ing potent ia ls  across the m e m b r a n e ,  switching reversibly 
be tween  a low c o n d u c t a n c e  and  a h igh  conduc tance .  In  thei r  theore t ica l  dis- 
cussion of  this c o n d u c t a n c e  transi t ion,  Mue l l e r  and  R u d i n  (1963) t rea ted  it  
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init ial ly as a two-state  system, wi th  a low and  h igh  conduc tance ,  hav ing  
specific t ransi t ion energies associated wi th  the forward  and  backward  transi-  
tions be tween  these two states. I t  would  m a t t e r  little to the theoret ical  mode l  
whe the r  the t ransi t ion occur red  by  this simple two-state  mechan i sm  or  
t h r o u g h  a series of  in te rmedia te ,  smaller  steps bu t  a s t ruc tura l  in te rp re ta t ion  
of  the t ransi t ion m a y  be grea t ly  affected by  the two possibilities. Mue l l e r  and  

~_ I100 p-omp 

0 4- 8 TIME-milt 
FIGURE 9. Discrete conductance fluctuations in potential-dependent resistance transi- 
tions of the EIM-lipid membrane. Membrane composition, brain phospholipid, 2%; 
cholesterol, 2%; tocopherol, 15%. Temperature, 40°C. Chart speed, 50 sec per inch. 
Polarizing potential during initial reaction with 2 X 10 -9 g EIM per ml was held at 
-20  mv (cation flow out of EIM compartment). This was switched to +20 my to 
develop the high resistance state. Inset indicates I(V) characteristics of the membrane 
as determined after observation of conductance fluctuations. Maximum conductance 
occurred at --25 mv. The minimum conductance increment average during the EIM 
reaction sequence is 3.0 X 10 -l° ohm -I. Increments and their frequencies, observed 
during the transition (including both forward and reverse steps), were: 0.5 X 10 -1°, 
13 times; 1.0, 14 times; 1.5, 3 times; 2.0, 6 times; 3.0, once; 6.0, once. In other experi- 
ments similar increment values were observed but relative frequencies depended upon 
the potential applied. 

R u d i n  (1968 b) observed  some potent ia l  f luctuat ions in the  E I M  m e m b r a n e s  
which  suggested the existence of  quan t i zed  c o n d u c t a n c e  states in the  E I M  
channels .  W e  re invest igated the t ransi t ional  p rob l em to de t e rmine  whe the r  
these quan t i zed  states d id  exist, in fact, and  to de t e rmine  whe the r  the  t ransi-  
tions would  be best descr ibed by  a two-state  or  mul t is ta te  mechanism.  

A m e m b r a n e  having  a large n u m b e r  of  channels  will show a re la t ively  
smooth,  exponent ia l  t ransi t ion be tween  c o n d u c t a n c e  states in response to a 
potent ia l  change,  as descr ibed by  Mue l l e r  and  Rud in .  However ,  when  switch- 
ing is induced  in a m e m b r a n e  con ta in ing  on ly  a few channels ,  as in Fig. 9, a 
more  r a n d o m  behav io r  and  a n u m b e r  of  inc remen ta l  f luctuat ions m a y  be ob-  
served. In  this instance,  E I M  was al lowed to reac t  unt i l  a conduc t ance  corre-  
sponding  to the  fo rmat ion  of  app rox ima te ly  20 channels  was a t ta ined.  Dur ing  
the E I M  in te rac t ion  the  m e m b r a n e  was polar ized  at  - 2 0  my,  the approxi -  
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mate potential giving maximum conductance in this membrane system. To 
initiate the transition to the high resistance state, a -t-20 my was applied, a 
potential which might be expected to cause 60-90 % decrease in EIM con- 
ductance according to the behavior of similar membranes. As the recorder 
tracing shows, the positive potential causes an initial drop in conductance, 
completed within the overshoot and recovery time of the recorder, of about 
half of the original conductance. This is then followed by a series of step 
transitions as conductance continues to decrease slowly. Similar step transi- 
tions were obtained several times in this membrane and in a number of 
others. In addition, maintenance of an intermediate potential (+10 my) 
created a continuing current fluctuation in which positive and negative steps 
of similar nature were observed. The latter procedure, corresponding roughly 
to the conditions under which Mueller and Rudin observed the step changes, 
was somewhat complicated by the continuing reaction of EIM and develop- 
ment of additional channels during the holding periods. 

The individual steps, in all cases, tended to be much smaller than those 
found during the insertion of EIM. In the case illustrated, the transitional 
steps appear to be about one-fifth the formation step, or about one-tenth the 
normal average channel conductance. This suggests then, either that the 
transition between conductance states in a single channel may take place 
through a multistep, rather than a single-step process, or that the unit channel 
conductance is represented by the small switching steps and the larger steps, 
observed during EIM reaction or switching must be due to multiunit coupling. 

D I S C U S S I O N  

Mueller and Rudin (1968 b) have previously suggested that E lM forms a 
protein bridge across the lipid membrane to provide hydrogen bonding and 
charged sites for the movement of ions across the membrane. It is difficult to 
attribute the incremental current fluctuations during the EIM interaction or 
during its reversal in proteolysis to anything other than the opening or 
destruction of a long-lived, unit EIM channel. The proteolysis studies, show- 
ing that channel destruction may be accomplished from either side of the 
membranes, but leaving a small, residual conductance due to EIM, also 
support the interpretation of a macromolecular bridge, or pore, which re- 
quires a certain configuration for maximal conductance. The uniformity of 
the incremental fluctuations observed during the EIM interactions in mem- 
branes composed of a great variety of lipids indicates that the basic, open 
channel conductance is mainly governed by the macromolecule bridge, i.e., 
the mobile ions are largely shielded from the influence of the varying polar 
groups of the lipids in the membrane in the maximal conductance state of the 
channel. It might be conceivable that the long-lived conductance increments 
could be developed as the result of insertion of a carrier, or carrier complex 
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into the membrane  so that it becomes active at a constant level. However, if 
the average current  increment (4 X 10 -12 amps) is assumed to reflect the 
carrying capacity of each carrier element, it would be necessary to propose a 
flow of about 108 ions per sec via each carrier unit. This would be much  too 
large a turnover to be accommodated by a carrier molecule with a molecular 
weight of 10,000-100,000 (Stein, 1968). 

The  transitions between the two extreme conductance states, on the other 
hand, are very much subject to the influence of lipids (Mueller and Rudin,  
1968) with respect to kinetics and steady-state characteristics. I t  has been 
demonstrated here that the transitions also involve incremental conductance 
fluctuations, which may be much smaller than those observed during the 
E I M  insertion or adsorption. Similar fluctuations previously noted by Mueller  
and Rudin  (1968 b) led to their suggestion that quantized conductance states 
may  exist in each channel. The  numerous, small incremental conductance 
fluctuations demonstrated here during the conductance transitions provide 
further support for the concept of a number  of discrete conductance states 
between fully open and fully closed states of the E I M  channels. Another  
possibility, that the larger conductance increments simply represent coupling 
of a number  of unit channels, with conductances corresponding to the smaller 
steps, should also be considered. However, the uniformity of the channel- 
forming steps suggests that  the coupling may be so tight, under  many  condi- 
tions, that  it would be desirable to treat the multiunit  assembly as the basic 
structural unit even though different mechanisms would be involved in the 
switching transitions. In addition, the rather low cation-cation discrimination 
of these membranes (Bean and Shepherd, 1965), and other factors of ion 
interaction, suggest a channel of relatively large diameter. 

The  smaller steps obtained in the transitional sequences may  also account 
for the occasional smaller than normal steps obtained during the E I M  in- 
sertion process. The  high conductance state of the E I M  channel is the stable 
state at the low, negative potentials used for monitoring the conductance 
during the E IM-membrane  interaction. However, neither the activation 
energy nor the free energy for the transition from one state to another appears 
to be very large (Bean and Shanfield, unpublished data) and there is always a 
finite probability that certain channels will either partly close soon after 
formation or will be in a partly closed configuration as they form, giving rise 
to a smaller conductance change than would be expected for the normal  
insertion process. The  number  of channels in closed, or partially closed states 
should increase with rising temperatures in addition to increasing the fre- 
quency of fluctuation between open and closed states, leading to observation 
of a greater number  of the smaller conductance increments and a more rapid 
current  fluctuation. Both phenomena have been observed in a number  of 
different types of membranes.  Indeed, although the temperature coefficient 
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for the increase in conductance of the EIM channel with temperature is 
generally in the range of 1.2 per 10°C in the lower temperature ranges 
(Mueller and Rudin, 1968 b), at higher temperatures (40-45 ° C for sphingo- 
myelin-tocopherol membranes or 50-55 ° C for phosphatidylethanolamine- 
tocopherol-cholesterol systems) the conductance may show a negative tem- 
perature coefficient as the population of the high resistance states increases in 
the low potential ranges (Bean and Shanfield, unpublished data). 

Although the evidence strongly suggests that E IM forms a macromolecular, 
conductive bridge through the lipid membrane,  it may be difficult to develop 
a more specific model for the EIM channels because of the complex and often 
contradictory reaction kinetics and behavior of the system. In most cases the 
development of the EIM conductance may depend exponentially on the con- 
centration of EIM, as indicated by Mueller and Rudin  (1968 b) but, under 
some circumstances, a direct, linear dependence between rate of conductance 
increase and E I M concentration may be obtained. Similarly, the con- 
ductance may increase linearly at a given concentration of EIM with certain 
lipid systems while increasing as a power function of time with other systems. 
Such discrepancies in behavior may possibly be attributed to a complex reac- 
tion sequence which may i n v o l v e  macromolecule-macromolecule, macro- 
molecule-lipid, and lipid-lipid interactions. There is frequently a very sharp 
cutoff temperature for the EIM interaction in various lipid systems, which 
occasionally appears to coincide with a transition temperature for other 
changes in the physical properties of the lipid membrane (Bean, unpublished 
data) indicating that the rearrangement of lipids to accommodate the E IM 
may be a significant factor in the reaction sequence. In the presence of certain 
proteins (e.g., cytochrome c) the EIM interaction may show a linear de- 
pendence upon E I M concentration (for certain lipid systems) where an 
exponential function was previously found. 

If the average conductance increment obtained during the EIM reaction 
(4 × 10 -10 ohm -1) is used to calculate the diameter of a (hydrated) channel 
which would provide this conductance (assuming ionic mobilities similar to 
those in water), a diameter in the range of 10 to 30 A is obtained. This diam- 
eter could be accommodated in a number  of proteins, macrocyclic peptides, 
or the helix of such structures as bacterial pili. A channel of similar size could 
also be formed at the junction of several protein molecules inserted into the 
membrane.  

It  is probable, however, that the simplest molecular model to account for 
the complex behavior of the EIM channel would be one related to that re- 
cently proposed by Onsager (1967). He suggests that variable conductance 
channels may consist of nonrigid chains of the polar groups of amino acids of 
a protein helix, with supporting helices held in place in the membrane by 
suitable interaction o f  polar and nonpolar groups of the lipid and protein. 
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Conductance in such a channel could be altered by any configurational 
change which would change distributions of fixed ion or hydrogen-bonding 
sites in response to chemical factors or polarizing potentials. 

In  the open channel state of the E IM membrane, as suggested above, the 
protein configuration and its situation in the lipid matrix might provide a 
polar channel in which the mobile ions would be largely protected from in- 
fluences of the charged and polar groups of the lipids. This minimal resistance 
configuration may be changed either to create larger energy barriers between 
polar sites or opened to allow a direct influence of the cation groups of the 
lipids on the mobile ions. Similarly, a change of the situation of the protein 
with respect to the surfaces of the lipid bilayer may increase or decrease the 
effects of the charged lipids upon the mobile ion. Such structural, positional 
changes could readily account for the influence of lipids upon the kinetics of 
conductance transitions in spite of their lack of effect upon the open channel 
conductances. However, the variable conductance properties of the E IM 
channels are manifested even in membranes consisting completely of un- 
charged lipids (oxidized cholesterol and decane), although higher potentials 
may be required to obtain the transitions, so that it appears probable that 
the spacing relations of transport sites of the macromolecules are more im- 
portant than those of the lipids. 
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